
WJG https://www.wjgnet.com 8323 December 28, 2021 Volume 27 Issue 48

World Journal of 

GastroenterologyW J G
Submit a Manuscript: https://www.f6publishing.com World J Gastroenterol 2021 December 28; 27(48): 8323-8342

DOI: 10.3748/wjg.v27.i48.8323 ISSN 1007-9327 (print) ISSN 2219-2840 (online)

ORIGINAL ARTICLE

Basic Study

Dual therapy with zinc acetate and rifaximin prevents from ethanol-
induced liver fibrosis by maintaining intestinal barrier integrity

Yuki Fujimoto, Kosuke Kaji, Norihisa Nishimura, Masahide Enomoto, Koji Murata, Soichi Takeda, Hiroaki 
Takaya, Hideto Kawaratani, Kei Moriya, Tadashi Namisaki, Takemi Akahane, Hitoshi Yoshiji

ORCID number: Yuki Fujimoto 0000-
0002-5046-0588; Kosuke Kaji 0000-
0002-1822-6759; Norihisa Nishimura 
0000-0002-6295-3283; Masahide 
Enomoto 0000-0001-8980-4758; Koji 
Murata 0000-0001-5149-2437; Soichi 
Takeda 0000-0001-6457-2954; 
Hiroaki Takaya 0000-0002-4990-
7573; Hideto Kawaratani 0000-0002-
4361-0592; Kei Moriya 0000-0002-
2878-8296; Tadashi Namisaki 0000-
0002-3158-5318; Takemi Akahane 
0000-0002-6675-0475; Hitoshi Yoshiji 
0000-0002-5243-8544.

Author contributions: Fujimoto Y 
and Kaji K designed the research 
study; Fujimoto Y, Kaji K, 
Nishimura N, Enomoto M, Murata 
K, Takeda S, Takaya H and 
Kawaratani H performed the 
research; Moriya K, Namisaki T 
and Akahane T offered new 
reagents, analytic tools and 
material support; Fujimoto Y and 
Kaji K analyzed the data and wrote 
the manuscript; Yoshiji H 
supervised this study; All authors 
have read and approve the final 
manuscript.

Institutional review board 
statement: The study was 
reviewed and approved by the 
Institutional review board of Nara 
Medical University, Kashihara, 
Japan (authorization numbers: 
12734).

Yuki Fujimoto, Kosuke Kaji, Norihisa Nishimura, Masahide Enomoto, Koji Murata, Soichi Takeda, 
Hiroaki Takaya, Hideto Kawaratani, Kei Moriya, Tadashi Namisaki, Takemi Akahane, Hitoshi 
Yoshiji, Department of Gastroenterology, Nara Medical University, Kashihara 6348521, Nara, 
Japan

Corresponding author: Kosuke Kaji, MD, PhD, Doctor, Lecturer, Senior Researcher, 
Department of Gastroenterology, Nara Medical University, 840, Shijo-cho, Kashihara 6348521, 
Nara, Japan. kajik@naramed-u.ac.jp

Abstract
BACKGROUND 
Hepatic overload of gut-derived lipopolysaccharide dictates the progression of 
alcoholic liver disease (ALD) by inducing oxidative stress and activating Kupffer 
cells and hepatic stellate cells through toll-like receptor 4 signaling. Therefore, 
targeting the maintenance of intestinal barrier integrity has attracted attention for 
the treatment of ALD. Zinc acetate and rifaximin, which is a nonabsorbable 
antibiotic, had been clinically used for patients with cirrhosis, particularly those 
with hepatic encephalopathy, and had been known to improve intestinal barrier 
dysfunction. However, only few studies focused on their efficacies in preventing 
the ALD-related fibrosis development.

AIM 
To investigate the effects of a combined zinc acetate with rifaximin on liver 
fibrosis in a mouse ALD model.

METHODS 
To induce ALD-related liver fibrosis, female C57BL/6J mice were fed a 2.5% (v/v) 
ethanol-containing Lieber-DeCarli liquid diet and received intraperitoneal carbon 
tetrachloride (CCl4) injection twice weekly (1 mL/kg) for 8 wk. Zinc acetate (100 
mg/L) and/or rifaximin (100 mg/L) were orally administered during experi-
mental period. Hepatic steatosis, inflammation and fibrosis as well as intestinal 
barrier function were evaluated by histological and molecular analyses. Moreover, 
the direct effects of both agents on Caco-2 barrier function were assessed by in 
vitro assays.

RESULTS 
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In the ethanol plus CCl4-treated mice, combination of zinc acetate and rifaximin 
attenuated oxidative lipid peroxidation with downregulation of Nox2 and Nox4. 
This combination significantly inhibited the Kupffer cells expansion and the 
proinflammatory response with blunted hepatic exposure of lipopolysaccharide 
and the toll-like receptor 4/nuclear factor kB pathway. Consequently, liver 
fibrosis and hepatic stellate cells activation were efficiently suppressed with 
downregulation of Mmp-2, -9, -13, and Timp1. Both agents improved the atrophic 
changes and permeability in the ileum, with restoration of tight junction proteins 
(TJPs) by decreasing the expressions of tumor necrosis factor α and myosin light 
chain kinase. In the in vitro assay, both agents directly reinforced ethanol or 
lipopolysaccharide-stimulated paracellular permeability and upregulated TJPs in 
Caco-2 cells.

CONCLUSION 
Dual therapy with zinc acetate and rifaximin may serve as a strategy to prevent 
ALD-related fibrosis by maintaining intestinal barrier integrity.

Key Words: Liver fibrosis; Intestinal permeability; Alcoholic liver disease; 
Lipopolysaccharide; Toll-like receptor; Tight junction protein
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Core Tip: Gut-derived lipopolysaccharide dictates the progression of alcoholic liver 
disease (ALD) hence the maintenance of intestinal barrier integrity has attracted 
attention for the treatment of ALD. This study elucidates the preventive effect of 
combined zinc supplementation and rifaximin from ALD-related liver fibrosis induced 
by ethanol plus carbon tetrachloride in mice. This effect is involved in the multifaceted 
regulatory functions that maintain intestinal barrier integrity and reduce hepatic 
lipopolysaccharide exposure, thereby, leading to Kupffer cell expansion and hepatic 
stellate cell activation by inhibiting the toll-like receptor 4 pathway, highlighting that 
this regimen may represent a potential novel strategy against ALD-related liver 
fibrosis.
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INTRODUCTION
Alcoholic liver disease (ALD), which is the most common and serious complication of 
excessive alcohol consumption, includes a spectrum of disorders, such as acute or 
chronic hepatitis, fatty liver disease, cirrhosis, and hepatocellular carcinoma[1,2]. The 
increasing mortality from ALD has become a major health problem in both Western 
and Asian countries[3]. Currently, limiting alcohol intake remains the most effective 
therapy for patients in all stages of ALD, although only few individuals succeed in 
substantially abstaining from alcohol consumption. Therefore, novel efficacious 
medications are urgently required to prevent the development of ALD.

