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A B S T R A C T   

HMG-CoA reductase (HMGCR) is the rate-limiting enzyme in cholesterol biosynthesis and the target for 
cholesterol-lowering therapy. Acetaldehyde dehydrogenase 2 (ALDH2) is primarily responsible for detoxifying 
ethanol-derived acetaldehyde and endogenous lipid aldehydes derived from lipid peroxidation. Epidemiological 
and Genome Wide Association Studies (GWAS) have linked an inactive ALDH2 rs671 variant, responsible for 
alcohol flush in nearly 8% world population and 40% of Asians, with cholesterol levels and higher risk of car-
diovascular disease (CVD) but the underlying mechanism remains elusive. Here we find that the cholesterol 
levels in the serum and liver of ALDH2 knockout (AKO) and ALDH2 rs671 knock-in (AKI) mice are significantly 
increased, consistent with the increase of intermediates in the cholesterol biosynthetic pathways. Mechanisti-
cally, mitochondrial ALDH2 translocates to the endoplasmic reticulum to promote the formation of GP78/Insig1/ 
HMGCR complex to increase HMGCR degradation through ubiquitination. Conversely, ALDH2 mutant or ALDH2 
deficiency in AKI or AKO mice stabilizes HMGCR, resulting in enhanced cholesterol synthesis, which can be 
reversed by Lovastatin. Moreover, ALDH2-regulated cholesterol synthesis is linked to the formation of 
mitochondria-associated endoplasmic reticulum membranes (MAMs). Together, our study has identified that 
ALDH2 is a novel regulator of cholesterol synthesis, which may play an important role in CVD.   

1. Introduction 

Cardiovascular disease (CVD) including myocardial infarction and 
stroke, remains the leading cause of deaths worldwide [1,2]. Among 
many CVDs, ischemic heart disease, caused by the rupture of athero-
sclerosis (AS) plaque, accounts for over 40% of mortality [3]. It is 
well-documented that oxidative stress-induced lipid peroxidation (LPO) 
has been linked to atherosclerosis and CVD [4,5]. Bioactive lipid alde-
hydes, such as malondialdehyde (MDA), 4-hydroxy-nonenal (4-HNE), 
generated from LPO, play an important role in regulating inflammatory 
response and mitochondrial functions in atherosclerosis [6–8]. Our 
recent study found that LPO is a prominent feature in the plasma of CVD 
patients and oxidized cholesterol esters in LDL elevated cholesterol 
levels by inhibiting cholesterol uptake in the liver and macrophages 
[9–11]. Acetaldehyde Dehydrogenase 2 (ALDH2) is an aldehyde dehy-
drogenase in mitochondria and its primary function in the liver is to 

catalyze ethanol-derived acetaldehyde and lipid aldehydes generated 
from LPO to acetate and other nontoxic metabolites [12]. Previous 
studies showed that ALDH2 protects against CVDs through detoxifying 
endogenous aldehydes and inhibiting inflammation [13,14]. Impor-
tantly, about 8% world population and 40% Asians carry an ALDH2 
single-nucleotide polymorphism (SNP) rs671 (ALDH2*2). In addition to 
alcohol flush in these ALDH2*2 carriers, epidemiological studies have 
linked ALDH2*1/*2 and ALDH2*2 mutants to increased risk for CVD 
compared to ALDH2*1 subjects, but the underlying mechanisms beyond 
alcohol consumption remain poorly defined [15–17]. Our recent study 
found that ALDH2 interacts with LDLR and AMPK to regulate macro-
phage foam cell formation, which may increase the risk of CVD in 
ALDH2 SNP carriers [18]. However, ALDH2 may also mediate pheno-
type switch of vascular smooth muscle cells, suggesting that ALDH2*2 
carriers have lower risk for aortic dissection and aneurysm (AAD) [19]. 
Interestingly, emerging human studies have associated ALDH2*1/*2 
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and ALDH2*2 mutants with increased serum cholesterol levels [20,21], 
but roles of ALDH2 in cholesterol metabolism have yet been examined. 

An elevated cholesterol level in the circulation, especially low- 
density lipoprotein (LDL)-cholesterol, is one of the most important risk 
factors for atherosclerotic cardiovascular diseases (ASCVDs) [22–24]. 
Liver is the important organ for maintaining cholesterol homeostasis in 
the body, including absorption, uptake, synthesis, efflux and degrada-
tion. Cholesterol synthesis is delicately regulated in the liver [25]. The 
endoplasmic reticulum (ER) enzyme HMG-CoA reductase (HMGCR), the 
target of statins, catalyzes the rate-limiting step in cholesterol de novo 
synthesis [26]. HMGCR is regulated by cholesterol levels. 
Insulin-induced gene 1 (Insig1) and E3 ligase, GP78, are the major 
regulators of HMGCR protein levels [27]. When sterols are accumulated, 
Insig1 binds to HMGCR and recruits GP78 and an 
ATPase-Valosin-containing protein (VCP) to promote the ubiquitination 
and degradation of HMGCR [27]. In this process, sterol responsive 
element binding protein (SREBP) cleavage-activating protein (SCAP) 
can also bind to Insig1, which protects Insig1 from being ubiquitinated 
by GP78 [28]. On the other hand, when the cholesterol level drops, 
Insig1 is ubiquitinated by GP78 and HMGCR is stabilized [29,30], which 
initiates the cholesterol synthesis. Interestingly, a recent study identified 
a de-ubiquitylase ubiquitin-specific peptidase 20 (USP20) stabilizes 
HMGCR in the feeding state [31]. Statins are the main therapies for 
lowering cholesterol in patients with CVDs [32–34]. 

As the major subcellular site for cholesterol synthesis, ER has many 
membrane contact sites (MCSs) with other subcellular organelles, such 
as mitochondria, Golgi and peroxisomes. Emerging studies have found 
that these contact sites have their own specific biological functions [35]. 
For example, mitochondria-associated endoplasmic reticulum mem-
branes (MAMs) can influence mitochondrial dynamics, Ca2+ signaling, 
and lipid transportation [36,37]. Studies with isolated MAMs from rat 
liver showed that proteins responsible for lipid biosynthesis, such as 
acyl-CoA synthetase, cholesterol acyltransferase and diacylglycerol 
acyltransferase, are enriched in MAMs [38,39]. However, it remains 
poorly defined for the roles of MAMs in maintaining cholesterol ho-
meostasis, including biosynthesis and transportation of cholesterol be-
tween ER and mitochondria [39–42]. 

In this study, we set out to investigate the mechanisms by which 
ALDH2 regulates cholesterol metabolism using ALDH2 knockout (AKO) 
and ALDH2 rs671 knock-in (AKI) mice, focusing on the roles of ALDH2 
on HMGCR stability and cholesterol biosynthesis in the context of CVD. 

