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Pulmonary hypertension (PH) is caused by chronic hypoxia that induces the migration and proliferation of pulmonary arterial
smooth muscle cells (PASMCs), eventually resulting in right heart failure. PH has been related to aberrant autophagy; however,
the hidden mechanisms are still unclear. Approximately 40% East Asians, equivalent to 8% of the universal population, carry a
mutation in Aldehyde dehydrogenase 2 (ALDH2), which leads to the aggregation of noxious reactive aldehydes and increases
the propensity of several diseases. Therefore, we explored the potential aspect of ALDH2 in autophagy associated with PH. In
vitro mechanistic studies were conducted in human PASMCs (HPASMCs) after lentiviral ALDH2 knockdown and treatment
with platelet-derived growth factor-BB (PDGF-BB). PH was induced in wild-type (WT) and ALDH2-knockout (ALDH2-/-)
mice using vascular endothelial growth factor receptor inhibitor SU5416 under hypoxic conditions (HySU). Right ventricular
function was assessed using echocardiography and invasive hemodynamic monitoring. Histological and immunohistochemical
analyses were performed to evaluate pulmonary vascular remodeling. EdU, transwell, and wound healing assays were used to
evaluate HPASMC migration and proliferation, and electron microscopy and immunohistochemical and immunoblot assays
were performed to assess autophagy. The findings demonstrated that ALDH2 deficiency exacerbated right ventricular pressure,
hypertrophy, fibrosis, and right heart failure resulting from HySU-induced PH. ALDH2-/- mice exhibited increased pulmonary
artery muscularization and 4-hydroxynonenal (4-HNE) levels in lung tissues. ALDH2 knockdown increased PDGF-BB-induced
PASMC migration and proliferation and 4-HNE accumulation in vitro. Additionally, ALDH2 deficiency increased the number
of autophagosomes and autophagic lysosomes together with autophagic flux and ERK1/2-Beclin-1 activity in lung tissues and
PASMCs, indicating enhanced autophagy. In conclusion, the study shows that ALDH2 has a protective role against the
migration and proliferation of PASMCs and PH, possibly by regulating autophagy through the ERK1/2-Beclin-1 pathway.

1. Introduction

Pulmonary hypertension (PH) is a serious, progressing syn-
drome that contributes to enhanced pulmonary vascular resis-

tance, dyspnea, right-sided heart failure, and ultimately the loss
of life [1, 2]. Although several medications have lately been
shown to have some favorable therapeutic effects on PH [3],
none have shown sufficient efficacy [4]. PH is commonly
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induced by chronic hypoxia and is frequently observed in var-
ious chronic lung diseases and metabolic dysfunction [5], such
as chronic obstructive pulmonary disease, high-altitude pulmo-
nary vascular disease, and obstructive sleep apnea syndrome
[6]. Pulmonary vascular remodeling is central to the pathobiol-
ogy of PH. It is principally characterized by medial thickening
and increasedmuscularization of the pulmonary arteries due to
enhanced migration and proliferation of pulmonary artery
smooth muscle cells (PASMCs) [7, 8]. Likewise, excessive
migration and proliferation of PASMCs are the hallmark fea-
tures of pulmonary vascular remodeling [9]. Therefore, it is
critical to identify the underlying pathological mechanisms of
PASMCs to prevent and treat of PH.

Aldehyde dehydrogenase 2 (ALDH2) is a mitochondrial
isoform of the ALDH superfamily that includes 19 subtypes
[10]. This metabolic enzyme plays essential roles in the oxida-
tion and detoxification of reactive aldehydes, including the
ethanol metabolites acetaldehyde and 4-hydroxynonenal (4-
HNE), in various organs and cells [11]. It is well documented
that ALDH2 protects against myocardial damage by clearing
toxic aldehydes generated from 4-HNE [12]. Our previous stud-
ies have demonstrated its fundamental role in cardiovascular
circumstances, such as heart failure, myocardial infarction,
pressure overload, and ischemia/reperfusion injury [13–16].
However, ~40% of the East Asian population (equivalent to
~8% of the universal population) carry a mutation of ALDH2,
which leads to the defective enzyme activity of ALDH2 and
consequently increases the propensity of several diseases [17].
Recently, it has been shown that ALDH2 deficiency is involved
in PASMC proliferation associated with PH [18, 19]. However,
whether it elicits protective effects against PH and right ventric-
ular remodeling remains to be elucidated in addition to the
underlying signaling mechanisms.

