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Abstract

Background—-cClinical observations suggest that anaphylaxis is more common in adult women
compared to adult men, although the mechanistic basis for this gender bias is not well understood

Objectives—To document gender dependent differences in a mouse model of anaphylaxis and
explore the role of female sex hormones and the mechanisms responsible.

Methods—~Passive systemic anaphylaxis was induced in female and male mice by histamine, as
well as IgE or 1gG receptor aggregation. Anaphylaxis was assessed by monitoring body
temperature, release of mast cell mediators and/or hematocrit and lung weight as a measure of
vascular permeability. A combination of ovariectomy, estrogen receptor antagonism, and estrogen
administration techniques were used to establish estrogen involvement.

Results—Anaphylactic responses were more pronounced in female than in male mice. The
enhanced severity of anaphylaxis in female mice was eliminated after pretreatment with an
estrogen receptor antagonist or ovariectomy, but restored after administration of estradiol in
ovariectomized mice, demonstrating that the sex-specific differences are due to the female steroid
estradiol. Estrogen did not affect mast cell responsiveness or anaphylaxis onset. Instead, it
increased tissue expression of endothelial nitric oxide synthase (eNOS). Blockage of NOS activity
with the inhibitor L-MAME or genetic eNOS deficiency abolished the gender-related differences.

Conclusion—Our study defines a contribution of estrogen, through its regulation of eNOS
expression and NO production, to vascular hyper-permeability and intensified anaphylactic
responses in female mice, providing additional mechanistic insights into risk factors and possible
implications for clinical management in the further exploration of human anaphylaxis.
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INTRODUCTION

A number of clinical studies have indicated gender differences in the incidence of systemic
anaphylaxis,!' 2 showing that adult women suffer more frequently from anaphylaxis induced
by food,3 4 drugs,? 3 ® and radiocontrast agents® as well as from idiopathic anaphylaxis’
compared to adult men. The fact that this gender-difference is observed during the
reproductive but not the pre-puberty years,3, suggests that sex hormones may be involved in
this sexual dimorphism. Additionally, clinical reports of catamenial (or cyclical)
anaphylaxis, which is characterized by recurrent episodes of anaphylactic reactions
occurring around the time of menstruation,® suggest that female sex hormones, such as
estrogens or progesterone, may be involved in susceptibility to anaphylaxis. However, other
than in selected cases of suggested auto-immune progesterone sensitivity®: 10 there is little
insight into how sex hormones influence anaphylaxis.

Anaphylaxis is usually triggered by an antigen (Ag) that recognizes and aggregates Ag-
specific IgE bound to the high affinity receptor of IgE, FceRl, in tissue-resident mast cells of
sensitized individuals. Binding of Ag to FceRI leads to the release and generation of various
mediators including proteases, lipid-derived molecules, cytokines and histamine.1! These
mediators act on the surrounding tissues leading to a number of biologic effects including
vasodilation, plasma exudation and edema, causing anaphylaxis in the most severe cases. In
experimental mouse models, anaphylaxis can also be elicited through IgE-independent
mechanisms, including activation of 1gG receptors (FcyR) present on mast cells, basophils,
neutrophils and macrophages.12-14 Anaphylaxis in humans may also follow the
administration of drugs or radiocontrast agents, whose mechanisms are not fully understood,
but are believed to be independent from FceR.

Here, we explore gender differences in severity of anaphylaxis employing a well-established
mouse model of passive systemic anaphylaxis and demonstrate an enhanced severity and
duration of anaphylaxis in female mice compared to male mice. The advantage of using this
anaphylaxis model in male and female mice is that the differences in severity and duration at
given concentrations of IgE and Ag can be attributed to gender and not to confounding
factors, including previous exposure to Ag, type of Ag, antigen-specific IgE levels,
underlying disease, and treatments that may affect severity and lethality in humans®.
Differences in anaphylaxis severity found in this experimental model relate to incidence data
only in that more severe reactions in individuals are more likely to be recognized and thus
disproportionately contribute to the calculation of the incidence. We find that increased
severity of anaphylaxis in female mice is dependent on estradiol-mediated up-regulation of
endothelial nitric oxide synthase (eNOS), the enzyme responsible for production of nitric
oxide (NO). The mechanisms that underlie human anaphylactic shock are not well
understood in part because of the difficulties in designing appropriate clinical studies.
However, we are hopeful that the insights from the mouse studies reported in this work will
stimulate further research into gender differences and in the role of NO as a biologic
mediator in severe systemic allergic reactions.
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METHODS

Mice

Further details can be found in the online repository.

