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Metabolic dysfunction-associated steatohepatitis (MASH) has become a serious public health problem, 
posing an increasingly dangerous threat to human health owing to its increasing prevalence and 
accompanying intra- and extrahepatic adverse outcomes. Rifaximin is considered to have therapeutic 
potential for MASH; however, its efficacy remains controversial. Our study aimed to observe the 
ameliorative effects of rifaximin and explore its possible mechanisms at the cellular level. 1. 42 male 
C57BL/6J mice were divided into 3 groups, the CON group and MCD group were fed with normal 
feed and MCD feed for 12 weeks respectively, and the MCD + RFX group was treated with rifaximin 
by gavage for 4 weeks on the basis of MCD feed. Hematoxylin-eosin staining, Sirius red staining 
and immunohistochemical staining were used to observe the histopathological changes of liver and 
intestine. Differences in liver transaminases, inflammatory factors, fibrosis indexes and intestinal tight 
junction proteins were compared among the 3 groups of mice. 2. A MASH cell model was constructed 
by inducing HepG2 cells with free fatty acids to observe the effects of rifaximin on MASH in vitro. 
In addition, the effects of rifaximin on TLR4/NF-κB signaling pathway were explored by applying 
TLR4 agonist LPS and TLR4 inhibitor TAK-242. Hepatic histopathology was significantly improved 
in MASH mice after rifaximin treatment, and their serum alanine aminotransferase and aspartate 
aminotransferase levels were (72.72 ± 5.68) U/L and (222.8 ± 11.22) U/L, respectively, which were 
significantly lower than those in the MCD group [(293.3 ± 10.69) U/L and (414.1 ± 36.29) U/L, P < 0.05], 
and the levels of inflammatory factors and fibrosis indicators were reduced. Rifaximin ameliorated 
intestinal barrier injury with increased expression of intestinal tight junction protein ZO-1 in the 
MCD + RFX group of mice, and the concentration of LPS-binding proteins (4.92 ± 0.55 vs. 15.82 ± 1.71, 
P < 0.05) was lower than that in the MCD group. In the NASH cell model, rifaximin similarly exerted 
inhibitory effects on its inflammatory factors and TLR4/NF-κB signaling pathway. Application of TLR4 
inhibitors weakened the inhibitory effect of rifaximin on MASH. Our study supports rifaximin as a 
potential treatment for MASH, with potential mechanisms related to improving intestinal barrier 
integrity and downregulating the TLR4/NF-κB signaling pathway.
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IL-6	� Interleukin-6
LPS	� Lipopolysaccharide
LBP	� Lipopolysaccharide-binding protein
MASLD	� Metabolic dysfunction-associated steatotic liver disease
MCD	� Methionine-choline deficiency
NAFLD	� Non-alcoholic fatty liver disease
MASH	� Metabolic dysfunction-associated steatohepatitis
SAF	� Steatosis + activity + fibrosis
TNF-α	� Tumor necrosis factor-α

Metabolic dysfunction-associated steatotic liver disease (MASLD), once named non-alcoholic fatty liver disease 
(NAFLD), is a chronic liver disease associated with metabolic dysfunction with abnormal fat deposition in 
hepatocytes as the main pathological change, with a spectrum of diseases ranging from simple fatty liver to 
metabolic dysfunction-associated steatohepatitis (MASH) such that a portion of the disease ultimately develops 
into cirrhosis and even evolution to hepatocellular carcinoma1. An estimated 30% of patients with MASLD 
develop MASH, which is histologically characterized by hepatocellular injury and inflammation with varying 
degrees of fibrosis2. The leading cause of death in patients with MASH is cardiovascular disease, followed by 
extrahepatic malignancies and liver-related events3. The risk of hepatic complications and death increases 
mainly with increasing liver fibrosis4,5; therefore, slowing or reversing fibrosis is important.

The “multiple strikes” theory6 suggests that MASLD progresses to MASH due to a number of interacting 
factors, such as endoplasmic reticulum stress, lipotoxicity, insulin resistance, oxidative stress, and even 
endotoxins from gut microbes, which affect intracellular inflammatory signaling6–10 and may be potential 
therapeutic targets. The progression of MASH fibrosis is associated with recurrent inflammatory episodes and 
anti-inflammatory alternations; thus, suppressing the inflammatory response is critical in protecting against 
MASLD and MASH11. Deficiency in intestinal barrier integrity may predispose patients to hepatic inflammation 
and promote MASH progression12. As the intestinal barrier is compromised, intestinal permeability increases, 
and a large number of bacteria and related metabolites, such as lipopolysaccharide (LPS), enter the liver via 
the portal vein13. Subsequently, with continued exposure to harmful substances of intestinal origin, the liver 
sustains damage14, resulting in the secretion of high levels of cytokines and chemokines by inflammatory and 
parenchymal cells, such as interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), and interleukin-1β (IL-1β), 
which leads to the aggregation of inflammatory cells and the amplification of inflammatory responses15,16. The 
binding of LPS from intestinal translocation to Toll-like receptor 4 (TLR4) induces the release of cytokines 
from macrophages. It may also activate specific intracellular pathway cascade reactions such as TLR4/NF-κB, 
resulting in the release of substantial inflammatory mediators. This further aggravates liver injury and plays a 
significant role in hepatic fibrosis17–19 (Fig. 1).

