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Characteristics of gut microbiota
in patients with metabolic
associated fatty liver disease

ChaoYang'#, Jianguo Xu?*, Xiaomin Xu3, Wen Xu?, Bangzhuo Tong?, Shulin Wang?3, Rujie Ji3,
Yan Tan3*! & Ying Zhu!*

Metabolic associated fatty liver disease (MAFLD) is rising in incidence and is an increasingly common
cause of cirrhosis and hepatocellular carcinoma (HCC). Alterations in the gut microbiota have been
shown to correlate with the development and progression of MAFLD. However, little is known
regarding differences in the gut microbiomes of MAFLD patients and healthy cohorts, and subgroups
at the abnormal activity of hepatic enzymes in China. In this study, we enrolled 81 MAFLD patients
and 25 healthy volunteers. The fecal microbiota was assessed using 16S rRNA gene sequencing

and metagenomic sequencing. The results suggested that Ruminococcus obeum and Alistipes were
most enriched in healthy individuals when compared with MAFLD patients. Microbe-set Enrichment
Analysis (MSEA) results showed Dorea, Lactobacillus and Megasphaera are enriched in MAFLD
group. We also found that Alistipes has negatively related to serum glucose (GLU), gamma-glutamyl
transferase (GGT), and alanine aminotransferase (ALT). Moreover, the abundance of Dorea was found
to be significantly overrepresented in the MAFLD patients and the degree of enrichment increased
with the increasing abnormal liver enzyme. An increase in Dorea, combined with decreases in Alistipes
appears to be characteristic of MAFLD patients. Further study of microbiota may provide a novel
insight into the pathogenesis of MAFLD as well as a novel treatment strategy.

Metabolic associated fatty liver disease (MAFLD, previously known as Nonalcohol fatty liver disease, NAFLD) is
classified as a wide spectrum of liver diseases, ranging from hepatic steatosis and steatohepatitis to fibrosis and
cirrhosis’?. The disease is characterized by fat accumulation in hepatocytes exceeding 5% of the liver’s weight in
the absence of excessive alcohol consumption and other stimulating factors, such as drugs and virus’. MAFLD
has a high general prevalence of 22-29% among adults worldwide, greater than 75% of whom are overweight
and obese*. Despite the recent refinement of the diagnostics and management of MAFLD, including liver biopsy,
clinical indicators, and therapeutic intervention, the patients still endure a long and challenging illness course,
such as long-suffering relapse, immunological rejection, and metabolic syndrome®.

The pathological mechanism concerning the onset and progression of MAFLD is complicated and has not
been fully elucidated. Widely accepted the key risk factors include genetic and epigenetic factors, dietary deter-
minants, insulin resistance, hepatocellular lipotoxicity, pro-inflammatory factors, and gut microbiome®. Approxi-
mately 10/ microbial cells reside within the gut microbiota, making it a virtual metabolic and endocrine organ’.
The intestinal microbiota plays a key role in metabolic diseases, such as obesity, fatty liver, and diabetes®®. The
liver of patients with MAFLD are frequently affected by the adverse effects from the altered gut microbiome
through the gut-liver axis'®. Through the portal vein, pro-inflammatory and other factors derived from intestinal
microbiota and immune response products enter the hepatic tissue’!. Consuming a diet high in saturated fats
and calories over time may cause dysbiosis in the gut microbiota. In turn, this leads to imbalanced bile acid pools
and intestinal barrier dysfunction, and then an increase in the translocation of bacteria and metabolites and
pro-inflammatory components from bacteria entering into the liver. In general, dysfunction of the gut-liver axis
caused by bacterial proliferation in the intestine, intestinal dysbiosis, and alteration of the intestinal permeability
have a significant influence on the development and progression of MAFLD'". There is considerable evidence that
the gut microbiome can induce obesity, insulin resistance and liver steatosis. It has been accepted that changing
the composition of gut microbiota can regulate obesity development'®. And then the gut microbiome has recently
come under intense scrutiny and has been used as a therapeutic tool in combating MAFLD™,
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To demonstrate gut microbiota signatures, researchers have compared the gut microbiota of patients with
MAFLD, NASH, and cirrhosis with those of individuals with a healthy liver". Besides, in MAFLD, MAFLD
fibrosis, and cirrhosis, gut microbiome signatures could be used as noninvasive diagnostic biomarkers®. Other
studies have shown a lower diversity of microbiota in patients with NAFLD compared to healthy subjects'®!”.
A meta-analysis of patients with NAFLD showed abnormalities in gut microbiota composition, including high
levels of Escherichia, Prevotella, and Streptococcus and low abundance of Coprococcus, Feacalibacterium, and
Ruminococcus in patient stools with NAFLD, suggesting abnormal gut microbiota composition'®. As of now,
rifaximin, prebiotics, and probiotics are the most promising treatments for patients with MAFLD. Although
indirect effects have been observed, this area is still undergoing development. Individuals respond differently
to interventions should be noted. Precise characterization of broad microbial microbiota changes in differential
subgroup of MAFLD patients is therefore necessary, in order to unravel the relevance of microbiota interven-
tions in the management of MAFLD.

Many studies in the global community have focused on the connection between the gut microbiome and
MAFLD in recent years. However, there is limited knowledge of the differences in the gut microbiomes of MAFLD
patients and healthy cohorts in China. In this study, we enrolled 81 MAFLD individuals and 25 healthy volun-
teers for the analysis of the microbial characteristics in MAFLD patients and subgroups of MAFLD patients to
provide a rational basis for development of microbiota interventions for MAFLD based on the fecal microbiome.

Results

The clinical and physical variables. Table 1 presents the general characteristics of the 106 included par-
ticipants. The mean age was approximately 36 years in both healthy and MAFLD groups. Of the 106 participants,
81 (68 men, 13 women) were in the MAFLD group. Body mass index (BMI) level was significantly lower in the
healthy volunteer group compared with the MAFLD group. Table 2 presents the general information of the
MAFLD subgroups, with or without liver enzyme abnormality. No significant difference was observed in BMI
between the two subgroups (P =0.057).

We next analyzed the differences in the physical variables between the two groups. The results shown that the
levels of gamma-glutamyl transferase (GGT; Fig. 1A), alanine aminotransferase (ALT; Fig. 1B), and aspartate
aminotransferase (AST; Fig. 1C) were significantly higher in subjects with MAFLD. From the analysis of MAFLD
subgroups, we also found that the levels of clinical variables including controlled attenuation parameter (CAP;
Fig. 1D), liver stiffness measurement (LSM; Fig. 1E), fasting insulin, hypersensitive C-reactive protein, lactate
dehydrogenase (LDH), triglyceride (TG), glucose (GLU), type III procollagen peptide N terminal (PIIINP), and
collagen type IV (C-IV) were significantly higher in MAFLD subjects with abnormal liver enzyme but not in
subjects with normal liver enzyme (Table 2).

