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Objective: To establish a short-term high-fat/high-cholesterol (HFHC) diet-induced Metabolic dysfunction-associated steatotic liver 
disease (MASLD) mouse model, and evaluate the effects of rapamycin (RaPa) and chloroquine (CQ) on this model to explore their 
therapeutic potential and side effects.
Methods: An early MASLD mouse model was constructed via short-term HFHC diet feeding. Model mice were intraperitoneally 
injected with RaPa or CQ. Drug effects were analyzed on body weight, liver weight, lipid metabolism-related genes (APOB, FASN, 
PLIN2), inflammatory factors (IL-6, IL-10), and fibrosis markers (LOX, Col-1α-1, CCL2, TGFβ1, PDGFRβ, α-SMA) at mRNA and 
protein levels.
Results: RaPa ameliorated body weight and liver weight in early MASLD mice, downregulated FASN and PLIN2 expression, 
upregulated IL-10 mRNA levels, and alleviated hepatic steatosis, but induced metabolic disorders such as Insulin resistance and 
hyperlipidemia. In contrast, CQ promoted FASN and PLIN2 expression, exacerbated hepatic steatosis, reduced IL-10 mRNA levels, 
and upregulated fibrosis-related markers (LOX, TGFβ1, PDGFRβ, α-SMA) at both mRNA and protein levels, thereby driving MASLD 
progression to liver fibrosis. Notably, CQ improved metabolic abnormalities in model mice, including obesity, hyperlipidemia, and 
Insulin resistance.
Conclusion: RaPa and CQ exhibit dual effects on early MASLD: RaPa alleviates hepatic steatosis but exacerbates metabolic 
disorders, whereas CQ improves metabolic abnormalities but accelerates liver fibrosis. This paradox highlights the need to balance 
metabolic regulation and liver injury prevention in MASLD treatment, providing critical experimental insights for targeted drug 
development.
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Introduction
In recent years, metabolic dysfunction-associated steatotic liver disease (MASLD, formerly known as MAFLD/NAFLD) 
has emerged as a major global public health challenge. Epidemiological data indicate that MASLD currently affects over 
25% of the global population, making it a significant chronic metabolic disorder that seriously threatens human health.1 
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MASLD exhibits a progressive pathological trajectory. Under sustained metabolic stress, hepatic steatosis can gradually 
develop into metabolic dysfunction-associated steatohepatitis (MASH), which subsequently triggers progressive liver 
fibrosis through pro-inflammatory cytokine cascades and extracellular matrix deposition. This ultimately leads to 
irreversible liver damage including end-stage cirrhosis and hepatocellular carcinoma (HCC), significantly increasing 
treatment difficulty and mortality rates.2 Simultaneously, individuals with Metabolic dysfunction-associated steatotic 
liver disease (MASLD) face an increased risk of developing type 2 diabetes mellitus (T2DM), cardiovascular disease, 
chronic kidney disease, and extrahepatic cancers, with the majority of MASLD-related mortality attributable to cardiac 
causes.3 MASLD exacerbates hepatic and peripheral insulin resistance, predisposes to atherogenic dyslipidemia, and 
promotes the systemic release of pro-inflammatory cytokines and hepatokines, thereby contributing to the development 
of T2DM.4 However, the molecular pathogenesis of MASLD remains largely elusive, so treatment options for this 
disease are still limited.

Abnormal lipid accumulation in hepatocytes is the initial stage of hepatic steatosis. Free fatty acids are taken up by 
hepatocytes and esterified into triglycerides (TG),5–7 for storage as lipid droplets (LDs).8 Under physiological conditions, 
LDs are degraded through hydrolysis mediated by the PLIN1-hormone-sensitive lipase axis and via lipophagy. Excessive 
free fatty acid intake leads to LD accumulation, triggering lipotoxicity and further promoting endoplasmic reticulum 
stress, apoptosis, inflammation, and metabolic abnormalities such as insulin resistance.9