2. Methods 

2.1. Animals 

All animal experiments were approved by the Institutional Animal 
Care and Use Committee of the Shanghai Institute of Nutrition and 
Health, Chinese Academy of Sciences. All mice were housed in a 
temperature-control and pathogen-free room under a 12 h/12 h-light/ 
dark cycle. All mice used in this study is C57BL/6J background. WT and 
ALDH2− /− mice were obtained after crossing ALDH2+/− with ALDH2+/ 

− mice. WT, ALDH2*1/*2, ALDH2*2 mice were obtained after crossing 
ALDH2*1/*2 with ALDH2*1/*2 mice [18,43]. For genotyping of ALD-
H2E487K mice (ALDH2*2), genomic DNA extracted from tails were used 
for PCR with the following primers are showed in Supplemental Table 1. 

WT and AKO male mice were fed with chow diet for 12 weeks and 
sacrificed at 12th week. For statin experiments, 6-week-old WT, AKO and 
ALDH2*2 mice (male) were fed with western diet (Research Diets, cat-
alog D12079B) and lovastatin (30 mg/kg/day) or vehicle (1% 
carboxymethylcellulose sodium salt) by intragastric administration for 7 
weeks. For Adeno-associated virus (AAV) experiments, 6-week-old mice 
(mice) were injected with knocking down PCSK9 and control AAV 
through tail vein and fed western diet for 3 weeks. 

2.2. Histological analyzes 

After sacrifice, mouse liver tissues were fixed with 4% formaldehyde 
overnight at 4 ◦C. Liver tissues were embedded in paraffin or in optimal 
cutting temperature (OCT) compound (Tissue-Tek ® OCTTM Com-
pound, Sakura Finetek USA). Liver tissues in OCT compound were stored 
in − 80 ◦C. For H&E staining, liver tissues in paraffin were divided into 5 
μm sections and subjected to hematoxylin and eosin (H & E) staining. 
For Oil Red O staining, tissues in OCT compound were cut with a 
freezing microtome (Leica CM1950) into sequential slices of 10 μm. 
Frozen tissues were stained with Oil Red O (catalog O0625, Sigma, St. 
Louis, MO) and counterstained with Mayer’s hematoxylin to visualize 
intracellular lipid droplets. All sections were obtained with a light mi-
croscope (Vectra 2, Perkin Elmer, USA) and analyzed with Image J for 
quantitative measurements. 

2.3. Cell culture 

7702 cell lines and 293T cell lines were cultured in DMEM (Hyclone) 
containing 10% fetal bovine serum (FBS, Hyclone) and 1% penicillin- 
streptomycin (PS, Gibico). 

Primary hepatocytes were isolated from mice, purified and cultured 
as previously described [44]. Briefly, mice (6–8 weeks old, chow diet) 
were anesthetized by intraperitoneal injection of 6% chloral hydrate 
(10 μL/g) and perfused the liver with perfusion buffer and enzyme buffer 
(collagenase type1, 0.6 mg/mL, Worthington, NJ, USA). Finally, we 
separated mice hepatocytes by using percoll (GE Healthcare) and 
cultured these hepatocytes in DMEM with 10% FBS and 1% PS. 

2.4. Western blotting 

Cells were incubated in cell lysis for 30 min at 4 ◦C and tissues were 
homogenized in 500 μL tissue lysis buffer. Proteins were separated by 
SDS-PAGE and transferred onto PVDF membranes (Millipore). Anti-
bodies against ALDH2 (catalog 15310-1-AP), LDLR (catalog 10785-1- 
AP), MFN2 (catalog 12186-1-AP) and GAPDH (catalog 60004-1-Ig) 
were purchased from Proteintech. Antibodies against Myc-Tag (cata-
log 2276S), AMFR-GP78 (catalog 9590S) and normal rabbit IgG (catalog 
2729S) were purchased from Cell Signaling Technology. Antibodies 
against PCSK9 (catalog ab181142), INSIG1 (catalog ab70784), HMGCR 
(catalog ab174830) and SCAP (catalog ab125186) were purchased from 
Abcam. IP3R–II (catalog sc-398434) was purchased from Santa Cruz 
Biotechnology. 

2.5. Immunoprecipitation and ubiquitination experiment 

The immunoprecipitation experiment was conducted as in a previous 
report [18]. 7702 cells were transfected with target tagged protein by 
using Attractene Transfection Reagent (catalog 301005, Qiagen), har-
vested by using IP cell lysis buffer (50 mM Tris-HCL, 400 mM NaCl, 0.8% 
Triton-100X, PH7.5) and incubated with flag-beads or myc-beads (cat-
alog B26301 for myc-beads, catalog B23102 for flag-beads, Biotool) 
overnight. Then, beads were separated and proteins were boiled with 
loading buffer at 95 ◦C for 5 min. 

For ubiquitination experiment as described before [27], 7702 cells 
were transfected with HA-ub plasmids by using Transfection Kit (catalog 
L3000-015, Lipofectamine®3000), treated with MG132 (20 μM) and 
Bafilomycin A1 (50 μM) for 37 ◦C for 5 h. Then, cellular proteins were 
collected by using cell lysis buffer and then were incubated with 
HA-beads (catalog B26202) overnight at 4 ◦C. Proteins were boiled with 
loading buffer at 95 ◦C for 5 min and finally separated with HA-beads. 

2.6. Real-time PCR 

Total RNA was isolated from liver tissue or cells by using TRIzol 
reagent (Catalog 9109, Takara). The purity of extracted total RNA was 
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determined by the A260/A280 ratio and the total RNA was reversely 
transcribed into cDNA by using Biosystems 7900 instrument. The fold 
change was calculated by using the comparative CT method and 
normalized to β-actin expression. The primer sequences are listed in 
Supplemental Table 1. 

2.7. Total cholesterol, HDL-C, LDL-C and VLDL-C assays 

Serum total cholesterol, HDL-C, VLDL-C, LDL-C, and triglyceride 
levels were enzymatically measured with the kits (Nanjing Jiancheng 
Bioengineering Institute, China). The total cholesterol levels in liver and 
cells were detected by GC-MS as in a previous study [11]. About 10 mg 
liver tissues were homogenized in ice-cold 1xPBS. Cholesterol was 
extracted with ions at m/z = 329, 368, 458 and internal standard 
(5α-cholestane) was extracted at m/z = 217, 357 in GC-MS. 

2.8. The extraction of total and free cholesterol for GC-MS analysis 

All samples were extracted according to our previous report [18]. In 
brief, cellular and liver cholesterol was extracted by using 2 mL hexane: 
isopropyl alcohol (IPA) (3:2, v/v) supplemented with 20 μL acetic acid 
and 6 μg internal standard (5α-cholestane). For free cholesterol, the 
dried residue was added 40 μL of pyridine and 40 μL of BSTFA and 
bathed at 90 ◦C for 60 min. For measuring total cholesterol, to the 
extract was added 200 μL 8 M KOH and incubated at 55 ◦C for 55 min. 
Then, the mixture was added HCl for adjusting pH to 3.0. The mixture 
was added 2 mL IPA: hexane: acetic acid (40:10:1, v/v/v), 1 mL hexane 
and 1 mL water. After vortex and centrifuged at 2000 rpm 3 min, the 
upper organic phase was collected and added 40 μL of pyridine and 40 
μL of BSTFA for derivatization. 

