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Abstract

There is increasing recognition that the sex hormones (estrogen, progesterone, and testosterone)
have biological and pathophysiological actions in peripheral, non-reproductive organs, including
the lung. Clinically, sex differences in the incidence, morbidity and mortality of lung diseases such
as asthma, chronic obstructive pulmonary disease (COPD), pulmonary fibrosis, lung cancer and
pulmonary hypertension have been noted, although intrinsic sex differences vs. the roles of sex
steroids are still not well-understood. Accordingly, it becomes important to ask the following
questions: 1) Which sex steroids are involved? 2) How do they affect different components of the
lung under normal circumstances? 3) How does sex steroid signaling change in or contribute to
lung disease, and in this regard, are sex steroids detrimental or beneficial? As our understanding of
sex steroid signaling in the lung improves, it is important to consider whether such information
can be used to develop new therapeutic strategies to target lung diseases, perhaps in both sexes or
in a sex-specific manner. In this review, we focus on the basics of sex steroid signaling, and the
current state of knowledge regarding how they influence structure and function of specific lung
components across the life span and in the context of some important lung diseases. We then
summarize the potential for sex steroids as useful biomarkers and therapeutic targets in these lung
diseases as a basis for future translational research in the area of gender and individualized
medicine.
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1. Introduction

There are inherent sex differences in the human lung which are apparent from early in life
(indeed in utero) and manifest in different forms throughout the lifespan. Here, changes in
lung structure and function at key life stages such as puberty, pregnancy, menopause and in
aging suggest a modulatory role of sex steroids. This is particularly relevant, given the
considerable epidemiological evidence for a role for sex in the incidence, susceptibility and
severity of a number of lung diseases that create a healthcare and financial burden of ~35
million individuals and 400,000 deaths in the US (ALA, 2008). For example, asthma is more
common in pre-pubescent males, but becomes more common in females after puberty
(Becklake & Kauffmann, 1999; Bjornson & Mitchell, 2000; Caracta, 2003; Carey et al.,
2007b; Jensen-Jarolim & Untersmayr, 2008; Melgert et al., 2007) such that the incidence,
frequency and severity of asthma is greater among adult women, compared to men
(Bjornson & Mitchell, 2000; Caracta, 2003; Carey et al., 2007b; Jensen-Jarolim &
Untersmayr, 2008; Melgert et al., 2007). Similarly, differences between men and women in
the incidence/frequency of and morbidity/mortality associated with smoking-induced lung
disease have also been noted, not all of which can be explained by differences in smoking
rates between the sexes (Hughes & Jacobson, 2003; Hughes et al., 2008; Mannino et al.,
2002; Troisi et al., 1995a). What is less clear from epidemiological data such as these is the
relative contributions of intrinsic sex differences in lung structure and/or function vs. sex
steroids: a topic of considerable interest and ongoing research.

The contrasts between men and women in a range of diseases have led the Institute of
Medicine to emphasize that sex is or should be a biological variable for research as well as
clinical practice norms (“Exploring Biological Contributions to Human Health-Does Sex
Matter?”; http://www.nap.edu/openbook.php?isbn=0309072816). Although this report
really targets sex differences per se in non-reproductive organ systems, the respiratory
system (upper and lower conducting airways, lung parenchyma) and lung diseases were
surprisingly not highlighted. More recently, the NIH has announced the requirement that
grant applicants report the sex of animals and cells in pre-clinical studies. However, this
emphasis is also on intrinsic sex differences rather than any modulating role sex steroids
may play in human lung health and disease. Nonetheless, perspectives, editorials and
reviews in several journals all highlight the idea that sex steroids “do more” than play a role
in reproductive function. Certainly, this has been most established in the cardiovascular
(Arain et al., 2009; Konhilas, 2010; Leuzzi et al., 2010; Miller, 2010; Perez-Lopez et al.,
2010), metabolism (Beierle et al., 1999; Bigos et al., 2009; Greenhill, 2011; Wang et al.,
2011), and cognition (Gillies & McArthur; Hines, 2010; Janicki & Schupf, 2010; Manson,
2008; McEwen, 2010; McEwen & Alves, 1999; Reddy, 2010) arenas, but there are now
increasing reports of sex steroid effects in different lung components, and how they may
play a role in important diseases such as asthma, Chronic obstructive pulmonary disease
(COPD), pulmonary fibrosis, cancer and even pulmonary hypertension. Accordingly, the
major goal of this review is to highlight this research relating to sex steroids and their effects
on lung components in health and disease. Given that most of the research to date is on the
adult lung, which also represents the majority of healthcare burden of lung disease, we will
focus on this aspect, with brief mention of how influence of sex steroids early in life may
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have bearing for adult lung health and disease. Finally, we will introduce the concept of sex
steroids and their signaling which could form a platform for diagnosis and therapy in lung
diseases in the context of individualized medicine. Regarding intrinsic sex differences and
the lung, the reader is referred to some recent reviews on this topic (Gonzalez-Arenas &
Agramonte-Hevia, 2012; Martin & Pabelick, 2014; Prakash et al., 2014; Tam et al., 2011,
Townsend et al., 2012a).

2. Brief review of sex steroid biology

In order to understand sex steroid effects in the lung, it is important to appreciate how
estrogens, progesterone, testosterone or even their biologically-active metabolites are
produced and exert their action. Here, we emphasize that substantial cellular, tissue, or even
species heterogeneity of sex steroid action can occur due to modulation of the basic sex
steroid signaling pathways, as well as interactions between sex steroids (particularly in
women where estrogens and progesterone are normally present concurrently).

In terms of sex steroid production, estrogen, progesterone and testosterone are all derived
from cholesterol via well-established pathways (Ghayee & Auchus, 2007; Payne & Hales,
2004) (Figure 1). Briefly, cholesterol is converted to pregnenolone by the P450 side chain
cleavage enzyme located in the mitochondrial membrane. Pregnenolone can be converted
either to progesterone (via 3p3-hydroxysteroid dehydrogenase, 33-HSD) or
dehydroepiandrosterone (DHEA via cytochrome P450 17). DHEA may be further converted
to androstenedione (3p-HSD) and subsequently testosterone (1738-HSD) or estrone (via
aromatase). Estrone and testosterone may then be converted to estradiol (via 173-HSD and
aromatase, respectively).

