
The Pharmacogenomics Journal
https://doi.org/10.1038/s41397-020-0155-4

ARTICLE

Estrogen receptor alpha gene variant, PvuII (rs2234693), as a
potential pharmacogenetic biomarker for aneurysmal subarachnoid
hemorrhage in postmenopausal women

Shruthi Shimoga Ramesh1
● Rita Christopher 1

● Bhagavatula Indira Devi2 ● Dhananjaya Ishwar Bhat2 ●

Dhaval Shukla2

Received: 28 September 2019 / Revised: 21 January 2020 / Accepted: 23 January 2020
© The Author(s), under exclusive licence to Springer Nature Limited 2020

Abstract
Aneurysmal subarachnoid hemorrhage (aSAH) occurs more often in postmenopausal women than in men. Estrogen plays an
important role in vascular homeostasis. Our aim was to elucidate whether a drop in circulating estradiol in conjunction with
variants of estrogen receptor genes have a role in female gender susceptibility to aSAH. A total of 709 subjects were enrolled
(349 aSAH patients, 360 controls) and genotyped for rs2234693 or PvuII (intron 1, T>C) in the ESR1 gene and rs4986938 or
AluI (exon 8, 1730G>A) of ESR2 gene by PCR-RFLP. Serum estradiol was estimated by ELISA. Estrogen receptor gene
expression was studied by qRT-PCR. Logistic regression analysis indicated a significant recessive effect of the T allele of
PvuII on aSAH in females, and this association remained statistically significant even after adjusting for confounders (OR
1.702, CI 95% 1.062, 2.726, P value = 0.027). ESR1 gene expression was significantly reduced (P value= 0.0089) in
subjects carrying PvuII T allele. In postmenopausal women with TT genotype and low serum estradiol, the odds for
developing aSAH were found to be 3.5-fold increase compared with premenopausal women (CI 95% 1.424–8.828, P value
= 0.0074). However, this variant showed no significant association with aSAH in men. No significant difference was found
in genotype and allelic distribution of AluI polymorphism in ESR2 gene, between patients and controls. We propose that the
PvuII T allele could be a potential pharmacogenetic marker for strategizing personal medicine for preventing aSAH in
postmenopausal women with low circulating estradiol. Further larger studies in other population are warranted.

Introduction

Subarachnoid hemorrhage (SAH), resulting from the rup-
ture of intracranial aneurysms (IAs), constitutes 5% of all
strokes and has a high rate of mortality and morbidity.
Epidemiological studies across the world suggest that the
incidence of aneurysmal subarachnoid hemorrhage (aSAH)
peaks around the 4–6th decades of life and is more common

in women than in men [1]. The female to male ratio is 2:1
[2]. The prevalence of aSAH is 3.2% in the overall popu-
lation, whereas it is 6% in women. Higher incidence of
aSAH in postmenopausal women is attributed to the
reduced levels of estradiol, the biologically active form of
estrogen, during menopause [3]. Estradiol plays an impor-
tant role in maintaining vascular endothelial integrity and
produces its effects through interaction with cytoplasmic
estrogen receptors (ERs). The protective effects of estradiol
in the vasculature are attributed to its vasodilatory proper-
ties via nitric oxide release, anti-inflammatory, anti-
apoptotic, antioxidative, cholesterol-lowering, and
antiatherogenic properties [4].

The actions of estradiol are mediated through ER alpha
and ER beta, the two most widely occurring ERs. These
receptors are ligand-activated transcription factors posses-
sing domains that are vital for hormone binding, DNA
binding and activation of transcription [5]. Upon binding of
estradiol, the receptors either homodimerize or hetero-
dimerize and regulate the transcription of target genes via
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estrogen responsive element-dependent and -independent
pathways that constitute genomic estrogen signaling [6].
ERs are reported to be present in cerebral vasculature
(endothelium and vascular smooth muscle layer) [7] and
have established roles in signaling pathways involving
endothelial nitric oxide synthase (eNOS), prostacyclin syn-
thase, NF-kb-mediated inflammation, MMP activity reg-
ulation, and apoptosis. These receptors play key roles in
estradiol modulation of cerebral vascular reactivity [4].

