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Abstract 

Background: Hypoxic pulmonary hypertension (HPH) is a common type of pulmonary hypertension and charac-
terized by pulmonary vascular remodeling and constriction. Alveolar epithelial cells (AECs) primarily sense alveolar 
hypoxia, but the role of AECs in HPH remains unclear. In this study, we explored whether AECs are involved in pulmo-
nary vascular remodeling and constriction.

Methods: In the constructed rat HPH model, hemodynamic and morphological characteristics were measured. By 
treating AECs with hypoxia, we further detected the levels of superoxide dismutase 2 (SOD2), catalase (CAT), reactive 
oxygen species (ROS) and hydrogen peroxide  (H2O2), respectively. To detect the effects of AECs on pulmonary vascu-
lar remodeling and constriction, AECs and pulmonary artery smooth cells (PASMCs) were co-cultured under hypoxia, 
and PASMCs and isolated pulmonary artery (PA) were treated with AECs hypoxic culture medium. In addition, to 
explore the mechanism of AECs on pulmonary vascular remodeling and constriction, ROS inhibitor N-acetylcysteine 
(NAC) was used.

Results: Hypoxia caused pulmonary vascular remodeling and increased pulmonary artery pressure, but had little 
effect on non-pulmonary vessels in vivo. Meanwhile, in vitro, hypoxia promoted the imbalance of SOD2 and CAT 
in AECs, leading to increased ROS and hydrogen peroxide  (H2O2) production in the AECs culture medium. In addi-
tion, AECs caused the proliferation of co-cultured PASMCs under hypoxia, and the hypoxic culture medium of AECs 
enhanced the constriction of isolated PA. However, treatment with ROS inhibitor NAC effectively alleviated the above 
effects.

Conclusion: The findings of present study demonstrated that AECs were involved in pulmonary vascular remodeling 
and constriction under hypoxia by paracrine  H2O2 into the pulmonary vascular microenvironment.
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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, as well 
as morbidity and mortality [4–6]. Hypoxic pulmonary 
hypertension (HPH) is highly prevalent in advanced 
chronic obstructive pulmonary disease and high alti-
tude hypoxia [7], and has a complex pathological process 
involving multiple mechanisms. Although there are many 
studies on the mechanism of HPH, the underlying molec-
ular mechanisms are not yet fully elucidated to this date. 
Therefore, it is highly needed to further explore novel 
mechanism of HPH.

It is well known that the pulmonary vascular system 
responds to hypoxia with vasoconstriction rather than 
vasodilation like in the systemic circulation [8]. Alveo-
lar hypoxia causes the increase of pulmonary artery 
pressure, but there is no systemic circulation pressure 
increase. Alveolar hypoxia is primarily sensed at the 
alveolo capillary membrane, which is formed by juxta-
posed epithelial and endothelial membranes in the alve-
olar wall, from where the hypoxic signal is propagated 
to pulmonary arterioles and subsequently triggers con-
striction of pulmonary artery smooth cells (PASMCs) 
[9]. In the lung, although alveolar epithelial cells (AECs) 
and endothelial cells were responsive to altered oxy-
gen tensions, AECs were generally more sensitive than 
endothelial cells in regulation of hypoxic adaptation 
[10]. In the alveolar wall, the tight junction of epithe-
lium and endothelium strongly indicates the presence 
of direct crosstalk [9]. Recently, the key role of endothe-
lial cell-SMC crosstalk on HPH has been proposed [8, 
11–15]. However, it is almost unknown whether AECs 
are involved in the development of HPH. The aim of the 
study was to analyze the role and possible mechanisms by 
which AECs are involved in HPH.

The electron transfer process produces reactive oxygen 
species (ROS) such as hydroxide radicals  (HO•), singlet 
oxygen (1O2), superoxide anions  (O2

·_) and hydrogen 
peroxide  (H2O2) [16–18]. In the cell normal metabolism, 
the antioxidant enzymes superoxide dismutase (SOD), 
catalase (CAT) and peroxidase (POD) can prevent the 
accumulation of  O2

·_ and  H2O2 [19, 20]. The balance 
between production and degradation rates determines 
the steady-state concentrations of ROS in each intracel-
lular compartment.  H2O2 is a stable and easily diffused 
out of the cell [18].  H2O2 has been shown to be involved 

in cell proliferation [21], cell-cycle arrest [22] and apop-
tosis [23] and vascular smooth muscle constriction [24].
The multiple responses of the lung to oxygen are a physi-
ological paradigm of the variety of cellular responses to 
ROS in vitro. In the alveolus, AECs are the first to sense 
changes of oxygen concentration. Recently, there is evi-
dence that hypoxia leads to a significant increase in the 
concentration of ROS in AECs [15, 25]. A recent study 
has shown that cell proliferation can be achieved only 
by exposing cells to a constant flow of  H2O2 generated 
by the the glucose/glucose oxidase (G/GO) system [26]. 
Therefore, AECs, as the cells around the pulmonary cap-
illaries, can affect the pulmonary vascular remodeling 
and constriction by constant release of  H2O2.

