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Abstract
Background  Non-alcoholic fatty liver disease (NAFLD) is a common metabolic liver disorder characterized by 
excessive lipid accumulation. The 5’-adenosine monophosphate-activated protein kinase (AMPK)/acetyl-CoA 
carboxylase (ACC)/sterol regulatory element-binding protein 1 (SREBP1) pathway plays a pivotal role in regulating 
lipid metabolism. Rhein, a natural compound, has demonstrated hepatoprotective potential; however, its mechanism 
of action in NAFLD remains unclear. This study aimed to investigate whether rhein ameliorates NAFLD through 
modulation of the AMPK/ACC/SREBP1 pathway.

Methods  A murine NAFLD model was established using a high-fat diet (HFD). Mice were treated with varying 
doses of rhein, and their body weight, liver, kidney, and retroperitoneal fat weights were recorded. Liver pathology 
was assessed by histological examination and Oil Red O staining. Serum lipid profiles, liver function biomarkers, 
and inflammatory cytokine levels were measured. Western blotting was employed to analyze the expression and 
phosphorylation of AMPK pathway-related proteins (AMPK, ACC, and SREBP1). To validate the involvement of this 
pathway, AMPK-IN-3 was intraperitoneally administered in combination with high-dose rhein to a subset of HFD-fed 
mice.

Results  Rhein treatment significantly reduced body weight gain, organ weights, hepatic lipid accumulation, serum 
cholesterol and triglyceride levels, and the expression of inflammatory cytokines in NAFLD mice. It also improved 
liver function markers, enhanced AMPK phosphorylation, promoted ACC phosphorylation, and inhibited SREBP1 
expression. Notably, co-treatment with AMPK-IN-3 attenuated these beneficial effects, confirming the mechanistic 
involvement of the AMPK/ACC/SREBP1 pathway.

Conclusion  Rhein confers protective effects against HFD-induced NAFLD by activating the AMPK/ACC/SREBP1 
signaling pathway, thereby enhancing hepatic lipid metabolism, reducing steatosis, and alleviating liver injury and 
inflammation. These findings suggest that rhein may serve as a promising therapeutic candidate for NAFLD.
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Introduction
Non-alcoholic fatty liver disease (NAFLD) is a complex 
metabolic disorder that encompasses a spectrum of clini-
cal, histological, and pathophysiological stages, ranging 
from mild steatosis to liver fibrosis and non-alcoholic 
steatohepatitis. This condition may further progress 
to severe outcomes, including liver failure, cirrhosis, 
and hepatocellular carcinoma (Perakakis et al. 2020). 
NAFLD is characterized by hepatic fat accumulation in 
the absence of other known causes, such as excessive 
alcohol intake, chronic medication use, or hereditary 
metabolic disorders (Cataldo et al. 2021). With the global 
rise in metabolic syndrome, obesity, and diabetes, the 
incidence of NAFLD has increased sharply, impacting 
approximately one-fourth of the global population (Guo 
et al. 2022). Currently, there are no clinically approved 
pharmacological therapies for NAFLD; current manage-
ment primarily relies on lifestyle modifications involving 
diet and exercise. However, many patients often struggle 
to adhere to these long-term modifications (Guo et al. 
2022). Therefore, exploring the pathogenesis of NAFLD 
and identifying potential therapeutic targets are crucial 
for drug development.

In recent years, research into the underlying molecular 
and cellular mechanisms contributing to NAFLD devel-
opment has deepened significantly, uncovering the cru-
cial involvement of numerous key signaling pathways 
in disease progression. Among these, the 5’-adenosine 
monophosphate-activated protein kinase (AMPK)/sterol 
regulatory element-binding protein 1 (SREBP1)/acetyl-
CoA carboxylase (ACC) signaling pathway has attracted 
considerable attention (Ye et al. 2022). AMPK functions 
as a ubiquitous energy and nutrient sensor in eukaryotic 
cells, playing a central role in maintaining cellular energy 
homeostasis and regulating multiple aspects of cellu-
lar metabolism (Cui et al. 2023). ACC, a pivotal enzyme 
in fatty acid synthesis and metabolism regulation, has 
emerged as a promising therapeutic target in a range of 
diseases, including NAFLD, cancer, bacterial infections, 
and diabetes mellitus (Wu and Huang 2020). Moreover, 
SREBP1 serves as a crucial transcriptional regulator of 
lipid metabolism and has been demonstrated to modulate 
macrophage activation states (Oishi et al. 2023). Studies 
have demonstrated that under energy-deficient condi-
tions, AMPK is activated and directly phosphorylates 
ACC, thereby inhibiting its enzymatic activity, reducing 
malonyl-CoA production, and consequently suppressing 
fatty acid synthesis. Simultaneously, AMPK indirectly 
downregulates the expression of downstream lipogenic 
enzymes (such as FASN, SCD1) by inhibiting SREBP1 
expression and its precursor cleavage activation, further 
attenuating hepatic lipogenesis (Park et al. 2019; Li et al. 
2022). Therefore, the AMPK→ACC→SREBP1 axis rep-
resents a classical linear pathway for energy sensing and 

lipid metabolic regulation, and alterations in this pathway 
may play a pivotal role in the pathological progression of 
NAFLD.

