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The phenotype switch of vascular smooth muscle cells (VCMCs) is involved in the progression of atherosclerosis
(AS). B-sterols (BS), a natural product, has been found to be effective in the treatment of AS, but whether it is
related to the inhibition of VCMCs phenotype switching remains unknown. Therefore, the aim of this study was
to investigate the effect of BS on angiotensin Il (Ang Il)-induced phenotype switching of VCMCs. The Cell Counting
Kit-8 (CCK8) method was used to determine the relative cell viability. Scratch Assay was applied to investigate the
rate of cell migration, and western blotting was performed to identify the expression level of the target protein.
Actin-Tracker Green was used to observe the changes in cytoskeleton and morphology. The mRNA level of
collagen Il was analyzed by real-time quantitative polymerase chain reaction (q-PCR). In addition, the network
pharmacology was employed to predict the mechanism of BS inhibiting phenotype switch. The results
demonstrated that BS might effectively restrain the phenotype switch of VSMCs, and the optimal inhibition
occurred when cells were treated with 4 ug/mL BS for 24 h. Moreover, BS were proved to inhibit overproliferation,
overmigration, skeletal remodeling, and secretion of VSMCs. The results also suggested that BS might inhibit the
phenotype switch of VSMCs through the cAMP/PKA/CREB signaling pathway and inhibit excessive cell
proliferation, overmigration, secretion, and skeletal remodeling during this process. This study provided new
ideas for finding targets and developing new drugs for cardiovascular diseases such as atherosclerosis.
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Introduction phenotype switch of vascular smooth muscle

cells (VSMCs) that can maintain the physiological

Cardiovascular diseases affect 26% of the global function and structural integrity of the vascular
population and will cause more than 23 million wall under normal conditions. However, under
deaths by 2030. Atherosclerosis (AS) is the the stimulation of various stimulating factors
pathological basis of cardiovascular diseases, such as angiotensin Il (Ang Il), the phenotype
which seriously threatens people's health [1-3]. switch of VSMCs can occur and accompany by
Some studies have shown that ASis related to the abnormal proliferation and migration of VSMCs

248


mailto:luqun2@126.com

Journal of Biotech Research [ISSN: 1944-3285]

2024;17:248-259

as well as the synthesis of a large number of
extracellular matrix, which ultimately leads to the
occurrence of proliferative vascular diseases and
involve in cardiovascular diseases such as
atherosclerosis [4-6]. Therefore, prevention of
phenotypic switching of VSMCs may help to
alleviate the process of cardiovascular diseases
such as AS.

B-sitosterol (BS) exists in various natural plants
and does not have cytotoxicity [7]. BS has been
reported to have antioxidant, antibacterial, anti-
inflammatory, and cholesterol-regulating effects
[8-12]. In addition, BS has also been reported in
the treatment of cardiovascular diseases. For
example, BS may compete with the absorption
site of cholesterol, inhibit the absorption of
cholesterol in the intestine, reduce the level of
cholesterol in the blood, and fight atherosclerosis
[13]. BS can also inhibit the excessive
proliferation of VCMCs by upregulating the
expression of p2lcipl protein [14]. However,
currently, there isnoreport on whether BS exerts
its effect by inhibiting phenotype switch of VSMC.

A7r5 cells are often used as research objects to
study the mechanisms related to atherosclerosis.
Qin et al. used A7r5 cells to study the inhibitory
effect of recombinant human CXCL8(3-
72)K11R/G31P on atherosclerotic plaques [15].
Zhang et al. used A7r5 cells to study the effect of
Tribulus terrestris extract on atherosclerosis [16].
Network pharmacology is an effective approach
to study the complex relationship between
Chinese herbal medicine and diseases, which can
integrate laboratory and clinical investigations
with data processing to guide drug discovery and
development [17]. Therefore, this study aimed
to investigate the relationship between BS and
phenotype switch of VSMCs by using A7r5 cells to
find and verify the key targets and pathways
based on network pharmacology. The results of
this study would provide new ideas for the
application of new drugs to block the phenotype
switch of VSMCs and treat cardiovascular
diseases.
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Materials and methods