Numerous single-nucleotide polymorphisms (SNPs)
have been identified in ER genes. Polymorphisms in the ER
alpha (ESR1) and ER beta (ESR2) genes may modify
estrogen signal transduction and alter the downstream
events. The SNPs rs2234693 of ESR1 and rs4986938 of
ESR2, generally identified by their restriction endonu-
cleases, PvuII and AluI, respectively, are the most important
SNPs from the functional point of view based on previous
literature describing positive associations and in silico
characterization of functional SNP within the ER
genes [8, 9]. Although the association between these two
ER gene polymorphisms and vascular condition like
ischemic stroke [10, 11] has been evaluated, there are no
reports on the association of these gene variants with aSAH
which is more common in postmenopausal women. Further,
there are no published reports establishing an association
between estradiol levels and aSAH. Hence, in this study, we
aimed to investigate the possible association among circu-
latory estradiol levels, ER gene variants (PvuII and AluI),
receptor gene expression, and aSAH in Asian Indian
population.

Materials and methods

Subjects

This case–control study was conducted at the National
Institute of Mental Health and Neuro Sciences (NIMHANS)
in Bengaluru, India, a tertiary care center for neurological
disorders. Approval for the study was obtained from the
Institutional Ethics Committee and written informed con-
sents were obtained from all the study subjects or their legal
guardians. Patients admitted to the Neurosurgery Emer-
gency Care Unit, between April 2014 and March 2018, and
diagnosed with SAH secondary to rupture of an IA were
included in the study. The diagnosis was confirmed by
clinical examination and neuroimaging studies (CT scan/CT
angiogram and/or digital subtraction angiogram). Patients
who had severe associated comorbidities like terminal ill-
ness or severe systemic dysfunction were excluded. The
control group consisted of clinically normal, age- and
gender-matched volunteers who had no family history
of aSAH.

Clinical assessment

The baseline demographic data and history of conven-
tional vascular risk factors were recorded for all the
subjects. Clinical and radiological severity of SAH on
admission was classified according to the World Federa-
tion of Neurological Surgeons [12] and Fisher grading
system [13] for patients. The patients were managed in the
Neurosurgical Unit according to standard clinical
protocols.

Genotyping

Venous blood (5.0 mL) was collected into an EDTA
vacutainer from all study participants and the genomic DNA
was extracted from peripheral blood using modified
phenol–chloroform method [14]. Quantification of DNA
was done using Nano Drop 1000 (Thermo Fisher Scientific,
DE 19810, USA). Genotyping of PvuII (rs2234693) in the
ESR1 and AluI (rs4986938) in the ESR2 genes were carried
out by polymerase chain reaction (PCR, Eppendorf AG,
Hamburg, Germany) and restriction fragment length poly-
morphism (RFLP) method. The details of primers used and
RFLP are given in Supplementary Table 1. The PCR pro-
ducts were checked for amplification and digested using
restriction enzymes. Later, 2% electrophoresed agarose gels
with ethidium bromide staining were used to identify the
digested products. The RFLP results were verified by
Sangers sequencing of the PCR products (Supplementary
Fig. 1).

Relative quantitation of estrogen receptor gene
expression in peripheral blood mononuclear cells
(PBMCs)

PBMCs were isolated from the EDTA blood of from cases
(23) and controls (N= 45) using Histopaque-1077 (#10771,
Merck Sigma Aldrich, USA) by density gradient cen-
trifugation. Total RNA from PBMCs were extracted using
TRI reagent (# T9424, Merck Sigma Aldrich, MO, USA)
according to the manufacturer’s instructions. The high-
capacity cDNA reverse transcription kit (#4374966, Ther-
moFisher Scientific-Applied Biosystems, CA, USA) was
used for the reverse transcription of total RNA into cDNA.
The quantitative real-time PCR (qRT-PCR) was performed
using the TaqMan universal PCR master mix (#4324018,
ThermoFisher Scientific-Applied Biosystems, CA, USA)
and TaqMan gene expression probes. Amplifications were
run in 96-well optical reaction plates in Applied Biosystems
7500 fast real-time PCR System (ThermoFisher Scientific-
Applied Biosystems, CA, USA). The ESR1 gene expression
(TaqMan assay ID: Hs00174860_m1, ThermoFisher Sci-
entific, MA, USA) was normalized against reference gene
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glyceraldehyde 3-phosphate dehydrogenase expression
(TaqMan assay ID: Hs02758991_g1, ThermoFisher Scien-
tific, MA, USA) and the relative gene expression was cal-
culated using the 2−ΔΔCT method.

