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Puerarin-V prevents the progression of hypoxia- and
monocrotaline-induced pulmonary hypertension in rodent
models
Di Chen1,2, Hui-fang Zhang1,2, Tian-yi Yuan1,2, Shu-chan Sun1,2, Ran-ran Wang1,2, Shou-bao Wang1,2, Lian-hua Fang2, Yang Lyu1,3 and
Guan-hua Du1,2

Pulmonary hypertension (PH) is a cardiopulmonary disease characterized by a progressive increase in pulmonary vascular
resistance. One of the initial pathogenic factors of PH is pulmonary arterial remodeling under various stimuli. Current marketed
drugs against PH mainly relieve symptoms without significant improvement in overall prognosis. Discovering and developing new
therapeutic drugs that interfere with vascular remodeling is in urgent need. Puerarin is an isoflavone compound extracted from the
root of Kudzu vine, which is widely used in the treatment of cardiovascular diseases. In the present study, we evaluated the efficacy
of puerarin in the treatment of experimental PH. PH was induced in rats by a single injection of MCT (50mg/kg, sc), and in mice by
exposure to hypoxia (10% O2) for 14 days. After MCT injection the rats were administered puerarin (10, 30, 100 mg · kg−1 · d−1, i.g.)
for 28 days, whereas hypoxia-treated mice were pre-administered puerarin (60 mg · kg−1 · d−1, i.g.) for 7 days. We showed that
puerarin administration exerted significant protective effects in both experimental PH rodent models, evidenced by significantly
reduced right ventricular systolic pressure (RVSP) and lung injury, improved pulmonary artery blood flow as well as pulmonary
vasodilation and contraction function, inhibited inflammatory responses in lung tissues, improved resistance to apoptosis and
abnormal proliferation in lung tissues, attenuated right ventricular injury and remodeling, and maintained normal function of the
right ventricle. We revealed that MCT and hypoxia treatment significantly downregulated BMPR2/Smad signaling in the lung tissues
and PPARγ/PI3K/Akt signaling in the lung tissues and right ventricles, which were restored by puerarin administration. In addition,
we showed that a novel crystal type V (Puer-V) exerted better therapeutic effects than the crude form of puerarin (Puer).
Furthermore, Puer-V was more efficient than bosentan (a positive control drug) in alleviating the abnormal structural changes and
dysfunction of lung tissues and right ventricles. In conclusion, this study provides experimental evidence for developing Puer-V as a
novel therapeutic drug to treat PH.
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INTRODUCTION
Pulmonary hypertension (PH) is a cardiopulmonary disease
characterized by a progressive increase in pulmonary vascular
resistance, accompanied by a continuous increase in pulmonary
artery pressure and right ventricular systolic pressure (RVSP) and a
decrease in cardiac output. All forms of PH affect nearly 1% of the
global population, and approximately 10% of people over 65 years
are affected [1]. According to the 6th World Symposium on
Pulmonary Hypertension, a mean pulmonary arterial pressure
greater than 20mmHg is set as the clinical diagnostic criterion [2].
Pulmonary arterial remodeling is the pathogenic hallmark of all
forms of pulmonary hypertension, which is a major condition with
no currently available marketed drugs. Secondary to elevated

pulmonary artery pressure, right ventricular hypertrophy and
remodeling are the major causes of death. Currently, marketed
drugs against PH mainly target three pathways: the endothelin-
1 (ET-1), nitric oxide, and prostacyclin pathways [3] which are
involved in the control of pulmonary vasomotor tone and vascular
cell proliferation [4]. However, these therapies mainly relieve
symptoms without significant improvement in overall prognosis.
Therefore, identification of a novel drug that can improve
pulmonary arterial remodeling and right ventricular remodeling
for the treatment of PH is urgently needed.
According to the widely accepted international standards, there

are five different types of PH based on the cause of disease [2]. It is
widely applied for pharmacodynamic evaluation using a rat model
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of monocrotaline (MCT)-induced pulmonary arterial hypertension
(PAH) [5] and a mouse model of hypoxia-induced hypoxic
pulmonary hypertension (HPH) mice model [6]. PAH belongs to
the first category and HPH belongs to the third category. The
mechanism by which MCT induces PH involves the liver
metabolites of MCT damaging the pulmonary arterial endothe-
lium, inducing vascular remodeling, and subsequently increasing
vascular resistance. It is widely used in preclinical studies for drug
development and mechanistic research for PAH. Hypoxia induces
PH because a low oxygen concentration induces abnormal
contraction and remodeling of the pulmonary artery and increases
pulmonary vascular resistance, which contributes to the develop-
ment of HPH [7]. Both models can commendably simulate the
pathological process of pulmonary hypertension.
Puerarin (7,4-dihydroxy-8-β-D-glucosyl isoflavone, C21H20O9,

Fig. 1) [8] is extracted from the root of the Chinese herb Kudzu
vine, and is widely used to clinically treat cardiovascular and
cerebrovascular diseases, including myocardial infarction, cerebral
ischemia, angina pectoris, and hypertension in China and other
Asian countries [9]. Studies have shown that puerarin has
protective effects on blood vessels and the myocardium, and
can even restore pulmonary artery function and inhibit vascular
remodeling to a certain extent. Puerarin has poor water solubility
and fat solubility, which contribute to its low gastrointestinal
absorption and bioavailability. Therefore, puerarin is mainly
administered by clinical injection. Clinical trials have found that
long-term use of injections will cause drug accumulation and
hemolysis, and produce toxic effects. After crystal modification,
five types of crystal forms of puerarin were obtained. Among
them, the crystal V-type of puerarin (Puer-V) showed better
gastrointestinal absorption and bioavailability than other crystal
forms [8]. Therefore, Puer-V was used to evaluate its therapeutic
effect on PH and its underlying mechanism in the present study.

