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Abstract

Pulmonary hypertension due to left heart disease (PH-LHD) is a momentous pulmonary

hypertension disease, and left heart disease is the most familiar cause. Mechanical stretch-

ing may be a crucial cause of vascular remodeling. While, the underlining mechanism of

mechanical stretching-induced in remodeling of pulmonary vein in the early stage of PH-

LHD has not been completely elucidated. In our study, the PH-LHD model rats were suc-

cessfully constructed. After 25 days, doppler echocardiography and hemodynamic exami-

nation were performed. In addition, after treatment, the levels of matrix metalloproteinase-9

(MMP-9) and transforming growth factor-β1 (TGF-β1) were determined by ELISA, immuno-

histochemistry and western blot assays in the pulmonary veins. Moreover, the pathological

change of pulmonary tissues was evaluated by H&E staining. Our results uncovered that

left ventricular insufficiency and interventricular septal shift could be observed in PH-LHD

model rats, and the right ventricular systolic pressure (RVSP) and mean left atrial pressure

(mLAP) were also elevated in PH-LHD model rats. Meanwhile, we found that MMP-9 and

TGF-β1 could be highly expressed in PH-LHD model rats. Besides, we revealed that

stretch-activated channel (SAC)/mitogen-activated protein kinases (MAPKs) signaling path-

way could be involved in the upregulations of MMP-9 and TGF-β1 mediated by mechanical

stretching in pulmonary vein. Therefore, current research revealed that mechanical stretch-

ing induced the increasing expressions of MMP-9 and TGF-β1 in pulmonary vein, which

could be mediated by activation of SAC/MAPKs signaling pathway in the early stage of PH-

LHD.
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Introduction

Pulmonary hypertension due to left heart disease (PH-LHD) belongs to type II pulmonary

hypertension (PH) and is the most common type of PH in clinical practice [1, 2]. It is usually

initiated by left ventricular dysfunction, which results in increased left ventricular end-dia-

stolic pressure, increased left atrial pressure, and finally increased pulmonary venous pressure.

This eventually leads to PH and pulmonary artery revascularization [1, 3]. Thus pulmonary

vascular remodeling is the pathological basis of PH-LHD [4]. Study has demonstrated that the

earliest pathophysiological change occurs in the pulmonary veins during the disease process of

PH-LHD [5]. Whether pulmonary venous hypertension in the early stage of the disease partic-

ipates in pulmonary artery remodeling has not been reported.

Cell adhesion, spreading, growth and differentiation can be regulated by various physical

and chemical factors, among which mechanical factors have a great influence on these biologi-

cal behaviors of cells [6, 7]. Previous studies have indicated that the stretch of cell membrane

and its surface receptors can cause the changes of cell morphology and nuclear position, thus

affecting cell growth [8, 9]. Research has also testified that cell morphology and spreading

degree can affect gene expression and even determine cell survival and death [10, 11]. Cur-

rently, Mechanical stretching has become a crucial factor in regulating the structure and func-

tion of mammalian cells and tissues, but excessive mechanical stretching will cause vascular

remodeling [12]. Nevertheless, the functions and mechanisms of mechanical stretching on

PH-LHD has not been entirely elucidated.

Matrix metalloproteinase-9 (MMP-9), also known as gelatinase-B, is one of the most crucial

members of the MMPs family [13]. Long-term hypertension can lead to vascular endothelial

damage and stimulate smooth muscle to produce MMP-9 [14]. MMP-9 can also degrade the

vascular extracellular matrix (ECM), damage the vessel wall and lead to vascular remodeling

[15]. Transforming growth factor-β1 (TGF-β1), as a pleiotropic factor, is the most dominant

subtype of TGF-β [16, 17]. TGF-β1 has been proven to protect the aorta and other blood ves-

sels from damage caused by factors such as high blood pressure and high cholesterol [18, 19].

Researches have shown that MMP-9 and TGF-β1 play vital roles in pulmonary vascular

remodeling [14, 20, 21]. Study showed that the enhanced TGF-β-driven smad-2/3 signaling

promoted pulmonary vascular remodeling in inflaming lungs [22]. Study proved that the

increased activity and expression of MMP-9 in Pulmonary arterial hypertension (PAH),

and effective blocking of MMP-9 could provide an option in the therapeutic intervention of

human PAH [23].

SAC, serves a mechanically-sensitive ion channel, can be regulated by the changes in the

tension of a cellular scaffold or lipid membrane coupled with channel proteins [24]. It was

reported that SAC has significant effect in the electrophysiological changes of the myocardium

during stimulation [25]. MAPK pathway is proven to be involved in various physiological pro-

cesses, such as cell growth, development and inter-cell function synchronization, which also

can be closely related to the regulation of inflammation and stress response [26, 27]. Studies

also testified that mechanical stretching can activate the phosphorylation of the MAPK path-

way [28, 29]. Also, studies have shown that the expression of MMP-9 and TGF-β1 in tissues

may be related to stretch-activated channel (SAC) and mitogen-activated protein kinase

(MAPK) signaling pathway [12, 30, 31]. Therefore, we speculated that SAC and MAPK signal-

ing pathway may be potential regulatory molecules in PH-LHD.

In this study, the isolated pulmonary veins of PH-LHD rats were mechanically stretched

and the expression of MMP-9 and TGF-β1 that corresponded to the early stage of the dis-

ease was evaluated. Also, the roles of SAC and MAPK signaling pathway on the expression

of MMP-9 and TGF-β1 were explored to investigate the possible mechanism of pulmonary
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vascular remodeling. The study may shed new light on the prevention and treatment of

PH-LHD.

Materials and methods

Animals

Male Sprague Dawley (SD) rats (3–4 weeks old and weighing 80–100 g; license number SCXK

(Hu) 2017–0005) were provided by the Shanghai Slack Laboratory Animal Co. (Shanghai,

China). Before the experiment, all rats were kept adaptively for one week, fed a standard diet

and fed free water. All rats in this study have been approved by the ethics committee of Fujian

Medical University. All animal experiments were in compliance with the Guide for the Care

and Use of Laboratory Animals published by the US National Institutes of Health and the Ani-

mal Care and Use committees of Fujian Medical University (NO. FJMU IACUC 2018–067).

Establishment of PH-LHD model

PH-LHD model was established by banding procedure described by Siegfried Breitling [32].

Banding is a coarctation procedure used for the ascending aorta above the coronary artery.

It is an ideal method to establish model for congestive heart failure and pulmonary arterial

hypertension caused by left heart disease [32–34]. It is widely used in experimental research of

PH [35–38]. The rats were intraperitoneally injected with 2% sodium pentobarbital (0.3 ml/

100 g) and subject to non-invasive nasal mask ventilation. The thorax was opened at the sec-

ond intercostal space on the left side of the sternum to expose the ascending aorta. The metal

titanium clip (Hemoclip1; Weck Closure System, Research Triangle Park, NC) with a preset

internal diameter of 0.8 mm was used to clamp the ascending aorta. During the first three days

after surgery, subcutaneous injection of Carprofen (4 mg/kg bw; Rimadyl TM, Pfizer Gmb H,

Karslruhe, Germany) was given daily for postoperative analgesia. The rats in the sham group

also underwent operation to expose the ascending aorta. But the ascending aorta was not

clamped. The remaining postoperative treatment was the same as in the model group. When

the rats reached the humane end, they were euthanized through decapitation.

