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Liver‑specific Coxsackievirus 
and adenovirus receptor 
deletion develop metabolic 
dysfunction–associated fatty liver 
disease
Hong‑Gi Kim 1,5, Jin‑Ho Park 1,5, Ha‑Hyun Shin 1,5, So‑Hee Kim 1, Ha‑Eun Jeon 1, Ji‑Hwa Shin 1, 
Young‑Suk Won 3, Hyo‑Jung Kwon 4, Eun‑Seok Jeon 2 & Byung‑Kwan Lim 1*

Metabolic dysfunction–associated fatty liver disease (MAFLD) is a common liver disease associated 
with obesity and is caused by the accumulation of ectopic fat without alcohol consumption. 
Coxsackievirus and adenovirus receptor (CAR) are vital for cardiac myocyte‑intercalated discs and 
endothelial cell‑to‑cell tight junctions. CAR has also been reported to be associated with obesity and 
high blood pressure. However, its function in the liver is still not well understood. The liver of obese 
mice exhibit elevated CAR mRNA and protein levels. Furthermore, in the liver of patients with non‑
alcoholic steatohepatitis, CAR is reduced in hepatocyte cell–cell junctions compared to normal levels. 
We generated liver‑specific CAR knockout (KO) mice to investigate the role of CAR in the liver. Body 
and liver weights were not different between wild‑type (WT) and KO mice fed a paired or high‑fat 
diet (HFD). However, HFD induced significant liver damage and lipid accumulation in CAR KO mice 
compared with WT mice. Additionally, inflammatory cytokines transcription, hepatic permeability, 
and macrophage recruitment considerably increased in CAR KO mice. We identified a new interaction 
partner of CAR using a protein pull‑down assay and mass spectrometry. Apolipoprotein B mRNA 
editing enzyme catalytic polypeptide‑like 3C (APOBEC3C) demonstrated a complex relationship with 
CAR, and hepatic CAR expression tightly regulated its level. Moreover, Apolipoprotein B (ApoB) and 
Low‑density lipoprotein receptor (LDLR) levels correlated with APOBEC3C expression in the liver 
of CAR KO mice, suggesting that CAR may regulate lipid accumulation by controlling APOBEC3C 
activity. In this study, we showed that hepatic CAR deficiency increased cell‑to‑cell permeability. In 
addition, CAR deletion significantly increased hepatic lipid accumulation by inducing ApoB and LDLR 
expression. Although the underlying mechanism is unclear, CARs may be a target for the development 
of novel therapies for MAFLD.
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Metabolic dysfunction–associated fatty liver disease (MAFLD) has become the most common liver disease world-
wide in recent years, and its incidence is increasing with the increasing obese population. MAFLD is a disease in 
which ectopic fat accumulates in the liver in the absence of alcohol consumption. Fatty liver can progress from 
steatosis, which is fat accumulation without inflammation, to non-alcoholic steatohepatitis (NASH) with fibrosis 
or severe hepatocellular  carcinoma1–3. In the development and progression of MAFLD, excessive production of 
inflammatory cytokines by hepatocyte stimulation due to oxidative stress plays an important role in steatosis 
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due to fat accumulation in  hepatocytes4,5. When a fatty liver develops, adipocytes accumulate and increase tri-
glycerides (TGs) in the liver, blood secretion dysfunction occurs after the synthesis of lipoproteins, and fat from 
peripheral adipose tissue is transported to the liver. In addition, MAFLD is associated with tight junction (TJ) 
integrity. In the liver, TJ proteins have several functions: they control paracellular diffusion between adherent 
hepatocytes and the blood-biliary barrier. TJ proteins maintain intracellular communication and the assembly 
of signaling proteins, growth factors, cytokines, and signaling cascades to induce and regulate their localization 
and expression, which contributes to fat accumulation in  hepatocytes6,7. PECAM-1-deficient mouse develops 
progressive nonalcoholic fatty liver disease (NAFLD), supporting a role for PECAM-1 as a negative regulator of 
NAFLD  progression8. However, the mechanism of MAFLD remains unclear.

Coxsackievirus and adenovirus receptor (CAR) is a membrane protein of 46 kDa that is widely known as 
a receptor for coxsackievirus type B3. CARs are located in the intercalated discs of cardiomyocytes or TJs of 
epithelial and endothelial cells. It plays an important role in the cytoskeleton and paracellular  interaction9–12. 
CAR containing intra- and extracellular domains is known to interact with the TJ protein ZO-1 and regulates TJ 
formation and paracellular permeability in epithelial  cells13,14. It is also involved in maintaining the cytoskeleton 
along with fibronectin, microtubules, and actin. In particular, CARs can enhance inflammatory interactions 
between immune and muscle cells in cell–cell communication and regulate the activation of cytokine signaling 
pathways in the immune  system15–17.

