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Non-alcoholic fatty liver and the gut microbiota
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ABSTRACT

Background: Non-alcoholic fatty liver (NAFLD) is a common, multi-factorial, and poorly understood liver disease whose incidence is globally
rising. NAFLD is generally asymptomatic and associated with other manifestations of the metabolic syndrome. Yet, up to 25% of NAFLD patients
develop a progressive inflammatory liver disease termed non-alcoholic steatohepatitis (NASH) that may progress towards cirrhosis, hepatocellular
carcinoma, and the need for liver transplantation.
In recent years, several lines of evidence suggest that the gut microbiome represents a significant environmental factor contributing to NAFLD
development and its progression into NASH. Suggested microbiome-associated mechanisms contributing to NAFLD and NASH include dysbiosis-
induced deregulation of the gut endothelial barrier function, which facilitates systemic bacterial translocation, and intestinal and hepatic
inflammation. Furthermore, increased microbiome-modulated metabolites such as lipopolysaccharides, short chain fatty acids (SCFAs), bile
acids, and ethanol, may affect liver pathology through multiple direct and indirect mechanisms.
Scope of review: Herein, we discuss the associations, mechanisms, and clinical implications of the microbiome’s contribution to NAFLD and
NASH. Understanding these contributions to the development of fatty liver pathogenesis and its clinical course may serve as a basis for
development of therapeutic microbiome-targeting approaches for treatment and prevention of NAFLD and NASH.
Major conclusions: Intestinal hostemicrobiome interactions play diverse roles in the pathogenesis and progression of NAFLD and NASH.
Elucidation of the mechanisms driving these microbial effects on the pathogenesis of NAFLD and NASH may enable to identify new diagnostic and
therapeutic targets of these common metabolic liver diseases.
This article is part of a special issue on microbiota.
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1. INTRODUCTION

Non-alcoholic fatty liver (NAFLD) is defined by pathologic accumulation
of fat in the liver and is regarded the most common liver disease
worldwide, with an estimated prevalence of around 25e30%. The
prevalence of NAFLD is greatly increased in patients suffering from
other pre-existing manifestations of the metabolic syndrome, such as
obesity, type 2 diabetes, hyperlipidemia, and hypertension [1]. While
NAFLD is generally asymptomatic, NAFLD patients feature an
increased risk for development of other manifestations of the metabolic
syndrome and accompanying complications such as cardiovascular
diseases [2]. With that said, NAFLD can also occur in lean patients with
normal BMI without abdominal obesity, and its prevalence is rapidly
rising in countries such as India [3]. NAFLD and its associated mani-
festations were linked to elevated insulin resistance [3] and increased
oxidized LDL to HDL ratio [4].
In up to 25% of NAFLD patients, the disease may evolve into a pro-
gressive form of liver disease named non-alcoholic steatohepatitis
(NASH). NASH is defined as an inflammatory response to hepatic fat
accumulation, resulting in chronic liver damage, scarring, and fibrosis.
Continuous liver fibrosis may progress to cirrhosis, in which hepatocyte
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loss may lead to functional impairment [2]. Patients suffering of
cirrhosis are predisposed to life risking complications including portal
hypertension and increased risk for hepatocellular carcinoma [2]. Only
limited options of pharmacotherapy are available for the treatment of
NAFLD and NASH (vitamin K, metformin), and the advised treatment is
a change in life style including weight reduction, enhanced exercise,
and control of metabolic risk factors with glucose and lipid lowering
agents [5,6].
While the pathogenesis of NAFLD is unknown, it is believed to involve
abnormal lipid metabolism associated with obesity and the metabolic
syndrome. Risk factors contributing to NAFLD development and pro-
gression include dietary fat consumption, genetic predisposition,
excess visceral adiposity, insulin resistance, elevated serum free fatty
acids, and excessive pro-inflammatory mediators. Additional liver
intrinsic factors include modified hepatic glucose metabolism, insulin
resistance, and altered lipid metabolism. Together, these factors lead
to hepatic steatosis and, in some cases, chronic hepatic inflammation,
lipotoxicity, and hepatocyte damage, which may progress into chronic
hepatitis and cirrhosis [2].
Multiple animal models have been developed for the study of NAFLD
and NASH. All models contain features common to some, but not all,
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NAFLD and NASH human manifestations. Dietary models include high-
fat diet (HFD), methionine-choline deficient diet (MCDD), and high-
fructose diet, all leading to NAFLD development and progression in
rodents. HFD leads to the development of many metabolic syndrome-
associated manifestations including ectopic accumulation of fat in the
liver, leading to steatosis and associated insulin resistance, but in the
absence of liver inflammation. Choline-deficient diet leads to
decreased levels of VLDL and hepatic beta oxidation, resulting in
accumulation of liver fatty acids and cholesterol, an intense inflam-
matory reaction, but little or no insulin resistance [7,8]. High-fructose
diet induces steatosis, along with other metabolic abnormalities
associated with this diet, such as weight gain, insulin resistance, and
hyperlipidemia [9]. Genetic NAFLD models include mutations associ-
ated with NAFLD predisposition, such as the ones noted in the PNPLA3
gene [10]. It is worth noting that there are phenotypic differences
between PNPLA3 associated mouse models (deletion, induced
expression/insertion, and transgenic) highlighting a potential caveat of
using genetic models to delineate mechanisms involved in human
disease [11]. In homozygous carriers of PNPLA3, the prevalence of
NAFLD is twofold higher as compared to non-carriers [12,13]. Another
NAFLD risk gene is phosphatidylethanolamine N-methyltransferase
(PEMT), which is involved in phosphatidylcholine synthesis. PEMT
deficient mice fed with MCDD feature severe hepatic steatosis [14] that
is partially recovered by choline supplementation [15]. Interestingly,
loss of function PMET mutations were also found in some NAFLD
subjects [16].