Autophagy is a lysosome-dependent cellular program for
the degradation and turnover of impaired cytoplasmic
substrates via a self-degradation pathway [20]. Autophagy
functions as a fundamental process in sustaining cellular
homeostasis, and its dysregulation is associated with various
cardiopulmonary diseases, including load-induced cardiac
remodeling, ischemic cardiac remodeling, chronic obstruc-
tive pulmonary disease, and PH [21]. Nevertheless, the argu-
ment remains whether autophagy serves as a protecting or
worsening process because both excessive and insufficient
autophagy contributes to cell death [22, 23]. Although some
studies have reported that autophagy inhibition via deletion of
the autophagic protein LC3B enhances hypoxia-induced
PASMC proliferation [24], other studies have found that its
pharmacological inhibition suppresses PASMC proliferation
[25]. Moreover, the molecular network underlying autophagy
is intrinsic and is linked to different unique signaling pathways;
thus, its fine modulation may profoundly impact the pathogen-
esis of certain diseases. In particular, the PI3K-AKT-mTOR and
ERK1/2-Beclin-1 signaling pathways have been shown to mod-
ulate autophagy under specific conditions [25, 26]. Neverthe-
less, the function of autophagy in PH is not been thoroughly
recognized so far, and the involvement of ALDH2 remains
unclear. Therefore, the present study examines the abnormal
migration and proliferation of PASMCs associated with
ALDH2 deficiency while focusing on autophagy in PH.

2. Materials and Methods

2.1. Animal Models. Male C57BL/6 mice, eight weeks of age
with a weight of 20–22 g, purchased from the Shanghai Jiesi-
jie Laboratory Animal Centre (Shanghai, China), and paired
ALDH2 knockout (KO) male mice developed as reported
[27], were used in our study. Genotypes of the mice were
identified using western blotting. Mice were exposed to vas-
cular endothelial growth factor receptor inhibitor, SU5416,
and under hypoxic conditions for three weeks to induce pul-
monary artery hypertension and were maintained on a 12/
12 h dark/light cycle with ad libitum access to water and diet.
All animal experiments were authorized by the University
Committee on the Care and Use of Laboratory Animals
and were performed according to the guidelines of the Ani-
mal Ethics Committee of Fudan University.

2.2. Echocardiography. Transthoracic echocardiography was
demonstrated on the mice after three weeks of HySU, utilizing
a Vevo 2100 (VisualSonics, Toronto, Canada) supplied with a
30MHz transducer. Mice were settled on a warming pad and
anesthetized with 2% isoflurane. Right ventricular ejection
fraction (RVEF), pulmonary artery acceleration time (PAT),
and PAT/pulmonary ejection time (PET) were then acquired.

2.3. Right Ventricular Pressure Measurement. After echocar-
diography, the right ventricular systolic pressure (RVSP),
equivalent to the pulmonary arterial pressure, was measured.
Briefly, under 2% isoflurane, a longitudinal skin incision was
made. After tissue separation, the right external jugular vein
was unveiled to insert a Millar micromanometer (1.4F, type
SPR 835; Millar Instruments, Houston, TX type). Once the
catheter arrived at the right ventricle, the right ventricular
pressure was recorded using a Power-Lab system (AD
Instruments, Castle Hill, NSW, Australia).

2.4. Histological Examination. After catheterization, the mice
were euthanized by cervical vertebral luxation under deep
anesthesia. Hearts and lungs were harvested for further
examination. RV hypertrophy was defined as the ratio of
the weight of the RV free wall to the weight of the left ven-
tricle plus septum.

2.5. Electron Microscopy. Mouse heart and lung tissues
(≤1mm3) were fixed with 2.5% PIPES-buffered formalde-
hyde glutaraldehyde immediately after dissection. Following
fixation with 1% osmium tetroxide, graded alcohols were
used for the dehydration of heart and lung tissues. After
fixing in Epon Araldite, tissues were prepared and stained
with 3% uranyl acetate and lead citrate. CM-120 transmis-
sion electron microscope (Philips, Netherlands) was used
to examine the results.

2.6. Histological Staining and Immunohistochemistry. Forma-
lin-fixed tissues were fixed with paraffin and cut (3–5μm thick-
ness) on a microtome for hematoxylin and eosin (H&E,
histological measurement), wheat germ agglutinin (WGA, for
cardiomyocyte size), and Masson’s trichrome (for fibrosis)
staining. Vascular muscularization percentage, right ventricu-
lar cardiomyocyte cross-sectional area, and fibrosis area were
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measured accordingly. For immunofluorescence staining, after
incubating sectioned tissues with the primary antibodies (4-
HNE and LC3) at 4°C overnight, they were washed three times
and then incubated with a secondary antibody at 20–24°C for
1h. Finally, the nuclei were counterstained using 4′,6-diami-
dino-2-phenylindole (DAPI, Beyotime Biotechnology, China).
The stained sections were analyzed and recorded using an opti-
cal microscope (FSX-100; Olympus, Tokyo, Japan) and a fluo-
rescence microscope (Olympus, Japan). ImageJ 1.47v (U.S.
National Institute of Health, Bethesda, MD, USA) was used
to quantify the percentage of positive area.

