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Background: Lower extremity varicose veins (LEVVs) are a common venous disorder of
venous dilation and tortuosity. The functional integrity of vascular smooth muscle cells
(VSMCs), the majority of the cells in venous tissues, and their phenotypic differences play
important roles in the occurrence and development of LEVV. However, the underlying
mechanism remains unclear.

Methods: The expression of estrogen receptors ERo and ERP and G-protein-coupled
receptor 30 (GPR30) in LEV'V tissues and the role of GPR30 in VSMC phenotypic switching
were examined by Western blotting and quantitative real-time PCR. Finally, the related
mechanisms underlying LEVVs were explored by Western blotting.

Results: The serum estradiol content was increased in LEVV patients compared with normal
control patients, but the mRNA levels of ERa and ERB were not significantly different.
GPR30 was overexpressed in LEVVs, and high expression of GPR30 promoted the main-
tenance of a synthetic phenotype in which OPN, MMP-1 and MMP-9 were highly expressed
and a-SMA was poorly expressed in VSMCs. Finally, the mechanism by which GPR30
promotes the phenotypic switching of VSMCs is dependent on the ERK1/2 and AKT
pathways.

Conclusion: GPR30 may contribute to the pathogenesis of LEVVs by promoting the
maintenance of a synthetic phenotype in VSMCs by activating the ERK1/2 and AKT
pathways, and GPR30 might be a novel therapeutic target for clinical LEVV treatment.
Keywords: GPR30, vascular smooth muscle cell, varicose veins, phenotypic switch, AKT
and ERK pathways

Introduction
Lower extremity varicose veins (LEVVs), a common venous disorder characterized
by degenerative vein valves and excessive venous dilation and tortuosity, affect
10% to 40% of the adult population in China.! The spectrum of LEVVs ranges
from varicose veins to leg edema and serious skin changes such as hyperpigmenta-
tion, eczema, lipodermatosclerosis, and venous ulceration.” Venous dilation is often
thought to result from an inability of the venous smooth muscle to constrict in
response to venous pressure or circulating vasoconstrictors.” However, the patho-
physiological mechanisms underlying LEVVs are not clearly understood.

Vascular smooth muscle cells (VSMCs) are highly specialized cells that can
retain their plasticity and modulate their phenotype (contractile and synthetic
phenotypes) in response to changes in the local environment. Phenotypic and
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functional abnormalities in VSMCs may be associated
with the pathogenesis of LEVVs.* An increase in secretory
VSMCs leads to increased immature extracellular matrix
(ECM) and decreased mature ECM, which makes main-
taining cell stability and membrane integrity difficult.>*
Therefore, exploring the factors that play a critical role in
controlling the phenotypic transformation and migration of
VSMCs is helpful and necessary for the development of
novel therapeutic strategies to treat LEVVs.

Risk factors for LEVVs include a family history, older
age, female gender, standing occupations, or a history of
deep venous thrombosis. Estrogen plays a crucial role in the
development of LEVVs. Previous studies reported that the
levels of estrogen were increased in the sera of LEVV
patients.”'® Alternations in hormonal levels can induce
hypertrophy and ther growth of the SMC layer in
LEVV!'"13 and its effects are mediated by the activation
of three different receptors: the classical estrogen receptors
ERa and ERP and G-protein-coupled receptor 30 (GPR30).
GPR30, also named G-protein-coupled estrogen receptor 1
(GPER1), can bind estrogen and acts as an estrogen receptor
within the cell membrane. GPR30 leads to rapid nonge-
nomic signalling events and transcriptional regulation.'
Studies have shown that GPR30 is widely overexpressed
in various cancers and contributes to tumour proliferation
and migration.'>'7 GPR30 also provides neuroprotection
against ischaemic stroke.'® In addition, GPR30 plays a key
role in the cardiovascular system.'® However, there have
been few reports about the role of GPR30 in the venous
system. Furthermore, some studies have reported no
changes in the expression of ERa and ERB in LEVVs,?*?!
or that expression levels of both receptors are upregulated in
LEVVs.?*? This inconsistency suggests that GPR30 may
be involved in the progression of LEVVs. Therefore, in this
study, the expression of three ERs in LEVV and normal
great saphenous vein (GSV) tissues was evaluated, and the
mechanism by which GPR30 regulates SMC phenotypic
transformation was explored.