Clearance of LDs is crucial for maintaining liver function. Autophagy acts as a cellular “recycling station” that 
maintains homeostasis by degrading abnormal cellular components. Autophagy is an evolutionarily conserved catabolic 
process characterized by the degradation of cellular proteins and damaged organelles to promote cell survival and 
maintain cellular homeostasis.10 Previous studies have suggested that autophagy can serve as an effective defense 
mechanism against various pathological damages, including alcoholic and non-alcoholic fatty liver disease.11 Fat 
autophagy can affect the severity of fat degeneration, which in turn affects liver damage. CQ can exacerbate liver injury 
in mice fed with HFD.12 3-methyladenine (3MA), an inhibitor of autophagy, can significantly increase TG levels in liver 
cells in the absence or presence of exogenous lipid supplements such as oleates, while treatment with rapamycin (an 
autophagy activator) significantly reduces LD numbers and TGs.13 However, its role in the pathogenesis of MASLD 
remains controversial.

In this study, we employed the autophagy agonist rapamycin and autophagy inhibitor chloroquine to intervene in the 
HFHC mouse model, as they target key nodes of the mTOR-autophagy pathway respectively. Although rapamycin 
inhibits mTORC1 to ameliorate lipid deposition, it disrupts mTORC2 and consequently induces hyperglycemia;14 

Chloroquine blocks autophagic flux by inhibiting autophagosome-lysosome fusion, thereby suppressing lipophagy,15,16 

and potentially exacerbating hepatic lipid accumulation. This study investigated the roles of autophagy activation and 
inhibition in MASLD and the advantages and disadvantages of autophagy pathway in regulating MASLD mouse models 
by intraperitoneal injection of autophagy agonist RaPa and autophagy inhibitor CQ.

In this study, we employed the autophagy agonist rapamycin and autophagy inhibitor chloroquine to intervene in the 
HFHC mouse model, as they target key nodes of the mTOR-autophagy pathway respectively. Although rapamycin 
inhibits mTORC1 to ameliorate lipid deposition, it disrupts mTORC2 and consequently induces hyperglycemia;14 

Chloroquine blocks autophagic flux by inhibiting autophagosome-lysosome fusion, thereby suppressing lipophagy,15,16 

and potentially exacerbating hepatic lipid accumulation. This study investigated the roles of autophagy activation and 
inhibition in MASLD and the advantages and disadvantages of autophagy pathway in regulating MASLD mouse models 
by intraperitoneal injection of autophagy agonist RaPa and autophagy inhibitor CQ. Previous studies have shown that 
a high-fat and high-cholesterol diet can lead to more severe hepatic steatosis, severe inflammation, and perisinusoidal 
fibrosis (fatty liver disease), but this usually occurs after 30 weeks. However, the HFHD diet model fed for less than 
12 weeks does not form significant liver fibrosis.17 To facilitate the observation of the effect of autophagy on MASLD/ 
MASH and liver fibrosis, we constructed a relatively early MASLD model. To avoid the influence of some imperceptible 
inflammation and fibrosis, we shortened the feeding time of the HFHD diet to 10 weeks to avoid uncontrollable 
inflammatory responses and fibrosis that might mask the direct effect of the drug on the early pathogenesis.
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Materials and Methods
Construction of Animal Models
Eight male wild-type C57 mice were purchased and randomly divided into two groups (n = 4 per group). One group was 
fed a standard diet (SD), while the other group received a high-fat/high-cholesterol (HFHC) diet (42% fat and 0.2% 
cholesterol) provided by Nantong Troffey Feed Co., Ltd. After 10 weeks, liver tissue samples were collected for HE 
staining, Sirius red staining, and Masson staining to assess whether the model mice exhibit early-stage MASLD.

After verifying that high-fat and high-cholesterol diets for 10 weeks can form an early model of MASLD, we 
constructed interference models of rapamycin(RaPa) and chloroquine(CQ). Forty-eight 8-week-old mice were randomly 
divided into 4 groups with 12 mice in each group. The mice in the first group were fed the standard diet + intraperitoneal 
injection of normal saline (SD), the others in the second group were fed the HFHC diet + intraperitoneal injection of 
normal saline (HFHC), and the others in the third group were fed the HFHC diet + intraperitoneal injection of RaPa 
(2mg/kg/d)18(HFHC+RaPa). The mice in the fourth group were fed HFHC diet plus intraperitoneally injected CQ (60mg/ 
kg/d)19(HFHC+CQ). GTT and ITT tests were performed before cervical dislocation in 10W mice, and blood from the 
eyes was collected for blood biochemical analysis. The liver weight and liver weight/body weight ratio of 10W 
euthanized mice were monitored, and the liver tissues were collected for paraffin embedding and frozen section. The 
remaining liver tissue is frozen at −80°C for future use.

