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Abstract. The gut microbiota, which may affect normal physi‑
ological and biochemical functions, has an important role in 
the development of human liver diseases. The aim of the 
present study was to investigate differences in the gut micro‑
biota between chronic alcoholic fatty liver disease (AFLD) 
and metabolic‑associated fatty liver disease (MAFLD). AFLD 
was induced by chronic alcohol administration and MAFLD 
was induced by a Western‑style diet in C57BL/6 mice. After 
8 weeks, the levels of plasma alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), triglyceride (TG), total 
cholesterol (TC), lipopolysaccharide (LPS), tumor necrosis 
factor (TNF)‑α, interleukin (IL)‑6, IL‑1β and IL‑10 were 
assessed and H&E staining of mouse liver tissue was 
performed. High‑throughput sequencing of 16S ribosomal 
DNA from the intestinal contents was used to analyze the 
different effects of AFLD and MAFLD on the gut microbiota. 
Differences in the gut microbiota composition were assessed 
by the t‑test. The results revealed increases in LPS, ALT, 
AST, TG, IL‑1β and TNF‑α in the AFLD group. Compared 
with those in the MAFLD control group, the MAFLD group 
exhibited increased plasma ALT, TG, TC, IL‑6, IL‑1β and 
TNF‑α levels and decreased plasma IL‑10 levels. In addition, 
the α‑ and β‑diversities revealed that the AFLD and MAFLD 
groups exhibited obvious changes in the gut structure (with 
an increase in abundance in the AFLD group and a decrease 
in abundance in the MAFLD group). In comparison to 
the AFLD control group, Enterococcaceae were the most 
abundant bacteria at the family level and Enterococcus and 
Streptococcus were the most abundant bacteria at the genus 
level in the AFLD group. However, in the MAFLD group, 

Lachnospiraceae was the most abundant at the family level, 
with increases in Erysipelatoclostridium, Gordonibacter and 
Streptococcus at the genus level and a decrease in the genus 
Bifidobacterium. In conclusion, the present study confirmed 
that the AFLD and MAFLD groups harbored differences in 
the gut microbiota. The marked differences in the gut micro‑
biota at the family and genus levels may contribute to the 
development process of FLD.

Introduction

Fatty liver disease (FLD), which is a major cause of chronic 
liver disease, is a leading cause of morbidity and mortality 
worldwide. Chronic alcoholic FLD (AFLD) and meta‑
bolic‑associated FLD (MAFLD) represent the major forms of 
FLD and may develop into alcoholic steatohepatitis and meta‑
bolic‑associated steatohepatitis (MASH), respectively (1,2). 
Most current estimates suggest that alcohol accounts for up to 
50% of liver cirrhosis‑associated deaths among the 2 million 
patients worldwide who die from liver disease per year, and 
the worldwide prevalence of MAFLD is ~25% of the general 
population (1,3). The pathogenesis of AFLD has remained to 
be fully elucidated. Current studies suggest that it is related 
to the toxic effects of alcohol and its metabolites in the liver, 
oxidative stress and the increased release of proinflammatory 
cytokines mediated by the immune response (4). MAFLD 
is a complex multifactorial disease that involves a variety of 
genetic, metabolic and environmental factors and is closely 
related to various conditions, including insulin resistance, 
metabolic syndrome, obesity and diabetes (5). Without effec‑
tive treatment methods, the prognosis and global burden of 
FLD are not optimistic. Thus, there is an urgent requirement to 
investigate the pathogenesis of and novel treatment strategies 
for FLD.

The gut microbiota is a complex microbial environment 
where dynamic mutualistic interactions related to digestion 
and the absorption of dietary components take place. The 
consumption of specific food ingredients may modulate the 
gut microbiota composition and produce bacterial metabolites 
with effects on host health (6). After birth, the immune system 
matures via interactions with microbes in the gut and the inter‑
action between the host and microbiota is considered to be 
fundamental for the development of the immune system (7,8). 
Observational findings during the past two decades suggest 
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that the gut microbiota may contribute to the metabolic health 
of the human host and, when aberrant, to the pathogenesis 
of various common metabolic disorders, including obesity, 
type 2 diabetes, nonalcoholic liver disease, cardiometabolic 
diseases and malnutrition (9). Recently, the important role of 
the gut microbiota and microbial products in the pathogen‑
esis of modulating liver diseases, such as alcohol‑associated 
liver disease, MAFLD, steatohepatitis and cholestatic liver 
diseases, has become evident (10). A decrease in the relative 
abundance of Akkermansia and increase in the relative abun‑
dance of Veillonella was observed in patients with alcoholic 
hepatitis with more severe disease, along with a reduction in 
the Shannon diversity index in antibiotic‑treated patients and 
patients receiving steroids, indicating that the gut microbiota 
may be an attractive target to prevent and treat alcoholic 
hepatitis (11). The treatment of mice with fecal microbiota 
transplant from alcohol‑resistant donor mice may prevent 
alcohol‑induced liver injury (12). A previous study suggested 
that microbiota dysbiosis is the first response of the organism 
to high‑density energy diets, followed by increased liver fat 
accumulation, microglia activation in the brain and circulating 
levels of inflammatory markers (13). It has been reported 
that the abundance of Lachnospiraceae in the fecal samples 
of patients with MAFLD is significantly higher than that in 
healthy subjects (14). Kim et al (15) also reported a high abun‑
dance of the Lachnospiraceae family in a group of patients 
with persistent MAFLD compared with their control group. 
Probiotics, which are defined as ‘live microorganisms, which, 
when administered in adequate amounts, confer a health 
benefit on the host’, have been reported to also benefit patients 
with MAFLD (16,17). Furthermore, probiotics were reported 
to improve liver enzymes in patients with alcohol‑induced 
liver injury by improving the gut microbiota (18). All of these 
studies have demonstrated that the gut microbiota has an 
important role in the development of FLD. However, to the 
best of our knowledge, there has been no research comparing 
the differences in the gut microbiota in AFLD and MAFLD 
by using simultaneous experiments.