Estimation of serum estradiol level

The circulatory estradiol level was measured in all the
subjects by the enzyme linked immunosorbent assay
(ELISA) using commercially available kits (#ES180S,
Calbiotech, CA, USA). The sensitivity of the assay was
3.94 pg/mL. The intra- and inter-assay coefficients of var-
iation were 1.71% and 3.20%, respectively.

Statistical analysis

Statistical tools such as SPSS version 22.0 (IBM Corpora-
tion, NY, USA) and Graph Pad Prism v.6.0.1 (Graph Pad
Software, La Jolla, CA, USA) were used for analysis. For
categorical variables, chi-square test was used to assess
dissimilarity in demographic characteristics between
patients and controls. Chi-square test was performed to
check the Hardy–Weinberg equilibrium (HWE) and to
compare the allele and genotype frequencies between cases
and controls. Univariate odds ratio (OR) and 95% con-
fidence interval (CI) were estimated and multiple logistic
regression analysis was used to adjust the OR for age,
hypertension, smoking, and alcohol consumption.
Mann–Whitney test was performed for continuous para-
meters and to compare the relative mRNA expression levels
of ESR genes. Spearman test was used to check the corre-
lation between mRNA and estradiol levels. P value < 0.05
was considered statistically significant. The sample size was
calculated based on proportion difference with 80% of
power and 5% type I error.

Results

A total of 709 subjects were enrolled in the study including
349 patients with aSAH and 360 healthy controls. The
demographic details of the study participants and clinical
features of the aSAH patients are given in Table 1
and Supplementary Table 2, respectively. Out of 349 cases,
160 were males and 189 were females, with mean age of
55.15 ± 9.772 years. Control group consisted of 190 males
and 170 females, with mean age 53.22 ± 10.25 years.
Compared with controls, vascular risk factors such as
hypertension, smoking, and alcohol consumption were
more prevalent in cases (P < 0.0001).

A total of 678 subjects were genotyped (337 cases and
341 controls) for PvuII (rs2234693) in ESR1 and AluI
(rs4986938) in ESR2 genes. Allele distribution for both the
SNPs were in HWE (P > 0.05) in controls. However, in
aSAH female cases, allele distribution for PvuII variant was
found to deviate from HWE (P= 0.02, χ2= 5.31) indicating
a probable association between PvuII SNP and aSAH in
females [15]. In females, the presence of T allele in ESR1
gene and allele A in ESR2 gene had an odds of 1.4-fold risk
for aSAH (Table 2).

The genotype frequencies of PvuII (rs2234693) in aSAH
cases and controls are given in Table 2. The frequency of
the TT genotype of PvuII (rs2234693) was higher in aSAH
patients (36%) than in controls (31%). Gender stratified
analysis showed that TT genotype was significantly higher
(42%) in aSAH female cases when compared with female
control subjects (30%, P < 0.0252). However, the genotype
distribution did not alter much between patients and con-
trols in males.

Upon the analysis for different modes of inheritance in
females, the TT genotype was found to be significantly
associated with increased risk for aSAH under the recessive

Table 1 Demographic details of
the study participants.

Parameters Cases,
N= 349 (%)

Controls,
N= 360 (%)

P value

Age (years SD) 55.15 ± 9.772 53.22 ± 10.25 0.0109*

Gender (F/M) 189/160 170/190 0.0715

Hypertension 110 (31.51) 40 (11.11) <0.0001***

Diabetes 40 (11.46) 38 (10.55) 0.7201

Smoking 98 (28.08) 30 (8.33) <0.0001***

Alcohol consumption 65 (18.62) 25 (6.94) <0.0001***

Serum estradiol level (pmol/L) Median ± SEM Median ± SEM

Premenopausal women 47.81 ± 5.352 64.46 ± 3.054 0.0447*

Postmenopausal women 14.53 ± 1.490 16.5 ± 1.714 0.0361*

Men 28.56 ± 1.785 31.68 ± 1.658 0.2671

*P value < 0.05 is statistically significant.