2.7. Cell Culture. Human PASMCs were obtained from Scien-
Cell Research Laboratories (Carlsbad, CA, USA) and cultivated
at 37°C 5% CO2 atmosphere in smooth muscle cell medium
(ScienCell, Carlsbad, CA, USA) supplied with 100μg/mL strep-
tomycin, 100U/mL penicillin, smooth muscle cell growth sup-
plement (ScienCell, Carlsbad, CA, USA), and 5% fetal bovine
serum. The cell medium was refreshed regularly, and cells were
subcultured after achieving 70%–80% confluence. Cell numbers
were determined using a hemocytometer.

ALDH2 knockdown cells were cultivated by transfection
with lentivirus [28], and control cells were transfected with
negative control lentivirus (NC). Successful depletion of
ALDH2 was confirmed by western blotting. Since the regu-
lation of platelet-derived growth factor- (PDGF-) BB funda-
mentally participates in the pathogenesis of PH [29, 30], and
the elevated activity of PDGF results in excessive migration
and proliferation of PASMC, as observed in human and pre-
vious experimental PAH models [31, 32], the in vitro model
of PH [33] was developed by pretreatment with 20 ng/mL
PDGF-BB (MedChemExpress, New Jersey, USA) for 24 h.

2.8. Scratch Assay. An in vitro scratch assay was performed
to examine cell migration of HPASMCs. Photographs were
taken before and after a “scratch” was created in a cell plate
at a 24-hour interval. The migration rate of the cells was
evaluated and quantified by the differences in cell migration
to close the scratch.

2.9. Transwell Assay. Transwell assay was carried out in a 24-
well transwell chamber (Corning Incorporated Life Sciences,
MA, USA). ALDH2-/- and control HPASMCs (1 × 105 cells)
were cultivated in the upper compartment in a serum-free
medium. A complete medium with 0 or 20ng/mL PDGF-
BB was supplemented to the lower compartment. Migrated
cells were stained with 0.1% crystal violet dye (Biyuntian,
Shanghai, China) after incubation at 37°C environment for
24 hours, and images were captured for quantification.

2.10. Measurement of Cell DNA Synthesis.DNA synthesis, indi-
cating cellular proliferation, was performed using the EdU kit
(Beyotime, C0071S). After seeding in a 6-well plate for 24h of
serum deprivation, ALDH2-/- and control HPASMCs were
intervened with or without PDGF-BB (20ng/mL) for 24 hours.
The cells were stained with 50μmol/L 5-ethynyl-2′-deoxyuri-
dine (EdU) and DAPI for observation using a fluorescence
microscope (ZEISS Group).

2.11. Confocal Fluorescence Microscopy. ALDH2-/- and control
PASMCs were transfected with mRFP-GFP-LC3 adenoviral
vectors (HanBio Technology, Shanghai, China) following the
manufacturer’s protocols. Due to the different pH stability of
fluorescent proteins, the GFP fluorescent signal, but not the
mRFP fluorescent signal, could be diminished in the acidic
environment inside lysosomes. In merged images, red and yel-
low puncta represent autolysosomes and autophagosomes,
respectively, and the increase in yellow and red puncta repre-
sents an increase in autophagic flux upon examination [34].
Afterward, experimental groups were intervened with PDGF-
BB (20ng/mL), as previously described [33]. After fixing with
4% paraformaldehyde, cells were blocked with glycerol, and
LC3 localization was visualized using a confocal fluorescence
microscope (Nikon TE2000, Tokyo, Japan).

2.12. Western Blot Analysis. Proteins of both mouse tissue and
HPASMCs were extracted [35] and fractionated using 12%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
After that, the proteins were transferred to polyvinylidene
difluoride membrane (Millipore) and blocked with 5% bovine
serum albumin. Next, the membranes were incubated with
the following primary antibodies: β-actin (13000; Wei’ao), rab-
bit anti-mouse polyclonal antibody, anti-4-hydroxynonenal
(Abcam, 11000), anti-ALDH2 (Abcam, 11000), anti-cyclin
D1 (CST, 11000), anti-PCNA (CST, 11000), anti-LC3 (CST,
11000), anti-p62 (CST, 11000), anti-ATG5 (Abcam, 11000),
anti-ATG7 (Abcam, 11000), anti-Beclin1 (CST, 11000), anti-
pPI3K (CST, 11000), anti-PI3K (CST, 11000), anti-pAKT
(CST, 11000), anti-AKT (CST, 11000), anti-pmTOR (CST,
11000), anti-mTOR (CST, 11000), and anti-ERK1/2 (CST,
11000). Afterward, the membranes were washed three times
using phosphate-buffered saline with Tween-20, and the sam-
ples were incubated with anti-mouse or anti-rabbit secondary
antibodies (Kangcheng, 13000). Finally, the blots were analyzed
using a chemiluminescence detection system (Thermo Fisher
Scientific) and quantified using ImageJ gel analysis software.

