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ORIGINAL RESEARCH

ASGR1 Deficiency Inhibits Atherosclerosis in 
Western Diet–Fed ApoE−/− Mice by Regulating 
Lipoprotein Metabolism and Promoting 
Cholesterol Efflux
Yuyan Zhang ,* Xinhai Jiang ,* Weizhi Wang ,* Lijuan Lei , Ren Sheng , Shunwang Li , Jinque Luo , Huan Liu
, Jing Zhang , Xiaowan Han , Yining Li , Yuhao Zhang , Chenyin Wang , Shuyi Si , Zheng-Gen Jin , Yanni Xu

BACKGROUND: Atherosclerosis is the most common cause of cardiovascular diseases. Clinical studies indicate that loss-of-
function ASGR1 (asialoglycoprotein receptor 1) is significantly associated with lower plasma cholesterol levels and reduces 
cardiovascular disease risk. However, the effect of ASGR1 on atherosclerosis remains incompletely understood; whether 
inhibition of ASGR1 causes liver injury remains controversial. Here, we comprehensively investigated the effects and the 
underlying molecular mechanisms of ASGR1 deficiency and overexpression on atherosclerosis and liver injury in mice.

METHODS: We engineered Asgr1 knockout mice (Asgr1−/−), Asgr1 and ApoE double-knockout mice (Asgr1−/−ApoE−/−), and 
ASGR1-overexpressing mice on an ApoE−/− background and then fed them different diets to assess the role of ASGR1 in 
atherosclerosis and liver injury.

RESULTS: After being fed a Western diet for 12 weeks, Asgr1−/−ApoE−/− mice exhibited significantly decreased atherosclerotic 
lesion areas in the aorta and aortic root sections, reduced plasma VLDL (very-low-density lipoprotein) cholesterol and LDL 
(low-density lipoprotein) cholesterol levels, decreased VLDL production, and increased fecal cholesterol contents. Conversely, 
ASGR1 overexpression in ApoE−/− mice increased atherosclerotic lesions in the aorta and aortic root sections, augmented 
plasma VLDL cholesterol and LDL cholesterol levels and VLDL production, and decreased fecal cholesterol contents. 
Mechanistically, ASGR1 deficiency reduced VLDL production by inhibiting the expression of MTTP (microsomal triglyceride 
transfer protein) and ANGPTL3 (angiopoietin-like protein 3)/ANGPTL8 (angiopoietin-like protein 8) but increasing LPL 
(lipoprotein lipase) activity, increased LDL uptake by increasing LDLR (LDL receptor) expression, and promoted cholesterol 
efflux through increasing expression of LXRα (liver X receptor-α), ABCA1 (ATP-binding cassette subfamily A member 1), 
ABCG5 (ATP-binding cassette subfamily G member 5), and CYP7A1 (cytochrome P450 family 7 subfamily A member 
1). These underlying alterations were confirmed in ASGR1-overexpressing ApoE−/− mice. In addition, ASGR1 deficiency 
exacerbated liver injury in Western diet–induced Asgr1−/−ApoE−/− mice and high-fat diet–induced but not normal laboratory 
diet–induced and high-fat and high-cholesterol diet–induced Asgr1−/− mice, while its overexpression mitigated liver injury in 
Western diet–induced ASGR1-overexpressing ApoE−/− mice.

CONCLUSIONS: Inhibition of ASGR1 inhibits atherosclerosis in Western diet–fed ApoE−/− mice, suggesting that inhibiting 
ASGR1 may serve as a novel therapeutic strategy to treat atherosclerosis and cardiovascular diseases.
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Cardiovascular diseases (CVDs) are the leading 
cause of death worldwide.1,2 CVDs are a group of 
disorders of the heart and blood vessels, including 

coronary heart disease, cerebrovascular disease, and 
peripheral arterial disease, that cause a significant global 
health burden.2,3 Atherosclerosis is characterized by the 
accumulation of lipid deposits in the intima of arterial 
walls, and atherosclerotic CVD is the major contributor 
to CVDs.2 Low-density lipoprotein cholesterol (LDL-C) is 
a recognized risk factor for CVDs, and the cumulative 
LDL-C burden for an artery remains a principal deter-
minant of atherosclerosis initiation and progression.2,4,5 
Non–high-density lipoprotein cholesterol (HDL-C; non–
HDL-C=total cholesterol [TC] concentration−HDL-C 
concentration) is the sum of cholesterol accumulated 
in all proatherogenic lipoproteins (LDL [low-density 
lipoprotein], VLDL [very-low-density lipoprotein], IDL 
[intermediate-density lipoprotein], lipoprotein [a], chylo-
microns, and chylomicron remnants), and it is thought to 
be a better predictor of CVD risk than LDL-C.2,6–8 Despite 
intensive statin treatment to lower serum LDL-C levels, 

Nonstandard Abbreviations and Acronyms

AAV	 adeno-associated virus
ABCA1	� ATP-binding cassette subfamily A 

member 1
ABCG5	� ATP-binding cassette subfamily G 

member 5
ACC	 acetyl-CoA carboxylase
ALT	 alanine aminotransferase
AMPK	 AMP-activated protein kinase
ANGPTL3	 angiopoietin-like protein 3
ANGPTL4	 angiopoietin-like protein 4
ANGPTL8	 angiopoietin-like protein 8
ASGPR	 asialoglycoprotein receptor
ASGR1	 asialoglycoprotein receptor 1
AST	 aspartate aminotransferase
CRISPR/Cas9	� clustered regularly interspaced 

short palindromic repeats/
clustered regularly interspaced 
short palindromic repeat–
associated 9

CVD	 cardiovascular disease
CYP7A1	� cytochrome P450 family 7 

subfamily A member 1
DEG	 differentially expressed gene
FPLC	 fast protein liquid chromatography
H&E	 hematoxylin and eosin
HDL-C	� high-density lipoprotein 

cholesterol
HFD 	 high-fat diet
HL	 hepatic lipase
HMGCR	� 3-hydroxy-3-methylglutaryl 

coenzyme A reductase
IDL	 intermediate-density lipoprotein
INSIG1 	 insulin-induced gene 1
LDL	 low-density lipoprotein
LDL-C	 low-density lipoprotein cholesterol
LDLR	 low-density lipoprotein receptor
LPL	 lipoprotein lipase
LXRα	 liver X receptor-α
MTTP	� microsomal triglyceride transfer 

protein
ND	 normal laboratory diet
NF-κB	 nuclear factor-κB
ORO	 oil red O
PCR	 polymerase chain reaction
SREBP	� sterol regulatory element-binding 

protein
TC	 total cholesterol
TG	 triglyceride
VLDL	 very-low-density lipoprotein
WD	 Western diet

Highlights

•	 ASGR1 (asialoglycoprotein receptor 1) deficiency 
in Western diet–fed ApoE−/− mice leads to lower 
plasma VLDL (very-low-density lipoprotein) choles-
terol and LDL (low-density lipoprotein) cholesterol 
levels, decreases VLDL production, increases fecal 
cholesterol contents, and thus inhibits atheroscle-
rosis, while ASGR1 overexpression aggravates 
atherosclerosis.

•	 Asgr1−/−ApoE−/− mice show decreased VLDL 
secretion via a decrease in the expression of 
MTTP (microsomal triglyceride transfer protein) 
and an increase in VLDL clearance by inhibit-
ing ANGPTL3/8 (angiopoietin-like protein 3/8) 
expression and increasing LPL (lipoprotein lipase) 
activity, while ASGR1-overexpressing ApoE−/− mice 
have the opposite effects.

•	 Asgr1−/−ApoE−/− mice show increased fecal choles-
terol contents via an increase in the protein expres-
sion levels of cholesterol efflux–related proteins, 
including LXRα (liver X receptor-α), ABCA1 (ATP-
binding cassette subfamily A member 1), ABCG5 
(ATP-binding cassette subfamily G member 5), and 
CYP7A1 (cytochrome P450 family 7 subfamily A 
member 1), and these underlying alterations are also 
confirmed in ASGR1-overexpressing ApoE−/− mice.

•	 ASGR1 deficiency exacerbated liver injury in 
Western diet–induced Asgr1−/−ApoE−/− mice and 
high-fat diet–induced Asgr1−/− mice, while its over-
expression mitigated liver injury in Western diet–
induced ASGR1-overexpressing ApoE−/− mice.