ALD is known to progress through several communications between the liver and 
several physiologic systems in other organs[4,5]. Among various factors that mediate 
these cross-talks, the gut-derived endotoxin lipopolysaccharide (LPS), which is 
produced by gram-negative bacteria, particularly plays a pivotal role in inflammation 
and fibrosis in ALD[6]. Accumulation of LPS in response to alcohol consumption may 
be attributed to the functional impairment of intestinal barrier integrity, including 
intestinal hyperpermeability secondary to disrupted tight junction[7]. LPS is 
transported into the liver and activates Kupffer cells and macrophages that had been 
recruited in the liver through toll-like receptor 4 (TLR4) and its coreceptor CD14, 
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which in turn force these cells to produce inflammatory cytokines[8]. Moreover, gut-
derived LPS triggers hepatic stellate cell (HSC) activation by increasing its suscept-
ibility to acetaldehyde and transforming growth factor (TGF)-b and leading to 
extracellular matrix (ECM) deposition, intrahepatic inflammation, and fibrosis[9]. 
Therefore, maintenance of intestinal barrier integrity and blockage of the transfer of 
LPS from the intestine to the liver may be a therapeutic strategy to prevent alcohol-
induced liver fibrosis.

Zinc is the second most abundant trace metal in humans after iron and is the only 
metal that appears in all enzyme classes[10]. Zinc deficiency is often observed in 
patients with ALD and usually becomes evident with increasing severity and with the 
progression of ALD from steatosis to cirrhosis[11,12]. Zinc supplementation in patients 
with cirrhosis provides metabolic effects that assist in the improvement of liver 
function, hepatic encephalopathy, and nutritional status[13-15]. Notably, Zhong et al[16] 
have documented that zinc deficiency induced by chronic alcohol exposure 
augmented epithelial barrier dysfunction with subsequent increase in gut permeability 
and development of endotoxemia in alcoholic liver injury. Meanwhile, several animal 
studies have shown that zinc supplementation could ameliorate intestinal barrier 
dysfunction[17,18]. However, supplementation with zinc alone was considered to only 
partially improve the outcome of patients with chronic liver diseases, including ALD
[19]. Therefore, we postulated that a combination of zinc and another agent with 
antifibrotic effects would add benefits in the treatment of alcohol-induced liver 
fibrosis.

Rifaximin is an antibiotic that is minimally absorbed, has broad-spectrum activity 
against gram-positive and gram-negative aerobic and anaerobic enteric bacteria, and is 
clinically available for hepatic encephalopathy or travelers’ diarrhea[20,21]. Our recent 
clinical studies have elucidated that rifaximin significantly decreased serum endotoxin 
activity and potentially improved intestinal permeability without modifying the gut 
microbiome in patients with cirrhosis[22]. Moreover, a recent study demonstrated that 
rifaximin inhibited toxin-induced apoptosis and deprivation of tight junction proteins 
(TJPs) in human intestinal cells through pregnane X receptor (PXR)-dependent 
inhibition of the TLR4/MyD88/nuclear factor kB (NF-kB) pathway[23]. However, the 
therapeutic potential of rifaximin against alcohol-induced liver fibrosis had been 
obscure.

This study aimed to investigate the combined effects of zinc supplementation and 
rifaximin on liver fibrosis induced by ethanol plus carbon tetrachloride (CCl4) in 
connection with their protective properties against intestinal barrier disruption.

MATERIALS AND METHODS
Animals and experimental protocol
Ten-week-old female C57BL/6J mice (CLEA Japan, Osaka, Japan) were housed under 
23 °C ± 3 °C with 50% ± 20% humidity and a 12-h light/12-h dark cycle. All 
experiments were performed over an 8-wk period, since our previous report has 
shown that administration of ethanol plus CCl4 for this period definitely developed 
ALD-related liver fibrosis[24].

The mice were divided into five treatment groups (Figure 1). The control group 
(C/V; n = 10) were fed non-ethanol liquid diet (Research Diets, New Brunswick, NJ, 
United States). The E/V group (n = 10) were fed a 2.5% (v/v) ethanol-containing 
Lieber–DeCarli liquid diet (research diets) and received intraperitoneal injection of 
CCl4 (FUJIFILM, Wako Pure Chemical Corporation, Osaka, Japan) twice a week (1 
mL/kg body weight)[25]. The E/Zn (n = 10) and E/RFX (n = 10) groups were fed 
ethanol diet with 100 mg/L of zinc acetate (FUJIFILM, Wako Pure Chemical 
Corporation) and 100 mg/L of rifaximin (ASKA Pharmaceutical Co. Ltd., Tokyo, 
Japan), respectively[26,27], and received intraperitoneal CCl4 injection twice weekly. 
The E/both group (n = 10) were fed ethanol diet that contained a combination of zinc 
acetate and rifaximin and received intraperitoneal CCl4 injection. The same amount of 
lactose hydrate (FUJIFILM, Wako Pure Chemical Corporation) was used as vehicle for 
the C/V and E/V groups. Another set of mice groups were used to measure intestinal 
permeability, as described in Measurement of in vivo intestinal permeability. For 
sample collection, all mice underwent the following procedures: anesthesia with 
barbiturate overdose (intravenous injection, 150 mg/kg pentobarbital sodium), blood 
collection from the cervical artery and harvesting of the liver and ileum immediately 
after sacrifice. Serum biologic markers were measured by SRL, Inc. (Tokyo, Japan). The 
animal care and experimental procedures were approved by the ethics committee of 
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Figure 1 Zinc acetate and rifaximin against hepatic steatosis in alcoholic liver disease mice. A: Experimental protocols; B: Changes in body 
weights during experimental period; C: Ratio of liver weight to body weight at the end of experiment; D: Zinc concentrations of the serum (left) and the liver (right); E: 
Serum levels of aspartate aminotransferase (left) and alanine aminotransferase (right); F: Representative macroscopic appearances (upper), microphotographs of 
hematoxylin and eosin (middle) and Oil Red O staining (lower) of the livers in the experimental mice. Scale bar: 25 μm; G: Semi-quantification of lipid accumulation 
stained by Oil Red O in high-power field by NIH imageJ software. Histochemical quantitative analyses included five fields per section. Quantitative values are 
indicated as fold changes to the values of C/V group; H: Hepatic concentrations of triglyceride. Data are mean ± SD (n = 10), aP < 0.05 and bP < 0.01 vs C/V group; c

P < 0.05 and dP < 0.01 vs E/V group; eP < 0.05 and fP < 0.01 vs E/Zn group; gP < 0.05 and hP < 0.01 vs E/RFX group. AST: Aspartate aminotransferase; ALT: Alanine 
aminotransferase; HE: Hematoxylin and eosin.
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Experimental Animal Care of Nara Medical University, Kashihara, Japan (author-
ization numbers: 12734).