MAFLDs differ according to race and catch up with Western prevalence in Asian urbanized lifestyles. In an 
African American study, CAR was identified as a gene that affects blood pressure and  obesity18. In addition, 
human liver biopsy analysis according to the NASH progression stage showed low levels of CAR expression in 
patients with obesity and  MAFLD19. The importance of CAR in cardiovascular diseases and endothelial and 
epithelial cells is well-known9,20–23. However, little is known about the role of CAR in the liver. In particular, the 
paracellular permeability of fat and TJ protein expression was not associated with MAFLD progression.

This study aimed to investigate the relationship between CAR and MAFLD to demonstrate the role of CAR in 
lipid accumulation in the mouse liver. It also plays an important role in liver lipid metabolism by identifying new 
interaction partners of CAR. In this study, we demonstrated that CAR expression was significantly diminished 
in liver specimens of patients with NASH compared to normal patients. CAR knockout mice developed MAFLD 
after 16 weeks of high-fat diet (HFD) feeding. Lipid uptake and inflammatory cell infiltration significantly 
increased. Moreover, we identified a novel interaction partner of CAR, Apolipoprotein B mRNA editing enzyme 
catalytic polypeptide-like 3C (APOBEC3C)24–26, which regulates ApoB formation and lipoprotein transport to 
the liver. It is initially discovered as an antiviral effector of retrovirus (HIV-1) through mRNA  modification25,27. 
These findings suggest that the CAR can be a potential therapeutic target for MAFLD.

Results
CAR is downregulated in obese mice and livers of patients with NASH
CAR mRNA and protein expression in the livers of obese mice were observed using RT-PCR and western blot 
analysis, respectively. C57BL/6 mice were fed an HFD containing 42% fat and 0.2% cholesterol for 16 weeks. 
Liver RNA was isolated from obese mice, and CAR transcription was analyzed using qPCR. CAR mRNA expres-
sion was significantly reduced in the livers of obese mice by approximately 75% compared to that in normal 
chow-fed mice (**P < 0.01) (Fig. 1A). Moreover, CAR protein expression was significantly reduced in the liver of 
obese mice by approximately 25% (P < 0.05). When obesity was induced, C57BL/6 mice showed decreased CAR 
expression in the liver (Fig. 1B). Furthermore, we observed CAR expression in patients with liver disease. Liver 
tissue specimens from patients with NASH were purchased from the company and then subjected to multi-dot 
immunohistochemistry using an anti-CAR antibody. The results showed that CAR was decreased in the cell–cell 
junctions of hepatocytes of patients with NASH compared to that in liver samples from normal patients (Fig. 1C, 
Supplement Fig. S1). These results suggested that CAR expression is associated with lipid accumulation the liver.

CAR interacts with APOBEC3C
Next, we sought to identify an interaction partner for the CARs related to changes in hepatocyte permeability 
and lipid inflow. A FLAG-tagged CAR plasmid was overexpressed in HEK293 cells, and pull-down experi-
ments were performed using FLAG-agarose beads. A new protein expressed only in the CAR overexpression 
group compared to the control group was extracted and analyzed by mass spectrometry (Supplement Table S2). 
Therefore, APOBEC3C was selected from several proteins interacting with CAR (Fig. 2A). To confirm whether 
it directly or indirectly interacted with human CAR, we cloned the human APOBEC3C gene into the pEGFP-C3 
plasmid. After HEK293 cells were co-transfected with FLAG-CAR and either GFP-APOBEC3C or GFP, co-
immunoprecipitation was performed using anti-FLAG-agarose beads. Western blotting was performed to detect 
CAR bound to APOBEC3C through GFP detection, and a protein interaction between CAR and APOBEC3C 
was observed (Fig. 2B). The opposite-direction experiment showed the same results. Overexpression of Flag-
APOBEC3C also pulled down the intracellular endogenous CAR protein (Fig. 2C). These results demonstrate 
that CAR can form complexes with the subcellular modulator protein APOBEC3C. Surprisingly, APOBEC3C, 
which interacts with CAR, edits ApoB mRNA and induces the early termination of ApoB mRNA translation.

