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ARTICLE INFO ABSTRACT

Keywords: Aims: Estrogen plays an important role in cardioprotection. Animal experiments showed that the G-protein
G-protein coupled estrogen receptor 30 coupled estrogen receptor 30 (GPR30) specific agonist G1 could reduce post-ischemic dysfunction and inhibit
(GPR30) cardiac fibroblast proliferation. However, the underlying mechanism of action is not clear. The current study
I(\)A\i]:rcizi(tili )i]nfarction (D) tests the hypothesis that GPR30 reduces myocardial infarct area and fibrosis in female ovariectomized (OVX)

mice by activating the PI3K/AKT pathway.

Main methods: In this study, we established a myocardial infarction (MI) animal model derived from OVX
C57BL/6 female mice, and investigated the effect of G1 on cardiac function by echocardiography and
Hemodynamics, morphology and expression of fibrosis-related and apoptosis-related proteins by Masson's tri-
chrome and H&E, Immunofluorescence, Western blotting and TUNEL.

Key findings: Combination with OVX significantly increased myocardial fibrosis and MI area compared to MI
treatment alone, as determined by echocardiography and hemodynamics. Further addition of G1 changed the
expression of apoptosis-related proteins, decreased the levels of tumor necrosis factor-a and interleukin-10, and
reduced the degree of myocardial fibrosis and myocardial infarct area. Primary cultured cardiac fibroblasts (CFs)
were subjected to hypoxia/serum deprivation (H/SD) simulating the in vivo ischemia model. When the PI3K/
AKT pathway was inhibited by wortmanin in H/SD CFs, G1 failed to induce significant changes in the expression
of apoptosis-related proteins.

Significance: It suggested that GPR30 may improve cardiac function in female OVX mice by activating the PI3K/
AKT pathway and reducing myocardial infarct size and fibrosis.

Cardiac fibroblasts
Hypoxia/serum deprivation (H/SD)
Cardioprotection

fibroblast proliferation [5].
GPR30, also known as GPER, is a new estrogen receptor (ER) that

1. Introduction

Myocardial infarction (MI) is a common cardiovascular disease.
Epidemiological surveys have shown that women younger than
55 years of age rarely have MI, and the incidence in perimenopausal
and postmenopausal women shows an apparent difference [1]. Com-
pared with elderly men, elderly women have more severe fibrosis in
ischemic heart disease [2]. The considerable decrease in estrogen in
postmenopausal women leads to reduced cardioprotection and in-
creased risk for cardiovascular disease [3], but estrogen treatment has
no apparent effect in such cases [4]. Studies on animal models have
shown that the G-protein coupled estrogen receptor 30 (GPR30) specific
agonist G1 reduced post-ischemic dysfunction and inhibited cardiac
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binds estrogen with high affinity and regulates cell proliferation [6].
Chronic activation of GPR30 with agonist G1 attenuates heart failure,
and confers cardioprotection and improvement of cardiac function
[7,8]. Bopassa et al. [5] demonstrated that pretreatment with the
GPR30 agonist G1 during isolated heart perfusion in MI mice sig-
nificantly reduced the infarct size. However, the precise mechanism
underlying the action of GPR30 remains unclear.

The inflammatory reaction and apoptosis induced by MI play an
important role in the development and prognosis of the disease and are
crucial factors for ventricular remodeling after MI. Inhibition of in-
flammation and apoptosis has become an important link in the
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Fig. 1. Effect of ovariectomy on cardiac function of female mice with MI. Mice underwent myocardial infarction (MI) surgery 2 weeks after they were ovariectomized
(OVX), and M-mode ultrasonography and hemodynamic tests were performed 4 weeks thereafter. (A) Representative M-mode images by echocardiography for MI,
OVX and OVX + MI group (B) Left ventricular ejection fraction (LVEF) of A (C) Left ventricular fractional shortening (LVFS) of A (D) Hemodynamic analysis for MI,
OVX and OVX + MI group. The results are expressed as mean = S.EM.,n = 6,p < 0.05and **p < 0.01 compared with control group. °p < 0.05and *®p < 0.01
compared with MI group. °p < 0.05 and “p < 0.01 compared with OVX group.

prevention of ventricular remodeling and adjustment of cardiac dys-
function in MI [9]. The PI3K/AKT pathway plays an important role in
regulating inflammation and apoptosis [10]. Inflammation after is-
chemic reperfusion (IR) plays a key role in the extension of myocardial
IR injury. Cardioprotection from IR injury could be induced via acti-
vation of PI3K pathway and inhibition of inflammation [11]. Cardio-
myocyte apoptosis, which occurs during ischemia and reperfusion in-
jury, can cause irreversible damage to cardiac function. Such as nuclear
factor 45 (NF45) was shown to prevent hypoxia-reoxygenation (H/R)-
induced H9c2 cell apoptosis via PI3K/Akt pathway [12]. However, it is
unclear whether GPR30 activates the PI3K/AKT pathway to reduce the
apoptosis and inflammatory response of myocardial tissues in ovar-
iectomized (OVX) mice with MI.

