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AIMS
Activation of vascular GPER has been linked to vasodepressor effects in animals.
However, the significance of GPER regulation on chronic blood pressure control
in humans is unknown.

METHODS
To examine this question we determined the functional significance of
expression of a common missense single nucleotide variant of GPER, P16L in
vascular smooth muscle cells, and its association with blood pressure in
humans. Further, to validate the importance of carrying GPER P16L in the
development of hypertension we assessed allele frequency in a cohort of
hard-to-treat hypertensive patients referred to a tertiary care clinic.

RESULTS
Expression of the GPER P16L variant (V) vs. wild type (WT) in rat aortic vascular
smooth muscle cells, was associated with a significant decrease in G1 (1 μM,
a GPER agonist)-mediated ERK phosphorylation (slope of the function of
G1-stimulated ERK phosphorylation: GPER content WT: 16.2, 95% CI 9.9, 22.6; V:
5.0, 95% CI 1.0, 9.0; P < 0.005) and apoptosis (slope of the function of
G1-stimulated apoptosis: GPER content: WT: 4.4, 95% CI: 3.4, 5.4; V: 2.5, 95% CI
1.6, 2.3 P < 0.005). Normotensive female subjects, but not male subjects,
carrying this hypofunctional variant (allele frequency 22%) have increased blood
pressure [mean arterial pressure: P16/P16: 80 ± 1 mmHg (n = 204) vs. P16L
carriers: 82 ± 1 mmHg (n = 127), 95% CI for difference: 0.6, 4.0 mmHg, P < 0.05],
[systolic blood pressure: P16/P16: 105 ± 1 mmHg vs. P16L carriers: 108 ±
1 mmHg, 95% CI for difference:1.0, 5.1 mmHg, P < 0.05], [diastolic blood
pressure: P16/P16: 66 ± 0.5 mmHg vs. P16L carriers 68 ± 0.7, 95% CI for
difference: 0.2, 3.6 mmHg, P < 0.05]. Further, the P16L allele frequency was
almost two-fold higher in female vs. male hypertensive patients (31% vs. 16%,
allele ratio 0.5, 95% CI 0.32, 0.76, P < 0.05).

CONCLUSIONS
The common genetic variant, GPER P16L, is hypofunctional and female carriers
of this allele have increased blood pressure. There was an increased prevalence
in a population of hard-to-treat hypertensive female patients. Cumulatively,
these data suggest that in females, impaired GPER function might be associated
with increased blood pressure and risk of hypertension.

WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT
• GPER is a newly recognized G protein

coupled receptor linked to the actions of
oestradiol.

• GPER activation mediates vasodilation and
regulates vascular cell growth.

• However, the significance of GPER
regulation in the regulation of human
cardiovascular function is unknown.

WHAT THIS STUDY ADDS
• We have identified that a common missense

genetic variant of GPER, P16L GPER, is
hypofunctional when expressed in vascular
smooth muscle cells.

• Further females carrying this genetic variant
have increased blood pressure and have a
higher allelic prevalence in a highly selected
population of hard-to-treat hypertensive
patients.

• In total these studies support an important
role of GPER in vascular regulation.
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Introduction

The G protein coupled oestrogen receptor (GPER, aka
GPR30) is a recently recognized G-protein coupled recep-
tor (GPCR). GPER is widely expressed in a variety of tissues
including the vasculature [1]. GPER was first characterized
as an orphan GPCR [2]. GPER was subsequently demon-
strated to mediate non-oestrogen receptor, rapid effects
of oestradiol. The initial studies of the functional impact of
GPER activation most frequently focused on its effects on
growth regulatory mechanisms. Both proliferative/anti-
apoptotic [3–5] as well as antiproliferative/pro-apoptotic
effects [6, 7] have been shown in various cell models. In rat
aortic vascular smooth muscle cells [8] and endothelial
cells [9] we have shown that GPER activation stimulates
apoptosis, via an ERK-dependent mechanism.

The role of GPER has been increasingly appreciated in
haemodynamic regulation. GPER stimulation has generally
been reported to mediate endothelial-dependent vasodi-
lation [10].

