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Non-alcoholic fatty liver disease (NAFLD) is the most common form of chronic liver
disease in children and adolescents. Although obesity is the leading cause of NAFLD,
the etiologies of NAFLD are multifactorial (e.g., high-fat diet, a lack of exercise,
gender, maternal obesity, the antibiotic use), and each of these factors leads to
dysbiosis of the gut microbiota community. The gut microbiota is a key player in
the development and regulation of the gut mucosal immune system as well as the
regulation of both NAFLD and obesity. Dysbiosis of the gut microbiota promotes the
development of NAFLD via alteration of gut-liver homeostasis, including disruption
of the gut barrier, portal transport of bacterial endotoxin (lipopolysaccharide) to the
liver, altered bile acid profiles, and decreased concentrations of short-chain fatty
acids. In terms of prevention and treatment, conventional approaches (e.g., dietary
and exercise interventions) against obesity and NAFLD have been confirmed to
recover the dysbiosis and dysbiosis-mediated altered metabolism. In addition, increased
understanding of the importance of gut microbiota-mediated homeostasis in the
prevention of NAFLD suggests the potential effectiveness of gut microbiota-targeted
preventive and therapeutic strategies (e.g., probiotics and fecal transplantation) against
NAFLD in children and adolescents. This review comprehensively summarizes our current
knowledge of the gut microbiota, focusing on its interaction with NAFLD and its potential
therapeutic role in obese children and adolescents with this disorder.

Keywords: bile acid, children, dysbiosis, gut microbiota, lipopolysaccharide, non-alcoholic fatty liver disease,
short-chain fatty acid

INTRODUCTION

At least 10'* diverse micro-organisms, dominated by anaerobic bacteria and representing
500-1,000 different species (1), populate the human gastrointestinal tract (2). In general,
these commensal gut microbiota provide beneficial functions for the host, contributing
to overall metabolism (e.g., bile acids [BAs]) and the conversion of food into nutrients
and energy (e.g., short-chain fatty acids [SCFAs]) (3). In children, other well-understood
contributions of the gut microbiota are its roles in the development of gastrointestinal
structures (e.g., epithelium, gut-associated lymphoid tissues such as Peyers patches) and gut
mucosal immunity (e.g., induction of secretory IgA and regulatory T cells) (4). In this
context, the microbiota-induced gut mucosal immune system protects its host from invasion
by infectious pathogens, eliminates harmful non-self antigens, and induces and sustains
unresponsiveness to dietary antigens in the phenomenon known as “oral tolerance (4).”
Disruption of the gut microbiota in children and adolescents upsets the homeostasis of the gut
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mucosal immune system, potentially leading to severe
gastrointestinal infection, inflammatory bowel disease, and
food allergy (4, 5). In addition to its significant involvement in
the development and homeostasis of the gastrointestinal mucosal
immunity, the gut microbiota is gaining broad attention owing
to its dysbiosis or disruption-mediated association with diverse
luminal and extraintestinal diseases—including gastrointestinal
diseases (e.g., inflammatory bowel diseases, colorectal cancer,
gastrointestinal infectious diseases) (6-8), metabolic diseases
(e.g., obesity, diabetes, cardiovascular diseases) (9), autoimmune
abnormalities (e.g., autoimmune encephalitis) (10), neurological
disorders (e.g., autism, Alzheimer’s disease) (11-13), and chronic
liver diseases (e.g., chronic hepatitis B, non-alcoholic fatty liver
disease [NAFLD]) (14, 15)—via the bidirectional interactions
with the dysbiotic gut microbiota, gastrointestinal system, and
other target organs or functional systems (e.g., microbiota-gut-
brain, microbiota-gut-liver, microbiota—gut-endocrine axes)
(Figure 1).

Resulting from excessive fat accumulation in the liver, NAFLD
is a spectrum of liver diseases that ranges from benign steatosis
to the hepatic inflammation and fibrosis of non-alcoholic
steatohepatitis (NASH) (16). Hepatic fat accumulation can be
secondary to genetic or metabolic disorders (e.g., glycogen
storage disease, lysosomal acid lipase deficiency and citrin
deficiency) (17-19), infections (e.g., hepatitis B virus) (20), the
use of steatogenic medications (21), ethanol consumption (22), or
malnutrition (23); NAFLD is defined by excluding those factors
and is increasingly recognized as a leading cause of chronic liver
disease in children and adolescents (24). The detailed mechanism
underlying NAFLD is not fully understood; however a “two-hit
model” is classically hypothesized, in which the simple steatosis
(the first “hit”) progresses to NASH in the presence of a second
hit, such as oxidative stress (25). A “multiple-hit” hypothesis
has subsequently been proposed in which, in the presence of
significant accumulation of fat in hepatocytes and systemic
and hepatic insulin resistance, multiple physiological alterations
simultaneously lead to an imbalance between the antilipotoxic
protection system of the liver and the free-radical production in
gut and adipose tissue, resulting in endoplasmic stress, oxidative
stress, and hepatocyte apoptosis (26).

Obesity is a major contributor to the development of NAFLD
in both children and adults (16, 27-29). The prevalence of
NAFLD in the pediatric population is reported to be 2.5-
9.6% regardless of obesity but increases to 22.5-44.0% in
obese patients (30, 31). Because Western-style and high-
fat/carbohydrate/caloric diets are major causes of obesity (32),
there is a great demand to elucidate the pathophysiology of
NAFLD in the context of obesity and diet, and it is rational
to consider the potential role of the gut microbiota—which is
in direct contact with and metabolizes the ingested diet—in
this regard (33). Recent research advances rapidly uncovered
the link between gut microbiota and NAFLD, especially
regarding obesity-related and high-fat-diet-induced NAFLD
in both adults and children. Dysbiosis or disruption of the
typically beneficial gut microbiota promotes the development
of NAFLD via alteration of gut-liver homeostasis, including
dysregulation of the gut barrier, transport of lipopolysaccharide

(LPS) to the liver, altered BA profiles, and decreased SCFAs.
Conventional approaches to prevention and treatment of
obesity and NAFLD (e.g., dietary and exercise interventions)
have been clarified to recover microbiota dysbiosis and
dysbiosis-mediated altered metabolism. In addition, increased
recognition of the importance of gut microbiota-mediated
homeostasis in preventing NAFLD has suggested the potential
effectiveness of gut microbiota-targeted preventive and
therapeutic strategies (e.g., probiotics) for combating NAFLD
in children and adolescents. Here I highlight the current
understanding regarding the role of the gut microbiota in the
pathophysiology of NAFLD, focusing particularly on the children
and adolescents, and I discuss the potential application of this
knowledge in the preventive and therapeutic approaches for
pediatric NAFLD.

GUT MICROBIOTA IN CHILDREN AND
ADOLESCENTS

In humans, no gut microbiota “signature” (i.e., pattern of
component phyla/species) has consistently been attributed to
a particular geographic, ethnic, gender, or dietary background
(34-37). In addition, the composition of the gut microbiota
undergoes age-dependent change, such that microbiota diversity
(e.g., richness, evenness) and bacterial abundance differ between
even healthy children and adults (38-41) (Figure 2). Neonatal
gut microbiomes are colonized with maternal and environmental
microbiota and mature toward a stable composition over 2-
3 years (38, 42). Distinct microbiome signatures during the
neonatal and infant periods are correlated with breastfeeding,
formula ingredients, mode of delivery, maternal gestational
weight gain, and gender in healthy children (42-45). In
addition, weaning itself dramatically alters the gut microbiota
composition: a previous study in Japanese children showed
that the relative abundance of the phylum Actinobacteria
(particularly the genus Bifidobacterium) substantially decreased
after weaning, such that the phylum Firmicutes became the most
predominant (38).

Because the Firmicutes, Bacteroidetes, Actinobacteria, and
Proteobacteria are the predominant phyla in human stool
samples, most gut microbiota studies of children and adolescents
first characterized the abundance of those phyla. The gut
microbiota during childhood is less diverse (low abundance and
poor richness in bacterial composition) than that of adults (40,
41), gradually increasing in diversity with age (40) (Figure 2).
The gut microbial populations of older children are assumed
to be similar to those of adults, but the composition of the
gut microbiota still differs significantly between adolescents
and adults (39). Although no age-associated gut microbiota
profile consistently characterizes children from adolescents,
a high prevalence of Bifidobacterium (within the phylum
Actinobacteria) is a well-known signature of for children
compared with adults (40) (Figure 2). Bifidobacteria are some
of the first species to colonize the newborn gut (46, 47), and
adolescents still maintain a higher abundance of Bifidobacterium
than adults (39). The levels of Bifidobacterium decrease gradually
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FIGURE 1 | Interaction between dysbiosis or disruption of the gut microbial community and human diseases. Dysbiosis or disruption of the gut microbiota
composition that is induced primarily through an imbalanced lifestyle (e.g., high-fat, low-fiber diet) leads to the disruption of the gut barrier, increased gut permeability,
systemic circulation of bacterial endotoxins [e.g., lipopolysaccharide (LPS)] to multiple organs (e.g., liver, brain, kidney) and functional systems (e.g., immune system,
endocrine systems), and altered production of beneficial metabolites [e.g., short-chain fatty acids (SCFAs)] by normal gut microbiota. Bidirectional and unfavorable
crosstalk among the dysbiotic microbiota, gastrointestinal system, and target organs and functional systems (e.g., microbiota-gut-liver axis, microbiota-gut-brain axis)
is involved in the pathogenesis of the various diseases (e.g., NAFLD, chronic kidney diseases, Alzheimer’s disease, asthma) of the host. COPD, chronic obstructive
pulmonary disease; NAFLD, non-alcoholic fatty liver disease; Gl, gastrointestinal; SLE, systemic lupus erythematosus; HBV, hepatitis B virus; HCV, hepatitis C virus.

throughout childhood and adolescence until stabilizing in
early adulthood.

In addition, gut microbiota diversity or composition in
children varies according to ethnicity and geographic region
or country (48, 49). For example, in a previous study focusing
on Asian school children, Bifidobacteriaceae and Bacteroidaceae
were abundant in Japan and China, whereas Prevotellaceae
was abundant in Indonesia and Thailand (48). Compared with
their European counterparts, children (1-6 years of age) in
rural Africa, where the diet has a high fiber content, had
significant depletion of the phylum Firmicutes and significant
enrichment of Bacteroidetes, with unique increases in bacteria
from the genera Prevotella and Xylanibacter—Bacteroidetes
members known to carry genes for cellulose and xylan hydrolysis
(49). Gut microbiota composition differs by country, suggesting
that eco-geographic dietary variations shape the gut microbiota.
However, even within the same region (e.g., Latin America),
socioeconomic status influences gut microbiota diversity and
composition in children (50). Age is positively correlated with
increased microbiota diversity in normal-weight children; in
contrast, obesity and overweight, which are closely associated
with lower socioeconomic status, diminish the maturation of
microbial diversity that is associated with age, such that the
correlation between age and increased gut diversity is lost in

overweight and obese children (50). Similarly, malnutrition—
a result of low socioeconomical status, like obesity—leads to
gut microbiota immaturity and delays the development of gut
diversity in children (51). Therefore, results of the gut microbiota
research should be interpreted carefully according to the ethnic,
age, dietary, nutritional, geographic, gender, and socioeconomic
status of the study population before applying those data to other
groups of children and adolescents.

GUT MICROBIOTA DIVERSITY IN NAFLD

Accumulated data clarified that dysbiosis or disruption of the
gut microbiota is associated with NAFLD in both children
and adults (52-61). The NAFLD-associated gut microbiota
typically is described as showing decreased a-diversity (richness
and evenness), significantly altered B-diversity, and significant
differences in the abundance of bacteria at the phylum, class,
family, or genus level, compared with the microbiota of
appropriate control subjects.

In adult populations, NAFLD is associated with lower bacterial
diversity, increased abundance of the phylum Bacteroidetes, and
decreased abundance of the phylum Firmicutes compared
with non-NAFLD controls, according to a Taiwanese
study (58). In another study, the genus Ruminococcaceae
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FIGURE 2 | Gut microbiota in children. The gut microbiota demonstrates age-dependent increases in diversity and changes in composition (i.e., relative high
abundance of Bifidobacteria throughout childhood). These gut microbiota profiles in children are influenced by various life events (e.g., mode of delivery, weaning, and
infections), life style choices (e.g., exercise habits, dietary patterns, sleep hygiene), ethnicity, and gender.

UCG-010, family Ruminococcaceae, order Clostridiales, and
class Clostridia were all less abundant in patients with non-
alcoholic fatty liver or NASH than in healthy controls (58).
An increased Bacteroidetes:Firmicutes (B:F) ratio—due to
increased abundance of the phylum Bacteroidetes and decreased
abundance of Firmicutes—is sometimes reported as a dysbiotic
marker characterizing NAFLD (62), but those phylum-level
changes are inconsistent. For example, a South Korean study
reported decreased abundance of Bacteroidetes and increased
abundance of Proteobacteria and Fusobacteria in adult patients
with NAFLD compared with healthy adults (53). Therefore,
whether an increased B:F ratio should be adopted as the signature
of NAFLD-induced dysbiosis remains controversial.