MATERIALS AND METHODS
Materials
Puer-V is an optimal drug crystal modified by the Institute of
Materia Medica, Chinese Academy of Medical Sciences (purity
>99%). Unless otherwise stated, all other reagents were purchased
from Sigma–Aldrich (St. Louis, MO, USA). Primary antibody against
β-actin was obtained from Proteintech Group (Rosemont, IL, USA).
Other primary antibodies were purchased from Cell Signaling
Technology (Beverly, MA, USA).

Animals and ethics
For the evaluation of the therapeutic effect of puerarin against
MCT-induced pulmonary arterial hypertension, male Sprague-
Dawley rats (n= 105, 170–190 g) were purchased from the
Institute of Laboratory Animals Sciences, Chinese Academy of
Medical Sciences, Beijing, China. For the evaluation of the
therapeutic effect of puerarin against hypoxic pulmonary hyper-
tension, male C57BL/6J mice (n= 50, 19–21 g) were purchased
from Vital River Laboratories, Beijing, China. Animal care and
handling were approved by the Animal Ethics Committee of the

Chinese Academy of Medical Science and Peking Union Medical
College.

Establishment of the rat model of MCT-induced PAH and
hemodynamic measurements
Rats with similar baseline characteristics were randomly divided
into 7 groups (n= 15 per group): control group, model group,
bosentan (30 mg/kg)+MCT group, Puer-V low, medium and high
dose groups (10, 30, 100mg/kg) with MCT injection, and the crude
form of puerarin (Puer) (30 mg/kg)+MCT group. Model establish-
ment was performed by a single subcutaneous injection of MCT
(50mg/kg), whereas animals in the control group were sub-
cutaneously injected with the same volume of normal saline.
Bosentan (30 mg/kg, suspended in 0.5% CMC-Na), Puer-V (10, 30,
100mg/kg, in solid form), and Puer (30 mg/kg, suspended in 0.5%
CMC-Na) were orally administered every day for 28 days begin-
ning on the 1st day after MCT injection. The control and model
groups received the same volume of saline. On the 28th day, rats
were killed for experimental end point detection. After rats in each
group were anesthetized by an intraperitoneal injection of
pentobarbital sodium (40mg/kg), relevant hemodynamic indica-
tors were tested. The RVSP was measured through the external
carotid vein using a polyethylene-50 catheter with a BL-420S
biological function experimental system (Chengdu Techman,
China). Echocardiography measurements were performed by an
echocardiogram system using a 17-MHZ transducer (Visual Sonic,
Canada). On the parasternal short-axis view at the aortic level,
Doppler-mode recording through the pulmonary artery and right
ventricle was used to assess the pulmonary velocity profile and
the structure of the right ventricle. The time from the onset of
pulmonary outflow to maximal flow (pulmonary artery accelera-
tion time, PAAT), maximum pulmonary velocity (PVmax) and
pulmonary artery blood flow velocity time integral (PA VIT) were
measured [10]. For the analysis of the structure and function of the
right ventricle, right ventricle wall thickness, right ventricle cavity
width, right ventricular output, and right ventricular stroke volume
were measured.

Whole blood collection and serum NT-proBNP and cTnT detection
Once hemodynamic indicators were collected, whole blood was
collected through the abdominal aorta. After coagulation for 1 h at
room temperature, the whole blood was centrifuged for 15 min at
5000 r/min at 4 °C for serum collection. The concentrations of
N-terminal pro brain natriuretic peptide (NT-proBNP) and cardiac
troponin T (cTnT) (Cusabio, Wuhan, China) were detected by ELISA
kits according to the manufacturer’s instructions.

Evaluation of pulmonary artery function in vitro
After the blood was collected, secondary pulmonary arteries of
rats in different groups were dissected and cut into 3–4mm rings
for pulmonary artery function assessment. After the rings
were equilibrated for 10 min, the activity of the rings was tested
by a high potassium (60 mM) solution [11]. Rings with increased
tension of more than 1 g force could be used for further
investigation. Then the contractibility of the rings was evaluated
by the degree of contraction after adding 1 μM phenylephrine
(Phe) and 0.01 μM ET-1 to the rings. The degree of contraction is
expressed as the proportion of rings stimulated by the high
potassium solution. After elution to baseline, the rings were
preconstricted with 1 μM phenylephrine. Then 0.01–100 μM
acetylcholine (ACh) or sodium nitroprusside (SNP) was added in
concentration gradient to the bath. The diastolic function of the
rings was reflected by the relaxation that ACh or SNP could
produce in the rings.

Tissue isolation
Once whole blood was collected, the rats were euthanized and
the heart and lung were harvested for organ index measurement.

Fig. 1 The chemical structure of puerarin. Puerarin: 7,4-dihydroxy-
8-β-D-glucosyl isoflavone; C21H20O9, Mw, 416.38.
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The weights of the whole heart, lung, whole ventricle, and right
ventricle were recorded. The lung index was calculated by the
weight ratio of the lung to the whole body. The right ventricular
hypertrophy index was calculated by the weight ratio of the right
ventricle to the interventricular septal plus left ventricle. In some
separate experiments, the inferior lobe of the left lung and right
ventricle was fixed in 4% paraformaldehyde and then embedded
in paraffin and sectioned for immunohistochemical analysis. The
lung tissue sections were stained with hematoxylin and eosin
(H&E) and CD68 for morphological analysis and analysis of
inflammation. For the wall thickness percentage calculation of
different diameters of pulmonary arteries, elastic van Gieson [11]
staining was used on the lung tissue sections. The right ventricular
sections were stained with H&E, Masson and CD31 for morpho-
logical analysis, collagen deposition detection, and vascular
density observation.

Detection of the expression levels of ET-1 and inflammatory
factors in lung tissues
Lung tissues were homogenized and then centrifuged at 12,000 × g
at 4 °C for 20min. The supernatant was obtained for subsequent
detection. The concentrations of ET-1 and the inflammatory factor
IL-6 were detected by ELISA kits according to the manufacturer’s
instructions. The expression levels of these factors were normalized
to the protein content of the corresponding samples.