Analysis of gut microbiota using metagenomic data in species level. To gain insight into microbi-
ome diversity, Shannon, Simpson, and InvSimpson diversity indices were determined for alpha diversity analysis
of the metagenome data. The Shannon Simpson, and InvSimpson diversity indexes indicated that no significant
difference of microbiome diversity was observed in the healthy volunteers and MAFLD groups (Fig. 2A-C).
Similarly, no significant difference existed among MAFLD subjects with abnormal liver enzyme and with nor-
mal liver enzyme (Fig. 2D,E). But we observed a tendency of increase of the microbiome diversity in the health
volunteer group and MAFLD subjects with abnormal liver enzyme.

Principal coordinate analysis provided an overview of the gut microbiome and reflected the B-diversities of
the different groups. The B-diversity was clearly higher in the healthy volunteer group than that in the MAFLD
group (Fig. 2G). However, the B-diversity showed no difference among the subgroups of MAFLD subjects with
abnormal and normal liver enzyme (Fig. 2H). To identify the predominant gut microbiota in difference group,
LEfSe analysis was performed. The results showed that there were a number of different genera of gut microbiota
between the healthy and the MAFLD groups, and a trend could be observed that in the MAFLD groups the rela-
tive richness of Bacteroides vulgatus was much higher than that in the healthy group. Moreover, Ruminococcus

Variable Healthy, N=25' | MAFLD, N=81" | p-value? (adjust. p value®)
Age 35(11) 37 (10) 0.2 (0.35)
Gender 0.8 (0.90)
Female 5/25 (20%) 13/81 (16%)

Male 20/25 (80%) 68/81 (84%)

Ethnic >0.9 (0.90)
Han 25/25 (100%) 79/81 (98%)

Man 0/25 (0%) 2/81 (2.5%)

Height (cm) 170 (7) 169 (7) 0.8 (0.90)
Weight (kg) 60 (7) 79 (11) <0.001 (0.00)
BMI (kg/m?) 20.7 (12) 27.3 (3.1) <0.001 (0.00)
Waistline (cm) 74 (7) 99 (10) <0.001 (0.00)

Table 1. Baseline demographic data summary of all participants. 'Mean (SD), n/N (%). *Wilcoxon rank sum

test; Fisher’s exact test. >p-values were adjusted by FDR method.

Scientific Reports |

(2023) 13:9988 |

https://doi.org/10.1038/s41598-023-37163-4

nature portfolio



www.nature.com/scientificreports/

Variable Liver enzyme abnormal, N=34! | Liver enzyme normal, N=28' | p-value? (adjust. p value?)
Age 35 (8) 37 (8) 0.4 (0.60)
Gender >0.9 (0.90)
Female 6/34 (18%) 5/28 (18%)

Male 28/34 (82%) 23/28 (82%)

Ethnic >0.9 (0.90)
Han 33/34 (97%) 27/28 (96%)

Man 1/34 (2.9%) 1/28 (3.6%)

Height (cm) 169 (7) 169 (8) 0.8 (0.90)
Weight (kg) 80 (11) 76 (10) 0.2 (0.33)
BMI (kg/m?) 27.92 (3.24) 26.59 (2.33) 0.057 (0.15)
Waistline (cm) 100 (10) 97 (9) 0.2 (0.33)
Lipids

LDL (mmol/L) 3.30 (1.01) 3.45(0.77) 0.62 (0.74)
CHOL (mmol/L) 5.06 (1.15) 4.84 (1.17) 0.55 (0.71)
TG (mmol/L) 2.89 (2.95) 1.75 (1.15) 0.02 (0.06)
GLU (mmol/L) 5.36 (0.59) 5.00 (0.49) 0.01 (0.04)
HDL (mmol/L) 1.04 (0.20) 1.14 (0.23) 0.10 (0.20)
Hepatic fibrosis

CAP (dB/m) 312.71 (27.26) 288.96 (37.95) 0.01 (0.04)
LSM (kPa) 7.35 (2.52) 5.32 (1.80) 0.00 (0.00)
PIIINP (ng/mL) 13.38 (7.50) 8.74 (3.42) 0.00 (0.00)
CIV (ng/mL) 43.96 (22.04) 32.18 (10.65) 0.02 (0.06)
LN (ng/mL) 71.89 (23.31) 61.78 (19.66) 0.08 (0.18)
HA (ng/mL) 45.95 (21.64) 45.22 (12.27) 0.52 (0.71)

Table 2. Baseline demographic data summary of MAFLD patients. 'Mean (SD), n/N (%). “Wilcoxon rank
sum test; Fisher’s exact test. *p-values were adjusted by FDR method.
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Figure 1. The clinicopathological indicators involved in patients. (A-C) The boxplot shows GGT, ALT and
AST of healthy and MAFLD subjects. (D-E) Significantly different clinical parameters are presented in MAFLD
subgroups with or without liver enzyme abnormal. **P<0.01, ***P <0.0001.

Scientific Reports |

(2023) 13:9988 |

https://doi.org/10.1038/s41598-023-37163-4 nature portfolio



www.nature.com/scientificreports/

A

o8]

ns ns ns
- 25 .
3 - #
== T _os —
< - Group s 15 Group 3 s Group
G2 s 3 Healthy £ £3 Healthy Q06 f £ Healthy
5 . = MAFLD Q 10 m MAFLD £ = MAFLD
w
1 * = 5 0.4 .
: L
3
Group Group Group
ns ns ns
25 . E
3 g 20 0.8 .
s Subgroup 1] Subgroup S .
c Q 15 @D M Subgroup
c, g Normal S s Normal Q0.6 .
g E3 Abnormal M 10 E3 Abnormal £ # Normal
n . > n E3 Abnormal
£ 5 0.4 .
1 .
Liver Enzyme Subgroup Liver Enzyme Subgroup Liver Enzyme Subgroup
PERMANOVA 0.25 PERMANOVA
2 ' 2 ° ) Oo®
_024R =0.00926, S . R€=0.0104 ¢ ..: o &% oo‘."
Q ° 0® o B ° O > ° °
% *p O‘. :" O. a.) Qb #~ ® X ns °% o @ hd ® O .. '
™~ 0.0 0@ 00t ® % @5 © e © 000/ °°® &R, 00%® ¢
- Y » T oo @ 5 A
A L) ° e ® ° ® & o [ ° °
~ Q00 % 0 gdeoo ®e o °? = ° o® o 0% e
< [ ] o “ ° 16} ) .~O N @ ® geo ° °
[e) -0.2 ® ° ® Q g ® 'Y ° )
£ Lo ®e LI ©-0.25 &
° ® oe o oo
e ® ° LIS
-0.4 ° o ° ® °
Group o & o Liver Enzyme Subgroup ° e,
o Healthy 08015 Normal ¢ o
-061 ¢ MAFLD e Abnormal
0.5 ‘0-22 Cont (105-0720/) 0.25 04 02 0.0 0.2
O, .
° PCoA1 (17.9%)
l [ Healthy mm MAFLD Liver Enzyme Subgroup
Il Normal [EE Abnormal
s_Fugobfcte(rjium_monifi(lljm 11 T T T - : - :
S acteroligaes_coprophnilus + i 1 itzii
e BT s_l’vu%atus i E s E E s__Faecalibacterium_prausnitzii- ! ! !
s_Ruminococcus_gnavus - i i i s Bacteroides caccae ' ! ! !
s__Megasphaera_unclassified - 1 1 I — — i i i i
s__Bacteroides_clarus - | i i i s__Oscillibacter_unclassified ! ' '
s__Parabacteroides_unclassified 4 i i i o N ! ! !
s _Dorea_formicigenerans + ! 1 ! ! s__Clostridium_hathewayi | H | |
s__Megamonas_hypermegale 4 | i i i i | 1 ' !
s__Bacteroides_dorei { 1 o ' ' s__Lactobacillus_mucosae- ' ! ! !
s__Barnesiella_intestinihominis - | = i i . e i ! . | i i
sH_Odorill:;ilcter_spla?]chnicus— i r—r— i i s__Dialister_succinatiphilus . i I |
4 1 1 1 1 1 1 1 1
s aim%ug?ﬁagiéﬁﬂ‘s L:,%lzfﬁ_ ! ,:% ! ! 1 |'s__Phascolarctobacterium_succinatutens- ! ! : {
s__Bifidobacterium_bifidum 4 1+ O ' i | H H i
—'s__Alistipes_putredinis { | oty ! ! ! s__Megamonas_rupellensis ! | I
t i f t t t t t t t
5 3 4 1 3 5 5 a3 1 1 3 5
LDA_Score LDA_Score