In previous studies, extensive research was performed using 
animal models of FLD. Different models (Lieber‑DeCarli 
liquid diet, ethanol ad libitum feeding, the Tsukamoto‑French 
model and the model of chronic and binge ethanol feeding 
(the NIAAA model) employing rodents, which mainly include 
mice and rats, have been established to investigate the effects 
of acute and chronic alcohol exposure on the initiation and 
progression of AFLD (19). To elucidate the pathophysiology of 
MAFLD, a myriad of different rodent models (dietary, genetic, 
and chemical rodent models) has been developed and the 
method of building dietary models is considered to be relatively 
simple and convenient (20). To date, the C57 family of inbred 
mouse strains has been identified as having the highest innate 
ethanol consumption (21). Furthermore, mice of the strains 
NZW/LacJ, C57BL/10J, FVB/NJ and BALB/cByJ exhibited 
severe liver injury compared with mice of the WSB/EiJ, 
PWD/PHJ, C3H/HeJ and AKR/J strains in another study. 
These results indicated that the marked difference in sensi‑
tivity to alcohol was dependent on the mouse strain (19,22). 
Taking all of the above into consideration, C57BL/6 mice were 
selected for the present study to investigate differences between 
AFLD and MAFLD. In the present study, serological markers 

and the composition of the gut microbiota were assessed to 
evaluate the different effects of chronic alcohol feeding and 
a Western‑style diet on mice. Understanding the differences 
in gut microbiota dysbiosis at different levels between AFLD 
and MAFLD may aid to elucidate the different pathogenetic 
mechanisms of AFLD and MAFLD, and provide a basis for 
future research in this field.

Materials and methods

Animals. A total of 28 male C57BL/6 mice (age, 8 weeks; 
body weight, 20±2 g) were obtained from Changsheng 
Laboratory Animal Technology Co., Ltd. Mice were housed 
in specific‑pathogen‑free facilities (temperature 23±2˚C; 
humidity, 55±5%; 12‑h light/dark lighting regimen). Prior 
to the experiment, the animals were allowed to adapt to the 
environment for one week. For this study, all procedures 
were performed in strict accordance with the National 
Institutes of Health guidelines and were approved by the 
Animal Research Committee of China Medical University 
(Shenyang, China; no. 2019061).

Experimental design and induction of chronic AFLD and 
MAFLD. The experimental mice were randomly divided into 
four groups (n=7/group): The AFLD group, the AFLD control 
group, the MAFLD group and the MAFLD control group. 
To induce alcoholic fatty liver, the Lieber‑DeCarli liquid 
diet was used to induce the AFLD mouse model. The AFLD 
group was fed a modified Lieber‑DeCarli liquid diet (35% fat, 
18% protein and 11% carbohydrates, and the alcohol calorie 
intake was 36%; provided by Trophic Animal Feed High‑tech 
Co., Ltd.) for 8 weeks. The AFLD control group was fed a 
liquid diet containing 35% fat, 18% protein and 47% carbo‑
hydrates provided by Trophic Animal Feed High‑tech Co., 
Ltd. for 8 weeks. Each diet contains the same minerals and 
vitamins, and all liquid diets were prepared once a day for one 
day only.

To construct the MAFLD mouse model, animals were fed 
a Western‑style diet (34% fat, 17% protein and 49% carbo‑
hydrates, provided by Trophic Animal Feed High‑tech Co., 
Ltd.) and aseptic water for 8 weeks. The MAFLD control 
group was fed a standard control diet (10% fat, 17% protein 
and 73% carbohydrate, provided by Trophic Animal Feed 
High‑tech Co., Ltd.) and aseptic water for 8 weeks (Fig. 1).

Sample collection. On the 56th day, the mice were anesthe‑
tized by intraperitoneal injection of 1% pentobarbital sodium 
(40 mg/kg) and then sacrificed by cervical dislocation. The 
contents of the small intestine were collected and stored 
at ‑80˚C. Blood samples were harvested from the removed 
eyeballs and centrifuged to separate plasma (1,500 x g, 4˚C, 
10 min). The plasma was used for analysis of liver marker 
enzymes. Liver tissue was immediately fixed in 4% parafor‑
maldehyde and embedded in paraffin.

Biochemical analyses. The plasma lipopolysaccharide 
(LPS; cat. no. A054‑1‑1), alanine aminotransferase (ALT; 
cat. no. C009‑2‑1), aspartate aminotransferase (AST; 
cat. no. C010‑2‑1), triglyceride (TG; cat. no. A110‑1‑1) and total 
cholesterol (TC; cat. no. A111‑1‑1) levels were measured using 
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commercial kits (Nanjing Jiancheng Bioengineering Institute) 
according to the manufacturer's protocol. Interleukin (IL)‑6 
(cat. no. H007), IL‑1β (cat. no. H002), IL‑10 (cat. no. H009) 
and tumor necrosis factor (TNF)‑α (cat. no. H052) levels were 
measured by an ELISA kit (Nanjing Jiancheng Bioengineering 
Institute) as specified by the manufacturer.