Rifaximin, a semi-synthetic derivative of rifamycin SV, has been employed to treat a variety of gastrointestinal 
disorders with good resistance and a low incidence of adverse effects20. However, its efficacy in the treatment of 

Fig. 1.  Illustration of the enterohepatic circulation and the progression of metabolic dysfunction-associated 
steatohepatitis and liver fibrosis.
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MASLD remains controversial. Gangarapu et al.21 reported that rifaximin inhibits endotoxin pro-inflammatory 
cytokine production by reducing LPS in patients with MASLD. The anti-fibrotic effects of rifaximin have also 
been reported22,23, suggesting that the mechanism may involve a reduction in endogenous LPS overload based 
on the repair of intestinal barrier integrity23. However, Cobbold et al.24 suggested no therapeutic effect of 
rifaximin in MASH, as evidenced by an increase in serum ALT levels and insulin resistance in patients with 
MASH after rifaximin treatment and no significant change in the relative abundance of fecal microbiota. Given 
the inconclusive role of rifaximin in MASLD, further studies are necessary to confirm its therapeutic efficacy, 
and its underlying mechanisms require further exploration. We evaluated the effects of rifaximin on hepatic 
pathological injury, intestinal barrier function, inflammatory response, and fibrosis in MASH and further 
explored the underlying mechanisms through in vivo and in vitro experiments.

Materials and methods
Animal intervention
C57BL/6J male mice aged 6–8 weeks were purchased from Beijing Huafukang Biotechnology Co., Ltd. Diseased 
mice were excluded. All animal experiments in this study were conducted in accordance with the ARRIVE 
guidelines25 for reporting experiments involving animals. All methods were carried out in accordance with 
relevant guidelines and regulations. As shown in Fig. 2, mice were randomly divided into two groups according 
to the random number table method: a control group fed a normal diet (CON group, n = 15) and a model 
group fed a methionine-choline-deficient (MCD) diet (MCD group, n = 27). After 8 weeks, each group sacrificed 
three mice to verify whether MASH was successfully induced. The remaining mice in the CON group (n = 12) 
were fed a normal diet for 4 weeks with saline gavage. The other 24 mice were mechanically classified into two 
groups: the MCD group (n = 12), which continued to be fed MCD food with saline gavage for 4 weeks, and the 
MCD + RFX group (n = 12), which continued to be fed MCD food with rifaximin (50 mg/kg/day) for 4 weeks. 
Rifaximin (Cat# HY-13234) was purchased from MedChemExpress (www.MedChemExpress.cn). Following 
the instructions, rifaximin was dissolved by adding 10% DMSO, 40% PEG300, 5% Tween-80 and 45% Saline 
sequentially. Since the body weight of MCD-fed mice decreases gradually, limited by the maximum gavage 
volume (40 mL/kg) and rifaximin solubility, and in combination with the rifaximin dosage reported in previous 
studies, we set the rifaximin dosage administered at 50 mg/kg/day. All mice were housed in the Laboratory 
Animal Center with free access to food and water, and the circadian rhythm of room temperature was strictly 
regulated by the animal house staff. After the conclusion of the experiment, mice were euthanized by cervical 
dislocation following intraperitoneal injection of 1% sodium pentobarbital anesthesia, and blood, liver and 
intestinal tissues were collected.

Cell culture
HepG2 cells (CL-0103) derived from Wuhan Pricella Biotechnology Co., Ltd, were cultured in Dubecco’s 
modified Eagle’s medium (Cat# 25200072, Gibco, Waltham, MA, USA) containing 10% fetal bovine serum (Cat# 
G11-70500, Gibco) and 1% penicillin/streptomycin (Gibco) at a temperature of 37 °C and a concentration of 
5% CO2.

Determination of serum biochemical parameters
Blood was collected from the heart of mice and layered by high-speed centrifugation (cence, Hunan, China) 
at 4 °C and 3000 rpm for 15 min to collect the upper serum layer. Serum alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST) levels were assessed using the ALT (Cat# C009-2-1, Nanjing Institute of 
Construction Bioengineering, China) and AST assay kits (Cat# C010-2-1, Nanjing Institute of Construction 
Bioengineering, China). IL-6 and lipopolysaccharide-binding protein (LBP) levels were measured using ELISA 
kits (Shanghai Jianglai Biotechnology Co. Ltd.).

H&E staining analysis
Following fixation with 4% paraformaldehyde, liver and intestinal tissues were embedded in paraffin. After 
the tissue sections were prepared, an H&E staining kit (C0105M, Beyotime, Jiangsu, China; G1120, Solarbio, 
Beijing, China) was used. The pathological findings of the liver were observed under an inverted microscope 
(IX71, Olympus, Japan). To facilitate quantitative analysis and statistical analysis of liver pathology results, the 
steatosis + activity + fibrosis (SAF) scoring system proposed by the European Association of Liver Diseases in 
201526 was used to score the degree of steatosis, inflammatory activity, and fibrosis in each group of mice. When 
steatosis, ballooning, and lobular inflammation were all scored ≥ 1, the lesion was classified as MASH.

