
Int. J. Biol. Sci. 2025, Vol. 21 
 

 
https://www.ijbs.com 

490 

International Journal of Biological Sciences 
2025; 21(2): 490-506. doi: 10.7150/ijbs.100794 

Research Paper 

Caveolin-1 mitigates the advancement of metabolic 
dysfunction-associated steatotic liver disease by 
reducing endoplasmic reticulum stress and pyroptosis 
through the restoration of cholesterol homeostasis 
Hanlin Xu1,2,3*, Yu Li1,2,3*, Ning Guo1,2,3, Shuai Wu1,2,3, Can Liu4, Zhongxuan Gui5, Weiju Xue6, Xiangfu 
Jiang1,2,3, Mengjia Ye1,2,3, Qianqian Geng1,2,3, Xiaowen Feng1,2,3, Chao Zhang6, Lei Jin7 and Chengmu 
Hu1,2,3 

1. Inflammation and Immune Mediated Diseases Laboratory of Anhui Province, Anhui Institute of Innovative Drugs, School of Pharmacy, Anhui Medical 
University, Hefei, China;  

2. Institute for Liver Diseases of Anhui Medical University, School of Pharmacy, Anhui Medical University, Hefei, China. 
3. Key Laboratory of Anti-inflammatory and Immune Medicine, Ministry of Education, Hefei, China. 
4. Department of Cardiovascular Surgery, The First Affiliated Hospital of Anhui Medical University, Hefei, China. 
5. Oncology Department of Integrated Traditional Chinese and Western Medicine, The First Affiliated Hospital of Anhui Medical University, Hefei, China. 
6. Department of Pharmacy, The Second People’s Hospital of Hefei, Hefei Hospital Affiliated to Anhui Medical University, Hefei, Anhui, China. 
7. Department of Hepatobiliary and Pancreatic Surgery, The First Affiliated Hospital of Anhui Medical University, Hefei, China. 
8. Department of Infectious diseases, The Second Affiliated Hospital of Anhui Medical University, China. 

* These authors contributed equally to this work.  

 Corresponding authors: Chengmu Hu (Institute for Liver Diseases of Anhui Medical University, School of Pharmacy, Anhui Medical University, Hefei, 
China; E-mail: huchengmu@ahmu.edu.cn), Lei Jin (Department of Infectious diseases, The Second Affiliated Hospital of Anhui Medical University, China; 
E-mail: jinlei198510@126.com), and Chao Zhang (Department of Hepatobiliary and Pancreatic Surgery, The First Affiliated Hospital of Anhui Medical 
University, Hefei, China; E-mail: 13965053990@163.com). 

© The author(s). This is an open access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/). 
See https://ivyspring.com/terms for full terms and conditions. 

Received: 2024.07.11; Accepted: 2024.11.19; Published: 2025.01.01 

Abstract 

Metabolic dysfunction-associated steatotic liver disease (MASLD) is the most prevalent chronic liver 
disease worldwide, which has the potential to advance to fibrosis. CAV1 has the effects of improving liver 
lipid deposition in MASLD, however, the potential mechanism is largely unknown. Here, we establish a 
MASLD mouse model in CAV1 knockout (KO) mice and perform transcriptome analysis on livers from 
mice to investigate the effects of CAV1 in MASLD progression. In addition, we evaluated the expression 
of CAV1 in human liver samples, and also conducted assays in vitro to investigate the molecular role of 
CAV1 in MASLD progression. The results illustrate that the expression of liver CAV1 in the decreases 
during MASLD progression, which aggravates the accumulation of cholesterol in the liver, leading to 
more severe endoplasmic reticulum (ER) stress and pyroptosis. Mechanistically, CAV1 regulates the 
expression of FXR/NR1H4 and its downstream cholesterol transporter, ABCG5/ABCG8, suppressing 
ER stress and alleviating pyroptosis. Our study confirms CAV1 is a crucial regulator of cholesterol 
homeostasis in MASLD and plays an important role in disease progression. 
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Introduction 
Metabolic dysfunction-associated steatotic liver 

disease (MASLD) is a hepatic manifestation of 
metabolic syndrome, which is characterized by 
excessive fat accumulation, without the presence of 
long-term alcohol consumption [1], with current 
estimates suggesting that it affects 38% of the world 

population [2]. Metabolic dysfunction-associated 
steatohepatitis (MASH), the progressive form of 
MASLD, characterized by hepatic steatosis and 
inflammation, hepatocyte ballooning, and the 
potential to advance to liver fibrosis, cirrhosis, and 
HCC [3]. 
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Excessive accumulation of fat and lipotoxic 
metabolites in liver cells is widely recognized as a 
crucial factor in the development of MASLD, the 
proinflammatory response in the liver is closely 
associated with progression from MASH to fibrosis 
[4]. Recent evidence has shown that some lipotoxic 
lipids, such as free cholesterol (FC), accumulation 
induces hepatocyte death and subsequent 
inflammation and fibrosis in the pathogenesis of 
MASH [5]. However, the specific lipotoxic molecules 
involved have not yet been identified. Lipotoxic 
molecules, such as FC and its derivatives, 
accumulation in hepatic mitochondria elicit 
mitochondrial dysfunction and activates the unfolded 
protein response in the endoplasmic reticulum (ER), 
resulting in ER stress and hepatocyte apoptosis [7]. 
Recent experimental and clinical findings have 
suggested that MASLD development involves 
alterations in hepatic cholesterol homeostasis and FC 
accumulation [7]. Cholesterol-mediated inflammatory 
transitions in the liver affect the pathogenesis of 
MASLD and lead to pathological consequences such 
as fibrosis, cirrhosis, and cancer [8]. Therefore, 
reducing cholesterol accumulation in the liver is a 
viable strategy for treating MASLD. One good 
example is that hyperosides can worsen MASLD by 
modulating cholesterol metabolism [9]. 

