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ABSTRACT

Introduction: The incidence, prevalence, and disease prognosis of asthma differ between males and
females throughout the life course. However, the underlying mechanisms are not known. Sex hormones
might have a potential role in asthma pathogenesis. But most studies on the role of sex hormones in
asthma have focused on females, with a paucity of evidence in males.

Areas covered: This paper provides a comprehensive review of the state-of-the-art on sex steroids in
asthma, focusing on males, covering mechanistic, clinical, and epidemiological studies. Literature search
was conducted in PubMed in September 2024.

Expert opinion: Androgen signaling has a protective role in asthma by reducing airway smooth muscle
(ASM) contractility and decreasing airway inflammation. In contrast, estrogens appear to promote type
2 (T2) airway inflammation, while the effect on ASM remains controversial. To date, suggested mechan-
isms have not fully clarify the underlying pathways through which sex steroids modulate ASM and T2
inflammation in asthma. The balance between androgen and estrogen signaling might also play a role.
While epidemiological studies support a protective role for androgens, the evidence on onset of
puberty and asthma is inconclusive. Larger longitudinal population samples and stratification based
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on age and obesity are needed to resolve these questions.

1. Introduction

1.1. Sex-related differences in asthma development and
clinical outcomes

Asthma is a chronic heterogenous airway disease characterized
by airway hyperresponsiveness (AHR) and underlying airway
inflammation [1]. There are notable sex-related differences in
asthma —in prevalence, incidence, disease course, and clinical
outcomes [2-9]. While asthma is more common in boys than in
girls during prepubertal ages [3,10-12], this pattern switches
from around puberty, when girls become more likely to have
asthma than boys [7,12]. During prepubertal ages, boys are also
more prone to have asthma symptoms and asthma-related
hospital admissions than girls, while it becomes more promi-
nent in females than in males after puberty [2,13]. Adult-onset
asthma occurs more frequently [8,9] and is more severe in
females than in males [2,13].

In addition to clinical differences, several studies have high-
lighted sex-related differences in inflammatory responses in
both human samples and animal models. Females appear to
have a higher degree of inflammatory response than male

counterparts, including higher eosinophil, group 2 innate lym-
phoid cells (ILC2s), and Th17 cell count as well as increased
type 2 (T2) response and M2 macrophage polarization [14-25].
Epithelium in female mice appeared to be thinner, as well as
a lower airway smooth muscle (ASM) content, than in male
airways, which might affect the airway responsiveness [26].

1.2. The hypothesis linking sex steroids and asthma in
males

Although sex-related differences in asthma are well documen-
ted in several studies [2-9], the underlying mechanisms have
not been fully elucidated. Genetic factors (including single
nucleotide polymorphisms (SNPs) and epigenetic alterations),
sex hormones, dysanapsis, and comorbidities (particularly obe-
sity) have all been proposed as possible contributors [27].
Since the sex shift in asthma course coincides with hormo-
nal fluctuations, such as puberty and menstruation, one of the
most studied contributors to the known sex differences is sex
hormones. Testosterone is the prominent androgen in males
[28], and it is essential for the development of male sex
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Article highlights

e Asthma incidence, prevalence, and prognosis differ between males
and females throughout the life course.

e Sex hormones may contribute to these sex-related differences in
asthma.

¢ Androgen signaling appears to reduce airway smooth muscle (ASM)
contractility and airway hyperresponsiveness (AHR) both via genomic
and non-genomic pathways.

o Estrogen has a contradictory effect on ASM; estrogen receptor beta
(ERP) signaling seems to reduce AHR.

o Effects of sex steroids through epithelium and nitric oxide pathway
remain unclear.

¢ Androgens attenuate type 2 (T2) inflammation through both innate
and adaptive immunity, while estrogens appear to promote T2
inflammation.

¢ Increased testosterone levels are associated with lower asthma pre-
valence and better lung function in epidemiological studies.

o The role of pubertal onset on asthma in males remains inconclusive
in epidemiological studies.

characteristics [29]. In males, testosterone is mainly secreted
by Leydig cells in the testicles [28]. Circulating testosterone
binds to sex hormone-binding globulin (SHBG), albumin, and
corticosteroid-binding globulin (CBG) [30,31], and only 2% of
the circulating testosterone is unbound [30]. Testosterone is
converted to 5a-dihydrotestosterone (5a-DHT), by 5a-
reductase enzyme and 5B-DHT, by 5B-reductase enzyme
[28,29]. 50-DHT has a greater potency than testosterone,
which is due to its higher affinity to androgen receptors
(ARs) [28,29,32]. Testosterone can be further converted to
estradiol [33] to a lower extent as well as androstenedione
[34]. Testosterone is mostly catabolized in the liver through
conjugation with glucuronic acid or sulfate [28].

Testosterone levels fluctuate during the life course. During
the fetal period, it is mainly produced in testicles in males, but
decreases as the fetus reaches the third trimester [29].
Following birth, testosterone starts to increase between 1 and
6 months, a period called ‘minipuberty’ [29,35]. After minipub-
erty, testosterone production remains low until puberty where
it increases sharply [29]. In puberty, as the hypothalamic—pitui-
tary—gonadal (HPG) axis is activated, pulsatile gonadotropin-
releasing hormone (GnRH) secretion promotes luteinizing hor-
mone (LH) and follicle-stimulating hormone (FSH) production
[28,36], and LH induces testosterone secretion from Leydig cells
in testicles [28,29,37]. Adrenal androgens, including dehydroe-
piandrosterone (DHEA) and dehydroepiandrosterone sulfate
(DHEA-S), are also secreted from zona reticularis [38].

The life course variations in asthma incidence and its clin-
ical course also coincide with testosterone secretion, particu-
larly the observed increase from the time of puberty.
Therefore, androgen signaling is believed to have
a protective role in asthma pathogenesis in males. A few
epidemiological studies have shown that lower testosterone
levels might be associated with higher odds of asthma pre-
valence [39,40]. Both total and free testosterone decrease with
increasing age in males, particularly after the third decade of
life [41,42]. Interestingly, asthma incidence tends to increase in
males approximately after the third decade of life as reported
in previous epidemiological studies [8,9,12].

In vivo and in vitro studies also support the protective role
of androgen signaling in asthma. ARs are also expressed in
ASM [43] and airway epithelium [44,45]. In a house dust mite
(HDM)-induced inflammation model, male mice had lower
bronchoalveolar lavage (BAL) eosinophil and neutrophil levels
than female mice [15]. However, after gonadectomy, the male
mice demonstrated a significant elevation in BAL eosinophil
and neutrophil count than sham-surgery male mice and gona-
dectomized female mice groups, suggesting a protective role
of androgens [15].

Interestingly, in prepubescent mice, the number of lung
tissue-resident ILC2s was similar between male and female
mice [14]; however, this finding did not persist into adulthood.
In adult mice, males had a lower number of lung ILC2s than
females, suggesting the role of sex hormones for the temporal
variations [14]. In human samples, females with asthma appear
to have a higher number of circulating ILC2s than males [14].
However, these findings were limited to subjects aged
between 18-45 years, selected from those within reproductive
ages and not investigated during the whole life span.

Estrogen receptors (ERa and ERB) are also expressed in
ASM [46,47] and airway epithelium [47,48]. Males with asthma
appear to have an increased ERa receptor expression in bron-
chial biopsy tissues than healthy males [48]. ERa expression
was also related with disease severity as subjects with severe
asthma had higher ERa expression than those with mild-to-
moderate asthma [48]. Moreover, subjects with asthma had
a significantly lower DHT/estradiol ratio than healthy controls
within each sex [49]. The hormonal balance between DHT and
estradiol might also have a role in airway inflammation.

Although current data suggest that sex hormones may play
a role in asthma pathogenesis, there is still lack of data, particu-
larly for males. This paper provides a comprehensive review of
the state of the art on sex steroids hormones in asthma in males,
addressing both the mechanistic and epidemiological aspects.
Literature search was conducted in PubMed database and
included articles published until 14 September 2024. Detailed
search strategy was provided in supplementary material.

2. Mechanistic studies on effects of androgens
2.1. ASM

Androgens, including testosterone, DHT, and DHEA, have
potentiating effects on ASM relaxation [50-59]. Increased AR
signaling is suggested to have an attenuating effect on intra-
cellular calcium (Ca®*) influx in ASM which might result in
relaxation [58] and diminished AHR [43].

The relaxation effect of testosterone, 5a-DHT and 53-DHT, on
ASM was demonstrated in an ovalbumin (OVA)-induced model
in guinea pigs [58]. However, the potency of testosterone and its
metabolites showed different results in the previous studies
[55,58]. 5-DHT had the most potent effect to reverse potassium
chloride (KCl)-induced constriction in a guinea pig model [58];
however, this was not confirmed in another study as testoster-
one was more potent than 5a- and 53-DHT [55,58]. In parallel to
testosterone, DHEA had bronchodilator effect as DHEA admin-
istration caused relaxation in tracheal smooth muscle after KCl,
carbachol, and OVA-induced constriction [59].