The experimental mice were purchased from Beijing Huafukang Biotechnology Co., LTD. The ethical approval (No.: 
ZMU21-2203-551) was approved by the Experimental Animal Welfare Ethics Committee of Zunyi Medical University. 
Animal handling was performed in accordance with the Chinese “Guidelines for Ethical Review of Animal Welfare” 
(GB/T 35892–2018) and ARRIVE guidelines.

GTT and ITT Experiments
(1) GTT, mice were fasted (with free access to water) for 12 hours, their tail tips were cut off, and blood was quickly squeezed 
out from the tail tips. Fasting blood glucose was immediately measured using a blood glucose meter, and then glucose (2g/kg) 
was injected intraperitoneally. Blood glucose levels were monitored at 30, 60, 90, and 120 minutes after injection.

(2) ITT, fasting for 4 hours (with free access to water), with the same treatment method as above. After measuring 
fasting blood glucose, intraperitoneal injection of insulin (0.5 IU/kg) is administered; Monitor blood glucose levels at 30, 
60, 90, and 120 minutes.

Serum Biochemical Index Detection
After fasting overnight and before euthanizing the mice, collect eye blood, centrifuge to obtain supernatant, and perform 
biochemical measurements according to standard procedures. Lipids were measured using electrochemiluminescence 
immunoassay with an automated analyzer (Roche Cobas 8000 System, CV 0.6–0.9%, Indianapolis, IN) for total 
cholesterol (CHOL), triglycerides (TRIG), low-density lipoprotein cholesterol (LDLc), and high-density lipoprotein 
cholesterol (HDLc). Measure liver enzymes [aspartate aminotransferase (AST), alanine aminotransferase (ALT)] using 
UV absorbance (Roche Cobas 8000 System, AST CV 0.5–3.2%, ALT CV 0.5–3.2%, ALT CV 0.5–3.1%).

Liver Histopathology
For histological analysis, liver tissue (0.1–0.2g) was fixed in 10% formalin solution, dehydrated with different concen
trations of ethanol solution, and embedded in paraffin. Subsequently, the tissue embedded in paraffin was cut to 
a thickness of 4μm for staining with hematoxylin and eosin (H&E) as well as Sirius red and Masson. Use Olympus 
IX81S1F-3 (Olympus, Tokyo, Japan) to examine H&E, Sirius Red, and Masson liver sections at magnification of 40x and 
20x, respectively. Use ImageJ software (version 1.37c) to analyze the images.

Hepatic steatosis was quantified through systematic examination of H&E-stained liver sections. For each specimen, 
12–40 representative regions of interest (ROIs) were randomly selected to calculate lipid droplet occupancy. Lipid 
droplets were identified as hollow circular structures under brightfield microscopy, with their proportional area quantified 
using standardized image analysis software. Fibrotic progression was evaluated using Sirius Red and Masson’s 
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trichrome-stained sections to visualize collagen deposition. A systematic sampling approach was implemented, with 8–16 
ROIs analyzed per specimen. All digital images underwent uniform threshold adjustment prior to computational 
quantification of collagen-positive areas. Results were expressed as percentage of stained tissue relative to total ROI 
area, ensuring consistent inter-sample comparability.

Protein Imprinting Experiments
The protein lysates were obtained from each mouse liver sample (about 100mg) by adding grinding bead to a mixture of 
1mL RIPA buffer and 10μL protease inhibitor. After grinding the resulting tissue homogenate in a grinder and 
centrifugation at 4°C and 12,000×g for 20 min, supernatant was taken to obtain the protein lysates. The protein 
concentration in the lysate was measured by spectrophotometer at a wavelength of 595nm using a protein determination 
dye reagent (Bio-Rad Laboratories, Inc). Thereafter, equal amounts of protein (15μg) were separated from all samples by 
electrophoresis in 12.5% and 10% sodium dodecyl sulfate polyacrylamide gels. The isolated proteins were transferred to 
the Immobilon-P membrane (Millipore, Billerica, MA, USA).