•	 Inhibiting ASGR1 may serve as a novel therapeutic 
strategy to treat atherosclerosis and related cardio-
vascular diseases.
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patients with established CVDs are often left with resid-
ual risk.9 Therefore, this underscores the need for novel 
effective lipid-lowering therapeutic strategies for athero-
sclerosis and its related CVDs.9

ASGPR (asialoglycoprotein receptor) is mainly 
expressed in the liver and is a highly conserved trans-
membrane heteromeric receptor consisting of 2 sub-
units ASGR1 (ASGPR 1; H1) and ASGR2 (H2).8–11 
ASGPR mediates the uptake of galactose-terminating 
and N-acetylgalactosamine–terminating glycoproteins, 
thus playing a pivotal role in the homeostasis of cir-
culating glycoproteins in the blood.11–13 An important 
genetic study recently showed that ASGR1 loss of 
function (ASGR1del12 variant) is significantly associ-
ated with lower non–HDL-C levels and reduced coro-
nary artery disease and coronary heart disease risks, 
suggesting that ASGR1 may contribute to the devel-
opment and progression of atherosclerosis.4,6,8 Xu et 
al14 discovered that ASGR1 deficiency in mice reduced 
serum cholesterol and triglyceride (TG) contents via 
upregulating INSIG1 (insulin-induced gene 1) and 
inhibiting SREBP (sterol regulatory element-binding 
protein) activation. Wang et al15 showed that Asgr1−/− 
mice fed a high-fat/high-cholesterol/bile salt diet for 4 
to 6 weeks decreased lipid levels in the serum and liver 
and increased cholesterol efflux and the concentrations 
of biliary cholesterol and bile acids in the gallbladder 
by stabilizing LXRα (liver X receptor-α) and increas-
ing the expression of target genes such as ABCA1 
(ATP-binding cassette subfamily A member 1), ABCG5 
(ATP-binding cassette subfamily G member 5), ABCG8, 
and CYP7A1 (cytochrome P450 family 7 subfamily A 
member 1).16–18 Knockdown of Asgr1 in LDLR (LDL 
receptor)-deficient (Ldlr−/−) mice by ASGR1 adeno-
associated virus (AAV) shRNAs prevented artery plaque 
formation and lipid deposition in the liver induced by 
the high-fat/high-cholesterol/bile salt diet.15 Xie et al19 
demonstrated that ASGR1−/− pigs fed an atherogenic 
diet for 6 months had lower non–HDL-C levels than 
control pigs, and this decrease was associated with 
downregulated HMGCR (3-hydroxy-3-methylglutaryl 
coenzyme A reductase) and upregulated hepatic LDLR. 
Though ASGR1 deficiency decreased liver TC contents, 
it had no effect on liver TG contents and led to mild-to-
moderate liver injury in pigs.19 However, Shi et al20 
showed that ASGR1 knockdown suppressed inflamma-
tory macrophages in livers and decreased the inflamma-
tory cytokine levels in mice, thus alleviating liver injury 
and improving survival in sepsis. A recent study showed 
that ASGR1 deficiency promoted while ASGR1 overex-
pression alleviated acetaminophen-induced acute and 
CCl4-induced chronic liver injuries in male mice.21 Taken 
together, ASGR1 has emerged as a new therapeutic 
target for lowering cholesterol and may be a potential 
target for therapeutic intervention in atherosclerosis.22 
However, the comprehensive effect of ASGR1 knockout 

or overexpression in mice on the development of ath-
erosclerosis remains incompletely understood; whether 
inhibition of ASGR1 causes liver injury remains contro-
versial and needs to be figured out.

In this study, we comprehensively investigated the 
effects and the underlying molecular mechanisms 
of ASGR1 deficiency and overexpression on athero-
sclerosis and liver injury in mice. We first generated 
double-knockout mice for Asgr1 and ApoE deficiency 
(Asgr1−/−ApoE−/−) and ASGR1-overexpressing ApoE−/− 
mice and then investigated the potential role and 
mechanism of ASGR1 deficiency and overexpression 
in atherosclerosis upon Western diet (WD) feeding. 
Our results showed that Asgr1 deficiency significantly 
retarded the development of atherosclerosis, whereas 
ASGR1 overexpression aggravated the development of 
atherosclerosis in ApoE−/− mice. Mechanistically, knock-
down of Asgr1 led to a reduction in VLDL production by 
inhibiting the protein expression of MTTP (microsomal 
TG transfer protein), increased VLDL-TG clearance by 
inhibiting ANGPTL3 (angiopoietin-like protein 3) and 
ANGPTL8 (angiopoietin-like protein 8) expression and 
increasing LPL (lipoprotein lipase) activity, and increased 
fecal cholesterol content by upregulating the expres-
sion of cholesterol efflux–related proteins; ASGR1 over-
expression in ApoE−/− mice had the opposite effect on 
VLDL production, degradation, and cholesterol efflux. 
Furthermore, ASGR1 deficiency exacerbated liver injury 
in WD-induced Asgr1−/−ApoE−/− mice and high-fat diet 
(HFD)–induced but not affected normal laboratory diet 
(ND)–induced and high-fat and high-cholesterol diet–
induced Asgr1−/− mice, while its overexpression miti-
gated liver injury in WD-induced ASGR1-overexpressing 
ApoE−/− mice. Taken together, our study demonstrates 
the critical role of ASGR1 in the pathogenesis of athero-
sclerosis and suggests that ASGR1 could be a target for 
novel therapeutic strategies to combat atherosclerosis-
associated CVDs, but its effect on liver injury should be 
noted.

MATERIALS AND METHODS
The authors declare that the in vivo lesion–supporting data are 
available within the article (and its Supplemental Material). The 
other data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Animals
All experimental procedures involving animals were approved 
by and strictly followed the requirements of the Institutional 
Laboratory Animal Care and Use Committee of the Institute 
of Medicinal Biotechnology, Chinese Academy of Medical 
Sciences & Peking Union Medical College (Beijing, China), 
and University of Rochester (Rochester, NY). The mice were 
housed in a pathogen-free barrier facility in 12-hour light/dark 
cycles at 25 °C with free access to food and water.
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Asgr1 Knockout and Asgr1−/−ApoE−/− Double-
Knockout Mice Construction
ApoE−/− mice were purchased from Vital River Laboratory 
Animal Technology Co., Ltd (Beijing, China). Asgr1+/− mice were 
generated by CRISPR/Cas9 (clustered regularly interspaced 
short palindromic repeats/clustered regularly interspaced 
short palindromic repeat–associated 9)-mediated genome 
engineering by Cyagen Bioscience, Inc (Guangzhou, China). 
Asgr1−/− mice were obtained by crossing female Asgr1+/− mice 
with male Asgr1+/− mice. Asgr1+/−ApoE−/− mice were obtained 
by crossing Asgr1−/− mice with ApoE−/− mice. Asgr1−/−ApoE−/− 
double-knockout mice were obtained by crossing female  
Asgr1+/−ApoE−/− mice with male Asgr1+/−ApoE−/− mice. The gen-
otypes were determined by polymerase chain reaction (PCR) 
using DNA from the mouse ear. The primers used are shown in 
Table S1. The bands for Asgr1 and ApoE were as follows: 659 
bp (Asgr1+/+), 896 bp (Asgr1−/−), 659 and 896 bp (Asgr1+/−), 
and 245 bp (ApoE−/−).

WD-Induced ASGR1 Deficiency Atherosclerosis 
Model Construction
WD (No. TP26300, 21% fat, 0.2% cholesterol, 49.1% car-
bohydrate, and 19.8% protein) was purchased from Trophic 
Animal Feed High-Tech Co., Ltd (Nantong, China). Eight-week-
old male and female Asgr1+/+ApoE−/−, Asgr1+/−ApoE−/−, and  
Asgr1−/−ApoE−/− littermate mice were fed WD feed for 12 
weeks for atherosclerosis studies.

AAV8-ASGR1 Virus Preparation and ASGR1 
Overexpression Atherosclerosis Model 
Construction
Briefly, mouse Asgr1 (NM_009714.3) sequences were inserted 
into the GV269 vector (CMV-MCS-3FLAG-SV40-EGFP) by 
Cyagen Bioscience (Guangzhou, China). The AAV8-ASGR1 
adenoviral-associated viral vector (AAV-ASGR1) and control viral 
vector (AAV-Con) were then constructed by Cyagen Bioscience. 
α-Mouse liver 12 cells purchased from ATCC were cultured in 
DMEM (Thermo Fisher Biochemical Products, Beijing, China), 
supplemented with 10% (v/v) fetal bovine serum (Gibco, NY) 
at 37 °C and 5% CO2. α-Mouse liver 12 cells were transfected 
with AAV-ASGR1 or AAV-Con for 48 hours, and then the total 
proteins were collected to analyze the protein expression of 
ASGR1 by Western blotting. Male and female ApoE−/− mice were 
randomly divided into ApoE−/−+AAV-Con and ApoE−/−+AAV-
ASGR1 groups (12 mice per group). Mice were given tail vein 
injections of 1×1011 GC AAV8-Con or AAV8-ASGR1, and then 
the mice were fed a WD (TP26300) for 12 weeks.

Tissue Processing
At the end of the experiments, mice were anesthetized with iso-
flurane and euthanized with regard for alleviation of suffering. 
Blood was collected from the orbital venous plexus, and then 
the mice were perfused with saline. Plasma was obtained from 
heparin-anticoagulated blood centrifuged for 15 minutes at 
3000 rpm and stored at −80 °C. Some liver tissues, intestine, 
lung, kidney, and spleen were snap-frozen in liquid nitrogen and 
stored at −80 °C for further analysis. The aortas, hearts, and 

some livers were fixed in 4% paraformaldehyde and used for 
subsequent analyses.

Serum Lipids and Biochemical Measurements
Mice were fasted for 12 hours before being euthanized. Plasma 
TG, TC, LDL-C, glucose, ALT (alanine aminotransferase), 
and AST (aspartate aminotransferase) were measured using 
commercial kits (BioSino, Beijing, China) and an automatic 
blood biochemical analyzer (Hitachi 71800, Chiyoda, Japan). 
LPL activity in plasma was determined using a commercial 
kit (BC2445; Solarbio Life Sciences, Beijing, China) using a 
microplate reader (EnVision; PerkinElmer, Fremont, CA).

Fast Protein Liquid Chromatography Analysis
Complete details of this technique have been described previ-
ously.23 The same volume of serum from each mouse of each 
group was pooled together. Then plasma (200 μL) of each 
group was separated by fast protein liquid chromatography 
(FPLC; see Supplemental Methods for a detailed protocol). 
Cholesterol contents in each FPLC fraction were determined.23 
The protein expression of ApoB in each FPLC fraction was 
analyzed by Western blotting.

Liver Lipid Measurement
Liver tissues were weighed and homogenized in 1 mL RIPA 
Lysis Buffer (APPLGEN, Beijing, China) using the GeneReady 
BSH-C2 UltraCoo1 system (Hangzhou LifeReal Biotechnology 
Co., Ltd, Hangzhou, China). Protein concentrations were quan-
tified by a BCA protein assay kit (Thermo Fisher, Waltham, 
MA) according to the manufacturer’s instructions. TC and TG 
contents in the liver were quantified using commercial kits 
(Applygen Technologies, Inc, Beijing, China) and then normal-
ized for protein concentration (mmol/g protein).