Although sex steroids are mainly produced by the gonads, and contribute substantially to
circulating levels of these hormones, there is considerable evidence for local production in
peripheral tissues of non-reproductive organs such as the heart, multiple vascular beds,
breast, brain, and even the lung (Labrie, 2003; Labrie et al., 1991; Luu-The & Labrie, 2010),
with the pattern of steroid production being dependent on which enzymes of the cholesterol
pathway are present within specific tissues. The relevance of these non-gonadal sources lies
in the high possibility that local sex steroid production or its metabolism within specific
tissues can lead to substantial differences between local steroid levels vs. that seen in the
circulation. Accordingly, it is possible that some of the paradoxical effects of sex steroids
between organ systems and diseases involve the effects of local steroid regulation and
effects. A prime example of this is the so-called “estrogen paradox” of pulmonary
hypertension in young women while estrogens are thought to be protective in the coronary
circulation. Multiple experimental animal studies have found estrogen and its metabolites to
be protective against pulmonary hypertension, with better outcome in female animals and
exacerbation following ovariectomy, but epidemiological data in humans indicate greater
incidence of pulmonary hypertension in female patients, with some clinical studies
indirectly linking estrogen to increased risk of portopulmonary hypertension, and others
showing increased estrogen metabolism and higher levels of estrogen metabolites to be
enhancing pulmonary vascular remodeling (see (Martin & Pabelick, 2014; Umar et al.,
2012) for recent reviews).
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Since both gonadally-derived and local sex steroids (Labrie, 2003; Labrie et al., 1991; Luu-
The & Labrie, 2010) contribute to overall concentrations systemically and within tissues, it
is important to consider concentrations of specific sex steroids that are typically noted. This
is particularly important given life events such as puberty in men and women, pregnancy
and menopause in women, and aging in both sexes. Here, it is not uncommon to see
different formats (molar concentrations vs. serum levels) being used in studies, which makes
comparisons sometimes difficult. We have previously compiled comparative data from
different sources (Cummings et al., 1998; Elmlinger et al., 2002; Lippe et al., 1974) in this
regard (Townsend et al., 2012a) to provide normal ranges of testosterone, estradiol, and
progesterone in men vs. women in different life stages (non-pregnant, pregnant, and post-
menopausal). Interestingly, the range of testosterone is usually stable in both males (2-15
ng/ml or 6-50 nM) and females (<1.5 ng/ml or 5 nM) throughout life. While men express
pg/ml (pM) estradiol and ng/ml (nM) progesterone levels, the levels of these hormones
obviously fluctuate substantially in women, ranging from 20 pg/ml estradiol and 0.3 ng/ml
progesterone in follicular phase in non-pregnant and post-menopausal women to 40 ng/ml
estradiol and 300 ng/ml progesterone in pregnant women. The importance of these levels
fluctuations lies in their relative contribution to the local level of any sex steroid. Thus, for
example, tissue production of estrogens (e.g. via aromatase-mediated testosterone
conversion) may become more prominent in post-menopausal women as well as in aging
men, while separately, the influence of progesterone may wane in these populations.
Conversely, the very circulating levels of estrogen and progesterone in women may be more
important in pregnancy unless tissue metabolism of these steroids can modulate the local
levels that impact cells within an organ. There is currently very little information on these
issues relevant to the lung.

2.1. Estrogen

As a primary female sex steroid, the role of estrogens in development of female reproductive
organs, the menstrual cycle, and pregnancy are well-known. Estrogen has also been shown
to be important in many pathophysiological processes of hormone dependent diseases, the
best example being breast cancer (Bai & Gust, 2009; Couse & Korach, 1999; Deroo &
Korach, 2006). However, more recent advances in estrogen biology indicate that estrogens
have a range of actions in normal physiological process of different organs and tissues,
including cell growth, development, differentiation and function (Burns & Korach, 2012;
Deroo & Korach, 2006; Gustafsson, 2003; Straub, 2007). Importantly, these actions are not
limited to women.

Estrogen effects are commonly mediated by two estrogen receptors ERa and ERp acting via
both classical, genomic mechanisms of altered protein expression/function, as well as acute,
non-genomic mechanisms that are being increasingly recognized. In addition to these
classical receptors, recent studies have shown that GPR30, a member of the G protein—
coupled receptor superfamily, mediates estrogen-dependent kinase functional activation and
transcriptional responses (Filardo et al., 2002; Prossnitz et al., 2008). Accordingly, cellular
effects of estrogen are likely dependent on the relative expression and actions of ERa vs.
ERp, vs. GPR30, which makes for complex signaling within any tissue.
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The classical ERB and ERp both belong to the nuclear receptor family of transcription
factors (Heldring et al., 2007; Kim et al., 2008; Miller & Duckles, 2008) and are encoded on
different genes, with conserved homology in the ligand-binding domain and DNA binding
regions, but significant variability at the N-terminus (Heldring et al., 2007). Although ERa
and ERp have similar affinities towards 17-p-estradiol (E,; the major active estrogen in
humans), several differences in the transcriptional activation levels have been observed.
Some studies suggest that, when both ERs are expressed in a cell, ERp inhibits ERa
mediated transcription (Lindberg et al., 2003; Liu et al., 2002). For example, activation of
ERa can lead to aberrant proliferation (Maggiolini et al., 2001; Teng et al., 2008), whereas
ERP activation has anti-proliferative effects via counteraction of ERa effects (Lahm et al.,
2008). Such differential effects may underlie protective roles of estrogens in systemic
vasculature but the higher incidence of pulmonary hypertension in young women: a topic
that is still being investigated. However, it is also important to stress this relationship
between ER isoforms has not been shown to be consistent across cell types, and may also be
context-specific.

In addition to full-length receptors (hERa-66 in humans), truncated or shorter ERa isoforms
(hERa-46 and hERa-36) which lack activation factor AF-1, are known to exist, and have
complex effects on full-length ERa activity. This creates another level of modulation of
estrogen action, at least in vitro. However, the role of truncated ER isoforms in vivo is not
clear (Heldring et al., 2007). Regarding ERa, some splice variants may differentially
modulate genomic estrogen signaling (Heldring et al., 2007; Matthews & Gustafsson, 2003).
Accordingly, cell-type and context-dependent changes in the relative distribution of the
various ER isoforms (truncated or full length) may lead to different overall effects of
estrogen. There is currently very little data relevant to these issues in the lung.

Estrogens and ER can activate several distinct pathways to regulate biological processes
(Heldring et al., 2007). Estrogen binding to ERs typically leads to nuclear translocation of
these ERs, particularly ERa, and can binding to estrogen response elements (ERE) in the
promoters of target genes. ERs can also interact with other transcription factor complexes
such as c-fos/c-jun (relevant to AP-1-responsive elements) and thus indirectly influence
gene transcription. Here, ligand-dependent activation can involve signaling intermediates
such as ERK1/2, p38 MAP kinase, and JNK, as well as trigger recruitment of various
nuclear co-regulators that are likely cell and context dependent, but not entirely
characterized. In addition to the well-recognized transcriptional effects of estradiol, rapid
non-genic effects within seconds to minutes have also been observed. Such rapid effects
involve activation of cyclic nucleotides, kinases and phosphatases and usually modulate ion
fluxes across the cell membrane. What is less clear is which (if any) of the ERs are involved,
and what role GPR30 plays in this regard (or alternatively there is a separate, membrane
bound receptor).

2.2.Progesterone

Progesterone, the second major endogenous female steroid hormone, is involved in variety
of physiological and metabolic changes throughout life including embryogenesis, puberty,
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the menstrual cycle, and pregnancy. Progesterone is mainly produced in the ovaries although
small amounts are produced in the brain and adipose tissue as well.

Progesterone exerts its effect via progesterone receptors (PRs) with target gene transcription.
Mammals have two types of PRs: PR-A and PR-B and both these isoforms are transcribed
from same gene, although PR-A differs in the truncated N-terminal domain (Edwards, 2005;
Giangrande & McDonnell, 1999; Mulac-Jericevic & Conneely, 2004). Classically,
progesterone binds to both PRs which enter the nucleus to activate DNA downstream
(Giangrande & McDonnell, 1999). Both PRs, PR-A and PR-B has similar ligand binding
affinities, but their transcriptional activation differs. For example, PR-B is a strong promoter
of transcriptional activities in multiple cell types whereas PR-A isoform is not (Giangrande
& McDonnell, 1999). When activated, PRs can recruit regulatory proteins such as SRC-1,
SRC-2, SRC-3, CBP/p300 (McKenna et al., 1999) and may also modulate histone
acetylation/deacetylation and chromatin remodeling. In addition to this nuclear receptor
function, PRs are able to promote and regulate multiple cellular signaling mechanisms
independent of nuclear activation (Gellersen et al., 2009).

