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Non-alcoholic fatty liver disease (NAFLD) is characterized by hepatic steatosis and
progresses to non-steatohepatitis (NASH) when the liver displays overt inflammatory
damage. Increasing evidence has implicated critical roles for dysbiosis and microbiota-
host interactions in NAFLD pathophysiology. In particular, microbiota alter intestine
absorption of nutrients and intestine permeability, whose dysregulation enhances the
delivery of nutrients, endotoxin, and microbiota metabolites to the liver and exacerbates
hepatic fat deposition and inflammation. While how altered composition of gut microbiota
attributes to NAFLD remains to be elucidated, microbiota metabolites are shown to be
involved in the regulation of hepatocyte fat metabolism and liver inflamsnmatory responses.
In addition, intestinal microbes and circadian coordinately adjust metabolic regulation
in different stages of life. During aging, altered composition of gut microbiota, along
with circadian clock dysregulation, appears to contribute to increased incidence and/or
severity of NAFLD.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) has become a leading cause of chronic liver disease
worldwide. There are 25% of population in the world suffering from NAFLD, including children,
adolescents, and elderly (1). NAFLD is characterized by hepatic steatosis. When exhibiting
inflammatory damage and fibrosis in addition to steatosis, NAFLD progresses to non-alcoholic
steatohepatitis (NASH), the advanced form of NAFLD. As supported by the results from various
epidemiological and clinical studies, NASH is a causal factor of terminal liver diseases including
liver cirrhosis and hepatocellular carcinoma. Unhealthy nutrition-related metabolic disorders,
such as central obesity, insulin resistance, dyslipidemia, and hypertension are closely associated
with NAFLD (2). Although the etiology and progression of NAFLD remain to be elucidated,
growing studies indicate that, additional to insulin resistance and inflammation, gut microbiota,
and circadian rhythmicity of hepatic metabolic genes are considered to play key roles in the
pathogenesis of NAFLD (3, 4).

The gut microbiota is composed of huge numbers of microbes. Half century ago, it was
discovered that the toxicity of Escherichia coli’s endotoxin fatality rate was determined by the
administering time of endotoxin (5). This phenomenal finding and others led to validation
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that the microbiota colonized within the gastrointestinal
tract undergoes circadian oscillations, which influence the
composition and function of gut microbiota (6, 7). For instance,
the diurnal interaction between oscillating hosts and their gut
microbiome affect the circadian clock activities in other tissues
and organs (8, 9), which in turn critically regulate host’s metabolic
homeostasis (10).

It has been accepted that the intestine and the liver are
closely linked. This link is manifested by that gut microbiota
and its metabolites play critical roles in the pathogenesis of
NAFLD. Also, circadian rhythm was reported to maintain hepatic
glucose and lipid metabolic homeostasis through regulating gut
microbiota balance. In this review, we focused on the regulation
of gut microbiota in relation to hepatic lipid metabolism and liver
function, the alterations of gut microbiota in NAFLD, and the
effects of microbiota metabolites on the development of NAFLD.
Furthermore, we evaluated the relationships among circadian
clock, gut microbiota, and metabolic disease (in particular
NAFLD). We also summarized the effects of intestinal microbes
on regulating metabolism through reprogramming circadian
clock. Lastly, we summarized the effects of the interplays between
intestinal microbes and circadian on metabolism and NAFLD
aspects in different stages of life.

GUT MICROBIOTA AND LIVER
PATHOPHYSIOLOGY

Many studies have revealed that gut microbiota dysbiosis is
linked to NAFLD (11, 12). The composition of gut microbiota
varies from simple steatosis to NASH, fibrosis, and cirrhosis.
Therefore, gut microbiota may be useful as predictors for NAFLD
progression and severity (13, 14). Gut microbiota is capable
of fermenting indigestible carbohydrates, resulting in important
metabolites, such as short-chain fatty acids. The gut microbiota
can also ferment tryptophan to generate other metabolites such
as indole and indole derivatives. Animal studies and human
studies have shown that these metabolites have beneficial effects
on preventing against and/or alleviating obesity and NAFLD
(15, 16). Understanding the mechanisms of how gut microbiota
and metabolites are involved in NAFLD pathophysiology can
inspire us to find out potential strategies to prevent or
treat NAFLD/NASH. Recent advances in understanding the
crosstalk between the gut and the liver pertinent to NAFLD
pathophysiology is summarized in Figure 1 and detailed below.

Influences of the Gut on Liver Metabolism

The intestine digests foods and absorbs nutrients. The liver
receives nutrients from the intestine. As such, there are many
metabolic events exhibiting the crosstalk between the gut and
the liver. For instance, gut hormones participate in hepatic
metabolism. In response to feeding, glucagon-like peptide 1
(GLP-1), which is secreted by the L cells of the small intestine,
stimulates pancreatic  islet cells to produce insulin. Also, GLP-1
acts on GLP-1 receptor, present on human hepatocytes, to reduce
hepatic glucose production and ameliorate hepatic fat deposition
and insulin resistance (17). The release of intestinal GLP-1

enhances energy expenditure, which is associated with increases
in the peripheral utilization of triglycerides (TG) for energy
production, and reduces hepatic steatosis in mice fed a high-fat
diet (HFD) (18, 19). Insulin-like peptide 5 (INSL5), which is also
an L cell-derived gut hormone and regulated by gut microbiota,
is reported to influence hepatic glucose production. Compared
to that in conventionally raised (CONV-R) mice, the expression
of INSL5 in the gut was 80-fold higher in germ-free (GF) mice
and 20-fold higher in antibiotics-treated mice. The importance
of INSL5 in regulating metabolism is further supported by
the finding that INSL5~/~ mice exhibited decreased hepatic
glucose production due to, in part, decreased expression of
gluconeogenic enzymes such as glucose-6-phosphatase (G6Pase)
and phosphoenolpyruvate carboxykinase (PEPCK) (20). In
addition, glucose-dependent insulinotropic polypeptide (GIP),
another gut hormone that is released from K cells located
in the duodenum and proximal jejunum, regulates glucose
homeostasis and lipid metabolism (21). Indeed, GIP appears to
inhibit glucagon-stimulated hepatic glucose production through
an indirect way (22). There is evidence suggesting that GIP
influences hepatic insulin resistance and steatosis via regulating
myeloid-cell-derived S100A8/A9 (23). Fibroblast growth factor
15 and 19 (FGF15 and FGF 19), which are also from the gut, were
reported to ameliorate HFD-induced hepatic fat accumulation
and ER stress (24). In particular, FGF 19 promoted hepatic
glycogen and protein synthesis (25), reduced inflammation and
fibrosis in liver injury mouse model through downregulating
the expression of cholesterol 7a-hydroxylase (CYP7A1l) and
sterol-27-hydroxylase (CYP27A1) and thereby inhibiting bile
acid synthesis (26).

Additional to gut hormones that regulate hepatic metabolism
and inflammation, gut microbiota is associated with the
development of NAFLD (27). For instance, gut permeability and
small intestinal bacterial overgrowth are increased in patients
with NAFLD compared with those in health controls. In this
case, the increased gut permeability caused by alteration of
intercellular tight junction likely contributes to the development
and progression of NAFLD (28-30). Inflammation promotes
the development of simple steatosis into NASH. In NAFLD,
impaired intestinal barrier caused by nutrition stress increases
the translocation of microbes and their products into the blood,
leading to hepatic inflammation and even fibrosis/cirrhosis
(31). Gut-derived antigens in the circulation are considered as
major causing factors of strong inflammatory responses in the
liver. Although intestinal permeability is not the main cause
of liver inflammation and fibrosis, due to increased intestinal
permeability, the inflammatory responses to microbial antigen
strongly influence the progression of the disease.

Gut-derived bacterial products, such as lipopolysaccharides
(LPS) and unmethylated CpG DNA, activate the signaling
pathways involved in liver inflammation and fibrogenesis
through stimulating innate immune receptors, e.g., Toll-like
receptors (TLRs). In NASH patients, hepatic and serum TLR4
is significantly increased. Thus, high serum levels of TLR4
are considered as a bio-marker for liver fibrosis development
(32). In a study involving TLR4-mutant mice, the results
indicated that TLR4 was required for fructose to induce NAFLD.
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FIGURE 1 | The crosstalk between intestine and liver in the pathophysiology of NAFLD. Certain intestine hormones, e.g., GLP-1 and GIP, reduce hepatic glucose
production and fat accumulation. In L cells, secondary BAs stimulate GLP-1 synthesis and release via TGR5 activation whereas primary BAs activate FXR to inhibit
GLP-1 synthesis and release. Other intestine hormones, e.g., FGF15 and FGF19, decrease hepatic lipogenesis. BAs stimulate FXR in ileal enterocytes, leading to the
release of FGF15/19 into circulation. After reaching to hepatocytes, FGF15/19 suppresses BA synthesis through inhibiting CYP7A1 expression. Increased gut
permeability, altered composition of gut microbiota, and elevated levels of gut microbiota metabolites such as ethanol are shown to enhance hepatocyte fat deposition
and increase the flow of LPS into the circulation to promote proinflammatory responses through activating TLR4 signaling pathway in target cells. In hepatocytes,
certain primary BAs acts through activating FXR to suppress the activity of SREBP-1¢ and thus reduces the expressions of lipogenic genes. Primary BAs also inhibit
CYPT7A1 expression and thus reduces BAs synthesis. Certain secondary BAs inhibit the activation of hepatic FXR. In addition to activation of FXR, BAs are shown to
regulate hepatic lipid and sterol metabolism through activating S1PR2. Certain gut microbiota metabolites such as SCFAs and indole reduce hepatocyte fat deposition
and proinflammatory responses via decreasing TNFa and IL-18 and/or activating PPARa, AMPK, and Nrf2.
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Compared with fructose-fed wild type mice, fructose-fed TLR4-
mutant mice exhibited reduced hepatic fat accumulation, lipid
peroxidation, inflammation, insulin resistance, and plasma
ALT levels. This indicates the involvement of gut-derived
endotoxin in the development of fructose-induced NAFLD
(33). A similar study revealed that hepatic specific TLR4
deletion protected mice from fatty liver induced by 5% alcohol
diet via decreasing the expression of hepatic inflammatory
cytokines and endogenous lipogenesis (34). Saturated fatty
acids (SFA) such as palmitate can activate proinflammatory
signals through TLR4, inducing IL-1f and TNF-a production,
as well as enhancing ROS production in hepatic infiltrating
macrophages (35). Mechanistically, TLR4 promoting of the
progression from simple steatosis to NASH involves in increases
in ROS-dependent activation of X-box binding protein-1 (XBP-
1) in Kupffer cells (36). TLR4 also is shown to induce
transforming growth factor § (TGFp) signaling pathway, activate
hepatic stellate cell and increase extracellular matrix deposition,
which all contribute to the progression of liver fibrosis (37).
Moreover, gut microbiota and TLR4 appear to be required
for the promotion of hepatocellular carcinoma (HCC), whose

pathogenesis is enhanced by chronic liver inflammation and
fibrosis (38).

More specific mechanisms of fat deposition and inflammation
in the liver, caused by the alterations of gut permeability and
barrier-induced infiltration of bacteria and bacteria products,
involve increased signaling through nuclear factor kappa-light-
chain-enhancer of activated B cells (NFkB) or c-Jun-N-terminal
kinase (JNK), as well as increased levels of tumor necrosis factor
alpha (TNFa) (39). Activation of NFkB in hepatocytes increased
the production of cytokines and resulted in the recruitment
and activation of Kupffer cells to mediate inflammation in
the progression of NASH. Activation of NFkB induced the
expression of TNFa, Fas ligand (FasL), and TGFp, which
contributed to fibrosis in NASH (40). Disruption of NF«kB p65
in mice ameliorated HFD-induced hepatic steatosis and insulin
resistance (41). JNK can be activated by diverse stimuli, such as
cytokines, FFAs, reactive oxygen species (ROS), pathogens, and
toxins. Activation of hepatic JNK decreased the expression of
PPARa target genes and FGF21, up-regulated cytokines such as
TNFa and interleukin-1 (IL-1), and promoted insulin resistance
in liver (42).
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Regulation of Gut Microbiota by Hepatic
Bile Acids

Primary bile acids (BAs), produced in the liver from cholesterol,
serve as an emulsifier for lipid digestion in the intestine. Primary
BAs become secondary BAs after being metabolized by intestinal
flora. BAs are associated with the establishment of the gut
microbiota; given that bile salts have anti-bacteria effects and only
bacteria that are resistant to bile salts can survive in the intestine
(43, 44). The antimicrobial actions of BAs are likely attributable
to that BAs cause bacterial cell membrane damage through
dissolving membrane lipids and dissociating membrane proteins.
BAs also disturb macromolecular stability, such as misfolding
or denaturing protein and inducing DNA damage and oxidative
stress (44). Moreover, in human, chenodeoxycholic acid (CDCA)
and cholic acid (CA), which are primary bile acids, as well as
deoxycholic (DCA) and lithocholic acid (LCA), which are the
predominant forms of secondary bile acids, activate the nuclear
receptor farnesoid X receptor (FXR) to induce the expression of
genes that are responsible for inhibition of microbial overgrowth
and intestinal mucosal damage (45). It is known that BAs play an
important role in regulating the composition of gut microbiota
in response to diet. When mice consumed a Western diet,
the profiles of BAs were altered, which increased Firmicutes,
decreased Bacteroidetes, and disturbed the ecological balance of
microbes (46). A similar study using FXR-deficient mice upon
HFD feeding also revealed that the abundance of Firmicutes
was increased and the abundance of Bacteroidetes was reduced.
The profiles of BAs were featured by increased levels of primary
bile acids such as beta-muricholic acids (BMCA) and taurine-
conjugated beta-muricholic acids (TBMCA) and decreased levels
of secondary bile acids such as wMCA, hyodeoxycholic acid
(HDCA), and hyocholic acid (HCA) (47). A rapid increase in
the gut BAs pool (35 out of 42 quantified BAs) was observed in
mice upon HFD feeding within 12h, and an alteration in gut
microbiota composition occurred at 24h. Treatment of chow
diet-fed mice with glycine-conjugated cholic acid (GCA) and
taurine-conjugated cholic acid (TCA) increased obesity-related
microbial population and brought about obese phenotype.
Inhibition hepatic BAs synthesis in HFD-fed mice ameliorated
HFD-induced dysregulation of microbial composition (48). In
NASH-HCC mouse model, HFD accelerated the incidence of
liver tumors, which was accompanied with increased the levels of
hepatic BAs, including GCA, TCA, and taurochenodeoxycholate
(TCDCA). The changes in gut microbiota were correlated with
altered levels of BAs in the liver, suggesting that high hepatic
BAs are associated with the dysregulation of gut microbiota and
the development of HCC (49). Compared with those in healthy
controls, fecal total and secondary BAs (LCA and DCA) were
lower while primary BAs (CA and CDCA) were higher in patients
with advanced cirrhosis. Patients with advanced cirrhosis also
exhibited higher levels of Enterobacteriaceae and lower levels
of Lachonospiraceae, Ruminococcaceae, and Blautia. Therefore,
the amounts of primary and secondary BAs are associated with
the population of key gut microbiota during the pathogenesis of
cirrhosis (50). There also is evidence indicating that feeding mice
high-saturated fats (from milk), compared to polyunsaturated

fats or chow diet, resulted in alterations of BAs composition
with increased levels of TCA and changes in gut microbiota
with enhanced the abundance of Bilophila wadsworthia (51). IL-
10~/~ mice on chow diet treated with TCA for a week exhibited
higher abundance of Bilophila wadsworthia, which showed the
similar results found in milk fat fed mice (52).