Therefore, in this study, we selected OVX female C57BL/6 mice and
primary cultured cardiac fibroblasts (CFs) to establish an animal model
of MI and a hypoxia/serum deprivation (H/SD) cell model simulating
the in vivo ischemia condition, respectively [13]. We treated these
models with the GPR30 agonist G1 to observe the change in apoptosis-
related protein expression, apoptosis rate, tumor necrosis factor-o
(TNF-a) and interleukin-10 (IL-10) levels, cardiac function, myocardial
infarct size, and myocardial fibrosis. Furthermore, we investigated the
effect of GPR30 on PI3K/AKT signaling molecules to explore the related
mechanisms of GPR30 in reducing myocardial infarct size and rescuing
the necrotic myocardial tissues in OVX female mice with MI. We hy-
pothesized that GPR30 may improve cardiac function in female OVX
mice by activating the PI3K / AKT pathway and reducing myocardial
infarct size and fibrosis.
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2. Materials and methods
2.1. Materials

The GPR30 agonist, G1, and PI3K inhibitor, wortmanin, were pur-
chased from Cayman Chemical (Ann Arbor, MI, USA). The TUNEL assay
kit was obtained from Roche Diagnostics GmbH (Bayer, Mannheim,
Germany). The BCA protein quantification kit was purchased from
Merck Millipore Technology (Darmstadt, Germany). The primary anti-
bodies against GPR30 (ab39742), TGF-f1 (ab92486), collagen I
(ab34710), BAX (ab32503), BCL-2 (ab196495), caspase-3 (ab4051), p-
AKT (ab81283), total AKT (ab32505), Vimentin (ab92547), Troponin
(ab47003) and a-SMA (ab5694) were purchased from Abcam (USA).
Antibodies against GAPDH and fB-actin were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Tumor necrosis factor-a (TNF-a)
and interleukin-10 (IL-10) detection kits were purchased from
Elabscience Bioengineering Institute WuHan (China), and DAPI was
obtained from Roche Molecular Biochemicals (Bayer, Mannheim,
Germany).

2.2. Animal model and treatment

Female eight-week-old C57BL/6 mice weighing 20-24 g were pur-
chased from the Center of Experimental Animal in the Fourth Military
Medical University (FMMU), China. Mice were randomly divided into
the following five experimental groups, with n = 20 for each group: 1)
control group, 2) MI group, 3) OVX group, 4) OVX + MI group, and 5)
OVX + MI + G1 group. All animal experiments were approved by the
AFMU Committee of Animal Care (No. 20170203).
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Fig. 2. Changes in cardiac fibrosis and morphology in OVX female mice with MI. (A) Cardiac Masson's trichrome and H&E staining. (Bar = 100 pm for Masson-2 and
H&E, thinner ventricular wall were indicated by red arrows, fibrosis increase area were indicated by green arrows, tissue loose area were indicated by blue arrows.).
(B) Infarct size (fraction of left ventricle (LV) circumference). (C) Cardiac fibrosis %. (D) Representative photomicrographs of in situ detection of apoptotic cardi-
omyocytes by TUNEL staining. Red fluorescence shows TGF-B1 expression. Green fluorescence shows TUNEL-positive nucleus. Blue fluorescence shows nuclei of total
cardiomyocytes (Bar = 100 um). (E) Percentage of TUNEL-positive nuclei. (F) IFC intensity. The results are expressed as the mean + S.E.M.,n = 8. % < 0.05 and
3y < 0.01 compared with control group. °p < 0.05 compared with MI group. “p < 0.01 compared with OVX group. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

2.3. Ovariectomy and MI induction silk suture [14]. Control animals underwent the same [15] surgery
without ligation of the coronary artery. After MI surgery, G1 (35 pg/kg/

