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A B S T R A C T

Metabolic dysfunction-associated steatohepatitis (MASH) is a severe form of metabolic dysfunction-associated 
steatotic liver disease (MASLD) that is characterized by hepatic steatosis, inflammation, and fibrosis and can 
progress to cirrhosis and hepatocellular carcinoma. AMP-activated protein kinase (AMPK) is a critical regulator 
of cellular energy homeostasis and has emerged as a promising therapeutic target for MASH. This study aimed to 
evaluate the mechanism of action of KN21, a novel direct AMPK activator, in a diet-induced MASH mouse model 
to support its therapeutic potential. C57BL6J mice were fed a choline-deficient, L-amino acid-defined high-fat 
diet (CDAHFD) to induce MASH, followed by treatment with KN21. Metabolomic and lipidomic profiling were 
performed using liquid chromatography-mass spectrometry. Histological, biochemical, and molecular analyses 
were conducted to assess hepatic steatosis and fibrosis. KN21 treatment significantly promoted hepatic AMPK 
phosphorylation, reduced the liver-to-body weight ratio, mitigated hepatic steatosis, and decreased fibrosis in 
CDAHFD-fed mice. Lipidomic analysis revealed that KN21 reduced long-chain triacylglycerol (TAG) accumula
tion, whereas metabolomic analysis revealed that the abundance of pyrimidine metabolites, especially uridine 
and uracil, was restored in CDAHFD-fed mice. These changes were strongly correlated with reduced fibrotic 
marker levels, suggesting that KN21 attenuates both lipid accumulation and fibrosis, which are associated with 
TAG and pyrimidine metabolism and homeostasis. KN21 effectively reduced hepatic steatosis and fibrosis in a 
diet-induced MASH mouse model through AMPK activation, accompanied by modulation and restoration of long- 
chain TAG and pyrimidine metabolism. These findings highlight its potential as a promising therapeutic strategy 
for MASH and provide new insights into the metabolic mechanisms underlying AMPK-mediated 
hepatoprotection.
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collagen type I alpha 1 chain; COL3A1, collagen type III alpha 1 chain; ACTA2, actin alpha 2; PDGFA, platelet-derived growth factor subunit A; PDGFB, platelet- 
derived growth factor subunit B; ECM, extracellular matrix; SREBF, sterol regulatory element-binding protein; CD36, cluster of differentiation 36; SLC27A2, solute 
carrier family 27 member 2; PPARα, peroxisome proliferator-activated receptor alpha; PPARβ, peroxisome proliferator-activated receptor beta; PPARγ, peroxisome 
proliferator-activated receptor gamma; FAS, fatty acid synthase; DNL, de novo lipogenesis; FAO, fatty acid oxidation; LCFA, long-chain fatty acid; MASLD, metabolic 
dysfunction-associated steatotic liver disease; MASH, metabolic dysfunction-associated steatohepatitis; UPLC-QTOF MS, ultra-performance liquid chromatography 
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1. Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD) is a 
prevalent liver disorder characterized by excessive hepatic lipid accu
mulation and is increasing in incidence worldwide, affecting approxi
mately 25 % of the global population [1]. The progressive form of 
MASLD, known as metabolic dysfunction-associated steatohepatitis 
(MASH), is distinguished by hepatic inflammation, hepatocellular 
ballooning, and progressive fibrosis. Over time, MASH can lead to 
cirrhosis, hepatocellular carcinoma, and liver-related mortality [2]. 
Despite extensive research on pharmacological interventions targeting 
de novo lipogenesis (DNL) and enzymes that regulate fibrosis in the 
context of MASLD and MASH, effective treatment options remain 
limited [3–6]. To date, resmetirom, a thyroid hormone receptor beta 
agonist, is the only FDA-approved drug for noncirrhotic nonalcoholic 
steatohepatitis, having received approval in 2024 [7].

AMP-activated protein kinase (AMPK) is a master regulator of 
cellular energy homeostasis and plays a central role in metabolic dis
orders such as insulin resistance and dyslipidemia [8]. Notably, AMPK 
activity is often downregulated in MASH, contributing to impaired lipid 
metabolism and accelerated disease progression [9]. Given its pivotal 
role in maintaining hepatic metabolic balance, AMPK activation has 
emerged as a promising therapeutic strategy for MASLD and MASH [10]. 
AMPK activation in the liver not only inhibits DNL but also promotes 
fatty acid oxidation and enhances mitochondrial function, thereby 
reducing the risk of MASLD progression [11].

Metabolomics, a key area of study in the "omics" sciences—including 
genomics, transcriptomics, and proteomics—offers valuable insights 
into the metabolic pathways involved in physiological and pathological 
processes by profiling metabolites in cells, tissues, and biofluids. As a 
specialized subfield within metabolomics, lipidomics provides a 
comprehensive analysis of lipid species, including glycerolipids, phos
pholipids, sphingolipids, fatty acids, and steroids, which are involved in 
various biological processes such as metabolism, energy storage, 
inflammation, cell signaling, and cell membrane integrity. Since hepatic 
metabolic reprogramming occurs during the onset and progression of 
MASLD to MASH, metabolomics and lipidomics are powerful tools for 
investigating the underlying disease mechanisms and identifying novel 
therapeutic targets.