Obesity is a major etiology of NAFLD, and obesity-induced
dysbiosis contributes to the development of NAFLD (63).
Non-obese adult patients with NAFLD also demonstrate gut
dysbiosis, characterized as decreased diversity and phylum-level
changes (reduced Firmicutes and increased Bacteroidetes) in gut
microbiota composition (63). Furthermore, the gut dysbiotic

pattern varies among NAFLD patients depending on their body
mass index (BMI) (53). A decrease in Desulfovibrionaceae
(phylum Proteobacteria) is associated with NAFLD in lean—but
not obese—adults with NAFLD (53). Therefore, gut dysbiosis
is associated with NAFLD regardless of obesity or non-obesity,
but determining a particular profile (e.g., increased B:F ratio)
or specific phyla and genera indicative of the development of
NAFLD or NASH development in adults is proving difficult.

As in adults, dysbiosis of the gut microbiota has been found
in children and adolescents with NAFLD or NASH worldwide
(52, 54, 56, 57, 59, 61) (Table1). Despite the absence of a
consistent signature of dysbiosis, all of the pediatric studies have
found decreased a-diversity, distinct differences in B-diversity,
or differing abundance of bacteria at the phylum or genus
levels (Table 1). As shown in Table 1, decreased a-diversity
(richness and evenness), generally evaluated according to the
Shannon and Chao 1 diversity indices, might universally be
considered the consistent signature of the dysbiosis associated
with pediatric NAFLD. In regard to specific bacteria, one
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TABLE 1 | Alteration of gut microbiota composition in children and adolescents with non-alcoholic fatty liver disease (NAFLD).

References Country Study population Microbial Microbial abundance
diversity (NAFLD relative to control)
Age Composition o B Phylum Genus/species
(years)
Monga Kravetz et al. us 18.3+£3.2 44 obese NAFLD 1 NA | Bacteroidetes | Prevotella, |, Gemmiger
(54) 129+28 29 control* | B:F ratio | Oscillospira
Stanislawski et al. (56) US 156.1-16.5 8 NAFLD 1 Differed NA 1 Paraprevotella
99 control 1 RF32, 1 Sutterella
1 Bilophila, |, Varibaculum
| Oscillospira
Schwimmer et al. (57) US 8-17 87 NAFLD 1 No 1 Bacteroidetes 1 Prevotella copri
37 control* difference 1 Proteobacteria (in severe fibrosis case)
| Firmicutes
Zhu et al. (61) us 1836 £ 35 22 NASH 1 Differed 4 Bacteroidetes 1 Prevotella, 1 Escherichia
12.7 £ 3.2 25 obese 1 Proteobacteria | Alistipes, | Blautia
14.4+£18 16 control | Firmicutes | Coprococcus,
| Actinobacteria | Eubacterium
4 B:F ratio | Oscillospira
| Bifidobacterium
Del Chierico et al. (52)  ltaly 7-16 27 NAFL 1l Differed 4 Actinobacteria 4 Dorea, + Ruminococcus
26 NASH 8 | Bacteroidetes | Oscillospira
obese 54
control
Zhao et al. (59) China 9-17 25 obese + NAFLD No NA 4 Proteobacteria tPhascolarctobacterium
18 obese difference | Bacteroidetes | Lactobacillus
15 control | Oscillibacter

1 Ruminiclostridium

|, decreased in NAFLD or non-alcoholic steatohepatitis (NASH) groups compared with controls; 4, increased in NAFLD or NASH groups compared with controls; B:F ratio,

Bacteroidetes/Firmicutes ratio; NA, not available.
*Obese subjects without NAFLD.

study reported that Faecalibacterium prausnitzii, the sole known
member of the genus Faecalibacterium (phylum Firmicutes) and
the main butyrate-producing bacteria in the human gut (64),
was the only species whose abundance differed between obese
children with and without NAFLD (59). The significance of
Faecalibacterium in NAFLD has likewise been demonstrated
in adults: Faecalibacterium was significantly less abundant in
adults with NAFLD than in non-NAFLD, BMI-, and sex-
matched participants (55). As described later, SCFAs (including
butyrate) exert protective effects against the development
of NAFLD; therefore, a decrease in Faecalibacterium may
promote the development of NAFLD via the loss of SCFAs-
mediated protection.

In another study, reduced proportions of the genus
Oscillospira and high abundance of Dorea were significantly
associated with NASH in children and adolescents compared
with healthy controls (52). The decreased abundance of
Oscillospira has been confirmed in several studies of NAFLD
in children, but Oscillospira is just one of the many bacteria
that contribute to dysbiosis in NAFLD. In addition, the relative
abundance of these NAFLD-specific bacteria varies widely
between studies (Table 1), possibly reflecting differences between
countries, lifestyle factors, research methods, and so on and thus
making it difficult to determine the responsible gut microbiota
composition in the development of NAFLD. Considering these

findings together, it is safe and rational to say that decreased
microbial diversity and disruption of the composition of
the normal gut microbiota that is appropriate for the hosts
geographic region, age, lifestyle, gender, and ethnicity contribute
to the development of NAFLD.

Gut dysbiosis is associated not only with the presence of
NAFLD but is also related to the disease progression in both
NAFLD and NASH. In adults, the pronounced liver fibrosis of
NAFLD enhances the increase of the phylum Bacteroidetes and
decrease in microbial diversity (60). The gut microbiota profile
is further influenced by the presence of hepatocarcinogenesis in
NAFLD patients (65). In children and adolescents, a reduced
B:F ratio and decreased abundance of Bacteroidetes, Gemmiger,
and Oscillospira are significantly associated with exacerbation of
the hepatic fat fraction in obese NAFLD patients (54). Disease
progression in NAFLD typically is evaluated through liver biopsy
(66), blood biochemical parameters (29, 67), ultrasonography
(68), transient elastography (28), magnetic resonance imaging,
and elastography (69). Several studies have shown the association
of NAFLD with a particular pattern of dysbiosis (53, 56-59, 61—
63), and these gut microbiota diversity patterns are applied to
estimate the severity of NAFLD (56, 70). Assessment of two
taxa (Bilophila and Paraprevotella), combined with calculating
the dietary intake of monounsaturated fatty acids and BMI z-
score, was useful to define the hepatic fat fraction in adolescents
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in the United States (56). A German study demonstrated that
changes in gut microbiota diversity can be useful in predicting
advanced fibrosis in adult NAFLD patients and that transient
elastography achieved the best diagnostic performance regarding
the detection of NAFLD patients at risk for disease progression
(70). Furthermore, compared with those with mild fibrosis,
patients with significant liver fibrosis had a higher abundance of
the genera Escherichia and Shigella and the corresponding family
Enterobacteriaceae (53). As mentioned previously, these findings
should be interpreted carefully, because detailed gut microbiota
profiles differ among NAFLD patients and controls with differing
background (e.g., country, age, gender) populations. However,
the accumulation of gut microbiota data is expected to evolve into
a new non-invasive method for estimating the severity of NAFLD
in target populations.

MECHANISMS OF DYSBIOSIS-INDUCED
NAFLD

Dysbiosis or disruption of the gut microbiota is not only
associated with NAFLD but also has an etiologic role in
the development of NAFLD via modulation of the gut-liver
homeostasis, including the involvement of the gut barrier,
LPS, BAs, and SCFAs (Figure 3). Animal studies using fecal
transplantation or antibiotic treatment have clearly indicated the
pathologic role of a disrupted gut microbiota in the development
of NAFLD (71-74). Whereas, germ-free mice are protected
against high-fat-diet-induced obesity (75), the transplantation
of feces from NASH patients enhanced high-fat-diet-induced
hepatic steatosis and inflammation in the recipient mice (71,
72). In another study, antibiotic treatment at sub-therapeutic
doses induced an immature microbial community and led to
the obesity phenotype and NAFLD in adult mice fed a high-fat
diet (74). In a mouse pediatric model, antibiotic exposure soon
after birth disrupted the gut microbiota and enhanced the effect
of high-fat-diet-induced obesity (73). Transplantation of the gut
microbiota raised after the antibody treatment induced obesity
and NAFLD in recipient germ-free mice, thus clarifying that
the altered microbiota—not the antibiotics themselves—plays a
causal role in the development of NAFLD (73).

Lifestyle factors, including diet, are the most important
cause of the dysbiosis and dysbiosis-induced deterioration of
the beneficial functions of the gut microbiota in NAFLD (76—
80). In mice, a high-fat diet causes obesity, hyperglycemia,
and shifts in the diversity of the dominant gut bacteria (e.g.,
decreased Ruminococcaceae, increased relative abundance of
Rikenellaceae in mice) (77). In another study, a high-fat diet
induced gut dysbiosis (decreases in the phlyum Bacteroidetes and
increases in Firmicutes and Proteobacteria) independent of
obesity (76). Changes in gut microbiome composition primarily
begin with variations in the genera Bacteroides and Prevotella
within 24h of initiating a high-fat/low-fiber diet; in contrast,
changes in enterotypes occur with long-term feeding of these
diets (78). In addition to the alterations in gut microbial
diversity, a high-fat diet modulates the function (e.g., amino acid
metabolism) of gut microbiota and cecal metabolic pathways

(e.g., BA and bilirubin metabolism) (77). Interestingly, control-
diet intervention reverses these high-fat-induced changes in the
diversity and function of the gut microbiota (76, 78).

In addition to dietary composition and duration, feeding
patterns affect the gut microbiota composition. In juvenile mice,
an irregular dietary pattern (time-restricted feeding) induces
dysmetabolism (high body weight and blood glucose levels)
via dysbiosis of the gut microbiota associated with reduced a-
diversity (79). In addition, insufficient exercise decreases gut
microbiota diversity and microbiota-derived SCFAs in humans,
independent of diet (80). Lifestyle-induced disruption of the
gut microbiota is further enhanced by antibiotic use during
childhood (73).

Accumulated studies are gradually disclosing the mechanisms
through which disruption of the gut microbiota contributes
to the development of NAFLD. In a murine NAFLD model,
dysbiosis of the gut microbiota leads to disruption of the gut
barrier and thus exerts the toxic effects of inflammatory cytokines
(e.g., TNF-a), components (e.g., LPS), and metabolites (e.g.,
ethanol) derived from dysbiotic gut microbiota are exerted
on the liver via the portal vein after intestinal absorption
(81-83) (Figure 3). Transmission electron microscopy revealed
irregularly arranged microvilli and widened tight junctions in the
gut mucosa of adult NAFLD patients (82). In mice, a high-fat
diet induces a diet-driven dysbiosis that promotes gut-vascular
barrier damage and bacterial translocation into the liver (83). Ina
murine NASH model, bacteria-derived LPS induces hepatic TNF-
a production, consequently stimulating hepatocyte apoptosis
(84) (Figure 3). Furthermore, serum levels of LPS-binding
protein were elevated in obese human NAFLD patients, among
whom hepatic expression of TNF-oo mRNA was significantly
enhanced in those with NASH (85). Mechanical disruption of the
intestinal barrier in mice by using oral dextran sulfate sodium
increased portal LPS absorption, hepatic inflammation, and
fibrogenesis in the context of high-fat-diet-induced steatosis (86).
LPS mediates inflammatory signals (e.g., TNF-a) via toll-like
receptor (TLR) 4 (87). Plasma LPS concentrations and hepatocyte
TLR4 expression are higher in patients with NASH than in those
with non-alcoholic fatty liver (simple steatosis) (88).

In addition to LPS, endogenous ethanol, a metabolite
of various gut microbiota species, is also suggested to
be involved in the pathomechanisms of NAFLD. Increased
ethanol levels have been detected in children with NASH
but not alcohol consumption (61) as well as in obese
adults (89). In children with NASH, disruption of the gut
microbiota is associated with abundant alcohol-producing
bacteria (Escherichia) and elevated blood ethanol concentrations
(61). After its absorption, endogenous ethanol reaches the liver
via the portal vein and causes oxidative stress secondary to
hepatic inflammation (Figure 3). These results indicate that
inflammation of the intestinal mucosa (mediated through a
disrupted gut microbiota), portal transport of LPS and ethanol
derived from dysbiotic bacteria, LPS-TLR4 signaling, and
ethanol-mediated hepatic inflammation are all involved in the
pathogenesis of NAFLD.

SCFAs (e.g., butyrate, propionate, acetate) are key metabolites
in the gut microbiota that protect against NAFLD. These
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metabolites are produced by the gut microbiota in the
large intestine through anaerobic fermentation of indigestible
polysaccharides, such as dietary fiber and resistant starch (90)
(Figure 3). SCFAs are important energy sources for the host (e.g.,
colonocytes), and evidence showing the significant association
of dysbiosis-induced decreases in SCFAs with NAFLD is
accumulating (63, 91). In a spontaneous mouse model, the
development of metabolic syndrome was associated with the
dysbiosis and decreased plasma SCFA levels (91). In addition,
adult NAFLD patients and high-fat-diet-induced NAFLD mice
both showed decreased numbers of SCFA-producing gut
microbiota (63, 92). In this regard, a high abundance of the
phylum Proteobacteria and a low abundance of Bacteroidetes
in cirrhotic adults leads to their low capacity to ferment non-
digestible carbohydrates into SCFAs (93).

Direct evidence of the protective role of SCFAs against
NAFLD (94-96) includes a previous study in which feeding of
the SCFA acetate to mice on a high-fat diet decreased hepatic
lipid accumulation, improved hepatic function, and increased
liver mitochondrial efficiency (94). In addition, mice deficient
in the SCFA receptor GPR43 become obese on a normal diet,
whereas those overexpressing GPR43 specifically in adipose
tissue remain lean even when fed a high-fat diet (95). SCFA-
mediated activation of GPR43 suppresses insulin signaling in
adipocytes, thus inhibiting fat accumulation as adipose tissue and
promoting the metabolism of unincorporated lipids and glucose
in other tissues (95) (Figure 3).

