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ALDH2 (Aldehyde Dehydrogenase 2)
Protects Against Hypoxia-Induced Pulmonary
Hypertension

Yu Zhao, Bailu Wang, Jian Zhang, Dayu He, Qun Zhang, Chang Pan, Qiuhuan Yuan, Yinan Shi, Haiyang Tang, Feng Xu,
Shujian Wei, Yuguo Chen

OBJECTIVE: Hypoxia-induced pulmonary hypertension (HPH) increases lipid peroxidation with generation of toxic aldehydes
that are metabolized by detoxifying enzymes, including ALDH2 (aldehyde dehydrogenase 2). However, the role of lipid
peroxidation and ALDHZ2 in HPH pathogenesis remain undefined.

APPROACH AND RESULTS: To determine the role of lipid peroxidation and ALDH2 in HPH, C57BL/6 mice, ALDH2 transgenic
mice, and ALDH2 knockout (ALDH2-) mice were exposed to chronic hypoxia, and recombinant tissue-specific ALDH2
overexpression adeno-associated viruses were introduced into pulmonary arteries via tail vein injection for ALDH2
overexpression. Human pulmonary artery smooth muscle cells were used to elucidate underlying mechanisms in vitro. Chronic
hypoxia promoted lipid peroxidation due to the excessive production of reactive oxygen species and increased expression of
lipoxygenases in lung tissues. 4-hydroxynonenal but not malondialdehyde level was increased in hypoxic lung tissues which
might reflect differences in detoxifying enzymes. ALDHZ2 overexpression attenuated the development of HPH, whereas ALDH2
knockout aggravated it. Specific overexpression of ALDH2 using AAV1 (adeno-associated virus)-ICAM (intercellular adhesion
molecule) 2p-ALDH2 and AAV2-SM22ap (smooth muscle 22 alpha)-ALDH2 viral vectors in pulmonary artery smooth muscle
cells, but not endothelial cells, prevented the development of HPH. Hypoxia or 4-hydroxynonenal increased stabilization of HIF
(hypoxia-inducible factor)-1a, phosphorylation of Drp1 (dynamin-related protein 1) at serine 616, mitochondrial fission, and
pulmonary artery smooth muscle cells proliferation, whereas ALDHZ2 activation suppressed the latter 3.

CONCLUSIONS: Increased 4-hydroxynonenal level plays a critical role in the development of HPH. ALDHZ2 attenuates the
development of HPH by regulating mitochondrial fission and smooth muscle cell proliferation suggesting ALDH2 as a
potential new therapeutic target for pulmonary hypertension.

VISUAL OVERVIEW: An online visual overview is available for this article.

Key Words: hypoxia ® lipid peroxidation ® mitochondrial fission ® pulmonary artery ® pulmonary hypertension

ease characterized by resting mean pulmonary

artery pressure 225 mmHg." Hypoxia-induced PH
(HPH), one of the most common types of PH, is fre-
quently found in patients with chronic hypoxic lung dis-
eases, including chronic obstructive pulmonary disease,
obstructive sleep apnea syndrome, interstitial lung dis-
ease, bronchiectasis, and chronic mountain sickness.?®

Pulmonary hypertension (PH) is a vascular dis-

The development of HPH is associated with worsening
symptoms and poor prognosis due to elevated pulmo-
nary artery pressure, right ventricular hypertrophy (RVH),
and failure eventually.* Long-term oxygen therapy in
chronic obstructive pulmonary disease is effective in
prolonging survival but only reduces pulmonary arterial
pressure mildly.? Up to now, no targeted drugs includ-
ing pulmonary vasodilators have shown effectiveness in
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Highlights

Nonstandard Abbreviations and Acronyms

4-HNE 4-hydroxynonenall

8-is0-PGF2a  8-iso-prostaglandin F2 alpha

ADH alcohol dehydrogenase

AKR aldo-keto reductases

ALDH1A1 aldehyde dehydrogenase family 1
member AT

ALDH2 aldehyde dehydrogenase 2

AO aldehyde oxidase

AP-1 activating protein 1

CDK1 cyclin-dependent kinase 1

Drp1 dynamin-related protein 1

FIS1 mitochondrial fission protein 1

GST glutathione S-transferase

HIF-1a hypoxia-inducible factor-1a

HPASMCs human pulmonary artery smooth
muscle cells

HPH hypoxia-induced pulmonary
hypertension

LO lipoxygenase

MFN mitofusin

NAC N-acetyl-L-cysteine

NF nuclear factor

NOXs nicotinamide adenine dinucleotide
phosphate oxidases

Nrf2 nuclear factor erythroid 2-related
factor 2

OPA1 optic atrophy protein 1

PASMCs pulmonary artery smooth muscle
cells

PPAR peroxisome-proliferator-activated
receptor

ROS reactive oxygen species

RVH right ventricular hypertrophy

RVSP right ventricular systolic pressure

the treatment of HPH.® Thus, gaining insight into the
underlying mechanisms of HPH is necessary to identify
potential new therapeutic targets.

Chronic exposure to hypoxia induces inflammation,
vasoconstriction, smooth muscle cell proliferation, mus-
cularization of precapillary arterioles, and loss of distal
pulmonary vessels, which are the key pathophysiologi-
cal processes in HPH.3% Although thickening of all the
layers of the walls of the pulmonary vessels contributes
to HPH, media remodeling plays a predominant role in
its development.” Pulmonary artery smooth muscle cells
(PASMCs) are the primary cells of the arterial medial
layer. Hypoxia induces excessive PASMCs proliferation,
with HIF (hypoxia-inducible factor)-1a playing a critical
role in regulating the transcription of hypoxia-specific
genes® HIF-1a is an oxygen-regulated subunit of the
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¢ Increased lipid peroxidation contributes to the devel-
opment of hypoxia-induced pulmonary hyperten-
sion. 4-hydroxynonenal, but not malondialdehyde, is
increased in hypoxic lung tissues.

* As the detoxifying enzyme of 4-hydroxynonenal,
ALDH?2 (aldehyde dehydrogenase 2) prevents
hypoxia-induced pulmonary hypertension.

* ALDH2 regulates mitochondrial fission and smooth
muscle cells proliferation via 4-hydroxynonenal/
HIF (hypoxia-inducible factor)-1a/Drp1 (dynamin-
related protein 1) signal pathway.

heterodimeric transcription factor-HIF that is degraded
and inactivated via hydroxylation of specific prolyl and
asparaginy! residues under normal conditions but is sig-
nificantly upregulated under hypoxia.®

Hypoxia causes excessive production of reactive oxy-
gen species (ROS) that originate from mitochondria and
NOXs (nicotinamide adenine dinucleotide phosphate oxi-
dases)'® and attack and promote the oxidation of lipids,
especially polyunsaturated fatty acids, a process termed
lipid peroxidation.'" Lipid peroxidation produces a wide
variety of oxidation products among which aldehydes are
the major end products.'" Toxic aldehydes are highly reac-
tive and interact with cellular macromolecules, including
nucleic acids and proteins to generate various adducts,
resulting in DNA damage and inactivation of proteins.”
Among products of lipid peroxidation, 4-hydroxynonenal
(4-HNE) is thought to be the most toxic aldehyde and
malondialdehyde appears to be the most mutagenic alde-
hyde.'" Oxidized lipids have been involved in PASMCs
proliferation and exacerbate the development of HPH,;
however, it remains undefined if production of toxic alde-
hydes contribute to vascular modeling in HPH.™