Histology and immunohistochemistry
After removing paraffin, 4  μm thick tissue sections were stained with Sirius red staining solution, followed 
by a series of ethanol dehydrations starting at 75%, xylene transparency, and finally sealed for microscopic 
examination. Tissue sections were deparaffinized before antigen repair, titrated with endogenous peroxidase 
blocker and blocking solution, and immunohistochemically stained with anti-ZO-1 and α-SMA primary 
antibodies (1:200, Affinity, Cincinnati, OH, USA), followed by incubation with secondary antibodies. After 
DAB staining, sections were viewed under an inverted microscope. Stained areas were semi-quantified using the 
ImageJ software (National Institutes of Health, USA).

CCK8 assay
HepG2 cells were cultured in 100 µl culture solution, with five replicate wells in each group. Rifaximin or free 
fatty acids (FFAs) at different concentrations were added after cell attachment. In the FFAs, the ratio of oleic acid 
(OA) to palmitic acid (PA) was 2:1. OA (monounsaturated fatty acid, CH3(CH2)7CH = CH(CH2)7COOH) and 
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PA (saturated fatty acid, CH3(CH2)14COOH) were purchased from Sigma-Aldrich (Shanghai) Trading Co.Ltd. 
Following 24 h of incubation in an incubator, 10 µl of CCK-8 solution was added, and incubation was continued 
for a further period of time before the absorbance at 450 nm was measured using a microplate reader (Scientific 
Multiskan Sky, Singapore).

Fig. 2.  Panel (A), diagram of grouping and interventions of mice. Panel (B–D), changes in ALT and AST levels 
and H&E staining of livers (scale of 20 μm) in mice after 8 weeks of methionine-choline deficiency (MCD) 
dietary intervention. **P < 0.01, ***P<0.001 compared with the CON group.
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Flow cytometry
HepG2 cells were seeded in six-well plates. Following the interventions of FFAs and the TLR4 agonist LPS or the 
TLR4 inhibitor TAK-242, cell suspensions were supplemented with 5 µl of APC anti-human CD284 (TLR4) or 
5 µl of the isotype control antibody APC Mouse IgG2a, κ Isotype Ctrl (FC). Subsequently, cells were incubated 
15-minutes in the dark, followed by flow cytometry (NovoCyte, ACEA Biosciences, Hangzhou, China) to 
determine the TLR4 expression rate on the cell surface.

Real-time quantitative PCR
Total RNA was extracted using the TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA), and cDNA 
was synthesized according to the manufacturer’s protocol using a reverse transcription kit (Takara, Kyoto, Japan). 
The TB Green chimeric fluorescence assay (Takara) was applied for real-time fluorescence quantitative PCR 
amplification by PCR instrument (Gentier 96E, TIANLONG, Xi’an, China). GAPDH served as the normalization 
gene. The primer sequences used for the mouse and human HepG2 cells are listed in Tables 1 and 2.

Western blot analysis
Tissues preserved in liquid nitrogen were homogenized in RIPA lysis buffer using an electric homogenizer and 
an ultrasonic cell crusher, and the supernatant was saved after centrifugation and standardization of the protein 
concentrations. Proteins in each group were subjected to gel electrophoresis and transferred to polyvinylidene 
difluoride membranes. Next, the corresponding TLR4, NF-κB, α-SMA, ZO-1, or β-actin primary antibodies 

Genes Primer sequences(5’ → 3’)

TLR4
F: ​C​C​C​T​G​A​G​G​C​A​T​T​T​A​G​G​C​A​G​C​T​A

R: ​A​G​G​T​A​G​A​G​A​G​G​T​G​G​C​T​T​A​G​G​C​T

NF-κB
F: ​G​C​C​T​C​C​A​C​A​A​G​G​C​A​G​C​A​A​A​T​A

R: ​C​A​C​C​A​C​T​G​G​T​C​A​G​A​G​A​C​T​C​G​G​T​A​A

IL-6
F: ​A​G​A​C​A​G​C​C​A​C​T​C​A​C​C​T​C​T​T​C​A​G

R: ​T​T​C​T​G​C​C​A​G​T​G​C​C​T​C​T​T​T​G​C​T​G

IL-1β
F: ​C​C​A​C​A​G​A​C​C​T​T​C​C​A​G​G​A​G​A​A​T​G

R: ​G​T​G​C​A​G​T​T​C​A​G​T​G​A​T​C​G​T​A​C​A​G​G

α-SMA
F: ​C​C​G​G​G​A​G​A​A​A​A​T​G​A​C​T​C​A​A​A

R: ​G​C​A​A​G​G​C​A​T​A​G​C​C​C​T​C​A​T​A​G

TGF-β
F: ​T​A​C​C​T​G​A​A​C​C​C​G​T​G​T​T​G​C​T​C​T​C

R: ​G​T​T​G​C​T​G​A​G​G​T​A​T​C​G​C​C​A​G​G​A​A

GAPDH
F: ​T​G​C​A​C​C​A​C​C​A​A​C​T​G​C​T​T​A​G​C

R: ​G​G​C​A​T​G​G​A​C​T​G​T​G​G​T​C​A​T​G​A​G

Table 2.  The primer sequences for human HepG2 cells.