In this study, we reported that AECs were involved in 
pulmonary vascular remodeling and constriction by par-
acrine  H2O2 to pulmonary vascular microenvironment. 
And the upregulation of  H2O2 in AECs was caused by 
imbalance of SOD2 and CAT under hypoxia. We hypoth-
esized that the up-regulation of  H2O2 in AECs could pro-
vide a novel mechanism into the pathogenesis of HPH.

Methods
Experimental protocol
Male Sprague–Dawley rats (200–250 g) were purchased 
from the animal center of the Fourth Military Medical 
University (Xi’an, China). All animal experimental proce-
dures 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 (cer-
tificate No. 201000082, Grade II). To obtain pulmonary 
hypertension rats, rats were housed intermittently in a 
hypobaric hypoxia chamber depressurized to 380 mmHg 
(10% oxygen) and subjected to hypobaric hypoxia chal-
lenge of 8 h/d for 4 weeks. Age-matched rats were housed 
in room air (21% oxygen) accordingly as controls.

Hemodynamic and histological analysis: the measure-
ment of right ventricular pressure and the hematoxylin 
and eosin staining of lung and renal tissues were per-
formed according to our established protocol [27]. Briefly, 
after 4 weeks of hypoxia, the animals were anesthetized 
with 20% ethylurethan (4 ml/ kg, i.p.). Then, a soft silica 
gel catheter linked to a Power lab system (AD Instru-
ments, Colorado Springs, CO, Australia) was inserted 
into the right jugular vein. The right ventricle peak sys-
tolic 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 h 
embedded in paraffin, sectioned into 5 µm thick sections 
and then subjected to hematoxylin and eosin staining. 
Microscopic evaluation showed structure remodeling 
of the pulmonary vessel. Total 60 of pulmonary vessel, 
bronchial vessel and renal vessel in approximate round 
shape were obtained from each group. Their external 
diameters are 50–180 µm and the average size of artery 
was 78 µm. The outside diameter and inside diameter of 
pulmonary vessel were measured by an image-processing 
program (Image-Pro Plus, Version 5.1, Media Cybernet-
ics, 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 × (2 × medial wall thickness) 
/ (vessel diameter), MA% = 100 × (cross sectional medial 
wall area) / (total cross-sectional vessel area). All the 
morphological analysis was conducted via a double-blind 
method.

Arterial rings isolation: the PA and aortic artery (AA) 
were obtained according to published articles [25]. 
Briefly, normoxic and HPH rats were anesthetized with 
20% ethylurethan (4  ml/kg, i.p.). Lung and heart were 
removed and immersed into ice-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 dis-
secting microscope, the third-division (external diam-
eter < 300 μm) PA and AA were isolated carefully, cleared 
of connective tissue and cut into 3-mm-length rings. 
Endothelium was removed by gently rubbing the lumen 
with swab in rings. The PA and AA rings 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 modified Krebs–Henseleit 
solutions parged continuously with 95%  O2 and 5%  CO2 
at 37 °C. Isometric force was recorded with a force–dis-
placement transducer and a PowerLab eight-channel data 
acquisition system (AD Instruments, Colorado Springs, 
CO, USA) and then was analyzed by MacLab/400 and 
Chart software (version 5.5 from ADInstruments).The 
pulmonary and aortic artery ring were stretched to a 
predetermined optimal passive tension of 500  mg and 
1000  mg, respectively and stabilized for 60  min with 

three washouts at 20-min intervals. Then reproduc-
ibility 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 test the effects of  H2O2 on the constriction of 
PA and AA, dose–response curve was obtained by cumu-
lative addition of exogenous  H2O2 (5 ×  10–6 to  10–3  M) 
at 10-min interval on PA and AA rings. The  H2O2 con-
centration of the largest contractile force of artery was 
selected and then treated with ROS inhibitor N-acetyl-
cysteine (NAC) for 10 min to observe the change of con-
tractile force. To further confirm that AECs participated 
in the constriction of PA and AA, pulmonary and aor-
tic ring from normoxic and HPH rats were treated with 
AECs normoxic and hypoxic culture medium and NAC 
at 10-min intervals to observe the change of contractile 
force. The medium with 5% fetal bovine serum (FBS) 
was used as a negative control. The experiments involv-
ing NAC and  H2O2 were performed in the dark. For the 
vasoconstriction experiment, 1 μmol/L PE was used. Vas-
cular ring contraction to maximum was labeled as 100%, 
and the contraction data for each group was expressed 
as a percentage of the maximum contraction caused by 
1 μM PE.

