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Abstract

Cardiovascular benefits from estradiol activation of nitric oxide endothelial production may depend on vascular wall and on
estrogen receptor alpha (ESR17) and nitric oxide synthase (NOS3) polymorphisms. We have evaluated the microcirculation
in vivo through nailfold videocapillaroscopy, before and after acute nasal estradiol administration at baseline and after
increased sheer stress (postocclusive reactive hyperemia response) in 100 postmenopausal women, being 70 controls
(healthy) and 30 simultaneously hypertensive and diabetic (HD), correlating their responses to Pvull and Xbal ESR1
polymorphisms and to VNTR, T-786C and G894T NOS3 variants. In HD women, C variant allele of ESRT Pvull was associated to
higher vasodilatation after estradiol (1.72 vs 1.64 mm/s, p=0.01 compared to TT homozygotes) while G894T and T-786C
NOS3 polymorphisms were connected to lower increment after shear stress (15% among wild type and 10% among variant
alleles, p=0.02 and 0.04). The G variant allele of ESR1 Xbal polymorphism was associated to higher HOMA-IR (3.54 vs. 1.64,
p=0.01) in HD and higher glucose levels in healthy women (91.8 vs. 87.1 mg/dl, p=0.01), in which increased waist and
HOMA-IR were also related to the G allele in NOS3 G894T (waist 93.5 vs 88.2 cm, p=0.02; HOMA-IR 2.89 vs 1.48, p=0.05).
ESR1 Pvull, NOS3 G894T and T-786C polymorphism analysis may be considered in HD postmenopausal women for
endothelial response prediction following estrogen therapy but were not discriminatory for endothelial response in healthy
women. ESRT Xbal and G894T NOS3 polymorphisms may be useful in accessing insulin resistance and type 2 diabetes risks in
all women, even before menopause and occurrence of metabolic disease.
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Introduction

Cardiovascular (CV) disease remains the leading cause of female
mortality [1]. Women’s CV risk increases steadily after 60 years
[2], ie., ten years after menopause, potentially due to loss of
estrogen cardio protective effects. However, studies examining
hormone therapy (HT) in relation to CV events are contradictory,
probably due to different vascular wall conditions, which can be
affected by HT timing and also by co-morbidities [3]. Nowadays
28% of 4564 years old American women present 2-3 chronic
conditions, hypertension/diabetes (HD) being the second most
prevalent dyad, representing 23.6% of the couplets [4]. Early
postmenopausal simultaneously HD women would likely present a
more advanced-for-age vascular impairment. Predicting HT' CV
effects in HD women would be particularly important, since their
baseline CV risk may be higher than that of healthy early
postmenopausal ones.

The central target of estrogen anti-atherosclerotic action is the
endothelium, a monolayer of cells covering internally the vascular
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wall. It functions as a barrier, but, most importantly, produces
nitric oxide (NO) by converting L-arginine to L-citrulline upon
activation of endothelial nitric oxide synthase (eNOS) [5]. Other
stimuli like sheer-stress after exercise physiologically activate
eNOS genomic production, resulting in hyperemia due to NO
vasodilatatory effect. NO modulates blood flow and pressure and
has important anti-atherogenic effects on platelets and vascular
smooth muscle cells. Endothelial dysfunction, i.e., the inability of
the endothelium to liberate NO properly, is considered the first
step of the atherosclerotic process and a predictor of CV disease;
moreover, the lack of endothelial-derived NO is associated to
vasospasm and vascular infarction [6], [7]. Estradiol (E2) has a
major impact on the vasculature, enhancing the release of dilating
factors such as NO, prostacyclin, and endothelium-derived
hyperpolarizing factor (EDHF), and decreasing the vasoconstrict-
ing ones like endothelin and angiotensin II [8]. Both destruction of
the endothelial layer and administration of NO inhibitors were
shown to prevent estrogen vascular effects in rats [9]. Later on, a
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sequence of non-classical, non-genomic, E2 receptor membrane
actions involving rapid signal-transduction pathways was detailed,
including activation of phosphatidylinositol 3-kinase, protein
kinase B (Akt) cascade generation and, by Gou-protein interaction,
long lasting estrogen-mediated eNOS phosphorylation and
genomic NO production [10], [11], [12].

