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Abstract

Sex/gender difference exists in the physiology of multiple organs. Recent epidemiological reports
suggest the influence of sex-steroids in modulating a wide variety of disease conditions. Sex-based
discrepancies have been reported in pulmonary physiology and various chronic inflammatory
responses associated with lung diseases like asthma, chronic obstructive pulmonary disease
(COPD), pulmonary fibrosis, and rare lung diseases. Notably, emerging clinical evidence suggests
that several respiratory diseases affect women to a greater degree, with increased severity and
prevalence than men. Although sex-specific differences in various lung diseases are evident, such
differences are inherent to sex-steroids, which are major biological variables in men and women
who play a central role to control these differences. The focus of this chapter is to comprehend the
sex-steroid biology in inflammatory lung diseases and to understand the mechanistic role of sex-
steroids signaling in regulating these diseases. Exploring the roles of sex-steroid signaling in the
regulation of lung diseases and inflammation is crucial for the development of novel and effective
therapy. Overall, we will illustrate the importance of differential sex-steroid signaling in lung
diseases and their possible clinical implications for the development of complementary and
alternative medicine to treat lung diseases.
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14.1 Introduction

Sex is considered the greatest invention of all time: it not only is important in sexual
reproduction, but facilitates the evolution of higher life forms and also had a profound
impact on human culture, history, and society. In the current health care system, along with
social sectors, “sex” (biological basis between females and males) and “gender” (roles in
society and behaviors) variables have been considered important parameters for research and
action [54, 126]. As a difference in biology among the sexes decides various diseases
specific to males and females, however, the role of sex/gender in disease pathophysiology is
not yet fully explored. Overall, the knowledge gap is high in many areas like 1) differences
in disease prevalence in men and women, 2) reasons behind that difference, 3) is there any
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difference in signaling mechanisms and 4) how to design preventive and therapeutic
treatment approaches concerning the change in disease prevalence. This situation has been
reformed continuously with recent breakthrough research work and curiosity in determining
and reacting to sex and gender differentials in disease conditions [7, 126]. However, to date,
there is no clear evidence about the role of major sex-steroids (sex/gender determining
factors) and their signaling in the pathophysiology of respiratory diseases. The goal of this
chapter is to delineate the influence of sex-steroids (estrogens, progesterone, and
testosterone) and their signaling in lung diseases.

Sex differences in the health and disease have been gaining considerable interest and widely
explored in cardiovascular structure/function [15, 17, 194, 260], neurological research [117,
152, 160, 161, 210, 284, 324], and metabolism [30, 38, 127, 338]. Furthermore, the role of
sex difference in clinical pharmacology is well evident and provides details about the basic
mechanisms to understand their role in drug pharmacokinetics and pharmacodynamics for
therapeutic optimization of the frequency of dose or their effects along with possible adverse
effects. [30, 38, 111, 211, 305]. There is growing evidence that reports the effect of sex-
steroids in different lung components, and how it contributes to various diseases like
pulmonary fibrosis, cancer, chronic obstructive pulmonary disease (COPD), asthma, and
even pulmonary hypertension [10, 11, 13, 37, 58, 71, 169, 171, 204, 215, 216, 294, 295], but
still need more thorough investigations. Intrinsic sex differences in the growth of lungs and
function are present even before birth /n utero and are visible during the different stages of
human life from childhood to old age [140, 257]. Changes in lung physiology and their
functions due to sex differences during the various stages of lifespan, such as puberty,
pregnhancy, menopause, and during aging propose additional modulatory roles of sex-steroids
and/or their metabolites [45, 214, 215]. Multiple recent /n vitro and in vivo studies
established the crucial role of sex-steroids in modulating lung pathophysiology [8, 10, 13,
36, 168-170, 204, 258]. For example, the prevalence of asthma is more common in boys,
which is more than double the risk of developing asthma in girls [39, 60, 62, 163, 229], and
as age increases interestingly this trend reverses. Adult women, after puberty, tend to show
higher chances of asthma occurrence with greater severity compared to men [39, 60, 62,
163, 229]. Also, few female patients with existing asthma experience exacerbated asthma
symptoms in their premenstrual or menstrual phases [2, 220]. Higher chances of asthma or
poor prognosis in women suggest the importance to explore the role of inherent sex
difference versus sex-steroids signaling especially female sex-steroid, estrogen per sein the
pathophysiology of lung diseases. Furthermore, studying the comparative effects of sex-
steroids and their locally produced metabolites will further improve our understanding of
disease pathophysiology [214, 320].

Epidemiological studies demonstrate a critical role of sex-steroid signaling to control the
mechanisms associated with the inflammatory response in the lungs [5, 49, 52, 55]. Multiple
reports suggest a higher susceptibility in women to an inflammatory response with worse
complications of lung disease associated with inflammation compared to men [19, 55, 67,
216, 307]. Besides, earlier /n vivo studies showed sex-steroids differentially regulate lung
immune responses in the mouse model of asthma [55, 109]. Notably, data from clinical
studies have shown that circulating sex-steroid levels may contribute significantly in
regulating innate immune responses and affects inflammation and airway tone during the
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menstrual cycle in female asthmatic patients, however, the exact signaling mechanism of
sex-steroids and the associated mechanisms are multifaceted and not fully explored [96, 208,
234, 252, 282]. This chapter explores our attempts to comprehend the influence of sex-
steroids signaling in lung diseases and inflammatory response in the lungs. Accordingly,
exploring the mechanisms of sex-steroids signaling becomes important in both ways of
appreciating sex differences in normal lung physiology, and disease development and its
ultimate therapeutic approach. The major goal of this chapter is to highlight the growth in
research relating to the differential role of sex-steroids and the lung.

14.2 Sex-Steroids and Their Biology

Sex is the major characteristic by which all individuals are differentiated with respect to
reproductive organs and functions as female or male, whereas gender is described as a way
of social conduct, manhood, and femaleness [23, 111, 294, 295, 342]. In 2001, the Institute
of Medicine (IOM) of the National Academy of Sciences (NAS) demonstrated exclusive
evidence showing that “sex matters”; especially “being male or female is an important
variable in human that must be contemplated as a biological variable in disease
pathophysiology as well, while designing and analyzing studies at all health research
spectrum” [56]. As per IOM, biological variations correlates with sex-based differences
among males and females, while cultural and social distinction characterized as gender
[305].

Sex-based specific effects in the context of disease pathophysiology and occurrence are
often connected to the changed sex-steroid milieu in males and females [341]. Sex-steroids,
comprising estrogens, progesterone, and testosterone have been traditionally defined by their
association in the normal functioning of reproductive system function. However, multiple
earlier studies demonstrated the importance of sex-steroids in the field of cardiovascular
[187, 194, 205, 260], metabolic [38, 127, 338], and neurological research [152, 161, 210,
225, 284]. Also, emerging clinical and epidemiological data proven the crucial role of sex-
steroids in the modulation of various lung diseases [8, 13, 36, 169-171, 278, 294, 324, 337].
Among all sex-steroids, estrogens and progesterone are reflected as key sex-steroids secreted
by the ovary, while testosterone by the testes. Moreover, in addition to steroidogenic organs,
sex-steroids are also produced by local peripheral tissues [215, 294]. After production, these
hormones may act in a paracrine manner or circulate in the bloodstream to act at target
tissues in an endocrine fashion [231, 341]. Typically, sex-steroids are produced in the
gonads, adrenal glands, and the fetoplacental unit from common precursor cholesterol by
well-known biosynthetic pathways (Fig. 14.1). In the ovary, the onset of the steroidogenic
pathway is theca cells, where first Pregnenolone from cholesterol using the cytochrome
P450 (CYP) side-chain cleavage enzyme (CYP11A) in the mitochondrial membrane.
Whereas, a similar process happens Leydig cells of the testes. Pregnenolone further forms
progesterone (via 3p-hydroxy-steroid dehydrogenase, 3p-HSD) or dehydro-epiandrosterone
(DHEA) via CYP17 and then diverges toward the formation of androstenedione (3p-HSD)
and sub-sequent testosterone (17p-HSD). Furthermore, testosterone converts to estrogens by
formation of an aromatic ring by utilizing aromatase enzyme (CYP19) [63, 232, 277, 294].
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14.2.1 Estrogen

