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Abstract. It has previously been demonstrated that the 
renin‑angiotensin system is involved in the pathogenesis and 
development of pulmonary hypertension (PH). However, 
the efficacy of angiotensin II type I (AT1) receptor blockers 
in the treatment of PH is variable. The present study exam-
ined the effects of the AT1 receptor blocker valsartan on 
monocrotaline (MCT)‑induced PH in rats and chronic 
hypoxia‑induced PH in mice. The results demonstrated that 
valsartan markedly attenuated development of PH in rats and 
mice, as indicated by reduced right ventricular systolic pres-
sure, diminished lung vascular remodeling and decreased 
right ventricular hypertrophy, compared with vehicle treated 
animals. Immunohistochemical analyses of proliferating cell 
nuclear antigen expression revealed that valsartan suppressed 
smooth muscle cell proliferation. Western blot analysis 
demonstrated that valsartan limited activation of p38, c‑Jun 
N‑terminal kinase 1/2 and extracellular signal‑regulated 
kinase 1/2 signaling pathways and significantly reduced 
MCT‑induced upregulation of pulmonary matrix metal-
loproteinases‑2 and ‑9, and transforming growth factor‑β1 
expression. The results suggested that valsartan attenuates 
development of PH in rodents by reducing expression of 
extracellular matrix remodeling factors and limiting smooth 
muscle cell proliferation to decrease pathological vascular 
remodeling. Therefore, valsartan may be a valuable future 
therapeutic approach for the treatment of PH.

Introduction

Patients with pulmonary hypertension (PH) have a 5‑year 
survival ~65% (1) and is defined by an increase in the mean 
pulmonary artery pressure >25 mmHg at rest (1‑4). Based on 
various clinical and hemodynamic features, PH is classified 
into several subgroups, which share similar symptom, such 
as increased breathlessness, worsening right heart failure and 
eventually death (1,4) and similar pathological characteristics, 
including sustained vasoconstriction and progressive pulmo-
nary vascular remodeling (5). Previous studies demonstrated 
that vascular cells, such as endothelial, smooth muscle and 
adventitial fibroblast cells and the extracellular matrix (ECM) 
had an important role in vasculopathy, including intimal and 
medial thickening, plexiform lesions, fibrosis and ECM depo-
sition (5,6). Therefore, strategies that target vasoconstriction 
and vascular remodeling and preserve the structure and func-
tion of the pulmonary vasculature may potentially be used to 
attenuate the pathological progression of PH.

Angiotensin II (AngII) is considered to contribute to 
pathological vascular remodeling. Notably, expression of 
angiotensin converting enzyme and AngII type 1 (AT1) 
receptor are increased in pulmonary vasculature of PH 
models  (7‑9). Previous studies have demonstrated that 
losartan  (10‑12) and telmisartan  (13) attenuate pulmonary 
hypertension in humans and animal models, however other 
studies failed to demonstrate beneficial effects of angiotensin 
receptor blockers (ARBs) on PH (14). These contradictory 
results caused by various factors, including differing drug 
performances and dosages of the ARBs. The majority avail-
able data regarding valsartan is predominantly derived from 
hypertensive studies, however, there is evidence that valsartan 
has other beneficial effects on heart failure, including regres-
sion in ventricular remodeling and improvement of systemic 
vascular resistance (15‑17). Therefore, based on the observed 
protective effects of valsartan against inflammation, reactive 
oxygen species (ROS) production and tissue remodeling, the 
present study hypothesized that valsartan may be effective in 
attenuating PH development. Two animal models were used to 
evaluate the efficacy of valsartan on PH.
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Materials and methods

Ethics. The present study was approved by the Animal Care 
and Use Committee of Tongji University (Shanghai, China) 
and conducted in accordance with the National Institutes of 
Health Guide for the Care and Use of Laboratory Animals (18). 
Measurements of hemodynamics were performed under 
anesthesia and all efforts were made to minimize the animal 
suffering and distress.

