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ARTICLE INFO ABSTRACT

Keywords: Previous evidence has indicated a beneficial role for aldehyde dehydrogenase 2 (ALDH2) in suppressing
ALDH2 atherosclerotic plaque progression and instability. However, the underlying mechanism remains somewhat
Atherosclerosis elusive. This study was designed to examine the effect of ALDH2 deficiency on high-cholesterol diet-induced
Macrophage atherosclerotic plaque progression and plaque vulnerability in atherosclerosis-prone ApoE knockout (ApoE ™" ")
Z:rll\ﬁience mice with a focus on foam cell formation in macrophages and senescence of vascular smooth muscle cells

(VSMGs). Serum lipid profile, plaque progression, and plaque vulnerability were examined in ApoE~’/~ and
ALDH2/ApoE double knockout (ALDH2 ™/ ’ApoE’/ ~) mice after high-cholesterol diet intake for 8 weeks.
ALDH2 deficiency increased the serum levels of triglycerides while it decreased levels of total cholesterol and
high-density lipoprotein cholesterol. Unexpectedly, ALDH2 deficiency reduced the plaque area by 58.9% and
37.5% in aorta and aortic sinus, respectively. Plaque instability was aggravated by ALDH2 deficiency along with
the increased necrotic core size, decreased collagen content, thinner fibrous cap area, decreased VSMC content,
and increased macrophage content. In atherosclerotic lesions, ALDH2 protein was located in both macrophages
and VSMCs. Further results revealed downregulated ALDH2 expression in aorta of aged ApoE ™/~ mice com-
pared with young mice. However, in vitro study suggested that ALDH2 expression was upregulated in bone
marrow-derived macrophages (BMDMs) with an opposite effect in VSMCs following 80 pug/ml oxidized low-
density lipoprotein (oxLDL) treatment. Interestingly, ALDH2 deficiency displayed little effect in oxLDL-induced
foam cell formation from BMDMs, while ALDH2 knockdown by siRNA and ALDH2 overexpression by lentivirus
infection promoted and retarded oxLDL-induced VSMC senescence, respectively. Mechanistically, ALDH2 mi-
tigated oxLDL-induced overproduction of mitochondrial reactive oxygen species (mROS) and activation of
downstream p53/p21/p16 pathway. Clearance of mROS by mitoTEMPO significantly reversed the promotive
effect of ALDH2 knockdown on VSMC senescence. Taken together, our data revealed that ALDH2 deficiency
suppressed atherosclerotic plaque area while facilitating plaque instability possibly through accelerating mROS-
mediated VSMC senescence.

This article is part of a Special Issue entitled: Genetic and epigenetic regulation of aging and longevity edited
by Jun Ren & Megan Yingmei Zhang.

Mitochondrial ROS

* Corresponding authors at: Shanghai Institute of Cardiovascular Disease, Department of Cardiology, Zhongshan Hospital, Fudan University, Shanghai 200032,
China.
E-mail addresses: zhouxiaohui@shphc.org.cn (X. Zhou), zhang.yingmei@zs-hospital.sh.cn (Y. Zhang).
1 Contributed equally to this work.

https://doi.org/10.1016/j.bbadis.2018.09.033

Received 31 July 2018; Received in revised form 26 September 2018; Accepted 27 September 2018
Available online 11 October 2018

0925-4439/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09254439
https://www.elsevier.com/locate/bbadis
https://doi.org/10.1016/j.bbadis.2018.09.033
https://doi.org/10.1016/j.bbadis.2018.09.033
mailto:zhouxiaohui@shphc.org.cn
mailto:zhang.yingmei@zs-hospital.sh.cn
https://doi.org/10.1016/j.bbadis.2018.09.033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbadis.2018.09.033&domain=pdf