Bilateral ovariectomy was performed on C57BL/6 mice after being d) was intraperitoneally injected for 4 weeks [16-18], whereas mice in
anesthetized in an induction chamber with 2% isoflurane mixed with groups 1-4 were injected with an equal volume of vehicle solution

pure oxygen (0.5-1.0 L/min). MI was induced in mice 2 weeks after the (DMSO:PBS(V/V) = 1:99) at the same intervals.
bilateral ovariectomy (OVX + MI mice). To establish MI injury, the left
anterior descending coronary artery of mice was occluded using a 6-mm

24



X. Wang, et al.

A
o | W e SR oo
TGF-p1 ST —_—— S [ 13 kDa
Collagen I 128 kDa
Bax 20 kDa
Bcl-2 26 kDa
Caspase3 35 KkDa
p-Akt 59 kDa
total Akt ; 60 kDa
GAPDH | U NS S S | 36D
Control MI (0)%.¢ OVX+MI
F G
1.251 3.0
= 1.00 g 2.5
=) &
& 0751 S
< 0]
3 & 1.5
& 0.50- b4
;,‘, §_ 1.0
0.25 3 os
0.00 T 0.0 T
& & & & &
& ) > oD &
Co“ © 0\’. O‘Q

Life Sciences 226 (2019) 22-32

12 C 25
cc
= = 20 aa
a a aa
S o8 bb b A b
< 2a 3, 515 a
P LS
] - 10
~ 04 o>
-9 <9
T) O 05
o
0o g 00
N -~ \Y .
& s N & s & S
(o & N © Gl
D N E (¢ &
— cc
= - aa
o
< H
Q = bb
_ < 2
5
£ 4
) -
= ]
3
N3 ~ \Y
= S .'J\
Nl
1.5
-
=
<
= 10
S
S
=
-
=
X o0s
<
-9
N L < 0.0 T
N "t M > S 3 NS
> 0~ FEs \‘e é\ 0\? ‘x‘\
[\ [ Ky

Fig. 3. Western blot analysis for expression of G-protein coupled estrogen receptor 30 (GPR30), TGF-f31, collagen I, BAX, BCL-, caspase-3, p-AKT, and total AKT in
different treatment groups. (A) Representative blots. (B) GPR30 expression. (C) TGF-B1 expression. (D) Collagen I expression. (E) BAX expression. (F) BCL-2
expression. (G) Caspase 3 expression. (H) p-AKT/AKT ratio. The results are expressed as mean + S.E.M., n = 8/group. °p < 0.05 and **p < 0.01 compared with
control group. °p < 0.05 and *°p < 0.01 compared with myocardial infarction (MI) group. °p < 0.05 and “p < 0.01 compared with OVX group.

2.4. Echocardiographic measurement

Two-dimensional and M-mode echocardiographic measurements
were performed with a VEVO 770 high-resolution in vivo imaging
system (VisualSonics, Toronto, ON, Canada). The ultrasound data were
measured 3 days before (baseline) and 4 weeks after MI operation as
described previously [19]. Echocardiographic assessment was per-
formed under anesthesia via isoflurane inhalation (1% to 2%) and at a
controlled heart rate (=500 bpm) and body temperature (37 + 1)°C.
Endocardial volumes during diastole and systole were recorded from
bidimensional long-axis parasternal views.

2.5. Hemodynamics

Hemodynamic analysis was performed at 4 weeks post MI via
miniaturized pressure-volume catheterization, as previously described
[20]. A tipped catheter (SPR-839; Millar Instruments, Houston, USA)
was inserted into the right carotid artery and advanced retrograde into
the left ventricle (LV) in the anesthetized mice (1% to 2% isoflurane
inhalation). LV pressure-volume loops were recorded at steady state
and at varying preloads during temporary compression of the inferior
vena cava. After inferior vena cava compression, isoproterenol (ISO;
40 ng/kg/min) was injected into the left jugular vein, and the analysis
was repeated. All analyses were performed using LabChart 7 software
[21].
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2.6. Morphometric analyses

Following MI, heart left ventricular was removed and fixed with 4%
paraformaldehyde, and transverse sections were cut. Cross sections
(4 um thick) were stained with Masson's trichrome and H&E. Infarct
size was measured using Masson's trichrome-stained sections, as pre-
viously described [22]. Infarct size was calculated as the percentage of
LV circumference occupied by the infarct scar. The degree of cardiac
fibrosis was determined based on the area of fibrosis divided by the
total area (% cardiac fibrosis) by using BIOQUANT image analysis
software [23].

