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Abstract 
 

Aldehyde dehydrogenase 2 (ALDH2) is a mitochondrial enzyme detoxifying acetaldehyde 

and endogenous lipid aldehydes; previous studies suggest a protective role of ALDH2 against 

cardiovascular disease (CVD). Around 40% of East Asians carrying a single nucleotide 

polymorphism (SNP) ALDH2 rs671 have increased incidences of CVD. However, the role of 

ALDH2 in CVD beyond alcohol consumption remains poorly defined. Here we report that 

ALDH2/LDLR DKO mice have decreased atherosclerosis compared to LDLR KO mice, 

whereas ALDH2/APOE DKO have increased atherosclerosis, suggesting an unexpected 

interaction of ALDH2 with LDLR. Further studies demonstrate that in the absence of LDLR, 

AMPK phosphorylates ALDH2 at threonine 356 and enables its nuclear translocation. Nuclear 

ALDH2 interacts with HDAC3 and represses transcription of a lysosomal proton pump protein 

ATP6V0E2, critical for maintaining lysosomal function, autophagy and degradation of oxLDL. 

Interestingly, an interaction of cytosolic LDLR C-terminus with AMPK blocks ALDH2 

phosphorylation and subsequent nuclear translocation, whereas ALDH2 rs671 mutant in 

human macrophages attenuates this interaction, which releases ALDH2 to nucleus to 

suppress ATP6V0E2 expression, resulting in increased foam cells due to impaired lysosomal 

function. Our studies reveal a novel role of ALDH2 and LDLR in atherosclerosis and provide 

a molecular mechanism by which ALDH2 rs671 SNP increases CVD.  
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Introduction 

Atherosclerosis is the major cause for cardiovascular disease (CVD) and macrophages 

play a central role in progression of atherosclerosis (1, 2). In the early stage of atherosclerosis, 

macrophages take up the oxidized low-density lipid protein (ox-LDL) through scavenger 

receptors and degrade it in lysosomes. The importance of lysosomal functions in macrophage 

foam cell formation has been increasingly recognized and recent studies identified that 

autophagy and lysosome function were critically involved in cholesterol metabolism and the 

over-expression of cholesteryl ester hydrolase in macrophage significantly reduces 

atherosclerosis (3, 4). Dysfunctional lysosomes may lead to the accumulation of lipids and 

foam cell formation, an early hallmark of atherosclerosis (5, 6). Furthermore, a recent study 

explored autophagy-lysosomal biogenesis as a potential therapeutic strategy for 

atherosclerosis (5, 7).  

LDL receptor (LDLR) is an important factor for maintaining cholesterol homeostasis. 

LDLR is a cell-surface receptor that removes the cholesterol-rich LDL from plasma and 

maintains the cholesterol level in the blood circulation (8). The protein is encoded by LDLR 

gene on chromosome 19, synthesized in ER, matured in Golgi, and finally transferred to the 

cytoplasm membrane. LDLR has close relationship with the development of atherosclerosis. 

Human subjects with at least one LDLR abnormal allele manifest high LDL-C level in their 

blood, termed familial hypercholesterolemia (FH), with significantly increased risk of coronary 

artery disease (CAD) due to the inefficient removal of LDL from the circulation (9, 10). Two 

mouse models, LDLR–deficient (LDLR KO) (11) and apoprotein E–deficient (APOE KO), have 

been extensively used for studying atherosclerosis since 1990s (12). Moreover, proprotein 

convertase subtilisin/kexin type 9 (PCSK9) binds to LDLR and accelerates the degradation of 

LDLR. PCSK9 has been explored as an attractive drug target for treating 

hypercholesterolemia and atherosclerosis (13, 14). 

Acetaldehyde dehydrogenase 2 (ALDH2) is the mitochondrial isoform of aldehyde 

dehydrogenases which plays a key role in the metabolism of ethanol-derived acetaldehyde 



4 

 

and other toxic lipid aldehydes generated from lipid peroxidation under oxidant stress (15). 

Some previous evidence suggests that ALDH2 protects cardiovascular diseases (CVD) 

through detoxification of endogenous lipid aldehydes, such as 4-hydroxy-2-nonenal (4-HNE) 

(16) and inhibiting inflammation in endothelial cells (ECs) (17). Moreover, 30-50% of East 

Asians possess an ALDH2 rs671 mutant which is responsible for alcohol-flush reaction due 

to the poor metabolism of ethanol resulted from significant loss of ALDH2 enzymatic activity 

in heterozygotes and homozygotes carrying ALDH2 SNP rs671 (18, 19). Epidemiological 

studies have shown that humans carrying ALDH2 rs671 SNP are positively correlated with an 

increased risk of CVD and the toxic effects of alcohol-derived acetaldehydes have been 

postulated to be primarily responsible for this cardiovascular liability (20). Paradoxically, 

however, humans with ALDH2 SNP tend to consume much less alcohol compared to the non-

carriers and the underlying mechanisms related to CVD beyond alcohol consumption remain 

largely unexplored.  

In this study, we discovered a novel pro-atherogenic effects of ALDH2, independent of its 

enzymatic activity. We made a serendipitous observation in that ALDH2/LDLR double 

knockout (DKO) mice had significantly decreased atherosclerotic plaques compared to LDLR 

KO mice, which is opposite to ALDH2/APOE DKO mice. Macrophages are the major cell types 

responsible for this phenotype. We further demonstrate that macrophages ALDH2 promotes 

atherosclerosis by causing impaired lysosomal function and autophagy through interaction 

with AMPK, which leads to increased lipid deposition and foam cell formation due to impaired 

cholesterol hydrolysis in lysosome; LDLR with its cytosolic C-terminus blocks the interaction 

of ALDH2 and AMPK. Furthermore, even in the presence of LDLR, human ALDH2 rs671 

mutant attenuates the interaction of LDLR and ALDH2 and increases the interaction of AMPK 

and ALDH2, which recapitulates the phenotype in LDLR KO mice with increased 

atherosclerosis. Our study has identified a novel molecular mechanism by which interaction 

of ALDH2 and LDLR regulates macrophage foam cell formation. This mechanism may apply 

to humans with ALDH2 SNP rs671 who have increased incidence of CVD independent of 
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alcohol consumption. Furthermore, our study warrants future investigation into whether AMPK 

activation by the widely-used antidiabetic medication, Metformin, potentially increases the risk 

of atherosclerosis in humans with ALDH2 rs671 SNP.   

 

Results 

ALDH2/LDLR DKO attenuates atherosclerotic plaque formation compared to LDLR KO mice, 

whereas ALDH2/APOE DKO shows increased plaque areas compared to APOE KO mice 

To investigate the role of ALDH2 in atherosclerosis, we crossed ALDH2 KO mice onto 

LDLR KO background mice to generate ALDH2/LDLR DKO mice and then fed Western Diet 

(WD) for 12 weeks and 26 weeks, respectively. Surprisingly, compared with LDLR KO, 

although the body weight (BW), ratios of heart weight to body weight, levels of total glycerides 

(TG) and total cholesterol (TC) were not significantly changed (Figure S1A-S1D, n=9-10), en 

face areas of atherosclerotic lesions in aorta were significantly decreased in male 

ALDH2/LDLR DKO mice at two different time points (Figure 1A, 4.13% ± 0.52% vs 2.06% ± 

0.30%, p<0.01, n=8 at 12 weeks, Figure 1B; 23.12% ± 0.93% vs 15.31% ± 1.13%, p<0.001, 

n=9-10 at 26 weeks, Figure 1C). To validate the phenotype, we replicated the 26-week time 

point and found similar trend (ALDH2/LDLR DKO vs LDLR KO: 20.40% ± 1.41% vs 15.16% ± 

0.78%, p<0.01, n=15) (supplemental Figure S1E). And consistent with en face results, H&E 

staining for aortic root lesions showed that LDLR KO mice had more aortic root lesions than 

ALDH2/LDLR KO mice (male, 12w and 26w, Supplemental Figure S1F). Same trends were 

also observed for female mice (supplemental Figure S1G, 3.81% ± 0.37% vs 2.06% ± 0.26%, 

p<0.01, n=9 at 12 weeks, supplemental Figure S1H; 14.59% ± 1.01% vs 9.923% ± 0.93%, 

p<0.01, n=8, at 26 weeks, supplemental Figure S1I). These observations were contrary to 

those in ALDH2/APOE DKO mice in which ALDH2/APOE KO had significantly increased 

atherosclerotic area compared to APOE KO (4.24% ± 0.25% vs 6.98% ± 0.92%, p<0.01, n=7-

9 at 12 weeks, Figure 1D), consistent with a previous study in which ALDH2 knockdown by 

ALDH2-RNAi lentivirus promoted atherosclerosis in APOE KO mice with increased plaque 
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area, more macrophage infiltration, less collagen and smooth muscle cells (supplemental 

Figure S2A) (17).  

