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We dedicate this book to women in the
biomedical sciences, and their heroic pursuit
for the achievement of health for both sexes.



Foreword

This book Sex-Based Differences in Lung Physiology demonstrates a strategic
partnership from the research community by bringing together experts at the cutting
edge of research in lung health in women. Within these chapters the authors present
current advances in the scientific literature in order to improve our understanding of
how sex and gender influence lung health. The reviews presented herein leverage a
compendium of research using integrative approaches in genetics, molecular and
cellular biology, and data science to explore sex/gender-specific pathways. This
collection highlights how risk factors related to sex/gender such as occupational and
environmental exposures, disparities, and social determinants of health impact
underlying disease mechanisms and clinical outcomes for women.

Although sex and gender are oftentimes used interchangeably, “sex” refers to the
underlying biological differences between males and females including sex organs,
expression of endogenous hormones, and XY chromosomes. “Gender” is a social
construct that imparts roles and behaviors within the framework of historical or
cultural contexts. However, gender impacts science as it affects personal, cultural,
and societal perceptions of identity. For research, understanding how gender is
influenced in part by culture, work environments, and different psychosocial expo-
sures is important. The health of women is influenced by both sex and gender.
Including sex/gender analysis in research is not simply just incorporating women in
clinical trials and studies. To fully consider sex/gender in research, one must
evaluate and incorporate these parameters into the experimental design. For mech-
anistic research, this includes examining the influence of sex hormones down to the
molecular and cellular level. For clinical, behavioral, and outcomes research, one
must consider the social influences that effect gender and have an impact on health
and disease—similar to age, race, environment, and other socioeconomic factors.

Why is sex/gender research important to lung health? The scientific need for this
research is demonstrated by health disparities in women who represent a significant
number of patients with lung diseases and disorders and are reflected in US disease
morbidity and mortality statistics. Some conditions are more common in women,
cause different symptoms, and are more likely to be fatal in women than in men.
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Some rare and less-understood lung conditions are more prevalent in women—for
example, lymphangioleiomyomatosis (LAM) is seen almost exclusively in women.
Epidemiology and clinical presentation of disease also differ in women compared to
men; for instance, asthma prevalence, severity, exacerbation rate, hospitalizations,
and mortality are higher among women (Han et al. 2018). Since 2000, deaths in
women with COPD have outpaced men in the USA. COPD is the third leading cause
of death among US women (Centers for Disease Control and Prevention), and more
women die from the disease than from breast and lung cancers combined. Disparities
in sleep disorders are seen in women, especially during pregnancy, which results in
poor maternal/birth outcomes and lifelong health consequences (Jackson et al. 2020;
Feinstein et al. 2020). Over the last decade, there has been growing recognition that
disease prevalence, course, and outcomes in women and men are influenced by both
biologic sex and gender differences. Research on the sex and gender factors that
drive these crucial differences, however, is limited. Research and analysis which
considers sex/gender helps the field move forward not only in understanding disease
mechanisms but in highlighting ways to improve outcomes for lung health in
women.

The National Heart, Lung, and Blood Institute (NHLBI) and Division of Lung
Diseases continues to seek innovative opportunities to advance the health of women
through strategic investments and programmatic support for researchers who want to
better understand how sex/gender matters in their research. The NHLBI Strategic
Vision highlights the need for a deeper understanding of biological differences
associated with sex/gender or race/ethnic groups in order to devise more precise,
targeted intervention strategies and further improve clinical outcomes (NHLBI
2016). A wide range of behavioral factors and socioeconomic inequities contribute
to health disparities; sex and gender are often at the intersection of such disparities.
Clinical outcomes among women have not improved at the same rate as men;
disparities exist even in application of evidence-based therapies (Kent et al. 2012).
The Division’s ongoing commitment to integrate sex/gender differences and analy-
sis in lung research strives to improve clinical outcomes to promote the health of
women of all ages and backgrounds. Research must include sex/gender parameters
to understand how these two intersect in disease mechanisms, in pathophysiology,
and even in resilience. Researchers need to address sex/gender differences in disease
burden as well as disparities in treatment options and outcomes to eliminate these
gaps for women in lung health. The authors of this book bring us closer to improving
health outcomes for all, irrespective of sex or gender, by illuminating the influence of
sex/gender on health and disease.

Division of Lung Diseases, National
Heart, Lung, and Blood Institute,
National Institutes of Health, Bethesda,
MD, USA

Marrah Lachowicz-Scroggins
James Kiley
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Preface

Only recently, gender and sex differences in lung disease prevalence and suscepti-
bility have been reported and studied in detail. While the causes of these disparities
remain unknown, investigators have tested associations of several factors with lung
disease onset and outcomes in men and women. These include anatomical and
physiological differences of the male and female respiratory systems, genetic and
epigenetic factors, hormonal control of lung function and gene expression, and more.

In April 2019, Drs. Y.S. Prakash and Patricia Silveyra organized and chaired a
symposium on “Sex and Gender in Respiratory Physiology” at the Experimental
Biology meeting. The symposium was very well received by attendees of various
societies, including the American Physiological Society (APS), as well as authorities
in the field, including Dr. Xenia T. Tigno, who provided brief remarks. Dr. Silveyra
was contacted by the APS e-Book Committee, who thought that expanding this topic
into an APS e-book would be a way to reach more scientists around the world than
just those who attend the meeting. The book proposal was submitted by Drs.
Silveyra and Tigno immediately after the symposium. We were pleased to receive
a favorable review by the book committee and expert reviewers on acceptance of our
proposal. The peer reviewers highlighted the importance and timeliness of this book
to fill the gaps in physiology education and clinical practice. We also wanted to
generate material that was relevant to the Strategic Goal 1 of the Trans-NIH Strategic
Plan for Women’s Health Research: “Advance rigorous research that is relevant to
the health of women,” and in particular Objective 1.1: “Discover basic biological
differences between females and males,” as well as Strategic Goal 4: “Promote
training and careers to develop a well-trained, diverse and robust workforce to
advance science for the health of women.”

We began to invite authors to contribute chapters in the summer of 2019. Over the
past year, we have received contributions from the top experts in the field, who
provided state-of-the-art material highlighting the experimental work conducted to
date in an attempt to elucidate the mechanisms behind sexual dimorphisms in lung
disease. Moreover, as the coronavirus disease 2019 (COVID-19) pandemic extended
throughout the world in recent months and proved to be another example of a
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sexually dimorphic lung disease, we included additional chapters on immunity and
infectious diseases, including COVID-19.

Overall, the book showcases experimental work on sex-based differences in lung
function and inflammation, and how these relate to different predispositions to
developing lung disease in men and women at different stages of their reproductive
life. We believe that this book would serve not only as a valuable source of
information for advancing the health of both sexes, in particular women, but also
showcase the diversity of scientific areas involved in understanding the biology and
pathobiology of these conditions, thus promoting careers in this direction.

Bloomington, IN Patricia Silveyra
Bethesda, MD Xenia T. Tigno
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About This Book

Since the creation of the NIH Office of Research on Women’s Health (ORWH)
30 years ago, the biomedical field has experienced a significant growth in the number
of publications supporting the notion that sex and gender can affect health. As with
other disciplines, research on lung physiology and disease has historically been
focused on male subjects or participants, despite epidemiological, clinical, and
experimental data illustrating sex and gender differences in disease patterns and
mechanisms. This book showcases some of the most important works addressing the
role of biological sex, and sociocultural gender, in lung function, physiology,
disease, and responses to environmental and infectious insults.

In the past several decades, studies have provided evidence of anatomical,
physiological, and molecular differences between the male and female respiratory
system. In their introductory chapters, Prakash et al. and Aliverti et al. discuss lung
and airway structural and functional differences between males and females, and
their relationship with disease development across the life span, with a brief histor-
ical overview of the field. This perspective is complemented by an overview of the
contributions of sex hormones and the specific roles of sex steroids in lung physi-
ology by Borkar et al. The following chapters expand these concepts to the epide-
miology and pathobiology of lung diseases, from early life to adulthood. Zein and
Gaston highlight the mechanisms underlying lung disease in males and females that
begin in gestation. They also discuss the array of techniques and measures available
to study lung function, as well as an overview of patterns of disease susceptibility in
both genders throughout the life span. Lingappan et al. expand on early develop-
mental differences and their correlation with neonatal lung disease. To complement
these sections, the chapter by Bozkanat and Jain outlines the pathogenesis and
progression of cystic fibrosis in male and female patients, and the chapter by Ferrera
and Han illustrates the clinical and epidemiological aspects underlying the growth in
observed sex differences in chronic obstructive pulmonary disease.

As a result of the growth in studies and publications including women and female
experimental subjects, several diseases have been identified as more prevalent in
women, and significantly affected by sex hormones. To illustrate this, Frump and
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Shimoda summarize the vast literature on clinical studies, animal models, and
experimental therapeutics for pulmonary hypertension. Similarly, Cardozo et al.
add to this body of knowledge by discussing androgen influences in the female lung.

Environmental exposures and their effect of lung health have also been shown to
vary between the sexes. In their chapters, Silveyra et al. and Rebuli summarize the
roles of the environment, particularly air pollution exposure, in the development and
progression of a variety of lung conditions. The roles of the immune system in
responding to such exposures, as well as the inflammatory mechanisms occurring in
chronic lung disease, are outlined by Chowdhury et al. Sex and gender differences in
lung immunity in response to infectious agents are explored in detail by Yong et al.,
and complemented by new research on coronavirus disease by Chiarella et al.

Finally, one area of interest is the physiological and molecular interplay of the
respiratory system with other organ systems. In her chapter, DeMeo details the
established experimental and computational models that can be applied to the
investigation of these interactions and their implications for precision medicine.
Similarly, Srinivasan and Sundar describe the complex interactions of the circadian
rhythms and lung health and disease mechanisms.

The next phase of respiratory medicine should be guided by specific questions
relevant to the influence of sex and gender in disease susceptibility, utilizing the full
spectrum of information, technologies, analyses, and experimental models discussed
in this book. We hope that our readers will find this book as a useful reference and
guide for their research design, clinical practice, and work toward the development
of new treatment and therapeutics for lung conditions that affect men and women
disproportionately.

Patricia Silveyra
Xenia T. Tigno
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Chapter 1
Sex Differences in Respiratory Physiology

Y. S. Prakash, Christina M. Pabelick, and Sergio E. Chiarella

Abstract There is substantial evidence for intrinsic sex differences in respiratory
and pulmonary anatomy and physiology across the life span, indeed starting in utero
and extending through aging. Such differences are likely modulated by gonadal
hormones throughout life, further influenced by environmental and behavioral
factors. Furthermore, intrinsic sex differences also modulate pathophysiology, inci-
dence, morbidity, and mortality of several lung diseases including inflammatory and
allergic diseases such as asthma, chronic obstructive pulmonary disease, pulmonary
fibrosis, cancers, and pulmonary vascular disease. In this introductory chapter, we
establish the existence and portfolio of inherent sex differences in the structure and
function of the respiratory system across the age spectrum, setting the stage in
subsequent chapters to understand their potential role in disease pathways, along
with the modulatory role of sex steroids and the environment. The importance of
focusing on sex differences lies in the increasing incidence of lung diseases partic-
ularly in women and the need to address lung diseases across the life span from
neonatal wheezing, asthma, and bronchopulmonary dysplasia through both obstruc-
tive and restrictive diseases in the elderly for example.

Keywords Sex · Gender · Lung · Intrinsic · Structure · Function
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1.1 Introduction

Age-appropriate development and growth and environmental adaptations in lung
anatomy and physiology are critical to health at all life stages from the time of
embryonic lung development through adulthood and aging (Carraro et al. 2014;
Reed 2006; Janssens 2005; Townsend et al. 2012; Sathish et al. 2015; Tam et al.
2011). In this regard, intrinsic sex differences in the lung and respiratory system are
apparent even during embryonic development (Torday and Nielsen 1987; Torday
et al. 1981; Bresson et al. 2010; Simard et al. 2006; Tondreau et al. 2012; Tremblay
and Provost 2013) and manifest themselves in different ways throughout the life
span (Martin and Pabelick 2014; Townsend et al. 2012; Sathish et al. 2015). Indeed,
in both biological males and females, key life-points such as birth, puberty,
postpubertal growth, and childbearing years and menopause in women, and aging
are windows into intrinsic sex differences vs. the modulatory roles of sex steroids
(estrogens, progesterone, and testosterone) in terms of lung structure and function
(Martin and Pabelick 2014; Townsend et al. 2012; Sathish et al. 2015). Such
differences are further modulated by environmental factors making for complex
patterns of lung structure and function in males vs. females. As importantly, these
intrinsic and modulatory aspects of the lung are increasingly recognized to be critical
in sex differences that are noted in a range of pulmonary diseases (Hsu et al. 2015;
Kiyohara and Ohno 2010; Ben-Zaken Cohen et al. 2007; Martin and Pabelick 2014;
Townsend et al. 2012; Sathish et al. 2015), for example, in chronic obstructive
pulmonary disease (COPD), where sex differences in smoking patterns per se cannot
explain the disproportionately higher disease burden noted in women (ALA 2008).
Conversely, sex differences in susceptibility to cigarette smoke tilted toward ado-
lescent girls (Gold et al. 1996) may contribute to COPD and lung cancer. Currently,
a multitude of clinical studies shows age-related variations in asthma with inflections
at key time points such as at puberty and menopause (Melgert et al. 2007; Melgert
and Postma 2009; Becklake and Kauffmann 1999; Card and Zeldin 2009; Carey
et al. 2007; Townsend et al. 2012) as well as the menstrual cycle (catamenial asthma)
and pregnancy, suggesting at least a modulatory role for female sex hormones
(Murphy and Gibson 2008; Townsend et al. 2012; Tam et al. 2011). Aging-related
sex differences in asthma are emerging as a major aspect in need of better under-
standing of the pathophysiology of asthma in the elderly, which cannot be explained
by postmenopausal loss of ovarian hormones (Clark et al. 2010; Hirose et al. 2015).
And finally, lung diseases of aging—particularly pulmonary fibrosis—also show sex
differences (Townsend et al. 2012; Tam et al. 2011) that may drive mechanistic
understanding and individualized therapies. Overall, there is now ample epidemio-
logical and clinical data that highlight and necessitate the study of sex differences in
the lung, and within this context, any regulatory roles for sex steroids. Understand-
ing these concepts is important not only toward simply appreciating intrinsic sex
differences in normal pulmonary physiology across the age spectrum but also for
mechanistic insights into disease development and eventual therapies based on sex.

2 Y. S. Prakash et al.



1.2 Historical Studies of Sex Differences

Although the study of intrinsic sex differences in the lung, as well as sex steroid
influences, has now garnered significant attention, there is a long history of such
exploration. In the mid-nineteenth century, John Hutchinson, a London surgeon, and
inventor of spirometry, identified sex differences in breathing mechanics using a
simple, carbon drum-based spirometer (Spriggs 1977). In the earliest population-
based (epidemiological) study in respiratory health, he described VC (greatest
voluntary expiration following deepest inspiration”; “extraordinary breathing”) in
2000 men (soldiers, sailors, guards, policemen, gentlemen, giants, and dwarfs) and
26 young girls (Hutchinson 1846). With these limited number of women, he
attributed breathing maneuvers equivalent to VC to rib muscle contractions, while
similar maneuvers in men were attributed to diaphragmatic breathing. Interestingly,
no sex differences in VC were noted. However, rib-based respiration in women was
thought to be evolutionarily advantageous in helping to maintain respiratory efforts
under conditions of pregnancy when diaphragmatic function was considered
impaired. The English physician Havelock Ellis attributed the smaller VC in
women, corrected for height to lower metabolic rates (carbonic acid production) in
women and thus a lower need for larger respirations (with additional contributions of
Victorian-era corsets) (Espey and Ben Halim 1990; Ellis 1894; Becklake and
Kauffmann 1999). Separately, Ellis noted the ~1/3 larger larynx in men compared
to women, and a “functional periodicity of women” in terms of physiological
changes accompanying menstrual bleeding, including the change in voice timber
and pitch. Systematic exploration of hormonal effects per se on respiratory param-
eters in healthy women resulted from studies by Ott who performed daily measure-
ments over several months timed to menstrual cycles (Ott 1890). A “functional
energy index” was developed that was ~50% at mid-cycle, peaking to 75% prior to
menstruation, and then falling after menstrual bleeding.

1.3 Definitions and Methods to Assess Respiratory
Structure/Function

In terms of clinical practice as well as research, evaluation of lung structure or
function is a critical aspect for understanding normal vs. disease states. The methods
for doing so span whole-body approaches to cellular/molecular analyses. Clinical
methods in humans, particularly adults, are now long-established and involve
measurements of lung volumes, effort-dependent and -independent airflow patterns,
and lung diffusing capacity. Spirometry is a common pulmonary function test that is
used to assess changes in volume and airflow rate during active
inhalation vs. exhalation. It is used to broadly/initially evaluate obstructive lung
diseases such as asthma or COPD, and restrictive diseases such as pulmonary
fibrosis or respiratory muscle weakness. While spirometry provides a number of

1 Sex Differences in Respiratory Physiology 3



parameters useful to pulmonologists and respiratory therapists in evaluation and
treatment, two commonly reported measurements are forced expiratory volume over
1 sec (FEV1) and forced vital capacity (FVC), with the ratio FEV1/FVC serving as a
useful index for distinguishing obstructive conditions (decrease) vs. restrictive con-
ditions (normal or increased with reduced FVC). Forced inspiratory vs. expiratory
maneuvers are represented as flow-volume loops which can be used to assess
static vs. dynamic airflow obstruction. Here, larger, stiffer (less compliant) airways
contribute significantly to static resistance, while smaller more compliant airways
(lacking cartilage) dynamically vary in resistance and are more susceptible to
collapse. Effort-dependent vs. -independent aspects can be accessed via parameters
such as forced expiratory flow (FEF). Separately, airway contractility or reactivity is
tested using challenges to nebulized methacholine (muscarinic bronchoconstrictor
agonist) while bronchodilator testing (beta-adrenoceptor agonist) helps assess
reversibility of airway obstruction relevant to diseases such as asthma or
COPD vs. fixed airway obstruction. Maximal inspiratory and expiratory pressures
help determine causes of decreased vital capacity (VC) or respiratory muscle
strength. Beyond spirometry, absolute lung volumes are measured including total
lung capacity (TLC), functional residual capacity (FRC), and residual volume
(RV) while diffusing capacity for carbon monoxide (DLCO) assesses alterations in
alveolar gas exchange. These standardized tests now have different established
scales for males and females of different age groups, allowing for comparisons
across studies and equally effective detection of disease conditions in both sexes.
However, it should be noted that spirometry and other techniques requiring volun-
tary effort under instruction and supervision are not reliable (or feasible) in children
younger than 5 years of age, and infant pulmonary function tests are now established
to assess normalcy vs. diseases that can manifest early in life such as cystic fibrosis,
asthma, or bronchopulmonary dysplasia (Blonshine 2000; Thebaud et al. 2019).

At the bench, tests and/or parameters applicable to humans are also relevant for
animal-based studies. For example, the noninvasive unrestrained (or restrained)
whole-body plethysmography technique is often applied to small animals in rigid
chambers with pressure transducers to measure breathing patterns, tidal volume, and
other gross respiratory parameters, with the enhanced pause Penh parameter com-
monly used to report resistance to inspiratory/expiratory airflow (although it is also
recognized Penh may more reflect sensory nerve activity or airway irritability rather
than airway resistance per se) (Lomask 2006). Complementarily, invasive tech-
niques to measure lung function by direct measurement of resistance or compliance
in anesthetized (sometimes paralyzed) animals are also established (Robichaud et al.
2017), but these require intubation or tracheostomy with forced ventilatory maneu-
vers. In these approaches, the methacholine challenge test with bronchodilator
response can also be elegantly applied as done in humans. Again, as with humans,
in small animal studies, bronchoalveolar cells and fluid can be collected and
analyzed for immune cell portfolios, inflammatory mediators and growth factors.
With the now-established data regarding sex differences in a variety of lung diseases,
sex-based analysis of plethysmography data and post-hoc analyses of
bronchoalveolar lavage (BAL), etc., are now expected in research, and increasingly
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demonstrate the importance of considering sex as a biological variable in under-
standing lung structure and function (Kantarci et al. 2020; Miller and Reckelhoff
2016).

1.4 Sex Differences in the Developing Lung

The stages of human lung development are now well established, with embryonic
growth of the lung from the gut occurring at a very early stage of gestation,
progressing to the establishment of conducting airways by birth, and alveolar
development continuing postnatally for up to 8 years of age (Dezateux and Stocks
1997). Sex differences in the lung have been reported even during fetal development
as early as 16–24 weeks gestation. Female fetuses display smaller airways and lower
numbers of bronchi compared to male fetuses. However, the rate of lung maturation
is higher in female fetuses (Thurlbeck 1984) which has implications for the relative
stage of lung maturity in case of premature birth. Beyond this intrinsic difference,
maternal and fetal sex steroids play important regulatory roles in lung development
(Hanley et al. 1996; Townsend et al. 2012; Tam et al. 2011; Ballard 1986; Tremblay
and Provost 2013). Placental estradiol and changes in circulating maternal sex
steroids as well as, following sex differentiation, fetal testicular testosterone con-
tribute to several critical aspects of lung development and to establishing embryonic
sex differences of the lung (Seaborn et al. 2010). Production of testosterone by fetal
testes contributes to delayed surfactant production in the male lung through the
saccular phase of lung development that extends into late gestation (Seaborn et al.
2010). On the other hand, female fetuses produce surfactant much earlier that
becomes critical to preserving the patency of small airways (Torday and Nielsen
1987) and provides an advantage in the event of premature birth. Branching mor-
phogenesis of the lung involves androgens and androgen receptors (Seaborn et al.
2010) while estrogen receptors are expressed in early stages and maintained
(Takeyama et al. 2001). This allows for estrogens to have stimulatory effects on
lung maturation (Beyer et al. 2003) and estrogen receptors to be crucial in alveolar
formation such that genetic alteration of these receptors reduces the number of
alveoli in female fetuses (Massaro and Massaro 2006).

At birth, male babies have larger lungs compared to females, with greater
numbers of respiratory bronchioles (Thurlbeck 1982). Here, it is important to note
that the bronchial branches and numbers are established at birth and thus determine
the eventual extent of alveorization. However, postnatally, female airways and lung
parenchyma grow more proportionately compared to male airways throughout
childhood and adolescence (termed dysanapsis) (Carey et al. 2007; Hoffstein
1986). Early postnatal lung development and maturity predominantly involve expo-
nential increases in the numbers and sizes of alveoli. Thus, at birth, the female lung is
smaller compared to the male, with fewer respiratory bronchioles, although the
number of alveoli per unit area are similar, resulting in the total number of alveoli
and surface area being consistently higher in males throughout childhood. As a result
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of these differential growth patterns in females, overall airway resistance is lesser in
females despite males having more bronchioles, resulting in higher forced expiratory
flow rates in females (Doershuk et al. 1974), and which renders an advantage to
prepubertal girls in terms of airflow. Indeed, higher expiratory flow rates in neonatal
females when corrected for size compared to males is maintained throughout the life
span unless disease intervenes.

The relevance of intrinsic and fetal/maternal steroid-induced differences between
male vs. female fetuses or infants lies in premature birth where male infants born
prior to term are more susceptible to respiratory distress syndrome and
bronchopulmonary dysplasia (Martin and Fanaroff 2013). Conversely, females
may be protected due to early lung maturity and surfactant production. Early
establishment of sex differences in the lung also influences lung diseases later in
life such as asthma in children and adulthood, modulated by postpubertal changes in
sex steroid levels.

1.5 Peri-Pubertal Sex Differences and Adulthood

The prepubertal period, when gonadal steroids are not prominent, shows sex differ-
ences in lung growth. In childhood and adolescence, bronchial airways and lung
parenchyma in females grow proportionally, but in males, bronchial airway growth
lags behind parenchymal growth, resulting in disproportionately fewer alveoli for
the number of airways in boys (i.e., dysanapsis). This highlights the idea that airway
length, and not airway diameter, determines peak expiratory flow rates (Hoffstein
1986; Sheel et al. 2016). Accordingly, larger lungs with longer conducting airways
as occurs in males are in fact at a disadvantage for expiration. The clinical and
functional significance of such differences lies in the methods used to normalize lung
function for differences in lung size, especially in the prepubertal period when there
are substantial sex differences in growth rates between boys and girls.

Proportional bronchial airway vs. parenchymal lung growth in females results in
overall lower specific airway resistance and larger flow rates. However, once somatic
growth has stopped, VC, TLC, and peak flows corrected for height are larger in
males compared to females, but females still show higher expiratory flow rates
(Townsend et al. 2012). A confounding factor in the peri-pubertal area is the
contribution of respiratory muscles, particularly the diaphragm, which in adolescent
males generate higher respiratory pressures at all lung volumes via the influence of
testosterone, as well as generating the peri-pubertal changes in the shape of the
thorax and orientation of respiratory muscles (although these changes do not com-
pensate for higher specific airway resistance in men).

Sex differences in lung size that are noted in neonates and children, normalized
for height, are maintained during the pubertal growth spurt of girls. However, the
greater effort-independent expiratory flow rates of prepubertal girls are reduced in
the postpubertal period, such that expiratory flow rates normalized to TLC are in fact
comparable between adult men and women. Age-related increases in FVC are
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greater in the early postpubertal years for men, again partly driven by testosterone
effects on respiratory pressures. Regardless of these peri-pubertal changes, the
dysanaptic growth of female airways vs. lungs is maintained such that even in
adults, women remain at an advantage for airway mechanics and airflow with higher
FEV1/FVC (Hibbert et al. 1995; Schrader et al. 1988). This becomes relevant in
terms of the well-known peri-pubertal switch in asthma incidence and severity tilting
toward women, compared to the predominance in prepubertal boys compared to girls
(Macsali et al. 2012; Postma 2007; Ross et al. 2019; Zein et al. 2019).

Sex differences in the lung are maintained following puberty. In women, preg-
nancy is a somewhat unique situation where the gravid uterus affects the diaphragm
and thorax along with the effects of the female sex hormones (particularly proges-
terone) on central control of respiration. As a result, TLC and FRC are decreased in
the third trimester. These changes are balanced by the lack of change in FVC, FEV1,
or VC due to increased inspiratory capacity and substantial decreases in pulmonary
resistance which may reflect the effects of progesterone (Townsend et al. 2012).
Overall, these complex changes result in a well-recognized distribution in asthmatic
women where only a third show increased symptoms, and another third an
alleviation.

In humans, normal aging results in loss of lung function, with reduced elastic
recoil particularly of the large airways, and in alveolar air volume, with concurrent
increases in fibrosis, resulting in reduced maximal expiratory flow rate for both
sexes. However, the onset and rate of age-related changes in these parameters are
slower in aging women (Townsend et al. 2012; Zein et al. 2019; Thomas et al. 2019),
which may reflect the beneficial effect on lung mechanics of the smaller airways of
women. Alternatively, dysanaptic growth in boys from the prepubertal period may
place men at a disadvantage. Thus, even in normal aging, the female lung is designed
to function better than the male lung.

Overall, with relatively larger airway sizes and slower detrimental changes
throughout life, airways in females may be naturally suited for better function.
However, these anatomical and functional advantages are offset (as noted clinically)
by a paradoxically greater incidence of asthma in women (Zein et al. 2019; Han et al.
2018; Townsend et al. 2012; Melgert and Postma 2009; Postma 2007), suggesting a
modulating role for sex steroids.

1.6 Importance of Sex Differences in the Lung

This introductory chapter highlights the potential importance of intrinsic sex differ-
ences in lung structure and function, setting the stage to understanding the modula-
tory influences of sex steroids as well as the environment in normal growth and aging
and importantly in the context of disease. Clinical implications of sex differences in
lung structure and function have already been integrated into some aspects of
medicine as highlighted by the use of sex-specific values of lung function adjusted
for body size and age, and sex-specific predicted values/ranges for pulmonary
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function testing. Although intrinsic sex differences are undoubtedly present, and
gonadal steroids likely influence lung structure and function, the substantial discrep-
ancy in how steroids affect different lung compartments (where studied) and the lack
of information or clarity regarding whether sex steroids are protective vs. detrimental
in the lung, challenges our overall understanding of sex and the lung. Sex steroids
can influence lung structure and function throughout life, as briefly highlighted
above, and described more in detail in subsequent chapters. Sex steroid levels in
the embryo impact fetal development with substantial postnatal consequences,
represented by risk and outcomes of perinatal diseases such as respiratory distress
syndrome, bronchopulmonary dysplasia, and childhood asthma. Environmental
factors such as maternal smoking or perinatal as well as childhood tobacco smoke
exposure can further influence outcomes in a sex-specific fashion. The role of sex
steroids in women during key life stages such as during menstrual cycles, pregnancy,
and menopause are not always clear, but are obviously important in the context of
catamenial asthma, and exacerbation of asthma in pregnancy. In these situations
specific to women, as well as during life events in both sexes such as puberty and
aging, the differential effects of female vs. male sex steroids represent another layer
of complexity that colors interpretation, as do differential signaling pathways and
metabolism of sex steroids relevant particularly with aging, overall leading to a
multidimensional picture of relationships between sex and the lung. These aspects
are explored in subsequent chapters in the context of diseases across the life span.
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Chapter 2
Sex Differences in the Anatomy
of the Airways and the Lungs: Impact
on Dysanapsis across the Lifespan

Antonella LoMauro, Lorenzo Aliboni, and Andrea Aliverti

Abstract Although arguably neglected in the past, sex differences in the biological
and physiological characteristics of humans have been recently object of renewed
interest. Evidences of sex-induced anatomical differences in the respiratory system
can be identified in utero and persist throughout the human life span, being important
determinants not only of physiological behavior at rest and during exercise, but also
of clinical manifestations of airway diseases.

Keywords Lung · Airways · Dysanapsis · Spirogram · Anatomy

2.1 Introduction

2.1.1 Anatomical Overview of Airways and Lungs

2.1.1.1 Airways

The airways are divided into two main parts: the upper and the lower tract. The upper
respiratory system includes the nose with its nasal cavity, the paranasal sinuses, the
pharynx, and the larynx. Its primary function is air conditioning and filtering. These
phenomena take place within the short distance from the nostrils (the nose entrance)
to the nasopharynx (the upper part of the pharynx), where the air flow tends to
recirculate thanks to the anatomical features of the region. The pharynx is a short
musculoligamentous channel where both air and food can pass through. It connects
the nasal cavity to the larynx, and it is divided into nasopharynx, oropharynx, and
laryngopharynx.

Differently from the pharynx, the larynx is shaped by a cartilaginous structure
that continues downward with the trachea. The larynx performs a sphincteric
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function for the lower respiratory tract and is involved in the sound production
mechanism. The epiglottis, a thin fibrocartilaginous lamella at the entrance of the
larynx, separates food and air pathways: during swallowing it covers the glottis
preventing food to enter the trachea. The glottis is an opening constituted by the
vocal cords, which vibrates with the air passage. Through the glottis the air is
conducted to the lower portion of the airways, also known as intrathoracic airways.

The lower airways are comprised of the trachea, the bronchi, and the alveoli. The
trachea is a conduit with a length approximately ranging between 11 and 14 cm,
descending from the larynx, through the neck, into the mediastinum, i.e., the space in
the thoracic chest surrounded by the lungs (sides), the spine column (rear), and the
sternum (front). The trachea wall is supported and reinforced by sixteen to twenty
C-shaped rings of hyaline cartilage joined by fibro-elastic connective tissue as well
as by bands of smooth muscles. The anterolateral wall with the cartilaginous rings
and the posterior fibromuscular membrane compose the two main regions of the
tracheal wall. Despite its structure, the tracheal conduit remains flexible allowing the
tracheal size and shape to vary with the motions of the neck and head. The walls are
lined internally by mucosa. The dimensions and configuration of the trachea modify
during the respiratory cycle, especially when ample thoracic displacements occur.
The anatomy of the airways is also subjected to great intersubject variability. At the
level of the fourth thoracic vertebra, the trachea branches into a pair of primary
bronchi, one bronchus to each lung. The main bronchi are asymmetrical structures:
the right main bronchus is wider, shorter, and follows a more vertical course than the
left one.

The main bronchi further bifurcate into progressively smaller airways, giving rise
to the tracheobronchial tree, a dichotomous branching structure that divides up to
28–30 times before reaching the alveoli. At each bifurcation, the conduits become
narrower and shorter. After entering the respective lung, the main bronchus gener-
ates the lobar bronchi (superior, middle, and inferior). From the lobar bronchi, the
tertiary bronchi (called also segmental bronchi) arise, followed by the subsegmental
bronchi and by the terminal bronchi. As far as the structure is concerned, the
bronchus wall is made up of five layers: a mucosa, a muscular, a submucosa, a
fibrocartilaginous layer, and a peribronchial stratum. This wall structure is a function
of the size of the bronchi. For large bronchi, the structure of the wall resembles the
tracheal wall, with the peculiarity that the cartilaginous rings completely surround
the wall. On the contrary, for bronchi of medium size, the walls have more irregular
(sometimes helical) cartilaginous rings and, situated between the muscle and the
fibrocartilaginous layer, a venous plexus can be recognized.

The bronchioles arise from the terminal bronchi. There are three to four genera-
tions of bronchioles which eventually lead to the terminal bronchioles. Each terminal
bronchiole divides to form either another terminal bronchiole or a respiratory
bronchiole, which is the narrowest and smallest airway aimed at the transport of
air to and from the alveolar ducts. Because of the presence of some alveolar
structures, gas exchange (in minimal part) already takes place in the respiratory
bronchioles. The number of alveoli lining the walls of the bronchioles tend to
increase moving closer to the alveolar ducts. These ducts are completely covered
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by alveoli as their wall can be seen to be constituted exclusively of entry tips of
alveoli.

At least five or more ramifications of alveolar ducts have been described. These
ducts terminate into the alveolar sac which is the closed-end and final (distal) airway.
As regards the structure, the bronchiolar wall can be subdivided into three layers:
one layer of mucosa, one of muscle fibers (the thickest), and a thin outer layer made
of connective tissue which is connected to the lung parenchyma and tends to
disappear in small bronchioles. This entire structure is lined by an epithelium that
stops at the entrance of the alveoli. The alveoli are the basic structures of the lung
deputed to gas exchange. The dimensions and shape of the alveoli are subject to
certain variability, but they can be approximated as spherical objects sized between
150 and 300 μm. The alveolar space is separated from the pulmonary capillary by an
extremely thin (thickness 0.2 μm) barrier. Gas exchange between oxygen (O2) and
carbon dioxide (CO2) occurs by simple diffusion, in a process which lasts approx-
imately 0.25 s and is extremely efficient thanks to the huge number of alveoli
(estimated around 300 million in an adult man) which create an exchange surface
approximately equal to 80 m2 (Finucane et al. 1996; Boiselle and Lynch 2008;
Verschakelen and De Wever 2018; Kavuru et al. 2012; Thiriet 2013; Standring
2015).

2.1.1.2 Lung

The lungs are two cone-like organs primarily deputed to respiration which lie on the
two sides of the thoracic cavity. The structure of each lung is characterized by the
presence of a spherical apex which extends into the root of the neck, a convex
upward base in the lower part, three borders (inferior, anterior, and posterior), and
two faces (the coastal one, pointing outward and the mediastinal one which is
internal and with pericardial depression). The diaphragm lies under the base of
each lung. The left lung is slightly smaller than the right one due to the presence
of the heart apex, which lodges into a cavity of its medial surface.

Each lung is divided into subsections named lobes (Fig. 2.1). The right lung has
three lobes (lower, middle, upper), while the left lung has only two (lower and
upper). The separation among lobes is determined anatomically by fissures.

Pulmonary lobes are sectioned into segments, and these segments are sectioned
into lobules. The right upper lobe has three segments (posterior, anterior, apical); the
right middle two (lateral, medial), the right inferior five (superior, anterior basal,
lateral basal, posterior basal, medial basal). Two compartments can be identified in
the left upper lobe: superior and inferior (or lingular) which consists of three
segments (posterior, anterior, and apical) and two segments (inferior and superior),
respectively. The left lower lobe includes five segments (superior or apical, lateral,
and medial basal, and anterior, and posterior basal). Although the left lung, con-
trarily to the right one, is not anatomically characterized by a middle lobe, it does
show a corresponding feature. Indeed, it can be observed as a protuberance of the
upper lobe which goes under the name of lingula. This projection on the left lobe can
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be considered as an anatomical counterpart to the right middle lobe. Both lungs at
their root show a central recession called hilum, where both the airways and blood
vessels enter and exit the lung.

The septa and sheaths among the pulmonary compartments (lobes, segments,
lobules, and acini) and among the alveoli are interconnected thanks to a three-
dimensional deformable tissue network: the lung parenchyma. Two pleurae are
present in the lungs: the visceral pleura which covers the surface of each lung and
dips into the cavity between the lobes and the parietal pleura, which is the outer
membrane attached to the thoracic cavity. The parietal pleura also separates the
pleural cavity from the mediastinum - that is, the cavity located between the vertebral
column, the sternum, and the lungs, containing the heart and its related circulatory
vessels, the esophagus, the thymus gland, the pericardial sac, the heart, and the first
two generations of the airway tree (trachea and main bronchi) with the related
vessels. The two pleurae are separated from each other by a thin (20–80 μm) fluid
space which allows the two layers to slide without restrains from one another. The
pleural fluid is generated from the parietal pleura itself and reabsorbed by the
lymphatic system, a process resulting in a total volume of fluid ranging between
25 and 30 cm3. Several functions are associated with the pleural fluid. First, it creates
a moist, slippery surface which allows the opposing membranes of the pleurae to
slide across one another as the lungs move within the thorax. Second, it holds the
lungs tight against the thoracic wall therefore avoiding the collapse of the whole
structure (Finucane et al. 1996; Boiselle and Lynch 2008; Verschakelen and De
Wever 2018; Kavuru et al. 2012; Thiriet 2013; Standring 2015).

Lung volumes, i.e., the volume of gas in the lungs at a given time, can be divided
in two groups: lung- volume variations and lung capacities. The former refer to a
dynamic change of volume; the latter refer to the static amount of air inside the lungs,
being derived from a summation of different lung volumes (Fig. 2.2).

The three most important lung capacities are the following: the total lung capacity
(TLC, being the maximum volume of air the lungs can accommodate after maximum
inspiration), the functional residual capacity (FRC, being the amount of air

Fig. 2.1 Three-dimensional reconstruction of the lungs and respective lobar subdivisions at
residual volume (a), and total lung capacity (b)
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remaining in the lungs at the end of a normal exhalation), and the residual volume
(RV, being the volume of air remaining in the lungs after maximal exhalation). The
different dimensions between TLC and RV can be appreciated in the anatomical
reconstruction from CT data performed on the same subject and reported in Fig. 2.1.

When considering volume changes, tidal volume (VT) is the amount of air that can
be inhaled or exhaled during one respiratory cycle; while vital capacity (VC) is the
maximal amount of air exhaled after maximal inhalation, being, therefore, the
maximal vital volume achievable. FEV1 is the volume of air exhaled after 1 second
during a maximal forced expiratory. Other important volume variations are: inspi-
ratory capacity (IC; being the maximum volume of air that can be inhaled following
a resting state), inspiratory reserve volume (IRV, being the amount of air that can be
forcibly inhaled after a normal tidal volume), and expiratory reserve volume (ERV,
being the volume of air that can be exhaled forcibly after exhalation of normal tidal
volume).

Fig. 2.2 Volume-time curve, showing volume (expressed as a percentage of total lung capacity)
along the y-axis and time (seconds) along the x-axis during resting quiet breathing (gray line) and a
forced vital capacity manoeuvre (black line) in a healthy adult subject. Absolute lung capacities are
reported in red (TLC total lung capacity, FRC functional residual capacity, and RV residual volume),
lung volume variation in blue (VC vital capacity, IC inspiratory capacity, IRV inspiratory reserve
volume, ERV expiratory reserve volume), tidal volume in gray (VT), and forced expiratory volume
after one second (FEV1). These volume variations and absolute capacities are related by the
following formula: VC ¼ VT + IRV + ERV ¼ TLC-RV ¼ IC + ERV; IC ¼ TLC-FRC;
IRV ¼ TLC-VT; ERV ¼ FRC-ERV
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2.2 Determinants of Sex Differences in the Airways,
the Lungs, and dysanapsis

The presence of sex-based respiratory differences at birth suggests a strong genetic
component. The comparison of male versus female genome-wide DNA methylation
data in nasal airway samples from newborns and infants (1–6 months of age) reveals
human airways to have already sex-based DNA methylation signatures at birth, with
females having different airway immune responses. However, future studies are still
needed in this direction (Nino et al. 2018).

Sex-related differences in airway behavior were firstly pointed out in 1894, when
Havelock Ellis published the book entitled “Man and woman: a study of human
secondary sexual characters”. In a chapter, Ellis noted that “in nearly every dimen-
sion man’s larynx is larger, the entire male larynx being about one third larger than
the female” (Ellis 1894).

There are three main contributors to the sex differences in airway behavior and
structure/function relationship: (1) dimensional determinants, generally addressed
within the concept of dysanapsis; (2) immunological determinants, with atopy to be
the marker of immunological status; and (3) hormonal determinants (i.e., the cyclical
reproductive phase of a woman’s life) (Becklake and Kauffmann 1999; LoMauro
and Aliverti 2018).

2.2.1 Dimensional Determinants

Between 6 to �15 weeks of gestation, differentiation of airways occurs; airways
smooth muscle appears in trachea and starts to contract spontaneously. The
branching pattern of the airways is completed by week 16 (Thurlbeck 1982). In
the last 4 weeks of gestation, lower specific-airway resistance characterizes the
female fetus. Prenatal sex differences in airways growth patterns in relation to air
spaces therefore occur, since there appear to be no lung growth prenatal sex
differences.

After birth, a higher ratio of large to small airways characterizes female neonates
who tend to have higher flow rates and specific airway conductance than males. This
has been attributed to the surfactant action of maintaining patency of the smaller
airway (Becklake and Kauffmann 1999). Nasopharyngeal and oropharyngeal vol-
umes are independent of sex (but also of ethnicity and weight) in preterm and term
infants, with the former being characterized by lower values as expected, because of
the correlation to the proportional size of the body as a whole (Smitthimedhin et al.
2018).

The sex differences in airways of early childhood persist into adolescence and
adulthood. Sex differences in the central airways are present in healthy pediatric
patients. The cross-sectional areas of the trachea, of the left main bronchus, of the left
upper lobe, of the left lower lobe, of the right main bronchus, of the intermediate
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bronchus, and of the right upper lobe were measured on a group of healthy children
using three-dimensional reconstructions from high-resolution computed tomography
scans (Ripoll et al. 2020). It was found that in children younger than 12 years, there
are no sex differences in central airway luminal areas. After 14 years, central airway
luminal areas become significantly larger in the males compared to the females
(Ripoll et al. 2020). Sex differences in absolute airway size, therefore, accelerate
concomitantly with the typical time of puberty. These differences are attenuated but
persist after height-adjusted analysis, with males still having larger airways. This
indicates that the sex differences in airway size are associated with hormonal
changes from puberty, are not innate genetic issues, and are independent on height.
Because the luminal area is the main determinant of airway resistance, these findings
could help explain the observed sex differences in pulmonary system limitations to
exercise in pediatric patients of varying ages with no history of respiratory disease
(Dominelli et al. 2018).

Sexual dimorphism in the human craniofacial system is an important feature that
persists in adulthood. Males tend to differ in both size and shape in a way that allows
processing larger respiratory air volumes than females. These differences in absolute
and relative airway proportions might relate to sex differences in body size (absolute
airway size) and body composition (relative airway size), being consistent among
different populations. More specifically, men are characterized by larger, narrower,
with taller pyriform apertures and, more consistently, vertically taller nasal cavities,
than females of the same body size. It is still not known when these differences start
to arise during growth according to the skeletal maturation. Bastir et al. hypothesize
that nasal cavity shape differences do not occur later than puberty, when sex-specific
differences in body composition arise. They also expect sex differences in airway
proportions to be mainly due to ontogenetic scaling (reflecting differences in body
size) before puberty; and to both allometric and nonallometric skeletal differences
(reflecting differences in body size and body composition) afterwards and in
adulthood.

Such sexual dimorphism in the human skeletal airway configuration influences
the morphology of the upper airways and it is also reasonable to hypothesize it as a
feature related to metabolic and energetic factors. Larger choanae in males permit
inhalation of greater air volume to enter the noncranial respiratory system (Bastir
et al. 2011).

With increasing age, the larger male airways lose elastic recoil, and this may
counteract the unfavorable effects of loss of parenchymal recoil, therefore explaining
the relative preservation of males’ peak flow rates (Gibellino et al. 1985). No similar
data are reported in women.

2.2.1.1 Nasopharynx

During wakefulness and sleep, the absolute retropalatal cross-sectional area is larger
in men. However, the correction for body surface area makes this sex difference
disappear. In a parallel way, the absolute retropalatal compliance is higher in males
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during sleep, while there are no sex differences after correcting for neck circumfer-
ence. Neck circumference is systematically larger in men both as absolute value and
after correction for body mass index. Because neck circumference is a surrogate
index of pharyngeal soft tissue volume and fat distribution, men tend to have higher
fat deposition at the level of the palate. The sex difference in retropalatal compliance,
therefore, seems more to be attributed to sex differences in neck circumference rather
than to sex per se. This is an important finding, since there are no sex differences in
upper airway size that explains the observed sex differences in sleep-disordered
breathing. On the other hand, neck circumference is an important determinant of the
prevalence and severity of obstructive sleep apnea (Stradling and Crosby 1991;
Flemons et al. 1994), being therefore an important marker for airway collapsibility
and a surrogate measurement for the non-neuromuscular properties of the upper
airway. These include the intrinsic properties of muscles, connective tissue, bony
structures, and fat that are important determinants of retropalatal compliance. It is
therefore crucial to interpret cautiously sex-comparison studies without matching for
neck circumference between the two groups (Rowley et al. 2002). The mechanisms
for the difference in collapsibility between men and women are therefore still not
well elucidated.

2.2.1.2 Pharynx

Sex-related differences are also found in the size and mechanical properties, partic-
ularly resistance, of the pharynx, with men having larger pharynges than women
(Brown et al. 1986; Brooks and Strohl 1992). This is not simply a function of males’
larger body size, but a true sex difference. In particular, men have larger pharyngeal
cross-sectional area than women at mid-lung volumes. Different contributors have
been considered, including age and body weight, but the strongest independent
factor impacting on pharyngeal area is biological sex (Brooks and Strohl 1992).

Differences emerge also dynamically with lung volume variations during a
continuous slow expiration from total lung capacity (TLC) to residual volume
(RV). There is an important volume dependence of pharyngeal area (i.e., it varies
with lung volume). This dependence is stronger in males than in females and it
seems to be unrelated to body size and vital capacity. The reduction of pharyngeal
size with decreasing lung volumes is greater in men, particularly at low lung
volumes (lower half of vital capacity), and it persists also after normalizing pharyn-
geal size for body surface area and vital capacity. Moreover, a negative correlation of
pharyngeal area with age is present in males, thanks to their lower-lung dependence
(Brown et al. 1986). In addition to the size, resistances are higher in men. This is
applied not only in the segment of upper airway between the choanae and epiglottis,
but also in the supraglottis. Pharyngeal resistance increases with age in men, while
no age relationship is present in women (White et al. 1985). As higher pharyngeal
resistance and higher pharyngeal size volume dependence characterize men, we can
speculate that they also have presumably lower-pharyngeal patency, while women
have a more relatively more stable and patent pharynx. This may protect women
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from obstruction during sleep, while men are more prone to pharyngeal collapse.
This could, therefore, explain at least in part the male predominance in obstructive
sleep apnoea syndrome.

2.2.1.3 Glottis

There are significant sex-related differences in the entire glottal length and in the
length of the anterior and posterior glottis, being longer in males. A difference is also
present when considering relative proportions with female posterior glottis account-
ing for ~45% and male for ~40% of the total glottic length (Friedrich and
Lichtenegger 1997). A different behavior characterizes the area of the glottis, since
no sex effect has been found on both glottic cross-sectional area and epiglottal shape
(Rubinstein et al. 1989; Sulter et al. 1996).

Glottic area seems to depend and change with lung volume, rather than with sex.
The greatest dimension of glottic area is reached at total lung capacity and then it
reduces in parallel with lung volume as residual volume is approached. At any given
lung volume, glottic area is similar between men and women as well as its reduction
between total lung capacity and residual volume. However, the pattern of glottic area
change during full exhalation is different between men and women. The female
decrement in glottic area occurs predominantly at low lung volumes, whereas it is
more uniformly distributed throughout the vital capacity range in males (Rubinstein
et al. 1989).

While no sex-induced anatomical differences are found in the anatomy of the
glottis, there is a functional difference between men and women. Glottal closure is
more complete in the former, but briefer than the latter. In essence, males have a
shorter closure, a higher percentage of closure, and an even more closed type than
women do. Male subjects significantly present more often closure types from
category II, i.e., configurations presenting deviant closure types with glottal gaps
in the membranous or anterior part of the glottis. In addition, men more frequently
show compensatory adjustments (i.e., movements of supralaryngeal structures while
changing intensity and frequency) (Sulter et al. 1996).

2.2.1.4 Vocal Cords

There is a sex-related difference of the thyroid angles, with mean values for the
postpubertal thyroid angles being �90 � in males and �120 � in females (Friedrich
and Lichtenegger 1997). This is important because anteriorly in the glottal plane, the
vocal ligament inserts into the thyroid cartilage. The length of the Broyles’ tendon
(i.e., the connective tissue between the noduli elastici anterior and the thyroid
skeleton) is longer in males than in females and is an important area with respect
to voice function (Friedrich and Lichtenegger 1997). There is also a significant
sex-related difference at the level of the vocal folds, being thinner, wider, shorter,
and slacker in female subjects. Women also have larger amplitudes in the excursions
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of vibrating vocal folds. Differences are also present during vocal-fold vibration, in
the cycle of opening and closing. Male subjects show a predominant vertical phase
difference, i.e., a difference in the cycle between caudal and cranial parts of the vocal
folds; while women are rated more often with a horizontal phase difference; i.e., a
difference in the anterior-posterior cycle of the vocal folds or zipper-like closing of
the vocal folds. This difference might be related to the triangular glottal configura-
tion in women, as their angle between the vocal folds is larger. Generally, a
difference in phase between vocal folds, called lateral phase difference, is frequently
observed in males (Sulter et al. 1996).

2.2.1.5 Larynx

A smaller larynx/pharynx ratio seems to be a typical female feature (Sulter et al.
1996). In general, there is a significant sex effect on the laryngeal appearance nearly
in all absolute laryngeal dimensions. This is mainly due to the anterior-posterior
pubertal growing of the larynx and it is primarily expressed in the sagittal plane and
in the thyroid angles, but only to lesser extent in the transverse plane. On the other
hand, the relative proportions of the pharynx are much more constant and not
sex-specific (Friedrich and Lichtenegger 1997).

It is important to note that most of these differences are related to growth. Indeed,
no difference is present during infancy between sexes, while differentiation both in
morphology and size occurs in the phase that proceeds from puberty to maturity
(Hirose 2010). The most evident change is in the thyroid cartilage that forms the
shape of Adam’s apple, being visible from the outside more in men than in women,
because of the extreme acuteness of the angle (Friedrich and Lichtenegger 1997;
Hirose 2010).

2.2.1.6 Trachea and Main Bronchi

The sex-related differences in the morphology of the airways have been analyzed
with a specific focus on the large conductive airways, namely trachea and main
bronchi (Fig. 2.3). Despite the great intersubject variability, the luminal areas of the
large conductive airways are approximately 26–35% larger in men with the excep-
tion of the intermediate bronchus (Dominelli et al. 2018). The maximum difference
(35%) is located at the level of the trachea. During the inspiratory phase and
depending on the axial position in the trachea, the transversal tracheal external
diameter ranges from 13 to 25 mm for adult males and from 10 to 21 mm for
females, while the anteroposterior diameter ranges from 13 to 27 mm and from 10 to
23 mm for males and females, respectively (Finucane et al. 1996).

Although the difference between the sexes appears to be attenuated when subjects
are height-matched, women’s airway luminal areas are proven to be still 20–30%
smaller than men’s (Fig. 2.4). Some differences exist also in terms of length where
women’s airways are 10–14% smaller (Dominelli et al. 2018).
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When considering pediatric patients (<18 years old), no differences between the
sexes can be observed until the age of 14, when male patients show a 25% larger
tracheal cross-sectional area. In accordance with previous considerations, when the
height is accounted for, these sex differences in airway areas are attenuated but still
persistent. This confirms that sex differences in airway size are not innate but rather
driven by hormonal changes during puberty (Ripoll et al. 2020).

The subcarinal angles (SCA), determined by the intersection of the inferior
margins of the main bronchi, show higher angles for females compared to males
(Ulusoy et al. 2016). In general, SCA ranges from an average value of 70� to 76� for

Fig. 2.3 Visualization of trachea and main bronchi on axial (a), and coronal (b) planes from
computed tomography data obtained at breath-hold in full inspiration. The corresponding three-
dimensional reconstruction (c) is also reported. RMB Right main bronchus, LMB Left main
bronchus
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males, and from 77� to 81� in females (Kamel et al. 2009) with a substantial
variability. Regarding the intrabronchial angles, i.e., the angles between the imagi-
nary lines passing through the middle of the lumen of the right and left main
bronchus and the tracheal axis, these are generally greater in females, with values
of 75� � 13� in males and 81� � 12� in females (Karabulut 2005). These values are
deeply influenced not only by sex, but also by the body mass index and left atrial
size, and for this reason, are generally considered of little diagnostic value. Figure 2.5
shows how these two angles are defined during computed tomography
measurements.

Slow vital capacity correlates with the tracheal area for men only, whereas no
other correlation with anthropometric or other pulmonary function measurements is
present within each sex (Brooks et al. 1988). The tracheal area shows a good
correlation with flow rates in women, whereas in men, there is no consistent
relationship.

The cervical tracheal cross-sectional area, determined as π�D1�D2�¼ (withD1
being tracheal anteroposterior diameter and D2 being tracheal transverse diameter,
both measured at a level 2 cm below the mid-portion of the cricoid cartilage from CT
images) is associated with patient height in men, but not in women. This result has
strong clinical implications for endotracheal tube selection strategy, with men of
shorter stature being best served by intubation with a smaller size; tall men with a
larger; while women are likely to benefit from a uniformly smaller tube (Karmakar
et al. 2015).

Pleural pressure may be more negative in men at a similar lung volume than in
women, therefore leading to a possible greater transmural pressure gradient across

Fig. 2.4 Example of tracheal cross-sectional differences between a male (a), and a female (b)
healthy adult subject. CT scans are performed at breath-hold at total lung capacity. Axial slices are
reported at approximately 2 cm above the carina. Manual measurements of the tracheal
anteroposterior (cyan) and transverse (yellow) diameters are shown for the two subjects
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the male tracheal wall resulting in a larger area (provided the tissue properties to be
similar in both sexes) (Hoffstein 1986). In general, the luminal areas of both the
larger and central airways are 14–31% larger in men, even after matching for lung
size (Sheel et al. 2016), but not when standardized for lung size (Collins et al. 1986).

The forced oscillation technique measures respiratory mechanics noninvasively
during normal tidal breathing (King et al. 2020). This technique shows females to
have significantly higher values of resistance in comparison to males, while there is a
nonsignificant sex-based change in reactance values. This finding may be explained
by the difference in lung volumes, which results in a smaller airway caliber (Ribeiro
et al. 2018).

2.2.2 Lung

While lung bud formation starts in the first 5 weeks from conception, fetal respiration
begins between the 16 to the 26 weeks to influence lung development, with alveoli
first appearing after 30 weeks so that lung volume rapidly increases. Alveolar
multiplication, on the other hand, occurs in the last month of gestation (Thurlbeck
1982).

There are no apparent prenatal sex differences in the relationship of lung to
somatic growth (Langston et al. 1984), but girls at birth have lungs which on average
are smaller than boys and they may have fewer respiratory bronchioles (Thurlbeck
1982). Maturation seems to be more advanced in female fetuses, as they start mouth
movements earlier (around the 16–26 weeks) (Boddy and Dawes 1975; Torday and

Fig. 2.5 Visualization of the interbronchial angle (a), and subcarinal angle (b) on a coronal
computed tomography image at the level of the carina. Images are obtained at breath-hold total
lung capacity
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Nielsen 1987), reflecting fetal breathing (thought to be a critical determinant of lung
development) (Boddy and Dawes 1975; Polgar and Weng 1979; Torday and Nielsen
1987). In addition, in the period from ~26 to ~36 weeks, the female fetus shows
advanced lung phospholipid profiles, reflecting earlier surfactant production and
maturation than the male fetus (Hepper et al. 1997).

The male lungs are bigger in terms of absolute volume and of volume variations
(Schwartz et al. 1988; Quanjer et al. 2012a, 2013; Dominelli et al. 2015). They also
have significantly larger mean values for all pulmonary variables, including flow
rates, with the exception of resistance, that is significantly lower (Brooks et al. 1988;
Brooks and Strohl 1992). These differences in dimensions have been demonstrated
using different approaches: standard morphometric methods (Thurlbeck 1982), chest
radiographs (Bellemare et al. 2003), and three-dimensional geometric morphometric
methods on computed tomography scans (Torres-Tamayo et al. 2018).

Women also experience a disproportionate growth of the rib cage relative to the
lung that would be suitable to accommodating larger abdominal volume during
pregnancy. Furthermore, women exhibit smaller radial rib cage dimensions in
relationship to height, greater inclination of ribs, comparable diaphragm dome
position relative to the spine, shorter diaphragm length, and greater inspiratory rib
cage muscle contribution during resting breathing (Bellemare et al. 2003). The shape
of the lung also differs between males and females, particularly during forced
expiration, indicating sexual dimorphism in size and shape for the lung. Morpho-
logically, pyramidal lung geometry characterizes males, with greater lower-lung
width when comparing with the apices. Prismatic lung shape characterizes women,
with similar widths at upper and lower lungs (Torres-Tamayo et al. 2018). Consid-
ering the close relationships between the rib cage and the lungs, such sex-related
differences in lung shape parallel that of the rib cage.

The skeletal thorax configuration differs between men and women, with the latter
being characterized by disproportionate growth of the rib cage in terms of smaller rib
cage dimensions, rounder rib cage at total lung capacity, a higher-positioned ster-
num, and less horizontally oriented ribs (Bellemare et al. 2003; Shi et al. 2014;
Weaver et al. 2014; García-Martínez et al. 2016). These important rib cage sex-based
differences are thought to be propaedeutic to adapt for pregnancy-induced functional
adaptation to the hormonal and anatomical changes. Indeed rib cage during preg-
nancy adapts in shape, but not in volume, not to restrict the lung and to accommodate
space to the enlarging uterus (LoMauro et al. 2019).

Changes related to aging in the mechanical properties of the lungs develop and
they seem to proceed slower in women. There is no sex-based difference in the
intrinsic elasticity of the lung, while differences occur in the recoil pressure, being
dependent on differences in lung size and in maximum distending forces. The recoil
pressure is higher in males at various lung volumes, but the decrease with age is
similar in both sexes. Loss of elasticity with age seems consistent with an increase in
the unstressed dimensions of alveoli and a decrease in their elastic fibers (Colebatch
et al. 1979). In addition, thoracic gas compression during forced expiration is greater
in men than women, probably because men have larger lungs and stronger respira-
tory muscles. Intrapleural pressure during forced vital capacity often exceeds that
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required to generate maximal expiratory airflow, therefore compressing alveolar gas
and resulting in thoracic gas compression.

The larger magnitude of thoracic gas compression occurs early in forced expira-
tion, likely due to expiratory pressures throughout the forced maneuver, with males’
developed alveolar pressures being systematically larger than women. This result
may impact on the interpretation of pulmonary function, on bronchodilator efficacy
and on mechanical ventilatory constraints quantification, particularly when data
must be compared between sexes (Gideon et al. 2020).

Sex-based differences in airway and lung are so important that all the prediction
equations of normal values include sex as a discriminating factor. Indeed,
sex-specific reference equations have been developed to summarize the height and
age-related changes in spirometry (Quanjer et al. 2012a, b) and static lung volume
(Hall et al. 2020) indices as well as for forced oscillation techniques (Oostveen et al.
2013), in order to improve the standardization of the reporting and interpretation of
airways properties and lung volumes measurements.

2.3 Dysanapsis

Forced expiratory flow at a given lung volume is a measure sensitive to airway size,
while lung volume is a measure sensitive to lung size. Their ratio, therefore, is a
measure of structure/function relationship between lung and airways, the mechanical
properties of which are reflected in the relationships of volume, flow, and time
during a forced expiratory maneuver. The initial part of the maximal expiratory flow-
volume loop is called the effort- dependent part of the curve, characterized by the
highest flow rates (PEF: peak expiratory flow or MEF: maximal expiratory flow),
because the maximal lung expansion/volume makes the caliber of lung airways
increase and the airways resistance decrease. Then, the flow tails off, the lungs
collapse, the airway calibers decrease, the small airways are compressed, and any
further increase in expiratory pressure will increase airway resistance proportionally.
The later portion of the curve of expiratory flow-volume loop is therefore less
dependent on the patient’s effort: the dynamic airways compress, the resistance
moves upstream, and the equal pressure point (“choke” point) moves out to the
small airways, resulting in a uniform flow rate (Fig. 2.6). During this effort-
independent part of the curve, the static lung elastic recoil (at any given lung volume)
also represents the pressure that drives the flow.

We described earlier that the lungs of girls/women are generally smaller than
those of boys/men of the same height. However, the female-forced expiratory flow
rates (standardized for differences in body size) tend to be higher. The ratios of
forced expiratory volume in one second (FEV1) to forced vital capacity (FVC) ratios
are thus higher in girls/women. This concept has been addressed within the concept
of dysanapsis (from Greek: dys ¼ unequal and anaptixy ¼ growth).

In 1974, Green et al. showed for the first time a relatively loose coupling between
lung and airways size. In other words, large lungs are not necessarily associated with
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larger airway calibers, when compared to a person with smaller lungs. They intro-
duced the term dysanapsis, that in general applies to a disproportionate growth
pattern between the constituent parts of an organ, in this case the lungs and the
airways, in the presence of normal physiological function of the whole organ (Green
et al. 1974).

Indeed, an alternation of disproportionate and proportionate growth between the
airways and the lungs occurs across the lifespan. The number of the conducting
airways is fixed at birth and it is completed by the 16th week of gestation, whereupon
development only consists of an increase in size thereafter. On the other hand, the
alveoli continue to multiply rapidly (increasing in size and in number) into the early
postnatal period, and more slowly at least up to the age of 2 years. After birth,
dysanapsis is therefore inevitable, but from the age of ~2 years, parenchymal growth
is due mainly to alveolar enlargement (and not to proliferation) and for this reason, it
is plausible that the airways and the air spaces grow isotropically (i.e., all linear
dimensions of airways and lung grow at the same rate) thereafter, with prepubertal
lung and airways being considered a miniature version of the adult lung and airways
(Hislop et al. 1972; Thurlbeck 1982; Merkus et al. 1993).

Fig. 2.6 Flow-volume curve, showing volume along the x-axis and flow along the y-axis during
resting quiet breathing (gray line) and a forced vital capacity maneuver (black line) in a healthy
adult subject. Inspiratory flow is negative, expiratory flow is positive, and absolute lung volume
increases from right to left. Absolute lung capacities are reported in red (TLC total lung capacity,
FRC functional residual capacity, and RV residual volume), lung-volume variation in blue (VC vital
capacity, IC inspiratory capacity, IRV inspiratory reserve volume, ERV expiratory reserve volume),
tidal volume in gray (VT), peak expiratory flow in green (PEF), the effort-independent part of curve
is indicated in orange
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Since airways and lung dimensions differ significantly between males and
females, what is the relationship between their sizes? In 1980, Mead quantified for
the first time the concept of dysanapsis, or unequal growth, as the ratio of maximal
expiratory flow (a parameter sensitive to airway size) and the static recoil pressure at
50% of vital capacity (a parameter sensitive to lung size). He hypothesized that “if
lung and airway size changed together, this ratio would be the same for large and
small lungs i.e., for persons with large and small vital capacities. If lung and airway
size were independent, then, on average, the ratio would vary as (vital capacity)-1”.
He found in 21 men (20–50 years of age), seven females of comparable age, and five
boys younger than 20 years of age, that lung size and airway length were not
whatsoever associated. His proposed ratio decreased approximately as (vital capac-
ity)-4/3, being consistent with being independent of airway diameter but dependent
on airway length at any given lung size. In addition, his results suggested that the
airways of women and boys are smaller relative to lung size than those of men and
that these sex differences develop late with growth (Mead 1980).

The concept of dysanaptic growth was then investigated by several other studies
using different techniques (morphometric or physiological) and approaches (epide-
miological and clinical), with particular attention from pediatricians, since the
pediatric variability of airway size confirms that “dysanapsis” starts with puberty,
with somatic and lung growth (but not airways growth) playing a crucial role [see
Tables 1 and 2 of (Becklake and Kauffmann 1999)] (Martin et al. 1988).

In the first 2 years of life, females have larger airways in relation to lung size than
males (Thurlbeck 1982) and lower specific-airway resistance lower at any given
height (Doershuk et al. 1974). As mentioned before, teen males show a similar
dysanapsis ratio as adult females, both of which differ from adult males (Dominelli
et al. 2018). A sex-related dysanaptic pattern emerges also when direct measurement
of tracheal area is performed (assessed through acoustic reflection technique or chest
radiograph) (Collins et al. 1986; Hoffstein 1986).

The airways-parenchymal dysanapsis seems to start during childhood in males to
persist into adulthood. By contrast, a proportional growth of tracheal and lung
volume characterizes female children, but then airways start to grow faster than
lung so that women show dysanapsis (Pagtakhan et al. 1984; Hoffstein 1986).
Indeed, in mid to late teens, the growth of TLC and of flow rates relative to TLC
seems to slower in females, indicating that growth appears to be dysanaptic in
females and isotropic in males, but this needs to be further investigated (Merkus
et al. 1993). It is interesting to notice that sex differences in lung size are still present
at the onset of pubertal growth spurt, that starts earlier in girls, when they tend to be
taller than boys of the same age, with prepubertal boys having smaller airways/flows
(for a given TLC) than girls (Merkus et al. 1993). However, in adolescent girls, the
increases in FVC plateau or cease when age-related somatic growth stops. This
contrasts with adolescent boys whose VCs continue to increase, although at a slower
rate, until the mid-twenties. Thus, postpubertal males have a greater growth rate of
airways relative to volume than females which partly explains the differences in the
prevalence of respiratory diseases, being approximately two-fold greater in prepu-
bertal males compared to females (Merkus et al. 1993).
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The sex differences in the effort-independent forced expiratory flow rates (i.e.,
lower in boys/men than in girls/women) is age-dependent, being primarily evident in
early childhood but decreasing towards adolescence (presumably because the
RV/TLC ratio increases in girls but not in boys). Furthermore, adolescent girls
tend to generate lower maximum respiratory pressures than adolescent boys at all
lung volumes (Schrader et al. 1988). This phenomenon is called a “muscularity
effect” in boys, being attributed to the influence of male sex-steroid hormones
(Schrader et al. 1988; Becklake and Kauffmann 1999).

All the changes in the lungs’ mechanical properties related to aging develop later
and slower in women than in men. Since the growth of the lung parenchyma and the
airways occur independently, the configuration of the adult female lung represents a
proportional growth of the airways relative to the parenchyma, whereas in the adult
male lung reflects dysanaptic growth, whereby the growth of the airways lags behind
that of the lung parenchyma.

In contrast with what was previously written, the dysanapsis ratio has recently
been found to be similar between the sexes (Smith et al. 2014; Dominelli et al. 2015),
but after correction for vital capacity, results in lower values in women (Dominelli
et al. 2015). This suggests that the dysanapsis ratio is strongly dependent not only on
the methods used to quantify the airways and lung sizes, but also on the parameters
for which the data had been normalized. These parameters might be height, lung
volume, lung recoil pressure, etc. (Babb et al. 2012). It would be also important, for
future studies, to understand if a cut-off between physiological and pathological
conditions exists (Hoffstein 1986; Thompson 2017). A timeline of these sex differ-
ences is reported in Table 2.1.

2.4 Immunological Determinants

The Greek term atopy (“out of place”) was firstly introduced in 1923 and may have
different important implications (Murdoch et al. 1986). Atopy is an important
determinant of airway behavior, a marker of immunological status, and most impor-
tantly, considered a host risk factor for asthma, being an adverse immune reaction
involving serum immunoglobulin (IgE) antibodies.

Sex differences in the immunological determinants of airway behavior are very
complex for two reasons: (1) the relationship between atopy and sex differs
according to the age/sex/gender windows examined, and (2) the methodology used
(skin test reactivity or total and specific serum IgE) plays an important role, and
therefore needs to be taken into account. For example, atopy assessed by skin test
reactivity depends on the number (but also the frequency and intensity) of allergens
included in the test battery (usually they differ between studies) and on environ-
mental determinants, such as smoking (both active and passive), dust particles
(or other agents), occupational exposures. When atopy is assessed as total serum
IgE levels, a consistent sex difference exists across the human lifespan, with levels in
girls/women being lower than those in boys/men at all ages.
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2.5 Hormonal Determinants

While the exact role of hormonal factors in airway behavior still requires investiga-
tion, there is compelling evidence that hormones play a critical role in a woman’s
respiratory function throughout her reproductive life. Indeed, cyclical variations in
sex hormones occur daily, in relation to circadian rhythms, monthly, in relation to
menstrual cycles, and with reproductive transitions, such as in puberty, pregnancy,
and in menopause.

Circadian variation in airway responsiveness is also observed, mediated by
histamine and acetylcholine, and frequently triggered by house-dust allergen expo-
sure, where the response is least around noontime and highest around midnight in
diurnally active individuals. There appear to be no sex differences, although the
fluctuation appears to be slightly greater between 06.00 hours and 18.00 hours in
females, and slightly less between 18.00 hours and 03.00 hours.

When considering the effect of the menstrual cycle, nonasthmatic women expe-
rience a 30% increment of their ventilatory requirements (for a given workload and a
given oxygen uptake) during the luteal phase compared with the follicular phase.
Nonasthmatic women showed no significant changes in symptoms, peak flow rates,
spirometric parameters, or airway reactivity with the menstrual cycle. Although
asthmatic women demonstrated no significant changes in spirometry and airway
reactivity, their asthma symptoms (shortness-of-breath, cough, wheeze, and chest
tightness) deteriorated significantly from the follicular to the luteal phase (Pauli et al.
1989). In another study, however, 30% of the asthmatic women experience a
significant decline in PC20FEV1.0 (i.e., the provocative concentration of
methacholine required to obtain a reduction in FEV1.0 � 20% from the baseline
value) and in peak flow (20%) in the follicular phase of menstrual cycle (Matteis
et al. 2014); while the levels of peak expired nitric oxide, a marker of the biological
activity of the endothelium-derived relaxing factor, is approximately half of the
values measured at mid-cycle (Kharitonov et al. 1994). Premenstrual asthma aggra-
vation occurs in many women with asthma and can be severe or even life-
threatening. Interestingly, women with asthma taking oral-combined contraceptives
exhibit attenuated cyclical changes in airway reactivity and in peak flow variability.

Complex mechanisms, still poorly understood, regulate this premenstrual aggra-
vation of asthma symptoms. Premenstrual asthma seems associated with an increase
in airway inflammation, suggested by the increased levels of exhaled nitric oxide
during the luteal phase of the cycle found in nonasthmatic women. Other mecha-
nisms could be the sudden fall in progesterone that occurs pre and perimenstrually
that may include a decrease in smooth muscle contractility, microvascular leak,
alterations in immunosuppressive activity, and a possible bronchodilator effect of
progesterone.

In contrast, postmenopausal women are at less risk of developing asthma com-
pared to premenopausal women (Troisi et al. 1995). Hormone replacement therapy
induces clinical worsening which the authors attributed to a direct effect on
bronchomotor tone. The diminishing fertility of women is also postulated to affect
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the composition of lymphocyte subsets in the lower airways (i.e., from
bronchoalveolar lavage fluid) and peripheral blood, with increasing levels of T
(CD3+) cell, of T helper (CD4+) cells, and of CD4/CD8 ratio with increasing age.
No age-related changes are present in males. The main action of female sex
hormones is to control the different phases of reproduction by partially suppressing
the immune system to accept the semiallogeneic fetus. The changes in the lympho-
cyte compartment of the airways therefore coincide with diminishing hormone
production and so with decreasing immunosuppressive effects. Indeed, the effect
of progesterone and estrogen on T-cells is believed to act in opposite directions
(Mund et al. 2001). Furthermore, the use of the oral contraceptive pill and/or
postmenopausal hormone replacement therapy influences the airway and ventilatory
function. An interesting hypothesis was posited. The disturbance of estrogen levels,
following discontinuation of oral contraceptives by the mother, may contribute to the
rising prevalence of childhood and adult asthma in the latter half of the twentieth
century in industrialized countries. This was attributed to their adoption of the
“westernized” sociocultural lifestyle.

Not to mention pregnancy, a particular condition wherein there is bidirectional
interaction between the maternal immune system and the fetoplacental unit. Either
unit enhances or inhibits the immune responses, such as when the fetoplacental unit
redirects maternal immunity away from cell-mediated and towards enhanced
humoral responsiveness. For example, T cells from the cord blood of babies born
to atopic mothers respond to the aero- and food-allergens to which the mother was
exposed to during pregnancy (Arshad et al. 1992; Holt and Sly 1997). Unfortunately,
it is unknown whether the sex of the fetus affects any of these relationships.

The risk of developing childhood allergy and/or asthma starts in the prenatal,
perinatal, and early life, since the infant’s immune system is programmed during this
period when it hovers in the balance between the development of atopy and the
asthma phenotype or not (i.e., between the Th2 and Th1 response to exposure to
common allergens).

Pregnancy is accompanied by changes in lung and chest wall mechanics
(LoMauro et al. 2019), with asthma reported to remain unchanged, improving, or
getting worse in roughly similar proportions. When asthma symptoms worsen
during pregnancy, this usually occurs between 29 and 32 weeks of gestation.
There is also a reported tendency for asthma symptoms to decrease during pregnancy
among the mothers of male fetuses and to increase among mothers of female fetuses.
Unfortunately, this result was reported in only one study carried out in 34 pregnant
asthmatic women, so that the fascinating question of if and how the sex of the fetus
affects mother’s asthma remains unanswered.
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2.6 Conclusion

The differences in the airways and the lungs between men and women, as well as in
their disproportionate relative growth, start in utero and persist throughout the life
span. These differences appear to be beneficial in pregnancy to accommodate and
adapt to the growing fetus and to the relative anatomical and functional changes.
They are also strongly associated with the menstrual cycle, and for this reason, it is
the opinion of the authors that hormones play an important role in these differences.

In addition to sex hormones, we believe anatomical dimension to be another
fundamental driving factor of the above-mentioned functional changes. This idea
comes from: (1) conflicting conclusions on sex-based differences measurements that
appear to be influenced by the variable used to normalize or standardize (i.e., height
or absolute lung volume or lung volume variation), (2) the “outlier” women reported
in some studies, i.e., taller and similar in size to men, who mostly behaved like the
male counterpart. Moreover, the sample size of the current literature studies on
sex-related differences is generally either very small, or the sample is limited to a
specific portion of the population (selected according to age, body mass index,
physical training, environmental exposure, etc.), or lacks a proper characterization
in the opposite sex (e.g., hormonal studies are mainly run on women). Unfortunately,
the literature is still modest, relatively outdated, imprecise, or even absent, and for
this reason, many questions remain. The re-evaluation of previous approaches in
light of the enhanced precision of modern techniques, as well as the evaluation of
focused longitudinal studies with specified selection criteria, examining precise, and
unambiguous outcomes, can be valuable in answering some of these uncertainties.

Men are from Earth; women are from Earth. Deal with it.
George Carlin
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Chapter 3
Sex Steroids and Their Influence in Lung
Diseases Across the Lifespan

Niyati A. Borkar and Venkatachalem Sathish

Abstract The economic burden of lung diseases continues to be on the rise, with
increasing annual expenditures every year. However, the pathophysiology of lung
diseases remains complex. Sex steroids are known to influence the development and
the physiology of lungs across the life course. During puberty, there is a progressive
increase in sex-steroid levels, which results in anatomical and physiological differ-
ences between the sexes, and the interactions are most likely causes of the observ-
able sexual dimorphism in the incidence, prevalence, and severity of multiple lung
pathologies. Notably, fluctuations during the menstrual cycle and pregnancy impact
many lung pathologies, suggesting a link between female sex steroids and lung
health. This chapter highlights the influence of sex steroids in lung diseases across
the lifespan, adding to our understanding of their complex roles. Focusing on various
time points, we aim to understand the following: (1) the inherent function of sex
steroids in lung physiology, (2) their differential nature in lung diseases, (3) contri-
bution of sex steroids in males versus females across the lifespan, (4) the implica-
tions of sex-steroid signaling, and (5) the probing questions on sex steroids and their
interactions influencing the lungs. With the intention of appreciating the nuances of
sex steroids in humans pertaining to epidemiological sex differences, we inform
readers about the mechanisms involved in the sex–age interaction and sex steroids’
contributions in lung diseases across the lifespan.
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3.1 Introduction

In the present-day era of omics and personalized medicine, we have overlooked and
given less importance to the differential physiology and pathophysiology between
males and females. This phenomenon is highly relevant and evident in pulmonary
biology, where there has been limited sex-based research. A major factor in our
understanding of sex-based physiology and pathophysiology is the sex steroids. The
effects of sex steroids depend on their concentration, time of day, and site of action,
as they vary across the life span of an individual. The goal of this chapter is to
describe the influence of sex steroids in lung physiology and pathophysiology in
males and females and across various life stages. Over the past two decades, studies
on sex differences in health and disease have provided more information in this field.
All this recent research has helped to bring about a consensus that sex should be
taken into account as a biological variable, as opposed to just an observational
feature, both in clinical research and clinical practice. Inherent sex differences are
apparent right from the gestational age and manifest more as the lifespan progresses
through adulthood to old age. Here, sex steroids (estrogens, progesterone, and
testosterone) play a major modulatory role in all the life stages. Several in vivo
and in vitro studies have established the critical role sex steroids play in sex
differences in lung diseases. For example, the incidence, prevalence, and severity
of asthma are higher in females (compared with males) after puberty, suggesting a
role for sex steroids (Becklake and Kauffmann 1999; Carey et al. 2007b; Melgert
et al. 2007). This is particularly important in major lung diseases—including asthma,
chronic obstructive pulmonary disease (COPD), and pulmonary arterial hyperten-
sion (PAH)—in which epidemiological evidence suggests higher incidence, suscep-
tibility, and severity in females than in males. This creates increased health care
burdens, in the form of more physician visits, more hospitalizations, and a higher
likelihood of death in some cases. Multiple observations in pulmonary research
attribute the female sex as a significant risk factor for lung disease progression
leading to death, which may differ in distinct pathologies. Studies addressing sex
differences have been robust in the fields of cardiovascular (Lohff and Rieder 2004;
Konhilas 2010; Leuzzi et al. 2010; Pérez-López et al. 2011), metabolic (Bigos et al.
2009; Greenhill 2011; Wang et al. 2011), and neurological health (Manson 2008;
Janicki and Schupf 2010; Reddy 2010; Hines 2011; McEwen 2011; McEwen and
Alves 2015). A better understanding of the biological role of sex steroids in
mediating respiratory inflammation is needed. According to a recent report
published by the American Thoracic Society, in a workshop by the National
Heart, Lung, and Blood Institute, the National Institutes of Health (NIH) Office of
Research on Women’s Health, and the NIH Office of Rare Diseases Research
(“Female Sex and Gender in Lung/Sleep Health and Disease,” [Han et al. 2018]),
clear emphasis was placed on the use of sex as a biological variable in both
benchside-based laboratory research practices and clinical settings. This report
critically reviewed the present understanding of the comprehensive implications of
female sex on lung/sleep health and disease, addressing research gaps and
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envisioning better health outcomes utilizing a specific and accurate management
plan. A few noteworthy reviews regarding intrinsic sex differences in the respiratory
physiology have been studied, and readers are referred to these topics (Gonzáles-
Arenas and Agramonte-Hevia 2012; Townsend et al. 2012a; Martin and Pabelick
2014; Sathish et al. 2015; Fuentes and Silveyra 2018, 2019). Despite the highlighted
publications reporting that sex steroids have more effects than a normal reproductive
biological action, sex differences in lung diseases remain a subject of debate.
Accordingly, it is imperative to summarize the contribution of sex steroids with
respect to males versus females to better understand the potential role of sex steroids
and their influence across the lifespan in the context of specific lung diseases.

Although there is limited knowledge on the effects of lung disease during the
complete lifespan of an individual, there remains a hope for new collaborative
studies to be able to shed light on the importance of considering sex steroids as a
crucial determinant of lung development and function. Therefore, the primary
purpose of this chapter is to emphasize the research done related to sex steroids
and their role in lung diseases across different age groups of both sexes. Because the
major research done to date has involved studies and investigations on adult lungs,
which represent the majority of the health care burden, this chapter will focus on this
aspect and highlight evidence of the subtle differences between males and females,
with details about how sex-steroid effects on lungs begin early in life and are
possibly amplified during the course of an adult’s lung disease. Readers will learn
about some recent findings on sex-based and age-related sex-steroid dimorphism
throughout this chapter, thus setting the stage to identify a novel paradigm of
sex-based differences in lung diseases.

3.2 Biology of Sex Steroids

Classically, the normal reproductive function is what defines the role of sex steroids
in the body. They are primarily produced by the three main organ systems—namely,
the gonads, the adrenal glands, and the fetoplacental unit (Carey et al. 2007b, c).
However, they have also been known to be metabolized in several nonendocrine
peripheral tissues and organ systems (Koledova and Khalil 2007; Townsend et al.
2012a; Sathish et al. 2015; Frump and Lahm 2016; Fuentes and Silveyra 2019). The
local production of sex steroids within specific tissues, mainly from nongonadal
sources, depends on the concentration of the enzymes in cholesterol metabolism.
The first step in the synthesis of sex steroids is the conversion of cholesterol to
pregnenolone via the cholesterol side-chain cleavage enzyme (P450scc). After a
cascade of downstream metabolic conversions, two active sex steroids are created,
testosterone and 17β-estradiol (E2)—the male and female hormones, respectively.
Several other estrogenic and androgenic precursors are assembled during the path-
way which are metabolized into the active precursors by cytochrome P450 enzymes
(Lahm et al. 2014). A detailed overview of sex hormone production and its regula-
tion is explained in Fig. 3.1.
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Fig. 3.1 Sex-steroid metabolism and regulation: a simplified overview of steroidogenesis, starting
with the synthesis of estrogen, progesterone, and testosterone from cholesterol. Here, steroid
hormones (luteinizing hormone [LH], follicle-stimulating hormone [FSH], and kisspeptin) regulate
the release of the gonadal sex steroids, mainly by the hypothalamic–pituitary–gonadal axis.
Cytochrome P450 (CYP) enzymes are particularly important and are a key modulator of the levels
of sex steroids. Gonadotropin-releasing hormone (GnRH), neuropeptide Y (NPY),
proopiomelanocortin (POMC), cholesterol side-chain cleavage enzyme (P450scc), cytochrome
P450, family 11, subfamily A, polypeptide 1 (CYP11A1) gene, 3β-hydroxysteroid dehydrogenase
(3β-HSD), cytochrome P450, family 17, subfamily A, polypeptide 1 (CYP17A1) gene, 17-
β-hydroxysteroid dehydrogenase (17β-HSD), cytochrome P450, family 19, subfamily A, polypep-
tide 1 (CYP19A1) gene, 16-hydroxyestrone (16-OHE1), 2-hydroxyestradiol (2-OHE2),
2-methoxyestradiol (2-ME2), 4-hydroxyestradiol (4-OHE2), 4-methoxyestradiol (4-ME2), cyto-
chrome P450, family 1, subfamily A, polypeptide 1 (CYP1A1) gene, cytochrome P450, family
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All the sex-steroid receptors have been detected in human and murine lungs
(Khosla et al. 1981; Couse et al. 1997). These sex steroids primarily interact with
their receptors to mediate sex-steroid-dependent actions. Each of these sex-steroid
hormones acts mainly through its receptor: estrogen receptor (ER, subtypes α and β),
progesterone receptor (PR, subtypes A and B), and androgen receptor (AR) (Hewitt
et al. 2005). Although the three major sex steroids—estrogen, progesterone, and
testosterone—prompt the investigations pertaining to sex differences, a new possi-
bility lies in studying other upstream regulators of sex-steroid metabolism regarding
lung health and disease. The three hallmarks of the brain–reproductive axis are the
brain, the pituitary, and the gonads. The hypothalamic-pituitary-gonadal (HPG) axis
governs and amalgamates the complex interactions among these organ systems.
Here, other hormones—such as gonadotropin-releasing hormone (GnRH),
luteinizing hormone (LH), follicle-stimulating hormone (FSH), and kisspeptin—
play a role in regulating control over some aspects of sex-steroid function (Roseweir
et al. 2009; Smith 2013). Recent studies from our group and others have suggested
that lungs are capable of synthesizing and inactivating sex steroids, thereby modu-
lating cellular-level sex-steroid actions (Ambhore et al. 2020; Townsend et al.
2012a; Fuentes and Silveyra 2018). What is currently not clear is whether local
production occurs in the lungs at a differential level with respect to cell specifics and,
if so, whether it is clinically relevant. Moreover, it is important to consider the ever-
changing dynamics of life as various metamorphoses take place—for example,
puberty in boys and girls, gestation and menopause in women, and aging-related
changes in both sexes.

3.2.1 Estrogen

Being the principal female/ovarian sex steroid, estrogen’s role in physiology and
sexual and reproductive development is sufficiently established. Estrogen has been
implicated as a key hormone in the pathophysiology of many hormone-dependent
diseases, especially breast cancer (Couse et al. 1997; Voltz et al. 2008; Bai and Gust
2009). Experimental evidence suggests that ERα and ERβ are the two main receptors
governing estrogen signaling (Gustafsson 2003). The mechanisms governing these
receptor-mediated effects vary depending on the nature of the bound ligand and the
unique receptor conformation attained posthomodimerization, which may corre-
spond to the pharmacological action.

The most effective estrogen endogenously synthesized in the body is 17-
β-estradiol (E2). Other weaker, although high affinity and potent ligands for ER
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Fig. 3.1 (continued) 11, subfamily A, polypeptide 2 (CYP1A2) gene, cytochrome P450, family
11, subfamily B, polypeptide 1 (CYP1B1) gene, cytochrome P450, family 3, subfamily A, poly-
peptide 4 (CYP3A4) gene, and catechol-O-methyltransferase (COMT)
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include estrone (E1) and estriol (E3) (Heldring et al. 2007). ERs are classically
divided into two classes: the nuclear ERs—ERα (genetically coded by ESR1) and
ERβ (genetically coded by ESR2)—and the membrane ERs, for example, G protein-
coupled estrogen receptor 1 (GPER/GPR30) (Prossnitz et al. 2008). A newly added
subtype, ERγ, has been found in fish (Hawkins et al. 2000; Ng et al. 2014). However,
the role of estrogen signaling in lung function and disease states remains inconclu-
sive because of the pleiotropic nature of ERs, with multiple studies reporting
proinflammatory and/or anti-inflammatory effects in different cell types (Sathish
et al. 2015). Accordingly, the cellular effects also vary depending on the nature and
effects of the ligand binding (genomic versus nongenomic), which makes for more
complicated signaling within the tissue (Gustafsson 2003; Deroo et al. 2006; Straub
2007; Burns and Korach 2017). Importantly, these actions are widespread in both
sexes, with both in vitro and in vivo studies showing effects of estrogen in disease
models of lungs. Studies of multiple groups, as well as our own, have observed
differential expression and function of ERα and ERβ in the human airway smooth
muscle (ASM) of lungs in the disease context of asthma. Interestingly, ERβ expres-
sion was significantly higher in the ASM of people with asthma compared with the
ASM of others (Aravamudan et al. 2017). Another study showed that ERβ activation
inhibits platelet-derived growth factor (PDGF)-induced proliferation in ASM cells,
whereas ERα does not (Ambhore et al. 2018). Like the above, other studies suggest
that the activation of ERα promotes proliferation (Maggiolini et al. 2001; Teng et al.
2008), whereas ERβ activation inhibits proliferation by opposing ERα effects
(Paruthiyil et al. 2004; Lahm et al. 2008; Rizza et al. 2014). This was also evident
from studies in the pulmonary vasculature, wherein differential effects of ERα and
ERβ were reported (Lindberg et al. 2003; Nikolic et al. 2007; O’Lone et al. 2007;
Tsutsumi et al. 2008; Jayachandran et al. 2010). Estrogen and ERs regulate a
multitude of known biological and physiological processes. The information
obtained from past studies has helped and will continue to aid in the design and
development of new therapeutic strategies to treat lung diseases contributing to new
advances in precision medicine. It is believed that changes in levels of estrogen, as
well as receptor-binding affinity, differ during development and in adult life. These
discrepancies suggest a potential role of sex steroids in influencing the outcomes of
developmental lung diseases and disease progression.

3.2.2 Progesterone

The gonadal and nongonadal peripheral signaling and regulation of estrogen have
been widely studied, but less is known about the role of progesterone in nongonadal
function. It was discovered in the 20th century to be the second major female sex
steroid, and it is mainly associated with puberty (Blaustein et al. 2017; Farello et al.
2019), the menstrual cycle (Xu et al. 2010), embryogenesis (Guennoun et al. 1987;
Compagnone et al. 1995), and maintenance of pregnancy, also called myometrial
quiescence (Condon et al. 2006; Xie et al. 2018). Progesterone is traditionally called
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the “pregnancy hormone,” but accumulating data have shown its physiological
actions to affect several nonreproductive functions in both males and females
(Clarke and Sutherland 1996; Lydon et al. 1996; Conneely and Lydon 2000;
González-Orozco and Camacho-Arroyo 2019). This hormone acts through proges-
terone receptor A (PR-A) and progesterone receptor B (PR-B) (Conneely and Lydon
2000). Under physiological conditions in humans, cells have equal distributions of
PR-A and PR-B (Taraborrelli 2015). A third isoform, PR-C, exists in myometrial
tissue (Condon et al. 2006). Evidence suggests there are differences in the functional
activities of PR-A and PR-B, with A and B regulating different physiological target
genes in response to progesterone. Progesterone is much more selective toward
PR-A than it is toward PR-B (Lamont and Tindall 2010). Whereas estrogen is a
strong proinflammatory agent in its reproductive capacity, progesterone exerts a
strong anti-inflammatory response, mediated via PRs. In some tissues, PRs also act
via ERs, suggesting the existence of a dual-hormone effect in normal physiology
(Lydon et al. 1996). Consistent with this prediction, studies have demonstrated the
selective knockout of PR-A in a certain PR-A-knockout (PRAKO) mouse model,
indicating that PR-A is crucial for normal reproductive function in females
(Conneely and Lydon 2000). Therefore, it becomes important to explore the influ-
ence of progesterone alone and within the context of estrogen in normal states and
disease states (Asimakopoulos et al. 2006; Nikolettos et al. 2008; Tam et al. 2011).

3.2.3 Testosterone

Androgens are involved in a wide range of physiological processes and are known to
play various anabolic (Kochakian 1975), metabolic (Pitteloud et al. 2005a, b,
Frederiksen et al. 2012a, b), and cognitive (Bain 2007) roles, both in men and in
women, other than their well-known functions, such as maintenance of spermato-
genesis and pubertal sexual maturation in males and overall GnRH regulation (Tyagi
et al. 2017). Although testosterone has traditionally been viewed as a male hormone,
newer reports suggest a possible role of testosterone in normal female physiology—
namely, regulating multiple functional aspects of nonreproductive organs, such as
the heart (Mayer et al. 2010; Kelly and Jones 2013), lungs (Levesque et al. 2000),
bones (Isidori et al. 2005), skeletal muscles (Bergamini et al. 1969; Kelley and
Mandarino 2000), brain (Azad et al. 2003), liver (Sesti et al. 1992; Aguirre et al.
2002; Muthusamy et al. 2009, 2011), intestines (Olorunshola et al. 2012), and
adipocytes (Mauras et al. 1998). In males, testosterone is known to be the main
androgen secreted by the Leydig cells (Nieschlag 2017; Nieschlag and Nieschlag
2019). The other androgens include the three proandrogens—dehydroepiandroster-
one (DHEA), dehydroepiandrosterone sulfate (DHEAS), and androstenedione (A)—
which are converted to active sex-steroids; testosterone and dihydrotestosterone
(DHT) (Burger 2002). Estrogen or DHT can be formed upon irreversible aromati-
zation of testosterone (García-Arencibia et al. 2005). Testosterone, which is the most
active and predominant form of circulating androgens in the physiological state, is
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produced by the testes in males. The adrenal glands (particularly the adrenal cortex)
produce the other androgens in relatively smaller quantities. In females, androgens
are secreted mainly by the adrenal glands and the ovaries, including postmenopausal
ovaries (Burger 2002). There are very limited data on the role and function of
testosterone in the pulmonary vasculature, especially in the lungs, with recent studies
claiming that testosterone plays a role in normal physiology (Fu et al. 2014) and in
disease states (Verma et al. 2011). AR in the lungs acts through testosterone both
genomically (Mikkonen et al. 2010) and nongenomically (Kouloumenta et al. 2006).
Although more research is needed, a recent report said a ligand-dependent gene
expression of AR was observed in non small-cell lung carcinoma (NSCLC) tissues
and the cell line A549 (Mikkonen et al. 2010). Androgens have been reported to
promote Th1-mediated inflammation, in combination with estrogens, in allergic
mouse models. Here, more severe allergic reaction was observed in the female
mice than in the male mice, suggesting a protective role of androgens in allergic
lung inflammation (Hayashi et al. 2003; Koper et al. 2017). Other studies using
C57BL/6 mice to assess airway hyperresponsiveness to lipopolysaccharide (LPS)-
induced inflammation showed exaggerated inflammation in female mice (Markova
et al. 2004; Carey et al. 2007b). Several studies, including our own, have investi-
gated the nongenomic effects of testosterone in different cell types in the lungs using
animal models and cells derived from both humans and nonhuman species (Espinoza
et al. 2013; Mendoza-Milla et al. 2013). Interestingly, in human ASM cells, our
studies indicated lower baseline expression of AR in females than in males, and the
difference was even greater between females with asthma and males with asthma.
This study was also the first to shed light on a sex-specific differential expression of
AR in both nonasthmatic and asthmatic primary human ASM cells (Kalidhindi et al.
2019). Studies done on bronchial epithelium-denuded tracheal rings pretreated with
testosterone abolished histamine-induced contraction, thus causing bronchial tissue
relaxation (Kouloumenta et al. 2006).

3.2.4 Other Regulators of Sex Steroids

Estrogen, progesterone, and testosterone are the most widely known steroidal sex
hormones in males and females. Although these are called sex steroids, they do more
than just affect and regulate reproductive development. Sex steroids are mediated
through nuclear receptors by genomic signaling, as well as through membrane-
associated receptors and subsequent downstream signaling cascades by rapid
nongenomic actions. Steroidogenesis of sex steroids is, by definition, sexually
polymorphic, involving differences between the sexes both in hormone action and
in temporal patterns of production and interactions. Despite the numerous differ-
ences, there are similarities among sex steroids that cause interactions among them
on different levels, depending on the life stage (Dharmage et al. 2019; Han et al.
2019; Zein et al. 2019). Concentrations of the sex steroids are known to naturally
fluctuate with the menstrual cycle in females (Hammes and Levin 2011). In males,
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there must exist an altered concentration of sex steroids throughout the lifespan.
Thus, sex steroids influence normal physiology. Steroid hormones typically regulate
cellular processes by binding to steroid receptors present on the cytoplasm, which in
turn undergo translocation into the nucleus and bind to appropriate response ele-
ments present on DNA to produce a subsequent biological effect, a process taking
about 30–60 min (Robertson et al. 1985; O’Malley and Tsai 1992). Adding to this
complexity of genomic signaling, steroid receptors can get activated rapidly at the
nongenomic level, as well, and this nongenomic activation might eventually activate
signaling at the nuclear level (independently of binding to hormone response
elements), such as in the nucleus (Uht et al. 1997; Weatherman et al. 2001; Cato
et al. 2002; Simoncini et al. 2004). These multiple modes of steroid hormone
activation divaricate as life advances to produce sex differences, both in the expres-
sion of behavior and in pathophysiology states. The knowledge about each of these
individual signaling molecules is abundant; however, integrating them into disease
physiology seems difficult, considering the complexities of the subsequent effects
and underlying factors. Studies to link the rapid actions of sex steroids to definite
biological processes are ongoing. Readers are referred to some of the best reviews by
other groups on this topic (Watson and Gametchu 1999; Funder 2001; Sunny and
Oommen 2001; Cato et al. 2002; Simoncini et al. 2004).

