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Editorial on the Research Topic

Vascular smoothmuscle cell fate and vascular remodeling:Mechanisms,

therapeutic targets, and drugs, volume I

Introduction

Vascular smooth muscle cells (VSMCs), an essential cell type of the blood vessel, are

required formaintaining vascular structure and function with unique phenotypes. However,

under a pathological state VSMC fate changes such as proliferation, migration, apoptosis,

quiescence, senescence and trans-differentiation, can lead to altered structure and

arrangement of blood vessels. This can subsequently result in the development of

critical cardiovascular diseases including atherosclerosis, aneurysm, hypertension,

vascular calcification and arterial stiffness. Currently, there is limited therapy to prevent

VSMC phenotype switching and vascular remodeling. Therefore, investigating the cellular

and molecular basis of VSMC cell fate change will enable the discovery of novel therapeutic

targets and develop effective medicines to treat cardiovascular diseases.

To understand the underlying mechanisms of VSMC fate regulation and issue future

perspectives, we actively bring together this Research Topic “Vascular Smooth Muscle Cell

Fate and Vascular Remodeling: Mechanisms, Therapeutic Targets, and Drugs” for the

readers of Frontiers in Pharmacology. This Research Topic has twelve papers, including
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ten original research articles and two literature reviews,

highlighting novel mechanisms and medicines underpinning

VSMC fate and vascular remodeling.

VSMCs and neointimal hyperplasia

Neointimal hyperplasia is a pathological process associated with

dysregulated VSMC proliferation and migration within the vessel

during atherosclerosis and in-stent restenosis. Zhang et al. showed

that VSMC-specific deletion of lethal giant larvae 1 (LGL1), which

functions as cell polarity regulator and tumor suppressor, caused

promotion of neointimal hyperplasia in vivo. Moreover,

LGL1 knockdown enhanced the proliferation and migration of

VSMCs in vitro. The authors proposed that this effect may be

mediated by the loss of LGL1-STAT3 binding and enhanced

STAT3-mediated proliferation/migration-related gene transcription.

In-stent restenosis is a common complication following stent

placement. Identifying the biomarker for the onset of in-stent

restenosis in the patients is critical after stent implantation. Guo

et al. (2022) recruited patients from 6 months and 2 years post

percutaneous coronary intervention (PCI) and measured serum

homocysteine. The authors observed a positive correlation

between homocysteine and severity of restenosis after PCI,

suggesting that serum homocysteine level might be a

predictive biomarker for stent restenosis severity.

Additionally, new therapeutic medicines useful for

suppressing neointima formation are illustrated here. Wu

et al. (2022) found that theaflavin-3,3′-digallate, a natural

product isolated from black tea, attenuated neointimal

hyperplasia in vivo. Meanwhile, theaflavin-3,3′-digallate (TF3)

decreased the proliferation and migration of primary rat aortic

smooth cells in vitro. The authors further showed that

TF3 reduced phosphorylation of PDGFRβ, leading to the

blockage of PDGF-induced phenotypic switching of VSMCs,

suggesting that TF3 might be a potential therapeutic candidate

for the treatment of neointima formation.

VSMCs and vascular dilation

VSMC contraction and relaxation contributes to the function

of the vessel. However, abnormal vasoconstriction and vasospasm

leads to vascular disease pathogenesis, particularly hypertension,

angina and stroke. Zhang et al. found that benzoylaconitine, a

monoester alkaloid from Aconitum carmichaelii, reduced blood

pressure in spontaneously hypertensive rats. Studies demonstrated

that benzoylaconitine directly binds with angiotensin-converting

enzymes (ACE)/ACE2 and activates ACE/ACE2 activity, through

virtual docking, surface plasmon resonance, enzyme activity

assays and HUVEC cell culture experiments. Benzoylaconitine

enhanced endothelium-dependent vasorelaxation and reduced

vascular inflammation, and therefore maybe a potential

modulator of the renin-angiotensin system for the treatment of

hypertension.

Cui et al. (2022) found that allicin, an active molecular

derived from garlic, exaggerated coronary artery relaxation

induced by 5-hydroxytryptamine (5-HT), 9,11-dideoxy-

9α,11α-methanoepoxy-prosta-5Z,13E-dien-1-oic acid

(U46619), or endothelin-1 (ET-1). Allicin relaxed VSMCs via

activation of the ATP-sensitive potassium (KATP) channels.

Moreover, Allicin enhanced hydrogen sulfide (H2S)

production and cystathionine-γ-lyase levels in serum and

myocardial tissue. These moleculesmay be involved in the

mechanism of allicin action in acute myocardial infarction.

Traditional Chinese medicine has been used to treat

cardiovascular disease for thousands of years. Guo et al. (2022)

demonstrated that Danggui Buxue Decoction, consisting of

Angelicae Sinensis Radix and Astragali Radix, induces a

relaxation effect on rat middle cerebral artery. Danggui Buxue

decoction, Angelicae Sinensis Radix, and Astragali Radix extracts

relax KCl and U46619-contracted middle cerebral artery, with

activation of KATP and Kir channels underpinning this

mechanism. Moreover, extracellular Ca2+ influx and internal Ca2+

from organelles also contribute to the action of Danggui Buxue

Decoction. Fan et al. (2021) have further found that SaiLuoTong

capsule attenuated cerebral infarction and neurological deficit in the

middle cerebral artery occlusion rat model. SaiLuoTong capsule

increased tight junction proteins via upregulation of a Nrf2-

mediated anti-oxidative pathway in vascular endothelium and

bone marrow microvascular endothelial cells, suggesting that

SaiLuoTong capsule’s therapeutic effect on brain ischemia might

be related to Nrf2-dependent endothelial cell protection.

VSMCs and arterial stiffness

Arterial stiffness refers to the loss of elastic characteristics within

the arterial wall, leading to systolic blood pressure and cardiac

dysfunction. VSMC collagen deposition and hypercontraction

contribute to arterial stiffness. Previous studies have measured

the intrinsic mechanical properties of VSMCs to evaluate cell

stiffness using atomic force microscopy. Ahmed et al. (2022)

have provided a novel technique to record the tensegrity model

of cellular mechanics using polyacrylamide hydrogels to mimic the

physiological stiffness of the aortic wall. Angiotensin II inhibited the

VSMC morphology and enhanced traction stress, whereas

colchicine increased VSMC morphology, suggesting that VSMC

morphology and actomyosin activity are the major reason for the

contractile response. Moreover, microtubule destabilization by

paclitaxel blocked the angiotensin II-induced morphology change,

revealing that microtubules are essential in regulating the

morphology and contractility of the isolated VSMCs.

Zhang et al. found that ginsenoside Rb1, a natural compound

from ginseng, improved aortic stiffness in diabetic mice.

Rb1 regulated pulse pressure and aortic compliance and
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restored acetylcholine-induced endothelium-dependent vaso-

relaxation. Rb1 induced phosphorylation of AMPK and

inhibited TGFβ1/smad2/3, ROS production, and MMP2/

9 expression. Moreover, AMPK silencing blocked Rb1-

mediated reduction of collagen deposition, fibronectin

expression, and elastic fiber alignment, suggesting that

Rb1 ameliorates diabetic arterial stiffness via AMPK activation.

VSMCs and arterial calcification

Arterial calcification is characterized by the deposition of

calcium phosphate crystals in the artery wall. VSMC

transdifferentiation and mineralization can induce arterial

calcification. Daprodustat is a medicine employed to increase

erythropoiesis via stabilization of HIF1α. Toth et al. (2022)

demonstrated that Daprodustat increased aortic calcification

in a high phosphate-induced chronic kidney disease mice

model. Daprodustat could stabilize HIF1α and HIF2α to

accelerate medial calcification, suggesting that there is a

possible risk that Daprodustat treatment could accelerate

medial calcification in CKD patients with hyperphosphatemia.

VSMCs and atherosclerosis

VSMCs are the primary source of plaque cells and

extracellular matrix in both early- and late-stage

atherosclerosis. Li et al. (2022) have reviewed the effect of

extracellular vesicles on VSMC in atherosclerosis. The

extracellular vesicles could be secreted by multiple cell types,

including endothelial cells, macrophages, and mesenchymal stem

cells. Extracellular vesicles are essential for intercellular

communication via their contents, such as miRNA and

lncRNA. The author suggested that extracellular vesicles

might function as diagnostic indicators of atherosclerosis and

drug vectors. Wang et al. (2022) have summarized the role of IL-

17 in the pathogenesis of rheumatoid arthritis and

atherosclerosis. Serum IL-17 level is significantly upregulated

in patients with rheumatoid arthritis and atherosclerosis. Then,

IL-17 regulates proliferation, migration, and apoptosis of

vascular endothelial cells and VSMC, leading to cytokine

production and the development of atherosclerosis. IL-17 also

regulates bone destruction and synovial hyperplasia. Therefore,

IL-17 might be used as a potential therapeutic target for the

occurrence and development of cardiovascular disease in patients

with rheumatoid arthritis.

In conclusion, this Research Topic provides valuable

articles describing novel molecular mechanisms and

innovative therapeutic medicines to treat cardiovascular

diseases.
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Background and Purpose: Macrovascular complication of diabetes mellitus,
characterized by increased aortic stiffness, is a major cause leading to many adverse
clinical outcomes. It has been reported that ginsenoside Rb1 (Rb1) can improve glucose
tolerance, enhance insulin activity, and restore the impaired endothelial functions in animal
models. The aim of this study was to explore whether Rb1 could alleviate the
pathophysiological process of arterial stiffening in diabetes and its potential mechanisms.

Experimental Approach: Diabetes was induced in male C57BL/6 mice by administration
of streptozotocin. These mice were randomly selected for treatment with Rb1
(10−60mg/kg, i. p.) once daily for 8 weeks. Aortic stiffness was assessed using
ultrasound and measurement of blood pressure and relaxant responses in the aortic
rings. Mechanisms of Rb1 treatment were studied in MOVAS-1 VSMCs cultured in a high-
glucose medium.

Key Results: Rb1 improved DM-induced arterial stiffening and the impaired aortic
compliance and endothelium-dependent vasodilation. Rb1 ameliorated DM-induced
aortic remodeling characterized by collagen deposition and elastic fibers disorder.
MMP2, MMP9, and TGFβ1/Smad2/3 pathways were involved in this process. In
addition, Rb1-mediated improvement of arterial stiffness was partly achieved via
inhibiting oxidative stress in DM mice, involving regulating NADPH oxidase. Finally, Rb1
could blunt the inhibition effects of DM on AMPK phosphorylation.

Conclusion and Implications:Rb1may represent a novel prevention strategy to alleviate
collagen deposition and degradation to prevent diabetic macroangiopathy and diabetes-
related complications.

Keywords: Rb1, arterial stiffening, AMPK, diabetes, ginsenoside

INTRODUCTION

Diabetes mellitus (DM) is one of the costliest and most burdensome chronic diseases worldwide. It
has become a pandemic health disaster, especially among the elderly. In addition to the disease,
consequent chronic vascular complications are a major cause of the increased morbidity and
mortality of diabetic patients (Delbin and Trask, 2014). Several clinical trials have confirmed that
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intensive glycemic control in people with diabetes contributes to
reducing the risk of microvascular (Holman et al., 2008).
However, there was no evidence that it has advantages in
terms of mortality or diabetic macroangiopathy (Zoungas
et al., 2014). Macrovascular complications of DM,
characterized by increased aortic stiffness, are also associated
with hypertension, aging, insulin resistance, atherosclerosis, and
hypertriglyceridemia (Mitchell et al., 2007; Dietrich et al., 2010;
Payne et al., 2010; Stacey et al., 2010). Increased aortic stiffness
independently predicts future cardiovascular disease, especially in
women (Laurent et al., 2012; Ben-Shlomo et al., 2014). It leads to
many adverse clinical outcomes, including impaired coronary
perfusion and subsequent cardiovascular mortality.

As a major active component of ginseng, ginsenoside Rb1
(Rb1) (Figure 1A) (Cho et al., 2004) is the most frequently used
and studied Chinese medicine and object. Gabriel Hoi-huen

Chan et al. have demonstrated that ginseng extract exerted a
protective effect in restoring normal endothelial functions in
models with diabetes (Chan et al., 2013). Min Liu et al. have
demonstrated that Rb1 reduced body weight, improved glucose
tolerance, enhanced insulin action, and decreased the
accumulation of cellular lipid in the livers of obese animals
induced by high-fat diet (HFD) by activating the adenosine
monophosphate (AMP)-activated protein kinase (AMPK)
signaling pathway (Xiong et al., 2010; Shen et al., 2013).
Interestingly, the effects of metformin, thiazolidinediones, and
some other antidiabetic drugs are mediated through AMPK
activation. Previous studies have supported the notion that
AMPK working as a metabolic sensor of cellular adenosine
triphosphate (ATP) levels is an important therapeutic target of
aortic stiffness in cardiovascular diseases (CVDs) (Nagata et al.,
2004; Gu et al., 2014; Lin et al., 2016).

FIGURE 1 | Rb1 improves aortic compliance and restores acetylcholine-induced endothelium-dependent vasorelaxation. (A) Chemical structure of ginsenoside
Rb1. (B) After the addition of phenylephrine, cumulative doses of acetylcholine (1 × 10–9–1 × 10–5.5 M) were added to check the endothelial functions. (C) Peterson’s
elastic modulus (Ep). (D) Arterial stiffness index (β). (E) Cross-sectional compliance (CSC), (F) cross-sectional distensibility (CSD), (G) compliance coefficient (CC), and
(H) distensibility coefficient (DC). Data are mean ± SEM. n � 5–6, *p < 0.05 vs. Control; #p < 0.05 DM + Rb1 vs. DM.
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These studies prompted us to hypothesize that Rb1 might
alleviate the pathophysiological process of arterial stiffening in
diabetes via the AMPK pathway. We used an animal model of
type 1 diabetes to verify this hypothesis.

MATERIALS AND METHODS

Cell Culture and Treatments
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and penicillin (100 U/ml)
or streptomycin (100 μg/ml) maintained MOVAS-1 murine
primary aortic vascular smooth muscle cells (VSMCs) (ATCC;
Cat. no CRL-2797TM) at the temperature of 37°C with 5% CO2

atmosphere in a humid incubator. Upon reaching 60–70%
confluence, cells were incubated with control medium (NC,
5.5 mmol/L) and serum-free DMEM overnight before
treatment with high-glucose medium (HG, 30 mmol/L) and
Rb1. VSMCs were stimulated with Rb1 (40 μM) 2 h before HG
(30 mM) stimulation and cultured for an additional 48 h. For the
HG + Rb1 + compound C (p-AMPK inhibitor) group, VSMCs
were pretreated with compound C (10 μM) for 2 h before Rb1
treatment. Compound C was purchased from Selleck (Houston,
Texas, the United States) and dissolved in dimethylsulfoxide
(DMSO). Cells and supernatant were harvested simultaneously.

Mice and Drug Treatment
This study followed the animal protocols approved by the Animal
Care Committee of Shandong University and the Guide for the
Care and Use of Laboratory Animals published by the National
Institutes of Health. All mouse husbandry and experiments
followed the Animal Management Rule of the Ministry of
Health of the People’s Republic of China (Document No. 55,
2001). Male C57BL/6 mice (6–8 weeks, 25–28 g, Vital River
Laboratories, Beijing, China) were classified into control and
diabetes mellitus groups (CON and DM (n � 15 and 90)). As
mentioned earlier, streptozocin (STZ) induced diabetes (Wang
et al., 2014; Zhang et al., 2016). In brief, mice (n � 75 and 15) from
DM and CON groups were randomly selected for treatment with
Rb1 dissolved in normal saline and intraperitoneally (ip) once
every day for 8 weeks in DM + Rb1 and CON + Rb1 groups. The
dose range of Rb1 (10–60 mg/kg) was based on other
experimental studies (Jiang et al., 2007; Zhao et al., 2010).

Blood Pressure Measurement
As described previously, systolic and diastolic blood pressures
(SBP and DBP) were measured using a noninvasive tail-cuff
system (Softron BP-98A; Softron, Tokyo, Japan) (Kanda et al.,
2005) and used for calculating pulse pressure (PP).

Arterial Stiffness Assessment
As previously mentioned, the Vevo2100 imaging system (Visual
Sonics, Toronto, Canada) was utilized to perform aortic
ultrasonography (Zhang et al., 2016). Isoflurane (1% in O2)
was inhaled by and anesthetized mice. Two-dimensional (2D),
M-mode, and pulsed wave (PW) Doppler was used to obtain
images. Three continuous cardiac cycles were averaged to get all

measurements conducted by an operator. Minimum and
maximum (end-diastolic, Dd; peak systolic, Ds) diameters
were obtained from M-mode. 2D ultrasonography was applied
to determine Peterson’s elastic modulus (Ep), arterial stiffness
index (β), cross-sectional distensibility and compliance (CSD and
CSC), and distensibility and compliance coefficients (DC and
CC), which were estimated automatically by the following
formulae (Pannier et al., 2002):

EP � (ΔPΔD) ×Dd � [Ps − Pd

Ds −Dd
] ×Dd(106dym

cm2
)

β � ln
Ps/Pd

([Ds −Dd]/Dd),

CSC � ΔV/L
ΔP � ΔA

ΔP � π × (2Dd × ΔD × ΔD2)
4ΔP (mm2 · kPa−1),

CSD � ΔA: [A × (Ps − Pd)] � π × [(Ds

2
)2

− (Dd

2
)

2

]: [π × (Dd

2
)

2

× (Ps − Pd) × 0.13332] � 2Dd × ΔD +Dd2

Dd2 × ΔP (kPa−1 · 10−3),

CC � 2Dd × ΔD +Dd2

4ΔP (mm2 · kPa−1),
DC � 2Δd

Dd × ΔP (kPa−1 · 10−3)
where Ps and Pd are SBP and DBP, respectively; ΔP, ΔD, and ΔA
represent the changes in BP, vascular diameter, and aortic cross-
sectional lumen area, respectively; Ds and Dd stand for systolic
and diastolic diameters, respectively; A refers to aortic cross-
sectional lumen area.

Measurement of Relaxant Responses in the
Aortic Rings
Measurement was implemented as described previously (Chan
et al., 2013). Briefly, mice were anesthetized, whose thoracic
aortas were cut from the aortic arch to the diaphragm and
immediately put into dishes containing Krebs buffer maintained
at 4°C. Adipose tissues were cut off from the aortas before being cut
into 3 mm segment rings. Then, the segments were mounted
cautiously between two platinum hooks in 10ml of organ baths,
maintaining Krebs buffer at 37°C and continuously bubbled with
95%O2 to 5% CO2. After the 60 min equilibration of resting tension
determined by normalization, each aortic ring was added with the
cumulative doses of KCL (20–80mM) to detect their activation.
After the wash-out of KCL, the addition of one-dose phenylephrine
at 1 × 10–7 M was performed until aortic rings maintained 50% of
maximum tension. Endothelial functions were checked by adding
the cumulative doses of acetylcholine (1 × 10–9–1 × 10–5.5 M). The
plateau of responses was followed by the addition of all doses.

Experimental Procedure
At last, mice were dissected and perfused with saline before being
anesthetized with 1% pentobarbital sodium, which was then
sacrificed, with thoracic aortas removed from the chest and
rinsed with saline. A portion of the aorta (approximately
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5 mm) underwent 72 h fixing in 4% paraformaldehyde, followed
by the dehydration of tissues by ethanol and their embedment in
paraffin, and the use of cross-sections (a thickness of 5 μm) for
histological and morphometric analyses. Liquid nitrogen was
used to freeze the rest of the aortas at once and store them at
−80°C for subsequent molecular experiments.

Histological and Morphometric Analyses
Sirius red and Verhoeff-Van Gieson (VVG) staining were used to
stain the sections so as to shape and arrange collagen and elastin
content, respectively. Sirius red slides are imaged using circularly
polarized light showing newer, thinner collagen fibers as green
and older, thicker fibers as red/orange. The VVG slides show both
collagen (pink) and elastic fibers (black). The ratio of perivascular
collagen area (PVCA) to the luminal area (LA) was utilized to
represent perivascular collagen content for normalizing PVCA
around vessels in a variety of sizes. Pictures were obtained under a
microscope (BX52, Olympus, Tokyo, Japan) and analyzed using
Image-Pro Plus 5.0 software (Media Cybernetics, US). The
positive area and total tissue area of each image were obtained
by analyzing the images. Collagen and elastic fibers content were
quantified as a percentage of total tissue area. Histological and
morphometric analyses were conducted by analyzing no less than
three fields per section.

Immunohistochemical and
Immunofluorescence Staining
Regarding immunohistochemistry, 0.05 M sodium citrate buffer
(a pH value of 6.0) was applied to perform heat-mediated antigen
retrieval after the rehydration of tissue sections (5 μm). Three
percent of hydrogen peroxide and bovine serum albumin were
used to prevent endogenous peroxidase activity and non-specific
staining, respectively. Primary antibodies against collagens Ι and
Ⅲ, 3-ni0trotyrosine (Abcam, Cambridge, the United Kingdom),
and fibronectin (Proteintech Group, Chicago, Illinois (IL), the
United States) were added and incubated at 4°C in a humidified
box for one night. A secondary antibody (Beijing Zhong Shan-
Golden Bridge Biological Technology Co., Ltd. China) was
applied to incubate the sections washed with phosphate-
buffered saline at 37°C for half an hour for
immunohistochemical staining. Diaminobenzidine (DAB)
solution (Beijing Zhong Shan-Golden Bridge Biological
Technology Co., Ltd. China) was used to incubate the sections
washed with phosphate-buffered saline. Hematoxylin was used to
counterstain nuclei. For immunofluorescence staining, the
incubation of the sections was performed by fluorescein
isothiocyanate (FITC)-conjugated antibodies (a ratio of 1:50,
ZSGB-BIO, Beijing, China). 4′6-Diamidine-2-phenylindole
dihydrochloride (DAPI) (a ratio of 1:200, Roche, Germany)
was used to stain nuclei. The observation of tissue sections
was conducted using a FV 1000 SPD laser-scanning confocal
microscope (Olympus, Japan). The software Image-Pro Plus 5.0
was used to analyze the obtained images. The area and IOD of
each image were obtained by analyzing the images, and the mean
intensity can be calculated by IOD/area. The analysis of no less
than three fields per section was carried out.

Assessment of Intracellular ROS Levels
The measurement of reactive oxygen species (ROS) production in
VSMC was conducted by 2′,7′-dichlorodihydro-fluorescein
diacetate (DCFH-DA; Biotime), Amplex Red (Molecular
Probes, Invitrogen), and dihydroethidium (DHE; Biotime)
according to the instructions of manufacturers.

Western Blot Analysis
After separation by 8–10% sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis, proteins were moved to
polyvinylidene difluoride membranes (0.22 and 0.45 μm,
Millipore, Billerica, Massachusetts (MA), the
United States). Overnight incubation was performed using
antibodies against phospho-AMPK (Thr172), AMPK,
collagens Ι and Ⅲ (Proteintech Group, Chicago, IL, the
United States), phospho-Smad2 and Smad3, NOX1, NOX4
(Abcam, Cambridge, the United Kingdom), Smad2/3
(Millipore, Billerica, MA, the United States),
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
β-actin (Beijing Zhong Shan-Golden Bridge Biological
Technology Co., Ltd. China), matrix metalloprotein (MMP-
9), and transforming growth factor-β1 (TGFβ1). The
secondary antibody conjugated to horseradish peroxidase
(Beijing Zhong Shan-Golden Bridge Biological Technology
Co., Ltd. China) was used for the 1.5 h incubation of the
membranes washed with Western washing buffer (TBS-T) at
ambient temperature. The ECL kit (Millipore, Billerica, MA,
the United States) was used to visualize immunoreactive
bands, and the ChemiDoc™ Touch Imaging System (Bio-
Rad Laboratories, Hercules, California, the United States)
was utilized to obtain pictures.

Real-Time Quantitative
Reverse-Transcriptase PCR (RT-qPCR)
A ribonucleic acid (RNA) extraction kit (Qiagen) was employed
to prepare total cellular RNA. The following primers were used
to perform real-time reverse-transcriptase quantitative
polymerase chain reaction (RT-qPCR). For the analysis of
vascular NOX1 messenger RNA (mRNA), the primer
sequences are as follows: forward and reverse: 5′GCTCCA
GACCTCCATTTGACA3′ and 5′AAGGCCAAGGCAGTT
CCGAG3′, respectively. For the analysis of vascular NOX2
mRNA, the primer sequences are as follows: forward and
reverse: 5′CACTTCACACGGCCATTCAC3′ and 5′ACC
GAGTCACAGCCACATAC3′, respectively. For the analysis
of vascular NOX4 mRNA, the primer sequences are as
follows: forward and reverse: 5′ATGTGGGCCTAGGATTGT
GT3′ and 5′CCTGCTAGGGACCTTCTGTG3′, respectively.
For the analysis of GAPDH mRNA the primer sequences are
as follows: forward and reverse: 5′GCTGTGATCCTGAGC
TCCGAGAC3′ and 5′CATGTGGGCCAGGTCCACCAC3′,
respectively. For the analysis of VSMC NOX1 mRNA, the
primer sequences are as follows: forward and reverse: 5′GGT
TGGGGCTGAACATTTTTC3′ and 5′TCGACACACAGG
AATCAGGAT3′, respectively. For the analysis of VSMC
NOX4 mRNA, the primer sequences are as follows: forward
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and reverse: 5′GAAGGGGTTAAACACCTCTGC3′ and
5′ATGCTCTGCTTAAACACAATCCT3′, respectively.
Synergy brands (SYBR) green was used as fluorescence dye
to carry out reactions on a real-time PCR system (LightCycler
96, Roche). Experiments were conducted twice. The 2-△△CT

method was adopted in relative expression analysis.

Statistical Analysis
Data were reported to be the mean ± standard error mean (SEM).
First, the homogeneity of variance and Kolmogorov–Smirnov
tests were performed. Then, the one-way analysis of variance
(ANOVA) was conducted to analyze multiple groups, and post
hoc individual comparisons were made. Finally, the least
significant difference (LSD) test was performed to compare the
means of every group and other columns in the case of
homogeneous variance, and p-value was obtained by
performing Dunnett’s T3 test in the case of inhomogeneous
variance. Differences were considered statistically significant at
p < 0.05. Statistical Product and Service Solutions (SPSS) v20.0
(SPSS Inc., Chicago, IL, the United States) was used in all
statistical analyses.

RESULTS

Characteristics of the Mice at the End of
Experiments
At baseline, these groups showed no difference in BP, blood
glucose, and body weight. In order to evaluate the relationship
between Rb1 and body weight, parameters of mice, including
blood glucose and BP, were measured after an 8-week Rb1
treatment. As shown in Table 1, the DM group had lower
DBP and higher PP and PP/MBP compared with the CON
one but saw a drop after Rb1 treatment (40 and 60 mg/kg).
Body weight showed no significant differences after Rb1
treatment (Table 1). Glucose levels presented a decreasing
trend in the high-dose group compared with those in the DM
one, whereas both groups were not statistically different (p �
0.537).

Recovery of Endothelial Function and Aortic
Compliance Following Rb1 Treatment
In the present study, we examined endothelial functions and
aortic compliance. In the DM group, endothelium-dependent
vasodilatory responses to acetylcholine were decreased compared
with those in the CON group (Emax � 56.0 ± 8.8% vs. Emax �
83.3 ± 4.7%), indicating that DM has induced endothelial
dysfunction. These defects were improved by Rb1 treatment
(Emax � 74.1 ± 8.1%) (Figure 1B).

Reflecting worse aortic compliance, the increase of Ep and
arterial stiffness index in DM mice (Figures 1C,D) was reverted
after treatment with Rb1 as well. In contrast, Rb1-treated mice
showed an increase in CSD, CSC, DC, and CC compared with DM
ones (Figures 1E–H). It was observed that Rb1 had a maximum
effect at 40mg/kg, which was thus chosen for further research.

Rb1 Alleviated DM-Induced Aortic
Remodeling
Collagen fibers were stained bright red, shown by Sirius red
staining. Evaluated by collagen fiber area and PVCA/LA ratio,
adventitial collagen accumulation showed an enhancement in DM
mice relative to CON ones and was prevented by Rb1 treatment
(Figures 2A,B). Additionally, diabetic mice exhibited higher values
of PVCA/LA compared with CON ones, whereas enhanced values
were reversed after treatment with Rb1 (Figure 2A). Elastic fibers
were black shown by VVG staining, which suggested that focal
irregularities and insufficient normal wavy contraction in the
arrangement of elastic fibers in DM mice were not found in
CON ones. Rb1 treatment contributed to improvement in the
elastic lamina, with fewer inordinate patterns in the CON group
than in the DM one (Figure 2B). Fibronectin in the adventitia was
observed in all groups, whose accumulation was higher in the
adventitia of the DM group than that of the CON one but regressed
by Rb1 (Figure 2C).Moreover, the immunohistochemical detection
of collagens I and III demonstrated that the aorta of the DM group
had stronger immunostaining than that of the CON one (Figures
2D,E). Similarly, the protein expressions of collagens I and III

TABLE 1 | Characteristics of the mice at the end of experiment.

Control Rb1 DM DM + Rb1
(10 mg/kg)

DM + Rb1
(20 mg/kg)

DM + Rb1
(40 mg/kg)

DM + Rb1
(60 mg/kg)

HR (bpm) 626.143 ±
17.856

618.6 ± 11.717 610.6 ± 29.828 647.421 ± 16.831 591.529 ± 20.268 613.5 ± 18.853 612.632 ± 7.626

BW (g) 30.2 ± 0.961 29.575 ± 0.630 23.75 ± 1.386* 25.675 ± 0.669* 25.462 ± 0.662* 24.628 ± 0.434* 25.65 ± 0.715*
SBP (mmHg) 106.6 ± 5.653 102.3333 ±

6.386
102.25 ± 3.240 100.8 ± 7.276 106.25 ± 3.966 113.857 ± 4.295# 105.889 ± 1.867

DBP
(mmHg)

78 ± 4.868 79.333 ± 9.333 60.438 ± 2.871* 66.4 ± 3.027 77 ± 4.916# 85.5 ± 2.754# 80.778 ± 3.833#

PP (mmHg) 20.75 ± 2.955 23 ± 4.359 41.813 ± 4.078* 34.4 ± 5.609 29.25 ± 7.825 25.429 ± 3.741# 25.111 ± 2.816#

PP/MBP 0.3325 ± 0.1021 0.2751 ± 0.0668 0.4826 ±
0.0249*

0.4367 ± 0.0563 0.3439 ± 0.0992 0.2752 ± 0.0432# 0.3148 ± 0.0389#

GLU
(mmol/L)

8.488 ± 0.910 8.486 ± 1.063 25.263 ± 2.045* 24.362 ± 2.018* 22.233 ± 1.810* 23.222 ± 2.960* 21.500 ± 1.877*

Data are mean ± SEM, n � 5–8 per group. HR, heart rate; BW, body weight; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; MBP, mean blood pressure;
GLU glucose.* p < 0.05 vs. Control; # p < 0.05 DM + +Rb1 vs. DM
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exhibited higher levels in DM mice than in CON ones (Figures
2F,G). The accumulation of collagens I and III in diabetes was
regressed after treatment with Rb1 (Figures 2D–G).

AMPK Involved in the Effects of Rb1 on
Collagen Accumulation and TGFβ1-Smad2/
3 Signaling Pathway
Aorta extracts from DM mice saw a decrease in AMPK
phosphorylation and an increase in TGF β1 and phospho-Smad2/

3 expressions compared with those from control ones (Figures
3A–D). After an 8-week Rb1 treatment, the inhibition of
AMPK phosphorylation was reduced in Rb1-treated DM
mice compared with the DM ones (Figure 3A). Meanwhile,
TGFβ1 and phospho-Smad2/3 were suppressed in expression
level (Figures 3B–D).

To clarify the potential role of Rb1 treatment in this
signaling pathway in vitro, VSMCs were pretreated with
the concentration gradient of Rb1 (from 10 to 60 μM) 2 h
before high-glucose (30 mM) (HG) stimulation and were

FIGURE 2 |Rb1 reduces DM-induced aortic remodeling (A) Sirius red staining (bright field and dark field) (scale bar 50 μm). Collagen fibers were stained bright red.
Semiquantitative analysis of collagen fibers. Perivascular collagen content, shown as the perivascular collagen area/luminal area (PVCA/LA) ratio. (B) Elastic fibers shown
by Verhoeff-Van Gieson staining (scale bar 50 μm). Elastic fibers are black, VSMCs are light red, and collagen fibers are pink. Semiquantitative analysis of elastic fibers.
(C) Fibronectin accumulation (green: fibronectin, red: elastic lamina, blue: nuclei, scale bar 50 μm). Semiquantitative analysis of fibronectin expression.
Representative immunohistochemical staining (D), Western blot bands (F), and semiquantitative analysis of collagen I expression (scale bar 20 μm). Representative
immunohistochemical staining (E), Western blot bands (G), and semiquantitative analysis of collagen Ⅲ expression (scale bar 20 μm). Data are mean ± SEM. n � 5–6,
*p < 0.05 vs. Control; #p < 0.05 DM + Rb1 vs. DM.
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cultured for an additional 48 h. We detected the levels of
phospho-AMPK, TGFβ1, and phospho-Smad2/3 and
selected 40 μM as the Rb1 treatment concentration
(Figures 3E–G). Then, VSMCs were stimulated with Rb1
(40 μM) 2 h before high-glucose (30 mM) (HG) stimulation
and were cultured for an additional 48 h. For the HG +
Rb1+compound C group, VSMCs were pretreated with
compound C for 2 h before the Rb1 treatment. The results
exhibited that Rb1-mediated increase of phospho-AMPK,
reduction of TGFβ1 and phospho-Smad2/3 in DM mice, and
inhibition of collagenⅠand collagenⅢ accumulation were
partly abolished by treatment with compound C, an
inhibitor of AMPK (Figures 4A–F).

Rb1 Reduced the Collagen Deposition,
MMP-2, and MMP-9 Expression in VSMC
In addition to the TGFβ1-phospho-Smad2/3 pathway involved in
vascular remodeling, we also detected MMPs expression and
activity in diabetes and HG-treated VSMC. The results showed
that the levels of MMP-2 and MMP-9 were increased (Figures
5A,B). However, the above alterations were partly reversed by
Rb1. Meanwhile, Rb1 treatment (40 μM) inhibited the protein
expression of MMP-2 and MMP-9 compared with high glucose
(HG) without Rb1 treatment (Figures 5C,D). These effects were
eliminated by treatment with compound C, an inhibitor of
AMPK. Thus, Rb1 suppressed HG-induced collagen deposition
and MMPs expression via the AMPK pathway.

FIGURE 3 | AMPK pathway is involved in the effect of Rb1 on DM- and HG-mediated TGFβ1, Smad2/3, and collagen expression. Representative Western blot
bands and semiquantitative analysis of (A) phosphorylated AMPK (p-AMPK), (B) TGFβ1, (C) phosphorylated Smad2 (p-Smad2), and (D) phosphorylated Smad3
(p-Smad3) in aorta extracts. (E–G) VSMCs were treated with Rb1 at doses of 10, 20, 40, and 60 μM in a high-glucose medium. Representative Western blot bands and
semiquantitative analysis of phosphorylated AMPK (p-AMPK), TGFβ1, phosphorylated Smad2 (p-Smad2), and phosphorylated Smad3 (p-Smad3).
Semiquantitative analysis of above proteins expressions. Data are mean ± SEM. n � 5–6, *p < 0.05 vs. Control; #p < 0.05 DM + Rb1 vs. DM and HG + Rb1 vs. HG.
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Rb1 ImprovedDM-InducedOxidative Stress
To gain further insights into the potential protective mechanism of
Rb1 in aortic remodeling, we assessed oxidative stress using 3-NT
staining, an oxidative stress-induced lipid peroxidation marker. It was
demonstrated that 3-NT staining was more evident in diabetic mice
than in controls (Figure 6A). Staining was most intense in the
endothelium, which is less in the adventitia and relatively minimal
in the medial layer. Rb1 treatment prevented 3-NT accumulation in
the endothelium and adventitiamarkedly. To further confirmwhether
Rb1 could decrease the production of ROS in vitro. ROS was assessed
by three different methods, DCFH-DA, Amplex Red, and DHE in

VSMCs (Figures 6B–F). Cells pretreated with Rb1 or compound C
were exposed to high glucose (HG) for 48 h. Rb1 attenuated the HG-
induced ROS level in cells. The protective effect of Rb1 was eliminated
by treatment with compound C (Figures 6B–F), indicating that the
inhibitory effect of Rb1 on ROS was AMPK-dependent.

NOX Isoforms Involved in Effects of Rb1 on
DM-Induced Oxidative Stress
To clarify the potential effect of Rb1 treatment on the
inhibition of oxidative stress, the mRNA levels of NOX1,

FIGURE 4 |Rb1-mediated reduction of TGFβ1 and phospho-Smad2/3 and collagen accumulation are partly abolished by treatment with compound C, an inhibitor
of AMPK. VSMCs were treated with Rb1 at doses of 40 μM in a high-glucose medium and pretreated with compound C. Representative Western blot bands and
semiquantitative analysis of (A) phosphorylated AMPK (p-AMPK), (B) TGFβ1, and (C) phosphorylated Smad2 (p-Smad2). (D) Phosphorylated Smad3 (p-Smad3). (E)
Collagen I and (F) collagen III. Data are mean ± SEM. n � 5–6, *p < 0.05 vs. Control; #p < 0.05 HG + Rb1 vs. HG.
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NOX2, NOX4, and other NOX isoforms in aorta extracts were
detected, indicating the inhibiting effect of Rb1 treatment on
the mRNA expression levels of NOX1 and NOX4, which
exhibited a rise in DM mice (Figures 7A–C). However, the
DM group was not significantly different from the DM + Rb1
one in NOX2 (Figure 7B). Furthermore, the mRNA levels of
NOX1, NOX2, and NOX4 in VSMCs were detected. The
results showed that Rb1 had the same effect as aorta
extracts (Figures 7D–F), and the changes of NOX1, NOX2,
and NOX4 were confirmed in protein expression level
(Figures 7G–I). In addition, these effects on the inhibition
of NOX1 and NOX4 were partly eliminated by treatment with
compound C, an inhibitor of AMPK.

DISCUSSION

In the present study, we found that Rb1 could alleviate arterial
stiffness by reducing aortic remodeling. The beneficial effects of
Rb1 on vascular stiffness were achieved by suppressing oxidative
stress and inhibiting the expression of collagenⅠ, collagen Ⅲ,
MMPs, and TGFβ1/Smad2/3, which were, at least partially,
AMPK-dependent.

Rb1 is a major active component of Panax ginseng, whose
protective action against a few CVDs (Bai et al., 2018; Zhou et al.,
2019), including abdominal aortic aneurysm (Zhang et al., 2015),
hypertension-induced carotid arterial remodeling (Lin et al.,
2015), myocardial ischemia/reperfusion injury (Wu et al.,

FIGURE 5 | Rb1 suppresses MMP-2 and MMP-9 expression. Representative Western blot bands and semiquantitative analysis of (A) MMP-2 and (B) MMP-9
protein expression in aorta. Representative Western blot bands and semiquantitative analysis of (C) MMP-2 and (D) MMP-9 protein expression in VSMCs. Data are
mean ± SEM. n � 5–6, *p < 0.05 vs. Control; #p < 0.05 DM + Rb1 vs. DM and HG + Rb1 vs. HG.
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2011; Xia et al., 2011), and hypertrophy (Kanda et al., 2005; Jiang
et al., 2007), has been recently proved by in vivo and in vitro
studies. Previous research discovered that Rb1 led to a decline in
the accumulation of lipid and the area of atherosclerotic plaques
through the skew of macrophages to the M2 phenotype and the
improvement of lipid metabolism and autophagy in macrophage
foam cells (Qiao et al., 2017; Zhang et al., 2018). Nevertheless, the
effect of Rb1 on vascular diseases under hyperglycemia is unclear,
whose contributing molecular mechanisms remain to be
elucidated. This study found that treatment with Rb1 could
alleviate DM-induced arterial stiffness.

As a key pathway linking diabetes to CVDs, arterial stiffness
can decrease diastolic pressure and increase PP. Philips, J C et al.
have demonstrated that PP increased and concomitantly
decreased in DBP according to T1DM duration, in agreement
with accelerated arterial stiffening due to chronic hyperglycemia.
They have confirmed the validity of using the index PP/MBP
previously proposed as a surrogate marker of arterial stiffness
(Philips et al., 2009). It is a complex phenomenon that arises from
the qualitative and quantitative variations in arterial wall
components, giving rise to the redistribution of mechanical
loads towards elastic materials, endothelial dysfunction,

FIGURE 6 | Rb1 improves DM and HG-induced oxidative stress. (A) Immunohistochemical staining and semiquantitative analysis of 3-nitrotyrosine (3-NT). ROS
was assessed by three different methods: (B) DCFH-DA, (C) Amplex Red, and (F) DHE in VSMCs (D) ROS levels. in each group. Original magnification× 200. (E)
Semiquantitative analysis of ROS levels in each group. The positive control is the active oxygen donor from the DCFH-DA kit, which contains H2O2. Data are mean ±
SEM. n � 5–6, *p < 0.05 vs. Control; #p < 0.05 DM + Rb1 vs. DM and HG + Rb1 vs. HG.
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increased smooth muscle tone, the phenotypic modulation of
adventitial fibroblasts to myofibroblasts, and chronic
inflammation (Zhou et al., 2012). Research has shown that
Rb1 treatment could decrease PP and PP/MBP, restore DBP,
endothelial function, and aortic compliance, and suppress aortic
remodeling. Endothelial-independent relaxation (e.g., SNP-
induced relaxation) should be analyzed to confirm the possible
effects of Rb1 on smooth muscle cells in further study. Rb1
treatment failed to decrease glucose levels. Based on previous
studies, no consensus reports evaluated the effect of Rb1 on serum
glucose. In this study, glucose levels showed a decreasing trend in
the high-dose group compared with those in the DM one,
whereas both groups were not statistically different (p �
0.537). Rb1 protected arteries from stiffening, which was
independent of decreased glucose levels.

Previous studies have supported the notion that AMPKwas an
important therapeutic target of diabetes (Lin et al., 2016; Luo
et al., 2016), including DM-induced macrovascular complications
(Gu et al., 2014; Nagata et al., 2004). AMPK played a key role in
protecting vascular dysfunction from hyperglycemia involving
reversing oxidant damage (Sambuceti et al., 2009), reducing
inflammation (Ha et al., 2014), and attenuating endothelial
dysfunction (Tang et al., 2016). Of interest, multiple molecular
mechanisms of Rb1 treatment have been proposed, including
reduction of oxidative stress, apoptosis, and protein synthesis, via
AMPK-dependent pathway and some other pathways (Cho et al.,
2004; Zhao et al., 2010; Xia et al., 2011; Shen et al., 2013; Zhang
et al., 2015). In our study, we found that Rb1 could reduce the
suppression of AMPK caused by hyperglycemia. Diabetes is
accompanied by oxidative stress characterized by elevated ROS

FIGURE 7 |NOX isoforms involved in the effects of Rb1onDM-inducedoxidative stress.Quantitative analysis of (A)NOX1 (B)NOX2and (C)NOX4mRNAexpression in the
aorta. Quantitative analysis of (D) NOX1 (E) NOX2 and (F) NOX4mRNA expression in VSMCs. Representative Western blot bands and semiquantitative analysis of (H) NOX1 (I)
NOX2 and (G) NOX4 protein expression in VSMCs. Data are mean ± SEM. n � 5–6, *p < 0.05 vs. Control; #p < 0.05 DM + Rb1 vs. DM and HG + Rb1 vs. HG.
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levels in the cardiovascular system (Jay et al., 2006). We found
oxidative stress in aortic sections from diabetic mice and
abundant ROS production in VSMCs, consistent with other
reports (San Martín et al., 2007).

The anti-oxidative stress mechanisms of Rb1may involve both
direct ROS scavenging (Lü et al., 2012) and indirect signaling
effects. Recent studies have demonstrated that activating AMPK
contributed to reversing oxidant damage (Sambuceti et al., 2009)
partly by reducing ROS generation and increasing nitric oxide
(NO) production (An et al., 2016). The NADPH oxidases protein
family was a major source of ROS in vascular cells (Brown and
Griendling, 2009; Lassègue and Griendling, 2010; Amanso and
Griendling, 2012). Our findings have supported that Rb1
treatment inhibited DM-induced overexpression of NOX1 and
NOX4, but not NOX2. These benefits in suppressing NADPH
oxidase and ROS production were partly eliminated by treatment
with compound C, an inhibitor of AMPK. It seemed that Rb1
treatment took part in inhibiting ROS production, at least
partially, via the AMPK pathway. As for why Rb1 did not
suppress NOX2, the relative study needs to be performed in
the future.

Previous studies have demonstrated that the activation of
matrix metalloproteinase (MMP)-2/9 was strongly correlated
with the disorganization, stiffness, and calcification of elastic
fibers and the dysfunction of vasomotion in the arterial
vasculature (Longo et al., 2002; Yasmin et al., 2005; Chung
et al., 2009). The lack of elastin fibers or collagen deposition
in the arterial wall resulted in aortic remodeling and increased
stiffness (Sangartit et al., 2014; Herrmann et al., 2015; Li et al.,
2015). It was found that DM mice exhibited increased 3-
nitrotyrosine (NT) staining, MMP2/9 expressions and
perivascular fibrosis/lumen area, disorganized elastic, and
collagen fibers. Besides, the increased expressions of collagens
I and III indicated an increase in the deposition of collagen in the
DM group. Concomitant Rb1 treatment prevented the above-
mentioned changes and retained the normal morphology of
aortic specimens, which confirmed the anti-arterial stiffness
effect of Rb1.

Another important factor regulating collagen production in
aortic remodeling is the TGFβ1/Smad2/3 pathway, which is
closely related to oxidative stress. The data of this study
supported that TGF signaling got involved in the production
of HG-induced collagens and the accumulation of extracellular
matrices, which are in line with previous reports (Kubota et al.,
2003; Ha et al., 2016). Cytoplasmic signals are transmitted into
the intracellular domain by TGF-β via its type I and II receptors.
After direct phosphorylation by the TGF-β receptor I kinase,
Smad2 and Smad3 regulate target gene expression by shuttling
from the cytoplasm into the nucleus (Shi and Massagué, 2003). It
was interesting to notice that Rb1 was shown to eliminate the
HG-induced overexpressions of TGFβ1 and phospho-Smad2/
3 in vitro, which suggested that the inhibitory effect of Rb1 on
the production of HG-mediated collagens may also be involved in
TGFβ1. Furthermore, this effect of Rb1 on collagen production
could be reversed by compound C, indicating that the effect of
Rb1 on the TGFβ1/Smad2/3 pathway was AMPK-dependent.

The findings supported that Rb1 had therapeutic potential
in preventing cardiovascular complications in patients with
diabetes mellitus, which was independent of decreased
glucose levels. Rb1 can reverse the inhibition of AMPK,
which, however, may not explain all of its therapeutic
effects. Notably, Rb1 was reported to have pleiotropic
cardiovascular protection effects on multiple molecular
targets independently, mainly including AMPK, PI3K/Akt,
NF-κB, and mitogen-activated protein kinase (MAPK)
pathways and endoplasmic reticulum stress. AMPK
participates in the cardiovascular protection effect of Rb1
against reperfusion injury/myocardial ischemia, coronary
atherosclerotic, heart failure, cardiac hypertrophy, and
fibrosis by mediating apoptosis (Kong et al., 2010),
autophagy (Qiao et al., 2017; Dai et al., 2019),
mitochondrial fission (Li et al., 2016), fatty acid
β-oxidation (Kong et al., 2018), and aging (Zheng et al.,
2020). In the meantime, the changes in Akt signaling are of
importance in atherosclerosis, cardiac hypertrophy, vascular
remodeling, and many other cardiovascular pathological
processes. Rb1 has a cardioprotective effect partly by
mediating PI3K pathway activation and Akt
phosphorylation and regulating inflammatory response
(Yang et al., 2019), oxidative stress (Chen et al., 2019),
apoptosis (Nanao-Hamai et al., 2019), autophagy (Yang
et al., 2018), and mitochondrial function (Zheng et al.,
2017). It was demonstrated that Akt and AMPK pathways
in the cardiovascular protection effect of Rb1 were cross and
independent of each other. Further studies are necessary to
elucidate its integration with other signaling pathways that are
predicted to account for this effect.

CONCLUSION

Ginsenoside Rb1 ameliorates DM-related vascular
remodeling, at least partially, via reducing the inhibition of
AMPK caused by hyperglycemia. This effect is obtained by
alleviating oxidative stress and suppressing TGFβ1/Smad2/3
pathway, leading to regulating collagen production and
degradation. Our findings have shown the effect and
possible mechanism of Rb1 in treatment for diabetic
macroangiopathy and diabetes-related complications
prevention.
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Chinese Herbal Preparation
SaiLuoTong Alleviates Brain Ischemia
via Nrf2 Antioxidation
Pathway–Dependent Cerebral
Microvascular Protection
Xiao-Di Fan1,2, Ming-Jiang Yao1,2, Bin Yang3, Xiao Han1,2, Ye-Hao Zhang1,2,
Guang-Rui Wang1,2, Peng Li1,2*, Li Xu1,2* and Jian-Xun Liu1,2*

1Institute of Basic Medical Sciences, Xiyuan Hospital of China Academy of Chinese Medical Sciences, Beijing, China, 2Key
Laboratory of Pharmacology of Chinese Materia Medica, Beijing, China, 3The Department of Pathology, Xiyuan Hospital of China
Academy of Chinese Medical Sciences, Beijing, China

Stroke is one of the most devastating diseases worldwide. The Chinese herbal preparation
SaiLuoTong (SLT) capsule showed outstanding therapeutic effects on stroke and its
sequelae. The aim of this study was to further elucidate its therapeutic mechanism. We
duplicated a permanent cerebral ischemia model in rats by MCAO and used SLT (33 and
16.5 mg/kg) to intervene. The results showed SLT dose dependently decreased infarction
volumes, relieved neuron degeneration and loss, and ameliorated neurological functions,
and the dose of 33mg/kg had statistical significance (compared with the model group, p <
0.05); SLT of 33 mg/kg also significantly inhibited the elevation in brain water content and
the loss in claudin-1 and occludin expressions; additionally, it significantly increased
nucleus translocation of Nrf2, elevated the expression of HO-1, and raised the activity
of SOD and content of GSH (compared with the model group, p < 0.05 or 0.01). These
results testified SLT’s anti-brain ischemia effect and hint this effect may be related to the
protection of brain microvascular endothelial cells (BMECs) that is dependent on the Nrf2
pathway. To further testify, we cultured hCMEC/D3 cells, duplicated OGD/R model to
simulate ischemia, and used SLT (3.125, 6.25, and 12.5 mg/L) to treat. SLT dose
dependently and significantly inhibited the drop in cell viabilities, and activated the Nrf2
pathway by facilitating Nrf2 nucleus translocation, and increasing HO-1 expression, SOD
activity, and GSH content (compared with themodel group, p < 0.05 or 0.01); last, the anti-
OGD/R effects of SLT, including raising cell viabilities, inhibiting the elevation in dextran
permeability, and preserving expressions of claudin-1 and occludin, were all abolished by
Nrf2 siRNA interference. The in vitro experiment undoubtedly confirmed the direct
protective effect of SLT on BMECs and the obligatory role of the Nrf2 pathway in it.
Collectively, data of this study suggest that SLT’s therapeutic effect on brain ischemia is
related to its Nrf2-dependent BMECs protection.

Keywords: cerebral ischemia, SaiLuoTong capsule, brain microvascular endothelial cells, anti-oxidation, nuclear
factor–E2–related factor 2
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INTRODUCTION

Stroke is one of the leading causes of disability and death
worldwide, which produces immense health and economic
burdens. Taking the case of China, tens of millions of people
suffer from stroke each year, in which nearly ten percent of them
die, and most of the remaining people are afflicted to different
extents by the sequelae such as sensory and motor impediments,
cognition impairments, and affective and speech disorders, which
badly influences their lives as well as their families.

Most of strokes are the ischemic type, which occupies 80% of the
total cases. It is usually triggered by obstructions of one or more
cerebral arteries, which then lead to a critical reduction of regional
cerebral blood flow, causing a waterfall-like cascade, and finally
resulting in massive neuron deaths (Donnan et al., 2008). In this
damage cascade, the ruin of the brain–blood barrier (BBB) plays a
pivotal role.

The endothelium of cerebral microvascular is unique
compared to that in other tissues, as they have continuous
intercellular tight junctions (TJs) and efflux transporters, and
thus the endothelium and their TJs form a barrier-like structure,
which can greatly limit both the paracellular and transcellular
diffusion of vascular inclusions, and constitute the BBB (Bazzoni
et al., 2004; Abbott et al., 2006).

Growing evidences demonstrate that brain ischemia causes
loss of endothelial cells and TJs, leading to enhanced BBB
permeability including not only extravasations of blood plasma
constituents and some neurotoxins but also the infiltrations of
neutrophils and monocytes, which further cause neuron damage,
significantly amplifying the effects of ischemia and making the
injury irreversible (Jiao et al., 2011; Obermeier et al., 2013;
Sladojevic et al., 2019).

Oxidative stress is the major cause of BBB damage in ischemia
that refers to a state in which the generation of reactive oxygen
species (ROS) exceeds far behind the body’s dispose ability, leading
to serious impairments (Kuźma et al., 2018; Chen et al., 2020).
Redressing this imbalance between ROS and ROS scavenging in the
brain vascular endothelial cells is necessary and urgent for stroke
treatment. In comparison to directly eliminating ROS, inspiring the
innate antioxidation system is a better choice as it has a higher
efficiency, longer effecting duration, and more safety (Kuźma et al.,
2018; Chen et al., 2020).

The nuclear factor erythroid 2–related factor 2 (Nrf2) belongs
to the cap “n” collar (Cnc)-bZIP (basic leucine zipper) family and
is a transcription factor regulating the expressions of a series of
antioxidant, anti-inflammatory, and detoxifying proteins
(Loboda et al., 2016). The Nrf2 pathway is the most important
antioxidation machinery of the body and is also closely related to
cerebral vascular endothelium preservation and the outcome of
brain ischemia.

A large number of studies showed that the activation of the
Nrf2 pathway can lead to strong antioxidative and antiapoptotic
effects and BBB protection in the brain infarction (Zhao et al.,
2007; Nguyen et al., 2009; Zhang et al., 2017; Hu et al., 2018; Li
et al., 2018; Wang et al., 2018; Liu et al., 2019). In contrast, mass
reports exhibited that the deletion or downregulation of Nrf2
exacerbated brain injuries in ischemia, in which the acceleratedly

destroyed TJs in cerebral blood vessels, increased BBB
breakdown, and brain edema played a pivotal role (Zhao et al.,
2007; Li et al., 2014). These results indicate that the Nrf2 pathway
is a pivotal target for vascular endothelial cell protection and
stroke therapy.

SaiLuoTong capsule (SLT) is an outstanding representative of
new type Chinese herbal preparation, which is composed of
refined herbal extracts, instead of crude drugs, thus having a
definite and controllable composition, in which the high efficient
ingredients are enriched, and the lower and even inefficient ones
are removed. This characteristic renders SLT to overcome the
shortcomings of traditional Chinese herbal preparations,
significantly enhances the controllability in production and
safety, and increases the therapeutic effects.

SLT is composed of extracts of three Chinese herbal medicines,
that is, the roots of Panax ginseng (ginseng), the leaves of Ginkgo
biloba (ginkgo), and the flowers of Crocus sativus (saffron), with
the proportion of 5:5:1 that is derived from pharmacodynamic
optimization experiments in animals (Jia et al., 2018; Steiner et al.,
2018). The main active components of SLT are ten compounds,
including three ginsenosides, three flavones, three ginkgolides,
and one crocin (Jia et al., 2018).

Numerous studies have testified the remarkable protective
effect of SLT against brain ischemia. And the therapeutic
mechanism was revealed as anti-inflammation, antioxidative
stress, and antiapoptotic and platelet aggregation, as well as
improving blood flow and brain tissue acetylcholine (ACh)
content (Xu et al., 2008; Seto et al., 2017; Steiner et al., 2018;
Zhang et al., 2019; Fan et al., 2020). More encouragingly, in a
strictly designed clinical trial with multiple centers, large sample,
and double-blinded placebo control, SLT showed a significant
ameliorative effect in patients with mild to moderate vascular
dementia; meanwhile, no significant toxicities were exhibited (Jia
et al., 2018; Steiner et al., 2018). At present, an internationally
cooperated phase III clinical trial about the effects of SLT on brain
ischemia–related cognition impairments is well ongoing in both
China and Australia. Thus, SLT has a good chance to be accepted
as an official drug for the remedy of stroke and its sequelae by the
international mainstream, which will possibly be the first
worldwide applied Chinese herbal drug in the major diseases,
not only being a milestone of Chinese medicine but also bringing
a light to the unsatisfying situation of stroke remedy.

Therefore, further exploring SLT’s therapeutic mechanisms
has a particular significance and should be a long-lasting issue.
The relationship between SLT’s anti-stroke effect and Nrf2
pathway–mediated cerebral vascular endothelial cell protection
has not been clarified. In the present study, we investigated this
issue with experiments on both rats and cultured cells. This study
may be significant for clarifying the therapeutic mechanism of
SLT on stroke and for searching effective drugs for stroke remedy.

MATERIALS AND METHODS

Animal Preparation
Male Sprague–Dawley rats (200–230 g) were purchased from SPF
Biotechnology Co., Ltd. (Beijing, China, No. 1103241911033018).
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Rats were maintained in an air-conditioned room (temperature:
21 ± 2°C) under a 12 h day–night cycle with free access to food
and water, and they were acclimated for 3 days prior to the
experiment. Animal handling procedures were performed in
accordance with the guide of the Ethics Committee of Xi
Yuan Hospital of China Academy of Chinese Medical Sciences
(Protocol No. 2019XLC015-2). And all animal housing, care,
feeding, and experimental procedures were in compliance with
the National Guidelines for Animal Protection.

