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Abstract: Objectives: Regulated in development and DNA damage responses 1 (REDD1) is an important transcrip-
tion factor regulating mitochondria homeostasis, which is the important pathological alteration of pulmonary hy-
pertension (PH). However, it is unclear whether REDD1 regulates the PASMCs mitochondria homeostasis by the 
similar mechanism in pulmonary arterial remodeling induced by hypoxia. Methods: The global REDD1-knockout rats 
(REDD1-KO) on Sprague-Dawley background were used to generate a chronic hypoxia model of PH. Right ventricular 
hypertrophy and vascular remodeling were detected after exposure to hypoxia. Additionally, proliferation, apoptosis, 
migration, mitochondria homeostasis, and autophagy were performed in vivo and in vitro. Results: The current re-
search found that in human and experimental rats of PH, REDD1 expression is upregulated in the PASMCs. REDD1 
gene knockout alleviated hypoxia PH and hemodynamic changes effectively and reversed hypoxic pulmonary vascu-
lar remodeling. In addition, REDD1 knockdown reduces the impairment of mitochondrial function caused by hypoxia 
in HPASMCs via autophagy inhibition, and this process may be regulated through the Parkin gene. Moreover, REDD1 
knockdown can effectively inhibit the proliferation and migration of hypoxic PASMCs, and induce their apoptosis in 
vivo and in vitro. Conclusions: Our results suggested that REDD1 might be a potential target for improved pulmonary 
vascular remodeling in PH.
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Introduction

Pulmonary hypertension (PH) is a severe pul-
monary vascular disease characterized by 
remodeling of the distal Pulmonary artery. 
Clinically, PH is mainly manifested by continu-
ous and significantly increased pulmonary 
pressure, which eventually leads to right ven-
tricular failure and death [1]. PH is a common 
complication of a variety of respiratory diseas-
es, including COPD, asthma and interstitial  
pulmonary disease, which seriously affect the 
prognosis of the disease. The median survival 
of COPD patients with severe PH is less than 3 
years [2]. At present, although the study on the 
pathogenesis of PH has made some progress, 
it has not been fully clarified, and the clinical 
treatment has not achieved good efficacy. 
Therefore, it is of great practical significance to 
actively explore the pathogenesis of PH for the 
discovery of effective therapeutic targets.

Mitochondrial homeostasis plays an important 
role in the occurrence and development of PH 
pulmonary artery remodeling [3]. Any changes 
in mitochondrial homeostasis will affect the 
energy metabolism of cells and lead to the 
imbalance of proliferation and apoptosis. Mi- 
tochondrial homeostasis plays an important 
role in intracellular homeostasis and cell sur-
vival under stress. Studies have shown that 
hypoxia induces apoptosis tolerance of pulmo-
nary artery smooth muscle cells (PASMCs) by 
changing mitochondrial intimal permeability  
[4]. Compared with the normal control group, 
mitochondria in PASMCs of PH patients were 
deformed, swollen significantly, and obviously 
in a state of depolarization [5]. When dichloro-
acetate was applied to alter the mitochondrial 
depolarization state of PASMCs, it was found 
that pH and pulmonary artery remodeling could 
be significantly alleviated [6]. In addition, stud-
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ies have confirmed that mitochondrial dysfunc-
tion may be involved in pulmonary artery re- 
modeling through redox imbalance leading to 
pulmonary hypertension.

Regulated in Development and DNA Dam- 
age Responses 1 (REDD1), also known as 
RTTP801/DIG1, located at 10q24.33, is a key 
stress regulation gene in cells under hypoxic, 
energy deficit and multiple DNA damage stress 
environments. At the same time, more and 
more evidence shows that REDD1 is also a  
regulatory gene of mitochondrial homeostasis. 
It was found that inhibition of REDD1 expres-
sion in fibroblasts significantly reduced ROS 
production in mitochondria, and the structure 
and function of mitochondria were significantly 
disordered. Under the same conditions, overex-
pression of REDD1 significantly increases ROS 
production and mitochondrial homeostasis [7]. 
In addition, studies have shown that REDD1 
negatively regulates Akt, which is involved in 
regulating mitochondrial function by inhibiting 
the release of mitochondrial cytochrome C and 
downstream Pim-1 and FoxO1. REDD1 impro- 
ves insulin sensitivity in pancreatic beta cells 
by regulating mitochondrial homeostasis [8]. 
REDD1 can also induce autophagy by inhibiting 
mTOR (mammalian target of rapamycin) signal-
ing pathway, participate in mitochondrial quali-
ty control and maintain mitochondrial homeo-
stasis, thereby promoting stress survival of 
various tumor cells [9].