Estradiol actions are manifest through estrogen nuclear
receptors alpha (ERa) and beta (ER), encoded by ESRI and
ESR2 genes, respectively [13], and one G-protein coupled
receptor [8]. Most reports consolidated ERo as the main
responsible for E2 endothelial effects [14]: eliminating ERa from
endothelial cells resulted in abolishment of E2-induced NO release
[15]; likewise, NO bioavailability and the consequent vasodilata-
tion induced by E2 were abolished in ERot KO mice [11]. ESRI is
located in chromosome 6p25.1 and encodes a 6.8-kilobase mRNA
containing eight exons [16]. Puvull (rs2234693) and Xbal
(rs9340799), mapped in intron 1, are the two most studied
polymorphisms of ESRI associated to CV risk factors, such as
dyslipidemia, insulin resistance, hypertension, central obesity and
type 2 diabetes [17], [18], [19]. The Pvull polymorphism, caused
by a G>T transition is located =0.4 kb upstream from exon 2 and
the Xbal polymorphism, caused by a G>A transition, is located
approximately 50 bp apart from the Poull polymorphic site [20],
[21]. Genetic influences on E2 vasodilatatory effect involve also
the NOS3 gene, located on chromosome 7q35-36 [22], from
which few polymorphisms have proven functional importance. In
this study, we focused in three NOS3 variants: VNTR (27 bp TR),
T-786C (rs2070744), and G894T (rs1799983). VNTR is charac-
terized by variable tandem repeats of 27 bp in intron 4 (4a/b) and
has been associated with variations in NO, nitrite, and nitrate
plasma levels that may reflect eNOS activity [23]. T-786C, a T>
C transition in the promoter region of the gene reduces its activity
and affects eNOS protein expression and function [24], [25].
G894T, a G>T substitution at nucleotide 894 in exon 7, causes
structural change of eNOS protein that down regulates eNOS
activity [26], [27].

Microvascular endothelial function can be studied through
nailfold videocapillaroscopy (NVC), a well-validated technique
which measures vasodilatation (reactive hyperemia response) as an
evidence of NO liberation after ischemia/reperfusion, provoked
by an occlusion distal to the examined area, with subsequent
release and consequent sheer-stress endothelial stimulation. In this
study we have used this technique to assess endothelial function
before and after acute estradiol administration in HD and healthy
postmenopausal women and analyzed the responses in each group
in relation to ESRI and NOS3 polymorphisms, in order to
identify genetic benefit/risk determinants of HT endothelial
effects, both in healthy and CV risk patients.

Patients and Methods

Ethics Statement

This study was conducted according to principles expressed in
the Declaration of Helsinki and was approved by Hospital da
Lagoa Ethics Committee (Research protocol no. 02/2005). The
participants were informed about the design of the study and
possible risks and discomforts related to the experiment, and all of
them signed a written informed consent, approved by the Ethics
Committee.

Patients

One hundred postmenopausal women were selected from the
Gynecological Endocrinology Clinic (Hospital da Lagoa, Rio de
Janeiro, R]J, Brazil). Patients were divided into 2 groups: HD
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(n=30), defined as simultaneously hypertensive (blood pressure
[BP] >140x90 mmHg in at least 3 occasions or known
hypertension controlled with medication) coupled with altered
fasting plasma glucose (>110 mg% in at least 2 occasions) or
diabetes mellitus using oral hypoglycemic agents; and healthy
(n=70), normotensive (BP <140x90 mmHg) and normoglycemic
(fasting plasma glucose <100 mg%). In addition, HD women
should be <60 years old and have <10 years of hormone
deprivation (defined as time since menopause minus years of
HT). Points for age, previous total and HDL cholesterol, smoking
status and systolic blood pressure through the Framingham Risk
Score were used to select HD patients with a 10-year risk for
coronary heart disease <1% [28]. In most postmenopausal
women composing the control group, mean age and time since
menopause were similar to HD, although a larger limit for age
(above 60 up to 70 years in 13 patients) and years of hormone
deprivation >10 years (in 3 women) were tolerated for inclusion,
as long as these women remained healthy.