Aldehydes are mainly metabolized and detoxified
by ALDHs (aldehyde dehydrogenases), AO (aldehyde
oxidase), AKR (Aldo-keto reductases), and GSTs (glu-
tathione S-transferases).'”* ALDHs are a superfamily
that includes 19 subtypes in humans.”® ALDH2 is the
mitochondrial isoform of ALDH and is a key metabolizer
of acetaldehyde.’® ALDH2 is a protective factor in myo-
cardial damage and stroke by clearing toxic aldehydes
generated from lipid peroxidation, especially 4-HNE.'"'®
Although a previous study demonstrated that ALDH2
activation alleviates monocrotaline-induced pulmonary
arterial hypertension, the role of ALDH2 in HPH and its
underlying mechanisms are largely unexplored.™

In the present study, we found that chronic hypoxia
promoted the production of 4-HNE in lung tissue. Using
multiple approaches, we demonstrated that ALDH2 acti-
vation reduced the level of 4-HNE, attenuated the sever-
ity of HPH in vivo and regulated PASMCs proliferation
and migration in vitro.
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METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Animal Models

CB7BL/6J (wide-type) mice, ALDH27~ mice, ALDH2-Tg
(ALDH2 transgenic) mice, and their littermates (10-12 weeks)
weighing 20 to 25 g were used in this study. C57BL/6J mice
were purchased from the Department of Experimental Animals
of Shandong University (Jinan, China). ALDH2~~ mice were
provided by University of Occupational and Environmental
Health (Fukuoka, Japan). ALDH2-Tg mice were gifts from
Professor Jun Ren (University of Wyoming). Mice were either
placed in normal air or in a normobaric hypoxic chamber (FiO2
10%) for 3 weeks. To avoid the potential effects of estrogen
on PH, age-matched male but not female littermates were
used in this study. 4-HNE was administrated with miniosmotic
pumps (0.19 mg/kg per hour) or peritoneal injection every
day (10 mg/kg). Alda-1 (15 mg/kg, MedChemExpress) was
intraperitoneally injected every day. N-acetyl-L-cysteine (NAC)
treatment was administered with a dose of 160 mg/kg by oral
gavage once daily. For Sugen/hypoxia PH model, C57BL/6J
mice were subcutaneously injected with Sugen 5416 (20 mg/
kg, Cayman Chemicals) once a week and exposed to normo-
baric hypoxic chamber (FIO2 10%) for 3 weeks and then were
intraperitoneally injected with Alda-1 (15 mg/kg) or vehicle
every day for 2 more weeks.2° All animal procedures were in
accordance with the National Institutes of Health Guidelines
and were approved by the Animal Use and Care Committee of
Shandong University.

Hemodynamic and Ventricular Weight
Measurements

After mice were weighed and anesthetized, right ventricu-
lar systolic pressure (RVSP) was measured by direct cardiac
puncture using 23G needle attached to a pressure transducer,
and data were collected and analyzed using the PowerlLab
Software (ADI Instruments, Colorado Springs, CO). RVH was
estimated by Fulton index (the weight ratio of right ventricle/
septum with left ventricle).

4-HNE, Malondialdehyde, and 8-Iso-

Prostaglandin F2 Alpha Assays

Plasma 4-HNE was assessed using a 4-HNE ELISA Kit
(Meimian, Jiangsu, China). Plasma and tissue malondialdehyde
was evaluated with a Lipid Peroxidation (malondialdehyde)
Assay Kit (Abcam, ab118970, Cambridge, MA). Plasma level
of 8-iso-prostaglandin F2 alpha (8-iso-PGF2a) was deter-
mined using 8-iso-PGF2a ELISA Kit (ab133043; Abcam). All
experiments were performed according to the manufacturer’s
instructions.

Human Samples

Human lung tissues were obtained from autopsied patients
or patients underwent thoracic surgery in Qilu Hospital
of Shandong University (Table | in the online-only Data
Supplement). Human plasma samples were from patients with
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PH (moderate/severe) or without PH (Table Il in the online-
only Data Supplement). Written consent was obtained from
all the participants. This study was performed in accordance
with the Helsinki Doctrine on Human Experimentation and was
approved by the Ethics Review Committee of Qilu Hospital of
Shandong University.

Cell Culture

Human pulmonary artery smooth muscle cells (HPASMCs)
were purchased from American Type Cell Collection (Manassas,
VA) and PASMCs isolated from idiopathic pulmonary arterial
hypertension or normal subjects were obtained from Pulmonary
Hypertension Breakthrough Initiative (Philadelphia, PA). Cells
were grown in Vascular Cell Basal Medium (ATCC, PCS-
100030, Manassas, VA) plus Vascular Smooth Muscle Cell
Growth Kit (ATCC, PCS100042, Manassas, VA). The cells were
cultured under normal oxygen tension (20% 0, 5% COQ) or
exposed to hypoxia (2% O,, 5% CO,, 92% N,) at 37°C in a
humidified atmosphere. For stimulation, fresh medium contain-
ing different concentrations of 4-HNE (0.1 uM, 1 pM, 10 pM),
alda-1 (20 pM), or daidzin (60 pM) was added to microplates,
and cells were incubated in normoxic or hypoxic conditions.

Cell Proliferation and Migration Assay

Cell proliferation was measured using Cell Counting Kit-8 assay
(MedChemExpress, MCE, HY-K030 1, Monmouth Junction, NJ)
with absorbance at 450 nm is proportional to the number of liv-
ing cells. Cells were initially grown on 96-well plates (1.5x104
cells per well). EdU (5-ethynyl-2'-deoxyuridine)-incorporation
assays also were performed to determine HPASMCs prolifera-
tion using kFluor488-EdU proliferation detection kit (KeyGEN,
KGA331-1000, Nanjing, China). Briefly, HPASMCs were
seeded in 24 well plates and were synchronized over 24 hours
under serum-free media. HPASMCs were then incubated
with complete medium containing 1 pM 4-HNE, 20 pM Alda-
1, or 60 uM daidzin for 48 hours under normoxia or hypoxia
conditions. The cells were labeled with EdU according to the
manufacturer’s instructions. The results were acquired using
Olympus cellSens imaging software (Olympus, BX43, Tokyo,
Japan). Quantification of EdU+ cells was accomplished using
the cell counter plugin from the Image J software (National
Institutes of Health). The percentage of EdU+ in each field was
recorded and analyzed. For time-lapse imaging of HPASMCs
migration, HPASMCs were seeded into Culture-Insert 2 Well
in p-Dish 35mm, high (IBIDI, 81176, Martinsried, Germany)
in a concentration of 8x104 cells/mL. After the cells form a
confluent layer within 2 to 3 days, the p-Dish was removed
and fresh culture medium was added. Then the culture dishes
were placed in normoxic and hypoxic conditions. Migration was
recorded after 24 hours incubation using Olympus cellSens
imaging software (Olympus, BX43, Tokyo, Japan). The number
of cells migrating out of the wound edge was scored using
Image Pro Plus image analysis software.

Mitochondrial Superoxide Assay

The production of mitochondrial superoxide was measured
using a MitoSox Red Mitochondrial Superoxide Indicator
(Invitrogen, Eugene, OR). Cells were incubated with 5 umol/L
MitoSox reagent working solution for 10 minutes at 37°C in
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the dark. After washing, cells were pictured with a fluorescent
microscope (Olympus, BX43, Tokyo, Japan).