Histological Staining
The aortic sinus cryosections were stained with hematoxylin and 
eosin (H&E) using a commercial kit (Beyotime Biotechnology, 
Beijing, China) or oil red O (ORO) solution (MeilunBio, Liaoning, 
China). Images were acquired using the DM2500 orthomor-
phic microscope (Leica Microsystems). The average from 6 
aortic sinus sections spanning ≈150 µm from each mouse 
was used to determine the lesion size. H&E staining and sir-
ius red staining for liver paraffin sections were performed by 
Wuhan Servicebio Technology Co., Ltd. Images were acquired 
using a slide scanner (PANNORAMIC MIDI; 3DHISTECH, Ltd, 
Budapest, Hungary). H&E-stained mouse liver sections were 
scored according to the nonalcoholic fatty liver disease activity 
score rule under double-blinded conditions. Nonalcoholic fatty 
liver disease activity score is the sum of scores of steatosis 
(0–3), lobular inflammation (0–3), and ballooning (0–2).24 Sirius 
red staining positive area percentage was calculated by ImageJ 
(National Institutes of Health). Please see the Supplemental 
Methods for the detailed experimental protocol.

Atherosclerosis Analysis
Images of the aortic arch were captured with the EZ4W stereo-
microscope (Leica Microsystems). For the lesion area analysis of 
the en face aortas, the whole aortas were split and stained with 
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Figure 1. ASGR1 (asialoglycoprotein receptor 1) deficiency ameliorates Western diet (WD)–induced atherosclerosis in ApoE−/− 
mice.
A, Schematic showing the generation of Asgr1−/− mice. B, Distinct 659-bp (Asgr1+/+), 896-bp (Asgr1+/+), 659- and 896-bp (Asgr1+/−), and 
245-bp (ApoE−/−) bands were observed by agarose gel electrophoresis after polymerase chain reaction (PCR) using cDNA from ears. C, 
ASGR1 protein expression levels in livers from 8-week-old male Asgr1+/+ApoE−/− and Asgr1−/−ApoE−/− mice were analyzed by Western blotting. 
D, RNA-sequencing (RNA-seq) data of Asgr1 expression in 8-week-old male Asgr1+/+, Asgr1+/−, and Asgr1−/− mice. E through G, (Continued )
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ORO. The 4 to 6 images of each full-length aorta were captured 
using the S8APO microscope (Leica Microsystems) and then 
reassembled back to a whole aorta using the WPS software. And 
the ratio of the atherosclerotic lesion area to the total aortic area 
(plaque/total) was assessed using the ImageJ software. To ana-
lyze the atherosclerotic lesion areas at the aortic sinus intersec-
tion, ORO and H&E were used to stain the heart cryosections.25 
The images were captured and analyzed using the DM2500 
microscope (Leica Microsystems), and the atherosclerotic lesion 
areas were measured using the ImageJ software.

VLDL-TG Secretion Assay
Eight-week-old Asgr1+/+, Asgr1+/−, and Asgr1−/− mice were 
fed an ND. Eight-week-old Asgr1+/+ApoE−/−, Asgr1+/−ApoE−/−,  
Asgr1−/−ApoE−/−, ApoE−/−+AAV-Con, and ApoE−/−+AAV-
ASGR1 mice were fed a WD for 12 weeks. To measure in vivo 
VLDL secretion in mice, the above mice were fasted for 12 
hours and then injected with the lipase inhibitor tyloxapol (500 
mg/kg IV; MedChemExpress, Shanghai, China) through the 
tail vein to block VLDL catabolism. Blood (50–80 μL) was col-
lected from the retro-orbital plexus in heparinized tubes at 1, 2, 
and 3 hours. Plasma TC and TG levels were measured and the 
VLDL-TG production rate was calculated from the slope of the 
plasma TG versus time curve.26

RNA Sequencing and Bioinformatics Analysis
Fresh liver samples from 8-week-old male Asgr1+/+, Asgr1+/−, and 
Asgr1−/− mice were snap-frozen in liquid nitrogen and stored at 
−80 °C for use. RNA-sequencing analysis was performed by 
OE Biotech Co., Ltd (Shanghai, China). The genes expressed 
in Asgr1+/− and Asgr1−/− mice were compared with those in the 
Asgr1+/+ group, and the fold changes were reported. More than 
2-fold changes and a P value of <0.05 in comparison with the 
Asgr1+/+ group were defined as differentially expressed genes 
(DEGs). DEGs were then analyzed based on gene ontology 
enrichment analysis, and key gene ontology terms were extracted.

Western Blotting
Antibodies used for Western blotting are listed in the Major 
Resources Table in the Supplemental Material. The ImageJ 
software was used to determine the protein amounts, and all 
target proteins were normalized to the loading control (GAPDH 
or β-tubulin). Please see the Supplemental Methods for the 
detailed experimental protocol.

RNA Isolation and Quantitative Real-Time PCR 
Assay
Total RNA from mouse livers and treated human hepatoma 
HepG2 cells were extracted. The mRNA expression levels of 

the genes were adjusted to those of the endogenous GAPDH 
control by quantitative real-time PCR assay. The sequences of 
the primers are shown in Table S2. Please see Supplemental 
Methods for the detailed experimental protocol.

Statistical Analysis
All data are expressed as mean±SEM and were analyzed with 
the GraphPad Prism 8 software. A 2-tailed Student t test was 
used to compare the significance between 2 groups. One- or 
2-way ANOVA was used when comparing ≥3 groups followed 
by the Dunnett post hoc test. P<0.05 was considered statisti-
cally significant.

RESULTS
ASGR1 Deficiency Attenuates the Development 
of Atherosclerosis in WD-Fed ApoE−/− Mice
To examine the role of ASGR1 in the development of 
atherosclerosis, we first generated Asgr1 knockout mice 
(Figure 1A) and ASGR1 and ApoE double-knockout 
mice. The genotypes of Asgr1+/+, Asgr1+/−, Asgr1−/−, and 
ApoE−/− mice were identified by PCR (Figure 1B). West-
ern blotting and RNA sequencing demonstrated that 
Asgr1 was successfully deleted at the protein and mRNA 
level in both Asgr1+/− and Asgr1−/− mice compared with 
wild-type Asgr1+/+ littermate controls at 8 weeks of age 
(Figure 1C and 1D). We then explored the effect of 
ASGR1 deficiency on atherosclerosis plaque develop-
ment in Asgr1+/−ApoE−/− and Asgr1−/−ApoE−/− mice and 
littermate controls (Asgr1+/+ApoE−/−) fed a WD for 12 
weeks.

Compared with Asgr1+/+ApoE−/− mice, Asgr1+/− 
ApoE−/− mice exhibited a decrease in lesions located at 
the aortic arch (48.69% in females, P=0.021; 37.00% in 
males, P=0.071; and 46.66% in total mice; P=0.0013; 
Figure 1E), and Asgr1−/−ApoE−/− mice exhibited a signif-
icant decrease (78.53% in females, 60.30% in males, 
and 72.51% in total mice) in lesions located at the aor-
tic arch in both sexes (Figure 1E). Analysis of athero-
sclerotic lesion formation by ORO staining in whole en 
face aortas revealed a decrease in the lesion area in  
Asgr1+/−ApoE−/− mice (19.23% in females, P=0.34; 
41.62% in males, P=0.044; and 30.42% in total 
mice, P=0.016) and Asgr1−/−ApoE−/− mice (48.46% in 
females, P=0.0043; 51.39% in males, P=0.013; and 
49.93% in total mice, P<0.001) compared with female, 
male, and total Asgr1+/+ApoE−/− mice, respectively 

Figure 1 Continued.  Eight-week-old Asgr1+/+ApoE−/−, Asgr1+/−ApoE−/−, and Asgr1−/−ApoE−/− mice were fed a WD for 12 weeks. E, 
Representative images and quantification of aortic arches are shown. Female Asgr1+/+ApoE−/−, n=14; female Asgr1+/−ApoE−/−, n=9; female  
Asgr1−/−ApoE−/−, n=8. Male Asgr1+/+ApoE−/−, n=6; male Asgr1+/−ApoE−/−, n=7; male Asgr1−/−ApoE−/−, n=8. Total Asgr1+/+ApoE−/−, n=20; total 
Asgr1+/−ApoE−/−, n=16; total Asgr1−/−ApoE−/−, n=16. F, Representative images and quantification of oil red O (ORO)–stained en face aortas 
are shown. Female Asgr1+/+ApoE−/−, n=11; female Asgr1+/−ApoE−/−, n=9; female Asgr1−/−ApoE−/−, n=10. Male Asgr1+/+ApoE−/−, n=8; male  
Asgr1+/−ApoE−/−, n=9; male Asgr1−/−ApoE−/−, n=9. Total Asgr1+/+ApoE−/−, n=19; total Asgr1+/−ApoE−/−, n=18; total Asgr1−/−ApoE−/−, n=19. 
G, Representative images and quantification of hematoxylin and eosin (H&E) or ORO staining of aortic sinus cross sections are shown. ORO 
staining, n=5 or 6 for each group; H&E staining, n=5 for each group. Bar lengths, 50 µm. Data were expressed as mean±SEM. Significant 
differences were determined by 1-way ANOVA compared with Asgr1+/+ApoE−/− mice.
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Figure 2. Effects of ASGR1 (asialoglycoprotein receptor 1) deficiency on plasma lipid profiles in ApoE−/− mice fed a Western 
diet (WD).
A through E, Body weight (A), total cholesterol (TC; B), triglyceride (TG; C), low-density lipoprotein cholesterol (LDL-C; D), and glucose (GLU; E) 
levels in plasma of 8-week-old Asgr1+/+ApoE−/−, Asgr1+/−ApoE−/−, and Asgr1−/−ApoE−/− mice fed a WD for 12 weeks. A, Female Asgr1+/+ApoE−/−, 
n=12; female Asgr1+/−ApoE−/−, n=7; female Asgr1−/−ApoE−/−, n=9. Male Asgr1+/+ApoE−/−, n=10; male Asgr1+/−ApoE−/−, n=7; male Asgr1−/− 
ApoE−/−, n=8. Total Asgr1+/+ApoE−/−, n=22; total Asgr1+/−ApoE−/−, n=14; total Asgr1−/−ApoE−/−, n=17. B through E, Female Asgr1+/+ApoE−/−, 
n=15; female Asgr1+/−ApoE−/−, n=8 or 9; female Asgr1−/−ApoE−/−, n=10. Male Asgr1+/+ApoE−/−, n=10; male Asgr1+/−ApoE−/−, n=9; male Asgr1−/−