Figure 2. Diversity of the gut microbiome characteristics base on metagenomic sequencing in species level.
(A-C) Alpha diversity indices of the intestinal bacterial communities of healthy control and MAFLD group.
(D-F) Alpha diversity indices of the intestinal bacterial communities of different MAFLD subgroups. Shannon,
InvSimpson, and Simpson indices. (G,H) Different letters above the bars indicate significant differences as
determined by PERMANOVA. Samples are identified by filled circles. In both PCoA1 and PCoA2 principal
components (PCoA1 and PCo2) are plotted. The percentage of variance in the dataset explained by each axis is
reported. (LJ) LefSe analysis showed predominant gut microbiota. *P<0.05, ns P>0.05.
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Obeum and Alistipes putredinis were highly enriched in the healthy group (Fig. 2I). We also found that Bacteroides
caccae were highly enriched in normal liver enzyme group (Fig. 2]).

Analysis of gut microbiota using 16S data in genus level. Microbial 16S rRNA gene amplicons
were denoised into amplicon sequence variants (ASVs) to provide a high-resolution'®* view of how MAFLD
impacted the community structure. To uncover the microbiota distribution and genera in MAFLD and healthy
groups, fecal samples were performed 16S rRNA sequencing and Shannon, Simpson, and InvSimpson indexes
calculated. No diversities of microbiome were significantly different between MAFLD and healthy group
(Fig. 3A-C). Subgroups were derived according to different liver enzyme for further analysis. The result shown
that the microbiome diversities did not differ significantly between subgroups (Fig. 3D-F).

To display similarities of microbiome compositions between difference group, p-diversity was calculated using
UniFrac method, and PCoA was performed. The results presented a significantly different distribution among
healthy and MAFLD groups using permutational multivariate analysis of variance analysis (PERMANOVA)
(Fig. 3G). But did not differ between MAFLD subgroups (Fig. 3H). These results suggest that the MAFLD group
had significant different gut microbiome compositions from healthy group. Meanwhile, with the aid of the LEfSe
methods, we conducted analysis of different species between groups and identified a series of bio- markers as
shown in the Fig. 31,]. The resulting cladogram presents the structure of the gut microbiome and the predomi-
nant bacteria in the healthy and MAFLD groups. Notably, results of LEfse analysis also showed that Alistipes
higher enriched in MAFLD subgroup of liver enzyme normal compared with liver enzyme abnormal subgroup.
Alistipes belongs to the family Rikenellaceae, which was also decreased in NAFLD patients based on a study by
Zhu, L. et al.*!. And several studies have linked the presence of Alistipes genus with a healthy state?. Therefore,
the restored intestinal Alistipes communities contributed to the ameliorated MAFLD.

Microbe-set enrichment analysis (MSEA) of gut microbiota. MSEA analysis® can be incorporated
with microbiome profiling pipelines to determine the mechanisms underlying host-microbiome interactions.
Then, we analyzed the 16S microbiome profiling data with a focus on characterizing the functions of microbes
with differential abundance (DA) in MAFLD compared to healthy controls using MSEA. We prioritized human
genes enriched for those MAFLD-related DA microbes. Among the top enriched genes, we found that several
interesting microbe-related-gene associations (Fig. 4A,B). For example, Dorea, Lactobacillus, Megasphaera are
enriched in MAFLD group. We next performed enrichment analysis for the top genes that are enriched from
the DA microbes in MAFLD compared to healthy controls. The results showed that most genes were enriched in
MAFLD and Hepatitis C pathway in MAFLD group (Fig. 4C,D).

KEGG orthology metabolic pathway analysis. Functional analysis was conducted with HUMAnN2%
(version 2.8.1) by aligning clean reads (reads after removing host contamination) to KEGG protein database
(version 2020.7). Furthermore, mapped KEGG genes were enriched to KO entries by MinPath?. LEfSe analysis
was performed to identify potentially enriched KEGG Orthology. We found that K07484 (transposase) and
K07485 (transposase) were enriched in the MAFLD group (Fig. 5A,B). K06400 (site-specific DNA recombi-
nase), and K19159 (antitoxin YefM) were enriched in the MAFLD with normal liver enzyme, but K07491 (REP-
associated tyrosine transposase) was enriched in the MAFLD with abnormal liver enzyme (Fig. 5C,D).

Associations between metagenomics data and clinical parameters. To further explore the rela-
tionships between disturbances of gut microbiome and clinical variables, spearman correlation analysis was
performed. We found that the differential bacterial microbiomes were generally associated with clinical variables
(Fig. 6A). Furthermore, the representative microbiome and clinical factors with significant positive or negative
correlations (P <0.05, [Rho|>0.4) between the indicated groups were shown by the correlation scatter plots as
well (Fig. 6B). For example, Alistipes putredinis was significantly negatively correlated with GLU and GGT levels,
Faecalibacterium prausnitzii was negatively correlated with TG, but Ruminococus gnavus was positively related
to TG between the healthy controls, MAFLD subgroups with abnormal liver enzyme and normal liver enzyme,
respectively. Collectively, these results suggested that Ruminococus gnavus might promote MAFLD progres-
sion. In contrast, Alistipes putredinis and Faecalibacterium prausnitzii may be useful in the symptomatic relief
of MAFLD.

Associations between KEGG Orthology, genus by 16S sequencing and clinical parame-
ters. Correlation analysis between the KEGG Orthology and clinical variables in both MAFLD and healthy
group showed that TG was negatively associated with K00558, K02003 and so on (Fig. S1A,B).

On the other hand, gut microbiome genus with clinical factors had much different patterns of associations
(P<0.05, |Rho|>0.4). As shown in Fig. 6C,D, Alistipes was negatively related to GLU, ALT, and GGT, UGG_002
was negatively related to ALP, TG, and GGT, Faecalibacterium was negatively related to TG.