Our previous study found that hypoxia can 
induce autophagy, and after autophagy is  
inhibited, hypoxia leads to abnormal prolifera-
tion of PASMCs, apoptosis tolerance and obvi-
ous reversal of migration [10]. The main pur-
pose of this study was to establish a hypoxic  
PH model using REDD1 gene knockout rats, to 
study the role of REDD1 in the pathogenesis of 
PH, and to explore its possible mechanism.

Materials and methods

Ethics statement

All of the studies were approved by the 
Huazhong University of Science and Tech- 
nology Committee, the Tongji Medical College 
Ethics Committee at Tongji Hospital (Approval 
number: 20170881700051) and performed 
according to NIH guidelines.

Experiment animal models

The global REDD1-knockout rats (REDD1-KO) 
on a Sprague-Dawley background were gener-
ated by Cyagen Inc. (Jiangsu, China). In brief, 
the exon 1 to exton 3 were selected to be 
knocked out. The gRNA targeting vectors were 
constructed and confirmed by sequencing. The 
gRNA vectors and Cas9 mRNA generated by in 
vitro transcription were co-injected into fertil-
ized eggs and finally we got three rats. After 
about 8 weeks, the rats were bred to get 
homozygous.

The male REDD1-KO or REDD1-wildtype 
(REDD1-WT) rats were exposed to 21% oxygen 
(normoxia) or 10% oxygen (hypoxia) in the 
chamber for 8 h per day. The Oxygen con- 
centration was maintained by the Oxycycler 
Model A84 (BioSpherix, USA). All the animals 
were housed in a 12-hour light/dark cycle and 
had access to standard rat chow and water. 
The experiment was approved by the Ethics 
Committee of Tongji Hospital, Tongji Medical 
College, Huazhong University of Science and 
Technology.

Hemodynamic measurements

Four weeks later, rats were anesthetized with 
pentobarbital injection (120 mg/kg ip). The 
right jugular vein was exposed in supine posi-
tion. A 1.2-Fr pressure catheter (GuGeSheng- 
Wu, Wuhan, China) assisted by guide wire was 
inserted to the right jugular vein and position- 
ed in the right ventricle. The guide wire was 
pulled out and the pressure transductor was 
connected to the catheter. The right ventricular 
systolic pressure (RVSP) was recorded using 
Power Lab Software (ADI instrument, Austra- 
lia). Subsequently, the right carotid artery was 
exposed to detect the systemic blood pressure 
of the rats.

Evaluation right ventricular hypertrophy

The rats were euthanized, and the hearts were 
separated to the right ventricle (RV) and left 
ventricle plus septum (LV+S). The weight ratio 
of RV to LV+S was calculated to define the 
degree of right ventricular hypertrophy.

Immunohistochemistry (IHC) and immunofluo-
rescence (IF)

Immunohistochemical staining was performed 
on the lung sections by using routine protocols. 
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Briefly, sections were blocked with 5% BSA for 
1 h at room temperature and incubated at 4°C 
overnight with anti-REDD1 (1:50), anti-α-SMA 
(1:100), anti-LC3 (1:100) and anti-P62 (1:100) 
at 4°C overnight. These slides were then treat-
ed with second antibody for 1 h at room tem-
perature. For IHC, color reaction was applied  
by using 3, 3’-diaminobenzidine tetrachloride 
(DAB) chromogen solution. For IF, the nuclei 
were stained by DAPI. Finally, the slides were 
covered and observed under microscope.