Rhein, a representative anthraquinone compound (Pei 
et al. 2021), has demonstrated unique advantages in the 
treatment of NAFLD. Derived from multiple botanical 
sources, rhein can be extracted from various traditional 
Chinese medicinal herbs such as Polygonum multiflo-
rum, Cinnamomum cassia, Polygonum cuspidatum, and 
Rheum palmatum (Li et al. 2021). Preclinical studies 
have shown that rhein-lysine improves liver function by 
reducing hepatic lipid accumulation and downregulat-
ing inflammatory cytokine expression (Wei et al. 2016). 
Furthermore, rhein has been found to ameliorate NAFLD 
and related conditions through mechanisms involving 
liver X receptor-mediated energy balance, metabolic 
regulatory pathways, and immune-modulatory effects 
during hepatic steatosis (Sheng et al. 2011). These find-
ings suggest that rhein may exert liver-specific protective 
effects in NAFLD treatment. In the context of metabolic 
syndrome, rhein has been shown to alleviate hypergly-
cemia-induced oxidative stress and apoptosis, and pro-
tect against mitochondrial dysfunction by activating 
the AMPK/Sirt1/PGC-1α signaling cascade (Liu et al. 
2023). In terms of immune regulation, rhein can selec-
tively influence macrophage polarization, suppressing 
pro-inflammatory M1 polarization while promoting anti-
inflammatory M2 polarization. This effect is achieved 
through a novel mechanism involving the NFATc1/Trem2 
axis, thereby contributing to immune homeostasis (Li et 
al. 2023). Despite these promising findings, the direct 
mechanistic interaction between rhein and the AMPK/
ACC/SREBP1 pathway in NAFLD has not yet been fully 
elucidated. Therefore, the present study aims to establish 
a murine model of NAFLD to evaluate changes in hepatic 
function and lipid metabolism following rhein treat-
ment, and to explore the regulatory mechanism of rhein 
via the AMPK/ACC/SREBP1 signaling pathway. From an 
innovation standpoint, this study is the first to systemati-
cally validate the role of rhein in modulating hepatic lipid 
metabolism through the AMPK/ACC/SREBP1 pathway 
in the context of NAFLD, thereby providing a potential 
new candidate for NAFLD therapy.

Materials and methods
Ethical statement
All experimental animals in this study were used exclu-
sively for medical research purposes. All procedures were 
carried out after discussion and approval by the Animal 
Committee of The Second Affiliated Hospital and Yuy-
ing Children's Hospital of Wenzhou Medical University. 
All operations strictly adhered to the regulations for the 
management of laboratory animals.
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Animal experiment and grouping
A total of 56 six-week-old specific pathogen free male 
C57BL/6J mice (weighing 18–22 g) were available from 
Shanghai Model Organisms Center, Inc. The mice were 
acclimatized for one week under standard laboratory 
conditions: constant temperature (20–26 °C), relative 
humidity (40–70%), a natural light/dark cycles, and ade-
quate air circulation before the experimental procedures 
were initiated.

To establish the NAFLD model, all mice except those 
in the normal group were fed a high-fat diet (HFD) for 
8 consecutive weeks. The HFD (Catalog No.: D12492, 
Research Diets, Inc., New Jersey, USA) consisted of 
40% fat, 20% protein, and 40% carbohydrates by caloric 
composition. The normal group was maintained on a 
standard laboratory diet (12% fat, 23% protein, 65% car-
bohydrates). Successful NAFLD modeling was confirmed 
through increased body weight, elevated serum alanine 
aminotransferase (ALT) and aspartate aminotransferase 
(AST) levels, and histopathological assessment of liver 
tissues using Hematoxylin and Eosin (H&E) and Oil Red 
O staining. Mice were randomly divided into 10 groups 
(n = 8 per group). Randomization was accomplished 
using a random number table generated by Excel, and the 
entire process was carried out by independent research-
ers who did not participate in subsequent experimen-
tal operations to avoid bias due to human intervention. 
The groups were as follows: Normal group (regular diet); 
Rhein group (150 mg/kg) (regular diet + high-dose Rhein 
group (150 mg/kg); NAFLD group; NAFLD + Low Rhein 
group (25 mg/kg); NAFLD + Mild Rhein group (50 mg/
kg); NAFLD + High Rhein group (150 mg/kg); NAFLD 
+ dimethyl sulfoxide (DMSO) group (1%, vehicle con-
trol, intraperitoneal injection); NAFLD + AMPK-IN-3 
group (10 mg/kg); NAFLD + High-Rhein + DMSO group; 
and NAFLD + High-Rhein + AMPK-IN-3 group group 
(10 mg/kg). Rhein (Rhein, R7269, Sigma, purity ≥ 98%, 
HPLC) was dissolved in phosphate-buffered saline and 
administered via oral gavage once every 4 days for 8 
weeks. The dosage was determined based on previous 
animal studies and preliminary pilot experiments (Wei 
et al. 2016; Sheng et al. 2011), designed to cover a phar-
macologically relevant dose range. The dosing interval 
(once every four days) was chosen to maintain pharma-
cokinetic stability while minimizing animal stress and 
interference with normal feeding behavior. The AMPK 
inhibitor AMPK-IN-3 (HY-151361, MCE) was dissolved 
in 1% DMSO (Sigma, 34869) and administered intraperi-
toneally at 10 mg/kg, also once every 4 days for 8 weeks. 
Body weight was recorded before each administration. At 
the end of the experiment, peripheral blood, liver, kid-
neys, and retroperitoneal fat pads were collected for sub-
sequent analysis (Wei et al. 2016; Sheng et al. 2011, 2019).