Associations between gut microbiome species with the degree of abnormal liverenzymes. We
re-analyzed the liver enzymes levels of these patients, GGT, ALT, and AST levels above the upper limit of normal
(ULN) were included as three indexes for the abnormal liver enzymes subgroups. Four types of abnormal liver
enzymes set as: IN (1ULN, at least 1 index reached 1XULN AND under 1.5XxULN), 1.5N (at least 1 index reached
1.5xULN AND under 2xULN), 2N (at least 1 index reached 2xXULN AND under 3xULN), and 3N (at least 1
index reached 3xULN AND above).
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Figure 3. Diversity of the gut microbiome characteristics base on 16S data in genus level. (A-C) Alpha
diversity indices of the intestinal bacterial communities of healthy control and MAFLD group. (D-F) Alpha
diversity indices of the intestinal bacterial communities of different MAFLD subgroups. Shannon, InvSimpson,
and Simpson indices. (G,H) Different letters above the bars indicate significant differences as determined by
PERMANOVA. Samples are identified by filled circles. In both PCoA1 and PCoA2 principal components
(PCoAl and PCoA2) are plotted. The percentage of variance in the dataset explained by each axis is reported.
(L)) LefSe analysis showed predominant gut microbiota. **P<0.01, ns P> 0.05.
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Figure 4. Microbe-set enrichment analysis (MSEA) of fecal microbiota. (A-B) Bipartite graph visualizing the
enriched mammalian genes with their associated gut microbes in healthy controls versus MAFLD. Genes are
charted as orange round nodes whereas gut microbes are plotted as yellow square. The sizes of the nodes are
proportional to the number of edges in the bipartite graph whereas the width of the edges indicates the strength
of the enrichment measured by combined scores from the MSEA algorithm. (C-D) Network of top enriched
human KEGG pathways for genes enriched from MSEA analysis.

The gut microbial species a-diversity analysis revealed that the Shannon, Simpson and InvSimpson diversity
indexes were lower in 1-1.5N group than in 2-3N, healthy, and normal liver enzymes groups; however, there
was no significant difference between other groups (Fig. 7A). The microbiome compositions between the 1-1.5N
and normal groups (PERMANOVA R?=0.0142, P=0.021), 2-3N and healthy group (PERMANOVA R?=0.0335,
P=0.002) were significantly different (Fig. 7B).

To further investigate key microbiome related to the severity of MAFLD, we performed the relation analysis
among microbiome genus and species with disease severity. According to the three subgroups above, including
1-1.5N, 2-3N, and normal liver enzyme group, we calculated the intersection of the three sets and obtain 3 spe-
cies the 1-1.5N and 2-3N (Fig. 7C). Further analysis revealed that Odoribacter splanchnicus and Bacteroidales
bacterium ph8 were significantly enriched within healthy group in contrast to the subgroups of 1-1.5N and
2-3N. Moreover, Fusobacterium mortiferum was enriched within the subgroups of 1-1.5N and 2-3N in contrast
to healthy group.

Associations between gut microbiome genus with the degree of abnormal liver enzymes.  The
gut microbial genus a-diversity analysis revealed that the Shannon, Simpson and InvSimpson diversity indexes
were lower in 1-1.5N subgroup than in healthy groups; however, there was no significant difference between other
groups (Fig. 7D). The microbiome composition difference between the MAFLD normal enzyme subgroup and
healthy groups (PERMANOVA R*=0.0188, P=0.034), 1-1.5N and healthy groups (PERMANOVA R?=0.0252,
P=0.004), 2-3N and healthy group (PERMANOVA R*=0.0271 P =0.039) were significantly different, indicating
that there were composition differences between healthy and other groups (Fig. 7E). For gut microbiome genus,
we obtained 5 genus from the 1-1.5N and 2-3N (Fig. 7F) subgroups. We found that Adlercreutzia, Alistipes, and
Odoribacter were significantly enriched within healthy group in contrast to the 1-1.5N and 2-3N subgroups.
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Figure 5. KEGG orthology metabolic pathway analysis. (A-B) LDA scores and Heatmap showed significant
pathway differences between the healthy and MAFLD groups. (C-D) LDA scores showed significant pathway
differences between the MAFLD subgroups with or without liver enzyme abnormal.

Lachnospiraceae NK4A 136 was enriched within healthy group in contrast to the 2-3N subgroup. Of note, Dorea
was enriched in the 1-1.5N and 2-3N subgroups in contrast to healthy group.

Discussion

The pathophysiology underlying MAFLD is a complex process that depends on many interconnecting factors,
such as insulin resistance, lipotoxicity, infiltration of pro- inflammatory cells, hepatic stellate cell (HSC) fibro-
genesis and over-activation®*%".

However, to date, no approved pharmacological agents are available for MAFLD treatment. Recent reports
have shown that the gut microbiota may promote the progress of MAFLD through the intestinal-hepatic axis
pathway?®. Microbiota can aggravate or improve liver diseases through several mechanisms, including elevated
alcohol production, enhanced liver lipid metabolism, impaired intestinal permeability, altered energy metabo-
lism, and disrupted bile secretion®*°.

For the purpose of further verifying the detailed microbiome characteristic of patients with MAFLD for
developing novel treatment remedies, we took advantage of the metagenomic sequencing and 16S-based sequenc-
ing to study the characteristics of the gut microbiome composition in MAFLD patients in China. In current
study, we focus on how the gut microbiota promote MAFLD development via the gut-liver axis and explore gut
microbiome potential as a novel diagnostic biomarker and therapeutic strategy for MAFLD.

We identified signature microbial taxa within MAFLD patients as well as taxa that were altered among the
subgroups of different liver enzyme. Besides, we also found that a trend of depletion for key gut microbial taxa
toward abnormal level of liver enzymes, suggesting gut dysbiosis can induce disease progression. On the other
hand, the key gut microbial taxa were enriched in the healthy group may have helped to alleviate disease.

For instance, Ruminococcus obeum and Alistipes were most enriched in healthy individuals. Importantly, loss
of Ruminococcus has been associated with susceptibility to dextran sodium sulphate-induced colitis*'. Alistipes
belongs to the family Rikenellaceae, which is also decreased in patients with NAFLD?!. Moreover, Alistipes has
demonstrated a good anti-inflammatory effect in human and animal experiments®?. Several studies have linked
the presence of Alistipes genus with a healthy state??. Also in the present study, it was found that Alistipes has
negatively related to GLU, GGT, and ALT.

As a result of the functional crosstalk between the liver and the complex microbial composition, microbial
imbalance has been identified as a key player in MAFLD’s pathogenesis. Our study used MSEA analysis to
analyze the intestinal microbiota association with MAFLD. We showed that Dorea, Lactobacillus, Megasphaera
are enriched in MAFLD group. Although Dorea is thought to be a constituent of healthy gut microflora, it has
been linked with inflammatory diseases, such as inflammatory bowel disease (IBD), where patients exhibit an
abundance of Dorea, suggesting a pro-inflammatory role for this bacterium??. Rocha-Ramirez, L. M. et al. have
shown that Lactobacillus stimulate TNF-a production®, therefore, Lactobacillus may induce changes in inflam-
matory factors that induce MAFLD. The genus Megasphaera was associated with human papillomavirus (HPV)
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Figure 6. Relationship of gut microbiome and clinical parameters. (A) The association between species level
bacteria (metagenomics) and clinical variable using spearman correlation. (B) The correlation of representative
microbiome and clinical parameters in different groups. (C) The association between genus level bacteria (16S)
and clinical variable using spearman correlation. (D) The correlation of representative microbiome and clinical
parameters in different groups. *P<0.05.

positive head and neck squamous carcinoma and lung cancer®*. Overweight and obesity are related to the
pathophysiology of MAFLD. Megasphaera can ferment excess carbohydrates into SCFAs and improve energy
absorption. It was more abundant in obese people®”. We suggest that the gut microbiota is involved in different
aspects of the pathogenesis of MAFLD.