Modulation of Bile Acid Metabolism by Gut

Microbiota

Gut microbiota regulates the metabolism of BA synthesis.
Compared with GF mice, the BA pool (mainly for conjugated
and unconjugated BMCA) in CONV-R mice was reduced by 71%.
The composition of BAs between CONV-R and GF mice was
quite different in the cecum and colon. In the liver, CONV-R
mice had higher levels of TCA and TaMCA and lower levels
of TBMCA, compared with GF mice. The expression and
activity of CYP7AI1, which is a rate-limiting enzyme in BA
synthesis in the liver, were downregulated in CONV-R mice.
Furthermore, in FXR-deficient CONV-R mice, the levels of
CYP7A1 were not decreased in the liver. Treatment of GF mice
with FXR agonist INT-747 reduced the level of hepatic CYP7AL.
These findings suggest that gut microbiota suppresses CYP7A1
expression in the liver in an FXR-dependent manner. Ileum
FGF15 was involved in the regulation of CYP7A1 expression
through FXR signaling. Treatment of CONV-R mice with
antibiotics (bacitracin, neomycin, and streptomycin) suppressed
FGF15 expression in ileum and enhanced the expression of
CYP7AL, thus increasing the levels of primary BAs (TCA and
TBMCA) and decreasing the levels of secondary BAs (DCA
and wMCA) (53). Besides regulating CYP7A1, gut microbiota
also affects other key enzymes in the alternative pathway of
BA synthesis such as oxysterol 7a-hydroxylase (CYP7B1) and
CYP27A1 (45). In addition, gut microbiota not only regulates BA
synthesis, but also modulates BA conjugation and reabsorption.
Bile acid acyl-CoA-synthetase (BACS), which catalyzes taurine
conjugation in BAs in the liver and apical bile acid transporters
in the ileum, were downregulated in CONV-R mice (53). In
a human study for chronic hepatitis B, the levels of total
and primary BAs (TCDCA, GCDCA, GCA, and TCA) were
upregulated in hepatitis B patients with moderate/advanced
fibrosis, accompanied with downregulation of gut microbiota
(such as Bacteroides and Ruminococcus) responsible for BAs
metabolism (54). Trimethylamine N-oxide (TMAO), which is a
metabolite produced by gut microbiota from choline, stimulated
the expression of CYP7AL1 in the liver, increased the serum levels
of BAs and promoted FXR-antagonistic BAs (55).

Altered Composition of Gut Microbiota
During NAFLD

The composition of gut microbiota is altered during NAFLD. For
instance, Lactobacillus species and some phylum Firmicutes such
as Lachnospiraceae, genera, Dorea, Robinsoniella, and Roseburia
were high in obese patients with NAFLD (56). Additionally,
non-obese patients with NAFLD exhibited increased phylum
Bacteroidetes and gram-negative bacteria and decreased
Firmicutes including short-chain fatty acids-producing
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and 7a-dehydroxylating bacteria compared with healthy
controls (57). When dietary choline was deficient, the levels of
Gammaproteobacteria and Erysipelotrichi were correlated with
the changes of fat accumulation in the liver. Gut microbiota
such as Gammaproteobacteria and Erysipelotrichi can serve
as a predictor for choline deficiency-induced fatty liver (58).
Compared with that in NAFLD and healthy controls, higher
abundance of Fusobacteria and Fusobacteriaceae was observed
in NASH patients (59). Gut microbiota is related to advanced
fibrosis in NAFLD. In both mild/moderate NAFLD and advanced
fibrosis, the abundance of Firmicutes and Bacteroidetes is much
higher. Proteobacteria is higher in advanced fibrosis, while
Firmicutes is higher in mild/moderate NAFLD. Eubacterium
rectale and Bacteroides vulgatu are rich in mild/moderate
NAFLD, while B. vulgatus and Escherichia coli are rich in
advanced fibrosis (60). Different steatosis in NAFLD patients
exhibit differential compositions of gut microbiota. The
abundance of Bacteroidetes is lower and the abundance of C.
coccoides is higher during steatosis with inflammation and/or
fibrosis, compared to simple steatosis (61). The composition of
gut microbiota predicts the severity of NAFLD. Bacteroides is
significantly higher in NASH and is independently associated
with NASH, whereas Ruminococcus is higher in significant
fibrosis (14).

Microbiota Metabolites in the
Pathophysiology of NAFLD

In addition to gut microbiota, microbiota metabolites also
influence the pathophysiology of NAFLD. As it is established,
microbial products derived from fermentation of dietary fiber
and protein can affect liver metabolism and the development
of NAFLD (62). Microbial metabolites are different during the
progression from NAFLD to fibrosis. In advanced fibrosis, 3-
phenylpropanoate, generated from anaerobic bacteria, is the
mostly increased metabolite (63). Further analyses of proteins
and enzymes indicate that the enzymes related to lactate, acetate,
and formate are enhanced in mild/moderate NAFLD whereas
the enzymes associated with butyrate, D-lactate, propionate,
and succinate are increased in advanced fibrosis (60). The
following microbiota metabolites are investigated mostly and
closely related to NAFLD.

Short Chain Fatty Acids

Indigestible carbohydrates are fermented by gut microbiota and
generate short chain fatty acids (SCFAs) such as acetate, butyrate,
and propionate. Pectin, which is one of the soluble dietary
fibers, is reported to prevent NAFLD in HFD-fed mice. Pectin
increases acetic acid and propionic acid, as well as the levels
of Bacteroides, Parabacteroides, Olsenella, and Bifidobacterium
in the gut of HFD-fed mice (64). Gut-derived SCFAs such as
propionate and acetate are metabolized by the liver and alter
hepatic glucose and lipid metabolism (16). Serum metabolomics
reveals that the serum levels of butyric acid and propionic
acid were decreased in patient with NAFLD (65). Also, down-
regulation of SCFA-producing bacteria contributes to increased
energy intake and HFD-induced hepatic steatosis (66). Butyrate
is reported to maintain intestinal mucosal health, including

serving as a fuel source and regulating the immune system
(67). There is evidence suggesting that butyrate ameliorates
HFD-induced NAFLD and NASH via restoring the dysbiosis
of gut microbiota and improving gut barrier (68), activating
peroxisome proliferator-activated receptor alpha (PPARa) in the
liver, suppressing hepatic inflammation and enhancing GLP-
IR expression (69, 70). Moreover, butyrate-producing probiotic
reduces hepatic lipid accumulation and inflammatory responses
and improves hepatic insulin resistance via activating AMP-
activated protein kinase (AMPK), AKT, and the expression of
nuclear factor erythroid 2-related factor 2 (Nrf2) in rats with
NAFLD (71). As supported by the results from a study involving
G protein-coupled receptor 41 (GPR41)-deficient and GF mice,
SCFAs binding to GPR41 may account for the regulation of
gut microbiota, thereby host fat accumulation (72). Another
study indicated that SCFAs acted through downregulating the
expression levels of NLPR3, apoptosis-associated speck like
proteins (ASC), and Caspase-1 to decrease inflammation in a
manner involving G protein-coupled receptor 43 (GPR43) (73).
Also, supplementation of SCFAs reduces hepatic fat deposition
and inflammation by decreasing the activities of fatty acids
synthases, increasing lipid oxidation via activation of AMPK,
and suppressing the expression hepatic inflammatory cytokines
such as interleukin-6 and TNFa (74, 75). SCFAs may also act
through stimulating the release of GLP-1 to bring about beneficial
effects on reducing fat accumulation and increasing insulin
resistance (76).

Ethanol

Gut microbiota dysbiosis increases intestinal ethanol levels,
which is associated with the progression of NAFLD. In patients
with NASH, elevated ethanol-producing bacteria increased blood
ethanol concentrations that are considered to be the reason of
enhanced oxidative stress and inflammation in the liver (77),
through increasing gut permeability, decreasing gut barrier, and
increasing the levels of LPS in the intestine. Similar mechanisms
also lead to increased transportation of endotoxin to the liver
(78). In addition, ethanol has a direct harmful effect on the liver,
leading to steatosis, steatohepatitis, and fibrosis (79). Ethanol
stimulation of hepatic fat accumulation is likely attributable to
increased production of acetate, a substrate for the synthesis
of fatty acids. In ob/ob mice, a model of obesity and NAFLD,
the levels of intestinal bacteria-derived ethanol are increased. In
addition, treatment of ob/ob mice with antibiotics ameliorates
ethanol-induced fat deposition and inflammation in the liver
(78). There are different microbes responsible for ethanol
production responding to different carbohydrates from diet.
Most of ethanol is produced by S. cerevisiae, L. fermentum, and
W. confusa after consumption of glucose, whereas the highest
amount of ethanol is produced by S. cerevisiae and W. confusa
after consumption of fructose. Therefore, inhibition of these
microbes may be a viable strategy to reduce ethanol production
and, thereby preventing NAFLD, NASH, or fibrosis (80).

Bile Acids
Primary BAs are synthesized by the liver whereas secondary
BAs are metabolized by gut microbiota. As such, BAs are also
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considered microbiota metabolites. After its metabolism by
gut microbiota, BAs return to the liver via the enterohepatic
circulation through transporters on ileal enterocytes and
hepatocytes. BAs regulate BA homeostasis, glucose and lipid
metabolism through FXR signaling in hepatocytes, ileal
enterocytes, and colonic L cells. Primary BAs such as CDCA,
CA, T(G)CDCA, and T(G)CA are FXR agonists. In the liver,
FXR activation by BAs inhibits expression of the CYP7AL. In
ileum, FXR activation induces the expression of FGF15/19,
which goes to the liver and also inhibits the expression of
CYP7AL1 and suppresses BA synthesis. In colonic L cells, FXR
activation suppresses the synthesis and release of GLP-1 (81).
Some BAs are reported to be FXR antagonists, such as UDCA
(secondary BAs in human) and Ta/BMCA (primary BAs in
mice). Secondary BAs such as LCA and DCA act as signal
molecules to regulate energy homeostasis, insulin signaling,
and inflammation via Takeda G-protein-coupled receptor 5
(TGR5) in colon, adipose tissue, muscle, and bone marrow
(12). A study revealed that TGR5 activation improved glucose
tolerance, increased energy expenditure, and decreased hepatic
steatosis in HFD-induced obese mice (18). Altering BA profiles
via diet, probiotics, medication, or surgery is reported to reverse
obese-related metabolic phenotypes such as NAFLD/NASH
through modifying BA composition. The latter involves
appropriate regulation of hepatic metabolism through FXR and
metabolisms in other tissues through TGR5 (82). For example,
TGRS5 activation by secondary BAs (such as LCA and DCA) in
colonic L cells stimulated the synthesis and release of GLP-1,
which inhibited glucose production and fat accumulation in
hepatocytes. In patients with NAFLD, the serum levels of primary
and secondary BAs were high, which were accompanied with
decreased activation of FXR, fibroblast growth factor receptor
4 (FGFR4)-mediated signaling and serum levels of FGFI9.
In addition, secondary BAs were increased in the intestine of
patients with NAFLD via enhancing the metabolism of taurine
and glycine (83). In patients with NASH, de novo biosynthesis
of bile acids in the liver was increased compared with that in
healthy controls. Furthermore, increased de novo biosynthesis
of bile acids may be closely associated with gut microbiota
dysbiosis in NASH (84). CA was reported to prevent hepatic
lipid accumulation and VLDL secretion via activation of FXR
to suppress the activity of SREBP-1c and thus downregulate the
expression of lipogenic genes (85). In addition to activation of
FXR, conjugated-BAs were shown to regulate hepatic lipid and
sterol metabolism through activating sphingosine-1 phosphate
receptor 2 (S1PR2) to trigger ERK1/2 signaling pathway, which
directly or indirectly modulates transcription of many genes such
as CYP7A1, SREBP1c, and ApoB-100 (86). SIPR2 activation was
also associated with reducing macrophage infiltration, which
is the characteristic in NASH and fibrosis (87). Of note, BAs
and the gut microbiota closely interact with each other. On
the one side, BAs directly suppress bacteria growth in the gut
through the anti-bacterial effects of BAs. On the other side,
certain intestinal bacterial such as L. momnocytogenes encode
bacterial bile salt hydrolase (BSH), which in turn degrades BAs
and helps bacteria to resist BAs (44). Interestingly, up-regulating
BSH in conventionally raised mice reduces weight gain, plasma

cholesterol, and liver triglycerides by regulating the transcription
of genes related to lipid and cholesterol metabolism such as
peroxisome proliferator-activated receptor gamma (PPARY),
ANGPTL4, and ABCG5/8 (88). Therefore, reducing BAs by
modulating gut microbiota appears to be a viable strategy to
improve NAFLD.