Establishment of Cerebral Infarction Model
in Rats With Permanent Middle Cerebral
Artery Occlusion
Rats were anesthetized by an intraperitoneal injection with 1%
pentobarbital sodium (80 mg/kg). Under anesthesia, the right
common carotid, the right external carotid, and the right internal
carotid were carefully separated and exposed. The right external
carotid and the right common carotid were ligated with a suture
silk. Thereafter, a 3–0 monofilament nylon suture with a rounded
tip of 0.32 mm diameter (Item#2432A1, Beijing Sunbio Biotech
Co Ltd.) was introduced into the bifurcation of the right common
carotid and then was intracranially inserted for approximately
18 mm to block the blood flow of the right middle cerebral artery.
During this procedure, the body temperature was maintained at
37°C using a warm pad. For the sham-operated group, only skin
incisions were performed under anesthesia.

Drug Treatments in Rats
SLT was provided by the ShenWei Pharmaceutical Corporation
(Heibei, China). SLT was soluted in saline and was injected into
the duodenum immediately after the right middle cerebral artery
was blocked. The doses of SLT were set as 16.5 mg/kg (SLT-L)
and 33 mg/kg (SLT-H). Rats in the sham group and model group
were injected with saline in the same way and at the same
time point.

Measurement of Neurological Deficits
The neurological function deficit scores of rats were blindly
evaluated 24 h after MCAO. A five-point scale was used as
follows: 0, no neurological deficits; 1, failure to fully extend
the left forelimb; 2, decreased resistance to a lateral push
toward the right side and failure to fully extend the left
forepaw; 3, circling to the left side; and 4, inability to walk
spontaneously and lack of response to stimulation (Bederson
et al., 1986).

Assessment of Infarct Volumes
After neurological function tests, the rats were killed by
decapitation, and their brains were taken out and were
sectioned into slices of 2 mm thickness; the slices were
incubated in a 2% 2,3,5-triphenyltetrazolium chloride (TTC)
solution at 37°C for 15 min. TTC stained the non-infarcted
region with a deep red pigment, while the infarcted brain
areas were stained with white (Bederson et al., 1986). Stained
sections were photographed, and the images were analyzed to

calculate the infarct volumes by using an Image Pro-Plus 6.0
analysis system (Media Cybernetics, Rockville, MD,
United States).

Brain Tissue Fixation, Embedding, and
Sectioning, and HE Staining
24 h after MCAO, the rats were killed by decapitation, and the
brains were then rapidly taken out and were placed in 4%
paraformaldehyde for 7 days. The brains were then embedded
in paraffin and were sectioned into slices of 7 µm thickness. The
sections were stained with HE and were observed using an
Olympus BX51 microscope.

Evaluation of Water Content of the Brain
24 h after MCAO, rats were sacrificed by decapitation, and their
brains were taken out. The wet brains were weighed and were
dried at 60°C for 3 days, and then the weights of the dry brains
were measured. The brain water content � (1-dry weight/wet
weight)×100%.

Immunohistochemistry Examination
The brain sections were deparaffinized, rehydrated, and
blocked. Next, the sections were incubated overnight at 4°C
with anti–claudin-1 antibody (1:500, ab15098, abcam), anti-
occludin antibody (1:500, 27260-1-AP, ProteinTech), and
anti–heme oxygenase-1 (HO-1) antibody (1:500, 66743-1-Ig,
ProteinTech). The sections were rinsed with PBS three times,
then were incubated with horseradish peroxidase (HRP)-
conjugated goat anti-rabbit IgG at 37 °C for 20 min, and
were colorized with DAB. Last, hematoxylin restaining was
performed. The sections were observed using an Olympus
BX51 microscope.

Western Blot Assay
The nuclear and cytosol protein extractions and total protein
extractions from the samples (in in vivo experiments, were
cerebral cortex; in in vitro experiment, were hCMEC/D3 cells)
were performed using the nuclear-cytosol extraction kit
(Applygen Technologies Inc., Beijing) and the total protein
extraction kit (Solarbio Science and Technology Co. Ltd.,
Beijing), respectively. Equal amounts of protein (50 µg) were
loaded into 10% or 12.5% SDS-PAGE gels, and then were
subjected to electrophoresis; last, they were transferred to
nitrocellulose membranes (Millipore, Billerica, MA,
United States). The membranes were blocked with 5%
bovine serum albumin (BSA) for 1 h at room temperature,
and then were incubated overnight at 4°C with anti–claudin-1
antibody (1:1000), anti-occludin antibody (1:1000), anti-Nrf2
antibody (1:1000), anti–HO-1 antibody (1:1000), anti-
GAPDH antibody (1:1000,60004-1-Ig, ProteinTech), anti–β-
actin antibody (1:1000, 60008-1-Ig, ProteinTech), or
anti–histone H3 antibody (17168-1-AP, ProteinTech). The
membranes were incubated with HRP-conjugated secondary
antibodies for 1.5 h at room temperature. The protein bands
were enlightened with an enhanced chemiluminescence kit,
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and their brightness was quantified by using Image LabTM
software.

Determinations of the Activities of
Superoxide Dismutase and the Contents of
Glutathione
All samples (brains and cells) were made into homogenates by
using an ultrasonic cell disrupter at 0°C. SOD activities and GSH
contents in the homogenates were analyzed with the merchant
kits (Institute of Biological Engineering of Nanjing Jiancheng,
Nanjing, China).

Cell Culture
Human brain microvascular endothelial cell lines (hCMEC/
D3, iCellBioscience, Inc. Shanghai, China) were cultured at
37 °C with 5% CO2 in the endothelial cell medium (ECM,
PriMed-iCell-0016, China) supplemented with 5% fetal
bovine serum, 1% ECGS, 100 U/mL penicillin, and 100 μg/
ml streptomycin, and were passaged with 0.25% trypsin.

Oxygen-Glucose Deprivation and
Reoxygenation Model and SLT Treatments
For oxygen-glucose deprivation (OGD), hCMEC/D3 cells were
incubated with a glucose-free Dulbecco’s modified Eagle’s
medium (DMEM, Gibco, United States) and were placed in a
customer-made chamber, which was then filled with 95% N2/5%
CO2 and kept at 37°C for 4 h. After OGD, for reoxygenation, the
incubation media were replaced with the normal ECM, and the
cells were cultured under normal atmosphere with 5% CO2. The
mock group was incubated in normal DMEM under normal
atmosphere with 5% CO2 at 37°C for 4 h and was then incubated
with ECM. SLT was soluted with DMSO, and the solutions were
added into the incubation medium with the volume ratio of 1:
1000 at the beginning of OGD and reoxygenation. The mock
group and the OGD/R model group were treated with DMSO in
the same way at the same time points.

Cell Viability Measurement
The cells were incubated with CCK8 (Dojindo
Corporation, Japan)-ECM solution (1:10) at 37°C for 2 h.
The absorbance at 450 nm was measured using a microplate
reader. Then the cell viabilities were obtained through
normalization to the average absorbance of the mock (normal
control) group.

Immunofluorescence Assay
Paraformaldehyde-fixed hCMEC/D3 cells were incubated with
anti-Nrf2 antibody or anti–HO-1 antibody (both 1:200),
followed by the incubation with secondary antibodies, that
is, fluorescein-conjugated AffiniPure goat anti-rabbit IgG (1:
100, Yuabio, China), and were stained with DAPI finally. Cells
were observed and imaged using an Olympus IX81 live cell
station.

RNA Interference of Nrf2
Transfections in HCMEC/D3 cells were conducted with
Lipofectamine 3000 reagent (Thermo Fisher Scientific, United
States). High purity control siRNAs (negative control siRNA and
GAPDH siRNA) and Nrf2 siRNAs were obtained from JTSBIO
(Wuhan, China). The Nrf2 siRNA sequences were as follows:
Nrf2 siRNA-1, forward, CCCUGAAAGCACAGCAGAATT, and
reverse, UUCUGCUGUGCUUUCAGGGTT; Nrf2 siRNA-2,
forward, CCAGAACACUCAGUGGAAUTT, and reverse,
AUUCCACUGAGUGUUCUGGTT; and Nrf2 siRNA-3,
forward, GCCUGUAAGUCCUGGUCAUTT, and reverse,
AUGACCAGGACUUACAGGCTT. Negative control (NC)
siRNA sequences were as follows: forward, UUCUCCGAA
CGUGUCACGUTT, and reverse, ACGUGACACGUUCGG
AGAATT. GAPDH sequences were as follows: forward, UGA
CCUCAACUACAUGGUUTT, and reverse, AACCAUGUA
GUUGAGGUCATT.

Paracellular Permeability Measurement
Cell monolayer integrity was assessed by diffusion of fluorescein
isothiocyanate (FITC)-dextran (4kDa, Lot: 64,878, MCE,
United States) as previously described (Hu et al., 2018). After
OGD/R, 400 μL FITC-dextran (0.5 mg/ml) solutions were added
to the upper chamber of the 12-well transwell culture plate inserts
(A190059, Millicell, Germany) on the bottom of which the
hCMEC/D3 cell confluents grew. Inserts were placed in the
12-well culture plates containing 1000 μL of DMEM/F12
media (without serum and phenol red) per well. Then the
cells were incubated at 37°C for 60 min in the dark. Inserts
were removed, and the solutions in the wells were collected
and transferred into a black 96-well plate. The fluorescence
intensities were measured by using the excitation and emission
wavelengths at 490 and 520 nm, respectively, and were converted
to the concentrations of FITC-dextran with the calibration curve.

Statistical Analysis
The data are expressed as mean ± SD and were statistically
analyzed by using the Statistical Product and Service Solutions
(SPSS) 16.0 software; data comparisons between two groups were
conducted with the t-test, and those among multiple groups were
conducted with one-way or two-way analysis of variance
(ANOVA) followed by the LSD test. The statistical significance
level was set to 0.05.

RESULTS

SLT Attenuated Cerebral Infarctions and
Improved the Neurological Functions in
MCAO Rats
No infarction was detected in the sham group, while infarctions
of large volumes were developed in the model group. SLT
treatments alleviated the brain infarctions, and the infarct
volumes in the SLT-H group were significantly lower than
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FIGURE 1 | SLT attenuated cerebral infarction and neurological deficit in rats undergoing MCAO. 24 h after MCAO, the rats were neurologically tested, then were
killed, and their brains were harvested for TTC and HE stainings. (A)Representative images of TTC staining. The white regions are the infarct tissues, while the red regions
are the viable tissues. (B) Infarct volumes of the brains (n � 8). (C) Representative images of HE staining of the brain cortex in all the groups. The ischemic brain region in
the model group presented severe neuronal loss and neuron degeneration, including cytoplasm acidophilic degeneration (indicated with white arrows), nuclear
pyknosis (indicated with red arrows), and hydropic degeneration (indicated with black arrow). The neuronal damages were alleviated in SLT-L and SLT-H groups (scale
bar in all panels � 250 μm). (D) Neurological deficit scores of all the groups (n � 8). Data are expressed as mean ± SD. *p < 0.05, **p < 0.01, in comparison to the sham
group; #p < 0.05, in comparison to the model group.
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those in the model group (p < 0.05, Figures 1A,B). Accordingly,
in the sham group, no neuron damage, neuron loss, or other
notable morphological abnormalities were shown in the brain
microscopy; however, necrosis of large areas was observed in the
model group, in which severe neuron loss, neuron cell
degeneration including cytoplasm acidophilic degeneration,
and nuclear pyknosis were shown; tissue edema and neuron
hydropic degeneration were shown in the regions peripheral to
necrosis, and these lesions were notably attenuated in SLT-treated
groups, especially in the SLT-H group (Figure 1C).

Neurological deficit scores were significantly elevated in the
model group in comparison to the sham group (p < 0.01),

indicating a severe injury in neurological function was induced
by brain ischemia. However, treatment with SLT alleviated the
elevation in neurological deficit scores, especially with the high
dose, of which the effect was significant (p < 0.05, compared with
the model group; Figure 1D).

SLT Decreased Water Content of the Brain
and Inhibited the Drop in Expression Levels
of Claudin-1 and Occludin in MCAO Rats
The water contents of the infarcted hemispheres in the model group
were significantly increased in comparison to the ipsilateral

FIGURE 2 | SLT decreased brain edema and prevented the loss of tight junction proteins in the cerebral vascular endothelium in MCAO rats. (A) Brain water
contents of the ischemic hemispheres measured by the wet and dry weight method (n � 7). (B) Western blot assays for claudin-1 and occludin expressions in the
ischemic hemispheres (n � 3). (C) Representative images of immunohistochemistry examination for claudin-1 and occludin in the ischemia areas. The arrows point to the
blood vessels (scale bar � 200 μm). Data are represented as mean ± SD. *p < 0.05, **p < 0.01, compared with the sham group; #p < 0.05, ##p < 0.01, compared
with the model group.
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hemispheres in the sham group (p < 0.01); however, water contents
of the infarcted hemispheres in SLT groups were decreased,
especially in the SLT-H group, which were significantly lower

than those in the model group (p < 0.01, Figure 2A). These
results hint that SLT may have the effect of protecting cerebral
microvascular, thus alleviating its leakage.

FIGURE 3 | SLT activated the Nrf2 pathway in the brain after ischemia. (A–C)Western blot assays for the protein levels in the ischemic hemispheres of nucleus Nrf2,
cytoplasm Nrf2, and the total Nrf2 (n � 3). (D) HO-1 expressions in the ischemic hemispheres. (E) and (F) SOD activities and GSH contents in the ischemic hemispheres
(n � 8). (G) Immunochemistry examination of HO-1 expressions in the ischemic regions. Red arrows indicate the blood vessels (scale bar � 250 μm). Data are expressed
as mean ± SD. *p < 0.05, **p < 0.01, vs. the sham group; #p < 0.05, ##p < 0.01, vs. the model group.
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Additionally, the examinations on claudin-1 and occludin, two
key TJ-related proteins that play pivotal roles in maintaining BBB
integrity, showed similar results. The results of the Western blot
assay showed that the expression levels of claudin-1 and occludin in
the infarcted hemispheres significantly decreased in the model
group, compared with the ipsilateral hemispheres in the sham
group (p < 0.01); however, the expression levels of claudin-1 and
occludinwere significantly increased in SLT-administrated groups in
comparison to the model group (p < 0.05 or p < 0.01, Figure 2B).
Immunohistochemistry examination results showed that the
expression levels of claudin-1 and occludin in cerebral
microvascular endothelial cells in the infarcted area were
attenuated in the model group, in comparison to the same
positions in the sham group; however, these downregulations in
claudin-1 and occludin expressions were prevented by SLT
treatments (Figure 2C).

Collectively, these results hint that the cerebral microvascular
may be a key target of SLT, and the protection on them may
constitute the foundation for SLT’s therapeutic effects on brain
ischemia.

SLT Activated the Nrf2 Pathway in the Brain
of MCAO Rats
The nuclear contents of Nrf2 in the infarcted hemispheres in the
model group were significantly lower than those in the ipsilateral
hemispheres in the sham group (p < 0.01); correspondingly, Nrf2
contents in the cytoplasm of the model group were significantly
higher (p < 0.01). This result indicates that after MCAO, the Nrf2
pathway was drastically compromised in rat brains. However, SLT
treatments rescued this fall down; in SLT-H groups, Nrf2 levels in
the nucleus were significantly increased (p < 0.01, compared with the
model group), and the contents of Nrf2 in the cytoplasm of SLT-L
and SLT-H groups were significantly lower than those in the model
group (both p < 0.01, Figures 3A,B). Besides, the total protein levels
of Nrf2 between all the groups showed no significant difference,
suggesting the changes in the Nrf2 pathway were mainly derived
from posttranslational modifications, which are also the major
regulation fashion of the Nrf2 pathway (Figure 3C).

The downstream of Nrf2 exhibited similar changes. Treatments
with SLT increased the protein expressions of HO-1 in the ischemia
hemisphere, especially with SLT-H, which showed a significance in
statistics (compared with the model group, p < 0.05, Figure 3D).
Immunohistochemistry examination revealed that the upregulation
of HO-1 by SLT treatments also happened in cerebral vascular
endothelial cells (Figure 3G). The activities of SOD and the contents
of GSH in the infarcted hemispheres in the model group were also
significantly decreased in comparison to the ipsilateral hemispheres
in the sham group (p < 0.05 in SOD activities and p < 0.01 in GSH
contents), and these decreases were inhibited in SLT treatment
groups as well, with better effects in the SLT-H group, which has
statistical significances in comparison to the model group (p < 0.05
in SOD activities and p < 0.05 in GSH contents, Figures 3E,F).

Taken together, these results showed SLT treatments activated
the Nrf2 pathway in the brain and imply that it may play a key
role in SLT’s therapeutic effects on brain ischemia including the
protection of cerebral microvascular endothelium.

SLT Protected hCMEC/D3 Cells and
Activated the Nrf2 Pathway in hCMEC/D3
Cells in OGD/R Injury
The above results of in vivo experiments suggest that SLT may
exert its anti-brain ischemia effect through cerebral
microvascular protection, which may be related to the
activation of the Nrf2 pathway. To confirm this assumption,
we selected a human brain microvascular endothelial cell line,
hCMEC/D3, and observed the direct effect of SLT on it.

First, we observed the safety range of SLT on normal hCMEC/
D3 cells with the CCK8 test. In the concentration range of
3.125–100 mg/L, SLT did not significantly decrease the cell
viabilities; on the contrary, at concentrations of 25, 50, and
100 mg/L, SLT significantly increased the cell viabilities (p <
0.01, compared with the mock group; Figure 4A). This result
indicates that up to 100 mg/L, SLT has no toxicities on hCMEC/
D3 cells because there was no significant decline shown in cell
viabilities.

Second, we duplicated the OGD/R model in hCMEC/D3 cells,
which simulates ischemia injury in vivo, and treated the cells with
SLT. The results showed that OGD/R injury significantly
decreased the cell viabilities (p < 0.01, compared with the
mock group); however, SLT treatments at concentrations of
3.125, 6.25, and 12.5 mg/L significantly increased the cell
viabilities (all p < 0.01, compared with the model group,
Figure 4B), confirming that SLT has a direct protective effect
on microvascular endothelial cells against ischemia assault.

Third, we investigated the activities of the Nrf2 pathway in
SLT’s intervening. We selected the medium effective
concentration, that is, 6.25 mg/L, of SLT to treat hCMEC/D3
cells. The results of immunocytofluorescent examinations
showed that cells in the mock group exhibited weak
expressions of Nrf2 and HO-1; in contrast, cells in the model
group displayed slightly enhanced expressions. However, the
expressions of these two proteins in cells of SLT-treated
groups were strongly enhanced in comparison to the model
group; furthermore, the enhancedly expressed Nrf2 was
mainly nuclear distributed (Figures 5A,B). SOD activities and
GSH levels in hCMEC/D3 cells showed an accordant situation.
They were significantly decreased in the OGD/R group (p < 0.01,
compared with the mock group); however, compared with the
model group, the SOD activities and GSH levels in the SLT-
treated group were significantly increased (p < 0.01, Figures
5C,D). This result directly testified that SLT treatment activates
the Nrf2 pathway in microvascular endothelial cells and further
links the Nrf2 pathway to SLT’s vascular endothelium protection.

Nrf2 siRNA Interference Inhibited SLT’s
Protective Effect Against OGD/R Injury in
hCMEC/D3 Cells
To finally confirm the role of the Nrf2 pathway in SLT’s
therapeutic effect, we performed a counterevidence experiment.

First, we constituted siRNAs to knock downNrf2. The optimal
transfection concentration of plasmid that leads to minimum
cytotoxicity and can efficiently downregulate target gene
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expressions was determined as 50 nmol/L (Figure 6A). Then,
three Nrf2 siRNA (siRNA-1, siRNA-2, and siRNA-3) and
negative control siRNA (NC siRNA) sequences were designed,
synthesized, and transfected into hCMEC/D3 cells. The results
showed that Nrf2 siRNA-3 had the strongest ability to inhibit
Nrf2 protein expression, and interestingly, this siRNA also
significantly decreased the cell viability in OGD/R injury,
which is agreed with the well-recognized safeguard role of the
Nrf2 pathway in ischemia injury (p < 0.01, compared with NC
siRNA + OGD/R group, Figures 6B–D). Therefore, Nrf2 siRNA-
3 was selected to study the role of Nrf2 in SLT’s therapeutic effect
on OGD/R injury of hCMEC/D3 cells.

Next, we duplicated OGD/R injury in hCMEC/D3 cells, treated it
with SLT, and observed the blocking effect of Nrf2 siRNA on SLT’s
therapy. As expected, the elevations of protein expressions of Nrf2
and HO-1 by SLT treatment (p < 0.05 or 0.01, NC siRNA +OGD/R
+ SLT group vs. NC siRNA + OGD/R group) were significantly
prevented by Nrf2 siRNA interference, indicating the Nrf2 pathway
was specifically blocked (all p < 0.01, OGD/R + SLT + Nrf2 siRNA
group vs. NC siRNA + OGD/R + SLT group, Figure 7). The
alleviating effects of SLT on OGD/R injury in hCMEC/D3 cells
include significantly increasing the cell viabilities, reducing
endothelium permeability, and elevating expressions of claudin-1
and occludin (p< 0.05 or 0.01, NC siRNA+OGD/R + SLT group vs.
NC siRNA + OGD/R group); however, these protective effects were
all significantly inhibited by Nrf2 siRNA interference (p < 0.05 or
p < 0.01, OGD/R + SLT +Nrf2 siRNA group vs. NC siRNA+OGD/
R + SLT group; and p > 0.05, OGD/R +Nrf2 siRNA group vs. OGD/
R + SLT + Nrf2 siRNA group; Figures 8A–C). This result
undoubtedly indicates the protective effect of SLT on OGD/R
injury of hCMEC/D3 cells is Nrf2 pathway dependent.

DISCUSSION

The mass and devastating neuron damages are the ultimate
consequence of cerebral infarction; however, with the deepening
of the research on the mechanism of brain ischemia, factors out of
the neural cells deserve more and more attentions (Andjelkovic
et al., 2019). Ischemia leads to a drastic drop in the supplies of

oxygen and nutrients mainly including glucose, which injures
neurons and also injures brain vascular endothelial cells at the
same time (Brouns et al., 2009). The vascular endothelial cells
exhibit severe cellular edema, that is, hydropic degeneration, even
death, which results in disruption in the endothelium TJs, and
attenuates its barrier function, leading to serious exudations from
the blood vessels, which finally cause grievous edema and
inflammation in the brain tissue, generating additive injuries to
the neurons (Andjelkovic et al., 2019). These injuries secondary to
ischemia are far more detrimental, both more violent and more
extensive, which could expand to semi-ischemic and even non-
ischemic regions, thus significantly amplifying the damages, even
by fold (Brouns et al., 2009). Actually, most of the fatally
devastating events elicited by cerebral infarction, such as
cerebral edema, intracranial hypertension, cerebral hernia, coma,
and even death, are largely related to vascular damages (Rahimi
et al., 2017). Thus, the vascular factor plays a pivotal role in the
pathogenesis of cerebral ischemia, even more important than
ischemia itself.

The formation of endothelial TJs is dependent on a sort of
specific proteins, of which claudin and occludin are two major
members. These two proteins have a similar action mode; that is,
the same kind of molecules in membranes of the two neighboring
cells combine each other and form homological complexes, thus
sealing off the intercellular gap, blocking the passing of blood
contents (Rahimi et al., 2017). Besides, these two proteins also
have a protective effect on endothelial cells against hazardous
stimuli. For example, knockdown of occludin potentiated
cytokine secretion, inflammasome activation, and pyroptosis
occurrence in TNF-α–treated bEnd.3 cells (Zhang et al., 2020).

It should be noted that claudin has some subtypes; however, it
is acknowledged that claudin-1 is the main type of that expressed
in the brain blood vessels. Berndt et al. reported that claudin-1
was expressed in human brain capillaries as the strongest claudin,
even significantly more than claudin-5 (Berndt et al., 2019). A
recent study showed that claudin-1 replaced claudin-5 at the TJs
of brain capillary endothelial cells during the regeneration phase
after stroke (Sladojevic et al., 2019). Furthermore, knockout of
claudin-1 in null mice is lethal, suggesting its irreplaceable role for
TJ preservation (Furuse et al., 2002).

FIGURE 4 | SLT alleviated OGD/R injury in hCMEC/D3 cells. (A) Toxicity test of SLT on hCMEC/D3 cells (n � 6). The cells were cultured with different concentrations
of SLT (3.125, 6.25, 12.5, 25, 50, and 100 mg/L) for 24 h, and the cell viabilities were examined by the CCK-8 method. (B) The therapeutic effects of SLT on OGD/R
injury in hCMEC/D3 cells (n � 6). Data are expressed as mean ± SD. *p < 0.05, **p < 0.01, vs. the mock group; #p < 0.05, ##p < 0.01, vs. the OGD/R group.
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FIGURE 5 | SLT activated Nrf2 pathway in OGD/R-injured hCMEC/D3 cells. (A,B) Images of cytoimmunofluorescent examination of Nrf2 and HO-1 expressions in
cells undergoing OGD/R injury (scale bar � 100 μm). (C,D) SOD activities and GSH contents in hCMEC/D3 cells undergoing OGD/R injury (n � 5 each). Data are
expressed as mean ± SD. *p < 0.05, **p < 0.01, vs. the mock group; #p < 0.05, ##p < 0.01 vs. the OGD/R group.
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FIGURE 6 | Effects of different Nrf2 siRNA interferences on Nrf2 expressions and hCMEC/D3 cell viabilities in OGD/R. (A) (a) hCMEC/D3 cells under normal culture
condition. (b,c,d,e) Different concentrations of the negative control siRNA labeled with green fluorescence were applied to hCMEC/D3 cells to help optimize the
transfection conditions. (b,c) Fluorescence and bright field images of hCMEC/D3 cells treated with 50 nmol/L plasmid. (d,e) Fluorescence and bright field images of
hCMEC/D3 cells treated with 100 nmol/L plasmid. Plasmids of the two concentrations showed similar transfection efficiency, while the lower one showed less cell
loss; thus, 50 nmol/L was selected as the optimal concentration for transfection and was used in the subsequent experiments. (B,C) Western blot assays for
expressions of GAPDH and Nrf2 in hCMEC/D3 cells. The cells were transfected with GAPDH siRNA plasmid or Nrf2 siRNA plasmid (Nrf2 siRNA-1, Nrf2 siRNA-2, and
Nrf2 siRNA-3); the results showed the expressions of target genes were specifically knocked down by aiming siRNAs, testifying specificities and efficiencies of the
siRNAs. Besides, Nrf2 siRNA-3 showed the strongest ability to interfere with the expression of Nrf2. (D) Effects of different Nrf2 siRNAs on OGD/R injury of hCMEC/D3
cells. Data are expressed as mean ± SD (n � 3). *p < 0.05, **p < 0.01 vs. negative control siRNA (NC siRNA); #p < 0.05, ##p < 0.01 vs. NC siRNA + OGD/R.
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Cerebral ischemia induces a rapid degradation of claudin and
occludin, which disrupts the TJ structure and renders the
endothelial cells more vulnerable, accelerating their damage
(Zhang et al., 2017). These finally result in the collapse of the
blood vessel barrier and severe edema in the brain (Sandoval et al.,
2008). In contrast, preventing the loss of claudin and occludin can
alleviate brain edema and lesions (Takenaga et al., 2009;
Stamatovic et al., 2016).

In the present study, the administrations of SLT significantly and
dose dependently reduced the infarct size, alleviated neural

morphological injuries, and improved neurological functions in
rats 24 h after MCAO, indicating that SLT has an explicit
protective effect against bran ischemia. Additionally, SLT
treatments also significantly decreased the brain water content and
elevated the expressions of endothelial TJ proteins including claudin-
1 and occludin. This result is in accordance with our previous reports,
and further hints that SLT may exert its therapeutic effects on brain
ischemia through protection of cerebral vascular endothelial cells
(Seto et al., 2017; Fan et al., 2020).

Cerebral microvascular endothelium is highly vulnerable to
oxidative stress. It has been suggested that the disruptions of
blood vascular endothelial TJs and endothelial cell damage in
brain infarction are all closely related to peroxidation (Musch
et al., 2006; Freeman et al., 2012).

Oxidative stress refers to a relative surplus of ROS, which is a
sort of oxygenmolecule derivatives having an extremely vivacious
oxidative activity and mainly includes super oxygen anions,
hydroxyl radicals, and hydrogen peroxides. The origin of ROS
in endothelial cells includes the mitochondrial electronic
transition chain, the cytoplasm hypoxanthine–xanthine oxidase
system, and NAPDH oxidase system (Fraser et al., 2011). Usually,
super oxygen anions are first generated, and are then soon
metabolized into hydroxyl radicals and hydrogen peroxides,
which even have more strong oxidative abilities.

The targets of ROS are mainly biological macromolecules
including DNA in the nucleus and in the mitochondria,
cytomembrane lipids, and proteins. ROS break their
unsaturated links, leading to severe abnormalities in their
structures and functions, which further cause disorders in
cellular signal transductions and organelle functions; even
generate cessation in pivotal physiological procedures such as
energy metabolism, cellular structure repairs, and eliminations of
damaged organelles; and finally result in cell degenerations, even
cell death (Olmez et al., 2012).

The Nrf2 pathway is the major antioxidation system in most cell
types, including vascular endothelial cells. Nrf2 is a nuclear
transcription factor; however, in the quiescent state, most of
which are detained in the cytoplasm and faced to ubiquitin-
mediated degradation (Itoh et al., 1999). Upon oxidative assaults,
Nrf2 is released, then translocates into the nucleus, and combines
with DNA, promoting the transcriptions of a series of antioxidative
genes including HO-1, SOD, and GST-1 (Otterbein et al., 2000;
Harvey et al., 2009). HO-1 catalyzes the generation of carbon
monoxide, which has strong reduction ability; SOD degrades
super oxygen anions; and GST-1 promotes the generation of
GSH, which is a powerful and broad-spectrum ROS scavenger.
Thus, with these potent downstream effectors, the Nrf2 pathway
exerts an efficient elimination on free radicals, making a mighty
counterattack to the oxidation assault.

However, interestingly, this passive defense system can play
active roles in some conditions. In the ischemia preconditioning,
small amount ROS generated from a transient ischemia-
reperfusion can activate the Nrf2 pathway, endowing the cells
strong antioxidation ability to confront the following severe
ischemia challenge (Nguyen et al., 2009; Zhang et al., 2017).
Another example is the preconditioning-like effects elicited by
some chemicals, which have strong redox activities and can liberate

FIGURE 7 |Nrf2 siRNA abrogated activation of SLT on the Nrf2 pathway
in cerebral microvascular endothelial cells in OGD/R injury. Data are expressed
as mean ± SD (n � 3). #p < 0.05, ##p < 0.01 vs. NC siRNA + OGD/R group; $
p < 0.05, $$ p < 0.01, vs. NC siRNA + OGD/R + SLT group.
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Nrf2 in the similar way with ROS (Ashabi et al., 2015; Ding et al.,
2015). Many natural substances have this effect, such as some
dietary phytochemicals including epicatechin, catechin, quercetin,
and kaempferol; more importantly, numerous Chinese herbal
ingredients are also included, among which the famous ones
comprise salviolic acids, ligustrazine, and luteolin. Thus, the
Nrf2 pathway forms a bridge for natural compounds to exert
the physical modulatory effects (Alfieri et al., 2013; Hu et al., 2018;
Li et al., 2018; Farkhondeh et al., 2019; Yamagata et al., 2020).

In consideration of the key role of peroxidation in vascular
endothelium damage in ischemia and the key role of Nrf2 in
antioxidation, we next investigated the role of the Nrf2 pathway
in SLT’s endothelial protective effects. In in vivo experiments, SLT
treatments significantly elevated the function of Nrf2 in the brain
infarction; accordingly, the expression of HO-1, activity of SOD,
and content of GSH in the brain were all increased by SLT,

indicating the downstreams of Nrf2 were activated. Notably, the
immunochemistry examination positioned this Nrf2 pathway
activation to cerebral vascular endothelial cells. These data
preliminarily demonstrate the central role of the Nrf2 pathway
in SLT’s vascular endothelium protection.

To obtain the direct evidence, we performed an in vitro
experiment. We selected hCMEC/D3, a human brain
microvascular endothelial cell line as the experimental material.
Interestingly, this cell line was found to express claudin-1 as one of
themost dominant claudin subtypes, which is similar to the situation
of in vivo brain vascular endothelial cells (Bederson et al., 1986;
Brouns et al., 2009; Andjelkovic et al., 2019). And we selected the
OGD/R model in which the cells are incubated with glucose-free
medium in an anoxia circumstance to simulate ischemia in vivo and
are then returned to normal medium and circumstance to simulate
reperfusion.

FIGURE 8 | Blocking of the Nrf2 pathway ablated SLT’s protection against OGD/R injury in cerebral microvascular endothelial cells. (A,B) Effects Nrf2 siRNA
interference on SLT’s ameliorations on cell viabilities and FITC-dextran permeabilities in OGD/R-injured hCMEC/D3 cells (n � 6). (C) Effects of Nrf2 siRNA interference
with SLT’s ameliorations on claudin-1 and occludin expressions in OGD/R-injured hCMEC/D3 cells (n � 3). Data are expressed as mean ± SD. *p < 0.05, **p < 0.01, vs.
negative control siRNA (NC siRNA) group; #p < 0.05, ##p < 0.01, vs. NC siRNA + OGD/R group; $ p < 0.05, $$ p < 0.01, vs. NC siRNA + OGD/R + SLT group.
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At first, SLT significantly inhibited OGD/R-induced drop in
viabilities of hCMEC/D3 cells, confirming its direct protective
effects on brain vascular endothelial cells against ischemia.
Moreover, the Nrf2 pathway was also activated in hCMEC/D3
cells by SLT treatments, further revealing the relationship between
Nrf2 pathway and SLT’s therapeutic effects. Last, we used siRNA to
block the function of Nrf2, and expectedly, the protective effects of
SLT on hCMEC/D3 cells against OGD/R injury were all diminished,
conclusively confirming the obligatory role of the Nrf2 pathway in
SLT’s protection on the brain vascular endothelium. Furthermore,
combining the results of in vivo and in vitro experiments, it can be
inferred that the Nrf2 pathway–dependent protection on cerebral
microvascular endothelial cells underlies the therapeutic effect of SLT
on brain ischemia (the putative mechanism of SLT’s anti-brain
ischemia effect is shown in Figure 9).

However, as a redox active drug, SLT also has the ability to
directly scavenge ROS, then does this activity play a role in SLT’s
effects? As shown in our experiment results, the knockdown of
Nrf2 expression resulted in a nearly total ablation in SLT’s
protective effects on hCMEC/D3 cells; thus, it indicates that
the direct antioxidation effect of SLT does not make a
significant contribution to its vascular endothelium protection
in brain ischemia.

At last, an interesting issue should be discussed. SLT has multiple
ingredients, thenwhich exert this Nrf2-dependent therapeutic effect?
The main ingredients of SLT include ginsenosides, flavones,
ginkgolides, and crocin. Although, according to the published
studies, all of them have active redox characteristics and the
potential to activate Nrf2, there exist differences in their activities.
Flavones and crocin possessed the strongest redox activities, which
are far more than that of the others (Ma et al., 2012; Barbagallo et al.,
2013). Additionally, their amounts occupy nearly a half of that of
SLT’s main active ingredients. Thus, the flavones and crocin in SLT
seem to be associated most with the Nrf2-dependent endothelium
protection. However, what are the exact roles of SLT’s ingredients in
its therapy, and what are the relationships between them, simple
additive relation, or synergic relation, or even antagonistic relation,
need to be further studied in the future.

This study also has some limitations. In in vitro
experiments, we used a monoculture of brain microvascular
endothelial cells (BMECs). Although BMECs are a major and
key component of the BBB, they are not the only one as
astrocytes and pericytes also participate in the constitution
of the BBB (Rahman NA et al., 2016). Thus, to further
understand the effects of SLT on the BBB, an in vitro
coculture model of BMECs with astrocytes or pericytes may

FIGURE 9 | Putative mechanism for the therapeutic effect of SLT on brain ischemia. Occlusions in the cerebral arteries induce a drastic elevation in ROS contents;
the excess ROS severely disrupts the brain blood barriers, leading to serious leakages from the blood vessels and brain edema, finally resulting in an infarction of large
volume. SLT dramatically releases Nrf2 detained in the cytoplasm and promotes its nucleus translocation, thus priming the downstream transcriptions and increasing the
contents of HO-1, SOD, and GSH, which then lead to massive elimination of ROS, cutting off the injury cascade and finally rescuing the brain from ischemia.
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be necessary. We consider performing related experiments in
the future studies.

In conclusion, data of this study suggest that SLT’s prevention
against brain ischemia is related to its protection on the cerebral
vascular endothelial cells, which is dependent on the activation of
the Nrf2 antioxidation pathway.
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Anticonstriction Effect of MCA in Rats
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Objective: Danggui Buxue decoction (DBD), consisting of Angelicae Sinensis Radix (ASR)
and Astragali Radix (AR), is a famous prescription with the function of antivasoconstriction.
This study intends to probe its mechanisms on the relaxation of the middle cerebral
artery (MCA).

Methods: Vascular tension of rat MCA was measured using a DMT620M system. First,
the identical series of concentrations of DBD, ASR, and AR were added into resting KCl
and U46619 preconstricted MCA. According to the compatibility ratio, their dilatation
effects were further investigated on KCl and U46619 preconstricted vessels. Third, four K+

channel blockers were employed to probe the vasodilator mechanism on KCl-contracted
MCA. We finally examined the effects of DBD, ASR, and AR on the vascular tone of
U46619-contracted MCA in the presence or absence of Ca2+.

Results: Data suggested that DBD, ASR, and AR can relax on KCl and U46619
precontracted MCA with no effects on resting vessels. The vasodilator effect of ASR
was greater than those of DBD and AR on KCl-contracted MCA. For U46619-contracted
MCA, ASR showed a stronger vasodilator effect than DBD and AR at low concentrations,
but DBD was stronger than ASR at high concentrations. Amazingly, the vasodilator effect
of DBD was stronger than that of AR at all concentrations on two vasoconstrictors which
evoked MCA. The vasodilator effect of ASR was superior to that of DBD at a compatibility
ratio on KCl-contracted MCA at low concentrations, while being inferior to DBD at high
concentrations. However, DBD exceeded AR in vasodilating MCA at all concentrations.
For U46619-constricted MCA, DBD, ASR, and AR had almost identical vasodilation. The
dilation of DBD and AR on KCl-contracted MCA was independent of K+ channel blockers.
However, ASRmay inhibit the K+ channel opening partially through synergistic interactions
with Gli and BaCl2. DBD, ASR, and AR may be responsible for inhibiting [Ca2+]out, while
ASR and AR can also inhibit [Ca2+]in.
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Conclusion: DBD can relax MCA with no effects on resting vessels. The mechanism may
be related to ASR’s inhibition of KATP and Kir channels. Meanwhile, the inhibition of [Ca2+]out
by DBD, ASR, and AR as well as the inhibition of [Ca2+]in by ASR and ARmay contribute to
dilate MCA.

Keywords: Danggui Buxue decoction, middle cerebral artery, vascular tone, K+ channel, Ca2+ channel

INTRODUCTION

Vascular diseases with a high fatality rate include cerebrovascular
disease, cardiovascular disease, hypertension, and atherosclerosis,
causing millions of deaths worldwide every year (George et al.,
2015; Cainzos-Achirica et al., 2020). According to the “China
Health Statistics Yearbook 2020 (National Health Commission,
2019),” the number of deaths of cerebrovascular diseases in China
ranked the third followingmalignant tumors and heart diseases. As
an extension of the internal carotid artery, the middle cerebral
artery (MCA) tended to being affected by thromboembolism.
Among these, evidence had indicated that MCA damage-evoked
cerebral infarction events accounted for more than 80% of all
cerebral infarctions (Virani et al., 2021). It was reported that brain
disease-involved MCA damages constantly caused abnormal
changes in vascular tension, especially abnormal contraction of
brain vessels (Garg et al., 2021). It thus directly fluctuated the
perfusion pressure and the body’s blood supply circulation
(Greenstein et al., 2020; Bai et al., 2021). Changes in these
factors can lead to the symptoms such as vasospasm, sensory
disturbances, and dyskinesia, which in turn result in abnormal
changes in vascular tone (Pantoni, 2010; Lee and Lee, 2011;
Mehanna and Jankovic, 2013; Krdžić et al., 2015). Also, this
vicious circle will eventually be life-threatening.

At present, the main treatment methods for cerebrovascular
diseases (such as cerebral hemorrhage, cerebral infarction, and
subarachnoid hemorrhage) were surgical treatment and drug
treatment (DeBaun et al., 2020; Hernandez Fustes et al., 2020;
Sturiale et al., 2020). Of these, there are three main types of
conventional drug therapy: 1) antihypertensive and antidiabetic
drugs, such as nifedipine, valsartan, and metformin; 2)
anticoagulant therapy, such as aspirin and warfarin; 3)
symptomatic treatment of cognitive, emotional, and mental
disorders, such as memantine hydrochloride, oxiracetam, and
clozapine (Jiang et al., 2020; Li T. et al., 2021). However, taking
these drugs for a long term was often accompanied by certain liver
and kidney damage, gut reaction, perception abnormalities, and
perception barriers (Kalantar-Zadeh et al., 2015; Yang et al., 2020).

For thousands of years, Chinese people had used traditional
Chinese medicine (TCM) to prevent and treat diseases. TCM
scholars had found that different herbs may produce better
therapeutic effects according to specific combinations. Danggui
Buxue decoction (DBD) was originally derived from
Differentiation on Endogenous (Neiwaishang Bianhuo Lun,I内
外伤辨惑论J), which was written by Gao Li in the Song dynasty
(Li et al., 2007; Liu et al., 2021). Also, it was composed of the root
of Angelica sinensis (Oliv.) Diels (Danggui or Angelicae Sinensis
Radix, ASR), and the root of Astragalus propinquus and
Schischkin (Huangqi or Astragali Radix, AR) are in the ratio of

1:5. In the view of Chinesemedicine, it could achieve the purpose of
“generating blood” through the way of “replenishing Qi” to treat
medical miscellaneous diseases related to Qi deficiency and blood
stasis (Lin et al., 2017). Modern pharmacological research found
that the classic DBD had the function of hematopoietic
characteristics (Yang et al., 2009; Dou et al., 2020; Shi et al.,
2020), heart protection (Hu et al., 2018), immunity regulation
(Gao et al., 2006a; Gao et al., 2006b), anti-inflammation (Gong
et al., 2017; Li C. Y. et al., 2021), and antifibrosis (Chen et al., 2008;
Wang and Liang, 2010; Lv et al., 2012). The origin and function of
DBD in TCM are shown in Figure 1.

Our research group had found that DBD can promote
angiogenesis in rats with myocardial infarction (Hu et al., 2018).
In addition, astragaloside IV, a vital component of DBD, could relax
the thoracic aorta of rats, and the mechanism involved is related to
blocking the Ca2+ channel (Hu et al., 2016), whichwas an important
ion channel for the surface of vascular smooth muscles to regulate
vascular tension. Experiments have proved that ferulic acid in DBD
has the effect of relaxing blood vessels via regulation of the Ca2+

channel (Zhou et al., 2017). However, the vasodilator mechanism of
DBD remained unclear. Therefore, the purpose of this experiment
was to clarify the regulating effect of DBD on vascular tension and
to further illustrate whether its vasodilator effect was related to the
regulation of K+ and Ca2+ channels.

MATERIALS AND METHODS

Animals
Healthy male Sprague–Dawley (SD) rats weighing 180–220 g were
purchased from Da Shuo Biotechnology Co., Ltd. (Chengdu,
Sichuan, China). All rats were housed under identical conditions
[the temperature at 25 ± 1°C, the air humidity at 50 ± 5%, and
artificial illumination for 12 h (light period 7:00–19:00)]. Commercial
solid food and tap water were available ad libitum to all animals. All
the experimental procedures were performed under the guidelines of
the Management Committee from Chengdu University of TCM
(Chengdu, Sichuan, China) (Record No. 2015–03).

Herbs and Reagents
AR and ASR were purchased from the Affiliated Hospital of
Chengdu University of TCM and were identified as authentic
medicinal materials by Professor Sanyin Zhang of Chengdu
University of TCM, and the medicinal materials meet the
inclusion requirements of the 2020 Chinese Pharmacopoeia
(Chinese Pharmacopoeia Commission et al., 2020).
Tetraethtylamine (TEA, no. 134473), 4-aminopyridine (4-AP, no.
275875), BaCl2 (no. 342920), glyburide (Gli, no. Y0001511), ethylene
glycol-bis (2-aminoethylether)-N, N, N′, N′-tetraacetic acid (EGTA,
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no. E3889), and 9, 11-dideoxy-9α, 11α-methanoepoxy prostaglandin
F2α (U46619, no. D8174) were purchased from Sigma. Astragaloside
IV (no. wkq16042601) and ferulic acid (no. wkq17022303) were
provided byWeikeqi Biological Technology Co., Ltd. Formononetin
(no. DST201025-011) and ligustalide (no. DST200610-007) were
procured from Lemeitian medicine.

Preparation of Lyophilized Powder
The strict quality control in the preparation of lyophilized powdermust
be carried out to ensure the consistency of drug quality during the
research process. First, AR and ASR were pulverized using a pulverizer
(RS-FS1401 grinder, Royalstar, China). Therefore, we accurately
weighed ASR and AR according to the ratio of 1: 5. The mixture

FIGURE 1 | Origin and function of DBD in traditional Chinese medicine. DBD was originally recorded in Differentiation on Endogenous (Neiwaishang Bianhuo Lun,
I内外伤辨惑论J), which was composed of AR and ASR in a ratio of 1:5. DBD ameliorated the deficiency of Qi and blood by tonifying Qi and generating blood, thus
treating atherosclerosis, anemia, and diseases related to cerebrovascular injuries. AR, Astragali Radix. ASR, Angelicae Sinensis Radix. DBD, Danggui Buxue decoction.
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with 10 times the volume of distilled water was boiled at 100°C for 1 h,
and then, the supernatant was acquired by centrifugation at 5,000 rpm
for 10min. Afterward, the medicinal material precipitation was added
with 5 times the volume of distilled water to repeat the above process.
The supernatant was placed in a −80°C refrigerator to freeze overnight.
Lyophilized powder of DBD was acquired using a freeze dryer (Eyel4
model freeze dryer, physicochemical Tokyo, Japan). Conformably,
ASR and AR freeze-dried powders were prepared by the same
method described above. These lyophilized powders were stored in
the refrigerator at −20°C. Before the experiment, the concentration of
lyophilized powder was prepared in 1 g/ml with distilled water. After
centrifugation at 5,000 rpm for 10min, the supernatant was filtered
using a 0.22 μmmicroporous membrane. According to the minimum
and maximum concentrations of DBD in dilating the MCA of rats in
our pre-experiment (data were not provided), its series concentrations
(8, 16, 32, 64, 128, and 256mg/ml) were set to the following measures
of vascular tension.

HPLC Analysis
High-performance liquid mass spectrometry (HPLC, Shimadzu
L2030) was employed to determine the contents of astragaloside
IV, ferulic acid, formononetin, and ligustalide in lyophilized
powder of DBD (Jin et al., 2019). First, 0.1% formic acid–water
(aqueous phase) and methanol (organic phase) were used as
mobile phases, wherein the total flow rate was set at 1 ml/min
with a column temperature of 303 K using a C18 column (Agilent 5
HC-C18). The UV detection wavelengths of the above four
standards were set at 201 nm (astragaloside IV), 280 nm (ferulic
acid and formononetin), and 338 nm (ligustilide). Afterward, all
standards (10–20mg) were diluted to 1 ml, which was defined as
mother liquor. Take a certain amount of mother liquor and dilute it
by 3.3, 10, 25, 50, and 100 times and filter and performHPLC tests.
All samples were analyzed three times to obtain the standard curves
according to the relationship between peak area and concentration.
The yield of the component concentration in DBDwas determined
by comparison with standard calibration curves.

MCA Vascular Preparation
The PSS liquid (mmol/L: 118 NaCl, 4.7 KCl, 2.5 CaCl2, 1.2 KH2PO4,
1.2MgCl2, 2.5 NaHCO3, 11 glucose, and 5HEPES) was inflated to the
saturation state with 95% O2 + 5% CO2 gas before the experiment.
After sacrificing by neck removal, the skull of SD rats was stripped and
the brain tissue was removed after bloodletting. The brain tissue was
then placed in a Petri dish containing the 4°C cold PSS liquid. After
washing the excess blood on the brain tissue with the PSS fluid, the
MCAs of rats were then dissected and isolated under a light
microscope (XTL-2400 optical microscope, Oka, China). The
vessels were cut to 2–3mm and fixed in the DMT 620M slot
with two 20 μm tungsten filaments, and the temperature was
maintained at 37°C. After stabilizing for 20min, the initial tension
of MCA with 1.2mN was acquired via adjusting the tension button
gently four times in a row and being stable for 40min. Then, the
vascular activity was examined by constricting twice with the KPSS
liquid (mmol/L: 58 NaCl, 60 KCl, 2.5 CaCl2, 1.2 KH2PO4, 1.2 MgCl2,
2.5 NaHCO3, 11 glucose, and 5HEPES), 10min each time. After each
contraction, the vessels were cleaned with the PSS fluid at least three
times for 10min each time to restore the tension as basal tension. The

MCA with a vasoconstriction amplitude less than 15% and a
vasotension greater than 1mN between two independent KPSS
stimuli was employed for further experiments. The values of
vascular tension were recorded by using Labchart Pro professional
software v8.3 (ADInstruments, Australia). The effects of all tested
drugs at different concentrations on vascular tone were recorded for at
least 10min and repeated five times with different blood vessels.

Measurement for the Tension of DBD, ASR,
and AR on Resting Vessels
The well-activated and eligible MCA vessels were used to
investigate the effects of DBD, ASR, and AR at the
concentrations of 8, 16, 32, 64, 128, and 256 mg/ml.

Measurement for the Tension of DBD, ASR,
and AR on KCl Preconstricted Vessels
Referring to the previous method (Hu et al., 2016), the vessels of
MCAwere constricted with 60mMKCl. Also, the vascular tension
of DBD, ASR, and AR (8, 16, 32, 64, 128, and 256 mg/ml) on the
KCl preconstricted MCA was recorded. Parallelly, KCl-constricted
MCA vascular tension was also measured by the addition of
ASR (1.5, 3, 6, 12, 24, 48mg/ml) and AR (6.5, 13, 26, 52, 104,
and 208 mg/ml), consistent with the DBD compatibility ratio.

Measurement for the Tension of DBD, ASR,
and AR on U46619 Preconstricted Vessels
Similarly, another vasoconstrictor U46619 (thromboxane A2
analogue, TXA2; 1 μM) was used to stimulate the MCA
contraction (Lv et al., 2014). We further detected the variations
in vascular tone by incubation with DBD, ASR, and AR (8, 16, 32,
64, 128, and 256 mg/ml) as well as ASR (1.5, 3, 6, 12, 24, and 48mg/
ml) and AR (6.5, 13, 26, 52, 104, and 208 mg/ml).

The Effect of K+ Channel Blockers on the
Relaxation of DBD, ASR, and AR
Four K+ channel blockers 4-AP (1 × 10–3 mol/L), BaCl2 (1 ×
10–4 mol/L), TEA, and Gli were administered after 60 mM KCl-
evoked MCA vasoconstriction. Then, changes in vascular tone
were recorded by adding DBD, ASR, and AR (64 mg/ml).

Measurement for the Tension of DBD, ASR,
and AR on Surged Ca2+ in
Cytoplasm-Evoked Vasoconstriction
According to the previous experimental method (Ma et al., 2020), we
evaluated the effects of DBD, ASR, and AR on MCA contraction
induced by the release of internal Ca2+ from organelles such as the
endoplasmic reticulum and mitochondria into the cytoplasmic matrix
([Ca2+]in). After incubating theMCAvessels with EGTAcontaining the
Ca2+-free PSS fluid for 10min to remove intracellular Ca2+, the vessels
were then administered with the EGTA- and Ca2+-free PSS fluids
containing DBD, ASR, and AR (64mg/ml) for 10min. Subsequently,
1 μM U46619 was employed to stimulate vasoconstriction and
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maintained for 10min. Second, 2.5mM Ca2+ was added to observe
whether the above three tested drugs would resist the MCA
vasoconstriction induced by the influx of extracellular Ca2+

([Ca2+]out). The laboratory technology roadmap is shown in Figure 2.

Statistical Analysis
The experimental data were expressed as the mean ± standard
error of the mean (S.E.M). Statistical differences among groups
were evaluated by one-way ANOVA with the Tukey–Kramer
multiple comparison test using Graph Pad Prism 6.0. p < 0.05 was
considered statistically significant.

RESULTS

HPLC Analysis Results of Four Compounds
in DBD
Compared with the retention time of the corresponding standards
(Figure 3), four compounds in lyophilized powder of DBD were
determined by HPLC. As shown in Table 1, the contents of
astragaloside IV, ferulic acid, formononetin, and ligustalide were
0.1999, 0.0276, 0.0469, and 1.1296mg/g, respectively.

DBD, ASR, and AR had No Effects on MCA
Under Resting Tension
As shown in Figure 4, PSS solution, as a control, had no effect on
MCA vessels under resting tension (Figure 4A). Unanimously,
the cumulative addition of DBD (Figure 4B), ASR (Figure 4C),
and AR (Figure 4D) (8, 16, 32, 64, 128, and 256 mg/ml) also had
no effects on the resting tension of MCA vessels.

DBD, ASR, and ARDilated KCl-EvokedMCA
Vasoconstriction
The results in Figure 5 showed the effects of DBD, ASR, and AR
on the constricted MCA of KCl. Compared with the control
group (Figures 5A and E), DBD (Figures 5B and E), ASR
(Figures 5C and E), and AR (Figures 5D and E) (8, 16, 32,
64, and 128 mg/ml) enabled the KCl precontracted MCA to dilate
in a concentration-dependent manner (p < 0.05). Amazingly,
256 mg/ml of them hardly continued to relax the MCA as
compared to the concentration of 128 mg/ml. However, the
concentrations of 128 and 256 mg/ml of ASR did not continue
to dilate theMCA compared with the concentration of 256 mg/ml
(Figures 5C and E).

FIGURE 2 | Laboratory technology roadmap. After dissection and isolation of the MCA of rats, the changes of DBD, ASR, and AR on the vascular tension were
monitored and recorded using the DMT620 M vascular tension detection system. The potential regulatory activities of K+ and Ca2+ channels were further demonstrated to
clarify the anticonstriction effect by DBD, ASR, and AR. AR, Astragali Radix. ASR, Angelicae Sinensis Radix. DBD, Danggui Buxue decoction. MCA, middle cerebral artery.
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To further compare the vasodilator effect of ASR, AR, and DBD
on MCA of rats, ASR (1.5, 3, 6, 12, 24, and 48mg/ml) and AR (6.5,
13, 26, 52, 104, and 208mg/ml) were added to the MCA vessels
constricted by KCl in the prescribed compatibility ratio. Consistently,
both ASR and AR can dilate MCA in a concentration-dependent

manner, in which the maximum vasodilation rate of ASR at the
concentration of 48mg/ml was 71.28 ± 16.18% (Figures 6B, D),
while that of AR at the concentration of 208mg/ml was 75.52 ±
17.5% (Figures 6B, D). Interestingly, the vasodilator of DBD was
not the superimposition of the vasodilator of ASR and AR under the

FIGURE 3 |HPLC analysis of four compounds in lyophilized powder of DBD. Column A represents HPLC chromatograms of standard substances astragaloside IV
(A1), ferulic acid (A2), formononetin (A3), and ligustalide (A4). ColumnB represents HPLC chromatograms of astragaloside IV (B1), ferulic acid, and formononetin (B2) and
ligustalide (B3) in lyophilized powder of the DBD sample.
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compatibility ratio. At low concentrations (8–16mg/ml), ASR was
superior to DBD in vasodilating MCA, while DBD exceeded AR at
concentrations of 128–256mg/ml.

DBD, ASR, and AR Dilated U46619-Evoked
MCA Vasoconstriction
Similarly, we further investigated the dilatation of DBD, ASR, and AR
on U46619-induced MCA contraction in rats. Compared with the
control group (Figure 7A), DBD, ASR, and AR all dilated MCA in a
concentration-dependent manner with the vasodilator efficiency of
ASR > DBD > AR in the concentration range of 8–32mg/ml and
DBD > ASR > AR at the concentrations of 128 and 256mg/ml
(Figures 7B, D). Similarly, ASR and AR disaggregated in prescribed
proportions also exhibited concentration-dependent dilation of the
constricted MCA vessels of U46619 (Figures 8B, D). However, the
vasodilator efficiency of DBD was better than that of ASR and AR
within the concentration range we set (Figure 8D) (p > 0.05).

DBD, ASR, and AR Dilated KCl-Constricted
MCA Potentially via Inhibiting K+ Channel
Openness
To probewhether the vasodilator effect of DBD,ASR, andAR is related
to the decrease of intracellular K+ concentration via the inhibition of K+

channel opening, we incubated the KCl-constrictedMCAwith four K+

channel blockers: TEA (1 × 10–2mM, a blocker of Ca2+-sensitive K+

channels), Gli (1 × 10–5mM, a blocker of ATP-sensitive potassium
channels), BaCl2 (1 × 10–4mM, a blocker of inwardly rectifer K+

channels), and 4-AP (1 × 10–3mM, a blocker of voltage-dependent K+

channels). Subsequently, 64 mg/ml of DBD, ASR, and AR were added
to investigate their effects on various K+ channels. The results showed
that the above four kinds of K+ channel blockers had no significant
effect on the vascular tone of KCl-constricted MCA in rats (Figure 9).
In the presence of 4 K+ channel blockers, further addition of DBD and
ARshowednodifference in vascular tone comparedwith the absence of
K+ channel blockers (Figures 9A–D, I–M, O) (p > 0.05). However,
addition of ASR may dilate MCA in a way similar to those of GLI and
BaCl2 (Figures 9E–H, N) (p < 0.05) but not TEA and 4-AP.

DBD, ASR, and AR Dilated
U46619-Constricted MCA Potentially via
Inhibiting the [Ca2+]out and [Ca2+]in
We further depleted the Ca2+ in the incubation solution to reveal
whether the dilation of MCA by DBD, ASR, and AR was related
to the inhibition of [Ca2+]out or [Ca

2+]in. The results showed that
compared with the control group, 1 μMU46619 can induce MCA
dilation in the absence of Ca2+ in the incubation solution,
suggesting that [Ca2+]in is involved in this event (Figure 10).