The bold values denote statistical significance.
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model (crude OR 1.697, CI 95% 1.088–2.648, P= 0.02),
the additive model (crude OR 1.381 CI 95% 1.036–1.840,
P= 0.02) and when compared between homozygous and
heterozygous conditions. The association remained sig-
nificant even after adjusting for vascular risk factors such as
age, smoking, alcohol, diabetes, and hypertension. Hence,
TT genotype was independently associated with aSAH in
females (Tables 3 and 4). However, no association between

aSAH and PvuII variant was observed in male subjects
(Table 3).

Similarly, the AluI variant (rs4986938) in the ESR2 gene
was not associated with aSAH in males. Under the additive
model of inheritance, AA genotype showed an association
with aSAH (crude OR 1.465, CI 95% 1.022–2.099, P=
0.038) in females (Table 5). However, this association did not
remain significant after adjusting for covariates (Table 4).

Table 2 Genotype and allele
distributions of the estrogen
receptor gene polymorphisms
and their association with aSAH.

Gene variant Genotype and allele frequency (%) P value OR 95% CI

Cases, N (%) Controls, N (%)

Overall N= 337 N= 341

PvuII (rs2234693) in
ESR1 gene

TT 122 (36) 107 (31) 0.194 1.241 0.902–1.707

TC 151 (45) 159 (47) 0.644 0.929 0.687–1.257

CC 64 (19) 75 (22) 0.343 0.832 0.572–1.208

T allele 395 (0.59) 373 (0.54) 0.154 1.173 0.946–1.454

C allele 279 (0.41) 309 (0.45) 0.853 0.688–1.057

Females N= 184 N= 162

TT 78 (42) 49 (30) 0.025* 1.697 1.088–2.648

TC 72 (39) 74 (46) 0.232 0.765 0.499–1.173

CC 34 (19) 39 (24) 0.235 0.715 0.426–1.200

T allele 228 (0.62) 172 (0.53) 0.020* 1.439 1.063–1.949

C allele 140 (0.38) 152 (0.47) 0.695 0.513–0.9409

Males N= 153 N= 179

TT 44 (29) 58 (32) 0.551 0.842 0.526–1.347

TC 79 (52) 85 (48) 0.509 1.181 0.766–1.819

CC 30 (19) 36 (20) 1.000 0.969 0.564–1.665

T allele 167 (0.54) 201 (0.56) 0.696 0.938 0.690–1.276

C allele 139 (0.45) 157 (0.44) 1.066 0.784–1.449

AluI (rs4986938) in ESR2 gene Overall N= 337 N= 341

GG 171 (51) 184 (54) 0.442 0.879 0.650–1.188

GA 146 (43) 142 (42) 0.698 1.071 0.790–1.453

AA 20 (06) 15 (04) 0.390 1.371 0.690–2.726

G allele 488 (0.72) 510 (0.75) 0.325 0.885 0.695–1.127

A allele 186 (0.28) 172 (0.25) 1.130 0.888–1.439

Females N= 184 N= 162

GG 87 (47) 93 (57) 0.067 0.665 0.435–1.018

GA 84 (46) 63 (39) 0.231 1.320 0.856–2.027

AA 13 (07) 06 (04) 0.237 1.977 0.733–5.328

G allele 258 (0.70) 249 (0.77) 0.048* 0.707 0.502–0.994

A allele 110 (0.30) 75 (0.23) 1.416 1.000–1.991

Males N= 153 N= 179

GG 84 (55) 90 (50) 0.441 1.204 0.781–1.856

GA 62 (40) 80 (45) 0.505 0.843 0.545–1.305

AA 07 (05) 09 (05) 1.000 0.906 0.330–2.493

G allele 230 (0.75) 260 (0.73) 0.480 1.141 0.805–1.616

A allele 76 (0.25) 98 (0.27) 0.877 0.619–1.242

*P value < 0.05 is statistically significant.

OR odds ratio, CI confidence interval.

