
Contents lists available at ScienceDirect

Redox Biology

journal homepage: www.elsevier.com/locate/redox

Research Paper

Aldehyde dehydrogenase 2 protects against oxidative stress associated with
pulmonary arterial hypertension

Tao Xua,⁎,1, Shuangyue Liub,1, Tingting Mab, Ziyi Jiac, Zhifei Zhangd, Aimei Wangb,⁎

a Life Science Institute, Jinzhou Medical University, Jinzhou, Liaoning 121000, PR China
b Department of Physiology, Jinzhou Medical University, Jinzhou, Liaoning 121000, PR China
c College of Economics and Management, Huazhong Agricultural University, Wuhan, Hubei 430070, PR China
d Department of Physiology and Pathophysiology, Capital Medical University, School of Basic Medical Sciences, Beijing 100069, PR China

A R T I C L E I N F O

Keywords:
Pulmonary arterial hypertension
4-hydroxynonenal
Aldehyde dehydrogenase 2
Oxidative stress
NF-κB
Alda-1

A B S T R A C T

The cardioprotective benefits of aldehyde dehydrogenase 2 (ALDH2) are well established, although the
regulatory role of ALDH2 in vascular remodeling in pulmonary arterial hypertension (PAH) is largely unknown.
ALDH2 potently regulates the metabolism of aldehydes such as 4-hydroxynonenal (4-HNE), the endogenous
product of lipid peroxidation. Thus, we hypothesized that ALDH2 ameliorates the proliferation and migration of
human pulmonary artery smooth muscle cells (HPASMCs) by inhibiting 4-HNE accumulation and regulating
downstream signaling pathways, thereby ameliorating pulmonary vascular remodeling. We found that low
concentrations of 4-HNE (0.1 and 1 μM) stimulated cell proliferation by enhancing cyclin D1 and c-Myc
expression in primary HPASMCs. Low 4-HNE concentrations also enhanced cell migration by activating the
nuclear factor kappa B (NF-κB) signaling pathway, thereby regulating matrix metalloprotein (MMP)-9 and
MMP2 expression in vitro. In vivo, Alda-1, an ALDH2 agonist, significantly stimulated ALDH2 activity,
reducing elevated 4-HNE and malondialdehyde levels and right ventricular systolic pressure in a monocrota-
line-induced PAH animal model to the level of control animals. Our findings indicate that 4-HNE plays an
important role in the abnormal proliferation and migration of HPASMCs, and that ALDH2 activation can
attenuate 4-HNE-induced PASMC proliferation and migration, possibly by regulating NF-κB activation, in turn
ameliorating vascular remodeling in PAH. This mechanism might reflect a new molecular target for treating
PAH.

1. Introduction

Pulmonary arterial hypertension (PAH) is a serious and fatal
clinical syndrome characterized by pulmonary vascular remodeling,
which leads to a mean pulmonary artery pressure above 25 mm Hg,
right ventricular failure, and death [1]. PAH is a multi-factorial process
with a very complex pathological mechanism. Abnormal proliferation
of the pulmonary arterial smooth muscle cells (PASMCs) typically
underpins its pathology [2,3]. In recent years, extensive studies in both
animal models and patients suggested that oxidative stress plays a key
role in pathological remodeling of the pulmonary vasculature [4].
Excessive lipid peroxidation participates in the abnormal proliferation
of PASMCs [5].

4-hydroxynonenal (HNE) is a major end product of lipid peroxida-
tion, derived from the oxidation of n−6 polyunsaturated fatty acids,
such as linoleic, γ-linolenic, or arachidonic acids [6]. 4-HNE is not only

a marker of oxidative stress, but can also form protein adducts and
dysregulate cell signaling to contribute to multiple diseases, including
cancer, atherosclerosis, and hypertension [7–9]. 4-HNE has been
reported to stimulate the proliferation of vascular smooth muscle cells
[10–12]. The accumulation of 4-HNE in the pulmonary arteries in
patients with PAH has been recognized as an important contributor to
disease progression [13,14]; however, the role of 4-HNE in the
abnormal proliferation of pulmonary vascular smooth muscle cells,
and the associated signaling pathways involved remain unknown.