Although protective effect of androgens on ASM has been
supported by several studies, the underlying mechanisms are
unclear. Androgens appear to exert their effects via both
genomic [43,50-52,57] and non-genomic actions
[53,55,56,58,59]. After binding to androgens, inactive AR
located in cytosol undergoes a conformational change and
relocates to the nucleus [32,60]. This androgen-AR complex
binds to androgen-response elements, a specific DNA
sequence for androgen regulated genes, in nucleus and pro-
motes gene transcription [32,60,61]. This mechanism is known
as ‘genomic’ or ‘DNA binding-dependent’ effects [32,60]. Non-
genomic effects correspond to rapid response via second mes-
senger signaling [32,60].

In addition to genomic effects [43,51,52,57], a substantial
part of the studies investigated the role of non-genomic
effects of androgens which mainly focused on L-type voltage-
dependent Ca** channels (L-VDCC) (Figure 1) [55,58,59].

Blockage of L-VDCC might alleviate ASM contractility and
AHR by reducing intracellular Ca?* [43,58]. Animal models
demonstrate that testosterone might have a protective effect
on ASM through reducing intracellular Ca®* via blockage of
L-VDCC [43,58]. Increased AR activation lowered Ca®* influx
through L-VDCC in human ASM cell culture [43]. On the con-
trary, testosterone reduced intracellular Ca®* throughout ino-
sitol 1,4,5-triphosphate (IPs) pathway, whereas no significant
effect was found on L-VDCC in physiological concentrations of
testosterone (Figure 1) [53].

In addition to Ca®* channels, electrophysiologic studies also
showed that testosterone has a potentiating effect on voltage-
dependent potassium channels (Ky), which also plays a role in
ASM relaxation [50]. Besides enhancing Kv stimulation by
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adenosine triphosphate (ATP) and uridine triphosphate (UTP)
nucleotides, testosterone can enhance the effect of bronchodi-
lators [50-52]. In tracheal rings from guinea pigs, testosterone
also increased (3-adrenergic receptor expression and augmen-
ted the effect of salbutamol on Kv channels (Figure 1) [52].
Expression of certain subtypes of Kv channels could also be
increased by testosterone, which enhances the bronchodilator
function of methylxanthines [51]. It is important to note that
these modifications were demonstrated after chronic testoster-
one exposure, particularly after 48 hours [50-52].

The effect of the epithelium on androgenic effect is con-
flicting (Table 1) [55,56,58,59]. While contraction induced by
acetylcholine or carbachol proceeded without epithelium, tes-
tosterone could not demonstrate the relaxation effect after
removal of the epithelium in rabbit tracheal rings [56]. In this
study, the relaxation effect of testosterone on ASM did not
show the same pattern after removal of epithelium from
tracheal rings, indicating an epithelium-dependent pathway
[56]. On the contrary, epithelium was suggested as a limiting
factor for the diffusion of androgens into ASM in another
study [58]. Similarly, the role of nitric oxide (NO) pathway is
also controversial [56,58,59]. While one study indicated that
the testosterone effect could be suppressed by NO synthetase
inhibitors [56], NO and epithelium-independent modulations
of androgens on ASM were also proposed [58,59].

Besides modulation of ASM contractility, testosterone
showed a transient excitatory effect on ASM mitosis and pro-
liferation through mitogen-activated protein kinase (MAPK)
and phosphoinositol 3 kinase (PI3K) pathways [70].
Additionally, brain-derived neurotrophic factor (BDNF) secre-
tion, which was previously shown to be involved in airway
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Figure 1. Summary of suggested pathways related to androgen, estrogen, and progesterone signaling on airway smooth muscle. Note. Red arrows represent
pathways that result in ASM contractility, while green arrows represent protective pathways. The overall effect of sex hormones is presented in a box next to the
suggested pathway. Created in https://BioRender.com, publication license was obtained. Abbreviations. AR = androgen receptor, ATP = adenosine triphosphate,

Ca2+

= calcium ion, cCAMP = cyclic adenosine monophosphate, DAG = diacylglycerol, DHEA = dehydroepiandrosterone, DHT = dihydrotestosterone, E2 = estradiol, ER

= estrogen receptor, IP; = 1,4,5- triphosphate, K" = potassium ion, L-VDCC = L-type voltage-dependent calcium channel, P = phosphate, P4 = progesterone, PIP, =

phosphatidylinositol 4,5-bisphosphate, STIM = stromal interaction molecule,

T = testosterone [43,50-53,55,58,59,62,63].
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Table 1. Summary of mechanistic studies linking androgens to asthma in males.

Authors [year] Summary of experimental model Sample Main findings
Androgens
1 Carbajal- Tracheal rings from male guinea pigs exposed to T (40 nM) Animal ATP- and UTP-stimulated ASM relaxation in response to T
Garcia et al. comparing without T exposure sample 1 P2Y4 signaling and K, channels in ASM by T
[50]
2 He et al. [49] Peripheral blood sample from human subjects (asthma vs. Human DHT | in subjects with asthma vs. healthy controls, same
healthy) (male and female) and trend in both sexes
OVA-induced asthma model (female mice) and control animal  No significant change in airway resistance in only DHT
group, then exposed to E2 and/or DHT (30 mg/kg) sample ! resistance in E2+DHT
BECs from healthy mice cultured with CD4T cells | peribronchial inflammation in E2+DHT
t Runx3 expression by DHT+E2 and DHT only
3 Reyes-Garcia  Tracheal rings from male guinea pigs exposed to T (40 nM) Animal Chronic exposure to T increased the smooth muscle
et al. [51] comparing without T exposure sample relaxation effect of theophylline.
4 Blanquart Ovariectomized female mice with/without androgen Animal 1 lung ILC2s after T exposure in ovariectomized female
et al. [64] treatment vs male and female mice sample mice
(10% T or 50-DHT to provide physiological amount) Same sex difference observed in ILC2s in Rag2™~ mice.
Rag2™"~ (T and B cell-deficient) mice injected with IL-2/anti- 1t KLRG1*ILC2s by AR signaling
IL-2 complex, then subjected to allergenic protease No alteration in steady-state lung ILC2 numbers in KLRG1
papain deficiency
IL-33-deficient male and female mice No effect by endogenous IL-33 on sex difference in KLRG1
KLRG1-deficient mice expression
5 Ejima et al. HDM-induced inflammation model, males vs females Animal Higher number of total BAL cells, eosinophil, and
[65] T cell specific AR-deficient male mice vs control, exposed to  sample CD4T cells in females compared to males
HDM T2 inflammation increased in T cell specific AR-deficient
Naive CD4*T cells from AR-deficient males vs controls, male mice.
subjected to DHT treatment (10nM) under T2 conditions t Dusp2 by DHT. Forced expression of Dusp2 decreased
Adoptive transfer of memory Th2 cells and challenge with IL-4 expression in Th2 cells.
OVA
6 Gandhi et al.  AR™ and Foxp3 fate-mapping mice Human AR signaling t suppressive function of Tregs and t Treg/
[66] Gonadectomized or sham-operated WT male mice and Th2 ratio
Treated with DHT (15 mg) or placebo animal DHT ! IL-33 in bronchial epithelium and { ST2 expression
Alternaria-induced inflammation model or control with PBS sample by Tregs
Human BEC, treated with DHT (0-1 nM) Treg stability was amplified by AR signaling.
7 Kalidhindi Gonadectomized and non-gonadectomized male mice Animal t airway resistance in gonadectomized mice compared to
et al. [67]  Mixed allergen-induced asthma model sample non-gonadectomized mice
Treatment with 5a-DHT (45 pg/day per mice) or flutamide | airway resistance after 5a-DHT in sensitized mice
No effect of flutamide in airway resistance in sensitized
mice
Cytokine levels were t in gonadectomy group, DHT
administration caused a decrease in sensitized mice.
DHT caused { in collagen deposition and vimentin in
sensitized mice.
8 Zein et al. Airway epithelium of human subjects with asthma from Human No relation with AR gene expression and T2 inflammation
[44] SARP sample gene expression (IL-5R, IL-4/IL-13R)
(n=128)
9 Carbajal- Tracheal rings from male guinea pigs exposed to T (40 nM) Animal Long-term (48 h) T exposure caused 1 response to
Garcia et al. comparing without T exposure sample salbutamol by 1 expression of $2-adrenergic receptors,
[52] this effect can be { by flutamide.
Acute T application was ineffective on salbutamol
response even in high doses.
10 Wang et al. Rag1'/' (T/B cell-deficient) mice (female+male) treated Human ! IL-33-induced inflammation in males compared to
[17] with intratracheal IL-33 or sterile water as control and females
Human subjects i) asthma only ii) allergic rhinitis only iii) animal | IL-5, IL-9, and IL-13 levels after T application in healthy
asthma+ allergic rhinitis iv) healthy controls (3 males+3 sample controls, allergic rhinitis, asthma + allergic rhinitis
females in each group are used in vitro measurements) groups (only IL-9 in healthy controls remain similar)
PBMC isolated from human subjects, then stimulated IL-2, 4 IL-137ILC2 % after T, but no dose-dependent effect
IL-33, IL-25 and treated with T (3 nM, 30nM, 60 nM)
1 Kalidhindi Human ASM cell culture obtained from participants with or Human t AR expression in ASM in those with asthma than those
et al. [43] without asthma (both male and female) sample without, same trend in males and females.
Treated with AR agonist (testosterone (10 nM) or 5a-DHT AR effect might be via L-VDCC and SOCC (! STIM1 and
(10 nM)) + flutamide for 2 hours, then exposed to TNFa Orail).
or IL-13 for 24 hours
12 0Osgood et al.  1°* model Animal  1** model
[68] Gonadectomy or sham surgery in male mice, then ozone- sample No significant difference in AHR in castrated vs. non-

induced model or room air

2" model

Non-gonadectomized male mice treated with flutamide or
placebo pellet infusion, then ozone