Exclusion criteria were BP >160/100 mmHg, previous CV
event, thyroid dysfunction, use of Ca**-channel or B-blockers,
sulfonylureas, corticosteroids, tranquilizers and soy isoflavones,
evidence or suspicion of hormone dependent cancer and past
venous thromboembolism. The procedure was fully explained to
each patient. Women on current HT (n=10 in HD group and
n=17 in C group) withhold it one month before NVC evaluation,
scheduled at the Laboratory for Clinical and Experimental
Research on Vascular Biology (BioVasc).

Methods

On the day of the experiment, each patient arrived in the
morning, after 12 hours fasting, had the blood sample collected
and waited for 30 min, acclimatized at 24=1°C, during which she
answered clinical questions and had her blood pressure and waist
assessed by the same observer. From the same blood sample,
hormone and inflammatory markers determinations were per-
formed at Laboratorio Diagnoésticos da Ameérica; biochemical
determinations at Hospital da Lagoa, according to methodology
and reference values given below. Genetic determinations were
performed in part of the total blood collected, maintained in
EDTA tubes without heparin and stored in a —70°C freezer until
DNA extraction.

Glucose and insulin were measured by enzymatic colorimetric
method (reference value <99 mg/dl) and chemiluminescence kit
(reference values 3-16 mcUI/ml), respectively. HOMA- IR index
[29], an estimation of insulin resistance, was calculated as fasting
insulin (mU/]) x fasting glucose/22.5 (reference value 2.1%0.7).
Estradiol was measured by chemiluminescence using an automat-
ed XP kit (Siemens Diagnostics; reference values for postmeno-
pausal women without HT were <44 pg/ml). TSH (for exclusion
of thyroid dysfunction) was measured by chemiluminescence using
an automated Advia Centaur XP kit (Siemens Diagnostics;
reference values 0.350-5.900 mcU/ml). High sensitivity C-reac-
tive protein was measured by nefelometry, being considered
indicative of low if=0.099 mg/dl; intermediate if between 0.1 to
0.3 mg/dl and high cardiovascular risk if >0.3 mg/dl. Oxidated
LDL was determined by espectofotometry (reference value <
0,5 nM/mg ApoPt). Triglycerides, total and HDL cholesterol
were determined by enzymatic colorimetric kits (reference values
<150 mg/dl, <200 mg/dl and >40 mg/dl, respectively). LDL
cholesterol was calculated from previous dosages (reference values
<130 mg/dl).
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Nailfold videocapillaroscopy (NVC)

This technique is a non-invasive, accurate and reproducible
exam derived from capillaroscopy [30] fully described previously
[31]. Briefly, the patient was comfortably seated in a chair with her
4th finger of the left hand positioned at the heart level under the
view of a microscope (DM/LM, Leica, Wetzlar, Germany)
connected to a CD recorder. Capillaries, microvessels with only
the endothelial layer, and red blood cells passing through them
were directly visualized and images stored to be further analyzed
by another observer, with the help of specific computer assisted-
software. Red blood cell velocity (RBCV, mm/s) at rest was used
to quantify blood flow and tissue perfusion. A maneuver to elicit
NO production was performed, namely 1 min ischemia and
subsequent reactive hyperemia response upon occlusion release,
eliciting red blood cell velocity to reach a peak (RBCV,,,,, mm/s).
The time to reach the peak (ITRBCV,,.,, s) was used to infer the
elasticity of the vascular wall. NVC was performed twice in each
patient: at baseline (NVC) and, in continuity, 1 hour after acute
nasal 17B-estradiol application (NVCy). This approved drug for
menopause treatment in Brazil acts in a pulsed fashion, with
plasma estradiol levels reaching 1,200-1,500 pg/dl up to 30 min
after administration, saturating estrogen receptors and returning
to postmenopausal values after 2 hours. Succeeding NVC,, the
patient received breakfast and was discharged.

