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Evidence for G-Protein—Coupled Estrogen
Receptor as a Pronatriuretic Factor
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BACKGROUND: The novel estrogen receptor, G-protein—coupled estrogen receptor (GPER), is responsible for rapid estrogen
signaling. GPER activation elicits cardiovascular and nephroprotective effects against salt-induced complications, yet there is
no direct evidence for GPER control of renal Na* handling. We hypothesized that GPER activation in the renal medulla facili-
tates Na* excretion.

METHODS AND RESULTS: Herein, we show that infusion of the GPER agonist, G1, to the renal medulla increased Na* excretion
in female Sprague Dawley rats, but not male rats. We found that GPER mRNA expression and protein abundance were mark-
edly higher in outer medullary tissues from females relative to males. Blockade of GPER in the renal medulla attenuated Na*
excretion in females. Given that medullary endothelin 1 is a well-established natriuretic factor that is regulated by sex and sex
steroids, we hypothesized that GPER activation promotes natriuresis via an endothelin 1-dependent pathway. To test this
mechanism, we determined the effect of medullary infusion of G1 after blockade of endothelin receptors. Dual endothelin re-
ceptor subtype A and endothelin receptor subtype B antagonism attenuated G1-induced natriuresis in females. Unlike males,
female mice with genetic deletion of GPER had reduced endothelin 1, endothelin receptor subtype A, and endothelin receptor
subtype B mRNA expression compared with wild-type controls. More important, we found that systemic GPER activation
ameliorates the increase in mean arterial pressure induced by ovariectomy.

CONCLUSIONS: Our data uncover a novel role for renal medullary GPER in promoting Na* excretion via an endothelin 1-depend-
ent pathway in female rats, but not in males. These results highlight GPER as a potential therapeutic target for salt-sensitive
hypertension in postmenopausal women.
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diovascular and renal diseases compared with

age-matched men. This female advantage is
lost when women reach menopause, pointing to a
fundamental role for ovarian hormones, particularly
estradiol, in protecting the cardiovascular and renal
health in premenopausal women. In addition to the
well-established classic genomic effects of this sex
steroid, rapid nongenomic responses to estradiol have
also been reported. The G-protein—coupled estrogen
receptor (GPER) is a membrane-associated receptor

Premenopausal women have a lower risk of car-

linked to short-term estrogenic signaling pathways.'~®
More important, GPER is widely expressed throughout
the body, including the kidney.”® However, the physi-
ological and pathophysiological role of renal GPER is
poorly understood.

Similar to classic steroid receptors, estrogen re-
ceptors a and (3, GPER is implicated as a protective
pathway in cardiovascular and kidney disease.®10-2
Activation of GPER acutely lowers blood pressure in
normotensive rats'® and ameliorates renal and salt-
induced injury.2'%12 GPER activation reduces oxidative
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CLINICAL PERSPECTIVE

What Is New?

e This study identifies a novel mechanism by
which females efficiently excrete sodium and
maintain blood pressure.

e We also report that the G-protein—coupled es-
trogen receptor facilitates sodium excretion,
at least in part, through activation of the renal
medullary endothelin system.

What Are the Clinical Implications?

e This study highlights the importance of the
G-protein—coupled estrogen receptor in regu-
lating blood pressure and sodium excretion in
females.

e G-protein—coupled estrogen receptor activation
is a potential therapeutic target for salt-sensitive
hypertension in postmenopausal women.

Nonstandard Abbreviations and Acronyms

ER estrogen receptors

ET-1 endothelin 1

ET, endothelin receptor subtype A

ETg endothelin receptor subtype B
GPER G protein-coupled estrogen receptor
MAP  mean arterial pressure

u.v urinary K* excretion

U,V  Urinary Na* excretion

uv urine flow

stress and proteinuria as well as attenuates aortic re-
modeling in the salt-sensitive female mRen2.Lewis
rats.®10 Activation of GPER blunts diastolic dysfunc-
tion induced by a high salt diet in intact female mRen2
rats." In addition, the GPER locus in the human ge-
nome has been associated with hypertension.'®