The ER is the primary organelle responsible for 
protein folding and post-translational modifications. 
Furthermore, it controls the cholesterol production 
and lipid-membrane biosynthesis as well as surviving 
and cell death signaling mechanisms in the cell [10]. 
Cellular cholesterol homeostasis is greatly influenced 
by the cholesterol levels present in the ER, and 
excessive accumulation of cholesterol can cause ER 
stress [11]. ER stress activation is a primary 
contributor to liver inflammation and fibrosis, which 
are hallmark indications of advanced fatty liver 
diseases, including liver cancer and MASH. Recently, 
pyroptosis has emerged as a novel form of 
programmed cell death [12]. For pyroptosis, 
activation of the inflammasome is a prerequisite, and 
the NLRP3 inflammasome has been the subject of 
intensive scrutiny [13]. NLRP3 is typically expressed 
in the ER under normal physiological conditions [14]. 
Several studies have shown that ER stress can activate 
the NLRP3 inflammasome in MASLD [15, 16]. 
However, the intrinsic pathways that cause chronic 
ER stress and activation of NLRP3 in fatty liver 
remain unknown. 

Caveolin-1 (CAV1) is a key protein scaffold that 
binds to various signaling molecules in the caveolae 
of the cell membrane [17], performing crucial 
functions in numerous cellular processes, such as cell 
signaling, membrane transport [18], cholesterol 

homeostasis [19], and vesicle transport [20]. CAV1 is 
involved in various diseases, including cancer, 
diabetes, nervous system diseases, Alzheimer's 
disease and cardiovascular diseases. Recently 
reported Caveolin-1 has been involved in cholesterol 
homeostasis, regulates the cholesterol content in 
caveolae by binding to cholesterol [21]. 

The CAV1 scaffold domain peptide (CSD), 
which comprises amino acids 82 to 101 of CAV1, 
enables the biological function of CAV1 [22]. CSD 
peptide plays a role in the development of tumor and 
fibrotic diseases, which suggests that specific domains 
of caveolin may contribute to many of these dynamic 
features involved in regulating cell physiology and 
morphology. [23, 24]. Our previous research indicated 
that CAV1 could alleviate oxidative stress and 
inflammation in the vasculature of people with 
MASLD, which exacerbated by acetaminophen [25]. 
Currently, we have reason to believe that CAV1 
contributes to metabolic stress and inflammatory 
processes. However, the specific role of CAV1 in the 
advancement of MASLD remains uncertain. 

In the present study, we established a MASLD 
mouse model in CAV1 knockout mice as well as the 
wild-type (WT) controls to investigated the role of 
CAV1 in MASLD. We identified some causal 
relationship between CAV1 deficiency and cholesterol 
accumulation, ER stress, and pyroptosis in MASLD 
progression. Treatment with CSD could mitigate the 
progression of MASLD with attenuates hepatic 
steatosis, inflammation, and liver injury, which 
offering a potential therapeutic approach for the 
condition. 

Materials and Methods 
Animals 

Male C57BL/6J WT and male C57BL/6J global 
CAV1-knockout (CAV1-KO) mice (aged 8-9 weeks, 
weighing 18-20 g) were acquired from Model 
Organisms (Shanghai, China). The mice were reared 
in a controlled environment with a 12-h light-dark 
cycle (maintained at 20±2 °C). The Ethics Committee 
of Anhui Medical University approved the animal 
experimentation protocol (No. LLSC20231211). The 
mice were randomly allocated into five groups (n = 6 
per group): 1) WT with normal chow diet (WT-NCD), 
2) WT with high-fat diet (WT-HFD), 3) CAV1-KO 
with NCD (KO-NCD), 4) CAV1-KO with HFD 
(KO-HFD), and 5) KO-HFD with CSD treatment 
(KO-HFD+CSD) groups. 

The mice were fed either NCD diet (TP26312; 
contained 10% fat, 20% protein, and 70% 
carbohydrates) or HFD diet (TP26300; contained 
21.2% fat, 19.8% protein, 49.1% carbohydrates, and 
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0.2% cholesterol) (both from Trophic, Nantong, 
China) for 16 weeks. At week 12, KO-HFD+CSD mice 
were intraperitoneally injected with CSD (4 mg/kg) 
daily for 4 weeks. The CSD sequence used was 
DGIWKASFTTFTVTKYWFYR (Sangon Biotech, 
Shanghai, China). 

Human liver sample 
The study followed the ethical guidelines of 

Anhui Medical University (project license number: 
83230381) including obtaining informed consent from 
the patients and approval from the respective review 
committee. Sixteen liver samples were recruited from 
the First Affiliated Hospital of Anhui Medical 
University (Anhui, China) from March 7 to July19, 
2023. Among them (all have pathological diagnosis), 
three male patients and one female patient showed 
normal histology, four male patients and four female 
patients with MASLD, and two male patients and two 
female with fibrosis. The liver tissues from the four 
normal liver and two male and two female patients 
with MASLD underwent western blot analysis, 
whereas every liver samples underwent immuno-
histochemistry (IHC) and immunofluorescence (IF) 
analysis. The specific information about the human 
samples can be found in Table S1. 

Biochemical analysis 
Serum samples from WT or CAV1-KO mice were 

collected in each group for detection after animal 
sacrificed. Serum triglyceride (TG), total cholesterol 
(TC), low-density lipoprotein cholesterol (LDL-C), 
high-density lipoprotein cholesterol (HDL-C), 
aspartate aminotransferase (AST), alanine 
aminotransferase (ALT), lactate dehydrogenase 
(LDH), glutathione (GSH), and malondialdehyde 
(MDA) were quantified using reagent kits (Jiancheng, 
Nanjing, China). 

Measurement of cytokine levels 
Serum interleukin IL-1β and IL-18 levels were 

quantified using an enzyme-linked immunosorbent 
assay (ELISA) kit (ColorfulGene, Wuhan, China), 
following the manufacturer's instructions. 

Histopathology and immunohistochemical 
staining 

Paraffin and frozen tissue sections, with a 
thickness of 5 µm, were stained with hematoxylin and 
eosin (HE), Oil red O, and Masson staining. 

Immunohistochemical staining was performed 
using paraffin sections with a thickness of 4 µm. 
Tissue slices were incubated with the primary 
antibody overnight, followed by incubation with the 
secondary antibody for 1 h. Subsequently, DAB and 

hematoxylin staining were performed, and the slides 
were examined using a slide scanner (3DHISTECH, 
Budapest, Hungary). All antibodies used are listed in 
Table S2. 

Immunofluorescence (IF) 
Paraffin sections of 4 µm thickness were used for 

immunofluorescence detection. Initially, the sections 
were repaired and blocked, and were then subjected 
to incubation with the primary antibody overnight at 
4 °C. Subsequently, they were incubated with 
fluorescent secondary antibody at room temperature 
for 2 h. The nuclei were then stained with 
4',6-diamidino-2-phenylindole for 10 min. All images 
were captured using an inverted fluorescence 
microscope (Leica, Bensheim, Germany). 