DNA extraction and genotyping analysis

Genomic DNA was extracted from peripheral blood leukocytes
using a QIAamp DNA Blood Mini Kit following manufacturer’s
protocol (Qiagen). All DNA samples were assayed using polymer-
ase chain reaction (PCR) for detection of polymorphisms in ESR]
(Pvull and Xbal) and NOS3 genes (VNTR, T-786C and G894T).
PCR reactions were performed in a final volume of 25 ul,
containing approximately 50 ng of genomic DNA, 1 pmol/l of
each primer, 0.2 mmol/l dNTPs, and 1.25 U of DNA Polymerase
(Life Technologies).

Genotyping of ESRI polymorphism was performed using
PCR-restriction fragment-length polymorphism (PCR-RFLP)
analysis [32]. Genotyping of Pvull and Xbal polymorphisms
was performed using the following oligonucleotide primers:
5'CTG CCA CCC TAT CTGTAT CTT TTC CTATTC
TCC3' (sense) and 5"TCT TTC TCT GCC ACC CTG GCG
TCG ATT ATC TGAS3' (antisense). To differentiate Pvull and
Xbal polymorphisms, PCR product of 1,372 bp was digested for
3h with Puvull and Xbal restriction enzymes, separately.
Digestion products were electrophoresed on 2.5% agarose gel
stained with GelRed (Biotium). After Pvull digestion, wild-type
TT produced fragments of 982, and 390 bp, while mutated
homozygous variant CC exhibited one fragment of 1,372 bp.
Fragments for Xbal digestion were: mutated homozygous variant
AA produced fragments of 936, and 436 bp, and the wild-type GG
exhibited one fragment of 1,327 bp.

The VNTR region of NOS3 was amplified using the primers
5'AGG CCC TAT GGT AGT GCC TTT3' (sense) and 5'TCT
CTT AGT GCT GTG GTC AC3’ (antisense), as described
elsewhere [33]. PCR products were visualized in 4% agarose gels
stained with GelRed (Biotium). Alleles obtained when this region
was amplified were classified according to number of repeating
units. Alleles ¢, a, b, and y were found, consisting of 3, 4, 5, 6 or 7
repeating units. For analysis, only alleles with four or five repeating
units were included. For T-786C polymorphism of NOS3, 282 bp
fragment was amplified using primers 5'TGG AGA GTG CTG
GTG TAC CCC A3’ (sense) and 5'GCC TCC ACC CCC ACC
CTG TC3' (anti-sense) as described elsewhere [34]. PCR products
were then digested for 3 hours by Mspl and visualized in 4%
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agarose gels stained with GelRed (Biotium). TT homozygotes had
two fragments (140 bp and 40 bp), TC heterozygotes had four
DNA bands (194 bp, 149 bp, 88 bp and 45 bp), and CC
homozygotes showed three fragments (90 bp, 50 bp, and 40 bp).
For NOS3 G894T polymorphism, PCR primers were generated to
amplify a 248 bp fragment encompassing the missense mutation:
5'AAG GCA GGA GAC AGT GGA TGG A3’ (sense) and
5'CCC AGT CAA TCC CTT TGG TGC TCA3' (antisense).
PCR products were then digested for 16 hours with Banll and
visualized in 3% agarose gels stained with GelRed (Biotium). As
described previously [34], GG homozygotes had two fragments
(163 bp and 85 bp), GT heterozygotes had three DNA bands
(248 bp, 163 bp and 85 bp), and TT homozygotes showed only
one fragment (248 bp).

Hardy-Weinberg equilibrium was determined with use of a %2
goodness-of-fit test on the basis of expected frequencies, calculated
using the assumption of Hardy-Weinberg equilibrium. Statistical
analysis was performed on each group separately using the
Windows software SPSS version 14.0. Failure of data to confirm
the normality hypothesis meant that ANOVA or t-tests could not
be performed and nonparametric tests, U-Mann Whitney to
contrast two samples, and Kruskal-Wallis (with Dunn’s multiple
comparison test) to contrast more than two samples were therefore
applied. Results were considered significantly different for p<<0.05.

