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The relationship between estrogen-induced phenotypic
transformation and proliferation of vascular smooth muscle and
hypertensive intracerebral hemorrhage
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Background: To explore the effect of estrogen on human cerebral vascular smooth muscle cells (VSMCs)
and to clarify the molecular mechanism of estrogen inhibition of VSMC proliferation, which could provide
an important reference basis for the clinical treatment of hypertensive intracerebral hemorrhage.

Method: Firstly, the effects of different concentrations of estradiol and estrogen receptor (ESR) blocker
(tamoxifen) on the proliferation of human VSMCs and the expression of estrogen-related receptor gene (ESR:
ESRI1, ESR2, GPER), myocardin (MYOCD), serum reaction factor (SRF), and apoptosis gene caspase-3
were measured to discover the effect and mechanism of tamoxifen on the proliferation and apoptosis of
VSMCs. Secondly, the effects of estradiol on human VSMCs treated with angiotensin II (Ang II) were
observed by measuring the expression of vascular smooth muscle markers, o-smooth muscle actin (a-SMA),
SM22a, FLN, MCP-1, and TLR4.

Results: Estradiol inhibited the proliferation of VSMCs by upregulating the expression of ESR1, ESR2,
and GPER and downregulating the expression of caspase-3, MYOCD, and SRE, thereby inhibiting the
apoptosis of vascular smooth muscle. At the same time, tamoxifen had opposite effects. Angiotensin II
decreased the expression of 0-SMA and SM220 and promoted the expression of FLN, MCP-1, and TLR4
protein, while estrogen had the opposite effects.

Conclusions: Estrogen suppresses apoptosis by inhibiting the proliferation of human VSMCs and
preventing it from changing from contractile to synthetic. Estrogen can further prevents vascular damage
and regulate peripheral inflammatory reaction, thereby producing a protective effect on cardiovascular and

cerebrovascular.
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Introduction cerebral hemorrhage (1). At present, most of the research on
"The risk factors of hypertensive cerebral hemorrhage include hypertensive cerebral hemorrhage has been focused on the
hypertension, diabetes, smoking, and other factors, with repair of nerve damage after cerebral hemorrhage, while the
hypertension being the main risk factor of hypertensive etiology of hypertensive cerebral hemorrhage, especially the
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pathological mechanism of cerebrovascular disease under
hypertensive conditions, has garnered little attention. In
clinical autopsy, the cerebral vascular smooth muscle layer
of patients with hypertensive intracerebral hemorrhage is
degenerated, with the smooth muscle cells being atrophied or
having disappeared altogether. However, clinical and animal
experiments show an increased apoptosis rate of vascular
smooth muscle cells (VSMCs) in the hypertensive cerebral
hemorrhage area. Apoptosis also exists in human vascular
endothelium and smooth muscle under the induction of
various stimulating factors. These apoptotic cells participate
in the pathological changes of the disease and are the
cytological basis for the occurrence and evolution of various
vascular diseases. It is currently believed that apoptosis is
an independent risk factor for vascular disease (2-4), and
peripheral nerve cells at the site of cerebral hemorrhage have
been associated with apoptosis (5-7).

Estrogen represents a class of hormones comprising
estrone (E1), estriol (E3), 17-proxie-estradiol (E2) and
17-B-estradiol (8). It is generally accepted that estrogen
induces the apoptosis of VSMCs. In one study, when the
VSMCs were treated with 17-B-estradiol, the number of
apoptotic VSMCs increased significantly, and the ratio of
Bax/Bcl-2 increased in the G2-M apoptotic stage (9). In
human aortic VSMCs, 17--estradiol also promotes a rapid
and temporary increase in the apoptosis of VSMCs and
the phosphorylation of p38 through activating mitogen-
activated protein kinase (MAPK) (10). Overall, these studies
suggest a protective effect of estrogen on the cardiovascular
system. However, there is no clinical evidence to prove
that these hormones can replace drugs with cardiovascular
protective effects and eliminate potential hazards in the
cardiovascular system.