We next examined the cell types responsible for the decreased plaque formation in 

ALDH2/LDLR DKO mice by immunohistochemical (IHC) staining of collagen (stained by 

Masson staining), α-smooth muscle cells (SMCs) and macrophages (CD68) in mouse aorta. 

In ALDH2/LDLR DKO mice, we found that macrophages were significantly decreased after 12 

weeks (P<0.05, Figure 1E) and 26 weeks of WD feeding (P<0.05, supplemental Figure S2B), 

respectively, whereas the SMC were slightly decreased only at 26 weeks. Then, to further 

examine the roles of macrophages in decreasing atherosclerosis with ALDH2 KO in LDLR KO 

background, we transplanted the bone marrow of ALDH2/LDLR DKO and LDLR KO mice to 

LDLR KO and ALDH2/LDLR DKO mice, respectively, and fed WD for 12 weeks after 8 weeks 

recovery. Analysis of en face atherosclerotic lesions showed that transplanting ALDH2/LDLR 

DKO bone marrow to LDLR KO decreased the formation of atherosclerotic plaque compared 

to transplanting bone marrow of LDLR KO to LDLR KO mice (Figure 1F, 1.9% ± 0.27% vs 

0.97% ± 0.20%, P<0.01, n=9). Consistently, transplanting bone marrow of ALDH2/LDLR DKO 

to ALDH2/LDLR DKO mice had decreased atherosclerotic plaques compared to LDLR KO to 

ALDH2/LDLR DKO (Figure 1F, 2.317% ± 0.43% vs 0.49% ± 0.13%, P<0.01, n=9). All these 

data show that macrophages are primarily responsible for the decreased atherosclerosis in 

ALDH2/LDLR DKO mice compared to LDLR KO mice. 

Taken together, ALDH2 KO on a LDLR KO background significantly decreased the 

atherosclerotic plaque formation, contrary to the phenotypes observed in ALDH2 KO on APOE 

KO background, suggesting an unexpected mechanism involving an interaction of ALDH2 with 

LDLR in macrophages. 

 

ALDH2 regulates macrophage foam cell formation in an LDLR-dependent manner through 

modulation of lysosomal function and cholesterol ester (CE) hydrolysis 
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It is well-established that macrophage foam cells are formed from excessive 

accumulation of oxidized LDL (oxLDL). We next examined the macrophage phagocytotic 

capability with different genetic background and found that comparing to ALDH2/LDLR DKO, 

LDLR KO led to the increased levels of oxLDL and CE, a hallmark of macrophage foam cells 

(Figure 2A to 2B), whereas ALDH2 KO has no effect on oxLDL and CE in the present of LDLR 

(supplemental Figure S3A to S3B), consistent with the hypothesis that ALDH2 affects foam 

cell formation by interaction with LDLR. These in vitro observations were consistent with the 

decreased plaque formation in ALDH2/LDLR DKO compared to LKO mice. 

Macrophages play an important role in cholesterol homeostasis through balancing oxLDL 

uptake, degradation (hydrolysis in lysosome), and efflux. Dysregulation of any of these 

processes may eventually lead to foam cell formation. We next investigated whether the 

oxLDL binding was regulated by ALDH2 and found that the binding of oxLDL did not change 

significantly in LDLR KO and ALDH2/LDLR DKO macrophages or WT and ALDH2 KO 

macrophages (Figure 2C and supplemental Figure S3C), consistent with the similar 

expression levels of the three major scavenger receptors responsible for ox-LDL uptake 

(LOX1, SRA, and CD36) (Figure 2D and supplemental Figure S3D). These results suggest 

that the interaction of ALDH2 with LDLR does not affect binding of ox-LDL in macrophages. 

Then, we measured the hydrolysis of CE and the expression of lysosome function markers 

(LAMP1) in macrophages from LDLR KO and ALDH2/LDLR DKO mice after treatment with 

oxLDL (Figure 2E to 2F). Interestingly, CE hydrolysis and LAMP1 expression were 

significantly decreased in LDLR KO macrophages comparing to ALDH2/LDLR DKO (Figure 

2E to 2F) but not changed in WT and ALDH2 KO macrophages (supplemental Figure S3E to 

S3F), suggesting that in the absence of LDLR, ALDH2 impairs lysosomal function and CE 

hydrolysis but this effect is lost when LDLR is present. Then, we measured cholesterol efflux 

in different genetic macrophages and found that cholesterol efflux was also increased in 

oxLDL-loaded ALDH2/LDLR DKO macrophages compared to LDLR KO (Figure 2G) but not 

significantly changed in WT and ALDH2 KO macrophages (supplemental Figure S3G). 
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Interestingly, however, the expressions of the transporter responsible for cholesterol efflux, 

ABCA1, and enzyme for cholesteryl ester formation, ACAT1, were not significantly changed 

(Figure 2H, supplemental Figure S3H and S4), suggesting that the increased efflux was most 

likely due to the increased lysosomal hydrolysis of CE instead of subsequent re-esterification 

of cholesterol and efflux. 

 Collectively, these data demonstrate that the interaction of ALDH2 and LDLR affects the 

foam cell formation primarily through modulating macrophage lysosomal function (vide infra) 

without changing the binding, re-esterification of cholesterol, nor expressions of transporter 

ABCA1 for cholesterol efflux. 

   

Decreased macrophage foam cell formation in ALDH2/LDLR DKO comparing to LDLR KO is 

due to the increased lysosomal function and autophagy  

Immerging evidence demonstrates that endocytosis and autophagy are important for 

oxLDL metabolism in macrophages. We next examined how these two functions were 

involved in the decreased foam cells formation in ALDH2/LDLR DKO macrophages due to the 

interaction of LDLR and ALDH2. We found that the expression of RAB7 was significantly 

elevated (Figure 3A) while the protein levels of LC3 II and P62 were significantly decreased 

in ALDH2/LDLR DKO macrophages compared to those from LDLR KO mice (Figure 3B), 

suggesting that ALDH2/LDLR DKO rescued the impaired autophagy by increasing lysosomal 

function which leads to an increased endocytosis (increased expression of RAB7, Figure 3A 

and supplemental Figure S5A) and autophagic flux (decreased expression of P62, Figure 3B). 

Consistently, fluorescent confocal microscopy indicated that the number of autolysosome 

(RFP, indicator of an acidic environment, which is critical for maintaining normal lysosome 

function) was increased in ALDH2/LDLR DKO macrophages and this increase was completely 

diminished by treatments with autophagic inhibitors chloroquine (CQ) or Bafilomycin A1 (Baf-

A1) to neutralize lysosomal pH (Figure 3C). Interestingly, Leupeptin A (Leu), an inhibitor of 

autophagy without affecting lysosomal pH, did not affect the increase of autolysosome 
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numbers in macrophages of ALDH2/LDLR DKO compared to LDLR KO, suggesting that 

ALDH2 regulates autophagy through modulation of lysosomal function. Moreover, Baf-A1 also 

diminished the increased uptake of ox-LDL in LDLR KO macrophages to the same level as 

those in ALDH2/LDLR DKO macrophages (Figure 3D). These observations agreed with the 

fact that comparing to ALDH2/LDLR DKO macrophages, accumulation of CE caused by the 

decreased CE hydrolysis in LDLR KO macrophages and Baf-A1 treatment completely 

eliminated these differences (Figure 3E to 3F). Interestingly, autophagic flux is inhibited in 

ALDH2 KO macrophages comparing to WT macrophages without a significant change of 

endocytosis, oxLDL uptake, CE content and hydrolysis (supplemental Figure S5C to S5F), 

consistent with the hypothesis that ALDH2 interacts with LDLR and regulates autophagy. 

Taken together, these results demonstrate that impaired lysosomal function is responsible for 

foam cell formation in LDLR KO macrophages and this effect is eliminated in ALDH2/LDLR 

DKO mice, suggesting that ALDH2 interacts LDLR to cause lysosomal dysfunction and foam 

cell formation in macrophages through some unknown mechanisms.  