H. Zhu et al.

1. Introduction

Atherosclerosis is one of the primary causes of cardiovascular dis-
eases, including coronary artery disease, myocardial infarction, and
stroke. Formation and progression of atherosclerotic lesions is a chronic
pro-inflammatory response of arterial wall, characterized by en-
dothelial dysfunction, infiltration of inflammatory cells, formation of
lipid-enriched necrotic core and rupture-prone fibrotic cap [1]. Vul-
nerable atherosclerotic plaque is recognized as the main culprit of
thrombosis of coronary artery and unpredictable event of acute cor-
onary syndrome (ACS), manifested as enlarged necrotic core size, thin
fibrous caps, reduced collagen content, and increased filtration of in-
flammatory cells [2,3]. As the major components in atherosclerotic
lesions, macrophages and vascular smooth muscle cells (VSMCs) play
critical roles in the pathogenesis of atherosclerosis. Uncontrolled ac-
cumulation of lipoproteins such as oxidized-low density lipoproteins
(oxLDLs) promotes transition of macrophages into lipid-rich foam cells,
resulting in the lesion expansion and plaque instability [4]. The mac-
rophage-derived chemoattractants promote the migration of VSMC
from the arterial wall into the lesion, where they secrete extracellular
matrix proteins and form fibrous cap with a prominent role in the
maintenance of plaque stability [5]. It is well-known that apoptosis of
VSMC predisposes vulnerability in atherosclerotic plaque [6]. Apart
from apoptosis, recent studies have revealed that VSMC senescence also
promotes atherosclerotic plaque vulnerability [7,8]. VSMC senescence
is an important part of vascular aging, which could be simply defined as
a consequence of natural physical stress and age-dependent change of
the vascular structure and function, resulting in decreased arterial
compliance and increased arterial stiffening [9].

A growing number of evidence suggests that several cholesterol
oxidation products, such as oxysterols and 4-hydroxy-2-nonenal (4-
HNE), the major proatherogenic components of oxLDLs, significantly
contribute to atherosclerotic plaque progression and vulnerability [10].

Mitochondrial aldehyde dehydrogenase (ALDH2), mostly known for
its role in ethanol metabolism, is a key enzyme involved in the de-
gradation of toxic reactive acetaldehydes, such as 4-HNE and mal-
ondialdehyde (MDA), into non-toxic acetic acid [11]. Findings from our
laboratory and others revealed a beneficial role of ALDH2 in protecting
against cardiovascular diseases (CVDs), such as coronary heart disease
[12,13], ischemia heart disease [14,15], alcoholic cardiomyopathy
[16], diabetic cardiomyopathy [17], and stroke [18,19]. The beneficial
effect of ALDH2 in CVDs might be mediated through regulation of
oxidative stress, cell metabolism, inflammatory response, apoptosis and
autophagy [20,21]. Recently, the beneficial role of ALDH2 in experi-
mental atherosclerosis was revealed [22,23]. Stachowicz and collea-
gues reported that mitochondrial ALDH2 activation using a specific
ALDH2 activator Alda-1 decreased atherogenic plaque area without any
influence on lipid profile or plaque vulnerability in atherosclerosis-
prone ApoE knockout (ApoE ~/~) mice fed chow diet [22]. On the other
hand, Pan and coworkers revealed that ALDH2 knockdown using len-
tivirus infection resulted in increased atherogenic plaque area and in-
stability in ApoE™/~ mice fed high-cholesterol diet, along with the
aggravated inflammation in endothelial cells, while ALDH2 over-
expression using lentivirus displayed opposite effects [23]. Nonetheless,
none of these two studies depicted the precise association between
genetic ALDH2 deficiency and atherosclerotic lesion progression, in
particular the underlying mechanisms involving macrophage and VSMC
function.

Given that nearly 40% of loss-of-function mutation of ALDH2 pre-
sents in east Asians [24], it is pertinent to elucidate whether ALDH2
deficiency aggravates atherosclerotic plaque progression and vulner-
ability. To this end, we generated a double knockout ALDH2 ™’
~“ApoE /" murine model to elucidate the precise effect of ALDH2
deficiency on the progression of atherosclerosis and plaque vulner-
ability, with a special focus on macrophage foam cell formation and
VSMC senescence.
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2. Methods and materials

2.1. ALDH2~/~ApoE~’~ mouse generation and high-cholesterol diet
intake

ApoE ™/~ mice (with a C57BL/6 background) were obtained from
Beijing Vital River Laboratory Animal Technology Company. The
ALDH2 /~ApoE™/~ double knockout mice were generated by
breeding ALDH2 ™/~ mice (also on C57BL/6 background) with ApoE ~/
~ mice as previously reported [25]. The resulting heterozygous F1
generation were interbred with each other to produce homozygote
ALDH2 ™/~ ApoE ™/~ mice. The genotypes of mice were identified using
agarose gel electrophoresis and Western blotting. Mice were main-
tained on a 12/12-hour dark/light cycle in an air-conditioned room
(22.5 = 0.5°C, 50 = % humidity) with access to diet and water ad
libitum in the Animal House of Zhongshan Hospital, Fudan University
(Shanghai, China). Two-month-old ALDH2*/*ApoE™/~ mice and
ALDH2 ™/~ ApoE ™/~ mice were fed high-cholesterol diet (1.25% cho-
lesterol and 0.5% cholic acid) for 8 weeks. All animals were handled
following the Regulations of Experimental Animal Administration is-
sued by the State Committee of Science and Technology of the People's
Republic of China.