Western blot analysis was performed by first treating the membrane with Protein-Free Rapid Blocking Buffer (1×, Yatase 
PS108P) at room temperature for 15 minutes. Primary antibody incubation was conducted overnight at 4°C using antibodies 
against FASN, PLIN2, LC3, P62, and α-SMA (Proteintech, 1:5000 dilution), followed by 1-hour incubation with HRP- 
conjugated secondary antibody (1:5000 dilution) at room temperature (The specific genetic information can be found in 
Supplementary Information Tables 1 and 2). Protein bands were visualized using an Immobilon immunoblotting detection 
system (Millipore) combined with a ChemiDoc imaging system (Bio-Rad Laboratories, Inc)., with band intensity quantified 
via Image Lab 6.1 software and normalized to the housekeeping gene GAPDH (Proteintech 60004-1-Ig).

mRNA Experiments
Total RNA was isolated from liver tissues or cultured cells using TransZol Up Reagent (TransGen Biotech ET111-01), 
reverse-transcribed to cDNA using the EasyScript One-Step gDNA Removal Kit (TransGen Biotech AE311-04), and 
amplified with TransStart Top Green qPCR Super Mix (TransGen Biotech AQ131-04). Relative gene expression was 
calculated using the 2−ΔΔCt method with GAPDH as the internal reference gene. The specific details of the RNA 
primers can be found in Supplementary Information Table 3.

Statistical Analysis
Statistical analysis is mainly conducted using GraphPad Prism8.0 software. Non paired t-test was used between two 
samples, one-way analysis of variance was used for pairwise component comparison, LSD test was used for homogeneity 
of variance, and Dunnett T3 test was used for heterogeneity of variance. The significant results are represented by * 
P<0.05, * * P<0.01, and * * * P<0.001, respectively.

Result 1: Feeding Mice an HFHC Diet for 10 weeks Effectively Induced an 
Early-Stage MASLD Model
Eight 8-week-old C57 mice were randomly divided into two groups and fed standard diet (SD) and HFHC diet 
respectively. In order to avoid severe inflammatory response and fibrosis, the feeding time was shortened to 10W. 
After euthanizing the mice, liver tissue was collected for HE staining, Sirius red staining, and Masson staining. As 
shown in Figure 1A, after induction of 10W with HFHC diet, the liver became significantly yellow, indicating 
smooth and glossy appearance. Compared with the SD diet group, HE staining in the HFHC group mainly 
manifested as simple fat degeneration with a small amount of balloon like changes, and no inflammatory cell 
infiltration was observed (Figure 1B). Masson staining and Sirius red staining were used to observe the liver 
tissue. Red staining only observed a small amount of fibrosis around the sinus and portal vein (Figure 1C and D). 
We used the Non alcoholic Fatty Liver Disease Activity Score20 and found that all models had a NAS score<5, 
with no liver fibrosis or liver fibrosis in Stage 1. Therefore, we believe that short-term feeding with HFHC can 
form an early model of MASLD, without causing severe inflammation, liver fibrosis, or cirrhosis.
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Result 2: Effects of Autophagy on Body Weight, Liver Weight, and Liver/ 
Body Weight Ratio in MASLD Model
Forty-eight 7-week-old C57 male mice were randomly divided into 4 groups to establish the animal model. There was no 
significant difference in body weight between each group (Figure 2A). The control group was given SD diet +8 weeks of age 
at the beginning of intrabitoneal injection of normal saline, and the three model groups were given HFHC diet + intrabitoneal 
injection of normal saline /RaPa/CQ group after 1 week of excessive standard diet respectively (Figure 2B). Body weight 
was monitored weekly, and the HFHC-induced mouse model was found to lead to significant obesity, as shown in Figure 2A. 
Starting from the fourth week, the weight gain in HFHC-fed mice became statistically significant (p < 0.05) compared to the 
SD group, while the weight loss effect of RaPa began to manifest from the third week. Interestingly, the CQ group also 
showed statistically significant weight loss from week 5 onwards. After mice were euthanized at 10 weeks, both RaPa and 
CQ were found to reduce liver weight, with CQ showing a more significant effect (Figure 2C).

