
Page 1/33

Alveolar Epithelial Cells Involved in Pulmonary
Vascular Remodeling and Constriction of Hypoxic
Pulmonary Hypertension
Yanxia Wang 

Fourth Military Medical University: Air Force Medical University
Xiaoming Li 

Xi'an Peihua University
Wen Niu 

Fourth Military Medical University: Air Force Medical University
Jian Chen 

Fourth Military Medical University: Air Force Medical University
Bo Zhang 

Fourth Military Medical University: Air Force Medical University
Xiumin Zhang 

Fourth Military Medical University: Air Force Medical University
Yingmei Wang 

Fourth Military Medical University: Air Force Medical University
Shaokang Dang 

Tangdu Hospital Fourth Military Medical University: Air Force Medical University Tangdu Hospital
Zhichao Li  (  lizhic@fmmu.edu.cn )

Fourth Military Medical University

Research

Keywords: alveolar epithelial cells, hypoxic pulmonary hypertension, pulmonary vascular remodeling and
constriction, reactive oxygen species

Posted Date: December 18th, 2020

DOI: https://doi.org/10.21203/rs.3.rs-129956/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-129956/v1
mailto:lizhic@fmmu.edu.cn
https://doi.org/10.21203/rs.3.rs-129956/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/33

Abstract
Background: Hypoxic pulmonary hypertension (HPH) is a common type of pulmonary hypertension.
Alveolar epithelial cells (AECs) are the �rst to perceive hypoxia of alveolar, however, the role of AECs in
HPH remain unclear. HPH is characterized by pulmonary vascular remodeling and constriction. The
present study was to whether AECs was involved in pulmonary vascular remodeling and constriction.

Methods: Rat HPH models were built and pulmonary artery smooth cells (PASMCs) and AECs were
treatment with hypoxia. Hemodynamic and morphological indicators were measured in samples from rat
HPH models. Superoxide dismutase 2 (SOD2), catalase (CAT) and reactive oxygen species (ROS) were
detected in AECs or AECs culture medium. To �nd out the effect of AECs on pulmonary vascular
remodeling and constriction, AECs and PASMCs were co-cultured under hypoxia, PASMCs and isolated
pulmonary artery (PA) were treatment with AECs hypoxic culture medium. To explore the mechanism of
AECs on pulmonary vascular remodeling and constriction, ROS inhibitor N-acetylcysteine (NAC) was
used.

Results: In vivo, hypoxia resulted in elevation in pulmonary vascular remodeling and pressure, but had no
effect on non-pulmonary vascular. In vitro, hypoxia caused an imbalance of superoxide dismutase 2
(SOD2) and catalase (CAT) and an increase of reactive oxygen species (ROS) in AECs, as well as an
increase of hydrogen peroxide (H2O2) in AECs culture medium. Also, AECs led to pulmonary artery
smooth cells (PASMCs) proliferation under hypoxia by co-culture or substituting culture medium. AECs
hypoxic culture medium enhanced the constriction of isolated pulmonary artery (PA). Further, these
responses were abrogated by ROS inhibitor N-acetylcysteine (NAC).

Conclusion: The �ndings of present study demonstrated that AECs involved in pulmonary vascular
remodeling and constriction under hypoxia by secreting H2O2 to the pulmonary microenvironment.

Background
Pulmonary hypertension is a progressive disorder and characterized by pulmonary vascular remodeling
and vasoconstriction [1–3], which ultimately leads to right ventricular hypertrophy and right heart failure
with morbidity and mortality [4–6]. Hypoxic pulmonary hypertension (HPH) is highly prevalent in
advanced chronic obstructive pulmonary disease and high altitude hypoxia [7]. It is well known that when
alveolar hypoxia occurs, only pulmonary artery pressure increases, but no systemic circulation pressure
increases. Vascular internality plays an important role, but its peripheral microenvironment should also be
an important factor. AECs are primarily components of alveolar wall and involve in the formation of the
pulmonary microenvironment. When hypoxia occurs in alveolar cavity, AECs are the �rst to perceive and
suffer from largest change of oxygen content in the body. Previous studies have constantly reported that
pulmonary arteriolar endothelial cells and adventitial �broblast were involved in HPH [8–11]. However,
little is known whether AECs are involved in the development of HPH. The purpose of this experiment is to
observe the role and mechanism of AECs in the development of HPH.
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Reactive oxygen species (ROS) including hydroxyl radical (HO•), singlet oxygen (1O2), superoxide anion

(O2
•_), and hydrogen peroxide (H2O2) are by-products of electron transfer processes [12–14].

Accumulation of O2
•_ and H2O2 is prevented by the antioxidant enzymes superoxide dismutase (SOD),

catalase (CAT) and peroxidase (POD) in the cell normal metabolism[15, 16]. The balance between
production and degradation rates determines the steady-state concentrations of ROS in each intracellular
compartment. H2O2 is a stable and easily diffused out of the cell[14]. It has been documented in increase
cell proliferation[17], cell-cycle arrest[18]and apoptosis[19]and vascular smooth muscle constriction[20].

The multiple responses of the lung to oxygen are a physiological paradigm of the variety of cellular
responses to ROS in vitro. In the lung, AECs are the �rst to perceive changes of oxygen concentration in
the alveolar cavity, and many other investigators recently provided extensive evidence that hypoxia
results in a signi�cant increase in ROS concentration in AECs [21], which inevitably lead to changes of the
microenvironment around the pulmonary artery. A recent study demonstrated cell proliferation could only
be achieved by exposing the cells to a constant �ux of H2O2 generated by the G/GO system [22].
Therefore, AECs, as the cells around the pulmonary capillaries, can affect the pulmonary vascular
remodeling and constriction by constant release of H2O2.