Estrogens are major female sex-steroids that are important for sexual and reproductive
development, especially in women. In women, there are three main steroidal estrogens;
estrone (E;), estradiol (17p-estradiol; E,), and estriol (E3) are produced by steroidogenic
cells (e.g., ovaries, placenta, and adipose tissue) as well as extrahepatic tissues [84, 189, 192,
206, 294, 295, 324]. Another form of estrogen called estetrol (E,) is produced only during
pregnancy [320, 321]. Estrogens are also produced by ovarian androgens, specifically
testosterone and androstenedione via the steroidogenesis pathway in the presence of
aromatase enzyme [294]. Endogenously, estrogens are metabolized by CYP enzymes
CYP1A1l and CYP1BL1 into two catechol estrogens, 4-hydroxyestradiol (4-OHE,) and 2-
hydroxyestraidol (2-OHE>), while CYP3A4 converts estrogen into 16a.-hydroxyestradiol
(16a-OHE) [95, 190, 294, 295, 320, 324]. Furthermore, 4-OHE; and 2-OHE are
metabolized to methoxyestrogens via catechol-O-methyltransferase (COMT) and forms 4-
methoxyestradiol (4-ME) and 2-methoxyestradiol (2-ME) respectively [22, 95, 190, 199,
202, 207, 288]. Recent reports from our groups and others have described the potential
capability of the lung tissue to locally metabolize thereby inactivating sex-steroids and
modulating the actions of sex-steroids at a cellular level [8, 108, 324]. Among all estrogens,
E, possesses the highest estrogenic activity and found to be more abundant in blood
circulation, particularly during reproductive ages [294]. However, the level of estrogens
fluctuates in women throughout their lifetime based on the menstrual period, pregnancy,
menopausal periods, ages, and some other factors. In premenopausal conditions, normal
estradiol levels, which range from 40 to 400 pg/mL drops considerably to almost 10 to 20
pg/mL after menopause [151, 308, 316]. During the menstrual cycle, estradiol increases in
the follicular phase (from days 0 to 14) up to the range of 40 to 100 pg/mL, which can reach
up to the highest level 100 to 400 pg/mL on day 14. During the luteal phase, the levels of
estradiol drop up to 40 to 250 pg/mL and return to lower levels before starting the next
menstrual cycle (Table 14.1) [22, 151, 316]. Men also produce estrogen ranges from 15-50
pg/mL in normal, healthy condition [324], albeit comparatively lower than women. In men,
testes form estradiol by converting testosterone by aromatase in Leydig cells and germ cells
[151, 316]. Notably, the estradiol levels in elderly males are comparatively high (20-30
pg/mL) than menopausal females (10 to 20 pg/mL), which accord with earlier reports
suggesting increased aromatase activity with age converts testosterone to estrogens in males
[332]. Values provided in Table 14.1 for estradiol and progesterone in different life stages of
human are derived from multiple established reports.

14.2.2 Progesterone

Progesterone, is considered as a second major female sex-steroid hormone that regulates
important cellular pathways of the inner lining of the uterus to maintain the pregnancy [317].
Progesterone helps the transition of endometrial from a proliferative to the secretory stage
successively, which forms blastocyst nesting, and provides essential support during the
preservation of pregnancy [77, 263, 327]. Ovaries, placenta, and adrenal glands are main
gonadal organs which produce progesterone, additionally, brain and adipose tissue also
produce a small amount of progesterone in both males and females [306, 317]. Progesterone
also is a part of various metabolic and physiological modifications in different stages of life
which includes puberty [40, 242], menstrual cycle [287, 336], and embryogenesis [133, 248,
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313]. In addition to the reproductive system, progesterone also has a critical role in other
tissue systems, such as the mammary gland in preparation for breastfeeding [51, 156], the
cardiovascular system [314, 319], neurodevelopment process in CNS [124, 132, 158], and
bones [274]. In the bloodstream, progesterone circulates bound form by attaching to
cortisol-binding globulin and serum albumin. Circulatory progesterone in bound form
possesses very short half-life (t1/2) of about only 5 minutes. After metabolism mainly in the
liver, progesterone gets converted into sulfates and glucuronides and eliminated from the
body through urine [317].

Progesterone levels are comparatively low in women during the follicular phase of
preovulation of the menstrual cycle, which increases significantly after the ovulation phase
and elevated further in the luteal phase of menstruation [296]. In females the progesterone
levels in preovulation were observed <890 ng/mL [300] which alters during ovulations
stages. During the ovulation period the levels of progesterone changes are episodic, prior
ovulation, it tends to decrease to about 200-1200 pg/mL which increases up to 2000-10,000
pg/mL after ovulation. However, in normal, healthy males the level of progesterone is 0-480
pg/mL [296], which declines with age up to 145 pg/mL (Table 14.1) [32]. During pregnancy,
the levels of progesterone maintained steadily by human chorionic gonadotropin (HCG)
dependent corpus luteum. After 7 weeks of pregnancy, the placental membrane starts
producing progesterone instead of a corpus luteum, and this phase is called the luteal-
placental shift. After this phase, the levels of progesterone further increase high and
maintained throughout the pregnancy [83, 131, 324].

14.2.3 Testosterone

Testosterone which is the main male circulating hormone produced by the Leydig cells of
the testes. Testosterone regulates various sex-associated functions such as fabricating male
sex characters, sex differentiation, production of mature spermatozoa, and fertility [115,
294]. Traditionally testosterone was considered as a male hormone, albeit it is also produced
in theca cells of the ovaries and by the adrenal gland in minuscule amounts [173, 235]. The
initial effect of testosterone in human life is observed as early as in the uterine fetus during
the second trimester of pregnancy when the reproductive organs are identical in the fetus
[78]. In addition to the major reproductive role, testosterone also employs a wide range of
physiological effects in regulating the structure and function of nonreproductive organs,
including the heart [78, 283], lungs [195], bone [159], liver [3, 250, 251, 299], intestine
[255], kidney [105, 318], adipocytes [221], anabolism [75, 186], metabolism [115, 268, 310,
333], and cognition [25, 162] both in men and women.

