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Purpose of review

Asthma prevalence and severity are greater in women than in men, and mounting evidence suggests this is
in part related to female steroid sex hormones. Of these, estrogen has been the subject of much study. This
review highlights recent research exploring the effects of estrogen in allergic disease.

Recent findings

Estrogen receptors are found on numerous immunoregulatory cells and estrogen’s actions skew immune
responses toward allergy. It may act directly to create deleterious effects in asthma, or indirectly via
modulation of various pathways including secretory leukoprotease inhibitor, transient receptor potential
vanilloid type 1 ion channel and nitric oxide production to exert effects on lung mechanics and
inflammation. Not only do endogenous estrogens appear to play a role, but environmental estrogens have
also been implicated. Environmental estrogens (xenoestrogens) including bisphenol A and phthalates
enhance allergic sensitization in animal models and may enhance development of atopic disorders like
asthma in humans.

Summary

Estrogen’s role in allergic disease remains complex. As allergic diseases continue to increase in prevalence
and affect women disproportionately, gaining a fuller understanding of its effects in these disorders will be
essential. Of particular importance may be effects of xenoestrogens on allergic disease.
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INTRODUCTION

It has long been postulated that the female hor-
mones, estrogen and progesterone, play an active
role in allergic disease in women. This seems plaus-
ible because of the clear differences in incidence,
severity, and fluctuations in allergic disorders in
women as compared with men. As the roles these
hormones play have not been fully elucidated,
defining their effects in allergic disease is an active
area of exploration.
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Sex/age effects on asthma suggest an effect
of female hormones

The prevalence of asthma is greater in boys than in
girls during prepubescent ages [1,2]; however, after
puberty, this trend reverses [3,4,5

&

]. The prevalence
of asthma and incidence of asthma exacerbations
are consistently higher in women during early to
mid-adulthood than in men [6,7

&

,8]. Not only is
prevalence greater in women, but the disease is also
more severe. Physician visits, hospitalizations, and
deaths due to asthma are more likely to occur in
women than in men [9

&&

]. Women taking hormone
replacement therapy had significantly greater rates
illiams & Wilkins. Unaut
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of physician-diagnosed asthma compared with
matched controls [10]. Finally, 30–40% of the
women with asthma have perimenstrual worsening
during phases of rapid changes in estrogen and
progesterone concentrations [11]. There is evidence
that not only do endogenous estrogens exert effects
in allergic disease, but also that exogenous com-
pounds with estrogenic activity (xenoestrogens)
may also play a role in asthma and other allergic
disorders. Environmental estrogens act as ‘imper-
fect’ estrogens on numerous organ systems [12].
This may, at least partly, occur because they largely
signal via understudied membrane forms of classical
estrogen receptors [13] and act via nongenomic
signaling pathways. Alternatively, developmental
horized reproduction of this article is prohibited.
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KEY POINTS

� Asthma prevalence and severity are greater in women
than in men, and a large body of evidence suggests
that this is related to estrogen.

� Estrogen receptors are found on numerous
immunoregulatory cells and estrogen’s actions skew the
immune response toward allergy.

� Estrogen may act directly to create deleterious effects in
asthma, or may affect other intermediaries to exert
effects on lung mechanics and airway inflammation.

� Environmental estrogens (xenoestrogens) may enhance
development of atopic disorders like asthma.

Mechanisms of allergy and adult asthma
stage may dictate differences in susceptibility due to
alterations in the production and metabolism of
endogenous estrogens and androgens, which use
the same metabolic machineries.
pyright © Lippincott Williams & Wilkins. Unautho
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ESTROGEN RECEPTORS ON
IMMUNOREGULATORY CELLS
Estrogens have significant effects on several
components of immune function. Estrogens act
primarily via receptors. Estrogen receptors a, b

(ERa, ERb) and G protein-coupled receptor (GPR)
30 expression is reported on immunomodulatory
cells (Fig. 1) [14,15

&

,16–18,19
&&

,20–22,23
&

,24,25].
Giannoni et al. [26] reported higher expression of
ERa and ERb on cord blood mononuclear cells, as
well as progesterone receptors. These classical recep-
tors were initially described as nuclear receptors. In
the last decade, these receptors were detected on the
cell membrane and effects occur within seconds
to minutes [27]. Another class of orphan (without
clear ligand assignments) receptors, the estrogen
receptor-related receptor expression has not been
detected on the immune cells. Estrogens
can have potential effects on each step of allergic
sensitization: antigen presentation, type 2 T helper
cells (Th2) polarization, isotype switching to
rized reproduction of this article is prohibited.

