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Abstract: 

Metabolic dysfunction-associated steatohepatitis（MASH） is a common liver disease worldwide and can 

develop into liver cirrhosis and liver cancer. Current treatment is limited, and the only drug Rezdiffra has 

limited effects. GFT-505 performed well as a PPAR agonist in stage II, but not as expected in stage III. We 

replaced the sulfur atom of GFT-505 with selenium to obtain compound 4c. Study evaluating the effect of 

4c on the MASH mouse model induced by MCD. The results showed that 4c improved MASH through 

multi-target synergy and reduced TG and ALT better than GFT-505. This finding provides a theoretical 

basis and new ideas for the development of novel multi-target anti-MASH drugs. 
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Introduction

Metabolic dysfunction-associated fatty liver 

disease (MAFLD) is idiopathic hepatic steatosis 

confirmed by imaging or histology in the absence 

of secondary causes of hepatic fat accumulation 

such as alcohol, drugs and viruses, which is the 

most common causes of chronic liver disease
[1-2]

. 

The prevalence of MAFLD is estimated to be 25-

34% in developed countries and 29.2% in China, 

affecting about a quarter of the world's 

population
[3-5]

. If MAFLD is not treated in time, 

MAFLD will develop into MASH. MASH is a 

progressive MAFLD, about 20%-27% of MAFLD 

patients will develop MASH, and over time it can 

develop into cirrhosis and even hepatocellular 

carcinoma, and MASH is the fastest growing 

cause of hepatocellular carcinoma. Further 

increase the health and economic burden
[6-7]

. The 

current treatment methods of MAFLD include 

external factor therapy, drug therapy and surgical 

treatment
[8-9]

. Healthy diet is the most basic 

treatment method, and drug treatment generally 

has a safety problem. Surgical treatment is the 

current effective treatment method, but it is 

accompanied by severe fibrosis after surgery
[10-12]

. 

At present, Rezdiffra is the only marketed drug 

for MASH, but the disease mechanism of MASH 

is complex, and a single target drug cannot deal 

with the whole MASH market
[13-14]

.  

GFT-505 is a PPAR modulator that exhibits 

preferential activity against PPAR δ and 

concomitant activity against PPARα. Peroxisome 

proliferator-activated receptors (PPAR), a 

member of the nuclear hormone receptor 

superfamily, are a class of transcription factors 

activated by ligands
[15-16]

. PPAR contains three 

isoforms, α, β/δ and γ, which are expressed in 

different tissues and participate in a variety of 

physiological processes such as energy 

metabolism, fatty acid transport and inflammatory 

response in the body
[17-20]

. The success of clinical 

studies on PPAR agonists has stimulated the 

development of more new products, such as 
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selective PPARβ/δ activators, dual PPAR agonists 

and pan-PPAR agonists
[21]

. Phase II clinical data 

of GFT-505 suggest that it may be an effective 

agent for the treatment of MAFLD/MASH 

associated with the metabolic syndrome
[22-24]

. 

However, its phase Ⅲ clinical data 

(ClinicalTrials.gov number:NCT02704403) are 

not ideal, and it can not effectively improve 

MASH and inhibit liver fibrosis, so that GFT-505 

failed to reach the clinical endpoint
[25-26]

.  

Selenium metal is a material with unique chemical 

properties that has attracted much attention in the 

field of drug research and development in recent 

years. The introduction of metal selenium can not 

only change the chemical structure of compounds, 

but also significantly improve their 

pharmacological activities, especially in cancer 

treatment, anti-inflammation and anti-oxidation
[27-

28]
. The polarization effect of selenium atoms 

makes it easier for compounds to be identified and 

act in vivo
[29-30]

.With the deepening of research, 

selenium metal will have a broader application 

prospect in the field of medicine. 

Our research group has synthesized a series of 

derivative compounds targeting GFT-505 in the 

early stage, as shown in Figure S1, through 

structural modification to improve its drug 

activity, Among them, compound 3d obtained by 

replacing the sulfur atom of GFT-505 with imine 

and replacing its carboxyl terminal with tert-butyl 

ester and compound 4c obtained by replacing the 

sulfur atom of GFT-505 with metal selenium 

showed good anti-MASH drug activity in vitro. 