2.2. Animal sacrifice and serum lipoprotein analysis

After an eight-week high-cholesterol diet feeding, mice were se-
dated using pentobarbital sodium (80 mg/kg) and blood was collected
from inferior vena cava. Animals were sacrificed using the ex-
sanguination procedure. Blood was centrifuged at 3000 rpm for 10 min
at 4 °C. Serum total cholesterol (TC), triglycerides (TG) and high density
lipoprotein-cholesterol (HDL-C) levels were measured using commer-
cial kits (Biosino Bio-Technology and Science Inc.).

2.3. Evaluation of atherosclerotic lesion development

Following collection of blood, the circulatory system was washed
with PBS and then fixed with PBS containing 4% paraformaldehyde.
Aorta was then excised from the root to abdominal area. Connective
tissues were removed underneath the dissecting microscope. Aorta were
cut longitudinally and “en face” plaque area was visualized using oil red
O (ORO, Sigma) staining, before being photographed with a digital
camera and quantified by Image J software. The heart and ascending
aorta were embedded in optimal cutting temperature (OCT) compound
(Sakura) and snap-frozen on liquid nitrogen. For the analysis of lesion
formation in aortic sinus, serial (7-um thickness) cross-sections were
collected from the origin of aortic valve leaflets. Every tenth sections
were stained with ORO to detect lipid deposition. Atherosclerotic lesion
areas were quantified using Image J software and were reported as the
average ORO staining area per section in the first ten sections for each
mouse.

2.4. Histological examination

Frozen sections of atherosclerotic lesion at the aortic sinus were
employed for the histological examination. H&E staining, Masson
staining and Sirus red staining were used to detect necrotic core size,
collagen content, and fibrous cap area, respectively.

2.5. Immunofluorescence and immunohistochemistry

For immunofluorescence staining, formaldehyde-fixed sections were
incubated with primary antibodies at 4 °C overnight. Macrophages and
VSMCs in atherosclerotic lesions were detected with the rat anti-mouse
CD68 (Abcam) and rat anti-mouse a-SMA antibody (Sigma), respec-
tively, and were co-stained with the rabbit anti-mouse ALDH2 antibody
(Abgent). Samples were then incubated with Alexa Fluor 488 or 594
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Fig. 1. Body weight, serum TG, TC and HDL-C concentrations in ApoE ™/~ and ALDH2 ™/~ ApoE ™/~ mice. A, B: Representative agarose gel electrophoresis pictures
of ALDH2 ™/~ ApoE ™/~ mice; C: Body weight at baseline, 2 weeks, 4 weeks, 6 weeks, and 8 weeks after high-cholesterol diet challenge; D: Serum TG concentration at
baseline, 4 weeks, and 8 weeks after high-cholesterol diet challenge; E: Serum TC concentration at baseline, 4 weeks, and 8 weeks after high-cholesterol diet chal-

lenge; F: Serum HDL-C concentration at baseline, 4 weeks, and 8 weeks after high-cholesterol diet challenge. Mean

~ApoE~/~ groups. *p < 0.05 vs. ApoE ™/~ group.

labeled secondary antibodies (Invitrogen). Nuclei were stained with 4/,
6-diamidino-2-phenylindole (DAPI, Sigma). Confocal images were ob-
tained by wusing a Zeiss LSM 510 microscope. For im-
munohistochemistry staining, endogenous peroxidase activity was
quenched with 3% hydrogen peroxide. Then sections were incubated
with primary antibodies at 4 °C overnight. Macrophages and VSMCs
were detected by using rabbit anti-mouse F4/80 antibody (Abcam) and
rabbit anti-mouse a-SMA antibody (Abcam), respectively. A strepta-
vidin-biotin complex (SABC) kit (Wuhan Boster Biological Technology,
Wuhan, China) and DAB substrate (Wuhan Boster Biological
Technology, Wuhan, China) were then used to develop the brown re-
action product. Slides were counterstained with hematoxylin. Pictures
were obtained using a Leica microscope. Images were analyzed using
the Image-Pro Plus software.