Previous studies have successfully applied these approaches to 
identify metabolic and lipidomic alterations associated with potential 
therapeutics for metabolic disorders, obesity, and MASH. For example, 
lipidomic profiling has demonstrated that pioglitazone, a thiazolidine
dione drug that acts as a PPARγ ligand, alleviates hepatic steatosis in an 
obesity and type 2 diabetes rat model by modulating lipid metabolism. 
This effect is mediated through alterations in free fatty acids, lyso
phosphatidylcholine, phosphatidylcholine, and phospholipase A2, 
thereby inhibiting DNL and hepatic lipid accumulation [12]. Similarly, 
lipidomic analysis has revealed the mechanism of action through which 
Yijin-Tang, a traditional herbal remedy, alleviates systemic inflamma
tion and insulin resistance using plasma lipidomic profiles from obese 
mice [13]. Additionally, valproic acid has been identified as an AMPK 
activator, and its metabolic effects have been confirmed through 
metabolomics analysis of the liver tissues of obese mice [14]. Despite 
these advances, the specific metabolic and lipidomic alterations asso
ciated with AMPK-targeted therapies in MASH remain largely 
unexplored.

In this study, we utilized the choline-deficient, L-amino acid-defined 
high-fat diet (CDAHFD) model, a well-established and widely used 
model in MASH research that effectively recapitulates the robust fibrosis 
observed in human MASH [15,16]. However, the CDAHFD model can 
induce weight loss, which is not a typical characteristic of human MASH. 
Subsequently, we performed liquid chromatography-mass spectrometry 
(LC-MS)-based metabolomic and lipidomic analyses to investigate the 
comprehensive metabolic alterations following the administration of 
KN21 (15 mg/kg), a direct AMPK activator selected based on its AMPK 

activation potency in our previous study [17], in a mouse model of 
MASH. Our findings demonstrate that KN21 treatment significantly 
ameliorated key pathological hallmarks of MASH, including hepatic 
steatosis and fibrosis. We propose that these therapeutic effects are 
strongly associated with alterations in long acyl chain glycerolipid 
metabolism and pyrimidine metabolism, suggesting a novel metabolic 
mechanism underlying AMPK-mediated hepatoprotection.

2. Materials and methods

2.1. Animals and treatments

Eight-week-old male C57BL/6 J mice were obtained from Raonbio 
(Gyonggi-do, South Korea). Following a one-week acclimatization 
period, the mice were randomly divided into four groups: (1) control 
group, which was fed a normal chow diet and treated with vehicle; (2) 
KN21 group, which was fed a normal chow diet and treated with KN21; 
(3) CDAHFD group, which was fed a choline-deficient, L-amino acid- 
defined high-fat diet (CDAHFD; 60 % fat, 0.1 % methionine; Research 
Diets Inc., #A06071302, NJ, USA) for six weeks; and (4) 
CDAHFD+KN21 group, which was fed a CDAHFD for six weeks and 
treated with KN21. KN21 was administered intraperitoneally at a dose of 
15 mg/kg every 2 days for four weeks, starting from Week 2 of the 
CDAHFD feeding period. Before euthanasia, the mice were fasted for 
12 h and then anesthetized with 2,2,2-tribromoethanol (Sigma
–Aldrich, MO, USA).

Blood samples were collected from the inferior vena cava using a 1- 
mL syringe. After blood collection, the mice were euthanized by severing 
the inferior vena cava, followed by whole-body perfusion with 
phosphate-buffered saline (PBS) through the left ventricle. Livers were 
harvested, weighed, and processed as follows: the left lobe was promptly 
fixed in 10 % buffered formalin for histological evaluation, while the 
remaining liver tissues were rapidly frozen in liquid nitrogen and stored 
at –80 ◦C until further examination. All mice were housed in a 
temperature-controlled environment under a 12-h light/dark cycle with 
ad libitum access to food and water. Animal experiments were conducted 
in accordance with protocols approved by the Institutional Animal Care 
and Use Committee of Ewha Womans University (Approval No. 19–041) 
and adhered to the ARRIVE guidelines and the National Research 
Council’s Guide for the Care and Use of Laboratory Animals.

2.2. In vivo western blot analysis

Western blot analysis was performed as previously described [15]. 
Briefly, liver tissues were lysed in HEPES buffer, and total protein ex
tracts were obtained by centrifugation and quantified using a BCA 
protein assay kit (Thermo Fisher Scientific, MA, USA). Equal amounts of 
protein were separated via 10 % SDS-PAGE, transferred to PVDF mem
branes (Pall Life Sciences, NY, USA), and blocked with 5 % skim milk for 
1 h at room temperature. The membranes were then incubated over
night at 4 ◦C with primary antibodies, followed by incubation with 
HRP-conjugated secondary antibodies. The protein bands were detected 
using an ECL reagent (GE Healthcare, IL, USA) and visualized with an 
LAS-3000 imaging system (Fuji Photo Film, Tokyo, Japan). Band in
tensities were analyzed via Multi Gauge Software (Fuji Photo Film) or 
Image Lab (Bio-Rad, CA, USA), and quantification was performed using 
ImageJ (NIH, MD, USA). The list of primary antibodies used is provided 
in Supplementary Table S1.

2.3. Histological examination of liver tissues

Histological analysis, including hematoxylin and eosin (H&E), sirius 
red, and immunohistochemical staining, was performed as previously 
described [16]. Briefly, formalin-fixed liver tissues were embedded in 
paraffin, sectioned into 5-μm slices, and stained with H&E and sirius red 
according to standard protocols. To perform the immunohistochemistry 
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(IHC) experiments, antigen retrieval was performed, followed by 
blocking and overnight incubation with primary antibodies at 4 ◦C. 
Detection was performed using a VECTASTAIN ABC kit (Vector Labo
ratories), and staining was visualized using 3,3′-diaminobenzidine 
(DAB) solution (Dako, Agilent, CA, USA) with Mayer’s hematoxylin 
counterstaining. Images were acquired using an Axiophot 2 microscope 
(Carl Zeiss, Jena, Germany) at 200 ×magnification, and quantification 
was performed using ImageJ software (NIH, MD, USA). The antibodies 
used for IHC are listed in Supplementary Table S1.