G protein-coupled estrogen receptor 1 (GPER) is a
newly discovered estrogen-related receptor, belonging
to the G protein-coupled receptor family called G PR30.
GPER is different from classical estrogen receptors
(ESRs), and its cellular localization and specific mechanism
remains controversial (11). As a factor in CVD, myocardin
(MYOCD) has attracted intense research focus since it
was discovered in 2001. Some studies have shown that
cardiomyosin is expressed in some cells, such as smooth
muscle precursor A404 cell line, which do not express
known smooth muscle marker genes; thus, cardiomyosin
can be used as a new marker for the identification of smooth
muscle cells (12). The complex formed by cardiomyosin
and serum response factor (SRF) is an important cofactor in
cardiomyocytes and smooth muscle cells, as it can regulate
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their proliferation, differentiation, and migration (13).
In this study, the estrogen and ESR blocker effect on the
proliferation of VSMCs and the expression of estrogen-
related receptor genes ESR (ESR1, ESR2, GPER),
MYOCD, SRF, and apoptosis gene caspase-3 were
explored, and the protective mechanism of estrogen on
human cerebrovascular system was clarified. Our results
may provide an important reference basis for the clinical
treatment of hypertensive intracerebral hemorrhage.
Mature VSMCs have high cellular specificity, mainly for
vasoconstriction, blood pressure regulation, and blood flow
distribution. Damaged VSMCs can undergo phenotypic
transformation due to their strong phenotypic plasticity. In
normal adult arteries, VSMCs mainly exist in their contractile
form. The pathological vascular phenotype is primarily
the synthetic type and plays an important role in CVDs,
including atherosclerosis (AS) and hypertension (14-16).
The proliferation and migration of VSMCs are the common
pathological features of the occurrence and development
of vascular diseases such as hypertension and pulmonary
hypertension, and the phenotypic transformation of VSMCs
plays an important role in the proliferation and migration
of VSMCs. Therefore, the study of VSMC phenotypic
transformation is of great significance for the prevention
and treatment of these diseases. a-smooth muscle actin
(a-SMA) is a ubiquitous and abundant protein in VSMCs,
which marks the completion of VSMC differentiation (17).
It is predominantly expressed in contractile cells, but not in
synthetic cells. Also, it is the main marker for the contractile
VSMC type and the most widely used marker in the
literature, followed by SM22a. Angiotensin II (Ang II) is an
effector molecule of the renin-angiotensin system (RAS),
and can induce VSMCs to change from the contractile
type to the synthetic type. The abnormal increase of Ang
II has also been implicated in the pathological process of
hypertension, atherosclerosis, and vascular fibrosis (18).
Zheng et al. found that Ang II could reduce the expression of
SM-a-actin, SM-MHC, and SM220 in VSMCs and promote
VSMC proliferation and hypertrophy. This leads to vascular
wall hardening and lumen stenosis, suggesting that Ang
II induces the phenotypic transformation of VSMCs (19).
Mori-Abe et al. (20) found that physiological dose of 17
B-estradiol could induce the apoptosis of synthetic VSMCs.
Therefore, it is speculated that estrogen may inhibit the
phenotypic transformation of VSMCs induced by Ang II. To
confirm this, we observed the effects of estradiol on human
cerebral VSMCs treated with Ang IT and evaluated the effect
of estrogen on the phenotypic transformation and apoptosis
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of VSMCs by measuring the expression of vascular smooth
muscle markers a-SMA, SM220, FLN, MCP-1, and TLR4.
In addition, in order to mimic the pathophysiological process
of human cerebral hemorrhage in the experimental study, an
animal model of hypertensive intracerebral hemorrhage was
established to better study the relationship between estrogen
and hypertensive intracerebral hemorrhage.

We present the following article in accordance with the
ARRIVE reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-4567).

Methods
Culture and treatment of buman cerebral VSMCs

Human cerebral VSMCs were purchased from the
American Type Culture Collection (ATCC) and were then
cultured in Dulbecco’s Modified Eagle Medium (DMEM)-
high glucose medium (Hyclone; cat. no. SH30022.01B)
containing 10% fetal bovine serum (FBS) (Hyclone; cat.
no. SH30087.01) and 1% penicillin streptomycin (Hyclone;
cat. no. SH30010) and incubated in a constant-temperature
incubator at 37 °C with 5% CO,. Human brain smooth
muscle cells were divided into seven groups: the first
experimental group was estradiol (Sigma-Aldrich, Cat.No
BP729) at concentrations of 107, 10 and 107 mM; the
second experimental group was tamoxifen (Supelco, Cat.
no. 06734) at concentrations of 10, 107, and 10 mM;
the control group did not undergo any intervention; the
Ang II group was stimulated by 107 mmol/L Ang II for
72 hours; the Ang II-low estradiol concentration group was
treated with estradiol at a concentration of 10" mmol/L
for 24 hours after 72 hours of Ang II treatment; the
Ang II-medium estradiol concentration group was
stimulated with Ang II for 72 hours, and then treated with
107 mmol/L estradiol for 24 hours; the Ang II-high
estradiol concentration group was treated with Ang II for
72 hours, and then treated with 10~ mmol/L estradiol for
24 hours.

