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Cyanidin-3-O-f-glucoside protects against pulmonary
artery hypertension induced by monocrotaline
via the TGF-f1/p38 MAPK/CREB signaling pathway

SHAO OUYANG', WEI CHEN?, ZENG GAOFENG', LEI CHANGCHENG', TIAN GUOPING!,
ZHU MINYAN!, LIU YANG', YANG MIN' and JIAHAO LUO!

Departments of !Cardiovascular Medicine and 2Respiratory Medicine, The Second Affiliated Hospital,
University of South China, Hengyang, Hunan 421001, PR. China

Received September 6, 2019; Accepted April 9,2020

DOI: 10.3892/mmr.2021.11977

Abstract. Pulmonary artery hypertension (PAH) is a disease
with high morbidity and mortality. Cyanidin-3-O-3-glucoside
(Cy-3-g), a classical anthocyanin, has a variety of biological
effects. The present study evaluated whether Cy-3-g attenu-
ated PAH, and explored the potential mechanism of action.
Rats were injected with monocrotaline (MCT; 60 mg per kg
of body weight) and then treated with Cy-3-g (200 or 400 mg
per kg of body weight) for 4 weeks. Protein expression
was determined in vitro in transforming growth factor-f1
(TGF-p1)-mediated human pulmonary arterial smooth
muscle cells (SMCs). The results indicated that Cy-3-g
significantly inhibited the mean pulmonary artery pres-
sure, right ventricular systolic pressure and right ventricular
hypertrophy index, as well as vascular remodeling induced by
MCT in PAH rats. Further experiments showed that Cy-3-g
suppressed the expression of pro-inflammatory factors and
enhanced the levels of anti-inflammatory factors. Cy-3-g
blocked oxidative stress and improved vascular endothelial
injury. Cy-3-g also reduced the proliferation of SMCs.
Furthermore, the MCT- and TGF-f1-induced increase in
TGF-p1, phosphorylated (p)-p38 mitogen-activated protein
kinase (MAPK) and p-cAMP-response element binding
protein (CREB) expression was blocked by Cy-3-g treatment
in vivo and in vitro. These results indicated that Cy-3-g could
prevent vascular remodeling in PAH via inhibition of the
TGF-p1/p38 MAPK/CREB axis.
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Introduction

Pulmonary artery hypertension (PAH) is a disease character-
ized by pulmonary vascular remodeling and a progressive
increase of pulmonary vascular resistance (1). The main
manifestations of PAH are pulmonary vasoconstriction,
intimal hyperplasia of pulmonary artery, proliferation and
hypertrophy of smooth muscle cells (SMCs), which lead to a
thickened pulmonary artery wall, narrow lumen and increased
pulmonary artery pressure (2,3). It has been reported that PAH
could be induced by various pulmonary diseases that cause
airflow restriction, destruction of the pulmonary capillary bed,
injury of the pulmonary vascular endothelium and infiltration
of inflammatory cells in the airways (4,5). PAH is a clinical
syndrome with high morbidity and mortality (6). Although
the treatment of PAH has made remarkable progress in the
past 10 years, its prognosis remains poor (7). Since the exact
pathogenesis of PAH is not yet clear, there is no cure for PAH
at present. Therefore, it is of great significance to explore an
effective treatment for the prevention or alleviation of PAH.

Previous studies have reported that inflammatory
responses (8), oxidative stress (9), proliferation of SMCs and
endothelial cells (10), and vasodilation (11) are the possible
pathological basis of PAH. In a study by Liu ez al (12), elevated
levels of inflammatory factors, such as interleukin-6 (IL-6)
and tumor necrosis factor-a (TNF-a), were found in PAH
animal models (12). Increased levels of IL-6 are also detected
in patients with PAH (13). Oxidative stress may be the main
cause of endothelial injury and vascular wall remodeling.
Zhang et al (14) reported there is increased malondialdehyde
(MDA) and decreased superoxide dismutase (SOD) activity in
PAH rats. Therefore, inhibition of chronic pulmonary vascular
remodeling induced by inflammation, oxidative stress and
cell proliferation is essential to improve the survival rates of
patients with PAH.

There is a close association between the formation and
development of PAH and members of the transforming growth
factor-p (TGF-f) superfamily (15). Abnormally high levels of
TGF-p1 have been found in patients with PAH (16). TGF-$1 is
a multifunctional channel protein for growth regulation (15).
It is one of the most important smooth muscle proliferative
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cytokines, and exerts physiological effects by activating the
p38 mitogen-activated protein kinase (MAPK) signaling
pathway (16). The p38 MAPK pathway is the common
pathway of proliferation and migration of vascular smooth
muscle cells (VSMCs) (17). The p38 MAPK signaling pathway
can also mediate inflammation and apoptosis, which is the
key target of anti-inflammatory drugs (17). Inhibition of p38
MAPK activation can effectively prevent vascular remodeling
of monocrotaline (MCT)-induced PAH (18).