3 model

Male mice treated with anti-mouse-IL-1q, then ozone

castrated mice in air exposed group

t AHR in both castrated and non-castrated mice in ozone
exposed group, but more prominent in non-castrated
mice

2" model

After ozone exposure AHR { in flutamide group

3 model

| BAL neutrophil count, but AHR remains same after anti-
IL-1a

(Continued)
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Authors [year] Summary of experimental model Sample Main findings
13 Becerra-Diaz WT mice and LysMCre mice Animal t restored M2 polarization after DHT exposure in
et al. [19]  Gonadectomized WT male mice sample gonadectomized male mice
AR mice, ARM*LysMCre mice I IL-5 in AR-deficient alveolar macrophages
OVA-induced inflammation model, exposed to DHT vs
placebo
BM macrophage derived from male and female mice, then
exposed to DHT (10 nM)
14 Fuseini et al.  HDM-induced inflammation model in WT female and male Animal 1 BAL eosinophilia in males compared to females in HDM-
[15] mice, AR"™ male mice sample induced model
Gonadectomized or sham operated female and male mice, t BAL eosinophilia in gonadectomized male mice
then exposed to HDM or PBS T male mice irradiated for I number of IL-13*Th2 by androgens via IL-4
bone marrow chimera model, then exposed to 4 number of IL-17A*Th17 by intrinsic mechanisms
HDMNaive CD4*T cell derived from female, male, AR™ No difference in mucus score in sham-operated male
male mice, exposed to anti-CD3 and anti-CD28 mice, gonadectomized female mice, and
gonadectomized male mice in HDM-induced model
15 Kadel et al. ESR1*/* and ESR17~ female and male mice compared to  Animal Week 3:
[69] WT and mutant mice sample No difference in lung ILC2 in males and females
Gonadectomized female and male mice KLRG1*ILC2 same in males and females
Week 12:
t lung ILC2 in females compared to males
t KLRG17ILC2 increases in females by age
1 androgens— 1t KLRG1*BM ILC2s
16 Montario Tracheal rings from male guinea pigs exposed to T Animal 1 ASM contractility by T
et al. [53]  Contractile response is assessed to carbachol, histamine, sample | intracellular Ca** in ASM which function in IP; pathway
and TEA/K* channel blocker-nonselective to different by T
T doses (0.32 nM to 32 nM) No effect of L-VDCC in physiological T concentrations
17 Cephus et al.  Human samples Human Human samples
[14] PBMCs from human samples aged between 18-45 years old and Higher ILC2s in female subjects with asthma compared to
(with asthma vs. healthy individuals) animal male counterparts
Animal models sample Animal models
Adult and prepubescent mice, adult mice ILCs treated with Same lung ILC2 number in males and females in
IL-2 and IL-33 (female and male) prepubescent ages, but t ILC2s in adult female mice
Exposure to 5a-DHT (15 mg), 17B-E2 (0.1 mg), P4 (25 mg), compared to adult male mice
17B-E2+P4 combination and placebo in gonadectomized 1 lung ILC2s after 5a-DHT exposure gonadectomized mice
male mice t ILC2 number, t IL-5, * IL-13 by in gonadectomized
Alternaria-induced asthma model both in sham-operated male mice compared to sham-operated male mice in
and gonadectomized mice Alternaria-induced asthma model
BM chimera model
18 Laffont et al. HDM-induced inflammation model in male and female Animal t ILC2s in females compared to males in lung tissue
[16] mice sample 1t KLRG1 and ST2 in male ILC2s in steady-state
Bilateral orchiectomy and ovariectomy performed t ILC2s in lung tissue in castrated male mice
ERa lacking mice Inhibition of ILC2s differentiation by AR signaling
AR lacking mice 1 KLRG1 on ILC2s by AR antagonist
5a-DHT (1072 M) and flutamide-treated female BM cultures
with IL-33
19 Wang et al. ASM cell isolation from human samples, then exposed to ER Human | BDNF secretion by T
[54] antagonist (ICl or flutamide), then E2 (10 nM) or T (10 sample No effect of T on cAMP pathway compared to controls
nM) with consecutive antagonist | regulatory proteins (Epacl, Epac2) in exposure to T
1 SNAP25 expression by T
No change in SNAP47
20 Montafio OVA-induced asthma model in male guinea pigs, then Animal | bronchospasm after androgens
et al. [58] exposed to T, 5a-DHT, or 5B3-DHT (35-350 umol/kg sample Similar relaxation by androgens between sensitized and
per min) non-sensitized guinea pigs
OVA, carbachol, and KCl-treated tracheal rings, then 5B-DHT had most potent bronchodilator effect for KCI-
exposed to T, 5a-DHT, or 53-DHT (9-200 pM) induced bronchospasm.
21 Espinoza et al. KCl or carbachol-treated tracheal rings in OVA-induced Animal | contraction after DHEA administration in concentration-
[59] model vs. non-sensitized model in male guinea pigs sample dependent manner through L-VDCC Ca®* channels
DHEA application (9-200 uM) after stable contractions in Same effect in sensitized and non-sensitized models
tracheal rings Same effect with or without epithelium
22 Stamatiou Tracheal ASM cells from male/female rabbit Animal t proliferation in ASM cells after T
et al. [70]  Treated with T (1 pM-1uM), 17B-E2 (1 pM-1uM), AR and ER sample Same effect in male and female rabbits
receptor antagonist, MAPK and PI3K inhibitor Mitogenic effect of T was considered to be through MAPK
and/or PI3K pathway as the inhibition of these
pathways reduced the mitogenic potency of T.
23 Bordallo et al. Tracheal rings treated with carbachol/KCl from male bovine Animal Bronchodilation in response to androgens
[55] and guinea pig sample T more robust effect for bronchodilation > 58-DHT, 5a-

Administration of T, 5a-DHT, 5B-DHT (100 uM)

Treated with B- and B2- adrenergic antagonist, flutamide,
phosphodiesterase inhibitor, ornithine decarboxylase
inhibitor

DHT
Not modified by B2 adrenoreceptor antagonist, but
associated with Ca®* channels
Androgen effect on relaxation is epithelium independent.
Effect might depend on initial muscle tone

(Continued)
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Table 1. (Continued).

Authors [year] Summary of experimental model Sample Main findings
24 Choi et al. 21 men with AHR and 40 men without AHR Human L IL-5, IL-10, IFN-y by DHEA treatment in a dose-
[71] PMBC culture treated with or without DHEA (0.01-10uM) sample dependent manner
Higher cytokine suppression in those with AHR compared
to without AHR
25 Pergola et al. Venous blood samples from healthy adult male and female Human Basal LT production was higher in females than males
[72] subjects after 12-hour fasting sample | LT production by 5a-DHT in females, but not in males
Exposure to 5a-DHT (10 nm,100 nM), 178-E2 (100 nM), P4 ERK modified 5-LO localization
(10 pm) ERK was activated by T and 5a-DHT.
LT production stimulation
26 Card et al. Adult male and female mice Animal Same contractile effect of carbachol in naive male and
[73] Gonadectomized or non-gonadectomized male mice sample female in tracheal rings
Female and gonadectomized male mice: treated with 5a- t methacholine response of male mice with intact vagus
DHT (15 mg for 60 days) or placebo nerve compared to intact female.
Bilateral cervical vagotomy or sham operation L bronchial hyperreactivity in male mice after vagotomy,
Tracheal rings treated with carbachol but no change in response of female mice after
vagotomy
t AHR by 5a-DHT infusion but disappears after bilateral
vagotomy
27 Card et al. LPS-induced inflammation model in male and female mice Animal t total BAL cell count in male mice, only BAL neutrophil
[74] Gonadectomized or remained intact sample count is increased in female mice as a response to LPS
Non-gonadectomized male mice treated with flutamide or t BAL TNFa in male and female mice, but substantially
placebo higher in male mice after LPS
Non-gonadectomized female mice treated with 5a-DHT | inflammatory responses in gonadectomized male mice,
(15 mg) or placebo no important changes in female mice after castration
No effect of flutamide on inflammatory response of the
male mice
Methacholine response:
female+5a-DHT> male non-gonadectomized> male
gonadectomized> female mice
28 Kouloumenta Tracheal rings from male rabbit Animal Relaxing effect of T in epithelium intact samples
et al.[56] Exposed to Ach, carbachol, KCl, then treated with T (10 pM- sample No change in contractile potential of Ach or carbachol
100 puM) after epithelium removal, no effect of T on ASM
After epithelium removed, same procedure applied relaxation after epithelium removal
| relaxation effect of T by NO synthase inhibitor
29 Dashtaki et al. Tracheal smooth muscle culture of male adult rats, treated Animal 1 ASM proliferation by DHEA and BrEA by sidetracking
[1998] [57] with FBS or PDGF-AA sample growth cycle
Exposed to either DHEA, DHEA analog (BrEA) or vehicle More robust inhibition of G6PDH activity by DHEA than
BrEA
| more robust inhibition of ASM proliferation by BrEA
than DHEA
| AP-1 by DHEA
30 Pacifici et al.  Liver and lung specimens from human subjects (male and Human | budesonide sulfotransferase activity by T
[75] female) sample