A series of recent studies have reported sex-
dependent discrepancies in mechanisms that regu-
late Na* handling within the renal medulla.'®=2" Given
the critical role of the renal medulla in fine-tuning
of Na* excretion and blood pressure, we designed
experiments to identify the effect of GPER on Na*
handling within the renal medulla. We hypothesized
that GPER within the renal medulla promotes natri-
uresis. We tested our hypothesis by determining the
excretory response to intramedullary infusion of the
GPER agonist, G1, in age-matched male and female
Sprague Dawley rats. To provide further mechanis-
tic insight, we explored a possible relationship be-
tween GPER and the renal endothelin 1 (ET-1) system
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because of its importance in Na* handling in the renal
medulla. To elucidate the role of the endogenous li-
gand, estradiol, on GPER pronatriuretic effects, we
determined the effect of ovariectomy on GPER ac-
tivation within the renal medulla. Additional experi-
ments determined whether GPER has long-term
effects on blood pressure in ovariectomized rats.

METHODS

The data that support the findings of this study are
available from the corresponding author on reason-
able request.

Animals

Male and female (16—20 weeks of age) Sprague Dawley
rats from Envigo (Indianapolis, IN) were used. Rats used
in intramedullary infusion experiments were maintained
on our standard 7917 Irradiated NIH-31 Mouse/Rat
diet (0.8% NaCl; Envigo). Rats used in telemetry ex-
periments were maintained on TD 96208 (0.49% NaCl
[Envigo], matched control diet for our high salt diet, TD
92034, 4% NaCl [Envigo]). Male and female wild-type
and GPER knockout mice (18-25 weeks of age) were
generated and genotyped as previously described.?>23
Mice were maintained on 5053 Picolab Rodent diet 20
(0.82% NaCl; LabDiet, St. Louis, MO). Animals were
conventionally housed in a temperature (18°C-23°C)
controlled room with a 12:12-hour light-dark cycle with
free access to food and water. All protocols were in
accordance with the Guide for the Care and Use of
Laboratory Animals and were approved in advance
by the University of Alabama at Birmingham or Tulane
University Institutional Animal Care and Use Committee.

Short-Term Intramedullary Infusion

Rats were anesthetized using thiobutabarbitone
(Inactin, hydrate, 100 mg/kg, IP, T133; Sigma-Aldrich
Co, St. Louis, MO) at 8 to 11 am and surgically pre-
pared, as detailed in our previous studies.!” Animals
were then allowed to equilibrate for 60 to 80 min-
utes, before a 20-minute baseline urine collection,
during which the vehicle (0.02% dimethyl sulfoxide
in saline) was infused into the renal medulla. This
was followed by intramedullary infusion of the GPER
agonist, G1 (5 pmol/kg per minute, 41004001, pu-
rity =98%; Sandia Biotec Inc, Albuquerque, NM;
n=8 female rats, n=9 male rats, n=8 ovariectomized
rats) and/or GPER antagonist, G15 (5 pmol/kg per
minutes, 41004003, purity >99%; Sandia Biotec Inc;
n=4 and 9 female rats, respectively) for an addi-
tional 20-minute period (Figure 1A). In an additional
group of female rats (n=6), we continued to infuse
the vehicle for the second 20-minute urine collec-
tion period to serve as a time control. At the end
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Figure 1. Activation of G-protein-coupled estrogen receptor (GPER) in
the renal medulla facilitates urinary Na* excretion in female rats.
Schematic presentation of the surgical procedure and experimental time line
employed (A). Urinary Na* excretion (Uy,V) (B), urine flow (UV) (C), urinary K*
excretion (U.V) (D), and mean arterial pressure (MAP) (E) in anesthetized intact
female Sprague Dawley rats receiving renal medullary interstitial infusions
of vehicle (Veh), G1 (GPER agonist, 5 pmol/kg per minute), G1+G15 (GPER
antagonist, 5 pmol/kg per minute), or G15 alone, respectively. n=4 to 9 in each
group. Statistical comparisons performed by paired Student ¢ test.