Indole and Indole Derivatives

As a bacterial degradation product of tryptophan, indole
exerts powerful anti-inflammatory effects on immune cells and
enterocytes (89). Subsequently, there are studies that have
explored the effects of several indole derivatives as it relates to
NAFLD. In a mouse model with HFD-induced NAFLD, Choi
et al. examined the effects of indole-3-carbinol (I3C) on NAFLD
phenotypes and attributed the anti-steatotic effect of I3C, at least
in part, to decreased expression of lipogenic genes (15, 89-91).
Similarly, two recent studies have shown that treatment with
indole-3-acetate (I3A) alleviated NAFLD phenotypes in mice (92,
93). At the cellular level, I3A decreased hepatocyte production of
palmitate, which was weakened by inhibition of aryl hydrocarbon
receptor (AhR, a proposed receptor that mediates indole actions)
(92). Moreover, I3A decreased hepatocyte mRNA levels of fatty
acid synthase (FAS) and SREBPIc, a key transcription factor
of lipogenic gene expression (94, 95), implying that I3A has a
suppressive effect on hepatic lipogenesis. Consistent with the
anti-NAFLD effects of indole derivatives, indole, per se, has also
been validated to ameliorate diet-induced NAFLD phenotype in
mice. Specifically, treatment of HFD-fed mice with indole, via
intraperitoneal injection, for 9 weeks caused significant decreases
in HFD-induced insulin resistance, hepatic steatosis, and liver
inflammation (93). The mechanisms underlying the beneficial
effects of indole are attributable to that indole reduced HFD-
induced expression of hepatic lipogenic genes such as SREBP-1,
steraroyl coenzyme decarboxylase 1 (SCD1), PPARYy, acetyl-CoA
carboxylasel (ACC1), and glycerol-3-phosphate acyltransferase,
mitochondrial (GPAM), decreased the hepatic levels of reactive
oxygen species (ROS) and lipid peroxidation product such as
malonaldehyde, enhanced the activity of superoxide dismutase
(SOD), and reduced hepatic macrophage infiltration, monocyte
chemoattractant protein-1 (MCP1) and TNFa levels (93).

The relevance of indole to human NAFLD has been
recently revealed, for the first time, in the study by Ma et al.
In a cohort of 137 Chinese subjects, the circulating levels of
indole were significantly lower than those in lean subjects
and were reversely correlated with liver fat content (96).
In parallel, the data from mice with diet-induced NAFLD
further reveal that the hepatic levels of indole in HFD-fed
mice were significantly lower than those in control mice.
These two lines of evidence enabled the scientific premise for
examining the effect of indole supplementation on alleviating
NAFLD phenotype. As expected, oral supplementation of
indole caused significant decreases in the severity of HFD-
induced hepatic steatosis and inflammation. While gaining
the mechanistic insights of indole actions, the study by Ma
et al. also reveals that myeloid cell-specific disruption of
PFKFB3, a master regulatory gene of glycolysis, nearly blunted
the effects of indole on decreasing HFD-induced hepatic
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FIGURE 2 | The mechanistic scheme for indole alleviation of NAFLD. During
NAFLD, hepatocytes release fat deposition-associated proinflammatory
mediators and palmitate (hydrolysis product of very low-density lipoproteins),
which act on macrophages to enhance the proinflammatory responses. Active
macrophages release proinflammatory factors such as TNFa and IL-1p and
act, via paracrine manners, to exacerbate the proinflammatory responses and
fat accumulation in hepatocytes. Indole, a microbiota metabolite from
tryptophan (Trp), acts to reduce hepatocyte fat deposition via suppressing the
expression of FAS through a mechanism involving AhR activation. Moreover,
indole reduces the inflammatory responses in both macrophages and
hepatocytes and fat deposition in hepatocytes in a manner involving myeloid
cell PFKFB3. Modified based on Krishnan, S., et al. Cell Reports, 2018. 23(4):
p. 1099-1111 and Zheng et al. Front Med 2015, 9: 173-186.

steatosis and inflammation. PFKFB3 is the gene encoding
inducible 6-phosphofructo-2-kinase (iPFK2) (97), whose
product fructose-2,6-bisphosphate is the most potent activator
of glycolytic enzyme 6-phosphofructo-1-kinase (98-100). In
macrophages differentiated from bone marrow cells, indole
displayed a suppressive effect on LPS-induced proinflammatory
responses in a PFKFB3-dependent manner (Figure 2). Moreover,
hepatocytes co-cultured with PFKFB3-disrupted macrophages
displayed increases in palmitate-induced fat deposition and
LPS-induced proinflammatory responses. Of note, treatment
with indole did not alleviate these responses in hepatocytes
co-cultured with PFKFB3-disrupted macrophages as did it in
hepatocytes co-cultured with control macrophages. Clearly,
indole exerts an anti-NAFLD effect in a manner involving
myeloid cell PEKFB3.

The study by Ma et al. also revealed a number of significant
and interesting findings (96). In particular, mice with HFD-
induced NAFLD revealed altered composition of gut microbiota
relative to that in mice fed a control low-fat diet (LFD). Moreover,
treatment of HFD-fed mice with indole brought about changes
in the composition of gut microbiota in a manner similar to

that in LFD-fed mice. This validates that indole, as a microbiota
metabolite, also alters the composition of gut microbiota.
Another important finding from the pharmacokinetic study
is that indole reached its peak levels in the liver at 6h post
a single oral dosing of indole. In addition, the levels of
indole were significantly higher than those in the circulation.
Because of this, the liver is considered a primary organ
where indole is metabolized. As such, the liver appears to
be primary target for indole-based therapeutic approaches.
The mechanistic scheme for indole actions is summarized in
Figure 2.

Clearly, the intestine plays an important role in the
pathophysiology of NAFLD. Intestine hormones, intestine
conditions (such as permeability and intercellular tight
junction), gut microbiota composition and balance, and
microbiota metabolites regulate glucose production, lipogenesis,
inflammatory response and insulin resistance in the liver by
directly or indirectly ways. These advances have significantly
improved our understanding of how the crosstalk between
intestine and liver critically regulates the pathogenesis of NAFLD.

Management of NAFLD/NASH via
Modulating Gut Microbiota

As gut microbiota is considered to be a new therapeutic target for
NAFLD/NASH, researchers are recently full of enthusiasm about
looking for compounds to control NAFLD/NASH by altering
gut microbiota. Probiotics are living microorganisms that can
relieve intestinal diseases by restoring normal microbiota and
provide health benefits to the host. A human study revealed
that liver aminotransferases levels were improved in NAFLD
patients treated with 500 million of Lactobacillus bulgaricus
and Streptococcus thermophiles (101). MIYAIRI 588, a butyrate-
producing probiotic from Japan, prevented hepatic steatosis
from developing into liver cancer in a rat NAFLD model
through activating of hepatic adenosine 5'-monophosphate-
activated protein kinase (AMPK), AKT, nuclear factor erythoid
2-related factor 2 (Nrf2) and its targeted antioxidative enzymes
(71). A probiotic mixture called VSL#3, which includes eight
probiotic strains, has been proven to be very effective in
the treatment of NAFLD. In obese children with NAFLD,
supplementation with VSL#3 for 4 months decreased steatosis
and BMI by enhancing the expression and the activity of
GLP-1 (102, 103). Prebiotics, which are special form of
dietary fibers, are fermented by gut microbiota to produce
metabolites that promote the growth of beneficial intestinal
flora. Alpha-galacto-oligosaccharides (alpha-GOS) from legumes
was found to reduce food intake, improve fasting blood
glucose, lower plasma non-esterified fatty acids, low-density
lipoprotein (LDL), and total cholesterol in HFD-fed mice
(104). Some phytochemicals also have prebiotic capacity and
may become therapeutic compounds to prevent or treat
NFALD. For instance, quercetin, which has antioxidant and
anti-inflammatory properties, was reported to reduce hepatic
fat accumulation, inflammation, and insulin resistance by
increasing the population of Akkermansia genus in gut
(105). Synbiotics, which are a combination of probiotics and
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prebiotics, was reported to provide more beneficial effects
in NAFLD. Co-administering Lactobacillus paracasei N1115
and fructooligosaccharides in HFD-induced NAFLD mice
reduced the levels of TNFa, insulin resistance and slowed
the progression of cirrhosis (106). In lean patients with
NAFLD, synbiotic (probiotics: 200 million bacteria of seven
strains; prebiotic: 125mg fructo-oligosaccharide) supplement
significantly ameliorated fasting blood glucose, TG, and most
inflammatory mediators (107).

SCFAs, which are metabolites from fermentation of dietary
fiber by gut microbiota, have been used for preventing liver
steatosis, inflammation, and fibrosis. Other metabolites such
as BAs and indole-like molecules are potential therapeutic
compounds to treat NAFLD/NASH. Antibiotics, such as
neomycin and polymyxin B, can reduce fat accumulation
in the liver by changing the gut microbiota and were
found to be effective, to certain extent, for treating liver
cirrhosis (108). After 90 days of solithromycin treatment,
NASH patients showed reduction in liver steatosis and ALT
levels (109). Gut-derived bacterial products and LPS increase
hepatic inflammation in NAFLD through TLR4 signaling
pathway. Blockage of TLR4 signaling pathway is considered
as a potential therapy to alleviate hepatic inflammation and
fibrosis. JKB-121, which is a TLR4 antagonist, was proved
to reverse LPS-induced inflammation cytokine expressions,
activation and proliferation of hepatic stellate cells, and
collagen expression (110). Fecal microbiota transplantation
(FMT) is an effective treatment for Clostridium difficile
infection. There are some studies also suggesting that FMT
may become a potential therapeutic strategy for NAFLD (111,
112). FMT from lean donors to obese recipients with metabolic
syndrome for 6 weeks improved hepatic and systemic insulin
sensitivity and increased butyrate-producing microbiota in
obese recipients (113). A recent human study revealed that
6 weeks after allogenic FMT, small intestinal permeability in
NAFLD patients was significantly reduced compared with that at
baseline (114).

INTERPLAYS OF CIRCADIAN CLOCK AND
GUT MICROBIOTA DURING NAFLD

There is evidence suggesting that circadian rhythms are related
to gut microbiota, while gut microbiota also affects circadian
rhythms (115). Both circadian and gut microbiota critically
regulate metabolic homeostasis (116, 117) and are associated with
the development of NAFLD (118, 119).

Circadian Dysregulation and Gut

Microbiota Dysbiosis

While highly relevant to human health, microorganisms in
the human body maintain a dynamic balance in the body.
Also, the circadian rhythm and the intestinal microbes are
closely linked (120). Indeed, gut microbiota itself exhibits diurnal
compositional and functional oscillations (121, 122). More
specifically, environmental factors such as disruption of feeding
time and sleep pattern are shown to impair microbiota diurnal

rhythmicity and cause microbiota dysbiosis (122, 123). There also
are studies showing that circadian disruption alters microbiota
configuration in gut. For instance, disruption of BMALI in mice
abolished the circadian rhythms of fecal microbiota in both sexes,
while changing microbiota composition in a sex-dependent
manner (6). Also, circadian CLOCK mutant mice exhibited
lower evenness and diversity of gut microbiota compared with
wild type mice when fed a chow diet. When mice were fed
an alcohol diet, gut microbiota taxonomic levels in circadian
CLOCK mutant mice were significantly different from those
in wild type mice, indicating that gut microbiota community
structure is altered (10, 124). Moreover, the circadian clock
also alters the function of the gut microbes. As supporting
evidence, the bacterial adhesion oscillation in PER1/27/~
mice was remarkably disappeared (121). When combined with
high-fat and high-sugar diets, mimicking rhythms disruption
through frequent changes in light and darkness by reversing
the light:dark cycle once weekly significantly changed the
structure of microbial communities (124). Also, the microbe
that impairs gut barrier integrity was increased and the microbe
that improves the intestinal epithelial cell layer was decreased
in mice exposed to constant 24h light. Compared to that
within normal light-dark cycles conditions, the diversity of
rats gut microbiota was significantly different in darkness or
constant lighting conditions. The ratios of bacteria families
such as Lactobacillus, Bacteroides, and Parabacteroides were
altered in darkness or constant lighting conditions (125).
In addition to the alterations of gut microbiota taxon, the
expression of genes related to protective immune function
was reduced whereas the expression of genes associated with
gut inflammation was enhanced after circadian disruption.
Specifically, the upregulated inflammatory genes include those
for lipopolysaccharides (LPS) synthesis and transportation (126,
127).

Psychological factors also are shown to alter gut microbiota.
A study reported that diurnal rhythm disorder caused by
insomnia or a psychological and physiological pressure increased
intestinal permeability and altered microbial composition
(128). Also, in a study involving rhesus monkeys, stress was
created by sound during pregnancy at night, and caused
significant changes in intestinal microorganisms in the pregnant
monkeys at 6 months before birth (129). The alteration of gut
microbiota by stress includes reduced microorganism diversity
and population of certain bacteria, such as Lactobacillus (130).
Circadian rhythm disorder also can lead to the growth of
some special intestinal microorganisms. In the first few days
of sleep deprivation, mice revealed microbial invasion. At 20
days after sleep deprivation, the mice revealed 37 times more
numbers of gram-negative bacteria in cecum relative to the
control group (131). In a study involving human subjects, sleep
deprivation increased Firmicutes in intestine, which usually
found high relative abundance in obese population (132).
The relative populations of Firmicutes, Lachnospiraceae, and
Ruminococcaceae were increased and the relative populations
of Bacteroidetes, Actinobacteria, Lactobacillmmaceae, and
Bifidobacteriaceae were reduced in mice with 4 weeks of sleep
fragmentation (133).
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Involvement of Gut Microbiota Dysbiosis in
Circadian Disruption-Related NAFLD

“Time difference phenomenon” has destructive power and
increases the tendency of illness (122). Microbial dysregulation
caused by circadian rhythm disorder leads to an increased
probability of metabolic diseases such as obesity, insulin
resistance, and NAFLD (134-136). There are studies showing
that germ-free mice did not respond to HFD feeding whereas
normal mice with microbiota became obese when fed with
HEFD (7). HFD-feeding altered the oscillations of gut microbiota
composition and function, which were associated with disturbed
host circadian rhythm and led to host metabolic dysregulation
(7). This finding is similar to that observed in the human
after weight loss surgery. The latter revealed that the energy
intake was decreased and the numbers of bacteria were changed
(such as increased levels of Prevotella and Bacteroides and
decreased levels of Firmicutes) after gastric bypass surgery
(137). In addition, chronic sleep restriction is associated with
metabolic diseases including NAFLD. Workers with constant
shift in schedules or individuals with frequent jet-lag exhibit
alterations in gut microbiota, leading to increasing inflammatory
responses and metabolic diseases (138). Mice under the
treatment of inverted dark-light every 2 weeks for 8 weeks,
which mimicked shift work, exhibited significantly increased
intestine permeability and altered community of gut microbiota,
systemic insulin resistance, dyslipidemia, and inflammation
(139). Transplanting microbiota from circadian disrupted (such
as jet-lagged) human to germ-free mice increased weight gain
and blood glucose levels (122), which are associated a significant
increase in the incidence of NAFLD.