Result 3: Regulation of Autophagy on Blood Glucose, Lipids, and Liver 
Function in Early MASLD Models
Before euthanizing the mice, insulin tolerance and glucose tolerance experiments were conducted. CQ significantly improved 
insulin resistance induced by the HFHC diet, while RaPa led to insulin resistance (Figure 3A). The results suggested that RaPa 
promoted adverse metabolic states such as hyperlipidemia and hyperglycemia, whereas CQ was found to play a protective role.

Figure 1 HFHC diet induced early NAFL/NASH model. (A) Compared with SD diet, representative images of liver appearance induced by HFHC for fatty liver formation. 
(B) HE staining was used to observe lipid degeneration and inflammatory infiltration. (C) Representative image of Sirius Red observing liver fibrosis. (D) Masson staining 
observed representative images of liver fibrosis.
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After 10W, serum ALT, AST, cholesterol, triglycerides, high-density lipoprotein, and low-density lipoprotein were 
detected in the HFHC mouse model. Quantitative detection of serum ATL and AST showed no statistical significance. 
Compared with the normal diet control group, short-term feeding of HFHC did not cause liver function damage in mice, 
and that activating and inhibiting autophagy did not aggravate liver function damage (Figure 3B). HFHC can induce an 
increase in CHOL, HLD-C, and LDL-C, while no significant differences in serum TRIG levels were observed among the 
groups. It was also found that activating autophagy can further increase CHOL, HLD-C, and LDL-C, while inhibiting 
autophagy can reverse the upward trend of these indicators (Figure 3C). Therefore, we believe that RaPa poses a risk of 
causing hyperlipidemia, while chloroquine can lower blood lipids. APOB is a major component of very low-density 
lipoprotein and low-density lipoprotein,21 and in a study related to coronary heart disease, it was found that the clinical 
benefits of reducing triglyceride and LDL-C levels may be directly proportional to the absolute changes in ApoB.22 

Therefore, our detection of changes in liver APOB may provide a meaningful clinical evaluation for predicting the 
association between autophagy and coronary heart disease. As shown in Figure 3D, rapamycin can lead to the 
upregulation of APOB expression. APOB-100 is the core structural protein for the synthesis of VLDL in the liver. 
VLDL is the primary carrier for transporting endogenous triglycerides from the liver to peripheral tissues. After VLDL is 
secreted, its triglycerides are taken up by peripheral tissues, and the remaining particles are gradually converted into 
LDL.23 Therefore, we believe that the increase in blood LDL levels induced by rapamycin may be related to the 
enhancement of hepatic triglyceride synthesis and secretion. And CQ cannot completely reverse the expression of APOB, 
which means that CQ’s lipid-lowering effect may involve other pathways.

Result 4: The Effect of Autophagy on Hepatic Steatosis
As shown in Figure 4A, after induction with the HFHC diet for 10 weeks, the liver exhibited significant yellowing and 
enlargement, consistent with pre-experiment observations. RaPa treatment significantly improved the liver appearance, 
restoring it to a color close to normal. HE staining revealed steatosis with a small amount of ballooning, and little 
inflammatory cell infiltration was observed. At the same time, it was found that the liver steatosis in the RaPa group was 

Figure 2 Effects of autophagy on mouse body weight, liver weight, and body weight/liver weight ratio. (A) Monitor weight changes weekly; (B) Schematic diagram of model 
construction and processing methods. (C) Liver weight, body weight, and liver weight to body weight ratio.
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significantly reduced, while the steatosis in the CQ group was heavier than that in the HFHC group, and inflammatory cell 
infiltration and Mallory Denk bodies formation were observed (yellow circle in Figure 4B). Oil red staining revealed that 
HFHC diet can induce a large amount of lipid droplet aggregation, while RaPa can reduce lipid droplet aggregation, while 
CQ can increase lipid droplet aggregation (Figure 4C and D). Meanwhile, Western blot detection found that HFHC can 
induce upregulation of PLIN2 and FASN expression, RaPa can downregulate PLIN2 and FASN expression, while CQ can 
upregulate PLIN2 and FASN expression (Figure 4E). Therefore, we believe that the activation of autophagy may alleviate 
liver steatosis by inhibiting de novo synthesis of fat and reducing lipid droplet aggregation. After inhibiting autophagy, de 
novo synthesis of fat is enhanced, lipid droplet aggregation is obvious, leading to aggravated lipid degeneration.