This study provides novel insights into the pathogenesis of HPH. It is considered that the earliest source
of pulmonary microenvironment changes under hypoxia is AECs. In this experiment, AECs were used to
change microenvironment of PASMCs, which proved that AECs were involved in pulmonary vascular
remodeling and constriction under hypoxia and also to be related to the H2O2 derived from AECs.

Methods

Animals
Male Sprague-Dawley rats (200–250 g) were purchased from the animal center of the Fourth Military
Medical University (Xi'an, China). All experiments were approved by Animal Care and Use Committee of
the Fourth Military Medical University and complied with the Declaration of the National Institutes of
Health Guide for Care and Use of Laboratory Animals (Publication No. 85 − 23, revised 1985). To obtain
pulmonary hypertension rats, rats were housed intermittently in a hypobaric hypoxia chamber
depressurized to 380 mmHg (10% oxygen) and taken hypobaric hypoxia challenge of 8 h/d for 4 weeks.
Age-matched rats were housed in room air (21% oxygen) accordingly.

Hemodynamic and Morphological Investigation
Right ventricular pressure and hematoxylin and eosin staining of lung and renal tissues were performed
according to my published article [23]. After 4 weeks of hypoxia, the animals were anesthetized with 20%
ethylurethanm (5 ml/ kg). Then, a soft silica gel catheter linked to a Power lab system (AD Instruments,
Colorado Springs, CO, Australia) was inserted into the right jugular vein. The right ventricle peak systolic
pressure (RVSP) waveforms were showed on the monitor when the catheter arrived in the right ventricle
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chamber. Meanwhile, the mean carotid artery pressure (mCAP) was recorded via a special catheter
inserted into the carotid artery. After the weight of right ventricle (RV) and left ventricle plus septum (LV + 
S) were obtained, the ratio of RV/ (LV + S) was calculated as an index of RV hypertrophy. The right lung
and kidney were placed in neutral buffer (pH 7.4) containing 10% formalin for 72 hours. The lung and
kidney tissue were embedded in para�n and sectioned into 5 µm thick sections, then processed
hematoxylin and eosin staining. Microscopic evaluation showed structure remodeling of the pulmonary
artery. Total 60 of pulmonary artery, bronchial artery and renal artery in approximate round shape were
obtained from each group. Their external diameters are50-180 µm and the average size of artery was
78 µm. The outside diameter and inside diameter of pulmonary artery were measured by an image-
processing program (Image-Pro Plus, Version 5.1, Media Cybernetics, Rockville, MD, USA). The medial
wall thickness, the cross-sectional area of medial wall, and the total cross-sectional vessel area were
obtained. Pulmonary vascular structure remodeling was assessed by percent medial wall thickness (MT
%) and percent medial wall area (MA %) two indices: MT% = 100 × (medial wall thickness) / (vessel semi-
diameter); MA% = 100 × (cross sectional medial wall area) / (total cross-sectional vessel area). All the
morphological analysis was conducted via a double-blind method. The following should be explained in
our experiment: pulmonary artery is a pulmonary circulatory vessel located in the pulmonary
microenvironment, bronchial artery is a systemic circulatory vessel located in the pulmonary
microenvironment, and renal artery is a systemic circulatory vessel not located in the pulmonary
microenvironment.

Cell culture
AASMCs were used for systemic circulating vascular smooth muscle cells. Rat primary PASMCs and
AASMCs were obtained by tissue explants culturing method according to my published articles [18].
Pulmonary artery (PA) and aortic artery(AA) were isolated from male Sprague-Dawley rats (200–250 g)
and dissected into small pieces after the adventitial layers were removed, then placed in a overturned
culture �ask containing Dulbecco Eagle’s minimum essential Medium (DMEM, HyClone, Logan, UT) with
15% fetal bovine serum(FBS, CellMax, Beijing, China)at 37 °C in 21% oxygen condition. The �ask was
carefully turned over after 4 hours. PASMCs and AASMCs crawled out from the tissue in about a week.
Cells were used between passages 3 to 6. Smooth muscle cell identity was veri�ed by positive staining
for smooth muscle a-actin (mouse monoclonal antibody, Sigma-Aldrich, St. Louis, MO, USA) at each
passage.

Alveolar epithelial cells (AECs) in this study included rat primary ATII cells and RLE-6TN cells. Rat primary
ATII cells were isolated from male SpragueDawley rats (180–200 g) as previously described [24]. Pooled
cells from 2 rats were prepared as follows. Rats were injected intraperitoneally with 20% ethylurethanm
(4 ml/kg) and intravenously 4000U/kg heparin sodium. Intubation of pulmonary artery and tracheal were
performed. Rats were exsanguinated by cutting the abdominal aorta under the aseptic condition. 50 ml
Solution II (in mM: 140 NaCl, 5 KCl, 10 Hepes, 2CaCl2, 2.5 PBS (pH 7.4), 1.3 MgSO4) was perfuse via the
pulmonary artery to clear the vascular space of blood. The lungs were removed from the thorax and
lavaged with 8 times solution I (10 ml/time) (in mM: 140NaCl, 5 KCl, 10 Hepes, 6 D-glucose, 2.5 PBS (pH
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7.4),0.2 EDTA) and 2 times solution II (10 ml/time).Lungs were then �lled 2 times with trypsin solution
(10 ml/time) prepared in solution II and incubated in incubator for 10 min at 37℃ every time. The lungs
were cut into pieces in the bottle with 4 ml DNAse I and 5 ml FBS. The lung tissues were then sequentially
�ltered through 125 µm and 75 µm stainless mesh. The �ltrate was centrifuged at 1000r/min for 8 min.
The cell pellet was resuspended in DMEM at 37℃.The cell suspension was plated at a density of 2 × 106

cells/ml in 25 cm2 bacteriologic plastic dishes coated rat IgG to remove macrophages and incubated at
37℃in 5% CO2 incubator for 1 h. The unattached cells in suspension were removed and centrifuged at

1000 r/min for 8 min. The cell pellet was plated at a density of 5 × 105 cells/cm2 in 6-well culture dishes
with DMEM, 15% FBS, 100 U/ml penicillin and 100 U/ml streptomycin and incubated at 37℃under 5%
CO2 incubator. The cell purity after 24 h was assessed by a characteristic �uorescence with phosphine3
Ras previously described [24]. RLE-6TN were purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA) and maintained in DMEM supplemented with 15% FBS, 100 IU/ml penicillin and
100 mg/ml streptomycin.