2.7. Immunocytochemistry and TUNEL assay

Immunohistochemistry staining of formalin-fixed and paraffin-em-
bedded heart left ventricular sections was performed using standard
procedures. The fixed fibroblasts were incubated overnight with pri-
mary anti-TGF-1 (1:200) at 4 °C, and then incubated with Cy3-con-
jugated goat anti-rabbit IgG (1:100 dilution) in blocking solution.
TUNEL detection solution was added to the sections, and the sections
were incubated at 37 °C in the dark for 2 h. Nuclear staining was per-
formed with DAPI. The stained samples were analyzed using an
Olympus Fluoview FV1000 microscope (Olympus, Japan); cells from
ten randomly selected visual fields in each section were counted to
determine the apoptotic index. Myocardial apoptosis was analyzed by
TUNEL assay using an in situ cell death detection kit, as previously
described [24]. Images of Immunofluorescence (IF) were captured di-
gitally in five random microscope fields from each sample and were
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Fig. 4. Effect of GPR30 agonist G1 on cardiac function of female mice with MI. Mice underwent MI surgery 2 weeks after they were OVX, and then, G1 was
intraperitoneally injected for 4 weeks. (A) M-mode ultrasonography tests were performed Representative M-mode images by echocardiography (B) LVEF of E (C)
LVFS of E. (D) Hemodynamic analysis for OVX, OVX + MI and OVX + MI + G1 group. The results are expressed as mean + S.EM., n =6, °p < 0.05 and
3 < 0.01 compared with OVX group. °p < 0.05 and *®p < 0.01 compared with OVX + MI group.

analyzed with analysis software (Image Pro-Plus; Image Solutions,
Torrance, CA, USA). The index of apoptosis was expressed as the ratio
of positively stained apoptotic myocytes to the total number of myo-
cytes counted x 100% [25].

2.8. Western blotting (WB)

Heart was harvested and protein was extracted from left ventricular
tissue for Western blotting. The primary antibodies used for WB were
against GPR30, TGF-f1, collagen I, BAX, caspase 3, BCL-2, p-Akt, total
Akt, and GAPDH. The positive protein bands were developed using a
chemiluminescent system, and the bands were scanned and quantified
by densitometric analysis performed using a Quantity One (Bio-Rad,
Richmond, CA, USA) image analyzer.

2.9. Determination of the inflammatory relative cytokines TNF-a and IL-10

To observe the change in inflammatory relative cytokines in dif-
ferent groups, MI was induced in mice 2weeks after the bilateral
ovariectomy (OVX + MI mice). Then, Gl (35pg/kg/d) was in-
traperitoneally injected for 2 weeks. We collected the serum of different
groups to test the level of TNF-a and IL-10 using commercially avail-
able sandwich ELISA kits (R&D Systems, USA), as described previously
[26].

2.10. CF culture and H/SD injury to simulate MI in vivo

CFs of mice were collected and ventricular myocytes were isolated,
as previously described [27]. The purity of cultured CFs was de-
termined as > 98% by immunohistochemistry based on the expression
of the CF marker vimentin. Immunopositive cells from passages 3-5
were used for experiments. Before each experiment, the cells were
seeded in 6-well plates or a laser confocal microscopy dish at a density
of 3 x 10* cells/cm? in DMEM containing 10% fetal bovine serum and
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cultured for 24 h. The H/SD injury cell model was used to mimic MI in
vivo, as previously described [28,29]. Briefly, after the indicated
treatment, primary cultured CFs were exposed to hypoxia (94% N», 5%
CO,, and 1% O,) in an anaerobic system (Thermo Forma, USA) at 37 °C
for the indicated duration in Hank's buffer [29].

2.11. Cell viability assay

CFs were seeded in a 96-well culture plate. CFs were treated with H/
SD, H/SD + G1 (10nM) [30], H/SD + Wortmanin (100 nM) [31], and
H/SD + G1 + Wortmanin, and cell viability was measured using the 3-
(4,5-dimethylthiazol-2-yl) -2,5- diphenyltetrazolium bromide (MTT)
assay [32]. Briefly, after treatment, CFs were washed with phosphate-
buffered saline and incubated with 10 pl of MTT reagent (final con-
centration of 0.5 mg/ml) for 4 h. Then, 100 ul of DMSO was added to
dissolve the formazan crystals, and the absorbance at 490 nm was
measured using a SpectraMax 190 microtiter plate reader (Molecular
Devices, Sunnyvale, CA, USA). Cell viability was calculated by dividing
the optical density of samples by that of the control group.