TABLE 1 | Contents of astragaloside IV, ferulic acid, formononetin, and ligustalide in lyophilized powder of DBD identified by HPLC analysis.

NO. Components Wavelength (nm) Retention time (min) Content (mg/g)

1 Astragaloside IV 201 13.43 0.1999
2 Ferulic acid 280 10.75 0.0276
3 Formononetin 280 14.14 0.0469
4 Ligustalide 338 15.62 1.1296

FIGURE 4 | Effects of serial concentrations of DBD, ASR, and AR (8, 16, 32, 64, 128, and 256 mg/ml) onMCA vessels under resting tension. PSS (control,A), DBD
(B), ASR (C), and AR (D) had no effects on resting tension of MCA vessels. DBD, Danggui Buxue decoction. ASR, Angelicae Sinensis Radix. AR, Astragali Radix. MCA,
middle cerebral artery.
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FIGURE 5 | Effect of DBD, ASR, and AR on vascular tension of 60 mM KCl precontracted MCA of rats. Diagrams of the effect of cumulative addition of PSS (A),
DBD (B), AR (C), and ASR (D) on KCl preconstricted MCA of rats. (E) Comparison of vasodilators by DBD, ARS, and AR on MCA of rats. Data were expressed as the
mean ± S.E.M. (n � 5). △p < 0.05 vs the control group; *p < 0.05 vs the DBD group. DBD, Danggui Buxue decoction. ASR, Angelicae Sinensis Radix. AR, Astragali Radix.
MCA, middle cerebral artery.

FIGURE 6 | Effect of DBD and its compatibility ratio of ASR and AR monotherapy on the regulation of 60 mM KCl precontracted vascular tension. Diagrams of the
effect of cumulative addition of DBD (A), ASR (B), and AR (C) on KCl preconstricted MCA of rats. Data were expressed as the mean ± S.E.M. (n � 5). DBD, Danggui
Buxue decoction. ASR, Angelicae Sinensis Radix. AR, Astragali Radix. MCA, middle cerebral artery.
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FIGURE 7 | Effect of DBD, ASR, and AR on vascular tension of MCA under 1 μMU46619 precontraction conditions. Diagrams of the effect of cumulative addition of
PSS (A), DBD (B), ASR (C), and AR (D) on U46619 preconstricted MCA of rats. (E) Comparison of vasodilators by DBD, ARS, and AR on MCA of rats. Data were
expressed as the mean ± S.E.M. (n � 5). △p < 0.05 vs the control group; *p < 0.05 vs the DBD group. DBD, Danggui Buxue decoction. ASR, Angelicae Sinensis Radix.
AR, Astragali Radix. MCA, middle cerebral artery.

FIGURE 8 | Effect of DBD and its compatibility ratio of ASR and AR monotherapy on vascular tension of MCA under 1 μM U46619 precontraction condition.
Diagrams of the effect of cumulative addition of DBD (A), ASR (B), and AR (C) on U46619 preconstricted MCA of rats (D)Comparison of vasodilators by DBD, ARS, and
AR on MCA of rats. Data were expressed as the mean ± S.E.M. (n � 5). DBD, Danggui Buxue decoction. ASR, Angelicae Sinensis Radix. AR, Astragali Radix. MCA,
middle cerebral artery.
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Amazingly, preincubation of ASR and AR counteracted
U46619-evoked MCA contraction (p < 0.05), with the
maximum contraction from 1.22 ± 0.07 mN to 0.45 ±
0.39 mN and 0.47 ± 0.38 mN, respectively, indicating the
potential inhibition of organelle Ca2+ release partly by ASR
and AR (Figures 10A, C, D). However, there was no
statistically significant difference in DBD in decreasing
MCA vascular tone compared with the control group (p >
0.05). To demonstrate whether the dilating MCA effect of
DBD, ASR, and AR was related to the inhibition of [Ca2+]out,
Figure 10A shows that 2.5 mM CaCl2 stimulated the further
contraction of MCA. However, the three drugs inhibited the
CaCl2-mediated secondary contraction of MCA (p < 0.05) with
the maximum contraction from 1.92 ± 0.13 mN to 1.15 ±
0.22 mN (DBD), 0.52 ± 0.39 mN (ASR), and 0.46 ± 0.4 mN
(AR) (Figures 10B–E). The above results collectively
suggested that DBD, ASR, and AR may be responsible for
inhibiting [Ca2+]out against U46619-induced contraction of
MCA, while ASR and AR can also inhibit the release of internal
Ca2+, resulting in the decrease of cytoplasmic Ca2+-evoked
MCA dilation.

DISCUSSION

DBD is a TCM prescription used in the treatment of
cerebrovascular diseases with a long history. However, there is
no evidence to reveal its regulation on the tension of MCA. The
results of this experiment revealed the following: 1) vasodilator
active ingredients of DBD may be astragaloside IV, ferulic acid,
formononetin, and ligustalide. 2) DBD, ASR, and AR have no
relaxing effect on the MCA of rats under resting tension. 3) DBD,
ASR, and AR can relax the MCA vessels precontracted by KCl
and U46619 in a concentration-dependent manner. The
vasodilator effect of ASR is characterized by stronger
relaxation at low concentrations and rapidly reaches the
maximum relaxation rate with the increase of concentration.
However, AR has a lower relaxation effect with the relaxation rate
slowly increasing. The relaxation effect of DBD is the same as that
of AR, but it is stronger than AR at all concentrations. 4) The
relaxing effect of DBD onMCA is not the superimposition of ASR
and AR. DBD can exert much stronger relaxing effect analogous
to ASR at low concentrations as well as the stable relaxing effect
analogous to AR on KCl and U46619 precontracted MCA of rats.

FIGURE 9 | Regulation of DBD, ASR, and AR on K+ channels. Potentially inhibiting K+ channels opening (TEA, KCa blocker; Gli, KATP blocker; BaCl2, KIR blocker; 4-
AP, KV blocker) by DBD (A–D), ASR (E–H), and AR (I–L) on 60 mMKCl precontracted MCA of rats. Statistical results and detailed values of DBD (M), ASR DBD (N), and
AR DBD (O) dilating MCA of rats by regulating four kinds of K+ channels. KCa, Ca

2+-activated K+ channel. KATP, ATP-sensitive K+ channel. KIR, inwardly rectifer K+

channel. KV, voltage-dependent K
+ channel. Data were expressed as the mean ± S.E.M. (n � 5). *p < 0.05 vs the control group. DBD, Danggui Buxue decoction.

ASR, Angelicae Sinensis Radix. AR, Astragali Radix. MCA, middle cerebral artery.
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5) The vasodilator effect of both DBD and AR may be not related
to the K+ channel. However, ASR can dilate MCA by the
inhibition of Kir and KATP. In addition, ASR and AR can
inhibit both the [Ca2+]in and [Ca2+]out, but DBD can only
inhibit the [Ca2+]out.

Cerebrovascular disease was a global disease that caused
millions of deaths worldwide every year (Hammond–Haley
et al., 2021). In recent years, it has been found that
hypertension and vasculitis can both cause cerebrovascular
diseases ((Mustanoja et al., 2018; Lersy et al., 2020; and Hou
et al., 2021). These diseases are often related to the abnormal
contraction of blood vessels, which can cause changes in the
body’s homeostasis and further aggravate its abnormal
contractions. If this vicious circle is not broken, it will
endanger life (Boguslavskyi et al., 2021). Being a very
important vessel in the brain, MCA diseases account for a
large proportion of all cerebrovascular diseases. Long-term use
of traditional drugs for the treatment of cerebrovascular diseases
is often accompanied by some adverse reactions. Therefore, the
search for drugs that can treat or reduce abnormal
vasoconstriction has become a research focus. DBD was used

in clinics to treat various medical miscellaneous diseases caused
by “deficiency of Qi and blood” (Wu et al., 2016; Chen et al.,
2017). Our experiment can thus provide the experimental basis
for the better use of DBD.

Concentrations of drugs do result in different pharmacological
activities. First, the clinical dosage of DBD was 1 g/kg, and the
equivalent dose for rat was 6.3 g/kg. Evidence has shown that
astragaloside IV, ferulic acid, formononetin, and ligustilide can be
detected in rat plasma after oral administration of DBD (Ji.,
2013). Our pre-experimental data confirmed that DBD, lower
than 8 mg/ml and higher than 256 mg/ml, had almost no effect on
MCA vasodilation in rats with KCl contraction (data were not
provided). According to the results of HPLC, the concentrations
of astragaloside IV, ferulic acid, formononetin, and ligustilide in
256 mg/ml DBD were 0.0512, 0.0071, 0.012, and 0.2892 mg/ml,
respectively. We have previously demonstrated that DBD can
promote the proliferation of hypoxic vascular endothelial cells
in vitro in the range of 3.75–15 mg/ml (Yang et al., 2013). Second,
for in vitro organs, astragaloside IV (0.01–0.1 mg/ml), ferulic acid
(0.1942–0.5825 mg/ml), formononetin (0.0027–0.0268 mg/ml),
and ligustilide (0.001–0.4 mg/ml) have been reported to exhibit

FIGURE 10 | Effect of DBD, ASR, and AR on 1 μM U46619 precontracted MCA of rats by regulation of [Ca2+]out and [Ca2+]in. (A) U46619 contraction of vessels
without Ca2+ and secondary contraction of vessels after recalcification. The effect of DBD (B), ASR (C), and AR (D) on vasodilation of MCA in the presence and absence
of Ca2+. (E) Statistical results and detailed values of DBD, ASR, and AR on [Ca2+]out and [Ca2+]in. [Ca

2+]out, the influx of extracellular Ca
2+. [Ca2+]in, the release of internal

Ca2+ from organelles. Data were expressed as the mean ± S.E.M. (n � 5). *p < 0.05 vs the control group. DBD, Danggui Buxue decoction. ASR, Angelicae Sinensis
Radix. AR, Astragali Radix. MCA, middle cerebral artery.
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excellent relaxation on isolated vessels or smooth muscles (Wang
et al., 2006; Jia et al., 2014; Li, 2014; Fang et al., 2016; Song, 2018).
Our previous investigation indicated that astragaloside IV
(0.001–235.491 mg/ml) can dilate MCA of rats (Wang, 2017).
At the cellular level, astragaloside IV (0.0075 mg/ml), ferulic acid
(0.018 mg/ml), and formononetin (0.0125 mg/ml) showed
superior antioxidative stress injury on vascular endothelial
cells (Cai et al., 2021). The above evidence in whole-organ
cells suggests that the concentrations of DBD (8, 16, 32, 64,
128, and 256 mg/ml) are, to some degree, all reasonable.

Vasoconstrictors are drugs that act on ion channels or specific
receptors to cause vascular smooth muscle contraction. KCl-
stimulated vasoconstriction is achieved by membrane
depolarization (extracellular K+ > 20 mM), which activates the
opening of voltage-dependent Ca2+channels (Hu et al., 2016).
TXA2 is mainly produced by prostaglandin H2 in platelets under
the action of TXA2 synthase with the effect of promoting platelet
aggregation and contraction of vascular smooth muscles (Nguyen
et al., 2016). As a representative analogue of TXA2, U46619 can
contract vessels via activating cyclic nucleotide-gated channels,
causing an increase in intracellular Ca2+ and activation of TXA2
receptors (Fang et al., 2016). Therefore, from the molecular level,
the mechanisms of the above two vasoconstrictors are completely
different. In this experiment, DBD, ASR, and AR did not affect
vascular tension without adding vasoconstrictors. This shows that
under normal circumstances, the three drugs will not relax
uncontracted vessels. The relaxation effects of the three drugs
reached the maximum at a certain concentration, indicating that
DBD, ASR, and AR all had effects on MCA under the
precontraction of the two stimulants. Studies have shown that
the important components of DBD, ferulic acid, astragaloside IV,
and formononetin can relax coronary arteries (Jia et al., 2014;
Fang et al., 2016; and Lin et al., 2018). This is consistent with our
experimental results. Dividing the DBD at a certain concentration
according to the ratio of ASR: AR � 1:5, it can be found that the
relaxing effect of DBD is not the superimposition of the
vasodilator effect of ASR and AR. At a lower concentration
(8 mg/ml), the relaxation effect of DBD is not stronger than
that of the low concentration (1.5 mg/ml) of ASR sinensis at this
ratio, but after reaching a certain concentration (64 mg/ml), the
relaxing effect of DBD is gradually stronger than that of ASR at
this ratio (20.8 mg/ml), which may be caused by the special
compatibility mechanism of DBD. Studies have shown that
there are differences in the composition of the decoction of
different ratios of ASR and AR. The ratio of the classic DBD
has been proven to release the effective ingredients better than
other ratios (ASR:AR, 1:1, 1:2, 1:3, 1:4, 1:7, 1:10) (Don et al.,
2006). This may be the reason why DBD is composed of a large
amount of ASR and AR. The role of DBD in protecting blood
vessels is closely related to concentration, which is consistent with
previous studies (Yang et al., 2013).

K+ is a very important ion in the human body. Most of it is
stored in cells and a small amount in the extracellular fluid. K+

channels are widely present in body tissues and organs and play a
role in maintaining cell resting membrane potential, regulating
muscle tension and action potential, and participating in cell
membrane repolarization (Ykocki et al., 2017). There are four

important K+ channels distributed on vascular smooth muscles:
KV, Kir, KCa, and KATP. This study showed that preincubation of
the four K+ channel blockers did not affect the relaxation effects
of DBD and AR, while preincubation of the Kir and KATP channel
blockers Gli and BaCl2 reduced the relaxation effects of ASR. It is
worth noting that in this experiment, we chose a single
concentration (64 mg/ml) for the experiment. At this
concentration, the three drugs all show good vasodilation
effects. It may be that the vasodilator effect of AR at this
concentration can compensate for the effect of blockers on
ASR, which may be the reason why DBD is not affected by K+

channel blockers.
The contraction and relaxation of vascular smooth muscles

are affected by not only K+ ions but also the increase of [Ca2+]in,
which can stimulate vasoconstriction (Mamo et al., 2014). This
experiment shows that in the absence of Ca2+, preincubation of
DBD, ASR, and AR will not affect vascular tension, but both
ASR and AR can inhibit U46619-induced vasoconstriction,
while DBD has no obvious effect. On the other hand, the
addition of exogenous Ca2+ can cause further contraction of
vascular smooth muscles. Preincubation of the three drugs can
inhibit the secondary contraction induced by exogenous Ca2+.
DBD, as a prescription for the compatibility of ASR and AR, did
not show a more comprehensive inhibitory effect. The reason
for this result may be related to the release of ingredients during
prescription preparation and freeze-dried powder preparation.
Experiments have shown that DBD decoction can promote the
release of astragalus components, and the process of making
freeze-dried powder may cause certain changes in the
components of DBD (Yan et al., 2010; Tan et al., 2021).
Simultaneously, we will further apply vascular organoids
coupled with microfluidic mass spectrometry chips to define
the potential pharmacological components and deep-level
molecular mechanisms of DBD on dilating blood vessels
(Wang et al., 2019 and, 2020; Trillhaase et al., 2021).

Collectively, our data demonstrated that DBD, ASR, and AR
can dilate the rat MCA. In MCA with KCl contraction, the
vasodilatation was ASR > DBD > AR. For U46619-contracted
MCA, the vasodilatation was ASR >DBD > AR at concentrations
less than 128 mg/ml, while DBD > ASR > AR at concentrations
greater than 128 mg/ml. Nevertheless, the deep reason why TCM
prescription and decomposed prescription show inconsistent
pharmacological activities is worth further exploration. In the
ischemic stroke model established by middle cerebral artery
occlusion, a 14-day administration of Buyang Huanwu
decoction can significantly ameliorate the neurological
function score of rats. Compared to the model group, groups
AR, and the combination of ASR, Paeonia lactiflora, Ligusticum
chuanxiong, Pheretima aspergillum, Carthamus tinctorius, and
Prunus persica had a tendency to decrease the neurological
function score, separately, with no significant difference (Shu
and Pan 2017). Guiqi Congzhi decoction was proved to be
superior to groups Ligusticum chuanxiong and Pheretima
aspergillum, Radix Sophorae Flavescentis, and Acorus calamus
Linn, as well as AR and ASR in improving the memory capacity of
vascular dementia rats (Ma et al., 2018). For in vitro investigation
of prescription disassembly, both Xiaobanxia decoction and
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Zingiber officinale Roscoe can counteract the isolated ileum
contraction induced by acetylcholine, 5-hydroxytryptamine,
and histamine in guinea pigs in a concentration dependent
manner, and there was almost no difference in their relaxing
effects (Lin, 2018). Evidence also indicated that Siwu decoction
was better than any single herbs on oxytocin-induced in vitro
uterine contractions of mice (Zhu et al., 2011). Meaningfully, the
results confirmed that DBD, but not ASR, can significantly resist
leukopenia induced by 60Coγ -ray radiation in mice (Gu, 2009).
In terms of regulating blood vessels, it was revealed that DBD,
ASR, and AR can inhibit hepatic angiogenesis in rats with
nonalcoholic fatty liver disease by decreasing the activity of
nitric oxide synthase, while only DBD and AR can reduce the
content of nitric oxide (Guo et al., 2014). The above relevant clues
suggested that the pharmacological effects of any TCM
prescription, including DBD, should not be identified with the
numerical superposition of single herbs. Similarly, we cannot
figure out, prescription or single herbs from disassembled
prescription, what the strength of the action is. It was thus
reasonable for us to believe that the synergistic effect of ASR
and AR as well the regulation of other physiological functions
may be responsible for the distinct vasodilation of DBD on rat
MCA. The elucidation of pharmacological effects of TCM
prescriptions involves pharmacokinetics as well as the
regulation of multi-components on multi-organ functions (Li
C. et al., 2021). Maybe the integrative pharmacology-based
investigation is something we should learn from (Xu et al., 2021).
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Protective Effects of Allicin on Acute
Myocardial Infarction in Rats via
Hydrogen Sulfide-mediated
Regulation of Coronary Arterial
Vasomotor Function and Myocardial
Calcium Transport
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Acute myocardial infarction (AMI) is a condition with high morbidity and mortality, for which
effective treatments are lacking. Allicin has been reported to exert therapeutic effects on
AMI, but the underlying mechanisms of its action have not been fully elucidated. To
investigate this, a rat model of AMI was generated by ligating the left anterior descending
branch of the coronary artery. DL-propargylglycine (PAG), a specific hydrogen sulfide (H2S)
synthetase inhibitor, was used to examine the effects of allicin on H2S production. Isolated
coronary arteries and cardiomyocytes were assessed for vascular reactivity and cellular
Ca2+ transport using a multiwire myography system and a cell-contraction-ion detection
system, respectively. Allicin administration improved cardiac function and myocardial
pathology, reduced myocardial enzyme levels, and increased H2S and H2S synthetase
levels. Allicin administration resulted in concentration-dependent effects on coronary artery
dilation, which were mediated by receptor-dependent Ca2+ channels, ATP-sensitive K+

channels, and sarcoplasmic reticulum (SR) Ca2+ release induced by the ryanodine
receptor. Allicin administration improved Ca2+ homeostasis in cardiomyocytes by
increasing cardiomyocyte contraction, Ca2+ transient amplitude, myofilament sensitivity,
and SR Ca2+ content. Allicin also enhanced Ca2+ uptake via SR Ca2+-ATPase and Ca2+

removal via the Na+/Ca2+ exchanger, and it reduced SR Ca2+ leakage. Notably, the
protective effects of allicin were partially attenuated by blockade of H2S production with
PAG. Our findings provide novel evidence that allicin-induced production of H2S mediates
coronary artery dilation and regulation of Ca2+ homeostasis in AMI. Our study presents a
novel mechanistic insight into the anti-AMI effects of allicin and highlights the therapeutic
potential of this compound.
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1 INTRODUCTION

Acute myocardial infarction (AMI) is a condition with high
morbidity and mortality (McAloon et al., 2016). Despite the
substantial technological and pharmacological developments of
the recent years, the steady increase in the incidence of AMI and
its poor prognosis remain significant clinical problems.
Therefore, there is an urgent need to develop novel
therapeutic strategies for preventing AMI. In this regard,
traditional Chinese medicine (TCM) offers various advantages
including the ability to target multiple biological pathways, low
toxicity and costs, and fewer side effects (Liu et al., 2011).

Allicin, the main pharmacologically active ingredient in
crushed raw garlic cloves (Lawson and Hunsaker, 2018), has
various cardioprotective properties (Mocayar Marón et al., 2020),
including blood pressure reduction, blood lipid regulation,
atherosclerosis prevention, and myocardium protection against
AMI. Nevertheless, the biological mechanisms underlying the
protective action of allicin against AMI have not been fully
elucidated. Studies have reported that in a rat model of AMI,
allicin reduced oxidative stress injury and apoptosis by
modulating the JNK signaling pathway in cardiomyocytes (Xu
et al., 2020), and inhibited inflammation by relieving myocardial
ischemia-reperfusion injury (Liu et al., 2019). We previously
demonstrated that allicin exerted anti-fibrotic and anti-
apoptotic effects in the myocardium, thereby ameliorating
cardiac dysfunction in a rat model of AMI (Ma et al., 2017).
Extensive evidence supports the importance of coronary artery
tension, which maintains sufficient blood supply to the
myocardium, in AMI injury (Uren et al., 1994). In addition,
Ca2+ homeostasis, which is regulated by Ca2+-induced excitation-
contraction coupling, is a critical determinant of cardiac
contractile function. In fact, Ca2+ dyshomeostasis may lead to
impaired systolic-diastolic function of cardiomyocytes after AMI
(Zhang et al., 2021). Therefore, we speculated that the anti-AMI
effects of allicin might be related to the coronary vasomotor
function and Ca2+ transport in cardiomyocytes.

Hydrogen sulfide (H2S) plays a crucial role in cardiovascular
homeostasis. In the human body, H2S production is
predominantly catalyzed by cystathionine-γ-lyase (CSE),
cystathionine-β-synthase (CBS), and 3-mercaptopyruvate
sulfurtransferase (3-MST). To date, most scholars have
proposed that CSE is the primary H2S-producing enzyme in
the cardiovascular system (Singh and Banerjee, 2011; Leigh et al.,
2016). H2S induces vasodilation, promotes angiogenesis, and
regulates endothelial cell migration and inflammatory
pathways (Li S. et al., 2017; Wang et al., 2021). Studies have
showed that H2S can mediate the vasoactivity of garlic (Benavides
et al., 2007), and that diallyl disulfide, a compound found in
garlic, is a H2S-donor in both a cell-free system and vascular cells
(Martelli et al., 2013; Martelli et al., 2020). As a sulfur compound,
allicin has also been suggested to exert cardiovascular effects via
the production of H2S in vivo (Wang et al., 2010). We previously
demonstrated that allicin reduced blood pressure by promoting
vasodilation in spontaneously hypertensive rats by inducing H2S
production (Cui et al., 2020), a finding that was consistent with
the literature. The present study aimed to evaluate the beneficial

effects of allicin in a rat model of AMI and to elucidate the
mechanisms related to H2S production. We hypothesized that
allicin might protect against AMI injury in rats by inducing
coronary artery vasodilation and regulating Ca2+ homeostasis by
favoring H2S production.

2 MATERIALS AND METHODS

2.1 Chemicals and Reagents
Allicin was provided by Xinjiang Ailexin Pharmaceutical Co., Ltd.
(Batch No. 20190428, Xinjiang, China). DL-propargylglycine
(PAG, inhibitor of the hydrogen sulfide synthetase,
cystathionine-gamma-lyase [CSE]) was purchased from
Shanghai Yuanye Bio-Technology (S18M7L11462, Shanghai,
China). Diltiazem (a Ca2+-channel blocker) was purchased
from Tianjin Tanabe Pharmaceutical Co., Ltd. (Batch No.
1905029, Tianjin, China). Potassium chloride (KCl), 5-
hydroxytryptamine (5-HT), endothelin-1 (ET-1),
tetraethylamine (TEA, inhibitor of Ca2+-sensitive potassium
channels), 4-aminopyridine (4-AP, inhibitor of voltage-
dependent potassium channels), barium chloride (BaCl2,
inhibitor of inwardly rectifying potassium channels) and
glibenclamide (Glib, inhibitor of ATP-sensitive potassium
channels) were purchased from Sigma-Aldrich (St. Louis, MO,
United States). All other reagents were of analytical purity.

2.2 Measurement of the Effects of Allicin on
Acute Myocardial Infarction and
Involvement of Hydrogen Sulfide
2.2.1 Animals
Male 8-week-old Sprague Dawley (SD) rats (weighing 200–220 g)
were utilized in the present study.

2.2.2 Induction of Myocardial Infarction, Animal
Grouping, and Treatment
The AMI model was generated via left anterior descending
coronary artery (LAD) ligation in SD rats. Briefly, rats were
anesthetized with 1% pentobarbital sodium. After left
thoracotomy, the heart was exteriorized, and the LAD was
ligated approximately 2 mm below the left atrium with a 6–0
silk suture. AMI was confirmed by elevation of the ST segment on
an electrocardiogram and bulging of the relevant segment of the
left ventricle (LV). In the sham group, the suture was removed
without tying, and no infarction was generated. After
establishment of the AMI model, rats were divided into six
groups (n � 14–16 per group) by a random number table:
sham, model, diltiazem (8.1 mg/kg), allicin (14 mg/kg), allicin
(7 mg/kg), and allicin (14 mg/kg) + PAG (32 mg/kg) groups (Cui
et al., 2020). All groups received intraperitoneal injection once a
day for 7 days.

2.2.3 Echocardiography and Myocardial Staining
Cardiac function was assessed using a Vevo 3100
echocardiography system (Visual sonics Inc, Toronto,
Canada). Rats were anesthetized with 1.5–2% isoflurane via

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 7522442

Cui et al. The Anti-AMI Effects of Allicin

56

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


continuous inhalation and warmed on a heated pad (37°C).
Ultrasound transmission gel was applied to the chest, and
echocardiography (M-mode and B-mode imaging) was
performed. The LV internal diameter and thickness of the
anterior wall at end-diastole (LVID d, LVAW d) and end-
systole (LVID s, LVAW s), as well as LV fractional shortening
(FS), ejection fraction (EF), and stroke volume (SV) were
measured in each rat in a blinded manner. All values were
averaged using three to five cardiac cycles per rat. Rat hearts
were harvested after 1% pentobarbital sodium overdose via
intraperitoneal injection and sliced into five sections of 1-mm
thickness across the left ventricular long axis under the ligature.
To identify the infarction area, heart slices were incubated with
nitro-blue tetrazolium chloride (Sigma-Aldrich) for 3 min at 22 ±
2°C. Infarction areas were measured using Image-Pro Plus
software (Version 6.0; Media Cybernetics, Silver Springs, MD,
United States) and presented as a percentage of infarct area to
ventricular area or total area.

2.2.4 Serum cTnI, LDH, and CSE Levels
Before the rats were sacrificed, blood samples were collected from
the abdominal aorta. Serum was incubated at 22 ± 2°C for 30 min
and centrifuged at 975.87 ×g for 10 min. The supernatant was
collected for determination of serum cardiac troponin I (cTnI),
lactate dehydrogenase (LDH), and CSE levels. Levels of serum
cTnI, LDH, and CSE were separately quantified with
commercially available cTnI (Medical Discovery Leader,
Beijing, China, 159632), LDH (Medical Discovery Leader,
Beijing, China, 164752), and CSE ELISA kits (Bluegene,
Shanghai, China, E02C0834); antibody and chromogenic agent
were added according to the manufacturer’s instructions.
Absorbance was measured at 450 nm, detected by a microplate
tester. Levels of LDH, cTnI, and CSE were calculated according to
the standard curve (Chen et al., 2019; Li J. et al., 2020; Wu et al.,
2020).

2.2.5 Immunofluorescence Assay of Myocardial CSE
The border zone of myocardial infarction tissues were fixed with
4% (v/v) paraformaldehyde and incubated with dimethylbenzene
for 30 min before serum blocking for 60 min. Specimens were
incubated with CSE antibody (Proteintech, Wuhan, China,
12217-1-AP) for 24 h at 4°C prior to incubation with goat
anti-rabbit IgG (H + L) fluorescein isothiocyanate-conjugated
polyclonal antibody (20200321, Bai Aotong Experimental
Materials Center, Luoyang, China) in the dark at 37°C for
60 min. After washing specimens in phosphate buffer solution,
nuclei were stained with 4′, 6-diamidino-2-phenylindole (Sigma-
Aldrich). Images were obtained using an upright fluorescence
microscope (DM-LFS, Leica, MH, Germany) under ×400
magnification.

2.2.6 Hydrogen Sulfide Levels
Levels of H2S in serum and the border zone of myocardial
infarction tissue were measured using methylene blue
spectrophotometry at 665 nm according to manufacturer’s
instructions (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China).

2.2.7 Histologic Examination
Hearts were harvested, weighed, washed in phosphate buffer
solution, fixed in 4% paraformaldehyde overnight, and
embedded in paraffin. Each paraffin-embedded heart was cut
into 4-µm thick sections through the infarction area and stained
with hematoxylin and eosin (H&E) for morphological
observation. Specimens were stained with Masson’s trichrome
stain to evaluate collagen volume. Sections were imaged using a
stereomicroscope (Olympus SZ61, Tokyo, Japan).

2.3 Allicin Treatment of Isolated Coronary
Arteries
2.3.1 Preparation of Rat Coronary Arterial Rings
The coronary arterial rings (diameter: 100–300 µm) of SD rats
were then isolated and placed in a cold Krebs buffer [composition
(mM): NaCl, 119; KCl, 4.6; CaCl2, 1.5; NaH2PO4, 1.2; MgCl2, 1.2;
NaHCO3, 15; Glucose, 5.6; pH 7.4]. RCARs were prepared and
performed as previously described (Cui et al., 2020).

2.3.2 Allicin-Induced Vasodilation of Rat Coronary
Arterial Rings
RCARs were contracted with KCl (6 × 10–2 M) until a plateau of
contraction was reached. The rings were then divided equally into
two groups (8 rings each): PAG or control. RCARs were
incubated with PAG (10–2 M) or the same volume of saline,
respectively, for 5 min. Both groups were treated with allicin
(10−5–10–4.2 M) and cumulative concentration-response curves
were obtained.

2.3.3 Effect of Allicin on Ca2+ Channel-Induced
Contraction
KCl mediates the opening of voltage-dependent Ca2+ channels
(VDCCs), whereas U46619, 5-HT, and ET-1 mediate the opening
of receptor-dependent Ca2+ channels (RDCCs). In this study,
RCARs were divided into three groups (8 rings each): allicin,
allicin + PAG, and control groups. Rings were incubated with
allicin (10–4.8 M), allicin (10–4.8 M) + PAG (10–2 M), or the
equivalent volume of saline, respectively, for 5 min.
Cumulative concentration-response curves for KCl
(10–1.54–10–1.42 M), U46619 (10−8–10–5 M), 5-HT
(10−8–10–4 M), and ET-1 (10−9–10–6 M) were obtained.

2.3.4 Effects of Potassium Pathway Inhibitors on
Allicin-Induced Vasodilation
To investigate the contribution of Ca2+-sensitive potassium
channels (KCa), voltage-dependent potassium channels (Kv),
inwardly rectifying potassium channels (Kir), and ATP-
sensitive potassium channels (KATP) to allicin-induced
vasodilation, the corresponding inhibitors, TEA (10–3 M), 4-
AP (10–3 M), BaCl2 (10–5 M) and Glib (10–5 M) were applied.
RCARs were divided into two groups (8 rings each): control and
inhibitor groups. The rings were incubated with the four
respective inhibitors for each channel or the same volume of
saline for 5 min. Cumulative concentration-response curves for
allicin (10−5–10–4.2 M) were obtained.
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If the maximum vasodilatory effect in the inhibitor group was
lower than that in the control group, subsequent experiments
were conducted, as follows. The rings were divided into three
groups (8 rings each): inhibitor, PAG, and PAG + inhibitor
groups. Cumulative concentration-response curves for allicin
(10−5–10–4.2 M) were obtained as described above.

2.3.5 Effect of Allicin on Caffeine-Induced Contraction
The grouping and intervention for RCARs were performed as
described above (See “Effect of Allicin on Ca2+ Channel-induced
Contraction” section). Contraction-response curves for caffeine
(3 × 10–2 M) were obtained.

2.4 Effects of Allicin on Ca2+ Transport in
Cardiomyocytes
2.4.1 Measurement of Sarcomere Shortening and
Cytosolic Ca2+ Transients
Isolated cardiomyocytes were loaded with 2 μM Fura-2 AM
(Sigma-Aldrich) in the dark for 30 min at 22 ± 2°C. Cells were
washed, resuspended twice in Tyrode’s solution (concentration in
mM: 137.0 NaCl, 1.2 NaH2PO4, 5.0 KCl, 1.2 MgCl2, 10.0 HEPES,
10.0 glucose, and 1.2 CaCl2 [pH 7.4]), and placed in a cell
chamber. Myocytes were stimulated to contract at a pacing
frequency of 1 Hz with 4 ms of electrical stimulation.
Myocytes were exposed to 340 or 380 nm excitation
wavelengths, and the emitted fluorescent signal was detected at
510 nm. Sarcomere length and fluorescence intensity (a proxy of
Ca2+ concentration) were synchronously recorded with a cell
contraction-ion detection system (IonOptix, Westwood, MA,
United States). Contractility parameters including amplitude,
peak time, systolic half-time of decay (T50), diastolic T50, and
myofilament sensitivity were measured. Ca2+ transient
parameters including amplitude, maximum ascending and
descending velocity, and Ca2+ decline time constant were also
recorded.

2.4.2 Measurement of Sarcoplasmic Reticulum Ca2+

Content
SR Ca2+ content is associated with caffeine-sensitive Ca2+ release
(Santulli et al., 2017). Short puffs of 10 mM caffeine were applied
to completely empty the SR, following a train of 1-Hz field
stimulation to achieve steady-state SR Ca2+ loading in
ventricular myocytes. SR Ca2+ content was assessed by
measuring the amplitude of caffeine-elicited Ca2+ transients
(△F/F0).

2.4.3 Assessment of Ca2+ Removal
Rapid and continuous application of 10 mM caffeine was
employed to induce SR Ca2+ release and assess the
contribution of the Na+/Ca2+ exchanger (NCX) and slow
transport systems (mitochondrial Ca2+ uniporter and
sarcolemmal Ca2+-ATPase). The contribution of the slow
transport system to Ca2+ removal is only 1% and is often
overlooked (Puglisi et al., 2014). With continuous caffeine
superfusion, a decrease in fluorescence (F340/380) indicates
Ca2+ removal, which is predominantly attributable to the

NCX. Ca2+ removal was predominantly achieved by sarco/
endoplasmic reticulum Ca2+-ATPase (SERCA) uptake and
NCX Ca2+ efflux with superfusion of Tyrode’s solution. Based
on these factors, the time of SERCA-mediated Ca2+ removal was
calculated (Tau).

2.4.4 Ca2+ Leakage Assessment
Ca2+ leakage levels were assessed by perfusing myocytes with
1 mM tetracaine and reperfusing in 10 mMNa-, Ca-free Tyrode’s
solution (containing Li+ and EGTA instead of Na+ and Ca2+).
Levels of SR Ca2+ leakage were calculated based on the difference
in cytosolic Ca2+ concentration before and after tetracaine
perfusion.

2.5 Statistical Analysis
The SPSS statistical software (SPSS 20.0, IBM, Chicago, IL,
United States) was used for statistical analysis. Vasodilation
and vasocontraction are expressed as the percentage of
precontraction amplitude. The negative logarithms of the
concentration that produced the half-maximal effect (pEC50)
and maximum relaxation (Rmax) or contraction (Emax) were
determined using concentration negative logarithm-effect
curves. The differences in vasomotor responses to allicin, as
well as in the levels of KCl, 5-HT, U46619, and ET-1 were
compared by a two-way analysis of variance (ANOVA), with a
post hoc Bonferroni test for group comparison. Statistical
significance was determined through a one-way ANOVA with
Dunnett’s test for multiple-group comparisons in other
experiments. *p < 0.05, **p < 0.01 vs. sham group, △p < 0.05,
△△p < 0.01 vs. AMI model group, #p < 0.05, ##p < 0.01 vs. allicin
14 mg/kg group in all figures. All data are presented as the
mean ± S.E.M.

3 RESULTS

3.1 Effects of Allicin on Acute Myocardial
Infarction and the Involvement of Hydrogen
Sulfide
3.1.1 Cardiac Function
Ventricular size and function weremeasured to assess the effect of
allicin treatment. There was no statistical difference in LVID d
among the groups. LVID s was significantly greater in the model
group than in the sham group (Figure 1A), whereas the values of
LVAW s, LVAW d, EF, FS, and SV were significantly lower in the
model group than in the sham group. On the contrary, LVID s
was significantly lower, and LVAW s, LVAW d, EF, FS, and SV
were significantly higher, in the diltiazem 8.1 mg/kg and allicin
14 mg/kg groups than in the model group. LVID s was
significantly higher, and LVAW s, LVAW d, EF, FS, and SV
were significantly lower in the allicin 14 mg/kg + PAG group than
in the allicin 14 mg/kg group (Figures 1B‒F). Hence, as shown in
Figure 1G, we found that allicin significantly improved the
cardiac function of AMI rats, and PAG partially weakened this
effect.
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FIGURE 1 | Allicin improved cardiac function in AMI model rats. (A‒F) The statistical scatter plots of (A) LVID s, (B) LVAW s, (C) LVAW d, (D) EF, (E) FS, and (F) SV
in the experimental and control groups. (G) Representative images of ultrasonic function in experimental and control groups. Data are expressed as mean ± S.E.M
(n � 11–12). *p < 0.05, **p < 0.01 vs. control; △p < 0.05, △△p < 0.01 vs. the Model group; #p < 0.05, ##p < 0.01 vs. the Allicin 14 mg/kg group. Abbreviations: LVID s, left
ventricular internal diameter end systole; LVAW s, left ventricular end-systolic anterior wall thickness; LVAW d, left ventricular end-diastolic anterior wall thickness;
EF, ejection fraction; FS, functional shortening; SV, stroke volume; PAG, DL-propargylglycine.
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3.1.2 Myocardial Infarction Size
The percentages of myocardial infarction area to ventricular area
(ITV) and total heart area (ITT) were significantly lower in the
sham group (0.42 ± 0.26% and 0.23 ± 0.16%, respectively) than in

the model group (30.89 ± 8.26% and 17.49 ± 4.75%, respectively).
ITV and ITT were significantly reduced by treatment with
14 mg/kg of allicin (7.67 ± 5.15% and 4.33 ± 2.84%,
respectively) and 8.1 mg/kg of diltiazem (8.27 ± 7.65% and

FIGURE 2 | Allicin reduced myocardial infarction area and improved morphological changes in myocardial tissue. (A,B) Percentage of myocardial infarction area
over the ventricular and total heart area, respectively (n � 9–11). (C,D) Effects of allicin on serum cTnI and LDH levels (n � 9–11). (E) Percentage of myocardial fibrosis area
stained with Masson’s trichrome staining (n � 4). (F) Representative myocardial infarction areas in each group (n � 9–11). (G,H) Effects of allicin on the pathological
morphology of the myocardium in rats with acute myocardial infarction by H&E staining and Masson staining (n � 9–11), magnification ×200. Data are expressed as
mean ± S.E.M. *p < 0.05, **p < 0.01 vs. control; △p < 0.05, △△p < 0.01 vs. the Model group; #p < 0.05, ##p < 0.01 vs. the Allicin 14 mg/kg group. Abbreviations: LDH,
lactate dehydrogenase; cTnI, cardiac troponin; PAG, DL-propargylglycine.
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4.67 ± 4.57%, respectively). However, in the allicin 14 mg/kg +
PAG group, ITV and ITT were significantly higher (17.57 ±
8.17% and 9.97 ± 4.63%, respectively) than in the allicin
14 mg/kg group, but significantly lower than in the model
group (Figures 2A,B). Hence, allicin significantly decreased
the myocardial infarction area of AMI rats, and PAG partially
weakened the effect of allicin (Figure 2E).

3.1.3 Serum cTnI and LDH Levels
cTnI and LDH levels were significantly higher in the model group
than in the sham group (cTnI: 120.53 ± 13.93 ng/L vs. 59.39 ±
9.81 ng/L; LDH: 291.81 ± 15.91 µg/L vs. 146.62 ± 16.20 µg/L),
indicating that the model successfully mimicked AMI conditions.
Levels of cTnI and LDH were significantly lower in the diltiazem
8.1 mg/kg group (82.12 ± 5.09 ng/L and 215.06 ± 16.16 µg/L,
respectively), allicin 14 mg/kg group (82.82 ± 8.30 ng/L and
220.77 ± 19.85 µg/L, respectively), allicin 7 mg/kg group
(94.04 ± 3.84 ng/L and 231.55 ± 24.56 µg/L, respectively), and
allicin 14 mg/kg + PAG group (94.14 ± 6.28 ng/L and 252.20 ±
20.53 µg/L, respectively) than in the model group. cTnI and LDH
levels were significantly higher in the allicin 14 mg/kg + PAG
group than in the allicin 14 mg/kg group. These data suggest that
treatment with diltiazem or allicin significantly alleviated the
changes in cardiac function induced by AMI, and PAG partially
reversed this effect (Figures 2C,D).

3.1.4 Pathological Morphology
H&E and Masson staining revealed that in the sham group, the
structure of cardiomyocytes remained intact, the transverse and
fiber striations of the myocardium were clear, and cells were
arranged regularly. No degeneration, necrosis, hemorrhage,
inflammatory cell infiltration, or collagen deposition was
observed in the sham group. In the model group, the
arrangement of myocardial fibers was disordered, swollen, and
disjointed; the septum of the fiber bundles was widened;
transverse lines of cells were absent, striations were disordered,
normal cell structure was disrupted; and extensive cardiomyocyte
necrosis, interstitial vascular hyperplasia, hyperemia, edema,
inflammatory cell infiltration, and collagen deposition were
observed. These features are typical of myocardial infarction.
In the allicin 14 mg/kg and diltiazem 8.1 mg/kg groups, the
arrangement of cardiomyocytes was slightly disordered,
myocardial fibers were neatly arranged, the interstitium was
broadened, the septum of the fiber bundles was not
significantly widened, no cell necrosis was observed, and
minimal cardiomyocyte edema and collagen deposition were
noted. Hence, the degree of pathological damage observed in
the allicin 7 mg/kg and allicin 14 mg/kg + PAG treatment groups
was intermediate compared with that noted in the model and
allicin 14 mg/kg groups (Figures 2F,G).

3.1.5 Hydrogen Sulfide Levels in Serum and
Myocardial Tissue
The levels of the H2S in serum and the border zone of the myocardial
infarction tissues were significantly lower in themodel group (36.23 ±
8.96 nM/ml and 342.18 ± 48.77 nM/g, respectively) than in the sham
group (109.39 ± 11.44 nM/ml and 682.93 ± 56.83 nM/g, respectively)

(Figures 3A,B). On the other hand, the levels ofH2S in the serum and
myocardial tissue were significantly higher in the diltiazem 8.1mg/kg
(86.21 ± 7.03 nM/ml and 543.91 ± 49.15 nM/g, respectively), allicin
14mg/kg (85.73 ± 9.06 nM/ml and 563.91 ± 34.28 nM/g,
respectively), allicin 7mg/kg (68.35 ± 7.18 nM/ml and 469.82 ±
48.25 nM/g, respectively), and allicin 14mg/kg + PAG groups
(62.00 ± 8.48 nM/ml and 490.53 ± 47.75 nM/g, respectively) than
in the model group, suggesting that these treatments alleviated
myocardial infarction symptoms. High levels of allicin were more
effective than lower levels, as H2S serum and tissue levels were
significantly lower in the allicin 7mg/kg and allicin 14mg/kg +
PAG groups than in the allicin 14mg/kg group. Finally, the levels of
H2S in the serum and myocardial tissue were significantly higher in
the allicin 14mg/kg group than in the model group.

3.1.6 CSE Levels
Immunofluorescence analysis revealed that the average optical
density (AOD) of CSE in myocardial tissue was significantly
lower in the model group (0.039 ± 0.014) than in the sham
group (0.141 ± 0.028). CSE showed a significantly higher level
in the diltiazem 8.1 mg/kg (0.091 ± 0.009), allicin 14 mg/kg
(0.101 ± 0.008), allicin 7 mg/kg (0.077 ± 0.010), and allicin
14 mg/kg + PAG groups (0.073 ± 0.003) than in the model
group. On the other hand, CSE levels tended to be lower in the
allicin 7 mg/kg and allicin 14 mg/kg + PAG groups than in the
allicin 14 mg/kg group, but this trend did not reach statistical
significance (Figure 3C). Similarly, serum CSE levels were
significantly lower in the model group than in the sham group
(CSE: 1.95 ± 0.52 µg/L vs. 4.07 ± 0.88 µg/L). Serum CSE levels
were significantly higher in all treatment groups than in the
model group. CSE levels were significantly lower in the allicin
14 mg/kg + PAG group than in the allicin 14 mg/kg group
(Figure 3D). Figure 3E suggests that in rats with AMI, allicin
treatment improved CSE levels partly via inducing H2S
production.

3.2 Allicin-Regulated Coronary Artery
Vasomotor Function
3.2.1 Vasodilatory Effects of Allicin on Rat Coronary
Arteries via Hydrogen Sulfide
Allicin-induced dilation in rat coronary arteries precontracted
with KCl in a dose-dependent manner. The maximum
vasodilation reached 85.11 ± 2.11% of the pre-contraction
amplitude. After the application of PAG, the maximum
relaxation induced by allicin was 49.37 ± 6.94%, which was
significantly lower than that in the control group (Figures
4A,B). The inhibitory rate of PAG on the vasodilation effect
of allicin was 42.4%. There was no significant difference in pEC50

between the two groups.

3.2.2 Allicin-Mediated Inhibition of Dose-dependent
Potassium Chloride-Induced Contraction in Rat
Coronary Arteries
KCl induced contractions in rat coronary arteries in a dose-
dependent manner. No significant changes in Emax and pEC50 of
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KCl-induced concentration-contraction curves were observed
after administration of allicin or allicin + PAG (Figures 4C,D).

3.2.3 Effects of Allicin on Receptor-Dependent Ca2+

Channel Agonist Dose-Response Curves in Rat
Coronary Arteries
Following administration of allicin, the Emax values of the
concentration-contraction curves induced by 5-HT, U46619,
and ET-1 were 101.86 ± 2.16%, 102.19 ± 15.24%, and
120.77 ± 13.98%, respectively. These values were significantly
lower than those of the control group (158.73 ± 12.63%, 146.56 ±
18.23%, and 173.51 ± 14.09%, respectively). Following

administration of allicin + PAG, the Emax values of the
concentration-contraction curves induced by 5-HT, U46619,
and ET-1 were 133.91 ± 8.65%, 124.09 ± 6.64%, and 144.02 ±
5.22%. These values were significantly lower than those of the
control group but were significantly higher than those of the
allicin group (Figure 5).

3.2.4 The Weakening Effect of a K+ Pathway Inhibitor
on Allicin-Induced Vasodilation of Rat Coronary
Arteries
The Rmax of allicin in the TEA, 4-AP, and BaCl2 groups was not
significantly different compared with that of the control group

FIGURE 3 | Allicin increased H2S and CSE levels. (A) Serum H2S levels; (B) H2S levels in myocardial tissue; (C) CSE levels in myocardial tissue; (D) Serum CSE
levels. (E) Representative micrographs of heart sections from AMI rats stained to visualize the CSE enzyme (green) and nuclei (DAPI; blue), magnification ×400. Data are
expressed asmean ± S.E.M (n � 5–12). *p < 0.05, **p < 0.01 vs. control; △p < 0.05, △△p < 0.01 vs. the Model group; #p < 0.05, ##p < 0.01 vs. the Allicin 14 mg/kg group.
Abbreviations: CSE, cystathionine-γ-lyase; AMI, acute myocardial infarction; PAG, DL-propargylglycine.
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(82.90 ± 6.22%), whereas the Rmax of allicin was significantly
lower in the Glib group (46.98 ± 3.86%) than in the control group.
No significant differences were observed in the Rmax of allicin
among the PAG, PAG + Glib, and Glib groups. Altogether, these
data suggest that the response to allicin is mediated by receptor-
dependent, rather than voltage-dependent, Ca2+ channels
(Figures 6A‒D).

3.2.5 The Inhibitory Effect of Allicin on
Caffeine-Induced Coronary Artery Contraction in
Ca2+-free Solution
Caffeine (3 × 10–2 M) induced a transient and rapid contraction
of rat coronary arteries in Ca2+-free solution. The contraction
amplitude was 40.70 ± 10.09% of the contraction induced by KCl
(6 × 10–2 M). After administration of allicin, the contraction

FIGURE 4 | (A,B) Allicin induced coronary artery dilation in rats, while PAG inhibited this effect. (A) Diastolic effect curves of allicin adding saline and PAG,
respectively; (B) Rmax and pEC50 of diastolic effect curve of allicin. (C,D) Effects of allicin on dose-response curves of KCl-induced contraction in rat coronary arteries and
the intervention effects of PAG. (C)Diastolic effect curve of KCl; (D)Rmax and pEC50 of diastolic effect curve of KCl. Data are presented asmean ± S.E.M (8 rings from 4‒8
rats for each group). *p < 0.05 vs. control. Abbreviations: PAG, DL-propargylglycine; pEC50, half-maximal effect; Rmax, maximum relaxation; Emax, maximum
contraction.
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FIGURE 5 | Allicin inhibited 5-HT, U46619, and ET-1-induced contractions in rat coronary arteries and the intervention effects of PAG. (A,C,E) Diastolic effect
curves of 5-HT, U46619, and ET-1; (B,D,F) Rmax and pEC50 of diastolic effect curves of 5-HT, U46619, and ET-1. Data are presented as mean ± SEM (8 rings in each
group from 4‒8 rats). *p < 0.05, **p < 0.01 vs. control; △p < 0.05 vs. the Allicin group. Abbreviations: PAG, DL-propargylglycine; pEC50, half-maximal effect; Rmax,

maximum relaxation; Emax, maximum contraction; 5-HT, 5-hydroxytryptamine; ET-1, endothelin 1.
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FIGURE 6 | Potassium pathway inhibitors reduced allicin-induced diastolic effects in rat coronary arteries via H2S and allicin inhibited caffeine-induced coronary
artery contraction. (A,B) The diastolic effect curves of allicin and Rmax and pEC50 after adding saline and four potassium pathway inhibitors respectively; (C,D) The
diastolic effect curves of allicin and Rmax and pEC50 after adding PAG or/and Glib, respectively; (E) Effect of allicin on caffeine-induced contraction. Data are presented as
mean ± S.E.M (8 rings in each group from 4‒8 rats). **p < 0.01 vs. control; △△p < 0.01 vs. the Allicin group. Abbreviations: PAG, DL-propargylglycine; Glib,
glibenclamide; 4-AP, 4-aminopyridine; TEA, tetraethylamine; pEC50, half-maximal effect; Rmax, maximum relaxation.
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FIGURE 7 | Allicin enhanced cardiomyocyte sarcomere shortening and Ca2+ transients. (A) Contraction amplitude; (B) Calcium transient amplitude; (C) Ca2+

decline time constant; (D) Peak time; (E) Systolic T50; (F) Diastolic T50; (G) Maximum ascending and descending velocities; (H) Maximum decline time constant; (I)
Myofilament sensitivity. Data are presented as mean ± S.E.M (n � 31–175 cardiomyocytes from 3‒5 rats). *p < 0.05, **p < 0.01 vs. control; △p < 0.05, △△p < 0.01 vs. the
Model group; #p < 0.05, ##p < 0.01 vs. the Allicin 14 mg/kg group. Abbreviations: PAG, DL-propargylglycine; T50, half-time of decay.
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amplitude induced by caffeine was 28.45 ± 5.42%, which was
significantly lower than that in the control group. Caffeine-
induced contraction amplitude was significantly higher in the
allicin + PAG group (40.28 ± 6.05%) than in the allicin group
(Figure 6E).

3.3 Allicin-Mediated Enhancement of
Cardiomyocyte Sarcomere Shortening and
Ca2+ Transients at the Infarct Border
3.3.1 Cardiomyocyte Sarcomere Shortening
Figure 7 shows that the contraction amplitude (3.85 ± 1.49%) was
significantly lower, whereas peak time (0.17 ± 0.04 s), systolic T50

(0.056 ± 0.017 s), and diastolic T50 (0.128 ± 0.044 s) were
significantly longer in the model group than in the sham
group (8.47 ± 1.80%, 0.13 ± 0.02 s, 0.043 ± 0.009 s, and
0.069 ± 0.014 s, respectively). Contraction amplitude in the
allicin 14 mg/kg (6.76 ± 2.43%) and allicin 14 mg/kg + PAG
groups (4.65 ± 1.53%) was higher, whereas peak time, systolic T50,
and diastolic T50 in the allicin 14 mg/kg group (0.13 ± 0.02 s,
0.041 ± 0.010 s, 0.081 ± 0.033 s) was significantly lower than that
in the model group. The addition of PAG significantly reduced
the contraction amplitude in the allicin 14 mg/kg + PAG group
(4.65 ± 1.53%) compared with the allicin 14 mg/kg group.
Similarly, peak time, systolic T50, and diastolic T50 were
significantly longer in the allicin 14 mg/kg + PAG group
(0.16 ± 0.04 s, 0.062 ± 0.016 s, and 0.122 ± 0.046 s,
respectively) than in the allicin 14 mg/kg group, indicating
that PAG significantly alleviated the effects of allicin.

3.3.2 Ca2+ Transients
AMI significantly reduced the amplitude, maximum ascending
velocity, and maximum descending velocity of Ca2+ transients in
the model group (0.13 ± 0.03 RU [ratio unit], 8.02 ± 3.20 RU/s,
and 0.52 ± 0.28 RU/s, respectively) compared with the sham
group (0.18 ± 0.05 RU, 11.36 ± 3.27 RU/s, and 0.80 ± 0.28 RU/s,
respectively). The Ca2+ decline time constant in the model group
(0.35 ± 0.08 s) was significantly longer than that in the sham
group (0.23 ± 0.07 s) as well. Ca2+ transient amplitude in the
allicin 14 mg/kg group (0.15 ± 0.03 RU) andmaximum ascending
and descending velocities of Ca2+ transients in the allicin
14 mg/kg (10.26 ± 3.42 RU/s and 0.79 ± 0.34 RU/s,
respectively) and allicin 14 mg/kg + PAG groups (9.39 ± 3.26
RU/s and 0.68 ± 0.38 RU/s, respectively) were significantly higher
than in the model group. The Ca2+ decline time constants in the
allicin 14 mg/kg (0.25 ± 0.10 s) and allicin 14 mg/kg + PAG
groups (0.28 ± 0.08 s) were significantly shorter than in the model
group. Compared with the allicin 14 mg/kg group, the allicin
14 mg/kg + PAG group exhibited significantly lower Ca2+

transient amplitude and maximum ascending and descending
velocities of Ca2+ transients, as well as significantly longer Ca2+

decline time constant (Figure 7).

3.3.3 Myofilament Sensitivity
Diastolic curves with good linear relationships were obtained
from the nonlinear fitting curve between sarcomere length and
Ca2+ transient amplitude. The slope of this curve was calculated

to reflect myofilament sensitivity. Myofilament sensitivity of
cardiomyocytes in the model group (2.46 ± 0.77) was
significantly lower than in the sham group (3.86 ± 1.76). By
contrast, myofilament sensitivity in the allicin 14 mg/kg and
allicin 14 mg/kg + PAG groups was significantly higher than
that in the model group. Myofilament sensitivity was significantly
lower in the allicin 14 mg/kg + PAG group than in the allicin
14 mg/kg group (Figure 7I).

3.3.4 Sarco/Endoplasmic Reticulum
Ca2+-ATPase-Mediated Ca2+ Reabsorption and Na+/
Ca2+ Exchanger-Mediated Ca2+ Efflux
TauNCX and TauSERCA were significantly higher in the model
group (6986.2 ± 5238.6 ms and 349.5 ± 63.5 ms, respectively)
than in the sham group (2732.3 ± 1275.1 ms and 200.7 ± 93.6 ms,
respectively). Compared with the model group, the TauNCX and
TauSERCA of the allicin 14 mg/kg group (3202.9 ± 1473.1 ms and
246.4 ± 63.1 ms, respectively) and allicin 14 mg/kg + PAG group
(3584.4 ± 768.0 ms and 246.4 ± 29.1 ms, respectively) were both
significantly decreased. No significant differences were observed
in TauNCX and TauSERCA between the allicin 14 mg/kg and allicin
14 mg/kg + PAG groups (Figures 8A,B).

3.3.5 Sarcoplasmic Reticulum Ca2+ Content and Ca2+

Leakage
The SR Ca2+ content of myocardial cells was threefold lower in
the model group (0.53 ± 0.16 RU) than in the sham group (1.51 ±
0.37 RU). On the other hand, the allicin 14 mg/kg (1.43 ± 0.18
RU) and allicin 14 mg/kg + PAG (1.17 ± 0.13 RU) treatments
induced significantly higher SR Ca2+ content when compared
with the model group. SR Ca2+ content was significantly lower in
the allicin 14 mg/kg + PAG group than in the allicin
14 mg/kg group.

Ca2+ leakage was significantly higher in the model group
(0.097 ± 0.033 RU) than in the sham group (0.052 ± 0.040
RU), whereas allicin 14 mg/kg (0.056 ± 0.05 RU) and allicin
14 mg/kg + PAG (0.073 ± 0.044 RU) administration significantly
decreased leakage compared with the model group. Ca2+ leakage
was significantly higher in the allicin 14 mg/kg + PAG group than
in the allicin 14 mg/kg group (Figures 8C,D).