Although, the effects of GPER activation on vascular
reactivity and regulation of vascular and endothelial cell
growth have been established in cell models and in
animals, the significance of GPER regulation in chronic
blood pressure control in humans is unclear. In rat models,
GPER activation lowers blood pressure both acutely [11]
and chronically [12, 13] although not universally [14]. In
mice, genetic deletion of GPER has been associated with an
age-dependent increase in blood pressure in female (but
not male) mice in one model [15]. However, these blood
pressure changes were not consistently observed in the
three other mouse GPER knockout models [16]. It is
notable that in at least one of those models, although
there was no reported difference in blood pressure, mice
with genetic deletion of GPER had increased body weight
and visceral obesity [11]. The impact of chronic GPER regu-
lation on cardiovascular function and/or body weight in
humans is unknown.

To address this question we assessed the functional
significance of expression of a common missense single
nucleotide variant and consequently assessed the impact
on blood pressure regulation of carrying the allele for this
change-in-function variant of GPER.

Three single nucleotide variants in the GPER gene have
now been reported (http://www.ncbi.nlm.nih.gov/SNP).
One of these variants is the relatively common (allele
frequency ∼20%), namely GPER1 missense variant P16L,
which results in substitution of leucine for a proline at
amino acid residue 16 (http://www.ncbi.nlm.nih.gov/SNP/
snp_ref.cgi?rs=11544331). Correlation of expression of this
variant with histopathological characteristics of human
breast cancers has been reported [17]. However, the
impact on cardiovascular function of carrying this genetic
variant is unknown.

Based on these considerations we assessed associa-
tion of the GPER P16L variant with subphenotypes related

to the potential effects of GPER regulation on human car-
diovascular function. We demonstrate that this genetic
variant of GPER is hypofunctional when expressed in
vascular smooth muscle cells. Further we show that
female humans carrying this variant have higher blood
pressure.

Methods

Vascular smooth muscle cells (VSMC) culture
Rat aortic smooth muscle cells were isolated from six male
rats as described previously, and cultured in DMEM with
10% fetal bovine serum supplemented with gentamicin
and amphotericin B (Invitrogen™, Carlsbad, CA, USA) [8].
Rats utilized in our studies as a source of aortic smooth
muscle cells were maintained at Western University
London, Canada and experiments were performed follow-
ing the guidelines and protocols approved by the Univer-
sity Council on Animal Care (UCAC) for animal research.
Notably these cells have abundant expression of GPER
when freshly isolated which is quickly down-regulated
when maintained in culture and with the shift of these
cells from a ‘contractile’ to a ‘synthetic’ phenotype [18].
Thus we previously have utilized these cultured rat aortic
VMSC as a ‘null’ background in which we could modulate
relative GPR30 expression with adenoviral-mediated gene
transfer [8].

Assessment of the functionality of the P16L
GPER genetic variant vs. wild type (WT) GPER
In order to determine the functional impact of the expres-
sion of the GPER P16L variant, rat vascular smooth muscle
cells were transduced with either WT GPER or GPER P16L
using adenoviral constructs at varying gene doses.
Western blots were used to verify the extent of GPER
protein expression. ERK phosphorylation and apoptosis
were both assessed to determine wild type vs. variant
receptor functionality.

GPER gene transfer in vascular smooth
muscle cells
Rat vascular smooth cells were infected with adenoviral
constructs, adenoWTGPER or adenoP16LGPER, for 24 h at
37°C following which infection media were replaced with
fresh phenol red-free media, as phenol red has been
reported to have oestrogenic activity [19]. Cells were uti-
lized for experimentation 48 h post-infection with serum
deprivation for the last 24 h.

Assessment of ERK phosphorylation
by immunoblotting
Vascular smooth muscle cells were infected with either WT
GPER or variant GPER P16L adenovirus for 24 h, the
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medium was replaced with phenol red-free DMEM and
incubated for an additional 24 h. Cells were then treated
with the GPER agonist, G1 [20] (1 μM; Calbiochem-
Novabiochem Corporation, San Diego, CA, USA) for 15 min
and subsequently lysed. Whole cell lysates were resolved
on SDS-PAGE, transferred to PVDF membrane and blotted
with anti-phospho-ERK antibody (at a dilution of 1:1000,
Cell Signaling Technology, Danvers, MA, USA) to assess the
extent of phospho-ERK expression or use of the anti-flag
antibody, anti-M2 (at a dilution of 1:1000, Sigma-Aldrich
Canada Ltd, Oakville, ON), to assess the extent of GPER
expression as we have previously described [8].