The bold values denote statistical significance.
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The circulatory estradiol levels of study participants are
given in Table 1. The serum estradiol levels in female aSAH
patients was found to be significantly lower than the amount
present in healthy female controls (premenopausal women
in controls 64.46; premenopausal women in cases 47.81
pmol/L; P= 0.0447; postmenopausal women in controls
16.5 pmol/L; postmenopausal women in cases 14.53 pmol/

L; P= 0.0361). No significant difference was observed in
males (controls 31.68 pmol/L; cases 28.56 pmol/L; P=
0.2671). To know whether estradiol levels vary between the
genotypes we performed Kruskal–Wallis test and
Mann–Whitney test in female healthy control samples. The
estradiol level was lower in TT genotype individuals com-
pared with individuals with CC genotype (Supplementary
Table 3). Postmenopausal status is associated with 1.7-fold
increase in the odds of aSAH. Postmenopausal women with
the TT genotype had 1.8-fold increase in risk for aSAH. In
addition, in postmenopausal women with TT genotype and
low levels of estradiol, the odds were found to be 3.5-fold
increase compared with premenopausal women (Table 6).

Furthermore, to evaluate whether genotypes affect the
mRNA levels of ERs, we performed qRT-PCR for ER alpha
mRNA (ESR1 gene expression) in PBMCs of the study
subjects (N= 68). The ESR1 mRNA level reduced sig-
nificantly (P= 0.0089) in the subjects carrying the T allele
(TT+ TC) compared with those with C allele (Fig. 1). The
circulatory estradiol level was positively correlated with
ESR1 gene expression (r= 0.4721, P < 0.0001, Fig. 1).

Discussion

The steroid hormone, estradiol, is believed to have a key
role in the maintenance of vascular homeostasis. Estradiol,
by upregulating the expression of eNOS gene, increases the
production of nitric oxide, an important vasodilator mole-
cule. It monitors hemodynamic stress by suppressing the
renin–angiotensin system. The hormone maintains the
integrity of blood vessels by regulating pro and anti-
inflammatory cytokines and preventing vascular inflamma-
tion. Estradiol reduces the oxidative stress by upregulating
the expression of antioxidant enzymes [4]. Consequently,
reduced levels of estradiol during menopause have been
proposed to explain the susceptibility of females to aSAH
[16]. SNPs in ER genes may alter the expression of
receptors and affect estrogen-mediated downstream events,
eventually resulting in disorganized vessel wall homeostasis
and aneurysm formation [17].

The primary receptor for estradiol, ER alpha, is encoded
by ESR1 gene which is located on chromosome 6p25.1 and
comprises of eight exons (coding region of DNA) and seven
introns (noncoding region). PvuII variant (rs2234693)
occurs in the first intron of the ESR1 gene [11]. The PvuII
polymorphism is a result of T→C transition at 397 base pair
upstream of exon 2 [18]. The ESR2 gene codes for ER beta
and its chromosomal position is 14q22–24, which encom-
passes eight transcribed exons. AluI polymorphism
(rs4986938) arises due to G→A transition at 1730 position
in the 3′ untranslated region downstream of exon 8 in the
ESR2 gene [19].

Table 3 Odds ratios as estimates of relative risk for aSAH in carriers
of the T allele of PvuII variant in the ESR1 gene.

Genetic models P value Crude OR 95% CI

PvuII (rs2234693)

Overall

Dominant model (TT+
TC vs CC)

0.333 1.203 0.828–1.748

Recessive model (TT vs TC+
CC)

0.185 1.241 0.902–1.707

Over dominant model (TC vs
TT+ CC)

0.634 0.929 0.687–1.257

Additive model (TT > TC > CC) 0.160 1.161 0.943–1.430

Multiple pairwise comparisons
(TT vs CC)

0.179 1.336 0.876–2.039

(TT vs TC) 0.295 1.201 0.853–1.690

(TC vs CC) 0.601 1.113 0.745–1.662

Females

Dominant model (TT+
TC vs CC)

0.204 1.399 0.833–2.348

Recessive model (TT vs TC+
CC)

0.020* 1.697 1.088–2.648

Over dominant model (TC vs
TT+ CC)

0.219 0.764 0.498–1.173

Additive model (TT > TC > CC) 0.028* 1.381 1.036–1.840

Multiple pairwise comparisons
(TT vs CC)

0.043* 1.826 1.020–3.269

(TT vs TC) 0.046* 1.636 1.010–2.651

(TC vs CC) 0.702 1.116 0.636–1.959

Males

Dominant model (TT+
TC vs CC)

0.909 1.032 0.601–1.773

Recessive model (TT vs TC+
CC)

0.473 0.842 0.527–1.347

Over dominant model (TC vs
TT+ CC)

0.451 1.181 0.766–1.818

Additive model (TT > TC > CC) 0.685 0.938 0.690–1.276

Multiple pairwise comparisons
(TT vs CC)

0.768 0.91 0.488–1.698

(TT vs TC) 0.424 0.816 0.496–1.342

(TC vs CC) 0.709 1.115 0.629–1.978

Odds ratios, OR, with the effects of T allele assumed to be dominant
and recessive.