2.12. Statistical analysis

All experiments were performed in triplicate. All values are pre-
sented as the mean + S.E.M. Differences were compared by ANOVA
followed by Bonferroni correction for post hoc t-test, where appro-
priate. All statistical tests were performed using the GraphPad Prism
software, version 5.0 (GraphPad Software Inc., San Diego, CA, USA).
Differences with p < 0.05 were considered statistically significant.

3. Results
3.1. Effect of ovariectomy on cardiac function of female mice with MI

M-mode ultrasonography results of different groups are shown in
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Fig. 5. Effect of GPR30 agonist G1 on the degree of fibrosis and cardiac morphology in OVX female mice with MI. (A) Masson's trichrome staining and H&E staining
to observe the changes in cardiac fibrosis and histomorphology after MI surgery (bar = 100 pm for Masson-2 and H&E, thinner ventricular wall were indicated by red
arrows, fibrosis increase area were indicated by green arrows, tissue loose area were indicated by blue arrows.). (B) Infarct size (fraction of LV circumference). (C)
Cardiac fibrosis %. (D) Representative photomicrographs of in situ detection of apoptotic cardiomyocytes by TUNEL staining. Red fluorescence shows TGF-B1
expression. Green fluorescence shows TUNEL-positive nucleus. Blue fluorescence shows nuclei of total cardiomyocytes (bar = 100 um). (E) Percentage of TUNEL-
positive nuclei. (F) IFC intensity. The results are expressed as the mean + S.E.M., n = 8/group. °p < 0.05 and **p < 0.01 compared with the OVX (OVX) group.
p < 0.05and *®p < 0.01 compared with the OVX + MI group. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Fig. 1. The LVEF values in the OVX group were significantly lower than
those in the control group (p < 0.05), whereas those in the OVX + MI
group showed a further decrease (p < 0.05 vs. MI group; Fig. 1B). Si-
milar trends were observed for LVFS values among the different groups
(Fig. 1C). Lower dP/dt max values were detected in both the MI group
and OVX group (p < 0.01 and p < 0.05 vs. control group, respectively)
by hemodynamic analysis. Treatment with OVX or OVX + DM further
decreased the dP/dt max values (p < 0.01; Fig. 1D). All of these results
indicate that OVX and MI reduce cardiac function in mice, and that
OVX combined with MI further aggravates cardiac function injury.

3.2. Effect of ovariectomy on cardiac morphology of female mice with MI

The whole heart tissue of mice of the different groups was fixed in
10% formalin and stained with Masson's trichrome to calculate the ratio
of scar tissue size to left ventricular wall area (Fig. 2A). MI surgery
caused the ventricular wall to become thinner; additionally, the degree
of fibrosis increased, and edema appeared on the edge of the infarct
area. Similarly, the OVX treatment group showed thinner heart tissue
and ventricular wall and a higher degree of myocardial fibrosis. The
ventricular wall became thinner in the infarct area with a high degree
of fibrosis in the OVX + MI group compared to the MI group (Fig. 2B
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compared with the OVX + MI group.

and C).

H&E staining revealed that the myocardial tissue in the infarct
border zone in the MI group became slightly loose with a few cells
arranged in disorder (Fig. 2A), whereas it was considerably loosened in
the OVX group. In the OVX + MI group, the myocardial tissue in the
infarction border zone was significantly loosened with increased dis-
order in cell arrangement.

We further detected changes in TGF-B1 expression, which is an in-
dicator of the degree of myocardial fibrosis [33] (Fig. 2D and F). The
apoptosis rate in the infarction border zone was examined by IF and
TUNEL assay (Fig. 2D, E, and F). The MI and OVX treatments in-
dependently induced a higher apoptosis rate and fibrosis (p < 0.05
and p < 0.01 vs. control group, respectively). OVX combined with MI
further increased the apoptosis rate and fibrosis in the myocardial tissue
infarct border zone (p < 0.05 vs. MI group).