Serum biochemical analysis
Following HFD feeding and rhein treatment, mice were 
anesthetized, and 1 mL of blood was gathered from the 
abdominal aorta into anticoagulant-free tubes. Sam-
ples were centrifuged at 3000 rpm for 15 min at 4  °C to 
acquire the serum. Serum levels of AST, triglycerides 
(TG), ALT, high-density lipoprotein cholesterol (HDL-
C), and low-density lipoprotein cholesterol (LDL-C) were 
determined usinga Hitachi 7020 Automatic Clinical Ana-
lyzer (Tokyo, Japan) (Sheng et al. 2019; Wu et al. 2022).

Enzyme-linked immunosorbent assay (ELISA) of 
inflammatory cytokine levels
Following HFD and rhein treatment, serum samples 
were gathered to assess inflammatory cytokine secretion. 
Serum levels of interleukin-6 (IL-6) and tumor necrosis 
factor-α (TNF-α) were assessed using commercia ELISA 
kits (TNF-α: BMS607, Thermo; IL-6: 88–7064-88, eBio-
science). Absorbance was read at 450 nm and 570 nm 
using a SpectraMax®i3 spectrophotometer. To account 
for background interference, absorbance at 570 nm was 
subtracted from that at 450 nm. Cytokine concentrations 
were quantified based on the standard curve generated in 
each assay (Wu et al. 2022).

HE staining
After euthanizing the mice, liver tissues were harvested 
and fixed in 4% paraformaldehyde. Tissues were embed-
ded in paraffin and sectioned at a thickness of 3 μm. Sec-
tions were then dewaxed, rehydrated, and stained using 
an HE staining kit (G1121, Solarbio). After mounting 
with neutral resin, the stained sections were examined 
under a Zeiss optical microscope (Zeiss AG, Oberkochen, 
Germany) at 200× magnification to evaluate liver histo-
pathological changes (Fang et al. 2023).

Oil red O staining
For lipid deposition assessment, fresh liver tissues were 
embedded in optimal cutting temperature (OCT) com-
pound and frozen. Frozen liver sections (5 μm thick) were 
prepared and stained with Oil Red O (O8010, Solarbio). 
Prior to staining, sections were immersed in anhydrous 
propylene glycol for 5 min to prevent water contamina-
tion. A 0.5% w/v Oil Red O solution, pre-dissolved in iso-
propanol and cooled, was used to stain the sections for 
10 min. Sections were then differentiated in 85% propyl-
ene glycol for 5 min, rinsed, and mounted with glycerol 
gelatin. Lipid droplets were observed under a Zeiss opti-
cal microscope at 200× magnification (Fang et al. 2023; 
Lee et al. 2023).

Western blotting (WB)
Protein were extracted from liver tissues using RIPA 
lysis buffer supplemented with PMSF (Catalog No.: 
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P0013C, Beyotime, Shanghai, China). After incubation, 
the lysates were centrifuged to collect the supernatant. 
Total protein concentration was quantified using a BCA 
assay kit (Catalog No.: 23227, ThermoFisher, USA). Equal 
amounts of protein (50 µg) were mixed with 2× SDS 
loading buffer, boiled, and then separated by electropho-
resis on a 10% SDS-PAGE gel (Catalog No.: G2177-50T, 
Servicebio, Wuhan, China). Proteins were transferred 
onto PVDF membranes (Catalog No.: ISEQ00010, Milli-
pore). Membranes were blocked with 5% skimmed milk 
for 1  h at room temperature to prevent non-specific 
binding and incubated overnight at 4  °C with primary 
antibodies: AMPKα1 (1:2000, ab32047, Abcam, Cam-
bridge, UK), p-AMPKα1 (1:2000, ab131357, Abcam), 
p-ACC (1:1000, #11818, CST, USA), ACC (1:1000, #3676, 
CST, USA), SREBP1 (1:2000, ab313881, Abcam), and 
GAPDH (ab9485, 1:2500, Abcam) as an internal refer-
ence. After being washed with TBST, membranes were 
incubated with HRP-conjugated secondary antibody, 
specifically a (goat anti-rabbit IgG H&L, ab97051, 1:2000, 
Abcam) for 1 h. After that, the membranes were washed 
and developed using ECL reagent (Catalog No.: abs920, 
Abxin Biotechnology Co., Ltd., Shanghai, China), pre-
pared by mixing equal volumes of solutions A and B in 
the dark. Images were captured with a Bio-Rad imag-
ing system (Bio-RAD, USA), and band intensities were 
quantified using Quantity One software version 4.6.2. 
Protein expression levels were normalized to GAPDH 
and expressed as the ratio of gray values. Each experi-
ment was repeated three times, and average values were 
reported (Lee et al. 2023; Ma et al. 2021; Ahuja et al. 
2022; Lin et al. 2022; Zeng et al. 2022).