Western Blotting

Lung tissues and cells were sonicated in RIPA (radio immu-
noprecipitation assay) lysis buffer. Protein concentration was
detected by BCA (bicinchoninic acid) assay. Twenty micrograms
of protein was separated by 12% SDS-PAGE, then trans-
ferred to polyvinylidene difluoride (PVDF) membranes (Merck
Millipore, Billerica, MA). After blocking with 5% skim milk in
Tris-buffered saline containing 0.1% Tween 20 for an hour at
room temperature, the membranes were incubated overnight at
4°C with primary antibodies. After washing, secondary antibod-
ies were incubated for 1 hour. The relative intensity of immuno-
reactive bands was assessed by Image J software. The results
were normalized to B-actin levels and expressed as % of con-
trol. All experiments were repeated at least 3x.

mRNA Extraction and Sequencing

Total RNA was extracted from lung tissues using TRIzol
reagent (Invitrogen) following the manufacturer's instructions
and treated with DNase |. RNA purity was checked using the
kaiaoKb500 Spectrophotometer (Kaiao, Beijing, China). RNA
integrity and concentration was assessed using the RNA Nano
6000 Assay Kit of the Bioanalyzer 2100 system (Agilent
Technologies, CA). Sequencing libraries were generated using
NEBNext Ultra RNA Library Prep Kit for lllumina (no. E7530L,
NEB) following the manufacturer's recommendations. RNA
Sequencing data analyzation was performed by Annoroad
Gene Technology Corporation (Beijing, China).

Reverse Transcription Quantitative Polymerase

Chain Reaction

To determine the mRNA levels of ALDHZ2 in lung tissues, total
RNA was extracted with TRIzol (Invitrogen Life Technologies,
Carlsbad, CA) according to the manufacturer’s instructions. Two
micrograms of total RNA were reverse-transcribed to cDNA.
ABI 7500 quantitative polymerase chain reaction instrument
(Applied Biosystems; Thermo Fisher Scientific, Waltham, MA)
was used for the real-time polymerase chain reaction analysis.

Detection of ROS

In situ dihydroethidium fluorescence staining were used to
assess the production of ROS in lung tissues and HPASMCs.
The lung tissues were embedded in optimal cutting temperature
compound and cut into 5 pm cryosections. After washing with
PBS, the sections were incubated with dihydroethidium solution
(5 pmol/L; Beyotime Biotechnology, SO063, Nanjing, China) in
a light-protected humidified chamber at 37°C for 30 minutes.
For cultured HPASMCs, cells were washed with medium and
incubated with dihydroethidium (5 pmol/L) at 37°C for 30 min-
utes. After rinsing, the slides and cells were imaged with a fluo-
rescence microscope (Olympus, BX43, Tokyo, Japan).

Immunohistochemistry

Lungs were initially perfused with saline through the right ven-
tricle. Then lung tissues were fixed with 4% paraformaldehyde
for 24 hours. After dehydration and embedding, the lungs were
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cut into 5 pm sections. Lung tissue sections then were deparaf-
finized and rehydrated. Endogenous peroxidase was eliminated
by 3% H,O,. Immunohistochemical assessment of muscu-
larization was performed by staining for rabbit polyclonal anti-
alpha smooth muscle Actin antibody (1:100, ab5694; Abcam,
Cambridge, MA). Thirty to 40 pulmonary arteries (external diam-
eter of 26—100 um) were analyzed according to a-SMA (smooth
muscle actin) staining percentages of vessel circumference.?'
Sections were photographed and assessed by 2 investigators in
a blinded fashion.

Viral Vectors
Adeno-associated virus-2 vectors were recombined with enzyme

cutting method to carry ENEEEISHSINESERREN -o-
moter, GFP (green fluorescent protein), or ALDH2 coding
sequence.?? Adeno-associated virus-1 vectors were recombined
-+ ICAM (intercellular adhesion molecule) 2 promote = F.
or ALDH2 coding sequence.?® All virus vectors were designed
and constructed by Vigene Biosciences (Rockville, MD).

Immunofluorescence and Confocal Microscopy
Cryosections of lung tissues were incubated with the primary
antibodies to evaluate the levels of 4-HNE, malondialdehyde,
and ALDH2 in pulmonary arteries indicated by costaining of
aSMA. Images were acquired using a fluorescence microscope
(Olympus, BX43, Tokyo, Japan) and were analyzed using Image
Pro Plus software. To determine mitochondrial fission, HPASMCs
were cultured on coverslips (WHB-24-CS-10; WHB Scientific,
Shanghai, China) and exposed to different treatments. After
removing the media from the dish and prewarmed staining solu-
tions containing MitoTracker probe (ThermoFisher Scientific,
M7512, Waltham, MA) were incubated for 30 minutes. The cells
were washed with PBS and then were fixed with 4% formal-
dehyde for 15 minutes. After rinsing several times, cells were
costained with DAPI (4,6-diamidino-2-phenylindole; ab104 139,
Abcam; Cambridge, MA) for 5 minutes. Images of cells were
taken under the confocal laser scanning fluorescence micros-
copy (LSM710; Carl Zeiss AG, Jena, Germany). Mitochondrial
fragmentation versus connectivity was evaluated by plotting
lengthxwidth of thousands of mitochondria from >10 cells.?*

Statistical Analysis

All the experiments were repeated at least 5x. All values are
expressed as the mean+SEM. Data have passed normality or
equal variance tests. Comparisons between groups were per-
formed by Student ¢ test or 1-way ANOVA followed by Tukey
post hoc test. Transgenic or knockout mouse results were ana-
lyzed by 2-way ANOVA, followed by a Bonferroni test. Statistical
significance was considered at A<0.05. All data were analyzed
using GraphPad Prism version 6.0.

RESULTS

Chronic Hypoxia Increases the Production of
4-HNE
Exposure to chronic hypoxia (3 weeks) increased RVSP,

induced RVH, and promoted pulmonary vascular muscu-
larization in C57BL/6 mice (Figure | in the online-only
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Figure 1. Lipid peroxidation is increased in hypoxia-induced pulmonary arterial hypertension.

A and B, Immunoblotting indicated 4-hydroxynonenal (4-HNE) expression in the lung tissues, and relative quantification was analyzed. C,
Plasma 4-HNE levels were determined by ELISA (n=5). D and E, Lung tissue malondialdehyde and plasma malondialdehyde were determined
by TBA (thiobarbituric acid) method (n=5). F, Plasma 8-iso-prostaglandin F2 alpha (8-iso-PGF2a) was assessed by ELISA (n=5). G,
Representative immunofluorescence images of lung sections stained with anti—-4-HNE antibodies (green) and anti—a-SMA (smooth muscle
actin) antibodies (red) under normoxia or hypoxia conditions. Cell nuclei were stained with DAPI (4',6-diamidino-2-phenylindole; blue; n=6).
Scale bar=20 pm. H, Representative immunofluorescence images of lung sections stained with anti-malondialdehyde antibodies (green) and
anti-a-SMA antibodies (red) under normoxia or hypoxia. Cell nuclei were stained with DAPI (blue; n=6). Scale bar=20 pm. *<0.05, **F<0.01
vs normoxic group. I, 4-HNE levels were detected by ELISA in plasma from pulmonary hypertension (PH) patients (n=23) and controls (n=19).

