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OBJECTIVE Subarachnoid hemorrhage (SAH) due to intracranial aneurysm (IA) rupture is often a devastating event.
Since the incidence of SAH increases especially in menopause, it is crucial to clarify the detailed pathogenesis of these
events. The activation of vascular nucleotide-binding oligomerization domain-like receptor family pyrin domain—contain-
ing 3 (NLRP3) inflammasomes has been studied in ischemic stroke and cardiovascular disease. However, the role of
NLRP3 in |A rupture still needs to be explained. The authors sought to test their hypothesis that, under estrogen-deficient
conditions, activation of NLRP3 inflammasomes via downregulation of the estrogen receptor (ER) facilitates IA rupture.

METHODS Ten-week-old female Sprague Dawley rats with and without oophorectomy were subjected to hemodynamic
changes and hypertension (OVX*/HT and OVX/HT, respectively) and fed a high-salt diet. Separately, using human brain
endothelial cells (HBECs) and human brain smooth muscle cells (HBSMCs), the authors tested the effect of NLRP3
under estrogen-free conditions and in the presence of estradiol or of ER agonists.

RESULTS In OVX'/HT rats, the frequency of IA rupture was significantly higher than in OVX/HT rats (p = 0.03). In the
left posterior cerebral artery prone to rupture in OVX!/HT rats, the levels of the mRNAs encoding ERa and Sirt1, but not
of that encoding ERp, were decreased, and the levels of the mRNAs encoding NLRP3, interleukin-1B (/L-18), and matrix
metalloproteinase 9 (MMP-9) were elevated. Immunohistochemical analysis demonstrated that the expression profiles of
these proteins correlated with their mRNA levels. Treatment with an ER modulator, bazedoxifene, normalized the expres-
sion profiles of these proteins and improved SAH-free survival. In HBECs and HBSMCs under estrogen-free conditions,
the depletion of ERa and Sirt1 and the accumulation of NLRP3 were counteracted by exposure to estradiol or to an ERa
agonist but not to an ERp agonist.

CONCLUSIONS To the authors’ knowledge, this work represents the first demonstration that, in an aneurysm model un-
der estrogen-deficient conditions, the depletion of ERa and Sirt1 may contribute to activation of the NLRP3/IL-13/MMP-9
pathway, facilitating the rupture of IAs in the estrogen-deficient rat |A rupture model.

https://thejns.org/doi/abs/10.3171/2022.4.NS212945

KEYWORDS estrogen deficiency; estrogen receptor; intracranial aneurysm; NLRP3 inflammasome; Sirt1; vascular
disorders

HE rupture of intracranial aneurysms (IAs) is a ma-
jor cause of subarachnoid hemorrhage (SAH). Epi-

demiological studies have shown that the incidence
of TAs and SAH is higher in women, particularly those
who are postmenopausal, than in men.!? In a large cohort
of patients with unruptured IAs, Morita et al.* found the

condition to be more prevalent in women, in confirmation
of the results reported by others.*?

Estrogen exerts diverse vascular effects mediated main-
ly by estrogen receptor (ER)—o and ERP.® Aging alters es-
trogen-mediated modulation of inflammatory biomarkers
in women.” In our IA model mimicking aging-associated