The preparation of AECs culture medium
AECs were seeded in 24-well culture dishes at 5 × 103 cells per well under normoxic (21% O2) or hypoxic
conditions (5% O2). Its culture medium was collected for 24 h to subsequent experiments.

Cell treatment
The effect of hypoxia on the proliferation of PASMCs and AASMCs was investigated under different
oxygen concentrations. PASMCs or AASMCs were seeded in 96-well culture dishes at 3 × 104cells per well
under normoxic (21% O2) or hypoxic conditions (10% O2 and 5% O2).

The effect of AECs on the proliferation of PASMCs and AASMCs was investigated using 24- well
transwell insert co-culture model (0.4 µm pore). PASMCs or AASMCs were seeded in 24-well culture
dishes at a density of 3 × 104cells per well, ATII or RLE-6TN were seeded in transwell inserts at a density
of 1 × 104 cells per insert. The cells were maintained under normoxia (21% O2) or hypoxia conditions (5%
O2). The cells were grouped as follows, PASMCs: (1) normoxia (2) hypoxia (3) normoxia, co-culture with
ATII or RLE-6TN (4) hypoxia, co-culture with ATII or RLE-6TN (5) hypoxia, co-culture with ATII or RLE-6TN 
+ NAC (10 mmol/L, a nonspeci�c ROS inhibitor, Sigma-Aldrich, St. Louis, MO); AASMCs: (1) normoxia (2)
hypoxia (3) normoxia, co-culture with ATII or RLE-6TN (4) hypoxia, co-culture with ATII or RLE-6TN (5)
hypoxia, co-culture with ATII or RLE-6TN + NAC (10 mmol/L).

To further con�rm that AECs participated in the proliferation of PASMCs or AASMCs,the culture medium
of PASMCs and AASMCs were replaced by AECs culture medium under normoxic or hypoxic conditions
every 12 hours. The cells were grouped as follows, PASMCs: (1) normoxia (2) normoxia + ATII or RLE-6TN
normoxic culture medium (3) normoxia + ATII or RLE-6TN hypoxic culture medium(4) hypoxia (5) hypoxia 
+ ATII or RLE-6TN normoxic culture medium (6) hypoxia + ATII or RLE-6TN hypoxic culture medium;
AASMCs: (1) normoxia (2) normoxia + ATII or RLE-6TN normoxic culture medium (3) normoxia + ATII or
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RLE-6TN hypoxic culture medium(4) hypoxia (5) hypoxia + ATII or RLE-6TN normoxic culture medium (6)
hypoxia + ATII or RLE-6TN hypoxic culture medium.

To determine the effects of H2O2 on the proliferation of PASMCs or AASMCs, concentration- response
was constructed by cumulative addition of exogenous H2O2 (5-1000 µM). The H2O2 concentration of the
largest proliferation of PASMCs or AASMCs was selected and then treated with NAC to observe the
change of proliferation.

MTT Assay
All cells were quiesced in serum-free medium for 24 hours after growing to subcon�uence and then
cultured with 5% fetal bovine serum for 48 hours under normoxic or hypoxic conditions. Subsequently,
MTT (5 mg/mL) was added into the plates (80µL/well in 24-well plates or 20µL/well in 96-well plates)
and incubated for another 4 hours. Dimethyl sulfoxide was added into each well, and all plates were
shaken for 10 minutes in a shaker. The optical density (OD) values were collected using a
spectrophotometer (PowerWave XS, BioTekInc, Winooski, VT).

Cell counting
To better investigate the effects of hypoxia on cell proliferation, direct cell counting was performed. Cells
were seeded 6 × 104 cells in 6-well plates and cultured overnight. The cells were then incubated in serum-
free for 24 h. Cells were cultured with normoxic (21% O2) or hypoxic conditions (10% O2 and 5% O2), and
after 48 h they were washed with phosphate buffered solution, harvested by mild trypsinization, and
counted with a hematocytometer.

qRT-PCR
qRT-PCR was performed with SYBR PrimeScript™ RT-PCR kit (TakaRa, Dalian, China). The total RNA of
cells was extracted using Trizol (Invitrogen, Carlsbad, CA, USA). First-strand cDNA was synthesized from
RNA.GAPDH was used as an internal control. Primer sequences were designed using the Primer Premier
5.0 software (PREMIER Biosoft International, CA, USA) and synthesized by the DNA Bio Tec (Shanghai,
China).Primers sequences used were asfollows:forward:5’-TGGGAAACAACACCCCTATTTT-3’and reverse:
5’-CGAAGATACCACCAGTCGTAGTTG-3’for CAT; forward: CTGTGGCTGAGCTGTTGTAA and reverse:
ACAGCGTCCAAGCAATTCAA for SOD2; forward: 5’-CTATCGGCAATGAG CGGTTC-3’and reverse: 5’–
GATCTTGATCTTCATGGTGCTAGG-3’for GAPDH.