IFNγ
IL12
IL18

40
40L

IL4R

n)

b production

IL4
IL5
IL9
IL10
IL13

IL13R

ouse)

otype switching to IgE (IL4, IgE)

CD8+Tc

Tc1

Tc2 ERα, GPR30

ERα, ERβ

E2, EE?

E2, EE

o allergic sensitization with known expression of estrogen
) have potential effects on each step of allergic sensitization:
nd mast cell degranulation via ERa, ERb and G-protein
4,25]. ER, estrogen receptor; IgE, immunoglobulin E.

Volume 12 � Number 00 � Month 2012



CE: Namrta; ACI/6216; Total nos of Pages: 8;

ACI 6216

Estrogen effects in allergy and asthma Bonds and Midoro-Horiuti
immunoglobulin E (IgE), and mast cell degranula-
tion via classical estrogen receptors.

Estrogens may enhance antigen-presenting
cell function to develop allergic diseases
Specific immunity is a delicately balanced process
that requires efficient sampling for potential patho-
genicity of invading and colonizing microbes and
other sources of environmental macromolecules, as
well as the ability to mobilize those host defenses
best adapted to protect against the type of pathogen
encountered. For example, harmless environmental
proteins may cause allergic asthma when naive T
helper cells erroneously respond to them with the
development of Th2-specific responses, a type of
response that normally protects against helminthic
infection. T cells only recognize antigen when they
are presented as protein-derived peptides in associ-
ation with class II major histocompatibility complex
(MHC) encoded molecules expressed by antigen-
presenting cells (APCs). Recent research indicates
that APCs also sway the immune response toward
the most effective type of T helper cells. APCs that
support Th2 development include ‘conventional’
APCs (e.g. dendritic cells, B lymphocytes, and
monocytes/macrophages) and nonconventional
APCs (e.g. eosinophils, basophils, and mast cells
and some endothelial cells). Both estradiol and
bisphenol A enhance the production of dendritic
cell populations, which preferentially promote Th2
responses [28,29].

Although all nucleated cells express class I MHC
molecules, only selected cell types express class II
MHC molecules and can act as APCs. Mast cells
normally express MHC class I and also express
MHC class II molecules on activation, as well as
adhesion molecules (ICAM-1 and ICAM-3) and co-
stimulatory molecules (CD43, CD80, CD86, and
CD40L), which allow them to interact with T and
B lymphocytes [30]. After antigen uptake and proc-
essing, a major prerequisite for mast cell antigen
presentation to T cells is an interaction of these cells
via the MHC complex with the TCR on CD4þ or
CD8þ lymphocytes.

Estrogens may polarize T cells to type 2
T helper cell response
The differentiation of naive CD4þ T cells to type 1 T
helper cells or Th2 is determined by the coordinated
action of multiple signals induced by stimulation of
the TCR, co-stimulatory molecules, and cytokine
receptors. It is accompanied by extensive re-organ-
ization of the chromatin structure around the IFNg

or the IL-4/IL-5/IL-13 loci, respectively. In patients
with asthma, CD4þ T cells producing IL-4, IL-5, and
IL-13 have been identified in bronchoalveolar
Copyright © Lippincott Williams & Wilkins. Unaut
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lavage (BAL) and airway biopsies. After antigen
challenge in patients with allergic asthma, Th2
lymphocytes are increased in the airways. The pres-
ence of IL-4-producing and IL-5-producing cells was
shown to correlate with airway hyperreactivity.
Thus, the association of Th2 with their effects in
the respiratory tract has suggested that Th2 lympho-
cytes orchestrate the characteristic inflammatory
response that results in asthma. Using an animal
model of asthma (BALB/c mice), Cai et al. [31]
showed that estrogens induced production of IL-5
and IL-13 from mediastinal lymph nodes. The pro-
duction of these cytokines was suppressed using
estrogen receptor antagonists tamoxifen or
ICI182,780. This group also showed that estrogens
induced eosinophilic inflammation in peripheral
blood and BAL fluid.