Drug-ingredient-target-disease network construction
Active compounds of rhein were retrieved from the 
TCMSP database (​h​t​t​p​​s​:​/​​/​o​l​d​​.​t​​c​m​s​​p​-​e​​.​c​o​m​​/​t​​c​m​s​p​.​p​h​p), 
applying screening thresholds of oral bioavailability > 30% 
and drug-likeness > 0.18. Target genes corresponding 
to these compounds were annotated using the UniProt 
database (https://www.uniprot.org/). NAFLD-related 
genes were identified from the GeneCards database using 
“Non-alcoholic fatty liver disease” as the search term. The 
intersection between drug targets and disease-associated 
genes was used to build the network. This information 
was imported into Cytoscape software (version 3.8.0) to 
construct a drug-ingredient-target-disease network (Liu 
et al. 2020).

Kyoto encyclopedia of genes and genomes (KEGG) 
pathway enrichment analysis
Candidate target genes were subjected to KEGG path-
way enrichment using the “ClusterProfiler” package (​h​t​t​p​​
:​/​/​​w​w​w​.​​b​i​​o​c​o​​n​d​u​​c​t​o​r​​.​o​​r​g​/​​p​a​c​​k​a​g​e​​s​/​​C​l​u​s​t​e​r​P​r​o​f​i​l​e​r​/) in R 
language, with P-value < 0.05 setting as the threshold for 

significant enrichment. The top enriched signaling path-
ways were visualized using the “ggplot2” package (​h​t​t​p​​:​/​
/​​w​w​w​.​​b​i​​o​c​o​​n​d​u​​c​t​o​r​​.​o​​r​g​/​​p​a​c​​k​a​g​e​​s​/​​g​g​p​l​o​t​2​/) (Zhong et al. 
2023).

Statistical analysis
All data were analyzed using SPSS statistical software 
version 24.0 (SPSS, Inc., USA). Normality and homoge-
neity of variances were assessed. Normally distributed 
measurement data were presented as mean ± standard 
deviation. For comparisons between two groups, inde-
pendent-sample t-tests were utilized, while for multiple-
group comparisons, one-way analysis of variance with 
Tukey’s post hoc test was employed. Statistical signifi-
cance was considered at a P-value < 0.05 (De et al. 2024).

Results
Rhein ameliorates lipid accumulation in HFD-induced 
NAFLD mice
To ascertain the effect of rhein on lipid accumulation 
in NAFLD mice induced by an HFD, we established a 
murine NAFLD model and administered rhein for eight 
consecutive weeks. The results disclosed that com-
pared with the normal group, mice in the NAFLD group 
exhibited progressive weight gain over time, while rhein 
administration mitigated this trend, particularly in the 
high-dose group (Fig. 1 A). By the end of the intervention, 
body weight gain was significantly reduced in all rhein-
treated groups relative to the NAFLD group, with the 
most notable effect observed in the high-dose group (Fig. 
1B). Additionally, rhein reduced the weights of the kid-
neys, liver, and retroperitoneal fat pads in NAFLD mice, 
again showing a dose-dependent effect (Fig. 1 C). His-
tological analysis revealed reduced hepatic lipid droplet 
accumulation in the rhein-treated groups, with the high-
dose group showing the greatest improvement (Fig. 1D). 
In contrast with the normal group, mice in the NAFLD 
group displayed elevated serum levels of LDL-C and TG 
and decreased HDL-C levels. Rhein intervention dimin-
ished TG and LDL-C levels and enhanced HDL-C levels, 
with the high-dose group demonstrating the most pro-
nounced effect (Fig. 1E). Additionally, no significant dif-
ferences were observed in the Rhein group (normal diet 
+ Rhein) in terms of body weight, adipose organ indices, 
blood lipid levels, hepatic histology, and inflammatory 
cytokine expression, suggesting that rhein does not exert 
adverse effects on metabolic parameters under non-
stressed conditions (Fig. 1).

These results indicate that rhein effectively allevi-
ates HFD-induced lipid accumulation and improves fat 
metabolism.

https://old.tcmsp-e.com/tcmsp.php
https://www.uniprot.org/
http://www.bioconductor.org/packages/ClusterProfiler/
http://www.bioconductor.org/packages/ClusterProfiler/
http://www.bioconductor.org/packages/ggplot2/
http://www.bioconductor.org/packages/ggplot2/
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Rhein alleviates liver injury and inflammation in NAFLD 
mice
To elucidate the ameliorative effects of rhein on liver 
injury and inflammation in NAFLD mice, we assessed 

hepatic function and inflammatory responses following 
rhein treatment. The results uncovered (Fig. 2 A) that 
compared with the normal group, mice in the NAFLD 
group demonstrated elevated serum levels of AST and 

Fig. 2  Rhein alleviates liver injury and inflammation in NAFLD mice. Note: A Automatic biochemical analyzer detection of liver function-related indicators 
ALT and AST levels in mouse peripheral blood serum; B ELISA detection of the secretion levels of inflammatory cytokines TNF-α and IL-6 in serum; C HE 
staining to detect mouse liver pathology, bar = 100 μm; n = 8, data are presented as mean ± SD, ns indicates no significant difference between the two 
groups, *** represents P < 0.001 between the two groups

 