ABBREVIATIONS Ang Il = angiotensin II; BZA = bazedoxifene; DPN = diarylpropionitrile; eNOS = endothelial nitric oxide synthase; ER = estrogen receptor; HBEC =
human brain endothelial cell; HBSMC = human brain smooth muscle cell; HT = hypertension; IA = intracranial aneurysm; IL-18 = interleukin-183; MMP-9 = matrix metallo-
proteinase 9; OVX* = oophorectomized; OVX- = nonoophorectomized; NLRP3 = nucleotide-binding oligomerization domain-like receptor family pyrin domain—containing 3;
NOX4 = NADPH oxidase 4; PCA = posterior cerebral artery; PPT = propylpyrazoletriol; SAH = subarachnoid hemorrhage; Sirt1 = sirtuin 1.
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estrogen deficiency, the observed morphological changes
at the left posterior cerebral artery (PCA) were shown to
be associated with elevated mRNA levels and protein ex-
pression of interleukin-1p (IL-1p) and matrix metallopro-
teinase 9 (MMP-9),%? indicating proinflammatory chang-
es and higher vulnerability compared with other cerebral
arteries. However, the pathological mechanisms leading to
the upregulation of IL-1 and MMP-9 under estrogen-de-
ficient conditions remain to be clarified in IA. The nucle-
otide-binding oligomerization domain—like receptor fam-
ily pyrin domain—containing 3 (NLRP3) inflammasome
is a multiprotein oligomer responsible for the activation
of inflammatory responses. The NLRP3 inflammasome
processes pro—IL-1f to its mature IL-1p form and induces
the release of this cytokine, leading to inflammation and
tissue damage.” Based on the high expression of IL-13
and MMP-9 in the vulnerable PCA in TA models?® we
focused on the role of NLRP3. Although NLRP3 has been
studied in ischemic stroke and cardiovascular disease''
with and without kidney disease, there have been (to our
knowledge) few studies of the role of NLRP3 in IA. Zhang
et al.!* documented that accumulation of NLRP3 was ob-
served in ruptured and unruptured IAs in a study of 36
human surgical samples of cerebral aneurysms. However,
details of the mechanisms underlying elevation of NLRP3
in ruptured and unruptured IAs remain unknown. There-
fore, the data in that paper are associative and cannot be
used to determine causation.

On the other hand, the activation of sirtuin 1 (Sirtl), an
NAD*-dependent protein deacetylase, has been proven to
be a key regulator of the inflammatory response in car-
diovascular disease." Sirtl protein levels are decreased in
several chronic inflammatory diseases and as part of the
cellular response to inflammatory, metabolic, and oxida-
tive stressors."” Indeed, chronic inflammation is associated
with increased nuclear factor kappa B RelA/p65 activity,
which secondarily leads to decreased Sirtl levels.!® The
estrogen-Sirtl axis plays a pivotal role in protecting arter-
ies from menopause-induced senescence and atheroscle-
rosis.”” However, the mechanisms underlying regulation of
the expression of NLRP3 and Sirtl, and how the levels of
these proteins are associated with the expression of ERs,
remain unclear in [A.

We hypothesized that, under estrogen-deficient con-
ditions, the activation of the NLRP3 inflammasome due
to depletion of Sirtl may facilitate IA rupture. To better
understand the mechanisms regulating the expression
of ERs, NLRP3, and Sirtl, we employed a rat aneurysm
model using animals that had undergone oophorectomy
and those that had not undergone oophorectomy. In addi-
tion, oophorectomized rats were treated with an ER mod-
ulator to confirm the effects on NLRP3, ERa., and Sirtl.
This work was complemented by in vitro studies using hu-
man brain vascular endothelial cells (HBECs) and human
brain vascular smooth muscle cells (HBSMCs) grown un-
der estrogen-free conditions in the presence or absence of
ER modulators.

Methods

All animal experiments were approved by the ethics
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committee of the Institute of Tokushima University Grad-
uate School and were conducted in accordance with the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

Assessment and Treatment in the Intracranial
Aneurysm Model

Animals were subjected to induction of IA as shown
in Fig. 1A and the Online Appendix and as detailed else-
where.® Ten-week-old Sprague Dawley female rats (230—
260 g) were maintained on a high-salt diet. Furthermore,
hemodynamic changes were induced by carotid artery li-
gation, and bilateral posterior renal arteries were ligated to
induce hypertension (HT). To assess the role of oophorec-
tomy-induced estrogen deficiency on the rupture of IAs,
we randomly divided the animals into two groups. One
group of rats (n = 24) was oophorectomized (OVX*/HT
rats) to decrease their plasma estradiol level;'® the other
group (n = 24) was not oophorectomized (OVX-/HT rats).
All OVX*/HT and OVX-/HT rats were observed from 6 to
19 weeks (mean of 90 days) after group assignment. Five
rats in each group died within the 1st week of surgery-re-
lated issues and were excluded from this study. In each ex-
perimental group, judgment of the rupture was performed
by an evaluator blinded to the group identity of the animal.