Recent studies had been reported a reduced serum testosterone levels in the elderly men,
while the mechanistic approach is disputed among researchers, has this naturally occurred
process or secondary comorbidities and associated factors play any role [331]. Moreover,
comprehensive prospective trials, such as the Massachusetts Male Aging Study, evidently
demonstrated a decrease in circulating testosterone is associated with aging [125]. This was
further confirmed with some other longitudinal studies showing continuous drops in serum
testosterone levels independent of any associated comorbidity and risk factors [247]. The
gradual increase in age has shown to decline in free and total serum testosterone levels, with
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rises in gonadotropins, LH, and FSH. Although the levels of LH increase with age, it does
not correlate with testosterone secretion, which points to change in feedback mechanisms of
these hormones with the unknown reason [287]. Furthermore, a decrease in free testosterone
levels is greater than total testosterone, which eventually leads to reducing the biological
activity of testosterone [247, 329]. The “normal” or healthy serum total testosterone levels
vary widely among individuals over time, contingent to the normal functioning of the
thyroid gland, serum protein levels, and other factors. But in general, men tend to have a
higher testosterone level than women. In both males and females the peak level of total
serum testosterone reaches around the age of 18 or 19 up to 3000-12,000 pg/mL and 80-330
pg/mL, respectively, then it gets declining throughout the remaining age (Table 14.2; values
derived from earlier published reports) [41, 178, 290]. Interestingly, earlier reports also
suggest that testosterone levels decrease with age as the aromatase activity increases, which
converts testosterone to estrogen [332]. As per the American Urological Association’s
(AUA) recent guidelines, the serum testosterone levels of equal to 3000 pg/mL are
considered to be normal in males. While for women at a young age (19 years and up), the
serum testosterone from 80-330 pg/mL are considered to be normal [41]. Other androgens,
including the three pro-androgens: dehydro-epiandrosterone-sulfate (DHEAS), dehydro-
epiandrosterone (DHEA), and androstenedione (A) are followed by conversion to active sex-
steroids; testosterone and dihydrotestosterone (5a-DHT/DHT) [53]. Here, estrogen or DHT
can be formed upon irreversible aromatization of testosterone [66, 113].

14.2.4 Crosstalk Between Sex-Steroids

Sex steroid hormones include estrogens, androgens, and progesterone, overall which are
synthesized from cholesterol via steroidogenic pathways [311] and are present in both sexes
(males and females) from the time of birth, while the levels in circulation vary greatly [93,
104, 340]. It is always believed that crosstalk among sex-steroids may occur only in women
due to predominant levels of estrogens and progesterone [295]. However, multiple clinical
and epidemiological studies reported the presence of all three hormones in both males and
females at a variable concentration [90], which provides the possibility for local metabolism
and interaction between these hormones in both sexes.

Sex-steroids control cellular mechanisms and functions by through the membrane,
intracellular, and/or nuclear receptors, which further interact with discrete nucleotide
sequences to alter gene expression [294]. Sex-steroid receptors such as estrogen receptors
(ERs; ERa and ERp), progesterone receptors (PRs; PR-A and PR-B), and androgen receptor
(AR) are typically considered as nuclear receptors [294] and studies revealed that sex-steroid
receptors generally have some common structural domains: C-terminus ligand binding
domain (LBD), variable N-terminus with transcription activation function (AF-1) domain,
mid-region DNA-binding domain (DBD) and hinge region. The LBD region of C-terminus
carries another AF-2 domain which acts as a second region for transcriptional activity and
various functions depends upon the interacting ligands [28, 227]. These similarities between
the sex-steroid receptors improve the chances of interaction/crosstalk at multiple signaling
levels in the target cells. Whereas specific ERB activation shows opposite effects to ERa in
cell proliferation [9, 11-13, 144], extracellular-matrix (ECM) modulation, and calcium
handling. In the nucleus, ERa and ERp can act as heterodimers or homodimers. Notably,
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emerging reports also propose the change in transcriptional activity due to heterodimer
formation between ERa and AR [34, 294]. Unfortunately, limited data are available
suggesting the interaction between sex-steroids, whereas minimal data showing the effects in
the lung [294]. It would be very interesting to study the interaction and signaling
mechanisms of combined sex-steroids at a different time of lifespan in both males and
females. Additionally, to understand the contribution of individual sex-steroids signaling at
the cellular and molecular level with their site of action will provide future prospective to
better understand the pathophysiology of the disease.

14.3 Role of Sex-Steroid Signaling in Lung Diseases

Sex-steroid signaling and their effects are very complex, and cell-, tissue-, and context-
dependent. Although sex-steroids are primarily gonadally derived, they are also locally
produced in many tissues, and mediate their cellular actions via genomic and nongenomic
receptor activation, which further complicates the overall interpretation. The nongenomic
and genomic effects of sex-steroids have been extensively reviewed in various tissues
including lung tissues [8, 13, 37, 168, 293-295, 323-326]. Conventional thinking was
steroid receptors are generally located in the cytoplasm of target cells, which upon activation
translocate into the nucleus to change the gene expression, which needs at least 30 to 60
minutes. Conversely, additional signaling regulatory actions of sex-steroids are displayed in
seconds to a few minutes. This time is too rapid to produce genomic changes due to which
they are typically termed nongenomic or rapid actions, which distinguish them, from
classical sex-steroid dependent genomic actions of regulating gene expression [215, 294,
295]. Nongenomic effects of sex-steroids typically are diverse, from activation of adenylyl
cyclase (AC), protein kinase C and A (PKC, PKA), mitogen-activated protein kinases
(MAPKS), and heterotrimeric guanosine triphosphate-binding proteins (G proteins) [341].
These nongenomic effects of sex-steroids sometimes are mediated via the classical steroid
receptors, which can act as ligand-activated transcription factors, while in other occasion’s
classical sex-steroid receptors do not involve in these rapid effects [129, 341, 346].
Emerging indication suggests that the classical sex-steroid receptors can be present at the
plasma membrane, which upon activation may trigger a chain of reactions in the cytoplasm
[43, 196, 298]. Identification of interaction domains on the classical sex-steroid receptors
responsible for the nongenomic effects or functions, and separation of this function from the
genomic effects, should pave the way to a better understanding of the receptor-specific
action of sex-steroids for therapeutic management of lung diseases.

14.3.1. Asthma

Asthma is a respiratory disorder associated with chronic inflammation causing significant
morbidity and mortality worldwide [13, 20, 89, 191, 269-271, 273, 279, 292]. It is an
intricate disorder that involves diverse pathophysiology affecting the airway structure and
function in the lungs [270, 272, 280, 324]. The most substantial characteristic of asthma is a
chronic inflammation of conducting airways, which is often associated with airway
hyperresponsiveness (AHR) and remodeling [89, 191, 269-271, 292]. Although multiple
genetic and environmental factors play a crucial role in the prevalence of asthma, sex/gender
difference also acts as a notable driving force [62, 63, 294, 295]. It is challenging to
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determine the role of sex-steroids and their signaling mechanisms involved in asthma
considering the wide array of factors affecting asthma pathophysiology. Here, intrinsic sex
differences play an important role in lung physiology [294, 324], which concurs to apparent
epidemiological evidence suggesting the impact of sex differences in asthma incidence,
prevalence, and severity [39, 63, 293, 294, 303]. Clinical evidence suggests the prevalence of
asthma is more common in boys, which is more than double the risk of developing asthma in
girls [39, 60, 62, 163, 229], and as age increases this trend reverses. Adult women, after
puberty, show greater incidence, frequency, and severity of asthma compared to men [39, 60,
62, 163, 229]. Similarly, few female patients with asthma experienced an exacerbation of
asthmatic symptoms during premenstrual or menstrual phases of their cycle, suggesting a
potentially crucial role of sex-steroids, especially estrogen [2, 42, 60, 62, 86, 179, 220, 293,
294]. Sex differences in the development of fetal lungs, as well as the maturation of lung
tissues in adults, have been recognized to estrogen [29]. The alveoli development in females
is estrogens dependent and control alveologenesis by ERa and ERp activations [217, 259].
Estrogen treatment tends to show increased surfactant production in the fetal lung [74],
which correlates to more rapid lung maturation in the female fetus than in the male fetus
[322]. Although the number of alveoli per unit area and alveolar volume has no difference
between males and females, males develop larger lungs with larger conducting airways in
adulthood [212]. However, women are more vulnerable than men to the occurrence of
several lung diseases; further implicates an estrogen’s role in this scenario. In connection to
this, studies also reported that the levels of estrogen, in particular, E, tend to increase in the
bloodstream in pregnancy and may worsen lung disease such as asthma [22, 65].