 

Genes Primer sequences(5’→3’)

GAPDH
F: ​C​A​T​G​G​C​C​T​T​C​C​G​T​G​T​T​C​C​T​A

R: ​G​C​G​G​C​A​C​G​T​C​A​G​A​T​C​C​A

TLR4
F: ​A​G​C​T​T​C​T​C​C​A​A​T​T​T​T​T​C​A​G​A​A​C​T​T​C

R: ​T​G​A​G​A​G​G​T​G​G​T​G​T​A​A​G​C​C​A​T​G​C

NF-κB
F: ​G​C​T​G​C​C​A​A​A​G​A​A​G​G​A​C​A​C​G​A​C​A

R: ​G​G​C​A​G​G​C​T​A​T​T​G​C​T​C​A​T​C​A​C​A​G

ZO-1
F: ​A​C​C​G​G​A​G​A​A​G​T​T​T​C​G​A​G​A​G​C

R: ​C​T​G​T​A​C​T​G​T​G​A​G​G​G​C​A​A​C​G​G

LBP
F: ​A​A​C​A​T​C​C​G​G​C​T​G​A​A​C​A​C​C​A​A​G

R: ​C​A​A​G​G​A​C​A​G​A​T​T​C​C​C​A​G​G​A​C​T​G​A

IL-6
F: ​T​A​C​C​A​C​T​T​C​A​C​A​A​G​T​C​G​G​A​G​G​C

R: ​C​T​G​C​A​A​G​T​G​C​A​T​C​A​T​C​G​T​T​G​T​T​C

IL-1β
F: ​T​G​G​A​C​C​T​T​C​C​A​G​G​A​T​G​A​G​G​A​C​A

R: ​G​T​T​C​A​T​C​T​C​G​G​A​G​C​C​T​G​T​A​G​T​G

α-SMA
F: ​T​G​C​T​G​A​C​A​G​A​G​G​C​A​C​C​A​C​T​G​A​A

R: ​C​A​G​T​T​G​T​A​C​G​T​C​C​A​G​A​G​G​C​A​T​A​G

TGF-β
F: ​T​G​A​T​A​C​G​C​C​T​G​A​G​T​G​G​C​T​G​T​C​T

R: ​C​A​C​A​A​G​A​G​C​A​G​T​G​A​G​C​G​C​T​G​A​A

Table 1.  The primer sequences for mice.
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(Affinity) were added and incubated overnight at 4 °C, in addition to incubating with the secondary antibodies 
(Proteintech, Wuhan, China) for 1  h at room temperature. The assay was performed using an enhanced 
chemiluminescence detection kit (Yeasen, Shanghai, China).

Statistical analysis
Experimenters conducting outcome assessment and data analysis were blinded. GraphPad Prism 9.5.1 software 
was used to analyze the data, and measurements were expressed as mean ± standard deviation (SD). A two-
sample t-test with a randomized design was applied to compare the experimental and control groups. One-way 
ANOVA was used for comparisons of more than three samples. p < 0.05 was considered a statistically significant 
difference.

Results
Establishment of the MASH mouse model
To verify the MASH pathological changes in C57BL/6J mice, we sacrificed mice fed for 8 weeks, measured serum 
ALT and AST levels, and performed H&E staining of liver specimens. Serum ALT (34.1 ± 9.2 vs. 269.0 ± 34.3) 
and AST (117.3 ± 4.7 vs. 308.7 ± 68.0) were significantly higher in the MCD group (N = 3) than in the CON group 
(Fig. 2B and C). H&E staining (Fig. 2D) showed that hepatocytes in the CON group had normal morphology, the 
hepatic cords were arranged radially centered on the central vein, and no inflammatory infiltration was observed 
in the liver, whereas the hepatic cords in the MCD group were significantly disorganized, and moderate steatosis, 
ballooning, and inflammatory infiltration were identified. These results suggested that the MASH mouse model 
was successfully constructed.