Measurement of ROS
PASMCs or AASMCs in N48, H48, H48 + NAC (10 mmol/L) groups were stained with an oxidant-sensitive
�uorescence dye DCFH-DA (10 µmol/L, Nanjing Jian Cheng Bioengineering Institute, Nanjing, China).
Subsequently, the intracellular total ROS were detected through �uorescence microscopy (Leica,
Heidelberg, Germany) and �ow cytometry.

Measurement of H2O2
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The content of H2O2 in AECs and its culture medium were detected using a commercially available
Hydrogen Peroxide Assay Kit (Beyotime Inc, Jiangsu, China) according to the recommended protocols.
The concentrations of H2O2 in different groups were �nally normalized to the corresponding protein
concentrations.

Measurement of SOD
The content and activity of SOD in AECs was detected using a commercially Tatal Superoxide Dismutase
Assay Kit with WST-8 (Beyotime Inc, Jiangsu, China) according to the recommended protocols. The
content of SOD in different groups was �nally normalized to the corresponding protein concentrations.
The activity of SOD is calculated by the formula.

Isolated pulmonary artery ring preparation
Pulmonary artery and aortic artery were obtained according to published articles[25].Rats was
anesthetized with 20% ethylurethanm (4 ml/kg). Lung and heart were removed and immersed into cold
oxygenated Krebs-Henseleit solution (in mM: NaCl 127, KCl 4.7, NaHCO3 17, MgSO4 1.17, KH2PO4 1.18,
CaCl2 2.5, D-glucose 5.5) after median sternotomy was performed. Under a dissecting microscope, the
third-division (external diameter < 300 µm) pulmonary artery and aorta were isolated carefully and cleared
of connective tissue and cut into 3-mm-length rings. Endothelium was removed by gently rubbing the
lumen with swab in rings. Pulmonary ring and aorta ring were suspended respectively on stainless steel
hook connected to force transducers (AD Instruments, Colorado Springs, CO) for isometric force recording
in individual water jacketed organ chamber containing modi�ed Krebs-Henseleit solutions parged
continuously with 95% O2/5% CO2 at 37 °C. Force displacement was recorded with Power Lab (AD
Instruments) eight-channel data acquisition system (sampling rate 100/s).

Experimental protocols
The pulmonary artery ring and aortic artery ring were stretched to a predetermined optimal passive
tension of 500 mg and 1000 mg respectively and equilibrated for 60 min with three washouts at 20-min
intervals. Then reproducibility of contractile responses to 1 µM phenylephrine (> 300 mg) was
established. The rings were rinsed with Krebs-Henseleit solution and the tension returned to baseline. To
determine the effects of H2O2 on the constriction of pulmonary artery and aortic artery, concentration-
response curve was constructed by cumulative addition of exogenous H2O2 (5-1000 µM) at 10-min
interval on ring. The H2O2 concentration of the largest contractile force of artery was selected and then
treated with NAC after 10 min to observe the change of contractile force. To further con�rm that AECs
participated in the constriction of pulmonary artery and aortic artery, pulmonary artery ring and aortic ring
from HPH and normoxic rats had treatment with AECs culture medium and NAC at 10-min intervals to
observe the change of contractile force. The medium with 5% fetal bovine serum was used as a negative
control. In the experiments involving NAC and H2O2, darkened conditions were employed where
kymograph chambers were wrapped in foil with overhead lights switched off.For the vasoconstriction
experiment, 1 µmol/L PE was used. Vascular ring contraction to maximum was labeled as 100%, the
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contraction data for each group was expressed as a percentage of the maximum contraction caused by
1 µmol/L PE.

Statistical analysis
Using SPSS 20.0 software to perform statistical analysis of the data, each group of data is represented
by an average ± standard deviation (mean ± SD).And statistical analysis was assessed by analysis of
variance (one-way ANOVA) for multiple group comparisons and pairing T test for two group comparisons.
A signi�cant difference was accepted as signi�cant if P < 0.05.

Results

Hypoxia induced pulmonary artery pressure elevation,
pulmonary and bronchial artery remodeling, but did not
mCAP and renal artery remodeling
The RVSP was measured by catheterization via jugular vein to right ventricle, which substitutes for the
pulmonary pressure. Four weeks after exposure to hypoxia, RVSP (Fig. 1A) and RV/ (LV + S) % (Fig. 1C)
were signi�cantly elevated in hypoxic group compared with normoxic group, while hypoxia did not
in�uence mCAP considerably (Fig. 1B). MT% and MA% of PA and bronchial artery (BA) were signi�cantly
elevated in hypoxic group compared with normoxic group (Fig. 2A and 2B), while hypoxia did not
in�uence MT% and MA% of renal artery (RA) considerably (Fig. 2A and 2B). In vitro, Hypoxia promoted
the proliferation of PASMCs (Fig. 3A and 3B) and did not affect the proliferation of AASMCs (Fig. 3C and
3D) compared with normoxic group. These results suggested that the different reactions of pulmonary
artery and systemic artery to hypoxia may be related to the microenvironment in which they are located.

Co-culture with AECs promoted the proliferation of PASMCs
or AASMCs under hypoxia
To explore the effect of AEC on PASMCs or AASMCs in vitro, the level of proliferation of PASMCs or
AASMCs were detected by MTT. Under normoxia, co-culture with ATII had no signi�cant effect on the
proliferation of PASMCs or AASMCs compared with without ATII group (Fig. 4A and 4B), and co-culture
with RLE-6TN inhibited the proliferation of PASMCs or AASMCs compared with without RLE-6TN group
(Fig. 4C and 4D). Under hypoxia, co-culture with ATII or RLE-6TN promoted signi�cantly the proliferation
of PASMCs or AASMCs compared with without ATII (Fig. 4A and 4B) or RLE-6TN group (Fig. 4C and
4D).These data indicated that AECs play an important role in the proliferation of vascular smooth muscle
cells in hypoxia.