J Am Heart Assoc. 2020;9:e015110. DOI: 10.1161/JAHA.119.015110 3



Gohar et al

of each experiment, the kidney was dissected to
confirm correct positioning of the catheter. Urinary
Na* and K* concentrations were measured using
an atomic absorption spectrometer (iCE 3000 se-
ries paired with a CETAC ASX-520 AutoSampler;
Thermo Fisher Scientific, Waltham, MA).

A separate group of female rats (n=5) was used to
determine the role of endothelin receptor subtype A
(ET,) and endothelin receptor subtype B (ETg) in re-
sponse to medullary GPER activation. Rats received
an IV bolus injection (0.5 mL/kg via femoral vein cath-
eter) of a combination of the ABT-627 (selective ET,
receptor antagonist, 5 mg/kg; AbbVie Inc, Abbott
Park, IL) simultaneously with the selective ET recep-
tor antagonist A-192621 (10 mg/kg; PepTech Corp,
Bedford, MA) 30 minutes before the end of the equil-
ibration period. These doses are known to maintain
efficient blockade of ET, and ETg receptors, respec-
tively, in male rats for the duration of our experimen-
tal protocol, as previously demonstrated.!” After the
equilibration period and the 20-minute baseline urine
collection during which vehicle was infused, G1 was
infused for an additional 20-minute urine collection
period.

RNA Extraction and Gene Expression
Assessment by Reverse Transcription-
Polymerase Chain Reaction

Tissue RNA was isolated using Purelink Mini RNA ex-
traction kit (12183018A; Thermo Fischer Scientific), ac-
cording to manufacturer's instructions. The isolated
RNA was reverse transcribed using QuantiTect Reverse
Transcription kit (Qiagen, Hilden, Germany). The re-
sulting cDNA was used to quantify mRBNA by reverse
transcription—polymerase chain reaction (CFX96 Real-
Time System; BIORAD) using TagMan primer gene
expression assays with rat GPER (Rn00592091_s1),
mouse ET-1  (Mm00438656_m1), mouse ET, re-
ceptor  (Mm01243722_m1), mouse ETg receptor
(Mm00432989_m1), mouse B-actin (Mm02619580_g),
and rat 3-actin (Rn00667869_m1) primers. Gene expres-
sion was quantified relative to 3-actin using 224 method.

Western Blotting

Samples were processed as previously described.?*
Briefly, 20 pg of renal outer and inner medulla was
separated, transferred, and incubated in goat GPER
primary antibody (AF5534; R&D, Minneapolis, MN)
at 1:500 dilution or Na*/K+* ATPase a-subunit primary
antibody (Developmental Studies Hybridoma Bank at
the University of lowa) at 1:1000 dilution. Donkey anti-
goat (H+L) cross-adsorbed secondary antibody, Alexa
Fluor 680 (A-21109; Invitrogen, Waltham, MA) at 1:500
dilution, and goat anti-mouse IgG (H+L) secondary an-
tibody DyLight 680 (35518; Thermo Fisher Scientific)
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at 1:1000 were used for GPER and Na*/K* ATPase
a-subunit, respectively. Coomassie Blue staining was
performed to ensure equal loading.

Na*/K* ATPase Activity

Renal outer medullary Na*/K+ ATPase activity was
measured using Na*/K* ATPase Microplate Assay Kit
(MBS8243226; MyBioSource, San Diego, CA), accord-
ing to manufacturer’s instructions.

Telemetry

Blood pressure measurements were made using HD-
S10 transmitters (Data Sciences International, Duluth,
MN), as previously described.?® Rats were allowed to
recover for 7 to 10 days postsurgically before baseline
blood pressure and heart rate recording.

Ovariectomy

Female rats were subjected to bilateral ovariectomy, as
described previously.'® Three weeks after ovariectomy,
rats were used in short-term intramedullary infusion
experiments.