Grouping and establishment of the animal model

In all, 24 eight-week-old SD rats, weighing 200-250 g, were
randomly divided into six groups, the low estrogen group
(n=3), the high estrogen group (n=6), the ESR agonist
group (n=3), the ESR antagonist group (n=3), the normal
estrogen group (n=6), and the sham operation group (n=6).
The rat model of renal hypertension was established by
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unilateral coarctation of the renal artery in the low estrogen
group, the high estrogen group, the ESR activation group,
the ESR antagonist group, and the normal estrogen group.
In the sham operation group, only the left renal artery was
dissociated, with the abdominal cavity being sutured. Then
treat the model group as follows: (I) low estrogen group:
ovarian removal surgery on rats; (II) high estrogen group:
Continuous feeding of estradiol (100 pg/kg/d) to rats; (I1I)
ESR agonist group: After ovary removal surgery, rats are
given hormone hormone agonist estradiol (100 pg/kg/d);
(IV) ESR antagonist group: Normal Tamoxifen (3 mgrkg/d),
an ESR antagonist in the estrogen group. This study was
approved by the ethics committee of the First Affiliated
Hospital of Nanchang University (No. 2014-72). All
procedures are performed in compliance with the guidelines
of the Institutional Animal Care and Use Committee.

The proliferation of buman brain smooth muscle cells was
detected by CCK8 method

Cells with a density of 1x10°/mL were inoculated on a 96-
well plate, and 100 pL cell suspension was added to each
well. Blank wells were set up by adding 100 pL of culture
medium with no cells, and then the cells were incubated in 5%
CO; at 37 °C for 24 hours. After that, the cells were further
incubated in 5% CO, incubator at 37 °C at concentrations
of 107, 107, and 107 mM estradiol, and 107, 107”7, and
10°mM tamoxifen. Then, CCK-8 reagent (10 pL/well;
Biyuntian; cat. no. C0037) was added to incubate for
4 hours, and Thermo Fisher Scientific Multiskan MK3 was
used to determine the absorbance of optical density (OD),s
at the wavelength of 450 nm. The cell inhibition rate was
expressed as a percentage and calculated by the following
equation: inhibition rate = (1-average OD value of the
experimental group/average OD value of the control group)
x 100% (at the same time).

Flow cytometry (FCM) detection of apoptosis of buman

brain smooth muscle cells

For FCM, a 0.5 mL suspension of the above-mentioned
treated cells (density = 5x10°/mL) was transferred into
a clean centrifuge tube, and 1.25 pL. Annexin V-FITC
(Keygen; cat. no. KGA106) was added. This tube was
kept at room temperature (18-24 °C), with light avoidance
reaction for 15 minutes and then centrifuged at 1,000 xg
for 5 minutes to remove the supernatant. The cells were
resuspended lightly with 0.5 mL precooled 1xbinding
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Table 1 Amplification sequence of marker gene of human cerebral vascular smooth muscle cells

Xia et al. Estrogen and hypertensive cerebral hemorrhage.

Gene Forward primer Sequence (5'->3') Reverse primer Sequence (5'->3") Product length (bp)
ESR1 GCTCCATTTACAGCCATTTC GCTGCATGATGGCATTATAG 152
ESR2 AGTCTGGTCGTGTGAAGGAT CACCATTCCCACTTCGTAAC 160
GPER TTTATTCTCCGCCTGCACGA ACTCTCTGGGTACCTGGGTT 231
Caspase-3 CTCCACAGCACCTGGTTATT AAGCTTGTCGGCATACTGTT 100
MYOCD GGGTCTGAGCATTCCTTGCT CTGGACGTTTCAGTGGTGGT 124
a-SMA GAAGGGACACAGAGGTTTC AGTAGCACCATCATTTCCAC 193
SM22a AAACCCACCCTCTCAGTC GGGAAAGCTCCTTGGAAGT 285
FLN TGTCACAGTGTCAATCGGA ACACAGATGACGTATTTGCC 234
18sRNA CCTGGATACCGCAGCTAGGA GCGGCGCAATACGAATGCCCC 112

buffer, and then 10 pL propidium iodide was added.
The tubes were stored on ice to avoid light. FCM (BD
FACSCalibur) was immediately used for detection and
analysis.