Cell culture
Rat primary PASMCs and AASMCs were obtained by 
tissue explants culturing method according to our estab-
lished protocol [22]. PA and AA were isolated from male 
Sprague–Dawley rats (200–250  g) and dissected into 
small pieces after the adventitial layers were removed. 
Then, they were placed in an overturned culture flask 
containing Dulbecco Eagle’s minimum essential Medium 
(DMEM, HyClone, Logan, UT) with 15% FBS, CellMax, 
Beijing, China) at 37  °C in 21% oxygen condition. The 
flask was carefully turned over after 4  h. PASMCs and 
AASMCs crawled out from the tissue in about a week. 
Cells were used between passages 3 to 6. Smooth muscle 
cell was identified 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 were rat 
primary ATII cells. Rat primary ATII cells were isolated 
from male SpragueDawley rats (180–200  g) as previ-
ously described [28]. Pooled cells from 2 rats were pre-
pared as follows. Rats were injected intraperitoneally 
with 20% ethylurethan (4 ml/ kg, i.p.) and intravenously 
4000U/kg heparin sodium. Then, rats were exsangui-
nated by cutting the abdominal aorta under the aseptic 
condition. Blood was replaced by solution II (50 ml) (in 
mM: 140 NaCl, 5 KCl, 10 Hepes,  2CaCl2, 2.5 PBS (pH 
7.4), 1.3  MgSO4) which was perfused via the PA. The 
lungs were removed from the thorax and lavaged and 
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washed 8 times with the solution I (10 ml/time) (in mM: 
140NaCl, 5 KCl, 10 Hepes, 6 D-glucose, 2.5 PBS (pH 7.4), 
0.2 EDTA) and 2 times with the solution II (10 ml/time). 
Lungs were then filled 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 
dissected into small pieces in the presence of 4 ml DNAse 
I and 5 ml FBS. The lung tissues were then sequentially 
filtered through 125 μm and 75 μm stainless mesh. The 
filtrate was centrifuged at 1000r/min for 8 min. The cell 
pellet was resuspended in DMEM at 37℃.The cell sus-
pension 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 cul-
ture plates 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 fluorescence with phosphine3 Ras pre-
viously described [28]. AECs were seeded in 24-well cul-
ture plates at 5 ×  103 cells per well under normoxic (21% 
 O2) or hypoxic conditions (5%  O2). AECs culture medium 
was collected at 24 h for the subsequent experiments.

Cell treatment
The effect of hypoxia on the proliferation of PASMCs 
and AASMCs was investigated under different oxygen 
concentrations. PASMCs and AASMCs were seeded in 
96-well culture plates at 3 ×  104 cells per well under nor-
moxic (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 and AASMCs 
were seeded in 24-well culture plates at a density of 
3 ×  104 cells per well, ATII 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: 
(1) normoxia (2) hypoxia (3) co-culture with ATII under 
normoxia (4) co-culture with ATII under hypoxia.

To further confirm that AECs participated in the pro-
liferation of PASMCs and AASMCs, the culture medium 
of PASMCs and AASMCs were replaced by AECs cul-
ture medium under normoxic or hypoxic conditions 
every 12  h. The cells were grouped as follows: (1) nor-
moxia (2) hypoxia (3) treatment with ATII normoxic cul-
ture medium under normoxia (4) treatment with ATII 
hypoxic culture medium under normoxia (5) treatment 
with ATII normoxic culture medium under hypoxia (6) 

treatment with ATII hypoxic culture medium under 
hypoxia.

We assessed the effects of  H2O2 on the proliferation 
of PASMCs and AASMCs by the cumulative addition 
of exogenous  H2O2 (5 ×  10–6 to  10–3  M).The  H2O2 con-
centration of the largest proliferation of PASMCs and 
AASMCs was selected and then treated with NAC (5 
mMand10mM) to observe the change of proliferation. As 
well as NAC (10 mM) was used in the co-culture system.

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 
medium for 24  h. Cells were cultured with normoxic 
(21%  O2) or hypoxic conditions (10%  O2 and 5%  O2), and 
after 48 h, they were were rinsed with phosphate buffered 
solution, harvested by mild trypsinization, and counted 
with a hematocytometer.

MTT assay
All cells were starved in serum-free medium for 24 h after 
growing to subconfluence and then cultured with 5% fetal 
bovine serum for 48 h under normoxic or hypoxic con-
ditions. Subsequently, MTT (5  mg/mL) was added into 
the plates (80 μL/well in 24-well plates or 20 μL/well in 
96-well plates) and incubated for another 4 h. Dimethyl 
sulfoxide was added into each well, and all plates were 
shaken for 10 min in a shaker. The optical density (OD) 
values were collected using a spectrophotometer (Power-
Wave XS, BioTekInc, Winooski, VT).

Quantitative real‑time PCR (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′-TGG 
GAA ACA ACA CCC CTA TTTT-3′ and reverse: 5′-CGA 
AGA TAC CAC CAG TCG TAG TTG -3′ for CAT; forward: 
CTG TGG CTG AGC TGT TGT AA and reverse: ACA GCG 
TCC AAG CAA TTC AA for  SOD2; forward: 5′-CTA TCG 
GCA ATG AG CGG TTC -3′and reverse: 5′–GAT CTT 
GAT CTT CAT GGT GCT AGG -3′for GAPDH.