*<0.05 vs controls. IOD indicates integrated optical density.
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Data Supplement). To evaluate lipid peroxidation in HPH,
levels of 4-HNE, malondialdehyde, and 8-iso-PGF2a
were examined. 4-HNE level was significantly increased
in both lung tissues and plasma of hypoxic mice com-
pared with that in control mice (Figure 1A, 1B, and 1C).
However, chronic hypoxia did not change the production
of 4-HNE in hearts, livers, and aortas (Figure IIA, 1IB,
and IIC in the online-only Data Supplement). Although
a higher level of malondialdehyde was detected in the
plasma of HPH mice, no differences were found in malo-
ndialdehyde levels in lung, heart, liver, and aorta tissues
between the 2 groups (Figure 1D and 1E, Figure IID
through IIF in the online-only Data Supplement). Plasma
8-iso-PGF2a also was increased in hypoxic mice (Fig-
ure 1F). These results indicated that lipid peroxidation
was increased in HPH mice. Further immunostaining
studies confirmed that 4-HNE but not malondialde-
hyde was markedly increased in pulmonary arteries in
response to hypoxia (Figure 1G and 1H). As lipid per-
oxidation is increased in PH patients,®® we also tested
the plasma levels of 4-HNE in patients and found higher
levels of 4-HNE in plasma from PH patients compared
with that in controls (Figure 11).

As one of the major end products of lipid peroxidation,
4-HNE is positively correlated with oxidative stress.®
The levels of ROS then were determined and expectedly,
chronic hypoxia increased ROS production in lung tissues
(Figure llIA in the online-only Data Supplement). To test
whether LOs (lipoxygenases) play a role in the production
of 4-HNE, we detected the expression of 5-LO, 12-LO,
and 15-LO. Expression of all 3 LOs were increased in
lung tissues of HPH mice (Figure I1IB through IIIE in
the online-only Data Supplement). Because 12-LO and
156-LO contribute to the production of 4-HNE, 4-HNE
should also originate from the enzymatic pathway in
chronic hypoxic lung tissues.

Expression of ALDH2 Is Downregulated in Lung
Tissues From HPH Mice

To explore the changes in enzymes that are related to
metabolization of 4-HNE after exposure to chronic
hypoxia, we performed microarray analysis using mRNA
extracted from lung tissues of HPH mice and control
mice. The expression of 74 genes linked to aldehydes
metabolism including aldehyde dehydrogenases, alco-
hol dehydrogenases, aldehyde reductases, AKR, and
glutathione-S-transferases were analyzed (Table III in
the online-only Data Supplement)."* Compared with nor-
moxia, hypoxia decreased the expression of 13 genes
including ALDHZ2 and increased the expression of 9
genes including ALDH1A1 (ALDH family 1 member A1)
in lung tissues (Figure 2A). Effect of chronic hypoxia on
ALDH2 gene expression in lung tissues was confirmed
with quantitative real-time polymerase chain reaction
assay (Figure 2B). Immunoblotting showed that protein
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expression of ALDHZ2 in lung tissues of hypoxia mice
was about half of that in lung tissues of control mice
(Figure 2C). To confirm the effect of hypoxia on ALDH2,
a time-course analysis of ALDH2 expression was per-
formed after exposure to hypoxia. No significant changes
in ALDH2 expression were found within the first 2 days,
but it was gradually reduced from day 3 under hypoxia
(Figure 2D). Figure 2E shows that less ALDH2 was visu-
alized in pulmonary arteries in HPH mice. Interestingly,
ALDH2 levels in hearts, livers, and aortas did not differ
between the 2 groups (Figure IVA through IVC in the
online-only Data Supplement). Furthermore, less ALDH2
was found in pulmonary arteries in PH patients (Fig-
ure 2F). HIF-1a contributes to the process of hypoxic
pulmonary vascular remodeling.?” It was confirmed that
levels of HIF-1a were higher in lung tissues of HPH
mice than in those of control mice (Figure 2G).

Overexpression of ALDH2 Prevents the
Development of HPH

To investigate the role of ALDH2 in HPH, ALDH2-
overexpressing mice (ALDH2-Tg) and wild controls
were exposed to normoxic or hypoxic atmospheres for
21 days (Figure 3A). No noticeable differences were
found in RVSP, RVH, and pulmonary vascular muscu-
larization between ALDH2-Tg mice and wild mice in
normoxic conditions(Figure 3B through 3E). Chronic
hypoxia increased RVSP, RVH, and pulmonary vascular
muscularization in both genotypes. However, compared
with wild mice, RVSP, RVH, and pulmonary vascular mus-
cularization were significantly decreased in ALDH2-Tg
mice (Figure 3B through 3E). Moreover, ALDH2 activa-
tion effectively prevented the development of HPH (Fig-
ure V in the online-only Data Supplement). Further study
using Sugen/hypoxia-induced PH model, we also found
ALDH?2 activation reduced the severity of PH (Figure VI
in the online-only Data Supplement).

Because ALDH2 plays an important role in detoxi-
fying 4-HNE, we detected the level of 4-HNE by
immunoblotting. Under normoxic conditions, the level
of 4-HNE in lung tissues of ALDH2-Tg mice did
not differ from that in wild mice (Figure 3F). As was
expected, 4-HNE level was increased in lung tissues
of hypoxic wild mice compared with that in normoxic
wild mice(Figure 3F). Compared with hypoxic wild mice,
the level of 4-HNE was significantly reduced in lung
tissues of ALDH2-Tg mice after chronic hypoxia (Fig-
ure 3F). Proliferation of PASMCs or pulmonary arterial
endothelial cells contributes to vascular remodeling
in pulmonary small resistance arteries.?® Proliferating
cell nuclear antigen then was analyzed in lung tissues
of mice. Overexpression of ALDH2 did not alter pro-
liferating cell nuclear antigen content in lung tissues
under normoxic condition but suppressed the increase
of PCNA (proliferating cell nuclear antigen) compared

Arterioscler Thromb Vasc Biol. 2019;39:2303-2319. DOI: 10.1161/ATVBAHA.119.312946
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with that in wild mice under hypoxia (Figure 3G). The
level of HIF-1a was also comparatively analyzed to
study the effect of ALDH2 on HIF-1a in vivo. No dif-
ferences were found in the level of HIF-1a between
ALDH2-Tg mice and wild mice in normoxic conditions
(Figure 3H). Compared with control mice, lower HIF-1a
level was found in lung tissues of ALDH2-Tg mice after
chronic hypoxia (Figure 3H). Moreover, the expression
of ADH (alcohol dehydrogenase) was also detected and
no change of ADH was found in lung tissues exposed
to chronic hypoxia and neither was that in ALDH2-Tg or

Arterioscler Thromb Vasc Biol. 2019;39:2303-2319. DOI: 10.1161/ATVBAHA.119.312946

ALDH?2 knockout (ALDH2~7) mice (Figure IVD and IVE
in the online-only Data Supplement).

Global Knockout of ALDH2 Aggravates HPH

ALDH2~~ mice and littermate control (ALDH2**) mice
were used to further determine the effect of ALDH2 on
HPH (Figure VIIA in the online-only Data Supplement).
Under normoxia, ALDH2~~ mice and ALDH2* mice
had similar RVSP, RVH, and muscularization of pulmonary
vessels (Figure VIIB through VIIE in the online-only Data
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A, Western blot analysis of ALDH2 levels in lung tissues from ALDH2 transgenic mice and littermates control. B and C, Right ventricular systolic
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cell nuclear antigen) in lung tissues. H, Western blot analysis of HIF (hypoxia-inducible factor)-1a. levels in lung tissues from ALDH-Tg mice and
littermates control under hypoxia. *£<0.05, **£<0.01, ***A<0.001 vs normoxic ALDH2-wild type (Wt). #F<0.05, ##F<0.01, ###/<0.001 vs
hypoxic ALDH2-Wt.