RNA extraction and real-time polymerase chain reaction
(RT-PCR)

"Total RNA was extracted from the treated cells in each group
(Trizol method), the OD,4 and OD,g, of each RNA sample
were determined, and the concentration was calculated. The
reverse transcription steps were carried out strictly according
to the instructions of TaKaRa PrimeScript II 1st Strand
c¢DNA Synthesis Kit (D6210A). The mRNA of ESR1, ESR2,
GPER, MYOCD, SPF, caspase-3, a-SMA, SM22a, and FLN
was detected by a real time polymerase chain reaction (RT-
PCR) instrument (the sequence of each gene amplification
product is shown in 7able I). Reaction system and reaction
parameters were prepared according to the instructions of
TaKaRa SYBR® Premix Ex Taq IT (Perfect Real Time). The
amplification curve and melting curve of (RT-PCR) were
carried out following the operation method of ABI PRISM®
7500 Sequence Detection System Real-Time PCR System
and the 2*“ method was used for any calculations.

Western blot

After centrifugation, the precipitates of cells in each group
were collected and lysed with 1x RIPA Buffer (CST #
9806S). After full lysis, the lysed cells were centrifuged at
10,000-14,000 g for 3 to 5 minutes and the supernatant
was taken. The concentration of total protein in the
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supernatant was determined according to the method
provided by bicinchonic acid (BCA) protein concentration
determination reagent (Pierce # 23225). The same
amount of total protein (30 pg) was separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and transferred to polyvinylidene fluoride (PVDF)
membrane. After being sealed by 5% skimmed milk
powder, the membrane reacted with anti-ESR1, ESR2,
GPER, caspase-3, MYOCD, SREF, a-SMA, SM22a, FLN,
MCP-1, and TLR#4 antibodies overnight at 4 degrees,
was washed, and then reacted with the second antibody,
horseradish peroxidase (HRP) goat anti-mouse IgG
(Bioworld), at room temperature for 1 hour. Then, 350 pL.
of enhanced chemiluminescence (ECL) luminous substrate
was added, and images were developed in the darkroom.
B-actin antibody and anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH)-HRP (Shanghai Kangcheng,
KC5GS5) antibody were used as the internal controls of the
experiment.

Hematoxylin-eosin staining

Take 2 and 6 weeks of low estrogen group, high estrogen
group and normal estrogen group, one in each group, fixed
in 4% paraformaldehyde for 24h, and then gradient alcohol
dehydration. After the tissues were embedded and sliced,
dewaxing and rehydrating were carried out, and then the
sections were treated with hematoxylin for 3-8 minutes and
stained with eosin for 1-3 minutes. After that, the sections
were gradient dehydrated sequentially and sealed for
fluorescence imaging to observe the pathological changes of
arteries and blood vessels in the bleeding area.
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Table 2 Changes of blood pressure in the low estrogen group, high
estrogen group, normal estrogen group, and sham operation group
(kPa, X £ 5)

Blood pressure (p/kPa)

Group

2 weeks 4 weeks 6 weeks

Sham operation group 15.19+1.27 15.25+1.33 15.26+0.83

Normal estrogen group  20.65+0.85 21.71+1.02 23.44+0.97
Low estrogen group 22.16+0.92 24.03+0.67 25.88+1.54

High estrogen group 20.03+1.33 18.77+1.33 17.16+1.42

Table 3 Changes of blood pressure in the estrogen receptor
activation group, estrogen receptor antagonist group, normal
estrogen group, and sham operation group

Blood pressure (p/kPa)

Group

0 week 5 weeks

Sham operation group 15.23+1.48 15.31+0.59

Normal estrogen group 19.11+£0.79 22.98+1.08

Estrogen receptor activation group 19.28+1.51 18.53+1.16

Estrogen receptor antagonist group  20.94+1.27 24.57+0.83

Immunofluorescence staining to detect the expression of
cerebrovascular smooth muscle- and cevebrovascular-
related proteins before and after modeling