Estrogens promote the class switching of B
cells to immunoglobulin E synthesis
Naive B cells that have not yet encountered antigen
express immunoglobulin M and immunoglobulin D
on their surface. During an immune response, B cells
can express different immunoglobulin heavy
chain isotypes sharing the same variable–diversity–
joining (VDJ) region. This isotype-switching recom-
bination allows a B-cell clone to produce antibodies
with the same specificity for antigens but with
different effector functions. To switch to a particular
isotype, a B cell needs two signals: cytokine-depend-
ent and CD40-dependent. The interaction between
IL-4 and its receptor delivers the first signal for
switching to IgE. The engagement of CD40 on B
cells by CD154 expressed on T cells provides the
second signal required for switching to IgE. In
addition, IL-4 (but not IL-13) and IgE increase the
expression of the a-chain of FceRI in nasal mast cells,
resulting in a potential amplification loop. Thus,
activation of mast cells by allergen–antibody recep-
tor complexes can not only induce degranulation
but also enhance and perpetuate the production
of IgE and its high-affinity receptor FceRI in that
complex. This positive feedback mechanism may
explain why treating of allergic diseases with injec-
tions of small amounts of the sensitizing allergen
may actually increase the production of allergen-
specific IgE, particularly early in the immunization
process. Enhancing effects of soy isoflavone on the
production of allergen-specific IgE from splenocytes
was detected in an animal model (BALB/c mice) [32].

Estrogens promote the degranulation of
mast cell/basophils
In the immediate hypersensitivity reaction, poly-
valent allergen cross-links IgE bound to mast cells
through FceRI inducing release of preformed
horized reproduction of this article is prohibited.
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Mechanisms of allergy and adult asthma
mediators and cytokines by a process of degranula-
tion and induction of the synthesis of prostaglan-
dins, leukotrienes, and additional cytokines. The
release of the major mediators of acute hypersensi-
tivity (e.g. histamine, cysteinyl leukotrienes) is an
obligatory event in allergic reactions.

Mast cells also degranulate in response to stimuli
other than the FceRI-mediated pathways, including
a Ca2þ ionophore and compound 48/80. We found
that exposure to physiological doses of estradiol [27]
and a panel of environmental estrogens [13]
induced the release of the preformed granular
protein b-hexosaminidase, induced leukotriene C4

synthesis and release, and enhanced IgE-dependent
release of these mediators. Consistently with our
finding, more mast cells and higher histamine con-
centrations were observed in the estrous stage than
in the progestrous stage and diestrous stage in the
mammary glands of nonsensitized female Wister
rats [33]. Ovariectomy decreased the mast cell
number and histamine concentration, which were
reconstituted by exogenous estradiol. We and our
colleagues have shown that some endogenous and
environmental estrogens (e.g., 10�8 to 10�6 mol/l
estradiol, nonylphenol, and octylphenol) promote
Th2 responses by increasing IL4, transcription factor
GATA3, and MHC class II expression and decreasing
IFNg production by CD4þCD8þ thymocytes, naive
CD4þ T cells, or spleen dendritic cells from mice. In
addition to the pro-allergic FceRI, mast cells also
express the inhibitory receptor FcgRIIB on their
surface. It is possible that inhibitors of allergic reac-
tions act by inducing production of this receptor.
ESTROGEN EFFECTS ON ALLERGIC
DISEASE

The role of female hormones in allergic disease has
perhaps been most intensely studied in asthma.
Early menarche has been demonstrated to be a risk
factor for asthma in adult women [34,35

&

].
Menarche at age 10 years or earlier was associated
with reported presence of wheezing and multiple
symptoms of asthma. Further, early menarche was
found to be associated with decreased forced expir-
atory volume in 1 s (FEV1) and forced vital capacity
(FVC).

Among women with asthma, up to 30–40% in
some series have reported worsening of asthma
symptoms at specific times of the menstrual cycle.
The perimenstrual phase, shortly before and during
the first few days of the menstrual period, has been
identified as a time during which symptoms may
commonly worsen. This may be attributable to a
variety of factors including fluctuations in lung
mechanics over the menstrual cycle and increasing
pyright © Lippincott Williams & Wilkins. Unautho
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inflammation during the perimenstrual period.
Further, women with perimenstrual asthma have
been noted to have more severe asthma and comor-
bid conditions such as aspirin-induced exacer-
bations of asthma [36].