Mechanical strength

The isolated vascular tone tester 620M bath (Danish Myo Technology A/S, Denmark) was pre-

heated to 37˚C with 8 ml of K-H solution. Pulmonary vein ring was hanged on the stainless

steel hook and adjusted to zero calibration. The K-H solution was changed every 15 minutes

during the experiment and a continuous mixture of 95% O2 and 5% CO2 were provided. the

vessel rings were first kept in K-H solution for 60 minutes. And then a mechanical strength of

2.0 g was applied for 60 minutes, while in the S1 and M1 groups no mechanical strength was

applied. Finally, the above treated pulmonary vein rings were collected and stored in a -80˚C

freezer.

Group of experiments

A total of 48 SD rats were randomly divided into the sham group (n = 12) and the PH-LHD

group (n = 36). Corresponding to different inhibitors and mechanical strength used to treat

pulmonary venous rings, the sham group was further divided into two subgroups: Sham 1 (S1,

mechanical strength: 0 g) and Sham 2 (S2, mechanical strength: 2.0 g); and the PH-LHD group

was also further divided into 2 subgroups: Model 1 (M1, banding+0 g), Model 2 (M2, banding

+2.0 g). In addition, a broad spectrum inhibitor of MEK1 and MEK2 (U0126, HY-12031 Med-

Chem Express, USA), p38 MAPK inhibitor (SB203580, HY-10256 MedChem Express, USA),
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SAC inhibitor (Streptomycin, HY-B0472 MedChem Express, USA) and broad-spectrum

inhibitor of JNK1, JNK2, and JNK3 (SP600125, HY-12041 MedChem Express, USA) were dis-

solved in dimethyl sulfoxide (DMSO, HY-10999 MedChem Express, USA), and diluted with

K-H solution to 250 μmol/L, 200 μmol/L, 1000 μmol/L, and 250 μmol/L, respectively [12].

Specifically, the pulmonary veins were immersed in the K-H solution containing the corre-

sponding inhibitors (SB203580, SP600125, U0126 or Streptomycin) at 37˚C under the condi-

tion of continuous oxygen infusion for 60 mins, and then was stretched with 2.0 g mechanical

strength for 60 mins.

Doppler echocardiography

On day 25 after surgery, Doppler echocardiography was performed to confirm that the metal

titanium clip did not fall off or displaced. The diameter of the pulmonary artery and the right

ventricular end-diastolic diameter were measured and the left cardiac function was evaluated.

Right ventricular systolic pressure (RVSP) was monitored with a right heart catheter (RHC),

mean left atrial pressure (mLAP) was monitored directly, and data was collected by BL-420S

experimental system of biological function (Chengdu Taimen Software Co., Ltd). PH-LHD

was confirmed by left heart failure and increased RVSP.

Sample preparation

On day 25, all rats were anesthetized with 2% pentobarbital sodium (ip., 0.3 ml/100 g) after

Doppler echocardiography and hemodynamic examination. The blood of inferior vena cava

was collected and centrifuged (2000 ×g, at 4˚C for 5 mins), and then the collected serum was

stored in the refrigerator at -80˚C. The chest was opened in the middle to confirm that the

metal titanium clip was on the ascending aorta. The prepared PBS at 4˚C was slowly injected

from the right ventricle, and then to the left atrium through the pulmonary circulation; and

then the remaining blood in the rat pulmonary circulation was discharged until the pulmonary

lobe became white. The heart was quickly separated, dried and weighed. Besides, the pulmo-

nary vein, pulmonary artery, and lung tissue were removed, and the pulmonary vein was

placed in a Krebs-Henseleit solution (118 mmol/L NaCl, 4.70 mmol/L KCl, 1.20 mmol/L

MgSO4, 25.00 mmol/L NaHCO3, 1.20 mmol/L KH2PO4, 11.0 mmol/L glucose, 0.50 mmol/L

EDTA-Na2, and 2.50 mmol/L CaCl2) at 4˚C. The peripheral tissues of the pulmonary veins

were removed under a microscope and 4-mm pulmonary venous rings were prepared (S1 Fig).

Pulmonary artery, pulmonary vein and peripheral lung tissues were collected and stored in a

-80˚C freezer. Moreover, the pulmonary lobes were removed and immobilized in 4% parafor-

maldehyde for 24 h and transferred to 75% alcohol.

Western blotting analysis

For measuring the levels of MMP-9 and TGF-β1, tissues were fully ground into homogenate

with RIPA buffer and protease inhibitor (Beyotime Institute of Biotechnology, China) and

centrifuged for 20 min at 12000 rpm at 4˚C. The supernatant was collected and the protein

concentration was measured using a BCA protein assay Kit (Beijing Solarbio Science & Tech-

nology Co., Ltd. China). Protein samples (40 μg for each) were separated by SDS-PAGE and

then transferred onto the PVDF membranes. After being blocked in 5% BSA in TBS buffer

for 2.0 hrs, the membranes were incubated with the primary antibodies (MMP-9 or TGF-β1,

1:1000, rabbit polyclonal antibody, Abcam) overnight at 4˚C. After washing 3 times with 1×
TBST, the membranes were incubated with goat anti-rabbit IgG (1:5000, Affinity) for 1.0

hours at room temperature. The specific bands were developed after washing 3 times by
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1 × TBST. Finally, the bands were visualized by ChemiDoc Imaging Systems, and the intensity

of protein bands were quantified using Image J software (NIH, Bethesda, MD, USA).

ELISA assay

Immediately after removal on day 25, venous blood samples were centrifuged for 20 min

(1200 revolutions/ min [rpm], 4˚C), and serum was stored at –20˚C until analysis. Serum

MMP-9 and TGF-β1 levels were determined with a commercial immunoassay kit specifc to rat

MMP-9 and TGF-β1 (Neobioscience, Inc., CN) as per the manufacturer’s instructions. This

kit is a highly sensitive two-site enzyme-linked immunosorbent assay (ELISA) for measuring

MMP-9 and TGF-β1. All experiments were performed in triplicate.

Immunohistochemistry (IHC) assay

The lung tissues were dipped into 10% Formalin solution for 24 h. The monoclonal antibody

against MMP-9 or TGF-β1 (1:200, Abcam, Cambridge, MA, USA) and the goat anti-rabbit-

IgG (Abcam, Cambridge, MA, USA) were used for immunostaining. Negative and positive

controls were used for both staining procedures.

Hematoxylin-eosin (H&E) staining

The lung tissues were dehydrated in ethanol solution, and transparentized in dimethylben-

zene. After paraffin embedding, tissues were cut into slices. Then slices were roasted, dewaxed

and hydrated, incubated in hematoxylin solution, cultured in alcohol and hydrochloric acid

and cultured in Scott blue buffer. Finally, they were dehydrated, transparentized, mounted,

and observed under a microscope (CKX41, Olympus, Japan). Each tissue of model group and

sham group photographed with 200-fold and 400-fold field of view.

Statistical analysis

The data were expressed as mean ± Standard Error of Mean (mean±SEM), and the unpaired

t-student tests or one-way ANOVA were used to compare the data in our study. P<0.05 was

considered to be statistically significant. The statistical analysis and mapping were performed

using the SPSS17.0 and Graph Pad Prism 5.0.

Results

Establishment of PH-LHD model

According to previous reports [32–34], PH-LHD model was established using the banding.