Cell culture and treatment

A7r5 cells were purchased from the Cell Bank of
the Chinese Academy of Sciences (Shanghai,
China), which can represent the VSMCs. The A7r5
cells were cultured in Dulbecco's Modified Eagle
Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) (Thermo Fisher Scientific,
Waltham, MA, USA) and 5% CO, at 37°C [18].
Cells were divided into 4 groups and were treated
respectively with Ang Il (Meilunbio, Dalian, China)
at 0, 1, 2, 4, 8 ug/mL, B-sitosterol (Meilunbio,
Dalian, China) at 0, 1, 2, 4, 8, 16 ug/mL, Ang Il (2
pg/mL) and BS (1, 2, 4 pug/mL) with 10 pg/mL
telmisartan (Tel) as positive control (Meilunbio,
Dalian, China), and Ang Il (2 pug/mL) with BS (4
pg/mL) and 12 uM H-89 (Beyotime, Shanghai,
China), a protein kinase A (PKA) inhibitor.

Cell counting kit-8 (CCK8) assay

A7r5 cells were inoculated in 96-well plates and
10 pL CCK8 (Beyotime, Shanghai, China) was
added to each well. After culturing for 4 hrs, the
absorbance was measured at the wavelength of
450 nm using a Bio-Rad M450 microplate reader
(Bio-Rad, Hercules, CA, USA) [19]. The cell
survival rate was calculated using the following
formula.

Cell survival rate (%) = [(As—Ab)/(Ac-Ab)] x 100%

where As was the absorbance of the
experimental groups. Ab was the absorbance of
blank group. Ac was the absorbance of the
control group.

Western blotting

The protein sample was obtained by lysing the
cells with RIPA buffer (Beyotime, Shanghai, China)
and then quantitated with BCA Protein
Quantification Kit (Beyotime, Shanghai, China)
following the manufacturer’s instructions. The
Western Blot experiments were done with
different primary antibodies including
proliferating cell nuclear antigen (PCNA), SM22aq,
a-SMA, OPN, PKA, phospho-PKA, CREB, phospho-
CREB, GAPDH (Abcam, Cambridge, UK) and ECL
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kit (Beyotime, Shanghai, China) following the
manufacturers’ instructions [20]. The images
were analyzed using Image J software (Media
Cybernetics, Rockville, Maryland, USA).

Cell scratch assay

Cells were inoculated into 6-well plates when the
cell density reached 80-90%. After removing
original media and washing the cells twice with
phosphate buffer solution (PBS), the floating cells
were removed, and the photos of cells were
taken using an inverted microscope (Sartorius,
Gottingen, Germany). The cells’ migration
situation was observed and photographed after
24 h incubation. Each concentration was tested
with three repeats and nine image fields were
shot in each well [21]. The distances of scratches
on images were measured using Image J
software. The scratch distance of each visual field
was defined as the mean value of the distances of
the three scratch edges in the visual field.

Actin-tracker green staining

5x 10° cells were collected and seeded in 12-well
plates and treated with different drugs when the
cell density reached 80-90% for different cell
groups. After 24 h of incubation, the cells were
washed twice with PBS, fixed with poly-
formaldehyde for approximately 15 mins,
incubated with 200 pL diluted Actin-Tracker
Green (Beyotime, Shanghai, China) per well for 60
mins, re-stained with DAPI (Beyotime, Shanghai,
China) for 5 mins, and then added anti-
fluorescence quencher (Beyotime, Shanghai,
China). The images were acquired using a
fluorescence microscopy (Olympus, Tokyo, Japan)
at 40x magnification [22].
Real-time quantitative chain
reaction (qPCR)