Human cerebral VSMCs from the control group, Ang II
group, Ang II estradiol-low-concentration group, Ang II
estradiol-medium-concentration group, Ang II estradiol-
high-concentration group were grown on a glass slide
and were treated with 4% neutral paraformaldehyde for
15 minutes for fixing, and then 0.25% Triton XMel 100 was
applied for 5 minutes. The paraffin sections of the normal
estrogen group, ESR agonist group, and ESR antagonist
group were grilled, dewaxed, antigen-repaired, and had
endogenous enzymes removed. The slides of above-
mentioned groups were sealed with 10% normal sheep
serum for 30 minutes, and then, anti-a-SMA, SM22a, FLN,
ERs, a-SMA, Desmin antibodies were added and incubated
overnight at 4 °C. Phosphate-buffered saline (PBS) was used
to wash the slides 3 times, and then the slides reacted with
HRP-labeled secondary antibody for 1 hour. The slides
were then washed with PBS three times and mixed with
anti-glyceraldehyde-3-phosphate dehydrogenase (DAPI).
After incubating for 5 minutes in the dark to restain cell
nuclei, the sealed slides were photographed by fluorescence
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microscope (Leica, DMI6000B) and plotted with software.

Statistical analysis

The experimental results were expressed by mean = standard
deviation (X £5), and SPSS 20.0 statistical software was
used for statistical analysis to compare the mean between
groups using analysis of variance, with P<0.05 as the test
level of statisitical significance.

Results
Change of blood pressure detected before and after modeling

The comparison of blood pressure in each group before and
after modeling is shown in Table 2. Rat systolic blood pressure
in the 11.3-17.95 kPa range was considered normal blood
pressure. Blood pressure after modeling surgery was higher
than that before operation by more than 2.66 kPa which was
greater than three times the standard deviation of normal
blood pressure. Blood pressure after surgery higher than
15.30 kPa indicated a surgery success, whereas no significant
increase in blood pressure or death after operation indicated
failure. Table 3 shows that the hypertension model operation
in each experimental group was successful.

Effects of estrogen on proliferation and apoptosis of buman
cerebral VSMCs

CCK-8 method and flow cytometry were used to detect
the cell proliferation and apoptosis of human cerebral
vascular smooth muscle in each group. It can be seen from
Figure 1A4,B that as the concentration of estradiol increases,
the rate of proliferation of human cerebral vascular smooth
muscle cells gradually decreases, and the rate of inhibition
gradually increases, while the effect of tamoxifen is just in
phase (P<0.05). From the results in Figure 1C, we can see
that compared with the control group, the apoptosis rate
of human cerebral vascular smooth muscle cells gradually
decreased with the increase of estradiol concentration, and
the effect of tamoxifen was just the opposite (P<0.05).

Effects of estrogen on the expression of ESR1, ESR2,
GPER, caspase-3, MYOCD, SRF mRNA, and protein in
buman cerebral VSMCs

Compared with the control group, the expression of
estrogen-related receptor genes ESR1, ESR2, GPER,
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Figure 1 Effect of estrogen on the proliferation and apoptosis of human cerebral vascular smooth muscle cells. (A) The proliferation rate of
human VSMCs was measured at low, medium, and high concentrations of estradiol and tamoxifen. (B) The inhibition rates of low, medium,
and high concentrations of estradiol and tamoxifen on human VSMCs were measured. (C) Effects of estradiol and tamoxifen at different
concentrations in the low-, medium- and high-concentration groups on the apoptosis of human cerebral VSMCs. *, P<0.05 vs. control; **,
P<0.01; ***, P<0.001 vs. control. VSMC:s, vascular smooth muscle cells.

MYOCD, and SRF mRNA in estradiol groups increased in a concentration-dependent manner (Figure 2B). In
significantly (P<0.05), while the expression of caspase-3 the tamoxifen groups, the expression of estrogen-related
mRNA decreased significantly (P<0.05 ) in a concentration- receptor genes, ESR1, ESR2, GPER, MYOCD, and SRF
dependent manner. In the tamoxifen group, the expression increased, while the expression of Caspase-3 decreased in a
of estrogen-related receptor genes ESR1, ESR2, GPER, concentration-dependent manner.