Firstly, we exhibited the position of the titanium clip in the ascending aorta above the coronary

artery during surgery (Fig 1A). After 25 days, the position of metal titanium clip was evaluated

using the Doppler echocardiography, and the graphical result displayed that we have success-

fully established the PH-LHD model rats by putting the metal titanium clip in the right place

(Fig 1B).

Doppler echocardiography of left cardiac function in PH-LHD model rats

In addition, to further determine the changes of left cardiac function in PH-LHD model rats,

doppler echocardiography was adopted to assess the left ventricular dysfunction and the

change of interventricular septum. As presented in Fig 2 and Table 1, the diastolic ventricular

septum (IVSd), diastolic left ventricular posterior wall (LVPWd), diastolic left ventricular

inner diameter (LVDd) and systolic left ventricular inner diameter (LVDs) in the PH-LHD
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group were greater than those in the sham group (P<0.05). The ejection fraction (EF) in the

PH-LHD group was lower than that in the sham group (P<0.05). There were no significant

differences in heart rate (HR), ascending aorta diameter (AAO), diastolic left atrial inner diam-

eter (LADd), diastolic right ventricular inner diameter (RVDd), and pulmonary artery inner

diameter (Pad) between the PH-LHD group and the sham group (P>0.05).

RVSP and mLAP were determined in PH-LHD model rats

Increased pulmonary arterial pressure is the gold standard for the diagnosis of PH. Right heart

failure occurs as a late complication of PH. RHC was used to measure RVSP and evaluate the

degree of PH [39]. On day 25 after banding, RVSP and mean left atrial pressure (mLAP) in the

PH-LHD group was higher than those in the sham group (P<0.05). In addition, compared

with the sham group, rats in the PH-LHD group demonstrated a significant increase in the

heart weight and heart weight/body weight ratio (P<0.05), and a significant decrease in the

body weight (P<0.05). And They are similar in the Right ventricular/(left ventricular+ inter-

ventricular septum) (P<0.05, Fig 3 and Table 2).

The pathological changes of pulmonary tissues in PH-LHD model rats

Subsequently, the pathologic structures of pulmonary tissues were identified by H&E stain-

ing in PH-LHD model rats after 25 days. Our results exhibited that in the sham group, there

were smooth wall of small pulmonary artery, thin pulmonary artery walls, large lumen,

evenly distributed cells, and no inflammatory infiltration around the blood; in the PH-LHD

group, we discovered that the walls of the small pulmonary artery were slightly thickened,

the cells were orderly, and a small amount of inflammatory cells were observed around the

vessels (Fig 4).

High expressions of MMP-9 and TGF-β1 in pulmonary veins

On the mechanism, we then investigated the MMP-9 and TGF-β1 expressions in pulmonary

artery, pulmonary vein and pulmonary tissue. And the results of western blotting analysis

uncovered that the levels of MMP-9 and TGF-β1 were prominently elevated in pulmonary

vein relative to pulmonary artery or pulmonary tissue (P<0.01, P<0.001, Fig 5).

Fig 1. Establishment of PH-LHD model. (A) PH-LHD model was constructed, and the position of the titanium clip was displayed using the yellow

arrow in the ascending aorta above the coronary artery. (B) The metal titanium clip (yellow arrow) was presented at the ascending aorta of the

PH-LHD group by doppler echocardiography.

https://doi.org/10.1371/journal.pone.0235824.g001
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MMP-9 and TGF-β1 were highly expressed in PH-LHD model rats

Our previous experiments prove that MMP-9 and TGF-β1 were highly expressed in pulmo-

nary veins, and we further explored the expressions of MMP-9 and TGF-β1 in mechanical

stretching-induced remodeling of pulmonary veins in the early stage of PH-LHD. Firstly, we

certified that the venous blood of rats was collected for ELIAS assay, and the results showed

that the expressions of MMP-9 and TGF-β1 were significantly higher in the PH-LHD group

than those in the sham group on day 25 after banding (P<0.01, P<0.001, Fig 6A). Secondly,

immunohistochemical results of pulmonary tissues also showed that the expression levels of

MMP-9 and TGF-β1 were significantly increased in the pulmonary tissues of the PH-LHD

group with respect to that in the sham group. Besides, in the sham group, a few alveolar epithe-

lial cells were positively expressed, with a low degree of staining; in the PH—LHD group, large

Numbers of MMP-9 and TGF-β1 positive cells were observed around the pulmonary vein (Fig

6B). Finally, we disclosed that MMP-9 and TGF-β1 expressions were remarkably increased in

Fig 2. Doppler echocardiography of left cardiac function in PH-LHD model rats. (A) Representative images of left ventricular dysfunction in rats

were assessed by doppler echocardiography in sham and PH-LHD model rats. (B) The change of interventricular septum in the PH-LHD group

(yellow arrow) was evaluated using the doppler echocardiography.

https://doi.org/10.1371/journal.pone.0235824.g002

PLOS ONE Mechanical stretching of pulmonary vein in pulmonary hypertension due to left heart disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0235824 September 3, 2020 7 / 17

https://doi.org/10.1371/journal.pone.0235824.g002
https://doi.org/10.1371/journal.pone.0235824


the pulmonary vein tissues of the PH-LHD group with versus that in the sham group, and 2.0

g intension was more significant for the MMP-9 and TGF-β1 expressions than the 0 g inten-

sion (P<0.05, Fig 6C and 6D).

Mechanical stretching upregulated MMP-9 and TGF-β1 in pulmonary vein

by SAC/MAPKs signaling pathway

To further inquiry the underlining mechanism of mechanical stretching on the upregulations

of MMP-9 and TGF-β1 in pulmonary vein, we adopted MAPK pathway inhibitors (SB203580,

SP600125, U0126) and stretch-activated channel (SAC) inhibitor (streptomycin). The results

of western blotting analysis uncovered that compared with the control group, the levels of

MMP-9 and TGF-β1 were notably reduced in PH-LHD model rats after treatment with

SB203580, SP600125, U0126 and Streptomycin (P<0.01, P<0.001, Fig 7). The results sug-

gested that mechanical stretching of pulmonary vein increased the expressions of MMP-9 and

TGF-β1, while the inhibitors of SAC/MAPKs signaling pathway (SB203580, SP600125, U0126

and streptomycin) could reverse the increases of MMP-9 and TGF-β1 expressions. Therefore,

we revealed that SAC and MAPKs signaling pathways might be participate in the promoting

effects of mechanical stretching of pulmonary vein on the pulmonary hypertension.

Discussion

PH-LHD is the most common type of PH. Due to its unclear pathogenesis and complicated

pathophysiological process [5], there is still no effective treatment available. Pulmonary vein

hypertension is the earliest pathophysiological change in the development of PH-LHD. It is

hypothesized that early changes of pulmonary vein wall will promote subsequent pulmonary

vascular remodeling in PH-LHD. If this hypothesis is confirmed, it will provide novel targets

for the early prevention and treatment of PH-LHD.

Previously Breitling et al found that distinct vascular remodeling occurred in the pulmo-

nary artery within two months after banding [38]. In the present study, Doppler echocardiog-

raphy on day 25 after banding confirmed the presence of left heart failure in rats, as indicated

Table 1. Differences in IVSd, LVPWd, LVDd, LVDs, EF, HR, AAO, LADd, RVDd, Pad between sham-operated

and PH-LHD model groups.