Materials and Methods

The First Affiliated Hospital of Anhui Medical University
(Hefei, China) Human Research Ethics Committee approved
the study protocol. All individuals provided written informed
consent to be involved in the study.

Reagents
Recombinant human 17-f-estradiol (E2; ab120657) was pur-
chased from Abcam (Cambridge, USA). Antibodies against

GPR30, AKT, p-AKT, ERK, p-ERK, OPN and a-SMA were
purchased from Cell Signaling Technology (Beverly, MA,
USA). Antibodies against MMP-1 and MMP-9 were
obtained from Zenbio (Chengdu, China). Antibodies against
GPR30 and GAPDH were purchased from Proteintech
(Wuhan, China).

Cell Culture and Human Tissues

Primary VSMCs were obtained from the GSV of a healthy
organ donor with the consent of the donor and approval of
the Ethics Committee of the First Affiliated Hospital of
Anhui Medical University. VSMCs were cultured in phenol
red-free DMEM (Gibco, Grand Island, NY) supplemented
with 20% FBS (Gibco), 1% penicillin/streptomycin (Gibco)
and 4 mM L-glutamine and then maintained at 37°C in
a humidified incubator containing 5% CO,.

Twelve tissue samples were collected from patients at the
First Affiliated Hospital of Anhui Medical University from
June 2017 to August 2018. The varicose group consisted of
12 patients (6 men and 6 postmenopausal women; mean age:
53 years; range: 48—67 years) with LEVVs who had received
high ligation and stripping. All 12 patients were confirmed to
have primary LEV Vs using colour Doppler ultrasound ima-
ging before the surgery and showed different degrees of
reflux of the saphenofemoral venous valve. Patients were
classified as C3 to C5 according to the CEAP classification,
with a disease duration of 2 to 10 years.

A total of 8 normal GSVs were obtained from & patients
(3 men and 5 postmenopausal women; mean age: 63 years;
range: 50—77 years) who were undergoing distal arterial
bypass grafting surgery. The exclusion criteria were severe
lower limb oedema, thrombophlebitis, phlebitis without
thrombus, arterial disease, and diabetes. None of the female
patients received any hormone replacement therapy, and all
female patients had experienced menstrual flow for
a minimum of 12 months.

RNA Extraction and Quantitative
Real-Time PCR (qRT-PCR)

Total RNA was isolated from samples and cells utilizing
TRIzol reagent (Beyotime, Shanghai, China) following the
manufacturer’s instructions. After testing the RNA concen-
tration and quantity using an ultraviolet spectrophotometer
(Eppendorf, Hamburg, Germany), cDNA was synthesized
with the PrimeScript™ RT reagent kit with gDNA Eraser
(Perfect Real Time, Takara), and real-time qPCR was per-
formed utilizing SYBR Green I (Q511, Vazyme) and an ABI
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7300 software system (Applied Biosystems, Foster, CA,
USA) according to the manufacturer’s protocol. Relative
mRNA expression was normalized to the relative expression
of the control gene, GAPDH. Each experiment was repeated
in triplicate. The sequences of the primers used for gRT-PCR
are shown in Table 1.

Measurement of Serum Estradiol (E2)

All blood samples were obtained in the morning between
8:00 am and 12:00 pm. The samples were stored for
a maximum of 8 hours at 2°C to 8°C before centrifugation
and separation of the serum. Serum was stored at —20°C. The
E2 level was determined with a Cobas E601 fully automated
immunoassay system (Roche, Basel, Switzerland).

Western Blotting

Tissues and cells were harvested and lysed with RIPA lysis
buffer (Beyotime) containing 0.1% PMSF. After centrifuga-
tion at 120,000 rpm for 30 min at 4°C, protein concentrations
were quantified using a BCA protein assay kit (Beyotime), and
proteins (50 pg) were separated by 10% SDS-PAGE (SDS-
polyacrylamide gel electrophoresis) and then transferred to
PVDF membranes (Millipore, Boston, MA, USA). The mem-
branes were blocked with 5% nonfat milk in PBS-0.1%
Tween-20 (PBST) for 2 h at room temperature and subse-
quently incubated with the indicated antibodies at 4 °C over-
night. After washing 3 times using PBST, the membranes were
incubated with secondary antibody and then visualized using
an ECL Plus kit. The grey values of the bands were analysed
with Image] (NIH, Bethesda, MD, USA). GAPDH was
a loading control on the same membrane to normalize the
protein levels.