Arterioscler Thromb Vasc Biol. 2019;39:2303-2319. DOI: 10.1161/ATVBAHA.119.312946

2310  November 2019



6T0Z ‘P2 $800100 U0 Aq Bio'sfeuinofeye/:dny wouy papeojumoq

Zhao et al ALDH2 in Hypoxia-Induced Pulmonary Hypertension
A AsiSl Ascl Rsrll Miul
SM22a | | | |
AsiSI Ascl Rsrll Miul | -
AsiSl Miul
B :
AsiSl Ascl Rsrll Miul
| ITR HicAm2 L | 1 |
AsiSl Ascl Rsrll Miul -
C
a-SMA GFP 5 RVH
E 06
g -
=04
AAV2 @
% 02
50
z ol
AAV2-GFP AAV2-ALDH2
F G &S
@ {
Q
(7]
(7]
Q
=80
3 -
560 5
340
2
£20
S 9
2 AAV2-GFP AAV2-ALDH2 j
Lén
H J
cD31 GFP Merge RVSP = RVH
a7 __ _g 047
230 E03
AAV1 € &
E 20 @ 0.2
10 =041
0 E 0
AAV1-GFP AAV1-ALDH2 AAVA1-GFP AAV1-ALDH2

Figure 4. Overexpression of ALDH2 (aldehyde dehydrogenase 2) in pulmonary artery smooth muscle cells prevents the

development of HPH.

A and B, Vector construction of AAV2 (adeno-associated virus)-SM22a (smooth muscle 22 alpha)-ALDH2 and AAV1-ICAM

(intercellular adhesion molecule) 2-ALDH2. C, Immunofluorescence location of a-SMA (smooth muscle actin; red) and GFP (green

fluorescent protein; green). D and E, Statistical analysis of right ventricular systolic pressure (RVSP) and right ventricular hypertrophy
(RVH) in mice which were treated with AAV2-SM22a-ALDH2 and AAV2-GFP viruses by | lllllEElEE (=7). F, Percentage of

muscularized vessels diameter 26—100 um in lung sections (n=7). G, Representative sections showing a-SM actin staining. Scale

bar=50 um. H, Immunofluorescence location of CD31 (red) and GFP (green). I and J, Statistical analysis of RVSP and RVH in mice

which were treated with AAV1-ICAM2-ALDH2 and AAV1-GFP viruses by [N (n=7). *F<0.05, **F<0.01, ***F<0.001 vs

control. SV40 indicates Simian virus 40.

Arterioscler Thromb Vasc Biol. 2019;39:2303-2319. DOI: 10.1161/ATVBAHA.119.312946

November 2019

2311

=)
=
)
=
1
S
m
=
=)
m
7
1
-
=)



Administrator
高亮

Administrator
高亮


[==)
=
1
(2]
Ll
(=]
]
[
(=]
o
=
(o]
=T
(==}

6T0Z ‘P2 $800100 U0 Aq Bio'sfeuinofeye/:dny wouy papeojumoq

Zhao et al

Supplement). As expected, chronic hypoxia increased
RVSP, RVH, and muscularization of pulmonary ves-
sels in ALDH2** mice (Figure VIIB through VIIE in the
online-only Data Supplement). In contrast to the effect of
overexpression of ALDH2 on HPH, ALDH2 deficiency
exacerbated the development of HPH as indicated by
higher RVSP, RVH, and more muscularization of pulmo-
nary vessels compared with those in control mice (Figure
VIIB through VIIE in the online-only Data Supplement).
ALDH2 deficiency did not change the expression of
4-HNE, PCNA, and HIF-1a under normoxic conditions,
whereas the levels of all were increased under chronic
hypoxia compared with those in control mice (Figure VIIF
through VIIH in the online-only Data Supplement).

ALDH2 in PASMCs but not in Pulmonary Arterial
Endothelial Cells Contributes to HPH

Both PASMCs and pulmonary arterial endothelial cells
play important roles in the development of HPH.26% To
find out through which cell type ALDH2 exerts its effects
on HPH, we constructed adeno-associated virus vec-
tors which specifically overexpressed ALDH2 in smooth
muscle cells and endothelial cells (Figure 4A and 4B).
After [ElllBI injection into wide-type mice, strong GFP
fluorescence signals were found in PASMCs or pulmo-
nary arterial endothelial cells indicating that the intro-
duction of viruses was successful (Figure 4C and 4H).
Compared with AAV2 (adeno-associated virus)-GFP
mice, RVSP, RVH, and muscularization of pulmonary
vessels were significantly decreased in AAV2-ALDH2
mice (Figure 4D through 4G). However, there were no
differences in RVSP and RVH between AAV1-GFP
and AAV1-ALDH2 mice (Figure 41 and 4J). There-
fore, ALDH2 appears to play an important role in HPH
through smooth muscle cells but not endothelial cells.

NAC Attenuates the Severity of HPH in
ALDH2-~ Mice

The effect of exogenous NAC on the development of
HPH was investigated to determine if ALDH2 protects
against HPH via metabolizing 4-HNE. Compared with
controls, mice treated with NAC showed a lower RVSP,
reduced RVH, and less muscularization of pulmonary ves-
sels (Figure VIIIA through VIIID in the online-only Data
Supplement). The levels of 4-HNE and HIF-1a were
lower in NAC treated hypoxic mice (Figure VIIIE and VIIIF
in the online-only Data Supplement). The role of NAC
then was tested in ALDH2~~ mice, and NAC treatment
decreased RVSP and RVH indicating that severity of
HPH was decreased by NAC in ALDH2~~ mice (Figure
VIIIG and VIIIH in the online-only Data Supplement). We
also determined the direct effect of exogenous 4-HNE
on HPH. First, CB7BL/6 mice were continuously infused
with 4-HNE (0.19 mg/kg per hour, the maximal dose with
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an osmotic pump) and were kept in hypoxia for 21 days.
Unexpectedly, exogenous 4-HNE failed to change RVSF,
RVH, and muscularization of pulmonary vessels compared
with those in control mice (Figure IXA, IXB, and IXC in the
online-only Data Supplement). Further study indicated that
both plasma levels of 4-HNE and 4-HNE in lung tissues
did not differ between the 2 groups (Figure IXD and IXE in
the online-only Data Supplement). Next, we treated mice
with a daily peritoneal injection of 4-HNE (10 mg/kg) but
still failed to find any differences in RVSE, RVH, and mus-
cularization of pulmonary vessels (data not shown).