Fig. 1  Rhein ameliorates lipid accumulation in HFD-induced NAFLD mice. Note: A Changes in body weight during high-fat feeding and administration of 
different doses of rhein; B Magnitude of body weight gain after eight weeks of high-fat feeding and administration of different doses of rhein; C Weights 
of the kidneys, livers, and retroperitoneal fat pads at the end of the feeding period; D Oil Red O staining to detect lipid droplet formation in mouse liv-
ers, bar = 100 μm; E Automatic biochemical analyzer detection of cholesterol and triglyceride-related indicators (TG, HDL-C, and LDL-C) levels in mouse 
peripheral blood serum; n = 8, data are presented as mean ± SD, ns indicates no significant difference between the two groups, * indicates P < 0.05 when 
comparing between two groups, *** represents P < 0.001 between the two groups
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ALT, suggesting that HFD caused significant liver injury, 
while rhein intervention reduced serum ALT and AST 
levels, with a more pronounced effect observed in the 
high-dose group. In terms of inflammatory markers, in 
comparison with the normal group, mice in the NAFLD 
group exhibited enhanced serum levels of TNF-α and 
IL-6, while rhein intervention decreased the levels of 
these pro-inflammatory cytokines, with a more signifi-
cant effect in the high-dose group, implying its inhibi-
tory effect on liver inflammation (Fig. 2B). Additionally, 
Histological analysis revealed that hepatocytes from 
NAFLD mice showed vacuolar degeneration and cyto-
plasmic changes, while rhein treatment led to substan-
tial improvements in liver tissue structure, with a more 
prominent effect at higher doses (Fig. 2 C). Moreover, the 
Rhein group showed no significant differences from the 
normal group in terms of ALT/AST levels, inflamma-
tory cytokines, or liver histology (P > 0.05), revealing that 
rhein does not cause hepatic toxicity under physiological 
conditions (Fig. 2).

In brief, rhein alleviates liver injury in NAFLD mice by 
improving liver function and inhibiting inflammation.

Construction of drug-ingredient-target network
To obtain the potential targets of rhein in alleviating liver 
injury in NAFLD mice, a total of 261 rhein-related targets 
were retrieved from the TCSMP database (Supplemen-
tary Table 1). In parallel, 200 NAFLD-related genes were 
obtained from the GeneCards database using “Non-alco-
holic fatty liver disease” as the search keyword. By inter-
secting these genes, 40 overlapping genes were identified 
as candidate targets (Supplementary Table 2, Fig. 3 A). 
Based on these targets, we employed Cytoscape software 
to draw a “drug-ingredient-target” network network (Fig. 
3B).

Candidate genes of Rhein are enriched in the AMPK 
signaling pathway
A total of 56 candidate genes potentially regulated by 
rhein were identified. To explore key regulatory path-
ways, KEGG enrichment analysis was performed on 
these targets. The results indicated significant enrich-
ment in the AMPK signaling pathway (Fig. 4A-B). Based 
on these findings, we hypothesized that activation of the 
AMPK pathway may play an essential role in rhein’s pro-
tective effects against liver injury in NAFLD.

Fig. 4  KEGG enrichment analysis of potential target genes. Note: A KEGG enrichment analysis bubble chart; B KEGG enrichment analysis bar chart

 

Fig. 3  Construction of drug-ingredient-target network. Note: A Venn diagram showing the intersection of rhein’s targets and NAFLD-related genes; B 
Network diagram constructed based on drug-ingredient-target
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Rhein promotes ACC phosphorylation and suppresses 
SREBP1 expression by activating the AMPK signaling 
pathway
Studies have shown that AMPK can affect liver lipogen-
esis by regulating ACC phosphorylation and SREBP1 
expression (Park et al. 2019; Li et al. 2022). To verify this 
mechanism, we examined the phosphorylation levels of 
AMPKα1 and ACC, along with SREBP1 expression, in 
liver tissues from NAFLD mice treated with rhein. The 
results disclosed that compared to the normal group, 
NAFLD mice exhibited decreased phosphorylation of 
AMPKα1 and ACC and elevated SREBP1 expression lev-
els. However, after rhein intervention, the phosphoryla-
tion levels of AMPKα1 and ACC elevated, and SREBP1 
expression levels diminished, with a more significant 
effect observed in the high-dose group, suggesting that 
rhein could activate the AMPK signaling pathway, facili-
tate ACC phosphorylation, and reduce SREBP1 expres-
sion, thereby regulating lipid metabolism (Fig. 5 A).

To determine whether these regulatory effects are 
AMPK-dependent, an AMPK-IN-3 intervention group 
was established. Comparison between the NAFLD 
+ DMSO group and the AMPK-IN-3 group revealed that 
AMPK-IN-3 further decreased p-AMPKα1 and p-ACC 
levels and upregulated SREBP1 expression, indicating 
suppression of AMPK activity under NAFLD conditions 
(Fig. 5B).

Notably, while high-dose rhein alone increased 
p-AMPKα1 and p-ACC and reduced SREBP1 levels, co-
administration with AMPK-IN-3 markedly weakened or 
reversed these effects. This suggests that rhein’s modula-
tion of ACC and SREBP1 is dependent on AMPK path-
way activation (Fig. 5B).