2.3. Testosterone

Testosterone is the principal circulating androgen secreted by testicular Leydig cells in
males. Although traditionally viewed as a “male” hormone, testosterone is also secreted by
ovaries and in small amounts by the adrenal gland (Mooradian et al., 1987). Similar to the
female sex hormones, testosterone is present and can regulate the structure and function of
non-reproductive organs, including bone, skeletal muscle, brain liver, kidney and
adipocytes.

Aromatization of testosterone leads to irreversible formation of estrogen as well as
dihydrotestosterone. Both testosterone and its highly active metabolite, 5a-
dihydrotestosterone (DHT) exert their biological actions via nuclear receptor subfamily
NR3C4, also known as androgen receptor (AR). Ligand binding to AR can activate or
inhibit androgen responsive elements of target genes (Chang et al., 1995).

2.4. Interaction between sex steroids

It is commonly assumed that an interaction between sex steroids occurs only in women
where estrogen and progesterone are usually present concurrently, albeit to different levels
depending on the life stage. However, since both men and women have non-zero levels of
all three sex steroids, and there is always the potential for local tissue metabolism,
interactions between sex steroids may occur in both sexes. There is currently only limited
knowledge regarding such interactions, and indeed minimal data in the lung.

All of the classical sex steroid receptors (ERa, ERBPR-A, PR-B and AR) fall under the
superfamily of nuclear receptors, and cloning studies reveal that they share common
structural domains: C- terminus LBD, variable N-terminus with transcription activation
function (AF-1) domain, mid-region DBD and hinge region. A second AF-2 domain is
localized to the C-terminus of LBD region, which serves as a second transcriptional
activation region with varied function based on ligand activation (Beato & Klug, 2000;
McKenna & O'Malley, 2002). Based on these similarities and differences, interactions
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between sex steroid receptors can occur at multiple levels. For example, both ERa and ER
have similar affinities towards, E,, but ER can antagonize and act as a dominant (negative)
regulator of ERa function (Hall & McDonnell, 1999; Zhang & Teng, 2000), as noted for the
pro-proliferative cyclin D1 promoter (Liu et al., 2002). ERa and ERp can act as homodimers
or heterodimers in the nucleus. Studies suggest that ERa can also heterodimerize with AR
leading to modified transcriptional activity (Bennett et al., 2010).

Interaction between sex steroids can also occur downstream to the receptors. For example,
estrogen increases proliferation in endothelial cells by activating MAPK phosphorylation,
while in vascular smooth muscle cells estrogen inhibits proliferation via MAPK inhibition
(Barchiesi et al., 2002; Dubey et al., 1999). Notably, progesterone also appears to reduce
vascular smooth muscle proliferation and seems to facilitate the inhibitory effects of
estrogen (Orshal & Khalil, 2004). Furthermore, PR-B is promoter for gene transcription,
PR-A is a functional repressor on PR-B as well as for ER transcription (Edwards, 2005;
Giangrande & McDonnell, 1999). This ability of PR-A to inhibit transcriptional responses
induced by both PRB and ERs may underlie the overall anti-estrogenic activities of
progesterone observed in the uterus (Lydon et al., 1995). Furthermore, PR-B can cross-talk
with ERs and activate the Src-Ras-ERK pathways (Migliaccio et al., 1998). Separately, AR
activation involves c-Src, Raf-1 and ERK-2 pathways followed by MAPK activation
(Kousteni et al., 2001; Migliaccio et al., 2000), which can also serve to modulate either
estrogen or progesterone signaling.

3. Sex steroids and their receptors in the lung

3.1. Conducting airways

Nasal Passages—Given the incidence of allergic rhinitis, and the well-known changes in
nasal epithelial function in pregnancy, there has been some work (albeit limited) on sex
steroid signaling in nasal epithelium, particularly estrogens. Both ERs and PRs are present in
the nasal mucosa, and are upregulated in the presence of high levels of estrogen and
progesterone, may thus contribute to altered nasal epithelial function in pregnancy
(Tulchinsky et al., 1972) and the increased edema and nasal mucus secretion seen during the
menstrual cycle (Ellegard & Karlsson, 1994; Haeggstrom et al., 2000; Paulsson et al., 1997).
Interestingly, AR mRNA has been reported in human turbinate samples (Shirasaki et al.,
2004), but not protein, making it likely that female sex steroids are more relevant here.

Bronchial Epithelium—The importance of sex steroid effects on bronchial epithelium
lies in modulation of its barrier function, its responses to external stimuli including
pathogens and allergens, and as a modulator of airway tone. However, few studies have
examined the effect of sex steroids on bronchial epithelium. In immortalized airway
epithelial lines, both ERa (lvanova et al., 2010; Kirsch et al., 1999) and ERp (lvanova et al.,
2010) have been reported, with ERf being the predominant isoform. However, we recently
reported in freshly isolated human bronchial epithelial tissue, as well as single cells, that the
abundant ERa and ERp expression is comparable (Townsend et al., 2011). Whether PRs or
ARs are also expressed in bronchial epithelium is actually not known. However, given the
similarities between nasal vs. bronchial epithelium, their expression is likely.
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Airway Smooth Muscle—One of the major structural elements of the airway is the
smooth muscle layer that is key to regulation of airway caliber and tone. Given the
epidemiological and pre-clinical data suggesting sex differences in asthma, and even the
potential effects of estrogens on airway function, there has been increasing interest in sex
steroid receptor expression and function in airway smooth muscle (ASM). Studies, including
our own, have demonstrated the expression of both ERa and ERf in human airway smooth
muscle (Dahlman-Wright et al., 2006; Hughes et al., 2002; Jia et al., 2011; Townsend et al.,
2010). Other limited studies have also demonstrated existence of PRs (Abraham et al.,
2011), and ARs (Wilson & McPhaul, 1996) in airway smooth muscle of different species.

3.2. Lung Parenchyma

The lung parenchyma comprises ~75% of cells, particularly of the alveoli. In spite of data
suggesting sex differences in alveolar diseases, data on sex steroid receptor expression in
lung parenchymal cells is limited. All the major sex steroid receptors have been found in the
alveolar epithelial layer from biopsy samples (Ishibashi et al., 2005; Marquez-Garban et al.,
2009; Mikkonen et al., 2010). Additionally, the enzymes aromatase and 17p-hydroxysteroid
dehydrogenase are localized to alveolar epithelium (Marquez-Garban et al., 2009; Plante et
al., 2009), indicating that local effects and metabolism of sex steroids may be important.

4. Contribution of sex steroids to airway structure and function

4.1. Lung development

The current review is largely focused on the adult lung. However, it is important to
acknowledge the contribution of sex steroids in the developing lung, and the potential of
these early influences to modulate postnatal lung growth and function.