4 DISCUSSION

AMI is a prevalent cardiovascular event (Lu et al., 2015). Despite
early revascularization, timely medical therapy, and up-to-date
mechanical circulatory support, AMI prognosis remains poor
and patient mortality remains high. TCM, which is underscored
by a rich 2000–3000-year history of medical theories concerning
disease etiology and treatments, has been in the public eye due its
therapeutic promise for AMI, among other conditions. Here, we
investigated the therapeutic effects of allicin, a component of
garlic, in a rat model of AMI. We demonstrated that allicin
exerted anti-AMI effects, including improvements in cardiac
function as well as reduction in infarct size and serum cTnI
and LDH levels. In parallel, microscopic observations revealed
that allicin significantly improved the detrimental morphological

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 75224413

Cui et al. The Anti-AMI Effects of Allicin

67

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


changes observed in myocardial tissue after AMI, supporting the
protective effects of allicin against cardiac lesions and myocardial
cell necrosis.

Garlic, as a food source and medicinal plant, is widely known
for its cardiovascular properties (Zhou et al., 2021). Allicin is well-
established as the main pharmacological component of garlic.
Allicin is an enzymatic product of alliin and alliinase, and is
produced when raw garlic cloves undergo cell rupture. Extensive
evidence supports the cardioprotective effects of allicin. For
instance, allicin protected rats against AMI and myocardial
ischemia reperfusion injury by suppressing inflammation,
fibrosis, apoptosis, and oxidative stress (Liu et al., 2019). We
previously demonstrated that allicin exerted anti-AMI effects (Ma
et al., 2017). This study builds upon our previous findings and
provides insight into the mechanisms underlying the anti-AMI
effects of allicin.

Patients who survive AMI frequently develop systolic heart
failure due to the infarct-induced loss of a functional myocardium
and the remodeling of the LV. This process involves
cardiomyocyte necrosis and hypertrophy, LV wall thinning,
infarct expansion, and collagen accumulation (Wollert and
Drexler, 2010). Further, serum levels of the cytosolic enzymes
cTnI and LDH are significantly increased when myocardial
ischemia and hypoxia occur (Goyal et al., 2010; Cordwell
et al., 2012). In the event of AMI, myocardial circulatory
perfusion becomes insufficient, leading to ischemia and
hypoxia of the myocardial tissue, structural and functional
damage to cardiomyocytes, irreversible cellular necrosis, and
serious damage to cardiac contractile function. Therefore,
increasing the blood supply to coronary arteries and

improving the function of cardiomyocytes are key to
effectively prevent and treat adverse clinical events after AMI.

In AMI, coronary microvascular dysfunction results in the
insufficient supply of blood and oxygen and may affect
myocardial function at rest and during stress (Michelsen et al.,
2018). Given the protective effects of allicin on AMI, elucidating
the regulatory effects of this compound on the vasomotor
function of coronary arteries in the context of AMI-induced
damage would provide valuable mechanistic insight. In this study,
we observed that allicin exerted concentration-dependent
vasodilatory effects on rat coronary arteries. Given that Ca2+

concentration is a critical factor for vascular tone (Shen et al.,
2009), we focused on Ca2+-related vascular tension. Intracellular
Ca2+ concentration is predominantly increased by Ca2+ influx
and/or Ca2+ release from the SR (Guan et al., 2019). Ca2+ influx
involves the opening of VDCCs and RDCCs. Ligands such as 5-
HT, thromboxane A2 (TXA2), and ET-1, by binding to their
corresponding G protein-coupled receptors, are the main
activators of RDCCs, whereas VDCCs are predominantly
activated by cations, including K+. We demonstrated that
allicin significantly inhibited the contractions induced by 5-
HT, U46619, and ET-1 in rat coronary arteries, but it did not
alter contractions induced by KCl, suggesting that RDCCs, rather
than VDCCs, mediated the extracellular Ca2+ influx that
contributed to vasodilation. Receptors mediating SR Ca2+

release include the inositol triphosphate and ryanodine
receptors (RyRs), of which, the latter mediates more than 90%
of SR Ca2+ release. In order to study the effects of allicin on RyR-
mediated calcium release, we used caffeine in Ca2+-free solution,
which increased the intracellular Ca2+ concentration by

FIGURE 8 | Effect of allicin on myocardial Ca2+ transport. (A,B) Allicin enhanced SERCA reabsorption and NCX-induced calcium efflux in cardiomyocytes. (C,D)
Allicin increased SR Ca2+ content and reduced Ca2+ leakage in cardiomyocytes. n � 22–89 cardiomyocytes from 3‒5 rats. Data are presented as mean ± S.E.M.
*p < 0.05, **p < 0.01 vs. control; △p < 0.05, △△p < 0.01 vs. the Model group; #p < 0.05 vs. the Allicin 14 mg/kg group. Abbreviations: PAG, DL-propargylglycine; SERCA,
sarco/endoplasmic reticulum Ca2+-ATPase; NCX, Na+/Ca2+ exchanger; SR, sarcoplasmic reticulum.
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completely activating the RyRs in the SR (Garcia et al., 2019). Our
findings indicated that allicin significantly inhibited caffeine-
induced coronary artery contractions, suggesting that allicin-
induced vasodilation of coronary arteries was associated with
inhibition of the SR Ca2+ release mediated by RyRs.

The opening of K+ channels, which leads to cell membrane
hyperpolarization by promoting intracellular K+ outflow, is a way
to decrease intracellular Ca2+ concentration and induce
vasodilation. To date, four types of K+ channels with different
activation mechanisms have been identified: these are the KV,
KCa, Kir, and KATP channels (Lorigo et al., 2020). These channels
inhibit the activation of VDCCs on the cell membrane, thus
reducing extracellular Ca2+ influx. Further, they increase
intracellular Ca2+ efflux by stimulating the NCX, thus
reducing intracellular Ca2+ and causing vasodilation. To
investigate the involvement of K+ channels in allicin-induced
vasodilation, we applied 4-AP, TEA, BaCl2, and Glib separately
on coronary arteries to observe their effects on allicin-induced
vasodilation. Only Glib application significantly inhibited allicin-
induced vasodilation, suggesting that the vasodilatory effects of
allicin on coronary arteries were at least partly attributed to KATP

channel opening but did not involve other K+ channels.
Cardiomyocyte dysfunction is a direct consequence of AMI

and leads to a decrease in cardiomyocyte vitality, which
eventually results in heart failure and even death. Ca2+-
mediated excitation-contraction coupling is a requirement for
correct cardiomyocyte contraction and relaxation (Palomeque et
al., 2009; Lahiri et al., 2021). During cardiac systole, a small
amount of extracellular Ca2+ enters the cytoplasm through L-type
Ca2+ channels, which triggers the activation of the RyRs in the SR
and leads to extensive Ca2+ release from the SR. Intracellular Ca2+

binds to troponin to cause cell contraction (Zhang et al., 2018).
Intracellular Ca2+ can be rapidly recaptured by SERCA on the SR
and transported out of cells through the NCX on the cell
membrane, which causes cardiomyocytes to enter a diastolic
state. Ca2+ transients reflect the rapid dynamic changes in
cytoplasmic Ca2+ during cardiomyocyte contraction and
relaxation, and the changes in velocity and amplitude
represent changes in myocardial contractility. In addition, the
sensitivity of cardiomyocyte myofilaments to Ca2+ affects the
contractile function of cardiomyocytes. Under pathological
conditions, there is a decrease in the amplitude and velocity of
Ca2+ transients of cardiomyocytes, SR Ca2+ content, and
myofilament sensitivity to Ca2+. This leads to a decrease in
cardiomyocyte contraction and relaxation function (D.M. Bers,
2002; Piacentino et al., 2003). In this study, we observed that
allicin significantly increased the contractile amplitude of
cardiomyocytes, maximum release and reabsorption rate of
Ca2+ transients, and myofilament sensitivity of
cardiomyocytes. Allicin also decreased the peak time, systolic
T50, diastolic T50, and elimination constant of Ca2+ transient
time. Collectively, these findings indicated that allicin
significantly improved the contraction and relaxation function
of myocardial cells.

In pathological states, intracellular Ca2+ is not reabsorbed by
SERCA or expelled by the NCX in a timely manner at the end of
cardiomyocyte contraction. Rather, intracellular Ca2+

accumulates in the cytoplasm, which hinders the separation of
thin and thick myofilaments and leads to myocardial diastolic
dysfunction. On the other hand, under physiological conditions,
the elimination of Ca2+ transients is predominantly mediated by
SERCA recapture, Ca2+ efflux by the NCX, and slow transport
systems during end-diastole. In this regard, the contribution of
slow transport systems is less than 1% (Matthew et al., 2004). In
order to investigate the SR Ca2+ content and Ca2+ efflux induced
by the NCX, we continuously perfused coronary arteries with
caffeine in a Ca2+-free environment, which completely opened
the RyRs. This enabled all Ca2+ in the SR to be completely
released and temporarily offset SERCA-induced Ca2+

reabsorption. Therefore, cytoplasmic Ca2+ concentration
reflected the SR Ca2+ content, and the elimination of Ca2+

transients was considered to be predominantly accomplished
by the NCX. We demonstrated that allicin significantly
enhanced SERCA recapture and increased Ca2+ extrusion by
the NCX, and increased the SR Ca2+ content. Furthermore, RyR
dysfunction is known to cause Ca2+ leakage during diastole
(Fischer et al., 2013), which leads to intracellular Ca2+

overload, SR Ca2+ content decrease, and eventually, abnormal
cell contraction (Sheibani et al., 2017). Our data demonstrated
that allicin significantly decreased Ca2+ leakage, suggesting its
ability to regulate Ca2+ homeostasis.

H2S functions as a gasotransmitter, similar to nitric oxide and
carbon monoxide. H2S exerts various cardiovascular effects,
including vasodilation, blood pressure reduction, and
myocardium protection. Endogenous H2S, a potent
vasodilator, is synthesized via the metabolic breakdown of
L-cysteine by CSE, CBS, and 3-MST (Kanagy et al., 2017;
Sheibani et al., 2017). Found predominantly in the
cardiovascular system (Singh and Banerjee, 2011), CSE
contributes to about 90% of total H2S production in organs
that express all three enzymes (Leigh et al., 2016). In addition,
it has been reported that CSE also exists as a circulating enzyme
that is secreted by endothelial cells into the circulatory system,
where it circulates as a member of the plasma proteome (Bearden
et al., 2010). Allicin, as a sulfur-containing compound, may exert
its cardiovascular effects by increasing the production of H2S.
Furthermore, our previous research demonstrated that allicin
reduced blood pressure by promoting H2S production. Here, we
expand upon our previous findings by demonstrating that the
anti-AMI effects of allicin are at least partially underpinned by the
production of H2S mediated by CSE. In this regard, PAG, a CSE
inhibitor, significantly attenuated, but did not completely
abrogate, the positive effects that allicin exerts on AMI injury,
coronary artery vasodilation, and calcium transport regulation in
cardiomyocytes. In the present study, allicin increased the levels
of H2S and CSE with or without PAG, but PAG reversed this
effect, indicating that PAG partially impedes the allicin-induced
production of H2S and CSE. Therefore, we speculate that allicin
directly induces H2S production both directly and indirectly by
increasing the levels of CSE. Several studies have shown that the
mechanisms underlying H2S-induced vasorelaxation include the
opening of KATP channels, closing of VDCC, and decreased
concentration of intracellular Ca2+ (Holwerda et al., 2015;
Hedegaard et al., 2016). It has been established that NaHS, an
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H2S-donor, improved diabetic cardiomyopathy by regulating the
Ca2+-handling system in the SR (Cheng et al., 2016). Consistent
with the literature, our results showed that the effects of allicin on
Ca2+ and K+ currents are strictly superimposable to those
exhibited by H2S. These findings suggest that H2S is involved
in the anti-AMI effects of allicin, but other mechanisms are
involved. Unexpectedly, our results showed that PAG
weakened the effect of allicin on CSE production, causing a
decrease in CSE levels. However, we are puzzled as to why
PAG, an inhibitor of CSE activity, also reduces CSE level.
After preliminary literature research, we found that quite a
few studies reported that PAG could decrease CSE level (Li X.
et al., 2017; Wang et al., 2019; Li Y. et al., 2020). The impact of
PAG on CSE level, and the reason for such effect would require
further in-depth studies.

An additional point worth noting is that most scholars believe
that the CSE enzyme is mainly expressed in the cardiovascular
system (Xu et al., 2014; Kolluru et al., 2015). Therefore, we selected a
CSE enzyme inhibitor as a tool to explore the relationship between
allicin-induced coronary vasodilation and H2S. The results showed
that the CSE inhibitor significantly weakened the vasodilatory effects
of allicin on isolated rat coronary arteries, indicating that CSE is
indeed involved in allicin-induced vasodilation by mediating H2S
production. However, a previous study on swine coronary arteries
suggested that CBS was the most important enzyme for the
production of H2S under hypoxic conditions, and that the
vasodilatory contribution from CSE and 3-MST becomes
apparent only upon inhibition of CBS (Donovan et al., 2017).
Another study pointed out that 3-MST, rather than CSE, was the
main enzyme expressed in the coronary arteries of rats and mice

(Kuo et al., 2016). Therefore, the role of the three H2S-producing
enzymes in coronary arteries is still debatable. In this study, we only
evaluated the role of CSE, but not that of CBS or 3-MST; hence, this
study cannot fully elucidate the role of each enzyme in the rat
coronary artery. Our results showed that the CSE inhibitor inhibited
allicin-induced vasodilation in coronary arteries by 42.4%, indicating
that a considerable amount of CSE exists in rat coronary arteries, and
that its role in inducing H2S production cannot be neglected, as
previously suggested in some studies (Chai et al., 2015; Luo et al.,
2021). Regarding the controversy over the dominant role of each
H2S-producing enzyme in coronary arteries, four reasons could
explain such discrepancies. First, the expression and activity of CSE,
CBS, and 3-MST may vary across different species, and under
different physiological or pathological conditions. Second, the
levels of enzyme expression may not be proportional to the levels
of activity, and indeed an inverse relationship may be present where
lower expression results in higher activity. Third, enzyme activity
may vary under different experimental conditions andmethods, and
lastly, the predominance of one H2S-producing enzyme over the
others may differ with or without drug intervention. Therefore,
further in-depth studies are needed to better understand the
dominant role of CSE, CBS, and 3-MST in coronary arteries.

5 CONCLUSION

Our study demonstrates that allicin may exert cardioprotective
effects in a rat model of AMI injury by inducing coronary artery
vasodilation and maintaining Ca2+ homeostasis via H2S
production. Allicin induced the vasodilation of coronary

FIGURE 9 | The potential mechanism of action of allicin in an AMI rat model. Allicin administration resulted in concentration-dependent effects on coronary artery
dilation, which were mediated by RDCC, KATP, and RyRs. Allicin administration improved Ca2+ homeostasis in the cardiomyocytes of rats with AMI by increasing
cardiomyocyte contraction, Ca2+ transient amplitude, myofilament sensitivity, and SR Ca2+ content. Allicin also enhanced the Ca2+ uptake induced by SERCA and the
Ca2+ removal induced by the NCX, and reduced Ca2+ leakage. H2S is partially involved in the anti-AMI effects of allicin. Abbreviations: RDCC, receptor-dependent
Ca2+ channels; KATP, ATP-sensitive potassium channels; RyRs, ryanodine receptors; SERCA, sarco/endoplasmic reticulum Ca2+-ATPase; NCX, Na+/Ca2+ exchanger;
AMI, acute myocardial infarction.

Frontiers in Pharmacology | www.frontiersin.org January 2022 | Volume 12 | Article 75224416

Cui et al. The Anti-AMI Effects of Allicin

70

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


arteries via favoring H2S production by inhibiting the opening of
RDCC, promoting the opening of KATP, and decreasing the Ca2+

release induced by the RyRs. Allicin regulated Ca2+ homeostasis
by increasing cardiomyocyte contraction, Ca2+ transient
amplitude, myofilament sensitivity, and SR Ca2+ content, and
reducing SR Ca2+ leakage via H2S production. Moreover, allicin
enhanced the Ca2+ uptake induced by SERCA and Ca2+ removal
induced by the NCX, in which H2S is not involved. (Figure 9)
This new understanding of the mechanisms underpinning the
therapeutic effects of allicin will facilitate the development of
effective therapeutic modalities for cardiac rehabilitation in
humans.
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Vascular smooth muscle cell (VSMC) proliferation and migration contribute to neointimal
hyperplasia after injury, which causes vascular remodeling related to arteriosclerosis,
hypertension, and restenosis. Lethal giant larvae 1 (LGL1) is a highly conserved protein
and plays an important role in cell polarity and tumor suppression. However, whether LGL1
affects neointimal hyperplasia is still unknown. In this study, we used smoothmuscle-specific
LGL1 knockout (LGL1SMKO) mice generated by cross-breeding LGL1flox/flox mice with α-
SMA-Cre mice. LGL1 expression was significantly decreased during both carotid artery
ligation in vivo and PDGF-BB stimulation in vitro. LGL1 overexpression inhibited the
proliferation and migration of VSMCs. Mechanistically, LGL1 could bind with signal
transducer and activator of transcription 3 (STAT3) and promote its degradation via the
proteasomal pathway. In the carotid artery ligation animal model, smooth muscle-specific
deletion of LGL1 accelerated neointimal hyperplasia, which was attenuated by the STAT3
inhibitor SH-4-54. In conclusion, LGL1 may inhibit neointimal hyperplasia by repressing
VSMC proliferation and migration via promoting STAT3 proteasomal degradation.

Keywords: LGL1, STAT3, neointimal hyperplasia, smooth muscle, proteasomal degradation

INTRODUCTION

Neointimal hyperplasia is a significant type of vascular remolding defined as the pathological accumulation
of vascular smooth muscle cells (VSMCs) and extracellular matrix (ECM) in the intima. It is a process of
excessive repair in the vascular wall caused by various activated cells and recycling substances responding to
vessel injury (Zaman and Herath, 2008). Vascular injury inevitably occurs with various clinical procedures.
Percutaneous coronary interventions such as balloon angioplasty and stents to treat ischemic coronary
artery disease, vein grafts for coronary artery bypass graft surgery, and vascular access in hemodialysis can
result in lumen re-narrowing and restenosis in a year after the operation (Schwartz et al., 1995; Roy-
Chaudhury et al., 2001; Roy-Chaudhury et al., 2007; Harskamp et al., 2013; Byrne et al., 2017).

The behavior of VSMCs plays a vital role in neointimal hyperplasia. Gathering around the vessel
lesion, activated inflammatory cells, and disturbed endothelial cells release a number of factors such
as platelet-derived growth factor (PDGF) to stimulate the proliferation of VSMCs and subsequent
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migration from the media layer of the vessel to the intima (Dzau
et al., 1991; Majesky et al., 1991; Nabel et al., 1993; Grant et al.,
1994; Dzau et al., 2002). Previous studies have revealed that
neointimal hyperplasia is regulated by many proteins including
signal transducer and activator of transcription 3 (STAT3)
(Dutzmann et al., 2015). When VSMCs are activated by
cytokines or growth factors, STAT3 is phosphorylated and
translocates into the nucleus to regulate the expression of
target genes involved in proliferation and migration (Park
et al., 2000). Earlier researchers found that blocking STAT3 by
adenovirus-expressing domain-negative STAT3 or siRNA could
inhibit VSMC proliferation and migration, thus decreasing
neointimal formation in models of carotid balloon injury or
jugular vein-carotid artery bypass (Shibata et al., 2003; Wang
et al., 2007; Sun et al., 2012). Similarly, the administration of
STAT3 inhibitor downregulated its activity and suppressed
VSMC proliferation and migration in neointimal hyperplasia
(Lim et al., 2007; Daniel et al., 2012). Although the role of
STAT3 in neointimal hyperplasia is clear, the regulation of
STAT3 expression and activity needs further exploration.

Lethal giant larvae (LGL) proteins are a group of highly
conserved proteins first discovered in Drosophila (Grifoni et al.,
2004). LGL1 and LGL2 are two homologs in mammals (Russ et al.,
2012). LGL1maintains cell polarity and acts as a tumor suppressor
(Bilder et al., 2000; Kuphal et al., 2006; Tian and Deng, 2008; Lu
et al., 2009). In our recent study, LGL1 could inhibit vascular
calcification via high mobility group box 1 (Zhang et al., 2020).
Nonetheless, the role of LGL1 in neointimal hyperplasia after the
vascular injury has not been elucidated.

Here, we used smooth muscle-specific LGL1 knockout
(LGL1SMKO) mice to explore the function of smooth-muscle
LGL1 in neointimal hyperplasia. We found that LGL1 could
inhibit neointimal hyperplasia after injury via STAT3.

MATERIALS AND METHODS

Reagents
Adenovirus-expressing LGL1 and its control green fluorescent
protein (GFP) were purchased from Vigenebio (Maryland,
United States). Recombinant human PDGF-BB was from
Proteintech (Wuhan, China). 3-Methyladenine (3-MA),
MG132 and SH-4-54 were from Selleck Chemicals (Shanghai,
China). SH-4-54 could effectively inhibit the phosphorylation of
STAT3. The IC50 of SH-4-54 to STAT3 is 300 nM (Kd).
Chloroquine (CQ) was from MCE (Shanghai, China).

Mice
Smooth muscle-specific LGL1-knockout (LGL1SMKO) mice were
generated by cross-breeding LGL1flox/flox mice (Klezovitch et al.,
2004) with transgenic Cre mice controlled by α-smooth muscle
actin (α-SMA) promoter (Wu et al., 2007) as described (Zhang
et al., 2020). Littermate LGL1flox/flox/Cre- mice were used as
controls (CTR). All mice were bred at a constant temperature
of 25°C and under a 12-hr-day/night light cycle. All animal
experiments were performed with the protocols approved by
the Animal Care and Use Committee of Shandong University.

Animal Model for Neointimal Hyperplasia
Weused common carotid artery (CCA) ligation to induce neointimal
hyperplasia as reported previously (Wu et al., 2019). Briefly, 8-week-
old mice were anesthetized with an intraperitoneal injection of
sodium pentobarbital (40mg/kg). A 10–15-mm median incision
was made, and bilateral CCAs were carefully separated from veins
and nerves. After exposing the left CCA, the ligation was performed
below the bifurcation with 6–0 silk suture, above which are internal
and external carotid arteries. The right CCA as a shamwas processed
as for the left CCA except for ligation. The neck incision was sutured,
and animals were resuscitated in a warm and clean condition. After
3 weeks, mice were euthanized to collect tissues.

Primary Culture of VSMCs
Mice at 4–6 weeks old were euthanized with sodium pentobarbital
(40mg/kg). Aortas were isolated and placed in culture dishes
containing phosphate buffered saline (PBS). After dissection of
extravascular connective tissues and adventitia, VSMC-enriched
tunica media was transferred into tubes with cell culture medium
and then cut into about 1 × 1-mm3 pieces. The tissue suspension was
smeared evenly on the bottom of the culture bottle, which was
inverted in a humidified incubator at 37°C and 5% CO2 for 2 h until
small blocks adhered firmly to the surface. Adequate cell culture
medium containing 15% fetal bovine serum, 100 µg/ml streptomycin
and 100 U/mL penicillin was supplied, and bottles were turned over
in the incubator to observe crawling cells 5–7 days later. When cell
confluency reached about 80–90%, cells were passaged and plated for
further use.

Western Blot Analysis
The RIPA buffer (Solarbio. R0010) was used to extract proteins
from cells and tissues. Proteins were fractionated by SDS-PAGE gel
and transferred to PVDFmembranes. After blocking with 5% skim
dried milk/TBST for 1 h, membranes were incubated overnight at
4°C with primary antibodies, washed with TBST, incubated with
corresponding secondary antibodies and observed by enhanced
chemiluminescence (Pierce). The primary antibodies used were
LGL1 monoclonal antibody (mAb) (CST, 12159s), GAPDH mAb
(CST, 5174s), β-tubulin mAb (CST, 5568s), Cyclin D1 (CST,
55506s), proliferating cell nuclear antigen (PCNA) mAb (CST,
13110s), STAT3 mAb (CST, 9139s), and P-STAT3 (Y705) mAb
(CST, 9145s). ImageJ software was used for analysis. All
experiments were performed at least three times.

Co-Immunoprecipitation
VSMCs were lysed with lysis buffer (Beyotime, P0013) and
incubated with IgG or anti-LGL1 antibody at 4°C overnight to
form an antigen-antibody complex. Then protein A/G magnetic
beads were added (MCE, HY-K0202). After washing and
magnetic separation, the precipitation was dissolved with 1 ×
SDS loading buffer for western blot analysis.

Quantitative Real-Time Polymerase Chain
Reaction
Total RNA was extracted from VSMCs and tissues by using an
RNAfast200 kit (Fastagen, 220011), then a PrimeScript RT
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reagent kit (Takara, RR0037A) was applied to reverse transcript
total RNA to complementary DNA. PCR amplification was
performed with the SYBR Premix Ex Taq (Takara, RR420A).
The primers’ sequences were as follows. LGL1: 5′-TACTGTGAT
CAGCCCAAGACTG-3′ and 5′- GGAGGATCCCAAGATAGA
GGAC-3′. GAPDH: 5′- GCACCGTCAAGGCTGAGAAC-3′
and 5′-TGGTGAAGACGCCAGTGGA-3′. Cyclin D1: 5′-AGG
CGGATGAGAACAAGCAG-3′ and 5′- AGAAAGTGCGTT
GTGCGGTA-3′. PCNA: 5′-TACAGCTTACTCTGCGCTCC-3′
and 5′-TTTTGGACATGCTGGTGAGGT-3′. STAT3: 5′-AGG
ACATCAGTGGCAAGACC-3′ and 5′-CCTTGGGAATGT
CGGGGTAG-3′.

Cell Proliferation Assay
Cell counting kit-8 (CCK-8) (Solarbio, CA1210) was used to
assess cell proliferation. Briefly, VSMCs were seeded in 96-well
plates at 5 × 103/well. After being induced with PDGF-BB for
48 h, the culture mediumwas replaced with 100 μL freshmedium,
and 10 μL CCK-8 reagent was added to wells. Then plates were
kept out of light and continuously incubated at 37°C and 5% CO2

for 1 h in the incubator. The absorbance was detected at 450 nm
by using a microplate reader (Molecular Devices, SpectraMax
Plus 384) and optical density (OD) was recorded.

Wound Healing Assay
The scratch wound healing assay in vitro was used to evaluate cell
migration. VSMCs were seeded in 12-well plates at 6 × 104/well.
When cell confluency reached about 70–80%, a standard wound
was made with a 200 µL micropipette tip for each well. VSMCs
were then incubated for another 18 or 24 h. Images were captured
under an inverted microscope (Nikon Instruments). Wound
closure (%), defined as a cell coverage area in the wound
divided by the total wound area, was calculated to represent
migrative ability.

Hematoxylin and Eosin Staining
Carotid arteries were excised carefully from CTR and LGL1SMKO

mice, fixed with 4% paraformaldehyde for 24 h and embedded in
paraffin. Tissues were cut in serial 5-µm sections. After
deparaffinization and rehydration, hematoxylin was used to stain
the nucleus for 3min. Differentiation was processed in 1%
hydrochloric acid alcohol for 5 s. Then eosin was applied for
cytoplasm and ECM staining for 2min. The excessive stain was
washed, then tissue was dehydrated in gradient alcohol and
transparentized in xylene. The slides were sealed by neutral gum,
and images were captured under a microscope (Nikon Instruments).

Immunohistochemistry
After deparaffinization and rehydration, slides were immersed in
antigen repair buffer (Proteintech, PR30002) and underwent a
microwave thermal repair method for 20 min. Endogenous
peroxide was inactivated with 0.3% H2O2 at 37°C for 10 min
and non-specific antibody binding was blocked with 5% bovine
serum albumin. The slides were incubated with primary
antibodies at 4°C overnight. After three cycles of washing with
PBS, sections were incubated with secondary antibodies at 37°C
for 30 min, then diaminobenzidine as a chromogen was dropped

on sections for 2–5 min. The images were viewed under a
microscope (Nikon Instruments).

Statistical Analysis
GraphPad Prism 9.0 (GraphPad Software, San Diego, CA) was used
for all statistical analyses. All data are presented as mean ± SEM. The
normality assumption of the data distribution was assessed by the
Kolmogorov-Smirnov test. For the normal distribution, a two-tailed
Student unpaired t-test was used to compare two groups. Differences
betweenmultiple groups with one variable were analyzed by one-way
ANOVA followed by Bonferroni’s post-hoc test. p < 0.05 was
considered statistically significant.

RESULTS

LGL1 Expression was Decreased During
Vascular Injury
To explore the relation between LGL1 level and vascular injury,
we examined the expression of LGL1 in the mouse model of
neointimal hyperplasia. The protein and mRNA levels of LGL1
were decreased in carotid arteries after ligation as compared with
the sham group (Figures 1A,B). The reduced LGL1 expression
was confirmed by immunohistochemistry (Figure 1C). Next,
VSMCs were treated with PDGF-BB (20 ng/ml), a potent
stimulator of VSMCs and a key mediator in vascular injury,
for different times. LGL1 expression began to decrease after 12 h
of stimulation (Figure 1D). Thus, the LGL1 level was related to
vascular injury, which suggests that LGL1 may be involved in the
development of neointimal hyperplasia.

LGL1 Overexpression Inhibited the
Proliferation and Migration of VSMCs
To explore the role of LGL1 in vascular injury, VSMCs were infected
with adenovirus-expressing GFP or LGL1, then treated with PDGF-
BB. PDGF-BB could increase the protein expression of CyclinD1 and
PCNA, markers of cell proliferation, which was inhibited by LGL1
overexpression (Figure 2A). Similarly, PDGF-BB–upregulated
Cyclin D1 and PCNA mRNA levels were also attenuated by
LGL1 overexpression (Figures 2B,C). Cell viability assay revealed
PDGF-BB promoted VSMC proliferation, which was suppressed by
LGL1 overexpression (Figure 2D). Furthermore, on wound healing
assay, LGL1 inhibited VSMC migration (Figure 2E). Hence, LGL1
overexpression inhibited the proliferation and migration of VSMCs.

LGL1 Deletion Aggravated the Proliferation
and Migration of VSMCs
To comprehensively confirm the function of LGL1 in VSMCs, we
cultured primary VSMCs from control and LGL1SMKO mice.
PDGF-BB increased the protein expression of Cyclin D1 and
PCNA, which was further upregulated by LGL1 deficiency
(Figure 3A). The mRNA levels of Cyclin D1 and PCNA were
further augmented by LGL1 deletion under PDGF-BB
stimulation (Figures 3B,C). PDGF-BB–induced VSMC
proliferation was enhanced by LGL1 deficiency (Figure 3D)
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and LGL1 deletion promoted cell migration on wound healing
assay (Figure 3E). Thus, LGL1 deficiency aggravated the
proliferation and migration of VSMCs.

LGL1 Could Bind With STAT3 and Promote
its Degradation
To investigate the molecular mechanism of LGL1 in regulating
the proliferation and migration of VSMCs, we analyzed various
pathways and related molecules. LGL1 overexpression reduced
both STAT3 and P-STAT3 (Y705) protein levels (Figures 4A,B)
but not STAT3 mRNA level (Figure 4B). Thus, LGL1 may affect
the STAT3 protein level by regulating its degradation.
Immunoprecipitation assay revealed that LGL1 could bind
with STAT3 (Figure 4C). There are three pathways to
promote protein degradation: autophagy, lysosomal, and
proteasome pathways. VSMCs were infected with adenovirus-
expressing LGL1, then treated with the autophagy inhibitor 3-
MA, lysosomal inhibitor CQ or proteasome inhibitor MG132 to
explore the STAT3 degradation pathway. MG132 but not 3-MA
or CQ could reverse the degradation of STAT3 induced by LGL1
overexpression (Figures 4D–F). Taken together, LGL1 could
bind with STAT3 and promote its degradation via the
proteasomal pathway.

LGL1 Inhibited the Proliferation and
Migration of VSMCs via STAT3
To explore whether LGL1 regulates VSMC proliferation and
migration via STAT3, we pretreated control and LGL1-deficient
VSMCs with the STAT3 inhibitor SH-4-54 followed by PDGF-BB
stimulation. LGL1 deficiency increased the protein and mRNA
levels of Cyclin D1 and PCNA, which were attenuated by SH-4-54
(Figures 5A–C). Consistently, LGL1 deletion promoted cell
proliferation under PDGF-BB stimulation, which was
significantly suppressed by SH-4-54 treatment (Figure 5D).
Furthermore, LGL1 deficiency-enhanced cell migration was also
attenuated by the STAT3 inhibitor (Figure 5E). Therefore, via
STAT3, LGL1 inhibited VSMC proliferation andmigration, critical
processes in neointimal hyperplasia.

Smooth Muscle-Specific Deletion of LGL1
Promoted Neointimal Hyperplasia via
STAT3
To determine the role of LGL1 in neointimal hyperplasia in vivo,
we subjected the control and LGL1SMKO mice to vascular injury by
carotid ligation for 3 weeks. LGL1 deficiency significantly
aggravated neointimal formation, as reflected by enlarged intima
area and increased intima/media ratio (Figure 6A). Cyclin D1 and

FIGURE 1 | LGL1 expression was decreased during vascular injury in mice. (A,B)Mice underwent left CCA ligation (Ligated) to induce neointimal hyperplasia; the
right CCA was a control (Sham). Protein and mRNA levels of carotid artery LGL1 were tested by western blot analysis (n = 4) (A) and qRT-PCR (n = 5) (B). *p < 0.05 vs.
Sham. (C) The expression of LGL1 from Sham and Ligated carotid arteries detected by immunohistochemistry (n = 4). Scale bar: 50 μm. **p < 0.01 vs. Sham. (D)
VSMCswere treated with PDGF-BB (20 ng/ml) for different times, then LGL1 expression was examined by western blot analysis (n = 4). **p < 0.01, ***p < 0.001 vs.
PDGF-BB 0 h.
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PCNA levels were increased in LGL1SMKOmice, which agreed with
the severe neointimal formation (Figures 6B,C). Carotid artery
tissues harvested from mice post-surgery showed that ligation-
induced upregulation of Cyclin D1 and PCNA was further
enhanced by LGL1 deficiency (Figure 6D). Thus, smooth
muscle-specific LGL1 knockout promoted neointimal formation.

STAT3 Inhibitor Attenuated Neointimal
Hyperplasia in LGL1SMKO Mice
To demonstrate whether LGL1 regulated neointimal hyperplasia
via STAT3 in vivo, control and LGL1SMKO mice were
administrated with STAT3 inhibitor SH-4-54 and then
induced to left CCA ligation for 3 weeks. Compared with

FIGURE 2 | LGL1 overexpression inhibited the proliferation and migration of VSMCs. (A) VSMCs were infected with adenovirus-expressing GFP or LGL1, then
treated with PDGF-BB (20 ng/ml) for 48 h. The protein levels of Cyclin D1 and PCNA were detected by western blot (n = 3). *p < 0.05, **p < 0.01 vs.GFP + Vehicle. #p <
0.05 vs.GFP + PDGF-BB. (B, C) The mRNA levels of Cyclin D1 (B) and PCNA (C)were tested by qRT-PCR (n = 4). *p < 0.05, ***p < 0.001 vs.GFP + Vehicle. ##p < 0.01,
###p < 0.001 vs.GFP + PDGF-BB. (D) Cell proliferation measured by CCK-8 assay (n = 3). **p < 0.01, ***p < 0.001 vs.GFP + Vehicle. ##p < 0.01 vs.GFP + PDGF-
BB. (E) Cell migration evaluated by scratch wound healing assay (n = 9). Wound closure (%) represented migrative ability. Scale bar: 200 μm. ***p < 0.001 vs. GFP.
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control, LGL1SMKO mice displayed aggravated neointimal
hyperplasia, which was attenuated by SH-4-54 (Figures
7A–C). Taken together, LGL1 regulated the development of
neointimal hyperplasia via STAT3 in vivo.

DISCUSSION

In this study, we found decreased LGL1 expression in both
injured carotid arteries and PDGF-BB–induced VSMCs. To

FIGURE 3 | LGL1 deficiency promoted the proliferation and migration of VSMCs. (A) Primary VSMCs were cultured from control (CTR) and LGL1SMKO mice and
treated with PDGF-BB for 48 h. The protein levels of Cyclin D1 and PCNA were detected by western blot analysis (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs. CTR +
Vehicle. #p < 0.05, ##p < 0.01 vs. CTR + PDGF-BB. (B,C) mRNA levels of Cyclin D1 (B) and PCNA (C) tested by qRT-PCR (n = 4). **p < 0.01, ***p < 0.001 vs. CTR +
Vehicle. ##p < 0.01 vs.CTR + PDGF-BB. (D)Cell proliferationmeasured by CCK-8 assay (n = 5). ***p < 0.001 vs.CTR + Vehicle. ##p < 0.01 vs.CTR + PDGF-BB. (E)
Cell migration evaluated by scratch wound healing assay (n = 4). Wound closure (%) represented migrative ability. Scale bar: 200 μm. **p < 0.01 vs. CTR.
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investigate the function of LGL1 in neointimal hyperplasia in
vivo, we used smooth muscle-specific LGL1-knockout mice:
LGL1 deficiency significantly aggravated neointimal
formation. LGL1 overexpression inhibited PDGF-
BB–stimulated proliferation and migration of VSMCs.
Mechanistically, LGL1 could bind with STAT3 and
promote its degradation via the proteasomal pathway
(Figure 7D). Finally, STAT3 inhibitor treatment attenuated
neointimal hyperplasia in LGL1SMKO mice. Our results reveal
that LGL1 inhibited neointimal hyperplasia by promoting
STAT3 degradation via the proteasomal pathway.

LGL1, located mainly in the cytoskeleton and plasma membrane
(Strand et al., 1995; Kim et al., 2005), has a crucial role in cell polarity,
cell division, and differentiation (Betschinger et al., 2003; Martin-
Belmonte and Perez-Moreno, 2011; Dahan et al., 2012; Zhang et al.,
2015). LGL1 alters its biological activity when phosphorylated by
atypical protein kinase C (aPKC) (Graybill and Prehoda, 2014).
Conjugated with Par/Cdc42/aPKC, LGL1 joins in the complex to
regulate cell polarity and membrane development (Plant et al., 2003;

Tocan et al., 2021). In addition, LGL1 in mammals acts as a tumor
suppressor in many types of cancer progression (Tsuruga et al., 2007;
Lu et al., 2009; Song et al., 2013; Liu et al., 2015). Moreover, LGL1
deficiency in the nervous system caused disrupted asymmetric cell
division and lack of differentiation and hyperproliferation to apoptosis
in progenitor cells, and mice developed tumors or severe brain
dysplasia (Klezovitch et al., 2004; Daynac et al., 2018).
Interestingly, the chimeric mice with a hematopoietic system
deficient for LGL1 showed a stronger antiviral and antitumor
effector CD8+ T-cell response, which resulted in enhanced control
of MC38-OVA tumors (Ramsbottom et al., 2016). Our recent study
explored the role of LGL1 in vascular disease. LGL1 inhibited
osteogenic differentiation by promoting degradation of high
mobility group box protein 1 in vascular calcification (Zhang et al.,
2020). In this study, we found that the protein and mRNA levels of
LGL1 were decreased in carotid arteries after ligation, which indicates
that vascular injury inhibited LGL1 expression at the transcriptional
level. Moreover, LGL1 could inhibit neointimal hyperplasia after
injury, which amplified the biological function of LGL1.

FIGURE 4 | LGL1 could bind with STAT3 and promote its degradation. (A) VSMCs were infected with adenovirus-expressing GFP or LGL1, then treated with
PDGF-BB for 15 min. The protein levels of STAT3 and P-STAT3 (Y705) were measured by western blot analysis. (B) Statistical analysis of STAT3 protein and mRNA
levels (n = 4). **p < 0.01 vsGFP. (C) VSMC lysates were immunoprecipitated with IgG or anti-LGL1 antibody; STAT3 protein level was detected by western blot analysis.
(D–F) VSMCs were infected with adenovirus-expressing GFP or LGL1, then treated with 10 mM of the autophagic inhibitor 3-MA for 24 h (D), 10 μM of the
lysosomal inhibitor CQ for 24 h (E) and 1 μM of the proteasome inhibitor MG132 for 6 h (F); STAT3 protein level was detected by western blot analysis (n = 3). *p < 0.05,
**p < 0.01, ***p < 0.001 vs. GFP + Vehicle. ##p < 0.01 vs. LGL1 +Vehicle.
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STAT3 plays an important role in many pathological processes.
When cells are stimulated by interleukin families, growth factors,
angiotensin, erythropoietin, and colony-stimulating factors, tyrosine
kinase-associated receptors in the cell membrane transduce the signal
to tyrosine kinase (JAK), which phosphorylates STAT3 at Tyr705.
Phosphorylated STAT3dimers translocate into the nucleus to regulate
the expression of target genes (Aggarwal et al., 2009; Brooks et al.,

2014). STAT3 phosphorylation at Ser727 could increase the binding
stability of DNA with STAT3 and augment its transcriptional activity
(Yang et al., 2002). Acetylation at Lys685 was critical for STAT3
dimerization and transcriptional regulation (Yuan et al., 2005).
SUMOylation at Lys451 caused the hyperphosphorylation of
STAT3 and magnified its transcription activation (Zhou et al.,
2016). Also, PIAS3, known as protein inhibitor of activated

FIGURE 5 | LGL1 inhibited the proliferation and migration of VSMCs via STAT3. (A) Primary VSMCs were cultured from control (CTR) and LGL1SMKO mice,
pretreated with or without the STAT3 inhibitor SH-4-54 at 10 μM for 24 h, and stimulated with PDGF-BB for 48 h. Protein levels of Cyclin D1 and PCNAwere detected by
western blot analysis (n = 3). (B,C)mRNA levels of Cyclin D1 (B) and PCNA (C) tested by qRT-PCR (n = 4). (D)Cell proliferationmeasured by CCK-8 assay (n = 8). (E)Cell
migration evaluated by the scratch wound healing assay (n = 3). Scale bar: 200 μm. *p < 0.05, **p < 0.01, ***p < 0.001 vs. CTR + Vehicle. #p < 0.05, ##p < 0.01,
###p < 0.001 vs. LGL1SMKO + Vehicle. &p < 0.05, &&p < 0.01, &&&p < 0.001 vs. CTR + PDGF-BB. @p < 0.05, @@p < 0.01, @@@p < 0.001 vs. LGL1SMKO + PDGF-BB.
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FIGURE 6 | Smooth muscle-specific deletion of LGL1 promoted neointimal hyperplasia via STAT3. (A) Control (CTR) and LGL1SMKO mice underwent left CCA
ligation (Ligated) to induce neointimal hyperplasia; right CCAwas applied as control (Sham). Carotid arteries were stained with HE. The intimal area and intima/media ratio
were calculated (n = 6). Scale bar: 50 μm. (B,C) Cyclin D1 (B) and PCNA (C) levels tested by immunohistochemistry (n = 3). Scale bar: 50 μm. (D) Protein levels of Cyclin
D1 and PCNA detected by western blot analysis (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001 vs. CTR + Sham. #p < 0.05, ##p < 0.01, ###p < 0.001 vs.CTR + Ligated.
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STAT3, could block the DNA-binding activity of STAT3 and inhibit
STAT3-mediated gene expression (Chung et al., 1997). Moreover, the
expression of STAT3 could be modulated by transcription factors
such as PPARγ, Src and SMAD3, or microRNAs (miRNAs) such as
miR-125a-5p andmiR-519a (Xiao et al., 2017; Li et al., 2018; Xu et al.,
2018; Liu et al., 2021; Zhang et al., 2021). In addition, some small
molecules such as SD-36 could degrade STAT3 to disrupt its

biological function (Bai et al., 2019; Zhou et al., 2019). In this
study, we found that LGL1 could bind with STAT3 and promote
its degradation via the proteasomal pathway. In our previous study,
we demonstrated that LGL1 could inhibit vascular calcification by
preventing osteogenic differentiation through degrading HMGB1 in
the lysosomal pathway (Zhang et al., 2020). These results indicated
that LGL1 might mediate the degradation of proteins in different

FIGURE 7 | STAT3 inhibitor attenuated neointimal hyperplasia in LGL1SMKO mice. (A) CTR and LGL1SMKO mice were administrated with STAT3 inhibitor SH-4-54
(10 mg/kg) daily and then underwent left CCA ligation for 21 days. Carotid arteries were stained with HE. (B,C) The intimal area (B) and intima/media ratio (C) were
calculated (n = 4). Scale bar: 50 μm. *p < 0.05, **p < 0.01 vs. CTR + Vehicle + Sham. ##p < 0.01 vs. LGL1SMKO + Vehicle + Sham. &&p < 0.01, &&&p < 0.001 vs. CTR +
Vehicle + Ligated. @@@p < 0.001 vs. LGL1SMKO + Vehicle + Ligated. (D) Schematic diagram of neointimal hyperplasia inhibition by LGL1 via STAT3 degradation.
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ways. The detailed mechanisms will be explored in future study.
Moreover, the STAT3 inhibitor SH-4-54 attenuated the aggravated
neointimal hyperplasia in LGL1SMKO mice, which suggests that
STAT3 may be a target for preventing and treating vascular diseases.

Neointimal hyperplasia is a complicated process referring to
various cells and cellular cytokines. In response to injury,
inflammatory cells along with platelets and fibrin recruit
immediately around the impaired vascular surface and
secrete cytokines such as PDGF-BB, which propel quiescent
VSMCs in the tunica media to proliferate and migrate into the
intima (Scott, 2006; Kim and Dean, 2011). The dysfunctional
endothelium with released active mediators and degraded ECM
induce VSMCs to transform from a “contractile” to a “synthetic”
phenotype, which is more mobile and productive (Ip et al., 1990;
Docherty et al., 1992; Scott, 2006; Park et al., 2020). During the
process of neointimal hyperplasia, VSMCs are predominant.
Inhibition of the proliferation and migration of VSMCs could be
a promising strategy to treat neointima-related diseases such as
atherosclerosis. In this study, we demonstrated that LGL1 could
inhibit the proliferation and migration of VSMCs, which
attenuated neointimal formation and increased our
understanding of the mechanism of neointimal hyperplasia.
Besides, in our previous study, we demonstrated that LGL1
could inhibit vascular calcification by preventing osteogenic
differentiation through degrading HMGB1. These findings
disclosed the vital role of LGL1 in vascular remodeling,
which suggests that LGL1 may be the potential therapeutic
target in the vascular remodeling-related diseases such as
atherosclerosis.

In conclusion, we revealed that LGL1 could inhibit neointimal
hyperplasia after vascular injury: it suppressed VSMC
proliferation and migration by promoting STAT3 degradation
via the proteasomal pathway. Our findings may shed light on the
mechanism of neointimal formation and provide a novel strategy
to treat vascular remodeling diseases.
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Using Polyacrylamide Hydrogels to
Model Physiological Aortic Stiffness
Reveals that Microtubules Are Critical
Regulators of Isolated Smooth Muscle
Cell Morphology and Contractility
Sultan Ahmed†, Robert. T. Johnson*†, Reesha Solanki, Teclino Afewerki, Finn Wostear and
Derek. T. Warren

School of Pharmacy, University of East Anglia, Norwich Research Park, Norwich, United Kingdom

Vascular smooth muscle cells (VSMCs) are the predominant cell type in the medial layer of
the aortic wall and normally exist in a quiescent, contractile phenotype where actomyosin-
derived contractile forces maintain vascular tone. However, VSMCs are not terminally
differentiated and can dedifferentiate into a proliferative, synthetic phenotype. Actomyosin
force generation is essential for the function of both phenotypes. Whilst much is already
known about the mechanisms of VSMC actomyosin force generation, existing assays are
either low throughput and time consuming, or qualitative and inconsistent. In this study, we
use polyacrylamide hydrogels, tuned to mimic the physiological stiffness of the aortic wall,
in a VSMC contractility assay. Isolated VSMC area decreases following stimulation with the
contractile agonists angiotensin II or carbachol. Importantly, the angiotensin II induced
reduction in cell area correlated with increased traction stress generation. Inhibition of
actomyosin activity using blebbistatin or Y-27632 prevented angiotensin II mediated
changes in VSMC morphology, suggesting that changes in VSMC morphology and
actomyosin activity are core components of the contractile response. Furthermore, we
show that microtubule stability is an essential regulator of isolated VSMC contractility.
Treatment with either colchicine or paclitaxel uncoupled the morphological and/or traction
stress responses of angiotensin II stimulated VSMCs. Our findings support the tensegrity
model of cellular mechanics and we demonstrate that microtubules act to balance
actomyosin-derived traction stress generation and regulate the morphological
responses of VSMCs.

Keywords: actomyosin, contraction, matrix stiffness, microtubules, polyacrylamide hydrogel (PAH), traction force,
vascular smooth muscle cell (VSMC)

INTRODUCTION

Vascular smooth muscle cells (VSMCs) are the predominant cell type in the medial layer of the
arterial wall. VSMCs normally exist in a quiescent, contractile phenotype where actomyosin-derived
contractile forces maintain vascular tone (Brozovich et al., 2016). However, VSMCs are not
terminally differentiated and can down-regulate contractile markers and dedifferentiate into a
proliferative, synthetic phenotype (Rzucidlo et al., 2007; Liu et al., 2015; Shi and Chen, 2016). Both
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phenotypes retain the ability to generate actomyosin force that is
essential for both VSMC contraction and migration (Ahmed and
Warren, 2018; Afewerki et al., 2019). Contractile VSMCs possess
a greater abundance of α-smooth muscle actin (αSMA) and
smooth muscle-myosin heavy chain (SM-MyHC), that
enhance their ability to generate actomyosin forces and
contract (Rensen et al., 2007). However, both contractile and
proliferative VSMCs generate actomyosin force via stimulating
interactions between myosin II and filamentous actin. This
process is regulated in both phenotypes by blood-borne
factors, such as angiotensin II, that bind to receptors on the
VSMC surface and mechanical factors including matrix stiffness
and circumferential tension of the aortic wall (Qiu et al., 2010;
Brozovich et al., 2016; Ahmed and Warren, 2018).

Young’s modulus is a measure of material stiffness. Atomic
force microscopy studies have determined that the Young’s
modulus of the medial layer of an elastic artery is between 5
and 37 kPa (Tracqui et al., 2011; Bae et al., 2016; Rezvani-Sharif
et al., 2019). Microenvironment rigidity transmits ‘outside-in’
resistive forces to VSMCs and this process is dependent on focal
adhesions that convey force between the extracellular matrix
(ECM) and the cytoskeleton (Lacolley et al., 2017; Ahmed and
Warren, 2018; Mohammed et al., 2019). VSMCs and other cell
types respond to outside-in signals by exerting actomyosin based
contractile forces on the matrix (inside-out forces) that scale with
the outside-in resistive forces (Sun et al., 2008; Holle et al., 2018).
Matrix rigidity rapidly activates Rho/ROCK signalling at ECM
adhesions, initiating actin polymerisation and myosin light chain
phosphorylation, thereby augmenting actomyosin activity
(Ahmed and Warren, 2018). Actin cytoskeletal reorganisation
and enhanced actomyosin activity increase VSMC integrated
traction forces, the force VSMCs apply to the ECM (Li et al.,
2020; Johnson et al., 2021). While much is known about VSMC
actomyosin and contractile responses, we still lack an
understanding of how VSMC structural and signalling
components integrate to regulate these processes.

Extracellular mechanical forces, generated by the flow of blood
and the mechanical properties of the ECM, programme the
function of VSMCs (Johnson et al., 2021). In healthy arteries,
VSMC contraction is initiated in response to blood pressure
derived deformation of the arterial wall (Ye et al., 2014). However,
these forces are not consistent and physiological cycle-by-cycle
variations in blood pressure have been found to alter the
contractile response of VSMCs (Bartolák-Suki et al., 2015;
Bartolák-Suki and Suki, 2020). During ageing, the mechanical
environment changes. Blood pressure increases, enhancing the
compressional forces applied to the arterial wall; whilst the tensile
strength and rigidity of the wall increases due to ECM
remodelling (Tsamis et al., 2013). In response to these altered
mechanical cues, VSMCs generate enhanced actomyosin derived
contractile forces (Ye et al., 2014). This results in arterial
stiffening, a hallmark of vascular ageing and cardiovascular
disease onset (Glasser et al., 1997; Mitchell et al., 2010). How
matrix stiffness induces enhanced VSMC actomyosin force
production is unknown, but it is a response that is observed in
many other cell types (Discher et al., 2005; Zhou et al., 2017;
Pasqualini et al., 2018; Bastounis et al., 2019). It is therefore

imperative that studies investigating VSMC physiological force
generation take this mechanical property into account.
Traditionally, many in vitro experiments have cultured isolated
VSMCs on plastic or glass, materials whose stiffness is around a
thousand times greater than that of the arterial wall (Minaisah
et al., 2016). More recently, the role of matrix stiffness in
regulating VSMCs has been investigated using polyacrylamide
hydrogels, a substrate whose stiffness can be tuned to a desired
kPa. These studies have identified that matrix stiffness is a
regulator of VSMC phenotype, with enhanced stiffness altering
the proliferative, migratory and adhesive properties of VSMCs
(Wong et al., 2003; Xie et al., 2018; Nagayama and Nishimiya,
2020; Rickel et al., 2020). Furthermore, matrix rigidity promoted
actin cytoskeleton remodelling and stress fiber formation,
increasing VSMC stiffness and traction stress generation
(Brown et al., 2010; Sazonova et al., 2015; Petit et al., 2019;
Sanyour et al., 2019). Whilst these studies controlled ECM
rigidity, many of them made use of high passage VSMCs and
culture conditions that would promote the synthetic phenotype.
Therefore, the findings have little relevance for understanding
VSMC contractile function.

Actomyosin derived contractile forces place stress and
intracellular tension upon the cell. In other cell types, these
deformational forces are proposed to be balanced by the ECM
and the microtubule network (Johnson et al., 2021). This
relationship is described by the tensegrity model, whereby
microtubules act as compression bearing struts, capable of
resisting strain generated by the actin cytoskeleton
(Stamenović, 2005; Brangwynne et al., 2006). The balance
between compression and strain defines cell shape and
stability (Stamenović, 2005). This model predicts that
microtubule destabilisation will increase actomyosin derived
force generation. In support of this, treatment with
microtubule destabilisers, such as colchicine, result in
enhanced force generation within coronary and aortic vessels
(Sheridan et al., 1996; Platts et al., 1999, 2002; Paul et al., 2000;
Zhang et al., 2000). However, our understanding of the role of
microtubules in VSMC contractile agonist responses remains
limited and some data contradicts the tensegrity model. For
example, wire myography showed that microtubule
stabilisation had no effect on the ability of isolated aortic rings
to contract (Zhang et al., 2000). Dynamic instability, the ability of
microtubules to constantly cycle through phases of growth and
shrinkage, is an inherent characteristic that enables the
microtubule network to rapidly reorganise in response to the
changing mechanical requirements of the cell (Nogales, 2001).
Whilst observations regarding the function of microtubule
stability in VSMC contraction have been made, our
understanding of the mechanisms behind these observations
remains incomplete.

One of the largest obstacles for identifying different
mechanisms of VSMC contraction remains the lack of in vitro
tools. The current gold standard for assessing isolated cell
actomyosin activity is traction force microscopy (TFM)
(Muhamed et al., 2017). TFM is used to quantitatively
measure the stress exerted by a cell on its substrate, which is
then used as an indicator of cell contractility (Kraning-Rush et al.,
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2012; Lekka et al., 2021). Additionally, atomic force microscopy
(AFM) has been used to assess actomyosin cortical tension and
the force transduced through individual focal adhesion
complexes (Sanyour et al., 2019). However, these techniques
have several limitations, mainly being time consuming and
low throughput (Haase and Pelling, 2015; Colin-York and
Fritzsche, 2018; Schierbaum et al., 2019). Collagen gel assays,
that are easily performed with generic lab equipment and skills,
provide an alternative to these techniques. Typical collagen assays
involve the suspension of a cell population in a prefabricated
collagen gel. Contraction is then assessed by observing
dimensional changes of the gel (Ngo et al., 2006). Limitations
of collagen gels primarily relate to the qualitative nature of the
assay and inconsistencies in gel shape. Collagen gels also lack
rigidity control and are softer than the physiological arterial wall.
These limitations severely affect the reproducibility and reliability
of such assays (Vernon and Gooden, 2002).

Previous studies have reported that isolated VSMCs display
a reduction in cell area upon contractile agonist stimulation (Li
et al., 1999; Wang et al., 2017; Halaidych et al., 2019).
Suggesting that changes in VSMC morphology and
actomyosin activity are important components of the VSMC
contractile response. Given their limitations, existing in vitro
VSMC contractility assays are not able to investigate these
processes. In this study we develop and validate an approach
for screening isolated VSMC contraction using cell area as a
reporter. The assay uses polyacrylamide hydrogels that are
easily fabricated and mimic the rigidity of the physiological
elastic arterial wall (Minaisah et al., 2016; Porter et al., 2020).
Moreover, we show that combined with TFM, this technique
allows investigation into factors that regulate both VSMC
morphology and traction stress generation. Finally, we
identify microtubule stability as a key regulator of VSMC
contractile responses.

MATERIALS AND METHODS

Polyacrylamide Hydrogel Preparation
Hydrogels were prepared as described previously (Minaisah et al.,
2016). Briefly 30 mm coverslips were activated by treating with
(3-Aminopropyl)triethoxysilane for 2 min, washed 3x in dH2O
and fixed in 0.5% glutaraldehyde for 40 min. Coverslips were
subsequently washed 3x in dH2O and left to air dry. The required
volume of 12 kPa polyacrylamide hydrogel mix (7.5% acrylamide,
0.15% bis-acrylamide in water) was supplemented with 10% APS
(1:100) and TEMED (1:1,000) before 50 µl of the solution was
placed on a standard microscopy slide and covered by an
activated coverslip. Once set, the fabricated 12 kPa hydrogel
was removed, placed into a 6-well plate, washed 3x with dH2O
and crosslinked with sulfo-SANPAH (1:3,000) under UV
illumination (365 nm). Finally, hydrogels were washed with
PBS and functionalised with collagen I (0.1 mg/ml) for 10 min
at room temperature. Hydrogel stiffness was previously
confirmed using a JPK Nanowizard-3 atomic force microscope
(Porter et al., 2020).

Vascular Smooth Muscle Cell Culture and
Drug Treatments
Human adult aortic VSMCs (passage 3–10) were purchased from
Cell Applications Inc. (354-05a). VSMCs were grown in growth
media (Cell Applications Inc.), prior to being washed with Earle’s
Balanced Salt Solution (Thermo) and seeded in basal media (Cell
Applications Inc.) onto 12 kPa hydrogels, 18 h prior to drug
treatment. Standard VSMCs culture was performed as
described previously (Ragnauth et al., 2010; Warren et al., 2015).