ROS,  H2O2 and SOD measurement
PASMCs and AASMCs were stained with an oxidant-
sensitive fluorescence dye DCFH-DA (10  μmol/L, Nan-
jing Jian Cheng Bioengineering Institute, Nanjing, 
China). Subsequently, the intracellular total ROS were 
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detected through fluorescence microscopy (Leica, Hei-
delberg, Germany) and flow cytometry.

The content of  H2O2 in AECs and AECs 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 finally 
normalized to the corresponding protein concentrations.

The content and activity of SOD in AECs were detected 
using a commercially Tatal Superoxide Dismutase Assay 
Kit with WST-8 (Beyotime Inc, Jiangsu, China) accord-
ing to the recommended protocols. The content of SOD 
in different groups was finally normalized to the corre-
sponding protein concentrations. The activity of SOD is 
calculated by the formula.

Statistical analysis
All data were analyzed using SPSS 20.0 software, and rep-
resented as average ± standard deviation (mean ± SD). 
Analysis of variance (one-way ANOVA) was used for 
multiple group comparisons, and paired t test was used 
for two group comparisons. A P value < 0.05 was consid-
ered statistically significant.

Results
Effects of hypoxia on hemodynamics and pulmonary 
and systemic arterial wall remodeling
RVSP was measured by catheterization via jugular vein 
to right ventricle, which substitutes for the pulmonary 
artery pressure. Compared with normoxic group, the 

RVSP (Fig.  1a) and RV/ (LV + S) % (Fig.  1c) increased 
significantly in the hypoxia group, while the effect of 
hypoxia on mCAP was not significant (Fig.  1b). Com-
pared with the normoxia group, the MT% and MA% of 
PA and BA in hypoxic group were significantly increased 
(Fig. 2a, b). However, hypoxia had no significant effect on 
the MT% and MA% of RA (Fig. 2a, b). Besides, compared 
with the normoxic group, hypoxia promoted the prolif-
eration of PASMCs (Fig. 3a, b) in vitro, but did not affect 
the proliferation of AASMCs (Fig.  3c, d). These results 
indicated that the different responses of pulmonary and 
systemic arteries to hypoxia might be related to the vas-
cular microenvironment.

Effects of AECs on the proliferation of PASMCs and AASMCs 
under hypoxia
To explore the effect of AECs on PASMCs or AASMCs 
in vitro, the proliferation of PASMCs and AASMCs were 
detected by MTT. Under normoxia, co-culture with ATII 
had no significant effect on the proliferation of PASMCs 
and AASMCs compared with those co-cultured with-
out ATII (Fig.  4a, b), However, co-culture with ATII 
significantly promoted the proliferation of PASMCs 
and AASMCs compared with those co-cultured with-
out ATII under hypoxia (Fig.  4a, b). To further clarify 
the effect of AECs on the proliferation of PASMCs or 
AASMCs, the culture medium of PASMCs and AASMCs 
were replaced with AECs conditioned culture medium. 
Under normoxia, the normoxic culture medium of ATII 
had no significant effect on the proliferation of PASMCs 

Fig. 1 Effects of hypoxia on RVSP, mCAP and right ventricular hypertrophy index in rats. a RVSP increased significantly in hypoxic group compared 
with the normoxic group. b Hypoxia had no significant effect on mCAP. c RV/(LV + S)% increased significantly in hypoxic group compared with 
normoxic group. N:  normoxic group, H:  hypoxic group. n = 12, Data are means ± S.D. **P < 0.01 vs. N

(See figure on next page.)
Fig. 2 Effects of hypoxia on structure of pulmonary and systemic vessels in rats. A Reconstruction of pulmonary and systemic artery were observed 
by HE staining (a–c) pulmonary artery, bronchial artery and renal artery of normoxic group (d–f) pulmonary artery, bronchial artery and renal artery 
of hypoxic group. B MT% and MA% of pulmonary and bronchial artery were significantly increased in hypoxic group compared with the normoxic 
group (a, b) MT% and MA% of pulmonary artery (c, d) MT% and 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. N
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and AASMCs compared with those co-cultured without 
ATII culture medium (Fig. 4c, d). However, ATII hypoxic 
culture medium significantly promoted the proliferation 
of PASMCs and AASMCs compared with those co-cul-
tured without ATII culture medium (Fig.  4c, d). Under 
hypoxia, the normoxic culture medium of ATII had no 
significant effect on the proliferation of PASMCs and 
AASMCs compared with those co-cultured without ATII 
culture medium (Fig. 4c, d). However, ATII hypoxic cul-
ture medium significantly promoted the proliferation of 
PASMCs and AASMCs compared with those co-cultured 
without ATII culture medium (Fig.  4c, d). These data 
indicated that AECs could promote the proliferation of 
PASMCs and AASMCs in hypoxia.