Wild type (WT) C57BI/6, Balb/c and NOS3/~ mice, as well as ovariectomized (OVX) and
sham-operated mice were obtained from Jackson Laboratory (Bar Harbor, ME). Mice were
used in accordance with NIH guidelines and animal study proposal approved by the NIH/
NIAID Institutional Animal Care and Use Committee.

Systemic anaphylaxis

For IgE-induced passive systemic anaphylaxis (PSA), mice were sensitized with 3 ug of
DNP-specific IgE and challenged 24 h later with 200 g of antigen (Ag) i.v. (DNP-HSA,
Sigma-Aldrich) in PBS. Anaphylactic responses were determined by measuring core body
temperature. Alternatively, anaphylaxis was induced by a bolus of histamine dihydrochloride
(5 umol, Sigma Aldrich) or by 80 ug of anti-mouse CD16/32 2.4G2 clone in PBS i.v.. To
investigate the involvement of NOS, mice were injected i.v. with 2.5 mg of L-NG-
Nitroarginine Methyl Ester (L-NAME, Sigma-Aldrich) in 100 pl PBS, 1 h prior to DNP-
challenge.

In some experiments, mice were euthanized 90 s after the induction of anaphylaxis and
blood was collected. Plasma histamine and MCPT-1 levels were measured with specific
ELISA kits (Beckman Coulter, Fullerton, CA and eBioscience, San Diego, CA,
respectively).

To determine hematocrit levels, blood was collected before and 2 h after anaphylaxis with
micro-hematocrit tubes (Jorvet, Loveland, CO) and the ratio of red blood cell volume
compared to total volume of blood determined. For determination of lung fluid, left lung
lobes were excised 2 h after Ag-injection. Excised lungs were weighed immediately (wet
weight) as well as after drying at 55 °C overnight (dry weight) and the wet/dry weight ratio
was calculated. The right lung lobes were excised, fixed, and embedded in paraffin.
Histological sections of the paraffin embedded lungs were prepared and stained with H&E
(American Histolabs).

Estrogen receptor blockage and estradiol administration in female mice

To block estrogen binding to its receptor (ER), mice received 5 injections with 20 mg/kg of
the ER antagonist /C/182, 780 (Tocris, Ellisville, MO).

To restore estrogen levels in OV X females, slow-releasing pellets (Innovative Research of
America, Sarasota, FL) containing either 17p-estradiol (E2; 0.1 mg/pellet, 21 d release) or
placebo (0.1 mg/pellet, 21 d release) were implanted and PSA was performed two weeks
after implantation.
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All data are presented as means with SEM, or as boxplots with min/max range. Comparisons
of temperature changes between groups were performed by a 2-way ANOVA. Differences
between 2 variables were compared with two-tailed Student t test, and between multiple
variables with 1-way ANOVA (Graph Pad Prism 4.01; San Diego, CA). A level of P < 0.05
was considered to be significant.

Gender differences in systemic anaphylaxis are estrogen-dependent

Resembling epidemiological studies on systemic anaphylaxis, IgE-mediated passive
systemic anaphylaxis (PSA) was more severe in female C57BI/6 mice than in male mice
(Fig 1, A) as determined by a drop in core body temperature, which correlates with increases
in plasma histamine, hematocrit values, hypotension and visible behavioral changes.1® The
differential severity between age-matched males and females was also observed in Balb/c
mice (E Figl, A, /eft panelin the online repository) and was unrelated to differences in body
weight because a similar difference in PSA was found in weight-matched instead of age-
matched females and males (E Figl, Bin the online repository).