Histopathology. The fixed liver tissues were embedded in 
paraffin, sliced into sections (4 µm thickness) and stained with 
hematoxylin and eosin (H&E). H&E‑stained liver sections 
were examined under an Olympus microscope. An Olympus 
digital camera controlled by Olympus Standard software 
(Olympus Corporation) were used to capture images at original 
magnifications of x200.

High‑throughput 16S ribosomal (r)RNA amplicon 
sequencing. The 16S rDNA high‑throughput sequencing was 
performed by Novogene using the Ion S5™ XL platform 
(Ion S5™ XL Ion 530 Chip; Thermo Fisher Scientific, Inc.). 
Total genomic DNA from samples was extracted using the 
cetyltrimethylammonium bromide/SDS method (23,24). The 
DNA concentration and purity were monitored on 1% agarose 
gels using a standard sample, and according to the known 
concentration of the standard, DNA was diluted to ~1 ng/µl 
using sterile water. Regions of the 16S rRNA genes (16SV3‑V4) 
were amplified using specific primers (515F‑806R) with 
barcodes. All PCRs were performed in 30‑µl reaction volumes 
with 15 µl of Phusion® High‑Fidelity PCR Master Mix (New 
England Biolabs), 0.2 µM of forward and reverse primers and 
10 ng of template DNA. Thermocycling consisted of initial 
denaturation at 98˚C for 1 min, followed by 30 cycles of dena‑
turation at 98˚C for 10 sec, annealing at 50˚C for 30 sec and 
elongation at 72˚C for 30 sec, with a final extension at 72˚C 
for 5 min. The same volume of 1X loading buffer (containing 
SYBR green) was mixed with the PCR products and electro‑
phoresis was performed on 2% agarose gel for detection. PCR 
products were mixed in equidensity ratios and PCR product 
mixtures were purified with a GeneJET™ Gel Extraction kit 
(Thermo Fisher Scientific, Inc.). Sequencing libraries were 
generated using the Ion Plus Fragment Library Kit 48 rxns 
(Thermo Fisher Scientific, Inc.) following the manufacturer's 

recommendations. The library quality was assessed on a 
Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific, Inc.). 
Finally, the library was sequenced on an IonS5™ XL platform 
and 400/600‑bp single‑end reads were generated. Single‑end 
reads were assigned to samples based on their unique barcode 
and truncated by cutting off the barcode and primer sequence. 
Quality filtering on the raw reads was performed under 
specific filtering conditions to obtain high‑quality clean reads 
according to the Cutadapt (v1.9.1; http://cutadapt.readthedocs.
io/en/stable/) quality control process. The reads were compared 
with the reference database (Silva database) (25) using the 
UCHIME algorithm (26) to detect chimera sequences and 
the chimera sequences were removed (27). Finally, the clean 
reads were obtained. Sequence analysis was performed 
using Uparse software (Uparse v7.0.1001) (28). Sequences 
with ≥97% similarity were assigned to the same operational 
taxonomic units (OTUs). Representative sequences for each 
OTU were screened for further annotation. For each repre‑
sentative sequence, the Silva database (25) was used based 
on the Mothur algorithm to annotate taxonomic information. 
To study the phylogenetic relationships of different OTUs and 
the differences of the dominant species in different samples 
(groups), multiple sequence alignment was performed using 
MUSCLE software (version 3.8.31) (29). OTU abundance 
information was normalized using a standard of a sequence 
number corresponding to the sample with the least sequences. 
Subsequent analyses of α‑diversity and β‑diversity were 
performed based on the normalized output data.

16S rDNA gene analysis. A species accumulation boxplot 
was used to evaluate whether the sample size was sufficient. 
A Venn diagram was used to display the similarity and 
overlap of OTUs in multiple groups. The α‑diversity indices 
(Chao1, observed_species) were calculated by using QIIME 
version 1.7.0 (http://qiime.org/scripts/split_libraries_fastq.
html). β‑diversity, which represents a comparison of the 
microbial community composition and provides a measure of 
differences between microbial communities, was visualized by 
nonmetric multidimensional scaling (NMDS), principal coor‑
dinates analysis (PCoA) and unweighted pair‑group method 
with arithmetic mean (UPGMA). The relative abundances 

Figure 1. Flow chart of the experiment (n=7 mice/group). AFLD, alcoholic fatty liver disease; MAFLD, metabolic‑associated fatty liver disease.
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of species with the top 10 abundances in each group at the 
phylum level are displayed in a histogram. The relative abun‑
dance levels of the species with the top 35 abundances in 
each group at the family and genus level were displayed in a 
heatmap. To identify the species with a significantly different 
abundance in the gut microbiota between groups, Student's 
t‑test was used (P<0.05).