2.9. LC-MS analysis of metabolites in de novo cholesterol synthesis 

Cells in 10-cm dish were cultured in a LPDS medium (DMEM with 5% 
lipoprotein deficient serum and 1% PS) for 12 h and labeled with 13C- 
acetate (2 mM, sigma) and 13C-glucose (2 g/L, Cambridge Isotope lab-
oratory) for 24 h. The cells were washed with 1x PBS three times and 
then lysed with 500 μL EDTA-trypsin (Gibico). Cell lysates were 
collected after 3 min and the half of cell lysates were suspended in 400 
μL methanol and 100 μL ddH2O (100 ng d3-mevalonate as the Internal 
standard). Other half of cell lysates were used for lanosterol and 
cholesterol extraction as described before. Lanosterol was extracted at 
m/z = 355,429,483. After vortex 1 min, samples were put in dry ice for 
2 h and centrifuged at 14000 g for 15 min at 4 ◦C. Then the supernatant 
was transferred to a new 1.5 mL tube and the precipitation was re- 
suspended in 100 μL ACN: H2O = 1:1. After vortex and centrifugation, 
the supernatant was merged with previous supernatant. Samples were 
evaporated under a stream of N2 and dissolved in 0.1 mL of 25% ACN in 
water added with 5 mM ammonium acetate. Samples were analyzed 
using ACQUITY HSS T3 column (2.1 × 3x150 mm), 1.8 mm particle size 
(Waters, MA, USA) with an aqueous phase (A) of 25% ACN in water 
added with 5 mM ammonium acetate and a mobile phase (B) of 50% 
isopropanol, 45% ACN and 5% water with 5 mM ammonium acetate. 
The solvent gradient is the same as in a previous study [45]. The 
retention time and the m/z of cholesterol metabolites were determined 
by standards and were consistent with previous reports [46]. Peak areas 
of labeled cholesterol and cholesterol metabolites were normalized to 
that of internal standards and protein concentration (mg). The MS 
analysis was performed on a triple quadruple mass spectrometer TSQ 
Vantage (Thermo, San Jose, CA, USA) using multiple reaction 
monitoring. 

2.10. Fluorescence microscopy 

Cells were grown on glass coverslips in 6-well dishes and were 
cultured to 60–80% confluence. Next, Cells were washed with 1x PBS 

and fixed with 1 mL ice-cold methanol for 5 min at room temperature. 
They were rinsed twice with 1 mL 1x PBS for 5 min (room temperature) 
and then permeated with 1 mL of 1% Triton X-100 (diluted in PBS) for 5 
min at room temperature. Cells were washed twice for 5 min with 1 mL 
1x PBS, and were blocked with 1 mL 1% BSA for 30 min. Next, BMDMs 
were incubated with primary antibodies 30 min at 37 ◦C. The cells were 
then rinsed three times with 1 mL 1x PBS, and then incubated with 
Alexa-Fluor 488-conjugated anti-goat secondary antibody (Molecular 
Probes, A11058; diluted 1:100 in PBS) and Alexa-Fluor 594-conjugated 
anti-rat secondary antibody (Molecular Probes, cat. A21209; diluted 
1:100 in PBS) or Alexa-Fluor 594-conjugated anti-mouse secondary 
antibody (Molecular Probes, cat. A11032; diluted 1:100 in PBS) for 30 
min at 37 ◦C in the dark. They were washed four times with 1 mL PBS, 
and then mounted on slides using ProLong Diamond Antifade Mountant 
(Molecular Probes, cat. P36970). Cells were imaged under a Zeiss LSM 
780. co-localization percentages (determined by Mander’s overlap co-
efficient: the number of pixels from the red channel that overlap with 
pixels from the green channel divided by the total number of pixels 
detected in the red channel above the threshold value) were calculated 
by ZEN 2010 software (Zeiss). Thresholds were set automatically by the 
software as previously described [18]. 

2.11. Transmission electron microscopy (TEM) 

Cells were grown on glass coverslips in 6-well dishes and were 
cultured to 60–80% confluence. Cultured 7702 cells (total medium or 
LPDS medium) were fixed with 2.5% glutaraldehyde in 0.1 mol/L so-
dium cacodylate buffer for 1 h at room temperature (RT). Cells were 
harvested with a cell scraper, and the aggregates were post-fixed with 
1% osmium tetroxide in 0.1 mol/L cacodylate buffer for 1 h at RT, 
dehydrated in ethanol, and embedded in Epon 812 embedding resin. 
After polymerization, the plastic was removed and ultrathin sections 
were cut parallel and perpendicular to the flask surface. Thin sections 
were counterstained with uranyl acetate and lead nitrate, and examined 
with a FEI Tecnai G2 Spirit TEM. 

2.12. Detection of interacting proteins with ALDH2 by using iTRAQ 
proteomics 

After immunoprecipitation for ALDH2 in 7702 cells, we separated 
total cell lysate by using 10% SDS-PAGE for silver stain (catalog P0017S, 
Beyotime). The gel was extracted and the proteins were identified using 
iTRAQ proteomics by Shanghai Applied Protein Technology. 

2.13. ChIP assay 

7702 cells were cultured on 15-cm plates and transfected ALDH2 
wild type and rs671 plasmid (2 μg) for 24 h. Metformin (2 mM) was used 
to treat cells for 24 h. ChIP assay was conducted using a ChIP Assay kit 
(catalog 17–295, Millipore). Eluted DNA was further purified using a 
PCR purification kit (Qiagen). 

2.14. Luciferase assay 

293T cells were transfected with pGL3.1 Insigs/pCMV-ATP6V0E2 
(20:1) for 48 h. Metformin (2 mM) treated cells for 24 h. Luci-Insig2 
plasmid is described in a previous publication [47]. Luciferase activity 
was measured using the Dual Luciferase Reporter Assay System (catalog 
E1960, Promega). The GL (firefly luciferase) activity was normalized to 
coex-pressed RL (renilla luciferase) activity. 293T cells were transfected 
with Lipofectamine 2000 Reagent (catalog 1854311, Invitrogen). 

2.15. Statistics 

Results are shown as mean ± SD or mean ± SEM. Statistical analysis 
was conducted using one or two-way ANOVA with appropriate post-hoc 
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Fig. 1. ALDH2 knockout increases cholesterol levels in mouse serum and liver even with chow diet feeding. (A) Mouse weights increased in AKO mice compared to 
WT at 12th week (chow diet, n = 10). (B) Representative H&E and oil red staining for liver, Scale bar: 400 μm. (C) Triglycerides (TG) in WT and AKO mouse serum at 
12th week (chow diet, n = 10). (D) Total cholesterol in serum (chow diet, n = 10) and (E) liver of 12th week mice (chow diet, n = 5). (F–G) Total cholesterol and LDL- 
C in WT and AKO mouse serum from 5 to 28-week old (chow diet, n = 10). Statistical comparisons were made using a 2-tailed Student’s t-test. All data are mean ±
SD. *P < 0.05, **P < 0.01, WT: wild type; AKO: ALDH2 Knockout; ALDH2+/− , heterozygous; ALDH2− /− , homozygous. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. ALDH2 knockout increases cholesterol synthesis. (A) Schematics of the major intermediates in pathways of de novo cholesterol synthesis. (B) LC-MS analysis 
of de novo cholesterol synthesis in WT and AKO mouse liver at 12th week (chow diet, n = 10). (C) 13C-acetate incorporation into cholesterol in WT and AKO he-
patocytes (n = 3). (D) LC-MS analysis of intermediates in de novo cholesterol synthesis in 7702 cells transfected with ALDH2 siRNA (n = 3). (E) LC-MS analysis of 
cholesterol esters in 7702 cells transfected with ALDH2 siRNA (n = 3). (F–G) GC-MS analysis of free cholesterol in control and overALDH2 7702 cells treated with 
siCHC and lovastatin (n = 3). Statistical comparisons were made using a 2-tailed Student’s t-test. All data are mean ± SD. *P < 0.05, **P < 0.01, WT: wild type; AKO: 
ALDH2 Knockout; CHC, Clathrin heavy chain. 
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tests or an unpaired two tailed, Student’s t-test. P < 0.05 is considered 
statistically significant. *P < 0.05; **P < 0.01; ***P < 0.001. 