Quiescent VSMCs were stimulated with either angiotensin II
(0.01–100 µM) (Merck) or carbachol (0.01–100 µM) (Merck) for
30 min. For all other drug treatments, quiescent VSMCs were
pretreated with the stated dose for 30 min, prior to co-treatment
with angiotensin II (10 µM) for an additional 30 min. Please see
Supplementary Table S1 for a list of compounds used in
this study.

Immunofluorescence and VSMC Area/
Volume Analysis
Following treatment, cells were fixed in 4% paraformaldehyde
(actin cytoskeleton) or ice-cold methanol (microtubules),
permeabilised with 0.5% NP40 and blocked in 3% BSA/PBS.
Targets were visualized using antibodies raised against lamin A/C
(SAB4200236, Sigma), or α-tubulin (3873S, CST) in combination
with a relevant Alexa Fluor 488 secondary antibody (A1101 or
A1103, Thermo). F-actin was stained using Rhodamine
Phalloidin (R145, Thermo). All images were captured at 20x
(cell area/volume) or 40x (microtubule organization)
magnification using either a Zeiss LSM510-META or a Zeiss
LSM980-Airyscan confocal microscope. Cell area was measured
using FIJI, open-source software (Schindelin et al., 2012), whilst
cell volume was calculated using Volocity 6.3.

Cold-Stable Microtubule Stability Assay
The number of cold-stable microtubules per cell was determined
as previous (Atkinson et al., 2018). Briefly, after treatment, cells
were placed on ice for 15 min before being washed once with PBS
and twice with PEM buffer (80 µM PIPES pH 6.8, 1 mM EGTA,
1 mM MgCl2, 0.5% Triton X-100 and 25% (w/v) glycerol) for
3 min. Cells were then fixed for 20 min in ice-cold MeOH and
prepared for staining as detailed above. Cell nuclei were identified
using DAPI. Images were captured at 40x magnification using an
Axioplan Epifluorescent microscope.

Traction Force Microscopy
For Traction Force Microscopy (TFM), VSMCs were seeded onto
12 kPa hydrogels containing 0.5 µm red fluorescent (580/605)
FluoSpheres (1:1,000) (Invitrogen). Imaging was performed using
a Zeiss Axio Observer live cell imaging system that captured 20x
magnification images every 2 min. TFM was performed either in
real-time or as an end point assay whereby images were captured
before and after cell lysis. Lysis was achieved by the addition of
0.5% Triton X-100. Drift was corrected using the ImageJ StackReg
plugin and traction force was calculated using the ImageJ plugin
described previously to measure FluoSphere displacement (Tseng
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FIGURE 1 | VSMCs grown on pliable hydrogels display decreased area upon stimulation with the contractile agonist angiotensin II. (A) Representative images of
isolated VSMCs cultured on 12 kPa polyacrylamide hydrogels treated with a range of angiotensin II concentrations for 30 min. Actin cytoskeleton (purple) and Lamin A/C
labelled nuclei (green). Scale bar = 100 μm. (B) Isolated VSMC area, representative of 3 independent experiments with ≥150 cells analysed per condition. (C) EC50 of
angiotensin II calculated from (B). (D) Representative images of isolated VSMCs cultured on 12 kPa hydrogels and treated with angiotensin II (10 µM) for 30 min in
the presence of a range of irbesartan concentrations. Actin cytoskeleton (purple) and Lamin A/C (green). Scale bar = 100 μm. (E) Isolated VSMC area, representative of 3
independent experiments with ≥50 cells analysed per condition. (F) IC50 of irbesartan calculated from (E). (** = p < 0.01), (*** = p < 0.001).
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et al., 2012). Briefly, bead displacement was measured using the
first and last image of the movie sequence. The cell region was
segmented by overlaying the traction map with the cell image,
highlighting the cell traction region with an ROI and extracting
the traction forces in each pixel by using the save XY coordinate
function in FIJI (Porter et al., 2020).

Cell Viability Assay
Cell viability was determined using a RealTime-Glo™ MT Cell
Viability Assay following manufacturers instruction. Briefly,
5,000 cells per well in a 96-well plate were exposed to a range
of drug concentrations for 1 h, prior to luminescence being
measured using a Wallac EnVision 2,103 Multilabel Reader
(PerkinElmer).

Statistics
All statistical analyses were performed in GraphPad Prism 6.05.
Dose response curves are presented as the mean data ± SEM
(error bars) plotted on a logarithmic dose response scale. EC50

and IC50 data were generated by non-linear regression. Results
are presented as mean ± SEM. Dot plot graphs are presented to
show data distribution, with each point corresponding to an
individual cell measurement. Bars indicate the mean value, ±
SEM (error bars). Comparison of multiple groups was achieved
using a one-way ANOVA analysis with Bonferroni post-hoc test.
For comparison of two groups, unpaired student t-tests were
performed. Analysis of the real time Angiotensin II contraction
data was performed using non-linear regression. A one phase
association analysis was performed on traction stress vs time data
and a one phase decay analysis was performed on the VSMC area
vs time data.

RESULTS

Contractile Agonist Stimulation Reduces
VSMC Area on Pliable Hydrogels
We set out to develop a screen, performed at a physiologically
relevant rigidity, to unravel mechanisms regulating VSMC
actomyosin activity and contraction (Supplementary Figure
S1). Quiescent VSMCs grown on pliable, 12 kPa hydrogels
were treated with a concentration range of the contractile
agonists, angiotensin II or carbachol. Contractile response was
measured through changes in VSMC area, which previous studies
have shown correlates with isolated VSMC contractile activity (Li
et al., 1999; Wang et al., 2017; Halaidych et al., 2019). Analysis
confirmed that contractile agonist stimulation resulted in a
reduction in VSMC area (Figures 1A,B and Supplementary
Figures S2A,B). Further analysis of VSMC area revealed the
assay could be used to determine the EC50 values of both
angiotensin II and carbachol (Figure 1C and Supplementary
Figures S2C), confirming the assay could be used to measure and
compare agonist potency. Subsequent experiments were
performed with 10 µM angiotensin II, a dose that produced
the maximal response (Figures 1A,B). To observe the effect of
angiotensin II stimulation on isolated VSMC volume, we next
performed confocal microscopy. Analysis revealed that

angiotensin II stimulated VSMCs displayed a reduction in
area, but no change in volume (Supplementary Figure S3).

To confirm that the change in area was specific for receptor
activation, we utilised the angiotensin II antagonist irbesartan and
the cholinergic antagonist, atropine. VSMCs grown on pliable
hydrogels were stimulated with angiotensin II or carbachol in the
presence of an increasing dose of irbesartan or atropine,
respectively. As expected, irbesartan and atropine treatment
prevented a reduction in VSMC area, confirming that these
changes were driven by receptor activation (Figures 1D–F and
Supplementary Figure S4).

Myosin II Mediated Traction Stress Drives
Changes in Angiotensin II Stimulated VSMC
Area
The above data demonstrated the validity of our approach in
generating EC50 and IC50 data for agonists/antagonists of isolated
VSMC contractile function. We next sought to confirm that
changes in VSMC area were due to contraction and not due
to membrane retraction. To do this, we performed traction force
microscopy to measure the displacement of beads embedded
within the hydrogels. Analysis revealed that angiotensin II
treatment stimulated VSMCs to contract, with a significant
reduction in cell area observed after 8 min (Figures 2A,B).
Importantly, beads moved towards VSMCs and both maximal
and integrated traction stress increased rapidly and plateaued
after 8 min (Figures 2A,C,D). This data confirmed the
correlation between reduced VSMC area and traction stress
generation upon angiotensin II stimulation. To further
confirm that actomyosin derived force was driving these
changes in VSMC area, we next used the myosin II inhibitor
blebbistatin and the ROCK inhibitor Y-27632. As expected,
treatment with either blebbistatin or Y-27632 blocked the
angiotensin II mediated reduction in area, however,
actomyosin inhibited VSMCs possessed an increased volume,
compared to their angiotensin II treated counterparts (Figure 3).
This confirmed that actomyosin activation was driving VSMC
contraction in our system.

Microtubule Destabilisation Alters the
Morphological Response of Angiotensin II
Stimulated VSMCs
Microtubule depolymerisation increases the constriction and
myogenic tone of aortic and carotid tissues (Leite and Webb,
1998; Platts et al., 2002; Johnson et al., 2021). However, the
precise impact of microtubule disruption on VSMC contraction
remains unknown. To address this, we determined the impact of
angiotensin II stimulated VSMC contraction upon microtubule
organisation and stability. Angiotensin II stimulation promoted
the microtubule network to reorganise, switching from a straight,
elongated arrangement of parallel microtubules to a more
interlinking meshwork of microtubules (Supplementary
Figure S5). Although angiotensin II stimulation induced the
reorganisation of the microtubule cytoskeleton, there was no
change in the number of cold-stable microtubules between
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quiescent and angiotensin II stimulated VSMCs (Figures 4A,B).
Next, we used our assay to test the impact of microtubule
disruption on VSMC contraction. Colchicine, a microtubule
destabiliser, induced a concentration dependent increase in
angiotensin II treated VSMC area, suggesting that microtubule
depolymerisation was promoting VSMC relaxation (Figures

4C–E). In contrast, paclitaxel, a microtubule stabiliser, had no
effect on the area of angiotensin II treated VSMCs (Figures
4F,G). Analysis confirmed that the concentrations of colchicine
or paclitaxel used were sufficient to reduce or increase the number
of cold-stable microtubules respectively (Supplementary Figures
S6A–D). Furthermore, these concentrations produced no

FIGURE 2 | Traction stress generation correlates with decreased VSMC area following angiotensin II stimulation. (A) Representative phase images and bead
displacement heat maps of isolated VSMCs grown on 12 kPa polyacrylamide hydrogels and stimulated with angiotensin II over a 20 min time course. Scale bar =
100 μm. Displacement heat maps were generated by comparing the bead displacement for each time point to their initial positions at t = 0, as such there is no
displacement at t = 0. (B) Isolated VSMC area, (C) maximum traction stress and (D) total traction stress generated at each time point compared to t = 0. Graphs
represent the combined data from 3 independent experiments, with measurements taken from 35 VSMCs. (** = p < 0.01), (*** = p < 0.001).
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significant reductions in cell viability (Supplementary Figures
S6E,F). Surprisingly, confocal microscopy revealed that
colchicine increased VSMC volume (Figures 5A–C), whereas
the volume of paclitaxel treated VSMCs remained unchanged
(Figure 5D–F).

Changes in Microtubule Stability Alters the
Traction Stress Generation of Isolated
VSMCs
The data above suggested that microtubule destabilisation was
altering the angiotensin II induced area/volume response of
isolated VSMCs. Previous studies using wire or pressure
myography have reported that microtubule destabilisation
increased VSMC force generation (Paul et al., 2000; Zhang
et al., 2000; Platts et al., 2002). To confirm the impact of
microtubule destabilisation on actomyosin activity, TFM was
performed to measure traction stresses exerted by VSMCs. In
agreement with previous studies, analysis revealed that pre-
treatment with colchicine increased the maximal and total

traction stress exerted by angiotensin II stimulated VSMCs
(Figures 6A–C). Finally, we examined the effect of
microtubule stabilisation on traction stress. Paclitaxel pre-
treatment had no effect on maximal traction stress. However,
total traction stress was reduced when compared to their
untreated counterparts (Figures 6D–F). This confirmed that
maintenance of microtubule dynamics was essential for VSMC
actomyosin activity and force generation.

DISCUSSION

Whilst much is known about VSMC contractile responses in
physiology, in vitro assays to examine this process remain
limited. Tissue culture plastic and glass are approximately a
thousand times stiffer than the aortic wall (Minaisah et al.,
2016), meaning that changes in VSMC area are driven by
membrane retraction rather than contraction. Existing
technologies to examine the contractile response of isolated
VSMCs are either low throughput, such as TFM, or are

FIGURE 3 | Actomyosin inhibition prevents angiotensin II induced changes in VSMC area and increases VSMC volume on pliable hydrogels. (A) Representative
images of isolated VSMCs cultured on 12 kPa polyacrylamide hydrogels pre-treated with either blebbistatin or Y-27632 for 30 min prior to cotreatment with angiotensin II
(AngII) (10 µM) for an additional 30 min. Actin cytoskeleton (Rhodamine phalloidin, Purple) and Lamin A/C (green). Top—Representative XY images of VSMC area. Scale
bar = 100 μm. Bottom—Representative XZ images of VSMC height. Scale bar = 30 μm. (B) Isolated VSMC area and (C) Isolated VSMC volume. Both (B,C) are
representative of 3 independent experiments with ≥95 cell analysed per condition. (* = p < 0.05), (*** = p < 0.001).
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FIGURE 4 |Microtubule destabilisation prevents angiotensin II induced changes in VSMC area. (A) Representative images of isolated VSMCs cultured on 12 kPa
polyacrylamide hydrogels, stained for cold-stable microtubules (α-tubulin, red) and cell nuclei (DAPI, blue). Scale bar = 50 µm. Angiotensin II (AngII) (10 µM) stimulation
was performed for 30 min. (B) Number of cold-stable microtubules per cell, representative of 4 independent experiments, with ≥90 cells analysed per condition. (C)
Representative images of isolated VSMCs cultured on 12 kPa hydrogels pre-treated with a range of colchicine concentrations for 30 min prior to cotreatment with
angiotensin II (10 µM) for an additional 30 min. Actin cytoskeleton (purple) and Lamin A/C (green). Scale bar = 100 μm. (D) Isolated VSMC area, representative of 3

(Continued )
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inconsistent and lack rigidity control, such as the collagen gel assay
(Vernon and Gooden, 2002; Colin-York and Fritzsche, 2018). We
therefore set out to establish and validate a polyacrylamide
hydrogel-based assay for screening the contractility of isolated

VSMCs. Polyacrylamide hydrogels are widely used in cell biology
and can be easily fabricated with generic research equipment and
skills (Kandow et al., 2007; Caliari and Burdick, 2016; Minaisah
et al., 2016;Mohammed et al., 2019). To enable VSMC attachment,

FIGURE 4 | independent experiments with ≥55 cells analysed per condition. (E) EC50 of colchicine calculated from (D). (F) Representative images of isolated VSMCs
cultured on 12 kPa hydrogels pre-treated with a range of paclitaxel concentrations for 30 min prior to cotreatment with angiotensin II (10 µM) for an additional 30 min.
Actin cytoskeleton (purple) and Lamin A/C (green). Scale bar = 100 μm. (G) Isolated VSMC area, representative of 3 independent experiments with ≥65 cells analysed
per condition. (n.s. = non-significant), (** = p < 0.01), (*** = p < 0.001).

FIGURE 5 |Microtubule destabilisation alters angiotensin II stimulated VSMC volume on pliable hydrogels. (A) Representative images of isolated VSMCs cultured
on 12 kPa polyacrylamide hydrogels pre-treated +/− colchicine (100 nM) for 30 min prior to cotreatment with angiotensin II (AngII) (10 µM) for an additional 30 min. Actin
cytoskeleton (purple) and Lamin A/C (green). Top—Representative XY images of VSMC area. Scale bar = 100 μm. Bottom—Representative XZ images of VSMC height.
Scale bar = 30 μm. (B) Isolated VSMC area and (C) Isolated VSMC volume. BothB&C are representative of 3 independent experiments with ≥100 cell analysed per
condition. (D) Representative images of isolated VSMCs cultured on 12 kPa polyacrylamide hydrogels pre-treated +/− paclitaxel (1 nM) for 30 min prior to cotreatment
with angiotensin II (AngII) (10 µM) for an additional 30 min. Actin cytoskeleton (purple) and Lamin A/C (green). Top—Representative XY images of VSMC area. Scale bar =
100 μm. Bottom—Representative XZ images of VSMC height. Scale bar = 30 μm. (E) Isolated VSMC area and (F) Isolated VSMC volume. Both (E,F) are representative
of 3 independent experiments with ≥125 cell analysed per condition. (n.s. = non-significant), (** = p < 0.01), (**** = p < 0.0001).
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polyacrylamide hydrogels mimicking physiological rigidity must
be functionalised by ECM components such as collagen,
fibronectin or lamin (Brown et al., 2010; Sazonova et al., 2015).
Previous studies have utilised hydrogels of varying stiffness to
identify matrix rigidity as a key regulator of VSMC morphology,
migration, proliferation and phenotype. In response to matrix
stiffness, VSMCs downregulate the expression of contractile
markers SM-MyHC, calponin and smoothelin, whilst increasing
the expression of proliferative genes Cyclin A and PCNA
(proliferating cell nuclear antigen), in correlation with increased
VSMC proliferation (Brown et al., 2010; Sazonova et al., 2015; Xie
et al., 2018; Nagayama andNishimiya, 2020). Additionally, VSMCs

undergo durotaxis, preferentiallymigrating from soft to stiff matrix
rigidity, although the effect of matrix stiffness on the rate of
migration appears dependent on the ECM component (Wong
et al., 2003; Rickel et al., 2020).

In our present study, we describe a novel assay in which
agonist induced VSMC contraction is performed on a substrate of
physiological stiffness. We demonstrate that changes in isolated
VSMC area were driven by angiotensin II induced traction stress
generation, that pulled the compliant hydrogels towards the
VSMC, decreasing cell area (Figures 1A,B, 2). Demonstrating
that, isolated VSMC area can be used as a reporter of contractility
on pliable hydrogels. VSMC volume remained unchanged by

FIGURE 6 |Microtubule stability regulates angiotensin II induced VSMC traction stress generation. (A) Representative phase images and bead displacement heat
maps of isolated VSMCs grown on 12 kPa polyacrylamide hydrogels. Cells were pre-treated +/− colchicine (100 nM) for 30 min prior to cotreatment with angiotensin II
(AngII) (10 µM) for an additional 30 min. Scale bar = 100 μm. (B) Maximum traction stress and (C) Total traction stress generation. Both (B,C) are representative of 3
independent experiments with ≥48 cell analysed per condition. (D) Representative phase images and bead displacement heat maps of isolated VSMCs grown on
12 kPa polyacrylamide hydrogels. Cells were pre-treated +/− paclitaxel (1 nM) for 30 min prior to cotreatment with angiotensin II (AngII) (10 µM) for an additional 30 min.
Scale bar = 100 μm. (E) Maximum traction stress generation and (F) Total traction stress generation. Both (E,F) are representative of 3 independent experiments with
≥38 cell analysed per condition. (n.s. = non-significant), (** = p < 0.01), (*** = p < 0.001), (**** = p < 0.0001).
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contractile agonist stimulation (Supplementary Figure S3).
Importantly, this assay was sensitive enough to generate EC50

and IC50 information of contractile agonists and antagonists,
respectively (Figures 1C,F; Supplementary Figures S2C, S4C.
Whilst TFM alone can measure the contractile response of
VSMCs, it requires a large number of individual cells to be
analysed in order to achieve consistent results (Petit et al.,
2019). Through using cell area as a marker of VSMC
contractility, a concentration range of potential agonists/
antagonists can be rapidly trialed, identifying the efficacy and
optimal dose of a compound. Changes in VSMC area can
subsequently be correlated to altered traction force generation
using TFM in a targeted approach. We also predict that our assay
could easily be used in conjunction with siRNA mediated
depletion or overexpression strategies. Immunofluorescent co-
staining, using antibodies against the targeted protein, would
ensure only depleted or overexpressing cells are analysed.
Therefore, this assay possesses the flexibility to enable the
precise interrogation of complex biological pathways that
regulate VSMC contractile function.

We have used this polyacrylamide hydrogel-based assay to
investigate the role of microtubule stability in isolated VSMC
morphology and traction stress generation. We identify
microtubule stability as a critical regulator of isolated VSMC
contractility and show that proper microtubule stability is
essential to couple VSMC morphology and traction stress
generation (Figures 4C–G, 6). Our findings fit the tensegrity
model of cellular mechanics (Stamenović, 2005); microtubule
destabilisation increased traction stress generation, whereas
microtubule stabilisation had the opposite effect (Figure 6).
Our findings are supported by previous studies that show
microtubule destabilising agents promoted an increase in
isometric force generation by wire myography (Sheridan et al.,
1996; Platts et al., 1999, 2002; Paul et al., 2000; Zhang et al., 2000).
Whilst overall microtubule stability is maintained (Figures 4A,B),
angiotensin II induced contraction initiates remodelling of the
microtubule network (Supplementary Figure S5). Further work is
required to understand the importance of this reorganisation,
however, a recent study has demonstrated that stretched-
induced reorganisation of VSMC microtubules enhances the
efficiency of mitochondrial ATP production, thereby increasing
actomyosin force generation (Bartolák-Suki et al., 2015).

However, contradictory to our findings (Figures 6D–F),
previous studies have shown that microtubule stabilisation does
not alter VSMC force generation by wire myography (Zhang et al.,
2000). In this study, we show that paclitaxel had no effect on
VSMC morphology (Figures 4F,G) and this may potentially
account for this discrepancy. Additionally, we identify the IC50

of colchicine to be within the nanomolar range (Figures 4C–E).
Paclitaxel also demonstrated significant microtubule stabilisation
when used in the nanomolar range (Supplementary Figures
S6C,D). However, previous studies have used microtubule
targeting agents in the tens of micromolar range (Platts et al.,
1999; Paul et al., 2000; Zhang et al., 2000). Numerous studies have
shown that these agents can be cytotoxic in micromolar and, in
some cell lines, nanomolar ranges (Pasquier et al., 2006;
Thomopoulou et al., 2016; Atkinson et al., 2018; Abbassi et al.,

2019; Čermák et al., 2020). Meanwhile, in the present study we
used these agents in nanomolar ranges, which had no effect on
VSMC viability (Supplementary Figures S6E,F). Surprisingly,
wire myography has shown that VSMC death does not trigger
a reduction in isometric force generation (Clarke et al., 2006).
Previously, a tamoxifen model that induced VSMC death resulted
in the loss of approximately two thirds of VSMCs. However, the
remaining VSMCs generated more contractile forces, resulting in
the maintenance of the overall isometric force generation (Clarke
et al., 2006). This observationmay account for the divergence from
the tensegrity model predictions, as seen in previous studies
(Zhang et al., 2000). Clearly more research is needed to clarify
the role of microtubules and cell death in regulating VSMC
contractility and vascular tone.

As described above, our microtubule stabilisation/
destabilisation traction stress data fits the tensegrity model of
cellular mechanics (Figure 6). However, we also show that
microtubule destabilisation/stabilisation uncoupled the
morphological response from the amount of traction stress
VSMCs generated following angiotensin II stimulation
(Figure 5). In our assay, isolated VSMC volume was
unchanged by contractile agonist stimulation and changes in
area were driven by actomyosin induced contraction
(Supplementary Figures S2, S3). Microtubule destabilisation
promoted increased VSMC volume (Figures 5A,C), and we
propose that this increased volume is enhancing spreading in
these cells. We predicted that these cells were undergoing a
hypertrophic response, however more work is needed to
clarify how these cells respond over a longer time course.
Surprisingly, inhibition of non-muscle myosin II or ROCK
also resulted in enhanced VSMC volume (Figures 3A,C). This
suggests that actin and microtubule networks may mechanically
cooperate to regulate VSMC volume control. Much is known
about the synergistic nature of microtubules and actomyosin
activity. Indeed, non-muscle myosin II has been shown to
suppress microtubule growth in order to stabilise cell
morphology (Sato et al., 2020), whilst microtubule acetylation
has been found to regulate actomyosin-derived force generation
(Joo and Yamada, 2014; Seetharaman et al., 2021). Actomyosin
and microtubule cross-talk also regulates morphology during
differentiation and cell migration in a variety of cell types
(Akhshi et al., 2014; Wu and Bezanilla, 2018; Seetharaman
and Etienne-Manneville, 2020), suggesting that communication
between these mechanical networks is fundamentally important
in determining VSMC morphology.
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A Role of IL-17 in Rheumatoid Arthritis
Patients Complicated With
Atherosclerosis
Jiexin Wang, Linxi He, Weihong Li* and Shangbin Lv

Basic Medical College, Chengdu University of Traditional Chinese Medicine, Chengdu, China

Rheumatoid arthritis (RA) is mainly caused by joint inflammation. RA significantly increases
the probability of cardiovascular disease. Although the progress of RA has been well
controlled recently, the mortality of patients with RA complicated with cardiovascular
disease is 1.5–3 times higher than that of patients with RA alone. The number of people
with atherosclerosis in patients with RA is much higher than that in the general population,
and atherosclerotic lesions develop more rapidly in patients with RA, which has become
one of the primary factors resulting in the death of patients with RA. The rapid development
of atherosclerosis in RA is induced by inflammation-related factors. Recent studies have
reported that the expression of IL-17 is significantly upregulated in patients with RA and
atherosclerosis. Simultaneously, there is evidence that IL-17 can regulate the proliferation,
migration, and apoptosis of vascular endothelial cells and vascular smooth muscle cells
through various ways and promote the secretion of several cytokines leading to the
occurrence and development of atherosclerosis. Presently, there is no clear prevention or
treatment plan for atherosclerosis in patients with RA. Therefore, this paper explores the
mechanism of IL-17 in RA complicated with atherosclerosis and shows the reasons for the
high incidence of atherosclerosis in patients with RA. It is hoped that the occurrence and
development of atherosclerosis in patients with RA can be diagnosed or prevented in time
in the early stage of lesions, and the prevention and treatment of cardiovascular
complications in patients with RA can be enhanced to reduce mortality.

Keywords: rheumatoid arthritis, atherosclerosis, vascular smooth muscle cells, vascular endothelial cells,
interleukin-17, inflammation

INTRODUCTION

Rheumatoid arthritis (RA) is a progressive systemic inflammatory disease with unknown
etiology, which affects about 0.2–1% of adults worldwide for a long time (Gabriel, 2001;
Helmick et al., 2008; Myasoedova et al., 2010; Roth et al., 2017). RA is characterized by
inflammatory changes in the joints, resulting in local swelling, pain, and stiffness, usually
accompanied by the formation of autoantibodies, such as rheumatoid factor or antinitrate
antibodies. Long-term inflammatory stimulation often causes damage and deformity of
diseased joints and finally loss of labor ability (Scott et al., 2010; Lillegraven et al., 2012),
which greatly impacts social and economic development. What is more severe is that RA, as an
autoimmune inflammatory disease, causes local lesions in joint and leads to cardiovascular
diseases, including atherosclerosis, cerebrovascular diseases, heart failure, and peripheral
vascular diseases (Wolfe et al., 1994; del Rincón et al., 2001). Cardiovascular disease is one
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of the major reasons for the increase in mortality of patients
with RA. Some studies (Crowson et al., 2013; Winchester
et al., 2016) have indicated that the mortality of patients with
RA with cardiovascular disease is 1.5–3 times higher than that
of patients with RA alone. Hence, the study on the mechanism
of cardiovascular disease in RA is particularly essential to
reduce the mortality of patients with RA. In previous studies,
many factors causing cardiovascular disease in RA were
found, such as hypertension (McEntegart et al., 2001; Erb
et al., 2004), abnormal lipid metabolism (Situnayake and
Kitas, 1997), obesity (Stavropoulos-Kalinoglou et al., 2007),
smoking (Gerli et al., 2005), and inflammation, among which
inflammatory changes are the core link of cardiovascular
disease in RA and play an essential role in the occurrence,
development, and outcome of the disease. Inflammation is a
defense response of the body to stimulation; it is a highly
complex process involving many cytokines that cause
pathological changes in the lesion site and even the whole
body, such as RA. Some studies have discovered several
cytokines and chemokines in the synovial tissue of patients
with RA. Under the action of these cytokines, dendritic cells
(DCs) were activated (Khan et al., 2009); activated DCs
expressed several interleukin (IL)-23 (Duvallet et al., 2011)
and further stimulated T-cells to differentiate into helper
T-cells 17 (TH17), and activated TH17 began expressing
IL-17. IL-17 is a cytokine that acts on blood vessels and
cardiomyocytes, aggravating inflammation, blood clotting,
and thrombosis (Robert and Miossec, 2017). Therefore,
blocking the expression of IL-17 or preventing its binding
to the receptor may be key to treating cardiovascular diseases
in patients with RA.

IL-17 refers to a single cytokine IL-17A or IL-17 family of
cytokines composed of IL-17A, IL-17B, IL-17C, IL-17D, IL-17E
(IL-25), and IL-17F. There is a large amount of IL-17 expression
in the synovial tissue of RA (Chabaud et al., 1999), indicating that
IL-17 plays a potential role in the pathogenesis of RA. This view
has been verified by different experimental models of arthritis and
supported by several human in vitro experiments (van den Berg
and Miossec, 2009). Subsequently, due to the common
pathogenesis of cardiovascular dysfunction and immune
diseases (Abou-Raya and Abou-Raya, 2006; Prasad et al.,
2015), IL-17 has the same effects on atherosclerosis and
chronic inflammation (Ross, 1999; Hansson and Libby,
2006); thus, IL-17 may be involved in both processes. As
an increasing number of chronic inflammatory diseases target
IL-17 (Beringer et al., 2016), it is crucial to explore the positive
or negative effects and related results of IL-17 in RA and
cardiovascular diseases.

In view of the high mortality rate of patients with RA with
cardiovascular disease, the occurrence and development of
coronary heart disease caused by atherosclerosis is the major
reason for its high mortality (Kitas et al., 1998; Van Doornum
et al., 2002; Kitas and Erb, 2003). Therefore, it is imperative to
reveal its pathogenesis to block the occurrence of lesions and
decrease mortality. By reviewing previous studies on RA and
atherosclerosis, this study shows the core mechanism of the high
incidence of cardiovascular disease in patients with RA and

provides a theoretical basis for blocking the occurrence and
development of cardiovascular disease in patients with RA.

INFLAMMATION IS KEY TO
ATHEROSCLEROSIS IN PATIENTS
WITH RA
In previous studies, many factors were found to cause RA
atherosclerosis, such as hypertension, abnormal lipid
metabolism, obesity, smoking, and inflammation. Some studies
have indicated that (Anyfanti et al., 2020) the increased incidence
of hypertension in patients with RA is accompanied by vascular
endothelial cell dysfunction, which is usually regarded as a
precursor for hypertension. Vascular endothelial cell
dysfunction eventually increases the prevalence of
atherosclerosis. Regarding abnormal lipid metabolism, previous
studies have indicated that elevated levels of low-density
lipoprotein can cause cardiovascular disease, and high-density
lipoprotein has a protective effect on atherosclerosis. Recent
studies have shown that (García-Gómez et al., 2014) the
effects of low-density lipoprotein and high-density lipoprotein
vary from the actual data related to blood lipids in patients with
RA. However, they also prove that abnormal lipid metabolism
does increase the risk of atherosclerosis in patients with RA.
There is a high amount of adipose tissue in patients with obesity.
These adipose tissues act as energy storage organs and can be
regarded as a complex dynamic endocrine organ that can secrete
a large number of adipose factors (Kershaw and Flier, 2004).
Some of these lipokines (such as chemotactic protein, lipoprotein
troponin 2, vaspin, and omentin-1) exhibit strong
immunomodulatory activity in the pathogenesis of RA (Xie
and Chen, 2019). Simultaneously, RA correlates highly with
the occurrence and development of atherosclerosis (Tsuji
et al., 2001; Hemdahl et al., 2006; Folkesson et al., 2007;
Yamawaki et al., 2010; Duan et al., 2011; Kadoglou et al.,
2011; Yamawaki et al., 2011; Sivalingam et al., 2017; Wu et al.,
2020), but its molecular and physiological mechanism is still
unclear. Smoking is seen as a risk factor for RA development, and
it is also a significant risk factor for cardiovascular disease in
patients with RA (Salonen and Salonen, 1991; Diez-Roux et al.,
1995; Silman et al., 1996; Wolfe, 2000; McEntegart et al., 2001;
Padyukov et al., 2004; Goodson et al., 2005; Maradit-Kremers
et al., 2005). Smoking can promote the manufacture of
antinucleotide peptide autoantibodies in susceptible individuals
with RA carrying HLA-DRB1 alleles, which cause the aggravation
of inflammation and autoimmune diseases (Klareskog et al., 2006;
Linn-Rasker et al., 2006), resulting in atherosclerosis (Kraan et al.,
1998; Rantapää-Dahlqvist et al., 2003; Vossenaar and van
Venrooij, 2004). From the above discussion, it is evident that
traditional factors, whether hypertension, obesity, abnormal lipid
metabolism, or smoking, will cause abnormal autoimmunity,
causing the aggravation of vascular lesions in patients with RA.

Additionally, inflammation is considered the key mechanism of
atherosclerosis. Previous studies have suggested that atherosclerosis is
caused by the accumulation of lipids in the arterial wall, but new
studies suggest that atherosclerosis is inextricably related to
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inflammation (Libby et al., 2009). Inflammation and autoantibodies
may be involved in the occurrence and development of
atherosclerotic diseases (Frostegård, 2013; Iseme et al., 2017).
Alternatively, inflammation also plays an essential role in inducing
plaque erosion and plaque stability, so the development of anti-
inflammatory drugs to stabilize plaque is an option for preventing
coronary artery disease (CAD) (Everett et al., 2013). The physiology
and pathology of atherosclerosis are related to inflammatory lesions
of RA synovium inmany aspects.Macrophages, helper T-cells (TH1),
tumor necrosis factor α (TNF- α), IL-6, and matrix
metalloproteinases (MMPs) are all involved in the process (Pasceri
and Yeh, 1999). Past studies have indicated that the immune system
plays a double-edged role in atherosclerosis development. TH1CD4+
lymphocytes accelerate the formation of atherosclerosis, whereas
regulatory T-cells can inhibit atherosclerosis by secreting
cytokines, such as transforming growth factor (TGF)-α and IL-10.
Changes in the types of cytokines cause an imbalance in T-cell
subsets, thereby affecting the disease progression (Ait-Oufella et al.,
2006). Additionally, infiltration, accumulation, and oxidation of low-
density lipoprotein in the intima of blood vessels can cause
inflammation of the arterial wall (Hansson, 2005), Oxidation of
low-density lipoprotein results in the expression of adhesion
molecules and inflammation-related factors in endothelial cells
(Dai et al., 2004); leucocytes infiltrate into the intima through
adhesion molecules and differentiate into macrophages under the
action of cytokines, such as macrophage colony-stimulating factor
and growth factors (Smith et al., 1995; Hansson, 2005).Macrophages,
endothelial cells, apoptotic foam cells, and lipid fragments form
plaques, leading to narrowing and closure of arteries (Hansson,
2005). Under the action of enzymes, such as inflammatory factors
and MMPs, plaques may become unstable or even ruptured (Finn
et al., 2010), and plaque rupture may cause thrombosis and blood

flow blockage. Blockages of the heart and cerebral arteries cause heart
attacks and strokes, respectively (Jones et al., 2003; Hansson, 2005).

In the early stage of RA disease, due to the reduction in the
immune system’s self-tolerance, various autoantibodies activate the
immune system, resulting in immune cells infiltrating into the
synovium of the joint. This process involves the participation of
many cytokines, including TNF-α and IL. The levels of TNF-α, IL-17,
IL-6, and IL-1 β in serum of patients with RA and cardiovascular
disease were increased in varying degrees. These cytokines also
participate in the activation of endothelial cells and vascular
smooth muscle cells (VSMC), which is the key process in the
formation of pannus in synovial tissue during RA lesions and also
contributes to the pathogenesis of atherosclerotic heart disease.

BONE DESTRUCTION AND SYNOVIAL
HYPERPLASIA IN RA ARE MEDIATED BY
IL-17-GUIDED RA (FIGURE 1)
IL-17-secreting cells were first discovered in the synovium of
patients with RA. Some studies have shown that there are many
IL-17 and Th17 cells in serum and synovial supernatant of
inflammatory joints in patients with RA (Kirkham et al., 2006;
Shen et al., 2009; Gullick et al., 2010; Leipe et al., 2010;
Raychaudhuri et al., 2012; Gullick et al., 2013). A large
amount of IL-17 was also manufactured in peripheral blood
mononuclear cells (PBMC) (Kim et al., 2005), and its
concentration was higher than that in healthy people
(Chabaud et al., 1999; Ziolkowska et al., 2000; Li et al., 2013).
Several studies have proven that the content of IL-17 in synovial
tissue and serum is directly related to the degree of RA joint injury
(Kirkham et al., 2006; Schofield et al., 2016; Siloşi et al., 2016; Lee

FIGURE 1 | The effect of IL-17 on bone in RA patients.
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and Bae, 2017; Costa et al., 2019). The increase in IL-17 levels in
serum, synovial fluid, and PBMC is related to the expression of
C-reactive protein, erythrocyte sedimentation rate, and
rheumatoid factor (Roşu et al., 2012; El-Maghraby et al.,
2019). IL-17 participates in the occurrence and development
of the disease and plays an essential role in the pathogenesis
of the disease (Figure 1) (Raza et al., 2005; Kokkonen et al., 2010).

IL-17 Causes Bone Destruction at the
Lesion Site
In the pathogenesis of RA, IL-17 can cause an imbalance between
osteoblasts and osteoclasts in several ways, which often occur in
the pathological process of RA (Gravallese and Schett, 2018). The
activity of osteoclasts in subchondral, trabecular, and cortical
bone eroded areas increased in the joint where IL-17 was highly
expressed (Lubberts et al., 2002; Lubberts et al., 2003; Lubberts
et al., 2004). IL-17 causes bone destruction by increasing
osteoclast formation induced by NF-KB ligand-receptor
activator (RANKL) (Lubberts et al., 2004; Adamopoulos et al.,
2010). IL-17 can also promote the release of MMPs in
synoviocytes and chondrocytes, causing joint injury (Koenders
et al., 2005; Agarwal et al., 2008). Collagen-induced arthritis
(CIA) is a commonly used animal model for studying RA
(Wu et al., 2018), High levels of IL-17 were found in
CD4+T-cells and GDT cells in the joints of CIA mice
(Pöllinger et al., 2011). Th17 cells transferred to subarticular
cartilage osteoclasts to express IL-17, showing that IL-17 was
involved in the bone destruction of CIA. Additionally, local
injection of IL-17 into the knee joint aggravated arthritis and
joint injury during CIA development (Lubberts et al., 2003). Local
injection of adenovirus vector expressing mouse IL-17 into the
joint can also accelerate the development of CIA and
inflammation (Lubberts et al., 2002). Treatment using soluble
IL-17 receptor fusion protein or anti-IL-17 antibody can enhance
the severity of arthritis, cartilage injury, and bone loss (Lubberts
et al., 2001; Bush et al., 2002; Lubberts et al., 2004; Pöllinger et al.,
2011). IL-17 can also promote the production of collagen-specific
T-cells and collagen-specific IgG2a and participate in CIA
occurrence and development (Nakae et al., 2003). Anti-IL-17
can decrease the production and recruitment of inflammatory
cells in CIA (Chao et al., 2011; Li et al., 2014).

IL-17 can Cause Synovium and Bone
Hyperplasia in Diseased Joints
IL-17 can also cause synovial and bone hyperplasia while
aggravating the inflammatory response of diseased joints. IL-
17 promotes the proliferation and survival of synovial cells and
induces synovial hyperplasia by inducing the expression of anti-
apoptotic molecules, such as synovial protein and amigo2 (Toh
et al., 2010; Lee et al., 2013; Benedetti et al., 2016). In the absence
of osteoclasts, IL-17, and TNF promote bone proliferation by
inducing osteogenic differentiation of mesenchymal stem cells
(Osta et al., 2014). IL-17 induces the recruitment of T-cells and
other immune cells by inducing the expression of neutrophil
chemokine, CC chemokine ligand 20 (CCL20), CCL2, and CCL7

(Hattori et al., 2015). When several immune cells are recruited
into the synovium, inflammation in this site is aggravated, and a
specific pro-inflammatory cytokine environment is formed,
which in turn promotes inflammatory synergism between IL-
17 and other cytokines (such as TNF, GM-CSF, or IL-1) and
aggravates bone destruction and proliferation in the diseased site.
The combination of anti-IL-1 and anti-IL-17 antibodies can
effectively inhibit bone and cartilage injury, downregulate the
expression of IL-1b, IL-6, IL-17, interferon-gamma (IFN-γ),
RANKL, and MMP-3 (Zhang et al., 2013; Li et al., 2014), and
decrease the inflammatory changes of the lesion site. Therefore,
IL-17 can participate in chronic lesions of RA in several ways.

IL-17 IS INVOLVED IN THE OCCURRENCE
AND DEVELOPMENT OF
ATHEROSCLEROSIS BY ACTING ON
VASCULAR ENDOTHELIAL CELLS AND
VSMC (FIGURE 2)

Early atherosclerotic CAD is associated with IL-17 (Figure 2). IL-
17 is a cytokine that acts on blood vessels and cardiomyocytes and
aggravates inflammation, coagulation, and thrombosis (Robert
and Miossec, 2017). IL-17 can activate many downstream
signaling pathways, including NF-KB, resulting in the
expression of numerous pro-inflammatory cytokines (Iwakura
et al., 2011). By binding to IL-17R on cells, IL-17 activates NF-KB
under the action of conjugate protein ACT1 (Qian et al., 2007),
causing the expression of different inflammatory factors, such as
TNF-α, IL-6, IL-1β, monocyte chemoattractant protein-1, and
intracellular adhesion molecule-1 (Feldmann et al., 2005; Liu
et al., 2013; Soltanzadeh-Yamchi et al., 2018). These cytokines are
involved in the formation and development of atherosclerotic
plaque (Maracle et al., 2018; Song et al., 2018; Zhang et al., 2018).
In the early stage, many animal models also observed direct
evidence of the atherosclerotic effect of IL-17 (Erbel et al., 2009;
van Es et al., 2009; Gao et al., 2010; Butcher et al., 2012; Zhang
et al., 2012; Nordlohne and von Vietinghoff, 2019). Th17 cells
play an essential role in the development of atherosclerotic plaque
in mice, which may also affect atherosclerotic patients (Gao et al.,
2010). By injecting IL-17 blocking antibody into apolipoprotein E
deficient (apoE−/−) mice, it was discovered that functional
blocking of IL-17 could decrease atherosclerotic lesions and
improve as well as decrease plaque vulnerability, cell
infiltration, and tissue activation, proposing that IL-17 plays a
vital role in atherosclerosis formation (Erbel et al., 2009).

IL-17 Regulates VSMC and Vascular
Endothelial Cells, Leading to
Atherosclerosis
The inflammatory reaction and proliferation of VSMC are the
reasons for the progression of atherosclerosis (Chistiakov et al.,
2015; Bennett et al., 2016). VSMC is mainly located in the middle
layer of the vascular wall and plays a crucial role in atherosclerosis
through proliferation, migration, apoptosis, and aging (Bennett
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et al., 2016). Under normal circumstances, VSMC in the arterial
wall exhibits a contractile phenotype. When blood vessels are
destroyed, VSMC exhibits proliferative and pro-inflammatory
effects when it differentiates into a pro-inflammatory phenotype.
Therefore, inflammation and excessive proliferation of VSMCs
are the reasons for atherosclerosis progression (Chistiakov et al.,
2015; Bennett et al., 2016). Persistent inflammatory stimulation
plays a crucial role in atherosclerosis by promoting the
proliferation and migration of VSMCs. IL-17 can cause the
proliferation and migration of VSMCs dependent on NF-KB
activator 1 (TRAF3IP2) and upregulate the expression of many
mediators involved in angiogenesis and occlusive disease
(Mummidi et al., 2019). IL-17 induces the production of pro-
inflammatory cytokines (such as IL-6), chemokines (such as IL-8,
CXCL-1, CCL-2, CXCL8, and CXCL10), and adhesion molecules
(intercellular adhesion molecules 1ICAM1 and vascular cell
adhesion molecules 1VCAM1) in vascular endothelial cells and
VSMC (Fossiez et al., 1996; Eid et al., 2009; Erbel et al., 2009; Zhu
et al., 2011; Erbel et al., 2014; Yuan et al., 2015), leading to
atherosclerosis. Additionally, IL-17 can enhance the effect of
TNF-α, further increase the expression of VCAM1 and
ICAM1, and secrete IL-6, IL-8, and CCL20 by endothelial cells
(Erbel et al., 2009; Hot et al., 2012). IL-17 may also aggravate
atherosclerosis by increasing the expression ofMMP1 andMMP9
and apoptosis of VSMCs and endothelial cells (Erbel et al., 2009;
Zhu et al., 2011).

IL-17 Combined With Other Cytokines
Mediates the Occurrence of
Atherosclerosis
IL-17 can also play a role with other inflammatory factors in
inducing atherosclerosis. In the clinical specimens of coronary
atherosclerosis, IL-17 and IFN-γ exist simultaneously, and T-cells
can secrete IL-17 and IFN-γ in coronary plaques. IL-17 and IFN-
γ jointly induce the release of IL-6, CXCL1, CXCL2, CXCL5,
CCL8, and CXCL10 from VSMC (Eid et al., 2009). These
chemokines play an essential role in the stability and
activation of various cell types (Rolin and Maghazachi, 2014);
different chemokines are also involved in the occurrence of
atherosclerosis in different ways (Weber and Noels, 2011; Lu,
2017). Additionally, IFN-γ is highly expressed in atherosclerotic
lesions and inhibits the proliferation of VSMC. While reducing
collagen production, it makes the fibrous cap thinner by many
expressions of MMPs, resulting in plaque rupture more easily
(Harvey and Ramji, 2005; Tedgui and Mallat, 2006). The
synergistic effect of IFN-γ and TNF-α can promote the
formation of atherosclerosis (Mehta et al., 2017); IL-17
combined with TNF-α or IFN-γ leads to atherosclerosis by
accelerating the apoptosis of VSMC (Clarke et al., 2008; Erbel
et al., 2009). In vitro studies have indicated that IL-17 combined
with TNF-α has a strong effect on promoting coagulation and
thrombosis of vascular endothelial cells (Hot et al., 2012).
Additionally, the combination of IL-17 and TNF-α can

FIGURE 2 | Promoting and inhibiting effect of IL-17 in atherosclerosis. IL-17 is involved in the development of atherosclerosis by acting on vascular endothelial cells
and VSMC. At the same time, IL-17 can play an anti-atherosclerotic effect by increasing plaque stability and inhibiting inflammation, whichmay be related to the staging of
the disease.
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significantly increase E-selectin and intercellular adhesion
molecules and promote the recruitment of leukocytes to form
an inflammatory environment that causes the proliferation,
migration, and invasion of endothelial cells (Robert and
Miossec, 2017). These results suggest that IL-17 may promote
the progression of atherosclerosis by inducing vascular
inflammation, leukocyte recruitment, and plaque vulnerability.

IL-17 has an Anti-atherosclerotic Effect
(Figure 2)
However, it is worth noting that IL-17 can also promote the
production of VSMC collagen, promote plaque stabilization, and
inhibit the pathogenesis of atherosclerosis (Figure 2) (Erbel et al.,
2009; Taleb et al., 2009; Smith et al., 2010; Gisterå et al., 2013;
Hansson et al., 2015; Robert and Miossec, 2017). Some studies have
indicated that IL-17 can inhibit the role of vascular cell adhesion
molecules, fibroblasts, and VSMC adhesion molecules as well as
decrease the production of IFN-γ, indicating that it has anti-
inflammatory effects (Figure 2) (Madhur et al., 2010; Danzaki
et al., 2012). Animal experiments have indicated that IL-17
exhibits resistance to low-density lipoprotein receptor−/−mouse
atherosclerosis by improving the stability of plaques (Gisterå et al.,
2013). The anti-atherosclerotic effect of IL-17 could be caused by
inducing VSMC proliferation and downregulating the expression of
VCAM1 in endothelial cells to inhibit the adhesion of monocytes to
plaques to maintain the stability of plaques (Figure 2). Similarly, in a
study of 981 patients with myocardial infarction, the high IL-17
expression in serum was significantly associated with low mortality
and risk of recurrent myocardial infarction (Simon et al., 2013).
VCAM1, as a biomarker of atherosclerosis, also exhibited a
decreasing trend in these patients. The atherogenic and anti-
atherosclerotic effects of IL-17 may be caused by the expression of
IL-17 in various stages of the disease, in which the expression of IL-17
is highest in the early stage of atherosclerosis and reduced in the late
stage of atherosclerosis.

SUMMARY AND PROSPECT

RA is an autoimmune disease significantly associated with the
increased risk of atherosclerosis (Mellado et al., 2015). The
leading cause of death of patients with RA is cardiovascular
disease. Chronic inflammation seems to be the main potential
pathogenic factor connecting RA and cardiovascular disease.
However, the mechanism of the link between RA and
cardiovascular disease is not fully understood. In this review,
by summarizing the mechanism of IL-17 in the pathogenesis of
RA and atherosclerosis, it was found that autoantibodies activate
the immune system and cells manufacture many cytokines and
chemokines to activate dendritic cells owing to the reduced self-
tolerance of the immune system in patients with RA. IL-23
expressed by activated dendritic cells mediates the
differentiation of T-cells into TH17, which results in the
expression of IL-17. IL-17 plays a vital role in the expression
of adhesion molecules, pro-inflammatory cytokines and
chemokines, cartilage and bone hyperplasia, bone destruction,

and the proliferation, migration, and apoptosis of vascular
endothelial cells, as well as VSMC. Simultaneously, the levels
of IL-17 and IL-17-expressing cells in the serum of patients with
RA and atherosclerosis exhibited an increasing trend. What is
essential is that autoimmune diseases and atherosclerosis have
common pathogenesis, and IL-17 plays a major role in the
pathogenesis of autoimmune diseases and atherosclerosis,
which promotes the secretion of different cytokines and
aggravates the disease process to some extent.

There is increasing evidence that the morbidity and mortality
of CVS are increasing in patients with RA. When formulating
treatment plans for autoimmune diseases, such as RA, attention
should be paid not only to relieving patients’ existing symptoms
and reducing the injury of diseased joints but also to preventing
cardiovascular diseases, especially the occurrence of RA, to
decrease mortality to the greatest extent. IL-17 may be an
essential index for the early diagnosis of RA complicated with
atherosclerosis. In the early stage of RA, through the detection of
IL-17, cardiovascular disease could be diagnosed in time and
interventions could be initiated. IL-17 may become a potential
target in treatment. Taking appropriate measures to decrease the
expression of IL-17 or prevent it from binding to the receptor to
reduce the symptoms of RA and decrease the possibility of
atherosclerosis may be a feasible direction for treating RA
complicated with cardiovascular disease. However, some
studies have also suggested that IL-17 has an anti-
atherosclerotic effect. So what is the reason that IL-17 has
atherosclerotic and anti-atherosclerotic functions, and will this
double-edged sword function change our view on the link
between autoimmune and cardiovascular diseases? Will it
provide us with new ideas for the prevention and treatment of
these diseases? This will be our next research direction.
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Aims: Chronic kidney disease (CKD) is frequently associated with other chronic diseases
including anemia. Daprodustat (DPD) is a prolyl hydroxylase inhibitor, a member of a family
of those new generation drugs that increase erythropoiesis via activation of the hypoxia-
inducible factor 1 (HIF-1) pathway. Previous studies showed that HIF-1 activation is
ultimately linked to acceleration of vascular calcification. We aimed to investigate the effect
of DPD on high phosphate-induced calcification.

Methods and Results: We investigated the effect of DPD on calcification in primary
human aortic vascular smooth muscle cells (VSMCs), in mouse aorta rings, and an adenine
and high phosphate-induced CKD murine model. DPD stabilized HIF-1α and HIF-2α and
activated the HIF-1 pathway in VSMCs. Treatment with DPD increased phosphate-
induced calcification in cultured VSMCs and murine aorta rings. Oral administration of
DPD to adenine and high phosphate-induced CKD mice corrected anemia but increased
aortic calcification as assessed by osteosense staining. The inhibition of the transcriptional
activity of HIF-1 by chetomin or silencing of HIF-1α attenuated the effect of DPD on VSMC
calcification.

Conclusion: Clinical studies with a long follow-up period are needed to evaluate the
possible risk of sustained activation of HIF-1 by DPD in accelerating medial calcification in
CKD patients with hyperphosphatemia.
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INTRODUCTION

Chronic kidney disease (CKD) is an irreversible and progressive
disease associated with alteration of the renal structure and
decline of kidney functions (Webster et al., 2017). CKD is a
public health problem worldwide affecting about 10% of the
general population in high- and middle-income countries
(Webster et al., 2017). CKD is frequently associated with other
chronic diseases, including anemia (Babitt and Lin, 2012),
metabolic bone diseases (Martin and González, 2007), and
cardiovascular diseases (Sarnak et al., 2003; Di Angelantonio
et al., 2007). CKD patients have five to ten times higher risk
of premature death than the general population, which is largely
attributed to death from cardiovascular diseases (Sarnak et al.,
2003; Di Angelantonio et al., 2007; Webster et al., 2017).

CKD-associated anemia is a considerable burden because it
significantly worsens the quality of life of CKD patients, increases
hospitalization, causes cognitive impairment, propagates the
progression of CKD, and increases the risk of cardiovascular
events and mortality. The etiology of CKD-associated anemia is
complex with the contribution of reduced production of
erythropoietin (EPO), a kidney-derived factor responsible for
stimulating erythropoiesis, shortened red blood cell lifespan, and
iron deficiency (Babitt and Lin, 2012; Hanna et al., 2021).
Accordingly, anemia in patients with advanced CKD was targeted
with EPO or erythropoiesis-stimulating agents (ESAs) (Eschbach
et al., 1987), along with oral or intravenous iron supplementation
(Gafter-Gvili et al., 2019; Batchelor et al., 2020). Red blood cell
transfusion remained a treatment option only for blood loss or severe
hyporesponsiveness for ESAs (Locatelli et al., 2013).

The treatment of CKD-associated anemia was revolutionized
by the introduction of EPO and ESAs, but safety concerns of ESA
use have lately been emerged (Robles, 2016). Trials showed that
ESA treatment increases the risks for cardiovascular events and
probably increases risk for death, serious cardiovascular events,
and the development of end-stage renal disease (Palmer et al.,
2010; Koulouridis et al., 2013; McCullough et al., 2013).
Consequently, following the U.S. Food and Drug
Administration (FDA) warning, the use of ESAs has markedly
decreased, even in patients with very low hemoglobin levels
(<10 mg/dl), and currently, the administration of ESAs is
recommended only to avoid red blood cell transfusion.

An alternative therapeutic strategy has emerged to treat CKD-
associated anemia that relies on the modulation of the hypoxia-
inducible factor (HIF) pathway (Locatelli et al., 2017). The activation
of the HIF pathway leads to transcriptional activation of numerous
genes, including EPO, and a subsequent increase in erythropoiesis
(Semenza and Wang, 1992). Therefore, small-molecule stabilizers of
the HIF pathway have been developed (Maxwell and Eckardt, 2016).
These molecules inhibit the activity of HIF prolyl hydroxylase
domain–containing (PHD) enzymes, which are responsible for
hydroxylation of the oxygen-sensitive alpha subunits of HIF at
conserved proline residues under normoxic conditions (Semenza,
2001). Proline-hydroxylated α subunits are recognized and
ubiquitinated by the von Hippel–Lindau E3 ubiquitin ligase,
followed by rapid proteasomal degradation (Jaakkola et al., 2001;
Metzen and Ratcliffe, 2004). PHD inhibitors (PHIs) mimic the effect

of hypoxia and result in stabilization of the HIF α subunits, nuclear
translocation, assembly of the HIF transcription complex, and
eventually HIF activation with increased production of EPO.

Morbidity and mortality of CKD patients are largely associated
with vascular calcification, an actively regulated process in which
vascular smooth muscle cells (VSMCs) undergo an
osteochondrogenic transdifferentiation process (Jono et al., 2000;
Schoppet et al., 2008; Giachelli, 2009; Paloian and Giachelli, 2014).
Various inhibitors and inducers of vascular calcification have been
identified, and recent studies highlighted the potential role of hypoxia
and the HIF-1 pathway activation in vascular calcification (Mokas
et al., 2016; Balogh et al., 2019). Because 1) PHIs target the HIF
pathway and 2) hypoxia-mediated activation of HIF-1 induces the
calcification of VSMCs, here, we investigated the effect of the PHI
daprodustat (GSK1278863, DPD) on calcification in both in vitro and
in vivo conditions.

MATERIALS AND METHODS

Materials
All the reagents were purchased from Sigma-Aldrich Co. (St.
Louis, MO, United States) unless otherwise specified.

Cell Culture and Treatments
Human aortic VSMCs (354-05; Cell Applications Inc., San Diego,
CA, United States) were maintained in a growth medium (GM)
that was prepared by supplementing Dulbecco’s modified Eagle
medium (DMEM, D6171, Sigma) with 10% FBS (10270-106,
Gibco, Grand Island, NY, United States), antibiotic–antimycotic
solution (A5955, Sigma), sodium pyruvate (S8636, Sigma), and
L-glutamine (G7513, Sigma). Cells were maintained at 37°C in a
humidified atmosphere containing 5% CO2. Cells were grown till
they reach confluence and used from passages 5 to 8. To induce
calcification, we cultured VSMCs in an osteogenic medium (OM)
that was obtained by supplementing GM with different
concentrations of inorganic phosphate (Pi) (NaH2PO4-
Na2HPO4, 1–2.5 mmol/L, pH 7.4). DPD (HY-17608,
MedChemExpress, NJ, United States) was dissolved in
dimethyl sulfoxide (DMSO, D2438, Sigma) to make a stock
solution (25 mmol/L) and used in concentrations between 1
and 100 μmol/L. A hypoxic condition was obtained by placing
the cells into a modular incubator chamber (Billups-Rothenburg
Inc. Del Mar, CA, United States), which was connected to a gas
bottle containing a mixture of 1% O2, 5% CO2, and 94% of N2

(Messer Group GmbH, Bad Soden, Germany). A continuous slow
flow (0.1 L/min) was applied throughout the experiment. In some
experiments, we used chetomin (stock solution: 12.5 μmol/L in
DMSO; working concentration: 12.5 nmol/L; C8106, Sigma) to
inhibit the HIF-1 signaling pathway. Uric acid stock solution
(80 mmol/L) was prepared in 1 mmol/L NaOH.