Among SCFAs, propionate inhibits hepatocyte glucose
production by reducing the gene expression of gluconeogenic
enzymes independent of insulin signaling via a h pathway (97).

Furthermore, dietary SCFA supplementation reduced high-fat-
diet-induced metabolic abnormalities including NAFLD in mice
in an adipose and hepatic peroxisome proliferator-activated
receptor y-dependent manner (96). In addition, SCFAs regulate
intestinal barrier function and therefore contribute to the
maintenance of intestinal mucosal homeostasis (98) (Figure 3):
in particular, butyrate decreases the tight junction permeability
of the colon epithelium (99), thus perhaps protecting against
dysbiosis-induced gut barrier disruption and portal transport
of LPS. Together, these results clearly show that loss of SCFA-
mediated protection against hepatic fat deposition and gut
barrier disruption are underlying mechanisms of dysbiosis-
induced NAFLD.

Other key factors in the interaction between gut microbiota
and NAFLD are BAs and the molecules (e.g., farnesoid X receptor
[EXR]) that regulate BA synthesis. Primary BAs (e.g., cholic
acid, chenodeoxycholic acid) are synthesized from cholesterol
in the liver, then taurine- or glycine-conjugated BAs are passed
into the duodenum and used for fat absorption via the micelle
formation from dietary lipids (100) (Figure 3). Remaining
conjugated BAs are unconjugated and/or further metabolized
into secondary BAs (e.g., deoxycholic acid, lithocholic acid) in
the terminal ileum and the colon by the gut microbiota (101).
BAs are reabsorbed mainly in the ileum, where they enter the
enterohepatic circulation via the portal vein and are returned to
the liver (102) (Figure 3). When reabsorbed, BAs play key roles
in the maintenance of homeostasis of hepatic lipogenesis (e.g.,
inhibition of triglyceride biosynthesis) and glucogenesis (e.g.,
increase in insulin sensitivity) (103) through two major receptor
pathways: FXR, a nuclear hormone receptor (104), and TGR5, a
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G-protein-coupled bile acid receptor (105) (Figure 3). Fibroblast
growth factor (FGF) 19, is secreted in the small intestine via an
intestinal FXR-mediated mechanism, circulates to the liver, where
it binds to and activates FGF receptor 4, thus repressing the BA-
synthetic enzyme CYP7A1 and consequently BA synthesis (106)
(Figure 3).

Because BAs are critical regulators of fat absorption and
hepatic lipid and glucose metabolism, it is rational to consider
that BA and BA-related molecules (e.g., FXR, TGR5, FGF19)
contribute to microbiota-associated protection against NAFLD.
However, BAs have well-known paradoxical effects—liver
toxicity (e.g., disruption of cell membrane, oxidative stress,
apoptosis) and liver protection (107) —such that one cannot
simply conclude that BAs are solely beneficial for NAFLD
patients. Instead, BA homeostasis (i.e., a balanced BA profile)
is considered beneficial for the host, and the disruption of BA
homeostasis, which is influenced by gut dysbiosis, promotes
NAFLD (Figure 3). In fact, NAFLD is associated with altered BA
profiles and gut microbiota composition (108-110) (Figure 3).

In children with NAFLD, serum concentrations of primary
and secondary BAs and intestinal secondary BA-producing
bacteria are increased, whereas hepatic FXR-mediated and FGF
receptor 4-mediated BA signaling is suppressed (108). However,
another study in children reported decreased serum BAs in early
NAFLD and their increase as fibrosis increased (109). In mice, the
transplantation of cirrhosis-associated dysbiotic gut microbiota
decreased secondary BAs in the intestine and impaired the
intestinal barrier (111).

Because BAs are metabolized into secondary BAs via the
gut microbiota, antibiotic-induced modulation of gut microbiota
composition influences BA metabolism (110, 112). For example,
short-term antibiotic treatment of mice decreased secondary
BA-producing bacteria (e.g., Bacteroides species), thus reducing
secondary BA levels in the liver and increasing those of
hepatic proteins involved in the cholesterol biosynthetic pathway,
which is related to the development of NAFLD (110). In
mice, two antibiotic combinations (vancomycin+imipenem and
cephalothin4+-neomycin) were shown to increase the intestinal
B:F ratio and reduce secondary BAs levels in the serum, liver,
and intestine in mice (112). These short-term antibiotic-induced
dysbiotic and negative metabolic effects were reversed through
dietary supplementation with secondary BAs (110). This finding
may explain, from the aspect of a BA-mediated mechanism,
why antibiotic treatment promotes the development of high-
fat-diet-induced NAFLD via the disruption of gut microbiota
(73, 74).

A high-fat diet diversely affects BA profiles and the gut
microbiota. For example, a high-fat diet induces greater BA
production than does either a high-protein or high-carbohydrate
diet in both rats (113) and humans (114). In a pediatric
animal model, feeding a high-fat diet induced NASH in
juvenile pigs that was associated with gut dysbiosis, increased
levels of secondary BAs in the colon, and the impaired
enterohepatic FXR-FGF19 signaling (115). The administration
of BAs (e.g., ursodeoxycholic acid, chenodeoxycholic acid)
ameliorates hepatic fat accumulation in high-fat-diet-fed mice
(116, 117). A dual FXR-TGRS5 agonist decreased the histologic

features of NASH in an obese mouse model (118); therefore, BA-
induced amelioration of high-fat-induced NAFLD is considered
to be mediated via FXR and TGR5. Conversely, deoxycholic
acid supplementation induced disruption of the gut barrier and
gut dysbiosis (119). Taken together, these findings show how
BA profiles and BA synthesis are variously altered under the
dysbiotic conditions according to the etiology (e.g., antibiotic
use, high-fat diet) of NAFLD. It is currently difficult to
define in detail particular BA profiles and serum, hepatic, and
intestinal BA levels that are applicable to all types of NAFLD.
However, regardless of the actual BA profile and its synthetic
pathway, the disruption of BA homeostasis is considered
to be central to gut dysbiosis-mediated NAFLD in children
and adolescents.

GENDER-ASSOCIATED NAFLD AND THE
INVOLVEMENT OF THE GUT MICROBIOTA

Gender-associated differences in the prevalence and severity of
NAFLD are well-recognized. In adolescents, NAFLD is generally
more prevalent in males than in females (29, 120-122). Among
obese US adolescents, boys were 6 times more likely than girls
to have elevated alanine aminotransferase (ALT) concentrations
(121). In Australia, a small-scale study showed that whereas
the prevalence of NAFLD was significantly higher in females
than in males, the NAFLD in males was associated with more
adverse metabolic features and greater visceral adiposity (123).
These gender-associated differences implicate the involvement of
sex hormones (e.g., estrogen) in the development of NAFLD in
adolescents (124). In particular, estrogen (e.g., estradiol, esterone)
is required for the normal development and functioning of the
female reproductive system as well as various non-reproductive
organ pathologies, including brain damage and liver diseases;
estrogen also influences gut microbiota diversity (124-130). In
terms of the NAFLD, maintaining an appropriate estrogen level
protects against NAFLD-related events. For example, estradiol
treatment in rats decreases CCL4-induced liver fibrosis (129).
In addition, an increased serum estradiol concentration was
associated with lower-grade portal inflammation in girls with
NAFLD (124). In another study, 17p-estradiol attenuated weight
gain in ovariectomized ob/ob mice fed a high-fat diet (131). In
regard to the gut microbiota, men with high serum testosterone
levels or women with increased serum estradiol harbored
more diverse gut microbial communities than populations
having lower concentrations of these hormones (127). In
female mice, estrogen prevents autoimmune encephalomyelitis—
associated changes in the gut microbiota and promotes
bacterial enrichment (130). In another study, polycystic ovary
syndrome in women induced elevated testosterone levels, which
correlated with the disruption of the gut microbiota (128).
The mechanisms of the gender-associated NAFLD is still
unclear, but the close relationships between sex hormones and
the development of NAFLD and effects on gut microbiota
diversity imply that sex hormone-mediated alteration of the
gut microbiota may contribute to the development of NAFLD
in adolescents.
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MATERNAL INFLUENCES ON THE GUT
MICROBIOTA AND THE DEVELOPMENT
OF NAFLD IN THEIR OFFSPRING

A mother’s obesity status, pregnancy diabetes, and infant feeding
style all affect her offspring’s innate immune system and
gut microbiota (42, 63, 132, 133) and NAFLD development
(133-135). Germ-free mice colonized with stool microbes
from 2-week-old human infants born to obese mothers
demonstrated increased hepatic expression of genes associated
with endoplasmic reticulum stress and innate immunity,
together with periportal inflammation, a histological pattern
commonly noted in pediatric cases of NAFLD (133). Another
study demonstrated that maternal consumption of a Western-
style diet induced early gut dysbiosis (i.e., low abundance
of Parabacteroides and Lactobacillus, increased Ruminococcus),
disrupted intestinal tight junctions, and accelerated liver fibrosis
in their offspring, resulting in the polarization of bone marrow-
derived macrophages and induction of proinflammatory and
profibrotic programs—effects that persisted into adulthood (134).
Although a matter of on-going debate, a mother’s milk-feeding
style is suggested to influence the development of NAFLD in her
offspring (135, 136). According to one observational study, breast
feeding reduced children’s risk of developing NASH even as late
as 3-18 years later (135). The detailed mechanism underlying
this fact is not fully understood; however, infant gut microbiota
diversity is closely related to breast milk feeding and milk
bacterial communities (137). Breast milk bacterial diversity was
lower in obese mothers than in non-obese mothers (138). Those
findings implicate the critical role of maternal obesity-associated
infant dysbiosis in the development of NAFLD in children.

CONVENTIONAL THERAPEUTIC
APPROACH TO NAFLD AND THE
INTERACTION WITH GUT MICROBIOTA

Currently, there is no proven treatment for NAFLD in obese
pediatric patients, but weight reduction based on diet changes
and increased exercise are generally the primary NAFLD
treatment approaches in obese children as well as adults (139,
140). Diet- and exercise intervention-based reduction of body
weight are effective in reducing hepatic fat deposition, as
measured by transient elastography, in obese NAFLD children
and adolescents (141). Although the mechanism through which
diet and exercise alter the gut microbiota to ameliorate NAFLD
is unclear, appropriate diet and exercise are unequivocally
beneficial in the maintenance of a healthy gut microbiota. In
terms of exercise, gut microbiota diversity is greater in athletes
than in non-athletic healthy persons (142), and aerobic exercise
itself—independent of diet—increases fecal concentrations of
SCFAs via alteration of gut microbiota diversity in human
adults (80). In mice, exercise prevents the disruption of the
gut microbiota induced by an environmental toxicant (143).
Furthermore, 12 weeks of exercise training favorably altered
the deleterious obesity-related microbiota profile and reduced
microbial inflammatory signaling in obese children (144). Given

that the consumption of a high-fat diet—a conventional method
for inducing experimental NAFLD in mice—is associated with
disruption of the gut microbiota (76), providing a diet that
counters the development of NAFLD is a rational therapeutic
means for ameliorating a disrupted gut microbiota. In fact,
dietary intervention in the form of an energy-restricted, high-
protein diet increased the gene richness of the gut microbiome
and clinical phenotypes in obese adults (145). In another
study, whey protein isolate specifically normalized energy intake,
decreased fat mass, and improved the composition of gut
microbiota associated with prolonged high-fat feeding (146).
Dietary intervention comprising a diet rich in non-digestible
carbohydrates induced significant weight loss and modification
of the dysbiotic gut microbiota profiles in Chinese obese children
with Prader-Willi syndrome or simple diet-induced simple
obesity (147). Together, these findings implicate the significant
role of the gut microbiota in the dietary- and exercise-mediated
amelioration of NAFLD in children and adolescents.

In addition to dietary and exercise intervention, vitamin
E supplementation is well-recognized as an anti-NAFLD
therapeutic nutrient in both adults and children (148-150).
Meta-analysis demonstrated that vitamin E was effective in
ameliorating the biochemical and histological characteristics of
adult patients with NAFLD, especially NASH (150). In children
with NASH, a double-blind, placebo-controlled, randomized trial
found that vitamin E treatment did not reduce ALT levels but
significantly improved histologic outcomes (148). In another
pediatric study, treatment with hydroxytyrosol and vitamin E
reduced the NAFLD-related systemic inflammation, mainly via
increasing circulating IL-10 levels that occurred in response
to DNA damage recovery, ultimately decreasing steatosis and
hypertriglyceridemia (149).

Direct evidence indicating that vitamin E supplementation
ameliorates NAFLD via the reduction of gut microbiota
dysbiosis is unavailable; however, multiple studies demonstrate
the beneficial effects of vitamin E supplementation on the
gut microbiota (151, 152). In the dextran sulfate sodium-
induced colitis murine model, vitamin E supplementation
preserved intestinal barrier function and caused favorable
changes in the gut microbiota, which was disrupted by colitis
(151). Disruption of the intestinal barrier and increased portal
LPS derived from the dysbiotic gut microbiota promote the
development of NAFLD (81, 82); therefore, vitamin E effects on
improving the intestinal barrier and gut microbiota diversity may
implicate gut microbiota-mediated mechanisms in the vitamin E
supplementation-induced amelioration of NAFLD (151).

