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Metabolic dysfunction associated steatohepatitis (MASH), a progressive liver disease marked by 
steatosis, inflammation, and hepatocyte damage, is characterized by fibrosis, largely mediated by 
transforming growth factor-β (TGF-β). This study evaluated, as proof-of-concept, the therapeutic 
potential of tetrahydrocurcumin (THU), a curcumin derivative, in combination with EW-7197, an 
ALK-5 inhibitor, against MASH progression on in vitro and in vivo models. In vitro, TGF-β-treated 
hepatocytes (AML-12) and stellate cells (LX-2) were exposed to THU (1 µM), EW-7197 (0.5 µM), or their 
combination. EW-7197 mitigated TGF-β-induced hepatocyte morphological changes, while THU, alone 
or combined with EW-7197, reduced pathological lipid accumulation and counteracted EW-7197’s 
adverse effects. In vivo, male C57BL/6J mice fed a methionine-choline deficient (MCD) diet for six 
weeks received oral EW-7197 (20 mg/kg) and THU (100 mg/kg). Co-administration effectively reduced 
liver fibrosis, improved MAFLD, and attenuated liver injury in MASH mice model. These findings 
suggest that the combination of THU and EW-7197 represents a promising therapeutic strategy for 
MAFLD/MASH by attenuating both liver fibrosis, and steatohepatitis more effectively than either 
monotherapy. While these findings highlight a synergistic anti-MASH effect of THU and EW-7197, the 
study is positioned as proof-of-concept. Further validation in metabolically relevant models (e.g., HFD/
HFHC) and pharmacokinetic analyses are warranted before clinical translation can be considered.
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Metabolic dysfunction associated steatotic liver disease has become the leading cause of chronic liver disease, 
with a continuously rising global prevalence1. The disease spectrum encompasses a variety of states, including 
simple steatosis, steatohepatitis, liver fibrosis, and ultimately cirrhosis2,3. The initial metabolic disturbance 
triggers hepatic steatosis, while a subsequent pathogenic stimulus promotes oxidative stress, lipid peroxidation, 
inflammation, and ultimately liver injury and fibrosis2,4. It is well established that chronic low-grade 
inflammation and oxidative stress can trigger endoplasmic reticulum (ER) stress5, further upregulating Srebp-
1c, and contributing to hepatic lipid accumulation6–8. Thus, attenuating oxidative stress, reducing inflammatory 
responses, and inhibiting de novo lipogenesis represent promising therapeutic strategies for mitigating MAFLD 
progression.

Hepatic stellate cells (HSCs) are the primary source of collagen in the liver9,10. In MASH, these cells become 
activated and upregulate the expression of genes associated with hepatic fibrogenesis, such as α-smooth muscle 
actin (α-SMA) and collagen 1 A (Col1A)10–12. Growing evidence suggests the involvement of multiple signaling 
pathways in MASH pathogenesis, with the transforming growth factor-β (TGF-β) pathway playing a critical 
role13. TGF-β exerts diverse effects on cellular processes, including cell survival, proliferation, fibrosis, and 
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tumorigenesis14. Notably, TGF-β signaling contributes to the fibrogenic response during HSCs activation and 
is a key driver of MAFLD progression to MASH12. Upon ligand binding, the TGF-β receptor activates the 
Smad2/3-dependent pathway, which has been linked to extracellular matrix (ECM) protein production and 
fibrogenesis12,15.

Targeting TGF-β signaling holds promise for the prevention and treatment of fibrotic diseases. Direct 
inhibition of the TGF-β type I receptor or activin-like kinase 5 (ALK-5), has emerged as a potential therapeutic 
strategy. Studies have shown that ALK-5 inhibitors can effectively block TGF-β-mediated pro-fibrotic effects16. 
These inhibitors competitively bind to the ATP-binding site of ALK-5, thereby inhibiting its catalytic activity16,17. 
EW-7197 (vactosertib) is a small-molecule ALK-5 inhibitor with demonstrated efficacy in improving various 
fibrotic conditions, including those affecting the kidney18,19, lung20, breast20, and liver21. Mechanistically, EW-
7197 regulates nuclear factor erythroid 2-related factor 2 (Nrf2), and heme oxygenase-1 (HO-1) levels and exerts 
its antifibrotic effects through TGF-β signaling inhibition21,22.

Tetrahydrocurcumin (THU), is the primary metabolite of curcumin obtained from Curcuma Longa. THU 
possesses more favorable pharmacokinetic properties than curcumin, exhibiting greater plasma stability and 
enhanced bioavailability following oral administration23,24. These kinetic properties contribute to their potential 
applications in promoting longevity and combating various diseases, such as atherosclerosis25, hypertension19, 
nephrotoxicity19,26, and metabolic disease27,28. Studies have demonstrated that THU has superior hypoglycemic 
activity compared to curcumin. In a rodent model of type 2 diabetes, THU effectively reduced plasma insulin 
levels, normalized blood glucose levels, and decreased hepatic gluconeogenic enzyme activity in diabetic 
mice29. Additionally, THU has demonstrated superior efficacy in downregulating cyclooxygenase-2 (COX-2) 
and nuclear factor-κB (NFkB)30. However, despite its promise in the treatment of metabolic disorders, such as 
diabetes and dyslipidemia, scientific evidence for the therapeutic efficacy of THU in obesity and hepatic steatosis 
is limited.