Aldehyde dehydrogenase (ALDH) 2 is a key enzyme mediating the
conversion of aldehydes, e.g., 4-HNE, into much less reactive chemical
species [15]. Previous data have indicated that ALDH2 activity is
closely associated with several cellular functions, including prolifera-
tion and responses to oxidative stress [16]. The ALDH2 gene is linked
to susceptibility to cardiovascular diseases [17,18]. Polymorphism of
the ALDH2 gene is implicated in inflammatory processes associated
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with coronary heart disease and hypertension [19,20]. Although the
exact role of ALDH2 in pulmonary vascular remodeling is unknown, it
is very likely that ALDH2 contributes to the development and
progression of PAH. In this study, we investigated whether 4-NHE
accumulation was responsible for the abnormal proliferation and
migration of pulmonary vascular smooth muscle cells, and whether
Alda-1 (an ALDH2 agonist) affects perfusion, accelerating 4-NHE
clearance and thereby attenuating PAH.

2. Materials and methods

2.1. Animal models

All animal care and experimental procedures were approved and
conducted in accordance with the Institutional Animal Care and Use
Committee of Jinzhou Medical University and conformed to the Guide
for the Care and Use of Laboratory Animal published by the US
National Institutes of Health. Male Sprague–Dawley rats (n=48;
weighing 220–250 g) were purchased from Vital River Laboratories
Animal Company (Beijing, China). The animals were intraperitoneally
(i.p.) injected with a single dose of monocrotaline (MCT; 60 mg/kg;
Sigma-Aldrich, St. Louis, MO) to induce severe PAH within 2 or 4
weeks (n=8 each group). For experiments involving pre-treatment with
Alda-1 (Sigma-Aldrich Co., St. Louis, MO), MCT-injected rats were
randomly divided into 3 groups, including the MCT group (n=12), the
vehicle-alone group (n=6) administered 50% polyethylene glycol (PEG)
and 50% dimethyl sulfoxide (DMSO) by volume, and the Alda-1 group
(n=6). Control rats (n=8) were injected with an equal volume of 0.9%
phosphate-buffered saline (PBS). The MCT-treated rats were subcuta-
neously implanted with mini-osmotic pumps (model 2004; ALZET,
Cupertino, CA) and continuously infused with Alda-1 (10 mg kg−1 d−1)
for 4 weeks.

2.2. 4-HNE-His adduct and malondialdehyde (MDA) assays

4-HNE and MDA levels were determined using the OxiSelect™
HNE-His Adduct ELISA Kit (Cell Biolabs, San Diego, CA) and the Lipid
Peroxidation (MDA) Assay Kit (MAK085; Sigma-Aldrich), respectively.
The enzyme-linked immunosorbent assay (ELISA) was performed
according to the manufacturer's instructions, and the activity was
measured using a Varioskan Flash microplate reader (Thermo
Scientific, Waltham, MA).

2.3. ALDH2 activity assay

ALDH2 activity was measured using a ALDH2 Activity Assay Kit
(GMS50131; GenMed, Pfizer, CA), according to the manufacturer's
instructions. Enzyme activities were measured using a microplate
reader by monitoring the production of NADPH at 340 nm.

2.4. Cell culture

Human pulmonary artery smooth muscle cells (HPASMCs) were
purchased from ScienCell Research Laboratories (San Diego, CA) and
were cultured in smooth muscle cell-growth medium (SMCM) at 37 °C,
in a humidified atmosphere containing 5% CO2. HPASMCs were used
within 3–5 passages of the primary culture.

2.5. Cell-proliferation assay

Cell proliferation was quantified using the methyl thiazolyl tetra-
zolium (MTT) assay (Sigma-Aldrich). Briefly, cells were initially grown
in 96-well microplates in complete SMCM for 24 h and, after washing
with PBS, were incubated in serum-free SMCM medium for 24 h. The
cells were then treated with different concentrations of 4-HNE for 24,
48, or 72 h. Absorbance of the cultures was measured at 570 nm using

a microplate reader.

2.6. BrdU-incorporation assay and cell cycle analysis

BrdU-incorporation assays were performed to measure HPASMC
proliferation, using BrdU Flow kits (BD Pharmingen, Franklin Lakes,
New Jersey). Briefly, HPASMCs were plated in 35 mm plates at a
density of 1×106 cells/well and were synchronized over 24 h under
serum starvation. HPASMCs were then incubated with PBS or 0.1 μM
4-HNE for 48 h. When required, 20 μM Alda-1 was added 30 min
before the addition of 4-HNE. The cells were labeled with BrdU,
according to the manufacturer's instructions. The results were acquired
using a BD LSRFortessa Cell Analyzer (Becton Dickinson, Franklin
Lakes, New Jersey).

2.7. Analysis of cell migration and invasion

HPASMC migration was evaluated in scratch-induced, wound-
healing assays [21]. HPASMCs were seeded into 6-well plates. Near-
confluent HPASMCs were wounded by scraping with a standard 1-mL
pipette tip to create a gap along the diameter of the well. HPASMC
invasion was assessed by performing a Boyden chamber assay [22].
HPASMCs were seeded into the upper surface of an 8-μm pore size
chamber, with serum-free SMCM medium, with or without 0.1 μM 4-
HNE in the lower chamber. When required, 20 μM Alda-1 was added
30 min before the addition of 4-HNE.