ALDH2 Activation Prevents Hypoxia or 4-HNE
Induced Proliferation in HPASMCs

The proliferation of HPASMCs was promoted by hypoxia
(Figure BA). To demonstrate the role of ALDH2 in
PASMCs proliferation, HPASMCs were incubated with
ALDH2 activator and inhibitor under normoxia or hypoxia.
Although the proliferation of HPASMCs was not affected
by ALDHZ2 activation or inhibition compared with that in
controls under normoxia, ALDH2 activation or inhibition
respectively suppressed or promoted HPASMCs prolif-
eration under hypoxia (Figure 5B through 5D). Hypoxia
increased the production of 4-HNE but decreased ALDH2
expression in HPASMCs (Figure 5E through 5G). We then
overexpressed ALDH2 with adenovirus vectors and found
that ALDHZ2 overexpression also attenuated the effect of
hypoxia on HPASMCs proliferation (Figure X in the online-
only Data Supplement). In addition, cell migration was
also relieved by ALDHZ2 activation in hypoxic HPASMCs
(Figure Xl in the online-only Data Supplement). As
ALDH2 activation prevented hypoxia-induced elevation
of 4-HNE while ALDH2 inhibition increased the produc-
tion of 4-HNE in hypoxic HPASMCs (Figure 5H), exog-
enous 4-HNE was used to investigate the role of 4-HNE
in the proliferation of HPASMCs. 4-HNE promoted the
proliferation of HPASMCs in a concentration-depen-
dent manner (Figure 5l). Furthermore, ALDH2 activa-
tion attenuated, whereas ALDH2 inhibition enhanced
the effect of 4-HNE on the proliferation of HPASMCs
(Figure bJ through 5L). Moreover, we found 4-HNE
increased intracellular ROS and mitochondrial superox-
ide production in HPASMCs (Figure Xl in the online-only
Data Supplement). Using HPASMCs harvested from PH
patients, we confirmed that ALDHZ2 activation prevented
hypoxia or 4-HNE-induced cell proliferation (Figure XIIIA
through XIID in the online-only Data Supplement) and
decreased 4-HNE under hypoxia (Figure XIIIE through
XllIin the online-only Data Supplement).

ALDH2 Regulates Hypoxia or 4-HNE Induced
Mitochondrial Fission

Mitochondrial fission contributes to hypoxia-induced
PASMCs hyperproliferation.®® To reveal the underlying

Arterioscler Thromb Vasc Biol. 2019;39:2303-2319. DOI: 10.1161/ATVBAHA.119.312946
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Figure 5. ALDH2 (aldehyde dehydrogenase 2) activation prevents hypoxia or 4-hydroxynonenal (4-HNE)-induced proliferation

in human pulmonary artery smooth muscle cells (HPASMCs).

A, The effect of normoxia or hypoxia on HPASMC proliferation, as determined by Cell Counting Kit-8 (CCK8) assays (n=5). ***<0.001 vs
normoxia group. B, The effect of Alda-1 or Daidzin on HPASMC proliferation under normoxia or hypoxia was determined by CCK8 assays
(n=B). *F<0.05, **A<0.01 vs hypoxia + dimethyl sulfoxide (DMSO) group. C, The effect of Alda-1 and Daidzin treatment under hypoxia for 48 h
on HPASMC:s proliferation was evaluated by EAU (5-ethynyl-2'-deoxyuridine) assays. Scale bar=100 um. D, Bar graph showing the percentage
of EdU incorporated HPASMCs from € (n=5). ***~<0.001 vs DMSO group, #<0.05 vs hypoxia + DMSO group. E, Representative blots of

4-HNE and ALDH2 expression in HPASMCs under time gradients of hypoxia. F and G, Qu

antification of protein levels from E, relative to the

control (n=5). *FA<0.05, **F<0.01 vs control. H, Western blot analysis of 4-HNE levels in HPASMCs stimulated by DMSO, Alda-1, and Daidzin
under normoxia or hypoxia (n=5). **£<0.01 vs DMSO group, #<0.05 vs hypoxia + DMSO group. I, The effect of different concentrations of

4-HNE (0.1, 1, and 10 uM) on HPASMC proliferation, as determined by CCK8 assays (n=

5). **£<0.01 vs DMSO group. J, The effect of Alda-

1 or Daidzin on HPASMC proliferation, as determined by CCK8 assays (n=5). **/£<0.01 vs DMSO group, ##F<0.01 vs 4-HNE group. K, The
effect of Alda-1 or Daidzin on HPASMC proliferation was evaluated by EdU assays. Scale bar=100 um. L, Bar graph showing the percentage
of EdU incorporated HPASMCs from K (n=5). **/£<0.01 vs DMSO group, #<0.05 vs 4-HNE group.
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Figure 6. Hypoxia or 4-hydroxynonenal (4-HNE)-induced mitochondrial fission is regulated by ALDH2 (aldehyde dehydrogenase 2).
A and B, Human pulmonary artery smooth muscle cell (HPASMCs) were treated by hypoxia or 4-HNE (1 pM) and were stained with Mitotracker
Red and DAPI (4',6-diamidino-2-phenylindole). Mitochondrial morphology was imaged with the confocal laser scanning fluorescence microscopy.
Mitochondrial fission was evaluated by the ration of mitochondrial length and width which was plotted for thousands of mitochondria from >10 cells.
Scale bar=20 ym. ***<0.001 vs normoxia or dimethyl sulfoxide (DMSO) group. C and D, Western blot analysis of OPA1 (optic atrophy protein 1),

MFN (mitofusin) 1, MFN2, FIS1 (mitochondrial fission protein 1), Drp1 (dynamin-related protein 1), phosphorylation of Drp1 (Continued)
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mechanism through which ALDH2 exerts its effects on
HPASMCs proliferation, we then tested the effect of
hypoxia and 4-HNE on mitochondrial fission. Compared
with controls, hypoxia or 4-HNE significantly increased
mitochondrial fission in HPASMCs (Figure 6A and 6B).
Next, we determined proteins related to mitochondrial
fission and fusion under hypoxia or 4-HNE. No changes
were found in the protein levels of OPA1 (optic atrophy
protein 1), MFN (mitofusin) 1, MFN2, and Fis1 (mitochon-
drial fission protein 1) in hypoxic HPASMCs compared
with those in normoxic HPASMCs (Figure 6C). 4-HNE
stimulation did not change the protein expression of
OPA1, MFN1, MFN2, and Fis1 (Figure 6D). Interestingly,
both hypoxia and 4-HNE treatment increased the protein
level of Drp1 (dynamin-related protein 1; Figure 6C and
6D). Activated Drp1, mediated by phosphorylation at ser-
ine 616, moves from the cytosol to the mitochondria and
promotes mitochondrial fission, whereas phosphorylation
of Drp1 at serine 637 inhibits mitochondrial fission.'3
Hypoxia or 4-HNE increased the phosphorylation of Drp1
at serine 616 but not serine 637 (Figure 6C and 6D).
With the inhibitor-Mdivi-1 (mitochondrial division inhibi-
tor), mitochondrial fission was suppressed by Drp1 inhibi-
tion in hypoxia or 4-HNE treated HPASMCs (Figure 6E
and 6G). More importantly, Drp1 inhibition prevented
the effect of hypoxia or 4-HNE on the proliferation of
HPASMCs (Figure 6F and 6H). To investigate whether
ALDH2 regulates HPASMCs proliferation through mito-
chondrial fission, we then pretreated HPASMCs with
Alda-1 before exposure to hypoxia or 4-HNE. Mitochon-
drial fission was prevented by ALDHZ2 activation in hypoxic
or 4-HNE-treated HPASMCs compared with that in con-
trols (Figure 61 and 6J). ALDH2 activation decreased
the protein level of Drp1 in hypoxic and 4-HNE treated
HPASMCs (Figure 6K and 6L). Additionally, HIF-1a. acti-
vation induces cyclin B1/CDK1 (cyclin-dependent kinase
1)-dependent phosphorylation of Drp1 at serine 616.°
Expectedly, both hypoxia and 4-HNE increased the sta-
bilization of HIF-1a (Figure 6M and 6N). ALDH2 acti-
vation decreased the level of HIF-1a in hypoxia-treated
or 4-HNE-treated HPASMCs (Figure 60 and 6P). The
effect of hypoxia and 4-HNE on HIF-1a might be medi-
ated by increased phosphorylation of P38 MAPK (mito-
gen-activated protein kinase; Figure XIVA and XIVB in
the online-only Data Supplement). On further study with
a HIF-1a inhibitor, it was confirmed that HIF-1o contrib-
uted to hypoxia and 4-HNE induced mitochondrial fission