Divergent sex-steroid signaling is described in the healthy and diseased condition of the
lungs [294, 295, 328, 337]. Notably, female sex-steroid estrogen has a well-recognized
function outside the reproductive system in different organs and tissues in both males and
females, which includes cell growth, synthesis, and differentiation [81]. Recent advances in
estrogen biology and a wide range of potential effects of estrogen on lung physiology in
diseased conditions considerably increased our interest in exploring divergent estrogen
signaling and its role in influencing the airway structure and function [325, 326, 328]. In
humans, estrogen demonstrates its effect mainly via full-length ERa and ERp, which comes
under the nuclear receptor family of transcription factors [180, 238]. Earlier studies,
including our own have demonstrated the increased expression of both ERa and ERp in
asthmatic and nonasthmatic human airway smooth muscle (ASM) cells and found that ERP
expression is significantly greater in the inflammatory/asthmatic condition in human ASM
from males and females [18, 85, 155, 164, 325].

The genomic effects of nuclear ERs activation or those translocating from the cytosol to the
nucleus are well reported. But, the role of membrane-bound activated ERs, their nongenomic
activities, and associated downstream transcription factors are not fully explored [18]. In
addition to full-length ERa. (ERa-FL), there are two shorter (truncated) isoforms of ERa
(ERa—-36 and ERa—46) which do not have the AF-1 domain and show complex effects on
ERa-FL [18]. ER, on the other hand, has five known variants (VV1-5), while the
modulatory signaling mechanism of ERp splice variants during inflammation/asthma [18,
144] remains unclear. The overall cellular effects of estrogens vary depending on the nature
and effects of the ligand binding (genomic vs. non-genomic), which makes for more
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complicated signaling within the tissue [91, 137, 139, 312]. Recent studies, including our
own in ASM, have shown that acute exposure of E, at physiological concentration inhibits
plasma membrane influx via ERa., resulting in reduced ASM intracellular calcium ([Ca%*];)
[326]. Additionally, PKA and cAMP levels in ASM were increased due to acute exposure of
E, [325]. Further, long term exposure of E; revealed the divergent effects of ERs in
regulating [Ca2*]; in normal and asthmatic conditions. ERa activation showed increased
[Ca2*]; response, while ER activation tends to decrease [Ca2*]; response in normal as well
as asthmatic conditions. Here, ER activation effectively reduces [Ca2*]; responses,
particularly in asthmatic ASM, via enhanced sarcoplasmic reticulum Ca2* ATPase 2
SERCAZ2 function and inhibition of pathways involved in activating voltage-gated L-type
Ca?* channels (LTCC) [36, 37]. Sex-steroid signaling on different calcium regulatory
channels in ASM represented schematically in Fig. 14.2. In addition to [Ca2*]; regulation,
studies showed differential ER signaling in regulating ASM proliferation and airway
remodeling in the context of asthma [11, 13]. Here, ERp activation downregulated PDGF-
induced proliferation via ERK/Akt/p38 MAPK pathways in human ASM cells, while ERa
did not show any significant changes [13]. Additionally, ERp activation also dampened
TNFa or PDGF-induced ASM-derived ECM production and deposition via suppressing
NF«xB signaling [11].

Less is known about the role of progesterone in asthma, as most of the studies related to
women’s sex-steroids are considerably focused on the regulatory effects of estrogen in lung
diseases specific to asthma. Progesterone exerts its effect via activation of PR-A and PR-B
with subsequent gene transcription [108, 294]. Both PR receptors are transcribed from the
same gene, with minor changes in the truncated N-terminal domain of PR-A [97, 116, 249].
Typically, progesterone has a similar affinity to both PRs, with varied transcriptional
activation. Here, PR-B is a strong promoter of transcriptional activities as reported in
multiple cell types [116]. It has been shown that activation of PRs leads to recruitment of
steroid receptor coactivator (SRCs; SRC-1, SRC-2, SRC-3), and CBP/p300, which are
crucial regulatory proteins [226] that modulate histone acetylation/deacetylation and
chromatin remodeling. In addition to nuclear receptor activation, PRs also promote and
regulate numerous cellular signaling mechanisms independent of nuclear activation [294].
Limited studies have shown that progesterone decreases contractility and induces relaxation
of bronchial smooth muscle [262]. Furthermore, progesterone has shown potent vasodilator
effect than estrogen and testosterone in pulmonary arteries of both male and female rats
[98]. Clinical studies reported a positive association of serum progesterone with peak
expiratory flow rate during the luteal phase of the menstrual cycle, when the levels of
progesterone are high [209] (Fig. 14.3).

In comparison to female sex-steroid hormones, the association of androgens in asthma
prevalence is more apparent, albeit only by limited data that is available. Multiple studies
involving androgens have shown anti-inflammatory activity by decreasing the Th2 cell
response [69]. On the contrary castration in males exacerbates asthmatic symptoms [69].
Besides, the severity of asthma in men remains relatively constant from puberty to aging.
However, when serum testosterone levels are declined due to aging, the increased asthma
severity is observed [59, 294, 324], signifying the positive role for testosterone. Interestingly,
even in women, testosterone improves asthma symptoms [344]. Androgens (testosterone and
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DHT) are well reported to modulate the contractility of various smooth muscle types by
regulating the [Ca2*]; levels [44, 100, 245, 261, 289, 293, 324]. DHT, an active metabolite of
testosterone at acute exposure (nongenomically) has been found to relax the smooth muscle
by decreasing Ca2* influx through large-conductance Ca?*-activated potassium (BKcj,)
channels, store-operated Ca2* entry (SOCE) channels, LTCC and myosin light chain (MLC)
phosphorylation [106, 165, 188, 245, 261, 291, 304]. In a mouse model of asthma,
testosterone and DHT have shown relaxant effects on tracheal smooth muscle cells via AR
[69, 110, 224, 236]. Studies using guinea pig airway tissues showed that AR activation
modifies SOCE and LTCCs [165] along with IP3 (inositol 1,4,5-trisphosphate) receptors
[246], independent of epithelium and potassium channel [107]. Similarly, the dehydro-
epiandrosterone (DHEA) was also shown the same types of effects in the asthma model of
guinea pig [110]. Further studies also reported the relaxant effect of testosterone on the
epithelium in the rabbit trachea [188]. Studies using human ASM showed functional
expression of AR in both males and females, which is upregulated during inflammation/
asthmatic condition [171]. Furthermore, activation of AR significantly reduced CaZ* influx
via LTCCs and SOCE [171].