Animal models and experimental design. To examine the 
effects of valsartan on PH, the present study used two animal 
models: Monocrotaline (MCT)‑induced PH model (drug 
and toxin induced pulmonary arterial hypertension) and a 
hypoxia‑induced PH model (pulmonary hypertension due to 
lung diseases and/or hypoxia) (2). Male Sprague‑Dawley rats 
(110‑130 g) and male C57BL/6 mice (22‑26 g) were purchased 
from Shanghai Slac Laboratory Animal Co., Ltd (Shanghai, 
Chain) and housed in standard cages given water and normal 
diet under room temperature in controlled light conditions 
(a 12 h light/dark cycle).

As previously described, MCT (Oakwood Products Inc., 
SC, USA) was dissolved in 0.5 N HCl and was adjusted to 
pH 7.4 with 0.5 N NaOH (19). The solution was administered 
as a single subcutaneous injection (40 mg/kg) to male rats to 
induce PH (19). Rats received a single injection of MCT or 
saline (control group, n=6). Following MCT injection, animals 
were treated with valsartan (MCT + valsartan 20  mg/kg 
group, n=7; MCT + valsartan 40 mg/kg group, n=6) or vehicle 
(an equal volume of saline, MCT group, n=8) once daily by 
gavage for 3 weeks. Valsartan was purchased from Novartis 
China (Beijing, China).

Male mice were exposed to hypobaric hypoxia as described 
previously (20). Briefly, the pressure chamber was decreased 
progressively from 0.8 atm (16.9% O2) on day 1 to 0.5 atm 
(10.5% O2) following day 7 and was maintained at 10.5% O2 
for a further 3 weeks. The chamber was opened once every 
week for cleaning and feeding. Mice exposed to hypobaric 
hypoxia were randomly divided into 2 groups for oral admin-
istration of valsartan (hypoxia + 20 mg/kg valsartan group, 
n=10; hypoxia + 40 mg/kg valsartan group, n=10) or vehicle 
(an equal volume of saline, hypoxia group, n=19). Control 
mice were maintained in normobaric conditions (n=8) (20).

Measurements of aortic pressure and right ventricular (RV) 
hemodynamics. Following anaesthetization and tracheotomy 
of rats, a polyethylene catheter was introduced via the right 
common carotid artery for measurement of systemic arterial 
pressure 3 weeks after MCT injection. A right heart catheter 
was then introduced into the right external jugular vein and 
the tip advanced into the right ventricle until a typical right 
ventricular pressure wave pattern appeared, as described 
previously (19,20). Hemodynamic parameters were assessed 
by a polygraph system (PowerLab 8/30; ADInstruments, Bella 
Vista, NSW, Australia).

After 4  weeks of hypobaric hypoxia treatment, mice 
were anesthetized and intubated with a 20‑gauge Teflon tube 
attached to a MiniVent type 845 mouse ventilator (Hugo Sachs 
Elektronik GmbH, Germany). A pressure catheter was intro-
duced via the right common carotid artery into the ascending 

aorta for measurement of systolic and diastolic blood pressures 
and left ventricular (LV) hemodynamics were measured as 
previously described (21). For RV hemodynamics, open‑chest 
RV catheterization was performed during anesthesia with 
1.5% isoflurane. Data were collected when a steady state was 
reached (19,20).

Sample preparation. Following hemodynamic assessment 
at the aforementioned indicated time point, all rats and 
mice were euthanized by exsanguination and the heart, lung 
and other major organs were harvested. Lung weight was 
measured and the left lung was frozen in liquid nitrogen until 
biochemical analysis. The airways of the top right lobe were 
perfused with and fixed in 10% buffered formalin for histo-
logical analysis. The RV free wall was dissected from the left 
ventricular septum (LV + S) and weighed separately. The ratio 
of RV/(LV + S; g/g) and RV/body weight (BW; mg/g) were 
calculated as an index of RV hypertrophy (19,20).