Effect of rifaximin on liver histopathology in MASH mice
As shown in Fig.  3A and B, the body weights of the mice were significantly reduced from the first week of 
MCD intervention, and 4 weeks of rifaximin intervention did not result in a noticeable improvement in body 
size or weight (14.65 ± 0.47 vs. 14.36 ± 0.74). Observation of the livers of mice in each group revealed that the 
livers of the CON group were reddish brown in color and soft in texture, whereas those of the MCD group were 
yellowish brown in color, hard in texture, rough on the surface, and accompanied by an oily feeling. The livers of 
the mice in the MCD + RFX group were light red in color, and their surfaces were smooth (Fig. 3C). Weighing 
the intact livers (Fig. 3D) revealed no significant alteration in the liver weight (0.55 ± 0.07 vs. 0.62 ± 0.07) and 
index (liver weight to body weight ratio) (3.86 ± 0.42 vs. 4.21 ± 0.45) in the MCD and MCD + RFX groups of 
mice. ALT (34.82 ± 7.03 vs. 293.3 ± 10.69) and AST (116.8 ± 7.53 vs. 414.1 ± 36.29) levels were higher in the MCD 
group (n = 12) than in the CON group, whereas they decreased in the MCD + RFX group (ALT 72.72 ± 5.68, AST 
222.8 ± 11.22) (Fig. 3E). H&E staining of liver tissue sections revealed that the MCD group had disorganized 
hepatocytes with unclear lobular boundaries, and the nuclei at the vacuoles shifted to one side. After rifaximin 
treatment, vacuoles and ballooning were reduced and the morphology of the cell tissues was restored to a certain 
extent (Fig.  3F). The SAF scoring of H&E-stained sections (Fig.  3G) revealed that mice in the MCD group 
had considerably higher scores for steatosis, inflammatory responses, balloon-like degeneration, and fibrosis 
than those in the CON group. These results suggest that rifaximin can alleviate MCD diet-induced pathological 
changes in the liver of mice.

Effect of rifaximin on inflammatory factors in MASH mice
As shown in Fig. 4A, the IL-6 levels were markedly elevated in the MCD group and decreased after rifaximin 
treatment. The mRNA levels of IL-6 and IL-1β were distinctly higher in the MCD group, whereas those in 
the MCD + RFX group were markedly decreased (Fig.  4B and C). Rifaximin has been suggested to reduce 
inflammation in mice with MASH.

Effect of rifaximin on fibrosis indices in MASH mice
The Sirius red staining results presented in Fig. 4D show that collagen fibers were almost invisible in the CON 
group, with only a small amount distributed in the vessel wall. The MCD group was characterized by substantial 
red collagen deposition, with a large amount of expression observed in both the portal vein and the confluent 
area, and the area of collagen fibers was drastically reduced in the MCD + RFX group. As shown in Fig. 4E and 
F, expression levels of mRNA for α-SMA and TGF-β showed an increase in the MCD group and a decrease after 
rifaximin intervention. Similarly, western blotting results showed that α-SMA protein expression was higher in 
the MCD group and lower in the MCD + RFX group (Fig. 4G and H).

Effect of rifaximin on intestinal barrier integrity in MASH mice
To assess the intestinal barrier integrity in mice, we examined the expression of ZO-1, an intestinal tight 
junction protein. The expression of LBP, an LPS-binding protein, was examined to assess intestinal permeability. 
Immunohistochemical results (Fig. 5A and B) showed dramatically reduced ZO-1 expression in the MCD group 
compared with that in the CON group, whereas ZO-1 expression increased to a certain extent after rifaximin 
administration. In addition, the ZO-1 mRNA expression and protein content levels were reduced in the MCD 
group, and rifaximin reversed the decrease in ZO-1 caused by the MCD diet (Fig. 5C–E). Compared with the 
MCD group, circulating concentrations of LBP (4.92 ± 0.55 vs. 15.82 ± 1.71, P < 0.05) and mRNA levels were 
significantly lower in the MCD + RFX group (Fig. 5F and G). These results indicated that rifaximin improved 
intestinal barrier integrity and decreased intestinal permeability.
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Fig. 3.  Effect of rifaximin on liver histopathology. Panel (A), appearance of mice. Panel (B), growth curves 
of mice. Panel (C), appearance of livers. Panel (D), comparison of liver weight and liver index. Panel (E), 
comparison of serum ALT level. Panel (F), comparison of H&E staining of livers in each group of mice (scale 
bar is 20 μm). Panel (G), SAF score. ***P < 0.001, ****P < 0.0001 compared with the CON group. ###P < 0.001, 
####P < 0.0001 compared with the MCD group.

 

Scientific Reports |         (2025) 15:9815 7| https://doi.org/10.1038/s41598-025-92282-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Effects of rifaximin on the TLR4/NF-κB signaling pathway in MASH mice
The mRNA and protein expression levels of TLR4 and NF-κB were elevated after MCD intervention, which 
indicated the activation of the TLR4/NF-κB pathway in the liver tissues of the MCD group, whereas rifaximin 
treatment reduced their expression. (Fig. 6).

Fig. 4.  Effect of rifaximin on inflammatory factors and fibrosis indices. Panel (A), serum IL-6 protein level; 
Panel (B), hepatic IL-6 mRNA level; Panel (C), hepatic IL-1β mRNA level. Panel (D), sirius red staining (scale 
bar is 100 μm). Panel (E), the mRNA levels of α-SMA. Panel (F), the mRNA levels of TGF-β. Panel (G), the 
protein expression level of α-SMA. Panel (H), semi-quantitative analysis of the α-SMA protein. **P < 0.01, ****P 
< 0.0001 compared with the CON group. #P < 0.05, ###P < 0.001, ####P<0.0001 compared with the MCD group.