Abbreviations. Ach = acetylcholine, AHR = airway hyperresponsiveness, AR = androgen receptor, A

R'™ = AR testicular feminized, ASM = airway smooth muscle,

AP-1 = activator protein-1, ATP = adenosine-5'-triphosphate, BAL = bronchoalveolar lavage, BDNF = brain-derived neurotrophic factor, BEC = bronchial epithelial
cell, BM = bone marrow, BrEA = 16a-bromoepiandrosterone, DHEA = dehydroepiandrosterone, DHT = dihydrotestosterone, Dusp2 = dual specificity phosphatase
2, E2 = estradiol, Epac = cAMP-regulated guanine nucleotide exchange factor, ER = estrogen receptor, ERK = extracellular signal-regulated kinases, ESR1 =
estrogen receptor a, FBS = fetal bovine serum, G6PDH = glucose-6-phosphate dehydrogenase, HDM = house dust mite, ILC2s = group 2 innate lymphoid cells,
ILC2Ps= ILC2 progenitors, IP3 = inositol 1,4,5-trisphosphate, KCl = potassium chloride, KLRG1= killer cell lectin-like receptor G1, K, = voltage-dependent potassium
channel, LO = lipoxygenase, LPS = lipopolysaccharide, LT = Leukotriene, L-VDCC = L-type voltage-dependent Ca®* channels, MAPK = mitogen-activated protein
kinases, NO = nitric oxide, OVA = ovalbumin, P4 = progesterone, PBS = phosphate-buffered saline, PDGF-AA = human platelet-derived growth factor-AA, PI3K =
phosphoinositol 3 kinase, PMBC = peripheral blood mononuclear cell, Runx3 = Runt-related transcription factor 3, SARP = Severe Asthma Research Program, SOCC
= Store operated Ca** channels, STIM = stromal interaction molecule, T = testosterone, T2 = type 2, TEA = tetraethylammonium, UTP = uridine-5"-triphosphate,
WT = wild type. Note. Studies were briefly summarized to provide an overview; however, it does not reflect all models and related details.

inflammation, ASM proliferation, and hyperresponsiveness,
might be affected by testosterone exposure [54]. In human
ASM cell culture, testosterone showed no effect on cyclic
adenosine monophosphate (cAMP) pathway in ASM, while its
(and estrogen) exposure reduced regulatory proteins
(exchange protein activated by cycliccAMP (Epac)-1 and
Epac-2) and a secretory vesicular protein, SNARE complex
protein (SNAP) 25 [54]. Those changes can be related to the
decrease in BDNF secretion [54].

DHEA also has bronchodilatory effect on ASM similar to
testosterone in a concentration-dependent manner [59].
Several possible mechanisms have been investigated for the
potential role of DHEA on ASM [57,59]. While the inhibition of
L-VDCC was suggested in a guinea pig model, there was no

effect of B2-adrenergic receptor, epithelium, or NO-related
pathways (Figure 1) [59]. In addition, DHEA was more effective
in inhibition of ASM proliferation as it intervened in growth
cycle elements [57]. Moreover, it is predicted that DHEA could
be helpful for overcoming glucocorticoid resistance [57].
Interestingly, a few studies have shown that androgens
may enhance AHR [68,73,74,76]. A previous study found that
airway resistance decreased in orchiectomized male mice
compared to sham-operated mice, suggesting a detrimental
effect of endogenous androgens [76]. In an ozone-induced
AHR model, chemical or mechanical castration of male mice
reduced AHR [68]. While exposure to androgens enhanced
AHR, it should be noted that these studies investigated andro-
gen effect in ozone- [68] and lipopolysaccharide (LPS)-induced



models [74], which seems to reflect the effect of androgens
during an innate immune response rather than adaptive
immune response [68,74]. The effect of androgens on different
asthma models could provide a better insight in this context.

2.2. Effect on T2 inflammation

Anti-inflammatory effects of androgens have been demon-
strated in in vivo and in vitro studies, affecting both innate
and adaptive immunity (Table 1). Several studies highlighted
the protective role of androgen signaling, which regulates
innate immunity, particularly via ILC2-related airway inflamma-
tion [14,16,17,64,69]. Sex differences in ILC2s exist regardless
of adaptive immunity, as previous studies showed that
females had a higher number of lung tissue-resident ILC2s
than males in T and B cell-deficient mice models [17,64].
Interestingly, this difference did not exist before sexual
maturation as female and male mice had a similar number of
lung ILC2s at week 3 of age [69]. However, with increasing
age, female mice were more likely to have higher numbers of
lung ILC2s than male mice, particularly in week 12 of age, after
sexual maturation starts [69]. This supports a role of sex hor-
mones in ILC2 differences in males and females [69].

Interestingly, increased androgen signaling reduced ILC2s
in both in vivo and in vitro models (Figure 1) [14,16,17,64].
Exogenous testosterone decreased the number of lung ILC2s
in ovariectomized female mice and this resulted in similar ILC2
numbers as male mice [64]. In human peripheral blood mono-
nuclear cells (PMBCs), testosterone inhibited circulating ILC2
proliferation induced by IL-2/25/33, although this data was not
stratified by sex [17]. In addition to decrease in ILC2s numbers,
exposure to 5a-DHT suppressed IL-5 and IL-13 expression via
ILC2s in lung tissue (Figure 1) [14]. Supportively, female mice
and castrated male mice had increased number of IL-57IL13-
*ILC2s compared to male mice after IL-33 exposure [16].
Androgen signaling also seemed to regulate ILC2s develop-
ment from ILC2 progenitors to their mature form [16]. While
DHT attenuated ILC2s maturation, the addition of flutamide,
an AR antagonist, enhanced ILC2s development [16].

To provide underlying mechanisms, the role of androgen
signaling in killer cell lectin-like receptor G1 (KLRG1) expression
has also been investigated [16,64,69]. KLRG1, an inhibitory recep-
tor on natural killer cell (NK) and T cell surface [77], is also
expressed by mature ILC2s [69] and binds to E-cadherin; through
this pathway, it is suggested to limit ILC2 proliferation [64,77,78].
Previous studies suggested that androgen signaling plays a role
in increasing KLGR1 expression on ILC2s (Figure 1) [16,64,69]. In
support of this suggestion, KLRG1*ILC2s was more prominent
than KLRG17ILC2s in male mice, while number of KLRG17ILC2s
and KLRG1*ILC2s were similar in female mice [69]. However, this
difference did not exist at week 3, before sexual maturation [69].
It has been hypothesized that androgen signaling enhanced
KLRG1 expression and inhibited ILC2 proliferation, via its interac-
tion with E-cadherin [64]. On the other hand, KLRG1 deficiency
did not alter steady-state lung ILC2 numbers in males, suggest-
ing a limited role for KLRG1 in androgen signaling [64]. Although
current data support the effect of androgens on upregulation of
KLRG1 expression [16,64,69], the role of KLRG1*ILC2s and
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KLRG17ILC2s and their association with androgen signaling
requires further investigation.

In addition to the effect of androgens on innate immunity
[17,64], androgens might also attenuate Th2 cell response
(Figure 1) [15,65]. T cell-specific AR-deficient male mice had
a higher number of IL-4, IL-5, and IL-13 producing
CD4'T cells than control male mice in a HDM-induced inflam-
mation model [65]. Fuseini et al. (2017) demonstrated that
removal of androgens increased the number of total IL-13*-
CD45" cells in the lungs, and although IL-13¥ILC2s increased,
this finding was mainly derived from Th2 cells in a HDM-
induced inflammation model [15]. However, the suppressive
effect of androgens on Th2 cells was not intrinsically regu-
lated, but rather an indirect effect via IL-4 production by Th2
cells, mast cells and basophils [15].

A previous study suggested that androgens might also
have an anti-inflammatory effect via regulating Tregs [66]. AR
signaling incremented Treg/Th2 ratio and decreased
ST2*Tregs in an Alternaria-induced inflammation model [66].
Testosterone also promoted IL-10 production by CD4*T cells
[79]. Another suggested mechanism was the upregulation of
dual specificity phosphatase (Dusp)-2 gene expression through
AR activation [65]. Dusp-2 inactivates the phosphorylation of
p38, which inhibits IL-4 expression and Th2 proliferation [65].

While current data show that androgens attenuate T2 air-
way inflammation via above-mentioned mechanisms, andro-
gens also have a contradictory effect on macrophage
polarization through promoting M2 polarization [19].
Exposure to DHT in castrated male mice restored the intracel-
lular YM1 levels in alveolar macrophages, suggesting an
increased M2 polarization in an OVA-induced inflammation
model [19].

Lastly, a Severe Asthma Research Program (SARP) study
examined AR gene expression in human bronchial epithelium
[44], but did not show a relationship between AR gene expres-
sion and IL-5 and IL-4/IL-13 receptor gene expression in airway
epithelium [44]. However, this could be affected by the base-
line treatment of the subjects, such as biologics and ster-
oid use.