Histological analysis. Following hemodynamic measurements, 
rat lung tissue was fixed in 10% formalin for >24 h, dehydrated, 
embedded in paraffin and subsequently sectioned at 5 µm for 
morphometric analyses. Pulmonary vascular muscularization 
was determined by hematoxylin and eosin staining, using 
Olympus Inverted Microscope IX83 (Olympus Corporation, 
Tokyo, Japan). Briefly, the medial wall thickness of the arteries 
with a diameter of 50‑100 µm was calculated, according to 
the following formula: Medial thickness (%) = 2 x medial 
wall thickness/arterial external diameter x 100. Additionally, 
a total of 60 intra‑acinar arteries were examined in each rat 
and categorized as non‑muscular, partially muscular or fully 
muscular arteries (19) and the relative percentage were calcu-
lated. Lung fibrosis was detected using Masson's Trichrome 
Stain kit (cat. no. BB‑44222‑1; Bestbio, Shanghai, China, 
http://www.bestbio.com.cn/).

Immunohistochemical analysis. In order to evaluate prolif-
erating cells, proliferating cell nuclear antigen (PCNA, cat. 
no. sc‑25280; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA) staining was performed in rat lung tissue sections. 
Slides (5 µm) were dry‑heated at 65˚C for 1 h, deparaffinized 
with xylene, and rehydrated in serial dilutions of ethanol. 
Antigen retrieval was performed by incubation in citrate 
buffer for 20 min at 95‑100˚C, followed by washing in PBS. 
The sections were incubated with 3% H2O2 in PBS for 20 min 
followed by 10% normal goat serum blocking solution (cat. 
no. 50062Z; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) for 30 min at room temperature. Sections were then 
incubated with a mouse monoclonal primary antibody against 
PCNA (1:200) overnight at 4˚C, followed by incubation with 
rabbit anti‑mouse biotinylated horseradish peroxidase‑conju-
gated secondary antibody (cat. no. GP016129; Gene Tech 
Biotechnology, Shanghai, China) at the dilution of 1:200 for 
1 h at room temperature. The percentage of PCNA‑positive 
cells were calculated in 10 randomly chosen fields of  
each section using an inverted microscope IX83 at x400 
magnification (22,23).

Western blot analysis. Rat lung tissues were homogenized 
using a cell lysis buffer supplemented with protease inhibitor 
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(cat nos. 9803 and 5871; Cell Signaling Technology, Billerica, 
MA, USA) using a tissue homogenizer and the protein 
concentrations were assessed using a BCA Protein Assay 
kit (cat. no. 23225; Thermo Fisher Scientific, Inc.). Protein 
samples (40 µg total protein/well) were separated with 10% 
SDS‑polyacrylamide gel electrophoresis and transferred to a 
nitrocellulose membrane. Membranes were blocked with 5% 
BSA (cat. no. 97061‑416; VWR International, Radnor, PA, 

USA) in 0.1% TBS Tween‑20 for 1 h at room temperature 
prior to 4oC overnight incubation with the indicated primary 
antibodies, followed by incubation with goat anti‑mouse and 
donkey anti‑rabbit fluorescent secondary antibodies (cat. 
nos. 926‑32220 and 926‑32213; LiCor Biosciences, Lincoln, 
TN, USA) at the dilution of 1:10,000 for 1 h in the dark at 
room temperature. The membranes were visualized using the 
Odyssey system (LiCor Biosciences) and the relative protein 

Table I. Morphometric parameters of rats at sacrifice.

	 Group
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
		   	 MCT + valsartan	 MCT + valsartan
Feature	 Control	 MCT	 (20 mg/kg)	 (40 mg/kg) 

No. of rats	 6	 8	 7	 6
BW (g)	 251.86±4.13	 213.75±5.46b	 208.43±3.57	 208.83±1.78
RV (g)	 0.11±0.01	 0.18±0.01b	 0.14±0.01	 0.14±0.01c

LV+S (g)	 0.56±0.02	 0.54±0.01	 0.49±0.03	 0.49±0.03
Ventricle (g)	 0.67±0.03	 0.71±0.02	 0.63±0.03	 0.63±0.03
RV/(LV+S) (g/g)	 0.19±0.01	 0.33±0.02b	 0.30±0.03	 0.27±0.01c