2. THE GUT MICROBIOME

Following the decoding of the human genome sequence [17], the
visionary call for a second human genome project by Relman and
Falkow [18] called for characterization of the genetic component of the
microorganisms that colonize eukaryotes. A better understanding of
microbial pathogenesis was a prelude to the realization of the
importance of the microbiome to human physiology. Jeffrey Gordon
and his group pioneered the understanding of factors affecting the
structure of bacterial communities [19] and how microbial composi-
tional structure may affect the risk of disease in mammals [20,21]. The
microbiota communities, of which the gut microbiota is the most
extensively studied, were found to play a crucial role in many aspects
of development, metabolism and physiology [22e25]. Gut microbial
composition is not homogeneous among individuals, and is charac-
terized by a substantial inter-individual heterogeneity [26]. This rep-
resents a conundrum when searching for an association between
disease and a deviation of bacterial community composition from the
“normal” state. In a seminal study by the group of Jeffrey Gordon [27],
a “core microbiome” was characterized on the basis of a particular
gene and inferred metabolic pathway content, identified through
metagenomics and parallel sequencing approaches [27]. Analyses
encompassing characterization of microbiome composition predomi-
nantly on the basis of 16s rRNA sequence identity has indicated that
the gut microbiome comprises over 1000 species of bacteria, with the
most common Phyla including Firmicutes, Bacteroidetes, Actino-
bacteria and Proteobacteria [28]. Microbiota populations are compo-
sitionally dynamic, and its changes in microbial population structure
can occur under multiple environmental, immune, and nutritional cir-
cumstances. Dysbiosis, in turn, can have profound effects on the host
and has been associated with a number of human pathological con-
ditions [27,29e32].
Germ free (GF) and antibiotic-treated mice models have become
indispensable tools in determining the role and contribution of the
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microbiota to health and disease, including metabolic diseases such as
NAFLD. GF mice are bred under sterile conditions, hence eliminating
colonization by microorganisms. The procedure of generating these GF
animals can be a challenge, technically and in terms of required
infrastructure. In general, all steps in the process are designed to
eliminate microorganism exposure. A donor pregnant female mouse is
disinfected in a sterile hood and undergoes a C-section. The uterine
sack is surgically removed, placed in liquid disinfectant, and trans-
ferred to a sterile GF isolator. In the isolator, the uterine sack is opened,
and pups are removed and introduced to GF foster mothers. Following
the initial procedure, the animals are raised within the sterile envi-
ronment and are given sterile food and water. A more broadly applied
alternative is microbiome depletion in mice through oral administration
of wide spectrum antibiotics. In these models, introduction of specific
communities or individual bacteria identified and isolated in healthy or
in disease states into GF or antibiotic-treated mice is performed in
order to study the microbiota contribution and function in normal host
physiology and in disease progression [33e35].
Using metagenomics and GF platforms, significant associations have
been made between compositional and functional alterations in the
microbiome (termed dysbiosis) and the propensity to a variety of multi-
factorial diseases, including obesity and its associated metabolic ab-
normalities such as NAFLD [21] in animal models and in humans.
Indeed, in obesity and its associated metabolic complications, evi-
dence of the microbiome as a contributing factor has been repeatedly
featured [20,36]. In these studies, HFD GF mice were found to gain less
weight than conventional mice. Colonization of GF mice with micro-
biota from conventional mice resulted in replenished weight gain
[20,36]. Genetically obese mice and HFD mice had a shift in their gut
microbial composition to one that is able to harvest dietary energy at a
higher capacity [21]. This obesity phenotype was transmissible upon
fecal transplantation into GF mice, resulting in significantly enhanced
weight gain and total body fat as compared to GF mice receiving fecal
transplantation of lean mice [21]. Proposed mechanisms for these
effects include increased microbiome ability and efficiency for car-
bohydrate metabolism and production of short chain fatty acid
[20,21,36], reduction in conjugated bile acids [35], and augmented
systemic and adipose inflammation [37]. It is worth noting that similar
changes were identified in the gut microbiota of obese humans [38],
although some of the results were conflicting among different studies
[39,40].