3. Results 

3.1. ALDH2 deficiency increases cholesterol levels in mouse serum and 
liver 

To determine the effect of ALDH2 on the cholesterol metabolism, we 
fed WT and AKO mice with chow diet and sacrificed these mice at 12 
weeks old. ALDH2 knockout significantly increased mouse weight 
(Fig. 1A) and the lipid accumulation in the mouse liver without affecting 
the levels of triglycerides (TG) (Fig. 1B–C). Next, we measured total 
cholesterol levels in mouse serum and liver and found that total 
cholesterol (TC) in mouse serum and liver tissues was significantly 
increased in AKO mice (Fig. 1D–E). To further confirm the elevated 
cholesterol levels in AKO mice compared with WT mice, we collected 
mouse serum every three weeks for 24 weeks with chow diet and found 
that the levels of TC and LDL-C were significantly higher in homozygous 
AKO mice than those of heterozygous AKO and WT (Fig. 1F–G). 
Together, these results clearly show that ALDH2 affects cholesterol 

levels in mouse serum and liver, whereas ALDH2 deficiency leads to 
increased cholesterol levels in mice, suggesting hepatic ALDH2 plays an 
important role in cholesterol metabolism. 

3.2. ALDH2 deficiency leads to increased de novo cholesterol synthesis in 
vivo and in liver cells in vitro 

Cholesterol homeostasis, including cholesterol synthesis, uptake and 
degradation, is delicately controlled [32]. To investigate the underlying 
mechanisms regulating cholesterol levels in mouse liver by ALDH2, we 
first examined the mRNA levels of genes related to cholesterol synthesis 
(Hmgcs and Hmgcr), efflux (Abca1, Abcc1, and Abcg1), and bile acid 
metabolism (Abcg5, Abcg8, and Cyp7a1) in WT and AKO mouse liver 
tissues. Interestingly, none of these genes was significantly altered be-
tween WT and AKO mice (supplemental Fig. 1), suggesting that 
post-translational regulation of cholesterol homeostasis may play a more 
important role. Thus, we postulate that ALDH2 may regulates the 
cholesterol de novo synthesis in the liver through affecting protein sta-
bility of HMGCR. To test this hypothesis, we developed a liquid chro-
matography/tandem mass spectrometry (LC-MS/MS) method to 
measure the major intermediates of cholesterol synthesis pathways 

Fig. 3. ALDH2 destabilizes HMGCR through increasing its ubiquitination and proteasomal degradation in sterol-loaded cells. (A–B) HMGCR protein levels increased 
in AKO mouse hepatocytes compared to WT (n = 3). (C) HMGCR protein levels increased in ALDH2 knockdown 7702 cells (n = 3). (D–E) Representative western blot 
(D) and the quantification (E, n = 3) of HMGCR expression in 7702 cells transfected with different dose of flag-ALDH2 (WT) plasmids. (F–G) Representative western 
blot and the quantification of HMGCR expression in 7702 cells (treat with or without MG132) transfected with different dose of ALDH2 siRNA (n = 3). (H–I) The 
representative image and quantitation of ubiquitination of HMGCR in siALDH2 (H) and overexpressed ALDH2 7702 cells (I). (J–K) Representative western blot and 
the quantification of HMGCR expression in WT and AKO hepatocytes treated with lipoprotein deficient medium (LPDS) from 0 to 36 h (n = 3). Statistical comparisons 
were made using a 2-tailed Student’s t-test or ANOVA. All data are mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. 
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(Fig. 2A) and found that the levels of most intermediates in cholesterol 
synthesis were indeed elevated in AKO mouse liver (Fig. 2B), in addition 
to the increased cholesterol levels. Consistently, we treated mice hepa-
tocytes with 13C-labeled acetate and found that the levels of labeled 
cholesterol (M+4, and M+6) were significantly increased in AKO 
compared to WT, as well as the major intermediates in the cholesterol 
synthesis pathways (Fig. 2C and Supplemental Fig. 2). To further 
confirm the role of ALDH2 in regulating cholesterol synthesis, we 
knocked down the ALDH2 expressions by transfecting human liver cell 
lines (7702) with ALDH2 siRNA and measured the levels of in-
termediates in cholesterol synthesis pathway, cholesterol and choles-
terol esters. Consistently, knocking down ALDH2 significantly increased 
cholesterol synthesis (Fig. 2D) and cholesterol esters (Fig. 2E). 
Furthermore, down-regulation of ALDH2 in shALDH2 cells led to 
increased cholesterol levels, whereas over-expression of ALDH2 
decreased cholesterol levels when the cells were incubated with lipo-
protein deficient serum (LPDS) to stimulate cholesterol de novo syn-
thesis; importantly, the differences of cholesterol levels with the 
manipulation of ALDH2 levels were diminished after lovastatin treat-
ment (Supplemental Fig. 3). To provide further evidence that ALDH2 
regulates hepatic cholesterol levels primarily through de novo synthesis 
instead of the uptake pathway by LDLR, we further measured the 
cholesterol levels in liver cells by knocking down the expression of 
Clathrin heavy chain (CHC) in the LDLR endocytosis pathway. Inhibiting 

cholesterol uptake by siCHC did not significantly affect the increased 
cholesterol levels in ALDH2 knockdown or decreased cholesterol levels 
in over-expression cells, whereas lovastatin treatment diminished the 
difference of cholesterol levels under both conditions (Fig. 2F–G). Taken 
together, ALDH2 primarily inhibits cholesterol de novo synthesis in 
mouse liver, whereas ALDH2 KO leads to elevated cholesterol levels 
through upregulating cholesterol de novo synthesis. 