3.3. Effect of ovariectomy on myocardial fibrosis, apoptosis, and AKT-
related protein expression

At 4 weeks after MI surgery, the expression of fibrosis-related pro-
teins and apoptosis-related proteins in the myocardial tissue infarct
border zone in OVX female mice was analyzed by WB (Fig. 3A). MI
treatment did not induce an apparent change of GPR30 expression in
the cardiac tissue of mice; however, in both the OVX group and
OVX + MI group, GPR30 expression decreased significantly (p < 0.05
vs. control group; Fig. 3B). The expression of the fibrosis-related pro-
teins TGF-B1 and collagen I in the myocardial tissue showed a con-
sistent trend, with increased expression in the MI and OVX groups
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(p < 0.01 and p < 0.05 vs. control group, respectively); OVX com-
bined with MI further increased TGF-f1 and collagen I expression
(p < 0.01, vs. OVX group; Fig. 3C, D). Similarly, the apoptosis-related
proteins BAX, BCL-2, and caspase 3 showed higher expression in the
OVX + MI group than in the OVX group (p < 0.05 or p < 0.01;
Fig. 3E, F, G). The pAKT/AKT ratio decreased in both the MI and OVX
groups (vs. control group), and further decreased in the OVX + MI
group (p < 0.05; Fig. 3H).

3.4. Effect of G1 on cardiac function of female mice with MI

On the basis of the results obtained from cardiac function and
morphology analysis, we investigated the effect of the GPR30 agonist
G1 on the cardiac function of OVX female mice with MI. Mice under-
went MI surgery 2 weeks after they were OVX, and then, G1 was in-
traperitoneally injected for 4 weeks. M-mode ultrasonography revealed
that both LVEF and LVFS values in the OVX + MI + G1 group increased
significantly (p < 0.01 vs. OVX + MI group Fig. 4), along with higher
dP/dt max values, suggesting that G1 improved cardiac function in
OVXmice with ML

3.5. Effect of G1 on myocardial fibrosis and morphological changes

Masson's trichrome staining showed that MI combined with OVX
significantly decreased the thickness of the cardiac tissue and ven-
tricular wall, and increased the degree of myocardial fibrosis (p < 0.01
vs. OVX group). However, addition of the agonist G1 decreased the
degree of fibrosis in the myocardial tissue infarct border zone, and
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Fig. 7. Effects of the GPR30 agonist G1 on viability and apoptosis-related protein expression in hypoxia/serum-deprived cardiac fibroblasts (CFs). (A) Primary CFs
express vimentin and are negative for troponin, consistent with the features of primary cultural cardiac fibroblasts (bar = 100 um). (B) Representative blots. (C) a-
SMA expression. (D) The viability of CFs was determined by MTT and was calculated by dividing the optical density of samples by the optical density of the sham
control. (E) Representative blots. (F) BAX expression. (G) BCL-2 expression. (H) Caspase-3 expression. (I) p-AKT/AKT. (J) Representative photomicrographs of in situ
detection of apoptotic cardiomyocytes by TUNEL staining. Green fluorescence shows TUNEL-positive nuclei; blue fluorescence shows nuclei of total cardiomyocytes.
Original 400 X magnification. (K) Percentage of TUNEL-positive nuclei. The results are expressed as mean + S.E.M. *p < 0.05 and **p < 0.01 compared with
control group, °p < 0.05 and *®p < 0.01 compared with hypoxia/serum deprivation (H/SD) group, °p < 0.05 and “p < 0.01 compared with H/SD + G1 group.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

reduced the ratio of fibrotic tissue (p < 0.05 vs. OVX + MI group,
Fig. 5A, B, and C).

The morphological structure of the myocardial tissue infarct border
zone was analyzed by H&E staining. Compared with the OVX group,
OVX combined with MI caused the myocardial tissue to be loose and
disordered, and edema was more obvious (Fig. 5A). Addition of G1
improved these parameters of myocardial tissue health in the infarct
border zone in the OVX + MI group (Fig. 5A), indicating that G1 could
improve the tissue structure in the myocardial tissue infarct border
zone.

TUNEL staining and IFC assay showed that OVX combined with MI
induced a high apoptosis rate and TGF-31 expression in the myocardial
tissue infarct border zone (p < 0.01 vs. OVX group). Additionally, the
high apoptosis rate and TGF-f1 expression were reduced by Gl
(p < 0.01 vs. OVX + MI group, Fig. 5D-F).