CI confidence interval.

*P < 0.05 is statistically significant.

The bold values denote statistical significance.
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In our study we found significant independent associa-
tion between the T allele of PvuII variant in the ESR1 gene
and aSAH. Upon gender stratification this association

remained significant in females but not in males. Strand and
coauthors reported the presence TT genotype of PvuII
variant as an independent risk factor of intracerebral

Table 4 Odds ratios of genetic association of PvuII (rs2234693) variant in ESR1 and AluI (rs4986938) variant in ESR2 genes with aSAH
differentially modeled by adjustment of covariates in females.

Gene variant Mode of inheritance Model I OR (95% CI),
P value

Model II OR (95% CI),
P value

Model III OR (95% CI),
P value

PvuII Recessive model (TT vs TC+CC) 1.702 (1.081–2.681), 0.022* 1.652 (1.046–2.609), 0.031* 1.702 (1.062–2.726), 0.027*

Additive model (TT > TC > CC) 1.375 (1.023–1.840), 0.035* 1.354 (1.007–1.820), 0.045* 1.322 (0.976− 1.792), 0.071

Multiple pairwise comparisons

(TT vs CC) 1.781 (0.985–3.220), 0.056 1.705 (0.941–3.090), 0.079 1.584 (0.863–2.907), 0.137

(TT vs TC) 1.652 (1.013–2.695) 0.044* 1.600 (0.978–2.616), 0.061 1.730 (1.039–2.882), 0.035*

AluI Additive model (AA > AG > GG) 1.366 (0.946–1.971), 0.096 1.333 (0.921–1.929), 0.128 1.319 (0.901–1.931), 0.154

*P value < 0.05 is statistically significant.

OR odds ratio, CI confidence interval.

Model I: Adjusted for age.

Model II: Further adjusted for smoking and alcohol.

Model III: Additionally adjusted for hypertension and diabetes.

The bold values denote statistical significance.

Table 5 Odds ratios as estimates
of relative risk for aSAH in
carriers of the A allele of AluI
variant in the ESR2 gene.

Genetic models P value Crude OR 95% CI

AluI (rs4986938)

Overall

Dominant model (AA+GA vs GG) 0.446 1.124 0.832–1.520

Recessive model (AA vs GG+GA) 0.368 1.371 0.690–2.726

Over dominant model (GA vs AA+GG) 0.715 1.058 0.781–1.435

Additive model (AA >AG >GG) 0.328 1.135 0.880–1.463

Multiple pairwise comparisons (AA vs GG) 0.320 1.427 0.708–2.877

(AA vs AG) 0.460 1.306 0.643–2.651

(AG vs GG) 0.576 1.093 0.801–1.491

Females

Dominant model (AA+GA vs GG) 0.060 1.503 0.982–2.299

Recessive model (AA vs GG+GA) 0.178 1.977 0.733–5.327

Over dominant model (GA vs AA+GG) 0.205 1.320 0.860–2.027

Additive model (AA >AG >GG) 0.038* 1.465 1.022–2.099

Multiple pairwise comparisons (AA vs GG) 0.103 2.316 0.843–6.363

(AA vs AG) 0.351 1.625 0.585–4.511

(AG vs GG) 0.113 1.425 0.919–2.209

Males

Dominant model (AA+GA vs GG) 0.401 0.831 0.539–1.280

Recessive model (AA vs GG+GA) 0.848 0.906 0.329–2.492

Over dominant model (GA vs AA+GG) 0.444 0.843 0.545–1.305

Additive model (AA >AG >GG) 0.433 0.863 0.597–1.248

Multiple pairwise comparisons (AA vs GG) 0.729 0.833 0.297–2.338

(AA vs AG) 0.995 1.004 0.354–2.845

(AG vs GG) 0.413 0.83 0.532–1.296

Odds ratios, OR, with the effects of A allele assumed to be dominant and recessive.

