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NAFLD by causing immune dysregulation and metabolic alterations due to
gut dysbiosis. The rapid advancement of sequencing tools and metabolo-
mics has enabled the identification of alterations in microbiome signatures
and gut microbiota-derived metabolite profiles in numerous clinical studies
related to NAFLD. Overall, these studies have shown a decrease in -
diversity and changes in gut microbiota abundance, characterized by
increased levels of Escherichia and Prevotella, and decreased levels of
Akkermansia muciniphila and Faecalibacterium in patients with NAFLD.
Furthermore, bile acids, short-chain fatty acids, trimethylamine N-oxide, and
tryptophan metabolites are believed to be closely associated with the onset
and progression of NAFLD. In this review, we provide novel insights into the
vital role of gut microbiome in the pathogenesis of NAFLD. Specifically, we
summarize the major classes of gut microbiota and metabolic biomarkers in
NAFLD, thereby highlighting the links between specific bacterial species and
certain gut microbiota-derived metabolites in patients with NAFLD.
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INTRODUCTION

Metabolic dysfunction—associated steatotic liver dis-
ease (MASLD) has emerged as a novel, inclusive, and
nonstigmatizing nomenclature for NAFLD, which was
proposed and officially recognized by a panel of
international experts at the 2023 European Associa-
tion for the Study of the Liver (EASL) conference.["
This term falls under the broader category of steatotic
liver disease (SLD), which encompasses steatosis
resulting from diverse etiologies. The diagnostic
criteria for MASLD exhibit some variations from the
previously contentious nomenclature of metabolic-
associated fatty liver disease.[?! The diagnostic proto-
col now requires either imaging or histological evi-
dence of hepatic steatosis, in addition to at least one
of the 5 cardiac metabolic risk factors. Furthermore, as
per the Delphi consensus, steatohepatitis has been
recognized as a vital pathophysiological concept and
has been retained, with its designation revised as
metabolic dysfunction—associated steatohepatitis.!"]
This decision aims to ensure continued utilization
and applicability of data obtained from prior clinical
trials and biomarker exploration research based on
patients with NASH, while promoting its adoption for
individuals now classified as metabolic dysfunction—
associated steatohepatitis under the newly endorsed
terminology. Whether employing the broad designa-
tion of SLD or the more specific MASLD, the
proposition of this fresh nomenclature holds the
potential to significantly enhance disease awareness
and identification. Additionally, this approach enables
accurate categorization of fatty liver disease, taking
into account the specific etiology of hepatic steatosis.
This addresses the longstanding challenge of disease
heterogeneity that has previously impeded research-
ers, thereby fostering drug development and bio-
marker research. In view of the limited utilization of
MASLD in current published studies and its differen-
tiation from NAFLD in terms of disease scope, in this
review, we adhere to the corresponding terms as cited
in the referenced data.

NAFLD poses a significant public health challenge
globally and stands as the foremost cause of liver
disease,’®4 which is estimated to affect about 25% of
adults in Western countries,®land the prevalence in
Asia is 34%,6 with an increasing trend. NASH
prevalence is projected to increase by 15%—-56% in
2016-2030, while NAFLD compensated cirrhosis and
end-stage liver disease is estimated to more than
double.l’! In addition to liver disease, NAFLD serves
as a risk factor for cardiovascular diseasels! and
kidney damage.[®! The implications of NAFLD progres-
sion are significant; patients with NASH exhibit a
more unfavorable prognosis than those with steatosis
alone, owing to a heightened likelihood of developing
advanced fibrosis and liver-related mortality.[910]

Nonetheless, NAFLD progression usually transpires
asymptomatically; patients generally do not exhibit
noteworthy clinical symptoms until they progress to
end-stage liver disease. Early detection of hepatic
steatosis and accurate assessment of the degree of
fibrosis to allow precise intervention in patients at
different stages of the disease are essential for the
clinical management of patients with NAFLD.

Although biopsy remains the gold standard for the
diagnosis and staging of NAFLD, it is unsuitable for
mass screening due to its invasive nature and the
potential risks of site error, bleeding, abdominal
puncture, pneumothorax, etc.l'"12 There is an urgent
need to develop noninvasive methods for the diagnosis
and staging of NAFLD, which, currently, is achieved by
imaging and serum biomarkers. The main imaging
techniques are ultrasound, Fibroscan, and MRI. How-
ever, they have limitations in the diagnostic accuracy
of hepatic steatosis or liver fibrosis, as well as the
volatility of results caused by intrahepatic occupant
disease.l'3>-7 Despite having the advantage of being
safe, serum markers, such as NAFLD fibrosis score,
Fibrosis 4 score, and aspartate aminotransferase to
platelet ratio index, have poor predictive value of
positivity and can only reflect the degree of liver fibrosis
in patients with NAFLD without providing information on
the features of hepatic steatosis.['8! Therefore, the
development of robust noninvasive tools for the early
diagnosis of NAFLD, as well as for accurate staging,
remains a pressing clinical issue.

There is growing evidence that the gut microbiota
is strongly associated with the progression of
NAFLD.['"-211 |t also has been observed that gut
microbiota-derived metabolites play a pivotal role in
disease progression.2? Considering the indispensable
roles gut microbiota and metabolites play in disease
progression, methodologies aiming to identify the gut
microbiome signature and metabolic profiles of patients
with NAFLD may be a promising solution to meet the
current clinical demand for accurate staging. 16S rRNA
sequencing offers quick identification of the bacterial
abundance and changes in microbial community
structures. The use of metagenomics enables access
to microbial gene and genome composition and path-
ways, thereby providing a novel aspect of the informa-
tion on the taxonomic characterization of the
microbiome.2?! In terms of the gut-derived metabolites,
untargeted metabolomics has innate advantages in
identifying all measurable metabolites in the samples
without prior knowledge about the constituents and
changes in them, while targeted metabolomics is
applicable to absolute quantitative analysis of prese-
lected metabolites. Therefore, developing viable bio-
markers based on gut microbiome and metabolic
profiles with appropriate methodologies is conducive
to accurate diagnosis and staging of NAFLD and
monitoring of disease progression.
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In this review, new insights regarding the pathogenesis of
NAFLD are provided by elucidating the mechanisms by
which gut dysbiosis results in immune dysregulation and
metabolic alteration, with a focus on gut microbiome
characterization identified by the use of targeted 16S rRNA
amplicon sequencing and metagenomic next-generation
sequencing (MNGS). Additionally, we also discuss the
merits and demerits of untargeted and targeted metabolo-
mics in screening and analyzing gut microbial compounds,
highlighting bile acids (BAs), short-chain fatty acids
(SCFAs), and trimethylamine N-oxide (TMAOQ) as potential
biomarkers for the diagnosis and staging of NAFLD. Further,
research progress on microbiome-targeted therapies is
summarized to emphasize their potential for the treatment of
NAFLD. Notably, based on human studies depicting
correlations between the abundance of gut microbiota and
metabolite concentrations in patients with NAFLD, we shed
light on associations between specific bacterial species and
certain gut microbiota-derived metabolites, which may
contribute to the exploration of undiscovered biomarkers
for diagnostic modeling or validation of latent biomarkers in a
larger, prospective cohort.

MECHANISMS OF GUT MICROBIAL
ALTERATION-ASSOCIATED NAFLD

The gut microbiota refers to the collection of bacteria,
archaea, viruses, and eukaryotic microorganisms
present in the human gastrointestinal tract. These micro-
organisms exchange signaling molecules and substrates
with the human host, thereby regulating the cellular
physiology and immune response of the host and
impacting their overall health state.2425] The liver is
primarily connected to the intestinal tract through the
portal vein, and the gut-liver axis is the main mechanism
by which the gut microbiota and liver interact. On the one
hand, bioactive substances produced in the liver, such as
BAs and antimicrobial molecules, can enter the intestine to
regulate the growth of flora. On the other hand,
metabolites of the gut microbiota can enter the liver with
the portal vein circulation to regulate the liver's function. 2!
Under normal conditions, only a small percentage of gut
microbiota-derived components enter the liver due to the
presence of the intestinal barrier; in patients with NAFLD,
gut dysbiosis causes the intestinal epithelial barrier
disruption, leading to the translocation of a large number
of gut microbiota-derived components to the liver through
the portal vein.27281 These components cause hepatic
metabolic alterations and a series of inflammatory
reactions. These components cause hepatic metabolic
alterations and a series of inflammatory reactions.
Moreover, the altered components of bioactive sub-
stances secreted by the dysfunctional liver prevent the
restoration of the intestinal ecosystem, leading to a vicious
cycle that promotes the progression of NAFLD.29 The
deleterious impacts of gut microbiota-derived components

on NAFLD are intricately linked to immune dysregulation
and metabolic alterations, which are illustrated in Figure 1.

Gut microbial alteration and the immune
system

Gut microbiota-derived factors, namely pathogen-associ-
ated molecular patterns (PAMPs), include lipo-
polysaccharide (LPS), peptidoglycan, microbial DNA,
etc. PAMPs are generally believed to be associated with
NAFLD progression by triggering pattern recognition
receptor signaling, which leads to hepatic steatosis, insulin
resistance, and activation and recruitment of inflammatory
cells.B9 PS, an endotoxin present in the cell wall of gram-
negative bacteria, could translocate to the liver by bacterial
extracellular vesicles and binds to toll-like receptors,
activating hepatic immune cells and leading to the release
of pro-inflammatory cytokines such as TNFa, IL-6 and IL-
1B, which initiate and maintain the inflammatory cascade
response, ultimately leading to liver fibrosis.2% Peptido-
glycan is regarded as another potent PAMP that could
result in the progression of steatosis and inflammation in
liver by activating NOD2, one of the nod-like receptor
family.3" Bacterial DNA can also aggravate liver inflam-
mation by mediating the release of pro-inflammatory
factors and inducing programmed cell death.32 In addition
to PAMPs, some gut microbiota-derived metabolites, such
as SCFA and tryptophan metabolites also regulate the
immune status. The activation of various immune cells,
such as macrophages, Natural Killer T cells, and y& T
cells, is closely related to the gut microbiota.l**! And low
levels of inflammation maintained by gut microbes and
their metabolites can also drive the development of
obesity and insulin resistance. Obesity and insulin
resistance, as high-risk factors for NAFLD, promote the
development of NAFLD.534

Gut microbial alteration systemic
metabolism

Gut microbial alteration can also affect systemic metab-
olism. The production of SCFA and the conversion of
primary BAs to BAs cannot be achieved without the
involvement of the gut microbiota, which are important in
regulating glucose metabolism and maintaining energy
metabolism balance.®s) What's more, recent studies
have shown that gut microbes are also able to influence
NAFLD by affecting iron metabolism. Serum ferritin levels
are positively correlated with hepatic lipid accumulation.
Mayneris-Perxachs et all®® found that ferritin was
negatively correlated with Pasteurellaceae, Leuconosto-
caceae, and Micrococcaea families.