3.6. Effect of G1 on tissue fibrosis, apoptosis, expression of AKT-related
proteins, and levels of inflammatory relative cytokines

WB revealed that G1 could affect the expression of fibrosis-related
and apoptosis-related proteins in the myocardial tissue infarct border
zone at 4 weeks after MI surgery in OVX female mice (Fig. 6A). Higher
expression of TGF-1 and collagen I in the myocardial tissue was de-
tected in the OVX + MI group (p < 0.01 vs. OVX group). Additionally,
the apoptosis-related proteins BAX and caspase-3 showed higher ex-
pression, but lower BCL-2 expression was detected in the myocardial
tissue in the OVX + MI group (p < 0.01 vs. OVX group; Fig. 6D, E and
F). The pAKT/AKT ratio in the OVX + MI group decreased (p < 0.05
vs. OVX group), and G1 intervention reversed this decrease (Fig. 6G).
We also examined the levels of inflammatory cytokines in the serum of
different groups. OVX combined with MI induced high levels of TNF-a
and IL-10 (p < 0.01, vs. OVX group), and addition of G1 reduced the
levels of these two inflammatory cytokines significantly (p < 0.05 vs.
OVX + MI group) (Fig. 6H and I).

3.7. Effects of G1 on CFs under the H/SD condition simulating the in vivo
ischemia model

Primary cultured CFs showed high vimentin expression and no
troponin expression, consistent with their CF identity [34] (Fig. 7A). a-
SMA expression in CFs after treatment with H/SD for different dura-
tions was evaluated. At 12h, higher a-SMA expression in CFs treated
with H/SD was detected (p < 0.05), whereas at 18 h no significant
change was found (Fig. 7B and C). Thus, 12 h was chosen as the optimal
duration for in vitro treatment with H/SD.

G1 treatment significantly increased the cell proliferation of H/SD-
treated CFs (p < 0.05), and this increase was reversed by the PI3K
inhibitor wortmanin (Fig. 6D). WB showed that G1 significantly de-
creased BAX and caspase-3 expression in the H/SD group (p < 0.05),
but did not significantly change BAX and caspase-3 expression in the H/
SD + wortmanin group (Fig. 7E, F, and H). Moreover, BCL-2 expression
in the H/SD + G1 group was significantly higher than that in the H/SD
group (p < 0.05; Fig. 7G). Although a high p-AKT/AKT ratio was de-
tected in the H/SD + G1 group, addition of wortmanin caused the p-
AT/AKT ratio to recover to a similar level as in the H/SD group
(Fig. 7I). TUNEL assay demonstrated that G1 could significantly reduce
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the apoptosis rate of CFs treated with H/SD, and this reduction was
inhibited by wortmanin (Fig. 7J and K).

4. Discussion

Estrogen exerts its biological effects mainly by binding to. ERs are
divided into two categories: i) classic nuclear receptors, including ER-a
and ER-P, which exhibit genotypic regulation by influencing the tran-
scription of specific target genes; and ii) membrane receptors, including
GPR30, which exhibit rapid non-genotype regulation mediated via the
second messenger system [35]. GPR30 has cardiovascular protection
effects, which can improve the cardiac function [16,36]. Lenhart et al.
[37] reported that G1 treatment significantly reduced myocardial fi-
brosis in Ramp3+/+ and Ramp3 —/— mice, which are susceptible to
heart disease. Kang S et al. reported that chronic activation of GPR30 by
its specific agonist G1 reduced post-ischemic dysfunction and infarct
size after ischemia/reperfusion (I/R) [38]. However, the exact me-
chanism underlying this effect remains unclear.

Myocardial fibrosis is the main histological marker of cardiac dys-
function after MI [39]. Ventricular remodeling after MI includes
apoptosis of myocardial cells, inflammation, hypertrophy, and synthesis
and degradation of myocardial matrix collagen fibers [40]. Roy et al.
[41] used chip technology to analyze gene expression in rat heart tissue
2 and 7 days after MI, and found that the differentially regulated genes
were mainly associated with inflammation, apoptosis, and extracellular
matrix. Kajstura et al. [42] found that myocardial cell apoptosis plays
an important role in the development of MI. Apoptosis is a determinant
of myocardial infarct size, and myocardial cell apoptosis in the infarct
border zone is associated with infarct size [43,44]. Persistence of
myocardial cell apoptosis increases the infarct size, causes progressive
loss of myocardium, increases the infarct size, attenuates the ven-
tricular wall, dilates the ventricles, and causes gradual cardiac re-
modeling, which develops into heart failure.