Intervention at the earliest stages of MAFLD is critical to disrupt the complex interplay and impede the 
progression to its more severe form, MASH. The development of effective MASH therapies remains challenging 
due to multifaceted pathophysiology. While lifestyle modifications are foundational, pharmacological 
interventions are frequently necessary. An ideal MASH therapy would possess multifactorial properties, including 
lipid-lowering, anti-inflammatory, and antifibrotic effects31. However, current pharmacological treatments 
often involve polypharmacy32, leading to potential side effects and limited patient adherence. Consequently, 
herbal medicines, are emerging as promising complementary therapies. Such combination therapies may 
enhance treatment efficacy by reducing the dosage of standard medications, thereby mitigating the risk of 
drug-related adverse events. To this end, we aimed to investigate the potential of co-administering EW-7197 
and THU to mitigate cellular and metabolic stress on the in vitro and in vivo MASH model. We hypothesized 
that this combination therapy would attenuate inflammation, reduce steatosis, and inhibit fibrogenesis, thereby 
preventing MASH progression.

Materials and methods
Chemical and reagents
The TGF-β receptor I inhibitor, EW-7197 (N-[4-([1,2,4]-triazolo[1,5-a] pyridine-6-yl)−5-(6-methylpyridin-
2-yl)−1  H-imidazol-2-yl] methyl]−2-fluoro aniline), was synthesized at Uchem Inc. (Shanghai, China). The 
compound was dissolved in dimethyl sulfoxide (DMSO; Kanto Chemical Co., Tokyo, Japan). Tetrahydocurcumin 
(THU) was generously provided by the Government Pharmaceutical Organization (Bangkok, Thailand), and 
Dulbecco’s modified Eagle’s medium (DMEM), Dulbecco’s modified Eagle’s medium/Ham’s Nutrient Mixture 
F-12 (DMEM/F-12; 1:1 ratio), and fetal bovine serum (FBS) were obtained from HyClone Laboratories Inc. 
(Logan, UT, USA). Penicillin/streptomycin (P/S) solution and palmitic acid (PA) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). BODIPY (4,4-Difluoro-1,3,5,7,8-Pentamethyl-4-Bora-3a,4a-Diaza-s-Indacene) 
was obtained from Thermo Fisher Scientific (Rockford, IL, USA). RIPA lysis buffer and a protease inhibitor 
cocktail were procured from Sigma-Aldrich (St. Louis, MO, USA).

Cell culture
Cell culture was conducted under a controlled environment of 37 °C with 5% CO2 and saturated humidity in 
atmospheric air (95% air). The culture medium was replaced every alternate day. Alpha mouse liver 12 (AML-12) 
cells, representing normal mouse hepatocytes were obtained from American Type Culture Collection (ATCC). 
The cells were maintained in Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 (DMEM/F-12; 
Corning Inc., Corning, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco, NY, USA), 1% 
penicillin-streptomycin (Invitrogen, MA, USA), 1% insulin-transferrin-selenium (ITS) supplement (Gibco, NY, 
USA), and 40 ng/mL dexamethasone. Human hepatic stellate cells (LX-2) were purchased from MilliporeSigma™ 
and were cultured in DMEM supplemented with high glucose (4,500 mg/L d-glucose), l-glutamine (110 mg/L), 
sodium bicarbonate, sodium pyruvate, 10% FBS, and 1% penicillin-streptomycin.

Hepatocellular fibrosis was modeled by treating AML-12 or LX-2 cells with TGF-β at a concentration of 5 
ng/mL for 24 h. The cells were then exposed to EW-7197 (0.5 µM), THU (1 µM), a combination of both, and no 
treatment (CON). Following treatment, whole-cell lysates were prepared for further analysis.

Immunofluorescence assay
AML-12 cells were treated as described previously; subsequently; the cells were fixed with BD Cytofix™ fixation 
buffer (BD Bioscience, NJ, USA) for 15  min at room temperature (24 ± 2  °C). Following fixation, cells were 
washed with phosphate-buffered saline (PBS) and permeabilized with 0.1% Triton X-100 (T8787, Sigma-
Aldrich, MO, USA) for 20 min. To detect α-smooth muscle actin (α-SMA), cells were incubated overnight at 
4 °C with anti-α-SMA primary antibody (Santa Cruz, CA, USA) diluted 1:200 in 3% bovine serum albumin 
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(BSA). After washing, the cells were incubated with Alexa Fluor 488-conjugated mouse anti-IgG secondary 
antibody (Cell Signaling Technology, Danvers, MA, USA) diluted 1:500 in 3% BSA for 2 h at room temperature. 
The cells were then washed twice with PBS and stained with 10 ng/mL 4′,6-diamidino-2-phenylindole (DAPI) 
solution (Abcam, CB, UK) for 15  min at room temperature for nuclear staining. Finally, cells were washed 
twice with PBS and mounted using Immu-Mount™ mounting medium (Thermo Fisher Scientific, MA, USA). 
Fluorescence images were captured using a laser scanning confocal microscope (Carl Zeiss Microscopy GmbH, 
Oberkochen, Germany).