2.13. Statistical Analysis. All quantification analyses of the
experiments were performed with GraphPad Prism 9.2.0.
Experimental data are presented as the mean ± SEM for all
analyses. One-way ANOVA or two-way ANOVAwith Bonfer-
roni correction was utilized for multiple group analysis. A p
value of p < 0:05was considered to be of statistical significance.

3. Results

3.1. ALDH2 Deficiency Exacerbates Right Ventricular Pressure
and Dysfunction in PH. Considering RVSP was commonly
used to estimate pulmonary arterial pressure, we first investi-
gated whether ALDH2 was involved in the changes in RVSP
after 3 weeks of HySu treatment. Wild-type (WT) mice in
the PH group (WT PH) exhibited elevated RVSP in compari-
son to those in the control group (WT CON). The significant
increase in RVSP was more pronounced in ALDH2-knockout
(ALDH2-/-) mice of the PH group (KO PH) compared with
WT mice of the PH group (WT PH) (Figure 1(a)). In consis-
tency, the echocardiographic analysis showed that HySu treat-
ment caused impairment of RVEF and decrement of PAT and
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PAT/PET (Figures 1(b)–1(e)), while the changes were further
aggravated in the ALDH2-/- mice, suggesting ALDH2 pre-
serves right ventricular pressure and function in PH mice.

3.2. ALDH2 Deficiency Worsens the Extent of PH and Its
Effects on Right Ventricular Remodeling and Cardiomyocytes.
The elevation of RVSP induces right ventricular remodeling
which could progress to right ventricular dysfunction. There-
fore, we evaluated the morphological alterations in the cardiac
tissues of the mice were investigated to better understand the
effects on the heart due to the extent of PH. The gross appear-
ances of the hearts, the mid transverse sections of the H&E
stained hearts, and the right ventricular hypertrophy index
all indicated that the RV hypertrophy of PH mice was more
pronounced in comparison with that in the control mice,
while the ALDH2-/- PH mice exhibited the most significant
elevation (Figures 2(a) and 2(b)).

We then explored whether similar changes can be found
in the right ventricular cardiomyocytes from a microscopic

perspective. WGA staining of the RV showed that the
cross-sectional area of the cardiomyocytes in the PH group
was larger than that in the control group, and the difference
was even more significant in the ALDH2-/- PH group
(Figure 2(e)). Further assessment of the RV with transmis-
sion electron microscopy revealed that the control group
exhibited regularly arranged muscle bundles and normal-
sized cardiomyocytes with normal mitochondria. The WT
PH group also exhibited regularly arranged muscle bundles,
but the mitochondria were slightly swollen. In contrast, the
KO PH group exhibited disrupted muscle bundle arrange-
ment as well as evident mitochondrial edema (Figure 2(c)).
Furthermore, cardiac fibrosis of RV showed congruent
results, with the most prominent fibrosis revealed in the
ALDH2-/- PH group (Figure 2(d)).

3.3. ALDH2 Deficiency Exacerbates Pulmonary Vascular
Remodeling and Oxidative Damage in PH. The remodeling
of the pulmonary vessel is typically induced by PH. Although
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Figure 1: ALDH2 deficiency exacerbates PH in HySu mice. (a) RVSP in of normoxia (CON) and HySu-treated (PH) wild type (WT) and
ALDH2-/- (KO) mice. (b) Representative M-mode echocardiographic images of the morphology of right ventricles and RVEF statistical
results of the four groups (WT CON, WT PH, KO CON, and KO PH). (c) Representative pulse wave echocardiographic images of
pulmonary flow of the four groups (WT CON, WT PH, KO CON, and KO PH). (d) Pulmonary acceleration time of the four groups
(WT CON, WT PH, KO CON, and KO PH). (e) The ratio of pulmonary acceleration time and pulmonary ejection time of the four
groups (WT CON, WT PH, KO CON, and KO PH). Data are shown as mean ± SEM. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗ p < 0:001, ∗∗∗∗ p <
0:0001, ns: not significant.
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Figure 2: ALDH2 deficiency worsens the extent of PH and its effects on right ventricular remodeling and cardiomyocytes. (a) Gross morphology
of hearts of normoxia (CON) and HySu-treated (PH)Wild type (WT) and ALDH2-/- (KO) mice. (b) H&E longitudinal section staining of hearts
and the quantification of the right ventricular hypertrophy index of the four groups (WT CON, WT PH, KO CON, and KO PH). (c) Electron
microscopy examination of RV of the four groups (WT CON, WT PH, KO CON, and KO PH). (d) Representative images of RV by Masson
collagen staining and the quantification of fibrosis of the four groups (WT CON, WT PH, KO CON, and KO PH). (e) Representative images
of RV by WGA staining and the quantification of cross-sectional area of the four groups (WT CON, WT PH, KO CON, and KO PH). Data
are shown as mean ± SEM. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗ p < 0:001, ∗∗∗∗ p < 0:0001, ns: not significant.
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functioning as a compensatedmechanism to counteract the ele-
vated PH, pulmonary vascular remodeling produces increased
vascular resistance and leads to RV dysfunction in the long term
[7]. Therefore, the analysis of pulmonary vascular remodeling
in lung tissue was performed. Consistent with hemodynamic