3.3. ALDH2 promotes the ubiquitination/degradation of HMGCR in the 
presence of cholesterol 

To investigate how ALDH2 regulates cholesterol synthesis, we 
focused on HMGCR, the rate-limiting enzyme of cholesterol synthesis 
and the target of statins. We found that HMGCR protein levels in AKO 
mouse liver were significantly increased compared to WT (Fig. 3A–B), 
consistent with the upregulation of cholesterol synthesis in AKO mouse 
liver (Fig. 2). Furthermore, ALDH2 knocking down in 7702 cells 
significantly increased HMGCR expression (Fig. 3C), whereas transient 
over-expression of ALDH2 dose-dependently decreased HMGCR protein 
level (Fig. 3D and E). Because the mRNA levels of HMGCR are not 
significantly different in AKO and WT mouse liver (Supplemental Fig. 1), 
we speculate that ALDH2 decreases HMGCR protein expression pri-
marily through promoting the degradation of HMGCR in the proteasome 
after ubiquitination. To this end, we observed that HMGCR protein 

Fig. 4. ALDH2 promotes the interaction of HMGCR and Insig1 in sterol-loaded cells. (A) Schematics of the interactions of HMGCR, Insig1 and gp78 in the presence or 
absence of cholesterol. (B) Immunofluorescent results in 7702 cells (Red, ALDH2; Green, Insig1; Pink, Calnexin, ER marker); Scale bar: 5 μm. (C) Immunoprecip-
itation of ALDH2 and cholesterol synthesis-related proteins in the presence or absence of cholesterol. (D–E) Representative western blot and the quantification of 
immunoprecipitation of Insig1 and HMGCR, gp78 in si ALDH2 and overexpressed ALDH2 7702 cells (n = 3). (F–G) Immunoprecipitation of ALDH2 and HMGCR in 
control and si Insig1 7702 cells (F, representative image; G, quantification, n = 3). (H–I) Representative western blot and the quantification of HMGCR expression in 
7702 cells treated with ALDH2 siRNA or Insig1 siRNA (n = 3). (J–K) Free cholesterol levels in control, shALDH2 (J) and overexpressed ALDH2 (K) 7702 cells treated 
with or without Insig1 siRNA (n = 3). Statistical comparisons were made using a 2-tailed Student’s t-test or ANOVA. All data are mean ± SD. *P < 0.05, **P < 0.01. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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levels were dose-dependently increased when ALDH2 was knocked 
down by transfecting with increasing dose of siRNA in 7702 cells. 
Consistently, the increase of HMGCR levels were completely diminished 
with the treatment of a proteasome inhibitor, MG132 (Fig. 3F–G). 
Furthermore, knocking down ALDH2 decreased the ubiquitination of 
HMGCR (Fig. 3H), whereas over-expressing ALDH2 increased the 
ubiquitination of HMGCR (Fig. 3I), stimulated by 25-hydroxycholesterol 
(25-CH). Moreover, HMGCR expression was responsive to cholesterol 
levels when we treated WT and AKO hepatocytes with LPDS medium at 
different time points. The differences of HMGCR levels between WT and 
AKO hepatocytes disappeared after LPDS treatment for 16 h (Fig. 3J–K), 
suggesting that ALDH2 regulates HMGCR degradation in response to 
cholesterol levels. Taken together, all these data demonstrate that 
ALDH2 decreases cholesterol synthesis through increasing the ubiq-
uitination and degradation of HMGCR in the presence of excess 
cholesterol. 

3.4. ALDH2 enhances the formation of Insig1/HMGCR/GP78 complex 

It is well-documented that Insig1 and E3 ligase GP78 are key factors 
responsible for regulating HMGCR degradation, which represents one of 
the most important feedbacks for cholesterol metabolism in the liver 
[30]. In the absence of cholesterol, HMGCR is stabilized to increase the 
synthesis of cholesterol in ER when Insig1 is degraded after it binds to 
GP78 and ubiquitinated by GP78. On the other hand, in the accumula-
tion of cholesterol, Insig1 binds to HMGCR and recruits GP78 to ubiq-
uitinate HMGCR itself. The degradation of HMGCR decreases 
cholesterol synthesis (Fig. 4A). We performed proteomic analysis on 
ALDH2-enriched proteins to identify potential interacting proteins with 

ALDH2 and found that ALDH2 binds to many mitochondrial and ER 
proteins including Insig1 (Supplemental Table 2). Therefore, we hy-
pothesized that ALDH2 increased the ubiquitination of HMGCR through 
promoting the formation of Insig1/HMGCR/GP78 complex. Consis-
tently, we observed a co-localization of ALDH2 with Insig1 in the ER in 
immunofluorescent experiments (Fig. 4B). Due to the potential 
cross-reaction of ALDH2 antibody with other isoform of ALDHs, such as 
ALDH1A1 and ALDH1B1, we validated the specificity of ALDH2 using 
AKO tissues or shALDH2 cells and found that AKO or knockdown spe-
cifically downregulated ALDH2 expressions without significantly 
affecting the expression of ALDH1A1 and ALDH1B1 (Supplemental 
Fig. 4A-D). Furthermore, immunoprecipitation (IP) results showed that 
ALDH2 bound to Insig1/HMGCR/GP78 complex and this binding 
significantly decreased in the absence of cholesterol with LPDS treat-
ment (Fig. 4C). Moreover, over-expressing ALDH2 increased the binding 
of Insig1 and HMGCR, whereas knockdown ALDH2 decreased the 
interaction of Insig1 and HMGCR (Fig. 4D–E). Consistently, knocking 
down Insig1 led to the decreased binding of HMGCR and ALDH2 
(Fig. 4F–G). Furthermore, the increased HMGCR protein level due to 
ALDH2 knocking down disappeared after Insig1 knocking down 
(Fig. 4H–I). Consistently, the increased cholesterol levels in shALDH2 
cells and decreased cholesterol levels in ALDH2 overexpression cells 
were diminished after Insig1 knockdown (Fig. 4J–K), suggesting that 
ALDH2 decreases HMGCR protein levels through interacting with 
Insig1. In summary, all these results demonstrate that ALDH2 potenti-
ates the ubiquitination/degradation of HMGCR through promoting 
Insig1 binding to HMGCR and recruiting E3 ligase GP78, which in turn 
attenuates the de novo cholesterol synthesis. 

Fig. 5. ALDH2 regulates HMGCR after its exit from the mitochondria. (A) Schematics of ALDH2 promoting the interaction of Insig1 and HMGCR. (B) ALDH2 in-
teracts with HMGCR in the cytosol instead of the mitochondria. (C) The mitochondrial targeting sequence (MTS) is important for the cellular localization of ALDH2. 
(D) The interaction of ALDH2 with HMGCR is affected by MTS (right, quantification, n = 3). (E) HMGCR expression in mouse hepatocytes transfected vector (NC), 
total ALDH2 and ALDH2 without MTS (right, quantification, n = 3). (F) Blocking the entry into mitochondria by MPP+ stabilizes HMGCR (n = 3). (G) MPP+

treatment does not significantly affect total ALDH2 enzymatic activity. (H) Schematics of ALDH2 decreasing HMGCR after entering into mitochondrion. Statistical 
comparisons were made using a 2-tailed Student’s t-test or ANOVA. All data are mean ± SD. *P < 0.05. Mito: mitochondrion; Cyto: cytosol. 
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3.5. HMGCR stability in the ER membrane is regulated by ALDH2 after 
its exit from mitochondria 