BODIPY staining
Following treatment, the cells were fixed with 4% formaldehyde for 30 min at room temperature and washed 
with PBS. Subsequently, the cells were incubated with 1 µM BODIPY 493/503 staining solution (Thermo Fisher 
Scientific, MA, USA) for 30 min at 37 °C in a dark room. After two washes with PBS, the cells were mounted 
on slides using Immu-Mount™ mounting medium (FS9990402, Fisher Scientific, MA, USA). Stained cells were 
visualized under an LSM 800 confocal fluorescence microscope (Carl Zeiss Microscopy GmbH, Oberkochen, 
Germany). Lipid droplet count, and droplet intensity per cell were evaluated and quantified using ImageJ (Fiji) 
software, version 1.53c (National Institutes of Health, Bethesda, MD, USA).

Animal model of MASH
All animal procedures were approved by the Institutional Animal Care and Use Committee of Yonsei University 
Wonju College of Medicine (Approval Number: YWC-221020-1). All experimental operations were conducted in 
accordance with the relevant regulations and the ARRIVE guidelines (https://arriveguidelines.org). Briefly, ​e​i​g​h​t​
-​w​e​e​k​-​o​l​d male C57BL/6J mice (20–25 g body weight) were obtained from Daehan BioLink Co., Ltd. (Eumseong, 
Korea). After a one-week acclimatization period under standard laboratory conditions with unrestricted access 
to food and water (ad libitum), the mice were randomly assigned to five experimental groups (n = 10/group): 
normal control (CON), MCD control, MCD-THU (100 mg/kg), MCD-EW-7197 (20 mg/kg), and MCD-THU + 
EW-7197. All groups, except the normal control group, were fed an MCD diet. In the MCD-THU group, THU 
was directly incorporated into the MCD diet. In the EW-7197 group, the compound was dissolved in a solution 
mimicking artificial concentrated gastric juice according to our previous study19 (prepared with 900 mL of dd 
H2O, 2.0 g of NaCl, 3.2 g of pepsin, and 7 mL of concentrated HCl) that was diluted 1:10 with phosphate-buffered 
saline. This diluted solution was administered by oral gavage to the normal control and MCD control groups as 
a vehicle, while the MCD-EW-7197 group received a dose of 20 mg/kg EW-7197 via the same route throughout 
the experiment.

At the end of the experiment, mice were anesthetized with 250  mg/kg 2,2,2-tribromoethanol (Avertin, 
T48402; Sigma-Aldrich, St. Louis, MO, USA) by intraperitoneal injection. Following anesthesia and confirmation 
of absent deep reflexes, a thoracotomy will be performed to collect blood via cardiac puncture, after which the 
animal will be euthanized. The serum, and liver tissues were collected and stored at −80 °C or fixed in a fixation 
buffer for subsequent pathological and biochemical analyses. The downstream analyses were designed to assess 
the efficacy of THU and EW-7197 in alleviating MAFLD progression.

Metabolic parameters and biochemical analysis
During the terminal phase of the experiment, serum total cholesterol (TC), aspartate aminotransferase (AST), 
and alanine aminotransferase (ALT) levels were quantified using commercially available reagent kits (Asan 
Pharm, Hwaseong, Korea), following the manufacturer’s instructions. The process involves both enzymatic and 
colorimetric methods. Hepatic triglyceride (TG) content was determined by liver homogenate analysis. Briefly, 
200 mg of minced liver tissue was homogenized and extracted in 1 mL of NP-40 lysis buffer. The homogenates 
were then centrifuged at 10,000 rpm for 10 min at 4 °C. Following centrifugation, the collected supernatants were 
used to measure TG concentration using enzymatic and colorimetric methods from a commercially available 
triglyceride assay kit (Cayman Chemical, MI, USA), according to the manufacturer’s protocol. Hepatic TG levels 
were expressed as milligrams per deciliter per gram of liver tissue (mg/dL/g).

Histological assessment and scoring
The isolated mouse livers were excised and fixed overnight at room temperature in 10% formaldehyde. 
Subsequently, the tissues were embedded in paraffin blocks and sectioned to a thickness of 8 μm using a rotary 
microtome. Hematoxylin and eosin (H&E) staining was used to assess steatosis and lobular inflammation, while 
Masson’s Trichrome staining was performed to evaluate fibrosis. Histological scoring was conducted in a blinded 
manner according to the NAFLD activity score system (NAS), which integrates the following components: 
steatosis (0–3), lobular inflammation (0–3), and hepatocellular ballooning (0–2). Quantitative analysis of steatotic 
area and fibrotic area were visualized using a charge-coupled device (CCD) equipped with an optical microscope 
(Pulnix; Orleans Drive, Sunnyvale, CA, USA) to reduce observer bias, in line with ARRIVE guidelines.