The total RNAs of the cells were extracted using
Trizol method and quantified using an ultramicro
spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). The reverse transcription
reaction was then carried out using 4x Reverse
Transcription master mix (EZBioscience,
Roseville, MN, USA) at 42°C for 15 mins followed
by 95°C for 30 s following manufacturer’s

polymerase
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instructions. The primers for Collagen | gene were
5’-TGC AAG AAC AGC GTA GCC-3’ (forward) and
5’-GAG CCA TCC ACA AGC GT-3’ (reverse), while
the primers for GAPDH gene were 5’-CAA CGT
GTC AGT GGT GGA CCT G-3’ (forward) and 5’-GAG
CCA TCC ACA AGC GT-3’ (reverse). All primers
were synthesized by Sangong BioEngineering Co.,
LTD. (Shanghai, China). The qPCR was performed
using 2x SYBR Green gPCR master mix
(EZBioscience, Roseville, MN, USA) following the
manufacturer’s instructions. The CFX Connect
Real-Time PCR Detection System (Bio-Rad
Laboratories, Hercules, CA, USA) was employed
for qPCR reaction with the program of 95°C for 5
mins followed by 40 cycles of 95°C for 10 s and
60°C for 30 s.

The enzyme-linked immunosorbent
(ELISA)

The cells were inoculated into 96-well plates and
treated with different concentrations of drugs for
24 h. The content of cAMP in the supernatant of
cultured cells was determined using the ELISA Kit
(ElabScience, Wuhan, Hubei, China) following
manufacturer’s instructions.

assay

Prediction of mechanism based on network
pharmacology

The possible targets of BS were obtained from the
Traditional Chinese Medicine Systems
Pharmacology Database and Analysis Platform
(TCMSP) (https://tcmsp-e.com/tcmsp.php) or by
importing the two-dimensional structure of BS
from DrugBank (https://go.drugbank.com) into

Pharmmapper (http://www.lilab-
ecust.cn/pharmmapper) and Swiss Target
Prediction databases
(http://www.swisstargetprediction.ch). The

targets related to phenotype switch were
obtained from the Gene Card database
(https://www.genecards.org). All the targets
were imported into Veen for online mapping
(https://bioinfogp.cnb.csic.es/tools/venny). The
common targets were identified and analyzed
using STRING (https://cn.string-db.org) and
Cytoscape_v3.8.2  (https://cytoscape.org) to
obtain the core targets. KEGG
(https://www.genome.jp/kegg) and GO
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(https://www.geneontology.org) analyses were
then conducted using the David database
(https://david.ncifcrf.gov) to predict possible
signaling pathways [23]. The three-dimensional
structures of BS and pathway protein were
obtained from the RCSB Protein Data Bank
(www.rcsb.org), and then dehydrogenated and
hydrated using  Discovery  Studio 4.0
(https://www.3dsbiovia.com) and docked with
AutoDockTools-1.5.6 (https://autodocksuite.

scripps.edu).

Statistical analysis

GraphPad Prism7 (GraphPad, San Diego, CA, USA)
was employed for data processing and analysis of
this study. One-way analysis of variance (ANOVA)
was used to identify the differences of data
among the multiple samples. P value less than
0.05 was set as significant difference, while P
value less than 0.01 as very significant difference.

Results

B-Sitosterol inhibited the excessive proliferation
of VSMCs

To screen the appropriate Ang Il concentration,
CCK-8 was used to detect cell activities. The
results showed that, after incubating cells with 0,
1,2,4,8ug/mLAngllfor 6,12, 24, and 48 h, the
2 pg/mL Ang Il treated cells demonstrated higher
cell activities than that of other Ang Il
concentrations, especially for 24 h incubation (P
< 0.05). Therefore, 2 pg/mL Ang Il for 24 h
treatment was selected for all the other
experiments (Figure 1a). The cells were then
treated with 0, 1, 2, 4, 8, 16 pug/mL BS for 6, 12,
24, and 48 h to determine the effect of BS on cell
activity. The results showed that the cell activity
decreased significantly when BS concentrations
were 8 and 16 pg/mL (P < 0.05) (Figure 1b).
Therefore, the BS concentrations of 1, 2, and 4
pug/mL were determined as the experimental
conditions. Then CCK-8 was used to detect the
effect of BS on the proliferation of ANGII-induced
VSMCs. The results showed that Ang Il induced
the proliferation of VSMCs compared with the
control group, while the addition of BS inhibited
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the proliferation activity of the cells (P < 0.05)
(Figure 1c). The expression level of PCNA was up-
regulated by Ang Il and down-regulated by BS
treatment compared with the control group (P <
0.05) (Figure 1d).