As mentioned previously, cholesterol from food sources is used by different cells
in tissues of gonadal and nongonadal origin to synthesize the common precursor,
pregnenolone. This cascade’s endpoint is a synthesis of androgens and estrogens
used to elicit a biological effect. The gonads are responsible for the production of sex
steroids under the influences of LH and FSH. LH and FSH are secreted by
gonadotrophs, located in the anterior pituitary gland. The HPG axis can be regarded
as the command center of the endocrine system, regulating the synthesis and
secretion of hormones from other glands through the kisspeptin–neurokinin B–
dynorphin (KNDy) neuronal network and GnRH-producing neurons. The absence
of ERα on GnRH neurons raises the possibility of an intermediate signaling pathway
that may be activated to mediate sex-steroid feedback mechanisms (Herbison and
Theodosis 1992). Kisspeptins act as a crude proxy for GnRH, stimulating robust
induction by integrating endocrine and metabolic signals via classic feedback loops,
thus controlling the downstream HPG axis throughout the lifespan of an individual.
Although the role of kisspeptins has been implicated in the estrogen-positive feed-
back mechanism, it is unclear how kisspeptin signaling would be affected by the
same hormonal stimulus (Smith 2013).

The kisspeptin signaling pathway revolutionized our current understanding of the
HPG axis. Kisspeptins are increasingly recognized as a critical factor for normal
puberty, secretion of gonadotropin, and reproduction (Beltramo et al. 2014; Clarke
et al. 2015). Some of the most recent updates have been discussed in greater detail in
these review articles (Clarke et al. 2015; Abbara et al. 2018; Dudek et al. 2018;
Wahab et al. 2018; Wolfe and Hussain 2018). Kisspeptins are involved in both the
positive- and the negative-feedback regulation of GnRH, which has been highlighted
in many of the initial studies (Irwig et al. 2004; Messager et al. 2005; Kirilov et al.
2013). Studies have shown that hunger impairs GnRH secretion and leptin secretion
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from adipose tissue, which further affects LH production (Weigle et al. 1997;
Bergendahl et al. 1998). GnRH neurons do not express leptin receptors; in stark
contrast to this observation lies the fact that almost 40% of the arcuate kisspeptin
neurons present in the HPG axis express leptin receptors (Roa et al. 2006; Quennell
et al. 2009; Backholer et al. 2010). This has been validated using various disease and
receptor-knockout animal models (Navarro et al. 2004; Roa et al. 2006; Smith 2013).
Moreover, investigations on human-derived hypogonadism show mutations in leptin
or the leptin receptor, indicating that there may be crosstalk between kisspeptin and
leptin (Sadaf Farooqi and O’Rahilly 2009; Wahab et al. 2018). Proopiomelanocortin
(POMC)-, neuropeptide Y (NPY)-, and ghrelin-expressing neurons, among others,
have been linked to this process (Quennell et al. 2009; Yeo and Colledge 2018). The
aforementioned neurons communicate with kisspeptin neurons to mediate the
expression of relevant genes (Backholer et al. 2010). Studies have suggested that
ghrelin interacts directly with hypothalamic neurons, leading to suppression of
gonadotropin release, thus impairing fertility, an effect that is dependent on the
estradiol milieu (Martini et al. 2006; Kluge et al. 2012; Frazão et al. 2014; Yeo and
Colledge 2018). Considering this milieu of population-level biological factors and
delineating the underlying contributions of sex (and sex steroids) in this
neurocircuitry is complicated by innate difficulties related to epidemiology and
confounding factors. Therefore, we are not certain whether kisspeptins and other
regulators of sex steroids have any fundamentally unresolved functions in the
context of lung physiology.

3.3 Functions of Sex Steroids Across the Lifespan: An
Emphasis on Lung Diseases

Lungs continue to develop and change throughout a person’s life. Sex steroids are
clearly shown to have effects on the lungs across the lifespan, from developing lungs
to developed lungs. This signifies that sex steroids are a fundamental cause of
observed disparities among various pathologies occurring during the course of an
individual’s life. As part of this chapter, we aim to collect and integrate clinical and
biomedical evidence regarding the inherent effects of sex steroids on lung health and
disease during the life course.

3.3.1 Effects of Sex Steroids in Prenatal Lungs

Lung development is categorized into three main periods—namely, the embryonic
period, the fetal period, and the postnatal lung development period. Studies of
pulmonary immaturity leading to respiratory distress have indicated that the lungs
of male infants are less developed than those of female infants at the same gestational
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age (Torday and Nielsen 1987). This sexual dimorphism in the immature lung may
be caused by concomitant effects of gradually increasing levels of sex steroids
(Carey et al. 2007c). The effects of sex within the context of sex hormone modula-
tion may contribute to the incidence, susceptibility, and severity of multiple disease
pathogeneses from the neonatal period through the adult era (Carey et al. 2007b).
Boys have larger lung volume but smaller and narrower airways than girls. This may
be a risk factor and could be the reason male neonates have higher incidences of
respiratory morbidities than female neonates (Thurlbeck 1982). Age-matched lung
function in boys seems worse than in girls from the neonatal stage to one year
(Stocks et al. 1997; Thomas et al. 2006). This maturation seems to be more advanced
in the females than in the males in several species in terms of mouth movement
(Hepper et al. 1997) and higher phospholipid secretory profiles, reflecting the lungs’
surfactant production (Torday and Nielsen 1987). Female newborns have also been
reported to have less susceptibility than male newborns to developing respiratory
distress syndrome (RDS) or transient tachypnea during early development because
of a much better airway structure and a higher airflow rate, which allows for better air
exchange peripherally. Evidence suggests that the structural and functional dimor-
phism of neonatal lungs begins before the synthesis of pulmonary surfactants
(McMillan et al. 1989). Preterm infants and neonates are at high risk of having
PAH. For a fetus, the placenta, as opposed to the lungs, serves as the organ of gas
exchange, and there can be a complicated transition to the lungs at birth, resulting in
complications of bronchopulmonary dysplasia (BPD) (Steinhorn 2010). Male neo-
nates suffer more severely from PAH than female neonates (Humbert et al. 2006;
Benza et al. 2010). In the case of BPD, male sex is considered an independent
prognostic factor associated with respiratory morbidities (Marshall et al. 1999). This
occurs because androgens (particularly DHT), which adversely affect surfactant
production (McMillan et al. 1989; Catlin et al. 1990), have a large impact on the
developing male fetus (Torday and Nielsen 1987). Infants born preterm and with
BPD or another obstructive lung disease are at higher risk of developing chronic
diseases such as COPD in adulthood (Madurga et al. 2013; Caskey et al. 2016). Male
neonates are more likely to have RDS, and this is associated with higher incidences
of mortality caused by conditions such as BPD and chronic lung disease (CLD)
(Bhandari and Bhandari 2009; Townsel et al. 2017; Kelly 2006; Lingappan et al.
2016; Balaji et al. 2018). Androgens also increased the incidence of inflammation
and subsequent lung injury in a study performed on castrated 20-day-old male rats,
and the rats had a significantly higher survival rate and abatement of lung injury
under hypoxic conditions (Neriishi and Frank 1984), which suggests there may be a
damaging role of androgens in neonates. The results from another study showed that
the administration of DHT to rabbits reduced surfactant production, suggesting that
an androgen-dependent mechanism via transforming growth factor-β (TGF-β) sig-
naling may be involved in delayed maturation in males (McMillan et al. 1989;
Dammann et al. 2000). Additionally, reports suggest that accelerated lung matura-
tion may correlate to the rate at which levels of estrogen rise in neonatal females
(Adamson et al. 1990). A study derived from a similar hypothesis suggested that
fetal lungs isolated from rats that were 19 days pregnant showed enhanced
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phospholipid synthesis after stimulation with estrogen (Gross et al. 1980). Treatment
of pig fetuses with estrogen and progesterone receptor antagonists considerably
impaired alveolar formation (Trotter et al. 2007). Postnatal estradiol treatment
improved pulmonary function, structure, and growth (McCurnin et al. 2009). The
reported inhibitory effects of androgens and protective effects of estrogen on fetal
lung maturation suggest a definite physiological role for the sex steroids in the lungs
in utero. In addition, a number of discrete modifications manifest in fetal lungs
during the third trimester to prepare fetuses for extrauterine life. Such variations can
often be attributed to the effects of sex steroids on the lungs, and also impact
pulmonary outcomes for adults.

3.3.2 Effects of Sex Steroids in Early Childhood

Lung development is invariably a continuous process, with anatomical and physio-
logical differences observed in the lungs of boys and girls as age increases. Female
fetuses show a lower specific airway resistance with an enhanced phospholipid
profile in spite of the smaller lung size and volume. The first reason is the role of
surfactant in maintaining an open and clear passage for air exchange in the airways
(LoMauro et al. 2018; Becklake and Kauffmann 1999). The second reason is the
increased susceptibility of lung infection in boys. Last but not least, is the underde-
veloped nature of the airway epithelium in boys, which would be reason enough for a
higher frequency of inflammation in immature male lungs. All these observations
point to an altered lung structure (remodeling) in boys, especially in male neonates
(Irvin 2000; Carey et al. 2007b; Voltz et al. 2008). Additionally, male sex is
considered a major risk factor among the early childhood group, with the risk of
developing chronic asthma being four-fold greater for boys than it is for girls until
the age of 14 (Townsend et al. 2012a; Zein and Erzurum 2015; Yung et al. 2018). A
number of studies have shown that respiratory allergic diseases are also prevalent in
males during childhood, whereas they become more frequent and severe in females
between adolescence and adulthood, indicating a major role of sex steroids as critical
modulators of the immune response (Humbert et al. 2006; Martinez et al. 2012;
Frump and Lahm 2016; Fuentes and Silveyra 2018; Barbagelata et al. 2019). Risk
factors for childhood asthma include both genetic and environmental aspects—for
example, prenatal complications in the infant breathing leading to RDS (Bonnet
et al. 2009), child’s gender, and the presence of atopy (Trivedi and Denton 2019).
While asthmatic phenotypes usually favor girls, PAH has an equal balance between
boys and girls before pubertal age (Hansmann and Hoeper 2013). Thus, the anti-
inflammatory effects of testosterone and the proinflammatory effects of estrogen
should be examined separately. Evidence suggests that DHEA and its sulfate
metabolite, DHEAS, a steroid prohormone that can further metabolize into testos-
terone and estrogen, decrease with age and also with multiple airway diseases
(Kasperska-Zajac 2010; Mendoza-Milla et al. 2013). In this context, it is important
to emphasize that how sex steroids affect the prepubertal age group is presently
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unclear and warrants more studies. Further studies would help explain the gender
switch observed in the prevalence and severity of a number of lung diseases during
adolescence and likewise inform the differences in their mechanisms with subse-
quent maturation into puberty. An overview of sex-steroid levels during the lifespan
of an individual, along with lung disease susceptibility, is shown in Fig. 3.2.

3.3.3 Effects of Sex Steroids in Late Childhood/Puberty

Puberty is a life stage at which sex steroids cause significant changes that lead to
sexual maturation. An assessment of the mean age of puberty revealed that girls have
a mean pubertal age of 10.5 years and boys have a mean pubertal age of 11.5 years
(Brix et al. 2019; Limony et al. 2015; Marshall and Tanner 1969). Apart from the
differences in males’ and females’ physical and sexual characteristics, there is an
intriguing and potentially informative mechanism of sex steroids when it comes to
lung health and disease. There are a higher number of lung-related hospital admis-
sions for boys than for girls. But postpuberty, a gender switch occurs, a subject that
requires further scrutiny and validation (Osman 2003). For example, in asthma cases
followed prospectively from childhood, severity decreases postpuberty and into the

Fig. 3.2 Illustration of the levels of testosterone (male) and estrogen (female) in the prevalence of
lung diseases throughout the lifespan in males and females
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early stages of adulthood only among males. Asthma incidence begins to increase in
females during late adolescence—a trend seemingly evident in the adult stage (Shah
and Newcomb 2018). Overall, literature maintains a clear link between sex steroids
and asthma (Foster et al. 1983; Beynon et al. 1988), and puberty is associated with
fundamental hormonal fluctuations in both sexes (Sanfilippo 2008). Studies have
indicated that the trend is more common in children with mild to moderate asthma,
who tend to “outgrow” their asthma during puberty and subsequently into adulthood
(Blair 1995; Gerritsen et al. 1990; Martin et al. 1980). For example, as mentioned in
the previous section, DHEAS increases with puberty, inhibiting ASM and fibroblast
proliferation (Koziol-White et al. 2012; Mendoza-Milla et al. 2013) and possibly
contributing to epithelial–mesenchymal transition in the lungs (Xu et al. 2014),
thereby alleviating chronic lung diseases. In boys, testosterone production, charac-
terized by an increase in serum levels of DHEAS, leads to the initiation of puberty.
This may explain the characteristic role of testosterone in ASM relaxation
(Kouloumenta et al. 2006; Kalidhindi et al. 2019). Moreover, the occurrence of
early-onset menarche in some females suggests a likely differential role of sex
steroids among individuals, as females with early-onset menarche have cumulatively
higher levels of estrogen and progesterone, along with lower serum hormone-
binding globulin levels, than females with later-onset menarche (D. Apter et al.
1989; Salam et al. 2006). A certain correlation also exists between asthma status and
corticosteroid treatment in pubertal children (Dorsey et al. 2006; DeBoer et al.
2018). Based on several cohort studies, early menarche is plausibly associated
with the occurrence of asthma postpuberty because of estrogen and progesterone;
however, the underlying mechanistic basis of this skewed pathobiology toward
females is still unclear (Salam et al. 2006). In a study done on pubertal females,
androgens associated positively with lung function, while estrogens associated
negatively (a clear role of progesterone was not confirmed) (DeBoer et al. 2018).
However, we cannot simply label this quest as testosterone vs. estrogen
(or good vs. bad). Many things still need to be elucidated in the dynamics between
late childhood and the pubertal age based on the nature, concentration, and fluctu-
ation of sex steroids in an age-dependent context, on the cellular level (structural
cells versus immune cells), and on the disease condition to come to a conclusion
regarding sex-steroidal function in late childhood and puberty.

3.3.4 Effects of Sex Steroids in Adult Lungs

A major portion of respiratory diseases transforms into chronic states by the time an
individual reaches the adult stage. Despite considerable progress in understanding
developed adult lungs, how the pathogeneses of a spectrum of chronic pulmonary
diseases—such as asthma, rhinitis, COPD, PAH, interstitial lung disease, and lung
cancers—interplay with the modulating roles of sex steroids are complex and still
under investigation. It is clear that the observed sexual disparity is caused by the
physiology and pathophysiologically associated events brought about by sex
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steroids (Townsend et al. 2012a). As we have discussed in earlier sections, sex
differences and sex-steroid signaling in the lungs emerge as early as in utero and
persist well into adulthood. Fundamentally, the cross-sectional area of the airways is
higher in men than in women (Brooks and Strohl 1992). Furthermore, the literature
suggests that significant differences in lung diseases also occur within the same sex
(Barr and Camargo 2004; Barr et al. 2004; Koledova and Khalil 2007; Tam et al.
2011). Overall, a huge female-skewed ratio to men in several lung diseases, also
hinting at worse health implications for women, emphasizes the need to understand
the mechanism and the role of inherent sex differences versus how sex steroids act in
lung disease pathophysiology. The evolution of respiratory diseases from childhood
to adulthood has been the subject of multiple studies for many decades. The first
prospective studies carried out in live subjects examined the reason males are more
likely to have asthma in early adult life and confirmed the incidence of troublesome
asthma in boys (Martin et al. 1980), as well as the tendency of asthmatic symptoms
to be ameliorated by the age of 21 years (Johnstone 1968; Martin et al. 1980; Blair
1995; Roorda 1996). Though, those observations indicate that estrogen has to do
with the remission of asthma, some studies have postulated otherwise (Roorda
1996). Physiological serum concentrations of sex steroids have also been implicated
with lung diseases. In a study conducted in healthy and asthmatic females, serum
concentrations of estradiol and progesterone differed outside of the normal range in
approximately 80% of asthmatic females (Balzano et al. 2001). The severity of
asthma is also suggested to fluctuate during the reproductive state, menstrual cycle,
and pregnancy in females (Troisi et al. 1995). Given the well-known relationship
between hormonal surges and lapses throughout the menstrual cycle, there is
evidence of a relationship between sex steroids and aggravation of asthma (Frank
1931; Rees 1963; Eliasson 1981). One of the oldest studies that illustrated the
crosstalk between sex steroids and respiratory dysfunctions reported a predisposition
of asthma toward the menstrual cycle, wherein a woman was supposedly more prone
to asthma attacks immediately before the start of her menses (Frank 1931). This
hypothesis was made by several other groups in subsequent decades (Rees 1963;
Hanley 1981; Gibbs et al. 1984; Eliasson et al. 1986). Some studies have, however
suggested the contrary—that there is no relationship between airway function and
the reproductive phase of an individual (Weinmann et al. 1987; Pauli et al. 1989). A
study in patients with cystic fibrosis suggested that the disease symptoms were
exacerbated during the menstrual cycle, while the same symptoms were abrogated
in women administering oral contraceptives (Chotirmall et al. 2012). Interestingly,
recent studies have suggested that hormonal status influences lung miRNA expres-
sion in ozone-induced lung inflammation, and there has been significant variability
observed between males and females (Cabello et al. 2015; Fuentes et al. 2018). The
theory that female sex hormones play a vital part in the circa rhythmicity of asthma,
therefore, seems to be correct. Unlike the case with asthma, there is no consensus on
whether there are sex differences in the prevalence of rhinitis, but some limited
studies suggest a male predominance during childhood and a switch to a female
predominance in adolescence and adulthood (Bertelsen et al. 2010; Barbagelata et al.
2019). Others suggest no clear outcome with respect to adult males and females
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(Fagan et al. 2001; PausJenssen and Cockcroft 2003; Senthilselvan et al. 2008).
Multiple studies have also reported a decrease in asthma symptoms and better
asthma control in women who were administered oral contraceptives, either estrogen
and/or GnRH analogs (Jenkins et al. 2006), although there have been some groups
that have reported contradictory observations (Derimanov and Oppenheimer 1998).

Previous studies have shown the robust expression of ERα and ERβ in human
lungs (Mollerup et al. 2002). The effects of estrogen in the airways have already
been explored in vivo using specific estrogen receptor-knockout mouse models
(Carey et al. 2007a; Riffo-Vasquez et al. 2007). Because there had been a limited
number of studies to determine the mechanistic basis of differential ERα and ERβ
signaling, our recent study using ERα KO mice and ERβ KO mice evaluated
receptor-specific effects of endogenous estrogen in regulating the airway
hyperresponsiveness (AHR) and remodeling. In this study, it was observed that
ERβ KO mice showed exaggerated airway remodeling and AHR (Kalidhindi et al.
2020a). Th2-mediated allergic mouse models indicated a lesser infiltration of eosin-
ophils and lymphocytes in mice treated with testosterone (Hayashi et al. 2003;
Takeda et al. 2013). On the other hand, mice treated with estrogen and progesterone
showed significantly increased interleukin-5 (IL-5) expression, immunoglobulin E
(IgE) levels, and eosinophilic infiltration leading to increased AHR (Riffo-Vasquez
et al. 2007; Fuseini and Newcomb 2017). Furthermore, reports on females suggest
that estrogen (at periovulatory-to-pregnancy levels) and progesterone shift the
immune response to a Th2 phenotype and suppress Th1 responses, whereas in
males, testosterone is a Th2 suppressor, with an erratic pattern observed for Th1
responses (Straub 2007; Gilliver 2010; Koper et al. 2017; Han et al. 2018;
Barbagelata et al. 2019). Our recent studies showed that testosterone via androgen
receptor (AR) reduces ASM intracellular calcium ([Ca2+]i) in the presence of
proinflammatory cytokines and also highlighted a functional role of AR in both
males and females (Kalidhindi et al. 2019). A study showed that DHT signaling via
AR downregulates type 2 innate lymphoid cell (ILC2)-mediated cytokine expression
and airway inflammation in mice of both sexes (Cephus et al. 2017). This was further
supported by our histological findings, which implicated severe worsening of lung
function and significantly increased airway remodeling (female>male) in a mixed
allergen-induced mouse model of asthma (Ambhore et al. 2019a, b). The “estrogen
puzzle” of PAH suggests that there is a better survival rate for female rats than for
ovariectomized (OVX) female rats, which indicates a protective effect of estrogen
(Al-Naamani and Ventetuolo 2019; Philip et al. 2019). While studies suggest there is
a higher prevalence of PAH in females, animal models of PAH suggest otherwise,
with estrogen significantly reducing pulmonary inflammation, thereby alleviating
PAH, mediated via ERβ (Baker et al. 2004; Leventhal et al. 2006; Edvardsson et al.
2011). In addition, the rate of lung cancer mortality has been rising in women but not
in men, with women being three times more likely to be diagnosed with lung cancer
(there are notable histological sex differences in that there is a higher prevalence of
squamous cell carcinoma in males and a higher prevalence of adenocarcinoma in
females), implicating a possible hormonal component (LoMauro et al. 2018). A
study on exposure to environmental tobacco smoke in a mouse model showed that
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such exposure caused increased allergic sensitization and hyperreactivity in female
mice (Seymour et al. 2002). Parallelly, in a clinical trial study, it was found that
women were significantly more affected with COPD despite minimal tobacco smoke
exposure (Han et al. 2007; Sørheim et al. 2010; Jenkins et al. 2017). This sex bias has
led to a decrease in the mortality rate of men with COPD in the United States, while
no change has occurred among females (LoMauro et al. 2018).

Overall, the present clinical and bench data showcase a contrasting nature of sex
steroids, wherein there is no clarity on the nature of the sex steroids in the airways.
Especially in the disease context of asthma, where there are several cyclical varia-
tions with respect to the reproductive age of the individual, it is of utmost importance
to consider other variables, such as airway tone, ASM contractility, regulation of
[Ca2+]i, and force contraction (Pabelick et al. 1995; Townsend et al. 2010). In vitro
studies on human ASM have shown that acute exogenous exposure of E2 decreases
[Ca2+]i and influences cyclic adenosine monophosphate (cAMP) and cAMP-
dependent protein kinase (PKA) (Townsend et al. 2012b). ASM is the main regulator
of airway hyperreactivity and has become an important target within the lung for
cell-specific studies (Loganathan et al. 2019). A precedent case showcasing
estrogen-induced relaxation of smooth muscle has been widely recognized in the
cardiovascular arena (Montgomery et al. 2003; Miller and Duckles 2008). The
earliest report of experimental data on the relaxant properties of sex steroids in the
lungs discussed the potentiation of isoproterenol-mediated relaxation of the porcine
bronchus (Foster et al. 1983). Our recent studies have shown a higher expression of
ER (α and β) in the ASM of those with asthma than in the ASM of nonasthmatics
(Aravamudan et al. 2017). Here, long-term ERβ activation effectively reduces
TNFα- or IL-13-induced [Ca2+]i responses, particularly in the ASM of asthmatics,
whereas ERα does not show significant effects (Bhallamudi et al. 2020). Further-
more, activation of ERβ downregulated PDGF-induced ASM proliferation by reg-
ulating Akt, ERK, and p38 MAPK pathways (Ambhore et al. 2018).
Mechanistically, ERβ activation blunted TNFα- and PDGF-induced, ASM-derived
extracellular matrix (ECM) production, and deposition via suppressing NF-κB
signaling (Ambhore et al. 2019a, b).

In conclusion, these observations about the prevalence and severity of lung
diseases suggest that gender affects airway inflammation and that this in turn is
mediated by the congruity of sex steroids during an individual’s lifespan and
subsequently play a critical role in disease development and progression. Despite
experimental evidence from several in vitro studies and animal models, the specific
mechanisms of action for sex steroids to promote or prevent lung diseases remain
unclear. This can be evidenced by the current scenario of the COVID-19 pandemic
that has afflicted people worldwide with reports suggesting a crucial role of sex
steroids in COVID-19 pathophysiology via differentially expressed angiotensin
converting enzyme-2 receptor (male > female) in human ASM cells (Kalidhindi
et al. 2020b). Whether sex-steroidal manipulation is therapeutic or not, needs to be a
separate study in order to determine whether there are therapeutic options in defined
patient populations. In this regard, research is actively being pursued to consider
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sex-steroid mechanisms via differential receptor signaling to gain insight into lung
physiology, as well as pathology.

3.3.5 Effects of Sex Steroids in Aging Lungs

Sex differences also manifest in aging lungs. Physiologically, aging is a natural and
unavoidable process wherein there is an observed decrease in elastic recoil of the
lungs and large airways, resulting in increased alveolar air volume (Rodriguez-
Roisin et al. 1999). Notably, the abundance of connective tissue increases (Turner
et al. 1968; Gibson et al. 1976), also leading to a loss of lung integrity and impaired
respiratory function (Rojas et al. 2015). These changes occur at a later age and
appear less pronounced in females compared with males (Pride 2005). Aging has a
bearing on individuals’ health-span (the period of disease-free living), depending on
disease susceptibility, disease progression, and ongoing therapies. The lungs are no
exception to this. In the past decade, we have learned that the relationship between
higher age and a higher prevalence of lung diseases is more pronounced than
previously thought. The mechanisms of this are not known (Selman et al. 2010;
Sueblinvong 2012; Kapetanaki et al. 2013; Rojas et al. 2015; Thannickal et al.
2015). Aging is also known to influence other chronic lung diseases, such as acute
lung injury, acute respiratory distress syndrome (ARDS), and asthma exacerbations
(Eachempati et al. 2007; Tsai et al. 2013). The progressive nature of idiopathic
pulmonary fibrosis (IPF) with unknown etiology occurs primarily in elderly adults,
with a higher prevalence of the disease observed in men than in women (Raghu et al.
2006; Selman et al. 2010; King et al. 2011; Rojas et al. 2015). The prevalence of
diseases such as IPF and COPD increases gradually as age advances, meaning they
are much more common in the geriatric population, but there is no clear manifesta-
tion to determine whether there are sex differences (Ito and Barnes 2009). Whether
aging women have increased risk for lung cancer is not certain (Cohen et al. 2007),
as there have been no studies pertinent to the role of aging with respect to sex
differences in lung cancer incidence. Inflammation caused by chronic cigarette
smoke exposure in COPD is also associated with a gradual activation of immune
cells in aging lungs over a certain period because of physiological changes, indicat-
ing a role for age-related inflammatory changes (John-Schuster et al. 2016). Inter-
estingly, no difference in the survival rate was observed among aged men and
women with PAH (Shapiro et al. 2012). Overall, in the context of respiratory
diseases, remarkably little work has been done to investigate the effect of sex
steroids on aging (Tulchinsky et al. 1972; Labrie et al. 1998; Townsend et al.
2012a). In aging, circulating concentrations of the sex-steroid prohormones DHEA
and DHEAS (Buford and Willoughby 2008), as well as other sex steroids, decrease
steeply. Likewise, menopause is known to be associated with lower levels of
estrogen and progesterone and to coincide with the early stages of asthma (Rojas
et al. 2015). This explains why postmenopausal women are less susceptible to
suffering from asthma than aged men (Balzano et al. 2001).
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It is believed that in the case of asthma, there is a major switch that takes place
during the fifth or sixth decade—wherein there is a slightly greater prevalence in
men, particularly asthma attributed to immune dysregulation (Zannolli et al. 1997).
A study conducted on premenopausal and postmenopausal women suggested a
higher risk of asthma in premenopausal women than in postmenopausal women
(Troisi et al. 1995). This observation was however, in contrast to a cross-sectional
study revealing a greater prevalence of asthma in aged males than in females (Zein
et al. 2015), a result of possible “detoxification of androgens” (Blakemore and
Naftolin 2016). This could result in an age-related decline in androgens
corresponding to an increase in estrogen levels physiologically. Besides this,
whether the conversion of testosterone to estrogen mediated by the cytochrome
P450 enzyme aromatase (CYP19A1) creates a local imbalance in the levels of
testosterone and estrogen and thus influences the development of lung disease still
needs to be answered (Assaggaf and Felty 2017). Interestingly, studies have also
reported conversely that with aging, discrepancies between male and female lung
physiologies decrease. For example, a Swedish-based study showed that younger
women had a lower total score on the Mini Asthma Quality of Life Questionnaire
than similarly aged men, with no significant difference at older ages (Lisspers et al.
2013).

The above observations link aging-related respiratory morbidities with sex ste-
roids. More clinical and experimental studies are required to specifically identify the
consequences of aging on the lungs as a target organ. Because adults constitute the
major age group of research in the current setting, we would like to take this
opportunity to emphasize that more focus should also be placed on the geriatric
population with lung disease, which also constitutes a major health care burden.
Seeing as late adulthood is an important phase, it would be worthwhile to examine
new strategies to delay aging’s impact on the course of diseases.

3.4 Conclusion and Future Scope

How sex steroids lead to gender and sex differences are relevant to more than just
normal cellular biology and physiology. Sex steroids have fascinating roles that go
far beyond the anatomical and physiological realms. The paraphrase “Sex matters to
every cell of the body” (Young and Becker 2009) emphasizes the critical role of sex-
steroid signaling in the structure and function of lungs at different life stages. Even
though steroidogenesis is similar across both sexes, the subsequent molecular
pathways each of the sex steroids undertake vary between males and females,
leading to complex and scientifically unexplained actions and interactions within
the lungs. Sex steroids typically regulate cellular processes by genomic/slow and
nongenomic/rapid actions via nuclear- and membrane-associated receptors, respec-
tively. The classic sex-steroid receptors—namely, ER (α or β), PR (A or B), and
AR—are all nuclear receptors. Depending on their similarities and differences,
crosstalk between these receptors can occur at multiple levels. For example, there
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can be inter-receptor signaling (Hall and McDonnel 1999; Zhang and Teng 2000;
Bennett et al. 2010), as well as downstream activation (Barchiesi et al. 2002; Dubey
et al. 2009). Although the exact mechanism by which sex steroids exert effects
through these divergent receptor-mediated actions is not yet fully characterized, it is
evident that all the major cell types in the lungs are affected by these sex steroids.
Moreover, the presence of tissue-specific metabolism and conversion in the lungs
means that the qualitative effects of these sex steroids are radically different from the
observed multifactorial effects. Overall, the importance of sex steroids in the lungs
and their clinical implications were established in the earlier sections of this chapter.
Although this chapter attempts to explain the effects of these sex steroids in different
cell types, the effects are heterogeneous and often not entirely understood. How-
ever, what is known, is that the effects of these sex steroids are, as mentioned
previously, concentration-, time-, context-, dose-, and site-specific. From a molec-
ular perspective, understanding the numerous pathways begun independently or
dependently by these sex steroids and their interactions are just the beginning of
trying to understand this complex panoply of effects. As much as it is important to
understand the individual contributions of sex steroids in the pathogeneses of lung
diseases, it is equally important to emphasize that organisms and individuals are
integrated entities fulfilling their specific functions. Therefore, even though it is
important to classify the role of each sex steroid, the need of the hour is to be able to
identify, as well as implement, the major players that cause the overall sex differ-
ences in various lung diseases. To establish this, supplementary work is needed to
address biological mechanisms through which sex and age influence sex-steroid-
related outcomes in lung diseases. As more and more experiments are conducted on
males and females, underlying sex differences in the etiology of lung diseases will be
highlighted, which will enable scientists to untangle alterations and develop specific
therapeutic strategies against these lung diseases.
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Chapter 4
Sex Differences in the Developing Lung:
Implications for Disease

Joe G. Zein and Benjamin Gaston

Abstract Sex-related differences in lung growth exist and result in differences in
lung function during the prenatal period and across the life span. This translates into
disparity in the susceptibility and severity of several lung diseases. In general, lung
diseases, such as acute respiratory distress and bronchopulmonary dysplasia, are
worse in males during the neonatal period and during childhood. After puberty,
women are affected more than men by lung diseases, such as asthma and cystic
fibrosis. Lung function and disease severity also fluctuate with the menstrual cycle;
abundant evidence suggests a benefit of androgens. Understanding sex-related
differences in lung development and their impact on lung disease is important to
predict outcomes and provide sex-based personalized management plans across the
life span.

Keywords Sex-related differences · Sex hormones · Lung development · Lung
diseases · LUNG function

4.1 Introduction

The knowledge of normal lung development, anatomy, and physiologic function is
necessary to understand the pathophysiology of lung diseases in children and adults.
Lung anatomy and physiology vary significantly between males and females across
the life span. Such differences have been classically related to genetic, developmen-
tal, and socioeconomic factors (Becklake and Kauffmann 1999). Age-related gender
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differences also exist in the disease severity and in the clinical outcomes of several
lung diseases such as asthma, cystic fibrosis, and obstructive sleep apnea (Zein et al.
2019; Batton et al. 2018; Harness-Brumley et al. 2014).

4.2 Neonatal Lung

4.2.1 Lung Development During Gestation and Infancy

Significant sex differences exist in lung development during gestation, during the
perinatal period, and postnatally. Female fetuses exhibit more evidence of lung
maturation than male fetuses. Mouth movement, a marker of fetal breathing, and
an essential stimulus for lung development, is present as early as 16 weeks and
generally occurs earlier in female than male fetuses (Boddy and Dawes 1975;
Hepper et al. 1997). Prenatal sex-based differences in airways development in
relation to lung growth (dysanapsis growth) is also present in the last 4 weeks of
gestation. These result in a higher ratio of large to small airways and a lower airway
resistance (Doershuk et al. 1974) after birth in female than in male infants (Hibbert
et al. 1995; Tepper et al. 1986b).

After approximately 24 weeks’ gestation, saccular development of the early
acinus begins to be sufficient to be compatible with life. True alveolar development
begins at approximately 36 weeks and continues in the postnatal period. During this
time, terminal airspaces are divided by septation, which results in a progressive
increase in the number of alveoli (up to eightfold in the first 2 years of life) and in the
surface area available for gas exchange (Thurlbeck 1982; Tepper et al. 1986b).
Alveolarization is particularly important for lung health in the neonatal period, and
any disturbances of such process, particularly among premature infants, can result in
reduced capacity for gas exchange. This may lead to significant morbidity and
mortality in the neonatal period and persistent lung impairment during adulthood.

Sex hormones are increasingly recognized as regulators of lung development. In
contrast to androgens, estrogens have a stimulatory effect on lung maturation and
modulate alveologenesis by signaling through estrogen receptor (ER) α and ERβ
(Massaro et al. 2007): two receptors abundantly expressed in the normal lung. For
instance, in-vitro models using murine cultured embryonic lung cells have shown
that the combined exposure to 17β-estradiol and progesterone increases the expres-
sion of proteins crucial for prenatal lung development and postnatal lung function
such as vascular endothelial growth factor (VEGF) and surfactant proteins (SP)-B
and -C expression (Trotter et al. 2009). Similarly, the effect of sex hormones on lung
development was also reported in animal experiments. In-vivo animal models
showed that oophorectomy resulted in a reduction of the alveolar surface area,
which was prevented by estrogen administration (Massaro et al. 1996; Massaro
and Massaro 2004).

Clinically, fetal pulmonary maturity—reflected by phospholipid profiles and
surfactant-mediated small airways patency—occurs 1.2–2.5 weeks earlier in females
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than in male fetuses. This may be influenced by sex hormones (Harms et al. 2011).
Produced by the placenta during gestation and the neonatal ovaries after birth,
estradiol increases fetal surfactant production in the prenatal period and stimulates
alveologenesis (Seaborn et al. 2010). In contrast to estrogen, androgens negatively
affect lung maturation. Secreted by fetal testes, testosterone delays the production of
surfactant and lung maturation (Seaborn et al. 2010). Altogether, these sex-specific
biochemical differences place male infants at greater risk for respiratory distress
syndrome (RDS) and its related morbidities than female infants. Male sex is also a
risk factor for poorer response to hormonal treatment to accelerate surfactant pro-
duction (Torday et al. 1981; Seaborn et al. 2010). Although the association between
sex hormones and lung maturation has been established, the impact of sex hormone
supplementation in premature infants is still controversial. A randomized controlled
trial (RCT) of 83 infants, less than 29 weeks’ gestational age, showed that estrogen
and progesterone replacement lowered the rate of bronchopulmonary dysplasia
(BPD) from 32 to 14%. However, this effect did not reach statistical significance
( p ¼ 0.08), and further larger studies were recommended (Trotter et al. 2007).

4.2.2 Gender Disparities in Preterm Neonatal Outcomes

In 2014, preterm births (<37 weeks’ gestation) occurred in 9.6% of all births in the
United States (Hamilton et al. 2015). Infants born prematurely are at higher risk for
cardiopulmonary and neurological comorbidities such as retinopathy, pulmonary
hypoplasia, respiratory distress syndrome (RDS), bronchopulmonary dysplasia
(BPD), intraventricular hemorrhage (IVH), and chronic neuro-cognitive develop-
mental disorders (O’Driscoll et al. 2018). Many of these comorbidities exhibit
significant sex disparity that could be caused by a complex interaction between
immunological, hormonal, and genetic factors (O’Driscoll et al. 2017). Male infants
are presumed to have an intrinsic “biologic disadvantage,” and to be more sensitive
to adverse environmental exposures during gestation and after birth (Naeye et al.
1971). This sex-related disparity is particularly manifested during the neonatal
period and is more pronounced in premature infants. In a retrospective study from
Australia of 2549 neonates admitted to the intensive care unit, males (54.7%) were
also at higher risk for hospital mortality (OR [95% CI] ¼ 1.29 [1.04–1.59]) and
adverse neurological outcome (OR [95% CI] ¼ 1.88 [1.40–2.52]) than female
newborns, even though they had a higher birth weight and head circumference
(Kent et al. 2012). In another study from the United States of 6086 female and
6721 male infants, males received more surfactant and steroids. Although males
were born larger than females, they were more likely to need oxygen or respiratory
support at 36 weeks’ postmenstrual age and at hospital discharge. Females had a
higher chance of survival (Zisk et al. 2011).
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4.2.3 Gender and Respiratory Outcomes in Preterm Infants

Respiratory diseases such as RDS, and subsequent BPD or chronic lung disease
(CLD), contribute to much of the morbidity and mortality of infants born prema-
turely (Townsel et al. 2017). Even late preterm infants, born at 34–36 weeks of
gestation, are still at greater risk for adverse respiratory morbidity and mortality than
those born at term (Gyamfi-Bannerman et al. 2016). Women at risk for late preterm
delivery will benefit from betamethasone administration, which significantly reduces
the rate of neonatal respiratory complications (Gyamfi-Bannerman et al. 2016).
Below we illustrate a few examples.

4.2.3.1 Respiratory Distress Syndrome (RDS)

Respiratory distress syndrome is one of the most common life-threatening forms of
respiratory failure in preterm infants (Angus et al. 2001). It results in part from
surfactant deficiency and dysfunction in the immature lung. Produced by type II
pneumocytes, surfactant forms a lipid bilayer over the inner surface of the alveoli
and prevents alveolar collapse at the end of expiration by lowering alveolar surface
tension (Townsel et al. 2017). Surfactant is produced earlier during gestation in
females than males; and its in-utero production is stimulated by female sex hormones
and inhibited by androgens (Trotter et al. 2009; Sweezey et al. 1998). This contrib-
utes to the relative respiratory disadvantage in males compared to female infants.
Accordingly, the risk of RDS, and subsequent BPD or CLD, is much higher among
male infants than females. In a meta-analysis of data from over 500,000 preterm
newborn infants, RDS was 1.56–1.84 times higher in newborn males than in females
( p < 0.05). Males were also at higher risk for BPD and lower respiratory tract
infections such as bronchiolitis and pneumonia (male to female ratio of 1.38, 1.43,
and 1.49, respectively) (Liptzin et al. 2015). Unfortunately, this gender gap in
neonatal outcome from RDS continues, even with postnatal surfactant and antenatal
corticosteroid therapy commonly used to reduce postnatal respiratory morbidity in
the preterm neonate (Townsel et al. 2017). Corticosteroids (e.g., betamethasone) are
known to have sex-specific effects on placental on microvascular blood flow (Stark
et al. 2011b; Stark et al. 2011a). There is also evidence that antenatal corticosteroid
administration improves the subsequent response of infants to surfactant treatments
(Kari et al. 1994), and that they are more beneficial in female infants than males of
the same age (Papageorgiou et al. 1981).

4.2.3.2 Bronchopulmonary Dysplasia (BPD)

Bronchopulmonary dysplasia is the most common long-term pulmonary complica-
tion of prematurity (Greenough 2012). It was classically defined by the need for
oxygen supplementation for 28 days or more from birth and at 36 weeks corrected
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gestational age. This definition has been updated to take into consideration the total
duration of oxygen supplementation, which reflects disease severity, the need for
mechanical ventilation, and gestational age (Jobe and Bancalari 2001). BPD has
been associated with disturbances in the alveolarization process that leads to smaller
lung surface area and a dysmorphic pulmonary vasculature. Affected lungs exhibit a
reduced capacity for gas exchange, with significant health consequences in the
postnatal period that may persist into adulthood.

The risk and severity of BPD are highest among extremely preterm infants.
Multiple elements act synergistically to contribute to BPD and lung damage,
which was traditionally associated with oxidant- and ventilation-mediated injury
from excessive oxygen supplementation and positive pressure ventilation. Lung
inflammation contributes to the lung injury in BPD, where multiple proinflammatory
cytokines and chemotactic factors are found in higher concentrations in the lung of
infants who ultimately develop BPD (Jobe and Bancalari 2001). Epigenetic factors
associated with oxygen exposure also contribute (see below). But perhaps the most
important contributor is barotrauma, causing fibrosis and hyper-muscularization of
some lung units and hyperinflation of others. The widespread use of antenatal
corticosteroids, neonatal exogenous surfactant, and protective ventilation strategies
led to increased survival of more extremely preterm infants (Jensen and Schmidt
2014; Jobe and Bancalari 2001).

Respiratory distress syndrome often progresses to BPD. Its treatment mostly
consists of supportive care, treatment of comorbidities, and optimization of lung
function and oxygen therapy. Data have consistently shown that male sex is a major
risk factor for the BPD, adjusting for other confounders (Jobe and Bancalari 2001;
Jensen and Schmidt 2014; Binet et al. 2012) and a worse lung function during the
neonatal period and at 1 year (Thomas et al. 2006). Although the molecular
mechanism(s) underlying sexually dimorphic outcomes in premature neonates are
not completely known, recent animal studies suggest a role for microRNAs
(miRNAs) in mediating sex biases in BPD. In a murine model of hyperoxia-induced
lung injury, lung transcriptomics analysis showed that specific miRNAs (miR-30a,
miR-146, and miR-34a) were differentially expressed in the lung of mice raised in
hyperoxia (Leary et al. 2019; Zhang et al. 2019). Furthermore, hyperoxia-induced
lung damage was attenuated in male mice that received a miR-146 mimic and
exacerbated in female mice that received a miR-146 inhibitor (Leary et al. 2019).
Similarly, neonatal hyperoxia exposure in mice worsens airway hyperreactivity
through microRNA-342-3p-mediated upregulation of S-nitrosoglutathione
(GSNO) reductase expression. This adverse effect of hypoxia on airway reactivity
is reversed by supplementing the animal with GSNO, the substrate GSNO reductase,
and a well-known bronchodilator and pulmonary vasodilator, or by inhibiting the
enzyme itself (Raffay et al. 2016). Others have related the sexual dimorphism of
PBD to sex-specific differential activation of Hif-1α-regulated genes and differences
in expression of crucial genes regulating angiogenesis such as Vegf, VegfR2, and
Phd2 (Coarfa et al. 2017). These findings support the role of pulmonary angiogen-
esis dysregulation in the pathobiology of BPD (Leary et al. 2019; Coarfa et al. 2017).
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4.2.3.3 Sex-specific Response to Environmental Smoking Exposures

Sex-specific differences in susceptibility to diseases and clinical outcomes start in
utero where the placenta may play a key role in modulating the effects of gestational
exposure to stressful conditions (Gabory et al. 2013). There is increasing evidence to
reveal sex-specific differences in the placental response to environmental factors and
in differences in epigenetic modification between males and females that contribute
to the risk of disease after delivery and later in life (Gabory et al. 2013). In particular,
in utero exposure to maternal smoking has been repeatedly associated with the risk
of asthma and lung function deficit later in life (Gilliland et al. 2003; Owens et al.
2019; Hollams et al. 2014), and that this can be modulated by the protective
antioxidant effect of certain glutathione S-transferase (GST) genotypes (Owens
et al. 2019). Sex-specific differences in lung function later in life after in utero
exposure to maternal smoking was reported in studies (Gilliland et al. 2003;
Hayatbakhsh et al. 2009), but not in others (Hollams et al. 2014). An animal study
of mice, prenatally exposed to smoke, showed a sex-specific association between
prenatal smoke exposure, dysregulation of pulmonary gene expression, lung growth
abnormality, and impaired lung function. Among dysregulated genes, Insulin-like
growth factor 1 (Igf1) mRNA was increased in the lung of female murine offspring
and in peripheral blood mononuclear cells (PBMCs) isolated from a sample of
23 healthy children (age 4–15 years) with a history of in utero and early-life
smoke exposure (Dehmel et al. 2018).

In addition, young children are frequently exposed to secondhand smoke (SHS).
They are especially vulnerable to its adverse health effects and are at an increased
risk for sudden infant death syndrome (SIDS), respiratory and ear infections, and
severe persistent asthma (McCarville et al. 2013; Mitchell et al. 1993). A study from
Japan of 4348 infants with SIDS showed that such cause of death was more common
among male infants (OR [95% CI] ¼1.15 [1.08–1.22]) than females (Toro et al.
2001). Childhood SHS exposure is also associated with reduced lung growth
(Hayatbakhsh et al. 2009), with a larger decline in pulmonary function seen
among girls compared to boys (Chen et al. 2005). The effect of SHS on pulmonary
diseases such as childhood asthma also depends on the sex of the subject. A cross-
sectional study of 23,474 children (6–13 years old) revealed an interaction between
sex and atopy on the SHS-associated risk of asthma and the frequency of respiratory
symptoms. Among children without atopy, SHS exposure was associated with more
respiratory symptoms and pulmonary diseases in boys than in girls. In contrast, SHS
was associated with higher risk of asthma in girls with allergic predisposition but not
in boys (Dong et al. 2011b). Similar results were reported by the same author in a
study of 30,139 Chinese children regarding the effect of pollution on asthma.
Current asthma prevalence was higher among nonatopic boys and atopic girls
aged 3–12 years exposed to environmental pollution (Dong et al. 2011a). These
data suggest a three-way interaction between sex, environmental exposures, and the
immune system on childhood respiratory illnesses.
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4.2.3.4 Chronic Cough

Chronic cough in early childhood—whether from asthma or other causes—is more
common in boys than girls. It is commonly associated with asthma, bronchiectasis,
chronic suppurative lung disease (CSLD), and protracted bacterial bronchitis (PBB)
(Benscoter 2018). Although aspiration syndromes can induce chronic cough in
childhood, no strong prevalence in one sex has been observed (Weir et al. 2011).

4.2.3.5 Protracted (or Persistent) Bacterial Bronchitis (PBB)

Protracted (or persistent) bacterial bronchitis is defined as a wet cough lasting at least
four weeks that responds to a course of antibiotics without a clear alternative
etiology (Benscoter 2018; Kantar et al. 2017). It is twice as common in boys as it
is in girls, as discussed below. In referral populations, PBB is sometimes diagnosed
based on symptoms and antibiotic response and may be overreported (Chang et al.
2012). It is a common cause of chronic cough (41–47%) and can be seen in healthy
children (O’Grady et al. 2017; Benscoter 2018; Chang et al. 2012). PBB can also
cause disturbed sleep and fatigue but not dyspnea. Neither hypoxemia nor digital
clubbing is present on physical examination. Children with PBB may have wheez-
ing; and distinguishing it from aspiration, asthma, and other diagnoses is often
problematic (Benscoter 2018). Aspiration does not appear to be a risk factor for
PBB but is an unrelated cause of chronic cough. PBB is most commonly seen in
young children, particularly boys, with a median age ranging from 10 months to 4.8
years who attend daycare; and based on limited data, PBB was reported more
frequently in boys than girls (Wurzel et al. 2014a, b; Wang et al. 2015; Kantar
et al. 2017), with ratios exceeding 2 to 1 in some series (Wurzel et al. 2014b). The
diagnosis of PBB can be challenging, and a triple endoscopy (GI endoscopy, direct
laryngoscopy/rigid bronchoscopy, and flexible bronchoscopy) is becoming the gold
standard for evaluating these children with chronic cough, suspected aspiration, and
suspected PBB (Fracchia et al. 2019).

4.2.3.6 Primary Ciliary Dyskinesia (PCD)

Primary ciliary dyskinesia is a hereditary disease characterized by impaired
mucociliary clearance causing recurrent or persistent upper and lower airways
disease. In an European study of 1009 patients aged<20 years treated in 223 centers
from 26 countries showed that the prevalence of PCD varies by country and is
highest in Cyprus. Overall, 57% were males and 48% had situs inversus. Overall, the
median age at diagnosis was 5.3 years. However, longer delays in diagnosis were
seen in countries with lower expenditures on health. Although the cause of this
gender dichotomy of PCD is not totally known, it was presumed to result from
sexual differences in the clinical presentation where boys are more prone to
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respiratory infections, and to the contribution of X chromosomal recessively
inherited PCD variants to the unequal sex distribution (Kuehni et al. 2010).

4.2.3.7 Non-cystic Fibrosis (Non-CF) Bronchiectasis

Bronchiectasis is a complex multifactorial chronic airway disease characterized by
an abnormal, permanent, and irreversible airway dilatation and persistent inflamma-
tion. It is associated with chronic cough and increased mucopurulent secretions
(Boyton and Altmann 2016). Despite significant technological advances in radiol-
ogy, awareness and availability of specialized non-CF bronchiectasis centers and
services, the diagnosis of bronchiectasis continues to be delayed and, at times,
inaccurate (Boyton and Altmann 2016). However, an underlying etiology can be
found in most children diagnosed with non-CF bronchiectasis (Eastham et al. 2004).
Non-CF bronchiectasis is rare in pediatric populations, and only few reports have
been published about it so far. In one series of 93 children diagnosed with non-CF
bronchiectasis after referral to a tertiary pediatric respiratory center, the male to
female ratio was 2:1 (Eastham et al. 2004). There is paucity of data regarding sex
differences in severity and outcome among children with non-CF bronchiectasis. In
adults, female sex is associated with higher prevalence, increased severity, higher
healthcare utilization needs, and poorer prognosis than male sex (Lonni et al. 2015).
This sexual dichotomy was presumed to be related to sex differences in lung
anatomy, lung physiology, microbiota composition, susceptibility to infection by
nontuberculous mycobacteria (NTM), prevalence of rheumatological diseases, and
in the immune response (Klein and Flanagan 2016; Kim et al. 2008). Little is known
on the effect of sex hormones in non-CF bronchiectasis, except the fact that
postmenopausal women are at higher risk for NTM infections (Kim et al. 2008).

4.2.3.8 Cystic Fibrosis (CF)

Cystic fibrosis is an inherited disease characterized by the accumulation of thick
mucus that can damage many organs. In the lungs, CF results in bilateral bronchi-
ectasis. As in childhood respiratory syncytial virus (RSV) infection and asthma,
gender differences in the severity of CF and mortality exist among patients with
CF. CF-related infections are more serious, and Pseudomonas aeruginosa infections
occur at a younger age, in females with CF than in males. This translates into lower
life expectancy in female patients across age strata (Rosenfeld et al. 1997). In the
Cystic Fibrosis Foundation Patient Registry (CFFPR), where a cohort of 21,047
patients 1–20 years of age followed CF foundation-accredited care centers in the
United States between 1988 and 1992, females were 60% more likely to die from CF
than males (RR [95% CI]: 1.6 [1.2–2.1]), even after adjustment for age and
CF-related comorbidities. The median survival was 25.3 years for females compared
to 28.4 years in males during that period of 1988 and 1992 (Rosenfeld et al. 1997).
Though these statistics have improved more recently between 2000 and 2010,
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patients included in the CFFPR (n~21,000) had 1.8% (95% CI, 0.5–2.7%) per year
drop in adjusted mortality, adjusted mortality was still 19% (CI, 13–24%) higher and
median survival was 3 years shorter in females with CF than males (MacKenzie et al.
2014). Although the main reasons are not well understood, the gender gap in CF
survival has been attributed to the effects of sex hormones on the respiratory system
(Abbott et al. 1994; Goodfellow et al. 2015). High levels of the female sex hormone,
17β-estradiol, decrease the calcium-activated chloride secretion by airway epithelial
cells in vitro and might reduce ability to efficiently clear airway secretions (Coakley
et al. 2008). Understanding gender gap in CF mortality is important to patients, their
families, and clinicians.

4.3 Prepubertal Development of the Lung

4.3.1 Lung Development During Early Childhood

Airway and alveolar development do not occur at the same time. Airway (and
pulmonary vascular) branching is complete by the 16th week of gestation, whereas
acinar development and alveolar multiplication continues until the age of 2 years and
likely longer (Thurlbeck 1982). After age 8, further increases in lung volume are
secondary to enlargement of existing alveoli (Schittny 2017).

Initial standard morphometric studies, mostly based on autopsy results, showed
that females have larger airways than males during infancy and early childhood
(Thurlbeck 1982; Wailoo and Emery 1982), but the number of alveoli per unit area,
and the dimensions of such alveoli do not differ between males and females.
However, the age- and height-adjusted lung volume is higher in boys secondary to
higher total number of alveoli, which may result in a larger alveolar surface area and
a higher diffusion capacity of carbon monoxide (DLCO) (Barre et al. 2016; Schwartz
et al. 1988; Thurlbeck 1982). This sex difference in lung volumes between boys and
girls becomes significant by the age of 2 years (Thurlbeck 1982). In addition to
significant differences in the human lung size between males and females, significant
sexual dimorphism in the shape of the human lung has been reported. The lung has a
pyramidal morphology in males and a prismatic shape in females. This was attrib-
uted to greater diaphragmatic activity in males compared to greater intercostal
muscle activity in females (Torres-Tamayo et al. 2018). Similarly, sex-related
differences in the distending forces and the size of the lungs result in differences
in the recoil pressure between males and females. However, there are no sex-related
differences in the intrinsic elastic properties of lung parenchyma or lung compliance
in that regard (Colebatch et al. 1979). The physiological implications of these sexual
dimorphisms in the human lung morphometrics and function have been used to
explain why women, in general, are more susceptible to pulmonary limitations
during exercise in the presence of comparable metabolic demands (McClaran et al.
1998; Walls et al. 2002).
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4.3.2 Pulmonary Function Testing in Infants and Preschool
Children

Pulmonary function tests (PFTs) in infants and preschool children are useful in
research and in clinical practice. They are reviewed here briefly because, over the last
40 years, they have been used extensively to characterize the differences between
male and female children. Classical PFT techniques have been modified and mini-
aturized for infants, and age-specific methods have been developed (American
Thoracic Society/European Respiratory Society 1993). While spirometry can be
reliably performed in children 5 years and older, and often in younger children,
the following details some of the techniques used to measure lung function in infants
and preschool children:

4.3.2.1 Forced Deflation and the Rapid Thoracoabdominal
Compression

The forced deflation (FD) technique aims at producing a maximal expiratory flow-
volume (MEFV) curve. To perform this test, children are typically sedated and wear
a facemask. Their lungs are inflated, usually using a series of end-inspiratory airway
closures, taking advantage of the Hering–Breuer reflex. Then, a cuff outside the
thorax inflates and expiratory flow is measured at the mask. The technique is
repeated with increasing jacket pressures until flow limitation is achieved (Vmax).
FRC is measured plethysmographically using an infant “box” and airway occlusion
at the mask and can serve to index the Vmax or other flow measurements.

In the past, this technique was modified for intubated and ventilated infants and
children, have their lung first inflated manually to +40 cm H2O inflation pressure
(defined as the total lung capacity). After a pause of at least 3 seconds, the lung was
deflated by applying a constant negative pressure of �40 cm H2O to the endotra-
cheal tube until the cessation of expiratory flow. The maximum expiratory flow
(MEF), generated by this rapid deflation, is independent of effort (flow limitation)
and reflects airway resistance upstream (peripheral) from the airway segment
subjected to flow limitation (Mead et al. 1967). The measurement of forced expira-
tory flows with either technique has helped us assess lung function during infancy.
This has been essential to expand our understanding of normal lung development
(Tepper et al. 1986b), to categorize the pulmonary abnormalities seen in lung
diseases during infancy such as BPD (Tepper et al. 1986a; Nakayama et al.
1991a, b, c), and to define the onset of and evolution of such diseases (Motoyama
et al. 1987; Mallory et al. 1991; Filbrun et al. 2011; Davis et al. 2010).
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4.3.2.2 Measures of Compliance and Resistance

Measurements of airway resistance and respiratory system compliance are com-
monly derived from methods that use classical mechanics. Airflow is measured at the
airway opening with a pneumotachometer or ultrasonic flowmeter and is integrated
to give volume changes. The pressure driving airflow—also known as the driving
pressure—is measured continuously in techniques based on dynamic mechanics. For
example, during spontaneous respiration, the driving pressure is generated by the
negative intrapleural pressure, which is created by the respiratory muscles. The
intrapleural pressure is estimated by measuring esophageal pressure using a catheter,
balloon, or transducer in the mid-esophagus (Asher et al. 1982). During positive
pressure ventilation, the driving pressure is measured within the ventilator circuit at
the airway opening (usually endotracheal tube in invasive or facemask in noninva-
sive positive pressure ventilation). For passive mechanics, driving pressure is mea-
sured during a no flow period created by a brief airway occlusion, when pressures
equilibrate across the airways. Flow and volume are measured during the passive
expiration caused by release of the occlusion (McCann et al. 1987; Peterson-
Carmichael et al. 2016). Regardless, whether dynamic or passive mechanics are
used, the measurements of flow, driving pressure and volume are used to solve the
equation of motion of the lung and to calculate compliance and resistance.

4.3.2.3 Forced Oscillation Technique (FOT)

Forced oscillation technique (FOT) is a noninvasive method for measuring respira-
tory mechanics. It uses small-amplitude pressure oscillations superimposed on the
normal breathing; and therefore, has the advantage of not requiring the performance
of respiratory maneuvers or sedation (Hantos et al. 2015). It is feasible in the clinical
outpatient setting in children and neonates with chronic lung disease. These children
had lung function significantly worse than that predicted from healthy children
(Klinger et al. 2020). Measured changes in flow, volume and pressure allow the
calculation of the respiratory system impedance (Zrs) and its component’s respira-
tory resistance (Rrs) and respiratory reactance (Xrs). Rrs includes the airway, lung
tissue, and chest wall resistance, while Xrs represents the balance of respiratory
elastance (i.e., the reciprocal of compliance), and inertance which reflect the resis-
tance to accelerations in flow by gas and tissues in the respiratory system
(Udomittipong et al. 2008).

4.3.2.4 Inert Gas Washout (IGW)

This technique measured FRC by inert gas dilution techniques (helium dilution) or
inert gas displacement (nitrogen washout). The concentration of the exhaled inert gas
is measured with a mass spectrometer or an ultrasonic flowmeter. Similarly, a
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pneumotachometer or an ultrasonic flowmeter are used to measure expiratory airflow
and/or volume. These techniques are increasingly used to measure inhomogeneity of
ventilation, particularly in children with obstructive lung diseases such as CF. This
method provides complementary information to standard lung function tests. By
measuring the rate at which inert gases are eliminated from the lung, IGW and MBW
provide measures of ventilation inhomogeneity (e.g., lung clearance index), a marker
sensitive to small airway disease (Robinson et al. 2013). Gas dilution techniques
consistently underestimate FRC in the presence of air trapping. In contrast, plethys-
mography measures all gas in the thorax – even trapped gas that is not in contact with
the airways (Gappa et al. 1993).

Respiratory inductive plethysmography (RIP) uses elastic bands embedded with
coils arranged in a sinusoidal pattern around the chest and abdomen to assess infant
breathing patterns without an airway connection (Duffty et al. 1981). During spon-
taneous breathing, changes in the rib cage and abdominal cross-sectional areas are
detected by the bands, transduced into electric signals, and used to estimate lung
mechanics such as gas flow and lung volume (Warren and Alderson 1986; Revow
et al. 1987; Duffty et al. 1981). RIP has also been used to evaluate infant asynchrony.
This technique provides several indices that are useful in detecting airway obstruc-
tion, sleep apnea, and increased work of breathing, and signs of impending respira-
tory failure (Reiterer et al. 2015).

4.3.2.5 Electrical Impedance Tomography (EIT)

Electrical impedance tomography (EIT) is a noninvasive, radiation-free dynamic
imaging technique that uses electrodes at the perimeter of the thorax which transmit
high-frequency alternating current, and measure voltage differences around the
outside of the chest wall. Voltage differences between electrodes can be subse-
quently used to calculate the electrical impedance of the chest at that level and
reconstruct two-dimensional images. Because air content represents the main factor
in determining impedance in the chest area, the images reflect the air distribution in
the lungs at that time. Regional ventilation of the lungs is analyzed by taking
multiple readings (~ 50 per sec) during tidal ventilation (Frerichs et al. 2014a, b;
Pillow et al. 2006). EIT has been used to monitor pulmonary ventilation (Moerer
et al. 2011), and the response to therapy. EIT has been used to monitor improvement
of regional lung ventilation after surfactant administration in neonates with RDS
(Frerichs et al. 2006). EIT could potentially optimize critical care therapy of the
ventilated infant and improve outcome (Putensen et al. 2007).

4.3.2.6 Ventilator Graphics

Physiologic measurements of respiratory mechanics, lung volumes, and ventilation/
perfusion inhomogeneity are needed to optimally manage critically ill neonates and
children and minimize lung injury. Ventilator graphics provide real-time data on
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pressure, flow, and volume change. Pattern recognition is also useful to identify
specific pathophysiological abnormalities such as excessive inflation pressure
(pressure–volume loop) or air trapping (flow waveform). However, particularly for
younger children, the resistance of the intrathoracic airways is dwarfed by the
resistance of the small endotracheal tube.

4.3.3 Pulmonary Function Testing in Older Children

4.3.3.1 Spirometry

Spirometry is the most commonly used and standard lung function test performed in
older children and adults. It is cheap, simple, reliable, easily interpretable, and
readily available to be used in the office setting. However, its success depends on
the child’s age. Although it is thought to be easily performed in children age 6 years
and older (Enright et al. 2000), reproducible spirometry can be obtained in preschool
children age 3–5 years after appropriate training and education (Eigen et al. 2001).
Spirometry provides flow and volume measurements. Standard lung volumes are
also measured in pulmonary function testing; specifically, tidal volume (TV), inspi-
ratory reserve (IRV), expiratory reserve (ERV), and residual volumes (RV), as
indicated in Fig. 4.1.

Combined, any two or more volumes constitute a capacity. The standard lung
capacities are inspiratory (IC), functional residual (FRC), vital (VC) and total lung
capacities (TLC), as shown in Fig. 4.1. The TLC, FRC, and RV are measured by

Fig. 4.1 Spirometer tracing of standard lung volumes and capacities showing the outlines of tidal
breathing followed by an inspiratory maneuver to total lung capacity (TLC), followed by a full
expiration to residual volume (RV). The inspiratory capacity (IC) represents the difference between
TLC and the functional residual capacity (FRC). The expiratory vital capacity (EVC) is the
difference between TLC and RV, or the maximal volume of air exhaled from the point of maximal
inhalation
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plethysmographic or dilutional techniques (He and N2 washout methods), but not
with simple spirometry (Stocks et al. 2001). Spirometry can also provide a flow-
volume curve tracing, which helps identify obstructive and restrictive defects, as
indicated in Fig. 4.2.

Spirometry has several benefits. It allows us to assess lung growth, monitor
disease progression and severity. It also evaluates the site of obstruction, airway
reactivity, and response to therapy. For example, FVC is a key parameter in
monitoring the progression of neuromuscular diseases such as scoliosis (Johnston
et al. 2011; Pehrsson et al. 1991) whereas FEV1 can predict mortality in CF (Kerem
et al. 1992), and monitor disease control in asthma (GINA 2019).

4.3.4 Sex Differences in Airway Obstruction and Lung
Diseases

4.3.4.1 Respiratory Syncytial Virus Infection (RSV)

During early childhood, airway diseases such as RSV bronchiolitis and asthma are
more prevalent and severe in boys than girls. RVS infection commonly occurs in
infants and young children and is frequently associated high risk of childhood
recurrent wheezing and asthma, particularly in boys (Nair et al. 2013; Henderson
et al. 2005). Risk factors include age younger than 6 months, delivery before
35 weeks of gestation, and male sex (Mahmoud et al. 2018). RSV bronchiolitis
have been associated with both anatomical and immunological factors. Compared to
female infants, male infants are particularly at risk for severe disease because of a

Fig. 4.2 Panel A represents a typical flow–volume curve for spirometry within normal limits. Panel
B represents a flow–volume curve of a child with mild obstructive defect manifested by some
concavity in the expiratory limb. Panel C depicts a pattern often seen with restriction. The curve
appears to be narrow along the volume axis with an absence of concavity in the expiratory limb
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smaller airway diameter (Carvajal et al. 2019). Sex and sex hormones are also
associated with differences in the immune response. In an animal mouse model,
neonatal RSV infection resulted in a strong Th2/Th17-type immune response in both
male and female mice.

During initial RSV infection, a better viral control, associated with higher inter-
feron-β expression, was observed in female, but not in male mice. Compared to
female mice, male mice were found to have persistent immune alterations in Th2 and
Th17 pathways, in the innate immune cells infiltration (dendritic cells (DC) and type
2 innate lymphoid cells (ILC2)), and in the innate cytokine expression (thymic
stromal lymphopoietin (TSLP) and Interleukin 33 (Il33)) that lead to delayed disease
resolution and viremia (Malinczak et al. 2019). Sex differences in immune cell
numbers and response to respiratory viral infection have been associated with
changes in sex hormones. Immune cells express receptors for estrogens (ERα and
ERβ), progesterone (PR), and androgens (AR). Cell numbers and/or airway immune
responses varied in models where sex-hormone levels or receptors were experimen-
tally manipulated. These data support the hypothesis that sex hormone receptor
activity often underlies sex differences in immune responses to viral infections
such as those caused by RSV, to allergens and/or irritants (Kadel and Kovats
2018). These anatomical and immune response differences translate into
sex-related differences in RSV incidence, severity, and healthcare utilization. In
addition to its higher incidence among boys than girls, RSV infection is much more
severe in boys and is associated with a higher risk of hospitalization and healthcare
utilization (Nair et al. 2013).

4.3.4.2 Asthma

Asthma is a common disease characterized by chronic airway inflammation, which
is clinically manifested by dyspnea, wheezing, cough, and chest tightness (Bel
2013). Asthma affects one in 12 children aged 0–17 years and is the third most
common principal diagnoses for hospitalization (CDC, 2020). Other risk factors for
childhood asthma include sex (discussed in detail below), African American race,
Puerto Rican descent, and low socioeconomic status (Dawson et al. 1969; Wright
et al. 2006; von Mutius 1996; Teague et al. 2018). On average about half of children
with diagnosed asthma would have one or more asthma attacks every year (CDC
2020). Infant PFT studies demonstrate that many of the differences in airflow
obstruction between asthma and transient wheeze, and between boys and girls,
begin in infancy (Martinez et al. 1995).

Depending on the sex of the patient, there are striking differences in asthma
incidence, prevalence, and severity (Masoli et al. 2004). Clinical observations
suggest that a variety of factors related to gender can affect asthma severity. For
example, asthma is more prevalent and severe in young boys as compared to girls
(Zein et al. 2016; Dawson et al. 1969; The ENFUMOSA study group, 2003), but is
more prevalent and severe in women after puberty as compared to men of the same
age (Zein et al. 2016; Schatz and Camargo 2003). This translates into higher rates of
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asthma-related office and emergency department (ED) visits and hospitalizations
among prepubescent boys than girls of the same age (Zein et al. 2016). It has been
postulated that the bimodal distribution of asthma and gender differences (Zein et al.
2016) may be because of sex hormone levels of estrogen, progesterone, and andro-
gen that change at puberty, i.e., adrenarche in boys and menarche in girls, and
decline with aging in men and with menopause in women (Santoro et al. 1996;
Haggerty et al. 2003). Reports suggest that androgens may potentiate, and estrogens
amplify allergic airway inflammation (Fuseini et al. 2018), accounting for some of
the differences in asthma phenotypes and severity among men and women.

Sex differences in asthma have been linked to immunological, behavioral factors,
and lung growth. Responses to environmental or occupational exposures vary
between boys and girls [11–14]. Sex-related differences in physical activity levels,
hygiene standards, and diet have been related to modulation of the immune system
by early life exposures, and contribute to sex-specific risk for asthma and to lower
incidence of asthma among children living on farms (Fuchs et al. 2012; von Mutius
and Vercelli 2010; Kosti et al. 2012). However, the effect of farming exposure is
influenced by sex. For example, asthma incidence is lower in girls than boys raised
on a farm (Genuneit 2014). Childhood asthma in boys has been associated with poor
socioeconomic status, and exposure to soot, exhaust, and/or household tobacco,
wood, or oil smoke in both sexes (Hafkamp-de Groen et al. 2013; Balmes et al.
2014).

Additionally, there is an interaction between sex, obesity, and the risk of child-
hood asthma. Two large cross-sectional series from China and the Netherlands and
two longitudinal cohorts from the United Kingdom and Taiwan showed that child-
hood asthma is associated with obesity in young girls, but not in young boys
(Willeboordse et al. 2013; Wang et al. 2014). The UK study followed children
longitudinally until the age of 8 years and found that the risk of asthma was higher in
girls with higher body mass index (BMI), but not in boys [OR (95CI): 1.52 (1.01,
2.28)] (Murray et al. 2011). The study from Taiwan followed participants prospec-
tively for 12 months and reported that asthma incidence was higher among obese
adolescent girls but not boys (Ho et al. 2011). In a cross-section study of 114 children
(67 boys and 47 girls), 5–18 years of age, asthma was found to be associated with
higher BMI and higher serum leptin levels. In a multivariate linear regression
analysis, serum leptin levels were on average 7.259 ng/mL higher in girls than in
boys (Quek et al. 2010). Leptin, which is essential in body weight regulation,
stimulates type 1 T helper (Th1) immune pathways and promotes the production
of pro-inflammatory cytokines (Quek et al. 2010). The negative influence of obesity
on asthma becomes less significant with increasing age. In fact, lung function is
mostly reduced between the ages 6 and 11 years in both boys and girls. Between the
ages of 12 and 44 years, female but not male sex was associated greater lung function
impairment related to obesity [26, 27] (Lang et al. 2011; Scott et al. 2016). Although
most reports, but not all (Tantisira et al. 2008), suggest a sexual dimorphism of the
obese-asthma phenotype, it remains unclear which such differences are specifically
related to sex hormones.
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Genetic associations with asthma can also be sex specific. Genetic variants in
thymic stromal lymphopoietin (TSLP) have been associated with Immunoglobulin E
(IgE) levels and asthma. Among those genetic variants, the association between two
single nucleotide polymorphisms (SNPs) (rs1837253 and rs2289276) in TSLP and
asthma was sex-specific. The first SNP (rs1837253) is associated with a lower risk
for asthma in men, but the second (rs2289276) is associated with a higher risk of
asthma in women. The underlying mechanism for this sex-specific asthma risk, the
effect of gender, or the sex-related differences in the hormonal profile remains
unknown (Hunninghake et al. 2010). Similarly, an observational study of 1261
children and adolescents with severe or difficult to treat asthma, enrolled in The
Epidemiology and Natural History of Asthma: Outcomes and Treatment Regimens
(TENOR) cohort, showed higher IgE levels among boys 6–17 years old than girls,
but girls’ IgE level peaked during puberty (12–14 years). Children with high IgE
levels demonstrated higher airway resistance, and reported more symptoms triggered
by dust, pollen, and animals (Haselkorn et al. 2010).

4.4 Puberty and Postpubertal Lung Development

4.4.1 Lung Changes During Puberty

Lung volume increases linearly with height during childhood in both sexes
(Lebowitz and Sherrill 1995). During adolescence, the increase in the thoracic height
outpaces the thoracic width in boys and girls, giving the thorax an elongated shape.
In adolescent girls, the thoracic width ceases to increase and attains adult values
(DeGroodt et al. 1988). Between age 11 and 13 years, girls are transiently taller than
boys due to earlier onset of pubertal growth spurts, possibly resulting in larger lungs
(Hibbert et al. 1989, 1995). Later on, this difference disappears once boys go through
their pubertal growth spurt. In both sexes, the pubertal growth spurt results in a
disproportionate increase in height compared to the increase in chest wall dimen-
sions, which usually lags (DeGroodt et al. 1988). The height of the thorax continues
to grow after height growth ends in boys but not in girls, which gives a more
elongated shape of the thorax in boys (DeGroodt et al. 1988). In addition to the
fact that lung development ceases with puberty in girls, it is also influenced by the
timing of puberty. Later pubertal age and higher peak velocity of pubertal height
growth were associated with greater FEV1 and FVC at the age of 24 years in men
and women. For each 1-year increase in pubertal age, FVC was 263-ml higher in
adult men and 100-ml higher in adult women. Similarly, for each 1-cm/year increase
in peak velocity, FVC was 145-ml and 50-ml higher in adult men and adult women,
respectively. However, pubertal lung development does not have an effect on large
airway obstruction. The lack of sex-related difference in FEV1/FVC suggests an
absence of dysanaptic growth during pubertal development (Mahmoud et al. 2018).
However, even in the absence of sex-related differences in airway obstruction during
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pubertal development, later pubertal age was associated with lower risk for asthma-
like symptoms in early adulthood (Mahmoud et al. 2018; Al-Sahab et al. 2011).

4.4.2 Sex-specific Differences in Late Childhood
and Adulthood

Sex differences in lung volume continue into adulthood, where men continue to have
bigger lungs than women (DeGroodt et al. 1988; Hibbert et al. 1995; Thurlbeck
1982). These data have been supported by methods such as chest radiographs
(Bellemare et al. 2003) and computed tomography scans (Torres-Tamayo et al.
2018; Dominelli et al. 2018). Computed tomography assessment of the trachea
and main bronchi performed in 294 participants age 19 and younger, showed similar
increase in central airways diameters in boys and girls until the age of 14 years. After
that age, central airways were larger in boys than girls (Kuo et al. 2018). These
suggest that the surge of sex hormones significantly influence the anatomical and
physiological changes in the human lung during puberty. Similar sex differences in
the luminal area of central airways were demonstrated in a cohort of individuals’ age
19–86 years (Dominelli et al. 2018). While height positively correlated with airway
luminal area in all subjects (r2 ¼ 0.28 to 0.53 for different central airways,
P < 0.05), luminal areas were ~20–30% smaller in women than age- and height-
matched adult men (Dominelli et al. 2018). Clinically, this translates into lower
maximum flow rate in post-pubertal women compared to men.

The size of the central airways significantly affects the respiratory function of the
lung. Ventilation is determined by the mechanical properties of the lung, and is
reflected by the relationship of airflow, lung volume, and time. Airflow is determined
by fluid dynamic principles (e.g., the Hagen–Poiseuille equation, by which airway
resistance is inversely proportional to the radius to the power of 4). Accordingly, a
minor decrease in airway diameter significantly increases the resistance of the
airways (Kaminsky 2012). To assess the association between airway size and lung
size, measurements sensitive to airway size (Maximal expiratory flow at 50% vital
capacity (Vmax50), corrected for static recoil pressure at 50 % vital capacity, Pst(L)
50 as a function of vital capacity (VC) from 21 adult men, were compared to 7 adult
women of comparable age, and 5 boys (<20 years). Data for each of the 7 women
and 5 boys fell below the adult male data. These findings suggest that airway size
relative to lung size were smaller in women and boys compared to men. Based on
these measurements, the estimated airway diameters in adult men are approximately
17% larger than those of women of comparable age (Mead 1980). Such sex
differences have been attributed to the disproportionate growth between lung size
and airway caliber or “dysanapsis” (Green et al. 1974). The effect of lung growth on
interindividual variability of airway size was studied in a longitudinal cohort of
26 males and 21 females age 6- to 27-years followed over a period of 18 years
(Martin et al. 1988). Results from this study showed that significant intersubject
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variability of maximum expiratory flow (MEF) at a given lung volume was present
in early childhood and persisted during growth. Thus, a child with small airways
relative to lung volume continues to have small airways relative to his lung size as he
grows. The opposite is true as well. A child with large airways to lung volume
continues to have relatively large airways as he grows. These findings suggest that
dysanapsis starts in early childhood (Martin et al. 1988).

4.4.3 Lung Changes and the Risk for Asthma

Although the risk of asthma is higher in prepubescent boys, asthma becomes more
prevalent and severe in girls after puberty. This gender-switch has been related to the
increase of sex hormones during puberty (The ENFUMOSA study group, 2003;
Leynaert et al. 2012). In two longitudinal cohorts of children with asthma, followed
throughout adolescence, male gender was independently associated with asthma
remission (Vink et al. 2010; Arshad). On the other hand, girls and boys are equally
likely to outgrow severe asthma during adolescence (Ross et al. 2019). These data
may be reconciled by understanding that androgens increase for both boys and girls
during adolescence; ultimately, the androgen increase is greater and more sustained
in boys as they move into adulthood. After the age of 11 years, there is an increase in
the provocative concentration of methacholine necessary to cause a 20% decrement
in FEV1 (PC20) in boys transitioning through puberty but not in girls (Tantisira et al.
2008). The male-specific improvement in airway hyper-responsiveness, which starts
after Tanner stage 2, improves further with sexual maturation (Tantisira et al. 2008).
These data suggest that androgens have a beneficial effect in asthma.
Dehydroepiandrosterone-sulfate (DHEA-S), an adrenal androgen that increases
with puberty, inhibits chemotaxis, airway fibroblast proliferation, fibroblast to
myofibroblast differentiation and airway epithelial-to-mesenchymal transition
(Koziol-White et al. 2012; Mendoza-Milla et al. 2013; Xu et al. 2014). By modu-
lating signaling through the androgen receptor (AR), testosterone attenuates type
2 innate immune response and lowers Th2-induced allergic inflammation (Fuseini
et al. 2018). Testosterone also promotes the relaxation of airway smooth muscle
(Kouloumenta et al. 2006).

In a Canadian cohort of 1176 girls aged 8–11 years who were followed longitu-
dinally over a period of 10 years, early menarche (<11.56 years of age) was
associated with two-fold increase in the risk of asthma during early adulthood (age
18–21 years) (OR [95% CI]: 2.34 [1.19; 4.59]) (Al-Sahab et al. 2011). Early
menarche (<12 years old) was also associated with higher risk of adult onset asthma
in a second cohort of 3461adolechents from the United States (US). However, no
significant interaction was detected between age at menarche and body mass index
or physical activity in associated with adult onset asthma (Fida et al. 2012).
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4.4.4 The Effect of Circadian Hormone Fluctuation on Lung
Function and Asthma

It is well known that the airways are influenced by the cyclical variations in sex
hormones. Such variations occur in relation to the circadian rhythm in boys and girls,
and the menstrual cycle in girls. The airway diameter shows slight circadian changes
of less or equal to 5% in normal individuals with a peak occurring in the afternoon
and a trough in the early morning (Hetzel and Clark 1980; Smolensky et al. 2007).
However, in patients with asthma, the circadian fluctuation in PEF and FEV1 might
exceed 25% of the mean 24 h level (Hetzel and Clark 1980). This circadian variation
in airway obstruction mirrors asthma severity and control and is commonly used as
critical targets of asthma therapy (Smolensky et al. 2007). Likewise, airway inflam-
mation and hyperresponsiveness to irritants, allergens, and chemicals are expected to
peak around midnight and reach a nadir around noon time (Bonnet et al. 1991). In
asthmatics, the circadian variability in airway hyperresponsiveness may exceed
100% (Smolensky and Reinberg 1990). Female sex may be associated with
increased airway hyperresponsiveness between 6:00 am and 06:00 pm. The opposite
occurs in males when higher airway responsiveness occurs between 6:00 pm and
3:00 (Smolensky and Reinberg 1990, 2007).

Although the exact mechanisms underlying nocturnal asthma are not yet
completely known, its pathobiology was linked to the circadian variations in several
neural and endocrine processes that modulate airway obstruction and inflammation
in response to daytime antigen exposures (Smolensky et al. 2007; Martin 1993). In
both males and females with asthma, variations in peak flow measurements mirror
plasma epinephrine and plasma cyclic AMP levels. Those levels peak at 4:00 pm and
are lowest at 4:00 am (Barnes et al. 1980). Cortisol, highest at 700 am and lowest at
midnight, has an anti-inflammatory effect and upregulates the function of β–adren-
ergic receptors. Nocturnal asthma is common in both boys and girls. However,
asthma is more common in boys before puberty. In a cohort of 287 urban children
(60% boys, ages 4–10 years) with persistent asthma, persistent nocturnal symptoms
were present in about 60% of the cases (Fagnano et al. 2011). In contrast, nocturnal
symptoms are more common in adolescent girls age 16 and 18 (Lee et al. 2006;
Colombo et al. 2019; Wright et al. 2006).

After puberty, testosterone secretion in boys starts showing diurnal variations
with shorter (90 min) ultradian fluctuations. Testosterone levels peak around wake
time and drop during the day (Albertsson-Wikland et al. 1997). In contrast to cortisol
and epinephrine, the diurnal testosterone rhythm might be sleep-related and conse-
quently depressed by sleep deprivation, rather than a circadian-driven phenomenon
(Lord et al. 2014). Androgens are considered to be beneficial in asthma, and low
nocturnal levels might contribute to nocturnal asthma. In addition to their anti-
inflammatory effect (Cephus et al. 2017; Fuseini et al. 2018), androgens, such as
testosterone, may have bronchodilator properties by either relaxing precontracted
airway smooth muscle cells (Montano et al. 2014) or amplifying the relaxing effect
of β2-agonists (Bordallo et al. 2008).
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Testosterone was associated with higher metabolic rate [O2 consumption (VO2)
and CO2 production (VCO2)], higher minute ventilation (VE), and increased hyp-
oxic and hypercapnic ventilatory responses (White et al. 1985). In girls, estradiol has
both a diurnal and ultradian rhythm that remarkably consistent throughout the
menstrual cycle (Bao et al. 2003). However, the physiologic effect of estradiol’s
diurnal fluctuation on lung function is difficult to differentiate from the effect of its
fluctuations during the menstrual cycle (Lord et al. 2014).

4.4.5 The Effect of Sex Hormone Fluctuation Across
the Menstrual Cycle on Lung Function, Asthma,
and Obstructive Sleep Apnea

Ovarian sex hormones have a myriad of biologic effects outside the sexual organs.
They modulate the immune response (Newcomb et al. 2015; Straub 2007), regulate
metabolic processes (Rettberg et al. 2014), and influence redox balance and lipid
peroxidation (Bednarek-Tupikowska et al. 2004). Sex hormones’ daily production
varies significantly during the menstrual cycle. Estradiol daily production rate
increases by 7- to 10-fold and progesterone production rate increases 4- to 25-fold
in the luteal phase and preovulatory period, respectively, compared to the follicular
phase (Reed and Carr 2000). The effect of gonadal sex hormones variations on lung
function has been supported by reports showing significant changes in airflow and
lung diffusing capacity (DLCO) over the menstrual cycle. In both healthy women
and women with asthma, peak levels of FEV1, FVC, and DLCO occurred during
menses and subsequently declined to nadir in the early luteal phase (Farha et al.
2009). Women may also have different courses of exercise response conditional on
the phase of menstrual cycle. Compared to the follicular phase, higher estrogen and
progesterone levels were linked to superior performance and lower lactate produc-
tion during strenuous exercise in the luteal phase. Such differences were not seen
during light exercise (Jurkowski et al. 1981).

4.4.5.1 Asthma and the Menstrual Cycle in Older Girls

Asthma severity, airway inflammation, and lung function vary considerably over the
menstrual cycle. Fractional exhaled nitric oxide (FeNO), a biomarker of airway
inflammation, was highest at mid-cycle (Kharitonov et al. 1994). Airway
hyperresponsiveness also varies considerably over the course of the menstrual
cycle, and PC20 was noticed to decline by more than half in patients with mild
asthma, with nadir values measured in the luteal phase (Tan et al. 1997a). Although
the underlying biologic mechanisms are still speculative, changes in lung function
over the menstrual cycle have been attributed to the effect of sex hormones on the
cyclical regulation of β2 adrenoceptors and angiogenesis in the lungs (Farha et al.
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2007; Tan et al. 1997a). In healthy female individuals, the rise in sex-steroid
hormones during the luteal phase was paralleled by an increase in lymphocyte β2-
adrenoceptor (β2-AR) density and in maximal cyclic AMP response to nonselective
β adrenoreceptor agonists such as isoprenaline. Upregulation of β2-AR has also been
demonstrated when progesterone, but not estrogen were administered to healthy
women during the follicular phase (Wheeldon et al. 1994). In contrast to healthy
females, female asthmatics exhibit loss of the cyclical pattern of β2-AR regulation.
Instead of revealing a rise in β2-AR during the luteal phase, asthmatic females
manifest a drop in the β2-AR density and cyclic AMP airway responsiveness during
the luteal phase of and after progesterone supplementation (Tan et al. 1997a, c). Sex
hormones have a wide variety of effects beyond the β2-AR. For example, they alter
epithelial cell function and ciliary beat frequency. Expressed in airway epithelium,
progesterone inhibits the beat frequency of cilia, which may influence mucociliary
clearance during menstrual cycle (Jain et al. 2012).

As noted above, severe asthma is equally likely to improve with puberty in boys
and girls, when androgen levels, dehydroepiandrosterone sulfate (DHEA-S),
increase in both sexes (DeBoer et al. 2018). This suggests that the beneficial role
of increasing androgen levels during adolescences exceeds the adverse respiratory
effects of female hormones (Sears et al. 2003; Sekerel et al. 2006; Kjellman and
Gustafsson 2000; Vink et al. 2010; Arshad; Ross et al. 2019). Increasing androgen
levels, seen with puberty, inhibits smooth muscle contraction and airway fibroblast
proliferation (Koziol-White et al. 2012; Mendoza-Milla et al. 2013; Xu et al. 2014).
In a randomized double-blind placebo-controlled trial, better asthma control was
reported in the group that received nebulized DHEA as compared to control (Wenzel
et al. 2010). Similarly, lung function was improved significantly after oral DHEA
supplementation in a small study of asthmatic women with low baseline DHEA-S
levels (Marozkina et al. 2018).

Premenstrual variation of asthmatic symptoms affects about 20–40% of females
with asthma. This is manifested as lower FEV1 and more respiratory symptoms in
the premenstrual period, and has been attributed to abnormal β2-AR regulation in the
luteal and in premenstrual phase and of the menstrual cycle (Tan et al. 1997a, c;
Wheeldon et al. 1994). This translates clinically into increased airway hyper-
responsiveness and higher rate of urgent healthcare utilization during those periods
of the menstrual cycle (Tan et al. 1997a; Rao et al. 2013). Premenstrual asthma can
sometimes be severe, and asthma-related death during the premenstrual period has
often been reported just after the onset of puberty (Beynon et al. 1988). To date,
evidence-based therapy of premenstrual asthma (PMA) is still lacking. A beneficial
role of oral contraceptive pills (OCP) was suggested in a small series of 18 women
(Tan et al. 1997b). The suppression of the rise in luteal phase sex-hormone levels,
caused by oral contraceptives, resulted in an attenuated cyclical change in asthma
symptoms, and in airway hyper-responsiveness. This is manifested clinically by a
smaller variation in provocative concentration causing a 20% fall in FEV1 (PC20)
and peak expiratory flow rate (PEFR) during the different phases of the menstrual
cycle (Tan et al. 1997b). However, neither therapy with meclofenamic acid nor
estradiol supplementation was found to be beneficial in two separate randomized
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controlled trials (Ensom et al. 2003; Eliasson et al. 1987). Mechanisms underlying
the pathobiology of premenstrual asthma are complex. In addition to worsening
airway obstruction that was related to the loss of the normal cyclical β2 -AR
regulation, greater airway inflammation is manifested by increasing FeNO and
higher sputum eosinophils in the luteal phase (Oguzulgen et al. 2002; Pauli et al.
1989).

4.4.5.2 Obstructive Sleep Apnea (OSA)

The prevalence and severity of OSA are higher in men compared to women. This has
been related to increased risk for upper airway (UA) compliance and collapsibility in
men compared to women based on anatomic differences such as increased length of
vulnerable airways and soft palate size. The UA becomes narrower and more
vulnerable with increased accumulation in the neck of fluid displaced from the
legs during recumbence at night (Kasai et al. 2014; Malhotra et al. 2002). OSA
affects 1.2–5.7% of children. Its incidence is similar between sexes before puberty,
and it is commonly caused by adenotonsillar hypertrophy between the ages of 2 and
8 years (DelRosso 2016). Other risk factors include craniofacial abnormalities,
certain genetic conditions, and neuromuscular disorders. After puberty, the patho-
genesis of OSA diverges, and OSA becomes more common in boys than girls
(Redline et al. 2007). Adolescent girls (age 9–15 years) with OSA have lower
apnea-hypopnea index (AHI), less oxygen desaturation, and better sleep efficiency
than boys (Inoshita et al. 2018).

Sex differences in OSA have been linked to sex hormones. In hypogonadal men,
testosterone administration was associated with enhanced ventilatory instability and
higher AHI (Matsumoto et al. 1985). Low testosterone levels have also been
associated with OSA in obese males aged 14–20 years. In this case, both OSA and
the peripheral conversion of testosterone into estrone are reversed by weight loss
(Mogri et al. 2013). The lower risk and severity in postpubertal girls have been
related to the protective effect of female sex hormones on airways and ventilatory
drive. Progesterone increases the tone of the upper airway muscles and stimulates
ventilation by increasing the chemoreceptor response to hypoxia and hypercapnia
(Shahar et al. 2003; Popovic and White 1998).

4.5 Pregnancy

4.5.1 Societal and Health Burden of Adolescent (Teen)
Pregnancy

Adolescent or teen pregnancy is classically defined as a pregnancy in a teenager
between the ages of 13 and 19 years. It is not a unique health problem in the United
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States and is a significant global problem as well. Teen pregnancy and childbirth-
related complications constitute the second leading cause of death among females
15- to 19-years of age worldwide (McCarthy et al. 2014). Although this rate has been
steadily declining in the United States over the last 20 years, there were 194,377
babies born to teens 15–19 years-old accounting for 5.0% of all births in 2017
(Martin et al. 2018). Approximately 80% of all adolescent pregnancies are
unintended, and up to half of them lead to elective abortions (Falk et al. 2006).

Adolescent pregnancy negatively impacts the financial, emotional, and social
wellbeing of the pregnant teen (Chandra et al. 2002; Mollborn and Morningstar
2009). Teenagers are at higher risk for poor nutrition, delayed pregnancy diagnosis,
and substandard prenatal care (Leftwich and Alves 2017; Martin et al. 2018).
Furthermore, pregnant teens are more likely to report substance and alcohol use
(1.1% vs 0.2%) and are more likely to smoke (36% vs 7%) than adult mothers. They
are frequently subject to higher levels of emotional stress and are more likely to live
in an unsafe home environment with an abusive partner (Leftwich and Alves 2017;
Chandra et al. 2002).

Adolescent pregnancy has significant short- and long-term consequences. Pre-
eclampsia, preterm birth, fetal growth retardation, neonatal complications, and infant
deaths are more common among pregnant teens when compared to adult mothers
(Ganchimeg et al. 2014; Malabarey et al. 2012; Fraser et al. 1995; Ogawa et al.
2019), and may result from a combination of several biologic (i.e., biologic imma-
turity) and sociodemographic factors (Ganchimeg et al. 2014; Fraser et al. 1995).
Teen pregnancy also results in substantial social and psychological long-term
consequences, as mothers are more likely to drop out of high school, live in poverty,
receive public assistance, and be subject to domestic violence (Leftwich and Alves
2017). Along with other biologic factors, these societal influences were associated
with increased risk of early death among teen mothers, as demonstrated by a higher
risk for ischemic heart disease, suicide, violence, alcohol use, and lung and cervical
cancer (Otterblad Olausson et al. 2004). Similarly, a cross-sectional analysis from
the International Mobility in Aging Study (n¼ 1040) showed that early maternal age
(<18 years) at first birth was significantly associated with diabetes (OR [95% CI]:
1.88 [1.25–2.83]), chronic lung disease (OR [95% CI]: 2.40 [1.49–3.86]), high blood
pressure (OR [95% CI]: 2.09 [1.38–3.16]), obesity, and poor physical performance
at older ages (Pirkle et al. 2014). Cumulative evidence supports the importance of
contraception and sex education in young women to prevent teen pregnancy and
avoid short- and long-term negative consequences.

4.5.2 Lung Function During Pregnancy

Pregnancy affects lung and chest wall mechanics, ventilatory patterns, and gas
exchange through hormone-mediated pathways and mechanical changes. While
peak flow rates do not significantly change during pregnancy in non-asthmatic
women (Brancazio et al. 1997), lung volumes are affected by diaphragmatic
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elevation and altered configuration of the thorax. After the second half of pregnancy,
drops in expiratory reserve volume (ERV) and residual volume (RV) result in about
20% mean decrease in functional residual capacity (FRC) (Weinberger et al. 1980).
In the supine position and during sleep, higher intra-abdominal pressure caused by
the gravid uterus and loss of muscle tone result in a further drop in FRC. Once the
FRC drops below the closing capacity, the terminal bronchioles may close during
tidal breathing (Milic-Emili et al. 2007). This phenomenon becomes important in
late pregnancy, when airway closure results in ventilation–perfusion mismatch,
reduced gas exchange, and hypoxemia (Bourne et al. 1995).

4.5.3 Asthma During Pregnancy

Asthma commonly improves during pregnancy. However, asthma symptoms and
increased bronchial hyper-responsiveness may worsen in about 35% of pregnant
women (Juniper et al. 1989). While the exact mechanism remains unknown, the
mechanical effects of the fetus on the airways and hormonal effects have been
implicated. In addition, maternal asthma has shown increased expression of genes
related to inflammatory pathways, cellular growth, and tissue development in the
female placenta as compared to the male placenta (Osei-Kumah et al. 2011). Severe
maternal asthma can result in significant newborn comorbidities, and higher rates of
prematurity and intrauterine growth retardation (Mendola et al. 2014). Remarkably,
sex differences in fetal vulnerability have also been reported, with lower birth weight
seen in female newborns of mothers with asthma as compared to males. These
suggest a sex-specific effect of maternal inflammation on placental function in
response to stress (Murphy et al. 2003).