Effects of AECs conditioned culture medium 
on the constriction of PA and AA rings
To explore whether AECs culture medium could regu-
late PA and AA rings, we further examined the effects of 
AECs culture medium on PA or AA rings from normoxic 
and HPH rats. For normoxic rats, the normoxic culture 
medium from ATII had no significant effect on the con-
striction of PA (Fig. 5a) and AA rings (Fig. 6a) compared 

with the culture medium group. However, the hypoxic 
culture medium from ATII significantly promoted the 
constriction of PA (Fig. 5a) and AA rings (Fig. 6a) com-
pared with the culture medium or the normoxic culture 
medium group. For HPH rats, the normoxic culture 
medium from ATII had no significant effect on the con-
striction of PA (Fig. 5b) and AA rings (Fig. 6b) compared 
with the culture medium group. However, the hypoxic 
culture medium from ATII significantly promoted the 
constriction of PA (Fig. 5b) and AA rings (Fig. 6b) com-
pared with the culture medium or the normoxic cul-
ture medium group. These results indicated that AECs 
hypoxic culture medium could induce the constriction of 
PA and AA.

Effects of hypoxia on ROS in AECs
To explore the possible mechanism involved the effect of 
AECs on the proliferation of PASMCs and AASMCs and 
the constriction of PA and AA, total intracellular ROS 
was detected through DCFH-DA, and  H2O2 in AECs and 
the culture medium were determined by commercial kit. 
Hypoxia significantly increased the production of ROS 
and  H2O2 in AECs and AECs culture medium (Fig. 7a). 

Fig. 3 Effects of hypoxia on proliferation of PASMCs and AASMCs. a and b Hypoxia promoted the proliferation of PASMCs, c and d Hypoxia had no 
significant effect on the proliferation of AASMCs. Direct cell counting was performed in a and c, MTT assay was performed in b and d. The growth 
of PASMCs or AASMCs under 21%  O2 (control) was set as 100% and the proliferation of treated cells was calculated as a percentage of them. n = 8, 
Data are means ± S.D. #P < 0.05 or ##P < 0.01 vs. 21%  O2,*P < 0.05 or **P < 0.01 vs. 21%  O2
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Meanwhile, we examined mRNA level of SOD2 and CAT 
, and detected the total level and activity of SOD in AECs 
by commercial kits. Hypoxia significantly increased the 
SOD2 mRNA of (Fig.  7b) and the total level and activ-
ity of SOD (Fig. 7b). However, hypoxia has no significant 
effect on the CAT  mRNA (Fig.  7b). These results indi-
cated that the increase of ROS and  H2O2 in AECs may be 
caused by imbalance of SOD2 and CAT in hypoxia.

Effects of exogenous  H2O2 and NAC intervention 
on the proliferation of PASMCs and AASMCs 
and the constriction of PA and AA rings
Some studies have reported that the effects of differ-
ent concentrations of  H2O2 on cell proliferation were 
different. We used exogenous 0–1000  μM  H2O2 to 
observe how  H2O2 affects the proliferation of PASMCs 
andAASMCs under normoxia. The results showed that 
0–50  μM  H2O2 increased the proliferation of PASMCs 
in a dose-dependent manner. However, the prolifera-
tion of PASMCs was then gradually inhibited by 100–
1000 μM  H2O2 (Fig. 8a). Similarly,  H2O2 (0–100 μM) also 
led to a dose-dependent increase in the proliferation of 
AASMCs, while  H2O2 (200–1000 μM) inhibited the pro-
liferation of AASMCs (Fig. 8b). To test the effect of NAC 
on PASMCs or AASMCs proliferation, we chose 50 μM 

and 100 μM  H2O2, which mostly promoted the prolifera-
tion of PASMCs and AASMCs, respectively. The results 
showed that NAC (5 mM and 10 mM) effectively inhib-
ited the proliferation of PASMCs and AASMCs, and 
10 mM NAC was more effective (Fig. 8c, d).

Exogenous  H2O2 (5–1000  μM) was used to explore 
whether  H2O2 affects the constriction of PA and AA 
rings in normal rats. The results showed that 5–400 μM 
 H2O2 increased the constriction of PA ring in a dose-
dependent manner, while the constriction of PA ring was 
gradually inhibited by 600–1000 μM  H2O2 (Fig. 9a). Simi-
larly,  H2O2 (5–600 μM) also increased the constriction of 
AA rings in dose-dependent manner, and then inhibited 
the constriction of AA ring at 800–1000  μM (Fig.  9a). 
To test the effect of NAC on PA and AA rings constric-
tion, we then chose 400 μΜ and 600 μM  H2O2, both of 
which mostly affected the constriction of PA (Fig. 9b) and 
AA rings (Fig. 9b), respectively. The results showed that 
10 mM NAC effectively inhibited the constriction of PA 
and AA (Fig. 9b).