Results

Clinical, videocapillaroscopy and laboratorial data from 100
postmenopausal women, divided into HD (n=30) and healthy
(n=70) groups, are presented in Table 1. Although many results
do not follow a Gaussian distribution, mean and median values
were very close. Mean age, time since menopause, intensity of
vasomotor symptoms, estradiol levels, previous smoking or oral
contraceptive use, and inflammatory markers were similar. As
expected, most anthropometric and metabolic analyzed parame-
ters differed between groups. Videocapillaroscopy results were
similar between groups, except for time to reach maximal red
blood cell velocity before estradiol (TRBCV,.y1), which was
shorter in HD women. Estradiol increased at rest and peak RBCV
both in HD and healthy women.

The frequency of ESRI (Pvull and Xbal) and NOS3 (VNTR,
T-786C and G894T) polymorphisms in HD and healthy women
are shown in Table 2. Few variants were not successfully
genotyped in every sample, thus numbers reported for specific
polymorphism may vary. In most instances, polymorphic homo-
zygotes and heterozygotes were grouped because some variant
alleles were underrepresented among groups, hindering statistical
analysis. All polymorphisms analyzed did not deviate significantly
from Hardy—Weinberg equilibrium in both groups. We found
similar distribution of polymorphisms in white and non-white
individuals (data not shown), as well as in HD and healthy women,
except for NOS3 VNTR: the frequency of aa genotype was higher
among HD women (17.2%) than in the healthy group (3.1%,
p=0.02).

ESR1 polymorphisms associated outcomes

When the vasodilatatory response to estradiol was correlated to
ESR1I polymorphisms, we found that HD women who had at least
one variant (C) allele of ESRI Pvull polymorphism exhibited
higher RBCV, (1.72 vs 1.64 mm/s, p=0.01 compared to T'T
group, Figure 1A). After estradiol this subgroup of HD women’s
RBCYV was close to the absolute median value reached by healthy
women (1.71 mm/s). In the healthy group, RBCV response after
estradiol did not differ in relation to ESR1 Puull polymorphisms.
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ESRI Xbal polymorphisms did not influence videocapillaro-
scopy responses to estradiol in the healthy group (1.69 mm/s for
AA and AG/GG groups). RBCV, tended to be higher in HD
women harboring at least one G allele, but the results were not
statistically significant (1.71 for AG or GG vs 1.67 mm/s for AA
genotype, p =0.10, Figure 1C). HD women who had at least one
variant allele of the Xbal polymorphism (AG or GG genotypes)
showed higher HOMA-IR (3.54) than the wild-type homozygous
ones (1.64, p=0.01); healthy women with at least one G allele
showed higher glucose levels than the AA subgroup (91.8 vs.
87.1 mg/dl, p=0.01, Table 3).

NOS3 polymorphisms associated outcomes
VNTR NOS3 polymorphisms, which showed different frequen-
cies between HD and healthy women, did not correlate with any

studied variables. On the other hand, NOS3 T-786C C and
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Table 2. Frequencies of ESRT and NOS3 polymorphisms in HD and healthy women.

HD HEALTHY
ESR1 n (%) n (%) P value
Pvull
TT 11 (36.7) 24 (34.3) reference
TC 18 (60.0) 36 (51.4) 1.00
cC 1(3.3) 10 (14.3) 0.242
TC+CC 19 (63.3) 46 (65.7) 0.823
Total 30 70
Xbal
AA 15 (50.0) 37 (52.9) reference
AG 14 (46.7) 30 (42.8) 0.825
GG 1(3.3) 3 (4.3) 1.00
AG + GG 15 (50.0) 33 (47.1) 0.830
Total 30 70
NOS3 n (%) n (%) P value
VNTR
aa 5(17.2) 2(3.1) reference
ab 8 (27.6) 17 (26.2) 0.091
bb 16 (55.2) 46 (70.7) 0.024
ab + bb 24 (82.8) 63 (96.9) 0.027
Total 29 65
T-786C
TT 19 (63.3) 33 (47.1) reference
TC 11 (36.7) 32 (45.7) 0.276
cC 0 5(7.2) 0.158
TC + CC 11 (36.7) 37 (52.9) 0.190
Total 30 70
G894T
GG 19 (63.3) 38 (55.1) reference
GT 11 (36.7) 28 (40.6) 0.658
TT 0 3 (4.3) 0.545
GT+TT 11 (36.7) 31 (44.9) 0.512
Total 30 69
Comparison between genotypes was performed by Fisher's exact test.
doi:10.1371/journal.pone.0103444.t002

G894T T alleles were associated with lower RBCV, increments
after the reactive hyperemia response in HD women, being these
increments of about 15% among wild type and about 10% among
those harboring variant alleles (p=0.02 and 0.04, respectively,
Figures 2D and F).