These results imply that rhein alleviates hepatic lipid 
accumulation in NAFLD mice by activating the AMPK 
signaling pathway, thereby enhancing ACC phosphoryla-
tion and downregulating SREBP1 expression.

Fig. 5  Rhein promotes ACC phosphorylation and suppresses SREBP1 expression by activating the AMPK signaling pathway. Note: A WB detection of 
the expression of related proteins in the AMPK signaling pathway, ACC phosphorylation levels, and SREBP1 expression levels in liver tissue of mice after 
eight weeks of high-fat feeding and administration of different doses of rhein; B WB detection of the expression of related proteins in the AMPK signaling 
pathway, ACC phosphorylation levels, and SREBP1 expression levels in liver tissue of mice after high-fat feeding, administration of high-dose rhein, and 
intraperitoneal injection of the AMPK signaling pathway inhibitor AMPK-IN-3; n = 4, data are presented as mean ± SD, * indicates P < 0.05 when comparing 
between two groups
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Rhein improves lipid accumulation in NAFLD mice by 
activating the AMPK pathway
To determine whether the improvement of lipid accu-
mulation in NAFLD by Rhein is mediated through the 
AMPK signaling pathway, four experimental groups were 
established: NAFLD + DMSO, NAFLD + AMPK-IN-3, 
NAFLD + High-Rhein + DMSO, and NAFLD + High-
Rhein + AMPK-IN-3, to evaluate the impact of AMPK 
inhibition on the metabolic benefits of Rhein.

As shown in Fig. 6A-B, the body weight gain in the 
NAFLD + AMPK-IN-3 group was higher than that in 
the NAFLD + DMSO group (P < 0.001), suggesting that 
suppression of AMPK activity aggravated NAFLD-
related metabolic disturbances. In contrast, the NAFLD 
+ High-Rhein + DMSO group exhibited a lower body 
weight, supporting the lipid-lowering effect of rhein (P < 
0.001). However, in the NAFLD + High-Rhein + AMPK-
IN-3 group, this effect was markedly attenuated, with 
a rebound in body weight (P < 0.001), indicating that 
AMPK inhibition weakened the effect of Rhein.

Organ mass analysis (Fig. 6 C) revealed that compared 
with the NAFLD + DMSO group, AMPK-IN-3 treatment 
further increased the weights of retroperitoneal fat, liver, 
and kidneys. Rhein treatment effectively reduced these 

organ weights, but its protective effects were partially 
reversed when co-administered with AMPK-IN-3.

Oil Red O staining (Fig. 6D) showed extensive lipid 
droplet accumulation and pronounced vacuolar degener-
ation in the AMPK-IN-3 group. In contrast, rhein treat-
ment reduced lipid droplet accumulation and decreased 
the area of adipocytes, while the co-treatment with 
AMPK-IN-3 significantly attenuated these improvements 
(P < 0.001).

In terms of blood lipid levels (Fig. 6E), compared with 
the NAFLD + DMSO group, AMPK-IN-3 treatment 
increased the levels of TG and LDL-C, while decreas-
ing HDL-C (P < 0.001). In contrast, rhein intervention 
showed a trend of decreasing TG and LDL-C levels 
and increasing HDL-C levels. However, in the NAFLD 
+ High-Rhein + AMPK-IN-3 group, the regulatory effect 
of rhein on blood lipids was attenuated.

Taken together, these findings confirm that the 
AMPK signaling pathway plays a key role in medi-
ating the beneficial metabolic effects of rhein. The 
reversal of these effects by AMPK-IN-3 suggests that 
rhein’s action in improving lipid metabolism in NAFLD is 
AMPK-dependent.

Fig. 6  Rhein improves lipid accumulation in NAFLD mice by activating the AMPK pathway. Note: A Changes in body weight of mice during high-fat feed-
ing, administration of high-dose rhein, and intraperitoneal injection of the AMPK signaling pathway inhibitor AMPK-IN-3; B Magnitude of body weight 
gain after feeding; C Weights of the kidneys, liver, and retroperitoneal fat pads after feeding; D Oil Red O staining to detect liver lipid droplet formation in 
mice, bar = 100 μm; E Automatic biochemical analyzer detection of cholesterol and triglyceride-related indicators TG, HDL-C, and LDL-C levels in mouse 
peripheral blood serum; n = 8, data are presented as mean ± SD, * indicates P < 0.05 when comparing between two groups, **P < 0.01, ***P < 0.001
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Rhein alleviates liver injury and inflammation in NAFLD 
mice by activating the AMPK pathway
To further clarify the role of the AMPK pathway in the 
hepatoprotective and anti-inflammatory effects of rhein, 
we evaluated liver injury and inflammation across the 
same treatment groups. serum ALT and AST levels were 
significantly higher in the NAFLD + AMPK-IN-3 group 
compared to the NAFLD + DMSO group (P < 0.001), 
indicating aggravated liver damage following AMPK 
inhibition. Rhein administration markedly reduced ALT 
and AST levels, reflecting improved liver function. How-
ever, when combined with AMPK-IN-3, this effect was 
significantly reduced (P < 0.001), further indicating that 
rhein’s hepatoprotective action relies on AMPK activa-
tion (Fig. 7 A), suggesting that the effect of Rhein depends 
on the AMPK pathway.