 

LDLR modulates nuclear translocation of ALDH2 through physical binding to ALDH2 and 

ALDH2 rs671 mutant decreases this interaction  

To explore the underlying mechanism by which ALDH2 regulates macrophage foam cell 

formation through interaction with LDLR, we first examined ALDH2 enzymatic activity in 

macrophages from mice with different genetic background. We found that knocking out 

ALDH2 alone or in the absence of LDLR (ALDH2/LDLR DKO) almost completely destroyed 

the ALDH2 activity (Figure S5G), whereas ALDH2 activity was not changed in WT and LDLR 

KO macrophages. However, foam cell formation was significantly attenuated in ALDH2/LDLR 

DKO compared to LDLR KO, suggesting that LDLR and ALDH2 interactions on foam cell 

formation are independent of its enzymatic function. These observations prompted us to 

hypothesize that ALDH2 may exert a non-enzymatic function presumably by translocation to 

the nucleus to regulate genes important for lysosomal function and autophagy and LDLR 
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blocks this nuclear translocation by physically binding to ALDH2. To support this hypothesis, 

we first performed Co-immunoprecipitation (Co-IP) experiments with Myc-tagged LDLR and 

Flag tagged ALDH2 in 293T cells. As shown in supplemental Figure S6A, LDLR and ALDH2 

appeared to physically bind together. Similar results were observed in primary macrophage 

cells (Figure 4A). Importantly, ALDH2 rs671 SNP mutant attenuates the binding with LDLR 

(Figure 4B). To investigate how LDLR interacts with ALDH2, we truncated C terminus of LDLR 

and found that this truncation caused completely loss of binding to ALDH2 (Figure 4C), 

whereas a mutant (N812A) at C-terminus of LDLR significantly attenuated the binding of 

ALDH2 to LDLR (Supplemental Figure S6B), suggesting that C terminus in the cytosolic region 

of LDLR is the critical region of binding to ALDH2. Next, we carried out Immunofluorescence 

(IF) experiments and found out that ALDH2 translocated to nucleus in the absence of LDLR, 

whereas LDLR expression in WT inhibited this translocation (Supplemental Figure S6C). 

Similarly, a gene dose effect was observed for LDLR to inhibit the nuclear translocation of 

ALDH2: heterozygous LDLR+/- has intermediate effect compared to LDLR KO. In addition, 

upregulation of LDLR by cholesterol depletion has similar effect on inhibition of ALDH2 nuclear 

translocation as that in WT macrophages (Figure 4D and 4E). Interestingly, ALDH2 rs671 

mutant promoted ALDH2 translocation even in the presence of LDLR (Supplemental Figure 

S6D and S6E). Together, all these data strongly support the hypothesis that LDLR regulates 

the nuclear translocation of ALDH2 through physical binding to ALDH2, whereas ALDH2 rs671 

mutant decreases this interaction. 

 

AMPK promotes ALDH2 translocation by phosphorylating ALDH2 in macrophages in the 

absence of LDLR or ALDH2 rs671 mutant 

Previous studies suggested that ALDH2 was a substrate for AMPK (21) and we 

hypothesized that phosphorylated ALDH2 by AMPK played an important role in regulating 

ALDH2 nuclear translocation. To determine whether ALDH2 was phosphorylated by AMPK in 

LDLR KO macrophages, we performed high resolution mass spectrometry-based 
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phosphoproteomics to identify the potential phosphorylation sites of ALDH2 in LDLR KO 

macrophages. In LDLR KO macrophages, we identified two phosphorylation sites: threonine 

356 (T356, Supplemental Figure S7A) and tyrosine 148 (Y148, Supplemental Figure S7B). 

Furthermore, in LDLR KO macrophages treated with an AMPK agonist, AICAR, we further 

confirmed the phosphorylation at T356 (Supplemental Figure S7A), demonstrating that AMPK 

phosphorylates ALDH2 at T356 in LDLR KO macrophages. To provide further evidence that 

AMPK could phosphorylate ALDH2, we performed Co-IP experiments and demonstrated that 

ALDH2 indeed interacted with AMPK in 293T cells (Supplemental Figure S8A) and LDLR KO 

BMDM (Figure 4F). Moreover, ALDH2 rs671 mutant increased the binding of ALDH2 and 

AMPK but decreased the binding of ALDH2 and LDLR (Figure 4G, Supplemental Figure S8B). 

Interestingly, we also observed a gene dose effect of LDLR on inhibition of ALDH2 

phosphorylation in LDLR -/- and LDLR +/- macrophages: increased expression of LDLR from -

/- to +/- led to a decreased ALDH2 phosphorylation and upregulation of LDLR by cholesterol 

depletion further inhibited ALDH2 phosphorylation (Supplemental Figure S8C). Next, to 

investigate whether AMPK enabled translocation of ALDH2 to the nucleus, we performed 

nuclear fractionation experiments and found that more ALDH2 translocated into nucleus in 

LDLR KO BMDMs with AICAR treatment (Figure 5A). Moreover, ALDH2 rs671 mutant 

promoted ALDH2 translocation, which is consistent with the increased binding with AMPK 

(Figure 5B). To further confirm that AMPK promoted ALDH2 translocation, we performed a 

time course study with AMPK activation and demonstrated that ALDH2 initially resided in 

mitochondria and AMPK activation by AICAR enabled the translocation from mitochondria to 

nucleus as indicated by the increased green fluorescence at 60 and 90 mins (Supplemental 

Figure S8D). Furthermore, a widely used anti-diabetic agent and known AMPK activator, 

Metformin, also increased ALDH2 translocation, whereas inhibition of AMPK by Compound C 

(CC) blocked the nuclear translocation of ALDH2 in LKO macrophages (Figure 5C-D). 

Moreover, we transfected retrovirus with LDLR and GFP (GFP-TRV-LDLR) in LDLR KO 

BMDMs and observed that LDLR blocked the translocation of ALDH2 to nucleus in LKO 
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BMDMs (Figure 5E). Furthermore, the nuclear translocation of ALDH2 can be blocked by 

expression of LDLR in LDLR KO macrophages even in the presence of AICAR (Figure 5E-F). 

Next, we found that Metformin dose-dependently increased the phosphorylation of ALDH2 in 

LDLR KO macrophages (Figure 5G) but not in WT macrophages (Supplemental Figure S8E). 

Taken together, these results unambiguously demonstrated that AMPK phosphorylated 

ALDH2 and enabled its nuclear translocation in the absence of LDLR or in ALDH2 rs671 

mutant.  

 

LDLR inhibits the binding of ALDH2 with AMPK and loss of LDLR leads to the increased 

activation of AMPK in macrophages 

We next investigated how ALDH2, LDLR, and AMPK interact. Firstly, we found that LDLR 

KO increased the phosphorylation of AMPK (Figure 6A). Intriguingly, however, we did not 

observe significant changes for the mRNA levels of the upstream genes of AMPK: Lkb1, 

Camkk2, Mo25, Strad, and Tak1 (Supplemental Figure S9A). Furthermore, there is no 

difference for the levels of AMP, ADP, ATP, and AMP/ATP, with or without oxLDL in LDLR 

KO and WT macrophages (Figure 6B, Supplemental Figure S9B-S9D). These results suggest 

that AMPK activation by LDLR KO is not likely through conventional pathways instead LDLR 

might physically interfere the phosphorylation of AMPK through interacting with AMPK and 

thereby inhibit the binding of ALDH2 to AMPK. To support our hypothesis, we performed Co-

IP experiments in WT and LDLR KO BMDMs and found that LDLR blocked the interaction of 

ALDH2 and AMPK (Figure 6C). In 293T cell, we found that overexpression of ALDH2 or AMPK, 

both proteins bound to LDLR whereas LDLR only interacted with ALDH2 and AMPK when 

LDLR was overexpressed (Figure 6D-6F). These results demonstrate that ALDH2 and AMPK 

preferentially interact with LDLR when LDLR presents, suggesting that physical interaction of 

LDLR and AMPK presumably blocks the phosphorylation sites of AMPK. Consistently, AMPK 

is activated (increased levels of P-AMPK) in the absence of LDLR without affecting the 

upstream genes of AMPK (Figure 6A).  
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AMPK plays an important role in regulating endocytosis and autophagy for LDLR-regulated 

ox-LDL metabolism in macrophages 

To confirm the role of AMPK in regulating foam cell formation through modulating 

lysosomal function and autophagy, we treated LKO and WT macrophages with CC and 

Metformin, respectively. As expected, LAMP1 expression was increased by AMPK inhibition 

with CC treatment but decreased by AMPK activation with Metformin (Figure 6G, 

Supplemental Figure S10A) in ox-LDL loaded LDLR KO macrophages. Furthermore, to 

examine how AMPK regulates endocytosis and autophagy, we further showed that in LDLR 

KO BMDMs, AMPK activation by Metformin decreased endocytosis (decreased RAB7 

expression) and autophagy (increased P62 and LC3 II expression), whereas AMPK inhibition 

by CC led to increased endocytosis (increased RAB7 expression) and autophagy (decreased 

P62 and LC3 II expression) (Figure 6H-6I). Consistently, in WT BMDMs, AMPK activation by 

Metformin increased autophagy (decreased P62), whereas AMPK inhibition by CC led to a 

decreased autophagy (increased P62) without affecting endocytosis (Supplemental Figure 

S10B-C). Notably, AMPK activation or inhibition only affects the protein levels of P62 without 

change its transcription (Supplemental Figure S11). Next, we found that AMPK activation by 

Metformin promoted foam cell formation by decreasing CE hydrolysis while AMPK inhibition 

by CC treatment significantly attenuated foam cell formation by increasing CE hydrolysis in 

ox-LDL loaded LDLR KO macrophages (Figure 6J to 6K). Together, these results demonstrate 

that AMPK mediates ox-LDL metabolism, autophagy and foam cell formation through the 

interactions with ALDH2 and LDLR. 