In the pathogenesis of NAFLD or the progression to
steatohepatitis, intestinal microbiota composition exhibits
altered circadian oscillation, which enhances the permeability of
intestinal endothelial barrier, leading to intestinal and hepatic
inflammation (122, 140). Moreover, gut microbiota is involved
in the regulation of the expression of circadian clock genes in
the liver. This is significant because hepatic circadian disorder
is associated with hepatic lipid accumulation, inflammation,
and oxidative stress (141). In a study involving mice with
diet-induced obesity and NAFLD, time-restricted feeding
(feeding only for 8h during dark phase) for HFD-fed mice,
which consumed the same amount calories as that of HFD
ad libitum mice, altered hepatic clock genes that are related
to key enzymes for glucose and lipid metabolism in the liver,
thus decreasing hepatic fat accumulation (142). Mice fed an ad
libitum HFD displayed alterations in gut microbiome, luminal
metabolomics, gut signaling, and hepatic gene expression, which
resulted in metabolic dysregulation such as obesity, impaired
glucose metabolism, insulin resistance, hepatic steatosis,
and inflammation. However, mice with time-restricted HFD
feeding revealed decreased obesogenic microbiota, increased
obesity-protective microbiota, enhanced carbohydrate excretion,
restored gut signaling and hepatic gene expression, which
appeared to protect against obesity and metabolic dysregulation
(136). Circadian disruption (mimicking shift work or jet-lag)
in rats enhances the inflammatory responses when treated with

LPS. In particular, Kupffer cells (KCs) isolated from circadian
disrupted rats exhibited increased TNFa expression in response
to LPS, indicating that liver immune cells are modulated by
circadian rhythms (143). Furthermore, KCs itself showed
circadian oscillation, indicated by the findings that the numbers
of KCs varied during the circadian cycle and that some proteins
in KCs have diurnal rhythmicity. The connection between
immune response proteins of KCs and liver immune proteins
is dominant during the daytime whereas the connection of
metabolic proteins between KCs and liver is dominant during
the nighttime (144). A study in which HFD-fed mice were
under constant light revealed that melatonin ameliorated HFD-
and circadian disruption-induced hepatic fat accumulation and
insulin resistance and restored the gut microbiota. The latter
was evidenced by that melatonin reversed the increased ratio of
Firmicutes to Bacteroidetes (145).

GUT MICROBIOTA REGULATION OF
NAFLD DURING AGING

Gut Microbes in Infants and Young Children
In an infant, the majority of bacterial strains comes from the
mother. While most of the bacteria cannot be colonized for a long
time (146), some intestinal strains always live with the host (146).
It has been previously thought that baby’s intestines are sterile.
Numerous studies have now indicated that Staphylococcal and
Enterococci are present in infant feces, verifying that microbial
colonization has already occurred in the intestines (147).
Compared with normal control, early intestinal microbiota
in cesarean section infants is reduced and associated with T
helper-1 (TH1) response (148). This in turn affects the weight
of childhood; although the underlying mechanisms remain to
be elucidated (149). In addition, premature infants with low
birth weight exhibit altered intestinal microbes and increased
risk of metabolic abnormalities (150). Accordingly, early control
of multiple metabolic diseases, e.g., obesity (151) and diabetes
(152), which both increase the incidence of NAFLD, may be
achievable through breastfeeding. In severely malnourished
children, microbes are lagging behind and cannot maintain
optimal homeostasis, indicating that intestinal microbes play
a role in metabolism (153). Gut microbes interplay with a
variety of factors, including genetics and the environment (154).
Congenital genetic materials can generate a significant impact on
adults (155). Compared with those in normal mice, the numbers
of gut microorganisms in the mice with congenital obesity have
changed significantly (mainly Bactericides and Formicates)
(156), and the alterations are also observed in human (157).
Compared to healthy children, children with NAFLD have
higher levels of Gammaproteobacteria and Prevotella, as well
as higher levels of ethanol (158). In a similar study, the results
indicate that children with NAFLD have higher levels of
Actinobacteria and lower levels of Bacteroidetes compared with
healthy controls. In addition, the levels of Bradyrhizobium,
Anaerococcus,  Peptoniphilus, Propionibacterium acnes,
Dorea, and Ruminococcus are increased and the levels of
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Endotoxin
Microbiota metabolites

FIGURE 3 | Circadian rhythms and gut microbiota in the pathogenesis of NAFLD. Under normal physiological conditions, the central and peripheral clocks operate
synchronously to maintain the normal operation of the body. Feeding time, sleep pattern, and aging cause circadian dysregulation, leading to alterations of microbiota
diurnal rhythmicity, microbiota composition, and thus microbiota dysbiosis. Microbiota dysbiosis impairs gut barrier integrity and increases the gut permeability, which
results in increased release of microbiota products such as endotoxin and microbiota metabolites into circulation. HFD or nutritional stress changes microbiota
composition and circadian oscillation, increasing gut permeability and release of microbiota products. These microbiota products reach the liver and cause hepatic
steatosis and inflammation, which are the features of NAFLD/NASH. Circadian disruption also directly causes dysregulation of liver metabolism, promoting
NAFLD/NASH through increasing hepatic fat accumulation and inflammation.

Oscillospira and Rikenellaceae are reduced in children with ~Gut Microbes Regulation of NAFLD During
NAFLD (159). Aging

Both gut microbiota and circadian rhythms are linked  From colonization in early life, the body maintains the balance
to the metabolic homeostasis in infants and children and  of microbes for decades and toward the end of life. For elders,
influence their health in the future. For instance, early microbial = their intestinal tract is fragile, their teeth are loose, and there
destruction induces metabolic dysregulation. Cho et al. found  4re other factors affecting the intestinal microbes (165). In an
that treatment with antibiotics in early life in mice increased epidemiological survey (166), the results obtained suggest that
the levels of GIP, adiposity, and the expression of hepatic  tota] proteobacteria are increased and stable within a limited
genes, which are involved in lipid metabolic processes. Although  time in people over 65 years old. However, there are some
early antibiotics did not change the overall numbers of  gifferences between the studies about whether the diversity of
microbes, the composition of gut microbiota was altered in  Bactericides is increased (167). Some studies suggest that the
mice with antibiotics in early life, such as increased levels giversity of Bactericides is increased (167) whereas others showed
of Firmicutes (160). Of note, under a chow diet, limited  the opposite results (168). Also, the gut microbial composition
antibiotics ameliorated hepatic accumulation of fat in early age appears to be different in a sex-dependent way in elders. Obese
in male mice (161). Mechanistically, LPS from gut microbiota  maJe elders have lower levels of Bacteroidetes than obese female
is associated with the development of metabolic syndrome in  elders (169). Moreover, Clostridium levels are different between
children. A study indicates that sleep disruption contributes to  e]ders and young adults. The production of short chain fatty acids
gut bacteria dysbiosis and the increase in LPS levels, leading g reduced in elders, compared with young adults (170).
to inflammation and metabolic dysregulation (162). Child The circadian rhythm controls deep sleep and duration (171).
snoring disturbs sleeping pattern and is related to metabolic  [p the conventional consciousness, the elders have less deep
syndrome, neurocognitive, and behavioral problems. In the  leep (172) and more awakening (173). Through detecting body
gut of children with snoring, the diversity of microbiota was temperature and melatonin rhythm (174), the phase of rhythm is
reduced and pro-inflammatory bacteria population and the  ghifted forward (175), the amplitude of rhythm is reduced (176),
ratio of Firmicutes to Bacteroidetes were increased (163). Also,  ;nd PER2 expression is impaired in elders (177, 178). These
the results from a human study involving 40 children with findings have been confirmed by many clinical studies. Indeed,
NAFLD indicate that the serum levels of FGF21 were inversely  chronic sleep disorders in old adults are associated with metabolic
associated with the severity of NAFLD in children at 8:00 am dysregulation. Also, in elders, diet has more effects on age-
whereas more severe NAFLD revealed increased FGF21 levels at  related dysbiosis in gut microbiota that affects circadian rhythm
noon (164). in the host and exacerbates metabolic disorders (7). The circadian
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rhythm gradually deteriorates in life (179), characterized by the
shortening of sleep time, the loss of circadian amplitude (180),
the reduction of neuronal synapses (181), and the increase in
the proportion of silent cells (182). However, the results of
a human study suggest that the risk of NAFLD is increased
slightly in a middle-aged and elderly Chinese population with a
long night time sleep duration (183). Similarly, young and old
mice fed an HFD for 12 weeks revealed increased body weight,
fat accumulation, insulin resistance, and NAFLD activity score
regardless of sex. However, old mice exhibited exacerbation of
NAFLD severity and gut microbiota dysbiosis (184). In elder
people, the numbers of protective anaerobic bacteria are reduced,
gastrointestinal function is declining, and the severity of hepatic
steatosis and inflammation is greater in response to HFD. As
such, the health status of the elders should be taken serious
consideration (185).

CONCLUSION

Nutrition, lifestyle and environment (day and night cycle)
influence metabolism, thereby the health, life quality, and
life span. Individuals who are shift workers, frequently cross-
continental traveler undergoing jet-lag, suffers of sleep disorders,
and/or frequent consumers of high-fat and/or high-sugar
diets have increased risks for metabolic diseases including
NAFLD and NASH. Pathologically, dysregulation of circadian
rhythms, along with dysfunctional composition of gut microbiota
contribute to the development and progression of NAFLD,

REFERENCES

1. Younossi Z, Tacke F, Arrese M, Chander Sharma B, Mostafa I, Bugianesi E,
et al. Global perspectives on nonalcoholic fatty liver disease and nonalcoholic
Steatohepatitis. Hepatology. (2019) 69:2672-82. doi: 10.1002/hep.30251

2. Younossi ZM. Non-alcoholic fatty liver disease - a global public health
perspective. ] Hepatol. (2019) 70:531-44. doi: 10.1016/j.jhep.2018.10.033

3. Sharpton SR, Ajmera V, Loomba R. Emerging role of the gut microbiome
in nonalcoholic fatty liver disease: from composition to function. Clin
Gastroenterol Hepatol. (2019) 17:296-306. doi: 10.1016/j.cgh.2018.08.065

4. Ponziani FR, Bhoori S, Castelli C, Putignani L, Rivoltini L, Del Chierico
E et al. Hepatocellular Carcinoma is associated with gut microbiota profile
and inflammation in nonalcoholic fatty liver disease. Hepatology. (2019)
69:107-20. doi: 10.1002/hep.30036

5. Halberg E Johnson EA, Brown BW, Bittner J]J. Susceptibility Rhythm to
E. coli endotoxin and bioassay. Proc Soc Exp Biol Med. (1960) 103:142—
4. doi: 10.3181/00379727-103-25439

6. Liang X, Bushman FD, FitzGerald GA. Rhythmicity of the intestinal
microbiota is regulated by gender and the host circadian clock. Proc Natl
Acad Sci USA. (2015) 112:10479-84. doi: 10.1073/pnas.1501305112

7. LeoneV, Gibbons Sean M, Martinez K, Hutchison Alan L, Huang Edmond Y,
Cham Candace M, et al. Effects of Diurnal variation of gut microbes and
high-fat feeding on host circadian clock function and metabolism. Cell Host
Microbe. (2015) 17:681-9. doi: 10.1016/j.chom.2015.03.006

8. Mukherji A, Kobiita A, Ye T, Chambon P. Homeostasis in intestinal
epithelium is orchestrated by the circadian clock and microbiota cues
transduced by TLRs. Cell. (2013) 153:812-27. doi: 10.1016/j.cell.2013.04.020

9. Zarrinpar A, Chaix A, Yooseph S, Panda S. Diet and feeding pattern affect
the diurnal dynamics of the gut microbiome. Cell Metab. (2014) 20:1006—
17. doi: 10.1016/j.cmet.2014.11.008

which has been summarized by this review (Figure 3). There
exist circadian rhythms in intestinal microbes. The changes
in intestinal microbes’ oscillation are manifested by increased
intestinal permeability, microbial composition, and increased
inflammation. Intestinal microbe regulates metabolism via
reprogramming circadian clock, in particular the liver circadian
clocks. Aging and unhealthy diet, as well as dysfunctional
intestinal microbes are factors that bring about rhythm disorders,
leading to hepatic fat accumulation and inflammation. As such,
a healthy diet and a clocklike lifestyle are of the effective ways
to prevent NAFLD and maintain metabolic homeostasis, thereby
keeping individuals healthy.

AUTHOR CONTRIBUTIONS

XJ and XG wrote most of this review. JZ, SZ, BW, and CW wrote
some sections. CW and XG made the final editing. XG came
up with the concept. All authors contributed to the article and
approved the submitted version.

FUNDING

This review was supported, in whole or in part, by the
Fundamental Research Funds of Shandong University (Grant No.
2017TB0028), Young Scholars Program of Shandong University
(Grant No. 2018 WLJH33), National Natural Science Foundation
of China (Grant No. 81803224), and National Natural Science
Foundation of China (Grant No. 81770772).