Western blot analysis
Whole-cell lysates were prepared from cultured cells or frozen liver tissues using RIPA buffer (Elpis Biotech, 
Korea) supplemented with a phosphatase and protease inhibitor cocktail (Pierce, IL, USA). Lysates were 
centrifuged at 12,000 rpm for 30 min at 4 °C. The supernatants were collected and stored at −80 °C for further 
analysis. The protein concentration was determined using a bicinchoninic acid (BCA) protein assay kit (Pierce, 
IL, USA). Equal amounts of protein (20  µg) were separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) on 8–12% gels and transferred onto polyvinylidene difluoride (PVDF) membranes 
(Millipore, MA, USA). The membranes were blocked with 5% skim milk in Tris-buffered saline containing 0.1% 
Tween-20 (TBST) to minimize non-specific binding. Primary antibodies were diluted 1:1000 in 5% BSA and 
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incubated with the membranes overnight at 4 °C. The following antibodies were used: α-smooth muscle actin 
(α-SMA; SC-32251), collagen type I (Col1A; SC-293182), connective tissue growth factor (CTGF; SC-101586), 
sterol regulatory element-binding protein-1c (Srebp-1c; #SC-13551), fatty acid synthase (Fasn; SC-55580), 
monocyte chemoattractant protein-1 (MCP-1; SC-28879), interleukin-1β (IL-1β; SC-12742), and β-actin (SC-
47778), which purchased from Santa Cruz Biotechnology (CA, USA). Additionally, antibodies for Smad2/3 
(#3102), AMPK (#2532), and NFκB (#4764) and their phosphorylated counterparts (p-Smad3; #9520, p-AMPK; 
#2531, p-NFκB; #3033) were obtained from Cell Signaling Technologies (Danvers, MA, USA).

Following primary antibody incubation, the membranes were washed with TBST and incubated with 
horseradish peroxidase (HRP)-conjugated secondary antibodies (dilution 1:1,000 in 5% BSA). Protein bands were 
visualized using an enhanced chemiluminescence (ECL) solution (Elpis-Biotech, Daejeon, Korea), according to 
the manufacturer’s instructions. The band intensity was quantified using ImageJ software version 1.50i (National 
Institutes of Health, Bethesda, MD, USA). Protein expression levels were normalized by considering β-actin (a 
housekeeping gene) expression levels.

Statistical analysis
Data are presented as mean ± standard error of the mean (SEM) throughout this study. Statistical analyses were 
performed using the Prism software (version 8.0; GraphPad Software Inc., San Diego, CA, USA). One-way 
analysis of variance (ANOVA) followed by Tukey’s multiple comparison test was used to assess the differences 
among multiple groups. Statistical significance was set at P < 0.05.

Results
EW-7197 relieves hepatocellular fibrosis
To assess the antifibrotic actions of the compounds, experiments were conducted in human hepatic stellate 
LX-2 cells. Stimulation with TGF-β (5 ng/mL) induced marked upregulation of extracellular matrix (ECM) 
proteins, including α-SMA, Col1A, and CTGF, through activation of the canonical TGF-β/Smad2/3 pathway 
(Fig. 1A–E). THU monotherapy did not produce statistically significant suppression of ECM protein expression 
in TGF-β-stimulated LX-2 cells, although a downward trend was observed, particularly the protein expression of 
α-SMA (Fig. 1D-E). In contrast, treatment with EW-7197, either alone or in combination with THU, markedly 

Fig. 1.  EW-7197 suppresses hepatic fibrosis in LX-2 cells. Cellular morphology after treatment (A). α-SMA 
staining (B). Expression of p-Smad3 and the downstream proteins (Col1A, α-SMA, and CTGF) in the 
canonical pathway (C). Representative bar graphs of p-Smad3 and its downstream profibrotic proteins (D, 
E). *p < 0.05, †p < 0.01 vs. CON group, ‡p < 0.05, §p < 0.01 vs. TGF-β control group. Values are presented as the 
means ± SEM.
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reduced ECM protein expression, most notably α-SMA and Col1A (p < 0.01). Among the treatment groups, the 
THU + EW-7197 combination achieved the most pronounced antifibrotic effect (Fig. 1B–E).

The combination treatment of THU and EW-7197 potentiates antifibrotic effects on MCD-
induced MASH mice
In line with the in vitro model, the MCD-fed mice model of MASH (Fig. 2A) mirrored these findings. EW-7197 
and combination therapy of THU and EW-7197 demonstrated potent antifibrotic effects in MASH mice. These 
treatments suppressed ECM protein levels via the canonical p-Smad2/3 pathway (Fig. 2B, C, D). While THU 
also exhibited a trend towards decreased ECM protein levels, these reductions were not statistically significant 
for some of the proteins investigated (CTGF, p = 0.067).

Our recent finding furnishes additional evidence supporting the augmentation of antifibrotic effects through 
combination therapy. Notably, this approach resulted in a significant reduction of α-SMA expression (p < 0.01), 
particularly evident in the context of various extracellular matrix proteins (Fig. 2B, D).

THU improves hepatic injury in the MASH model
MCD feeding induced a clear MASH phenotype, characterized by extensive hepatic lipid droplet accumulation 
(Fig. 3A), increased hepatic TG content (Fig. 3C), enhanced ECM deposition (Fig. 3B), and elevated serum 
AST and ALT levels (Fig. 3D, E). Treatment with THU markedly attenuated hepatic steatosis, as evidenced by 
a reduction in lipid droplet area, decreased hepatic TG, and lower steatosis scores (Fig. 3A, C, F, I). However, 
its antifibrotic effect was modest and did not reach statistical significance. In contrast, EW-7197 treatment 
markedly attenuated ECM deposition and reduced fibrotic area (Fig. 3B, G) while exerting only minor effects 
on steatosis (Fig. 3F, I). Notably, combination therapy with THU and EW-7197 produced the most pronounced 
histological improvements, with concurrent reductions in steatosis, lobular inflammation, and fibrosis (Table 1). 
These effects were reflected in significantly lower NAS scores compared with either monotherapy (Fig. 3H).