We next assessed whether treatment of these animals
with bazedoxifene (BZA), an ER modulator, altered the
protein expression of ERs, Sirtl, and NLRP3, as well as
possible effects on the frequency of aneurysm rupture.
Specifically, 36 rats were randomized and assigned to two
groups at 6 weeks after oophorectomy; one group was
treated with 1.0 mg/kg/day of BZA based on our previous
study'® and the other served as the vehicle control. Based
on a previous report,'”” BZA was suspended in 5% gum
arabic solution and administered orally once per day for
90 days.

Assessment in Cell Lines

For cell culture under estrogen-free conditions, we
used phenol red—free minimum essential medium o sup-
plemented with estrogen-depleted fetal bovine serum.?
HBECs and HBSMCs were then treated for 24 hours with
or without 17p-estradiol (10”7 M), in both the presence
and absence of 10-¢ M propylpyrazoletriol (PPT; Sigma
H6036), diarylpropionitrile (DPN; Sigma H5915), or hu-
man angiotensin II (Ang II; Sigma A9525). The vehicle
control consisted of complete medium (minimum essen-
tial medium o supplemented with fetal bovine serum) in
the absence of 17pB-estradiol, PPT, DPN, and Ang II. A
detailed Methods section is provided in the Online Ap-
pendix.

Statistical Analysis

Statistical analyses were performed using Prism ver-
sion 7.0 software (GraphPad). Fisher’s exact test was used
to analyze the incidence of aneurysm rupture. The SAH-
free survival rate was analyzed using the log-rank test. Se-
quentially obtained data were analyzed using two-tailed
one-way ANOVA followed by the Kruskal-Wallis test for
multiple group comparisons. Data from two groups were
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FIG. 1. Characteristics of IAs in OVX*/HT and OVX/HT rats. A: Schematic of the experimental protocol. B: Systolic blood pressure
before and 2, 6, and 10 weeks after aneurysm induction. C: Body weights recorded at 10 weeks after aneurysm induction (n = 16,
each group). *p < 0.05, two-tailed unpaired Student t-test. Data are presented as mean + SD. D: Representative vascular corro-
sion casts from sham-operated and OVX*/HT rats. Note the formation of an unruptured IA, the irregular endothelial cell imprints,
and enlargement of vessel at the left PCA in the OVX*/HT rat. E: Ruptured aneurysms at the anterior communicating artery

(Acom A) and PCA in an OVX*/HT rat and the incidence of ruptured |As in OVX/HT and OVX/HT rats. *p = 0.03, Fisher’s exact

test. F: SAH-free survival in OVX-/HT and OVX*/HT rats.

analyzed using a two-tailed unpaired Student t-test. Where
relevant, data are presented as the mean + SD. Differences
were considered significant at p < 0.05.

Results

Increased NLRP3 Expression and Decreased ERa
Expression at the Left PCA Prone to Rupture

As shown in Fig. 1A, 2 weeks after ligation of the ca-
rotid arteries, HT was induced, and the condition was
maintained during the subsequent observation period
(Fig. 1B). OVX*/HT rats had higher body weights than
OVX~/HT rats (Fig. 1C). The left PCA of all OVX*/HT
rats demonstrated the irregular endothelial cell imprints
and the vessel enlargement (Fig. 1D) reported in human
ruptured saccular IAs.2! Rupture in the left PCA was seen
in 3 (16%) of 19 animals during the observation period
between 8 and 60 days after the aneurysm-induction pro-
cess (oophorectomy, hemodynamic changes, and HT) for
4 weeks in OVX*/HT rats. On the other hand, ruptures
in other vessels were seen during the 60- to 90-day ob-
servation period, including the anterior communicating
artery in 3 animals (16%), the internal carotid artery in 2
animals (10%), and the middle cerebral artery in 1 animal
(5%). Notably, these findings indicated that ruptures oc-
curred earlier and at a higher frequency in the PCA than
in the other arteries. However, it was difficult to count the
correct number of unruptured [As at sites prone to rup-
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ture. The incidence of aneurysm rupture was significantly
higher (47% vs 16%, p = 0.03; Fig. 1E) and the SAH-free
survival rate was lower in OVX*/HT rats than in OVX~/
HT rats (Fig. 1F).