Statistical analysis. All statistical analyses were performed 
using SPSS version 25.0 (IBM Corp.). Graphs were generated 
using Prism 8.0 (GraphPad Software, Inc.). Differences in LPS, 
ALT, AST, TG, TC and inflammatory cytokines were evalu‑
ated by one‑way ANOVA followed by Tukey's post‑hoc test 
and a significant difference was considered when P<0.05. For 
the 16S rDNA gene sequencing data of the gut microbiota, the 
analysis was performed using R software (version 2.15.3). The 
analysis of similarities (ANOSIM) test was used to analyze 
the difference of β‑diversity. The species of gut microbiota 
with significant difference was identified by Student's t‑test. 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Effects of AFLD and MAFLD on LPS, ALT, AST, TG and TC 
levels in plasma. To investigate the effects of chronic alcohol 
feeding and a Western‑style diet on the plasma parameters in 
the liver, the plasma LPS, ALT, AST, TG and TC levels were 
measured. In comparison with the respective control group, 
the contents of LPS in the plasma were significantly increased 
in the AFLD group (P<0.01) but were not obviously changed 
in the MAFLD group (P>0.05). A 153% increase in the LPS 
content in plasma was observed in the AFLD group (Fig. 2).

Plasma ALT and AST levels are usually used to evaluate 
liver injury. In the present study, the plasma ALT and AST 
levels were significantly increased in the AFLD group and only 
ALT levels were significantly increased in the MAFLD group, 
in comparison with the respective control group (P<0.05). 
Furthermore, both the AFLD and MAFLD groups exhibited 
higher levels of TG than their control groups (P<0.05), but 
the level of TC increased in the MAFLD group only (Fig. 2). 
These results suggested that chronic alcohol feeding and a 
Western‑style diet may lead to hypercholesterolemia in mice.

Effects of AFLD and MAFLD on liver inflammatory cytokines 
and pathology. A previous study indicated that steatosis and 
inflammation develop as a result of excessive proinflammatory 
factors in MASH (30). Thus, the cytokines in mouse plasma 
were measured (Fig. 3). The plasma levels of TNF‑α and 
IL‑1β were significantly increased in mice following chronic 
alcohol feeding, while the change in IL‑6 and IL‑10 level was 
not significant. However, the MAFLD group had significantly 
increased plasma IL‑6, IL‑1β and TNF‑α levels and decreased 
plasma IL‑10 compared with the control.

Histopathological analysis was performed to assess 
morphological changes (Fig. 4). The pathological 
morphology of liver sections from the AFLD and MAFLD 
groups displayed hemorrhagic lesions and an irregular cell 
arrangement in hepatic parenchyma compared to the control 
groups. In addition, excessive infiltration of inflammatory 

cells in liver tissue and lipid vacuoles were observed in 
hepatocytes from the MAFLD group and Mallory bodies in 
hepatocytes from the AFLD group compared to those from 
the control groups.

Differences in microbial richness and diversity between the 
FLD and control groups. The species accumulation boxplots 
reached stable values, indicating that the sequencing covered 
most phylotypes (Fig. 5). Microbial richness and evenness are 
presented in Fig. 6. The results suggested that 458 of all OTUs 
accounting for total richness were universal to all samples 
of the AFLD and AFLD control group, which revealed 
overlapping data of the 2 groups in a Venn diagram, and 
390 OTUs of the AFLD group were distinct from those of the 
AFLD control group (Fig. 6A). The α‑diversity of the AFLD 
group was altered compared with that of the control group and 
the Chao1 and observed_species index were increased in the 
AFLD group. In conclusion, the microbial richness and even‑
ness were increased in the AFLD group compared with those 
in the AFLD control group (Fig. 6C and D).

A total of 254 OTUs of the MAFLD group were distinct 
from those of the MAFLD control group, demonstrating 
marked differences in the MAFLD group (Fig. 6B). Regarding 
α‑diversity, the Chao1 and observed_species index in the 
MAFLD group was decreased compared with that in the 
MAFLD control group (Fig. 6E and F). In general, the micro‑
biota richness was decreased in the MAFLD group compared 
with that in the MAFLD control group.

Differences in microbial community structure between the 
FLD and FLD control groups. Data on the β‑diversity are 
presented in Fig. 7. The NMDS, PCoA and hierarchical clus‑
tering analysis by UPGMA of weighted UniFrac distances 
indicated obvious clustering between the AFLD group and the 
AFLD control group (NMDS, stress <0.2; Fig. 7A, B and E). 
The results indicated that the gut microbiota community 
of the AFLD group was significantly different from that of 
the control group, indicating that chronic alcohol feeding 
influenced the gut microbiota. The ANOSIM test, which was 
used to determine whether the difference between groups 
was significantly higher compared with that within groups 
suggested that the observed cluster patterns were significant 
(R=0.4295, P=0.002), indicating that the difference between 
groups was greater than that within groups (R>0 indicates 
that the difference between groups is greater than that 
within groups).

Results of the analysis of the microbial community struc‑
ture between the MAFLD and MAFLD control groups by 
weighted UniFrac distances NMDS, PCoA and hierarchical 
clustering analysis by UPGMA are provided in Fig. 7C, D 
and F, respectively. The NMDS (stress <0.2), PCoA and hier‑
archical clustering analysis displayed the clusters of the two 
groups and suggested that the MAFLD group had an altered 
gut microbiota structure. The ANOSIM test indicated that the 
difference between groups was greater than that within groups 
(R=0.4441, P=0.001).