Groups Sham control PH-LHD group P value

group (N = 12) (N = 36)

IVSd (mm) 1.518±0.021 1.924±0.009 <0.001�

LVPWd (mm) 1.618±0.016 1.957±0.017 <0.001�

LVDd (mm) 4.873±0.096 5.288±0.093 0.019�

LVDs (mm) 2.927±0.079 3.222±0.056 0.008�

EF (%) 78.31±0.537 74.93±0.287 <0.001�

HR (bpm) 376.7±10.94 390.8±6.80 0.297

AAO (mm) 2.133±0.014 2.189±0.018 0.103

LADd (mm) 3.367±0.022 3.294±0.026 0.129

RVDd (mm) 2.117±0.021 2.153±0.019 0.317

Pad (mm) 2.233±0.037 2.222±0.021 0.792

� P<0.05, diastolic ventricular septum (IVSd), diastolic left ventricular posterior wall (LVPWd), diastolic left

ventricular inner diameter (LVDd), systolic left ventricular inner diameter (LVDs), ejection fraction (EF), heart rate

(HR), ascending aorta diameter (AAO), diastolic left atrial inner diameter (LADd), diastolic right ventricular inner

diameter (RVDd), pulmonary artery inner diameter (Pad).

https://doi.org/10.1371/journal.pone.0235824.t001
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by increased left ventricular pressure, increased left ventricular diameter, interventricular sep-

tum shift, and decreased ejection fraction. Meanwhile, RVSP and mLAP were increased. Thus,

although pulmonary blood vessels have not been remodeled at this time point, pulmonary

artery pressure has increased. Therefore, we collected pulmonary veins on day 25 after band-

ing, which corresponds to the early stages of PH-LHD, and explore their effects on pulmonary

vascular remodeling and possible mechanisms.

Studies have demonstrated that MMP-9 and TGF-β1 are also important molecules in the

pathogenesis of PH [23, 40]. The former is involved in the fibrosis and remodeling of pulmo-

nary blood vessels, while the latter is involved in pulmonary vascular remodeling and pulmo-

nary hypertension by regulating smooth muscle cell proliferation and fibroblast phenotypic

conversion [23, 41]. Therefore, in hypoxia-induced PH, the expression of MMP-9 and TGF-β1

in the pulmonary arteries increases [41, 42]. In PH-LHD, during the early stages of PH, the

pulmonary arteries have not yet undergone vascular remodeling. Increased mechanical

Fig 3. RVSP and mLAP were determined in PH-LHD model rats. The representative images of RVSP (A) and mLAP (B) in rats were

demonstrated in the sham and PH-LHD model rats.

https://doi.org/10.1371/journal.pone.0235824.g003

PLOS ONE Mechanical stretching of pulmonary vein in pulmonary hypertension due to left heart disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0235824 September 3, 2020 9 / 17

https://doi.org/10.1371/journal.pone.0235824.g003
https://doi.org/10.1371/journal.pone.0235824


tension in the pulmonary vein wall is caused by blockage of blood flow in the pulmonary vein

in the left heart disease, i.e., pulmonary venous hypertension. Is there any pathological change

in pulmonary vein tissue at this time that contributes to the later pulmonary artery vascular

remodeling? We found that on day 25 after banding, the expression levels of MMP-9 and

TGF-β1 in the pulmonary vein tissue increased compared to the sham group. Shear stress,

expansion force, and blood pressure of the pulmonary vein wall may lead to cytoskeletal

reorganization and morphological changes. Correspondingly, vascular smooth muscle cells

Table 2. Differences of RVSP, mLAP, BW, HW, HW/BW, RV/(LV+S) between sham groups and PH-LHD model

groups.

Groups Sham control PH-LHD group P value

group (N = 12) (N = 36)

RVSP (mmHg) 24.43±0.51 35.77±0.45 <0.001�

mLAP (mmHg) 4.88±0.42 8.01±0.44 <0.001�

BW (g) 254.2±1.19 218.9±6.47 <0.001�

HW (g) 0.329±0.011 0.579±0.008 <0.001�

HW/BW (%) 0.131±0.004 0.257±0.002 <0.001�

RV/(LV+S) 0.1075±0.006 0.1031±0.010 0.734

Right ventricular systolic pressure (RVSP), Mean left atrial pressure (mLAP), Body weight (BW), Heart weight (HW),

Right ventricular (RV), left ventricular (LV), interventricular septum (S).

https://doi.org/10.1371/journal.pone.0235824.t002

Fig 4. The pathological changes of pulmonary tissues in PH-LHD model rats. (A–B) The pathologic structures were

confirmed by H&E staining in the sham and PH-LHD model rats treated and untreated 2.0 g. Magnification, 200×;

Scale bar = 100 μm. Each group contained six rats.

https://doi.org/10.1371/journal.pone.0235824.g004
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produced various molecules, including MMP-9 and TGF-β1, that acted on themselves to

maintain and adapt to the pathological changes of vascular structure and function [43].

Recently, Qiu et al demonstrated that mechanical stretching could up-regulate the expres-

sion of MMP-9 in the smooth muscle cells from animals with aortic dissection through SAC/

NF-κB signaling pathway [30]. The mechanical stress of the vascular wall during aortic dissec-

tion may influence the structure and function of cells, tissues and organs [44]. Once this is

sensed by cells, it is then transmitted to the nucleus through intracellular signaling pathways,

thereby causing the expression of related genes and leading to different physiological or patho-

logical responses [45]. So, does this mechanism of stretch also occur during the increased

mechanical tension in the pulmonary vein wall in PH-LHD? In order to explore this assump-

tion, we applied mechanical stretching to pulmonary vein rings of PH-LHD rats. The results

showed that there was no significant difference in the expression of MMP-9 and TGF-β1 in

the pulmonary veins from rats of the sham group even a force of 2.0 g was applied. However,

the expression of MMP-9 and TGF-β1 in the pulmonary veins of PH-LHD rats was up-regu-

lated when a force of 2.0 g was applied. These results indicate that during the development of

PH-LHD, as the pulmonary vein wall was continuously stimulated by increased mechanical

tension, the cells became sensitive to the mechanical tension and the expression of MMP-9

and TGF-β1 in the pulmonary vein rings were further increased once they were subject to the

mechanical stress in vitro.