In contrast to human epidemiological data, animal studies relating to sex-steroids and
asthma have been shown conflicting results. In a mouse model of asthma, estrogen appears
to protect against airway hyperresponsiveness [92, 219], while progesterone aggravates
inflammatory airway disease [146]. Furthermore, studies using male and female mice along
with ovariectomization (OVX) mice, have reported that estrogen decreases AHR in an
ovalbumin-induced model of allergic asthma [219]. Furthermore, spontaneous airway
hyperresponsiveness has been reported in ERa knockout mice [61]. Additionally, /n vivo
studies from our group using a murine model of asthma showed that ERp activation with
specific pharmacological agonists downregulated AHR and airway remodeling [10]. These
results were further confirmed by our subsequent study, where we evaluated receptor-
specific effects of circulating endogenous estrogen in regulating AHR and remodeling using
ERa and ERP KO mice and found that ERP KO upregulates airway remodeling and AHR
[169, 170]. Interestingly, we found that ERa was either less effective in modulating airway
structure/function in the mouse model, or in fact, worsened AHR and remodeling. Studies
suggest progesterone has a stimulatory effect in the development of Th2 cells and
inflammation with subsequent airway hyperresponsiveness in an allergic model of lung
inflammation [87, 138]. In a study using a mouse model of influenza, progesterone
treatment declined inflammation and improved lung function by restoring lung tissue
homeostasis [138]. Overall, the above data, although limited, suggest very complex,
somewhat synergistic, and opposing effects of female sex-steroids, with totally contrasting
effects of male sex-steroids in asthma. In order to better understand the role of specific sex-
steroids and their crosstalk in the context of asthma pathophysiology, detailed studies are
warranted concerning specific cell types, life stages of a person, comorbidities, and the
duration and concentration of exposure.

14.3.2 COPD

COPD is a chronic inflammatory lung disease that causes airflow blockage and difficulty in
breathing [63]. The common symptoms associated with COPD are excess mucus (sputum)
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production, frequent coughing, wheezing, and shortness of breath [21]. In most cases, COPD
is caused due to long-term exposure to irritating gases or particulate matter, most often from
cigarette smoke [294]. Emphysema and chronic bronchitis are the most common conditions,
which contribute to the progression of COPD. Emphysema is associated with damage to the
alveoli at the end of smaller air passages (bronchioles) in the lungs. While chronic bronchitis
is characterized by inflammation of the lining of the airways and subsequent cough and
excess mucus production [26, 172, 278, 294, 295]. Historically, COPD was always
considered to be a disease that mainly affects males due to the higher prevalence of cigarette
smoking [26, 278]. However, epidemiological data in the last few decades showed steadily
increasing rates of COPD in females [316, 343]; this could be due to increased smoking by
females or other modulators.

In the past from 1999 to 2007, the rate of hospitalizations due to COPD significantly
dropped for both men and women, but death rates associated with COPD were only lowered
in men suggesting a relation between sex-steroids and pathophysiology of COPD [278]. The
age-related deaths in U.S. men with COPD are approximately 30% higher than the rates for
women [278]. However, as per the updated Centers for Disease Control and Prevention
(CDC) data in the United States suggest that the overall death rates due to COPD in women
are greater since the year 2000 [294]. This thinning gap in death rates represents a
continuing shift of paradigm in the relative burden of COPD in women [4, 21]. In a recent
clinical study with a large population of patients with COPD, females demonstrated more
severe COPD with early-onset disease (COPD at age <60 years) and greater susceptibility to
COPD with lower tobacco exposure [237, 278, 307]. Additional evidence suggests a greater
prevalence of emphysema in men than women [278]. However, the reason for the change in
disease patterns in men and women is largely unknown. The airways of female lungs are
relatively smaller than that of males with the same lung volume, so there may be a chance
that women’s lungs are exposed to a higher concentration of cigarette smoke per unit area of
small airway surface [26, 233]. Additionally, the effect of sex-steroids on the prevalence of
COPD is not yet explored. Reports exhibit that hormone replacement therapy in women did
not affect the incidence of COPD [27]; however, another study showed improved lung
function in postmenopausal women after hormone replacement therapy [64]. Interestingly,
the metabolism of cigarette smoke may change in men and women since sex differences
control the expression and activity of cytochrome P450 enzymes [305]. It is still not clear
whether sex-steroids have a protective or detrimental role in COPD. As, studies reported
estrogen via ERa activation promotes proliferation and thus potentiates the effect of
cigarette smoke, toxic gases, and particulate matters on airway cells, leading to airway
narrowing which is more common in women [294]. On the contrary, male sex-steroid
testosterone relates to occurrence of greater emphysema due to alveolar destruction, while
testosterone replacement therapy (TRT) has shown to decline disease progression in men
with COPD [24]. Furthermore, sex-steroids can also modulate various immune responses in
a very complex way and contribute to the overall response of the lungs to cigarette smoke in
the context of COPD. Overall, these data suggest that women may be more susceptible to
developing COPD in response to less cigarette smoke exposure in their lifetime compared to
men [26, 294].
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14.3.3 Pulmonary Fibrosis

Pulmonary fibrosis (PF) is a progressive fibrotic lung disease-causing scarring in the lungs
with unknown etiology [294]. When PF persists for a long time, the scar tissue starts
destroying the normal lung tissue and makes it hard for oxygen consumption in the
bloodstream. Eventually, low blood oxygen levels and the stiffness in lung tissue due to
scarring can lead to shortness of breath, particularly when walking and exercising [138,
317]. Substantial epidemiological reports suggest that sexual dimorphism impact the
prevalence and severity of idiopathic pulmonary fibrosis (IPF) [62, 140]. The prevalence of
IPF is more common in men with a worse prognosis than women [128, 256, 330]. However,
women showed a higher symptomatic burden of IPF when compared to men with worse
health-related quality of life [140]. Yet, the role of sex-steroids in modifying these
differences in prevalence and symptomatic changes of IPF in men and women are currently
unknown.

Although in the recent period, the understanding of IPF biology has improved, few animal
studies sought to understand the role of sex differences in animal models [114, 335]. Studies
using a rat model of PF reported the role of gender difference in experimental PF, where
female rats displayed a higher degree of fibrosis than males in bleomycin models of PF.
Upon OV X, female rats showed improvement in fibrosis while estrogen treatment worsened
the response, which concludes the detrimental effect of estrogen in PF [114]. Interestingly,
these changes in PF severity due to sex differences are reversed in a mouse model of
bleomycin-induced fibrosis [142]. From these conflicting data it’s hard to interpret the exact
role of sex-steroids in PF. A recent study showed the expression of PRs in the fibrotic areas
of patients with usual interstitial pneumonia, but whether the PRs signaling mechanism
exerts any role in these effects is still unclear [228].

14.3.4 Role of Sex-Steroids in the Pathophysiology of Rare Lung Diseases

Rare lung diseases (RLD) affect an estimated 2.5-5.5 million people in North America and
Europe [222]. RLD includes a broad spectrum of pathophysiological conditions occurring
either individually or as a cluster affecting every 1 in 2000 individuals [222]. Few of the
widely known RLD’s include alpha-1 antitrypsin deficiency (AATD), pulmonary
lymphangioleiomyomatosis (LAM), pulmonary alveolar proteinosis (PAP) and lung
sarcoidosis (LS). Research on RLD’s is comparatively less due to their rare incidence and
prevalence. Among the several RLDs, few have been extensively researched in LAM and
AATD [222], while others are yet to be explored. Identifying the pathophysiology and
epidemiology of these RLDs is quintessential to better understand the disease manifestation
and to be able to manage these diseases with appropriate therapeutics. Few among these
RLDs such as LAM, AATD, and LS show a gender disparity suggesting a plausible role for
sex-steroids (Table 14.3). Here, we describe the role of sex-steroids in RLDs that have been
evidenced to show gender disparities.