Collectively, translocation of bacteria/bacterial
metabolites to the liver leads to disruption of immune
function and systemic metabolism in the body, and may
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FIGURE 1 Specific mechanisms of gut microbiota-derived in NAFLD progression. In this figure, the arrows reflect hypothetical relationships,
not direct causal links between the pathological mechanisms and NAFLD. The gut-liver axis is an anatomically and functionally closely related
structure that allows bidirectional interaction between the gut microbiome and the liver. Here, we only focus on the unidirectional roles that gut
microbiota-derived components exert on the liver in NAFLD. Under gut dysbiosis conditions, gut microbiota-derived components translocate into
the liver. PAMPs, including LPS, PGN, and microbial DNA, activate the innate immune system and trigger chronic low-grade inflammation by
binding to pattern recognition receptors (PPRs), such as TLRs and NLRs. BAs, acting as signaling molecules, on the one hand, could bring about
effects of suppressed lipogenesis, reduced gluconeogenesis, and increased insulin sensitivity by activating nuclear receptors; on the other hand,
BAs bind to G protein-coupled bile acid receptors in adipose tissue and play a role in maintaining energy metabolic homeostasis. TMA is converted
in the liver to TMAO, the latter binds to endoplasmic reticulum stress enzymes and further induces apoptosis and inflammation. SCFAs could
inhibit the expression of pro-inflammatory factors and maintain low levels of inflammation. Indoles can not only induce the upregulation of PFKFB3,
thereby suppressing the inflammatory response, but also reduce the expression of numerous lipogenesis-related genes, such as Srebf1, ACCA1,
PPARYy, etc. In addition, both indoles and SCFAs contribute to restraining the entry of LPS into the circulation and the liver by strengthening the
intestinal barrier. The processes that promote NAFLD progression are represented in green arrows and lines, and the ones that hamper NAFLD
progression are represented in yellow. Abbreviations: ACCA1, acetyl-CoA carboxylase1; BA, Bile acid; FXR, farnesoid X receptor; IFN, interferon;
LPS, lipopolysaccharide; NLR, nod-like receptors; PAMP, pathogen-associated molecular patterns; PGN, peptidoglycan; PPARy, peroxisome
proliferator-activated receptors; SCFA, short-chain fatty acids; Srebf1, sterol regulatory element-binding protein1; TGRS, bile acid G protein-
coupled receptor 5; TLR, toll-like receptors; TMA, Trimethylamine; TMAO, trimethylamine oxide.

even be trapped in a vicious cycle, which further
aggravates the disease. Monitoring alterations in the
composition and abundance of gut microbiota and their
metabolites is anticipated to provide new insights into
the diagnosis and treatment of NAFLD.

GUT MICROBIOTA
CHARACTERIZATION OF NAFLD

Next-Generation Sequencing methods to
assess gut microbiota

To investigate the impact of gut microbiota on NAFLD,
one approach is to analyze variations in the microbiota

composition, as illustrated in Figure 2. However, the
diversity and vastness of the bacterial population in the
human intestine, estimated to be around 1014 bacteria,
make it challenging to comprehensively understand
the changes in the gut microbiota composition using
conventional culture or mass spectrometry methods. "]
Next-generation sequencing provides a high-throughput
approach to reveal changes in the structure of gut
microbiota. Next-generation sequencing can be
categorized into targeted and nontargeted methods.
Targeted sequencing involves the detection of specific
sequences (target sequence) in the gene through
targeted amplification and detection. Targeted 16S
rRNA amplicon sequencing is commonly employed for
detecting bacteria, while 18S rRNA sequencing is used
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for detecting fungi and ITS. Another targeted method is
to use capture probes to hybridize with macrogenomic
libraries for enrichment purposes and increase the
detection rate of target microorganisms. Nontargeted
sequencing can be performed using whole genome
sequencing or mNGS. Whole genome sequencing
accurately distinguishes genetic differences between
strains but is time-consuming and laborious, as it
requires the isolation of pure colonies from specimens
after culture. In contrast, mNGS directly tests the
specimens sent, obtaining all genetic information. !
Targeted 16S rRNA amplicon sequencing and mNGS
are most commonly used in clinical studies of intestinal
microorganisms.

Targeted 16S rRNA amplicon sequencing

The 16S rRNA gene is ubiquitous in bacteria, so the
relationship between almost all bacteria can be identi-
fied by 16S rRNA sequencing. The gene sequence is
~1550 bp long and consists of variable regions (V1-V9)
and conserved regions.[?949 16S rRNA sequencing has
been widely used to characterize bacterial communities,
which uses the lllumina sequencing platform to target,
amplify, and sequence portions of the highly variable
region.'l In general, 16S rRNA sequencing can identify
microorganisms to the phylum or genus level but may
be less accurate at the species level because short
sequence sequencing may not provide sufficient
sequence differences.*2l With the development of
PacBio and Oxford Nanopore sequencing platforms,
full-length 16S rRNA sequencing becomes possible.

Next-Generation Sequencing

Non-targeted Targeted
WGS mNGS Amplicon capture
sequencing sequencing

Complete gene
sequences of the
purified bacteria

All gene 16S: Bacteria, Archae
sequences of TIS or 18S: Fungus,
all organisms algae

Direct detection

Full-length 16S rRNA sequencing is accurate enough to
distinguish single nucleotide substitutions between 16S
genes, and proper processing is expected to differen-
tiate microorganisms at the species and strain levels.0

Metagenomic next-generation sequencing
(mMNGS)

Contrasted with 16S rRNA sequencing, mNGS has a
higher resolution, and can identify a more diverse
bacterial species.[*l MNGS detects all genes present in
all organisms of testing samples rather than targeting
specific gene sequences.[*4! Since mNGS can capture
all gene sequences, it can also identify fungi and
viruses present in the sample, which cannot be
identified by 16S rRNA sequencing.* However, mMNGS
also has several limitations; the detection of microbial
DNA can be interfered by human DNA in the sample, in
addition to the higher cost and longer sequencing time
that need to be considered when choosing mNGS.[!

In current research, 16S rRNA sequencing has been
the preferred method for analyzing changes in microbial
diversity and identifying disease-associated flora. How-
ever, relying solely on 16S rRNA amplicon sequencing
to investigate the relationship between microorganisms
and diseases may result in the loss of important
information. The alterations in microbial populations at
the genus level differ from those at the species level.
Hence, investigations into microbial species using
mNGS are more likely to reveal changes in population
function and enable the identification of more reliable
markers. 146!
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Gut microbiota in NAFLD

In general, the majority of bacteria in the healthy human
intestine are classified into the Firmicutes and Bacter-
oidetes phyla, while Proteobacteria, Actinobacteria,
Fusobacteria, and Verrucomicrobia phyla are relatively
rare. Among the Bacteroidetes, 2 dominant genera,
Bacteroides and Prevotella, can be found, whereas the
dominant genera of Firmicutes are Ruminococcus,
Blautia, Eubacterium, and Faecalibacterium.#’l The
diversity of gut microbiota plays an important role in
maintaining human health, and lower o-diversity is
generally associated with inflammation, obesity, and
insulin resistance.8! A study conducted on 107
adolescents revealed a decreasing trend in a-diversity
with increasing levels of liver fat.*?l Astbury et alé!
described microbiome differences in 65 patients with
biopsy-proven NASH, and confirmed the previous
findings that o-diversity was lower in patients with
NASH and further decreased in patients with cirrhosis.
Characterizing specific patterns of change in gut
microbiota composition for potential biomarkers has
been a hot topic in the field. A meta-analysis revealed
that increased Escherichia, Prevotella, and Streptococ-
cus levels and decreased Coprococcus, Faecalibacte-
rium, and Ruminococcus levels were the universal
intestinal bacterial signature of NAFLD.®% Changes in
gut microbiota composition in patients with NAFLD can
occur at the phylum, family, genus, and species levels.
In this review, we will discuss recent studies on several
commonly studied gut microbiota in the development
of NAFLD.

Faecalibacterium

Faecalibacterium belongs to Firmicutes phyla. Faecali-
bacterium is the most important butyrate-producing
bacterium in the intestine and has been considered an
indicator of human health, and the decrease in
Faecalibacterium is often associated with inflammation.
A significant decrease in Faecalibacterium has been
reported in a variety of diseases, for instance, ulcerative
colitis, inflammatory bowel diseases, and Type 2
diabetes.l5"

Several recent studies have also reported a decrease
of Faecalibacterium in patients with NAFLD . A significant
reduction in F. prausnitzii was observed in participants
with high hepatic fat content compared to participants
with low-fat content.52 In a large population study,
excluding the effects of obesity and gender, patients
with NAFLD still had a significant reduction in Faecali-
bacterium compared to patients with no-NAFLD .53 |n
mouse studies, it has been demonstrated that F.
prausnitzii treatment reduces hepatic fat content and
fibrosis in mice.’¥ The mechanisms by which Faecali-
bacterium improves NAFLD remain unclear. However,

some studies have reported possible reasons, and it is
observed that F. prausnitzii-derived microbial anti-inflam-
matory factors upregulate the expression of ZO-1, a key
tight junction protein in cell adhesion.®! A recent in vitro
study demonstrated that F. prausnitzii could recover the
impairment of epithelial barrier function caused by
inflammatory cytokines and LPS.[%!

Akkermansia muciniphila

Akkermansia muciniphila (A. muciniphila), the only
member of Verrucomicrobia phyla, breaks down intes-
tinal mucin as the sole source of carbon, nitrogen, and
energy and produces acetate and propionate.’”l A
muciniphila is an abundant resident in the human
intestine, accounting for more than 1% of total fecal
cells.®8! Since its first discovery in 2004, numerous
studies have confirmed the beneficial role of A.
muciniphila in a variety of metabolic diseases, including
obesity, type 2 diabetes, cardiovascular disease, and
NAFLD.[59601 A muciniphila has been widely consid-
ered as a novel promising ‘next-generation beneficial
microbe’ for metabolic disease management.[59
Recent studies have shown that A. muciniphila is
reduced in NAFLD.6"621 A. muciniphila is associated
with the expression of genes related to BA synthesis,
metabolism, and transport, which contribute to the
maintenance of proper bile formation.[83 What is more,
A. muciniphila can eliminate hepatic steatosis by
enhancing the oxidation of accumulated lipids.[64
Several mouse studies have confirmed that A. mucini-
phila can alleviate NAFLD. A recent study indicated that
A. muciniphila treatment reduced the levels of serum
triglyceride, alanine aminotransferase (ALT), and
inflammatory cytokine IL-6 in obese mice.[®5! Nishiyama
et all’®l also verified that an increase of A. muciniphila
has a beneficial effect on hepatic steatosis and liver
injury in ob/ob mice. Intriguingly, Rao et al®! found that
A. muciniphila treatment maintained its anti-NAFLD
effect after 4 weeks of drug withdrawal, which may
facilitate the future clinical application of A. muciniphila.

Prevotella

Prevotella is one of the dominant genera of Bacteroi-
detes, and the levels of Prevotella were usually
anticorrelated with Bacteroides.!®”] Prevotella is generally
considered to be a beneficial bacterium with potential
benefits in polysaccharide degradation and SCFA
metabolism, maintaining glucose homeostasis.869
However, some studies have also suggested that some
Prevotella strains may be pathogenic bacteria and are
associated with a variety of chronic inflammatory
diseases.*”70 Whether Prevotella has a positive or
negative effect may be related to the strain level diversity,
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namely, P. copri, and has a high genetic diversity
because of inter-species and intra-species variation.

Prevotella also showed inconsistent results in sur-
veys of the gut microbiome in NAFLD patients. Michail
et all’" revealed that children with NAFLD had more
abundant Prevotella. While in an adult study, the
opposite result was obtained; there was a lower
abundance of Prevotella in the NAFLD.[’2 Another
study conducted in Thais also showed that the
Prevotella genus is abundant in subjects with
NASH.["3 These results suggest that additional studies
are needed to confirm the changes of Prevotella
abundance in NAFLD.

Escherichia

Proteobacteria phyla includes many pathogenic bacteria,
and Escherichia is also a member of the Proteobacteria
phyla. Escherichia is the main pathogenic bacterium
producing highly active LPS in patients with fatty liver.’*
Overgrowth of Escherichia may increase intestinal
permeability and LPS levels in the portal vein, which
may activate inflammasome and lead to liver injury.l%%
Carpino et al found that serum and hepatocyte Escher-
ichia coli LPS levels were higher in both patients with
NASH and NASH mice than in controls, and the elevated
LPS could induce liver injury by activating Toll-like
receptor 4 positive macrophage and platelet.*4 Most
previous studies have confirmed an increase in Escher-
ichia at the genus level and possibly progressively in the
progress of NAFLD to NASH.[576] Bacteria of the same
genus may possess different pathogenic abilities at the
strain level. Recently Zhang et al’” identified E. coli
NF73-1 as a key strain triggering the progression of
NAFLD using whole genome sequencing. Translocation
of E. coli NF73-1 to the liver leads to an increase in
hepatic M1 macrophages and, ultimately, to a disruption
of hepatic lipid metabolism.