findings, in PHmice, the structural analyses of pulmonary arte-
rioles by H&E staining indicated the ratio of normal (without
muscularization) blood vessels was strikingly decreased in both
WT and ALDH2-/- mice, while ALDH2 deficiency showed a
more noteworthy decrease. In contrast, the percentages of fully
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Figure 3: ALDH2 deficiency exacerbates pulmonary vascular remodeling and oxidative damage in PH. (a) Representative images of H&E
staining indicating the degree of muscularization (0–20% represents nonmuscularized, 20–40% partially muscularized, and 40–100% fully
muscularized) of small pulmonary vessels from wild type (WT) and ALDH2-/- (KO) mice treated with normoxia (CON) or HySu (PH).
(b) Representative images of Masson staining indicating the area percentage of fibrosis area of mice lungs of the four groups (WT CON,
WT PH, KO CON, and KO PH). (c) Western blot analysis of ALDH2, αSMA, and fibronectin of mice lungs of the four groups (WT
CON, WT PH, KO CON, and KO PH). (d, e) Western blot analysis and quantification of (d) ALDH2 and (e) 4HNE of control (CON)
and PDGF-BB- (PDGF-) treated vehicle (Lenti-NC) or ALDH2 knockdown (Lenti-ALDH2) HPASMCs. (f) Representative images of
4HNE immunohistochemical staining of mice lungs of the four groups (WT CON, WT PH, KO CON, and KO PH). Data are shown as
mean ± SEM. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗ p < 0:001, ∗∗∗∗ p < 0:0001, ns: not significant.
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muscularized vessels in both WT PH and KO PH mice were
significantly higher than that in the control group, while
ALDH2 deficiency further promoted muscularization.
(Figure 3(a)). Correspondingly, pulmonary fibrosis expressed
by trichrome staining and western blot analysis of alpha-
smoothmuscle actin (α-SMA) and fibronectin were both aggra-
vated by the knockout of ALDH2 (Figures 3(b) and 3(c)). 4-
HNE is a sensitive marker of oxidative damage [36], which is
oxidized and detoxified by ALDH2. The 4-HNE immunohisto-
chemical staining showed that the proportion of 4-HNE–
positive cells in the lungs of the PHmice was higher in the lungs
of the control group, while it was the highest in the ALDH2
deficient group (Figure 3(f)). Successful knockdown of ALDH2
was verified by western blot analysis (Figure 3(d)). Consistent
in vitro results were obtained by western blot analysis in
HPASMCs treated with PDGF-BB. Specifically, an obvious
increment in the expression of 4-HNE was visualized
(Figure 3(e)).

3.4. ALDH2 Knockdown Accentuates PASMC Migration and
Proliferation in PH. The structural alterations within the
remodeling of the pulmonary vessel are caused mainly by
the migration and proliferation of PASMC [2]. Therefore,
we investigated whether the effects of ALDH2 were under-
scored by changes in the migration and proliferation ability
of PASMC. The wound-healing assay revealed that 24 h of
PDGF-BB intervention, the migration ability of HPASMC
was promoted with a reduced wound area, compared with
that in the control group, and the difference was more con-
spicuous when ALDH2 was knocked out (Figure 4(a)). Sub-
sequently, the transwell experiment revealed that, after
PDGF-BB intervention, the number of migrating cells
increased in comparison with that in the control group.
Knockdown of ALDH2 further augmented the number of
migrating cells (Figure 4(b)).

The effect of ALDH2 knockdown on the proliferation of
PASMCs was also observed in two parts. First, the EdU assay
demonstrated a higher fluorescence intensity in the Lenti-
NC PDGF group than that in the control group, while the
intensity in the ALDH2 knockdown HPASMC group was
more significant (Figure 4(d)). Subsequent western blot
assay after 24 h of PDGF-BB treatment demonstrated signif-
icantly elevated levels of proliferation-related proteins, pro-
liferating cell nuclear antigen (PCNA), and cyclin D1 in
PDGF-BB-treated groups than those in the control groups.
Moreover, ALDH2 knockdown resulted in a more signifi-
cant increase in these protein levels (Figure 4(c)). These
findings indicated that ALDH2 knockdown enhanced
PASMC proliferation.