Plasmid Construction and Cell Transfection
PcDNA3.1 (+)-GPR30 and GPR30 siRNAs (sense: 5'-GC
ACCUUCAUGUCGCUCUU -3’ and antisense: 5'-AAGAG

Table | Primers Used for qRT-PCR (Quantitative Real-Time
PCR)

Name Forward Reverse

GPR30 CAGTACGTGATCGGCCTGTT TTCTCGCGGAAGCTGATGTT
OPN CCAGTTGTCCCCACAGTAGAC TACTGGATGTCAGGTCTGCG
a-SMA CAATGAGCTTCGTGTTGCCC AATAGCCACGCTCAGTCAGG
MMP-| CAAACCCCAAAAGCGTGTGA TCGGCAAATTCGTAAGCAGC
MMP-9 GCAATGCTGATGGGAAACCC AGAAGCCCCACTTCTTGTCG
ERa GGAGACATGAGAGCTGCCAAC | CCAGCAGCATGTCGAAGATC
ERB TGAGGGGAAATGCGTAGAAGG | CGTTCAGCAAGTGAGCCAG
GAPDH | ACCCAGAAGACTGTGGATGG TTCAGCTCAGGGATGACCTT

CGACAUGAAGGUGC-3") were purchased from General
Biosystems (Hefei, Anhui). Transfection was accomplished
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
following the manufacturer’s instructions.

Statistical Analysis

All data are expressed as the mean+SEM (standard error of
the mean) of at least three independent experiments.
Differences between groups were analysed using a two-
tailed unpaired Student’s ¢-test or one-way ANOVA follow-
ing Dunnett’s #-test. All statistical analyses were performed
using GraphPad 7 (GraphPad Software, Inc., La Jolla, CA,
USA). When P<0.05, the difference was considered statis-
tically significant.

Results
GPR30 Was Overexpressed in LEVV

Tissues

First, we found that the serum estradiol content was
increased in LEVV patients (Supplementary Figure 1A).
We also tested the expression of ERa and ERf in LEVV
patients and found that the mRNA levels of ERa and ERp in
LEVYV tissues were not significantly different from those in

normal GSV tissues (Supplementary Figure 1B). To inves-
tigate the functions of GPR30 in LEVVs, we examined the
expression of GPR30 in LEVV tissues and normal GSV
tissues by RT-gPCR and Western blotting. As shown in
Figure 1A-C, both the mRNA and protein levels of GPR30
in LEVV tissues were markedly upregulated compared to

those of normal GSV tissues. Together, these results indi-
cated that GPR30 may play a role in LEVV development.

GPR30 Promoted SMC Switching from

a Contractile to a Synthetic Phenotype

The major event in the development of LEV Vs is the switch-
ing of SMCs from a contractile phenotype (a-SMA"E" pheno-
type) to a synthetic phenotype (OPN™E" phenotype).
Therefore, we examined whether GPR30 regulates SMC phe-
notype switching. We treated VSMC:s cells with E2 to mimic
a microenvironment of high estrogen in vivo, and the results
demonstrated that the overexpression of GPR30 did not affect
a-SMA or OPN mRNA or protein levels. However, upon
estrogen (a ligand of GPR30) stimulation, GPR30 decreased
the expression of a-SMA and increased OPN expression
(Figure 2A—C). Furthermore, after transfection with GPR30
siRNA and treatment with estrogen, GPR30 depletion signifi-
cantly reversed the phenotypic transformation of SMCs,
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Figure 1 GPR30 is over-expression in LEVVs tissues. (A) GPR30 mRNA in LEVVs tissues (n=12) and normal great saphenous vein (GSV) tissues (n=8) were examined by
qRT-PCR. (B, C) GPR30 protein were markedly up-regulated in patients with LEVVs (n=4). The data were analyzed using Student’s t-test and are presented as mean +SEM in
the figures. *P < 0.05 and **P < 0.0l compared with the control group.
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Figure 2 GPR30 regulated OPN and a-SMA expression. (A-F) gRT-PCR and Western blot analysis were used to examine the levels of OPN and a-SMA, when VSMCs were
transfected with pcDNA3.| (+)-GPR30/GPR30-siRNA or control and 1078 M E2 treatment. The data were analyzed using Student’s t-test and are presented as mean +SEM in
the figures. *P<0.05. The data are representative of 3 independent experiments.

inhibited OPN expression and restored a-SMA mRNA  (Figure 2A-F). Finally, successful overexpression and knock-
and protein levels (Figure 2D-F). In addition, estrogen inhib-  down of GPR30 were confirmed by RT-qPCR and Western
ited a-SMA expression and enhanced OPN production  blotting (Supplementary Figure 2A-D). Taken together, these
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results suggest that GPR30 promotes SMC phenotype switch-
ing and contributes to LEVV progression.