Shifts in gut microbiota induced by FLD. In the AFLD group, 
the species with the highest abundances at the phylum level were 
Firmicutes, Actinobacteria, Proteobacteria and Bacteroidetes 
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Figure 2. Impact of the Lieber‑DeCarli liquid diet (AFLD group) and Western‑style diet (MAFLD group) on liver function. Plasma levels of liver function 
serological markers, including LPS, ALT, AST, TG and TC. The Lieber‑DeCarli liquid diet (AFLD group) significantly increased the levels of LPS, ALT, 
AST and TG in plasma and the Western‑style diet (MAFLD group) significantly increased the levels of ALT, TG, and TC in the plasma of mice. Values are 
expressed as the mean ± standard deviation (n=5). *P<0.05. NS, no significant difference; AFLD, alcoholic fatty liver disease; MAFLD, metabolic‑associated 
fatty liver disease; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TG, triglyceride; TC, total cholesterol; LPS, lipopolysaccharide.

Figure 3. Impact of the Lieber‑DeCarli liquid diet (AFLD group) and Western‑style diet (MAFLD group) on plasma inflammatory cytokines. Plasma inflam‑
matory cytokine levels of IL‑6, IL‑1β, TNF‑α and IL‑10. The Lieber‑DeCarli liquid diet (AFLD group) significantly increased the levels of IL‑1β and TNF‑α 
in plasma, while the Western‑style diet (MAFLD group) led to an increase in IL‑6, IL‑1β and TNF‑α and a decrease in IL‑10 in the plasma of mice. Values are 
expressed as the mean ± standard deviation (n=5). *P<0.05. NS, no significant difference; AFLD, alcoholic fatty liver disease; MAFLD, metabolic‑associated 
fatty liver disease; IL, interleukin; TNF, tumor necrosis factor.
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(Fig. 8A). However, no significant difference was observed at 
the phylum level between the AFLD and AFLD control groups. 
In the MAFLD group, the species with the highest abun‑
dances at the phylum level were Firmicutes, Actinobacteria, 
Proteobacteria and Verrucomicrobia (Fig. 8B).

To compare the gut microbiota between the two groups with 
significant differences, a t‑test was performed (Fig. 9A and B). 
Comparison between the AFLD and AFLD control groups 
at the family level indicated that the main bacterium in the 
AFLD group was Enterococcaceae (P=0.027). At the genus 
level, the main bacteria in the AFLD group were Enterococcus 
(P=0.027) and Streptococcus (P=0.021). However, no gut 
microbiota were significantly different in the AFLD control 
group compared with those in the AFLD group at the phylum 
level.

Comparisons of the gut microbiota between the MAFLD 
and the MAFLD control group are provided in Fig. 9C‑E. 
A significant increase in the proportion of Firmicutes 
(P=0.01) and a decrease in the proportion of Actinobacteria 
(P=0.006) in the MAFLD group were identified at the 
phylum level. At the family level, the MAFLD group mainly 
consisted of Lachnospiraceae (P=0.005) and the MAFLD 
control group mainly consisted of Bifidobacteriaceae 
(P=0.019), Lactobacillaceae (P=0.033) and Atopobiaceae 
(P=0.029). At the genus level, the MAFLD group included 
Gordonibacter (P=0.046), Erysipelatoclostridium (P=0.011) 
and Streptococcus (P=0.004), and the main bacteria in the 
MAFLD control group were Bifidobacterium (P=0.019) and 
Lactobacillus (P=0.033).

Discussion

The present study indicated that AFLD and MAFLD caused 
changes, including increases in the plasma LPS, ALT, AST, 
TG, IL‑1β and TNF‑α in the AFLD group and increases 
in the plasma ALT, TG, TC, IL‑6, IL‑1β and TNF‑α and a 
decrease in the plasma IL‑10 in the MAFLD group. In addi‑
tion, macroscopic evaluation of the severity of liver disease 
indicated that compared with mice in the control groups, the 
mice in the chronic alcohol‑induced AFLD group and the 
Western‑style diet‑induced MAFLD group exhibited obvious 
characteristics of fatty liver. Finally, different compositions 
of the gut microbiota in the AFLD and MAFLD groups 
were observed. The results indicated that in comparison to 
the AFLD control group, Enterococcaceae were the most 
abundant bacteria at the family level and Enterococcus 
and Streptococcus were the most abundant bacteria at the 
genus level in the AFLD group. In the MAFLD group, 
Lachnospiraceae was the most abundant at the family level, 
with increases in Erysipelatoclostridium, Gordonibacter 
and Streptococcus at the genus level and a decrease in the 
genus Bifidobacterium.

Figure 4. Pathological changes in the liver in mice. Representative histopathological images of H&E‑stained hepatic tissues from mice fed a Lieber‑DeCarli 
liquid diet (AFLD group) and Western‑style diet (MAFLD group). H&E staining revealed an increase in infiltration of inflammatory cells and lipid vacuoles 
(indicated by an arrow in the MAFLD group) in liver tissue from the MAFLD group and Mallory bodies (indicated by an arrow in the AFLD group) in 
hepatocytes from the AFLD group compared to those from the control groups. AFLD, alcoholic fatty liver disease; MAFLD, metabolic‑associated fatty liver 
disease. Scale bars, 50 µm.

Figure 5. Species accumulation boxplot. The species accumulation boxplots 
reached stable values, indicating that the sequencing covered most phylo‑
types. The values are expressed as operational taxonomic units.
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It was previously indicated that the concentration of LPS 
is associated with chronic liver inflammation (31). In the 
present study, a significant increase in the LPS level in the 
plasma of the AFLD group was observed. Therefore, LPS may 
have an important role in the chronic inflammation of AFLD. 
The results also revealed that the plasma liver functional 
markers were significantly higher in the AFLD (ALT and 
AST) and MAFLD (ALT) groups, consistent with previous 
studies (32,33).