ApoE−/−, n=9. Total Asgr1+/+ApoE−/−, n=25; total Asgr1+/−ApoE−/−, n=17 or 18; total Asgr1−/−ApoE−/−, n=19. F, Plasma cholesterol distribution and 
ApoB protein expression. Plasma was pooled from each group (n=7–9), and the distribution of plasma cholesterol in different (Continued )
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(Figure 1F). All ORO-stained en face aorta images are 
shown in Figure S1.

In addition, ORO staining of aortic root sections 
showed smaller atherosclerotic plaque areas in Asgr1+/− 
ApoE−/− mice (36.07±2.86×104 μm2; P=0.027) and  
Asgr1−/−ApoE−/− mice (18.83±0.49×104 μm2; P<0.001) 
compared with Asgr1+/+ApoE−/− mice (46.55±3.75×104 
μm2; Figure 1G). Similarly, H&E staining of aortic root 
sections also showed smaller atherosclerotic plaque 
areas in Asgr1+/−ApoE−/− mice (25.30±1.07×104 μm2; 
P<0.001) and Asgr1−/−ApoE−/− mice (20.22±0.97×104 
μm2; P<0.001) compared with Asgr1+/+ApoE−/− mice 
(34.38±0.83×104 μm2; Figure 1G). All ORO- and 
H&E-stained aortic sinus cryosections are shown in 
Figure S2.

Collectively, these data demonstrate that ASGR1 
deficiency alleviates atherosclerotic lesions in both 
male and female Asgr1−/−ApoE−/− mice, and there were 
no significant differences between female and male 
mice.

ASGR1 Deficiency Decreases VLDL-C and 
LDL-C Levels in WD-Fed ApoE−/− Mice
The mean body weight of Asgr1+/+ApoE−/−, Asgr1+/− 
ApoE−/−, and Asgr1−/−ApoE−/− mice was 30.80, 30.90, 
and 32.15 g, respectively, indicating that the depletion 
of ASGR1 did not affect body weight (Figure 2A). We 
then measured the plasma lipid levels, which are strongly 
related to atherosclerosis. Asgr1+/−ApoE−/− and Asgr1−/−

ApoE−/− mice exhibited no significant changes in plasma 
TC and TG levels when compared with those in Asgr1+/+ 
ApoE−/− mice (Figure 2B and 2C). Plasma LDL-C lev-
els were slightly decreased in Asgr1−/−ApoE−/− mice 
but with no significant difference (P=0.10 for female 
mice, P=0.58 for male mice, and P=0.077 for total 
mice) compared with female, male, and total Asgr1+/+ 
ApoE−/− mice, respectively (Figure 2D). In addition, there 
were no obvious changes in plasma glucose levels in 
Asgr1+/−ApoE−/− and Asgr1−/−ApoE−/− mice compared 
with Asgr1+/+ApoE−/− mice in both sexes (Figure 2E).

The lipoprotein profile of the pooled plasma of each 
group was tested by FPLC. The VLDL-C levels in female 
and male Asgr1−/−ApoE−/− mice and LDL-C levels in male 
Asgr1−/−ApoE−/− mice were lower than those in female 
and male Asgr1+/+ApoE−/− mice, respectively (Figure 2F). 
Consistent with the lipoprotein results, the protein levels 
of ApoB were decreased in plasma fractions 16 to 20, 
which correspond to VLDL lipoproteins, in both female 
and male Asgr1−/−ApoE−/− mice compared with Asgr1+/+ 
ApoE−/− mice (Figure 2F).

ASGR1 Deficiency Causes Liver Injury in WD-
Fed Asgr1−/−ApoE−/− Mice
Previous studies of whether ASGR1 deficiency causes 
liver damage have been controversial.15,19 We measured 
liver lipid contents and the indices of liver function in 
Asgr1 and ApoE double-knockout mice.

As shown in Figure 3A, TC contents in the liver were 
not different among the groups of either sex. The TG con-
tents in the livers of female Asgr1+/−ApoE−/− and Asgr1−/−

ApoE−/− mice were significantly decreased compared with 
female Asgr1+/+ApoE−/− mice, but there were no changes 
in the TG contents in the livers of male mice and total mice 
(P=0.053 for total Asgr1−/−ApoE−/− mice versus Asgr1+/+

ApoE−/− mice; Figure 3B). ORO staining results of liver 
sections showed that Asgr1+/−ApoE−/− mice in both sexes 
and female Asgr1−/−ApoE−/− mice had less lipid accumula-
tion than that of Asgr1+/+ApoE−/− mice (Figure 3C), while 
male Asgr1−/−ApoE−/− mice had similar lipid accumulation 
with that of male Asgr1+/+ApoE−/− mice (Figure 3C).

We next examined the plasma ALT and AST levels, 
which are the most widely used indicators of liver injury. 
The plasma ALT (P=0.16 for female mice, P=0.16 for 
male mice, and P=0.056 for total mice; Figure 3D) and 
AST (P=0.043 for female mice, P=0.44 for male mice, and 
P=0.050 for total mice; Figure 3E) increased in Asgr1−/− 
ApoE−/− mice compared with the Asgr1+/+ApoE−/− mice (Fig-
ure 3E). There were no significant differences in plasma 
ALT and AST levels between Asgr1+/−ApoE−/− and Asgr1+/+ 
ApoE−/− mice in both sexes (Figure 3D and 3E). H&E 
staining and sirus red staining results of the liver sections 
showed that Asgr1−/−ApoE−/− mice had significant worse 
liver morphology (Figure 3F and 3G) and more severe 
liver fibrosis (Figure 3H and 3I) than those of Asgr1+/+ 
ApoE−/− mice in both sexes, while Asgr1+/−ApoE−/− mice 
had no obvious effects (Figure 3F through 3I). TUNEL 
staining results showed that ASGR1 deficiency had no 
obvious effects on hepatocyte apoptosis (Figure S3).

What is more, the plasma ALT and AST levels in HFD-
fed Asgr1+/− mice, the plasma AST levels in HFD-fed 
Asgr1−/− mice, and sirus red staining results in HFD-fed 
Asgr1−/− mice were significantly increased compared with 
those in the Asgr1+/+ group (Figure S4A and S4D), while 
the ORO and H&E staining results were similar (Figure S4B 
and S4C). However, there were no significant differences in 
plasma ALT, AST, H&E, ORO, and sirus red staining results 
both in ND-fed (Figure S5) or high-fat and high-cholesterol 
diet–fed (Figure S6) Asgr1+/+, Asgr1+/−, and Asgr1−/− mice.

Taken together, these results indicate that global 
ASGR1 deficiency in WD-induced Asgr1−/−ApoE−/− mice 
and HFD-induced Asgr1−/− mice causes liver injury.

Figure 2 Continued.  types of lipoproteins was determined after separation by fast protein liquid chromatography (FPLC). Protein expression 
levels of ApoB in the fractions of female and male Asgr1+/+ApoE−/− and Asgr1−/−ApoE−/− mice were analyzed by Western blotting. Data were 
statistically analyzed by 1-way ANOVA, and the values are expressed as mean±SEM. P values were calculated by comparison with the  
Asgr1+/+ApoE−/− group.
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Figure 3. Effects of ASGR1 (asialoglycoprotein receptor 1) deficiency on liver lipid accumulation and liver injury in ApoE−/− mice 
fed a Western diet (WD).
Eight-week-old Asgr1+/+ApoE−/−, Asgr1+/−ApoE−/−, and Asgr1−/−ApoE−/− mice fed a WD for 12 weeks. A and B, Total cholesterol (TC; A) and 
triglyceride (TG; B) contents in the liver. Female Asgr1+/+ApoE−/−, n=10 or 11; female Asgr1+/−ApoE−/−, n=9; female Asgr1−/−ApoE−/−, n=9 or 
10. Male Asgr1+/+ApoE−/−, n=9 or 10; male Asgr1+/−ApoE−/−, n=9; male Asgr1−/−ApoE−/−, n=7 or 9. Total Asgr1+/+ApoE−/−, n=19 or 21; total As
gr1+/−ApoE−/−, n=18; total Asgr1−/−ApoE−/−, n=16 or 19. C, Representative oil red O (ORO) staining images of the liver. Bar lengths, 50 µm. D 
and E, ALT (alanine aminotransferase; D) and AST (aspartate aminotransferase; E) in plasma. Female Asgr1+/+ApoE−/−, (Continued )
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ASGR1 Overexpression Increases 
Atherosclerotic Lesions in WD-Fed ApoE−/− Mice
Because ASGR1 deficiency ameliorates atheroscle-
rosis, we next asked whether ASGR1 overexpression 
increases atherosclerotic lesions. We first constructed an 
ASGR1-expressing AAV (AAV8-ASGR1; Figure 4A) and 
demonstrated that the protein level of ASGR1 sharply 
increased in α-mouse liver 12 cells transfected with 
AAV8-ASGR1 compared with AAV8-Con (Figure 4B). 
ASGR1-overexpressing mice were then generated by 
tail vein injection of AAV8-ASGR1 to both female and 
male ApoE−/− mice, and then the mice were fed a WD for 
12 weeks (Figure 4C). Female and male ApoE−/− mice 
injected with AAV-Con via the tail vein were also fed a 
WD. Compared with ApoE−/−+AAV-Con mice, ASGR1-
overexpressing ApoE−/− mice (ApoE−/−+AAV-ASGR1) 
sharply increased the protein level of ASGR1 in the liver 
tissues but not in other organs (Figure S7). ApoE−/−+AAV-
ASGR1 mice showed an increased lesion burden in the 
aortic arch in female (P=0.20), male (P=0.20), and total 
(P=0.071) mice compared with that in the ApoE−/−+AAV-
Con group but without significant changes (Figure 4D). 
Importantly, the lesion areas in the whole en face aorta 
were significantly increased in ApoE−/−+AAV-ASGR1 
mice compared with that in the ApoE−/−+AAV-Con group 
in both sexes (Figure 4E). In addition, H&E and ORO 
staining results also showed that ASGR1-overexpressing 
mice had significantly more lesions in the aortic sinuses 
than mice in the ApoE−/−+AAV-Con group (Figure 4F). 
All ORO-stained en face aorta images and all ORO- and 
H&E-stained aortic sinus cryosections are shown in Fig-
ures S8 and S9. Taken together, these results indicate 
that ASGR1 overexpression aggravates atherosclerotic 
lesions in ApoE−/− mice, and no apparent differences 
were observed between male and female mice.