Anthocyanins (ACNs), a type of flavonoids, are widely
found in numerous dark-colored foods, such as mulberry and
black rice (19). ACNs have a variety of biological effects,
which includes anti-inflammatory and anti-oxidative stress
properties, thus they can play an inhibitory role in the progres-
sion of several chronic diseases (20,21). The anti-inflammatory
effects of ACNs have attracted great attention. Herath er al (22)
revealed that ACNs inhibited the secretion of the inflam-
matory factors IL-6 and TNF-a. Previous studies reported
the anti-atherosclerotic effect of ACNs, which is associ-
ated with their anti-inflammatory and anti-oxidative stress
abilities (23-25). In addition, it has also been demonstrated
that ACNs have the capacity to inhibit the proliferation of
SMCs (26) and prevent vascular endothelial cell injury (27).
However, few studies have investigated whether ACNs display
a protective effect in the development of PAH. In the present
study, a rat PAH model was established with the intervention of
Cyanidin-3-O-3-glucoside (Cy-3-g; a typical monomer ACN)
to investigate whether Cy-3-g could protect against PAH and
whether Cy-3-g exerts its inhibitory effect by regulating the
TGF-p1 and p38 MAPK signaling pathways.

Materials and methods

Animal model. A total of 60 male Sprague-Dawley rats
(age, 8 weeks; weight, 281.3+21.7 g) were obtained from the
Animal Center of the University of South China. After 1-week
acclimation, rats were randomly assigned to four groups
(n=15): A control group (control), a model group (MCT), a
low-dose Cy-3-g group (Cy-3-g-L) and a high-dose Cy-3-g
group (Cy-3-g-H). On the first day of the experiments, the
rats in the control group were injected intraperitoneally with
0.9% normal saline; rats in the MCT, Cy-3-g-L and Cy-3-g-H
groups were injected intraperitoneally with MCT (60 mg/kg
of body weight). On days 2-28, the rats in the Cy-3-g-L and
Cy-3-g-H groups received a gavage of 200 and 400 mg
Cy-3-g per kg of body weight, respectively, while the rats in
the control and MCT groups received a gavage of normal
saline. During the 28 days of animal experiments, rats were
housed in a temperature of 21-24°C and a humidity of 45-50°C
with 12 h light/dark cycles. All rats were allowed to drink
water and eat a normal chow diet (5% fat w/w; Animal Center
of the University of South China) ad libitum. The bedding and
cages of rats were changed every 2 days, and the weight and
food intake of rats was recorded every week. After 28-day
treatment, rats were anaesthetized by intraperitoneal injection
of 1% pentobarbital sodium (at the dose of 40 mg/kg of body
weight; Beyotime Institute of Biotechnology), and then were
euthanized using cervical dislocation, with the endpoint of
cervical fracture and mydriasis. The procedures used in the
present animal experiments were approved by the Animal

Care Committee of the University of South China [approval
no. SYXK (Xiang): 2005-0001].

Hemodynamic measurements. Right catheterization was
performed according to a previous study (10). Briefly,
rats were anesthetized with an intraperitoneal injection of
1% sodium pentobarbital, and their right external jugular vein
was exposed, which was cut longitudinally and a catheter was
inserted into it. The catheter was slowly inserted into the right
atrium, right ventricle and pulmonary artery. The catheter was
filled with heparin saline and connected to the pressure sensor
of PowerLab physiological recorder (ADInstruments). The
mean pulmonary artery pressure (mPAP) and right ventricular
systolic pressure (RVSP) were recorded.

After being dissected, the hearts of rats were cleared
and isolated, and then separated into right ventricle (RV),
left ventricle (LV) and septum (S). The weights of the RV,
LV and S were recorded and used for the calculation of the
right ventricular hypertrophy index (RVHI) according to the
formula RVHI = W (RV)/[W (LV)+W (S)].

Morphological analysis of pulmonary arterioles. The upper
lobe of the left lung was fixed with 4% paraformaldehyde
at 4°C overnight, and cut into 5-ym-thick paraffin sections,
which were subjected to hematoxylin and eosin (H&E) staining
at room temperature for 5 min. Images were acquired and
analyzed by microscopy (Leica Microsystem, Inc.) at magni-
fication, x200. The medial wall thickness (MT) and medial
wall area (MA) were calculated according to the formulae:
MT (%) = wall thickness/total vessel thickness x100%; and
MA (%) = wall area/total vessel area x100%, respectively.