Result 5: Inhibition of Autophagy May Exacerbate Liver Fibrosis in MASLD/ 
MASH Mouse Models
As shown in Figure 5A, we validated the expression of inflammation and fibrosis markers in the early MASLD/MASH model 
by detecting the relative mRNA expression levels of liver inflammation and fibrosis markers. Previous studies have suggested 

Figure 3 The regulatory effect of autophagy on blood glucose, liver function, and blood lipids in an early MASLD model. (A) Blood glucose change curves and statistical 
graphs of GTT and ITT tests before killing mice at 10W. (B) ALT and AST statistical charts. (C) TRIG, CHOL, HLD-C, LDL-C, LDL-C/HDL-C, CHOL/HLD-C statistical 
charts. (D) The impact of autophagy on APOB.
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Figure 4 Effects of autophagy on lipid degeneration, droplet formation, and adipogenesis. (A) Representative images of the overall appearance of the liver. (B) 
Representative images of HE staining, inflammatory cell infiltration and Mallory Denk bodies formation were observed in yellow circle. (C) Representative images of oil 
red staining. (D) Oil red staining statistical chart. (E) Representative Western blot images of the effect of autophagy on FASN and PLIN2 expression.
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Figure 5 RaPa alleviates liver inflammation, while CQ leads to the progression of NAFL and NASH towards liver fibrosis. (A) The nucleic acid levels of IL-6, IL-10, PDGFRβ, 
TGFβ1, Col1-α1, LOX, CCL2, and α-SMA; (B) Representative image of Sirius red staining. (C) Representative image of Masson staining. (D) Statistical chart of positive areas 
stained with Sirius Red and Masson. (E) Western blot detection of representative images of α- SMA protein levels.
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a positive correlation between IL6 and MASH inflammation,24,25 and IL-10 plays a protective role in liver inflammation;26,27 

PDGFRβ, TGF β1, Col1-α1, LOX, CCL2, and α- SMA are marker factors for liver fibrosis formation.28–30 Among them, 
PDGFRβ levels gradually increase with the increase of fibrosis stage, and the largest difference is observed in patients with 
significant fibrosis compared to those without fibrosis or mild fibrosis.30 We detected the nucleic acid levels of IL-6, IL-10, 
PDGFRβ, TGFβ1, Col1-α1, LOX, CCL2, and α- SMA. IL-10 was upregulated after RaPa induction and downregulated after 
CQ treatment. Therefore, we believe that RaPa may alleviate inflammation induced by HFHC, while CQ may exacerbate liver 
inflammation. At the same time, it was found that compared with the SD diet, HFHC induced an increase in the expression 
level of CCL2, and there was no significant statistical difference in other fibrosis indicators. RaPa did not change the nucleic 
acid expression levels of TGF β1, LOX, CCL2, and α - SMA. However, after CQ treatment, the expression levels of TGF β1, 
LOX, CCL2, and α- SMA were significantly upregulated, and TGF β1, LOX, CCL2, and α- SMA were positively correlated 
with the degree of liver fibrosis. Furthermore, we observed fibrosis in each group by staining with Sirius Red and Masson. We 
found that after CQ inhibition of autophagy, the expression of collagen fibers in the liver increased, and there was significant 
fibrosis around the central vein and portal area, which spread to the liver parenchyma. Some areas around the sinusoids 
showed obvious fibrosis (Figure 5B–D). At the same time, we used Western blot analysis of liver tissue to detect the 
expression level of α- SMA (Figure 5E). We found that the expression level of α- SMA was significantly upregulated in the 
HFHC+CQ group. Therefore, we believe that CQ inhibition of autophagy may lead to the development of MASLD and 
MASH towards liver fibrosis. This phenomenon may be attributed to mechanisms such as autophagy blockade, subsequent 
p62 accumulation, activation of hepatic stellate cells, and increased exosome secretion by hepatocytes following chloroquine 
administration.31

Discussion
Early diagnosis and intervention are critical for effective disease management. Through the development of an early 
MASLD model and the exploration of autophagy’s role, this study aims to identify potential strategies to inhibit MASLD 
progression, thereby mitigating the risk of cirrhosis and liver cancer.