Further, 3d was used as the lead compound to test 

its anti-MASH drug activity in vivo. It shows a 

good anti-MASH effect in vivo. [31] In this study, 

we will further study the activity of compound 4c. 

The target of its action was investigated, and the 

in vivo activity was evaluated using MCD-induced 

MASH model, and the mechanism of its action 

was investigated. 

 

2 Result and Discusstion 

2.1 Effects of GFT505 and 4c on Liver 

Histopathology in MCD-induced MASH Mice 

Pathological changes in the liver are shown in 

Figure 1A. In the blank group, the liver tissue had 

regular structure, complete hepatocyte 

morphology, uniform cytoplasm, regular, round 

nucleus, located in the center of the cells, without 

pathological changes. In the model group, 

hepatocytes were disorganized, with nuclear 

fragmentation, vacuolar degeneration and 

intracellular lipid aggregation. The fenofibrate 

group, but still showed small amounts of lipid 

accumulation. Compared with fenofibrate, GFT-

505 and 4c at the same dose (3 mg/kg) had less fat 

vacuoles and less lipid accumulation. The 

pathological section of the high dose (30 mg/kg) 

4c was basically the same as the blank group, the 

vacuolar degeneration disappeared, the liver tissue 

structure was regular, and the hepatocytes 

returned to an intact state. The change of TG 

content in the liver also confirmed the results of 

H&E staining, as shown in Figure 1B, GFT-505 

and 4c reduced the lipid content in the MASH 

model, but it is noteworthy that selenium-replaced 

4c significantly increased the drug activity 

compared to GFT-505 (p <0.05).The TG content 

of GFT-505 (3 mg/kg) was 20.63 mg/g, 4c 3 

mg/kg, 10 mg/kg, and the TG content of 30 mg/kg 

were 11.89,11.45 and 11.77 mg/g, respectively. 

The liver index is used in animal experiments to 

assess conditions such as nutritional status, 

disease progression or drug response, usually 

described by measuring the weight of the liver 

relative to the weight of the animal
[31-32]

. 

Compared with the blank and model groups, as 

shown in Figure 1C, the liver index was 5.3% for 

GFT-505, and 4c was 4.1% at low doses, 

significantly different from the blank group (p 

<0.05). Notably, at the same dose, 4c was less 

liver toxic at lower doses than GFT-505, with a 

significant difference between 4c and GFT-505, 

suggesting that 4c is less hepatotoxic than GFT-

505. 

These results indicate that, although GFT-505 and 

4c induce hepatotoxicity, GFT-505 is more 

hepatotoxic than 4c. This is mutually verified with 

previous in vitro cytotoxicity experiments and is 

consistent with the results of cellular experiments 
[33]

.
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Figure.1. Effects of GFT-505 and 4c on liver histopathology in MCD-induced MASH mice. 

(A)H&E staining of MASH mice in the presence of GFT-505 and 4c (400×). (B) Effects of GFT-505 

and 4c on liver TG in MASH mice. (C) Effects of GFT-505 and 4c on hepatotoxicity in MASH 

mice.All compounds at different concentrations were administered to mice for 4 weeks. 

Different letters indicate p< 0.05. 

 

2.2 Effects of GFT-505 and 4c on physiological 

and biochemical parameters in MCD-induced 

MASH models. 

In the context of MASH, hepatic steatosis is 

primarily attributed to the excessive accumulation 

of TG within hepatocytes. This condition arises 

when the liver's capacity to metabolize and export 

TG is overwhelmed by its rate of synthesis, 

leading to a significant increase in intracellular 

TG levels. Consequently, TG has emerged as a 

pivotal biomarker for the detection and 

assessment of MASH, reflecting the extent of 

lipid accumulation in the liver
[34-36]

. ALT and 

AST serve as crucial biochemical indicators for 

the verification of liver injury. In patients with 

MASH, elevated levels of ALT and AST are 

frequently observed, often correlating with the 

severity of the inflammatory response within the 

liver. The reduction of ALT and AST levels is 

thus regarded as a primary therapeutic objective in 

the management of MASH, reflecting the 

mitigation of hepatocellular injury and 

inflammation
[37]

. High-density lipoprotein (HDL) 

can transport free cholesterol to the liver and enter 

bile or bile acids, which has an anti-atherogenic 

effect and enhances the ability of blood lipid 

metabolism. MASH patients usually have low 

HDL
[38-40]

. 