   

Nuclear translocated ALDH2 regulates lysosomal function through downregulation of the 

transcription of Atp6v0e2 in LDLR KO or ALDH2 rs671 mutant 

To investigate the functional consequences after ALDH2 enters nucleus, we performed 

transcriptomic RNA-Seq analysis to mapping the genes that were regulated by ALDH2 by 
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using ALDH2/LDLR DKO and LDLR KO macrophages (Supplemental Figure S12-S15). We 

found that a lysosomal function-related gene Atp6v0e2, coding H+-ATPase, was ranked at the 

3rd most upregulated genes (Supplemental table 1). Due to the importance of lysosomal 

function and cholesterol efflux in macrophage metabolism of oxidized LDL, ATP6V0E2 mRNA 

levels were further validated by quantitative PCR (Supplemental Figure S16). The expressions 

of ATP6V0E2 were significantly regulated by LDLR: there was no significant difference 

between the RNA levels of Atp6v0e2 in WT and ALDH2 KO whereas Atp6v0e2 was 

significantly downregulated in LDLR KO, consistent with the increased uptake of ox-LDL in 

LDLR KO and decreased expression of lysosomal biogenesis protein LAMP1 (Figure 2A-B, 

F). Interestingly, even though the mRNA levels of Atp6v0e2 in ALDH2/LDLR DKO was higher 

than those from WT, ALDH2 KO and LDLR KO (about 20-folds for LDLR KO), ATP6V0E2 

protein level in LDLR KO macrophages was half of those in WT, ALDH2 KO and ALDH2/LDLR 

DKO macrophages (Figure 7A). Moreover, we examined the protein expression of ATP6V0E2 

in the macrophages of aorta from LDLR KO and ALDH2/LDLR DKO mice fed WD for 12 and 

26 weeks, respectively, by Immunofluorescence (green, CD68, marker for macrophages; red, 

ATP6V0E2). As shown in Figure 7B, ATP6V0E2 expression was significantly increased in 

aorta from ALDH2/LDLR DKO mice compared with LDLR KO, consistent with the hypothesis 

that expression of ATP6V0E2 is important for regulating foam cell formation. Moreover, co-

overexpressed AMPK and ALDH2 in 293T cells significantly decreased ATP6V0E2 

expression (Figure 7C). Over-expressed AMPK and a mutant ALDH2 T356A site did not 

change ATP6V0E2 expression while WT and mutant ALDH2 Y148A decreased ATP6V0E2 

expression (Figure 7D). Similar results were obtained in the treatment with Metformin 

(Supplemental Figure S17). These results demonstrated that T356 in ALDH2 rather than Y148 

was responsible for regulating ATP6V0E2 expression by AMPK. Furthermore. LDLR dose-

dependently decreased ALDH2 phosphorylation and increased ATP6V0E2 expression in 

293T cells (Supplemental Figure S18A). Moreover, our previous data demonstrated that LDLR 

C-terminus was involved in the interaction of LDLR and ALDH2 (Figure 4C, Supplemental 
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Figure S6B). To further investigate if this interaction regulates ATP6V0E2 expression, we 

inhibited endocytotic pathway by knocking down the expression of clathrin heavy chain (CHC) 

and observed that inhibiting LDLR entered cytoplasm decreased ATP6V0E2 expression 

through downregulation of RAB5 and RAB7 (Supplemental Figure S18B). Next, to find how 

ALDH2 regulates ATP6V0E2, we tested the interactions of ALDH2 and HDAC family by Co-

IP in macrophages and found that ALDH2 had stronger interaction with HDAC3 in LDLR KO 

BMDMs (Figure 7E). We next performed Chromatin Immunoprecipitation (ChIP) assay to 

investigate whether ALDH2 bound to HDAC3 and regulated the transcription of ATP6V0E2. 

We designed the primers on the promoter region stretched over a transcription start site (TSS) 

of ATP6V0E2 and found that ALDH2 regulated the transcription of ATP6V0E2 in LDLR KO 

BMDMs and AMPK activation by AICAR enhanced this effect (Figure 7F). Next, we 

constructed ATP6V0E2 promoter-luciferase plasmid and studied luciferase activity to test 

whether ALDH2 could regulate the transcriptional activity of ATP6V0E2. As shown in Figure 

7G, ALDH2 indeed increased the luciferase activity of ATP6V0E2, which was further 

enhanced by treating with AICAR in 293T cells. To further examine the role of HDAC3 in 

ALDH2 regulation of ATP6V0E2, we performed ChIP experiment to measure the binding of 

HDAC3 to ATP6V0E2 promoter in LDLR KO and ALDH2/LDLR DKO BMDMs treated with 

Metformin. In Supplemental Figure S19A, consistent with previous data, HDAC3 only bound 

to ATP6V0E2 promoter in the presence of ALDH2. Moreover, we also used an HDAC3-

specific inhibitor RGF966 to treat the macrophages from LDLR KO and WT mice. Inhibition of 

HDAC3 led to the increased levels of H3K27ac in both WT and LDLR KO macrophage while 

the decreased expression of ATP6V0E2 in LDLR KO macrophages was rescued to the same 

levels as WT (Supplemental Figure S19B). Furthermore, ALDH2 rs671 mutant also increased 

the regulation of ATP6V0E2 transcriptional activity (Figure 7H) and resulted in decreased the 

protein expression of ATP6V0E2 (Figure 7I).  

Taken together, our data demonstrate that in the macrophages of LDLR KO or ALDH2 

rs671 mutant, AMPK phosphorylates ALDH2 at T356, which enables its nuclear translocation. 
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Once in the nucleus, ALDH2 binds to HDAC3 and suppresses the transcription and protein 

expression of ATP6V0E2. 

 

Human macrophages from subjects carrying ALDH2 rs671 SNP have increased foam cell 

formation caused by the downregulation of ATP6V0E2 and autophagy due to increased 

nuclear translocation of ALDH2  

To investigate the clinical relevance of ALDH2-regulated macrophage formation, we 

recruited human subjects carrying ALDH2 rs671 SNP (heterozygous ALDH2*2/2*1, n=10) and 

control (ALDH2*1, n=16) to isolate peripheral blood monocytes (PBMC). After differentiation 

into macrophages, we treated the cells with oxLDL and observed a significantly decreased 

ATP6V0E2 mRNA levels in macrophages from ALDH2*2/2*1 compared to ALDH2*1 (Figure 

8A). Furthermore, ATP6V0E2 protein levels were significantly decreased while the P62 levels 

were increased in ALDH2*2/2*1 compared to ALDH2*1 (Figure 8B), suggesting an impaired 

autophagy due to the downregulation of ATP6V0E2. Consistently, the cholesterol ester 

hydrolysis was significantly attenuated in ALDH2*2/2*1 macrophages (Figure 8C). 

Furthermore, confocal studies clearly indicated that more ALDH2 translocated into nucleus in 

ALDH2*2/2*1 macrophages and this effect was augmented upon AMPK activation by 

Metformin treatment (Figure 8D). These in vitro studies provide strong evidence that human 

ALDH2 SNP rs671 potentially promotes atherosclerosis through modulation of macrophage 

foam cell formation, which represents a novel molecular mechanism by which ALDH2 rs671 

polymorphism increases the risk of CVD. Interestingly, our study suggests that Metformin may 

increase the risk of atherosclerosis in humans with ALDH2 rs671 SNP, which warrants future 

investigation.  

 

Discussion 

CVD remains the leading cause of deaths worldwide and atherosclerosis is the major 

factor underlying CVD (22). A body of epidemiological evidence has linked the ALDH2 SNP 
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rs671 (E487K) to an increased risk of CVD in around 40% of East Asians carrying this SNP 

but the underlying molecular mechanisms remain poorly defined (23). ALDH2 primarily resides 

in mitochondria and exerts a detoxification function of ethanol-derived acetaldehyde and other 

endogenous lipid aldehydes, such as 4-HNE. Previous studies supported a protective role of 

ALDH2 in CVD based on the detoxification function and the toxic effects of acetaldehyde has 

been postulated to be responsible for this cardiovascular effect. Paradoxically, the carriers of 

ALDH2 SNP rs671 tend to consume less alcohol comparing to the non-carriers; thus the 

underlying mechanism for the association of ALDH2 SNP and CVD independent of alcohol 

remains to be investigated. Our study has identified a novel molecular mechanism by which 

ALDH2 SNP rs671 increased atherosclerosis through AMPK-phosphorylated ALDH2 

translocating into nuclear and then repressing the gene expression of ATP6V0E2 which is 

responsible for maintaining normal lysosomal function, autophagy and ox-LDL degradation 

(Figure 9).  