Transmission electron microscopy (TEM) 
Mouse liver tissue slices were fixed for 2 h at 4 °C 

with Gluta fixation solution, embedded in epoxy 
resin, cut to 50-70 µm using an ultramicrotome, and 
then observed using TEM (Hitachi, Tokyo, Japan). 

Filipin staining 
After treatment, the cells were fixed with 4% 

paraformaldehyde at room temperature for 1 h. 
Subsequently, they were stained with 12.7 µM filipin 
(B6034; ApexBio, USA) for 1 h, washed three times 
with phosphate buffer solution, and then placed on a 
slide. Finally, the images were captured using a 
confocal laser microscope (Zeiss Microsystems, 
Oberkochen, Germany) with 405 nm excitation lasers. 

Cell culture 
Alpha mouse liver 12 (AML-12) cells were 

obtained from the cell bank of the Chinese Academy 
of Sciences in Shanghai and maintained in Dulbecco’s 
modified Eagle medium/F12 (Gibco, USA) 
supplemented with 10% fetal bovine serum 
(Bio-channel, Nanjing, China), 1% penicillin 
streptomycin solution, 10 µg/ml insulin, 5.5 µg/ml 
transferrin, 5 ng/ml selenium, and 40 ng/ml 
dexamethasone under the standard conditions of 
37 °C and 5% CO2. To induce hepatocyte steatosis, we 
used a mixture of free fatty acids comprising palmitic 
acid and oleic acid in a 1:2 ratio (P/O), achieving a 
final concentration of 1 mM; the cells were then 
cultured for 24 h. 

Cell transfection and inhibitor administration 
Small interfering RNA (SiRNA) of CAV1 and a 

negative control SiRNA were synthesized by 
GenePharma Co. Ltd. (Shanghai, China). The 
sequences were as follows: CAV1 SiRNA, sense 
5’-CUGUGACCCACUCUUUGAATT-3’ and 
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antisense 5’-UUCAAAGAGUGGGUCACAGTT-3’. 
The GV146-CAV1 plasmid from GeneChem 
(Shanghai, China) was used to overexpress CAV1. 

The CAV1 SiRNA reagent and plasmid mixture 
were then transfected into AML-12 cells with 
jetPRIME (Polyplus-jetPRIME, Illkirch, France) for a 
duration of 6 h. Cells were treated with mixture of free 
fatty acids (FAA). Methyl-β-cyclodextrin (MβCD, 4 
mM/L), a cholesterol-depleting reagent (MCE, 
Shanghai, China), and GW4064 (1 μmol/L), an FXR 
(farnesoid X receptor, gene name NR1H4) agonist 
(Beyotime, Shanghai, China), were administered 1 h 
before FFA stimulation to investigate the involvement 
of cholesterol and FXR/NR1H4 in the protective effect 
of CAV1. The treated cells were then collected for 
subsequent experiments. 

Western blotting 
The proteins from liver tissues and cells were 

extracted using RIPA lysis buffer, which contained 1% 
protease and phosphatase inhibitors (Solarbio, 
Beijing, China). 

The sample was quantified for protein and 
separated using 8%-12.5% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis. Separated 
proteins were transferred to a polyvinylidene fluoride 
(PVDF) membrane (Millipore, Billerica, MA, USA), 
which then incubated with skimmed milk for 3 h, 
incubating with specific antibodies overnight at 4 °C 
thereafter. 

The PVDF membrane was rinsed three times 
with tris-buffered saline with Tween 20 and then 
exposed to a secondary antibody (1:5000, ZS-GB, 
Beijing, China) at room temperature for 1 h. 
Subsequently, the protein bands were visualized 
using a chemiluminescence kit (ECL; NCM Biotech, 
Su Zhou, China) and quantified using ImageJ 
software. All antibodies used are listed in Table S2. 

RNA isolation and qRT-PCR 
AML-12 total RNA was extracted using TRIzol 

reagent (Takara, Shiga, Japan). Subsequently, the 
RNA was converted to cDNA using a Takara kit 
(Takara). Furthermore, we performed reverse 
transcription and quantitative real-time PCR 
(qRT-PCR) using a commercially available kit 
(Takara). The quantification of mRNA levels was 
performed using the 2−ΔΔCT method. For reference, the 
primer sequences are provided in Table S3. 

Statistical analysis 
The experimental data were analyzed using 

GraphPad Prism Software version 9.0 (GraphPad 
Prism Software, CA, USA) and SPSS version 18.0 
(SPSS Inc., Chicago, Illinois, USA). Data are presented 

as the mean ± standard deviation (SD). To compare 
multiple groups, we used a one-way analysis of 
variance (ANOVA) and set statistical significance at P 
< 0.05. 

Results 
CAV1 is downregulated in patients with 
MASLD and mouse models of MASLD 

To investigate the role of CAV1 in the 
progression of MASLD, we assessed its expression in 
two cohorts of patients with MASLD obtained from 
the Gene Expression Omnibus Datasets (GSE207310 
and GSE126848). Bioinformatics analysis confirmed 
that the mRNA level of CAV1 in the livers of patients 
with MASLD was lower than that in healthy 
individuals. (Fig. 1A, B). IHC and IF analyses of liver 
tissue sections revealed a large decrease of CAV1 
protein expression in individuals with MASLD and 
fibrosis compared to healthy participants (Fig. 1C, D). 
Similarly, western blot analysis showed reduced 
expression of the CAV1 protein in the liver of 
individuals with MASLD (Fig. 1E). As expected, it 
was found that the mRNA and protein levels of CAV1 
in the livers of mice decreased after 16 weeks of HFD 
feeding (Fig. 1 F-H). Notably, IF double staining 
showed that there was a typical colocalization of 
CAV1 and hepatocyte albumin immunoreactivity in 
liver tissues (Fig 1 I). 