Moreover, the abundance of Dorea was found to be significantly overrepresented in the MAFLD patients and
the degree of enrichment increased with increasing abnormal liver enzyme. These findings indicate that Dorea
might have potency to induce MAFLD, and implicating the potential of the gut microbial taxa as non-invasive
biomarkers for predicts for severity of MAFLD. Velazquez et al. found that Dorea levels were significantly elevated
in NASH patients®. Moreover, Dorea level was associated with obesity and increased levels of glutamate®*-4!.
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Figure 7. The comparison of gut microbiome with the degree of abnormal liver enzymes. (A) Alpha

diversity indices of the gut microbiome in different group in species level using metagenomics data. (B) The
decomposition visualization of the beta diversity among the 4 groups in species level using metagenomics

data. (C) Relative abundance of differential abundance microbiome species in different groups. (D) Alpha
Diversity indices of the gut microbiome in different group in genus level using 16S data. (E) The decomposition
visualization of beta diversity among the 4 groups. (F) Relative abundance of differential abundance microbiome
genus in different groups. *P<0.05, **P<0.01, **P<0.001, ns P>0.05.
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Several reports have described associations between a high abundance of Dorea and some diseases, such as
irritable bowel syndrome and colorectal adenomas*~*4.

One primary limitation of our study is the modest sample size and therefore limited statistical power to detect
subtle effects. We would like to expand the overall sample size in our future research, which may provide the
possibility to analyze the association of gut microbiome characteristic with MAFLD patients, especially for the
subgroup analysis. Moreover, the results need to be validated in further larger cohorts preferably with different
demographic backgrounds. Besides, specific biological experiments are needed to further validation of the tar-
get flora. And future studies should also evaluate the significance of these microbial changes for the diagnosis,
prognosis, and drug response of MAFLD.

In summary, we showed that the diversity and composition of the microbiome of MAFLD patients differed
from those in healthy subjects in China. An increase in Dorea, combined with decreases in Alistipes appear to
be characteristic of MAFLD patients. The roles of these gut Microbiome in the etiology and pathogenesis of
MAFLD require further exploration.

Methods

Ethics. The study was conducted in accordance with the Declaration of Helsinki (as revised in 2013). Ethical
approval for this study was obtained from the Shenzhen Hospital of Southern Medical University Ethic Com-
mittee (NYSZYYEC20210019) and clinical study registration was completed (ChiCTR2100051634). Written
informed consent was obtained from all study participants. All methods were conducted in accordance with the
relevant guidelines and regulations.

Overall study design. This is a non-interventional, prospective study to explore the gut microbial charac-
teristics in MAFLD patients. All participants must sign informed consent to be included in the study. First 50
MAFLD patients enrolled into the study must meet the enrollment criteria of Stage 1 (for overall analysis. See
section of inclusion and exclusion criteria for detail). MAFLD patients enrolled after the first 50 patients, must
meet the enrollment criteria of Stage 2 (for overall and subgroup analysis). After study participants were enrolled
into the study, 2 stool samples were collected by each study participants from 2 consecutive defecations within a
week. Study participation was ended after the completion of stool sample collection.

Recruitment of subjects and sample collection.  One-hundred and thirty-eight (138) MAFLD patients
and twenty-eight (28) healthy volunteers were screened according to the inclusion and exclusion criteria in the
Shenzhen Hospital of Southern Medical University. Fifty-seven (57) MAFLD patients and three (3) healthy vol-
unteers failed screening. Hence, eighty-one (81) MAFLD patients and twenty-five (25) healthy volunteers were
enrolled into the study and were included in the final analysis.

Out of eighty-one (81) MAFLD patients, 10 patients with diabetes were only included in the overall analysis.
34 patients with abnormal liver enzyme (Liver Enzyme Abnormal, LEA group), and 28 patients with normal
liver enzyme (Liver Enzyme Normal, LEN) were included in both overall and subgroup analysis. 9 patients
with slightly abnormal liver enzyme (Liver Enzyme Slightly Abnormal, LESA) was included only in some of the
analysis. Liver enzyme parameters used for dividing patients into the subgroups are GGT, AST, and ALT. For LEA
subgroup, the patients had at least one of the three parameters at>2xULN; the patients who had all abnormal
liver enzyme levels at <2xULN are in the LESA subgroup.

Fecal samples were obtained from all study subjects. Sterile collection bowl and spatula, as well as the collec-
tion tube with DNA stabilizing solution were provided to all study participants. At defecation, feces were first
collected into the sterile collection bowl, then was spooned into the collection tube. After tightly close the cap, the
tube was inverted 5-6 times to mix the DNA stabilizing solution with the stool matters. About 1 g of stool sample
was collected. The samples then were sent to the central lab at room temperature, then stored under - 75 °C.

The inclusion and exclusion criteria.  All study participants must sign informed consent. Adults, age of
18-70 years old, who were diagnosed as MAFLD according to the international expert consensus statemen®’,
were enrolled into the study. For Stage 1, MAFLD study participants must have: (1) evidence of hepatic steatosis
by hepatic histopathological diagnosis, imaging, or serum biomarkers/NAFLD activity score (NAS); (2) One of
the following conditions: a. overweight/obesity (BMI =23 kg/m?); b. presence of type 2 diabetes mellitus (Fasting
GLU = 7.0 mmol/L; c. metabolic dysfunction, with at least two of the following conditions: (a) high waist circum-
ference; (b) hypertension; (c) hypertriglyceridemia; (d) high-density lipoprotein-cholesterol; (e) prediabetes; (f)
insulin resistance; (g) hyper-sensitivity C-reactive protein level. For Stage 2, MAFLD participants must have:
(1) evidence of hepatic steatosis by hepatic histopathological diagnosis, imaging, or serum biomarkers/ NAFLD
activity score (NAS); (2) overweight or obesity (BMI>23 kg/m?).

The exclusion criteria were: (1) other chronic disorders, including but not limited to chronic infection, appar-
ent intestinal illness or symptoms (including but not limited to constipation, diarrhea, ulcerative colitis, Crohn’s
disease, bowel obstruction, and intestinal malignant tumors); (2) other severe acute diseases 1 month prior to
the screening visit that may interfere with data analysis; (3) cirrhosis; (4) (for Stage 2 only) with type 2 diabetes
or metabolic dysfunction; (5) Participants who have taken oral antibiotics 1 month prior to the screening visit;
(6) within 1 week of sample collection, excessive alcohol consumption (> 1000 mL of beer or>200 mL of Chinese
Baijiu), or sudden and significant change in diet; (7) any conditions such as malaise, poor compliance, etc. that
PI considered not suitable for this study.