GUT MICROBIOTA-TARGETED
PREVENTIVES AND TREATMENTS FOR
NAFLD

Because gut dysbiosis is involved in the pathomechanisms of the
NAFLD, it is rational to consider interventions that target the gut
microbiota (e.g., the use of probiotics and fecal transplantation)
to treat and prevent NAFLD. Accumulated studies in mice and
humans support the beneficial role of probiotic supplementation
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to protect against NAFLD (81, 153, 154) (Figure 4). In terms
of the anti-fibrotic effects of probiotics, Lactobacillus rhamnosus
GG supplementation prevents excessive BA-induced liver injury
and fibrosis in bile duct-ligated mice by increasing intestinal
farnesoid X receptor-mediated suppression of BA synthesis and
enhancing BA excretion (155). In addition, supplementation
with Lactobacillus rhamnosus GG protected mice from high-
fructose-diet-induced NAFLD by increasing beneficial bacteria,
restoring gut barrier function, and reducing portal transport
of LPS (81) (Figure4). A recent study disclosed that oral
administration of Lactobacillus rhamnosus GG reduces intestinal
fatty acid absorption by consuming intestinal fatty acids, thereby
inhibiting the development of NAFLD in high-fat-diet-fed mice
(156) (Figure 4). Regarding probiotic-mediated enhancement of
the gut barrier, providing mice with IgA-coated Lactobacillus
jensenii (compared with supplemetation with IgA-free bacteria)
effectively inhibited high-fat-diet-induced gut mucosal barrier
damage and dyslipidemia. In addition, treatment with IgA-
coated Lactobacillus jensenii up-regulated mucin-2, polymeric
Ig receptor mRNA expression, and colonic butyrate production,
all of which serve to enhance the barrier function of the
gut (e.g., mucus layer, secretory IgA levels and tight junction
tension) (157) (Figure 4). However, to obtain probiotic benefits,
the probiotic strain appropriate for the desired purpose must
be selected.

Probiotics may improve the gut microbiota structure,
reduce liver pathology, and downregulate serum LPS and
liver TLR4 levels; therefore, these supplements may delay the
progression of NAFLD by decreasing LPS-TLR4 signaling (158)
(Figure 4). In human adults with both type 2 diabetes and
NAFLD, 8 weeks of administration of a product containing

14 strains of probiotic bacteria significantly improved fatty
liver indexes, aminotransferase activity, and inflammatory
cytokine levels (TNF-a and IL-6) (153). In addition to
the suppression of pro-inflammatory signals, supplementation
of the probiotic mixture (e.g., Lactobacillus acidophilus,
Lactobacillus plantarum, and Bifidobacterium bifidum) was
shown to moderate high-fat- and high-sucrose-diet-induced
steatosis via the reduction of serum adipocyte hormones (leptin
and resistin) in rats (159). In obese Irani children, 12 weeks
of treatment with a probiotic product containing Lactobacillus
acidophilus, Bifidobacterium lactis, Bifidobacterium bifidum,
and Lactobacillus rhamnosus ameliorated several biochemical
parameters (e.g., aspartate aminotransferase, ALT, triglycerides)
and hepatic ultrasonographic findings (154). In contrast, another
study found no significant effect of probiotic supplementation in
obese Latino adolescents; instead, the probiotic increased obesity
with no significant changes in the gut microbiota or liver fat and
fibrosis (160). These findings support the potential usefulness of
probiotics in pediatric NAFLD but also indicate the need to select
an appropriate bacterial strain to obtain the favorable effects.
Because fecal microbiota transplantation of dysbiotic
microbiota induces the development of the NAFLD phenotype
in mice, it is rational to consider the fecal transplantation
of healthy gut microbiota as another therapeutic option for
NAFLD or NASH, and recent studies support the usefulness
of fecal transplantation in ameliorating NAFLD in mice
and humans (161-163). In a murine model, 8 weeks of
transplantation of a fecal suspension which was collected
from healthy mice corrected the gut microbiota imbalance
and reduced high-fat-diet-induced NASH, as indicated by a
reduction in intrahepatic lipid accumulation and intrahepatic
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pro-inflammatory cytokines (161). Another murine study in
high-fat-diet-fed mice has demonstrated that autologous fecal
transplantation (transplantation of the animal’s own feces
that were collected before disease development) significantly
increased bacterial richness and diversity and enhanced the effect
of energy restriction on weight loss and adiposity, possibly by
decreasing feed efficiency and increasing adipose tissue lipolysis
and hepatic fatty acid oxidation (162). In humans, a double-blind
randomized controlled study disclosed that allogenic fecal
transplantation of feces from lean vegan donors to obese patients
with steatohepatitis improved intestinal microbiota composition,
plasma metabolites, and markers of steatohepatitis (163). The
underlying mechanism of fecal transplantation-mediated
amelioration of NAFLD is not fully understood. However, in
previous studies of non-NAFLD, fecal transplantation recovered
SCFA and BA metabolism in patients with recurrent Clostridium
difficile infection (164), and improved the injured gut barrier
function in Escherichia coli K88-infected piglets (165). The
beneficial role of fecal transplantation in NAFLD similarly may
rest on the recovery of the impaired metabolism (SCFAs and BA)
and gut barrier function, both of which are important possible
mechanisms explaining dysbiosis-induced NAFLD.

Several studies have examined the anti-NAFLD effects of
herbal medicines and functional foods from the aspect of
modulation of the gut microbiota and its metabolites (92,
166, 167). For example, ginsenosides—saponins that are the
major pharmacologically active components of ginseng root—
alleviate NAFLD in high-fat-diet-fed mice via the modulation
of the gut microbiota, consequently enhancing gut barrier
function and restoring the energy balance (167). Similarly,
supplementing high-fat-diet-fed mice with pectin, a gelatin-
like carbohydrate and a soluble fiber in the cell walls of plants,
increased SCFA-producing species in the gut microbiota (e.g.,
Bacteroides), thereby increasing SCFA concentrations (e.g., acetic
acid, propionic acid) and alleviating the NAFLD phenotype (92).
Shenling Baizhu powder, a formulation comprising a variety of
natural medicinal plants, effectively improved NAFLD in high-
fat-diet-fed rats by increasing the beneficial gut microbiota and
reducing portal vein transport of LPS (166).

Maternal obesity and high-fat diet consumption both alter
the gut microbiota of their offspring and increase their risk
of developing NAFLD (168, 169). Therefore, interventions
that target mothers are one approach for preventing NAFLD
in children. In mice, early maternal diet intervention by
restricting high fat consumption effectively reduced the
incidence of NAFLD in the pups (170). Another murine study
showed that short-term maternal treatment with a potent
antioxidant, pyrroloquinoline quinone, prior to weaning
attenuated disruptions in macrophage and microbiota function
(134); these findings suggest that early reshaping of the gut

REFERENCES

1. Xu J, Gordon JI. Honor thy symbionts. Proc Natl Acad
Sci US.A. (2003) 100:10452-9. doi: 10.1073/pnas.17340
63100

microbiota combined with macrophage reprogramming during
early weaning may alleviate the sustained proinflammatory
environment, preventing the rapid progression of non-alcoholic
fatty liver to NASH in the offspring of obese mothers.

Several pitfalls should be considered when translating the
results of gut microbiome research from mouse models to
humans. Two phyla, Bacteroidetes and Firmicutes, predominate
in the gut microbiotas of both humans and mice (171). However,
exploration at deeper taxonomic classifications revealed that 85%
of the bacterial genera in the gut microbiota of mice are not
present in human (172). Meta-analysis of datasets demonstrated
that genera highly abundant in the human gut microbiota
include Prevotella, Faecalibacterium, and Ruminococcus, whereas
Lactobacillus, Alistipes, and Turicibacter are more abundant in
the mouse gut microbiota; in contrast Clostridium, Bacteroides,
and Blautia show similar relative abundance in both organisms
(171). Therefore, results from animal experiments must be
interpreted and applied carefully in gut microbiota-targeted
translational research targeted toward the prevention and
treatment of NAFLD.

CONCLUSIONS

The etiologies of NAFLD in children and adolescents are
multifactorial (e.g., high-fat diet, insufficient exercise, gender,
maternal obesity, antibiotic use), but each of these factors impairs
the gut microbiota community and leads to the dysbiosis.
Dysbiosis promotes the development of NAFLD via the alteration
of gut-liver homeostasis, including disruption of the gut barrier,
portal transport of LPS to the liver, dysregulated BA profiles, and
decreased concentrations of SCFAs. In terms of prevention and
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gut microbiota influences the development of NAFLD. This
information will be key to establishing safe and effective gut
microbiota-targeted dietary management to combat NAFLD in
children and adolescents.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

2. Cerf-Bensussan N, Gaboriau-Routhiau V. The immune system and the
gut microbiota: friends or foes? Nat Rev Immunol. (2010) 10:735-44.
doi: 10.1038/nri2850

3. Cani PD, Van Hul M,
M, Everard A. Microbial

Lefort C, Depommier C, Rastelli
regulation of organismal energy

Frontiers in Nutrition | www.frontiersin.org

11

June 2021 | Volume 8 | Article 700058


https://doi.org/10.1073/pnas.1734063100
https://doi.org/10.1038/nri2850
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Tokuhara

Gut Microbiota and Pediatric NAFLD

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

homeostasis. Nat Metab. 1:34-46. doi: 10.1038/s42255-018-

0017-4

(2019)

. Tokuhara D, Kurashima Y, Kamioka M, Nakayama T, Ernst P, Kiyono H. A

comprehensive understanding of the gut mucosal immune system in allergic
inflammation. Allergol Int. (2019) 68:17-25. doi: 10.1016/j.alit.2018.09.004

. Tokuhara D, Hikita N. Cord blood-based approach to assess candidate

vaccine adjuvants designed for neonates and infants. Vaccines. (2021) 9:95.
doi: 10.3390/vaccines9020095

. Matsuoka K, Kanai T. The gut microbiota and inflammatory bowel disease.

Semin Immunopathol. (2015) 37:47-55. doi: 10.1007/s00281-014-0454-4

. Wong SH, Yu J. Gut microbiota in colorectal cancer: mechanisms of action

and clinical applications. Nat Rev Gastroenterol Hepatol. (2019) 16:690-704.
doi: 10.1038/541575-019-0209-8

. Man SM. Inflammasomes in the gastrointestinal tract: infection, cancer

and gut microbiota homeostasis. Nat Rev Gastroenterol Hepatol. (2018)
15:721-37. doi: 10.1038/s41575-018-0054-1

. Everard A, Cani PD. Diabetes, obesity and gut microbiota. Best Pract Res Clin

Gastroenterol. (2013) 27:73-83. doi: 10.1016/j.bpg.2013.03.007

Lee YK, Menezes JS, Umesaki Y, Mazmanian SK. Proinflammatory T-
cell responses to gut microbiota promote experimental autoimmune
encephalomyelitis. Proc Natl Acad Sci U.S.A. (2011) 108(Suppl. 1):4615-22.
doi: 10.1073/pnas.1000082107

Jiang C, Li G, Huang P, Liu Z, Zhao B. The gut microbiota and Alzheimer’s
disease. ] Alzheimers Dis. (2017) 58:1-15. doi: 10.3233/JAD-161141

Li Q Han Y, Dy ABC, Hagerman RJ. The gut microbiota and
autism  spectrum disorders. Front Cell Neurosci. (2017) 11:120.
doi: 10.3389/fncel.2017.00120

Kang DJ, Betrapally NS, Ghosh SA, Sartor RB, Hylemon PB, Gillevet PM,
et al. Gut microbiota drive the development of neuroinflammatory response
in cirrhosis in mice. Hepatology. (2016) 64:1232-48. doi: 10.1002/hep.28696
Chou HH, Chien WH, Wu LL, Cheng CH, Chung CH, Horng JH, et al.
Age-related immune clearance of hepatitis B virus infection requires the
establishment of gut microbiota. Proc Natl Acad Sci U.S.A. (2015) 112:2175-
80. doi: 10.1073/pnas.1424775112

Wang J, Wang Y, Zhang X, Liu J, Zhang Q, Zhao Y, et al. Gut
microbial dysbiosis is associated with altered hepatic functions and serum
metabolites in chronic hepatitis B patients. Front Microbiol. (2017) 8:2222.
doi: 10.3389/fmicb.2017.02222

Byrne CD, Targher G. NAFLD: a multisystem disease. ] Hepatol. (2015) 62(1
Suppl.):S47-64. doi: 10.1016/j.jhep.2014.12.012

Kishnani PS, Austin SL, Abdenur JE, Arn P, Bali DS, Boney A, et al. Diagnosis
and management of glycogen storage disease type I: a practice guideline of
the American College of Medical Genetics and Genomics. Genet Med. (2014)
16:el. doi: 10.1038/gim.2014.128

Himes RW, Barlow SE, Bove K, Quintanilla NM, Sheridan R, Kohli
R. Lysosomal acid lipase deficiency unmasked in two children with
nonalcoholic  fatty liver (2016) 138:€20160214.
doi: 10.1542/peds.2016-0214