We examined the effect of estrogen deficiency on ex-
pression (at both the mRNA and protein levels) of the es-
trogen receptors ERa and ERp as well as that of NLRP3,
IL-1B, and MMP-9 in the rupture-prone vascular wall of
the left PCA. Notably, the level of the mRNA encoding
ERa., but not that of the mRNA encoding ERf, was signif-
icantly decreased in OVX*/HT rats compared with sham-
operated rats. In contrast, the levels of the mRNAs encod-
ing NLRP3, IL-1[3,and MMP-9 were significantly elevated
in OVX*/HT compared with OVX~/HT rats (Fig. 2).

Elevation of NLRP3 Protein Level Is Associated With
Decreased Sirt1 Protein Level Under Conditions of
Estrogen Deficiency

To examine the role of estrogen deficiency in the ac-
cumulation of NLRP3, IL-18, and MMP-9 and depletion
of ERa., we focused on Sirtl, a protein that is known to
attenuate the activation of inflammasomes.'*!> The level
of the Sirt/ mRNA was significantly lower in OVX*/HT
rats than in the sham-operated rats (Fig. 3A), suggesting
that the Sirtl transcript level is decreased in response to
estrogen deficiency.

To further clarify the relationship among the expres-
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FIG. 2. Changes in the expression (at the mRNA and protein levels) of ERa, NLRP3, IL-1/3, and MMP-9 in the left PCA prone to
rupture. A: Elastica van Gieson (EVG) staining and representative immunohistochemistry results following staining for ERc, ERf,
NLRP3, IL-18, and MMP-9. Sections were cut vertically at the left PCA as shown by the yellow lines. The red boxes denote the
portion of the PCA that is prone to rupture. Note disruption of internal elastic lamina in the intima and the degenerated matrix at the
PCA in the media of the OVX!/HT rat. Positive area was analyzed by BZ-X710 (Keyence). B: The levels of the mRNAs encoding
ERa, ERf3, NLRP3, IL-1/3, and MMP-9 in the left PCA OVX*/HT and OVX/HT rats at 10 weeks after IA induction; values in sham-
operated rats are provided for comparison. Each column of data indicates mean + SD. *p < 0.05, one-way ANOVA followed by the

Kruskal-Wallis test (6 rats in each group).

sion of ERa, ERp, Sirtl, and NLRP3 in PCAs prone to
rupture, we used HBSMCs and HBECs cultured in the
presence and absence of estrogen. In HBSMCs cultured
under estrogen-free conditions (Fig. 3B), the protein ex-
pression of ERa and Sirtl was decreased, and that of
ERp (column data not shown) and NLRP3 was increased,
compared with cells cultured in the presence of estrogen.
Young and Davisson?> showed that, in the central ner-
vous system, Ang II contributes to a hypertensive state.
Therefore, we treated HBSMCs with 10-¢ M Ang II to
mimic hypertensive conditions, as described in our previ-
ous study.?’ However, the protein expression of Sirtl and
NLRP3 was not affected by Ang I, in either the presence
or absence of estrogen (Fig. 3B), indicating the dominant
effects of estrogen even in the presence of Ang II or HT.

Downregulation of ERa and Sirt1 by Estrogen Deficiency
Leads to Activation of NLRP3, IL-1f3, and MMP-9 in HBECs
and HBSMCs

Given that Sirtl is associated with oxidative stress,??
we assessed the relationships among the protein levels of
Sirtl, endothelial nitric oxide synthase (eNOS), NADPH
oxidase 4 (NOX4), and NLRP3 in HBECs in the absence
of estrogen. Under estrogen-free conditions, depletion of
ERa, but not of ERp, was associated with a decrease in
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eNOS and Sirtl protein levels and an increase in NOX4
and NLRP3 protein levels (Figs. 3C and 4A). These cells
also exhibited elevated levels of IL-1 and MMP-9 pro-
teins (Fig. 3D), consistent with the increase in NLRP3.