RV/BW (mg/g)	 0.42±0.03	 0.84±0.06b	 0.69±0.07	 0.65±0.04c

RA (g)a	 0.10±0.01	 0.13±0.02	 0.13±0.02	 0.12±0.01
LA (g)a	 0.14±0.01	 0.15±0.02	 0.16±0.02	 0.13±0.02
RA/LA (g/g)a	 0.67±0.08	 0.87±0.04	 0.88±0.17	 0.96±0.12

an=5 in MCT group. bP<0.01 vs. control. cP<0.05 vs. MCT group. Data are presented as the mean ± standard error. BW, body weight; LA, left 
atria; LV+S, left ventricular septum; MCT, monocrotaline; RA, right atria; RV, right ventricle. 

Figure 1. Valsartan reduces MCT‑induced increased RVSP and RV hypertrophy index. Valsartan treatment significantly attenuated MCT‑induced increases of 
(A) RVSP, RV hypertrophy as indicated by (B) RV weight, (C) the ratio of RV weight to BW and (D) the ratio of RV weight to (LV+S) weight (Ctrl group, n=6; 
MCT group, n=8; MCT+Val (20 mg/kg) group n=7; MCT+Val (40 mg/kg) group, n=6). Results are expressed as the mean ± standard error. *P<0.05, **P<0.01 
vs. Ctrl; #P<0.05, ##P<0.01 vs. MCT group. BW, body weight; Ctrl, control; LV, left ventricle; MCT, monocrotaline; RV, right ventricle; RVSP, right ventricular 
systolic pressure; S, septum; Val, valsartan. 
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levels were quantified using Image J version 1.4.3.67 (imagej.
nih.gov/ij/). Antibodies for total and phosphorylated extracel-
lular regulated kinase (ERK) 1/2 (cat. nos. 9102 and 4370), 
c‑Jun N‑terminal kinase (JNK) 1/2 (cat. nos. 9252 and 9255), 
p38 (cat. nos. 9212 and 4511), cyclin D1 (cat. no. 2978), histone 
H3 (cat. no. 4499) and β‑actin (cat. no. 3700), where total and 
phosphorylated ERK1/2, JNK1/2, p38, cyclin D1 and histone 
H3 were diluted at 1:1,000 and β‑actin was diluted at 1:2,000 
and purchased from Cell Signaling Technology, Inc. The anti-
bodies for PCNA (cat. no. sc‑25280; 1:300) and transforming 
growth factor β1 (TGF‑β1, cat. no.  sc‑146; 1:1,000) were 
purchased from Santa Cruz Biotechnology, Inc. Antibodies for 
matrix metalloproteinases (MMP)‑2 (cat. no. ab37150; 1:500) 
and MMP‑9 (cat. no. ab38898; 1:800) were purchased from 
Abcam (MA, USA).

Statistical analysis. All values are expressed as the 
mean ± standard error. Differences among multiple groups 
were analyzed by one‑way analysis of variance, followed 
Bonferroni's correction as a post‑hoc analysis. Statistical 
analysis was performed using SPSS version 13.0 (SPSS Inc., 
Chicago, IL, USA). P<0.05 was considered to indicate a statis-
tically significant difference.

Results

Valsartan significantly attenuates MCT‑induced increase of 
RV pressure and RV hypertrophy in rats. The MCT group 
developed severe PH at day 21 with increased RV systolic 
pressure (RVSP; a marker of systolic pulmonary pres-
sure) compared with control group (Fig. 1A and Table  I). 
Valsartan treatment dose‑dependently suppressed develop-
ment of PH in the low and high‑dose valsartan groups (a 
marked reduction in RVSP by 13 and 21%, respectively, 