Effects of NAC intervention on the proliferation of PASMCs 
and AASMCs and the constriction of PA and AA rings
The concentration of  H2O2 in AECs cell culture medium 
at 24  h under hypoxia was detected which was found 

Fig. 4 Effects of AECs on the proliferation of PASMCs and AASMCs under hypoxia. a Co-culture with ATII significantly promoted the proliferation of 
PASMCs under hypoxia. *P < 0.05 vs. P (21%  O2), ##P < 0.01 vs. P (5%  O2). b Co-culture with ATII significantly promoted the proliferation of AASMCs 
under hypoxia. #P < 0.05 vs. A (5%  O2). c ATII hypoxic culture medium significantly promoted the proliferation of PASMCs. *P < 0.05 vs. P (21%  O2), 
#P < 0.05 vs. P (5%  O2) d ATII hypoxic culture medium significantly promoted the proliferation of AASMCs. **P < 0.01 vs. A (21%  O2), ##P < 0.01 vs. A 
(5%  O2). The growth of PASMCs or AASMCs under 21%  O2 was set as 100% and the proliferation of treated cells was calculated as a percentage of 
them. P:  PASMCs, A:  AASMCs, ANCM ATII normoxic culture medium, AHCM ATII hypoxic culture medium, n = 8, Data are means ± S.D
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Fig. 5 Effects of AECs conditioned culture medium on the constriction of PA ring. A ATII hypoxic hypoxic culture medium significantly promoted 
the constriction of PA ring from normoxic rats (a–c) the representative curve for the effect of culture medium, ATII normoxic and hypoxic culture 
medium on the constriction of PA ring from normoxic rats (d) the summarized data of PA ring maximum constriction. B ATII hypoxic culture 
medium significantly promoted the constriction of PA ring from HPH rats (a–c) the representative curve for the effect of culture medium, ATII 
normoxic and hypoxic culture medium on the constriction of PA ring from HPH rats (d) the summarized data of PA ring maximum constriction. 
CM  culture medium, ANCM  ATII normoxic culture medium, AHCM  ATII hypoxic culture medium, n = 5, Data are means ± S.D. *P < 0.05 vs. CM, 
#P < 0.05 vs. ANCM
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(See figure on previous page.)
Fig. 6 Effects of AECs conditioned culture medium on the constriction of AA ring. A ATII hypoxic culture medium significantly promoted the 
constriction of AA ring from normoxic rats, (a–c) the representative curve for the effect of culture medium, ATII normoxic and hypoxic culture 
medium on the constriction of AA ring from normoxic rats, (d) the summarized data of AA ring maximum constriction. B ATII hypoxic culture 
medium significantly promoted the constriction of AA ring from HPH rats, (a–c) the representative curve for the effect of culture medium, ATII 
normoxic and hypoxic culture medium on the constriction of AA ring from HPH rats, (d) the summarized data of AA ring maximum constriction. 
CM culture medium, ANCM  ATII normoxic culture medium, AHCM  ATII hypoxic culture medium, n = 5, Data are means ± S.D.*P < 0.05 vs. CM, 
#P < 0.05 vs. ANCM

to be within the range of promoting cell proliferation. 
The NAC intervention was performed in the co-culture 
system, which showed that both the proliferation of 
PASMCs (Fig.  10a) and AASMCs (Fig.  10a) were effec-
tively inhibited by 10 mM NAC. These results indicated 
that  H2O2 from ATII was involved in the proliferation 
of PASMCs and AASMCs. Besides, the concentration of 

 H2O2 in AECs culture medium for 24  h under hypoxia 
was within the range of promoting constriction. Addi-
tionally, the constriction of PA (Fig.  10b) and AA rings 
(Fig.  10b) were effectively inhibited by 10  mM NAC. 
These results demonstrated that  H2O2 from ATII was 
involved in the constriction of PA and AA.

Fig. 7 Effect of hypoxia on ROS in AECs. A Hypoxia significantly increased the intensity of ROS (a) and the content of  H2O2 (b) in ATII and the 
content of  H2O2 in ATII culture medium (c). (B) Hypoxia significantly increased SOD2 mRNA level (a), the total content of SOD (c) and the activity of 
SOD (d) of ATII, but has no significant effect on the CAT  mRNA level (b). n = 3, Data are means ± S.D. ACM  ATII culture medium **P < 0.01 vs. 21%  O2
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Discussion
It is well-known that pulmonary and systemic vessels 
respond differently to hypoxia and even more that iso-
lated SMC can respond to hypoxia differently accord-
ing to its origin [29]. Consistently, in this study we also 
confirmed that PA and RA respond differently to hypoxia 
and even more that PASMCs and AASMCs can respond 
to hypoxia differently. But we found that BA had the 
same response to hypoxia as PA in remodeling. Thus, we 
proposed the pulmonary vascular microenvironment cre-
ated by AECs would be involved in the pulmonary vascu-
lar remodeling and constriction. In vitro, we showed that 
AECs not only promoted the proliferation of PASMCs, 
but also promoted the proliferation of AASMCs under 
hypoxia. And the hypoxic culture medium of AECs pro-
moted the constriction of PA and AA rings. Furthermore, 
our data imply a role of regulation of AECs production 
of  H2O2 depending on the pathway of ROS/ SOD2 as a 

possible mechanism of the regulation in the pulmonary 
vascular remodeling and constriction.