2.6. Western blot analysis

Aorta and cells were homogenized and sonicated in a lysis buffer
containing 20 mM Tris (pH7.4), 150 mM NaCl, 1 mM EDTA, 1 mM
EGTA, 1% Triton, 0.1% sodium dodecyl sulfate (SDS), and a protease
inhibitor cocktail. Samples were incubated with the primary anti-
ALDH2 (Abcam), anti-p53 (Abcam), anti-p21 (Abcam), anti-p16 (CST),
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SEM, n = 12 for both ApoE "/~ and ALDH2 ™/

anti-B-actin (CST), and anti-GAPDH (CST) antibodies. Membranes were
then incubated with horseradish peroxidase (HRP)-coupled secondary
antibodies (Aksomics). After immunoblotting, films were scanned and
detected using a Bio-Rad Calibrated Densitometer. Intensity of im-
munoblot bands was normalized to the loading control (B-actin or
GAPDH).

2.7. Cell culture and lentivirus infection

Bone marrow derived macrophages (BMDMs) were obtained as
described [26]. In briefly, mice were euthanized using overdose anes-
thetic and bone marrow cells were obtained from hind limbs. Cells were
plated in RPMI-1640 containing 20% FBS and stimulated by M-CSF for
7 days before usage. Human umbilical vein smooth muscle cells were
purchased from ScienCell (Cat No: 8020, ScienCell) and were cultured
in Smooth Muscle Cell Medium (Cat No: 1101, ScienCell) supplemented
with 100 U/ml penicillin, 100 pg/ml streptomycin, smooth muscle cell
growth supplement (Cat. No. 1152, ScienCell), and 5% FBS. Lentivirus
vectors were generated as described [14] and were employed to gen-
erate the ALDH2 overexpression in VSMCs. Normal control siRNA and
ALDH2 siRNA were generated as previously reported [14]. Transfection
was performed using riboFECT™ CP transfection kit in serum-free
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Fig. 2. Lesion area at the aorta and aortic sinus in ApoE ™/~ and ALDH2~/~ApoE /™~ mice. A: Representative pictures of oil red O stained lesions at the aorta; B:
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medium (RiboBio) following manufacturer's protocol.

2.8. Analysis of foam cell formation

BMDMs were plated in RPMI-1640 containing 1% FBS and 80 ug/ml
oxLDL for 24 h. Cells were fixed for 30 min in 4% paraformaldehyde,
rinsed in ddH20, washed in 60% isopropanol for 5min, stained with
0.3% ORO solution for 15min, and then counterstained with hema-
toxylin for 1 min. Stained cells were eluted with isopropanol, and the
resultant supernatant was collected. Optimal density was measured at
540 nm. BMDMs were also incubated with 40 pg/ml Dil-oxLDL for 6 h
and were fixed in phosphate-buffered 4% paraformaldehyde for 10 min.
Fluorescent signals were detected using the immunofluorescence mi-
Croscopy.

2.9. SA-B-gal staining

SA-b-gal activity was determined using a commercial kit (CST) ac-
cording to the manufacturer's instructions. Briefly, cells were fixed in
2% formaldehyde containing 0.2% glutaraldehyde for 15 min and were
washed with PBS twice. Samples were incubated at 37 °C for 24h in a
staining solution containing X-gal in dimethylformamide (1 mg/ml),
potassium ferrocyanide (5nM), potassium ferricyanide (5nM), citric
acid/sodium phosphate (40 mM), NaCl (0.15M), and MgCl, (2 mM)
with a pH of 5.9. Cells were photographed using a light microscope.
Cells with blue color were considered being SA-B-gal positive.

2.10. DHE staining

Following challenge with 80 ug/ml oxLDL for 72h, DHE (10 uM)
were added and incubated for 30 min. Cells were washed with cold 1 x
PBS and fluorescent signals were captured using a fluorescent micro-
scope (Olympus).
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SEM, n = 12 for both ApoE~"~ and ALDH2™~/~ApoE /"~ groups. *p < 0.05, ***p < 0.001 vs. ApoE ™/~ group.