Estrogen affects lung function and
mechanics
It has been reported that FEV1 and FVC are lowest in
the periovulatory time of the cycle when estradiol
levels are high [9

&&

]. In fact, a linear decrease in FEV1
as ovulation approaches during the follicular phase
has been demonstrated [37

&

]. Additionally increased
bronchial hyperreactivity has been identified in the
periovulatory period and especially in the peri-
menstrual period [38]. Further characterization of
lung function during the luteal phase is not as
clearly defined. Some have found FEV1 and FVC
to be greatest during the perimenstrual period [39],
whereas others have noted a trend toward further
slight decreases in FEV1 during the luteal phase
among women with asthma [37

&

].
There is evidence that estrogen is able to induce

smooth muscle relaxation in the airway [40]. Expres-
sion of both a and b estrogen receptors has been
demonstrated on human bronchial epithelial cells
(BECs) [19

&&

]. Townsend et al. demonstrated that
activation of these receptors by estradiol and by
specific agonists of ERa and ERb resulted in increased
production of nitric oxide in BECs. Further, estrogen
receptor stimulation by agonists resulted in relaxa-
tion in bronchial rings that were previously treated
with acetylcholine to induce constriction. This
evidence stands in contradistinction to findings that
high estrogen levels tend to coincide with worse
asthma symptoms, but supports the findings of
others that exacerbations are more frequent when
estrogen levels are low.

Additionally, sex hormones have been shown
to exert effects on bronchial epithelium cilia.
Progesterone receptors are present on the cilia of
human airway epithelial cells in both men and
women [41

&

]. Progesterone binding to these
epithelial receptors leads to decreased cilia beat
frequency. However, when estradiol is present, this
effect is abrogated, signifying interplay between the
female hormones in regulation of cilia beat fre-
quency [41

&

]. This may have important effects on
mucociliary clearance in asthma, particularly during
hormonal fluctuations over the menstrual phases in
women of reproductive age.

Estrogen acts on intermediary factors in
allergic disease
Apart from its direct effects on immune and airway
cells, estrogen may modulate other processes that
rized reproduction of this article is prohibited.
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influence disease. Secretory leukoprotease inhibitor
(SLPI) is a serine protease inhibitor that may
guard against tissue injury by a host of proteases
including neutrophil elastase. It has additionally
been found to exert some immunomodulatory
effects apart from its inhibition of protease activity.
SLPI levels are increased in allergic asthma
and levels may be upregulated by estradiol [42].
SLPI expression has also been shown to increase
with high levels of circulating progesterone. SLPI
levels have been found to be higher in asthmatic
patients than in nonasthmatic individuals. It is
postulated that these elevated levels of SLPI may
function to protect the airways from inflammation
in asthma. This protective effect of SLPI has been
Copyright © Lippincott Williams & Wilkins. Unaut

Table 1. Evidence for an association between environm
asthma

Types of studies and topic
and type of patients Findings of study

Human epidemiology Significant positive associati
urinary BPA and lifetime p
allergic asthma [54]

All patients with urinary BPA
measurements in NHANES
2005–2006 survey

Human epidemiology Significant positive associati
mid-gestational urinary ex
BPA and incidence of wh
age 6 months [55&]

Pregnant women and their children
followed up for 3 years

Human epidemiology Male children have higher l
amniotic fluid than female

Several relatively small group
studies of urinary BPA

Human epidemiology Urinary BPA is higher in chi
in adults [57]

NHANES

Human epidemiology Urinary BPA is lowest in Me
and highest in African–A

NHANES

Small-animal study Perinatal exposure to BPA v
drinking water [47]

Small-animal study Prenatal vs. postnatal expos
maternal BPA [52&&]

Cell culture experiments on mouse
and human mast cells to which
endogenous and EEs were added

Both forms of estrogens indu
of mediators and augmen
by IgE –allergen exposure

Small-animal model Urinary phthalate secretion
allergy and asthma; the p
increases the IgE response
[17,59&,60&]

The table gives a summary of growing body of evidence suggesting a relationship b
environmental estrogens; IgE, immunoglobulin E.
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demonstrated in a mouse model of allergic asthma
[42].