EW-7197 relieves in vitro hepatocellular damages with a mild derangement in lipid 
metabolism
Aligned with the experiments conducted in hepatic stellate cells, we found that EW-7197 effectively inhibits the 
expression of profibrotic markers in hepatocytes; p-Smad3, Col1A, α-SMA, and CTGF, and is more effective 

Fig. 2.  The combination treatment of THU and EW-7197 potentiates antifibrotic effects on MCD-fed mice. 
Experimental design of animal model (A). Expression of p-Smad3 and the downstream proteins (Col1A, 
α-SMA) in the canonical pathway (B). Representative bar graphs of p-Smad2/3 and downstream profibrotic 
proteins (C, D). *p < 0.05, †p < 0.01 vs. CON group, ‡p < 0.05, §p < 0.01 vs. MCD-control group. Values are 
presented as the means ± SEM.
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than THU. Furthermore, the combination therapy group exhibited the most prominent antifibrotic effects 
(Fig. 4C-F).

Interestingly, in the TGF-β-challenged AML-12 model, TGF-β induced morphological change, transforming 
the shape of this hepatocyte into fibroblast-like morphology (Fig. 4A). However, the EW-7197 treatment reversed 
these morphological alterations. Quantitative assessment of lipid droplet number per cell and BODIPY staining 
intensity revealed a marked increase in TGF-β–challenged AML-12 cells upon EW-7197 treatment, indicating 
an unfavorable effect on lipid accumulation (Fig. 4A-B and G–I; Supplementary Table 3 S). This was further 
corroborated by increased expression of the lipogenic genes Srebp-1c and Fasn (Fig. 4J, K). THU mitigated the 
undesirable effects of EW-7197 in hepatocytes. The co-treatment of THU and EW-7197 resulted in a decrease in 

Fig. 3.  THU improves hepatic injury in the MASH model. Hepatic H&E staining (A). Hepatic Masson’s 
Trichrome staining (B). Hepatic TG level (C). Serum AST levels (D). Serum ALT levels (E). Steatosis area (F). 
Fibrosis area (G). NAS score (H). Heatmap analysis of NAS features (I). *p < 0.05, †p < 0.01 vs. CON group, 
‡p < 0.05, §p < 0.01 vs. PA-, or MCD-control group, (n = 8/group). Values are presented as the means ± SEM.
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both lipid droplets and lipogenic gene expression compared to that observed in EW-7197 monotherapy (Fig. 4B, 
I, J).

THU prevents the downregulation of p-AMPK and reduces lipid accumulation
To investigate the potential of THU in improving lipid metabolism, AML-12 cells were challenged with palmitic 
acid (PA). PA is a well-established lipotoxicity inducer in various cell types. Consistent with the findings of other 
research groups, PA induced cellular stress and enhanced lipid accumulation in AML-12 cells, as confirmed by 
microscopy and BODIPY staining (Fig. 5A, B). A significant increase in lipid droplets per cell, droplet area per 
cell, and BODIPY staining intensity per cell were observed in PA-treated groups. These signals were attenuated 
following treatment, most notably with THU, and were most markedly reduced under the combined treatment 
(Fig.  5A-E; Supplementary Table  4  S). While AMPK phosphorylation was reduced, Srebp-1c and Fasn were 
upregulated (Fig. 5F, G). THU treatment prevented the downregulation of p-AMPK, thereby suppressing the 
overexpression of Srebp-1c and Fasn, which are key players in lipogenesis.

THU displays anti-inflammatory effects
PA reportedly prompts an inflammatory response by augmenting the phosphorylation of NFκB. In line with 
this knowledge, our experiment showcased an elevation in p-NFκB levels, alongside its downstream targets 
IL-1β and MCP-1, in PA-exposed AML-12 cells (Fig.  6A, B). THU treatment suppressed p-NFκB and its 
downstream genes, which mitigate PA-induced cellular inflammation. These findings suggest that THU exerts 
anti-inflammatory effects. Although EW-7197 tended to shield cells against PA-induced inflammation, the 
reductions were not uniform across all downstream targets (Fig.  6A, B). The in vivo results obtained from 
MCD-fed mice model mirrored the in vitro observations. EW-7197 treatment alone displayed a trend towards 
anti-inflammatory effects by reducing p-NFκB levels. However, some of its downstream targets failed to reach 
statistically significant differences compared with the disease control group, particularly MCP-1(Fig. 6C, D). 
THU demonstrated a more potent anti-inflammatory effect than EW-7197. Taken together, the combination 
therapy exhibited superior anti-inflammatory activity compared to the monotherapy.

THU improves redox status and displays anti-apoptotic effects
Our findings revealed increased expression of NADPH oxidase 4 (NOX4), the enzyme responsible for the 
generation of reactive oxygen species (ROS), in AML-12 cells challenged with PA. Remarkably, treatment with 
THU, alone or in combination, effectively reversed these effects (Fig. 7A, B). Additionally, PA exposure increased 
the expression of Caspase-3, a crucial executor of apoptosis, and the pro-apoptotic Bax/Bcl-2 ratio (Fig. 7A, C). 
Intriguingly, both THU and combination therapy significantly decreased the expression of Caspase-3 and the 
Bax/Bcl-2 ratio, indicating reduced apoptosis. Although EW-7197 alone tended to reduce apoptosis, its effects 
were not statistically significant (Fig. 7C).