We next explored the basis for the gender disparity. Ablation of the major source of sex
hormones in female mice by ovariectomy (OVX) resulted in a reduced PSA response
compared to sham-operated females and appeared similar to that seen in male mice (Fig 1, B
and E Fig 1, B, right panelin the online Repository). We then focused on 17p-estradiol (E2),
which is the predominant circulating estrogen in females during the reproductive years.1’
Subcutaneous implantation of estradiol-releasing pellets into OV X mice restored the
presence of the hormone in circulation (E Figl, Cin the online repository) as well as the
severity of the anaphylactic response (Fig 1, C), demonstrating a direct link between the
presence of the female hormone estradiol and the gender disparities in anaphylaxis.
Furthermore, there was a linear correlation between the circulating levels of estradiol and
anaphylaxis severity and duration in female mice (E Fig 1, Din the online repository).
Estradiol is known to mediate its actions by binding to the estrogen receptors (ER) a and
B.18 Thus, to further confirm the involvement of estradiol in the severity of anaphylaxis, we
blocked ER with the ER antagonist /C/182,780 (Fulvestrant).1® Treatment of female mice
with /C/182, 780 for 5 days was found to reduce the severity of the anaphylaxis, to
essentially the response observed in male or OV X female mice (Fig 1 D, as compared to Fig
1, A-B). Taken together, our data point to a role for estradiol in determining the severity of
anaphylactic shock in this model.

Estrogen does not affect mast cell responsiveness but promotes vascular leakage during
anaphylaxis

The marked differences in PSA between OV X and sham-operated female mice were not
accompanied by a difference in serum concentrations of the early released mast cell
mediators histamine and mast cell protease-1 (MCPT-1) (Fig 2, A) or cytokines such as
TNFa (E Fig 2, A and B in the online repository), suggesting that the effect of estradiol on
anaphylaxis is not due to an enhancement of IgE/Ag-mediated mast cell responses. In
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agreement, degranulation (Fig 2, B) and release of TNFa (E Fig 2, C in the online
repository) or 1L-6 (data not shown) of mouse bone marrow derived mast cells (BMMCs) in
response to maximal or submaximal concentrations of Ag was not affected by a wide range
of estradiol concentrations (from physiological to supra-physiological) or by pretreatment
with a physiological concentration of estradiol (35 pg/ml) hours to days prior to antigen
stimulation (data not shown). Estradiol was also found ineffective in altering degranulation
of human basophils,20 but it was reported to enhance IgE/Ag-induced degranulation by
about 4% in transformed mast cells (RBL-2H3 and HMC-1).21 We confirmed that ERa, the
ER found in mouse mast cells,?!: 22 was expressed in BMMCs from male and female mice
(Fig 2, Binset) suggesting that the lack of response to estradiol in mast cells is not due to
loss of ER expression. Further evidence that the effect of estradiol on anaphylaxis is
dissociated from mast cell effector responses comes from the finding that anaphylaxis
induced by either a bolus of histamine, a key mediator of IgE/Ag-induced systemic
anaphylaxis,16 or by crosslinking FcyRIIIA with 2.4G2, an anaphylaxis model that does not
require neither FceRI nor mast cells,23: 24 was also more severe in sham-operated than in
OVX females (Fig 2, C-D, respectively). Collectively, the data suggest that the mechanism
for estrogen potentiation on anaphylaxis is subsequent to mast cell mediator release.

We hence investigated whether the presence of estrogens may enhance plasma exudation
induced by vascular mediators. Hematocrit levels (Fig 3, A) and lung fluid accumulation, as
measured by lung wet/dry ratios (Fig 3, B), which are both used to quantify vascular leakage
during PSA,25 were significantly higher in females compared to males. Lung histology
confirmed a more pronounced peri-bronchial edema as well as abundance of red blood cells
in the airspace in female lungs (Fig 3, C). The data suggest that estrogens affect a pathway
that regulates vascular permeability.