2.3. Other suggested mechanisms

Androgens were reported to have modulation potential on
arachidonic acid pathway, lung structure, and drug metabo-
lism besides ASM and T2 inflammation [67,72,75]. 50-DHT
might have a role in regulating leukotriene production [72].
Overall, stimulated neutrophils obtained from males produced
substantially lower levels of leukotrienes than from females,
even leukotriene production in females was reduced when the
neutrophils were treated by testosterone derivatives [72].
While 50-DHT was effective, estrogen or progesterone had
no observed influence on this pathway [72].

5a-DHT successfully increased lung compliance and
reduced airway resistance and elastance in mice that was
exposed to mixed allergens previously [67]. In those cases,
DHT caused loss of collagen and vimentin deposition [67].
Additionally, DHT might lower BAL cell counts and cytokine
levels which were increased after mixed allergen contact [67].
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Flutamide has no proven effect on these parameters neither in
allergen exposed or unexposed groups [67].

Interestingly, testosterone had an inhibitory effect on bude-
sonide metabolism which increases bioavailability of inhaled
corticosteroid [75]. This difference in drug metabolism might
also affect the different treatment response in males and
females.

3. Mechanistic studies on the effects of estrogens
3.1. ASM

The role of estrogen on ASM remains unclear due to contra-
dictory evidence [80-83]. Estrogen hormone had bronchodilat-
ing effect on airways via non-genomic effects, specifically by
reducing intracellular Ca?*; however, these results were
obtained from only female donors [80,81]. In OVA-induced
asthma model, estradiol reduced AHR in a dose-dependent
manner in female mice [84]. In support of these findings, expo-
sure to 17B-estradiol had reduced AHR in male mice in another
OVA-induced model [83]. The bronchodilator effect of isoprena-
line was potentiated by 17B-E2 application in pig bronchus [85].
On the contrary, a previous study showed that estradiol pro-
moted AHR through the inhibition of plasma membrane Ca**-
ATPase (PMCA) in male guinea pigs [82]. In addition, another
study suggested that induced AHR by two forms of 173-amino
estrogens (pentolame and butolame) could be reversed by
nifedipine administration, a widely-used Ca** channel blocker
[62]. This finding suggests that 173-amino estrogens might
enhance Ca®* influx through L-VDCC (Figure 1) [62].

Interestingly, estrogen receptors might have different roles
in ASM [86]. Expression of both nuclear estrogen receptors,
ERa and ERp, has been shown in ASM [46], however only a few
studies focused on their roles (Table 2) [46,86,88,102]. While
both ERa and ERB expression has increased in asthma, the
increase in ER was higher than ERa [46].

In a previous study, ERa knock-out (KO) male mice had an
increased AHR response compared to wild type male mice,
while ERB KO mice did not [97]. In contrast, in human-derived
ASM cells, ERa activation led to an incremented Ca®* influx,
whereas ERB inversely reduced Ca®* influx, but results were
not stratified by sex [102]. Similarly, two other studies sug-
gested that ERB might have a protective role in asthma, in
both sexes, but particularly in females [86,88]. In an allergen-
induced asthma model, ERB KO mice demonstrated increased
airway resistance compared to wild type mice, both in males
and females though effect in female mice was more profound
[88]. In support of these findings, Ambhore et al. (2019)
demonstrated that treatment with ER( agonist, WAY-200070,
reduced AHR and airway remodeling in a mixed-allergen-
induced asthma model [86]. In addition to nuclear receptors,
the role of membrane G protein-coupled estrogen receptor
(GPER), remains still unknown.

Alternatively, 17B-estradiol exposure might also increase
ASM proliferation in male rabbits [70]. In addition, estrogen
has a regulatory role in BDNF secretion via ASM cells similar to
testosterone [54]. Both estradiol and testosterone decreased
BDNF secretion, which is considered to have a role in airway
inflammation and remodeling [54]. Different from

testosterone, estrogen enhanced cAMP pathway for exocyto-
sis, whereas it acted in parallel with testosterone on reducing
expression of regulatory proteins -Epacl and Epac2- and
SNAP25 expression [54].

The potential mechanisms of estrogenic effect are sug-
gested to be independent of epithelium, NO, and pB-
adrenoreceptor pathways, while partly related with cGMP
[99]. However, further studies are needed.

Lastly, concentration of estrogen might also be related to
the effect on ASM. In a previous study, physiological dose of
estradiol reduced AHR, while high dose of estradiol increased
AHR in ovariectomized female mice [103]. The effect of sex
steroids in physiological and pharmacological doses should be
taken into account.

3.2. Effect on T2 inflammation

Exposure to estradiol increased the number of BAL eosinophils in
male rats with Th2 strain (Figure 2) [89]. Similarly, estrogen
enhanced both blood and BAL eosinophilia in OVA-induced
male mice [95]. In contrast, in another OVA-induced model,
male mice treated with estrogen had lower eosinophil count as
well as lower IL-4 and IL-5 levels compared to the non-treated
mice [92].

A previous study suggested that sex hormones, specifi-
cally DHT and estradiol, might play a role in Th1 differen-
tiation through runt-related transcription factor 3 (Runx3)
expression [49]. Runx3 expression facilitates Th1 cell differ-
entiation from naive CD4*T cells [49,104,105] and down-
regulates Th2 cell differentiation by the supression of IL-4
production [49,104,105]. On the contrary, Th2 differentia-
tion is enhanced by GATA-3 expression [104,106,107]. In
a Th2 strain rats (Th2 high immunophenotype), males
exposed to estradiol and females had higher GATA-3
expression in BAL cells compared to unexposed males
(Figure 2) [89]. On the other hand, estradiol application
reduced the GATA-3 expression in IL-33-stimulated ILC2s,
in both males and females [87]. In this context, another
study investigated T-bet (T-box transcription factor TBX21),
Runx3, and GATA-3 mRNA expression in response to estra-
diol only, DHT only, and DHT in combination with estradiol
in a bronchial epithelial cells (BECs) and CD4'T cell co-
culture [49]. Exposure to estradiol only downregulated
Runx3 expression [49]. Interestingly, co-application of DHT
and estradiol yielded higher Runx3 expression than DHT
only [49]. This may suggest a synergistic effect of co-
application of estradiol and DHT through Runx3 expression
[49]. While authors argued that the role of different estro-
gen receptors might play a role, the underlying mechanism
of this synergistic effect remains unknown [49]. A previous
study investigated the role of nuclear estrogen receptors,
ERa and ERB, in airway inflammation in a toluene-2,4-dii-
socyanate (TDI)-induced model [90]. While exposure to ERa
and ERP agonists increased eosinophilic infiltration in BAL,
ERB agonist yielded a greater response than ERa agonist
(Figure 2) [90]. Interestingly, exposure to ERa and ERP
agonists increased IL-33 levels, while there was no differ-
ence in IL-4 and IL-5 levels, both in BAL and lung tissue
[90]. In contrast, in another study, treatment with ER(



Table 2. Summary of mechanistic studies linking estrogen and progesterone to asthma in males.