Overexpression of ASGR1 Increases VLDL-C 
and LDL-C Levels in WD-Fed ApoE−/− Mice
The mean body weight of the ApoE−/−+AAV-Con mice 
was 28.50 g and that of ApoE−/−+AAV-ASGR1 mice was 
27.88 g, indicating that overexpression of ASGR1 did not 
affect body weight (Figure 5A). We next determined the 
plasma and liver lipid levels in ASGR1-overexpressing 
ApoE−/− mice and ApoE−/−+AAV-Con mice. To be spe-
cific, there were no changes in the plasma TC, TG, 
and glucose levels between ApoE−/−+AAV-ASGR1 

and ApoE−/−+AAV-Con mice of either sex (Figure 5B 
through 5D). However, the FPLC assay results showed 
that the cholesterol contents in VLDLs and LDLs were 
increased in ApoE−/−+AAV-ASGR1 compared with that 
of ApoE−/−+AAV-Con mice (Figure 5E). Consistent with 
the trends in the lipoprotein results, the protein levels 
of ApoB were increased in plasma fractions 17 to 21, 
which correspond to VLDL lipoproteins, in both female 
and male ApoE−/−+AAV-ASGR1 mice compared with 
ApoE−/−+AAV-Con mice (Figure 5E).

Overexpression of ASGR1 Mitigates Liver Injury 
in WD-Fed ApoE−/− Mice
Next, we measured liver lipid levels and liver function 
indices. Compared with ApoE−/−+AAV-Con mice, the 
overexpression of ASGR1 did not affect the liver TC and 
TG contents (Figure 6A and 6B). ORO staining of the 
liver sections also showed no lipid accumulation changes 
between the ApoE−/−+AAV-ASGR1 and ApoE−/−+AAV-
Con mice (Figure 6C). The plasma ALT level was sig-
nificantly decreased in female and total AAV-ASGR1 
mice but not in male AAV-ASGR1 mice compared with 
AAV-Con mice (Figure 6D). There were no obvious 
changes in plasma AST levels between the 2 groups 
in both sexes (Figure 6E). H&E staining results of the 
liver sections showed that male and total ApoE−/−+AAV-
ASGR1 mice had significantly improved liver morphol-
ogy compared with ApoE−/−+AAV-Con mice (Figure 6F). 
Sirus red staining results showed that the liver fibrosis 
was significantly alleviated in total ApoE−/−+AAV-ASGR1 
mice (Figure 6G). TUNEL staining results showed that 
ASGR1 deficiency had no obvious effects on hepatocyte 
apoptosis (P=0.055; Figure S10). The above data dem-
onstrate that the overexpression of ASGR1 mitigates 
liver injury in total WD-fed ApoE−/− mice.

ASGR1 Deficiency Decreases VLDL Production 
by Inhibiting MTTP and ANGPTL3/8 Expression 
and Increasing LPL Activity
Generally, a combination of lipoproteins VLDL, IDL, and 
LDL contribute to the amount of cholesterol deposited 
in the arterial wall and hence promote the progression 
of atherosclerosis.27 It was reported that Asgr1−/− mice 
had a defect in VLDL/LDL secretion compared with 
wild-type mice (Asgr1+/+).14 Because the cholesterol 

Figure 3 Continued.  n=13 or 14; female Asgr1+/−ApoE−/−, n=9; female Asgr1−/−ApoE−/−, n=10. Male Asgr1+/+ApoE−/−, n=8; male Asgr1+/− 
ApoE−/−, n=9; male Asgr1−/−ApoE−/−, n=7 or 8. Total Asgr1+/+ApoE−/−, n=21 or 22; total Asgr1+/−ApoE−/−, n=18; total Asgr1−/−ApoE−/−, n=17 
or 18. F through I, Representative images and quantification results of hematoxylin and eosin (H&E) staining (F and G) and sirus red (H and 
I) staining in liver paraffin sections. Bar lengths, 50 µm. Nonalcoholic fatty liver disease activity score (NAS) and sirus red–positive area were 
calculated as described in Methods. G, Female Asgr1+/+ApoE−/−, n=6; female Asgr1+/−ApoE−/−, n=4; female Asgr1−/−ApoE−/−, n=5. Male Asgr1+/+ 
ApoE−/−, n=4; male Asgr1+/−ApoE−/−, n=7; male Asgr1−/−ApoE−/−, n=5. Total Asgr1+/+ApoE−/−, n=10; total Asgr1+/−ApoE−/−, n=11; total Asgr1−/− 
ApoE−/−, n=10. I, n=4 mice for each female and male group; n=8 mice for each total group. Data were statistically analyzed by 1-way ANOVA 
compared with Asgr1+/+ApoE−/− mice, and the values are expressed as mean±SEM.
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Figure 4. ASGR1 (asialoglycoprotein receptor 1) overexpression aggravates atherogenesis in Western diet (WD)–fed ApoE−/− 
mice.
A, Schematic showing the generation of the ASGR1 overexpression vector. B, α-Mouse liver 12 (AML12) cells were transfected with AAV8-
ASGR1 or AAV8-Con virus for 48 hours, and the ASGR1 protein level was analyzed by Western blotting. C, Schematic showing the generation 
of ASGR1-overexpressing ApoE−/− mice. Eight-week-old male and female ApoE−/− mice were injected with 1×1011 GC of AAV8-ASGR1 or 
AAV8-Con (n=12 per group) through the tail vein and fed a WD for 12 weeks. D, Representative images of the aortic (Continued )
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levels in plasma lipoproteins VLDL and LDL were signifi-
cantly reduced in ASGR1−/− ApoE−/− mice but increased 
in ASGR1-overexpressing ApoE−/− mice according to the 
plasma FPLC results (Figures 2 and 5), we speculated 
that deficiency or overexpression of ASGR1 in ApoE−/− 
mice may influence VLDL secretion and clearance.

To test our hypothesis, we first measured the plasma 
TG levels to determine the secretion rate of VLDL-TG 
at 1, 2, and 3 hours after administration of the LPL 
inhibitor tyloxapol. As shown in Figure 7A, the plasma 
TG levels of Asgr1+/−ApoE−/− and Asgr1−/−ApoE−/− mice 
were lower than that of Asgr1+/+ApoE−/− mice, and the 
most significant difference was observed at 3 hours 
after tail vein injection with tyloxapol (Asgr1+/−ApoE−/− 
decreased by 20.81%, P=0.0083; Asgr1−/−ApoE−/− 
decreased by 29.07%, P<0.001); however, the plasma 
TG level of ApoE−/−+AAV-ASGR1 mice was higher than 
that of ApoE−/−+AAV-Con mice at 2 hours (increased by 
39.46%) and 3 hours (increased by 53.15%; P<0.001) 
after injection with tyloxapol (Figure 7A). In addition, 
within 3 hours after injection with tyloxapol, the plasma 
TC levels did not show a significant difference between 
the groups of Asgr1+/−ApoE−/− and Asgr1−/−ApoE−/− 
mice compared with Asgr1+/+ApoE−/− or ApoE−/−+AAV-
ASGR1 mice compared with ApoE−/−+AAV-Con mice 
(Figure 7B). Because the mice were fasted for 12 
hours in the present study, the rise of plasma TG levels 
should be due to VLDL.28 In addition, ND-fed Asgr1−/− 
mice also decreased VLDL-TG secretion rate compared 
with Asgr1+/+ mice (Figure S11). Together, these results 
reveal that ASGR1 deficiency lowers VLDL-TG secre-
tion, while ASGR1 overexpression increases VLDL-TG 
secretion.