Osmotic Mini Pump Implantation

At the same time of ovariectomy, rats underwent sub-
cutaneous implantation of an Alzet osmotic pump
(model 2ML4; Cupertino, CA) that infused G1, a GPER
agonist (400 pg/kg per day, 41004003; Sandia Biotec
Inc; n=6) or vehicle (75% dimethyl sulfoxide in saline;
n=6). This dose of G1 has been shown in previous
studies to elicit cardiovascular protection in rats.?6:?7
More important, G1 is a potent and selective GPER
agonist. Even at high concentrations, G1 (1-10 umol/L)
displays no activity toward classic estrogen recep-
tors.?82% G1 showed no activity toward a panel of 25
other important G-protein—coupled receptors,® and
elicited no activity in GPER knockout mice.!32331

Metabolic Cages
Rats were placed into metabolic cages, allowing daily
quantitative urine collections and measurements of in-
take on day 14 after performing ovariectomy and pump
implantation surgeries. The 24-hour urine samples
were collected at 8 am.

Statistical Analysis

Data are presented as mean+SEM. Statistical tests
used for each data set are specified in each figure
legend. This includes analysis by paired and unpaired
Student t test. Two-way ANOVA followed by Sidak’s
post hoc tests were also used for data analysis, where
indicated. A probability of P<0.05 was considered sta-
tistically significant. Statistical analysis was performed
using GraphPad Prism version 8.
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RESULTS

GPER-Induced Natriuresis in Female Rats
Medullary infusion of G1 significantly increased
Na* excretion in female Sprague Dawley rats by
70+22% relative to baseline (Figure 1B). Urine flow
also significantly increased at commencing in-
tramedullary infusion of G1 (Figure 1C). In time con-
trol experiments where vehicle was infused, urine
flow and electrolyte excretion were not significantly
changed (Figure 1B and 1C). Medullary infusion of
the GPER antagonist, G15, simultaneously with G1
prevented G1-evoked natriuretic and diuretic effects
(Figure 1B and 1C). Urinary K* excretion (Figure 1D)
and mean arterial pressure (MAP) (Figure 1E) were
not significantly changed during intramedullary
infusions of vehicle, G1 alone, or when combined
with G15. Of note, many females elicited a small
increase in urinary K* in response to G1 infusion;
however, this effect did not reach statistical signifi-
cance (Figure 1D). G1 infusion slightly decreased
medullary blood flow, 7+2%, relative to baseline
(n=5). This was not significantly different compared
with the change observed during vehicle infusion,
14+5% (n=5H).

To determine the contribution of GPER activation
by its endogenous ligand, estradiol, in facilitating
basal Na* excretion in females, we performed ex-
periments with intramedullary infusion of G15. G15
significantly decreased urinary Na* excretion by
30+9% relative to baseline (Figure 1B). Urine flow
did not significantly change during medullary block-
ade of GPER (Figure 1C). Urinary K* excretion and
MAP were not significantly altered by G15 (Figure 1D
and 1E).

In contrast to data from female rats, medullary ac-
tivation of GPER did not significantly increase urinary
Na* excretion or urine flow in male rats (Figure 2A
and 2B). Urinary K* excretion and MAP also remained
unchanged during G1 infusion in males (Figure 2C
and 2D). GPER mRNA expression was 5-fold
higher in outer medulla from female rats, compared

Figure 2. Activation of G-protein-coupled estrogen
receptor (GPER) in the renal medulla did not change urinary
Na* excretion in male rats.

Effect of renal medullary interstitial infusions of the GPER agonist,
G1 (5 pmol/kg per minute) on urinary Na* excretion (U.,V) (A),
urine flow (UV) (B), urinary K* excretion (U, V) (C), and mean arterial
pressure (MAP) (D) in anesthetized male Sprague Dawley rats.
Relative mRNA expression and protein abundance of GPER in
outer medulla (E) and inner medulla (F) from male and female rats
(representative Western blots are presented). Gene expression
values represent fold change from corresponding female levels.
Protein abundance is presented relative to female levels. n=5 to 10
rats in each group. Statistical comparisons performed by paired
Student t test (A through D) and unpaired Student t test (E and F).
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with males (Figure 2E). Similarly, outer medullary
GPER protein abundance was higher in females rela-
tive to males (Figure 2E). We did not observe a signif-
icant sex-related difference in inner medullary GPER
MRNA expression or protein abundance; however,
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there was a trend toward lower abundance in males
that did not reach statistical significance (Figure 2F).