Assessment of apoptosis by annexin V labelling
This was carried out using techniques that we have pre-
viously described [8, 21]. Vascular smooth cells were
cultured 24 h before gene transfer and infected with
adenoviral constructs expressing WT GPER, P16L GPER or
GFP (as a control) for 24 h. The infection medium was then
replaced with phenol red-free DMEM without serum. After
48 h of serum starvation, cells were treated with G1 (1 μM)
for 24 h, detached with trypsin and washed in phosphate
buffered saline (PBS). Pooled intact cells were sus-
pended in annexin binding buffer containing fluorescein
isothiocyanate–conjugated annexin V (0.25 μg ml−1) (BD
Biosciences, Mississauga, ON, Canada) and propidium
iodide (5 μg ml−1) (Sigma-Aldrich, Oakville, Canada) and
incubated in the dark for 15 min. Annexin V binding was
assessed using a BD FACScalibur flow cytometer (BD
Biosciences). A total of 20 000 events were analyzed for
double-stained positive cells for each sample with FlowJo
software (Tree Star Inc.) by a blinded observer. Data were
normalized relative to the control levels of annexin-
positive staining determined for each experiment.

Human subject protocol
A) For normotensive healthy subjects We studied 507
normal, healthy subjects, 18–39 years of age including
both males and females. Informed consent was obtained
for all analyses, with approval from the Western University
Research Ethics Review Board. Recruitment was based on
local advertizing and e-mail invitations for volunteers
within the Robarts Research Institute and Western Univer-
sity. Exclusion criteria included: history of cardiovascular
events, average alcohol intake over 2 units per day,
pregnancy and use of anti-hypertensive drugs or
anticoagulants.

Blood pressure was assessed while seated and the
measurement protocol was in accordance with the Cana-
dian Hypertension Education Programme (CHEP) recom-
mendations for the measurement of ambulatory blood
pressures [22]. Blood pressures and heart rates were deter-
mined as the average of five sequential measurements of
seated blood pressure and heart rate (BP Tru, VSM, Van-
couver, British Columbia, Canada). Data on gender, weight,
height, waist circumference and smoking status were

also obtained. A blood sample was taken for genetic
determinations.

Overall, these subjects had the following demographic
characteristics: 65.3% were women; the mean age was
23.7, 95% CI 23.2, 24.2 years. The weight (kg), BMI (kg m−2)
and waist circumference (cm) were 69.9, 95% CI 68.6, 71.2;
23.4, 95% CI 23.1, 23.8; 80.1, 95% CI 79.2, 81.2, respectively.

B) For hypertension clinic patients One hundred and fifty
patients with a presumptive diagnosis of primary hyper-
tension were recruited from a tertiary care level hyperten-
sion clinic where they had been referred for management
of difficult-to-treat hypertension. Informed consent was
obtained for all analyses, with approval from the Western
University Research Ethics Review Board. Hypertensive
subjects studied had the following demographic charac-
teristics: 39.3% were women and the mean age was 54.1,
95% CI 52.6, 55.7 years. The height (cm), weight (kg),
BMI (kg m−2), waist circumference (cm) and heart rate
(beats min−1) were 170, 95% CI 168, 172; 97, 95% CI 93, 99;
33, 95% CI: 31, 34; 104, 95% CI 102, 107 and 75, 95% CI 72,
77, respectively. Blood pressure determinations were per-
formed using BP-Tru as described above.

Genotyping Genomic DNA was extracted from
whole blood and genotyped for GPER as previously
described [23].

Data analysis For the normotensive population screen-
ing, the statistical significance of differences in quantita-
tive variables between wild type and GPER P16L variant
groups was determined by Student’s t-test for unpaired
data (Prism 4.0, GraphPad Software, San Diego, CA, USA). P
< 0.05 was taken as the minimum value of significance. Chi
square test was used to compare the genotype frequen-
cies in the healthy, normotensive vs. hypertension clinic
populations. The association of GPER genotype with blood
pressure was assessed by ANOVA after adjusting for
covariates using a general linear model as we have previ-
ously reported [24]. This approach has been suggested to
be an appropriate model especially in the setting of unbal-
anced study designs and reports significance after all
assessed covariates are taken into account [24, 25]. The
GPER genotype was introduced as a dichotomous variable
CC (wild type-WT) or CT+TT (carrier) during the analysis.
The dependent variable for all analysis was the blood pres-
sure and the independent variables used were genotype,
age, BMI and waist circumference. This analysis was done
for the normotensive population and both males and
females. SAS statistical software, version 9.1 (SAS institute,
Inc., Cary, NC, USA) was used for all statistical analyses.