The assembly and secretion of hepatic VLDL is criti-
cally dependent on the coordinated interactions of 2 
dominant proteins, namely MTTP and ApoB.29 We deter-
mined whether the ASGR1-mediated effects on VLDL 
secretion are related to MTTP and ApoB. Quantitative 
real-time PCR results showed that the mRNA levels 
of Mttp were decreased in Asgr1+/−ApoE−/− (P=0.25) 
andAsgr1−/−ApoE−/− (P=0.054) mice with no significant 
differences compared with that in Asgr1+/+ApoE−/− mice 
(Figure 7C), and the mRNA levels of ApoB were not 
altered (Figure 7C). There were no significant changes 
in the mRNA levels of Mttp and ApoB in ApoE−/−+AAV-
ASGR1 mice compared with ApoE−/−+AAV-Con mice 
(Figure 7D). Strikingly, the protein level of MTTP signifi-
cantly reduced in Asgr1+/−ApoE−/− and Asgr1−/−ApoE−/−  

mice when compared with Asgr1+/+ApoE−/− mice but 
increased in ASGR1-overexpressing mice when com-
pared with ApoE−/−+AAV-Con mice (Figure 7E and 7F), 
indicating that ASGR1 deficiency inhibits VLDL synthe-
sis and secretion and thus reduces the plasma circulat-
ing VLDL levels by inhibiting MTTP.

LPL catalyzes intravascular hydrolysis of the TG core 
of circulating TG-rich lipoproteins, such as chylomicrons 
and VLDL, which is a central event in lipid metabolism.30,31 
Modulation of LPL activity correlates with the risk of CVD 
events. Previous studies demonstrate that the enzyme 
activity of LPL is inhibited by ANGPTL3, ANGPTL4 
(angiopoietin-like protein 4), and ANGPTL8.30,31 We 
tested LPL activity in the plasma and ANGPTL3/4/8 
expression in the liver to determine whether ASGR1 
affects LPL activity. Notably, Asgr1−/−ApoE−/− mice 
had significant increased LPL activity compared with  
Asgr1+/+ApoE−/− mice, while ApoE−/−+AAV-ASGR1 mice 
showed significantly inhibited LPL activity compared with 
ApoE−/−+AAV-Con mice (Figure 7G). In addition, Asgr1−/− 
ApoE−/− mice had significantly increased HL (hepatic 
lipase) compared with Asgr1+/+ApoE−/− mice (P=0.015), 
while ApoE−/−+AAV-ASGR1 mice showed an inhibited 
HL activity compared with ApoE−/−+AAV-Con mice but 
with no significant differences (P=0.11; Figure S12). 
The protein expression levels of ANGPTL3 were signifi-
cantly decreased in both Asgr1+/−ApoE−/− and Asgr1−/− 

ApoE−/− mice when compared with Asgr1+/+ApoE−/− mice 
but increased in ASGR1-overexpressing mice when 
compared with ApoE−/−+AAV-Con mice (Figure 7E and 
7F). Furthermore, quantitative real-time PCR results 
showed that the mRNA levels of Angptl8, but not Ang-
ptl3/4, were significantly decreased in Asgr1+/−ApoE−/− 
and Asgr1−/−ApoE−/− mice compared with that in Asgr1+/+ 
ApoE−/− mice (Figure 7H), while the mRNA levels of 
Angptl3 (P=0.063) and Angptl8 (P=0.080) were slightly 
increased in ApoE−/−+AAV-ASGR1 mice compared with 
ApoE−/−+AAV-Con mice (Figure 7I). In addition, the in 
vitro assay results showed that the mRNA expression 
levels of Mttp, Angptl3, and Angptl8 were significantly 
decreased when Asgr1 was knocked down compared 
with its own control in HepG2 cells (Figure S13). These 
above results suggest that ASGR1 deficiency increases 
VLDL-TG clearance by inhibiting ANGPTL3/8 and 
increasing LPL activity. Together, our results suggest 
that ASGR1 deficiency decreases VLDL-TG production 
by inhibiting MTTP and ANGPTL3/8 expression and 
increasing LPL activity.

Figure 4 Continued.  arch in situ. The bar diagrams show the statistical evaluation of the lesion size in the aortic arch with the ImageJ software 
(female ApoE−/−+AAV-Con, n=11; female ApoE−/−+AAV-ASGR1, n=11; male ApoE−/−+AAV-Con, n=11; male ApoE−/−+AAV-ASGR1, n=10; 
total ApoE−/−+AAV-Con, n=22; total ApoE−/−+AAV-ASGR1, n=21). E, Representative en face view of oil red O (ORO)–stained aortas. Lesion 
sizes were quantitatively analyzed with the ImageJ software (female ApoE−/−+AAV-Con, n=12; female ApoE−/−+AAV-ASGR1, n=12; male 
ApoE−/−+AAV-Con, n=9; male ApoE−/−+AAV-ASGR1, n=12; total ApoE−/−+AAV-Con, n=21; total ApoE−/−+AAV-ASGR1, n=24). F, ORO and 
hematoxylin and eosin (H&E) staining of aortic sinus cross sections. Lesion sizes were quantitatively analyzed with the ImageJ software (n=5 for 
ORO staining for each group; n=5 for H&E staining for each group). Bar lengths, 50 µm. Data were statistically analyzed using the Student t 
test compared with the ApoE−/−+AAV-Con group, and the values are expressed as mean±SEM. AAV indicates adeno-associated virus.
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Figure 5. Effects of ASGR1 (asialoglycoprotein receptor 1) overexpression on lipid profiles in ApoE−/− mice fed a Western diet 
(WD).
A through D, Body weight (A), plasma total cholesterol (TC; B), plasma triglyceride (TG; C), and glucose (GLU; D) levels of 8-week-old 
ApoE−/−+AAV-Con and ApoE−/−+AAV-ASGR1 mice fed a WD for 12 weeks. Female or male ApoE−/−+AAV-Con, n=10 or 11 for each group; 
female or male ApoE−/−+AAV-ASGR1, n=10 to 12 for each group. Total ApoE−/−+AAV-Con or ApoE−/−+AAV-ASGR1, n=22 or 23 for each 
group. E, Plasma cholesterol distribution and ApoB protein expression. Plasma was pooled from each group (n=10–12), and the distribution 
of plasma cholesterol in different types of lipoproteins was determined after separation by fast protein liquid chromatography (FPLC). Protein 
expression levels of ApoB in the fractions of female and male ApoE−/−+AAV-Con and ApoE−/−+AAV-ASGR1 mice were analyzed by Western 
blotting. Data were statistically analyzed by Student t test analysis, and the values are expressed as mean±SEM. P values were calculated by 
comparison with the ApoE−/−+AAV-Con group. AAV indicates adeno-associated virus.
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Figure 6. Effects of ASGR1 (asialoglycoprotein receptor 1) overexpression on lipid accumulation and liver injury in livers in 
ApoE−/− mice fed a Western diet (WD).
Eight-week-old ApoE−/−+AAV-Con and ApoE−/−+AAV-ASGR1 mice fed a WD for 12 weeks. A and B, Total cholesterol (TC; A) and triglyceride 
(TG; B) contents in the liver (male or female ApoE−/−+AAV-Con mice, n=9 or 10 for each group; male or female ApoE−/−+AAV-ASGR1 mice, 
n=11 or 12 for each group; total ApoE−/−+AAV-Con or ApoE−/−+AAV-ASGR1 mice, n=19–23 for each group). C, Representative oil red O 
(ORO) staining images of the liver. Bar lengths, 50 µm. D and E, ALT (alanine aminotransferase; D) and AST (aspartate (Continued )
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ASGR1 Deficiency Promotes Cholesterol 
Excretion by Regulating Cholesterol 
Metabolism–Associated Gene Expression
Cholesterol efflux is one of the main regulatory mecha-
nisms that prevent atherosclerosis.32 Recently, Wang et 
al15 found that inhibition of ASGR1 could decrease lipid 
levels by promoting cholesterol excretion compared with 
Asgr1+/+ mice. We tested whether the antiatherosclerotic 
effect of ASGR1 deficiency in WD-fed ApoE−/− mice 
was related to cholesterol efflux. The results showed 
that cholesterol contents in feces from WD-fed Asgr1+/− 
ApoE−/− and Asgr1−/−ApoE−/− mice were significantly 
increased compared with WD-fed Asgr1+/+ApoE−/− mice 
(Figure 8A). However, the cholesterol content in feces 
from WD-fed ApoE−/− mice was significantly decreased 
when ASGR1 was overexpressed (Figure 8A). Moreover, 
biliary TC significantly increased in Asgr1−/−ApoE−/− mice 
compared with the Asgr1+/+ApoE−/− group (Figure S14). 
These data indicate that ASGR1 deficiency may promote 
cholesterol efflux and thus inhibit the development of 
atherosclerosis.

The process of cholesterol efflux is mediated by 
transporters such as ABCA1,33 ABCG5,34 LXRα,35 
CYP7A1,36,37 and others. CYP7A1 is the rate-limiting 
enzyme in the conversion of cholesterol to bile acids in the 
liver.36–38 INSIG1 negatively regulates the transcriptional 
function of SREBP, which is the key protein of lipidogen-
esis.39 ACC (acetyl-CoA carboxylase) is a key regulatory 
gene for lipid synthesis. AMPK (AMP-activated protein 
kinase) is a central regulator of energy homeostasis,40 and 
it can inhibit fatty acid synthesis through phosphorylation 
and inactivation of ACC.41,42 The levels of these proteins 
were measured by Western blotting in the livers of both 
ASGR1−/− and ASGR1-overexpressing mice. The pro-
tein expression levels of ASGR1 decreased in Asgr1−/− 
ApoE−/− mice (Figure 8B) but increased in ASGR1-
overexpressing ApoE−/− mice (Figure 8C), which means 
that ASGR1 was successfully knocked out or overex-
pressed. The protein levels of LDLR, ABCA1, ABCG5, 
LXRα, CYP7A1, and phosphorylated AMPK were sig-
nificantly increased in the livers of Asgr1−/−ApoE−/− mice 
compared with Asgr1+/+ApoE−/− mice (Figure 8B) but 
decreased in ASGR1-overexpressing ApoE−/− mice com-
pared with the ApoE−/−+AAV-Con mice (Figure 8C). These 
above data may explain why ASGR1 deficiency increases 
fecal cholesterol content. Although the protein levels of 
phosphorylated AMPK were significantly increased, phos-
phorylated ACC was significantly decreased and ACC 

significantly increased in the livers of Asgr1−/−ApoE−/− mice 
(Figure 8B); in contrast, phosphorylated ACC was signifi-
cantly increased in the livers of ASGR1-overexpressing 
ApoE−/− mice, and ACC significantly decreased (Fig-
ure 8C). The effect of ASGR1 on ACC might lead to lipid 
accumulation in ASGR1−/− mice (Figure 3).