It is well-established that dysregulation of cholesterol metabolism leads to 

atherosclerosis. In macrophages, after binding to LDLR, LDL is transferred to lysosome 

through endosome, whereas oxidized LDL is primarily taken up by the scavenger receptors 

through endocytosis. CE in LDL and oxLDL can be hydrolyzed in lysosome; thus, a normal 

lysosomal function and autophagy is critical for CE hydrolysis and cholesterol efflux. 

Conversely, impaired lysosomal function and autophagy may lead to the accumulation of 

excessive CEs to form foam cells, an early hallmark of atherosclerosis. For the first time, our 

studies identified that ALDH2 can be phosphorylated by AMPK at T356 and translocate into 

nucleus, interact with HDAC3, and repress the expression of ATP6V0E2, a lysosomal proton 

pump protein that plays a critical role in the fusion of lysosome with endosome or 

autophagosome (Figure 9). Under normal circumstances, this process is blocked by LDLR to 

ensure normal endocytosis and autophagy to avoid excessive lipid accumulation to form foam 

cells. However, importantly, when LDLR is knocked out (in the case of LDLR KO) or interaction 

between LDLR and mutant ALDH2 (with human SNP rs671) is weakened, ALDH2 is 
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phosphorylated by AMPK and translocated into nucleus, which eventually leads to a 

dysfunctional lysosome and impaired CE hydrolysis. We provide evidence that LDLR most 

likely interacts with ALDH2 and AMPK with its cytosolic C terminus to block the nuclear 

translocation of ALDH2. This serendipitous discovery was made from an unexpected 

observation of a phenotypic discrepancy in ALDH2 KO in LDLR and APOE background. More 

importantly, we have uncovered a novel mechanism by which ALDH2 SNP rs671 increases 

atherosclerosis and a novel role of AMPK in macrophages for increasing this potentially 

detrimental effect of ALDH2 in the context of atherosclerosis. 

Previous studies have provided evidence that ALDH2 plays an important role in cardiac 

protection against myocardial infarction primarily based on the fact that ALDH2 is an important 

enzyme responsible for eliminating toxic aldehydes. Selective activation of ALDH2 improved 

the heart failure outcome by reducing toxic aldehyde overload and restoring mitochondrial 

function (24). Moreover, ALDH2 appears to protect against MI-related cardiac fibrosis through 

modulation of the Wnt/-catenin signaling pathway (25). Comparing to the cardiac protection, 

the roles of ALDH2 in atherosclerosis remain poorly defined. A recent epidemiological study 

in East Asian populations using alcohol flushing status as an instrumental variable 

demonstrated that increased alcohol consumption was positively associated with an increased 

risk of subclinical coronary atherosclerosis, suggesting that ALDH2 might be involved in the 

pathogenesis of atherosclerosis (26). A previous study using APOE KO mice transfected with 

ALDH2-overexpression or ALDH2-RNAi lentivirus found that ALDH2 had a protective role in 

atherosclerosis through attenuating the inflammation in endothelial cells (17). Similarly, we 

observed increased atherosclerotic plaques in ALDH2/APOE DKO mice. However, ALDH2/ 

LDLR DKO had much less atherosclerotic lesions than the LDLR KO mice. This unexpected 

observation led us to discover a non-enzymatic role of ALDH2, which promotes foam cell 

formation by translocating to the nucleus after phosphorylated by AMPK to repress ATP6V0E2 

expression, a critical protein for lysosomal function and autophagy. The phenotypic 

discrepancy in DKO mice of ALDH2 with APOE and LDLR is most likely due to the different 
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roles of inflammation and LDLR-regulated ALDH2 nuclear translocation. In APOE KO mice, 

the mechanism identified in current study does not operate due to the presence of LDLR which 

blocks the nuclear translocation of ALDH2, whereas in APOE/ALDH2 DKO mice, increased 

atherosclerotic plaque formation compared to APOE KO mice is primarily due to the elevated 

inflammation in endothelial cells (17). On the other hand, ALDH2/LDLR DKO had decreased 

atherosclerosis compared to LDLR KO primarily through attenuated foam cell formation in 

macrophages in addition to attenuated inflammation. As one of the most important types of 

immune cells in atherogenesis, macrophages are critical for inflammatory responses and the 

formation of foam cell (27, 28). Macrophages tend to polarize to different phenotypes upon 

exposure to oxidized lipids (28). Consistent with the decreased atherosclerotic lesions in 

ALDH2/LDLR DKO mice, the DKO macrophages exhibited an anti-inflammatory M2 

phenotype, whereas the markers for M1 phenotype was significant decreased despite the fact 

that other inflammation markers were increased in plasma and endothelial cells (Supplemental 

Figure S20). These data appear to suggest that the mechanisms identified in this study play 

a predominant role in the atherosclerosis in the context of foam cell formation. 

The most exciting discovery of our current study is that AMPK-phosphorylated ALDH2 

translocates to nucleus and represses ATP6V0E2, a protein critical for lysosomal function, 

endocytosis and autophagy. ATP6V0E2 belongs to the H+-ATPase family that is important for 

the lysosomal proton pump to maintain the proper function of the lysosomes (29). Many 

proteins belong to this family (V-ATPase) other than ATP6V0E2 have been reported to be 

closely involved in endocytosis and autophagy through maintaining normal lysosomal function 

(30-33). Our study showed, for the first time, that in the later stage of endocytosis and 

autophagy, ATP6V0E2 plays an important role for the fusion of lysosome with endosome or 

autophagosome. Furthermore, a normal lysosomal function and autophagic flux in 

macrophages enable the degradation of ox-LDL and thereby decreases the formation of foam 

cells (7). In oxLDL-loaded LDLR KO macrophages, the formation of autophagosome was 

intact as indicated by the similar expression levels of ATG5, whereas an increased 
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expressions of LC3 II and P62 in LDLR KO compared to ALDH2/LDLR DKO signaled a 

decreased autophagic flux due to an impaired lysosomal function caused by decreased 

expression of ATP6V0E2 (Figure 3B). Intriguingly, however, ALDH2 deficiency alone appears 

to decrease autophagic flux without affecting endocytosis compared to WT (Supplemental 

Figure S5B and S5C), suggesting other unknown mechanisms are most likely involved in 

autophagic regulation in the presence of LDLR. Lastly, it remains to be studied how AMPK-

phosphorylated ALDH2 is translocated into nucleus. We performed a preliminary proteomic 

study on ALDH2-immunoprecipitated nuclear fraction of LDLR KO BMDMs treated with 

Metformin and identified a list of interacting proteins with ALDH2 in the nucleus. Among them, 

DDX5, known as P68, was reported as a shuttle between the nucleus and the cytoplasm, 

consistent with the function of the protein in transcriptional regulation and pre-mRNA splicing 

(data not shown) (34). These data suggest that ALDH2 is likely translocated to the nucleus by 

binding to nuclear transporters, such as P68. 

AMPK is a key factor that enables the nuclear translocation of ALDH2 in the absence of 

LDLR or ALDH2 rs671 mutant. The role of AMPK in CVD has been wide recognized, including 

suppressing inflammatory signaling, monocyte differentiation, and foam cell formation (35). 

Our data presented here strongly support the notion that AMPK plays an important role in 

regulating macrophages metabolism of ox-LDL through phosphorylating ALDH2. AMPK 

activators, Metformin and AICAR, inhibited monocyte-to-macrophage differentiation through 

AMPK-mediated inhibition of STAT3 activation (36). Ma et al demonstrated that ALDH2 

exerted cardio-protection against myocardial I/R injury through an AMPK-dependent induction 

of autophagy during ischemia and a paradoxical Akt-dependent reduction in autophagy during 

reperfusion (37). This elegant study appeared to suggest a role of detoxification of toxic 

aldehydes in ALDH2-elicited regulation of AMPK and AKT pathway via LKB1 and PTEN 

signaling. Intriguingly, however, the regulation of AMPK in macrophages appears to be 

different from cardiomyocytes in which we did not observe the alteration of the upstream 

kinases of AMPK (Figure S9A). The discrepancy in mouse phenotypes between APOE and 
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LDLR background prompted us to study the unknown role of LDLR in the binding of ALDH2 

and AMPK. Data shown in Figure 5 and Figure 6 strongly supported a direct protein-protein 

interaction of AMPK and ALDH2, which is important in regulating lysosome function and 

autophagy in macrophage.  