In the MCD-mice model of MASH, NOX4 expression is upregulated, whereas superoxide dismutase 2 
(SOD2), an enzyme that counteracts ROS, is downregulated. These phenotypes induced by the MCD diet could 
be corrected by the administration of THU or a combination of THU and EW-7197 (Fig. 7D, E). Furthermore, 
Caspase-3 and the Bax/Bcl2 ratio, which were elevated in MCD-fed mice, were reduced in the groups treated 
with THU and combination therapy (Fig. 7D, F). Collectively, these results imply that THU improves the cellular 
redox state, thereby reducing cellular stress and apoptosis.

Discussion
Excessive hepatic lipid accumulation and a well-defined cascade involving oxidative stress, inflammation, and 
liver injury have been reported to pave the way for the development of MAFLD and MASH4,33.

Liver fibrosis is a consequence of wound healing and prevents tissue breakdown during inflammation, 
apoptosis, and necrosis10,34. Early detection and intervention are crucial because of the silent progression 
and delayed onset of symptoms associated with liver fibrosis. Hepatic stellate cells (HSCs) reside in the space 
of Disse between hepatocytes and sinusoidal endothelial cells and exist in a quiescent state (qHSCs) under 
normal physiological conditions9,11. However, upon chronic liver injury, such as that induced by persistent 
inflammation and hepatocyte death, HSCs are activated (aHSCs)12. aHSCs majorly contribute to liver fibrosis 
by secreting ECM proteins, leading to the hallmark features of fibrosis12,35. This extensive ECM deposition 

Group Steatosis score Lobular inflammation score Ballooning score %Steatosis area % Fibrosis area NAS score

CON 0.06 ± 0.06 0.00 ± 0.00 0.00 ± 0.00 2.25 ± 0.45 0.00 ± 0.00 0.06 ± 0.06

MCD-Vehicle 2.69 ± 0.16† 1.13 ± 0.13† 2.00 ± 0.00† 69.31 ± 3.29* 7.63 ± 0.61† 5.81 ± 0.21†

MCD-THU 1.81 ± 0.13†,§ 0.38 ± 0.18*,‡ 0.81 ± 0.13*,‡ 46.25 ± 3.70*, ‡ 6.88 ± 0.44† 3.00 ± 0.33†, ‡

MCD-EW 2.31 ± 0.13† 0.50 ± 0.16*,‡ 1.06 ± 0.27†,‡ 59.06 ± 3.16* 4.50 ± 0.42†,§ 3.88 ± 0.52†, ‡

MCD-THU + EW 1.50 ± 0.19*,‡ 0.25 ± 0.16*,§ 0.38 ± 0.16§ 38.06 ± 4.67*, ‡ 2.56 ± 0.26†,§ 2.13 ± 0.45†, ‡

Table 1.  Histological scoring and quantitative analysis of steatosis, inflammation, ballooning, fibrosis, and 
NAS in MCD–fed mice model. Histological scores (steatosis, lobular inflammation, and ballooning) were 
determined according to the NAS system, while percentage of steatosis and fibrosis area were quantified by 
morphometric analysis. *p < 0.05, †p < 0.01 vs. CON group, ‡p < 0.05, §p < 0.01 vs. MCD-control group. Values 
are presented as the means ± SEM.
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Fig. 4.  EW-7197 attenuates hepatocellular fibrosis with lipid metabolism derangement in hepatocytes. Cellular 
morphology after treatment (A). BODIPY staining (B). α-SMA staining (C). Expression of p-Smad3 and the 
downstream proteins (Col1A, α-SMA, and CTGF) in the canonical pathway (D). Representative bar graphs 
of p-Smad3 and its downstream profibrotic proteins (E, F). Lipid droplet count/cell (G). Lipid droplet area/
cell (H). Lipid droplet intensity/cell (I). Protein levels of lipogenic genes; Srebp-1c and Fasn (J). Representative 
bar graphs of the lipogenic genes (K). *p < 0.05, †p < 0.01 vs. CON group, ‡p < 0.05, §p < 0.01 vs. TGF-β 
control group, ŧp < 0.05 vs. TGF-β plus EW group. px; pixels, a.u.; arbitrary units. Values are presented as the 
means ± SEM.
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Fig. 5.  THU diminishes hepatic lipid accumulation and prevents the downregulation of p-AMPK. Cellular 
morphology after treatment (A). BODIPY staining (B). Lipid droplet count/cell (C). Lipid droplet area/
cell (D). Lipid droplet intensity/cell (E). Protein levels of p-AMPK, AMPK, and the lipogenic proteins; 
Srebp-1c and Fasn (F). Representative bar graphs of the lipogenic proteins (G). *p < 0.05, †p < 0.01 vs. CON 
group, ‡p < 0.05, §p < 0.01 vs. PA-control group. px; pixels, a.u.; arbitrary units. Values are presented as the 
means ± SEM.
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disrupts the normal liver architecture and impairs its function12,14,34. TGF-β induces fibrosis in various organs 
by stimulating the production of collagen-rich ECM, a sign of progressive tissue fibrosis13,14,18. Our in vitro 
findings demonstrated that EW-7197 potently inhibits ECM protein upregulation (α-SMA, Col1A, CTGF) via 
the p-Smad2/3 canonical pathway, reversing TGF-β-induced morphological changes in hepatocytes. However, 
paradoxically, in TGFβ-challenged AML-12 cells, EW-7197 prevented TGFβ-induced morphological changes 
but simultaneously promoted intracellular lipid accumulation in hepatocytes. This effect was accompanied by 
upregulation of Srebp-1c and Fasn expression, representing an adverse response confined specifically to the in 
vitro hepatocyte model. Importantly, we did not detect overt toxicity or hepatocellular lipid accumulation in vivo 
attributable solely to EW-7197 monotherapy. These findings suggest that while EW-7197 possesses anti-fibrotic 
properties, it may unfavorably alter hepatocellular lipid metabolism under in vitro conditions. Notably, THU 
demonstrated lipid-lowering properties and mitigated these in vitro adverse effects when co-administered36.