Transmission electron microscope (TEM)

The lung tissues and cells were fixed in 2.5% 
glutaraldehyde phosphate-buffered saline (pH 
7.4) for 24 h at room temperature. Subse- 
quently, the samples were fixed in 1% osmium 
tetroxide for 2 h. The samples were embedded 
in epoxy resin after the dehydration. Finally, the 
specimens were cut into 60 nm sections and 
the sections were stained with lead citrate. 
Ultrathin sections were examined with a TEM 
(PhilipsEM420).

Western blot analysis

The lysate from lung tissue or cells were col-
lected and centrifuged at 12,000 rpm for 15 
min to obtain supernatant. SDS-PAGE (poly-
acrylamide gel electrophoresis) was applied to 
separate the proteins and the proteins were 
transferred to 0.22-µm microporous polyvinyli-
dene difluoride membranes. Membranes were 
blocked with 5% nonfat milk for 1 h at room 
temperature and incubated within primary anti-
bodies: REDD1 (1:1000), Bax (1:1000), Bcl2 
(1:1000), MMP9 (1:1000), LC3 (1:1000), and 
P62 (1:1000) overnight at 4°C. The chemiDoc 
detection system (Bio-Rad, Hercules, USA) was 
used to detect the bands and the results were 
quantified by ImageJ software.

RNA isolation and quantitative PCR analysis

Total RNAs were extracted from cells using 
TRIzol (Invitrogen, US). Reverse transcription 
was applied with a Prime Script RT Reagent Kit 
(TaKaRa Bio, China) following the manufacture 
instructions. Gene expression was evaluated 
using the SYBR-Green (Biorad, US). The β-actin 
mRNA was used as an internal control. The 
sequences of the primers are as follows: β- 
actin forward 5’-AGAAAATCTGGCACCACACCT-3’ 
and reverse 5’-GATAGCACAGCCTGGATAGCA-3’; 

REDD1 forward 5’-GCTTAGGGGCCAACAAGG-3’ 
and reverse 5’-TCTGGATGTCACACCACTGTT-3’.

Cell proliferation assay

Cells were planted in 96-well plates (3000/
well). After transfecting with si-RNA, the cells 
were exposed to normoxia or hypoxia for 24 h. 
Cell proliferation was determined by Edu and 
CCK8 assay according to the manufacturer’s 
instructions. Absorbance at 450 nm was mea-
sured by ELx800 Universal Microplate Reader 
(Bio-Tek, USA). The cells stained with Edu were 
imaged under the fluorescence microscope 
(Olympus, Japan).

Cell apoptosis assay

Cells were harvested by centrifugation and 
washed twice with cold PBS. Then the cells 
were suspended in 500 μl of binding buffer. 5 
ul FITC and PI solutions were added to the tube 
and incubated for 20 min at room temperature 
in dark, followed by analysis with a FACS flow 
cytometer (Mindray, China). The percentage of 
Q2 and Q4 was used to estimate the cell 
apoptosis.

Migration assay

Migration was measured using transwell cham-
ber. Cells transfected with si-RNA were digest-
ed and enumeberated. 200 ul cell suspension 
with 10,000 cells was seeded in the upper 
chamber, and 600 ul medium was added into 
the low chamber. After exposing to normoxia or 
hypoxia for 24 h, the upper medium was 
replaced with medium containing 1% FBS, and 
the lower with 15%. Cells were fixed with 4% 
paraformaldehyde for 15 min and stained with 
crystal violet for 30 min. Cotton swabs were 
used to remove the cells on the upper surface 
of the membrane. The numbers of migration 
cells were quantified with the light microscope 
(Nikon, Japan).

Small interfering RNA (siRNA)

REDD1 and negative control siRNAs were pur-
chased from RiboBio (Guangzhou, China). Si- 
REDD1 (50 nM) and si-NC (50 nM) was trans-
fected into HPASMCs using Lipofectamine 
3000 Reagent (Invitrogen, USA). The medium 
was replaced with new culture medium after  
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24 h. The sequence of si-REDD1 was as fol-
lows: AGACACGGCTTACCTGGAT.