GPER and ET-1 Pathway Interactions

Dual blockade of ET, and ETg receptors completely abol-
ished the natriuretic and diuretic response to medullary
GPER activation (Figure 3A and 3B). Urinary K" excre-
tion and MAP remained unchanged during these experi-
ments (Figure 3C and 3D). We also determined the effect
of genetic ablation of GPER on mRNA expression of renal
ET-1, ET,, and ETg. GPER knockout resulted in significant
reductions in the expression of ET-1, ET,, and ETg recep-
tors only in female mice, but not in males (Figure 3E). ETg
receptor expression in wild-type mice was significantly
lower in males relative to females (Figure 3E).

Na*/K* ATPase

Given that ET receptor activation mediates GPER
pronatriuretic effects and ET-1 has been previously

Pronatriuretic Effects of GPER

shown to inhibit Na*/K* ATPase activity,®> we tested
whether GPER activation reduces Na*/K* ATPase
activity and protein abundance. Specifically, we de-
termined the effect of medullary GPER activation on
the activity of Na*/K* ATPase and the protein abun-
dance of its a-subunit in the outer medulla, where we
have observed a significant sex difference in GPER
expression and protein abundance. We found that
infusion of G1 to the renal medulla in females sig-
nificantly reduced Na*/K* ATPase activity in the outer
medulla, in comparison to the contralateral kidneys
(0.45+0.02 versus 0.53+0.02 U/100 mg; n=5 each;
Figure S1). However, the protein abundance was not
different between G1-infused and contralateral kid-
neys (Figure S1).

Medullary GPER in Ovariectomized Rats

To test whether the loss of estradiol, endogenous
GPER ligand, exaggerates the natriuretic response
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Figure 3. Pharmacologic and genetic evidence for the interaction between G-protein—-coupled estrogen receptor (GPER)

and renal endothelin 1 (ET-1) system in females.

Effect of renal medullary interstitial infusions of the GPER agonist, G1 (5 pmol/kg per minute), after a bolus injection of the selective
endothelin receptor subtype A (ET,) receptor blocker (ABT-627) and the selective endothelin receptor subtype B (ETg) receptor blocker
(A-192621) on urinary Na* excretion (U,,V) (A), urine flow (UV) (B), urinary K* excretion (U,V) (C), and mean arterial pressure (MAP) (D)
in anesthetized intact female Sprague Dawley rats. mRNA expression of renal ET-1, ET,, and ETg receptors (E) in male and female
wild-type (WT) and GPER knockout (KO) mice. n=5 to 12 animals in each group. Statistical comparisons performed by paired Student
t test (A through D) and 2-way ANOVA with Sidak’s post hoc test for multiple comparisons (E).
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to exogenous GPER activation, ovariectomized rats
were subjected to the same experimental protocol
depicted in Figure 1A. In ovariectomized rats, med-
ullary activation of GPER significantly increased
urinary Na* excretion by 64+16% relative to base-
line (Figure 4A). No significant changes in urinary
K+ or MAP were observed (Figure 4C and 4D). No
significant differences in G1-induced natriuresis or
diuresis between intact female rats and ovariecto-
mized rats were observed (Figure 4A and 4B). GPER
mMRNA expression in the outer medulla from ova-
riectomized rats was increased relative to intact fe-
males (Figure 4E). In contrast, ovariectomy resulted
in a decrease in GPER mRNA expression within the
inner medulla (Figure 4F). However, ovriectomy did
not have significant impact on GPER protein abun-
dance in either the outer medulla or the inner me-
dulla (Figure 4E and 4F).