Mechanical stretching has been shown to activate multiple signaling pathways that are

related to some pathophysiological processes. For example, Ghantous and his colleagues

Fig 5. High expressions of MMP-9 and TGF-β1 in pulmonary veins. Western blotting analysis was performed to examine the levels of MMP-9 and

TGF-β1 in pulmonary artery, pulmonary vein and pulmonary tissue, respectively. GAPDH acts as an internal reference. ��P<0.01, ���P<0.001 vs.

pulmonary artery group. Each group contained six rats.

https://doi.org/10.1371/journal.pone.0235824.g005
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Fig 6. MMP-9 and TGF-β1 were highly expressed in PH-LHD model rats. (A) The concentrations of MMP-9 and TGF-β1 were analyzed by

ELISA assay in the serums of sham and PH-LHD model rats, ��P<0.01, ���P<0.001 vs. sham group. (B) IHC experiment was carried out to examine

the levels of MMP-9 and TGF-β1 in the pulmonary tissues of sham and PH-LHD model rats. Magnification, 200×; Scale bar = 100μm. (C) The

protein expression levels of MMP-9 and TGF-β1 were assessed by western blot analysis in the pulmonary vein tissues of the sham and PH-LHD

model rats. (D) Relative expression levels of MMP-9 and TGF-β1 were counted based on the grey values of the western blotting results. �P<0.05 vs.

sham 0 g group; #P<0.05 vs. sham 2.0 g group. Each group contained six rats.

https://doi.org/10.1371/journal.pone.0235824.g006
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demonstrated that mechanical stretching induced leptin synthesis by activating the ROS sig-

naling pathway, which in turn caused vascular smooth muscle cell remodeling [46]. Seo et al.

found that mechanical stretching induced MMP-2 overexpression by activating the vascular

smooth muscle Akt signaling pathway and participated in vascular remodeling [47]. Ishise

et al. found that mechanical stretching induced fibronectin expression by activating the

TRPC3-NF-kappa B axis, resulting in a troublesome wound contracture [48]. The SAC/

MAPKs signaling pathway is thought to regulate the development of a variety of cardiovascular

diseases [49, 50]. SAC was first discovered in the skeletal muscle cells by Guharay and Sachs. It

is an ion channel that is widely found in various cells [51]. MAPKs are a class of serine/threo-

nine protein kinases widely found in mammalian cells, including extracellular signal-regulated

kinase (ERK1/2), p38 MAPK, and c-Jun NH2-terminal kinase (JNK). Shaw et al. demonstrated

that mechanical stretching activated SAC on vascular smooth muscles, causing a series of

responses that led to vascular smooth muscle migration and apoptosis [44]. Liu et al. demon-

strated that mechanical stretching mediated vascular remodeling by activating the MAPK sig-

naling pathway in human aortic smooth muscle cells [52]. In the present study, we showed

that 1) inhibition of p38 MAPK or JNK signaling pathway can significantly reverse the

increased expression of MMP-9 in mechanical stretching-induced PH-LHD pulmonary vein;

and 2) inhibition of SAC or JNK signaling pathway can significantly reverse the increased

Fig 7. Mechanical stretching upregulated MMP-9 and TGF-β1 in pulmonary vein by SAC/MAPKs signaling pathway. PH-LHD model rats were

treated with SB203580, SP600125, U0126 and Streptomycin, respectively. (A–B) MMP-9 and TGF-β1 expressions were confirmed by western blot assay,

and the relative expressions were calculated based on gray value. ��P<0.01, ���P<0.001 vs. pulmonary artery group. Each group contained six rats.

https://doi.org/10.1371/journal.pone.0235824.g007
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expression of TGF-β1 in mechanical stretching-induced PH-LHD pulmonary vein. Thus

increased mechanical tension of the pulmonary vein wall in PH-LHD may activate the SAC/

MAPKs signaling pathway, which regulate the expression of genes involved in PH-LHD, lead-

ing to cell proliferation, differentiation, or apoptosis [53–55]. More importantly, functional

changes in the early pulmonary veins of PH-LHD have a subtle influence on subsequent vascu-

lar remodeling. If the remodeling of pulmonary arteries during the later stages of the disease

can be blocked by early inhibition of MMP-9 and TGF-β1 expression mediated by SAC/

MAPKs signaling pathway deserves further study. Besides, in future research, it is also very sig-

nificant to further explore the specific regulatory mechanisms of SAC/MAPKs signaling path-

way on the MMP-9 and TGF-β1 in pulmonary vein after Mechanical stretching.

Conclusions

During the early stages of PH-LHD, increase in the mechanical tension of the pulmonary vein

wall may cause high expressions of MMP-9 and TGF-β1 in the pulmonary vein tissue through

the SAC/MAPKs signaling pathway. Therefore, increased expressions of MMP-9 and TGF-β1

might participate in the subsequent pulmonary artery vascular remodeling. This provides new

targets for the early interventions of PH-LHD.

Supporting information

S1 Fig. The preparation of pulmonary venous rings.

(TIF)

S1 Raw data.

(ZIP)

S1 Raw images.

(PDF)

Acknowledgments

We thank the Institute of Cardiothoracic Surgery of Fujian Medical University Union Hospital

for technical assistance and animal care.

Author Contributions

Conceptualization: Hui Zhang, Hongjin Liu.

Data curation: Hui Zhang, Wenhui Huang, Hongjin Liu, Yihan Zheng, Lianming Liao.

Formal analysis: Wenhui Huang, Hongjin Liu, Yihan Zheng, Lianming Liao.

Funding acquisition: Hui Zhang.

Investigation: Hui Zhang.

Resources: Hui Zhang, Wenhui Huang, Hongjin Liu, Yihan Zheng.

Software: Hui Zhang, Yihan Zheng, Lianming Liao.

Supervision: Wenhui Huang.

Validation: Hui Zhang, Lianming Liao.

Visualization: Hui Zhang, Lianming Liao.

Writing – original draft: Hui Zhang.

PLOS ONE Mechanical stretching of pulmonary vein in pulmonary hypertension due to left heart disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0235824 September 3, 2020 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0235824.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0235824.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0235824.s003
https://doi.org/10.1371/journal.pone.0235824


Writing – review & editing: Hui Zhang.

References

1. Rosenkranz S, Gibbs JSR, Wachter R, De Marco T, Vonk-Noordegraaf A and Vachiery J-L. Left ventric-

ular heart failure and pulmonary hypertension. European heart journal 2015; 37: 942–954. https://doi.

org/10.1093/eurheartj/ehv512 PMID: 26508169

2. Bolignano D, Pisano A and D’Arrigo G. Pulmonary hypertension: a neglected risk condition in renal

patients? Reviews in cardiovascular medicine 2018; 19:

3. Vachiery J-L, Adir Y, Barberà JA, Champion H, Coghlan JG, Cottin V, et al. Pulmonary hypertension

due to left heart diseases. Journal of the American College of Cardiology 2013; 62: D100–D108.

https://doi.org/10.1016/j.jacc.2013.10.033 PMID: 24355634

4. Sutendra G and Michelakis ED. The metabolic basis of pulmonary arterial hypertension. Cell metabo-

lism 2014; 19: 558–573. https://doi.org/10.1016/j.cmet.2014.01.004 PMID: 24508506

5. Clark CB and Horn EM. Group 2 pulmonary hypertension: pulmonary venous hypertension: epidemiol-

ogy and pathophysiology. Cardiology clinics 2016; 34: 401–411. https://doi.org/10.1016/j.ccl.2016.04.

010 PMID: 27443137

6. Li D, Zhou J, Chowdhury F, Cheng J, Wang N and Wang F. Role of mechanical factors in fate decisions

of stem cells. Regenerative medicine 2011; 6: 229–240. https://doi.org/10.2217/rme.11.2 PMID:

21391856

7. Nava MM, Raimondi MT and Pietrabissa R. Controlling self-renewal and differentiation of stem cells via

mechanical cues. BioMed Research International 2012; 2012:

8. Brosig M, Ferralli J, Gelman L, Chiquet M and Chiquet-Ehrismann R. Interfering with the connection

between the nucleus and the cytoskeleton affects nuclear rotation, mechanotransduction and myogen-

esis. The international journal of biochemistry & cell biology 2010; 42: 1717–1728.

9. Ives C, Eskin S and McIntire L. Mechanical effects on endothelial cell morphology: in vitro assessment.

In vitro cellular & developmental biology 1986; 22: 500–507.