Ruminococcus gnavus

Ruminococcus is one of the dominant members of
Firmicutes. There is some inconsistency regarding the
alterations in the abundance of Ruminococcus in
NAFLD. Boursier et all’8l showed that Ruminococcus
is increased in patients with NAFLD and correlated
positively with the degree of liver fibrosis. However, in
another study, Ruminococcus abundance was lower in
patients with NAFLD than in healthy controls.[”® One
reason for this may be related to the fact that the
Ruminococcus genus contains many different species
of strains, which may produce different kinds of
metabolites and have different effects on the disease.
Ruminococcus gnavus (R. gnavus), is a bacterium
species strongly associated with active inflammatory

bowel disease. R. gnavus can consume mucin and
directly disrupt the intestinal barrier. In addition, it
produces an inflammatory polysaccharide that induces
the release of TNFa in dendritic cells, exacerbating the
inflammatory response.[® Using 16S ribosomal RNA
gene sequencing, Alferink et al®"! confirmed the
association of R. gnavus with steatosis in 472 patients
with steatosis. After adjusting for confounding factors
such as IBM and diet, R. gnavus remained indepen-
dently associated with steatosis.

Gut microbiota alterations in the
progression of NAFLD

In recent years, numerous studies have investigated the
gut microbiota composition during different stages of
NAFLD. Hoyles et al®? investigated the correlation
between gut microbial diversity and liver steatosis after
adjusting for body mass index, which showed that
Proteobacteria, Actinobacteria, and Verrucomicrobia
were significantly correlated with liver steatosis, while
Firmicutes and Euryarchaeota were significantly anti-
correlated. Lanthier et al®3 used 16S rRNA amplicon
sequencing to detect a group of samples of patients
with NAFLD with different degrees of steatosis and
fibrosis evaluated by fiberscan by comparing patients
with nonsevere liver steatosis (n=10), severe liver
steatosis (n=18), and both severe steatosis and
fibrosis (n=9), and they found that Clostridium sensu
stricto abundance significantly decreased with the onset
of fat deposition and fibrosis. Also, further linear
discriminant analysis effect size showed that Escher-
ichia/Shigella may be the discriminating microorganism
for fibrosis. A study by Shen et all’? also confirmed the
presence of Escherichia in patients with significant
fibrosis compared to FO/F1 fibrosis. Loomba et all4
applied a macrogenomic sequencing platform to distin-
guish 86 patients with biopsy-proven NAFLD with
different degrees of fibrosis. They also found that as
mild/moderate NAFLD progressed to advanced fibrosis,
the abundance of the Proteobacteria phylum increased
while the Firmicutes phylum decreased. They selected
37 bacterial species, alpha diversity, age, and body
mass index to construct a random forest model, which
can diagnose advanced fibrosis with an AUC of 0.936.

The development of cirrhosis and represents severe
outcomes of advanced NAFLD progression. Conse-
quently, the precise identification of individuals with the
highest risk of advanced NAFLD is crucial. Oh et all8%
performed a macrogenomic analysis of the gut micro-
biota in 54 non-NAFLD controls and 27 NAFLD-
cirrhosis, and they identified a number of species,
including Veillonella parvula, Ruminococcus gnavus,
Faecalibacterium prausnitzii, and 19 other species,
whose variation can accurately diagnose AFLD-cirrho-
sis (AUC 0.91). Ponziani et all® explored the microbial
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features associated with the progression of NAFLD-
related cirrhosis to HCC. Patients with NAFLD-related
cirrhosis and HCC (n=21), NAFLD-related cirrhosis
without HCC (n = 20), and healthy controls (n =20) were
studied. The NAFLD-related cirrhosis and HCC groups
exhibited a higher abundance of Bacteroides and
Ruminococcaceae in comparison to the group without
HCC. A summary of gut microbiota alterations associ-
ated with NAFLD is presented in Table 1.

As mentioned above, gut microbiota composition
changed during NAFLD progression. Loomba et al®4
and Oh et al®® also suggested that the variation of
bacterial species can accurately predict disease pro-
gression. However, inconsistent changes in gut micro-
biota have been reported in patients with NAFLD.
Possible explanations for this inconsistency include
small sample sizes and the absence of a completely
healthy control group in some studies, variations in
diagnostic tools for fatty liver, and differences in the
composition of the gut microbiota due to different
sequencing methods. Therefore, it is important to
conduct large-scale, well-characterized studies of
MASLD patients using macrogenomic analysis to
assess changes in the gut microbiota profile.

GUT METABOLOMIC
CHARACTERIZATION OF NAFLD

The MS-based metabolomics to detect
microbiota-derived metabolite

The microbiota-derived metabolites play an important
role in microbial effects on the gut-liver interactions,
which can activate or inhibit signaling pathways related to
the NAFLD progression. The microbiota-derived metab-
olites involved in these interactions, including BAs,
SCFAs, trimethylamine (TMA) metabolites, tryptophan
metabolites, etc., have enormous chemical diversity and
a large dynamic range, which bring huge analytical
challenges for separation and quantification, especially in
biological samples.”®!! Metabolomics provides a compre-
hensive biochemical analytical technique to characterize
and detect all low molecular weight compounds (< 1500
Da), which can assess metabolism and identify down-
stream functions of genes and proteins.®293 The
metabolomics analysis is primarily achieved using the
mass spectrometry technology platform due to its high
sensitivity and specificity, also called mass spectrometry
(MS)-based metabolomics.®y The MS-based metabolo-
mics approach can quantify thousands of metabolites
down to pico- and nanomolar levels in a complex
biological matrix.°® With the MS-based metabolomics
approach, microbiota-derived metabolite detection is
expected to become a new noninvasive diagnostic
strategy for NAFLD. The MS-based metabolomics

approach can be classified as nontargeted or targeted,
which can be applied in different situations.

Targeted metabolomics in NAFLD

Targeted metabolomics are commonly used when the
investigators already have prior knowledge about the
specific metabolites and require identification confidence
and precise quantification of the target metabolites.!!
Since targeting specific molecules can directly tune the
workflow and instrument for the detection of those
specific molecules, targeted metabolomics have advan-
tages in high sensitivity, high specificity, and wide linear
range, which is considered the best approach for
metabolites absolute quantitative analysis.l%! The ana-
Iytical methods commonly applied in targeted metabolo-
mics are the target liquid chromatography-tandem mass
spectrometry and gas chromatography-tandem mass
spectrometry, with hybrid quadrupole-linear ion trap or
triple quadrupole mass spectrometers as their MS
analyzers.[9397.98] The targeted liquid chromatography-
tandem mass spectrometry is generally used in the
quantification of polar metabolites (ie, BAs), while target
gas chromatography-tandem mass spectrometry used in
nonpolar or volatile metabolites (ie, SCFAs). Targeted
metabolomics is suitable for clinical application, espe-
cially for the target metabolites biomarker validation in
large-scale cohorts. However, targeted metabolomics
only can quantify the preselected compounds, which
limits the potential for the discovery of unexpected
metabolite biomarkers.

Untargeted metabolomics in NAFLD

Untargeted metabolomics is commonly used to identify
all measurable metabolites in the sample without prior
knowledge about the constituents and changes in them.
As numerous metabolic features need to be identified
and analyzed in the untargeted metabolomics, the
analytical methods must have excellent resolution, high
sensitivity, and a wide dynamic range, and the MS
should be equipped with high-resolution MS analyzers,
including time of flight, Orbitrap, or Fourier transform ion
cyclotron resonance.l®'99 The untargeted liquid chro-
matography-tandem coupled with high-resolution MS is
the major analytical method of untargeted metabolo-
mics, as it has more detectable metabolites with higher
sensitivity due to the liquid chromatography-tandem
separation compared to direct infusion (shotgun) MS.193]
With untargeted metabolomics, the similarities and
differences of metabolites between different study
cohort can be statistically analyzed to discover new
biomarker of a particular disease and identify the
metabolic pathways related to the disease.



TABLE 1
References (Y)

Leung et all87]

Rau et al[88]

Astbury et all48]

lino et al[53]

Boursier et a

Alferink et all81]

Loomba et a

Oh et all8!

Da Silva et a|[79]

Lanthier et all83]

Hoyles et al.182]

Behary et all8d

|[78]

|[84]

Gut microbiota alterations in NAFLD

Participants (n)

Non-NAFLD(n = 90)
NAFLD(n = 90)

HCs (n = 27)
NAFL(n = 14)
NASH(n = 18)
NASH (n = 65) ;

healthy controls (n = 76)

NAFLD (205)
Non-NAFLD (669)

FO/1 fibrosis (30);
F > 2 fibrosis (27)

no steatosis (883)
Steatosis (472)

stage 0—2 NAFLD (72)

stage 3—4 Advanced Fibrosis (14)

non-NAFLD (54)
NAFLD-cirrhosis (27)

15 simple steatosis (15);

NASH (24);
healthy controls (28)

nonsevere liver steatosis (10);
severe liver steatosis (18);
both severe steatosis and fibrosis

©)

no liver steatosis (10);
liver steatosis 1 (22);
liver steatosis 2 (14);
liver steatosis 3 (10)

NAFLD-HCC (32);
NAFLD-cirrhosis (28);
NAFLD control (30)

Diagnostic tool

ultrasonography

Liver biopsy

Liver biopsy

Ultrasonography

Liver biopsy

Ultrasonography

Liver biopsy

Liver biopsy
MRI-PDFF
MRE

Liver biopsy

Fibroscan

Liver biopsy

Transient elastography
scores

Alterations

Decreased methanobrevibacter and
phascolarctobacterium, increased

Slackia and Dorea formicigenerans could be signatures of
NAFLD risk

Fusobacteria and Fusobacteriaceae abundance were
increased in patients with NASH

Increased Collinsella was most strongly associated with
NASH

Ruminococcaceae and Faecalibacterium were significantly
decreased in patients with NAFLD

Increased abundance of Bacteroides are independently
associated with NASH and increased Ruminococcus
with fibrosis.

In patients with steatosis, Coprococcus decreased and
Ruminococcus Gnavus increased

From mild/moderate NAFLD to advanced fibrosis, the
Proteobacteria phylum increased while the Firmicutes
phylum decreased.

Veillonella parvula, Veillonella atypica, Ruminococcus
gnavus, Clostridium bolteae and Acidaminococcus sp.
D21 was increased, and Eubacterium eligens,
Eubacterium rectale, and Faecalibacterium prausnitzii
were decreased

Ruminococcus, Faecalibacterium prausnitzii and
Coprococcus were decreased in patients with NAFLD,
an no difference was found between NASH and simple
statosis.

Clostridium sensu stricto was decreased in patients with
severe steatosis, and an enrichment of Escherichia/
Shigella is more represented in the gut microbiota from
subjects with fibrosis

Proteobacteria, Actinobacteria and Verrucomicrobia were
significantly correlated with liver steatosis, while
Firmicutes and Euryarchaeota were significantly
anticorrelated.

B. caecimuris and V. parvula are increased only in NAFLD-
HCC patients.

Region
China

Germany

UK

Japan

France

Netherlands

America

America

Canada

Belgium

Italy and Spain

Australia

Analysis method

Shotgun metagenomic
sequencing

16S rRNA

16S rRNA

16S rRNA

16S rRNA

16S rRNA

metagenomic
sequencing

Shotgun metagenomic
sequencing

16S rRNA

16S rRNA

Shotgun metagenomic
sequencing

Shotgun metagenomic
sequencing

QTISVIA NI SHIXYVINOIG O1108VLIN ANV VL1O0I90dDIN LND
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(continued)

TABLE 1.