Increased severity to anaphylaxis by estrogen is mediated by eNOS

Endothelial nitric oxide synthase (eNOS) and the product of its activity, nitric oxide (NO),
have been reported to regulate vascular permeability in mice induced by vascular endothelial
growth factor (VEGF)26 and vascular reactivity in female mice undergoing anaphylaxis.2’
As eNOS expression and/or activity are susceptible to estrogen regulation,28-30 we
investigated whether levels of this enzyme might relate to the gender-related differences
observed in IgE- mediated anaphylaxis in our mouse model. Both lungs (Fig 4, Aand B
upper panels) and aortas (E Fig3, A in the online repository) of female mice showed higher
expression of eNOS than tissues from male or OV X mice, at baseline as well as 10 min after
induction of PSA. Although eNOS expression in OV X females was not statistically different
from that in males, there was a slightly higher trend in OV X females, which may suggest
compensatory mechanisms in OV X mice or a minor participation of non-estrogen factors to
the elevated eNOS expression in females compared to males. The finding that treatment of
cultured mouse lung endothelial cells (MLEC) with estradiol increased eNOS expression (E
Fig2, Bin the online repository) further supports the conclusion that the increased eNOS
expression in females is indeed mediated through estradiol. Mirroring eNOS levels,
phosphorylation of eNOS at Ser177 which has been shown to enhance eNOS activity,3! was
increased in the lungs of female mice as compared to those in male or OVX mice (Fig 4, A
and B lower panels). We did not find an increase in the ratio of phospho Serl177-eNOS to
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eNOS 10 min after antigen challenge as described after administration of platelet activating
factor (PAF),27- 31 a potent and usually lethal anaphylaxis mediator with a minor role in
IgE/Ag-induced systemic anaphylaxis in mice,12 32 which may suggest differences in the
mechanism of action or differences in the time course or robustness of eNOS
phosphorylation.

We then examined whether the higher constitutive expression and phosphorylation of eNOS
in female tissues relates functionally to the gender bias in anaphylaxis. We first injected the
NOS inhibitor, L-NG-Nitroarginine Methyl Ester (L-NAME) 1 h prior to Ag-challenge and
found that inhibition of NO production obliterated the differences between females and
males in the PSA response (Fig 5, A). Further, the effect of L-NAME was specific to eNOS
inhibition since female and male anaphylactic responses were indistinguishable in mice
genetically deficient in eNOS (NOS37™) (Fig 5, B). Similarly, the protective effect of L-
NAME in female mice (Fig 5, C, lower panel) was abolished when estradiol function was
blocked by pretreatment with the ER-antagonist /C/182,780 (Fig 5, C, upper panel). The
effect of L-NAME on body temperature changes in the absence or presence of the ER-
antagonist (Fig 5, C) also correlated with corresponding effects on hematocrit values (i.e
protective in the absence of ER-antagonist and ineffective in the presence of the ER-
antagonist) (Fig 5, D lower and upper panels, respectively) and behavioral changes,
suggesting that the effect of eNOS inhibition does not reflect an action on thermal
regulation33 but a general effect on the anaphylactic response. Collectively, the data provides
evidence that estradiol, signaling through its receptors, up-regulates eNOS expression and
subsequent NO production which are critically important for the increased vascular
reactivity and worsening of the anaphylactic response in female mice.

DISCUSSION

The increased incidence of anaphylaxis in women has been recognized in the clinic for
years.34-36 Our study shows that sex-specific differences in systemic anaphylaxis are
replicated in mice and, as in humans, are not restricted to IgE-mediated responses. The
incidence, onset and/or severity of many human diseases, including allergic diseases such as
asthma, show a gender bias that is likewise conserved across species.3’: 38 Although in
instances, these gender differences have been linked to particular sex hormones that act
exacerbating or protecting against the disease, a direct demonstration of such a link and the
specific mechanisms involved have mostly remained elusive.38 Here we provide evidence
that a critical mediator exacerbating the anaphylactic response in female mice is the sex
steroid estradiol. As shown by the data presented in this paper, the presence of estradiol
leads to up-regulation of eNOS levels and activity that are critical in determining the gender
bias in anaphylaxis severity in this experimental model. This study should thus help us to
address gender disparities in anaphylaxis in humans as well as provoke inspection of
anaphylaxis linked to hormonal replacement therapy and to the menstrual cycle; and support
the concept that the effectiveness of treatment strategies should also be evaluated taking
gender into consideration.