 

Scientific Reports |         (2025) 15:9815 8| https://doi.org/10.1038/s41598-025-92282-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Effects of rifaximin on MASH cell models
In this study, the MASH cell model was induced using FFAs in human liver HepG2 cells. The cytotoxicity of 
the FFAs was determined. No drug was added to the control group (0 mM), and 0.25, 0.5, 0.75, 1, and 1.25 mM 
FFAs were administered to each experimental group. As shown in Fig. 7A, the cell survival rate of each dosing 
group below 1.25 mM was greater than 90%. Therefore, 1 mM FFAs was chosen as the induction concentration 
for subsequent experiments. Rifaximin cytotoxicity was also determined. The control group (0 µM) cells were 
not treated with any drug; dimethyl sulfoxide at the same concentration as the experimental group was added 

Fig. 5.  Effect of rifaximin on intestinal barrier integrity. Panel (A), immunohistochemistry of ZO-1 in each 
group (scale bar is 50 μm). Panel (B), semi-quantitative analysis of IHC staining of ZO-1. Panel (C), the 
protein expression level of ZO-1. Panel (D), semi-quantitative analysis of ZO-1 protein. Panel (E), the mRNA 
expression level of ZO-1. Panel (F), serum LBP concentration. Panel (G), the mRNA expression level of LBP. 
**P < 0.01, ***P < 0.001, ****P < 0.0001 compared with the CON group. #P < 0.05, ###P < 0.001, ####P < 0.0001 
compared with the MCD group.
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to the medium as a solvent control; and the remaining groups were treated with 25, 50, 75, 100, and 125 µM 
rifaximin, respectively. The cell viability of the group administered 125 µM concentration was reduced, and the 
rest of the groups showed no significant difference, indicating good biosafety of rifaximin concentrations < 100 
µM (Fig. 7B). We chose 50 µM, 75 µM, and 100 µM as the low, medium, and high dosing concentrations for the 
next experiments.

The protein and mRNA expression levels of the inflammatory factor IL-6 were elevated in the FFA group 
as compared with the CON group (Fig. 7C and D), as well as the mRNA level of IL-1β (Fig.  7E). However, 
rifaximin administration reversed this increasing trend, resulting in a decreasing effect. These results suggest 

Fig. 6.  Effects of rifaximin on the TLR4/NFKB signaling pathway. Panel (A), the mRNA expression level of 
TLR4. Panel (B), the mRNA expression level of NFκB. Panel (C), the protein expression levels of TLR4 and 
NF-κB. Panel (D), semi-quantitative analysis of TLR4 protein. Panel (E), semi-quantitative analysis of NF-κB 
protein. **P < 0.01, ****P < 0.0001 compared with the CON group. #P < 0.05, ##P < 0.01, ###P < 0.001, ####P < 
0.0001 compared with the MCD group.
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Fig. 7.  Effects of rifaximin on MASH cell models. Panel (A), effect of free fatty acids on cell viability. Panel (B), 
effect of rifaximin on cell viability. Panel (C), serum IL-6.  Panel (D), the mRNA expression level of IL-6. Panel 
(E), the mRNA expression level of IL-1β. Panel (F), the mRNA expression level of α-SMA and TGF-β. Panel 
(G), the protein expression levels of α-SMA. Panel (H), the mRNA expression levels of TLR4 and NF-κB. Panel 
(I), the protein expression levels of TLR4 and NF-κB. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 compared 
with the CON group. #P < 0.05, ##P < 0.01, ###P<0.001, ####P<0.0001 compared with the FFA group.
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that rifaximin suppresses inflammation in MASH cell models. The FFAs intervention increased the mRNA levels 
of α-SMA and TGF-β. Their expression was attenuated by high-dose rifaximin (Fig. 7F). Similarly, western blot 
showed a significant increase in α-SMA content in the FFA group; the low-dose intervention group (RFX-D) 
showed a decreasing trend in α-SMA protein expression but no statistical difference; in the medium- and high-
dose groups (RFX-Z, RFX-H), the decrease was obvious after rifaximin intervention (Fig. 7G). These results 
suggested that rifaximin attenuated fibrosis in the MASH cell model. As shown in Fig. 7H and I, the TLR4 and 
NF-κB mRNA levels as well as protein content were considerably elevated in the FFA group, but were decreased 
after rifaximin intervention. It has been suggested that rifaximin inhibits the TLR4/NF-κB signaling pathway in 
a MASH cell model.

Rifaximin ameliorates MASH through the TLR4/NF-κB signaling pathway
The TLR4 expression rate was determined to screen for optimal concentrations of the TLR4 agonist LPS and 
TLR4 inhibitor TAK-242. As shown in Fig. 8A, the TLR4 expression rate in Isotype group was almost 0; group 