Alizarin Red (AR) Staining and
Quantification
After washing with DPBS, the cells were fixed in 4%
paraformaldehyde (16005, Sigma) and rinsed with deionized

Frontiers in Pharmacology | www.frontiersin.org February 2022 | Volume 13 | Article 7980532

Tóth et al. Daprodustat Accelerates Vascular Calcification

111

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


water thoroughly. Cells were stained with Alizarin Red S (A5533,
Sigma) solution (2%, pH 4.2) for 20 min at room temperature.
Excessive dye was removed by several washes in deionized water.
To quantify AR staining in 96-well plates, we added 100 μL of
hexadecylpyridinium chloride (C9002, Sigma) solution
(100 mmol/L) to the wells and measured optical density (OD)
at 560 nm using hexadecylpyridinium chloride solution as blank.

Quantification of Ca Deposition
Cells grown on 96-well plates were washed twice with DPBS and
decalcified with HCl (30721, Sigma, 0.6 mol/L) for 30 min at
room temperature. The Ca content of the HCl supernatants was
determined by using a QuantiChrome Calcium Assay Kit (DICA-
500, Gentaur, Kampenhout, Belgium). Following decalcification,
cells were washed twice with DPBS and solubilized with a solution
of NaOH (S8045, Sigma, 0.1 mol/L) and sodium dodecyl sulfate
(11667289001, Sigma, 0.1%), and protein content of samples were
measured using the BCA protein assay kit (23225, Pierce
Biotechnology, Rockford, IL, United States). The Ca content of
the cells was normalized to protein content and expressed as mg/
mg protein. The observer who performed all the Ca
measurements was blinded to the group assignment.

Quantification of OCN and VEGF-A
For OCN detection, the ECM of the cells grown on 6-well plates
was dissolved in 100 μL of EDTA (E6758, Sigma, 0.5 mol/L, pH
6.9). OCN content of the EDTA-solubilized ECM samples was
quantified by an enzyme-linked immunosorbent assay (ELISA)
(DY1419-05, DuoSet ELISA, R&D, Minneapolis, MN,
United States), according to manufacturer’s protocol. VEGF-A
levels were quantified from the cellular supernatant using a
VEGF-A ELISA kit (DY293B-05, DuoSet ELISA, R&D,
Minneapolis, MN, United States). The observer who
performed all the ELISA measurements was blinded to the
group assignment.

Ex Vivo Aorta Organ Culture Model and
Quantification of Aortic Calcium
C57BL/6 mice (8- to 12-week-old male, n = 18) were
exterminated by CO2 inhalation and perfused with 5 ml of
sterile DPBS. The entire aorta was harvested and cleaned
under aseptic conditions and cut into pieces. Aorta rings were
randomly divided into three groups and maintained in control,
high Pi (2 mmol/L Pi), and high Pi (2 mmol/L Pi) plus DPD
(25 μmol/L) conditions, respectively. The culturing medium was
DMEM (D6171, Sigma) supplemented with 10% FBS (10,270-
106, Gibco, Grand Island, NY, United States),
antibiotic–antimycotic solution (A5955, Sigma), sodium
pyruvate (S8636, Sigma), l-glutamine (G7513, Sigma), and
2.5 μg/ml amphotericin B (171,375, Millipore). The medium
was changed every 2 days. After the 3rd, 5th, and 7th day, the
aorta pieces were washed in DPBS, opened longitudinally and
decalcified in 25 µL of 0.6 mmol/L HCl overnight. The Ca content
was determined by using the QuantiChrom Ca-assay kit, as
described earlier. The observer who performed aorta Ca
measurements was blinded to the group assignment.

CKD Induction and DPD Treatment in Mice
Animal care and experimental procedures were performed in
accordance with the institutional and national guidelines and was
approved by the Institutional Ethics Committee of University of
Debrecen (registration number 3/2018/DEMÁB). Animal studies
were reported in compliance with the ARRIVE guidelines. Male
C57BL/6 mice (8- to 12-week-old, n = 25) were randomly divided
into 5 groups, control (Ctrl), CKD, CKD + DPD (5 mg/kg/day),
CKD + DPD (10 mg/kg/day), and CKD + DPD (15 mg/kg/day).
CKD was induced by a two-phase diet as described previously
(Tani et al., 2017). In the first 6 weeks, the mice received a diet
containing 0.2% adenine and 0.7% phosphate, followed by a diet
containing 0.2% adenine and 1.8% phosphate (S8106-S075 and
S8893-S006, respectively; Ssniff, Soest, Germany) for 3 weeks.
Mice were housed in cages with standard beddings and unlimited
access to food and water. DPD (HY-17608, MedChemExpress,
NJ, United States) was suspended in 1% methylcellulose and was
daily administered orally at a dose of 5/10/15 mg/kg between
weeks 7 and 9. At the end of the experiment mice were euthanized
by CO2 inhalation, blood was collected by cardiac puncture and
aortas were harvested for calcium analysis and histology. In a
separate experiment, C57BL/6 mice (8- to 12-week-old male, n =
15) were randomly divided into three groups: Ctrl, CKD, and
CKD + DPD (15 mg/kg/day). The experiment was performed as
the previous one, and aorta calcification was assessed by near-
infrared imaging (detailed separately).

Laboratory Analysis of Renal Function and
Anemia in CKD Mice
Serum phosphorous, urea creatinine, and uric acid levels were
determined in mice by kinetic assays on a Cobas® c502
instrument (Roche Diagnostics, Mannheim, Germany). K3-
EDTA anticoagulated whole blood murine samples were
analyzed by a Siemens Advia 2120i hematology analyzer
(Tarrytown, NY, United States) with the 800 Mouse C57BL
program of Multispecies software. Hemoglobin concentration
was measured by using a cyanide-free colorimetric method.
Hematocrit values were determined as a calculated parameter
derived from the red blood cell count (RBC in T/L) and mean cell
volume (MCV in fL). The number of RBCs was multiplied by the
MCV of the sample RBCs and was divided by 1,000. The observer
who performed these measurements was blinded to the group
assignment.

Near-Infrared Imaging and Quantification of
Aortic Calcification
OsteoSense dye (OsteoSense 680 EX and NEV10020EX;
PerkinElmer, MA, United States) and near-infrared imaging
were used to evaluate aorta calcification in mice as previously
described (Malhotra et al., 2019). Mice (Ctrl, CKD, and CKD +
DPD; n = 5/group) were anesthetized with isoflurane and injected
with 2 nmol OsteoSense dye dissolved in 100 µL DPBS retro-
orbitally. After 24 hours, mice were killed by CO2 inhalation; the
mice were perfused with 5 ml of ice-cold PBS, and aortas were
isolated, cleaned, and analyzed ex vivo by an IVIS Spectrum In
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Vivo Imaging System (PerkinElmer, MA, United States). The
observer who performed this measurement was blinded to the
group assignment.

Histology
Aortic rings were fixed in 10% neutral-buffered formalin
(HT501640; Sigma), embedded in paraffin blocks, and cut into
4-µm-thick cross sections. After deparaffinization and
rehydration, we performed von Kossa staining and
hematoxylin eosin (H&E) counterstaining on the sections,
according to manufacturer’s protocol (von Kossa Kit,
ab150687; Abcam, Cambridge, United Kingdom). The
observer who performed histology was blinded to the group
assignment.

Western Blot Analysis
VSMCs were lysed in the Laemmli lysis buffer (38,733, Sigma).
Proteins were resolved by SDS-PAGE (7.5 and 10%) and
transferred to nitrocellulose membranes (1060003; Amersham,
GE Healthcare, Chicago, IL, United States). Western blotting was
performed by using anti-HIF1α antibody (GTX127309, GeneTex,
Irvine, CA, United States) at 0.5 μg/ml concentration, anti-HIF2α
antibody (#7096, Cell Signaling Technology, Danvers, MA,
United States) at 2.5 μg/ml concentration, and anti-Glut-1
antibody (GTX1309, GeneTex) at 0.5 μg/ml concentration.
After binding of the primary antibodies, membranes were
incubated with horseradish peroxidase–linked rabbit (NA-934)
and mouse IgG (NA-931) (Amersham, GE Healthcare) at 0.5 μg/
ml concentration. Antigen–antibody complexes were visualized
using the enhanced chemiluminescence system Clarity Western
ECL (170-5060, BioRad, Hercules, CA, United States).
Chemiluminescent signals were detected conventionally on an
X-ray film or digitally by using a C-Digit Blot Scanner (LI-COR
Biosciences, Lincoln, NE, United States). After detection, the
membranes were stripped and reprobed for β-actin using an
anti-β-actin antibody (sc-47778, Santa Cruz Biotechnology Inc.,
Dallas, TX, United States) at 0.2 μg/ml concentration. Western
blots were repeated three times with independent sample sets and
blots were quantified by using the inbuilt software on the C-Digit
Blot Scanner.

RNA Silencing
To knock-down HIF-1α gene expression, we used Silencer® select
siRNA construct targeting HIF-1α (assay IDs #AM16708,
Thermo Fisher Scientific). As a control, we used negative
control #1 construct (#4390843, Thermo Fisher Scientific). The
Lipofectamine® RNAiMAX reagent (13778075, Invitrogen,
Carlsbad, CA, United States) was used to transfect VSMCs,
according to manufacturer’s protocol.

Statistical Analysis
Group size was equal in all experiments, and no data points were
excluded from the analysis. Data are presented as mean ±SD with
individual data points. Statistical analyses were performed with
GraphPad Prism software (version 8.01, San Diego, CA,
United States). Comparisons between more than two groups
were carried out by one-way ANOVA, followed by Tukey’s

multiple comparisons test. To compare each treatment group
with a single control group, we performed one-way ANOVA,
followed by Dunnett’s post hoc test. Time course experiments
were analyzed by two-way ANOVA, followed by Tukey’s multiple
comparisons test. The value of p < 0.05 was considered
significant.

RESULTS

Hypoxia Accelerates Pi-Induced ECM
Calcification in VSMCs
A previous study by Mokas et al. showed that hypoxia amplifies
the pro-calcification effect of elevated inorganic phosphate (Pi)
(Mokas et al., 2016). To confirm this finding, first, we set up an
in vitro model of vascular calcification with cultured human
VSMCs maintained in a calcification medium that was
supplemented with different concentrations of Pi (0–2.5 mmol/
L) under normoxic (21% O2) and hypoxic (1% O2) conditions.
Calcification was evaluated by AR staining after 6 days of
treatment (Figure 1A). We found increased intensity of AR
staining at all tested Pi concentrations under hypoxia in
comparison to normoxic condition (Figure 1A). Interestingly,
hypoxia increased AR staining intensity over normoxia control
after 6 days of treatment even in normal phosphate condition.
Measurement of Ca levels confirmed the result of AR staining,
having more Ca in the extracellular matrix (ECM) of VSMCs
under hypoxic condition than normoxic groups (Figure 1B). In a
time course experiment, we investigated the kinetics of
calcification in the presence of a calcification medium
containing 2.5 mmol/L excess Pi under normoxic and hypoxic
conditions (Figure 1C). Results show that calcification is
significantly higher on both days 4 and 6 under hypoxia than
under normoxia (Figure 1C). These results confirm the
previously established pro-calcifying effect of hypoxia under
normal and high Pi conditions (Mokas et al., 2016; Balogh
et al., 2019).

DPD Activates the HIF-1 Pathway and
Increases Pi-Induced Calcification in
VSMCs In Vitro and Aorta Ex Vivo
DPD is a prolyl hydroxylase inhibitor; therefore, next, we
investigated its effect on HIF-1 activation in VSMCs. We
found that DPD (1–100 μmol/L) increased the expression of
both HIF-1α and HIF-2α in a dose-dependent manner
(Figures 2A–C). This was accompanied by increased
expression of glucose transporter 1 (Glut-1) and vascular
endothelial growth factor A (VEGF-A), which are
characteristic target genes of the HIF-1 pathway (Figures
2A,D,E).

Then we addressed the effect of DPD on Pi-induced
calcification of VSMCs. We treated VSMCs in the osteogenic
medium supplemented with various concentrations of Pi
(1.5–2.5 mmol/L) in the presence or absence of DPD
(10 μmol/L). Calcification was assessed by AR staining after
6 days of exposure. The osteogenic medium supplemented
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with 2.0 mmol/L Pi triggered calcification only in the presence of
DPD. Higher Pi (2.5 mmol/L) induced calcification in both the
absence and presence of DPD, but the extent of calcification was
higher in the DPD-treated cells (Figure 3A). Next, we performed
a time course experiment and measured the Ca content of the
extracellular matrix after 2nd, 4th, and 6 th days of exposure to
high Pi (2 mmol/L) in the absence or presence of DPD
(Figure 3B). DPD significantly increased Ca content of the

ECM on days 4 and 6 (Figure 3B). Next, we investigated the
effect of DPD on the expression of osteocalcin (OCN), a major
non-collagenous protein of the bone matrix, and an established
marker of osteochondrogenic transdifferentiation of VSMCs. We
found that DPD (10 μmol/L) largely enhanced Pi-induced
increase in OCN production in VSMCs (p < 0.0001,
Figure 3C). For further confirmation, we set up an ex vivo
tissue culture model and investigated the effect of DPD on

FIGURE 1 | Hypoxia increases Pi-mediated extracellular matrix calcification of VSMCs. Confluent VSMCs were exposed to a calcification medium containing Pi
(1.5–2.5 mmol/L) under normoxic (21% O2) and hypoxic conditions (1% O2). (A) Ca deposition in the ECM (day 6) evaluated by AR staining. Representative image and
quantification are depicted. (B) Ca content of the HCl-solubilized ECM. (C) Time course of Ca accumulation under normoxic and hypoxic conditions in the presence of
2.5 mmol/L Pi. (A–C)Data are expressed asmean ± SD, n = 5. (A,B)Ordinary one-way ANOVA followed by Tukey’s multiple comparisons test were used to obtain
p values. (C)Multiple t tests to compare normoxia and hypoxia samples at each time points were performed to obtain p values. *p < 0.05, **p < 0.01, ***p < 0.005, ****p <
0.001.

FIGURE 2 | DPD triggers hypoxia response in VSMCs. VSMCs were cultured in the absence or presence of DPD (1–100 μmol/L). (A–D) Protein expression of HIF-
1α, HIF-2α, andGlut-1 in whole cell lysates was evaluated after 24 h. Membranes were reprobed for β-actin. (A)RepresentativeWestern blots and densitometry analyses
on the relative expression of (B) HIF-1α, (C) HIF-2α, and (D) Glut-1 normalized to β-actin are depicted (n = 3). (E) VEGF-A levels (24 h) were determined from cellular
supernatant by ELISA (n = 6). Data are expressed asmean ± SD. (A–D)Ordinary one-way ANOVA followed by Dunnett’smultiple comparisons test and (E) ordinary
one-way ANOVA followed by Tukey’s multiple comparisons test were used to obtain p values. **p < 0.01, ***p < 0.005, ****p < 0.001.
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aorta calcification. We cultured cleaned aorta pieces of C57BL/6
mice under control, high Pi (2 mmol/L), and high Pi + DPD
(25 μmol/L) conditions and measured Ca levels of aorta rings on
day 3, day 5, and day 7. High Pi increased Ca content of the aorta
on day 7, whereas when high Pi and DPD were applied together,
aorta calcification started already on day 5 (Figure 3D). The
calcium content was higher in the aorta rings treated with Pi +
DPD than in Pi-treated aorta rings on day 7 (345.9 ± 102.7 vs.
178.3 ± 70.7 μg/mg protein, Figure 3D). After 7 days of
treatment, we performed von Kossa staining on the specimens
of the descending thoracic aorta to visualize calcification. von
Kossa staining revealed calcification in the media layer of the
aorta that was treated with Pi + DPD but not in control or Pi-
treated aorta specimens (Figure 3E). These results suggest that
DPD is a pro-calcification agent that increases Pi-induced
calcification of VSMCs and mouse aorta in a synergistic way.

DPD Administration Successfully Corrects
Anemia but Increases Aorta Calcification in
a Mice Model of CKD
Then we studied the effect of DPD on anemia and vascular
calcification in the murine model of CKD. Mice were fed with a
diet containing adenine (0.2%) and elevated phosphate (0.7%) for
6 weeks, and then the phosphate content of the diet was further
increased up to 1.8%; mice received this diet for an additional
3 weeks. To determine the efficient dose of DPD that corrects

anemia in this particular CKD model, we administered DPD in
three different doses: 5, 10, and 15 mg/body weight kg/day orally
in the last 3 weeks of the experiment (Figure 4A). The
development of CKD with the adenine plus high phosphate
diet was associated with significant decrease in body weight
(Figure 4B) and increased serum phosphorous, urea, and
creatinine levels (Figures 4C–E), regardless of DPD treatment.
Parallel to the development of CKD, mice became anemic, and
their condition was characterized by reduced Hb concentration,
decreased red blood cell count, and low hematocrit levels
(Figures 4F–H). Low doses of DPD (5 and 10 mg/kg/day) did
not improved anemia, but the highest dose (15 mg/kg/day)
efficiently corrected anemia in CKD mice, resulting in
normalized Hb concentration, RBC count, and hematocrit
levels similar to the controls with normal renal function
(Figures 4F–H).

Next, we also addressed the effect of DPD on aorta
calcification in vivo. Macroscopic fluorescence reflectance
imaging technics was used to investigate the osteogenic
activity in whole mouse aortas. Osteosense, a near-infrared
fluorescent imaging agent was administered intravenously 24 h
before imaging. Fluorescent intensity of the aorta was higher in
CKD mice than in control mice with normal renal function (6.41
× 108 ± 3.22 × 108 vs. 1.38 × 109 ± 3.58 × 108 p/s, p < 0.05,
Figure 5A). Moreover, the osteogenic activity was higher in the
aortas derived from DPD-treated CKD mice than in vehicle-
treated CKD mice (2.82 × 109 ± 1.06 × 109 vs. 1.38 × 109 ± 3.58 ×

FIGURE 3 | DPD increases Pi-mediated ECM calcification and osteochondrogenic transdifferentiation of VSMCs and accelerates aorta ring calcification. (A–C)
VSMCs were cultured in an osteogenic medium (excess Pi: 1.5–2.5 mmol/L) in the presence or absence of DPD (10 μmol/L). (A) Representative AR staining (day 6) and
quantification. (B) Time course of Ca accumulation induced by Pi (2 mmol/L) and Pi + DPD (10 μmol/L) (day 2, 4, and 6). (C) OCN level (day 6) in EDTA-solubilized ECM
samples. (D) Aortic rings obtained from C57BL/6 mice were cultured in control, high Pi (2 mmol/L), and high Pi + DPD (25 μmol/L) conditions. Ca content of aorta
rings normalized to protein level (day 3, day 5, and day 7). (E) Histological analysis of ex vivo cultured aortic rings from C57BL/6 mice. Representative H&E and von
Kossa-stained aortic sections of untreated, Pi-, and Pi + DPD-treated aorta rings (day 7). Magnification: ×100 and ×400. Data are expressed as mean ± SD, n = 5. (A,C)
Ordinary one-way ANOVA followed by Tukey’s multiple comparisons test and (B,D) two-way ANOVA followed by Tukey’smultiple comparisons test were used to obtain
p values. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001.
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108 p/s, p < 0.05, Figure 5A). Parallel with this, the Ca level of the
aorta was higher in DPD-treated mice than in vehicle-treated
CKD mice (4.76 ± 1.89 vs. 10.19 ± 4.97 μg/mg tissue, p < 0.05,
Figure 5B). von Kossa staining also revealed starting calcification
in the media layer of the aorta obtained from DPD-treated CKD
mice, whereas calcification was undetectable in vehicle-treated
CKD mice and in control mice with normal renal function
(Figure 5C).

HIF-1 Activation Is Critically Involved in
DPD-Facilitated Calcification in VSMCs
After establishing that DPD triggers HIF-1 activation in VSMCs,
we raised the question whether this mechanism plays a role in the
DPD-induced calcification process. To address this, we first used
chetomin, a chemical inhibitor of HIF-1 transcriptional activity
and investigated the calcification of VSMCs in response to Pi +

DPD. As revealed by AR staining, chetomin partially attenuated
Pi + DPD-induced calcification of VSMCs (Figure 6A). The
inhibitory effect of chetomin on Pi + DPD-induced calcification
was confirmed by Ca and OCN measurements from the ECM
(Figures 6B,C). Furthermore, siRNA-manipulated knockdown
of HIF-1α, the regulatory subunit of the HIF-1 complex,
attenuated VSMCs calcification as detected by AR staining, as
well as Ca and OCN measurements from the ECM
(Figures 6D–G).

Uric Acid Retention Is Not Involved in the
Pro-Calcification Effect of DPD
DPD is an organic anion which might interfere with transport of
other organic anions, specifically uric acid. Uric acid is an
important uremic toxin, and recent evidence showed that
soluble uric acid promotes atherosclerosis (Kimura et al.,

FIGURE 4 | Dose-dependent effect of DPD treatment on renal function and anemia in C57BL/6 mice fed an adenine plus high Pi diet. (A) Scheme of the
experimental protocol. (B) Body weight, (C) serum phosphorous, (D) serum urea, (E) serum creatinine, (F)whole blood hemoglobin concentration with (G) red blood cell
count (T/L), and (H) hematocrit values were determined. Data are expressed as mean ± SD, n = 5. Ordinary one-way ANOVA followed by Tukey’s multiple comparisons
test were used to calculate p values. ****p < 0.001.
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2020). To see whether the pro-calcification effect of DPD relies on
uric acid retention, we first determined uric acid levels in mice
serum. The induction of CKD and DPD treatment was
performed, as shown in Figure 4A. The uric acid level in
CKD mice was almost twice as high as the control, whereas its
level did not differ between CKD and CKD + DPD (15 mg/kg/
day) mice (Figure 7A). Then using an in vitro approach, we
investigated whether uric acid increases Pi-induced VSMCs
calcification. We induced VSMC calcification with Pi (2 mmol/
L) in the presence or absence of uric acid (400 and 600 μmol/L).
As revealed by AR staining, uric acid did not modify Pi-induced
calcification of VSMCs (Figure 7B). This result was confirmed by
Ca measurements from the ECM (Figure 7C).

DISCUSSION

CKD-associated medial calcification is an actively regulated
process that involves complex interactions of multiple
calcification inducers, inhibitors, and circulating and local
factors (Jono et al., 2000; Schoppet et al., 2008; Giachelli, 2009;
Paloian and Giachelli, 2014). Transdifferentiation of VSMCs into

osteoblast/chondrocyte-like cells is the major cellular mechanism
of vascular calcification (Jono et al., 2000; Schoppet et al., 2008;
Giachelli, 2009; Paloian and Giachelli, 2014). High Pi is a potent
inducer of osteochondrogenic phenotype switch of VSMCs, and it
is one of the most relevant inducer of vascular calcification in
CKD (Jono et al., 2000; Schoppet et al., 2008; Giachelli, 2009;
Paloian and Giachelli, 2014). Studies have shown that hypoxia
and HIF-1 signaling are closely associated with kidney disease,
and recent evidence proved their implication in vascular
calcification (Nangaku and Eckardt, 2007; Gunaratnam and
Bonventre, 2009; Mokas et al., 2016; Balogh et al., 2019).

CKD is often accompanied by anemia that requires treatment.
DPD is a new generation drug to treat anemia in CKD patients. A
recent phase 3 study compared the efficacy and safety of DPD
with an ESA (darbepoetin alfa) over 1 year of treatment (Akizawa
et al., 2020). That study revealed that oral DPD was generally well
tolerated and is non-inferior to ESA in the maintenance of
hemoglobin concentration in Japanese dialyzed CKD patients
(Akizawa et al., 2020).

DPD is a PHI which acts through the activation of the HIF
pathways. Our study provides evidence of a role for DPD in the
progression of vascular calcification during CKD. We described

FIGURE 5 | DPD increases aorta calcification in CKDmice with hyperphosphatemia. Mice were treated as detailed in Figure 4A. (A) Bright-field and macroscopic
fluorescence reflectance imaging of calcification and quantification in control, CKD, and CKD + DPD mice (n = 5/group). (B) Ca content of aortas derived from control,
CKD, and CKD + DPDmice normalized to protein level (n = 5/group). (C)Histological analysis of aorta obtained from control, CKD, and CKD + DPDmice. Representative
H&E and von Kossa-stained aortic sections. Magnification: ×100, ×800. Data are expressed as mean ± SD, n = 5. Ordinary one-way ANOVA followed by Tukey’s
multiple comparisons test was used to calculate p values. *p < 0.05, **p < 0.01, ***p < 0.005.
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FIGURE 6 | DPD increases calcification of VSMCs through HIF-1 activation. (A–C) VSMCs were exposed to Pi (2 mmol/L) and DPD (10 μmol/L) in the presence or
absence of HIF-1 inhibitor, chetomin (12.5 nmol/L). (A) Representative AR staining (day 4) and quantification. (B) Ca content of HCl-solubilized ECM (day 4). (C) OCN
level in EDTA-solubilized ECM samples (day 6). (D–G) VSMCs were exposed to Pi (2 mmol/L) and DPD (10 μmol/L) in the presence of HIF-1α or scrambled siRNA. (D)
Protein expression of HIF-1α in whole cell lysates (24 h). Membranes were reprobed for β-actin. Representative Western blots and relative expression of HIF-1α
normalized to β-actin. (E) Representative AR staining (day 4) and quantification. (F) Ca content of HCl-solubilized ECM (day 4). (G) OCN level in EDTA-solubilized ECM
samples (day 6). Data are expressed as mean ± SD, n = 5 except (D), where n = 3. Ordinary one-way ANOVA followed by Tukey’s multiple comparisons tests were used
to calculate p values. **p < 0.01, ***p < 0.005, ****p < 0.001.

FIGURE 7 | Uric acid retention is not involved in the pro-calcification effect of DPD. (A) Serum uric acid levels in control (Ctrl), CKD, and CKD + DPD (15 mg/kg/day)
mice (n = 5). (B,C) VSMCs were exposed to Pi (2 mmol/L) in the presence of uric acid (UA, 400 or 600 μmol/L) or vehicle. (B) Representative AR staining (day 4) and
quantification (n = 4). (C) Ca content of HCl-solubilized ECM (day 4, n = 3). Data are expressed as mean ± SD. Ordinary one-way ANOVA followed by Tukey’s multiple
comparison tests were used to calculate p values. **p < 0.01, ****p < 0.001.
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synergistic effects between DPD and high Pi during
osteochondrogenic differentiation of VSMCs. We report that
oral administration of DPD accelerates high Pi-induced
calcification in a mouse model of CKD. We also established
HIF-1α as major functional contributor of DPD-driven
calcification.

Hydroxylation at specific prolyl residues initiates
ubiquitination and proteolytic destruction of the regulatory α
subunits of HIFs by the ubiquitin/proteasome pathway (Jaakkola
et al., 2001). DPD is an inhibitor of prolyl hydroxylases, and here,
we show that DPD treatment increases both HIF-1α and HIF-2α
expressions in VSMCs (Figure 2). Upon stabilization, HIF α
subunits are translocated into the nucleus, heterodimerizes with
HIF β subunits, recruits coactivator molecules, that is, p300 and
CREB-binding protein, and the complex activates transcription of
certain genes controlling cell metabolism and angiogenesis that
foster cell survival in a low oxygen environment. Our results
revealed that DPD upregulates Glut-1, an important target gene
of HIF, proving that DPD potently activated the HIF pathway in
human VSMCs (Figure 2).

Growing evidence suggests that diseases with hypoxemia and/
or hypoxia, such as asthma, chronic obstructive pulmonary
disease, and obstructive sleep apnea are associated with
increased vascular calcification (Green et al., 2006; Williams
et al., 2014; Tachikawa et al., 2015). Moreover, Mokas et al.
showed that hypoxia synergizes with high Pi to enhance
osteochondrogenic transdifferentiation of VSMCs (Mokas
et al., 2016). Furthermore, we reported recently that hypoxia
itself is a pro-calcifying factor and is able to induce
osteochondrogenic transdifferentiation and ECM calcification
of VSMCs (Balogh et al., 2019). These observations warranted
us to test the pro-calcifying potential of DPD.

We chose a cellular model of vascular calcification in which we
induced calcification of VSMCs with high Pi because DPD is a
drug intended to be used in progressive CKD patients who
develop positive phosphate balance. Here, we reported that
similar to hypoxia, DPD intensifies high Pi-induced
osteochondrogenic transdifferentiation, ECM calcification of
VSMCs in vitro, and aorta calcification ex vivo (Figure 3).
Similar results were obtained in previous studies with another
PHI, roxadustat (FG-4592), that also enhanced VSMCs
calcification under high phosphate conditions (Mokas et al.,
2016; Nagy et al., 2020).

Several phase 3 and phase 2 studies demonstrated that
DPD is effective in improving hemoglobin levels of CKD
patients (Ishii et al., 2021). These clinical trials have not
reported serious adverse events or obvious off-target effects
of DPD (Li et al., 2018; Ishii et al., 2021). In 2020, DPD was
approved for the treatment of patients with CKD-associated
anemia in Japan (Dhillon, 2020).

After seeing the pro-calcifying action of DPD in elevated
phosphate condition in vitro, we aimed to test the effect of
DPD on anemia and calcification in vivo. In order to do this,
we applied an adenine-induced CKD mice model, in which high-
phosphate condition was approached by a diet rich in
phosphorous. We tested three doses of DPD (5, 10, and
15 mg/kg/day) and found that DPD at the dose of 15 mg/kg/

day corrected anemia of CKDmice completely, whereas the lower
doses did not improve the hematological parameters (Figure 4).
This dose is higher than the dose reported earlier by Ariazi et al.
who tested the effect of DPD (3, 10, and 30 mg/kg/day) on the Hb
level and reticulocyte number in normal female B6D2F1 mice
during the preclinical characterization of DPD (Ariazi et al.,
2017). They found that a daily administration of 3 mg/kg DPD
increased the reticulocyte number and hemoglobin concentration
significantly. There could be several reasons for this discrepancy,
such as the mice model (CKD vs. healthy), the initial anemia
status (moderate to severe anemia vs. non-anemia), the gender
(male vs. female), or the genetic background (C57BL/6 vs.
B6D2F1). Here, we reported that besides its beneficial effect in
correcting anemia, DPD at the dose of 15 mg/kg/day accelerated
aorta calcification in CKD mice with high plasma phosphate
levels (Figure 5). We showed that DPD stabilized both HIF-1α
and HIF-2α in VSMCs. Chetomin that blocks the interaction of
HIF α subunits with transcriptional co-activators, thereby
attenuating hypoxia-inducible transcription, inhibited
calcification triggered by DPD + Pi (Figure 6). Both the
ubiquitously expressed HIF-1α and the more cell-specific HIF-
2α are important regulators of the hypoxia response (Loboda
et al., 2010). Although both HIF-1α and HIF-2α subunits
heterodimerize with the HIF-1β subunit in the nucleus, and
the HIF1 and HIF2 bind to the same hypoxia responsive
elements of target genes, their effect on the expression of some
genes may be specific (Loboda et al., 2010). There is a consensus
that the PHIs increase EPO expressionmainly through HIF-2. On
the other hand, previous reports provided evidence that sustained
HIF-1α stabilization induces VSMC calcification in both normal
and high phosphate conditions (Mokas et al., 2016; Balogh et al.,
2019). Therefore, focusing on HIF-1α, here, we showed that the
pro-calcifying effect of DPD is dependent on HIF-1α stabilization
(Figure 6).

Uremic toxins accumulate in CKD patient’s plasma and
contribute to the pathology of the disease. One example is uric
acid, an end-product of purine metabolism that normally
excreted through the urine (Kumagai et al., 2017). Excess uric
acid can precipitate causing gout, whereas soluble uric acid
promotes atherosclerosis and further exacerbates CKD
(Kumagai et al., 2017; Kimura et al., 2020). There are
conflicting results about the association between uric acid
levels and vascular calcification (Neogi et al., 2011; Malik
et al., 2016; Yan et al., 2019). Here, we tested the hypothesis
that DPD interferes with urinary excretion of uric acid, and uric
acid increases VSMCs calcification. Our results showed that uric
acid levels were similar in DPD-treated and non-treated CKD
mice, and uric acid does not influence Pi-induced VSMCs
calcification (Figure 7).

To our knowledge, this is the first study that addressed the
potential pro-calcifying effect of DPD. We found that DPD
treatment accelerates phosphate-induced vascular calcification
in vitro in primary VSMCs, ex vivo in mouse aorta rings, and
in vivo in a murine CKD model with a high plasma phosphorous
level. We assumed that administration of DPD in CKD patients
with hyperphosphatemia could increase the risk of vascular
calcification. Further investigation with an extended follow-up
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period is warranted to evaluate the possible risks of sustained HIF
elevation by DPD in accelerating calcification in CKD patients
with hyperphosphatemia.
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A Novel Modulator of the
Renin–Angiotensin System,
Benzoylaconitine, Attenuates
Hypertension by Targeting ACE/ACE2
in Enhancing Vasodilation and
Alleviating Vascular Inflammation
Qi-Qiang Zhang1†, Feng-Hua Chen1†, Fei Wang2, Xue-Mei Di1, Wei Li 2 and Hai Zhang1*

1Shanghai First Maternity and Infant Hospital, School of Medicine, Tongji University, Shanghai, China, 2School of Pharmacy,
Shandong University of Traditional Chinese Medicine, Jinan, China

The monoester alkaloids in Aconitum carmichaelii, including benzoylaconitine (BAC),
benzoylmesaconine, and benzoylhypaconitine, were found to have anti-hypertensive
effects in spontaneously hypertension rats (SHRs), of which BAC is the strongest.
However, its antihypertensive target and underlying molecular mechanisms remain
unclear. In this study, first, we screened the antihypertensive targets of BAC by using
the CVDPlatform (www.cbligand.org/CVD) and found that ACE/ACE2 are the most
possible targets. Then, we verified the effect of BAC on ACE/ACE2 by virtual docking,
SPR, enzyme activity assay, and HUVECs cell experiment. We found that BAC could bind
with ACE/ACE2, inhibit ACE activity and protein expression, and activate ACE2 enzyme
activity. Using vascular function test in vitro,we found that BAC could target ACE/ACE2 to
enhance endothelium-dependent vasorelaxation. In BAC-treated SHRs, the levels of ACE
and AngII in serum were reduced while Ang (1–7) was increased significantly, and the
expression of ACE was reduced, which suggested that BAC can inhibit ACE and activate
ACE2 to inhibit AngI to AngII and promote AngII to Ang (1–7) to inhibit vasoconstriction and
finally attenuate hypertension. Furthermore, the signaling pathways with regard to
vasorelaxation and vascular inflammation were investigated. The results showed that BAC
could significantly activate Akt/eNOS, increase NO production, and promote endothelial-
related vasodilation; BAC could also reduce inflammatory factors TNF-α and IL6, inhibition
of COX-2 expression, and IKB-α phosphorylation to reduce vascular inflammation in
SHRs. In brief, BAC targets ACE/ACE2 to enhance endothelium-dependent vasorelaxation
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and reduce vascular inflammation to attenuate hypertension as a potential modulator of
the renin–angiotensin system.

Keywords: benzoylaconitine, antihypertensive effect, ACE, ACE2, renin–angiotensin system

INTRODUCTION

Hypertension is a high-risk chronic disease and is the leading
cause of death globally, accounting for 10.4 million deaths per
year worldwide (GBD 2017 Risk Factor Collaborators, 2018).
It manifests primarily as high blood pressure and other
cardiovascular complications, such as cardiovascular,
neural, and renal diseases (Chockalingam, 2008). Drug
therapy is the main treatment for hypertension. Besides
regular medicines, angiotensin-converting enzyme
inhibitors (ACEI), Ang II receptor blockers (ARB), calcium
blockers, diuretics, and so on (Chockalingam, 2008), many
traditional Chinese herbs have been used to clinically treat
hypertension, especially Aconitum carmichaelii, which is
officially recorded in Chinese pharmacopoeia and has been
used to treat cardiovascular disease for many years.

A. carmichaelii is also known as “Fu Zi” sourced from the
lateral root of A. carmichaelii Debx. It is beneficial for combating
cardiovascular diseases, such as hypertension and heart failure
(Xu et al., 2021). Alkaloids are considered the most predominant
active ingredients in A. carmichaelii, which can be divided into
three groups, including diester-diterpenoid alkaloids, monoester-
diterpenoid alkaloids (MDAs), and alcohol-amine alkaloids.
Some earlier studies demonstrated that diester-diterpenoid
alkaloids, especially aconitine, are powerful agents for treating
hypertension and contribute to their strong cardiovascular effects
(Wang et al., 2020b). Unfortunately, they are not considered for
clinical use owing to their toxic effects (Lin et al., 2004). In our
previous study, systematic analysis of alkaloids using ultra-high-
performance liquid chromatography-tandem mass spectrometry
(UHPLC-MS/MS) revealed that diester-diterpenoid alkaloids
could be transformed to MDAs by boiling or metabolism in
vivo, and MDAs mainly contain benzoylaconitine (BAC),
benzoylmesaconine (BMC), and benzoylhypaconitine (BHC)
(Zhang et al., 2014; Zhang H. et al., 2015). Pharmacokinetic
analysis in our previous study indicated that these MDAs had a
low Tmax value and high t1/2 (Zhang W. et al., 2015; Zhang et al.,
2016b), which indicated that they can be absorbed rapidly and
metabolized or excreted slowly. In addition, BAC was also found
to be safer as its oral median lethal dose (LD50) is 1,500 mg kg−1

in mice (Wada et al., 2005). According to this evidence, we
conferred that MDAs are potential therapeutic drugs for anti-
hypertension.

However, the anti-hypertensive effect and targets of three
MDAs are still unclear. In our previous study, we constructed
the CVD intelligent analysis platform (www.cbligand.org/CVD)
for the target screening and verification of anti-hypertensive
compounds of traditional Chinese medicinal herbs (Zhang et al.,
2016a). This platform involved main targets of the coagulation
system, RAS system, adrenaline system, HMGCoA system, etc.
We have successfully used the CVDPlatform to screen the active

components and possible targets of a traditional Chinese herbal
formula (Wang et al., 2020a).

Based on our preliminary study on the antihypertensive
effect of three MDAs, we have carried out our research from
the following aspects in this study: (1) evaluate the anti-
hypertensive action of MDAs in spontaneously hypertension
rats (SHRs) by i.v. injection and oral administration, and verify
that BAC is the best one; (2) screen and identify the targets of
BAC for anti-hypertension in the CVDPlatform; (3) verify the
binding and effect between the BAC and its targets via virtual
dock, SPR assay, and enzyme activity test; (4) verify the role of
BAC on its targets in HUVECs; (5) verify the effect of BAC for
anti-hypertension in SHRs; and (6) clarify the molecular
mechanism by investigating the signaling pathways with
regard to vasorelaxation and vascular inflammation. We
hope that this study could provide support for drug
discovery and clinical therapy of BAC for anti-hypertension.

MATERIALS AND METHODS

Animal Model and Ethics Statement
This study was performed in accordance with the Chinese
legislation and regulations of Laboratory Animals of the
Chinese Animal Welfare Committee. The protocols for this
study were approved by the ethics committee of the Tongji
University School of Medicine (Shanghai, China, No.
TJBG00121313) and authorized by the Shanghai First
Maternity and Infant Hospital, Tongji University School of
Medicine (Shanghai, 201204, China).

Fifteen-week-old male SHRs (280.0 ± 10 g) and 10-week-old
male Sprague–Dawley (SD) rats (310.0 ± 10 g) were obtained
from Charles River Co., Ltd. (Beijing, China). The animals were
housed at the Tongji University Animal Center for a week for
acclimatization, where they were exposed to a 12-h light/12-h dark
cycle under conditions of controlled temperature of 25 ± 2°C and
relative humidity of 45% ± 5%. All rats were provided access to
standard rat chow and water ad libitum. This protocol was approved
by the University of Tongji Animal Welfare Committee in
accordance with the guidelines issued by the China Council on
Animal Care and adhered to the Guide for the Care and Use of
Laboratory Animals published by the United States National
Institutes of Health.

Surgical Procedure
The SHRs were surgically implanted with a catheter via the left
femoral artery, vein, and stomach after anesthetizing with 2%
pentobarbital sodium (40 mg kg−1 i.p.,). A pressure sensor was
inserted into the terminal of the arterial catheter and connected to
a PowerLab system (ADInstruments, New South Wales,
Australia) for real-time blood pressure monitoring.
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Dosage Information
All three MDAs (BAC, BMC, and BHC) were purchased from
Nature-Standard Co., Ltd. (Shanghai, China) and their purities
were all over 98%. Information on the three MDAs is shown in
Table 1. The anti-hypertensive effects of MDAs were studied
in both acute and chronic experiments. The 16-week-old SHRs
were used in animal experiments, and each group had six rats.
In the acute experiment, drug administration was via i.v.
injection. For i.v. injection, the animals were randomly
assigned into four groups: vehicle (0.1% DMSO–0.9% salt
solution, n = 6), low-dose group (0.6 mg kg−1 body weight,
n = 6), medium-dose group (2 mg kg−1 body weight, n = 6), and
high-dose group (6 mg kg−1 body weight, n = 6). The drug was
administered using a venous catheter. In chronic experiments,
the animals were randomly assigned into five groups: vehicle
(5% Tween 80–0.9% salt solution, n = 6), captopril group (5 mg
kg−1 body weight, n = 6), low-dose group (3 mg kg−1 body
weight, n = 6), medium-dose group (10 mg kg−1 body weight,
n = 6), and high-dose group (30 mg kg−1 body weight, n = 6).
Oral administration with drug or 5% Tween 80–0.9% salt
solution was carried out once a day, and continued for 14
days. The drugs were dissolved in 0.1% DMSO–0.9% salt
solution for intravenous injection and in 5% Tween
80–0.9% salt solution for oral administration. Blood
pressure was recorded in real time.

Blood Pressure Recording
Real-time blood pressure level was monitored after drug
treatment in the acute and chronic experiments. All animals
were surgically implanted with a catheter in the left femoral
artery. After connection to the monitor, all animals were placed at
room temperature of 25°C for 0.5–1 h and the average blood
pressure value was calculated based on a real-time blood pressure
curve (10 s of every 30 s).

Target Screening, Virtual Docking, and
Surface Plasmon Resonance Assay
To screen the potential targets of the MDAs in hypertension, a
CVDPlatform (www.cbligand.org/CVD) was used as
previously reported (Zhang et al., 2016a). The results of
database screening were verified by virtual docking with
Discovery Studio 3.5 (BIOVIA, San Diego, CA,
United States) and then validated in the SPR assay. In the
SPR assay, a solution of protein standards was prepared, and
the concentration of recombinant human ACE (rhACE)
protein and rhACE2 (Proteintech, Rosemont, IL,
United States) solution was set to 500 μg ml−1. After
combining with the chips, a series of concentrations of

compounds, which were double-diluted at each step with
5% DMSO–1.05 × phosphate buffered saline (PBS) solution,
were tested for their binding affinity to the proteins. Finally,
the level of binding between the proteins and each molecule
was determined based on the Kd value.

Enzyme Kinetics Study
ACE and ACE2 activities were measured using the ACE activity
assay kit and SensoLyte390 ACE2 activity assay kit (Anaspec,
Fremont, CA, United States), respectively, according to the
manufacturer’s instructions with some modifications. Briefly,
rhACE solution dissolved in deionized water was used for
analysis. ACE activity was measured in a reaction system with
50 μl of the sample and 50 μl of the ACE substrate solution with
or without BAC (10–4 to 10–2 μM). ACE2 activity was assayed in
the same manner as ACE activity. All assays were performed
every 10 s for 30 min at 37°C using a Varioskan LUX fluorescence
microplate reader (Thermo Fisher Scientific, Waltham, MA,
United States). The autofluorescence value in each assay was
subtracted from the measured values to generate the final results.
The relative fluorescence unit of each sample was normalized to
the corresponding total protein concentration, which was
measured using a Pierce BCA protein assay kit (Thermo
Fisher Scientific).

Cell Culture and Treatment
Human umbilical vein endothelial cells (HUVECs) were isolated
from umbilical cords as previously described (Jaffe et al., 1973).
They were purchased from ATCC (cat# CRL-1444, Manassas,
VA, United States) and cultured in endothelial cell medium
(ECM, ScienCell, Carlsbad, CA, United States) supplemented
with 5% FBS, 1% endothelial cell growth supplement, and 1%
antibiotics (Sigma, St. Louis, MO, United States). Cells harvested
between the third and tenth passages were used in the
experiments. Cells were cultured until they were ~80%
confluent. After pre-starving in a quiescing ECM
supplemented with 1% FBS and 1% antibiotics for 24 h, the
cells were treated using different concentrations of BAC
(Control, DMSO, 25, 50, and 100 μM, dissolved in 0.1%
DMSO–DMEM) with or without MG132, an inhibitor of
proteasome, at 20 nM or 40 nM for 24 h. Then, cell samples
were collected for Western blot analysis or immunofluorescence
staining.

Drug Cytotoxicity
The potential of cells to maintain or recover viability after
treatment with each agent was determined. Cell viability can be
distinguished from the all-or-nothing states of life and death
using a quantifiable index between 0 and 1 (or 0 and 100%).
Cell viability was measured by a Cell Counting Kit-8 (CCK-8)
Assay Kit (EnoGene, Nanjing, China). The cells (1 × 104) were
seeded in a 96-well plate. After reaching 90% density and
starving for 24 h, the cells were treated with different
concentrations of BAC (0, 12.5, 25, 50, 100, 200, and
400 μM) or with 0.1% DMSO for 48 h. CCK-8 reagent
(10 μl) was added to fresh medium (100 μl) in each well.
After 1 h of incubation, the absorbance was measured at

TABLE 1 | Information on BAC, BHC, and BMC.

Full name Abbreviation Formula MW (g/mol)

Benzoylaconitine BAC C32H45NO10 604
Benzoylmesaconine BMC C31H43NO10 590
Benzoylhypaconitine BHC C31H43NO9 574
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450 nm using a microplate reader (Thermo Fisher Scientific).
The measurement of cell viability at each concentration was
repeated three times.

Immunofluorescence Staining
After treatment with different concentrations of BAC (Control,
DMSO, 25, 50, and 100 μM, dissolved in 0.1% DMSO–DMEM)
for 24 h, the cells were washed with PBS three times, fixed in 4%
paraformaldehyde for 20 min, permeabilized with 0.3% Triton X-
100 for 20min, and then blocked with 5% BSA for 30 min at room
temperature of 25°C. Next, the cells were treated with primary
antibodies against ACE (1:100, ABclonal) and ACE2 (1:100,
ABclonal) at 4°C overnight, followed by treatment with
fluorescein isothiocyanate-labeled secondary antibody (1:400,
Beyotime, Wuhan, China) for 1 h at room temperature (25°C).
4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI,
Beyotime) was used for nuclear staining. The samples were
analyzed using a confocal laser scanning microscope (Zeiss
LSM 510 META, Oberkochen, Germany).

Histological and Immunofluorescence
Staining Analysis
After euthanizing the rats with sodium pentobarbital
(100 mg kg−1, i.p.) administration in combination with
isoflurane inhalation, the aortas were harvested directly
according to a previously described method. The aortas were
fixed in 4% paraformaldehyde for 24 h and embedded in
paraffin. The cross-sections (5 μm) were stained with
hematoxylin and eosin or subjected to immunostaining.
Immunofluorescence staining for ACE and ACE2 was
performed according to the manufacturer’s instructions
(Servicebio, Wuhan, China).

Western Blot Analysis
The cell samples and tissue sample were collected and placed
in ice rapidly. All samples were washed with PBS and lysed in a
buffer containing protease inhibitors (Roche, Basel,
Switzerland). Total proteins were extracted after incubation
in lysis buffer for 15 min on ice. The supernatants were
collected after centrifugation (12,000 × g, 4°C, 10 min).
Mitochondrial proteins were isolated using a mitochondrial
isolation kit (YEASEN, Shanghai, China). Protein
concentration in cell lysates was measured using a Bio-Rad
DC Protein Assay Kit (Pierce, Rockford, United States). The
proteins (20 μg) were separated by electrophoresis at 100 V
for 80 min in a 10% polyacrylamide gel and electrotransferred
(Bio-Rad) to polyvinylidene fluoride membranes at 110 V for
70 min. To prevent non-specific binding, the membranes were
blocked by treating with 5% milk for 60 min at 20°C. The
proteins were treated with primary antibodies against ACE (1:
1,000; cat#A2805, ABclonal, Shanghai, China), ACE2 (1:
1,000; cat#A4612, ABclonal), eNOS (1:1,000; cat#A20985,
ABclonal), p-eNOSSer1177 (1:1,000; cat#AP0515, ABclonal),
COX-2 (1:1,000; cat#A3560, ABclonal), IKB-α (1:1,000;
cat#A11397, ABclonal), p-IKB-α (1:1,000; cat#AP0707,
ABclonal), and GAPDH (1:10,000; cat#AC027, ABclonal) at

4°C overnight, and were then treated with HRP-secondary
antibodies (1:15,000; ABclonal) at 25°C for 1 h. After washing
three times with TBS-Tween (for 5 min), the membrane was
observed.

Plasma Biomarker Analysis
Blood samples were collected from the left femoral artery of
rats at the end point, followed by centrifugation at 1,000 × g for
15 min at 4°C. Only serum was collected and stored at −80°C
until analysis. The concentrations of circulating ACE, ACE2,
Ang I, Ang II, Ang (1–7), TNF-α, and IL-6 in serum were
measured using the ELISA kits [ACE, cat#xy-R2401c, X-Y
Biotechnology, Shanghai, China; ACE2, cat#xy-ACE2-Ra,
X-Y Biotechnology; Ang I, cat#xy-E12541, X-Y
Biotechnology; Ang II, cat#xy-R1430c, X-Y Biotechnology;
Ang (1–7), cat#xy-Ang1-7-Ra, X-Y Biotechnology; TNF-α,
cat#GM1149, Servicebio, Shanghai, China; IL-6,
cat#GM1154, Servicebio] according to the manufacturer’s
instructions. The absorbance was measured using a
microplate reader (Thermo Fisher Scientific) at 450 nm and
calculated according to the standard curve. Each experimental
group had three duplicate wells, and the experiment was
repeated three times.

Vascular Function
Endothelium-dependent vasorelaxation using aorta was
evaluated as previously described (Liao et al., 2019).
Briefly, after euthanizing the SD rat with sodium
pentobarbital (100 mg kg−1, i.p.) administration in
combination with isoflurane inhalation, thoracic aorta
(diameter: 150–250 μm, length: 2 mm) was mounted on
two tungsten wires and attached to a tension sensor
system (ADInstruments). After balancing for 2 h in Krebs’
solution at 37°C, arteries were exposed to 10 µM of
phenylephrine (PE, Sigma-Aldrich, St. Louis, MO,
United States) twice, followed by a single dose of
acetylcholine (Ach, 3 μm, Sigma-Aldrich, St. Louis, MO,
United States) to evaluate the integrity of the vessel.
Afterward, the vessel was pre-constricted to maximum
using AngI (Sigma-Aldrich) at 10–2 μM and then treated
with a series concentration of BAC or A779 (Sigma-
Aldrich) or captopril at 10–6 to 10–1 μM. Lastly, a
cumulative concentration response curve to BAC with
A779 (at 10–2 μM) was performed to assess the
endothelium-dependent vasorelaxation.

Measurement of Total NO
Total NO levels in serum obtained from SHRs treated with
vehicle, BAC, or captopril for 14 days were quantified by using
total nitric oxide assay kit (Beyotime, Shanghai, China) as
described previously. The absorbance was measured using a
microplate reader (Thermo Fisher Scientific) at 540 nm and
calculated according to the standard curve. Each experimental
group had three duplicate wells, and the experiment was repeated
three times.
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Data and Statistical Analysis
Data are expressed as mean ± SEM. Differences between two
groups were compared using a two-tailed Student’s t-test.

Differences among multiple groups were analyzed using two-
way ANOVA followed by Bonferroni’s post-hoc test. Differences
with p < 0.05 were considered statistically significant.

FIGURE 1 | Anti-hypertensive effect of three monoester alkaloids (MDAs). (A) Structure of MDAs. Left to right were benzoylaconitine (BAC), benzoylmesaconine
(BMC), and benzoylhypaconitine (BHC). (B–D) Blood pressure measurement and heart rate recording after intravenous administration of drugs in spontaneous
hypertension rats (SHRs). SHRs were divided into four groups randomly. The experimental groups were the vehicle group (n = 6), the low-dose group (0.6 mg kg−1, n =
6), themedium-dose group (2 mg kg−1, n = 6), and the high-dose group (6 mg kg−1, n = 6). (B) To BAC, (C) to BMC, and (D) to BHC. The experimental results were
expressed by mean ± SEM, *p < 0.005, as compared with the vehicle control, ###p < 0.005, as compared with the BMC or BHC in the same dosage.
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FIGURE 2 | MDAs bound with ACE and ACE2 in Virtual Docking. Target screening and virtual docking of MDAs. (A) Drug molecular potential target screening
based on the CVD-Platform online analysis platform. (B,C)Molecular docking ofMDAs at ACE and ACE2 active sites. Drugmolecules interact with amino acid residues of
ACE and ACE2 mainly through hydrogen bonds. Blue: donor; Red: acceptor. (D) Docking results of MDAs with ACE and ACE2. The docking modes including Libdock
(high throughput) and CDOCK (precision docking).
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FIGURE 3 | In vitro binding and bioactivity verification of MDAs with proteins ACE and ACE2 under cell-free conditions. (A–F) Binding verification between protein
and molecules were measured by SPR. A series of concentration step of drug diluted with 5% DMSO–1.05*PBS was reacted with the protein in chip, the electrical signal
value was recorded, and the dissociation constant Kd value was determined. (A) ACE with BAC, (B) ACE with BMC, (C) ACE with BHC, (D) ACE2 with BAC, (E) ACE2
with BMC, and (F) ACE2 with BHC. (G–L) Bioactivity verification of MDAs by enzyme kinetics experiment. Dose-dependent hrACE2 activity in the presence of
MDAs. Then, MDAs of series of concentrations were added into the system respectively. Results were analyzed by GraphPad Prism 7.0 software. Each group was
repeated three times. (A) ACE and BAC, (B) ACE and BMC, (C) ACE and BHC, (D) ACE2 and BAC, (E) ACE2 and BMC, and (F) ACE2 and BHC. The value was
expressed by mean ± SEM.
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RESULTS

MDAs Attenuated High Arterial Pressure in
SHRs
The structures of the three MDAs are shown in Figure 1A. We
determined whether they elicited anti-hypertensive effects via
experiments on rats with acute and chronic hypertension by
assessing systolic blood pressure (SBP), diastolic blood pressure
(DBP), mean arterial pressure (MAP), and heart rate (HR). In the
acute experiment, we observed that BAC and BMC exerted
observable anti-hypertensive effects but BHC did not. Even at
the lowest dose (0.6 mg kg−1), BAC administered via i.v. injection
for 1–5 min could lower SBP, DBP, and MAP by more than
20mmHg, with the anti-hypertensive effect lasting for at least
30 min. At a medium dose (2 mg kg−1) and high dose (6 mg kg−1),
BAC had a better effect (Figure 1B). The effect of BMCwas weaker
than that of BAC as blood pressure was reduced by approximately
20 mmHg only at a dosage of 6 mg kg−1 (Figure 1C). BHC at a
dosage lower than 6 mg kg−1 exerted no anti-hypertensive effects
(Figure 1D). Heart rate had no significant change after drug
administration. Thus, BAC is the best candidate drug for
lowering blood pressure among these MDAs. The results
showed that at medium and high dosage, BAC and BMC
exerted anti-hypertensive effects in a dose-dependent manner.

MDAs Bound With ACE and ACE2 in Virtual
Docking and SPR Assay
After screening in the CVDPlatform, ACE and ACE2 were
found to be potential targets of the three MDAs (Figure 2A).
To verify the binding relationship of MDAs with ACE and
ACE2, virtual docking (a method in virtuality) was used. In
virtual docking, the Libdock results of BAC, BMC, and BHC
were 147, 118, and 98.3 with ACE and 106, 105, and 87.5 with
ACE2. The CDOCK results of BAC, BMC, and BHC were 74.4,
67.6, and 32.3 with ACE and 39.4, 34.1, and 23.9 with ACE2,
respectively. Comparing the dock score of each molecule and
protein, BAC and BMC were found to have a better binding
relationship with ACE owing to hydrogen bonding
(Figure 2B), whereas their binding relationship with ACE2
was ambiguous (Figures 2C,D). BHC appeared to have the
weakest binding relationship among these compounds. In
summary, among these three MDAs, BAC showed the best
binding with both ACE and ACE2, followed by BMC and BHC.

MDAs Bind With ACE/ACE2 and Affected
Their Activity Under Cell-Free Conditions In
Vitro
The SPR assay was used to identify the binding between the drugs
and proteins (Nguyen et al., 2015). The results showed that
MDAs interacted with the rhACE protein with a Kd of 11.0,
53.6, and 139 µM (Figures 3A,C,E). They interacted with the
rhACE2 protein with a Kd of 3.12, 20.5, and 308 µM (Figures
3B,D,F). These are consistent with the results of virtual docking.
In order to further verify the effect of MDAs on the biological

activities of ACE and ACE2 proteins, enzyme kinetics
experiments were carried out. According to the experimental
results, we observed that BAC and BMC clearly inhibited ACE
activity, and their IC50 values were 0.320 and 0.960 μM,
respectively (Figures 3G,H). However, BHC had little effect
on ACE activity, and its IC50 value could not be determined
(Figure 3I). Moreover, MDAs were found to have an excitatory
effect on ACE2 activity. Among them, BAC had the most
significant effect, and its EC50 value was 1.50 μM (Figure 3J),
while BMC and BHC played weaker pharmacodynamics effects,
and their EC50 values could not be determined (Figures
3K–L-L). Taken together, the results showed that BAC had
the strongest effect on ACE and ACE2 under cell-free
conditions.

Benzoylaconitine Inhibited the Protein
Expression of ACE Directly in HUVECs
Binding of BAC with ACE prompted us to examine whether BAC
affects the expression of ACE and ACE2 in HUVECs, which are
model cells for studying hypertension. Cell viability experiment
was used to evaluate the toxicity of BAC on HUVECs, and the
results showed that BAC at a dose lower than 100 μM had no
significant effect (Figure 4A). The protein expression of ACE and
ACE2 in RAS was measured by Western blotting and
immunofluorescence staining, and we found that BAC can
inhibit the expression of ACE, but does not affect the protein
expression of ACE2 (Figures 4B–D). Adding proteasome
inhibitor, MG132, we further found that BAC could promote
ACE protein degradation to inhibit the expression level of ACE
directly.