Another potential effect of female hormones is
on the transient receptor potential vanilloid type 1
(TRPV1). This ion channel has been implicated in
the pathophysiology of chronic cough and cough
hypersensitivity syndrome (including cough variant
asthma) [43,44

&

]. It is stimulated by such triggers as
bradykinin, prostaglandin, heat, and acid, leading
to increased afferent nerve responses causing cough.
Morice et al. identified a greater likelihood of
women developing cough hypersensitivity syn-
drome. It has been theorized that one explanation
for this increased incidence is linked to the finding
that estrogen may increase activation of TRPV1 [45].
horized reproduction of this article is prohibited.

ental estrogen exposures and the development of

Finding in asthma

on between
revalence of

10-fold increase in BPA was independently
associated with higher likelyhood of
allergic asthma in females

on between
cretion of
eeze by

Wheezing in the first 6 months of life is
positively associated with subsequent
episodes of wheezing (asthma)

evel of BPA in
children [56]

ldren than Age at diagnosis of asthma
(80% by age 5 years)

xican Hispanics
mericans [2,58]

Ethnicity order for asthma prevalence
same as order for urinary BPA

ia dams’ Pups from BPA exposed were more
likely to develop each manifestation
of allergic asthma

ure to Prenatal exposure required to develop
after postnatal allergen sensitization

ce partial release
ts release induced

[13,27]

About 40% of women have
perimenstrual worsening of their
asthma symptoms

relationship to
hthalate DEHP
to OVA

Urinary phthalate level is associated
with asthma prevalence

etween environmental estrogens and the development of asthma. EEs,
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Mechanisms of allergy and adult asthma
Contamination of the human fetus and infant
by environmental pollutants
Certain chemicals that accumulate in the mother’s
tissues are transferred to their babies through the
placenta and breastfeeding. This is particularly true
for lipid-soluble pollutants, because breast milk has
higher lipid content than serum. The production of
BPA, monomer of bicarbonate plastic, has increased
each year since its first production in 1950s to 7300
tons in 1991 and 856 000 tons in 2003, according to
the National Toxicology Program [46]. This rapid
increase in industrial production of BPA in the USA
began about one human generation before asthma
prevalence began to increase. Free BPA has been
found in human fluids and tissues in concentrations
of up to approximately 100 ng/ml [47]. Epidemio-
logical studies have revealed that the concentrations
of environmental estrogens in the breast milk and a
body burden in the second-born infant are lower
than that in the first [48,49]. Interestingly, other
epidemiological studies indicate that the first-born
child is at a higher risk of developing asthma than
subsequent children [50,51].

We reported that maternal BPA exposure
enhanced the development of experimental asthma
with allergen-specific IgE, eosinophilic inflam-
mation, and airway hyperresponsiveness in the pups,
which had ‘suboptimal’ sensitization and fetal
exposure was necessary to induce these asthma phe-
notypes using BALB/C mice model [47,52

&&

]. Bauer
et al. [53

&

] found the enhanced airway lymphatic and
lung inflammation in only females not in males of
perinatal BPA-exposed adult C57BL/6 mouse model.
Numerous additional studies suggest a relationship
between xenoestrogen exposure and development of
allergic disease (Table 1) [2,13,17,27,47,52

&&

,54,55
&

,
56–58,59

&

,60
&

].
CONCLUSION

Female hormones appear to play a significant role in
allergic disease, with estrogen effects being most
well studied. Estrogen’s influences on immune cells
favor the allergic response promoting Th2 polariz-
ation, encouraging class switching of B cells to IgE
production and prompting mast cell and basophil
degranulation. The potential role for estrogen in
asthma is supported by epidemiologic evidence of
increased asthma prevalence and severity in adult
women and by associating estrogen with changes in
airway mechanics and inflammation. However, the
mechanism by which it acts may be quite complex,
with effects dependent on the concentrations of
hormone present and the concomitant presence
or absence of other factors such as progesterone.
Further, exogenous compounds with estrogenic
pyright © Lippincott Williams & Wilkins. Unautho
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activity may influence allergic disease as well. As
allergic diseases continue to become more prevalent
and affect women disproportionately, further delin-
eation of the functions of female hormones in these
disorders will be essential.
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