Voigt RM, Summa KC, Forsyth CB, Green S], Engen P, Nagib A, et al. The
circadian clock mutation promotes intestinal dysbiosis. Alcohol Clin Exp Res.
(2016) 40:335-47. doi: 10.1111/acer.12943

. Canfora EE, Meex RCR, Venema K, Blaak EE. Gut microbial metabolites
in obesity, NAFLD and T2DM. Nat Rev Endocrinol. (2019) 15:261-
73. doi: 10.1038/541574-019-0156-z

Kolodziejczyk AA, Zheng DP, Shibolet O, Elinav E. The role of
the microbiome in NAFLD and NASH. EMBO Mol Med. (2019)
11:€9302. doi: 10.15252/emmm.201809302

Ren Z, Li A, Jiang ], Zhou L, Yu Z, Lu H, et al. Gut microbiome analysis
as a tool towards targeted non-invasive biomarkers for early hepatocellular
carcinoma. Gut. (2019) 68:1014-23. doi: 10.1136/gutjnl-2017-315084
Boursier J, Mueller O, Barret M, Machado M, Fizanne L, Araujo-Perez E, 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. doi: 10.1002/hep.28356

Whitfield-Cargile CM, Cohen ND, Chapkin RS, Weeks BR, Davidson
LA, Goldsby JS, et al. The microbiota-derived metabolite indole decreases
mucosal inflammation and injury in a murine model of NSAID enteropathy.
Gut Microbes. (2016) 7:246-61. doi: 10.1080/19490976.2016.1156827
Chambers ES. Gut-derived short-chain fatty acids: a friend or foe for hepatic
lipid metabolism? Nutr Bull. (2019) 44:154-9. doi: 10.1111/nbu.12377
Gupta NA, Mells ], Dunham RM, Grakoui A, Handy J, Saxena NK, et al.
Glucagon-like peptide-1 receptor is present on human hepatocytes and
has a direct role in decreasing hepatic steatosis in vitro by modulating
elements of the insulin signaling pathway. Hepatology. (2010) 51:1584-
92. doi: 10.1002/hep.23569

Thomas C, Gioiello A, Noriega L, Strehle A, Oury J, Rizzo G, et al. TGR5-
mediated bile acid sensing controls glucose homeostasis. Cell Metab. (2009)
10:167-77. doi: 10.1016/j.cmet.2009.08.001

Frontiers in Medicine | www.frontiersin.org

11

July 2020 | Volume 7 | Article 361


https://doi.org/10.1002/hep.30251
https://doi.org/10.1016/j.jhep.2018.10.033
https://doi.org/10.1016/j.cgh.2018.08.065
https://doi.org/10.1002/hep.30036
https://doi.org/10.3181/00379727-103-25439
https://doi.org/10.1073/pnas.1501305112
https://doi.org/10.1016/j.chom.2015.03.006
https://doi.org/10.1016/j.cell.2013.04.020
https://doi.org/10.1016/j.cmet.2014.11.008
https://doi.org/10.1111/acer.12943
https://doi.org/10.1038/s41574-019-0156-z
https://doi.org/10.15252/emmm.201809302
https://doi.org/10.1136/gutjnl-2017-315084
https://doi.org/10.1002/hep.28356
https://doi.org/10.1080/19490976.2016.1156827
https://doi.org/10.1111/nbu.12377
https://doi.org/10.1002/hep.23569
https://doi.org/10.1016/j.cmet.2009.08.001
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Jiang et al.

Microbiota and NAFLD

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Tsimihodimos V, Elisaf M. Incretins and lipid metabolism. Curr Med Chem.
(2018) 25:2133-9. doi: 10.2174/0929867324666170414164244

Lee YS, De Vadder E Tremaroli V, Wichmann A, Mithieux G,
Backhed F. Insulin-like peptide 5 is a microbially regulated peptide
that promotes hepatic glucose production. Mol Metab. (2016) 5:263—
70. doi: 10.1016/j.molmet.2016.01.007
Faure S. Incretins. Actualites
7. doi: 10.1016/j.actpha.2017.09.020
Zarrinpar A, Loomba R. Review article: the emerging interplay among
the gastrointestinal tract, bile acids and incretins in the pathogenesis of
diabetes and non-alcoholic fatty liver disease. Aliment Pharmacol Ther.
(2012) 36:909-21. doi: 10.1111/apt.12084

Mantelmacher FD, Zvibel I, Cohen K, Epshtein A, Pasmanik-Chor
M, Vogl T, et al. GIP regulates inflammation and body weight by
restraining myeloid-cell-derived S100A8/A9. Nat Metab. (2019) 1:58-
69. doi: 10.1038/542255-018-0001-z

Alvarez-Sola G, Uriarte I, Latasa MU, Fernandez-Barrena MG, Urtasun
R, Elizalde M, et al. Fibroblast growth factor 15/19 (FGF15/19) protects
from diet-induced hepatic steatosis: development of an FGF19-based
chimeric molecule to promote fatty liver regeneration. Gut. (2017) 66:1818-
28. doi: 10.1136/gutjnl-2016-312975

Kir S, Beddow SA, Samuel VT, Miller P, Previs SE Suino-
Powell K, et al. FGF19 as a postprandial, insulin-independent
activator of hepatic protein and glycogen synthesis. Science. (2011)
331:1621-4. doi: 10.1126/science.1198363

Zhou M, Learned RM, Rossi SJ, dePaoli AM, Tian H, Ling L.
Engineered fibroblast growth factor 19 reduces liver injury and resolves
sclerosing cholangitis in Mdr2-Deficient mice. Hepatology. (2016) 63:914-
29. doi: 10.1002/hep.28257

Schnabl B, Brenner DA. Interactions
microbiome and liver diseases. Gastroenterology.
24. doi: 10.1053/j.gastro.2014.01.020

Lam YY, Ha CWY, Campbell CR, Mitchell AJ, Dinudom A, Oscarsson J, et al.
Increased gut permeability and microbiota change associate with mesenteric
fat inflammation and metabolic dysfunction in diet-induced obese mice.
PL0oS ONE. (2012) 7:e34233. doi: 10.1371/journal.pone.0034233

Bashiardes S, Shapiro H, Rozin S, Shibolet O, Elinav E. Non-
alcoholic fatty liver and the gut microbiota. Mol Metab. (2016)
5:782-94. doi: 10.1016/j.molmet.2016.06.003

Miele L, Valenza V, La Torre G, Montalto M, Cammarota G,
Ricci R, et al. Increased intestinal permeability and tight junction
alterations in nonalcoholic fatty liver disease. Hepatology. (2009)
49:1877-87. doi: 10.1002/hep.22848

Chen DS, Le TH, Shahidipour H, Read SA, Ahlenstiel G. The role of gut-
derived microbial antigens on liver fibrosis initiation and progression. Cells.
(2019) 8:1324. doi: 10.3390/cells8111324

Cengiz M, Ozenirler S, Elbeg S. Role of serum toll-like receptors 2 and 4
in non-alcoholic steatohepatitis and liver fibrosis. ] Gastroenterol Hepatol.
(2015) 30:1190-6. doi: 10.1111/jgh.12924

Spruss A, Kanuri G, Wagnerberger S, Haub S, Bischoff SC, Bergheim I. Toll-
like receptor 4 is involved in the development of fructose-induced hepatic
steatosis in mice. Hepatology. (2009) 50:1094-104. doi: 10.1002/hep.23122
Jia L, Chang XL, Qian SW, Liu C, Lord CC, Ahmed N, et al. Hepatocyte toll-
like receptor 4 deficiency protects against alcohol-induced fatty liver disease.
Mol Metabol. (2018) 14:121-9. doi: 10.1016/j.molmet.2018.05.015

Kim SY, Jeong JM, Kim SJ, Seo W, Kim MH, Choi WM, et al. Pro-
inflammatory hepatic macrophages generate ROS through NADPH oxidase
2 via endocytosis of monomeric TLR4-MD2 complex. Nat Commun. (2017)
8:2247. doi: 10.1038/541467-017-02325-2

Ye DW, Li FYL, Lam KSL, Li HT, Jia WP, Wang Y, et al. Toll-like
receptor-4 mediates obesity-induced non-alcoholic steatohepatitis through
activation of X-box binding protein-1 in mice. Gut. (2012) 61:1058-
67. doi: 10.1136/gutjnl-2011-300269

Dattaroy D, Seth RK, Sarkar S, Kimono D, Albadrani M, Chandrashekaran
V, et al. Sparstolonin B (SsnB) attenuates liver fibrosis via a parallel
conjugate pathway involving P53-P21 axis, TGF-beta signaling and focal
adhesion that is TLR4 dependent. Eur ] Pharmacol. (2018) 841:33-
48. doi: 10.1016/j.ejphar.2018.08.040

Pharm. (2017) 56:13—

intestinal
146:1513-

between  the
(2014)

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Dapito DH, Mencin A, Gwak G-Y, Pradere J-P, Jang M-K, Mederacke
I, et al. Promotion of hepatocellular carcinoma by the intestinal
microbiota and TLR4. Cancer cell. (2012) 21:504-16. doi: 10.1016/j.ccr.2012.
02.007

Ding SL, Chi MM, Scull BP, Rigby R, Schwerbrock NM]J, Magness S, et al.
High-fat diet: bacteria interactions promote intestinal inflammation which
precedes and correlates with obesity and insulin resistance in mouse. PLoS
ONE. (2010) 5:e12191. doi: 10.1371/journal.pone.0012191

Cobbina E, Akhlaghi F. Non-alcoholic fatty liver disease
(NAFLD) - pathogenesis, classification, and effect on drug
metabolizing enzymes and transporters. Drug Metab Rev. (2017)

49:197-211. doi: 10.1080/03602532.2017.1293683

Zeng TS, Zhou ], He LZ, Zheng ], Chen LL, Wu CD, et al
Blocking nuclear factor-Kappa B  protects against diet-induced
hepatic steatosis and insulin resistance in mice. PLoS ONE. (2016)
11:¢0149677. doi: 10.1371/journal.pone.0149677

Potthoff MJ, Inagaki T, Satapati S, Ding XS, He T'T, Goetz R, et al. FGF21
induces PGC-1 alpha and regulates carbohydrate and fatty acid metabolism
during the adaptive starvation response. Proc Natl Acad Sci USA. (2009)
106:10853-10858. doi: 10.1073/pnas.0904187106
Ridlon JM, Kang D], Hylemon PB, Bajaj
the gut microbiome. Curr Opin
8. doi: 10.1097/MOG.0000000000000057
Begley M, Gahan CGM, Hill C. The interaction between bacteria and bile.
FEMS Microbiol Rev. (2005) 29:625-51. doi: 10.1016/j.femsre.2004.09.003
Wahlstrom A, Sayin SI, Marschall HU, Backhed F. Intestinal crosstalk
between bile acids and microbiota and its impact on host metabolism. Cell
Metabol. (2016) 24:41-50. doi: 10.1016/j.cmet.2016.05.005

Murphy EE Cotter PD, Healy S, Marques TM, O’Sullivan O, Fouhy E
et al. Composition and energy harvesting capacity of the gut microbiota:
relationship to diet, obesity and time in mouse models. Gut. (2010) 59:1635—
42. doi: 10.1136/gut.2010.215665

Parseus A, Sommer N, Sommer F, Caesar R, Molinaro A, Stahlman M,
et al. Microbiota-induced obesity requires farnesoid X receptor. Gut. (2017)
66:429-37. doi: 10.1136/gutjnl-2015-310283

Zheng X, Huang F Zhao A, Lei S, Zhang Y, Xie G, et al. Bile
acid is a significant host factor shaping the gut microbiome of diet-
induced obese mice. BMC Biol. (2017) 15:120. doi: 10.1186/s12915-017-
0462-7

Xie G, Wang X, Huang F, Zhao A, Chen W, Yan J, et al. Dysregulated hepatic
bile acids collaboratively promote liver carcinogenesis. Int | Cancer. (2016)
139:1764-75. doi: 10.1002/ijc.30219

Kakiyama G, Pandak WM, Gillevet PM, Hylemon PB, Heuman DM, Daita K,
et al. Modulation of the fecal bile acid profile by gut microbiota in cirrhosis.
] Hepatol. (2013) 58:949-55. doi: 10.1016/j.jhep.2013.01.003

Devkota S, Wang Y, Musch MW, Leone V, Fehlner-Peach H,
Nadimpalli A, et al. Dietary-fat-induced taurocholic acid promotes
pathobiont expansion and colitis in 11107/~ mice. Nature. (2012)
487:104-8. doi: 10.1038/nature11225

Devkota S, Chang EB. Interactions between diet, bile acid metabolism, gut
microbiota, and inflammatory bowel diseases. Digest Dis. (2015) 33:351-
6. doi: 10.1159/000371687

Sayin SI, Wahlstrom A, Felin J, Jantti S, Marschall HU, Bamberg K, et al. Gut
microbiota regulates bile acid metabolism by reducing the levels of tauro-
beta-muricholic acid, a naturally occurring FXR antagonist. Cell Metab.
(2013) 17:225-35. doi: 10.1016/j.cmet.2013.01.003

Wang XL, Chen L, Wang H, Cai W, Xie Q. Modulation of bile acid
profile by gut microbiota in chronic hepatitis B. J Cell Mol Med. (2020)
24:2573-81. doi: 10.1111/jcmm. 14951

Tan XY, Liu Y, Long JG, Chen S, Liao GC, Wu SL, et al. Trimethylamine
N-Oxide aggravates 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. doi: 10.1002/mnfr.201900257

Raman M, Ahmed I, Gillevet PM, Probert CS, Ratcliffe NM, Smith S, et al.
Fecal microbiome and volatile organic compound metabolome in obese
humans with nonalcoholic fatty liver disease. Clin Gastroenterol Hepatol.
(2013) 11:868-75.€753. doi: 10.1016/j.cgh.2013.02.015

JS. Bile acids and

Gastroenterol.  (2014)  30:332-

liver steatosis

Frontiers in Medicine | www.frontiersin.org

12

July 2020 | Volume 7 | Article 361


https://doi.org/10.2174/0929867324666170414164244
https://doi.org/10.1016/j.molmet.2016.01.007
https://doi.org/10.1016/j.actpha.2017.09.020
https://doi.org/10.1111/apt.12084
https://doi.org/10.1038/s42255-018-0001-z
https://doi.org/10.1136/gutjnl-2016-312975
https://doi.org/10.1126/science.1198363
https://doi.org/10.1002/hep.28257
https://doi.org/10.1053/j.gastro.2014.01.020
https://doi.org/10.1371/journal.pone.0034233
https://doi.org/10.1016/j.molmet.2016.06.003
https://doi.org/10.1002/hep.22848
https://doi.org/10.3390/cells8111324
https://doi.org/10.1111/jgh.12924
https://doi.org/10.1002/hep.23122
https://doi.org/10.1016/j.molmet.2018.05.015
https://doi.org/10.1038/s41467-017-02325-2
https://doi.org/10.1136/gutjnl-2011-300269
https://doi.org/10.1016/j.ejphar.2018.08.040
https://doi.org/10.1016/j.ccr.2012.02.007
https://doi.org/10.1371/journal.pone.0012191
https://doi.org/10.1080/03602532.2017.1293683
https://doi.org/10.1371/journal.pone.0149677
https://doi.org/10.1073/pnas.0904187106
https://doi.org/10.1097/MOG.0000000000000057
https://doi.org/10.1016/j.femsre.2004.09.003
https://doi.org/10.1016/j.cmet.2016.05.005
https://doi.org/10.1136/gut.2010.215665
https://doi.org/10.1136/gutjnl-2015-310283
https://doi.org/10.1186/s12915-017-0462-7
https://doi.org/10.1002/ijc.30219
https://doi.org/10.1016/j.jhep.2013.01.003
https://doi.org/10.1038/nature11225
https://doi.org/10.1159/000371687
https://doi.org/10.1016/j.cmet.2013.01.003
https://doi.org/10.1111/jcmm.14951
https://doi.org/10.1002/mnfr.201900257
https://doi.org/10.1016/j.cgh.2013.02.015
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Jiang et al.