3. ASSOCIATIONS BETWEEN DYSBIOSIS AND NAFLD

Portal blood flow constitutes an important link between the intestine
and liver, with the majority of the liver blood supply derived from the
intestine. The intestinal blood supply exposes the liver to a multitude of
intestinal metabolites and food products [41]. In recent years, evidence
suggested an involvement of the microbiota in NAFLD development
[42]. An indication of this involvement may have come as early as 1982
when Drenick et al. [43] studied hepatic steatosis development in
patients undergoing gastric bypass surgery that coincided with bac-
terial overgrowth. In this early study, a regression in hepatic steatosis
was noted when patients were treated with the antibiotic metronida-
zole, suggesting a potential role of the gut microbial community in fatty
liver development. Subsequently, small intestinal bacterial overgrowth
has been shown to be more prevalent in patients with NASH than in
healthy controls [44]. An accumulating number of studies in animal
models and humans have followed to broaden our understanding of
the microbiota role in the development and pathogenesis of NAFLD
[42]. In the interest of clarity towards the taxonomic organization of
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bacteria described in this review, Table 1 illustrates the major cate-
gories of relevant microbiota. This table is not intended to provide a
comprehensive taxonomic organization, but rather an indicative one
relevant to the studies described herein.

3.1. Animal studies
Multiple studies in animal models suggested that the gut microbiome
might play a role in the pathogenesis of NAFLD [45e48]. Of note, one
of these studies demonstrated that compared to conventionalized
mice, GF mice administered HFD are resistant to hepatic steatosis and
dyslipidemia, while displaying improved glucose tolerance with
enhanced insulin sensitivity [45]. A direct involvement of the micro-
biome in NAFLD development was indicated by the observation that
NAFLD is transmissible to GF mice upon fecal microbiome trans-
plantation [46]. In this study, C57BL/6J mice fed with HFD featured a
Table 1 e Taxonomic representation of major bacterial categories of microbiota,

Phylum Class Order

Bacteroidetes Bacteroidia Bacteroidales Bac

Bar
Porp

Prev

Cytophagia Cytophagales Cyto
Flavobacteria Flavobacteriales Flav

Firmicutes Bacilli Bacillales Bac
Stap

Lactobacillales Aer
Ente
Lac

Clostridia Clostridiales Chr
Osc
Clos

Lac

Rum

Veil

Erysipelotrichia Erysipelotrichales Erys

Actinobacteria Actinobacteria Actinomycetales Acti
Mic

Bifidobacteriales Bifid
Proteobacteria Alphaproteobacteria Rhizobiales Rhiz

Rhodobacterales Rho
Rickettsiales Rick

Betaproteobacteria Burkholderiales Alca
Neisseriales Com

Neis
Gammaproteobacteria Aeromonadales Suc

Enterobacteriales Ent
Deltaproteobacteria Desulfovibrionales Des
Epsilonproteobacteria Campylobacterales Cam

Heli
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variable metabolic response to this diet. The first group (designated
“responders”) developed characteristics of metabolic syndrome and
NAFLD. However, some mice (designated “non-responders”) did not
display this metabolic phenotype upon exposure to HFD and did not
develop hyperglycemia, systemic inflammation or liver steatosis.
Colonization of intestinal microbiota from the responder and non-
responder groups into GF mice resulted in a propensity for NAFLD
coupled with a detectable increase in expression of genes involved in
lipogenesis only in the responder group [46]. Furthermore, microbiota
population characterization by 16s rRNA gene analysis demonstrated a
unique bacterial population profile in the responder as compared to the
non-responder group. In particular, two bacterial species, Barnesiella
intestinihominis and lachnospiraceae, were identified to be over-
represented in the GF mice colonized with responder microbiome,
suggesting an associated role in the developed phenotype. Conversely,
from phylum to species. Bacteria referred to in the text are indicated in bold.