EXPERT REVIEW OF RESPIRATORY MEDICINE . 9

Authors, year Summary of experimental model Sample Main findings
Estrogen
1 He et al. [49] Peripheral blood sample from human subjects (asthma Human E2 t in subjects with asthma vs. healthy controls, same
vs. healthy) (male and female) and trend in both sexes
OVA-induced asthma model (female mice) and control ~ animal No significant change in airway resistance in only E2
group, then exposed to E2 and/or DHT (30 mg/kg) sample | resistance in E2+DHT
BECs from healthy mice cultured with CD4*T cells | peribronchial inflammation in E2+DHT
t Runx3 expression by DHT+E2
2 Romero- Tracheal rings from male guinea pig treated with KCI ~ Animal t AHR to carbachol in response to E2
Martinez Stimulated by carbachol with/without E2 (1 nM, 10 nM,  sample Effect of E2 by non-genomic inhibition of PMCA
et al. [82] 32 nM) PMCA1 and PMCA4 expression is present in ASM.
Stimulation with caffeine with E2, ERa receptor agonist,
ERB receptor agonist
Treatment with PMCA/SERCA inhibitors
3 Barrett et al. HDM-induced airway inflammation Animal No cell count difference in lung, mediastinal lymph node
[18] -Female mice (sham-operated) sample or BAL was found between ovariectomized female mice
-Male mice with physiological dose of 17B-E2 and ovariectomized
-Ovariectomized female mice+ physiological dose of female with vehicle.
17B-E2
4 Qin et al. [48]  Bronchial biopsies and induced sputum from healthy ~ Human Expression of ERa and ERP in bronchial biopsies-no sex
adults and adults with asthma (male and female) and difference
OVA-induced asthma model in mice (male and female) animal Higher ERa expression in males with asthma compared to
Human BECs stimulated with IL-4 and/or EGF sample healthy males
Higher ERa expression was associated with worse lung
function and severe asthma.
t ERa expression after stimulation with EGF alone or IL-4
+EGF co-stimulation
5 Vijeyakumaran Blood sample from mild/moderate and severe asthma Human ESR1 mRNA levels were found as correlated with the CRTy
et al. [20] groups (male and female) sample 2 expression among severe asthma female group.
Th2 cells exposed to ERa agonist, ERB agonist, and E2 However, there was not such relation in females with
mild/moderate asthma or males with severe asthma.
6 Ejima et al. [65] T cell-specific ER-deficient female mice and control Animal No effect by ER-deficiency
mice exposed to HDM sample
7 Trivedi et al. Female mice (ovariectomized/sham-operated) Animal I lower IL-5 release by in ovariectomized+E2-treated
[87] Male mice (sham-operated) sample female mice than male and female mice
Ovariectomized female mice exposed to E2 (0.1 mg) | decreased NF-kB pathway-related gene expression in
OVA-induced model ovariectomized+E2-treated female mice than male and
female mice
L IL-5, IL-13, and GATA-3 expression in ILC2s after E2
exposure in females and males
8 Kalidhindi et al. ERa KO and ERB KO mice (male and female) Animal t AHR in ERB KO mice
[88] Asthma model induced by intranasal mixed allergen sample 1 remodeling in ERB KO mice
I AHR in ERa KO mice, but not statistically significant
1 leukocyte count in ERB KO mice
Same patterns in both sexes, but more profound in female
mice
9 Lauzon-Joset ~ Two rat strains: Animal Male mice exposed to E2 gained female like BAL cell
et al. [89] -Th2 high immunophenotype sample counts in Th2 high strain.
-Th2 low immunophenotype t GATA-3 expression in males+E2 and females compared
Exposure to subcutaneous E2 (0.25 mg/60 days) or to male controls in Th2 high strain before OVA exposure
sham pellets in male rats
Then female, male, and male rats exposed to E2
OVA-induced asthma model
10 Ambhore et al. Male, female, and ovariectomized mice Animal I AHR by ERP agonist, | remodeling by ERP agonist, |
[86] Asthma model induced by intranasal mixed allergen sample eosinophil count by ERB agonist in mixed allergen-
Treated with ERa agonist and/or ERB agonist exposed mice
ERB agonist was more effective than ERa agonist
1 Watanabe Male mice divided into 4 groups: Human 1t eosinophil infiltration after exposure to ERa and ERB
et al. [90] - Exposed to B-E2 (0.03 mg/kg, 0.1 mg/kg) and agonist, but ERB group> ERa group
- Exposed to ERa agonist animal 1 IL-33 production and eosinophil infiltration, but no
- Exposed to ERB agonist sample effect on Th2 cytokines after exposure to ERa and ERB
- Control (vehicle) group agonist
TDl-induced inflammation model
Human BEC line, human eosinophilic leukemia cell line
12 Aravamudan ASM cells derived from human samples (both with Human t ERa and ERP expressions after TNFa or IL-13 exposure in
et al. [46] asthma and without asthma) sample ASM cells derived from those without asthma

Cells derived from subjects without asthma exposed to
TNFa or IL-13
No sex information

Higher ERB expression>>ERa expression in ASM cells
derived from those with asthma

In ASM cells derived from subjects with asthma compared
to those without asthma:

t ERa and ERP expressions

1 ERa-36, ERa-46, ERa-FL mRNA expression

t in ERB V1-V4, but not V5 mRNA expression

(Continued)
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Table 2. (Continued).

Authors, year Summary of experimental model Sample Main findings
13 Keselman et al. ERa™"* mice Animal M2 gene expression was increased by ERa receptor
[21] BM cell culture derived from female and male mice, sample activation, showing more profound effect in females.
then exposed to estrogen or ERa agonist M2 polarization 1 by E2 supplement in ovariectomized
Ovariectomized female mice with E2 pellet (0.5 mg) vs mice
placebo, then OVA-induced asthma model
14 Masuda et al. ~ WT and transgenic mice Animal CD103*DCs showed more pronounced sex-based
[91] (both male and female) sample differences than CD11b*DCs in BLN.
OVA-induced asthma model 1 T2 cytokines in CD4™T cells cultured with CD103*DCs of
CD103* BM-DCs from WT male mice exposed to 17B-E2 female mice compared to those cultured with CD103*
(1.1077 M), 17-E2 +ER antagonist or placebo DCs of male mice
1 CD86 expression (costimulatory signals) on CD103*DCs
by 17B-E2 after allergen challenge which 1 IL-5 in
CD4'T cells
15 El-Desouki Four study arms: Animal CD15 reactivity
et al. [92] - control male mice group sample Asthma model>>Asthma model+E2~Non-asthma
— male mice+E2 injection (0.25 mg/kg, 2 dose) +E2~Control group
- male mice+OVA sensitization BAL eosinophil and leucocyte counts
— male mice+OVA sensitization+E2 injection (0.25 mg/ Asthma model>>Asthma model+E2
kg, 2 dose) BAL IL-4 and IL-5 levels
OVA challenge Asthma model>>Asthma model+E2
16 Wang et al. ASM cell isolation from human samples, then exposed Human | BDNF secretion by E2
[54] to ER antagonist (ICl or flutamide), then E2 (10 nM) sample
or T (10 nM) with consecutive antagonist
17 Flores-Soto Tracheal rings from male guinea pig Animal t AHR by pentolame and butolame
et al. [62] Exposed to histamine, KCl, and carbachol, and sample No change in AHR by aminoestrol
aminoestrogens (1, 10, 32 uM) Activation of L-type Ca®>" channel by pentolame and
Treated with nifedipine butolame
18 Newcomb Blood samples collected from severe asthma patients Human 17B-E2+P4 downregulated /et-7f miRNA which led an
et al. [93] and healthy controls and increment in IL-17A in Th17.
Ovariectomized female mice, sham-operated female animal Transfer of female Th17 cells caused an increase in airway
mice, male mice sample neutrophils in males.
Ovariectomized female mice divided into five
treatment groups:
—17B-E2 (0.1 mg)/P4 (25 mg)/DHT (15 mg)/173-E2+P4/
Placebo
Male and sham-operated female treated with placebo
OVA challenge
19 Tamaki et al. Eosinophils purified from peripheral blood of male Human Expression of GPER is present in eosinophils.
[94] human subjects who had mild eosinophilia sample 1 eotaxin-induced eosinophil chemotaxis with GPER
Treated with GPER specific agonist, IL-5, PI3K inhibitors, agonist
cAMP-phosphodiesterase inhibitor | spontaneous apoptosis after treatment with GPER
agonist
t apoptosis in IL-5-treated eosinophils after treatment
with GPER agonist
No effect on EDN release
20 Cai et al. [95]  OVA-induced model vs. placebo in female mice Animal t blood and airway eosinophils than in allergic male mice
Exposed to tamoxifen, pure estrogen antagonist (ICl sample after E2 compared to vehicle-treated allergic male mice
182,780) or placebo injection
Male mice exposed to E2 (400 ug/kg) or DMSO
21 Shah et al. [96] Trypsin and egg albumin-induced asthma model, both Animal + p02 levels in E2 only group compared to without E2 in
female and male mice sample asthma model
Treated with 17B-E2 only (100 pg/25 g) or 17B-E2+ ERa t BAL eosinophil to total lymphocyte percentage in E2
antagonist only group compared to asthma group without E2, no
change in E2+ ERa antagonist group
22 Stamatiou Tracheal ASM cells from male/female rabbit Animal 1t proliferation in ASM cells after 178-E2 administration
et al. [70] Treated with T (1 pM-1uM), 178-E2 (1 pM-1uM), AR and ~ sample Same effect in male and female rabbits
ER receptor antagonist, MAPK and PI3K inhibitor Mitogenic effect of 173-E2 was considered to be through
MAPK and/or PI3K pathway as the inhibition of these
pathways reduced the mitogenic potency of 17B-E2.
23 Catley et al. 1°* model Human No effect of ERB agonist on IL-1f stimulated cells
[47] Human ASM cells (male and female), then stimulated and | ERB in OVA-induced rat lungs
with IL-18, then ERB agonist treatment animal No effect of ERB agonist on airway eosinophil count
2" model sample
OVA-induced asthma model in male rats, then ERB
agonist treatment
24 Matsubara OVA inhalation in female and male mice Animal I AHR after exposure to 17B-E2 in male mice
et al. [83] Ovariectomized female mice sample (dose-dependent)
Treated with ER antagonist, 17p-E2 (50-100 ug/kg), I AHR after exposure to Neurokinin-1 receptor antagonist
Neurokinin-1 antagonist
25 Pergola et al.  Venous blood samples from healthy adult male and ~ Human 17B-E2 had no effect on ERK activation.
[72] female subjects after 12 hours fasting sample
Exposure to 50-DHT (10 nm,100 nM), 17B-E2 (100 nM),
P4 (10 pm)
LT production stimulation
26 Carey et al. [97] ERa KO, ERB KO, and WT male and female mice Animal t AHR in ERB KO male mice compared to WT male mice
sample