During pregnancy, fetuses are exposed to both maternal and fetal sex steroids which in turn
are involved in lung development (reviewed in-depth elsewhere (Becklake & Kauffmann,
1999; Carey et al., 2007b; Carey et al., 2007c; Seaborn et al., 2010)). The fetal testes
produce testosterone following sex differentiation (Abramovich, 1974) which delays
surfactant production during mid-late gestation (Seaborn et al., 2010). On the other hand,
androgens and AR in the developing lung aid branching morphogenesis (Kimura et al.,
2003; Nielsen, 1985; Provost et al., 2004; Seaborn et al., 2010; Torday, 1990). ERs are also
expressed in the fetal lung (Brandenberger et al., 1997; Takeyama et al., 2001) and unlike
androgens, promote and accelerate lung maturation (Beyer et al., 2003). Studies have also
shown the importance of both ERs in alveolar formation (Massaro & Massaro, 2006;
Massaro et al., 1996). Thus, in general, female fetuses have less bronchi, but produce lung
surfactant earlier (Fleisher et al., 1985; Torday & Nielsen, 1987), and the lungs mature faster
compared to male fetuses (Thurlbeck, 1975, 1982a), thus helping to maintain airway
patency. Accordingly, the female lung is smaller and has fewer respiratory bronchioles at
birth (Thurlbeck, 1975, 1982b). Nevertheless, female airways and lung parenchyma grow
proportionally during childhood and adolescence (Carey et al., 2007b; Hoffstein, 1986;
Pagtakhan et al., 1984). Furthermore, alveolar formation, which continues in the postnatal
lung may be influenced by ERP that is abundantly present (Patrone et al., 2003).
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4.2. Adult lung

4.2.1. Smooth Muscle—Given clinical data on sex differences in asthma and airway-
predominant COPD (Bjornson & Mitchell, 2000; Caracta, 2003; Carey et al., 2007b; Jensen-
Jarolim & Untersmayr, 2008; Melgert et al., 2007), there has been much recent interest in
how sex steroids may influence ASM, which is a key to contributor to airway
hyperresponsiveness and remodeling that occurs in asthma (Carey et al., 2007b; Ebina et al.,
1993). Of course, also given that diseases such as asthma or COPD likely involve multiple
cell types of the lung, any sex differences that are not intrinsic to the lung, also likely
involve sex steroid effects on different cell types. Nonetheless, recent evidence makes it is
difficult to argue that steroid effects on ASM are not contributory in this regard.

Sex steroid effects on ASM may target both airway reactivity as well as ASM proliferation,
potentially using different signaling pathways: genomic and non-genomic. Earlier studies
using animal models (typically ERa or ERf knockout mice, or alternatively ovariectomy of
normal mice with vs. without estrogen replacement) suggest that sex steroids help or
promote bronchodilation (Carey et al., 2007c; Degano et al., 2001; Dimitropoulou et al.,
2009; Matsubara et al., 2008; Riffo-Vasquez et al., 2007). Although consistent with the idea
that estrogens reduce [Ca2*]; in multiple cell types, including vascular smooth muscle, a
potential problem with these previous studies is the use of non-physiological concentrations
of sex steroids. Furthermore, studies done in vitro did not differentiate between epithelium-
independent vs. —dependent effects, thus making it difficult to identify direct effects on
ASM. For example, Foster et al. showed the potentiating effect of sex steroids on f3-
adrenoreceptor-induced relaxation of pig bronchus in vitro (Foster et al., 1983). Degano et
al. found that 21 days low dose estradiol exposure (10ug/kg) significantly reduces
acetylcholine-induced pulmonary resistance in ovariectomized rats (Degano et al., 2001). In
this particular study, they showed that estrogen induced epithelium-dependent increase in
cholinesterase activity, (Degano et al., 2001) while in another study the same group reported
that acute high-dose estradiol (100ug/kg) directly increases acetylcholine induced airway
responsiveness (Degano et al., 2003). Pang et al. showed high dose estradiol relaxes ACh
pre-constricted rabbit tracheal strips, and importantly this effect was not reduced by NOS
inhibition (Pang et al., 2002), highlighting direct effects of estrogen on ASM. Furthermore,
estrogens enhance release of dilatory prostaglandins from tracheal smooth muscle cells and
promote cGMP-mediated relaxation. In human ASM, we have shown rapid, likely non-
genomic effects of physiologically-relevant concentrations of E, involving increased CAMP,
and potentiation of isoproterenol effects on reducing [Ca2*]; (Townsend et al., 2012b) and
force (Townsend et al., 2012b). Additionally, we showed co-localization of f,-AR and ER
in human ASM which may play a role in activation and potentiation of relaxation
(Townsend et al., 2012b).

The mechanisms by which estrogens affect ASM are still under investigation. For example,
in human ASM cells, we found that acute exposure to physiological concentrations of E, (as
low as 100 pM) decreases [Ca2*]; response to agonist: an effect reversed by the ER
antagonist 1CI-182,780 (Townsend et al., 2010). We further showed full-length ERa and
ERP expression in ASM (Townsend et al., 2010), and that effects on [Ca2*]; largely involve
ERa. A previous study showed that estrogens promotes Ca2* activated K* channels via NO-
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cGMP-PKG pathway leading to membrane hyperpolarization and indirect reduction of
[CaZ*]; and bronchoconstriction in mice (Dimitropoulou et al., 2005). However, in human
ASM, the role of this mechanism appears to be less important, but rather involves inhibition
of L-type Ca2* channels and store operated Ca2* entry (SOCE) (Townsend et al., 2010).
Inhibition of influx may involve activation of the protein kinase A/CAMP pathway. In
regards to SOCE mechanism, Orail and STIM1 (calcium channel and calcium sensor
respectively) are two key regulatory proteins (Ay et al., 2004; Parekh & Putney, 2005;
Putney, 2007; Sathish et al., 2012). A recent study showed that E; non-genomically inhibits
basal phosphorylation of STIM1 and reduces SOCE in epithelial cells (Sheridan et al.,
2013). In a recently completed study, we have found that E; inhibits serine phosphorylation
of STIM1 in human ASM cells (V. Sathish, M.R. Freeman, M.A Thompson, C.M. Pabelick,
Y.S. Prakash, unpublished data).

In contrast to non-genomic effects, there is currently little data on how estrogens could
genomically affect ASM. Certainly, given that estrogens can have pro-proliferative effects
(e.g. as in cancer), any enhancement of ASM proliferation may negate non-genomic
bronchodilatory effects and worsen airway structure/function. Hughes et al. showed that
estrogen metabolites, 2-methoxyestradiol (2-ME) and their analogs have anti-proliferative
effect on the human airway smooth muscle cells without inducing cytotoxicity (Hughes et
al., 2002). In this regard, estrogen effects on proliferative or fibrotic pathways such as MAP
kinases, c-fos/c-jun need to be examined.

Compared to in vitro data largely showing estrogen-induced bronchodilation, in vivo studies
in mice are less clear. Certainly, in the in vivo situation, it is difficult to isolate effects on
ASM per sg, especially in models of inflammation and asthma. For example, male C57BL/6
mice show more AHR than females, indicating a protective effect of estrogen (Card et al.,
2006), but does not necessarily show an effect of sex steroids. Female mice lacking ERa
display AHR, although this has been attributed to neural dysfunction (Carey et al., 2007a).
Interestingly, in these animal studies, a direct effect of estrogens on ASM was not observed.
A study by Catley et al. in rat models of allergic asthma suggested that selective activation
of ERB is not anti-inflammatory (Catley et al., 2008), but ERp activation has been
established as being anti-inflammatory in other models (Paterni et al., 2014). Overall, these
limited data only underline the likely complex role of ER signaling and the airway in vivo.

High concentrations of progesterone potentiate isoprenaline-induced relaxation in
preconstricted pig bronchus (Foster et al., 1983). This effect is more potent than
testosterone, but not as comparable to E, (Foster et al., 1983). Other studies show that via
inhibition of calcium entry, progesterone and 53-pregnenalone abolish agonist-induced
contraction in guinea pig trachea (Perusquia et al., 1997). On the other hand, Hellings et al.
showed that progesterone exacerbates AHR in ovalbumin-sensitized male mice (Hellings et
al., 2003), although there are no reports on PR expression per se. Progesterone is known to
inhibit oxytocin receptor binding in uterine smooth muscle to maintain quiescence during
pregnancy (Grazzini et al., 1998). Oxytocin increases cytosolic Ca* in human ASM cells
and promotes airway narrowing in murine tracheal rings (Amrani et al., 2010). Accordingly,
progesterone may indirectly influence ASM by interference with oxytocin binding: an effect
to be demonstrated.
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Testosterone non-genomically relaxes pre-constricted rabbit tracheal smooth muscle and this
effect seems to be epithelium dependent (Kouloumenta et al., 2006). However, other studies
have found that androgens elicit epithelium-independent bronchial relaxation though
inhibition of voltage-dependent calcium channels (Bordallo et al., 2008). However, it is
interesting to note here that the AR inhibitor flutamide is not effective in preventing such
effects. In a recent study, Montand et al. showed androgens dose-dependently prevent
smooth muscle contraction in response to carbachol and KClI in isolated trachea rings from
guinea pigs (Montafio et al., 2014).