4.6 Summary

Significant sex differences exist in the human lung across the life span starting from
the 16th week of gestation. Female and male sex hormones affect lung health
differently across the life span. In the late gestational and early neonatal period,
female sex hormones are beneficial, increasing alveologenesis and improving lung
maturation; androgens appear to be detrimental to these processes. The opposite
occurs after puberty when severe asthma, for example, improves with increasing
androgen levels. In essence, the effect of sex hormone on lung health depends on the
timing of exposure across the life span, and accordingly affects disease prevalence
and severity disproportionally between males and females, as illustrated in Fig. 4.3.
Although the role of sex hormones in lung diseases such as asthma, cystic fibrosis,
and obstructive sleep apnea is supported by epidemiological studies and animal
studies, the role of hormonal modification in lung diseases is understudied. This
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opens a new chapter in personalized medicine that extends beyond anti-
inflammatory and other standardized therapies.
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Chapter 5
Neonatal Lung Disease: Mechanisms
Driving Sex Differences

Krithika Lingappan, Brielle Hayward-Piatkovskyi, and Jason P. Gleghorn

Abstract The newborn lung exhibits many sex-specific differences during devel-
opment, post-natal transition, and in the manifestation of neonatal lung diseases.
These differences are evident during fetal lung development and are mainly related
to maturity in surfactant production. The male sex disadvantage is prominently
manifested in premature neonates, in whom many morbidities are skewed toward
the male sex. Respiratory distress syndrome and bronchopulmonary dysplasia
(BPD) show a higher incidence in premature boys. Despite the well-established
sex-specific differences in the incidence of BPD and impaired lung function in
males, the molecular mechanism(s) behind them are not completely understood.
The recovery in lung function following neonatal lung injury in infants with BPD is
better in females. Differential modulation of genes related to inflammation, antiox-
idant pathways, and sex-chromosome-associated genes and epigenetic pathways
including miRNAs may play a role in this sexual dimorphism. Cellular sex also
plays a role in dictating the cell fate under stress and sex-based differences have been
reported in lung endothelial cells and fibroblasts. The neonatal lung may thus be
modulated by hormone-dependent and -independent mechanisms that lead to sex
differences both at baseline and after injury exposure.
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5.1 Introduction

Sex-related differences exist in many pediatric lung diseases, including respiratory
distress syndrome, bronchopulmonary dysplasia, asthma, interstitial lung diseases,
and cystic fibrosis (Liptzin et al. 2015; Carey et al. 2007; Townsend et al. 2012). The
male disadvantage is a well-established clinical and epidemiological fact in the
neonatal age group, especially as it pertains to the preterm population (Brothwood
et al. 1986; Stevenson et al. 2000; Ito et al. 2017; O'Driscoll et al. 2018). The updated
National Institutes of Child Health and Disease (NICHD) and Neonatal research
network (NRN) extremely preterm birth outcome model includes sex as a critical
biological variable for calculating outcomes. This model is used for counseling
parents about the incidence of mortality and morbidity of their preterm baby (Rysavy
et al. 2020). Being a singleton preterm female gives the equivalent survival advan-
tage of one additional week of in-utero gestation in outcomes when compared to
males. In this model, the odds in favor of survival in female premature neonates is
1.77 (1.53–2.04), compared to males. In 1971, Naeye et al. reported the male
disadvantage toward mortality after birth (Naeye et al. 1971). They hypothesized
that the biologic reason was related to the dosage of X-chromosome-related genes in
females, many of which modulate functions other than those specifically related to
reproduction.

Fetal lung development involves the spatiotemporal activation and inhibition of
many critical developmental pathways in preparing the lung for ex-utero adaptation
and survival. The fetal lung follows different trajectories of lung development and
maturation based on the fetal sex. Many of these pathways, in particular surfactant
synthesis, exhibit a sexual dimorphism (Nielsen 1992; Seaborn et al. 2010) due to
the deleterious effects of androgens in the developing male fetus. However,
irrespective of sex hormones, mammalian cells also exhibit intrinsic sex-specific
differences and respond differently to various stressors (Penaloza et al. 2009).
Understanding the hormone-dependent and the hormone-independent mechanisms
will be key not only to elucidate the biology behind these differences but also to the
development of personalized and individualized therapies. The NIH policy statement
underlines the importance of sex-specific research in preclinical animal and in vitro
studies (Clayton and Collins 2014) and consideration of sex as a biological variable
is an integral part of every research analysis and scientific publication. Differences
between the male and female neonatal lung and in their susceptibility to injury and
subsequent repair and recovery could be a result of both differences at baseline or
differences in the pathways activated or inhibited in response to the injurious stimuli.
The fetal lung is exposed to male or female hormones depending on the fetal gonadal
sex during in-utero development and during the immediate postnatal period. There-
after, the l lung is further exposed to the post-pubertal levels of sex-hormones.
Cellular sex also matters in the response of each cell type to a stressor (Penaloza
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et al. 2009). The lung is home to more than forty cell types. Genes on the sex
chromosomes can be differentially expressed between male and female cells because
of the gene dosage (single or double copies) and due to X-chromosome inactivation
(Carrel and Willard 2005) or genetic imprinting. Sex-chromosome-related differ-
ences in gene expression could in part explain the sexual dimorphism in some
diseases. The neonatal lung may thus be modulated by hormone-independent path-
ways in injury and repair.

5.2 Sex-Specific Differences in Lung Development

The lung goes through five major stages during development: embryonic, pseudo-
glandular, canalicular, saccular, and alveolar. Embryonic stage (3–7 weeks gesta-
tional age) is when the primary right and left buds form, originating from the foregut
endoderm. In the pseudo-glandular stage (5–17 weeks gestational age), branching
morphogenesis establishes the airway tree and cellular differentiation begins
(Nardiello et al. 2017; Nikolić et al. 2018). The formation of tracheal cartilage,
smooth muscle, and blood vessels occurs, and fetal breathing begins. Subsequently,
the canalicular stage (16–29 weeks gestational age) is marked by continual epithelial
branching and further cell differentiation, with the appearance of alveolar epithelial
cells alongside mesenchyme cell thinning and the initial formation of a capillary
network around distal epithelial airspaces. During the saccular stage (24–38 weeks
gestational age) branching morphogenesis ends and the presence of saccules at the
end of airways is visible. Each saccule is surrounded by capillaries and alveolar
epithelial cells begin to differentiate into type 2 alveolar epithelial AT2 cells, which
mature and begin producing surfactant. The final stage, alveolarization (32 weeks
gestational age through adolescence), is defined by the formation of alveoli and
maturation of the surrounding capillary network (Nardiello et al. 2017; Nikolić et al.
2018). Several animal models that are used to study human lung development, with
the timing of each stage over development, are summarized in Table 5.1.

5.2.1 Small Animal Models

Small animal models include rodent and rabbit models. Mouse models are by far the
most widely used to study respiratory diseases that are associated with lung devel-
opment and prematurity. Both mice and rats are readily available, are easy to
maintain, have shorter gestational time periods and the ability to use transgenic
mice in particular, and are unparalleled in other animal models (Nardiello et al.
2017). Rodent models allow for the study of alveolarization without the need for
premature delivery as rodents are born while their lungs are in the saccular stage of
development, which is more representative of a premature neonate of 24 weeks of
gestational age.
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Whereas rodents are strong models to study lung development, there are some
drawbacks to using these models exclusively. At birth, despite their lungs being in
the saccular stage of development, mice and rats are competent for gas exchange on
their own, which is in sharp contrast with preterm humans in a saccular stage of
development which requires mechanical ventilation. The physical size of these
animals further makes mechanical ventilation challenging. Other animal models
provide some advantages over the mouse and rat model in these regards, though
no other model allows for the breadth of genetic control that the mouse model
provides or the ability to study alveolarization without preterm delivery. Many
researchers have used different models of postnatal insults (hyperoxia of varying
durations, hyperoxia+LPS, hyperoxia+mechanical ventilation, genetic manipulation
+ hyperoxia) to elucidate the molecular mechanisms involved in normal and
dysregulated lung development (Ambalavanan and Morty 2016; Hilgendorff et al.
2013). Castration and ovariectomy in neonatal mouse pups are challenging. How-
ever, inhibitors/antagonists of male or female sex hormones can be administered to
study the role of sex hormones in the immediate postnatal period.

A powerful tool for the study of sex differences using a transgenic mouse is the
four-core genotype (FCG) mouse model in which chromosomal sex is independent
of gonadal sex (Arnold and Chen 2009). While this mouse has not yet been utilized
to study sex differences in lung development, it has been used to study sex differ-
ences in pulmonary hypertension, specifically that the presence of the Y chromo-
some may be beneficial to mitigating hypoxic induced pulmonary hypertension
(Umar et al. 2018).

In neonatal male and female mice (C57BL/6) exposed to hyperoxia during the
saccular stage of lung development (95% FiO2, PND 1–5), lung morphometry
showed a higher mean linear intercept and a lower radial alveolar count and therefore

Table 5.1 Stages of lung development in model organisms

Stages

Term Embryonic
Pseudo-
glandular Canalicular Saccular Alveolar

Mouse (days) 18.5–
21

E9–E11.5 E11.5–E16.5 E16.5–
E17.5

E17.5–
P5

P5–P28

Rat (days) 21–23 E8–E13 E18–E18 E18–E20 E20–P5 P5–P30

Rabbit (days) 32 0–18 21–24 24–27 27–30 30–32b

Lamb
(weeks)

21 0–5.5 5.5–11.5 11.5–15.5 15.5–
18.5

18.5–21b

Porcine
(weeks)

16.5 0–3.5 3–8 8–14 14–15 15–16.5a

Baboon
(weeks)

24–
26.5

0–6 0–11.5 11.5–17 17–20 20–26.5a

Human
(weeks)

40 3–7 5–17 16–29 24–38 32–6 to
8 years

aKnown to continue after birth but the end of this phase is not known
bIndicates the end of the first phase of alveolarization because the end of the second phase is
unknown
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greater arrest in lung development in male mice. The male lungs also showed greater
impairment of lung vascular development with decreased expression of PECAM1
and VEGFR2, compared to females (Lingappan et al. 2016). Sex-specific differences
in adult lung architecture have been documented in mice exposed to postnatal
hyperoxia (O’Reilly et al. 2014). Similar results with the female protection against
neonatal hyperoxic lung injury were seen with CD1 (outbred) and C57BL/6 (inbred)
mice (Leary et al. 2019). Hyperoxia-exposed female mice showed decreased alve-
olar protein leak and inflammatory cells in the bronchoalveolar lavage fluid. Adverse
effects on lung function following exposure to hyperoxia in the neonatal period were
more significant in males. Neonatal C57BL/6 J mice exposed to inhaled 65% oxygen
from birth for 7 days were then returned to room air until 11 months of age. Lung
function tests performed at 11 months showed impairment of lung function in
hyperoxia-exposed mice, but males also had elevated responses to methacholine
(Sozo et al. 2015).

The rabbit model serves as a reasonable intermediary between rodent and large
animal models, since rabbits are more phylogenetically similar to humans and
undergo comparable lung development (Kamaruzaman et al. 2013). Similar to
human term infants, rabbit kits are born at term in the alveolar stage of lung
development and can be delivered via cesarean section to approximate a severely
premature human infants (D'Angio and Ryan 2014; Nardiello et al. 2017). This
advantage, paired with the increased ease of ventilating rabbit kits, allows for the
close replication of postnatal clinical course seen in premature infants. Although the
rabbit has some advantages over the smaller rodent models, the rabbit genome is not
well mapped out and the availability of reagents, such as qPCR probes and anti-
bodies, is limited due to the fact that few studies use this model organism (D'Angio
and Ryan 2014). The role of sex hormones on lung development in rabbits has
largely been studied using lung explants, or isolated tracheal smooth muscle
(Kouloumenta et al. 2006; Stamatiou et al. 2011) and the analysis of lung lavage
fluid (Nielsen and Torday 1981). Neonatal female rabbit lung explants (21 days of
gestation) had increased incorporation of glycerol into disaturated phosphatidylcho-
line over time in response to epidermal growth factor treatment (Klein and Nielsen
1992).

5.2.2 Large Animal Models

The sheep, swine, and non-human primate animal models are the traditional large
animal models that are used to investigate lung development, particularly in the
context of preterm birth, BPD, RDS, and in preclinical surgical models such as for
the fetoscopic endoluminal tracheal occlusion (FETO) procedure. Term lambs, pigs,
and baboons are born in the alveolar stage of lung development, similar to humans
(Nardiello et al. 2017). Preterm delivery of all three animal models in saccular stage
of lung development is possible due to their large size and ventilation is relatively
straightforward and similar to prematurely delivered humans. Upon being ventilated,
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premature baboon infants develop pathology that mimics the pathology observed in
prematurely born human infants and are the most biologically relevant animal model
of BPD. It is also possible to recapitulate the pathology of BPD in ventilated lambs
(Albertine 2015). The preterm porcine model provides specific advantages over
lamb and baboon in that there are large litter sizes, allowing for comparison between
genetically defined siblings. Additionally, preterm piglets can be ventilated using
both NICU equipment and protocols (Caminita et al. 2015) and piglets are at risk of
developing respiratory disease syndrome (RDS) that is clinically comparable to
human premature infants.

A continual challenge with large animal models is the substantial cost of
maintaining and treating these animals, and complex ethical questions must be
considered. Experiments with large animal models require constant monitoring,
similar to human infants in neonatal intensive care units (NICU). Further, there is
no perfect animal model; each one has selected aspects of human development and
physiology that they recapitulate. Lastly, these models lack the molecular and
genetic tools available that mouse transgenic models provide, making investigations
of mechanisms much more difficult.

Much of the sex-based differences studies in the lamb on lung development have
been focused on near term lambs that do not require oxygen supplementation. These
studies assessed the sex-dependent lung architecture differences as well as the delay
in surfactant production found in male fetuses (Ishak et al. 2012). While overall lung
structure was not different in male and female lambs, as is found in human infants,
male lambs had significantly lower pH and higher arterial partial pressure of CO2

and mean arterial pressure than females. Static lung compliance was lower in males
than females. The bronchoalveolar lavage revealed less mature surfactant in males.
This could be linked to a known sex differences in the rate of early lung develop-
ment, observed in both humans and lambs, which may be linked to presence of sex
hormones (Adamson et al. 1990). Further, lamb lungs explants can be used to study
molecular mechanisms ex vivo, as has been done in adolescent castrated male lambs
to investigate the role of estradiol signaling in a lung model of hypoxia (Wetzel et al.
1984).

The pig and baboon models have not been used as widely for sex-based differ-
ences studies. The pig has largely been used to investigate the influence of sex
hormones on bronchial constriction and the effect of hypoxia (Foster et al. 1983;
McMurtry et al. 1973). While preterm and early postnatal studies are lacking in the
sex-differences porcine model, the role of sex hormones in cardiovascular disease,
such as atherosclerosis, has been studied using this model (Farhat et al. 1995; Jones
et al. 1999). These include treatment of adult male and female pigs with either
testosterone or estrogens for their influence in driving sex-dependent differences in
these adult diseases. Additionally, due to the restrictions on performing baboon
studies, there are few that have studied the influence of sex differences in preterm
baboons. The influence of estrogen in surfactant production in preterm baboons
where mothers were treated with estradiol inhibitors prior to delivery has shown that
there is no influence from this inhibition. It is important to note that the sex of the
baboons included in this study were not disclosed and sample numbers for each
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condition tested were small, ranging from 4 to 8 baboons, due to the restrictions
placed on animal numbers for these studies (Pepe et al. 2003). While there has been
little work on sex differences, specifically, in the preterm baboon model, there exists
a model of BPD in preterm baboons (Coalson et al. 1982; Escobedo et al. 1982;
Maniscalco et al. 2002).

5.2.3 Human Models

No animal model can fully recapitulate human lung development (Nikolić et al.
2018), or respiratory diseases that afflict prematurely born infants. Publicly available
databases are available to researchers to query gene and protein expression in the
newborn human and mouse lung, such as the LungMAP (Ardini-Poleske et al.
2017). While human models are ideal for studying human lung development, there
are significant drawbacks that need to be considered. Primary human lung tissue,
especially of fetal origins, is scarce. Source material after 20 post-conception weeks
is rarely available in most countries. Immortalized cell lines can be used in place of
primary cells, though the phenotype of these cells could be altered by the immor-
talization process, and it is unclear if they are fully capable of recapitulating a normal
lung physiology. Further, while there is a collection of assays that are available, there
has yet to be a standard established in the field for studying lung development (Miller
and Spence 2017).

Human models of lung development fall into three major categories: monolayer
cultures, 3D organoids, and ex vivo cultures. The most successful monolayer
cultures of lung epithelia are those that use transwell inserts to create an air–liquid
interface (ALI) that allow the epithelial cells to polarize and produce cilia and mucus
(Park and Tschumperlin 2009). Immortalized cell lines as well as primary bronchial
and alveolar epithelial cells can successfully be cultured using this method, in either
monocultures or cocultures with vascular endothelial cells. The ALI model is best
suited to testing pharmacological agents as well as environmental toxins (Dye et al.
2015; Miller et al. 2018; Miller and Spence 2017). Organoid cultures involve the
isolation of human pluripotent stem cells (hPSC) and embedding them into a matrix
where 2D lung organoids will spontaneously self-assemble when stimulated with
specific cocktails of growth factors (Miller et al. 2019). Extracellular matrices
(ECM) traditionally used for these assays are matrigel and collagen, though new
advances in decellularized lung tissue has provided a new ECM source material that
is more biologically relevant (Miller and Spence 2017). Unfortunately, there is no
standard technique to decellularize lung tissue, which produces variability between
users. To address this, there are now bioengineered matrices available for use in
these assays (Cortiella et al. 2006; Trecartin et al. 2016). Finally, there are ex vivo
models that are often used to study epithelial branching and the molecular pathways
that regulate lung growth and development. These models consist of ex vivo culture
of sections of human lung explants on floating membranes at the air–liquid interface
(Danopoulos et al. 2018) or grafted onto mouse kidneys, to become vascularized so
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that branching morphogenesis can be interrogated (Vu et al. 2003). The role of
biological sex in these ex-vivo and in-vitro models will be extremely crucial to
answer the questions regarding sex-based susceptibility or protection from neonatal
lung diseases.

5.3 Sex-Specific Differences in Postnatal Lung Disease

Mortality and major neonatal morbidities such as respiratory distress syndrome and
bronchopulmonary dysplasia are more frequent in preterm males than females even
after adjustment all other potential confounders. Even in the post-surfactant era,
Binet et al. reported that extremely premature male neonates (born between 24 and
26 weeks of gestation) displayed a significantly increased risk of respiratory com-
plications (Binet et al. 2012). A study involving 20,570 infants of gestational ages
22 to 29 weeks (Boghossian et al. 2018) from the Vermont Oxford Network registry
found that compared with girls, boys had significantly higher risks of mortality
before hospital discharge, respiratory distress syndrome, bronchopulmonary dyspla-
sia, pneumothorax, and survival with morbidities. This sex-specific difference was
also seen with non-pulmonary outcomes such as necrotizing enterocolitis (NEC),
severe retinopathy of prematurity (ROP), and severe intraventricular hemorrhage
(IVH). Differences in hormonal, genetic, and immunological pathways have been
postulated to contribute to all the above pulmonary and non-pulmonary outcomes
(O'Driscoll et al. 2018).

5.3.1 Respiratory Distress Syndrome (RDS)

Respiratory distress syndrome, previously known as hyaline membrane disease, is a
disease that is characteristic of the surfactant-deficient lung and thus predominantly
manifests in premature babies. The disease is characterized by widespread alveolar
atelectasis and decrease in lung compliance with secondary complications such as
pneumothorax. Before the introduction of antenatal corticosteroids and postnatal
surfactant replacement therapy, this was a major contributor to neonatal mortality
and the higher mortality in male neonates was noticed even in the early studies
(Farrell and Wood 1976; Papageorgiou et al. 1981; Shanklin 1963).

Since the main factor involved in the pathophysiology of this disease is surfactant
deficiency, the more mature or developed the fetal lung, the less chances of RDS
manifesting in the postnatal period. Interestingly, the developing female fetal lungs
are structurally more advanced than male lungs especially at earlier gestational ages
(Naeye et al. 1974). Indices of lung surfactant production including amniotic fluid
lecithin/sphingomyelin (L/S) ratios, desaturated lecithin, phosphatidylglycerol, and
phosphatidylinositol levels reached maturity earlier in female preterm neonates
compared to male (Fleisher et al. 1985).
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Mothers at risk of preterm birth are given antenatal steroids to hasten lung
maturity in the preterm fetus and decrease the incidence of RDS and need for
respiratory support postnatally. This therapy also has differential effects depending
on the fetal sex. Following antenatal betamethasone therapy, the sex-specific differ-
ence in the incidence of this disease was further magnified with female neonates
deriving more benefit compared to similarly treated males. Van Marter et al.
observed that in preterm male neonates less than 1000 grams at birth, antenatal
steroids did not show a protective effect but showed an insignificant increase in the
incidence of BPD (Van Marter et al. 1990). A similar result was seen in an European
study in which the authors reported that prevention of RDS with betamethasone in
preterm neonates is far more effective in females (Papageorgiou et al. 1981).
Microvascular blood flow was better preserved in preterm females following gluco-
corticoid exposure (Stark et al. 2011). A systematic review and meta-analysis,
however, did not find any sex-specific differences, although the type of antenatal
glucocorticoid used (betamethasone vs. dexamethasone) did have a sex-specific
effect (Roberge et al. 2011).

5.3.2 Bronchopulmonary Dysplasia (BPD)

Bronchopulmonary dysplasia is a disease in preterm neonates that is characterized
by an arrest in alveolarization and aberrant pulmonary vascular development (Jobe
2012). The more premature the baby, the greater the risk of developing this disease
with incidence greater that 40% in the extremely low birth neonate (Stoll et al. 2015).
BPD is diagnosed currently by the need for the level of oxygen or respiratory support
at 36 weeks of post menstrual age (Higgins et al. 2018). Children diagnosed with
BPD have long-term complications, including need for tracheostomy and mechan-
ical ventilation, pulmonary hypertension, and poor neurodevelopmental outcomes
(Anderson and Doyle 2006; Urs et al. 2018). Even as adults, the lung function in
these NICU graduates remains suboptimal and could lead to an earlier onset of
chronic adult diseases (Urs et al. 2018). Advances in neonatal critical care have
increased the survival and decreased many neonatal morbidities but the rate of BPD
has plateaued (Horbar et al. 2017).

Numerous clinical studies have reported a higher incidence of BPD in premature
boys after adjusting for other confounders (Binet et al. 2012; Costeloe et al. 2000;
Kraybill et al. 1989; O'Shea et al. 2012; Zysman-Colman et al. 2013), and male sex is
considered an independent predictor for BPD (Binet et al. 2012; Costeloe et al. 2000;
Farstad et al. 2011; Kraybill et al. 1989; O'Shea et al. 2012; Trembath and Laughon
2012; Zysman-Colman et al. 2013). In a study conducted by the Neonatal Research
Network, among a cohort of more than 3000 premature babies with BPD, male sex
was one of the six covariates, which was independently associated with BPD and
predicted disease severity (Laughon et al. 2011). The long-term lung function in
premature boys was also noted to be worse when compared to girls (Stocks et al.
1997; Thomas et al. 2006). Despite the well-established sex-specific differences in
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the incidence of BPD and impaired lung function in males, the molecular mechanism
(s) behind them are not completely understood.

Need for mechanical ventilation after birth is one of the risk factors that pre-
disposes to the development of BPD. Decreasing the need and the duration of
mechanical ventilation is a part of many care bundles in NICUs to decrease the
incidence of this disease. Non-invasive ventilation, including continuous positive
airway pressure (CPAP), and medications such as caffeine are used to decrease
intubation and need for mechanical ventilation in these babies. As described before
since the developing female fetal lung may be more advanced in lung maturation
compared to the male lung, and could possibly derive a greater benefit from antenatal
corticosteroids, it would be reasonable to expect the female preterm lung to adapt to
the postnatal environment more successfully than the male. Vento et al. measured
preductal SpO2 in the first 10 min after birth in preterm infants treated with
non-invasive continuous positive airway pressure (CPAP) in 102 preterm babies
less than 32 weeks of gestational age found that female babies achieved targeted
SpO2 significantly earlier than male babies (Vento et al. 2013). These sex-based
differences in human preterm neonates have been found to emerge clinically, very
early after birth. At 6 hours after birth male infants had a significantly higher need for
mechanical ventilation compared to females and was also associated with a higher
need for circulatory support. In this cohort of babies, bronchopulmonary dysplasia
developed in 36.2% of males versus 9.8% of female infants (p ¼ 0.004) (Elsmén
et al. 2004).

In a prospective cohort study, Keller et al. identified the utility of clinical pre-
dictors of persistent respiratory morbidity in extremely low gestational age newborns
(Keller et al. 2017). Persistent respiratory morbidity was defined as hospitalization
for respiratory indication, home respiratory support, respiratory medications, or
respiratory symptoms persisting for greater than at least three months. Furthermore,
severity of respiratory morbidity was also evaluated. Male sex and intrauterine
growth restriction were important risk factors for morbidity in all models, with
increased odds of morbidity for male infants ranging from 1.7 to 3.1, depending
on the model.

Pulmonary effects of BPD last through the entire life span, and adults who were
born preterm have higher incidence of airflow obstruction, gas trapping, and reduced
gas exchange compared to controls born term (Yang et al. 2020). Interestingly, lung
function at term in extremely preterm neonates was worse in males. This points to
the impaired repair and recovery mechanisms in the male lung despite both of them
being exposed to the same perinatal insults (Bentsen et al. 2017). In the United
Kingdom, among 797 infants (with 428 boys) born at 23–28 weeks gestational age,
male sex was associated with significantly higher death or oxygen dependency,
pulmonary hemorrhage, and use of postnatal steroids (Peacock et al. 2012). Pulmo-
nary function tests performed during discharge from the NICU in preterm neonates
revealed that maximal expiratory flow at functional residual capacity (V0 maxFRC)
tended to be higher and respiratory resistance was lower in girls (Stocks et al. 1997).
Similar impairment in long-term lung function was seen in males in other studies
(Jones 2009; Sanchez-Solis et al. 2012). Among school-aged children who were
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born extremely preterm, lung function parameters were significantly better in
females (Harris et al. 2020). However, a study by Collaco et al. found that there
were no differences in respiratory morbidities between former preterm male and
female neonates with BPD, but females required more time to be weaned off
supplemental oxygen compared to males. (Collaco et al. 2017).

5.3.3 LPS-Induced Neonatal Lung Injury

Premature neonates are at a very high risk of sepsis both early and late onset.
Episodes of sepsis also increase the risk of lung injury and development of BPD.
Nguyen et al. studied the role of the innate immune response to early postnatal LPS
exposure and resulting pulmonary sequelae (Nguyen et al. 2019). Neonatal mice
exposed to LPS had similar impairment in lung development and no sex-specific
differences were observed. Baseline pulmonary expression of TLR4-NF-kB signal-
ing pathway mediators and mediators of neonatal lung injury were similar between
the sexes. The kinetics of LPS-induced pulmonary NF-kB activation were also
similar (Nguyen et al. 2019).

5.4 Mechanisms of Sex-Specific Differences in Neonatal
Lung Injury

5.4.1 Hormone-Mediated Mechanisms

Human sex differences are evident in lung as early as 16 weeks gestation with many
of these differences being attributable to the presence of sex hormones (Townsend
et al. 2012). During human development, sex hormones fluctuate at various gesta-
tional stages that coincide with critical organ developmental needs (Seaborn et al.
2010). A male fetus will have developed testes and begun secretion of testosterone
around 8 weeks of pregnancy with the highest levels being achieved between 10 and
17 weeks of gestation. After 18 weeks of gestation, testosterone levels will decrease
in a male fetus and maintain low levels from 24 weeks through birth (Seaborn et al.
2010). Fetal estradiol levels in both male and female fetuses steadily increase starting
around 20 weeks of gestation and continues throughout birth. Near term fetuses are
exposed to high levels of both estradiol and progesterone, which is not experienced
in preterm infants (Seaborn et al. 2010). As such, the influence of sex hormone
signaling in late stage lung development is critical to understand, as prematurely
born infants are not exposed to these high levels of estradiol and progesterone. In
addition, there is a local contribution of sex hormones intrinsic to the lung as the
developing lung expresses several enzymes that can convert circulating steroid
precursors, which can further modulate the androgenic and estrogenic effects in
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the developing lung (Boucher et al. 2010). Testosterone levels in murine male lungs
remain elevated until two days after birth, after which they decrease to reach those of
the female tissues until puberty (Boucher et al. 2010). Similarly, sex hormone
inactivation also occurs in the fetal lung (Seaborn et al. 2010).

Estrogens can cause both genomic and nongenomic responses in cells (Kim et al.
2008; Sathish et al. 2015). There are two estrogen receptors (ER) present in the
plasma membrane, cytoplasm, and nucleus of human cells, ERα and ERβ, which can
homo- and heterodimerize upon binding with estrogens. Genomic responses in a cell
that is stimulated with estrogens occur as the cytoplasmic ERs bind with estrogen,
dimerize, and are translocated to the nucleus. ERs will either directly bind with
estrogen response elements (ERE) or they will bind with other co-factors to stimulate
or repress transcription (Seaborn et al. 2010). In addition to these ligand-dependent
genomic activations, there are also ligand independent actions, such as stimulation
with growth factors and subsequent phosphorylation of ER by mitogen-activated
protein kinases (MAPK). Phosphorylated ER can also bind ERE elements and act
similarly to ligand bound ER. Addtionally, estrogens can also cause rapid cellular
responses via nongenomic signaling independent of estrogen receptors. In this
process, estrogen binds directly to proteins including extracellular signal-regulated
kinase (ERK1/2), p38 and c-jun N-terminal kinase (JNK), resulting in activation of
downstream pathways. These nongenomic pathways activate transcription factors
and, thus, indirectly result in genomic changes after being stimulated with estrogens
(Le Romancer et al. 2011). Lastly, plasma membrane-associated ERα can also
activate MAPK and ERK 1/2 in the cytoplasm. These multiple mechanisms of action
of estrogen are tissue dependent (Seaborn et al. 2010), and highlight the importance
of understanding the role this hormone plays in lung development (Townsend et al.
2012).

Similar to estrogen, progesterone and testosterone also have genomic and
nongenomic signaling pathways (Lanari and Molinolo 2002; Liao et al. 2013).
There are two progesterone receptors, PR-A and PR-B, that have occasionally
antagonizing actions. Typically, PR-B regulates gene expression while PR-A antag-
onizes both PR-B and ER transcription (Giangrande and McDonnell 1999). In some
cases, activated PR-B can indirectly activate ERK pathways by priming ERs,
demonstrating synergy between progesterone and estrogen signaling (Migliaccio
et al. 1998). However, unlike estrogen and progesterone, testosterone has a single
receptor, androgen receptor (AR). Once stimulated with testosterone, AR will
translocate to the nucleus and dimerize to bind to androgen-responsive elements
(ARE) to activate gene expression in ligand-dependent genomic signaling (Bennett
et al. 2010).

Androgens negatively affect fetal lung development via a mechanism dependent
on the presence of androgen receptors and are linked with the delay in the surfactant
surge occurring at mid to late gestation in males, possibly leading to a higher
incidence of RDS in premature male neonates (Nielsen 1985). Surfactant production
in the lung is regulated by communication between fibroblasts and type 2 alveolar
epithelial cells. Fibroblasts in the fetal lung produce a differentiation factor, which
stimulates the type II cell to mature and produce surfactant. Androgens have an
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inhibitory effect on the development of fibroblast-type II cell communication.
Androgen exposure down-regulates epidermal growth factor receptor (EGF-R)
activity and upregulates transforming growth factor-beta receptor activity, leading
to a decrease in expression of surfactant protein B (SP-B) and surfactant protein C
(SP-C) in type II cells (Dammann et al. 2000). However, in the early embryonic
lung, dihydrotestosterone increases branching morphogenesis in fetal lung explants
of either sex (Levesque et al. 2000).

In contrast to AR signaling, estrogens are considered stimulatory of surfactant
production. Male and female alveolar epithelial cells exposed to estrogens
upregulate the expression of surfactant proteins (SP)-B and SP-C. In rat and rabbit
fetal models, estrogen exposure increased mRNA levels of SP-A and SP-B as well as
increased the number of lamellar bodies, organelles within cells that are responsible
for secretion of surfactants, further demonstrating the influence estrogens have on
the maturation of the lung (Seaborn et al. 2010). Both ERα and ERβ are present in
fetal lung at much higher levels than the postnatal lung (Beyer et al. 2003). Estradiol
stimulates the expression of both the surfactant proteins and phospholipids and
facilitates the formation of lamellar bodies (Seaborn et al. 2010). In female mice,
the absence of ER-α or ER-β during lung development results, respectively, in 28%
or 38% fewer alveoli than in female WT mice (Massaro et al. 2007).

With respect to neonatal hyperoxia-mediated lung injury, castration increased
tolerance of young (20-day-old) male rats to hyperoxia (Neriishi and Frank 1984).
After birth, both male and female newborns have similar plasma estrogen profiles,
which are close to zero. Sex hormone differences at birth are mainly due to
differences in testosterone levels (Forest et al. 1973a). There are two perinatal
periods during which circulating testosterone concentrations are higher in human
males than in females; weeks 8 to 24 of gestation and during the first few months
after birth (Forest et al. 1973b; Hines et al. 2015; Winter et al. 1976). Postnatal
hypothalamic-pituitary testicular axis activation was increased in preterm boys with
luteinizing hormone (LH) and testosterone levels being higher in preterm boys
compared to full term controls (Kuiri-Hänninen et al. 2011). Testosterone increased
(Card et al. 2006) and estrogen attenuated inflammation and injury (Speyer et al.
2005) in other lung injury models. In a fetal pig study, Trotter et al. found that the
male lung had lower VEGF and SP-B mRNA levels compared to female, and
deprivation of both estradiol and progesterone abolished this sex difference. Males
also showed decreased alveolarization (Trotter et al. 2009). In male and female
HUVECs, the inflammatory effect of TNF-α was amplified by co-administration of
androgens (Annibalini et al. 2014).

Leary et al. (Leary et al. 2019) studied the expression levels of gonadotropin
releasing hormone (GnRH) and many other sex hormone–related genes including
estrogen receptor, progesterone receptor, AR and sex hormone binding globulin in
males and females in a mouse hyperoxia model. Physiologically, GnRH stimulates
the secretion of LH, which in turn increases the gonadal secretion of the sex steroids
testosterone, estrogen, and progesterone. In room air conditions, females and males
had similar levels of GnRH, but the expression was increased in females upon
exposure to hyperoxia. No sex-specific differences were seen in the expression of
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other sex hormone–related genes described above (Leary et al. 2019). Alterations in
pulmonary estradiol content due to hyperoxia exposure was tested as a hypothesis by
Martin et al. using fetal airway smooth muscle cells, and the role of the estradiol
metabolizing enzyme Cytochrome P450 (CYP) 1a1 was studied in this model
(Martin et al. 2015). CYP1A1 expression was increased significantly in the fetal
airway smooth muscle cells upon exposure to hyperoxia. Estradiol has a proliferative
effect on fetal airway smooth muscle cells, but this effect was inhibited by the
induction of CYP1A1 under hyperoxic conditions. The expression of other enzymes
such as CYP19 (aromatase), CYP1a1, CYP1b1, and catechol-o-methyltransferase
(COMT) were unchanged. CYP1A1, metabolizes estradiol to 2-methoxyestradiol
which does not have the pro-proliferative effect on airway smooth muscle cells
(Martin et al. 2015). The protective effects of cytochromeP450 (CYP)1A1 against
hyperoxic lung injury in adult and neonatal mice have been reported before
(Couroucli et al. 2011; Lingappan et al. 2015, 2014). Female neonatal mice had
significantly higher Cyp1a1 mRNA expression compared to males at PND7 under
room air; however, expression is decreased in both sexes upon exposure to
hyperoxia (Lingappan et al. 2016).

As would be expected from the numerous impacts of hormone-mediated signal-
ing in all tissue compartments of the developing lung, particularly in the third
trimester, the impact on preterm infants who lack exposure to these hormones during
critical windows of lung development is significant in the context of RDS and BPD
(Trotter et al. 1999). This is compounded by the deleterious effects of androgens on
surfactant production in the male lung. These factors are known to further exacerbate
the status of immaturity of these fetal lungs. Due to the importance of sex hormone
signaling in lung development in the third trimester, two clinical trials in prematurely
born infants were conducted to prevent the development of both RDS and BPD by
replacing the estrogen and progesterone (Trotter et al. 1999, 2007). Replacement of
estradiol and progesterone was not effective for prevention of BPD or death in
extremely preterm born infants, but there was a trend toward decreased incidence of
the disease in the group that received hormone replacement. Postnatal estradiol
therapy in a primate model of BPD improved pulmonary function and decreased
the need for respiratory support. This was associated with an increase in the lung
eNOS and nNOS expression (McCurnin et al. 2009). These studies are challenging
as sex hormone signaling does not occur in isolation; there are a myriad of cofactors
that signal with hormones, many of which are tissue specific. In summary, these
studies point to the critical importance of understanding and investigating the role of
hormone signaling and sex differences in lung development.
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5.4.2 Hormone-Independent Mechanisms

5.4.2.1 Sex-Chromosome-Associated Genes

Based on the chromosomal sex, cells from different organs also differ intrinsically
and respond differently to stressors despite exposure to sex hormones (Penaloza
et al. 2009). As expanded in the previous section, even though sex hormones could
be responsible for differences in male and female lung development and maturation,
it is important to elucidate the non-hormonal mechanisms that could underlie the
sexual dimorphism in neonatal lung diseases. Penaloza et al. showed differences in
basal gene expression between male and female embryonic cells at stages where
there were no hormonal influences (Penaloza et al. 2009). Differences in cell
behavior and sensitivity were being driven by the cellular sex instead of exposure
to a different sex hormone milieu. Male and female cells responded differently to
stressors such as ethanol or influenza A virus infection independent of exposure to
sex hormones (Penaloza et al. 2009). The sex chromosomes could lead to differences
in gene expression of genes present on autosomes through many mechanisms. X-
chromosome-linked genes may have a higher expression in females due to incom-
plete X-inactivation, and could possibly explain some of the above findings (Carrel
and Willard 2005). XIAP (X chromosome-linked inhibitor of apoptosis) increases
antioxidant gene expression and prevents apoptosis under oxidative stress (Resch
et al. 2008; Zhu et al. 2007). Another X-linked gene that has pro-angiogenic effects
is angiomotin (Bratt et al. 2005), which has been shown to increase endothelial cell
motility and tube formation (Troyanovsky et al. 2001). The X and Y chromosomes
might also induce sex-specific differences in the epigenetic regulation of gene
expression (Wijchers and Festenstein 2011). X chromosome-located miRNAs may
also explain the sex-based differences observed in several diseases (Pinheiro et al.
2011).

5.4.2.2 Sex-Based Differences in Pulmonary Gene Expression

In response to neonatal hyperoxia exposure during the saccular stage of lung
development (PND1–5), the pulmonary transcriptome showed differences in the
male and female neonatal lung both immediately after (PND7) and later during
recovery (PND21) at the alveolar stage of lung development (Coarfa et al. 2017).
The divergence in the pulmonary transcriptome between the sexes increased at
PND21 leading to the speculation that the repair and recovery mechanisms after
an acute injury may be different in the male and female neonatal lung. Differential
sex-specific modulation of crucial pathways such as: angiogenesis (upregulated in
females), inflammatory response, and p53 pathway (upregulated in males) was seen
during the recovery phase (Coarfa et al. 2017). Several angiogenesis-related genes
were differentially expressed in the hyperoxia exposed neonatal lung including Phd2
(HIF prolyl-hydroxylase 2), which is the primary regulator of HIF-1α levels in the
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cell. Phd2 expression was decreased in females, which may lead to the preservation
of Hif-1α levels in the female lungs. On the other hand, male mice showed a greater
decrease in Vegf-a and Vegfr2 levels after exposure to hyperoxia [127]. Keenaghan
et al. reported that anti-angiogenesis genes including collagen type XVIII, and TIMP-
3 were upregulated to a larger extent in males and that female pups were more
resistant to the effects of hyperoxia (Keenaghan et al. 2013).

Secondary septation in a crucial process during lung development that increases
the surface area for gas exchange in the distal lung and requires careful orchestration
of many genes and pathways. Pdgf-a (Gouveia et al. 2018) and Spp1 (Ganguly et al.
2014) both involved in this process showed a differential response in the neonatal
murine male and female lung exposed to hyperoxia. Hyperoxia-exposed males had a
significantly decreased expression of both Pdgf-a and Spp1 compared with females
(Leary et al. 2019).

Transcriptome analysis from human tracheal aspirate MSCs in preterm neonates
revealed distinct gene expression signatures. Platelet-derived growth factor receptor-
α or (PDGFR-α) plays a crucial role in lung development especially during the
process of secondary separation. PDGFR-α-expressing mesenchymal cells migrate
to the tips of secondary alveolar septa and differentiate into alveolar myofibroblasts
that are required for alveologenesis Popova et al. reported that in male preterm
neonates, expression of PDGFR-α and related downstream genes such as FGF7,
WNT2, SPRY1 and FOXF2 were decreased in male infants developing BPD (Popova
et al. 2014). Lung function and telomere length were measured in adolescents born
preterm and compared to full-term controls in the longitudinal EPIPAGE cohort.
Telomere shortening is linked to many lung diseases, including COPD. In this
cohort, females had significantly longer telomere length compared to males
(Hadchouel et al. 2015) and shorter telomere lengths correlated with FEF25–75.

5.4.2.3 Sex-Specific Differences in Anti-Oxidant and Inflammatory
Pathway Mediators

The fetal lung develops in a relatively hypoxic environment, and exposure of the
preterm neonate to 21% FiO2 may also constitute relative hyperoxia. In addition, the
surfactant deficient preterm lung is exposed to supraphysiological concentrations of
oxygen for maintenance of normal oxygen saturation levels. As a result, the devel-
oping lung is subjected to oxidative stress (Tipple and Ambalavanan 2019). Under
these circumstances, better antioxidant defense mechanisms in preterm females may
contribute to a protective phenotype (Tondreau et al. 2012; Vento et al. 2009).
Sexual dimorphism in lung enzymatic antioxidant defenses have been reported in
murine studies and in human patients. Tondreau et al. (Tondreau et al. 2012) found
transient lower expression of glutathione peroxidase 1 and superoxide dismutase
(SOD) content and failed to upregulate SOD activity upon hyperoxia exposure
(Enomoto et al. 2012). In human patients, Vento et al. (Vento et al. 2009) reported
less oxidative stress and increased antioxidant activity in preterm female neonates.
Hamon et al. measured total plasma GSH, RBC glutathione peroxidase and
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glutathione reductase in preterm neonates. They found that glutathione levels were
identical in preterm females and males, but the levels of glutathione peroxidase
(involved in glutathione synthesis) and glutathione reductase (involved in glutathi-
one regeneration) are higher in females (Hamon et al. 2011).

Oxygen- and ventilator-induced lung injury activates many inflammatory path-
ways and cytokines that contribute to the aberrant alveolarization and angiogenesis
in the neonatal lung (Savani 2018). In a murine BPD model of neonatal hyperoxia
exposure, pulmonary macrophage and neutrophil infiltration was higher in
male vs. female mice and there was significant upregulation of IL-1β and TNF-α
expression in male lungs but not in female lung (Lingappan et al. 2016). The
biological and clinical features associated to sexual dimorphism in inflammation
have been reported in other studies. The X chromosome has several genes linked
with immunity that may be expressed to a greater extent in females. These include
proteins related to toll-like receptor signaling pathway (Interleukin 1 receptor
Y-associated kinase 1; IRAK 1) and NF-kB pathway (NF-kB essential modulator)
(Casimir et al. 2013). Women carrying a female fetus had a higher concentration of
amniotic fluid and the urinary IL-1ra concentration was higher in female newborns
than in male newborns (Bry et al. 1994). Sexual dimorphism in inflammatory
markers expression and their role in respiratory diseases have been reported before.
Pro-inflammatory markers like IL-1 beta, TNF-alpha, and IL-6 are increased in
males compared to females (Casimir et al. 2013).

5.4.2.4 MicroRNAs and Sex-Specific Differences

Post-transcriptional mechanisms including miRNAs may contribute to the
sex-specific differences in gene expression. Males and females share a similar
repertoire of genes yet show sexual dimorphism in many diseases, which could be
mediated though changes in gene expression by miRNAs. Many protein-coding
genes are regulated at the level of mRNA stability by miRNAs, a class of small
non-coding RNAs (Friedman et al. 2009). Sex-biased expression of miRNAs has
been observed in both invertebrates and vertebrates alike, suggesting that miRNAs
may play a key role in the generation of sex-specific differences (Morgan and Bale
2012; Sharma and Eghbali 2014). Sex-based differential miRNA expression may be
driven through sex hormones or through differential regulation by sex chromosome
genes (Sharma and Eghbali 2014). MiRNA genes located on the X chromosome
may also explain sexual dimorphism seen in some diseases (Pinheiro et al. 2011).
MiRNAs are also differentially regulated between sexes during the canalicular and
saccular stages of lung development and pathways targeted by sex regulated
miRNAs included retinoin, IGFR1, and Akt (Mujahid et al. 2013). MiRNAs under
the control of androgens in the male developing lung regulate target genes involved
in biological processes involved in lipid metabolism, cell proliferation, and lung
development (Bouhaddioui et al. 2016). Studies have reported the role of several
putative miRNA targets in lung development and BPD (Bhaskaran et al. 2012; Dong
et al. 2012; Olave et al. 2016; Rogers et al. 2015; Schulz et al. 2013; Williams et al.
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2007; Xing et al. 2015; Yang et al. 2013; Zhang et al. 2011). However, to date
sex-specific expression of any actual miRNAs has not been described. The mecha-
nistic role of miRNAs in mediating sex biases in BPD is thus understudied.

In silico analysis of the changes in the pulmonary transcriptome in male and
female neonatal murine lung subjected to postnatal hyperoxia led to the identifica-
tion of miR-30a as a potential driver of sex-specific differences in the pulmonary
transcriptome in this model (Zhang et al. 2018a). MiR-30a has been reported to have
pro-angiogenic, anti-inflammatory and anti-fibrotic effects (Bridge et al. 2012; Song
and Rossi 2014; Jiang et al. 2013). In addition, miR-30a downregulates Dll4 (delta
like ligand 4) expression and stimulates arteriolar branching (Jiang et al. 2013;
Lobov et al. 2007) and is downregulated in preterm infants with BPD (Wu et al.
2013). Interestingly, in a murine BPD model, miR-30a showed significant differ-
ences in expression between the male and the female neonatal lung. In the acute
phase (immediately after hyperoxia exposure from PND1–5), miR-30a expression
was increased in both males and females (PND7). However, at PND21 (recovery
phase),miR-30a expression was significantly higher in the female lungs compared to
male. This was associated with decrease in Dll4 expression, one of the known targets
of miR-30a (Zhang et al. 2018a). In vitro validation in human preterm pulmonary
microvascular endothelial cells (HPMECs) showed that hyperoxia-exposed female
HPMECs have a greater expression of miR-30a. miR-30a also increased angiogenic
sprouting. In human BPD lung samples, miR-30a expression was decreased and
DLL4 expression increased compared to control (Zhang et al. 2018a). Thus,
miR-30a could, in part, contribute to the sex-specific molecular mechanisms in
play that lead to the sexual dimorphism in BPD. Leary et al. identified the
sex-specific expression of miR-146, with higher expression in the hyperoxia
exposed female neonatal lung compared to male (Leary et al. 2019). miR-146 is a
negative regulator IRAK1 (Taganov et al. 2006) and expression of IRAK-1 was
decreased in the hyperoxia-exposed female lung (Leary et al. 2019). Intranasal
administration of miR-146 mimic to males attenuated lung injury, whereas an
increase in lung injury was seen in female mice after administration of miR-146
antagomir.

5.4.2.5 Role of Cellular Sex in Sex-Based Differences

Cellular sex may also play a role in determining the sexually dimorphic phenotype
after organ injury. The lung comprises over 40 cell types and elucidating the role of
cellular sex would contribute toward the understanding of the biological mecha-
nisms involved in disease pathophysiology. The lung endothelial cells are
predisposed to injury and cell death to hyperoxia-induced injury compared to
other cell types (Housset et al. 1991; Junod et al. 1989). Angiogenesis and
alveolarization are closely linked processes in the lung and inhibition of one process
adversely effects the other. Human umbilical vein endothelial cells (HUVECs) from
umbilical cords have been used to study endothelial cell function and biology.
Female HUVECs have a higher eNOS expression that drives angiogenesis (Cattaneo
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et al. 2017). Female endothelial cells are more resilient and have higher cell viability
and tube formation capacity after serum starvation. The gene expression profile is
also different between male and female endothelial cells both at baseline and after
exposure to shear stress (Lorenz et al. 2015). Upon exposure to hyperoxia in vitro,
male HUVECs have decreased survival, greater oxidative stress, and impairment in
angiogenesis (Zhang and Lingappan 2017). Similar experiments were performed
with endothelial cells from the pulmonary vascular bed using neonatal human
pulmonary microvascular endothelial cells (HPMECs) in normoxic and hyperoxic
conditions. At baseline, female HPMECs had significantly higher cell migration and
showed greater sprouting compared to male. Hyperoxia exposure decreased cell
viability and proliferation markedly in male HPMECs. α-SMA expression was
increased and CD31 expression decreased in male HPMECs, upon exposure to
hyperoxia (Zhang et al. 2018b).

The BPD phenotype in extremely preterm neonates, many of whom receive
antenatal steroids, is different from the BPD that was common in the pre-antenatal
steroid era. Histopathological analysis of the lungs with “new BPD” shows evidence
of variable interstitial fibroproliferation compared to extensive fibroproliferation in
“old BPD” (Coalson 2003). However, severe pathological fibrosis is seen in babies
with severe cases of BPD (Baker and Abman 2015; Baker et al. 2014; Baker and
Alvira 2014; Jobe 1999). Sexual dimorphism is seen in fibrotic diseases in many
organs due to diverse etiologies. Female patients with idiopathic pulmonary fibrosis
(Han et al. 2008) have better survival, and a similar sex-specific advantage is seen in
chronic kidney (Silbiger and Neugarten 1995) and liver fibrosis (Xu et al. 2002).
Fibroblast plasticity plays an important role during recovery from oxygen toxicity
and modulates the repair response (Rehan and Torday 2003; Torday et al. 2003).
Fibroblasts are activated and acquire a pro-fibrotic phenotype leading to deleterious
changes in the extracellular matrix (Kondrikov et al. 2011; Ni et al. 2013; Sucre et al.
2017) upon exposure to hyperoxia. Alterations in fibroblast phenotype in response to
environmental stress such as hyperoxia could contribute to BPD pathogenesis. Many
biological mediators play a role in the switch to the pro-fibrotic phenotype. Activa-
tion of the Notch signaling pathway induces myofibroblast differentiation in lungs
(Liu et al. 2009). Inhibition of Notch pathway attenuates lung fibrosis (Liu et al.
2017). Human lung autopsy tissue from BPD patients shows Notch activation in the
fibrotic areas of the alveolar septae (Sucre et al. 2016).

Primary neonatal murine lung fibroblasts upon exposure to hyperoxia display
many sex-specific changes. Increased Notch pathway activation is noted in male
fibroblasts and sex-specific differences in the expression of key fibrosis-related
genes are observed. The pro-fibro genic mediators IL-1β and IL-13 are upregulated
in males (Balaji et al. 2018). Previous studies have reported the pro-fibrotic effects of
IL-1β and IL-13 in the lung in vivo and in vitro (Hashimoto et al. 2001; Ingram et al.
2004; O'Reilly et al. 2016). Integrin subunit beta 6(αvβ6), which is known to play an
important role in TGF-β1 activation, is also upregulated in male pulmonary fibro-
blasts (Munger et al. 1999). Increased αvβ6 expression is correlated with worse
prognosis in patients with interstitial lung disease including idiopathic pulmonary
fibrosis (Saini et al. 2015). Pulmonary fibroblasts from females, on the other hand,
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show downregulation of genes related to collagen synthesis (Col1a2 and Col3a1)
and TGF-β pathway (Transforming growth factor beta 2 and Transforming growth
factor beta receptor 2). Hyperoxia activates the TGF-β pathway in the lung, and
targeted therapies that decrease pathological activation of this pathway attenuate
lung injury (Chen et al. 2017; Kayalar and Oztay 2014; Vyas-Read et al. 2014).

5.5 Sex as a Crucial Biological Variable for Lung Protective
Therapies

As we progress to find and innovate new therapies for neonatal lung diseases, it is
imperative to include sex as a biological variable in pre-clinical and clinical trials. As
with sex-specific response to antenatal steroids, differential effects of drugs based on
neonatal sex have been reported for indomethacin (Ohlsson et al. 2005). Mesenchy-
mal stem cell therapy is an emerging therapy for bronchopulmonary dysplasia.
Biological sex of the MSCs also seems to play a major role in its therapeutic efficacy.
Female MSCs secrete more anti-inflammatory and pro-angiogenic factors. In a
murine study, female bone marrow–derived MSCs had greater efficacy in attenuat-
ing hyperoxia-induced lung inflammation and vascular remodeling in the newborn
lung. Interestingly, this benefit from female MSCs was greater in male lungs
(Sammour et al. 2016).

The metabolic activation and inactivation of hormones in the fetal and newborn
lung could be linked to the underwhelming results of hormone replacement therapy
clinical trials in preterm infants to prevent the development of BPD. This is an
understudied field that future work should be focused on understanding. Spatiotem-
poral expression of these enzymes with care taken to possible sex-specific differ-
ences in their expression is needed to better understand local hormone signaling.
Further, the clinical studies did not account for sex of the infants enrolled in each
group and the conclusions were determined as an average of all participants regard-
less of sex. Hormone replacement therapy could be an effective treatment for one sex
to prevent the development of BPD much like the use of betamethasone in female
preterm infants. The contribution of sex-chromosomes to the sex-specific differences
observed in the neonatal lung also needs to be elucidated. Differences in the
epigenetic landscape of the lung both at baseline and after hyperoxic lung injury
could hold important insights into the differences in gene expression between the
male and female lung. Finally, cellular heterogeneity using single-cell analyses
could reveal differences in cell sub-populations in the lung. It is crucial for clinical,
translational, and basic science research to take sex into account when designing
studies and while reporting data to make sure important results are not diluted and to
find therapies that could be administered to the right patient population for the
maximal benefit.
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5.6 Conclusion

Sex-specific differences play a major role during fetal lung development and in the
pathophysiology of neonatal lung diseases. The underlying mechanisms may
include both sex-hormone dependent and -independent mediators. Clear understand-
ing of these mechanisms is fundamental to the development of individualized
therapies to improve the outcomes in newborn babies with lung diseases.
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Chapter 6
Sex Differences in Cystic Fibrosis Across
the Lifespan

Kubra Melike Bozkanat and Raksha Jain

Abstract Cystic fibrosis (CF) is an autosomal recessive multiorgan disease that is
caused by mutations in a gene, cystic fibrosis transmembrane conductance regulator
(CFTR). A host of epidemiology has demonstrated a “gender gap” or sex-based
disparity in outcomes of people with CF, where females have more pulmonary
exacerbations and a shortened life expectancy relative to males. The etiology of
this disparity is not fully elucidated but appears to be multifactorial. In this chapter,
we will review the sex-based differences in diagnosis of disease, pulmonary and
extrapulmonary manifestations of CF, and host immune response as it relates to
puberty, reproductive year, and menopause. We will also review the role of sex
hormones on the sex disparity and the proposed mechanisms of how hormones such
as estrogen, progesterone, and testosterone contribute to the differing outcomes.

Keywords Cystic fibrosis · Sex · Gender · Sex hormones · Estrogen

6.1 Introduction

Cystic fibrosis (CF) is an autosomal recessive genetic disorder, caused by mutations
in a gene encoding the chloride-conducting transmembrane channel named the
cystic fibrosis transmembrane conductance regulator (CFTR). Reduction or dys-
function of CFTR leads to mucus retention, chronic inflammation and subsequent
airway inflammation that is detrimental to lungs (Elborn 2016). A sex-based dispar-
ity in outcomes of people with CF was first identified more than two decades ago
and, despite improved therapies, this gap still exists. This disparity may be due to
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bias in diagnosis, anatomical differences between males and females or
socioenvironmental effects such as medication adherence and activity level, as
illustrated in Fig. 6.1.

Fig. 6.1 Schematic
diagram of factors leading to
a “gender gap” in cystic
fibrosis. A multitude of
biologic, anatomical, and
socioenvironmental factors
contribute to the sex-based
disparity in cystic fibrosis
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Alternatively, or in conjunction with these, the disparity may be due to biologic
factors such as sex hormones and their influence on disease progression and can
therefore manifest at different points in the life of a woman with CF, as summarized
in Fig. 6.2. Here, we will examine the influences contributing to a “gender gap” in
CF across the lifespan.

6.2 Diagnosis of CF

Early and timely diagnosis of CF is important in starting medical intervention and
treatment to avoid long-term complications. As a result, mandatory newborn screen-
ing exists in all states of the United States and more than 90% of all cases of CF are
diagnosed before age ten. Prior to neonatal screening, there was significant delay in
referral for sweat chloride testing in females. Using the Cystic Fibrosis Foundation
Patient Registry (CFFPR), females with CF who had symptoms other than meco-
nium ileus at birth were older at the time of diagnosis with a median age of
12.7 months in females versus 8.7 months in males (p < 0.001). This was even
more apparent in those who presented with respiratory symptoms only with a median
age of diagnosis in females of 40.7 months versus 22.3 months in males (p < 0.001)
(Lai et al. 2002).

After implementation of the newborn screen, this gap narrowed; however, there is
still a statistically significant delay in females 1.2 months versus 1.1 months for
males (McCormick et al. 2006). In another analysis of CFFPR data, investigators
found that there is a preponderance of females with an adult diagnosed cystic fibrosis
(CF) and that females were 3.5 years older at diagnosis but did not find a notable age
difference in males versus females with a childhood diagnosis (Nick et al. 2010).
This group also showed that childhood-diagnosed females are less likely to reach age
40 years compared to males and that females diagnosed in childhood experienced
faster lung function declines, as measured by forced expiratory volume in one
second (FEV1). As opposed to this, in the late diagnosis group, males and females
demonstrated an equal FEV1 decline and females had longer survival times than
males. A corroborating study showed that females are more likely to receive a late
diagnosis and over half of adults with CF are males (Widerman et al. 2000).

Hypotheses for this delay in diagnosis in females include physician bias in
perceptions of health complaints and parental bias in recognizing symptoms. Impor-
tantly, a delay in diagnosis can lead to worse malnutrition, potentially more severe
respiratory problems, and even greater mortality (Waters et al. 1999; Farrell 2000).
While this sex disparity in diagnosing CF is narrowing with newborn screening,
further work to minimize this at later ages needs to be addressed.
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6.3 Timing and Impact of Puberty

Puberty marks an important point in physiologic and social environmental change
that often impacts a person’s health. Delayed puberty was historically considered a
common occurrence in males and females with CF (Johannesson et al. 1997; Landon
and Rosenfeld 1984). This is now less often the case as nutritional status in CF has
improved. Puberty in the United States is classically quoted to occur between ages
10 and 14 in females and 12 and 16 in males. In a retrospective study, mean age at
menarche for CF females was 14.9 +/� 1.4 years. This was significantly later than
healthy controls 13.0 +/� 1 years (Johannesson et al. 1997). Another study from
1984 showed that 8 out of 28 (28%) men between the ages of 14 and 18 had delays in
pubertal development (Landon and Rosenfeld 1984). Mouse models of CF corrob-
orate these findings. In CF S489X�/S489X� knockout murine models compared to
wild type mice, the CF mice with chronic inflammation and gastrointestinal disease
grew more slowly and had later onset of puberty than wild type animals. These
findings were confirmed in a second, independent model of CF engineered to
generate the ΔF508 mutation in mice. These ΔF508 homozygote mice similarly
displayed later pubertal timing (Jin et al. 2006).

However, recent studies have shown normal pubertal timing and progression in
most individuals with CF, largely thought to be based on improved nutritional status
(Buntain et al. 2005; Kelly et al. 2008). A study using data from the US CFFPR used
peak height velocity to determine age of puberty in males and females given that this
registry does not have data on menarche, Tanner staging, or pubertal development.
Using peak height velocity, these investigators found the average age of puberty to
be 13.2 � 2.2 years in males and 11.2 � 2.0 years of age in females, which falls in
line with expected age of puberty for the general population. In addition, a few years
after undergoing puberty, the rate of pulmonary exacerbations increased in adoles-
cent females to a greater extent than what was seen in males, potentially supporting a
role for sex hormones in the disease process (Sutton et al. 2014). Rate of pulmonary
exacerbations was found to be 1.17 � 1.35 exacerbations per year in females versus
0.95 � 1.27 in men (p < 0.001) despite controlling for morphometrics,
co-morbidities, and microbiologic variables. In a French cohort, children with CF
were shown to have normal age of onset of puberty and pubertal spurt, with a low
peak height velocity. Puberty contributed less to final adult height, and neither body
mass index (BMI) nor FEV1 had a significant effect on pubertal height gain
(Bournez et al. 2012). It is important to note that youth with more severe lung
disease, poorly controlled CF related diabetes (CFRD), and CF-related liver disease
are at risk for malnutrition and may remain at risk for delayed puberty (Goldsweig
et al. 2019).
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6.4 Reproductive Years

Reproductive years may span ages 12–50 years old. This is a time when sex
differences in CF become increasingly apparent in pulmonary health and regarding
extrapulmonary manifestations of the illness.

6.4.1 Sex Disparities Observed in Respiratory Health

6.4.1.1 Lung Function

Lung function as marked by FEV1 is one of the key predictors of long-term health in
people with CF. Studies have shown a steeper lung function decline in females with
CF relative to males. In a Canadian retrospective cohort study looking into mortality
rate and pulmonary function decline among 366 patients with CF, females with CF
were found to have significantly steeper slope of lung function decline than male
patients after age 5 (Corey et al. 1997) In a large U.S. cohort of young CF patients
with relatively mild disease (mean baseline FEV1% predicted of 104) and without
Pseudomonas aeruginosa, female gender was again associated with a significantly
greater annual rate of decline in FEV1 (Cogen et al. 2015).

6.4.1.2 Bacterial Colonization

Bacterial colonization in the lung, particularly as it relates to Pseudomonas
aeruginosa, Burkholderia cepacia, andMethicillin Resistant Staphylococcus aureus
are predictors of increased mortality and morbidity in CF (Courtney et al. 2007;
Hubert et al. 2013; Ren et al. 2007). Females with CF are thought to be predisposed
to early Pseudomonas aeruginosa acquisition even in childhood (Maselli et al.
2003). This earlier colonization with Pseudomonas aeruginosa is also associated
with a more rapid decline in survival for females with CF (Demko et al. 1995). Data
from a multi-center Scandinavian cohort of people with CF support the increased
prevalence of Pseudomonas aeruginosa in females and found Burkholderia cepacia
to also be more prevalent in females relative to males (Olesen et al. 2010). Using
large data sets such as the CFFPR with analysis of over 32,000 people with CF,
investigators found that females also acquire Methicillin Sensitive Staphylococcus
aureus, Methicillin Resistant Staphylococcus aureus, Haemophilus influenzae,
Achromobacter xylosoxidans, Aspergillus species, and nontuberculous
mycobacteria at earlier ages than males, and often even prior to puberty (Harness-
Brumley et al. 2014). Whether this relates to differences in pathogen exposure, host
immunity, or an anatomical predisposition due to airway diameter is not yet known,
but some data do suggest an immune-based predisposition for infection in females
with CF. Others have suggested a direct effect of sex hormones on pathogens. For
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example, 17β-estradiol and estriol were found to induce conversion of Pseudomonas
aeruginosa from a non-mucoid to mucoid phenotype in females with CF. This was
shown in vitro to be mediated by a mutation of mucA, a regulator of alginate
biosynthesis in P. aeruginosa and was associated with selectivity for mucoid
isolation and mucoid conversion in vivo. Higher 17β-estradiol levels in this study
correlated with timing of capture of more mucoid strains of Pseudomonas
aeruginosa in females and correlated with timing of pulmonary exacerbations
(Chotirmall et al. 2012).

6.4.1.3 CF Exacerbations

Frequency of pulmonary exacerbations in CF are a predictor of long-term survival
(Liou et al. 2001). In a study using the CFFPR, there was a significant increase in rate
of pulmonary exacerbations noted in females relative to males post-puberty that was
not seen prior to puberty (1.17 � 1.35 exacerbations per year in females versus
0.95 � 1.27 in males; p < 0.001) (Sutton et al. 2014). The predisposition of females
with CF to exacerbate has been confirmed by other investigators as well. A 3-year
prospective cohort study from multiple Canadian CF centers showed that among
446 adults with confirmed CF, people with frequent exacerbations were more likely
to be female, diabetic, and have poorer baseline lung function (de Boer et al. 2011).
Further data on sex disparities with CF exacerbations were reported in an abstract
presented at the North American CF conference by a group of investigators who
reported that among 124 females and 96 males in this single center cohort, females
had a longer duration of intravenous antibiotic treatment and a slower rate of
improvement (Montemayor et al. 2019). People with CF with frequent pulmonary
exacerbations are commonly infected with multidrug-resistant bacteria. In an inter-
national study from Canada and Australia, investigators prospectively followed
people with CF infected with multidrug-resistant bacteria every 3 months for up to
4.5 years to assess risk factors associated with pulmonary exacerbations. There were
154 of 249 people in the study who experienced a pulmonary exacerbation and 53%
were females. However, among 95 patients who did not have an exacerbation only
25% were females. In their multivariate analysis of predictors of pulmonary exac-
erbations, female sex had an odds ratio of 1.45 (95% CI 1.07–1.95) (Block et al.
2006). Using a multicenter Scandinavian cohort, investigators confirmed that
females with exacerbations required more intensified treatment regarding antibiotics,
macrolides, steroids, and days of hospitalization, also supporting a female disadvan-
tage in CF (Olesen et al. 2010).

6.4.1.4 Response to Therapies

Highly effective therapies that modulate the key underlying genetic defect for people
with CF target the cystic fibrosis transmembrane conductance regulator (CFTR)
gene. These therapies are likely to improve life expectancy, and whether or not they
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will narrow the sex-based disparity is unknown. Understanding the effect of these
therapies on males versus females may help determine the answer. Clinical trial
results of the new cystic fibrosis transmembrane conductance regulator (CFTR)
modulator therapies have no reported differences in FEV1 improvement between
sexes (Ramsey et al. 2011; Wainwright et al. 2015; Taylor-Cousar et al. 2017;
Middleton et al. 2019). However, these studies have not reported sex differences
on responses including sweat chloride change and pulmonary exacerbations. One
group used a large cohort from the G551D observational study in the United States
(GOAL study) to determine if females respond as well as males to the highly
effective CFTR modulator, ivacaftor (Secunda et al. 2019). In 144 participants
followed for over 2 years, they found a greater decrease in sweat chloride in females
relative to males (55.5 mEq/L in females and 48.8 mEq/L in males; p¼ 0.045). They
also found a greater reduction in pulmonary exacerbations from 1.7 exacerbations
per year to 0.9 per year in females (p 0.024) versus 1.1 exacerbations per year to 0.8
per year in males (p ¼ ns). These data bring to question of how much CFTR is
involved in the sex disparity seen in CF and whether the disparity will continue as
treatment evolves for people with CF.

6.4.2 Sex Disparities in Extrapulmonary Manifestations
of CF

6.4.2.1 Nutrition

Malnutrition is a significant burden and a comorbidity of CF (Turck et al. 2016;
Culhane et al. 2013). Resting energy expenditure is increased and correlates with
disease severity (Vaisman et al. 1987; Moudiou et al. 2007). Appropriate nutrition
status also has significant impact on survival (Corey et al. 1988).

Using CFFPR data from 1991 to 1995, a group of investigators found that among
968 children (between ages 5 and 8 years) boys had greater percent of height-
appropriate body weight than girls. They also found that weight and height of girls
deteriorated faster than in boys, with an associated decline in FEV1 (Zemel et al.
2000). An Australian cross-sectional study comparing clinical characteristics,
energy, and fat intake in males and females showed that females with CF had
significantly lower energy and fat intake than males, whereas the females used
significantly more pancreatic enzyme replacement therapy (Collins et al. 1998).
On the contrary, a retrospective analysis combining data from four studies did not
find any significant differences in z-scores of height or weight between CF females
and males (Verma et al. 2005). They suggested that during childhood and adoles-
cence, the lung function and nutrition of CF patients should be at least as good in
females as in males with CF and that individual clinic practice should be reviewed if
a sex-based difference persists. A study from UK, which surveyed 1870 adults with
CF, showed that young females with CF overestimated their weight, and young
males with CF underestimated their weight when compared with their actual body
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weight. Interestingly, a higher proportion of females than males who are very
underweight (29% vs. 11%) or underweight (41% vs. 15%) saw themselves as
being of normal weight or overweight, while a significantly higher proportion of
males than females who were normal weight (42% vs. 19%) saw themselves as
underweight (Walters 2001).

Whether or not differences in weight, nutrition, or height contribute to the overall
survival gap between males and females with CF is unknown. It is possible that taller
and heavier body habitus correlates with large diameter airways and whether that
may put males in particular at an advantage is not known.

6.4.2.2 Cystic Fibrosis–Related Diabetes

Cystic fibrosis–related diabetes (CFRD) is a known risk factor for earlier mortality in
people with CF (Lewis et al. 2015). In particular, women with CFRD have worse
survival compared to men. In a cohort of 123 patients with CFRD at a Minnesota CF
Center, median survival was found to be 47.4 years for male diabetics and 30.7 years
for female diabetics with CF (Milla et al. 2005). In a study of 5137 patients, the rate
of CFRD was found to be significantly higher in females affecting 13.9% as opposed
to 8.4% of males (Sutton et al. 2014). CFRD is also associated with poorer prognosis
in females. Another study was performed using the U.K. CF database, which
compared 323 patients with established CFRD with 489 CF patients with normal
glucose tolerance tests. This group found that CFRD in females without chronic
P. aeruginosa infection had a 20% lower percent predicted FEV1 compared with
controls with normal glucose test. This difference was not demonstrated in males
(Sims et al. 2005). It is speculated that the interaction of female hormones and
diabetes may induce a pro-inflammatory state or that androgens could be protecting
male subjects from the catabolic effects of insulin deficiency or that diabetes is a
marker for a biologic difference that has not yet been elucidated.

6.4.2.3 Bone Disease/Osteoporosis

In the general population, women tend to lose bone density at a faster rate than men,
have a younger onset of bone loss, and osteoporosis is four times more common in
women than in men (Alswat 2017). Patients with CF are at increased risk for
CF-related bone disease (CFBD). In fact, up to 40% of adults with CF have been
reported to have osteoporosis. As the life expectancy of people with CF improves
with novel therapies and earlier diagnosis, CFBD has become more important
(Mathiesen et al. 2018). In this disease, female sex seems to play a protective role.
Several studies have demonstrated decreased bone mineral density in CF males
when compared to females (Baker et al. 2016; Robinson et al. 2019).
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6.4.2.4 Fertility

Nearly 95% of CF males have congenital bilateral absence of vas deferens
(CBAVD), leading to infertility (de Souza et al. 2018) The majority of males with
CF have obstructive azoospermia, which is caused by atrophic or absent vas deferens
that begins in utero (Kaplan et al. 1968) Recent studies have also shown that men
with isolated CBAVD without CF diagnosis had either a severe and a mild/variable
(87%) or two mild/variable (11%) mutations in CFTR gene (Claustres et al. 2000). In
females, the rate of infertility is much more variable but thought to be low. Fertility
has not been systematically studied, but the etiology is likely multifactorial and
includes malnutrition resulting from hormonal disturbances, reduced ovarian
reserve, thickened cervical secretions due to high prevalence of CFTR in the cervix.
and low pH in the uterus hindering sperm capacitation (Hodges et al. 2008; Tizzano
et al. 1994; Chan et al. 2009).

6.5 Menopause

Very little has been studied about the impact of menopause on CF, largely because
people with CF did not generally live long enough to study this widely in the past. In
addition, large databases of CF do not capture needed information related to the
timing of menopause or use of agents such as hormone replacement therapy. One
study did assess the effect of sex on age of diagnosis and long-term survival with
CF. This study defined long-term survivors as those older than 40 years of age (Nick
et al. 2010). They showed in this analysis of local CF center data and CFFPR data
that for those diagnosed with CF in childhood, females were less likely to live to age
40. Interestingly, females made up the greater proportion of those diagnosed in
adulthood and were diagnosed 3.5–5.8 years later than men, but despite a late age of
diagnosis, females lived longer if diagnosed late in life. Factors that could contribute
to this reversal in “gender gap” in those with adult diagnosed CF are unclear but
could be secondary to unique genotypic distribution in this group, absence of the vas
deferens in males already leading to their diagnosis at younger age or hormonal
fluctuations in males or females at an older age.

6.6 Sex Hormone Effects on CF

6.6.1 Estrogen

Based on the disparity described in CF, sex hormones, such as estrogen, have been
implicated as basis of explanation for this male/female difference. There are three
major estrogenic hormones in females: estrone, estradiol, and estriol, but
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17β-estradiol is the major circulating hormone in females during reproductive years.
Receptors for estradiol are present in the lung and on airway epithelium (Dougherty
et al. 2006). Sex hormones can have complex effects on lung function, inflammation,
immune response, and epithelial ion transport, as summarized in Table 6.1.

In a single center study from 1981 including 60 females with CF, pubertal
females were found to have lower serum estradiol levels when compared to healthy
females. This difference appeared to be in Tanner stages II and III of development
but was absent in stage V (Reiter et al. 1981). However, in the more modern era of
CF with better nutritional status, estrogen levels in women with CF are thought to be
in normal range (Chotirmall et al. 2012).

The hypothesis that estrogen may impact health in CF comes from a few
observations including the increase in pulmonary exacerbations in females post-
puberty along with reports demonstrating that women may have cyclical symptoms
in relation to their ovulatory cycles (Sutton et al. 2014; Johannesson et al. 2000). In
one study, women with CF were, in fact, found to have lung function changes during
menstrual cycles. FEV1 was significantly higher during the luteal phase (when
estrogen is moderately elevated, but progesterone is at its highest) compared to
ovulation (highest estrogen and low progesterone) and menstruation (low estrogen

Table 6.1 Molecular and cellular effects of estrogen in CF pathogenesis

Year of
publication Findings Author

2000 17β-estradiol causes rapid and reversible inhibition of forskolin-
stimulated chloride secretion.

Singh et al.

2008 17β-estradiol reduces Ca2+-activated Cl� secretion by airway epi-
thelial cells in culture.

Coakley
et al.

2010 17β-estradiol increases inflammatory infiltrates, mucin and mRNA
levels of TLR-2, IL-23 and IL-17A in lungs of CF mice.

Wang et al.

2010 Estrogen inhibits IL-8 in CF by upregulating SLPI. Chotirmall
et al.

2012 17β-estradiol induces mucoid conversion of PA in women with CF
through a mutation of mucA in vitro.

Chotirmall
et al.

2012 17β-estradiol-dependent upregulation of NHERF1 increases
ΔF508CFTR functional expression.

Fanelli
et al.

2013 17β-estradiol acts on ASL by inhibiting cAMP-mediated chloride
secretion in non-CF cells and increasing sodium absorption via the
stimulation of PKCδ, ENaC, and the Na+/K + ATPase in CF cells.

Saint-Criq
et al.

2013 17β-estradiol inhibits Ca2+ influx and Ca2+-activated Cl� secretion
in airway epithelia by disrupting STIM1.

Sheridan
et. al.

2015 Estrogen-treated mice have increased CFTR mRNA, adenylate
cyclase protein, and cAMP levels in cervical homogenates. Tissue
distribution of CFTR and AC in endocervical epithelia is also
increased.

Ismail et al.

2017 17β-estradiol treated neutrophils showed an enhanced oxidative
burst but decreased PA killing and earlier cell necrosis.

Abid et al.

SLPI secretory leucoprotease inhibitors, PA Pseudomonas aeruginosa, TLR Toll like receptor, IL
interleukin, ASL Airway surface liquid
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and progesterone) (Johannesson et al. 2000). Forced vital capacity (FVC) showed
the same pattern, being significantly higher during the luteal phase compared to
menstruation; however, this was a small study cohort of only 12 women that
included a mix with some on hormone contraception, making the results challenging
to interpret.

Estrogen regulates the immune system through complex interactions and has
been shown to play a role in various immune diseases (Khan and Ansar Ahmed
2015; Kovats 2012). An Irish study showed in human CF bronchial epithelial cells
that 17β-estradiol inhibited pro-inflammatory IL-8 by upregulating the secretory
leucoprotease inhibitor (SLPI), leading to toll-like receptor hyporesponsiveness.
Estradiol also inhibited NF-κB and downregulated pro-inflammatory cytokines.
These mechanisms were hypothesized to contribute to infection and inflammation
in females with CF (Chotirmall et al. 2010). In addition, estradiol exposure in the
lung of CF mice increases inflammatory infiltrates, mucin. and the mRNA levels of
toll-like receptor 2, IL-23. and IL-17A (Wang et al. 2010). Wang et al. suggested that
increase in Th17-regulated inflammation could be a contributing factor.
Pro-inflammatory Th17 mediators (molecules of the IL-23/IL-17 pathway) were
found to be increased in Pseudomonas aeruginosa pneumonia of adult CF male
mice treated with estrogen. This study also showed that suppression of innate
antibacterial defenses could be caused by an estrogen effect. With estrogen, these
mice had a virtual elimination in lung tissue of mRNA for lactoferrin, an antimicro-
bial peptide active against Pseudomonas aeruginosa in vitro which prevents bacte-
rial biofilm development (Wang et al. 2010; Singh et al. 2002).

Other studies have further evaluated the effect of estrogen in murine models of
Pseudomonas aeruginosa infection. In a study of wild type and CFTR null mice,
female mice inoculated with Pseudomonas aeruginosa died earlier and showed
slower bacterial clearance than males. Further, ovariectomized females
supplemented with 17β-estradiol succumbed to Pseudomonas aeruginosa challenge
earlier than progesterone- or vehicle-supplemented mice (Abid et al. 2017). Lungs
from the estrogen-treated group showed heightened inflammation by histology and
increased levels of inflammatory markers, such as IL-8 and neutrophil elastase. This
group further showed that neutrophils treated with 17β-estradiol demonstrated an
enhanced oxidative burst but decreased Pseudomonas aeruginosa killing and earlier
cell necrosis. The estrogen receptor (ER) antagonist ICI 182,780 improved survival
in female mice infected with P. aeruginosa and restored neutrophil function (Abid
et al. 2017). In another murine model of CF, exogenous estrogen was also shown to
increase the severity of P. aeruginosa infection in adult male mice. These mice
developed more severe manifestations of inflammation in both lung tissue and in
bronchial alveolar lavage (BAL) fluid, with increased total white blood cell counts
and absolute cell counts of polymorphonuclear leukocytes when treated with estro-
gen (Wang et al. 2010).

While much work has focused on the effects of estrogen on host immunity, others
have evaluated the direct impact of estrogen on bacteria. Estradiol and estriol were
found to induce mucoid conversion of Pseudomonas aeruginosa in women with CF
through a mutation of mucA in vitro and were associated with selectivity for mucoid
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isolation, increased exacerbations, and mucoid conversion in vivo (Chotirmall et al.
2012). This group further showed higher prevalence of mucoid Pseudomonas
aeruginosa near ovulation or times of heightened estrogen levels in women with
CF and showed a decreased prevalence in women with suppressed endogenous
estrogen secondary to hormone contraception.

Whether CFTR, the critical defect in CF, mediates the sex disparity in CF is
unknown, but it is a key component in ion and water transit across epithelium. CFTR
reduction or elimination at the apical membrane of airway epithelial cells through
genetic mutation disrupts cAMP mediated Cl– secretion and allows excessive
epithelial sodium channel–mediated reabsorption (Zeitlin 2008). Nasal
transepithelial electrical potential difference (NPD) is a measure of ion transport
across human respiratory epithelium. Sweezey et al. found that amiloride-insensitive
nasal potential differences fluctuate during menstrual cycle. There was a significant
reduction in nasal potential difference during the phase of the ovulatory cycle when
17β-estradiol levels are the highest in women with CF and healthy controls
(Sweezey et al. 2007). Saint-Criq et al. demonstrated that estrogen dehydrates CF
and non-CF airway surface liquid and responses to estradiol are non-genomic. It was
proposed that 17β-estradiol acted on airway surface liquid by inhibiting cAMP-
mediated chloride secretion in non-CF cells and increasing sodium absorption via
the stimulation of PKCδ, ENaC and the Na+/K + ATPase in CF cells (Saint-Criq
et al. 2013). In addition, 17β-estradiol was found to reduce Ca2 + �activated Cl-
secretion by airway epithelial cells in culture, which can further disrupt the homeo-
stasis of airway surface liquid volume (Coakley et al. 2008). In another study,
estradiol was shown to effect calcium entry by inhibiting basal phosphorylation of
stromal interaction molecule (STIM1) (Sheridan et al. 2013). In cell culture of a
human bronchiolar epithelial CF cell line, CFBE41o � cells, β-estradiol-dependent
upregulation of Na+/H+ exchanger regulatory factor 1 (NHERF1) significantly
increased ΔF508 CFTR functional expression (Fanelli et al. 2008). Other studies
suggest that estrogens may interact directly with CFTR protein to effect epithelial
anion transport (Singh et al. 2000). Ismail et al. found that estrogen-treated mice had
increased CFTR mRNA, adenylate cyclase protein, and cAMP in cervical homog-
enates (Ismail et al. 2015).

When considering estrogen targeted treatment options, Kernan et al. showed that
exogenous female hormones, such as oral contraceptive pills, do not affect CF
disease severity (Kernan et al. 2013). However, in another study performed by
Chotirmall et al., females with CF who were receiving oral contraceptives had
lower rates of exacerbation. Their analysis of CF Irish registry data also revealed
that females receiving oral contraceptive therapy required a lower number of anti-
biotic courses than did females not receiving oral contraceptives and that individual
females required less use of antibiotics during the time they were receiving oral
contraceptives than during the time they were not (Chotirmall et al. 2012). Another
study showed that polymyxin B combination with selective estrogen receptor mod-
ulator (SERM), tamoxifen, had promising synergistic effects against multidrug-
resistant Pseudomonas aeruginosa (Hussein et al. 2018).
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6.6.2 Progesterone

Progesterone is another critical sex hormone in females that peaks in the luteal phase
of ovulation and during pregnancy. Progesterone receptor expression was identified
in human lungs in multiple studies (Marquez-Garban et al. 2011; Ishibashi et al.
2005). In one study performed by using human tracheal epithelial cells, progesterone
receptor expression was found on cilia of airway epithelia with similar distribution in
male and female cells. When the airway epithelial cells were exposed to progester-
one, cilia beat frequency was decreased, but this was attenuated with the addition of
17β-estradiol (Jain et al. 2012). There is also a small study done in people with CF
that showed lung function may be higher when progesterone levels are high, but this
is counter to data seen in asthma. Progesterone has overall not been studied widely
enough in the CF lung to make notable conclusions but may need to be an important
component of future investigations when thinking about the health of women while
pregnant.

6.6.3 Testosterone

The major androgenic hormone that maintains male characteristics is testosterone,
which is largely produced in the testes. There is debate in the literature about whether
testosterone levels are low in males with CF (Leifke et al. 2003; Barry et al. 2008).
Very few studies have evaluated testosterone levels in males with CF, largely
secondary to challenges with timing of draw and external factors such as steroids
and current health that could impact results. However, in a study of 40 adolescents
with CF, levels were found to be lower in the CF population relative to healthy
controls (Boas et al. 1996). Another study focused on 40 adult men with CF with
stable disease, and, with an average age of 24.7, mean levels of testosterone were
found to be moderately reduced in those with CF relative to healthy controls (Leifke
et al. 2003). No difference was found for sex hormone binding globulin or
luteinizing hormone (LH).

In animal studies, testosterone was found to enhance expression and functional
activity of epithelial sodium channel (ENaC), CFTR, and sodium hydrogen
exchanger in vas deferens of sex-steroid-deficient male rats (Table 6.2) (Khadijah
Ramli et al. 2018; Ramli et al. 2016; Mokhtar et al. 2014). Testosterone also
regulates adenylate cyclase, and cAMP in the seminal vesicles of orchiectomized
rats (Ramli et al. 2016). The direct impact of testosterone on disease progression of
people with CF is unknown.
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6.6.4 Dehydroepiandrosterone (DHEA)

Dehydroepiandrosterone (DHEA) as well as its sulfated metabolite DHEA-S is an
endogenous steroid hormone that is secreted by the adrenal cortex and is a precursor
of androgens and estrogens (Kroboth et al. 1999). In one study including 125 pedi-
atric and 38 adult patients with CF, plasma DHEA-S were found to be significantly
below the age-adjusted median values (Shmarina et al. 2015). In another single
center study including 188 CF patients and 189 age- and gender-matched healthy
controls, serum levels of DHEA-S were demonstrated to be lower in people with
CF. Females had statistically lower DHEA-S levels when compared to males. This
difference was not shown in healthy control population (Abid and Jain 2020).
Interestingly, these findings correlate with studies performed in asthma. DHEA-S
levels were found to be lower in asthmatic females in the absence of glucocorticoid
suppression (Weinstein et al. 1996; Feher et al. 1983).

6.7 Disease Perception, Medication Adherence, Activity

How one copes with their illness can also make a significant impact on outcome.
Living with CF may have a greater emotional impact on adolescent girls compared to
boys (Patterson et al. 2008). In general, young females cope with the disease less
effectively and are less adherent to CF treatment regimens than young males. A
Swedish study revealed problems with destructive behavior during puberty due to
thoughts about premature death, secret worries over delayed puberty, poorly
received information about puberty and fertility, avoidance of close relationships
with the opposite sex during adolescence, and concerns about being a mother with a
chronic illness (Johannesson et al. 1998). In contrast other data found that females
had significantly lower “treatment burden scores” than males, which showed that
females viewed treatment having less impact on daily life than males (Hegarty et al.
2009).

Table 6.2 Molecular and cellular effects of testosterone on CF pathogenesis

Year of
publication Findings Author

2014 Testosterone decreases chloride secretions in the uterus of adult
female rats by downregulating CFTR expression and functional
activity.

Mokhtar
et al.

2016 Testosterone increases expression and functional activity of ENaC,
CFTR, and NHE in vas deferens of sex-steroid-deficient male rats.

Ramli
et al.

2018 Testosterone regulates adenylate cyclase, and cAMP in the seminal
vesicles of orchiectomized rats.

Ramli
et al.

ENaC Epithelial sodium channel, CFTR Cystic fibrosis transmembrane regulator, NHE Sodium
hydrogen exchanger, cAMP adenylyl cyclase
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In a five-year retrospective study, medication adherence was also worse among
adolescent females as compared to the males (Shakkottai et al. 2015). Czajkowski
et al. found that of the forty people with CF participating in the study 14 (35%) were
non-compliant as defined earlier in this report. Proportionately, more females than
males were non-compliant, and adolescents in the oldest age segment were the most
non-compliant (Czajkowski and Koocher 1987).

Daily activities play an important role in CF disease progression. In a study that
enrolled 148 children, regardless of disease severity, there were no differences in
habitual activity between prepubescent boys and girls with CF. Pubescent boys with
CF, however, were significantly more active than girls with the same degree of
disease severity (Selvadurai et al. 2004).

Overall, poor perception of disease prognosis, withdrawal, anxiety, decreased
adherence to therapies, and decrease in physical activity after puberty may all
contribute to increased morbidity and mortality in CF females.

6.8 Survival

Survival is commonly thought of as the most powerful indicator of outcome. A sex
disparity in survival of people with CF has been demonstrated across many years and
in many different countries (Stephenson et al. 2015; Corey et al. 1997; Rosenfeld
et al. 1997; Harness-Brumley et al. 2014; Kulich et al. 2003). The first large CF
foundation registry-based analysis comparing males and females with CF was done
using data from 1988 to 1992. In approximately 21,000 people with CF, females
ages 1–20 years old were 60% more likely to die than males. Pancreatic insuffi-
ciency, age at diagnosis, mode of presentation, and race could not account for the
poorer survival among females (Rosenfeld et al. 1997). Another study looking into
age-specific trends in survival among US patients with cystic fibrosis between 1985
and 1999 showed that female patients had poorer survival rates than male patients in
the age range 2 to 20 years, and this gender gap did not narrow throughout time
(Kulich et al. 2003). In a subsequent study using CFFPR data up to 2007, females
continued to demonstrate a decreased median life expectancy of 36.0 years com-
pared with men 38.7 years. Female sex proved to be a significant risk factor for death
despite accounting for a number of key comorbid conditions (Harness-Brumley et al.
2014). Some studies have attributed the sex difference to an increased hazard for
death in females with CF-related diabetes, as women were noted to have increased
CFRD diagnosis when compared to men; however, the prior registry analysis did
control for CFRD (Stephenson et al. 2015).
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6.9 Lung Transplant

Given the known survival difference described in males versus females with CF, a
study was undertaken to evaluate male verse female survival differences in people
with CF after lung transplantation (Raghavan et al. 2016) This was a study used
multi-center national lung transplant data from the US transplant database (UNOS),
included 4971 people with CF who went through lung transplantation. These
investigators found that females with CF received a lung transplantation at a younger
age and died at an earlier overall age than males with CF. However, survival after
lung transplantation and time to the development of bronchiolitis obliterans did not
differ based on sex of recipient or sex of donor. These data support a potential role of
CFTR in the survival difference seen in people with CF lung transplant. Studies
using post-transplant data from other countries have shown differing results. A study
from Israel found that sex did play a role in bronchiolitis obliterans syndrome (BOS)
development after lung transplant. Male CF patients post-transplant had prolonged
time free of BOS when compared to their female counterparts (Levine et al. 2017).
Another group showed that post-lung transplant long-term survival was associated
with male sex (Calabrese et al. 2015). In the recent CF Foundation consensus
guidelines regarding lung transplant, experts recommended that special consider-
ations be given to females with CF who are younger and have CFRD, rapidly
declining lung function, or low BMI when deciding on referral to transplant based
on their increased mortality without a lung transplant (Ramos et al. 2019).

6.10 Conclusion

In conclusion, a sex-based disparity in CF follows females across much of their
lifetime. The most compelling outcome of all the gaps is decreased survival.
Multiple studies have consistently shown decreased life expectancy in females
with CF when compared to males, whereas the exact opposite is true for healthy
population. This sex disparity is likely driven by a multifactorial process that begins
early in life and has a number of drivers throughout life, as shown in Fig. 6.2. This
disparity begins at a young age when females infants with CF diagnosed with
respiratory symptoms are diagnosed later than males. Then, there is a surge in
pulmonary exacerbations in females after puberty relative to males likely connected
to earlier colonization with bacteria and a steeper decline in lung function.
Extrapulmonary manifestations such as CFRD and malnutrition also put females at
higher risk for poor outcomes. How much of any of these effects are due to
influences of sex hormones versus socioenvironmental factors such as mental health,
medication adherence, or bias in perception of care is unknown. Interestingly,
despite earlier referral to lung transplant, survival time after lung transplantation is
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similar in males and females, which suggests a CFTR-mediated effect in the
disparity. Unfortunately, targeted treatments such as hormone contraception has
not been evaluated widely enough to make conclusions. More studies are needed
in this field in order to understand the underlying mechanisms behind this sex
disparity and target therapy that can close this gap.
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Chapter 7
Sex Differences in Chronic Obstructive
Pulmonary Disease

Michael Ferrera and Mei Lan K. Han

Abstract Chronic obstructive pulmonary disease (COPD) has long been considered
a disease of older male smokers, although there is increasing recognition that the
disease also affects a significant number of women. Over the past 20 years, we have
seen a significant increase in research evaluating differences in COPD between the
sexes. Specifically, women appear more vulnerable to the adverse effects of tobacco
smoke. Women with COPD are more likely to be nonsmokers, are more likely to
develop disease at a younger age, and have more respiratory exacerbations compared
to men. Emerging research suggests there may be sex-related differences in the
underlying pathophysiologic changes that lead to COPD. While there are no
sex-specific treatments for COPD, future work may identify traits or disease pro-
cesses that could be used for more targeted therapy.

Keywords COPD · Gender · Exacerbations · Inflammation · Lung function

7.1 Introduction

Chronic obstructive pulmonary disease (COPD) has been classically considered a
disease of older men, although there is increasing recognition over the past 20 years
that the disease also affects a significant number of women. Both prevalence of the
disease and COPD hospitalizations have increased among women as tobacco use has
increased. However, increased tobacco use may not fully explain this increase.
Some data suggest women may be more vulnerable to the harmful effects of tobacco
smoke. Further, nonsmokers who develop COPD are also more likely to be women.
There is also increased recognition that the clinical presentation and disease trajec-
tories may differ between men and women. In particular, women may develop
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disease earlier in life and have more frequent respiratory exacerbations. There is
emerging evidence regarding sex-related differences in the pathophysiologic mech-
anisms of the disease in terms of cytokines, proteomics, and metabolomics that may
contribute to differences in clinical manifestations of the disease. Better understand-
ing these differences has the potential to provide treatment insights for both men and
women in the future. This chapter will focus on the role of sex in the epidemiology,
risk factors, clinical presentation, diagnosis, and treatment of COPD.

7.2 Epidemiology

Despite efforts to combat COPD, the overall prevalence is actually increasing. An
estimated 174 million people (104.7 million males and 69.7 million females) were
affected by COPD in 2015, an increase of 44.2% as compared to 1990 (Soriano et al.
2017). While COPD remains more common among men, the prevalence gap
between women and men is closing. In the United States, the prevalence of COPD
among women increased from 50.8 to 58.2 per 1000 people between the first
National Health and Nutrition Examination Surveys (NHANES) (1971–1974) and
third NHANES (1988–1994) while the prevalence of COPD among men decreased
from 108.1 to 74.3 per 1000 over the same time period (Aryal et al. 2014). A more
recent analysis from the US Center for Disease Control’s National Center for Health
Statistics (NCHS) using self-report data from National Health Interview Survey
showed that COPD prevalence was actually higher among women compared to
men between 1998 and 2009 (Fig. 7.1) (Akinbami and Liu 2011). Similar increases
in prevalence among women have been seen outside of the United States. An
observational study from primary care offices in the Netherlands from 1980 to
2006 showed an increase in the prevalence of COPD among women despite a

Fig. 7.1 Prevalence of COPD among adults aged 18 and over in the United States over 3-year
periods, 1998–2009 (Akinbami and Liu 2011)
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decrease in the overall prevalence of the disease (Bischoff et al. 2009). It is possible
the increased prevalence of COPD in women is due not only to greater risk factor
exposure, such as increased tobacco use, but may also be related to longer life
expectancy for women in general, which is something to be considered in future
epidemiologic studies.

While asthma remains the most prevalent respiratory disease in the world, COPD
is a greater cause of both morbidity and mortality. COPD is the eighth leading cause
of disability worldwide as measured by disability-adjusted life years, while asthma is
twenty-third (Soriano et al. 2017). In 2015, 3.2 million people died from COPD
worldwide, which was an increase of 11.6% compared to 1990 and eight times
higher than deaths from asthma (0.40 million) (Soriano et al. 2017). Between 1990
and 2015, the mortality rate for asthma actually decreased by 24.7% (Soriano et al.
2017). COPD is currently the fourth leading cause of death in the United States
(Kochanek et al. 2017). The WHO projects it will be the third leading cause of death
worldwide by 2030 (WHO 2017). As the prevalence for COPD among women has
increased, the number of women in the United States dying from COPD has also
increased and actually surpassed the number of men dying from COPD for the first
time in the year 2000 (Mannino and Homa 2002). A 2016 report from the NCHS
using data from the National Vital Statistics System evaluated COPD-related deaths
among adults �25 years old from 2000 through 2014 (Ni and Xu 2016).
Age-adjusted COPD mortality declined more rapidly among men compared to
women (�22.5% vs. -3.8%) (Ni and Xu 2016). Further analysis showed the
COPD-related death rate declined among white men and black men but remained
stable among white women and increased among black women. A similar analysis
published in Chest using National Vital Statistics System data from 2000 to 2011
showed the age-adjusted mortality rate for COPD increased slightly among women
during the time period (annual percentage change (APC) 0.4%; 95% CI 0.0–0.9,
p < 0.05) while it decreased among men (APC -1.1%; 95% CI -1.4–-0.7, p < 0.05)
(Ford 2015). Despite these mortality numbers, COPD is often underestimated as a
cause of death because the disease is more often listed as a contributing factor rather
than the primary cause of death or is not listed at all (Pauwels et al. 2001).