Histologic and immunohistochemical analyses
The liver and ileum specimens were fixed in 10% formalin and embedded in paraffin, 
and other liver specimens were fixed with 4% paraformaldehyde for 24 h, then frozen 
in a Cryomold with Tissue-Tek OCT compound (Sakura Finetek Japan, Tokyo, Japan) 
for frozen sections. Paraffin-embedded sections of 5-µm thickness were stained with 
hematoxylin and eosin (HE) for the liver and ileum and with Sirius Red for the liver 
and frozen liver sections were stained with Oil Red O at Narabyouri Research Co. 
(Nara, Japan). To evaluate the morphologic changes in the ileum, 10 well-oriented 
crypt–villus units were examined per slide under a microscope. Immunohisto-
chemistry was performed as described previously and α-smooth muscle actin (SMA) 
(#ab5694; 1:200, Abcam, Cambridge, United Kingdom), F4/80 (#ab100790; 1:100, 
Abcam) and COL-1 (#14695-1-AP; 1:500, Proteintech, Rosemont, IL, United States) 
were used as primary antibodies[28,29]. Immunofluorescence test for zonula 
occludens-1 (ZO-1) (#61-7300; 1:250, Invitrogen, Carlsbad, CA, United States) and 
Occludin (#ab216327; 1:200, Abcam) was performed on the paraffin-embedded ileum 
sections. Primary antibodies were detected using Alexa Fluor-conjugated secondary 
antibodies (Invitrogen). Images were captured using a BX53 (Olympus, Tokyo, Japan) 
for histology and immunohistochemistry and a BZ-X700 (Keyence, Osaka, Japan) for 
immunofluorescence. Semiquantitative analysis was performed using Image J 
software version 64 (National Institutes of Health, Bethesda, MD, United States).

Intrahepatic zinc and triglyceride concentration
Intrahepatic zinc and triglyceride concentrations were measured in 100 mg of frozen 
liver tissue per mouse using the Metalloassay Kit (Metallogenics, Chiba, Japan) and 
Triglyceride-Glo™ Assay (Promega, Madison, WI, United States), respectively, 
according to the manufacturer’s instructions.

Intrahepatic alcohol dehydrogenase 1, aldehyde dehydrogenase 2 and cytochrome 
P450 2E1 (CYP2E1) activity
Intrahepatic alcohol dehydrogenase 1 (ADH1) and aldehyde dehydrogenase 2 
(ALDH2) activities were measured by using Alcohol Dehydrogenase Activity Colori-
metric Assay Kit (BioVision, Milpitas, CA, United States) and ALDH2 activity assay kit 
(Abcam), respectively, according to the manufacturer’s instructions. Intrahepatic 
CYP2E1 activity was determined by measuring the hydroxylation of p-nitrophenol in 
whole liver extract as described[30].

Intrahepatic catalase, superoxide dismutase, and malondialdehyde concentration
Intrahepatic levels of catalase (CAT), superoxide dismutase (SOD) and malondial-
dehyde (MDA) were measured in 25 mg frozen liver tissue in each mouse using 
Mouse catalase ELISA Kit (CUnited StatesBIO, Houston, TX, United States), Mouse 
Super Oxidase Dimutase, SOD ELISA Kit (CUnited StatesBIO) and OxiSelectTM TBARS 
Assay Kit (Cell Biolabs, Inc., San Diego, CA, United States), according to the 
manufacturer’s protocol.

Mouse matrix metalloproteinase-9 activity assay
Intrahepatic matrix metalloproteinase (MMP)-9 activities were evaluated in frozen 
liver tissue per mouse by the Mouse MMP-9 Activity Assay Kit (QuickZyme 
Biosciences, Leiden, Netherlands), according to the manufacturers protocol.

Measurement of in vivo intestinal permeability
In vivo intestinal permeability was determined as previously described with brief 
modifications[31]. Six hours after initiating fasting conditions, the mice (n = 5) were 
orally given 600 mg/kg body weight of fluorescein isothiocyanate (FITC)-dextran (4 
kDa) (TdB Labs, Uppsala, Sweden). Blood was collected from the portal vein 4 h after 
FITC-dextran administration. To evaluate the degree of gut permeability, plasma was 
analyzed by fluorescence measurement of the concentration of FITC-labeled dextran at 
an excitation wavelength of 490 nm and an emission wavelength of 520 nm.

Cell culture
To explore in vitro effects of zinc acetate and rifaximin on enterocytes, we used the 
human colorectal adenocarcinoma line Caco-2. Caco-2 cells were obtained from Riken 
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BRC Cell Bank (Ibaraki, Japan) and were cultured, as described previously[32]. The 
cells were cultured in Dulbecco’s modified Eagle’s medium supplemented with 100 
U/mL of penicillin, 100 g/mL of streptomycin, 0.1-mM nonessential amino acids, 10-
mM HEPES, and 10% fetal bovine serum at 37 °C in an environment with 5% carbon 
dioxide. Culture medium was replaced every 2 d. Caco-2 cells were subcultured after 
partial digestion with 0.25% trypsin-EDTA, and passages 19–30 were used. For alcohol 
intoxication, 5% ethanol was added to the culture medium for 3 h, with or without the 
addition of different concentrations of zinc acetate (1−100 μM) and/or rifaximin 
(0.1−10 μM) 30 min before alcohol intoxication. A previous report has shown that 5% 
ethanol significantly affected the Caco-2 monolayer barrier function[33]. For tumor 
necrosis factor (TNF)α stimulation, recombinant human TNFα (100 ng/mL, Abcam) 
was added to the Caco-2 cell monolayers for 6 h, with or without zinc acetate (100 μM) 
or rifaximin (10 μM) 30 minutes prior. For LPS stimulation, LPS (O55:B5) (2 μg/mL; 
Sigma-Aldrich, St. Louis, MO, United States) was added to the Caco-2 cell monolayers 
with and without zinc acetate (100 μM) or rifaximin (10 μM) for 24 h. The phosphoin-
ositide 3-kinase (PI3K) inhibitor LY294002 (10 μM, ChemScene, Monmouth Junction, 
NJ, United States) or the human PXR antagonist, SPA70 (510 μM, Axon Medchem, 
Groningen, Netherlands) was added to the culture media that had been treated with 
zinc acetate or rifaximin, respectively[34,35].

Measurement of transepithelial electrical resistance
To assess the in vitro Caco-2 monolayer barrier function, we measured the 
transepithelial electrical resistance (TEER) using an electrical resistance system 
(Millicell-ERS®; Millipore Corporation, Bedford, MA, United States), as reported 
previously[36]. The electrical resistance was expressed in units of Ω/cm2 using the 
surface area of the Trans-well insert.

Cell viability assay
In vitro cell viability was determined using the Premix WST-1 Cell Proliferation Assay 
system (Takara Bio, Kusatsu, Japan), according to the manufacturer's protocol. Cell 
viability was calculated as the relative value to the start of exposure to each agent.

Quantitative real-time polymerase chain reaction assay
Total RNA was extracted from the liver and ileum tissues and cultured Caco-2 cells 
using the RNeasy Mini Kit (Qiagen, Hilden, Germany). After assessing the quality and 
concentration, 2 μg of total RNA was subjected to cDNA synthesis using the High-
Capacity RNA-to-cDNA kit (Applied Biosystems, Foster City, CA, United States). 
Quantitative real-time polymerase chain reaction (qRT-PCR) with gene-specific primer 
pairs (Supplementary Table 1) was performed using the StepOnePlus Real-time PCR 
system and SYBR Green (Applied Biosystems). The levels of mRNA expression were 
normalized according to the internal control of the housekeeping gene glyceraldehyde 
3-phosphate dehydrogenase. All reactions were performed using 1:10 diluted cDNA; 
mRNA expression levels were estimated using the 2−ΔΔCT method and were presented 
as fold changes relative to the controls for each experiment.