CI confidence interval.

*P < 0.05 is statistically significant.

The bold values denote statistical significance.
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hemorrhage (OR 3.94, 95% CI 1.54–10.03) [8]. In another
study involving ischemic stroke patients there was a higher
frequency of TT genotype of PvuII polymorphism in
females compared with controls [11, 20]. Similar to the
promoter region, the first intron in a gene often comprises of
a number of regulatory sequences [21]. Also, intronic
enhancer regions which could amplify the transcription of
genes have been described in other genes [2]. An SNP in the
intron may not alter the target protein directly, but it could
result in altered splicing, binding of regulatory proteins and
gene expression [21]. This speculation was supported by the
work carried out by Herrington et al. [18], which showed
that the presence of T allele of PvuII variant in the ESR1
gene either eliminates or creates a weaker functional bind-
ing site for B-myb, a myeloblast transcription factor, when
compared with C allele. This could diminish the transcrip-
tion of ESR1 gene or might result in isoforms of full length
ER that have altered properties [18]. Hence, we studied ER
gene expression and found that PvuII ‘T’ allele carriers had
reduced expression of ESR1 gene.

Circulatory estradiol levels are also influenced by the
ESR1 gene variants [17, 22]. We observed that the PvuII ‘T’
allele carriers had low-estradiol levels compared with C
allele carriers. In addition, reduced circulatory estradiol
levels were correlated with decreased ESR1 gene expres-
sion. Our findings are supported by Schuit et al., who
hypothesized that ER alpha may regulate the expression of
the enzymes involved in the estradiol biosynthesis pathway.
PvuII polymorphism could alter the ESR1 gene expression
thereby affecting the downstream pathways and circulating
estradiol level [23]. They observed a significant, 22%
reduction in plasma estradiol levels in postmenopausal
women who were carriers of ESR1 PvuII-XbaI haplotype 1
(‘T-A’) when compared with noncarriers [22, 23]. In their
study, the estradiol levels in men were almost thrice the
level present in postmenopausal women [23]. Men possess
an intact hypothalamic–pituitary–gonadal axis and do not
experience the cessation of gonadal function like females.
Hence these authors suggest that, in men, the influence of
either the genetic variants or altered ER gene expression in

Table 6 Association of TT genotype of PvuII variant in ESR1 gene with aSAH in post and premenopausal women estimated by odds ratio at 95%
confidence interval.

Menopause status Premenopause Postmenopause

Cases/
controls, N

OR (95% CI), P value Cases/
controls, N

OR (95% CI), P value

Total 37/49 0.5805 (0.3547–0.9498), 0.0341* 147/113 1.723 (1.053–2.819), 0.0341*

Presence of TT genotype 19/18 1.818 (0.7632–4.330), 0.1939 59/31 1.773 (1.045–3.009), 0.036*

Presence of TT genotype with serum estradiol
<20 pmol/L

4/1 4.533 (0.4549–45.18), 0.3398 39/11 3.545 (1.424–8.828), 0.0074**

*P value < 0.05 is statistically significant.

OR odds ratio, CI confidence interval.

The bold values denote statistical significance.

Fig. 1 Relative expression of estrogen receptor alpha mRNA levels
(ESR1 gene expression) and the correlation between ESR1 gene
expression and estradiol levels. a Relative ESR1 gene expression in
PBMCs of subjects with genotypes TT, TC, and CC in the SNP PvuII.

The relative ESR1 gene expression is presented as mean ± SEM and
**P= 0.0089. b The circulatory estradiol level is positively correlated
with ESR1 gene expression as indicated by the scatter plot.
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the functioning of the hormone might be less important
when compared with postmenopausal women of the same
age group [23]. Further studies are needed to elucidate how
ESR1 expression may influence the feedback regulation of
other genes which are involved in the biosynthesis of
estradiol such as 17β-hydroxysteroid dehydrogenase (17β-
HSD), the enzyme responsible for selective transformation
of estrone into estradiol in various human nongonadal tissue
or aromatase that catalyzes the conversion of testosterone to
estradiol. Although there are experimental evidence sug-
gesting the protective effect of estradiol against aneurysm
formation and rupture, there is a lack of evidence from
human studies. Hence, to evaluate PvuII genotype as a
genetic biomarker in postmenopausal women for aSAH,
additional studies on larger population are necessary.