10. Hurle JM, Ros MA, Climent V and Garcia-Martinez V. Morphology and significance of programmed cell

death in the developing limb bud of the vertebrate embryo. Microscopy research and technique 1996;

34: 236–246. PMID: 8743411

11. Qaddoumi I, Orisme W, Wen J, Santiago T, Gupta K, Dalton JD, et al. Genetic alterations in uncommon

low-grade neuroepithelial tumors: BRAF, FGFR1, and MYB mutations occur at high frequency and

align with morphology. Acta neuropathologica 2016; 131: 833–845. https://doi.org/10.1007/s00401-

016-1539-z PMID: 26810070

12. Hu Y, Lu L, Qiu Z, Huang Q, Chen Y and Chen L. Mechanical stretch aggravates aortic dissection by

regulating MAPK pathway and the expression of MMP-9 and inflammation factors. Biomedicine & Phar-

macotherapy 2018; 108: 1294–1302.

13. Vafadari B, Salamian A and Kaczmarek L. MMP-9 in translation: from molecule to brain physiology,

pathology, and therapy. Journal of neurochemistry 2016; 139: 91–114.

14. Wang X, Shi K, Li J, Chen T, Guo Y, Liu Y, et al. Effects of angiotensin II intervention on MMP-2, MMP-

9, TIMP-1, and collagen expression in rats with pulmonary hypertension. Genet Mol Res 2015; 14:

1707–1717. https://doi.org/10.4238/2015.March.6.17 PMID: 25867313

15. Iyer RP, Jung M and Lindsey ML. MMP-9 signaling in the left ventricle following myocardial infarction.

American Journal of Physiology-Heart and Circulatory Physiology 2016; 311: H190–H198. https://doi.

org/10.1152/ajpheart.00243.2016 PMID: 27208160

16. Wei Y, Kim TJ, Peng DH, Duan D, Gibbons DL, Yamauchi M, et al. Fibroblast-specific inhibition of TGF-

β1 signaling attenuates lung and tumor fibrosis. The Journal of clinical investigation 2017; 127: 3675–

3688. https://doi.org/10.1172/JCI94624 PMID: 28872461

17. Pang M, Georgoudaki A, Lambut L, Johansson J, Tabor V, Hagikura K, et al. TGF-β1-induced EMT pro-

motes targeted migration of breast cancer cells through the lymphatic system by the activation of

CCR7/CCL21-mediated chemotaxis. Oncogene 2016; 35: 748. https://doi.org/10.1038/onc.2015.133

PMID: 25961925

18. Forte A, Galderisi U, Cipollaro M, De Feo M and Della Corte A. Epigenetic regulation of TGF-β1 signal-

ling in dilative aortopathy of the thoracic ascending aorta. Clin Sci (Lond) 2016; 130: 1389–1405.

19. Angelov SN, Hu JH, Wei H, Airhart N, Shi M and Dichek DA. TGF-β (Transforming Growth Factor-β)

Signaling Protects the Thoracic and Abdominal Aorta From Angiotensin II-Induced Pathology by Dis-

tinct Mechanisms. Arterioscler Thromb Vasc Biol 2017; 37: 2102–2113. https://doi.org/10.1161/

ATVBAHA.117.309401 PMID: 28729364

PLOS ONE Mechanical stretching of pulmonary vein in pulmonary hypertension due to left heart disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0235824 September 3, 2020 15 / 17

https://doi.org/10.1093/eurheartj/ehv512
https://doi.org/10.1093/eurheartj/ehv512
http://www.ncbi.nlm.nih.gov/pubmed/26508169
https://doi.org/10.1016/j.jacc.2013.10.033
http://www.ncbi.nlm.nih.gov/pubmed/24355634
https://doi.org/10.1016/j.cmet.2014.01.004
http://www.ncbi.nlm.nih.gov/pubmed/24508506
https://doi.org/10.1016/j.ccl.2016.04.010
https://doi.org/10.1016/j.ccl.2016.04.010
http://www.ncbi.nlm.nih.gov/pubmed/27443137
https://doi.org/10.2217/rme.11.2
http://www.ncbi.nlm.nih.gov/pubmed/21391856
http://www.ncbi.nlm.nih.gov/pubmed/8743411
https://doi.org/10.1007/s00401-016-1539-z
https://doi.org/10.1007/s00401-016-1539-z
http://www.ncbi.nlm.nih.gov/pubmed/26810070
https://doi.org/10.4238/2015.March.6.17
http://www.ncbi.nlm.nih.gov/pubmed/25867313
https://doi.org/10.1152/ajpheart.00243.2016
https://doi.org/10.1152/ajpheart.00243.2016
http://www.ncbi.nlm.nih.gov/pubmed/27208160
https://doi.org/10.1172/JCI94624
http://www.ncbi.nlm.nih.gov/pubmed/28872461
https://doi.org/10.1038/onc.2015.133
http://www.ncbi.nlm.nih.gov/pubmed/25961925
https://doi.org/10.1161/ATVBAHA.117.309401
https://doi.org/10.1161/ATVBAHA.117.309401
http://www.ncbi.nlm.nih.gov/pubmed/28729364
https://doi.org/10.1371/journal.pone.0235824


20. Yu W-C, Cong J-P and Mi L-Y. Expressions of TOLL-like receptor 4 (TLR-4) and matrix metalloprotei-

nase 9 (MMP-9)/Tissue inhibitor of metalloproteinase 1 (TIMP-1) in pulmonary blood vessels with

chronic obstructive pulmonary diseases and their relationships with pulmonary vascular remodelling.

Revista da Associação Médica Brasileira 2018; 64: 361–367. https://doi.org/10.1590/1806-9282.64.04.

361 PMID: 30133616

21. Oikawa Y, Sasaki N, Niisato M, Nakamura Y and Yamauchi K. A phosphatidylinositol 3-kinase inhibi-

tor strongly suppressed pulmonary vascular remodeling of allergic vasculitis in a murine model.

Experimental lung research 2016; 42: 111–120. https://doi.org/10.3109/01902148.2016.1157226

PMID: 26986717

22. Oliveira SD, Castellon M, Chen J, Bonini MG, Gu X, Elliott MH, et al. Inflammation-induced caveolin-1

and BMPRII depletion promotes endothelial dysfunction and TGF-β-driven pulmonary vascular remod-

eling. American Journal of Physiology-Lung Cellular and Molecular Physiology 2017; 312: L760–L771.

https://doi.org/10.1152/ajplung.00484.2016 PMID: 28188225

23. George J and D’Armiento J. Transgenic expression of human matrix metalloproteinase-9 augments

monocrotaline-induced pulmonary arterial hypertension in mice. Journal of hypertension 2011; 29: 299.

https://doi.org/10.1097/HJH.0b013e328340a0e4 PMID: 21063214

24. Schmidt C, Wiedmann F, Kallenberger SM, Ratte A, Schulte JS, Scholz B, et al. Stretch-activated two-

pore-domain (K(2P)) potassium channels in the heart: Focus on atrial fibrillation and heart failure. Prog

Biophys Mol Biol 2017; 130: 233–243. https://doi.org/10.1016/j.pbiomolbio.2017.05.004 PMID:

28526353

25. Liang J, Huang B, Yuan G, Chen Y, Liang F, Zeng H, et al. Stretch-activated channel Piezo1 is up-regu-

lated in failure heart and cardiomyocyte stimulated by AngII. Am J Transl Res 2017; 9: 2945–2955.