Protein extraction and western blotting
Proteins were extracted from frozen liver tissues and Caco-2 cells using T-PER Tissue 
Protein Extraction Reagent supplemented with proteinase and phosphatase inhibitors 
(Thermo Scientific, Rockford, IL, United States). Western blot was performed, as 
described previously[37]. The membranes were incubated overnight with antibodies 
against phospho-IKKα/β (Ser176/180) (#2697; Cell Signaling Technology, Danvers, 
MA, United States), IKKβ (#2370; CST), IkBα (#4812; CST), NF-kB p65 (#8242; CST), 
phospho-NF-kB p65 (Ser536) (#3033; CST), COL-1 (#14695-1-AP; Proteintech), ZO-1 
(#61-7300; Invitrogen), Occludin (#ab216327; Abcam), AKT (#9272; CST), phospho-
AKT (Ser473) (#9271; CST), and β actin (#4967). Densitometric analysis was performed 
using ImageJ software version 64.

Statistical analyses
Continuous variables are presented as mean ± SD. Statistical significance was analyzed 
with a 2-sided Student's t-test or one-way analysis of variance, followed by 
Bonferroni’s multiple comparison test, as appropriate. Statistical analyses were 
performed using Prism, version 9.1.2 (GraphPad Software, La Jolla, CA, United States). 
P values of < 0.05 were considered to indicate statistical significance.
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RESULTS
Combination of zinc acetate and rifaximin improved liver dysfunction and 
suppressed hepatic steatosis in ethanol plus CCl4-treated mice.
Figure 1A shows our initial examination of the effects of zinc acetate and rifaximin on 
ALD-related fibrosis induced via combined ethanol and CCl4 administration in mice. 
After 8 wk, the administration of ethanol plus CCl4 group had remarkable delay in 
body weight gain, compared with that in the control group, and this delay in body 
weight gain could not be prevented by treatments with zinc acetate and rifaximin 
(Figure 1B). Conversely, the relative liver weights increased in the ethanol plus CCl4-
treated mice, and combined treatment with zinc acetate and rifaximin efficiently 
attenuated hepatomegaly (Figure 1C). To confirm the effect of zinc supplementation, 
we measured the serum and hepatic levels of zinc in the experimental groups. As 
shown in Figure 1D, the ethanol plus CCl4-treated mice, compared with the control 
group, showed almost equivalent levels of serum zinc but lower levels of hepatic zinc, 
and treatment with zinc acetate significantly increased both the serum and hepatic 
zinc levels in the ethanol plus CCl4-treated mice. Administration of zinc acetate (100 
mg/L) and rifaximin (100 mg/L) at the present doses did not cause hypocupremia and 
renal dysfunction, respectively (Supplementary Figure 1A and B). The serum levels of 
aspartate aminotransferase (AST) and alanine aminotransferase (ALT) were increased 
by chronic ethanol exposure and CCl4 administration (Figure 1E). Interestingly, 
combined treatment with zinc acetate and rifaximin lowered the AST and ALT levels 
in the ethanol plus CCl4-treated mice (Figure 1E). Serum γ-glutamyl transpeptidase 
levels were elevated in the ethanol plus CCl4-treated mice and remained unchanged by 
treatments with both agents (Supplementary Figure 1C). Meanwhile, serum alkaline 
phosphatase and albumin levels were not affected by chronic ethanol exposure and 
CCl4 administration (Supplementary Figure 1C). In serum lipid test, serum triglyceride 
levels were elevated in the ethanol plus CCl4-treated mice that were attenuated by 
treatments with zinc acetate and rifaximin. However, there were no significant 
differences in serum total-, high density lipoprotein (HDL)-, and low density 
l ipoprotein (LDL)-cholesterol  levels  among the experimental  groups 
(Supplementary Figure 1D and E).

Histologic assessment on HE and Oil Red O staining revealed hepatic steatosis in 
the ethanol plus CCl4-treated mice (Figure 1F and G). Notably, treatment with zinc 
acetate and rifaximin remarkably attenuated hepatic fat accumulation, and 
consistently combined treatment with both agents attenuated the hepatic level of 
triglyceride (Figure 1F-H).

Zinc acetate and rifaximin prevented the accumulation of oxidative stress in ethanol 
plus CCl4-treated mice.
Next, we evaluated the changes in the activities of metabolic enzymes related to 
alcohol, acetaldehyde, and cytochrome CYP2E1 in the liver tissues of experimental 
group. As shown in Figure 2A and B, ethanol and CCl4 administration significantly 
decreased both ADH1 and ALDH2 activities. Treatment with zinc acetate significantly 
suppressed the decline of ADH1 activity but did not affect ALDH2 in the ethanol plus 
CCl4-treated mice. However, neither ADH1 nor ALDH2 activities changed after 
treatment with rifaximin. CYP2E1 activity was increased in the ethanol plus CCl4-
treated mice, and zinc acetate significantly suppressed the increase of CYP2E1 activity 
but rifaximin did not affected (Figure 2C). These findings indicate that zinc acetate 
would attenuate CYP2E1-mediated accumulation of oxidative stress.

In the ethanol plus CCl4-treated mice, hepatic levels of antioxidant enzymes CAT 
and SOD were decreased as compared to control mice, and treatments with zinc 
acetate and rifaximin significantly prevented the decreases in CAT and SOD levels 
(Figure 2D and E). The chronic ethanol exposure and CCl4 administration also induced 
the increase in hepatic levels of MDA, one of the final products of polyunsaturated 
fatty acids peroxidation (Figure 2F). It was noteworthy that treatments with zinc 
acetate and rifaximin suppressed the alteration in the levels of MDA (Figure 2F).

Moreover, compared with the control mice, the ethanol plus CCl4-treated mice 
exhibited higher mRNA levels of the hepatic nicotinamide adenine dinucleotide 
phosphate oxidase (Nox) gene family members (i.e., Nox1, Nox2, and Nox4); treatment 
with zinc acetate and rifaximin reduced the observed increase in the mRNA levels of 
Nox2 and Nox4 (Figure 2G).
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Figure 2 Zinc acetate and rifaximin on ethanol metabolism and accumulation of oxidative stress in alcoholic liver disease mice. A-C: 
Hepatic activity of alcohol dehydrogenase 1 (A), aldehyde dehydrogenase 2 (B) and cytochrome P450 2E1 (CYP2E1) (C). Quantitative values are indicated as fold 
changes to the values of C/V group; D-F: Hepatic levels of of catalase (D), superoxide dismutase (E) and malondialdehyde (F); G: Relative mRNA expression levels 
of Nox1, Nox2 and Nox4 in the liver of experimental mice. The mRNA expression levels were measured by RT-qPCR, and Gapdh was used as internal control. 
Quantitative values are indicated as fold changes to the values of C/V group. Data are mean ± SD (n = 10), aP < 0.05 and bP < 0.01 vs C/V group; cP < 0.05 and dP < 
0.01 vs E/V group; eP < 0.05 and fP < 0.01 vs E/Zn group; gP < 0.05 and hP < 0.01 vs E/RFX group. ADH1: Alcohol dehydrogenase 1; ALDH2: Aldehyde 
dehydrogenase 2; CAT: Catalase; SOD: Superoxide dismutase; MDA: Malondialdehyde.