compared with the MCT group; P=0.15 and P=0.01). In 
addition, valsartan at the concentration of 40 mg/kg reversed  
MCT‑induced increase of RV hypertrophy, as indicated 
by increased RV, RV/BW, and RV/(LV+S) (Fig. 1B‑D and 
Table I). These findings demonstrated that 40 mg/kg valsartan 
treatment significantly suppressed MCT‑induced increase of 
RVSP and RV hypertrophy. It is of note that the mean systemic 
arterial pressure was significantly decreased in the MCT 
group (95±5 mmHg) compared with control group (109±2 
mmHg; P<0.01). However, valsartan did not affect systemic 
arterial pressure in low and high‑dose groups at day 21 (92±8 
and 90±8 mmHg, respectively) compared with MCT group.

Valsartan ameliorated hypoxia‑induced increase of RV 
pressure and RV hypertrophy in mice. To confirm the effects 
of valsartan on PH, a hypoxia‑induced PH mice model was 
used in the present study. Consistent with the results in 
MCT‑induced PH rat model, mice treated with high‑dose 
valsartan exhibited significant decreases in hypoxia‑induced 
increase of RVSP (Fig. 2A). Additionally, high‑dose valsartan 
significantly reduced RV hypertrophy, such as RV weight 
from 0.032±0.001 g in the hypoxia group to 0.028±0.001 g 
in hypoxia+valsartan (40 mg/kg) group (P<0.05; Fig. 2B and 
Table II), RV/BW from 1.30±0.04 mg/g in the hypoxia group 
decreasing to 1.15±0.04 mg/g in hypoxia+valsartan (40 mg/kg) 
group, (P<0.05; Fig. 2C and Table II), and RV/(LV + S) from 
0.41±0.01 g/g in hypoxia group decreasing to 0.37±0.01 g/g 
in hypoxia+valsartan (40 mg/kg) group (P<0.05; Fig. 2D and 
Table II). The data therefore suggested that 40 mg/kg valsartan 
treatment effectively attenuated the development of PH in the 
mouse hypoxia and rat MCT models.

Valsartan attenuated MCT‑induced pulmonary vascular 
remodeling and lung fibrosis in rats. Histological and 

Table II. Anatomic data of control, hypoxia and hypoxia + valsartan groups.

	 Experimental group
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
			   Hypoxia + valsartan	 Hypoxia + valsartan
Feature	 Control	 Hypoxia	 (20 mg/kg)	 (40 mg/kg)

No. of mice	 8	 19	 10	 10
BW (g)	 25.08±0.63	 24.50±0.32	 24.99±0.36	 24.38±0.55
Heart (g)	 0.1085±0.0042	 0.1160±0.0025	 0.1132±0.0017	 0.1107±0.0017
Lung (g)	 0.1322±0.0056	 0.1874±0.0024a	 0.1852±0.0031	 0.1741±0.0040b

Liver (g)	 0.8833±0.0412	 0.8829±0.0114	 0.8939±0.0277	 0.8787±0.0218
Kidney (g)	 0.2668±0.0050 	 0.2724±0.0051	 0.2669±0.0064	 0.2596±0.0069
Spleen (g)	 0.0679±0.0023	 0.0676±0.0016	 0.0670±0.0013	 0.0651±0.0013
RA (g)	 0.0028±0.0001	 0.0044±0.0001a	 0.0042±0.0002	 0.0039±0.0003
LA (g)	 0.0028±0.0003	 0.0027±0.0001	 0.0028±0.0001	 0.0027±0.0001
RV (g)	 0.0197±0.0006	 0.0318±0.0011a	 0.0299±0.0008	 0.0279±0.0009c

LV+S (g)	 0.0832±0.0035	 0.0770±0.0016	 0.0763±0.0010	 0.0762±0.0011
RV/(LV+S) (g/g)	 0.2381±0.0067	 0.4115±0.0084a	 0.3925±0.0101	 0.3662±0.0115c