2.8. Immunohistofluorescence

For double immunofluorescence staining, 5 µm-thick lung sections
were incubated at 4 °C overnight with a mixture of mouse anti-4-HNE
or anti-ALDH2 monoclonal antibodies (1: 200 dilution; Abcam,
Cambridge, UK), and an anti-α-smooth muscle actin (α-SMA) mouse
antibody (1:200 dilution; Abcam); alternatively, the primary antibody
was substituted with an isotype control (1:200 dilution; Abcam).
Immunohistofluorescence images were obtained using confocal micro-
scopy (TCS-SP5, Leica Microsystems, Wetzlar, Germany).

2.9. Western blot analysis

Lung tissues (20 mg) or cells (1×106) were sonicated in 100 μL
radioimmunoprecipitation assay buffer (Aidlab, Beijing, China) and
homogenized. HPASMC nuclear proteins were extracted using a
Nuclear Protein Extraction Kit (Beyotime, Jiangsu, China), according
to the manufacturer's instructions. Protein samples were separated by
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes (Millipore, Billerica, MA). The
membranes were then incubated overnight with the indicated primary
antibodies at 4 °C. The following primary antibodies were used for
western blotting: monoclonal antibodies against rabbit anti-cyclin D1,
anti-c-Myc, anti-matrix metalloprotein (MMP)-9 and anti-MMP-2
(1:1000 dilution; Cell Signaling Technology, USA); polyclonal anti-
bodies against rabbit anti-nuclear factor-kappa B (NF-κB) p65, anti-
phospho-NF-κB p65, anti-nuclear factor of kappa light polypeptide
gene enhancer in B-cells inhibitor, alpha (IκBα), and anti-phospho-
IκBα (1:1000 dilution; Cell Signaling Technology, USA); monoclonal
antibodies against mouse anti-4-HNE monoclonal antibody and mouse
anti-ALDH2 (1: 500 dilution; Abcam, Cambridge, UK). Protein levels
were analyzed using the Odyssey Infrared Imaging System (Li-Cor
Biosciences, Lincoln, NE).

2.10. Real-time polymerase chain reaction (PCR)

Total RNA was extracted from HPASMCs using the RNAprep Pure
Kit (Tiangen Biotech, Beijing, China), according to the manufacturer's
instructions. The first-strand cDNA was reverse-transcribed from the
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total RNA using the Superscript III First-Strand Synthesis System
(Invitrogen, Carlsbad, CA). Real-time PCR was performed with an
Mx3000 P Real-Time PCR Detection System (Agilent, Santa Clara, CA).
Data were analyzed using the 2-ΔΔCT method with GAPDH serving as an
internal control [23]. The sequences of the forward and reverse primers
used are shown in Table S1.

2.11. Cell transfection with small interfering RNA (siRNA) and
ALDH2 lentiviral vector

HPASMCs were cultured from an initial density of 1×105 cells/mL
to a monolayer and seeded into 6-well plates on the day before the
transfection. After growing the cells to 50% confluency (24 h), they
were transfected with siRNA targeting human RelA (NF-κB p65 siRNA)
or a scrambled siRNA (Scr-siRNA) (Santa Cruz Biotechnology, Santa
Cruz, CA) at a final concentration of 30 nM in the culture supernatant.
The sequences of the siRNAs were 5′-GAUGAGAUCUUCCUA
CUGUdTdT-3′ for RelA and 5′-UUCUCCGAACGUGU CACGU
TTdTdT-3′ for Scr-siRNA. The siRNAs were transfected into
HPASMCs using Lipofectamine (Invitrogen), following the manufac-
turer's recommended protocol [24].

A lentiviral vector (GENECHEM, Shanghai, China) was used to
establish a stably transfected HPASMC cell line expressing ALDH2.

The retroviral packaging process was performed according to the
manufacturer's protocol. Briefly, HPASMCs were seeded at
2×105 cells/well in 6-well plates 24 h prior to transfection. The
HPASMCs were grown to approximately 50% confluence and trans-
fected with the recombinant Lenti-OE vector ALDH2 in enhanced
infection solution overnight. Subsequently, the virus-containing med-
ium was replaced with 4 mL of fresh culture medium. Measurements
were conducted 3 days after transfection by western blot and real-time
PCR.