An association with lower HOMA-IR tended to occur in
healthy women in relation to T allele in NOS3 G&894T
polymorphism, although this result could be due to a narrower
waist circumference in this subgroup (Table 3).

In summary, ESRI Puull, NOS3 T-786C and G894T
polymorphisms influenced endothelial-mediated vasodilatatory
responses to estradiol and sheer stress, respectively, in early HD
postmenopausal women, while these genetic differences seemed
not to affect microvascular responses in healthy women.

The presence of G allele in ESRI Xbal was associated with
increased insulin resistance in HD patients and higher glucose

July 2014 | Volume 9 | Issue 7 | e103444
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Figure 1. RBCV, and RBCV, increment in HD women according to ESR7 Pvull and Xbal genotypes. Data are presented as Whiskers plot.
Comparison between groups was made by Mann Whitney test. RBCV,: Red blood cells velocity (mm/s) after estrogen administration. RBCV,
increment: Red blood cells velocity increment (%) after 1 min ischemia and subsequent reactive hyperemia response upon occlusion release after
estrogen administration. A and C, RBCV, and Pvull and Xbal genotypes, respectively. B and D, RBCV, increment and Pvull and Xbal genotypes,

respectively.
doi:10.1371/journal.pone.0103444.g001

levels in healthy women. NOS3 G894T T allele in healthy women
was associated with narrower waist and tendency to lower

HOMA-IR.

Discussion

Endothelial function can be studied through well-validated
techniques such as videocapillaroscopy, plethysmograhy and flow
mediated dilatation, which assess baseline flow and vasodilatation
during the reactive hyperemia response as evidence of NO
liberation, upon sheer-stress stimuli obtained after release from
induced ischemia. Acute nasal estradiol administration was based
on findings that, on cultured human endothelial cells, high
transient estradiol levels for one hour were shown to trigger eNOS
expression and activity by the same amount observed with 24 h
continuous exposure [35]. To know which polymorphisms

PLOS ONE | www.plosone.org

influence endothelial NO generation following estrogen could
help to understand an important endogenous mechanism against
initial atherosclerosis progression. Moreover, screening for specific
polymorphisms could be useful in predicting how early postmen-
opausal women with CV risk factors would react in response to
estradiol replacement therapy in terms of endothelial function
activation and NO release as a surrogate marker of future
cardiovascular benefits or risks.

Videocapillaroscopy results were similar between HD and
healthy women, except for time to reach maximum red blood cell
velocity before estradiol (TRBCV 1), which was shorter in HD
women, as previously described [36], probably due to higher
vascular wall stiffness, denoting some degree of atherosclerotic
infiltration. Nevertheless, women with CV risk factors in early
postmenopausal years showed to retain an endothelial function

July 2014 | Volume 9 | Issue 7 | e103444
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Figure 2. RBCV, and RBCV, increment in HD women according to NOS3 T-786C and G894T genotypes. Data are presented as Whiskers
plot. Comparison between groups was made by Mann Whitney test. RBCV;: Red blood cells velocity (mm/s). RBCV; increment: Red blood cells
velocity increment (%) after 1 min ischemia and subsequent reactive hyperemia response upon occlusion release. A, C, and E, RBCV, and VNTR, -786C,
and G894T genotypes, respectively. B, D, and F, RBCV; increment and VNTR, -786C, and G894T genotypes, respectively.
doi:10.1371/journal.pone.0103444.g002

comparable to healthy ones. Timing of initiation, or window of <10 years after menopause [37], may reflect a critical period of
opportunity, ultimately considered to be between 50-59 years or estrogen deficiency not long enough to impair receptor respon-
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siveness by allowing methylation upon disuse. We have to
emphasize that all HD women here studied were <60 years old
and had a Framingham Score estimating a 10-year risk for