AECs hypoxic culture medium promoted the proliferation of
PASMCs or AASMCs



Page 9/33

To investigate the involvement of AECs conditioned medium in the proliferation of PASMCs or AASMCs,
the culture medium of PASMCs or AASMCs were replaced by ACE conditioned culture medium to observe
their proliferation. Under normoxia, the normoxic culture medium of ATII had no signi�cant effect on the
proliferation of PASMCs or AASMCs compared with without ATII culture medium group (Fig. 5A and 5B),
and the normoxic culture medium of RLE-6TN inhibited the proliferation of PASMCs or AASMCs
compared with without RLE-6TN culture medium group(Fig. 5C and 5D), while ATII or RLE-6TN hypoxic
culture medium promoted signi�cantly the proliferation of PASMCs or AASMCs compared with without
ATII or RLE-6TN culture medium group(Fig. 5A, B, C, D). Under hypoxia, the normoxic culture medium of
ATII or RLE-6TN had no signi�cant effect on the proliferation of PASMCs or AASMCs compared with
without ATII or RLE-6TN culture medium group (Fig. 5A, B, C, D), while ATII or RLE-6TN hypoxic culture
medium promoted signi�cantly the proliferation of PASMCs or AASMCs compared with without ATII or
RLE-6TN culture medium group (Fig. 5A, B, C, D). These data indicated that AECs hypoxic culture medium
promoted the proliferation of PASMCs and AASMCs and also proved that the microenvironment induced
by AECs in hypoxia play an important role in the proliferation of vascular smooth muscle cells.

AECs hypoxic culture medium promoted the constriction of
PA and AA
To explore whether AECs culture medium can regulate pulmonary or aortic artery ring, we further
examined the effects of AECs culture medium on PA or AA from normoxic and HPH rats. For normoxic
rats, the normoxic culture medium from ATII or RLE-6TN had no signi�cant effect on the constriction of
PA (Fig. 6A and 6B) and AA (Fig. 7A and 7B) compared with the culture medium group, while the hypoxic
culture medium from ATII or RLE-6TN promoted the constriction of PA (Fig. 6A and 6B) and AA (Fig. 7A
and 7B) compared with the culture medium or the normoxic culture medium group. For HPH rats, the
normoxic culture medium from ATII or RLE-6TN had no signi�cant effect on the constriction of AA
(Fig. 9A and 9B) compared with the culture medium group, and the normoxic culture medium from ATII
had also no signi�cant effect on the constriction PA (Fig. 8A) compared with culture medium group, but
the normoxic culture medium from RLE-6TN promoted the constriction of PA (Fig. 8B), and the hypoxic
culture medium from ATII or RLE-6TN promoted the constriction of PA (Fig. 8A and 8B) and AA (Fig. 9A
and 9B) compared with the culture medium or the normoxic culture medium group. These results showed
that AECs hypoxic culture medium could induce the constriction of PA and AA and also proved that the
microenvironment induced by AECs in hypoxia play an important role in the vasoconstriction.

Effect of hypoxia on ROS in AECs
To explore the possible mechanism involved the effect of AECs on the proliferation of PASMCs or
AASMCs, total intracellular ROS was detected through DCFH-DA and the content of H2O2 in AECs and its
culture medium were determined by commercial kit. Hypoxia increased the production of ROS and H2O2

in AECs and AECs culture medium (Fig. 10C, D, and E). Meanwhile, we examined mRNA level of SOD2 and
CAT by QT-PCR, and detected the total content and activity of SOD in AECs by commercial kits. Hypoxia
increased the mRNA of SOD2 (Fig. 11A) and the total content and activity of SOD (Fig. 10A and 10B),
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while hypoxia have no signi�cant effect on the mRNA of CAT (Fig. 11B). These results showed that the
increase of ROS and H2O2 in AECs was caused by imbalance of SOD2 and CAT in hypoxia.

Effect of exogenous H2O2 on the proliferation of PASMCs or
AASMCs
Some studies have reported that the effects of different concentrations of H2O2 on cell proliferation were
different. We used exogenous 0-1000 µM H2O2 to observe how H2O2 affects the proliferation of PASMCs
or AASMCs under normoxia. Results showed that 0–50 µM H2O2 led to a dose-dependent increase in the
proliferation of PASMCs, and then the proliferation of PASMCs is gradually inhibited by 100–1000 µM
H2O2 (Fig. 12A).Similar to the effects of H2O2 on PASMCs, 0-100 µM H2O2 led to a dose-dependent
increase in the proliferation of AASMCs, and then the proliferation of AASMCs is gradually inhibited by
200–1000 µM H2O2 (Fig. 12B). To observe the effect of NAC on PASMCs or AASMCs proliferation, we
choose 50 µM and 100 µM H2O2, which were the most obvious concentration that affected the
proliferation of PASMCs and AASMCs respectively. Results showed that NAC (5 mM and 10 mM)
effectively inhibited the proliferation of PASMCs or AASMCs, of which the effect of 10 mM NAC was most
obvious (Fig. 12C and 12D).

Effect of exogenous H2O2 on the constriction of PA or AA
To explore whether H2O2 regulate PA or AA ring, we used exogenous H2O2 (5-1000 µM) to observe how
H2O2 affected the constriction of PA or AA from normal rats. Results showed that 5-400 µM H2O2 led to a
dose-dependent increase in the constriction of PA, and then the constriction of PA is gradually inhibited
by 600–1000 µM H2O2 (Fig. 13A). Similar to the effects of H2O2 on PA, 5-600 µM H2O2 led to a dose-
dependent increase in the constriction of AA, and then the constriction of AA is gradually inhibited by
800–1000 µM H2O2 (Fig. 13B). To observe the effect of NAC on PA or AA constriction, we choose 400µΜ
and 600 µM H2O2, which were the most obvious concentration that affected constriction of PA and AA
respectively. Results showed that 10 mM NAC effectively inhibited the constriction of PA or AA (Fig. 14A
and 14B).