7.3 Risk Factors

Tobacco smoke exposure is the most significant risk factor for the development of
COPD and the stereotypical COPD patient has been an older male smoker. While
tobacco use was previously much more common in men, there has been a conver-
gence in smoking patterns among men and women since the 1960s (Thun et al.
2013). Smoking among American males peaked in the 1970s and subsequently
peaked among females during the 1980s (Thun et al. 2013). This trend is true for
most highly developed countries, which saw a peak in smoking among females in
the decades after males (Drope et al. 2018). Compared to highly developed coun-
tries, the percentage of women who smoke in developing countries is lower, but the

7 Sex Differences in Chronic Obstructive Pulmonary Disease 171



absolute number of women who smoke is greater given this is where most women
live worldwide (Varkey 2004). This trend is particularly concerning as there appears
to be a sex-related response to smoke exposure with women more likely to develop
airflow obstruction for a given exposure or more likely to develop more severe
disease when compared to men with a similar smoking history (De Torres et al.
2005; Martinez et al. 2007; Carrasco-Garrido et al. 2009; Varudkar 2012; Aryal et al.
2014; Papaioannou et al. 2014).

An analysis of the Copenhagen City Heart Study and the Glostrup Population
Studies published in 1997 was one of the first to evaluate the relationship between
sex, smoking, and lung function decline. The study reported that female smokers had
a greater forced expiratory volume in one second (FEV1) decline than men for a
given pack-year smoking history (Prescott et al. 1997). An analysis of the Rotterdam
Study from the Netherlands recorded the incidence of COPD among nearly 8000
participants living in a suburb of Rotterdam. This study noted that the incidence of
COPD was higher in the female smokers and nonsmokers in the youngest age
category (55–59 years old) compared to their male counterparts (Fig. 7.2) (Van
Durme et al. 2009). Sørheim et al. showed that female gender was associated with
more severe disease in subjects with COPD as well as early onset of disease and low
smoking exposure (<20 pack-years) (Sørheim et al. 2010). Spirometry and smoking
history of participants in the UK Biobank have similarly shown that women have
higher risk of airflow obstruction when compared to men with comparable smoke
exposure (Amaral et al. 2017).

Analysis of the first 2500 subjects enrolled in the Genetic Epidemiology of COPD
(COPDGene) Study found that while early-onset, severe COPD was rare, female sex
was a risk factor for its development as 66% of patients diagnosed at an early age
(<55 years old) were female (Foreman et al. 2011). These patients also had
significantly fewer pack-years, which suggests additional factors such as genetic
determinants or peak lung function attained may be important in the development of
COPD in young patients. This analysis also found that maternal smoking and
maternal COPD were risk factors for severe, early-onset COPD (Foreman et al.
2011). In sum, these data suggest that women may be more susceptible to the effects
of tobacco smoke with respect to lung function decline.

Under the current hypothesis of the pathogenesis of COPD, it is thought that the
disease is caused at least in part by an abnormal response to the inhalation of
particulate matter in the form of toxic particles and gases (Hogg and Timens
2009). The response to inhalational toxins has effects both locally within the lung
and systemically throughout the rest of the body which involve inflammatory
mediators from the innate and adaptive immune system (Hogg and Timens 2009;
Barnes 2014). It was previously thought that all adults reached peak lung function in
early adulthood and exposure to this noxious particulate matter, and the associated
inflammatory response, led to an increase in the normal age-related lung function
decline which resulted in the eventual development of chronic obstruction (Fletcher
and Peto 1977). Since 2015, however, there has been increasing recognition that this
pathway for the development of COPD is likely incomplete and that there are likely
multiple lung function trajectories that lead to COPD (Lange et al. 2015). Rather
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Fig. 7.2 Age- and gender-specific incidence rates of COPD in smokers and never-smokers (Van
Durme et al. 2009) (upper panel, men; lower panel, women)
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than all individuals reaching peak lung function in early adulthood followed by
accelerated age-related decline as a result of exposures, some patients with COPD
may reach a comparatively low level of peak lung function and develop airflow
obstruction as a result of normal age-related lung function decline. The effect that
sex may play on these different trajectories has not been fully explored. However,
early life events such as inhalational exposures and respiratory infections likely play
a role. The risks posed by maternal smoking have been replicated in multiple studies,
which have shown that in utero exposure to cigarette smoke affects lung function at
birth, during infancy, and in young adulthood (Stick et al. 1996; Boezen et al. 2002).
While the evidence is somewhat mixed, some studies have evaluated the relationship
between maternal smoking, fetal sex, and lung function. One study from the United
States followed infants from birth to 18 months and demonstrated a reduction in
infant lung function as measured by functional residual capacity (FRC) among those
exposed to cigarette smoke in utero; a larger effect was noted among female infants
compared to males (Tager et al. 1995). Another study from Australia, which
followed 2409 young adults from birth until age 21, showed in utero exposure to
maternal smoking was associated with a reduction in FEV1 and mean forced
expiratory flow between 25 and 75% of forced vital capacity (FEF25–75%)
among males but not females (Hayatbakhsh et al. 2009). A separate study of
respiratory mechanics in 803 healthy newborns showed maternal smoking during
pregnancy resulted in lower tidal flow-volume ratio in both males and females and
lower respiratory compliance in females (Lødrup Carlsen et al. 1997). Hence the data
on whether there is an interaction between maternal smoking, fetal sex, and lung
function is unclear.

While tobacco exposure is the most common risk factor, we also know that
nonsmokers make up roughly a quarter of all patients with COPD (Raghavan and
Jain 2016). A disproportionate number of nonsmokers who develop the disease are
women. An analysis of the participants in the Burden of Obstructive Lung Disease
(BOLD) study showed that never-smokers accounted for 27.7% (538/1889) of all
cases of COPD and about two-thirds of these never-smokers with COPD were
women (Lamprecht et al. 2011). An analysis of NHANES III similarly showed
nonsmokers accounted for around a quarter of all COPD cases and additionally
showed that women nonsmokers comprised the vast majority of nonsmokers with
mild COPD (82.5%) while representing a minority of the moderate-to-severe cases
(11.9%) (Behrendt 2005). The risk factor for developing COPD in never-smokers is
unclear although it is thought to be related to a different, unmeasured exposure such
as occupational exposures or other indoor air pollutions.

It has long been theorized that indoor air pollution via smoke from biomass fuels
(wood, charcoal, animal dung, etc.) contribute to the development of COPD in
never-smokers and that women are disproportionately exposed as a result of tradi-
tional household gender roles (Varkey 2004). Roughly 50% of households world-
wide and 90% of rural households use biomass fuel (Salvi and Barnes 2009). It is
estimated that around three billion people are exposed to smoke from biomass fuel.
Biomass smoke exposure is thought to account for 50% of deaths from COPD in
developing countries and about 75% of those deaths are in women (Salvi and Barnes
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2009). Studies from India, Saudi Arabia, Turkey, Mexico, Nepal, and Pakistan have
demonstrated an increased prevalence of respiratory symptoms and a greater decline
in lung function among women who use biomass fuels compared to women who do
not (Salvi and Barnes 2009).

Occupational exposures, such as those in mining (coal, heavy metals), farming
(organic dusts), and other industries (metallic fumes), are also thought to contribute
to COPD (Aryal et al. 2014). While the prototypical occupational exposure leading
to lung disease is mineral dust pneumoconiosis, this has become less common with
better occupational safety measures, and obstructive airway diseases have become
the predominant occupational lung disease (Balmes et al. 2003); a 2002 American
Thoracic Society meta-analysis concluded that 15% of COPD is work-related
(Balmes et al. 2003). Historically, professions that predispose to lung disease were
predominantly held by men although due to the reassignment of sex roles and more
single-parent households, a higher number of women are filling these jobs (Aryal
et al. 2014). This may play a role in the increasing prevalence of the disease among
women although it remains an area of future study.

Asthma is both a risk factor for and common comorbidity with COPD (Aryal
et al. 2014). The “Dutch hypothesis” for the pathophysiology of COPD proposes that
asthma and COPD share the same basic disease process, while the “British hypoth-
esis” assumes that asthma and COPD have distinct mechanisms (Ghebre et al. 2015).
Despite disagreement, there is recognition that patients can have clinical features of
both asthma and COPD. Asthma and so-called asthma-COPD overlap are both more
common among adult women compared to men (Kumbhare et al. 2016). The lifetime
likelihood of developing asthma is around 10.5% higher in women compared to men
(Kynyk et al. 2011). A longitudinal study of 3000 adult subjects from Tucson, AZ
showed that after adjusting for confounders such as tobacco exposure, asthmatics
had a greater risk of developing COPD, chronic bronchitis, and emphysema (Silva
et al. 2004). There is also evidence that female sex hormones may play a role in the
development of asthma (Kynyk et al. 2011). If we assume that asthma and COPD
share the same basic pathophysiologic underpinnings, then the increased rate of
asthma among women may contribute to increased prevalence of COPD among
women.

7.4 Pathophysiology

The pathologic hallmark of COPD is chronic inflammation that leads to airflow
obstruction and emphysema (Van Eeden and Sin 2008). In the beginning stages,
mild disease results in the loss of small airways (Barnes 2014). As the disease
progresses, chronic airway inflammation, airway remodeling, lung parenchymal
inflammation, and parenchymal destruction result in expiratory airflow obstruction,
hyperinflation of the lung, and the loss of elastic recoil (Barnes 2014). In its later
stages, COPD also impairs gas exchange (Van Eeden and Sin 2008). As only about
25% of smokers develop COPD, there may be genetic, epigenetic, or other host
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factors that predispose to its development and have yet to be identified (Barnes
2014).

The innate inflammatory immune system consists of the tight junctions that join
respiratory epithelial cells, a mucociliary apparatus which clears foreign material out
of the respiratory tract, a system of macrophages that ingest foreign material, and a
thin layer of alveolar surface liquid that carries macrophages and foreign debris from
the alveolar surface to the cilia and eventually out of the respiratory tract (Hogg and
Timens 2009). These mechanisms are the human body’s primary protection against
the inhalation of toxic gases and particles (Hogg and Timens 2009). Autophagy, the
process through which cells capture and recycle misfolded proteins, portions of the
cytosol, and cytoplasmic organelles, plays a role in innate immunity by providing a
pathway to eliminate certain pathogens such as bacteria (Monick et al. 2010).

Alveolar macrophages in smokers have been shown to have an autophagy defect
that leads to impaired clearance of misfolded proteins, accumulation of abnormal
mitochondria, and dysfunctional delivery of bacteria to lysosomes (Monick et al.
2010). This impairment may lead to epithelial cell dysfunction, defective phagocy-
tosis, and cell death (Monick et al. 2010). Defective bacterial phagocytosis in
alveolar macrophages of patients with COPD is thought to contribute to bacterial
colonization of the airway which may lead to lung function decline and increased
exacerbations (Taylor et al. 2010; Berenson et al. 2013). The Karolinska Clinical &
Systems Medicine Investigations of Smoking-related Chronic Obstructive Pulmo-
nary Disease (COSMIC) cohort investigated molecular sex differences in early-stage
COPD including healthy never-smokers, smokers with normal lung function, and
both smokers and ex-smokers with COPD (Yang et al. 2018). This has served as a
rich resource for the study of sex-specific biologic differences in COPD.
Bronchoalveolar lavage fluid (BALF) from smokers with COPD compared to
smokers with normal lung function in this cohort showed dysregulation in several
phagocytosis-related pathways among the COPD participants with differences
which were more pronounced among the female smokers with COPD (Yang et al.
2018). Among female smokers with COPD, defects in these various pathways were
correlated with degree of obstruction as well as the degree of emphysema seen on CT
scan. The alterations among the males in the cohort were relatively minor. The
authors hypothesized that this sex-specific dysregulation may partially explain why
women experience faster declines in lung function and experience more frequent
exacerbations (Yang et al. 2018).

The adaptive immune system’s response to inhalational toxins results in germinal
centers of B and T cell lymphocytes outside of regional lymph nodes and within lung
tissue (Hogg and Timens 2009). These are rarely seen in nonsmokers and their
prevalence increases as the severity of disease increases (Hogg and Timens 2009).
Compared to asymptomatic smokers, patients with COPD have an increase in CD8+
T cells in the lung parenchyma and airways (Barnes 2014). These T cells are thought
to be directed to the site of inflammation by chemokines expressed on their surface
which bind to chemokine receptors in the lung (Freeman et al. 2007). CCR5 is a
chemokine receptor shown to correlate with COPD severity as measured by Global
Initiative for Obstructive Lung Disease (GOLD) stage (Freeman et al. 2007). An
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analysis of blood and BALF from the Karolinska COSMIC cohort showed a higher
expression of the chemokine receptor CCR5 on CD8+ T cells in the BALF of
women with COPD compared to female smokers with normal lung function and
male smokers with COPD (Forsslund et al. 2017). It was theorized that the CCR5
receptor may play an important role in CD8+ T cell recruitment to the lungs among
females with COPD (Forsslund et al. 2017).

Proteomics is the study of the proteins produced by a cell or organism and has
been used to identify potential biomarkers in patients with COPD (Bowler et al.
2006; Kohler et al. 2013). Mass spectrometry and pathway analysis of the proteome
from BALF of the Karolinska COSMIC cohort showed significant differences
between the proteomes of macrophages in healthy smokers and smokers with
COPD. Further analysis showed these differences were driven by women and
identified 19 proteins using a classification model that, when altered, could be
used to identify female smokers with normal lung function and female smokers
with COPD (Kohler et al. 2013). These protein alterations were linked to pathways
involved in energy metabolism and autophagy, which may explain excess muscle
depletion that has previously been reported in women with COPD (Kohler et al.
2013). A classification model for males was unable to differentiate between men
with normal lung function and COPD, leading the authors to believe that they
potentially identified female-specific proteomic changes (Kohler et al. 2013).

While we consider COPD primarily a disease of the lung, there is evidence that
the cytokines and other molecules that contribute to the pathogenesis of COPD
within the lung through inflammatory pathways also result in systemic changes
throughout the body (Barnes 2014). Oxygen free radicals, also known as reactive
oxygen species (ROS), are by-products of cellular metabolism; they have beneficial
effects when at low-to-moderate levels but are harmful at higher levels (Valko et al.
2007). It has been theorized that the pathogenesis of COPD may be linked to ROS
through endogenous (mitochondrial respiration or immune cells) or exogenous
(cigarette smoke) production of ROS (Naz et al. 2017). Mouse models have
shown that cigarette smoke was associated with increased oxidative stress and
decreased expression of antioxidants in females compared to males; the differences
were less pronounced in ovariectomized animals or after treatment with tamoxifen
(Barnes 2016). Mass spectrometry analysis performed on the serum of human sub-
jects in the Karolinska COSMIC cohort demonstrated systemic molecular metabolic
shifts that resulted in increased ROS among smokers with COPD. Antioxidant
pathways to eliminate ROS were increased in men COPD but not women with
COPD (Naz et al. 2017). As a result, most of the oxidative stress-related changes
were more pronounced in women with COPD, which suggests dysregulation of
these pathways may contribute to the pathogenesis of COPD among women smokers
(Naz et al. 2017).

Pro-inflammatory plasma cytokines, among them C-reactive protein (CRP),
interleukin (IL)-6, tumor necrosis factor alpha (TNFα), matrix metallopeptidase
9 (MMP-9), pulmonary and activation-regulated chemokine/chemokine ligand
18 (PARC/CCL-18), and vascular endothelial growth factor (VEGF), are thought
to contribute to the development of COPD through the amplification of the systemic

7 Sex Differences in Chronic Obstructive Pulmonary Disease 177



inflammatory response (de Torres et al. 2011; Barnes 2014). The serum level of these
biomarkers is thought to be related to COPD progression as well as its association
with cardiovascular disease and lung cancer (de Torres et al. 2011). A pilot study
which completed serum analysis of smokers with normal lung function and smokers
with COPD has shown that the serum level of select biomarkers is similar in men and
women smokers without COPD (de Torres et al. 2011). However, for those with
COPD, statistically significant sex-related differences were seen in IL-6, IL-16, and
VEGF (de Torres et al. 2011). VEGF helps regulate growth of new vessels and
vascular leak and was found to be elevated in those with COPD compared to those
without. Men with COPD had higher levels than women. VEGF correlated with
BODE (body mass index, airflow obstruction, dyspnea, and exercise) index, a tool
used to predict long-term outcomes in COPD, among both sexes although it was
only associated with spirometry markers of hyperinflation and emphysema among
men (de Torres et al. 2011). IL-6 is a pro-inflammatory cytokine which links the
innate and acquired immune system. It also stimulates the production of CRP which
is thought to contribute in part to insulin resistance, osteoporosis, and muscle
degradation in patients with COPD; its serum level was found to be significantly
lower in females with COPD compared to female smokers without COPD (de Torres
et al. 2011). There was no difference seen between men with COPD and men
without. IL-16 regulates recruitment and activation of CD4+ lymphocytes; females
in this cohort had elevated IL-16 levels which also correlated to body mass index
(BMI) and suggests that a greater BMI in women may be associated with higher
levels of inflammation (de Torres et al. 2011). Future research may identify these
cytokines as targets for novel sex-specific COPD treatments.

Metabolic syndrome and diabetes are two common comorbidities for patients
with COPD and are thought to be related in part to systemic inflammation (Hillas
et al. 2015). Adipokines are cytokines specifically secreted by adipose tissue (Ali
Assad and Sood 2012). The pro-inflammatory adipokine leptin has been implicated
in the pathogenesis of COPD (Ali Assad and Sood 2012). Leptin is secreted by white
adipose tissue as part of the body’s effort to maintain fat stores (Friedman 2011).
Loss of adipose tissue causes leptin levels to fall, which stimulates appetite; when
adipose increases, leptin levels also increase in order to suppress appetite (Friedman
2011). Mouse models have shown leptin may play a role in the pathogenesis of
inflammatory lung disease and it is thought that BMI-adjusted serum leptin levels
may predict COPD prevalence in women (Ali Assad and Sood 2012). An analysis of
a cohort of COPD patients compared to BMI-matched healthy controls showed
leptin levels were elevated in women with COPD compared to healthy controls
and men with COPD (Breyer et al. 2011). Women with COPD had a greater increase
in leptin secretion with increasing fat mass compared to men with COPD and
overweight women with COPD were found to have higher circulating leptin levels
even after correcting for fat mass (Breyer et al. 2011). Leptin levels also correlated
with CRP in women with COPD although not men. Given the differences observed,
it is possible that high leptin levels reflect greater airway inflammation among
women and may contribute to disease severity (Breyer et al. 2011; Ali Assad and
Sood 2012).
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Another adipokine, fatty acid-binding protein 4 (FABP4), has also been found to
be higher in women with COPD compared to men with COPD and healthy females
(Zhang et al. 2016). FABP4, produced by adipocytes, macrophages, and endothelial
cells, is thought to be involved in the regulation of macrophages and airway
inflammation (Zhang et al. 2016). In vivo studies have shown FABP4 plays a role
in the infiltration of leukocytes into the airways and it has also been linked to
atherosclerosis (Zhang et al. 2016). A study of serum FABP4 levels among subjects
with COPD and healthy controls demonstrated FABP4 levels were significantly
higher among women with COPD compared to men with COPD and healthy women
(Zhang et al. 2016). FABP4 serum levels were inversely correlated to FEV1%
predicted suggesting it may correlate with the degree of obstruction (Zhang et al.
2016). Serum levels of FABP4 were positively correlated with CRP among women
with COPD, suggesting it may play a role in promoting systemic inflammation in
this group (Zhang et al. 2016).

Given the association between adipose tissue content, the associated inflamma-
tory markers, and COPD, cross-sectional imaging has also been used to further
stratify patients (Diaz et al. 2014). The Evaluation of COPD Longitudinally to
Identify Predictive Surrogate Endpoints (ECLIPSE) Study enrolled smokers aged
40–75 years old who had GOLD stage 2–4 COPD to identify factors that predict
COPD progression. Computed tomography (CT) chest imaging for 73 of these
participants was analyzed to evaluate pectoralis muscle area (PMA) and subcutane-
ous adipose tissue (SAT) (Fig. 7.3) (Diaz et al. 2014). Serum biomarkers (CRP,
fibrinogen, and IL-6) were also measured. In this cohort, PMA was lower in women
compared to men, while SAT was higher. SAT area was also found to be directly

Fig. 7.3 Example CT chest axial slice at the level of the aortic arch showing both pectoralis muscle
and subcutaneous adipose obtained through ECLIPSE. Pectoralis major and minor muscles are
shown with dotted lines. Subcutaneous adipose tissue is shown with solid lines (Diaz et al. 2014)
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related to CRP and fibrinogen levels in women but not men. It was postulated that
SAT area may have a sex-specific exacerbating effect on inflammatory mediators
(Diaz et al. 2014). Overall, these data suggest that differences in the amount and
distribution of body fat between men and women may contribute to differences in
inflammatory mediators in COPD.

7.5 Clinical Features

A diagnosis of COPD should be considered in any patient with dyspnea, chronic
cough with or without sputum production, and a history of exposures or risk factors
(Vestbo et al. 2013). The idea that sex-related dimorphism may play a role in these
clinical features has been theorized since at least 1987 when it was noted that there
were different sex distributions for the two disease phenotypes: emphysema and
chronic asthmatic bronchitis (Burrows et al. 1987). At the time, it was noted that
those with the emphysema phenotype were more likely to be men, had a more rapid
decline in pulmonary function, and had a higher mortality rate. Those with chronic
asthmatic bronchitis were more likely to be women, experienced a less rapid decline
in pulmonary function, and had a lower mortality rate. More recent data from the
National Health Interview Survey suggests that this observed dichotomy may be true
as more women are diagnosed with chronic bronchitis and emphysema is more
common among men, although more women than men have been diagnosed with
emphysema since 2011 (Aryal et al. 2014). It has been suggested that anatomic
biologic differences may account for some of these differences. An analysis of 1053
patients with severe COPD evaluated for lung volume reduction as part of the
National Emphysema Treatment Trial (NETT) showed women have smaller airway
lumens and thicker airway walls, which may predispose to the bronchitis phenotype,
as well as less severe emphysema compared with men (Martinez et al. 2007).

Studies have assessed whether or not symptoms differ by gender. Most studies
have shown that women have greater dyspnea than men despite similar lung function
and fewer pack-years of smoking although some have shown similar dyspnea
burdens (Watson et al. 2004; Skumlien et al. 2006; Celli et al. 2011; Beeh et al.
2013; Roche et al. 2014; Raherison et al. 2014). The BREATHE study, for instance,
evaluated respiratory symptoms in ten countries in the Middle East and North Africa
and found that respiratory symptoms (persistent productive cough, breathlessness, or
both) were more common in women compared to men despite a higher prevalence of
epidemiologically defined COPD among men (epidemiologically defined COPD
was a diagnosis of COPD or symptoms consistent with the diagnosis and at least
10 pack-year smoking history) (Fig. 7.4) (Tageldin et al. 2012). It is also unclear if
sputum production is different between women and men as some studies have
reported men having a higher rate of productive cough while others have shown
no difference (Watson et al. 2004; Cydulka et al. 2005; Martinez et al. 2011).

Despite mixed evidence regarding symptoms, women do appear to have a higher
rate of exacerbations when compared to men and are more likely to be hospitalized
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for a COPD exacerbation or other COPD-related conditions (Fig. 7.5) (Prescott et al.
1997; Kilic et al. 2015; Goel et al. 2019).

In the ECLIPSE cohort, the rate of exacerbations was higher in women when
compared to men in the same GOLD stage (Agusti et al. 2010). Similar results were
seen in a post hoc analysis from the Prevention of Exacerbations with Tiotropium in
COPD (POET-COPD)—a randomized trial comparing tiotropium (long-acting mus-
carinic antagonist (LAMA)) to salmeterol (long-acting β2-agonist (LABA)) for the
prevention of exacerbations—which noted the risk of first exacerbation was higher
for women than men (Beeh et al. 2013). A subgroup analysis of Understanding
Potential Long-Term Impacts on Function with Tiotropium (UPLIFT), a placebo-
controlled trial evaluating the ability of tiotropium to slow FEV1 decline, also
demonstrated higher exacerbation rates among women compared to men (Tashkin
et al. 2010). Exacerbation rate was also found to be higher among women in the
COPDGene cohort (Han et al. 2011). Lastly, an analysis of the Toward a Revolution
in COPD Health (TORCH) study, which evaluated the efficacy of salmeterol and
fluticasone (inhaled corticosteroid (ICS)) in participants with at least moderate
COPD, showed that the time to first exacerbation during the initial trial was shorter
for women and the overall rate of exacerbations was 25% higher in women com-
pared to men (Fig. 7.6) (Celli et al. 2011). It is unclear why women have more
frequent exacerbations compared to men although airway hyperresponsiveness is
thought to play a role in perceived dyspnea and may also play a role in exacerbations
(Leynaert et al. 1997; Watson et al. 2004).

Regarding comorbid features, anxiety and depression are especially prevalent
among patients with COPD and may have important effects on a patient’s functional

Fig. 7.5 COPD hospitalizations and in-hospital deaths from 2005 to 2014 for males and females.
Reprinted with permission of the American Thoracic Society. Copyright © 2020 American
Thoracic Society. Annals of the American Thoracic Society is an official journal of the American
Thoracic Society (Goel et al. 2019)
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status. Women with COPD exhibit higher levels of depression and anxiety compared
to men with similar lung function and demonstrate a stronger correlation between
dyspnea and depression (Di Marco et al. 2006). A group of COPD patients being
discharged after hospitalization for acute exacerbation of COPD in a group of Nordic
countries were noted to have a high prevalence of anxiety and depression with
women and current smokers likely to suffer from more significant disease
(Gudmundsson et al. 2006). Similarly, a study of patients with COPD admitted for
exacerbation in New Zealand showed women had more anxiety than males as
measured by the Hospital Anxiety and Depression Scale (Dowson et al. 2001).

As evidenced by the comorbid depression/anxiety, the impact of dyspnea on
patient functioning is not only related to the degree of lung dysfunction but also the
patient’s emotional response to the sensation of dyspnea. Exercise capacity limita-
tions in patients with COPD are more strongly associated with the emotional stress
caused by dyspnea as opposed to the shortness of breath itself (Han et al. 2007b). It is
thought that women may be more sensitized to dyspnea and that dyspnea may be
perceived as a global indicator of health among women more so than men (Becklake
and Kauffmann 1999). Neuroimaging studies monitoring the response to noxious
stimuli have demonstrated different activations in the prefrontal cortex between men
and women which may play a role in the different emotional response to dyspnea
experienced between the two (Han et al. 2007b). Women are also more aware of
somatic sensations than men which may make women more likely to notice dyspnea
(Han et al. 2007b).

7.6 Diagnosis

Spirometry documenting airflow obstruction defined by a post-bronchodilator ratio
of FEV1/forced vital capacity (FVC) less than 0.70 is required for the diagnosis of
COPD per GOLD guidelines (Singh et al. 2019). Despite its prevalence, COPD
remains underdiagnosed with many cases going unrecognized until an exacerbation
or after significant loss of lung function (Martinez et al. 2017). Only around
one-third of newly diagnosed patients with COPD underwent spirometry in the

Fig. 7.6 Exacerbation rate
(events/year) between men
and women in Eclipse,
COPDGene, TORCH, and
UPLIFT (original figure by
MeiLan Han, MD MS)
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preceding 2 years (Han et al. 2007a). Data from NHANES III suggests that over 63%
of adults with spirometry showing FEV1/FVC < 0.70 and FEV1 < 80% predicted
have never been diagnosed with obstructive lung disease (Mannino et al. 2000).

Several studies have attempted to discern if there is a sex bias in the diagnosis of
COPD. The Confronting COPD survey interviewed patients >45 years old with
a > 10 pack-year smoking history and a diagnosis of COPD, emphysema, chronic
bronchitis, or symptoms consistent with chronic bronchitis in North America and
Western Europe (Rennard et al. 2002). Despite more reported symptoms, women
were less likely to have had spirometry although more likely to have received advice
regarding smoking cessation (Watson et al. 2004). Another study presented primary
care physicians in North America with a hypothetical case of a middle-aged former
smoker (40 pack-years) who presents for chronic cough and dyspnea with a physical
exam demonstrating diffuse expiratory wheezing; half of the fictional patients were
male and half female (Chapman et al. 2001). The physicians were asked to provide
the most likely diagnosis. COPD was given as the most likely diagnosis more
frequently in men (64.6% vs. 49%; p < 0.05). The female fictional patients were
more likely to be diagnosed with asthma compared to men. The number of COPD
diagnoses increased, and the gender difference decreased, when the physicians were
given spirometry showing obstruction.

There is also a sex difference regarding patient perceptions and expectations after
a diagnosis of COPD. A survey of patients with COPD in the United States reported
that more women believed that they had experienced a delay in receiving their
diagnosis, reported difficulty contacting their physician, and did not feel they had
sufficient time with their physician (Martinez et al. 2012). This perceived diagnostic
delay was still present among women even after adjusting for relevant confounders
(socioeconomic status, disease severity, anxiety/depression). Despite no discernible
difference in access to health insurance, more women considered insurance to be a
barrier to their care (Martinez et al. 2012). Taken together, these studies suggest that
women may be underdiagnosed and may require different care approaches than men.

7.7 Treatment

The treatment of COPD includes both pharmacologic and non-pharmacologic inter-
ventions. Smoking cessation remains an important intervention among active
smokers. It is unclear if there are sex-related differences in the ability to stop
smoking. In 2001, a US Surgeon General report dedicated to women and smoking
noted mixed evidence regarding sex-related differences in the effectiveness of
tobacco cessation programs (Surgeon General 2002). While clinical intervention
studies suggested women had more difficulty quitting, national survey data demon-
strated women quitting at rates equal to or sometimes exceeding men (Surgeon
General 2002). A meta-analysis of national surveys from the United States (Tobacco
Use Supplement to the Current Population Survey), Canada (Canadian Tobacco Use
Monitoring Survey), and the United Kingdom (General Household Survey) found
that women younger than 50 years old were more likely to have quit compared to
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men of the same age while men over 50 were more likely to have quit than women.
When looking at all age groups, there was little difference in cessation rates between
men and women (Jarvis et al. 2013).

Studies of nicotine replacement therapy (NRT) have also shown mixed results
with some studies showing the intervention less effective among women compared
to men and some showing no difference (Reynoso et al. 2005; Shiffman et al. 2005).
Sex-mediated biologic differences in the response to nicotine may play a role in the
efficacy of NRT. Women smokers demonstrate less change in their smoking behav-
ior with nicotine pretreatment or change in nicotine dose, which suggests the
neurochemical response to nicotine may be less important for female smokers
(Lynch et al. 2002). Bupropion and varenicline appear to be equally efficacious
among men and women (Tashkin et al. 2001; Scharf and Shiftman 2004; Gonzales
et al. 2006).

There is evidence that women may derive greater benefit from smoking cessation
with regard to lung function, which further reinforces the importance of tobacco
cessation among this group. The Lung Health Study was a multicenter intervention
trial designed to test if a smoking cessation program with or without a bronchodilator
(ipratropium, a muscarinic antagonist) could slow lung function decline in middle-
aged smokers with mild-to-moderate obstruction (Connett 2003). Among sustained
quitters in the first year, women had an improvement in FEV1% predicted that was
2.3 times higher than men. Similar but less dramatic differences were seen at 5 years.
The European Respiratory Society Study on Chronic Obstructive Pulmonary Dis-
ease (EUROSCOP) study compared ICS to placebo among active smokers with
mild-to-moderately severe COPD to evaluate for change in lung function decline
(Pauwels et al. 1992). Interestingly, a subsequent analysis of EUROSCOP showed
that longitudinal improvements in FEV1 after starting inhaler treatment were asso-
ciated with a reduction in symptoms only among men (Watson et al. 2006). In that
study, only men were more likely to have changes in symptoms—wheeze and
phlegm—over time based on the number of cigarettes smoked (Watson et al.
2006). This suggests that while women have greater improvement in lung function
with smoking cessation, symptom burden may not follow the same pattern.

Inhaler therapies remain the main treatment modality for COPD. The IGNITE
program was a large Phase III clinical trial program comprised of 11 clinical trials
comparing indacaterol (LABA) and glycopyrronium (LAMA) to placebo or
monotherapy with a LAMA or LABA in moderate-to-severe COPD (Tsiligianni
et al. 2017). A pooled, post hoc analysis of six of these trials evaluated response to
the LAMA-LABA by sex (Tsiligianni et al. 2017). Compared to the men enrolled,
women in the studies were generally younger, had a higher BMI, were more likely to
be current smokers, and had a shorter smoking history. Regardless of their baseline
characteristics, both men and women who received the LAMA-LABA combination
had improvements in patient-reported health status, dyspnea, and rescue medication
use at 26 weeks when compared to all other groups. Women in the LAMA-LABA
group experienced greater improvement in patient-reported health status compared
to the men in the same treatment group (Fig. 7.7). In general, both women and men
experienced comparable improvements in lung function among the LAMA-LABA
group compared to all other groups.
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There is mixed evidence regarding the effect of ICS use between men and
women. A post hoc sensitivity analysis of the Trial of Inhaled Steroids and Long-
Acting β2-Agonists (TRISTAN) study, which investigated a LABA-ICS
combination vs. placebo, showed no difference between men and women in FEV1,
severe exacerbations, or respiratory health scores although only 180 of 719 partici-
pants were women (Vestbo et al. 2004). As mentioned previously, a post hoc
analysis of EUROSCOP suggested that inhaled corticosteroid use was a significant
predictor of reduced phlegm production in men but not women (Watson et al. 2006).
Effect of Indacaterol Glycopyrronium vs. Fluticasone Salmeterol on COPD Exac-
erbations (FLAME) was a randomized, double-blind, noninferiority trial comparing
the combination of indacaterol and glycopyrronium to the combination of salmeterol
(LABA) and fluticasone (ICS) for the prevention of COPD exacerbations in patients
with moderate-to-very-severe COPD and a history of exacerbation (Wedzicha et al.
2016). The study found the LAMA-LABA combination was more effective at
preventing exacerbations and had greater improvements in FEV1 compared to the
LABA-ICS. 3362 patients were randomized in the study, 76% of whom were men. A
post hoc analysis showed that women at baseline were younger, were more likely
current smokers, and had more exacerbations despite similar or slightly better lung
function compared to men (Wedzicha et al. 2016). Despite these baseline differ-
ences, women and men had similar improvements in exacerbation rate and lung
function with the LAMA-LABA combination compared to the LABA-ICS
(Wedzicha et al. 2016).

It is important to note that FLAME required a 4-week run-in period of tiotropium
monotherapy which may have skewed the study participants by increasing the drop-
out rate of ICS-dependent patients (Lipson et al. 2018). Subsequent studies evalu-
ating LAMA-LABA-ICS compared to LAMA-LABA or LABA-ICS showed
improvement in exacerbation rate among those with severe, symptomatic COPD
in the LAMA-LABA-ICS group (FEV1 < 50%, COPD Assessment Tool scores
�10), and ICS is still recommended in the 2019 GOLD Report for those who have
significant symptoms related to their COPD and frequent exacerbations (Lipson
et al. 2018; Papi et al. 2018; Singh et al. 2019). These studies did not evaluate for
differences between men and women. The effect of gender on inhaler treatment
remains an area for future research although there are theoretical grounds on which
to tailor treatment; for instance, women generally are more prone to develop
osteoporosis and do so at earlier ages, and so high-dose inhaled corticosteroids
may be relatively more detrimental in women than men (Jenkins et al. 2017).

While inhalers remain the main treatment modality for COPD, oral medications
have become more popular in recent years. Macrolides, such as azithromycin, and
the phosphodiesterase-4-inhibitor roflumilast are other treatment options typically
used for patients with frequent exacerbations despite optimal inhaled treatment
(Albert et al. 2011; Martinez et al. 2015). No gender difference in response to
azithromycin has been found (Han et al. 2014).

Pulmonary rehabilitation, a multidisciplinary program consisting of exercise
training, nutritional counseling, and patient education, is an important part of treating
patients with COPD. The data concerning the impact of sex on pulmonary rehabil-
itation has been mixed. Foy et al. compared short-term (3 months) and long-term

7 Sex Differences in Chronic Obstructive Pulmonary Disease 187



(18 months) pulmonary rehabilitation and showed that men and women both
experience improvement in health-related quality of life measures after 3 months
of pulmonary rehab; however, among those randomized to continue with 18 months
of therapy, a benefit was only seen among men (Foy et al. 2001). Meanwhile,
Haggerty et al. found that women had greater improvements in the mastery and
emotion subscales of the Chronic Respiratory Disease Questionnaire and the psy-
chosocial subscale of the Pulmonary Function Status Scale after completing pulmo-
nary rehabilitation, although all other outcomes were similar between men and
women (Haggerty et al. 1999). A systematic review assessing outcomes after
pulmonary rehabilitation found no evidence of a sex difference (Robles et al. 2014).

Long-term oxygen therapy (LTOT) is used in patients with COPD and severe
resting hypoxemia (partial pressure of arterial oxygen <55 or oxygen satura-
tion < 88%) based on studies from the 1980s which showed a survival benefit to
oxygen therapy (Kvale et al. 1980; Medical Research Council Working Party 1981).
A more recent trial in those with COPD and resting or exercise-induced moderate
desaturation (resting oxygen saturation 89–93% or normal resting oxygen satura-
tions that fell to 80–90% on a 6-minute walk test) did not show a benefit in time to
death or first hospitalization (Albert et al. 2016). Neither of these studies evaluated
whether there was a sex difference in outcomes. A cohort study of men and women
on LTOT showed that, when adjusting for potential confounders, women with
oxygen-dependent COPD had a significantly higher mortality rate compared to
men (Machado et al. 2006). Other studies have shown improved mortality among
women (Crockett et al. 2001). A more recent study of nearly 15,000 patients with
COPD treated with LTOT in Denmark showed women had improved survival
compared to men and that the difference increased during the 10-year study period
(Ringbaek and Lange 2014). There is some evidence to show that the prevalence of
LTOT among women is increasing. A study of Swedish patients with COPD
prescribed oxygen from 1987 to 2000 showed that the annual incidence of women
starting oxygen therapy increased more rapidly compared to men (Franklin et al.
2007). Given this trend and increasing smoking rates among young and middle-aged
women, they estimated that 70% of Swedish patients on LTOT would be women by
2026 (Fig. 7.8).

Fig. 7.8 Predicted annual
prevalence of men and
women on oxygen therapy
among Swedish COPD
patients who require oxygen
(Franklin et al. 2007)
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7.8 Conclusion

Over the past 20 years, there has been increasing recognition that COPD is a disease
that affects both sexes with the prevalence increasing among women. Women have a
different disease burden, symptoms, and clinical trajectory. While there is increasing
recognition of these differences, this remains an area of ongoing recognition and
study for clinicians and researchers alike. Increased awareness of the evolving
demographics of COPD remains an important aspect of diagnosis and management
going forward. There has been some work to understand the contribution of sex to
the biologic pathogenesis of disease, although more work remains. Hopefully, with a
better grasp of the biological underpinnings, we will have more targeted treatments.
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Chapter 8
Sex Differences in Pulmonary Arterial
Hypertension

Andrea L. Frump and Larissa A. Shimoda

Abstract Under normal conditions, the pulmonary circulation is a low-resistance,
low-pressure system. Pulmonary hypertension (PH) is a heterogeneous condition
that arises from a variety of etiologies affecting the pulmonary circulation and can be
subdivided into five groups. Of these, pulmonary arterial hypertension (PAH) is the
most severe, with a 5-year mortality rate near 40%. The development of PAH can be
associated with various pathogenic or genetic causes, and, possibly because of this
complexity, the mechanisms causing the disease are still incompletely understood.
Female sex is perhaps one of the most well-established risk factors for the develop-
ment of PAH, although over the past three decades, it has become increasingly clear
that there are also important sex-based differences in PAH severity, response to
treatment, and mortality. In this chapter, we will describe the preclinical and patient
data underlying our current understanding of sex-based differences in PAH, discuss
the clinical implications of these data, and point to future directions for research and
patient care.
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8.1 Introduction

Under normal conditions, the pulmonary circulation is a low-resistance,
low-pressure system. Pulmonary hypertension (PH) is a heterogeneous condition
that arises from a variety of etiologies affecting the pulmonary circulation and can be
subdivided into five groups. Of these, pulmonary arterial hypertension (PAH) is the
most severe, with a 5-year mortality rate near 40%. The development of PAH can be
associated with various pathogenic or genetic causes, and, possibly because of this
complexity, the mechanisms causing the disease are still incompletely understood.
Female sex is perhaps one of the most well-established risk factors for the develop-
ment of PAH, although over the past three decades, it has become increasingly clear
that there are also important sex-based differences in PAH severity, response to
treatment, and mortality. In this chapter, we will describe the preclinical and patient
data underlying our current understanding of sex-based differences in PAH, discuss
the clinical implications of these data, and point to future directions for research and
patient care.

8.2 Pulmonary Arterial Hypertension

8.2.1 Clinical Definition

Pulmonary hypertension is a complex condition diagnosed by hemodynamic criteria
as an increase in mean pulmonary arterial pressure (PPa) measured via right heart
catheterization. Classically diagnosed by a mean PPa �25 mmHg, recent evidence-
based recommendations suggest lowering the threshold for diagnosis to the upper
level of normal or >20 mmHg (Simonneau et al. 2019). Progressive and often fatal,
PH can be divided into five major categories based on underlying etiology and
clinical characterization (i.e., hemodynamics, response to treatment, etc.). First
proposed at the second World Symposia on Pulmonary Hypertension held by the
World Health Organization (WHO) in Evian, France, in 1998 (Fishman 2001), the
WHO classifications have most recently been refined at the 6th World Symposia on
Pulmonary Hypertension in Nice, France (Simonneau et al. 2019). While the
specifics are listed in Table 8.1, the general groups are (1) pulmonary arterial
hypertension (PAH), including idiopathic, heritable, connective tissue-associated
and infection- or drug-/toxin-induced PH; (2) PH due to left heart disease; (3) PH
due to lung diseases and/or hypoxia, including high-altitude and chronic obstructive
pulmonary disease; (4) PH due to pulmonary obstructions; and (5) PH with unclear
and/or multifactorial origin, including hematologic and systemic disorders
(Simonneau et al. 2019). Of these, PAH (WHO Group 1) is the best characterized
form of human PH and is defined hemodynamically by (1) the presence of
pre-capillary PH, (2) a pulmonary artery wedge pressure�15 mmHg, (3) pulmonary
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vascular resistance (PVR) �3 Wood units, and (4) the absence of other causes of
pre-capillary PH.

8.2.2 Pathobiology

To varying degrees, vasoconstriction and vascular remodeling contribute to elevated
PPa in all forms of PH; however, progressive, severe vascular remodeling is a
hallmark of PAH. Structural changes that occur in the pulmonary circulation with
PAH include 1) reduced compliance, or stiffening, of the proximal elastic arteries; 2)
intimal, medial, and adventitial layer thickening in muscular resistance arteries; 3)
muscularization of the pre-capillary arterioles; and 4) endothelial-mesenchymal
transformation [reviewed in Shimoda and Laurie (2013) and Leopold and Maron
(2016)]. A frequent feature of PAH is progressive obstruction of the pulmonary
arterial circulation due to formation of vaso-occlusive lesions arising from exuberant

Table 8.1 Classification of pulmonary hypertension

Group 1: Pulmonary arterial hypertension (PAH)
Idiopathic PAH
Heritable PAH
Drug- and toxin-induced PAH
PAH associated with connective tissue disease; infections; portal hypertension; congenital heart
diseases
PAH with long-term response to calcium channel blockade
PAH with pulmonary venous/capillary involvement
Persistent pulmonary hypertension of the newborn

Group 2: Pulmonary hypertension due to left heart disease
Left ventricular systolic dysfunction
Left ventricular diastolic dysfunction
Valvular disease
Congenital/acquired conditions leading to post-capillary PH

Group 3: Pulmonary hypertension due to lung diseases and/or hypoxia
Chronic obstructive pulmonary disease
Restrictive lung disease
Other pulmonary diseases with mixed restrictive and obstructive pattern
Hypoxia in the absence of lung disease
Developmental lung disorders

Group 4: Pulmonary hypertension due to pulmonary artery obstructions
Chronic thromboembolic pulmonary hypertension

Group 5: Pulmonary hypertension with unclear/multifactorial mechanisms
Hematologic disorders
Systemic disorders
Metabolic disorders
Complex congenital heart disease
Others

Adapted from Simonneau et al. (2019)
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proliferation and migration of vascular wall cells that are also resistant to apoptosis
or programmed cell death. It should be noted that the source of highly migratory/
proliferative cells found in the occlusive lesions is still under investigation, although
most data point to the cells expressing endothelial markers, suggesting that these
cells are either endothelial cells or myofibroblasts of an endothelial origin
(Ranchoux et al. 2015). With increased pulmonary vascular resistance, higher
right ventricular (RV) afterload initially causes adaptive RV hypertrophy, but
often progresses to maladaptive RV hypertrophy and fibrosis, eventually leading
to premature death from RV failure. Despite decades of study and numerous new
therapeutics approved for clinical use, PAH remains an incurable disease, and recent
analysis places 5-year survival at approximately 60% (Medrek et al. 2020).

8.2.3 Sex as a Risk Factor in PAH

Combined registry data published in the last 30 years demonstrates a female/male
ratio in all forms of PAH ranging from 1.4 to 4.1 [reviewed in Lahm et al. (2014) and
Marra et al. (2016)]. However, within subtypes of PAH, sex bias depends on
etiology, with 100% and >80% of PAH cases associated with anorexic-drug use
and connective tissue disease, respectively, found in women, whereas PAH associ-
ated with human immunodeficiency virus was much less prevalent in females (13%)
(Escribano-Subias et al. 2012; Mullin et al. 2019; Thenappan et al. 2007). Despite
substantial agreement among epidemiological studies indicating females have higher
risk for development of most forms of PAH, studies consistently report that females
appear to fare better clinically, with male patients with PAH experiencing poorer
outcomes and higher mortality [reviewed in Marra et al. (2016)]. Importantly, female
patients with PAH have better RV function, with preserved RV ejection fraction,
better RV-pulmonary artery (PA) coupling, lower RV mass, and/or better RV
response to therapy (Jacobs et al. 2014; Kawut et al. 2009; Tello et al. 2020)
compared to males with PAH. This discrepancy between PAH prevalence and
severity of disease with respect to sex has been termed the “estrogen paradox” and
has prompted intense research into the sex-based differences in PAH, with recent
studies shedding new light into the mechanisms that may underlie both risk and
protection.

8.3 Sex Hormones

The sex steroids, estrogens and androgens, are derived from cholesterol and synthe-
sized primarily in the gonads and adrenals. Dehydroepiandrosterone (DHEA), the
main precursor for both estrogens and testosterone, is produced in the adrenal cortex
and converted to androstenedione. Testosterone, the primary circulating androgen, is
made by the Leydig cells of the testicles following reduction of androstenedione at
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C17 by 17β-hydroxysteroid dehydrogenase (17β-HSD). In target tissues, testoster-
one is further converted by 5α-reductase to the more potent metabolite, dihydrotes-
tosterone. In addition to derivation from DHEA, androstenedione can also be
produced from cholesterol via progesterone.

In the context of PAH, sex-based differences have primarily focused on the role
of estrogens, steroid hormones that are key mediators of secondary sex characteristic
development. All three major estrogens, estrone (E1), estradiol (E2), and estriol
(E3), are largely synthesized from the aromatization of testosterone and androstene-
dione by aromatase (CYP19A1), a member of the cytochrome P450 (CYP) super-
family (Fig. 8.1). Estrogens are primarily produced in, and released into the
circulation from, the ovarian follicles and corpus luteum, although estrogen synthe-
sis has also been documented in extragonadal tissues such as adipose tissue, bone,
breast tissue, liver, and brain (Simpson et al. 2005). 17β-Estradiol (E2) is the most
abundant and physiologically relevant estrogen in women of reproductive age,
whereas E3 is the major estrogen produced during pregnancy, and E1 predominates
in peri-/post-menopausal women. E2 signaling can occur via activation of classic
nuclear estrogen receptors (ERα and ERβ), which function as transcription factors
binding at estrogen response elements in target genes, or can proceed via
nongenomic signaling through plasma membrane-bound ERα, ERβ, or orphan G-
protein-coupled receptors, leading to the activation of kinase-mediated intracellular
signaling pathways [reviewed in Murphy (2011)].

Estrogens undergo oxidative metabolism in the liver. Various CYP enzymes
participate in 2-, 4-, and 16α-hydroxylation of estrogen to form both pro- and anti-
proliferative metabolites. Estrogens are, to a large extent, metabolized by CYP
family 1, subfamily B, member 1 (CYP1B1) to form 4-OHEs (4-OHE1 from E1
and 4-OHE2 from E2) by hydroxylation at the C4 position; however, some 2- and
16α-hydroxylation is facilitated by CYP family 1, subfamily A, member
1 (CYP1A1) and CYP family 3, subfamily A, member 4 (CYP3A4), respectively,
resulting in the formation of 2- and 16α-OHEs (Badawi et al. 2001; Lee et al. 2003).
Catechol estrogens (2- and 4-OHEs) can then be further metabolized to the
methoxyestrogens (2- and 4-MEs) by the ubiquitously expressed catechol-O-
methyltransferase (COMT). Given the genomic and direct effects of estrogens and
estrogen metabolites on vascular cell function, changes that shift the normal balance
of E2 production or estrogen metabolism could have a significant impact on PAH
development and/or progression.

8.4 Sex Differences in Preclinical Models of PAH

Recent advances in preclinical studies have demonstrated that sex hormones, recep-
tors, and metabolites are powerful modifiers of pathways involved in PAH patho-
genesis. The influence of hormones on the cardiopulmonary circuit is nuanced,
depending on the duration of exposure, compartment, and cell type. Despite pro-
gress, much remains unclear about how hormones modulate PAH. Disparate
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preclinical data is likely influenced by the same-sex disparity observed in clinical
and registry data, but also by differences in experimental approach, animal strain/cell
type, and compartment assessed (summarized in Tables 8.2 and 8.3). Because
females predominantly develop PAH but have better outcomes, preclinical studies
have largely focused on the role of E2, estrogen receptors, and estrogen metabolism
in the pulmonary vasculature and RV. However, the importance of progesterone,

Fig. 8.1 Overview of estrogen synthesis and metabolism. In peripheral tissues, including the
adrenals, gonads, and liver, cholesterol is metabolized to precursors of steroid hormones. The
most common precursor, dehydroepiandrosterone (DHEA), is converted to androstenedione by
3β-hydroxysteroid dehydrogenase (3β-HSD). Estrogens are synthesized from testosterone and
androstenedione by aromatase (CYP1A1) and released into the circulation. 17β-Hydroxysteroid
dehydrogenase (17β-HSD) maintains equilibrium between androstenedione and testosterone, as
well as the balance between estrone and estradiol. Following uptake into the liver, estrogens are
further biotransformed by 2- and 4-hydroxylation via cytochrome P450 (CYP) family members,
including by CYP2B1, 1A, and 3A, to form 2-OHE and 4-OHE, respectively. The 2- and 4-OH
derivatives are further converted to 2- and 4-methoxy metabolites (2-ME and 4-ME) by catechol-O-
methyltransferase (COMT). The elimination pathways for estrogen metabolites involve sulfation by
sulfotransferases (SULTs) and glucuronidation by glucoronyltransferases (UGTs)
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DHEA, testosterone, sex chromosomes, genetics, and epidemiological factors as
modulators of PAH should not be minimized and are areas of active investigation.

8.4.1 Sex Differences in Animal Physiology

It is important to note that because no preclinical animal model completely replicates
human PAH [reviewed in Stenmark et al. (2009)], for this chapter, we have chosen to
include data from all PH models where sex differences/effects of sex hormones were
reported. In contrast to human PAH, traditional experimental models of PH, such as
PH induced by exposure to hypoxia (HPH; Group 3 PH) or monocrotaline (MCT),
have a male bias, with females protected against the development of PH (Lahm et al.
2014; Hester et al. 2019). However, advances in model development reproduced the
female bias in PH susceptibility that is more closely aligned with observations in
clinical populations, allowing for more nuanced exploration of the effects of E2 and
sex hormones on PH pathobiology. These models include the Su/Hx rat model of
hypoxia combined with Su5416, a vascular endothelial growth factor receptor
inhibitor, athymic rats exposed to Su5416, and female mice overexpressing the
serotonin transporter (SERT+).

There are two main approaches to studying E2 in PH: 1) endogenous E2 in intact
female rodents and 2) exogenous E2, usually given to male rodents or in female
rodents that were gonadectomized to remove the influence of other sex hormones. In
the first approach, it should be noted that E2 is cyclically expressed throughout the
estrous cycle and the other sex hormone pathways (progesterone, testosterone,
DHEA) remain intact. In the second approach, E2 is given exogenously at physio-
logical concentrations typically observed in females; however, exposure is constant
rather than cyclical. Each approach can be used to address different experimental
questions about the role of sex hormones in PH. With the endogenous approach, the
cyclical influence of sex hormones on female predisposition to PH development and
E2 inhibition can be best addressed, while the exogenous approach allows interro-
gation of specific pathways impacted by E2 without the influence of other sex
hormones and facilitates discovery of potential therapeutic pathways promoted by
E2. Herein, we briefly summarize the impact of E2 on PAH pathophysiology,
focusing on the influence of estrogen on the pulmonary vasculature and RV in
PH. Because the pulmonary vasculature and RV form a circuit and profoundly
influence each other, it is challenging to truly separate the effects of E2 to just the
pulmonary vasculature or RV. For this chapter, studies reporting changes in right
ventricular systolic pressure (RVSP) and pulmonary vascular remodeling are
contained within the discussion of the effects of E2 on the pulmonary vasculature,
while studies reporting echocardiographic data, pressure/volume loops, or RV
remodeling are contained in the section on the RV. For a more comprehensive
summary, we refer the reader to several excellent reviews (Lahm et al. 2014;
Hester et al. 2019).
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8.4.1.1 Sex Differences Related to the Pulmonary Vasculature

Estradiol exerts complex and context-dependent effects on the pulmonary vascula-
ture in preclinical models of PH. For example, in HPH, multiple studies have
reported that endogenous or exogenous E2 attenuates pulmonary vascular
remodeling and vasoconstriction (Earley and Resta 2002; McMurtry et al. 1973;
Rabinovitch et al. 1981; Lahm et al. 2012; Xu et al. 2010). In one study, exogenous
E2 significantly attenuated HPH-induced increases in hemodynamics in male rats;
this protection was dependent on ERα and ERβ in the pulmonary vasculature (Lahm
et al. 2012). Subsequent microarray analysis in HPH identified a diverse set of
pathways regulated by E2, including steroid metabolism, immune response, cyto-
skeletal function, extracellular matrix composition, and bone morphogenetic protein
(BMP), Notch, Wnt, and calcium signaling, suggesting several ways E2 may be
protective (Frump et al. 2017). While these were preventative studies, an investiga-
tion utilizing a rescue approach in established PH due to MCT demonstrated E2
reversed pulmonary vascular remodeling, fibrosis, and inflammatory signaling
through ERβ activation (Umar et al. 2011).

While these studies used exogenous E2 in male animals, in the SuHx rat model
PH manifests in both males and females. The SuHx model more closely imitates
characteristics of human PAH by combining vascular endothelial growth factor
receptor 2 (VEGFR2) blockade with SU5416 in addition to chronic hypoxia to
produce angio-obliterative pulmonary vascular lesions, profound right ventricular
dysfunction, and decreased exercise capacity in rodents (Taraseviciene-Stewart et al.
2001; de Raaf et al. 2014). SuHx intact female rats (endogenous E2) are character-
ized by a highly proliferative pulmonary vascular phenotype associated with more
extensive pulmonary artery remodeling. In contrast, SuHx male rats manifest a more
proinflammatory, pro-fibrotic PH phenotype, characterized by severe lung
perivascular inflammation and fibrosis in the pulmonary vasculature (Rafikova
et al. 2015). Interestingly, these inflammatory changes were absent in female
SuHx rats despite the similar disease severity, suggesting the inflammatory changes
in male PH rodents may drive worse outcomes of males in the clinical data (Rafikova
et al. 2015). Along these lines, when female rats undergo ovariectomy, the increase
in RVSP induced by SuHx is significantly augmented (Frump et al. 2015), and
replacing E2 in ovariectomized rats nearly normalized RVSP and reduced pulmo-
nary artery medial thickening, providing further evidence for a protective role for
endogenous E2. In another approach, investigators found that during early
MCT-induced PH development, males were more likely to develop hemolysis,
increased RVSP, and pulmonary vascular remodeling compared to intact females
(Rafikova et al. 2020). The predisposition of males to hemolysis was thought to be
due to increased reactive oxygen species (ROS) generation and was associated with
more active translocation of free heme into the cells due to an upregulation of heme
carrier (HCP-1). The increased heme transport into the cell led to activation of heme
oxygenase and catabolism of intracellular free heme, which could result in vascular
barrier disruption (Rafikova et al. 2020).
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The studies described above demonstrate exogenous and endogenous E2 are
protective against experimental PH; other studies suggest endogenous E2 may
play a more causative role. For example, one study found that depletion of endog-
enous E2 in male and female rodents using the aromatase inhibitor, anastrozole,
attenuated HPH and SuHx in females but not males (Mair et al. 2014). Importantly,
the effect of anastrozole on RV structural and functional parameters was not
reported, and the severity of PH was not the same between males and females.
However, this study suggests that inhibition of endogenous estrogen synthesis using
an aromatase inhibitor may have a beneficial therapeutic effect, and this is indeed
currently under clinical investigation (Kawut et al. 2017; Lahm and Frump 2017). A
more recent study found that with increased visceral adipose tissue (a major source
of E2 production), the risk of developing PH increased. Leptin-deficient obese mice
(ob/ob) spontaneously develop PH, undergoing pulmonary vascular remodeling and
generating increased ROS in the lung (Mair et al. 2019). These effects were
mitigated by endogenous depletion of E2 with anastrozole. Collectively, these
studies demonstrate that endogenous and exogenous E2 is a potent regulator of
pulmonary vascular homeostasis that can greatly impact the progression or resolu-
tion of vascular injury, influencing the development of PH. However, these models
do not display increased female penetrance as observed in registries, suggesting a
key piece of the puzzle may be missing.

Models that display female susceptibility, such as those lacking intact regulatory
T cell pathways (Tamosiuniene et al. 2018), suggest endogenous E2 may play a
causative role in the development of PH. These models play an important role in
elucidating the underlying pathobiology that contributes to female susceptibility to
PH. For example, female rats exposed to chronic hypoxia or treated with SU5416
(in the absence of hypoxia) while deficient for regulatory T cells were more
susceptible to severe PH than male athymic rats (Tamosiuniene et al. 2018). In
this study, females exhibited greater pulmonary inflammation, increased RV fibrosis,
and decreased expression of vaso-protective proteins. Intriguingly the regulation of
these proteins appeared to be dependent on ERs. In both sexes, regulatory T cell
immune reconstitution protected against PH development. This data suggests that
females developed more severe PH than males in the absence of regulatory T cells
and were reliant on normal regulatory T cell function to counteract the effects of
pulmonary vascular injury leading to PH (Tamosiuniene et al. 2018). In another
model of female predisposition to PH, rats with a mutation in Nfu1, encoding a
mitochondrial protein involved in the biosynthesis of iron-sulfur clusters, develop
spontaneous PH with the prevalence of disease reported in female rats rather than in
males (Niihori et al. 2019). Genetic mutations in NFU1 are associated with disorders
of mitochondrial metabolism, with patients frequently developing PH (Ahting et al.
2015; Niihori et al. 2019). Interestingly, Nfu1 mutant female rats had not only
increased prevalence but also more severe PH, increased RVSP, right ventricular
hypertrophy, and high levels of pulmonary artery remodeling compared to males. In
this study, the female predominance in the development of PH was linked to
metabolic abnormalities and was suggested to be at least partly driven by the absence
of a protective feedback loop to overcome the iron-sulfur cluster deficiency in
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females (Niihori et al. 2019). In a third model of female susceptibility, female mice
overexpressing the serotonin transporter (SERT+) developed spontaneous mild PH
at 5 months of age as well as more severe HPH, with increased RVSP and pulmonary
vascular remodeling (White et al. 2010). Interestingly, PH was prevented by ovari-
ectomy in female SERT+ mice. This protection against HPH was mitigated with the
administration of E2 to ovariectomized female SERT+ mice prior to hypoxia. In
contrast, male SERT+ mice administered E2 were protected against HPH. Collec-
tively, these data demonstrate that in animal models of female predisposition, E2
may be playing a causative role leading to more severe PH. While complex, it is
important to acknowledge the nuanced nature of E2 signaling, particularly in the
pulmonary vasculature (summarized in Tables 8.2 and 8.3). Both the protective and
causative pathways mediated by E2 should be explored, as each offers different
insights into PAH pathobiology.

8.4.1.2 Sex Differences and the Right Ventricle

Right ventricular function is a major determinant of survival in PAH and should not
be overlooked when assessing preclinical models (Lahm et al. 2018). Physiological
assessment of RV function in preclinical animal models primarily occurs through
echocardiography, pressure/volume loop analysis, and/or histological or biochemi-
cal assessment of RV structural changes (Lahm et al. 2018). Unlike the pulmonary
vasculature, thus far E2 has been shown to be predominantly protective in the RV,
replicating clinical data (Hester et al. 2019), where female patients with PAH have
better RV function compared to males. Along these lines, male SuHx rats exhibited
worse RV fibrosis compared to females (Rafikova et al. 2015), and intact female
SuHx rats exhibit better RV cardiac index compared to SuHx males and ovariecto-
mized SuHx females (Frump et al. 2015). In fact, depletion of sex hormones with
ovariectomy worsened SuHx-induced RV hypertrophy and RV inflammation. Con-
tinuous E2 repletion in ovariectomized rats elicited a wide range of cardioprotective
effects, attenuating SuHx-induced increases in RV hypertrophy and improved car-
diac index and exercise capacity. Furthermore, E2 repletion prevented SuHx-
induced changes in RV structure and function by reducing changes to glycolysis,
apoptosis, and inflammation. Finally, E2-mediated RV-protective effects were reca-
pitulated in male SuHx rats treated with E2 or with ER agonists, suggesting E2
protection was mediated through ERs (Frump et al. 2015). Subsequent studies
determined that endogenous and exogenous E2 in female SuHx rats protected
against acute exercise-induced increases in RV afterload, which can lead to RV
dysfunction (Lahm et al. 2016). This suggests E2 promotes RV adaptation to
changes in afterload. Indeed, compared with SuHx males, intact female SuHx rats
exhibited higher stroke volume and cardiac indexes, a strong trend for better RV
compliance, and less pronounced increases in indexed total pulmonary resistance
(Lahm et al. 2016).

Despite these findings, it remained unclear if these effects were due to the direct
actions of E2 on the RV or if they were secondary to changes in the pulmonary
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vasculature. Later studies in the SuHx mouse model demonstrated that estrogen
repletion in ovariectomized females protected RV function both directly by stimu-
lating RV contractility and indirectly by preventing distal pulmonary artery
remodeling and preserving pulmonary artery compliance (Liu et al. 2014). Estrogen
also abrogated SuHx-induced changes in RV ejection fraction and cardiac output,
further implicating E2 as a regulator of RV function (Liu et al. 2017a). Corroborating
evidence in the SuHx rat model showed that exogenous E2 restored pulmonary
vascular-RV coupling efficiency, mechanical efficiency, and enhanced RV contrac-
tility reserve with limited effects on the afterload (Philip et al. 2019). Collectively,
these studies provide strong evidence that E2 directly acts as an inotrope on the
myocardium.

While the previous studies discussed in this section utilized a prevention
approach, using exogenous E2 treatment at the beginning of the study to prevent
or delay the progression of experimental PH, another study utilized a more clinically
relevant rescue approach delivering E2 after male rats developed established
MCT-induced PH. Exogenous E2 rescued MCT-induced changes in RVSP, RV
hypertrophy, and RV ejection fraction, stimulated RV capillarization, and improved
survival (Umar et al. 2011). The protective effects of E2 on RV function were
replicated by rescue treatment with an ERβ agonist, suggesting that E2 rescue of
RV failure is mediated in part through ERs (Umar et al. 2011). A subsequent study
found that intact female MCT rats with endogenous E2 were protected against RV
remodeling compared to males, but that this protection was lost with ovariectomy
and coincided with upregulation of metalloproteinases (Nadadur et al. 2012). In this
case, E2 administration reversed RV extracellular matrix remodeling in established
PH following MCT, suggesting a mechanism for RV structural changes in SuHx
PH. Taken together, these studies demonstrate that E2 prevents the progression of
PH-induced RV failure, limiting functional and structural remodeling of the
RV. Despite these advances, the underlying pathways by which E2 limits RV failure
remain undefined.

8.4.1.3 Hormone Metabolites in Pulmonary Hypertension

Not only does estrogen modulate pulmonary vascular and RV function, but increas-
ing evidence indicates that estrogen metabolites can also modulate PH pathogenesis.
For example, in MCT-induced PH, the estrogen metabolites, 2-ME and
2-ethoxyestradiol (2-EE2), were protective, significantly attenuating MCT-induced
increases in RVSP, RV hypertrophy, pulmonary vascular remodeling, and inflam-
mation and increased animal survival (Tofovic et al. 2005, 2006, 2008). Indeed,
when taken in combination with the current standard of care (i.e., bosentan and
sildenafil), 2-ME2 acted synergistically, conferring therapeutic benefit in MCT rats
(Tofovic et al. 2010). Together, these studies provide evidence that estrogen metab-
olites may act as anti-proliferative agents and protect against PH.

However, not all metabolites and metabolic pathways appear to protect against
PH. CYP1B1 expression is increased in HPH, SuHx, and human PAH, suggesting
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the potential of increased demand for E2 metabolism in PAH (Fessel et al. 2013).
Studies in Cyp1b1-/- mice demonstrated that HPH was attenuated in the absence of
CYP1B1. Corroborating this finding, SuHx-induced increases in RVSP, RV hyper-
trophy, and pulmonary vascular remodeling were reduced when rats were treated
with a CYP1B1 inhibitor, which also abrogated estrogen-induced proliferation in
human control and PAH PASMCs. Finally, one of the estrogen metabolic products
of CYP1B1 elevated during PAH, 16α-OHE, increased RVSP, RV hypertrophy, and
pulmonary vascular remodeling when overexpressed in mice (White et al. 2012).
Whether the other estrogen metabolites produced by CYP1B1 were also upregulated
in this model and the effects of these pathways in RV structure and function are
unknown.

Another key study found chronic infusion of 16α-OHE in male mice with a
mutation in the gene encoding bone morphogenetic protein (BMP) receptor type
2 (BMPR2) increased PH penetrance and severity (Fessel et al. 2013). BMPR2 binds
BMP ligands and generally exerts protective actions on the pulmonary vasculature.
Mutations in the BMPR2 gene are the most common genetic cause of familial PAH
[reviewed in Evans et al. (2016)]; however, only 20–30% of individuals with a
BMPR2mutation develop PAH, suggesting low penetrance. Interestingly, 2-ME was
not protective, either alone or in combination with 16α-OHE, suggesting that in the
context of a BMPR2 mutation, 2-ME might not be protective. Additional microarray
analysis showed that 16α-OHE treatment in control and Bmpr2 mutant mice was
associated with the regulation of genes related to thrombotic function, angiogenesis,
planar polarity, and metabolism in the lung (Fessel et al. 2013). A later study
corroborated this finding, demonstrating that in the context of a Bmpr2 mutation,
16α-OHE may contribute to PH pathogenesis by altering cellular energy metabolism
via the upregulation of miR-29 (Chen et al. 2016). In sum, these data demonstrate
that estrogen metabolites can modulate PH pathogenesis just as strongly as E2. It is
important to consider the role of metabolites when investigating the effects of E2
in PH.

8.4.1.4 The Role of Sex Chromosomes

While sex hormones and metabolites clearly have an important role in PH modula-
tion, it is important to consider that sex hormones alone may not be sufficient to
explain the marked sex disparity in humans. Sex chromosomes (XX, XY) also
contain other genes that may exert effects on tissues to contribute to sex differences
in disease. By using the “four core genotypes” mouse model (De Vries et al. 2002),
which explores the role of sex chromosomes in the absence of gonadal hormones,
investigators demonstrated that the Y chromosome was protective against the
development of HPH, as assessed by RVSP and pulmonary vascular remodeling.
Y chromosomal protection was irrespective of gonadal sex and likely due to the
upregulation of Y chromosomal genes in the lung (Umar et al. 2018). Future studies
will hopefully explore how the Y chromosome is protective against HPH and other
preclinical models in the lung as well as explore its effect in the RV.
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8.4.2 Sex Differences in Ex Vivo and In Vitro Preclinical
Models

While in vivo studies are the gold standard to explore the ability of treatments to alter
the development or progression of PAH, the complexity of performing studies in
intact animals often prevents detailed mechanistic investigation of exactly where and
how these agents are exerting their influence. Thus, researchers turned to more
reduced preparations. Several studies have explored the effects of E2 or estrogen
metabolites on explanted tissue (ex vivo; Table 8.4) or in primary healthy and PAH
cells (in vitro; Tables 8.5 and 8.6), leading to important advances in our understand-
ing of how estrogen influences compartment-specific and cell-specific pathways.

8.4.2.1 Ex Vivo Studies

While the majority of animal physiology studies use hemodynamic measurements
such as RVSP as an endpoint of pulmonary vascular function and RV afterload, it is
challenging to separate the influence of the pulmonary vasculature from the RV and
vice versa (Lahm et al. 2018). However, the use of ex vivo isolated organ systems
allows examination of the effect of sex hormones on specific compartments
(Table 8.4). For instance, isolated pulmonary artery (PA) rings were used to study
the effect of endogenous, fluctuating sex hormones on vasoreactivity. PAs isolated
from proestrus female (when estrogen levels increase, progesterone decreases),
estrus, diestrus female (when estrogen levels decrease, progesterone increases),
and male rats revealed physiological increases in estrogen attenuated PA vasocon-
striction under both normoxic and hypoxic conditions (Lahm et al. 2008). While this
study was performed in PA rings isolated from healthy animals, isolated perfused
lung preparations have been used to explore the influence of endogenous and
exogenous E2 on pulmonary vascular function in SuHx rats (Philip et al. 2019).
Comprehensive pulmonary vascular mechanics in lungs isolated from female rats
revealed that exogenous E2 attenuated SuHx-induced alterations in pulmonary
vascular impedance (which measures distal PA narrowing) and distensibility (mea-
suring arterial stiffness), two critical mechanical properties influencing RV adapta-
tion in PAH (Philip et al. 2019). Corroborating findings in a mouse model of SuHx
determined female ovariectomized mice with exogenous E2 repletion were protected
against SuHx-induced changes to PA compliance, vasoreactivity, PA stiffening, and
loss of viscosity (Liu et al. 2017a). These studies demonstrate that endogenous and
exogenous E2 plays a key role in attenuating remodeling of the distal and proximal
pulmonary vasculature, maintaining RV-PA coupling in SuHx rats and mice, and
propose a mechanical mechanism for why female patients with PAH have better
disease outcomes. Despite the existence of a similar ex vivo system for hearts, the
direct effect of E2 on RV mechanics has not yet been explored.
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8.4.2.2 In Vitro Studies

Similar to observations made in preclinical animal models, studies in cell lines report
disparate effects of E2 or E2 inhibition on vascular cell homeostasis (summarized in
Tables 8.5 and 8.6). In the pulmonary vasculature, E2 potently increased prolifera-
tion (i.e., thymidine incorporation) of human pulmonary artery smooth muscle cells
(PASMCs) in some studies (Mair et al. 2014, 2015; White et al. 2012), whereas
another reported that E2 had only limited inhibitory effects on proliferation of human
PASMCs and no effect on human lung fibroblasts (Tofovic et al. 2009). It is
important to note that these differences may be due to the fact that the latter study
used cells isolated from more proximal regions of the lung and estimated prolifer-
ation using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
which measures metabolic activity rather than actual cell proliferation, driving
home the point that disparate results may be due in part to variations in type of
assay, cell culture conditions, sex of the donor, E2 dose, and timing. Additional
confounding factors include whether the effect was observed in cells from control
subjects or patients with PAH and the location within the vascular tree from which
the cells were derived.

Independent of sex hormones, isolated pulmonary artery endothelial cells
(PAECs) from mouse lungs exhibited sex-specific differences in mitochondrial
respiration, proliferation, and response to stress (Zemskova et al. 2020). Male
PAECs had a higher basal mitochondrial respiration rate, elevated maximal respira-
tion, and mitochondrial polarization and exhibited increased proliferation compared
to female-derived cells. Exposure of PAECs to hypoxia or to the mitochondrial
respiratory complex III inhibitor, antimycin A, induced a strong apoptotic response
in female PAECs but induced necrosis in male PAECs. Human PAECs exhibited
qualitatively similar responses to stress induced by serum starvation, with female
cells exhibiting apoptosis and male cells undergoing necrosis. These studies suggest
that sex differences persist at the cellular level even in the absence of sex hormones.

In neonatal rat ventricular myocytes co-cultured with fibroblasts, E2 directly
inhibited angiotensin II-induced expression of fibrosis markers, as well as the
metalloproteinases in cultured cardiac fibroblasts. An ERβ agonist was able to
replicate the effects of E2 in culture. However, it should be noted that these studies
were performed in healthy cells (Nadadur et al. 2012). Although promising, it is
unknown if these effects would be replicated in cells from patients or animals with
PH and the effects of E2 on ventricular myocytes and fibroblasts from patients with
PAH remain unexplored.

Currently, it is clear that E2 can regulate cell growth and vasodilation under
certain conditions. What remains unclear is what those exact conditions are and
whether they contribute to the development of PAH. Future investigations will
unravel these details. Despite sometimes seemingly conflicting results, these studies
enhance our understanding of how estrogens regulate the cardiopulmonary circuit.
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8.4.3 Potential Mechanisms Underlying Sex-Related
Differences in Preclinical Models of PAH

8.4.3.1 Hypoxia-Inducible Factors

Hypoxia-inducible factors 1 and 2 (HIF-1 and HIF-2, respectively) are major
regulators of angiogenesis, proliferation, vascular cell homeostasis, and cellular
metabolism in response to hypoxia or other cellular stresses (Semenza 2012; Shi-
moda and Laurie 2014). HIF-mediated responses can be acute or chronic, systemic,
tissue-specific, or cell-specific. Although not typically a feature of PAH, the lung and
RV may experience localized hypoxia or ischemia late in disease after severe
remodeling (Shimoda and Laurie 2014; Jiang et al. 2015). In addition, HIF expres-
sion has been shown to be increased in vascular cells from patients with PAH
(Marsboom et al. 2012; Dai et al. 2018; Kudryashova et al. 2016; Tang et al.
2018), potentially occurring secondary to mitochondrial dysfunction or excessive
exposure to growth factors (Ryan et al. 2015a; Mansfield et al. 2005; Pisarcik et al.
2013; Goncharova 2013). As noted earlier in this chapter, multiple studies demon-
strated that female animals are protected against HPH (McMurtry et al. 1973; Moore
et al. 1978; Rabinovitch et al. 1981). Combined with the revelation that E2-treated
HPH animals have a distinct and ER-dependent genome compared to hypoxia alone
(Frump et al. 2017), it stands to reason that one of the ways E2 may influence sex
differences is by modulating HIF pathways, although how E2 may interact with
HIFs and how these pathways might be linked are still unclear. Early studies
demonstrated E2 reduced HIF-1 reporter activity in hypoxic PAECs and decreased
the expression of endothelin-1 (Earley and Resta 2002), a canonical HIF transcrip-
tional target. A subsequent study reported that E2 enhanced BMP signaling in
healthy human PAECs under normoxic conditions but abrogated BMP signaling
when HIF-1 levels were elevated, either by hypoxia or by directly increasing levels
of the oxygen-sensitive α subunit of HIF-1 (HIF-1α). These findings indicate not
only that E2 regulates the BMP pathway but that the direction depends on the level
of HIF-1α present (Ichimori et al. 2013). Intriguingly, E2 was suggested to bind
directly to HIF-1α, implying direct modulation of BMP signaling by E2/HIF-1α
interactions. Adding to the link between E2 and HIFs, other findings indicate
modulation of ERβ by HIF activation, with normoxic stabilization of HIFs using
forced expression systems increasing ERβ expression in PAECs (Frump et al. 2018).
Consistent with these results, depletion of HIF-1α using silencing RNA approaches
decreased ERβ expression in PAECs exposed to hypoxia. On the other hand,
depletion of ERβ in PAECs increased HIF-2α expression under hypoxic conditions.
Deficiency for ERβ in mice exposed to hypoxia was also associated with enhanced
HIF-2α levels, as well as increased pulmonary vascular remodeling, and loss of E2
protection against HPH, suggesting a complex feedback mechanism between HIFs
and ERβ. In sum, these studies demonstrate a link between E2 and HIF signaling in
the pulmonary vasculature; however, exactly how these pathways interconnect
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remains uncertain. Finally, whether there is a link between HIF signaling and E2 in
the RV is unknown.

8.4.3.2 Cellular Metabolism

To meet increased metabolic demands in PAH, RV mitochondria must adapt during
the progression of disease. It is not a surprise, therefore, that mitochondrial function
is a key driver in RV adaptation or failure in PAH (Lahm et al. 2018). A recent study
in ovariectomized SuHx rats determined that exogenous E2 repletion maintained RV
function through the preservation of mitochondrial density, function, and oxidative
capacity (Liu et al. 2017b). Furthermore, while RV mitochondrial volume decreased
in SuHx rats, the total number of mitochondria increased, suggesting increased
fission and/or insufficient mitochondrial biogenesis to meet the demands of RV
hypertrophy and increased afterload. Indeed, expression of PGC-1α, a regulator of
mitochondrial biogenesis, was reduced in RVs from SuHx rats; strikingly, estrogen
administration preserved PGC-1α levels and mitochondrial numbers. These results
suggest that E2 may regulate RV mitochondrial function, thus influencing RV
metabolism and promoting superior RV adaptation as observed in animal models
and female patients. It remains unclear if E2 directly affects mitochondrial function
(intriguingly, the E2 receptors ERα and ERβ are able to bind to the mitochondrial
membrane (Yager and Chen 2007; Yang et al. 2004; Zhou et al. 2012; Simpkins
et al. 2010)) or indirectly through the prevention of RV hypertrophy.

8.4.3.3 Bone Morphogenetic Protein Signaling

BMP signaling is a well-known modifier of pulmonary vascular development and
homeostasis. In PAH, approximately 70–80% of patients with hereditary PAH
express a BMPR2 mutation (Machado et al. 2009). Early studies identified an
estrogen response element in the BMPR2 promoter that was linked the effects of
supraphysiological concentrations of E3 or E2 on BMPR2 expression (Austin et al.
2012). In healthy human PASMCs, E2-induced proliferation in female PASMCs
was associated with decreased expression of BMPR2, the downstream signaling
mediator Smad1, and the BMP transcriptional targets, Id1 and Id3 (Mair et al. 2015).
However, the estrogen metabolite 4-OHE2 had disparate effects, decreasing BMP
signaling in female-derived cells but increasing BMP signaling in male-derived
cells. In vivo, female mice with partial deficiency for Smad1 developed mild PH,
which was prevented by ovariectomy (Mair et al. 2015). Later studies reported
decreased expression of BMPR2 and Id1 in female HPH or SuHx rodent lungs
versus female normoxic controls that was prevented by treatment with anastrozole
(Mair et al. 2014). These studies suggest estrogen-mediated downregulation of BMP
signaling in healthy cells may predispose them to vascular injury and PAH. While
intriguing, further exploration of these pathways is needed to determine the role of
sex hormones in modulating BMP signaling. In a later study, fulvestrant and

8 Sex Differences in Pulmonary Arterial Hypertension 231



anastrozole were used to inhibit E2 in mice expressing a Bmpr2mutation, preventing
and reversing PH and reducing metabolic defects (Chen et al. 2017). Finally, Bmpr2
mutant mice were crossed with mice lacking ERβ, verifying that the estrogenic effect
on PH in these mice was mediated primarily through ERβ in the pulmonary
vasculature (Chen et al. 2017).

In contrast to the reported inhibitory effect of E2 on BMP signaling in healthy
cells and the purported detrimental effect of E2 in the presence of a Bmpr2mutation,
microarray analysis of the E2-regulated genome in HPH revealed mRNA for the
BMP antagonist, gremlin 1, was upregulated by hypoxia and among the most
downregulated mRNAs after E2 treatment (Frump et al. 2017). In vivo, E2 treatment
reduced levels of gremlin 1 in the pulmonary vasculature of hypoxic animals, with
these effects abolished in the presence of ER blockade.

Taken together, the studies described here indicate that estrogens are able to
modulate the BMP pathway, possibly as a way to regulate pulmonary vascular
homeostasis. The effects of E2 on the BMP pathway likely depend on the cell type
and the type of injury to the vasculature. While the interaction between estrogens and
BMP signaling in the pulmonary vasculature is an area of active investigation, it is
still unclear how estrogen may regulate BMP signaling during the progression of RV
failure.

8.5 Sex-Based Differences in Human PH

8.5.1 Clinical Data

While registry data clearly demonstrates that prevalence of PAH is higher in females
(Lahm et al. 2014; Marra et al. 2016; Badesch et al. 2010; Humbert et al. 2006), what
is also evident is that female patients with PAH have better outcomes than their male
counterparts (Marra et al. 2016; Jacobs et al. 2014; Kawut et al. 2009; Humbert et al.
2010). Pooled analysis of several randomized controlled trials concluded that pul-
monary hemodynamics were better in females with PAH, with males generally
having higher right atrial and mean pulmonary arterial pressures, higher PVR, and
lower cardiac index than females (Ventetuolo et al. 2014). The better outcomes in
females might be due to sex-specific differences in RV function in PAH. For
example, initial studies found that female patients with PAH have better RV
function, with preserved RV ejection fraction (Kawut et al. 2009). Another study
found no sex-dependent differences in PVR, cardiac output, or RV function at
baseline, but after 1 year of PAH-targeted therapy, females with PAH had improve-
ment in RV ejection fraction, whereas men deteriorated (Jacobs et al. 2014). In this
case, PVR was similar between sexes suggesting potential direct effects on the RV
rather than the lung. Given that RV function is a major determinant of prognosis and
functional capacity in PAH (Ryan et al. 2015b; Tedford et al. 2013; Vonk-
Noordegraaf et al. 2013; Humbert et al. 2010), it is perhaps not surprising that
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survival rates (Fig. 8.2) are better in females (Jacobs et al. 2014; Humbert et al. 2010;
Shapiro et al. 2012).

8.5.2 Potential Mechanisms Underlying Sex-Related
Differences in PAH Outcomes

8.5.2.1 Anatomical Factors

There are several important physical characteristics of men and women that could be
proposed to form the basis for sex-related differences in PAH outcomes. For
example, healthy women have lower RV mass, smaller RV volumes, and higher
RV ejection fraction than men (Kawut et al. 2011). Male and female lungs also
differ, with women having smaller lungs (Sheel and Guenette 2008) even after
adjustment for body dimensions. Smaller lungs at a given body size do not affect
gas exchange (Olfert et al. 2004), although women also have decreased maximal
expiratory flow rates and lower lung diffusing capacities (Sheel and Guenette 2008).
While peripheral chemosensitivity is increased in females (Behan and Wenninger
2008), resulting in lower arterial carbon dioxide levels (Klæstrup et al. 2011), it
seems unlikely that hypocapnia in women is driving the differences in outcomes as it
predicts poor survival in PAH (Hoeper et al. 2007). Healthy women also appear to
have distensibility of higher resistive vessels compared with men, which serves to
limit increases in PPa with increased flow during exercise (Argiento et al. 2012).
However, whether similar sex-dependent differences in distensibility occur in
patients with PAH is unknown. Thus, at present there do not appear to be obvious
anatomical features that would explain sex-dependent differences in PAH outcomes.

Fig. 8.2 Transplant-free
survival in male (solid line)
and female (dashed line)
patients with pulmonary
arterial hypertension starting
first-line pulmonary arterial
hypertension-specific
therapies (P ¼ 0.002).
Reproduced from Jacobs
et al. (2014) with permission

8 Sex Differences in Pulmonary Arterial Hypertension 233



8.5.2.2 Sex Hormones

Not only do healthy women have better RV systolic function compared to men, but
RV function correlates with E2 levels. This correlation of RV function and E2 levels
persists in patients with PAH (Ventetuolo et al. 2011; Kawut et al. 2009, 2011).
Interestingly, the survival benefit for females appears to decline with age (Shapiro
et al. 2012), as do sex-related differences between baseline characteristics in patients
with PAH (Ventetuolo et al. 2014). Correlation between E2 levels and RV function
and convergence of male and female outcomes with increasing age, particularly
concomitant with menopausal transition, perhaps suggest a role for sex hormones in
modulating response. Consistent with this hypothesis, some studies have linked
estrogens and their metabolites to PAH development (Austin et al. 2009; Mair
et al. 2014). As noted earlier in this chapter, initial studies attempted to elucidate
some of the mechanisms by which estrogen may mediate its effects on pulmonary
hypertension using preclinical models. In contrast to the well-known female preva-
lence of PAH, preclinical models indicated that estrogen played a protective role.
Whether these results are reflective of the better prognosis observed in female
patients with PAH or represent differences between the animal models and human
PAH is unclear. In patients, several studies reported that higher estrogen exposure
(pharmacologic or due to pregnancy) was associated with PAH (Kleiger et al. 1976;
Morse et al. 1999; Sweeney and Voelkel 2009); however, establishing cause and
effect in these studies is difficult.

More recently, focus has shifted to investigating the enzymes that mediate
estrogen metabolism. For example, a study comparing carriers of mutations in
BMPR2 found that the expression of the gene encoding CYP1B1 was markedly
downregulated in female, but not male, patients with PAH due to BMPR2 mutations
compared to same-sex BMPR2 mutation carriers without PAH (West et al. 2008).
The decreased expression of CYP1B1 resulted in reduced conversion of estrogens to
2-OHE, a metabolite with protective effects (Fig. 8.3). A follow-up study found that
a secondary consequence of reduced CYP1B1 activity was the shifting of metabo-
lism to other CYP family members and a greater production of 16α-OHE1 (Austin
et al. 2009), a highly mitogenic and genotoxic metabolite (Johansen et al. 2016). In
contrast to the previous studies, increased protein expression of CYP1B1 was found
in vessels in lung sections from patients with PAH in a different registry (White et al.
2012). It is unclear why these studies reported discordant findings with respect to
CYP1B1 expression in patients with PAH, although variations in study design
include the sample in the latter study containing both males and females and patients
with and without BMPR2 mutations and measuring localized protein levels, while
the former studies focused on gene expression only in patients with BMPR2
mutations and stratified results by sex. Nonetheless, elevated 16α-OHE1 level in
patients with PAH appears to be a consistent finding (White et al. 2012; Austin et al.
2009). Taken together, these studies suggest that more work will need to be done to
understand the complex regulation of estrogen metabolism and that perturbations
that result in increased 16α-OHE1 are likely to be detrimental in the setting of PAH.
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Low levels of DHEA, the steroid hormone that is a precursor for estrogens and
can bind estrogen receptors, are associated with the development of PAH in men
(Ventetuolo et al. 2016a). Recent examination of post-menopausal women showed
that those with PAH had lower levels of DHEA and higher E2 levels than
age-matched controls without cardiovascular disease (Baird et al. 2018). Within
patients with PAH, low DHEA and high E2 levels were associated with worse
hemodynamics, RV function, and functional class and with increased risk for
death (Baird et al. 2018). Whether DHEA is a marker or mediator of PAH is still
being investigated, although in PASMCs isolated from patients with PAH, DHEA
inhibits signaling pathways involved in both proliferative and contractile mecha-
nisms (Paulin et al. 2011) suggesting a potential modulatory role.

8.5.2.3 Genetics

As mentioned earlier, reduced CYP1B1 gene expression has been reported in female
patients with PAH who had mutations in BMPR2 (West et al. 2008). A subsequent
study in a similar study population performed targeted analysis of genetic poly-
morphisms in CYP1B1 known to alter protein function. Variants of the CYP1B1

Fig. 8.3 Downstream effects of estrogen metabolites. While accumulation of 16α-OHE leads to
pro-proliferative effects that would serve to promote PH, increased hydroxylation by CYP1A1 and
CYP1B1 results in metabolites that appear to exhibit neutral or beneficial cardiovascular effects
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Asn453Ser genetic polymorphism were identified to be associated with reduced
disease penetrance in females with BMPR2 mutations (Austin et al. 2009). Patients
with wild-type CYP1B1 alleles exhibited lower CYP1B1 activity, resulting in
reduced urinary ratio of 2-OHE to 16α-OHE1. This variant was tightly linked to a
single nucleotide polymorphism (SNP) of CYP1B1 that was associated with RV
morphology and function in healthy humans (Ventetuolo et al. 2016). Using the
Multi-Ethnic Study of Atherosclerosis (MESA) multicenter prospective cohort
study, a single SNP in CYP1B1 (rs162561) was identified to be associated with
RV ejection fraction in African-American women, with each additional “A” allele
associated with a 2.0% increase in RV ejection fraction after adjustment for age,
height, weight, study site, top three principal components, and hormone therapy
(Ventetuolo et al. 2016). Although more extensive genetic analysis will be needed to
fully understand the influence of these variants in sex hormone metabolism and
PAH, the evidence to date suggests that genetic variations in estrogen metabolism
are associated with PAH outcomes in a sex-specific manner.

8.6 Sex-Based Differences in Response to Treatments

While PAH is incurable, several therapies are approved for treatment that can exert
beneficial effects and slow the progression of disease for some patients. Of the drugs
approved for use in the clinical management of PAH, all target one of the three main
pathways: endothelin-1 (ET-1), nitric oxide (NO), or prostacyclin (PGI2). While
drugs targeting the ET-1 pathway reduce PPa by blocking vasoconstriction, com-
pounds acting on the NO or PGI2 pathway do so by enhancing vasodilation. All three
pathways can also contribute to remodeling, with NO and PGI2 exerting anti-
proliferative effects and ET-1 being a pro-mitogen.

8.6.1 Prostacyclin

PGI2 is an arachidonic acid metabolite produced by a cascade of reactions starting
with conversion of arachidonic acid to prostacyclin H2 by the cyclooxygenase-1
enzyme, followed by further conversion to PGI2 mediated by prostacyclin synthase
(PGI2 synthase). Dysregulation of PGI2 production in PAH due to loss of PGI2
synthase was identified early on (Tuder et al. 1999), leading to the PGI2 pathway
being the first to be therapeutically targeted in PAH. Several PGI2 analogues have
been developed for clinical use, including epoprostenol, iloprost, beraprost, and
treprostinil. Sex-related differences in response to therapy have only been reported
for epoprostenol, the first PAH-targeted drug approved for clinical use (Barst et al.
1996; Rubin et al. 1990). Data from a prospective study examining administration of
epoprostenol in patients with PAH showed that female patients with PAH receiving
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epoprostenol had longer time without all-cause hospitalization and higher 1-year
survival rate (Frantz et al. 2015) compared to males.

Given the inconvenient route of intravenous administration of prostacyclin ana-
logues, adverse side effects are a concern. The development of an orally available,
selective PGI2-receptor agonist, selexipag, provided a significant advance in PAH
therapy. Structurally distinct from PGI2, selexipag was successfully tested in a large
randomized, double-blind, placebo-controlled trial (Sitbon et al. 2015), where
administration was associated with reduced risk of death and PAH-related compli-
cations. No significant differences were observed between men and women with
respect to the primary endpoint, a composite of adverse events comprising
PAH-related hospitalization, mortality, and disease progression. It is somewhat
surprising that a PGI2-receptor agonist and a PGI2 analogue, which would be
expected to have similar biological effects, would yield differing results with respect
to sex dependence of outcomes. The reasons underlying the differences noted in
sex-related outcomes between these studies are not completely clear, but could relate
to longer duration from time of diagnosis for the epoprostenol group, the use of a
composite adverse event outcome for analysis, or sex-dependent differences in
all-cause versus PH-related hospitalization.

8.6.2 Nitric Oxide Pathway

The identification of the gaseous signaling molecule, NO, as the long sought
endothelial-derived relaxing factor (Palmer et al. 1987) ushered in a new era of
research on therapeutic applications for modulating the NO pathway in conditions
where contraction was a prime feature, including PAH. NO is the byproduct of
conversion of L-arginine to L-citrulline by nitric oxide synthase. Produced primarily
in endothelial cells, NO diffuses to the underlying smooth muscle where it mediates
vasodilation via activation of soluble guanylyl cyclase (sGC), production of cyclic
guanosine monophosphate (cGMP), and activation of pathways that reduce intra-
cellular calcium and relax the smooth muscle. Given the short half-life and high
reactivity of NO, direct administration of the gas was the first approach used to
reduce PPa in patients with PAH (Pepke-Zaba et al. 1991); however, the volatile
nature of the gas and need for continuous inhalation have limited this approach
primarily to infants (Barst et al. 2012). Instead, development of orally available
drugs to inhibit phosphodiesterase-5 (PDE5), which enhances NO signaling by
preventing catabolism of cGMP, has proved to be a more attractive alternative.
Two PDE5 inhibitors, sildenafil and tadalafil, have been approved for PAH treat-
ment. Post-hoc analysis of clinical trials using these drugs reported that men
demonstrated greater improvement in 6-minute walk test (Rusiecki et al. 2015;
Mathai et al. 2015), a commonly used sub-maximal exercise test to assess aerobic
capacity and endurance, and quality-of-life assessments (Mathai et al. 2015) with
therapy. Thus, men with PAH appear to derive greater benefit from PDE5 inhibitors
than women.
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More recently, a stimulator of sGC has been developed and approved for clinical
use. Riociguat directly stimulates sGC to enhance endogenous cGMP production
independent of NO levels (Evgenov et al. 2006). In patients with PAH, riociguat
significantly improved exercise capacity and pulmonary hemodynamics, reduced
right heart size, and improved RV systolic function (Marra et al. 2015; Ghofrani
et al. 2013a). However, the PATENT-1 study of outcomes related to treatment with
riociguat for 12 weeks found no differences in change in 6-minute walk distance, the
primary study endpoint measuring function, between females and males (Ghofrani
et al. 2013b).

8.6.3 Endothelin Pathway

Discovered in 1988 (Yanagisawa et al. 1988), ET-1 is one of the most potent
pulmonary vasoconstrictors. Synthesized primarily in the endothelium, ET-1 acts
locally to induce contraction of pulmonary vascular smooth muscle cells by binding
to type A or type B endothelin receptors (ETA and ETB, respectively) [reviewed in
Chester and Yacoub (2014)]. Both tissue (Giaid et al. 1993) and circulating (Stewart
et al. 1991; Uguccioni et al. 1995) ET-1 levels are increased in PAH, which, when
combined with promising results in preclinical models, provided compelling ratio-
nale for targeting this pathway clinically. Drugs acting on the ET-1 pathway consist
of compounds targeting primarily ETA (sitaxsentan, ambrisentan, macitentan) or
both ETA and ETB receptors (bosentan) and now constitute a first-line approach to
therapy in patients with PAH. Data accumulated from multiple clinical trials
assessing outcomes with ambrisentan, bosentan, and sitaxsentan revealed that
women had better treatment response to endothelin receptor antagonist (ERAs)
than men (Gabler et al. 2012), although this trend was not observed with macitentan
(Pulido et al. 2013).