Compared with GFT-505, compound 4c had 

significantly increased efficacy in reducing TG, 

AST and ALT, whereas its ability could be 

comparable to that of GFT-505 in reducing TC 

and improving HDL. The specific results are 

shown in Figure Figure 2A-2E. Compared with 

GFT-505,4c low dose (3 mg/kg) was more potent 

to lower TG content than GFT-505. Serum TG 

levels were 0.61 in the 4c low-dose, GFT-505, 

and fenofibrate, 0.79, and 0.67 mmol/L groups, 

respectively (p <0.05).It is noteworthy that 

although 4c has the ability to reduce serum TC 

content compared to the model group (Figure 2B), 

its ability to reduce TC was not as effective as 

GFT-505. Serum TC level, model group, GFT-

505 and 4c were 2.57,6.69,4.34 and 5.46 mmol/L, 

respectively (p <0.05), indicating that although 4c 

affected the total cholesterol level to some extent, 

its main effect was still to reduce the triglyceride 

content. Probably because 4c is involved in 

specific pathways regulating lipid metabolism that 

selectively affect the levels of triglycerides and, to 

a lesser extent, the level of total cholesterol
[41]

.The 

effects of 4c and GFT-505 on HDL are shown in 

the results of Figure 2C, showing increased HDL 

content with GFT-505 and 4c compared to the 

model group. At the same dose, the HDL protein 
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content was similar in the two groups. Serum 

HDL levels were 1.88,0.32,0.83, and 0.45 mmol/L 

in the blank, model, GFT-505, and 4c groups, 

respectively (p <0.05). Compared with GFT-

505,4c was significantly higher in reducing ALT 

and AST than was GFT-505. Serum ALT levels 

in blank, model, GFT-505 and 4c were 

44.54,184.43,218.88,119.2U/L (p <0.05), which 

effectively reduced liver injury (Figure 2D-2E). In 

conclusion, 4c can significantly reduce liver 

inflammation while significantly reducing TG 

content compared with GFT-505. 

TNF-α, IL-6, and IL-8 are a range of 

proinflammatory factors. Of endotoxin-induced 

liver injury in patients with MASH. Endotoxin 

activates hepatic Kupffer cells and promotes the 

release of inflammatory cytokines to mediate the 

inflammatory response in MASH
[42]

. 4c the ability 

to reduce TNF- α and IL-6 is stronger than GFT-

505, while the ability to reduce IL-8 is similar to 

GFT-505. As shown in Figure 2F, the ability of 

4c to reduce TNF- α at the same dose (3 mg/kg) 

was stronger than GFT-505, with significant 

differences. Specifically, the serum TNF- α level 

was 17.28 ng/L, 372.32 ng/L in the model group, 

and GFT-505 and 4c were 348.47 ng/L and 

309.67 ng/L, respectively (p <0.05).Figure 2G 

shows that IL-8 is significantly lower in GFT-505 

and 4c as compared to the model group. The 

serum IL-8 content was 65.53 ng/L in the blank 

group and 303.78 ng/L in the model group. At the 

same dose (3 mg/kg), the serum IL-8 levels of 

GFT-505 and 4c were approximately 230 ng/L (p 

<0.05). Figure 2H shows that both GFT-505 and 

4c significantly reduced the content of IL-6, but 

4c significantly had more ability to reduce serum 

IL-6 than GFT-505. Serum IL-6 content was 

12.15 ng/L in the blank group and 272.85 ng/L in 

the model group. The serum IL-6 levels of GFT-

505 and 4c were 212.18 ng/L and 138.77 ng/L, 

respectively (p <0.05). 

 

 
Figure.2. Effects of GFT-505 and 4c on physiological and biochemical parameters in MCD-induced 

MASH models. 

Effect on TG(A), TC(B), HDL(C), AST(D), ALT(E), TNF-α(F), IL-8(G), IL-6(H) content in serum. 

Different letters indicate p< 0.05. 

 

2.3 Differential Protein Analysis in Mice 

Samples. 

Screening differential proteins can identify 

proteins whose expression levels change in 

different conditions or tissues, providing insight 

into biological processes and disease mechanisms 

in organisms
[43]

. Compared with the model group, 

the number of differentially expressed proteins 

changed after treatment with 4c (Figure 3A, S2). 