Cell to cell permeability changes by CAR expression levels in HepG2 cells
In vitro experiments were performed using HepG2 cells. Proteins were extracted and subjected to western blot 
analysis at 72 h after siCAR transfection. APOBEC3C, ApoB, and LDLR expression increased in CAR-silenced 
HepG2 cells in a time-dependent manner (Fig. 3A,B). We investigated whether lipid accumulation increased 
due to the silencing of CAR under transient conditions using siCAR delivery. When CAR was silenced, lipid 
uptake significantly increased compared to the scrambled siRNA-transfected control (Fig. 3C). In addition, we 
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Fig. 1.  CAR expression decreases in obese mice and liver samples of patients with NASH. Total RNA and 
protein were extracted from mice livers after a high-fat diet (HFD). (A) CAR mRNA expression in the liver 
of obese mice was significantly decreased (P < 0.01; n = 3). Total protein was subjected to western blot analysis 
and then incubated with anti-CAR antibodies. CAR protein expression level was decreased (P < 0.05; n = 3). (B) 
The liver tissue Histo-dot of patients with NASH was subjected to immunohistochemistry and then incubated 
with anti-CAR antibodies. Liver cell–cell junction CAR expression levels were decreased in liver specimens of 
patients with NASH. Data are expressed as mean ± SD, *P < 0.05; **P < 0.01.

Fig. 2.  CAR interacts with a new partner, APOBEC3C. (A) FLAG-CAR was overexpressed and pulled down by 
anti-FLAG agarose to find an interaction partner. The pull-down protein band was sliced and subjected to mass 
spectrometry. A new interaction protein, APOBEC3C, was identified. (B) These two protein interactions were 
confirmed by co-immunoprecipitation after overexpression of FLAG-CAR and GFP-APOBEC3C. Total protein 
was extracted and subsequently pulled down by anti-FLAG agarose. Agarose binding protein was subjected 
to western blot analysis using anti-GFP antibodies. (C) The opposite experiment was also performed after 
APOBEC3C-FLAG overexpression. FLAG agarose pull-down precipitated intracellular proteins were subjected 
to western blot analysis using anti-CAR antibodies.



4

Vol:.(1234567890)

Scientific Reports |        (2024) 14:21642  | https://doi.org/10.1038/s41598-024-72561-2

www.nature.com/scientificreports/

performed a macrophage migration assay using a transwell chamber to identify additional causes of intracel-
lular inflammatory cell infiltration into the livers of CAR-deficient mice. Macrophage migration into CAR-
overexpressing HepG2 cells was approximately 50% lower than that into empty plasmid-transfected control cells. 
In contrast, CAR deletion dramatically increased macrophage migration (Fig. 3D). The macrophage migration 
assay showed that CAR expression plays an indirect role in the paracellular permeability of macrophages. Cel-
lular studies have shown that reduced CAR protein expression in hepatocytes has a significant effect on lipid 
accumulation and cell-to-cell permeability.

Fig. 3.  Transient CAR deletion increases lipid transport regulatory protein and macrophage migration. (A,B) 
HepG2 cells were transfected with siCAR and scramble RNA as control (Con). Oleic acid treatment and Oil Red 
O staining were performed to determine lipid uptake levels in CAR deletions. At various time points (24, 48, 
72, and 80 h) after siCAR delivery, cellular proteins were extracted and subjected to western blot analysis using 
anti-ApoB, -LDLR, -APOBEC3C, -CAR, and -GAPDH antibodies. (C) HepG2 cell lipid uptake was investigated 
by Oil red O staining after siRNA delivery. (D) Transwell chamber macrophage migration assay was performed 
after siCAR (for deletion) or mouse CAR (mCAR; for overexpression) transfection into bottom HepG2 cells. 
The upper chamber transwell passed macrophage was stained by Eosin (pink dot). Data are expressed as 
mean ± SD, *P < 0.05; **P < 0.01; ***P < 0.001.
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Generation of liver‑specific conditional CAR knockout (KO) mice and liver protein expression
To determine whether CAR expression in the liver cell–cell junction is important for regulating lipid import or 
export, liver-specific CAR KO mice were generated using CAR floxed mice with albumin-Cre transgenic mice 
(f/f Cre). KO mice were sacrificed at 16 weeks of age with their littermates (f/f) as wild-type (WT) controls. Liver 
CAR expression was observed using immunofluorescence staining and western blot analysis. KO mice showed 
CAR deletion in liver hepatocytes compared with WT mice (Fig. 4A). APOBEC3C protein expression levels 
were observed in the livers of CAR-KO mice using western blot analysis. APOBEC3C and LDLR protein levels 
were significantly increased in the livers of CAR KO mice compared to WT mice fed a normal chow diet. This 
was the only result of CAR disruption phenotype. CAR stability may be related to liver lipid storage regulation 
systems. APOBEC3C expression was approximately two-fold higher in the livers of CAR-deficient mice than in 
those of WT mice (Fig. 4B, n = 4). In addition, we isolated hepatocytes from WT and KO mice livers to confirm 
whether CAR deletion directly regulates hepatocyte lipid absorption and related gene expression. Oil Red O 
staining showed significantly increased lipid uptake in CAR-deleted hepatocytes compared to WT hepatocytes. 
APOBEC3C, ApoB, and LDLR mRNA expression was also increased in CAR KO mouse hepatocytes, which was 
similar to the liver extract protein (Fig. 4C and 4D).