NAC effectively inhibited the proliferation of PASMCs or
AASMCs co-cultured with AECs
The concentration of H2O2 in AECs cell culture medium for 24 h in hypoxia was detected in the range of
promoting cell proliferation (Fig. 10E). NAC intervention was performed in the co-culture medium. The
proliferation of PASMCs (Fig. 15A and 15B) and AASMCs (Fig. 15C and15D) was effectively inhibited
by10mM NAC. This experiment suggested that H2O2 from ATII or RLE-6TN was involved in the
proliferation of PASMCs or AASMCs.

NAC effectively inhibited the constriction of PA or AA
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The concentration of H2O2 in AECs culture medium for 24 h in hypoxia was detected in the range of
promoting constriction. NAC intervention was performed in the hypoxic culture medium from ATII or RLE-
6TN, the constriction of PA (Fig. 16A and 17A) or AA (Fig. 16B and 17B) was effectively inhibited by
10 mM NAC. This experiment suggested that H2O2 from ATII or RLE-6TN was involved in the constriction
of PA or AA.

Discussion
In this study, we �rst showed that AECs not only caused the proliferation of PASMCs, but also induced
proliferation of AASMCs under hypoxia, and the hypoxic culture medium of AECs promoted both
constriction of PA or AA in vitro. At the same time, we also con�rmed that it was related to H2O2 derived
from AECs which was induced by the imbalance between SOD2 and CAT in AECs. NAC, the inhibitor of
ROS, markedly ameliorated the proliferation of PASMCs or AASMCs and the constriction of PA or AA. The
present study �rst demonstrated that the difference in pressure variation between pulmonary artery and
aortic artery in HPH rats was related to pulmonary microenvironment in which AECs involved, and the
effect of AECs on the remodeling and constriction of pulmonary vessel was through H2O2.

In 1969, researches have con�rmed that only alveolar hypoxia caused hypoxic pulmonary
vasoconstriction, and hypoxemia did not [26, 27]. Though bronchial artery belongs to systemic circulatory
vessel, it is also exposed to pulmonary microenvironment and has undergone remodeling. In the case of
ventilatory dysfunction and low oxygen in the plateau, AECs is the �rst to perceive hypoxia. Therefore, we
thought that AECs should play an important role in HPH. In our study, we constructed the model of HPH
to observe hemodynamic and morphological of PA, BA and RA. The results showed that hypoxia led to
RVSP, RV/ (LV + S) %, MT% and MA% of PA and BA signi�cantly elevate, while did not mCAP and MT%
and MA% of RA. In vitro, co-culture with AECs and treatment with AECs hypoxia culture medium
signi�cantly promoted not only PASMCs proliferation and PA constriction, but also AASMCs proliferation
and AA constriction. Therefore, in vivo and in vitrodata suggested that AECs played a critical role on HPH,
and in vitrodata shown thatsystemic circulatory vessel placed in the microenvironment where AECs exists
also undergone remodeling and constriction.

It is interesting to consider the regulation of key antioxidant enzymes such as SODand CATin evaluating
the role of redox-regulating signaling in pulmonary vascular diseases [28]. SOD catalyze the rapid
dismutation of superoxide (O2•-) to hydrogen peroxide (H2O2) and molecular oxygen, however, CAT
catalyzes the two-stage conversion of H2O2 to water and oxygen[28].H2O2 is a stable and easily diffused
out of the cell[14]. SOD has three isoforms, which are located in the cytosol (SOD1), mitochondria (SOD2)
or extracellular compartment (SOD3)[29]. Accumulating evidence suggested that impaired activity of
SOD2 and SOD3contributed to pulmonary hypertension, and the level and activity of SOD1 has not been
found signi�cantly perturbed in human pulmonary hypertension[30, 31]. Our data suggested that the
mRNA level of SOD2 and the content and activity of total SOD were increase in AECs under hypoxia, while
the mRNA level of CAT have no signi�cant change. And the content of ROS and H2O2 in AECs and H2O2
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in AECs culture medium also were increase under hypoxia. Hence, in vitro data suggested that H2O2

derived from AECs affected pulmonary microenvironment.

Recently, an increasing number of studies showed that H2O2 can regulate a variety of cellular functions,
including proliferation, differentiation, and more generally gene expression[32, 33]. However, quantitative
data on the basal concentrations of H2O2 and the thresholds for cell proliferation are limited, and it is
also reported that treatment with a continuous extracellular source of H2O2 increases cell proliferation
[22, 34]. The present study provided the range of concentrations of exogenous H2O2 for PASMCs and
AASMCs proliferation and that hypoxia increased intracellular and extracellular H2O2 of AECs. Moreover,
the extracellular H2O2 concentration of AECs was within the range of H2O2 concentrations for PASMCs
and AASMCs proliferation. Co-culture with AECs under hypoxic or the intermittent replacement of AEC
hypoxic culture medium which were consistent with the conditions of continuous extracellular source of
H2O2 induced PASMCs or AASMCs proliferation. In other words, the method described above effected the
proliferation of PASMCs or AASMCs by changing the microenvironment of PASMCs and AASMCs. In
addition, NAC intervention reduced the proliferation PASMCs and AASMCs co-cultured with AECs under
hypoxia, which further indicated extracellular H2O2 derived from AECs play important role in PASMCs and
AASMCs proliferation under hypoxia. Jin N [35]reported that exposure to H2O2 cause smooth muscle
constrictions and dysfunction in isolated pulmonary artery. The present study also provided the range of
exogenous H2O2 concentrations for PA or AA constriction. Moreover, the extracellular H2O2 concentration
of AECs in hypoxia was within the range of H2O2 concentrations for PA and AA constriction. AECs
hypoxic culture medium induced PA and AA constrictions, and NAC intervention could reduce this effect.
It’s indicated hypoxic culture mediumH2O2derived from AECs played important role in PA and AA
constriction. Taken together, these in vitro data indicated AECs involved in remodeling and constriction of
pulmonary vessel through releasingH2O2under hypoxia. Meanwhile, it also showed that systemic
circulatory vessel also undergo the same change as pulmonary vessel in the AECs-induced
microenvironment by H2O2under hypoxia.