14.3.4.1 Pulmonary Lymphangioleiomyomatosis—The pathophysiology of
lymphangioleiomyomatosis (LAM) involves abnormal invasion and proliferation of smooth
muscle-like cells, leading to the destruction of lung parenchyma [148, 150, 223]. LAM
almost exclusively affects women, especially during childbearing age, suggesting a crucial
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role of female sex-steroids [80, 123, 183]. Several studies demonstrated the expression of
ER’s (a and B) and PRs in LAM cells [35, 182], with no information on the expression of
ARs. Here, several clinical studies indicate estrogen plays a predominant role in the
development and progression of LAM. The progression of LAM is higher in pregnant
women and in women taking exogenous estrogen via HRT, while it slows down after
menopause. Another female predominant steroid that might contribute to LAM is
progesterone. Furthermore, evidence from multiple studies suggests that estrogen positively
regulates proliferation in TSC2-null AML cells, ELT3 cells, and 621101 AML cells via c-
myc and ERK pathways [130, 149, 197]. Also, MMP-2 expression and activity are
upregulated in LAM cells in the presence of estradiol [122, 197]. /n vivo studies with TSC2
null cells as xenografts in mice showed enhanced tumor growth in the presence of estrogen,
whereas in oophorectomy and aromatase inhibited mice, the tumor growth slowed down
indicating the importance of estrogen [76, 275, 276].

Although the theory of estrogen being the major cause of LAM is being aggressively
pursued, one major caveat to consider is males produce progesterone albeit significantly less
compared to females [218]. The fact that progesterone is high during the luteal phase of the
menstrual cycle, during pregnancy and with oral contraceptives and its consistency with
situations associated with LAM progression further strengthen the need for exploring
progesterone [276]. Furthermore, few studies suggest a higher PR to ER expression ratio in
LAM cells [112]. The overall role of progesterone in LAM is still inconclusive as research is
still in early stages with contradicting findings. Another study suggests progesterone along
with estrogen synergistically potentiates proliferation in ELT3 cells [315], while other
studies suggest progesterone inhibits estrogen-mediated proliferation in the same cell type
[121, 153]. Further, /n vivo murine studies suggest, estrogen is required for tumor growth,
while progesterone alone had no effect on the tumor or did not modulate estradiol-induced
growth [275]. Overall, the role of estrogen in LAM has been extensively studied by multiple
groups establishing its importance in the progression of LAM. However, the role of
progesterone and testosterone in LAM is yet to be identified and will probably shed valuable
insights into the mechanisms behind the incidence and progression of LAM and its gender
specificity.

14.3.4.2. Alphal-Antitrypsin Deficiency: Alphal-antitrypsin (A1AT) deficiency
(AATD) is a rare lung disease associated with declining levels of A1AT resulting in the
destruction of the lungs by neutrophil elastase [88, 99, 266]. In a few cases, A1AT is
produced, but functionally inactive due to abnormal folding of the proteins during their
synthesis. Due to its rare incidence and prevalence, there is very limited progress in terms of
understanding the epidemiology and pathophysiology of AATD. However, one study
reported disparities in gender, age-related hormonal changes, and oral contraceptive use in
regulating ALAT levels. According to this study, premenopausal women and women
undergoing HRT or using oral contraceptives had higher circulating levels of A1AT, which
was reversed in postmenopausal women implicating a potential role for female sex-steroids
in controlling circulatory levels of ALAT [301]. Here, the role of progesterone and
androgens is yet to be explored. Overall, the direct association of female sex-steroids and
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ALAT levels suggest a protective role for female sex-steroids in AATD; however, the exact
mechanisms are still not known.

14.3.4.3 Lung Sarcoidosis—Sarcoidosis is a systemic inflammatory disease that most
commonly targets lymph nodes, lungs, skin, and eyes [157]. Studies suggest the risk of
sarcoidosis in slightly higher in females than in males [147, 239, 345]. The current study at a
tertiary referral center found that 65.5% of the patients were females, which suggests a
plausible role for sex-steroids [166]. This percentage goes upward to 70.3% in the age group
of 70 years or older [72]. Although, one study in the African American race suggests
increased incidence and risk of sarcoidosis during menarche, menopause, and parity;
however, it is still inconclusive when it comes to a wider population [82]. Currently, there is
no information available on the role of estrogen, progesterone, and testosterone in
sarcoidosis and mechanisms involved.

14.4 Role of Sex-Steroids Signaling in Influencing Immune Responses in

the Lungs

Being the most exposed organ, lungs are in a constant battle against exposure to a wide array
of pathogens, allergens, toxins, air pollutants, and irritants [243]. Inflammation is the
primary and key response to a multitude of insults such as hypersensitivity, infection, and
trauma [243]. The constituents of the inflammatory response in the lungs vary depending on
the type of pathogen mediated infection, allergens, or injury [1, 309]. During inflammation,
numerous types of inflammatory cells are recruited in the lungs, which along with the
resident lung cells orchestrate a plethora of inflammatory responses to address the specific
need [33, 103, 201]. This orchestrated inflammatory milieu is skewed during disease
conditions leading to an imbalance in T-cell mediated response [201]. Since, lungs are vital
organs for gaseous exchange, prolonged or excessive inflammation leads to obstruction of
the airways resulting in life-threatening conditions [243].

Inflammation is a direct result of the immune responses developed against a specific
stimulus, either external or internal. These immune responses are divided largely into two
categories, innate and adaptive, which play a pivotal role in host defense mechanisms [213].
Innate mechanisms include leukocytes and epithelium, which are the primary first-line
barriers in the lung. On the other hand, adaptive immune mechanisms are far more complex
and are driven and influenced by innate immune responses [213]. Here, we present the facts
based on earlier and ongoing studies on the role of sex-steroids in regulating airway
inflammation by modulating the function of various immune cells and resident lung cells.

14.4.1 Role of Sex-Steroids in Immune Cells

Epidemiological and clinical evidence suggests sex-steroids play a crucial role in regulating
inflammatory milieu, especially in the lungs. The female predominance in allergic and
autoimmune diseases has created a need for exploring sexual dimorphism and the role of
sex-steroids in the immune system. This phenomenon is especially even more complicated
in females as reproductive status affects the progression and severity of many diseases.
Studies suggest sex-steroids have the potential to bind to various immune cells and resident
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lung cells influencing the overall immune responses and thereby inflammation [213].
Estrogen plays a pivotal role in regulating inflammation by regulating the immune responses
in multiple cell types. The exact role of estrogen in inflammation is complex, as studies
suggest it suppresses inflammation in chronic inflammatory diseases, while on the other
hand, it produces pro-inflammatory cytokines in autoimmune diseases [22]. In addition, the
effect of estrogen on inflammation is highly varied based on the concentration. Allergic
airway diseases often exhibit exaggerated inflammation as a result of immune responses
elicited by T-cells, B-cells, dendritic cells, macrophages, eosinophils, and neutrophils. These
cells release a complex network of inflammatory milieu, which is Th2 biased in allergic
diseases such as asthma, resulting in eosinophilia, airway inflammation, and AHR. Here, we
limit the discussion to characteristic roles of different immune cells and existing findings on
the role of different sex-steroids on regulating the activity of these cells.

14.4.1.1 Dendritic Cells—Dendritic cells (DCs) originate in the bone marrow and reach
the lung via circulation [201]. They typically reside around the airway epithelium, alveolar
septa, pulmonary capillaries, and airway spaces [201]. DCs along with macrophages serve as
the first line of defense against inhaled agents [243]. Further, DCs are antigen-presenting
cells (APCs) that have the potential to stimulate naive T cell proliferation and differentiation.
The mechanism of DCs includes identification, ingestion, and processing of antigen
followed by migration to lymph nodes leading to a specific immune response [201]. Studies
suggest DCs express both ERa/p as well as PR-A and their activity is modified by sex-
steroids [118, 119]. One study in a mouse model of asthma suggests, female mice showed an
increase in migratory DCs compared to males [230]. In studies not involving lungs,
supraphysiological estradiol levels (pregnancy levels) downregulated the production of
TNFa and IL-12 in mouse DCs [203].