8.6.4 Mechanisms Underlying Sex-Related Differences
in Therapy Response

As discussed above, sex-related differences in functional response to NO- and ET-1-
based therapies have been noted. Clinical studies employing ERAs in PAH do not
appear to indicate any pharmacokinetic or pharmacodynamic differences in men and
women (Dingemanse and van Giersbergen 2004; Sidharta et al. 2015), seemingly
ruling out drug metabolism as the cause of differential treatment response.
Supporting this thought, statistically significant sex-specific differences in PVR
were not observed with initiation of ERA, PDE5 inhibitor or PGI2 therapies (Jacobs
et al. 2014), suggesting similar ability of the drugs to penetrate the pulmonary
circulation. Limited data exists regarding the sex-dependent pharmacokinetics of
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other PHA therapies, with the exception of riociguat. Although the mean maximum
concentration of riociguat was higher in healthy women than men, when adjusted for
body weight and clearance, total exposure was similar (Frey et al. 2016).

One possibility to explain variation in response to therapy is that there may be
differing baseline ET-1 or NO levels between men and women. For example, healthy
men have higher levels of circulating ET-1 compared to women (Miyauchi et al.
1992; Polderman et al. 1993), although it is unclear if this sex-based difference is
also observed in patients with PAH. In healthy women, total endogenous NO
biosynthesis, assessed by urinary 15-N nitrate excretion, is significantly higher
compared with men matched by various demographic and anthropometric charac-
teristics (Forte et al. 1998). Again, whether this elevation in NO in females is
maintained in PAH is unknown. Another theoretical explanation for differences in
response to therapies between men and women might be found in the aforemen-
tioned underlying differences in NO metabolism. That men with PAH respond better
to PDE5 inhibition than women might suggest an upregulation in cGMP catabolism
in men, resulting in impairments in NO signaling that produce poorer outcomes than
are seen in their female counterparts.

8.7 Clinical Ramifications/Future Directions

Studies have now revealed the importance of examining PAH outcomes and
response to therapy by sex. A clear picture has emerged with respect to sex
differences in prevalence and outcomes, and emerging data is providing exciting
clues as to how sex hormones may modify the prevalence and progression of
disease. However, important parameters have yet to be studied in patients, including
hormone status, effects of hormone replacement, or birth control. Other sex-related
factors are just beginning to be explored (i.e., genetic variation in sex hormone
metabolism). While it appears likely that estrogen and estrogen metabolites may
modify progression of PAH and response to therapy in women, the mechanisms
involved remain unclear. Clues have been gleaned from preclinical studies pointing
to the roles of estrogens in modulating BMP and HIF signaling, metabolism, and RV
function, and while providing important insights, these results must be cautiously
interpreted with respect patients as none of the currently used preclinical models
fully recapitulate the pathophysiology, or capture the complexity, of human PAH.
Whether heterogeneity in treatment response reflects pathophysiological differences
in the RV between sexes or is a result of distinct disease phenotypes remains another
area to be explored. Sex-specific therapies are not yet available but represent an area
for much needed preclinical and patient-oriented research. Finally, perhaps owing to
the female dominance with respect to prevalence, attention has predominately
focused on estrogens and estrogen metabolism pathways. However, given the poor
outcomes in males with PAH, androgen pathways would appear to be an important
area that has yet to be rigorously studied.
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Chapter 9
Sex and Gender Differences
in the Susceptibility to Environmental
Exposures

Patricia Silveyra, Heba Al Housseiny, and Meghan E. Rebuli

Abstract In the past 50 years, the number of publications on air pollution and lung
disease has increased considerably, although the number of studies considering sex
(a biologic factor), or gender (a social construct), has remained low and stagnant.
Accumulating data from studies assessing the effects of the environment on lung
health have shown direct associations of air pollution exposures with lung inflam-
mation. Sex-specific disaggregation of data has indicated that substantial – but
frequently overlooked – differences exist between men and women, highlighting
the importance of sex- and gender-stratified analyses to guide the deployment of safe
and effective therapeutics options for males and females. In this chapter, we present
an overview of the scientific evidence on differential effects of environmental
exposures in men and women. We summarize clinical studies and research using
animal models aiming to elucidate sex-specific mechanisms of inflammation and
toxicity from a wide range of air pollutants. Understanding these mechanisms can
lead to the development of more personalized prevention efforts and better-informed
environmental policies accounting for sex, gender, and hormonal status.
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9.1 Introduction

Environmental exposures have become a significant health risk in the past few
decades. Epidemiological studies have shown that the onset and clinical course of
several diseases including cardiovascular and lung conditions are strongly
influenced by poor air quality. According to the World Health Organization, expo-
sure to pollutants has accounted for almost a quarter of total global deaths, with over
eight million yearly deaths worldwide due to household or ambient air pollution
exposure. Inhalation of air pollutants including particulate matter of diameter equal
to or less than 10 μm (PM), sulfur dioxide (SO2), ground-level ozone (O3), nitrogen
dioxide (NO2), biomass fuels, and carbon monoxide (CO) has been strongly asso-
ciated with increased mortality from cardiopulmonary disease and multiple negative
lung health effects (Jerrett et al. 2009; Chen et al. 2017; Rice et al. 2013; Guarnieri
and Balmes 2014; Nascimento et al. 2006; Arbex et al. 2012) (Table 9.1). These
pollutants are present in the environment as a mixture of gases and particles that are
products of combustion of fossil fuels, diesel traffic, wood smoke, industrial pro-
cesses, and some sources of domestic energy.

Despite growing epidemiological evidence indicating that males and females
exhibit different health responses to air pollution exposures, many studies in the
field still do not consider sex as a biological variable. For many decades, there were
limited information on the interactions between air pollution exposures and

Table 9.1 Common air pollutants and health effects

Air
pollutant Main health effects References

Ozone Decreased lung function
Increased airway reactivity
Increased lung inflammation
Increased hospital visits for lung
disease
Increased mortality for lung and
cardiovascular disease

Abramson et al. (2020); Wang et al. (2019b);
Kehrl et al. (1999); Li et al. (2019b); Malley
et al. (2017)

Particulate
matter

Decreased lung function
Increased respiratory symptoms
Increased mortality for lung and
cardiovascular disease

Hwang et al. (2015); Pope (2014); Shamsipour
et al. (2019); Chen et al. (2017)

Nitrogen
dioxide

Increased airway reactivity
Reduced lung function
Bronchitis (children)

Kelly and Fussell (2011); McCreanor et al.
(2007); Tager et al. (2005)

Carbon
monoxide

Poisoning (headache, altered
mentation, coma, cardiac
dysfunction)

Rose et al. (2017)

Sulfur
dioxide

Increased respiratory mortality
Increased hospital visits for lung
disease
Aggravation of lung disease
Increased lung inflammation

Reilly et al. (2019); Johannson et al. (2014);
Nishimura et al. (2013); Katanoda et al. (2011)
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biological sex differences and much less about gender effects. Regarding associa-
tions of lung disease and air pollution exposures, the proportion of total studies
including sex or gender as variables has remained low for the past 50 years. More
recently, researchers have been encouraged to include sex as a biological variable in
all experimental designs, data collection, and analyses and to better understand
biological sex-specific effects in physiological and behavioral outcomes (Clayton
2016). This required the development of new models and multidisciplinary
approaches to environmental health research (Keitt et al. 2004). To date, a limited
number of studies have addressed sex differences in health outcomes in response to
air pollution exposure. Combined, these have identified a majority of effects in
women, as indicated in Table 9.2.

The gender variable has traditionally been more commonly included in occupa-
tional health epidemiology than in environmental health research due to job strati-
fication (Artazcoz et al. 2007). Societal changes occurring in recent decades have led
to more women entering certain occupations, using tobacco products, and spending
less time exposed to indoor pollutants and more time exposed to outdoor pollution
(Artazcoz et al. 2007; Clougherty 2011). This has resulted in changes in patterns of
disease prevalence and susceptibility and the consequent need to reevaluate research
models to consider the sex and gender variables, but also the intersection of both.
The integration of these new data will likely lead to the development of better-

Table 9.2 Sex differences in health outcomes

Air
pollutant Health outcome

Sex
differences References

Ozone Mortality
Hospitalization
Exacerbation of
lung disease

Higher in
women

(Medina-Ramón and Schwartz 2008;
Stafoggia et al. 2010; Bell et al. 2014; Ren et
al. 2010; Liang et al. 2019)

Particulate
matter

Hospitalization
Exacerbation of
lung disease

Higher in
women

(Liang et al. 2019; Bell et al. 2015)

House bio-
mass fuel
use

COPD Higher in
women

(Capistrano et al. 2017; Barnes 2016; Rivera et
al. 2008; Kurmi et al. 2012; Bruce et al. 2015;
Qureshi 1994; Schei et al. 2004; Majdic 2020;
Adhikari and Yin 2020)

Lung Cancer Higher in
women

Asthma Higher in
women

Virus-induced
respiratory
inflammation

Higher in
men

Carbon
monoxide

Elimination time Longer in
men

(Zavorsky et al. 2014)

Nitrogen
dioxide

Chronic bronchitis
Mortality

Higher in
women

(Sunyer et al. 2006; Luginaah et al. 2005;
Oiamo and Luginaah 2013)

Sulfur
dioxide

Mortality
Hospitalization

Higher in
women

(Oiamo and Luginaah 2013)
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informed and more effective air quality standards and policies that take into consid-
eration sex and gender. Below, we present an overview of basic, clinical, and
translational studies assessing sex and gender differences in the response to envi-
ronmental exposures. Below, we have summarized epidemiological and clinical data
by air pollutants, as well as results from animal and in vitro studies investigating
sex-specific mechanisms.

9.2 Sex Differences in the Response to Ozone Exposure

Ground-level (tropospheric) ozone is one of the dominant air pollutants worldwide
(WHO 2016). Different from the ozone layer present in the upper atmospheric layer,
ground-level ozone is a reactive oxidant gas formed by the phytochemical reactions
of carbon monoxide, nitric dioxide, and volatile organic compounds, found at higher
concentrations in major cities (Makri and Stilianakis 2008). Exposure to ambient
ozone has been associated with decreased lung function, increased airway reactivity,
increased lung inflammation, higher hospital visits related to lung disease, and
exacerbation of preexisting respiratory disease in men and women (Arjomandi
et al. 2018; Bromberg 2016). Chronic ozone exposure has also been correlated
with shortened life expectancy and higher risk of death from both cardiovascular
and pulmonary disease (Malley et al. 2017). In the past decade, emerging epidemi-
ological and clinical data have indicated that sex, gender, and inter-individual
differences influence susceptibility to ozone exposure effects (Silveyra and Floros
2012; Stafoggia et al. 2010; Abramson et al. 2020; Bell et al. 2014). For example,
acute exposure to ambient ozone at levels close to the national ambient air quality
standard has been correlated with decreased lung function, impaired lung immunity,
and increased oxidative stress in healthy individuals (Tager et al. 2005; Holland et al.
2015), with different responses in men vs. women (Bell et al. 2014; Medina-Ramón
and Schwartz 2008). The results from these investigations have influenced the
development of policies and regulations aimed to improve air quality standards
and allowed the development of guidelines to help prevent disease exacerbations
in vulnerable populations.

9.2.1 Epidemiological Studies

The American Lung Association has stated that anyone who spends time outdoors in
areas where ozone levels are high is at risk of adverse effects (ALA 2020). They
have identified five groups as especially vulnerable to ozone: (1) children and
teenagers, (2) elder individuals (age 65 and older), (3) individuals who work or
exercise outdoors, (4) people with existing inflammatory lung disease, and (5) indi-
viduals with existing cardiovascular disease. The effects observed in these individ-
uals range from reduced lung function to airway obstruction, to reduced life
expectancy (Huang et al. 2018b; Romieu et al. 2012). In addition, accumulating
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evidence suggests that other groups are also at high risk, including women and obese
individuals, cancer patients, and patients with allergies (Stafoggia et al. 2010).

A growing number of studies have shown that patients suffering from respiratory
disease are at higher risk of experiencing the negative effects of ozone exposure
(Wang et al. 2019b; Kurt et al. 2016; Ciencewicki et al. 2008). Specifically, patients
suffering from diseases that disproportionally affect more women than men, such as
asthma and chronic obstructive pulmonary disease (COPD), also show higher
sensitivity to ozone exposure (Guarnieri and Balmes 2014; Collaborators 2020).
Smokers and patients with asthma, emphysema, and COPD display greater
bronchoconstriction, decreased lung function, and higher mortality rates following
both acute and chronic ozone exposure (Kreit et al. 1989; Butter 2006; Liu et al.
2019). Pregnant women have also been reported to be more susceptible to ozone
exposure, which can result in premature delivery and complications of pregnancy
such as low birth weight, preterm birth, and stillbirth (Bekkar et al. 2020; Zang et al.
2019; Díaz et al. 2016). These effects appear to be time-dependent and more severe
in women in the third trimester of pregnancy (Rammah et al. 2019; Grippo et al.
2018; Mendola et al. 2017).

Sex-specific disaggregation of data in the Global Burden of Disease study shows
that there are substantial differences between men and women in their response to air
pollution exposure, although these differences are frequently overlooked (The Lan-
cet 2018). The available literature on epidemiological and clinical studies assessing
ozone effects suggest that both sex and age simultaneously contribute to the response
in healthy individuals and patients with lung disease (Vinikoor-Imler et al. 2014;
Bell et al. 2014; Galizia and Kinney 1999; Tager et al. 2005; Arjomandi et al. 2018;
Khatri et al. 2009). Studies in children and teenagers have reported that children
growing up in areas with higher ozone pollution face an increased risk of having
underdeveloped lungs and that children of both sexes who spend more time outdoors
in areas with higher levels of ozone show significant reductions in lung function.
These detrimental effects are also more predominant in girls than boys with asthma
(Peters et al. 1999a, b). The risk of emergency room visits after exposure to ozone in
patients with asthma, COPD, and respiratory infections is also higher in younger
populations (Strosnider et al. 2019). However, older adults are also impacted by
ozone exposure (Abramson et al. 2020; Strosnider et al. 2018; Arjomandi et al. 2018;
Stafoggia et al. 2010), particularly if they suffer from idiopathic pulmonary fibrosis
(IPF) (Sesé et al. 2018; Johannson et al. 2014, 2018), which is more prevalent and
severe in males, but reduces quality of life measures to a greater extent in females
(Zaman et al. 2020; Han et al. 2010). Older adults also with acute respiratory distress
syndrome (ARDS), which is more likely to be developed by females than men
following critical injury (Heffernan et al. 2011), are also more likely to be affected
by ozone exposure. Chronic exposure to ozone has been reported to increase the risk
of ARDS in adults aged 65 and older (Rhee et al. 2019), even at levels below the
current national ambient air quality standard of 70 ppb (Reilly et al. 2019). While
these studies have adjusted results by sex, race, and age, they did not specifically
evaluate sex differences in measured outcomes. More recently, it has been found that
severe cases of coronavirus disease (COVID-19) are typically marked by ARDS
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with respiratory failure requiring oxygen support and mechanical ventilation (Zhou
et al. 2020). The available epidemiological and clinical data indicate that males
display an increased susceptibility and death risk for COVID-19 (Klein et al. 2020).
While sex differences in pro-inflammatory gene expression combined with potential
steroid hormones modulation of the immune response to respiratory viral pathogens
could contribute to an enhanced risk of death in males, the mechanisms underlying
these observed differences remain unexplored (Scully et al. 2020).

9.2.2 Clinical Studies

Limited clinical studies assessing the effects of acute and chronic ozone exposures in
men and women have yielded inconclusive or conflicting results. Studies employing
controlled human exposures to ozone in adult men and women consistently show
decrements in lung function, increased lung neutrophilia, and increased airway
levels of pro-inflammatory cytokines and metabolites (Mumby et al. 2019; Devlin
et al. 1991; Cheng et al. 2018; Seltzer et al. 1986), although only a few studies
assessed differences between sexes. These studies have consistently reported signif-
icant reductions in forced expiratory volumes and forced vital capacity with repeated
ozone exposures. One study using 0.4 ppm exposures found that this decline was 2.5
times higher in younger women (aged 18–35 years old) vs. younger men and older
women (36–60 years old) (Hazucha et al. 2003). Prolonged chronic exposure studies
using lower doses and longer time periods (0.08 ppm for 6.6 hours) revealed
significant increases in pro-inflammatory factors in the airway, although the majority
of these studies were only conducted in male individuals (Devlin et al. 1991).

Two studies using the same low-level ozone exposure protocol in 7 females and
8 males, and 36 females and 24 males, respectively, all aged 19–35 years, revealed
increases in airway inflammation, inflammatory cell numbers, and expression of
pro-inflammatory markers in sputum, as well as significant declines in lung function
(Alexis et al. 2010; Kim et al. 2011). While the first study did not assess or
mentioned sex differences (Alexis et al. 2010), the second study identified differ-
ences in the male and female decline in forced expiratory volume (�0.86% in
males vs. -2.43% in females) and forced vital capacity (�1.26% in
males vs. -3.22% in females) following ozone exposure (Kim et al. 2011). The
decline in forced expiratory volume and forced vital capacity was found to be
statistically significant in females exposed to ozone and not in males, but the authors
did not find significant sex differences when comparing results from
males vs. females. In contrast, the increase in inflammatory cells was significantly
higher in the male group vs. the female group, with a threefold increase in males and
no change in females, indicating that the response to ozone differs between the sexes
depending on the endpoints assessed (Kim et al. 2011).

Another study conducted on nine female and six male healthy volunteers exposed
to 0.4 ppm of ozone or lipopolysaccharide revealed similar increases in neutrophilia
and inflammation triggered by both agents, although no sex differences were
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analyzed or reported either (Hernandez et al. 2010a). The same group also evaluated
this ozone exposure protocol in 27 female and 23 male subjects divided into 3 groups
(control, atopic, and atopic asthmatic) and found a decline in lung function in all
groups exposed to ozone, with significant differences in inflammatory cells and
pro-inflammatory cytokines (IL-1β, IL-6, IL-8) in the atopic asthmatic
groups vs. atopic and healthy controls. This study also omitted analysis of sex
differences in the results or discussion (Hernandez et al. 2010b). An older study in
three women and seven men exposed to 0.4 or 0.6 ppm of ozone found significant
increases in bronchoalveolar lavage neutrophilia and increases in airway respon-
siveness to inhaled methacholine at 3 hours after exposure but did not analyze sex
differences. The authors also reported significant increases in the concentrations of
cyclooxygenase and lipoxygenase metabolites of arachidonic acid, such as prosta-
glandins E2, F2 alpha, and thromboxane B2 when analyzing combined results, but
did not stratify results by sex (Stavert et al. 1986).

Another controlled exposure study on 19 subjects with and without asthma of
average age 32 years, including 12 females (5 healthy/7 asthmatic) and 7 males
(3 healthy/4 asthmatic), evaluated transcriptomic profiles in bronchoalveolar lavage
fluid at 20 hours after exposure to different doses of ozone (0, 100, or 200 ppb for
4 hours). Using a gene chip microarray, the authors identified dose-dependent
differential expression of pro-inflammatory genes and genes related to chemokine
and cytokine secretion, activity, receptor binding, metalloproteinase and endopepti-
dase activity, as well as cell growth, adhesion, and migration in the asthma group
exposed to ozone. While results found significantly higher levels of these markers in
the asthma group (1.7–3.8-fold greater than healthy controls), stratification of data
and unsupervised clustering analysis did not reveal a sex effect. The authors also
validated their main findings using 16HBE14o- cells, a bronchial epithelial cell line
derived from a male individual (Leroy et al. 2015).

While the field of environmental health has recently recognized a role for sex
hormones in lung inflammatory mechanisms and lung disease, only a few studies
conducted over 20 years ago have assessed the influence of the menstrual cycle in the
response to controlled ozone exposures (Fuentes and Silveyra 2018; Naeem and
Silveyra 2019). These studies were conducted in young adults, athletes and
non-athletes, and exposures to ozone were evaluated under a mild exercise protocol.
Combined, these studies have provided limited and conflictive information pointing
to a potential role of progesterone in modulating ozone responses, but to our
knowledge, they have not been replicated since. In 1993, Fox et al. (1993) hypoth-
esized that females in the follicular menstrual phase were more susceptible to ozone
exposure effects than those in the luteal phase. To test the hypothesis, they recruited
nine female subjects, who were randomized in four groups exposed to either 0.3 ppm
of ozone or filtered air for 1 hour, in the luteal or follicular menstrual phase of their
cycle (n ¼ 3 ozone/follicular, n ¼ 4 ozone/luteal vs. n ¼ 1 filtered air/follicular,
n ¼ 2 filtered air/luteal). They assessed changes in pulmonary function by spirom-
etry and used blood hormone levels to monitor the menstrual cycle phase. Despite
the low number of subjects, their results revealed an interactive effect of ozone
exposure and menstrual phase for forced expiratory volumes, with larger decrements
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in women exposed in the follicular phase (i.e., low progesterone phase) vs. the
mid-luteal phase (i.e., high progesterone phase) (Fox et al. 1993).

Two years later, a different group assessed small airway function changes in
response to 0.35 ppm ozone exposure for 2 hours by conducting a preliminary study
in 9 women and a larger study in 24 subjects (12 males and 12 females). In the main
study, seven females were in the luteal phase and five in the follicular phase. Instead
of monitoring regular hormone levels, this study instructed participants to self-
monitor daily changes in body temperature and menses to estimate their menstrual
cycle phase and only measured blood hormone levels on the day of exposure. In
addition, this study conducted repeated exposures in the same subjects (first in the
follicular and next in the luteal phase), separated by 2–14 weeks, and compared
spirometry results in the two menstrual phases. While their results reproduced the
decline in lung function with ozone exposure, the preliminary study reported a
non-significant difference between the follicular and luteal phases. Moreover, the
exercise protocol was not matched for males vs. females nor for the subjects exposed
in two phases, being 35% reduced for the subjects exposed in the luteal phase. When
comparing males and females, they also found lower forced expiratory volumes and
forced vital capacity in females vs. males, although the interaction of exposure and
gender was not significant (Weinmann et al. 1995).

Finally, a study conducted in 1995 recruited 372 individuals (Seal et al. 1996) to
test the effects of a broader range of ozone concentrations (0, 0.12, 0.18, 0.24, 0.3, or
0.4 ppm). A mixed population of males and females aged 18–35 was exposed to
these concentrations for 2 hours, and pulmonary function testing was conducted
before and after exposure. This study found a relationship between age and socio-
economic status with lung function decrements in response to ozone (higher decre-
ments with lower age), but also reported no impact of the menstrual cycle in the
response to ozone from the 150 women participants. To monitor the menstrual cycle
phase, women were asked the date of their last menstrual cycle and regularity of
periods in a questionnaire conducted on the day of exposure, and this information
was used to categorize results. When discussing their data, the investigators recog-
nize that they did not attempt to expose women in a specific cycle phase, nor
hormone levels were measured as part of the study, and that the numbers of
women exposed to ozone in different phases may not be balanced (Seal et al. 1996).

Overall, the literature on the effects of the menstrual cycle and hormone levels on
ozone exposure-related outcomes is limited and conflictive and has not been
resumed since the late 1990s. Moreover, controlled exposure studies have predom-
inantly been conducted in Caucasian populations despite multiple reports showing
that racial disparities exist in air pollution exposure responses and incidence of lung
disease (Miranda et al. 2011; Nishimura et al. 2013; Ash and Boyce 2018; Celedón
et al. 2014; Collins et al. 2017; Forno and Celedon 2009). More clinical research
incorporating sex and gender variables and assessing the influence of hormones to
these responses in racially diverse cohorts is needed in this area. These new studies
should follow the new recommendations to incorporate the “Four Cs” of studying
sex to strengthen science (Consider, Collect, Characterize, and Communicate),
utilizing validated research designs and statistical methods (Diester et al. 2019).
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9.2.3 Animal Models

For the past several decades, numerous animal models ranging from mice to
nonhuman primates have been used to study responses to inhaled ozone. These
models have provided information on inflammatory mechanisms, physiological
factors, and potential genes involved in ozone exposure susceptibility that were
found to be age-, strain-, and species-dependent (Snow et al. 2016; Kleeberger et al.
2000; Chalfant and Bernd 2014; Herring et al. 2015; Avdalovic et al. 2012; Miller
et al. 2009; Schelegle et al. 2003). Moreover, studies comparing responses related to
acute lung injury, gene expression profiles, cellular responses, cytokine and chemo-
kine activation, and other pathways have identified correlations between the
responses observed in animal models vs. human studies (Sweeney et al. 2017).
However, most of these comparisons have not been stratified by sex or gender,
and only a few recent studies have considered the intersection of sex and other
factors such as mouse strain, age, hormones, and microbiome in the response to
ozone (Vancza et al. 2009; Cho et al. 2018c, b, 2019; Mishra et al. 2016; Kasahara
et al. 2019). We have summarized the main effects observed in commonly used
exposure models in males and females in Table 9.3.

The timing and concentration of ozone also affect the response phenotype in a
strain-dependent manner. For example, exposure to ozone for 9 days at 0.8 ppm and
4 hours/day induced an asthma-like phenotype with airway eosinophilia, mucus cell
metaplasia, and activation of type 2 innate lymphoid (ILC2) cells in C57BL/6 mice.
In contrast, an acute exposure to 3 ppm for 2 hours induced airway neutrophilia,
eosinophilia, and IL-5 expression, but this effect was observed in BALB/c mice and
not C57BL/6 mice (Kumagai et al. 2017; Yang et al. 2016). The ILC2s of exposed
BALB/c mice also expressed greater mRNA levels of Il5 and I13 than C57BL/6
mice, indicating that the role of ILC2 cells in ozone-induced inflammation is also
strain-dependent.

These strain differences in airway responses to repeated ozone exposures indicate
that genotype is an important factor, suggesting that an individual’s genetic back-
ground may determine the clinical manifestation of ozone-induced lung disease or
exacerbation of lung disease. The collaborative cross strain, derived from an eight-
way cross using several founder strains (Churchill et al. 2004), has been used to
investigate genes associated with ozone susceptibility, although no sex differences
have been reported to date (Tovar et al. 2020).

Ozone exposure also affects and contributes to the development of chronic
pulmonary diseases such as pneumonia (Silveyra et al. 2017). In this regard, animal
models of exposure followed by infection have been widely used and provided
insight into the physiological processes involved. One study showed that mice
infected with Klebsiella pneumoniae following exposure to ozone at 2 ppm for
3 hours had decreased ability to clear bacteria from the lungs. Ozone-exposed
females were more affected and showed higher mortality after infection than males
(Mikerov et al. 2008, 2011). Contrastingly, in the absence of ozone pre-exposure,
males displayed higher mortality from infection compared to females. These
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Table 9.3 Sex differences in animal models of ozone exposure

Animal model Effect/outcome
Sex
differences References

Ozone exposure (2 ppm,
3 h) followed by Klebsiella
pneumoniae infection

Bacterial clearance
from lungs

Higher in
males

Mikerov et al. (2011);
Mikerov et al. (2008);
Durrani et al. (2012)Mortality from

infection
Higher in
females

Ozone exposure (2 ppm,
3 h)

Pro-inflammatory
mRNA gene expres-
sion in lung tissue

Higher in
females

Cabello et al. (2015)

Basal and ozone-
induced miRNA
expression in lung
tissue

Differential
pathways in
males/females

Fuentes and Silveyra
(2019); Fuentes et al.
(2018)

Pro-inflammatory
protein expression in
BALF

Higher in
females

Mishra et al. (2016);
Kasahara et al. (2019);
Cho et al. (2018b)

No difference Birukova et al. (2019)

BALF total cells Higher in
females

Cabello et al. (2015)

Higher in
males

Birukova et al. (2019)

BALF cellularity No difference Birukova et al. (2019)

BALF total protein No difference Birukova et al. (2019);
Kasahara et al. (2019)

Higher in
females

Tashiro et al. (2020)

BALF albumin. Higher in
females

Birukova et al. (2019);
Cabello et al. (2015)

Airway
hyperresponsiveness

Higher in
males

Cho et al. (2018b);
Birukova et al. (2019);
Card et al. (2006)

Higher in
females (pro-
estrus stage)

Fuentes et al. (2019)

BALF neutrophilia Higher in
females (pro-
estrus stage)

Fuentes et al. (2019)

Higher in
males

Kasahara et al. (2019);
Tashiro et al. (2020)

No difference Cho et al. (2018b)

BALF macrophages Higher in
males

Kasahara et al. (2019);
Tashiro et al. (2020)

Higher in
females

Birukova et al. (2019);
Tashiro et al. (2020)

BALF bronchoalveolar lavage fluid

260 P. Silveyra et al.



mechanisms were shown to be mediated by pulmonary surfactant proteins (Mikerov
et al. 2012) and gonadal hormones (Durrani et al. 2012).

Although ozone exposure has been shown to be especially harmful to patients
with asthma and COPD (Baldacci et al. 2015; Huang et al. 2018a; Kehrl et al. 1999),
both displaying a sexual dimorphism in risk, prevalence, and severity (Raghavan and
Jain 2016; Akinbami et al. 2012; Celli et al. 2011; Ferrari et al. 2010; de Torres et al.
2009; Hyndman et al. 1994; Johnston and Sears 2006; Control 2018; Aryal et al.
2013), experimental models of ozone exposure and lung disease have commonly
been restricted to one sex or not considered sex as a biological variable. Such studies
either failed to report sex in their models or extrapolated information from one sex to
another, increasing the risk of erroneous conclusions. As indicated in Table 9.3,
there has been a great deal of variability in the observed effects of ozone exposure in
mouse models, even when using the same strains. These differences have been
attributed to sampling techniques (Tighe et al. 2018), hormonal and female cycle
effects (Fuentes and Silveyra 2019; Fuentes et al. 2018, 2019), and the role of diet
and microbiome (Kasahara et al. 2019; Cho et al. 2018b; Tashiro et al. 2019, 2020).

9.3 Sex Differences in the Response to Air Particulate
Matter Exposure

Particulate matter (PM) is a complex mixture of volatile organic and inorganic
compounds, including solid particles and liquid droplets, with different physico-
chemical properties and toxicity (Bell and Committee 2012; Cassee et al. 2013). The
toxicity of PM is characterized by its size, surface chemistry, solubility, and ability to
form reactive oxygen species. PM is typically characterized by size, PM2.5, being
particles with aerodynamic diameters that are 2.5 μm or smaller, and PM10, being
particles with aerodynamic diameters of 10 μm or smaller. Particulate matter is one
of the main contributors of indoor and outdoor pollution, and exposure to PM has
been associated with a range of cardiovascular and respiratory diseases (Dai et al.
2014; Kurt et al. 2016).

9.3.1 Epidemiological Studies

Several studies within the European Study of Cohorts for Air Pollution Effects
(ESCAPE) have found that long-term exposure to PM is associated with decreased
lung function in children and adults (Cesaroni et al. 2014; Stafoggia et al. 2010) and
increased prevalence and exacerbation of chronic obstructive pulmonary disease
(COPD) (Ni et al. 2015; Gehring et al. 2013). Particulate matter has also been
associated with higher incidence of asthma and lung cancer in adults (Guarnieri
and Balmes 2014; Li and Gao 2014; Pope et al. 2002). Despite growing evidence
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indicating that PM exposure increases risks of respiratory diseases, the mechanisms
underlying PM-induced inflammation and worsening of disease are still unknown.
Moreover, potential modifiers, including biological sex, gender, education, and
socioeconomic status, remain inconclusive or unaddressed (Samoli et al. 2013; Liu
et al. 2017; Du et al. 2016; Li et al. 2019a; Bourdrel et al. 2017).

There are limited clinical and epidemiological studies assessing differences in the
effects of acute and chronic PM exposures in males and females, and these have
yielded inconclusive or conflicting results (Table 9.4). In a large cohort study, the
authors evaluated non-accidental deaths in 27 US cities (Franklin et al. 2007) and
observed an increase in respiratory-related deaths with a 10μg/m3 increase in PM2.5

concentrations. This effect was significantly more pronounced in subjects�75 years
of age. While gender was not identified as a statistically significant modifier, the
authors found a higher risk of respiratory mortality in males. In support of these
findings, another study looking at the association between air pollution and respira-
tory hospitalization in Windsor, Ontario, Canada (Luginaah et al. 2005), found that
the effects of PM10 on respiratory admissions were mostly elevated, but not signif-
icant, in all subject groups except for males 0–14 years of age, who had significantly
higher numbers of respiratory hospitalizations.

In contrast, one study in Italy assessed the association of PM10 exposure with
mortality in subjects �35 years of age (Faustini et al. 2011) and found that females
were more than twice as susceptible to PM10-associated respiratory mortality than
males, even after adjusting for age. In a very similar study in Spain, authors assessed
the association between acute exposures to PM, measured as black smoke (atmo-
spheric particulate black carbon) with a mix of PM2.5 and PM10, with respiratory
mortality among subjects�35 years of age who had visited emergency rooms due to
COPD exacerbation. The authors found that differences in gender were only
observed in elderly patients, where females were at a greater risk of dying due to
PM exposure than males (Sunyer et al. 2000).

In a study on healthy beach lifeguards (median age 19) exposed to PM (Thaller
et al. 2008), investigators found that the forced vital capacity (FVC) and forced
expiratory volume in one second (FEV1) were decreased in female subjects with a
10μg/m3 increase in PM2.5 and with peak PM2.5 levels. However, males were not
significantly affected by PM2.5 exposure. While peak levels did not exceed the
Environmental Protection Agency (EPA) National Ambient Air Quality Standards
(NAAQS) 24-hour levels (65μg/m3 at the time this study was conducted, 35μg/m3 at
the time this book was published), the investigators reported significant drops in lung
volumes despite the fact that 8-hour average of PM2.5 never exceeded 40μg/m3. The
authors argued that a potential mediator of the observed sex differences could be
particle deposition patterns. In this regard, one clinical study conducted over
20 years ago assessed how regional deposition patterns of inhaled particles affect
healthy adult males (n¼ 11; 25� 4 years of age) and females (n¼ 11; 25� 3 years
of age) using a serial bolus aerosol delivery technique for fine particles (particle
diameter Dp ¼ 1 μm), and coarse aerosols (Dp ¼ 3 and 5 μm), to a specific
volumetric depth (Vp) (Kim and Hu 1998). In all subjects, the deposition distribution
pattern was reported to be very uneven with respect to Vp. However, the unevenness
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was more noticeable in females. Notably, total lung deposition was similar between
males and females for fine particles, but was consistently greater in females than
males for coarse particles (Kim and Hu 1998).

To assess whether long-term reductions in air pollution in Southern California
were associated with respiratory health improvements, a cohort of 11-year-olds
(healthy and asthmatic children) was followed over 4 years, and FVC and FEV1

Table 9.4 Epidemiological studies reporting sex differences in PM exposure effects

Exposures Effect/outcome
Sex
differences References

PM2.5 Respiratory mortality Higher in
males

(Franklin et al.
2007)

FVC and FEV1 Lower in
females

(Thaller et al.
2008)

PM10 Respiratory mortality Higher in
females

(Faustini et al.
2011)

Respiratory hospitalization Higher in
males
0–14 years
of age

(Luginaah et
al. 2005)

PM2.5 and PM10 Respiratory mortality Higher in
females
�79 years
of age

(Sunyer et al.
2005)

FEV1 and FVC Lower in
females

(Gauderman et
al. 2015)

FEV1 and FVC No sex
differences

(Oftedal et al.
2008)

RPEF and FEF Lower in
females

Prenatal PM2.5 Birth weight
Length at birth
Head circumference

Lower in
males

(Jedrychowski
et al. 2009)

Early asthma development
GSTP1 methylation

Higher in
males

(Hsu et al.
2015)

FEV1 Lower in
males

(Lee et al.
2018)

Prenatal PM10 Preterm birth at 20–27 weeks’ gestation with
second trimester exposure

Higher in
males

(Cossi et al.
2015)

Preterm birth at 32–33 weeks’ gestation when
exposed throughout pregnancy

Higher in
males

Prenatal and
postnatal PM2.5

Asthma No sex
differences

(Jung et a1.
2019)

FVC forced vital capacity, FEV1 forced expiratory volume in one second, RPEF reduced peak
expiratory flow, FEF forced expiratory flow
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were measured annually (Gauderman et al. 2015). The authors found improvements
in both FVC and FEV1 that were associated with declining PM2.5 and PM10, even
after adjusting for confounders. There were significant improvements in lung func-
tion in both boys and girls with and without asthma, but the effect on both FEV1 and
FVC was significantly larger in boys than in girls. In another study conducted in
Oslo, Norway, hourly outdoor traffic-related pollutant concentrations were mea-
sured, including PM10 and PM2.5, to determine their effects on lung function in
9–10-year-old children (Oftedal et al. 2008). Long-term exposures to traffic-related
pollutants were associated with reduced peak expiratory flow and forced expiratory
flow, especially in girls. FVC and FEV1 were not affected in either gender.

Emerging evidence indicates that pregnant women are more susceptible to ambi-
ent air particles, resulting in adverse birth outcomes including low birth weight,
impaired neonatal head circumference, and preterm birth, but significant heteroge-
neity is consistently observed (Fu et al. 2019; Guo et al. 2019; Sun et al. 2015). Many
studies do not account for exposure time, pollutant type, socioeconomic status, and
disease history. An average increase in PM2.5 exposure by 30μg/m3 for 48 hours
during the second trimester resulted in significant deficits, but only in male new-
borns. Specifically, male newborns of mothers exposed to higher concentrations of
PM showed significantly lower birth weight, shorter length at birth, and smaller head
circumference in comparison to mothers with the lowest exposures to PM
(Jedrychowski et al. 2009). These effects were not observed in female newborns.
In a large birth cohort study (Cossi et al. 2015), the authors assessed the effects of
PM exposure on four preterm birth ranges including 20–27 weeks, 28–31 weeks,
32–33 weeks, and 34–36 weeks and found that exposure to ambient PM2.5 and PM10

increased the risk of birth at 20–27 weeks of gestation, but this risk did not differ by
sex. The authors also found that males had a significantly higher risk of being born at
32–33 weeks when exposed to elevated PM10 over the course of the entire preg-
nancy; however, this was not observed for females.

In addition to effects on newborns, some evidence suggests that prenatal PM
exposure also has long-term impacts on the lung function of infants and children.
One study found that increased PM2.5 exposure levels at 16–25 weeks’ gestation
were significantly associated with early physician-diagnosed asthma development in
children by age 6 years in males, but not females (Hsu et al. 2015). Another study
found that prenatal PM2.5 exposure in late pregnancy was associated with reduced
early childhood lung function and hypermethylation of glutathione S-transferase pi
1 (GSTP1) in DNA isolated from nasal epithelial cells. High GSTP1 methylation
was associated with reduced FEV1 in males, but not females (Lee et al. 2018). In
contrast, another study found that both prenatal and postnatal exposures to PM2.5

were associated with later development of asthma, but did not observe substantial
sex differences (Jung et al. 2019). To assess sex-specific effects of gestational
exposure to PM2.5 in cord blood transcriptomic signatures, the authors recruited a
small (n ¼ 142) cohort of mother-newborn pairs and estimated annual PM2.5

averages before delivery (long-term) and during the last month of pregnancy
(short-term) (Winckelmans et al. 2017). For short-term exposure, significantly
affected gene expression pathways were identified for both females and males that
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were related to olfactory signaling, ribosomes, and DNA damage. In males,
sex-specific gene expression pathways associated with short-term exposures
included synaptic transmission and mitochondrial energy production. In females,
immune response pathways were modulated. For long-term exposures, apoptotic
execution and RhoA gene expression pathways were upregulated in males, while
defensin expression and olfactory signaling were downregulated, and ribosome-
related pathways were upregulated in females. Overall, this study revealed that
PM exposure, both long-term and short-term, has differential effects on cord blood
transcriptomics in males and females, but these findings likely need to be replicated
in larger cohorts to confirm the observed responses.

9.3.2 Animal Models

While epidemiological research highlights that PM exposure can induce a variety of
diseases, in vitro and in vivo experiments are necessary to shed light on the
mechanisms involved in the process, such as oxidative stress, cytokine secretion,
and inflammatory responses (Cho et al. 2018a). Experimental animal models have
been used to study the underlying mechanisms of respiratory diseases caused by
exposure to PM, but only a few have assessed sex differences (Table 9.5). Some
common exposure approaches include intranasal instillation, intratracheal

Table 9.5 Animal models of PM exposure

Exposures Effect/outcome Sex differences References

Pre- and postnatal
PM2.5 (600 μg/m3,
1 h), BALB/c mice

DNA damage and
impaired lung function

Increased (male and female
mice used but sex differ-
ences not evaluated)

(de Barros
Mendes
Lopes et al.
2018)

PM2.5 (<10 μg/m3),
Sprague-Dawley rats

BALF neutrophilia,
eosinophils, pro-inflam-
matory protein expression

Increased (only tested in
male rats)

(Wang et al.
2020)

PM2.5 (600 μg/m3,
1 h), BALB/c mice

Tracheal hyperreactivity
to methacholine

Higher in both sexes, no
sex difference

(Yoshizaki et
al. 2017)

COX-2, TGF-α, SP, IL-
8Rα protein expression in
BALF

Higher in males

IL-17 and isoprostane
protein expression in air-
way epithelium

Higher in aggregate,
interaction with sex

BALF macrophages, and
total cells

Higher in males

Lung parenchyma
cadherin expression

Higher in proestrus
females

BALF bronchoalveolar lavage fluid
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instillation, nose-only inhalation, whole-body inhalation, and intravenous injection
(Shang and Sun 2018).

Some advantages of using animal models in clinical studies are that PM type,
exposure times, and exposure concentrations can be controlled. One study exposed
male and female BALB/c mice and their offspring to concentrated urban PM2.5 in a
whole-body inhalation chamber prior to stereological and transcriptomic analyses.
The authors found that prenatal and early-life postnatal exposure led to DNA
damage and impairment of lung function, but the study failed to account for sex
differences (de Barros Mendes Lopes et al. 2018). Another study found that rats with
human-like COPD features exposed to PM2.5 through whole-body inhalation
resulted in emphysema, inflammation, and deterioration in lung function as reflected
by increased neutrophils and eosinophils in BALF and cytokine secretion including
IL-1β and IL-4 (Wang et al. 2020), but sex differences were not accounted for, as
only male rats were used.

Most animal studies also disregard the estrous cycle. One study exposed BALB/c
male (n ¼ 34) and female (n ¼ 111) mice in three phases of the estrous cycle to
ambient air (AA, PM2.5 concentration equivalent to 25μg/m3) or concentrated
ambient particles (CAPs, 600μg/m3 PM2.5) (Yoshizaki et al. 2017). Tracheal hyper-
activity to methacholine was increased in both CAPs-exposed females and males
compared with those exposed to AA. Male-exposed mice were hyporesponsive, with
increased levels of cyclooxygenase-2 (COX-2), transforming growth factor-alpha
(TGF-α), substance P (SP), and IL-8 receptor alpha (IL-8Rα) compared to all
females independent of exposure. IL-17 and matrix metalloproteinase-9 (MMP-9)
were increased in CAPs-exposed females, which the authors thought may lead to a
chronic inflammatory response. The results indicate that lung inflammation differed
between sex and phase of the estrous cycle, highlighting the importance of including
sex hormones in studies of lung inflammatory mechanisms and lung disease related
to air pollution exposure.

9.3.3 Cell Culture Models

Cell culture models are a useful and efficient tool to assess specific PM and their
potential health effects. Several studies have identified increased inflammatory
responses and oxidative stress, decreased cell viability, and increased apoptosis in
response to PM exposure; however, sex differences have not been studied
(Table 9.6).

In one study, ex vivo-derived normal human bronchial epithelial cells from brush
biopsies of three healthy volunteers were exposed to concentrated coarse ambient
PM using direct air and indirect liquid interface exposure methods (Volckens et al.
2009). The authors found significant increases in mRNA expression of interleukin
8 (IL8), homeobox A1 (HOX1), and cyclooxygenase-2 (COX2) in cells exposed
with both methods. However, the sex or gender of the subjects was not reported.
Another study exposed a human lung epithelial cell line (A549, male
human-derived) and a monocyte-macrophage cell line (Raw264.7, male BALB/c
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mouse-derived) to PM2.5, which led to greater oxidative stress in lung epithelial cells
than in monocyte-macrophage cells (Li et al. 2020). One study using BEAS-2B cells
(human male-derived) treated with PM2.5 extracts at different concentrations for
6 and 24 h found that at a concentration of 100μg/ml, PM2.5 upregulated IL6 and IL8
gene expression at 24 h through the activation of the IKK/NF-kB pathway (Wang
et al. 2019a). Another study also using human BEAS-2B cells observed decreased
cell viability and increased apoptosis, as well as oxidative stress and expression of
pro-inflammatory cytokines including IL1B and IL8, after exposure to PM with high
benzo (a)pyrene (BaP) content for 3 days (Raudoniute et al. 2018). Due to the nature
of the cell lines used and experimental designs, none of these cell culture experi-
ments accounted for sex differences.

Notably, while cell culture models, especially using immortalized cell lines, are
efficient tools to begin probing mechanisms of response to environmental exposures,
cell lines also have significant limitations including translatability to whole-organ
responses, interaction with other cell types, as well as the majority of immortalized
lines being male-derived or of unknown origin, complicating the ability to study sex
differences. Contrastingly, ex vivo cell cultures can be used to study potential sex
differences in culture, though efficiency is reduced compared to the use of cell lines
due to the increased time needed to grow and maintain cells. Thus, the study of sex
differences needs careful consideration in the design of cell culture experiments in
addition to animal and human studies. Overall, further investigations need to be
completed to fully understand mechanisms of response to PM, particularly using
models that allow the study of sex differences.

Table 9.6 Cell culture models of PM exposure and sex effects

Cell model Effect/outcome Sex effects References

PM2.5/PM10 expo-
sure (200 L/min,
5 mg/mL, 1 h)

Pro-inflammatory mRNA
expression in NHBE cells

Increased (sex of subjects
was not reported)

(Volckens
et al. 2009)

PM2.5 exposure (0–
200 μg/mL)

Pulmonary oxidative stress
in HLE

Increased (only tested in
male-derived cell line)

(Li et al.
2020)

PM2.5 exposure (6–
400 μg/mL)

Pro-inflammatory protein
expression in BEAS-2B
cells

Increased at 100 μg/ml,
24 h (only tested in male-
derived cell line)

(Wang et al.
2019a)

IKK/NF-κB pathway Activated at 100 μg/ml, 6 h
(only tested in male-
derived cell line)

PAHs PM1 expo-
sure (20 ul/ml, 72 h)

Pro-inflammatory protein
and mRNA expression in
BEAS-2B cells

Increased (only tested in
male-derived cell line)

Raudoniute
(et al. 2018)

Cell viability Decreased (only tested in
male-derived cell line)

Apoptosis Increased (only tested in
male-derived cell line)

NHBE normal human bronchial epithelial cells, HLE human lung epithelial cells, BEAS-2B human
bronchial epithelial cell line, PAHs poly-aromatic hydrocarbons, PM1 particulate matter less than
1 μm in diameter
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9.4 Sex Differences in the Response to Carbon Monoxide
Exposure

Carbon monoxide (CO) is a gas that is colorless, tasteless, and odorless. CO is
typically present during carbon compound combustion which can occur during fires,
in vehicle or generator engine exhaust, and with furnace malfunction, among other
sources. CO is a poisonous gas, which affects 50,000 people per year in the USA,
and acts by competitively binding hemoglobin in the blood, preventing normal
delivery of oxygen, and depriving critical organs of the needed oxygen to function,
leading to hypoxia and neurological injury, as well as increased reactive oxygen
species productions, resulting in cardiac injury. Clinical diagnosis is typically made
via presenting symptoms (headache, dizziness, fatigue, loss of consciousness,
altered mentation, chest pain, and nausea/vomiting) and elevated levels of bound
CO and hemoglobin (COHb), though measurements of ambient CO levels can also
be utilized to confirm diagnosis. Standard of care currently includes normobaric or
hypobaric oxygen, which dissociates CO from the hemoglobin, though both phar-
macologic and nonpharmacologic are also in development (Rose et al. 2017).

9.4.1 Human Studies

There are a limited number of human studies specifically assessing the effect of CO
exposure on sex/gender. The majority of studies assess CO in a mixture of other
ambient air pollution and adjust for sex, rather than analyzing by sex or stratifying by
sex. There are also recent studies that include CO measurements that are still only
including male participants (Obaseki et al. 2014). However, there are a few limited
studies that describe heterogeneous results in terms of effects on sex/gender.

In a cohort of adults living in rural Malawi, effects of air pollutant exposures on
lung function trajectories were studied. PM2.5 and CO were measured with 48-hour
personal exposure monitors. Female sex was associated with increased CO expo-
sure, as well as decreased FEV1 and FVC (Rylance et al. 2020).

In a retrospective study of sex differences in severity and prognosis after CO
poisoning, it was found that in 66 heterosexual couples, females had higher outcome
scores as well as cure and improvement rates compared to their male partners from
the same CO poisoning environment. Interestingly, in this cohort, investigators
categorized women into premenopausal or postmenopausal groups and found that
the higher outcome scores and cure and improvement rates were limited to the
premenopausal group and were not found in the postmenopausal group (Huijun
et al. 2016). This led the authors to speculate that sex is an important prognostic
indicator in CO poisoning. Interestingly, these findings have been supported by a
publication by Zavorsky et al. (2014) that investigated factors accounting for
previously observed sex differences in CO elimination half-time. This study found
that there is a gender difference in CO clearance rates, where male clearances are
longer in duration than those of females, but that the gender difference is heavily
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influenced by alveolar ventilation rate differences and total hemoglobin differences
between males and females. The authors concluded that a shorter half-time for CO
elimination may contribute to the higher outcome scores and cure and improvement
rates observed in the cohort study above. Interestingly, while younger females,
premenopausal vs. postmenopausal, were shown to have higher outcome scores in
recovery from CO poisoning, studies of prenatal exposures indicate that young
females may be more vulnerable than young males. The GRAPHS study, focused
on the role of prenatal household air pollution and infant lung function, identified
associations of prenatal CO exposure with reductions in the infant’s time to peak
tidal expiratory flow and expiratory time and increases in respiratory rate and minute
ventilation. These data were then sex-stratified, leading to the identification of
female infants as particularly vulnerable to all four measures of lung function (Lee
et al. 2019).

Combined, these studies suggest that sex, age, and exposure window may affect
responses to CO exposure. Some of the observed sex-specific effects may be induced
by physiological and anatomical differences between males and females, such as
alveolar ventilation rate and total hemoglobin. As there are a very limited number of
studies examining the effect of CO sex specifically, as well as CO alone rather than
in aggregate with other air pollutants, more research is needed to define sex-specific
effects of CO exposure, as well as better define sex-specific effect mechanisms.

9.5 Sex Differences in the Response to Nitrogen Dioxide
and Sulfur Dioxide Exposure

Oxides of nitrogen and sulfur are highly reactive compounds that may play an
important role in lung disease pathology. Known as major sources of indoor and
outdoor pollution, concerns regarding the toxicity of nitrogen dioxide (NO2) and
sulfur dioxide (SO2) have been frequently expressed in clinical and toxicological
studies. SO2 and NO2 gases are generated primarily from burning fossil fuels
containing sulfur and nitrogen. The 1-hour standard concentrations of NO2 and
SO2 established by the EPA in 2010 are 100 ppb and 75 ppb, respectively. NO2

and SO2 have been observed to potentiate adverse health consequences including
increased all-cause mortality (Burnett et al. 2004; Stieb et al. 2002; Yorifuji et al.
2019) and exacerbation of asthma (Park et al. 2001; Andersson et al. 2006; Sunyer
et al. 2002). While NO2 exposure has been linked to aggravation of COPD
(Lamichhane et al. 2018; Gao et al. 2020; Zhang et al. 2018) and cardiovascular
mortality (Bourdrel et al. 2017; Faustini et al. 2014; Mills et al. 2015), this associ-
ation remains unclear for SO2 exposure. Long-term impacts of SO2 have been
associated with respiratory mortality (Atkinson et al. 2016) and increased risk of
developing lung cancer (Lee et al. 2002). Despite growing concerns regarding the
impacts of NO2 and SO2 exposure on human health, very few studies have stratified
results by gender nor compared the impact of NO2 and SO2 exposure in males and
females. It also remains unclear whether pollution-derived NO2 and SO2 act directly
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on human health or contribute to adverse effects in combination with other ambient
pollutants.

9.5.1 Epidemiological Studies

The studies that have assessed results by gender have identified effects of NO2 and
SO2 on respiratory outcomes including asthma, all-cause and respiratory mortality,
lung function, pneumonia, and lung cancer (Table 9.7). However, these studies are

Table 9.7 Epidemiological studies reporting sex differences on NO2 and SO2 exposure effects

Exposure Effect/outcome Sex differences References

NO2 Cardiovascular
mortality

Higher in females (Sunyer et al. 2002)

Respiratory
mortality

Higher in males

Respiratory
hospitalization

Higher in females 0–14
years of age

(Luginaah et al. 2005)

Respiratory
symptoms

Higher in females (Oosterlee et al. 1996)

FVC and FEV1 Higher in males (Gauderman et al. 2015)

FEV1 Lower in females (Mölter et al. 2013)

Asthma Higher in males

RPEF and FEF Lower in females (Oftedal et al. 2008)

Lung cancer No sex differences (Katanoda et al. 2011)

Umbilical cord
leptin

Higher in females (Lavigne et al. 2016)

Umbilical cord
adiponectin

No sex differences

Preterm birth Higher in males (Cossi et al. 2015)

NO2 and SO2 Asthma Higher in females (Dong et al. 2011)

Pneumonia No sex differences (Katanoda et al. 2011)

Respiratory
mortality

No sex differences

Cardiorespiratory
mortality

Higher in females and
the elderly

(Kan et al. 2008)

SO2 Respiratory
hospitalization

Higher in females (Luginaah et al. 2005)

COPD diagnosis Higher in males (Nuvolone et al. 2011)

FEV1/FEV Lower in males (Nuvolone et al. 2011;
Rosser et al. 2020)

Dyspnea Higher in females (Nuvolone et al. 2011)

Asthma diagnosis Higher in females

Traffic-related
pollutants

FVC and FEV1 No sex differences (Oftedal et al. 2008)

FVC forced vital capacity, FEV1 forced expiratory volume in one second, RPEF reduced peak
expiratory flow, FEF forced expiratory flow
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limited in number and cohort size, indicating that more research on sex-specific
effects are needed to understand comprehensive effects of exposure.

Overall, epidemiological data show that exposure to air pollution including NO2

and SO2 is associated with increased prevalence and exacerbation of asthma,
especially in children (Burbank and Peden 2018). In a large cohort study, the
relationship between SO2 and NO2 exposure and asthmatic symptoms was assessed
in children 3 to 12 years of age in China. This study revealed that children with
allergic predispositions were more susceptible to negative effects of air pollutants
than children without allergic predispositions (Dong et al. 2011).

The same study showed that among children without an allergic predisposition,
air pollution effects on asthma were stronger in males compared to females. How-
ever, the opposite effect was observed among children with an allergic predisposi-
tion. An increased prevalence of doctor-diagnosed asthma was also significantly
associated with SO2 and NO2 exposure only among females (Dong et al. 2011).

In addition to increasing asthma symptoms and diagnosis, NO2 exposure has also
been associated with all-cause mortality, but particularly for respiratory mortality. In
particular, patients with asthma and patients with more than one emergency room
admission for asthma were the most affected (Sunyer et al. 2002). In patients
admitted only once, the main causes of death were primarily cardiovascular-related
in females and respiratory-related in males. However, no difference was observed
between males and females admitted more than once. Moreover, in subjects with
more than one admission and diagnosis of both asthma and COPD, females and
younger patients had a higher risk of death with NO2 exposure than males and older
patients (Sunyer et al. 2002). SO2 and NO2 exposure was also significantly associ-
ated with all-cause mortality, including cardiorespiratory diseases, and the effects of
air pollutants were more evident in females and the elderly (Kan et al. 2008). In
another study, the effects of SO2 and NO2 exposure on respiratory admissions were
mostly elevated, but not significant, in all subject groups, except for females
0–14 years of age where there was significant effect on respiratory admissions;
however, the effect of SO2 on female respiratory admissions was consistently
elevated in all age groups (groups 15–64 and � 65 years of age) (Luginaah et al.
2005).

Exposure to NO2 and SO2 has also been shown to affect lung function, though
results are inconsistent across studies. A longitudinal study found that long-term
exposure to NO2 in children from birth to 11 years of age was associated with
significantly less growth in FEV1 over time, both before and after bronchodilator
treatment (Mölter et al. 2013). Changes in FEV1 were also more likely to happen in
females. Girls were less likely than boys to develop asthma in early life, but by
8 years of age, there were no differences in asthma between males and females
(Mölter et al. 2013). Similarly, in a study following a cohort of 11-year-old healthy
and asthmatic children over 4 years, declining NO2 concentrations were associated
with improvements in both FVC and FEV1 (Gauderman et al. 2015). There were
significant improvements in lung function in both males and females with and
without asthma, but the effect on both FEV1 and FVC was significantly larger in
males than in females, indicating sustained changes in FEV1 due to exposure were
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more likely in females, similar to the longitudinal study above. In contrast, a study
on traffic-related pollutants, including NO2, found that long-term exposures in
children, who were 9 and 10 years of age, were associated with reduced peak
expiratory flow and forced expiratory flow, especially in females (Oftedal et al.
2008), but FVC and FEV1 were not affected in either gender studied. In another
traffic study, children (0–15 years of age) exposed to environmental NO2 and living
along busy traffic streets experienced a higher prevalence of most respiratory
symptoms than children living on quiet streets. In this study, risks were higher for
females than for males, but only mild dyspnea was reported among adults (Oosterlee
et al. 1996).

In addition to effects, of NO2, effects of SO2 were also studied. In a traffic study
of effects of SO2, it was found that males living within 100 meters of a main road had
increased risk of COPD diagnosis and reduced FEV1/FVC, while females had
increased risks of dyspnea and asthma diagnosis (Nuvolone et al. 2011), when
compared to those living 250–800 meters from the main road. Supporting these
lung function findings, a study of Puerto Rican children 6 to 14 years of age found
that annual SO2 exposure was significantly associated with lower FEV1/FVC,
especially in children with asthma. In the same study, annual SO2 exposure was
not significantly associated with total IgE, FEV1, or FVC, but this study did not
stratify results by gender (Rosser et al. 2020).

While there is considerable evidence that daily exposure to NO2 and SO2

throughout adolescence can affect lung function, there is very little to no evidence
that prenatal SO2 and NO2 exposure has impacts on the lung function of infants and
children. In one study, umbilical cord blood samples (n ¼ 1257) were analyzed to
measure levels of leptin and adiponectin, which are mediators of inflammatory
profiles in the airway, in response to air pollutants, including NO2. Greater prenatal
exposure to NO2 was associated with higher cord blood levels of adiponectin, but
there was no difference between male and female infants. Leptin concentrations
were significantly higher for female infants, and increased exposure to air pollution
during pregnancy was associated with higher levels of umbilical cord blood leptin
(Lavigne et al. 2016). In a larger study (n ¼ 321,029), the effects of NO2 exposure
were assessed on four preterm birth ranges including 20–27 weeks, 28–31 weeks,
32–33 weeks, and 34–36 weeks, and a statistically significant higher risk for males to
be born at 20–27 weeks of gestation, as compared to females, when exposed to NO2

during the second trimester was observed (Cossi et al. 2015). The authors also found
that males had a significantly higher risk of being born at 32–33 weeks when
exposed during the entire pregnancy to high NO2 but this was not observed for
females.

Finally, NO2 and SO2 exposures have also been associated with other adverse
effects in both males and females, including pneumonia and lung cancer. In a large
study in Japan, development of respiratory diseases, particularly pneumonia, and
mortality from respiratory diseases were significantly associated with all air pollut-
ants, including NO2 and SO2 exposure in both males and females (Katanoda et al.
2011). A significantly higher risk of lung cancer mortality was observed at a level of
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20 ppb or higher for NO2 in both males and females. These associations were not
observed for COPD.

9.5.2 Clinical Studies

As mentioned earlier, the literature on sex differences in NO2 and SO2 in clinical
studies is limited. In a small clinical trial, 21 healthy adults (9 females and 12 males,
18–40 years of age) were exposed to 0.6 and 1.5 ppm NO2 for 3 hours in an
environmental chamber with intermittent moderate exercise. Bronchoalveolar lavage
fluid (BALF) circulating total lymphocytes and T-cells were decreased, and poly-
morphonuclear leukocytes were increased with NO2 exposure in both males and
females. However, these changes were not significant. There were also no significant
effects of NO2 exposure on FVC, FEV1, and FEV1/FVC in males and females
(Frampton et al. 2002), which contrasts with some of the epidemiological findings
above. No clinical studies conducted to date have explored or reported sex differ-
ences in SO2 exposures. Overall, to better understand the effects of NO2 and SO2

alone and in combination with other air pollutant components, more clinical con-
trolled exposure studies are needed.

9.5.3 Cell Culture Models

While epidemiological and clinical studies are limited, there is evidence that expo-
sure to NO2 and SO2 may have detrimental effects within the airway. To assess this
potential, a limited number of cell culture experiments have been conducted, which
indicate potential mechanisms of action. A study using ciliated epithelial cells
cultured from nasal brushings from 12 healthy adults (5 females and 7 males,
mean age 32 � 5 years of age) exposed to SO2 concentrations of 2.5–12.5 ppm
for 30 min reported a dose-dependent decrease in ciliary beat frequency (CBF) and
pH after SO2 exposure (Kienast et al. 1994). A 30-min exposure to 2.5 ppm and
12.5 ppm SO2 resulted in a 42.8% and 96.5% decrease in CBF, respectively,
suppressing cell activity. Interestingly, increasing the pH partially reversed the
damage (Kienast et al. 1994). Another study assessed the cellular
pro-inflammatory responses of commercial normal human bronchial epithelial
(NHBE) cells (sex not disclosed) to NO2 exposure (Ayyagari et al. 2004). In this
model, cells were pre-treated with pro-inflammatory cytokines including IFN-γ,
TNF-α, IL-1β, and IL-8 to simulate preexisting lung diseases and exposed for
6 hours and 24 hours to 45 ppm NO2 in a gas-phase exposure system. NO2 exposure
resulted in a significant increase in the generation of IL-8, TNF-α, IL-1, and
NO/nitrite, suggesting that NO2 exposure may contribute to lung inflammation and
injury via increasing levels of pro-inflammatory cytokines. Overall, the number of
cell culture experiments conducted on the effects of NO2 and SO2 is limited, but
some plausible mechanisms of action, decreased pH, and increased
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pro-inflammation and injury were identified. These findings should be investigated
further to confirm the results described here, as well as explore other pathways and
mechanisms that might be affected by exposure.

9.5.4 Animal Models

While there are several animal studies regarding SO2 and NO2 effects of health
(Table 9.8), sex differences have not yet been considered. However, these studies
may shed some light on potential mechanisms of action that may result in the health

Table 9.8 Sex differences in animal models of NO2 and SO2 exposures

Animal model Effect/outcome Sex differences References

NO2 (10 ppm, 4 w),
Brown Norway rats

End-expiratory lung volume No change (only
tested in male rats)

(Layachi et
al. 2012)

Pro-inflammatory protein
expression and inflammatory
cell infiltration in BALF

Increased in
NO2 + OVA (only
tested in male rats)

Airway reactivity Decreased in
NO2 + OVA + CNP
(only tested in male
rats)

NaHSO3, Na2SO3

(125–500 mg/kg),
Kunming albino mice

OTM of DNA in lung cells Increased (only tested
in male mice)

(Meng et al.
2004)

SO2 (3.8 ppm),
C57BL/6 mice

Eosinophilia, BALF pro-
inflammatory mRNA expres-
sion, and Stat6 mRNA
expression

Increased in
SO2 + OVA (only
tested in male rats)

(Li et al.
2018)

SO2 (2200 ppm,
10 min), Sprague-
Dawley rats

Neutrophils
Macrophages
Airway infiltration
Bronchial damage
TGFβ-1 expression

Increased (only tested
in female rats)

(Wigenstam
et al. 2016)

SO2 (600 ppm, 7 d),
Sprague Dawley rats

CD19 mRNA and protein
expression
CD19+ in NS
CD19+/CD23+ in NS

Decreased (only
tested in male rats)

(Chai et al.
2018)

IgG, IgA, IgE No changes (only
tested in male rats)

SO2 (5–80 ppm),
Sprague Dawley rats

Hypersecretion Increased: 20 ppm,
20–25 d (only tested
in male rats)

(Wagner et
al. 2006)

Inflammatory infiltrates in tra-
cheal epithelial cells

Increased: �10 ppm,
3 d
Increased: 20 ppm
20–25 d (only tested
in female rats)

BALF bronchoalveolar lavage fluid, OVA ovalbumin sensitization, CNP concentrated nanoparticles

274 P. Silveyra et al.



effects observed and should further be investigated by sex. One study assessed the
DNA-damaging effects of SO2 derivatives in cells from various organs (brain, lung,
heart, liver, stomach, spleen, thymus, bone marrow, and kidney) of male Kunming
albino mice. SO2 derivatives and sodium sulfite were administered by intraperitoneal
injections at 125, 250, or 500 mg/kg body weight, and all doses significantly
increased the olive tail movement (OTM) of DNA in cells from all organs, including
the lungs in a dose-dependent manner, suggesting that SO2 and its derivatives are
systemic oxidative DNA-damaging agents (Meng et al. 2004).

Another study assessed the effect of exposure to NO2 on a rodent asthma model
and ovalbumin sensitization (OVA) in male brown Norway rats (Layachi et al.
2012). Th2 cytokines, IL-4, IL-5, and IL-13, were significantly increased in the
NO2 + OVA-treated rats. Additionally, control (NO2 + air) and NO2 + OVA treat-
ments resulted in inflammatory infiltration, but end-expiratory lung volume (EELV)
was not significantly altered in any treatment groups. Similarly, SO2 exposure in an
OVA model also resulted in inflammatory changes, particularly, increased counts of
eosinophil-rich leukocytes and elevated expression of TNF-α and Th2 cytokines,
IL-4, IL-5, and IL-13 and STAT6 (Li et al. 2018).

Interestingly, inflammation as a result of SO2 exposure is not limited to models of
asthma. In female Sprague-Dawley rats exposed to a single dose of 2200 ppm SO2

for 10 min and then treated with a single dose of anti-inflammatory corticosteroid
dexamethasone, exposure resulted in labored breathing, decreased body weight, and
acute inflammation with neutrophil and macrophage airway infiltrates and bronchial
damage (Wigenstam et al. 2016). Furthermore, rats displayed hyperreactive airways
and increased expression of the pro-fibrotic cytokine, TGFβ-1. Additionally, male
Sprague-Dawley rats exposed to 600 ppm SO2 2 h/day for seven consecutive days
showed a reduction in the expression of CD19 at both the mRNA and protein levels,
indicating compromise of the potential for immunoglobulin-induced activation of B
cells in the airway; however, IgG, IgA, and IgE levels were not affected (Chai et al.
2018).

Finally, SO2 and NO2 have been shown to so significantly adversely affect the
airway that exposures have been used to develop rodent disease models, such as
COPD induced by NO2 in pathogen-free male rats (Wagner et al. 2006). Use of SO2

exposure in rodent models was found to induce a model of pneumonia (Lebowitz
and Fairchild 1973); however, it did not induce emphysema (Stavert et al. 1986).

Based on these epidemiological and clinical studies, results on the toxicity of SO2

and NO2 remain inconclusive, especially concerning sex differences. All epidemi-
ological studies assess ambient air pollution; therefore, attributing the observed
health consequences to SO2 and NO2 is challenging due to the presence of
confounding factors such as smoke, particulates, and other air pollutants. Stratifica-
tion by education, race, socioeconomic status, and occupational exposure remains an
issue that is rarely addressed in most cases. While, overall, exposure to NO2 and SO2

is associated with potentiating and exacerbating many respiratory diseases in human
and animal studies, more clinical in vivo and in vitro experiments, particularly those
focused on sex differences and specific pollutants, are necessary to develop and
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implement personalized prevention methods and therapeutics for both males and
females.

9.6 Conclusion

Based on epidemiological and clinical studies, it is evident that males and females
respond differently to ozone and PM exposure, yet significant heterogeneity is
consistently observed. It remains unclear whether modifications are attributable to
biological sex differences, gender roles, or a combination of the two. Overall, very
few studies have taken sex into account when modeling the effects of environmental
pollutants. Most studies investigate ambient air pollution, which includes a mix of
PM, ozone, nitrogen dioxide, and sulfur dioxide, but speculate and attribute air
pollution exposure outcomes to specific pollutants based on their concentration
relative to other pollutants and association with health outcomes. Thus, to specifi-
cally identify effects of individual pollutants and their mixtures, more clinical in vivo
and in vitro controlled experiments are required. They are also additionally needed to
understand the underlying mechanisms of known sex differences in pollutant effects
on human health.
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Chapter 10
Respiratory Sex Differences in Response
to Smoke Exposure

Meghan E. Rebuli

Abstract Smoke exposure is ubiquitous throughout the world and prevalent in a
variety of types including tobacco smoke, wildfire smoke, and biomass and wood
smoke. These exposures have all been shown to induce deleterious effects in the
respiratory tract and induce lung disease. Additionally, there is considerable epide-
miological evidence of smoke exposure-induced sex-biased disease; however, there
have been few investigations into mechanisms behind this sex-biased disease man-
ifestation. This chapter will describe what is known about sex differences in smoke
exposure, exposure-induced disease, and mechanisms of effects. Additionally, it will
enumerate areas of critical need for future investigation to fully understand
sex-specific respiratory effects of smoke exposure.

Keywords Lung · Respiratory · Inhalation · Sex differences · Sex-biased · Tobacco
smoke · Cigarette smoke · Wildfire smoke · Wood smoke · Biomass smoke ·
Toxicology

10.1 Introduction

Adverse respiratory responses to air pollution are a growing global health problem.
One of the largest contributors to environmental air pollution is smoke exposure.
Smoke originates from a variety of sources but most commonly comes from tobacco
products, such as cigarettes, wildfires, and fires or stoves used for home heating and
cooking. With such a variety of sources, smoke exposure is ubiquitous around the
world, though types of smoke, duration, and dose vary. There is considerable
evidence of the deleterious effects of smoke on respiratory health, including the
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development and exacerbation of lung disease, yet our understanding of subgroup
susceptibility and vulnerability is limited. There is a particular gap in the under-
standing of sex differences in responses to exposure, which includes exposure-
related disease development, progression, and mortality, and the mechanisms behind
those responses.

Interestingly, the majority of the diseases related to smoke exposure are
sex-biased, where one sex is more predominantly affected, including COPD, asthma,
lung cancer, and susceptibility to viral infection. For example, in a study of hospital
mortality, women with chronic lung disease who were exposed to either tobacco
smoke or cooking stove smoke were at higher risk of mortality compared to other
groups (Giri et al. 2019). However, we know very little about the mechanisms
behind these sex differences in disease incidence and manifestation. Many hypoth-
esize that these mechanisms may be due to anatomical, physiological, and exposure-
related differences between males and females, but research on this topic is in its
early stages, and there are still many areas in the field with key knowledge gaps. In
this chapter, we will address known anatomical sex differences which may influence
exposure, sex differences in exposure to environmental smoke including cigarette
smoke and biomass smoke, and sex-biased respiratory disease outcomes related to
smoke exposure.

10.2 Anatomy

Males and females are known to have differing lung anatomy. Some of the differ-
ences include smaller general size, absolute lung volume, and smaller conducting
airways, which were recently discovered using advances in computed tomography
(Ekstrom et al. 2018; Dominelli et al. 2018). Anatomical differences likely partially
mediate the observed sex-specific disease development, due to their effect on relative
dose via surface area; however, they do not fully explain differences in response to
respiratory toxicant exposure like smoke. Emerging evidence also suggests differing
physiology, but the mechanisms behind the development of mechanistic differences
are not well understood. Sex-biased disease development after exposure is more
likely mediated by mechanisms that are currently only hypothesized (hormonal
differences, developmental differences mediated by genetics, etc.) or in early stages
of examination in this growing field. To examine these potential contributors, sex
differences in exposure will be described in the following section, followed by
sex-specific mechanistic contributors to disease.
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10.3 Exposure

10.3.1 Tobacco Product Smoke

Smoking cigarettes and other tobacco products (hookah, cigars, etc.) is widely
understood to be toxic to the human body and a significant contributor to lung
disease and overall mortality. Tobacco smoke is known to be composed of several
thousand chemicals, many of which have been identified as carcinogenic; however,
the complex mixture depends on the type of tobacco product used as composition
varies (Table 10.1). While education on the effects of tobacco smoke exposure has
induced a decline in use in high-income, more-developed countries, it is still a
prevalent source of smoke exposure in many parts of the world. Interestingly as
patterns of use change over time, sex and gender differences in use trends have
emerged and changed (Pampel 2006). In more developed countries, cigarette
smoking use in men and women has become more uniform, while in developing
countries, there are still significant divides in use patterns, with men smoking
cigarettes much more prevalently than women. Examples include China, where
women smoke at a prevalence of 1.8% and men at 47.6%, South Africa (women
6.5%, men 31.4%), and Argentina (women 18.4%, men 29.5%) as of 2015 according
to the World Health Organization (WHO) (World Health Organization 2018). Low--
and middle-income countries include 80% of tobacco users worldwide. Interest-
ingly, use trends have been complicated by the introduction of e-cigarettes and heat-
not-burn tobacco products to the global market, where they have reversed the
downward trend of tobacco product use in developed countries, like the United
States, especially in younger portions of the population (Barrington-Trimis et al.
2016). As of 2017, the Global Youth Tobacco Survey indicates that the prevalence
of e-cigarette use is higher in males than females (Rodriguez-Bolanos et al. 2019).
While e-cigarettes are known to emit an aerosol, rather than combusted smoke, they
will be included in this chapter due to their inclusion as heated inhaled tobacco
product.

10.3.2 Wildfire, Wood, and Biomass Smoke

Exposure to air pollutants causes over seven million premature deaths worldwide,
and environmental smoke, particularly wildfire smoke, is a major contributor
(Lelieveld et al. 2020). Wildfires have become a dominant source for ambient
particulate matter (PM), and the increased number and severity in recent years
have been associated with climate change and increasing land area being burned
each decade (five million acres in 2008 and ~nine million acres in 2018). It has been
estimated that over 50% of all summer fine PM concentrations over the daily average
National Ambient Air Quality Standard (NAAQS, 35 ug/m3) occur when wildfire
smoke plumes are present; thus the closer the vicinity to the wildfire and wildfire
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Table 10.1 Major chemical constituents in tobacco smoke exposure. Tobacco smoke is composed
of thousands of chemicals. This table lists some of the most commonly measured components of
tobacco smoke in exposure studies, as well as other measured compounds and classes of com-
pounds. Sex differences in respiratory effects due to tobacco smoke exposure are listed when they
have been studied. Chemical compounds or classes which overlap with biomass smoke (Table 10.2)
are bolded

Sex differences References

Most commonly measured components

Tobacco-
specific
nitrosamines

-- Centers for Disease Control and
Prevention (2002)

Nicotine Higher rate of nicotine metabolism in
females

Rahmanian et al. (2011)

Other measured compounds

Acetaldehyde --

Acetone Higher respiratory uptake, retention,
and excretion in men

Nomiyama and Nomiyama (1974)

Acrolein No difference detected Dwivedi et al. (2015)

Ammonia --

Carboxylic
acids

--

Formaldehyde Increased risk of genotoxicity and
breathlessness in females

Agency for Toxic Substances and
Disease Registry (ATSDR) (2010);
Zhao et al. (2008)

Hydrocarbons --

Hydrogen
cyanide

--

Methane --

Methanol No difference detected Ernstgard et al. (2005)

Phenols --

Polycyclic
aromatic
hydrocarbons

Higher susceptibility to lung cancer in
females

Uppstad et al. (2011)

Terpenoids --

Acidic addi-
tives, like
levulinic acid

--

Carbonyl
compounds

--

Catechols --

Carbon dioxide Females at increased risk of carbon
dioxide-induced hypoxemia

LoMauro and Aliverti (2018)

Flavoring
compounds

--

Humectants --

(continued)
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smoke, the larger the exposure (Reid and Maestas 2019). Furthermore, fine PM
levels in the areas surrounding wildfires have been observed at approximately
400ug/m3 for daily concentrations, which is substantially higher than the NAAQS
and thus presents a respiratory health risk. Wildfire smoke contains a mixture of
chemical constituents, and its composition is dependent upon their fuel source (tree
type, leaf litter, inclusion of large structures and vehicles, etc.) as well as other
environmental factors like fire intensity, rate of burn, weather, wind patterns, etc.
(Table 10.2). As an example, tree/wood type contribution to smoke mixtures has
been carefully examined, and these studies have also determined that fuel source can
also contribute to varying smoke toxicity (Kim et al. 2019, 2018; Mutlu et al. 2016;
Reinhardt and Ottmar 2004). In this study, it was found that fuel sources heavy in
eucalyptus likely have the highest toxicity when controlling for combustion temper-
ature and dose.

Another source of smoke exposure includes wood and biomass burning for
heating and cooking. Throughout the world, over 2 billion people rely on the burning
of biomass, including wood, as their main source of domestic energy (Smith et al.
2000). The use of biomass contributes to high concentrations of particulate matter in
the air, in the mg/m3 range which is well above the WHO and NAAQS
recommended daily averages, and is a major contributing source of air pollution
(Molnár et al. 2005). Additionally, wood burning for heating or cooking has been
estimated to contribute to up 30% of ambient fine particles (PM2.5) in some areas of
the US during the winter, so exposure is not limited to developing countries (Croft
et al. 2017). Similar to the complex composition of wildfire smoke, smoke generated
during the home heating and cooking process can vary by the fuel source: wood
type, wood condition (wet, dry, chemically treated, etc.), biomass type and condition
(animal dung, plant matter, charcoal, etc.), as well as the style of fire or cook stove
used. Smoke for heating and cooking has been estimated to consist of over 200 dif-
ferent compounds, making it a complex mixture (Table 10.2). The duration and level
of smoke exposure can also vary, depending on whether the fire is indoors or
outdoors, home and stove ventilation, and weather patterns.

Interestingly, these differing sources of environmental smoke exposure, wildfires
and wood/biomass smoke for cooking and heating, also result in different vulnerable

Table 10.1 (continued)

Sex differences References

Hydrogen
sulfide

Increased risk of lung cancers and
mortality in females, based on one small
population study in New Zealand

Chou et al. (2003)

Nitric acid No difference detected Soskolne et al. (2011); Raizenne
et al. (1996)

Nitrosamines --

Paraffin waxes --

Reviewed in Centers for Disease et al. (2010); “--:” potential for sex differences not yet investi-
gated, not reported, not enough evidence for definitive conclusion, or large class of compounds that
all have not been investigated
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Table 10.2 Major chemical constituents in biomass smoke exposure. Biomass smoke is composed
of hundreds of chemicals. This table lists some of the most commonly measured components of
biomass smoke in exposure studies, as well as other measured compounds and classes of com-
pounds. Sex differences in respiratory effects due to biomass smoke exposure are listed when they
have been studied. Chemical compounds or classes which overlap with tobacco smoke (Table 10.1)
are bolded

Sex differences References

Most commonly measured components

Carbon dioxide Females at increased risk of carbon diox-
ide-induced hypoxemia

LoMauro and Aliverti (2018)

Carbon monoxide Shorter half-time of carbon monoxide
elimination in females

Zavorsky et al. (2014)

Particulate matter
(PM2.5 and PM10)

Higher rates of hospitalization and exacer-
bation of lung disease in females

Liang et al. (2019); Bell et al.
(2015)

Other measured compounds

Acetaldehyde --

Acetone Higher respiratory uptake, retention, and
excretion in men

Nomiyama and Nomiyama
(1974)

Propanal No difference detected Dwivedi et al. (2015)

Ammonia --

Carboxylic acids --

Formaldehyde Increased risk of genotoxicity and breath-
lessness in females

Agency for Toxic Substances
and Disease Registry
(ATSDR) (2010); Zhao et al.
(2008)

Hydrocarbons --

Hydrogen
cyanide

--

Methane --

Methanol No difference detected Ernstgard et al. (2005)

Phenols --

Polycyclic aro-
matic
hydrocarbons

Higher susceptibility to lung cancer in
females

Uppstad et al. (2011)

Terpenoids --

Carbonyl sulfide -- US EPA (2015)

Acetonitrile --

Benzene -- Agency for Toxic Substances
and Disease Registry
(ATSDR) (2007)

Levoglucosan --

Nitric oxide No difference detected Wong et al. (2016)

Nitrous oxide No difference detected Wong et al. (2016)

Phenolic com-
pounds (e.g.,
isoflavonoids)

--

(continued)
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populations and affected individuals. With wildfire smoke, first responders are
particularly vulnerable to extreme exposures of acute duration, which have resulted
in general reports of respiratory symptoms, reductions in lung function, and inflam-
mation, but few connections to disease are likely due to a lack of longitudinal or
long-term exposure studies in this subpopulation (Swiston et al. 2008; Adetona et al.
2016). With the use of wood and biomass for cooking and heating, those vulnerable
to smoke exposure are primarily individuals who spend the majority of their time in
the home (women and young children), which results in a much more chronic and
prolonged duration (3–7 hours per day), with identified associations with disease
including COPD and asthma (Capistrano et al. 2017). In epidemiological studies,
these two groups have been separately analyzed, which is logical as smoke and
particulate profiles do differ between the groups. However, another unintended
analytical separation also took place as first responders are predominantly male,
while those most affected by indoor wood and biomass smoke exposure are primar-
ily female. While progress in both exposure models has been made to understand the
effects of wildfire, wood smoke, and biomass exposure, there is a large gap in the
comparison and understanding of sex-specific effects that needs to be addressed
(Wu et al. 2018). The studies that have examined effects by sex, typically large
population studies, are inconsistent, with findings of effects primarily in women,
primarily in men, and no difference between groups (reviewed in Reid and Maestas
(2019)); however, the analytical approaches and endpoints for these studies also
differ substantially, which may explain some of the variability in findings. Consen-
sus on the analytical approach to determine differences by sex in large population
studies, wildfire and air pollution modeling, as well as endpoints of interest would be
helpful in assessing sex differences in effects of exposure in large population studies
in the future. However, there is a growing literature of smaller studies, controlled
exposure studies, animal models, and in vitro models that suggest that there are
indeed sex-specific effects of smoke exposure.

Table 10.2 (continued)

Sex differences References

Phenylpropenes --

Sulfur dioxide Female increased rates of mortality and
hospitalization

Oiamo and Luginaah (2013)

Toluene -- U.S. EPA (2005)

Xylenes Excretion via exhaled air higher in women,
while higher volume distribution and uri-
nary excretion in men. Larger FVC decre-
ment after exposure in women as compared
to men

Ernstgard et al. (2002, 2003)

Reviewed in Kim et al. (2018), Vicente et al. (2013), and Ottmar et al. (2008); “--:” potential for sex
differences not yet investigated, not reported, not enough evidence for definitive conclusion, or
large class of compounds that all have not been investigated
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With both tobacco smoke exposure and wildfire, wood, and biomass smoke
exposure, respiratory diseases are commonly linked with smoke exposure, including
chronic obstructive pulmonary disease (COPD), asthma, lung cancer, and increased
risk of viral infection. Furthermore, these diseases and susceptibilities are also
sex-biased, and there is emerging evidence of sex and exposure interactions and
sex-specific exposure-induced susceptibilities. The remainder of the chapter will
focus on the above-listed diseases and the susceptibility to viral infection, which are
commonly identified to be affected by environmental smoke exposure. An overview
of the disease or susceptibility, disease links to smoke exposure, known disease-
specific sex differences, and emerging evidence of sex-specific effects of exposure or
an interaction between sex and exposure will be described and are additionally
summarized in Table 10.3.

10.4 Exposure-Related Sex-Biased Respiratory Diseases

10.4.1 COPD

Chronic obstructive pulmonary disease (COPD) is a progressive disease of the
respiratory tract which includes chronic bronchitis and emphysema. It is most
commonly associated with symptoms like mucus-producing cough, wheeze, short-
ness of breath, and chest tightness. Decreased airflow is induced in several ways,
including loss of airway elasticity and destruction of air sac walls, features of
emphysema, and/or airway inflammation, thickening of the airways, and airway
obstruction due to increased mucus production, features of chronic bronchitis.
COPD is most commonly diagnosed in middle-aged or older individuals but can
develop slowly and worsen over time. COPD is the fourth leading cause of mortality
in the United States, with 16 million people currently diagnosed, yet it is often
thought of as a preventable disease due to its initial association with cigarette
smoking. More recently COPD has been associated with other irritant exposures
including wildfire smoke, wood smoke, and biomass smoke. Additionally, exacer-
bations of pre-existing COPD are also associated with smoke exposure (Reid and
Maestas 2019). Unfortunately, there is no cure for COPD, and current treatments are
primarily designed to reduce symptoms and slow disease progression.

COPD was initially characterized as a disease of cigarette smoking older men
(Barnes 2016). While incidence is higher in men in some countries, especially where
smoking rates are more dichotomous and male heavy, more recently it has been
shown that women are likely more susceptible to the disease than men, with more
severe and earlier onset disease, despite smoking less (Barnes 2016; Wang et al.
2018). It has also been shown that exposure to indoor air pollution from biomass or
wood smoke may also contribute to increased rates of COPD, particularly in females
who are more frequently exposed to these types of smoke (Capistrano et al. 2017).
Additionally, mortality rates due to COPD in the United States have increased in
women, surpassing men in the United States (Barnes 2016). However, there is some
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Table 10.3 Summary of sex differences in smoke-related disease

Females Males

Exposure
Use rates (cigarettes, e-cigarettes) # "
Duration of exposure (chronic, bio-
mass for heating/cooking)

" #

Intensity of exposure (acute, wildfire
first responders)

# "

COPD
Disease severity " #
Early onset " #
Emphysema # "
Small airway disease " #
Exacerbations " #
FEV1%predicted " #
RV/%TLC " #
Prognosis # "
Fibrosis " #
Lung cancer
Incidence " #
Earlier age of onset " #
Relative risk " #
Odds ratio " #
Asthma

Long-standing cough " #
Sputum production " #
Uncontrolled asthma " #
Healthcare visits due to asthma " #
EVALI
Incidence # "
Morbidity # "
Viral infections

Morbidity and mortality # "
Disease severity # "
Early viral replication " #
Total viral replication # "
Inflammation " #
Autophagy " #
Type 1 interferon signaling # "
Other respiratory effects
Idiopathic pulmonary fibrosis (FVC%
and TLC%)

" #

Reporting of chest symptoms " #
Rheumatoid arthritis-associated
interstitial lung disease

# "

(continued)
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evidence that COPD may be overdiagnosed in women (due to incorrect disease
diagnosis), particularly in those with an absence of smoking history (Golpe et al.
2017).

In addition to differences in susceptibility, COPD etiology also differs by sex
with common parallel associations with smoking cigarettes or smoke exposure;
women experience less emphysema and more small airway disease, increased
prevalence of symptoms and triggering stimuli, higher risk of airflow obstruction,
impaired quality of life, and increased comorbidities as compared to men (Barnes
2016; Amaral et al. 2017; Cote and Chapman 2009; Rodriguez-Gonzalez Moro et al.
2009). Females with COPD have also been shown to have a worse prognosis, with
lung function reduction including changes in forced expiratory volume in 1 s
(FEV1%predicted) and residual volume/total lung capacity (RV/%TLC), particu-
larly after menopause, as well as higher risk of expiratory central airway collapse
(Grabicki et al. 2019; Yang et al. 2018; Bhatt et al. 2016). Furthermore, it has been
shown that females show higher rates of exacerbator and asthma-COPD overlap
syndrome (ACOS) phenotypes, while males show higher rates of exacerbator with
chronic bronchitis in some cohorts (Trigueros et al. 2019). Interestingly for the
ACOS sex differences, the ACOS phenotype has been shown to be more common
in biomass exposure groups, a smoke exposure which is globally more common in
females than in males. Additionally, studies have found COPD to differ based upon
which smoke an individual is exposed to; unique to women exposed to biomass
smoke exposure, they found increased pigment deposition and fibrosis, thickened
pulmonary arterial intima, but reduced emphysema (Rivera et al. 2008).

These differences are hypothesized to be due to the smaller airway size and thus
larger dose of smoke exposure in females, as well as sex differences in metabolizing
enzymes like cytochrome P450. Additional hypotheses include hormonal differ-
ences between males and females. Interestingly, despite differences in pathophysi-
ology of the disease, recommendations for and response to treatment of COPD do
not seem to differ between men and women. However, women are known to be
underdiagnosed, especially early in the disease as compared to men, yet they have
also been found to have more actively managed COPD than men, with increased use
of triple therapy, maintenance treatment, smoking cessation support, and pneumo-
coccal vaccination (Aberg et al. 2019). While the more active management of COPD

Table 10.3 (continued)

Females Males

Sustained maximal inspiratory
pressure

" #

Chronic airway obstruction " #
Acquired pneumoconiosis (“particu-
late lung disease”)

" #

Effects observed in studies with
only one sex
Wildfire, wood smoke, biomass COPD, asthma, reductions

in lung function
Inflammation, general
respiratory symptoms
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in women is encouraging, further awareness of sex differences and increasing
burden of COPD in women is still needed to improve outcomes and care.

10.4.1.1 Mechanisms

Using a rodent model, the role of cigarette smoking and estrogen to mediate COPD
etiology was explored (Tam et al. 2016). It was found that while traditional sex
differences in COPD pathophysiology were observed, with increased emphysema in
males and small airway disease in females, ovariectomy and tamoxifen (ESR1
antagonist) resulted in more male-like patterns in females. These findings strongly
implicate a role of sex hormones, particularly estrogen in sex-biased COPD. Fur-
thermore, in the same study, ESR1 activation was associated with the activation of
TGF-B and Nrf2, as well as increased oxidative stress and decreased antioxidants
and antioxidant regulators.

To better understand the role of the adaptive immune system in mediation of
respiratory inflammation in COPD, a study of smokers, nonsmokers, and COPD
patients was conducted (Forsslund et al. 2017). BAL and blood samples were
analyzed for T-cell-related mediators and surface markers. They found elevated
CCR5 on CD8+ T cells in BAL and CXCR3+ CD8+ T cells in blood in female
smokers with COPD compared to those without, while CCR5 expression was lower
in BAL T cells in male smokers with COPD compared to those without COPD. This
study also linked Th1 mediator responses with BAL macrophage numbers and
goblet cell density and Th2 mediator levels with emphysema in female smokers
with COPD. The authors suggest that these sex-dependent T-cell responses which
are smoke-dependent may provide insights into sex-specific mechanisms of disease
manifestation in females.

Multiple studies have also identified sex differences in the proteome of COPD
patients, particularly proteins related to immune cell function and oxidative stress.
One study used two-dimensional difference gel electrophoresis for relative quanti-
fication of proteins and found a downregulation in lysosomal pathways and
upregulation of oxidative stress pathways, particularly in females with COPD
(Kohler et al. 2013). The authors hypothesize that this may link dysregulation of
macroautophagy to female-dominated COPD phenotypes. This was further
supported by a subsequent study where, using ex vivo proteomic profiling of lung
immune cells, it was found that there was very low overlap in the proteomic
differences between the sexes (Yang et al. 2018). It was also found that
bronchoalveolar lavage cells showed increased alterations in proteins associated
with both the dysregulation of the FcγR-mediated phagocytosis-lysosomal axis
and increased oxidative stress, particularly in females with smoking-induced
COPD. Furthermore, differences in actin cytoskeleton regulation, which is critical
for phagocytosis, were also observed. These differences were correlated with
increased levels of airway obstruction, disease severity, and emphysema. Together
these data suggest that sex differences in affected phagocytosis-related pathways,
which may permit increased bacterial colonization and risk of exacerbation, as well
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as increased risk of oxidant formation which contributes to disease pathology, may
mediate some sex biases in COPD manifestation. Furthermore, studies from the
same group have also identified sex differences in the lipidome and the metabolome
of individuals with COPD, with increases in linoleic acid-derived lipid mediators in
female COPD patients compared to males (Balgoma et al. 2016) and enhanced
metabolic dysregulation in females with COPD (Naz et al. 2017).

10.4.2 Lung Cancer

Cancer is a spectrum of disease resulting from the accumulation of genetic aberra-
tions, including mutations (Xiao et al. 2016). Key “driver” mutations are thought to
underlie the onset of the disease. Interestingly, smoke exposure, both cigarette and
biomass, is known to induce genetic mutations and other aberrations like DNA
adduction and epigenetic modifications and has been found to contribute to
increased susceptibility to lung cancer, as well as other types of cancer (Blackford
et al. 2009; Centers for Disease Control and Prevention 2010; de Oliveira Alves et al.
2017; Delgado et al. 2005). Cigarette smoke is a known carcinogen, and biomass
smoke has been classified a probable carcinogen by the International Agency for
Research on Cancer (IARC) (Sigsgaard et al. 2015).

Lung cancer is the most frequently diagnosed cancer and is the leading source of
cancer-related mortality worldwide, particularly among men. For women, lung
cancer is the third most frequently diagnosed cancer and second most frequent
cause of cancer-related mortality. Incidence of lung cancer is also highly correlated
with smoke exposure, particularly cigarette smoke and biomass smoke, which is
hypothesized to contribute to the sex difference in incidence and mortality, where
men are more likely to be diagnosed and die of cancer due to a higher prevalence of
cigarette smoking, along with other factors (Sheng et al. 2018). A variety of
epidemiological studies also suggest sex differences in susceptibility to smoke-
induced lung cancer. For cigarette smoke, increased relative risk and odds ratios of
lung cancer in cigarette smoking women were observed, along with incidence and
earlier ages of diagnosis, despite lower smoking rates (reviewed in Haugen (2002)).
However, there are a few studies which contradict these findings (reviewed in
Haugen (2002)). In contrast, men were found to be more likely to develop of both
lung cancer and COPD with cigarette smoking (Miao et al. 2018). In addition, there
have also been sex differences observed in disease progression. For example, one
study found that self-reported cough assessment using a visual analog scale in
individuals with lung cancer was worse in females (Harle et al. 2019). The majority
of the individuals in this study were also ever-smokers (current and former smokers).

For wildfire, wood smoke, and biomass, multiple studies investigating a variety
of fuel types have also found associations, mostly with increased risk in women
rather than men. For example, in a meta-analysis of solid fuel use, e.g., coal, Chinese
females were at higher risk of developing lung cancer, likely due to higher use of
coal in the household (Kurmi et al. 2012). Another meta-analysis found increased
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risk of cancer development with household biomass use for cooking in both men and
women but found higher risk estimates for women (Bruce et al. 2015).

10.4.2.1 Mechanisms

Many of the mechanistic studies investigating the causes of cancer focus on genetic
aberrations, from mutations to epigenetic modifications; however, only a few studies
have specifically investigated sex differences in mechanisms of cancer development
and progression. Here we describe the few studies that have included sex as a factor
in their analysis.

First a study of lung adenocarcinoma in a Chinese cohort found that male tumors
harbor a greater burden of genetic alterations, including missense, frameshift, and
synonymous gene mutations (Xiao et al. 2016). This greater burden of genetic
alteration was also associated with worse overall survival. The authors suggest that
mutation burden may explain some of the sex differences in cancer-related clinical
outcomes, particularly in lung adenocarcinoma, but it is possible that this may also
apply to other types of cancers. It is interesting to note that multivariate analysis
found no difference between smokers and nonsmokers; however univariate analysis
found an association between sex and smoking status, with males and smokers more
likely to have higher mutation burden.

In a study of lung cancer patients, PAH-DNA adduct levels were used to measure
the potential for development of lung cancer (Haugen 2002). Women were shown to
have higher adduct levels, indicating a potential mechanism of increased suscepti-
bility, despite lower cigarette smoking dose. This study also identified an essential
PAH metabolizing enzyme as a critical factor, CYP1A1, which was increased in
women. However, the mechanism behind increased CYP1A1 levels in women has
not been identified. Again, hormonal regulation was hypothesized as a potential
regulator due to previous studies indicating cross talk between estrogen receptor and
the aryl hydrocarbon receptor signaling pathways, which are hypothesized to affect
PAH metabolizing enzymes. Furthermore, the GSTM1 gene is suggested to be
important in PAH detoxification and plays a critical role in phase II metabolism.