Zinc acetate and rifaximin attenuated Kupffer cell expansion and the 
lipopolysaccharide/TLR4 signaling activation in ethanol plus CCl4-treated mice.
On the basis of the suppressions in ethanol plus CCl4-induced steatosis and inflam-
mation following zinc acetate and rifaximin treatment, we next evaluated the 
proinflammatory status of the liver in the experimental mice. We observed extensive 
infiltration of F4/80-positive Kupffer cells and an increased mRNA levels of Cd68 in 
the liver of ethanol plus CCl4-treated mice (Figure 3A–C). Treatment with zinc acetate 
and rifaximin attenuated the expanded Kupffer cell infiltration and reduced the 
mRNA expression of Cd68 which were robustly boosted by combination of the two 
agents (Figure 3A-C). We also observed that the combination treatment significantly 
suppressed the increases of M1-polarized macrophages while it had little effect on M2-
polarized macrophages in the liver of ethanol plus CCl4-treated mice (Figure 3D and 
E).

We further assessed to the effect of zinc acetate and rifaximin on the hepatic 
LPS/TLR4 signaling. Administration of ethanol plus CCl4 caused an upregulation of 
hepatic LPS-binding protein (LBP), which forms a complex with LPS to interact with 
the macrophage receptor and initiate a proinflammatory host response (Figure 3F). In 
accordance with the upregulated hepatic Lbp expression, the mRNA levels of Tlr4 and 
its coreceptor Cd14, which function to detect LPS, were increased in the ethanol plus 
CCl4-treated mice (Figure 3G). Notably, treatment with zinc acetate and rifaximin 
ameliorated these increases, suggesting that both agents could reduce the load of LPS 
to the liver (Figure 3F and G). In the ethanol plus CCl4-treaed mice, the hepatic 
overload of LPS induced the IKKα/β phosphorylation and in turn promoted the IkBα 
degradation; NF-kB p65 Levels were consequently increased as a sequence of the 
LBP/CD14/TLR4 pathway (Figure 3H). The combination of both agents efficiently 
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Figure 3 Zinc acetate and rifaximin against toll-like receptor 4-mediated pro-inflammatory response in alcoholic liver disease mice. A: 
Representative microphotographs of liver sections stained with F4/80. Scale bar: 50 μm. B: Semi-quantitation of F4/80 immuno-positive Kupffer cells in high-power 
field by NIH imageJ software. Histochemical quantitative analyses included five fields per section; C-G: Relative mRNA expression level of Cd68 (C), M1-polarized 
macrophage-related genes (Il1b, Il6, Tnfa and Nos2) (D), M2-polarized macrophage-related genes (Il10, Arg1 and Cd163) (E), Lbp (F), Tlr4 and Cd14 (G) in the liver 
of experimental mice. The mRNA expression levels were measured by RT-qPCR, and Gapdh was used as internal control. Quantitative values are indicated as fold 
changes to the values of C/V group; H: Western blots for p-IKKα/β, IKKβ, IkBα and NF-kB p65 in the liver of experimental mice. Actin was used as internal control. 
Data are mean ± SD (B-G; n = 10), aP < 0.05 and bP < 0.01 vs C/V group; cP < 0.05 and dP < 0.01 vs E/V group; eP < 0.05 and fP < 0.01 vs E/Zn group; gP < 0.05 and 
hP < 0.01 vs E/RFX group. pv: Portal vein.
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inhibited these LPS-triggered accumulation of NF-kB in the ethanol plus CCl4-treaed 
mice (Figure 3H).

Zinc acetate and rifaximin inhibited liver fibrosis development in ethanol plus CCl4-
treated mice.
Given the antiinflammatory properties of rifaximin and zinc acetate, we evaluated 
their effects on the development of liver fibrosis. The ethanol plus CCl4-treated mice 
showed extensive development of fibrous septa on Sirius Red staining (Figure 4A). 
Treatment with either zinc acetate or rifaximin alone significantly attenuated the 
ethanol plus CCl4-induced fibrosis, and the antifibrotic effect was augmented by 
parallel use of both agents combined (Figure 4A). Correspondingly, there was a 
remarkable reduction in the α-SMA-immunopositive areas, which represented 
activation of HSCs, after treatment with zinc acetate and rifaximin (Figure 4A). 
Semiquantitative analysis demonstrated that the combination treatment caused more 
than 50% reduction in the areas of fibrotic septa and α-SMA-positive activated HSCs in 
the ethanol plus CCl4-treated mice (Figure 4B and 4C). We also found that COL-1-
immunopositive ECM deposition was decreased in parallel with the attenuation of 
liver fibrosis after treatment with both agents in the ethanol plus CCl4-treated mice 
(Figure 4A and D). The western blot results substantiated that the hepatic expression 
of COL-1 protein was reduced via treatment with both agents (Figure 4E). 
Consistently, the hepatic gene expressions of profibrotic markers (i.e., Acta2, Col1a1, 
and Tgfb1) were decreased after treatment with zinc acetate and rifaximin (Figure 4F). 
We further assessed the hepatic expressions of MMPs and TIMPs in the experimental 
groups. The ethanol plus CCl4-treated mice showed increase in the hepatic mRNA 
levels of Mmp2, Mmp9, and Mmp13 as liver fibrosis developed (Figure 4G). In line with 
the improvement of liver fibrosis, these MMP expressions were reduced after 
treatment with zinc acetate and rifaximin (Figure 4G). In response to this, the hepatic 
mRNA level of Timp1 also varied according to liver fibrosis development (Figure 4H).

Based on the fact that zinc is essential as a component of the catalytic domain in 
MMPs[38], we investigated the effect of zinc supplementation on MMP activity. 
Interestingly, MMP-9 activity, which was indicated by active/pro MMP-9, was 
increased in the liver of the zinc acetate-treated groups, compared with that in the liver 
of the vehicle-treated group (Figure 4I).

Zinc acetate and rifaximin recovered the intestinal barrier function in ethanol plus 
CCl4-treated mice
Both zinc acetate and rifaximin efficiently prevented the accumulation of LPS in the 
liver, as indicated by the reduced hepatic mRNA level of Lbp (Figure 3D). To uncover 
the mechanism of these effects, we next evaluated intestinal barrier integrity in the 
experimental groups. In the ethanol plus CCl4-treated mice, the intestinal mucosal 
architecture was not significantly different from that of the controls, and epithelial 
shedding was absent. However, there was a decrease in the villus height of the ileum 
mucosa in the ethanol plus CCl4-treated mice (Figure 5A and B). Conversely, we found 
an increase in the crypt depth of the ileum in the ethanol plus CCl4-treated mice 
(Figure 5A and C). Notably, these atrophic changes were suppressed by treatment 
with zinc acetate and rifaximin (Figure 5A and B). Immunofluorescent analysis 
showed that in the ethanol plus CCl4-treated mice, the intestinal expressions of ZO-1 
and Occludin, which are the markers of TJP, were markedly decreased but were 
effectively restored by treatment with zinc acetate and rifaximin (Figure 5A and C). 
The western blot results confirmed the restoration of intestinal ZO-1 and Occludin 
protein expressions through treatment with both agents (Figure 5D). Along with these 
findings, RT-qPCR analysis revealed that combination treatment with both agents 
increased the intestinal mRNA expressions of the other TJP markers Cldn1, and Cldn4, 
which encode for Claudin1, and Claudin4, respectively, as well as Zo1 and Ocln 
(Figure 5E). To examine the functional consequence of altered cellular junctions, we 
determined the flux through the leak pathway, which is responsible for the 
paracellular movement of larger molecules, including LPS. Inversely proportional to 
the loss of TJPs, leakage of plasma FITC-dextran (4 kDa) increased by more than two-
fold in the ethanol plus CCl4-treated mice, compared with that in the control mice 
(Figure 5F). In correspondence with the improvement of TJP expression, leakage of 
FITC-dextran was significantly alleviated by treatment with both agents (Figure 5F). 
Moreover, we measured the intestinal mRNA levels of Tnfα as a downstream cytokine 
of TLR4, which plays a key role in ethanol-mediated disruption of the intestinal barrier 
function in ALD[39]. As shown in Figure 5G, intestinal Tnfα mRNA levels increased by 
three-fold in the ethanol plus CCl4-treated mice, compared with those in the control 