It is well-established that the cholesterol synthesis machinery, 
including HMGCR, Insig1 and gp78, resides in ER membrane and 
ALDH2 is primarily a mitochondrial protein. We next examined whether 
ALDH2 exits from mitochondria to interact with HMGCR and Insig1 in 
the ER (Fig. 5A). First, we performed IP experiments in cytosolic and 
mitochondrial fractions of AKO and WT liver tissues and found that 
ALDH2 indeed presented in both mitochondrial and cytosolic fractions, 
while only cytosolic ALDH2 pulled down Insig1 and HMGCR (Fig. 5B). 
Next, we overexpressed Flag-tagged ALDH2 in the presence or absence 
of mitochondrial targeting sequence (MTS) in liver cells and found that a 
majority of ALDH2 was localized in mitochondria and small fraction of 
ALDH2 appeared in cytosol with MTS, whereas MTS deletion resulted in 
the exclusion of ALDH2 from mitochondria and slightly increased 
presence of cytosolic ALDH2 (Fig. 5C). Furthermore, deletion of MTS 
significantly decreased the interaction of ALDH2 with HMGCR in the 
cytosolic fraction compared to the presence of MTS (Fig. 5D). Consis-
tently, MTS deletion stabilized HMGCR, presumably through the 
decreased ubiquitination and proteasomal degradation of HMGCR 
(Fig. 5E). Moreover, previous study found that MPP+ (1-Methyl-4-phe-
nylpyridinium) treatment blocked mitochondrial proteins transport 
[48] and we observed that MPP+ significantly decreased the 

ALDH2/HMGCR interaction and stabilized HMGCR in the cytosol 
(Fig. 5F), suggesting that ALDH2’s entry and exit of mitochondria is 
essential for the interaction with HMGCR. Interestingly, expression of 
MTS did not significantly affect the enzymatic activity of ALDH2 
(Fig. 5G), suggesting that the ALDH2 enzymatic activity plays a limited 
role in regulating cholesterol levels through interaction with HMGCR 
and ALDH2. Taken together, our data support the model that ALDH2 
with MTS enters mitochondria and ALDH2 exits from mitochondria to 
interact with HMGCR/Insig1 to regulate HMGCR protein stability in the 
ER and subsequent cholesterol de novo synthesis (Fig. 5H). 

3.6. Mitochondria-associated membrane with ER (MAM) is involved in 
ALDH2 interaction with HMGCR 

Because ALDH2 is a mitochondrial matrix protein and HMGCR and 
Insig1 reside in the ER membrane, we hypothesize that ALDH2 binds to 
Insig1 potentially through the formation of MAMs in response to 
cholesterol levels. Our proteomics results showed that ALDH2 bound to 
several MAM proteins, such as Voltage-dependent anion channel 2 
(VDAC2) and ER chaperone protein Bip (Supplemental Table 2). We 
further found that cholesterol depletion significantly decreased the 
expression of makers of MAMs: Inositol 1,4,5-trisphosphate receptor 
type 2 (IP3R2), mitofusin 2 (MFN2) and Voltage-dependent anion-se-
lective channel 1 (VDAC1) (Fig. 6A). On the other hand, treatment with 

Fig. 6. Mitochondria-associated membrane with ER (MAM) is involved in ALDH2 interaction with HMGCR. (A–B) Markers of MAM in 7702 cells treated with li-
poprotein deficient (LD) medium for 12 h (A, n = 3) and re-added cholesterol in lipoprotein deficient medium (B, n = 3). (C) Representative western blot (left) and 
the quantification (right, n = 3) of makers of MAM formation in 12-week old mouse liver fed with chow diet and 6-week western diet, respectively. (D) Transmission 
Electron Microscopy (TEM) results of MAM in 7702 cells treated with or without lipoprotein deficient medium (left, representative image; right, quantification, n =
5). (E) Immunofluorescence results of MAM in 7702 cells treated with total medium, LD and cholesterol. (F) Cholesterol esters synthesis in WT and AKO hepatocytes 
treated with si control or MFN2 siRNA (n = 3). (G) Western blot quantification of expression of HMGCR in WT hepatocytes treated with si control or siMFN2 RNA (n 
= 3). (H–I) Representative western blot (H) and the quantification (I, n = 3) of HMGCR expression in control and overexpressed ALDH2 7702 cells treated with or 
without MFN2 siRNA. (J) LC-MS analysis of de novo cholesterol synthesis in WT and AKO hepatocytes treated with or without MFN2 siRNA (n = 3). Statistical 
comparisons were made using a 2-tailed Student’s t-test. All data are mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. WT: wild type; AKO: ALDH2 Knockout. 
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cholesterol increased the makers of MAMs formation (Fig. 6B). Consis-
tently, Western diet feeding also increased IP3R2, MFN2 and VDAC1 
expressions in WT mouse liver compared to chow diet (Fig. 6C). More-
over, transmission electron microscopy (TEM) experiments and immu-
nofluorescent experiments showed that the contact of mitochondria and 
ER decreased after cholesterol depletion, suggesting that cholesterol 
modulates the formation of MAMs (Fig. 6D–E). Next, to investigate 
whether the formation of MAMs affects ALDH2-regulated cholesterol 
ester (CE) synthesis through interactions with HMGCR, we decreased 
MAM formation by knocking down MFN236 and observed that knocking 
down MFN2 in WT and AKO hepatocytes decreased CE synthesis by 
measuring the ratios of TC/FC (Fig. 6F). Consistently, knocking down 
MFN2 in WT mouse hepatocytes stabilized HMGCR without affection 
ALDH2 expressions (Supplemental Fig. 5A and Fig. 6G). Furthermore, 
the destabilization effects of HMGCR by over-expressing ALDH2 were 
reversed after knocking down MFN2 (Fig. 6H–I). Consistently, the 
increased cholesterol synthesis in AKO hepatocytes also diminished by 
knocking down MFN2 (Fig. 6J). Taken together, all these results strongly 
suggest that MAMs are involved in ALDH2-regulated cholesterol syn-
thesis through interaction with HMGCR/Insig1 in the ER membrane. 

3.7. ALDH2*2 (rs671) mutant increases cholesterol synthesis through 
stabilizing HMGCR 

Previous studies found that Asians with ALDH2*2 mutant have 
higher total cholesterol and LDL-C levels compared with ALDH2*1 

counterparts [21], suggesting that similar mechanism operates in 
ALDH2*2 mutant as that in AKO mice in the context of regulating 
cholesterol synthesis. Consistently, we observed increased TC, LDL-C 
levels in ALDH2*2 mice compared to the WT (Supplemental Fig. 5B 
and C), similar to the AKO mice. To study the role of ALDH2*2 mutant 
on cholesterol synthesis, we transfected 7702 cells with WT and 
ALDH2*2 mutant plasmids and showed that ALDH2*2 mutant signifi-
cantly stabilized HMGCR expression (Supplemental Fig. 6A). Further-
more, mutant ALDH2 increased the binding to HMGCR but decreased 
the binding to Insig1 (Supplemental Fig. 6B), suggesting that ALDH2*2 
mutant stabilized HMGCR through decreasing its binding to Insig1, 
which is responsible for recruiting E3 ligase GP78. Consistently, the 
protein levels of HMGCR in ALDH2*2 mouse hepatocytes are higher 
than the WT (Fig. 7A). Furthermore, the expression levels of mutant 
ALDH2 were both decreased in the mitochondria and cytosol compared 
to WT although more ALDH2 rs671 resides in mitochondria than ER 
(Fig. 7B). Moreover, metabolite analysis and metabolic flux experiments 
in WT and ALDH2*2 mutant hepatocytes and 7702 cells showed that 
ALDH2*2 mutant increased cholesterol synthesis in vitro (Fig. 7C, sup-
plemental Fig. 6C and D). Similar to ALDH2 KO, ALDH2 ubiquitination 
was significantly attenuated in ALDH2 rs671 with the stimulation of 
25-hydoxycholesterol (Fig. 7D). Importantly, HMGCR expression is 
much higher in human liver tissues with ALDH2 rs671 compared to WT, 
so as the intermediates in cholesterol synthesis and cholesterol levels 
(Fig. 7E–F). 