DNA library construction and metagenomic sequencing. Fecal DNA were extracted by following
the protocol in DNeasy” PowerSoil® Pro Kit Handbook (Catalog No. 47016) and were stored at -20°C. KAPA Hifi
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HotStart ReadyMix and KAPA Hyper Prep Kit (KR0961-v4.15) were used for library construction for Amplicon
(16S V4 region) sequencing and metagenomics sequencing respectively.

16S rRNA gene amplification sequencing and shotgun metagenomic sequencing. Novaseq
6000 was used to sequence both 16S and metagenomics libraries. The extracted fecal DNA was used as the tem-
plate for amplicon sequencing with barcoded primers 515F: 5'-GTGCCAGCMGCCGCGGTAA-3" and 805R:
5'-GACTACNVGGGTATCTAATCC-3' flanking the V4 hypervariable region of the nectarial 16S rRNA gene.

Taxonomic profiling and functional profiling. Raw reads from all samples were quality filtered and
denoised with DADA2" to generate amplicon sequencing variants (ASV). Taxonomy assignment of each ASV
was accomplished by DADA?2 with the SILVA* v138 reference database and the reads profile at Genus level was
extracted. Genus with read count less than 10 in each sample were aggregated as low abundance taxonomies.
Raw reads from metagenomic sequencing were quality controlled by fastp*” (version 0.23.1). After trimming
the low-quality portion of reads and subsequently removing reads shorter than 50 bp, we used bowtie2*® to
map the filtered reads to the human genome (hgl9) to remove host contaminants. Remaining reads were fed
to MetaPhlAn2* (version 2.7.5) for taxonomy profiling with default parameters. Functional analysis was con-
ducted with HUMAnN2* (version 2.8.1) by aligning clean reads (reads after removing host contamination) to
KEGG protein database (www.kegg.jp/kegg/keggl.html) (version 2020.7)*. Furthermore, mapped KEGG genes
were enriched to KO entries by MinPath®.

Microbe-set enrichment analysis (MSEA). MSEA (Microbe-set enrichment analysis) is a useful
knowledge-based computational approach to interpret the functions of microbes, which can be integrated with
microbiome profiling pipelines to help reveal the underlying mechanism of host-microbiome interactions. We
conducted MSEA on differentially abundant Genus screened from LEfSe’" analysis and enriched the most sig-
nificant (top 10) human genes to KEGG pathways by EnrichR package in R.

Statistical analyses. All analyses of microbiome were done in genus level with 16S data and in species level
with metagenomics data. Statistics was performed using R software 3.6.3. The alpha diversity was estimated by
species richness from the Shannon, Simpson, and InvSimpson index metrics. The beta diversity was estimated
by computing bray-curtis distances and was visualized with principal coordinate analysis®’. PERMANOVA
using “MASS” and “Vegan” in R package were used to identify significant differences in distance between dif-
ferent groups. To identify the significant different species, the linear discriminant analysis (LDA) effective size
(LEfSe)* was conducted. Weighted and unweighted UniFrac distances were used for Principal Coordinates
Analyses (PCoA). The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways for the functional analy-
sis of gene sequences. Two-sided Wilcoxon’s rank-sum test was used for c assess differences in alpha and beta
diversity of the two groups. The Kruskal-Wallis test was used for comparisons among multi-groups. Fisher exact
test was applied to check the dependency of categorical variables. The Spearman’s rank test was performed for
correlation analysis. P values of 0.05 or less were considered statistically significant and P values for Fisher exact
test and Wilcoxon test were adjusted with FDR method with significant level set to 0.05.

Data availability
The 16S rRNA gene sequencing and metagenomic sequencing read for this study are available in the NCBI SRA
database as project accessions PRINA930148 and PRJNA924942.

Received: 3 March 2023; Accepted: 16 June 2023
Published online: 20 June 2023

References
1. Byrne, C. D. & Targher, G. NAFLD: A multisystem disease. . Hepatol. 62, S47-64. https://doi.org/10.1016/j.jhep.2014.12.012 (2015).
2. Rinella, M. E. & Sanyal, A. ]. Management of NAFLD: A stage-based approach. Nat. Rev. Gastroenterol. Hepatol. 13, 196-205.
https://doi.org/10.1038/nrgastro.2016.3 (2016).
3. Fabbrini, E. & Magkos, F. Hepatic steatosis as a marker of metabolic dysfunction. Nutrients 7, 4995-5019. https://doi.org/10.3390/
nu7064995 (2015).
4. Cole, B. K., Feaver, R. E., Wambhoff, B. R. & Dash, A. Non-alcoholic fatty liver disease (NAFLD) models in drug discovery. Expert
Opin. Drug Discov. 13, 193-205. https://doi.org/10.1080/17460441.2018.1410135 (2018).
5. Mato, J. M., Alonso, C., Noureddin, M. & Lu, S. C. Biomarkers and subtypes of deranged lipid metabolism in non-alcoholic fatty
liver disease. World J. Gastroenterol. 25, 3009-3020. https://doi.org/10.3748/wjg.v25.i24.3009 (2019).
6. Buzzetti, E., Pinzani, M. & Tsochatzis, E. A. The multiple-hit pathogenesis of non-alcoholic fatty liver disease (NAFLD). Metabolism
65, 1038-1048. https://doi.org/10.1016/j.metabol.2015.12.012 (2016).
7. Heintz-Buschart, A. & Wilmes, P. Human gut microbiome: Function matters. Trends Microbiol. 26, 563-574. https://doi.org/10.
1016/j.tim.2017.11.002 (2018).
8. Pitocco, D. et al. The role of gut microbiota in mediating obesity and diabetes mellitus. Eur. Rev. Med. Pharmacol. Sci. 24, 1548-1562.
https://doi.org/10.26355/eurrev_202002_20213 (2020).
9. Aron-Wisnewsky, J. et al. Gut microbiota and human NAFLD: Disentangling microbial signatures from metabolic disorders. Nat.
Rev. Gastroenterol. Hepatol. 17, 279-297. https://doi.org/10.1038/s41575-020-0269-9 (2020).
10. Martin-Mateos, R. & Albillos, A. The role of the gut-liver axis in metabolic dysfunction-associated fatty liver disease. Front.
Immunol. 12, 660179. https://doi.org/10.3389/fimmu.2021.660179 (2021).
11. Son, G., Kremer, M. & Hines, I. N. Contribution of gut bacteria to liver pathobiology. Gastroenterol. Res. Pract. https://doi.org/10.
1155/2010/453563 (2010).
12. Rinaldi, L. et al. Mechanisms of non-alcoholic fatty liver disease in the metabolic syndrome. A narrative review. Antioxidants
https://doi.org/10.3390/antiox10020270 (2021).