For determination of the differences in slopes for
G1-mediated ERK phosphorylation and G1-mediated
apoptosis for vascular smooth muscle cells expressing
either the WT or variant, data was fit by linear regression
and comparison of fits was determined by F-test based on
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the null hypothesis that the slopes were the same (Prism
4.0, GraphPad Software, San Diego, CA, USA).

All data are reported as either mean ± standard error of
the mean (SEM) with the 95% confidence interval (CI) or
where appropriate as the mean (95% CI).

The drug/molecular target nomenclature used in this
manuscript conforms to the British Journal of Pharmacolo-
gy’s The Concise Guide to PHARMACOLOGY 2013/2014
[26].

Results

The GPER P16L variant is hypofunctional
The extent of GPER-mediated ERK phosphorylation
is decreased in cells expressing the P16L variant of
GPER Our previous studies have demonstrated that in
vascular smooth muscle cells GPER activation mediates
ERK phosphorylation and ERK-dependent apoptosis [8].
Notably, in these previous studies we demonstrated that
the effect of the selective GPER agonist, G1, to mediate ERK
phosphorylation and apoptosis was GPER-dependent
(as shown using both pharmacological and shRNA
approaches) [8]. As depicted in Figure 1A, with increas-
ing GPER protein expression levels (as assessed by
immunoblotting and based on empirically increasing
the viral dose) the extent of GPER-mediated ERK
phosphorylation was increased (as assessed by response
to stimulation by the GPER agonist G1 [1 μM for 15 min]).
Across a greater than three-fold range of GPER protein
expression levels the extent of G1-mediated stimulation of
ERK phosphorylation was statistically significantly attenu-
ated in cells transduced with the P16L variant of GPER vs.
the WT (as assessed by the slope of the function of GPER-
mediated ERK phosphorylation/GPER expression; wild
type: 16.2, 95% CI 9.9, 22.6; P16L; variant: 5.0, 95% CI 1.0,
9.0, P < 0.05) (Figure 1A).

The extent of GPER-mediated apoptosis is decreased in
cells expressing the P16L variant of GPER As depicted in
Figure 1B, the extent of both GPER receptor expression
and GPER-mediated apoptosis was increased with increas-
ing protein expression of WT GPER, as assessed by
response to stimulation by the GPER agonist G1 (1 μM for
24 h). Further, the extent of GPER-mediated apoptosis was
significantly attenuated in cells transduced with the P16L
variant of GPER vs. WT GPER, viz. the slope of the function of
{the extent of GPER-mediated apoptosis/extent of GPER
expression} was statistically significantly lower in cells
expressing the GPER P16L variant compared with the wild
type (wild type: 4.4, 95% CI 3.4, 5.4; P16L variant: 2.5, 95%
CI 1.6, 3.3, P < 0.05; Figure 1B).

Healthy individuals carrying the GPER P16L variant have
higher blood pressures The surveyed population of
normal healthy adults (n = 507) reflected the ethnic back-
ground of the region, i.e. predominantly White (87%), with
a small subset of Asian (9%), a small subset of south Asian
(3%) and Black (1%) subjects. The genotype frequency for
GPER (WT [C] vs. GPER P16L variant [T]) were: wild type
homozygotes (CC) 61.5%, heterozygotes (CT) 32% and
P16L homozygotes (TT) 6.5%. The allele frequency of the
P16L variant in this population was 22.5%. There were no
significant differences in allele frequency between males
and females (males 22.4%, females 22.5%). GPER P16L
carriers (CT heterozygotes plus TT homozygotes) had
significantly higher mean arterial pressure (MAP) (83 ±
0.6 mmHg in P16L carriers vs. 81 ± 0.5 mmHg in P16/P16, P
< 0.05, 95% CI for BP difference 0.3, 3.2) (Figure 2A) and
systolic blood pressure (SBP) (111 ± 1 mmHg in P16L car-
riers vs. 109 ± 1 mmHg in P16/P16, P < 0.05, 95% CI for BP
difference 0.5, 4.2) than homozygotes for the WT allele
(Figure 2B). The difference in diastolic blood pressure
(DBP) (Figure 2C) in wild type (68 ± 1 mmHg) vs. GPER P16L
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Figure 1
GPER agonist G1 (1 μM)-mediated ERK activation and stimulation of apoptosis in vascular smooth muscle cells transduced with either GPER wild type or P16L
adenoviral construct. (A) Effect on G1-mediated ERK activation in vascular smooth muscle cells transduced with increasing viral doses of either GPER or
P16L adenovirus. (B) Effect on G1-mediated apoptosis in vascular smooth muscle cells transduced by increasing viral doses of either wild type GPER or P16L
GPER adenovirus. Data represent percentage of control vs. (flag-tagged) GPER expression as assessed by immunoblots using the anti-flag antibody (M2)
normalized to a common GPER control (a pool of GPER-transduced vascular smooth cell lysates). Each point represents the extent of G1-mediated effect for
a specific level of GPER protein expression of either WT or GPER P16L. * P < 0.05 based on a comparison of fits (Prism 4.0, GraphPad Software, San Diego
California). - - -, WT GPER; —, P16L GPER
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carriers (69 ± 1 mmHg) was not statistically significant, P =
0.053, 95% CI −0.02, 2.8. Paralleling the increase in blood
pressure, GPER P16L carriers had a higher BMI and
increased waist circumference (Table 1A).