Establishment of the mouse model of HPH and efficacy evaluation
Fifty male C57BL/6J mice were randomly divided into 5 groups
(n= 10 per group): normoxia group, hypoxia group, hypoxia
+sildenafil (30 mg/kg) group, hypoxia+Puer-V (60 mg/kg) group
and hypoxia+Puer (60 mg/kg) group. The drugs were adminis-
tered 7 days before model establishment. Mice were placed in a
normobaric chamber and exposed to hypoxia (10% O2) or
normoxia (20% O2) for 14 days. The body weight of mice in
different groups was recorded every 4 days during the experi-
ment. At the end of the experiment, the mice were examined for
walking capacity by running on a treadmill. After the treadmill
test, the mice were anesthetized with 200mg/kg tribromoethanol
to measure the RVSP using a Millar catheter-transducer (Millar
Instruments, USA). Once hemodynamic data were collected, the
mice were euthanized, and the hearts, lungs, and spleens were
harvested and weighed. The right ventricular hypertrophy index
and organ index were determined by the same method described
in the ‘Tissue isolation’ section.

Evaluation of the cytotoxicity and proliferation inhibitory effect of
Puer-V
HPASMCs were obtained from ScienCell company (Carlsbad, USA)
and cultured in Dulbecco’s modified of Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum. Cells between the 3rd
and 9th passages were used for the experiment. HPASMCs were
cultured in an incubator containing 5% CO2 and kept at 37 °C. To
study the influence of Puer-V on HPASMC proliferation induced by
hypoxia, we seeded 5000 cells per well in 96-well plates.
Evaluation of the cytotoxicity of Puer-V was assessed by the
viability of HPASMCs after treatment with different concentrations
of Puer-V for 48 h. Cell proliferation detection was performed as
follows. After 24 h of culture, the medium was replaced with
serum-free medium to let the cells undergo growth arrest and
treated with 3, 10, and 30 μM Puer-V for 48 h. Cell viability was
determined by a CCK-8 kit (Dojindo, Japan) after culture under
hypoxic (1% O2) or normoxic (20%) conditions with or without
Puer-V treatment.

Detection of ROS formation in HPASMCs induced by hypoxia
HPASMCs were seeded in black 96-well plates with clear bottoms
at a density of 5 × 104 cells/mL. The process of cell culture, cell
growth arrest and Puer-V administration was the same as above.

After 48 h of incubation in a hypoxic environment, the intracellular
reactive oxygen species (ROS) level was measured by DCFH2-DA.
The cells were washed with PBS and then incubated with 100 μL
of serum-free DMEM containing 1 μM DCFH2-DA and 10 μM
Hoechst for 30 min at 37 °C. After incubation, the cells were
washed with PBS to remove the extra dye and then covered with
100 μL of PBS. Images were taken immediately and analyzed by a
high content screening (HCS) system (Thermo, USA).

Immunofluorescence staining of BMPR2 in hypoxia-induced
HPASMCs
The expression of bone morphogenetic protein receptor 2
(BMPR2) in HPASMCs was determined by immunofluorescence
staining. After treatment, cells were washed with PBS and fixed
with 4% paraformaldehyde at room temperature. Then, the cells
were permeabilized with 0.5% Triton X-100 and blocked with 3%
BSA for 1 h at 37 °C. After that, cells were immunostained with the
primary antibody for BMPR2 overnight at 4 °C, and then incubated
with Alexa 555-conjugated secondary antibody (diluted 1:500) for
1 h at room temperature followed by incubation with 10 μM
Hoechst 33342 for 15 min away from light. Images were taken
immediately and analyzed by the HCS system.

Western blotting
Lung tissues and right ventricles were lysed with RIPA lysis buffer
(Cell Signaling Technology, USA) supplemented with a cocktail of
protease inhibitors. Lysates were centrifuged at 12,000 × g for
20min at 4 °C, and the supernatant was collected as total protein.
A BCA protein assay kit (Cwbio, China) was used to measure the
amounts of protein in each extract. Equal amounts (50 μg) of
protein extracts were subjected to SDS-PAGE and electrotrans-
ferred to a polyvinylidene difluoride (PVDF) membrane. The PVDF
membranes were then blocked with 5% BSA at room temperature
for 1.5 h. After washing, the blots of lung homogenates were
incubated with primary antibodies against BMPR2, p-Smad1/
5(Ser463/465), Smad1/5, Bax, Bcl-2, PCNA, PPARγ, p-PI3K(Tyr458), PI3K,
p-Akt(Ser473), Akt and eNOS, and blots of right ventricular
homogenates were incubated with primary antibodies against
PPARγ, PI3K, p-Akt(Ser473), Akt, p-GSK3β(Ser9), GSK3β, Nrf2, NOX4,
and HO-1 overnight at 4 °C. After washing and incubation with
HRP-conjugated secondary antibody (1:5000) (Cwbio, China) at
room temperature for 1 h, the blots were exposed to a ChemiDoc-
It Imaging System (UVP, USA), and the immunoreactivity bands
were visualized by enhanced chemiluminescence (Cwbio, China).

Statistical analysis
One-way analysis of variance (one-way ANOVA) or two-way
analysis of variance (two-way ANOVA) was used to compare the
data among different groups. P < 0.05 was considered statistically
significant.

RESULTS
Puer-V alleviated the MCT-induced increase in RVSP and
attenuated lung injury
PAH is generally caused by pulmonary vascular remodeling, and
the increased pulmonary artery pressure caused by vascular
remodeling leads to increased right ventricular afterload, which is
manifested by increased RVSP. The results (Fig. 2a) showed that, at
the end of the experiment on the 28th day after model
establishment, the RVSP of the model rats was increased
compared with that of the normal rats. Different doses of Puer-
V, Puer, and the positive drug, bosentan remarkably reduced RVSP
of diseased rats.
Patients with PAH often experience pathological changes such

as pulmonary edema and bleeding. At the end of the experiment,
the lung tissues were weighed and the lung mass index was
calculated (Fig. 2b). The lung tissues were stained with H&E to
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observe the changes in the microstructure of rat alveoli. The
model rats showed alveolar rupture and edema. Each administra-
tion group showed improvement. The therapeutic effect of Puer-V
was better than that of Puer (Fig. 2c).