ALDH2 SNP rs671, the inactive ALDH2*2 variant (E487K), affects around 40% of East 

Asians. This ALDH2 SNP has been associated with increased CVDs, such as heart failure 

and stroke (38), and gastrointestinal cancers (39). However, previous studies have exclusively 

focused on the role of alcohol consumptions; it remains elusive whether other molecular 

mechanisms are involved in diseases associated with this SNP. Our data clearly showed that 

SNP rs671 mutant attenuated the binding of ALDH2 to LDLR and increased the binding to 

AMPK, which enables more mutant ALDH2 translocate into nucleus to suppress the 

expression of ATP6V0E2 and cause impaired lysosomal function and autophagy. The net 

outcome of these effects is an excessive accumulation of oxidized LDL and enhanced foam 

cell formation. The molecular mechanism identified in current study raises an interesting 

concern that activation of AMPK by the widely used antidiabetic drug Metformin may 

potentially exert increased risk in atherosclerosis for humans with ALDH2 SNP rs671. Even 

though significant amount of data support Metformin as protective against CVD, it remains to 

be studied in the patients with ALDH2 SNP rs671.   

In conclusion, our study discovered a new pathway through which ALDH2 rs671 SNP 

promotes macrophage foam cell formation in atherosclerosis by attenuating the interaction 

with LDLR but increasing the interaction with AMPK to promote the translocation of ALDH2 

into nucleus to suppress the transcription of ATP6V0E2, thereby impairing a lysosomal 

function in macrophages. This finding represents a novel molecular mechanism by which 

ALDH2 rs671 carriers are prone to CVDs, implying that AMPK activation increases 

atherosclerosis for humans with ALDH2 rs671 mutant. 
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Methods 

Animals. Mice were housed in a pathogen-free, temperature/light-controlled animal facility 

under a 12-hour light/dark cycle. ALDH2-/-LDLR-/- mice were obtained by crossing ALDH2-/- 

mice (a gift from Drs. Jun Ren  and Aijun Sun, Zhongshan Hospital affiliated with Fudan 

University, Shanghai, China) (37) (40) and LDLR -/- mice (Jackson Laboratory, Bar Harbor, 

ME). ALDH2-/-APOE-/- mice were obtained by crossing ALDH2-/- mice and APOE -/- mice 

（purchased from Shanghai Model Organisms). All mice used in present studies were on a 

C57BL/6 background. For atherosclerotic study, 6 weeks-old mice were fed Western Diet 

(Catalog No. D12079B, Research Diets, New Brunswick, NJ) for 12 weeks or 26 weeks (26 

weeks were replicated). The numbers of mice studied in each experiment were shown in figure 

legends. 

 

Cell culture. HEK 293T cell lines were purchased from the CAS Cell Bank and cultured in 

DMEM containing 10% FBS. Isolation of Bone Marrow-Derived Macrophages (BMDMs) 

followed a previously published protocol (41). All BMDMs or human macrophages for 

detecting autophagy were pretreated with 50ug/mL ox-LDL. 

 

Cholesterol depletion. To deplete cholesterol, BMDMs were treated with 1640 supplemented 

with 5% lipoprotein-deficient serum (LPDS), 1 μM lovastatin, and 10 μM mevalonate for 16h.  

 

Bone Marrow Transplant (BMT). BMT experiments were performed according to a published 

protocol (42). After recovery, chimeric mice were fed western diet for 12 weeks.  

 

Analysis of Aortic Lesions. A previous published protocol was followed to analyze aortic 

lesions (43).  

 



23 

 

Histology and Immunohistochemistry (IHC). The mice hearts were fixed with 4% 

formaldehyde overnight at 4°C and embedded in paraffin. Then, the heart samples were 

sectioned into 8m sections from the brachiocephalic trunk through the aortic root. These 

sections were then stained with Masson blue for collagen components and IHC staining was 

used to analyze macrophages and α-SMCs with specific primary antibodies and 

corresponding secondary antibodies (ZSGB-BIO, China). For IHC, the sections were washed 

with dimethylbenzene twice for 15 mins, ethanol twice for 5 mins, 95% ethanol for 5 mins, 70% 

ethanol for 5 mins, ddH2O twice for 5mins and PBS for 5mins. Next, antigen retrieval was 

conducted by using 10mM sodium citrate. Slides in sodium citrate were boiled three times for 

2 mins and cooled 2 mins. Then slides were blocked in 10% normal serum with 1% BSA in 

TBS for 30 mins at room temperature. Then, slides were incubated with specific primary 

antibodies (anti-CD68 from Catalog No. MCA1957, Bio-Rad, USA or anti-α-SMC-actin from 

Catalog No. ab5694, Abcam, USA) overnight at 4°C. After recovering to room temperature, 

slides were incubated with secondary antibody and stained with DAB buffer (Catalog No. ZLI-

9017, ZSGB-BIO, China). All sections were analyzed with ImageJ for quantitative 

measurements. 

 

Phagocytotic Assay. BMDMs were incubated in 37℃ for detecting ox-LDL content or 4℃ for 

binding with 10 μg/ml Dil-oxLDL (Catalog No. YB-0010, Yiyuan Biotechnologies, China) for 4 

hours or 50ug/mL ox-LDL (Catalog No. YB-002, Yiyuan Biotechnologies, China) for 6 hours. 

Staining and analyzing followed previous reference (41). AICAR (Catalog No. S1802, Selleck, 

USA) or Bafilomycin-A1 (Catalog No. S1413, Selleck, USA) was added to cell medium to 

make the final concentrations of 1 mM AICAR and 10 nM Baf-A1, respectively, an hour before 

adding Dil-oxLDL or ox-LDL. 

 

Western Blotting. SDS-PAGE was used to separate total cell lysate and transferring proteins 

to PVDF membranes (Millipore, Bedford, MA). The immune-reactive protein bands were 
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visualized by ECL kit (Proteintech, USA). Antibodies against ALDH2 (Catalog No. 15310-1-

AP), LDLR (Catalog No. 10785-1-AP), ATG5 (Catalog No. 10181-2-AP), HDAC1 (Catalog No. 

10197-1-AP) ,HDAC2 (Catalog No. 12922-3-AP), HDAC3 (Catalog No. 10255-1-AP) , Lamin 

B1 (Catalog No. 66095-1-Ig), ACAT1 (Catalog No. 16215-1-AP) , His-Tag (Catalog No. 66005-

1-Ig) and GAPDH(Catalog No. 60004-1-Ig) were purchased from Proteintech. Antibodies for 

P-AMPK (Thr172) (Catalog No.2535S), T-AMPK (Catalog No. 5832T), LC3B (Catalog 

No.2775S), Myc-Tag (Catalog No.2276S), RAB11 (Catalog No. 5589T), EEA1 (Catalog No. 

3288T), RAB7 (Catalog No. 9367T), RAB5 (Catalog No.3547T), LAMP1 (Catalog No. 90917), 

Clathrin (Catalog No. 4796T) and normal rabbit IgG (Catalog No.2729S) were purchased from 

Cell Signaling Technology. Antibody for ATP6V0E2 (Catalog No. ab178934), LOX1 (Catalog 

No.ab60178), H3 (Catalog No.ab4729), P62 (Catalog No. ab91526), SRA (Catalog No. 

ab183725) were purchased from Abcam (Abcam, USA). ABCA1 (Catalog No. NB400-105) 

and CD36 (Catalog No. NB400-144SS) were purchansed from Novus. Flag-Tag (Catalog 

No.F1804) was purchased from Sigma. 

 

Detection of Phosphorylated ALDH2 by using iTRAQ proteomics. 10% SDS-PAGE was 

used to separate total cell lysate for silver stain (Catalog No. P0017S, Beyotime, China). 

ALDH2 gel was cut in 53kDa and the phosphorylation of ALDH2 was measured by using 

iTRAQ- proteomics which was carried out by Shanghai Applied Protein Technology. 

 

ATP, ADP and AMP detection by LC–MS. 107 BMDMs with or without 50g/mL oxLDL 

treatment were collected by Trypsin-EDTA (Catalog No. 25200056, Gibico). Washed twice by 

using 1xPBS. BMDMs were pre-treated by following the reference(44). Then, ATP, ADP and 

AMP levels were detected by following previous reference (45). 
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Detection of Phosphorylated ALDH2 in SuperSepTMPhos-tagTM SDS-PAGE. 

SuperSepTMPhos-tagTM SDS-PAGE (Catalog No.198-17981, Wako, Japan) was used for 

detection of phosphorylated ALDH2 in BMDMs.  

 

Nuclear and Cytoplasmic Fractionation. Separating the cytoplasmic and nuclear proteins 

was conducted by using the NE-PER nuclear and cytoplasmic extraction kit (Catalog No. 