Blood gas analysis. After anesthetization with 1% pentobar-
bital sodium, the epidermis of the rats was cut off, and blood
was collected from the left intercostal space between the
third and fourth ribs. In total, 0.5 ml of the collected blood
was analyzed with a blood gas analyzer (Instrumentation
Laboratory). Partial pressure of arterial oxygen (Pa0O,), partial
pressure of arterial carbon dioxide (PaCO,) and PH values
were recorded.

ELISA determination of IL-6, TNF-a and IL-10. According
to the manufacturer's protocols, rat ELISA kits of IL-6
(cat. no. EK0412), TNF-a (cat. no. EK0526) and IL-10
(cat. no. EKO0418; all purchased from Boster Biological
Technology), standards and samples (tissue homogenate) were
added to the plate (100 ul/well), and a blank was set as the
control. The plate was covered with a membrane and incubated
at 37°C for 1 h. After discarding the liquid, buffer A (100 ul/well)
was added to the plate, and incubated at 37°C for 1 h. Next, the
plate was washed 3 times with PBS with 1% Tween-20 and then
incubated with buffer B (100 pl/well) at 37°C for 30 min. After
rinsing 5 times, the plate was incubated with the chromogenic
substrate 3,3',5,5"Tetramethylbenzidine for 10 min in the dark.
After terminating the reaction with a terminating solution, the
optical density (OD) of each well was measured at 450 nm using
a microplate reader (Tecan Spark 10M; Tecan Group, Ltd.).

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from lung tissues using TRIzol reagent
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(Invitrogen; Thermo Fisher Scientific, Inc.). After measuring
the concentration, cDNA was synthesized by PrimeScript
RT Reagent kit (Takara Bio, Inc.) at 37°C for 15 min. Then,
RT-qPCR was conducted with a ViiA™ 7 real-time PCR
system (Applied Biosystems; Thermo Fisher Scientific, Inc.)
with the SYBR Premix Ex Taq II (Tli RNaseH Plus) kit
(Takara Bio, Inc.). The thermocycling conditions were as
follows: 95°C for 30 sec; then, 95°C for 5 sec and 60°C for
30 sec (40 cycles). The expression folds were calculated with
the 224°4 method (28). All primers are listed in Table SI.

Measurement of SOD activity and MDA content. The activity
of SOD was measured with a SOD assay kit (cat. no. AO01-3-2;
Nanjing Jiancheng Bioengineering Institute) using the
Water-Soluble Tetrazolium-1 method (29). The OD values
were recorded at 450 nm. The content of MDA was detected
with a MDA assay kit (cat. no. A003-1-2; Nanjing Jiancheng
Bioengineering Institute) using the Thiobarbituric Acid
method, as described previously (29), and the OD values were
analyzed at 532 nm.

Cell culture and identification. Human pulmonary artery
SMCs (HPASMC:s) were purchased from The Cell Bank of
Type Culture Collection of the Chinese Academy of Sciences,
and grown in 20% fetal bovine serum-RPMI-1640 medium
(Gibco; Thermo Fisher Scientific, Inc.) at 37°C, 5% CO,
and 95% humidity. Cells (3-5 passages) were used in subse-
quent experiments. HPASMCs were pretreated with Cy-3-g
(10 or 20 pm) at 37°C for 24 h, followed by treatment with
TGF-p1 (8 ng/ml) or P79350 (0.2 pg/kg), an agonist of p38
MAPK, for an additional 24 h at 37°.

HPASMCs were seeded at a density of 1x10* and
fixed with 4% paraformaldehyde at 4°C overnight. After
blocking with 5% not-fat milk at room temperature for 1 h,
the slides were stained with a primary antibody against
a-smooth muscle actin (a-SMA; 1:100; cat. no. 19245S;
Cell Signaling Technology, Inc.) for 8-12 h at 4°C, followed
by incubation with FITC-conjugated goat anti-rabbit IgG
(1:200; cat. no. SA00003-2; ProteinTech Group, Inc.) for 1 h
at room temperature. Micrographs were captured with a Leica
TSC SP5 confocal microscope (Leica Microsystems, Inc.) at
magnification, x200.

Cell viability assay. HPASMCs were seeded in 96-well plates
(4x10°* cells in 100 pl/well). After treatment with Cy-3-g for
24 h at 37°C, cell viability was detected by a CCKS8 assay
(Beyotime Institute of Biotechnology), according to the manu-
facturer's protocols. CCK-8 was added to the cells (10 pl/well)
and incubated for 1 h at 37°C. Next, the OD values were
observed by a versatile microplate reader (Leica Microsystems,
Inc.) at 450 nm.