2.11. Data analyses

Data were presented as means = SEM. Data were analyzed using
the unpaired Student t-test or one-way ANOVA followed by a Tukey
post hoc analysis. All statistical analyses were performed using
Graphpad Prism 6.0, and a p value < 0.05 was considered statistically
significant.

3. Results

3.1. Body weight and serum lipid profile in ApoE~’~ and ALDH2~/
~ApoE~’" mice

The ALDH2 ~/~ApoE ™/~ mice were generated and identified with
agarose gel electrophoresis (Fig. 1A and B). Both ApoE™’/~ and
ALDH2™/~ ApoE ™/~ mice were challenged with high-cholesterol diet
for 8 weeks. Body weight was monitored at baseline, 2 weeks, 4 weeks,
6 weeks, and 8 weeks after high-cholesterol diet intake. Our results
exhibited little differences in body weight between two groups
(Fig. 1C). Serum lipid profile including TG, TC and HDL-C was mea-
sured using commercial kits. High-cholesterol intake increased serum
TG and TC levels while decreasing HDL-C levels (Fig. 1D-F). Interest-
ingly, elevated TG levels were more pronounced in ALDH2 "~ ApoE ™~/
~ mice compared with ApoE ™/~ mice (Fig. 1D). However, serum TC
and HDL-C levels were lower in ALDH2 ™/~ ApoE ™/~ mice compared
with ApoE’/ ~ mice (Fig. 1E-F). These data revealed that ALDH2 de-
ficiency in ApoE ™/~ mice might affect lipid metabolism, manifested as
elevated TG levels and decreased levels of TC and HDL-C.

3.2. Effect of ALDH2 deficiency on atherosclerotic lesion formation

Several studies revealed the protective role of ALDH2 in inhibiting
atherosclerotic plaque progression using the specific ALDH2 activator
Alda-1 [22] and lentivirus-induced ALDH2 overexpression [23].
Nonetheless, none of these studies were conducted from a genetic
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Fig. 3. Lesion stability analyses in aortic sinus in ApoE ™/~ and ALDH2 "~ ApoE /™ mice. A, C, E, G, I: Representative pictures of H&E staining, Masson staining,
Sirius red staining, a-SMA and F4/80 immunohistochemistry staining in the lesions at the aortic sinus; B, D, F, H, J: Statistical results of necrotic core size (%),
collagen content (%), fibrous cap area (%), a-SMA positive area (%), and F4/80 positive area (%) in the lesions at the aortic sinus. Scale bar = 200 pm.

Mean + SEM, n = 6 for both ApoE™"~ and ALDH2 "/~ ApoE /" groups. *p < 0.05 vs. ApoE~/~

perspective. To elucidate the effect of genetic ALDH2 deficiency on
atherosclerotic lesion formation, ORO staining was used to visualize the
lesion area in both aorta and aortic sinus in ApoE "/~ and ALDH2 "/
~“ApoE™/~ mice fed high-cholesterol diet for 8 weeks. Unexpectedly,
ALDH2 ™/~ ApoE~/~ mice showed a significantly decrease in en face
plaque area in aorta (9.06 = 0.77% vs 3.72 = 0.50%, p < 0.001),
and aortic sinus (5.15 + 0.64 vs 3.02 = 0.56, x10°um? p < 0.05)
compared with those from the ApoE™/~ mice (Fig. 2A-D).

3.3. Effect of ALDH2 deficiency on atherosclerotic plaque stability

Since plaque stability is a more important predicting indicator for
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ACS as opposed to plaque area, atherosclerotic plaque vulnerability was
monitored at the aortic sinus by histological and immunohistochemical
(IHC) staining. Interestingly, H&E staining revealed that ALDH2 defi-
ciency showed an overly bigger necrotic core size compared with
control mice despite of a smaller plaque area (Fig. 3A-B). Masson
staining and Sirius red staining revealed a thinner fibrous cap and less
collagen content in the atherosclerotic plaque in ALDH2 ™/~ ApoE ™/~
mice compared with ApoE™/~ mice (Fig. 3C-F). Given the essential
role for extracellular matrix proteins including collagen in the fibrous
cap mainly secreted by VSMCs, the percentage of VSMCs was measured
in the plaque area. Our results revealed a remarkable reduced a-SMA
positive VSMC area in the plaque in ALDH2™/~ApoE /" mice
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Mean + SEM, n = 4-6 for all groups. **p < 0.01, ***p < 0.001.

compared with ApoE ™/~ mice (Fig. 3G-H). Given that plaque vulner-
ability is highly associated with macrophage filtration, F4/80 positive
cell was detected by IHC staining and the results depicted that ALDH2
deficiency significantly increased F4/80 positive macrophages area
within the plaque (Fig. 3I-J). Collectively, these data revealed that
ALDH2 deficiency in ApoE™/~ mice led to more unstable athero-
sclerotic plaque than that of ApoE ™/~ mice.