P0027, Beyotime, China) according to the manufacturer's instructions.  

 

Cholesterol Efflux Assay. BMDMs firstly were treated with 15μg/ml chol-d7 for 24h. After 

washing the cells thoroughly with PBS, 50μg/ml HDL was added to induce cholesterol efflux. 

After incubating 24h, media were collected for GC-MS and 10% BMDMs proteins were 

collected for quantification. 

BMDMs were treated with 15μg/ml cholesterol-d7 (chol-d7) for 24h. 10% BMDMs were used 

to measure protein concentration. Free cholesterol was extracted by using 2ml hexane: IPA 

(3:2, v/v) supplemented with 1% acetic acid and 6μg 5α-cholestane as internal standard (IS). 

The upper organic phase was dried under nitrogen, 40ul of pyridine and 40ul of derivatizing 

agent (BSTFA + TMCS) for GC-MS analysis were added. GC-MS was performed in the EI 

mode using Shimadzu GC-MS QP2010.Then peak areas were integrated using the instrument 

software. Calibration curves were generated using chol-d7 and IS. The final results were 

normalized to cell lysates protein. 

 

Hydrolysis of Cholesteryl esters (CE). Macrophages were incubated with 50 g/mL ox-LDL 

with or without 5nM Balfmycin-A1 for 20h. CE were extracted by adding 4mL hexane: IPA (3:2, 

v/v) and 3μg CE 19:0 as an internal standard (IS). The upper organic phase was dried under 

nitrogen and 50ul of hexane for LC-MS analysis were added. Normal phase LC was carried 

out with Agilent 1260 Quat pump VL and Accela 1250 pump. The MS was performed on a 

TSQ Vantage (Thermo Fisher Scientific) in positive ion and multiple reaction monitoring (MRM) 
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mode. Chromatographic peaks were integrated and area ratios (samples versus IS) were 

generated using Xcalibur (Thermo Scientific, San Jose, USA). CE changes (hydrolysis) were 

expressed as fold change relative to control, calculated as follow: % hydrolysis = (CE1 – 

CE2)/(CE1) *100, where CE1 represented CE after treating with ox-LDL for 20h, and CE2 

represents CE after the macrophages were incubated for 20 h with 50 g/mL HDL; fold change 

= (% hydrolysis sample/% hydrolysis control). 

 

Real-time PCR. BMDMs were lysed with TRIzol reagent (Catalog No.9109, Takara, Japan). 

RNA was purified and reverse transcribed into cDNA. The genes expression was normalized 

to L32 expression. The primer sequences were showed in supplemental Table 2. The fold 

change was calculated by using the comparative ΔCt methods and showed as relative 

transcript levels. 

 

Retrovirus (TRV). LDLR KO BMDMs were incubated with 5g/mL polybrene and 100L 5*107 

TU/mL HBhTRV-m-LDLR-3xflag-GFP in 900 L cell medium (RPMI-1640+10% FBS) at 37 °C 

for 4 hours. Then, we added 1mL cell medium with 5 g/mL polybrene. Cell medium was 

changed after incubating 24 hours at 37 °C and then BMDMs were incubated 48 hours. 

  

Immunoprecipitation (IP). For BMDMs, target protein was precipitated with respective 

antibodies and protein A/G beads (catalog no. B23202, Biotool, USA). For 293T cells, cells 

transfected with specifically tagged protein by using Attractene Transfection Reagent (Catalog 

No. 301005, Qiagen, Germany) was lysed and incubated with myc-beads or flag-beads 

(Catalog No. B26301 for myc-beads, Catalog No. B23102 for flag-beads, Biotool, USA).  

 

Fluorescence Microscopy. BMDMs were grown on glass coverslips in 6-well dishes. 

Immunofluorescence staining was followed by previous reference (42). Percent of ALDH2 
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translocation is calculated according to areas of ALDH2 signal in nucleus /nucleus area 

(quantified by Image J). 

  

RNA-Seq Analysis. BMDMs were lysed with TRIzol reagent. The library preparation and 

sequencing were carried out by Beijing Genomics Institute BGI (Wuhan, China). We measured 

the expression of the transcripts isoforms by using RSEM and used NOISeq method to screen 

differentially expressed genes (DEGs) between two groups. Top 3 GO functional 

classifications on overlapping DEGs showed in supplemental Table 3. Heat maps were 

conducted by using the R software. Microarray data were deposited in the Gene Expression 

Omnibus with the accession number GSE121310. 

Chromatin Immunoprecipitation (ChIP Assay). BMDMs cultured in 10cm plates were 

pretreated with or without 1mM AICAR for 1 h. ChIP assay was conducted by using ChIP 

Assay kit (Catalog No. 17-295, Millipore, USA). Eluted DNA was further purified using PCR 

purification kit (Qiagen). 

 

Detection of Autophagic Flux. BMDMs were plated and grew overnight on 20 mm glass 

bottom cell culture dish (Catalog No.801001, NEST, USA). The formation of autolysosomes 

in BMDMs in control and Bafilomycin A1 (1nM), Chloroquine (10M), Leupeptin (100M) 

treated cells was detected using the PremoTM Autophagy Tandem Sensor RFP-GFP-LC3B 

Kit (Catalog No. P36239, Thermo Fischer Scientific, USA). Fluorescent images were taken by 

using confocal microscopy (Carl Zeiss Meditec, Inc.) and quantified by using Image J software. 

Quantified mean number of autolysosomes per cell is according to the dots of RFP signal in 

the merge picture. 

 

Luciferase Assay. 293T cells were transfected with pGL3.1/pCMV-ATP6V0E2 (20:1) for 24h. 

Luciferase activity was measured by using the Dual Luciferase Reporter Assay System 

(Catalog No. E1960, Promega, USA). The GL (firefly luciferase) activity was normalized to co-
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expressed RL (renilla luciferase) activity. 293T cells were transfected with Lipofectamine® 

2000 Reagent (Cat No.1854311, Invitrogen, USA). 

 

Human Macrophages. Human monocytes were isolated from peripheral blood mononuclear 

cells (PBMC). Peripheral blood mononuclear cells (PBMCs) were isolated by using a Ficoll 

(Catalog No.17-1440-02, BD) density gradient, and then were isolated from PBMCs by using 

anti-CD14 magnetic beads (Catalog No. 11149D, Thermo) according to the manufacturer’s 

protocol. Then, human monocytes were differentiated into human macrophages by treatment 

with differentiated medium (1640+5%AB human serum+10%FBS+PS+25 ng/ml M-CSF) 7 

days.  

 

Plasmids. Flag-tagged human ALDH2, ALDH2 (rs671) mutant clone, Myc and 6xHis tagged 

Human LDLR were constructed into pcDNA3.0 vector. Clones were picked and amplified to 

be sequenced to verify the final results. 

 

Statistical Analysis. Results were expressed as mean ± SD or mean ± SEM from at least 

three independent experiments by using GraphPad Prism 5. Statistical analysis was 

conducted by using an unpaired Student’s t test or two-way ANOVA. A two-tailed probability 

value of < 0.05 was considered statistically significant. *p < 0.05; **p < 0.01; ***p < 0.001. 

 

Study Approval. All animal experiments were approved by the Institutional Animal Care and 

Use Committee of the SIBS, CAS, Shanghai, China (Approval Number: 2015-AN-2). All 

human samples were collected by Shanghai General Hospital and human experiments were 

approved by Ethics Committee of Shanghai General Hospital affiliated with Shanghai Jiao 

Tong University School of Medicine, Shanghai, China.  
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Figure 1 

�
Figure 1. ALDH2 knockout decreases areas of atherosclerotic plaque in LDLR 

KO background mice but increases areas of atherosclerotic plaque in APOE KO 
background mice. A, Representative en face Sudan IV staining; B to C, quantification 
of plaque areas of aortas from male 12w WD (n=8, B) and 26w of WD (n=9-10, C, 
conducted twice). D, representative en face Sudan IV staining (n=7-9) and 
quantification of Sudan IV-positive areas of aortas from male mice after 12w WD 
feeding APOE KO and APOE/ALDH2 DKO (AA-DKO) mice. E, representative IHC and 
quantification of macrophages, collagen, and SMC after 12 weeks of WD feeding (n=8). 
Scale bar, 400µm. F, representative en face Sudan IV staining and quantification of 
Sudan IV-positive areas of aortas from male LDLR KO mice (left, n=9) and 
LDLR/ALDH2 DKO mice (right, n=9) transplanted by LDLR KO and ALDH2/LDLR DKO 
bone marrow. Statistical comparisons were made using 2-tailed Student’s t test. All 
data represent mean ± SD.*P < 0.05, **P < 0.01, ***P < 0.001.  