2.12. Hemodynamic measurements and evaluation of right
ventricular hypertrophy

Sprague–Dawley rats were anesthetized with 1% pentobarbital
sodium (40 mg/kg, i.p.). As an indicator of the mean pulmonary
arterial pressure, right ventricular systolic pressure (RVSP) was
measured using a guide-wire inserted into the right ventricle via the
right jugular vein [25].

2.13. Analysis of pulmonary arterial morphology

Following the hemodynamic measurements, rats were sacrificed by
cervical dislocation, and the lungs and hearts were harvested. Right

Fig. 1. MCT induced 4-HNE accumulation in rat lung tissues. (A) 4-HNE was detected in pulmonary arterial smooth muscle cells (PASMCs) in the lungs of rats with MCT-induced PAH.
Representative immunofluorescence images of lung sections stained with anti-4-HNE antibodies (green) and anti-α-SMA antibodies (red), at 0, 2, and 4 weeks post-MCT stimulation.
Cell nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (blue). Compared with 0 week rats, 4-HNE levels in the pulmonary arterial media increased in rats with MCT-
induced PAH, in terms of the percent nuclear localization. (B) 4-HNE expression in the lung tissue lysates, as determined by western blotting. (C) Quantification of protein levels from
(B), relative to the control. *P < 0.05 (n=3). (D) 4-HNE levels in tissue lysates measured by ELISA. Data are presented as the mean ± SD (n=6 in each group). *P < 0.05. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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lung specimens were fixed in 4% paraformaldehyde (pH 7.4) for 24 h
and then embedded in paraffin wax. Serial Section (5-μm thickness)
were stained with hematoxylin and eosin (H&E). Percent medial wall
thickness (% MT), an estimate of the pulmonary arteriolar remodeling,
was calculated as follows: wall thickness (%)=([medial thickness×2]/
[external diameter])×100% [26].

2.14. Statistical analysis

Data are presented as the mean ± SD and were analyzed using
Prism 5 (GraphPad Software, La Jolla, CA). Group comparisons were
performed using 1-way ANOVA, followed by a Newman–Keuls test.
Differences were considered statistically significant at P < 0.05.

3. Results

3.1. Levels of 4-HNE in MCT-induced pulmonary rat arteries

Moderate proliferation of tunica media smooth muscle cells in
pulmonary arteries was observed 2 weeks after MCT induction, which
became more pronounced 4 weeks after induction. Double immuno-
fluorescence staining revealed low levels of 4-HNE in the smooth
muscle cells of the pulmonary vascular walls of control animals, and
high 4-HNE levels in the pulmonary vascular walls of MCT-induced
animals (Fig. 1A and B). Our data suggested that MCT injection led to a
significant increase in 4-HNE levels in rat lung tissues (Fig. 1C and D).
MCT-induced accumulation of 4-HNE in rat lung tissues was also
detected at 2 and 4 weeks post-induction by ELISA (Fig. 1E).

3.2. The effect of 4-HNE on HPASMC proliferation

Pulmonary vascular remodeling induced by the proliferation and
migration of smooth muscle cells is thought to be the main cause of
PAH development [27]. To assess the role of 4-HNE in modulating
HPASMC proliferation, the cells were administered different concen-
trations of 4-HNE (0.01–1 μM). We observed that 4-HNE stimulated
HPSMC proliferation in a dose-dependent manner, with a maximal
effect elicited by a 0.1-μM dose, at 48 h post-treatment (Fig. 2A). The
results of BrdU-incorporation assays confirmed that 4-HNE treatment
(0.1 and 1 μM) significantly increased the proliferation of cultured
HPASMCs (P < 0.05 vs. control; Fig. 2B). Western blot analysis showed
that 4-HNE stimulated expression of the proliferative factors cyclin D1
and c-Myc in cultured HPASMCs in a dose-dependent manner
(Fig. 2C–E). Similarly, 4-HNE increased cyclin D1 and c-myc mRNA
levels in cultured HPASMCs (Fig. 2F and G). In parallel, 4-HNE
treatment led to a reduction of cells in G0/G1 phase, while increasing
the proportion of cells in S phase, relative to control HPASMCs
(Fig. 2H).

3.3. Effect of 4-HNE on the migration of HPASMCs

The effect of 4-HNE on HPASMC migration in vitro was evaluated
in scratch-wound and Boyden-chamber assays. 4-HNE treatment
robustly enhanced HPASMC migration, increasing the migration area
(Fig. 3A and B) and the number of migrated cells (Fig. 3C and D). MMP
activation plays a key role in pulmonary vascular remodeling, resulting
in the degradation of various components of the extracellular matrix
(ECM) and mediating ECM remodeling, thereby inducing HPASMC
migration [28]. 4-HNE induced MMP-9 and MMP-2 expression in
cultured HPASMCs (Fig. 3E–G). Similarly, MMP-9 and MMP-2 mRNA
levels in cultured HPASMCs were higher after 4-HNE treatment that
those in control cells (Fig. 3H and I).