Loss of CAV1 exacerbates HFD-induced liver 
injury and hepatic steatosis in mice and 
accelerated the progression of MASLD 

To investigate the role of CAV1 in MASLD, we 
fed eight-week-old wild-type (WT) and CAV1-KO 
mice NCD or HFD for 16 weeks (Fig. 2A). As the 
modeling time increased, the body weight of the 
CAV1-KO mice fed the HFD diet was higher than that 
of WT mice (Fig. 2B). CAV1-KO mice exhibited a 
higher consumption of high-calorie food within the 
same time frame, and appeared to display lethargic 
behavior. This may contribute to the accelerated body 
weight associated with CAV1 deficiency. The liver 
index serves as an indicator of both liver damage and 
fat accumulation within the organs. After 16 weeks of 
HFD feeding, the study revealed an increase in liver 
index in CAV1-KO mice fed HFD compared to WT 
HFD mice (Fig. 2C). CAV1 loss increased plasma 
levels of TG, TC, ALT, AST, and LDL-C and decreased 
HDL-C levels. In mice fed a NCD, CAV1 loss 
increased the plasma levels of TC and LDL-C and 
decreased the levels of HDL-C (Fig. 2D, E, G). 
Therefore, the lack of CAV1 could influence 
cholesterol homeostasis, even when on an NCD diet.  
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Figure 1. CAV1 is downregulated in MASLD, Fibrosis patients and mouse models of MASLD. (A) Relative CAV1 mRNA levels of health (n = 5), MASLD (n = 25) 
in GSE207310 datasets. (B) Relative CAV1 mRNA levels of health (n = 14), obesity (n = 12) and MASLD (n = 25) in GSE126848 datasets. (C) Representative H&E and MASSON 
staining of Human liver tissue sections. Scale bars, 100 µm. (D) Representative immunohistochemical and immunofluorescence staining and quantification of CAV1 in normal 
individuals and patients with MASLD and Fibrosis (n = 4). (E) Representative immunoblot and quantification of CAV1 protein in human livers (n = 4). Data are the mean±SD; *P 
< 0.05, **P < 0.01, ***P < 0.001 vs. Healthy. (F) Representative H&E and Oil red staining of WT-NCD and WT-HFD mouse liver tissue sections. Scale bars, 100 µm. (G) 
Representative immunoblot and quantification of CAV1 protein in mouse liver (n = 3). (H) CAV1 mRNA levels in mouse liver (n = 3). Data are the mean±SD; **P < 0.01 vs. 
WT-NCD. (I) Albumin and CAV1 colocalized in the hepatocytes of liver by double immunofluorescence (Scale bar = 100 μm). 
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Figure 2. Deletion of CAV1 aggravates HFD-induced liver injury and steatosis in MASLD mice. (A) Animal experiment procedure. (B) Body weight was measured 
every 4 weeks from 0 to 16 weeks (n = 5). (C) Liver index of WT/KO-NCD and -HFD mice (n = 5). (D) Serum ALT and AST levels of WT/KO-NCD and -HFD mice (n = 5). 
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(E) Serum TG and TC levels of WT/KO-NCD and -HFD mice (n = 5). (F) Representative H&E, Oil red and F4/80 immunohistochemical and MASSON staining and Oil red 
quantification of mouse liver tissue sections. Scale bars, 100 µm (n = 3). (G) Serum LDL-C and HDL-C levels of WT/KO-NCD and -HFD mice (n = 5). (H) Representative 
immunohistochemical staining and quantification of CAV1 in WT/KO-NCD and -HFD mouse livers (n = 5). (I) Representative immunoblot and quantification of CAV1 protein 
in WT-NCD and KO-NCD mouse livers (n = 4). (J) Representative liver morphological images. Scale bars, 1 cm. (K) Representative H&E and Oil red staining of mouse liver tissue 
sections. Scale bars, 100 µm. (L) Serum ALT and AST levels of WT-NCD, WT-HFD and KO-HFD mice (n = 5). (M) Representative immunoblot and quantification of Vimentin, 
α-SMA and Collagen I proteins in WT-NCD, WT-HFD and KO-HFD mouse livers (n = 5). Data are the mean±SD; &P < 0.05, &&P < 0.01, &&&P < 0.001 vs. WT-NCD group; *P 
< 0.05, **P < 0.01, ***P < 0.001 vs. WT-HFD group. (J, K and L for 8 weeks, not specified, all for 16 weeks). 

 
The livers of CAV1-KO mice showed more 

severe lipid deposition, inflammatory cell infiltration, 
and fibrosis, as demonstrated by Oil Red O, HE, 
F4/80 immunohistochemical and Masson staining 
(Fig. 2F). The correlation between the loss of CAV1 
and the results was derived by immunohistochemical 
staining and western blotting (Fig. 2H, I). After 8 
weeks of HFD feeding, CAV1-KO mice already 
exhibited mild fat deposition and inflammatory cell 
infiltration, along with elevated plasma ALT and AST 
levels (Fig. 2J-L). After 16 weeks of HFD feeding, 
CAV1-KO mice showed higher expression of 
fibrosis-related proteins in the liver than that of WT 
mice (Fig. 2M). 

The absence of CAV1 reduces the efflux of 
cholesterol and increases the accumulation of 
cholesterol in the liver 

To investigate the role of CAV1 in the 
progression of MASLD, we conducted RNA-seq 
analysis on liver samples from WT and CAV1-KO 
mice fed an HFD. Gene ontology (GO) analysis 
revealed an enrichment of lipid and cholesterol 
metabolism in CAV1-KO mice fed HFD (Fig. 3A). 
Furthermore, Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analysis indicated a decrease in 
cholesterol metabolism in CAV1-KO mice fed an HFD 
(Fig. 3B). The volcano map indicates that the 
expression of the CIDEA and CIDEC genes, which are 
related to lipid drop synthesis in CAV1-KO mice, 
were upregulated. In contrast, the expression of 
NR1H4 and its downstream cholesterol transporters, 
ABCG5 and ABCG8, was downregulated (Fig. 3C). 
After obtaining this information, we are eager to 
verify our animal results. TEM revealed that 
cytoplasmic lipid droplets in HFD-fed CAV1-KO mice 
were larger and more numerous; lipid droplets were 
also present in the nucleus (Fig. 3D). Gene Set 
Enrichment Analysis (GSEA) revealed a 
downregulation of the ABC transporter signaling 
pathway in CAV1-KO mice (Fig. 3E). Consistent with 
these results, the protein expressions of SREBP1C and 
PPARγ increased in liver tissues of mice fed an HFD 
after CAV1 knockout, whereas the protein 
expressions of PPARα, ABCG5, ABCG8, and FXR 
(gene name NR1H4) decreased (Fig. 3F). 
Simultaneously, the mRNA levels of ABCG5, ABCG8, 
and NR1H4 decreased (Fig. 3G). The results of the 
IHC tests showed a decrease in the protein levels of 

FXR and ABCG5 in the liver after CAV1 knockout 
(Fig. 3H). Furthermore, the IHC and IF results also 
indicated a decrease in the expression of FXR in liver 
samples from patients with MASLD and fibrosis (Fig. 
3I, J). 