These results show that the CAR intermediate APOBEC3C can regulate ApoB and LDLR expression in the 
mouse liver. CAR disruption upregulates lipid permeability in the liver and cholesterol absorption in hepatocytes. 
This can lead to fatty liver disease in the absence of alcohol.

Hepatic lipid droplets and inflammatory cell infiltration are induced by HFD in liver‑specific 
CAR‑KO mice
Despite the effective reduction in CAR levels in the livers of CAR KO mice, there was no difference in body and 
liver weights compared to those of WT mice in pair-fed and HFD mice. During pair-feeding, the KO mice showed 
no phenotype (Fig. 5A,B, n = 4). We observed a relationship between CAR expression in hepatocytes and the 
induction of fatty liver disease after 16 weeks of HFD feed. The body weight of KO mice significantly increased at 
15 and 16 weeks compared to that of WT mice (Fig. 5A, n = 4). Moreover, HFD-fed mice showed dramatic liver 
damage in CAR KO mice compared to WT mice. ALT (91 ± 8 vs. 149 ± 18 IU/L) and AST (162 ± 12 vs. 225 ± 9, 
WT vs. KO) increased due to HFD. In addition, serum triglyceride (TG, 117 ± 28 vs. 236 ± 47 mg/dL) level was 
significantly increased in KO mice, but serum total cholesterol level (194 ± 37 vs. 270 ± 73 mg/dL) was not dif-
ferent between them (Fig. 5B). H&E and lipid-Tox staining revealed liver lipid droplets and inflammatory cell 
infiltration. Interestingly, the livers of CAR KO mice showed increased inflammatory cell infiltration and lipid 
droplets (red) compared to those of WT mice (Fig. 5C,D, and Supplementary Table 3). In addition, peritoneal 
fat size dramatically increased in CAR KO mice. These data suggest that CAR deletion can affect the regulation 
of liver lipid permeability and storage. It dramatically changes fat accumulation in the peritoneal cavity.

Liver cholesterol and macrophage infiltration are induced by HFD in liver‑specific CAR  KO mice
After CAR deletion in mouse liver, the livers were analyzed by ELISA to identify total cholesterol, triglyceride, 
and LDL cholesterol levels. A significant increase in liver total and LDL cholesterol levels was observed in CAR 
KO mice than in WT mice fed an HFD. However, no difference was observed in pair-fed mice (Fig. 6A, n = 4). 
CAR disruption increases liver cell-to-cell permeability and may affect liver cholesterol storage regulation and 
inflammatory cell infiltration. Hepatocyte CAR silencing may cause NAFLD. We identified the relevant genes 
by qPCR to investigate induced ApoB, APOBEC3C (Fig. 6B), and cytokine (IL-1β, IL-6, TNF-α, and monocyte 
chemoattractant protein-1 [MCP-1]) changes by increased inflammation in the liver of CAR KO mice. Inflam-
matory cytokines (IL-1β, IL-6, and TNF-α,), especially MCP-1, were significantly increased in KO mice fed an 
HFD. No difference in cytokine mRNA expression was observed between the pair-fed mice (Fig. 6C). Liver 
macrophage infiltration was confirmed by F4/80 IFA staining and mRNA qPCR. Macrophage infiltration was 
significantly increased due to HFD in CAR KO mice compared to WT mice (Fig. 6D). These data imply that 
liver-specific CAR deficiency induces MAFLD owing to inflammatory cytokine hyperreactivity, immune cell 
invasion, and lipid accumulation in HFD-induced obesity.