RV/BW (mg/g)	 0.7858±0.0189	 1.2962±0.0378a	 1.2006±0.0418	 1.1490±0.0449b

Data are presented as the mean ± standard error. aP<0.01 vs. control; bP<0.05, cP<0.01 vs. hypoxia group. BW, body weight; LA, left atria; 
LV+S, left ventricular septum; RA, right atria; RV, right ventricle.
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biochemical analysis of lung tissues was performed to examine 
whether valsartan influences pulmonary vascular remodeling 
in the MCT‑induced PH model. In comparison with vehicle 
treated MCT model rats, valsartan treatment significantly 
reduced lung vessel medial wall thickness of arteries with an 
external diameter of 50‑100 µm (P<0.05) and the ratio of fully 
muscularized distal pulmonary arteries to total number of 
arteries (P<0.01; Fig. 3).

PCNA expression is a marker for cell proliferation. 
Immunohistochemical analysis of lung tissue from control and 
valsartan treated animals revealed that valsartan treatment 
significantly reduced the percentage of PCNA‑positive cells in 
the lung vessels compared with MCT group (P<0.01; Fig. 4A 
and B). Increased cell proliferation is indicative of increased 
progression through the cell cycle and western blot analysis 
indicated that valsartan significantly reduced cyclin D1 and 
PCNA protein expression (Fig. 4C‑E).

Perivascular fibrosis is a common indicator of vascular 
inflammation and tissue remodeling that occurs in PH. 
Masson's trichrome staining revealed that valsartan treatment 
reduced the number of dense focal collagen deposits induced 
by MCT treatment, compared with vehicle treated animals 
(Fig. 4A).

Valsartan attenuates MCT‑induced increase of lung 
mitogen‑activated protein kinase (MAPK) signaling pathways 
in rats. MAPK signaling is important in cell growth and prolif-
eration. Therefore, the present study determined if valsartan 
influenced MAPK activation in the lung of MCT‑treated 
rats. Among the four groups, differences in the total protein 

expression of p38, JNK1/2, ERK1/2 failed to reach statistical 
significance (Fig. 5). However, there was a significant increase 
in the phosphorylation of p38, JNK1/2 and ERK1/2 in the 
MCT group compared with control group (P<0.05). Valsartan 
treatment reduced the MCT‑induced phosphorylation of p38, 
JNK1/2 and ERK1/2 (P<0.05).

Valsartan attenuated MCT‑induced expression of lung MMPs 
and TGF‑β1 in rats. MMP‑2 and ‑9 degrade ECM compo-
nents and are important in smooth muscle cell migration, 
tissue remodeling and PH development (13). Consistent with 
increased tissue remodeling in the PH model, MCT resulted in 
a significant upregulation of lung MMP‑2 and ‑9 expression. 
The increase in MMP‑2 and ‑9 expression however, was signif-
icantly attenuated by valsartan treatment (Fig. 6). Valsartan 
significantly attenuated lung MMP‑2 and ‑9 activity, as indi-
cated by reduced cleavage to the lower molecular weight active 
form (Fig. 6A‑C). TGF‑β1 is an established tissue remodeling 
factor that promotes fibrosis and smooth muscle cell prolifera-
tion in PH (20). MCT resulted in a significant increase of lung 
TGF‑β1 protein content, which was significantly diminished 
by valsartan treatment (Fig. 6A and D). These data indicated 
that valsartan reduced expression of tissue remodeling factors 
in PH.

Discussion

The present study demonstrated that valsartan significantly 
attenuated the development of PH and right ventricular hyper-
trophy in two PH animal models. The protective effects were 

Figure 2. Valsartan inhibits increased RVSP and RV hypertrophy index induced by hypoxia. Valsartan treatment in mice attenuated hypoxia‑induced increases 
of (A) RVSP, RV hypertrophy as indicated by (B) RV weight, (C) the ratio of RV weight to BW and (D) the ratio of RV weight to (LV + S) weight (Ctrl group, 
n=8; hypoxia group, n=19; hypoxia+Val (20 mg/kg) group, n=10; hypoxia+Val (40 mg/kg) group, n=10). Results are expressed as the mean ± standard error. 
**P<0.01 vs. Ctrl; #P<0.05, ##P<0.01 vs. hypoxia group. BW, body weight; Ctrl, control; LV, left ventricular; RV, right ventricle; RVSP, right ventricular systolic 
pressure; S, septum; Val, valsartan.
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modulated, in part, by the inhibition of MAPK signaling. 
Furthermore, valsartan reduced expression of lung MMP‑2, ‑9 
and TGF‑β1 in rats. These findings suggested that valsartan 
suppressed pulmonary vascular remodeling and attenuated 
development of PH in the rodents.