Long-Term Systemic Activation of GPER

To determine whether GPER activation contributes to
long-term blood pressure regulation, we determined
the effect of systemic activation of GPER on blood
pressure elevation in ovariectomized rats (Figure 5A).
Ovariectomy significantly increased MAP in vehicle-
treated rats, compared with their baseline before
ovariectomy (Figure 5B). This increase in MAP was
prevented by G1 (Figure 5B). Similar hypertensive re-
sponses to ovariectomy were observed in both sys-
tolic and diastolic blood pressure in vehicle-treated
rats (Figure 5C and 5D). G1 abolished ovariectomy-
induced increase in systolic blood pressure, but not
diastolic blood pressure (Figure 5C and 5D). Heart
rate was increased in both vehicle- and G1-treated
rats in response to ovariectomy (Figure 5E). After
day 11 postovariectomy, the increase in heart rate
was normalized in vehicle-treated rats only; however,
heart rate remained increased in G1-treated animals

Figure 4. Ovariectomy (OVX) does not impact the
natriuretic response to medullary G-protein-coupled
estrogen receptor (GPER) activation.

Urinary Na* excretion (Uy,V) and percentage change in UV
(A), urine flow (UV) and percentage change in UV (B), urinary
K* excretion (U V) (C), and mean arterial pressure (MAP) (D)
in anesthetized OVX Sprague Dawley rats receiving renal
medullary interstitial infusions of G1 (GPER agonist, 5 pmol/
kg per minute). Percentage change in U,V and UV in response
to intramedullary infusion of G1 in intact females, and OVX
is represented relative to baseline values. Relative mRNA
expression and protein abundance of GPER in outer medulla
(E) and inner medulla (F) from intact female and OVX rats
(representative Western blots are presented). Gene expression
values represent fold change from corresponding female levels.
Protein abundance is presented relative to female levels. n=6
to 12 rats in each group. Statistical comparisons performed by
Student t test (A through F).
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relative to baseline (Figure 5E). G1 supplementa-
tion to ovariectomized rats did not have a signifi-
cant impact on body weight or food or water intake
(Figure BA through 6C). Urine volume and excretion
of Na* and K* remained unchanged in G1-treated
rats, relative to vehicle-treated ovariectomized rats
(Figure 6D through 6F).
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Figure 5. Systemic activation of G-protein-coupled estrogen receptor prevents the ovariectomy
(OVX)-induced increase in blood pressure.
Experimental time line (A). The 24-hour mean arterial pressure (MAP) (B), systolic blood pressure (SBP) (C),
diastolic blood pressure (DBP) (D), and heart rate (HR) (E) along the experimental time line in conscious
female rats subjected to OVX and vehicle (Veh) or G1 (400 pg/kg per day, osmotic minipump). Panels on the
right-hand side show MAP, SBP, DBP, and HR at baseline (before OVX, average of blood pressure at days -1
and -2) and 2 weeks after OVX (average of blood pressure at days 13 and 14). Data are means+SE of 6 rats in
each group. Statistical comparisons performed by repeated measures 2-way ANOVA with Sidak’s post hoc
test for multiple comparisons. *P<0.05 vs corresponding baseline values.
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DISCUSSION

The current study shows that activation of GPER
within the renal medulla provoked a natriuretic re-
sponse via the ET-1 pathway in female but not male
rats. In addition, we observed that systemic GPER
activation ameliorated the ovariectomy-induced in-
crease in mean and systolic blood pressure but not
diastolic blood pressure. Together, these findings in-
dicate an interaction between renal GPER and ET-1
systems in females to efficiently excrete Na* and
maintain blood pressure. Furthermore, these find-
ings provide in vivo evidence for estradiol-dependent
GPER activation as a novel female-specific natriuretic
pathway accounting for more efficient Na* excretion
in females.33:34

Estradiol plays an integral role in the maintenance
of cardiovascular and renal health.®5-38 However,
the impact of estradiol on renal Na* handling, which
plays a central role in blood pressure regulation, is
not totally clear. Sexual dimorphism in the abun-
dance of Na* transporters along the nephron has

Pronatriuretic Effects of GPER

been recently described.3® Renal Na* excretion was
higher in women compared with men during short-
term hypertonic saline infusion,3* presumably attrib-
utable to estradiol actions along the nephron, but the
evidence is limited.