Statistical analysis

Results are shown as the mean ± standard 
deviation. Statistical differences were deter-
mined using Student’s t test or one-way  
analysis of variance (ANOVA). Statistical analy-
ses were performed with GraphPad Prism 
(GraphPad Software, USA). A value of P<0.05 
was considered significant.

Results

High levels of REDD1 are expressed in PH 
patients and hypoxic rats

In order to determine the role of REDD1 in PH, 
we performed immunohistochemistry staining 
in the tissues of patients with PH and hypoxic 
PH rats. REDD1 positive cells located in the  
pulmonary arteries were prominently increas- 
ed in PH patients (Figure 1A) and hypoxic rats 
(Figure S1A). REDD1 protein levels were much 
higher in pulmonary vascular homogenates of 
hypoxic rats (Figure 1B). Consistently, immuno-
fluorescence observation revealed that the 
expression of REDD1 was highly induced in the 
medial layer of pulmonary arteries of hypoxic 
rats, which mainly consists of smooth muscle 
cells (Figure 1C). Moreover, the protein and 
mRNA expression of REDD1 were detected in 
HPASMCs exposed to different hypoxia time. 
The protein level of REDD1 was upregulated 
under hypoxia, while the mRNA level was also 
increased and peaked at 18 h (Figure S1B and 
S1C).

Knockout of REDD1 attenuates hypoxia in-
duced PH

Hemodynamic evaluation showed that the right 
ventricular systolic pressure (RVSP) of REDD1-
KO group was significantly reduced compared 
with the REDD1-WT group after hypoxia (Figure 
2A). The right ventricular hypertrophy, assess- 
ed by the ratio of right ventricular (RV) weight  
to left ventricular (LV) plus septum weight (RV/
LV+S) and the ratio of RV and body weight (BW), 
was significantly lower in REDD1-KO rats than 
that in REDD1-WT rats when exposed to hypox-
ia condition (Figure 2B and 2C). No difference 
was observed in systemic arterial blood pres-
sure (BP) and left ventricular ejection fraction 
among the four groups (Figure 2D and 2E).

REDD1 deficiency alleviates hypoxic pulmo-
nary artery remodeling

The HE staining indicated that hypoxia-induced 
increase in pulmonary artery wall thickness 
was decreased in REDD1-KO rats (Figure 3A). 
Furthermore, REDD1-KO rats also exhibited 
marked decreases of the medial wall thick- 
ness compared with REDD1-WT rats (Figure 
3B). EVG and Masson staining showed that 
muscularization of distal pulmonary arterioles 
was prominently lower in REDD1-KO rats than 
that in the REDD1-WT group following hypoxia 
exposure (Figure 3C and 3D). These data sug-
gest that REDD1 knockout contributes to the 
pulmonary artery remodeling in rats.

REDD1 knockdown reduces the impairment of 
mitochondrial function caused by hypoxia in 
HPASMCs

High-resolution TEM of hypoxic HPASMCs re- 
vealed mitochondrial damage as indicated by 
loss of cristae and presence of swollen mito-
chondria, while REDD1 knockdown could partly 
restore the damage (Figure 4A). The total ROS 
accessed by DCFH-DA assay and H2O2 increas-
es caused by hypoxia were downregulated  
by the transfection of si-REDD1 (Figure 4A-C). 
The MMP was evaluated by TMRM and JC-1. 
Compared with the si-NC group, the MMP was 
significantly decreased in si-REDD1 group in 
HPASMCs exposed to hypoxia (Figure 4A). In 
addition, the ATP assay indicated that si- 
REDD1 ameliorated the hypoxia induced ATP 
decrease (Figure 4A). Taken together, these 
results show that the knockdown of REDD1 
reduces the impairment of mitochondrial func-
tion caused by hypoxia in HPASMCs.