The conclusion that the sex hormone estradiol potentiates anaphylaxis and is responsible for
the gender differences in a mouse model of IgE-mediated passive systemic anaphylaxis, is
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supported by the findings that blocking its receptors or chronic sex hormone depletion by
ovariectomy obliterated the exacerbated responses in females, an effect that was reverted in
the latter after administration of exogenous estradiol. The differences in anaphylaxis severity
between ovariectomized and sham-operated females were also apparent when anaphylaxis
was induced by either FcyRIlI-crosslinking or histamine, which do not require FceRI or
mast cells.23 In addition, we found no evidence for an effect of estradiol on FceRI-mediated
mast cell responses, indicating that the estrogen-mediated potentiation of anaphylaxis is
subsequent to mast cell activation and occurs regardless of the trigger mechanism. This
conclusion is in agreement with clinical reports describing a female preponderance not only
in IgE-mediated but also in anaphylactic reactions evoked by certain drugs and radiocontrast
media,3: > ® which do not seem to involve FceRlI.

Instead, estrogen-mediated gender differences in anaphylaxis are linked to the function of
eNOS since they were abolished by pharmacological inhibition or genetic deficiency of
eNOS and the beneficial effect of NOS inhibition in females was prevented by ER
antagonists. This implies that the effect of estradiol takes center stage at the endothelial
lining of vessels, where eNOS is predominantly expressed.3? The product of eNOS activity,
NO, is an endogenous vasodilator0 that preserves endothelial function and homeostasis and
thus protects against endothelial dysfunction in diseases such as hypertension, heart failure,
diabetes and atherosclerosis,*! all of which are generally less prevalent in women than in
men.#2 ERs are also associated with protective cardiovascular effects#? and estrogens
regulate the expression of eNOS and/or NO-production®* in rat tissues#> 46 and human
endothelial cell lines.2% 30 In agreement, we find that lungs and aortas from female mice
express higher levels of eNOS, with concomitant higher baseline phosphorylation in Serl177
than the male or ovariectomized counterparts, and that estradiol increases eNOS expression
in mouse endothelial cells (E Fig 3, Bin the online repository). Preliminary results suggest
that eNOS expression levels in primary human pulmonary artery endothelial cells (PAEC)
from female donors are also higher than those in male donors (E Fig 3, Cin the online
repository). Altogether, the data presented herein and elsewhere suggest that estradiol-
mediated eNOS up-regulation in females is conserved across species.

NO is a known regulator of many processes involved in anaphylactic shock such as
vasodilation and vascular leakage.#” A study exclusively performed in female mice reported
that eNOS deficiency protected against PAF- or Ag-induced shock,2” while in another study
using male wild-type mice the protective effect of NO in PAF-induced anaphylaxis was
seemingly less pronounced.3! However, the relationship of NO and anaphylaxis to gender as
we examine here was not directly investigated in these previous studies. Our results indicate
that the protective effect of NOS inhibition during non-lethal IgE/Ag-induced anaphylactic
shock appears restricted to female mice. In humans, the role of NO in anaphylaxis is not
well understood and its relationship with gender has not been explored. Based on our mouse
study and given that NOS inhibitors such as L-NAME have helped patients suffering from
cardiogenic shock,*8 we suggest that the use of these inhibitors might deserve some
consideration for the treatment of anaphylaxis in selected instances such in highly
susceptible females. Treatment with methylene blue, a dye that competitively inhibits
guanylate cyclase, thus interfering with the vasodilatory actions of NO, has shown life-
saving effects in female and male patients with severe anaphylaxis,*® supporting the
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possibility that NO inhibition could be explored as an option in certain cases of anaphylaxis
regardless of gender. Further studies are clearly needed to determine the usefulness of such
drugs in the management of patients with recurrent severe anaphylaxis.

In the context of the known impact of estrogen on NO and cardiovascular health, our
findings imply that, although a higher availability of NO in females may be beneficial for
cardiovascular function,3 under circumstances of acute release of vasoactive mediators
during an anaphylactic reaction, NO may predispose females to greater and detrimental
vascular responses. In addition, our results support consideration of whether estrogen-
containing hormonal therapy and contraceptives should be examined for their consequences
in women susceptible to anaphylaxis. Lastly, our study reinforces the concern that
preferential use of males in some disease animal models may overlook critical interactions
between a particular gene or mutation and female-predominant pathways (i.e. the NO
pathway) that may be dramatically consequential for sex-specific disease risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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eNOS endothelial nitric oxide synthase
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NOS3 nitric oxide synthase type Il = endothelial nitric oxide synthase
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KEY MESSAGES

. The increased susceptibility to anaphylaxis in women noted in clinical studies
is reproduced in a mouse model of systemic anaphylaxis and the gender
differences are dependent on estradiol.