Inflammatory cytokines have been reported to be important 
contributing factors to liver diseases (34). In certain patients, 
FLD may develop into a stage of steatohepatitis (1,2). Therefore, 
steatohepatitis is an important characteristic of FLD. IL‑6 is 

a proinflammatory cytokine that contributes to the progres‑
sion of chronic inflammatory proliferative diseases (35). 
Jorge et al (36) reported that individuals with higher morpho‑
logical severity of MAFLD exhibited higher IL‑6 and TNF‑α 
expression. Elevated plasma IL‑6 was also associated with 
increased severity and mortality in patients with alcoholic 
hepatitis (37). It has been reported that IL‑6 pathways may 
be selectively inhibited and therapeutically exploited for the 
treatment of liver pathologies (38). Bird et al (39) revealed that 
the elevations of TNF‑α in patients with alcoholic hepatitis 
were most marked in severe cases, suggesting that TNF has 
a role in the pathogenesis of this condition. IL‑1β, which is a 
member of the IL‑1 family, has also been indicated to mediate 

Figure 6. Bacterial species richness in the two groups. The Lieber‑DeCarli liquid diet (AFLD group) led to an increase, while the Western‑style diet (MAFLD 
group) led to a decrease in bacterial species richness. (A) A Venn diagram was used to indicate the similarity and overlap of OTU between the AFLD and 
control groups: The number of OTUs in common between the AFLD group and AFLD control group was 458 and the number of unique OTUs of the AFLD 
group was 390, compared with 36 in the AFLD control group. (B) Venn diagram for the MAFLD and control groups: The number of OTUs in common 
between the MAFLD group and MAFLD control group was 276, and the number of unique OTUs of the MAFLD group was 254 compared with 358 in 
the MAFLD control group. (C) The α‑diversity index Chao1 and (D) observed_species: A measure of species richness and evenness from chronic alcohol 
feeding‑induced AFLD and the control group. The AFLD group had a higher bacterial diversity than the control group, suggesting that AFLD increased the 
bacterial species richness. (E and F) In the MAFLD group, (E) Chao1 and (F) observed_species were lower than those of the control group, suggesting that 
the bacterial species richness and evenness were lower in the MAFLD group. Taking all of the above together, the bacterial species richness was increased in 
the AFLD group and decreased in the MAFLD group as compared with that in their respective control groups. AFLD, alcoholic fatty liver disease; MAFLD, 
metabolic‑associated fatty liver disease; OTU, operational taxonomic units.
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Figure 7. Altered structure of the gut microbiota by the Lieber‑DeCarli liquid diet (AFLD group) and Western‑style diet (MAFLD group). (A) The β‑diversity 
analysis plot was generated by NMDS for the AFLD and control groups. (B) Plots presented were generated by PCoA for the AFLD and control groups. 
(C) Plots presented were generated by NMDS for the MAFLD and control groups. (D) Plots were generated by PCoA for the MAFLD and control groups. 
(E and F) Hierarchical clustering analysis based on weighted UniFrac distances for (E) the AFLD group and AFLD control group and (F) MAFLD group 
and MAFLD control group. On the left, the unweighted pair‑group method with arithmetic mean cluster tree structure between groups is provided and on the 
right, the relative abundance distribution map of species at the phylum level is displayed for each sample. The number of branches represents the phylogenetic 
distance, with shorter branches indicating a closer evolutionary relationship. In the NMDS analysis in A and C, when the stress is <0.2, the NMDS may 
accurately reflect the difference between samples. In the PCoA analysis in B and D, the abscissa represents the first principal component and the percentage 
represents the contribution value of the first principal component to the sample difference; the ordinate represents the second principal component and the 
percentage represents the contribution value of the second principal component to the sample difference; each point in the graph represents a sample and the 
samples of the same group are represented by the same color. AFLD, alcoholic fatty liver disease; MAFLD, metabolic‑associated fatty liver disease; NMDS, 
nonmetric multidimensional scaling; PCoA, principal coordinates analysis.
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Figure 8. Relative abundances of species at different levels for each group. (A) Relative abundances of species with the highest 10 abundances at the phylum 
level in the AFLD and control groups. (B) Relative abundances of species with the highest 10 abundances at the phylum level in the MAFLD and control groups. 
(C and D) Community heatmap according to the species records and abundance information of all groups at (C) the family level and (D) the genus level. Using 
the maximum ranking method, the groups with the top 35 abundances (the average abundance of all samples in the group) were selected and clustered from the 
species level according to their abundance information in each group. AFLD, alcoholic fatty liver disease; MAFLD, metabolic‑associated fatty liver disease.
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Figure 9. Discrepancy of the gut microbiota composition between groups. (A and B) Species with significant differences between the AFLD and control groups 
were analyzed at (A) the family level and (B) the genus level. (C‑E) Species with significant differences between the MAFLD and control groups at (C) the 
phylum level, (D) the family level and (E) at the genus level. A significant discrepancy was defined as P<0.05 according to the t‑test. In the panel on the left, 
the abundance of different species is compared between groups and each bar represents the average value of species with significant differences in abundance 
between groups. The figure on the right indicates the confidence of the difference between groups. The leftmost end of the line connecting each circle represents 
the lower limit of the 95% confidence interval of the mean difference and the rightmost end of the line connecting each circle represents the upper limit of the 
95% confidence interval of the mean difference. The center of the circle represents the difference of the mean. The rightmost end of the display result is the inter‑
group significance test P‑value corresponding to the different species. AFLD, alcoholic fatty liver disease; MAFLD, metabolic‑associated fatty liver disease.
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different aspects in both AFLD and MAFLD (40). In addition, 
growing evidence indicated that increased production of IL‑10 
may help protect against AFLD and MAFLD by counteracting 
the effects of proinflammatory factors (41,42). Consistent with 
these studies, the present results also indicated increased levels 
of IL‑1β and TNF‑α in the AFLD group and increased levels of 
IL‑6, IL‑1β and TNF‑α, as well as a decreased levels of IL‑10, 
in the MAFLD group. However, the plasma levels of IL‑6 
and IL‑10 were not significantly different in the AFLD group 
compared with those in the AFLD control group, which may 
be due to the different animals and induction methods used. 
Finally, the effects in the AFLD and MAFLD groups were 
further confirmed by conventional histological assessment of 
the animals' livers.