In asthma, inflammation effects involve enhanced ASM contractility and cell proliferation
as well as altered ECM production. Sex steroid effects on ASM proliferation and remodeling
in the context of inflammation is not well-understood. Physiologic concentrations of
estrogens, progesterone or testosterone do not appear to affect thrombin-induced human
ASM cell proliferation (Stewart et al., 1995). Dehyroepiandrosterone inhibits tracheal
smooth muscle proliferation in the rat (Dashtaki et al., 1998). In contrast, in rabbit tracheal
smooth muscle cells, ASM proliferation is increased by both testosterone and E, (Stamatiou
et al., 2011). Recent ongoing studies from our group show receptor specific inhibition of
human ASM proliferation during inflammation (Sathish et al., 2014) and ERs signaling
diverge in inflamed ASM in this regard. With differential effects of different sex steroid
receptors on various signaling mechanisms, more detailed studies are warranted to further
explore these novel aspects of sex steroid effects in the airway.

4.2.2. Epithelium—Airway epithelium is the initial site of effect for environmental and
inflammatory stimuli in the lung. Nasal, bronchial and alveolar epithelia play critical barrier
and homeostatic functions (Knight & Holgate, 2003). Furthermore, epithelial cells are
involved in the pathophysiology of multiple lung diseases, including asthma, bronchitis, and
COPD.

The roles of specific sex steroid receptors in nasal epithelium are less clear. Here, it is
possible that ERp actually serves as a dominant negative regulator for other steroid receptors
(Heldring et al., 2007; Levin, 2001), and therefore, for estrogens to induce greater mucus
production for example, upregulated ERa expression needs to occur (which has been noted
during pregnancy). Interestingly, in spite of PR being present in the nasal mucosa,
progesterone has little functional effect (Taylor, 1961). In this regard, the importance of
estrogen signaling in the nasal mucosa in the context of rhinitis is also suggested by clinical
data showing increased rhinitis symptoms in a significant percentage of women on oral
contraceptives (Pelikan, 1978), as well as animal studies showing thickened nasal mucosa
following exogenous estrogen administration (Mortimer et al., 1936; Taylor, 1961). In vitro,
in cultured human nasal epithelial cells and mucosal microvascular endothelial cells,
histamine receptor expression is increased by estrogen and progesterone (Hamano et al.,
1998a). However, it is important to note that all of the rhinitis symptoms in women are not
explained by estrogens. For example, nasal biopsies from pregnant women with rhinitis
show upregulated peri-vascular cholinergic nerve activity (Toppozada et al., 1982). The
relevance of these findings lies in identifying novel approaches that target nasal epithelium
vs. vasculature (or even innervation) to alleviate nasal symptoms of rhinitis. Furthermore, it
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is not clear whether rhinitis exacerbation in males involve ARs, or even ERs due to
aromatase-induced local conversion of testosterone to estradiol.

The role of estrogens in nitric oxide regulation in the vasculature is well known (Hisamoto
& Bender, 2005; Kim & Bender, 2005; Kim et al., 2008). Estrogens facilitate dissociation of
endothelial nitric oxide synthase (eNOS) from plasma membrane caveolae resulting in
activation of the NO pathway and vasodilation (Sud et al., 2010). NO is produced by
bronchial epithelium (Folkerts & Nijkamp, 2006; Hamad et al., 2003), and is increased with
inflammation (Jatakanon et al., 1998; Mandhane et al., 2009). In immortalized epithelial
cells lines, estradiol, working via ER, can acutely activate eNOS (Kirsch et al., 1999). Using
acutely-dissociated human bronchial epithelium, we recently reported that both ERa and
ER are involved in increasing NO production via eNOS (Townsend et al., 2011). What is
not known is whether estradiol can modulate NO production through iNOS, the likely more
important enzyme in the context of inflammation.

Studies including our own show constitutive expression of ERa and ERf in airway
epithelial cells (Ivanova et al.; Kirsch et al., 1999; Townsend et al., 2011). In our studies, in
epithelium-intact bronchial rings, following stable acetylcholine-induced force levels, 10nM
E, results in rapid relaxation while epithelial denudation blunts this bronchodilatory effect.
A similar effect was observed using ERa and ERp specific agonist, indicating the role of
both ERs in human bronchial epithelium (Townsend et al., 2011). A recent report by
Sheridan et al showed non-genomic estrogen inhibition of basal STIM1 phosphorylation
followed by reduction in SOCE in airway epithelia (Sheridan et al., 2013). Estrogen also
increases MUCS5AC and is involved in post-translational modification (glycosylation) of
mucins in human airways, this effect largely mediated by ER (Tam et al., 2014). Overall,
these limited data suggest substantial effect of estrogens in the bronchial epithelium.

Co-localization studies using the cilia marker protein acetylated a-tubulin reveal that PRs
are expressed in proximal regions of cilia in human tracheal epithelial cells (Jain et al.,
2012), with higher PR-B expression in both sexes. Progesterone decreases ciliary motility in
epithelial cells: an effect prevented by addition of E,, showing the potentially opposing
effects of these sex steroids (Jain et al., 2012).

There is limited and conflicting data regarding sex steroid effects on bronchial epithelial
cells growth and proliferation. Estrogen increases proliferation of some immortalized
epithelial cell types (Ivanova et al., 2010). There is currently no data on the effects of
androgens or progesterone in this regard. Separately, in the context of cystic fibrosis, limited
data suggest that estradiol can modulate UTP-induced chloride secretion (Coakley et al.,
2008) and thus alter susceptibility to infection and mucus clearance.

4.2.3. Fibroblasts—In bleomycin-induced lung fibrosis model, male mice show decreased
lung function and increased fibrosis, while castration restores lung function and conversely
DHT replacement therapy worsens it (\Voltz et al., 2008). Similarly, studies show increased
lung collagen deposition in female rats following bleomycin is greatly reduced by
ovariectomy (Gharaee-Kermani et al., 2005). In addition, Langenbach et al suggested that
bleomycin-induced pulmonary fibrosis is resistant to treatment with 2ME (Langenbach et
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al., 2007). However, other studies report a protective role for estrogens in pulmonary
fibrosis. For example, in rats, ovariectomy leads to increased pulmonary fibrosis with ASM
thickening, while 2ME replacement reverses fibrosis (Tofovic et al., 2009). In vitro, high
concentrations of all three sex steroids reduce fetal lung fibroblast density (Kondo et al.,
1983). Estrogen inhibits lung myofibroblast proliferation via Raf1-ERK-MAPK (Flores-
Delgado et al., 2001), consistent with 2ME data in lung fibroblasts (Tofovic et al., 2009).
Studies have also shown the importance of ER in maintenance of ECM composition using
an ERp knockout mice model (Morani et al., 2006). However, there is much not known
regarding sex steroid regulation of the ECM, particularly effects on specific components
such as collagen, fibronectin and laminin as well as matrix metalloproteinases that degrade
collagen and ECM components.