Tokuhara D, Iijima M, Tamamori A, Ohura T, Takaya J, Maisawa
S, et al. Novel diagnostic approach to citrin deficiency: analysis of
citrin protein in lymphocytes. Mol Genet Metab. (2007) 90:30-6.
doi: 10.1016/j.ymgme.2006.09.009

Wong VW, Wong GL, Chu WC, Chim AM, Ong A, Yeung DK, et al.
Hepatitis B virus infection and fatty liver in the general population. ] Hepatol.
(2012) 56:533-40. doi: 10.1016/j.jhep.2011.09.013

Bessone E, Dirchwolf M, Rodil MA, Razori MV, Roma MG. Review article:
drug-induced liver injury in the context of nonalcoholic fatty liver disease -
a physiopathological and clinical integrated view. Aliment Pharmacol Ther.
(2018) 48:892-913. doi: 10.1111/apt.14952

Liu J. Ethanol and liver: recent insights into the mechanisms of
ethanol-induced fatty liver. World ] Gastroenterol. (2014) 20:14672-85.
doi: 10.3748/wjg.v20.140.14672

Doherty JE Golden MH, Brooks SE. Peroxisomes and the fatty liver
of malnutrition: an hypothesis. Am ] Clin Nutr. (1991) 54:674-7.
doi: 10.1093/ajcn/54.4.674

Vos MB, Abrams SH, Barlow SE, Caprio S, Daniels SR, Kohli R, et al.
NASPGHAN clinical practice guideline for the diagnosis and treatment
of nonalcoholic fatty liver disease in children: recommendations from

disease. Pediatrics.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

the expert committee on NAFLD (ECON) and the North American
Society of Pediatric Gastroenterology, Hepatology and Nutrition
(NASPGHAN). ] Pediatr Gastroenterol Nutr. (2017) 64:319-34.
doi: 10.1097/MPG.0000000000001482

Day CP, James OF. Steatohepatitis: a tale of two “hits”? Gastroenterology.
(1998) 114:842-5. doi: 10.1016/S0016-5085(98)70599-2

Tilg H, Moschen AR. Evolution of inflammation in nonalcoholic fatty liver
disease: the multiple parallel hits hypothesis. Hepatology. (2010) 52:1836-46.
doi: 10.1002/hep.24001

Roberts EA. Pediatric nonalcoholic fatty liver disease (NAFLD): a “growing”
problem? J Hepatol. (2007) 46:1133-42. doi: 10.1016/j.jhep.2007.03.003

Cho Y, Tokuhara D, Morikawa H, Kuwae Y, Hayashi E, Hirose
M, et al. Transient elastography-based liver profiles in a hospital-
based pediatric population in Japan. PLoS ONE. (2015) 10:e0137239.
doi: 10.1371/journal.pone.0137239

Yu EL, Golshan S, Harlow KE, Angeles JE, Durelle ], Goyal NP, et al.
Prevalence of nonalcoholic fatty liver disease in children with obesity. J
Pediatr. (2019) 207:64-70. doi: 10.1016/j.jpeds.2018.11.021

Tominaga K, Kurata JH, Chen YK, Fujimoto E, Miyagawa S, Abe I, et al.
Prevalence of fatty liver in Japanese children and relationship to obesity.
An epidemiological ultrasonographic survey. Dig Dis Sci. (1995) 40:2002-9.
doi: 10.1007/BF02208670

Schwimmer JB, Deutsch R, Kahen T, Lavine JE, Stanley C, Behling C.
Prevalence of fatty liver in children and adolescents. Pediatrics. (2006)
118:1388-93. doi: 10.1542/peds.2006-1212

Hariri N, Thibault L. High-fat diet-induced obesity in animal models. Nutr
Res Rev. (2010) 23:270-99. doi: 10.1017/S0954422410000168

Sonnenburg JL, Backhed F. Diet-microbiota interactions as moderators of
human metabolism. Nature. (2016) 535:56-64. doi: 10.1038/nature18846
Lin A, Bik EM, Costello EK, Dethlefsen L, Haque R, Relman DA, et al.
Distinct distal gut microbiome diversity and composition in healthy children
from Bangladesh and the United States. PLoS ONE. (2013) 8:e53838.
doi: 10.1371/journal.pone.0053838

Brooks AW, Priya S, Blekhman R, Bordenstein SR. Gut microbiota diversity
across ethnicities in the United States. PLoS Biol. (2018) 16:€2006842.
doi: 10.1371/journal.pbio.2006842

Muegge BD, Kuczynski J, Knights D, Clemente JC, Gonzalez A, Fontana
L, et al. Diet drives convergence in gut microbiome functions across
mammalian phylogeny and within humans. Science. (2011) 332:970-4.
doi: 10.1126/science.1198719

Takagi T, Naito Y, Inoue R, Kashiwagi S, Uchiyama K, Mizushima K,
et al. Differences in gut microbiota associated with age, sex, and stool
consistency in healthy Japanese subjects. ] Gastroenterol. (2019) 54:53-63.
doi: 10.1007/s00535-018-1488-5

Odamaki T, Kato K, Sugahara H, Hashikura N, Takahashi S, Xiao JZ,
et al. Age-related changes in gut microbiota composition from newborn
to centenarian: a cross-sectional study. BMC Microbiol. (2016) 16:90.
doi: 10.1186/s12866-016-0708-5

Agans R, Rigsbee L, Kenche H, Michail S, Khamis HJ, Paliy O. Distal gut
microbiota of adolescent children is different from that of adults. FEMS
Microbiol Ecol. (2011) 77:404-12. doi: 10.1111/j.1574-6941.2011.01120.x
Ringel-Kulka T, Cheng J, Ringel Y, Salojarvi J, Carroll I, Palva A,
et al. Intestinal microbiota in healthy U.S. young children and adults-
a high throughput microarray analysis. PLoS ONE. (2013) 8:e64315.
doi: 10.1371/journal.pone.0064315

Koenig JE, Spor A, Scalfone N, Fricker AD, Stombaugh ], Knight R,
et al. Succession of microbial consortia in the developing infant gut
microbiome. Proc Natl Acad Sci U.S.A. (2011) 108(Suppl. 1):4578-85.
doi: 10.1073/pnas.1000081107

Baumann-Dudenhoeffer AM, D’Souza AW, Tarr PI, Warner BB, Dantas
G. Infant diet and maternal gestational weight gain predict early
metabolic maturation of gut microbiomes. Nat Med. (2018) 24:1822-9.
doi: 10.1038/s41591-018-0216-2

Huurre A, Kalliomaki M, Rautava S, Rinne M, Salminen S, Isolauri E. Mode
of delivery - effects on gut microbiota and humoral immunity. Neonatology.
(2008) 93:236-40. doi: 10.1159/000111102

Hascoet JM, Hubert C, Rochat F Legagneur H, Gaga S, Emady-
Azar S, et al. Effect of formula composition on the development of

Frontiers in Nutrition | www.frontiersin.org

12

June 2021 | Volume 8 | Article 700058


https://doi.org/10.1038/s42255-018-0017-4
https://doi.org/10.1016/j.alit.2018.09.004
https://doi.org/10.3390/vaccines9020095
https://doi.org/10.1007/s00281-014-0454-4
https://doi.org/10.1038/s41575-019-0209-8
https://doi.org/10.1038/s41575-018-0054-1
https://doi.org/10.1016/j.bpg.2013.03.007
https://doi.org/10.1073/pnas.1000082107
https://doi.org/10.3233/JAD-161141
https://doi.org/10.3389/fncel.2017.00120
https://doi.org/10.1002/hep.28696
https://doi.org/10.1073/pnas.1424775112
https://doi.org/10.3389/fmicb.2017.02222
https://doi.org/10.1016/j.jhep.2014.12.012
https://doi.org/10.1038/gim.2014.128
https://doi.org/10.1542/peds.2016-0214
https://doi.org/10.1016/j.ymgme.2006.09.009
https://doi.org/10.1016/j.jhep.2011.09.013
https://doi.org/10.1111/apt.14952
https://doi.org/10.3748/wjg.v20.i40.14672
https://doi.org/10.1093/ajcn/54.4.674
https://doi.org/10.1097/MPG.0000000000001482
https://doi.org/10.1016/S0016-5085(98)70599-2
https://doi.org/10.1002/hep.24001
https://doi.org/10.1016/j.jhep.2007.03.003
https://doi.org/10.1371/journal.pone.0137239
https://doi.org/10.1016/j.jpeds.2018.11.021
https://doi.org/10.1007/BF02208670
https://doi.org/10.1542/peds.2006-1212
https://doi.org/10.1017/S0954422410000168
https://doi.org/10.1038/nature18846
https://doi.org/10.1371/journal.pone.0053838
https://doi.org/10.1371/journal.pbio.2006842
https://doi.org/10.1126/science.1198719
https://doi.org/10.1007/s00535-018-1488-5
https://doi.org/10.1186/s12866-016-0708-5
https://doi.org/10.1111/j.1574-6941.2011.01120.x
https://doi.org/10.1371/journal.pone.0064315
https://doi.org/10.1073/pnas.1000081107
https://doi.org/10.1038/s41591-018-0216-2
https://doi.org/10.1159/000111102
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Tokuhara

Gut Microbiota and Pediatric NAFLD

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

infant gut microbiota. J Pediatr Gastroenterol Nutr. (2011) 52:756-62.
doi: 10.1097/MPG.0b013e3182105850

Martin R, Makino H, Cetinyurek Yavuz A, Ben-Amor K, Roelofs M, Ishikawa
E, et al. Early-life events, including mode of delivery and type of feeding,
siblings and gender, shape the developing gut microbiota. PLoS ONE. (2016)
11:¢0158498. doi: 10.1371/journal.pone.0158498

Enck P, Zimmermann K, Rusch K, Schwiertz A, Klosterhalfen S, Frick JS. The
effects of maturation on the colonic microflora in infancy and childhood.
Gastroenterol Res Pract. (2009) 2009:752401. doi: 10.1155/2009/752401
Bjorkstrom MV, Hall L, Soderlund S, Hakansson EG, Hakansson S, Domellof
M. Intestinal flora in very low-birth weight infants. Acta Paediatr. (2009)
98:1762-7. doi: 10.1111/j.1651-2227.2009.01471.x

Nakayama J, Watanabe K, Jiang ], Matsuda K, Chao SH, Haryono P, et al.
Diversity in gut bacterial community of school-age children in Asia. Sci Rep.
(2015) 5:8397. doi: 10.1038/srep08397

De Filippo C, Cavalieri D, Di Paola M, Ramazzotti M, Poullet JB, Massart
S, et al. Impact of diet in shaping gut microbiota revealed by a comparative
study in children from Europe and rural Africa. Proc Natl Acad Sci U.S.A.
(2010) 107:14691-6. doi: 10.1073/pnas.1005963107

Moran-Ramos S, Lopez-Contreras BE, Villarruel-Vazquez R, Ocampo-
Medina E, Macias-Kauffer L, Martinez-Medina JN, et al. Environmental
and shaping gut composition
diversity and its relation to metabolic health in children and early
adolescents: a population-based study. Gut Microbes. (2020) 11:900-17.
doi: 10.1080/19490976.2020.1712985

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

Del Chierico F, Nobili V; Vernocchi P, Russo A, De Stefanis C, Gnani D,
et al. Gut microbiota profiling of pediatric nonalcoholic fatty liver disease
and obese patients unveiled by an integrated meta-omics-based approach.
Hepatology. (2017) 65:451-64. doi: 10.1002/hep.28572

Yun Y, Kim HN, Lee EJ, Ryu S, Chang Y, Shin H, et al. Fecal
and blood microbiota profiles and presence of nonalcoholic fatty liver
disease in obese versus lean subjects. PLoS ONE. (2019) 14:€0213692.
doi: 10.1371/journal.pone.0213692

Monga Kravetz A, Testerman T, Galuppo B, Graf J, Pierpont B, Siebel S,
et al. Effect of gut microbiota and PNPLA3 rs738409 variant on nonalcoholic
fatty liver disease (NAFLD) in obese youth. J Clin Endocrinol Metab. (2020)
105:dgaa382. doi: 10.1210/clinem/dgaa382

lino C, Endo T, Mikami K, Hasegawa T, Kimura M, Sawada N,
et al. Significant decrease in Faecalibacterium among gut microbiota in
nonalcoholic fatty liver disease: a large BMI- and sex-matched population
study. Hepatol Int. (2019) 13:748-56. doi: 10.1007/s12072-019-09987-8
Stanislawski MA, Lozupone CA, Wagner BD, Eggesbo M, Sontag MK,
Nusbacher NM, et al. Gut microbiota in adolescents and the association
with fatty liver: the EPOCH study. Pediatr Res. (2018) 84:219-27.
doi: 10.1038/pr.2018.32

Schwimmer JB, Johnson JS, Angeles JE, Behling C, Belt PH, Borecki I,
et al. Microbiome signatures associated with steatohepatitis and moderate
to severe fibrosis in children with nonalcoholic fatty liver disease.
Gastroenterology. (2019) 157:1109-22. doi: 10.1053/j.gastro.2019.06.028
Tsai MC, Liu YY, Lin CC, Wang CC, Wu Y], Yong CC, et al. Gut
microbiota dysbiosis in patients with biopsy-proven nonalcoholic fatty
liver disease: a cross-sectional study in Taiwan. Nutrients. (2020) 12:820.
doi: 10.3390/nu12030820