Previous evidence suggests a potential contribu-
tion of GPER to the maintenance of Na* homeostasis.
Our study demonstrated that exogenous GPER acti-
vation by G1 provoked natriuresis that was abolished
by simultaneous infusion of the GPER antagonist, G15.
Infusion of G15 alone reduced basal Na* excretion,
indicating that endogenous activation of medullary
GPER exerts an inhibitory tone on tubular reabsorption
of Na*. The effects of estradiol on renal Na* handling
may not be mediated solely through GPER, especially
under long-term conditions. Future studies are needed
to determine the role of estrogen receptors a and 3 in
regulating Na* excretion.

The renal medullary ET-1 system, which plays a
central role in the regulation of blood pressure and
Na* excretion, contributes to sex-related differences
in blood pressure control.3®*" Previous evidence
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Figure 6. Effect of systemic activation of G protein-coupled estrogen receptor on body weight and basal metabolic cage

parameters.

Body weight at baseline and 2 weeks after ovariectomy (OVX) (A), food intake (B), water intake (C), urinary Na* excretion (U,,V) (D),
urine flow (UV) (E), and urinary K* excretion (U,V) (F) in OVX Sprague Dawley rats supplemented with vehicle (Veh) or G1 (400 g/kg per
day, osmotic minipump) for 2 weeks. Data are mean+SE of 5 to 6 rats in each group. Statistical comparisons performed by repeated
measures 2-way ANOVA with Sidak’s post hoc test for multiple comparisons (A) and unpaired Student t test (B through F).
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indicates that GPER regulates ET-1-dependent effects
on the cardiovascular system. GPER agonists inhibit
ET-1-dependent vasoconstriction®4?43 and ET-1-de-
pendent vascular tone in carotid arteries.** In addi-
tion, GPER facilitates the age-dependent increase in
myocardial ETg expression*® and antagonizes ET-1-
induced hypertrophy in cultured neonatal cardiomyo-
cytes.*® Taken together, a link between GPER and ET-1
signaling has been demonstrated in the cardiovascular
system; however, the renal interaction between these
2 systems has not been established.

In the current study, a sex-specific regulatory role
of GPER on ET-1 signaling was supported by use
of both pharmacological and genetic approaches.
Specifically, dual blockade of ET, and ETg abol-
ished the natriuretic and diuretic response to Gi
infusion in female rats. More important, previously
published studies from our laboratory showed no
time-dependent effect of ET, and ETg blockers on
the response to intramedullary infusion of isosmotic
NaCl.#" In addition, genetic deletion of GPER dimin-
ishes ET-1, ET,, and ETg mRNA expression in female
but not male mice. The influence of GPER in provok-
ing ET-1-induced natriuresis introduces a novel path-
way by which estradiol maintains Na* homeostasis in
females. Previous studies showed the existence of
GPER mRNA and protein in the kidney.”® Early stud-
ies demonstrated smooth muscle cells in renal pelvis
and to a lesser extent the renal medulla.® However,
multiple studies reported that GPER expression is
mainly in tubular epithelial cells.®484° Cheng and col-
leagues demonstrated that GPER is within or in close
proximity to the basolateral membrane of epithelia
within proximal and distal convoluted tubules and the
loop of Henle and in the renal medullary, cortical, and
pelvic areas.*®4° However, Lindsey et al® observed
that GPER is localized to the apical aspect of the
renal epithelium in the hypertensive mRen2.Lewis fe-
males. Whether the differences in cellular localization
of GPER within renal tubular epithelia are based on
sex or physiological versus pathophysiological con-
ditions remain to be determined.

Interestingly, it has been demonstrated that GPER
expression in the kidney and brain is modulated
during the estrus cycle.*®% Experiments involving
intact cycling female rats in the current study were
conducted in a periodic manner by performing exper-
iments with cohoused rats over 4 consecutive days to
maximize use across the estrus cycle. Modulation of
GPER expression by estrus cycle may contribute to
the observed variability in the mRNA of ET-1, ET,, and
ETg receptors in wild-type animals. Future studies are
needed to identify the impact of estrus cycle on the
renal GPER function and its interaction with ET-1.