Conclusion
The proliferation of PASMCs and constrictions of PA are essential for the development of HPH. Our study
had shown that the pulmonary microenvironment was bene�cial to HPH and AECs played a crucial part
in construct an pulmonary microenvironment. The continuous extracellular source of ROS is necessary to
induce PASMCs proliferation and PA constriction. H2O2 derived from AECs in�uenced the pulmonary
microenvironment and also was involved in pulmonary vascular remodeling and constriction in HPH.

Abbreviations
HPH: Hypoxic pulmonary hypertension; AECs: alveolar epithelial cells; PA: pulmonary artery; AA: aortic
artery; PASMCs :pulmonary artery smooth cells; AASMCs :aortic artery smooth cells; SOD2:superoxide
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Figure 1

ATII and RLE-6TN hypoxic culture medium promoted the constriction of AA from normoxic rats (A) The
effect of ATII normoxic or hypoxic culture medium on the constriction of AA from normoxic rats (B) The
effect of RLE-6TN normoxic or hypoxic culture medium on the constriction of AA from normoxic rats.CM=
culture medium, ANCM=ATII normoxic culture medium, AHCM= ATII hypoxic culture medium, RNCM=RLE-
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6TN normoxic culture medium, RHCM=RLE-6TN hypoxic culture medium. n=5, Data are means ± S.D.*P<
0.05vs.CM.

Figure 1

Effect of exogenous H2O2 on the constriction of PA or AA. (A) 5-400 μM H2O2 led to a dose-dependent
increase in the constriction of PA, and the constriction of PA was gradually inhibited by H2O2 from 600
μM to1000 μM. (B) 5-600 μM H2O2 led to a dose-dependent increase in the constriction of AA, and the
constriction of AA was gradually inhibited by H2O2 from 800 μM to 1000 μM. n=5, Data are means ±
S.D.*P< 0.05 or **P< 0.01vs.5μM H2O2.
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Figure 1

Effect of exogenous H2O2 andNAC intervention on the proliferation of PASMCs or AASMCs. (A) 0-50 μM
H2O2 led to a dose-dependent increase in the proliferation of PASMCs, and the proliferation of PASMCs
was gradually inhibited by H2O2from 100 μM to 1000 μM (B) 0-100 μM H2O2 led to a dose-dependent
increase in the proliferation of AASMCs, the proliferation of AASMCs was gradually inhibited by H2O2
from 200μM to 1000 μM. (C) 5mM and 10mM NAC effectively inhibited the proliferation of PASMCs (D)
5mM and 10mM NAC effectively inhibited the proliferation of AASMCs. n=8, Data are means ± S.D. A, B
**P< 0.01 or *P< 0.05vs.0 μM H2O2 C, D **P< 0.01 or *P< 0.05vs.50 μM H2O2, ##P< 0.01 or #P<
0.05vs.100 μM H2O2.
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Figure 1

Hypoxia increased total intracellular ROS (A) Hypoxia increased the total content of SOD in ATII (B)
Hypoxia increased the activity of SOD in ATII (C) Hypoxia increased the intensity of ROS in ATII (D)
Hypoxia increased the content of H2O2 in ATII(E) Hypoxia increased the content of H2O2 in ATII culture
medium.
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Figure 1

ATII and RLE-6TN hypoxic culture medium promoted the constriction of AA from HPH rats (A) The effect
of ATII normoxic or hypoxic culture medium on the constriction of AA from HPH rats (B) The effect of
RLE-6TN normoxic or hypoxic culture medium on the constriction of AA from HPH rats.CM=culture
medium, ANCM=ATII normoxic culture medium, AHCM=ATII hypoxic culture medium, RNCM=RLE-6TN
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normoxic culture medium, RHCM=RLE-6TN hypoxic culture medium. n=5, Data are means ± S.D.*P< 0.05
orvs.CM.

Figure 1

Effect of NAC intervention on the constriction of PA or AA. (A) 10mM NAC effectively inhibited the
constriction of PA (B)10mM NAC effectively inhibited the constriction of AA. n=5, Data are means ± S.D.
**P< 0.01, ##P< 0.01vs.400 μM H2O2 or 600 μM H2O2.
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Figure 1

ATII and RLE-6TN hypoxic culture medium promoted the constriction of PA from normoxic rats (A) The
effect of ATII normoxic or hypoxic culture medium on the constriction of PA from normoxic rats (B) The
effect of RLE-6TN normoxic or hypoxic culture medium on the constriction of PA from normoxic
rats.CM=culture medium, ANCM=ATII normoxic culture medium, AHCM= ATII hypoxic culture medium,
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RNCM= RLE-6TN normoxic culture medium, RHCM= RLE-6TN hypoxic culture medium. n=5, Data are
means ± S.D. *P < 0.05 vs.CM, #P < 0.05 or ##P < 0.01 vs. ANCM or RNCM.