Other mechanisms that are hypothesized to play a role in cancer development,
like variability in DNA repair and induction of cell proliferation by bombesin-like
peptides, have very little information on potential for sex differences. The one study
that has DNA repair potential has shown that women have lower DNA repair
capacity than men, as measured using a host cell reactivation assay. Another study
identified that the bombesin-like peptide, gastrin-releasing peptide, located on the X
chromosome and expressed in airway cells, is expressed at a higher percentage in
female smokers at lower smoking rates than males. Another mechanism that is
proposed to contribute to cancer development is exposure to nicotine, which can
promote cellular proliferation and tumor growth, migration, and invasion (Warren
and Singh 2013). Interestingly, female sex and oral contraceptive use have been
shown to alter nicotine metabolism, promoting increases in toxic nicotine metabo-
lites; thus sex-specific xenometabolism likely contributes to increased susceptibility
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to tobacco smoke-related disease (Yang et al. 2019). Finally, early in vitro work has
also shown that female airway cell cultures exposed to cigarette smoke produce
increased amounts of oxidants, identifying a potential driver of airway damage and
lung disease onset, like cancer (Yang et al. 2019).

10.4.3 Asthma

Asthma is a heterogeneous lung disease affecting the lungs, with symptoms that vary
in intensity over time. Hallmarks of asthma include chronic airway inflammation and
variable expiratory airflow limitation. Interestingly, asthma is also a complex
sex-biased disease, affecting primarily males before puberty and after menopause/
andropause, while females are most affected during their reproductive years (Naeem
and Silveyra 2019). These flips in susceptibility are thought to be primarily due to
changes in the circulating hormonal milieu with life stage transitions, though careful
characterization of the effects of hormones on asthmatic airway and immune cells
has not been conducted at any life stage. Furthermore, asthma incidence and severity
is also affected by environmental exposures, including cigarette smoke and biomass
smoke (reviewed in Shah and Newcomb (2018)) (Holm et al. 2018; Stowell et al.
2019).

Asthma exacerbations have been positively associated with wildfire exposure in
multiple studies, particularly when considering hospitalizations, emergency depart-
ment visits, and outpatient visits specific to asthma exacerbations (reviewed in Reid
and Maestas (2019)). Furthermore, wood smoke and biomass exposure have been
associated with asthma-related symptoms like wheeze in children in epidemiological
studies (Sigsgaard et al. 2015).

Other studies have also found a higher risk of asthma development in children
after in utero exposure to tobacco smoke, though some studies also contradict this in
utero finding (Neophytou et al. 2018; Strzelak et al. 2018; Buelo et al. 2018; Shah
and Newcomb 2018; Duijts et al. 2012). Several studies have investigated potential
mechanisms of asthma development related to cigarette smoke exposure and have
found that increased risk of asthma development can be observed at even low doses
of exposure. In these studies, exposure induced an oxidative stress imbalance and led
to mucosal inflammation via increased production of inflammatory cytokines
(Neophytou et al. 2018). Cellular effects have also been investigated, linking
tobacco smoke exposure in particular to more permeable mucous membranes, the
overproduction of airway mucus, reduced mucociliary clearance, proinflammatory
signaling, and impaired recruitment of immune cells (Strzelak et al. 2018). In
contrast, fewer studies have analyzed results by sex, but the few that have have
demonstrated sex-specific effects of smoking cigarettes and biomass smoke expo-
sure on asthma outcomes.

In a Swedish population study of individuals in their late 20s with asthma, it was
found that long-standing cough and sputum production were more common in
women (Selberg et al. 2019). Additionally, in the same cohort, a higher proportion
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of women were current smokers, and current smokers more frequently had
uncontrolled asthma, which is a finding that has previously been shown in Nordic
countries. Women were also more likely to report healthcare visits due to asthma in
the last 12 months, which is similarly associated with those with uncontrolled
asthma. Interestingly in a study of children with asthma, boys have been identified
as more predominantly affected by PM, which may include biomass smoke, as
demonstrated by declines in FEV1 (Delfino et al. 2004). However, other studies
have identified null findings or mixed effects in children (Liu et al. 2009).

Furthermore, studies that have investigated specific effects in women have
identified positive associations of biomass exposure with asthma, including symp-
toms of wheeze and diagnosis of asthma (Qureshi 1994; Schei et al. 2004). Inter-
estingly, some of these studies were completed in areas where women smoking is not
culturally accepted; therefore effects are likely unique to biomass burning, rather
than a mixture of cigarette smoking and exposure to biomass (Schei et al. 2004).
Therefore, there are likely independent risk factors for biomass exposure and
cigarette smoking, particularly in women.

In a few epidemiologic and cohort studies, the effects of hormones on asthma
have been assessed (reviewed in Naeem and Silveyra (2019)). Prepuberty, boys
experience a higher risk factor for asthma onset, symptoms, and exacerbations
(reviewed in Shah and Newcomb (2018)). In a cohort of children of pre- and
postpubertal age, lung function and symptom control were found to be beneficially
affected by the presence of androgens, while estradiol was found to be weakly
associated with decrements in those same measures, emphasizing the role of the
onset of pubertal hormone levels in mediating the flip in asthma risk between boys
and girls. Furthermore, with puberty, fluctuations in hormones during the menstrual
cycle are associated with alterations of asthma symptoms in girls. Similarly, hor-
mone fluctuations in women have also been associated with changes in asthma
symptoms throughout the lifespan during traditional hormonal transitions, like
pregnancy and menopause.

10.4.3.1 Mechanisms

Sex hormones have been linked to a substantial number of effects which are
commonly found in asthma, such as airway immune cells and smooth muscle
proliferation (estrogen affected), TH2-mediated airway inflammation (increased
with estrogen and decreased with testosterone), regulation of lymphoid cell func-
tional capacity (androgen mediated), and dendritic and alveolar macrophage number
and function (increased in females and decreased in males), using translational
models (reviewed in Naeem and Silveyra (2019)). An additional study also impli-
cated progesterone as potential hormone with connections to allergic airway inflam-
mation (Lux et al. 2009). In this study, exogenous progesterone increased allergic
respiratory pathway inflammation and increased airway hyperresponsiveness as well
as the presence of eosinophils in the airway. In an additional study, tobacco smoke
was shown to interact with progesterone in a mouse model, implicating a potential
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interaction between smoke exposure and progesterone action to induce increased
allergic airway inflammation-related disease.

Reinforcing the critical role of sex hormones in mediating sex biases in asthma in
children, a study of 187 children which carefully controlled for Tanner stage,
hormone levels, lung function, and asthma symptoms, found that higher dehydro-
epiandrosterone sulfate (DHEA-S) levels in male children was positively associated
with FEV1% and FVC%. However, estradiol was negatively associated with the
same measures in females (DeBoer et al. 2018). In an adult clinical study, increases
in testosterone were associated with increased FEV1 and FVC in males. In another
adult study, type 2 innate lymphoid cells (ILC2s) were increased in females with
asthma as compared to males. Supporting this finding, testosterone in mice was
shown to lower the number of ILC2s (Shah and Newcomb 2018).

Those studies that have focused on the potential for smoke exposure to induce sex
differences in asthma have mostly used translational models, with in utero exposure
to tobacco smoke as a proxy for inducing later-life chronic lung disease like asthma.
One study identified insulin-like growth factor (IGF1) as a target within the devel-
oping lung altered by in utero cigarette smoke in both a human cohort study and
using a murine model (Dehmel et al. 2018). In particular, IGF1 was increased in
exposed female offspring and prenatally exposed children. Alteration of IGF1,
which is important for lung development, is suggested to be a potential mechanism
by which cigarette smoke impairs later-life lung function and susceptibility to
disease development like asthma. Another study supports the potential involvement
of the IGF family in altered lung development, showing sex-specific methylation and
mRNA levels within the Igf lung axis in mice (Meyer et al. 2017). Specifically, Igf1r,
the Igf1 receptor gene, was hypomethylated in female offspring who were exposed
in utero to cigarette smoke. This methylation reduction was also associated with
reduced body weight in female offspring. These authors additionally note that
prenatal smoke exposure is also associated with COPD; therefore these changes
could additionally affect the development of later-life disease in addition to asthma.

Further studies implicate homeostatic mesenchymal peroxisome proliferator-
activated receptor γ (PPARγ) as a contributor to the development of asthma after
in utero exposure to tobacco products, specifically including nicotine (Liu et al.
2013). The parent study indicates that PPARγ is downregulated after in utero
nicotine exposure. A second study from the same group showed that perinatal
nicotine exposure induced increases in airway resistance and decreased airway
compliance in offspring of both sexes, but these changes were more prominent in
male offspring. Further, only males exposed to nicotine perinatally had altered
acetylcholine-induced tracheal constriction. Treatment with a PPARγ agonist con-
comitantly with nicotine exposure normalized these effects (Liu et al. 2013).
Together these effects implicate a potential role of PPARγ in chronic lung effects,
including asthma, induced by in utero nicotine exposure.

In a larger study of the link between environmental exposures, sex, and asthma,
quantitative trait loci (QTL) mapping was completed in a Hutterite population,
which has relatively homogenous ancestry, little independent chromosome segrega-
tion, and a communal lifestyle which reduces variability in environmental exposures
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(Ober et al. 2006). This study found eight asthma-associated quantitative traits, of
which 50% were sex-specific, including those associated with IgE, lymphocytes,
FEV1/FVC, and FVC. The authors suggest that these findings demonstrate that sex
interacts with genotype as well as environmental factors to determine risk of lung
disease, including asthma.

While these mechanistic studies begin to address the potential for sex and
environmental exposure to influence asthma outcomes, more work especially is
needed on mechanistic frameworks, direct testing of sex-specific asthma outcomes
and exposure in clinical and translational models, and associations in larger cohort
studies.

10.4.4 E-Cigarette- and Vaping-Associated Lung Injury
(EVALI)

EVALI is a recent disease that has only manifested with the introduction of
e-cigarettes to the global market. E-cigarettes are devices that heat solutions of
humectants, flavorings, and nicotine to produce an aerosol, which is inhaled. Inter-
estingly, cases of EVALI have been fairly limited in countries outside of the United
States, though cases have been identified in countries including but not limited to the
United Kingdom, Canada, Guam, and Japan. The disease is manifested with severe
lung injury and associated with a variety of symptoms including fever and chills,
cough, gastrointestinal issues, and chest pain. The disease is diagnosed via process
of elimination and the use of e-cigarette products. The cause of the disease is linked
to e-cigarettes, primarily those containing vitamin E acetate (common in tetrahydro-
cannabinol- (THC) containing products), though other components of e-cigarettes
are also being investigated as contributors to the sudden onslaught of EVALI cases.
Interestingly, in multiple case studies and series, it has been demonstrated that the
majority of EVALI cases occur in males (approximately 70% of cases) and that
death rates are higher in males (59%) (Perrine et al. 2019; Moritz et al. 2019). The
cause of this sex difference in disease occurrence has not yet been defined biolog-
ically, though many point to higher use rates of e-cigarettes in males and increased
risk-taking behavior in teen and young adult males, thus potentially more likely to
use black market products, products of unknown origin, or additives, as a potential
explanation for the substantial sex difference in number of cases.

10.4.4.1 Mechanisms

Mechanisms of this disease are still unknown and only have been roughly associated
with the inclusion of vitamin E acetate in e-cigarette products, especially those
containing THC based on the type of product in use when individuals with
EVALI were clinically diagnosed (Blount et al. 2020).
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10.4.5 Viral Infection

Viral infections contribute to four million deaths per year worldwide (Ferkol and
Schraufnagel 2014). The respiratory tract is an ideal target of infection for viruses
including coronaviruses, rhinoviruses, and influenza viruses, where they are inhaled
or directly come into contact with mucosal surfaces in the airway (reviewed in
Subbarao and Mahanty (2020)). These viruses target the epithelial cells as a point
of infection and enter after interaction with surface receptors and enzymes. They
then utilize the infected cell’s machinery to replicate and are then shed by coughing
or sneezing. Host cells produce proinflammatory cytokines and type 1 interferons in
response to being infected, which recruits a larger immune response to the infected
area and begins processes to control or eliminate the infection like apoptosis.
However, viruses readily adapt and evolve specialized functions which can impair
typical antiviral host defense responses like the production of type 1 interferons.
Followed by the initial innate immune response, the adaptive immune system works
to directly kill virus infected cells, control inflammation, repair tissue, as well as
induce immune memory. Many of the components of viral infection from entry into
the host cell to the cleanup of viral infection-induced damage are thought to be
impacted by environmental toxicant exposures. Globally, 42% of lower and 24% of
upper respiratory infections have been attributed to environmental exposures (Prüss-
Üstün et al. 2016).

Smoke exposure, particularly cigarette smoke (both active and passive), has been
shown to enhance viral-induced inflammation and impair immune host defense,
specifically through type 1 interferon pathways, though complete mechanisms and
determining whether greater risk of infection is causally linked to susceptibility,
delayed pathogen clearance, or exaggerated inflammatory responses are still under
investigation (Bauer et al. 2013). Additionally, cigarette smoke has also been shown
to increase risk of some bacterial infections, like pneumonia and tuberculosis
(Greenhalgh et al. 2020). Specific mechanistic investigations in rodent, in vitro,
and limited clinical studies have found that cigarette smoke induces increased
permeability of epithelial cells, impaired ciliary function, increased viral titers,
suppression of type I and type II interferon responses, decrease in immune defense
proteins in the airway (IL-6 and intelectin 1), and exacerbated inflammatory
responses (hypothesized to be mediated by altered IL-1α signaling and/or danger-
associated molecular patterns (DAMPs)) (reviewed in Bauer et al. (2013) and
Greenhalgh et al. (2020)). Studies have also shown impairment of immune cell
function due to cigarette smoke exposure including neutrophils, macrophages,
natural killer cells, and lymphocytes, as well as decrements in antibody responses
(Greenhalgh et al. 2020).

A substantial literature indicates that there are also sex differences in response to
viral infection including morbidity, mortality, and viral load (Klein and Flanagan
2016; Morgan and Klein 2019; vom Steeg and Klein 2016; Ghosh and Klein 2017).
Viruses that have been shown to affect males and females differently include HIV,
coronavirus, and influenza (Greenhalgh et al. 2020). Additionally, emerging
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evidence, described below, suggests that these sex differences can also be modified
by smoke exposure (both tobacco smoke and environmental smoke); however there
are limited epidemiological studies associating these interactions directly.

10.4.5.1 Mechanisms

A meta-analysis of public gene expression data sets of human airway epithelium in
smokers and nonsmokers found substantial differential gene expression due to
smoking status (5000+ genes), sex (100 genes), and their interaction (2600+
genes), which were independent of differences in age or pack-year history in the
discovery and replication data sets (Yang et al. 2019). The chromosomes linked to
gene expression differences were not limited to sex chromosomes. In fact, the
majority of genes were differentially expressed on autosomes. Using a network
analysis to better understand potential functional differences related to changes in
gene expression, it was found that the networks were enriched for genes related to
autophagy, response to virus, and type 1 interferon signaling. Autophagy was
upregulated in female smokers, while viral response and type 1 interferon signaling
were downregulated in female smokers as compared to males, suggesting that
cigarette smoking can indeed interact with sex to influence critical antiviral pathways
like type 1 interferon. Interestingly, in an enrichment analysis for transcription factor
binding sites, it was found that estrogen-related receptor alpha, ESRRA, was enriched
in the autophagy module. The authors indicate that this enrichment may suggest that
biological differences in responses to smoking are not limited to differences in
circulating hormones but may also have a genetic component. These data affirm
previous findings that cigarette smoke has a large effect on respiratory gene expres-
sion. These data also demonstrate that smoking-induced respiratory effects are
modified by the sex of the individual. This study was a substantial first step in
understanding sex-specific effects on the respiratory transcriptome, which has not
been previously investigated in other large transcriptome analyses exploring sex
differences in human organs, as well as supporting interactions of sex and smoke
exposure to influence viral infection. This meta-analysis is also supported by an
in vitro study where estrogenic compounds on female-derived nasal cells reduced
influenza virus replication but did not do the same in males (Peretz et al. 2016).
Similarly, estradiol was also found to be protective against influenza A pathogenesis
by suppressing inflammatory responses in females (Robinson et al. 2011).

Another example from 2019 to 2020 includes viral infection with pandemic strain
of severe acute respiratory syndrome coronavirus 2 (SARs-CoV-2) and development
of coronavirus disease 2019 (COVID-19). This disease has been shown to primarily
increase morbidity and mortality in males, and epidemiological data from several of
the pandemic epicenters demonstrate that disease susceptibility is increased with
smoke exposure, such as the use of tobacco products, particularly cigarettes, and air
pollution which includes PM derived from wood and biomass sources (Majdic 2020;
Adhikari and Yin 2020). However, the potential for cigarette smoke and air pollution
to increase disease susceptibility is still debated, and variable associations have been
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found, depending on the cohort (Majdic 2020; Leung and Sin 2020; Adhikari and
Yin 2020). While there is not yet significant information on the mechanisms of these
susceptibilities, it has been shown that cigarette smoking can increase expression of
the cell surface enzyme responsible for viral entry in the airways, the angiotensin-
converting enzyme 2 (ACE2) (Leung et al. 2020). Furthermore, it has been shown
that expression is higher in older individuals, which may explain the lower morbidity
and mortality rates shown in children and suspected lower levels of infection (Patel
and Verma 2020). While sex differences in ACE2 expression in lung tissue have not
yet been evaluated, there are several studies that suggest a role in the sex specificity
of COVID-19 morbidity and mortality. First, estrogen has been observed to play
protective roles in SARS by activating immune responses and suppressing viral
replication (Gagliardi et al. 2020). The role of ACE2 in mediating these sex
differences can be further suggested by its location on the X chromosome. How-
ever, murine studies have contrastingly shown that sex chromosome dose does not
affect ACE2 activity, though this conclusion should be interpreted carefully as these
studies were conducted in the kidneys, an organ where ACE2 has been more readily
studied, but may not accurately reflect ACE2 activity regulation in other organs, like
the lung (Gagliardi et al. 2020; Liu et al. 2010). The same murine study found that
ACE2 activity was dependent upon circulating estrogen levels, but not testosterone
(Liu et al. 2010).

There is also evidence of sex and smoke exposure interaction to induce
compromised responses to infection when considering wood, wildfire, and biomass
smoke, although the understanding of mechanisms is less well studied than with
cigarette smoke exposure. Epidemiologic studies suggest that wildfire, wood smoke,
and biomass smoke exposures are associated with an increased risk of respiratory
infection and reduced lung function (Fullerton et al. 2011; Garcia-Sancho et al.
2009; Mishra 2003; Oloyede et al. 2013; Opotowsky et al. 2008; Perez-Padilla et al.
2001). Controlled exposure studies of acute effects of wood smoke have also shown
evidence of the role of smoke exposure and respiratory dysfunction, increased BAL
glutathione, respiratory symptoms, and systemic and respiratory inflammation in
clinical studies (Rebuli et al. 2018).

Mechanistically, these effects are linked by a recent controlled exposure study,
which contributed the first evidence of the interaction of wood smoke and sex in
response to a model of influenza infection (Rebuli et al. 2018). This study found that
in addition to baseline differences in respiratory gene expression between the sexes,
males and females responded differently to wood smoke exposure in the context of a
viral infection. It showed increased inflammatory gene expression and protein
production in males, while there was more mild suppression of host defense
responses in females after exposure, which agrees with the above described meta-
analysis of gene expression in respiratory tissue. This study was a particularly
important advance in understanding the biological underpinnings of epidemiologi-
cally associated sex differences with wood smoke exposure as previous controlled
studies had only found few or limited effects. It is suggested that the previous lack of
findings in controlled exposure studies was due to analysis of data in aggregate and
that effects in opposite directions in males and females may have contributed to an
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observational effect neutralization. Early exposure to wildfire smoke has been shown
to result in sex-specific alteration of immune response to infection by attenuating
systemic TLR responses (Black et al. 2017). Indoor biomass smoke exposure has
been associated with increased risk for infection and morbidity, especially in chil-
dren (Smith et al. 2000; Ezzati and Kammen 2001).

10.4.6 Other Respiratory Effects

Other substantial respiratory outcomes are also associated with smoke exposure,
though evidence is more limited. For example, percent of predicted forced vital
capacity (FVC%) and percent of predicted total lung capacity (TLC%) were lower in
males compared to females in a study of idiopathic pulmonary fibrosis (IPF) in
Sweden (Kalafatis et al. 2019). When smoking history was considered, male
ex-smokers showed lower FVC%, TLC%, and percent of predicted diffusing capac-
ity for carbon monoxide (DLCO%), compared to female ex-smokers. However, in
IPF, asthma was increased in never-smoker females as compared to males. Females
were also more likely to report chest symptoms. This study suggests that cigarette
smoking and sex are both factors in disease outcomes. Furthermore, an association
with male sex and cigarette smoking has been identified as contributors to increased
risk of rheumatoid arthritis-associated interstitial lung disease (RA-ILD) and decre-
ments in sustained maximal inspiratory pressure in another study (Formiga et al.
2018; Salaffi et al. 2019). Additionally, chronic airway obstruction (CAO), a char-
acteristic of both COPD and chronic asthma, was assessed in three Nordic countries,
and it was found that for only female participants, there was a difference in
prevalence in CAO where lower prevalence seemed to be associated with lower
smoking rates, while no difference was seen in males. For biomass smoke exposure,
additional disease states, such as acquired pneumoconiosis or “particulate lung
disease,” have been described, mostly affecting women (Torres-Duque et al. 2008).

10.5 Conclusions

There is overwhelming epidemiologic evidence of sex bias in a variety of respiratory
diseases, many of which have been linked to environmental smoke exposure.
Generally, this chapter indicates that females may be more susceptible to COPD
and asthma after smoke exposure, while males are more susceptible to lung cancer,
EVALI, and viral infection. However, mechanistic research into the origins of these
sex differences in disease susceptibility is only beginning. There is early work that
suggests roles for circulating estrogen and estrogen receptors in mediating some
female-specific susceptibility to smoke-induced respiratory disease, which begins to
address this issue. However, there is also early research suggesting baseline sex
differences in gene expression, xenobiotic metabolism pathways, and ability to
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mediate smoke-induced genetic mutations and epigenetic alterations which may also
contribute to sex-biased smoke-induced disease development, response, progres-
sion, and mortality. This work demonstrates that hypotheses in addition to those on
the role of sex hormones also need to be investigated further. Overall, this substantial
evidence of sex biases in smoke-related respiratory disease indicates that more
sex-specific research is needed to effectively prevent, treat, and manage smoke-
induced disease, particularly in women, who have so often been neglected in the
development of treatment and preventative strategies. This work also suggests the
need to address sex in regulatory evaluations of exposure and safety limits to protect
those most susceptible, rather than the aggregate general population.

10.6 Future Directions

While intensive study on the mechanisms behind the development of chronic lung
diseases like COPD and lung cancer has taken place, there is still a paucity of
information on the potential role of sex in differentiating disease onset, pathophys-
iology, and progression, as the majority of previous research has been completed in
males or on both males and females in aggregate. Therefore, there is still a critical
need for mechanistic experiments investigating sex differences. A common theme is
the lack of study of the role of circulating sex hormones on the susceptibility,
initiation, promotion, and progression of disease, despite it being a commonly
hypothesized mechanism explaining the sex differences observed. While circulating
sex hormones are an obvious hypothesized influence on these factors, others should
be considered, such as sex differences in receptor expression and localization
established during development and the role of X and Y chromosome genes critical
to the regulation of cellular response pathways. Furthermore, there is an additional
complexity to consider with environmental exposures, which are interactive effects
of sex and exposure on respiratory health. While these interactions are beginning to
be explored in controlled exposure studies (Rebuli et al. 2018, 2019), there are still
many more inhaled toxicant exposures to be considered and validated and many
more subpopulations to explore. Additionally, a substantial number of studies are
either only including one sex (Du et al. 2019) or reporting inclusion of both males
and females and only analyzing in aggregate or adjusting for sex as a factor (Obiebi
and Oyibo 2019; Hu et al. 2018; Guevara-Rattray et al. 2017). Therefore, there is still
a critical need to analyze using sex as a biological variable and disaggregating data
by sex to better understand sex differences in the effects of smoke exposure on
respiratory health. Finally, to facilitate data transparency, rigor, and reproducibility,
previously generated data and future data need to be available to the research
community; therefore, uploading to data repositories is highly suggested. Overall,
the study of sex differences in the respiratory toxicology field is just beginning, with
many open questions waiting to be answered which can ultimately improve public
health by identifying susceptible groups and targets for smoke exposure-induced
disease prevention and treatment.
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Chapter 11
Sex Differences in Adaptive Immunity
in Chronic Lung Disease

Nowrin U. Chowdhury, Vivek D. Gandhi, and Dawn C. Newcomb

Abstract Asthma, chronic obstructive pulmonary lung disease (COPD), pulmonary
hypertension, and fibrotic lung diseases have increased airway inflammation and
remodeling that are regulated by the host’s innate and adaptive immune responses. A
sex bias is well-established in these diseases, as females have an increased preva-
lence of asthma, pulmonary hypertension, and sarcoidosis compared to males.
However, males have an increased prevalence of COPD and interstitial pulmonary
fibrosis (IPF) compared to females. Sex hormones are important in increasing or
decreasing innate and adaptive immune responses by regulating immune cell pro-
liferation, cytokine expression, and antibody production. In this chapter, we will
discuss how sex hormones regulate adaptive immune mechanisms driving airway
inflammation and/or pulmonary fibrosis using both human epidemiology data and
mouse models. We will also discuss how estrogen signaling increased and androgen
signaling decreased T and B cell proliferation and cytokine production in culture as
well as discuss future directions for research. Overall, this chapter will provide
insight into how sex hormones regulate adaptive immune responses important in
the pathogenesis of asthma and fibrotic lung diseases.
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Abbreviations

AHR Airway hyperresponsiveness
AR Androgen receptor
DHEA Dehydroepiandrosterone
ER Estrogen receptor
HDM House dust mite
IFN Interferon
SNP Single nucleotide polymorphism
Treg Regulatory CD4+ T cell
TSLP Thymic stromal lymphopoietin

11.1 Introduction

11.1.1 Sex Differences in Adaptive Immunity in Chronic
Lung Diseases

The adaptive immune system is critical for defense against pathogens by mounting a
long-lasting, specific response to pathogens. Asthma, chronic obstructive pulmonary
lung disease (COPD), pulmonary hypertension, and fibrotic lung diseases are
chronic lung diseases with increased inflammation and airway remodeling that is
driven by both innate and adaptive immune responses. Further, these diseases have
an adaptive immune component with a sex bias. In this chapter, we will focus on sex
differences and how sex hormones regulate the adaptive immune response of asthma
and fibrotic lung diseases.

Adaptive immune responses are specialized responses to specific antigens that
protect the host by eliminating the antigen or infectious agent. Lymphocytes,
including B and T cells, are the main cell types in the adaptive immune response.
Traditionally, adaptive immune responses have been divided into humoral and cell-
mediated immunity (Fig. 11.1). Humoral immunity neutralizes and/or removes
microbes through antibody-mediated mechanisms and involves B cells. Cell-
mediated immunity enhances the killing of microbes inside phagocytic cells that
may not be recognized by antibodies.

11.2 Basics of Adaptive Immunity

11.2.1 Humoral Immunity

The primary function of B cells is to produce antibodies that recognize microbial
antigens, neutralize antigens on microbes, and target microbes for destruction or
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elimination by phagocytic cells. Five different classes of antibodies—IgM, IgA, IgG,
IgD, and IgE—are produced by plasmablasts and memory B cells. These antibodies
have distinct roles in humoral immune responses to specific microbes or are pro-
duced in specific tissues (Fig. 11.1). IgM is the first antibody produced and is
expressed without class switching. IgG is the most common antibody circulating
in the blood, and IgG antibodies efficiently opsonize antigens for phagocytosis in
body tissues. IgA forms a dimer and is located almost exclusively in mucosal tissues
such as the intestinal tract and the lungs. IgE circulates at very low levels but is
bound to FcεR1 receptors found on mast cells and basophils. Antigens, including
allergen antigens, bind to IgE and result in rapid release of histamine, lipid media-
tors, and granzymes that are part of the immediate allergic response.

11.2.2 Cell-Mediated Immunity

T cells are comprised of CD4+, CD8+, and regulatory T cells (Tregs) that are
important in cell-mediated immune response (Fig. 11.1). CD4+ T cells are helper

Fig. 11.1 Schematic depicting humoral and cell-mediated immune responses. For the humoral
immune response, memory B cells or plasmablasts produce antibodies to combat microbes. The
cell-mediated immune response is mediated by CD4+ T helper cells and CD8+ cytotoxic T cells.
CD4+ helper T cells activate B cells, activate phagocytic cells, or produce cytokines to cause
inflammation. CD8+ cytotoxic T cells release granzymes and/or perforin to kill infected host cells
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T cells that activate B cells, leading to increased proliferation and differentiation of B
cells in response to an antigen. CD4+ T cells also cause activation of macrophages
and other phagocytic cells as well as inflammation at the site of the microbe. CD8+ T
cells are cytotoxic T cells that are important in releasing granzymes or perforin that
kills host cells infected with a specific microbe. Treg cells suppress the inflammatory
responses caused by other immune cells and are important in returning homeostasis.
Different subsets of CD4+ effector T cells are developed with tailored immune
responses to bacteria, viruses, helminths, or allergens (Fig. 11.2). These different
CD4+ T cell subsets differentiate from naïve T cells based on the cytokine milieu
present at the time of T cell activation. As shown in Fig. 11.2, the main subclasses of
CD4+ T cells in the lung are Th1, Th2, Th9, Th17, and Treg cells.

Fig. 11.2 CD4+ T cell
differentiation into various
subsets
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11.2.3 CD4+ T Cell Subsets

Th1 Cells When a naïve T cell is activated in the presence of IL-12, IL-18, and type
I interferons (IFNs), there is increased expression of T-bet, STAT1, and STAT4—
transcription factors important in Th1 differentiation. Th1 cells produce IFN-γ, TNF,
and other chemokines and are important in the clearance of bacterial and viral
infections.

Th2 Cells Th2 cells differentiate when T cells are activated in the presence of IL-4,
leading to increased expression of the transcription factors STAT6 and GATA3. Th2
cells produce IL-4, IL-5, and IL-13 cytokines and are important in allergic disease
and helminth infections.

Th9 Cells Th9 cells are a subset of CD4+ T cells that differentiate in the presence of
IL-4 and TGF-β and have increased expression of the transcription factors PU.1,
STAT6, and IRF4. Th9 cells produce IL-9 as well as IL-3, IL-10, and IL-21, and Th9
cells are important effector cells for helminth infections and are known to be
upregulated in other inflammatory diseases, cancers, and allergic diseases (Koch
et al. 2017). However, the role of Th9 cells in disease is still being investigated.

Th17 Cells Activation of naïve T cells in the presence of TGF-β, IL-6, IL-1β, and
IL-21 leads to activation of the transcription factor RORc (RORγT) resulting in
Th17 development, while IL-23 stabilizes the commitment of developing Th17 cells
to the Th17 lineage (Ivanov et al. 2007). Th17 cells produce IL-17A, IL-17F, IL-22,
IL-21, TNF-α, and granulocyte macrophage colony-stimulating factor (GM-CSF)
and are important in defense against gram-negative bacteria and fungal infections.
Th17 cells are also upregulated in many autoimmune diseases and more severe
phenotypes of asthma.

T Regulatory (Treg) Cells Tregs are suppressive CD4+ T cells that either develop
in the thymus (natural Tregs) or in peripheral tissues when a naïve T cell differen-
tiates into a Treg (induced Tregs). Tregs produce suppressive cytokines, such as
IL-10 and TGF-β, and are important in suppressing effector T or B cell proliferation
and cytokine expression, inhibiting migration of lymphocytes, and inhibiting innate
immune cells, including mast cells, basophils, eosinophils, and antigen-presenting
cells.

11.3 Sex Bias in Adaptive Immunity

Sex bias in innate and adaptive immune responses are well-established (Klein and
Flanagan 2016). As adults, females have more robust innate and adaptive immune
responses compared to males, resulting in quicker clearance of pathogens and
increased prevalence of autoimmune and inflammatory diseases. T cells from
females, in both humans and mice, are more readily activated and have increased
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proliferation compared to T cells from males, and this increased T cell activation in
females is mediated by estrogen signaling through estrogen receptor (ER)-α
(Mohammad et al. 2018). Females have more B cells and higher antibody generation
than males (Klein and Flanagan 2016). There are lower numbers of Tregs in adult
females compared to adult males (Klein and Flanagan 2016). The sex bias in
adaptive immune responses in asthma and fibrotic lung diseases will be discussed
in subsequent sections.

11.4 Sex Differences in Asthma

11.4.1 Epidemiological and Clinical Studies on Sex
Differences in Asthma

Asthma is a chronic disease of the airways that results in constriction of the airway
smooth muscle, airway inflammation, and increased mucous production (Holgate
et al. 2015). Over the past few decades, the incidence and prevalence of asthma have
increased in children and adults, resulting in about 26 million people in the United
States and 300 million people worldwide currently living with asthma (American
Lung et al. 2012). Asthma is a huge economic burden, estimated at more than
81 billion dollars per year in 2015, due to asthma-related missed days of work/
school, emergency department visits for exacerbations, and other healthcare utiliza-
tion (Nurmagambetov et al. 2018). Asthma is not one disease; rather there are many
phenotypes and endotypes in asthma, ranging from intermittent asthma to severe,
uncontrolled asthma (Wenzel 2012). There is a sex bias associated with asthma that
changes with age (Carey et al. 2007b). During childhood, asthma prevalence is
higher in boys compared to girls (Nicolai et al. 2003; Almqvist et al. 2008), and
hospitalization due to asthma exacerbation is higher in boys compared to girls
(Skobeloff et al. 1992; Chen et al. 2003). Around the time of puberty, there is a
switch in asthma prevalence and incidence, and as adults, women have an increased
prevalence of asthma compared to men. Women also have more severe phenotypes
of asthma and a higher asthma-related hospitalization rate compared to men
(Skobeloff et al. 1992; Chen et al. 2003; Moore et al. 2007; Wu et al. 2014).

11.4.1.1 Childhood Asthma

Most asthma that begins in childhood is allergic asthma, where airways are sensi-
tized to common allergens, such as house dust mites (HDM), cockroaches, animal
dander, fungi, and pollens. The prevalence of atopy, which is specific IgE antibodies
to the mentioned common allergens, is higher in boys compared to girls (Uekert et al.
2006; Wijga et al. 2011). Further, peripheral blood mononuclear cells from boys
who developed wheezing at the age 3 showed higher level of Th2 cytokine release
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compared to girls (Uekert et al. 2006). In addition, boys are more often detected to
have dysanapsis, smaller airway diameters relative to lung volumes, compared to
girls, which may make boys more likely to have asthma symptoms than girls. Thus,
this immune system of boys, which is prone to develop Th2 inflammation and
allergic sensitization and decreased airway size, may explain the higher prevalence
of asthma in boys.

11.4.1.2 Onset of Puberty and Sex Differences in Asthma

As children age, asthma prevalence switches from higher in males to higher in
females pointing at the role of puberty in asthma pathogenesis. The Childhood
Asthma Management Program (CAMP) study longitudinally tracked the average
asthma symptom score as well as the progression through puberty, using the Tanner
stage metric, in boys and girls ages 4–17 (Fu et al. 2014). The average asthma score
increased in girls and decreased in boys at around age 10 when Tanner scores start
increasing in girls (denoting the onset of puberty). Further, asthma symptoms
continued to increase in girls as Tanner scores increased through puberty (Fu et al.
2014), and early aged menarche (�11 years old) in girls increased the incidence of
asthma (Varraso et al. 2005; Castro-Rodriguez 2016). Additional studies showed
that during puberty females had increased incidence and decreased remission of
asthma compared to males, while males had increased sulfonated dehydroepiandros-
terone (DHEA-S), an androgen upstream of testosterone and estrogen that more
readily converts into testosterone, that was associated with increased lung function
and decreased asthma symptoms (Vink et al. 2010; DeBoer et al. 2018). Collec-
tively, these studies present strong epidemiological evidence that the increased
prevalence of asthma in females and decline in males coincided with increased sex
hormones and puberty.

11.4.1.3 Androgens and Asthma

The decrease in asthma prevalence in males with increasing DHEA-S during puberty
suggests that androgens may have a protective effect against asthma pathogenesis.
Clinical trials with oral or nebulized DHEA reduced asthma symptoms and increased
lung function in women and men with mild to moderate asthma (Marozkina Joe et al.
2019; Wenzel et al. 2010). Elevated serum levels of testosterone are also associated
with decreased asthma prevalence in women (Han et al. 2020), while declining
testosterone in men >45 is associated with increased asthma prevalence (Canguven
and Albayrak 2011). Combined, these clinical findings support the hypothesis that
androgen receptor (AR) signaling controls allergic airway inflammation in asthma.
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11.4.1.4 Menstrual Cycles, Pregnancy, and Menopause and Asthma

Changes in sex hormones occur for women during the menstrual cycle, pregnancy,
and menopause, and fluctuations in asthma symptoms and lung function are noted
during these different reproductive phases for women with asthma. Thirty to 40 per-
cent of women with asthma report worsening of asthma symptoms during the pre- or
perimenstrual phase of their menstrual cycles (Shames et al. 1998)—including
decreased peak expiratory flow rates, increased use of asthma controller medica-
tions, and increased shortness of breath and wheeze (Pauli et al. 1989; Shames et al.
1998; Rao et al. 2013). Additional survey-based studies showed that 68% of women
with asthma affected by menses had a history of being hospitalized for asthma,
suggesting that pre- or perimenstrual worsening of asthma is more likely to occur in
more severe phenotypes of asthma (Eliasson et al. 1986).

During pregnancy, approximately a third of women with asthma were thought to
have decreased asthma symptoms, a third have similar asthma symptoms, and a third
have increased asthma symptoms (Schatz et al. 1988; Stenius-Aarniala et al. 1988).
These studies were conducted prior to asthma phenotyping, and subsequent studies
determined that women with more severe asthma are more likely to have a worsen-
ing of asthma during pregnancy compared to women with milder phenotypes of
asthma (Schatz 1999; Schatz et al. 2003; Murphy and Schatz 2014). This increase in
asthma symptoms was not maintained 3 months postpartum, further suggesting that
changes in sex hormones during pregnancy impact asthma symptoms and lung
function.

Variable findings in menopause and asthma have been reported based on the
comorbidities, including obesity, and hormone replacement therapies used in the
patient populations. The European Community Respiratory Health Survey I
(ECHRSI) determined an increased risk of asthma for lean women on hormone
replacement therapy. A subsequent survey (ECHRSII) determined that perimeno-
pausal women had decreased lung function and increased asthma symptoms com-
pared to premenopausal women (Real et al. 2008). Further, the RHINE study
determined a new phenotype of asthma that onsets in postmenopausal women
(Balzano et al. 2007; Triebner et al. 2016). All these studies show changes in asthma
control and incidence during menopause and highlight the need for further investi-
gation into potential mechanisms on how changes in ovarian hormones alter asthma
pathogenesis at various reproductive phases for women.

Genetic polymorphisms can affect the expression or function of a gene. Estrogen
acts through its receptors, estrogen receptor-α (ER-α) and ER-β. We studied single
nucleotide polymorphisms (SNPs) in ER-α (ESR1), as ER-α, and not ER-β, has been
found to play an important role in a mouse model of asthma, possibly by
upregulating Th2 cytokine and allergen-specific IgEs (Fuseini and Newcomb
2017; Yung et al. 2018). We found that ESR1 SNP rs1999805 was associated
with asthma in different cohorts (Bloodworth et al. 2018). Interestingly this SNP
showed female predominance. Further studies are required to understand the role of
this SNP in asthma pathogenesis, which may explain the underlying mechanism of
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higher susceptibility to asthma in females with this SNP compared to males and
other females.

11.4.2 Sex Differences in Adaptive Immune Pathways
Important in Asthma

The clinical and epidemiological changes in asthma incidence and prevalence as
well as asthma control were discussed during childhood, puberty, and different
reproductive phases of life for females, noting an important role for sex hormones
in asthma pathogenesis. It has been also shown that, upon activation, isolated T cells
from females upregulate more pro-inflammatory genes compared to activated T cells
from males. Further, half of those activated genes in female T cells have estrogen
response elements (EREs) in their promoter regions, indicating that the expression of
those genes could be modulated by the female sex hormone estrogen (Hewagama
et al. 2009). On the other hand, androgens have a suppressive effect on inflammatory
immune cells (Klein and Flanagan 2016). The mechanism by which sex hormones
regulate allergic airway inflammation is an active area of research that uses mouse
models and cell culture systems. In this subsection, we will discuss how estrogen,
progesterone, and androgens affect the adaptive immune responses in asthma. It is
important to note (as discussed in other chapters) that sex hormones are also
important in regulating innate immune responses in asthma and other lung diseases.

The host immune response in asthma varies based on asthma phenotype and is
summarized in Fig. 11.3. Allergic asthma is characterized by increased eosinophils
in the airway and is mediated by increased type 2 inflammation. Type 2 inflammation
is caused by increased activation and differentiation of CD4+ Th2 cells, leading to
increased IL-4, IL-5, and IL-13 production. The presence of alarmin cytokines,
IL-33, thymic stromal lymphopoietin (TSLP), and IL-25, produced by epithelial
cells or stromal cells, also increase Th2 cell differentiation and cytokine production
(Ito et al. 2005; Yasuda et al. 2012; Barlow et al. 2013; Chu et al. 2013). IL-4 is
important in differentiating T cells to become Th2 cells. IL-13 upregulates mucus
secretion and increases airway smooth muscle contractility and airway
hyperreactivity (AHR) (Laoukili et al. 2001; Risse et al. 2011). IL-5 is an eosinophil
survival factor that supports the development of eosinophils in the bone marrow and
recruits eosinophils to the lung (Hogan et al. 2008; Fulkerson and Rothenberg 2018).
IL-4 and IL-13 also induce antibody class-switching in B cells to IgE as well as
alternative macrophage (M2) activation. IgE binds to the FceR1 found on mast cells
and basophils. When antigen binds the specific IgE, cross-linking of IgE and FcεR1
complexes occurs in mast cells and basophils resulting in rapid degranulation and
release of soluble mediators, such as histamine, leukotrienes, and tryptase (Busse
and Lemanske 2001; Borish and Culp 2008; Kanaoka and Boyce 2014).
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11.4.2.1 Adaptive Immune Responses in Allergic Asthma

Mouse models of asthma have provided critical insight into possible mechanisms of
allergic asthma pathogenesis and are summarized in Table 11.1. Studies using
ovalbumin (OVA) sensitization and challenge showed that female mice have
increased eosinophils, serum IgE levels, IL-13, and mucus production compared to
male mice (Hayashi et al. 2003; Blacquiere et al. 2010; Takeda et al. 2013). Ovarian
hormones were important in establishing OVA-induced sensitization, as female mice
gonadectomized prior to sensitization had decreased IL-5 production in the lung,
decreased eosinophils, and decreased AHR compared to sham-operated female mice
(Blacquiere et al. 2010). However, female mice gonadectomized after sensitization,
but before OVA challenge, had no changes in IL-5 production, bronchoalveolar
lavage (BAL) fluid eosinophils, or AHR compared to sham-operated female mice
(Blacquiere et al. 2010). Estrogen was further shown to be important in OVA

Fig. 11.3 Adaptive immune responses in asthma. Different inflammatory pathways regulate
increased eosinophils observed with type 2 high asthma and increased neutrophils in asthma.
This schematic shows how increased activation of CD4+ Th2 cells in type 2 airway inflammation
(green-shaded area) leads to increased B cell production of IgE, mast cell activation, eosinophil
recruitment, AHR, and mucus production. In some patients with asthma, increased CD4+ Th17 or
Th1 cells (yellow shaded area) lead to increased neutrophils, AHR, and mucus production
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sensitization and challenge. The addition of a synthetic estrogen, oestradiol benzo-
ate, before OVA sensitization increased eosinophils in the BAL fluid compared to
vehicle-treated ovariectomized OVA-challenged female mice, but did not restore
eosinophil levels to OVA-challenged sham-operated female mice (Blacquiere et al.
2010). Additional studies have focused on how estrogen signaling through ER-α and
ER-β affected Th2-mediated airway inflammation. Estrogen signaling through ER-α
increased OVA-induced allergic airway inflammation, as mice deficient in ER-α
(Esr1�/� mice) had decreased AHR compared to WT and ER-β-deficient mice
(Esr2�/� mice) (Carey et al. 2007a). Additional studies using a protease-containing
allergen extract, house dust mite (HDM), for sensitization and challenge determined
that ovarian hormones increased eosinophilic inflammation, serum IgE levels, and
AHR (Fuseini et al. 2018). Combined, these studies show that ovarian hormones and
estrogen signaling are important for increasing allergic airway inflammation.

Testosterone signaling through the AR is also important in decreasing type
2 inflammation. Gonadectomized male mice, which lack testosterone, had increased
HDM-induced eosinophils in BAL fluid, IgE production, IL-13+ Th2 cells, and
AHR compared to sham-operated (hormonally intact) male mice (Fuseini et al.
2018). AR signaling did not directly decrease Th2 cell proliferation or cytokine
production. Rather, AR signaling decreased HDM-induced IL-4 release, dampening
the Th2 cell differentiation and downstream type 2 inflammation (Fuseini et al.
2018). Additional studies showed that administration of DHEA in the chow of
allergen-sensitized and allergen-challenged mice decreased eosinophils in the BAL
fluid, serum IgE levels, and serum levels of IL-4, IL-5, and IFN-γ (Yu et al. 2002).
AR signaling was also important in decreasing allergen-induced production of IL-33
and TSLP, alarmin cytokines that increase type 2 inflammation (Cephus et al. 2017).
These data show that AR signaling is important in decreasing type 2 inflammatory
responses.

Table 11.1 Summary of how sex hormones affect eosinophilic and neutrophil inflammation in
mouse models of asthma

Eosinophilic inflammation
(females > males)

Neutrophilic
inflammation
(females > males)

Estrogen (signaling
through ER-α) and
progesterone

" airway eosinophils
" IL-5 and IL-13 production
" IgE
" AHR
ER-α signaling had no direct effect on Th2
cell differentiation

" airway neutrophils
" IL-17A production
" AHR
ER-α signaling " Th17
cell differentiation

Testosterone and AR
signaling

# airway eosinophils
# IL-5 and IL-13 production
# IgE
# AHR
AR signaling had no direct Th2 cell cyto-
kine expression, rather decreased IL-4
production from other immune cells

# airway neutrophils
# IL-17 production
AR signaling had
directly decreased
IL-17A+ Th17 cells
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Mast cells and basophils are also important in IgE-mediated allergic responses,
but the role of sex hormones on mast cell degranulation and cytokine production is
not fully elucidated. Increased histamine release was reported in IgE-stimulated
peritoneal mast cells from female Sprague-Dawley rats pretreated with estradiol.
Further, progesterone, testosterone, or 5α-DHT pretreatment decreased
IgE-stimulated histamine release in female rats, yet no changes in histamine release
were determined in IgE-stimulated peritoneal mast cells from male rats (Muñoz-
Cruz et al. 2015). Since female mice and ovarian hormones increased—and andro-
gens decreased—IgE serum concentrations, it is expected that sex hormones are
important in regulating mast cell cytokine expression and release of soluble factors.

11.4.2.2 Adaptive Immune Responses in Neutrophilic Airway
Inflammation in Asthma

Women have an increased prevalence of severe asthma. Severe asthma is associated
with increased neutrophils in BAL fluid or sputum that may or may not be present in
conjugation with eosinophils (Ray et al. 2016). Neutrophil infiltration into the
airway is driven by type 1 (IFN-γ) or IL-17A immune responses. BAL fluid or
sputum collected from patients with severe asthma revealed increased IFN-γ + CD4
+ T cells and increased IL-17A+ Th17 cells compared to milder phenotypes of
asthma or healthy controls (Bullens et al. 2006; Al-Ramli et al. 2009; Newcomb
et al. 2015; Raundhal et al. 2015; Oriss et al. 2017). Therefore, understanding how
sex hormones regulate Th1 and Th17 responses in the airway is important for
determining why women have an increased prevalence of severe asthma compared
to men.

The role of sex hormones on Th1 cell differentiation and IFN-γ production has
been well-studied in the autoimmune literature, but not in the context of airway
inflammation and severe asthma. Generally, female mice have increased production
of IFN-γ compared to male mice (CW Roberts 2001), and human naïve T cells from
women are more likely to produce IFN-γ when activated compared to naïve T cells
from men (Zhang et al. 2012). Additional studies are needed using human cells and
mouse models of severe phenotypes of asthma to determine how sex hormones are
regulating IFN-γ -mediated responses in the airway.

As mentioned above, Th17 cells and IL-17A production are also increased in
severe phenotypes of asthma. IL-17A production was higher in circulating CD4+
Th17 cells from women with severe asthma compared to Th17 cells from men with
severe asthma (Newcomb et al. 2015). Further, in mouse models of IL-17A-specific
airway inflammation, the adoptive transfer of ovalbumin (OVA)-specific Th17 cells
from female mice increased IL-17A production and neutrophil recruitment in female
recipient compared to the transfer of OVA-specific Th17 cells from male mice
(Newcomb et al. 2015). These data in circulating Th17 cells in women and men
with severe asthma and in an adoptive transfer mouse model of Th17-mediated
airway inflammation suggested that CD4+ T cells from female mice were more
susceptible to Th17 cell differentiation compared to Th17 cells from male mice.
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Subsequent analyses determined that ER-α signaling in combination with proges-
terone was important in increasing IL-23 receptor expression on Th17 cells allowing
for increased IL-23 signaling and increased IL-17A production (Newcomb et al.
2015; Fuseini et al. 2019). IL-23 receptor expression is inhibited by the microRNA
Let-7f, and ER-α signaling decreased Let-7f expression in Th17 cells (Newcomb
et al. 2015; Fuseini et al. 2019). ER-α signaling and progesterone are important in
differentiation of Th17 cells and IL-17A production.

Androgens are also important in decreasing Th17 cell differentiation in vitro and
IL-17A production both in vitro and in vivo. IL-17A production was decreased in
Th17 differentiated cells from WT male mice compared to ARtfm male mice, which
are unable to signal androgens (Fuseini et al. 2018). Further, HDM-challenged
ARtfm mice had increased IL-17A+ Th17 cells in the lung, increased neutrophil
infiltration, and increased AHR (Fuseini et al. 2018). These data showed that AR
signaling is important in attenuating IL-17A-mediated airway inflammation.

11.4.2.3 Tregs and Suppressive Immune Responses

Tregs are important in suppressing adaptive immune responses by limiting effector T
cell proliferation and cytokine expression. As adults, males have increased Tregs
compared to females (G Afshan 2012), but how sex hormones regulate Treg
suppressive function in the lung is unclear. Future studies will need to determine
how sex hormones regulate Tregs during asthma.

11.4.3 Summary

A sex difference in asthma prevalence is well established. Mechanistic studies in
mice showed that estrogen signaling is important in increasing, while testosterone
and AR signaling are important in decreasing, type 2 and IL-17A-mediated
responses in allergic asthma. Additional studies are needed to determine if sex
hormones are important for IFN-γ production and Th1 infiltration in the lungs of
patients with severe asthma and Treg suppressive immune responses. Understanding
how sex hormones regulate the innate immune systems, including airway epithelial
cells, and the adaptive immune system will be imperative for determining why
asthma prevalence is increased in women compared to men.

11.5 Sex Differences in Fibrotic Lung Diseases

Fibrotic lung disease is a broad classification that includes increased proliferation
and differentiation of fibroblasts and myofibroblasts, resulting in the accumulation of
scar tissue and extracellular matrix and decreased lung function. Epidemiological
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studies show sex differences in the incidence and prevalence of fibrotic lung
diseases, including idiopathic pulmonary fibrosis (IPF), pulmonary hypertension,
sarcoidosis, and chronic obstructive pulmonary disease (COPD). Other chapters in
this book focus on sex differences in pulmonary hypertension and COPD. Therefore,
in this section, we will focus on sex differences in IPF and sarcoidosis.

IPF is typically diagnosed in patients greater than 65 years old, and men comprise
70% of all cases of IPF (Jo et al. 2017; Kropski and Blackwell 2019). Men with IPF
have a higher risk of death or lung transplant compared to women with IPF (Sheikh
et al. 2017). Increased exposure to environmental risk factors, including smoking
and exposure to coal or silica dust, is a potential reason for male predominance in
IPF (Jo et al. 2017; Kropski and Blackwell 2019). However, no defined mechanisms
explaining the sex difference or how sex hormones impact IPF have been elucidated.
The importance of sex hormones in disease pathogenesis also remains unclear since
IPF is diagnosed later in life, when sex hormones circulate at lower concentrations. It
is speculated that the initial onset of fibrosis in IPF occurs earlier in life, when sex
hormones are at higher levels, providing a potential role for sex hormones in disease
onset and fibrotic remodeling.

Animal models of pulmonary fibrosis have limitations in directly translating to
human IPF and mimicking progressive features of the disease. Bleomycin-induced
pulmonary fibrosis is a commonly used animal model, as bleomycin administration
leads to increased cellular apoptosis, infiltration of inflammatory cells, fibroblast
activation, and extracellular matrix depositions—hallmarks of the acute phase of IPF
and other fibrotic lung diseases (Tashiro et al. 2017). Bleomycin mouse models of
pulmonary fibrosis showed that male mice have increased fibrosis and decreased
lung function compared to females (Voltz et al. 2008; Redente et al. 2011). Andro-
gens, including DHT, worsened bleomycin-induced lung fibrosis in 8–12-week-old
mice (Voltz et al. 2008), suggesting that androgens accelerated pulmonary fibrosis.
However, IPF is typically diagnosed later in life when androgen levels are decreased,
so Redente and colleagues determined if bleomycin-induced pulmonary fibrosis
differed in young (8–12-week-old) and aged (52–54-week-old) male and female
mice (Redente et al. 2011). Young and aged male mice had increased bleomycin-
induced pulmonary fibrosis compared to female mice of the same age (Redente et al.
2011). Further, aged male mice had increased bleomycin-induced collagen deposi-
tion, neutrophilic inflammation, and mortality compared to aged female and young
mice from both sexes (Redente et al. 2011). The roles of estrogen in animal models
of pulmonary fibrosis have differing results. Estrogen enhanced bleomycin-induced
collagen deposition and increased monocytes, macrophages, eosinophils, and T cells
in rats (Gharaee-Kermani et al. 2005). However, additional studies showed the
estrogen metabolite, 2-methoxyestradiol, decreased pulmonary fibrosis and
increased survival (Tofovic et al. 2009) or had no effect on pulmonary fibrosis in
bleomycin-treated rats (Langenbach et al. 2007). Combined, these data suggest that
androgens and age progress pulmonary fibrosis where estrogen may have a
protective role.
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11.5.1 Adaptive Immune Responses in IPF

The role of the adaptive immune response in fibrotic lung diseases is not completely
understood as IPF is primarily recognized as a disease mediated by increased
macrophage and fibroblast-mediated fibrosis. Th1 cells secreting IFN-γ and TNF
may suppress fibroblast responses, whereas Th2 and Th17 cells secreting IL-4,
IL-13, and IL-17 may increase fibroblast activation, proliferation, and the production
of extracellular matrix. As mentioned in Sect. 11.4 on sex differences in adaptive
immune responses in asthma, ovarian hormones increased, while androgens
decreased cytokine production from Th2 and Th17 cells in culture. Therefore, if
males have increased incidence and prevalence of IPF, it is unclear how the role of
sex hormones on Th2 and Th17 cells may impact the progression of IPF, particularly
later in life when sex hormone levels have declined. B cells are also important in
fibrotic lung diseases either by contributing to fibrotic disease with the production of
autoantibodies or by suppressing fibrotic responses (Arras et al. 2006), but additional
studies using human cells and mouse models of pulmonary fibrosis are needed to
determine the mechanisms that sex hormones have on T and B cells in IPF.

11.5.2 Adaptive Immune Responses in Sarcoidosis

Sarcoidosis is an inflammatory disease characterized by multisystem non-caseating
granuloma formation (Birnbaum and Rifkin 2014; Kaiser et al. 2019; Grunewald
et al. 2019). The most common manifestation of sarcoidosis is in the lung, though it
can present in virtually any organ including the heart, brain, muscles, bones, eyes,
and skin. Patients with severe pulmonary disease have an increased mortality risk
and need increased immunosuppression to control disease (Birnbaum and Rifkin
2014). In terms of prognosis, more than 50% of sarcoidosis patients have limited
disease, with remission within 3 years (Birnbaum and Rifkin 2014; Grunewald et al.
2019). However, many patients have progressive disease, and up to one-third of
patients require long-term therapies. The incidence of sarcoidosis varies depending
on region, sex, age, and ethnicity, but sarcoidosis predominantly occurs in women
(Dumas et al. 2016). Markers of higher endogenous estrogen are associated with
decreased risk (Cozier et al. 2012), and therefore the later presentation of sarcoidosis
in women and increased prevalence in older women may be due to changes in
hormones after menopause.

Unlike other granulomatous diseases, which are primarily macrophage driven,
sarcoidosis is thought to be driven by IFNγ+ Th1 and IL-17A+ Th17 cells with
increases in the pro-inflammatory cytokines TNFα, IL-2, IL-6, IL-12, and IL-18
(Moller et al. 2017; Crouser 2018; Patterson and Chen 2018; Celada et al. 2018;
Kaiser et al. 2019; Grunewald et al. 2019; Starshinova et al. 2020). CD4+ T cells
from patients with sarcoidosis are also associated with higher expression of PD-1, an
inhibitory receptor that correlates with disease progression in persistently activated T
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cells (Celada et al. 2018). Tregs from patients with sarcoidosis also have reduced
suppressive function with decreased IL-10 production (Kaiser et al. 2019;
Grunewald et al. 2019). CD8+ T cells are also important in sarcoidosis, and an
increased CD4+ T cell to CD8+ T cell ratio in BAL fluid has been used to assist in
the diagnosis of sarcoidosis in patients (Kaiser et al. 2019; Grunewald et al. 2019).
Further, sarcoidosis patients have also been shown to have a polyclonal
hypergammaglobulinemia with increases in IgA-, IgG-, and IgM-secreting cells in
BAL fluid (Hunninghake and Crystal 1981). However, it remains unclear how sex
hormones mediate CD4+ T cells, CD8+ T cells, or B cells in sarcoidosis, and active
research is ongoing to determine these pathways.

11.6 Chapter Summary

B and T lymphocyte responses are imperative for eliminating antigens or infectious
agents from the lung, and sex hormones regulate lymphocyte activation, prolifera-
tion, and cytokine expression. This chapter largely focused on the role of sex
hormones on the adaptive immune response in asthma—as this is the lung disease
that has been most widely studied regarding sex hormone regulation of inflamma-
tion. However, a sex difference also exists in fibrotic lung diseases. Additional
research is needed to determine how estrogen and/or androgen signaling regulates
the innate and adaptive immune responses in fibrotic lung diseases. Defining these
mechanisms is critical for personalizing therapeutic approaches for women and men
through various reproductive stages of life.
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Chapter 12
Network Medicine and Systems Biology
Considerations to Understand Sex
Differences in Lung Disease

Dawn L. DeMeo

Abstract Men and women have different manifestations of major lung diseases
including chronic obstructive pulmonary disease (COPD), asthma, idiopathic pul-
monary fibrosis (IPF), and pulmonary hypertension. Examples of sex differences in
different molecular data types have been observed (genetic, transcriptomic, epige-
netic, metabolomic), but few studies have harnessed the power of network medicine
and systems biology to unravel the complexity of sex differences in lung disease.
Men and women respond differently to environmental exposures, likely capturing
both gender (societal constructs) and sex (biologic) effects relevant to the lung. Data
collection on gender and gender identity has not been routine in genomic studies but
must be performed to develop the most comprehensive precision-based network
medicine approaches to lung disease. Each layer contributing to complex networks
manifests the aggregate influence of gender- and sex-specific signatures, and these
should be systemically evaluated. Many emergent properties and biologic pathways
uncovered by sex-specific network analyses would be missed by single omic-type
analyses alone. Common approaches in precision medicine have generally not
considered sex and gender as key organizing principles. Leveraging “big data”
will provide the most advanced insights into sex and gender differences in lung
health, resilience, and disease.

Keywords Sex · Gender · Genetics · Genomics · Epigenetics · Networks · Network
medicine · Systems biology
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• Network and systems biology approaches to lung diseases which include sex (and

gender) considerations.
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• Inclusion of X and Y sex chromosomes in big genomic data analyses of lung
disease.

• Analysis of big data interactions by sex and considerations of sex and effect mod-
ification by age.

• Stratified analyses to consider within and between sex differences in lung health
and disease.

• Measurements of hormones across the life course to evaluate the modifying role
on genetic/genomic profiles and genomic networks.

• Validation in cellular and in vivo models with verification of sex of cell lines and
balance of sex in model organisms.

12.1 Introduction

Network medicine and systems biology approaches are well suited to address sex
differences in lung diseases. Network and integrative approaches by their nature are
not reductionistic, and the comprehensive nature of such models allows for consid-
eration of sex (and gender) interactions together with connections between genes and
functional readouts of the genome, including the metabolome and proteome. Given
the relative ease and high throughput with which genomic data are generated,
systems biology has been deemed a solution for addressing new questions about
sex differences driving health and disease (Arnold et al. 2009). The strength of all
systems and network approaches is that emergent properties, here of the lung, that
differ by sex are not predictable through the study of a single component or genomic
contribution to the network. A decade ago systems approaches were beginning to be
used to address sex differences in gene networks; the scale and pace of computa-
tional approaches to modeling sex differences have grown (van Nas et al. 2009), but
limited application to sex differences in diseases remains.

Network and systems biology approaches have been applied to understanding
COPD, asthma, IPF, and overlaps between these diseases (Maiorino et al. 2020;
Halu et al. 2019), but few studies have addressed sex and gender in the framework of
lung disease networks (Glass et al. 2014). One compelling reason for comparing and
contrasting sex-specific signatures as we move toward harnessing network and
systems approaches is that sex differences in networks may be extended to the
discovery of targetable connections for the development of sex-specific therapeutics.
Nodes in regulatory networks are generally genes, and sex differences in networks
may arise because of the variety of sex-specific influences on gene nodes and edges,
such as those related to X and Y chromosomes, methylation, and hormones, as well
as gendered exposures such as diet, inhalational exposures, and occupation. The
“sexome”(Arnold and Lusis 2012) was suggested to describe a principled approach
to integrating and studying sex-biased features of gene networks and cellular
systems, “as the sum of all sex-specific and sex-biased modulatory interactions
that operate within the networks creating sex differences in connectivity and activity
of nodes”(Arnold and Lusis 2012). Understanding the “sexome” of the lung and
lung diseases requires the synthesis of information about which network features are
sex biased and how they interact to form sex-specific or global manifestations of
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health and disease. To understand sex difference in lung disease (for lung cells, the
whole lung, or patient level) using a systems approach, we must first understand the
sex differences in the network layers (e.g., genetic, transcriptomic, and epigenetic)
and then endeavor to bring these layers together, as molecular interactions are more
representative of the in vivo reality than single omic (molecular data) findings.

This chapter will focus on sex (the biologic construct) in genomics. Gender (the
societal construct) has been poorly measured in cohorts and trials of lung disease,
and this represents a missed opportunity to perform the most comprehensive inves-
tigation of differences in lung disease pathogenesis between men and women.
Differences between sex, gender, and gender identity and the interplay with
human genetics have been reviewed recently (Oertelt-Prigione and Mariman
2020). Lung disease disparities are evident in women particularly for sex/gender
minority women (Pinkerton et al. 2015); representation of women in lung disease
research has lagged, limiting insights in pathogenesis and therapeutic response for all
women, including transgendered women. Research focused on network medicine
and systems biology approaches to both sex and gender requires collection of omic
data in these frameworks; given the limited gender-based information in genomic
and network studies, we focus on sex differences in genomics and network
approaches.

12.2 Sex Chromosomes in Lung Health and Disease

Sex-biased factors start with the organizing influences related to the inequality of the
sex chromosomes, with the presence of the Y chromosome in males and inequality
of X chromosomes (Arnold 2017). The study of sex chromosomes has not been as
comprehensive in lung disease. Many large-scale genomic studies have excluded sex
chromosomes and have not performed the careful remapping of sex chromosome
data suggested for genetic and transcriptomic analyses (Webster et al. 2019; Olney
et al. 2020).

The most important Y chromosome factor is Sry, which leads to testicular
development and hormone secretion. Sry (sex determining region Y) as a key
organizing component is easily neglected in big data analysis that has routinely
deleted sex chromosome information. The absence of the transcription factor Sry in
females has been suggested as one reason for a sex imbalance in pulmonary
hypertension (Yan et al. 2018; Frump and Lahm 2018) given Sry regulation of
BMPR2 expression. The Y chromosome influences immune and inflammatory
responses in men and has been implicated in hypertension and cardiovascular
disease (Eales et al. 2019). Efforts have focused on systemic analysis of the Y
chromosome together with complex traits and disease, but big data analysis of
lung diseases has not systematically reported these associations.

Studies of the X chromosome are more common than the Y in genomic analyses
and systems biology, although finding reports of X chromosome associations from
large-scale genetic and genomic studies still proves challenging, including for the
lung. One of the X chromosomes in females undergoes inactivation to reduce
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transcriptional imbalance, but in females the X chromosome inactivation is incom-
plete, and X genes can undergo tissue-specific inactivation, including in the lung
(Tukiainen et al. 2017). These variable escape genes manifest sex differences in gene
expression and in targeting gene regulatory networks (Tukiainen et al. 2017; Lopes-
Ramos et al. 2020), but escape genes have not been routinely studied in lung disease
and represent a missed opportunity for investigating sex differences (Tukiainen et al.
2017; Lopes-Ramos et al. 2020). One study of sex and age effects in 1111 lung
tissues revealed 17 X chromosome genes with sex-biased gene expression; 16 of
these genes had previous support as having escaped X inactivation, suggesting that
escape from inactivation should routinely be considered together with X chromo-
some variation in lung disease (Dugo et al. 2016). From a big data standpoint, the
association of X inactivation with human disease further supports the need to use
systems and network approaches to integrate multi-omics, including the integration
of DNA methylation (the driver of X inactivation) with gene expression in the lung.

12.3 Single Omic Support for Molecular Sex Differences
in Lung Disease

As big data grows bigger and questions arise about what we have learned about lung
disease from large-scale genetic studies, it is important to emphasize the inherent
public health implication of big data. Genomic investigation provides unprecedented
detail and scale of information about disease etiology, risk, preventative interven-
tions, diagnostics, and therapeutics (Molster et al. 2018). By extension, genome-
level multi-omic data is foundational for informing the role of big data in precision
public health (Dolley 2018), but to be truly reflective of patient level insights, big
data should address sex differences. To this point, prior studies have suggested that
large studies and systematic evaluations are needed to identify differences in genetic
effects between men and women (Orozco et al. 2012). In this section, we will
provide exemplars of genomic data supporting sex-specific associations with lung
disease, as these are expounded upon more extensively in this book.

12.4 Genetics

Sex-specific genetic associations have been suggested to be poorly supported or
frequently spurious, based on claims in small-scale and candidate gene studies
(Patsopoulos et al. 2007). In a recent large-scale meta-analysis, a sex-stratified
genome-wide association study (GWAS) of COPD, and a variant-by-sex interaction
term was modeled in the UK Biobank with replication efforts in additional cohorts;
no significant variant effects by sex were noted (Sakornsakolpat et al. 2019). Joint
interaction analyses have been proposed to support sex differences in genome-wide
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studies (Gilks et al. 2014). In the lung, examples of significant sex interactions have
been modeled for autosomal genes. Genome-wide gene-by-sex interactions have
revealed sex-specific associations with the cadherin EGF LAG seven pass G-type
receptor 1 (CELSR1) gene, with COPD associations in women not men (Hardin et al.
2017). CELSR1 has been previously identified as a key gene related to branching
morphogenesis in the lungs (Yates et al. 2010). Potential sex-specific developmental
associations of this gene were further supported by the observation of statistically
significant differences in sex-specific gene expression of CELSR1 in human fetal
lung tissue, with higher expression in lung tissue from females, potentially
suggesting sex-specific analysis of genetic data, and integration with expression
information may point toward early-life origins of sex differences related to lung
disease susceptibility.

The earliest genome-wide association studies of lung function and COPD did not
model sex interactions nor included sex chromosomes (Cho et al. 2010). Subsequent
studies performed analyses of lung function that included the X chromosome. For
example, Wain et al. studied 48,943 individuals from extremes of lung function in
the UK Biobank and followed up an additional 95,375 individuals to identify 97 total
signals for lung function that included an X chromosome variant. Given that the
most strongly associated X variant (rs7050036) was not routinely evaluated in
studies of COPD, this X variant was not further investigated (Wain et al. 2017).

Polygenic risk scores have been suggested to address the generally small cumu-
lative effect of gene variants on complex traits. Such risk scores have been devel-
oped for COPD (Moll et al. 2020), but these risk scores do not include the sex
chromosome variants. The development of polygenic risk scores (PRSs) has been
possible due to the growth in the size of genetic datasets for lung disease. Recently
sex-specific composite genetic risk scores have been developed using large-scale
data from the UK Biobank for 13 diseases (including COPD) and 12 mortality risk
factors (including smoking status) (Meisner et al. 2020). Here, individual disease
PRSs were evaluated with cause-specific mortality from that disease based on the
outcome from Cox proportional hazards models. In addition to the observation of a
sex difference in mortality associations with PRS (including for COPD), this appli-
cation of PRS elevates the need to calculate and apply sex-specific PRSs from
sex-specific associations in complex lung diseases. The development and application
of PRS to large-scale sex-specific genetic data for lung disease represent a crucial big
data direction for genetic variation data to address sex differences.

12.5 Gene Expression

Sex and age likely impact key manifestations of lung disease, as evidenced by
differences in asthma rates in boys and girls before puberty and differences in
obstructive lung disease features in men and women across the life course (DeMeo
et al. 2018). The human lung transcriptome is likely under combined influence of sex
and age (Dugo et al. 2016). Twenty-five genes demonstrated replicated gene
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expression differences by sex in a robust test validation approach. These genes
included 5 genes that were upregulated and 20 genes downregulated in men versus
women, with 5 mapped to 4 autosomes, 17 mapped to the X chromosome, and
1 mapped to the Y chromosome. Using a gene set enrichment approach, no gene set
was observed to be enriched in males versus females.

Sex differences in gene expression have been reported for both autosomal and X
chromosome genes, but these differences are small in magnitude and usually most
convincing for the X chromosomes (Mele et al. 2015; Gershoni and Pietrokovski
2017; Lopes-Ramos et al. 2020). The small magnitude of differences observed by
these studies and studies of the lung transcriptome supports the concept that although
large differences in gene expression may not be observable sex-specific gene
regulation may drive differences in lung outcomes in men and women. One study
observed that the most significant tissue-specific gene expression difference for 1021
X-linked transcripts from 617 individuals across 40 tissues was in the KAL1 gene in
lung tissue, with the highest gene expression in lung tissue from females (Kassam
et al. 2019). These large-scale gene expression studies highlight the importance of
the X chromosome in the integrated framework motivating systems approaches to
sex differences in lung disease.

Genetic variation (SNPs) may contribute to sex differences in prevalence, pro-
gression, and severity of lung disease through variable regulatory roles genetic loci
may play in one sex but not the other. Evaluation of expression quantitative trait loci
(eQTL) by sex may provide insight into gene-by-sex interactions (Ober et al. 2008).
Sex-biased eQTL may reveal instances for which the association between genotypes
and gene expression varies by sex, and these have been suggested for upward of 15%
of eQTL, suggesting sex as a background for variable functional effect for genetic
loci (Dimas et al. 2012). Not unexpectedly there is an enrichment of sex-specific
eQTL noted on the X chromosome (Kukurba et al. 2016). Other studies of large-
scale sex-specific eQTL have suggested that tissue-specific sex differences may be a
result of causal genetic loci being located in tissue-specific enhancer regions of the
genome (Kassam et al. 2019). Other investigators have linked sex-specific differen-
tially expressed genes with lung and blood eQTL results to reveal four “male-
specific” and one “female-specific” gene dysregulated in asthma (FBXL7, ITPR3,
RAD51B, and ALOX15 in males and HLA-DQA1 in females), further supporting the
utility of integrating molecular data to identify sex-specific genes for asthma
(Gautam et al. 2019).

12.6 Epigenetics/DNA Methylation

Epigenetic variability may drive key aspects of sex-specific features of health and
disease. Sex-biased DNA methylation patterns have been observed in blood (Liu
et al. 2010; Singmann et al. 2015; Maschietto et al. 2017; Yousefi et al. 2015) and
adult and fetal lung tissues. Although variable DNA methylation in lung tissue has
been associated with COPD (Morrow et al. 2016), sex-specific interactions have not
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been modeled on a large scale for lung tissue. Returning to the importance of the sex
chromosomes, both X chromosome dosage and the presence of the Y-linked SRY
gene influence gene promoter methylation (Ho et al. 2018), and sex hormones likely
have sex-specific effects on DNA methylation. A meta-analysis of 39 studies iden-
tified 184 differentially methylated sites by sex (McCarthy et al. 2014); pathways
that were enriched for genes differentially methylated by sex included RNA splicing
and DNA repair, key elements of gene regulation. Of note, lung tissue samples were
excluded from this comprehensive meta-analysis. Similar to sex-specific differences
in gene expression, the magnitude of the differences in methylation are small, but
these may have significant impact on gene network regulation.

Differential methylation in buccal source DNA has been associated with current
smoking including in the CYP1B1 xenobiotic metabolizer gene, with additional
correlations with time since cigarette smoke cessation and cumulative smoke expo-
sure. Differential methylation in CYP1B1 was also associated with reduced lung
function and radiographic emphysema only in females, not in males, suggesting that
sex-specific differential methylation may be a biomarker of sex-specific phenotypes
associated with COPD (Wan et al. 2015). Although DNA methylation has been
demonstrated to be predictive of mortality in current and former smokers (Morrow
et al. 2020), to date, these models have not rigorously assessed sex-specific associ-
ations with DNA methylation and mortality for lung disease. On a smaller scale,
single gene modeling of sex-specific differential methylation of the interferon
gamma gene promoter has revealed sex differences which may be relevant to allergic
sensitization and asthma (Lovinsky-Desir et al. 2014). Consideration of methylation-
by-sex interactions has not been routine in the investigation of lung diseases, but
given the availability of large-scale DNA methylation datasets, modeling
sex-specific effects on a well-powered scale will become possible and will contribute
important additional information to sex-specific systems biology and network inter-
rogations of lung diseases.

12.7 Network Medicine Approaches to Sex Differences
in Lung Disease

Network medicine uses the concepts of computational and systems biology to
integrate big omic data in a unified framework to investigate health and disease.
These approaches are less reductionistic than single omic approaches. Through
integrative approaches, network medicine endeavors to infer and interrogate molec-
ular networks with a goal of improved diagnostics and eventually therapeutics.
Knowledge gaps in network medicine approaches have been highlighted to include
precise identification of causal genes, incomplete molecular interactomes, and lim-
ited application of methods to human diseases (Silverman et al. 2020). Of greater
concern is the limited consideration of sex-specific aspects of network models and
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the lost opportunities related to imprecise modeling of disease networks without the
inclusion of sex chromosomes.

Single genes associated with disease do not act in isolation but likely through
connections with other genes. Network approaches allow for identification of gene
clusters (modules) that may play a role in disease and the identification of how
clustered genes are connected (with nodes and edges). The “sexome” has been
coined to describe combinations of sex-biased or sex-informed effects on gene
networks which together impact sex-specific features of gene connectivity and
activation (Arnold and Lusis 2012). Sex differences are apparent for different lung
diseases in each of the individual layers that contribute to network medicine
approaches, as reviewed comprehensively in this book (Fig. 12.1). Complementary

Fig. 12.1 Network medicine includes layers of biomedical data from the genome, transcriptome,
epigenome, and proteome (and other “big data” types) which are nodes in the networks connected
by links (called edges). The development of networks for data from males and females will provide
important data on sex-specific biomarkers, diagnostics, symptom networks, disease subtypes, and
therapeutics. (Reproduced from Sonawane et al. with permission)
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but distinct network modeling approaches should be used to bring together genomic
big data in a network framework (Fig. 12.2).

Correlation-based network methods have revealed sex-specific patterns of gene
co-expression in non-gonadal tissues. For example, in a large-scale application of
weighted gene co-expression network analysis (WGCNA), 42 co-expression mod-
ules were identified in males and 46 in females and suggested network-based
approaches to distinguish sex differences not captured by the analysis of individual
genes (Mele et al. 2015). Sex-specific gene modules and network observations are
also impacted by gonadal hormones (van Nas et al. 2009) and X chromosome dosage
(Raznahan et al. 2018). Gene co-methylation-based approaches have been applied to
identify race differences in COPD susceptibility and severity (Busch et al. 2016),
fetal origins of COPD (Kachroo et al. 2020), chronic hypersensitivity pneumonitis
(Furusawa et al. 2020), and asthma (Kelly et al. 2018), but the exploration of the
correlation networks using DNA methylation, gene expression, or metabolomic data
has not yet been performed to study sex differences in lung disease.

Integration of many layers of data in a network framework is likely to provide the
most informative information about baseline sex-specific features in the lung (nor-
mal “sexome”) that are perturbed in disease. Observing sex differences in the
different genomic layers of data is compelling and further supports the importance
of using less reductionist approaches to study sex differences. Modeling interactions
between transcription factors and the genes they regulate is particularly suitable for
studying sex differences in gene regulatory pathways, especially when nominal
differences in gene expression are observed by sex. In a large-scale analysis,
minimal sex differences were observed for gene expression for autosomal genes,
although sex differences in gene regulation were observed across the genome for all
29 tissues studied, including lung tissue (Lopes-Ramos et al. 2020). An important
advance in this paper is the inclusion of the sex chromosomes in the network models,
as many prior sex-specific network models have excluded the sex chromosome data
(Fig. 12.3). Another study leveraged gene regulatory networks to identify
sex-specific communities of genes (Padi and Quackenbush 2018), and extension
of these methods of the lung would be informative.

In an earlier application of gene regulatory network modeling to COPD, a
network inference method called PANDA (Passing Attributes between Networks
for Data Assimilation) was applied to model sex-specific networks in blood and
sputum samples from subjects with COPD. Given the imbalance of numbers of male
and female subjects, which is common in past studies of lung disease, a
bootstrapping approach was applied to address this imbalance in the network
inference. Statistical comparisons revealed sex-specific differential targeting of a
multitude of genes (Fig. 12.4), with enrichment for mitochondrial pathways in
association with lung disease in women (Glass et al. 2014).

Network methods applied to these two datasets revealed pathogenic pathways
that were not revealed by sex-specific gene expression differences, which were
nominal. A limitation of this early effort was that X and Y chromosomes were
excluded from the analyses, which further highlights the challenges and opportuni-
ties of integrated approaches to investigating sex differences in lung disease using
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network methods. Even in the absence of major differences in gene expression by
sex for lung diseases, evaluating regulatory networks can uncover latent differences
in gene networks and emergent properties that may drive lung disease-associated
traits and sex-specific disease progression.

Fig. 12.3 This figure details a study of big data used to investigate sex differences in gene
regulatory processes; this model starts with large-scale omic data from the Genotype-Tissue
Expression (Gtex) project. Tissue transcriptome analyses were performed and revealed few differ-
ences in gene expression. Two network modeling approaches (PANDA and LIONESS) were
applied to the transcriptome data to infer individual-level gene regulatory networks. There networks
revealed sex differences in gene targeting despite minimal differences by sex for gene expression.
(Reproduced from Lopes-Ramos et al. with permission)
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12.8 Validation of Human Disease Network Findings

In the era of big data, replication and in vitro validation of complex genomic findings
are more feasible due to large consortia and multifaceted collaborative projects,
including the NHLBI Trans-Omics for Precision Medicine (TOPMed) initiative. In
the process of validation of findings from big data analyses, laboratory investigation
frequently turns to the use of cell lines. Although compelling arguments have been
made regarding the need to report and consider the sex of cells being used in
experiments, this is hardly routine. A likely explanation for not reporting the sex
of cell lines in basic science studies of lung cells is that investigators do not know the
sex chromosome complement of the cell lines (Shah et al. 2014). For the lung, given
the compelling sex-specific findings from various genomic layers and networks, the
complement of sex chromosomes likely influences cellular physiology and thus the
robustness of in vitro validation of findings from network analyses of lung disease.
For example, A549 and BEAS-2B, two commonly used cell lines, are genetically
XY, raising questions about the use of these cell lines in the study of validation of
sex-specific findings in females from genetic and network models. In vivo modeling
of lung diseases should be done in organisms of both sexes to evaluate conservation
of lung network sex differences. Sex-specific modeling of gene regulatory networks
in cancer revealed difference in drug metabolism pathways between colon cancer
networks. Gene regulatory differences were identified prior to chemotherapy,
suggesting that sex differences in responses to therapeutics were predictable from
network models. Drug metabolism genes were not identified using gene expression
alone, but sex-specific differential targeting of the drug metabolism pathway was
associated with higher overall survival in females but not males treated with che-
motherapy (Lopes-Ramos et al. 2018). As a goal of network medicine for lung
disease is to translate in silico findings to patient therapeutics, modeling differences
conserved by sex in animal models will allow for rigorous testing of sex-specific
precision therapeutics identified through big data analytics and systems biology.

12.9 Conclusions

Men and women have different manifestations of major lung diseases including
COPD, asthma, IPF, and pulmonary hypertension. Examples of sex differences in
different molecular data types have been observed (genetic, transcriptomic, epige-
netic, metabolomic), but few studies have harnessed the power of network medicine
and systems biology to unravel the complexity of sex differences in lung disease.
Men and women respond differently to environmental exposures, likely capturing
both gender (societal constructs) and sex (biologic effects) on the lung and future
lung resilience and disease. Data collection on gender and gender identity has not
been routine in genomic studies but must be performed to develop the most
comprehensive precision-based network medicine approaches to lung disease.
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Each layer contributing to complex networks manifests the aggregate influence of
gender- and sex-specific signatures, and these should be systemically evaluated. This
chapter has provided examples of sex differences in genetic, gene expression, and
DNA methylation data. Using a network framework, it is clear that many emergent
properties and biologic pathways uncovered by sex-specific network analyses would
be missed by single omic-type analyses alone. Common approaches in precision
medicine have generally not considered sex and gender as key organizing principles.
Large-scale artificial intelligence algorithms in biomedical research, including
machine learning and natural language processing, have generally not considered
biases related to sex and gender (Cirillo et al. 2020). While sex-specific insights into
variable responses to lung disease treatments have started to emerge (Tsiligianni
et al. 2017; Ohar et al. 2020), we need to provide more comprehensive and unbiased
network medicine models to most effectively translate systems biology insights into
precision medicine applications. The continued investigation and growing literature
related to sex and gender differences in sleep and lung disease present both chal-
lenges and opportunities for improving lung health for all individuals. Sex and the
“sexome” (Arnold and Lusis 2012; Arnold et al. 2009) should be modeled in
network approaches in both preclinical and translational research. Big data analytics,
machine learning, and artificial intelligence approaches to precision medicine for
lung disease must address both sex and gender as we move toward the translation of
sex-specific insights into therapeutics for the preservation of lung health and pro-
motion of lung resilience.
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Chapter 13
Sex Differences in Respiratory Infection

Valerie F. L. Yong, Tavleen K. Jaggi, Louisa L. Y. Chan, and
Sanjay H. Chotirmall

Abstract Respiratory infections are an important and frequent cause of morbidity
and mortality globally. Sex and gender-based differences in lung infection are
recognized and gradually gaining importance due to the potential for gender-tailored
therapeutics. While sex and gender differences are widely acknowledged in the
evaluation of chronic respiratory disease states such as asthma, chronic obstructive
pulmonary disease (COPD), and cystic fibrosis (CF), acute and chronic respiratory
infection complicate all of these and, in themselves, depending on age and organism,
demonstrate sex differences. Males are disadvantaged in the occurrence and severity
of lower respiratory tract infections such as pneumonia, while females suffer more
commonly with upper respiratory tract ailments including tonsillitis and sinusitis.
Differences in genetics and immunity have been forwarded as explanations for such
differences; however, it is likely that a complex interplay of sex steroid hormones,
host immunity, genetics, anatomical variation, and lung physiology, in addition to
sociocultural and behavioral factors, influences the observed sex differences in
respiratory infection. This chapter aims to assess the current state of the literature
in this field and expound the range of its contributory factors.

Keywords Respiratory infection · Sex · Male · Female · Gender

13.1 Introduction

Respiratory infection remains a leading cause of morbidity and mortality across all
age groups internationally. Sex and gender differences in respiratory infection are
recognized and rapidly gaining interest from both clinical and academic communi-
ties (Table 13.1). Little is known about the underlying mechanisms that drive sex
differences observed in respiratory infection as the area has been best studied in
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relation to chronic respiratory disease states including asthma, chronic obstructive
pulmonary disease (COPD), cystic fibrosis, and pulmonary hypertension. Despite
such lack of mechanistic data, strong evidence does exist from both human and
animal studies indicating that males remain disadvantaged in terms of their suscep-
tibility, course, clearance, and resolution of respiratory infection with the exception
of some upper respiratory tract infections (URTIs) including sinusitis, tonsillitis, and
otitis externa, all of which are more frequent in females (Ben-Shmuel et al. 2018;
Binet et al. 2012; Chamekh et al. 2017; Falagas et al. 2007; Ingersoll 2017; Kadioglu
et al. 2011). What drives such variation in the occurrence and response to respiratory
infection between the sexes? There is no single factor that explains such differences
but rather a complex interaction of diverse and varying factors that have been
summarized in Fig. 13.1 and are detailed in the current chapter.

Differences in lung structure and function may also at least in part explain such
sex-related disparities in lung infection. Sex hormones, for instance, play a critical
role in lung development and direct the growth and maturity of the central and
peripheral airways in addition to roles in surfactant production. While the lungs of
males are generally larger than those of females throughout life, female lungs
importantly attain an earlier maturity and long-term airway patency, which in turn
leads to greater expiratory flow and mucociliary clearance potentially explaining
why young males may be prone to a higher frequency of lower respiratory tract
infections.

Furthermore, sex hormones have central roles in directing different responses
across a range of respiratory pathogens (Caracta 2003). Apart from effects on lung
growth, development, and maturity (Sathish et al. 2015; Seaborn et al. 2010), sex
hormones also exert substantial influences on the immune response to infection

Fig. 13.1 Factors influencing sex differences in respiratory tract infection (RTI)
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(Bouman et al. 2005; Fischer et al. 2015; Sathish et al. 2015). Such hormonal-
endocrine-lung interplay could well be critical for observed sex and gender dispar-
ities in the response to lung infection. Overall, estrogens, the predominant female
hormones, exert a substantially vigorous humoral and cellular immune response
leading to overall more favorable outcomes through pathogen clearance, while
androgens, the key male hormones, reduces immune competence rendering this
latter group more susceptible to infection (Bouman et al. 2005; Klein 2000). The
best-studied example of a respiratory tract infection in human and murine models is
pneumonia, where sex steroid immune modulation causes a significantly enhanced
inflammatory response in male mice leading to higher overall mortality (Chamekh
et al. 2017; Gannon et al. 2004; Kadioglu et al. 2011; Neupane et al. 2010). In
contrast, females with cystic fibrosis illustrate poorer outcomes, particularly in the
setting of Pseudomonas aeruginosa infection, largely attributed to the increased
risks of its mucoid conversion (Abid et al. 2017; Chotirmall et al. 2012). During
states of increased inflammation, pro-inflammatory cytokines also reach signifi-
cantly higher concentrations in males (Casimir et al. 2013) leading to further tissue
injury, inflammation, and damage. Male sex is identified as an independent risk
factor for respiratory syncytial virus (RSV) infection (Simoes 2003), whereas avian
and pandemic influenza viruses demonstrate more severe disease in females (Ghosh
and Klein 2017; Larcombe et al. 2011). Even within the current COVID-19 pan-
demic, males appear to demonstrate poorer clinical outcomes (Jin et al. 2020;
Sharma et al. 2020; Wenham et al. 2020). Therefore, when taken together, sex
hormones appear critical in promoting sexual dimorphism in response to pulmonary
infection; however, it must be considered that the measured responses are likely
pathogen- and tissue-specific (Enarson and Chretien 1999; McClelland and Smith
2011).

The immune response to respiratory infection further varies with cyclical changes
in female sex hormone concentrations, particularly during the variable reproductive
phases of the menstrual cycle and physiological states such as pregnancy. As sex
hormones remain in relatively low concentrations in the prepubertal and latter stages
of life, gender-related differences to infection cannot be solely attributed to sex
hormones alone. Genetic-chromosomal-related effects may be useful in explaining
observed gaps. Females are natural mosaics in terms of genetic content, deriving
genes from both parents. Several immune cell-related genes are also located on the X
chromosome, with approximately 10–15% escaping X inactivation (Bianchi et al.
2012; Ingersoll 2017). Such polymorphism associated with these X-linked genes
grants females considerable immune advantages over the male sex, particularly in
relation to combating and even surviving infection (Bianchi et al. 2012; Fish 2008;
Libert et al. 2010; Spolarics 2007). In addition, X chromosome-linked microRNAs
are now recognized to further modulate immunity and the associated infection
response, with roles in sex-associated susceptibility to infection a particular focus
for recent investigations (Chamekh et al. 2017; Pinheiro et al. 2011; Sharma and
Eghbali 2014).

Key factors independent of genetics and hormones also have roles. These include
sociocultural and behavioral influences, which to some extent explain gender
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variation and susceptibility to respiratory infection (Pinkerton et al. 2015; Vazquez-
Martinez et al. 2018). Women are generally more likely to be caregivers and hence
may be more susceptible to URTIs, while smoke exposure in kitchens or exposures
to other household pollutants can further increase susceptibility to developing airway
disease and therefore subsequent infection (Falagas et al. 2007). Social status,
physical inactivity, poor nutrition, coexistence of chronic respiratory disease, and
in some cases, lifestyle choices including smoking can further predispose to acute
respiratory infection in relevant patient groups (Cohen 1999; Graham 1990; Haenle
et al. 2006).

13.2 Airway Anatomy, Physiology, and Host Genetics

Male sex is described as an independent risk factor for perinatal and postnatal
respiratory comorbidity including the occurrence of URTIs (Ben-Shmuel et al.
2018; Greenough et al. 2005; Liptzin et al. 2015; Townsel et al. 2017). Although
low birth weight, prematurity, and maternal smoking are all additional contributory
factors, anatomical and physiological differences to the development of the lung are
equally important to fully appreciate the gender-related differences observed in lung
health and in diseased states (Binet et al. 2012; Kotecha et al. 2018; Liptzin et al.
2015). Such differences are observed as early as 16–24 weeks of gestation and
continue into adulthood and even as one ages.

Lung development, lung maturity, and the development of lung pathology all
appear to be at least in part related to and regulated by sex hormones (Carey et al.
2007a, b; Seaborn et al. 2010; Townsend et al. 2012). Even with smaller-sized lungs
and fewer bronchioles at birth, fetal female lungs exhibit overall faster maturation as
demonstrated by earlier mouth movement and surfactant production. Estrogens have
a key role and elucidate stimulatory effects by promoting surfactant production and
proportional airway and lung parenchymal growth leading to higher expiratory flow
rates. Conversely, androgens demonstrate inhibitory effects on surfactant produc-
tion, and growth of the central and peripheral airways is delayed in comparison to
that seen in the lung parenchyma. Such airway “dysanapsis” leads to lower expira-
tory flow rates and likely explains the higher rates of respiratory distress syndrome,
bronchiolitis, and lower respiratory tract illness observed in male infants (Boezen
et al. 2004; Liptzin et al. 2015; LoMauro and Aliverti 2018; Raghavan and Jain
2016; Sathish et al. 2016). Airway thickening, attributed to increased smooth
muscle, further contributes to the higher rate of respiratory infection in young
males (Boezen et al. 2004).

Sex differences in airway hyperresponsiveness to environmental agents are
demonstrated in several human and murine studies reaffirming an important role
for sex hormones in respiratory tract physiology. Male mice, for instance, following
lipopolysaccharide (LPS) exposure, demonstrate excessive airway
hyperresponsiveness and greater inflammatory responses compared to female
mice. These effects are significantly reduced on castrated male mice, while the
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administration of exogenous testosterone in female mice increases inflammation to
levels comparable to male mice (Card et al. 2006; Card and Zeldin 2009). Con-
versely, human studies illustrate that females are more sensitive overall to LPS
exposure in comparison to males (Kline et al. 1999). Sex hormones and intersect
with lung physiology continue into adult life; however, where disease develops, such
axes may be disrupted. Gender differences, for instance, in older adults demonstrate
different patterns particularly in the setting of chronic inflammatory respiratory
diseases such as asthma and cystic fibrosis, where females tend to have higher
disease burdens and greater severity. Therefore, the pulmonary interplay with sex
hormones can vary and may depend on an individual’s age and experimental model
used for assessment and underlying respiratory disease. However, the significance of
the interaction between sex hormones, lung maturity, physiology, and the develop-
ment of pathology should not be underestimated and remains an important area of
ongoing research. The precise relationship between sex hormones and specific roles
in individual respiratory tract infections are discussed in more detail in subsequent
sections of this chapter.

Anatomical differences between the sexes are not restricted to the lower but
remain relevant to the upper respiratory tract. Studies demonstrate that females
remain more susceptible to rhinosinusitis, attributed to their relatively smaller ostia
compared to age-matched males (Chen et al. 2003; Falagas et al. 2007). Similarly,
acute and chronic sinusitis are both more prevalent and demonstrate longer disease
duration in females (Shashy et al. 2004; Stalman et al. 2001).

Genetic diversity is an important contributing factor to the observed differences in
immune response between the sexes. Human sex is determined by the XY
sex-determination system where females demonstrate two X chromosomes, one
maternally and the other paternally derived, while males have a maternal X and
paternal Y chromosome. X chromosome inactivation is a further and essential
physiological process to silence one of the X chromosomes in females to allow
regulation and prevent overexpression of X-linked genes (Brockdorff 2011). This
confers a highly polymorphic gene expression program that directs various cell types
for each to respond differently to immune challenge (Spolarics 2007). While
X-linked genes associate tightly with the regulation of the innate and adaptive
immune systems (Brooks 2010), disruption can lead to severe developmental
and/or health-related consequences (Lyon 1961; Migeon 2017). Pattern recognition
receptors (PRRs) including the toll-like receptors (TLRs), innate immune-associated
genes, and many transcriptional and translational effectors, all associated with the X
chromosome, control important functions downstream of the activated
pro-inflammatory cytokine receptors. Other important X-linked control mechanisms
include noncoding microRNAs (miRNAs) which influence sex-related differences in
immunity including the inflammatory response: the X chromosome contains up to
10% of total genomic miRNA with relatively little locating to the Y chromosome
(Dai et al. 2013; Pinheiro et al. 2011).
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13.3 The Influence of Sex Hormones on Lung Infection

Lung infection, such as pneumonia, occurs when microbes (bacteria, viruses, fungi,
and/or parasites) colonize, infect, and multiply within the lung, eliciting an immune
response (Daltro et al. 2011). For microbes to achieve an optimal environment for
survival, they utilize signaling molecules including sex hormones to aid communi-
cation, facilitate replication, and promote survival (Chadeganipour and Mohammadi
2015; Elizabeth García-Gómez and Camacho-Arroyo 2012).