In vitro, after silencing the CAV1 gene in AML12 
cells, we observed an increased accumulation of FC, 
TC and TG in the intracellular, which decreased after 
the overexpression of CAV1 (Fig. 4A, D). 
Furthermore, the protein and mRNA levels of NR1H4 
and its downstream cholesterol transporter 
ABCG5/ABCG8 decreased and increased, 
respectively, following CAV1 silencing and 
overexpression (Fig. 4B, C, E). 

CAV1 deficiency promotes ER stress-induced 
unfolded protein response (UPR) 

We investigated the effect of CAV1 deficiency on 
cholesterol accumulation. KEGG analysis showed that 
HFD-fed CAV1-KO mice had a higher enrichment of 
endoplasmic reticulum protein synthesis and 
cytochrome P450 enzyme drug metabolism compared 
to those in their WT counterparts (Fig. 4F). GO-CC 
analysis also revealed a decrease in the ER, ER 
subcompartments, and ER membranes in CAV1-KO 
mice (Fig. 4G). Laser confocal microscopy showed the 
co-localization of the ER marker calnexin with 
cholesterol, providing evidence that the ER stores 
cholesterol intracellularly (Fig. 4H). TEM provided a 
more direct visualization. In mice fed an HFD, the ER 
in WT mice displayed swelling; the ER in CAV1-KO 
mice showed even more pronounced swelling and 
extensive dissolution (Fig. 4I). These results suggest 
that the absence of CAV1 worsens the accumulation 
of cholesterol in the ER and perturbs hepatocyte ER 
homeostasis. 

Furthermore, we investigated the markers 
associated with ER stress in mice fed an HFD, and 
found that the protein and mRNA levels of ER 
stress-related indicators such as GRP78 and CHOP 
were elevated in CAV1-KO mice compared to those in 
WT mice (Fig. 5A, B). The immunohistochemical 
(IHC) and immunofluorescence (IF) results for GRP78 
also showed more severe ER stress in Cav1-KO mice 
(Fig. 5C, D). In vitro experiments showed a notable 
increase in protein and mRNA expression of ER 
stress-related indicators when CAV1 was silenced 
(Fig. 5E, G, H).  
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Figure 3. Loss of CAV1 promotes cholesterol accumulation according to transcriptome analyses. RNA sequencing was performed on the livers of WT (n = 3) and 
Cav1-KO (n = 5) mice fed the HFD. (A) Gene Ontology analysis of biological processes. (B) Volcano plot representation of significantly up- and downregulated genes. (C) KEGG 
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enriched pathways (top 20 downregulated) of DEPS between WT-HFD and KO-HFD mice. (D) Representative TEM images of liver sections from WT-NCD, WT-HFD and 
KO-HFD mice. Scale bars, 100 μm. (E) Gene set enrichment analysis plot and Heatmap of relative genes. (F) Representative immunoblot and quantification of SREBP1, PPARγ, 
PPARα, ABCG5, ABCG8, FXR, CAV1 proteins in WT-NCD, WT-HFD and KO-HFD mouse livers (n = 3). (G) ABCG5, ABCG8 and NR1H4 mRNA levels in WT-NCD, 
WT-HFD and KO-HFD mouse livers (n = 3). (H) Representative immunohistochemical staining and quantification of FXR and ABCG5 in WT-NCD, WT-HFD and KO-HFD 
mouse livers (n = 3). Data are the mean±SD; &&P < 0.01, &&&P < 0.001 vs. WT-NCD group; **P < 0.01, ***P < 0.001 vs. WT-HFD group. (I) Representative immunoblot and 
quantification of FXR protein in human livers (n = 4). (J) Representative immunohistochemical, immunofluorescence staining and quantification of FXR in normal individuals and 
patients with MASLD and Fibrosis (n = 3). Data are the mean±SD; *P < 0.05, **P < 0.01, ***P < 0.001 vs. Healthy. 

 
In contrast, overexpression of CAV1 through 

plasmid transfection resulted in decreased protein 
and mRNA levels of ER stress-related indicators (Fig. 
5F, G, H). These findings suggest that CAV1 
deficiency leads to cholesterol accumulation and 
severe ER stress. 

The deficiency of CAV1 promotes the 
activation of the NLRP3 inflammasome 

We evaluated markers of inflammation and 
pyroptosis in mice. The ELISA results showed an 
increase in serum levels of IL-1β and IL-18 in 
CAV1-KO mice fed an HFD (Fig. 6A). Biochemical 
tests showed that CAV1-KO mice had higher serum 
levels of MDA and LDH and lower serum levels of 
GSH compared to WT mice (Fig. 6B). Moreover, 
CAV1-KO mice fed an HFD exhibited increased levels 
of protein and mRNA expression of NLRP3, 
Caspase-1 p20, GSDMD, which closely associated 
with liver pyroptosis (Fig. 6C, D). Furthermore, the 
results of IF and IHC demonstrated that deletion of 
CAV1 improved activation of the NLRP3 
inflammasome (Fig. 6E, F). 

The results obtained in vivo were consistent with 
those obtained from hepatocyte steatosis in AML-12 
cells induced by P/O. An increase in the expression of 
NLRP3 and pyroptosis-related proteins and a 
simultaneous inhibition of CAV1 protein expression 
was observed in P/O-treated cells compared to the 
normal cell group. Furthermore, the intervention of 
CAV1 SiRNA resulted in a further reduction in CAV1 
expression and an increase in the levels of NLRP3, 
pyroptosis-related proteins, and mRNA (Fig. 6G, J). In 
contrast, the plasmid intervention reduced 
NLRP3-mediated pyroptosis induced by P/O (Fig. 
6H, J). Moreover, the IF staining results suggest that 
CAV1 regulates the activation of the NLRP3 
inflammasome (Fig. 6I). 