To explore the underlying mechanisms of ASGR1-
mediated effects in atherosclerosis, RNA-sequencing 
analysis of liver tissues of Asgr1+/+, Asgr1+/−, and Asgr1−/− 
mice was performed. The DEGs expressed in Asgr1+/− 
and Asgr1−/− mice were compared with Asgr1+/+ mice 
(Figure 9A and 9B). The results showed that 326 genes 
were significantly changed (fold change, >2; P<0.05) in 
Asgr1+/− versus Asgr1+/+ mice, among which 163 genes 
were downregulated and 163 genes were upregulated 
in Asgr1+/− mice (Figure 9A and 9B). In Asgr1−/− mice, 
167 genes were significantly changed (fold change, >2; 
P<0.05), among which 73 genes were downregulated 
and 94 genes were upregulated compared with Asgr1+/+ 
mice (Figure 9A and 9B). Among these DEGs, 98 were 
the same in Asgr1+/− and Asgr1−/− versus Asgr1+/+ mice 
(Figure 9A). Gene ontology pathway analysis showed that 
these DEGs mainly belong to lipid metabolism or catabo-
lism processes, cholesterol metabolism, bile acid biosyn-
thesis or secretion, and fatty acid oxidation, biosynthesis, 
or metabolism (Figure 9C). Notably, ASGR1 deficiency 
decreased the expression of atherogenic genes (such as 
Asgr1, Ces4a, Elovl3, Fabp5, Sort1, Slcola1, and Nr0b2), 
while upregulating multiple atheroprotective genes (such 
as Cyp46a1, Vldlr, Sult2a1, Sult2a2, Sult2a3, Sult2a6, 
Hao2, Per2, Acot3, and Eci3; Figure 9D). Taken together, 
these findings indicate that ASGR1 is vital in the regula-
tory network of lipid and cholesterol homeostasis, and 
the schematic of the role of ASGR1 in atherosclerosis is 
shown in Figure 9E.

DISCUSSION
Atherosclerosis is the leading cause of mortality and 
morbidity worldwide. Clinical studies indicate that loss 
of ASGR1 function is significantly associated with lower 
non–HDL-C levels and reduces CAD risks, suggesting 
that ASGR1 may contribute to the development and pro-
gression of atherosclerosis. In this study, we comprehen-
sively delineated the role and underlying mechanisms of 
ASGR1 in atherosclerosis by utilizing both genetic dele-
tion and overexpression of ASGR1 in the classic ApoE−/− 
mouse model of atherosclerosis. Our results demonstrate 
that ASGR1 deficiency retards atherosclerosis, while 

Figure 6 Continued.  aminotransferase; E) in plasma (male or female ApoE−/−+AAV-Con mice, n=9–11 for each group; male or female 
ApoE−/−+AAV-ASGR1 mice, n=8–12 for each group; total ApoE−/−+AAV-Con or ApoE−/−+AAV-ASGR1 mice, n=18–22 for each group.). F 
and G, Representative images and quantification of hematoxylin and eosin (H&E; F) and sirus red (G) staining of the liver sections. n=4 or 6 for 
male or female ApoE−/−+AAV-Con and ApoE−/−+AAV-ASGR1 mice. n=8 or 12 for total ApoE−/−+AAV-Con and ApoE−/−+AAV-ASGR1 mice. 
Bar lengths, 50 µm. Data were statistically analyzed by the Student t test compared with the ApoE−/−+AAV-Con group, and the values are 
expressed as mean±SEM. AAV indicates adeno-associated virus.
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Figure 7. ASGR1 (asialoglycoprotein receptor 1) increases VLDL (very-low-density lipoprotein) production and inhibits LPL 
(lipoprotein lipase) activity by affecting MTTP (microsomal triglyceride transfer protein) and ANGPTL3/8 (angiopoietin-like 
protein 3/8) expression.
A and B, The triglyceride (TG) and total cholesterol (TC) content in the plasma at the first, second, and third hours after injection with tyloxapol 
(Asgr1+/+ApoE−/− mice, n=7; Asgr1+/−ApoE−/− mice, n=8; Asgr1−/−ApoE−/− mice, n=5; ApoE−/−+AAV-Con mice, n=6; ApoE−/−+AAV-ASGR1 
mice, n=5). C and D, Relative mRNA levels of Mttp and ApoB analyzed by quantitative real-time polymerase chain reaction (qRT-PCR). E and F, 
Relative protein levels of MTTP and ANGPTL3 in the liver analyzed by Western blotting. G, Lipoprotein lipase (LPL) activity in the plasma (n=6 
or 7 for each group). H and I, Relative mRNA levels of Angptl3/8/4 analyzed by qRT-PCR. The values are expressed as mean±SEM. C and H, 
n=8 to 13 for each group. D and I, n=7 or 8 for each group. A and B, Data were statistically analyzed by 2-way ANOVA. C, D, G, and I, Data 
were statistically analyzed by 1-way ANOVA compared with Asgr1+/+ApoE−/− mice or the Student t test compared with the ApoE−/−+AAV-Con 
group. AAV indicates adeno-associated virus.
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Figure 8. ASGR1 (asialoglycoprotein receptor 1) inhibits cholesterol efflux and regulates the levels of key proteins related to 
lipid and cholesterol metabolism in livers from atherosclerosis mice.
A, Total cholesterol (TC) content in feces. ASGR1−/− or ASGR1-overexpressing ApoE−/− mice fed a Western diet (WD) for 12 weeks (n=6–8). 
Data were expressed as mean±SEM. Data were statistically analyzed by 1-way ANOVA analysis compared with Asgr1+/+ApoE−/− mice or 
Student t test compared with the ApoE−/−+AAV-Con group. B and C, The levels of key proteins related to lipid and cholesterol metabolism in 
livers were analyzed by Western blotting. The protein samples from 8 mice of each group were pooled. Representative images are shown with 
4 duplicates for each group. AAV indicates adeno-associated virus.
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Figure 9. The mechanism of ASGR1 (asialoglycoprotein receptor 1) in atherosclerosis.
A through D, The effects of Asgr1 deficiency on lipid and cholesterol metabolism by the liver. RNA-sequencing analysis (RNA-seq) was 
performed using livers from 8-week-old male Asgr1+/+, Asgr1+/−, and Asgr1−/− mice. n=2 for each group. A, Venn diagram showing the number 
of differentially expressed genes (DEGs) in Asgr1−/− vs Asgr1+/+ and Asgr1+/− vs Asgr1+/+ groups. B, Volcano plots of DEGs in Asgr1+/− vs 
Asgr1+/+ groups and Asgr1−/− vs Asgr1+/+ groups. The horizontal coordinate is the fold-change value of genes between Asgr1−/− or Asgr1+/− vs 
Asgr1+/+ mice and the vertical coordinate is the value of −log10(P value). The green dots represent downregulated DEGs, red dots represent 
upregulated DEGs, and gray dots represent nonsignificantly differential genes. C, Gene ontology (GO) pathway classification analysis of DEGs 
in Asgr1−/− vs Asgr1+/+ and Asgr1+/− vs Asgr1+/+ groups. D, Fold changes of several DEGs are shown. E, Schematic of the role of ASGR1 in 
atherosclerosis. ASGR1 deficiency alleviates atherosclerosis while ASGR1 overexpression promotes atherosclerosis. Mechanistically, ASGR1 
regulates lipoprotein VLDL (very-low-density lipoprotein) and LDL (low-density lipoprotein) metabolism and cholesterol efflux by regulating 
the activity of key proteins in VLDL synthesis, triglyceride (TG) hydrolysis, LDL uptake, and cholesterol efflux. Specifically, ASGR1 deficiency 
in ApoE−/− mice reduces VLDL secretion by inhibiting MTTP (microsomal triglyceride transfer protein) expression, increases VLDL clearance 
by inhibiting ANGPTL3/8 (angiopoietin-like protein 3/8) and increasing LPL (lipoprotein lipase) activity, increases LDL uptake in the liver by 
upregulating LDLR (LDL receptor) protein expression, and promotes cholesterol efflux by upregulating the protein expression of LXRα (liver 
X receptor-α), ABCA1 (ATP-binding cassette subfamily A member 1), ABCG5 (ATP-binding cassette subfamily G member 5), CYP7A1 
(cytochrome P450 family 7 subfamily A member 1), phosphorylated AMP-activated protein kinase (p-AMPK), and INSIG1 (insulin-induced 
gene 1), thus alleviating the development of atherosclerosis; however, ASGR1 overexpression in ApoE−/− mice had an opposite effect, thus 
promoting the development of atherosclerosis. The schematic diagram of the graphic abstract was drawn by Figdraw.
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ASGR1 overexpression promotes atherosclerosis in 
WD-fed ApoE−/− mice. The mechanisms whereby ASGR1 
deficiency inhibits atherosclerosis are related to VLDL 
synthesis and secretion, TG hydrolysis, LDL uptake, and 
cholesterol efflux (Figure 9E).