Microbiota and NAFLD

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Wang B, Jiang X, Cao M, Ge ], Bao Q, Tang L, et al. Altered fecal microbiota
correlates with liver biochemistry in nonobese patients with non-alcoholic
fatty liver disease. Sci Rep. (2016) 6:32002. doi: 10.1038/srep32002

Spencer MD, Hamp TJ, Reid RW, Fischer LM, Zeisel SH, Fodor AA.
Association between composition of the human gastrointestinal microbiome
and development of fatty liver with choline deficiency. Gastroenterology.
(2011) 140:976-86. doi: 10.1053/j.gastro.2010.11.049

Rau M, Rehman A, Dittrich M, Groen AK, Hermanns HM, Seyfried
E 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 Eur Gastroenterol ]. (2018) 6:1496—
507. doi: 10.1177/2050640618804444

Loomba R, Seguritan V, Li W, Long T, Klitgord N, Bhatt A, et al. Gut
microbiome-based metagenomic signature for non-invasive detection of
advanced fibrosis in human nonalcoholic fatty liver disease. Cell Metab.
(2017) 25:1054-62.€1055. doi: 10.1016/j.cmet.2017.04.001

Mouzaki M, Comelli EM, Arendt BM, Bonengel J, Fung SK, Fischer SE,
et al. Intestinal microbiota in patients with nonalcoholic fatty liver disease.
Hepatology. (2013) 58:120-7. doi: 10.1002/hep.26319

Chu H, Duan Y, Yang L, Schnabl B. Small metabolites, possible big changes:
a microbiota-centered view of non-alcoholic fatty liver disease. Gut. (2019)
68:359-70. doi: 10.1136/gutjnl-2018-316307

Wikoff WR, Anfora AT, Liu J, Schultz PG, Lesley SA, Peters EC,
et al. Metabolomics analysis reveals large effects of gut microflora on
mammalian blood metabolites. Proc Natl Acad Sci USA. (2009) 106:3698—
703. doi: 10.1073/pnas.0812874106

Li W, Zhang K, Yang H. Pectin alleviates high fat (lard) diet-induced
nonalcoholic fatty liver disease in mice: possible role of short-chain fatty
acids and gut microbiota regulated by pectin. J Agric Food Chem. (2018)
66:8015-25. doi: 10.1021/acs.jafc.8b02979

Chashmniam S, Ghafourpour M, Farimani AR, Gholami A, Ghoochani
BFNM. Metabolomic biomarkers in the diagnosis of non-alcoholic fatty liver
disease. Hepatitis Monthly. (2019) 19:e92244. doi: 10.5812/hepatmon.92244

Panasevich MR, Morris EM, Chintapalli SV, Wankhade U, Shankar K,
Britton SL, et al. Reduced short-chain fatty acid producing microbiota are
linked to increased energy intake and susceptibility to high fat diet induced
hepatic steatosis in low aerobic capacity rats. FASEB J. (2016) 30:1252.1.
doi: 10.1096/fasebj.30.1_supplement.1252.1

Jin CJ, Engstler AJ, Sellmann C, Ziegenhardt D, Landmann M, Kanuri G,
et al. Sodium butyrate protects mice from the development of the early signs
of non-alcoholic fatty liver disease: role of melatonin and lipid peroxidation.
Br ] Nutr. (2016) 1161:1-12. doi: 10.1017/S0007114516004025

Zhou D, Pan Q, Xin F-Z, Zhang R-N, He C-X, Chen G-Y, et al
Sodium butyrate attenuates high-fat diet-induced steatohepatitis in mice
by improving gut microbiota and gastrointestinal barrier. World ]
Gastroenterol. (2017) 23:60-75. doi: 10.3748/wjg.v23.i1.60

Sun B, Jia Y, Hong J, Sun Q, Gao S, Hu Y, et al. Sodium butyrate
ameliorates high-fat-diet-induced non-alcoholic fatty liver disease through
peroxisome proliferator-activated receptor o-mediated activation of B
oxidation and suppression of inflammation. J Agric Food Chem. (2018)
66:7633-42. doi: 10.1021/acs.jafc.8b01189

Zhou D, Chen Y-W, Zhao Z-H, Yang R-X, Xin F-Z, Liu X-L, et al. Sodium
butyrate reduces high-fat diet-induced non-alcoholic steatohepatitis through
upregulation of hepatic GLP-1R expression. Exp Mol Med. (2018) 50:1-
12. doi: 10.1038/512276-018-0183-1

Endo H, Niioka M, Kobayashi N, Tanaka M, Watanabe T. Butyrate-
producing probiotics reduce nonalcoholic fatty liver disease progression in
rats: new insight into the probiotics for the gut-liver axis. PLoS ONE. (2013)
8:¢63388. doi: 10.1371/journal.pone.0063388

Samuel BS, Shaito A, Motoike T, Rey FE, Backhed F, Manchester JK, et al.
Effects of the gut microbiota on host adiposity are modulated by the short-
chain fatty-acid binding G protein-coupled receptor, Gpr41. Proc Natl Acad
Sci USA. (2008) 105:16767-72. doi: 10.1073/pnas.0808567105

Liang Y], Liang S, Zhang YP, Deng YJ, He YE Chen YN, et al. Oral
administration of compound probiotics ameliorates HFD-induced gut
microbe dysbiosis and chronic metabolic inflammation via the G protein-
coupled receptor 43 in non-alcoholic fatty liver disease rats. Probiotics
Antimicrob Proteins. (2019) 11:175-85. doi: 10.1007/s12602-017-9378-3

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Koh A, de Vadder F, Kovatcheva-Datchary P, Bickhed F. From dietary fiber
to host physiology: short-chain fatty acids as key bacterial metabolites. Cell.
(2016) 165:1332-45. doi: 10.1016/j.cell.2016.05.041

Kondo T, Kishi M, Fushimi T, Kaga T. Acetic acid upregulates the expression
of genes for fatty acid oxidation enzymes in liver to suppress body fat
accumulation. J Agric Food Chem. (2009) 57:5982-6. doi: 10.1021/jf900470c
Marra E Svegliati-Baroni G. Lipotoxicity and the gut-liver axis in NASH
pathogenesis. ] Hepatol. (2018) 68:280-95. doi: 10.1016/j.jhep.2017.11.014
Zhu L, Baker SS, Gill C, Liu W, Alkhouri R, Baker RD, et al. Characterization
of gut microbiomes in nonalcoholic steatohepatitis (NASH) patients: a
connection between endogenous alcohol and NASH. Hepatology. (2013)
57:601-9. doi: 10.1002/hep.26093

Abu-Shanab A, Quigley EMM. The role of the gut microbiota in
nonalcoholic fatty liver disease. Nat Rev Gastroenterol Hepatol. (2010) 7:691-
701. doi: 10.1038/nrgastro.2010.172

Leung C, Rivera L, Furness JB, Angus PW. The role of the gut
microbiota in NAFLD. Nat Rev Gastroenterol Hepatol. (2016) 13:412-
25. doi: 10.1038/nrgastro.2016.85

Elshaghabee FMF, Bockelmann W, Meske D, de Vrese M, Walte H-
G, Schrezenmeir ], et al. Ethanol production by selected intestinal
microorganisms and lactic acid bacteria growing under different nutritional
conditions. Front Microbiol. (2016) 7:47. doi: 10.3389/fmicb.2016.00047
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. doi: 10.1002/hep.28709
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. doi: 10.1038/s41575-018-0011-z
Jiao N, Baker SS, Chapa-Rodriguez A, Liu W, Nugent CA, Tsompana M,
et al. Suppressed hepatic bile acid signalling despite elevated production
of primary and secondary bile acids in NAFLD. Gut. (2018) 67:1881-
91. doi: 10.1136/gutjnl-2017-314307

Mouzaki M, Wang AY, Bandsma R, Comelli EM, Arendt BM, Zhang L, et al.
Bile acids and dysbiosis in non-alcoholic fatty liver disease. PLoS ONE. (2016)
11:e0151829. doi: 10.1371/journal.pone.0151829

Watanabe M, Houten SM, Wang L, Moschetta A, Mangelsdorf D], Heyman
RA, et al. Bile acids lower triglyceride levels via a pathway involving FXR,
SHP, and SREBP-1c. ] Clin Invest. (2004) 113:1408-18. doi: 10.1172/JCI21025
Kwong E, Li YZ, Hylemon PB, Zhou HP. Bile acids and sphingosine-1-
phosphate receptor 2 in hepatic lipid metabolism. Acta Pharm Sin B. (2015)
5:151-7. doi: 10.1016/j.apsb.2014.12.009

Michaud J, Im DS, Hla T. Inhibitory role of sphingosine 1-phosphate
receptor 2 in macrophage recruitment during inflammation. J Immunol.
(2010) 184:1475-83. doi: 10.4049/jimmunol.0901586

Joyce SA, MacSharry J, Casey PG, Kinsella M, Murphy EE, Shanahan E
et al. Regulation of host weight gain and lipid metabolism by bacterial bile
acid modification in the gut. Proc Natl Acad Sci USA. (2014) 111:7421-
6. doi: 10.1073/pnas.1323599111

Bansal T, Alaniz RC, Wood TK, Jayaraman A. The bacterial signal
indole increases epithelial-cell tight-junction resistance and attenuates
indicators of inflammation. Proc Natl Acad Sci USA. (2010) 107:228-
33. doi: 10.1073/pnas.0906112107

Cervantes-Barragan L, Chai JN, Tianero MD, Di Luccia B,
Ahern PP, Merriman ], et al. Lactobacillus reuteri induces gut
intraepithelial CD4(4)CD8 alpha alpha(+) T cells. Science. (2017)
357:806-10. doi: 10.1126/science.aah5825

Choi Y, Yanagawa Y, Kim S, Park T. Involvement of SIRTI1-AMPK
signaling in the protective action of indole-3-carbinol against hepatic
steatosis in mice fed a high-fat diet. ] Nutr Biochem. (2013) 24:1393-
400. doi: 10.1016/j.jnutbio.2012.11.007

Krishnan S, Ding Y, Saedi N, Choi M, Sridharan GV, Sherr DH, et al.
Gut microbiota-derived tryptophan metabolites modulate inflammatory
response in hepatocytes and macrophages. Cell Rep. (2018) 23:1099-
111. doi: 10.1016/j.celrep.2018.03.109

Ji Y, Gao Y, Chen H, Yin Y, Zhang W. Indole-3-Acetic acid alleviates
nonalcoholic fatty liver disease in mice via attenuation of hepatic
lipogenesis, and oxidative and inflammatory stress. Nutrients. (2019)
11:2062. doi: 10.3390/nu11092062

Frontiers in Medicine | www.frontiersin.org

13

July 2020 | Volume 7 | Article 361


https://doi.org/10.1038/srep32002
https://doi.org/10.1053/j.gastro.2010.11.049
https://doi.org/10.1177/2050640618804444
https://doi.org/10.1016/j.cmet.2017.04.001
https://doi.org/10.1002/hep.26319
https://doi.org/10.1136/gutjnl-2018-316307
https://doi.org/10.1073/pnas.0812874106
https://doi.org/10.1021/acs.jafc.8b02979
https://doi.org/10.5812/hepatmon.92244
https://doi.org/10.1096/fasebj.30.1_supplement.1252.1
https://doi.org/10.1017/S0007114516004025
https://doi.org/10.3748/wjg.v23.i1.60
https://doi.org/10.1021/acs.jafc.8b01189
https://doi.org/10.1038/s12276-018-0183-1
https://doi.org/10.1371/journal.pone.0063388
https://doi.org/10.1073/pnas.0808567105
https://doi.org/10.1007/s12602-017-9378-3
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.1021/jf900470c
https://doi.org/10.1016/j.jhep.2017.11.014
https://doi.org/10.1002/hep.26093
https://doi.org/10.1038/nrgastro.2010.172
https://doi.org/10.1038/nrgastro.2016.85
https://doi.org/10.3389/fmicb.2016.00047
https://doi.org/10.1002/hep.28709
https://doi.org/10.1038/s41575-018-0011-z
https://doi.org/10.1136/gutjnl-2017-314307
https://doi.org/10.1371/journal.pone.0151829
https://doi.org/10.1172/JCI21025
https://doi.org/10.1016/j.apsb.2014.12.009
https://doi.org/10.4049/jimmunol.0901586
https://doi.org/10.1073/pnas.1323599111
https://doi.org/10.1073/pnas.0906112107
https://doi.org/10.1126/science.aah5825
https://doi.org/10.1016/j.jnutbio.2012.11.007
https://doi.org/10.1016/j.celrep.2018.03.109
https://doi.org/10.3390/nu11092062
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Jiang et al.

Microbiota and NAFLD

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Azzout-Marniche D, Becard D, Guichard C, Foretz M, Ferre P, Foufelle
F. Insulin effects on sterol regulatory-element-binding protein-1c (SREBP-
1c) transcriptional activity in rat hepatocytes. Biochem ]. (2000) 350:389—
93. doi: 10.1042/bj3500389

Stoeckman AK, Towle HC. The role of SREBP-1c in nutritional regulation
of lipogenic enzyme gene expression. J Biol Chem. (2002) 277:27029-
35. doi: 10.1074/jbc.M202638200

Ma L, Li H, Hu J, Zheng J, Zhou J, Botchlett R, et al. Indole alleviates
diet-induced hepatic steatosis and inflammation in a manner involving
myeloid cell PFKFB3. Hepatology. (2020). doi: 10.1002/hep.31115. [Epub
ahead of print].

Rider MH, Bertrand L, Vertommen D, Michels PA, Rousseau GG, Hue L.
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase: head-to-head with a
bifunctional enzyme that controls glycolysis. Biochem J. (2004). 381:561—
79. doi: 10.1042/BJ20040752

Atsumi T, Chesney ], Metz C, Leng L, Donnelly S, Makita Z, et al
High expression of inducible 6-phosphofructo-2-kinase/frctose-2,6-
bisphosphatase (iPFK-2; PFKFB3) in human cancers. Cancer Res.
(2002) 62:5881-7.