Analysis method

16S rRNA

Region

Alterations

Diagnostic tool

Participants (n)

Non-NAFLD controls(n = 51);

References (Y)

America

Megasphaera was only enriched in the NAFLD-cirrhosis

MRI-PDFF

Caussy et all%l

group, and more Gram-negative microbes were

observed in advanced fibrosis stage

MRE
Fibroscan

(n = 17);

NAFLD without advanced fibrosis
NAFLD-cirrhosis (n

= 25)

16S rRNA

Italy

Bacteroides and Ruminococcaceae were higher in

NAFLD-related cirrhosis and

Ponziani et al.[86]

NAFLD-related cirrhosis and HCC

HCC (21); NAFLD-related

cirrhosis without HCC (20);

healthy controls (20)

Abbreviations: MRI-PDFF, MRI-proton density fat fraction; MRE, Magnetic resonance elastography.

The untargeted metabolomics provides a powerful
discovery tool for clinically relevant microbiota-derived
metabolite biomarkers for NAFLD. However, it still has
its limitations. First, the compound identification can be
not good enough limited to the data acquisition speeds,
since too large amount of data should be detected.
Second, the quantification of metabolites can be
inaccurate due to the sensitivity and the interference
of matrix effects.['0% Therefore, the discovered metab-
olite biomarkers should be validated in the large-scale
validation cohort combined with the precise targeted
metabolomics method to ensure the effectiveness of the
biomarkers for MASLD.

Gut metabolomics in NAFLD

Gut microbiota is essential in maintaining host health,
and variations in the composition of the gut microbiota
and metabolites can affect host systemic metabolism.[10"]
In a study, Hu et all'% performed a comprehensive
serum metabolomic analysis of 112 patients with early
NAFLD and 112 healthy volunteers by ultra-performance
liquid chromatography-Orbitrap mass spectrometry.
They identified 55 different serum metabolites, with 15
being closely associated with early NAFLD, and found no
significant differences in liver chemistry, including aspar-
tate aminotransferase and ALT. Thus, comprehensive
serum metabolomics analysis could potentially unveil
novel noninvasive detection markers for patients. Fur-
thermore, Liu et all'% suggested that serum untargeted
metabolomics may provide a diagnostic model to
distinguish subtypes of NAFLD, regardless of Lean-
NAFLD or Obese-NAFLD type. Table 2 summarizes
several classes of gut microbiota metabolites that have
been widely reported in the literature to be involved in the
development of NAFLD, including bile acids, SCFA,
trimethylamine, and Tryptophan metabolites. Monitoring
changes in the composition and levels of these classes of
gut microbiota metabolites is important for the diagnosis
and staging of NAFLD and is expected to provide new
insights into disease diagnosis and treatment.

Bile acids (BAs)

Primary bile acids (BAs and goose deoxycholic acid)
are synthesized in the liver and then secreted into the
duodenum with bile. The intestinal microflora plays an
important role in maintaining normal BA metabolism by
converting primary BAs to various secondary BAs
through processes such as degradation, deoxidation,
oxidation, esterification, and desulfation.l''*! There is
growing evidence that BAs not only emulsify fats and
promote nutrient absorption but also act as signaling
molecules to activate farnesylate receptors and bile
acid G protein-coupled receptor 5, which play important



TABLE 2 Gut metabolomic alterations in NAFLD

References (Y)

Yang et all104]

Ledn et aI[105]

Leung et allé’]

Chen et all1%€]

Nimer et al[107]

Puri et al[108]

Rau et al[88]

Lee G et a|[109]

Barrea et al[1 10]

Zhao et al[111]

Sehgal et al!12l

Yu JS et all!13!

Participants (n)

HCs(n = 30)
NAFLD(n = 32)

Non-NAFL (n = 38)
NAFLD (n = 319)

NAFL (n = 88)

borderline NASH
(n = 122)

NASH (n = 109)

Non-NAFLD (n = 90)

NAFLD (n = 90)

HCs (n = 15)
NAFLD (n = 72)

non-NASH (n = 25)

NASH (n = 22)
HCs (n = 50)
NAFLD (n = 102)
HCs (n = 24)
NAFL (n = 25)
NASH (n = 37)
HCs (n = 27)
NAFL (n = 14)
NASH (n = 18)

No-NAFLD (n = 31)
NAFLD (n = 171)

Participants
(n = 137)

HCs (n = 494)

Fatty liver disease

(n = 273)

HCs (n = 79)
Simple Steatosis
(n = 49)
NASH(n = 45)
HCs (n = 22)
NAFLD (n = 25)

Diagnostic tool

FibroScan-CAP
Ultrasound
CT
MRI
biopsy

Biopsy

Ultrasonography

Biopsy

Biopsy

Biopsy

Biopsy

Biopsy

Biopsy

Serological models

Alterations

Compared with controls, there were 22 differential metabolites
shared in feces and serum (including purines and purine
derivatives, amino acids, peptides, BAs, derivatives, etc),
dominated by lipid molecules

TMAO and choline levels were significantly increased in NAFLD
and NASH; total secondary bile acids concentrations were at a
notably higher level in NASH than non-NASH subjects

15 metabolites were significantly different between case and
controls, such as 3-chlorotyrosine and phenylacetic acid

The ratio of conjugated chenodeoxycholic acids to muricholic
acids was positively associated with the severity of liver lesions

Glycine-conjugated forms of the BAs were significant associations
with more severe inflammation and fibrosis

In patients with NASH, total primary BAs increased, and
secondary BAs decreased

In patients with NAFLD, fecal acetate and propionate levels
increased

In nonobese subjects with NAFLD (BMI$25 g/m? ), fecal
propionic acid level and the synthesis of bile acid increased with
worsening fibrosis severity

TMAO was positively correlated with BMI, and specific cut-off of
TMAO might help in identifying subjects at high risk of NAFLD

TMAVA levels were increased in liver steatosis patients

In nondiabetic individuals, circulating IPA levels were lower in
patients with hepatic fibrosis than in those without

In the patient group, IPA, IAA, and SCFAs were marginally
reduced compared to HCs, while BAs presented elevated levels

Region
China

Mexico

China

China

America

America

Germany

Korea

Italy

China

Finland

Korea

Analysis method

Nontargeted metabolomic detection

Targeted metabolomic detection
(TMAOQ, choline, betaine, and
BAs)

Nontargeted metabolomic detection

Targeted metabolomic detection
(BAs)

Targeted metabolomic detection
(BAs)

Targeted metabolomic detection
(BAs)

Targeted metabolomic detection
(SCFAs)

Targeted metabolomic detection
(SCFAs and BAs)

Targeted metabolomic detection
(TMAO)

Targeted metabolomic detection
(TMAVA)

Nontargeted and targeted
metabolomic detection (IPA)

targeted metabolomic detection
(SCFAs, BAs, and indoles)

Abbreviations: BA, bile acids; BMI, body mass index; CAP, Controlled attenuation parameter; HCs, healthy controls; IAA, indole-3-acetic acid; IPA, indole-3-propionic acid; MRI-PDFF, MRI-proton density fat fraction; MRE,

Magnetic resonance elastography; SCFA, short-chain fatty acids; TMAO, trimethylamine N-oxide; TMAVA, N,N,N-trimethyl-5-aminopentanoic acid.
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roles in glucose, lipid, and energy metabolism.['15-117]
Many of these signaling pathways are also thought to
be involved in the development of NAFLD as well as in
the disease process. In a metabolomics study, patients
with NAFLD had higher concentrations of BAs than
healthy controls, and the primary BAs GCDCA and
GCA, and the secondary bile acids 7-Keto-DCA and
GUDCA, bound to glycine, were associated with more
severe liver inflammation and liver fibrosis.l'71 A study
by Puri P9l et al also demonstrated that the
composition of BAs changed significantly in patients
with NAFLD and that specific changes were associated
with the development and severity of steatohepatitis.
Chen J et all'%ldetermined BA profiles in serum and
liver tissues by ultra-performance liquid chromatogra-
phy-tandem mass spectrometry and found that from
healthy controls to patients who are non-NASH to
patients with NASH, the ratio of conjugated chenodeox-
ycholic to muricholic acids gradually increased and
positively correlated with the degree of steatosis and
fibrosis in NASH.

Short-chain fatty acids (SCFAs)

Short-chain fatty acids (SCFAs), including formate,
acetate, propionate, butyrate, and lactate, are primarily
generated by the fermentation of undigested carbohy-
drates by gut microbiota.['"8l SCFAs play an important
role in maintaining the integrity of the intestinal barrier by
regulating intestinal luminal pH, secreting mucus, and
providing energy for endothelial cells.l''®! Studies have
shown that SCFA also have a protective effect against
inflammatory bowel disease, type 1 diabetes, and
NAFLD.['201 Therefore, SCFAs could be a potential
therapeutic approach to mitigate NASH. For example,
the administration of sodium acetate, sodium propionate,
or sodium butyrate to methionine- and choline-deficient
mice attenuates methionine- and choline-deficient-
induced steatosis and inflammation.l'2l Moreover, the
intervention of high-fat-fed mice with butyrate inhibits the
expression of pro-inflammatory factors IL-1p, IL-6, and
MCP1/CCL2 in the liver and toll-like receptors 4 in
adipose tissue.l'?2 However, elevated levels of SCFAs
may also contribute to NAFLD disease progression by
maintaining a low-grade inflammatory process, affecting
circulating immune cells and peripheral target organs
such as the liver.[8!

Trimethylamine (TMA) metabolites

Dietary nutrients such as choline and carnitine are
broken down by intestinal microorganisms to produce
TMA, which is converted to TMAO in the liver by flavin-
containing monooxygenases 1 and 3.1'231 TMAO is of
wide interest primarily for its role in processes

including thrombosis, fat accumulation, and vascular
calcification.l'24125 Moreover, increased TMAO levels
are linked to an augmented risk of significant
adverse cardiovascular events, such as myocardial
infarction, sudden death, and stroke.l'25/ TMAO can
serve as a predictive biomarker for cardiovascular
disease, and recently, it has emerged as a candidate
risk factor for NAFLD/metabolic-associated fatty liver
disease.['25-1291 A prospective study including 5292
subjects showed that high TMAO concentrations were
associated with increased all-cause mortality in
NAFLD.['30 TMAO may exacerbate hepatic steatosis
by regulating BA metabolism. In a case-control study,
serum TMAO levels were positively correlated with BA
levels in patients with NAFLD, and in a mouse model,
TMAO administration impaired liver function and
increased hepatic fat deposition.['3" The effect of
TMAO on hepatic steatosis may also be related to
endoplasmic reticulum stress. At physiologically rele-
vant concentrations, TMAO binds to endoplasmic
reticulum stress enzymes and then selectively acti-
vates the unfolded protein response.['32 Unfolded
protein response causes hepatic steatosis, induces
apoptosis and inflammation, and is closely associated
with the progression of many liver diseases, including
NAFLD.['33 Recently, Zhao M et all''l discovered a
new microbiota-derived metabolites, N,N,N-trimethyl-
5-aminopentanoic acid, may associated with NAFLD.
Through nontargeted liquid chromatography-tandem
mass spectrometry analysis of plasma samples from
patients with hepatic steatosis and healthy controls,
the researchers found that plasma N,N,N-trimethyl-5-
aminopentanoic acid levels were significantly elevated
in patients with hepatic steatosis. Moreover, N,N,N-
trimethyl-5-aminopentanoic acid was found to reduce
hepatocyte mitochondrial and carnitine synthesis and
aggravate fatty liver in mice experiments.