3.4. NF-κB activation contributes to the effects of 4-HNE on cultured
HPASMCs

Recently, the NF-κB signaling pathway was found to play a role in
oxidative stress in human and experimental PAH [29,30]. Incubation
of HPASMCs with 4-HNE promoted phosphorylation and degradation
of the NF-κB inhibitor IκBα, as well as phosphorylated NF-κB p65 in
the cytoplasm (Fig. 4A–C). In addition, 4-HNE treatment elicited an
increase in nuclear NF-κB p65 levels (Fig. 4D and E). Activation of the
NF-κB signaling pathway is a key mediator of MMP expression [34].
Knockdown of NF-κB p65 levels with siRNA suppressed NF-κB p65
expression, as determined by western blotting and real-time PCR (Fig.
S1), and suppressed 4-HNE-induced MMP-9 and MMP-2 expression in
cultured HPASMCs (Fig. 4F–H). Importantly, HPASMC migration in
response to 4-HNE was blocked by NF-κB p65 siRNA (Fig. 4I and J).

3.5. Activation of ALDH2 inhibits the effects of 4-HNE on cultured
HPASMCs

ALDH2 expression was significantly reduced in HPASMCs stimu-
lated with 4-HNE, as demonstrated by western blotting and real-time
PCR analyses (Fig. 5A–D). We used a retrovirus-based vector to
generate ALDH2-overexpressing HPASMCs. Compared with cells
transduced with the empty vector, ALDH2 protein and mRNA levels
were remarkably elevated in ALDH2-overexpressing HPASMCs (Fig.
S2). Overexpression of ALDH2 in HPASMCs counteracted 4-HNE-
induced cyclin D1 and c-Myc expression; similarly, treatment with the
ALDH2 agonist Alda-1 (20 μM) reduced 4-HNE-induced cyclin D1 and
c-Myc expression (Fig. 5E–G). Importantly, ALDH2 overexpression
and Alda-1 treatment prevented both 4-HNE-induced HPASMC pro-
liferation and changes in the G0/G1- and S-phase populations (Fig. 5H
and I). In addition, ALDH2 overexpression and Alda-1 treatment both
inhibited 4-HNE-induced nuclear translocation of NF-κB p65 (Fig. 5J–
L). Boyden-chamber assay results revealed that 4-HNE-induced
HPASMC migration was almost abolished by ALDH2 overexpression
and by Alda-1 treatment (Fig. 5M and N).

3.6. Alda-1 activates ALDH2 to reduce MCT-induced pulmonary
vascular remodeling and PAH

ALDH2 activity was significantly decreased in vivo. Furthermore, 4-
HNE accumulation was significantly higher in MCT– and MCT+
vehicle-treated groups when compared with control group, and Alda-
1 pretreatment significantly induced ALDH2 activity in the lungs of
MCT-stimulated rats (Fig. 6A–C). In addition, the lung MDA levels
significantly increased in the MCT– and MCT+ vehicle-treated groups
compared with the control animals (32.38 ± 3.02 and 30.25 ±
2.12 nmol/mg protein, respectively, vs. 22.63 ± 2.72 nmol/mg protein
in control rats, P < 0.05; Fig. 6D). However, Alda-1 pretreatment
significantly reduced MCT-induced lung MDA contents (24.62 ± 1.92
nmol/mg protein; P < 0.05 vs. MCT or MCT+vehicle), as shown in
Fig. 6D. RVSP and right ventricular hypertrophy index (RVHI) were
significantly lower (P < 0.05) in the MCT+Alda-1 group (39.79 ± 4.17
and 0.34 ± 0.12 mm Hg, respectively) than in the MCT group (74.29 ±
5.21 and 0.68 ± 0.17 mm Hg, respectively) and MCT+vehicle group
(68.92 ± 7.32 and 0.59 ± 0.14 mm Hg, respectively), as shown in
Fig. 6E and F. However, the systemic pressure did not change
significantly with Alda-1 treatment (Table S2). H &E staining revealed
that the % MT was significantly lower in the MCT+Alda-1 group (29.35
± 3.78%) than in the MCT and MCT + vehicle groups (59.68 ± 6.82%
and 60.39 ± 5.91%, respectively; P < 0.05; Fig. 6G and H).
Furthermore, Alda-1 pretreatment significantly reduced IκBα phos-
phorylation and blocked the nuclear translocation of NF-κB p65 in
MCT-induced rat lung tissues (Fig. 6I–K).
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4. Discussion

Although PAH treatment has continuously improved in recent
years, the basic mechanism underlying PAH remains unclear [31].
Many therapeutic drugs continue to be designed and developed for
clinical use, but they target a variety of classical signaling pathways,
such as prostacyclin, endothelin, and nitric oxide pathways, which are
often only effective in a subset of PAH patients [32–34]. Increasing
evidence from both experimental animal models and patients has
implicated oxidative stress in PAH pathogenesis [35,36].