2.4. Quantitative real-time reverse-transcription PCR

A qRT-PCR assay was performed as described previously [16]. 
Briefly, total RNA was extracted from liver tissues using TRIzol reagent 
(FAVORGEN Biotech Corp., Kaohsiung, Taiwan). Real-time quantitative 
PCR (qRT-PCR) was performed using the SensiFAST™ SYBR No-ROX kit 
(Bioline, London, UK) according to the manufacturer’s protocol. The 
relative expression levels of genes were determined using the ΔΔCt 
method and normalized to that of GAPDH. The sequences of primers 
used for qRT-PCR are provided in Supplementary Table S2.

2.5. Metabolomic and lipidomic analysis

Metabolomic and lipidomic analyses were performed using ultra- 
performance liquid chromatography- quadrupole time-of-flight mass 
spectrometry (UPLC-QTOF MS) at the Korea Basic Science Institute 
(Instrument Codes WS003, WS005 and WS007) as previously described 
[18]. Briefly, liver tissues (20 mg) were extracted using a meth
anol/water/chloroform biphasic method, and lipids of serum (20 μL) 
were extracted with a chloroform/methanol/water mixture. The 
aqueous and organic fractions obtained from liver and serum were dried 
and reconstituted in a water/acetonitrile mixture (1:1, v/v) and iso
propanol for metabolomic and lipidomic analyses, respectively. The 
Quad LCMS QC reference material mix (P/N 186006963, Waters, MA, 
USA) and the Avanti Lipid SPLASH mix (P/N 330707, Avanti Polar 
Lipids Inc., AL, USA) were used as internal standards for metabolomic 
and lipidomic analyses, respectively.

Chromatographic separation of aqueous metabolites was achieved 
using an UPLC system (ACQUITY™ UPLC, Waters, Manchester, UK) on a 
ZIC-HILIC column (2.1 × 100 mm, 3.5 µm, Merck) coupled to a Triple 
TOF 5600 (Sciex, Concord, Canada) operating in both positive and 
negative electrospray ionization modes. Lipidomic profiling was con
ducted using an ACQUITY UPLC CSH C18 column (2.1 × 100 mm, 
1.7 µm, Waters) connected to UPLC (ACQUITY™ UPLC, Waters, Man
chester, UK) combined with a Xevo G2-XS QTOF-MS (Waters, MA, USA).

To ensure analytical consistency, pooled quality control (QC) sam
ples were injected every six analytical runs, and features with coefficient 
of variation (CV) > 20 % in QC samples were excluded. Data processing 
was performed using MarkerView (Sciex) and Progenesis QI (Waters) for 
metabolomic and lipidomic datasets, respectively. Metabolite and lipid 
intensities were normalized to median fold change. Compound anno
tation was based on accurate mass, fragmentation pattern, and retention 
time matching against HMDB, METLIN, and in-house libraries. For 
further details, see the Supporting Information.

2.6. Statistical analysis

The data are presented as the means ± standard deviations (SDs). 
Statistical analyses were performed using GraphPad Prism 9.0 (Graph
Pad Software, Inc., CA, USA), SPSS software version 23.0 (SPSS Inc., IL, 
USA) and R software (version 4.2.2; R Core Team, Vienna, Austria). One- 
way analysis of variance (ANOVA) followed by Tukey’s post hoc test was 
used to assess group differences in lipid and metabolite levels, 
biochemical parameters, and mRNA expression between groups. Pear
son correlation coefficients were calculated using SPSS version 23.0 
(SPSS Inc., IL, USA). To control for multiple hypothesis testing across all 

lipids and metabolites, p-values obtained from pairwise comparisons 
and Pearson correlation analyses were further adjusted using the Ben
jamini–Hochberg false discovery rate (FDR) correction. Statistical sig
nificance was defined as p < 0.05 or q < 0.05.

For the statistical analysis of the metabolomics and lipidomics data, 
after scaling to unit variance, partial least squares discriminant analysis 
(PLS-DA) was performed using SIMCA-P software (version 14.0, Ume
trics, Umeå, Sweden). The reliability of the PLS-DA model was validated 
using a 100-repeated permutation test and a CV-ANOVA test.