(Continued)
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Authors, year Summary of experimental model Sample Main findings
27 Dijkstra et al. ~ n=1249 human subjects consists of 200 asthma Human I FEV, decline in all 5 SNPs, but did not remain significant
[98] probands-+their families) sample in males
Genotyping from peripheral blood leukocytes for 5
single nucleotide polymorphisms of ESR1 gene
(IVS1-1505A/G, IVS1-1415T/C, IVS1-397C/T, IVS1-351G/
A, exon1+30T/C)
28 Pang et al. [99] 1% model Animal Relaxation by exposure to B-E2 in tracheal rings
Tracheal ring from male rabbit (epithelium removed sample Same effect both epithelium removed vs. not removed
and not removed) exposed to B-E2 (100 umol/L) rings
2" model
Male guinea pig exposed to sesame oil, then treatment
with B-E2 (1 mg/kg)
Authors, year Experimental model Sample Main findings
Progesterone
29 Newcomb Blood samples collected from severe asthma patients Human 17B-E2+P4 downregulated /et-7f miRNA which led an
et al. [93] and healthy controls and increment in IL-17A in Th17.
Ovariectomized female mice, sham-operated female animal Transfer of female Th17 cells caused an increase in airway
mice, male mice sample neutrophils in males.
Ovariectomized female mice divided into 5 treatment
groups:
—17B-E2 (0.1 mg)/P4 (25 mg)/DHT (15 mg)/17B-E2+P4/
Placebo
Male and sham-operated female treated with placebo
OVA challenge
30 Pergola et al. ~ Venous blood samples from healthy adult male and Human Progesterone had no effect on ERK activation.
[72] female subjects after 12 hours fasting sample
Exposure to 5a-DHT (10 nm,100 nM), 178-E2 (100 nM),
P4 (10 pm)
LT production stimulation
31 Hellings et al.  Male mice, pre-treatment with medroxyprogesterone  Animal No significant difference was observed between P4 and
[2003] [100] (50 pL) or vehicle sample vehicle groups in non-sensitized mice.
OVA-induced asthma model and control group P4 administration in OVA-induced model:
t AHR
t BAL-bronchial eosinophilia
t BAL IL-4/IFN-y
t Bronchial & serum IL-5
No effect on specific IgE levels in serum
32 Perusquia et al. Tracheal ASM of adult male guinea pigs Animal Concentration-dependent inhibitory effect on ASM
[101] Contraction induced by histamine or carbachol and sample contraction by P4
control Inhibitory potency: P4 > 5B-pregnanolone> 5a-
ASM samples were divided into 4 arms: P4, 5a- pregnanolone on ASM
pregnanolone, 5B-pregnanolone, ethanol
33 Nabishah et al. Five male rat groups according to pretreatment: Animal Neither steroids could affect lung cAMP accumulation
[63] — Dexamethasone sample alone.

— Corticosterone

- Deoxycorticosterone

- 17-hydroxyprogesterone (2.4 mg/kg)

- Vehicle

ISO (B-agonist) was injected to pretreated rats

But after B-agonist injection, progesterone I lung cAMP
levels. That shows steroid hormones interfere the
sensitivity of B-adrenergic receptors.

Abbreviations. AHR = airway hyperresponsiveness, ASM = airway smooth muscle, BAL = bronchoalveolar lavage, BDNF = brain-derived neurotrophic factor, BEC = bronchial
epithelial cell, BLN = bronchial lymph node, BM = bone marrow, DC = dendritic cell, DHT = dihydrotestosterone, E2 = estradiol, EDN = eosinophil-derived neurotoxin, EGF =
epidermal growth factor, ER = estrogen receptor, ERK = extracellular signal-regulated kinases, ESR1 = estrogen receptor a, FEV, = forced expiratory volume in one second,
GPER = G-protein-coupled estrogen receptor (GPER/GPR30), HDM = house dust mite, ILC2 = group 2 innate lymphoid cells, ISO = isoproterenol hydrochloride, KO = knock out,
LT = leukotriene, MAPK = mitogen-activated protein kinases, OVA = ovalbumin, P4 = progesterone, PBS = phosphate-buffered saline, PI3K = phosphoinositol 3 kinase, PMCA
= plasma membrane Ca2*-ATPase, Runx3 = runt-related transcription factor 3, SERCA = sarcoplasmic reticulum Ca®*-ATPase, SNP = single nucleotide polymorphism, TDI =
toluene-2,4-diisocyanate, WT = wild type. Note. Studies were briefly summarized to provide an overview; however, it does not reflect all models and related details.

agonist (WAY-200070) reduced BAL eosinophil count in
a mixed-allergen-induced asthma model [86]. ERa expres-
sion was also shown in alveolar macrophages [21].
Exposure to estrogen promoted M2 macrophage differen-
tiation through ERa signaling, yet the effect was less pro-
minent in males than in females [21].

In addition to nuclear receptors, GPER is also expressed in
human eosinophils [94]. Eosinophils treated with GPER agonist
had reduced spontaneous apoptosis, but increased apoptosis in
IL-5-treated eosinophils [94]. The function of both nuclear and
membrane estrogen receptors on airway inflammation should
be investigated in future studies.

Lastly, estrogens might also modify T2 immune response
through dendritic cells [91]. 17B-estradiol upregulates the
CD86 expression on CD103* dendritic cells, a necessary co-
stimulatory signal for T cell activation, which promotes secre-
tion of T2 cytokines [91].

3.3. Other suggested mechanisms

A previous study suggested that increased ERa expression was
related to airway remodeling and mucus production via epi-
dermal growth factor (EGF) activation [48].
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Figure 2. Summary of suggested pathways related to innate and adaptive immunity (A), naive CD4*T cell maturation and related transcription factors (B). Note.
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dihydrotestosterone, E2 = estradiol, GATA3 = GATA binding protein 3, IL = interleukin, ILC2 = group 2 innate lymphoid cell, KLRG1 = killer-cell lectin-like receptor
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Th =T helper cell [14-17,49,64,65,67,69,71,87,89-91,93,95,100].

SNPs related to ESRT gene (ERa gene), particularly exon1 +
30 T/C polymorphism, were related to forced expiratory
volume in one second (FEV,) decline; however, this effect
remained significant only in females, but not in males [98].
However, these findings need to be confirmed in future stu-
dies with larger sample sizes.

4. Mechanistic studies on the effect of progesterone

There is limited evidence on the role of progesterone in asthma
(Table 2). In a guinea pig model, progesterone had bronchodi-
lator effect on ASM, demonstrating a concentration-dependent
effect [101]. Progesterone had the most potent inhibitory effect
compared to its metabolites, 50- and 5B pregnanolone, on ASM
contraction [101]. In contrast, another study showed that pro-
gesterone exposure increased AHR in an OVA-induced asthma
model [100]. Furthermore, it might decrease responsiveness to [3-
agonists through reducing lung cAMP (Figure 1) [63].

In an OVA-induced mouse model, the progesterone-
exposed group demonstrated enhanced airway eosinophilia,
as well as T2 cytokines, compared to non-exposed group,
suggesting that progesterone promotes T2 inflammation

[100]. Interestingly, there was no significant effect in serum
OVA-specific IgE levels in the same study [100].

Co-administration of female sex hormones might provide
a synergistic effect in asthma models [93]. Progesterone in com-
bination with 17B-estradiol could interfere with IL-17A pathway
(Figure 2) [93]. IL-17A production in Th17 is inhibited by let-7f
miRNA expression that decreases IL-23 receptor surface expres-
sion [93,108]. In a previous study, co-administration of proges-
terone with 17B-estradiol suppressed let-7f microRNA expression
and consequently increased IL-23 receptor surface expression
and IL-17A, which have a crucial role in severe asthma [93].
A recent study also suggested that let-7 microRNA family could
play a role in sex differences in asthma [109].

5. Evidence from epidemiological and clinical
studies

5.1. Asthma prevalence and incidence

To date only a few epidemiological studies have evaluated the
association between serum testosterone levels and asthma
(Table 3). In two recent studies, increased serum testosterone
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levels were associated with lower odds of asthma in men [39,40].
In the National Health and Nutrition Examination Survey
(NHANES), one study showed that males with higher testoster-
one levels were less likely to have current asthma (adjusted odds
ratio (AOR) = 0.89, 95% Cl 0.81-0.97, for each one unit change for
log, testosterone) [39]. Interestingly, the protective effect of
testosterone levels were only significant among those =12
years old, but not in those <12years old [39]. On the other
hand, this finding was not confirmed in another NHANES study,
which showed that there were no significant relationship
between higher free testosterone levels and current asthma in
males [112]. Both studies had relatively modest sample size, but
in a larger population-based sample conducted in 132 498 males,
Han et al (2020) demonstrated that higher testosterone levels
4™ quartile vs 1°* quartile) were associated with lower odds of
physician-diagnosed asthma (AOR = 0.87, 95% Cl 0.82-0.91) and
also current wheezing (AOR =0.86, 95% Cl 0.77-0.95) in males
aged 40-69 years old [40]. However, the findings of the study
could not be generalizable to younger age groups, due to the
limited age span included. In a study assessing the role of DHEA-
S levels, as a component of allostatic load index, no significant
association was found between DHEA-S levels and incident
asthma, as well as prevalent asthma [116].