The GPER P16L variant-associated rise in blood pressure is
gender-specific Females carrying the GPER P16L variant

had significantly higher mean arterial pressure (P16/P16,
80 ± 1 mmHg (n = 204) vs. P16L carriers, 82 ± 1 mmHg (n =
127), P < 0.05, 95% CI BP difference 0.6, 4.0), systolic blood
pressure (P16/P16, 105 ± 1 mmHg vs. P16L carriers, 108 ±
1 mmHg, P < 0.05, 95% CI BP difference 1.0, 5.1) and dias-
tolic blood pressure (P16/P16, 66 ± 1 mmHg vs. P16L car-
riers 68 ± 1, P < 0.05, 95% CI BP difference 0.2, 3.6).
Additionally, females carrying the GPER P16L allele had
increased BMI and waist circumference (Table 1B). The dif-
ference in blood pressure associated with carrying the
allele remained significant in females after adjusting for
covariates (i.e. age, BMI, waist circumference) (MAP: 82 ±
1 mmHg in P16L carriers vs. 80 ± 1 in P16/P16 carriers, P <
0.05, 95% CI for BP difference 1.8, 2.2, Table 2). In contrast
no statistically significant differences in any blood pressure
parameter were evident in males carrying the GPER P16L
variant (Figure 3).

The allele frequency of the GPER P16L genetic variant is
significantly higher in females with hypertension As an
initial approach to the question of whether carrying the
P16L GPER variant is associated with the development of
hypertension, we assessed the allele frequency of the GPER
P16L variant in a population of hypertensive subjects (n =
150) referred to a tertiary level care hypertension clinic
primarily for management of difficult-to-treat hyperten-
sion. The hypertensive subject population was almost
entirely White (98%). The allele frequency of the GPER P16L
variant was statistically significantly higher in hypertensive
females in comparison with hypertensive males (31% vs.
16%, P < 0.05, allele ratio 0.5, 95% CI 0.32, 0.76, P < 0.05).
Further, the allele frequency of the GPER P16L variant in
hypertensive women was statistically significantly higher
than that found among normotensive females (31% vs.
23%, allele ratio 0.7, 95% CI 0.53, 0.97, P < 0.05). In contrast,
in males with hypertension the allele frequency of the
GPER P16L variant was not significantly different from in
normotensive males and in fact, tended to be lower in
males with hypertension (16% vs. 22%). Overall, the hyper-
tensive patients (predictably) were older, had higher BMIs
and waist circumferences. However, no differences in age,
BMI or waist circumference were evident between hyper-
tensive groups based on carriage of the P16L GPER allele
(Table 3). Further, there were no differences in the baseline
number of antihypertensive medications prescribed for
those with or without the allele (Table 4). The percentage
of use of the varying classes of antihypertensive medica-
tions in the variant vs. wild type groups is presented in
Table 4.