B-Sitosterol inhibited the phenotype switch of
VSMCs

The effect of BS on the phenotype switch of cells
induced by Ang Il was investigated using western
blotting to determine the expression levels of cell
phenotype switch-related proteins including
SM22a, a-SMA, and OPN. The results showed
that Ang Il significantly down-regulated the
expression of SM22a and a-SMA and up-
regulated the expression of OPN compared with
that in the control group, while BS treatment
reversed the effect of Ang Il (P < 0.05) (Figure 2).

B-Sitosterol inhibited overmigration, skeleton
remodeling and reduced secretion of VSMCs
The scratch assay demonstrated that Ang Il
induced cell migration, while BS treatment
slowed Ang ll-induced migration compared with
the control group (P < 0.05) (Figure 3a). Actin-
tracker green staining results showed that the
cell morphology was fusiform, containing a small
number of microfilaments, and the cytoskeletal
F-actin was mostly distributed in a punctate
pattern in control group. After Ang Il treatment,
the number of microfilaments increased, and the
cytoskeletal F-actin was mostly distributed in
filamentous patterns. However, this change was
reversed by the addition of BS (Figure 3b). The
gPCR results showed that Ang Il enhanced the
mMRNA level of collagen | compared with that in
the control group, while BS reversed the
enhanced effect of Ang Il (P < 0.05) (Figure 3c).

Prediction by network pharmacology

A total of 71 common targets were obtained for
BS and phenotype switch (Figure 4a). By
importing these targets into STRING and
visualizing them using Cyto-scape, it was found
that BS might regulate VCMCs phenotype switch
through multiple targets such as JUN, APP,
NR3C1, CASP3, GSK3B, etc. (Figure 4b). The
results of GO functional annotation suggested


https://www.geneontology.org/
https://david.ncifcrf.gov/
http://www.rcsb.org/
https://www.3dsbiovia.com/

Journal of Biotech Research [ISSN: 1944-3285] 2024;17:248-259

a b
B G6h
® 12h - G6h
200 241 - 12h
18 h
o
e o -
23 150 .
T = g e %H
2% X »
g 3100 - - % v RH
S = *#H ke
S = s ot i
© 50 = -
0
0 . p-Sitosterol (ug/mL) 0 1 2 4 8 16
Ang I (ng/mL) 0 1 2 4 8
¢
mon d
- 12k
B 21h %
ova (RS
£% ) g
it GAPDII s e s 0 Gt G| ©
= @ @
%= .‘:_,
7 Ang L2 pg/mL) = + + + + + k|
Tel(10 pg/ml) = - + - - - L
0 p-sitosterol(pg/mL) = - - 1 2
Angll(ug/ml) - + + + + - + + + + - + + + + Ang I (2pg/mL) _ + + + + +
p-Sitosterol(ug/mL) - - 1 2 4 - -1 2 4 - -1 2 4 Tel (10pg/mL) = - + - -
p-Sitosterol(pg/mL) = - - 1 2 4

Figure 1. BS inhibited Ang ll-induced excessive proliferation of VSMCs. a. The effect of various concentrations of Ang Il on VSMCs viability. b. The
effect of BS on VSMCs activity. c. The effect of BS on Ang Il-induced VSMCs proliferation. d. Western Blot imaging and density analysis histogram
of PCNA. #: P < 0.05 compared to control group. *: P < 0.05 compared to Ang |l group.
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Figure 2. BS inhibited phenotype switch of VSMCs. a. Western Blot imaging of SM22a, a-SMA, and OPN. b. The density analysis histogram of
SM22a. c. The density analysis histogram of a-SMA. d. The density analysis histogram of OPN. #: P < 0.05 compared to control group. *: P < 0.05
compared to Ang Il group.
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cell migration rate. b. Actin-Tracker Green staining photograph. c. Collagen | mRNA expression levels. #: P < 0.05 compared to control group. *: P