Family Genus Species

teroidaceae Bacteroides Bacteroides vulgatus
Bacteroides fragilis
Bacteroides acidifaciens

nesiellaceae Barnesiella Barnesiella intestinihominis
hyromonadaceae Paludibacter Paludibacter propionicigenes

Parabacteroides Parabacteroides distasonis
Parabacteroides eggerthii

otellaceae Prevotella Prevotella copri
Prevotella brevis

phagaceae Emticicia Emticicia oligotrophica
obacteriaceae Capnocytophaga Capnocytophaga canimorsus

Flavobacterium Flavobacterium denitrificans
illaceae Bacillus Bacillus cereus
hylococcaceae Staphylococcus Staphylococcus aureus
ococcaceae Aerococcus Aerococcus viridans
rococcaceae Enterococcus Enterococcus avium
tobacillaceae Lactobacillus Lactobacillus acidophilus

Lactobacillus reuteri
Pediococcus Pediococcus acidilactici

istensenellaceae Christensenella Christensenella minuta
illospiraceae Oscillibacter Oscillibacter valericigenes
tridiaceae Clostridium Clostridium difficile

Anaerosporobacter Anaerosporobacter mobolis
hnospiraceae Blautia Blautia coccoides

Lachnobacterium Lachnobacterium bovis
Lachnospira Lachnospira multipara

inococcaceae Faecalibacterium Faecalibacterium prausnitzii
Oscillospira Oscillospira valericigenes
Ruminococcus Ruminococcus albus
Syntrophomonas Syndrophomonas palmitatica

lonellaceae Allisonella Allisonella histaminiformans
Anaerovibrio Anaerovibrio lipolytica
Megamonas Megamonas hypermegale

ipelotrichaceae Bulleidia Bulleidia extructa
Coprobacillus Coprobacillus cateniformis
Actinomyces Actinomyces hyovaginalis

nomycetaceae Actinobaculum Actinobaculum massiliense
rococcaceae Acaricomes Acaricomes phytoseiuli
obacteriaceae Bifidobacterium Bifidobacterium bifidum
obiaceae Rhizobium Rhizobium agrobacterium
dobacteraceae Amaricoccus Amaricoccus macauensis
ettsiaceae Rickettsia Rickettsia conorii
ligenaceae Brackiella Brackiella oedipodis
amonadaceae Comamonas Comamonas composti
seriaceae Aquaspirillum Aquaspirillum bengal
cinivibrionaceae Ruminobacter Ruminobacter amylophilus
erobacteriaceae Escherichia Escherichia coli
ulfovibrionaceae Desulfovibrio Desulfovibrio aminophilus
pylobacteraceae Campylobacter Campylobacter coli
cobacteraceae Helicobacter Helicobacter pylori
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the bacterium Bacteroides vulgatus was found to be overrepresented
in the GF mice colonized by non-responders suggesting a potential
protective effect. Overall, this strategy suggested a direct involvement
of the microbiota in NAFLD development.

3.2. Human studies
Dietary habits are a strong determinant of gut microbial composition
[49,50] and are linked to the metabolic syndrome and its associated
diseases. While no single bacterium has been mechanistically asso-
ciated with the development of steatosis, human studies have sug-
gested that a dysbiotic environment exists in NAFLD patients [51].
Most studies have focused on identifying differences in the bacterial
community composition between healthy individuals and NAFLD pa-
tients. Michail et al. [52] described microbial alterations in obese
pediatric patients with NAFLD, as compared with obese children
without NAFLD and lean healthy children. Taxonomic characterization
of bacteria in feces of these subjects was carried out through 16s rRNA
gene analysis using a microarray analysis approach. Children with
NAFLD featured a higher representation of Gammaproteobacteria and
Epsilonproteobacteria than healthy lean and obese children [52]. At the
genus level, children with NAFLD had a greater presence of Prevotella
as compared to healthy controls (Table 2). Metagenomic analysis by
shotgun sequencing suggested that, compared to healthy subjects,
children with NAFLD had a greater number of pathways involved in
energy metabolism and lipid synthesis, possibly pointing towards a
microbiome with more efficient energy metabolism capabilities in
NAFLD patients. This was further validated through a metaproteomics
analysis that identified proteins involved in energy metabolism (e.g.
NAD-dependent aldehyde dehydrogenase) that were highly expressed
in NAFLD patients [52]. In another study, Spencer et al. [53] investi-
gated the microbiota contribution to NAFLD development under low-
Table 2 e Human studies investigating microbiota involvement in the developm