MCT induces severe PAH and this animal model imitates certain
key characteristics of human PAH, including pulmonary vascular
remodeling, PASMC proliferation, and oxidative stress [37,38]. In this
study, our data revealed that 4-HNE levels were significantly elevated
in the lungs of rats with MCT-induced PAH and that 4-HNE promoted
the proliferation and migration of HPASMCs in vitro. Furthermore,
Alda-1 pretreatment stimulated ALDH2 activity, which in turn atte-
nuated MCT-induced 4-HNE levels and nuclear NF-κB p65 transloca-
tion. This, in turn, was accompanied by reduced PAH and improved
pulmonary vascular remodeling.

Abnormal PASMC proliferation and migration are 2 critical patho-
logical features of pulmonary vascular remodeling that act as driving
forces in the initiation and development of PAH [39]. Reactive oxygen
species play central roles in abnormal PASMC proliferation [40,41]. In
this study, we observed that low 4-HNE concentrations stimulated
HPASMC proliferation in vitro, which was confirmed by the increased
ratio of BrdU-positive total cells and the increased population of cells
in the S phase of the cell cycle. Further, 4-HNE induced both mRNA
and protein expression levels of the proliferation markers cyclin D1

and c-Myc in HPASMCs in vitro (Fig. 2). Data from previous studies
also showed that 4-HNE induced human aortic smooth muscle cell
proliferation and differentiation, and rat aortic smooth muscle cell
proliferation, in a dose-dependent manner [42]. However, high con-
centrations of HNE initiated apoptosis by inducing endoplasmic
reticulum stress and mitochondrial dysfunction in human colon
carcinoma cells and neuroblastoma cells [43,44]. These findings
indicated that the function of HNE is complex; whether it promotes
proliferation, differentiation or cell apoptosis depends upon its con-
centration and the cell type involved.

MMPs are zinc-dependent proteases that play important roles in
ECM degradation in many tissues, and participate in cell migration
during normal development or vascular remodeling [45,46]. MMPs can
be subdivided into multiple groups, such as collagenases, gelatinases
(MMP-2 and MMP-9), stromelysins, and matrilysins, among others
[47]. Moreover, the results of many studies have indicated that MMP-2
and MMP-9 expression is significantly higher in pulmonary arteries
and PASMCs of PAH patients than in control subjects [48,49]. Here, we
showed that 4-HNE exposure induced HPASMC migration, and the
expression of MMP-9 and MMP-2 significantly increased following 4-
NHE stimulation in vitro (Fig. 3). 4-HNE also enhanced MMP-2
expression in vascular smooth muscle cells by activating the NF-κB
signaling pathway [10]. These results suggest that 4-HNE positively
regulates HPASMC migration by increasing MMP-9 and MMP-2
expression.

NF-κB is considered a crucial redox-sensitive transcription factor
that consists of the p50, p52, c-Rel, RelB, and p65 proteins [50]. Under
most non-stimulatory conditions, the NF-κB p65 protein is localized to
the cytoplasm, where it is bound by its inhibitor, IκBα. Upon oxidative