Puer-V improved pulmonary artery blood flow
During the process of PAH, pulmonary artery vascular resistance
gradually increases and vascular hemodynamics changes. In this
study, small animal echocardiography was used to detect
pulmonary artery hemodynamics in rats with PAH. The PAAT, PA
VIT, and PVmax of the diseased rats were remarkably reduced
compared with those of the normal rats (Fig. 3). After drug
intervention, the above indicators showed a certain trend of
improvement. The high dose of Puer-V showed the best effect in
improving pulmonary artery blood flow, but there was no
significant difference in the improvement of PA VIT and PVmax.

Puer-V improved pulmonary vasodilation and contraction function
in the rats with PAH
Due to damage to the pulmonary artery endothelium, the
vasodilation and contraction function of the blood vessels are
impaired. The contractile response of pulmonary arteries to Phe
and ET-1 was reduced in the diseased rats (Fig. 4a–d). Puerarin
increased pulmonary artery reactivity in a concentration-
dependent manner. The vasodilatory effect of pulmonary arteries
induced by ACh and SNP was weakened in the model rats, and the
administration of puerarin increased the sensitivity of pulmonary
arteries. The vasodilatory activity, especially the vasodilatory effect
induced by ACh, showed that puerarin had a certain protective
effect on pulmonary arteries, thus maintaining the vasodilation
and contraction of pulmonary arteries. EVG staining results (Fig. 4e,
f) indicated that Puer-V effectively alleviated the remodeling of
pulmonary arteries of different diameters, especially vessels less
than 150 μm in diameter. The level of ET-1 in lung tissue
homogenates was also detected. The level of ET-1 in the lung

tissues of the model rats was strikingly increased (Fig. 4g). Puer-V
effectively reduced ET-1 levels in lung tissues of the rats with MCT-
induced PAH.

Puer-V inhibited the inflammatory response in lung tissues
At the end of the experiment, the lungs were harvested and the
lung sections were immunostained for CD68. CD68 is a marker of
macrophages, which reflects the severity of inflammatory
response. The expression of CD68 increased in the model rats
(Fig. 5a), and each administration group showed improvement.
The quantitative results of inflammatory factor detection indicated
that the level of IL-6 in lung tissues of the model rats was
remarkably increased (Fig. 5b). Puer-V and bosentan reduced the
level of IL-6 in lung tissues.

Puer-V attenuated right ventricular injury and maintained normal
function of the right ventricle
In this study, we used small animal echocardiography to observe
the structural and functional changes in the right ventricle of rats
with PAH. The thickness of the right ventricular wall and the width
of the right ventricular cavity of the diseased rats increased,
indicating hypertrophy and dilatation of the right ventricle
(Fig. 6a–e). After drug administration, right ventricular remodeling
was attenuated to a certain extent. The right ventricular output and
stroke volume of the model rats were decreased to a certain extent.
Puer-V increased the stroke volume in a concentration-dependent
manner, and the improvement was better than that of bosentan.
Organ index measurements also indicated right ventricular
hypertrophy in the rats with MCT-induced PAH. The weight ratio
of the right ventricle to the whole body and right ventricular
hypertrophy index was markedly increased in the model rats (Fig. 6f,
g). Puerarin and bosentan reduced the weight ratio of the right
ventricle. Puer-V showed a better effect than bosentan and Puer.
NT-pro BNP is an auxiliary diagnostic marker of heart failure and

cTnT is a marker of myocardial infarction, both of which are widely

Fig. 2 Effects of Puer-V on RVSP and lung injury in rats with MCT-induced PAH. a RVSP of rats in different groups. b The weight ratio of the
lung to the whole body. The results are presented as the mean ± SEM, ###P < 0.001 vs. the control group, *P < 0.05, **P < 0.01, ***P < 0.001 vs. the
model group. n= 15. c Representative photos of lung tissues stained by H&E (×200). The yellow arrow indicates the area of edema.
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used in the evaluation of the degree of myocardial damage [12]. In
this experiment, the levels of NT-pro BNP and cTnT in the serum
were measured to evaluate the degree of myocardial damage in
the rats with MCT-induced PAH. The contents of NT-pro BNP and
cTnT in the serum of the model rats increased (Fig. 6h, i). There
was a certain downward trend after administration of different
doses of Puer-V and bosentan, but the difference was not
statistically significant. The high dose of Puer-V had the best
efficacy in attenuating myocardial damage in the rats with MCT-
induced PAH.
In the process of PH, right ventricular dysfunction is often

accompanied by cardiac ischemia, which is manifested as a
decrease in microvessel density in the right myocardium [13]. In
the present study, CD31 immunostaining was performed on right
ventricular wall slices, and the density of blood vessels was
calculated. The expression level of CD31 in the right ventricle of
the model rats decreased. After drug intervention, Puer-V
increased the expression of CD31 in a concentration-dependent
manner (Fig. 6j, k). The results indicated that Puer-V effectively

restored the normal function of the right ventricle in the rats with
MCT-induced PAH.