In the present study, it was observed that the gut micro‑
bial composition of mice with AFLD was obviously changed 
compared with that of the control group, which may be clini‑
cally significant. The results indicated increased α‑diversity 
(microbial richness and evenness) in the AFLD group. The 
increase in the α‑diversity index indicated that chronic alcohol 
feeding led to gut disorders, which increased the diversity of 
microbiota in the gut and increased the number of pathogens, 
as demonstrated by t‑test analysis. In addition, the β‑diversity 
suggested a comparatively heterogeneous community between 
the MAFLD mice and control mice. The ANOSIM test 
suggested that the composition of the gut microbiota between 
the two groups was significantly different compared with the 
respective control group.

The increased abundance levels of the family 
Enterococcaceae and genera Enterococcus and Streptococcus 
were the characteristic changes in the gut microbiota in 
the AFLD group. The increase in Enterococcaceae fit 
well with the results of a previous study, which suggested 
that Enterococcaceae was a predominant contributor 
to the development and progression of primary liver 

cancer (43). Zhang et al (44) also indicated higher levels 
of Enterobacteriaceae in cirrhotic rats than in healthy rats. 
Consistent with the present results, Duan et al (45) reported an 
increase in the bacterium Enterococcus in the alcoholic hepa‑
titis group compared with that in a healthy control group. In a 
recent study, it was suggested that Enterococcus gallinarum 
has the ability to trigger autoimmune responses by trans‑
locating to the liver and other systemic tissues (46). In 
addition, bacteriophages, which are able to eliminate 
Enterococcus faecalis, have been reported to be capable of 
preventing AFLD (47). The results of shifts in Enterococcus 
are in agreement with the study of Llorente et al (48), who 
reported that gastric acid suppression may promote alco‑
holic liver disease by inducing overgrowth of intestinal 
Enterococcus, further confirming the pathogenic role of 
Enterococcus in AFLD. Furthermore, Nakayama et al (49) 
revealed that alcohol consumption promoted the intestinal 
translocation of Streptococcus suis infections. The level 
of Streptococcus was significantly increased in the present 
study, in line with the findings of Posteraro et al (50). In 
conclusion, the results suggested that chronic alcohol feeding 
may change the gut microbiota of mice through the produc‑
tion of harmful bacteria (Enterobacteriaceae, Streptococcus 
and Enterococcus).

Changes in the gut microbiota community have been 
reported in MAFLD models (51). The present study determined 
that the MAFLD group displayed a lower overall α‑diversity. 
Furthermore, based on the OTU information, the t‑test was 
used to assess the different gut microbiota compositions at 
different levels. At the phylum level, there was a predomi‑
nance of Firmicutes in the MAFLD group, which was in 
agreement with the results of previous studies, demonstrating 
that Firmicutes are the main phyla in MAFLD (52). However, 
these results differed from those of another study on patients 
with MASH, which indicated a decrease of Firmicutes in the 

Figure 10. Schematic representation of the proposed process of microbial translocation during FLD. After the onset of gut dysbiosis, inflammatory cells of 
the intestinal wall are activated and produce inflammatory cytokines to increase intestinal permeability. The gut microbiota and their products may cross the 
mucosal barrier to reach the liver through the portal circulation. Gut microbiota and their products cause hepatic inflammation and liver disease. AFLD, alco‑
holic fatty liver disease; MAFLD, metabolic‑associated fatty liver disease; TG, triglyceride; TC, total cholesterol; LPS, lipopolysaccharide; IL, interleukin; 
TNF, tumor necrosis factor.
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MASH group (53). The reason for this phenomenon remains 
elusive, but several factors (mainly animal and diet) may be 
implicated. Certain characteristic changes in bacteria, such as 
higher proportions of the family Lachnospiraceae and lower 
proportions of the family Lactobacillaceae, have been detected 
in patients with MAFLD (54). The level of Lachnospiraceae 
has also been indicated to be significantly increased in 
patients with MASH compared with that in controls (55). 
Similar to the current observations, the abundance of oppor‑
tunistic bacteria (genus Erysipelatoclostridium) has been 
reported to be decreased in mice treated with antiaging 
agents (56). Smith‑Brown et al (57) further demonstrated that 
Erysipelatoclostridium was also associated with dairy‑based 
food intake in 2‑ to 3‑year‑old Australian children. In addition, 
the levels of Gordonibacter have been reported to be increased 
in Chinese patients with multiple system atrophy compared 
with controls (58). As members of Firmicutes, the genus 
Streptococcus, which was significantly higher in patients with 
MAFLD in comparison with individuals without the disease, 
has been identified as a possible marker (59). In another study, 
high‑density energy diets have also been reported to induce 
microbiota dysbiosis within a week of introducing the diet 
and induce marked hepatic lipidosis after 4 weeks (13). In 
the MAFLD control group, the different dysbiosis of gut 
microbiota indicated that a high carbohydrate diet may also 
influence the composition of gut microbiota in a different way, 
which was similar to a previous study (60). These prior studies, 
along with the present results, suggest that specific aberrations 
in the normal gut microbiota may be associated with the 
development of MAFLD.