Zhao Y, Zhou J, Liu J, Wang Z, Chen M, Zhou S. Metagenome of gut
microbiota of children with nonalcoholic fatty liver disease. Front Pediatr.
(2019) 7:518. doi: 10.3389/fped.2019.00518

Bastian WP, Hasan I, Lesmana CRA, Rinaldi I, Gani RA. Gut microbiota
profiles in nonalcoholic fatty liver disease and its possible impact on disease
progression evaluated with transient elastography: lesson learnt from 60
cases. Case Rep Gastroenterol. (2019) 13:125-33. doi: 10.1159/000498946
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

intrinsic  factors microbiota and

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Gkolfakis P, Dimitriadis G, Triantafyllou K. Gut microbiota and non-
alcoholic fatty liver disease. Hepatobiliary Pancreat Dis Int. (2015) 14:572-81.
doi: 10.1016/S1499-3872(15)60026-1

Wang B, Jiang X, Cao M, Ge J, 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

Louis P, Flint HJ. Diversity, metabolism and microbial ecology of butyrate-
producing bacteria from the human large intestine. FEMS Microbiol Lett.
(2009) 294:1-8. doi: 10.1111/j.1574-6968.2009.01514.x

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

Spengler EK, Loomba R. Recommendations for diagnosis, referral
for liver biopsy, and treatment of nonalcoholic fatty liver disease
and nonalcoholic steatohepatitis. Mayo Clin Proc. (2015) 90:1233-46.
doi: 10.1016/j.mayocp.2015.06.013

Maffeis C, Banzato C, Rigotti E Nobili V, Valandro S, Manfredi R,
et al. Biochemical parameters and anthropometry predict NAFLD
in obese children. ] Pediatr Gastroenterol Nutr. (2011) 53:590-3.
doi: 10.1097/MPG.0b013e31822960be

Shannon A, Alkhouri N, Carter-Kent C, Monti L, Devito R, Lopez R,
et al. Ultrasonographic quantitative estimation of hepatic steatosis in
children with NAFLD. ] Pediatr Gastroenterol Nutr. (2011) 53:190-5.
doi: 10.1097/MPG.0b013e31821b4b61

Dulai PS, Sirlin CB, Loomba R. MRI and MRE for non-invasive
quantitative assessment of hepatic steatosis and fibrosis in NAFLD and
NASH: clinical trials to clinical practice. ] Hepatol. (2016) 65:1006-16.
doi: 10.1016/j.jhep.2016.06.005

Lang S, Farowski F, Martin A, Wisplinghoff H, Vehreschild M, Krawczyk M,
etal. Prediction of advanced fibrosis in non-alcoholic fatty liver disease using
gut microbiota-based approaches compared with simple non-invasive tools.
Sci Rep. (2020) 10:9385. doi: 10.1038/s41598-020-66241-0

Chiu CC, Ching YH, Li YP, Liu Y, Huang YT, Huang YW, et al. Nonalcoholic
fatty liver disease is exacerbated in high-fat diet-fed gnotobiotic mice
by colonization with the gut microbiota from patients with nonalcoholic
steatohepatitis. Nutrients. (2017) 9:1220. doi: 10.3390/nu9111220

Burz SD, Monnoye M, Philippe C, Farin W, Ratziu V, Strozzi F, et al.
Fecal microbiota transplant from human to mice gives insights into the
role of the gut microbiota in non-alcoholic fatty liver disease (NAFLD).
Microorganisms. (2021) 9:199. doi: 10.3390/microorganisms9010199

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

Mahana D, Trent CM, Kurtz ZD, Bokulich NA, Battaglia T, Chung J,
et al. Antibiotic perturbation of the murine gut microbiome enhances the
adiposity, insulin resistance, and liver disease associated with high-fat diet.
Genome Med. (2016) 8:48. doi: 10.1186/s13073-016-0297-9

Backhed F, Manchester JK, Semenkovich CE Gordon JI. Mechanisms
underlying the resistance to diet-induced obesity in germ-free mice. Proc
Natl Acad Sci U.S.A. (2007) 104:979-84. doi: 10.1073/pnas.0605374104
Hildebrandt MA, Hoffmann C, Sherrill-Mix SA, Keilbaugh SA, Hamady M,
Chen YY, et al. High-fat diet determines the composition of the murine gut
microbiome independently of obesity. Gastroenterology. (2009) 137:1716-
24.e1-2. doi: 10.1053/j.gastro.2009.08.042

Daniel H, Gholami AM, Berry D, Desmarchelier C, Hahne H, Loh G, et al.
High-fat diet alters gut microbiota physiology in mice. ISME ]. (2014)
8:295-308. doi: 10.1038/isme;j.2013.155

Wu GD, Chen J, Hoffmann C, Bittinger K, Chen YY, Keilbaugh SA, et al.
Linking long-term dietary patterns with gut microbial enterotypes. Science.
(2011) 334:105-8. doi: 10.1126/science.1208344

Hu D, Mao Y, Xu G, Liao W, Ren J, Yang H, et al. Time-restricted feeding
causes irreversible metabolic disorders and gut microbiota shift in pediatric
mice. Pediatr Res. (2019) 85:518-26. doi: 10.1038/s41390-018-0156-z

Allen JM, Mailing L], Niemiro GM, Moore R, Cook MD, White
BA, et al. Exercise alters gut microbiota composition and function

Frontiers in Nutrition | www.frontiersin.org

13

June 2021 | Volume 8 | Article 700058


https://doi.org/10.1097/MPG.0b013e3182105850
https://doi.org/10.1371/journal.pone.0158498
https://doi.org/10.1155/2009/752401
https://doi.org/10.1111/j.1651-2227.2009.01471.x
https://doi.org/10.1038/srep08397
https://doi.org/10.1073/pnas.1005963107
https://doi.org/10.1080/19490976.2020.1712985
https://doi.org/10.1038/nature13421
https://doi.org/10.1002/hep.28572
https://doi.org/10.1371/journal.pone.0213692
https://doi.org/10.1210/clinem/dgaa382
https://doi.org/10.1007/s12072-019-09987-8
https://doi.org/10.1038/pr.2018.32
https://doi.org/10.1053/j.gastro.2019.06.028
https://doi.org/10.3390/nu12030820
https://doi.org/10.3389/fped.2019.00518
https://doi.org/10.1159/000498946
https://doi.org/10.1002/hep.26093
https://doi.org/10.1016/S1499-3872(15)60026-1
https://doi.org/10.1038/srep32002
https://doi.org/10.1111/j.1574-6968.2009.01514.x
https://doi.org/10.1002/hep.30036
https://doi.org/10.1016/j.mayocp.2015.06.013
https://doi.org/10.1097/MPG.0b013e31822960be
https://doi.org/10.1097/MPG.0b013e31821b4b61
https://doi.org/10.1016/j.jhep.2016.06.005
https://doi.org/10.1038/s41598-020-66241-0
https://doi.org/10.3390/nu9111220
https://doi.org/10.3390/microorganisms9010199
https://doi.org/10.1016/j.cell.2014.05.052
https://doi.org/10.1186/s13073-016-0297-9
https://doi.org/10.1073/pnas.0605374104
https://doi.org/10.1053/j.gastro.2009.08.042
https://doi.org/10.1038/ismej.2013.155
https://doi.org/10.1126/science.1208344
https://doi.org/10.1038/s41390-018-0156-z
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Tokuhara

Gut Microbiota and Pediatric NAFLD

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

in lean and obese humans. Med Sci Sports Exerc. (2018) 50:747-57.
doi: 10.1249/MSS.0000000000001495

Ritze Y, Bardos G, Claus A, Ehrmann V, Bergheim I, Schwiertz A, et al.
Lactobacillus rhamnosus GG protects against non-alcoholic fatty liver disease
in mice. PLoS ONE. (2014) 9:¢80169. doi: 10.1371/journal.pone.0080169
Jiang W, Wu N, Wang X, Chi Y, Zhang Y, Qiu X, et al. Dysbiosis gut
microbiota associated with inflammation and impaired mucosal immune
function in intestine of humans with non-alcoholic fatty liver disease. Sci Rep.
(2015) 5:8096. doi: 10.1038/srep08096

Mouries ], Brescia P, Silvestri A, Spadoni I, Sorribas M, Wiest R, et al.
Microbiota-driven gut vascular barrier disruption is a prerequisite for
non-alcoholic steatohepatitis development. J Hepatol. (2019) 71:1216-28.
doi: 10.1016/j.jhep.2019.08.005

Kudo H, Takahara T, Yata Y, Kawai K, Zhang W, Sugiyama T.
Lipopolysaccharide triggered TNF-alpha-induced hepatocyte apoptosis in a
murine non-alcoholic steatohepatitis model. ] Hepatol. (2009) 51:168-75.
doi: 10.1016/j.jhep.2009.02.032

Ruiz AG, Casafont F, Crespo ], Cayon A, Mayorga M, Estebanez A, et al.
Lipopolysaccharide-binding protein plasma levels and liver TNF-alpha gene
expression in obese patients: evidence for the potential role of endotoxin in
the pathogenesis of non-alcoholic steatohepatitis. Obes Surg. (2007) 17:1374—
80. doi: 10.1007/s11695-007-9243-7

Gabele E, Dostert K, Hofmann C, Wiest R, Scholmerich ], Hellerbrand C,
et al. DSS induced colitis increases portal LPS levels and enhances hepatic
inflammation and fibrogenesis in experimental NASH. ] Hepatol. (2011)
55:1391-9. doi: 10.1016/j.jhep.2011.02.035

Hoshino K, Takeuchi O, Kawai T, Sanjo H, Ogawa T, Takeda Y, et al.
Cutting edge: toll-like receptor 4 (TLR4)-deficient mice are hyporesponsive
to lipopolysaccharide: evidence for TLR4 as the Lps gene product. ] Immunol.
(1999) 162:3749-52.

Sharifnia T, Antoun J, Verriere TG, Suarez G, Wattacheril ], Wilson KT, et al.
Hepatic TLR4 signaling in obese NAFLD. Am ] Physiol Gastrointest Liver
Physiol. (2015) 309:G270-8. doi: 10.1152/ajpgi.00304.2014

Nair S, Cope K, Risby TH, Diehl AM. Obesity and female gender increase
breath ethanol concentration: potential implications for the pathogenesis
of nonalcoholic steatohepatitis. Am ] Gastroenterol. (2001) 96:1200-4.
doi: 10.1111/j.1572-0241.2001.03702.x

Macfarlane S, Macfarlane GT. Regulation of short-chain fatty acid
production. Proc Nutr Soc. (2003) 62:67-72. doi: 10.1079/PNS2002207
Nishitsuji K, Xiao J, Nagatomo R, Umemoto H, Morimoto Y, Akatsu H, et al.
Analysis of the gut microbiome and plasma short-chain fatty acid profiles in
a spontaneous mouse model of metabolic syndrome. Sci Rep. (2017) 7:15876.
doi: 10.1038/s41598-017-16189-5

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

Jin M, Kalainy S, Baskota N, Chiang D, Deehan EC, McDougall C, et al.
Faecal microbiota from patients with cirrhosis has a low capacity to ferment
non-digestible carbohydrates into short-chain fatty acids. Liver Int. (2019)
39:1437-47. doi: 10.1111/1iv.14106

Sahuri-Arisoylu M, Brody LP, Parkinson JR, Parkes H, Navaratnam N,
Miller AD, et al. Reprogramming of hepatic fat accumulation and ‘browning’
of adipose tissue by the short-chain fatty acid acetate. Int | Obes. (2016)
40:955-63. doi: 10.1038/1j0.2016.23

Kimura I, Ozawa K, Inoue D, Imamura T, Kimura K, Maeda T, et al.
The gut microbiota suppresses insulin-mediated fat accumulation via
the short-chain fatty acid receptor GPR43. Nat Commun. (2013) 4:1829.
doi: 10.1038/ncomms2852

den Besten G, Bleeker A, Gerding A, van Eunen K, Havinga R, van Dijk TH,
et al. Short-chain fatty acids protect against high-fat diet-induced obesity via
a PPARgamma-dependent switch from lipogenesis to fat oxidation. Diabetes.
(2015) 64:2398-408. doi: 10.2337/db14-1213

Yoshida H, Ishii M, Akagawa M. Propionate suppresses hepatic
gluconeogenesis via GPR43/AMPK signaling pathway. Arch Biochem
Biophys. (2019) 672:108057. doi: 10.1016/j.abb.2019.07.022

Parada Venegas D, De la Fuente MK, Landskron G, Gonzalez MJ, Quera R,
Dijkstra G, et al. Short chain fatty acids (SCFAs)-mediated gut epithelial and

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

immune regulation and its relevance for inflammatory bowel diseases. Front
Immunol. (2019) 10:277. doi: 10.3389/fimmu.2019.00277

Ohata A, Usami M, Miyoshi M. Short-chain fatty acids alter tight junction
permeability in intestinal monolayer cells via lipoxygenase activation.
Nutrition. (2005) 21:838-47. doi: 10.1016/j.nut.2004.12.004

Hofmann AF. Bile acids: trying to understand their chemistry and
biology with the hope of helping patients. Hepatology. (2009) 49:1403-18.
doi: 10.1002/hep.22789

Trauner M, Claudel T, Fickert P, Moustafa T, Wagner M. Bile acids as
regulators of hepatic lipid and glucose metabolism. Dig Dis. (2010) 28:220-4.
doi: 10.1159/000282091