. The effect of estradiol on anaphylaxis does not relate to alterations in the
responsiveness of mast cells but rather to enhanced vascular permeability,
which is linked to estradiol-mediated up-regulation of eNOS and NO
production.

. Our findings provide insight into the mechanistic basis of gender bias in
anaphylaxis and infer that, although increased eNOS action by estradiol may
be beneficial for women in the context of cardiovascular disease, it may
contribute to enhanced vascular responses during anaphylaxis
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CAPSULE SUMMARY

Anaphylaxis appears to occur more frequently in women. Using a mouse model of
passive systemic anaphylaxis we demonstrate an increased severity in females
attributable to estradiol, which increases eNOS expression and NO production resulting
in vascular hyper-permeability.
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Fig 1. Enhanced anaphylaxis in female mice is estrogen dependent
(A) Temperature changes in female and male C57BI/6 mice during anaphylaxis. Mice were

sensitized with DNP-specific IgE and challenged 24 h later with DNP-HSA. Data are from 3
independent experiments of n=6/group. (B-D) Temperature changes during anaphylaxis in
ovariectomized (OVX) or sham-operated female mice (B), after implantation in OVX mice
of 17p-estradiol-releasing (OVX+E2) or placebo pellets (OVX) (C), and in females after
treatment with the estrogen receptor antagonist /C/182, 780 (ER-ant) (D). In B-D, n=6 mice/
group. *** P<0.001.
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Fig 2. Estrogen does not affect mast cell responses
(A) Histamine and MCPT-1 released into circulation 90 s after challenging OV X or sham

operated females with Ag (n=5/group). (B) p-hexosaminidase release from BMMC in the
presence of different concentrations of estradiol (E2). Results are the average of 4
independent cultures (3 female and 1 male donor). Inset shows ERa expression in BMMCs
from male (M) and female (F) mice. (C, D) Temperature changes during anaphylaxis
induced by histamine (C) or anti-CD16/32 2.4G2 (D) in OV X and sham-operated mice. In
C-D, n=6/group. *** P<0.001.
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Fig 3. Presence of female sex hormones leads to increased vascular permeability during

anaphylaxis

(A) Hematocrit values at baseline and after PSA in males (M), females (F), sham-operated

and OV X mice. (B) Wet/dry lung weight ratios of male and female mice 2 h after

anaphylaxis. In A-B, n=6/group. (C) Representative H&E stained lung slides from a male
and female mouse 2 h after IgE/Ag-induced PSA showing peri-bronchial edema (arrows)

and red blood cells accumulated in airspace (arrowheads). Scale bar: 100um. *P<0.05,

**pP<0.01, *** P<0.001.
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Fig 4. Estrogen regulates eNOS expression in vivo
(A, B) Expression levels of eNOS and Ser!177-phosphorylated eNOS (p-eNOS) in female

(F), male (M) and OV X female lung lysates at baseline and after IgE/Ag-induced PSA. In A,
representative Western blots of lung lysates are shown. Numbers below indicate the fold
increases in eNOS or p-eNOS band intensities (corrected to their respective p-actin loading
control) as compared to males. In B the band intensitites in lung eNOS and p-eNOS (n=5/
group) are shown. *P<0.05, **P<0.01,*** P<0.001. No statistical differences were found in
the levels of eNOS or p-eNOS between males and OV X females.
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Fig 5. eNOS activity is crucial for determining female susceptibility to anaphylaxis
(A, B) Temperature changes during anaphylaxis induced by IgE/Ag in (A) female and male

mice pretreated with the NOS inhibitor L-MAME or vehicle or (B) in NOS3/~ female and
male mice. (C-D) Effect of L-NAME on temperature (C) and hematocrit changes (D) during
IgE/Ag-induced anaphylaxis in female mice pretreated with ER-antagonist /C/182,780
(upper panels) or vehicle (lower panels). In A-D, n=5-8/group. *P<0.05, **P<0.01,***

P<0.001.
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