Study Technique Group

NAFLD Michail et al., 2015 [52] 16s rRNA Microarray
microbial community profiling

13 obese children w
11 obese children w
26 healthy children

Spencer et al., 2011 [53] 16s rRNA V1eV2 region
sequence analysis

15 individuals:
10 days normal diet
then 42 days choline
Back to 10 days nor

Raman et al., 2013 [55] 16s rRNA V1eV2 region
sequence analysis

30 obese NAFLD pat
30 healthy controls

NASH Zhu et al., 2013 [56] 16s rRNA V4eV5 region
sequence analysis

22 NASH children
25 obese children
16 healthy controls

Wong et al., 2013 [136] 16s rRNA V1eV2 region
sequence analysis

16 NASH patients
22 Healthy controls

Boursier et al., 2016 [59] 16s rRNA V4 region
sequence analysis

22 NAFLD patients
35 NASH patients
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choline diet conditions. Patients were exposed to 10 days of normal
diet (baseline) followed by 42 days on a choline-depleted diet, to
initiate fatty liver, and then returned to a normal diet for 10 more days.
Patients were analyzed for gut microbiota compositional changes by
multiple time-point stool collections, accompanied by assessment of
liver fat accumulation and characterization of host PEMT mutations
associated with NAFLD. Changes in microbiota composition during
choline-depleted diet were evident mostly at the class level, while a
higher abundance of baseline Gammaproteobacteria correlated with
lower risk of developing fatty liver (Table 2). In contrary, higher
abundance of baseline Erysipelotrichia correlated with a higher risk of
developing fatty liver [53]. Moreover, host PEMT genotype data as well
as abundance of Gammaproteobacteria and Erysipelotrichia were
combined into a linear model that accurately predicted the degree of
NAFLD development. Other studies similarly pursued a fecal bacterial
community characterization strategy using 16s rRNA gene sequencing
and showed an increase in the level of some Firmicutes phyla
belonging to Lactobacillus (Table 2) among others and a reduction in
the level of other Firmicutes phyla belonging for example to Oscil-
libacter [54,55].
A number of studies focused on microbiota alterations in NASH
development. A pediatric study by Zhu et al. [56] recruiting obese and
NASH patients found that the relative abundance of Bacteroidetes,
predominantly Prevotella, increases in obese and NASH as compared
to lean children (Table 2). Furthermore, this study revealed an elevated
presence of alcohol-producing bacteria in NASH as compared to obese
patients without NASH, suggesting a possible role for the elevated
concentration of alcohol produced by the bacteria as discussed below
[56]. Specifically, an increased abundance of the phylum Proteobac-
teria was observed in NASH patients compared to obese individuals.
Within Proteobacteria, the family Enterobacteriaceae and genus
ent of NAFLD and NASH.

s Samples Main findings

ith NAFLD
ithout NAFLD

Stool Obese children with NAFLD:
[ Gammaproteobacteria
[ Epsilonproteobacteria
[ Prevotella

(baseline),
-depleted diet.
mal diet

Multiple stool samples
from multiple time points

Baseline samples:
[ Gammaproteobacter at baseline
correlates to lower risk of developing
fatty liver on low-choline diet.
[ Erysipelotrichia at baseline correlates
to higher risk of developing fatty liver
on low-choline diet.

ients stool Obese NAFLD versus healthy controls:
[ Lactobacillus
Y Firmicutes
Y Oscillibacteria

stool Obese and NASH versus Healthy controls:
[ Bacteroidetes
[ Prevotella
NASH versus obese and healthy controls
[ Proteobacter
[ Enterobacteriaceae
[ Escherichia

stool NASH versus healthy controls:
Y Firmicutes
No Change e Bacteroidetes
[ Parabacteroides
[ Allisonella
Y Faecalibacterium
Y Anaerosporobacter