The major female endocrine hormones, estradiol and progesterone, and key male
equivalent testosterone are produced in the ovaries and testes, respectively, but,
however, may also be locally produced in adipose tissue and the liver, acting in the
latter in largely paracrine fashion (Wierman 2007). Sex steroids, in particular
androgens, estrogens, and progestogens, have cholesterol as a base precursor with
actions facilitated by their respective receptors: the estrogen receptor (ERα or ERβ),
the progesterone receptor (PR-A or PR-B), and/or the androgen receptor (AR). Such
receptors are expressed within the lung and homologs described in some microbial
pathogens (Elizabeth García-Gómez and Camacho-Arroyo 2012; Tam et al. 2011).
Estrogen receptors, expressed in the upper and lower respiratory tract of mice, have
been shown to influence the formation of pulmonary alveoli (Massaro and Massaro
2004).

Sex steroid concentrations fluctuate over time and with age, altering across life
span due to age, menstruation, pregnancy, menopause, stress, medication, and/or
environment. In females, estrogen and progesterone levels alter with menstrual
cycling and at even higher levels during pregnancy (Brown 2011). Conversely, the
concentrations of steroid hormones decline in women during reproductive senes-
cence, while testosterone in males peaks in the second decade of life and thereafter
gradually declines with age (Boyce et al. 2004).

The classical mechanism associated with sex steroids occurs through binding
specific intracellular nuclear receptors to induce a series of conformational changes
that regulate gene expression. Through alternate and nonclassical mechanisms, sex
steroids can also bind membrane-based receptors, which are commonly coupled to
G-proteins, with subsequent downstream stimulation of a range of signaling path-
ways. In this latter non-genomic mechanism, the involvement of ion channels,
enzyme-linked receptors, cyclic AMP and cyclic GMP production, mitogen-
activated protein kinases (MAPKs), tyrosine kinases, and lipid kinases has all been
described (Elizabeth García-Gómez and Camacho-Arroyo 2012). To induce such
action at the cellular level, these hormones are transported systemically through
binding to plasma-based carrier proteins including sex hormone-binding globulin
(SHBG), although small proportions freely circulate and enter target tissues by
diffusion (Klinge 2018).

A comparable steroid hormone to receptor binding interaction in microbial
systems has been examined but is currently poorly described. Estrogen (Rowland
et al. 1992) and progesterone binding proteins (Mosier et al. 1991) have been
described in gram-negative bacteria such as Pseudomonas aeruginosa, while
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estradiol has a high affinity for an estrogen-binding protein demonstratable in fungi
such as Candida albicans (Madani et al. 1994).

In addition to utilizing host signaling molecules, bacteria in particular can
produce their own sex steroid-like compounds including compounds such as acyl-
homoserine lactones (AHLs) that adopt comparable modes of action to human sex
steroids using lipidic-based signaling. These compounds freely diffuse across bac-
terial cell membranes, bind their respective receptor, and lead to a coordinated cell
density-based gene regulation termed “quorum sensing.” This sensing mechanism is
well-characterized in P. aeruginosa and regulates its airway colonization, persis-
tence, and infection including its behavior within biofilms (Hughes and Sperandio
2008).

In parallel to the host’s hormonal influence on microbes and microbial-driven
signaling to promote pathogenesis, sex steroids also importantly influence other
aspects of host physiology which in turn affects susceptibility to infection (vom
Steeg and Klein 2016). This includes anatomic influences (covered previously) and
effects on host immunity, which are covered in a separate section of this chapter.
Taken together, it is therefore most likely that a complex interplay that varies
between individuals and over time occurs between host, hormone, and microbial
factors collectively contributes to and explains the observed sex differences in
respiratory infections.

Increasing evidence further illustrates that sex steroids directly influence micro-
bial pathogenesis, which in turn translate into more severe outcomes from respira-
tory tract infection (Table 13.2). This emerging field of microbial biology,
addressing interkingdom signaling, is termed “microbial endocrinology” where
interactions between microbes and hormones are studied including their interaction
and in particular how microbes utilize sex steroids for survival advantage (Elizabeth
García-Gómez and Camacho-Arroyo 2012; Yong et al. 2018). The use of sex
steroids to further microbial survival, facilitate replication, and promote persistence
includes direct effects on growth, metabolism, and the production of virulence
factors through either direct or indirect hormone-associated signaling mechanisms
(Fig. 13.2). Sex variation in regard to infectivity is further altered according to the
specific pathogen and individual sex steroid fluctuations (Table 13.2).

13.4 Microbial Growth and Sex Hormones

13.4.1 Bacteria: Coxiella burnetii and Neisseria spp.

Coxiella burnetii is an intracellular bacterium causing Q fever, and concerns have
been raised about its potential for use in biological warfare as its clinical picture
resembles that of an acute respiratory tract infection akin to pneumonia (Kazar
2005). Males are generally more symptomatic, and higher bacterial loads are
observed in infected male mice, while the administration of estradiol interestingly
reduces the bacterial load in ovariectomized female mice (Leone et al. 2004). A
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Table 13.2 A summary of the respective sex steroids and their described effects on specific
respiratory infection-related microbes

Sex steroid

Physiological
concentrations and
associated reference

Microbial-
host
interaction Related respiratory infection

Estrogens

E1: estrone
Commonly found
in postmeno-
pausal women

Postmenopausal
(pg/ml) (de Padua
Mansur et al. 2012)
14.1–102.6
Pregnancy (ng/ml)
(De Hertogh et al.
1976)
1st trimester:
0.54–1.83
2nd trimester:
3.34–5.61
3rd trimester:
5.57–8.09

Unknown Unknown

E2: estradiol Menstrual cycle
(Stricker et al. 2006)
(pmol/L) – median
Early follicular: 149
Late follicular: 450
LH peak: 671
Early luteal: 313
Mid-luteal: 495
Late luteal: 327
Pregnancy (ng/ml)
(De Hertogh et al.
1976)
1st trimester:
0.81–3.30
2nd trimester:
5.60–10.8
3rd trimester:
13.0–17.8

Virulence
Growth

Pseudomonas aeruginosa-related
pulmonary infection (Beury-Cirou
et al. 2013; Chotirmall et al. 2012;
Tyrrell and Harvey 2019)
Coxiella burnetii-related pneumonia
(Leone et al. 2004)
Coccidioidomycosis (Drutz et al.
1981)
Paracoccidioidomycosis (Aristizabal
et al. 1998; Muchmore et al. 1973;
Shankar et al. 2011)
Pulmonary candidiasis (Gujjar et al.
1997; Zhang et al. 2000)

E3: estriol
Undetectable in
nonpregnant
women

Pregnancy (ng/ml)
(De Hertogh et al.
1976)
1st trimester:
0.074–0.76
2nd trimester:
2.29–5.07
3rd trimester:
6.45–15.8

Virulence Pseudomonas aeruginosa-related
pulmonary infection (Chotirmall et al.
2012; Tyrrell and Harvey 2019)

Progesterone Menstrual cycle
(Stricker et al. 2006)
(nmol/L) – median
Early follicular: 0.64
Late follicular: 0.64

Growth Neisseria gonorrhoeae and
N. meningitidis upper respiratory,
genital, and neurological infection
(Edwards 2010; Morse and Fitzgerald
1974)

(continued)
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potential mechanism that has been put forward to explain these findings includes the
role estradiol plays in limiting granuloma formation and tissue infection.

Neisseria gonorrhoeae and N. meningitidis, respectively, cause infections asso-
ciated with the upper respiratory and genital tracts with the latter associated with
meningococcal meningitis (Weyand 2017). Two studies have illustrated the effect of
progesterone on growth of these microbes. Progesterone can demonstrate bacterio-
static or bactericidal properties in this setting depending on its concentration. At
micromolar levels, it inhibits the growth of both Neisseria spp. (Morse and Fitzger-
ald 1974), while at lower concentrations (nanomolar), N. gonorrhoeae growth is
promoted (Edwards 2010).

13.4.2 Mycobacterium Tuberculosis

Pulmonary tuberculosis is observed in males at greater frequency and severity when
compared to females (WHO 2019). A study by Bini EI et al. provides a possible
explanation for this phenomena demonstrating testosterone as a susceptibility factor
for tuberculosis due to its ability to modify host immunity related to mycobacteria,
which in turn affects clearance of the tuberculosis bacilli (Bini et al. 2014).

Table 13.2 (continued)

Sex steroid

Physiological
concentrations and
associated reference

Microbial-
host
interaction Related respiratory infection

LH peak: 2.54
Early luteal: 13.67
Mid-luteal: 36.25
Late luteal: 13.99
Pregnancy (ng/ml)
(Lim et al. 2020)
1st trimester:
7.86–23.5
2nd trimester:
29.8–70.7
3rd trimester:
78.6–141.5

Coccidioidomycosis (Drutz et al.
1981)

Testosterone
(Kelsey et al.
2014)
(nmol/L) mean
(2.5–97.5
percentile)

Peak (age  19):
15.4 (7.2–31.1)
Decline (age  40):
13 (6.6–25.3)

Growth Pulmonary tuberculosis (Bini et al.
2014)
Coccidioidomycosis (Drutz et al.
1981)
Influenza (vom Steeg and Klein 2019)
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13.4.3 Viral Infection: Influenza and SARS-CoV-2

The 2019 acute respiratory syndrome coronavirus (SARS-CoV-2) pandemic has
evolved to reveal important sex and gender differences, where higher intensive care
unit (ICU) admissions and deaths have been observed in males (Sharma et al. 2020;
Wenham et al. 2020). Angiotensin-converting enzyme 2 (ACE2) represents the entry
receptor for the virus in the respiratory tract (Kuba et al. 2005; Shang et al. 2020),
and recent work (although limited by a single female donor) highlights the potential
regulatory role of estrogen on ACE2 receptor expression in differentiated airway
epithelial cells (Stelzig et al. 2020). Independent and prior work has elicited an
inhibitory role for estrogen on ACE2 expression in mouse kidneys (Liu et al. 2010).

Influenza causes acute respiratory infection that is influenced by age; however
males and pregnant women are most susceptible to poorer outcomes (vom Steeg and
Klein 2019). Viral replication occurs primarily in nasal epithelia, and exposure of
female epithelial cells to estrogenic compounds has been shown to reduce replication
of influenza A (Peretz et al. 2015). Peretz J et al. have demonstrated that estrogen
alters metabolic genes important for antiviral effects. In contrast to the protective role
offered by estrogen exposure, progesterone is shown to have detrimental effects on
influenza’s pathogenesis. Progesterone stimulates production of IL-10, an anti-
inflammatory cytokine that associates with poorer outcomes (Davis et al. 2017). In
further affirmation of these influenza-related responses to sex hormones, low testos-
terone levels (in males) reduce viral clearance and result in poorer outcomes (vom
Steeg et al. 2016).

13.4.4 Fungi: Coccidioidomycosis, Paracoccidioidomycosis,
and Candida

Coccidioides immitis remains the key fungi causing coccidioidomycosis, and inha-
lation of its spores leads to primary pulmonary infection (Barron and Rosenthal
2012). Interestingly, susceptibility to extrapulmonary dissemination is observed
most frequently in males and pregnant females suggesting a role for sex steroids.
Work performed by Drutz et al. (1981) demonstrate a growth induction from any sex
steroid exposure but, importantly, increased maturation and greater endospore
release in relation to 17β-estradiol with some correlation to late pregnancy (Drutz
et al. 1981). Importantly, however, this work does not explain the higher observed
frequency of this infection in males.

Paracoccidioidomycosis is an important infection endemic to Central and South
America where the fungus Paracoccidioides brasiliensis resides (Costa et al. 2013).
P. brasiliensis induces chronic pulmonary parenchymal damage even with treatment
(Costa et al. 2013), and a gender bias exists favoring females (higher male inci-
dence). Available studies illustrate that estrogens (at physiological concentrations)
do not affect fungal growth (Shankar et al. 2011) however display inhibition at
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supraphysiological concentrations (Muchmore et al. 1973). Other studies however
described reduced fungal load with estrogen exposure, likely explained by inhibitory
effects on yeast transition (its parasitic form), therefore allowing more effective
immune clearance of the fungi (Aristizabal et al. 1998).

Candida albicans can colonize mucosal surfaces and commonly coexist with
bacteria. Considered “commensals,” these fungi can become pathogenic and even
lethally invasive when causing disease, seen in particular in immunocompromised
individuals (Pendleton et al. 2017). C. albicans causes pulmonary candidiasis that
can become systemic where immune protection is lacking (Bachh et al. 2008).
Airway colonization by C. albicans encourages bacterial pneumonia in a rat model
predominantly through an inhibitory effect on the phagocytic ability of alveolar
macrophages (Roux et al. 2013). In the presence of estradiol, however, the growth of
C. albicans increases (Zhang et al. 2000), and interestingly the hormone’s β-isomer
induces a greater increase in biomass compared to its α-isomer (Gujjar et al. 1997).
Limited data is available on sex-based differences in Candida infection; however,
further work is clearly necessary, because of the growth-related effects induced by
female hormones.

13.5 Microbial Synthesis and Metabolism of Sex Steroids
and “Sex Steroid-Like Compounds”

Some studies illustrate that microbes possess the capability to synthesize “sex
steroid-like compounds” to promote their pathogenesis and host survival. These
compounds modulate an individual microbe’s ability to replicate and survive, for
instance, work by Botelho MC et al. (2009) demonstrates that eukaryotic parasites
can synthesize estradiol-related compounds that aid with its parasitic life cycle.
Further follow-up studies demonstrated the antagonistic capability of these com-
pounds on in vivo host estrogen receptor signaling including their expression,
providing further evidence for the importance of such compounds on the host-
pathogen relationship (Botelho et al. 2010).

Fungi also synthesize sex steroid-like compounds, namely, mycotoxins, pro-
duced by Aspergillus, Penicillium, and Fusarium. Mycotoxins have important
roles in pathogenesis and form an additional interface between host and fungi, for
instance, zearalenone (ZEA), produced by Fusarium, exhibits estrogenic properties
by binding to host estrogen receptors (Filannino et al. 2011; Gromadzka et al. 2008).
The precise role of endogenous host sex steroid exposure on fungal pathogenesis
however remains largely unknown and necessitates further study.

Sex steroid hormones represent a good carbon source for energy production in
microorganisms (Chiang et al. 2019). Consequently, some have evolved to possess
the capability to metabolize sex steroids into their active forms by specific enzymes
including hydroxysteroid dehydrogenase (Elizabeth García-Gómez and Camacho-
Arroyo 2012; Vom Steeg and Klein 2017). Some pathogens are well known to
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metabolize sex steroids to enhance their virulence, for example, Taenia crassiceps
reduces host systemic and testicular testosterone concentrations enzymatically,
while the presence of estradiol enhances the parasite reproduction, making females
more susceptible to infection (Larralde et al. 1995; Vom Steeg and Klein 2017).
Aspergillus fumigatus, an important cause of aspergillosis (Kosmidis and Denning
2015), demonstrates an ability to metabolize progesterone (Mukherjee et al. 1982;
Smith et al. 1994) and also testosterone (Mahato and Mukherjee 1984) for use as a
carbon source for energy; however pathogenic implications of such metabolism have
yet to be demonstrated.

While limited studies continue to exist focused on the effects and extent of sex
steroid hormone-like production in microbes, including their metabolic potential to
break down host hormones, it is clear that such effects can have pathogenic conse-
quences and drive sex variation. This area of research is, therefore, a key avenue to
pursue to not solely permit a deeper understanding of sex differences in infection
related to specific pathogens but potentially may reveal important pathways and
mechanisms that can be targeted to narrow the “sex-based gap” and provide fresh
approaches in particular for “difficult-to-treat” infections.

13.5.1 Sex Steroid-Induced Microbial Virulence:
Pseudomonas and Candida

Pseudomonas aeruginosa represents a key opportunistic gram-negative bacterium
that colonizes the lungs in patients with cystic fibrosis (CF) and non-CF bronchiec-
tasis. This bacterium possesses multiple virulence mechanisms that include motility,
cytotoxicity, iron scavenging, and elastase production, some of which are regulated
by its quorum-sensing systems (Gellatly and Hancock 2013; Yong et al. 2018).

In relation to CF, females acquire P. aeruginosa in advance of males and convert
to the more pathogenic mucoid phenotype earlier, epidemiological observations that
have been described for decades (Chotirmall et al. 2012; Yong et al. 2018). Multiple
studies have been performed to provide a more biological basis for these observa-
tions and, in particular, elucidate estrogen’s influence on P. aeruginosa virulence.

Chotirmall and colleagues (2012) illustrated that estrogen-induced alginate pro-
duction in vitro, an important compound conferring mucoid conversion of the
bacteria (Chotirmall et al. 2012). Alginate provides bacterial protection against the
harsh “host” environment by enhancing surface adhesion, facilitating colonization,
and promoting biofilm formation and persistence (Boyd and Chakrabarty 1995;
Stapper et al. 2004). Following prolonged estrogen exposure, P. aeruginosa prefer-
entially adopts a mucoid phenotype, driven by mucA mutations, a key part of the
muc operon that dictates alginate biosynthesis. The acquisition of mucAmutations in
an estrogen-rich environment allows “unchecked” overproduction of alginate and
conversion to mucoid status. This mucoid phenotype is associated with poorer CF
prognosis and disease outcomes and represents a key example of the importance of
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sex steroids in explaining infection-related phenomena (Alcaraz-Serrano et al.
2019).

The important relationship between estrogens and P. aeruginosa in CF extends to
the recurrent menstrual cycling that is observed in regularly menstruating females as
estrogen levels fluctuate. At high estrogen peaks (the follicular phase), a higher
proportion of mucoid bacteria can be isolated and does associate with an increased
exacerbation rate when compared to the luteal phase. Follow- up work performed by
Tyrrell and Harvey (2019) further demonstrates this estrogenic effect on P. aeruginosa
virulence, including assessments of swarming motility, pyocyanin production, biofilm
formation, and host invasion. Estrogen enhances P. aeruginosa adherence to CF
bronchial epithelial cells, aiding its invasion and pathogenesis (Tyrrell and Harvey
2019). Importantly, however, at supra-physiological concentrations, estrogen can also
act as an inhibitor of quorum sensing (Beury-Cirou et al. 2013).

Deleterious effects from estrogen are not limited to bacteria; the hormone has
been shown to influence fungi and, in particular, C. albicans. Besides the growth-
promoting effect described above, estradiol influences the transition and formation
of C. albicans to its hyphal form, which in turn affects virulence (Madani et al. 1994;
Zhang et al. 2000). Hyphal formation is essential for tissue invasion and destruction
(Pukkila-Worley et al. 2009), and increased hyphal morphology stimulates fungal
virulence including adherence, biofilm formation, and cellular invasion (Desai
2018).

Taken together, sex steroids can directly influence the virulence and therefore
pathogenesis of individual microbes and remain an important aspect of interaction to
explain the observed sex differences in infection.

13.6 The Interaction of Sex Hormones, Host Immunity,
and Respiratory Infection

13.6.1 Innate Immunity

The human respiratory tract is exposed to thousands of liters of inhaled air daily
which contains environmental components and airborne pathogens. This constant
microbial exposure poses challenges to the innate immune system, which needs to
immediately sense pathogen and protect the host from infection through the induc-
tion of inflammatory and chemotactic mediators and antimicrobial compounds.
X-linked genes and sex steroid hormones can influence this immune response and
contribute to different outcomes following respiratory infections between the sexes.
The number, function, and subsequent release of cytokines and chemokines through
innate immune mechanisms differ between males and females. These are summa-
rized in Fig. 13.3. In short, females possess neutrophils and macrophages with higher
phagocytic activity, and antigen-presenting cells (APCs) present antigens more
vigorously, while males exhibit higher NK cell concentrations (Klein and Flanagan
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2016). The specific details related to sex and gender differences in specific immune
cell types are discussed in the following subsections.

13.6.2 Toll-Like Receptors (TLRs)

The innate immune system triggers an immediate inflammatory response to control
the dissemination of an invading pathogen. Microbial sensing by PRRs, which are
located on immune cells, differs between sexes. TLRs are an example of PRRs, and
TLR7 and TLR8 genes, encoded on the X chromosome, can escape inactivation
leading to an overall higher expression in females (Berghofer et al. 2006). In
females, peripheral blood mononuclear cells (PBMCs) induce higher interferon-α
(IFN-α) production and also lower concentrations of the immunosuppressive IL-10
in response to TLR7 ligands (Griesbeck et al. 2015). Moreover, higher basal levels
of IFN regulatory factor 5 (IRF5) and IFN-α have been detected in TLR7 ligand-
stimulated plasmacytoid dendritic cells (pDCs) in female humans and mouse models
(Griesbeck et al. 2015). While IRF5 transcription is regulated through ERα signaling
in female mice (Griesbeck et al. 2015), no sex differences in IFN-α production
results when DCs are stimulated with CpG, a TLR9 ligand not associated with the X
chromosome. Sex dimorphism is further revealed by genes involved in the TLR
pathway and the type I IFN response by transcriptional analysis. Upon viral chal-
lenge in rats, females induce higher TLR and pro-inflammatory gene expression
including TLR7, myeloid differentiation primary response gene 88 (MyD88),

Fig. 13.3 Sex differences in innate immunity during respiratory infection
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retinoic acid-inducible gene-1 (RIG1), IRF7, IFN-β, Janus kinase 2 (JAK2), signal
transducer and activator of transcription (STAT3), nuclear factor-kB (NF-kB), and
tumor necrosis factor (TNF) in comparison to males (Berghofer et al. 2006).
Consistent findings are seen in PBMCs isolated from humans following viral
vaccination (Klein et al. 2010).

TLR signaling and subsequent NF-kB activation involve the recruitment of
kinases including IL-1 receptor-associated kinase-1 (IRAK-1). IRAK-1 is well-
studied in relation to sex dimorphism-associated inflammatory responses (Kawagoe
et al. 2008). IRAK-1 is encoded on the X chromosome and escapes chromosome
inactivation enhancing transcription of NF-kB-dependent genes in females, which in
turn provides an enhanced innate immune response leading to less severe disease in
females (Carrel and Willard 2005). Immune cell deficiencies, induced by IRAK-1
mosaicism in mice, improve sepsis outcomes (Chandra et al. 2014). Clinically, the
IRAK-1 variant haplotype is functionally significant in sepsis and associates with
enhanced nuclear translocation of NF-κB, severe organ dysfunction, and increased
mortality (Arcaroli et al. 2006; Toubiana et al. 2010). Nox2, another X-linked gene,
encodes the catalytic subunit of the NADPH oxidase complex in phagocytes (Singel
and Segal 2016). Nox2 inhibition interestingly ameliorates influenza A virus-
induced lung inflammation in mouse models (Vlahos et al. 2011); however, sex
dimorphism in Nox2 expression and function has yet to be elucidated.

Besides TLR7, several other studies have reported sex differences in TLR4
expression which results in different immune consequences between sexes
(Chamekh et al. 2017). Male mice infected by coxsackievirus express higher
TLR4 on splenic monocytes, dendritic cells, and CD3+ and CD4+ lymphocytes
compared to females suggesting a higher susceptibility and more severe disease in
males (Roberts et al. 2012). A devastating and “out of control” pro-inflammatory
response is induced by macrophages isolated from male mice stimulated with LPS.
These macrophages demonstrate higher TLR4 expression on their cell surface
explaining the experimental findings (Marriott et al. 2006), which in turn is further
attested when androgens are removed from male mice (Rettew et al. 2008). Impor-
tantly, however, contrasting results are reported in other studies that must be
considered: female mice demonstrate significant tissue-resident leukocyte
populations and a higher density of pathogen-sensing TLRs in comparison to
males, illustrating the complexity of the relationship between sex, innate immunity,
and infection and the need for further study in this area (Eisenmenger et al. 2004;
Scotland et al. 2011). Finally, it is noteworthy that several groups report the
importance of TLR8 gene polymorphism related to the outcomes associated with
infection: more severe disease is observed in males, for instance, in response to
tuberculosis (Davila et al. 2008; Salie et al. 2015).
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13.6.3 Neutrophils

Neutrophils are the most abundant innate immune cells serving as the first line of
defense against infection. During respiratory infection, neutrophils infiltrate the
lungs of humans and mice and induce pro-inflammatory cytokines and reactive
oxygen species to mediate inflammation (Camp and Jonsson 2017). ERα, ERβ,
and AR are expressed on neutrophils, and their numbers, life span, and function
critically differ between males and females (Bain and England 1975; Chandra et al.
2012; Mathur et al. 1979). Neutrophil numbers increase during pregnancy and in
particular in the luteal phase of the female menstrual cycle when progesterone levels
increase (Bouman et al. 2005). Neutrophils isolated from healthy women
(of reproductive age) demonstrate improved survival and have longer life spans
when compared to those of healthy men (Molloy et al. 2003). Sex steroid hormones
importantly further contribute to neutrophil function through nitric oxide and super-
oxide production as well as chemotaxis (Bekesi et al. 2000; Garcia-Duran et al.
1999; Marczell et al. 2016). In murine models, male mice illustrate a higher
susceptibility and poorer outcome to S. pneumoniae and/or SARS-CoV infection,
attributed to excess neutrophilic inflammation (Channappanavar et al. 2017;
Kadioglu et al. 2011). Ovariectomized female mice receiving estradiol are protected
from influenza A, illustrating the importance of the interactions between sex ste-
roids, immune cell function, and infecting pathogen (Robinson et al. 2014).

13.6.4 Alveolar Macrophages

Alveolar macrophages (AMs) are key phagocytic resident cells in the lung which
protect against respiratory infection through secretion of soluble mediators (Goritzka
et al. 2015). AMs express ERα, ERβ, ARs, and PRs (Khan et al. 2005; McCrohon
et al. 2000; Murphy et al. 2009). Following viral infection, AMs clear virus and
release chemokines including the production of type I IFNs (Goritzka et al. 2015).
Female mice demonstrate higher macrophage numbers in their pleural and peritoneal
cavities with higher levels of TLR expression and phagocytic capacity, which in turn
associate with stronger acute inflammatory responses (Scotland et al. 2011). Sex
steroid hormones can further influence TLR-mediated inflammation: responses are
enhanced by estrogen and diminished by testosterone (Calippe et al. 2008; Chao
et al. 2000; Corcoran et al. 2010; Rettew et al. 2008). Critically, however, the direct
consequences of sex hormone exposure on AM function during respiratory infec-
tions have yet to be fully expounded.
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13.6.5 Monocytes and Monocyte-Derived Cells

Monocytes can differentiate into macrophages or myeloid lineage dendritic cells and
secrete cytokines and chemokines in response to microbial infection. ERα and ERβ
are expressed in monocytes (Komi and Lassila 2000; Laffont et al. 2014; Murphy
et al. 2009; Pioli et al. 2007), and exogenous estradiol administration at physiolog-
ical levels decreases CCR2 and CXCR3 expression on murine monocytes, indicating
that ER signaling potentially diminishes monocyte recruitment to tissues (Janis et al.
2004). Interestingly, the number of monocytes including their CCL2 induction
decreases when systemic estradiol is administered to ovariectomized mice during
influenza A infection (Robinson et al. 2014). Male mice infected with SARS-CoV
demonstrate increased Ly6C+ CD11b+ monocyte-derived cells with greater inflam-
matory consequences compared to female mice, while lethal infection may be
partially rescued by depleting monocyte-derived cell populations (Channappanavar
et al. 2017). Male mice are more susceptible to SARS-CoV and critically were not
protected following orchidectomy, in contrast to female mice who demonstrate
protection through ovarian hormones and ER signaling. In COVID-19, higher levels
of CD14+CD16+ monocytes are identified in females, while males demonstrate a
greater CD14lowCD16+ monocyte subset (Takahashi et al. 2020). Taken together,
these data imply that estrogens rather than androgens regulate “pathogenic”
responses in monocytes.

Sex steroid hormones directly influence monocyte counts and associated cytokine
production; however, findings between studies have been inconsistent. Higher
monocyte counts are observed in the luteal phase of the female menstrual cycle
when progesterone levels peak (Mathur et al. 1979), and monocyte numbers are
elevated in the postmenopausal compared to the premenopausal state (Ben-Hur et al.
1995). Furthermore, pregnancy is associated with higher monocyte counts, while
IL-12 and TNFα production diminish (Elenkov et al. 2001). An LPS challenge to
peripheral monocytes isolated from healthy males induces less IL-6 compared to
females (O’Connor et al. 2007), and work evaluating the effect of estrogens on
monocyte-induced cytokine production reveals conflicting results (Janis et al. 2004;
Kramer et al. 2004; Miyagi et al. 1992). Relationships with testosterone are however
more clear-cut: diminished amounts of pro-inflammatory cytokine production are
coupled to increases to the anti-inflammatory response (IL-10) in monocytes after
testosterone exposure (Angele et al. 1999; D’Agostino et al. 1999; Li et al. 1993).

13.6.6 Natural Killer Cells

Natural killer cells are cytotoxic innate immune lymphocytes that produce IFN-γ
during early infection to limit viral burden (Lam and Lanier 2017). Human and
murine NK cells express ERs and PRs (Laffont et al. 2014; Pierdominici et al. 2010).
Males have higher numbers and cytotoxic activity of NK cells compared to females

13 Sex Differences in Respiratory Infection 385



(Abdullah et al. 2012; Chng et al. 2004); however, such sex bias is reversed with age
(Al-Attar et al. 2016). NK cell numbers are regulated by sex hormones that fluctuate
over monthly menstrual cycles in females and change with advancing age in males
(Souza et al. 2001; Yovel et al. 2001). In tandem with the increased estradiol and
progesterone concentrations during pregnancy, greater numbers of NK cells are
observed in the uterine mucosa (Carlino et al. 2008; King et al. 1996). However,
the influence that these hormones have on direct NK cell activity remains contro-
versial, despite several studies reporting on this relationship (Hao et al. 2007; Hou
and Zheng 1988; Phan et al. 2017; Sulke et al. 1985).

13.6.7 Plasmacytoid Dendritic Cells (pDCs)

Plasmacytoid dendritic cells are innate immune cells that localize to primary and
secondary lymphoid organs and sense a wide range of PAMPs including viral single
strain RNA (through TLR7) and bacterial CpG DNA (via TLR9) (Chistiakov et al.
2014). ERs are expressed on pDCs (Laffont et al. 2014) which provide the principal
source of type I IFNs and IFN-induced proteins that exert antiviral capabilities
(Chistiakov et al. 2014). Significantly more IFN-α is produced by females especially
when stimulated with viral nucleic acids or synthetic TLR7 ligands which correlate
directly with higher levels of ERα-regulated IRF5 in female pDCs (Berghofer et al.
2006; Meier et al. 2009). X chromosome inactivation of both TLR7 and estrogen
signaling pathways promotes sex dimorphism in human pDCs’ IFN-α production
(Laffont et al. 2014). Postmenopausal women treated with estradiol, for instance,
demonstrate higher IFN-α production (Seillet et al. 2012), while female rats
subjected to hantavirus infection similarly demonstrate higher type I IFN gene
expression, including viral nucleic acid sensors, when compared to males (Hannah
et al. 2008). Conversely, progesterone inhibits pDCs’ IFN-α production (Hughes
et al. 2008), and, in response to TLR7 and TLR8 agonists, IFN-α production in male
infants was also significantly dampened due to elevated testosterone after birth
(Wang et al. 2012). Together, these findings propose an important sex difference
in antiviral response: female pDCs produce more type I IFNs and exert a stronger
immune response in females, albeit with accompanying and associated
immunopathology.

13.6.8 Adaptive Immunity

The thymus produces a peripheral T-cell pool critical for the development of
adaptive immunity, which importantly is further influenced by sex (Table 13.3).
Studies in animal models reveal that males have larger thymus glands, greater T-cell
counts, and a different distribution of T-cell subsets compared to females (Leposavic
et al. 1996; Leposavic et al. 2011). Females, on the other hand, have higher
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populations of CD4+ T cells, greater CD4+/CD8+ T-cell ratios, higher Th2 abun-
dance, and greater cytotoxicity and proliferation of T cells. Males, besides exhibiting
more CD8+ and Treg cells with a Th1 preponderance, also demonstrate lower B-cell
counts and basal immunoglobulin levels that result in overall weaker antibody-
related responses compared to females (Pennell et al. 2012).

13.6.9 B Cells

ERα, ERβ, and ARs are all expressed on B cells (Grimaldi et al. 2002; Smithson
et al. 1998) whose activation is influenced by activated Th2 cells that in turn increase

Table 13.3 Sex differences in adaptive immunity

Component Feature Sex differences

Thymus Size Larger in males (Leposavic et al. 1996, 2011)

T cells CD4+ T-cell counts Higher in females (Abdullah et al. 2012)

CD8+ T-cell counts Higher in males (Lee et al. 1996; Lisse et al.
1997)

CD4+/CD8+ T-cell ratio Higher in females (Lee et al. 1996; Lisse
et al. 1997)

Number of activated and
proliferating CD4+ T cells

Higher in females (Sankaran-Walters et al.
2013)

IFN-γ levels (produced by
CD4+ T cells)

Higher in females (Roberts et al. 2001)

IL-17 levels (produced by
CD4+ T cells)

Higher in males (Hewagama et al. 2009)

Number of activated and
proliferating CD8+ T cells

Higher in females (Sankaran-Walters et al.
2013)

CD8+ T-cell cytotoxic
activity

Higher in females (Hewagama et al. 2009)

Treg cell counts Increased in males (Afshan et al. 2012)

Th1 cell function Greater in males (Girón-González et al.
2000)

Th2 cell function Greater in females (Girón-González et al.
2000)

Th1 versus Th2 cell bias Th2 cell bias in females, Th1 cell bias in
males (Girón-González et al. 2000)

B cells B-cell counts Higher in females (Abdullah et al. 2012;
Furman et al. 2014; Teixeira et al. 2011)

Immunoglobulins Basal immunoglobulin
levels

Higher in females (Abdullah et al. 2012;
Furman et al. 2014; Teixeira et al. 2011)

Antibody production Higher in females (Abdullah et al. 2012;
Furman et al. 2014; Teixeira et al. 2011)

Antibody response Higher in females (Abdullah et al. 2012;
Furman et al. 2014; Teixeira et al. 2011)
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systemic IgE. Enhanced antibody responses are characteristic in females who also
exhibit higher basal immunoglobulin levels and B-cell numbers compared to males
independent of age group (Furman et al. 2014; Teixeira et al. 2011). B-cell gene
expression analyses reveal a higher level of basal gene expression in females (Fan
et al. 2014), and estradiol is shown to stimulate B-cell antibody production at
physiological concentrations (Pauklin et al. 2009). This relationship is further
demonstrated in animal models where antibody responses to inactivated influenza
vaccination, administered to BALB/c mice, can be enhanced with estradiol treatment
(Nguyen et al. 2011). In influenza infection mouse models, female mice display
more robust humoral and cellular immune responses even though vaccination pro-
vides comparable protection between the sexes. B cells isolated from female mice
also express higher TLR7, and the enhanced antibody response observed in female
mice is impaired by TLR7 knockout (Fink et al. 2018).

13.6.10 T Cells

Lymphocytes account for 30% of the white blood cell population in vivo where up to
90% of them represent T lymphocytes. Almost all (95%) of the T-cell population
expresses αβ-T-cell receptors (TCRs), while the minority have γδ-TCRs. Important
work illustrates that the number of γδ-T cells increases during pregnancy, and while
total T-lymphocyte number is consistent between sexes, males demonstrate lower
overall percentages of T lymphocytes when considering the total lymphocyte pop-
ulation. CD4+ T cells polarize toward a Th1-mediated immune response, increased
IFN-γ production, and greater IL-12 responsiveness through STAT-4 activation and
T-cell proliferation during the luteal phase of the menstrual cycle. In contrast, CD4+
T cells sustain Th2-mediated responses during the follicular phase of the menstrual
cycle and pregnancy. Th17 responses are importantly also stimulated by estrogen
and, collectively with other factors, induce IL-17 production (Arsenovic-Ranin et al.
2017). An increased number of activated T cells including terminally differentiated
CD8+ T cells have been identified in females with COVID-19, while a less robust T-
cell-mediated immunity in males could explain their overall poorer COVID-19
outcomes (Takahashi et al. 2020). Overall, females exhibit strongly activated and
proliferating CD4+ and CD8+ T-cell populations, characterized by IFN-γ production
and high cytotoxicity, while males exhibit more IL-17-producing T cells (Zhang
et al. 2012).

13.7 MicroRNAs (miRNAs)

miRNAs are small noncoding RNAs (of approximately 22 nucleotides) that are
involved in posttranscriptional gene regulation. They are key negative gene regula-
tors implicated across a diverse range of biological processes through different
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mechanisms including RNA degradation and translational repression (Baltimore
et al. 2008; Selbach et al. 2008). Abnormal miRNA expression is also attributed to
a wide range of inflammatory diseases (Dai and Ahmed 2011; Johnnidis et al. 2008).
Expression of miRNA-encoding genes can be influenced by single nucleotide poly-
morphisms (SNPs) and consequently affects disease susceptibility including respi-
ratory infection. miRNAs are enriched in the X chromosome when compared to Y
with a twofold density difference on human and mouse autosomes (Laffont et al.
2014). Several studies have elucidated the roles of X-linked miR-106a and miR-223
in innate immune cell differentiation particularly at the earliest stages of infection.

MiR-223 is identified to have a role in Mycobacterium tuberculosis infection in
mice. Higher susceptibility to infection is observed in miR-223 knockout mice with
excess neutrophil accumulation in the lungs leading to tissue damage. Neutrophil
recruitment is reduced in miR-223 KO mice with downregulation of CXCL2 and
CCL3 (Dorhoi et al. 2013). As miR-223 is X-linked, it may escape silencing or be
subject to effects of skewed inactivation, which in turn results in its differential
expression and effects between sexes. The sex differences observed in tuberculosis
may be attributed to the pathological accumulation of neutrophils resulting from the
silencing escape or the preferential expression of one gene copy by skewed inacti-
vation, which downregulates their recruitment. Following LPS treatment, miR-223
KO mice develop severe inflammatory symptoms with reduced expression of
TNF-α, CXCL1, and CXCL2 (Moschos et al. 2007). Neutrophil oxidative burst is
also increased following Candida albicans infection in miR-223 KO mice
(Johnnidis et al. 2008). Acute lung injury, induced by either mechanical ventilation
or S. aureus infection, can be dampened through pulmonary overexpression of
miR-223 in mice (Neudecker et al. 2017). MiR-223 is upregulated in mouse lungs
following H1N1 (Li et al. 2010) and H5N1 influenza infection (Rogers et al. 2012).
In humans, miR-223 is associated with granulopoiesis (Zardo et al. 2012), and a
marked decrease of miR-223 expression is detected in sepsis (Wang et al. 2010).
Collectively, these findings emphasize the importance of X-linked miR-223 in
regulating the immune-inflammatory response through the control of neutrophil
recruitment. Conversely, X-linked miR-106a negatively regulates monocyte differ-
entiation and maturation (Fontana et al. 2007). MiR-106a knockdown illustrates
benefit in ovalbumin-sensitized murine asthma models through enhancement of the
anti-inflammatory cytokine IL-10 and reduced Th2 responses which alleviate airway
hyperresponsiveness (AHR) (Sharma et al. 2012).

13.8 Sociocultural and Behavioral Factors

Sociocultural factors in the context of gender differences in respiratory infection are
recognized but not completely studied. There are however studies elucidating the
role of social status in the susceptibility to respiratory infection (Cohen 1999; Cohen
et al. 1997). For instance, adults and children from lower socioeconomic back-
grounds are more prone to respiratory infections. This has been attributed to higher
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exposure risks due to poverty, overcrowding, inadequate hygiene and sanitation,
illiteracy, malnutrition, and lack of access to vaccinations. Adults with inadequate
social support systems have also been shown to be more prone to community-
acquired pneumonias (Fernandez et al. 2010). In addition, men in many global
societies have a culturally dominant role: males, whether men or boys, may receive
greater amounts of nutrition as sole breadwinners of the family in some jurisdictions,
placing women at an immune disadvantage (Vlassoff 2007). Furthermore, in some
societal settings, women make up a large proportion of primary caregivers and
therefore spend the most time in the household environment. This in turn increases
their proximity to young children, household smoke, dust, and mites during daily
activities such as cooking and cleaning, which in turn potentially makes them more
susceptible to respiratory infection.

Gender differences have been widely studied in tuberculosis, where higher
infection rates are observed in men (Nhamoyebonde and Leslie 2014; Rao 2009;
The Lancet Infectious 2002). Besides their physiological and immunological disad-
vantages as described above, behavioral traits including social contact, more fre-
quent travel, smoking, alcohol consumption, and occupational risks may further
place males at higher overall risk for infection. These findings hold, even after
considering confounding linked to health-seeking behaviors (Nhamoyebonde and
Leslie 2014).

Smoking has been strongly implicated in the increased susceptibility to respira-
tory infection (Arcavi and Benowitz 2004; Brown et al. 1987; Haenle et al. 2006;
Marcy and Merrill 1987). Cigarette smoke exposure alters pulmonary anatomy and
physiology and impairs the host immune response including ciliary defenses.
Smokers are also at substantially higher risks to bacterial and viral infections
including tuberculosis and influenza when compared to nonsmokers (Arcavi and
Benowitz 2004; Marcy and Merrill 1987). Relationships between smoking and
gender have been assessed across several studies: females, irrespective of age,
demonstrate greater lung function decline and report more respiratory symptoms
compared to males (Boezen et al. 2004; Chen et al. 1991; Gold et al. 1996; Holmen
et al. 2002; Langhammer et al. 2003; Xu et al. 1994). Despite males smoking at
higher frequencies, females remain more vulnerable to the adverse effects of
smoking and consequently are more prone to respiratory infections.

Interestingly, disease severity is perceived differently between the genders.
Women generally seek healthcare for mild illnesses such as pharyngitis and tonsil-
litis, potentially explaining their increased prevalence in women. Conversely,
underreporting of infections may also occur due to socioeconomic factors including
poverty, limited access to healthcare, and limited health insurance coverage that
prevents some women from seeking healthcare (Falagas et al. 2007).

While sociocultural and behavioral aspects that differ between the genders are
less widely studied in relation to respiratory infections, they may have important
roles in addressing the observed gender differences. Clinical trials need to recruit
more equitably between the genders, and gender-specific studies (including
sub-analysis) are required to better understand these if “perceived” gender
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differences in respiratory infection truly impact diagnosis, presentation, and treat-
ment response.

13.9 Conclusion

Current evidence suggests that “sex and gender gaps” do exist in the context of
respiratory infection. Differences in susceptibility, disease progression, and infection
outcomes are described, and while the study of chronic respiratory diseases has taken
the lead in understanding sex and gender differences in lung health, a similar focus
on respiratory infection is now necessary. A focus on sex and gender variation in the
incidence, severity, and treatment response in the context of respiratory infection is
necessary, and an improved understanding of the underlying mechanisms and
complex interplay between sex hormones, immunity, inflammation, and infection
will likely lead to better therapeutic outcomes for both genders.
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Chapter 14
Androgen Excess in Women
and the Respiratory System

Licy L. Yanes Cardozo, Samar Rezq, Jacob E. Pruett, Vishnu V. Garla, and
Damian G. Romero

Abstract Numerous epidemiological studies have shown explicit sex and gender
differences in the respiratory system under both physiological and pathological
conditions. Here, we review the impact of sex steroids, with emphasis on androgens,
upon the respiratory system in two endocrine hyperandrogenemic clinical scenarios:
polycystic ovary syndrome and postmenopausal women. The primary sex hormones
are testosterone in men and estrogens in women. Interestingly, in women, the plasma
concentration of testosterone is much higher than estradiol; however, whether and
how the excess of androgens may affect the respiratory system in women remain
unclear. Hence, here we review some of the evidence that highlights the crucial role
of androgens modulating respiratory physiology in these hyperandrogenemic endo-
crine conditions.

Keywords Respiratory system · Lung · Physiology · Sex hormones · Androgens ·
Estrogens · Menopause · Polycystic ovary syndrome
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14.1 Introduction

Respiration is the process by which oxygen is delivered and carbon dioxide is
removed from the tissues. This process consists of pulmonary ventilation, gas
transport, oxygen uptake by tissues, and central regulation of the ventilation. Spi-
rometry is a key test used to diagnose a wide range of respiratory disorders. The
primary signal measured in spirometry is volume or flow. Forced vital capacity
(FVC) measures the maximum volume of air that can be exhaled quickly after
maximum inspiration, and it is a sensitive measure to detect diseases that affect
the mechanical properties of the lung, such as elasticity. Obstructive or restrictive
pulmonary pathologies may cause low FVC. The volume of air expired in one
second after a deep inhalation id called forced expiratory volume 1 (FEV1). FEV1
is the most widely used, extensively validated, and clinically reliable spirometer
parameter. FEV1 often guides the management of conditions with airflow limitation
such as asthma and chronic obstructive pulmonary disease (COPD). A ratio of FEV1
to FVC is useful in differentiating between obstructive and restrictive lung pathol-
ogies. The volume of air exhaled during the first second is a relatively constant
fraction of the FVC irrespective of lung size. Generally expressed as a percentage,
the FEV1 to FVC ratio ranges from 75 to 85% in healthy adults. A low FEV1/FVC
ratio indicates an obstructive condition, while a high FEV1/FVC ratio indicates a
restrictive condition.

The Institute of Medicine report recommended the use of the terms “sex differ-
ence” to describe the biological process and “gender difference” to describe the
social-drive influences in women and men. Sex and gender differences in the
respiratory system exist even under normal physiological conditions (Institute of
Medicine (US) Committee on Understanding the Biology of Sex and Gender
Differences 2001). Moreover, there are sex and gender differences in the prevalence,
severity, and outcomes of most respiratory diseases. For example, airway diseases
including asthma, COPD, cystic fibrosis (CF), and non-CF bronchiectasis are more
severe in adult women as compared to adult men (Vidaillac et al. 2018; Raghavan
and Jain 2016). In contrast, the survival of male patients with pulmonary arterial
hypertension is poorer than their female counterparts (Benza et al. 2010). Genetic
factors and/or sex hormones can explain biological sex differences. The primary sex
hormone in men is testosterone, and the primary sex hormones in women are
estrogens. Interestingly, the plasma concentration of testosterone in women is
much higher than estradiol; however, whether and how an excess of androgens
may affect the respiratory system in women remain unclear. Here, we review the
impact of sex steroids on the respiratory system in two endocrine conditions where
profound changes in hormonal milieu occur: polycystic ovary syndrome (PCOS),
which is the most common cause of hyperandrogenemia, and menopause, which is
associated with a decrease in estradiol levels and an increase in free androgens
resulting in hyperandrogenemia. Hence, here we summarize some of the evidence
that highlights the key role of sex steroids, with an emphasis on androgens, in
modulating respiratory pathophysiology in these endocrine conditions.
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14.2 Hormonal Changes Associated with Menopause

Menopause is defined as the permanent cessation of ovarian follicular function that
clinically translates into the absence of menstrual periods or amenorrhea for 12 con-
secutive months. The median age of natural menopause is 51.4 years. Premature
natural menopause is defined as menopause occurring before 40 and early meno-
pause before 45 years. In the United States, the life expectancy for a woman is
81 years; thereby almost 40% of their life will be in the postmenopausal period.
Postmenopausal women are one of the fastest-growing populations in the United
States. Perimenopause is the time immediately before menopause when the hor-
monal and clinical changes of approaching menopause start and last until the first
year after menopause. The menopausal transition is the time when menstrual cycles
become variable due to hormonal changes, and other menopause-related symptoms
begin and end with the final menstrual period (FMP) (El Khoudary et al. 2016;
Rannevik et al. 1995). Depending on the menstrual cycle variability, menopausal
transition is subdivided into the early transition, marked by 7 or more days of
persistent difference in cycle lengths from the woman’s previous normal range,
and late transition, marked by 60 or more days of amenorrhea, observed on at least
one occasion.

14.2.1 Gonadotropin Releasing Hormones
and Gonadotropins

Profound changes in the hypothalamic-pituitary-ovary axis occur before and after
the onset of menopause in women. The first change is the depletion of ovarian
follicles, which cause a decrease in plasma inhibin B level and subsequently a
decrease in plasma estradiol and progesterone. These hormonal changes result in
decreased negative feedback and lead to increased gonadotropin-releasing hormones
(GnRH) from the hypothalamus and follicle-stimulating hormone (FSH) and
luteinizing hormone (LH) from the pituitary. Due to the depletion of ovarian
follicles, the negative feedback persists, resulting in a further increase in FSH and
LH levels, which persist in time.

14.2.2 Androgens

In women, testosterone is derived from the stromal compartment of the ovary,
adrenal zona fasciculata, and from peripheral conversion of androstenedione to
testosterone (T) (Burger 2002). There are pro-androgens which circulate in the
plasma at a higher concentration than T, such as androstenedione (A), dehydroepi-
androsterone (DHEA), and DHEA sulfate (DHEAS), and these act as a reservoir for

14 Androgen Excess in Women and the Respiratory System 407



the peripheral tissues such as the skin, adipose, or liver, to convert to T or estrogens.
In women, A is secreted by the adrenal zona fasciculata and the ovarian stroma.

Testosterone circulates in both bound and free forms. It can circulate tightly
bound to sex hormone-binding globulins (SHBG) or loosely bound to albumin. The
latter two constitute bioavailable fraction because it can bind to the androgen
receptor (AR) and exert a biological action in the target tissues. The free androgen
index (FAI) is the ratio of T to SHBG times 100; it is an indicator of bioavailable
androgens. Even after menopause, the adrenal gland and ovary maintain their ability
to synthesize T. As T is synthesized in the ovarian stroma and not the follicles, it
remains unaffected by menopause. In the target organs, T is either converted to
dihydrotestosterone (DHT) by the 5-α reductase enzyme or aromatized to estradiol.
The pro-androgens, both T and DHT, can bind and activate the androgen receptor
(AR). Testosterone exerts its action through the androgen receptor both genomically
and non-genomically (Roy et al. 1999). Upon binding to the AR, the complex
ligand-receptor regulates target gene transcription via a DNA-binding mechanism
or initiates cellular events such as the phosphorylation of second messenger signal-
ing cascades through a non-DNA-binding mechanism. Non-genomic actions of
androgens include an increase in intracellular calcium and protein kinases activation
such as Src tyrosine kinase (c-Src), extracellular signal-regulated kinase 1/2 (ERK
1/2), and phosphatidylinositol 3-kinase (PI3K) (Guo et al. 2002). We have shown
that androgen stimulates aldosterone synthesis in a non-genomic pathway via
calmodulin/calmodulin-dependent protein kinase (CaMK) and protein kinase C
intracellular signaling in the adrenal cells (Yanes and Romero 2009). Also,
non-genomic acute actions of androgens have been described in the smooth muscle
of the airway system (Montano et al. 2014). Thereby the effect of androgens in target
tissues could be genomic and/or non-genomic.

There is conflicting evidence from various studies, whether T increases,
decreases, or remains unchanged after menopause (Meldrum et al. 1981; Sluijmer
et al. 1998; Ala-Fossi et al. 1998). This discrepancy can be partly explained by the
difference in study design. For example, cross-sectional observation studies have
reported a lower level of T after menopause. In contrast, data derived from a
prospective longitudinal cohort in 172 postmenopausal women, the Melbourne
Women’s Midlife Health Project, did show decreases in total T but was also
associated with a decline in SHBG and subsequent increase in FAI (Burger et al.
2000). The Melbourne Women’s Midlife Health Project has been crucial in demon-
strating the longitudinal changes in hormone levels through the menopause transi-
tion as well as distinguishing the effects of menopause on hormonal levels from
aging. The Study of Women’s Health Across the Nation (SWAN) is a longitudinal,
community-based, multisite study which looked at changes occurring during men-
opause. This study revealed an association between higher levels of testosterone and
an increased incidence of depressive symptoms during the menopausal transition.
Another reason for the conflicting evidence is the sensitivity and specificity of the
assay utilized to measure T in women. Since most commercially available tests are
designed to be used in men, their accuracy in measuring T levels in women is far
from optimal. The gold standard measure for testosterone is liquid
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chromatography-mass spectrometry (LC-MS/MS), and reports measuring T in
women using other technologies should be taken with a grain of salt. Also, a normal
range of plasma-free and total testosterone has not been performed in a large cohort
of women. Thereby, more research is needed to fully understand the role of andro-
gens in women.

Oophorectomy in postmenopausal women results in a 30% fall in circulating A
levels suggesting that the adrenal gland may be the primary source of A after
menopause (Judd et al. 1974). A can be converted to testosterone or estradiol in
peripheral tissues (skin, adipose tissue); thereby, after menopause, there is a shift
from gonadal production to extragonadal synthesis favoring a relative
hyperandrogenemia than estrogen in women.

14.2.3 Estrogens

There are three main estrogens in women, estrone (E1), 17β-estradiol (E2), and
estriol (E3). In premenopausal women, the primary estrogen is E2, which is secreted
by the ovaries. The mean E2 levels start decreasing about 2 years before the last
menstrual period; a rapid drop occurs around the last period, and the levels virtually
plateau 2 years after menopause. The concentration of ovarian inhibin A and inhibin
B also decreases and becomes undetectable in the last few years preceding meno-
pause (Burger et al. 1999). After menopause, the ratio between E1 and E2 increased,
reflecting the decline in follicular function and an increase in the extragonadal
production of E2. Thereby, similar to androgens, there is a shift from gonadal
production to extragonadal estrogen synthesis in women after menopause.

Estrogen binds to estrogen receptors ERα, ERβ, and GPR30 in the endothelium
and vascular smooth muscle (VSM), which then triggers downstream signaling
pathways leading to genomic and non-genomic vascular effects such as vasodilation,
decreased VSM contraction and growth, and reduced vascular remodeling. E2
behaves differently in different tissues inducing a pro-inflammatory state in some
settings and an anti-inflammatory state in others (Straub 2007).

Estrogen receptor beta (ERβ) is the predominant estrogen receptor present in the
lungs and is involved in lung homeostasis and development as well (Tam et al. 2014;
Ivanova et al. 2009). The higher alveolar number and surface area in females
compared to age-matched male rodents could be secondary to the higher concentra-
tion of ERβ in females as compared to males (Massaro et al. 1995). This sexual
dimorphism may be necessary to meet the increased demand for oxygen during
pregnancy and lactation. Impaired gestational estrogen signaling (via knocking out
ERβ) results in impaired fetal lung maturation and decreased alveologenesis
(Massaro and Massaro 2004). In support of this notion, a number of animal studies
reported decreased alveolar number (Patrone et al. 2003), altered alveolar structure,
reduced surfactant production, extracellular matrix remodeling, and systemic hyp-
oxia in adult female and male ERβ knockout mice (Morani et al. 2006). Also,
ovariectomy was associated with alveolar loss and impaired alveolar structure.
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These changes were reversible with estrogen replacement therapy, indicating suc-
cessful alveolar regeneration (Massaro and Massaro 2004). The alterations in the
lung function and structure were observed in both sexes, indicating that ERβ is
important for normal lung physiology both in males and females (Morani et al.
2006). On the contrary, androgens have been shown to delay male fetal lung
maturation and decrease surfactant production as well (Nielsen 1985; Nielsen et al.
1982). The above data suggest that estrogen exhibits several lung-protective effects,
while testosterone has deleterious effects.

14.2.4 Anti-Müllerian Hormone

Anti-Müllerian hormone (AMH), like inhibin, is a tumor growth factor beta (TGF-β)
family peptide that is produced by the small, growing follicles of the ovary. It is a
biologically plausible marker of ovarian reserve (Kelsey et al. 2011). AMH levels
start to rise around puberty, peak at 25 years, and become undetectable by the onset
of menopause. AMH is a predictive marker for the onset of menopause (Kruszynska
and Slowinska-Srzednicka 2017; Tehrani et al. 2009).

14.3 Extragonadal Production of Sex Steroids: The Role
of Adipose Tissue

The adipose tissue is an endocrine organ and plays an important role in the
menopausal transition. Menopausal women continue to have low levels of circulat-
ing estrogens, secondary to aromatization of ovarian and adrenal androgens in the
adipose tissue. Therefore, obesity will affect physiological and/or pathophysiologi-
cal changes that occur after menopause. In addition, white adipose tissue is an
important source of androgens and estrogens in men. The concentration of andro-
gens (A, T, and DHEA) in the female adipose tissue is several-fold higher than in
plasma (Deslypere et al. 1985; Feher and Bodrogi 1982; Szymczak et al. 1998; Borg
et al. 1995). Evidence also suggests that this local androgen synthesis by adipose
tissue happens in a depot-specific fashion and plays a role in androgen-mediated
modulation of body fat distribution (Tchernof et al. 2018). Besides secreting sex
hormones, the adipose tissue also modulates their activity by affecting the concen-
tration of sex hormone-binding globulin (SHBG) and expressing enzymes respon-
sible for the activation of estrogens and androgens. SHBG is negatively correlated
with body mass index (BMI), thereby leading to an increased free fraction of the
hormones with obesity. The 17β-hydroxysteroid dehydrogenase (17β-HSD) enzyme
catalyzes the reduction of 17-ketosteroids or the oxidation of 17β-hydroxysteroids,
using NAD(P)H or NAD(P) as cofactors (Tchernof et al. 2015). Currently,
14 17β-HSD isoenzymes have been identified in mammals. The enzymatic activity
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of each isoform is tissue-specific and varies from being steroid activating to steroid
inactivating. The 17β-HSD types 3 and 5 are the main isoforms that can convert A
(a weak androgen) to T (a potent androgen). Both of these isoforms are expressed in
the subcutaneous adipose tissue. Since adipocyte size and differentiation signifi-
cantly increases the expression of 17β-HSD type 5, one could speculate that weight
gain increases intra-adipose androgen levels (Svensson et al. 2008).

14.4 Lung Function in Women: Changes after Menopause

The hormonal changes occurring during the menopausal transition may affect
pulmonary function under both physiological and pathological conditions. In recent
years, attention has been focused on the deterioration of lung function during the
menopausal transition and postmenopausal periods. Recent data showed that lung
function, particularly forced vital capacity (FVC), declined more rapidly among
women in the menopause transition and postmenopausal women beyond the
expected age change (Triebner et al. 2017; Memoalia et al. 2018). The timing of
menopause also seems to play a role in the manner respiratory function is affected.
Women who experienced menopause at an earlier age (<45 years) had lower post-
bronchodilator forced expiratory volume and FVC compared with women who
experienced menopause at a later age (�45 years) (Campbell et al. 2020). Thereby
the hormonal changes associated with menopause transition could be important
modulators of the physiology and pathological changes in the respiratory system.

14.4.1 Menopause and Asthma

Asthma is a syndrome characterized by airflow obstruction and chronic inflamma-
tion of the mucosa in the lower airway. Asthma symptoms include wheezing and
shortness of breath, which is relived with the use of bronchodilators. The prevalence
of asthma varies throughout life. Childhood asthma is more prevalent in boys than in
girls, with a ratio of 2:1. However, adult-onset asthma affects more women than
men. Allergic asthma is characterized by an aberrant Th2 inflammatory immune
response against an otherwise innocuous stimulus. Th2 cytokines, such as IL-4 and
IL-13, and chemokines enhance inflammation, mucus production, airway constric-
tion, and inflammatory immune cell recruitment in the lungs (Murdoch and Lloyd
2010).

The CRHSII cross-sectional study reported increased asthma symptoms in
women during the menopause transition compared to premenopausal women, espe-
cially among lean women (Real et al. 2008). In this study, women with amenorrhea
had significantly lower FEV1 and FVC values and more respiratory symptoms, both
with and without allergy, than those menstruating regularly. Furthermore, increasing
BMI was significantly associated with a lower FEV1 and FVC. Also, asthma that
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starts around the menopause or in old age is severe as compared to normal-onset
asthma (Baptist et al. 2014). A population-based study from five northern European
countries (Respiratory Health in Northern Europe [RHINE]) found that in perimen-
opausal women, there is an interaction between hormone replacement therapy
(HRT) and BMI in the effects on asthma. Lean women who were HRT users had
as high risk for asthma as overweight women not taking HRT. It is suggested that
HRT increases the risk of asthma in both lean and overweight postmenopausal
women (Gomez Real et al. 2006).

14.4.2 Menopause and Obstructive Sleep Apnea

Obstructive sleep apnea (OSA), a syndrome characterized by repeated episodes of
upper airway obstruction during sleep, is a common disorder with high morbidity
and mortality (Levy et al. 2015). Obstructive sleep apnea (OSA) is far more common
in males than females before menopause. After menopause, however, the prevalence
in OSA increases in women (Perger et al. 2019). The discrepancy between the lower
prevalence of OSA, the greater frequency of obesity, and the smaller airway size in
women compared to men suggests that gender differences underlie this condition. It
was hypothesized that because women before menopause have more stable upper
airway structures than men, they are protected against severe forms of OSA
(Mohsenin 2003).

14.5 Cardiovascular Risk Factors that Could Affect
Respiratory System after Menopause

14.5.1 Insulin Resistance

Besides changes in sex steroids, there are other pathophysiological changes in the
metabolism that occur after menopause that could impair respiratory function. In
women, insulin resistance (IR) worsens after menopause (Chu et al. 2006). Forced
expiratory volume in 1 second (FEV1) and forced vital capacity (FVC) are inversely
associated with IR and prevalence of type 2 diabetes (Lawlor et al. 2004; Sagun et al.
2015). Reduced lung volumes and airflow limitation had been reported in patients
with type 2 diabetes, and this airflow limitation is a predictor of death in type
2 diabetes after adjusting for other recognized risk factors (Davis et al. 2004). In
addition, high bioavailable T in women is associated with higher risk of type
2 diabetes (Soriguer et al. 2012). In the Women’s Health Initiative, conjugated
equine estrogens (CEE) with medroxyprogesterone acetate (MPA) significantly
reduced the incidence of diabetes mellitus (Margolis et al. 2004). Changes in lung
function associated with insulin resistance could contribute to the largely
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unexplained association between reduced lung function and incidence of cardiovas-
cular diseases (Engstrom et al. 2003). Before menopause hypertension is more
prevalent in men versus women; however, after menopause, blood pressure
increases in women to reach similar levels than in men (Brahmbhatt et al. 2019;
Yanes and Reckelhoff 2011). In men, lung function is inversely associated with
future blood pressure increase with age (Engstrom et al. 2001).

14.5.2 Smoking

Menopause exacerbates smoking-induced lung injury. In a cohort of 2020 women
followed for 21 years (that included menopausal transition and postmenopausal
years), cigarette smoking was associated with lower FVC, FEV1, and FEF
(25–75), with the magnitude of the effect being higher for postmenopausal
women. Menopausal women also had a lower FEV1 and FVC independent of the
smoking status (Hayatbakhsh et al. 2011). Smoking is also a strong predictor of early
menopause, potentially leading to an earlier deterioration of lung function (Zhu et al.
2018). A cross-sectional study conducted in postmenopausal women found that
cigarette smoking is associated with higher circulating levels of androgens, estro-
gens, 17-hydroxyprogesterone, and SHBG. This study also showed that after
smoking cessation for 1 year, the levels of estradiol and total and free T were
comparable to that of nonsmokers, suggesting that the effect of smoking on gonadal
hormones was reversible (Brand et al. 2011).

14.5.3 Menopause and Obesity-Mediated Lung Injury

Obesity is the accumulation of excessive adipose tissue, defined as body mass index
(BMI) greater than 30 in adults (Clinical Guidelines on the Identification, Evalua-
tion, and Treatment of Overweight and Obesity in Adults–The Evidence Report.
National Institutes of Health 1998). Postmenopausal women have a high prevalence
of obesity (23%) and are at higher risk of developing coronary heart disease, stroke,
breast cancer, and hot flashes. Obesity has been associated with numerous pulmo-
nary disorders, including asthma, pulmonary hypertension, sleep apnea, and obesity
hypoventilation syndrome (Lambrinoudaki et al. 2010). Obesity has also been
shown to influence pulmonary function in multiple ways including restriction of
respiratory movements and changes in the inflammatory milieu.

14.5.3.1 Pulmonary Mechanics

During normal inspiration, the diaphragm moves downwards, and the external
intercostal muscles raise the ribs upwards and outwards to create a negative pressure
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gradient that sucks the air. Due to the accumulation of fat in the thorax and
abdominal region, the aforementioned movements are restricted, leading to an
increase in pleural pressure (Peters et al. 2018). This leads to a decrease in the
functional residual capacity (FRC), which is defined as the amount of air in the lungs
after a normal exhalation (Hopkins and Sharma 2020). FRC is decreased by 10%,
22%, and 33% in overweight, mild, and severe obesity, respectively (Sharp et al.
1964; Mehari et al. 2015; Jones and Nzekwu 2006).

The effect of obesity on pulmonary function also depends on fat distribution.
Android (or abdominal) fat distribution is characterized by the accumulation of fat in
the chest, abdomen, and viscera. In contrast, gynoid (or peripheral) is characterized
by the accumulation of fat in the thighs and pelvis. Android fat distribution not only
has a more direct effect on pulmonary mechanics, but it is also associated with a
higher degree of inflammation due to the accumulation of visceral fat, which
adversely affects lung function (Collins et al. 1995).

14.5.3.2 Inflammatory Mediators

Adipocytes and leucocytes infiltrating the adipose tissue can secrete various inflam-
matory cytokines. Leptin is an anorexigenic hormone that mediates satiety. Obesity
is a state of leptin resistance. Leptin is involved in the control of the ventilator drive
and cholinergic airway tone (Peters et al. 2018). A study showed that visceral fat
leptin has a strong negative association with lung function in African American
women (Hickson et al. 2011). Shore et al. also showed that leptin administration
increased airway responsiveness in a mouse model of asthma (Shore et al. 2005).

Adiponectin is a cytokine that inhibits eosinophil recruitment and decreases
inflammation. Low levels of adiponectin have been noted in obese asthma and
COPD, which could potentially contribute to the increase in airway inflammation
(Sideleva et al. 2012; Krommidas et al. 2010). Tumor necrosis factor-α (TNF-α) and
interleukin-6 (IL-6) are pro-inflammatory cytokines produced by adipose tissue that
affect pulmonary function (Lundblad et al. 2005; Peters et al. 2016).

14.5.3.3 Dyslipidemia

Pulmonary diseases and dyslipidemia are interlinked through various pathways;
therefore abnormalities in metabolic factors affect pulmonary function. Poorly
controlled diabetes mellitus has been associated with deterioration of pulmonary
function, particularly evident in cystic fibrosis (Lavie et al. 2015). Dyslipidemia has
also been associated with various pulmonary abnormalities. Han et al. reported an
increase in airway responsiveness in a mouse model of asthma which was amelio-
rated with simvastatin (Han et al. 2017). High levels of lipids in the right ventricle
have been implicated in the development of pulmonary hypertension. The utility of
conventional treatments for dyslipidemia such as statins for pulmonary diseases,
however, remains to be explored (Brittain et al. 2016).
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14.5.3.4 Effect of Weight Loss on Pulmonary Function

Recent advances in the treatment of obesity with the use of anti-obesity medications
and bariatric surgery have raised the question whether obesity-induced damage is
reversible. Various studies have found an increase in lung volumes (total lung
capacity, TLC) and expiratory reserve volume (ERV) as well as peak expiratory
flow (PEF) and FEV1 with weight loss (Hakala et al. 2000). Dixon et al. reported that
a 27% weight loss in women with asthma leads to decreases in airway responsive-
ness (Dixon et al. 2011). Chapman further reported that the decrease in airway
reactivity was limited to those with late-onset asthma with low IgE levels (Chapman
et al. 2014).

14.6 Effect of Menopausal Sarcopenia on Pulmonary
Function

Sarcopenia is a progressive and generalized skeletal muscle disorder that is associ-
ated with increased likelihood of falls, fractures, physical disability, and mortality.
Women over 50 years lose approximately 1% of muscle mass annually (Goodpaster
et al. 2006). Menopause is also associated with several changes in muscle function.
For example, relaxation of the pelvic muscles can lead to urinary incontinence and
uterine prolapse. It has been hypothesized that estrogens may act directly by binding
to receptors on the skeletal muscle or indirectly by altering growth hormone and
insulin-like growth factor-1 (IGF-1) (Kaunitz et al. 2020). A recent systematic
review and meta-analyses evaluated 12 randomized clinical trials exploring the
role of estrogen-based HRT on muscle mass. Overall, HRT users lost 0.06 kg
(�0.05 to 0.18) less lean body mass compared with participants not receiving
HRT. This difference was not statistically significant, suggesting that sarcopenia
was not restored by HRT and alternative approaches should be explored (Javed et al.
2019).

14.7 Effect of Hormone Replacement Therapy (HRT)
on Pulmonary Function

HRT is the replacement of female gonadal hormones after menopause. HRT would
seem to be the logical strategy to mitigate the adverse effects of menopause;
however, that has not been the case. The Women’s Health Initiative (WHI) was
launched in the 1990s when there was substantial evidence that estrogen with or
without a progestin might be useful as primary prevention for cardiovascular
diseases in postmenopausal women. This trial included 27,347 women ages 50–79
who were followed during active treatment (5.6 years in the estrogen-plus-progestin
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trial, 7.2 years in the estrogen-alone trial) and for an extended period with no
treatment, for a total follow-up of 13 years. This study showed that estrogen-plus-
progestin increased coronary heart disease risk, stroke, breast cancer, and venous
thromboembolism among HRT users (Rossouw et al. 2002). After the publication of
this clinical trial, HRT use dropped by 40–80% (Burger et al. 2012).

Currently, HRT is recommended for the treatment of vasomotor and the genito-
urinary symptoms of menopause. HRT has also been shown to prevent bone loss and
fracture (The 2017 hormone therapy position statement of The North American
Menopause Society, 2018). A progestogen is given to women with an intact uterus to
avoid estrogen-induced endometrial hyperplasia that can progress to endometrial
carcinoma. It is critical to distinguish between the physiological effects of synthetic
estrogens and progestogens compared to endogenously produced estradiol and
progesterone. The risk of HRT is related to the route of administration, doses, and
types of agents used. Estrogens can be administered orally, as a subcutaneous
implant, a vaginal gel, or a transdermal patch. There are significant differences in
physiological effects based on the delivery route in postmenopausal women (Khalil
2013).

HRT could alter pulmonary function as well. Continuous combined HRT regi-
men is associated with a positive effect on FEV1 and FVC in postmenopausal
women (Cevrioglu et al. 2004). However, bronchospasm secondary to replacement
estrogen therapy has also been reported in postmenopausal women (Collins and
Peiris 1993). Furthermore, 17β-estradiol in postmenopausal women with type 2 dia-
betes mellitus has been shown to increase several acute-phase proteins such as
C-reactive protein (CRP), fibrinogen, ceruloplasmin, and von Willebrand factor
(Kluft et al. 2002).

On the contrary, young women with Turner’s syndrome, which is characterized
by low serum levels of estrogens, have increased airway responsiveness, which
significantly improves after 6 months of estrogen treatment (Villa et al. 1990). The
age-associated changes in estrogen receptors could potentially explain this discrep-
ancy. The presence of progesterone in HRT could alter the effect of HRT on
pulmonary dynamics. For example, estrogen treatment induced an increase in the
number of β-adrenergic receptors in rabbit pulmonary tissues, and this effect was
reversed by progesterone (Moawad et al. 1982). Estradiol also increases mucus
synthesis in the human bronchial epithelium, and this action is attenuated by
estrogen receptor beta (ERβ) antagonists (Tam et al. 2014).

Menopause, rather than a hypohormonal stage, is a new phase in women’s lives
where profound changes in the respiratory function occur. In healthy women, those
changes will occur inadvertently. For women with preexisting conditions, meno-
pause can constitute a second hit, where subclinical respiratory diseases will become
clinically apparent. Further research needs to be done to elucidate the molecular
mechanisms involved in mediating the effect of gonadal hormones on pulmonary
dynamics, which could open new avenues for the prevention and treatment of
pulmonary diseases.
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14.8 Polycystic Ovary Syndrome

PCOS is the most common endocrine disorder that affects women during their
reproductive age (Dumesic et al. 2015; Lizneva et al. 2016). It is not known if the
prevalence of PCOS rises after menopause or not. PCOS is the most common cause
of androgen excess in women (Azziz et al. 2004). There three different sets of
diagnostic criteria are used to establish the diagnosis of PCOS (Zawadski and Dunaif
1992; Rotterdam ESHRE/ASRM-Sponsored PCOS Consensus Workshop Group
2004; Azziz et al. 2006). The NIH criteria established in 1991 state that for
women to have PCOS ovulatory dysfunction and hyperandrogenemia and/or
hyperandrogenism must be present. In 2003 the Rotterdam criteria were released,
which added polycystic appearance of the ovaries to the two criteria established by
NIH. The diagnosis of PCOS requires only the presence of two of the three
characteristics; however, other known causes of hyperandrogenism and ovulatory
dysfunction need to be ruled out before making the diagnosis of PCOS. The
Rotterdam criteria are the most commonly used in the clinical and research settings
and have also been endorsed by NIH. In 2006 the Androgen Excess society released
a statement that stated that the presence of hyperandrogenemia was sine qua non to
diagnose PCOS.

PCOS patients frequently seek medical advice due to issues related to irregularity
in menses and/or infertility. Recently, it has become evident that PCOS is associated
with a high prevalence of cardiometabolic risk factors such as IR, obesity, fatty liver,
and obstructive sleep apnea. Several epidemiological studies have linked the degree
of hyperandrogenemia to the severity of cardiometabolic complications in PCOS.

More recently, abnormalities in the respiratory system in women with PCOS have
emerged. A Danish register-based study showed increased asthma prevalence in
women with PCOS compared with controls (3% versus 2.2%) (Zierau et al. 2019).
Furthermore, women with PCOS also had higher usage of asthma medication
(19.2% versus 14.1%) as compared to age-matched controls (Htet et al. 2017). The
worsening respiratory function of PCOS patients could be a direct effect of andro-
gens or an indirect effect of obesity as described below.

In the United States, up to 80% of women with PCOS are overweight or obese
(Legro et al. 1999; Ehrmann et al. 1999). Epidemiological studies have previously
described a link between obesity and asthma, but it is uncertain whether the
increased prevalence of asthma in PCOS is primarily related to obesity or the
hormonal imbalance. Also, serum androgens are positively correlated with BMI,
not only in PCOS but also in simple obesity (Valderhaug et al. 2015). A large
community-based self-reported study conducted in Australian women aged
28–33 years examined the association between asthma and PCOS. Asthma was
reported in 15.2% of women with PCOS compared with 10.6% of women without
PCOS; moreover, PCOS status was associated with increased risk of asthma inde-
pendently of BMI. Thereby, an increase in body weight, frequently observed in
women with PCOS, could negatively impact respiratory function.
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A frequent clinical manifestation in women with PCOS is irregular menses. A
cross-sectional analysis of women aged 28–44 years from a Northern European
community reported that forced vital capacity (FVC) was significantly lower; asth-
matic symptoms and hay fever were more prevalent in women with irregular
menstruation at any level of BMI (Macsali et al. 2009).

Hyperandrogenism is the hallmark characteristic of PCOS. Plasma levels of total
and free testosterone, dehydroepiandrosterone (DHEA), DHT, DHEA sulfate
(DHEAS), and A are significantly elevated in PCOS (Azziz et al. 2004; Huang
et al. 2010). Testosterone and DHT are the most potent androgens; however, even
though A, DHEA, and DHEAS have significantly less androgenic potency, they
circulate at higher concentrations in plasma (Keefe et al. 2014) and act as a reservoir
that can be converted to testosterone and DHT in various tissues; in one of them,
adipose tissue conversion is via 17β-HSD type 5 (Quinkler et al. 2004). Testosterone
and other androgens, such as DHT, have broad immunoregulatory effects that
suppress immune responses (Trigunaite et al. 2015). Gender differences in AR
expression in airway smooth muscle cell have been reported. During physiological
conditions, females have lower expression of AR as compared to males. However,
there was a significant increase in AR expression in asthmatic ASM of both sexes
(Kalidhindi et al. 2019). Whether the expression of AR expression is different in
patients with PCOS is unclear.

Androgens enhanced, rather than suppressed, M2 macrophage polarization in
allergic lung inflammation. The M2-promoting role of DHT is specific for macro-
phages, as DHT suppresses allergic inflammation overall. The increased M2 mac-
rophage polarization induced by androgens is mediated by AR, as this effect is
absent in macrophages from ARfloxLysMCre male mice. Those studies suggest
possible mechanisms to counteract diseases promoted by M2 macrophages and
affecting mainly men. A deeper understanding of the mechanisms by which andro-
gens/AR enhances M2 macrophage polarization will lead to the development of
effective therapies against diseases in which M2 macrophages are important medi-
ators (Becerra-Diaz et al. 2018). Studies on the detrimental effect of endogenous
androgen and exogenous DHT in monocrotaline-induced pulmonary arterial hyper-
tension rats suggest those effects may be through stimulation of vascular cell
proliferation, gelatinolytic activity, apoptosis, perivascular inflammation, and oxi-
dative stress (Wen et al. 2019).

In women, the mechanism by which this hormonal pattern can facilitate asthma
may involve a high serum level of 17β-estradiol. This sex steroid can enhance both
the formation of prostaglandin F2α, through the activation of α-9-ketoglutarase, and
arachidonic acid metabolism (Franchi et al. 1985). In anovulatory women with
PCOS, estrogens are continuously secreted without the cyclic pattern that accom-
panies an ovulatory cycle.
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14.9 Possible Mechanisms Mediating Impairment in Lung
Function in Hyperandrogenemic Conditions: Role
of the Renin Angiotensin System

The renin-angiotensin system (RAS) is a major blood pressure and body fluid
volume and composition regulator. The RAS cascade begins with a substrate,
angiotensinogen which is cleaved by renin to release angiotensin I (ANG I). The
angiotensin-converting enzyme (ACE) can activate ANG I to produce angiotensin II
(ANG II). Most of the known effects of ANG II are mediated through the angiotensin
type 1 (AT1) receptor including vasoconstriction, aldosterone and vasopressin
release, salt and water retention, and sympathetic activation. ANG II can be also
converted in ANG 1–7 via angiotensin-converting enzyme type 2 (ACE2). Angio-
tensin 1–7 (ANG 1–7) seems to counterbalance ANG II actions via ANG 1–7/Mas
receptor.

In the lung ACE has been implicated in mediating lung injury in several exper-
imental models. For example, elevation of ACE is suspected to play a role in the
development of several interstitial lung diseases (Marshall 2003). ACE expression
and activity could be modulated by sex steroids. Estradiol replacement in ovariec-
tomized female normotensive rats reduced ACE activity and expression in the
kidney cortex and medulla; thus the beneficial cardiovascular effects of estrogen
may be mediated in part by downregulation of ACE with a consequent reduction in
the circulating levels of the ANG II, a decrease in the metabolism of the vasodilator
bradykinin, and an increase in the production of the vasorelaxant ANG 1–7
(Gallagher et al. 1999). ACE2 is a type I membrane protein expressed in the
lungs, heart, kidneys, and intestine. It has been shown that mice deficient for ACE
or those administered with recombinant ACE2 are protected against acute lung
injury (Imai et al. 2005). These data suggest that inhibition of ACE or increases in
ACE2 could represent protective mechanisms against lung injury. Whether sex
steroids, estrogens, or testosterone regulate the expression of ACE2 in the respira-
tory system remains unclear.

Sex differences in the RAS have been described previously in humans and several
animal models of hypertension, heart failure, and renal injury. We have previously
demonstrated that androgen replacement in castrated male rats increases renin and
angiotensinogen synthesis (Yanes et al. 2009). Androgens also mediate part of salt-
sensitive hypertension in Dahl SS rats (Yanes et al. 2009). If renin is not working at
Vmax, then an increase in the substrate, angiotensinogen, will increase ANG II
production, since renin is the rate-limiting enzyme for ANG II production in some
tissues (Luther et al. 1989). We also previously showed that in an animal model of
postmenopausal hypertension, plasma renin activity significantly increases after
menopause which is associated with a significant increase in plasma level of
testosterone (Yanes and Reckelhoff 2011).

ACE inhibitors are competitive inhibitors of ACE and prevent the conversion of
angiotensin I to angiotensin II. ACE is also responsible for the degradation of
bradykinin, which is produced from its precursor kininogen. Bradykinin has a
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short half-life because it is rapidly degraded by ACE. Reduced ACE activity due to
estradiol may make women more likely to develop cough with ACE inhibitors
(Yilmaz 2019; Israili and Hall 1992).

Type I collagen is a principal matrix protein in the lung interstitium. Excessive
type 1 collagen, synthesized by activated fibroblasts, can lead to fibrosis and
thickened alveolar walls, thereby reducing lung compliance (Uhal et al. 2007). An
ANG II-TGF-β1 cross talk has been identified in lung fibroblasts isolated from
fibrotic human lung specimens pointing to a role for RAS in the pathogenesis of
fibrotic pulmonary diseases (Uhal et al. 2007).

Although here we described clinical endocrine conditions that are characterized
by hyperandrogenemia, thereby the excess of androgens could mediate the respira-
tory impairment, there are also clear gender differences in the respiratory system. For
example, FEV1 declines more rapidly in women responsible for cleaning at home
(Svanes et al. 2018). Svanes et al. hypothesized that the decline in lung function is
attributable to the irritation that most cleaning chemicals cause on the mucous
membranes lining the airways. Interestingly, cleaning was not significantly associ-
ated with lung function decline in men or with FEV1/FVC decline or airway
obstruction (Svanes et al. 2018).

14.10 Summary

Currently, although there is a big emphasis on the inclusion of both sexes in basic
and clinical research, women are treated in the same way as men in the clinical
practice. There is a big gap between knowledge gathered in the basic and clinical
research and how to apply it at the bedside. We should keep increasing and
improving our basic and clinical knowledge but, at the same time, give a stronger
emphasis to translating those findings into clinical practice.
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Chapter 15
Sex Differences in Circadian Biology:
Influences on Lung Health and Disease

Ashokkumar Srinivasan and Isaac Kirubakaran Sundar

Abstract Sex and gender differences in circadian biology and how they relate to
lung health and disease remain unexplored. Several reports have provided evidence
showing how lung physiology indices and pathobiology are affected in a sex-specific
manner in children and adults. This chapter provides a timely update on the recent
discoveries that show sex- and gender-specific differences in lung pathophysiology
as it relates to peripheral clock molecules in the lungs and target cell types, which
play an essential role in chronic lung diseases. Ultimately, understanding the role of
sex differences in circadian clock biology and its involvement in lung health and
disease will result in development of novel chronotherapeutic drugs that can be used
for the treatment and management of chronic inflammatory lung diseases such as
asthma, chronic obstructive pulmonary disease, and pulmonary fibrosis.

Keywords Circadian rhythms · Sex differences · Peripheral clock · Lung diseases ·
Asthma · COPD · Pulmonary fibrosis · Chronotherapeutics
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CXCL5 C-X-C motif chemokine ligand 5
DBP D-box binding PAR BZIP transcription factor
DD Dark-dark
DEX Dexamethasone
ER Estrogen receptor
5HT 5-Hydroxytryptamine
IAV Influenza A virus
IL-6 Interleukin-6
IPF Idiopathic pulmonary fibrosis
KO Knockout
LD Light-dark
LINQ Lung information needs questionnaire
MMP Matrix metalloproteinase
NR1D1 Nuclear receptor subfamily 1, group D, member 1
NRF2 Nuclear factor erythroid 2-like 2
NPAS2 Neuronal PAS domain protein 2
OVA Ovalbumin
PER Period
PR Progesterone receptor
RORα Retinoid acid receptor-related orphan receptor alpha
SCN Suprachiasmatic nuclei
SeV Sendai virus
SIRT1 Sirtuin 1
SPP1 Secreted phosphoprotein 1
TBPL1 TATA box-binding protein-like protein 1
TGF-β1 Transforming growth factor-beta 1

15.1 Introduction

Sex refers to the biological differences in chromosomes, sex organs, and hormonal
profiles that exist between male and females. Sex and gender variance are usually
considered to be similar in all physiological processes, but previous reports have
indicated that sex differences exist among normal and altered pathobiology of
chronic lung disease (Altevogt et al. 2011; Karp et al. 2017; Han et al. 2018). The
male and female sexes show differences in chronic inflammatory lung diseases in
terms of symptoms, severity, age of onset, and incidence of lung disease. However,
the role of sex/gender in biomedical research has often been overlooked, despite the
sexual dimorphism observed in lung disease. Nevertheless, most scientific experi-
ments are carried out in animals using the male sex alone, and then those findings are
applied to both sexes without sufficient evidence. Lack of data to support sexual
differences has led to the withdrawal of certain drugs that have caused greater health
risks in women (Parekh et al. 2011). New approaches to integrate sex and gender
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(equal numbers) while conducting experiments are underway. Cells and tissues can
be taken from male and female animals and human studies (preclinical and clinical)
to comprehend possible differences in mechanism, drug discovery, and clinical trials
to strengthen our understanding about sex/gender difference and its role in patho-
physiology and therapeutics of chronic lung disease. There is a pressing need to
incorporate sex and gender as biological variables in basic, applied, preclinical, and
clinical studies to identify sex-specific differences in lung circadian rhythm research
(Duchesne et al. 2017). This book chapter summarizes the basics of the molecular
mechanisms regulating clock function in mammals, sex and gender difference in
circadian rhythms, sexual dimorphism in the lungs, sexual dimorphism and circadian
rhythms in lung immunity, and recent updates on the sex and gender difference in
lung diseases (e.g., asthma, chronic obstructive pulmonary disease, pulmonary
fibrosis, and infectious diseases) with emphasis on the novel role of circadian
rhythms and chronotherapeutics in chronic lung disease. Overall, we have taken
efforts to consolidate our knowledge on circadian biology and how it relates to lung
health and disease, implicating the possible role of sex differences by utilizing the
wealth of recent literature available.

15.2 Circadian Rhythms

Circadian rhythms evolved 2.5 billion years before/during the period of the great
oxidation event, and this phenomenon was first observed in plants. Later, circadian
rhythms were discovered in animals, fungi, and cyanobacteria (Loudon 2012;
Bhadra et al. 2017). In a multicellular organism, the pacemaker of circadian rhythm
is located in specific tissues such as the eyes, pineal gland, or a certain region of the
brain (Jin et al. 1999). In mammals, the internal circadian clock resides in two
clusters of nerve cells collectively called as the suprachiasmatic nuclei (SCN).
They regulate various physiological processes such as the sleep-wake cycle, loco-
motor activity, hormonal oscillations, body temperature, immunity, metabolism, and
respiration (Mohawk et al. 2012). Internal clock systems comprise the central and the
peripheral clocks. The central clock receives direct zeitgeber cue (light) via a specific
group of photoreceptors present in the retina that are connected to the SCN of the
hypothalamus in the brain. The central clock in the brain entrains the peripheral
clocks via the neural and endocrine signaling that receives environmental cues
through food, hormones, and cytokines. Virtually every cell in the body expresses
clock genes and is synchronized with the central clock (Mohawk et al. 2012).

Circadian rhythms in humans are governed by biological clock machinery,
consisting of core clock genes CLOCK (circadian locomotor output cycles protein
kaput), BMAL1 (brain and muscle ARNT-like 1), PER1 and 2 (period 1and 2), and
CRY1 and 2 (cryptochrome 1 and 2). Together these genes form a feedback loop and
oscillate throughout the day and night. CLOCK and BMAL1 are expressed consti-
tutively in the cells, and when they are translated into protein in cytosol, CLOCK:
BMAL1 heterodimerizes and translocates into the nucleus. After translocation they
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bind to the E-box response element in the promoters of PER1 and 2 and CRY1 and
2, and these proteins accumulate throughout the day. In the cytosol, PERs and CRYs
(PER:CRY) dimerize and translocate into the nucleus, or the PER and CRY proteins
are phosphorylated by casein kinase1ε and AMP kinase (AMPK) by their respective
E3 ubiquitin ligase complexes leading to their proteasomal degradation via the 26S
proteasome complex (Jin et al. 1999; Mohawk et al. 2012). Inside the nucleus, PER:
CRY inhibits CLOCK:BMAL1 by binding to their promoters, thereby inhibiting
their own expression (Shearman et al. 2000). Even though the feedback loop appears
to be complete, there is an additional transcriptional loop that repress or activate
transcription of BMAL1 that involves NR1D1 (nuclear receptor subfamily
1, group D, member 1) also known as REV-ERBα, retinoid acid receptor-related
orphan receptor alpha (RORα), and D-box binding PAR BZIP transcription factor
(DBP) (Sato et al. 2004; Preitner et al. 2002) (Fig. 15.1). Although the circadian
proteins play an important role in maintaining circadian rhythm, they have also been
reported to modulate several key physiological processes like metabolism, immune
response, and fertility, among other effects (Serin and Tek 2019; Labrecque and
Cermakian 2015; Alvarez et al. 2008). Bmal1 knockout (KO) mice show signs of
significant loss of circadian rhythms (e.g., sleep and locomotor behavior), acceler-
ated aging, and shorter life span (Yang et al. 2016; Kondratov et al. 2006). Bmal1
KO mice develop several phenotypes such as abnormal metabolism, altered sleep
pattern, progressive arthropathy, and infertility in both males and females (Rudic
et al. 2004; Bunger et al. 2005; Laposky et al. 2005; Alvarez et al. 2008; Liu et al.
2014). Similarly, Clock gene mutants and knockout mice suffer from metabolic
syndrome elements like abnormal gluconeogenesis, abnormal behavioral response to
psychostimulants, and longer estrous cycles (Rudic et al. 2004; McClung et al. 2005;
Dolatshad et al. 2006; Wisor et al. 2002; André et al. 1998). Other circadian proteins
PER, CRY, RORα, REV-ERBα, and REV-ERBβ have been shown to be associated
with cancer, insomnia, retinal degeneration, etc. (Shafi and Knudsen 2019; Wisor
et al. 2002; André et al. 1998). Prior studies demonstrate that altered lung circadian
clock targets have been linked to several chronic lung inflammatory conditions such
as asthma, COPD, allergic rhinitis, pulmonary fibrosis, as well as viral and bacterial
infections, which have been extensively reviewed (Sundar et al. 2015b, c).

15.3 Sex Differences in Circadian Rhythms

While the circadian clock was previously considered to be identical among different
genders, there have been some significant differences reported. However, there is no
fundamental difference between how circadian rhythm works in males and females,
they do differ in the amplitude of oscillation in the SCN. For example, neuronal
vasoactive intestinal polypeptide (VIP) cellular populations are lesser in females
than in males and are involved in coupling circadian oscillators in the SCN from core
cells to shell neurons (Zhou et al. 1995). The difference in circadian rhythm stems
from the fact that males have an increased expression of androgen receptor
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(AR) than females in the SCN, both in mouse models and in humans (Iwahana et al.
2008; Fernández-Guasti et al. 2000). In contrast, estrogen receptor beta (ERβ) and
progesterone receptor (PR) did not show any sexual dimorphism, and only ERα
showed strong staining in the SCN of females (Kruijver and Swaab 2002). More-
over, ERα and ERβ were only present on shell neurons of the SCN, but AR was
found in the core cells of the SCN, which indicates that androgens may have a
profound effect on the circadian rhythm relative to estrogens (Yan and Silver 2015).
Robust proof for the existence of circadian dimorphism comes from four core
genotype (FCG) mouse model studies showing the difference in wheel running

Fig. 15.1 Schematic representation of core circadian clock machinery showing altered clock-
controlled gene expression during subjective day vs. night. Circadian rhythms are intrinsic oscil-
lations driven by an autoregulatory feedback loop. The core clock machinery is made up of the
heterodimeric complex of transcription factor CLOCK:BMAL1 (enhancer). During the day (light
cycle), RORα binding to retinoic acid-related orphan receptor response element (RRE) sequence
mediates Bmal1 expression. CLOCK:BMAL1 binds to the E-box sequence within the promoter
region to regulate transcription of negative regulators, such as period and cryptochrome (repressor:
Per1, Per2, Cry1, and Cry2). Several downstream genes, also known as clock-controlled genes
(CCGs), are activated by the CLOCK:BMAL1 heterodimer. By the end of the day (evening), PER
and CRY heterodimerize and translocate into the nucleus to inhibit CLOCK:BMAL1 binding to
E-box, thereby repressing their transcriptional activity. During the night (dark cycle), increased
binding of REV-ERBα to the RRE results in decreased expression of Bmal1. Additionally, the PER:
CRY heterodimeric complex gets phosphorylated by specific kinases (e.g., casein kinase 1ε/δ and
AMP kinase) to promote polyubiquitination by respective E3 ubiquitin ligase complexes (e.g.,
β-TrCP and FBXL3) to undergo degradation via the 26S proteasome complex, thereby resetting the
cyclic process. CLOCK circadian locomotor output cycles protein kaput, BMAL1 aryl hydrocarbon
receptor nuclear translocator-like protein 1 (ARNT) or brain and muscle ARNT-like 1, CCG clock-
controlled genes, CRY1 and 2 cryptochrome 1 and 2, NR1D1 or REV-ERBα nuclear receptor
subfamily 1, group D, member 1, PER1 and 2 period 1 and 2, ROR retinoic acid receptor-related
orphan receptor, β-TrCP β-transducin repeat-containing protein, FBXL3 F-box and leucine-rich
repeat 3
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and electrical activity of gonadal female and males and gonadectomized counterparts
(Kuljis et al. 2013). These sex differences can either be attributed to chromosomal
difference or gonadal hormonal secretion, and additional studies are needed to
dissect their individual roles in modulating circadian rhythms. The FCG mouse
model may be a powerful tool to help delineate the intricate roles of sex chromo-
somes in complementing sex hormones.

Circadian genes have been shown to impact sex differences (fluctuate) throughout
the normal reproductive cycle. Circadian gene knockout mice show altered levels of
sex hormones, longer estrous cycles, and reduced sperm counts. Loss of Bmal1
(Bmal1 KO) in mice causes male infertility due to reduced sperm count, underde-
veloped seminal vesicles, and hormonal imbalance. Additionally, while Bmal1 KO
mice produce sperm cells that are functional in vitro, the mice exhibited altered
sexual behavior, which may be responsible for the observed infertility (Alvarez et al.
2008). Bmal1 KO female ovaries show implantation failure, a phenotype that was
rescued by transplantation of even one wild-type ovary (Liu et al. 2014). Bmal1 KO
male exhibits reduced expression of steroidogenic acute regulatory protein (StAR),
which regulates the rate-limiting step of steroid hormone synthesis (Alvarez et al.
2008). Similarly, ClockΔ19 mutation causes infertility in mice due to poor response
to gonadotropin as well as a lack of luteinizing hormone (DBP) surge during the
proestrous phase, resulting in prolonged and irregular estrous phase (Miller et al.
2004). It is notable that unlike Clock and Bmal1, Per and Cry have not been reported
to cause any sexual reproduction abnormalities. In contrary, Rorβ and Rev-erbα KO
mice were reported to be infertile; however the exact mechanism of infertility
remains unknown (André et al. 1998; Cho et al. 2012).

15.4 Sexual Dimorphism in the Lungs

As observed in circadian rhythm, the lungs also show sexual dimorphism. Anatom-
ically, females have a 10–12% smaller lung volume than males of similar height and
age (Bellemare et al. 2003; Garcia-Martinez et al. 2016). Women have smaller
airways and less respiratory musculature compared to men, even when matched
for height and lung size, resulting in lesser ventilation capacity, popularly known as
dysanapsis (Ekström et al. 2018). Males and females do not differ in the total number
of alveoli per unit area or alveolar volume, but men have larger lungs (due to
increased total number of alveoli and surface area) than women (Thurlbeck 1982).
Apart from anatomical differences, lung physiology and development differ between
the sexes. For example, incidence and mortality are higher in male preterm neonates
than females due to insufficient surfactant production in the lungs. Androgens are
known to delay lung maturation and reduce surfactant protein production via an
androgen receptor-dependent pathway (Provost et al. 2009). Estrogen receptors
(ERα and ERβ) and estrogen have stimulatory effects on lung maturation and
surfactant production in female fetal lungs (Trotter et al. 2009). Sex hormones
have a profound effect on the lungs during puberty and adulthood in both males
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and females. During childhood, boys show an increased severity and incidence of
asthma compared to girls, whereas at adolescence the prevalence of asthma increases
in females (higher morbidity) relative to males (symptomatic) (Wijga et al. 2011). In
fact, both androgens and estrogens show disparities in disease conditions
(Chotirmall et al. 2012). Similarly, chronic lung diseases such as COPD and cystic
fibrosis are more severe in females than in males. In contrast, males show a greater
susceptibility to acute lung infections and idiopathic pulmonary fibrosis compared to
females (Chamekh et al. 2017b; Hutchinson et al. 2016). Asthma and lung infections
demonstrate differential symptoms and response to drug treatment at different times
of day. Consequently, sex/gender and circadian rhythm are factors that influence the
treatment of chronic inflammatory lung diseases and thus warrant more research
using preclinical models and human studies (Fig. 15.2).