The results of inflammatory cytokine analysis (Fig. 7B) 
further supported this conclusion: the levels of TNF-α 
and IL-6 in the NAFLD + AMPK-IN-3 group were higher 
than those in the NAFLD + DMSO group (P < 0.05), while 
rhein could effectively reduce these inflammatory cyto-
kines. However, co-treatment with AMPK-IN-3 signifi-
cantly weakened this anti-inflammatory effect (P < 0.001).

HE staining (Fig. 7 C) revealed that liver tissues in 
the NAFLD + DMSO and AMPK-IN-3 groups exhib-
ited disorganized cellular structure and extensive lipid 

vacuolization. In contrast, the high-dose rhein group 
displayed more organized hepatocyte architecture 
and reduced inflammatory infiltration. However, this 
improvement was reversed in the group treated with 
both rhein and AMPK-IN-3, indicating that AMPK inhi-
bition counteracts rhein’s beneficial histological effects.

To sum up, these results provide further evidence 
that rhein alleviates hepatic injury and inflammation in 
NAFLD mice primarily through activation of the AMPK 
signaling pathway.

Discussion
NAFLD is rapidly becoming one of the most prevalent 
manifestations of metabolic syndrome globally (Raza et 
al. 2021). Individuals with NAFLD face an elevated risk of 
their condition progressing to cirrhosis, liver failure, and 
hepatocellular carcinoma (Zhang et al. 2020). This study 
probed the roles of rhein on liver function and hepato-
cyte lipid metabolism in NAFLD mice by regulating the 
AMPK/ACC/SREBP1 signaling pathway.

We observed that the administration of rhein effec-
tively curbed the weight gain trend in NAFLD mice, 
reduced the burden of kidneys, liver, and retroperitoneal 
fat pad weight, and effectively decreased the accumula-
tion of lipid droplets within the liver. Simultaneously, 
this intervention lowered serum levels of TG and LDL-C, 

Fig. 7  Rhein alleviates liver injury and inflammation in NAFLD mice by activating the AMPK pathway. Note: A Liver function-related indicators ALT and 
AST levels in peripheral blood serum of mice were detected using an automatic biochemical analyzer; B ELISA was used to detect the secretion levels of 
inflammatory cytokines TNF-α and IL-6 in serum; C Pathological conditions of mouse livers were examined using HE staining, bar = 100 μm; n = 8, data are 
presented as mean ± SD, and * indicates P < 0.05 when comparing between the two groups, **P < 0.01, ***P < 0.001
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while elevated HDL-C levels. Notably, these positive 
effects were particularly prominent in the high-dose 
group. This suggests that rhein can effectively allevi-
ate lipid accumulation in HFD-induced NAFLD mice 
and improve fat metabolism. Studies have demonstrated 
that rhein exerts lipid-lowering effects and also pos-
sesses antioxidant, anti-inflammatory, and insulin-sensi-
tizing properties (Ji and Gu 2021). Further research has 
revealed that rhein suppresses the overexpression of C/
EBP homologous protein in adipocytes and inhibits the 
proliferation, differentiation, and secretory activity of 
human preadipocytes through modulation of PPARγ 
signaling (Ji and Gu 2021). Moreover, in vitro studies by 
Qiming Xiao and his team have demonstrated that rhein 
effectively stimulates the expression of PPARα and its 
downstream proteins CPT1A and ACOX1, leading to a 
reduction in lipid accumulation and fibrosis progres-
sion. Their in vivo research has also revealed that rhein 
alleviates renal fibrosis by activating the fatty acid oxida-
tion pathway and enhancing lipid metabolism (Xiao et 
al. 2022). In our study, NAFLD mice exhibited increased 
serum levels of ALT and AST, as well as TNF-α and IL-6, 
indicating significant liver function impairment and 
inflammatory responses. Rhein treatment significantly 
lowered these levels, confirming its protective effects on 
liver function and its capacity to suppress inflammatory 
mediators. These findings are consistent with those of 
Lingling Dong et al., who reported that rhein ameliorated 
ulcerative colitis by reducing intestinal inflammation and 
modulating the PI3K/Akt/mTOR signaling pathway and 
gut microbiota composition. Another study also con-
firmed that rhein attenuated D-GalN/LPS-induced acute 
liver injury by potentially altering gut microbial composi-
tion and related metabolic and gene expression pathways 
(Liu et al. 2022).

Research has also demonstrated that rhein alleviates 
diabetic NAFLD via the AMPK/SREBP1 signaling path-
way, implicating lipid synthesis proteins as key mediators 
(Liu et al. 2024). Furthermore, the AMPK/ACC signaling 
axis has been shown to play a pivotal role in inhibiting 
lipogenesis and promoting lipolysis (Zang et al. 2023). 
In our study, bioinformatics analysis indicated that can-
didate target genes of rhein involved in NAFLD regula-
tion were significantly enriched in the AMPK signaling 
pathway. Based on this, we hypothesized that rhein’s 
therapeutic effects are mediated by AMPK activation. 
Subsequent experimental validation confirmed that rhein 
promoted ACC phosphorylation and inhibited SREBP1 
expression through activation of the AMPK pathway. 
Additionally, we demonstrated that rhein effectively 
improved lipid accumulation, liver injury, and inflam-
mation in NAFLD mice by modulating AMPK signaling. 
These results align with the findings of Xiaoyan Sheng 
et al., who showed that targeting the liver X receptor 

to suppress SREBP-1c transcriptional activity and its 
downstream lipogenic enzymes, as well as participating 
in immune regulation associated with hepatic steatosis, 
could significantly improve NAFLD (Sheng et al. 2011).