Tryptophan metabolites

Tryptophan is an indispensable amino acid that is mostly
absorbed by the intestinal epithelium from dietary
sources. Over 90% of tryptophan is catabolized via the
Kynurenine pathway, while a small fraction (1%—-2%) is
transformed into 5-hydroxytryptamine.['3% Unabsorbed
tryptophan is metabolized by gut microbiota to indole and
its derivatives, mainly including indole-3-aldehyde,
indole-3-acetic acid, and indole-3-propionic acid, which
play a beneficial role in the development of NAFLD.[134
Previous studies have suggested a negative correlation
between indole levels and liver fat content, with obese
individuals exhibiting lower indole levels and higher liver
fat content. Furthermore, indole and its derivatives have
been shown to possess anti-inflammatory properties and
can ameliorate liver steatosis and fibrosis in both in vitro
and in vivo models.[3!
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Correlations between metabolites and
certain bacterial species

Based on existing research exploring the correlations
between gut microbiota abundance and metabolite
concentrations in patients with NAFLD, it has been
observed that particular bacterial species are associated
with specific metabolites (Table 3). In patients with
NAFLD displaying elevated liver enzyme ([aspartate
aminotransferase] or [ALT] > 50 IU/L), Oscillospiraceae
share a significant positive correlation with urocanic acid
and 3-hydroxyanthranilic acid, one of the L-tryptophan
metabolites."'3 Another prospective study observed that,
in patients with NAFLD with no/mild fibrosis, fecal DCA
levels showed a positive correlation with the abundance of
Lachnospiraceae and a negative correlation with
Bacteroidaceae, whereas serum GCA was positively
correlated with Lachnospiraceae and inversely correlated
with Bacteroidaceae and Rickenellaceae!'?.. It was also
found that nonobese NAFLD subjects with higher fibrosis
severity presented elevated primary bile acid level, which
was associated with increased abundances of
Megamonas spp. and decreased abundance of R.
bromii, Faecalibacterium prausnitzi, and Roseburia
intestinalis.l'% In addition, a negative correlation between
2-butanone and Ruminococcus and Coprococcus in NAFL
individuals,'3® as well as a connection between the
decrease of serum taurocholic acid concentration and
Erysipelotrichaceae_UCG-003 have been uncovered in
recent years.'™ Therefore, the association between
specific bacterial species and particular gut microbiota-
derived metabolites suggests that gut microbiome
signatures and metabolic profiles can be used jointly as
noninvasive disease biomarkers or applied to construct
diagnostic models for the diagnosis or staging of NAFLD.

TABLE 3
Substance

BAs: CA, CDCA, DCA, LCA, and UDCAI36]

SCFAs: formate acetate, propionate, butyrate and lactate!88.118]

TMARS. 1] TMAO, TMAVA

Tryptophan metabolites: Indole, IAld, IAA, and IPALS]

MICROBIOME-TARGETED
THERAPIES OF NAFLD

At present, there are no approved drug therapies for the
treatment of NAFLD, with lifestyle changes such as diet
and exercise being the primary means of intervention.[39
However, with a growing understanding of the role of gut
microbiota and its metabolites in the development and
progression of NAFLD, there is a growing interest in
microbiome-targeted therapies for its management.
Microbiome-targeted therapies encompass several cat-
egories, including probiotics, synbiotics, antibiotics, and
fecal microbiota transplantation (FMT).['40]

The probiotics used in clinical trials are mainly
Lactobacilli, Streptococci, and Bifidobacteria. Synbiotics
are a combination of probiotics and prebiotics, in which
prebiotics are dietary fibers that can be fermented by
bacteria to produce health benefits.[140.141 Most studies
support the positive role of prebiotics/synthetic in the
treatment of NAFLD. A meta-analysis suggested that
probiotics/synbiotics may have beneficial effects on
reducing levels of ALT and improving hepatic
steatosis."*) However, some inconsistent results have
also been seen. A recent randomized controlled trial
conducted in the United Kingdom showed that liver fat
content and markers of liver fibrosis were not reduced in
patients with NAFLD after 1 vyear of synbiotic
administration.'#?! In another clinical trial, probiotic admin-
istration did not result in significant clinical improvement in
patients with NAFLD; however, probiotics appeared to
have the ability to protect the intestinal mucosa in the small
intestinal microenvironment.['43l Certain antibiotics have
been utilized for cirrhosis treatment, but further researches
are needed on their role in the treatment of NAFLD.['%4]
While short-term antibiotic usage can reduce endotoxin

Correlations between specific bacterial species and certain metabolites and functions of metabolites in NAFLD progression

Associated gut microbiota

Clostridium, Bacteroides,

Lactobacillus, Bifidobacterium,
Listeria, Faecalibacterium

prausnitzii, E. coli, Ruminococcus,

Lachnospira, Rickenellaceae,
Roseburia, et al

Akkermansia municiphilla,

Ruminococcus bromii,
Faecalibacterium prausnitzii,

Eubacterium rectale, Eubacterium

hallii, et al

Mainly Firmicutes and Proteobacteria

phylum, Bacteroidetes do not
produce TMA

Prevotella, Bacteroides,

Fusobacterium, Escherichia,
Oscillospira et al

Function

Promote lipid absorption,
regulate liver inflammation
and glucose metabolism,
maintain energy metabolism
balance

Maintain gut barrier integrity,
regulate immune function
and inflammation

Regulate bile acid metabolism;
aggravate liver steatosis

Improve liver inflammation and
glucose metabolism

Abbreviations: BA, bile acid; CA, cholic acid; CDCA, chenodeoxycholic acid; DCA, deoxycholic acid; IAA, indole-3-acetic acid; IA1d, indole-3-aldehyde; IPA, indole-3-
propionic acid; LCA, lithocholic acid; SCFA, short-chain fatty acids; TMA, trimethylamine; TMAO, trimethylamine N-oxide; TMAVA: N,N,N-trimethyl-5-aminopentanoic

acid; UDCA, ursodeoxycholic.
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and transaminase levels, prolonged usage can lead to
bacterial resistance and dysbiosis of the gut
microbiota.['*! FMT is a method of transplanting feces
from a healthy donor to a patient to improve the
composition of the gut microbiota. Except for being safe
for patients, FMT possesses a superior effect than
probiotics and synbiotics on the maintenance of intestinal
ecology by supplying a variety of commensal
bacteria.22145] Although current researches have conflict-
ing results regarding the ability of FMT to reduce fat
accumulation and insulin resistance, it has the potential to
restore gut microbiota diversity and decrease intestinal
permeability in patients with NAFLD.[45]

As mentioned above, microbiome-targeted therapies
may have the potential to complement the treatment of
patients with NAFLD. However, these therapies are not
yet formally employed in clinical practice and require
further investigation to determine their effectiveness.

CONCLUSIONS AND FUTURE
DIRECTIONS

In this review, we elucidate that gut dysbiosis can be
involved in the pathogenesis and progression of NAFLD
by eliciting immune dysregulation and metabolism
disorder in the host. On top of that, we present a
comprehensive overview of the commonly acknowl-
edged gut microbiome signatures and the key metabolic
pathways in NAFLD that have been identified by
microbiome analyses or metabolomics approaches,
with a focus on correlations between specific bacterial
species and certain gut microbiota-derived metabolites
in patients with NAFLD. In particular, we proposed that
BAs have the highest association with gut microbiota,
such as Bacteroidaceae, Lachnospira, and Faecalibac-
terium; Additionally, the abundance of Ruminococcus
bromii is closely related to some subclasses of BAs and
SCFCs. These already uncovered links indicate that gut
microbiome signatures and metabolic profiles have the
potential as noninvasive biomarkers for the diagnosis or
staging of NAFLD, and hold promise for the develop-
ment of diagnostic models. Despite the promising
prospects of the potential biomarkers, few of them have
been validated since changes in microbial abundance
and metabolite contents are inconsistent among stud-
ies, which largely hinders the advancement and
qualification of biomarkers for clinical use in NAFLD.
This discrepancy may be attributed to differences in
assay platforms and methodologies as different
sequencing and metabolomics tools vary in accuracy,
sensitivity, and so on. Another possible explanation is
that the composition of gut microbiota varies among
recruited subjects, leading to a lack of reproduced
findings in heterogeneous cohorts.

16S rRNA sequencing and MS are currently the first-
line methods to study the gut microbiota and its

metabolites. However, 16S rRNA sequencing has
limitations in identifying individual species and strains
due to the high sequence identity among bacterial
families in the hypervariable region. In addition, different
studies on the selection of amplification region, primer
design, and selection of analysis process will lead to
differences in results, thus affecting the comparability of
studies. Given the variability in the quantitative changes
and roles of different strains within the same genus in
NAFLD, it is necessary to conduct studies at the
species level. MNGS can identify microorganisms down
to the species level or even strain level and also
enables in-depth studies at the genetic and functional
levels, such as the determination of virulence factors
and drug resistance genes, which help provide clues to
the mechanistic studies of gut microbiota alteration and
NAFLD. In addition, shotgun sequencing features
sequencing of all DNA in a sample, which ensures that
fungi, archaea, and viruses in the gut microbiome can
also be detected and analyzed. Therefore, transitioning
from 16S rRNA sequencing to metagenomic analysis
may reveal a more profound relationship between the
disturbance of mycobiome composition and NAFLD.
The primary challenge in MS-based metabolomics is
the lack of comprehensive, well-annotated public data-
bases. Incomplete databases make it difficult to
effectively interpret results and accurately quantify small
molecules due to variations in mass spectra obtained
from different experimental conditions and mass spec-
trometer types. Moreover, the relatively low inter-assay
repeatability of metabolomics analysis methodologies
results in divergent conclusions from samples collected
in different studies. To address these challenges,
providing robust bioinformatics support for liquid chro-
matography-tandem-MS and building self-constructed
databases for different types of mass spectrometers are
regarded as promising future directions for advancing
the field.

Heterogeneity in the selection of study subjects also
contributed to the inconsistent results. Previous studies
have shown that the composition and function of gut
microbiota vary with the host’s age, sex, race, body mass
index, diet, disease status, and other factors. Even on the
same day, the composition of gut microbiota may change
dynamically over time in response to various endoge-
nous and exogenous stimuli. However, current studies
generally measure and adjust for only one or few
characteristics of the subjects, leading to the over-
estimation of the correlation between the alterations in
the flora and the disease or even conflicting conclusions.
Hence, potential confounding factors must be controlled
in clinical human studies. Liver biopsy, considered the
gold standard for diagnosing NAFLD, is invasive and not
suitable for presumed healthy individuals. Therefore,
many studies have adopted noninvasive modalities (eg,
ultrasound, Fibroscan, and MRI) to classify patients and
stage NAFLD, resulting in reduced diagnostic accuracy.
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Therefore, the establishment of well-characterized clin-
ical cohorts, and the recording and control of confounding
factors during the design and data analysis phases of a
trial can help to derive the correct association between
gut microbiota and NAFLD and enhance comparability
among study results.

At present, most studies on gut microbiota and
NAFLD only reveal correlations and possible mecha-
nisms, and few reported biomarkers have been vali-
dated and utilized in clinical practice. This may be due
to the predominantly cross-sectional design of these
studies, which not only precludes the establishment of
causal relationships between alterations in gut micro-
biota and metabolites and the onset of fatty liver
disease but also leads to the lack of relevant studies
using gut microbiota and its metabolites as diagnostic
models for NAFLD. Recently, a prospective study by
Leung et al®”l developed a risk prediction model for
NAFLD based on the microbiome characteristics of
subjects in a prospective cohort, which can be used to
predict the risk of NAFLD in healthy subjects over the
next 4 years. This study also demonstrated that the gut
microbiota composition and function of patients differ
from those of healthy subjects even before ultrasound
diagnosis of NAFLD, indicating its potential as a
noninvasive diagnostic test for NAFLD. Therefore,
further longitudinal cohort studies are needed in the
future to extend the cross-sectional evidence.

In conclusion, a mounting number of animal experi-
ments and clinical studies have highlighted the key role of
gut microbiota and metabolites in the pathogenesis of
NAFLD, indicating their potential utility in the diagnosis,
staging, and treatment of NAFLD. Nevertheless, the full
potential of these entities as noninvasive biomarkers and
their clinical applicability remains largely untapped. The
establishment of the MASLD nomenclature and the
adoption of affirmative criteria, rather than exclusionary
ones, offer definive and unequivocal descriptions.
Additionally, the Delphi consensus facilitates more precise
classification and diagnosis of metabolic and alcohol
associated liver disease (subjects with alcohol intake
greater than that allowed for MASLD) and cryptogenic
SLD (subjects exhibiting no metabolic parameters and no
identifiable known cause) within the broader SLD
category.ll This advancement addresses the challenges
encountered in the design of clinical trials and drug
treatments arising from the heterogeneous nature of the
NAFLD population. Moreover, well-designed longitudinal
and prospective cohort studies are urgently required to
overcome the limitations of population variability in
demographics and validate potential microbiota-derived
biomarkers. Considering the constraints of existing
methodological approaches, identifying more specific
markers for diagnostic models using advanced computa-
tional science and multi-omics analysis combining geno-
mics, metabolomics, and lipidomics could represent an
important research direction in the future.