REDD1 deficiency suppresses hypoxia-induced 
autophagy in vivo and in vitro

The TEM of lung tissues of rats showed that the 
autophagic vacuoles per cells were much high-
er in REDD1-KO rats compared with REDD1-WT 
rats in hypoxia (Figure 5A). The increase of 
ration of LC3II to LCI protein and P62 induced 
by hypoxia was reduced by REDD1 knockout 
(Figure 5B). Consistently, the IHC of LC3II and 
P62 also indicated that REDD1 knockout could 
restore hypoxia induced autophagy in vivo 
(Figure 5C).

In the in vitro assays, the role of REDD1 on the 
autophagy of HPASMCs was examined using si-
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REDD1. The efficiency of si-REED1 was con-
firmed in protein and mRNA levels (Figure S2). 
The increases induced by hypoxia in the num-
bers of autophagic vacuoles in HPASMCs were 
attenuated by transfecting with si-REDD1 
(Figure 6A and 6B). Furthermore, hypoxia up- 
regulated the ration of LC3II to LCI and down-
regulated P62 protein expression, which indi-

cated the enhancement of autophagy, but si-
REDD1 suppressed the increases in HPASMCs 
(Figure 6C).

Moreover, we also investigated the effect of 
silencing REDD1 on classical autophagy regu- 
latory pathways, mTOR, Pink and Parkin, and 
we found that si-REDD1 had no effects on the 

Figure 1. Expression of REDD1 is increased in PH patients and rats. A. Representative images (400×) of REDD1 
expression in lung tissues of control (n=6) and PH patients (n=6). B. Western blot analysis and quantification of 
REDD1 protein levels in lung homogenates of rats exposed to normoxia (21% oxygen) or hypoxia (10% oxygen) for 
4 weeks (n=4 for per group). C. The representative fluorescence images of α-SMA and REDD1, expression in lung 
sections of rats in each group. Nuclei were labeled with DAPI. *P value <0.05, **P value <0.01.
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Figure 2. REDD1 deficiency in rats inhibits the development of hypoxia-induced PH. (A) RVSP was measured and 
quantified in the WT and REDD1-KO rats exposed to normoxia or hypoxia for 4 weeks. (B) Representative HE staining 
images of ventricle and RV hypertrophy evaluated by the weight ratio of RV/(LV+S). (C) Quantification of the ration 
of RV to body weight (BW). (D) Mean arterial blood pressure (BP) and (E) left ventricle ejection fraction. n=6 for per 
group. *P value <0.05, **P value <0.01.

mTOR and Pink. However, REDD1 deletion sig-
nificantly reversed the expression of hypoxia  

on Parkin (Figure S3). Furthermore, co-im- 
munoprecipitation assay was used to test the 
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Figure 3. REDD1 knockout attenuates hypoxic pulmonary vascular remodeling. A. Representative images of HE, 
EVG, α-SMA and Masson staining from WT and REDD1-KO rats’ lung under normoxia or hypoxia condition. B. The 
wall thickness of pulmonary arterioles was calculated. C. Percentage of muscular distal pulmonary vessels. D. Opti-
cal density of α-SMA. n=6 per group. *P value <0.05, **P value <0.01.
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Figure 4. REDD1 knockdown reduces dysfunction of mitochondrial induced by hypoxia in HPASMCs. (A) The mor-
phology of mitochondria was observed by the transmission electron microscope. The ROS was stained by DCFH-DA. 
The mitochondrial membrane potential (Δψm) was determined by TMRM and JC-1. The representative images were 
shown and the fluorescence intensity was measured. (B) Analysis of the concentration of ROS. (C) H2O2, and (D) ATP 
in each group of HPASMCs. n=6 per group. *P value <0.05, **P value <0.01. Red arrow: mitochondria; Blue arrow: 
vesicles; Green arrow: dense body.
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relationship between REDD1 and Parkin in 
HPASMCs. In addition, our results confirmed 
that REDD1 and Parkin interacted directly in 
HPASMCs (Figure S4).

REDD1 knockdown inhibits the proliferation 
and migration of HPASMCs and induced apop-
tosis in hypoxic HPASMCs

Given the fact that PASMC proliferation and 
resistance of apoptosis are crucial for the prog-
ress of PH, we investigated the marker for cell 
proliferation and apoptosis in lung section of 
rats. As shown in Figure 7A and 7B, the num-
bers of Ki67 positive cells were reduced in 
REDD1-KO rats compared with REDD1-WT rats 
in hypoxia. TUNEL staining indicated that the 
decreased apoptosis of PASMCs in distal pul-
monary arterioles caused by hypoxia in distal 
pulmonary arterioles was restored by REDD1 
knockout (Figure 7C and 7D).