Fig. 8.  Rifaximin ameliorates MASH through the TLR4/NF-κB signaling pathway. Panel (A), effect of LPS 
on TLR4 expression rate. Panel (B), effect of TAK-242 on TLR4 expression rate detected by flow cytometry. 
Panel (C), the mRNA expression levels of IL-6. Panel (D), the mRNA expression levels of IL-1β.  Panel (E), the 
mRNA expression levels of α-SMA. Panel (F), the mRNA expression levels of TGF-β. Panel (G), the mRNA 
expression levels of TLR4. Panel (H), the mRNA expression levels of NF-κB. *P < 0.05, **P < 0.01, ***P<0.001, 
****P < 0.0001 compared with the C group. #P < 0.05, ##P < 0.01, ###P<0.001, ####P<0.0001 compared with the F 
group.
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C was a normal control group without drug intervention, and the TLR4 expression rate was 26.51 ± 5.47%; 
group F was a model group administered 1 mM FFAs, and the TLR4 expression rate was 55.46 ± 0.75%, which 
was a higher TLR4 expression than that of group C; in group FL0.5, LPS 0.5 µg/mL was added based on group 
F, and the TLR4 expression rate was 65.78 ± 1.72%; in group FL1.0, the concentration of LPS was 1.0 µg/mL, 
which raised the TLR4 expression rate to 79.77 ± 3.84%; in group FL2.0, the LPS concentration was 2.0  µg/
mL, with a TLR4 expression rate of 84.04 ± 2.72%. There was no statistically significant difference in the TLR4 
expression rate after LPS treatment at 1.0 and 2.0 µg/mL concentrations. Thus, 1.0 µg/mL LPS was used in the 
subsequent experiments. In Fig. 8B, the TLR4 expression rate in group C is 30.49 ± 4.04%; in group F, this rate was 
55.45 ± 1.11%; in group FT5, TAK-242 5 µmol/mL was added, and the TLR4 expression rate was 48.74 ± 1.26%, 
which was slightly lower than that of group F; in groups FT10 and FT20, TLR4 expression showed no significant 
difference. We took 10 µmol/mL as the TAK-242 concentration in the following experiments.

The mRNA levels of IL-6, IL-1β, α-SMA, and TGF-β were increased in the model group (F group) (Fig. 8C–F); 
these were decreased after rifaximin administration (FR group); the agonist + drug group (FLR group) showed an 
attenuated effect of rifaximin in downregulating the inflammatory factors and fibrotic indexes; and their mRNA 
levels were instead greater in the inhibitor + drug group (FTR group) relative to the FR group. This indicated a 
weakened inhibitory effect of rifaximin on inflammation and fibrosis after TLR4 inhibition. Similarly, the mRNA 
levels of TLR4 and NF-κB were elevated in group F and declined in group FR; LPS weakened the downregulation 
of TLR4 and NF-κB by rifaximin in the FLR group; and their mRNA levels were both significantly reduced in 
group FTR (Fig. 8G and H). The above results suggested that the effect of rifaximin on improving the MASH cell 
model was related to the regulation of the TLR4/NF-κB signaling pathway.

Discussion
MASH, a progressive form of MASLD, is associated with inflammation and fibrosis, leading to possible 
progression to cirrhosis, HCC, or even death15,27,28. Fibrosis stage is a major prognostic factor for all-cause 
death29. Therefore, treatment of MASH and liver fibrosis is of great importance. Our results showed that 
rifaximin attenuated liver injury, gut barrier disruption, inflammation, and fibrosis in the MASH model. Based 
on these results, rifaximin may be used as a treatment for MASH and hepatic fibrosis.

Karmen et al.30 first reported elevated serum ALT and AST levels in patients with liver injury in 1955. ALT 
and AST levels have become important biomarkers for assessing liver function31,32. ALT and AST are mainly 
distributed within hepatocytes and are released into the bloodstream when hepatocytes are damaged32. We 
harvested serum from mice at 8 and 12 weeks of intervention to test ALT and AST levels, which was consistent 
with a study by Abdel-Razik et al.33. The findings showed a marked increase in ALT and AST levels in the MCD 
group compared with those in the CON group. In contrast, a noticeable decrease in ALT and AST levels was 
observed after 4 weeks of rifaximin gavage, suggesting that rifaximin can ameliorate liver injury in MASH mice.

The intestinal barrier represents the first line of defense of the intestinal lumen against potentially harmful 
substances, with its structural integrity playing a vital role in the maintenance of regular vital activities of the 
organism and the homeostasis of the internal environment34,35. Tight junction proteins are major determinants 
of intestinal barrier function36, maintaining the integrity of the intestinal barrier and inhibit paracellular 
permeability. ZO-1 was the first tight junction protein identified37. We observed that intestinal ZO-1 expression 
was significantly reduced in the MCD group, suggesting that intestinal barrier integrity was disrupted in MASH 
mice. Rifaximin is believed to alter intestinal flora and modulate intestinal barrier function38,39. Similarly, our 
results suggest that rifaximin treatment can increase ZO-1 expression and restore intestinal integrity. Deficiency 
of tight junction proteins can lead to increased intestinal permeability and subsequent translocation of bacterial 
products such as LPS to the liver, thereby predisposing patients to liver inflammation and MASH progression40,41. 
LBP was used to assess circulating LPS levels because it is more difficult to measure by rapid hepatic clearance, 
and that LBP correlates positively with LPS concentrations42. Rifaximin may act as an anti-fibrotic agent by 
repairing the intestinal barrier and reducing LPS23. We found significantly higher serum levels of LBP in the 
MCD group, whereas rifaximin intervention resulted in the downregulation of LBP concentrations. It was 
suggested that the permeability of the intestinal barrier was impaired after the reduction of ZO-1, and LPS 
through the intestinal barrier into the liver via the portal vein was increased, whereas rifaximin reduced LPS.