Scientific Reports |

(2023)13:9988 | https://doi.org/10.1038/s41598-023-37163-4 nature portfolio


http://www.kegg.jp/kegg/kegg1.html
https://doi.org/10.1016/j.jhep.2014.12.012
https://doi.org/10.1038/nrgastro.2016.3
https://doi.org/10.3390/nu7064995
https://doi.org/10.3390/nu7064995
https://doi.org/10.1080/17460441.2018.1410135
https://doi.org/10.3748/wjg.v25.i24.3009
https://doi.org/10.1016/j.metabol.2015.12.012
https://doi.org/10.1016/j.tim.2017.11.002
https://doi.org/10.1016/j.tim.2017.11.002
https://doi.org/10.26355/eurrev_202002_20213
https://doi.org/10.1038/s41575-020-0269-9
https://doi.org/10.3389/fimmu.2021.660179
https://doi.org/10.1155/2010/453563
https://doi.org/10.1155/2010/453563
https://doi.org/10.3390/antiox10020270

www.nature.com/scientificreports/

13. Polyzos, S. A., Kountouras, J. & Mantzoros, C. S. Obesity and nonalcoholic fatty liver disease: From pathophysiology to therapeutics.
Metabolism 92, 82-97. https://doi.org/10.1016/j.metabol.2018.11.014 (2019).

14. Kirpich, I. A., Marsano, L. S. & McClain, C. J. Gut-liver axis, nutrition, and non-alcoholic fatty liver disease. Clin. Biochem. 48,
923-930. https://doi.org/10.1016/j.clinbiochem.2015.06.023 (2015).

15. Brandl, K. & Schnabl, B. Intestinal microbiota and nonalcoholic steatohepatitis. Curr. Opin. Gastroenterol. 33, 128-133. https://
doi.org/10.1097/MOG.0000000000000349 (2017).

16. Shen, F et al. Gut microbiota dysbiosis in patients with non-alcoholic fatty liver disease. Hepatobiliary Pancreat. Dis. Int. 16,
375-381. https://doi.org/10.1016/S1499-3872(17)60019-5 (2017).

17. Wang, B. et al. Altered fecal microbiota correlates with liver biochemistry in nonobese patients with non-alcoholic fatty liver
disease. Sci. Rep. 6, 32002. https://doi.org/10.1038/srep32002 (2016).

18. Li, E, Ye, J., Shao, C. & Zhong, B. Compositional alterations of gut microbiota in nonalcoholic fatty liver disease patients: A sys-
tematic review and Meta-analysis. Lipids Health Dis. 20, 22. https://doi.org/10.1186/s12944-021-01440-w (2021).

19. Callahan, B. J. et al. DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581-583. https://
doi.org/10.1038/nmeth.3869 (2016).

20. Eren, A. M. et al. Minimum entropy decomposition: Unsupervised oligotyping for sensitive partitioning of high-throughput
marker gene sequences. ISME J. 9, 968-979. https://doi.org/10.1038/isme;j.2014.195 (2015).

21. Zhu, L. et al. Characterization of gut microbiomes in nonalcoholic steatohepatitis (NASH) patients: A connection between endog-
enous alcohol and NASH. Hepatology 57, 601-609. https://doi.org/10.1002/hep.26093 (2013).

22. Mancabelli, L. et al. Identification of universal gut microbial biomarkers of common human intestinal diseases by meta-analysis.
FEMS Microbiol. Ecol. https://doi.org/10.1093/femsec/fix153 (2017).

23. Kou, Y., Xu, X., Zhu, Z., Dai, L. & Tan, Y. Microbe-set enrichment analysis facilitates functional interpretation of microbiome
profiling data. Sci. Rep. 10, 21466. https://doi.org/10.1038/s41598-020-78511-y (2020).

24. Franzosa, E. A. et al. Species-level functional profiling of metagenomes and metatranscriptomes. Nat. Methods 15, 962-968. https://
doi.org/10.1038/541592-018-0176-y (2018).

25. Ye, Y. & Doak, T. G. A parsimony approach to biological pathway reconstruction/inference for genomes and metagenomes. PLoS
Comput. Biol. 5, e1000465. https://doi.org/10.1371/journal.pcbi.1000465 (2009).

26. Zheng, K. I, Sun, D. Q,, Jin, Y., Zhu, P. W. & Zheng, M. H. Clinical utility of the MAFLD definition. J. Hepatol. 74, 989-991. https://
doi.org/10.1016/j.jhep.2020.12.016 (2021).

27. Kuchay, M. S., Choudhary, N. S. & Mishra, S. K. Pathophysiological mechanisms underlying MAFLD. Diabetes Metab. Syndr. 14,
1875-1887. https://doi.org/10.1016/j.dsx.2020.09.026 (2020).

28. Milosevic, I. et al. Gut-liver axis, gut microbiota, and its modulation in the management of liver diseases: A review of the literature.
Int. J. Mol. Sci. https://doi.org/10.3390/ijms20020395 (2019).

29. Guohong, L., Qingxi, Z. & Hongyun, W. Characteristics of intestinal bacteria with fatty liver diseases and cirrhosis. Ann. Hepatol.
18, 796-803. https://doi.org/10.1016/j.a0hep.2019.06.020 (2019).

30. Safari, Z. & Gerard, P. The links between the gut microbiome and non-alcoholic fatty liver disease (NAFLD). Cell. Mol. Life Sci.
76, 1541-1558. https://doi.org/10.1007/s00018-019-03011-w (2019).

31. Zenewicz, L. A. et al. IL-22 deficiency alters colonic microbiota to be transmissible and colitogenic. J. Immunol. 190, 5306-5312.
https://doi.org/10.4049/jimmunol.1300016 (2013).

32. Schirmer, M. et al. Dynamics of metatranscription in the inflammatory bowel disease gut microbiome. Nat. Microbiol. 3, 337-346.
https://doi.org/10.1038/s41564-017-0089-z (2018).

33. Shahi, S. K., Freedman, S. N. & Mangalam, A. K. Gut microbiome in multiple sclerosis: The players involved and the roles they
play. Gut Microbes 8, 607-615. https://doi.org/10.1080/19490976.2017.1349041 (2017).

34. Rocha-Ramirez, L. M. et al. Probiotic lactobacillus strains stimulate the inflammatory response and activate human macrophages.
J. Immunol. Res. 2017, 4607491. https://doi.org/10.1155/2017/4607491 (2017).

35. Guerrero-Preston, R. et al. 16S rRNA amplicon sequencing identifies microbiota associated with oral cancer, human papilloma
virus infection and surgical treatment. Oncotarget 7, 51320-51334. https://doi.org/10.18632/oncotarget.9710 (2016).

36. Lee, S. H. et al. Characterization of microbiome in bronchoalveolar lavage fluid of patients with lung cancer comparing with benign
mass like lesions. Lung Cancer 102, 89-95. https://doi.org/10.1016/j.lungcan.2016.10.016 (2016).

37. Turnbaugh, P.]. et al. An obesity-associated gut microbiome with increased capacity for energy harvest. Nature 444, 1027-1031.
https://doi.org/10.1038/nature05414 (2006).

38. Velazquez, K. T. et al. Prolonged high-fat-diet feeding promotes non-alcoholic fatty liver disease and alters gut microbiota in mice.
World ]. Hepatol. 11, 619-637. https://doi.org/10.4254/wjh.v11.i8.619 (2019).