A large body of evidence suggests that disorders of 
lipid metabolism are central to the development of the 
pathology of atherosclerosis, and managing LDL-C and 
non–HDL-C (the cholesterol in all proatherogenic lipo-
proteins, such as LDL, VLDL, and IDL) levels is a key 
intervention for the prevention of atherosclerotic CVD.2,6–8  
VLDL is a cholesterol- and TG-rich lipoprotein that is 
secreted into the bloodstream from the liver, and VLDL 
can be further metabolized to LDL after removal of their 
TG.43,44 The assembly and secretion of hepatic VLDL 
production in the liver is critically dependent on MTTP 
and ApoB.29,45 The TG hydrolysis in VLDL is mediated by 
LPL46 whose activity is inhibited by ANGPTL3/4/8.30,31 
In our study, ASGR1 deficiency in ApoE−/− mice sig-
nificantly reduced VLDL production through inhibiting 
MTTP expression, which is consistent with the results 
in Asgr1−/− mice.14 However, ASGR1 overexpression in 
ApoE−/− mice increased MTTP protein expression, thus 
accelerating VLDL synthesis and secretion and pro-
moting atherosclerosis. Importantly, our study demon-
strates that ASGR1 deficiency in ApoE−/− mice increases 
VLDL-TG clearance through inhibiting ANGPTL3/8 and 
increasing LPL activity, while ASGR1 overexpression in 
ApoE−/− mice increases ANGPTL3/8 expression and 
thus inhibits LPL activity and suppresses TG degradation. 
In addition, ASGR1 deficiency in ApoE−/− mice signifi-
cantly increased LDLR protein expression, thus increas-
ing LDL uptake in the liver, while ASGR1 overexpression 
in ApoE−/− mice decreased LDLR protein expression. 
Therefore, the observed VLDL-C and LDL-C decrease 
and reduced plaques in Asgr1−/−ApoE−/− mice are mainly 
dependent on the combined effects of ASGR1 on regu-
lating lipoprotein VLDL and LDL metabolism.

Elevated blood cholesterol is strongly related to the 
development of atherosclerosis and CVD. Reverse cho-
lesterol transport is a pathway that transports accumu-
lated cholesterol from the vessel wall to the liver and 
finally excretes cholesterol through feces, thus pre-
venting atherosclerosis.47 ASGR1 regulates cholesterol 
metabolism.15 Our data demonstrated that cholesterol 
contents in feces (Figure 8A) and bile (Figure S14) 
from WD-fed Asgr1−/−ApoE−/− mice were significantly 
increased compared with WD-fed Asgr1+/+ApoE−/− mice. 
However, the cholesterol content in feces from WD-fed 
ApoE−/− mice was significantly decreased when ASGR1 
was overexpressed (Figure 8A). These data indicate that 
ASGR1 deficiency may promote cholesterol efflux and 
thus inhibit the development of atherosclerosis. LXRα is 
a sterol sensor that regulates cholesterol homeostasis.48 
Our data showed that ASGR1 deficiency in ApoE−/− mice 
fed a WD positively regulated LXRα and its downstream 

genes, such as ABCA1, ABCG5, and CYP7A1 (Fig-
ure 8B), which is consistent with previous studies.15 
However, ASGR1 overexpression in ApoE−/− mice fed 
a WD negatively regulated LXRα and its downstream 
genes (Figure 8C). The effects of ASGR1 on these key 
proteins in cholesterol efflux could explain why ASGR1 
deficiency or overexpressison affects feces cholesterol 
contents. What is more, LXRα and CYP7A1 are also 
important in the conversion of cholesterol to bile acids 
in the liver to maintain bile acid homeostasis,36–38,49 and 
modification of bile acids directly affects the progres-
sion of this process.50 According to the RNA-sequencing 
results, the expression of Sult2a family genes (Sult2a1, 
Sult2a2, Sult2a3, and Sult2a6), which are regulated by 
LXRs and involved in the modification and regulation of 
bile acids,51 was significantly upregulated in the livers 
of Asgr1−/− mice when compared with that in Asgr1+/+ 
mice. These data indicate that ASGR1 is likely to affect 
changes in bile acids in mice. However, we did not detect 
a significant difference in bile acid levels in the bile of 
ASGR1−/− or ASGR1-overexpressing ApoE−/− mice com-
pared with that in control mice (data not shown). Fur-
ther studies should investigate whether ASGR1 affects 
the composition of bile acids. Taken together, our data 
demonstrate that ASGR1 deficiency increases choles-
terol efflux and may be another important mechanism to 
retard atherosclerosis.

ASGR1 is a liver-specific receptor, but the role 
of ASGR1 in liver injury has not been elucidated and 
remains controversial. Zhu et al52 revealed ASGR1 can 
inhibit liver cancer as a tumor suppressor. Xie et al19 
found ASGR1−/− pigs had a lower CVD risk but there 
was mild-to-moderate liver injury. Shi et al20 found 
ASGR1 promoted liver injury by regulating monocyte-
to-macrophage differentiation via the NF-κB (nuclear 
factor-κB)/ATF5 pathway in sepsis. Svecla et al53 
revealed that Asgr1−/− mice subjected to an HFD for 
20 weeks could reduce the plasma lipid level by divert-
ing lipids toward the adipose tissue but results in liver 
damage during obesity. ASGR1 deficiency promoted 
acetaminophen-induced acute and CCl4-induced 
chronic liver injuries by increasing GP73-mediated 
hepatic endoplasmic reticulum stress, while its overex-
pression alleviated liver injuries in male mice.21 However, 
Wang et al15 discovered that mice lacking ASGR1 fed a 
high-fat/high-cholesterol/bile salt diet for 4 to 6 weeks 
had grossly normal liver morphology. These findings indi-
cate that the biological function of ASGR1 in the liver is 
worthy of discussion. In our study, the plasma AST level 
in female Asgr1−/−ApoE−/− mice fed a WD significantly 
increased, and both female and male Asgr1−/−ApoE−/−  
mice fed a WD showed significant worse morphol-
ogy and more severe liver fibrosis (Figure 3); however, 
the plasma ALT level significantly decreased and liver 
injuries and liver fibrosis alleviated in total ASGR1-
ovexpressing mice (ApoE−/−+AAV-ASGR1) fed a WD 
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(Figure 6), thus supporting genetic susceptibility to liver 
injury in ASGR1−/− mice. What is more, the plasma ALT 
and AST levels in HFD-fed Asgr1+/− mice, the plasma 
AST level in HFD-fed Asgr1−/− mice, and sirus red stain-
ing results in HFD-fed Asgr1−/− mice were significantly 
increased compared with those in the Asgr1+/+ group, 
indicating the ASGR1 deficiency in mice subjected to 
HFD causes liver injury (Figure S4A and S4D). However, 
there were no significant liver injury alterations both in 
ND-fed (Figure S5) and high-fat and high-cholesterol 
diet–fed (Figure S6) Asgr1+/+, Asgr1+/−, and Asgr1−/− 
mice. In addition, oral glucose tolerance test and insulin 
tolerance test assay results showed that only the oral 
glucose tolerance test was impaired in Asgr1−/− mice 
fed an HFD (Figure S15) compared with Asgr1+/+ mice; 
meanwhile, there were no significant changes on the 
effects of oral glucose tolerance test and insulin tol-
erance test in Asgr1−/− mice fed an ND (Figure S16) 
and a high-fat and high-cholesterol diet (Figure S17) 
compared with Asgr1+/+ mice. Taken together, ASGR1 
deficiency exacerbated liver injury in WD-induced  
Asgr1−/−ApoE−/− mice and HFD-induced Asgr1−/− mice, 
while its overexpression mitigated liver injury in WD-
induced ASGR1-overexpressing ApoE−/− mice.

Moreover, we speculate that the reasons why ASGR1 
total deficiency in ApoE−/− mice causes liver injury and 
lipid accumulation might be related to the downregulat-
ing effect on ACC phosphorylation and the upregulating 
effect on LXRα expression (Figure 8B). ACC is a key 
regulatory gene for lipid synthesis. The energy sensor 
AMPK plays an important role in regulating fatty acid 
synthesis through phosphorylation and inactivation of 
ACC.42 Though ASGR1 deficiency activates the AMPK 
signaling pathway, it increases the downstream ACC 
and decreases its phosphorylation (Figure 8B), which 
might increase lipid synthesis in the liver; this effect 
of ASGR1 on ACC was also confirmed in ASGR1-
overexpressing mice (Figure 8C). In addition, ASGR1 
deficiency in Asgr1−/−ApoE−/− mice increased the pro-
tein levels of LXRα (Figure 8B). LXRα activation can 
increase the expression of ABCA1, which is involved 
in maintaining cholesterol and lipid homeostasis and is 
beneficial for inhibiting atherosclerosis. However, LXRα 
activation also increases the expression of SREBP-1c, 
which is the master regulator of fatty acid synthesis.54 
Therefore, the effects of ASGR1 on liver injury and lipid 
accumulation are the combined results of the alterations 
in many lipid synthesis and metabolism-related genes.

In summary, our study reveals a crucial role of ASGR1 
in the regulation of atherosclerotic plaque development 
and progression in the classic ApoE−/− mouse model of 
atherosclerosis. Mechanistically, ASGR1 regulates lipo-
protein VLDL and LDL metabolism and cholesterol efflux 
by regulating the expression or activity of key proteins 
in VLDL synthesis, TG hydrolysis, LDL uptake, and cho-
lesterol efflux. Our study provides a new and broader 

understanding of ASGR1 in the regulation of atheroscle-
rosis and strong evidence for ASGR1 to be developed as 
a drug target for the treatment of atherosclerosis, but its 
effect on liver injury should be noted.
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