Discussion

The importance of the G protein coupled receptor,
GPER, in mediating the vascular effects of oestradiol
has been increasingly appreciated [27, 28]. However, the
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Figure 2
Impact of GPER P16L expression on blood pressure in normotensive sub-
jects. Subjects were classified according to presence or absence of the
P16L genotype, i.e. the P16L (V) variant group consists of both T/T
homozygote C/T heterozygote subgroups. (A) Mean arterial blood pres-
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measured in wild type (CC) or GPER P16L variant (V) carriers. * represent P
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GPER genetic variant and blood pressure

Br J Clin Pharmacol / 78:6 / 1445



importance of GPER in regulation of cardiovascular func-
tion in humans is undefined. Utilizing a genetic variant
approach and examining the impact of a relatively
common missense GPER variant, GPER P16L, the current
studies demonstrate that i) the gene product of this
single nucleotide polymorphism is hypofunctional when
expressed in vascular smooth muscle cells, ii) females, but
not males, carrying this P16L variant have higher blood
pressure and iii) females with hypertension are more likely
to carry a GPER P16L allele. In total, these studies suggest
that genetic down-regulation of GPER activity parallels an
increase in blood pressure and risk of hypertension in
women, but not men. These data in aggregate support the
hypothesis that GPER regulation is important in the regu-
lation of cardiovascular function in women.

G protein coupled receptors and their linked trans-
membrane signalling proteins are important regulators of
both vascular reactivity and vascular growth. Based on
this premise, these proteins have been the focus of
candidate gene approaches to elucidate their roles in car-
diovascular disease generally and in hypertension [29].
GPCR/G protein/associated signalling proteins whose
genetic variants have been linked to increased blood
pressure and/or hypertension include the β1- and
β2-adrenoceptors [30], G-proteins (GNB3) [29], regulators
of G protein signalling (RGS2) [31, 32] G protein receptor

Table 1
Subject demographics: normal healthy adults

A

All normotensive subjects WT (n = 312) WT (95% CI) V (n = 195) V (95% CI) P value

Age (years) 23.7 23.2, 24.3 23.8 23.1, 24.6 0.8226
Height (cm) 170.3 169.2, 171.3 171.4 170.1, 172.7 0.1891

Weight (kg) 68.5 67, 70 72.2 69.9, 74.5 0.0063
BMI 23.5 23.1, 23.9 24.5 23.8, 25.1 0.0078

Waist circumference (cm) 79.3 78.1, 80.4 81.9 80.1, 83.6 0.0117

B

Normotensive females WT (n = 204) WT (95% CI) V (n = 127) V (95% CI) P value

Age (years) 23.5 22.8, 24.2 23.7 22.8, 24.7 0.6750
Height (cm) 165.6 164.7, 166.6 165.6 165.4, 167.6 0.2335

Weight (kg) 62.7 61.2, 64.2 66.1 63.9, 68.4 0.0085
BMI 22.8 22.3, 23.3 23.9 23, 24.7 0.0258

Waist circumference (cm) 75.7 74.4, 76.9 78.0 76.1, 79.8 0.0343

C

Normotensive males WT (n = 108) WT (95% CI) V (n = 68) V (95% CI) P value

Age (years) 24.2 23.2, 25.1 24.0 22.7, 25.3 0.8377
Height (cm) 179.1 177.8, 180.4 180.5 178.8, 182.3 0.1801

Weight (Kg) 79.5 77.2, 81.9 83.5 79.7, 87.4 0.0605
BMI 24.8 24.2, 25.4 25.6 24.6, 26.5 0.1227

Waist circumference (cm) 86.1 84.2, 87.9 89.1 86.2, 92.0 0.0642

Table 2
Summary of ANOVA for genotype and quantitative traits in normotensive
subjects

Whole population (507) F value P value

Dependent variable: mean arterial blood pressure
Sources of variation

GPER P16L 2.78 NS (0.096)
Age 9.61 0.002
BMI 0.27 NS (0.60)
Waist circumference 10.30 0.001

Females (331) F value P value

Dependent variable: mean arterial blood pressure
Sources of variation

GPER P16L 5.20 0.02
Age 11.10 0.001
BMI 0.90 NS (0.34)
Waist circumference 0.15 NS (0.70)

Males (176) F value P-value

Dependent variable: mean arterial blood pressure
Sources of variation

GPER P16L 0.00 NS (0.99)
Age 0.17 NS (0.68)
BMI 2.23 NS (0.14)
Waist circumference 0.33 NS (0.57)
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kinases (GRK4) [29] and adenylyl cyclases (ADCY6) [33].
However, the associations between blood pressure and
many of these candidate gene variations have been
inconsistent [34].