stool NASH versus NAFLD:
[ Bacteroidetes
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Escherichia were found to be at a higher relative abundance in NASH
patients compared to obese individuals (Table 2). Mouzaki et al. [57]
performed a quantitative real time-PCR approach to estimate total
bacterial concentrations in stool from healthy individuals and NASH
patients. Their analysis found a lower percentage of Bacteroidetes to
be present in NASH patients as compared to healthy controls (Table 2).
The differences were independent of diet or body mass index (BMI).
Interestingly, these observations were contradictory to those reported
by Zhu et al. [56], in which a higher abundance of Bacteroidetes was
found in NASH patients. A study by Wong et al. [58] explored the
potential dysbiosis in NASH patients as compared to healthy controls
and found a decrease in Firmicutes abundance in patients as
compared to controls, with no changes noted in Bacteroidetes levels
between the two groups. At the level of bacterial genera, the study
showed an increase in Parabacteroides and Allisonella and a decrease
in Faecalibacterium and Anaerosporobacter in NASH patients as
compared to controls (Table 2). A study by Boursier et al. [59] indicated
that the involvement of gut microbiota in disease severity progression
from NAFLD to NASH may contribute to liver fibrosis and cirrhosis [59].
In this study, a 16s rRNA gene characterization approach was coupled
with metagenomics analysis in predicting the metagenomics compo-
sition and functionality [60]. An association was found between
increased Bacteroides concentrations and NASH development
(Table 2), and an increase in Ruminococcus concentrations and risk of
liver fibrosis [59].

4. MECHANISMS FOR GUT MICROBIOTA EFFECT ON NAFLD

Several mechanisms have been suggested for the microbiome role in
NAFLD and its complications. These include microbiome-induced
regulation of gut barrier and inflammatory responses and
Figure 1: Suggested mechanisms for the effect of gut microbiome in NAFLD developmen
potently involved in normal liver function and reduced liver lipogenesis and inflammation.
increased gut permeability, production of LPS and other inflammatory factor, recued di
combination with lipids derived from the diet can cause liver steatosis, inflammation and
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metabolites produced or modified by the microbiota such as SCFAs,
bile acids, and ethanol (Figure 1).

4.1. Intestinal barrier dysfunction
The gastrointestinal tract mucosal epithelia form a mechanistic barrier
that prevents the trillions of commensal microorganisms from entering
the sterile host milieu, where they may activate a systemic immune
response. This is achieved through the intestine unique mechanical
structure as well as its complex mucosal immunological components
[61]. Mechanical structural components include tight junctions that
inter-connect adjacent epithelial cells and are involved in regulation of
intestinal permeability [62]. The intestinal mucosal immune system
consists of a complex network of innate and adaptive cell populations
[62,63]. The cross talk between microbiota components and the im-
mune system is important in tolerance establishment on the surface of
the intestinal mucosa and also in maintaining the gut epithelial barrier
function [64]. Taken together, a delicate balance is established that
maintains intestinal functionality (for example nutrient and water
absorptive capability) while preventing a non-specific immunological
response against invasive commensal microbes. Dysregulation of the
gastrointestinal immune epithelial network can disrupt tight junction
functionality and lead to a “leaky gut” facilitating bacterial trans-
location [62].
A number of liver diseases including NAFLD [65,66] and other meta-
bolic syndrome manifestations [67e69] were suggested to be asso-
ciated with increased gut permeability [70]. The association between
increased gut permeability and human NAFLD was first shown by
Miele et al. [65]. Immunohistochemistry assays indicated that
increased permeability was linked to dysregulation of epithelial tight
junction formation. Furthermore, small intestinal bacterial overgrowth
was associated with NAFLD in this study, suggesting a microbial
t and progression to NASH. Bacterial metabolites such as SCFA and bile acids may be
Aberrations in commensal microbiome composition, diversity, and function may lead to
versity of bile acids, and production of ethanol. All these metabolites and factors in
damage, which may lead to hepatic fibrosis, scarring, and NASH development.
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contribution to NAFLD pathology through increased bacterial trans-
location [65]. Another study utilized HFD mice with dextran sulfate
sodium (DSS)-induced colitis as means of impairing gut barrier
integrity during generation of hepatic steatosis [71]. As compared to
hepatosteatosis in HFD mice, HFD DSS-administered mice aggravated
hepatosteatosis and fibrosis accompanied with hepatic inflammation,
suggesting a role of barrier dysfunction in disease severity and NASH
development. Portal endotoxin levels were elevated in HFD mice but
more significantly elevated in HFD DSS-administered mice, suggesting
a possible enhanced bacterial translocation to contribute to NAFLD
severity [71]. Recently, Luther et al. [72] performed a meta-analysis
comprehensively assessing the association between intestinal
permeability and risk of developing NAFLD and progressing into NASH.
Indeed, patients with NAFLD and NASH were more likely to display
enhanced intestinal permeability (Figure 1). To mechanistically un-
derstand the association between gut permeability and NAFLD
development, clinical data were correlated with observations made in
mice fed with methionine-choline deficient diet (MCDD) to induce
NAFLD. Interestingly, in the MCDD model, liver damage was found to
precede enhancement in gut permeability. The authors suggest that
the observed hepatic injury may contribute to permeability defects
through mechanisms that remain elusive [72].