Fujimoto Y et al. Zinc and rifaximin on ALD

WJG https://www.wjgnet.com 8333 December 28, 2021 Volume 27 Issue 48

Figure 4 Zinc acetate and rifaximin against liver fibrosis development in alcoholic liver disease mice. A: Representative microphotographs of 
liver sections stained with Sirius-Red, α-smooth muscle actin (αSMA) and COL-1. Scale bar: 50 μm; B-D: Semi-quantitation of Sirius-Red-stained fibrotic area (B), α-
SMA (C) and COL-1 (D) immuno-positive areas in high-power field (HPF) by NIH imageJ software. Histochemical quantitative analyses included five fields per 
section; E: Western blots for COL-1 in the liver of experimental mice. Actin was used as internal control; F-H: Relative mRNA expression levels of Acta2, Col1a1 and 
Tgfb1 (F), Mmp-2, -9 and -13 (G), and Timp1 (H) in the liver of experimental mice. The mRNA expression levels were measured by RT-qPCR, and Gapdh was used 
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as internal control; I: Intrahepatic MMP-9 activity determined by ELISA. Quantitative values are indicated as fold changes to the values of E/V (B-D and I) or C/V 
group (F-H). Data are mean ± SD (n = 10), aP < 0.05 and bP < 0.01 vs C/V group; cP < 0.05 and dP < 0.01 vs E/V group; eP < 0.05 and fP < 0.01 vs E/Zn group; g P < 
0.05 and h P < 0.01 vs E/RFX group. ND: Not detected; αSMA: α-smooth muscle actin.

mice; moreover, combination of zinc acetate and rifaximin reduced these mRNA levels 
by approximately 50% of the levels after vehicle treatment (Figure 5G).

Myosin light chain kinase (MLCK) is known to play a key role in intestinal barrier 
disruption as a downstream target of TNFα following alcohol stimulation[40]. 
Therefore, we further investigated the intestinal Mylk mRNA levels in the experi-
mental groups. The ethanol plus CCl4-treated mice showed marked increase in the 
intestinal Mylk mRNA levels; interestingly, both zinc acetate and rifaximin reduced 
these mRNA levels in parallel with downregulation of TNFα (Figure 5H).

Direct effects of zinc acetate and rifaximin on ethanol-induced barrier dysfunction in 
human enterocytes
Next, we assessed the effects of zinc acetate and rifaximin on enterocytes by in vitro 
assays using Caco-2 cells. The stimulation of 5% ethanol reduced the TEER values in 
the Caco-2 cells ,  but it  did not affect cell  viability (Figure 6A, B and 
Supplementary Figure 2A); this result indicated that this 5% ethanol-induced barrier 
dysfunction without cell death. The ethanol-induced reduction of TEER values was 
efficiently attenuated by treatment with zinc acetate, and the PI3K inhibitor LY294002 
was shown to negate the zinc-mediated recovery of electrical resistance in the ethanol-
stimulated Caco-2 cells (Figure 6A). It was noteworthy that rifaximin likewise dose-
dependently improved the ethanol-stimulated decrease in the TEER values of the 
Caco-2 cells, which was sufficiently offset by treatment with a known as a PXR 
inhibitor SPA70 (Figure 6B). Moreover, zinc acetate or rifaximin also attenuated the 
LPS-stimulated decrease in the TEER values, and these attenuations were negated by 
treatments with LY294002 or SPA70, respectively (Figure 6C and D). At the concen-
trations used in the present assays, both zinc acetate and rifaximin did not affect Caco-
2 cell viability (Supplementary Figure 2B). In parallel with the increase in TEER values, 
both zinc acetate and rifaximin restored the intestinal protein expressions of TJPs, 
including ZO-1 and Occludin in either ethanol- or LPS-stimulated Caco-2 cells 
(Figure 6E and F). Interestingly, the abovementioned methods of restoring TJPs via 
zinc acetate administration was accompanied by the augmentation of AKT 
phosphorylation and negated by treatments with LY294002 in either ethanol- or LPS-
stimulated Caco-2 cells (Figure 6E). Notably, we found that rifaximin-mediated TJPs 
restoration involved the amelioration of p65 phosphorylation and negated by 
treatments with SPA70 in either ethanol- or LPS-stimulated Caco-2 cells (Figure 6F). 
These findings suggest that zinc acetate and rifaximin reintegrate the gut barrier 
function via the activation of PI3K/AKT signaling and the PXR-mediated inhibition of 
TLR4/NF-kB, respectively.

Additionally, the TNFα-stimulated MYLK expressions were not altered by treatment 
with zinc acetate but reduced by that with rifaximin (Figure 6G and H). Since this 
effect of rifaximin was also canceled by SPA-mediated PXR inhibition, rifaximin could 
be suggested to protect the intestinal barrier function against ethanol and LPS through 
PXR activation (Figure 6H).