39. Ottosson, F. et al. Connection between BMI-related plasma metabolite profile and gut microbiota. J. Clin. Endocrinol. Metab. 103,
1491-1501. https://doi.org/10.1210/jc.2017-02114 (2018).

40. Liu, R. et al. Gut microbiome and serum metabolome alterations in obesity and after weight-loss intervention. Nat. Med. 23,
859-868. https://doi.org/10.1038/nm.4358 (2017).

41. Jiao, N. et al. Gut microbiome may contribute to insulin resistance and systemic inflammation in obese rodents: A meta-analysis.
Physiol. Genom. 50, 244-254. https://doi.org/10.1152/physiolgenomics.00114.2017 (2018).

42. Brahe, L. K. et al. Specific gut microbiota features and metabolic markers in postmenopausal women with obesity. Nutr. Diabetes
5, e159. https://doi.org/10.1038/nutd.2015.9 (2015).

43. Rajilic-Stojanovic, M. et al. Global and deep molecular analysis of microbiota signatures in fecal samples from patients with irritable
bowel syndrome. Gastroenterology 141, 1792-1801. https://doi.org/10.1053/j.gastro.2011.07.043 (2011).

44, Shen, X.]J. et al. Molecular characterization of mucosal adherent bacteria and associations with colorectal adenomas. Gut Microbes
1, 138-147. https://doi.org/10.4161/gmic.1.3.12360 (2010).

45. Eslam, M. et al. A new definition for metabolic dysfunction-associated fatty liver disease: An international expert consensus state-
ment. J. Hepatol. 73, 202-209. https://doi.org/10.1016/j.jhep.2020.03.039 (2020).

46. Quast, C. et al. The SILVA ribosomal RNA gene database project: Improved data processing and web-based tools. Nucleic Acids
Res. 41, D590-596. https://doi.org/10.1093/nar/gks1219 (2013).

47. Chen, S., Zhou, Y., Chen, Y. & Gu, J. fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 34, i884-1890. https://doi.
org/10.1093/bioinformatics/bty560 (2018).

48. Langmead, B., Wilks, C., Antonescu, V. & Charles, R. Scaling read aligners to hundreds of threads on general-purpose processors.
Bioinformatics 35, 421-432. https://doi.org/10.1093/bioinformatics/bty648 (2019).

49. Truong, D. T. et al. MetaPhlAn2 for enhanced metagenomic taxonomic profiling. Nat. Methods 12, 902-903. https://doi.org/10.
1038/nmeth.3589 (2015).

50. Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27-30. https://doi.org/10.1093/
nar/28.1.27 (2000).

51. Segata, N. et al. Metagenomic biomarker discovery and explanation. Genome Biol. 12, R60. https://doi.org/10.1186/gb-2011-12-6-
160 (2011).

52. Tang, R. et al. Gut microbial profile is altered in primary biliary cholangitis and partially restored after UDCA therapy. Gut 67,
534-541. https://doi.org/10.1136/gutjnl-2016-313332 (2018).

Scientific Reports | (2023) 13:9988 | https://doi.org/10.1038/s41598-023-37163-4 nature portfolio


https://doi.org/10.1016/j.metabol.2018.11.014
https://doi.org/10.1016/j.clinbiochem.2015.06.023
https://doi.org/10.1097/MOG.0000000000000349
https://doi.org/10.1097/MOG.0000000000000349
https://doi.org/10.1016/S1499-3872(17)60019-5
https://doi.org/10.1038/srep32002
https://doi.org/10.1186/s12944-021-01440-w
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/ismej.2014.195
https://doi.org/10.1002/hep.26093
https://doi.org/10.1093/femsec/fix153
https://doi.org/10.1038/s41598-020-78511-y
https://doi.org/10.1038/s41592-018-0176-y
https://doi.org/10.1038/s41592-018-0176-y
https://doi.org/10.1371/journal.pcbi.1000465
https://doi.org/10.1016/j.jhep.2020.12.016
https://doi.org/10.1016/j.jhep.2020.12.016
https://doi.org/10.1016/j.dsx.2020.09.026
https://doi.org/10.3390/ijms20020395
https://doi.org/10.1016/j.aohep.2019.06.020
https://doi.org/10.1007/s00018-019-03011-w
https://doi.org/10.4049/jimmunol.1300016
https://doi.org/10.1038/s41564-017-0089-z
https://doi.org/10.1080/19490976.2017.1349041
https://doi.org/10.1155/2017/4607491
https://doi.org/10.18632/oncotarget.9710
https://doi.org/10.1016/j.lungcan.2016.10.016
https://doi.org/10.1038/nature05414
https://doi.org/10.4254/wjh.v11.i8.619
https://doi.org/10.1210/jc.2017-02114
https://doi.org/10.1038/nm.4358
https://doi.org/10.1152/physiolgenomics.00114.2017
https://doi.org/10.1038/nutd.2015.9
https://doi.org/10.1053/j.gastro.2011.07.043
https://doi.org/10.4161/gmic.1.3.12360
https://doi.org/10.1016/j.jhep.2020.03.039
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty648
https://doi.org/10.1038/nmeth.3589
https://doi.org/10.1038/nmeth.3589
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1136/gutjnl-2016-313332

www.nature.com/scientificreports/

Author contributions

Y.Z. and J.G.X. designed the project, collected the samples and prepared Fig. X.X., C.Y. and B.Z.T. drafted the
work and prepared Figures. X.X., S.W. and Y.Z. performed the analyses, evaluated the results, and prepared
Tables 1 and 2. R.J. managed the entire study. Y.Z. and Y.T. made substantial contributions to the conception.
All authors read and approved the final manuscript.

Funding
This work was supported by Medical Science and Technology Research Foundation of Guangdong Province
(No. B2022201).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-37163-4.

Correspondence and requests for materials should be addressed to Y.T. or Y.Z.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023)13:9988 | https://doi.org/10.1038/s41598-023-37163-4 nature portfolio


https://doi.org/10.1038/s41598-023-37163-4
https://doi.org/10.1038/s41598-023-37163-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Characteristics of gut microbiota in patients with metabolic associated fatty liver disease
	Results
	The clinical and physical variables. 
	Analysis of gut microbiota using metagenomic data in species level. 
	Analysis of gut microbiota using 16S data in genus level. 
	Microbe‐set enrichment analysis (MSEA) of gut microbiota. 
	KEGG orthology metabolic pathway analysis. 
	Associations between metagenomics data and clinical parameters. 
	Associations between KEGG Orthology, genus by 16S sequencing and clinical parameters. 
	Associations between gut microbiome species with the degree of abnormal liver enzymes. 
	Associations between gut microbiome genus with the degree of abnormal liver enzymes. 

	Discussion
	Methods
	Ethics. 
	Overall study design. 
	Recruitment of subjects and sample collection. 
	The inclusion and exclusion criteria. 
	DNA library construction and metagenomic sequencing. 
	16S rRNA gene amplification sequencing and shotgun metagenomic sequencing. 
	Taxonomic profiling and functional profiling. 
	Microbe-set enrichment analysis (MSEA). 
	Statistical analyses. 

	References