GPR30 Enhanced the Production of
MMP-1 and MMP-9

VSMCs with the synthetic phenotype secrete many matrix
metalloproteinases (MMPs), which play a significant role in
SMC migration, leading to vascular tissue remodelling. Thus,
we aimed to determine whether GPR30 regulates MMP secre-
tion by VSMCs with a synthetic phenotype through a series
of GPR30 overexpression and knockdown experiments.
As shown in Figure 3A, C and E, the estrogen-induced produc-

tion of MMP-1 and MMP-9 was enhanced after

>

overexpression of GPR30. Moreover, as depicted in Figure 3,
the results of RT-qPCR and Western blotting showed that
knockdown of GPR30 markedly downregulated the estrogen-
induced expression of MMP-1 and MMP-9 at both the mRNA
and protein levels (Figure 3B, D and F). Taken together, these
data demonstrate the important role of GPR30 in MMP secre-
tion in SMCs with a synthetic phenotype.

The Ability of GPR30 to Activate VSMC
Switching Is Mediated Through the ERK

and AKT Pathways
Activation of the ERK and AKT pathways has been shown
to play a major role in VSMC phenotypic switching. Thus,
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Figure 3 GPR30 might affect MMP-1 and MMP-9 expression. (A, C and E) qRT-PCR and Western blot analysis showed that the levels of MMP-1 and MMP-9 were markedly
enhanced with E2 treatment, after transfected with PcDNAS3.| (+)-GPR30 or control for 24h. (B, D and F) the levels of MMP-1 and MMP-9 were markedly decreased with
1078 M E2 treatment, after VSMCs transfected with GPR30-siRNA or control for 48h. The data were analyzed using Student’s t-test and are presented as mean *+SEM in the
figures. *P<0.05 and **P < 0.01. The data are representative of 3 independent experiments.
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we investigated the effects of GPR30 on the phosphoryla-
tion of ERK and AKT. As shown in Figure 4A and B,
upon estrogen stimulation, GPR30 overexpression signifi-
cantly enhanced the levels of phosphorylated ERK and
AKT. The levels of phosphorylated ERK were increased
by approximately two-fold, and the levels of phosphory-
lated AKT were enhanced by nearly 2-fold. Furthermore,
we determined whether the function of GPR30 in VSMC
phenotype switching is mediated via the ERK and AKT
pathways by GPR30 expression knockdown. The results
demonstrated that silencing GPR30 reduced the phosphor-
ylation of these factors in response to estrogen treatment
(Figure 4C and D). Thus, the effects of GPR30 are
mediated through the ERK and AKT pathways.

Discussion
LEVV is a common vascular disease. The dysfunction of
VSMCs is the main pathologic change in LEVV. This

dysfunction manifests as phenotypic transformation and
subsequent venous dilation and remodelling.* Sex differ-
ences in the prevalence of varicose veins have been
reported.* In women, an association between pregnancy
and high serum levels of oestradiol with the clinical man-
ifestation of varicose veins has been suggested.”* Several
lines of evidence also support a role for sex steroid hor-
mones in the pathogenesis of varicose veins in men.’'
Although changes in estrogen levels in a pathological
state may have an important effect on the intravenous wall
structure and extracellular matrix, their influence and that of
their receptors on the pathogenesis of varicose disease are
not fully understood. In addition, there have been few
reports about the role of GPR30 in the venous system.
Previous studies reported that changes in the expression of
ERa and ERp in LEVVs were not observed,”*?' or that the
expression levels of both receptors were upregulated.”>>