DISCUSSION
The gut–liver axis is an operative unit that works to protect the human body against 
potentially harmful substances and microorganisms, thereby, maintaining the 
homeostasis of the immune system[41,42]. In patients with cirrhosis, the intestine often 
becomes a leaky gut, which is characterized by increased permeability with defects in 
the intestinal TJPs[43]. Leaky gut allows the translocation of bacteria, bacterial 
products, and fragments, including LPS, into the portal circulation and can trigger 
hepatic inflammation and fibrosis[6,7,41,42]. In the present study, we elucidated that 
combination of zinc acetate with rifaximin additively attenuated steatosis, inflam-
mation, and fibrosis and reduced oxidative stress in the liver of ethanol plus CCl4-
treated mice. As an underlying mechanism of these hepatoprotective effects mediated 
by both agents, we focused on the maintenance of intestinal barrier integrity, which 
resulted in reduced hepatic exposure of LPS.
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Figure 5 Zinc acetate and rifaximin on intestinal barrier function in alcoholic liver disease mice. A: Representative microphotographs of ileum 
sections stained with hematoxylin-eosin (upper), zonula occludens-1 (ZO-1) (middle) and Occludin (lower) in the experimental groups. Boxes are selected regions for 
magnified. Nuclei counterstained with 4',6-diamidino-2-phenylindole. Scale Bar: 50 µm; B: Villus height (upper) and crypt depth (lower) of the ileum in the 
experimental mice; C: Semi-quantitation of ZO-1 and Occludin immuno-positive areas in high-power field by NIH imageJ software; D: Western blots for ZO-1 and 
Occludin in the liver of experimental mice. Actin was used as internal control; E: Relative mRNA expression levels of Zo1, Ocln, Cldn1 and Cldn4 in the ileum of 
experimental mice; F: Blood levels of fluorescein isothiocyanate (FITC)-dextran (4kDa) 4 h after oral administration; G and H): Relative mRNA expression levels of 
Tnfa (G) and Mylk (H) in the ileum of experimental mice. Histochemical quantitative analyses included five fields per section (B and C). The mRNA expression levels 
were measured by RT-qPCR, and Gapdh was used as internal control (E, G and H). Quantitative values are indicated as fold changes to the values of C/V group (C, 
E, G and H). Data are mean ± SD (B, C, E, G and H; n = 10, F; n = 5), aP < 0.05 and bP < 0.01 vs C/V group; cP < 0.05 and dP < 0.01 vs E/V group; eP < 0.05 and fP 
< 0.01 vs E/Zn group; gP < 0.05 and hP < 0.01 vs E/RFX group. DAPI: 4',6-diamidino-2-phenylindole; ZO-1: Zonula occludens; HE: Hematoxylin and eosin.
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Figure 6 Effects of zinc acetate and rifaximin on in vitro EtOH/LPS/TNF-α-stimulated Caco-2 cells. A-D: In vitro paracellular permeability in ethanol 
(EtOH) (A and B)- or lipopolysaccharide (LPS) (C and D)-stimulated Caco-2 cells determined as transepithelial electrical resistance; E and F: Western blots for the 
effects of zinc acetate (100 μM) on ZO-1, Occludin, p-AKT and AKT expressions (E) and rifaximin (10 μM) on ZO-1, Occludin, p-p65 and p65 expressions (F) in the 
whole cell lysate of Caco-2 cells. Actin was used as internal control; G and H: Relative mRNA expression levels of MYLK in TNF-α-stimulated Caco-2 cells. The 
mRNA expression levels were measured by RT-qPCR, and GAPDH was used as internal control. Quantitative values are indicated as fold changes to the values of 
non-treatment group. Caco-2 were treated with each agent as following; (A, C, E and G) zinc acetate (Zn) and/or PI3K inhibitor, LY294002, (B, D, F and H) rifaximin 
(RFX) and/or human PXR inhibitor, SPA70. Data are mean ± SD (A-D; n = 6, G and H; n = 8), aP < 0.01 vs non-treated groups (A-D, G and H), bP < 0.01 vs EtOH (A 
and B) or LPS-treated groups (C and D), cP < 0.01 vs EtOH with Zn (100 μM) (A), EtOH with RFX (10 μM) (B), LPS with Zn (100 μM) (C) or LPS with RFX (10 μM) 
(D)-treated groups, dP < 0.01 vs TNF-α-treated group (H), eP < 0.01 vs TNF-α with RFX (10 μM)-treated group (H). LPS: Lipopolysaccharide; TEER: Transepithelial 
electrical resistance; EtOH: Ethanol; ZO-1: Zonula occludens.



Fujimoto Y et al. Zinc and rifaximin on ALD

WJG https://www.wjgnet.com 8337 December 28, 2021 Volume 27 Issue 48

The presence of alcohol and its metabolites, such as acetaldehyde, in the 
bloodstream is known to injure intestinal epithelial cells directly and indirectly[44]. 
Alcohol binge at high concentrations causes intestinal cellular damage, and chronic 
exposure to ethanol decreases the expressions of TJPs in between colon epithelial cells
[44]. In this context, recent clinical evidences have shown that acute alcohol binge 
drinking significantly increased serum endotoxin levels in healthy human volunteers 
and that serum endotoxin was elevated in patients with chronic alcohol consumption 
and ALD[45,46]. A previous study on rodents showed that exposure of ethanol and 
CCl4 reduced the diversity of gut microbiota which resulted in bacterial translocation
[47]. Similarly, our current model was observed to have remarkable increase in the 
hepatic Lbp expression, in accordance with decreased intestinal TJP expression and 
increased leakage of plasma FITC-dextran, which indicated augmentation of LPS 
exposure to the liver along with intestinal hyperpermeability. These features were 
supported by our results on the in vitro assay, which showed that the ethanol-stimulus 
profoundly weakened epithelial resistance and reduced TJP expressions in Caco-2 
cells, in agreement with previous reports.

Our therapeutic models showed that both zinc acetate and rifaximin reinforced the 
tight junctions in the intestine of ethanol plus CCl4-treated mice. We assumed the 
involvement of multifunctional pathways in these effects of both agents (Figure 7). 
First, both drugs suppressed the intestinal TNFα and MLCK expressions in mice. Chen 
et al[40] demonstrated that dysbiosis triggered by chronic alcohol administration 
induced TNFα production in the inflammatory cells of the intestinal lamina propria 
and that the TNFα/TNF receptor I axis potentially regulated tight junction disruption 
through activation of MLCK. Thus, the decrease of intestinal TNFα mediated by both 
agents participates in the improved intestinal barrier function. Moreover, Garg et al[48] 
documented that rifaximin attenuated TNFα-induced MLCK expression through PXR 
activation in human enterocytes. Accordingly, our in vitro assay in Caco-2 cells 
validated the inhibitory effect of rifaximin on TNFα-stimulated upregulation of MLCK 
through PXR activation. These results indicated that suppression of TNFα/MLCK 
pathway was partially associated with the reinforced tight junctions in the ethanol 
plus CCl4-treated mice. Second, both zinc acetate and rifaximin also improved the LPS-
stimulated intestinal barrier dysfunction. Zinc has been reported to enhance intestinal 
epithelial barrier function by directly affecting enterocytes through activation of 
PI3K/AKT/mTOR signaling[34]. He et al[49] demonstrated that the pharmacological 
activation of PI3K/AKT could inhibit the LPS-induced downregulation of TJP 
expressions in Caco-2 cells. Meanwhile, rifaximin-mediated PXR activation has been 
suggested to attenuate the LPS-stimulated barrier dysfunction in intestinal epithelial 
cells through the inhibition of TLR4/NF-kB p65 pathway as well as the abovemen-
tioned TNFα/MLCK pathway[50]. Consistently, our in vitro study found that zinc 
acetate or rifaximin suppressed the LPS-stimulated disruption of intestinal barrier 
function, which was mitigated by inhibition of PI3K or PXR, respectively in the Caco-2 
cells. These findings support that both agents protect the intestinal barrier breakdown 
triggered by LPS. Other than the above, a variety of molecular mechanisms have been 
supposed to be relevant to the zinc-mediated alteration of intestinal barrier 
permeability and TJP expression. Zinc-induced activation of different signaling 
pathways such as PKCd or MAPK/ERK has been reported to improve epithelial 
integrity[51,52]. Moreover, dietary zinc supplementation could promote the 
metabolism of acetaldehyde in the gut by enhancing ALDH1B1 activity[53]. To explore 
the possible involvement of these molecular mechanisms in the present model, further 
investigations are required.