Some studies have confirmed that the response of the 
pulmonary vascular system to hypoxia is vasoconstriction 
rather than vasodilation in the systemic circulation [8, 
30, 31]. Though BA belong to systemic circulation vessel, 
they are also exposed to AECs-related pulmonary vascu-
lar microenvironment. So in this study we found that PA 
and BA both show remodeling during alveolar hypoxia. 
A previous study comfirmed that alveolar hypoxia can 
cause hypoxic pulmonary vascular remodeling and vaso-
constriction, and hypoxemia can not [30]. In the case of 
ventilatory dysfunction and low oxygen in the plateau, 
AECs primarily sense alveolar hypoxia and suffer the 
most dramatic changes in oxygen partial pressure. There-
fore, we thought that AECs should play an important role 
in HPH. In our study, we observed the hemodynamic and 
morphological data of PA, BA and RA by constructing rat 

Fig. 8 Effects of exogenous  H2O2 and NAC intervention on the proliferation of PASMCs and AASMCs. a The effects of exogenous  H2O2 on the 
proliferation of PASMCs was biphasic, the proliferation of PASMCs increased in a dose-dependent manner by 0 ~ 50 μM  H2O2 and was gradually 
inhibited by 100 ~ 1000 μM  H2O2. b The effects of exogenous  H2O2 on the proliferation of AASMCs was biphasic, the proliferation of AASMCs 
increased in a dose-dependent manner by 0 ~ 100 μM  H2O2 and was gradually inhibited by 200 ~ 1000 μM  H2O2. a and b The cell growth of 0 μM 
 H2O2 group was set as 100% and the proliferation of treated cells was calculated as a percentage of them. n = 8, Data are means ± S.D. **P < 0.01 or 
*P < 0.05 vs. 0 μM  H2O2. c 5 mM and 10 mM NAC effectively inhibited the proliferation of PASMCs induced by 50 μM  H2O2. **P < 0.01 vs. without any 
treatment group, ##P < 0.01 or #P < 0.05 vs. treatment with 50 μM  H2O2 alone group. d 5 mM and 10 mM NAC effectively inhibited the proliferation of 
AASMCs induced by 100 μM  H2O2. *P < 0.05 vs. without any treatment group, ##P < 0.01 or #P < 0.05 vs. treatment with 100 μM  H2O2 alone group. (c 
and d) The cell growth of the group without any treatment was set as 100% and the proliferation of treated cells was calculated as a percentage of 
them. n = 8, Data are means ± S
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model of HPH. The results showed that hypoxia signifi-
cantly increased RVSP, RV/ (LV + S) %, MT% and MA% 
of PA and BA, but had no significant effect on mCAP, 
MT% and MA% of RA. In addition, co-culture with 
AECs and treatment with AECs hypoxic culture medium 
not only significantly promoted PASMCs proliferation 
and PA constriction, but also significantly promoted 
AASMCs proliferation and AA constriction. Therefore, 
our data indicate that AECs play a key role in HPH and 
even more that the systemic vessel in the AECs-related 
microenvironment had also undergone remodeling and 
constriction.

It is interesting to consider the regulation of key anti-
oxidant enzymes such as SOD and CAT in evaluating the 
role of redox-regulating signaling in pulmonary vascular 

diseases [32]. SOD can catalyze the rapid dismutation of 
 O2·- to  H2O2 and molecular oxygen, however, CAT can 
catalyzes the two-stage conversion of  H2O2 to water and 
oxygen [32].  H2O2 is a stable and easily diffused out of 
the cell [18]. SOD has three isoforms, which are located 
in the cytosol (SOD1), mitochondria (SOD2) or extra-
cellular compartment (SOD3), respectively [33]. Accu-
mulating evidence has suggested that impaired activity 
of SOD2 and SOD3 contributed to pulmonary hyper-
tension, and the level and activity of SOD1 has not been 
found significantly changed in human pulmonary hyper-
tension [34, 35]. In this study, we found that hypoxia 
significantly increased the mRNA level of SOD2 and the 
content and activity of total SOD in AECs, while hypoxia 
has no significant effect on mRNA level of CAT. And 