3. Results

3.1. AMPK activator KN21 alleviates hepatic steatosis and fibrosis

Eight-week-old male C57BL/6 J mice were fed either a normal diet or 
a CDAHFD for six weeks. KN21, a novel direct AMPK activator candi
date, was administered intraperitoneally every two days for four weeks 
(total of 14 doses), starting at Week 2 (Fig. 1A). Compared with control 
mice fed a normal diet, CDAHFD-fed mice presented a significant 
reduction in AMPK phosphorylation, as indicated by the decreased p- 
AMPK/AMPK ratio and p-ACC/ACC ratio (Fig. 1B) and reduced p-AMPK 
and p-ACC expression (Figure S1A). However, KN21 treatment restored 
AMPK phosphorylation, confirming its ability to activate AMPK in vivo. 
Although there were no significant differences in body weight between 
the CDAHFD and CDAHFD+KN21 groups (Figure S1B), the liver-to- 
body weight ratio, a key indicator of hepatic steatosis, was signifi
cantly increased in CDAHFD-fed mice but significantly reduced 
following KN21 treatment (Fig. 1C). Histological analyses further 
confirmed the hepatoprotective effects of KN21. Hematoxylin and eosin 
(H&E) staining revealed alleviated hepatic steatosis, whereas sirius red 
staining revealed decreased collagen deposition, indicating reduced 
fibrosis in the CDAHFD+KN21 group (Figures 1D and S1D-E). Consis
tently, the mRNA expression levels of key fibrotic markers, including 
COL1A1, ACTA2, and PDGFB, which were significantly elevated in 
CDAHFD-fed mice, were markedly reduced following KN21 treatment 
(Fig. 1E). Additionally, qRT-PCR analysis of liver tissue was performed 
to evaluate changes in target genes such as sterol regulatory element 
binding transcription factor 1 (SREBF1), cluster of differentiation 36 
(CD36), and peroxisome proliferator-activated receptor-γ (PPARγ), which 
are associated with lipid metabolism and hepatic steatosis (Fig. 1F). The 
expression levels of SREBF1, CD36, and PPARγ were significantly 
increased in the CDAHFD group than in the control group. However, 
these increases were significantly attenuated in the CDAHFD+KN21 
group (Fig. 1F). These findings suggest that KN21 effectively attenuates 
MASH progression by reducing hepatic steatosis, lipid accumulation and 
fibrosis. Regarding other key hallmarks of MASH, such as inflammation, 
our previous study showed that KN21 did not exert significant effects on 
these inflammatory parameters. Therefore, in the present study, we 
focused on steatosis and fibrosis, where KN21 exhibited the most pro
nounced effects.

3.2. AMPK activator KN21 reduces triglyceride levels and inhibits hepatic 
lipid accumulation in MASH mice

Hepatic lipid accumulation is a hallmark of MASH. To assess the 
impact of KN21 on lipid metabolism, lipidomic profiling was performed 
on liver samples from CDAHFD-fed mice and normal diet-fed controls. 
PLS-DA score plots revealed a distinct separation between the normal 
diet and CDAHFD groups along the PLS1 axis, indicating substantial 
lipidomic alterations in the liver following CDAHFD feeding (Fig. 2A). 
Interestingly, the CDAHFD+KN21 group was closer to that of the 
normal-diet control group, suggesting that KN21 treatment effectively 
modulates hepatic lipid metabolism (Fig. 2A). The robustness of the PLS- 
DA models was confirmed by permutation testing (Figure S2A). A total 
of 195 lipids were identified in both positive and negative ion modes 
using UPLC-QTOF MS (Table S3). Analysis of the percent distribution 
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derived from the total intensity of each lipid class revealed a significant 
reduction in phosphatidylcholine (PC), phosphatidylethanolamine (PE) 
and triacylglycerols with short-chain fatty acid (TAGs-SCFA) in 
CDAHFD-fed mice, whereas triacylglycerols with long-chain fatty acid 
(TAGs-LCFA) were significantly increased (Fig. 2B). Importantly, these 
lipidomic changes were partially reversed following KN21 treatment 
(Fig. 2B). To assess lipidomic alterations at the individual lipid species 
level, a heatmap plot was generated (Fig. 2C). Notably, DAG and TAGs- 
LCFA species were markedly increased in the CDAHFD group but 
restored to near-normal levels following KN21 treatment, whereas 
TAGs-SCFA remained unchanged (Fig. 2C). Next, bubble charts of the 
DAG and TAG species were generated to investigate the structural dif
ferences based on the number of double bonds and total carbon atoms 
(Fig. 2D). DAGs and TAGs containing long acyl chains (C52-C62) were 
significantly more abundant in the CDAHFD group than in the control 
group, but these levels were restored upon KN21 treatment (Fig. 2D). 
However, the levels of TAGs-SCFA did not recover to the levels of TAGs- 
LCFA after KN21 treatment (Fig. 2D). Similar lipidomic alterations were 
observed in the serum samples. PLS-DA score plots demonstrated partial 
separation between the CDAHFD and CDAHFD+KN21 groups, further 
supporting the systemic effects of KN21 (Figure S3A). Additionally, 
serum lipid heatmap analysis revealed a significant increase in the levels 
of TAGs-LCFA in the CDAHFD group, which was attenuated by KN21 
administration, indicating its role in modulating systemic lipid meta
bolism in MASH (Figure S3C). Collectively, these findings suggest that 
the AMPK activation induced by KN21 treatment alleviates disrupted 
hepatic and systemic lipid metabolism in a mouse model of MASH, 
highlighting its potential therapeutic efficacy in restoring lipid 
homeostasis.

3.3. AMPK activator KN21 induces alterations in pyrimidine metabolism 
in MASH mice

In addition to its role in lipid metabolism, AMPK regulates key 
metabolic pathways, including energy, amino acid, and nucleotide 
metabolism [10,11]. To explore the metabolic alterations induced by 
KN21 in the MASH mouse model, untargeted metabolomic profiling was 
performed using UPLC-QTOF MS. Multivariate analysis revealed distinct 
clustering patterns based on diet type and KN21 treatment, as shown in 
the PLS-DA score plot in positive ion mode, indicating that both 
CDAHFD and AMPK activation led to significant metabolic alterations in 
the liver (Fig. 3A). The robustness of the PLS-DA model was confirmed 
by a permutation test (Figure S2B). A total of 87 aqueous metabolites, 
such as amino acids, nucleotides, vitamins, carbohydrates, and acyl
carnitines, were identified in both positive and negative ion modes 
(Table S4). Among these, the levels of 52 metabolites were significantly 
different between the control and CDAHFD groups. Notably, the levels of 
only glycerophosphocholine and uridine were significantly restored in 
liver tissues following KN21 treatment (Fig. 3B and Table S4). The key 

metabolites involved in pyrimidine metabolism, including cytidine, 
cytidine monophosphate (CMP), cytosine, uracil, uridine and uridine 
5-diphosphate (UDP), were significantly altered in the CDAHFD group 
compared with the control group but were recovered following KN21 
treatment (Fig. 3C). These findings demonstrate that KN21 treatment 
alleviates metabolic abnormalities in MASH by restoring pyrimidine 
metabolism, particularly uracil and uridine metabolism.