Benzoylaconitine Attenuated Hypertension
in SHRs
In view of the above results, BAC showed the most significant
anti-hypertensive effect. Thus, a long-term animal experiment
was conducted using BAC. Captopril (5 mg kg−1) was used as a
positive control for this experiment. The process of this
experiment is shown in Figure 5A. The SBP, DBP, and MAP
of SHRs were 172 ± 6 mmHg, 130 ± 5 mmHg, and 151 ±
5 mmHg, respectively. After 14 days of oral administration, the
SBP, DBP, and MAP reduced in the medium-dose group
(10 mg kg−1) and the high-dose group (30 mg kg−1). The SBP,
DBP, and MAP of the medium-dose group were 154 ± 6 mmHg,
119 ± 8 mmHg, and 136 ± 7 mmHg, respectively, and those of the
high-dose group were 139 ± 6 mmHg, 101 ± 7 mmHg, and 121 ±
6 mmHg, respectively. However, the blood pressure of the low-
dose group did not significantly differ from the vehicle group
(Figures 5B–D). Heart rate changed in the high-dose group and
captopril group, and they had similar heart rate changes, which
means that BAC could also reduce the heart rate after long-term
drug treatment (Figure 5E). The vascular smooth muscle was
thicker in the absence of BAC treatment. This suggests that BAC
could reverse smooth muscle remodeling to play an anti-
hypertensive effect (Figure 5F).
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FIGURE 4 | BAC inhibited ACE directly in HUVECs. (A) Starved HUVECs were preconditioned with a series of BAC (0, 12.5, 25, 50, 100, 200, and 400 μM) or with
0.1% DMSO for 48 h and then measured by CCK-8 assay (n = 3) at 450 nm. *p < 0.05 compared with 0 group. (B,C) After being starved, HUVECs were treated with
serial concentrations of BAC (0, DMSO, 25, 50, and 100 μM) for 24 h to extract protein, and the protein quantity of ACE and ACE2 was detected by Western blot. The
gray value of protein was determined by ImageJ. (D) Representative image of fluorescence immunoassay for protein expression and fluorescence localization of
ACE and ACE2. Starved HUVECs were treated with serial concentrations of BAC (0, DMSO, 25, 50, and 100 μM) for 24 h and measured by fluorescence immunoassay.
(E) After being starved, HUVECs were treated with BAC (100 μM) and with or without MG132 at 20 nM or 40 nM for 24 h. The protein quantity of ACE was detected by
Western blot. The gray value of protein was determined by ImageJ. The value was expressed by mean ± SEM. **p < 0.05, ***p < 0.05, as compared with the 0 group.

Frontiers in Pharmacology | www.frontiersin.org March 2022 | Volume 13 | Article 8414359

Zhang et al. Benzoylaconitine Targeting ACE/ACE2 Attenuates Hypertension

130

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Benzoylaconitine Attenuated Hypertension
Through Regulating RAS in SHRs
Vascular function was performed in isolated vascular rings as in a
previous study (Liao et al., 2019). The results demonstrated that BAC
could attenuate Ang I-induced vascular constriction, and it could be
abolished by Mas inhibitor, A779 (Figure 6A). The serological
experiments related to the RAS were carried out in this study.
The results showed that the levels of ACE and Ang II decreased, the
levels of Ang (1–7) significantly increased after BAC treatment, but
that of Ang I and ACE2 did not change in the blood of SHRs
(Figure 6B). The effect of BAC on RAS protein expressions was also
determined in SHRs after 14 days of BAC oral administration by
Western blotting and tissue immunofluorescence. We found that
BAC significantly downregulated ACE expression, while it had no
effect onACE2 expression in the aorta (Figures 6C–E). These results
suggested that BAC could not only inhibit the activity and protein

expression of ACE but also activate the ACE2 activity in a dose-
dependent manner.

Benzoylaconitine Activated
Endothelium-dependent Vasorelaxation
and Reduced Vascular Inflammation
Concentration of total NO in serum was measured in SHRs, and the
results suggested that BAC could increase NO level in a dose-
dependent manner in SHRs (Figure 7A). In the vessel of SHRs,
we assessed the protein expression and phosphorylation of eNOS in
SHRs by Western blotting. As anticipated, the p-Akt and
p-eNOSSer1177 were activated, which indicated NO release in SHR
tissue (Figures 7B,C). We further found that BAC reduced the level
of TNF-α and IL-6 in serum and downregulated expression of COX-
2 and phosphorylation of IKB-α (Figures 7D–F), which were

FIGURE 5 | BAC attenuated hypertension in SHRs after a 14-day oral administration. The experimental groups were the vehicle group (n = 6), the low-dose group
(3 mg kg−1, n = 6), the medium-dose group (10 mg kg−1, n = 6), the high-dose group (30 mg kg−1, n = 6), and the captopril group (5 mg kg−1, n = 6). All rats were given a
14-day oral administration. (A) The process of animal administration and sample collection in our research. (B–D) BAC reduced the blood pressure of SHRs measured
after 14 days of oral administration. (B) Systolic blood pressure (SBP), (C) diastolic blood pressure (DBP), and (D) mean arterial pressure (MAP). (E) Heart rate
recording. (F)Representative hematoxylin and eosin stain image of SHRs with or without BAC oral administration. Data represented as mean ± SEM from six animals per
treatment group. **p < 0.05, ***p < 0.005, as compared with the vehicle control.
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FIGURE 6 |BAC attenuated vascular constriction and regulated the RAS in SHRs. (A) Ex vivo cumulative response curve was performedwith isolated aorta. Tissue
was isolated from SD rat and balanced for 2 h in Krebs’ solution at 37°C and then it was stimulated with Ang I at 10–2 μM and a series concentration of BAC or A779 or
captopril at 10–6 to 10–1 μM. Abbreviations: Ang I + BAC: Ang I at 10–2 μM and a series concentration of BAC; Ang I + A779: Ang I at 10–2 μM and a series concentration
of A779; Ang I + A779 + BAC: Ang I at 10–2 μM, A779 at 10–1 μM and a series concentration of BAC; Ang I + Cap: Ang I at 10–2 μM and a series concentration of
captopril. (B–E) The experimental groups were the vehicle group (n = 6), the low-dose group (3 mg kg−1, n = 6), the medium-dose group (10 mg kg−1, n = 6), the high-
dose group (30 mg kg−1, n = 6), and the captopril group (5 mg kg−1, n = 6). All rats were given a 14-day oral administration. (B) Plasma from the rats were collected at the
end point to evaluate the levels of circulating, including ACE, ACE2, Ang I, Ang II, and Ang (1–7) concentration. (C,D) Total proteins were extracted from aorta of SHRs.
Expressions of (C) ACE and (D) ACE2were normalized to GAPDH. The gray value of protein blotting wasmeasured by ImageJ. (E)Representative image of fluorescence
immunoassay for protein expression and fluorescence localization of ACE and ACE2. The value was expressed by mean ± SEM. **p < 0.05, ***p < 0.05, as compared
with the vehicle group.
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FIGURE 7 |BAC activated the NO system and reduced vascular inflammation in SHRs. The experimental groups were the vehicle group (n = 6), the low-dose group
(3 mg kg−1, n = 6), the medium-dose group (10 mg kg−1, n = 6), the high-dose group (30 mg kg−1, n = 6), and the captopril group (5 mg kg−1, n = 6). All rats were given a
14-day oral administration. Serum and tissues were collected at the end point. Total proteins were extracted from aorta of SHRs. (A) Total NO in serumwasmeasured by
total nitric oxide assay kit at 540 nm. (B,C) Protein quantities of p-Akt, Akt, eNOs, and p-NOser1177 were detected byWestern blot, and gray values were quantified
by ImageJ. (D,E) The TNF-α and IL-6 in serum were measured by a microplate reader at 450 nm. (F) Protein quantities of COX-2, p-IKB-α, and IKB-α were detected
by Western blot, and gray values were quantified by ImageJ. The value was expressed by mean ± SEM. ***p < 0.05, as compared with the vehicle group.
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markers of vascular inflammation. These results suggested that BAC
targeted the ACE/ACE2 to modulate the vasorelaxation and vascular
inflammation.

DISCUSSION

Natural products such as herbal medicine are abundant sources of
compounds for drug discovery for anti-hypertension. TheMDAs,
a series of natural products derived from “Fu Zi”, have potential
protective effects against hypertension (Zhang et al., 2016a;
Zhang et al., 2016b). However, the systematic evaluation of the
blood-pressure-lowering effects of MDAs, the study of their
targets, and pharmacological mechanism are still incomplete.

In this study, we used a real-time blood pressure monitoring
system in MDA-treated SHRs to evaluate their effect. We found
that BAC is the most effective in lowering blood pressure among
the MDAs. The CVDPlatform is a very effective intelligent target
screening platform that we previously built (Zhang et al., 2016a).
In this study, we screen the potential targets of BAC in the
CVDPlatform and found that ACE/ACE2 are the potential
targets for anti-hypertension. We further validated their
binding and activities by using virtual dock, SPR, and enzyme
activity assays under cell-free conditions and found that BAC
could bind with ACE/ACE2, inhibit ACE activity, and activate
ACE2 activity in a dose-dependent manner. In BAC-treated
HUVECs, we investigated the protein expression of ACE/
ACE2 and found the BAC directly inhibited the protein
expression of ACE by promoting its degradation and had no
effect on the protein expression of ACE2. In the BAC-treated
isolated vessel, we found that BAC could inhibit Ang I-induced
vasoconstriction and promote ACE2-related vasorelaxation. In
long-term BAC-treated SHRs, BAC significantly lowered blood
and heart rate, and reduced vessel thickness. Furthermore, BAC
reduced the level of ACE and Ang II, increased the level of Ang
(1–7), and had no effect on the level of ACE2 in blood circulation.
In SHR vessel tissue, BAC inhibited the protein expression of
ACE and had little effect on ACE2. ACE and ACE2 are the main
regulatory enzymes in RAS and the key targets for anti-
hypertension (Stroth and Unger, 1999; Oudit et al., 2003).
ACE is the key enzyme in the generation of Ang II from Ang
I, and AngII is a well-known vasoconstrictor that contributes to
increased vascular tone and blood pressure (Lonn et al., 1994).
Hyperactivity of ACE increases the level of Ang II, which leads to
arterial vasoconstriction and glomerular effects, such as
promotion of inflammation, hypertrophy, and fibrosis in
arteries (Griendling et al., 1993). These effects also contribute
to elevating blood pressure and heart rate in the process of
hypertension (Lavoie and Sigmund, 2003; Crowley et al.,
2006). ACE2 has contradictory actions to ACE. ACE2
metabolizes Ang II into smaller non-hypertensive metabolites,
such as Ang (1–7), which is an active substance for lowering
blood pressure and reducing heart rate (Ferrario et al., 1997).
Multiple studies have indicated that ACE2 is involved in
counterbalancing the detrimental effects of Ang II and
exerting protective effects, such as anti-fibrosis, antioxidant,
and anti-inflammatory effects, within and beyond the

cardiovascular system (Donoghue et al., 2000; Crackower
et al., 2002; Oudit et al., 2003; Burrell et al., 2004; Ocaranza
et al., 2006; Reudelhuber, 2006). Taken together, BAC could
directly inhibit the activity and protein expression of ACE and
increased the activity of ACE2 to attenuate hypertension.

To clarify the underlying pharmacological mechanism of BAC
on anti-hypertension by targeting ACE/ACE2, we further studied
the endothelium-dependent vasorelaxation and vascular
inflammation in BAC-treated SHRs. Endothelium-dependent
vasorelaxation (Knox et al., 2019) and vascular inflammation
are the most important events in hypertension. The Akt/eNOS
signaling pathway is closely related to endothelium-dependent
vasorelaxation, and the inflammatory factors are directly related
to vascular inflammation. The eNOS phosphorylation induced by
Akt is a key event in the production of NO, which is a direct
mediator for endothelium-dependent vasorelaxation (Palmer et al.,
1988; Bhandari et al., 2006), while the release of TNF-α and IL-6,
the activation of COX-2 expression, and IKB-α phosphorylation
are a series of marker events of vascular inflammation. As
previously reported, inhibition of ACE and activation of ACE2
can promote vasodilation associated with Akt/eNOS signaling
pathway and reduce vascular inflammation (Bader et al., 2018;
Shi et al., 2019). In our study, we found that BAC increased total
serum NO, and activated Akt/eNOS pathway in BAC-treated
SHRs, while the level of TNF-α and IL-6, expression of COX-2,
and phosphorylation of IKB-α decreased. These findings suggested
that BAC could promote endothelium-dependent vasorelaxation
and ameliorate vascular inflammation to attenuate hypertension by
inhibiting ACE and activating ACE2.

CONCLUSION

BAC targets ACE/ACE2 to enhance endothelium-dependent
vasorelaxation and reduce vascular inflammation to attenuate
hypertension as a potential modulator of the renin–angiotensin
system.
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Atherosclerosis (AS)-related diseases are still the main cause of death in clinical patients.
The phenotype switching, proliferation, migration, and secretion of vascular smooth
muscle cells (VSMCs) have a pivotal role in atherosclerosis. Although numerous
research studies have elucidated the role of VSMCs in AS, their potential functional
regulations continue to be explored. The formation of AS involves various cells, such as
endothelial cells, smooth muscle cells, and macrophages. Therefore, intercellular
communication of blood vessels cannot be ignored due to closely connected
endothelia, media, and adventitia. Extracellular vesicles (EVs), as the vectors of cell-to-
cell communication, can deliver proteins and nucleic acids of parent cells to the recipient
cells. EVs have emerged as being central in intercellular communication and play a vital role
in the pathophysiologic mechanisms of AS. This review summarizes the effects of
extracellular vesicles (EVs) derived from multiple cells (endothelial cells, macrophages,
mesenchymal stem cells, etc.) on VSMCs in AS. The key findings of this review are as
follows: 1) endothelial cell–derived EVs (EEVs) have anti- or pro-atherogenic effects on
VSMCs; 2) macrophage-derived EVs (MEVs) aggravate the proliferation and migration of
VSMCs; 3) mesenchymal stem cells can inhibit VSMCs; and 4) the proliferation and
migration of VSMCs can be inhibited by the treatment of EVs with atherosclerosis-
protective factors and promoted by noxious stimulants. These results suggested that
EVs have the same functional properties as treated parent cells, which might provide vital
guidance for treating AS.
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INTRODUCTION

Atherosclerosis (AS) is a chronic inflammation of the vascular
system caused by the interaction of endothelial dysfunction, lipid
metabolism disorder, and infiltration of inflammatory cells (Li
et al., 2018). Vascular smooth muscle cells (VSMCs) are major
cells in the media layer of arteries, critical for maintaining the
integrity of the arterial wall. Under physiological conditions,
VSMCs exhibit low proliferation and synthesis. The cellular
function and phenotype can be regulated by cytokines and
hemorheology (Wan et al., 2019; Ledard et al., 2020). The
proliferation and migration of VSMCs and secretion of
extracellular matrix (ECM) are critical steps in the occurrence
and development of AS. In early AS, VSMCs transform from a
contractile to synthetic phenotype and phagocytose lipids and
then transform into foam cells, thus participating in the
formation of lipid pools. VSMCs then proliferate and secrete
ECM, resulting in the thickening of the pathological intima while
preventing the rupture of fiber caps and stabilizing plaques in
advanced AS (Basatemur et al., 2019). In addition, a series of cells,
such as adventitial fibroblasts, endothelial cells (ECs), and
macrophages act on VSMCs, affecting their proliferation,
migration, and apoptosis, thus regulating the formation and
development of AS.

Extracellular vesicles (EVs) have a significant mediating role in
regulating vascular function and are closely related to the
occurrence and development of cardiovascular diseases
(Hulsmans and Holvoet, 2013). EVs contain proteins, RNAs,
and lipids and represent an astonishing tool for transferring
biochemical properties from cell to cell (Charla et al., 2020).
EVs carry molecular signatures of both health and disease and are
thus considered indicators of diagnosis and prognosis, and
sometimes as a vector of AS-targeted therapy. Over the years,
the application of EVs in the diagnosis, prognosis, and treatment
of AS has been investigated. This review summarizes the effects of
EVs from multiple cells (endothelial cells, macrophages,
mesenchymal stem cells, etc.) on VSMCs in AS.

ROLE OF VASCULAR SMOOTH MUSCLE
CELLS IN ATHEROSCLEROSIS

Vascular Smooth Muscle Cells’ Phenotypic
Switching
Normally, VSMCs are in a contractile phenotype. When
stimulated, VSMCs dedifferentiate to a synthetic state
characterized by decreased myofilament density and
contractile protein expression. During this phase, the
expression of the contractile protein, alpha smooth muscle
actin (α-SMA), and smooth muscle 22α decreases, while the
expression of synthetic markers osteopontin and retinol-
binding protein increases (Lacolley et al., 2017; Lu et al.,
2018). Synthetic VSMCs show increased proliferation and
migration ability, which are accompanied by secretion of
ECM, matrix metalloproteinases (MMPs), pro-inflammatory
cytokines, and exosomes. Exosomes trigger the differentiation

of adjacent VSMCs into osteochondral VSMCs, which are
characterized by runt-related transcription factor 2 and
osteopontin expression, calcium deposition release, and
calcification vesicles (Kapustin and Shanahan, 2016; Durham
et al., 2018).

VSMC-derived intermediate cells, termed “SEM” cells, are
pluripotent and can differentiate into macrophage-like and
fibrochondrocyte-like cells (Pan et al., 2020). Macrophage
colony–stimulating factors can induce the transformation of
SEM cells into CD68+ macrophages, while at the same time,
very few CD68+ cells were found induced by non-SEM cells
(Manzanero, 2012). A previous study also showed that the level of
various fibroblast markers, such as collagen type I, fibronectin,
fibroblast-specific protein 1, and vimentin, is remarkably
increased in SEM cells treated with connective tissue growth
factor (Lee et al., 2010). Moreover, VSMCs’ transition to SEM
cells is reversible. The marker of VSMCs’ actin alpha 2 (ACTA2)
is infrequent in SEM and non-SEM cells (mainly VSMC-derived
fibrochondrocyte), yet a higher percentage of ACTA2+ cells was
found in SEM cells than in non-SEM cells after induction of the
transforming growth factor β1 (TGF-β1, VSMCs’ differentiation
promoter) for 3 days (Pan et al., 2020).

Vascular SmoothMuscle Cells’Proliferation
and Migration
Accumulation of VSMCs is a marker of atherosclerosis and
vascular injury. In the past, it was believed that AS was the
involvement of media VSMCs after endothelial injury and that
the continuous proliferation of VSMCs was accumulated by
lesion injury or inflammation. Now, the proliferation of
VSMCs or cells derived from advanced atherosclerotic plaques
is found to be low. Recent lineage-tracing studies have suggested
that VSMCs’ proliferation begin in the media, after which the
cells migrate to the intima, where they continue to divide in the
oligoclonal mode (Chappell et al., 2016). The cells proliferate to
form fibrous caps and then invade the plaque core (Misra et al.,
2018); VSMCs in injury-induced neointimal lesions and
atherosclerotic plaques are oligoclonal derived from a few
dilated cells. Lineage tracing also indicates that a single VSMC
contributes to the formation of α-SMA–positive fibrous cap and
Mac3-expressing macrophage-like plaque core cells. The co-
staining of phenotypic markers further identifies the double-
positive α-SMA+ Mac3+ cell population, specific to the VSMC-
derived plaque cells. On the contrary, VSMC-derived cells
producing neointima after a vascular injury usually retain the
expression of VSMC markers, and the upregulation of Mac3 in
these cells is not obvious. It has also been demonstrated that the
extensive proliferation of a low proportion of highly plastic
VSMCs leads to the accumulation of VSMCs after injury and
in atherosclerotic plaques. Thus, therapeutic targeting of these
hyper-proliferative VSMCs may effectively reduce vascular
diseases without affecting the vascular integrity.

External factors participate in regulating cells proliferation.
Noncoding RNA can interact with proteins, DNA, and RNA to
participate in VSMCs’ proliferation. The expression of miR143/
145 decreases in atherosclerotic vascular cells and can block
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VSMC de-differentiation and proliferation by inhibiting KLF4
and Elk1 through binding with their mRNA 3′UTR region
(Cordes et al., 2009). Mahmoud et al. (2019) suggested that
long noncoding RNA (LncRNA) SMILR promotes VSMCs’
proliferation by directly regulating mitosis, and its expression
is increased in stable and unstable atherosclerotic plaques.
Moreover, LncRNA MALAT1 stimulates proliferation and
migration of VSMCs and promotes aortic stiffness (Song et al.,
2018; Yu et al., 2018).

VSMCs generally migrate to the intima and proliferate to form
fibrous caps (Allahverdian et al., 2018). Migration of VSMCs in
the media may be preceded by both mitotic and non-mitotic
VSMCs, which promote the formation of lesions (Webster et al.,
1974; Clowes and Schwartz, 1985). However, the lineage-tracing
study showed that VSMCs’ migration was independent of
proliferation and was not a major factor in the pathogenesis of
the disease. Similarly, neointimal plaques derived from VSMCs
were observed to connect with media plaques expressing the same
color, suggesting that VSMCs proliferate in the media and thus
predate migration (Chappell et al., 2016).

miRNA also has an important role in the migration of VSMCs.
Studies have shown that miRNA-26a, miRNA-181b, miRNA-
135b-5p, and miRNA-499a-3p promote the migration of VSMCs,
while miRNA-599 and miRNA-132 have a negative effect (Gao
et al., 2016). For example, miRNA-181b can promote
proliferation and migration of VSMCs by activating
phosphatidylinositol kinase-3(PI3K)/mitogen-activated protein
kinase (MAPK) (Li et al., 2015), while miRNA-599 inhibits
VSMCs migration by targeting TGF-β2 mRNA, thereby
decreasing the expression of proliferating nuclear antigen (Xie
et al., 2015).

Vascular Smooth Muscle Cells’ Secretion
VSMCs secrete various biologically active molecules, namely,
matrix proteins and pro-inflammatory mediators, some of
which are encapsulated in vesicles that are released from the
cell surface and transmit signals between cells. ECM produced by
VSMCs is the main structural component of the vascular wall.
The interaction between the two is a dynamic bidirectional
process, and the content of the ECM depends on the balance
of production and degradation (Barallobre-Barreiro et al., 2020).

During early plaque formation, MMPs affect VSMCs’
migration by degrading the connective tissue structure around
VSMCs (Johnson, 2017). A variety of matrix-degrading enzymes
are secreted by synthetic VSMCs that can lead to the death of the
neighboring cells (Johnson, 2017; Allahverdian et al., 2018). Pro-
inflammatory cytokines interleukin-1β (IL-1β), IL-6, and
monocyte chemoattractant protein-1 (MCP-1) promote
atherosclerosis by stimulating monocyte recruitment and cell
death (Orr et al., 2010). Synthetic VSMCs express a series of
adhesion molecules and toll-like receptors that promote
monocyte recruitment and regulate intracellular inflammatory
signals.

In addition, VSMCs secrete EVs, which contain
phosphatidylserine PS, annexin A6, and a low concentration
of calcification inhibitors that may lead to vascular
calcification (Kapustin et al., 2015). Proudfoot et al. (2000)

suggested that matrix vesicles containing apoptotic VSMC
remnants can serve as nucleation sites for plaques calcification.
In addition, Schurgers et al. (2018) found that osteochondrocyte-
like VSMCs secreted calcified vesicles which can promote
calcification. Senescent cells released more EVs than non-
senescent cells, promoting cell proliferation, inflammatory
response, wound healing, and DNA damage (Borghesan et al.,
2019; Basisty et al., 2020).

ROLE OF EXTRACELLULAR
VESICLES–REGULATED VASCULAR
SMOOTH MUSCLE CELLS IN
ATHEROSCLEROSIS

Characterization of Extracellular Vesicles
EVs are membrane-bound phospholipid vesicles secreted by cells.
EVs carry proteins, nucleic acids, and other substances
transmitted between cells and have a critical role in regulating
cell homeostasis and pathological development (Colombo et al.,
2014; Lo Cicero et al., 2015). According to biogenesis, origin, and
size, EVs can be classified into exosomes (40–200 nm),
microvesicles (MVs) and microparticles (200–2000 nm in size),
and apoptotic bodies (500–2000 nm) (Shao et al., 2018; van Niel
et al., 2018). The production of exosomes can be divided into
three steps: firstly, the endosome is formed by the inward budding
of the cellular plasma membrane. Further inward budding of the
endosome then leads to the formation of a multivesicular body
(Piper and Katzmann, 2007). Finally, the multivesicular body
fuses with the plasma membrane, releasing the vesicles (Théry,
2011). MVs are produced by outward budding and division of the
plasma membrane (Raposo and Stoorvogel, 2013).

The lipid distribution of the membrane bilayer is
asymmetrical. The outer layer is enriched with
phosphatidylcholine and sphingomyelin, while the inner layer
is predominantly composed of phosphatidylserine and
phosphatidylethanolamine (Zwaal and Schroit, 1997). The
influx of cytoplasmic Ca2+ can disrupt this asymmetry by
activating enzymes that facilitate the mixing of transport
lipids. This activation leads to a redistribution of phospholipid
bilayers across the membrane, promoting membrane blistering.
Ca2+-dependent proteolysis simultaneously degrades membrane-
associated cytoskeleton, accelerating the budding process (Hugel
et al., 2005). High-speed centrifugation (<100000g) and flow
cytometry are used to extract and detect specific MVs of
different cell origins. Exosomes are commonly isolated by
ultracentrifugation or by using commercial kits. The
morphology of exosomes is then examined by transmission
electron microscopy, while the size is evaluated by
nanoparticle tracking analysis. EV-associated proteins, such as
tetraspanin proteins (namely, CD9, CD63, and CD81), are
detected by western blotting.

Exosomes and MVs contain nucleic acids, namely, miRNAs,
mRNA (Valadi et al., 2007; Skog et al., 2008), DNA (Balaj et al.,
2011; Thakur et al., 2014), and other noncoding RNAs. The use of
EVs’ RNA as diagnostic biomarkers has become a hot research
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topic in recent years. EVs have already been used as biomarkers
for autoimmune and circulatory diseases and cancer (Happel
et al., 2020; Xu et al., 2020).

Extracellular Vesicles–Mediated Crosstalk
Between Multiples Cells and Vascular
Smooth Muscle Cells in Atherosclerosis
Intercellular communication is a vital part of regulating vascular
function. EVs mediate the communication between cells during
the development of atherosclerosis and play a role in delivering
proteins, nucleic acids, or other active substances to the receptor
cells. Through a comprehensive literature search, 16 studies were
extracted to summarize the effect of extracellular vesicles derived
from multiple cells on smooth muscle cells. EVs derived from
endothelial cells, macrophages, and mesenchymal stem cells exert
various effects on VSMCs’ proliferation and migration. Krüppel-
like factor 2 (KLF2), 5-hydroxytryptamine transporter (5-HTT)
inhibitor, miR-33a-5p antagomir, and miR-221 agomir are the

protective factors of atherosclerosis. After being treated with the
above-mentioned factors, EVs could inhibit the proliferation and
migration of VSMCs. However, EVs produced by pro-
atherogenic factors, such as oxidized low-density lipoprotein
(ox-LDL) and nicotine, promoted the proliferation and
migration of VSMCs. More in-depth studies have found that
miR-33a-5p, miR-126, and miR-221 carried by the vesicles had a
protective effect on VSMCs, while others, such as miR-128-3p,
miR-21, miR-106, miR-503-5p, and LIPCAR showed detrimental
effects. More study details are given in Table 1 and Figure 1.

Effect of Endothelial Cell–Derived
Extracellular Vesicles on Vascular Smooth
Muscle Cells in Atherosclerosis
EEVs can regulate endothelial barrier function, control VSMCs’
phenotype, modulate monocytes activation, and affect
atherosclerotic lesion formation in AS (Njock et al., 2015;
Zheng et al., 2017; Wang et al., 2021). The blood vessels are

TABLE 1 | EVs-mediated crosstalk between multiple cells and VSMCs in AS.

Vesicular
origin

Type Stimulants Cargo
mediators

Target pathway Functions References

Anti-
atherogenic↓

ECs MVs KLF2 miR-143/145 KLF2/miR-143/145 Prevented VSMCs’ de-differentiation,
limited the progression of atherosclerosis

Hergenreider
et al. (2012)

MVs 5-HTT inhibitors miR-195 miR-195/5-HTT/
Erk22/24

Inhibited VSMCs’ proliferation and
migration

Gu et al. (2017)

MVs miR-126 mimic
and inhibitor

miR-126-3p miR-126-3p/LRP6 Inhibited proliferation and migration of
VSMCs and neointima formation

Jansen et al.
(2017)

Exosomes miR-33a-5p
antagomir

miR-33a-5p miR-33a-5p/ABCA1/
ApoA-I

Increased ABCA1 expression, enhanced
ApoA-I–mediated cholesterol efflux,
inhibited the development of AS

Stamatikos et al.
(2020)

Exosomes - - - Reduced VSMCs’ proliferation and
migration and lipid accumulation

Xiang et al.
(2021)

MSCs Exosomes miR-221 agomir miRNA-221 miRNA-221/NAT1/
IGF2/IGF2R

Suppressed atherosclerotic plaque
formation

Guo et al. (2020)

Adipose
MSCs

Exosomes - - MAPK/Akt Inhibited proliferation and migration of
VSMCs

Liu et al. (2016a)

Pro-
atherogenic ↑

EPCs Exosomes - - - Promoted VSMCs’ proliferation and
migration

Kong et al.
(2018)

ECs Exosomes CD137 - TET2/CD137/
PDGF-BB

Promoted phenotypic switching of
VSMCs and neointimal formation

Li et al. (2020)

Exosomes ox-LDL LINC01005 LINC01005/KLF4/
miR-128-3p

Promoted VSMCs’ phenotype switch,
proliferation, and migration

Zhang et al.
(2020)

Macrophages EVs Western diet - - Promoted VSMCs’ proliferation Wang et al.
(2018a)

Exosomes ox-LDL - Erk/Akt Promoted adhesion and migration of
VSMCs

Niu et al. (2016)

Exosomes Nicotine miR-21-3p miR-21-3p/PTEN Promoted proliferation and migration of
VSMCs

Zhu et al. (2019)

Exosomes ox-LDL miR-106-3p miR-106-3p/CASP9 Promoted proliferation and migration of
VSMCs

Liu et al. (2020)

Exosomes ox-LDL miRNA-
503-5p

miRNA-503-5p/
Smad7/Smurf1/
Smurf2/TGF-β

Promoted proliferation and migration of
VSMCs

Wang et al.
(2021a)

Exosomes ox-LDL LIPCAR LIPCAR/CDK2/
PCNA

Promoted proliferation and migration of
VSMCs

Hu et al. (2021)

5-HTT, 5-hydroxytryptamine transporter; VSMCs, vascular smooth muscle cells; ECs, endothelial cells; EPCs, endothelial progenitor cells; KLF2, Krüppel-like factor 2; LRP6, lipoprotein
receptor–related protein 6; MSCs, mesenchymal stem cells; MVs, microvesicles; ox-LDL, oxidized low-density lipoprotein.
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mainly composed of ECs and VSMCs; the interaction between the
two is essential for the repair and remodeling of blood vessel
growth (Li et al., 2018). Activation, proliferation, and migration
of VSMCs can promote the formation of atherosclerotic plaques.
VSMCs’ phenotype is regulated by several environmental factors,
such as growth factors, cytokines, and injury stimulation (Owens
et al., 2004; Davis-Dusenbery et al., 2011). As a novel intercellular
communication vector, EVs have received extensive attention.
Evidence has shown that EEVs may have both anti- or pro-
atherogenic effects on VSMCs.

The protective effects are mainly associated with miRNA
contained in EVs. Boon and Horrevoets (2009) indicated that
KLF2 has an important role in anti-atherosclerosis by regulating
endothelial biological activity, mediating atherosclerosis induced
by shear stress and protecting the endothelial phenotype. KLF2
binds to miR-143/145 and induces an increment of the cluster
which regulates the phenotype of VSMCs. EVs released by KLF2-
stimulated HUVECs were enriched in miR-143/145, and the
expression of miR-143/145–targeted genes declined in
coculture VSMCs. When miR-143/145–deficient ECs are
cocultured with VSMCs, the miRNA targets were suppressed
in VSMCs. KLF2 conversion led to a 30-fold enrichment of miR-
143/145 in EVs, while the exosomes-depleted supernatant did not
show an upregulation of the miR-143/145 levels. In addition, EVs
produced by the endothelial cells expressing KLF2 also reduced
the formation of atherosclerotic aortic lesions in ApoE-/- mice.
The results suggested that KLF2 mediates miR-143/145
transferred from endothelial cells to VSMCs in EVs to

maintain the differentiation status of VSMCs and
atheroprotective effects (Hergenreider et al., 2012).

5-hydroxytryptamine is an important bioactive substance in
the body, which promotes the formation of macrophage-derived
foam cells. It can also promote the proliferation and migration of
VSMCs through LDL and ox-LDL (Koba et al., 1999), as well as 5-
hydroxytryptamine transporter (5-HTT) (Wang et al., 2015). The
level of 5-HTT increased in the injured carotid artery and the
overexpression of 5-HTT–induced VSMCs’ proliferation. ECs’
conditional medium (EC-CM) hampered the proliferation and
expression of 5-HTT in SMCs. After ECs’ transfection with miR-
195 inhibitors, EC-CM was added to culture VSMCs and the
expression of 5-HTT did not decline in them. These results
showed that EEVs transforming miR-195 to VSMCs restrained
the expression of 5-HTT, thereby inhibiting the proliferation of
VSMCs by enhancing Erk42/44 phosphorylation level (Gu et al.,
2017).

Lipid accumulation of intimal macrophages and VSMCs are
also an essential driving factor for AS (Tabas et al., 2015). ATP-
binding cassette transporter A1 (ABCA1) can transport
intracellular cholesterol to ApoA-I, forming a high-density
lipoprotein precursor, such that excess cholesterol can be
transported to the liver for reuse after metabolism or
excretion, thus reducing the formation of foam cells and
inhibiting the occurrence and development of AS (Qian et al.,
2017). Cholesterol accumulation in VSMCs induces cell
differentiation into foam cell phenotype. In addition,
cholesterol deposition in VSMCs downregulates the expression

FIGURE 1 | EVs-mediated crosstalk between multiple cells and VSMCs and phenotype switching, proliferation, migration and secretion of VSMCs.
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of VSMC markers ACTA2 and calmodulin and increases the
expression of inflammation-related genes. Endothelial cells
release exosomes containing miR-33a-5p, a microRNA that
restrained cholesterol efflux by silencing ABCA1. Stamatikos
et al. (2020) transfected ECs with anti-miR-33a-5p, which was
then incubated with macrophages or VSMCs. Exosome-mediated
transfer of anti-miR-33a-5p increased ABCA1 expression and
enhanced ApoA-I–mediated cholesterol efflux, inhibiting the
development of AS. However, the effects were not observed
when exosomes were removed from the medium.
Furthermore, EEVs absorbed by VSMCs suppressed the
proliferation, migration, and lipid deposition of VSMCs, while
LPS-induced EEVs promoted the proliferation of VSMCs. Also,
GW4689, an inhibitor of EVs, prevented the effect of EEVs on the
proliferation and migration of VSMCs (Xiang et al., 2021).

Injections with endothelial microparticles (EMPs) reduced
neointima formation in mice after vascular injury. Low-density
lipoprotein receptor–related protein 6 (LRP6), a target of miR-
126, is involved in regulating the proliferation of VSMCs and
neointima formation. Upregulation of miR-126 in EMPs can
reduce LRP expression, thereby inhibiting the proliferation and
migration of VSMCs and neointima formation. The results
indicated that EMPs delivered miR-126-3p to VSMCs and
inhibited the expression of LRP6, thus reducing VSMCs’
proliferation and disrupting neointima formation and vascular
remodeling (Jansen et al., 2017).

Recent studies have shown that endothelial progenitor cells
(EPCs) do not directly differentiate into mature ECs but utilize
paracrine mechanisms through which they potentially participate
in enhancing re-endothelialization (Hagensen et al., 2010, 2012).
EPC-derived exosomes were injected into rats to investigate
whether they could regulate re-endothelialization. It was found
that the re-endothelialization area of the exosomes group was
bigger than that of the control group, and both the intimal-to-
medial area ratio and VSMCs proliferation in the exosomes group
were markedly decreased when compared with those in the
control group. At the same time, Kong et al. (2018) found that
the exosomes promoted VSMCs’ proliferation and migration
in vitro.

EEVs promote atherosclerosis. TET2 is expressed in
endothelial cells and can protect cells against inflammation.
It is also regarded as a regulator of the transition to the VSMCs’
phenotype, and its reduction leads to VSMCs’ de-
differentiation. The activation of CD137 signaling in ECs has
a key role in inducing the immune and inflammatory response
of AS. Injection with EC-derived exosomes significantly
declined the intima/media ratio and neointima area, whereas
CD137L (CD137 ligand) reversed the effect. Exosomes derived
from ECs decreased the migration of PDGF-BB–induced
VSMCs; however, the endothelial CD137 pathway was
activated during this process, and the TET2 content of the
endothelial-derived exosomes was repressed, promoting the
phenotype switch and migration of VSMCs. Overexpression
of TET2 in exosomes weakened the CD137
signaling–stimulated pro-phenotypic switch of VSMCs
in vitro and in vivo, thus eventually attenuating plaque
formation and AS development (Li et al., 2020).

LncRNA, a type of noncoding RNA, regulates gene expression
at the transcriptional, posttranscriptional, and epigenetic levels
(Kwok and Tay, 2017). It can be transferred from EVs of parent to
recipient cells. Exosomal LINC01005 from ECs treated with ox-
LDL promoted VSMCs’ phenotype switch, proliferation, and
migration by enhancing KLF4 expression via competitively
binding to miR-128-3p. Of note, the effects were negated by
upregulation of miR-128-3p viamiR-128-3p mimic and silencing
of KLF4 (Zhang et al., 2020).

Effect of Macrophage-Derived Extracellular
Vesicles on Vascular Smooth Muscle Cells
in Atherosclerosis
MEVs can induce macrophages polarization, modulate
proliferation and migration of VSMCs, and regulate
inflammatory response and lipid deposition in AS (Nguyen
et al., 2018; Zhang et al., 2019; Bouchareychas et al., 2020).
Macrophages and VSMCs have a critical role in plaque
necrosis and rupture. Macrophages can secrete pro-
inflammatory factors to maintain local inflammation in
plaque. At the same time, they interact with T cells and
VSMCs to enhance inflammation and promote lipoprotein
retention (Moore et al., 2013). The transformation of VSMCs
into the macrophage phenotype may be driven by lipid
accumulation due to the cholesterol load in the culture
(Rong et al., 2003), and also reversed by stimulating
cholesterol efflux through ApoA-I and high-density
lipoprotein (Allahverdian et al., 2014). Previous studies
have suggested that MEVs promote smooth muscle cell
proliferation and migration, thereby contributing to the
development of atherosclerosis.

Four out of six studies made use of involved ox-LDL to
treat macrophages (Niu et al., 2016; Liu et al., 2020; Hu et al.,
2021; Wang et al., 2021a). Ox-LDL promotes the migration
and proliferation of VSMCs by activating MAPK and other
signaling pathways, upregulating the expression of adhesion
molecules, inflammatory factors, and chemokines (Liu et al.,
2014). Yet, high concentrations of ox-LDL can induce
apoptosis of VSMCs, resulting in decreased plaque stability
and easy rupture (Obermayer et al., 2018). In addition, ox-
LDL stimulates vascular endothelial cells to express
chemokines that induce monocytes to adhere to the
vascular endothelium and move to the subintimal layer.
The monocytes then differentiate into macrophages, which
engulf ox-LDL receptors to form foam cells (Chistiakov et al.,
2019).

Niu et al. (2016) found a higher level of leukocyte-derived EVs
in patients with atherosclerosis than in healthy subjects. These
EVs accelerated the migration and adhesion of VSMCs.
Moreover, in vitro experiments suggested that foam cells
produced more EVs than normal macrophages. In addition,
proteomic results suggested that foam cell–derived EVs might
promote adhesion and migration of VSMCs by regulating the
actin skeleton and local adhesion pathways. Further validation
revealed that foam cell–derived EVs may activate ERK and Akt
pathway proteins.
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In ox-LDL–treated macrophages, miR-106a-3p was
significantly enriched in the exosomes, which were absorbed
by VSMCs, causing a reduction in its target gene CASP9.
miR-106a-3p overexpression and exosomes knockdown
promoted and repressed proliferation and migration of
VSMCs, respectively. This research revealed that exosomal
miR-106a–mediated macrophage–VSMC crosstalk promoted
VSMC proliferation and suppressed apoptosis via inhibition of
CASP9 expression, thus further promoting the development of
atherosclerosis (Liu et al., 2020).

Wang et al. (2021) found that EVs released by ox-LDL–treated
macrophages containing miRNA-503-5p increased the
proliferation and migration of VSMCs, while downregulation
miR-503-5p attenuated these effects. Also, proliferation and
migration of VSMCs were accelerated by downregulating the
expressions of Smad7, Smurf1, and Smurf2 and elevating TGF-β,
then exacerbating AS.

LncRNA LIPCAR participates in the development of AS, while
excessive expression of LIPCAR significantly promotes
phenotype switching, proliferation, and migration of VSMCs
(Wang et al., 2019). The level of LIPCAR increased in
exosomes from human myeloid leukemia mononuclear cells
(THP-1) which was treated with ox-LDL. Furthermore, Hu
et al. (2021) suggested that exosomes accelerated the
proliferation and migration of VSMCs by upregulating CDK2
and PCNA, while this effect could be reversed by LIPCAR.

EVs stimulated by smoke and hyperlipidemia, risk factors of
AS, display pro-atherogenic effects. Cigarette smoke is one of the
risk factors of atherosclerosis (Messner and Bernhard, 2014).
Wang et al. (2019) suggested that nicotine, a major component of
cigarettes, not only directly activated the migration and
proliferation of plaque cells but also enhanced the pro-
inflammatory communication between macrophages and
VSMCs, thereby promoting the occurrence of AS. Nicotine
stimulated macrophages to produce exosomes, enriched with
miR-21-3p, which were reported to join in vascular injury and
repair (Liu et al., 2016). In a previous study, VSMCs were
transfected with miR-21-3p mimics and miR-21-3p inhibitors
and then incubated with EVs. After miR-21-3p mimic
transfection, the migration and proliferation of VSMCs were
obviously increased. The target gene of miR-21, phosphate and
tensin homolog (PTEN), was selectively knocked down and the
increment of the migration and proliferation of VSMCs emerged.
The expression of PTEN was inhibited and VSMCs’ proliferation
and migration were enhanced by EVs-treated VSMCs, which
exacerbated atherosclerosis progression (Zhu et al., 2019).

EVs derived from macrophage foam cells, which were isolated
from mice fed on Western diet, promoted VSMCs proliferation.
However, the exact mechanism is unclear (Wang et al., 2018).

Effect of Mesenchymal Stem Cell–Derived
Extracellular Vesicles on Vascular Smooth
Muscle Cells in Atherosclerosis
Mesenchymal stem cells (MSCs) are considered pluripotent stem
cells with great therapeutic potential. MSCs replace damaged
tissue by differentiating into various cell lineages, regulate

immune response, and secrete EVs by paracrine function.
Mesenchymal stem cells–extracellular vesicles (MSCs-EVs)
harbor anti-atherogenic effects, such as inhibiting intimal
hyperplasia, suppressing inflammation, and promoting M2
macrophage polarization (Chen et al., 2016; Li et al., 2019).
Two studies of MSCs-EVs have shown a protective effect on
VSMCs. Adipose mesenchymal stem cells–derived EVs inhibited
the proliferation andmigration of VSMCs. The expression of IL-6
and MCP-1 and the phosphorylation of MAPK and Akt declined
after treatment with EVs.

The involvement of pro-inflammatory cytokines might
promote the proliferation and migration of VSMCs (Liu et al.,
2016). miR-221 is downregulated in patients with AS and in AS
plaques (Tsai et al., 2013), and the lack of miR-221 enhances
plaque instability and rupture (Bazan et al., 2015).
Simultaneously, elevated miR-221 may stabilize vulnerable
atherosclerotic plaques by inhibiting inflammation (Ye et al.,
2018). Transmission of miR-221 from EVs derived from MSCs
can inhibit lipid deposition and atherosclerotic plaque formation.
EVs with high miR-221 expression increased miR-221 in the
aorta and reduced NAT1 and atherosclerotic plaque formation in
ApoE-/- mice. MSCs-EVs, including miR-221, were absorbed by
ox-LDL–treated VSMCs and decreased the target gene NAT1,
thereby suppressing the activation of the IGF2/IGF2R signaling
pathway to inhibit atherosclerotic plaque formation (Guo et al.,
2020).

EFFECT OF MULTIPLE EXTRACELLULAR
VESICLES ON NONVASCULAR SMOOTH
MUSCLE CELLS IN ATHEROSCLEROSIS

According to the existing literature, EVs have been proven to
possess anti- or pro-atherogenic effects. EVs could regulate
vascular inflammation, cholesterol metabolism, angiogenesis,
plaque stability, and thrombosis through intercellular
communication.

Monocytes and macrophages are important cell types those
participate in atherosclerotic inflammation progression. The
monocyte-derived EVs (MoEVs) isolated from human
atherosclerotic plaques increase intercellular cell adhesion
molecule-1 (ICAM-1), vascular cell adhesion molecule, and
E-selectin, leading to increased leukocyte adhesion and
transmigration (Rautou et al., 2011). In addition, MoEVs
induce endothelial cells and leukocytes to release pro-
inflammatory cytokines, in particular IL-6 and IL-8, which in
turn promote the adhesion of cells (Boulanger et al., 2017). Hoyer
et al. (2012) found mounting monocyte and T-cell infiltrated into
the vessel wall, and enhanced plaque formation in ApoE-/- mice
treated with MoEVs. In vitro study showed MoEVs increased the
generation of pro-inflammation factors of chemokine receptor 2,
intracellular reactive oxygen species, IL-6, and ICAM-1. EVs are
capable of enhancing immunomodulatory responses and
diminishing pro-inflammatory responses. EEVs transfer miR-
10a to the monocyte by targeting the inflammatory pathway of
NF-κB/MAP3K7/IRAK4 to repress inflammatory signaling
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(Njock et al., 2015). In addition, EEVs reduce theM1macrophage
phenotype with a transition to the M2 anti-inflammatory
macrophage phenotype and can be absorbed by the
neighboring ECs and transferred to recipient cells through
functional miR-222, promoting anti-inflammatory effects by
decreasing ICAM-1 expression (Deng et al., 2019).

The dynamic balance between cholesterol uptake, synthesis, and
efflux regulates cholesterol homeostasis in macrophages. This
process is closely regulated by EVs-mediated cellular interaction.
Cholesterol efflux can reduce intracellular cholesterol
accumulation, preventing the formation of foam cells and the
occurrence of AS. Moreover, cholesterol efflux is correlated with
miR-3129-5p of adipocyte-derived EVs. The more the adipocyte-
derived EVs are released, the lower the cholesterol efflux from
macrophages and ABCA1 is expressed (Barberio et al., 2019).
CD4+-activated T lymphocytes infiltrate atherosclerotic plaques,
induce T lymphocyte-releasing exosomes, and promote cholesterol
accumulation and the expression of tumor necrosis factor-α (TNF-
α) in THP-1, thereby facilitating AS (Zakharova et al., 2007).
However, platelet-derived EVs (PEVs) exert anti-cholesterol
aggregation effects and inhibit atherosclerotic thrombosis by
suppressing ox-LDL binding and cholesterol accumulating in
macrophages, affecting the class B scavenger receptor CD36 and
inhibiting platelet thrombosis (Srikanthan et al., 2014).

The accumulation of EVs in atherosclerotic plaque indicates
an endogenous signal of plaque neovascularization and
vulnerability (Leroyer et al., 2008). EVs regulate angiogenesis
and plaque stability, a major event in the switching from stable to
unstable lesions. CD40+ EVs in atherosclerotic plaque stimulate
endothelial proliferation and angiogenesis andmay be involved in
intra-plaque neovascularization. The CD40L-expressing EVs
isolated from human atherosclerotic lesions stimulate
endothelial cell proliferation and promote angiogenesis by
involving vascular endothelial growth factor and PI3K/Akt
following connection with endothelial CD40 (Leroyer et al.,
2008). In addition, the transfer of microRNAs from EVs to
recipient ECs can regulate angiogenesis. For example, under
IL-3 stimulation, EVs secreted by ECs are transported to ECs’
recipients through miR-126-3p and pSTAT5 to induce
angiogenesis (Lombardo et al., 2016). The promotion of
angiogenesis in advanced plaques leads to instability and
rupture of the plaque, thus accelerating the development of
AS. Insulin-resistant adipocyte-derived exosomes can enter
into HUVECs and atherosclerotic plaques, promote tube
formation, increase vasa vasorum angiogenesis, the plaque
burden, the vulnerability index, and the expression of
angiogenesis-related factors (Wang et al., 2018).

Activated platelets releasing PEVs is an integral part of the
thrombotic process. The procoagulant activity of platelet EVs in
blood circulation is much higher than that of activated platelets
(Sinauridze et al., 2007). PSGL-1 on PEVs activates platelets by
binding to P-selectin in the endothelial injured area, which is
conducive to thrombosis and atherosclerosis, and promotes the
expansion of lesions (Suades et al., 2012). High levels of PEVs
have been found in patients with coronary disease. Several studies
have confirmed that increased PEV levels can enhance platelet and
fibrin adhesion under high shear stress, injuring the atherosclerotic

vessel wall (Suades et al., 2012; Mause, 2013). Tissue factor (TF)
initiating coagulation is exposed to triggered thrombus formation
(Biró et al., 2003). TF+ monocyte EVs, the second largest group of
thrombogenic EVs, follow platelet EVs (Aharon et al., 2008). They
are abundant in human atherosclerotic plaques and may be
aggregated in the vascular injury site by combining with activated
platelets (Del Conde et al., 2005; Furie and Furie, 2008).

ROLE OF EXTRACELLULAR VESICLES AS
A DRUG VECTOR

The use of endogenous exosomes as drug vectors has good
biocompatibility and non-immunogenicity. It can improve the
effective utilization rate and reduce the drug clearance rate. A
recent study evaluated the anti-atherosclerotic effect of platelet-
derived EV loaded with NLRP3 inhibitor MCC950. In ApoE-
deficient mice, intravenous administration of PEVs mitigated
inflammatory processes and atherosclerotic plaque formation,
and inhibited macrophage and T-cell proliferation (Ma et al.,
2021). Exosomes have also been used as drug vectors in the study
of Chinese traditional medicine monomers. For example,
exosomes loaded with curcumin increased the concentration
and stability of curcumin in vivo and improved its therapeutic
effect without obvious adverse reactions (Sun et al., 2010).
However, the research on drug vectors of exosomes is still in
its early phase, thus extensive research is still needed to optimize
the targeting of exosomes as drug delivery vectors in the future.

CONCLUSION

This review summarized the effect of multiple cells–derived EVs
on VSMCs in atherosclerosis. Endothelial cell–derived EVs have
dual effects on VSMCs, while macrophage-derived EVs can
promote the proliferation and migration of VSMCs and
impair AS. Moreover, studies on EVs derived from
mesenchymal stem cells showed that these particular EVs have
inhibiting effects on VSMCs. We also found that EVs containing
miR-33a-5p, miR-126, and miR-221 were able to inhibit the
proliferation and migration of VSMCs, displaying protective
effects on AS, whereas miR-128-3p, miR-21, miR-106, miR-
503-5p, and LIPCAR further aggravated the disease.
Additionally, studies suggested that EVs derived from source
cells treated with beneficial factors have an important role in anti-
atherosclerosis, and the harmful stimulants promote the
development of AS. Therefore, EVs used as drug vectors may
be a novel approach in treating AS. This review also provides new
insight into the complexity of VSMCs biology and the potential of
cells as a target for therapeutic strategies in AS. Under
physiological conditions, EVs mediate intercellular
communication and are involved in maintaining homeostasis;
under a pathological state, however, EVs are released by the
parent cell and participate in the occurrence and development of
the disease. The pro-atherogenic and anti-atherogenic EVs’
balance in different stages of atherosclerosis is still not very
clear. Further studies are needed to verify whether the effect of
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EVs in vivo is consistent with that in vitro. Also, the methods for
extraction and purification of EVs have not yet been unified. At
this stage, EVs are still recommended only as auxiliary diagnostic
indicators for a certain disease. Their limited clinical
transformation and small numbers make them currently
unavailable for the treatment of disease. Therefore, an in-
depth study of EVs’ function and improvement in the rate of
EVs’ acquisition is of great value for their clinical application.
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Serum Homocysteine Level Predictive
Capability for Severity of Restenosis
Post Percutaneous Coronary
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Jianrong Rong2,3, Yongnian Zhou2,3, Meiwen An1*, Linxia Gu4* and Jin Zhang2*

1College of Biomedical Engineering, Taiyuan University of Technology, Taiyuan, China, 2Shanxi Bethune Hospital, Shanxi
Academy of Medical Sciences, Tongji Shanxi Hospital, Third Hospital of Shanxi Medical University, Taiyuan, China, 3Tongji
Hospital, Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China, 4Department of Biomedical
and Chemical Engineering and Sciences, Florida Institute of Technology, Melbourne, FL, United States

Background: In stent restenosis (ISR) is one of the major complications after stent
implantation. Thus, there is a growing interest in identifying a biomarker for the onset of ISR.
High levels of serum homocysteine (Hcy) have been associated with the progression of
cardiovascular disease. Therefore, the study was carried out to quantify the correlation
between serum Hcy and ISR severity. Compared with coronary angiography (CAG), Hcy
levels provided a significantly better clinical detection of ISR severity after PCI.

Methods: A total of 155 patients were recruited from Shanxi Bethune hospital, from
6months to 2 years post PCI. Serum Hcy levels and postoperative angiography results
were used to differentiate the patients into two experimental groups: ISR (>50%
diametrical stenosis), and non-ISR. The non-ISR included two subgroups: intimal
hyperplasia (10–50% diametrical stenosis), and recovery (<10% diametrical stenosis).
In addition, a group of 80 healthy individuals was used as a negative control. The
correlation between homocysteine level and ISR severity t was analyzed for all groups.
In addition, the correlation between serum Hcy level and the severity of ISR in the
experimental group was analyzed by the Pearson correlation test.

Results: The serum Hcy level in the experimental group and control group was
determined to be (20.21 ± 11.42) μmol/L and (15.11 ± 10.25) μmol/L respectively. The
level of serum Hcy in the experimental group was significantly higher than in the control
group (t-value of 2.385; p-value of 0.019). The serum Hcy level in the restenosis and the
intimal hyperplasia group was (25.72 ± 13.71) μmol/L and (17.35 ± 7.70) μmol/L
respectively. The serum Hcy level in the restenosis group was significantly higher than
in the intimal hyperplasia group (t-value of 2.215; p-value of 0.033). The level of serum Hcy
in the group without a plaque in the stent was (16.30 ± 6.08) μmol/L, whereas in the control
group was (15.11 ± 10.25) μmol/L. The no plaque group had a slightly higher serum Hcy
level than the control group (t-value of 0.634; p-value of 0.528). All included patients were
divided into four quartiles based on the serum Hcy concentration: quartile 1
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(8.90–13.20 μmol/L), quartile 2 (13.30–16.45 μmol/L), quartile 3 (16.60–24.25 μmol/L) and
quartile 4 (24.30-65.30 μ mol/L). The incidence of ISR was 5, 6.25, 7.5 and 15%, in the
1,2,3 and four quartiles respectively. The serum Hcy level in the experimental group was
(20.21 ± 11.42) μmol/L, the severity of in-stent restenosis was (0.25 ± 0.31), (R-value was
0.234; p-value was 0.037), indicating a correlation between serum Hcy and the severity of
restenosis (p < 0.05). Taking coronary angiography as the gold standard, a ROC curve
analysis was performed on the serum Hcy levels for the experimental group. The area
under the curve (AUC) was 0.718 (95% CI 0.585-0.854, p < 0.001), indicating that the
serum Hcy concentration could predict ISR. On the ROC curve, the best critical value of
serum Hcy concentration for predicting ISR was 20.05 μmol/L, with a sensitivity of 45%
and specificity of 88.1%.

Conclusion: A positive correlation was observed between homocysteine and the severity
of restenosis after PCI, The level of Hcy could serve as a predictive biomarker for the
severity of ISR.

Keywords: homocysteine, in stent restenosis, severity, percutaneous coronary intervention, ROC curve

1 INTRODUCTION

The continuous improvement in people’s living standard, the change
of lifestyle and eating habits have aggregated the incidence rate of
coronary heart disease, especially towards the younger ages.
Therefore the occurrence and development of coronary heart
disease significantly reduces patient’s quality of life. Percutaneous
coronary intervention (PCI), also known as stenting, is the popular
treatment procedure to open clogged arteries with the advantages of
short operation time and minimal invasiveness (Bennett 2003).
However, stent restenosis (ISR) is one of the major complications
following PCI (Giulio and David 2013). The ISR is a complex
pathophysiological process, including vascular inflammation,
vascular remodeling caused by endothelial injury, and excessive
proliferation and migration of vascular smooth muscle cells. Large-
scale clinical trials have shown that the incidence of ISR of baremetal
stents is approximately 20–30%. However, drug-eluting stents could
reduce the risk of restenosis to 5–10% (Paudel et al., 2005).

A variety of cytokines and inflammatory factors such as nuclear
factors-κB (NF-κB), tumor necrosis factor-α (TNF-α), platelet
derived growth factor (PDGF) have been associated with the
incidence of coronary ISR (Guildford et al., 2011). The high
homocysteine (Hcy) level, i.e., hyperhomocysteinemia, has
attracted increasing attention in treating coronary heart disease.
HighHcy level was positively correlatedwith the severity of coronary
heart disease, atrial fibrillation, stroke, arteriosclerosis, and other
cardiovascular disorders (CADS) (Chen et al., 2018; Dhar et al., 2018;
Kubota et al., 2019). Hcy is a sulfur-containing amino acid, which
can be easily detected in the blood. It is mainly metabolized by
methionine (MET) through two main pathways: re-methylation to
methionine or reverses sulfurization to cysteine (Kim et al., 2018).
Moreover gene mutations encoding enzymes in the Hcy metabolic
pathway, an increased homocysteine level can be attributed to
vitamin deficiency, excessive methionine intake, or the use of
some drugs and other factors (Kumar et al., 2017). However,
there is a lack of information regarding the correlation between.