Notably, compared with classical AMPK activators 
such as AICAR and Metformin, rhein not only activates 
AMPK but also exerts multiple biological effects, includ-
ing enhancement of lipid metabolism and anti-inflam-
matory activity (Liang et al. 2025; Taweesap et al. 2025). 
For example, Metformin indirectly activates AMPK pri-
marily by inhibiting mitochondrial complex I (Cheng et 
al. 2021; Ma et al. 2022), while AICAR directly stimulates 
AMPK by mimicking intracellular AMP elevation (Visn-
jic et al. 2021; Han et al. 2024), both operating via rela-
tively single mechanisms. In contrast, rhein appears to 
activate AMPK through multiple upstream mechanisms, 
including the alleviation of oxidative stress, improvement 
of mitochondrial function, and suppression of inflamma-
tory cytokines such as TNF-α. These effects collectively 
inhibit SREBP1 expression and enhance ACC phosphor-
ylation, resulting in dual modulation of lipid synthesis 
and fatty acid oxidation. This integrated mechanism may 
offer synergistic advantages in NAFLD treatment, espe-
cially for patients with concurrent metabolic or inflam-
matory conditions. Moreover, as a naturally derived small 
molecule, rhein exhibits low toxicity and favorable phar-
macokinetic characteristics. Future studies may explore 
its combination with other AMPK agonists, such as ber-
berine or SGLT2 inhibitors, to assess potential additive or 
synergistic therapeutic effects for multi-targeted NAFLD 
management.

Limitations
Although this study provides compelling evidence that 
rhein exerts hepatoprotective effects in a HFD-induced 
NAFLD mouse model by activating the AMPK signaling 
pathway—promoting ACC phosphorylation and inhib-
iting SREBP1 expression—several limitations should 
be noted. First, the study utilized only male mice, with-
out assessing the influence of sex-based differences on 
NAFLD progression or the therapeutic efficacy of rhein. 
This is particularly relevant given the well-established 
gender dimorphism in NAFLD incidence and pathology 
observed in clinical settings. Second, while the HFD-
induced mouse model is widely employed for NAFLD 
research, it does not fully replicate the pathological 
complexity of human NAFLD, particularly in patients 
with coexisting metabolic syndrome. This may limit the 
translational applicability of the findings. Third, the lack 
of comparison with classical AMPK agonists such as 
AICAR or Metformin precludes a direct evaluation of 
rhein’s relative efficacy and pharmacological advantages. 
Finally, the absence of validation using human clini-
cal samples—such as liver tissue or serum from NAFLD 



Page 11 of 12Dai et al. Molecular Medicine          (2025) 31:255 

patients—prevents confirmation of whether rhein mod-
ulates AMPK signaling and its downstream targets in a 
clinically relevant context. Future studies should incorpo-
rate both male and female animal models, develop com-
posite diet-induced models that better resemble human 
NAFLD pathology, and integrate multi-omics analyses 
alongside human samples to enhance the clinical rel-
evance of the findings. Additionally, the potential syn-
ergistic effects of rhein in combination with established 
AMPK activators warrant further investigation.

Conclusion and clinical translation
In summary, this study demonstrates that rhein confers 
hepatoprotective effects in an HFD-induced NAFLD 
mouse model by activating the AMPK signaling pathway, 
thereby enhancing ACC phosphorylation and suppress-
ing SREBP1 expression. These molecular mechanisms 
lead to improved hepatic lipid metabolism, reduced 
steatosis, mitigation of liver injury, and suppression of 
inflammatory responses. Identification of the AMPK/
ACC/SREBP1 axis as a key regulatory pathway underly-
ing rhein’s effects underscores its translational relevance 
and positions it as a promising pharmacological can-
didate for NAFLD therapy. From a translational per-
spective, this study holds significant value. First, rhein 
exhibits multi-target therapeutic activity, enabling simul-
taneous regulation of lipid metabolism, energy homeo-
stasis, and inflammatory signaling—features well-aligned 
with the multifactorial pathogenesis of NAFLD. Second, 
the mechanistic findings suggest that rhein may be appli-
cable not only to NAFLD but also to other metabolic-
inflammatory disorders. Furthermore, as a naturally 
derived compound from traditional Chinese medicine, 
rhein demonstrates a favorable safety profile, which sup-
ports its potential for clinical development. Nevertheless, 
to facilitate clinical translation, further research should 
address current model limitations by employing disease 
models that more closely mimic human NAFLD, evalu-
ating sex-specific therapeutic responses, and conducting 
comprehensive preclinical safety assessments. Validation 
of molecular mechanisms in human biospecimens and 
exploration of synergistic effects with existing therapeu-
tic agents (e.g., Metformin) will be critical in accelerating 
the bench-to-bedside transition of rhein, ultimately con-
tributing to safer and more effective treatment strategies 
for NAFLD patients.
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