14.4.1.2 Macrophages—Macrophages are essential in modulating inflammatory
responses (acute vs. chronic) [184]. Although macrophages can proliferate in the lungs, their
number is inadequate to fight pathogens, which is augmented by DCs [253]. Furthermore,
macrophages are the mainstream source for cytokines, chemokines, and other inflammatory
mediators, which collectively either aggravate or suppress immune response depending on
the pathophysiological scenario [243]. Evidence suggests, macrophages express all 3 steroid
receptors (ERs, PRs, and AR) and are modulated by sex-steroids [94, 118, 230]. Studies
using murine models of asthma reported that female mice show exacerbated AHR and
inflammation compared to male mice [10, 55, 169]. In a separate study, asthmatic mouse
models have also shown elevated numbers of macrophages in the lungs of female mice
compared to male mice, suggesting a potential role for female sex-steroids in modulating
macrophage activity [230]. In addition, sex-steroids have also been implicated in influencing
the polarization state of macrophages [334]. Here, estrogen shortened the pro-inflammatory
phase of macrophages, while increasing the gene expression of proteins responsible for the
resolution phase during asthma [334]. Our own /n vivo studies in a mouse model of asthma
showed elevated macrophages in females compared to males, which was abrogated in OVX
mice, suggesting the importance of estrogen in regulating airway inflammation [10]. Further,
we found that this change in macrophage numbers in lungs was largely depended on specific
ER, where ERa KO mice showed lower numbers of macrophages compared to ERp KO
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mice [169]. In studies from other systems, estradiol inhibited LPS induced TNFa release
and nitrite production in RAW 264.7 cells [350], while progesterone inhibits the release of
pro-inflammatory membrane-bound vesicular microparticles from macrophages [267]. In
contrast, limited studies on androgens suggest, testosterone downregulated TNFa and NO
production in macrophages /n vitro[285, 297] and downregulated airway inflammation /n
vivo in mouse model of asthma [69, 110]. Considering these findings, it is evident that sex-
steroids regulate macrophage function in inflammation, and to understand the underlying
mechanisms involved, further studies are warranted.

14.4.1.3 Neutrophils—Most forms of acute lung injuries showed neutrophils to play a
central role in their pathogenesis [193]. They are the first type of cells to be recruited in the
event of inflammatory stimuli, which serve as the second line of defense following DCs and
macrophages [103, 118, 230]. Neutrophils ingest the foreign particles or debris via
phagocytosis, followed by killing them with reactive oxygen species (ROS), antimicrobial
proteins, and neutrophil elastase [243]. Furthermore, neutrophils are terminally
differentiated cells, which are nonproliferative and synthesize minimal RNA and protein.
Any deficiency in the amount or activity of neutrophils in the lungs predisposes individuals
to lung infections.

Although the expression studies of sex steroid receptors in neutrophils are limited, multiple
studies confirmed the role of gender and sex-steroids in regulating neutrophil numbers and
activity [240, 244]. In studies from other systems, pregnancy and luteal phase showed
increased granulocyte numbers compared to the follicular phase and normal ovarian cycle
[16, 46-48, 101, 102, 254], suggesting a role for progesterone and estrogen in regulating
neutrophil activity. However, the neutrophil count in males is similar to females in their
menstrual cycle, which raises a question on the role of estrogen in neutrophil activity [48,
348]. In a separate study, estrogens decreased the chemotactic activity of neutrophils, while
progesterone enhanced this activity [240]. The role of sex-steroids in regulating the free
radical production activity of neutrophils is contradicting and needs further studies [31, 68,
244]. Overall, from the existing literature, estrogen seems to have an anti-inflammatory
effect on neutrophils, while progesterone shows a pro-inflammatory effect. Finally, both
gender and the reproductive condition seem to affect neutrophil numbers and activity, albeit
the underlying mechanisms remain elusive [47].

14.4.1.4 Eosinophils—Eosinophil infiltration is a characteristic feature of asthma and
serves as a key cellular component development of allergic airway diseases [57]. Eosinophils
are the least common white blood cells in normal lung, which is changed during disease
conditions such as asthma, where the increased number of infiltrated eosinophils is found in
the lungs from murine models of asthma and in lungs from human asthmatic patients [10,
57, 134, 169, 280, 281, 347]. Further, it is an important source for many cytokines, lipid
mediators, growth factors, and chemokines [177].

Studies suggest, estradiol binds to eosinophils [185] and enhances the adhesiveness and
degranulation of eosinophils [118, 119]. There are no reports available on the expression of
PR’s and AR on eosinophils; however, one study reported that progesterone increases
eosinophil infiltration and AHR in a murine model of asthma [286]. Here, an important fact
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to know is that progesterone is converted to estrogen, which might be the reason for this
particular activity. On the contrary, limited studies suggest that androgens downregulate
eosinophil adhesiveness and degranulation; however, the mechanisms behind this action are
still unclear [145, 146]. Here, our recent studies suggested an elevated eosinophil levels in
BAL from female mice compared to male and OV X mice, suggesting a crucial estrogen in
eosinophil recruitment [10, 169]. However, the mechanisms behind this effect are still
unclear. Overall, further research into the mechanisms behind these effects is warranted to
understand the comprehensive role of sex-steroids on eosinophils.

14.4.1.5. Lymphocytes—Lymphocytes are distributed across the lungs, starting from
the airways all the way into the lung parenchyma. There are two major subsets of
lymphocytes, thymus-dependent T-lymphocytes and bone marrow dependent B-
lymphocytes, which are discussed in detail in the following subsections. Lymphocytes (Both
B and T) play a pivotal role in autoimmune and allergic disorders due to their immune
response regulatory role [48, 167, 218, 264, 339]. It is well documented that sex-steroids,
especially estrogen and testosterone bind to lymphocytes and regulate their activity.
Peripheral blood mononuclear cells (PBMCs) and thymic cells respond to estradiol, whereas
only thymic cells are regulated by androgens in humans [14, 73, 285, 349]. Here, we discuss
the role of sex-steroids in regulating the function of T and B lymphocytes, thereby affecting
the overall immune response in the lungs.

T-lymphocytes: T-lymphocytes are originated from thymus and are widely classified into
two subsets: CD4+ and CD8+ cells [243]. CD4+ cells (T helper cells) are further divided
into two subsets, Thl and Th2 with different cytokine populations. Thl cytokines (IFN-y,
TNFa, etc.) produce pro-inflammatory responses and drive cellular immunity, Th2
cytokines (IL-4, IL-5, IL-9, and IL-13) on the other hand drive humoral immunity resulting
in antibody production, IgE and eosinophilic responses [243]. Historically, it is known that
Th1 and Th2 mediated immune responses are antagonistic to one another and nullify the
overall inflammation. However, in case of an imbalance between these immune responses, it
often leads to prolonged inflammation that often translates to a key component of disease
pathophysiology. In recent years, our understanding of the interactions and crosstalk
between immune cells has significantly increased and has led us to consider, if this concept
is far more complex than it is. In this context, recently identified Th17 mediated immune
responses have gained considerable significance. Depending on the disease pathophysiology,
multiple cell types trigger a coordinated T-cell mediated immune response, which can be
widely classified into T-helper 1 (Th1), Th2, and Th17 mediated immune responses [167].
CD8+ cells on the other hand secrete toxic molecules that help in eliminating infected cells
and tumor cells and are cytotoxic [167]. In addition to CD4+ and CD8+ cells, there are
natural Killer cells (NK cells) and natural killer like T cells (NKT cells), which have no
specific antigen-specific receptors and are important in combating bacterial and viral
infections [50, 181, 182].