Researchers have found that women who had oral con-
traceptives pills (OCP) or hormone replacement therapy
(HRT) are significantly less likely to harbor cerebral aneur-
ysms when compared with those who had not taken OCP or
HRT earlier in their lives [24, 25]. The response to HRT in
postmenopausal women may also depend on the genetic
makeup of an individual [2, 26]. A study involving French
postmenopausal women revealed that, carriers of at least one
C allele of PvuII variant had significantly decreased risk of
dying from side effects of HRT when compared with those
with homozygous T allele, who had significantly increased
risk of cancer-related death with HRT [27]. Hence, PvuII
variant as a genetic marker could help in screening and
selecting susceptible postmenopausal women for further
management and in planning preventive strategies such as
HRT and personalized medicine to reduce mortality and
morbidity and socioeconomic burden due to aSAH.

Though we did not find any association between ESR2
gene variant and aSAH, few studies support the influence of
A/G allele of AluI on risk of other diseases associated with
vascular homeostasis [28, 29]. In a study involving ischemic
stroke patients, no association was found between variations
in the ESR2 gene and risk of ischemic stroke or stroke sub-
types in Caucasian men and women [10]. Although the
downstream effects of AluI polymorphism are unclear, it has
been suggested that the AluI polymorphism may modify the
mRNA stability and protein levels due to its occurrence in the
3′ UTR region (untranslated region). This region has targets
for micro RNAs (miRNAs), which regulate the protein
expression [19].

With evidence from our study, we propose that the T allele
of PvuII variant in the ESR1 gene modifies the ER alpha
expression and circulatory estradiol levels. Consequently, in
postmenopausal women, the reduced ligand-receptor interac-
tion in turn causes dysregulation of estrogen target genes
resulting in increased hemodynamic and oxidative
stress, endothelial dysfunction and chronic inflammation
ultimately leading to formation and rupture of IAs (Fig. 2).

Though HRT seems to be a possible and potential treatment
approach, the outcomes from major randomized clinical trials
are highly contradictory. The efficacy and outcome of a
hormone therapy depend on several factors such as age of an
individual, onset of menopause, genetic makeup, and envir-
onmental interactions. In addition, estradiol hormone treat-
ment related factors such as age at which therapy was
initiated, vascular ER distribution, density and integrity of
ERs, estradiol dosage, route of hormone administration,
duration, type of estradiol derivative, or preparation pre-
scribed etc. play a key role in the outcome of a therapy. Hence
a better understanding of the molecular actions of estradiol
and ER would help in optimizing the hormone therapy and
personalized medicine in postmenopausal women against the
formation and rupture of IAs.

Conclusion

To the best of our knowledge, this is the first study to explore
the association between estradiol levels, ER gene variants
(rs2234693 and rs4986938), and aSAH. We found that
postmenopausal women with low-estradiol levels and with
the TT genotype of PvuII variant in ESR1 gene, are at 3.5-
folds higher risk of sSAH. Hence we propose that the PvuII T
allele could be a potential genetic marker to identify high-risk
postmenopausal women with low circulating estradiol level,
for hormone replacement therapy. Further larger studies in

Fig. 2 The proposed model for the association between ESR1 gene
variant, estradiol levels, ER gene expression, and aSAH in post-
menopausal women. The T allele of PvuII variant in the ESR1 gene
modifies the ER alpha expression and circulatory estradiol levels.
Hence, the reduced ligand-receptor interaction in postmenopausal
women causes dysregulation of estrogen target genes in the cerebral
vasculature resulting in increased hemodynamic and oxidative
stress, endothelial dysfunction and chronic inflammation ultimately
leading to formation and rupture of IAs. aSAH aneurysmal sub-
arachnoid hemorrhage, ER estrogen receptor, E2 estradiol, IAs intra-
cranial aneurysms.
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other population are warranted to investigate the potential of
the PvuII polymorphism as a genetic marker to detect and
manage women who are at risk for aSAH.
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