Previous studies have indicated that the renin‑angiotensin 
system is involved in development of PH (7‑9). Angiotensin 
and the AT1 receptor have been demonstrated to exhibit an 
increase in PH patients (9), and beneficial effects of ARBs, 
including losartan and telmisartan, have been confirmed in 

Figure 4. Inhibitory effects of valsartan on cell proliferation and fibrosis in rat lung tissue. MCT‑induced increase in (A) lung fibrosis and (B) PCNA‑positive 
cells was reduced by treatment with valsartan (n=5 rats per group). (C) Representative western blot of protein expression levels of PCNA, cyclin D1, histone 
H3 and β‑actin. Quantification of (D) PCNA/histone H3 and (E) cyclin D1/β‑actin protein expression levels (n=5 rats per group). Results are expressed as 
the mean ± standard error. *P<0.05, **P<0.01 vs. Ctrl; #P<0.05, ##P<0.01 vs. MCT group. Ctrl, control; MCT, monocrotaline; PCNA, proliferating cell nuclear 
antigen; Val, valsartan.

Figure 3. Effects of valsartan on MCT‑induced pulmonary vascular remodeling. (A) Hematoxylin and eosin stained lung sections demonstrate that valsartan 
ameliorated MCT‑induced pulmonary vascular remodeling in rats (n=5 rats per group). (B) The medial wall thickness of arteries with an external diameter 
of 50‑100 µm (n=5 rats per group). (C) Distribution of nonmuscular, partially and fully muscularized small arteries in rats (n=5 rats per group). Results are 
expressed as the mean ± standard error. *P<0.01 vs. Ctrl; #P<0.05, ##P<0.01 vs. MCT group. Ctrl, control; MCT, monocrotaline; Val, valsartan.
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cases of PH (10‑13). However, further studies have demon-
strated that losartan does not attenuate PH in rodents (24). 
There may be various reasons for these inconsistent results 
from the ARB on PH. Firstly, these cardioprotective effects 
may only be mediated in part via the AT1 receptor signaling 
pathway. Additionally, differing doses of ARBs may result in 
varying effects on PH. However, valsartan has a 20,000‑fold 
greater affinity for AT1 compared with the AngII‑type 2 
receptor (25). The Valsartan in Heart Failure Trial (Val‑HeFT) 
study demonstrated that the beneficial effects of the drug are 
maintained in patients with renal dysfunction at baseline and 
those experiencing early worsening of renal function (26). 
Furthermore, Katada et al (27) suggested that valsartan exerts 
greater positive effects on cognitive functions than amlo-
dipine in elderly hypertensive patients, independent of the 
antihypertensive effects. In addition, valsartan reduces levels 
of inflammatory factors, ROS and expression of tissue plas-
minogen activator (28,29). The present study demonstrated 
that valsartan reduced vascular remodeling, RVSP and RV 

hypertrophy in a dose‑dependent manner. It is of note, that 
valsartan at 40 mg/kg revealed increased efficacy compared 
with PH rodents, whereas 20 mg/kg demonstrated only a 
marginal beneficial effect in attenuating PH.