CONFLICTS OF INTEREST
The authors have no conflicts to report.

ORCID

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

Rinella ME, Lazarus JV, Ratziu V, Francque SM, Sanyal AJ,
Kanwal F, et al. A multi-society Delphi consensus statement on
new fatty liver disease nomenclature. J Hepatol. 2023;79:
1542-56.

Eslam M, Newsome PN, Sarin SK, Anstee QM, Targher G,
Romero-Gomez M, et al. A new definition for metabolic
dysfunction-associated fatty liver disease: An international
expert consensus statement. J Hepatol. 2020;73:202-9.
Powell EE, Wong VW, Rinella M. Non-alcoholic fatty liver
disease. Lancet. 2021;397:2212-24.

Cotter TG, Rinella M. Nonalcoholic fatty liver disease 2020: The
state of the disease. Gastroenterology. 2020;158:1851-64.
Kasper P, Martin A, Lang S, Kutting F, Goeser T, Demir M, et al.
NAFLD and cardiovascular diseases: A clinical review. Clin Res
Cardiol. 2021;110:921-37.

Yip TC, Lee HW, Chan WK, Wong GL, Wong VW. Asian
perspective on NAFLD-associated HCC. J Hepatol. 2022;76:
726-34.

Estes C, Anstee QM, Arias-Loste MT, Bantel H, Bellentani S,
Caballeria J, et al. Modeling NAFLD disease burden in China,
France, Germany, ltaly, Japan, Spain, United Kingdom, and
United States for the period 2016-2030. J Hepatol. 2018;69:
896-904.

Marcuccilli M, Chonchol M. NAFLD and chronic kidney disease.
Int J Mol Sci. 2016;17:562.

Angulo P, Kleiner DE, Dam-Larsen S, Adams LA, Bjornsson
ES, Charatcharoenwitthaya P, et al. Liver fibrosis, but no other
histologic features, is associated with long-term outcomes of
patients with nonalcoholic fatty liver disease. Gastroenterology.
2015;149:389-97 e10.

Dulai PS, Singh S, Patel J, Soni M, Prokop LJ, Younossi Z,
et al. Increased risk of mortality by fibrosis stage in nonalcoholic
fatty liver disease: Systematic review and meta-analysis.
Hepatology. 2017;65:1557—65.

Zhou JH, Cai JJ, She ZG, Li HL. Noninvasive evaluation of
nonalcoholic fatty liver disease: Current evidence and practice.
World J Gastroenterol. 2019;25:1307-26.

Alexander M, Loomis AK, Fairburn-Beech J, van der Lei J,
Duarte-Salles T, Prieto-Alhambra D, et al. Real-world data
reveal a diagnostic gap in non-alcoholic fatty liver disease. BMC
Med. 2018;16:130.

Tamaki N, Ajmera V, Loomba R. Non-invasive methods for
imaging hepatic steatosis and their clinical importance in
NAFLD. Nat Rev Endocrinol. 2022;18:55-66.

Castera L, Friedrich-Rust M, Loomba R. Noninvasive Assess-
ment of Liver Disease in Patients With Nonalcoholic Fatty Liver
Disease. Gastroenterology. 2019;156:1264-81 e4.

Kramer H, Pickhardt PJ, Kliewer MA, Hernando D, Chen GH,
Zagzebski JA, et al. Accuracy of Liver Fat Quantification With
Advanced CT, MRI, and Ultrasound Techniques: Prospective
Comparison With MR Spectroscopy. AJR Am J Roentgenol.
2017;208:92-100.

Hernaez R, Lazo M, Bonekamp S, Kamel I, Brancati FL, Guallar
E, et al. Diagnostic accuracy and reliability of ultrasonography
for the detection of fatty liver: A meta-analysis. Hepatology.
2011;54:1082-90.

Mikolasevic |, Orlic L, Franjic N, Hauser G, Stimac D, Milic S.
Transient elastography (FibroScan((R))) with controlled attenu-
ation parameter in the assessment of liver steatosis and fibrosis
in patients with nonalcoholic fatty liver disease - Where do we
stand? World J Gastroenterol. 2016;22:7236-51.



16

HEPATOLOGY COMMUNICATIONS

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Eslam M, Sanyal AJ, George J. International Consensus P.
MAFLD: A Consensus-Driven Proposed Nomenclature for
Metabolic Associated Fatty Liver Disease. Gastroenterology.
2020;158:1999-2014 e1.

De Minicis S, Rychlicki C, Agostinelli L, Saccomanno S,
Candelaresi C, Trozzi L, et al. Dysbiosis contributes to
fibrogenesis in the course of chronic liver injury in mice.
Hepatology. 2014;59:1738—49.

Henao-Mejia J, Elinav E, Jin C, Hao L, Mehal WZ, Strowig T,
et al. Inflammasome-mediated dysbiosis regulates progression
of NAFLD and obesity. Nature. 2012;482:179-85.

Le Roy T, Llopis M, Lepage P, Bruneau A, Rabot S, Bevilacqua
C, et al. Intestinal microbiota determines development of non-
alcoholic fatty liver disease in mice. Gut. 2013;62:1787-94.
Chen J, Vitetta L. Gut Microbiota Metabolites in NAFLD
Pathogenesis and Therapeutic Implications. Int J Mol Sci.
2020;21:5214.

Bharti R, Grimm DG. Current challenges and best-practice
protocols for microbiome analysis. Brief Bioinform. 2021;22:
178-93.

The Integrative Human Microbiome Project. Nature. 2019;569:
641-8.

Lynch SV, Pedersen O. The Human Intestinal Microbiome in
Health and Disease. N Engl J Med. 2016;375:2369-79.
Tripathi A, Debelius J, Brenner DA, Karin M, Loomba R,
Schnabl B, et al. The gut-liver axis and the intersection with the
microbiome. Nat Rev Gastroenterol Hepatol. 2018;15:397—411.
Milosevic |, Vujovic A, Barac A, Djelic M, Korac M, Radovanovic
Spurnic A, 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. 2019;20:395.

Albillos A, de Gottardi A, Rescigno M. The gut-liver axis in liver
disease: Pathophysiological basis for therapy. J Hepatol. 2020;
72:558-77.

Arab JP, Martin-Mateos RM, Shah VH. Gut-liver axis, cirrhosis
and portal hypertension: The chicken and the egg. Hepatol Int.
2018;12(Suppl 1):24-33.

Ganz M, Szabo G. Immune and inflammatory pathways in
NASH. Hepatol Int20137 (Suppl 2Suppl 2):771-81.

Jin M, Lai Y, Zhao P, Shen Q, Su W, Yin Y, et al. Effects of
peptidoglycan on the development of steatohepatitis. Biochim
Biophys Acta Mol Cell Biol Lipids. 2020;1865:158595.

Man SM, Karki R, Kanneganti TD. DNA-sensing inflamma-
somes: Regulation of bacterial host defense and the gut
microbiota. Pathog Dis. 2016;74:ftw028.

Wang R, Tang R, Li B, Ma X, Schnabl B, Tilg H. Gut
microbiome, liver immunology, and liver diseases. Cell Mol
Immunol. 2021;18:4-17.

Scheithauer TPM, Rampanelli E, Nieuwdorp M, Vallance BA,
Verchere CB, van Raalte DH, et al. Gut Microbiota as a Trigger
for Metabolic Inflammation in Obesity and Type 2 Diabetes.
Front Immunol. 2020;11:571731.

JiY,YinY, LiZ, Zhang W. Gut Microbiota-Derived Components
and Metabolites in the Progression of Non-Alcoholic Fatty Liver
Disease (NAFLD). Nutrients. 2019;11:1712.
Mayneris-Perxachs J, Cardellini M, Hoyles L, Latorre J, Davato
F, Moreno-Navarrete JM, et al. Iron status influences non-
alcoholic fatty liver disease in obesity through the gut micro-
biome. Microbiome. 2021;9:104.

Sender R, Fuchs S, Milo R. Revised Estimates for the Number
of Human and Bacteria Cells in the Body. PLoS Biol. 2016;14:
e1002533.

Chiu CY, Miller SA. Clinical metagenomics. Nat Rev Genet.
2019;20:341-55.

Clarridge JE III. Impact of 16S rRNA gene sequence analysis
for identification of bacteria on clinical microbiology and
infectious diseases. Clin Microbiol Rev. 2004;17:840-62; table
of contents.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Johnson JS, Spakowicz DJ, Hong BY, Petersen LM, Demko-
wicz P, Chen L, et al. Evaluation of 16S rRNA gene sequencing
for species and strain-level microbiome analysis. Nat Commun.
2019;10:5029.

Gao B, ChiL, Zhu Y, Shi X, Tu P, Li B, et al. An Introduction to
Next Generation Sequencing Bioinformatic Analysis in Gut
Microbiome Studies. Biomolecules. 2021;11:530.

Ranjan R, Rani A, Metwally A, McGee HS, Perkins DL. Analysis
of the microbiome: Advantages of whole genome shotgun
versus 16S amplicon sequencing. Biochem Biophys Res
Commun. 2016;469:967-77.

Durazzi F, Sala C, Castellani G, Manfreda G, Remondini D, De
Cesare A. Comparison between 16S rRNA and shotgun
sequencing data for the taxonomic characterization of the gut
microbiota. Sci Rep. 2021;11:3030.

Brumfield KD, Hug A, Colwell RR, Olds JL, Leddy MB. Microbial
resolution of whole genome shotgun and 16S amplicon
metagenomic sequencing using publicly available NEON data.
PLoS One. 2020;15:e0228899.

Hodor P, Pope CE, Whitlock KB, Hoffman LR, Limbrick DL,
McDonald PJ, et al. Molecular Characterization of Microbiota in
Cerebrospinal Fluid From Patients With CSF Shunt Infections
Using Whole Genome Amplification Followed by Shotgun
Sequencing. Front Cell Infect Microbiol. 2021;11:699506.
Shan K, Qu H, Zhou K, Wang L, Zhu C, Chen H, et al. Distinct
Gut Microbiota Induced by Different Fat-to-Sugar-Ratio High-
Energy Diets Share Similar Pro-obesity Genetic and Metabolite
Profiles in Prediabetic Mice. mSystems. 2019;4:e00219-19.
Tett A, Pasolli E, Masetti G, Ercolini D, Segata N. Prevotella
diversity, niches and interactions with the human host. Nat Rev
Microbiol. 2021;19:585-99.

Astbury S, Atallah E, Vijay A, Aithal GP, Grove JI, Valdes AM.
Lower gut microbiome diversity and higher abundance of
proinflammatory genus Collinsella are associated with biopsy-
proven nonalcoholic steatohepatitis. Gut Microbes. 2020;11:
569-80.

Stanislawski MA, Lozupone CA, Wagner BD, Eggesbo M,
Sontag MK, Nusbacher NM, et al. Gut microbiota in adolescents
and the association with fatty liver: The EPOCH study. Pediatr
Res. 2018;84:219-27.

Li F, Ye J, Shao C, Zhong B. Compositional alterations of gut
microbiota in nonalcoholic fatty liver disease patients: A
systematic review and Meta-analysis. Lipids Health Dis. 2021;
20:22.

Ferreira-Halder CV, Faria AVS, Andrade SS. Action and
function of Faecalibacterium prausnitzii in health and disease.
Best Pract Res Clin Gastroenterol. 2017;31:643-8.