Administration of CSD mitigates the liver 
injury resulting from CAV1 deficiency 

To further investigate CAV1's involvement in 
the progression of MASLD, we administered CSD (4.0 
mg/kg body weight) chronically to HFD-fed mice 
daily for 4 weeks (Fig. 7A). At the end of the treatment 
period, the CSD group showed a marked decrease in 
body weight and liver index (Fig. 7B). Oil Red O and 

HE staining revealed that CAV1 deficiency 
exacerbated fat deposition, inflammatory cell 
infiltration, and fibrosis in the livers of mice, which 
were subsequently reversed by CSD treatment (Fig. 
7C). The biochemical detection indices and ELISA 
results indicated that CSD reduced the levels of TG, 
TC, ALT, AST, IL-1β, IL-18, LDL-C, LDH, and MDA, 
while increasing the levels of HDL-C and GSH (Fig. 
7D-L). Protein and mRNA levels of ER stress and 
pyroptosis-related indices decreased after CSD 
treatment. In contrast, the protein and mRNA levels 
of FXR/NR1H4 and its downstream mediator, 
cholesterol efflux ABCG5/ABCG8, increased after 
CSD treatment (Fig. 7M-O).  

Treated with CSD in the absence of CAV1 
ameliorated liver injury in CAV1-KO mice. 
Furthermore, the application of CSD could also delay 
the progression of MASLD in CAV1-KO mice. 

MβCD and FXR agonists GW4064 alleviate 
endoplasmic reticulum stress and pyroptosis in 
vitro 

In vitro, we have provided additional evidence 
that CAV1 regulates the disease process by 
controlling cholesterol efflux. First, we used MβCD, a 
cholesterol-depleting reagent, compared with the 
P/O group, although there was no significant change 
in the protein expression of CAV1, the protein levels 
of ER stress were reduced (Fig. 8A). Compared with 
the P/O+CAV1-SiRNA group, there was also no 
significant change in the protein expression of CAV1 
in P/O+CAV1-SiRNA+MβCD group, but the protein 
levels of ER stress and the related cell pyroptosis were 
reduced (Fig. 8B). Subsequently, we treated the 
P/O+CAV1-SiRNA group with GW4064, an agonist 
of FXR, resulting in comparable reductions in the 
protein and mRNA levels of ER stress and pyroptosis 
with no significant change in CAV1 expression (Fig. 
8C, D). Filipin staining revealed a reduction in cellular 
cholesterol content in both the P/O+CAV1- 
SiRNA+MβCD and P/O+CAV1-SiRNA+GW4064 
groups (Fig. 8E). Furthermore, the IF results 
demonstrated a notable decrease in the expression of 
the NLRP3 inflammasome in the GW4064 treated 
group (Fig. 8F). 
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Figure 4. The accumulation of cholesterol results in the dysfunction of the endoplasmic reticulum. (A) Cellular Free cholesterol content was determined using 
filipin staining analyzed by confocal microscopy and quantification. Scale bar, 50 μm (n = 3). (B) Representative immunoblot and quantification of FXR, ABCG5, and ABCG8 
proteins in P/O stimulated AML-12 hepatocytes treated with GV146-CAV1 (n = 3). (C) Representative immunoblot and quantification of FXR, ABCG5, and ABCG8 proteins in 
P/O stimulated AML-12 hepatocytes treated with CAV1-SiRNA (n = 3). (D) Intracellular TG and TC levels in AML12 cells (n = 3). (E) Relative mRNA expression of CAV1, 
ABCG5, ABCG8 and NR1H4 was determined from AML-12 hepatocytes treated with P/O, GV146-CAV1 and CAV1-SiRNA (n = 3). (F) KEGG enriched pathways (top 20 
upregulated) of DEPS between WT-HFD and KO-HFD mice. (G) Gene Ontology analysis of all significantly changed genes in cell component. (H) Representative 
immunofluorescence staining of Calnexin and Filipin in P/O stimulated AML-12 hepatocytes treated with CAV1-SiRNA. Scale bar, 50 pixel. (I) Representative TEM images of liver 
sections from WT-NCD, WT-HFD and KO-HFD mice. Scale bars, 10 μm. White arrows indicated the endoplasmic reticulum of cells. Data are the mean±SD. ns, no significance; 
*P < 0.05, **P < 0.01, ***P < 0.001 vs. Normal group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. P/O group. 
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Figure 5. CAV1 deficiency results in the accumulation of cholesterol, leading to more severe ER stress. (A) Representative immunoblot and quantification of ER 
Stress relative proteins in WT-NCD, WT-HFD and KO-HFD mouse livers (n = 3). (B) CAV1, GRP78, GRP94, XBP1 and CHOP mRNA levels in WT-NCD, WT-HFD and 
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KO-HFD mouse livers (n = 3). (C) Representative immunofluorescence staining and mean fluorescence intensity of GRP78 and CAV1 in WT-NCD, WT-HFD and KO-HFD 
mouse livers (n = 3). (D) Representative immunohistochemical staining and quantification of GRP78 in WT-NCD, WT-HFD and KO-HFD mouse livers (n = 3). Data are the 
mean±SD; &&P < 0.01, &&&P < 0.001 vs. WT-NCD group; **P < 0.01, ***P < 0.001 vs. WT-HFD group. (E) Representative immunoblot and quantification of ER Stress relative 
proteins in P/O stimulated AML-12 hepatocytes treated with CAV1-SiRNA (n = 3). (F) Representative immunoblot and quantification of ER Stress relative proteins in P/O 
stimulated AML-12 hepatocytes treated with GV146-CAV1 (n = 3). (G) Representative immunofluorescence staining and mean fluorescence intensity of CHOP and CAV1 in P/O 
stimulated AML-12 hepatocytes treated with GV146-CAV1 and CAV1-SiRNA. Scale bar, 50 μm (n = 3). (H) Relative mRNA expression of GRP78, GRP94 and CHOP was 
determined from AML-12 hepatocytes treated with P/O, GV146-CAV1 and CAV1-SiRNA (n = 3). Data are the mean±SD; ns, no significance; *P < 0.05, **P < 0.01, ***P < 0.001 
vs. Normal group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. P/O group. 