< 0.05 compared to Ang Il group.

that some biological processes were mainly
involved including positive regulation of the
MAPK cascade, positive regulation of ERK1, and
some molecular functions including enzyme
binding and acting on some cellular components
such as integral components of the presynaptic
membrane (Figure 4c). KEGG pathway analysis
found that BS mainly participated in calcium,
cAMP, and other signaling pathways (Figure 4d).
According to the previous studies [24, 25], cAMP
signaling pathway was selected for furth
investigation.  Molecular  docking  results
demonstrated that BS bound well to cAMP, PKA,
and cAMP response element-binding protein
(CREB), which all are important proteins in cAMP
signaling pathway with binding energies of -7.0, -
9.7, and -9.4 kj/mol, respectively (Figure 4e).

B-Sitosterol inhibited phenotype switch of
VSMCs via cAMP/PKA/CREB signaling pathway

Western blotting results showed that the ratios
of p-PKA/PKA and p-CREB/CREB were decreased
in the Ang Il treatment group compared with that
in the control group, while the ratios of p-
PKA/PKA and p-CREB/CREB were increased after
BS treatment (P < 0.05) (Figure 5a-c). In addition,
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ELASA results showed that BS reversed the
decrease in cAMP concentration in Ang |l
treatment cells compared to that in the control
group (P < 0.05) (Figure 5d). For further
verification, the cells were treated with PKA
inhibitor, H-89, in addition to BS. The results
showed that H-89 blocked the upregulation of
SM22a and a-SMA expression and upregulated
OPN expression compared with that in BS group
(P < 0.05) (Figure 5e-h), which suggested that BS
inhibited Ang ll-induced phenotypic switching in
A7r5 cells through the cAMP/PKA/CREB signaling
pathway.

B-Sitosterol inhibited excessive proliferation,
overmigration, skeleton remodeling, and
secretion of VSMCs via cAMP/PKA/CREB
signaling pathway

After treating cells with H-89, the expression of
PCNA and cell survival rate increased compared
with thatin Ang Il + BS group (Figure 6a-c), while
the migration rate of A7r5 cells was also
accelerated (Figure 6d). Most of the skeleton F-
actin distribution was filamentous (Figure 6e),
and the mRNA expression levels of Collagen |
were also increased (Figure 6f). The results
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Figure 5. BS inhibited phenotype switch of VSMCs via cAMP/PKA/CREB signaling pathway. a. Western Blot imaging of PKA and CREB. b. The density
analysis histogram of P-PKA/PKA. c. The density analysis histogram of P-CREB/CREB. d. The relative level analysis histogram of cAMP. e. Western
Blot imaging of SM22a, a-SMA, and OPN. f. The density analysis histogram of SM22a. g. The density analysis histogram of a-SMA. h. The density

analysis histogram of OPN. #: P < 0.05 compared to control group. *: P <0.05 compared to Ang Il group. A: P < 0.05 compared to Ang Il + BS group.
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Figure 6. BS inhibited excessive proliferation, overmigration, skeleton remodeling, and secretion of VSMCs via cAMP/PKA/CREB signaling pathway.
a. Western Blot imaging of PCNA. b. PCNA density analysis histogram. c. A7r5 cell proliferation was detected by CCK8. d. Cell scratch morphology
diagram and Histogram of cell migration rate. e. Actin-Tracker Green staining photograph. f. mRNA level of Collagen I. #: P < 0.05 compared to

control group. *: P < 0.05 compared to Ang Il group. A: P <0.05 compared to Ang Il + BS group.

suggested that BS inhibited the excessive
proliferation, overmigration, skeletal
remodeling, and secretion of VSMCs via the
cAMP/PKA/CREB signaling pathway.