Inflammation is an independent predictor of advanced fibrosis in patients with MASH43. Once liver 
inflammation occurs in MASH, it persists through a vicious cycle that occurs both extra- and intrahepatically44. 
Targeting the inflammation-reducing pathway is an effective approach for MASH treatment45. Interleukin-6 
(IL-6), the most typical cytokine associated with inflammation, is found at higher levels in patients with MASLD 
than in healthy controls46,47. Interleukin 1β (IL-1β) has been shown to increase lipid deposition in hepatocytes, 
regulate inflammatory response and fibrosis, and be associated with MASH48–50. In this study, we detected 
higher levels of IL6 and IL1β in the MCD group. Their expression decreased in the RFX + MCD group, and the 
inflammatory foci of the inflammatory infiltrate, as seen by H&E staining, were reduced compared with those in 
the MCD group, indicating that rifaximin improved inflammation in MASH mice.

Liver fibrosis is the hepatic repair response to chronic injury51,52. Patients with MASH exhibit varying 
degrees of fibrosis. Early hepatic fibrosis is a reversible process in which the attenuation or elimination of factors 
contributing to fibrosis can lead to the regression of hepatic fibrosis53. α-smooth muscle actin (α-SMA) serves as 
a marker of HSC activation54,55, and its expression increases with the degree of liver fibrosis56,57. Transforming 
growth factor β (TGF-β) is a potent fibrotic signal for the production and remodeling of the ECM by fibroblasts, 
connective tissues, and epithelial cells58. We found that, compared with the CON group, the red collagen fibers 
around the confluent area and central vein were significantly increased after MCD intervention, and the protein 
and mRNA expression levels of α-SMA and TGF-β were also markedly elevated. The reduced collagen deposition 
and α-SMA staining intensity in liver tissue and downregulation of α-SMA and TGF-β expression after rifaximin 
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administration suggested that rifaximin has an anti-hepatic fibrotic effect, which agrees with the description of 
rifaximin’s effects by Zhu et al.59.

TLR4 is widely distributed in immune-related cells, in addition to hepatocytes, hepatocyte macrophages, 
endothelial cells of hepatic blood sinusoids, pancreatic alveolar cells, and other human tissue cells60,61. With 
multiple signaling pathways mediated by TLR4 being involved in MASLD62,63, TLR4 exerts an influential effect 
in promoting the evolution of MASH64,65. The TLR4/NF-κB signaling pathway regulates hepatocyte apoptosis, 
hepatic inflammatory response, and fibrotic processes in MASLD18,62. Studies have suggested that TLR4/NF-κB 
inhibition improves MASLD progression66,67. In this study, rifaximin reduced the expression levels of TLR4 
and NF-κB in the MASH mouse and cell models. To further clarify whether rifaximin ameliorates MASH 
by modulating the TLR4/NF-κB pathway, we used the TLR4 agonist LPS and the TLR4 inhibitor TAK-242 
in the cellular model. The results showed that rifaximin significantly decreased the expression of IL-6, IL-1β, 
α-SMA, and TGF-β in the model group, but the decreasing trend was reversed after application of the TLR4 
agonist LPS, suggesting that LPS could attenuate the protective effect of rifaximin on MASH. Following TAK-
242 intervention, TLR4 and NF-κB expression were reduced in the cells, indicating that the TLR4/NF-κB 
pathway was blocked, and at this time, the inhibitory effect of rifaximin on the indicators of inflammation 
and fibrosis appeared to be weakened, suggesting that rifaximin acts through the modulation of the TLR4/
NF-κB signaling pathway. Bacterial LPS is the main recognition receptor for TLR4, combining with TLR4 on 
hepatocytes and Kupffer cells in the sinusoidal gap to form a complex upon increased intestinal permeability, 
which transmits extracellular signals to the cell through intracellular structural domains, leading to NF-κB 
activation, upregulating proinflammatory cytokines and chemokines68, and inducing pathological changes such 
as liver inflammation and fibrosis60,69,70.

We verified the ameliorative effects of rifaximin on the intestinal barrier and permeability in MASH mice, as 
well as the therapeutic effects on inflammation and fibrosis in MASH mice and cellular models, and confirmed 
that rifaximin could modulate the TLR4/NF-κB signaling pathway to ameliorate liver fibrosis in MASH through 
agonism and inhibition of TLR4. However, this study has some limitations. As the MCD model could not 
replicate the metabolic profile of human MASLD, the effect of rifaximin on metabolism was not addressed; 
therefore, comprehensive investigation of the therapeutic effect of rifaximin is needed in more MASLD models. 
Owing to financial constraints, this study only investigated the changes in intestinal tight junction proteins 
and intestinal permeability. In the future, we propose analyzing the changes in intestinal microorganisms using 
sequencing and other methods to further explore the mechanism by which rifaximin improves MASLD.

Conclusion
Taken together, rifaximin exerted therapeutic effects on MASH liver fibrosis by improving intestinal barrier 
integrity and inhibiting inflammation through the modulation of the TLR4/NF-κB signaling pathway.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary 
information files.
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