Western blotting. Briefly, total protein was extracted from
lung tissues using RIPA buffer (Beyotime Institute of
Biotechnology) and quantified using a BCA protein assay kit
(Beyotime Institute of Biotechnology). Next, the extracted
proteins (50 pg) were loaded and separated via SDS-PAGE
on a 8% gel, and transferred onto PVDF membranes. After
blocking with 5% BSA (Shanghai Yeasen Biotechnology Co.,
Ltd.) at room temperature for 1 h, the membrane was stained
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with the following primary antibodies: Rabbit anti-a-SMA
(1:1,000; cat. no. ab32575), anti-von Willebrand factor
(VWF; 1:1,000; cat. no. ab6994), anti-intercellular adhesion
molecule-1 (ICAM-1; 1:1,000; cat. no. ab33894), anti-vascular
adhesion molecule-1 (VCAM-1; 1:1,000; cat. no. ab134047),
anti-smooth muscle 22 (SM22; 1:1,000; cat. no. ab14106),
anti-vascular endothelial growth factor (VEGF; 1:1,000;
cat. no. ab32152), anti-platelet-derived growth factor
(PDGF)-BB (1:1,000; cat. no. ab178409), anti-TGF-31 (1:1,000;
cat. no. ab92486), anti-p38 MAPK (1:1,000; cat. no. ab170099),
anti-phosphorylated (p)-p38 MAKP (1:1,000; cat. no. ab4822),
anti-cAMP-response element binding protein (CREB; 1:1,000;
cat. no. ab32515), anti-p-CREB (1:1,000; cat. no. ab220798)
and anti-B-actin (1:2,000; cat. no. 3700S; Cell Signaling
Technology, Inc.) overnight at 4°C. Then, the membrane
was incubated with goat anti-rabbit IgG horseradish
peroxidase-conjugated secondary antibody (1:2,000;
cat. no. SC-2004; Santa Cruz Biotechnology, Inc.) at 37°C for
1 h. Then, an ECL kit (Thermo Fisher Scientific, Inc.) was
used to detect protein expression. Image-Pro Plus 6.0 software
(Media Cybernetics, Inc.) was used for densitometry.

Statistical analysis. Data are presented as the mean + SD.
One-way ANOVA was performed for comparison of statistical
differences between groups, followed by Tukey's post hoc test,
using SPSS version 22.0 software (IBM Corp.). P<0.05 was
considered to indicate a statistically significant difference.

Results

Inhibition of Cy-3-g on hemodynamics and morpho-
logical characteristics of PAH. After injection of MCT
and intervention with Cy-3-g, the PAH animal model
was verified by detecting hemodynamic parameters. As
expected, compared with those of normal rats, the mPAP,
RVSP and RVHI of MCT-induced rats markedly
increased (from 25.00+2.582 to 64.25+5.909 mmHg; from
17.50+3.416 to 54.25+5.901 mmHg; and from 0.1975+0.028
to 0.4450+0.040 mmHg, respectively), as shown in Fig. 1A-C.
A low dose Cy-3-g (200 mg/kg of body weight) significantly
decreased RVSP in the MCT-induced rats, and a high dose
of Cy-3-g (400 mg/kg of body weight) reduced mPAP, RVSP
and RVHI significantly in the MCT-induced rats (all P<0.05;
Fig. 1A-C).

The vascular remodeling parameters were then detected
by H&E staining. As depicted in Fig. 1D and E, MCT
increased the percentage of MT and MA from 21.39+2.849 to
42.66+1.961% and from 43.75+2.986 to 73.25+4.272%, respec-
tively. The consumption of Cy-3-g exerted an inhibitory effect
on the MCT-induced increase in MT and MA, which was most
significant in the high dose group.

In addition, blood gas analysis was used for the evaluation
of hypoxic status in rats. MCT led to an increase in PaCO,,
and induced a reduction in pH and PaO,, whereas Cy-3-g-H
consumption inhibited the effects of MCT on PaCO,, pH and
PaO, (all P<0.05; Fig. 1F).