3.5. ALDH2 Deficiency Alters Pulmonary Autophagy Levels
in Response to PH. The aberrant autophagic response is
important in the pathogenesis of PH development [37].
Therefore, we determined whether autophagy is involved
in the underlying mechanisms of worsening PH after
ALDH2 deficiency. Electron microscopy assessment
revealed no abnormal changes in the lungs of WT CON
and KO CON mice; however, autophagosomes appeared in
the lungs of mice in the WT PH and KO PH groups, partic-

ularly in the ALDH2-deficient lungs (Figure 5(a)). The
effects of ALDH2 knockout on the autophagic response in
the lung tissue were also evaluated using immunohistochem-
istry. Significantly higher LC3B expression was detected in
mice in the WT PH and KO PH groups compared with
the mice in the control group, suggesting an increased level
of autophagy in the lungs of these mice. However, this differ-
ence was substantially higher in the KO PH group in com-
parison with that in the WT PH group, proposing that
ALDH2 acts as an important factor in the autophagy
response in PH (Figure 5(b)).

Furthermore, the autophagic response of HPASMC was
further examined using confocal fluorescence microscopy.
HPASMC was transduced with autophagic LC3 double-
labeled adenovirus to observe morphological and autophagic
flux alterations in response to PDGF-BB treatment and
ALDH2 knockdown. Consistent with the previous results,
the cells became larger and wider after PDGF-BB treatment,
and these effects were further enhanced by ALDH2 knock-
down. Alterations in autophagic flux were observed by con-
focal microscopy, and the number of autophagosomes
significantly increased after PDGF-BB treatment, especially
in the cells with ALDH2 knockdown (Figure 5(c)). Addi-
tionally, the western blot analysis revealed increased expres-
sion of LC3B, ATG5, ATG7, and Beclin-1 after PDGF-BB
intervention, especially after ALDH2 knockdown
(Figure 5(d)).

3.6. ALDH2 Deficiency Stimulates the Autophagy-Inducing
ERK1/2 Signaling Pathway in PH. Autophagy is a multiface-
ted biological metabolic progression, which is regulated by
several distinct signaling pathways, with the mitogen-
activated protein kinase ERK1/2 and the PI3K-AKT-
mTOR signaling pathways considered most critical [38].
Here, we determined whether ERK-1/2 and PI3K-AKT-
mTOR signaling pathways were responsible for the
previously-stated findings on autophagic alterations. As
anticipated, ERK1/2 was considerably upregulated by
PDGF-BB intervention and was further stimulated by the
knockdown of ALDH2 in the PASMC. However, while chal-
lenged with PDGF-BB, the PI3K-AKT-mTOR signaling
pathway was not suppressed as expected (Figures 5(e) and
5(f)).

4. Discussion

Recent studies have indicated that autophagy is a primordial
determinant of health, suggesting autophagy regulation as a
favorable approach for the prevention or treatment of com-
mon phenotypic abnormalities in various human diseases
[39]. Although ALDH2 has been shown to have essential
roles in the development of cardiopulmonary disease in both
experimental and clinical backgrounds [13–16, 40], little is
known regarding its role in PH, right ventricular remodel-
ing, and the underlying autophagy-dependent mechanisms.
In this study, we demonstrated that ALDH2 deficiency exac-
erbates pulmonary artery muscularization, right ventricular
hypertrophy, fibrosis, and right-sided heart failure by regu-
lating autophagy. The adverse effects of ALDH2 deficiency
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include the overt accumulation of 4-HNE and the consider-
able exacerbation of PASMC migration and proliferation.
Mechanistically, enhanced autophagy is involved in PASMC
migration and proliferation, and ALDH2 deficiency further
induces autophagic activity via increased ERK1/2 activity.

Hypoxia causes augmented formation of reactive oxygen
species, which further causes lipid peroxidation [36, 41]. Lipid
peroxidation creates various oxidative end-products, among
which toxic aldehydes are the most dominant [18]. The major
aldehyde product of lipid peroxidation is 4-HNE, believed to
be the most detrimental aldehyde [18, 36], interacts with cellu-
lar macromolecules to produce a variety of protein adducts,
leading to DNA damage, protein inactivation, and disease
onset [18, 36]. ALDH2, an essential mitochondrial enzyme,
is recognized for its crucial function in metabolism and pro-
tection against toxic agents, such as ROS and 4-HNE [42].
Studies have indicated that ALDH2 plays a protective role
through the detoxification and clearance of 4-HNE in various
oxidative stress-mediated cardiopulmonary diseases, such as
myocardial ischemia/reperfusion, hypertension, and myocar-
dial infarction [11, 12]. In the present study, we found remark-
ably augmented levels of 4-HNE in the lung tissue of
ALDH2-/- mice in response to hypoxia. This was accompanied
by exacerbated pulmonary artery muscularization, right ven-
tricular hypertrophy, fibrosis, and right-sided heart failure.
Additionally, our in vitro studies also confirmed elevated 4-
HNE levels in PASMCs after PDGF-BB treatment. These
results suggest that 4-HNE is a detrimental element involved
in the downstream signaling pathway related to the protective
effects of ALDH2 in PH.