Hcy and restenosis. Bakoyiannis et al. (2015) considered Hcy as the
risk factor for the efficacy of percutaneous transluminal coronary
angioplasty (PTCA). A lower Hcy level could improve the prognosis
after PTCA. .De Luca et al., 2005 demonstrated a positive
relationship between the Hcy level and the carotid restenosis
within 2 years post endarterectomy. Whereas Wong et al., 2004
observed no direct relationship between the level of Hcy and ISI, a
higher Hcy level increased the risk of mortality after PCI. However,
all these observations were qualitative. Hcy level is important in
predicting the disease risk, controlling disease complications and
affecting disease outcomes. Hcy level monitoring might be
conducive to early detection and diagnosis of diseases, and early
prevention of serious complications. However, no quantitative
analysis was observed between the Hcy level and the ISR severity.
Thus, the study examines the correlation between Hcy and ISR
severity, to identify the prediction capacity of Hcy.

2 METHODS

2.1 Patients
In a retrospective study, 155 patients were recruited from Shanxi
Bethune hospital as the experimental group 6months to 2 years
following PCI, while 80 healthy individuals were recruited as the
negative control group. The clinical data collected in this study was
obtained from the inpatient medical record system (patient
admission course record), test data system, PCI registration
system, and image diagnosis report workstation of the
cardiovascular department of Shanxi Bethune hospital. The data
included gender, age, serum Hcy levels, and postoperative
angiographic results. The clinical data of the experimental group
was used to subdivide the group further based on the severity of
restenosis after stent implantation. There were 48 cases in the stent
restenosis group, 30 cases in the intimal hyperplasia group and 77
cases in the plaque free group. The average age of all patients in the
experimental group was (59.89 ± 3.15) years, with 78 male and 77
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female patients. The negative control group consisted of 43 males
and 37 females ranging from 18 to 60 years of age: the average age of
(40.12 ± 4.13 years). The experimental and control groups were
comparable for age or sex ratio (p > 0.05). All patients had good
compliance with the drug treatment after PCI. The patients who
successfully received PCI underwent routine coronary angiography
in the Shanxi Bethune hospital for recurrent chest distress, chest
pain, palpitation, shortness of breath, acid reflux, heartburn, and
other symptoms. All procedures were carried out per Shanxi
Bethune hospital’s clinical medical ethics standards. The research
protocol was approved by the clinical medical ethics committee, and
informed consent was obtained from the subjects.

Inclusion Criteria: 1) a complete medical history,2) complaints
of stable or unstable angina pectoris leading to further coronary
angiography within 6 months to 2 years post stent implantation,
and 3) the patient receiving conventional antiplatelet drugs
(aspirin 100 mg/Day and clopidogrel 75 mg/Day) and statins
for at least 1 year after PCI. The international common visual
diameter method was used to calculate the degree of coronary
artery stenosis independently, and then the average value was
obtained for analysis, (see Eq. 1). Exclusion Criteria:1) taking
anti-infective drugs, anti-inflammatory drugs, or glucocorticoids
affecting immune function, 2) liver insufficiency, renal
insufficiency, impaired right ventricular function, and acute
heart failure, 3) recent history of surgery and ulcers, and 4)
myocarditis, cardiomyopathy, acute and chronic infection,
cardiogenic shock, severe lung disease, severe arrhythmia,
blood system disease, peripheral vascular embolism disease,
immune system disease, malignant tumor, or severe anemia.

Eq. 1: Degree of stenosis = (Normal vessel diameter near the
heart at the stenosis - Vessel diameter at the stenosis)/Vessel
diameter near the heart at the stenosis×100%.

2.2 Measures
The patient’s gender, age, BMI, coronary heart disease risk factors
(hypertension, hyperlipidemia, diabetes, smoking, etc.), relevant
laboratory examination indices, coronary angiography
characteristics (vascular lesion location), and stent placement
conditions (stent diameter, number, length) were collected for the
experimental group. Other information includes postoperative
medication such as clopidogrel for at least 1 year after stent
implantation, aspirin enteric coated tablets, statins β- Receptor
blockers and angiotensin converting enzyme inhibitors were also
obtained.

A total of 155 patients in the experimental group were
hospitalized for coronary angiography 6 months to 2 years
post PCI. The following day, the elbow venous blood was
taken on an empty stomach and sent to the laboratory for
hematological examination. Total 5.0 ml of venous blood was
collected in a tube containing coagulant separation glue, and the
serum Hcy level was detected by the Beckman Kurt AU5800
automatic biochemical analyzer. The cyclic enzyme method was
used to determine Hcy levels for the experimental and
control group.

All patients underwent coronary angiography in Shanxi
Bethune hospital’s cardiovascular interventional catheter room
of ISR grouping criteria: related to a plaque in the stent, the

patients were further divided into plaque in the stent group and
no plaque in the stent group. According to the severity, the plaque
in the stent group was divided into the in-stent restenosis and in-
stent intimal hyperplasia group. In stent restenosis group: plaques
in the stent, and the lumen were lost in the whole process of the
stent and/or 5 mm segments at both ends of the stent, resulting in
the degree of lumen stenosis ≥50%, and the degree of restenosis
can be quantified; In-stent intimal hyperplasia group: plaques in
the stent, and the lumen were lost in the whole process of the stent
and/or in the 5 mm segment at both ends of the stent, resulting in
the stenosis of the lumen ranging from 0 to 50%; No plaque in
stent group: no plaque in the whole length of the stent and/or
5 mm segments at both ends of the stent.

2.3 Statistical Methods
Excel software was used to establish a database and SPSS 19.0
software was used for statistical analysis. Quantitative data (or
measurement data) was described by mean ± standard
deviation (‾x ± s) or median. t-test, or analysis of variance,
was used for inter-group comparisons. The Pearson method
was used for the correlation analysis. Multivariate stepwise
logistic regression analysis was used to determine the
predictors of ISR. A p less than 0.05 was considered
statistically significant. The ROC curve was drawn and the
area under the curve (AUC) was calculated to determine the
accuracy of predicting the Hcy risk. The Youden index
method determined the best cutoff point; the maximum
sensitivity and specificity determine the critical point. The
AUC was compared using medcalc statistical software.

3 RESULTS

3.1 Clinical Characteristics of Patients
According to the severity of restenosis, or lack thereof, the
experimental group was divided into the ISR group (n = 48)
or the non-ISR group (n = 107; subdivided into intimal
hyperplasia group n = 30 and normal coronary lumen group
n = 77). No significant difference in gender, average age, smoking,
or hypertension was observed between the two groups. Compared
with the non-ISR group, the ISR patients had a significantly
higher proportion of diabetes mellitus, longer stent
implantations, higher serum hs-CRP, HMGB1 concentrations,
longer stent lengths, and smaller lumen diameters (Table 1), No
correlation was observed between ISR occurrence and age,
gender, smoking history, diabetic history, location of the
lesion, or hypertension drugs. However, a relationship between
ISR and hypertensive history, number of stent implantations,
stent length, stent diameter, the diameter of the reference vessel,
serum inflammatory factor CRP and HMGB1 levels were
observed.

3.2 The Higher Serum Hcy, Levels Revise
and Remove Comma
The clinical data were collected for 155 patients after PCI was
collected in the experimental group, while the physical
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examination data were obtained for 80 healthy individuals was
collected in the control group. DSA images of plaque formed in
the stent and the degree of vascular blockage caused by plaque in
the experimental group are shown in Figure 1. The serum Hcy
level in the experimental group was significantly higher than the
control group (Table 2) (t-value was 2.385, the p-value was

0.019). Besides, a correlation was observed between coronary
atherosclerosis and Hcy levels. The higher serum Hcy, levels were
associated with the increased vulnerability for coronary
atherosclerosis. In the experimental group, the serum Hcy
level of ISR patients (48 cases) was comparable with the
intimal hyperplasia patients (30 cases) (Table 3). The ISR

TABLE 1 | Comparison of serum Hcy levels between non ISR group and ISR group.

Group Non-ISR
group (n = 107)

ISR group (n = 48) p Value

Age (y) 55.23 ± 1.09 57.83 ± 2.16 0.18
Male gender (n, %) 50 (46.4) 28 (58.3) 0.57
Smoking (n, %) 63 (58.9) 30 (62.5) 0.49
Diabetes (n, %) 24.6 ± 3.2 25.5 ± 3.8 0.57
Hypertension (n, %) 86 (80.7) 42 (86.7) 0.046
Target vessels (n, %) Left anterior descending 50 (46.5) 26 (54.2) 0.61

Left circumflex 25 (23.2) 14 (29.2) 0.44
Right coronary artery 31 (28.6) 16 (33.3) 0.42

Stent number (n) 2.10 ± 0.076 1.96 ± 0.068 0.041
Stent length (mm) 19.34 ± 0.5 21.88 ± 0.48 0.026
Stent diameter (mm) 3.13 ± 0.46 2.91 ± 0.54 <0.01
References vessel diameter (mm) 3.05 ± 0.48 2.89 ± 0.43 <0.01
hs-CRP (mg/l) 2.21 ± 1.05 2.77 ± 1.40 0.046
HMGB1 (μg/l) 15.45 ± 7.72 23.95 ± 11.05 0.013
β-blocker (n, %) 21 (37.5) 10 (41.7) 0.62
ACEI/ARB (n, %) 27 (48.2) 13 (54.2) 0.70
CCB (n, %) 29 (51.8) 14 (58.3) 0.35

FIGURE 1 | DSA images of plaque formation in stent and the severity of plaque on vascular blockage. (A) In stent restenosis (complete occlusion), stent shadow
can be seen in the proximal part of lad, complete occlusion in the middle part of LAD (100% stenosis), TIMI grade 0; (B) In stent restenosis (partial occlusion), stent
shadow can be seen in the proximal part of RCA, and 70% stenosis in the proximal part of RCA; (C) There are plaques (intimal hyperplasia) in the stent, stent shadow can
be seen in the middle of lad, and intimal hyperplasia in the stent. (D) There is no plaque (unobstructed blood flow) in the stent. The stent shadow can be seen in the
proximal and middle part of RCA, and the blood flow in the stent is unobstructed.
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group revealed a serum Hcy level of 25.72 ± 13.71 μmol/L
whereas the intimal hyperplasia group had a Hcy level of
17.35 ± 7.70 μmol/L. The difference between the two groups
was statistically significant with the t-value was 2.215 and the
p-value was 0.033. Among both the ISR and intimal hyperplasia
groups, 77 patients had a serum Hcy level of 22.37 ± 12.28 μmol/
L. Patients without a plaque in the stent after PCI revealed an Hcy
level of 16.30 ± 6.08 μmol/L. A significant difference was observed
between the plaque versus no plaque groups (t-value was 2.801
and the p-value was 0.006). The plaque free group had a lower
Hcy level (Table 4), the higher the serum Hcy level, the greater
the probability and severity of ISR. Patients with a plaque in the
stent after PCI had an Hcy level of 22.37 ± 12.28 μmol/L whereas
patients in the plaque free group had the level of 16.30 ±
6.08 μmol/L. The healthy subjects in the control group had a
level of 15.11 ± 10.25 μmol/L, which was further lower than the
no plaque group. The difference between the no plaque group and

TABLE 2 | Comparison of serum Hcy levels between experimental group and control group.

Variables Hcy (μmol/L) Number of Cases(n) t value p value

Experience group 20.21 ± 11.42 155 2.385 0.019
Control group 15.11 ± 10.25 80

TABLE 3 | Comparison of serum Hcy levels between restenosis group and intimal hyperplasia group.

Variables Experience group Control group t value p value

Hcy (μmol/L) Number of Cases(n) Hcy (μmol/L) Number of Cases(n)

Restenosis group 25.72 ± 13.71 48 15.11 ± 10.25 80 3.527 0.001
Intimal hyperplasia group 17.35 ± 7.70 30 0.789 0.434
No plaque in stent group 16.30 ± 6.08 77 0.634 0.528
t value 6.784
p value 0.000

TABLE 4 | Comparison of serum Hcy levels between plaque group and plaque free group in stent.

Variables Plaque group in stent No plaque in stent group t value p value

Hcy (μmol/L) Number of Cases(n) Hcy (μmol/L) Number of Cases(n)

Restenosis group 25.72 ± 13.71 48 16.30 ± 6.08 77 3.783 0.000
Intimal hyperplasia group 17.35 ± 7.70 30 0.539 0.592
t value 2.215
p value 0.033

TABLE 5 | Comparison of serum Hcy levels between plaque free group and control group.

Variables Plaque group in stent Control group t value p value

Hcy (μmol/L) Number of Cases(n) Hcy (μmol/L) Number of Cases(n)

Plaque group in stent 22.37 ± 12.28 78 15.11 ± 10.25 80 2.872 0.005
No plaque in stent group 16.30 ± 6.08 77 0.634 0.528
t value 2.801
p value 0.006

FIGURE 2 | Rate of ISR stratified by quartile of level of Hcy.

Frontiers in Pharmacology | www.frontiersin.org May 2022 | Volume 13 | Article 8160595

Guo et al. Homocysteine, Percutaneous Coronary Intervention, Restenosis

153

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


control group was statistically significant (t-value was 2.872 and
the p-value was 0.005). No statistically significant difference was
observed in serumHcy levels of the plaque free group (t-value was
0.634 and the p-value was 0.528), (Table 5).

The experimental group was further divided into four quartiles
(n = 20 each quartile) depending on the concentration of serum
Hcy: quartile 1 (8.90–13.20 μmol/L), quartile 2
(13.30–16.45 μmol/L), quartile 3 (16.60–24.25 μmol/L) and
quartile 4 (24.30–65.30 μmol/L). From quartile one to quartile
4, the incidence of ISR was 5, 6.25, 7.5 and 15%, respectively. The
incidence of ISR in patients in quartile four was significantly
higher than in other groups (p = 0.001), and the incidence of ISR
increased gradually between these quartiles (Figure 2).

Of the 155 patients in the experimental group, the severity of
ISR in the intimal hyperplasia group was calculated as 0.25,
whereas the non-plaque group was 0.00. The correlation
between serum Hcy levels and ISR severity was analyzed by

the Pearson correlation test (Table 6). The level of serum Hcy
in the experimental group was calculated as 20.21 ± 11.42 μmol/L,
and the severity of ISR was 0.25 ± 0.31 (r = 0.234, p = 0.037).

Table 7 and Figure 3 demonstrate the goodness of fit
coefficient (0.266), with multiple linearities. There was
significant linearity since a regression coefficient p was less
than 0.05 indicating a linear relationship (p = 0.003). (Linear
regression equation: y = 16.717 + 10.876x, 95% CI: 22.19–61.45).

3.3 Correlation Analysis Between the
Severity of in Stent Restenosis and
Diseased Vessels
A total of 82 patients (52.90%) had vascular lesions in the left
anterior descending branch in the experimental group., In the ISR
group, the most significant incidence of ISR was related to the left
anterior descending coronary artery (LAD) in 26 cases (54.17%),
followed by 16 cases (33.33%) in the right coronary artery (RCA),
4 cases (8.33%) in the left circumflex artery (LCX), and 2 cases
(4.17%) in the left main coronary artery, (LM) (Table 8).

3.4 ROC Curve Analysis Value of Serum Hcy
Level in Predicting the Severity of in Stent
Restenosis
Taking coronary angiography as the gold standard, the ROC
curve was used to explore the relationship between the serumHcy
level and ISR in the experimental group (Figure 4). Taking
Youden index = sensitivity + specificity - 1, the area under the
curve was AUC 0.718 (95% CI 0.585-0.854, p < 0.001), indicating
that serum Hcy concentration could predict ISR. The best critical
value of serum Hcy concentration on the ROC curve for
predicting ISR was 20.05 μmol/L with a sensitivity of 45%, and
specificity of 88.1%. Compared with other study populations, a
serum Hcy value of 20.05 μmol/L significantly increased the risk
of restenosis.

4 DISCUSSION

The incidence of coronary is increasing amongst younger age
groups, as a consequence of dietary changes and increased stress
(Assimes 2016). PCI is the popular method to treat coronary
heart disease. Though PCI significantly improves the quality-of-
life index of patients. ISR is a major adverse event post PCI. The
incidence of ISR with bare-metal stents is 20–30%, whereas the
emergence of drug-eluting stents reduces ISR incidence to a
certain extent, (about 5–10%). Still, drug-eluting stents inhibit
intimal hyperplasia and growth of endodermal cells (ECS) while
promoting the formation and development of ISR to a certain

TABLE 6 | Pearson correlation between serum Hcy value and in stent restenosis severity.

Variables Detection result Number of Cases(n) r value p value

Hcy (μmol/L) 20.21 ± 11.42 155 0.266 0.003
In stent restenosis severi (%) 0.25 ± 0.31 155

TABLE 7 | Logistic regression analysis of restenosis severity.

Variables R 95% CI p value

Serum Hcy 0.266 22.19-61.45 0.003

FIGURE 3 | Logistic regression analysis of serum Hcy level and the
severity of in stent restenosis.
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extent (Tian et al., 2013). The efficacy of biodegradable stents
depends on their degradability, however, discontinuity or
thrombosis might occur in the degradation process doubling
the risk of thrombosis in the stent (Byrne et al., 2015). Current
strategies focus on mitigating the ISR, including improving
myocardial perfusion, reducing cardiomyocyte necrosis, etc.

During PCI, the balloon expands the stent to enlarge the lumen
and push the lesion outwards (Philip 2015). To ensure the complete
expansion of the stent and maximum elimination of residual plaque
in the blood vessel clinicians often choose to over-expand the stent.
Due to the abnormal stress induced by the stent, the ECS in the
lesion area experience damage in varying degrees. The ECS
injurypromotes the inflammatory cells such as neutrophils and
macrophages to start the repair mechanism. This cascade causes
an inflammatory response causing the release of inflammatory
factors at the damaged part of the vascular endothelium. Under
the combined action of many chemokines and inflammatory factors,
vascular smooth muscle cells (SMC) proliferate and migrate to the
damaged vascular intima, and the abnormal proliferation of vascular
smooth muscle cells (Hu et al., 2015) contributes to the formation

and development of ISR. In addition, the change in the elastic
contraction of blood vessels promotes the occurrence of ISR
(Kokkinidis et al., 2019).

Hcy is a sulfur-containing amino acid formed after the
demethylation of methionine. Though it is an intermediate
product of the methionine cycle, it is an unnecessary amino
acid for the human body (Otsuka et al., 2012). Foods with high
protein content, such as meat and milk, contain a large amount of
methionine which can be transformed into Hcy. Other
components in the body, such as vitamins B6, B9, B12, folic
acid, betaine, etc catalyzes the conversion of Hcy to glutathione
(GSH) and S - adenosylmethionine (SAM). As a result, the serum
Hcy positively correlates with methionine concentration in the
daily diet.In contrast, a negative correlation of Hcy was observed
with the concentration of vitamins B6, B9, B12, folic acid, and
betaine in the human body (Ganguly and Alam 2015).

The levels of serum Hcy in the ideal human body are low. The
Hcy can be converted into GSH and SAM beneficial to the human
body. However, genetic defects, nutrient deficiency, smoking,
heavy drinking, and improper diet (excessive intake of foods
containing too much lysine or too little intake of vitamins B6,
B9, B12, folic acid and betaine) can alter this balance. This
imbalance causes an imbalance of nutritional state, resulting in
the accumulation of Hcy content and an overall increase in Hcy
level in the blood. Studies have shown that elevated serumHcy can
increase the body’s oxidative stress pressure, causeing endothelial
cell damage, nitric oxide depletion, reduced endothelial relaxation
function, formation of oxidized low-density lipoprotein, and
promotion of pre-atherosclerotic state and pre-thrombotic state
(Spence 2006; Eichinger 2010; Graeme et al., 2012).

The increase of Hcy levels affects the gene expression of
vascular endothelial cells, leading to a toxic effect on the
endothelial cells and apoptosis. Therefore, arterial vascular
smooth muscle cells overgrow and proliferate, resulting in
vascular endothelial wall thickening, arterial elasticity damage
and the formation of joint sclerosis plaque in stents. These
conditions contribute to be the potential pathogenesis of ISR.
However, human serum Hcy level is affected by genetic factors,
nutritional and dietary factors, life factors, drug factors, and other
factors (Nygrd et al., 1995; Nagele et al., 2011; Naik et al., 2011;
Nilsson et al., 2014; Hildebrandt et al., 2015; Jung et al., 2015),
These factors include lack of cystine sulfide-β-Synthetase (CBS),
methylenetetrahydrofolate reductase (MTHFR), Methionine
synthase (MS), methionine adenosyltransferase (MAT) folic
acid, vitamin B6, vitamin B12 and othergenetic factors. Besides
smoking, drinking, lack of physical exercise and other living

TABLE 8 | Pearson correlation between diseased vessels and the severity of in stent restenosis.

Diseased vessel RCA LAD LM LCX Total

Restenosis 16 (33.33%) 26 (54.17%) 2 (4.17%) 4 (8.33%) 48 (30.97%)
Intimal hyperplasia 3 (8.57%) 24 (68.57%) 2 (5.72%) 6 (17.14%) 35 (22.58%)
No plaque in stent group 16 (22.22%) 32 (44.44%) 2 (2.78%) 22 (30.56%) 72 (46.45%)
Total 35 (22.58%) 82 (52.90%) 6 (3.87%) 32 (20.65%) 155 (100%)
X2 value 15.814
p value 0.015

FIGURE 4 | ROC curve of serum Hcy level.
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habits, antiepileptic drugs, metformin, methotrexate, thiazide
diuretics, niacin, rosiglitazone and drugs for hypothyroidism,
renal failure, malignant tumor and other diseases, can also
increase the blood Hcy level.

De et al. (De Luca et al., 2005) showed that patients with
moderate or severe high Hcy levels might have a higher risk of
restenosis and subacute thrombosis. Hcy promotes the proliferation
of intravascular SMC, inducing SMC to enter the division stage and
rapidly proliferate and differentiate in a short period (Zeng et al.,
2010); Hcy can also affect the normal metabolism of blood lipids in
the human body. Hcy can cause the oxidative modification of low
density lipoprotein (LDL), formoxidized low-density lipoprotein (ox
LDL), and reduce the concentration of high-density lipoprotein
(HDL). In addition, Hcy can reduce NO production and cause
damage to vascular function by combining with NO secreted by
endothelial cells and ox LDL, leading to limited vascular endothelial
relaxation function (Dionisio et al., 2010). HighHcy content can also
cause an imbalance of the coagulation and fibrinolysis system. In
addition, Hcy activates metalloproteinases, activates inflammatory
cells, promotes the production of a variety of inflammatory factors
such as monocyte chemoattractant protein, tumor necrosis factor
and interleukin family, and promotes neutrophil migration to
accelerate the damage to vascular endothelium (Kugler et al., 2015).

Studies have observed that high homocysteine levels increase
the risk of restenosis after coronary angioplasty. Elevated
homocysteine levels are also known to increase the risk of all-
cause mortality, mace and heart death after PCI, suggesting that
serum Hcy is a potential risk factor for ISR (Hong et al., 2005).
The dose-response meta-analysis supported a linear relationship
between homocysteine levels and all-cause mortality in the
general population. Specifically, an increase in hcy levels of
5 μmol/l was correlated with the risk of all-cause mortality
increase by 1.336 times (Zhang et al., 2019). The alterations of
Hcy levels in patients who underwent carotid endarterectomy
(CEA) with venous patch closure technique were collected pre-
and post-operation in a prospective design. Hcy levels were
significantly correlated with both the presence of complicated
atheromatous plaque and the degree of internal carotid artery
restenosis after CEA (Bakoyiannis et al., 2015; Vidale et al., 2017).
However, the relationship between Hcy levels and long-term
outcomes post PCI remained inconsistent and contradictory
(Stangl et al., 2000; Zairis et al., 2002; Ortolani et al., 2004).
Some studies have shown that extending the intake of oral folic
acid decreased the plasma Hcy level. Therefore, long-term oral
folic acid tablets can reduce the plasma Hcy level and reduce the
incidence of coronary stent restenosis. Therefore, folic acid can be
used as the secondary prevention of in stent restenosis. Moreover,
with its low price and high-cost performance, folic acid can be
recommended in the clinic (Schnyder et al., 2001; Schnyder et al.,
2002; Hong et al., 2005; Bleie et al., 2008).

There are three main methods of detecting for serum Hcy,
circulating enzyme method, isotope method, immunoassay and
chromatography. However, the use of these methods is limited in
clinical practice due to the involved in operational complexity. In
this study, the circulating enzyme method determines the serum
Hcy level. The circulating enzyme method uses enzyme-substrate
specificity to amplify the target substance. It has the advantages of

mild reaction, good specificity, high sensitivity, environmental
protection, and no pollution, and it has been widely popularized
in clinics (Ortolani et al., 2004).

We have demonstrated that the level of serum Hcy in the
experimental and control group was 20.21 ± 11.42 μmol/L and
15.11 ± 10.25 μmol/L, respectively. The serum Hcy in the
experimental group was significantly higher than in the
control group. Serum Hcy in the groups with plaque in the
stent was 22.37 ± 12.28 μmol/L whereas in the plaque free group
was 16.30 ± 6.08 μmol/L. The serum Hcy in the plaque group was
higher than in the no plaque group. The serum Hcy level was
25.72 ± 13.71 μmol/L in the ISR group and 17.35 ± 7.70 μmol/L in
the intimal hyperplasia group. The serum Hcy in the ISR group
was higher than in the intimal hyperplasia group. The level of
serum Hcy in the group without a plaque in the stent was 16.30 ±
6.08 μmol/L whereas the control group had a level of 15.11 ±
10.25 μmol/L.A small difference was observed in serum Hcy
levels between the plaque free group and the control group,
indicating a correlation between serum Hcy levels and ISR.
Pearson correlation test showed a correlation between serum
Hcy value and ISR severity. Using CAG as the gold standard, the
ROC curve analysis of serum Hcy level in the experimental group
showed that the serum Hcy levels had a certain predictive value
for ISR severity.

Overall, a positive correlation was found between serum Hcy
level and ISR severity, suggesting that serum Hcy is a risk factor
for ISR and a significant predictor of cardiovascular disease.
Furthermore, it has a certain predictive value for the
formation, development and severity of ISR after PCI.
Therefore, early intervention to reduce preoperative and
postoperative serum Hcy levels might be helpful to prevent ISR.

5 CONCLUSION

A positive correlation was observed between the serum Hcy level
and ISR severity. In addition, the ROC curve analysis
demonstrated that the serum Hcy level could serve as a
predictive biomarker for ISR severity after PCI. However,
other hematological indexes might alter the correlation
between serum Hcy and ISR severity, which was not
considered in this present study. Future multi-center research
with a large cohort is required to validate the current findings in
clinical practices.
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Theaflavin-3,39-Digallate from Black
Tea Inhibits Neointima Formation
Through Suppression of the PDGFRβ
Pathway in Vascular Smooth Muscle
Cells
YichenWu1,2†, Min Chen1,3,4†, Zilong Chen1,2, Jiangcheng Shu1,2, Luoying Zhang5, Jiong Hu6,
Hongjun Yu7, Kai Huang1,3,2,4* and Minglu Liang1,3,4*

1Clinic Center of Human Gene Research, Union Hospital, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan, China, 2Department of Cardiology, Union Hospital, Tongji Medical College, Huazhong University of Science
and Technology, Wuhan, China, 3Hubei Key Laboratory of Metabolic Abnormalities and Vascular Aging, Huazhong University of
Science and Technology, Wuhan, China, 4Hubei Clinical Research Center of Metabolic and Cardiovascular Disease, Wuhan,
China, 5Key Laboratory of Molecular Biophysics of the Ministry of Education, College of Life Science and Technology, Huazhong
University of Science and Technology, Wuhan, China, 6Department of Histology and Embryology School of Basic Medicine,
Tongji Medical College Huazhong University of Science and Technology, Wuhan, China, 7Department of Biochemistry and
Molecular Biology, School of Basic Medicine and Tongji Medical College, Huazhong University of Science and Technology,
Wuhan, China

The abnormal neointima formation caused by the phenotypic switching of vascular smooth
cells (VSMCs) into a synthetic state plays a key role in the pathogenesis of various vascular
diseases, including atherosclerosis and postangioplasty restenosis. Theaflavin-3,3′-
digallate (TF3) in black tea has been reported to exert antiinflammatory and anticancer
effects, but its role in neointima formation remains unclear. Here, we delineated a
remarkable effect of TF3 in suppressing neointima formation of VSMCs in vivo as well
as the ability of primary rat aortic smooth cells (RASMCs) to proliferate and migrate in vitro.
Further study confirmed that the effects of TF3 on PDGF-BB–induced RASMCs were due
to reduced phosphorylation of PDGFRβ, which led to the repression of downstream
pathways. We concluded that TF3 may act as a repressor in the progression of neointima
formation and serve as a potential therapeutic candidate for excessive phenotypic
switching of VSMCs.

Keywords: vascular smooth muscle cells, neointima formation, phenotypic switching, TF3, PDGFRβ signaling
pathway

INTRODUCTION

Arteriosclerotic cardiovascular diseases (ASCVD), such as atherosclerosis, coronary heart disease,
and postangioplasty restenosis (RS), are the main causes of mortality worldwide (Mortensen and
Nordestgaard, 2018). Vascular remodeling resulting in an aberrant phenotype of medial smooth
muscle cells is pervasively accepted as the primary pathological basis of ASCVD (Beach et al., 2013).
In contrast to othermature cells, such as endothelial cells and fibroblasts, medial smoothmuscle cells,
which enable blood vessels to maintain structural and functional homeostasis under normal
conditions, exhibit extensive plasticity to switch from a quiescent contractile phenotype to an
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active synthetic phenotype (Chistiakov et al., 2015). This aberrant
transition in VSMC phenotype dramatically accelerates the
pathogenesis of ASCVD (Chappell et al., 2016; Augstein et al.,
2018), especially when induced by various pathogenic stimuli and
stress signals, including vascular injury and mechanical force
(Owens et al., 2004; Davis-Dusenbery et al., 2011; Heusch et al.,
2014). For example, during the progression of postangioplasty
restenosis (RS), injury-induced synthetic VSMCs express elevated
proliferative factors and decreased contractile markers (Rensen
et al., 2007; Frismantiene et al., 2018), migrate from the primary
media to the intima, and secrete a large amount of extracellular
matrix, leading to pathological thickening and vascular
restenosis, which severely damage vessel functions.

The PDGFs are a number of cytokines belonging to the
cystine knot protein superfamily. They exist as homo or
heterodimers combined by four different monomers,
namely, PDGF-A, PDGF-B, PDGF-C, and PDGF-D, and
function as classical regulators of cell growth and cell
division (Boor et al., 2014). PDGF-BB has been verified for
its contribution to the formation of neointima after vascular
injury (Raines, 2004; Tallquist and Kazlauskas, 2004; Shawky
and Segar, 2017), and has become one of the most commonly
used factors to induce fibroblast and VSMC proliferation and
migration. Here, we used it to induce the synthetic phenotype
of VSMCs in vitro.

Black tea, a fermented tea, provides multiple health benefits,
such as refreshing effects and antiaging activity (Yang and
Landau, 2000). The fermentation process of black tea results in
the formation of theaflavins, comprising a mixture of theaflavin
(TF1), theaflavin-3-gallate (TF2a), theaflavin-3′-gallate (TF2b),
and theaflavin-3,3′-digallate (TF3), which is regarded as the
most beneficial component of black tea (Liang et al., 1999).
Previous studies have shown that theaflavins, especially TF3,
can block nitric oxide synthase by downregulating NF-κB
activation in macrophages (Lin et al., 1999). TF3 was
recently reported to inhibit osteoclast formation and prevent
ovariectomy-induced bone loss via suppression of the ERK
pathway (Hu et al., 2017). Moreover, studies concerning the
beneficial antioxidant, antiangiogenic, and antitumor effects of
TF3 have also been published (Lin et al., 2000; Leung et al.,
2001; Lee et al., 2004; Cai et al., 2007; Gao et al., 2016).
However, whether TF3 can regulate the phenotypic
switching of VSMCs remains unknown. Here, we elucidated
the effect of TF3 on the regulation of injury and PDGF-
BB–induced VSMC phenotypic switching and the underlying
mechanisms.

MATERIALS AND METHODS

Animals
C57BL/6 mice (8-weeks old) and male Sprague Dawley rats
(170 g) were used in our experiments. The animals were
housed on a 12:12-h light–dark cycle in a temperature-
controlled and humidity-controlled room with free access to
standard chow and tap water. All animal studies were
approved by the Institutional Animal Care and Use

Committee of Huazhong University of Science and
Technology.

Animal Experiments
The anesthetized C57BL/6 mice (n ≥ 6 for each group) were
supine with their necks fully exposed and hair removed. First, the
common carotid artery, the external carotid artery, and the
internal carotid artery were carefully separated, and then the
blood flow in a unilateral carotid artery was completely blocked
using a ligature near the distal bifurcation. The same separation
was performed for the carotid vessels on the other side as a sham
operation. The mice were randomly injected intraperitoneally
with normal saline (vehicle) or TF3 (10 mg/kg) the day before the
operation and once every other day after ligation. Then, 14 and
28 days later, tissue sections were taken from the proximal end of
the suture junction for histological tests.

Histomorphometry
Tissue sections were fixed in 4% paraformaldehyde (PFA) and
embedded in paraffin by Bios Biological Company. Serial 5-mm-
thick transverse sections were stained in batches with
hematoxylin and eosin and Masson to better differentiate
intimal hyperplasia. Digital photographs were taken using an
inverted microscope (OLYMPUS IX73). ImageJ software was
used for morphometric analyses.

Immunofluorescence
Slides of different sections were dewaxed in xylene, boiled for
10 min in citrate buffer for antigen retrieval, and exposed to
blocking solution (5% goat serum in phosphate-buffered saline
[PBS]) for 1 h at room temperature. PCNA (CST, #2586, 1:
100 dilutions), MMP9 (Abcam, ab38898, 1:100 dilutions), α-SMA
(Proteintech, 67735-1-lg, 1:100 dilutions), p-AKT (CST, #9231, 1:
100 dilutions), and p-ERK1/2 (Abclonal, AP0974, 1:
100 dilutions) were diluted in blocking solution and applied to
the slides overnight at 4°C in a humidified chamber. The next day,
slides were incubated with appropriate Alexa Fluor 488-, Alexa
Fluor 555-conjugated secondary antibodies diluted 1:500 in
blocking solution for 1 h at room temperature. DAPI
(Servicebio, G1012) was then mounted on slides for 15 min.
All immunofluorescence micrographs were taken using a
confocal microscope (Nikon).

The cells were fixed in 4% PFA for 15 min at room
temperature after reaching confluence, immunostained with α-
SMA (Proteintech, 67735-1-lg, 1:100 dilutions) and SM22
(proteintech 10493-1-AP, 1:100 dilutions) antibodies overnight
at 4°C, and then incubated with the indicated secondary
antibodies for 1 h at 37°C. Nuclei were stained with DAPI for
20 min at 37°C. Photos were taken under a fluorescence
microscope (Olympus).

Cell Culture
For primary RASMC culture, the aorta of normal male rats was
digested using collagenase II (Worthington) at a concentration of
2mg/ml for 10min, and then the adventitia was carefully stripped
using microscopic tweezers. Endothelial cells were gently wiped
off with a cotton swab. After overnight culture at 37°C in a 5%

Frontiers in Pharmacology | www.frontiersin.org July 2022 | Volume 13 | Article 8613192

Wu et al. Theaflavin-3,3′-Digallate Inhibits Neointima Formation

160

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


CO2 incubator in Dulbecco’s Modified Eagle Medium (DMEM)
containing 10% FBS (Gibco), the remaining aorta was cut into
pieces using microscissors and digested using collagenase II at
3 mg/ml for 30 min. Then, elastase (1 mg/ml, Worthington) was
added for another 60 min. RASMCs were centrifuged,
resuspended, and cultured in DMEM containing 10% FBS at
37°C in a 5% CO2 incubator. Primary mouse smooth muscle cells
(mSMCs) were isolated in the same way. Then, 0.2 mg/ml
collagenase II was used to remove the adventitia. After
overnight culture, 1.0 mg/ml collagenase II and 0.1 mg/ml
elastase were used for further digestion. All SMCs used for
experiments were between the third and fifth passages.

CCK-8 Assay
To estimate cell proliferation, RASMCs were seeded onto 96-well
plates (5,000/well) and cultured in DMEM containing 10% FBS to
near confluence. RASMCs were then cultured with FBS-free
DMEM for 24 h and treated with PBS as a control or 20 ng/
ml PDGF-BB (GenScript, Z03179) with or without adding
different concentrations of TF3 (1, 10, and 20 μM) 1 h before
exposure. The cells were incubated using CCK-8 for 2 h, and the

absorbance at 450 nm was detected using a microplate reader
(Multiskan FC, Thermo Fisher Scientific, Rockford, IL,
United States).

Western Blotting
RASMCs cultured in 6-well plates were starved in FBS-free
DMEM for 24 h after nearly reaching confluence. The cells
were pretreated with vehicle or different concentrations of TF3
1 h before stimulation. Total protein was extracted from the cells
after 48 h, and the protein concentration was determined with a
Pierce™ BCA protein assay kit (Thermo Scientific™, 23227),
according to the manufacturer’s instructions. Then, western blot
was conducted with primary antibodies against
MYH11(Proteintech, 18569-1-AP, 1:1000 dilutions), α-SMA
(Proteintech, 67735-1-lg, 1:1000 dilutions), SM22 (Proteintech,
10493-1-AP, 1:1000 dilutions), PCNA (CST, #2586, 1:
1000 dilutions), cyclin E (CST, #20808, 1:1000 dilutions),
CDK1 (Proteintech, 19532-1-AP, 1:1000 dilutions), CDK2
(Proteintech, 10122-1-AP, 1:1000 dilutions), CDK4
(Proteintech, 11026-1-AP, 1:1000 dilutions), MMP2
(Proteintech, 10373-2-AP, 1:1000 dilutions), MMP9 (Abcam,

FIGURE 1 | Effect of theaflavin-3,3′-digallate (TF3) on carotid artery ligation–induced neointimal hyperplasia. (A) TF3 (10 mg/kg) or vehicle was intraperitoneally
injected after carotid artery ligation. Mice were sacrificed 14 days after the surgery. Hematoxylin and eosin-stained and Masson trichrome-stained sections of all groups
are shown. Scale bar, 50 μm. (B)Quantification of the ratio of intima to media (I/M ratio), lumen diameter, and lumen area. The data are presented as themean ± SEM (n =
7). ***p < 0.001.
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ab38898, 1:1000 dilutions), α-tubulin (Proteintech, 11224-1-AP,
1:1000 dilutions), GAPDH (Proteintech, 60004-1-lg, 1:
1000 dilutions), p-ERK1/2 (CST, #5726, 1:1000 dilutions),
p-JNK (CST, #4668, 1:1000 dilutions), p-p38 (CST, #9216, 1:
1000 dilutions), ERK1/2 (ABclonal, A4782, 1:1000 dilutions),
JNK (CST, #9252, 1:1000 dilutions), p38 (Proteintech, 14064-1-
AP, 1:1000 dilutions), p-mTOR (CST, #5536, 1:1000 dilutions),

mTOR (Bimake, A5866, 1:1000 dilutions), p-Akt (CST, #9271, 1:
1000 dilutions), Akt (CST, #4691, 1:1000 dilutions), p-PDGF
receptor beta (CST, #3161, 1:1000 dilutions), PDGF receptor beta
(Bimake, A5541, 1:1000 dilutions), p-PLCγ1 (CST, #2821, 1:
1000 dilutions), PLCγ1 (CST, #5690, 1:1000 dilutions), p-Src
(CST, #6943, 1:1000 dilutions), and Src (CST, #2109, 1:
1000 dilutions) at 4°C overnight. The blots were then
incubated with secondary antibodies and visualized using ECL.
ImageJ software was used for gray value analyses.

EdU Assay
RASMCs were seeded onto 96-well plates (5,000/well) and cultured
in DMEM containing 10% FBS until almost confluent. After
starvation for 24 h, the cells were pretreated with vehicle or
different concentrations of TF3 1 h before stimulation. Then,
48 h later, an EdU assay was performed following the standard
protocol of the Cell-Light™ EdU Apollo®567 in vitro imaging kit
(RiboBio, C10310-1). Photographs were taken using an inverted
microscope (OLYMPUS IX73). ImageJ software was used for cell
counting analyses.

Wound Healing Migration Assay
RASMCs were seeded onto 6-well plates and grown to confluence. A
straight line was scratched into the cells with a 200-μl pipette tip. The
cells were pretreated with vehicle or different concentrations of TF3
1 h before stimulation. Then, they were allowed to migrate, and
photographs from the same viewpoint were taken when the wound
was made and 48 h later using an inverted microscope (OLYMPUS
IX73). ImageJ software was used for wound area measurements.

Transwell Assay
Flamed forceps were used to place the upper transwell chamber into a
regular 24-well plate. Then, 100 µl of serum-free medium was added,
and the chamber was placed back into the incubator for >1 h. Starved
RASMCs were pretreated with vehicle or different concentrations of
TF3 1 h before stimulation. The cells were incubated for 24 h,
trypsinized, and resuspended in serum-freemedia so that 2 × 105 cells
were cultured in 100 μl of medium. Then, 500 µl of fully
supplemented medium (containing 10% FBS) was added to the
lower chamber. Flamed forceps were used to transfer the upper
chambers above the lower chamber. Care was taken to avoid trapping
air bubbles below the surface of the membrane. The cell suspension
was immediately added to each of the upper chambers followed by
incubation for another 24 h. Then, the medium was aspirated from
the upper chamber, and the inserts were transferred into another well
containing PBS for washing. The inside of the upper chamber was
scraped with a cotton swab to remove the cells from the inside of the
well. Cells on the underside of the insert were stained by placing the
insert into crystal violet solution for 15 min, and photos were taken
using an inverted microscope (OLYMPUS IX73). ImageJ software
was used for cell counting analyses.

Statistical Analysis
The data are expressed as the mean ± SEM values. The
Shapiro–Wilk tests and two-tailed unpaired students’ tests
were used to determine significance of differences between two
groups. Statistical significance was indicated by p values < 0.05.

FIGURE 2 | Effect of theaflavin-3,3′-digallate (TF3) on carotid artery
ligation–induced neointimal hyperplasia. TF3 (10 mg/kg) or vehicle was
intraperitoneally injected after carotid artery ligation. (A) Immunofluorescence
staining of PCNA (red), α-SMA (green), and DAPI (blue) are shown. (B)
Immunofluorescence staining of MMP9 (red), α-SMA (green), and DAPI (blue)
are shown. Scale bar, 100 μm.
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RESULTS

TF3 Attenuates Carotid Artery
Ligation–Induced Neointimal Hyperplasia
To assess the effect of TF3 on neointimal hyperplasia after
vascular injury, we used the carotid artery ligation (CAL)
model, which gave rise to the progression of vascular
restenosis. TF3 (10 mg/kg) or vehicle was intraperitoneally
injected one day before CAL and repeated every other day.
Compared with the vehicle-treated sham surgery group, the
vehicle-treated ligation surgery group showed well-developed
neointimal hyperplasia after 14 days. The sections stained with
HE and Masson trichrome solutions were used to highlight the
media (Figure 1A). Compared with the vehicle-treated ligation
surgery group, the TF3-treated ligation surgery group showed a
prominently reduced ratio of intima to media (I/M ratio) with
apparently larger lumen diameter and lumen area (Figure 1B).

There was also a significant difference between the two sham
surgery groups of vehicle- and TF3-treated mice in lumen sizes
due to their different levels of compensatory dilatation.
Immunofluorescence staining showed that the TF3-treated
ligation surgery group had sharply declined PCNA and
MMP9 expression compared to vehicle-treated surgery group
(Figure 2). HE and Masson staining were also performed 28 days
after surgery (Supplementary Figure S1) as well as
immunofluorescence assay (Supplementary Figure S2). These
results indicate that TF3 significantly attenuates neointimal
hyperplasia induced by CAL.

TF3 Attenuates PDGF-BB–Induced
Phenotypic Switching in RASMCs
Phenotypic switching of VSMCs is a main character of vascular
restenosis after PCI. First, immunofluorescence staining of α-

FIGURE 3 | Effects of theaflavin-3,3′-digallate (TF3) on PDGF-BB–induced phenotypic switching in RASMCs. (A) RASMCs were stained with α-SMA (red) and
DAPI (blue). Scale bar, 200 μm (B) The serum-starved RASMCs were pretreated with 1, 10, or 20-μM TF3 for 1 h, and then, the cells were stimulated with 20 ng/ml
PDGF-BB for 48 h. The levels of contractile proteins MYH11, α-SMA, and SM22 were detected using western blot. Each experiment was performed in triplicate. **p <
0.01, ***p < 0.001.
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SMA and SM22 was used to identify the phenotype of the
RASMCs, as shown in Figure 3A, and then, to evaluate the
cytotoxicity of TF3 for RASMCs, MTT assay was conducted to
test the cell viability. As shown in Supplementary Figure S3,
TF3 was nontoxic for RASMCs at concentrations of at least
80 μM. Therefore, we selected the safety concentrations of 1,
10, and 20 μM for further experiments. Western blot was
conducted to investigate whether TF3 is able to reverse PDGF-
BB–induced phenotypic switching in RASMCs. The results
showed that the protein expressions of MYH11, α-SMA, and
SM22, which were recognized to be the contractile markers of
VSMCs, were reduced after PDGF-BB (20 ng/ml) stimulation,

and pretreatment of 1, 10, and 20 μM TF3 could reverse this
phenomenon in a concentration-dependent manner (Figure 3B).

TF3 Inhibits PDGF-BB–Induced RASMC
Proliferation
One of the features of neointimal hyperplasia is the abnormal
proliferation and migration of VSMCs toward the intima layer.
Therefore, we tested the antiproliferative effect of TF3 on PDGF-BB-
stimulated RASMCs. EdU assay showed that the proliferation rate of
RASMCs was increased after stimulation with PDGF-BB (20 ng/ml)
for 48 h compared with the nontreated control, and pretreatment

FIGURE 4 | Effects of theaflavin-3,3′-digallate (TF3) on PDGF-BB–induced proliferation in rat aortic smooth cells (RASMCs). Serum-starved RASMCs were
pretreated with 1-, 10-, or 20-μM TF3 for 1 h and then stimulated with 20 ng/ml PDGF-BB for 48 h. (A) An EdU assay was performed to evaluate the proliferation of
RASMCs. (B) Statistical data of the EdU assay are shown. (C) The effect of TF3 on PDGF-BB–induced proliferation of RASMCs was also measured using CCK-8 assay.
(D) The effect of TF3 on PDGF-BB–induced apoptosis of RASMCs was measured using terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)
assay. (E) Statistical data from the TUNEL assay are shown. (F) The levels of the cell proliferation-associated proteins PCNA, CDK1, CDK2, CDK4, and CCNE1 were
detected by western blotting. The western blot data are shown. Each experiment was performed in triplicate. Scale bar, 100 μm, *p < 0.05, **p < 0.01, ***p < 0.001.
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with TF3 suppressed this phenomenon in a concentration-
dependent manner (Figures 4A,B). A CCK-8 assay was
performed to further confirm this antiproliferative effect, in
which the cells pretreated with TF3 showed much less
proliferative capacity than the PDGF-BB stimulation group
(Figure 4C). The terminal deoxynucleotidyl transferase dUTP
nick-end labeling (TUNEL) assay showed that PDGF-BB and
TF3 had no effect on cell apoptosis (Figures 4D,E). The results
of western blot provided more evidence that the expressions of
PCNA, CDK1, CDK2, CDK4, and CCNE1 were increased after
stimulation with PDGF-BB, and pretreatment with TF3 suppressed
them in a concentration-dependent manner (Figure 4F).

TF3 Inhibits PDGF-BB–Induced RASMC
Migration
To evaluate the effect of TF3 on PDGF-BB–induced RASMC
migration, we performed a wound healing migration assay. As
shown in Figures 5A,B, the cells migrated to near confluence
after 48 h of PDGF-BB stimulation, and pretreatment with
TF3 inhibited PDGF-BB–induced migration in a
concentration-dependent manner compared with the PDGF-
BB stimulation group. As expected, the transwell assay and
western blot analysis showed consistent results to further
prove that TF3 prevents RASMC migration under PDGF-BB
induction (Figures 5C–F).

FIGURE 5 | Effects of theaflavin-3,3′-digallate (TF3) on PDGF-BB–induced migration in rat aortic smooth cells (RASMCs). Serum-starved RASMCs were
pretreated with 1-, 10-, or 20-μM TF3 for 1 h and then stimulated with 20 ng/ml PDGF-BB for 48 h. (A) The wound healing migration assay was performed as indicated.
Scale bar, 100 μm (B) The statistical data of the wound healing assay are shown. (C) The transwell assay was performed as indicated. Scale bar, 200 μm (D) The
statistical data of the transwell assay are shown. (E) The levels of the cell migration-associated proteins MMP2 and MMP9 were detected by western blot. (F) The
statistical data of the western blot analysis are shown. Each experiment was performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001.
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TF3 Suppresses the Activation of PDGFRβ
and Its Downstream Pathways in
PDGF-BB–Induced RASMCs
PDGF-BB can bind to both PDGFRα and PDGFRβ on the surface
of the cell membrane. Since the expression of β-receptors is
approximately 10-fold higher than that of α-receptors
(Bornfeldt et al., 1995), we tested whether TF3 targets
PDGFRβ and its downstream pathways. Upon stimulation of
the receptor, a series of tyrosine residues in the receptor subunits
were phosphorylated. Next, ligands, such as phospholipase
C-gamma 1 (PLC-γ1) and the Src family, bound with the

receptor through specific phosphotyrosine residues (Claesson-
Welsh, 1994) and were subsequently phosphorylated. In addition,
it has been previously shown that PDGF-BB promotes RASMC
proliferation and migration through activation of the PI3K/Akt/
mTOR and classic MAPK pathways, the inhibition of which can
postpone the above progression (Song et al., 2016; Fairaq et al.,
2017; Zhang et al., 2018).

Our experiments confirmed the time-dependent manner of
PDGF-BB-triggered activation in the abovementioned pathways
(data not shown), and we chose 10 min as the time point to
evaluate the extent of phosphorylation. Western blotting was
conducted using antibodies against the classical PDGFRβ and

FIGURE 6 | Theaflavin-3,3′-digallate (TF3) suppresses the activation of PDGFRβ and its downstream pathways in PDGF-BB–induced rat aortic smooth cells
(RASMCs). The cells were serum-starved for 24 h and then stimulated with PDGF-BB (20 ng/ml) with or without pretreatment with 20 μMTF3. Cell extract was harvested
after 10 min of stimulation. (A,B)Western blotting was performed using antibodies against the classical PDGFRβ and MAPK signaling pathways. (C) The statistical data
of the western blot are shown. Each experiment was performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001.
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MAPK signaling pathway components after 10 min of PDGF-BB
stimulation. Under the premise that the total amount of these
proteins remained the same, the expressions of p-PDGFRβ
(Tyr751), p-PLCγ (Tyr783), p-Src (Tyr416), p-AKT (Ser473),
p-mTOR (Ser2448), p-JNK (Thr183/Tyr185), p-ERK1/2

(Tyr204), and p-P38 (Thr180/Tyr182) were found to be
increased after PDGF-BB stimulation, and pretreatment with
20 μM TF3 obviously diminished the phosphorylation of these
proteins after PDGF-BB stimulation (Figure 6).

In order to further explore whether TF3 has the same effect in
vivo, we conducted immunofluorescence assay at 14 days after
CAL, and a strong reduction of p-AKT and p-ERK1/2 was
detected under TF3 injection (Figure 7 and Supplementary
Figure S4). In addition, using AKT activator SC79 (Wen
et al., 2020) (Selleck, S7863) and ERK1/2 activator TPA (Xiao
et al., 2019) (Shanghai yuanye Bio-Technology, B50767), we
conducted CCK-8 and wound healing assay in vitro. Results
revealed that pretreatment with SC79 (5 ug/ml) or TPA
(150 nM) reversed the inhibition effects on cell proliferation
and migration by TF3 under PDGF-BB stimulation to some
extent (Figure 8). These results indicated that TF3 suppresses
the activation of PDGFRβ and its downstream pathways during
PDGF-BB stimulation to perform its pronounced effect on
maintaining the contractile phenotype of RASMCs both in
vivo and in vitro.

DISCUSSION

In the present study, we delineated that TF3 ameliorates
neointimal hyperplasia in vivo to a large extent.
Intraperitoneal injection of TF3 significantly reduced the
I/M ratio after CAL as well as maintained the vessel
structure. The expression levels of PCNA and MMP9 were
decreased in the vascular media and intima after
TF3 intervention.

Unlike cardiac or skeletal muscle cells, VSMCs are highly
versatile in response to the environment change in vessel walls.
Contractile VSMCs regulate the structure of blood vessels
under normal conditions. In case of vascular injury, they
undergo phenotypic changes from the quiescent contractile
phenotype to the proliferative and migratory synthetic
phenotype. PDGF-BB was found to have a key role in the
modulation of this conversion (Xu et al., 2009) as it was
sharply elevated in the initiation stage during neointimal
hyperplasia and promoted the accumulation of VSMCs after
balloon injury. Therefore, we conducted in vitro experiments
on RASMCs using PDGF-BB as stimulation. Our results
demonstrated that the expression of the contractile factors
(MYH11, α-SMA, and SM22) of RASMCs were reduced after
PDGF-BB stimulation, and pretreatment of TF3 can reverse
this phenotypic switching to a large extent. While converting
to the synthetic phenotype, RASMCs are excessively capable of
proliferating and migrating as well as secreting various
extracellular matrix proteins and cytokines (An et al., 2017).
To observe the proliferative activity, we performed CCK8 and
EdU assays. According to the results, the enhanced
proliferative ability after PDGF-BB stimuli can be
suppressed by TF3 to a large extent. Consistent with this
finding, western blotting revealed a great decrease in the
levels of some proliferation-associated proteins (PCNA,
CDK1, CDK2, CDK4, and CCNE1), and TUNEL staining

FIGURE 7 | Theaflavin-3,3′-digallate (TF3) suppresses the activation of
AKT and ERK1/2 during carotid artery ligation–induced neointimal
hyperplasia. TF3 (10 mg/kg) or vehicle was intraperitoneally injected after
carotid artery ligation. (A) Immunofluorescence staining of p-AKT (red),
α-SMA (green), and DAPI (blue) (above) and their enlarged view (below) are
shown. (B) Immunofluorescence staining of p-ERK (red), α-SMA (green), and
DAPI (blue) (above) and their enlarged view (below) are shown. Scale bars,
100 and 25 μm.
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FIGURE 8 | Activation of AKT and ERK1/2 abrogate the effects of theaflavin-3,3′-digallate (TF3) on rat aortic smooth cells (RASMCs) under PDGF-BB stimulation.
Serum-starved RASMCs were pretreated with 20-μM TF3, 5 ug/ml SC79, and 150 nM TPA for 1 h and then stimulated with 20 ng/ml PDGF-BB for 48 h. (A) The wound
healing migration assay was performed as indicated. Scale bar, 100 μm (B) The statistical data of the wound healing assay is shown. (C) The CCK-8 assay was
performed as indicated. Each experiment was performed in triplicate. *p < 0.05, **p < 0.01, ***p < 0.001.

FIGURE 9 | A working model of the effect of theaflavin-3,3′-digallate (TF3) in PDGF-BB–induced phenotypic switching. Under vessel injury, vascular smooth cells
(VSMCs) undergo phenotypic switching that leads to neointimal hyperplasia. TF3 inhibits the activation of PDGFRβ and its downstream pathways to suppress PDGF-
BB–induced VSMC phenotypic switching and thus reduces neointimal hyperplasia.
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showed that there was apparently no increase in cell apoptosis.
Moreover, wound healing and transwell assays further
demonstrated the ability of TF3 to inhibit VSMC migration.
Cells pretreated with TF3 exhibited attenuated migratory
ability compared to the control group, and western blot
analysis later confirmed the decreased level of some
migration-associated proteins (MMP2 and MMP9).
Therefore, we verified that TF3 is an active inhibitor of the
contractile-to-synthetic phenotype switch.

Consistent with previous studies, PDGF-BB triggers the
phenotypic switching of RASMCs by binding and activating
PDGFRβ; and molecules, such as PLCγ1 and the Src family,
are subsequently bound to the receptor and phosphorylated. In
addition, the PI3K/Akt/mTOR and MAPK pathways are also
involved in PDGF-BB–induced phenotypic switching (Shao et al.,
2020; Osman et al., 2021). Western blot analysis confirmed the
explicit inhibitory effect of TF3 on the phosphorylation of
p-PDGFRβ, p-PLCγ, p-Src, p-AKT, p-mTOR, p-JNK, p-ERK1/
2, and p-P38 after 10 min of stimulation. It should be noted that
phosphorylation levels of p-PDGFRβ, p-AKT, and p-ERK1/
2 were also downregulated by TF3 in primary mSMCs
(Supplementary Figure S5). In line with in vitro results,
activation of p-AKT and p-ERK1/2 pathways were also
suppressed by TF3 in vivo. SC79 and TPA, activators of AKT
and ERK1/2, respectively, abrogated the effects of TF3 on
inhibiting RASMC phenotypic switching. Taken together,
these results proved that TF3 suppresses the activation of
PDGFRβ and its downstream pathways under PDGF-BB
stimulation.

In summary, we demonstrated that TF3 acts as a key repressor
of PDGF-BB–induced VSMC phenotypic switching by inhibiting
the activation of PDGFRβ and its downstream pathways
(Figure 9). These findings suggest that intervention with
TF3 may prevent some proliferative vascular diseases, such as
neointimal hyperplasia, after percutaneous coronary intervention
and serve as a potential therapeutic candidate for controlling the
abnormal phenotypic switching of VSMCs.
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