Protective effects of Cy-3-g on inflammatory and oxidative
stress conditions in MCT-induced PAH rats. Next, the possible
underlying mechanism of Cy-3-g in the inhibition of PAH
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Figure 1. Protective effect of Cy-3-g on hemodynamics in rats with pulmonary artery hypertension induced by MCT. Rats were randomly assigned into four
groups (n=15): Control group, model group (MCT), Cy-3-g-L group and Cy-3-g-H group. On the first day of the experiments, rats in the MCT, Cy-3-g-L and
Cy-3-g-H groups were injected with MCT (60 mg/kg). On days 2-28, the rats in the Cy-3-g-L and Cy-3-g-H groups received a gavage of 200 and 400 mg/kg
body weight, respectively. Changes in: (A) Mean mPAP, (B) RVSP and (C) RV hypertrophy index. (D) Representative images of hematoxylin and eosin staining
of lung tissue. (E) Quantitative data of percentage of MT and MA of the pulmonary artery. (F) Changes in pH and partial pressure of PaO, and PaCO,. Data
are shown as the mean = SD. "P<0.05 vs. control; “P<0.05 vs. MCT. MCT, monocrotaline; Cy-3-g, cyanidin-3-O-f-glucoside; L, low-dose; H, high-dose; mPAP,
pulmonary artery pressure; RVSP, right ventricular systolic pressure; RV, right ventricular; MT, medial wall thickness; MA, medial wall area; PaO,, arterial

oxygen; PaCO,, arterial carbon dioxide.

development was explored. Immunoinflammatory factors
play a key role in the formation and vascular remodeling of
PAH (30). Therefore, the expression of inflammatory factors
was measured by RT-qPCR and ELISA. The results of Fig. 2A
demonstrated that MCT significantly elevated the mRNA
levels of IL-6 and TNF-a, and decreased the levels of 1L-10.
However, Cy-3-g treatment reversed MCT-induced changes.
Similar effects of MCT and Cy-3-g could be observed on the
plasma levels of IL-6, TNF-a and IL-10 (Fig. 2B).

Excessive oxidative stress leads to injury of vascular endo-
thelial cells, which is a risk factor for PAH (8). Thus, the present
study evaluated the effects of Cy-3-g on oxidative stress. As
shown in Fig. 2C and D, the SOD activity and MAD content
of the MCT group increased 0.64- and 1.67-fold than those
of the control group, respectively. Compared with that of the
MCT group, the SOD activity of the Cy-3-g-L and Cy-3-g-H
groups increased by 0.16- and 0.42-fold, respectively, while the
MAD content of the Cy-3-g-L and Cy-3-g-H groups decreased
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Figure 2. Effect of Cy-3-g on inflammatory responses and oxidative stress in rats with pulmonary artery hypertension. Rats were randomly assigned into
four groups (n=15): Control group, model group (MCT), Cy-3-g-L group and Cy-3-g-H group. On the first day of the experiments, the rats in the MCT,
Cy-3-g-L and Cy-3-g-H groups were injected with MCT (60 mg/kg). On days 2-28, the rats in the Cy-3-g-L and Cy-3-g-H groups received a gavage of
200 and 400 mg/kg body weight, respectively. (A) mRNA level of IL-6, TNF-a and IL-10 in the lung tissue of rats. (B) ELISA analysis of protein levels of
IL-6, TNF-a and IL-10 in the plasma of rats. Changes in (C) SOD activity and (D) MAD content in the plasma of rats. (E) mRNA and (F) protein expression of
VWF, ICAM-1 and VCAM-1 in the lung tissue of rats. Data are shown as the mean + SD. "P<0.05 vs. control; “P<0.05 vs. MCT. MCT, monocrotaline; Cy-3-g,
cyanidin-3-O-p-glucoside; L, low-dose; H, high-dose; IL, interleukin; TNF, tumor necrosis factor; SOD, superoxide dismutase; MAD, malondialdehyde; VWF,
von Willebrand factor; ICAM-1, intercellular adhesion molecule-1; VCAM-1, vascular adhesion molecule-1.

by 0.18- and 0.39-fold, respectively. Considering the harmful
effects of oxidative stress on vascular function, the expres-
sion levels of vVWF, ICAM-1 and VCAM-1 were evaluated.
The results of Fig. 2E and F indicated that the expression of
vWF was reduced, while the levels of ICAM-1 and VCAM-1
were increased significantly after treatment with MCT. Cy-3-g
intervention reversed the above changes significantly.

Effects of Cy-3-g on cell proliferation in MCT-induced PAH
rats. Vascular remodeling induced by PASMC proliferation