4.2. Inflammation
Pathogens, such as bacteria and viruses, are recognized through
specialized recognition receptors that include toll-like receptors
(TLRs), inflammasome forming and non-forming NOD-like receptors
and C type lectin receptors [73]. TLR signaling is activated upon
pathogen and tissue damage recognition inducing a signaling
cascade leading to production of inflammatory cytokines [74]. Addi-
tionally, pathogen and damage-associated molecules may induce the
formation of a cytoplasmic multi-protein complex termed the
inflammasome, which may consist of nod-like receptors (NLRs) and
ASC (PYCARD), promoting proximity cleavage of Caspase-1 and
catalytic activation of IL-1b and IL-18, as well as a specialized cell
death termed pyroptosis. Other non-canonical inflammasomes
induced by LPS cause Caspase-11 cleavage leading to IL-1a pro-
cessing, pyroptosis, and further activation of the canonical inflam-
masomes. Inflammasome signaling has been suggested to either
contribute or ameliorate fatty liver. NAFLD development demonstrated
in MCDD mice led to hepatic induction of the inflammasome activa-
tion, leading to IL-1b secretion, induction of liver inflammation, and
fibrosis [75,76]. Inflammasome dysfunction or deficiency results in
aggravated hepatic inflammatory response, liver damage, fibrosis and
cell death [47,76]. A role of the NLRP3 inflammasome has been
suggested in NAFLD development and progression to liver fibrosis and
NASH as demonstrated in NLRP3 deficient mice fed with MCDD
featuring enhanced propensity for NAFLD and liver damage as
compared to WT controls [76]. A recent study by Yang et al. [77]
demonstrated that oral administration of sulforaphane to long term
HFD mice alleviates liver steatosis by inhibition of NLRP3
inflammasome signaling. The possible association between
inflammasome activation and NAFLD development and progression
may be explained by hepatic influx of saturated fatty acids and LPS
that are abundantly found in MCDD and HFD mice that may induce
NLRP3 inflammasome activation [75]. However, this activation was
mainly demonstrated in primary hepatocytes and hepatic cells lines
with the in vivo relevance remaining unclear.
In other studies, our group has demonstrated a link between intestinal
inflammation driven by gastro-intestinal alterations in NLRP6 inflam-
masome signaling and a risk for enhanced NAFLD progression [47].
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Strikingly, these hepatic effects were mediated by NLRP6 modulation
of the gut microbiota. Inflammasome-deficient mice displayed
changes in their gut microbiota composition and aggravated hepatic
steatosis driven by massive influx of TLR4 and TLR9 agonists into the
portal circulation, leading to increased hepatic TNFa secretion and
resultant hepatic damage and inflammation. The importance of the
crosstalk between gut microbes and host in NAFLD was highlighted in
inflammasome-deficient mice co-housed with MCDD or obese mice,
leading to microbial transfer from inflammasome-deficient mice to co-
housed recipient mice, the later developing an exacerbated NAFLD
phenotype. Taken together, alterations of host and gut microbiome
interactions through defective inflammasome sensing, disrupted in-
flammatory response, and dysbiosis play a pivotal role in hepatic
steatosis and its progression to NASH (Figure 1).

4.3. Metabolites
Metabolites produced, degraded, or modulated by gut commensals are
considered pivotal components of the communication networks be-
tween the host and its microbiota [78,79]. Consequently, bacterial
metabolites may contribute to disease development and progression
as demonstrated in several disease models including colitis [80] and
metabolic syndrome related disorders [81].