PMID: 28670382

26. Guo YJ, Pan WW, Liu SB, Shen ZF, Xu Y and Hu LL. ERK/MAPK signalling pathway and tumorigene-

sis. Exp Ther Med 2020; 19: 1997–2007.

27. Sun J and Nan G. The Mitogen-Activated Protein Kinase (MAPK) Signaling Pathway as a Discovery

Target in Stroke. J Mol Neurosci 2016; 59: 90–98. https://doi.org/10.1007/s12031-016-0717-8 PMID:

26842916

28. Hu Y, Lu L, Qiu Z, Huang Q, Chen Y and Chen L. Mechanical stretch aggravates aortic dissection by

regulating MAPK pathway and the expression of MMP-9 and inflammation factors. Biomed Pharmac-

other 2018; 108: 1294–1302. https://doi.org/10.1016/j.biopha.2018.09.129 PMID: 30372831

29. Fu S, Yin L, Lin X, Lu J and Wang X. Effects of Cyclic Mechanical Stretch on the Proliferation of L6 Myo-

blasts and Its Mechanisms: PI3K/Akt and MAPK Signal Pathways Regulated by IGF-1 Receptor. Int J

Mol Sci 2018; 19:

30. Qiu Z, Chen L, Cao H, Chen Q and Peng H. Mechanical strain induced expression of matrix metallopro-

teinase-9 via stretch-activated channels in rat abdominal aortic dissection. Medical science monitor:

international medical journal of experimental and clinical research 2017; 23: 1268.

31. Zhang L, Li Y, Chen M, Su X, Yi D, Lu P et al. 15-LO/15-HETE Mediated Vascular Adventitia Fibrosis

via p38 MAPK-Dependent TGF-β. Journal of cellular physiology 2014; 229: 245–257. https://doi.org/

10.1002/jcp.24443 PMID: 23982954

32. Breitling S, Ravindran K, Goldenberg NM and Kuebler WM. The pathophysiology of pulmonary hyper-

tension in left heart disease. American Journal of Physiology-Lung Cellular and Molecular Physiology

2015; 309: L924–L941. https://doi.org/10.1152/ajplung.00146.2015 PMID: 26502478

33. Hentschel T, Yin N, Riad A, Habbazettl H, Weimann J, Koster A, et al. Inhalation of the phosphodiester-

ase-3 inhibitor milrinone attenuates pulmonary hypertension in a rat model of congestive heart failure.

Anesthesiology: The Journal of the American Society of Anesthesiologists 2007; 106: 124–131.

34. Yin N, Kaestle S, Yin J, Hentschel T, Pries AR, Kuppe H et al. Inhaled nitric oxide versus aerosolized ilo-

prost for the treatment of pulmonary hypertension with left heart disease. Critical care medicine 2009;

37: 980–986. https://doi.org/10.1097/CCM.0b013e3181962ce6 PMID: 19237907

35. Wang Q, Guo Y-Z, Zhang Y-T, Xue J-J, Chen Z-C, Cheng S-Y, et al. The effects and mechanism of

atorvastatin on pulmonary hypertension due to left heart disease. PloS one 2016; 11: e0157171.

https://doi.org/10.1371/journal.pone.0157171 PMID: 27388289

36. Hunt JM, Bethea B, Liu X, Gandjeva A, Mammen PP, Stacher E, et al. Pulmonary veins in the normal

lung and pulmonary hypertension due to left heart disease. American Journal of Physiology-Lung Cellu-

lar and Molecular Physiology 2013; 305: L725–L736. https://doi.org/10.1152/ajplung.00186.2013

PMID: 24039255

37. Yin J, Kukucka M, Hoffmann J, Sterner-Kock A, Burhenne J, Haefeli WE, et al. Sildenafil preserves lung

endothelial function and prevents pulmonary vascular remodeling in a rat model of diastolic heart failure.

Circulation: Heart Failure 2011; 4: 198–206.

PLOS ONE Mechanical stretching of pulmonary vein in pulmonary hypertension due to left heart disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0235824 September 3, 2020 16 / 17

https://doi.org/10.1590/1806-9282.64.04.361
https://doi.org/10.1590/1806-9282.64.04.361
http://www.ncbi.nlm.nih.gov/pubmed/30133616
https://doi.org/10.3109/01902148.2016.1157226
http://www.ncbi.nlm.nih.gov/pubmed/26986717
https://doi.org/10.1152/ajplung.00484.2016
http://www.ncbi.nlm.nih.gov/pubmed/28188225
https://doi.org/10.1097/HJH.0b013e328340a0e4
http://www.ncbi.nlm.nih.gov/pubmed/21063214
https://doi.org/10.1016/j.pbiomolbio.2017.05.004
http://www.ncbi.nlm.nih.gov/pubmed/28526353
http://www.ncbi.nlm.nih.gov/pubmed/28670382
https://doi.org/10.1007/s12031-016-0717-8
http://www.ncbi.nlm.nih.gov/pubmed/26842916
https://doi.org/10.1016/j.biopha.2018.09.129
http://www.ncbi.nlm.nih.gov/pubmed/30372831
https://doi.org/10.1002/jcp.24443
https://doi.org/10.1002/jcp.24443
http://www.ncbi.nlm.nih.gov/pubmed/23982954
https://doi.org/10.1152/ajplung.00146.2015
http://www.ncbi.nlm.nih.gov/pubmed/26502478
https://doi.org/10.1097/CCM.0b013e3181962ce6
http://www.ncbi.nlm.nih.gov/pubmed/19237907
https://doi.org/10.1371/journal.pone.0157171
http://www.ncbi.nlm.nih.gov/pubmed/27388289
https://doi.org/10.1152/ajplung.00186.2013
http://www.ncbi.nlm.nih.gov/pubmed/24039255
https://doi.org/10.1371/journal.pone.0235824


38. Breitling S, Hui Z, Zabini D, Hu Y, Hoffmann J, Goldenberg NM, et al. The mast cell–B cell axis in lung

vascular remodeling and pulmonary hypertension. American Journal of Physiology-Lung Cellular and

Molecular Physiology 2017; 312: L710–L721. https://doi.org/10.1152/ajplung.00311.2016 PMID:

28235950

39. Zimmer H-G, Zierhut W, Seesko R and Varekamp A. Right heart catheterization in rats with pulmonary

hypertension and right ventricular hypertrophy. Basic research in cardiology 1988; 83: 48–57. https://

doi.org/10.1007/BF01907104 PMID: 2454097

40. Zaiman AL, Podowski M, Medicherla S, Gordy K, Xu F, Zhen L, et al. Role of the TGF-β/Alk5 signaling

pathway in monocrotaline-induced pulmonary hypertension. American journal of respiratory and critical

care medicine 2008; 177: 896–905. https://doi.org/10.1164/rccm.200707-1083OC PMID: 18202349

41. Li X-W, Du J, Hu G-Y, Hu C-P, Li D, Li Y-J et al. Fluorofenidone attenuates vascular remodeling in hyp-

oxia-induced pulmonary hypertension of rats. Canadian journal of physiology and pharmacology 2013;

92: 58–69. https://doi.org/10.1139/cjpp-2013-0056 PMID: 24383874

42. Peng X, Li H-X, Shao H-J, Li G-W, Sun J, Xi Y-H, et al. Involvement of calcium-sensing receptors in hyp-

oxia-induced vascular remodeling and pulmonary hypertension by promoting phenotypic modulation of

small pulmonary arteries. Molecular and cellular biochemistry 2014; 396: 87–98. https://doi.org/10.