Figure 2 

�
Figure 2. ALDH2/LDLR DKO macrophages exhibit decreased foam cells 
compared to LKO through restoring the lysosomal function and increased CE 
hydrolysis without affecting oxLDL binding and ABCA1 expression. A, ALDH2 
KO decreases foam cell formation in LDLR KO (LKO) BMDMs and quantification (n=6). 
The oxLDL signals are shown in red and Hoechst signals are shown in blue. Scale bar, 
100 µm. B, CE decreased in ALDH2/LDLR DKO (DKO) BMDMs comparing to LKO 
macrophages (n=3). C, binding to ox-LDL in LKO and ALDH2/LDLR DKO BMDMs 
(n=6). D, expressions of LOX1, SRA, and CD36 in LKO and ALDH2/LDLR DKO 
BMDMs (n=3). E, CE hydrolysis significantly increased in ALDH2/LDLR DKO BMDMs 
comparing with LKO macrophages (n=3). F, expression of lysosome function marker 
LAMP1 in macrophages of LDLR KO and ALDH2/LDLR DKO macrophages (n=3). G, 
cholesterol efflux increased by ALDH2 KO in LDLR KO BMDMs (n=3). H, ABCA1 
expression in LKO and DKO BMDMs (n=3). Statistical comparisons were made using 
2-tailed Student’s t test. All data represent mean ± SD. **P < 0.01, ***P < 0.001. 
 
  



Figure 3 

�
Figure 3. LDLR/ALDH2 DKO leads to increased macrophage endocytosis, 
autophagy, and CE hydrolysis in lysosome comparing to LDLR KO. A to B, 
endocytosis (A) and autophagy (B) are increased in ALDH2/LDLR DKO macrophages 
comparing to LKO (n=3). C, the number of autolysosome is increased in ALDH2/LDLR 
DKO macrophages comparing to LKO (n=4). D to F, inhibition of autophagy by 
bafilomycin A1 treatment diminishes increased foam cell formation (D, n=6) and 
cholesterol ester accumulation (E, n=3) due to impaired CE hydrolysis (F, n=3) in LKO 
macrophages compared to those from DKO. Statistical comparisons were made using 
2-tailed Student’s t test. All data represent mean ± SD.*P < 0.05, **P < 0.01. 
 
   
   

  



Figure 4 

�
Figure 4. LDLR inhibits but ALDH2 rs671 mutant increases nuclear translocation 
of ALDH2 through interactions with AMPK. A, LDLR directly interacts with ALDH2 
in BMDMs (n=3). B, ALDH2 rs671 mutant pulls down much less LDLR compared to 
WT ALDH2 (n=3). C, ALDH2 does not bind to LDLR when LDLR C-terminal is 
truncated (n=3). D to E, LDLR gene-dose dependent inhibition of ALDH2 translocation; 
LDLR upregulation decreased ALDH2 translocation by cholesterol depletion and 
quantification (E, n=5). Scale bar, 100 µm. F, ALDH2 directly binds to AMPK in LDLR 
KO BMDMs. G to H, ALDH2 rs671 mutant pulls down more AMPK compared to WT 
ALDH2 by co-transfection of Flag-tagged ALDH2, Myc-tagged AMPK and His-tagged 
LDLR (G) and quantification (H, n=3). Statistical comparisons were made using 2-
tailed Student’s t test (B and H) or ANOVA (E). All data represent mean ± SD.*P < 
0.05, **P < 0.01, ***P < 0.001. 
 
� �



Figure 5 

�
Figure 5. AMPK phosphorylates ALDH2 and promotes ALDH2 translocation in 
the absence of LDLR or ALDH2 rs671 mutant. A, AMPK activation promotes ALDH2 
nuclear translocation in LDLR KO BMDMs by cellular fractionation (n=3). B, ALDH2 
rs671 mutant increases the translocation of ALDH2 in 293T cell (n=3). C to D, AMPK 
activation leads to ALDH2 nuclear translocation, whereas inhibition of AMPK blocks 
nuclear translocation of ALDH2, Scale bar, 5 µm (C) and quantification (D, n=5). E to 
F, LDLR blocks the translocation of ALDH2 even AMPK activation (E) and 
quantification (F, n=5). G, AMPK activation leads to a dose-dependent increase of 
ALDH2 phosphorylation in the absence of LDLR in LKO macrophages by SuperSepTM 

Phos-tagTM SDS-PAGE. Statistical comparisons were made using ANOVA. All data 
represent mean ± SD.*P < 0.05, **P < 0.01, ***P < 0.001. 
  



Figure 6 

�
Figure 6. AMPK regulates lysosomal function, endocytosis, autophagy, and 
foam cell formation in an LDLR-dependent manner. A, LDLR KO increases the 
AMPK activation in BMDMs (n=3). B, Ratio of AMP/ATP in macrophages from LDLR 
KO and WT treated with oxLDL (n=3). C, LDLR inhibits the binding of ALDH2 and 
AMPK in macrophages. D to F, AMPK and ALDH2 prefer to bind to LDLR: LDLR pulls 
down AMPK and ALDH2 (D); AMPK pulls down LDLR but not ALDH2 (E); ALDH2 pulls 
down LDLR but not AMPK (F). G, AMPK activation by Metformin decreases LAMP1 
expression, whereas AMPK inhibition by compound C leads to increased LAMP1 
expression in LKO BMDMs (n=3). H to I, AMPK activation by Metformin decreases 
endocytosis (H) and autophagy (I), whereas AMPK inhibition by compound C leads to 
increased endocytosis (H) and autophagy (I) in LKO BMDMs (n=3). J, AMPK activation 
leads to increased foam cell formation, whereas AMPK inhibition results in decreased 
foam cell formation (n=5). K, AMPK activation decreases CE hydrolysis, whereas 
AMPK inhibition increases CE hydrolysis (n=3). Statistical comparisons were made 
using 2-tailed Student’s t test (A and B) or ANOVA (G, H to K). All data represent mean 
± SD.*P < 0.05, **P < 0.01, ***P < 0.001. 
 

  



Figure 7 

�
Figure 7. Nuclear translocated ALDH2 regulates the transcription of ATP6V0E2, 
a critical protein for lysosomal function, endocytosis, and autophagy; ALDH2 
rs671 polymorphism decreases ATP6V0E2 expression. A, ALDH2/LDLR DKO 
leads to significant upregulation of ATP6V0E2 expression compared to LKO (n=3). B, 
ATP6V0E2 (red) co-localizes with macrophages (CD68, green) and ATP6V0E2 
expression is significantly increased in the aorta of DKO mice. Scale bar, 100 μm. C, 
overexpressed AMPK and ALDH2 decrease ATP6V0E2 expression in 293T cells (n=3). 
D, ALDH2 T356A not Y148A mutant rescues decreased ATP6V0E2 expression which 
is caused by overexpressed ALDH2 and AMPK (n=3). E, nuclear translocated ALDH2 
binds to HDAC3. F to G, nuclear translocated ALDH2 regulates transcription of 
ATP6V0E2: in the absence of LDLR, nuclear translocated ALDH2 binds to ATP6V0E2 
promoter (F) and regulates the transcriptional activity (G), which is enhanced by AMPK 
activation (n=3). H, ALDH2 rs671 enhanced transcriptional activity of ATP6V0E2. I, 
rs671 mutant decreased ATP6V0E2 protein expression (n=3). Statistical comparisons 
were made using 2-tailed Student’s t test (I) or ANOVA (A, C, D, G, and H). All data 
represent mean ± SD.*P < 0.05, **P < 0.01, ***P < 0.001. 
 
 
 
 
  



Figure 8 

�
Figure 8. Human macrophages from subjects carrying ALDH2 rs671 SNP have 
increased foam cell formation caused by the downregulation of ATP6V0E2 and 
autophagy due to increased nuclear translocation of ALDH2.  
A, macrophages from ALDH2*2/2*1 (n=10) have lower ATP6V0E2 mRNA levels than 
those from ALDH2*1 (n=16). B, ALDH2 rs671 mutant increased autophagy in human 
macrophages treated with oxLDL (n=3). C, ALDH2 rs671 mutant decreases CE 
hydrolysis in human macrophages (ALDH2*1, n=16; ALDH2*2/2*1, n=10). D, ALDH2 
rs671 SNP increases ALDH2 translocation in human macrophages treated with 
Metformin (n=5). Statistical comparisons were made using 2-tailed Student’s t test. All 
data represent mean ± SD.*P < 0.05, **P < 0.01, ***P < 0.001. 
  



Figure 9 

 
Figure 9. ALDH2 regulates macrophage foam cell formation through interacting 
with LDLR and AMPK: the translocation of AMPK phosphorylated ALDH2 to 
nucleus to regulate expression of ATP6V0E2, a critical protein for lysosomal 
function, endocytosis, and autophagy. 
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