To examine whether ALDH2 regulates cholesterol levels through 

Fig. 7. ALDH2 rs671 (ALDH2*2) mutant increases cholesterol synthesis primarily through decreasing HMGCR degradation. (A) Representative image and quan-
tification of HMGCR expression in wild type ALDH2 (WT) and ALDH2*2 (671) primary mouse hepatocytes (n = 3). (B) Wild type ALDH2 (WT) and ALDH2*2 (671) 
expression in mitochondria and cytoplasm (n = 3). (C) 13C-acetate incorporation into cholesterol in WT and ALDH2*2 hepatocytes (n = 3). (D) HMGCR ubiquiti-
nation is diminished in rs671 cells stimulated with 25-HC compared to WT. (E) HMGCR is stabilized in rs671 human liver tissues (n = 3). (F) Major intermediates in 
de novo cholesterol synthesis in WT and ALDH2 rs671 human liver tissues (n = 5). (G) PCSK9 concentrations in 13-week old mouse serum after Western diet feeding 
for 7 weeks (n = 10). (H) GC-MS analysis of total cholesterol in hepatocytes treated with RIMPP or lovastatin (n = 3). (I) PCSK9 levels in mice injected with control or 
shPCSK9 AAV (n = 9). (J) Total cholesterol concentration in mouse serum after Western diet feeding for 9 weeks (n = 8–9). Statistical comparisons were made using a 
2-tailed Student’s t-test or ANOVA. All data are mean ± SD. *P < 0.05, **P < 0.01. 
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cholesterol uptake by PCSK9, we found that protein levels of PCSK9 in 
hepatocytes and serum of ALDH2*2 mouse were increased compared to 
WT, whereas the LDLR levels were decreased in ALDH2*2 mouse liver 
(Fig. 7G, supplemental Fig. 7A-B). Intriguingly, the mRNA levels of 
PCSK9 have no difference but the transcription of LDLR, downstream of 
PCSK9, surprisingly increased in ALDH2*2 mouse liver (Supplemental 
Fig. 7C). However, protein levels of LDLR decreased and PCSK9 
increased in ALDH2*2 mutant cells (Supplemental Fig. 7D and E) and 
this phenotype disappeared after inhibiting the function of lysosome 
through treatment with Bafilomycin A1 (Baf-A1) (Supplemental Fig. 7F 
and G), suggesting that ALDH2*2 mutant increases PCSK9 through 
decreasing its lysosomal degradation. However, inhibition of PCSK9 
expression by treating WT and ALDH2*2 mutant hepatocytes with 
RIMPP, an inhibitor of PCSK9 transcription, did not affect the increased 
cholesterol levels in ALDH2*2 cells (Fig. 7H–J). Furthermore, knocking 
down PCSK9 in mice by the tail vein injection of AAV showed that 
knocking down PCSK9 failed to attenuate the increased cholesterol 
levels in mice serum and liver although the protein levels of PCSK9 were 
successfully decreased (Fig. 7I–J, supplemental Fig. 7H). Fortunately, 

statin treatment efficiently decreased the elevated cholesterol levels in 
ALDH2*2 mice (Fig. 7H, supplemental Fig. 7H). 

Taken together, all these data demonstrate that increased cholesterol 
levels in ALDH2 mutant carrier are primarily due to the upregulation of 
de novo cholesterol synthesis through stabilizing HMGCR (Supplemental 
Fig. 6E); although ALDH2 rs671 increases protein levels of PCSK9 in the 
mouse liver and serum compared to WT, knocking down PCSK9 in 
ALDH2*2 by AAV fails to lower cholesterol level, implying that PCSK9 
antibody or siRNA therapy for lowing cholesterol may fail for ALDH2*2 
carriers if validated in humans. 

3.8. Lovastatin inhibits the increased cholesterol levels in AKO and AKI 
mice 

To support our hypothesis that ALDH2 decreases cholesterol syn-
thesis through increasing the degradation of HMGCR in the context of 
CVD, we treated 6-week-old WT, AKO and AKI mice with Lovastatin (30 
mg/kg) and western diet (WD) for 7 weeks (Supplemental Fig. 8A-F). 
WD feeding significantly increased the serum levels of TC, LDL-C in AKO 

Fig. 8. Lovastatin inhibits the increased cholesterol levels in ALDH2 KO and rs671 mouse serum and liver. A-D. Total cholesterol and LDL-C in rs671 (A) and AKO (B) 
mouse serum; LDL-C levels in rs671 (C) and AKO (D) mouse serum. (E–F) Lovastatin treatment diminished lipid accumulation in ALDH2 2*2 and ALDH2 KO mouse 
liver (n = 10). (G–H) LC-MS analysis of major intermediates in cholesterol synthesis in rs 671 and AKO mouse liver (n = 5). (I–J) GC-MS analysis of lanosterol and 
total cholesterol in mice liver (n = 5). Statistical comparisons were made using an ANOVA. All data are mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. WT: wild 
type; AKO: ALDH2 Knockout. 
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and AKI mice, which were completed diminished after Lovastatin 
treatment (Fig. 8A–D). Consistently, lipid accumulation in the liver was 
also decreased after Lovastatin treatment (Fig. 8E–F). Interestingly, 
Lovastatin treatment efficiently decreased the liver weights in AKO and 
AKI mice, while the increased weight of WAT in AKO mice remained 
elevated (supplemental Fig. 8B). Moreover, the metabolite analysis 
showed that increased levels of cholesterol, lanosterol, and major in-
termediates in de novo cholesterol synthesis pathways in AKO and AKI 
mouse liver also disappeared with lovastatin treatment (Fig. 8G–J). 
Together, these data clearly demonstrate that ALDH2 deficiency or 
mutation increases cholesterol synthesis, which can be inhibited by 
targeting HMGCR with statins. 