Kawaguchi T, Veech RL, Uyeda K. Regulation of energy
metabolism in macrophages during hypoxia - roles of fructose
2,6-bisphosphate and ribose 1,5-bisphosphate. ] Biol Chem. (2001)

276:28554-61. doi: 10.1074/jbc.M101396200

Marsin AS, Bouzin C, Bertrand L, Hue L. The stimulation of glycolysis by
hypoxia in activated monocytes is mediated by AMP-activated protein kinase
and inducible 6-phosphofructo-2-kinase. J Biol Chem. (2002) 277:30778-
83. doi: 10.1074/jbc.M205213200

Aller R, de Luis DA, Izaola O, Conde R, Sagrado MG, Primo D, et al. Effect
of a probiotic on liver aminotransferases in nonalcoholic fatty liver disease
patients: a double blind randomized clinical trial. Eur Rev Med Pharm Sci.
(2011) 15:1090-5.

Alisi A, Bedogni G, Baviera G, Giorgio V, Porro E, Paris C, et al
Randomised clinical trial: the beneficial effects of VSL# 3 in obese children
with non-alcoholic steatohepatitis. Aliment Pharm Ther. (2014) 39:1276-
85. doi: 10.1111/apt.12758

Mora D, Filardi R, Arioli S, Boeren S, Aalvink S, de Vos WM. Development
of omics-based protocols for the microbiological characterization of multi-
strain formulations marketed as probiotics: the case of VSL#3. Microb
Biotechnol. (2019) 12:1371-86. doi: 10.1111/1751-7915.13476

Chappuis E, Morel-Depeisse F, Bariohay B, Roux J. Alpha-Galacto-
Oligosaccharides at low dose improve liver steatosis in a high-fat diet mouse
model. Molecules. (2017) 22:1725. doi: 10.3390/molecules22101725

Porras D, Nistal E, Martinez-Florez S, Olcoz JL, Jover R, Jorquera F
et al. Functional interactions between gut microbiota transplantation,
quercetin, and high-fat diet fatty liver
disease development in germ-free mice. Mol Nutr Food Res. (2019)
63:€1800930. doi: 10.1002/mnfr.201800930

Yao FE Jia RP, Huang H, Yu Y, Mei L, Bai LM, et al. Effect of Lactobacillus
paracasei N1115 and fructooligosaccharides in nonalcoholic fatty liver
disease. Arch Med Sci. (2019) 15:1336-44. doi: 10.5114/a0oms.2019.86611
Mofidi E, Poustchi H, Yari Z, Nourinayyer B, Merat S, Sharafkhah M, et al.
Synbiotic supplementation in lean patients with non-alcoholic fatty liver
disease: a pilot, randomised, double-blind, placebo-controlled, clinical trial.
Br ] Nutr. (2017) 117:662-8. doi: 10.1017/S0007114517000204

Bergheim I, Weber S, Vos M, Kramer S, Volynets V, Kaserouni
S, et al. Antibiotics protect against fructose-induced hepatic lipid
accumulation in mice: role of endotoxin. ] Hepatol. (2008) 48:983-
92. doi: 10.1016/j.jhep.2008.01.035

Y, Yoneda M. Current
therapies for NAFLD/NASH. ] Gastroenterol.
76. doi: 10.1007/s00535-017-1415-1

Diehl AM, Harrison S, Caldwell S, Rinella M, Paredes A, Moylan C,
et al. JKB-121 in patients with nonalcoholic steatohepatitis: a phase
2 double blind randomized placebo control study. J Hepatol. (2018)
68:5103. doi: 10.1016/S0168-8278(18)30425-2

Delaune V, Orci LA, Lacotte S, Peloso A, Schrenzel J, Lazarevic V,
et al. Fecal microbiota transplantation: a promising strategy in preventing
the progression of non-alcoholic steatohepatitis and improving the

determine non-alcoholic

Sumida and future pharmacological

(2018)  53:362-

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

anti-cancer immune response. Expert Opin Biol Ther. (2018) 18:1061-
71. doi: 10.1080/14712598.2018.1518424

Lechner S, Yee M, Limketkai BN, Pham EA. Fecal microbiota transplantation
for chronic liver diseases: current understanding and future direction. Dig
Dis Sci. (2020) 65:897-905. doi: 10.1007/s10620-020-06100-0

Vrieze A, van Nood E, Holleman E Salojarvi ], Kootte RS, Bartelsman J,
et al. Transfer of intestinal microbiota from lean donors increases insulin
sensitivity in individuals with metabolic syndrome. Gastroenterology. (2012)
143:913-6.¢€7. doi: 10.1053/j.gastro.2012.06.031

Craven L, Rahman A, Nair Parvathy S, Beaton M, Silverman ], Qumosani
K, et al. Allogenic fecal microbiota transplantation in patients with
nonalcoholic fatty liver disease improves abnormal small intestinal
permeability: a randomized control trial. Am ] Gastroenterol. (2020)
115:1055-65. doi: 10.14309/ajg.0000000000000661

Li Y, Hao Y, Fan F, Zhang B. The role of microbiome in insomnia,
circadian ~ disturbance and depression. Front Psychiatry. (2018)
9:669. doi: 10.3389/fpsyt.2018.00669

Parkar SG, Kalsbeek A, Cheeseman JF. Potential role for the gut microbiota
in modulating host circadian rhythms and metabolic health. Microorganisms.
(2019) 7:41. doi: 10.3390/microorganisms7020041

Voigt RM, Forsyth CB, Green SJ, Engen PA, Keshavarzian A. Chapter nine -
circadian rhythm and the gut microbiome. In: Cryan JE Clarke G, editors.
International Review of Neurobiology (Vol. 131). San Diego, CA: Elsevier
Academic Press Inc. (2016). p. 193-205. doi: 10.1016/bs.irn.2016.07.002
Rajani C, Jia W. Disruptions in gut microbial-host co-metabolism
and the development of metabolic disorders. Clin Sci. (2018) 132:791-
811. doi: 10.1042/CS20171328

Gnocchi D, Custodero C, Sabba C, Mazzocca A. Circadian rhythms: a
possible new player in non-alcoholic fatty liver disease pathophysiology. ]
Mol Med. (2019) 97:741-59. doi: 10.1007/s00109-019-01780-2

Ojeda P, Bobe A, Dolan K, Leone V, Martinez K. Nutritional modulation of
gut microbiota - the impact on metabolic disease pathophysiology. | Nutr
Biochem. (2016) 28:191-200. doi: 10.1016/j.jnutbio.2015.08.013

Thaiss CA, Levy M, Korem T, Dohnalova L, Shapiro H, Jaitin DA, et al.
Microbiota diurnal rhythmicity programs host transcriptome oscillations.
Cell. (2016) 167:1495-510.e1412. doi: 10.1016/j.cell.2016.11.003

Thaiss CA, Zeevi D, Levy M, Zilberman-Schapira G, Suez
J, Tengeler AC, et al. Transkingdom control of microbiota
diurnal oscillations promotes metabolic homeostasis. Cell. (2014)

159:514-29. doi: 10.1016/j.cell.2014.09.048

Trinder M, Bisanz JE, Burton JP, Reid G. Bacteria need “sleep” too?:
microbiome circadian rhythmicity, metabolic disease, and beyond. Univ
Toronto Med J. (2015) 92:52-5.

Voigt RM, Forsyth CB, Green SJ, Mutlu E, Engen P, Vitaterna MH, et al.
Circadian disorganization alters intestinal microbiota. PLoS ONE. (2014)
9:¢97500. doi: 10.1371/journal.pone.0097500

Klimina KM, Batotsyrenova EG, Yunes RA, Gilyaeva EH, Poluektova EU,
Kostrova TA, et al. The effects of desynchronosis on the gut microbiota
composition and physiological parameters of rats. BMC Microbiol. (2019)
19:160. doi: 10.1186/512866-019-1535-2

Bubenik GA. Gastrointestinal melatonin: localization, function, and clinical
relevance. Dig Dis Sci. (2002) 47:2336-48. doi: 10.1023/A:1020107915919
Deaver JA, Eum SY, Toborek M. Circadian disruption changes gut
microbiome taxa and functional gene composition. Front Microbiol. (2018)
9:737. doi: 10.3389/fmicb.2018.00737

Dinan TG, Cryan JF. Regulation of the stress response by the gut microbiota:
implications for psychoneuroendocrinology. Psychoneuroendocrinology.
(2012) 37:1369-78. doi: 10.1016/j.psyneuen.2012.03.007

Bailey MT, Lubach GR, Coe CL. Prenatal stress alters bacterial colonization
of the gut in infant monkeys. J Pediatric Gastroenterol Nutr. (2004) 38:414-
21. doi: 10.1097/00005176-200404000-00009

Karl JP, Hatch AM, Arcidiacono SM, Pearce SC, Pantoja-Feliciano
IG, Doherty LA, et al. Effects of psychological, environmental and
physical stressors on the gut microbiota. Front Microbiol. (2018)
9:2013. doi: 10.3389/fmicb.2018.02013

Everson CA, Toth LA. Systemic bacterial invasion induced by sleep
deprivation. Am ] Physiol Regul Integr Comp Physiol. (2000) 278:R905-
16. doi: 10.1152/ajpregu.2000.278.4.R905

Frontiers in Medicine | www.frontiersin.org

July 2020 | Volume 7 | Article 361


https://doi.org/10.1042/bj3500389
https://doi.org/10.1074/jbc.M202638200
https://doi.org/10.1002/hep.31115
https://doi.org/10.1042/BJ20040752
https://doi.org/10.1074/jbc.M101396200
https://doi.org/10.1074/jbc.M205213200
https://doi.org/10.1111/apt.12758
https://doi.org/10.1111/1751-7915.13476
https://doi.org/10.3390/molecules22101725
https://doi.org/10.1002/mnfr.201800930
https://doi.org/10.5114/aoms.2019.86611
https://doi.org/10.1017/S0007114517000204
https://doi.org/10.1016/j.jhep.2008.01.035
https://doi.org/10.1007/s00535-017-1415-1
https://doi.org/10.1016/S0168-8278(18)30425-2
https://doi.org/10.1080/14712598.2018.1518424
https://doi.org/10.1007/s10620-020-06100-0
https://doi.org/10.1053/j.gastro.2012.06.031
https://doi.org/10.14309/ajg.0000000000000661
https://doi.org/10.3389/fpsyt.2018.00669
https://doi.org/10.3390/microorganisms7020041
https://doi.org/10.1016/bs.irn.2016.07.002
https://doi.org/10.1042/CS20171328
https://doi.org/10.1007/s00109-019-01780-2
https://doi.org/10.1016/j.jnutbio.2015.08.013
https://doi.org/10.1016/j.cell.2016.11.003
https://doi.org/10.1016/j.cell.2014.09.048
https://doi.org/10.1371/journal.pone.0097500
https://doi.org/10.1186/s12866-019-1535-2
https://doi.org/10.1023/A:1020107915919
https://doi.org/10.3389/fmicb.2018.00737
https://doi.org/10.1016/j.psyneuen.2012.03.007
https://doi.org/10.1097/00005176-200404000-00009
https://doi.org/10.3389/fmicb.2018.02013
https://doi.org/10.1152/ajpregu.2000.278.4.R905
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Jiang et al.

Microbiota and NAFLD

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Benedict C, Vogel H, Jonas W, Woting A, Blaut M, Schuermann A, et al. Gut
microbiota and glucometabolic alterations in response to recurrent partial
sleep deprivation in normal-weight young individuals. Mol Metab. (2016)
5:1175-86. doi: 10.1016/j.molmet.2016.10.003

Poroyko VA, Carreras A, Khalyfa A, Khalyfa AA, Leone V, Peris E,
et al. Chronic sleep disruption alters gut microbiota, induces systemic and
adipose tissue inflammation and insulin resistance in mice. Sci Rep. (2016)
6:35405. doi: 10.1038/srep35405

Asher G, Sassone-Corsi P. Time for food: the intimate interplay between
nutrition, metabolism, and the circadian clock. Cell. (2015) 161:84—
92. doi: 10.1016/j.cell.2015.03.015

Dabke K, Hendrick G, Devkota S. The gut microbiome and metabolic
syndrome. ] Clin Invest. (2019) 129:4050-57. doi: 10.1172/JCI129194
Frazier K, Chang EB. Intersection of the gut microbiome and
circadian rhythms in metabolism. Trends Endocrinol Metab. (2020)
31:25-36. doi: 10.1016/j.tem.2019.08.013

Harakeh SM, Khan I, Kumosani T, Barbour E, Almasaudi SB, Bahijri SM,
et al. Gut microbiota: a contributing factor to obesity. Front Cell Infect
Microbiol. (2016) 6:95. doi: 10.3389/fcimb.2016.00095

Reynolds AC, Paterson JL, Ferguson SA, Stanley D, Wright KP, Jr.,
et al. The shift work and health research agenda: considering changes
in gut microbiota as a pathway linking shift work, sleep loss and
circadian misalignment, and metabolic disease. Sleep Med Rev. (2017) 34:3-
9. doi: 10.1016/j.smrv.2016.06.009

Khalyfa A, Poroyko VA, Qiao Z, Gileles-Hillel A, Khalyfa AA, Akbarpour
M, et al. Exosomes and metabolic functionin mice exposed to alternating
dark-light cycles mimicking night shift work schedules. Front Physiol. (2017)
8:882. doi: 10.3389/fphys.2017.00882

Mazzoccoli G, De Cosmo S, Mazza T. The biological clock: a pivotal
hub in non-alcoholic fatty liver disease pathogenesis. Front Physiol. (2018)
9:193. doi: 10.3389/fphys.2018.00193

Chen K, Ma J, Jia X, Ai W, Ma Z, Pan Q. Advancing the understanding
of NAFLD to hepatocellular carcinoma development: from experimental
models to humans. Biochimica Et Biophysica Acta Rev Cancer. (2019)
1871:117-25. doi: 10.1016/j.bbcan.2018.11.005

Hatori M, Vollmers C, Zarrinpar A, DiTacchio L, Bushong EA, Gill S,
et al. Time-Restricted feeding without reducing caloric intake prevents
metabolic diseases in mice fed a high-fat diet. Cell Metab. (2012) 15:848—
60. doi: 10.1016/j.cmet.2012.04.019

Guerrero-Vargas NN, Guzmdn-Ruiz M, Fuentes
Salgado-Delgado R, Basualdo MdC, et al. Shift
results in increased inflammatory response after lipopolysaccharide
administration: a role for food consumption. J Biol Rhythms. (2015)
30:318-30. doi: 10.1177/0748730415586482

Wang Y, Song L, Liu M, Ge R, Zhou Q, Liu W, et al. A proteomics
landscape of circadian clock in mouse liver. Nat Commun. (2018)
9:1553. doi: 10.1038/s41467-018-03898-2