The Edu staining and CCK8 proliferation assay 
showed that proliferation of HPASMCs trans-
fected with si-REDD1 was significantly reduced 
compared with the si-NC group in hypoxia 
(Figure S5A). The percentage of apoptotic cells 
was much higher in si-REDD1 group than  
si-NC group in hypoxic HPASMCs (Figure S5B). 
The results indicated that the migrated cells 
were prominently decreased by si-REDD1 in 
HPASMCs exposed to hypoxia (Figure S5C). 
Moreover, hypoxia increased the SURVIVIN and 
MMP9 expression and decreased the ratio of 
BAX to BCL2 in HPASMCs, but REDD1 siRNA 
inhibited the alteration (Figure S6). These find-
ings indicate that REDD1 regulates the imbal-
ance of proliferation, apoptosis and migration 
of HPASMCs under hypoxia condition.

Discussion

Through the hypoxic rat PH model, consistent 
with our previous results, the WT rat model 
showed higher pulmonary artery pressure,  
right ventricular hypertrophy, and obvious pul-
monary small arteries remodeling. However, 

the pathological changes in REDD1 knockout 
rats were partially reversed. In addition, 
PASMCs in vitro demonstrated that REDD1 
knockout inhibited hypoxic-induced autophagy 
and reversed hypoxic-mitochondrial dysfunc-
tion. Furthermore, REDD1 knockdown can 
inhibit the migration and proliferation of hypox-
ic PASMCs cells, and promote their apoptosis. 
Taken together, we hypothesize that REDD1 
maintains mitochondrial homeostasis by pro-
moting hypoxic autophagy, leading to migra-
tion, proliferation and apoptosis tolerance of 
PASMCs, thus playing an important role in the 
pathogenesis of PH (Figure S7).

REDD1 is the target gene of the hypoxia induc-
ible factor 1α (HIF-1α) gene. Our previous stud-
ies have confirmed that hypoxic up-regulation 
of HIF-1α is involved in the regulation of pulmo-
nary artery remodeling [11]. However, there  
are few reports on the relationship between 
REDD1 and hypoxic pulmonary artery remodel-
ing. Mitochondrial function is mainly associat-
ed with ROS release; studies have shown that 
REDD1 is closely related to mitochondrial func-
tion and hypoxic pulmonary artery reconstruc-
tion, which is associated with hypoxia leading 
to change in mitochondrial ROS. Therefore, 
REDD1 also referred to as the DNA damage 
induced by transcription factor 4 (DNA damage 
inducible transcript, 4 DDIT4). Studies have 
shown that the content of REDD1 in mitochon-
dria accounts for more than 10% of the total 
cell volume. Moreover, REDD1 can regulate 
mitochondrial homeostasis by regulating the 
release and activity of mitochondrial ROS. In 
the study of osteosarcoma, the activation of 
autophagy by the REDD1/TXNIP complex is 
involved in the regulation of increased mito-
chondrial ROS release [12]. In breast cancer 
studies, HIF-1α regulates the increase of ROS 
release in tumor cells through a negative feed-
back regulation pathway formed by the REDD1 
pathway [13]. Consistent with previous re- 
search results, we found that low oxygen leads 
to increase in the number of mitochondria 
increased obviously in the PASMCs, divided 