Fig. 2. The effect of 4-HNE on HPASMC proliferation in vitro. (A) The effect of different concentrations of 4-HNE (0.01, 0.1, and 1 μM) on HPASMC proliferation, as determined by
performing MTT assays. Cells were treated for 0, 24, 48, or 72 h. (B) The effect of a 48-h 4-HNE treatment (0.01, 0.1, and 1 μM) on HPASMC DNA synthesis, as determined in BrdU
assays. (C) HPASMC cyclin D1 and c-Myc expression, evaluated by western blotting. Cyclin D1 (D) and c-Myc (E) protein levels were quantified relative to the indicated control. *P < 0.05
(n=3). (F) HPASMC cyclin D1 and (G) c-myc mRNA levels, determined by real-time PCR. *P < 0.05 (n=3). (H) The effect of a 48-h 4-HNE treatment (0.01, 0.1, and 1 μmol/L) on
HPASMC proliferation, evaluated by assessing the distribution of cells in various phases of the cell cycle by flow cytometry. *P< 0.05 vs. control. Data are presented as the mean ± SD
(n=6 in each group).
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stress injury, IκBα is phosphorylated and degraded, resulting in the
release of NF-κB p65 dimers from the inhibitory complex and the
translocation of NF-κB p65 to the nucleus, where it stimulates the
transcription of related genes [51]. We previously demonstrated that
NF-κB contributes to pulmonary vascular remodeling in an MCT-
induced PAH rat model [52]. Further, lipid peroxidation products
induce the proliferation and migration of HPASMCs by promoting NF-
κB activation [53]. In this study, we demonstrated that 4-HNE
stimulated IκBα phosphorylation and degradation, and subsequently
induced nuclear translocation of NF-κB p65 in HPASMCs in vitro.
Furthermore, we confirmed that the MMP-9 and MMP-2 expression
increased following 4-HNE induction, most likely by modulating NF-
κB signaling, which led to HPASMCmigration (Fig. 4). Previous studies
have suggested that NF-κB is also involved in MMP-2 expression in rat
glomerular mesangial cells and contributes to cell migration via
increased MMP-9 expression in vascular smooth muscle cells in vitro
[54,55]. Collectively, these results suggest that NF-κB may be a critical
downstream mediator of the migratory response of HPASMCs to 4-
HNE induction.

ALDH2 is widely expressed in the lungs and is a key metabolic
enzyme involved in 4-HNE detoxification [56]. ROS can inhibit ALDH2
dehydrogenase activity [57]. Data from recent studies have implicated
ALDH2 and its polymorphisms in cardiovascular diseases [58], includ-

ing coronary artery disease [59], ischemia-reperfusion injury [60], and
diabetic cardiomyopathy [61]. Alda-1, the small molecule activator of
ALDH2, reduces LPS-induced NF-κB p65 phosphorylation and nuclear
translocation in human umbilical vein endothelial cells [62]. In this
study, we confirmed that 4-HNE-induced HPASMC proliferation was
prevented by ALDH2 or Alda-1 overexpression, both of which inhibited
cyclin D1 and c-Myc expression. We also observed that ALDH2
overexpression or Alda-1 treatment alleviated 4-HNE-induced
HPASMC migration by suppressing the nuclear translocation of NF-
κB p65 (Fig. 5). ALDH2 also contributes to nitroglycerin-induced nitric
oxide formation in vascular smooth muscle cells [63], but the effect of
ALDH2 on the pulmonary vasculature remains unknown. Future
studies are required to determine whether ALDH2 contributes to
vascular remodeling associated with PAH through nitric oxide signal-
ing pathways.

It would be also interesting to establish whether ALDH2 activation
contributes to MCT-induced PAH and pulmonary vascular remodeling.
We demonstrated that pretreatment with Alda-1 significantly induced
ALDH2 activity in pulmonary tissues and reduced the levels of 4-HNE
and MDA, ultimately improving MCT-induced PAH in the rat model.
Previous studies have provided evidence that excessive 4-HNE inhibits
ALDH2 activity [64,65]. We also observed that Alda-1 pretreatment
significantly blocked MCT-induced NF-κB p65 nuclear translocation in

Fig. 3. Effect of 4-HNE on HPASMC migration in vitro. (A) Representative photographs showing invading cells after a 24-h treatment with different 4-HNE concentrations (0.01, 0.1,
and 1 μM). Wounds were induced by scraping confluent cell layers with a 1-mL pipet tip. Confluent HPASMC monolayers were starved for 24 h in serum-free SMCM and incubated with
4-HNE for 24 h, when the migrated areas were counted. (B) Bar graph showing the migrated wound area of HPASMCs in response to 4-HNE. *P < 0.05 (n=6). (C) Migration of
HPASMCs in response to a 24-h 4-HNE treatment, as determined in Boyden chamber assays. (D) Bar graph showing the number of migrated HPASMCs from (C). *P < 0.05 (n=6). (E)
Western blot analysis of MMP-9 and MMP-2 protein levels in HPASMCs. (F) Statistical analysis of MMP-9 and (G) MMP-2 protein levels in HPASMCs. *P < 0.05 (n=3). (H) Levels of
HPASMC MMP-9 and (I) MMP-2 mRNA, measured by real-time PCR. Data are presented as the mean ± SD. *P< 0.05 (n=3 in each group).
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pulmonary tissues (Fig. 6). These results suggested that ALDH2 may
inhibit activation of the NF-κB signaling pathway induced by 4-HNE in
HPASMCs, suggesting a key role for ALDH2 in preventing MCT-
induced PAH.