is also one of the pathological mechanisms of PAH (10). The
present study evaluated the effects of Cy-3-g on PASMC
proliferation by detecting the expression of a-SMA and SM22.
Fig. 3A showed that, compared with that of the control group,
the protein expression of a-SMA and SM22 was enhanced
by 5.53- and 7.03-fold, respectively, in the MCT group. As
shown in Fig. 3B, the mRNA levels of a-SMA and SM22 were
significantly higher in MCT-induced rats than in normal rats
(11.67+1.022- and 7.915+0.458-fold, respectively). After Cy-3-g
consumption, the protein and mRNA expression of a-SMA
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Figure 3. Effect of Cy-3-g on cell proliferation in rats with pulmonary artery hypertension. Rats were randomly assigned into four groups (n=15): Control
group, model group (MCT), Cy-3-g-L group and Cy-3-g-H group. On the first day of the experiments, the rats in the MCT, Cy-3-g-L and Cy-3-g-H groups were
injected with MCT (60 mg/kg). On days 2-28, the rats in the Cy-3-g-L and Cy-3-g-H groups received a gavage of 200 and 400 mg/kg body weight, respectively.
(A) Protein expression of a-SMA, SM22, VEGF, PDGF-BB, Bcl2 and Bax in the lung tissue of rats. (B) mRNA level of a-SMA, SM22, VEGF and PDGF-BB
in the lung tissue of rats. Data are shown as the mean + SD. "P<0.05 vs. control; “P<0.05 vs. MCT. MCT, monocrotaline; Cy-3-g, cyanidin-3-O-f-glucoside;
L, low-dose; H, high-dose; VEGF, vascular endothelial growth factor; PDGF, platelet-derived growth factor; a-SMA, a-smooth muscle actin; SM22, smooth

muscle 22.

and SM22 was reduced significantly. In addition, the expres-
sion of the pro-apoptotic protein Bax and the anti-apoptotic
protein Bcl2 was measured. Cy-3-g consumption significantly
increased the expression of Bax and decreased the expression
of Bcl2 (Fig. 3A). VEGF and PDGF are important indicators
for evaluating the migration and proliferation of vascular
endothelial cells (31). MCT stimulation elevated the expres-
sion of VEGF and PDGF-BB, which could be an indicator of
migration, proliferation and angiogenesis of vascular endothe-
lial cells. Consumption of Cy-3-g inhibited the MCT-induced
increase in VEGF and PDGF-BB expression, which further
suggested that Cy-3-g can prevent cell proliferation in
MCT-induced PAH rats.

Involvement of the TGF-B1-p38 MAPK-CREB signaling
pathway in the Cy-3-g-mediated inhibition of PAH. Since
Cy-3-g suppressed the inflammation, oxidative stress and cell
proliferation induced by MCT treatment, the possible molec-
ular mechanisms were investigated. The p38 MAPK signaling
pathway is a common pathway for the regulation of vascular
remodeling (18). Lungs of rats were collected to detect the
expression of p38 MAPK and its phosphorylation, as well as

the expression of the upstream and downstream factors TGF-f1
and CREB. As depicted in Fig. 4, MCT treatment increased
the expression of TGF-B1, which activated the p38 MAPK
signaling pathway and promoted the level of p-p38 MAPK,
followed by an increase in the phosphorylation of CREB.
The activation of p38 MAPK was inhibited significantly by
the consumption of Cy-3-g, followed by a decrease in the
expression of p-CREB. These findings suggested that Cy-3-g
prevented PAH induced by MCT, possibly via the regulation of
the TGF-B1-p38 MAPK-CREB signaling pathway.

To confirm the role of the TGF-f1-p38 MAPK-CREB
signaling pathway on the inhibition of Cy-3-g on PAH, further
in vitro experiments using HPASMCs were performed. The
cells were induced by TGF-p1, and the expression of a-SMA
was then detected (Fig. 5B). Cy-3-g had no effect on cell
viability, as detected by the CCK-8 assay, but had a signifi-
cant effect on cell proliferation, as shown by the decrease in
a-SMA (Fig. 5A). The results of western blotting showed that
TGF-B1 stimulation elevated the expression of p-p38 MAPK
and p-CREB, which could be blocked by Cy-3-g treatment
(Fig. 5C). In order to further validate the aforementioned
results, the cells were pretreated with P79350, a common
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Figure 4. Cy-3-g inhibits vascular remodeling in rats with pulmonary artery hypertension via the TGF-B1/p38 MAPK/CREB signaling pathway. Rats were
randomly assigned into four groups (n=15): Control group, model group (MCT), Cy-3-g-L group and Cy-3-g-H group. On the first day of the experiments, the
rats in the MCT, Cy-3-g-L and Cy-3-g-H groups were injected with MCT (60 mg/kg). On days 2-28, the rats in the Cy-3-g-L and Cy-3-g-H groups received a
gavage of 200 and 400 mg/kg body weight, respectively. The protein expression of TGF-f1, p-p38 MAPK and p-CREB in the lung tissue of rats was analyzed.
Data are shown as the mean = SD. "P<0.05 vs. control; “P<0.05 vs. MCT. MCT, monocrotaline; Cy-3-g, cyanidin-3-O-f-glucoside; L, low-dose; H, high-dose;
p-, phosphorylated; TGF, transforming growth factor; MAPK, mitogen-activated protein kinase; CREB, cAMP-response element binding protein.

agonist of p38 MAPK. After treatment with P79350, the
expression of Bcl2 increased and Bax decreased, thus indi-
cating that the protective effect of Cy-3-g on cell proliferation
was reversed by P79350 (Fig. 5D). Moreover, the inhibitory
effects of Cy-3-g on the phosphorylation of p38 MAPK and
CREB were significantly suppressed. These results indicated
that the TGF-p1-p38 MAPK-CREB signaling pathway is
involved in the inhibitory action of Cy-3-g in the development
of PAH.