Discussion

Phenotype switch of VSMCs was involved in a
variety of cardiovascular diseases such as
atherosclerosis, aneurysm, restenosis after
stenting, etc. [26-28]. The research on the
mechanism of phenotype switch of VSMCs is
helpful to the treatment of cardiovascular
diseases. BS has been reported to have an anti-
atherosclerotic effect, and atherosclerosis is

related to the phenotype switch of VSMCs.
Therefore, this study aimed to explore the
relationship between BS and phenotype switch
using A7r5 cells that have been used as model
cells in many cardiovascular studies because they
retain many features of VSMCs [29-31]. Ang Il is
a classicinducer of phenotype switch of VSMCs
[32-35]. The phenotype switch of VSMCs is
associated with excessive proliferation [36, 37].
The expression level of PCNA is an important
index for evaluating cell proliferation [38-41],
which can improve the stability of DNA
replication, regulate cell growth, and maintain
cell’s basic functions [42]. This study found that
BS could down-regulate PCNA expression in Ang
llI-induced VSMCs, indicating that BS could inhibit
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the proliferation of VSMCs induced by Ang II.
SM22a inhibits phenotype switch of VSMCs and
plague formation during atherosclerosis [43]. a-
SMA is also abundantly expressed in contractile
smooth muscle cells [44]. In addition, phenotype
switch can lead to excessive deposition of
collagen, which is related to OPN [45]. The
expression levels of SM22a and a-SMA decrease
when phenotype switch occurs, while the
expression level of OPN increases. The results of
this study showed that Ang |l down-regulated the
expression of SM22a and o-SMA and up-
regulated the expression of OPN, which were
consistent with the results of previous studies.
However, BS reversed the effect of Ang II,
indicating that BS could inhibit the phenotype
switch of VSMCs induced by Ang Il

Phenotype switch of VSMCs is associated with
cell migration, which has been reported that 6'-
sialyllactose inhibits Ang Il-induced VSMC
migration by inhibiting ERK1/2/P90Rsk-mediated
Akt and NF-kB signaling pathways to prevent
atherosclerosis [46]. After phenotype switch, the
skeleton of VSMCs was changed including the
extension of the pseudopod, the majority of the
skeleton F-actin gathering into filamentous
microstructures, and the cell morphology
changing with no longer spindle [47]. Moreover,
cell secretion and the expression of Collagen | are
promoted [48]. The results of this study found
that Angll induced VSMCs migration and skeletal
remodeling, increased cell secretion, while BS
inhibited the effects of Ang Il.

The network pharmacology was employed in this
study to further investigate the mechanism of BS
restrains the phenotype switch of VSMCs. GO
enrichment analysis and construction of KEGG
signaling pathways revealed that pathways that
involved in calcium, toxoplasmosis, and cAMP
signaling pathways could be regulated by BS [49,
50]. The cAMP signaling pathway was chosen as
the target pathway in this study based on
previous relevant research [24, 25]. The
molecular docking of BS with cAMP, PKA, and
CREB, the three important proteins in the cAMP
pathway, demonstrated a good affinity. The level
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of intracellular cAMP increases after stimulating
by external factors and then phosphorylates PKA,
which reacts with CREB [25]. Increased cAMP
levels in myocardial tissue can activate PKA and
exert a protective effect on cardiomyocytes
through Ca?* channels [51]. Overexpression of
MAP kinase-interacting serine/threonine-protein
kinase 2 (MNK2) also inhibits cardiomyocyte
apoptosis and cardiac function damage in mice
by activating the cAMP/PKA/CREB signaling
pathway [52]. The results of this study proved
that BS could regulate the cAMP/PKA/CREB
signaling pathway. By applying PKA inhibitor, H-
89, the results proved that BS could inhibit the
phenotype switch of VSMCs and the
accompanying excessive proliferation, migration,

skeletal remodeling, and cell secretion by
activating the cAMP/PKA/CREB signaling
pathway.

Conclusion

This study confirmed that BS inhibited the
phenotype switch of VSMCs via the
cAMP/PKA/CREB  signaling pathway and
excessive cell proliferation, migration, secretion,
and skeletal remodeling. The results suggested
BS as a basis for further applications and clinical
trials and a potential drug for the treatment of
cardiovascular diseases. However, this study only
verified the relationship between BS and the
phenotype switch of VSMCs in vitro. Further in
vivo studies are needed.
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