5. Limitations

Itshould be noted that we only examined the role of ALDH2 in
MCT-induced PAH in rats, without evaluating using other animal
models of PAH, such as hypoxia-induced PAH or Sugen-5416/hypoxia-
induced PAH. Another, MCT-induced PAH is only a pro-inflammatory
and oxidative stress relevant animal model, whereas PAH in humans is
considered to develop by multiple pathogenic factors. Although this
MCT-induced PAH model might emphasize the potential effects of
ALDH2, whether these characteristics influence human PAH is un-
known. Therefore, further study is warranted to define the role of
ALDH2 in PAH.

6. Conclusions

Our results indicated that 4-NHE accumulation plays an important
role in the proliferation and migration of pulmonary smooth muscle
cells. ALDH2 significantly attenuated 4-HNE-induced cell proliferation
and migration, possibly by inhibiting activation of the NF-κB pathway.
This mechanism may provide a novel therapeutic strategy for treating
PAH.
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Fig. 4. The effect of 4-HNE on the nuclear translocation of NF-κB p65 in HPASMCs. Confluent HPASMC monolayers were starved for 24 h in serum-free SMCM and stimulated with 4-
HNE (0.1 μM) for the indicated times. (A) Western blot analysis of phospho-IκBα, IκBα, phospho-NF-κB p65, NF-κB p65, and GAPDH protein levels in HPASMCs. (B) Statistical
analysis of the phospho-IκBα/IκBα and (C) phospho-NF-κB/NF-κB levels in HPASMCs. *P < 0.05 (n=6). (D) Representative western blot showing NF-κB p65 in nuclear extracts from
cultured HPASMCs treated for various times with 0.1 μM 4-HNE, with lamin B1 used as a loading control. (E) Statistical analysis of the NF-κB p65/lamin B1 levels. *P < 0.05 (n=3). (F)
Western blot showing the effect of siRNA knockdown of RelA (NF-κB p65 siRNA) on MMP-9 and MMP-2 expression in response to 0.1 μM 4-HNE. (G) Statistical analysis of MMP-9 and
(H) MMP-2 expression in HPASMCs. *P< 0.05 (n=3). (I) The effect of NF-κB p65 siRNA on the migration of HPASMCs in response to 0.1 μM 4-HNE treatment. (J) Bar graph showing
the number of migrated HPASMCs from I. Data are presented as the mean ± SD. *P < 0.05 (n=3 in each group).
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Fig. 5. The role of ALDH2 in HPASMC proliferation and migration, and its effect on the response of NF-κB signaling to 4-HNE in vitro. (A) ALDH2 is expressed in HPASMCs upon 4-
HNE treatment. Representative immunofluorescence images showing ALDH2 (red) and cell nuclei (blue) in HPASMCs. (B) Western blot analysis of ALDH2 levels in HPASMCs. (C)
Statistical analysis of ALDH2 expression in HPASMCs from (B). *P < 0.05 (n=3). (D) Real-time PCR analysis of ALDH2 mRNA levels in HPASMCs. *P < 0.05 (n=3). (E) Western blot
showing the effect of ALDH2 overexpression or Alda-1 (an ALDH2 agonist; 20 μM) on cyclin D1 and c-Myc HPASMC levels in response to 0.1 μM 4-HNE. (F) Statistical analysis of
cyclin D1 and (G) c-Myc expression in HPASMCs. *P < 0.05 (n=3). (H) The effect of ALDH2 overexpression or Alda-1 (20 μM) on HPASMC proliferation in response to a 48-h 4-HNE
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Fig. 6. Alda-1 prevents the development of PAH and pulmonary vascular remodeling in vivo. (A) Experimental protocol for examining the effect of Alda-1 treatment on MCT-induced
PAH. (B) ALDH2 activity, and (C) 4-HNE and (D) MDA levels in the rat lung tissue, as measured by ELISA. Statistical analysis of (E) RVSP and (F) RVHI in PAH rats treated with Alda-1
(10 mg kg−1 d−1), at 4 weeks post-MCT challenge. *P < 0.05 (n=6). (G) Representative images of H&E-stained pulmonary arteries from each group of animals. (H) Pulmonary artery
medial wall thickness, measured in PAH rats treated with Alda-1, at 4 weeks post-MCT challenge. The medial wall thickness of the pulmonary arterioles (25–150 mm external diameter)
was measured in H& E-stained lung sections. The medial wall thickness is expressed as specified in the Materials and Methods section (n=6). (I) The effect of ALDH2 on the nuclear
translocation of NF-κB in the lungs. (J) Statistical analysis of cytoplasmic phospho-IκBα/IκBα levels and (K) nuclear NF-κB p65/lamin B1 levels. The data are presented as the mean ±
SD. *P < 0.05 (n=3).
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