These results indicate that 4c can regulate the 

protein expression in mice, reduce the abnormal 

protein expression in the disease state, and thus 

may play a role in improving the disease state. 

Reactome can provide insight into underlying 

biological processes and identify potential 

biomarkers or therapeutic targets. The results are 

shown in Figure S3, which may affect the 

transport process of peroxisome proteins and the 

oxidation process of long-chain fatty acids.  

To further investigate the possible functions and 

pathways regulated by 4c, GO and KEGG 

analyses were performed. Three parts, biological 
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process (BP), cellular component (CC), and 

molecular function (MF), were examined, and the 

results are shown in the figure. In BP, enrichment 

results showed that 4c may regulate REDOX 

processes, fatty acid oxidation and fatty acid 

metabolism (Figure 3B). In CC, 4c mainly 

affected the composition of the membrane, 

endoplasmic reticulum, peroxisomes, etc. (Figure 

S4). In MF, 4c may affect oxidoreductase activity, 

iron binding, and heme binding (Figure S5). 

KEGG enrichment results showed that 4c may be 

involved in peroxisome pathway and PPAR 

signaling pathway (Figure 3C-3D,S6). These 

results suggest that 4c may regulate MASH by 

fatty acid metabolism through fatty acid oxidation 

in peroxisomes, and the experimental results are 

consistent with the Reactome results. 

 

 
Figure.3. Differential protein analysis in mice samples. 

(A) Analysis of the 4c differential protein.(B) BP protein annotation analysis of samples in 4c liver 

tissue. KEGG analysis of PPAR pathways in (C) model group and (D) 4c compound. 

 

2.4 Protein Analysis of Key Genes in the PPAR 

Pathway. 

In order to further verify the mechanism of 4c in 

the treatment of MASH, we selected some key 

regulatory genes and proteins for mechanism 

verification by KEGG data analysis. Firstly, we 

compared the difference in RNA expression levels 

between GFT-505 and 4c. Results as shown in 

Figure 4A-4E, compared with the model group, 

GFT-505 and 4c could effectively up-regulate the 

upstream gene FATP1. The relative expression 

levels of FATP1 gene in the blank group, the 

model group, the GFT-505 group and the 4c 

group (10 μM) were 1, 0.4, 0.7 and 0.65, 

respectively (p < 0.05). FATP1 is a 

transmembrane protein that is mainly involved in 

the transport of fatty acids in animals. 

Overexpression of FATP1 can accelerate the 

transport of fatty acids and regulate important 

physiological processes such as maintaining 

energy balance, thermogenesis, and insulin 
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resistance in adipose and muscle tissues. GFT-

505 and 4c can also regulate PPAR γ, PPAR α and 

PPAR δ. Notably, GFT-505 is a dual activator of 

PPAR α and PPAR δ, and its substitution with 

selenium did not reduce the activity of dual 

activation. The relative expression levels of PPAR 

γ gene in HepG2 cells of blank group, model 

group, GFT-505 group and 4c group (10 μM) 

were 1, 0.75, 0.94 and 1, respectively (p < 

0.05).PPAR γ can promote the β-oxidation of fatty 

acids, thereby reducing lipid accumulation in the 

liver. 

Luciferase reporter gene also showed that GFT-

505 and 4c had similar activities on the activation 

of PPAR δ, PPAR γ and PPAR α, as shown in 

Figure 4F-4H. Most importantly, 4c could 

significantly reduce the content of SCD1 

compared with GFT-505. The relative expression 

levels of SCD1 gene in the blank group, model 

group, GFT-505 and 4c (10 μM) were 1, 1.4, 0.9 

and 0.8, respectively (p < 0.05), as shown in 

Figure 4E. SCD1 depletion leads to increased 

AMPK activity, which in turn promotes fatty acid 

oxidation and reduces liver fat content. WB 

results also showed that compared with the model 

group, 4c could effectively up-regulate FATP1 in 

the PPAR pathway, without changing the content 

of PPAR δ and PPAR α, but could up-regulate the 

content of PPAR γ and down-regulate the content 

of SCD1, affecting the DNL process and its 

downstream routes, as shown in Figure 4I-4N.

 
Figure.4. Protein analysis of key genes in the PPAR pathway. 