Discussion

The model of a single injection of MCT in rats is considered
to be one of the most effective animal models for studying the
development of PAH. Similar to the development of human
PAH, MCT transforms into MCT-pyrrole in the liver of rats,
and then damages endothelial cells and increases the infiltra-
tion of mononuclear cells, which promotes the development
of PAH (32,33). In the present study, after the induction of

MCT, significantly increased mPAH, RVSP and RVHI, and
thickened pulmonary artery membrane of rats were observed,
which indicated the successful establishment of the animal
model of PAH. Wang er al (34) has reported that plasma
Cy-3-g reached the maximum levels (160.4+46.7 nmol/l)
at 0.5 h after the oral gavage of Cy-3-g with 25 mg/kg body
weight. Additionally, according to the intervention concen-
tration (range of 10-1,000 mg/kg body weight) in numerous
animal studies (35,36), 200 and 400 mg/kg body weight
was selected as the intervention concentration. As expected,
the inhibitory effects of Cy-3-g on mPAH, RVSP, RVHI
and pulmonary artery membrane thickening were observed
in MCT-induced rats, which suggested an anti-PAH role of
Cy-3-g in MCT-exposed rats.

In the absence of hypoxia, inflammatory cell infiltra-
tion and inflammatory destruction in the lung are important
factors for pulmonary vascular remodeling and hemodynamic
changes (37). During hypoxia,inflammatory factors can further
mediate and regulate pulmonary vascular remodeling (37).
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Therefore, chronic inflammatory response is one of the patho-
genic mechanisms of PAH. IL-6 stimulates antigens to promote
the proliferation of T cells and the maturation of B cells, and
strengthens the local immune response, thereby stimulating the
release of systemic inflammatory factors, which promotes the
development of PAH (8). Animal experiments have confirmed
that overexpression of TNF-a induces the formation and
aggravation of PAH, whereas TNF-a receptor-deficient mice
failed to induce PAH (38). In addition, abnormal activity of
the ras homolog gene/a Rho-associated coiled coil-forming
protein kinase signaling pathway promotes the migration and
infiltration of inflammatory factors, leading to pulmonary
vasoconstriction and formation of PAH (39).

Oxidative stress may be the main cause of endothelial
injury and vascular wall remodeling (40). Oxidative stress
destroys vascular homeostasis, increases intracellular Ca?*
concentration, and damages proteins, lipids and DNA. In addi-
tion, SMCs are vulnerable to superoxide damage, which leads
to disorder of cell regulation, resulting in vascular contrac-
tion and increased blood pressure caused by smooth muscle
contraction (41). Reactive oxygen species promote increased
pulmonary vascular responses in newborn piglets and lead
to the formation of PAH (42). Zhang et al (14) reported
increased MAD content and decreased SOD activity in PAH
rats. The present study also observed similar phenomena in
MAD content and SOD activity, whereas Cy-3-g consumption
reduced MAD content and enhanced SOD activity, which
suggested that Cy-3-g has antioxidative effects in PAH model
rats. Moreover, it was found that Cy-3-g elevated the down-
regulated expression of VWF, and reduced the upregulated
expression of [CAM-1 and VCAM-1 induced by MCT. Cy-3-g
attenuated oxidative stress-induced vascular endothelial
damage.

Proliferation of PASMCs, which leads to pulmonary artery
contraction and chronic pulmonary artery remodeling, is
one of the pathological mechanisms of PAH (10). Therefore,
exploring the underlying mechanism of pulmonary artery
contraction inhibition, reducing PASMC proliferation and
delaying pulmonary vascular remodeling are the key factors
to improve the survival rate of patients with PAH. It has been
found that inhibition of transmembrane protein 16A expression
in pulmonary vessels inhibits the proliferation of VSMCs and
thus prevents the development of PAH (43). Classical protein
kinase C is closely associated with the abnormal proliferation
of PASMCs and the progression of PAH (44). Fan er al (45)
indicated that YM155 (sepantronium bromide) inhibited the
proliferation of PASMCs and improved pulmonary vascular
remodeling in PAH rats. The present study observed the effect
of Cy-3-g on the proliferation of PASMCs by detecting the
expression of a-SMA, SM22, pro-apoptotic protein Bax and
anti-apoptotic protein Bcl2. These findings demonstrated that
Cy-3-g notably reduced the expression of a-SMA, SM22 and
Bcl2 but elevated the levels of Bax, suggesting the protective
effect of Cy-3-g on the proliferation of PASMCs.