Discussion
CAR located on the cell surface, function as epithelial cell adhesion molecules and contribute to cell-to-cell per-
meability homeostasis. CAR can enhance inflammatory interactions between immune and muscle cells during 
cardiac myocyte communication. CAR plays a crucial role in maintaining structural integrity, particularly in car-
diac  myocytes9–13,16. However, the role of CAR in the liver or hepatic lipid metabolism is poorly understood. This 
study revealed a novel role and interaction partner for CAR in the liver. CAR mRNA and protein expression levels 
decreased in the livers of obese mice, indicating a relationship between CAR and hepatic lipid accumulation. 
CAR deletion in the mouse liver significantly increased monocyte numbers. Notably, the absence of CAR in the 
liver increased the absorption of Evans Blue dye injected into the tail vein. Additionally, CAR KO mice develop 
MAFLD through an HFD, resulting in increased inflammation and macrophage infiltration. In contrast, hepato-
cytes overexpressing CAR exhibited reduced macrophage migration. Transfection with CAR siRNA markedly 
increased fatty acid absorption by hepatocytes. These findings suggest that CAR expression on the cell surface 
plays a crucial role in cell-to-cell permeability, regulates lipid uptake, and contributes to overall liver function.

Fatty liver arises from metabolic dysregulation stemming from an excess supply of fat and energy that exceeds 
the adipose tissue storage capacity. This leads to adipocyte accumulation in the liver, triggering increased triglyc-
eride synthesis and the disruption of blood secretion, particularly lipoprotein synthesis. MAFLD development 
is closely associated with ApoB, a crucial apolipoprotein facilitating the transfer of TGs and  cholesterol1,26,28–30. 
Our study revealed a significant link between MAFLD and CAR. Notably, CAR interacts with APOBEC3C, 
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Fig. 4.  Generation of liver-specific CAR knockout mice and liver protein expression. (A) CAR deletion 
confirmed liver of 8-weeks-old WT and KO mice by immunofluorescence stain and western blot analysis. (B) 
Protein was extracted from the livers of WT and KO mice and then subjected to western blot analysis using 
anti-CAR, -APOBEC3C, and -LDLR antibodies (n = 4 for each group). CAR deletion altered lipid transport 
regulatory proteins and gene expression in the isolated hepatocytes. (C) The liver hepatocytes of WT and KO 
mice were isolated and then subjected to a lipid uptake assay. Oil Red O staining showed lipid uptake levels in 
the hepatocytes. (D) APOBEC3C, ApoB, and LDLR mRNA levels were measured in WT and KO hepatocytes by 
qPCR. Data are expressed as mean ± SD, *P < 0.05; **P < 0.01; ***P < 0.001.
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an enzyme that edits ApoB mRNA. In our experiments, overexpressing FLAG-tagged CAR in HEK293 cells 
and conducting pull-downs with FLAG-agarose identified APOBEC3C as a novel CAR-interacting partner. 
Subsequent experiments involving the co-transfection of FLAG-CAR with GFP-hAPOBEC3C confirmed their 
interaction using FLAG-agarose pull-down.

Surprisingly, removing CAR from the livers of mice resulted in elevated expression levels of APOBEC3C 
and ApoB. APOBEC3C acts as an intermediary mediator contributing to increased ApoB levels (Supplemen-
tary Fig. 2). Furthermore, APOBEC3C plays a role in inhibiting retroviral  replication25,27, although the precise 
mechanism by which CAR induces APOBEC3C expression remains unknown. Experiments manipulating or 
inhibiting CAR expression in cellular and in vivo contexts have provided compelling evidence that a CAR-
APOBEC3C-ApoB pathway significantly influences hepatic lipid metabolism. This newfound understanding 
of CAR-related pathways sheds light on potential molecular targets for therapeutic interventions in MAFLD.