Puer-V improved right ventricular remodeling in the rats with
MCT-induced PAH through PPARγ/PI3K/Akt and oxidative stress
pathways
Morphological changes in cardiomyocytes in the right ventricular
wall were observed by H&E staining, and collagen deposition in
the right ventricle was observed by Masson staining. Myocardial
hypertrophy, swelling, and lengthening were observed in the
model rats (Fig. 7a, c), with unclear myocardial fibers and collagen
deposition (Fig. 7b, d). Puer-V and bosentan not only reduced the
size of myocardial cells, but also improved myocardial remodeling
and ameliorated collagen deposition. Puer-V showed a better
effect than bosentan in maintaining the normal structure of the
right ventricle of the rats with MCT-induced PAH.
To study the underlying mechanism of Puer-V-mediated

improvement in the right ventricle, we used an immunoblotting
assay. In recent years, experimental studies have found that

Fig. 3 The influence of Puer-V on the pulmonary artery blood flow of the rats with PAH. a Representative pictures of pulmonary blood
flow. b PAAT, c PA VIT, and d PVmax of the rats in each group. The results are presented as the mean ± SEM, #P < 0.05, ###P < 0.001 vs. the control
group, *P < 0.05 vs. the model group, n= 3.
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peroxisome proliferator-activated receptor-γ (PPARγ) activation
could inhibit oxidative stress [14] and had a certain protective
effect on the myocardium [15]. The PI3K/Akt pathway reduces the
apoptosis and hypertrophy of cardiomyocytes by regulating the
phosphorylation of downstream GSK3β [16]. In the present study,
the expression levels of PPARγ, PI3K, Akt, and GSK3β in the right
ventricle of the model rats were downregulated (Fig. 7e–h), and
Puer-V improved this phenomenon and showed better effects
than bosentan.
Oxidative stress refers to the imbalance between oxidation and

antioxidation, and the increase in oxidative substances directly
damages tissues and organs. Right ventricular hypertrophy caused
by pulmonary hypertension is closely related to oxidative stress.
NOX4 is an important member of the NADPH oxidase family,

which can promote the generation and release of ROS [17] and
induce immune and inflammatory response [18]. Nrf2 (NF-E2-
related factor2) is a key regulator of the cellular oxidative stress
response. It exerts anti-inflammatory and oxidative stress roles by
regulating downstream heme oxygenase 1 (HO-1) [19]. The heme
degradation products catalyzed by HO-1 can resist oxidative
damage, protect myocardial cells and inhibit myocardial apoptosis
[20]. In the present experiment, the NOX4 level was increased and
the Nrf2 and HO-1 levels were decreased in the right ventricle of the
rats with MCT-induced PAH (Fig. 7i–k). After Puer-V administration,
this phenomenon was improved. The results indicated that Puer-V
effectively inhibited the oxidative stress response in the right
ventricle of the rats with MCT-induced PAH, which could be the
potential mechanism for improving right ventricular remodeling.

Fig. 4 The influence of Puer-V on pulmonary vascular compliance. a Contraction rate response to 1 μM Phe, b contraction rate response to
0.01 μM ET-1, c relaxation induced by ACh in pulmonary arteries preconstricted by 1 μM Phe, d relaxation induced by SNP in pulmonary
arteries preconstricted by 1 μM Phe. e EVG staining of pulmonary arteries (400×) and f quantitative results of the wall thickness percentage.
g The level of ET-1 in lung tissues of the rats with PAH. The results are presented as the mean ± SEM, #P < 0.05, ##P < 0.01, ###P < 0.001 vs. the
control group, *P < 0.05, **P < 0.01, ***P < 0.001 vs. the model group. n= 6.
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Puer-V showed therapeutic effects on mice with HPH
The therapeutic effect of Puer-V on HPH was assessed in a two-
week hypoxia mouse model. The results (Fig. 8b) showed that the
murine HPH model was successfully established, as the RVSP of
the mice with HPH was strikingly increased. Preadministration of
Puer-V attenuated the weight loss (Fig. 8a) and the elevation in
RVSP induced by hypoxia. Due to cardiopulmonary dysfunction,
the diseased mice showed a weak athletic ability. The running
distance of the mice on a treadmill at accelerating speed until
exhaustion was decreased (Fig. 8c). Puer-V and Puer could
effectively improve the walking distance of the mice with HPH.
In this two-week hypoxia mouse model, the right ventricular
hypertrophy index was not significantly increased (Fig. 8d). Puer-V
improved the lung index (Fig. 8e) and spleen index (Fig. 8f) in the
mice with HPH. In brief, Puer-V exhibited a more potent effect on
hemodynamic indicators and exercise performance than sildenafil.

Puer-V inhibited the downregulation of BMPR2/Smad signaling
pathway in the rats with MCT-induced PAH and mice with
hypoxia-induced HPH
BMPR2 belongs to the TGFβ superfamily. Its activation inhibits
smooth muscle cell proliferation and induces apoptosis by
regulating the expression of Bcl-2 and other related proteins.
BMPR2 is an activator of the type I receptor, which activates
downstream Smads, and induces their nuclear translocation to
regulate the transcription process of genes. Mutation of BMPR2
gene causes transcriptional termination, leading to excessive cell
proliferation and apoptosis inhibition. The expression of BMPR2
and phosphorylated Smad1/5 was downregulated in the model
group (Fig. 9), and upregulated after the administration of the
positive control drugs and Puer-V. The results indicated that

puerarin can help maintain the expression of BMPR2 and p-
Smad1/5.

The influence of Puer-V on the PPARγ/PI3K/Akt signaling pathway
in lung tissues of the rats with MCT-induced PAH and mice with
hypoxia-induced HPH
PPARγ is a downstream effector of BMPR2 and the PPARγ/PI3K/Akt
signaling pathway also plays an important role in the pathological
changes of the pulmonary artery in animals and patients with PH
[21–23]. PPARγ activation can improve the muscularization and
vascular remodeling of pulmonary arterioles [24], reduce the
expression of vasoconstrictive substances such as ET-1 [25], and
improve vascular function [26]. PI3K/Akt promotes the production
of NO by regulating the expression of downstream eNOS protein,
and then dilates blood vessels [27]. The expression levels of
PPARγ, PI3K, P-Akt/Akt, and eNOS in the model group were all
downregulated. Puer-V and positive control drugs effectively
restored the expression of these proteins (Fig. 10). This finding
indicated that Puer-V might promote the production of NO in
pulmonary blood vessels to exert vasodilatory effects and improve
vascular remodeling by regulating the PPARγ/PI3K/Akt signaling
pathway.