Our in vitro models do not capture the complex paracrine and juxtacrine interactions between hepatocytes 
and stellate cells, which are critical in MASH fibrogenesis37. While monocultures allowed us to isolate cell-type–
specific responses and avoid species mismatch, we note that future work using co-culture or organoid systems 
will be necessary to validate these findings in a more physiologically relevant context. We acknowledge that 
α-SMA is not a canonical marker of hepatocyte activation; its induction under prolonged TGF-β exposure likely 
reflects cellular stress or dedifferentiation rather than hepatocyte-driven fibrogenesis13. In this study, α-SMA in 
AML-12 cells was used to indicate TGF-β–induced morphological changes, which were clearly observed (Fig. 
4A). To ensure pharmacological consistency, we evaluated these changes alongside profibrotic gene modulation 
(α-SMA, Col1A, CTGF) in hepatic stellate cells, the primary readout for antifibrotic efficacy of THU and 
EW7197. Future work will include additional epithelial and mesenchymal markers (e.g., vimentin) to better 
characterize TGF-β–induced stress responses in hepatocytes.

To clarify the mechanistic role of THU in lipid metabolism, we employed a palmitic acid (PA)-induced 
lipotoxicity model in AML-12 hepatocytes. PA exposure increases lipid accumulation27,28, triggers inflammatory 
responses38,39, and induces ER stress39. THU treatment prevented PA-induced downregulation of p-AMPK 
and reduced SREBP-1c/Fasn expression. These findings are consistent with prior reports by Chen et al27,40., 
which demonstrated that THU activates AMPK, suppresses lipogenesis, and promotes fatty acid oxidation. In 
MCD-fed mice, THU similarly reduced hepatic lipid accumulation, likely through preservation of p-AMPK and 
suppression of lipogenic proteins. These findings support a role for THU in AMPK-mediated lipid lowering and 
ER stress protection, although definitive causality will require dose–response and mechanistic blockade studies.

Excessive ROS generation contributes to hepatic steatosis and mitochondrial dysfunction, creating a vicious 
cycle of oxidative stress. PA exacerbates this by disrupting lipid metabolism and activating the PKC/NOX4 
pathway, while MCD-fed mice also exhibit NOX4-driven ROS production due to ER stress from nutrient 

Fig. 6.  THU displays anti-inflammatory effects. Protein levels of inflammatory markers in PA-induced AML-
12 cells (A), from the liver tissue of MCD-fed mice (C), and representative bar graphs in both models (B, D). 
*p < 0.05, †p < 0.01 vs. CON group, ‡p < 0.05, §p < 0.01 vs. PA-, or MCD-control group. Values are presented as 
the means ± SEM.
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deficiency. Our studies show that THU suppresses NOX4 expression and enhances SOD2, thereby restoring 
redox balance. EW-7197 showed only a modest effect, but the combination therapy yielded the strongest 
inhibition. Lipotoxicity in hepatocytes induces oxidative stress, mitochondrial dysfunction, c-JNK activation, 
and proinflammatory cytokine release, which activate TLR4 and perpetuate inflammation. Kupffer cell activation 
further amplifies this cascade via MCP-1 and IL-1β. In line with this, PA stimulation upregulated p-NFκB and 
downstream cytokines in vitro, while MCD feeding triggered oxidative stress and inflammation in vivo. THU 
significantly suppressed p-NFκB and proinflammatory gene expression, both alone and in combination with 
EW-7197, with the combination producing the most potent anti-inflammatory effect. Although our study 
focused on hepatocyte and stellate cell responses, immune cell–mediated inflammation is a key driver of MASH 
progression. Given that THU suppressed PA-induced NFκB activation in hepatocytes, it is plausible that THU 
may also modulate NFκB-dependent signaling in hepatic immune cells. Future work using Kupffer cells or 
hepatocyte–immune co-culture systems will be necessary to clarify this potential immunomodulatory effect.