ALDH2 in Hypoxia-Induced Pulmonary Hypertension

(Figure XIVC and XIVD in the online-only Data Supple-
ment) and HPASMCs proliferation (Figure XIVE and XIVF
in the online-only Data Supplement). Phosphorylation of
Drp1 at serine 616 induced by hypoxia or 4-HNE was
regulated by HIF-1a (Figure XIVG and XIVH in the online-
only Data Supplement). To confirm the effect of ALDH2
activation on mitochondrial fission, HPASMCs harvested
from PH patients were used. Similarly, hypoxia or 4-HNE
treatment induced mitochondria fission, increased Drp1
expression, and promoted the phosphorylation of Drp1
at serine 616 in HPASMCs from PH patients (Figure
XVA through XVD in the online-only Data Supplement).
More importantly, it was confirmed that ALDHZ2 activation
decreased hypoxia or 4-HNE-induced mitochondrial fis-
sion accompanied with lower levels of Drp1, phosphory-
lation of Drp1 at serine 616, and HIF-1a (Figure XVE
through XVL in the online-only Data Supplement).

DISCUSSION

In this study, levels of 4-HNE but not malondialdehyde
increased in lung tissues after chronic exposure to hypoxia.
Elevated 4-HNE level might be associated with excessive
ROS generation and increased expression of LOs. Over-
expression of ALDH2 decreased the level of 4-HNE and
alleviated the severity of HPH, whereas reverse effects
were seen in ALDH2 knockout mice. Using tissue-specific
overexpression of ALDH2 virus vectors, ALDH2 in SMCs
was found to be more important than that in endothelial
cells for the development of HPH. ALDH2 activation pre-
vents hypoxia or 4-HNE induced mitochondrial fission
and proliferation of HPASMCs possibly via stabilization
of HIF-1a and phosphorylation of Drp1 at serine 616 as
critical molecular pathways (Figure 7). These findings pro-
vide new insights into the critical role of lipid peroxidation
in HPH and suggesting ALDHZ2 as a potential therapeutic
target by detoxifying 4-HNE.

Lipid peroxidation is increased in patients with PH.2523
Generally, lipid peroxidation is mediated by 3 distinct
pathways, namely enzymatic, free radical, and nonenzy-
matic, nonradical pathways.®* LOs, cyclooxygenases, and
cytochrome P450 monooxygenases are the major partici-
pants in the enzymatic pathway.® Lipids also are oxidized
directly by oxidative stress. Nonenzymatic, nonradical-
dependent lipid peroxidation is mainly mediated by singlet
oxygen and ozone.* Increased ROS are mainly produced
by mitochondria and NOX, such as NOX4, in hypoxic

Figure 6 Continued. at serine (Ser)616 and Ser637 levels in HPASMCs under various time periods of hypoxia or 4-HNE stimulation. Relative
expressions of Drp1 and Drp1 Ser616 were quantitatively analyzed (n=5). *£<0.05, ***F<0.001 vs normoxia or DMSO group at O h. E and

G, Role of the Drp1 inhibitor Mdivi-1 (mitochondrial division inhibitor; 25 pM) in hypoxia or 4-HNE induced mitochondrial fission. Scale bar=20
pum. ***F<0.001 vs normoxia or DMSO group, ###/~<0.001 vs hypoxia or 4-HNE group. F and H, The effect of Mdivi-1 on hypoxia or 4-HNE
induced HPASMCs proliferation, as determined by CCK8 assays (n=5). ***P<0.001 vs normoxia or DMSO group, ###/<0.001 vs hypoxia
or 4-HNE group. I and J, Effect of ALDH2 activation on mitochondrial fission. Scale bar=20 pm. ***/£<0.001 vs hypoxia or 4-HNE group. K
and L, Representative western blot of Drp1 and Drp1 ser616 in HPASMCs, which is stimulated by Alda-1 under hypoxia or 4-HNE stimulation
(n=5). M and N, Representative western blot of HIF (hypoxia-inducible factor)-10 under time gradients of hypoxia or 4-HNE (n=5). O and P,
Representative western blot indicated the effect of Alda-1 on HIF-1a in hypoxic or 4-HNE treated HPASMCs (n=5).
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PASMC

Figure 7. A model of protective
effects of ALDH2 (aldehyde
dehydrogenase 2) in hypoxia-induced
pulmonary hypertension.

4-HNE indicates 4-hydroxynonenal; Drp1,
dynamin-related protein 1; HIF, hypoxia-
inducible factor; LO, lipoxygenase;
PASMC, pulmonary artery smooth muscle

cell; and ROS, reactive oxygen species.