4.2.4. Nerves—Both sympathetic and parasympathetic nerves are involved in the
regulation of airway caliber. Major functions include defensive reflexes (sneeze and cough)
in the upper airways, cholinergic-parasympathetic contraction and non-cholinergic
parasympathetic smooth muscle relaxation (Canning & Fischer, 2001). Multiple studies
have shown sex differences in ventilatory measures with age, as well as variations with
menstrual cycle, and in pregnancy (da Silva et al., 2006; Driver et al., 2005; Saaresranta &
Polo, 2002; White et al., 1983). While the role of innervation per se is less clear, neurons
and glia have region-specific steroidogenic enzymes. Neurosteroids are synthesized in the
central and peripheral nervous system using cholesterol or steroid hormone precursors or
from circulating sex steroid hormones (Behan & Wenninger, 2008; Mellon & Griffin, 2002).

A role for progesterone in pregnancy-associated respiratory stimulant activity has been
reported (Slatkovska et al., 2006) and furthermore, progesterone is used as an effective
respiratory stimulant in patients with breathing disorders (Dempsey & Skatrud, 1986;
Kimura et al., 1988; Tatsumi, 1999). Studies have also shown a neuroprotective role for
progesterone and estrogen in sleep-disordered breathing in post-menopausal women. (Bixler
etal., 2001; Shahar et al., 2003; Young et al., 2003) Some studies suggest that testosterone
supplementation in hypogonadal men leads to worsening of obstructive sleep apnea
(Saaresranta & Polo, 2002) and increased ventilation, whereas other studies show the
opposite (Kapsimalis & Kryger, 2002; Saaresranta & Polo, 2002). Human airway has non-
adrenergic, non-cholinergic (NANC) innervation which mediates (excitatory)
bronchoconstriction via tachykinins, substance P and neurokinin A. The inhibitory
component of NANC mediates bronchodilation via vasoactive intestinal peptide and NO
(Belvisi et al., 1995; Joos et al., 2000; Lammers et al., 1992; Linden, 1996; Mackay et al.,
1998; van der Velden & Hulsmann, 1999; Ward et al., 1995). Neuronal NOS in NANC
nerve fibers generates NO from arginine which then induces ASM relaxation. Previous
studies suggest that an imbalance between excitatory vs. inhibitory NANC contributes
significantly to asthma (Joos, 2001; Joos et al., 2000). A few studies in urogenitary
(Andronowska & Chrusciel, 2008; Scott et al., 2007) and gastrointestinal (Shah et al., 2001)
smooth muscles have demonstrated that neurally-derived NO is modulated by estrogens.
However, no data is available on estrogen influence on NANC in ASM per se. Nonetheless,
in pregnant women, increased cholinergic nerve activity has been found near nasal blood
vessels (Toppozada et al., 1982). Carey et al. found that ERa knockout mice showed
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increased Ach release from isolated tracheas subjected to electrical field stimulation when
compared to wild-type control mice, indicating the role of estrogen signaling in neutrally
derived signals (Carey et al., 2007a).

4.2.5. Immune cells—Studies show that sex steroids markedly regulate activation,
lifespan, and functions of a variety of immune cells including dendritic cells, lymphocytes,
regulatory T-cells and B lymphocytes. Although much of the work on sex steroid effects on
immune function is relating to rheumatologic disease, immune modulatory role of sex
steroids has both physiological and pathological implications in the lung. Differences in
male and female immune responses and regulation (immune dimorphism) have been
observed in multiple studies (Da Silva, 1999; Huber & Pfaeffle, 1994; Whitacre et al.,
1999). Reports show that women generally have enhanced humoral response while men
suppress both humoral and cell-mediated immune responses (Gilliver, 2010). Here, we
summarize some key features of sex steroid effects on immune cells relevant to airway
function. An important consideration gleaned from work in rheumatology (Straub, 2007) is
that sex steroid effects on immune cells is dependent on the steroid, its concentration, timing
and duration, and furthermore the context of exposure. Obviously, these are not easy to
control in experimental settings or to evaluate in clinical settings, and may thus explain the
complexity and range of immune cell effects that have been noted. Detailed reviews
regarding the immunomodulatory role of sex steroids can be found elsewhere (Gilliver;
Straub, 2007).

Dendritic Cells: As initiators of the immune response to antigens and other stimuli,
modulation of dendritic cell activity plays an important role in the subsequent response in
the context of allergy and asthma. Here, dendritic cells express PR-A, ERa, and ER
(Gilliver, 2010), but the functional effects of female sex steroids on these cell types within
the lung is not known. Estrogen does promote dendritic cell formation in bone marrow
(Paharkova-Vatchkova et al., 2004) and to downstream dendritic cell stimulation of T cells
(Melgert et al., 2010). Similarly, DHEA promotes maturity of DCs. These limited data
suggest that sex steroids modulate very early steps in allergic airway disease and may thus
play a role in induction of diseases such as asthma throughout life.

Eosinophils: In ovalbumin-sensitized mice, females show greater eosinophilia compared to
males, an effect modulated by female sex hormone levels (Riffo-Vasquez et al., 2007).
Eosinophils bind estradiol (Katayama et al., 1998; Klebanoff, 1977) and show increased
degranulation and adhesion (Gilliver, 2010; Hamano et al., 1998b; Katayama et al., 1998).
Although the expression patterns of PRs or ARs is not known, progesterone can increase
eosinophilia-related AHR in sensitized mice (Hellings et al., 2003).

T Cells and B Cells: : Immune cells are well-known to bind estrogens and androgens. All
types of T lymphocytes express both ERa and ER (Pierdominici et al., 2010), with estrogen
being effective in activating intracellular signaling cascades. What is not clear is whether
such modulation of T-cell function is suppressive or stimulating to immune function
relevant to lung disease. The relevance of such estrogen effects lies in the well-known
exacerbation of asthma during the luteal phase of the menstrual cycle and during pregnancy,
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when high estrogen levels shift skew the immune system towards a Th2-type response
(Soldan et al., 2003) with elevated IL-4 and IL-10 (Straub, 2007), but decreased TNFa
(Cenci et al., 2000): effects mediated via ERa (Lambert et al., 2005; Straub, 2007). In
general, progesterone effects on immune cells parallel those of estrogen although PR
expression patterns have not been systematically examined (Hardy et al., 2006; Huck et al.,
2005; Miyaura & lwata, 2002; Piccinni et al., 1995). Accordingly, in both pregnant and non-
pregnant women, the two female sex steroids may have additive or synergistic effects in
exacerbating asthma. In contrast to estrogen or progesterone, androgens skew the immune
system towards a Th1-type response by increasing IFNy (Huber et al., 1999; Martin, 2000;
Namazi, 2009) and IL-2 (Giron-Gonzalez et al., 2000). Overall, these data, while not
entirely consistent across studies (and perhaps not valid across species), may be important
for understanding sex differences in allergic airway diseases, and especially their
modulation at lifestages such as pregnancy and menopause.

Women have higher serum antibody concentrations compared to men. Furthermore, IgE,
which causes mast cell degranulation, has been shown to vary with hormonal status in
women (Vellutini et al., 1997), and may thus play a role in premenstrual asthma
exacerbations. In addition to ERa mast cells also express PR A and PRB B (but not AR). In
accordance, estrogen enhances mast cell degranulation and histamine secretion. However,
progesterone inhibits mast cell migration and proliferation (Belot et al., 2007; Gilliver, 2010;
Vasiadi et al., 2006), overall making the effects of estrogen vs. progesterone different in B-
cells compared to T-cells.