The autophagy agonist rapamycin is widely used as an immunosuppressant in clinical practice, and it has also been 
found that RaPa is beneficial in improving liver steatosis and body weight.11,18 Our study found that RaPa can 
downregulate the expression of hepatic FASN and PLIN2, which may lead to hepatic fat synthesis and lipid droplet 
reduction, thereby alleviating the causes of fatty liver. But interestingly, its risk of causing hyperlipidemia and glucose 
intolerance cannot be ignored.32 Rapamycin has been shown to induce glucose intolerance in mice.33 Clinical studies, 
particularly those involving long-term rapamycin use in kidney transplant patients, corroborate our findings by demon
strating that rapamycin can cause hyperlipidemia and reduce fat mass. The underlying mechanism may involve RaPa’s 
modulation of the insulin signaling pathway, leading to increased adipose tissue lipase activity and/or decreased 
lipoprotein lipase activity. This, in turn, promotes hepatic triglyceride synthesis, VLDL secretion, and 
hypertriglyceridemia.34 Our research confirms that RaPa can lead to upregulation of liver APOB expression, which is 
a major component of VLDL, and LDL. Therefore, upregulation of APOB expression may be one of the causes of 
hypercholesterolemia. The induction of gluconeogenesis in the liver by rapamycin is the basis for the development of 
severe glucose tolerance.32 Long term inhibition of mTORC1 by rapamycin can impair insulin secretion and cause 
insulin resistance.33 Rapamycin is not only an inhibitor of the mTORC1 target, but the destruction of mTORC2 in the 
liver damages liver insulin sensitivity, which may be one of the main cause of rapamycin induced glucose intolerance.35 

Mechanistically, mTORC1 orchestrates lipogenic gene expression through multiple pathways. First, mTORC1 promotes 
the proteolytic activation and nuclear translocation of SREBPs, enabling the transcription of genes involved in fatty acid 
(eg, FASN, SCD) and cholesterol (eg, HMGCR) biosynthesis.36 Second, the mTORC1 downstream effector S6K1 
mediates the activation of SREBP and its target genes37 Rapamycin-mediated mTORC1 inhibition likely attenuates 
this S6K1-dependent SREBP activation, potentially reducing the expression of lipogenic enzymes. However, the net 
effect on plasma lipids is complex due to compensatory mechanisms. For instance, chronic mTORC1 inhibition can 
relieve the negative feedback on insulin/PI3K/Akt signaling.36 Enhanced Akt activity may then paradoxically promote 
SREBP activity and hepatic lipogenesis through alternative pathways, potentially explaining the observed APOB 
upregulation and hypercholesterolemia in our model.
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Autophagy inhibitors CQ/HCQ were originally developed to combat malaria and are used to treat rheumatic 
autoimmune diseases. They are currently being tested in clinical trials as therapeutic drugs for other diseases.38 

Previous studies suggested that HCQ improved beta cell function and insulin sensitivity in non-diabetic patients and 
increased adiponectin levels, which may have had a beneficial impact on glucose metabolism.39 It was found that CQ 
improved HFHC-induced glucose intolerance. We also found that CQ significantly decreased serum total cholesterol and 
LDL-C levels. Other studies have also found that CQ alleviates insulin intolerance, hyperglycemia, hyperinsulinemia, 
hypertriglyceridemia, and hypercholesterolemia in mice induced by HFD intake.19 This is consistent with previous 
clinical studies on the lipid-lowering effects of hydroxychloroquine in patients with rheumatoid arthritis.40 At the same 
time, it can also reduce high-density lipoprotein. Simultaneously, this study discovered that chloroquine reduces the level 
of high-density lipoprotein (HDL). It is widely acknowledged that maintaining a certain level of HDL can decrease the 
incidence of coronary heart disease. Therefore, whether the observed reduction in HDL expression induced by 
chloroquine in this study could potentially increase the risk of coronary heart disease warrants further investigation. 
Previous studies have suggested that CQ can exacerbate the damage of fatty liver.11,41 Our research results indicate that 
CQ may promote the formation of liver inflammation, steatosis, and fibrosis, which may be related to the upregulation of 
LOX, TGFβ1, and α- SMA by CQ.