The current studies suggest that the P16L variant of
the GPCR, GPER, has significant effects on cardiovascular
regulation evident both in vitro in vascular smooth
muscle cells and in vivo with regard to blood pressure
and risk of hypertension in women. Previous studies by
our laboratory and others have suggested an important

role of GPER in regulation of ERK activation and vascular
cell growth and death [8]. Our current studies demon-
strate that in rat aortic vascular smooth muscle cells
(which lose expression of native GPER when maintained
in culture) the expression of the GPER P16L variant vs. WT
GPER results in attenuated GPER-mediated ERK activation
and GPER-mediated apoptosis. Notably, in these studies,
we compared the effects of multiple doses of each con-
struct (achieving a range of GPER protein expression
levels) and normalizing the effect of these doses based
on the extent of GPER protein expression achieved. We
have previously utilized this approach in our delineation
of the impact of expression of a common adenylyl cyclase
6 (ADCY6) genetic variant [33]. The importance of using
this approach is to establish that the differences seen
with expression of the GPER P16L are truly due to quali-
tative differences in the functionality of the genetic
variant P16L vs. WT receptor rather than simply quantita-
tive differences in expression of GPER as mediated by two
different adenoviral cDNA constructs.

GPER activation in acute studies mediates vasodilation
and reduces blood pressure [35]. Thus, we hypothesized
that impaired GPER function as mediated by a hypo-
functional GPER variant would be reflected by increased
blood pressure. An increase in blood pressure was
detected in those women carrying the GPER P16L
hypofunctional variant. The effect on blood pressure of
carrying this allele is almost 2 mmHg, an impact equivalent
to or greater than that of several of the genetic variants of
proteins more clearly linked to blood pressure regulation
in humans [36]. The potential impact of expression of the
GPER P16L genetic variant on blood pressure regulation
was supported by the increased allele frequency of this
genetic variant in patients referred to a tertiary care hyper-
tension clinic. The enrichment in allele frequency of almost
1.4 times for carrying the genetic variant in females with
hypertension is well within the range of reported ratios
of other genetic variants of proteins clearly associated
with BP regulation, including aldosterone synthase [37]
catechol-O-methyl transferase [38], GNB3 [39]. Beyond
the impact of carrying the GPER P16L as a risk factor for the
development of hypertension, these studies support the
concept that GPER regulation has a significant impact on
cardiovascular function.

The finding that the haemodynamic impact of carry-
ing the GPER P16L variant is restricted to females is
notable. GPER was initially characterized as mediating the
effects of oestradiol [40]. Hence an effect of expression of
a hypofunctional GPER leading to increased blood pres-
sure solely in females might be expected. However, it
should be noted that in the normotensive population
blood pressure tended to be higher in males as well as
females carrying the P16L GPER genetic variant. Thus
whether the inability to determine a significant increase
in blood pressure in males carrying the GPER P16L variant
reflected either a lesser importance of GPER in regulating
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Figure 3
Gender-specific effect of GPER P16L expression on blood pressure in nor-
motensive subjects. (A) Mean arterial blood pressure, (B) systolic blood
pressure or (C) diastolic blood pressures were significantly higher in
females, but not males, carrying the GPER P16L variant (V). * represents P
< 0.05 vs. wild type. , WT (females = 204, males = 108); , P16L (females
= 127, males = 68)
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blood pressure in males or a type II error for the ability to
determine a change in blood pressure in males compara-
ble with that seen in females cannot be conclusively
determined.

It may be reasonable to query why this genetic variant
has not been previously suggested as a candidate gene
based on prior genome-wide association studies in
hypertension. However, as far as we have been able to
determine, none of the arrays used in the hypertension
studies listed in the catalogue of published genome-
wide association studies (GWAS) carried the SNP of in-

terest (rs11544331) (https://www.genome.gov/page.cfm
?pageid=26525384#searchForm) [41–50]. In this context,
our current studies emphasize that the full range of poten-
tial candidate genes in hypertension may have been
incompletely characterized in past GWAS efforts and as
well emphasizes the importance of gender-specific consid-
erations in the identification of hypertension candidate
genes.