Fig. 15.2 Schematic representation of sex and gender differences linking circadian rhythms and
chronic lung diseases. Evidence from the literature strongly supports the notion that sexual
dimorphism plays an essential role in normal homeostasis and during disease states. The male
and female sex hormones and chromosomal differences equally contribute to the observed differ-
ences in lung development, lung physiology/function, and alterations in lung immune response.
Furthermore, circadian rhythms are primarily regulated by the central clock located in the
suprachiasmatic nucleus (SCN) of the hypothalamus in the brain. The central clock serves as a
source of timing to coordinate clock functions in peripheral organs (e.g., the lung) via neural and
endocrine signaling. The circadian clock in peripheral organs such as the lungs resided in the
bronchial epithelial cells (Clara cells) and in virtually all cell types. There is ample proof in the
literature that circadian rhythms in the lung coordinate changes in lung physiology and function,
thus playing a crucial role in modulating immune response in the lung during infection and disease
progression. We are starting to understand the key crosstalk/inter-regulatory mechanisms between
sex differences, circadian rhythms, and their influence in chronic lung disease. In the near future,
ongoing research efforts will focus on understanding the novel role of core clock molecules, and
their alterations/changes in normal and disease conditions can provide new approaches that utilize
chronotherapeutics to treat and manage chronic inflammatory lung diseases
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15.5 Sexual Dimorphism and Circadian Rhythms in Lung
Immunity

Sex/gender differences and circadian rhythms have a strong influence on innate and
adaptive immunity, as men are more prone to infectious diseases, while women are
highly susceptible to autoimmune diseases (Desai and Brinton 2019). In asthma it
seems that both sex/gender differences and circadian rhythms play a vital role in
manifestation of the disease (Carey et al. 2007b; Almqvist et al. 2008). Asthma
attacks happen more frequently during early morning, and women have a higher
prevalence than men after adolescence (Burioka et al. 2010; Vink et al. 2010;
Redline and Gold 1994).

Additional evidence suggests that all immune cells have an intrinsic clock and
that these immune cells and lymphoid organs differentially express hormonal recep-
tors (Kovats 2015; Phiel et al. 2005; Nguyen et al. 2013; Silver et al. 2012; Baumann
et al. 2013). Specific clock genes and sex hormone receptors are involved in
regulating immune cell function. For example, in macrophages and bronchial epi-
thelial cells, Bmal1 and the Rev-erbs suppress release/expression of inflammatory
mediators (interleukin-6 [IL-6], matrix metalloproteinase 9 [MMP9], CX3 chemo-
kine receptor 1 [CXCR1], C-X-C motif chemokine ligand 5 [CXCL5], and C-C
motif chemokine ligand 2 [CCL2]) (Gibbs et al. 2012, 2014; Becerra-Díaz et al.
2018; Keselman et al. 2017; Sato et al. 2014a, b). Similarly, ERα and AR are
reported to cause M2 polarization in alveolar macrophages, and conversely, the
manifestation of asthmatic phenotype remains more severe in females versus males
(Becerra-Díaz et al. 2018; Keselman et al. 2017). In another study, CD4+ T cells
from females produced IFNγ in response to anti-CD3 and anti-CD28 stimulation,
whereas CD4+ T cells from male donors produced IL-17A (Zhang et al. 2012).
REV-ERBα and BMAL1 proteins are involved in the differentiation of CD4+ T cells
into Th17 or Th1 cells as well as B cell differentiation in the bone marrow (Sun et al.
2006; Amir et al. 2018; Chang et al. 2019a).

Circadian rhythms and lung immunity are among the highest-priority areas
researchers are focusing on to better understand the role of circadian clock function
in chronic lung disease. Functional clock molecules are present in all immune cell
types and lymphoid organs (e.g., thymus, spleen, and bone marrow), demonstrating
the significance of the circadian clock in immunity (Man et al. 2016; Downton et al.
2019). Bone marrow-specific BMAL1 KOmice exhibit defective pre-B cell to B cell
maturation (Sun et al. 2006). Circadian clock proteins affect immune cells and have
the ability to mediate the cytokine gating response in cytokine genes. Several clock
targets (e.g., Bmal1 and Rev-erbα) have been shown to directly activate or repress
transcription of key cytokines and chemokines such as IL-6, IL-19, MMP9, CXCL5,
CXCL6, CXCL11, CX3CR1, and CCL2 in vitro and/or in vivo (Gibbs et al. 2012,
2014; Lam et al. 2013). Another report demonstrates the role of inflammatory
protein RelB in downregulating circadian clock gene Dbp via physical interaction
with BMAL1. Although this study was conducted using fibroblasts as a cell type,
there appears to be a profound role of the clock on immune cells which cannot be
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disproven (Bellet et al. 2012). Additional evidence suggests that BMAL1 regulates
macrophage motility and phagocytic ability during pneumococcal pneumonia via
RhoA-dependent mechanism (Kitchen et al. 2020). Early et al. recently showed that
Bmal1 is crucial for promoting nuclear factor erythroid 2-like 2 (Nrf2) transcription
in myeloid cells. Bmal1 KO macrophages show increased ROS and HIF-1α levels
with decreased Nrf2 activity, associated with increased production of IL-1β (Early
et al. 2018). These findings contribute to the important role of the circadian clock in
Nrf2-regulated antioxidant redox signaling, which is involved in chronic inflamma-
tory lung diseases. Overall, the aforementioned studies highlight that sex differ-
ences, circadian rhythms, and immunity all work in parallel to modulate normal
physiology and are altered during chronic inflammatory lung diseases. Therefore,
there is a clear need for further research in this area to illuminate the nexus of sex
difference-circadian rhythms-immunity axis to identify potentially novel targets for
personalized therapeutics to better treat males and females with specific chronic lung
diseases.

15.6 Sex and Gender Differences in Lung Disease: Role
of Circadian Rhythms

In this section, we have summarized the recent updates on sex/gender differences in
human and animal models of chronic lung diseases (asthma, COPD, and pulmonary
fibrosis) and viral and bacterial respiratory infections. We have highlighted some of
the emerging concepts and key findings that directly relate to sex and gender
difference in lung disease and the possible role of circadian clock dysfunction in
specific lung diseases such as asthma, COPD, and fibrosis, including infectious
diseases. A detailed summary of studies highlighting the novel role of lung circadian
clock in pathophysiology of inflammatory lung diseases is provided (Table 15.1).

15.6.1 Sex and Gender Differences in Asthma

Asthma is a chronic inflammatory lung disease that is characterized by intermittent
narrowing of the airways in the lungs. Asthmatics show changes such as expiratory
airflow limitation, dyspnea, and wheezing as a result of exposure to intrinsic
(endogenous bronchoconstrictors such as acetylcholine) and extrinsic factors (e.g.,
house dust mites, air pollution, pollen, cigarette smoke, etc.) (Papi et al. 2018). More
than 235 million people including children and adults are living with this chronic
lung disease worldwide, according to the World Health Organization asthma fact
sheet. There is strong evidence in the literature that demonstrates clear sex- and
gender-specific differences in asthma phenotype that could possibly be due to
biological susceptibility (susceptibility genes), changes in hormones that relate to
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Table 15.1 Role of lung circadian clock in pathophysiology of inflammatory lung disease models

Animal
models Experimental design Major outcome/findings Citation

Ovalbumin
(OVA)
model

ICR (male mice, 4–6 weeks old)
and Bmal1-luciferase (Bmal1-
Luc) transgenic mice (12:12; L:
D)

DEX treatment significantly
altered the expression of Per1
in the lungs of control and
OVA-treated mice.
Daily inhalation of DEX
(at ZT0 and ZT18) caused
changes in phase advance or
delay of bioluminescence
rhythms in lungs of
OVA-treated BMAL1-
Luc mice.
OVA-treated mice showed a
significant increase in rhyth-
mic expression of the Clca3
gene, which is involved in
mucus production.

Hayasaka
et al. (2007)

Cigarette
smoke
exposure

WT ( C57BL/6J), Bmal1-flox;
Bmal1 Cre-CC10; Sirt1 KO,
Sirt1 transgenic mice. Side-
stream CS exposure (10 days
and 6 months; total particulate
matter (5 h/days, 5 days/week
TPM; ~100 mg/m3); mainstream
CS exposure for 3 days (two 1-h
exposures per day [each 1 h
apart] TPM; ~300 mg/m3)
(10 days inverted 12:12; L:D)

Acute and chronic CS expo-
sure differentially affect the
phase and amplitude rhythms
of core clock-controlled
genes (CCGs: bmal1, clock,
per1, per2, cry1, cry2,
rev-erbα, and rev-erbβ) in the
lungs.
CS extract treatment in the
lung and SCN tissue explant
cultures ex vivo altered the
amplitude and period of
PER2::LUC expression
rhythms compared to con-
trols.
Acute and chronic CS expo-
sure reduced total locomotor
activity, and acute CS expo-
sure shortened the free-
running period as analyzed by
wheel-running behavior/
activity.
CS-induced alterations of
CCGs were associated with
augmented inflammatory
response, airspace enlarge-
ment, and reduced lung func-
tion.
CS exposure caused changes
in rhythmic expression of
SIRT1 due to increased
BMAL1 acetylation in the
lungs.

Hwang et al.
(2014)

(continued)
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Table 15.1 (continued)

Animal
models Experimental design Major outcome/findings Citation

Acute CS exposure in Bmal1-
lung epithelial cell-specific
KO mice increased lung
inflammation, and SIRT1
activator (SRT1720) treat-
ment did not cause attenua-
tion of this lung
inflammation.

Cigarette
smoke
exposure

WT ( C57BL/6J), 8 weeks old;
sidestream CS exposure
(10 days inverted 12:12 L:D)
and 6 months; total particulate
matter (5 h/day, 5 days/week
TPM; ~100 mg/m3); mainstream
CS exposure for 3 days (two 1-h
exposures per day [each 1 h
apart] TPM; ~300 mg/m3)
(3 days and 6 months regular
12:12 L:D)

Acute 3-d, 10-d, and chronic
6-month CS exposures all
affect the daily rhythms (peak
phase and amplitude) of
plasma corticosterone
(CORT) and serotonin
(5-hydroxytryptamine;
5HT) levels in WT mice.
Age of mice influences the
daily rhythms of plasma
CORT and 5HT levels in air-
and CS-exposed WT mice.

Sundar et al.
(2014)

Bleomycin Per2::Luc and ClockΔ19 ;
8-week-old female mice (12:12
LD) and C57BL/6J (12:12 LD
cycles for 2 weeks before release
into DD)

Rhythmic expression of
NRF2 protein was measured
in lung whole tissue and
nuclear extracts of WT mice
placed in DD.
Timed administration of sul-
foraphane (SFN; Nrf2 activa-
tor at ZT6 at Days 1, 3 and 5)
markedly reduced bleomycin-
induced lung injury (reduced
expression of Col1a1, Timp1,
Mmp3 and Ctgf genes) mea-
sured on day 7, possibly via
temporally regulating NRF2
activity in the lung.
ClockΔ19 mutant mice
showed loss of rhythmic
NFR2 expression levels in the
lungs and decreased time of
day-dependent mRNA
expression of Gclm and Gsta3
compared to WT mice.

Pekovic-
Vaughan
et al. (2014)

Cigarette
smoke and
influenza A
virus

C57BL/6J (WT) male mice,
6 months CS exposure (5 h/day,
5 days/week TPM; ~100 mg/
m3); (12:12; L:D)
Influenza A virus (IAV), strain

Chronic 6-month CS-exposed
mice infected with IAV
showed increased morbidity
and mortality and reduced
locomotor activity compared
to air-exposed

Sundar et al.
(2015a)

(continued)
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Table 15.1 (continued)

Animal
models Experimental design Major outcome/findings Citation

HKx31 (H3N2), 120 hemagglu-
tination units

IAV-infected mice.
Chronic CS+IAV exposure
altered daily rhythms of lung
function associated with
changes in the rhythmic
expression of CCGs,
increased inflammation,
mucus production, and air-
way remodeling (fibrosis).

Cigarette
smoke
exposure

WT and Rev-erbα KO mice
(3–5-month-old male and female
mice; 10 days acute, 2 h/days
and 30 days subchronic, 5 h/
days for 5 days/week) main-
stream CS exposure ~250–300
TPM mg/m3 (12:12; L:D)

Acute and subchronic CS
exposure causes increased
lung inflammatory response
in Rev-erbα KO mice and
augmented the expression of
cellular senescence markers
in mouse lungs.

Sundar et al.
(2017)

Ovalbumin
(OVA)
model

Bmal1-LysM�/� (C57BL/6J
background); sensitized by
intraperitoneal (i.p.) administra-
tion of 20 μg of OVA mixed
with 2 mg alum on day
0 (2-nebulizer delivery and 1%
OVA on days 7 and 8); mice
were euthanized on day 9 at the
am time point

Bmal1-LysM�/� mice
showed increased eosino-
philic airway inflammation,
associated with increased
IL-5 in BAL fluid, serum, and
isolated splenocytes.
Muc5ac expression in iso-
lated eosinophils was signifi-
cantly increased in Bmal1-
LysM�/� mice compared to
WT controls, and bmal1
expression was low in eosin-
ophils and alveolar macro-
phages of Bmal1-LysM�/

� mice.
Bone marrow-derived macro-
phages from Bmal1-LysM�/�

mice show augmented
expression of Ccl2 and
Cxcl10 genes upon LPS
stimulation.

(Zaslona
et al. 2017)

Cigarette
smoke
exposure

WT and Rev-erbα KO mice
(6–12 weeks old, male and
female) CS exposure for 2 h
(4%) via nose-only towers
(12:12; L:D)

A single 2-h dose of CS
exposure caused a significant
increase in Cxcl5 transcript
levels in Rev-erbα KO mice.
Rev-erbα KO mice exposed
to multiple day CS exposure
(10 days) showed increased
mortality. Acute CS exposure
(10 days) slightly increased
airway macrophages and
augmented CXCL1

Pariollaud
et al. (2018)

(continued)
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Table 15.1 (continued)

Animal
models Experimental design Major outcome/findings Citation

chemokine levels in BAL
fluid of Rev-erbα KO mice.

Viral
asthma
model and
viral
infection

WT (C57BL/6J; male mice, 4–8
weeks old and 9–12 months old)
and Bmal1�/� (KO) mice.
Sendai virus (SeV) and influenza
A virus (IAV) infections were
preformed between ZT4 and
ZT8.
Bmal1-iKO (4–6 weeks old; fed
with tamoxifen-containing chow
for 3 weeks)

SeV infection increased viral
bronchiolitis and airway
inflammation, possibly due to
alterations in interferon-
related antiviral response in
Bmal1 KO mice.
Bmal1 KO males showed
significant reduction in body
weight compared to females
(8 days postinfection; dpi).
IAV-infected Bmal1 KO
mice showed reduced body
weight (from 4 to 13 dpi);
postnatal deletion of Bmal1-
inducible KO and global
deletion exacerbate acute and
chronic asthma-like pheno-
types following SeV infection
(mucus production and
increased lung morphometry
associated with increased air-
way resistance).

Ehlers et al.
(2018)

Influenza
virus

C57BL/6J (8–12 weeks old),
40 PFU of PR8 strain or 104

PFU of �31 IAV strain; induc-
ible Bmal1 knockout (Bmal1-
iKO) mice (2 months old), Cre�

Bmal1fl/fl mice were acclima-
tized to reverse cycles and then
exposed to constant dark for 3–4
days before infection with PR8
IAV at CT23 and CT11.
Bmal1fl/flLysM-Cre+/+ and
Bmal1fl/flCCSP-Cre, equal num-
ber of male and female mice

IAV-infected WT mice
showed time of
day-dependent differences in
morbidity and mortality
(increased in ZT11 compared
to ZT23).
Bmal1 KO mice show loss of
temporal gating to IAV
infection (e.g., survival per-
centage at CT23 [16%] and
CT11 [25%]).
Increased inflammatory
monocytes are seen in
IAV-infected mice at ZT11
showing heightened inflam-
mation, suggestive of the role
of NKT, NK, and Ly6Chi in
temporal gating.
Antibody-based depletion of
NK1.1+ cells in WT mice
abolished the time of day dif-
ference in outcomes.
Bmal1fl/fl-LysM-Cre and
Bmal1fl/flCCSP-Cre mice
infected with IAV showed

Sengupta
et al. (2019)

(continued)
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age, exposure to various environmental factors, as well as differences in socioeco-
nomic conditions (Greenblatt et al. 2017). Prior reports have provided evidence that
indicates difference in lung airway growth observed in males is slower than that
observed in females, suggesting a possible reason for higher prevalence of asthma in
male children (Carey et al. 2007a). Males have a greater risk for developing asthma
at an early age (<5 years), with an elevated risk of chronic asthma for boys
continuing until the age of 14 (Bjornson and Mitchell 2000). At the onset of puberty,
between ages 10 and 14, there appears to be a switch in the sex/gender distribution of
asthma. During the reproductive years, women have a greater risk for asthma relative
to men (Vink et al. 2010; Redline and Gold 1994). In a recent population-based

Table 15.1 (continued)

Animal
models Experimental design Major outcome/findings Citation

disrupted time of day effect.
Differential response was
observed in terms of morbid-
ity and mortality, including
alterations in severity of out-
comes between monocyte-
specific and lung epithelial
cell-specific Bmal1 KO mice.

Bleomycin mPer2::Luc transgenic mice,
Bmal1fl/fl, Bmal1-CCSP KO,
Pdgfrβ-Bmal1 KO, Rev-erbαfl/fl

mouse (Rev-erbαDBDm),
Rev-erbα-CCSP KO, Rev-erb-
α-LysM KO, Pdgfrβ-Rev-erbα
KO (10–14-week-old male
mice; 12:12; L:D)

The amplitude of PER2
oscillations is significantly
increased in fibrotic areas
compared to non-fibrotic lung
parenchyma.
Club cell deletion of BMAL1
had no effect on the increased
amplitude seen in fibrotic
regions.
Bmal1 deletion in pericytes/
fibroblast lineage cells
showed restoration of ampli-
tude of lung rhythms in
fibrotic regions to a level
similar to untreated control
lung tissues.
Rev-erbα deletion in bron-
chial epithelial cells and
myeloid cells did not affect
the lung fibrotic phenotype
(lung hydroxyproline levels)
compared to Pdgfrβ-Rev-erbα
KOmice showed exaggerated
fibrotic response (increased
αSMA expression due to
activated myofibroblasts) fol-
lowing bleomycin injury.

Cunningham
et al. (2020)
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study (US National Health and Nutrition Examination Survey), the possible role of
sex steroid hormone (free testosterone and estradiol) levels in these asthma-related
sex/gender-specific differences were examined (Han et al. 2020). From the literature,
we know that there is a clear interaction between obesity and sex hormone levels in
risk of asthma. This study shows that elevated serum levels of both testosterone and
estradiol are linked to having asthma in obese women and that elevated serum
estradiol levels were linked to currently having asthma in nonobese men (Han
et al. 2020). Overall, these reports accentuate the crucial role of circulating sex
hormones and how they can differentially relate to asthma among adult men and
women in a sex/gender-specific manner, as it relates to other chronic comorbid
conditions.

15.6.1.1 Circadian Rhythms and Asthma

Patients with asthma show changes in time of day severity of asthma attacks, with
exacerbations and emergency room visits usually occurring early in the morning or
late at night (Burioka et al. 2010). Lung physiological indices in healthy individuals
show fluctuations in lung function over a 24-h period. These changes are pro-
nounced in patients with nocturnal asthma, with notable alterations in peak expira-
tory flow rate (reduced forced expiratory volume in 1 sec [FEV1]) (Martin and
Banks-Schlegel 1998; Burioka et al. 2010). A genome-wide association study
(GWAS) has shown that a specific locus is linked to several immune-related diseases
including asthma (Stein et al. 2018). The core clock gene Rev-erbα also known as
the nuclear receptor subfamily 1, group D, member 1 (NR1D1) resides about 200 kb
distal to the GWAS-identified region mapped to chromosomal region 17q12-q21.
Chang et al. showed that circadian rhythms influence gene expression changes in
that specific chromosomal region and, subsequently, regulatory elements such as
zona pellucida binding protein 2 (ZPBP2/Zpbp2), gasdermin B (GSDMB), and
ORMDL sphingolipid biosynthesis regulator 3 (ORMDL3/Ormdl3) that affect the
transcript levels of NR1D1 in human and mouse tissues (Chang et al. 2019b). They
found that both the disease-associated genes Ormdl3 and Zpbp2 are controlled by the
circadian clock in a tissue-specific manner. Furthermore, deletion of the Zpbp2
region resulted in altered expression of Nr1d1 in the lung and ileum in a time-
dependent manner (Chang et al. 2019b).

A population-based study demonstrates the interaction of neuropeptide S receptor
1 (Npsr1) and Rorα single nucleotide polymorphisms in patients with nocturnal
asthma (Gaertner et al. 2019) and thus indicates the possibility that genes controlling
circadian rhythms may contribute to the high frequency of nighttime symptoms
observed in asthmatics. In a recent report, circadian variations in blood and sputum
eosinophils were examined as biomarkers in asthma patients compared to healthy
controls (Durrington et al. 2018). Results from the study showed diurnal variation in
both blood and sputum eosinophils which were increased significantly at 04:00
compared to 16:00 in patients with asthma. However, due to a small sample size,
they did not determine the sex-dependent difference in the observed phenotype.
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Additionally, they found that patients with severe asthma who were sampled in the
morning had greater eosinophil counts compared to those sampled during the
afternoon (37.4% vs. 21.6%). In another study, two cohorts of asthma samples
(Severe Asthma Research Program [SARP], bronchial brushings from asthmatic
adults, and Respiratory Syncytial Virus [RSV] Bronchiolitis in Early Life, RBEL-II,
nasal washes from infants with RSV-induced bronchiolitis and asthma) were exam-
ined for differential expression of clock genes. Adult patients with severe asthma
showed decreased expression of clock genes such as bmal1, neuronal PAS domain
protein 2 (npas2), per2, dbp, nr1d1, and nr1d2 as well as increased expression of
clock gene relative to healthy controls (Ehlers et al. 2018). In another cohort, nasal
washes from asthmatic infants revealed significantly lower gene expression levels of
bmal1 relative to healthy controls sampled at specific time of day, whereas other
clock gene expressions were not affected significantly (dbp, npas2, per2, nr1d1, and
nr1d2) (Ehlers et al. 2018). It is important that these results from human studies are
carefully interpreted, as time of collection (morning vs. early afternoon) will have a
profound influence on the measured gene expression levels among healthy controls,
mild/moderate asthmatics, and severe asthmatics (Table 15.1).

For the first time, an appropriate dosing schedule (frequency and timing) for
dexamethasone (DEX) inhalation to minimize clock function in the lungs was
studied using ovalbumin-treated asthmatic ICR (Institute of Cancer Research, the
Swiss albino) mice (Hayasaka et al. 2007). Acute inhalation of DEX caused a
significant increase in mPer1 gene expression in the lungs but not in the liver.
Daily dosing of DEX at zeitgeber time zero (ZT0) and ZT18 for 6 days resulted in
a phase advance/phase delay of bioluminescence rhythms in the lungs. DEX treat-
ment at ZT0 attenuated expression levels of the Clca3 gene, which is known to be
associated with mucus production, but phase advanced the peak time of the Clca3
rhythms (Hayasaka et al. 2007). Studies like this are crucial to determine the
importance of selecting a specific time of the day for administration of steroids/
bronchodilators in in vivo testing to minimize the possible adverse effects caused by
phase shifting of clock function in the lungs of asthmatics. Ehlers et al. showed that
Bmal1 deletion mice exposed to Sendai virus (SeV) and environmental clock
disruption by jet lag caused acute exacerbation of viral bronchiolitis (Ehlers et al.
2018). Bmal1 KO mice developed asthma-like airway remodeling post-SeV infec-
tion, characterized by increased airway resistance and mucus production, which was
associated with impaired control of viral replication, suggesting a role for Bmal1 role
in the regulation of antiviral response (Ehlers et al. 2018). Myeloid cell-deficient
Bmal1 KO mice that were sensitized and challenged with ovalbumin showed a
marked increase in acute allergic asthma phenotypes such as increased airway
inflammation, augmented eosinophil counts, and Th2 cytokine (IL-5) in the lung
and in the serum (Zaslona et al. 2017). On the other hand, Rev-erbα KO mice
challenged with ovalbumin did not show significant changes in airway remodeling
compared to wild-type controls (Pariollaud et al. 2018). Studies using animal models
of asthma have revealed differences in their observed outcomes. Certainly, it is
important to choose the right animal model based on the differences observed in
terms of adaptive immune response, type of allergen, and genetic background of the
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mouse strain to study the role of the circadian clock in allergic asthma. A
multi-dataset bioinformatics analysis of genes involved in acute allergic asthma
using data from animal studies revealed a specific gene cluster that contains core
clock-controlled genes (CCGs), Nr1d1 (Rev-erbα), Nr1d2, Per2, and Per3, that have
not been related to asthma previously (uninvestigated gene networks) (Riba et al.
2016). Future and ongoing research will further address the novel role of circadian
clock genes identified in the acute asthma ignorome (not previously associated with
asthma) analysis (Riba et al. 2016) (Table 15.1).

15.6.2 Sex and Gender Differences in Chronic Obstructive
Pulmonary Disease

Chronic obstructive pulmonary disease is a progressive chronic airway disease that
is largely irreversible and which is associated with a decline in lung function (Celli
and Wedzicha 2019). Cigarette smoking is the most common etiological risk factor
for the onset of COPD. In recent years, several molecular signaling mechanisms,
such as chronic inflammation, impaired DNA damage/repair responses, cellular
senescence, autophagy, telomeric alterations, and mitochondrial dysfunction, have
been linked to COPD pathobiology (Sundar et al. 2013). Prior reports clearly
demonstrate that there are strong sex- and gender-dependent differences observed
in the pathophysiology of COPD both in human and animal studies (Sorheim et al.
2010; Barnes 2016). It is known that chronic cigarette smoking in men and women
can result in this debilitating disease, but women are more susceptible than men even
with a lower smoking rate and demonstrate an earlier onset of COPD (Sorheim et al.
2010). Previously, comparison of bronchoalveolar lavage (BAL) cell proteomes
from smokers and patients with COPD revealed gender-specific alterations in pro-
teins and canonical signaling pathways between females and males with COPD
(Kohler et al. 2013). For example, lysosomal pathway proteins were downregulated,
and oxidative phosphorylation pathway proteins were upregulated, linking to
dysregulated macroautophagy in the female-dominated COPD disease phenotype
(Kohler et al. 2013). Recently, in a human study, central airway branch variants
which are used as a biomarker for altered distal lung structure in male and female
subjects were compared as the primary site of COPD pathobiology. The first and
most common airway branch variant associated with COPD is the central airway
bifurcation density occurring with emphysema throughout the lung observed in two
cohorts (Smith et al. 2018). The second most common airway branch variant
associated with smokers who developed COPD shows narrower airway lumens in
all lobes accompanied with genetic polymorphisms within the fibroblast growth
factor 10 gene. There were no sex or gender differences found between these two
identified common airway branch variants in patients with COPD, even when
looking at specific risk factors such as race/ethnicity, presence of childhood asthma,
or living with a smoker during childhood from either specific studies or pooled
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analyses (Smith et al. 2018). Another study evaluated the gender differences in
COPD patients hospitalized in Puglia (Italy). Researchers found a significant
increase in the proportion of women being hospitalized for COPD during 2005 to
2016 (Ambrosino et al. 2019). Additionally, they also found a need for longer
hospitalization and more frequent rehospitalizations in women relative to men
during 2016, which is indicative of higher comorbidity with a negative impact on
clinical progression of COPD in women (Ambrosino et al. 2019). Results regarding
the gender differences in COPD using the lung information needs questionnaire
(LINQ) concluded that females show a greater need for information to manage
COPD based on their total LINQ score, avoidance of exacerbation, and nutrition
(Wakabayashi et al. 2019). Significant correlation was found between the total LINQ
score and gender. Males showed significant correlation with higher LINQ scores and
lower forced expiratory volume in 1 second and % predicted relative to females
(Wakabayashi et al. 2019). Emerging reports from a cross-sectional study in Spain
(the ESPIRAL-ES study) demonstrate significant sex specific differences in COPD
phenotypes (Trigueros et al. 2019). This includes a higher percentage of men relative
to women presenting as current smokers and ex-smokers, while never-smokers were
higher in women. Males have a greater prevalence of non-exacerbator and
exacerbator with chronic bronchitis compared to females, who show asthma-
COPD overlapping syndrome (ACOS). Men from this cohort showed comorbidities
linked to cardiovascular diseases (e.g., hypertension, ischemic heart disease, and
chronic heart failure), while women showed comorbidities linked to metabolic
disorder (e.g., osteoporosis) (Trigueros et al. 2019).

Animal models of COPD also show sex differences in pulmonary function and
airway remodeling phenotypes (Tam et al. 2016a, b). Cigarette smoke (CS)-induced
mouse models of COPD show increased small airway remodeling in female but not
in male or ovariectomized female mice (Tam et al. 2016b). In the same study, they
found that female mice showed a greater degree of change in oxidative stress
markers in the lung and distal airway resistance accompanied by downregulation
of antioxidant genes (cyp1a1, cyb1b1, and nrf2) and activation of transforming
growth factor-beta 1 (TGF-β1). Treatment with tamoxifen, an estrogen receptor
antagonist, showed attenuation of CS-induced oxidative stress and activation of
TGF-β1 in the lungs of female mice (Tam et al. 2016b). In another report, the lung
mechanics in CS-exposed female and male mice were compared. Chronic CS
exposure results in increased complex input resistance (Zrs) and decreased imped-
ance (Xrs) in the peripheral airways; furthermore, they also found reduced inspira-
tory capacity in female compared to male mice (Tam et al. 2016a). Ovariectomized
female mice exposed to chronic CS showed no such changes in lung mechanics
demonstrating the important role of female sex hormones in the pathobiology of
COPD (Tam et al. 2016a). Several reports from acute and chronic models of
cigarette smoke exposure have been conducted without comparing the sex differ-
ences in lung phenotypes. We have previously shown data from animal models of
COPD using wild-type and transgenic mouse strains without comparing
sex-dependent changes in outcome in order to understand the role of circadian
molecular clock (Hwang et al. 2014; Sundar et al. 2015a) and associated molecular
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signaling mechanisms that play a crucial role in the pathogenesis of COPD (Sundar
et al. 2015a, 2018a, b; Ahmad et al. 2017).

15.6.2.1 Circadian Rhythms and Chronic Obstructive Pulmonary
Disease

Patients with COPD develop frequent exacerbations with increased emergency room
visits or hospitalizations, which often occur during the night and in the early morning
when their lung function is reduced (Tsai et al. 2007). Previous report on systemic
rhythms of stress hormones serotonin (5-hydroxytryptamine, 5HT) and corticoste-
rone (CORT) revealed a change in the peak phase and amplitude of acute and
chronic CS-exposed mice compared to air group controls (Sundar et al. 2014). We
found that the plasma levels of CORT and 5HT were slightly elevated in smokers but
reduced in patients with COPD which could relate to their neuropathogenesis
phenotypes (changes in cognitive function, depression-like behavior, mood/anxiety,
and altered sleep quality) (Sundar et al. 2014). Observational studies from the Italian
cohort (STORICO study) revealed a clear association between circadian rhythms
and COPD symptoms and clinical phenotypes (Blasi et al. 2018; Canonica et al.
2017; Scichilone et al. 2019). The most recent STORICO study cohort includes data
from 606 COPD patients that belong to different clinical phenotypes (chronic
bronchitis (57.9%), emphysema (35.5%), mixed COPD-asthma (5.3%), and emphy-
sema with chronic bronchitis (1.3%)). There was a high incidence of early-morning
and daytime symptoms in the chronic bronchitis and emphysema group (Scichilone
et al. 2019). The number of COPD patients suffering from nighttime symptoms was
greater in chronic bronchitis relative to the emphysema group. These symptoms
were linked to poor HR-QoL (via St George’s Respiratory Questionnaire), reduced
sleep quality (via COPD and Asthma Sleep Impact Scale), and increased anxiety and
depression (via the Hospital Anxiety and Depression Scale) (Scichilone et al. 2019)
(Table 15.1).

We have previously shown the role of the circadian clock in a mouse model of
COPD with evidence indicating involvement of the SIRT1-BMAL1 pathway in lung
inflammation and injury (Hwang et al. 2014). Our studies demonstrated cigarette
smoke (CS)-induced alterations in the rhythmic expression of several core clock-
controlled genes (phase and amplitude), reduced locomotor activity, changes in
rhythms of lung mechanics, and increased lung inflammation and COPD/emphy-
sema (Hwang et al. 2014). Mechanistically, our findings on the circadian clock
showed reduced protein expression of Bmal1 and Sirt1 in the lungs of CS-exposed
mice, smokers, and patients with COPD as well as increased acetylation of Bmal1.
Lung epithelial cell-specific Bmal1 deletion mice exposed to acute CS show
increased inflammation, and SIRT1 activator (SRT1720) did not protect against
this inflammatory response (Hwang et al. 2014). Subsequently, we reported altered
protein abundance of clock proteins in lung tissues (reduced CLOCK, BMAL1,
REV-ERBα, PER2, and CRY1), sputum cells (reduced BMAL1, REV-ERBα, and
PER2), and PBMCs (reduced SIRT1, REV-ERBα, and BMAL1) of smokers and
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patients with COPD compared to healthy controls (nonsmokers) (Yao et al. 2015).
PBMCs from nonsmokers treated with SRT1720 (SIRT1 activator) showed attenu-
ation of lipopolysaccharide (LPS)-mediated reduction of circadian clock targets
BMAL1 and REV-ERBα (Yao et al. 2015). In another report, for the first time, we
showed the circadian clock role in a mouse model of COPD exacerbation (combi-
nation of chronic CS exposure with influenza A virus [IAV]) (Sundar et al. 2015a).
Chronic CS-exposed mice infected with IAV showed increased mortality as well as a
loss of body weight that correlated with their cellular and functional readouts (altered
rhythms of pulmonary function, reduced locomotor activity, altered expression of
circadian clock-controlled genes, and severity of lung injury [increased mucus
production and airway remodeling]) (Sundar et al. 2015a) (Table 15.1).

We and others have shown the role of nuclear receptor Rev-erbα in cigarette
smoke- and lipopolysaccharide (LPS)-induced lung inflammatory response
(Pariollaud et al. 2018; Sundar et al. 2017). Acute 10-day CS exposure resulted in
an increase in CXCL1 in the BAL fluid of Rev-erbα KO mice compared to controls.
Additionally, multiple CS exposures (10 days) caused mortality in Rev-erbα KO
(3 out of 9) but not in the WT mice (Pariollaud et al. 2018). When small airway
epithelial cells (SAECs) from COPD patients were treated with CS extract (CSE) for
24 h, they showed increased pro-inflammatory cytokine release (IL-6 and IL-8). This
effect was attenuated by 6 h of pretreatment with Rev-erbα agonist (GSK4112)
followed by CSE treatment in SAECs in vitro. Similarly, pretreatment with
Rev-erbα agonist (2 h) in mouse lung fibroblast with LPS attenuated IL-6, KC,
and MIP2 cytokine release. Both acute (10 days) and subchronic (30 days) CS
exposure in Rev-erbα KO mice resulted in increased inflammatory response and
augmented cellular senescence markers in the lungs (Sundar et al. 2017). Under-
standing the molecular mechanisms underlying the sex differences in
tobacco smoke-related respiratory disease in the context of the circadian clock
remains elusive. Future clinical and animal model studies that consider the intersec-
tion of sex differences in COPD and the circadian clock in the pathophysiology of
chronic lung disease will advance the search for novel drug targets and biomarkers to
diagnose and treat patients with COPD (Table 15.1).

15.6.3 Sex and Gender Differences in Pulmonary Fibrosis

Pulmonary fibrosis including idiopathic pulmonary fibrosis (IPF) is a fatal and
progressive lung disease with unknown causes. Nongenetic risk factors for IPF
remain poorly understood (Lederer and Martinez 2018). Recent studies have pro-
vided evidence that age, sex, smoking history, and environmental factors contribute
to pathobiology of pulmonary fibrosis (Lederer and Martinez 2018; Richeldi et al.
2017). IPF is characterized by an increase in fibroblastic foci in the lung parenchyma
that contains activated myofibroblasts (derived from various sources such as pul-
monary fibroblasts and pericytes) (Moeller et al. 2009; Pardo and Selman 2016). A
recent study from Sweden shows gender differences in patients with IPF. A total of
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348 patients (72% males [250] and 28% females [98]) were enrolled in this study,
with a median age of 72 years (Kalafatis et al. 2019). Outcomes from the
abovementioned study reveal differences in smoking history, baseline lung function,
total lung capacity, and % predicted between males and females (females show
preserved lung function compared to males). Additionally, they also found signifi-
cant differences in comorbidities, such as coronary artery disease and other cardio-
vascular diseases between the genders (Kalafatis et al. 2019). There are limited
population-based studies available to clearly indicate the sex differences observed in
pulmonary fibrosis. Future studies of this kind are needed to further advance our
understanding of the role that sex and gender differences have on the diagnosis,
treatment, and prognosis of pulmonary fibrosis.

Studies using animal models of pulmonary fibrosis have shown a clear distinction
in the phenotype of males vs. females. In one study, a rat model of bleomycin injury
demonstrates increased mortality and fibrotic foci (collagen deposition and cytokine
expression) in females compared to males. Ovariectomized female rats show a
reduced fibrotic lung phenotype, whereas estrogen treatment further exacerbates
the lung phenotype (Gharaee-Kermani et al. 2005). However, the abovementioned
sex-specific differences observed in the rat model of pulmonary fibrosis is contrary
to what was reported among bleomycin-induced pulmonary fibrosis (based on age
and sex) in mice (Voltz et al. 2008; Redente et al. 2011). A silica-induced pulmonary
fibrosis model provides additional evidence that sex differences play a crucial role in
the pathogenesis of fibrotic lung disease in mice (Latoche et al. 2016). Secreted
phosphoprotein 1 (SPP1; osteopontin) knockout female mice treated with silica
show decreased lung inflammatory cellular infiltration in BAL fluid compared to
silica-treated WT mice. Male SPP1 KO mice treated with silica show reduced lung
hydroxyproline levels compared to silica-treated male WT mice (Latoche et al.
2016). Ovariectomized female mice show augmented lung expression of SPP1
following silica exposure compared to silica-treated sham female mice. Furthermore,
estrogen-treated male mice exposed to silica show reduced fibrotic lung phenotype
(lung collagen, hydroxyproline, and other markers of fibrosis) compared to sham-
treated males (Latoche et al. 2016). Animal studies clearly demonstrate that sex
differences exist and could play a major role in altering the degree of susceptibility to
agents causing pulmonary fibrosis widely used in preclinical models.

15.6.3.1 Circadian Rhythms and Pulmonary Fibrosis

One recent report sought to find evidence to demonstrate how circadian clock
disruption occurs in idiopathic pulmonary fibrosis. Using already published micro-
array data from the Lung Genomics Research Consortium, gene expression levels of
core circadian clock genes that dominate the negative-feedback arm were signifi-
cantly affected in IPF compared to normal lungs (Cunningham et al. 2020). More-
over, they found the newly identified TATA box-binding protein-like protein
1 (Tbpl1) gene to be upregulated in IPF, which correlated with Rev-erbα (NR1D1)
expression in the lungs. Chronotype analysis of UK Biobank datasets revealed that

15 Sex Differences in Circadian Biology: Influences on Lung Health and Disease 449



shift work and evening chronotype were also associated with incidence of pulmo-
nary fibrosis (Cunningham et al. 2020). These findings need to be further validated
by conducting systematic cross-sectional and longitudinal studies from different
cohorts of patients with IPF. Primary lung fibroblasts and precision-cut lung slices
(human lung organotypic cultures) from IPF patients when treated with Rev-erbα
agonist (GSK4112) showed inhibition of myofibroblast activation and repression of
collagen secretion (Cunningham et al. 2020) (Table 15.1).

Pekovic-Vaughan et al. showed the role of circadian clock molecule, CLOCK, as
a regulator of the NRF2/glutathione-mediated antioxidant defense pathway in mouse
lung (Pekovic-Vaughan et al. 2014). Rhythmic expression of NRF2 in mouse lungs
and fibroblast cells was shown by immunoblot analysis, immunofluorescence, and
immunohistochemistry using cells and tissues. Additional evidence supports the idea
that increased binding of CLOCK at different times of day corresponds with the
oscillation (peak and trough) of Nrf2 mRNA expression in WT mice (Pekovic-
Vaughan et al. 2014). In ClockΔ19 mice, CLOCK binding to the Nrf2 promoter was
arrhythmic and remained intermediate compared to WT mice. Using mouse lung
tissues harvested at different circadian time points, NRF2 occupancy on AREs of
antioxidant gene promoters was confirmed by ChIP assay. The circadian rhythm of
NRF2 binding to ARE showed rhythmic expression of Gclm and Gsta3 genes
involved in glutathione synthesis and utilization (Pekovic-Vaughan et al. 2014).
Furthermore, timed administration of Nrf2 activator, sulforaphane, in mice showed
time of day-dependent protective response to bleomycin injury associated with
NRF2 activity. ClockΔ19 mice showed fibrotic-like lung phenotype associated
with increased expression of Ctgf and Mmp3 genes involved in extracellular matrix
remodeling, reduced glutathione levels, and increased protein carbonylation indica-
tive of oxidative stress in the lungs (Pekovic-Vaughan et al. 2014) (Table 15.1).

TGF-β1 treatment in lung epithelial cells and normal lung fibroblasts induced
upregulation of Bmal1 expression (Dong et al. 2016). An animal model of fibrosis
using TGF-β1 adenovirus (advTGF-β1) showed repression of several clock-
controlled genes (Per1, Per2, Per3, Rev-erbα, Rorα, and Dbp) as well as activation
of Bmal1 and Npas2 genes in mouse lungs (Dong et al. 2016). Increased expression
of Bmal1 in the lungs of advTGF-β1-infected mice was associated with increased
collagen and reduced Bmal1 acetylation compared to control mice (Adv-GFP).
Additionally the mechanistic role of BMAL1 in the regulation of extracellular matrix
markers (e.g., MMP9) and Smad3 activation (via glycogen synthase kinase-3 beta)
was proven using siRNA-mediated knockdown of Bmal1 in human small airway
epithelial cells (HPL1D), human lung fibroblasts, and alveolar epithelial cells (Dong
et al. 2016). Recent work shows a myofibroblast-driven increase in asynchronous
circadian oscillation of Per2 in fibrotic lungs. Lung fibroblast-specific Rev-erbα
DNA-binding domain deletion mice (Pdgfrβ-Rev-erbα KO) showed exaggerated
fibrotic response to bleomycin injury (increased accumulation of αSMA positive
myofibroblasts) (Cunningham et al. 2020). In this study, knockdown of Rev-erbα in
both mouse and human fibroblast cell lines led to enhanced activation of
myofibroblast phenotype via transcription factor Tbpl1. This was further confirmed
by knocking down Tbpl1, which resulted in induction of αSMA as observed in
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Rev-erbα knockdown in MRC-5 or immortalized mouse lung fibroblast (mLF-hT)
cells in vitro. Additional evidence on the regulation of integrinβ1 was provided using
Rev-erbα and Tbpl1 knockdown and overexpression approaches (Cunningham et al.
2020). Furthermore, studies to prove the therapeutic role of REV-ERB ligands in
preclinical and clinical settings in pulmonary fibrosis are lacking. Pharmacologically
targeting Rev-erbα in IPF fibroblasts to inhibit myofibroblast phenotype and extra-
cellular matrix remodeling pathways/target genes in patients with IPF could be a
novel therapeutic approach, and as such need to be further evaluated (Table 15.1).

15.6.4 Sex and Gender Differences in Infectious Respiratory
Disease

Sex and gender differences in females versus males show a stronger impact on their
immune response (innate and adaptive). Some possible biological factors for sex
differences that could be responsible for greater immune response among
females vs. males include genetic, epigenetic, and sex hormone-related factors
(Ortona et al. 2019; Chamekh et al. 2017a). Clinical and preclinical animal studies
have clearly shown sex differences in susceptibility to bacterial and viral infections
(Casimir et al. 2013; Chamekh et al. 2017a). Mouse-adapted influenza virus (A/PR8/
H1N1)-infected female mice showed a lower degree of susceptibility (increased
survival rate, less weight loss, and other clinical phenotypes) when compared to
male mice (Celestino et al. 2018). The observed sex disparity in PR8-infected female
mice was demonstrated to be due to their increased total antioxidant capacity in the
serum and lungs (as measured by glutathione levels, expression of antioxidant
enzymes such as catalase, peroxiredoxin 1, and glutathione peroxidase, as well as
expression of antiapoptotic protein Bcl-2) compared to male mice (Celestino et al.
2018). Differential expression of amphiregulin (AREG) in male versus female mice
showed differential recovery from influenza virus infection. Male C57BL/6J mice
showed increased expression of AREG versus female mice in response to H1N1
IAV infection. This was complementary to IAV-infected human male donors and
primary lung epithelial cells derived from male versus female mice (Vermillion et al.
2018). The sex-specific difference in IAV pathogenesis was abolished in Areg KO
(Areg�/�) mice, showing the significant role of AREG in infected male mice relative
to female mice (with no difference in the viral kinetics of replication in either sex).
Testosterone treatment in gonadectomized WT and Areg KO male mice showed
improvement in outcomes (repair and recovery of damaged tissue) (Vermillion et al.
2018). There are conflicting reports from different mouse studies using influenza
virus that show sex-specific differences in susceptibility to infection. This could be
due to several factors such as virus strain (pathogen species), dose, age, mouse strain,
and their genetic background.

Another report shows sex-based differences in susceptibility to Streptococcus
pneumoniae, both systemically and in the lung, observed in mice. Male mice showed
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greater susceptibility to infection compared to female mice (greater loss of body
weight, decreased body temperature, and increased mortality), which was accompa-
nied by increases in neutrophil recruitment and pro-inflammatory cytokines
(Kadioglu et al. 2011). In contrast, female mice infected with Pseudomonas
aeruginosa showed greater susceptibility compared to male mice, based on reduced
survival rate, loss of body weight, and slower bacterial clearance in the lungs (Abid
et al. 2017). 17β-Estradiol treatment in P. aeruginosa-infected ovariectomized
female mice had a greater mortality rate (due to impaired bacterial clearance).
Treatment of ER antagonist (ICI 182,780) improved survival and restored neutrophil
function in P. aeruginosa-infected female mice (Abid et al. 2017). Modulating
ER-dependent mechanisms (upstream or downstream ER signaling pathways)
could be a novel approach to diminish sex-specific differences seen in host immunity
against bacterial infections and other chronic inflammatory conditions. An integrated
approach using human studies and animal models can help us better understand the
exact role and relationship between sex hormones, sex chromosomes, and immune
related-genes that are integral to the observed gender differences in immune
response to respiratory bacterial and viral infections (Kadel and Kovats 2018;
Ghosh and Klein 2017; Vazquez-Martinez et al. 2018). Future research will focus
on addressing the host cell response and its redox status, and how sex-related
differences play an essential role during infectious disease progression may provide
insight for novel targeted therapies against infectious diseases.

15.6.4.1 Circadian Rhythms and Viral Infections

Many reports have demonstrated circadian clock dysfunction and time of
day-dependent changes in outcome following viral infections (Majumdar et al.
2017; Sengupta et al. 2019; Sundar et al. 2015a; Ehlers et al. 2018). These changes
in time of day response could be due to a difference in the functional copy of certain
circadian clock molecules. Additionally, using in vitro cell cultures and mouse
models, time of day and its influence on viral replication and progression can be
studied. Respiratory viral infections caused by influenza A virus (IAV), Sendai virus
(SeV), and viruses within the Paramyxoviridae family show an augmented pheno-
type (increased morbidity and mortality, reduced locomotor activity, reduced body
weight, enhanced viral replication, altered rhythms of clock-controlled genes, etc.) in
clock-deletion mutants (Bmal1 global KO and lung cell-type-specific Bmal1 KO
mice) (Majumdar et al. 2017; Ehlers et al. 2018; Sundar et al. 2015a; Sengupta et al.
2019). We have previously reported that IAV-infected BMAL1 KO mice show
serious impairment in their behavioral rhythms, survival, and lung inflammatory
and pro-fibrotic responses compared to IAV-infected WT littermates (Sundar et al.
2015a). Respiratory syncytial virus (RSV)-infected Bmal1 KO mouse embryonic
fibroblast and Bmal1 KO mice infected with RSV show increased viral titer/load
compared to WT controls (Majumdar et al. 2017). Time of IAV infection shows
differential survival response in WT mice, but not of Bmal1-deficient mice (Bmal1fl/
fl LysM-Cre+/+ and Bmal1fl/fl CCSP-Cre) (Sengupta et al. 2019). WTmice infected at
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ZT11 had increased mortality rate (71%) and weight loss (4 days postinfection),
which correlated with their clinical scores (activity levels, behavior, and respiratory
distress) as compared to mice infected at ZT23 (15% mortality rate) (Sengupta et al.
2019). IAV-infected Bmal1 KO mice did not show time of day difference, indicating
a loss of temporal gating. This study demonstrates the role of natural killer (NK1.1+)
cells and the role of lung epithelial cell-specific BMAL1 in circadian gating toward
host response to IAV infection in mice (Sengupta et al. 2019). Recent report
demonstrates that circadian clock components Bmal1 and Rev-erbα both influence
hepatitis C virus life cycle and replication by modulating viral receptors (CD81 and
claudin-1 expression) in human hepatoma cell line (Huh-7) (Zhuang et al. 2019).
Moreover, they showed that genetic ablation of Bmal1 and overexpression or
activation of Rev-erbα using synthetic ligands (GSK2667 and SR9009) block
HCV viral replication through perturbation of lipid signaling pathways (Zhuang
et al. 2019). Understanding the novel role of circadian clock components such as
Bmal1 and Rev-erbα in respiratory viral infections will aid us in developing thera-
peutic strategies against widely spreading respiratory viral infections that are respon-
sible for exacerbations in patients with chronic lung diseases (Table 15.1).

15.6.4.2 Circadian Rhythms and Bacterial Infections

Emerging reports demonstrate that the circadian clock plays an essential role during
lung inflammatory response to respiratory infections such as pneumonia (Kitchen
et al. 2020; Gibbs et al. 2014; Griepentrog et al. 2020). Bmal1 deletion in club cells
(Clara cells) caused altered rhythms of chemokine CXCL5 associated with exagger-
ated inflammatory response (neutrophil recruitment), but not bacterial clearance,
following Streptococcus pneumoniae infection (Gibbs et al. 2014). LysM-Bmal1
KO and Cx3cr1-Bmal1 KO showed protection against bacteremia 48 h post-
pneumococcal infection due to increased macrophage motility and phagocytic
function. Peritoneal macrophages from WT mice showed a significant time of
day-dependent difference in phagocytosis (labeled Staphylococcus aureus) which
was greater at ZT12 than at ZT0. Peritoneal macrophages isolated from Rev-erbα
global KO and Rev-erbα DNA-binding domain KO did not show any difference in
macrophage phagocytosis compared to WT mice. Additionally, treatment with
Rev-erbα ligand GSK4112 also improved their phagocytic ability/function (Kitchen
et al. 2020). Rev-erbα KO mice showed exaggerated neutrophil inflammation
accompanied by increased chemokines/cytokines CXCL1, CXCL2, CXCL5, and
G-CSF in BAL fluid. Additionally, alveolar macrophages isolated from Rev-erbα
KO mice, when stimulated with LPS (2 h) ex vivo, showed a significant increase in
cytokine transcripts of Il-6, Ccl2, and Ccl5 compared to WT mice (Pariollaud et al.
2018; Gibbs et al. 2012). Previous reports have shown that exposure to narrowband
long wavelength (red light) and narrowband short wavelength (blue light) differen-
tially affects the physiology, such as the immune, neuroendocrine, and autonomic
nervous systems in humans and rodents (Figueiro and Rea 2010; Thresher et al.
1998; Yuan et al. 2016; Walton et al. 2011). Recently, blue light (442 nm, 1400-lux)
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exposure in mice has been shown to augment elimination of Klebsiella pneumoniae
infection by increasing survival four times compared to red light (617nm, 1400-lux)-
exposed mice. Blue light-exposed mice show reduced neutrophil influx and lung
inflammation in response to K. pneumoniae. Similarly, SR9009-mediated augmen-
tation of Rev-erbα shows protection via rapid clearing of bacteria from the lungs as
well as reduced bacteremia, neutrophil influx, chemokine and cytokine release, and
dissemination of bacteria into tissues in K. pneumoniae-infected mice, which is
reflective of the effects observed in blue light-exposed mice. RAW 264 cells treated
with SR9009 show enhanced phagocytic ability of heat-killed E. coli labeled with
pHrodo (Griepentrog et al. 2020). Prevailing data from ongoing animal models that
utilize novel clock regulatory molecules (e.g., SR9009) provides evidence for the
potential role of chronotherapeutic drugs. Thus, incorporating novel clock modula-
tors into human clinical trials by administrating them at a specific time of day for
treatment against respiratory bacterial infections and during chronic lung disease-
associated exacerbations in a clinical setting is a growing area of study (Table 15.1).

15.7 Chronotherapeutics and Its Implications in Chronic
Lung Disease

Chronotherapeutics is an emerging area that firmly utilizes the approach of deliver-
ing drugs at specific times to maximize efficacy (or minimize negative effects) (Zaki
et al. 2019). Chronotherapeutics takes into account the rhythmic changes that occur
during disease (pathobiology/pathophysiology), the chronopharmacology of drugs,
and other endogenous factors that are integral parts of the circadian timing system
(e.g., clock-regulated genes) and uses this information to determine the dose, time of
administration, and pattern of drug delivery that will minimize adverse effects (Zaki
et al. 2019). We know that the effectiveness of selected drugs varies with the time of
day, either nighttime vs. daytime or vice versa. Thus, modulating the pharmacody-
namics of drug delivery to target organ/cells at a specific time of the day is becoming
an integral part in understanding the role of circadian biology in health and disease,
using preclinical models as well as clinical translational research (Cederroth et al.
2019). A brief summary of the recently reported novel circadian clock modulators/
small molecules and their related ligands used as chronotherapeutic agents in lung
disease is provided (see Table 15.2).

Patients with asthma show time of day-dependent change in signs and symptoms
of disease severity (Smolensky et al. 2007). A few studies highlight the role of
circadian timing in clinical treatment of chronic inflammatory lung diseases. The-
ophylline (Theo-24) treatment in asthmatic children showed pharmacokinetic vari-
ation depending on the time of dosing. Patients treated with Theo-24 at 15:00
showed disrupted circadian rhythms of airway function as compared to 21:00
(reduced amplitude and shifted acrophase of spirometry measures) (Smolensky
et al. 1987). The efficacy of drug treatment shows variation in effectiveness in the
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Table 15.2 Novel circadian clock modulators/small molecules and their related ligands as
chronotherapeutic agents

Small
molecule

Clock
target
genes

Specific
activity

Circadian clock readouts in models
(in vitro/in vivo/ex vivo) References

GSK4112 Rev-
erbα

Agonist Inhibits LPS-induced IL-6 release, but
does not affect IL-8 in primary human
monocyte-derived macrophages or pri-
mary alveolar macrophages.
Decreases IL-6 protein and mRNA levels
in LPS-treated THP-1 cells.

Gibbs et al.
(2012)

GSK4112 Rev-
erbα

Agonist Suppresses the expression of Il-6 and Ccl2
mRNA following LPS treatment in peri-
toneal macrophages and RAW264 cells.

Sato et al.
(2014a, b)

SRT1720 Sirt1 Activator Attenuates LPS-induced reduction of
clock targets (BMAL1 and REV-ERBα)
and pro-inflammatory cytokines in
PBMCs from nonsmokers as compared to
smokers and patients with COPD.
Altered rhythms of pro-inflammatory
cytokines (amplitude and peak of cytokine
release) in nonsmokers, smokers, and
patients with COPD.

Yao et al. (2015)

GSK4112 Rev-
erbα

Agonist Reduces pro-inflammatory cytokine (IL-6
and IL-8) release in SAEC from patients
with COPD.
Additionally, LPS-treated primary mouse
lung fibroblasts showed suppression of
IL-6, KC, and MIP-2 cytokine release.

Sundar et al.
(2017)

GSK1362 Rev-
erbα

Agonist Represses inflammatory genes (Il-6, Ccl2,
G-csf) in alveolar macrophages. Stabilizes
REV-ERBα protein abundance in epithe-
lial (LA-4 and NHBE) cells.
Blocks IL-1β-mediated SUMO-2 ligation
of REV-ERBα.

Pariollaud et al.
(2018)

SR9009
and
SR12418

Rev-
erbα

Agonist Suppresses IL-17A expression (Th17 cell
development) in WT mice, but not in
REV-ERBα KO CD4+ T cells.
Delays onset and progression and
decreases the severity of experimental
autoimmune encephalomyelitis in mice.

Chang et al.
(2019a), Amir
et al. (2018)

SR9009 Rev-
erbα

Agonist Inhibits IgE- and IL-33-mediated mast cell
activation in wild-type bone marrow-
derived mast cells but not in ClockΔ19/
Δ19 mice.

Ishimaru et al.
(2019)

SR9009
and
GSK2667

Rev-
erbα

Agonist Reduces BMAL1 transcription and pro-
moter activity in Huh-7 cells.
Inhibits Hepatitis C, Dengue, and Zika
virus entry, replication, and infection;
modulates miR-122 expression-dependent
antiviral response in Huh-7 cells.

Zhuang et al.
(2019)

(continued)
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morning vs. the evening in chronic lung disease. Montelukast (10 mg/day) treatment
led to improvement in chronic asthma (asthma-specific quality of life scores) when
orally administered in the evening (Altman et al. 1998). Treatment with mometasone
furoate (MF-DPI) 400 mug once/day and MF-DPI 200 mug twice/day in the evening
caused changes in pulmonary function, asthma symptoms, and quality of life in
persistent asthmatics (Karpel et al. 2005). Tiotropium (18 mg once/day) treatment in
patients with COPD resulted in improved FEV1 over 24 h in both the morning
(09:00 hours) and evening (21:00 hours) groups without affecting circadian variation
in airway caliber (Calverley et al. 2003). Using a hypoxia-reoxygenation myocardial
injury model, Rev-erbα antagonist (SR8278) treatment showed reduced myocardial
injury at sleep-to-wake transition in mice (Montaigne et al. 2018). This finding
indicates that perioperative myocardial injury in patients undergoing aortic valve
replacement can be prevented by administering Rev-erbα antagonist in the morning
when Rev-erbα expression is greatest in order to reduce the incidence of severe
cardiac events (Montaigne et al. 2018). Alternatively, medical practice should
consider specific time-of-the-day (morning vs. evening) variations for such pro-
cedures/surgery and ensure drug treatment in patients takes into consideration the
type of chronic illness as that may impact patient outcomes.

Table 15.2 (continued)

Small
molecule

Clock
target
genes

Specific
activity

Circadian clock readouts in models
(in vitro/in vivo/ex vivo) References

SR9009 Rev-
erbα

Agonist Enhances phagocytosis in vitro in RAW
264 cells treated with heat-killed E. coli
labeled with pHrodo.
Reduces neutrophil influx and associated
chemokines and cytokines in the lungs of
mice inoculated with K. pneumoniae.

Griepentrog
et al. (2020)

SR9009 Rev-
erbα

Agonist Decreases IL-1β-induced expression of
pro-inflammatory cytokine genes and
proteins (Ccl2, Cxcl10, Il-6, Cox-2, iNOS,
Il-8) and MMPs (MMP3 and MMP13),
respectively, in a dose-dependent manner
in rheumatoid arthritis fibroblast-like
synoviocytes (RA-FLSs).
Suppresses IL-1β-induced MMP3 and
MMP13 and inhibits MAPK (p-JNK,
p-p38, p-ERK) and NF-κB (p-P65, p-IκB-
α, p-IKKα/β) signaling targets in
RA-FLSs

Liu et al. (2020)

GSK4112 Rev-
erbα

Agonist Represses TGF-β-induced αSMA and
collagen-1 (ACTA2 and COL1A1)
expression in primary human fibroblasts
from idiopathic pulmonary fibrosis
patients and precision-cut lung
organotypic cultures from healthy
individuals.

Cunningham
et al. (2020)
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We speculate that circadian factors could be one of several factors (e.g., sex
difference in normal physiology, hormonal regulation, life span, etc.) that may
contribute to the failure in translating many drug treatments from rodents to humans.
This brings us to the notion that drugs tested in preclinical studies using nocturnal
animals (rodents have a greater metabolic rate and heightened behavioral rhythms
and increased wakefulness at night) were administered at a different time of day
compared to how they were tested in humans (who are diurnal and more active
during the day). A fix to this problem would be to conduct experiments in rodents
using the inverted light-dark cycles and incorporate this practice into preclinical drug
testing. Additionally, in an inverted light-dark cycle, turning lights off at 10:00 to
20:00 will allow animal experimentation to be conducted in the dark cycle without
affecting animal care workers routine cleaning and husbandry efforts during the light
cycle (Hawkins and Golledge 2018). Recently, using a gene-editing (CRISPR/Cas9)
approach, Bmal1 KO cynomolgus monkeys were generated to understand the role of
circadian disruption in psychiatric disorders (Qiu et al. 2019). Bmal1 KO macaque
monkeys displayed increased locomotor activity during the night and reduced sleep.
Additionally, they showed altered physiological (arrhythmic blood hormonal levels)
and behavioral rhythms (anxiety and depression) associated with inflammatory and
stress responses (Qiu et al. 2019). Research using nonhuman primate models may
have greater potential to understand the physiological role of circadian clock dys-
function as well as to develop novel therapies for chronic illness associated with
clock disturbance and psychiatric disorders (Wang 2019). Another possible
approach is to improve therapeutic outcomes by targeting circadian clock targets.
Ignoring the fundamental biological variations observed in animals (nocturnal
rodents) vs. humans in both normal and diseased states may pose a great challenge
for trying to test drug effects and time of day-dependent severity of diseases and
translating back from preclinical animal research outcomes to humans.

The pharmacokinetics that governs a drug’s physiochemical characteristics, such
as absorption, distribution, metabolism, and excretion (ADME) properties, shows
huge circadian variation for several compounds/drugs that are being tested in rodents
and humans (Levi and Schibler 2007). Evidence from recent reports suggests there is
high translational potential of understanding how clock regulatory small molecules
can be used for the treatment of several acute and chronic inflammatory conditions
(e.g., allergy, heart failure, and autoimmune disease) (Liu et al. 2020). The role of
synthetic Rev-erbα agonist (SR9009) in regulating clock function in mast cells was
tested recently (Ishimaru et al. 2019). Bone marrow-derived mast cells (BMMCs)
from WT mice treated with SR9009 show inhibited IgE- and IL-33-mediated mast
cell activation via blocking of Gab/PI3K and NF-κB activation independent of clock
function (Ishimaru et al. 2019). Activation of Rev-erbα using SR9009 or GSK2667
in human hepatoma cell line Huh-7 cells inhibits HCV and replication of other
related flaviviruses (Zhuang et al. 2019). Additional proof from autoimmune disease
models suggests that Rev-erbα (as an antagonist of RORγt) modulates Th17 cells,
thereby delaying the onset, progression, and severity of disease by regulating
RORγt-dependent genes (il17a and il17f) (Chang et al. 2019a; Amir et al. 2018).
A potential role of Rev-erbα has been tested in synovial inflammation and
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destruction of cartilage and bone in rheumatoid arthritis (RA). REV-ERB activation
through synthetic agonists showed a reduced inflammatory response (inhibiting the
expression of MMPs and other pro-inflammatory cytokines) in RA fibroblast-like
synoviocytes (Liu et al. 2020).

Recent studies have shown that SR9009 downregulates the NLRP3
inflammasome and cardiac remodeling via its anti-inflammatory mechanism (Reitz
et al. 2019; Stujanna et al. 2017). Short-term treatment of mice with SR9009 post-
ischemia reperfusion protected against heart failure by limiting inflammatory
response in the infarcted myocardium (Reitz et al. 2019). Timing of treatment with
SR9009 post-ischemia reperfusion at the ZT6 (peak phase of cardiac REV-ERB
expression) showed better protection against inflammation in the infarcted myocar-
dium, remodeling, and heart failure compared to ZT18 (Reitz et al. 2019). Pheno-
typic proteomic profiling dictates that circadian clock-regulating compounds play an
essential role in modulating several canonical signaling pathways such as MAPK,
AMPK, and mTOR and ubiquitination mediated via F-box proteins (Ray et al.
2019). Thus, targeting novel clock effectors using small molecules may be a viable
option for the treatment of clock dysfunction (He and Chen 2016). Furthermore,
emerging chronotherapeutics research will play a crucial role in the translation of our
findings from preclinical models into clinical practice, enabling us to better treat
chronic inflammatory lung diseases. These studies underscore the potential thera-
peutic role of clock regulatory molecules for the treatment and management of
chronic inflammatory lung diseases and respiratory infections. Therefore, novel
approaches such as systems chronopharmacology and circadian biomarker technol-
ogies (genomics, transcriptomics, metabolomics, and proteomics) will be pivotal for
chronotherapy of chronic lung disease, as the field moves toward precision and
personalized medicine (Ballesta et al. 2017; Cederroth et al. 2019; Zhang et al. 2014;
Rijo-Ferreira and Takahashi 2019; Mauvoisin 2019; Kervezee et al. 2019).

15.8 Conclusion and Future Directions

There is sufficient evidence that circadian rhythms play an important role in regu-
lating normal physiological processes such as immune cell function as well as in
chronic inflammatory lung diseases. Growing scientific literature supports the idea
that cross talk and interplay between clock and immune cells culminate in the
development of chronic lung diseases. The nexus between the contributions of
circadian rhythms and sex-dependent alterations toward lung pathophysiological
conditions in chronic inflammatory lung diseases remains unexplored. There is a
bias in the utilization of a specific sex of animals based on their degree of suscep-
tibility for lung injury models. Ongoing human population-based studies, clinical
translational research, and animal models of chronic lung disease will address this
knowledge gap. The constant explosive growth of integrated omics
approaches (genomics, epigenomics, transcriptomics, metabolomics, and proteo-
mics) currently and in the future will provide novel insights into the genomic,
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transcriptomic, metabolomic, and proteomic regulation of circadian rhythms in lung
health and disease.
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Chapter 16
Sex Differences in the Coronavirus Disease
2019

Sergio E. Chiarella, Christina Pabelick, and Y. S. Prakash

Abstract There are profound sex differences in coronavirus disease 2019 (COVID-
19) outcomes, with higher morbidity and mortality in males compared to females.
The possible mechanisms implicated in this sex bias include the direct effects of sex
hormones on the innate and adaptive immune systems, as well as the differential
activity of immune-related genes in sex chromosomes. These male-female differ-
ences in COVID-19 outcomes highlight the need for sex-disaggregated data to
elaborate effective public health policies and the importance of including biological
sex as a key variable in future therapeutic and vaccine trials.

Keywords Sex · Gender · Lung · Intrinsic · Structure · Function

16.1 Introduction

The ongoing coronavirus disease 2019 (COVID-19) pandemic, caused by the novel
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is a once-in-a-
generation health crisis that continues to devastate communities across the globe. As
of this writing, the Johns Hopkins Coronavirus Resource Center reported over
26 million confirmed COVID-19 cases and more than 880,000 deaths worldwide
(Johns Hopkins University 2020). Importantly, demographic and clinical data gath-
ered by multiple health agencies and governments have demonstrated profound sex
differences in COVID-19 outcomes. Overall, the rate of SARS-CoV-2 infection is
similar between the sexes. However, males have a higher risk of developing severe
COVID-19 and dying when compared to females (Klein et al. 2020b). In this
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chapter, we describe in detail the sex differences in COVID-19 outcomes and discuss
the possible mechanisms behind them.

There is a significant sex bias in the immune response to viral infections, which is
thought to be mostly the result of male-female differences in sex chromosomes and
sex hormone milieu. Sex-specific immune responses to a diverse array of viral
pathogens, including hantavirus, cytomegalovirus, human immunodeficiency
virus, influenza virus, coxsackieviruses, herpes simplex virus, and hepatitis B
virus, have been previously described (Bongen et al. 2019; Ghosh and Klein 2017;
Piasecka et al. 2018; Schurz et al. 2019; vom Steeg and Klein 2016). In addition,
there are significant differences in the immune responses to viral vaccines of males
and females (Klein and Flanagan 2016; Markle and Fish 2014). In the case of
coronavirus infections, there have been reports of sex differences during prior out-
breaks. For instance, data from the Hong Kong Department of Health showed that,
during the 2003 severe acute respiratory syndrome (SARS) outbreak, males had a
higher case fatality rate (CFR) than females (21.9% versus 13.2%; p-value<0.0001)
(Karlberg et al. 2004). Researchers in Singapore reported similar findings, with male
sex being a significant univariate predictor of poor outcome in patients with SARS
(odds ratio [OR], 3.1; 95% confidence interval [CI] 1.64–5.87; p-value <0.001)
(Leong et al. 2006). There was also a male predominance during the Middle East
respiratory syndrome (MERS) coronavirus epidemic, both in the number of deaths
(74% of the fatalities were male) and the CFR (52% in males versus 23% in females)
(Alghamdi et al. 2014).

The first reports of sex bias in COVID-19 came from China’s Hubei province,
where the pandemic is thought to have started. In a retrospective multicenter cohort
study from Wuhan, Zhou and colleagues reported the outcomes of adult patients
admitted to the hospital with COVID-19. Of the 191 individuals included in the
study, 62% were male. Furthermore, of the 54 patients who died, 70% were male.
The protective effect of female sex did not reach statistical significance (univariate
logistic regression analysis showed an OR for female versus male sex, 0.61; 95% CI
0.31–1.2; p-value, 0.15), but a trend started to emerge (Zhou et al. 2020). Similarly,
in a subsequent retrospective case series from China, 274 patients with COVID-19
were studied. In this cohort, males represented 62% of the cases and 73% of the
deaths, but the authors did not provide a statistical analysis of these sex differences
(Chen et al. 2020a).

In another case series from Wuhan, Jin and colleagues reported a similar rate of
infection between sexes. Despite this, the mortality rate was 2.4 times higher in
males compared to females (70.3% versus 29.7%; p-value ¼ 0.016), independent of
age (Jin et al. 2020). Survival analysis of 269 patients admitted to Tongji Hospital
(Wuhan, China) with severe COVID-19 showed that male sex was associated with
higher mortality (adjusted hazard ratio of 1.72; 95% CI 1.05–2.82; p-value ¼ 0.032)
(Li et al. 2020b). Other reports have shown significant sex differences in
comorbidities and laboratory tests (neutrophil/lymphocyte ratio, C-reactive protein,
aspartate aminotransferase, and serum creatinine) among 168 patients with severe
COVID-19 (Meng et al. 2020). Finally, a more recent meta-analysis by Li and
colleagues, which included the demographic and clinical information of 1994
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COVID-19 patients from 10 different publications, showed that males represent 60%
of the cases (95% CI, 0.54–0.65) (Li et al. 2020a). Unfortunately, the authors did not
present sex-disaggregated data on the CFR.

Other Asian countries have also reported significant sex differences in their
COVID-19 outcomes. In a study from the Republic of Korea, data from 7755
individuals with confirmed SARS-CoV-2 infection were collected and analyzed.
Interestingly, 62% of the cases were female individuals. Conversely, the CFR was
higher in males (1.19% in men versus 0.52% in women) (Dudley and Lee 2020). Iran
has also reported on sexual dimorphism in COVID-19 outcomes, with one study
showing higher mortality in males (OR, 1.45; 95% CI 1.08–1.96; p-value, 0.01)
(Nikpouraghdam et al. 2020).

Sex-disaggregated data from Europe has also shown significant male predomi-
nance in COVID-19 morbidity and mortality, which suggests these findings are not
specific to Asian populations. In this regard, one of the first reports came from
Lombardy, Italy. In their retrospective case series, Grasselli and colleagues found
that 82% of 1591 consecutive patients with confirmed COVID-19 requiring admis-
sion to the intensive care unit (ICU) were males (Grasselli et al. 2020). A subsequent
European study described the clinical and laboratory differences between cohorts of
bacterial community-acquired pneumonia (CAP) and SARS-CoV-2 pneumonia. In
this study, it was noted that 89.3% of the patients who developed severe respiratory
failure due to SARS-CoV-2 were males. This is in stark contrast with data from their
bacterial CAP cohort, in which only 48.2% of the patients who developed severe
respiratory failure were males (Giamarellos-Bourboulis et al. 2020). In another
Italian study evaluating the radiological abnormalities in patients infected with
SARS-CoV-2, it was noted that males between the ages of 50 and 79 had a
significantly worse radiographic score when compared to their female counterparts
(Borghesi et al. 2020). Finally, in a study involving COVID-19 data from six
European countries (Italy, Spain, Germany, Switzerland, Belgium, and Norway),
the authors found a greater rate of SARS-CoV-2 infection among 10- to 50-year-old
women, when compared to men of the same age. Nevertheless, among all age
groups, males had a higher fatality rate when compared to females (Marina and
Lorenzo 2020).

In the United States, most of the states have made public sex-disaggregated data
on COVID-19 morbidity and mortality. In an article published in June of 2020, Klein
and colleagues reported that data from 16 states suggests a female bias in SARS-
CoV-2 infections (1 to 0.9/0.8 male to female ratio). In the states where
sex-disaggregated information regarding COVID-19 deaths has been made avail-
able, the data shows that men are twice as likely to die from COVID-19 when
compared to women (Klein et al. 2020b). This is consistent with data from the
Chinese and European studies discussed above. In a case series of 5700 patients
hospitalized with COVID-19 from 12 hospitals in the state of New York, the authors
showed that 60.3% of them were male. Furthermore, when analyzing the patient’s
discharge disposition at 10-year age intervals, the data showed that from 20 years
onward, a higher proportion of males died. As an example, in the age interval of
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50–59 years, 12.2% of males died compared to only 6.9% of females (Richardson
et al. 2020).

A more recent study of moderate COVID-19 cases dissected the sex differences
in the immune response to SARS-CoV-2. In this cohort from Yale University, males
had higher plasma levels of interleukin (IL)-8, IL-18, and chemokine ligand
5 (CCL5), while females had higher CD4 and CD8 T cell activation (Takahashi
et al. 2020). Intriguingly, a recent study from Johns Hopkins University using
convalescent plasma showed higher microneutralization and IgG responses to
SARS-CoV-2 in males compared to females. The authors also reported that a greater
IgG response correlated with worse COVID-19 outcomes (Klein et al. 2020a). These
findings warrant further evaluation, as it seemingly contradicts prior studies showing
that females have a more robust adaptive immune system than males (Klein and
Flanagan 2016).

In a more global study that analyzed data from 38 countries, Scully and col-
leagues found that, on average, males had a 1.7 higher CFR compared to females
(7.3 versus 5.4; p-value <0.0001). When analyzing age-disaggregated data, males
30 years and older had a consistently higher risk of dying from COVID-19 (Scully
et al. 2020). The authors obtained some of the information from the Global Health
50/50 COVID-19 data tracker, a notable source of sex-disaggregated data during the
COVID-19 pandemic (Global Health 2020).

Interestingly, these male-female differences in coronavirus infections have also
been noted in preclinical murine studies. In a pivotal study from 2017, investigators
infected age-matched B6 mice from both sexes with different doses of mouse-
adapted SARS-CoV (MA15). When infecting mice with 5000 plaque-forming
units (PFUs) of MA15, 90% of male mice died versus only 20% of female mice.
Increasing the infection dose to 10,000 PFUs resulted in the death of all male mice,
while 40% of female mice survived. These sex differences in MA15-induced
mortality were more pronounced with increasing age of the mice (Channappanavar
et al. 2017).

In summary, there is a male predominance in almost every country reporting
sex-disaggregated data on COVID-19 outcomes. In the following section, we will
explore the possible mechanisms involved in this sex bias. These include differences
in the sex hormone milieu and the copy numbers of X-linked genes relevant to the
immune response against SARS-CoV-2.

16.2 Sex Chromosomes and COVID-19

X chromosome inactivation and female mosaicism (Lyon 1961) are particularly
relevant to the sex bias observed in COVID-19 outcomes. Early in development,
one of the female X chromosomes becomes transcriptionally inactive. This process,
termed X chromosome inactivation, is random, and the result is two populations of
somatic cells that differ in their active X chromosome, i.e., female mosaicism
(Machiela et al. 2016). Importantly, the X chromosome has a high number of
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immune-related genes, including some involved in cytokine and toll-like receptor
(TLR) signaling (IL1RAPL1, IL1RAPL2, IL2RG, IL13RA1, IL13RA2, CXCR3,
TLR7, and TLR8), NF-κB and MAPK signaling (IKBKG, NKRF, NKAP, and
MKP4), and apoptosis (XIAP, AIFM1, and IGBP1) (Spolarics et al. 2017). X
chromosome inactivation and female mosaicism can directly impact immune func-
tion and a patient’s response to viral infections and vaccines. As an example, Fink
and colleagues have demonstrated that epigenetic regulation of TLR7 is implicated in
the sex differences observed in vaccine-induced antibody responses (Fink et al.
2018). The presence of the Y chromosome in males can also significantly impact
immunity. For instance, genetic variation in the Y chromosome has been shown to
impact influenza-induced lung inflammation via the activation of IL-17-producing
γδ T cells (Krementsov et al. 2017). Overall, male-female differences in sex chro-
mosomes can significantly impact the immune response to viral infections, which is
highly relevant in the setting of the COVID-19 pandemic.

The impact of male-female chromosomal differences on COVID-19 outcomes is
also highlighted by the gene encoding the human angiotensin-converting enzyme
2 (ACE2). ACE2 serves as the receptor for the spike (S) protein of SARS-CoV and
SARS-CoV-2 (Chen et al. 2020b; Ge et al. 2013; Hoffmann et al. 2020; Li et al.
2003, 2005a, b) and plays a pivotal role in their infectivity. Such is the significance
of ACE2 that it is being considered as a potential therapeutic target for COVID-19
(Zhang et al. 2020). Importantly, although the ACE2 gene is located in the X
chromosome, it can escape X inactivation and be expressed from both the active
and inactive X chromosome (Carrel and Willard 2005). This has been shown to lead
to sex differences in ACE2 gene expression (Gemmati et al. 2020; Li et al. 2020c;
Tukiainen et al. 2017), which have potential consequences for the vulnerability to
SARS-CoV-2.

Sex differences in TLR signaling and the interferon (IFN) response might also
play a role in the sex bias observed in COVID-19. Several TLRs are encoded in the
X chromosome (Libert et al. 2010) and have been implicated in sex-specific immune
responses to viral infections (Meier et al. 2009). TLR7 is able to recognize SARS-
CoV-specific GU-rich single-stranded RNA (ssRNA), activating downstream sig-
naling events which lead to the upregulation of pro-inflammatory cytokines such as
the tumor necrosis factor-alpha (TNF-α), interleukin IL-6, and IL-12 (Cervantes-
Barragan et al. 2007; Li et al. 2016). As mentioned above, the gene for TLR7 is
located in the X chromosome. As with the case of the ACE2 gene, the TLR7 gene can
also avoid X inactivation (Souyris et al. 2018). TLR4 signaling genes, such as IL-1
receptor-associated kinase (IRAK) 1, have also been implicated in sex-specific
susceptibility to infections (O’Driscoll et al. 2017). In addition, sexual dimorphism
in the response to TLR3 activation has been reported (Chavez-Valdez et al. 2019).
Interestingly TLR3 signaling through TRIF adaptor protein has been shown to
protect mice from a lethal SARS-CoV disease (Totura et al. 2015). Finally, an
abnormal interferon response has been associated with COVID-19, with low levels
of type I and II IFNs (Blanco-Melo et al. 2020). There have been reports of sex
differences in IFN production from plasmacytoid dendritic cells (pDCs), with higher
levels in females compared to males (Berghofer et al. 2006; Meier et al. 2009).
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Finally, X-linked genetic variability and mosaicism might also influence the
cytokine storm reported in severe cases of COVID-19. This cytokine storm is
characterized by elevated plasma levels of IL-2, IL-6, IL-7, granulocyte-colony
stimulating factor, IFN-γ-inducible protein 10, monocyte chemoattractant protein
1, macrophage inflammatory protein 1α, and TNF-α (Huang et al. 2020; Mehta et al.
2020). Furthermore, IL-6 levels have been shown to be a good predictor of severity
and death in patients with COVID-19 (Grifoni et al. 2020). Interestingly, females
express lower levels of IL-6 in response to viral infections (Conti and Younes 2020).

16.3 The Roles of Estrogen and Progesterone in COVID-19

The diverse effects of estrogen on the immune system have been described in prior
publications, and the reader is referred to other excellent reviews on this topic (Han
et al. 2018; Straub 2007; Townsend et al. 2012). Notably, estrogen can regulate viral
replication in nasal epithelial cells. Peretz and colleagues showed that 17β-estradiol,
via ERβ, decreased the viral titer in human nasal epithelial cells from female donors,
but not in the cells from male donors (Peretz et al. 2016). Estrogen could potentially
have similar effects during a SARS-CoV-2 infection, limiting viral replication.

Estrogen can also regulate the expression of SARS-CoV-2 viral entry receptors,
such as ACE2 and the transmembrane protease, serine 2 (TMPRSS2). As mentioned
above, SARS-CoV-2 uses membrane-bound ACE2 (mACE2) as a cellular receptor,
and TMPRSS2 is required for S protein priming (Hoffmann et al. 2020). It has been
hypothesized that sex differences in lung mACE2 might be directly implicated in the
sex bias of COVID-19 (Majdic 2020). The A disintegrin and metalloproteinase
17 (ADAM-17) enzyme can cleave mACE2, shedding soluble ACE2 (sACE2)
(Heurich et al. 2014; Haga et al. 2008; Patel et al. 2014). Interestingly, Sward and
colleagues have reported that females age 15 and older have lower levels of sACE2
when compared to age-matched males (Sward et al. 2020). Furthermore, the serum
activity of ACE2 is higher in older women (age 55 or older) when compared to
younger women (Gebhard et al. 2020). The authors of this last study speculate that
this increase in ACE2 activity with age might be related to changes in sex hormones,
particularly estrogen.

In the bronchial epithelium, ACE2 is primarily expressed in transient secretory
cells (Lukassen et al. 2020). Our group has shown that estrogen can regulate the
expression of ACE2 in differentiated airway epithelial cells. We treated normal
human bronchial epithelial (NHBE) cells with estrogen or vehicle during their
differentiation process in air-liquid interface. When compared to control, estrogen
treatment led to a significant reduction in ACE2 (Stelzig et al. 2020). Other
researchers have also identified estrogen effects on ACE2. Liu and colleagues
have shown that ACE2 activity and enzyme velocity is higher in male mice, when
compared to their female counterparts. A series of elegant experiments by this group
using XX and XY gonadal females and XX and XY gonadal males determined that
these sex differences are estrogen-dependent and sex chromosome-independent (Liu
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et al. 2010). In addition, estrogen treatment of oophorectomized rats led to a
reduction in cardiac ACE2 expression (Wang et al. 2013). Interestingly, deletion
of estrogen-related receptor alpha (ERRα) also leads to an upregulation of ACE2
(Tremblay et al. 2010).

Although less studied, estrogen has also been shown to have an effect on the
TMPRSS2:v-ets erythroblastosis virus E26 oncogene homolog (TMPRSS2-ERG)
expression in malignant prostate cells. Treatment with an ERβ agonist led to a
decrease in the expression of TMPRSS2-ERG, while treatment with an ERα agonist
had the opposite effect (Setlur et al. 2008). Of note, in our studies using differenti-
ated airway epithelial cells, we found no significant effect of estrogen on the
expression of TMPRSS2 (Stelzig et al. 2020).

As mentioned previously, the sex-specific interferon response to SARS-CoV-2
might contribute to the sex bias in COVID-19. The pDC TLR-mediated type I
interferon response to viruses is higher in females compared to males (Berghofer
et al. 2006; Meier et al. 2009). By targeting ERα in pDCs, estrogen can promote this
interferon response (Seillet et al. 2012). Conversely, inhibiting ER signaling during
pDC development leads to a diminished production of interferon (Laffont et al.
2014). Finally, genetic deletion of ERα in mice results in a reduction in the
expression of IRF5 and the downstream interferon response (Griesbeck et al. 2015).

The protective effects of estrogen signaling in the context of coronavirus infec-
tions have also been shown in murine studies. In a seminal paper, Channappanavar
and colleagues showed that oophorectomized female mice had a higher mortality
when infected with MA15, the mouse-adapted SARS-CoV. Furthermore, treatment
with an estrogen receptor antagonist increased the susceptibility of female mice to
this viral infection, while treatment with tamoxifen decreased it (Channappanavar
et al. 2017).

Progesterone can also regulate several components of the innate and adaptive
immune system. By interacting with progesterone receptors in macrophages, den-
dritic cells, natural killer cells, T cells, and B cells, progesterone can affect mucosal
immunity in the respiratory tract (Hall and Klein 2017). Relevant to the COVID-19
pandemic, progesterone has been shown to regulate lung inflammation and promote
tissue repair after a viral infection by increasing the production of epidermal growth
factor amphiregulin (Hall et al. 2016). In a murine model of influenza A virus
infection, progesterone had a protective effect on naïve female mice, but not in the
mice that had undergone a prior viral challenge (Hall et al. 2017).

16.4 The Role of Androgens in COVID-19

The effects of androgen signaling on the innate and adaptive immune system are
diverse and have been previously reviewed (Gubbels Bupp and Jorgensen 2018;
Kissick et al. 2014; Lai et al. 2012; Trigunaite et al. 2015). So far, it is unclear if low
or high androgen levels contribute to severe outcomes in COVID-19. Some have
shown that elevated testosterone levels correlate with low antibody levels to
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vaccines (Furman et al. 2014). Others hypothesize that SARS-CoV-2 infection
might trigger acute male hypogonadism with low androgen levels, which may
contribute to increased COVID-19 morbidity and mortality (Channappanavar et al.
2017; Salonia et al. 2020). As an example, Rastrelli and colleagues have shown that,
in males with SARS-CoV-2 pneumonia, low total testosterone (less than 5 nmol/L)
and low calculated free testosterone (less than 100 pmol/L) are associated with
higher rates of ICU transfer and death (Rastrelli et al. 2020). Interestingly, human
studies have shown that testosterone can upregulate IL-1 and downregulate IL-1β
IL-6, and TNF-α, leading to a suppression of inflammation (Mohamad et al. 2019;
Pozzilli and Lenzi 2020). Future studies investigating the effects of androgen levels
on COVID-19 should consider the timing of the androgen measurement in the
course of the SARS-CoV-2 infection (Strope et al. 2020).

Another mechanism by which testosterone might predispose males to worse
COVID-19 outcomes is by regulating the expression of TMPRSS2 (Giagulli et al.
2020; Stopsack et al. 2020). In the context of coronavirus infections, TMPRSS2 is
not only a key element for S protein activation and virus-cell fusion but can also
decrease viral recognition by neutralizing antibodies (Glowacka et al. 2011).
TMPRSS2 is highly expressed in urogenital organs, such as the prostate
(Chakravarty et al. 2020). Therefore, it is not surprising that testosterone regulation
of TMPRSS2 expression was first identified in studies of prostate cancer biology. In
prostate cancer cells, the TMPRSS2 gene is commonly fused to ETS transcription
factors, such as ERG or ETV1. Androgen-responsive elements within TMPRSS2
mediate the increased expression of ERG or ETV1, which in turn has important
prognostic implications for prostate cancer patients (Fernandez et al. 2015; Hagglof
et al. 2014; Lucas et al. 2014; Tomlins et al. 2005). Importantly, androgen-induced
upregulation of TMPRSS2 has also been reported in a human lung adenocarcinoma-
derived (A549) cell line (Mikkonen et al. 2010).

16.5 Clinical Trials for COVID-19 Involving Sex Steroid
Signaling

Given the marked sex bias in COVID-19 outcomes and multiple preclinical studies
demonstrating the ability of sex hormones to regulate different aspects of SARS-
CoV-2 infectivity, several clinical trials targeting sex steroid signaling have been
initiated across the globe. These clinical studies have been summarized in
Table 16.1. For example, investigators at Stony Brook University Hospital in
New York are conducting a study to evaluate if the administration of estradiol
(100 micrograms per day for 7 days) through a patch can decrease symptom severity
in patients with confirmed or presumptive COVID-19. Others have even proposed
the use of conjugated estrogens to prevent SARS-CoV-2 infections (Suba 2020).
Another randomized controlled trial is testing the efficacy of progesterone (100 milli-
grams subcutaneously twice daily for 5 days) plus standard of care (SOC) versus
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SOC alone as a therapeutic strategy for males with COVID-19. Finally, several
ongoing clinical trials are using antagonists of the androgen receptor to treat patients
with COVID-19. For instance, researchers at Johns Hopkins Hospital are studying if
adding bicalutamide (150 mg by mouth daily for 7 days) to SOC can improve the
rate of clinical improvement in patients with COVID-19 requiring hospitalization.
Other clinical trials targeting the androgen receptor use spironolactone and
enzalutamide.

Future clinical studies should also investigate the effects of estrogen replacement
therapy and androgen deprivation therapy (ADT) on COVID-19 outcomes. Italian
researchers have reported a lower risk of SARS-CoV-2 infection in patients with
prostate cancer receiving ADT than those not receiving ADT (OR, 4.05; 95% CI

Table 16.1 COVID-19 clinical trials targeting sex hormone pathways

Drug Drug effect
ClinicalTrials.
gov identifier

Primary outcome
measure(s) Location

Degarelix Antagonist of
the GnRH
receptor

NCT04397718 A composite endpoint of
mortality, ongoing need
for hospitalization, or
requirement for mechani-
cal ventilation or ECMO

VA healthcare
systems in
CA, NY, and
WA, USA

Estrogen Agonist of
the estrogen
receptors

NCT04359329 Rate of hospitalization,
rate of transfer to inten-
sive care unit, rate of
intubation, and rate of
death

Stony Brook
University
Hospital, NY,
USA

Tamoxifen
(in combination
with
isotretinoin)

Agonist of
the estrogen
receptors

NCT04389580 Lung injury score Kafrelsheikh
university,
Egypt

Progesterone Agonist of
the proges-
terone
receptors

NCT04365127 Change in clinical status Cedars Sinai
medical cen-
ter, CA, USA

Bicalutamide Antagonist of
the androgen
receptor

NCT04374279 Percentage of participants
who have clinical
improvement

Johns Hopkins
Hospital, MD,
USA

Spironolactone Antagonist of
the androgen
receptor

NCT04345887 p/f ratio (improvement in
oxygenation)

Istanbul Uni-
versity,
Turkey

Spironolactone
(in combination
with
bromhexine)

Antagonist of
the androgen
receptor

NCT04424134 Change from baseline in
clinical assessment score
COVID-19

Lomonosov
Moscow State
University,
Russian
Federation

Enzalutamide Antagonist of
the androgen
receptor

NCT04475601 Time to worsening of
disease and time to
improvement of disease

Norrlands uni-
versity hospi-
tal, region
Västerbotten,
Sweden

16 Sex Differences in the Coronavirus Disease 2019 479

http://clinicaltrials.gov
http://clinicaltrials.gov


1.55–10.59; p-value ¼ 0.0043) (Montopoli et al. 2020). Others have shown that
abiraterone, an androgen biosynthesis inhibitor, has in vitro anti-SARS-CoV-2
activity, reducing the virus-induced cytopathic effects by approximately 70%
(Yuan et al. 2020).

The study of individuals with COVID-19 who have comorbidities such as
polycystic ovarian syndrome or androgenetic alopecia (AGA; also known as male
pattern hair loss) could also shed light on the effects of sex steroid signaling on this
disease. For instance, Goren and colleagues noted that 71% of Caucasian males
(n ¼ 41) who were admitted with bilateral SARS-CoV-2 pneumonia had clinically
significant AGA (Goren et al. 2020). A subsequent study by the same research group
confirmed this observation, finding that 67% of patients (n ¼ 175) with COVID-19
had AGA (Wambier et al. 2020). The authors speculate the increased androgen
sensitivity might predispose patients with AGA to more severe forms of COVID-19.

In addition to the efforts to conduct clinical trials specifically targeting steroid
signaling pathways, it is of paramount importance to include sex as a biological
variable in all other COVID-19 therapeutic studies. Medications can have
sex-specific pharmacogenomic, pharmacokinetic, and pharmacodynamics properties
(Bartz et al. 2020; Franconi and Campesi 2014). Furthermore, multiple studies with
immunotherapies (such as antiviral agents, convalescent plasma, and vaccines) have
already demonstrated the importance of biologic sex when studying drug efficacy
(Grassadonia et al. 2018; Jawaheer et al. 2012; Klein and Morgan 2020).

Preclinical studies involving mice have shown that serum from female mice is
better at protecting naïve mice than serum from male mice (Fink et al. 2018). In
addition, it is important to consider the sex differences in adverse drug reactions,
since they tend to be more prevalent in female patients (Bischof et al. 2020). Finally,
biological sex should even be a key variable in studies addressing mechanical
ventilation strategies, as male-female differences in lung volumes could impact the
COVID-19 outcomes of mechanically ventilated patients (Han et al. 2018).

16.6 Gender Differences in COVID-19

Sex is a biological variable, while gender is defined as the socially constructed roles,
behaviors, and expressions of men and women. Although not the primary focus of
this chapter, gender can also contribute to differences in COVID-19 outcomes. For
example, there are marked gender differences in smoking habits among certain
populations. In China, 288 million men smoke versus only 12.6 million women
(Cai 2020). Importantly, smoking has been shown to be a risk factor for adverse
outcomes in COVID-19, which may disproportionally affect men (Vardavas and
Nikitara 2020). There are also significant gender differences in comorbidities
(Sharma et al. 2020). Importantly, the CFR for COVID-19 is elevated for patients
with cardiovascular disease (10.5%), diabetes (7.3%), chronic pulmonary disease
(6.3%), hypertension (6%), and cancer (5.6%) (Wu and McGoogan 2020). In
general, these comorbidities tend to be more prevalent in men.
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In certain communities, women are the predominant caregivers at home and in
healthcare settings. This places them at an increased risk of becoming infected with
SARS-CoV-2 (Wenham et al. 2020). Women are also at increased risk for psychi-
atric disorders (Liu et al. 2020) and social isolation (Senst et al. 2016) during the
pandemic, which might result in worse outcomes. Even the gendered behavior of
handwashing, which is lower in men, can have an impact on the rate of SARS-CoV-
2 infections (Gebhard et al. 2020). Overall, COVID-19 will bring to the frontline
several structural gender health disparities that will need to be addressed in order to
effectively mitigate the pandemic (Spagnolo et al. 2020).

16.7 Conclusion

There are profound sex differences in the vulnerability to COVID-19. The mecha-
nisms involved in this sex bias are still unclear, but experts in the field agree that
differences in sex chromosomes and the direct action of sex steroids are likely
contributing. Further mechanistic studies are required to address this knowledge
gap. Biological sex is also an important variable to incorporate into future COVID-
19 therapeutic and vaccine trials. Finally, the authors believe that sex-disaggregated
data and sex-specific interventions are crucial to establishing efficient public health
policies in order to manage and mitigate the adverse outcomes of the COVID-19
pandemic.
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