3.4. AMPK activation inhibits lipid accumulation and fibrosis associated 
with hepatic metabolism

The expression of SREBP1 (encoded by SREBF1), a transcription 
factor for fatty acid synthesis, is known to upregulate CD36, which is 
located on the surface of cells and facilitates the uptake of LCFAs [19]. 
PPARγ functions as a transcription factor, regulating the expression of 
genes involved in various processes, including adipocyte differentiation, 
insulin sensitivity, and fatty acid metabolism, and plays a crucial role in 
lipid storage and utilization [19]. Therefore, to further investigate the 
relationships between key metabolites and molecular markers of hepatic 
steatosis and fibrosis, Pearson correlation analysis was performed. Uri
dine and uracil levels were negatively correlated with the expression of 
COL1A1, PDGFB, SREBF1, and CD36 suggesting that disruptions in py
rimidine metabolism are associated with increased fibrosis severity and 
lipid accumulation (Fig. 4A). In contrast, the abundance of TAGs with 
long acyl chain showed a significant positive correlation with the 
expression of COL1A1, PDGFB, SREBF1, CD36, and PPARγ but a nega
tive, though not statistically significant, correlation with PPARα 
expression, a key regulator of fatty acid oxidation (FAO) [20] (Fig. 4A). 
These findings suggest that AMPK activation by KN21 plays a pivotal 
role in restoring metabolic homeostasis, attenuating hepatic lipid 
accumulation, and alleviating fibrosis in a mouse model of MASH 
(Fig. 4B).

4. Discussion and conclusion

AMPK activation has emerged as a potential therapeutic strategy for 
MASH due to its critical role in regulating hepatic lipid metabolism, 
reducing inflammation, and mitigating fibrosis and liver injury [10,21]. 
In diet-induced MASH mouse models, AMPK activation has been shown 
to protect hepatocytes from apoptosis by primarily inhibiting 
pro-caspase 6 phosphorylation and caspase 6 activity [22]. As a central 
regulator of energy homeostasis, AMPK modulates key metabolic pro
cesses, including DNL and FAO, and mitochondrial function. Its activa
tion suppresses key lipogenic enzymes such as fatty acid synthase (FAS) 
and acetyl-CoA carboxylase (ACC) while enhancing lipid oxidation, 
thereby reducing hepatic steatosis and metabolic dysfunction [23,24]. 
However, despite its therapeutic potential, the development of AMPK 
activators for MASH treatment has been limited by an incomplete un
derstanding of the metabolic reprogramming associated with AMPK 

Fig. 1. KN21 treatment ameliorates hepatic lipid accumulation and fibrosis in diet-induced MASH mice. (A) Schematic of the experimental design. Mice were 
fed a normal diet or a choline-deficient, L-amino acid-defined high-fat diet (CDAHFD) for six weeks to induce metabolic dysfunction-associated steatohepatitis 
(MASH). At Week 2, KN21 (15 mg/kg) or vehicle was administered intraperitoneally every 2 days for 4 weeks (14 doses in total). At Week 6, the mice were sacrificed, 
and their livers were harvested for analysis. (B) The ratio of phosphorylated AMPK (p-AMPK) to total AMPK and the ratio of phosphorylated ACC to total ACC in liver 
tissues with or without KN21 treatment. (C) Liver-to-body weight ratios of experimental mice in the control, KN21, CDAHFD, and CDAHFD+KN21 groups. (D) 
Representative liver tissue images from each experimental group stained with hematoxylin and eosin (H&E) and sirius red. (E) Relative mRNA expression levels of 
fibrosis markers, including COL1A1, COL3A1, ACTA2, PDGFA, and PDGFB, in liver tissues. (F) Relative mRNA expression levels of key genes involved in lipid 
metabolism, including SREBP1, FASN, CD36, SLC27A2, PPARα, PPARβ, and PPARγ, in liver tissues of mice from each treatment groups. The data are expressed as the 
means ± standard deviations for control mice (n = 5), KN21-treated mice (n = 5), CDAHFD mice (n = 5), and CDAHFD+KN21-treated mice (n = 5). One-way 
ANOVA followed by Tukey’s post hoc test was used to evaluate significant differences between groups. *, ** and *** indicate p < 0.05, p < 0.01 and p < 0.001, 
respectively, for control vs. CDAHFD. #, ## and ### indicate p < 0.05, p < 0.01, and p < 0.001, respectively, for CDAHFD vs. CDAHFD+KN21. 
AMPK, AMP-activated protein kinase; ACC, Acetyl-CoA Carboxylase; CDAHFD, choline-deficient, L-amino acid-defined high-fat diet; COL1A1, collagen type I alpha 1 
chain; COL3A1, collagen type III alpha 1 chain; ACTA2, actin alpha 2; PDGFA, platelet-derived growth factor subunit A; PDGFB, platelet-derived growth factor 
subunit B; SREBF, sterol regulatory element-binding protein; CD36, cluster of differentiation 36; SLC27A2, solute carrier family 27 member 2; PPARα, peroxisome 
proliferator-activated receptor alpha; PPARβ, peroxisome proliferator-activated receptor beta; PPARγ, peroxisome proliferator-activated receptor gamma; FAS, fatty 
acid synthase.
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Fig. 2. KN21 treatment alters lipid metabolism in diet-induced MASH mice. (A) Partial least squares-discriminant analysis (PLS-DA) score plots derived from 
UPLC-QTOF MS spectra of global hepatic lipid profiles in positive ion mode (R2X = 76.8 %, R2Y = 98.4 %, Q2 = 80.2 %) and negative ion mode (R2X = 18.6 %, R2Y 
= 54.5 %, Q2 = 20.8 %). (B) Percentage distributions of lipid classes in liver tissues from each experimental group. (C) Heatmap of lipid species in liver tissues from 
the control, KN21, CDAHFD, and CDAHFD+KN21 groups. The heatmap was color-coded based on the z score of the relative intensities of each lipid species. (D) 
Bubble charts of diacylglycerol (DAG) and triacylglycerol (TAG) species. Each filled circle represents an individual lipid species, plotted based on the total number of 
carbon atoms (x-axis) and double bonds (y-axis). The color intensity reflects the magnitude of the fold change, and the circle radius indicates the significance level (q 
value). The levels of lipids were derive from the control mice (n = 11), KN21-treated mice (n = 12), CDAHFD mice (n = 11), and CDAHFD+KN21-treated mice 
(n = 11). One-way ANOVA followed by Tukey’s post hoc test was performed, and the resulting p-values were adjusted for multiple testing using the Benjami
ni–Hochberg false discovery rate (FDR) correction (q < 0.05 was considered statistically significant) to evaluate significant differences between groups. 
CDAHFD, choline-deficient, L-amino acid-defined high-fat diet; FFA, free fatty acid; LysoPC, lysophosphatidylcholine; PC, phosphatidylcholine; LysoPE, lysophos
phatidylethanolamine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin; Cer, cer
amide; DAG, diacylglycerol; TAG, triacylglycerol; TAGs-SCFA, triacylglycerols with short-chain fatty acid; TAGs-LCFA, triacylglycerols with long-chain fatty acid.