Fig. 5.  HFD-induced non-alcoholic fatty liver diseases in liver-specific CAR KO mice. (A) The basal phenotype 
of liver-specific CAR KO mice was confirmed. Body and liver weight were measured under different diet 
conditions for 16 weeks in pair-fed (■ WT and □ KO) or HFD (◆ WT and ◇ KO) (n = 4 each group) mice. 
(B) Concentrations of ALT, AST, total cholesterol, and triglyceride (TG) in serum were measured using ELISA 
(n = 4 in each group). (C,D) After HFD for 16 weeks, the liver was subjected to histological analysis by H&E 
and neutral lipid Lipo-Tox staining. Peritoneal fat was observed in the paraffin section. Lipid droplets increased 
in KO mice compared to WT fed an HFD. However, there was no difference between pair-fed mice. Data are 
expressed as mean ± SD, *P < 0.05 by a two-tailed Student’s t-test.
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Fig. 6.  HFDs induced inflammatory cytokine expression and cholesterol accumulation in the liver of KO 
mice. (A) Liver protein was extracted and then subjected to ELISA. The total cholesterol, triglyceride, and LDL 
cholesterol levels were measured. (B) Total RNA was extracted from mice liver after being pair-fed or fed an 
HFD and then subjected to qPCR analysis of ApoB and APOBEC3C. In addition, (C) inflammatory cytokines 
(IL-1β, IL-6, TNF-α, and MCP-1) and immunocytes (F4/80: macrophage marker; n = 4). (D) Liver subjected 
to immunofluorescent stain for macrophages. Liver samples were incubated with anti-F4/80 antibodies and 
Alexa488-labeled secondary antibodies. Infiltrated macrophages presented are by green stain percent area. Data 
are expressed as mean ± SD, *P < 0.05; **P < 0.01; ***P < 0.001 by a two-tailed Student’s t-test. IL-1β interleukin-1 
beta; IL-6, interleukin-6; TNF-α tumor necrosis factor alpha, MCP-1 monocyte chemoattractant protein-1.
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Numerous studies are underway to target and improve steatosis, which is a key factor in the development of 
this disease. Previous studies have indicated the association of β-catenin with adipocyte formation and steatosis. 
The WNT/β-catenin pathway is crucial for maintaining vascular permeability and  TJs31–33. In our previous study, 
we reported that CAR interacts with β-catenin through its intracellular domain. Recent studies have highlighted 
the diverse roles of CAR in various cell types, including features such as epithelial permeability, cellular migration, 
neurite outgrowth, and immune response. Given the interaction of CAR with numerous signaling molecules 
through its intracellular domains, there is a growing understanding that the regulation of CAR expression signifi-
cantly affects cell  homeostasis9,13,20,21. Recently, THRβ agonist has been approved as a drug for MAFLD through 
the FDA. Thyroid hormones (THs) are essential regulatory molecules for normal growth and development, and 
for maintaining metabolic homeostasis. Most of the activities elicited by THs are mediated by nuclear thyroid 
hormone receptors (THRs). THRβ agonist may directly regulate hepatic carbohydrate and lipid metabolism 
and activate fat use. It also helps to reduce fat accumulation in chronic liver  diseases34,35. This therapeutic way 
is a hormonal signal regulation. It possibly has even weak cytotoxicity or some side effects on another organ. 
Coxsackievirus and adenovirus receptor (CAR) are different types of therapeutic targets. Aging will increase 
cell-to-cell mechanical permeability and change molecule accumulation such as lipids. The maintenance of CAR 
may help preserve hepatic permeability and metabolism change due to high lipid accumulation.

This study aimed to explore the relationship between CAR and MAFLD. To observe the decrease in CAR 
expression in the livers of obese mice, we generated liver-specific CAR KO mice to investigate its role in liver 
lipid accumulation. Although no specific phenotype was observed in CAR KO mice compared to controls, 
16-week HFD resulted in increased macrophages, inflammatory cytokines, and liver cell-to-cell permeability. 
Elevated MCP-1 levels, which are associated with lipid accumulation and significant in monocyte and mac-
rophage recruitment, were  observed36. Post-HFD fatty liver induction is believed to involve increased macrophage 
uptake and cytokine hypersecretion. APOBEC3C upregulation activates the RAS/MAPK signaling pathway and 
promotes tumor  progression37,38. However, we still don’t know the relation between APOBEC3C and macrophage 
recruitment. We need to focus more on the APOBEC3C direct role related to macrophages; this should be 
very interesting research. CAR was removed to study fat transport within hepatocytes, CAR deletion revealed 
increased lipid accumulation. This suggests that CAR influences hepatocyte cell-to-cell permeability and lipid 
transport. Additionally, an interaction between CAR and APOBEC3C was identified, with CAR removal leading 
to increased APOBEC3C levels and the subsequent elevation of ApoB levels. Previous studies have shown that 
ApoB expression is regulated by an ApoB-editing enzyme, implying that increased ApoB levels may contribute 
to fatty liver  development26.