Figure 1

NAC effectively inhibited the proliferation of PASMCs or AASMCs co-cultured with AECs. (A) The
proliferation of PASMCs co-cultured with ATII was effectively inhibited by 10 mM NAC (B) The
proliferation of PASMCs co-cultured with RLE-6TN was effectively inhibited by 10 mM NAC (C) The
proliferation of AASMCs co-cultured with ATII was effectively inhibited by 10 mM NAC (D) The
proliferation of AASMCs co-cultured with RLE-6TN was effectively inhibited by 10 mM NAC. P=PASMCs
A=AASMCs. n=8, Data are means ± S.D. **P< 0.01,*P< 0.05 vs. P or A, ##P< 0.01, #P< 0.05 vs. P+ATII or
P+R, A+ATII or A+R.
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Figure 1

ATII and RLE-6TN hypoxic culture medium promoted the constriction of PA from HPH rats (A) The effect
of ATII normoxic or hypoxic culture medium on the constriction of PA from HPH rats (B) The effect of
RLE-6TN normoxic or hypoxic culture medium on the constriction of PA from HPH rats.CM=culture
medium, ANCM=ATII normoxic culture medium, AHCM=ATII hypoxic culture medium, RNCM=RLE-6TN
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normoxic culture medium, RHCM=RLE-6TN hypoxic culture medium. n=5, Data are means ± S.D.*P< 0.05
or **P< 0.01vs.CM, #P< 0.05 vs. ANCM.

Figure 1

NAC effectively inhibited the constriction of PA or AA induced by RLE-6TN hypoxic culture medium.(A)
The constriction of PA induced by RLE-6TN hypoxic culture medium was effectively inhibited by 10 mM
NAC (B) The constriction of AA induced by RLE-6TN hypoxic culture medium was effectively inhibited by
10 mM NAC. RHCM=RLE-6TN hypoxic culture medium. n=5, Data are means ± S.D. **P< 0.01 vs. RHCM.
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Figure 1

AECs hypoxic culture medium promoted the proliferation of PASMCs or AASMCs (A) PASMCs+ ATII
normoxic or hypoxic culture medium (B) AASMCs + ATII normoxic or hypoxic culture medium
(C)PASMCs+RLE-6TN normoxic or hypoxic culture medium (D) AASMCs+RLE-6TN normoxic or hypoxic
culture medium. ANCM=ATII normoxic culture medium, AHCM=ATII hypoxic culture medium, RNCM=RLE-
6TN normoxic culture medium, RHCM=RLE-6TN hypoxic culture medium, P=PASMCs, A=AASMCs. n=8,
Data are means ± S.D. #P< 0.05 or ##P< 0.01 vs. 5% O2 PASMCs or AASMCs,*P< 0.05 or ** P< 0.01vs.
21% O2 PASMCs or AASMCs.
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Figure 1

Hypoxia increased SOD2 mRNA level of ATII (A) Hypoxia increased SOD2 mRNA level of ATII. (B) Hypoxia
didn’t increased CAT mRNA level of ATII n=3, Data are means ± S.D.**P< 0.01 vs.21% O2.
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Figure 1

Co-culture with AECs promoted the proliferation of PASMCs or AASMCs under hypoxia. (A) PASMCs co-
culture with ATII (B) AASMCs co-culture with ATII (C) PASMCs co-culture with RLE-6TN (D)AASMCs co-
culture with RLE-6TN. P=PASMCs, A=AASMCs, R=RLE-6TN. n=5, Data are means ± S.D.#P< 0.05 or ##P<
0.01 vs.5% O2 PASMCs or AASMCs.* P< 0.05 vs.21% O2 PASMCs or AASMCs.
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Figure 1

NAC effectively inhibited the constriction of PA or AA induced by ATII hypoxic culture medium.(A) The
constriction of PA induced by ATII hypoxic culture medium was effectively inhibited by 10 mM NAC (B)
The constriction of AA induced by ATII hypoxic culture medium was effectively inhibited by 10 mM
NAC.AHCM=ATII hypoxic culture medium. n=5, Data are means ± S.D. **P< 0.01 vs. AHCM.
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Figure 1

Effects of hypoxia on structure of pulmonary, bronchial and renal artery in rats. (A)Reconstruction of
pulmonary artery and bronchial artery were observed by HE staining a,b,c) pulmonary artery, bronchial
artery and renal artery in normoxic group d,e,f) pulmonary artery, bronchial artery and renal artery in
hypoxic group. (B) MT% and MA% of pulmonary and bronchial artery were signi�cantly elevated in
hypoxic group compared with the normoxic group a, b) MT% and MA% of pulmonary artery c, d)MT% and
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MA% of bronchial artery e, f) MT% and MA% of renal artery. N= normoxic group H=hypoxic group. n=12,
Data are means ± S.D. **P < 0.01 vs normoxic group.

Figure 1

Effects of hypoxia on proliferation of PASMCs and AASMCs. (A and B) Hypoxia promoted the
proliferation of PASMCs (C and D) Hypoxia had no obvious effect on the proliferation of AASMCs. n=8,
Data are means ± S.D. #P < 0.05, ## P <0.01,*P < 0.05 or **P < 0.01 vs 21% O2.
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Figure 1

Effects of hypoxia on RVSP, mCAP and right ventricular hypertrophy index in rats. (A) RVSP was
signi�cantly elevated in hypoxic group compared with the normoxic group (B) Hypoxia did not in�uence
mCAP considerably. (C) RV/ (LV+S) % was signi�cantly elevated in hypoxic group compared with
normoxic group, N= normoxic group H=hypoxic group. n=12, Data are means ± S.D. **P< 0.01 vs
normoxic group.