Hofmann AF. Chemistry and enterohepatic circulation of bile acids.
Hepatology. (1984) 4(5 Suppl.):4S—14S. doi: 10.1002/hep.1840040803
Chiang JY, Pathak P, Liu H, Donepudi A, Ferrell ], Boehme S. Intestinal
farnesoid X receptor and takeda G protein couple receptor 5 signaling in
metabolic regulation. Dig Dis. (2017) 35:241-5. doi: 10.1159/000450981
Lefebvre P, Cariou B, Lien E Kuipers E Staels B. Role of bile acids and
bile acid receptors in metabolic regulation. Physiol Rev. (2009) 89:147-91.
doi: 10.1152/physrev.00010.2008

Kawamata Y, Fujii R, Hosoya M, Harada M, Yoshida H, Miwa M, et al.
A G protein-coupled receptor responsive to bile acids. J Biol Chem. (2003)
278:9435-40. doi: 10.1074/jbc.M209706200

Matsubara T, Li F, Gonzalez FJ. FXR signaling in the enterohepatic system.
Mol Cell Endocrinol. (2013) 368:17-29. doi: 10.1016/j.mce.2012.05.004
Perez M]J, Briz O. Bile-acid-induced cell injury and protection. World |
Gastroenterol. (2009) 15:1677-89. doi: 10.3748/wjg.15.1677

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

Jahnel J, Zohrer E, Alisi A, Ferrari F, Ceccarelli S, De Vito R, et al. Serum
bile acid levels in children with nonalcoholic fatty liver disease. J Pediatr
Gastroenterol Nutr. (2015) 61:85-90. doi: 10.1097/MPG.0000000000000774
Kuno T, Hirayama-Kurogi M, Ito S, Ohtsuki S. Reduction in hepatic
secondary bile acids caused by short-term antibiotic-induced dysbiosis
decreases mouse serum glucose and triglyceride levels. Sci Rep. (2018) 8:1253.
doi: 10.1038/541598-018-19545-1

Kang DJ, Hylemon PB, Gillevet PM, Sartor RB, Betrapally NS, Kakiyama
G, et al. Gut microbial composition can differentially regulate bile
acid synthesis in humanized mice. Hepatol Commun. (2017) 1:61-70.
doi: 10.1002/hep4.1020

Zhang Y, Limaye PB, Renaud HJ, Klaassen CD. Effect of various antibiotics
on modulation of intestinal microbiota and bile acid profile in mice. Toxicol
Appl Pharmacol. (2014) 277:138-45. doi: 10.1016/j.taap.2014.03.009

Reddy BS, Mangat S, Sheinfil A, Weisburger JH, Wynder EL. Effect of type
and amount of dietary fat and 1,2-dimethylhydrazine on biliary bile acids,
fecal bile acids, and neutral sterols in rats. Cancer Res. (1977) 37(7 Pt 1):2132—
7.

Reddy BS. Diet and excretion of bile acids. Cancer Res. (1981)
41(9 Pt 2):3766-8.

Hernandez GV, Smith VA, Melnyk M, Burd MA, Sprayberry KA, Edwards
MS, et al. Dysregulated FXR-FGF19 signaling and choline metabolism are
associated with gut dysbiosis and hyperplasia in a novel pig model of
pediatric NASH. Am ] Physiol Gastrointest Liver Physiol. (2020) 318:G582-
G609. doi: 10.1152/ajpgi.00344.2019

Volynets V, Spruss A, Kanuri G, Wagnerberger S, Bischoff SC, Bergheim
1. Protective effect of bile acids on the onset of fructose-induced hepatic
steatosis in mice. J Lipid Res. (2010) 51:3414-24. doi: 10.1194/jlr.MO
07179

Nie B, Park HM, Kazantzis M, Lin M, Henkin A, Ng S, et al. Specific bile acids
inhibit hepatic fatty acid uptake in mice. Hepatology. (2012) 56:1300-10.
doi: 10.1002/hep.25797

McMahan RH, Wang XX, Cheng LL, Krisko T, Smith M, El Kasmi K,
et al. Bile acid receptor activation modulates hepatic monocyte activity and
improves nonalcoholic fatty liver disease. ] Biol Chem. (2013) 288:11761-70.
doi: 10.1074/jbc.M112.446575

Xu M, Cen M, Shen Y, Zhu Y, Cheng E Tang L, et al. Deoxycholic
acid-induced gut dysbiosis disrupts bile acid enterohepatic circulation

Frontiers in Nutrition | www.frontiersin.org

14

June 2021 | Volume 8 | Article 700058


https://doi.org/10.1249/MSS.0000000000001495
https://doi.org/10.1371/journal.pone.0080169
https://doi.org/10.1038/srep08096
https://doi.org/10.1016/j.jhep.2019.08.005
https://doi.org/10.1016/j.jhep.2009.02.032
https://doi.org/10.1007/s11695-007-9243-7
https://doi.org/10.1016/j.jhep.2011.02.035
https://doi.org/10.1152/ajpgi.00304.2014
https://doi.org/10.1111/j.1572-0241.2001.03702.x
https://doi.org/10.1079/PNS2002207
https://doi.org/10.1038/s41598-017-16189-5
https://doi.org/10.1021/acs.jafc.8b02979
https://doi.org/10.1111/liv.14106
https://doi.org/10.1038/ijo.2016.23
https://doi.org/10.1038/ncomms2852
https://doi.org/10.2337/db14-1213
https://doi.org/10.1016/j.abb.2019.07.022
https://doi.org/10.3389/fimmu.2019.00277
https://doi.org/10.1016/j.nut.2004.12.004
https://doi.org/10.1002/hep.22789
https://doi.org/10.1159/000282091
https://doi.org/10.1002/hep.1840040803
https://doi.org/10.1159/000450981
https://doi.org/10.1152/physrev.00010.2008
https://doi.org/10.1074/jbc.M209706200
https://doi.org/10.1016/j.mce.2012.05.004
https://doi.org/10.3748/wjg.15.1677
https://doi.org/10.1136/gutjnl-2017-314307
https://doi.org/10.1097/MPG.0000000000000774
https://doi.org/10.1038/s41598-018-19545-1
https://doi.org/10.1002/hep4.1020
https://doi.org/10.1016/j.taap.2014.03.009
https://doi.org/10.1152/ajpgi.00344.2019
https://doi.org/10.1194/jlr.M007179
https://doi.org/10.1002/hep.25797
https://doi.org/10.1074/jbc.M112.446575
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Tokuhara

Gut Microbiota and Pediatric NAFLD

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

and promotes intestinal inflammation. Dig Dis Sci. (2021) 66:568-76.
doi: 10.1007/s10620-020-06208-3

Villanueva-Ortega E, Garces-Hernandez M]J, Herrera-Rosas A, Lopez-
Alvarenga JC, Laresgoiti-Servitje E, Escobedo G, et al. Gender-specific
differences in clinical and metabolic variables associated with NAFLD
in a Mexican pediatric population. Ann Hepatol. (2019) 18:693-700.
doi: 10.1016/j.a0hep.2019.04.012

Schwimmer JB, McGreal N, Deutsch R, Finegold MJ, Lavine JE. Influence
of gender, race, and ethnicity on suspected fatty liver in obese adolescents.
Pediatrics. (2005) 115:e561-5. doi: 10.1542/peds.2004-1832

Anderson EL, Howe LD, Jones HE, Higgins JP, Lawlor DA, Fraser A. The
prevalence of non-alcoholic fatty liver disease in children and adolescents:
a systematic review and meta-analysis. PLoS ONE. (2015) 10:e0140908.
doi: 10.1371/journal.pone.0140908

Ayonrinde OT, Olynyk JK, Beilin L], Mori TA, Pennell CE, de Klerk N,
et al. Gender-specific differences in adipose distribution and adipocytokines
influence adolescent nonalcoholic fatty liver disease. Hepatology. (2011)
53:800-9. doi: 10.1002/hep.24097

Mueller NT, Liu T, Mitchel EB, Yates KP, Suzuki A, Behling C, et al.
Sex hormone relations to histologic severity of pediatric nonalcoholic
fatty liver disease. ] Clin Endocrinol Metab. (2020) 105:dgaa574.
doi: 10.1210/clinem/dgaa574

Sakuma S, Tokuhara D, Hattori H, Matsuoka O, Yamano T. Expression
of estrogen receptor alpha and beta in reactive astrocytes at the male
rat hippocampus after status epilepticus. Neuropathology. (2009) 29:55-62.
doi: 10.1111/j.1440-1789.2008.00946.x

Tokuhara D, Yokoi T, Nakajima R, Hattori H, Matsuoka O, Yamano T.
Time course changes of estrogen receptor alpha expression in the adult rat
hippocampus after kainic acid-induced status epilepticus. Acta Neuropathol.
(2005) 110:411-6. doi: 10.1007/s00401-005-1071-z

Shin JH, Park YH, Sim M, Kim SA, Joung H, Shin DM. Serum
level of sex steroid hormone is associated with diversity and profiles
of human gut microbiome. Res Microbiol. (2019) 170:192-201.
doi: 10.1016/j.resmic.2019.03.003

Liang Y, Ming Q, Liang ], Zhang Y, Zhang H, Shen T. Gut microbiota
dysbiosis in polycystic ovary syndrome: association with obesity -
a preliminary report. Can ] Physiol Pharmacol. (2020) 98:803-9.
doi: 10.1139/cjpp-2019-0413

Xu JW, Gong J, Chang XM, Luo JY, Dong L, Hao ZM, et al. Estrogen reduces
CCL4- induced liver fibrosis in rats. World ] Gastroenterol. (2002) 8:883-7.
doi: 10.3748/wjg.v8.i5.883

Benedek G, Zhang ], Nguyen H, Kent G, Seifert HA, Davin S,
et al. Estrogen protection against EAE modulates the microbiota and
mucosal-associated regulatory cells. J Neuroimmunol. (2017) 310:51-9.
doi: 10.1016/j.jneuroim.2017.06.007

Acharya KD, Gao X, Bless EP, Chen ], Tetel MJ. Estradiol and high fat diet
associate with changes in gut microbiota in female ob/ob mice. Sci Rep.
(2019) 9:20192. doi: 10.1038/s41598-019-56723-1

Yanai S, Tokuhara D, Tachibana D, Saito M, Sakashita Y, Shintaku H, et al.
Diabetic pregnancy activates the innate immune response through TLR5
or TLR1/2 on neonatal monocyte. J Reprod Immunol. (2016) 117:17-23.
doi: 10.1016/j.jri.2016.06.007

Soderborg TK, Clark SE, Mulligan CE, Janssen RC, Babcock L, Ir
D, et al. The gut microbiota in infants of obese mothers increases
inflammation and susceptibility to NAFLD. Nat Commun. (2018) 9:4462.
doi: 10.1038/s41467-018-06929-0

Friedman JE, Dobrinskikh E, Alfonso-Garcia A, Fast A, Janssen RC,
Soderborg TK, et al. Pyrroloquinoline quinone prevents developmental
programming of microbial dysbiosis and macrophage polarization to
attenuate liver fibrosis in offspring of obese mice. Hepatol Commun. (2018)
2:313-28. doi: 10.1002/hep4.1139

Nobili V, Bedogni G, Alisi A, Pietrobattista A, Alterio A, Tiribelli C, et al. A
protective effect of breastfeeding on the progression of non-alcoholic fatty
liver disease. Arch Dis Child. (2009) 94:801-5. doi: 10.1136/adc.2009.159566
Oddy WH, Mori TA, Huang RC, Marsh JA, Pennell CE, Chivers PT, et al.
Early infant feeding and adiposity risk: from infancy to adulthood. Ann Nutr
Metab. (2014) 64:262-70. doi: 10.1159/000365031

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Pannaraj PS, Li E Cerini C, Bender JM, Yang S, Rollie A, et al
Association between breast milk bacterial communities and establishment
and development of the infant gut microbiome. JAMA Pediatr. (2017)
171:647-54. doi: 10.1001/jamapediatrics.2017.0378

Cabrera-Rubio R, Collado MC, Laitinen K, Salminen S, Isolauri E, Mira
A. The human milk microbiome changes over lactation and is shaped by
maternal weight and mode of delivery. Am | Clin Nutr. (2012) 96:544-51.
doi: 10.3945/ajcn.112.037382

Chalasani N, Younossi Z, Lavine JE, Charlton M, Cusi K, Rinella M, et al.
The diagnosis and management of nonalcoholic fatty liver disease: practice
guidance from the American Association for the study of liver diseases.
Hepatology. (2018) 67:328-57. doi: 10.1002/hep.29367

Lazo M, Solga SF, Horska A, Bonekamp S, Diehl AM, Brancati FL,
et al. Effect of a 12-month intensive lifestyle intervention on hepatic
steatosis in adults with type 2 diabetes. Diabetes Care. (2010) 33:2156-63.
doi: 10.2337/dc10-0856

Isoura Y, Cho Y, Fujimoto H, Hamazaki T, Tokuhara D. Effects of
obesity reduction on transient elastography-based parameters in pediatric
non-alcoholic fatty liver disease. Obes Res Clin Pract. (2020) 14:473-8.
doi: 10.1016/j.0rcp.2020.08.005