Removal of ovaries disrupts a number of hormonal pathways.
However, mice after ovariectomy results in a lack of estrogen as well as
postmenopausal women as previous report [45]. Our results showed
that the values of LVEF and LVFS in the OVX group were significantly
lower than that in the normal group. There are variations compared
with previous studies [46-48] and this probably because we choose
more old mice for ovariectomy. In this study, our main purpose is to
clarify that estrogen reduction further aggravates MI-induced cardiac
dysfunction. Mice were subjected to MI for 4 weeks. Echocardiography
and pressure-volume catheter measurement showed a significant re-
duction in the cardiac function of the OVX female mice with MI, which
consist with the results acquired previously [49,50]. Whereas IF results
indicated significantly increased myocardial fibrosis (p < 0.01) and
myocardial apoptosis (p < 0.05) in these mice, compared with that in
non-OVX female mice with MIL. These results suggest that estrogen de-
ficiency aggravates cardiac injury in mice with MI. The considerable
decrease in estrogen in postmenopausal women leads to reduced car-
dioprotection and increased risk for cardiovascular disease [14].

After MI, necrotic cells secrete inflammatory relative cytokines to
trigger an inflammatory reaction, which causes myocardial fibrosis,
ventricular remodeling, cardiac dysfunction, and eventually heart
failure [51,52]. Those cytokines, such as TNF-a and IL-10 can regulate
cell apoptosis through activation related signal pathways [53,54]. The
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feedback of apoptosis can affect the severity of inflammation, and these
two factors together affect the infarct size and cardiac function recovery
[52]. Therefore, inhibiting inflammation and reducing apoptosis has
become an important step in preventing ventricular remodeling and
adjusting cardiac dysfunction after MI. Weil et al. [55] showed that
GPR30 activation after myocardial I/R injury in rats significantly re-
duced the levels of TNF-a, IL-1, and IL-6 in the myocardium; relieved
myocardial inflammation; and promoted the recovery of cardiac func-
tion. In our study, severe apoptosis and inflammation was observed
after only 2 weeks in mice with MI, and the OVX mice with MI showed
comparatively increased apoptosis and inflammation response. G1
treatment in OVX mice with MI reduced the apoptosis rate, induced low
levels of TNF-a and high level of IL-10, decreased the degree of peri-
cardial symphysis. Further study found that administration of G1 sig-
nificantly enhanced cardiac function (p < 0.05), reduced the degree of
myocardial fibrosis, and decreased myocardial infarct size (p < 0.05).
These results preliminarily confirm that the GPR30 can improve cardiac
function and reduce the degree of myocardial fibrosis in OVX female
mice with ML

The PI3K/AKT signaling pathway plays an important role in the
regulation of inflammation and apoptosis [10,56]. Deschamps et al.
[31] used the Langendorff model to observe the effect of G1 on rat
cardiac I/R, and showed that G1 reduced the infarct size in rats. Fur-
thermore, they found that GPR30 activation can cause phosphorylation
of PI3K, AKT, and other intracellular kinases, suggesting that GPR30
activation exerts a cardioprotective effect through the PI3K/AKT sig-
naling pathway. Therapeutic strategies targeting the PI3K/AKT
pathway can achieve effective organ protection by activating a series of
functional proteins that enhance proliferation and inhibit apoptosis,
such as vascular endothelial growth factor and nuclear factor- kB
[56,57]. The in vivo experiments in our study confirmed that G1 in-
creases the p-AKT/AKT ratio in OVX mice with MI.

Furthermore, we used primary cultured CFs under H/SD to simulate
the in vivo ischemia model. In particular, we investigated the effects of
H/SD on apoptosis-related proteins in CFs. The results are consistent
with those obtained from the in vivo experiment. However, when the
PI3K/AKT pathway was blocked, G1 failed to cause significant changes
in the expression of apoptosis-related proteins. Thus, it indicated that
G1 inhibited the apoptosis of CFs by activating the PI3K/AKT signaling
pathway, thereby mediated the myocardial protective effect of GPR30.

In conclusion, MI in OVX female mice causes ventricular wall
thinning, ventricular dilatation, and cardiac remodeling, thus severely
affecting cardiac function. GPR30 activation improves cardiac function
via reducing apoptosis, myocardial tissue inflammatory response, in-
farct size, myocardial fibrosis, and ventricular remodeling. The in vitro
results suggest that GPR30 may mediate myocardial protective effects
through PI3K/AKT. Thus, GPR30 may be a new target for reducing
myocardial infarct size and improving cardiac function in OVX female
mice with ML
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