5. Sex steroid signaling in disease states
5.1. Asthma

Asthma is a chronic inflammatory disease of the airway and according to WHO reports
affects >300 million people worldwide. Asthma involves both intrinsic and environmental
factors suggesting that is multifactorial in origin. Asthma is characterized by three major
features: airway structural remodeling (involves both airway and epithelial cells), functional
changes (airway hyperresponsiveness, edema, mucus production) and inflammatory changes
(activation of inflammatory cells) (Frieri, 2005; Hirota et al., 2005; Holgate, 2010; James et
al., 2012; Joubert & Hamid, 2005; Prakash, 2013; Siddiqui et al., 2013; West et al., 2013;
Wright et al., 2013).

What makes the potential for sex steroid effects in asthma particularly interesting is the
changing pattern with life stages that are not simply explained by a one-one relationship
between sex hormone levels and asthma symptomatology. Considerable evidence suggests
that asthma is more common in pre-pubescent males compared to females, but following
puberty, is more common in females(Becklake & Kauffmann, 1999; Bjornson & Mitchell,
2000; Caracta, 2003; Carey et al., 2007b; Jensen-Jarolim & Untersmayr, 2008; Melgert et
al., 2007). In the prepubescent period, sex differences in airway growth patterns may help
explain greater asthma in boys (Boezen et al., 2004; Carey et al., 2007b; Hoffstein, 1986).
Following puberty greater incidence of asthma among females (Melgert et al., 2007; Redline
& Gold, 1994; Schatz & Camargo, 2003), may also be due to the fact that female airways
and lung sizes are smaller compared to males, and thus any airway remodeling or
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hyperreactivity is more obvious. Interestingly, with further aging, the differences between
men and women decrease. For example, recent clinical study from Swedish asthma patients
showed lower total MiniAQLQ score (mini asthma quality of life questionnaire) in younger
women than age matched men, while there is no observable difference at older age (Lisspers
etal., 2013).

The epidemiological data showing increased post-pubertal asthma in women suggest
detrimental effects of female sex hormones. However, during childbearing years, although a
higher proportion of women suffer from premenstrual and menstrual worsening and severity
of asthma, such exacerbation appears to occur at a time when estrogen is actually at its
lowest circulating concentration and progesterone is at its highest circulating concentration
(Chhabra, 2005; Farha et al., 2009; Vrieze et al., 2003). However, it is also important to note
that some women with moderate asthma observe relief of their premenstrual asthma
exacerbations if they use oral contraceptives that suppress large fluctuations in circulating
hormones (Dratva et al., 2010; Forbes et al., 1999). These effects of exogenous estrogens
negate a simple relationship between sex steroids and asthma in women.

Asthma complicates 8-13% of pregnancies (Kwon et al., 2003). Interestingly, fetal sex may
influence asthma, where mothers of boys report improved asthma symptoms (Dodds et al.,
1999). However, even in pregnancy, a simple relationship between sex steroid levels (which
are high) and asthma is not clear. Among pregnant women with a pre-pregnancy diagnosis
of asthma, only ~10% experience acute asthmatic exacerbations during pregnancy, which is
less the ~40% of asthmatic women experiencing premenstrual worsening (Caracta, 2003;
Pereira & Krieger, 2004). Furthermore, ~30% of asthmatic women actually show an
improvement in symptoms in their third trimester, and another 30% show no changes at all
(Juniper et al., 1989; Schatz et al., 2003).

Asthma prevalence balances out around menopause designating no sex difference in asthma
beyond this age range (Bonner, 1984; Skobeloff et al., 1992). Studies also show that
decreased risk of developing de novo asthma in post-menopausal compared to pre-
menopausal women (Troisi et al., 1995b). Hormone replacement therapy is associated with
increased risk and severity of asthma in post-menopausal women, although some other
studies show HRT therapy in women as being protective in asthma (Haggerty et al., 2003;
Myers & Sherman, 1994).

In contrast to human data, animal work on the relationship between estrogens and asthma is
conflicting. In mice, estrogen appears to protect against airway hyperresponsiveness
(Dimitropoulou et al., 2005; Matsubara et al., 2008), while progesterone aggravates allergic
airway disease (Hellings et al., 2003). Spontaneous airway hyperresponsiveness has been
reported in ERa knockout mice (Carey et al., 2007a). What is not clear is whether the
species discrepancies let differences in the immune responses to hormones, or intrinsic
differences in the way the airway responds to inflammation.

Compared to women and female sex steroids, the relationship between men and androgens
in this context is a bit clearer, albeit supported only by limited data. Androgens appear to be
anti-inflammatory by decreasing Th2 cell response, and conversely castration in males
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exacerbates disease (Hayashi et al., 2003). Severity of asthma in men remains relatively
stable from puberty until serum testosterone levels start to decrease with aging, when an
increase in asthma is observed (Canguven & Albayrak, 2011; Zannolli & Morgese, 1997),
suggesting a beneficial role for testosterone in asthma. Interestingly, even in women,
testosterone administration can improve asthma symptoms (Wulfsohn et al., 1964).

Overall, the above data, albeit limited to a certain extent, suggest complex, sometime
synergistic, sometimes opposing effects of female sex steroids, and largely opposing effects
of male sex steroids in asthma (Figure 2). Considerably more work is needed to better
understand the role of specific hormones, particularly in the context of their effects on
specific cell types, the life stage of the person when such exposures occur, and the
concentration and duration of exposure.

Chronic obstructive pulmonary disease (COPD) is a progressive disease that includes
emphysema and chronic bronchitis. Emphysema is characterized by damaged alveoli while
chronic bronchitis is characterized by inflamed airways with excess mucus formation. A
recent review by Kamil et al. suggests sex-specific and race-related differences in the
manifestation of COPD, although the mechanistic basis for such differences are not
completely understood (Kamil et al., 2013). Tobacco smoke is the biggest risk factor for
COPD. In the developing world, women are more likely to be exposed to biomass smoke
and environmental smokes which are also major causes for COPD (Varkey, 2004). Cigarette
smoke exposure in active smokers, as well as secondhand smoke (SHS) exposure exhibit
lower airway mucosal inflammation and bronchitis (Jaakkola & Jaakkola, 1997; Sopori,
2002). Updated centers for disease control and prevention (CDC) data in US suggest that
death rates for COPD have declined among US men (1999 vs. 2010) whereas no significant
change has occurred among women. Coupled with exposure to SHS from spouses, more
women now suffer from COPD (Hughes & Jacobson, 2003; Hughes et al., 2008; Mannino et
al., 2002; Troisi et al., 1995a). Interestingly, women develop COPD after smoking less
number of cigarettes in their lifetime compared to men (Gillum, 2005; Gold et al., 1996).
Recent soluble proteome analysis of bronchoalveolar lavage cell from COPD patients
reveals distinct, abundant changes in female patients compared to male patients, which form
a first step towards understanding these sex differences in COPD (Kohler et al., 2013). What
is not clear in this context is whether sex hormones are protective or detrimental in COPD.
For example, estrogens can be pro-proliferative and thus potentiate the effects of cigarette
smoke and other insults on airway and alveolar epithelial cells leading to bronchitis that is
more common in women. Conversely, testosterone may potentiate alveolar destruction and
thus contribute to the greater emphysematous changes of the male lung. On the other hand,
sex steroids can modulate immune function in complex ways, and thus color the overall
response of the lung to insults such as cigarette smoke (Figure 3).