Fig. 3. KN21 treatment alters hepatic metabolism in diet-induced MASH mice. (A) PLS-DA score plots derived from UPLC-QTOF MS spectra of global hepatic 
metabolic profiles in positive ion mode (R2X = 35.3 %, R2Y = 50.9 %, Q2 = 31.8 %) and negative ion mode (R2X = 51.1 %, R2Y = 84.8 %, Q2 = 47.9 %). (B) 
Heatmap of metabolites in the liver tissues of each experimental group, curated according to their respective KEGG pathways. The heatmap was color-coded based on 
the z score of the relative intensity of each metabolite. (C) Alterations in the levels of key metabolites involved in pyrimidine metabolism. The data are expressed as 
the means ± standard deviations. The levels of metabolites were derive from the control mice (n = 11), KN21-treated mice (n = 12), CDAHFD mice (n = 11), and 
CDAHFD+KN21-treated mice (n = 11). One-way ANOVA followed by Tukey’s post hoc test was performed, and the resulting p-values were adjusted for multiple 
testing using the Benjamini–Hochberg false discovery rate (FDR) correction (q < 0.05 was considered statistically significant) to evaluate significant differences 
between groups. *, ** and *** indicate q < 0.05, q < 0.01, and q < 0.001, respectively, for control vs. CDAHFD. #, ## and ### indicate q < 0.05, q < 0.01 and q <

0.001, respectively, for CDAHFD vs. CDAHFD+KN21. 
CDAHFD, choline-deficient, L-amino acid-defined high-fat diet; CMP, cytidine monophosphate; UDP, uridine 5-diphosphate.
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activation. In this study, we investigated the effects of KN21, reported as 
a direct AMPK activator [17], using UPLC-QTOF MS-based metab
olomics and lipidomics approaches in a diet-induced MASH mouse 
model. Our findings demonstrate that KN21 effectively alleviates he
patic steatosis and fibrosis, and restores the alterations in long-chain 
acyl TAG and pyrimidine metabolism. Ultimately, these effects were 
strongly associated with each other, suggesting a coordinated metabolic 
response regulated by AMPK activation.

The liver is central to lipid metabolism, where excess fatty acids are 
taken up and incorporated into TAG pools. Chronic dysregulation of this 
process leads to hepatic lipotoxicity, inflammation, and fibrosis—hall
marks of MASH [25]. Lipidomic analyses have revealed a significant 
accumulation of TAGs, particularly those with LCFAs, in both the blood 
and liver tissues of patients with metabolic diseases such as obesity, fatty 
liver disease, and MASH. Long-chain TAGs have been proposed as po
tential biomarkers for predicting disease onset and the severity of he
patic steatosis [26–28]. In this study, TAGs-LCFAs (C52-C62) were 
significantly elevated in the CDAHFD group, whereas a marked reduc
tion in these lipid species was observed following KN21 treatment. 
These findings underscore the importance of regulating TAG metabolism 
to alleviate hepatic lipid accumulation and prevent the progression of 
fatty liver disease, highlighting the potential of AMPK activation as a 
therapeutic approach for MASH. A previous study suggested that Boe
senbergia pandurate extract (BPE) inhibits TAG accumulation, obesity, 
and fatty liver in high-fat diet (HFD)-induced obesity in mice, as well as 
in 3T3-L1 adipocytes and HepG2 hepatocytes, through AMPK activation 
and the regulation of lipid metabolism-related proteins, including ACC, 
FAS, SREBP-1c, and PPARγ [29]. Consistently, our results demonstrated 
that the expression levels of CD36, SREBF1 and PPARγ were signifi
cantly increased in CDAHFD-fed mice but markedly reduced following 
KN21 treatment, suggesting that KN21 attenuates hepatic lipid accu
mulation and lipotoxicity in the MASH mouse model by inhibiting fatty 
acid uptake, de novo fatty acid synthesis, and TAG biosynthesis.