In HBECs grown under estrogen-free conditions, we
further confirmed that treatment with 17f3-estradiol coun-
teracted the decrease in ERaq, Sirtl, and eNOS levels and
attenuated the increase in NOX4 and NLRP3 levels (Fig.
4A). In HBSMCs cultured under estrogen-free conditions,
we also observed a decrease in ERo and Sirtl protein lev-
els and an increase in NLRP3, IL-13, and MMP-9 protein
levels (compared with those in HBSMCs grown in the
presence of estrogen) (Fig. 4B).

Again, treatment with 17@-estradiol counteracted the
decreases in ERa and Sirtl protein levels and the increas-
es in NLRP3, IL-1f3, and MMP-9 protein levels otherwise
seen under estrogen-free conditions (Fig. 4B). These find-
ings in HBECs and HBSMCs may imitate the cerebral
vascular wall prone to rupture under estrogen deficiency,
suggesting that the depletion of Sirtl and ERa leads to
oxidative stress, resulting in the activation of the NLRP3/
IL-13/MMP-9 pathway in the vascular wall (Fig. 4C). The
depletion of NLRP3 and the accumulation of Sirtl in re-
sponse to ERa may be crucial to prevent the rupture of
IAs under estrogen-deficient conditions.
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FIG. 3. Effects of estrogen deficiency in cultures of HBECs and HBSMCs. A: The level of the mMRNA encoding Sirt1 at the left
PCA in IA model rats subjected to OVX/HT or OVX!/HT, and in sham-operated rats. *p < 0.05, one-way ANOVA followed by the
Kruskal-Wallis test (6 rats in each group). B: Western blot analysis of ERa, Sirt1, and NLRP3 protein levels in HBSMCs treated
with or without Ang Il (10-8 M) under estrogen-free (E2-) conditions. C: The expression of ERa, eNOS, Sirt1, NOX4, and NLRP3
proteins in HBECs cultured with or without estrogen, as quantified from the Western blot analysis. D: The expression of NLRP3,
IL-1B, and MMP-9 in HBECs cultured with or without estrogen, as quantified from the Western blot analysis. Each experiment was
repeated four times; values are presented as mean + SD. *p < 0.05, Student t-test and one-way ANOVA followed by the Kruskal-

Wallis test. d = dalton; Kd = kilodalton.

ERa Modulator Counteracts the Decreased ERa and
Sirt1 Levels and Elevated NLRP3 Levels Seen Under
Estrogen-Deficient Conditions

To assess whether exposure to ER agonists counteracts
the decreased ERa and Sirtl levels and increased NLRP3
levels seen under estrogen-free conditions, we tested the
effects of two separate molecules, an ERa-specific ago-
nist (PPT) and an ERp-specific agonist (DPN). Under
estrogen-free conditions, the exposure of HBECs and
HBSMCs to PPT reversed the effect of estrogen deficiency
on the levels of Sirtl and NLRP3 proteins (Fig. 5A and B),
while exposure to DPN did not (data not shown).

In a further experiment, we examined (in the rat IA
model) the effects of treatment with BZA, a selective
modulator of ER, on ERa, Sirtl, and NLRP3 levels. We
previously observed that treatment with 1 mg/kg BZA
resulted in decreases in the levels of the mRNAs encod-
ing IL-1$ and MMP-9.° However, in that previous study,
we did not address the detailed mechanism of this effect,
including the possible involvement of NLRP3. Therefore,
in the present work, we treated OVX*/HT rats by oral ad-
ministration of 1 mg/kg of BZA. There was no difference
in blood pressure between groups dosed with and without
BZA (data not shown). However, BZA counteracted the
depletion of ERa and Sirtl protein levels and the accu-
mulation of NLRP3 protein and normalized the increase
in vascular diameter otherwise seen in OVX*/HT rats
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(Fig. 5C). Notably, treatment with BZA also resulted in
increased SAH-free survival in the rat A rupture model
(Fig. 5D). Thus, the elevation of ERa and Sirt1 protein lev-
els by exposure to an ER modulator appeared to contribute
to the inhibition of the IA rupture in this animal model.