Analysis of FATP1 (A), PPAR α (B), PPAR γ (C), PPAR δ (D), SCD1 (E) gene expression in 

different compounds of mice HepG2 cells. PPAR α (F), PPAR γ (G) , PPAR δ (H) activation as 

assessed by luciferase reporter assay. (I) Changes of key proteins in PPAR pathway in HepG2 cells 

of blank, model and 4c compound. (J) Gray scale analysis of FATP1 (J), PPAR δ (K), PPAR α (L), 

PPAR γ (M), SCD1 (N) protein in different groups. 

Different letters indicate p< 0.05. 
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3 Conclusions 

This study identified selenium-derivative 4c as a 

promising MASH treatment. Both 4c and GFT-

505 improved liver pathology in mice, with 4c 

showing lower hepatotoxicity at high doses. 4c 

more effectively reduced TG, AST, ALT, and IL-

6 than GFT-505. Mechanistic studies indicated 

4c's influence on peroxisome and PPAR 

pathways, confirmed by qPCR and WB. 4c 

enhanced FATP1 and PPARγ expression, 

inhibited SCD1, and promoted fatty acid 

oxidation and transport, reducing fat content. 

Thus, 4c is a potential MASH therapeutic. 

4 Experimental 

4.1 Animal Studies 

C57BL/6J SPF male mice were purchased from 

Beijing Weitong Lihua Company and used to 

establish a high-fat model using the MCD(product 

number: TP3005R) method. The MCD and 

control MCS diets were custom-made by Nantong 

Talofei Feed Technology Co. Ninety mice were 

randomly divided into 9 groups, with 10 mice in 

each group. The control group was fed the MCS 

diet, while the remaining mice were fed the MCD 

diet for 4 weeks. Fenofibrate acid at 100 mg/kg 

and GFT-505 and 4c at 3 - 30 mg/kg were 

dissolved in 0.5% (M/V) carboxymethyl cellulose 

and administered orally daily for 4 weeks. The 

control group and the model group were also 

given 0.5% carboxymethyl cellulose solution 

orally daily for 4 weeks. 

After 4 weeks, the orbital blood was collected into 

a 1.5 mL centrifuge tube, left at room temperature 

for 2 h, centrifuged at 2000 r/min for 10 min, and 

the supernatant (serum) was collected and stored 

in a refrigerator at -80 ℃ for later use. The mice 

were sacrificed by neck removal and the livers 

were dissected to calculate the liver index. 

4.2 Liver H&E Staining 

The liver tissue 0.5 cm from the edge of the right 

lobe of the liver was taken and fixed with neutral 

formalin solution. After dehydration, paraffin 

embedding, sectioning, H&E staining, and 

sealing, the pathological tissue sections were 

obtained, and then the pathological changes of 

liver tissues were observed under a light 

microscope. Pathological examination was 

performed using a three-eye inverted 

biomicroscope. 

4.3 Liver Index and Biochemical Indexes Were 

Tested 

The dissected liver was washed with pre-cooled 

normal saline, and the water on the surface of the 

liver was discarded. The liver index was 

calculated by weighing and recording with an 

electronic balance. The liver index was calculated 

using the formula shown in the formula. 

Liver index (%) = liver mass/body mass*100% 

Biochemical indicators such as TG, TC, AST, 

ALT, HDL, LDL, TNF-α, IL-6 and IL-8 in serum 

were detected according to the instructions of the 

kit. The kits of TG, TC, AST, ALT, HDL and 

LDL were all from Nanjing Jianxian 

Bioengineering Research Institute Co., LTD. The 

detection kits of TNF-α, IL-6 and IL-8 were from 

Nanjing Jiancheng Biological Company. 

4.4 Differential Protein Analysis  

A specific gene or protein was queried by the 

search function, and the biological pathways 

involved were browsed in the Pathway Browser. 

Enrichment Analysis of the list of candidate genes 

or proteins was performed using the Analysis 

Tool to identify significantly associated pathways. 

Finally, P and FDR values were calculated to 

assess the statistical significance of the results. 