Figure 5. Knockout of REDD1 suppresses hypoxia-induced autophagy in rats. A. The transmission electron mi-
croscope was used to observe the alteration of autophagy in rat’s lung tissues, and the percentage of cells with 
autophagosomes and numbers of the autophagic vacuoles per cell were calculated. B. Western blot analysis of LC3 
and P62 protein levels in lung homogenates of REDD1-WT and REDD1-KO rats exposed to normoxia or hypoxia for 
4 weeks. The ratio of LC3II to LC3I and P62 to β-actin were identified. C. Expression of LC3 and P62 protein of lung 
sections. n=6 per group. *P value <0.05, **P value <0.01. Red arrow: mitochondria; Blue arrow: vesicles; Green ar-
row: dense body.
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Figure 6. Knockdown of REDD1 inhibits hypoxia-induced autophagy in HPASMCs. A. The percentage of cells with 
autophagosomes and numbers of the autophagic vacuoles per cell were quantified according to the images of the 
transmission electron microscope. B. Immunofluorescent staining in HPASMCs transfected with si-NC and si-REDD1 
exposed to normoxia (21% Oxygen) and hypoxia (5% Oxygen). C. Brands and quantification of LC3 and P62 protein 
levels in each group. n=6 per group. *P value <0.05, **P value <0.01. Red arrow: mitochondria; Blue arrow: vesicles; 
Green arrow: dense body.

Figure 7. REDD1 deficiency results in decreased PASMCs proliferation and increased apoptosis in hypoxia rats. (A) 
The proliferation was estimated by of Ki67 staining. (B) Quantitation data of (A). (C) TUNEL assays were performed 
to observe the apoptosis and (D) Quantitation data of (C). Nuclei were stained with DAPI. n=6 per group. *P value 
<0.05, **P value <0.01.
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fusion, increased mitochondrial ROS release, 
and mitochondrial membrane potential (Δψm) 
rise. All these changes could be reversed by 
inhibiting REDD1. Therefore, REDD1 may play  
a biological role by regulating mitochondrial 
homeostasis.

Under the action of external stimuli such as 
hypoxia, nutrient deficiency and cell senes-
cence, the mitochondrial membrane poten- 
tial in the cell decreases and depolarization 
occurs. When the mitochondria are severely 
damaged, the damaged mitochondria are 
cleared mainly through the autophagy pa- 
thway, thus maintaining mitochondrial homeo-
stasis. Autophagy plays an important role in 
promoting cell survival and proliferation under 
hypoxia stress. Our previous study found that 
autophagy promoted the proliferation of hypox-
ic PASMCs and participated in the formation of 
hypoxic pH and pulmonary artery remodeling 
[10]. In addition, studies have also found that 
intermittent hypoxia activates autophagy by 
upregulating UCP2 expression in endothelial 
cells, leading to PH [14]. In this study, we found 
that hypoxic-induced autophagy significantly 
reduced after inhibition of REDD1 either in  
vivo or in vitro. Therefore, REDD1 may play a 
biological role in maintaining mitochondrial 
homeostasis of hypoxic PASMCs by activating 
autophagy.

It has been reported that REDD1 plays an 
important role in the regulation of hypoxic  
tolerance, proliferation, apoptosis and autoph-
agy. Our previous studies have confirmed that 
hypoxia mainly promotes the proliferation and 
apoptosis tolerance of PASMCs by regulating 
mTOR to regulate and activate autophagy [15]. 
Meanwhile, recent studies have shown that 
REDD1 negatively regulates mTOR, thereby  
participating in a series of biological process-
es. In head and neck squamous cell carcinoma 
(HNSCC), overexpression of REDD1 inhibited 
mTOR activity in hypoxic environments, thereby 
promoting tumor cell proliferation and anchor-
dependent growth [16]. It has been shown that 
REDD1 can inhibit mTOR and downstream 
p60S6K activity and regulate the proliferation 
of lung cancer cells [17]. Chang et al. found  
that inhibition of REDD1 with siRNA increased 
mTOR activity and resulted in decreased 
aggressiveness of ovarian cancer cells [18]. 
Recent studies have also shown that NAE 
enzyme inhibitors activate autophagy through 
the REDD1-mTOR regulatory pathway [19]. 

However, in our study, we found that the  
expression of mTOR did not change after the 
inhibition of REDD1. Therefore, in the hypoxia 
PH model, the regulation of REDD1 on auto- 
phagy may not be through the mTOR signaling 
pathway.