5.3. Pulmonary fibrosis

Pulmonary fibrosis (PF) is a progressive interstitial lung disease leading to scarring. PF has a
higher prevalence in males compared to females (Meltzer & Noble, 2008) with faster
progression, and less survival (Han et al., 2008; Olson et al., 2007). Although our
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understanding of PF biology is improving, sex differences have been studied only in animal
models. In contrast to the human clinical data, in bleomycin models of PF, higher mortality
and fibrosis has been observed in female rats compared to males, and ovariectomy is
protective while estrogen worsens disease (Gharaee-Kermani et al., 2005). Interestingly, this
sex difference is reversed in mouse models of bleomycin injury. These conflicting data
make it difficult to determine the role of sex steroids per se. Androgens appear to play an
exacerbatory role in mediating the decline in lung function in experimental fibrosis (Voltz et
al., 2008). A recent study showed that male mice develop more severe PF when compared to
age-matched female mice (Redente et al., 2011). Conversely, estrogens show protective
effects on airway fibrosis (Lekgabe et al., 2006), as does the estradiol metabolite 2-
methoxyesradiol (Tofovic et al., 2009).

6. Targeting sex steroids and their signaling in lung disease

This review highlights the potential importance of sex steroids and their signaling in both
structure and function of both normal and diseased lung at different life stages. Better
understanding of mechanisms underlying sex steroid effects in regulation of lung structure
and function may help in the design of drug-based and other interventions targeting lung
diseases in women vs. men, as well as different age groups. Here, an important and
appealing advantage is that drug delivery to the lung is comparatively easier than other
organs due to the option of inhalation without the need for a systemic route of administration
with reduced bioavailability. Therefore, the possibility for targeted delivery of drugs or other
interventions to modify sex steroid signaling in specific lung cellular components is
appealing.

As discussed above, sex steroid signaling involves both genomic and non-genomic
pathways. Accordingly, it would be important to consider what aspect of sex steroid
signaling should be manipulated. For example, non-genomic estrogen effects on calcium
signaling and bronchodilation has potential application as a f-agonist sparing agent which
may help women with ,-AR insensitivity. This may be facilitated by the fact that ERs are
frequently found within caveolae, where 3,-AR are also localized, thus allowing synergistic
signaling between these pathways to promote bronchodilation. Another possibility is
targeting epithelium where estrogen promotion of eNOS- mediated NO production could
induce bronchodilation. In terms of genomic effects, estrogen appears to play a beneficial
modulatory role in ASM remodeling and in pulmonary fibrosis. Accordingly, further
exploration of the idea that estrogens could blunt remodeling and fibrosis could lead to
novel approaches to addressing a major aspect of multiple lung diseases that are not
responsive to corticosteroid therapies. In addition to the standard glucocorticoids and f-AR
agonist therapy, the use of oral contraceptives in reducing premenstrual asthma
exacerbations highlights the potential alternative therapeutic pathway. Progesterone effect
on control of breathing is well known and could be used to treat sleep apnea syndrome.
Separately, control of immune responses such as balancing Th1/Th2 signaling is possible via
androgens which would be appealing for COPD vs. asthma. Ongoing preliminary studies
from our lab showing differential ER expression pattern in asthmatic airway and activation
of receptor specific signaling using specific agonist modestly reduce asthmatic airway
contractility and remodeling.
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7. Future directions

Compelling evidence now suggests that sex steroids and their differential signaling occur in
the lungs of both males and females. However, in this regard, it is important to consider
multiple factors in delineating the complex signaling of sex steroids that are affected by age,
gender, the type of steroids, receptor expression patterns, cell types, and disease type and
status, and finally in the case of experimental studies, the species and models being used.
Added to these are the concepts of circulating steroids vs. local production and metabolism
within tissues. This is exemplified by the complex effects of sex steroids in immune cells,
discrepancies between human vs. animal data in the case of asthma, the discrepancies
between sex steroid level and asthma exacerbation etc. This makes it difficult to simply
determine whether sex steroids are beneficial or detrimental to lung structure and function.
Accordingly, it is essential that future research carefully select the most appropriate human
or animal models to examine the role of sex steroids within specific tissues, and furthermore
correlate data across species and models in order to resolve how complex signaling leads to
a disease phenotype.

One major issue in studying sex steroid signaling is crosstalk and interaction between
hormones. This can be further confounded by tissue metabolism and conversion, e.g.
testosterone to estradiol via aromatase in aged males. Here, differential receptor expression
with opposing actions, such as ERp antagonizing ERa function, can further complicate
things. In some cases, ERs can control gene expression of PRs and their function. Overall
understanding the cross talk between sex steroids and their receptors is essential for
understanding the multifactorial effects they may have in airway diseases, and their
contribution to issues such as alterations in menstrual cycle, pregnancy and other life
conditions.

Another important area in need of attention is sex steroids effects on various immune cells
specifically in the lung. Estrogen shows biphasic dose-dependent responses to Thl and Th2
signaling, and thus may have different effects in women depending on steroid concentration.
In this regard, again interactions with progesterone may be important to consider.
Conversely, the stronger immunosuppressive role of androgen needs to be examined further,
i.e. are we focusing on female sex steroids being detrimental, when it could be that it is the
male sex steroids that are protective. Immune cells can also modulate functions of structural
cells of the lung. Accordingly, co-culture studies and integration of sex steroid effect in
multiple cell types may provide better understanding in this area.

8. Conclusions

Emerging evidence clearly suggests the influence of sex steroids from molecular level to
whole lung function in health and disease. Sex steroids exert their effect from developing
lung through aging. Differences in sex steroid signaling are observed in normal
physiological and pathophysiological conditions of the lung. Sex steroid effects in the lung
can be beneficial or detrimental, but it remains to be established whether and how such
effects are overall manifested. The answer may depend on the relative local vs. circulatory
concentrations, specific receptor expression/function, interactions between other sex
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steroids, and cellular component exposure. Overall, complex sex steroid signaling in the
multicellular environment of lung with health and diseases remains an important issue to
consider from both research and clinical perspectives, with the broader intent of exploring
novel therapeutic avenues in the context of individualized medicine on the basis of sex and

gender.
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Synthesis of estrogen, progesterone and testosterone from cholesterol. Pregnenolone is the
first product from cholesterol, and can be further processed through 2 pathways, both
leading eventually to testosterone (producing progesterone along the way via one pathway),
and estradiol as an end product. Here, enzymes such as CYP17 and CYP19 (aromatase) are
particularly important and could substantially modulate local (tissue) levels of sex

hormones.
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Figure 2.
Sex steroid effects in asthma. It is recognized that asthma is a multifactorial disease

involving the effects of allergic, infectious and environmental triggers on both the immune
system, and structural cells of the bronchial airway. Overall, inflammation drives structural
and functional airway leading to epithelial thickening, increased mucus production,
proliferation of epithelial, smooth muscle and fibroblast cells, remodeling of the
extracellular matrix and overall airway hyperreactivity and fibrosis. Here, studies to date
suggest complex effects of estrogen vs. progesterone vs. testosterone on relevant cell types,
involving both cooperative vs. opposing effects of the different sex steroids within a cell
type, but not necessarily across cell types. For example, dendritic cells, mast cells, CD4+ T
lymphocytes (Th2), and eosinophils are particularly important. The effects of estrogen (E),
progesterone (P), or testosterone (T) on these immune cells can vary substantially,
particularly in the context of concentration, timing and duration.
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Figure 3.
Sex steroid effects in COPD. Environmental exposures, particularly that from tobacco

products, as well certain infects can contribute to COPD, which is also characterized by
airway inflammation, mucus hypersecretion, airway fibrosis, alveolar emphysema. The
effects of estrogen (E), progesterone (P), or testosterone (T) on resident cells of the airway
(as in Figure 2) continue to play a part. In terms of immune cells, Th1 polarized T-
lymphocytes as well as CD8+ cytotoxic T cells are also involved. Sex steroid effects on
neutrophils and monocyte/macrophages may be particularly important, but there is currently
little mechanistic data. In general, female sex steroids appear to be “protective” in terms of
lymphocytes.
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