HongF, Pan S, Xu P, Xue T, Wang J, Guo Y, et al. Melatonin orchestrates lipid
homeostasis through the hepatointestinal circadian clock and microbiota
during constant light exposure. Cells. (2020) 9:489. doi: 10.3390/cells9020489
Ferretti P, Pasolli E, Tett A, Asnicar F, Gorfer V, Fedi S, et al. Mother-
to-infant microbial transmission from different body sites shapes the
developing infant gut microbiome. Cell Host Microbe. (2018) 24:133-
45.e5. doi: 10.1016/j.chom.2018.06.005

Moles L, Gomez M, Heilig H, Bustos G, Fuentes S, de Vos W, et al
Bacterial diversity in meconium of preterm neonates and evolution of
their fecal microbiota during the first month of life. PLoS ONE. (2013)
8:66986. doi: 10.1371/journal.pone.0066986

Jakobsson HE, Abrahamsson TR, Jenmalm MC, Harris K, Quince C,
Jernberg C, et al. Decreased gut microbiota diversity, delayed Bacteroidetes
colonisation and reduced Thl responses in infants delivered by caesarean
section. Gut. (2014) 63:559-66. doi: 10.1136/gutjnl-2012-303249

R, Garcia J,
work in rats

Lavin T, Preen DB. Investigating caesarean section birth as
a risk factor for childhood overweight. Child Obes. (2018)
14:131-8. doi: 10.1089/chi.2017.0034

Unger S, Stintzi A, Shah P, Mack D, O’Connor DL. Gut

microbiota of the very-low-birth-weight infant. Pediatr Res. (2015)
77:205-13. doi: 10.1038/pr.2014.162

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Forbes JD, Azad MB, Vehling L, Tun HM, Konya TB, Guttman
DS, et al. Association of exposure to formula in the hospital
and subsequent infant feeding practices with gut microbiota and
risk of overweight in the first year of life. JAMA Pediatr. (2018)
172:e181161. doi: 10.1001/jamapediatrics.2018.1161

Rosenbauer ], Herzig P, Giani G. Early infant feeding and risk of
type 1 diabetes mellitus-a nationwide population-based case-control
study in pre-school children. Diabetes Metab Res Rev. (2008) 24:211-
22. doi: 10.1002/dmrr.791

Subramanian S, Huq S, Yatsunenko T, Haque R, Mahfuz M, Alam MA, et al.
Persistent gut microbiota immaturity in malnourished Bangladeshi children.
Nature. (2014) 510:417-21. doi: 10.1038/nature13421

Mohammadkhah AI, Simpson EB, Patterson SG, Ferguson JF.
Development of the gut microbiome in children, and lifetime
implications for obesity and cardiometabolic disease. Children. (2018)
5:160. doi: 10.3390/children5120160

Dietz WH. Critical periods in childhood for the development of obesity. Am
J Clin Nutr. (1994) 59:955-9. doi: 10.1093/ajcn/59.5.955

Ley RE, Backhed E, Turnbaugh P, Lozupone CA, Knight RD, Gordon
JI. Obesity alters gut microbial ecology. Proc Natl Acad Sci USA. (2005)
102:11070-75. doi: 10.1073/pnas.0504978102

Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology -
human gut microbes associated with obesity. Nature. (2006) 444:1022-
3. doi: 10.1038/4441022a

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. doi: 10.1093/femsec/fiu002
Del Chierico E 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. doi: 10.1002/hep.28572

Cho I, Yamanishi S, Cox L, Methe BA, Zavadil J, Li K, et al. Antibiotics in
early life alter the murine colonic microbiome and adiposity. Nature. (2012)
488:621-6. doi: 10.1038/nature11400

Cox LM, Yamanishi S, Sohn ], Alekseyenko AV, Leung JM, Cho I,
et al. Altering the intestinal microbiota during a critical developmental
window has lasting metabolic consequences. Cell. (2014) 158:705-
21. doi: 10.1016/j.cell.2014.05.052

Kheirandish-Gozal L, Peris E, Wang Y, Kakazu MT, Khalyfa A, Carreras A,
et al. Lipopolysaccharide-binding protein plasma levels in children: effects
of obstructive sleep apnea and obesity. J Clin Endocrinol Metab. (2014)
99:656-63. doi: 10.1210/jc.2013-3327

Collado MC, Katila MK, Vuorela NM, Saarenpaa-Heikkila
O, Salminen S, Isolauri E. Dysbiosis in snoring children: an
interlink to comorbidities? ] Pediatr Gastroenterol Nutr. (2019)

68:272-7. doi: 10.1097/MPG.0000000000002161

Crudele A, Mosca A, Corte CD, Panera N, Nobili V, Alisi A. Nocturnal
increase of circulating fibroblast growth factor 21 is correlated with
severity of non-alcoholic fatty liver disease in children. J Hepatol. (2016)
64:5475. doi: 10.1016/S0168-8278(16)00803-5

Jeffery IB, Lynch DB, O’Toole PW. Composition and temporal stability
of the gut microbiota in older persons. ISME J. (2016) 10:170-
82. doi: 10.1038/ismej.2015.88

Claesson MJ, Cusack S, O’Sullivan O, Greene-Diniz R, de Weerd H, Flannery
E, et al. Composition, variability, and temporal stability of the intestinal
microbiota of the elderly. Proc Natl Acad Sci USA. (2011) 108(Suppl. 1):4586-
91. doi: 10.1073/pnas.1000097107

Hopkins MJ, Macfarlane GT. Changes in predominant bacterial populations
in human faeces with age and with Clostridium difficile infection. J Med
Microbiol. (2002) 51:448-54. doi: 10.1099/0022-1317-51-5-448
Woodmansey EJ, McMurdo MET, Macfarlane GT, Macfarlane
S. Comparison of compositions and metabolic activities of fecal
microbiotas in young adults and in antibiotic-treated and non-
antibiotic-treated elderly subjects. Appl Environ Microbiol. (2004)
70:6113-22. doi: 10.1128/AEM.70.10.6113-6122.2004

Dominianni C, Sinha R, Goedert J], Pei Z, Yang L, Hayes RB, et al. Sex, body
mass index, and dietary fiber intake influence the human gut microbiome.
PLoS ONE. (2015) 10:e124599. doi: 10.1371/journal.pone.0124599

Frontiers in Medicine | www.frontiersin.org

July 2020 | Volume 7 | Article 361


https://doi.org/10.1016/j.molmet.2016.10.003
https://doi.org/10.1038/srep35405
https://doi.org/10.1016/j.cell.2015.03.015
https://doi.org/10.1172/JCI129194
https://doi.org/10.1016/j.tem.2019.08.013
https://doi.org/10.3389/fcimb.2016.00095
https://doi.org/10.1016/j.smrv.2016.06.009
https://doi.org/10.3389/fphys.2017.00882
https://doi.org/10.3389/fphys.2018.00193
https://doi.org/10.1016/j.bbcan.2018.11.005
https://doi.org/10.1016/j.cmet.2012.04.019
https://doi.org/10.1177/0748730415586482
https://doi.org/10.1038/s41467-018-03898-2
https://doi.org/10.3390/cells9020489
https://doi.org/10.1016/j.chom.2018.06.005
https://doi.org/10.1371/journal.pone.0066986
https://doi.org/10.1136/gutjnl-2012-303249
https://doi.org/10.1089/chi.2017.0034
https://doi.org/10.1038/pr.2014.162
https://doi.org/10.1001/jamapediatrics.2018.1161
https://doi.org/10.1002/dmrr.791
https://doi.org/10.1038/nature13421
https://doi.org/10.3390/children5120160
https://doi.org/10.1093/ajcn/59.5.955
https://doi.org/10.1073/pnas.0504978102
https://doi.org/10.1038/4441022a
https://doi.org/10.1093/femsec/fiu002
https://doi.org/10.1002/hep.28572
https://doi.org/10.1038/nature11400
https://doi.org/10.1016/j.cell.2014.05.052
https://doi.org/10.1210/jc.2013-3327
https://doi.org/10.1097/MPG.0000000000002161
https://doi.org/10.1016/S0168-8278(16)00803-5
https://doi.org/10.1038/ismej.2015.88
https://doi.org/10.1073/pnas.1000097107
https://doi.org/10.1099/0022-1317-51-5-448
https://doi.org/10.1128/AEM.70.10.6113-6122.2004
https://doi.org/10.1371/journal.pone.0124599
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Jiang et al. Microbiota and NAFLD
170. Biagi E, Nylund L, Candela M, Ostan R, Bucci L, Pini E, et al. Through 181. Palomba M, Nygard M, Florenzano F, Bertini G, Kristensson K,
ageing, and beyond: gut microbiota and inflammatory status in seniors and Bentivoglio M. Decline of the presynaptic network, including

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

centenarians. PLos One. (2010) 5:¢10667. doi: 10.1371/journal.pone.0010667
Dijk DJ, Czeisler CA. Contribution of the circadian pacemaker and the sleep
homeostat to sleep propensity, sleep structure, electroencephalographic slow
waves, and sleep spindle activity in humans. J Neurosci. (1995) 15:3526—
38. doi: 10.1523/JNEUROSCI.15-05-03526.1995

Minors DS, Rabbitt PM, Worthington H, Waterhouse JM. Variation in meals
and sleep-activity patterns in aged subjects; its relevance to circadian rhythm
studies. Chronobiol Int. (1989) 6:139-46. doi: 10.3109/07420528909064624
Dijk DJ, Duffy JF, Czeisler CA. Age-related increase in awakenings: impaired
consolidation of nonREM sleep at all circadian phases. Sleep. (2001) 24:565-
77. doi: 10.1093/sleep/24.5.565

Duffy JE Zitting K-M, Chinoy ED. Aging and circadian rhythms. Sleep Med
Clin. (2015) 10:423-34. doi: 10.1016/j.jsmc.2015.08.002

Monk TH, Buysse DJ, Reynolds CF, Kupfer DJ, Houck PR. Circadian
temperature rhythms of older people. Exp Gerontol. (1995) 30:455-
74. doi: 10.1016/0531-5565(95)00007-4

Carrier J, Monk TH, Buysse DJ, Kupfer DJ. Amplitude reduction of the
circadian temperature and sleep rhythms in the elderly. Chronobiol Int.
(1996) 13:373-86. doi: 10.3109/07420529609012661

Weinert H, Weinert D, Schurov I, Maywood ES, Hastings MH. Impaired
expression of the mPer2 circadian clock gene in the suprachiasmatic nuclei of
aging mice. Chronobiol Int. (2001) 18:559-65. doi: 10.1081/CBI-100103976
Schroeder AM, Colwell CS. How to fix a broken clock. Trends Pharm Sci.
(2013) 34:605-19. doi: 10.1016/j.tips.2013.09.002

Banks G, Nolan PM, Peirson SN. Reciprocal
between circadian clocks and aging. Mamm Genome.
27:332-40. doi: 10.1007/s00335-016-9639-6

Roenneberg T, Kuehnle T, Juda M, Kantermann T, Allebrandt K, Gordijn
M, et al. Epidemiology of the human circadian clock. Sleep Med Rev. (2007)
11:429-38. doi: 10.1016/j.smrv.2007.07.005

interactions
(2016)

182.

183.

184.

185.

GABAergic terminals, in the aging suprachiasmatic nucleus of the
mouse. | Biol Rhythms. (2008) 23:220-31. doi: 10.1177/07487304083
16998

Nygard M, Hill RH, Wikstrom MA, Kristensson K. Age-
related changes in electrophysiological properties of the mouse
suprachiasmatic  nucleus in  vitro. Brain  Res  Bull.  (2005)

65:149-54. doi: 10.1016/j.brainresbull.2004.12.006

Liu C, Zhong R, Lou J, Pan A, Tang Y, Chang J, et al. Nighttime sleep duration
and risk of nonalcoholic fatty liver disease: the Dongfeng-Tongji prospective
study. Ann Med. (2016) 48:468-76. doi: 10.1080/07853890.2016.11
93787

Liu C-Y, Chang C-W, Lee H-C, Chen Y-J, Tsai T-H, Chiau J-SC,
et al. Metabolic damage presents differently in young and early-aged
C57BL/6 mice fed a high-fat diet. Int ] Gerontol. (2016) 10:105-
11. doi: 10.1016/j.ijge.2015.10.004

Woodmansey  EJ. Intestinal bacteria ~and ageing. ] Appl
Microbiol. ~ (2007)  102:1178-86.  doi:  10.1111/j.1365-2672.2007.0
3400.x

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Jiang, Zheng, Zhang, Wang, Wu and Guo. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Medicine | www.frontiersin.org

16

July 2020 | Volume 7 | Article 361


https://doi.org/10.1371/journal.pone.0010667
https://doi.org/10.1523/JNEUROSCI.15-05-03526.1995
https://doi.org/10.3109/07420528909064624
https://doi.org/10.1093/sleep/24.5.565
https://doi.org/10.1016/j.jsmc.2015.08.002
https://doi.org/10.1016/0531-5565(95)00007-4
https://doi.org/10.3109/07420529609012661
https://doi.org/10.1081/CBI-100103976
https://doi.org/10.1016/j.tips.2013.09.002
https://doi.org/10.1007/s00335-016-9639-6
https://doi.org/10.1016/j.smrv.2007.07.005
https://doi.org/10.1177/0748730408316998
https://doi.org/10.1016/j.brainresbull.2004.12.006
https://doi.org/10.1080/07853890.2016.1193787
https://doi.org/10.1016/j.ijge.2015.10.004
https://doi.org/10.1111/j.1365-2672.2007.03400.x~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Advances in the Involvement of Gut Microbiota in Pathophysiology of NAFLD
	Introduction
	Gut Microbiota and Liver Pathophysiology
	Influences of the Gut on Liver Metabolism
	Regulation of Gut Microbiota by Hepatic Bile Acids
	Modulation of Bile Acid Metabolism by Gut Microbiota
	Altered Composition of Gut Microbiota During NAFLD
	Microbiota Metabolites in the Pathophysiology of NAFLD
	Short Chain Fatty Acids
	Ethanol
	Bile Acids
	Indole and Indole Derivatives

	Management of NAFLD/NASH via Modulating Gut Microbiota

	Interplays of Circadian Clock and Gut Microbiota during NAFLD
	Circadian Dysregulation and Gut Microbiota Dysbiosis
	Involvement of Gut Microbiota Dysbiosis in Circadian Disruption-Related NAFLD

	Gut Microbiota Regulation of NAFLD During Aging
	Gut Microbes in Infants and Young Children
	Gut Microbes Regulation of NAFLD During Aging

	Conclusion
	Author Contributions
	Funding
	References