mitochondria
fission

pulmonary vascular cells.'"” The activity or expression of
LOs in pulmonary arteries is also increased by exposure
to chronic hypoxia.'®3® Consistent with previous studies,
we found increased ROS generation and expression of
LOs (5-LO, 12-LO, and 15-LO) in chronic lung tissues.
Moreover, chronic hypoxia increased plasma 8-iso-
PGF2a which is a maker of nonenzymatic free radical-
catalyzed lipid peroxidation. Therefore, lipid peroxidation
should be increased through at least 2 pathways—free
radical and enzymatic-dependent pathways under chronic
hypoxic conditions. A wide variety of oxidation products
are produced by lipid peroxidation including hydroxyocta-
decadienoic acids, hydroperoxyeicosatetraenoic acids,
epoxyeicosatrienoic acids, lipoxins, leukotrienes, hepoxi-
lins, prostaglandins, and toxic aldehydes."" Among these
products, b-hydroperoxyeicosatetraenoic acid, 12-hydro-
peroxyeicosatetraenoic acid, 15-hydroperoxyeicosatet-
raenoic acid, epoxyeicosatrienoic acids, and leukotriene
B are involved in the development of HPH by regulating
PASMC proliferation, inflammation, or endothelial func-
tion.”® Thus, increased lipid peroxidation should be closely
related to HPH through multiple molecular pathways.
We found that plasma levels of 4-HNE and malondi-
aldehyde were both increased after chronic hypoxia but
that the level of 4-HNE and not malondialdehyde was
markedly increased in hypoxic lung tissues and pulmo-
nary arteries. Both 4-HNE and malondialdehyde are the
toxic aldehydes produced by lipid peroxidation via enzy-
matic processes and nonenzymatic processes.'" There-
fore, it defied common sense that malondialdehyde was
not elevated in the increased lipid peroxidation setting
in hypoxic lung tissues. One possible explanation is the
altered expression of metabolizing enzymes in chronic
lung tissues because we found that chronic hypoxia
reduces ALDHZ2 but increases ALDH1A1 in lung tissues,
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and 4-HNE is detoxified mainly by ALDHZ2, whereas
malondialdehyde is metabolized mostly by ALDH1A1.183¢
Interestingly, we found no effect of chronic hypoxia on
4-HNE production in hearts, livers, and aortas indicating
that 4-HNE might not be the major participant in chronic
hypoxia-related damages on hearts, livers, and aortas.*®
4-HNE is the major type of 4-hydroxyalkenals end
products generated by oxidation of arachidonic acid and
polyunsaturated fatty acids.*' As one of the major end
products of lipid peroxidation, 4-HNE was produced in
various cells, including endothelial cells, smooth muscle
cells,"" and alveolar epithelial cells (Figure XVI in the
online-only Data Supplement). In this study, 4-HNE
has protective functions that enhance cellular antioxi-
dant capacity mainly by regulating transcription factors,
including Nrf2 (nuclear factor erythroid 2-related factor
92), AP-1 (activating protein 1), NF (nuclear factor)-xB,
and PPAR (peroxisome-proliferator-activated receptors)
as a signaling molecule at lower levels."" At intermediate
levels, 4-HNE affects autophagy, senescence, cell cycle,
and cell proliferation. However, higher levels of 4-HNE
are toxic to cells leading to cell apoptosis or necropto-
sis because of its extraordinary tendency to react with
proteins or nucleic acids, generating various adducts
and leading to protein dysfunction and DNA damage.®*
4-HNE is increased in patients with pulmonary arterial
hypertension.*? In our study, we failed to find the positive
effects of exogenous 4-HNE on HPH by means of intra-
peritoneal injection or subcutaneous implantation with
miniosmotic pumps, which might be explained by the fact
that exogenous 4-HNE is rapidly metabolized by cells
(within 3 minutes).' Nevertheless, 4-HNE should play
an important role in the development of HPH because
the antioxidant-NAC decreases the level of 4-HNE and
alleviates pulmonary arterial pressures of HPH mice.
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ALDH2, a tetrameric allosteric mitochondrial enzyme,
is best known for its critical detoxifying role in ethanol
metabolism.*® Because ALDH2 is expressed ubiquitously
in all tissues and plays a key role in oxidizing endogenous
toxic aldehydes including 4-HNE and malondialdehyde,
it has been implicated in several pathologies including
cardiovascular diseases, diabetes mellitus, neurological
dysfunction, and ischemia-reperfusion injury.*®* Recently,
activation of ALDH2 was proved to reduce RVSP in a
monocrotaline-induced pulmonary arterial hypertension
animal model.’® The present study is to our knowledge,
the first report that ALDH2 plays a protective role in
HPH as evidenced using ALDH2 transgenic and knock-
out mice. Interestingly, overexpression of ALDH2 spe-
cifically in smooth muscle cells but not endothelial cells
was protective against HPH. ALDHZ2 plays a protective
role in many oxidative stress associated diseases includ-
ing myocardial infarction, myocardial ischemia/reperfu-
sion injury, and stroke by clearing 4-HNE."*""® We also
found a decreased content of 4-HNE in lung tissues from
ALDH2-overexpressing mice but an increased content of
4-HNE in lung tissues from ALDH2 knockout mice. NAC
prevents the development of HPH of ALDH2 knockout
mice. Moreover, activation of ALDH2 decreases the level
of 4-HNE in HPASMCs. Thus, 4-HNE appears to be the
critical downstream signal pathway in the protective role of
ALDH2 in HPH. Moreover, ALDH2 activation decreased
the serum levels of interleukin-1f, interleukin-6, and
Fizz1 (found in inflammatory zone protein 1) in HPH mice
(Figure XVII in the online-only Data Supplement). Thus, it
should be speculated that ALDH2 might also effect on
HPH through regulating inflammation and even activation
of macrophages which should be explored in the future.

Smooth muscle cell proliferation is a critical contribu-
tor to pulmonary arterial remodeling in HPH.22° Chronic
hypoxia leads to proliferation of PASMCs, resulting in
significant thickening of the muscular layers and muscu-
larization of nonmuscular arteries in vivo.2° Although the
effect of hypoxia on PASMCs proliferation remains con-
troversial, a growing number of studies have documented
the accelerating effect of hypoxia in vitro.? In the present
study, we confirmed that hypoxia promoted HPASMCs
proliferation. More importantly, ALDH2 functions as a
regulatory molecule in hypoxia-induced smooth muscle
cell proliferation as shown by using an ALDH2 agonist
and an antagonist. 4-HNE induces HPASMCs prolifera-
tion.” We also obtained similar results and found that
4-HNE enhanced hypoxia-induced HPASMCs prolif-
eration which was regulated by ALDHZ2, thereby under-
scoring that ALDH2 exerts its effects on HPASMCs
proliferation via regulating the level of 4-HNE.

Mitochondria normally serve as energy powerhouses
and redox sensors in PASMCs.** Mitochondria change
their overall morphology and proliferate by their fusion
and fission in response to the cellular environment and
differentiation.** Mitochondria fusion and fission are

Arterioscler Thromb Vasc Biol. 2019;39:2303-2319. DOI: 10.1161/ATVBAHA.119.312946
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mainly mediated by membrane-remodeling mechano-
chemical enzymes. MFN1 and MFN2 mediate fusion
of the mitochondrial outer membrane, and OPA1 medi-
ates the fusion of the mitochondrial inner membrane,
whereas Drp1 and FIS1 are involved in mitochon-
drial fission.”® Increased mitochondrial fission, which is
associated with cyclin B-CDK1 and ERK (extracellu-
lar signal-regulated kinase)-dependent phosphoryla-
tion of Drp1 at serine 616, plays an important role in
hypoxia-induced HPASMCs proliferation.2°4¢  Further-
more, MFN1 is involved in hypoxia effects by regulat-
ing mitochondrial homeostasis and function.*” Hypoxia or
4-HNE treatment increased mitochondrial fission. Eleva-
tion of phosphorylation of Drp1 at serine 616 mediates
hypoxia-induced mitochondria fission.*® We found that
4-HNE also increased phosphorylation of Drp1 at ser-
ine 616. Although it was reported that the expression of
MFN1, MFN2, and OPA1 could be changed by hypoxia,
we did not find noticeable differences in the expression
of these proteins in hypoxic HPASMCs as compared
with that in controls.*” We also found that 4-HNE treat-
ment had no effect on the expression of MFN1, MFN2,
and OPA1. Using a Drp1 inhibitor, we demonstrated that
mitochondrial fission contributes to hypoxia or 4-HNE
induced HPASMCs proliferation. HIF-1a activation
mediates phosphorylation of Drp1 at serine 616 under
hypoxia.*” Interestingly, 4-HNE also increases HIF-
Ta stabilization which might be mediated by increased
phosphorylation of P38 MAPK.*® HIF-1a is regulated
by oxygen levels through a dual system of prolyl and
asparaginy! hydroxylation. Prolyl hydroxylation mediated
by prolyl hydroxylases promotes von Hippel-Lindau ubig-
uitin E3 ligase-mediated proteasomal degradation of
HIF-10.° Because 4-HNE treatment induces modifica-
tion of 20S and 26S proteasomal forms and decreases
the proteasomal activity, the association between 4-HNE
and HIF-1a should be further explored in the future.*®
ALDH2 improves mitochondrial function by maintaining
mitochondrial membrane potential and preventing cyto-
chrome c release.®®%' However, we found ALDH2 defi-
cient but not ALDH2 overexpressed PASMCs showed
increased oxygen consumption rate (Figure XVIII in the
online-only Data Supplement). Thus, the effect of ALDH2
on mitochondrial function remains to be explored.

In summary, the present study demonstrated that
increased 4-HNE plays a critical role in the development
of HPH by stabilizing HIF-1a, inducing phosphorylation
of Drp1 at serine 616, promoting mitochondrial fission,
and subsequently enhancing PASMCs proliferation. As
the detoxifying enzyme, ALDHZ2 in smooth muscle cell
plays a major role in preventing HPH, indicating that
PASMCs proliferation is a key pathway by which lipid
peroxidation exerts its effects on HPH. Furthermore,
ALDH2 could be a potential pharmacological target for
the therapy of HPH and other lipid peroxidation related
diseases.
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