The nature of the interaction between GPER and
ET-1 signaling at the cellular level is not clear yet. It is
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possible that GPER activation in a short-term setting
directly triggers ET-1 release to activate ET, and ETg
receptors. As G-protein—coupled receptors, GPER,
ET,, and ETg are capable of forming dimers or even
higher-order oligomers that might contribute to func-
tional synergy. Despite the fact that GPER deletion
resulted in changes in ET, and ETg receptor mRNA
expression, we do not anticipate that the short-term
response to G1 involves changes in ET, and ETg re-
ceptors at the mRNA level. We cannot exclude the
possibility of changes in protein expression or local-
ization, so future experiments are required to iden-
tify the nature of the interaction between GPER, ET,,
and ETg receptors. Experiments directed toward as-
sessing potential posttranslational modifications in
response to short-term GPER activation will advance
our understanding of rapid estrogenic signaling in
the kidney.

Na*/K* ATPase plays a key role in Na* reabsorp-
tion. Enhanced activity of Na*/K* ATPase results in
Na* retention.5"%? Early studies have shown that ET-1
reduces Na'/K* ATPase activity in inner medullary
collecting duct.®? Of note, our data demonstrate that
intramedullary infusion of G1 resulted in decreased
Na*/K* ATPase activity in the renal outer medulla,
which may contribute to G1-induced natriuretic effect.
Ovariectomy decreased the expression and activity of
Na*/K* ATPase in the renal cortex, which was normal-
ized by supplementation of estradiol to ovariectomized
rats.%® Similarly, estradiol induces the expression and
activity of Na*/K* ATPase in rat arterioles.>* Contrasting
effects of estradiol may relate to stimulating different
subtypes of ER. Future studies directed toward iden-
tifying the effect of specific activation of ER on Na*
channels and transporters are needed.

Multiple studies have established a vasodilatory
role for GPER.*+%5-60 Thus, we tested whether the na-
triuretic response to G1 resulted from an increase in
medullary blood flow. Our finding that GPER activation
did not increase medullary blood flow excludes a role
for GPER-induced renal medullary vasodilatation in
mediating G1 natriuretic effects.

The current study did not show a difference in
renal medullary GPER abundance or short-term G1-
pronatriuretic effects in response to ovariectomy. It
was also reported that mesenteric and aortic relax-
ation responses to G1 were not different in vessels
from ovariectomized versus intact female rats,®':62
suggesting that ovariectomy does not alter renal
medullary or vascular responsiveness to GPER ac-
tivation. However, ovariectomy appears to elicit dif-
ferential effects on brain GPER expression based on
the region of interest.50:63

More important, our data also showed that sys-
temic GPER activation ameliorated the increase in
blood pressure induced by ovariectomy, suggesting
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that GPER contributes to the antihypertensive effect
of ovarian hormones. Short-term intrarenal GPER
activation was used in the current study to specifi-
cally identify the role of renal medullary GPER on Na*
excretion, whereas systemic infusion established an
overall effect of GPER on blood pressure control. It
is known that GPER triggers vasodilation,®":626465 g
potential underlying mechanism that may have con-
tributed to the antihypertensive actions of GPER
demonstrated in the current study. Despite the rel-
atively high abundance of GPER in the brain,®® the
contribution of central GPER to blood pressure reg-
ulation is not defined yet. Thus, it is possible that the
antihypertensive effect of GPER in the current study
may involve multiple systems, including peripheral
vascular and central mechanisms, and not solely a
kidney-specific mechanism. Additional studies are
needed to identify the contribution of intrarenal ver-
sus extrarenal GPER in the control of Na* homeosta-
sis and blood pressure.
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SUPPLEMENTAL MATERIAL



Figure S1. Activation of GPER in the renal medulla reduces outermedullary Na*/K* ATPase

activity in female rats.
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Renal outer medullary Na*/K* ATPase activity (A) and protein abundance (B) in kidneys obtained
from anesthetized intact female SD rats receiving renal medullary interstitial infusions of G1
(GPER agonist, 5 pmol/kg/min) or contralateral un-infused kidneys. Protein abundance is
presented relative to control (contralateral kidney) levels. n=4-5 in each group. Statistical

comparisons performed by Student t-test.