4. Discussion 

Elevated LDL cholesterol levels in the circulation is one of the most 
important risk factors for atherosclerotic CVDs. It’s been estimated that 
a 1 mmol reduction in LDL-C in middle-aged individuals for 5 years leads 
to a 20% reduction in CVD risk [49]. Thus, understanding key factors 
regulating cholesterol metabolism is instrumental for developing safer 
and more efficient therapies for the prevention and treatment of CVDs. 
The mitochondrial ALDH2 is primarily responsible for detoxifying 
acetaldehyde derived from alcohol in the liver. Around 40% of Asians 
carry ALDH2 rs671 SNP and also have higher risk of CVD [50,51]. 
Epidemiological studies have identified an association of cholesterol 
levels in human subjects with ALDH2 rs671 SNP [20,51]. Moreover, 
studies showed that alcohol intake is related to cholesterol level in 
human serum [21,52], suggesting that ALDH2 is possibly involved in the 
regulation of cholesterol metabolism. However, mechanisms underlying 
cholesterol metabolism and ALDH2 remain elusive. In this study, we 
have discovered a mechanism by which mitochondrial ALDH2 regulates 
cholesterol synthesis through promoting the interaction of HMGCR and 
Insig1/gp78 in ER membrane (Fig. 9): when cholesterol is accumulated, 
mitochondrial ALDH2 transfers to ER, presumably through MAM, to 
promote the interaction of HMGCR with Insig1 and gp78, which leads to 
the ubiquitination and degradation of HMGCR. On the other hand, 

HMGCR is stabilized in ALDH2 KO or mutant liver due to the attenuated 
interaction with Insig1 and HMGCR, which is primarily responsible for 
the elevated levels of cholesterol in AKO and ALDH2*2 mice. Taken 
together, our data demonstrate, for the first time, that ALDH2 is a novel 
regulator for hepatic cholesterol synthesis. 

It is well-documented that liver plays an important role in cholesterol 
homeostasis by regulating cholesterol synthesis, uptake, esterification, 
and metabolism [25,53]. As the rate-limiting enzyme and target for 
cholesterol-lowering therapies, HMGCR is one of most important factors 
in cholesterol synthesis, which is tightly controlled at the transcriptional 
and post-translational levels in response to cholesterol levels. Interest-
ingly, a recent study showed that a deubiquitylase ubiquitin-specific 
peptidase 20 (USP20) stabilizes HMG-CoA reductase (HMGCR) in the 
feeding state in response to post-prandial increase in insulin and glucose 
[31]. Our study has significant implications in understanding the roles of 
mitochondrial protein ALDH2 in regulating HMGCR stability through 
interaction with Insig1/gp78 in the ER membrane. Mitochondrial 
ALDH2 has been shown to play protective roles in heart failure after 
myocardial infarction via suppression of cytosolic JNK/p53 pathway 
[54]. Furthermore, p53 represses the cholesterol synthesis to mediate its 
tumor suppression in the liver [45]. It remains to be studied whether p53 
is involved in the ALDH2-regulated hepatic cholesterol synthesis. 

Our study shows that ALDH2 is such a dynamic protein with diverse 
functions in the context of CVD, in addition to the detoxification of 
acetaldehyde and bioactive lipid aldehydes, such as 4-HNE, derived 
from lipid peroxidation (LPO) [6,55,56]. Previous study identified that 
LPO is a prominent feature in human plasma with CVD patients [9]. 
Oxidation products in the LDL particles, such as oxidized cholesterol 
esters, may increase the cholesterol levels by inhibiting the cholesterol 
uptake by hepatocytes and macrophages through LXRα-LDLR pathways 
[10,11]. In addition, a recent study identified that ALDH2 interactions 
with LDLR and AMPK play an important role in regulating macrophage 
foam cell formation [18]. Interestingly, ALDH2 also mediates vascular 
smooth muscle cell phenotype switch, which may be implicated in the 
lower risk of aortic aneurysm/dissection (AAD) with ALDH2 SNP car-
riers [19]. Nonetheless, the factors that governs cellular distributions of 

Fig. 9. The working model of ALDH2 in regulating HMGCR stability and cholesterol synthesis. When cholesterol is accumulated, mitochondrial ALDH2 translocates 
to ER (presumably through MAM formation) to promote the interaction of Insig1/gp78 with HMGCR, which leads to the ubiquitination and degradation of HMGCR. 
However, in ALDH2 KO or ALDH2*2 liver, HMGCR is stabilized due to the attenuated interaction of Insig1 and HMGCR, resulting in increased cholesterol de novo 
synthesis. When cholesterol is depleted, ALDH2 predominantly resides in mitochondrial due to the decreased MAM formation, which decreases the interaction of 
HMGCR and Insig1, ultimately leading to stabilized HMGCR to initiate cholesterol synthesis. 
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ALDH2 are poorly understood although limited studies suggest that 
phosphorylation by AMPK or PKA may play a role [18,57]. 

Since cholesterol-lowering therapies are important in CVD preven-
tion and treatment, our study has significant clinical implication in our 
understanding of the responses to various cholesterol-lowering therapies 
in ALDH2 rs671 populations. Statins and PCSK9 antibody are the main 
therapies for lowing cholesterol, especially LDL-C, in the treatment and 
prevention of ASCVD [32]. Previous studies showed that further 
lowering LDL-C by PCSK9 antibody reduces CVD risk even with initial 
LDL levels of 1.8 mmol/L [58]. However, therapeutic effects of statins 
and PCSK9 antibodies can be different with different genetic back-
ground. For example, PCSK9 antibody has no effect in humans carrying a 
loss of function PCSK9 mutant (rs11591147) [59]. With the high cost of 
PCSK9 antibody, it is important to identify human genetic variations on 
the responses to PCSK9 antibody. In this study, we found that levels of 
PCSK9 was increased in ALDH2*2 mutant mice. Treatment with Baf-A1 
diminished the increase of PCSK9 in ALDH2*2 mutant cells, suggesting 
that ALDH2*2 increased PCSK9 through decreasing the lysosomal 
degradation. However, in ALDH2*2 mice, knocking down PCSK9 
through AAV injection failed to decrease cholesterol level, suggesting 
that patients carrying ALDH2 mutant may have poor response to PCSK9 
antibody once validate in future human studies. 

We have provided compelling evidence that MAMs are most likely 
involved in regulation of HMGCR and cholesterol synthesis by mito-
chondrial ALDH2 (Fig. 6). There are many proteins involved in the 
formation and biological function of MAMs. For examples, MFN2 is re-
ported to be responsible for the formation of MAMs [36]. 1,4,5-Triphos-
phate receptor (IP3R) and the voltage-dependent anion-selective 
channel (VDAC) are responsible for Ca2+ transporting between ER and 
mitochondria [35]. Interestingly, previous studies showed that contact 
sites between mitochondrial and ER enriched many proteins related to 
cholesterol transfer and synthesis [35]. Since cholesterol levels in 
mitochondria are approximately 4.5-fold lower than those in the ER, 
emerging studies indicated that cholesterol transfer occurs through 
MAMs [60]. It remains to be better defined, however, whether MAMs 
are involved in cholesterol synthesis. In this study, we showed that 
MAMs play an important role in the regulation of cholesterol synthesis 
by ALDH2. 

In summary, our study defines a novel mechanism by which ALDH2 
regulates cholesterol synthesis through interactions with HMGCR and 
MAMs. Importantly, this study sheds new light on how individuals 
carrying ALDH2*2 mutant may respond to various cholesterol-lowering 
therapies including statins and PCSK9 antibodies. 
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