MYOCD, and SRF mRNA decreased significantly (P<0.05),
while the expression of caspase-3 mRNA increased

. . . Immunofluorescence staining confirms that estrogen affects
significantly (P<0.05) in a concentration-dependent manner f g confi gen affe

the expression of a-SMA, SM22a, and FLN markers in

(Figure 24). Meanwhile, compared with the control group, Ang IT induced VSMC phenotype transformation.

estrogen-related receptor genes, ESR1, ESR2, GPER,
MYOCD, and SRF protein expression increased, while The immunofluorescence staining results (Figure 34,B)
Caspase-3 protein expression decreased in estradiol groups indicate that the expression of a-SMA and SM22a decreased

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2020;8(12):762 | http://dx.doi.org/10.21037/atm-20-4567



Annals of Translational Medicine, Vol 8, No 12 June 2020

A 30-
25
20
15

ke

104

Relative expression

ESR1 ESR2 GPER

B C
ESR1 | #% == s &% & 80 88 57 D2

ESR2 W e W W 50 KDa
GPER e v e s s s a0 42 kD2

B TR ¥ 04 D)
B oS e o [ 34KD2
MYOCD ™™ ™™ "= s awe s e 101 kDa

S e L L L
GAPGH é?-?--gﬁoewa

Caspase-3

Relative expression of GAPDH

Page 7 of 14

@ Tamoxifen-H
B Tamoxifen-M
B Tamoxifen-L
& Control
Estradiol-L
Estradiol-M
&3 Estradiol-H

*
%

S 0

SRF = ] Tamoxifen-H
B Tamoxifen-M
B3 Tamoxifen-L
3 Control
22 Estradiol-L
B Estradiol-M
&3 Estradiol-H

sk &

ke
*

ESR2 GPER Caspase-3 MYOCD SRF

%
%

*

%

T
T

s
Trrrrrrrreeeeerrerre NS

T
T

Figure 2 Expression of ESR1, ESR2, GPER, caspase-3, MYOCD, SRF mRNA, and protein in each group of cells. (A) Expression of ESR1,
ESR2, GPER, caspase-3, MYOCD, and SRF mRNA in each group of cells. (B) Expression of ESR1, ESR2, GPER, caspase-3, MYOCD,
SRF protein in each group of cells. (C) The expression levels of ESR1, ESR2, GPER, caspase-3, MYOCD, and SRF protein in each group

of cells. *, P<0.05; **, P<0.01; ***, P<0.001.

while FLN expression increased in the Ang II groups;
meanwhile, in the low-, medium-, and high-estradiol-
concentration groups, the expression of 0-SMA and SM22a
increased while FLN expression decreased.

Estradiol effect on mRNA and protein expression of
a-SMA, SM22a. and FLN, along with the protein
expression of MCP-1 and TLR4

As shown in Figure 44,B, compared with the control group,
the mRNA and protein expression of a-SMA and SM22a
decreased, while the mRNA and protein expression of
FLN increased; furthermore, the protein expression of
phenotypic markers in the human cerebral VSMCs, MCP-
1 and TLR4, increased in the Ang II group. In the low-,
medium- and high-estradiol-concentration groups, the
mRNA and protein expression of a-SMA and SM22a
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increased, the mRNA and protein expression of FLN
decreased, and the protein expression of MCP-1 and TLR4
decreased, compared with the Ang II group.

Hematoxylin-eosin staining to observe the effect of estrogen
on cerebrovascular bemorrbage in bypertensive model group

As shown in Figure 5, compared with the normal estradiol
group, the bleeding in the low estradiol group was obvious,
the number of bleeding spots was higher, the amount
of bleeding was greater, and the blood vessels at the
bleeding site were ruptured. Moreover, with the increase of
experimental time, the number of bleeding points increased
and the amount of bleeding increased. Meanwhile, in the
high estradiol group, there was less bleeding and fewer
bleeding spots, and with the increase of experimental
time, the bleeding was alleviated, the number of bleeding
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Immunofluorescence was used to detect the expression of a-SMA and SM220. protein in each group of cells. (B) Immunofluorescence was

used to detect the expression of FLN protein in each group of cells.
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Figure 4 Estradiol effect on mRNA and protein expression of 0-SMA, SM2 o, and FLN, as well as MCP-1 and TLR4 protein expression.
(A) Effects of low, medium, and high estradiol concentrations on the mRNA of Ang II-induced VSMC phenotypic transformation markers

a-SMA, SM22a, and FLN. (B) Protein expression levels of Ang II-induced markers for phenotypic transformation in human cerebral
VSMCs, 0-SMA, SM22a, FLN, MCP-1, and TLR4, affected by different concentrations of estradiol. (C) Relative protein expression of
a-SMA, SM22a, FLN, MCP-1, and TLR4 in different concentrations of estradiol. *, P<0.05; **, P<0.01; ***, P<0.001. a-SMA, o-smooth

muscle actin; Ang II, angiotensin II, VSMCs, vascular smooth muscle cells.

points decreased, and the amount of bleeding decreased,
which indicates that estradiol can improve the cerebral
hemorrhage caused by hypertension.