Caspase-3, traditionally recognized as a pivotal executor of apoptosis, exacerbates liver injury, and disrupts 
tissue integrity, thereby contributing to the development of MASH41. Recent investigations have suggested that 
caspase-3 plays an intricate role in fibrogenesis42. Caspase-3 activation in endothelial cells can induce the release 

Fig. 7.  THU refines redox status and exhibits antiapoptotic effects in vitro and in vivo models. Expression 
levels of oxidant-related and apoptotic genes in PA-induced AML-12 cells (A) in the liver tissue of MCD-fed 
mice (D). Representative bars in AML-12 cells (B, C) and MCD-fed mice (E, F) respectively. *p < 0.05, †p < 0.01 
vs. CON group, ‡p < 0.05, §p < 0.01 vs. PA-, or MCD-control group. Values are presented as the means ± SEM.
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of CTGF, which serves as a potent profibrotic factor, enhancing myofibroblast differentiation and ECM synthesis, 
thus fostering fibrosis42. Consistent results were obtained from our results in the PA-induced hepatocytes and 
MCD-fed mice model. THU demonstrated superior anti-apoptotic properties compared to EW-7197 alone, as 
evidenced by the reduction in caspase-3 expression and the Bax/Bcl2 ratio. Notably, the combination treatment 
group exhibited the most potent anti-apoptotic effects, as shown in Fig. 7.

Our present analysis primarily establishes apoptosis as the dominant mode of cell death, supported by caspase-3 
activation and Bax/Bcl-2 modulation. This finding raises important hypotheses that merit further investigation. 
We recognize that targeted validation—such as GPX4 and ACSL4 expression, lipid ROS measurement, and 
ferrostatin-1 rescue for ferroptosis43 or assessment of NLRP3 inflammasome activation, gasdermin D cleavage, 
and IL-1β secretion for pyroptosis44—would provide stronger mechanistic insights. We therefore highlight these 
assays as important future directions to complement our current apoptosis-focused findings.

The MCD diet is a well-established model of MAFLD/MASH, as it disrupts hepatic lipid metabolism 
by depleting methionine and choline, thereby impairing lipid export and leading to intracellular lipid 
accumulation45—hallmarks of hepatic steatosis46,47. Consistent with prior reports, our findings confirmed 
that the MCD diet effectively induces steatosis, as evidenced by elevated hepatic triglyceride content and 
characteristic histological features on H&E staining. We also acknowledge the limitations of the MCD-fed mice 
model. Notably, it does not recapitulate obesity or insulin resistance and alters hepatic CYP expression, including 
downregulation of CYP1A and CYP3A isoforms48. These aspects are particularly relevant in the context of THU, 
which has been reported to modulate CYP activity49, raising the possibility of pharmacokinetic interactions with 
EW-7197. Therefore, the pharmacokinetic profiling will be included in future work to guide translational dosing. 
Our in vivo study, THU was administered at 100 mg/kg26,27, and EW-7197 at 20 mg/kg50, doses previously used in 
metabolic disease models that demonstrated bioactivity without overt toxicity. Although circulating THU levels 
were not quantified—limiting precise interpretation of systemic exposure and interaction potential—the selected 
dose falls within a therapeutic range that has been shown to exert beneficial effects, including improvements 
in glycemic control29, lipid metabolism27,28, and inflammation26. These factors may have influenced treatment 
outcomes and should be taken into account when considering translational relevance36.

In the MASH mice model, MCD feeding significantly reduced food intake, body weight, and liver weight, 
while trend to increase the liver-to-body weight ratio. Treatment with THU, EW-7197, or their combination 
(THU + EW-7197) did not fully restore body weight or food intake, but partially improved liver-to-body 
weight ratios. Notably, the combination group showed a slight normalization trend compared with MCD 
alone (Supplementary data Table 1S, Fig. 5S). Histological evaluation showed reductions in steatosis area 
and NAS scores following treatment, with the THU + EW7197 combination producing the most pronounced 
improvements across steatosis, inflammation, and fibrosis. In contrast, changes in serum ALT and AST were 
modest (Supplementary data Table 2 S), likely reflecting the short feeding duration and the limited sensitivity 
of these biochemical markers to injury type. These results emphasize that while serum enzymes provide 
partial insights, quantitative histological endpoints remain critical for accurately assessing therapeutic efficacy 
in MASH. Although the MCD model does not reproduce obesity or insulin resistance, its capacity to induce 
severe steatosis, progressive fibrosis, hepatocellular injury, and marked elevations in hepatic triglyceride content 
makes it a valuable platform for mechanistic and therapeutic studies. Our findings provide proof of concept 
that interventions combining anti-steatotic and anti-fibrotic actions can yield meaningful disease improvement, 
supporting further translational exploration.

The present study demonstrates that combination therapy with THU and EW-7197 provides complementary 
benefits in both in vitro and in vivo the MCD-induced MASH model. Propose mechanisms are illustrated 
in Fig.  8. THU primarily attenuated steatosis and lipid accumulation, whereas EW-7197 targeted fibrogenic 
pathways by reducing ECM deposition. The combined regimen synergistically reduced steatosis, inflammation, 
and fibrosis, resulting in the most pronounced decrease in NAS scores. These findings underscore the value of 
multipronged therapeutic strategies in MASH, where targeting both lipid metabolism and fibrogenesis may 
achieve superior outcomes compared with single-pathway interventions.

Conclusion
In summary, our findings provide proof-of-concept evidence that the combination of THU and EW-7197 
can concurrently target steatosis, inflammation, and fibrosis in MASH. THU primarily ameliorated lipid 
accumulation and inflammatory stress, while EW-7197 suppressed fibrogenic pathways, with the combination 
producing the most pronounced histological improvement in the MCD-fed mice model. However, validation 
in metabolically relevant models, pharmacokinetic profiling, and comparison with clinical benchmarks will be 
essential to substantiate translational potential.
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