The pathological basis of hypoxia-induced PH involves
pulmonary vasoconstriction and pulmonary vascular remod-
eling [25, 43, 44]. Abnormal PASMCmigration and prolifera-
tion are key pathological features of pulmonary vascular

remodeling due to persistent hypoxic PH. This pathological
vascular remodeling is principally considered as medial thick-
ening, increased muscularization, and luminal stenosis, all of
which contribute to the progression of PH [19, 25]. Further-
more, previous studies have shown that factors regulating
PASMCmigration and proliferation protect against patholog-
ical medial thickening, vascular remodeling, and right ventric-
ular pressure elevation [2, 45]. During the preparation of this
manuscript, a study by Zhao et al. suggested that ALDH2
protects against hypoxia-induced PH by attenuating PASMC
proliferation [18]. In this study, the wound healing, transwell,
and EdU cell proliferation assays demonstrated that ALDH2
knockdown remarkedly augmented PASMC proliferation
and migration. This was demonstrated by wound healing,
transwell, and EdU cell proliferation assays. Additional immu-
noblot analysis further confirmed increased levels of PCNA
and cyclin D1. Therefore, these results indicate that ALDH2
deficiency may promote right ventricular remodeling and fail-
ure by upregulating PASMC migration and proliferation.

Appropriate levels of autophagic activity are fundamental
in maintaining cellular homeostasis through sequestration,
turnover, and reprocessing of subcellular components includ-
ing cytoplasmic substrates [46, 47]. Inappropriate autophagy
results in the aggregation of toxic proteins and injured organ-
elles. Conversely, extreme autophagy exceeding the necessity
becomes destructive and results in cell death [46, 48]. There-
fore, controversy remains on whether autophagy plays a bene-
ficial or harmful role during PH. Lee et al. found increased
expression of LC3B-II in the hypoxic mice lungs and the lungs
of PH patients [24]. Consistently, several other studies have
reported that the pharmacological inhibition of autophagy
using drugs, such as NPS2390, puerarin, and apelin, suppresses
PASMC proliferation [25, 49, 50]. Coherent to the previous
studies, we demonstrated that the triggering of autophagy
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Figure 4: ALDH2 knockdown accentuates PASMC migration and proliferation in PH. (a) Representative photomicrographs of scratch
assay and the quantification of the wound area of the control (CON) and PDGF-BB-treated (PDGF) vehicle (Lenti-NC) and ALDH2
knockdown (Lenti-ALDH2) HPASMCs. (b) Transwell experiment of the four groups of HPASMCs (Lenti-NC CON, Lenti-NC PDGF,
Lenti-ALDH2 CON, and Lenti-ALDH2 PDGF) and their quantification results. (c) Western blot analysis of CyclinD1 and PCNA of the
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protein expression. (d) Representative fluorescence images and the quantification of EdU experiment of the four groups of HPASMCs
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0:01, ∗∗∗ p < 0:001, ∗∗∗∗ p < 0:0001, ns: not significant.
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was involved in PASMC migration and proliferation. ALDH2
was reported to attenuate cardiovascular diseases through the
regulation of autophagy including heart failure [16], diabetic
cardiomyopathy [51], and myocardial dysfunction [52]. How-
ever, most studies emphasized on the direct detoxification
properties of ALDH2 instead of its interactions with autoph-
agy, especially in the scenario of PH. In our study, we found
out for the first time that ALDH2 deficiency exacerbated
autophagy as well as PASMC migration and proliferation,
resulting in deteriorated ventricular function. Taken together,
these findings suggest that ALDH2 protects against PH by inhi-
bition of pathological PASMC migration and proliferation via
the amelioration of aberrant autophagy.