To date, most of the studies had a cross-sectional design and
thus lacked the possibility to infer causality; the association
between testosterone and asthma incidence throughout the
lifespan has not been studied in prospective cohort studies yet.
In addition, age and obesity might interfere with the sex hor-
mone levels and modify the effect on asthma. Previously,
increased body mass index (BMI) was related with low testoster-
one levels [118,119] and low testosterone/estradiol ratio in males
[119]. On the contrary, this trend seems to be different in females
as obese females were more likely to have higher testosterone
levels [120,121]. Obesity is also associated with low SHBG levels,
which might affect testosterone levels [122]. Lastly, aromatase
enzyme, which converts testosterone to estrogens in adipose
tissue, might also affect the sex hormone balance in obesity
[118]. While interaction with obesity might have an impact,
only one cross-sectional study examined the role of obesity as
a potential modifier of the effect of sex hormones on asthma, to
the best of our knowledge [112]. The study showed no significant
association between current asthma and serum levels of testos-
terone in obese and non-obese males [112]. On the other hand,
obesity showed a different effect on estradiol as higher estradiol
levels were associated with decreased risk for current asthma in
non-obese males, but not in obese males [112].

5.2. Lung function and asthma control

High testosterone levels have been associated with a better
lung function [39]. A previous study revealed that higher
testosterone and DHT levels were associated with increased
FEV, and forced vital capacity (FVC) values regardless of the
presence of asthma and chronic obstructive pulmonary dis-
ease (COPD) [115]. On the other hand, there was no sig-
nificant association between estradiol levels and lung
function [115]. In another study, free testosterone levels as
well as testosterone/estradiol ratio were also investigated as
markers of the hormonal status [110]. This study focused on
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the change in serum testosterone/estradiol ratio, and their
potential effect on lung function approximately 5 years
apart, in a random population of asthma cases and controls
[110]. The increase in testosterone/estradiol ratio by each
quartile was associated with higher FEV, % predicted and
higher FEV,/FVC % predicted in males during the follow-up
visits [110]. While these analyses were adjusted for the
presence of asthma, the results were not stratified for
these particular subgroups [110].

In a study population of 45 boys aged between 6-18 years,
high DHEA-S levels were associated with increased pre-
bronchodilator (bd) FEV, % and FVC % [114]. Additionally,
an increase in both testosterone and DHEA-S levels was
associated with better asthma control based on the asthma
control questionnaire (ACQ-6) scores [114]. These findings
need to be confirmed in larger samples with a broader age
span.

6. Epidemiological studies linking puberty to
asthma in males

Sex shift in the prevalence and incidence asthma generally
coincides with the age at puberty. While there is no specific
cutoff time to define sex shift, it can range between 11 and 16
years, as shown by a previous longitudinal study [123]. The
prevalence of asthma showed a consistent decline in male-to-
female ratio, from 1.59 at the age of 11 to 1.42 at the age of
17 [124].

Puberty is a complex physiological process and leads to
major changes in the whole human physiology, while not
limited to sex hormones [125,126]. Puberty has two major
components: re-activation of HPG, gonadarche, and activation
of androgen production in adrenal glands, adrenarche [127].
Gonadarche, starts with GnRH neuronal network activation
which induces pulsatile GnRH release [127-129]. This pulsatile
release pattern stimulates LH and FSH secretion, thereby indu-
cing estrogen and testosterone production in gonads
[128,129]. Adrenarche represents the increasing secretion of
adrenal androgens (DHEA, DHEA-S, androstenedione) in zona
reticularis [38,125,1271].

While these major changes in sex hormone levels at onset
of puberty might affect the course of asthma, kisspeptin might
also have an additional role in the connection between pub-
erty and asthma. Kisspeptin is a peptide hormone that has
a major role in the onset of puberty by inducing HPG axis
activation [130]. Interestingly, recent studies showed that kis-
speptin and its receptor (KISS1R) have also been expressed in
ASM [131] and KISS1R activation might reduce airway remo-
deling via inhibiting ASM proliferation.

Epidemiological studies on the effect of pubertal matura-
tion in the presence of asthma have so far yielded conflicting
results, while some suggested the detrimental impact of early
puberty, other studies demonstrated no association (Table 4)
[123,124,132,133,136]. Two Mendelian randomization studies
examined potential causality between early pubertal matura-
tion and asthma, showing that early pubertal maturation was
associated with an increased risk of asthma in males [124,132].
In contrast, a Swedish study found no association between
asthma incidence and pubertal stage in boys; comparing
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prepuberty with early puberty and middle/late-puberty [133].
Similar findings were presented in a Dutch longitudinal study
showing no association between pubertal stage and
asthma [123].

Asthma severity also differs from around puberty as males
began to have less asthma symptoms, while it was more
common in females after puberty [2]. Two studies based on
Childhood Asthma Management Program (CAMP) data
showed a decline in asthma symptoms and better airway
responsiveness as Tanner stage increased in boys [2,134]. On
the other hand, another longitudinal study revealed no differ-
ence in AHR comparing prepubertal and postpubertal ages in
boys [135]. In another study, those with mid-late puberty were
more likely to have better asthma control in the severe asthma
group, but there was no difference in the non-severe asthma
group [114]. However, the sample size was modest; thus, study
findings need to be confirmed in larger studies.

While current evidence supports the presence of sex shift in
asthma, the role of puberty in asthma and the underlying
mechanisms still need further evaluation as the current studies
are conflicting. The definition of pubertal stages varies across
studies, and it has been generally defined based on self-
reported evaluation in available studies (Table 4). As puberty
is a complex and dynamic process, definition of pubertal
onset, both in the clinical and research settings, might not
be easy to standardize, particularly when it is based on self-
report. One of the most commonly used tools is Tanner stage,
which evaluates pubic hair scale and external genital develop-
ment by a visual evaluation in males [137]. Tanner stage is
graded from 1 to 5 for each category; Tanner 1 reflects the
prepubertal form, Tanner 2 the pubertal onset, and Tanner 5
the postpubertal form [137]. Other indicators of puberty, such
as voice change, have also been commonly used in research
settings [137,138]. However, it should be noted that different
features of pubertal maturation might not reflect the same
stages during puberty [138]. For example, increase in testicular
volume is one of the first changes in puberty, while voice
breaking generally happens in later stages, approximately 2
years later [125,138]. Testicular volume (>3 mL), measured by
orchidometer, might provide more objective and reliable
assessment for puberty [139]. Since testicular volume increase
is also one of the first signs of pubertal maturation in males, it
could provide valuable information to define pubertal onset in
future studies [138,139].

Lastly, confounding factors might also increase complexity
of the relationship between puberty and asthma. One of the
major confounding factors is increased BMI, as obesity is
related to both early pubertal maturation and asthma [140-
142]. Leptin might induce HPG axis activation by kisspeptin
activation, which is a major peptide for pubertal onset [141].
Epidemiological data demonstrate conflicting results on the
effect of BMI and puberty in boys [141], yet the interaction
between obesity and puberty might affect asthma prevalence
and disease course, and both underlying mechanism and
clinical impact need to be evaluated in future studies [140-
142]. While sex shift in asthma occurs during pubertal ages,
the impact of puberty on asthma and asthma severity is still
unclear. An objective assessment of pubertal onset and

pubertal stages in a longitudinal setting and evaluation of
additional confounding factors, particularly obesity, could pro-
vide more insight to explore the relationship between puberty
and asthma.

7. Conclusions

Males and females have distinct asthma patterns throughout
the life. Major hormonal changes during the life course overlaps
with sex shifts observed in asthma. In vivo and in vitro studies
demonstrate varying effects of sex hormones, particularly
androgens and estrogens, on asthma pathogenesis, possibly
exerting their effects on ASM and T2 inflammation. Androgen
signaling seems to reduce AHR and has a relaxation effect on
ASM, both via genomic and non-genomic pathways. On the
other hand, estrogenic effect on ASM remains controversial as
ERB and ERa might have different effects. Androgen signaling
suppresses airway inflammation, both attenuating ILC2 and Th2
cells, while estrogens appear to demonstrate pro-inflammatory
effects. In epidemiological and clinical studies, while various
indicators of testosterone appear to influence asthma and its
clinical course, the limitations in study designs and the conflict-
ing findings emanating from these studies makes it difficult to
reach a reliable conclusion, thus requiring more robust studies
in the future.

8. Expert opinion

Most studies focused on testosterone and estradiol effects
separately; however, the hormonal balance between DHT
and estradiol might also provide additional information.
Moreover, the balance with other estrogen derivates, in addi-
tion to 17B-estradiol, requires further evaluation since levels of
estrogenic compounds might fluctuate during the life course
[143]. Different effects of estrogen receptors, including ERq,
ERB and GPER, might also have a role in heterogeneous
results, specifically, there is little known about the role of
GPER in asthma. The differences in the role of nuclear and
membrane estrogen receptors might explain these contradic-
tory results and effects of these receptors should be separately
investigated.

Evidence from the epidemiological and clinical studies on
the role of androgens appears to be in line with mechanistic
findings. Considering that sex, age, and obesity affect testos-
terone levels, future efforts should also focus on how these
factors moderate the role of androgens in asthma. While
increasing testosterone levels seem to reduce the occurrence
of asthma and improve asthma prognosis, repeated measure
designs will hopefully provide a clearer picture in epidemiolo-
gical and clinical studies. In addition, most existing studies are
cross-sectional, which lack possibility to infer causality, and
warrant the need for prospective studies. Lastly, methodolo-
gical differences, such as sampling time and measurement
technique, might be a source of heterogeneity between the
findings from different studies [144]. Testosterone levels fluc-
tuate in relation to circadian rhythm and menstrual cycle
[144]. Therefore, it is advised that testing should be performed
in the mornings after a fasting period in males, while in
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