Hypoxia leads to the imbalance of PASMCs cell 
proliferation, apoptosis and migration, which 
are the main mechanisms of hypoxic pulmo-
nary vascular remodeling [20]. Apoptosis resis-
tance, abnormal proliferation and increased 
migration are common features of hypoxic 
PASMCs. Hypoxia is known to reduce PASMCs 
apoptosis through mitochondrial apoptosis or 
proliferation signaling pathways. Hypoxia expo-
sure reduces the release of cytochrome C to 
cytosol, thereby inhibiting the apoptosis of 
hypoxic PASMCs. In animal models, we found 
that apigenin effectively promoted the mito-
chondrial apoptosis pathway of PASMCs and 
was successfully used to reverse PH pulmo- 
nary vascular remodeling. In this study, REDD1 
deficiency reversed the ratio of hypoxic mito-
chondrial apoptosis protein Bax/Bcl2 and 
hypoxic-induced apoptosis resistance of PAS- 
MCs. Furthermore, hypoxic-induced migration 
significantly reduced. In summary, REDD1 can 
participate in hypoxia-induced apoptosis resis-
tance of PASMCs cells and increase migration, 
thus promoting hypoxic vascular remodeling.

In conclusion, the results of this study indi- 
cate that REDD1 can maintain mitochondrial 
homeostasis of hypoxic PASMCs by activating 
autophagy, thereby inhibiting proliferation, 
apoptosis tolerance, migration of PASMCs, and 
PH progression. Although further studies are 
needed to reveal its clinical application, this 
study provides an important contribution to the 
establishment of a therapeutic approach for 
PH.
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Figure S1. REDD1 is upregulated in hypoxia-induced PH rats and hypoxic HPSMCs. A. Representative images (400×) 
of REDD1 expression in rats exposed to normoxia (21% oxygen) or hypoxia (10% oxygen) for 4 weeks (n=6 for each 
group). B. Western blot analysis and quantification of REDD1 protein levels in HPASMCs with different time of hy-
poxia (5% oxygen), and 0 h was used as the control (n=5). C. mRNA levels of REDD1 quantified by real-time PCR in 
HPASMCs at different hypoxia time (n=3). *P value <0.05, **P value <0.01.

Figure S2. The efficiency of si-REDD1. A. REDD1 mRNA levels of REDD1 were analyzed in HPASMCs under normoxic 
and hypoxic environment (n=5). B. REDD1 protein levels were analyzed by western blot in HPASMCs transfected with 
si-NC and si-REDD1 exposed to normoixa or hypoxia (n=5). *P value <0.05, **P value <0.01.
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Figure S3. The effect of silencing REDD1 on classical autophagy regulatory pathways. si-REDD1 had no effects on 
the mTOR and Pink. However, REDD1 deletion significantly reversed the change in Parkin expression by hypoxia.

Figure S4. REDD1 and Parkin interacted directly in HPASMCs. Coimmunoprecipitation and immunoblotting detected 
the potential interaction between REDD1 and Parkin.
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Figure S5. The influence of REDD1 knockdown on the proliferation, apoptosis and migration in HPASMCs. A. The 
Edu assays and CCK8 were used to detect cell proliferation and the Edu positive cells were analyzed. B. Annexin 
V/PI staining was applied to assess cell apoptosis, and the percentage of apoptosis cells (Annexin V positive) was 
shown. C. Images of cell migration were presented, and the numbers of migrated cells were counted. n=6 per group 
*P value <0.05, **P value <0.01.
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Figure S6. REDD1 regulates the expression of protein related to proliferation, apoptosis and migration in HPASMCs. 
The protein levels of SURVIVIN, BCL2, BAX, and MMP9 were quantified by western blot in normoxic or hypoxic 
HPASMCs transfected with si-NC and si-REDD1. The ratios of SURVIVIN to β-actin (n=3), BAX to BCL2 (n=6), and 
MMP9 to β-actin (n=6) were shown, *P value <0.05, **P value <0.01.

Figure S7. Graphical abstract. Graphical summary illustrating that REDD1 contributes to pulmonary hypertension 
via modulating mitochondria homeostasis.