Fig. 9 Effects of exogenous  H2O2 and NAC intervention on the constriction of PA and AA rings. A The effects of exogenous  H2O2 on the 
constriction of PA and AA rings was biphasic (a, c) the representative curve for the effect of 5 ~ 1000 μM exogenous  H2O2 on the the constriction of 
PA and AA rings (b, d) the summarized data of PA and AA rings maximum constriction, the constriction of PA ring increased in a dose-dependent 
manner by 5 ~ 400 μM  H2O2 and was gradually inhibited by 600 ~ 1000 μM  H2O2, the constriction of AA ring increased in a dose-dependent manner 
by 5 ~ 600 μM  H2O2 and was gradually inhibited by 800 ~ 1000 μM  H2O2. B 10 mM NAC effectively inhibited the constriction of PA and AA rings (a, 
b, d, e) the representative curve for the effect of  H2O2 and NAC intervention on the constriction of PA and AA rings (c, f ) the summarized data of PA 
and AA rings maximum vasodilation, n = 5, Data are means ± S.D. **P < 0.01 vs. 400 μM  H2O2, ##P < 0.01 vs. 600 μM  H2O2
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the content of ROS and  H2O2 in AECs and AECs cul-
ture medium also were increase under hypoxia. Hence, 
our data suggest that  H2O2 derived from AECs can affect 
pulmonary vascular microenvironment and  H2O2 may be 
caused by imbalance of SOD2 and CAT in AECs under 
hypoxia.

It has recently been reported that that  H2O2 can 
regulate a variety of cellular functions, including 
proliferation, differentiation, and more generally 
gene expression [36, 37]. However, data on the basal 

concentrations of  H2O2 and the thresholds for cell pro-
liferation are limited. Studies have shown that treat-
ment with a continuous extracellular source of  H2O2 
increases cell proliferation [26, 38]. Here, we deter-
mined the concentration range of  H2O2 that promoted 
the proliferation of PASMCs and AASMCs. We found 
that the  H2O2 produced by AECs cells was within the 
concentration range. Co-culture with AECs under 
hypoxic and the intermittent replacement of AECs 
hypoxic culture medium which were consistent with 

Fig. 10 Effects of NAC intervention on the proliferation of PASMCs and AASMCs and the constriction of PA and AA rings. A NAC inhibited the 
proliferation of PASMCs (a) and AASMCs (b) co-cultured with AECs in hypoxia. The growth of PASMCs and AASMCs in 21%  O2 was set as 100% 
and the proliferation of treated cells was calculated as a percentage of them. P = PASMCs, A = AASMCs, n = 8, Data are means ± S.D. &P < 0.05 vs. P 
(21%O2), **P < 0.01 or *P < 0.05 vs. P (5%O2) or A (5%  O2), ##P < 0.01 vs. P + ATII or A + ATII. B NAC inhibited the constriction of PA and AA rings (a, b, d, 
e) the representative curve for the effect of NAC intervention on the constriction of PA and AA induced by AECs hypoxic culture medium (c, f ) the 
summarized data of PA and AA rings maximum constriction. AHCM ATII hypoxic culture medium, n = 5, Data are means ± S.D. **P < 0.01 vs. AHCM
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the conditions of continuous extracellular source of 
 H2O2 can induce PASMCs and AASMCs proliferation. 
In other words, the method described above effected 
the proliferation of PASMCs and AASMCs by chang-
ing the microenvironment of PASMCs and AASMCs. 
In addition, NAC intervention reduced the prolifera-
tion PASMCs and AASMCs by co-culture with AECs 
under hypoxia. These results further indicate that  H2O2 
derived from AECs play an important role in PASMCs 
and AASMCs proliferation under hypoxia. Jin et al. [39] 
reported that exposure to  H2O2 could cause smooth 
muscle constriction and dysfunction in isolated PA. 
Here, we also determined the concentration range of 
 H2O2 that promoted the constriction of PA and AA. 
Similarly, the  H2O2 produced by AECs during hypoxia 
was within the concentration range. The hypoxic cul-
ture medium of AECs promoted PA and AA rings con-
striction, and NAC intervention alleviated this effect. 
These results indicate that  H2O2 derived from AECs 
plays an important role in the constriction of PA and 
AA. Taken together, our results could indicate that 
AECs are involved in remodeling and constricting of 
pulmonary vessels by releasing  H2O2 under hypoxia 
and could explain the similar response of systemic 
arteries and AASMCs during treatment with AECs 
hypoxic culture medium and co-culture with AECs 
in vitro, respectively.

Conclusion
The proliferation of PASMCs and the constriction of 
PA are critical to the development of HPH. Our study 
showed that the pulmonary vascular microenvironment 
was conducive to HPH, and AECs played  a vital role in 
constructing the pulmonary vascular microenvironment. 
The continuous extracellular source of ROS is necessary 
for inducing PASMCs proliferation and PA constriction. 
 H2O2 derived from AECs could affect the pulmonary vas-
cular microenvironment and were involved in pulmonary 
vascular remodeling and constriction of HPH.
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