Serra et al evaluated the gene expression of three ERs in
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Figure 4 GPR30 modulated Akt and ERK pathway. (A, B) 24h after VSMCs were transfected with PCDNA3.| (+)-GPR30 or control, and E2 (IO_BM) stimulates these cells
30mins, Western blotting analysis demonstrated that the levels of p-Akt and p-ERK were markedly increased in the presence of E2 (1072M). (C, D) 48h after VSMCs were
transfected with GPR30-siRNA or control, and E2 stimulates these cells 30mins, Western blotting analysis demonstrated that the levels of p-Akt and p-ERK were markedly
decreased in the presence of E2 (107°M). The data were analyzed using Student’s t-test and are presented as mean +SEM in the figures. *P<0.05, **P < 0.0 compared with

the control group. The data are representative of 3 independent experiments.
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chronic venous disease (CVD) and demonstrated that the
expression of ERs is correlated with the severity of CVD,
and their expression has been shown to be correlated with
clinical stage.”” In our study, we found that the serum
estradiol content was increased in LEVV patients compared
with normal control patients, but the mRNA levels of ERa
and ERP were not significantly different. Similarly, we
found that GPR30 was highly expressed in LEV'V tissues,
which may be due to the following several reasons: 1)
epigenetic modification, such as histone ubiquitination,
methylation, and acetylation; 2) the regulation of transcrip-
tion factors; and 3) estrogen stimulation.

An increasing number of studies have demonstrated that
hormonal changes play a key role in varicose vein develop-
ment. High estrogen levels result in varicose vein progres-
sion and alternations in hormonal levels may promote
VSMC proliferation and migration.'" In this study, we
found that E2 enhanced VSMC phenotype switching and
increased MMP secretion. Increasing evidence has shown
that alterations in VSMC features represent a critical event
in the pathobiology of the arterial wall by contributing to
vascular remodelling. VSMCs in LEVV patients mainly
exhibit the synthetic phenotype, which is characterized by
a loss of contractility, enhanced proliferation and migration,
and extracellular matrix-degrading enzyme secretion, lead-
ing VSMCs to migrate into the intimal layer of the blood
vessel and ultimately promoting the development of intimal
hyperplasia and restenosis. Thus, VSMC phenotype switch-
ing (the switch to a synthetic phenotype) is the most impor-
tant pathological change in varicose vein patients. Our
results suggest that high expression of GPR30 reduced the
expression of a contractile phenotype marker (a-SMA),
enhanced the expression of a synthetic phenotype marker
(OPN) in VSMCs and promoted LEVV development.

MMPs also have a significant effect on vascular tissue
remodelling and play a role in the pathogenesis and pro-
gression of vascular disease. In the progression of SMC
phenotype switching from the contractile type to the syn-
thetic type, the MMPs such as MMP-2 and MMP-9 are
overexpressed and contribute to the migratory capacity of
SMCs.> Our results demonstrated that GPR30 promotes
MMP secretion in SMCs with a synthetic phenotype.

The ERK and AKT pathways are essential for SMC
migration and proliferation and MMP secretion.”>°
Moreover, GPR30 activation may cause the dissociation
of Ga-GTPase from the heterotrimeric Gafy complex. The
dissociated Gy subunit activates membrane-associated
MMPs with subsequent transient activation of the

mitogen-activated protein kinase ERK-1/2.272* In addi-
tion, the GPR30 pathway is associated with the activation
of AKT.?**° In this study, we found that GPR30 regulated
the ERK and AKT signalling pathways in a high-estrogen
environment, suggesting a function of GPR30 in VSMC
phenotype switching by enhancing ERK and AKT activity.
Taken together, these results suggest that GPR30 is
a potential therapeutic target in LEVV treatment.

This study does have some limitations. First, we selected
only postmenopausal females for inclusion because the estra-
diol level at postmenopausal status is more stable. The age
distribution of the patients is consistent with that of other
studies on the role of ERs in LEVV.”**%* This may lead to
bias. Second, due to the limitations of this study design,
based on our data, we could not conclude how sex differ-
ences and menopausal status affect the development of
LEVV. In our further research, we could evaluate the
GPR30 level in premenopausal women and compared
GPR30 expression between premenopausal and postmeno-
pausal women to obtain more accurate results.

In conclusion, our study demonstrated that GPR30 is
overexpressed in LEVVs and that high expression of
GPR30 promotes the maintenance of a synthetic pheno-
type in VSMCs by activating the ERK1/2 and AKT path-
ways, which increases our understanding of the function of
GPR30 in LEVVs. Most importantly, our findings suggest
that GPR30 is a novel and promising therapeutic target for
the prevention of LEVV.
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