Munukka E, Pekkala S, Wiklund P, Rasool O, Borra R, Kong L,
et al. Gut-adipose tissue axis in hepatic fat accumulation in
humans. J Hepatol. 2014;61:132-8.

lino C, Endo T, Mikami K, Hasegawa T, Kimura M, Sawada N,
et al. Significant decrease in Faecalibacterium among
gut microbiota in nonalcoholic fatty liver disease: A large BMI-
and sex-matched population study. Hepatol Int. 2019;13:
748-56.

Munukka E, Rintala A, Toivonen R, Nylund M, Yang B, Takanen
A, et al. Faecalibacterium prausnitzii treatment improves
hepatic health and reduces adipose tissue inflammation in
high-fat fed mice. ISME J. 2017;11:1667-79.

Xu J, Liang R, Zhang W, Tian K, Li J, Chen X, et al.
Faecalibacterium prausnitzii-derived microbial anti-inflamma-
tory molecule regulates intestinal integrity in diabetes mellitus
mice via modulating tight junction protein expression.
J Diabetes. 2020;12:224-36.

Mohebali N, Ekat K, Kreikemeyer B, Breitruck A. Barrier
Protection and Recovery Effects of Gut Commensal Bacteria
on Differentiated Intestinal Epithelial Cells In Vitro. Nutrients.
2020;12:2251.



GUT MICROBIOTA AND METABOLIC BIOMARKERS IN MASLD

17

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Zhai Q, Feng S, Arjan N, Chen W. A next generation probiotic,
Akkermansia muciniphila. Crit Rev Food Sci Nutr. 2019;59:
3227-36.

Derrien M, Collado MC, Ben-Amor K, Salminen S, de Vos WM.
The Mucin degrader Akkermansia muciniphila is an abundant
resident of the human intestinal tract. Appl Environ Microbiol.
2008;74:1646-8.

Yan J, Sheng L, Li H. Akkermansia muciniphila: Is it the Holy
Grail for ameliorating metabolic diseases? Gut Microbes. 2021;
13:1984104.

Cani PD, de Vos WM. Next-Generation Beneficial Microbes:
The Case of Akkermansia muciniphila. Front Microbiol. 2017;8:
1765.

Shi Z, Lei H, Chen G, Yuan P, Cao Z, Ser HL, et al. Impaired
Intestinal Akkermansia muciniphila and Aryl Hydrocarbon
Receptor Ligands Contribute to Nonalcoholic Fatty Liver
Disease in Mice. mSystems. 2021;6:e00985-20.

Ozkul C, Yalinay M, Karakan T, Yilmaz G. Determination of
certain bacterial groups in gut microbiota and endotoxin levels
in patients with nonalcoholic steatohepatitis. Turk J Gastro-
enterol. 2017;28:361-9.

Juarez-Fernandez M, Porras D, Petrov P, Roman-Saguillo S,
Garcia-Mediavilla MV, Soluyanova P, et al. The Synbiotic
Combination of Akkermansia muciniphila and Quercetin Ameli-
orates Early Obesity and NAFLD through Gut Microbiota
Reshaping and Bile Acid Metabolism Modulation. Antioxidants
(Basel). 2021;10:2001.

Rao Y, Kuang Z, Li C, Guo S, Xu Y, Zhao D, et al. Gut
Akkermansia muciniphila ameliorates metabolic dysfunction-
associated fatty liver disease by regulating the metabolism of
L-aspartate via gut-liver axis. Gut Microbes. 2021;13:1-19.
Kim S, Lee Y, Kim Y, Seo Y, Lee H, Ha J, et al. Akkermansia
muciniphila Prevents Fatty Liver Disease, Decreases Serum
Triglycerides, and Maintains Gut Homeostasis. Appl Environ
Microbiol. 2020;86:03004-19.

Nishiyama M, Ohtake N, Kaneko A, Tsuchiya N, Imamura S,
lizuka S, et al. Increase of Akkermansia muciniphila by a Diet
Containing Japanese Traditional Medicine Bofutsushosan in a
Mouse Model of Non-Alcoholic Fatty Liver Disease. Nutrients.
2020;12:839.

Ley RE. Gut microbiota in 2015: Prevotella in the gut: choose
carefully. Nat Rev Gastroenterol Hepatol. 2016;13:69-70.
Kovatcheva-Datchary P, Nilsson A, Akrami R, Lee YS, De
Vadder F, Arora T, et al. Dietary Fiber-Induced Improvement in
Glucose Metabolism Is Associated with Increased Abundance
of Prevotella. Cell Metab. 2015;22:971-82.

De Filippis F, Pellegrini N, Vannini L, Jeffery IB, La Storia A,
Laghi L, et al. High-level adherence to a Mediterranean diet
beneficially impacts the gut microbiota and associated metab-
olome. Gut. 2016;65:1812-21.

Larsen JM. The immune response to Prevotella bacteria in
chronic inflammatory disease. Immunology. 2017;151:363-74.
Michail S, Lin M, Frey MR, Fanter R, Paliy O, Hilbush B, et al.
Altered gut microbial energy and metabolism in children with
non-alcoholic fatty liver disease. FEMS Microbiol Ecol. 2015;91:
1-9.

Shen F, Zheng RD, Sun XQ, Ding WJ, Wang XY, Fan JG. Gut
microbiota dysbiosis in patients with non-alcoholic fatty liver
disease. Hepatobiliary Pancreat Dis Int. 2017;16:375-81.
Sobhonslidsuk A, Chanprasertyothin S, Pongrujikorn T, Kaew-
duang P, Promson K, Petraksa S, et al. The Association of Gut
Microbiota with Nonalcoholic Steatohepatitis in Thais. Biomed
Res Int. 2018;2018:9340316.

Fei N, Bruneau A, Zhang X, Wang R, Wang J, Rabot S, et al.
Endotoxin Producers Overgrowing in Human Gut Microbiota as
the Causative Agents for Nonalcoholic Fatty Liver Disease.
mBio. 2020;11:€03263-19.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Jiang W, Wu N, Wang X, Chi Y, Zhang Y, Qiu X, et al. Dysbiosis
gut microbiota associated with inflammation and impaired
mucosal immune function in intestine of humans with non-
alcoholic fatty liver disease. Sci Rep. 2015;5:8096.

Kapil S, Duseja A, Sharma BK, Singla B, Chakraborti A, Das A,
et al. Small intestinal bacterial overgrowth and toll-like receptor
signaling in patients with non-alcoholic fatty liver disease.
J Gastroenterol Hepatol. 2016;31:213-21.

Zhang Y, Jiang W, Xu J, Wu N, Wang Y, Lin T, et al. E. coli
NF73-1 Isolated From NASH Patients Aggravates NAFLD in
Mice by Translocating Into the Liver and Stimulating M1
Polarization. Front Cell Infect Microbiol. 2020;10:535940.
Boursier J, Mueller O, Barret M, Machado M, Fizanne L, Araujo-
Perez F, et al. The severity of nonalcoholic fatty liver disease is
associated with gut dysbiosis and shift in the metabolic function
of the gut microbiota. Hepatology. 2016;63:764—75.

Da Silva HE, Teterina A, Comelli EM, Taibi A, Arendt BM,
Fischer SE, et al. Nonalcoholic fatty liver disease is associated
with dysbiosis independent of body mass index and insulin
resistance. Sci Rep. 2018;8:1466.

Henke MT, Kenny DJ, Cassilly CD, Vlamakis H, Xavier RJ,
Clardy J. Ruminococcus gnavus, a member of the human gut
microbiome associated with Crohn’s disease, produces an
inflammatory polysaccharide. Proc Natl Acad Sci USA. 2019;
116:12672—-7.

Alferink LUM, Radjabzadeh D, Erler NS, Vojinovic D, Medina-
Gomez C, Uitterlinden AG, et al. Microbiomics, Metabolomics,
Predicted Metagenomics, and Hepatic Steatosis in a Popula-
tion-Based Study of 1,355 Adults. Hepatology. 2021;73:
968-82.

Hoyles L, Fernandez-Real JM, Federici M, Serino M, Abbott J,
Charpentier J, et al. Molecular phenomics and metagenomics of
hepatic steatosis in non-diabetic obese women. Nat Med. 2018;
24:1070-80.

Lanthier N, Rodriguez J, Nachit M, Hiel S, Trefois P, Neyrinck
AM, et al. Microbiota analysis and transient elastography reveal
new extra-hepatic components of liver steatosis and fibrosis in
obese patients. Sci Rep. 2021;11:659.

Loomba R, Seguritan V, Li W, Long T, Klitgord N, Bhatt A, et al.
Gut Microbiome-Based Metagenomic Signature for Non-inva-
sive Detection of Advanced Fibrosis in Human Nonalcoholic
Fatty Liver Disease. Cell Metab. 2019;30:607.

Oh TG, Kim SM, Caussy C, Fu T, Guo J, Bassirian S, et al. A
Universal Gut-Microbiome-Derived Signature Predicts Cirrho-
sis. Cell Metab. 2020;32:901.

Ponziani FR, Bhoori S, Castelli C, Putignani L, Rivoltini L, Del
Chierico F, et al. Hepatocellular Carcinoma Is Associated With
Gut Microbiota Profile and Inflammation in Nonalcoholic Fatty
Liver Disease. Hepatology. 2019;69:107-20.

Leung H, Long X, Ni Y, Qian L, Nychas E, Siliceo SL, et al.
Risk assessment with gut microbiome and metabolite markers
in NAFLD development. Sci Transl Med. 2022;14:eabk0855.
Rau M, Rehman A, Dittrich M, Groen AK, Hermanns HM,
Seyfried F, et al. Fecal SCFAs and SCFA-producing bacteria in
gut microbiome of human NAFLD as a putative link to systemic
T-cell activation and advanced disease. United European.
Gastroenterol J. 2018;6:1496-507.

Behary J, Amorim N, Jiang XT, Raposo A, Gong L, McGovern
E, et al. Gut microbiota impact on the peripheral immune
response in non-alcoholic fatty liver disease related hepato-
cellular carcinoma. Nat Commun. 2021;12:187.

Caussy C, Tripathi A, Humphrey G, Bassirian S, Singh S,
Faulkner C, et al. A gut microbiome signature for cirrhosis due
to nonalcoholic fatty liver disease. Nat Commun. 2019;10:1406.
Peters DL, Wang W, Zhang X, Ning Z, Mayne J, Figeys D.
Metaproteomic and Metabolomic Approaches for Characteriz-
ing the Gut Microbiome. Proteomics. 2019;19:e1800363.



18

HEPATOLOGY COMMUNICATIONS

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Lamichhane S, Sen P, Dickens AM, Oresic M, Bertram HC. Gut
metabolome meets microbiome: A methodological perspective
to understand the relationship between host and microbe.
Methods. 2018;149:3-12.

Masoodi M, Gastaldelli A, Hyotylainen T, Arretxe E, Alonso C,
Gaggini M, et al. Metabolomics and lipidomics in NAFLD:
Biomarkers and non-invasive diagnostic tests. Nat Rev Gastro-
enterol Hepatol. 2021;18:835-56.

Gerner C, Costigliola V, Golubnitschaja O. Multiomic patterns in
body fluids: Technological challenge with a great potential to
implement the advanced paradigm of 3P medicine. Mass
Spectrom Rev. 2020;39:442-51.

Cajka T, Fiehn O. Toward Merging Untargeted and Targeted
Methods in Mass Spectrometry-Based Metabolomics and
Lipidomics. Anal Chem. 2016;88:524—45.

Roberts LD, Souza AL, Gerszten RE, Clish CB. Targeted
metabolomics. Curr Protoc Mol Biol. 2012. Chapter 30:Unit 30.
2.1-24.

Hou W, Zhong D, Zhang P, Li Y, Lin M, Liu G, et al. A strategy
for the targeted metabolomics analysis of 11 gut microbiota-
host co-metabolites in rat serum, urine and feces by ultra high
performance liquid chromatography-tandem mass spectrome-
try. J Chromatogr A. 2016;1429:207—17.