Clarke SE Murphy EF, O’Sullivan O, Lucey AJ, Humphreys M, Hogan A, et al.
Exercise and associated dietary extremes impact on gut microbial diversity.
Gut. (2014) 63:1913-20. doi: 10.1136/gutjnl-2013-306541

Choi JJ, Eum SY, Rampersaud E, Daunert S, Abreu MT, Toborek M. Exercise
attenuates PCB-induced changes in the mouse gut microbiome. Environ
Health Perspect. (2013) 121:725-30. doi: 10.1289/ehp.1306534

Quiroga R, Nistal E, Estebanez B, Porras D, Juarez-Fernandez M, Martinez-
Florez S, et al. Exercise training modulates the gut microbiota profile and
impairs inflammatory signaling pathways in obese children. Exp Mol Med.
(2020) 52:1048-61. doi: 10.1038/s12276-020-0459-0

Cotillard A, Kennedy SP, Kong LC, Prifti E, Pons N, Le Chatelier E, et al.
Dietary intervention impact on gut microbial gene richness. Nature. (2013)
500:585-8. doi: 10.1038/nature12480

McAllan L, Skuse P, Cotter PD, O’Connor P, Cryan JE Ross RP, et al. Protein
quality and the protein to carbohydrate ratio within a high fat diet influences
energy balance and the gut microbiota in C57BL/6] mice. PLoS ONE. (2014)
9:88904. doi: 10.1371/journal.pone.0088904

Zhang C, Yin A, Li H, Wang R, Wu G, Shen J, et al. Dietary modulation of gut
microbiota contributes to alleviation of both genetic and simple obesity in
children. EBioMedicine. (2015) 2:968-84. doi: 10.1016/j.ebiom.2015.07.007
Lavine JE, Schwimmer JB, Van Natta ML, Molleston JP, Murray KE
Rosenthal P, et al. Effect of vitamin E or metformin for treatment
of nonalcoholic fatty liver disease in children and adolescents: the
TONIC randomized controlled trial. JAMA. (2011) 305:1659-68.
doi: 10.1001/jama.2011.520

Mosca A, Crudele A, Smeriglio A, Braghini MR, Panera N, Comparcola D,
et al. Antioxidant activity of hydroxytyrosol and vitamin E reduces systemic
inflammation in children with paediatric NAFLD. Dig Liver Dis. (2020).
doi: 10.1016/j.d1d.2020.09.021. [Epub ahead of print].

Vadarlis A, Antza C, Bakaloudi DR, Doundoulakis I, Kalopitas G, Samara
M, et al. Systematic review with meta-analysis: the effect of vitamin E
supplementation in adult patients with non-alcoholic fatty liver disease. ]
Gastroenterol Hepatol. (2021) 36:311-9. doi: 10.1111/jgh.15221

Liu KY, Nakatsu CH, Jones-Hall Y, Kozik A, Jiang Q. Vitamin E alpha- and
gamma-tocopherol mitigate colitis, protect intestinal barrier function and
modulate the gut microbiota in mice. Free Radic Biol Med. (2021) 163:180-9.
doi: 10.1016/j.freeradbiomed.2020.12.017

Choi Y, Lee S, Kim S, Lee J, Ha J, Oh H, et al. Vitamin E (alpha-tocopherol)
consumption influences gut microbiota composition. Int J Food Sci Nutr.
(2020) 71:221-5. doi: 10.1080/09637486.2019.1639637

Kobyliak N, Abenavoli L, Mykhalchyshyn G, Kononenko L, Boccuto L,
Kyriienko D, et al. A multi-strain probiotic reduces the fatty liver index,
cytokines and aminotransferase levels in NAFLD patients: evidence from
a randomized clinical trial. J Gastrointestin Liver Dis. (2018) 27:41-9.
doi: 10.15403/jgld.2014.1121.271 kby

Famouri F Shariat Z, Hashemipour M, Keikha M, Kelishadi R. Effects
of probiotics on nonalcoholic fatty liver disease in obese children

Frontiers in Nutrition | www.frontiersin.org

June 2021 | Volume 8 | Article 700058


https://doi.org/10.1007/s10620-020-06208-3
https://doi.org/10.1016/j.aohep.2019.04.012
https://doi.org/10.1542/peds.2004-1832
https://doi.org/10.1371/journal.pone.0140908
https://doi.org/10.1002/hep.24097
https://doi.org/10.1210/clinem/dgaa574
https://doi.org/10.1111/j.1440-1789.2008.00946.x
https://doi.org/10.1007/s00401-005-1071-z
https://doi.org/10.1016/j.resmic.2019.03.003
https://doi.org/10.1139/cjpp-2019-0413
https://doi.org/10.3748/wjg.v8.i5.883
https://doi.org/10.1016/j.jneuroim.2017.06.007
https://doi.org/10.1038/s41598-019-56723-1
https://doi.org/10.1016/j.jri.2016.06.007
https://doi.org/10.1038/s41467-018-06929-0
https://doi.org/10.1002/hep4.1139
https://doi.org/10.1136/adc.2009.159566
https://doi.org/10.1159/000365031
https://doi.org/10.1001/jamapediatrics.2017.0378
https://doi.org/10.3945/ajcn.112.037382
https://doi.org/10.1002/hep.29367
https://doi.org/10.2337/dc10-0856
https://doi.org/10.1016/j.orcp.2020.08.005
https://doi.org/10.1136/gutjnl-2013-306541
https://doi.org/10.1289/ehp.1306534
https://doi.org/10.1038/s12276-020-0459-0
https://doi.org/10.1038/nature12480
https://doi.org/10.1371/journal.pone.0088904
https://doi.org/10.1016/j.ebiom.2015.07.007
https://doi.org/10.1001/jama.2011.520
https://doi.org/10.1016/j.dld.2020.09.021
https://doi.org/10.1111/jgh.15221
https://doi.org/10.1016/j.freeradbiomed.2020.12.017
https://doi.org/10.1080/09637486.2019.1639637
https://doi.org/10.15403/jgld.2014.1121.271.kby
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Tokuhara

Gut Microbiota and Pediatric NAFLD

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

and adolescents. ] Pediatr Gastroenterol Nutr. (2017) 64:413-7.
doi: 10.1097/MPG.0000000000001422

Liu Y, Chen K, Li E Gu Z, Liu Q, He L, et al. Probiotic Lactobacillus
rhamnosus GG prevents liver fibrosis through inhibiting hepatic bile acid
synthesis and enhancing bile acid excretion in mice. Hepatology. (2020)
71:2050-66. doi: 10.1002/hep.30975

Jang HR, Park HJ, Kang D, Chung H, Nam MH, Lee Y, et al. A
protective mechanism of probiotic Lactobacillus against hepatic steatosis via
reducing host intestinal fatty acid absorption. Exp Mol Med. (2019) 51:1-14.
doi: 10.1038/s12276-019-0293-4

Sun J, Qi C, Zhu H, Zhou Q, Xiao H, Le G, et al. IgA-Targeted Lactobacillus
jensenii modulated gut barrier and microbiota in high-fat diet-fed mice.
Front Microbiol. (2019) 10:1179. doi: 10.3389/fmicb.2019.01179

Xue L, He J, Gao N, Lu X, Li M, Wu X, et al. Probiotics may delay the
progression of nonalcoholic fatty liver disease by restoring the gut microbiota
structure and improving intestinal endotoxemia. Sci Rep. (2017) 7:45176.
doi: 10.1038/srep45176

Al-Muzafar HM, Amin KA. Probiotic mixture improves fatty liver disease
by virtue of its action on lipid profiles, leptin, and inflammatory biomarkers.
BMC Complement Altern Med. (2017) 17:43. doi: 10.1186/512906-016-1540-z
Jones RB, Alderete TL, Martin AA, Geary BA, Hwang DH, Palmer SL,
et al. Probiotic supplementation increases obesity with no detectable effects
on liver fat or gut microbiota in obese Hispanic adolescents: a 16-
week, randomized, placebo-controlled trial. Pediatr Obes. (2018) 13:705-14.
doi: 10.1111/ijpo.12273

Zhou D, Pan Q, Shen E Cao HX, Ding W], Chen YW, et al. Total fecal
microbiota transplantation alleviates high-fat diet-induced steatohepatitis
in mice via beneficial regulation of gut microbiota. Sci Rep. (2017) 7:1529.
doi: 10.1038/541598-017-01751-y

Perez-Matute P, Iniguez M, de Toro M, Recio-Fernandez E, Oteo JA.
Autologous fecal transplantation from a lean state potentiates caloric
restriction effects on body weight and adiposity in obese mice. Sci Rep. (2020)
10:9388. doi: 10.1038/s41598-020-64961-x

Witjes JJ, Smits LP, Pekmez CT, Prodan A, Meijnikman AS, Troelstra MA,
et al. Donor fecal microbiota transplantation alters gut microbiota and
metabolites in obese individuals with steatohepatitis. Hepatol Commun.
(2020) 4:1578-90. doi: 10.1002/hep4.1601

Seekatz AM, Theriot CM, Rao K, Chang YM, Freeman AE, Kao JY, et al.
Restoration of short chain fatty acid and bile acid metabolism following fecal
microbiota transplantation in patients with recurrent clostridium difficile
infection. Anaerobe. (2018) 53:64-73. doi: 10.1016/j.anaerobe.2018.04.001

165.

166.

167.

168.

169.

170.

171.

172.

Cheng S, Ma X, Geng S, Jiang X, Li Y, Hu L, et al. Fecal microbiota
transplantation beneficially regulates intestinal mucosal autophagy
and alleviates gut barrier injury. mSystems. (2018) 3:e00137-18.
doi: 10.1128/mSystems.00137-18

Zhang Y, Tang K, Deng Y, Chen R, Liang S, Xie H, et al. Effects of
shenling baizhu powder herbal formula on intestinal microbiota in high-
fat diet-induced NAFLD rats. Biomed Pharmacother. (2018) 102:1025-36.
doi: 10.1016/j.biopha.2018.03.158

Liang W, Zhou K, Jian P, Chang Z, Zhang Q, Liu Y, et al. Ginsenosides
improve nonalcoholic fatty liver disease via integrated regulation of gut
microbiota, inflammation and energy homeostasis. Front Pharmacol. (2021)
12:622841. doi: 10.3389/fphar.2021.622841

Wankhade UD, Zhong Y, Kang P, Alfaro M, Chintapalli SV, Thakali KM, et al.
Enhanced offspring predisposition to steatohepatitis with maternal high-fat
diet is associated with epigenetic and microbiome alterations. PLoS ONE.
(2017) 12:e0175675. doi: 10.1371/journal.pone.0175675

Dai X, Guo Z, Chen D, Li L, Song X, Liu T, et al. Maternal
sucralose intake alters gut microbiota of offspring and exacerbates
hepatic steatosis in adulthood. Gut Microbes. (2020) 11:1043-63.
doi: 10.1080/19490976.2020.1738187

Zhou Y, Peng H, Xu H, Li J, Golovko M, Cheng H, et al. Maternal
diet intervention before pregnancy primes offspring lipid metabolism
in liver. Lab Invest. (2020) 100:553-69. doi: 10.1038/s41374-01
9-0344-4

Nguyen TL, Vieira-Silva S, Liston A, Raes J. How informative is the
mouse for human gut microbiota research? Dis Model Mech. (2015) 8:1-16.
doi: 10.1242/dmm.017400

Ley RE, Backhed E Turnbaugh P, Lozupone CA, Knight RD, Gordon JI.
Obesity alters gut microbial ecology. Proc Natl Acad Sci U.S.A. (2005)
102:11070-5. doi: 10.1073/pnas.0504978102

Conflict of Interest: The author declares 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 © 2021 Tokuhara. 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 Nutrition | www.frontiersin.org

16

June 2021 | Volume 8 | Article 700058


https://doi.org/10.1097/MPG.0000000000001422
https://doi.org/10.1002/hep.30975
https://doi.org/10.1038/s12276-019-0293-4
https://doi.org/10.3389/fmicb.2019.01179
https://doi.org/10.1038/srep45176
https://doi.org/10.1186/s12906-016-1540-z
https://doi.org/10.1111/ijpo.12273
https://doi.org/10.1038/s41598-017-01751-y
https://doi.org/10.1038/s41598-020-64961-x
https://doi.org/10.1002/hep4.1601
https://doi.org/10.1016/j.anaerobe.2018.04.001
https://doi.org/10.1128/mSystems.00137-18
https://doi.org/10.1016/j.biopha.2018.03.158
https://doi.org/10.3389/fphar.2021.622841
https://doi.org/10.1371/journal.pone.0175675
https://doi.org/10.1080/19490976.2020.1738187
https://doi.org/10.1038/s41374-019-0344-4
https://doi.org/10.1242/dmm.017400
https://doi.org/10.1073/pnas.0504978102
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/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Role of the Gut Microbiota in Regulating Non-alcoholic Fatty Liver Disease in Children and Adolescents
	Introduction
	Gut Microbiota in Children and Adolescents
	Gut Microbiota Diversity in NAFLD
	Mechanisms of Dysbiosis-Induced NAFLD
	Gender-Associated NAFLD and the Involvement of the Gut Microbiota
	Maternal Influences on the Gut Microbiota and the Development of NAFLD in Their Offspring
	Conventional Therapeutic Approach to NAFLD and the Interaction With Gut Microbiota
	Gut Microbiota-Targeted Preventives and Treatments for NAFLD
	Conclusions
	Author Contributions
	References