4.5 GO and KEGG Enrichment Analysis in 

Silico  

Based on the identified protein ID, the mapping 

method was used to obtain the GO database 

annotation information of the proteins from the 

Uniprot database, and the functional classification 

of the proteins was annotated. For the GO nodes 

involved in BP, CC and MF, the numbers of all 

the corresponding proteins were listed, and the 

secondary classification of the expressed proteins 

was statistically plotted. Differentially expressed 

proteins were annotated against the KEGG 

database to determine the corresponding KEGG 

pathway for each protein. The functional 

enrichment of proteins in specific pathways was 

evaluated by comparing the significance of KEGG 

pathways between the experimental group and the 

control group. 

4.6 RNA Extraction, cDNA Synthesis, and 

qPCR 

Total RNA was extracted from HepG2 cells using 

Triquick Reagent (Solebo), and cDNA was 
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synthesized by reverse transcription from 

PrimeScriptTM FAST RT reagent Kit with gDNA 

Eraser (Takara). qPCR was performed using TB 

Green® Premix Ex TaqTM II FAST qPCR 

(TaKaRa) on a QuantStudio 1 Plus analyzer, and 

data were analyzed using QuantStudio 1 Plus 

software. GAPDH was used as an internal control, 

and relative mRNA expression differences were 

calculated using the 2-ΔΔCt method. The primer 

sequences were as follows. 

 

Gene Primer forward (5’-3’) Primer reverse (5’-3’) 

SCD1 (human) CTCCTGGCTCGGGGTAAAAA TAGAGGGGCATCGTCTCCAA 

FATP1 (human) GGACCCCAACGCGATATAC GCCTCGTCTTCTGGATCTTG 

DBI/ACBP (human) CTCTAAAGGCGCTTGCCAGT TATGTCGCCCACAGTTGCTT 

PPAR α (human) TCCTCGGTGACTTATCCTGT GCGTGGACTCCGTAATGATAG 

PPAR δ (human) GCCTCTATCGTCAACAAGGAC GCAATGAATAGGGCCAGGTC 

PPAR γ (human) GGGATCAGCTCCGTGGATCT TGCACTTTGGTACTCTTGAAGTT 

GAPDH (human) ATGGGTGTGAACCATGAGAAG GAGTCCTTCCACGATACCAAAG 

 

4.7 PPAR Luciferase Reporter Assay 

The 293T cells were seeded at a density of 6 × 10
4
 

per well in a 96-well plate and cultured for 24 

hours at 37℃,5% CO2. Transfection was 

performed using Lipofectamine 2000 according to 

the manufacturer's instructions. A total of 0.1 μg 

per well pBIND-PPARs, 0.1 μg per well pG5Luc, 

and 0.5 μl per well Lipofectamine 2000 were used 

to form DNA-liposome complexes. After 

transfection, different concentrations of test 

compounds or positive control drugs were added, 

followed by another 24-hour culture. Following 

cell lysis, luciferin from fireflies and sea kidneys 

was added, and the dual-luciferase signals were 

detected using a SYNERGY H1 plate reader. Data 

were normalized. The formula for calculating the 

activation percentage is as follows: 

activation  
      

         
                 

                               
       

       
 

Xmin is the mean of blank values, and Xmax is the 

mean of the maximum activation values of 

positive compounds) 

The EC50 values of the test compounds were 

obtained using GraphPad 8 software. 

4.8 Western Blot 

Proteins were extracted from HepG2 cells and 

their concentration was determined using UV 

spectrophotometry. The protein samples were 

mixed with 6× SB buffer, boiled for 5 minutes, 

and then subjected to SDS-PAGE electrophoresis 

before transferring to PVDF membranes. The 

membrane was blocked with 5% (M/V) skim milk 

for 1 hour, followed by overnight incubation with 

the primary antibody at 4℃. After three washes, 

HRP-labeled secondary antibody was added, and 

Gel Doc™EZ Imager was used to visualize the 

bands. Finally, Western blot band intensity was 

semi-quantitatively analyzed using ImageJ 

software, with α-Tubulin as the reference. 

4.9 Statistical Analysis 

The data were expressed as the mean±standard 

deviation (SD). Statistical analysis was conducted 

using DPS v9.50 software, employing Duncan's 

new multiple range test for data processing and 

analysis. GraphPad Prism 8 software was utilized 

for additional analyses. Differences were 

considered statistically significant at p < 0.05. 

Data Availability 

The datasets examined and collected will be made 

available upon request and all supporting data for 

this study are also available in the ESI. 
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