3.4. ALDH2 expression in advanced atherosclerotic lesions

Since both VSMC and macrophage play key roles in dictating
atherosclerotic plaque stability, immunofluorescence staining was used
to detect the location of ALDH2 in both macrophages and VSMCs in
atherosclerotic lesions. The results clearly suggested that ALDH2 was
expressed in both macrophages and VSMCs (Fig. 4A-B). We further
examined ALDH2 expression in the advanced atherosclerotic lesions
using Western blotting. Compared with young (2 month-old) ApoE "~
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mice, ALDH2 expression in aorta was significantly downregulated in
aged (16 month-old) ApoE_/ ~ mice (Fig. 4C-D), which was in line with
the previous report study [23]. These findings favor the decrease of
ALDH2 expression in atherosclerosis. To elucidate the specific cell type
participating in the pathogenesis of atherosclerosis, we employed an in
vitro model through stimulating both macrophages and VSMCs with
oxLDL prior to assessment of ALDH2 levels. Interestingly, ALDH2 in-
creased significantly after 80pug/ml oxLDL treatment for 24h in
BMDMs (Fig. 4E-F), while decreased in VSMCs treated with 80 ug/ml
oxLDL treatment for 72h (Fig. 4G-H). Collectively, these results re-
vealed downregulated ALDH2 expression in the advanced athero-
sclerotic lesions during the progression of atherosclerosis and in oxLDL-
treated VSMCs while it was increased in oxLDL-treated macrophages.
These data suggested a regulatory role of ALDH2 in the pathogenesis of
atherosclerosis.

3.5. Effect of ALDH2 deficiency on oxLDL-induced foam cell formation in
BMDMs

Accumulation of macrophages in atherosclerotic lesions and sub-
sequently formation of the lipid-enriched foam cells serve as a critical
step in the pathogenesis of atherosclerosis [4,27]. We tested whether
ALDH2 deficiency affected foam cell formation. First, BMDMs were
obtained from WT mice and ALDH2 ™/~ mice. Then BMDMs were in-
cubated with 40 pg/ml Dil-oxLDL for 6 h to examine the uptake of Dil-
oxLDL. The results showed no significant difference of the fluorescent
intensity between WT and ALDH2 ™/~ mice (Fi g. 5A-B). Furthermore,
BMDMs were treated with oxLDL (80 pug/ml) for 24 h to induce foam
cell formation as previously reported [28]. ORO staining revealed little
difference of foam cell formation between WT and ALDH2™/~ mice
(Fig. 5C-D). These results indicated that the effect of ALDH2 deficiency
on plaque instability might not be attributed to foam cell formation in
macrophages.

3.6. Effect of ALDH2 deficiency on VSMC senescence

Given that VSMC senescence plays an important role in promoting
atherosclerotic vulnerability [7,29], we next detected the effect of
ALDH2 overexpression on VSMC senescence following treatment with
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oxLDL (80 ug/ml) for 72h as previously reported [29]. First, ALDH2
siRNA was transfected to knockdown ALDH2 in VSMCs (Fig. 6A). After
72 h of oxLDL treatment, VSMC showed significantly increased SA-f-gal
positive cells, while ALDH2 knockdown significantly aggravated the
effect of oxLDL (Fig. 6B-C). Then ALDH2 lentivirus was infected to
obtain ALDH2 overexpressed VSMCs (Fig. 6D). After 72h of oxLDL
treatment, ALDH2 overexpression significantly reversed the inductive
effect of oxLDL on VSMC senescence (Fig. 6E-F). As p53/p21 and pl6
were considered as alternative markers for cellular senescence in
human atheroma [30,31], we next detected the expression of senes-
cence related markers p53/p21/pl6. The Western blotting results
showed clearly that ALDH2 overexpression inhibited p53/p21/pl6
expression compared with Control group (Fig. 6G-H). These results
demonstrated the inhibitory effect of ALDH2 on VSMC senescence.