All the subpopulations of T-cells express ERs (a and ) [265]; however, the expression
profiles of PRs and ARs have not been examined systematically across the human anatomy
[141, 154, 241], although studies suggest that sex-steroids (including progesterone and
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androgens) modulate T-cell numbers and function. Multiple studies suggest lower T-cell
numbers in males compared to females [46—48], which might be due to the ability of
testosterone to induce apoptosis in T-cells [70]. Evidence indicates higher estrogen levels
skew the immune system toward Th2 response, increasing eosinophil recruitment and 1L-4
and IL-13 levels in the lung [87, 309, 312]. This may possibly explain the higher incidence
and severity of asthma in females compared to males. Further, /n vivo studies show a higher
allergic response in female mice compare to male mice, while OVX mice tend to develop
relatively less airway inflammation [10, 169, 200]. Progesterone inhibits differentiation of
Th1 cells [154, 264] while inducing IL-4 and IL-10 production [241, 264] and inhibiting
TNFa action by antagonizing NFxB [141].

On the contrary, androgens tend to skew the immune response toward Thl. DHEA, a
precursor to testosterone alleviated airway inflammation in murine models [349].
Interestingly, male patients with asthma tend to show relatively lower levels of DHEA
compared to healthy controls [73]. Overall, existing evidence suggests female sex-steroids
(estrogen and progesterone) are detrimental in allergic airway diseases in the context of T-
cells due to their bias toward Th2 response, however, reports on androgens effects on T-Cell
are contradicting and warrants further studies. Although the superficial role of sex-steroids
on regulating T-cell function in surfacing, the underlying mechanisms responsible for these
changes are still obscure.

B-lymphocytes: Activation of B-cells plays a crucial role in increasing the serum IgE levels.
B-cells are activated by differentiated Th2 cells. Occasionally, antigen-activated B-cells
differentiate into memory cells, which produce prolonged and long-lasting inflammation
[135, 136]. More importantly, B-cells are the major mediators of antibody production in
response to multiple stimuli [48, 70, 167, 181]. These B-cell mediated antibodies, especially
IgE degranulates mast cells resulting in the release of histamine, 1L-4, and IL-13, which
aggravate inflammation and AHR in the allergic airways.

Evidence from clinical blood panels suggests elevated serum antibody concentrations in
females compared to males, suggesting a crucial role for female sex-steroids (estrogen and
progesterone) in regulating B-cell activity [6, 120, 198]. Testosterone has been evidenced to
inhibit 1gG and IgM production, while estrogen increased it in vitro [174-176, 339]. Several
studies in mouse models of allergic diseases reported elevated levels of IgE and 1gG in
female mice compared to male mice [79, 302]. Furthermore, another study in a murine
model of allergic asthma reported downregulated bronchial inflammation in males compared
to females, which was alleviated in castrated males, suggesting a pivotal role for androgens
in allergic airway diseases [143]. Existing evidence suggests an important role for
testosterone and estrogen in B-cell mediated antibody production; however, the role of
progesterone is yet to be investigated.

14.5 Conclusion and Future Scope

To conclude all the above, the existing knowledge on the intrinsic sex difference and their
association in controlling intracellular signaling to whole organ structure and function in
normal and disease condition suggest the importance of sex-steroids. Convincing data from
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an array of studies also demonstrated the differential effects of sex-steroids in the
management of lung structure and function, but there is limited knowledge on sex-steroid
signaling during normal lung physiology and diseased conditions. Sex-steroids are known to
produce their cellular and molecular effects via genomic or non-genomic activation of
nuclear and membrane-associated receptors respectively. However, there are multiple
additional factors such as gender, age, effector cell types, receptor expression pattern,
duration of exposure, disease type, and crosstalk between the sex-steroids, which further
directs the sex-steroid signaling and their resultant effects on cellular function. Additionally,
the emerging concepts of locally produced versus systemic steroids and their metabolites
produced in tissue amplify the complexity of sex-steroid signaling in lung diseases. Another
major issue that needs to be a highlight is the role of sex-steroids in regulating inflammatory
milieu, especially in lung diseases. As studies exploring the mechanistic role of sex-steroids
in airway inflammation by modulating Th1 and Th2 immune cell signaling has supported
both protective versus detrimental effects of sex-steroids. Overall, multiple studies have
recognized the divergent effects of sex-steroids with respect to their differential receptor
expressions in respiratory diseases, but it remains to understand the sex-steroid signaling and
how it controls the pathophysiology of the lung in normal and diseased conditions. A
detailed exploration of sex-steroid signaling and their mechanisms in airway disease can
open the new avenue to the effective management of lung diseases by developing a novel
therapeutic approach.
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Fig. 14.1.
Sex-steroid hormone biosynthesis from cholesterol. In steroidogenesis pathway cholesterol

converts to pregnenolone which further cleaved via two different pathways and leads to the
production of testosterone and subsequent estrogen. P450scc, P450 side chain cleavage;
CYP11A1, cytochrome P-450, family 11, subfamily A, polypeptide 1 gene; 3p-HSD, 3p-
hydroxysteroid dehydrogenase; CYP17A1, cytochrome P-450, family 17, subfamily A,
polypeptide 1 gene; 178-HSD, 17B-hydroxysteroid dehydrogenase; CYP19A1, cytochrome
P-450, family 19, subfamily A, polypeptide 1 gene.
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Fig. 14.2.
Sex-steroid signaling and their airway smooth muscle cellular mechanism in the regulation

of intracellular calcium in lung disease.
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Fig. 14.3.
Sex-steroid effects on the immune cells. The effects of estrogen (E), progesterone (P), or

testosterone (T) on dendritic cell, neutrophils, eosinophils and macrophages depicted in A.
Many substantial inflammatory components like dendritic cells and macrophages/monocytes
involved in various inflammatory lung diseases. These cells, particularly initiated after the
first response of antigens, CD4+ lymphocytes, regulatory T-cells (Th0), B-lymphocytes, and
other immune cells depicted in B.
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Circulating levels of sex-steroid in males and females during the various stages of life

Table 14.1

Estradiol (pg/mL) Progesterone (pg/mL)
Stages
Female Male Female Male
Normal 40-400 | 15-50 <890 0-480
Follicular phase
(day 0 to 14) 40-100 200 - 1200
During menstrual cycle | Ovulation (day 14) | 100 — 400 N/A 200 - 2000 N/A
Luteal phase
(day 15 0 28) 40 - 250 2000 - 10,000
After menopause/elderly men 10-20 20-30 <400 145
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Average total testosterone levels in male and females through various ages of life

Age

Male

Female

18 years or below

50-9750 pg/mL

80-330 pg/mL

18 to 19 years

3000-12,000 pg/mL

200-750 pg/mL

Table 14.2

19 years and above

2400-9500 pg/mL

40-480 pg/mL

Adv Exp Med Biol. Author manuscript; available in PMC 2022 January 01.

Page 41



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Ambhore et al.

Page 42

Table 3:
Reported roles of sex-steroids in rare lung diseases.
LAM AATD LS Other RLD’s
Estrogen TDisease progression T ALAT levels Females have higher risk, No apparent gender differences.
TProliferation Limited data suggesting a role for Sex-steroid mechanisms yet to be
Mechanistic evidence No mechanistic estrogen and progesterone explored

available (ERa 1 severity and | studies
progression)

Progesterone | *Disease progression -
TProliferation

Limited data with no concrete
mechanistic evidence

Testosterone - - -
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