Inflammatory and fibrotic factors were detected under autophagy intervention conditions, and it was found that the 
inflammatory factor IL-6 did not show statistical significance with the hepatic fibrotic inflammatory factor PDGFRβ. 
Previous studies have suggested that the level of PDGFRβ gradually increases with the increase of fibrosis stage.30 The 
reason for the above phenomenon may be due to the short establishment time of the model, as the inflammatory or 
fibrotic factors mentioned above are not yet sufficient to produce statistically significant changes in nucleic acid levels. 
Under HFHC induction, the anti-inflammatory factor IL-10 was downregulated, while RaPa reversed this change. CQ 
further downregulated the mRNA expression of IL-6. At the same time, HE staining of liver slices showed no significant 
inflammatory cell infiltration in the RaPa intervention group, while inflammatory cell aggregation was observed in the 
liver lobules in the CQ intervention group, indicating that RaPa has anti-inflammatory effects in NAFL and MASH, 
while CQ has a certain pro-inflammatory effect in the liver. The role of CQ in promoting liver inflammation seems to 
contradict its role in the rheumatic immune system, and its specific mechanism needs further clarification.

Overall, consistent with previous studies, we conclude that RaPa ameliorates hepatic steatosis,10 but induces insulin 
resistance, whereas CQ improves adverse metabolic parameters yet increases the risk of hepatic fibrosis.19 Significantly, 
our study reveals that neither simple autophagy activation nor inhibition confers comprehensive therapeutic benefits. 
Instead, our data underscore the existence of a critical and subtle tissue-specific balance, urging future strategies for 
targeted autophagy modulation to disentangle the hepatic benefits from systemic or detrimental hepatic effects.

Conclusions
In an early metabolic dysfunction-associated steatotic liver disease (MASLD) mouse model induced by short-term HFHC 
diet, rapamycin alleviates hepatic steatosis through downregulating lipid synthesis markers (FASN, PLIN2) and enhan
cing anti-inflammatory IL-10, but exacerbates metabolic disorders including hyperglycemia and hyperlipidemia via 
APOB-mediated VLDL/LDL secretion. Conversely, chloroquine improves insulin sensitivity and dyslipidemia, yet 
paradoxically accelerates liver fibrosis by upregulating profibrotic factors (TGFβ1, α-SMA) and promoting collagen 
deposition. This dual-edged effect highlights the tissue-specific dilemma of autophagy modulation: rapamycin protects 
the liver at metabolic cost, while chloroquine benefits metabolism but provokes hepatic injury. Therapeutic strategies for 
MASLD must therefore balance hepatic protection with systemic metabolic safety, potentially requiring combination 
therapies to dissect these opposing effects.

Abbreviation
MASLD, metabolic dysfunction-associated steatotic liver disease; non-alcoholic fatty liver disease; NAFL, Non-alcohol fatty 
liver; MASH, non-alcoholic steatohepatitis; RaPa, rapamycin; CQ, chloroquine; HCQ, hydroxychloroquine; HFHC, High fat, 
high cholesterol diet; FASN, fatty acid synthase; APOB, Apolipoprotein B; α-SMA, α-smooth muscle actin; PLIN2, Perilipin 
2; LC3, Microtubule-associated protein light chain 3; P62, Sequestosome 1; mTORC, rapamycin complex; HDL-C, high 

Diabetes, Metabolic Syndrome and Obesity 2025:18                                                                          https://doi.org/10.2147/DMSO.S539555                                                                                                                                                                                                                                                                                                                                                                                                   4069

Liu et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterin; ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; TRIG, triglycerides; CHOL, cholesterol; GTT, Glucose Tolerance Test; ITT, Insulin tolerance test.
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