The molecular mechanism of autophagy is complex and is
regulated by various signaling pathways [46]. Particularly, the
ERK1/2-Beclin-1 and PI3K-AKT-mTOR signaling pathways
have been proven to regulate autophagy and the proliferation
of PASMCs [53–55]. In this study, we found that both of these
signaling pathways were stimulated. Furthermore, ALDH2
deficiency further exacerbated aberrant autophagic activity
during the pathological process oh PH in lung tissues in vivo
and in HPASMCs in vitro and enhanced the activation of

these two signaling pathways. However, it is documented that
the activation of ERK1/2-Beclin-1 pathway may promote
autophagy whereas the activation of AKT-mTOR pathway is
recognized to inhibit autophagy [26, 56]. Our negative find-
ings of AKT-mTOR pathway in autophagy indicated an
AKT-mTOR-independent mechanism in our current experi-
mental settings. Consistently, it is implicated that AKT-
mTOR (recognized as essential nutrients and energy indicator
to regulate oxidative stress, protein synthesis, cell growth, and
survival [57, 58]) has an essential role in autophagy-unrelated
regulations of different physiological functions through activa-
tion of inflammatory responses and angiogenic processes [59].
Therefore, the proteinopathies of PH may be an inducer of
AKT-mTOR pathway beyond autophagy regulation, or its
influence was covered by enhanced ERK1/2-Beclin-1 depen-
dent autophagy signaling pathway, similar to our previous
study on AMPK in pressure overload injury [10].

Autophagy has been reported in previous studies to be
associated with the activation of ERK-dependent signaling
pathways in response to various stresses such as endoplasmic
reticulum stress in lungs [60], amino acid reduction [61],
autophagic vacuolation in tumors [62], aurintricarboxylic acid
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Figure 5: ALDH2 deficiency activates autophagy and its signaling pathways in PH. (a) Electron microscopy analysis of autophagic response
in lung tissues of wild type (WT) and ALDH2-/- (KO) mice treated with normoxia (CON) or HySu (PH). (Arrows indicate
autophagosomes). (b) Representative images of LC3B immunohistochemical staining of lungs of the mice of WT CON, WT PH, KO
CON, and KO PH groups. (c) Representative images of confocal fluorescence microscopy of the control (CON) or PDGF-BB-treated
(PDGF) HPASMCs transfected with mRFP-GFP-LC3 adenovirus of the vehicle (Lenti-NC) and ALDH2 knockdown (Lenti-ALDH2)
HPASMCs. (d) Western blot analysis of LC3B, P62, ATG5, ATG7, and Beclin1 and their quantification in the four HPASMCs groups
(Lenti-NC CON, Lenti-NC PDGF, Lenti-ALDH2 CON, and Lenti-ALDH2 PDGF). (e) Western blot analysis of the phosphorylated state
of PI3K, AKT, and mTOR and their quantification analyses in the four groups of HPASMCs (Lenti-NC CON, Lenti-NC PDGF, Lenti-
ALDH2 CON, and Lenti-ALDH2 PDGF). (f) Western blot analysis of the phosphorylated state of ERK1/2 and its quantification analysis
in the four groups of HPASMCs (Lenti-NC CON, Lenti-NC PDGF, Lenti-ALDH2 CON, and Lenti-ALDH2 PDGF). Data are shown as
mean ± SEM. ∗p < 0:05, ∗∗p < 0:01, ∗∗∗ p < 0:001, ∗∗∗∗ p < 0:0001, ns: not significant.
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treatment in colon cancer cells [63], and cadmium-induced
nephrotoxicity [64]. In addition, Beclin-1, a key regulator of
autophagosome formation, serves as a platform protein that
interacts with PI3K and plays an essential role in autophagy
initiation and autophagic suppression of apoptosis [65, 66].
This characteristic is in line with the main feature of uncon-
trolled proliferation of PASMCs in pulmonary vascular
remodeling of PH, evident in our result. A recent study by
Xu et al. discovered that ALDH2 protects against oxidative
stress by promoting autophagy also through the regulation
of Beclin-1 in kidney injuries both in vitro and in vivo. Our
results suggest a pivotal role of ERK1/2-Beclin-1-dependent
regulation of autophagy in ALDH2-elicited inhibition of
PASMC migration and proliferation. Nevertheless, further
study is warranted to explore the precise mechanism of
AKT-mTOR pathway in the ALDH2-induced regulation of
PH and right-heart failure.

In conclusion, ALDH2 deficiency-induced autophagy is
most possibly be mediated via the ERK1/2-Beclin-1 signal-
ing pathway, suggesting it as a potential therapeutic target.
A summary flow diagram showing the role and mechanisms
of ALDH2 in the autophagy of PH is presented in Figure 6.
Due to the lack of effective treatments for PH, this potential
novel therapeutic target may be a new breakthrough.

Despite the impactful findings, there remains a limita-
tion to our study. A possible medication to upregulate
ALDH2 expression could be used to further verify the pro-
tective and therapeutic effects of PH. Further clinical studies
are warranted to verify its applicability.

5. Conclusions

In summary, the stimulation of autophagy is involved in
PASMC migration and proliferation and the pathological pro-
gression of PH. ALDH2 deficiency exacerbates this pathological
progression in conjunction with increased ERK1/2 activity.
Overall, our study suggests that ALDH2 could act as a unique
therapeutic target for PH, probably via the regulation of autoph-
agy and PASMC migration and proliferation.
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