Puer-V improved resistance to apoptosis and abnormal
proliferation in lung tissues of the rats with MCT-induced PAH and
mice with hypoxia-induced HPH
The pulmonary blood vessels of patients with pulmonary
hypertension are often accompanied by abnormal proliferation
and migration of smooth muscle cells, leading to occlusion in
blood vessels and limited blood flow. In this experiment,
proliferation- and apoptosis-related proteins in lung tissue were

Fig. 5 The influence of Puer-V on the inflammatory response in lung tissues. Immunohistochemistry for CD68 on lung sections. The photos
were obtained from an optical microscope (a) (200×), and quantification of CD68 positive cells was performed by ImageJ (b). The influence of
Puer-V on IL-6 (c) in lung tissues of the rats with PAH. The results are presented as the mean ± SEM, ##P < 0.01, ###P < 0.001 vs. the control
group, *P < 0.05, ***P < 0.001 vs. the model group, n= 6.
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Fig. 6 Effects of Puer-V on right ventricular function and myocardial damage in the rats with MCT-induced PAH. a Representative images
of M-mode recording through the right ventricle. b Right ventricle wall thickness, c right ventricle cavity width, d right ventricular output and
e right ventricular stroke volume of rats in each group. The weight ratio of f the right ventricle to the whole body and g the right ventricular
hypertrophy index of rats in each group. Detection of NT-pro BNP (h) and cTnT (i) levels in serum (n= 6). The influence of Puer-V on the
microvessel density of the right ventricle was detected by CD31 staining, and photos (j) were obtained from optical microscope (×400) and
analyzed by ImageJ (k). The results are presented as the mean ± SEM, ##P < 0.01, ###P < 0.001 vs. the control group, *P < 0.05, **P < 0.01, ***P <
0.001 vs. the model group, n= 4.
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detected (Fig. 11). The expression ratio of Bax/Bcl-2 in the model
group was downregulated, and there was a certain increasing
trend after drug administration but no significant difference. The
expression level of PCNA was upregulated in the diseased animals,
and after drug intervention the expression level was down-
regulated in a concentration-dependent manner, indicating that
Puer-V inhibited the abnormal proliferation of cells in the smooth
muscle layer.

Puer-V inhibited the proliferation of hypoxia-induced HPASMCs
No cytotoxicity in HPASMCs was induced by Puer-V at concentra-
tions up to 100 μM (Fig. 12a), indicating that relevant pharmaco-
dynamic studies were allowed to be carried out in this
concentration range. The inhibitory effect of Puer-V on prolifera-
tion was carried out on HPASMCs induced by hypoxia for 48 h. The
results (Fig. 12b) showed that the viability of HPASMCs was
elevated after incubation for 48 h under hypoxic conditions. Puer-
V inhibited the proliferation of HPASMCs induced by hypoxia, and
3 μM Puer-V showed the best inhibitory effect.

Puer-V decreased ROS formation in hypoxia-induced HPASMCs
A DCFH fluorescent probe was used to detect cytoplasmic ROS in
HPASMCs, which could enter the cell and be enzymatically
cleaved to be oxidized by ROS to generate fluorescent DCF.
Hypoxia treatment strikingly increased ROS levels compared with

those of HPASMCs under normoxic conditions (Fig. 13). Different
doses of Puer-V alleviated this phenomenon to some extent,
thereby alleviating the oxidative stress response in HPASMCs
induced by hypoxia.

Puer-V restored BMPR2 expression in hypoxia-induced HPASMCs
Downregulation of BMPR2 expression in HPASMCs will cause
excessive cell proliferation with apoptosic resistance. In the
present study, the results indicated the loss of BMPR2 expression
in hypoxia-induced HPASMCs. Puer-V (3 μM and 30 μM) could
upregulate BMPR2 levels to some extent (Fig. 14). This finding
indicated that Puer-V exerted protective effects on hypoxia-
induced HPASMCs by restoring the expression of BMPR2.

DISCUSSION
Although major advances have been made in the treatment of PH
in the past forty years, commercially available drugs still cannot
meet the current clinical needs, and the mortality of PH patients is
still high. Because PH is a progressive disease, currently existing
drugs mainly alleviate symptoms but show unsatisfactory effects
on the critical pathological changes of PH, such as vascular and
right ventricular remodeling [28]. In recent years, a growing body
of research has shown that the BMPR2 and PPARγ signaling
pathways play an important role in the pathological process of PH.

Fig. 7 Effects of Puer-V on right ventricular remodeling. The shape of right ventricular cardiomyocytes was detected by H&E staining, and
photos were obtained with an optical microscope (a) and analyzed by ImageJ (c). The influence of Puer-V on collagen deposition in the right
ventricle was detected by Masson staining. Photos were obtained with an optical microscope (b) and analyzed by ImageJ (d). (Small images
magnified ×100; large images magnified ×400). e–k The influence of Puer-V on PPARγ/PI3K/Akt pathway and oxidative pathway in the right
ventricle of the rats with MCT-induced PAH. Densitometric analysis of the relative expression level of each protein compared to β-actin is
shown in the lower panel, and representative pictures are shown in the upper panel. The results are presented as the mean ± SEM, #P < 0.05,
##P < 0.01, ###P < 0.001 vs. the control group, *P < 0.05, **P < 0.01, ***P < 0.001 vs. the model group, n= 4.
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Studies have shown that the PPARγ signaling pathway can even
reverse the pathological process of PH [29]. Thus, in this study, we
intended to explore whether the therapeutic effect of Puer-V is
related to these two pivotal signaling pathways. Based on our
study, we hope to provide more evidence for the clinical use of
puerarin for PH.
Years of research have led to a variety of animal models for

preclinical study of PH. In the present study, two types of animal
models of PH were successfully established and used for the

mechanistic study (Figs. 2a and 8b). The mechanism by which MCT
causes rat PAH involves liver metabolites of MCT damaging the
pulmonary arterial endothelium. Endothelial dysfunction will
cause the abnormal proliferation of pulmonary arterial smooth
cells and excessive apoptosis of pulmonary arterial endothelial
cells [30, 31]. The remodeled pulmonary vasculature will then
cause elevation in pulmonary arterial pressure and RVSP. Hypoxia
induces HPH in mice because oxygen deficiency in the pulmonary
circulation causes endothelial damage and abnormal contraction

Fig. 8 Efficacy of Puer-V on the mice with HPH. a Body weight change of mice in different groups during the experiment. The influence of
Puer-V on b RVSP, c walking distance, d right ventricular hypertrophy index, e lung index and f spleen index. The results are presented as the
mean ± SEM, ##P < 0.01, ###P < 0.001 vs. the control group, *P < 0.05, **P < 0.01, ***P < 0.001 vs. the model group, n= 6.