 

Discussion 
Our study demonstrates that CAV1 plays a 

crucial role in the progression of MASLD. We 
observed a reduction in the expression of CAV1 in the 
livers of both mice and patients with MASLD. 
Furthermore, the deficiency of CAV1 in mouse 
models fed an HFD notably exacerbated hepatic 
steatosis, inflammation, and fibrosis. Mechanistic 
investigations revealed that loss of CAV1 leads to 
cholesterol accumulation, which subsequently 
induces ER stress and pyroptosis. These findings 
provide evidence that CAV1 depletion promotes the 
progression of MASLD. 

Lipotoxicity is a key factor in the development of 
diseases, such as MASLD [26]. As the liver progresses 
from a healthy state to MASLD and eventually to 
NASH, the levels of saturated fatty acids and 
cholesterol increase concurrently [27]. CAV1 is a 
membrane protein that plays a role in various cellular 
processes. The activation of CAV1 inhibits lipid 
accumulation in hepatocytes, making it a promising 
target for investigating metabolic disorders [28]. 
However, the precise role of CAV1 in the pathological 
progression of liver from MASLD to MASH remains 
unknown. 

Cholesterol accumulation is an early event in the 
development of MASLD. Mounting evidence 
indicates a correlation between alterations in 
cholesterol homeostasis and the onset of MASLD. In 
individuals with MASLD, MASH and fibrosis 
progress concomitantly with hepatic cholesterol 
accumulation. Cholesterol-mediated liver 
inflammation is a critical step in the pathogenesis of 
MASLD, potentially promoting liver damage and 
eventually liver fibrosis, cirrhosis, and liver cancer. 
Inducing hepatic cholesterol accumulation in MASH 
worsens steatohepatitis and fibrosis, while correcting 
hepatic cholesterol overload ameliorates liver disease 
severity [29]. Recent evidence suggests that 
cholesterol buildup promotes the progression of 
MASLD and plays a crucial role in the transition from 
MASLD to MASH [30]. CAV1 regulates hepatic 
cholesterol distribution primarily through the 
regulation of cholesterol efflux [31]. Our 
gain-of-function and loss-of-function experiments 
revealed that CAV1 deficiency downregulated 
cholesterol metabolism in MASLD, promoted 

cholesterol accumulation. FXR plays a crucial 
molecular role in maintaining hepatic homeostasis, 
and when activated, inhibits fatty acid synthesis, 
improves mitochondrial β-oxidation, and promotes 
cholesterol excretion [32]. In atherosclerosis, the 
downregulation of FXR results in reduced expression 
of cholesterol transport proteins (ABCG5/ABCG8), 
ultimately affecting cholesterol efflux and causing 
cholesterol accumulation [33]. The present study 
demonstrates that the loss of CAV1 reduces the 
expression of FXR/NR1H4, resulting in the 
accumulation of cholesterol in the liver, which 
triggering endoplasmic reticulum (ER) stress. 

The ER is responsible for ensuring proper 
protein folding [34]. Excessive cholesterol 
accumulation within the ER depletes calcium stores, 
leading to ER stress and subsequent activation of the 
UPR pathway [35]. UPR activation is effective in 
repairing mild and transient forms of ER stress [36]. 
However, if ER stress is severe and left unaddressed, 
it can lead to sustained activation of the UPR 
signaling pathway, ultimately resulting in 
inflammasome activation, cell death, and accelerated 
organ damage [37]. Nevertheless, the role of CAV1 in 
the regulation of ER stress in various diseases remains 
a matter of debate. Díaz MI [38] and Zeng W [39] have 
conflicting views on the importance of CAV1 in ER 
stress. Current study presents novel evidence that 
CAV1 has been involved in the progression of 
MASLD induced by ER stress. Our findings suggest 
that the loss of CAV1 in both hepatocytes and liver 
tissues worsens ER injury and promotes ER stress due 
to cholesterol accumulation. 

Pyroptosis is a form of pro-inflammatory 
programmed cell death that has been implicated in 
various diseases. Studies have identified the NLRP3 
inflammasome as a key mediator of pyroptosis [40], 
and ER stress has also been observed to induce 
pyroptosis [41]. Mechanistic investigations have 
revealed that cholesterol trafficking to the ER is 
necessary to activate the NLRP3 inflammasome [42]. 
Recent studies have demonstrated the critical role of 
pyroptosis in diet-induced MASLD [43, 44]. Our 
previous studies have demonstrated that CAV1 can 
improve acetaminophen-induced liver injury in 
MASLD by inhibiting pyroptosis [45]. In this study, 
the absence of CAV1 in hepatocytes and liver tissues 
promotes the activation of the NLRP3 inflammasome.  
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Figure 6. CAV1 deficiency promotes NLRP3 inflammasome activation and pyroptosis. (A) ELISA measurement of serum IL-1β and IL-18 (n = 5). (B) Serum MDA, 
GSH and LDH levels of WT/KO-NCD and -HFD mice (n = 5). (C) Representative immunoblot and quantification of NLRP3, Caspase-1 p20, GSDMD-N proteins in WT-NCD, 
WT-HFD and KO-HFD mouse livers (n = 3). (D) IL-1β, IL-18 and NLRP3 mRNA levels in WT-NCD, WT-HFD and KO-HFD mouse livers (n = 3). (E) Representative 
immunofluorescence staining and mean fluorescence intensity of NLRP3/CAV1 in WT-NCD, WT-HFD and KO-HFD mouse livers (n = 3). (F) Representative 
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immunohistochemical staining and quantification of NLRP3 and GSDMD-N in WT-NCD, WT-HFD and KO-HFD mouse livers (n = 3). Data are the mean±SD; &P < 0.05, &&P < 
0.01, &&&P < 0.001 vs. WT-NCD group; *P < 0.05, **P < 0.01, ***P < 0.001 vs. WT-HFD group. (G) Representative immunoblot and quantification of NLRP3, GSDMD-N, Caspase-1 
p20, and IL-1β proteins in P/O stimulated AML-12 hepatocytes treated with CAV1-SiRNA (n = 3). (H) Representative immunoblot and quantification of NLRP3, GSDMD-N, 
Caspase-1 p20, and IL-1β proteins in P/O stimulated AML-12 hepatocytes treated with GV146-CAV1 (n = 3). (I) Representative immunofluorescence staining and mean 
fluorescence intensity of NLRP3/CAV1 in P/O stimulated AML-12 hepatocytes treated with GV146-CAV1 and CAV1-SiRNA. Scale bar, 50 μm (n = 3). (J) Relative mRNA 
expression of IL-18, IL-1β and NLRP3 was determined from AML-12 hepatocytes treated with P/O, GV146-CAV1 and CAV1-SiRNA (n = 3). Data are the mean±SD; *P < 0.05, 
**P < 0.01, ***P < 0.001 vs. Normal group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. P/O group. 