In conclusion, our findings highlight the crucial role of CAR in hepatocyte cell-to-cell permeability, cor-
relating APOBEC3C and ApoB as part of a significant pathway for fat accumulation. Targeting CAR can be a 
potentially effective strategy for treating MAFLD.

Methods
Animals and experimental design
All animal models shown were on C57BL/6 background mice. To identify the role of CAR in the liver, we gener-
ated liver-specific conditional CAR knock-out mice (CAR-KO)9. All experiments were performed in accordance 
with the relevant guidelines and regulations. For CAR-KO mice, a floxed CAR construct was generated by insert-
ing loxP sites just before and after the second exon, as we reported previously, and mated Albumin-Cre mice. 
Mice were fed for 16 weeks either normal chow (3.5% fat) or a high-fat diet (HFD) (42% fat, 0.2% cholesterol) 
and had free access to water. After 16 weeks of HFD treatment, the mice were euthanized by  CO2 inhalation, and 
their livers and serums were harvested for further analysis. All animal experiments used four-week-old CAR-
KO (f/f Cre) mice and their littermate wild-type (f/f or f/ + without Cre, WT) male mice (about 18 g in weight). 
Cardiac-specific CAR KO mice housing on the animal facility. The dimmers were used in mouse rooms to create 
twilight periods between the light and dark cycles. A room temperature between 20–26 °C was maintained. All 
procedures were complied with the ARRIVE guidelines and approved by the Institutional Animal Care and Use 
Committee of the Samsung Biomedical Research Institute (#20200518001). SBRI is accredited by the Associa-
tion for Assessment and Accreditation of Laboratory Animal Care International (AAALAC International) and 
abides by the Institute of Laboratory Animal Resources (ILAR) guide.

Preparation of expression plasmids
The full-length human or mouse CAR gene was amplified by polymerase chain reaction (PCR) from human 
heart cDNA or C57BL/6 mouse heart cDNA, respectively. Human CAR or mouse CAR was cloned into the 
p3xFlag-CMV-10 (Sigma-Aldrich, MO, USA) vector. The full-length human APOBEC3C gene was amplified by 
PCR from the HEK293 cell. Human APOBEC3C was cloned into the pEGFP-C3 (Clontech, CA, USA) vector. 
The expression vector was applied for full-down assay.

Cell culture and transfection
HEK293 or HepG2 cell lines were cultured in DMEM or RPMI containing 10% fetal bovine serum (FBS) and 1% 
penicillin/streptomycin solutions. Cells were transfected with 1ug expression plasmids using 1 mg/ml polyeth-
yleneimine (PEI) (Sigma-Aldrich, MO, USA) for 24 h. The DNA and PEI mixture is based on a 5:1 ratio of PEI 
(ug): plasmid DNA (ug) and incubated for 15 min at RT. All expression plasmid experiments were transfected 
with each gene cloned with empty plasmids as controls.
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Reverse transcription and quantitative real‑time PCR
Total RNA was isolated from mouse liver using the easy-spin™ Total RNA Extraction Kit (iNtRON, Seongnam, 
KOR). Reverse transcription (RT) was performed using ReverTraAce qPCR RT Kit (TOYOBO, Osaka, JAP). 
Quantitative real-time PCR (qPCR) was performed using the NEXpro™ qPCR Master Mix (SYBR) High Rox 
(NEX™ Diagnostics, Seongnam, KOR). To compare the mRNA levels of genes associated with inflammation, 
apolipoproteins, and immune cells. The primer sets used were synthesized by SFC-probe (Cheongju, Korea). 
The primer sequences are listed in Supplementary Table 1.

Western blot analysis
Protein was extracted from frozen liver samples or cultured cells. Approximately 20 μg of protein was separated 
on SDS–Polyacrylamide gel (10%) electrophoresis and transferred to PVDF membranes. Western blot analysis 
was performed by an ECL detection using ChemiDoc XRS + system (BIO-RAD, CA, USA), and band intensi-
ties were quantified using ImageJ software 1.45 s (https:// imagej. net; NIH, MA, USA). Primary antibodies were 
proved for CAR, GFP, GAPDH, LDLR (Santa Cruz Biotechnology Inc., CA, USA), APOB, and APOBEC3C (Cell 
Signaling, Danvers, MA, USA).