The increase in blood pressure in those carrying the
GPER genetic variant paralleled an increase in BMI and vis-
ceral fat (as assessed by waist circumference) in the nor-

Table 3
Subject demographics: hypertensive patients

A

All patients WT (n = 91) WT (95% CI) V (n = 59) V (95% CI) P value

Age (years) 53.5 51.5, 55.6 55.1 52.57, 57.53 0.3487
Height (cm) 171.1 168.6, 173.6 168.5 165.7, 171.3 0.1787

Weight (kg) 98.8 94.5, 103.2 92.9 87.1, 98.6 0.0986
BMI 33.8 32.31, 35.29 33.4 33.2, 35.5 0.7222

Waist circumference (cm) 105.7 102.6, 108.9 102.4 98.06, 106.7 0.2044

B

Hypertensive females WT (n = 27) WT (95% CI) V (n = 31) V (95% CI) P value

Age (years) 53.0 48.57, 57.43 52.8 49.4, 56.2 0.9411
Height (cm) 159.7 157.2, 162.2 160.8 158.5, 163.1 0.5201

Weight (kg) 93.7 82.76, 104.6 87.9 80.1, 94.7 0.3445
BMI 36.6 32.77, 40.33 33.6 31.1, 36.2 0.1836

Waist circumference (cm) 103.0 96.19, 109.9 99.3 93.4, 105.3 0.4044

C

Hypertensive males WT (n = 64) WT (95% CI) V (n = 28) V (95% CI) P value

Age (years) 53.8 51.5, 56.1 53.0 48.8, 57.1 0.7143
Height (cm) 176.0 173.4, 178.6 177.1 174, 180.2 0.6328

Weight (kg) 101.0 96.7, 105.3 98.4 88.9, 107.9 0.5668
BMI 32.6 31.2, 34.0 33.0 29.3, 36.8 0.7977

Waist circumference (cm) 106.9 103.4, 110.4 105.9 99.4, 112.4 0.7781

Table 4
Antihypertensive drugs and drug class distribution

Antihypertensive class (n (%))
Wild type (CC) (n = 91) Variant (CT/TT) (n = 59)

Females (n = 27) Males (n = 64) Females (n = 31) Males (n = 28)

β-adrenoceptor antagonists 6 (22%) 11 (17%) 4 (13%) 4 (14%)
Calcium channel blockers 10 (37%) 28 (44%) 6 (19%) 8 (29%)

Diuretics 8 (30%) 19 (30%) 12 (39%) 6 (21%)
Angiotensin converting enzyme inhibitor (ACE-I) 12 (44%) 20 (31%) 15 (48%) 15 (54%)

Angiotensin II receptor blockers (ARB) 7 (26%) 21 (33%) 10 (32%) 6 (21%)
Potassium sparing diuretic 4 (15%) 2 (3%) 3 (10%) 1 (4%)

Number of antihypertensive treatments (95% CI) 2.0 (1.6, 2.4) 1.7 (1.4, 2.0) 1.5 (1.2, 1.9) 1.7 (1.3, 2.1)
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motensive patient population. It is of note that this genetic
variant of GPER has not been identified to date as a poten-
tial candidate gene for obesity in association studies.
However it is notable that genetic variants of other GPCRs
as well as G proteins have been linked with obesity, such as
associations between GNB3 C825T variant and waist
circumference in North American aboriginal people [51,
52]. Some polymorphisms affecting genes encoding
GPCRs, such as B3ADR encoding the β3-adrenoceptor, also
have been associated with indices of obesity [53],
although less consistently.

Important limitations to these studies should be noted.
The population of hypertensive patients studied was one
that had been referred to a tertiary care level subspecialty
clinic generally reserved for difficult-to-treat hypertension.
Thus whether the increased odds ratio seen in the current
study was specific for more difficult-to-treat patients with
hypertension or was more generalized to patients with
milder forms of hypertension has yet to be determined.
Further, although we have demonstrated that carrying a
GPER variant which is hypofunctional, when expressed in
vascular smooth muscle cells, parallels increased blood
pressure and a greater frequency of carriage in hard-to-
treat hypertensive females, the basis for the causal relation-
ship between the attenuation in GPER-mediated vascular
effects and increased blood pressure remains conjecture.
GPER activation has been described to have a range of
metabolic and CNS effects [54]. Further, the increase in
blood pressure in those females carrying the variant GPER
allele was also associated with increased BMI (a well estab-
lished risk factor for the development of hypertension).
However, even when adjusted for BMI, the increase in
blood pressure in females carrying the P16L GPER genetic
variant remained significant. Notwithstanding, impair-
ment of GPER responses at non-vascular target sites, which
might also underlie the association with increased BMI,
could also contribute to the increase in blood pressure
seen in females carrying the GPER P16L allele.

In summary, our studies demonstrate that expression
of a common GPER genetic variant parallels impaired
GPER-mediated function, increased blood pressure and an
increased risk of hypertension. Overall, they support an
important role of GPER in regulation of cardiovascular
function in women.
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