 
Figure 7. The administration of CSD mitigates the liver injury resulting from CAV1 deficiency. (A) Animal experiment procedure. (B) Body weight was measured 
every 4 weeks from 0 to 16 weeks and liver index of WT/KO-HFD and +CSD mice (n = 5). (C) Representative H&E, Oil red and MASSON staining of mouse liver tissue sections. 
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Scale bars, 100 µm (n = 3). (D) Serum ALT and AST levels of WT/KO-HFD and CSD mice (n = 5). (E-F) Serum TG and TC levels of WT-HFD, KO-HFD and KO-HFD+CSD mice 
(n = 5). (G) ELISA measurement of serum IL-1β and IL-18 (n = 5). (H-I) Serum LDL-C and HDL-C levels of WT/KO-HFD and CSD mice (n = 5). (J) Serum LDH levels of 
WT/KO-HFD and CSD mice (n = 5). (K) Serum MAD levels of WT/KO-HFD and CSD mice (n = 5). (L) Serum GSH levels of WT/KO-HFD and CSD mice (n = 5). (M) 
Representative immunoblot and quantification of NLRP3, GRP78, and CAV1 proteins in WT-HFD and WT-HFD+CSD mouse livers (n = 3). (N) Representative immunoblot and 
quantification of NLRP3, GRP78, CHOP, ABCG8, ABCG5, CAV1 and FXR proteins in WT-HFD, KO-HFD and KO-HFD+CSD mouse livers (n = 3). (O) CAV1, GRP78, GRP94, 
IL-18, IL-1β, NLRP3, ABCG5, ABCG8 and NR1H4 mRNA levels in WT/KO-HFD and CSD mouse livers (n = 3). Data are the mean±SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. 
WT-HFD group; $P < 0.05, $$P < 0.01, $$$P < 0.001 vs. KO-HFD group. 

 
Figure 8. The FXR agonist GW4064 alleviates ER stress and pyroptosis in P/O stimulated AML-12 hepatocytes treated with CAV1-SiRNA. (A) 
Representative immunoblot and quantification of GRP78, CHOP and CAV1 proteins in P/O stimulated AML-12 hepatocytes treated with MβCD (n = 3). (B) Representative 
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immunoblot and quantification of NLRP3, GSDMD-N, GRP78, CHOP and CAV1 proteins in P/O stimulated AML-12 hepatocytes treated with CAV1-SiRNA and MβCD (n = 3). 
(C) Representative immunoblot and quantification of NLRP3, GSDMD-N, GRP78, CHOP, CAV1 and FXR proteins in P/O stimulated AML-12 hepatocytes treated with 
CAV1-SiRNA and GW4064 (n = 3). (D) Relative mRNA expression of GRP78, NLRP3, NR1H4 and CAV1 was determined from AML-12 hepatocytes treated with P/O, GW4064 
and CAV1-SiRNA (n = 3). (E) Cellular Free cholesterol content was determined using filipin staining analyzed by confocal microscopy and quantification. Scale bar, 50 μm (n = 3). 
(F) Representative immunofluorescence staining and mean fluorescence intensity of NLRP3/CAV1 in P/O stimulated AML-12 hepatocytes treated with GW4064 and 
CAV1-SiRNA. Scale bar, 200 pixels (n = 3). Data are the mean±SD. ns, no significance; **P < 0.01, ***P < 0.001 vs. N group; ##P < 0.01, ###P < 0.001 vs. P/O group; $P < 0.05, $$P 
< 0.01, $$$P < 0.001 vs. P/O+CAV1-SiRNA group. 

 
Mechanistically, the lack of CAV1 may 

contribute to increased intracellular cholesterol 
accumulation, which induces ER stress and activates 
the NLRP3 inflammasome. 

CSD, a stable analog of the active portion of 
CAV1, supplementing CSD can restore the expression 
of CAV1, function synergistically with cholesterol 
sequestration, a process also dependent on the CSD, 
to effect CAV1 signaling function through both lipid 
and protein interaction [46-47]. Recent studies 
indicate that CSD accumulates in the ER, which 
mitigates ER stress during pulmonary fibrosis [48]. 
However, whether CSD could alleviate ER stress in 
MASLD and its underlying mechanisms remains 
unclear. In our study, CAV1 function was 
supplemented by intraperitoneally injecting CSD, 
which effectively reversed cholesterol accumulation, 
ER stress, and pyroptosis exacerbated by CAV1 
deficiency; thus, slowing the progression of MASLD. 

The present study shows that MβCD, a widely 
used reagent to deplete cholesterol [49], reversed 
alterations in ER stress and pyroptosis levels 
mediated by CAV1 SiRNA, suggesting that 
cholesterol accumulation contributes to the regulatory 
effect of CAV1 on ER stress and pyroptosis. 
Furthermore, GW4064 (an FXR agonist) reduces 
cholesterol levels induced by an HFD [50], and 
increases cholesterol efflux by inducing the 
expression of FXR/NR1H4 and its downstream 
cholesterol transporter ABCG5/ABCG8 [51]. As 
expected, we observed that GW4064 treatment 
alleviated the exacerbation of ER stress and 
pyroptosis induced by CAV1 SiRNA, these results 
suggesting that FXR/NR1H4 serves as a crucial link 
in the regulation of Cav1-mediated ER stress and 
pyroptosis triggered by cholesterol accumulation.  

In conclusion, the evidence presented in our 
study has identified CAV1 as a crucial regulator of 
cholesterol homeostasis in MASLD, who plays an 
important role in disease progression. However, 
further investigation is required to elucidate the 
specific underlying molecular mechanisms. Global 
CAV1 deficiency promotes hepatic cholesterol 
deposition in a murine model of MASLD, 
exacerbating ER stress and its mediated pyroptosis, 
thus accelerating MASLD progression. The hope is 
that supplementing CSD could reverse this change. 
Therefore, CAV1 is a promising therapeutic target for 
MASLD. 
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