Kok MGM, Nix C, Nys G, Fillet M. Targeted metabolomics of
whole blood using volumetric absorptive microsampling.
Talanta. 2019;197:49-58.

Luan H, Wang X, Cai Z. Mass spectrometry-based metabolo-
mics: Targeting the crosstalk between gut microbiota and brain
in neurodegenerative disorders. Mass Spectrom Rev. 2019;38:
22-33.

Cui L, Lu H, Lee YH. Challenges and emergent solutions for
LC-MS/MS based untargeted metabolomics in diseases. Mass
Spectrom Rev. 2018;37:772-92.

Visconti A, Le Roy Cl, Rosa F, Rossi N, Martin TC, Mohney RP,
et al. Interplay between the human gut microbiome and host
metabolism. Nat Commun. 2019;10:4505.

Hu C, Wang T, Zhuang X, Sun Q, Wang X, Lin H, et al.
Metabolic analysis of early nonalcoholic fatty liver disease in
humans using liquid chromatography-mass spectrometry.
J Transl Med. 2021;19:152.

Liu L, Zhao J, Zhang R, Wang X, Wang Y, Chen Y, et al. Serum
untargeted metabolomics delineates the metabolic status in
different subtypes of non-alcoholic fatty liver disease. J Pharm
Biomed Anal. 2021;200:114058.

Yang L, Dai Y, He H, Liu Z, Liao S, Zhang Y, et al. Integrative
analysis of gut microbiota and fecal metabolites in metabolic
associated fatty liver disease patients. Front Microbiol. 2022;13:
969757.

Leon-Mimila P, Villamil-Ramirez H, Li XS, Shih DM, Hui ST,
Ocampo-Medina E, et al. Trimethylamine N-oxide levels are
associated with NASH in obese subjects with type 2 diabetes.
Diabetes Metab. 2021;47:101183.

Chen J, Zheng M, Liu J, Luo Y, Yang W, Yang J, et al. Ratio of
conjugated chenodeoxycholic to muricholic acids is associated
with severity of nonalcoholic steatohepatitis. Obesity (Silver
Spring). 2019;27:2055-66.

Nimer N, Choucair I, Wang Z, Nemet |, Li L, Gukasyan J, et al.
Bile acids profile, histopathological indices and genetic variants
for non-alcoholic fatty liver disease progression. Metabolism.
2021;116:154457.

Puri P, Daita K, Joyce A, Mirshahi F, Santhekadur PK,
Cazanave S, et al. The presence and severity of nonalcoholic
steatohepatitis is associated with specific changes in circulating
bile acids. Hepatology. 2018;67:534—48.

Lee G, You HJ, Bajaj JS, Joo SK, Yu J, Park S, et al. Distinct
signatures of gut microbiome and metabolites associated with
significant fibrosis in non-obese NAFLD. Nat Commun. 2020;
11:4982.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Barrea L, Annunziata G, Muscogiuri G, Di Somma C, Laudisio
D, Maisto M, et al. Trimethylamine-N-oxide (TMAO) as novel
potential biomarker of early predictors of metabolic syndrome.
Nutrients. 2018;10:1971.

Zhao M, Zhao L, Xiong X, He Y, Huang W, Liu Z, et al. TMAVA, a
metabolite of intestinal microbes, is increased in plasma from
patients with liver steatosis, inhibits gamma-butyrobetaine hydrox-
ylase, and exacerbates fatty liver in mice. Gastroenterology. 2020;
158:2266-81 e27.

Sehgal R, llha M, Vaittinen M, Kaminska D, Mannisto V, Karja
V, et al. Indole-3-propionic acid, a gut-derived tryptophan
metabolite, associates with hepatic fibrosis. Nutrients. 2021;
13:3509.

Yu JS, Youn GS, Choi J, Kim CH, Kim BY, Yang SJ, et al.
Lactobacillus lactis and Pediococcus pentosaceus-driven
reprogramming of gut microbiome and metabolome ameliorates
the progression of non-alcoholic fatty liver disease. Clin Transl
Med. 2021;11:e634.

Chen J, Thomsen M, Vitetta L. Interaction of gut microbiota with
dysregulation of bile acids in the pathogenesis of nonalcoholic
fatty liver disease and potential therapeutic implications of
probiotics. J Cell Biochem. 2019;120:2713-20.

Arab JP, Karpen SJ, Dawson PA, Arrese M, Trauner M.
Bile acids and nonalcoholic fatty liver disease: Molecular
insights and therapeutic perspectives. Hepatology. 2017;65:
350-62.

Chiang JYL, Ferrell JM. Bile acids as metabolic regulators and
nutrient sensors. Annu Rev Nutr. 2019;39:175-200.

Wang C, Zhu C, Shao L, Ye J, Shen Y, Ren Y. Role of bile acids
in dysbiosis and treatment of nonalcoholic fatty liver disease.
Mediators Inflamm. 2019;2019:7659509.

Morrison DJ, Preston T. Formation of short chain fatty acids by
the gut microbiota and their impact on human metabolism. Gut
Microbes. 2016;7:189—-200.

Blaak EE, Canfora EE, Theis S, Frost G, Groen AK, Mithieux G,
et al. Short chain fatty acids in human gut and metabolic health.
Benef Microbes. 2020;11:411-55.

Liu W, Luo X, Tang J, Mo Q, Zhong H, Zhang H, et al. A bridge
for short-chain fatty acids to affect inflammatory bowel disease,
type 1 diabetes, and non-alcoholic fatty liver disease positively:
By changing gut barrier. Eur J Nutr. 2021;60:2317-30.

Deng M, Qu F, Chen L, Liu C, Zhang M, Ren F, et al. SCFAs
alleviated steatosis and inflammation in mice with NASH
induced by MCD. J Endocrinol. 2020;245:425-37.

Zhai S, Qin S, Li L, Zhu L, Zou Z, Wang L. Dietary butyrate
suppresses inflammation through modulating gut microbiota in
high-fat diet-fed mice. FEMS Microbiol Lett. 2019;366:fnz153.
Coutinho-Wolino KS, de FCLFM, de Oliveira Leal V, Mafra D,
Stockler-Pinto MB. Can diet modulate trimethylamine N-oxide
(TMAO) production? What do we know so far? Eur J Nutr. 2021;
60:3567-84.

Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, Dugar B,
et al. Gut flora metabolism of phosphatidylcholine promotes
cardiovascular disease. Nature. 2011;472:57—63.

Tang WH, Wang Z, Levison BS, Koeth RA, Britt EB, Fu X, et al.
Intestinal microbial metabolism of phosphatidylcholine and
cardiovascular risk. N Engl J Med. 2013;368:1575-84.

Li X, Hong J, Wang Y, Pei M, Wang L, Gong Z. Trimethylamine-
N-oxide pathway: A potential target for the treatment of MAFLD.
Front Mol Biosci. 2021;8:733507.

Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, Sheehy BT,
et al. Intestinal microbiota metabolism of L-carnitine, a nutrient
in red meat, promotes atherosclerosis. Nat Med. 2013;19:
576-85.

Wang Z, Tang WH, Buffa JA, Fu X, Britt EB, Koeth RA, et al.
Prognostic value of choline and betaine depends on intestinal
microbiota-generated metabolite trimethylamine-N-oxide. Eur
Heart J. 2014;35:904-10.



GUT MICROBIOTA AND METABOLIC BIOMARKERS IN MASLD

19

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

Mente A, Chalcraft K, Ak H, Davis AD, Lonn E, Miller R, et al.
The relationship between trimethylamine-N-oxide and prevalent
cardiovascular disease in a multiethnic population living in
Canada. Can J Cardiol. 2015;31:1189-94.

Flores-Guerrero JL, Post A, van Dijk PR, Connelly MA, Garcia
E, Navis G, et al. Circulating trimethylamine-N-oxide is
associated with all-cause mortality in subjects with nonalcoholic
fatty liver disease. Liver Int. 2021;41:2371-82.

Tan X, Liu Y, Long J, Chen S, Liao G, Wu S, et al.
Trimethylamine N-oxide aggravates liver steatosis through
modulation of bile acid metabolism and inhibition of farnesoid
X receptor signaling in nonalcoholic fatty liver disease. Mol Nutr
Food Res. 2019;63:€1900257.

Chen S, Henderson A, Petriello MC, Romano KA, Gearing M,
Miao J, et al. Trimethylamine N-oxide binds and activates
PERK to promote metabolic dysfunction. Cell Metab. 2019;30:
1141-51 e5.

Malhi H, Kaufman RJ. Endoplasmic reticulum stress in liver
disease. J Hepatol. 2011;54:795-809.

Chen J, Vitetta L, Henson JD, Hall S. Intestinal dysbiosis, the
tryptophan pathway and nonalcoholic steatohepatitis. Int J
Tryptophan Res. 2022;15:11786469211070533.

Dai X, Hou H, Zhang W, Liu T, Li Y, Wang S, et al. Microbial
metabolites: Critical regulators in NAFLD. Front Microbiol.
2020;11:567654.

Staley C, Weingarden AR, Khoruts A, Sadowsky MJ. Interac-
tion of gut microbiota with bile acid metabolism and its influence
on disease states. Appl Microbiol Biotechnol. 2017;101:47-64.
Adams LA, Wang Z, Liddle C, Melton PE, Ariff A, Chandraratna
H, et al. Bile acids associate with specific gut microbiota, low-
level alcohol consumption and liver fibrosis in patients with non-
alcoholic fatty liver disease. Liver Int. 2020;40:1356—65.

Del Chierico F, Nobili V, Vernocchi P, Russo A, De Stefanis C,
Gnani D, et al. Gut microbiota profiling of pediatric nonalcoholic
fatty liver disease and obese patients unveiled by an integrated
meta-omics-based approach. Hepatology. 2017;65:451-64.

139.

140.

141.

142.

143.

144.

145.

Sumida Y, Yoneda M. Current and future pharmacological
therapies for NAFLD/NASH. J Gastroenterol. 2018;53:362—76.
Sharpton SR, Maraj B, Harding-Theobald E, Vittinghoff E,
Terrault NA. Gut microbiome-targeted therapies in nonalcoholic
fatty liver disease: A systematic review, meta-analysis, and
meta-regression. Am J Clin Nutr. 2019;110:139-49.

Xie C, Halegoua-DeMarzio D. Role of probiotics in non-
alcoholic fatty liver disease: Does gut microbiota matter?
Nutrients. 2019;11:2837.

Scorletti E, Afolabi PR, Miles EA, Smith DE, Almehmadi A,
Alshathry A, et al. Synbiotics alter fecal microbiomes, but not
liver fat or fibrosis, in a randomized ftrial of patients with
nonalcoholic fatty liver disease. Gastroenterology. 2020;158:
1597-610 e7.

Mohamad Nor MH, Ayob N, Mokhtar NM, Raja Ali RA, Tan GC,
Wong Z, et al. The effect of probiotics (MCP((R)) BCMC((R))
Strains) on hepatic steatosis, small intestinal mucosal immune
function, and intestinal barrier in patients with non-alcoholic
fatty liver disease. Nutrients. 2021;13:3192.

Chen HT, Huang HL, Li YQ, Xu HM, Zhou YJ. Therapeutic
advances in non-alcoholic fatty liver disease: A microbiota-
centered view. World J Gastroenterol. 2020;26:1901-11.

Suk KT, Koh H. New perspective on fecal microbiota
transplantation in liver diseases. J Gastroenterol Hepatol.
2022;37:24-33.

How to cite this article: Long Q, Luo F, Li B, Li Z,
Guo Z, Chen Z, et al. Gut microbiota and
metabolic biomarkers in metabolic dysfunction—
associated steatotic liver disease. Hepatol Com-
mun. 2024;8:e0310. https://doi.org/10.1097/
HC9.0000000000000310


https://doi.org/10.1097/HC9.0000000000000310
https://doi.org/10.1097/HC9.0000000000000310