Tissue microarray immunohistochemistry
Human liver steatohepatitis commercial tissue microarray slide (Lot No. 2010171) purchased from Sekisui Xeno-
Tech (Kansa City, KS, USA). We did not get a piece of personal information about the patient and just applied 
for research. The paraffin-embedded liver microarray slide was proved with anit-rabbit CAR antibody (Santa 
Cruz Biotechnology Inc., CA, USA) for 18 h at 4 °C. Immunodetection was performed using a Universal Quick 
Kit (Vector Laboratories, Burlingame, CA, USA) as described in the manufacturer’s instructions. Stained tissue 
images were taken and processed using a light microscope (Olympus Co., San Jose, CA, USA).

Histology and immunofluorescence assay
For Oil Red O staining, liver tissue was performed using 7-μm frozen section and stained Oil Red O working 
solution (Sigma-Aldrich, MO, USA) with hematoxylin stain. H&E staining and immunofluorescence assay were 
performed using 7-μm frozen sections as described previously. Primary antibodies were proved by CAR (Santa 
Cruz Biotechnology Inc., CA, USA). The target proteins were visualized with the secondary antibodies conjugated 
with fluorescence (Alexa Fluor 488 and 594, 1:400) (Thermofiher Scientific, CA, USA) and Hoechst nuclear stain.

Blood plasma, liver triglyceride, and cholesterol contents
Liver TG or TC levels were measured using a mouse TG or TC ELISA kit following the manufacturer’s manuals 
(MyBioSource, CA, USA). Concentrations of glucose, BUN, ALT, AST, TG, and TC in serum were determined 
using discrete-type clinical chemistry automated analyzers (Hitachi, Tokyo, JAP).

Macrophage cell migration and lipid uptake assay
Cell migration assays were performed using a modified Boyden chamber approach (Corning, NY, USA). HepG2 
cells in the lower chamber were transfected with mouse CAR or P3FC vector as controls for 48 h. Murine mac-
rophages obtained by peritoneal macrophage isolation were maintained in the upper chamber of another plate 
without cells in DMEM containing 10% FBS. After the macrophage is cultured for 24 h, the upper chamber is 
transferred to the lower chamber and incubated for 24 h. Macrophages that had migrated through the membrane 
were stained using eosin, and the migrated cells were analyzed at × 100 magnification using a microscope or 
ImageJ software 1.45 s (https:// imagej. net; NIH, MA, USA). To examine the hepatocyte cell–cell permeability, 
Mice were injected with 1% Evans blue dye (EBD) in the tail vein. After an hour, mice were sacrificed, and their 
livers were collected and lysed in PBS. EBD in liver whole lysate was measured by absorbance at 650 nm.

Immunoprecipitation
To identify the interaction partner of CAR, Flag-tagged CAR protein was expressed in HEK293 cells by transfec-
tion. The CAR-Flag was pulled down in 1 ml of HEK293 cell extracts 24 h after transfection using agarose beads 
conjugated with an anti-Flag (M2) antibody (Sigma-Aldrich, MO, USA). The CAR-Flag protein was specifically 
eluted from the beads by centrifugation at 13,000 RPM for 10 min. protein was separated on SDS–Polyacrylamide 
gel (10%) electrophoresis and stained using coomassie blue. We cut interesting protein bands and requested a 
mass spectrometer to identify pull-downed individual proteins (Matrix Science, MA, USA)9. The interaction 
between CAR and APOBEC3C was observed by co-immunoprecipitation assay; flag-tagged CAR protein and 
GFP-tagged APOBEC3C were expressed in HEK293 cells by transfection. The CAR-Flag was pulled down in 1 ml 
of HEK293 cell extracts 24 h after transfection using agarose beads conjugated with an anti-Flag (M2) antibody 
(Sigma-Aldrich, MO, USA). Precipitated agarose beads were washed 5 times and the CAR-Flag protein was spe-
cifically eluted from the beads. CAR binding to APOBEC3C was confirmed using the eluted proteins by western 
blot analysis with GFP antibody. As a negative control, pEGFP-C3 empty plasmid was expressed with CAR. The 
immunoprecipitation was performed using anti-Flag agarose beads as described previously.

Statistical analysis
All data were analyzed using GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA) and were presented 
as the means ± standard deviation (SD). To analyze the statistical significance between the two groups, a Student’s 
t-test was used, and one-way ANOVA was used to analyze the statistical significance between multiple groups. 

https://imagej.net
https://imagej.net
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For the analysis of multiple time points experiments, a two-way ANOVA was used. * p < 0.05, ** p < 0.01, *** 
p < 0.001 was considered significant.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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