Fig. 9 Effects of Puer-V on the BMPR2/Smad pathway in lung tissues of the rats with PAH and mice with HPH. Densitometric analysis
of the relative expression level of each protein compared to β-actin is shown in the lower panel, and representative pictures are
shown in the upper panel: a BMPR2 and b p-Smad1/5 in lung tissues of the rats with PAH, c BMPR2 and d p-Smad1/5 in lung tissues of mice
with HPH. The results are presented as the mean ± SEM, ##P < 0.01, ###P < 0.001 vs. the control group, *P < 0.05, **P < 0.01, ***P < 0.001 vs. the
model group, n= 4.
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of the pulmonary artery [32]. Both animal models can effectively
simulate the pathological process of clinical PH patients [33]. In
the present study, puerarin was used to intervene in the early
stage of the disease process to explore the preventive effect of
puerarin on PH.
BMPR2, a member of the TGFβ receptor superfamily, plays a

critical role in the etiology of PAH. BMP signaling plays a key role
in vascular homeostasis by inhibiting abnormal vascular remodel-
ing [34], as BMPR2 is a negative regulator of smooth muscle cells
and a survival factor of endothelial cells [35]. PPARγ is abundantly
expressed in normal lungs, with the highest levels in the lungs
compared with other organs [36]. In the lungs of patients with PH,

the expression of PPARγ is decreased [37]. Extensive evidence
indicates that PPARγ, a downstream effector of BMPR2, is involved
in the regulation of cellular differentiation, development, meta-
bolism, inflammation, and tumorigenesis and favorably affects
several pathways associated with the pathogenesis of PH [34, 38].
PPARγ can promote PI3K expression, which further activates Akt
and phosphorylates eNOS to produce NO [39]. Our previous study
indicated that puerarin exerted protective effects on pulmonary
artery endothelial cells from hypoxia-induced injury through the
BMPR2 and PPARγ signaling pathways [23]. In the present study,
we found that the BMPR2/Smad1/5 and PPARγ/PI3K/Akt/eNOS
pathways were notably altered in PAH and HPH animal models

Fig. 10 Effects of Puer-V on the PPARγ/PI3K/Akt pathway in lung tissues of the rats with PAH and mice with HPH. Densitometric analysis of
the relative expression level of each protein compared to β-actin is shown in the lower panel, and representative pictures are shown in the
upper panel: a1 PPARγ, a2 PI3K, a3 p-Akt/Akt, and a4 eNOS in lung tissues of the rats with PAH. b1 PPARγ, b2 eNOS, b3 p-PI3K/PI3K, and b4
p-Akt/Akt in lung tissues of mice with HPH. The results are presented as the mean ± SEM. #P < 0.05, ##P < 0.01 vs. the control group, *P < 0.05,
**P < 0.01, ***P < 0.001 vs. the model group, n= 4.

Fig. 11 Effects of Puer-V on apoptosis and proliferation in lung tissues of the rats with PAH and mice with HPH. Densitometric analysis of
the relative expression level of each protein compared to β-actin is shown in the lower panel, and representative pictures are shown in the
upper panel: a Bax, Bcl-2 and b PCNA in lung tissues of the rats with PAH. c Bax, d Bcl-2, and e PCNA in lung tissues of mice with HPH. The
results are presented as the mean ± SEM, #P < 0.05 vs. the control group, *P < 0.05, **P < 0.01, ***P < 0.001 vs. the model group, n= 4.
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Fig. 12 Effects of Puer-V on the proliferation of HPASMCs induced by hypoxia. a The cytotoxicity of Puer-V on HPASMCs. b The effect of
Puer-V on the proliferation of HPASMCs induced by hypoxia (1% O2). Values are expressed as the mean ± SEM, ***P < 0.001 vs. the vehicle
group for figure a. ###P < 0.001 vs. the normoxia group, *P < 0.05, **P < 0.01 vs. the hypoxia group for figure b, n= 6.

Fig. 13 Effects of Puer-V on ROS formation in HPASMCs induced by hypoxia. Representative images (magnified ×200) produced by the HCS
system are shown in the left panel. Quantitative results of fluorescence intensity are shown in the right panel. Values are expressed as the
mean ± SEM. #P < 0.05 vs. the control group. n= 3.

Fig. 14 Effects of Puer-V on BMPR2 expression in HPASMCs induced by hypoxia. Representative images (magnified ×200) produced by the
HCS system are shown in the left panel. Quantitative results of fluorescence intensity are shown in the right panel. Values are expressed as the
mean ± SEM, n= 3. ##P < 0.01 vs. the control group. n= 3.
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(Figs. 9 and 10). Puer-V effectively improved this phenomenon and
showed a good therapeutic effect on PH.
The pathological processes of PAH and HPH are both initiated in