CD36, a fatty acid translocase, plays a crucial role in the uptake and 
intracellular transfer of very long-chain fatty acids (VLCFAs) [30]. CD36 
overexpression has been implicated in the pathogenesis of MASH [31]. 
Previous studies have demonstrated that CD36 knockout mice exhibit 
reduced fatty acid uptake and TAG levels, underscoring the role of CD36 
in hepatic lipid accumulation [32]. Additionally, SREBP1, a master 
transcription factor for fatty acid synthesis, regulates the expression of 
CD36, thereby promoting long-chain fatty acid uptake into cells and 
further promoting fatty acid synthesis [33,34]. Recent studies have also 
suggested that CD36 can influence SREBP activity through the formation 
of complexes with insulin-induced gene-2 (INSIG2), disrupting the 
interaction between SREBP cleavage-activating protein and INSIG2 and 
leading to the translocation of SREBP1 from the endoplasmic reticulum 
to the Golgi and further promoting lipogenesis [35]. Both SREBP1 and 
CD36 work in concert to maintain energy homeostasis, ensuring a bal
ance between fatty acid synthesis and utilization. Their upregulation has 
been observed in MASH patients, suggesting that excessive DNL, exac
erbated by CD36-mediated LCFA uptake, contributes to lipid overload 
and lipotoxicity in hepatocytes [26,35,36]. In our study, KN21 treat
ment restored SREBP1 and CD36 expression to near-normal levels, 
indicating that AMPK activation suppresses both DNL and LCFA uptake, 

thereby mitigating hepatic lipid accumulation.
Peroxisome proliferator-activated receptors (PPARs) are key regu

lators of lipid metabolism, particularly in the transcriptional control of 
enzymes involved in very long-chain fatty acid (VLCFA) metabolism 
[37]. PPARα is a major transcription factor that promotes FAO, whereas 
PPARγ primarily facilitates lipid storage and adipogenesis [38,39]. In 
the liver, excessive dietary lipid intake suppresses PPARα expression 
while upregulating PPARγ, leading to hepatic lipid accumulation. This 
shift occurs because PPARγ upregulation enhances SREBP-1c activity, 
which in turn suppresses carnitine palmitoyltransferase-1 (CPT-1), a key 
PPARα target gene required for mitochondrial FAO, further promoting 
TAG accumulation and exacerbating hepatic steatosis [40,41]. Our 
study revealed that KN21 administration downregulated PPARγ 
expression, supporting the hypothesis that AMPK activation restores 
hepatic lipid homeostasis by balancing PPAR signaling.

In addition to its lipid-lowering effects, KN21 also demonstrated 
significant antifibrotic properties in this study. The expression of key 
fibrosis markers, including COL1A1, ACTA2 (encoding α-SMA), and 
PDGFB, was significantly elevated in MASH mouse livers but was 
markedly reduced following KN21 treatment. This reduction in fibrosis 
markers was further supported by Pearson correlation analysis, which 
revealed a positive correlation between these markers and TAG accu
mulation and a negative correlation with pyrimidine metabolites. These 
findings suggest that the antifibrotic effects of KN21 may be mediated, in 
part, by its ability to restore lipid homeostasis and pyrimidine meta
bolism. Hepatic fibrosis in MASH is driven primarily by the activation of 
hepatic stellate cells (HSCs), which undergo a phenotypic transition into 
myofibroblast-like cells characterized by increased extracellular matrix 
(ECM) deposition and excessive collagen production [42]. This fibro
genic process is fueled by extensive metabolic reprogramming, 
including enhanced glycolysis, TCA cycle activity, and lipid metabolism, 
providing the substantial energy required for ECM synthesis and cell 
proliferation [43]. Notably, previous studies have reported that inhib
iting DNL through ACC and FASN inhibitors reduces collagen formation 
by downregulating fibrosis-associated genes, including COL1A1, 
COL3A1, and ACTA2, a hallmark of activated HSCs [44,45]. These 
findings align with our observation that KN21 treatment, which acti
vates AMPK, significantly reduces the expression of COL1A1 and α-SMA 
in MASH mouse livers. Furthermore, recent studies have highlighted the 
critical role of saturated lipid accumulation in fibrosis progression. Jia 
et al. utilized multimodal nonlinear optical microscopy to examine un
saturated TAG accumulation in a CCl4-induced liver fibrosis model. 
Their study revealed a progressive increase in unsaturated TAG levels in 
late-stage fibrosis, accompanied by reduced membrane fluidity and 
decreased lipid unsaturation [46]. This imbalance in lipid accumulation 
contributes to ECM stiffening and further activation of HSCs, promoting 
fibrosis. Consistently, our findings demonstrated that the elevated TAG 
levels in MASH livers, which are composed predominantly of long acyl 
chains and unsaturated TAGs, were significantly reduced following 
KN21 treatment, suggesting that AMPK activation can effectively restore 
lipid homeostasis and potentially alleviate fibrosis.