Healthy gut levels of Bifidobacterium are well known 
to modulate the immune response and protect the intestinal 
barrier (61). On the one hand, Bifidobacterium may produce 
short‑chain fatty acids, which are energy sources for intes‑
tinal epithelial cells and are also crucial for gut immune 
homeostasis (62). On the other hand, Bifidobacterium may 
ameliorate MAFLD through Gpr109a, which is a short chain 
fatty acid receptor recognized and activated by butyric acid in 
adipocytes, hepatocytes and colon cells, and the commensal 
metabolite butyrate (63,64). The results of the present 
study were consistent with those of the above‑mentioned 
previous reports, indicating that a Western‑style diet‑induced 
MAFLD in mice affect the composition of gut microbiota by 
increasing harmful bacteria (family Lachnospiraceae; genus 
Gordonibacter, Erysipelatoclostridium and Streptococcus) 
and decreasing beneficial bacteria (Bifidobacterium).

Accumulating evidence has indicated that the gut 
microbiota was associated with disease severity‑activated 
inflammatory cells in adults with MAFLD (65). In patients 
with primary liver cancer, Streptococcus has been reported to 
be positively correlated with the level of AST (P<0.05) and 
Bifidobacterium was negatively correlated with the levels 
of ALT and AST (P<0.05) (43). Oo et al (66) reported that 
the probiotic FK‑23 (heat‑treated Enterococcus faecalis 
strain FK‑23), which was given at 2,700 mg per day via the 
oral route, was able to reduce the levels of plasma ALT and 
AST in hepatitis C virus‑positive patients. In another study, 
the results indicated that deficiencies of IL‑10, IL‑10Rα 
and IL‑10Rβ may result in dysbiosis of the caecal micro‑
biota in mice, characterized by expanded populations of 

opportunistic bacteria of the families Enterococcaceae and 
Enterobacteriaceae (67). In patients with immune deficiency 
syndrome, the amount of Enterococcus faecalis was positively 
correlated with the contents of TNF‑α and IL‑6 and the CD4+ 
T‑lymphocyte count (68). In patients with liver cirrhosis, the 
level of Enterococcus has also been indicated to be positively 
correlated with AST levels (P<0.05) and Bifidobacterium was 
negatively correlated with AST (P<0.05) (69). Furthermore, 
the metabolites of Bifidobacterium infantis have been reported 
to protect immature human enterocytes from IL‑1β‑induced 
inflammation (70). All of these reports are consistent with 
the present results indicating that inflammatory cells of the 
intestine wall are activated and produce inflammatory cyto‑
kines to increase intestinal permeability. The gut microbiota 
and their products may cross the mucosal barrier to reach 
the liver through the portal circulation resulting in hepatic 
inflammation (Fig. 10).

However, there is a limitation to the present study that 
requires to be addressed. Only samples from C57BL/6 mice 
were assessed in the present study. Therefore, human stool 
samples from patients with MAFLD/AFLD could be exam‑
ined in the future. Although the present study does not provide 
evidence of a direct causal relationship between these bacteria 
and FLD, the present results provide preliminary insight 
into changes in the gut microbiota in AFLD and MAFLD 
compared with the respective control group. In the future, the 
development of techniques such as metabolomics and metage‑
nomics may reveal the function of the gut microbiota and will 
improve the understanding of the structure and function of the 
gut microbiota.

In conclusion, the present study reported a chronic 
inflammatory response and gut microbiota dysbiosis in the 
AFLD and MAFLD mouse models. Both the AFLD and 
MAFLD groups had increased levels of ALT, TG, IL‑1β and 
TNF‑α. However, LPS, AST increased significantly in the 
AFLD group only, TC, IL‑6 increased in the MAFLD group 
only and IL‑10 decreased significantly in the MAFLD group 
only. Furthermore, the AFLD group presented with increased 
richness of the gut microbiota, while the MAFLD group 
exhibited decreased richness. The characteristic changes 
in the gut microbiota of the AFLD group were increased 
Enterobacteriaceae, Streptococcus and Enterococcus. The 
changes in the gut microbiota in the MAFLD group included 
increases in Lachnospiraceae, Erysipelatoclostridium, 
Gordonibacter and Streptococcus and a decrease in 
Bifidobacterium. Although the direct association of the gut 
microbiota with FLD remains elusive, the present study may 
provide an experimental basis for future studies on the inter‑
action between the microbiota and FLD. Further studies are 
necessary to explore the role of specific gut microbiota in the 
development of FLD.
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