Immunofluorescence detection of the expression of ER,
a-SMA, and Desmin in cerebral vessels of different
treatment groups before and after modeling

Compared with the normal estrogen group, the expression
of ERa, Erp, a-SMA, and Desmin in the ESR antagonist
group decreased, while the expression of Era, Erf, a-SMA,
and Desmin increased in the ESR agonist group (Figure 6).

Discussion

Hypertensive intracerebral hemorrhage is one of the most
serious complications of hypertension. At present, most
of the research on hypertensive intracerebral hemorrhage
focuses on the repair of nerve damage after intracerebral

© Annals of Translational Medicine. All rights reserved.

hemorrhage, but there are few studies that have examined
the causes of hypertensive intracerebral hemorrhage,
especially the pathological mechanism of cerebrovascular
disease under hypertensive conditions. The pathological
progression of hypertension often involves the process
of cardiovascular remodeling. Research has shown that
vascular remodeling is associated with the imbalance
between VSMC proliferation and apoptosis (21). The
imbalance between vascular VSMC proliferation and
apoptosis—that is, the increase of cell proliferation and/or
the decrease of apoptosis—contributes to the occurrence
and development of vascular remodeling (22).

It can be speculated that regulating the balance between
apoptosis and proliferation may be one of the important
ways to prevent cardiovascular remodeling. It is widely
accepted that the proliferation and migration of VSMCs
are the result of a series of complex gene expression
regulations (23). The characteristic marker genes of
VSMC s, such as a-SMA, SM22a, and SRE, are only
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Figure 5 Effects of different estriol concentrations on cerebral vascular tissue in the hypertension model group.

temporarily expressed during the development of VSMCs
and are not expressed in other cells; thus, they can be used
to identify VSMCs. These specific VSMC marker genes
are regulated by a common upstream signal molecule,
MYOCD, which can upregulate the expression of a-SMA,
SM220, and SRE, and promote the proliferation of smooth
muscle cells (24). Some studies focusing on the relationship
between MYOCD and CVD indicate that the upregulated
expression of the MYOCD gene may increase the risk of
CVDs such as atherosclerosis and myocardial hypertrophy
(25,26). Therefore, suppressing the overexpression of
MYOCD could inhibit the proliferation of smooth muscle
cells, which is likely to become a new target for drugs that
treat CVDs.

The effect of estrogen on CVD has been identified
through in vitro and in vivo models and observational studies.
To put simply, estrogen has a certain protective effect on the
cardiovascular system, but the specific effect and mechanism
are not clear. In the present study, the results of CCK-
8 cytotoxicity test showed that estrogen could suppress
the proliferation of VSMCs, which may be related to the
expression of MYOCD. Compared with the control group,
the expression of MYOCD mRNA and protein in the estradiol
group gradually decreased with the increase of estradiol

© Annals of Translational Medicine. All rights reserved.

concentration, and SRF showed the same expression trend.
On the other hand, tamoxifen, an ESR blocker, exhibited
the opposite effects. Therefore, estradiol can inhibit the
proliferation of VSMCs by suppressing the overexpression of
MYOCD and SRE, which is one of the possible mechanisms
through which estrogen protects blood vessels.

Previous studies have also shown that estrogen inhibits
the proliferation and inward migration of VSMCs and
delays the formation and development of arterial plaque,
which is mediated by the classical intranuclear ESR ERo/
ERP and the activation of MAPK, PI3K/Akt, Erkl/Erk2,
and other pathways. In this study, the experimental results
indicated that estradiol could upregulate the expression of
estrogen-related receptor genes, ERS1 and ERS2, in human
brain VSMCs in a concentration-dependent manner which
increased with the increase of drug concentration. From
the model of hypertensive intracerebral hemorrhage, it was
observed that estrogen can upregulate the expression of ERa/
ERB, in a concentration-dependent manner, increasing with
the increase of drug concentration, and that ESR agonists
can also upregulate ERo/ERB, while ESR antagonists showed
the opposite effect. Via the mediation of ERa/ERP, estrogen
can inhibit the proliferation of rat VSMCs and upregulate
the expression of ESR-related genes, ERS1 and ERS2, in a
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Figure 6 Immunofluorescence staining was used to observe the protein expression of ERs, a-SMA, and Desmin in cerebral vessels of

different treatment groups before and after modeling. (A) Protein expression of ERs; (B) protein expression of a-SMA; (C) protein

expression of Desmin. a-SMA, a-smooth muscle actin.

concentration-dependent manner. In addition, GPER can
specifically bind to estrogens, estrogen-like hormones, and
estrogen antagonists, resulting in biological effects similar
to those of ESR; GPER can also mediate the physiological
effects of estrogen on tissues. It is also confirmed that in
addition to the distribution of ERa/ERB on human brain
VSMCs, GPER is also present, and that estradiol can
increase the expression of GPER in human brain VSMC,
which is positively correlated with the drug concentration.
Therefore, estrogen can inhibit the proliferation of rat

© Annals of Translational Medicine. All rights reserved.