Pyrimidine metabolism plays a crucial role in lipid homeostasis in 
the liver [47]. Uridine, a key metabolite in this pathway, is synthesized 
primarily in the liver and is essential not only for nucleoside synthesis 

Fig. 4. Effects of KN21 on liver metabolism-associated gene expression, steatosis, and fibrosis in MASH mice. (A) Pearson’s correlation analysis was per
formed between pyrimidine metabolites, TAG species, and markers of steatosis and fibrosis in control mice (n = 5), KN21-treaged mice (n = 5), CDAHFD mice 
(n = 5), and CDAHFD+KN21-treated mice (n = 5). The resulting p-values were adjusted for multiple testing using the Benjamini–Hochberg false discovery rate 
(FDR) correction (q < 0.05 was considered statistically significant). Red and blue indicate positive and negative correlations, respectively (*q < 0.05). (B) Schematic 
summary illustrating the effects of AMPK activation by KN21 on ameliorating hepatic steatosis, de novo lipogenesis (DNL), and fibrosis by reprogramming hepatic 
lipid and pyrimidine metabolism. 
AMPK, AMP-activated protein kinase; CDAHFD, choline-deficient, L-amino acid-defined high-fat diet; COL1A1, collagen type I alpha 1 chain; COL3A1, collagen type 
III alpha 1 chain; ACTA2, actin alpha 2; PDGFA, platelet-derived growth factor subunit A; PDGFB, platelet-derived growth factor subunit B; SREBF, sterol regulatory 
element-binding protein; CD36, cluster of differentiation 36; SLC27A2, solute carrier family 27 member 2; PPARα, peroxisome proliferator-activated receptor alpha; 
PPARβ, peroxisome proliferator-activated receptor beta; PPARγ, peroxisome proliferator-activated receptor gamma; FAS, fatty acid synthase; de novo lipogenesis 
(DNL); TAG, triacylglycerol; TAGs-SCFA, triacylglycerols with short-chain fatty acid; TAGs-LCFA, triacylglycerols with long-chain fatty acid.
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but also for regulating lipid metabolism. Uridine is degraded into uracil 
by uridine phosphorylase 1 (UPase1), which is encoded by the UPP1 
(Uridine Phosphorylase 1) gene, and inhibition of this enzyme has been 
shown to increase hepatic uridine levels [48]. Elevated UPase1 expres
sion has been linked to hepatic steatosis in mice, highlighting its po
tential role in lipid dysregulation and MASH progression [49]. Several 
studies have demonstrated that manipulating pyrimidine metabolism 
can significantly impact hepatic lipid accumulation and fibrosis. For 
example, Sullivan et al. reported that the inhibition of dihydropyr
imidine dehydrogenase (DPYD), the rate-limiting enzyme in uridine 
catabolism, by the small-molecule DPYD inhibitor gimeracil reduced 
lipogenesis and enhanced mitochondrial FAO in hepatocytes [50]. 
Furthermore, direct uridine supplementation in obese mice reduced 
hepatic lipid accumulation and altered the gut microbiota composition 
by lowering the Firmicutes-to-Bacteroidetes ratio, suggesting a potential 
role for uridine in preventing obesity-related liver disease [51]. Addi
tionally, inhibition of UPase1 activity using potassium 5-cyano-4-me
thyl-6-oxo-1,6-dihydropyridine-2-olate or direct uridine injection in 
CCl4-induced fibrotic mice significantly alleviated both liver fibrosis and 
liver injury [52,53]. Furthermore, accumulating studies suggest that 
AMPK regulates nucleotide metabolism through indirect but biologi
cally meaningful mechanisms. For example, AMPK serves as a central 
metabolic sensor that can coordinate cellular energy status with nucle
otide metabolism. Activation of AMPK inhibits de novo pyrimidine 
synthesis via the mTORC1–CAD axis, as suppression of mTORC1 leads to 
the inhibition of CAD (carbamoyl phosphate synthetase 2/aspartate 
transcarbamylase/dihydroorotase), a multifunctional enzyme complex 
responsible for catalyzing the first, rate-limiting steps of pyrimidine 
biosynthesis [54]. This pathway provides a direct link between cellular 
energy availability and the regulation of pyrimidine production. In 
addition, ATP depletion has been shown to increase uridine concentra
tions by inducing pyrimidine degradation and promoting adenine 
nucleotide catabolism, which elevates purine base levels and conse
quently enhances uridine accumulation [55]. Therefore, through its 
ability to sense and modulate intracellular ATP levels and mTORC1-CAD 
axis, AMPK may indirectly influence pyrimidine metabolism, including 
the regulation of uridine homeostasis. These findings collectively high
light the critical role of pyrimidine metabolism in regulating lipid ho
meostasis and fibrosis progression. In our study, MASH mice presented 
significantly reduced hepatic levels of uridine and uracil, likely reflect
ing their increased utilization for DNL and pyrimidine catabolism, a 
pathway closely linked to acetyl-CoA metabolism. However, KN21 
treatment restored these pyrimidine metabolite levels, suggesting that 
AMPK activation can rebalance pyrimidine metabolism, thereby miti
gating lipid accumulation and fibrosis.

This study demonstrated that MASH is associated with significant 
dysregulation of long-chain acyl TAG and pyrimidine metabolism, 
which may in turn contribute to hepatic steatosis and fibrosis. Treatment 
with KN21, a novel direct AMPK activator, effectively ameliorated these 
metabolic abnormalities, highlighting the therapeutic potential of 
AMPK activation in MASH. Given the critical role of long-chain acyl 
TAGs and pyrimidine metabolism in MASH pathogenesis, targeting 
these pathways through AMPK activation may represent a promising 
therapeutic strategy. Future studies should focus on comparative ana
lyses of AMPK activators to assess potential differences in metabolic 
reprogramming and therapeutic efficacy. All experiments in this study 
were conducted using male mice. Given that sex-dependent differences 
exist in metabolic regulation and inflammatory responses, future studies 
including female mice are warranted to validate the generalizability of 
our findings. Furthermore, integrating metabolomics and lipidomics 
approaches will further elucidate the precise molecular mechanisms 
underlying AMPK-mediated metabolic modulation in MASH, ultimately 
facilitating the development of more effective pharmacological 
interventions.
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