Accumulating evidence indicates that impairment of 
pulmonary vascular homeostasis is important in the pathobi-
ology of PH (30). AngII stimulates expression of MMPs (31,32) 
in vascular smooth muscle cells, which are important for 
ECM breakdown and cell migration. The matrix degrading 
enzymes MMP‑2 and ‑9 are essential in mediating structural 
alterations in tissue growth, however increased MMP‑2 or ‑9 
activity may contribute to pathological lung vascular remod-
eling by promoting smooth muscle cell migration (33) and 
inflammatory cell infiltration  (34). Previous studies have 
demonstrated that MMP‑2 and ‑9 expression and activity 
are increased in the lung vasculature of PH rodents  (35). 
MMP inhibition limits pulmonary vascular remodeling in 
MCT‑induced (36) and hypoxia‑induced PH (37). Conversely, 
Vieillard‑Baron  et  al  (36) reported that MMP inhibition 

Figure 5. Effects of valsartan on MCT‑induced phosphorylation of p38, JNK and ERK in lung tissue. (A) Representative blot of total and phosphory-
lated protein expression levels of p38, JNK and ERK detected by western blot analysis (n=5 rats per group). (B) Quantification of phosphorylated protein 
expression levels of p38, JNK and ERK relative to total p38, JNK and ERK. Results are expressed as the mean ± standard error. *P<0.05 vs. Ctrl; #P<0.05, 
##P<0.01 vs. MCT group. Ctrl, control; ERK, extracellular regulated kinase; JNK, c‑Jun N‑terminal kinase; MCT, monocrotaline; P, phosphorylated;  
T, total; Val, valsartan. 

Figure 6. Effects of valsartan on MCT‑induced instability of extracellular matrix and fibrosis in lung tissue. Representative blots of protein expression levels of 
(A) MMP2, ‑9 and TGF‑β1 following MCT treatment and two doses of valsartan. Quantification of protein expression levels of (B) MMP‑2, (C) MMP‑9 and 
(D) TGF‑β1 from western blots (n=5 rats per group). Results are expressed as the mean ± standard error. *P<0.05 vs. Ctrl group; #P<0.05, ##P<0.01 vs. MCT 
group. Ctrl, control; MCT, monocrotaline; MMP, matrix metalloproteinase; TGF‑β1, transforming growth factor‑β1; Val, valsartan.
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increases pulmonary vascular remodeling in hypoxia‑induced 
PH. The present study demonstrated that valsartan decreased 
vascular remodeling induced by MCT. Valsartan additionally 
suppressed MCT‑induced increase of MMP‑2 and ‑9 expres-
sion. MMPs may therefore exhibit various effects in differing 
PH models at any different time point.

Additionally, valsartan suppressed TGF‑β1 expression 
in MCT‑induced PH. TGF‑β1 is a cytokine that regulates 
numerous cellular responses. Increased TGF‑β1 expression 
has been identified as a maladaptive factor in PH (38), in 
part via activation of activin‑like kinase 5, which promotes 
vascular smooth muscle cell proliferation (39). The repres-
sion of TGF‑β1 expression by valsartan may explain how it 
reduces smooth muscle cell proliferation in MCT‑induced 
PH. Another mechanism by which valsartan may reduce 
vascular smooth muscle cell proliferation is via inhibition of 
p42/44 ERK/MAPK activation. The ERK/MAPK signaling 
pathway is important for cell cycle progression in numerous 
cell types. AngII promotes p42/44 ERK/MAPK dependent 
proliferation of pulmonary artery smooth muscle cells via the 
AT1 receptor (40). The findings demonstrated that valsartan 
treatment suppressed MCT‑induced p42/44 MAPK activation. 
The additional observation of decreased PCNA and cyclin 
D1 expression levels, suggested an additional mechanism by 
which valsartan prevents smooth muscle cell proliferation and 
the maladaptive vascular remodeling that drives PH. However, 
the present study is not able to exclude further potential 
mechanisms by which vascular remodeling may be modulated 
by valsartan.

In conclusion, valsartan suppressed pulmonary vascular 
remodeling and RV hypertrophy in MCT and hypoxia‑induced 
PH animal models. These beneficial effects of valsartan may 
have occurred via inhibition of MAPK signaling and MMP 
expression. These findings suggest that valsartan may act as 
a valuable therapeutic approach for the treatment of PH in the 
future.
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