3.7. The regulative effect of ALDH2 on VSMC senescence is dependent on
mitochondrial ROS

Since a crosstalk between mitochondrial ROS (mROS) and p53/
p21/pl6 exists in the process of VSMC senescence [32,33], we then
detected mROS generation by both DHE and mitoSOX staining. The
results showed that ALDH2 knockdown significantly aggravated oxLDL-
induced mROS overproduction, showed as increased DHE and mitoSOX
fluorescent intensity (Fig. 7A-D). Besides, ALDH2 overexpression sig-
nificantly reversed oxLDL-induced mROS overproduction, showed as
decreased DHE and mitoSOX fluorescent intensity (Fig. 7E-H). To fur-
ther elucidate whether mROS is dispensable in mediating the regulative
effect of ALDH2 on VSMC senescence, the mROS scavenger mitoTEMPO
(10uM) was used as previously reported [34] and further results
showed that mitoTEMPO administration significantly inhibited the
generation of mROS after oxLDL treatment in both NC and ALDH2
knockdown group to a similar level (Fig. 8A-D). Moreover, mitoTEMPO
administration almost completely reversed the aggravated effect of
ALDH2 knockdown on VSMC senescence (Fig. 8E-F). Collectively, these
data revealed that ALDH2 protects against oxLDL-induced VSMC se-
nescence by eliminating mROS overproduction.
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4. Discussion

Several previous studies have revealed a protective role of ALDH2 in
the suppression of atherosclerotic lesion progression or plaque vulner-
ability, although the mechanisms remain somewhat elusive. More im-
portantly, the relationship between genetic ALDH2 mutation and
atherosclerosis remain largely unknown. Findings of our study revealed
that ALDH2 deficiency in the atherosclerosis-prone ApoE~’~ mice
decreased the atherosclerotic plaque area while it paradoxically pro-
moted the atherosclerotic plaque instability. Further results revealed
that ALDH2 expression decreased in aorta of old-aged ApoE ™/~ mice
with advanced atherosclerotic lesions compared with young mice.
However, the change of ALDH2 expression varied in the in vitro study,
with an increase in macrophages and a decrease in VSMCs treated with
oxLDL, suggesting a disparate role for ALDH2 in different cell types in
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SEM, n = 5-6 for all groups. *p < 0.05, **p < 0.01, ***p < 0.001.

the pathogenesis of atherosclerosis. Our data further revealed little
difference in foam cell formation of BMDMs treated with oxLDL.
Interestingly, VSMC senescence seems to be involved in this process.
ALDH2 overexpression using lentivirus overtly inhibited oxLDL-in-
duced VSMC senescence, possibly via a ROS-mediated p53/p21/p16
mechanism. Taken together, these results elucidated that ALDH2 defi-
ciency decreased atherosclerotic plaque area while promoting plaque
instability possibly via accelerating mROS-mediated VSMC senescence.
To the best of our knowledge, this is the first study revealing the effect
of genetic ALDH2 deficiency on foam cell formation in macrophages
and VSMC senescence in the pathogenesis of atherosclerosis.

As an important metabolic enzyme and endogenous protective
factor, ALDH2 may protect against various forms of CVDs [11,16,20].
Importantly, several studies have demonstrated that ALDH2 mutation
was positively associated with the prevalence of CHD [35,36] and
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stroke [18,19]. As the major cause of CHD, atherosclerosis was ex-
pected to be associated with ALDH2 mutation. However, it remains
controversial to some extent whether ALDH2 mutation was associated
with atherosclerosis from the clinical perspective. A clinical retro-
spective study revealed that ALDH2 Glu504Lys mutation was asso-
ciated with a higher carotid intima-media thickness in Chinese Han
population with essential hypertension [37]. However, another study
revealed the opposite result that ALDH2 mutation seemed to be asso-
ciated with less severity of carotid atherosclerosis in patients with
ALDH2 mutations compared with the wild type population [38]. An-
other independent study revealed no association of ALDH2 mutation
and the coronary atherosclerosis severity [39]. Therefore, the re-
lationship between ALDH2 polymorphism and clinical atherosclerosis
warrants further study. Moreover, the role of ALDH2 in the pathogen-
esis of experimental atherosclerosis remains largely unknown. It was
reported that ALDH2 activation by Alda-1 inhibited atherosclerosis area
with little influence on lipid profile or plaque stability in ApoE ™/~ mice
[22], while another study revealed that ALDH2 knockdown by lenti-
virus led to an increased plaque area and more unstable plaque, the
effects of which were associated with aggravated inflammation in en-
dothelial cells [23]. Unexpectedly, our study using ALDH2 ™/~ ApoE ™/
~ mice revealed an opposite result that ALDH2 deficiency decreased
atherosclerotic plaque area compared with ApoE ™/~ mice, which was
in line with our earlier study that ALDH2 deficiency in an athero-
sclerosis-prone low density lipoprotein receptor (LDLR) knockout
background decreased atherosclerotic plaque area compared with
ALDH2*/*LDLR ™/~ mice (unpublished data).