1007/s11010-014-2145-9 PMID: 25063217

43. Xu S and Touyz RM. Reactive oxygen species and vascular remodelling in hypertension: still alive.

Canadian Journal of Cardiology 2006; 22: 947–951. https://doi.org/10.1016/s0828-282x(06)70314-2

PMID: 16971980

44. Shaw A and Xu Q. Biomechanical stress-induced signaling in smooth muscle cells: an update. Current

vascular pharmacology 2003; 1: 41–58. https://doi.org/10.2174/1570161033386745 PMID: 15320852

45. Hamill OP and Martinac B. Molecular basis of mechanotransduction in living cells. Physiological reviews

2001; 81: 685–740. https://doi.org/10.1152/physrev.2001.81.2.685 PMID: 11274342

46. Ghantous CM, Kobeissy FH, Soudani N, Rahman FA, Al-Hariri M, Itani HA, et al. Mechanical stretch-

induced vascular hypertrophy occurs through modulation of leptin synthesis-mediated ROS formation

and GATA-4 nuclear translocation. Frontiers in pharmacology 2015; 6: 240. https://doi.org/10.3389/

fphar.2015.00240 PMID: 26557089

47. Seo KW, Lee SJ, Ye BH, Kim YW, Bae SS and Kim CD. Mechanical stretch enhances the expression

and activity of osteopontin and MMP-2 via the Akt1/AP-1 pathways in VSMC. Journal of molecular and

cellular cardiology 2015; 85: 13–24. https://doi.org/10.1016/j.yjmcc.2015.05.006 PMID: 25986148

48. Ishise H, Larson B, Hirata Y, Fujiwara T, Nishimoto S, Kubo T, et al. Hypertrophic scar contracture is

mediated by the TRPC3 mechanical force transducer via NFkB activation. Scientific reports 2015; 5:

11620. https://doi.org/10.1038/srep11620 PMID: 26108359

49. Kompa AR. Do p38 mitogen-activated protein kinase inhibitors have a future for the treatment of cardio-

vascular disease? Journal of thoracic disease 2016; 8: E1068. https://doi.org/10.21037/jtd.2016.07.94

PMID: 27747066

50. Li C-Y, Yang L-C, Guo K, Wang Y-P and Li Y-G. Mitogen-activated protein kinase phosphatase-1: a crit-

ical phosphatase manipulating mitogen-activated protein kinase signaling in cardiovascular disease.

International journal of molecular medicine 2015; 35: 1095–1102. https://doi.org/10.3892/ijmm.2015.

2104 PMID: 25695424

51. Guharay F and Sachs F. Stretch-activated single ion channel currents in tissue-cultured embryonic

chick skeletal muscle. The Journal of physiology 1984; 352: 685–701. https://doi.org/10.1113/jphysiol.

1984.sp015317 PMID: 6086918

52. Liu X, Huang X, Chen L, Zhang Y, Li M, Wang L, et al. Mechanical stretch promotes matrix metallopro-

teinase-2 and prolyl-4-hydroxylase α1 production in human aortic smooth muscle cells via Akt-p38

MAPK-JNK signaling. The international journal of biochemistry & cell biology 2015; 62: 15–23.

53. Wang Z, Niu Q, Peng X, Li M, Liu Y, Liu J, et al. Mitofusin 2 ameliorates aortic remodeling by suppress-

ing ras/raf/ERK pathway and regulating mitochondrial function in vascular smooth muscle cells. Interna-

tional journal of cardiology 2015; 178: 165–167. https://doi.org/10.1016/j.ijcard.2014.10.122 PMID:

25464244

54. Park B, Yim J-H, Lee H-K, Kim B-O and Pyo S. Ramalin inhibits VCAM-1 expression and adhesion of

monocyte to vascular smooth muscle cells through MAPK and PADI4-dependent NF-kB and AP-1 path-

ways. Bioscience, biotechnology, and biochemistry 2015; 79: 539–552. https://doi.org/10.1080/

09168451.2014.991681 PMID: 25494680

55. Huang G, Wang A, Li X, Long M, Du Z, Hu C, et al. Change in high-sensitive C-reactive protein during

abdominal aortic aneurysm formation. Journal of hypertension 2009; 27: 1829–1837. https://doi.org/10.

1097/HJH.0b013e32832db36b PMID: 19502992

PLOS ONE Mechanical stretching of pulmonary vein in pulmonary hypertension due to left heart disease

PLOS ONE | https://doi.org/10.1371/journal.pone.0235824 September 3, 2020 17 / 17

https://doi.org/10.1152/ajplung.00311.2016
http://www.ncbi.nlm.nih.gov/pubmed/28235950
https://doi.org/10.1007/BF01907104
https://doi.org/10.1007/BF01907104
http://www.ncbi.nlm.nih.gov/pubmed/2454097
https://doi.org/10.1164/rccm.200707-1083OC
http://www.ncbi.nlm.nih.gov/pubmed/18202349
https://doi.org/10.1139/cjpp-2013-0056
http://www.ncbi.nlm.nih.gov/pubmed/24383874
https://doi.org/10.1007/s11010-014-2145-9
https://doi.org/10.1007/s11010-014-2145-9
http://www.ncbi.nlm.nih.gov/pubmed/25063217
https://doi.org/10.1016/s0828-282x%2806%2970314-2
http://www.ncbi.nlm.nih.gov/pubmed/16971980
https://doi.org/10.2174/1570161033386745
http://www.ncbi.nlm.nih.gov/pubmed/15320852
https://doi.org/10.1152/physrev.2001.81.2.685
http://www.ncbi.nlm.nih.gov/pubmed/11274342
https://doi.org/10.3389/fphar.2015.00240
https://doi.org/10.3389/fphar.2015.00240
http://www.ncbi.nlm.nih.gov/pubmed/26557089
https://doi.org/10.1016/j.yjmcc.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/25986148
https://doi.org/10.1038/srep11620
http://www.ncbi.nlm.nih.gov/pubmed/26108359
https://doi.org/10.21037/jtd.2016.07.94
http://www.ncbi.nlm.nih.gov/pubmed/27747066
https://doi.org/10.3892/ijmm.2015.2104
https://doi.org/10.3892/ijmm.2015.2104
http://www.ncbi.nlm.nih.gov/pubmed/25695424
https://doi.org/10.1113/jphysiol.1984.sp015317
https://doi.org/10.1113/jphysiol.1984.sp015317
http://www.ncbi.nlm.nih.gov/pubmed/6086918
https://doi.org/10.1016/j.ijcard.2014.10.122
http://www.ncbi.nlm.nih.gov/pubmed/25464244
https://doi.org/10.1080/09168451.2014.991681
https://doi.org/10.1080/09168451.2014.991681
http://www.ncbi.nlm.nih.gov/pubmed/25494680
https://doi.org/10.1097/HJH.0b013e32832db36b
https://doi.org/10.1097/HJH.0b013e32832db36b
http://www.ncbi.nlm.nih.gov/pubmed/19502992
https://doi.org/10.1371/journal.pone.0235824