the pulmonary artery, after which pulmonary arterial smooth
muscle cells and endothelial cells undergo different pathological
processes. These changes trigger the abnormal proliferation and
contraction of smooth muscle cells and endothelial dysfunction
[40]. In our study, the rat model of MCT-induced PAH showed
significant dysfunction in pulmonary arteries. Echocardiography
results showed obstruction in pulmonary arteries. EVG staining
indicated obvious pulmonary arterial remodeling (Fig. 4e, f). The
in vitro vascular function experiment also indicated vascular
systolic and diastolic dysfunction of the main pulmonary artery
(Fig. 4a–d). Puer-V could effectively improve the abnormal changes
in structure and function in pulmonary arteries (Figs. 3 and 4). In
addition, the endothelial injury could trigger the secretion of ET-1,
which would cause the abnormal contraction of smooth muscle
cells [41]. In our study, we found that Puer-V could reduce ET-1
levels in lung tissues (Fig. 4g). This finding could also explain the
above improvement effect of Puer-V on the pulmonary arteries.
A series of pathological changes in the cells of lung tissues

could cause pulmonary injury, edema, and inflammation [42],
which was indicated by the increased lung index and the
morphology of lung tissue sections stained by H&E (Fig. 2c).
CD68 staining and IL-6 level detection also indicated a severe
inflammatory response in lung tissues (Fig. 5). Due to the
impairment of lung function, the exercise capacity of the diseased
animals remarkably declined. Puer-V attenuated pulmonary
edema and inflammatory factor accumulation in the diseased
animals. A mechanism study indicated that Puer-V could restore
the expression of BMPR2 and PPARγ in lung tissues, thus
maintaining the protective effect of the BMPR2/Smad pathway
and PPARγ/PI3K/Akt/eNOS pathway on lung tissues. In addition,
markers related to proliferation and apoptosis, including PCNA,
Bax, and Bcl-2, were detected. The results indicated that Puer-V
could attenuate apoptotic resistance and abnormal proliferation
of the cells in the smooth muscle layer (Fig. 11). Therefore, Puer-V
improved the exercise capability of the diseased animals by
improving lung function.
Elevation in pulmonary vascular resistance then would increase

right ventricular afterload and subsequent right ventricular
remodeling, manifested as elevated RVSP, enlargement of
ventricular chamber, and a series of pathological changes in the
right ventricle [43]. Right ventricular remodeling is often
accompanied by myocardial collagen deposition, reduction in
myocardial vascular density and elevation in myocardial injury
markers in serum [44]. H&E staining and Masson staining showed
the morphological structure and arrangement of right ventricular
cardiomyocytes. Compared with that of the control group, the
myocardial cell volume of the model group increased, the
arrangement was disordered, and collagen deposition was serious
in the diseased animals (Fig. 7a–d). CD31 is a specific marker for
endothelial cells that can show myocardial vascular density in the
right ventricle [45]. The expression of CD31 in the right ventricle of
the diseased animals was strikingly decreased (Fig. 6j, k),
indicating that myocardial ischemia occurred in the right ventricle.
This phenomenon is another dominant cause of the impairment
of right ventricular ejection function. It is precisely due to the
structural damage of the right heart that the myocardial damage
markers, NT-proBNP and cTnT, in the plasma are elevated (Fig. 6h,
i). Echocardiography results showed that cardiac output and
ejection fraction of the right ventricle were decreased (Fig. 6a–e).
Puer-V improved the impairment phenomenon, thereby improv-
ing the structure and function of the right ventricle. A molecular
study indicated that the therapeutic effect of Puer-V on the right
ventricle is related to the PPARγ/PI3K/Akt and oxidative stress
pathways (Fig. 7e–k). Considerable clinical trials show that right
ventricular failure is the primary cause of death in PH patients, and

current marketed drugs have little effect on this process [46]. The
therapeutic effect of Puer-V on right ventricular remodeling would
provide a solid foundation for the drug development and clinical
application of Puer-V for the treatment of PH.
HPASMCs are the major component of the media of pulmonary

arteries [47]. Because of the abnormal contraction and prolifera-
tion of these cells upon pathological stimulation in the
pathological process of PH, it is important to investigate the
protective effect of Puer-V on HPASMCs. A hypoxia-induced
HPASMC model was applied to provide insights into the
mechanistic study. Under hypoxic conditions, the HPASMCs are
activated to proliferate (Fig. 12), which is mainly caused by the
reduced expression of BMPR2 [48, 49] and the accumulation of
ROS in the cytoplasm [50, 51]. Puer-V intervention restored the
expression of BMPR2 (Fig. 14) and inhibited the ROS level (Fig. 13)
in HPASMCs. Consequently, Puer-V inhibited the abnormal
proliferation of HPASMCs.
It is worth mentioning that Zhang et al. [52] reported for the

first time that puerarin exerted therapeutic effects on a three-
week-HPH rat model by inhibiting autophagy. Studies have
reported that autophagic activation contributes to BMPR2
degradation, but whether the function is direct or through several
pathways needs further investigation [53]. Notably, puerarin
restored the expression of BMPR2. Their research does provide a
reference for more in-depth mechanistic study of puerarin
against PH.
In summary, Puer-V prevents the progression of MCT-induced

four-week rat PAH and a hypoxia-induced two-week mouse model
of HPH through BMPR2/Smad and PPARγ/PI3K/Akt signaling
pathways. Puer-V effectively improved pulmonary arterial and
right ventricular remodeling in a four-week rat PAH model,
whereas the pathological changes associated with remodeling
were not obvious in the two-week HPH mouse model. However,
preliminary mechanistic study also showed the therapeutic effect
of Puer-V on abnormal changes in the BMPR2/Smad and PPARγ/
PI3K/Akt signaling pathways in a two-week HPH mouse model.
This is the limitation of the present study. Based on the present
study, the correlation between the BMPR2 and PPARγ signaling
pathway and pathological remodeling changes in a chronic HPH
animal model needs further investigation.
In conclusion, Puer-V showed a better therapeutic effect than

bosentan on the abnormal structural changes and dysfunction of
lung tissues and right ventricles of diseased animals through the
BMPR2-PPARγ axis. Most importantly, Puer-V intervention also
reversed the remodeling of the pulmonary artery and right
ventricle in rats with PAH. Puer-V is promising as a new option for
PH patients.
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