Discussion

In this study, we documented a relationship between
upregulation of the NLRP3/IL-13/MMP-9 pathway and
downregulation of ERa and Sirtl at the left PCA, a site
prone to rupture in the estrogen-deficient rat IA rupture
model. We also demonstrated that the observed decreas-
es in ERa and Sirtl, in contrast to the activation of the
NLRP3/IL-13/MMP-9 pathway at the mRNA and protein
levels, were dependent on estrogen deficiency but were not
affected by exposure to Ang II. These findings suggest
that the estrogen deficiency—induced depletion of ERa
and Sirtl may activate the NLRP3 inflammasome sepa-
rately from any effects of HT. To further confirm these
relationships, we used HBECs and HBSMCs. In HBECs
cultured in estrogen-free medium, the decreased expres-
sion of ERa and Sirt]l presumably elicits accumulation of
NOX4 protein and depletion of eNOS protein, resulting
in the generation of reactive oxygen species and the ac-
cumulation of NLRP3, IL-1f, and MMP-9. These changes
were abrogated by supplementation of the growth medium
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FIG. 4. Effects of 17f3-estradiol on protein expression in HBECs and HBSMCs cultured under estrogen-free (E2-) conditions.
A: Western blot analysis in HBECs. The addition of 17f3-estradiol (107 M) counteracts the decreased expression of ERa, Sirt1,
and eNOS and the increased expression of NOX4 and NLRP3 seen in cells grown in the absence of estrogen. B: Western blot
analysis in HBSMCs. The addition of 17p-estradiol (107 M) counteracts the decreased expression of ERa, Sirt1, and eNOS
and the increased expression of NLRP3, IL-13, and MMP-9 seen in cells grown in the absence of estrogen. Each experiment
was repeated four times; values are presented as mean + SD. *p < 0.05, one-way ANOVA followed by the Kruskal-Wallis test.
C: Schematic figure summarizing the postulated effects of estrogen deficiency in the 1A wall that is prone to rupture.

with estrogen or with the ERa-specific agonist PPT, but
not with the ERfB-specific agonist DPN (data not shown).
Taken together, these results suggest that IA rupture may
be attributable, at least in part, to the upregulation of the
NLRP3/IL-13/MMP-9 pathway through the decrease of
ERa and Sirt] expression due to estrogen deficiency.

ERo and ERP regulate distinct sets of genes and medi-
ate various effects on different cells and tissues.?* The re-
lationship between NLRP3 and ERs differs depending on
pathway organization.?>-?® In a preliminary clinical study,
Zhang et al."’® reported accumulation of NLRP3 protein
in the vascular wall of ruptured IAs, but no subsequent
studies (to our knowledge) have evaluated the activation of
NLRP3 in the context of ER expression in TAs.

In our in vitro study using HBECs and HBSMC:s, treat-
ment with an ERa agonist exerted beneficial effects simi-
lar to those seen with estrogen. Novella et al.” reported that
estradiol exposure results in decreased expression of most
inflammatory cytokines in the early stages of menopause,
suggesting that the effect of estrogens is time dependent.
In the present study, estrogen deficiency was induced by
oophorectomy, which may (at the earliest time points af-
ter oophorectomy) impose effects similar to those of peri-
menopause.