VSMC, which is not only mediated by ERa/ERB, but also
related to GPER in a concentration-dependent manner. It
is another possible mechanism through which estrogen can
protect blood vessels.

The results of the experiment on the expression of
VSMC apoptosis gene caspase-3 in the human brain
showed that estrogen could inhibit the apoptosis of VSMCs
by downregulating the expression of VSMC apoptosis
gene caspase-3, possibly by inhibiting caspase-3 pathway
to inhibit its apoptosis in turn. The imbalance between
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VSCM proliferation and apoptosis—that is, the increase
of cell proliferation and/or the decrease of apoptosis—
contributes to the occurrence and development of vascular
remodeling. When local environmental factors change,
such as when vascular injury occurs, VSMCs undergo
a reversible phenotypic transformation, intracellular
synthesis becomes active, and the pattern of gene expression
changes accordingly (27). Significant changes are found
in the expression of a-SMA, SM22a, FLN, MCP-1, and
TLR4 genes switching from the “off” state to the “on”
state, which regulates the proliferation and migration of
VSMCs. Previous studies have shown that Ang is one of
the growth and proliferation factors of VSMCs. After
72 hours of VSMC proliferation stimulated by Ang II
(107 mM), the mRNA and protein expression of VSMC
contractile phenotypic marker genesm a-SMA and SM22a,
decreased significantly, while the mRNA and protein
expression of FLN, a synthetic phenotypic marker gene,
increased significantly, indicating that VSMC transformed
from the contractile phenotype to synthetic phenotype.
After estrogen treatment, the decrease of a-SMA and
SM220 expression and the increase of FLN expression
induced by Ang II were inhibited to varying degrees, as
shown by increased a-SMA and SM22a expression and
decreased FLN expression; that is, estrogen treatment
could significantly inhibit the phenotypic transformation of
VSMC in a concentration-dependent manner. Also, in the
model of hypertensive intracerebral hemorrhage, estrogen
and ESR agonists increased the expression of a-SMA and
Desmin, while ESR antagonists decreased the expression
of 0-SMA and Desmin. In addition, it was observed that
estrogen could improve the cerebral hemorrhage caused
by hypertension in the model of hypertensive intracerebral
hemorrhage with hematoxylin and eosin stain (HE staining).

Finally, in cardiovascular and cerebrovascular diseases,
synthetic VSMCs induce the expression of various matrix
metalloproteinases and inflammatory mediators, such
as monocyte chemoattractant protein-1 (MCP)-1. In
hypertension, the increased activation of DAMP-TLR may
affect vascular reactivity and cause vasculitis, which is also
important in the pathophysiology of hypertension (28,29).
The experiment also proved that estrogen reduces the
expression of MCP-1 and TLR in human brain VSMCs,
and regulates perivascular inflammation.

Conclusions

These experimental results indicate that estrogen inhibits

© Annals of Translational Medicine. All rights reserved.

Xia et al. Estrogen and hypertensive cerebral hemorrhage.

the proliferation of human cerebral VSMCs to inhibit their
apoptosis, and inhibits the transformation of angiotensin II-
induced VSMC from contractile to synthetic. It was also
found that estrogen prevents vascular injury and regulates
perivascular inflammatory reaction; thus, estrogen has a
protective effect on the cardiovascular and cerebrovascular,
and provides a new pathway for the treatment of hypertensive
intracerebral hemorrhage. Ultimately, the regulation of
estrogen to control the phenotypic transformation of
VSMCs under different pathological conditions may be
a new pathway for the treatment of vascular proliferative
diseases such as hypertensive intracerebral hemorrhage.
However, the specific molecular mechanism of estrogen
involved in regulating the phenotypic transformation of
VSMC is unknown. Furthermore, it is unclear whether cell-
to-cell interactions are involved in regulating the phenotypic
transformation of VSMC, and further studies are needed to
elucidate these issues.
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