Previous pathological examinations in human have demonstrated
that components of plaques rather than size of plaques play a more
prominent role in the development of ACS, as increased plaque vul-
nerability serves as a major cause for atherosclerotic plaque disruption
[3,40]. Plaque vulnerable to disruption is characterized as increased
content of lipids and macrophages and reduced content of collagen and
SMCs [40]. Consistent with Pan's study [23], our study revealed that
atherosclerotic lesions in ALDH2 ™/~ ApoE ™/~ mice displayed a more
vulnerable status than that of ApoE~/~ mice, manifested as bigger
necrotic core size, thinner fibrous cap, lesser collagen content, more
macrophage filtration and decreased SMCs in the lesions. Lipid profile
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revealed that ALDH2 might regulate lipid metabolism, evidenced by
increased serum TG levels, decreased TC and HDL-C levels in ALDH2 ™/
~ApoE ™/~ mice compared with ApoE~/~ mice. The effect of ALDH2
deficiency on decreasing HDL-C level was in line with several previous
studies [36,41], accounting for the increased necrotic core size and
plaque vulnerability in ALDH2 ™/~ ApoE ™/~ mice.

Atherosclerotic lesion formation is associated with accumulation of
oxidized lipids, the products of which, particularly aldehydes, stimulate
cytokine production and enhance monocyte adhesion [25,42]. En-
dothelial cells, macrophages and VSMCs are the most important and
well-studied cell types involved in the pathogenesis of atherosclerosis.
The protective role of ALDH2 in inhibiting inflammatory response in
endothelial cells were noted [23] although the effect on foam cell for-
mation in macrophages remains unclear. In our study, ALDH2 expres-
sion was overtly elevated after 80 pg/ml oxLDL treatment, suggesting a
compensatory role for ALDH2 in the protection against oxLDL chal-
lenge. Though ALDH2 deficiency abruptly promoted macrophage con-
tent in the lesion compared with control mice, little difference was
found as to foam cell formation in macrophages. As for VSMCs, it was
reported that ALDH2 activation by Alda-1 inhibited oxLDL-induced
VSMC apoptosis and ER stress and subsequent plaque vulnerability
[12]. Apart from VSMC apoptosis, VSMC senescence also plays an im-
portant role in promoting plaque instability [7,29]. Given that ALDH2
might play an important role in the process of aging [43], we therefore
investigated the role of ALDH2 in VSMC senescence. Firstly, our results
revealed that ALDH2 expression was decreased in an in vitro oxLDL-
treated VSMC senescence model, in line with the previous study in
human atheroma-derived VSMCs [44]. Our data went on to reveal that
ALDH2 overexpression protected against oxLDL-induced VSMC senes-
cence, manifested as decreased SA-B-gal positive cells and levels of
senescence markers p53/p21/pl16. As the main substrate for ALDH2
enzyme, ROS are known to regulate VSMC senescence via cross-talk
between p53/p21 and pl6 [32,33]. Our data clearly suggested that
ALDH2 inhibited mROS generation triggered by oxLDL treatment. Our
further results proved clearly that ALDH2 overexpression inhibited
mROS generation induced by oxLDL treatment compared with control
group, and mROS scavenger mitoTEMPO almost completely reversed
the aggravated effect of ALDH2 knockdown on VSMC senescence.
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In conclusion, data from our current study revealed that ALDH2 present study should shed some lights towards a better understanding
deficiency decreased atherosclerotic plaque area while promoting of the beneficial effect of ALDH2 in the pathogenesis of atherosclerosis.
plaque instability, possibly through a mechanism related to VSMC se-
nescence in a mROS-mediated p53/p21/p16 manner. Although much
in-depth study is warranted to explore the correlation between ALDH2
mutation and atherosclerotic plaque formation, findings from our
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