Our study demonstrated the depletion of ERa and the
accumulation of NLRP3 at the rupture-prone PCA, result-
ing in an increase in IL-1 and MMP-9 in the rat IA rupture
model as well as in HBECs and HBSMC:s cultured under
estrogen-deficient conditions. These effects were accompa-
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nied by a decrease in Sirtl protein levels and an increase
in the levels of NOX4, IL-1p, and MMP-9 proteins, consis-
tent with the results seen in other studies. Specifically, the
activation of Sirtl was shown to inhibit the expression of
NLRP3 in human umbilical vein endothelial cells.”® Addi-
tionally, according to Gorenne et al.,*® Sirtl in human vas-
cular smooth muscle cells protects against DNA damage
and medial degeneration and inhibits atherosclerosis. We
hypothesize that a decrease in Sirtl protein levels facilitates
the activation of NLRP3, thereby inducing the accumula-
tion of IL-13 and MMP-9, leading in turn to IA rupture.
Administration of 178-estradiol restored aortic Sirtl ex-
pression, activated eNOS, and retarded oophorectomy-in-
duced arterial senescence and atherosclerotic development.
BZA, an ER modulator, also potentiated Sirtl expression
while inhibiting arterial senescence and atherosclerotic
development."” Thus, administration of estrogen or BZA
counteracts the deleterious changes otherwise induced by
Sirtl expression. In a separate study, our group has shown
that BZA inhibits the rupture of IAs at the left PCA, an
effect that is accompanied by decreases in the levels of the
mRNA encoding IL-1f3 and MMP-9 in OVX*/HT rats."” In
the present study, we demonstrated that the expression of
ERa and Sirtl is significantly decreased in OVX*/HT ani-
mals, in contrast to the activation of NLRP3 at the vascular
wall prone to rupture. Furthermore, treatment of IA model
animals with BZA resulted in increases in vascular ERa
and Sirt]l and decreases in NLRP3, leading to an improve-
ment in SAH-free survival. These findings support the hy-
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FIG. 5. Effects of ER modulators in HBECs and HBSMCs and the vascular wall. A and B: Representative Western blot analysis

of ERa, Sirt1, and NLRP3 in HBECs (A) and HBSMCs (B) cultured with or without ERcx agonist PPT (10-% M). Each experiment
was repeated four times; values are presented as mean + SD. *p < 0.05, one-way ANOVA followed by Kruskal-Wallis test. C: Rep-
resentative immunohistochemistry of ERa, Sirt1, and NLRP3, and changes in diameter of vascular wall, as assessed in vehicle
control (VC) and animals treated with ER modulator BZA (1.0 mg/kg/day). All rats harbored IAs prone to rupture. C: Treatment with
BZA increases SAH-free survival in a rat model of IA rupture. *p < 0.05, log-rank test.

pothesis that A rupture is associated, at least in part, with
the activation of NLRP3 following the depletion of ERa
in a rat IA model. Consistent with our conjecture, Laser et
al.* reported that in a mouse model, the activation of ERa
suppresses the formation of abdominal aortic aneurysms
and decreases the expression of vascular MMP-2 and -9.
Our study has some limitations. We found that the accu-
mulation of NLRP3 protein was associated with decreased
levels of ER and of Sirtl in the PCA prone to rupture in
oophorectomized rats. We previously determined the
mRNA level of /L-15 and MMP-9 in animals dosed with
BZA, but this was not assessed in the present study. In
addition, we did not examine the expression of IL-1§ and
MMP-9 in HBECs and HBSMC:s subjected to PPT in the
in vitro study. Although the in vitro studies using HBECs
and HBSMC:s partially mimicked estrogen-deficient con-
ditions, these in vitro models do not exactly reproduce the
conditions that would be seen in a clinical setting. In ad-
dition, we were able to count the number of ruptured an-
eurysms, but not the number of unruptured IAs, because
unruptured IAs are prone to rupture. Furthermore, given
that the pathogenesis of unruptured and ruptured IAs is
multifactorial, we cannot rule out contributions to aneu-
rysm ruptures by mechanisms not addressed in our study.

Conclusions

This work is the first study (to our knowledge) to show
a relationship between NLRP3 activation and IA rupture
associated with the depletion of ERa and Sirtl under estro-
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gen-deficient conditions. We postulate that the depletion of
ERo and Sirt] elicits the activation of NLRP3 via oxidative
stress, leading to the elevation of IL-1f and MMP-9 levels,
and subsequently to vascular damage and IA rupture. Op-
timal management of these risk factors may be needed to
prevent the rupture of IAs in postmenopausal patients.
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