Numerous studies have focused on the preventive effects of
ACNSs on chronic diseases (46). Kong et al (21) demonstrated
the properties of ACNs and its metabolite protocatechuic
acid, including anti-inflammatory, anti-oxidative stress, inhi-
bition of vascular endothelial cell damage and promotion of
cholesterol outflow (17,47). In a study by Zhu et al (48), ACNs
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increased nitric oxide (NO) release, leading to improved
endothelium-dependent vasodilation. A previous epidemio-
logical study also found an increase of ACNs in serum NO
secretion (49). Abnormal systolic and diastolic function of
pulmonary arterioles is one of the risk factors for PAH (11). NO
produced by endothelial cells is a powerful vasodilator (50). It
mainly causes relaxation of vascular smooth muscles by acti-
vating guanylate cyclase on vascular walls, and can reduce the
sensitivity of blood vessels to angiotensin, thereby reducing
vascular tension and expanding blood vessels (51). Endothelin
has a strong vasoconstrictive effect, and promotes cell prolif-
eration and inflammation (52). The level of endothelin-1 (ET-1)
in patients with COPD is significantly increased, and ET-1
receptor antagonists are currently an important drug target
in the treatment of PAH (53). ET-1 and NO are two opposite
factors that regulate vasodilation. Their imbalance leads to
changes in pulmonary vascular endothelial function, especially
in the early stage of pulmonary vascular remodeling (54,55).
Some studies have reported on the inhibition of other poly-
phenols in the progression of PAH. Numerous studies focused
on the preventative action of resveratrol on PAH via the activa-
tion of silent information regulator 1 (56,57). Rashid et al (58)
indicated that polyphenol-rich blackcurrant juice protects
chronic bile duct ligation-induced endothelial dysfunction in
rats by promoting the production of NO and inhibiting the
expression of inflammatory factors. Hua et al (59) indicated
that polyphenol extracted from apples decreased the expres-
sion of caspase-3 and inducible NO synthase, and inhibited the
activation of cation channels, which attenuated the develop-
ment of pulmonary vasoconstriction. However, the molecular
mechanism involved has not been explored in these studies.
The progression of PAH is closely associated with
members of the TGF-f superfamily (15). Mutations of bone
morphogenetic protein receptor type 2 gene are highly
prevalent in patients with PAH, as well as the coding genes of
some important molecules in the pathway of the TGF-f3 super-
family (16). An increasing number of studies have indicated
that TGF-f1 is the key mediator of pathogenesis in PAH (60).
It has been demonstrated that the increased synthesis and
accumulation of TGF-P1 are necessary for PAH progression.
Moreover, abnormally elevated levels of TGF-f1 have been
found in patients with PAH (16,61). Previous studies used
TGF-B1 or BMP factors to interfere with the proliferation of
PASMCs (62). TGF-p1 is a multifunctional channel protein,
which plays a vital role in growth regulation (16). It promotes
the proliferation of VSMCs by changing them from a static and
contractile state to a proliferative state via the activation of the
p38 MAPK signaling pathway (17). The p38 MAPK signaling
pathway regulates cell proliferation, apoptosis, extracellular
matrix metabolism and inflammation. Ren et al (63) observed
that blocking the p38 MAPK pathway could alleviate the
inflammation induced by LPS. In addition, activated p38
MAPK leads to the activation of NF-«kB signaling, thereby
mediating the inflammatory response (64). CREB is a nuclear
transcription enhancer, which regulates cell proliferation,
differentiation and survival via phosphorylation (65). The p38
MAPK-CREB signaling pathway can be activated rapidly
in hyperglycemia, oxidative stress and inflammatory reac-
tions (66). In the present study, MCT promoted the expression
of TGF-p1, and the phosphorylation of p38 MAPK and CREB,
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while Cy-3-g blocked the activation of the TGF-$1-p38
MAPK-CREB signaling pathway.

In summary, the current study revealed the inhibitory
effect of Cy-3-g on hemodynamics and morphological char-
acteristics of PAH in MCT-induced rats. Furthermore, the
suppressive effect of Cy-3-g on PAH progression was exerted
via the inhibition of vascular remodeling, including inflamma-
tory response, oxidative stress and cell proliferation, possibly
through regulation of the TGF-1-p38 MAPK-CREB signaling
pathway. These results demonstrated the protective effects of
Cy-3-g on PAH. Cy-3-g may be used as a novel product for the
prevention and treatment of PAH.
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