In addition to intestinal barrier maintenance, several pharmacologic actions have 
been suggested to be associated with the antifibrotic properties of zinc. Szuster-
Ciesielska et al[54] demonstrated that zinc supplementation could silence ethanol- or 
acetaldehyde-mediated HSC activation by acting as an antioxidant and inhibitor of 
MAPK, TGFβ, and NF-kB transduction signaling. In our models, the increased hepatic 
zinc levels and hepatic MMP-9 activity after zinc acetate treatment implied that the 
antifibrotic effect was at least partially associated with a direct effect on the 
profibrogenic activity of HSCs. However, detailed consideration by analyzing the 
molecular mechanisms in HSCs isolated from the liver of the experimental groups 
would be needed.

When considering the results of this study, several important limitations should be 
acknowledged. First, although our study addressed the effects of zinc acetate and 
rifaximin on intestinal barrier integrity in the ethanol plus CCl4-treated mice, their 
effects on microbial profiles were not clarified. Several studies have indicated the 
impacts of both agents on the gut microbiota. Zhang et al[55] showed that zinc 
modified the cecal microbial community in broilers by making abundant in the 
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Figure 7 Graphic summary of the effect of zinc acetate and rifaximin on the alcoholic liver disease-related liver fibrosis. ALD: Alcoholic liver 
disease; TLR4: Toll-like receptor 4; MDA: Malondialdehyde; LPS: Lipopolysaccharide; HSC: Hepatic stellate cell; TNFα: Tumor necrosis factor α; MLCK: Myosin light 
chain kinase; NF-kB: Nuclear factor kB; PXR: Pregnane X receptor.

populations of total bacteria, including Lactobacillus, and reducing the populations of 
Salmonella. Foligné et al[56] suggested that zinc supplementation provided a 
significant increase in endogenous Clostridiaceae in mice. Meanwhile, in a mouse 
steatohepatitis model, Kitagawa et al[27] have recently demonstrated that rifaximin 
improved ethanol-induced liver injury with drastic modification of the small intestine 
microbiota; they elucidated that rifaximin decreased the relative abundance of 
Erysipelotrichales and increased Bacteroidales. Given these evidences, additional 
analyses are necessary to determine the interaction between microbial alterations by 
both agents and the therapeutic effects in our model. Second, this study elucidated the 
preventive effects of zinc acetate and rifaximin on the progression of ethanol plus CCl4

-induced liver fibrosis; however, the pharmacologic properties of fibrinolysis and liver 
regeneration in an established model of liver fibrosis remain obscure. Future studies 
should address whether both drugs could induce fibrinolysis and efficient liver 
regeneration in other models of cirrhosis.

CONCLUSION
Taken together, our results indicated that combination of zinc acetate and rifaximin 
exerted a preventive effect on the ALD-related liver fibrosis in a mouse model treated 
with ethanol plus CCl4. We believed that this antifibrotic effect is involved in the 
multifaceted regulatory functions that maintain intestinal barrier integrity and reduce 
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hepatic LPS exposure, thereby, leading to Kupffer cell expansion and HSC activation 
by inhibition of the TLR4 signaling pathway. We emphasize that both drugs are 
clinically available for patients with chronic liver diseases and that the abovemen-
tioned effects on alcohol-related liver fibrosis were achieved using the pharmacologic 
doses, without adverse effects, such as hypocupremia or renal dysfunction. Therefore, 
the results of this study demonstrated that this combination regimen could be 
beneficial as a form of chemoprevention against alcohol-related liver fibrosis.

ARTICLE HIGHLIGHTS
Research background
Liver fibrosis related to alcoholic liver disease (ALD) is one of the most critical health 
issues. Alcohol cessation is the therapeutic mainstay for patients with all stages of 
ALD, whereas pharmacological strategies for liver fibrosis have not been established. 
It has been recognized that the gut-derived endotoxin lipopolysaccharide (LPS), which 
is a key player of gut-liver axis, particularly exacerbates the inflammation and fibrosis 
via activation of toll-like receptor 4 (TLR4)/nuclear factor kB (NF-kB) signaling 
pathway in ALD. Thus, blockage of the transfer of LPS to the liver by maintaining gut 
barrier has gained attention for a therapeutic strategy to prevent ALD-related liver 
fibrosis.

Research motivation
Currently, zinc acetate and rifaximin are often used for the cirrhotic patients in the 
clinical practice. Several clinical and basic studies have demonstrated that both agents 
also could suppress the intestinal hyperpermeability. Although these evidences 
suggest that combination of zinc acetate and rifaximin should exert beneficial effects 
on the ALD-related liver fibrosis through inhibition of LPS/TLR4/NF-kB signaling, its 
effects on ALD-related liver fibrosis remain to be fully elucidated.

Research objectives
To determine the efficacy of dual therapy with zinc acetate and rifaximin for liver 
fibrosis and explore its underlying mechanisms with the linkage of gut barrier 
function in a mouse ALD model.

Research methods
Female C57BL/6J mice were fed a 2.5% ethanol-containing liquid diet and 
administered carbon tetrachloride (CCl4) twice weekly (1 mL/kg; ip) for 8 wk to 
induce ALD-related liver fibrosis, and zinc acetate (100 mg/L) and/or rifaximin (100 
mg/L) were orally administered during experimental period. Histological changes in 
hepatic steatosis, inflammation and fibrosis, oxidative markers, and LPS/TLR4/NF-kB 
signaling as well as intestinal permeability and tight junction proteins (TJPs) were 
evaluated. Additionally, in vitro assays were performed to investigate the direct effects 
of both agents on Caco-2 barrier function.

Research results
The ethanol plus CCl4-treated mice showed significantly increased transaminases, 
hepatic fat accumulation, lipid peroxidation (malondialdehyde), F4/80-positive 
Kupffer cell expansion and increased proinflammatory response, liver fibrosis 
development and HSC activation. The combination with zinc acetate and rifaximin 
attenuated these phenotypic changes with with blunted hepatic exposure of LPS and 
the TLR4/NF-kB signaling pathway. This combination therapy improved the atrophic 
changes and permeability in the ileum and restored the TJPs (ZO-1, Occludin, 
Claudin1 and Claudin4) with decreased levels of tumor necrosis factor α and myosin 
light chain kinase. Moreover, in vitro assay revealed that zinc acetate and rifaximin 
directly reinforced ethanol or LPS-stimulated paracellular permeability and 
upregulated TJPs in Caco-2 cells by modulating different pathways, i.e., induction of 
AKT phosphorylation by zinc acetate and pregnane X receptor activation by rifaximin.

Research conclusions
The combination of zinc acetate and rifaximin exerted a preventive effect on the ALD-
related liver fibrosis in a mouse ALD model by maintaining intestinal barrier integrity 
and reduce hepatic LPS exposure, thereby, leading to Kupffer cell expansion and HSC 
activation by inhibition of the TLR4 signaling pathway.
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Research perspectives
By indicating that zinc acetate and rifaximin inhibits ALD-related liver fibrosis 
development through the gut-liver axis, the results of this study demonstrated that 
this combination regimen could be beneficial as a form of chemoprevention against 
ALD-related liver fibrosis.
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