4.3.1. Lipopolysaccharides
One of the most studied microbial-modulated components that affect
host pathology through pattern recognition systems is lipopolysac-
charide (LPS). LPS, also known as endotoxin, is a component of gram-
negative bacterial cell wall. LPS consists of three main parts: Lipid A, a
core oligosaccharide and O side chain [82], which mainly trigger pro-
inflammatory responses leading to the activation of an immune
response. Bacterial LPS is a ligand for the LPS-binding protein, which,
in turn, interacts with CD14 located on hepatic cells including Kupffer
cells in the lining sinusoids. Kupffer cells are mononuclear, phagocytic
cells involved in responding to pathogens and contribute to develop-
ment of inflammation in liver injury and in NAFLD progression [83].
CD14 is associated with TLR4 on the cell surface and this interaction
results in a cascade of inflammatory events, leading to secretion of
pro-inflammatory cytokines and generation of oxidative stress [84,85].
Modestly but chronically, elevated amounts of LPS, ranging up to
around 10 times higher than healthy controls, were detected in
metabolic syndrome mice models and termed as “metabolic endo-
toxemia” [86]. Specifically, mice models of NAFLD showed elevated
levels of portal LPS with increased levels of TLR4 and CD14 expression
in hepatic Kupffer cells [87]. HFD mice and genetically obese leptin
deficient mice develop metabolic endotoxemia [88], indicated by an
increase in LPS that was associated with insulin resistance and
increased fat deposition. Metabolic endotoxemia was ameliorated by
administering antibiotics to the mice, resulting in major changes in
microbial community structure coinciding with reduction in body
weight gain and inflammation, indicating the possible involvement of
gut microbiota in metabolic endotoxemia [88].
The association between endotoxemia and NAFLD in humans was
characterized by determining the serum levels of endotoxin and other
inflammatory markers, correlating them to clinical manifestations. A
recent prospective study showed an association between elevated
levels of endotoxin markers and risk of NAFLD development [58]. In a
study by Harte et al. [89], serum endotoxin was elevated in patients
with NAFLD (Figure 1), which correlated with an increase in the in-
flammatory markers soluble CD14 and TNFRII. Mehta et al. [90]
induced endotoxemia in healthy adults by intravenous administration
of LPS and found that it induced insulin resistance, a phenotype closely
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associated with NAFLD [2]. However, other reports did not reveal an
association between endotoxemia and NAFLD/NASH development and
suggesting that endotoxemia may not be the sole driver of disease
progression in all patients [56].

4.3.2. Short-chain fatty acids
Western diets are typically high in carbohydrates, and up to an esti-
mated 20e60 g of carbohydrates reach the colon on a daily basis,
where they can undergo fermentation by the gut microbial populations.
Short chain fatty acids (SCFA), including acetate, propionate, and
butyrate, are produced by bacterial fermentation of polysaccharides
[91]. SCFA involvement in NAFLD development and pathogenesis may
derive from their potential contribution to the maintenance of body
weight, intestinal homeostasis, and improved metabolism of glucose
and lipids [92e94]. Turnbaugh et al. [21] showed that the cecal
content of obese mice is enriched in SCFA. Similar results were re-
ported in obese compared to lean individuals, where elevated SCFA
concentration, in particular propionate, is correlated with a higher BMI
[39]. Thus, it has been proposed that SCFAs regulate the development
of NAFLD, although the role of SCFA in NAFLD/NASH development and
pathogenesis remains unclear.
Butyrate and propionate bind the G-protein coupled receptors GPR41
(FFAR3), GPR43 (FFAR2), and GPR109A that are mainly expressed in
colonic epithelium, adipose tissue, liver, and pancreatic beta cells.
Mice lacking GPR43 and fed with HFD gained more weight and showed
increased adiposity, fatty liver, and insulin resistance, whereas GPR43
overexpression in adipose tissues exhibited no change in weight gain
in response to HFD and no evident signs of liver steatosis [95]. Notably,
GF conditions or administration of antibiotics abolished all the meta-
bolic syndrome-related phenotypes of GPR43 null mice, including
dyslipidemia and fatty liver, indicating that the gut microbiota are
required for GPR43 function probably due to bacterial synthesis of
SCFAs, which are GPR43 agonists [95]. GPR43eSCFA interactions
play a central role in suppression of inflammatory responses in models
of colitis, arthritis and asthma [96]. GF mice showed exacerbated in-
flammatory processes in these disease models that were ameliorated
by SCFAs [96]. Since inflammation drives NAFLD progression into
NASH, GPR43 signaling may be involved in regulating liver inflam-
mation and NAFLD progression. Additionally, SCFAeGPR43 interaction
in the gut may help in maintaining normal intestinal permeability while
suppressing mucosal inflammation. Hence, it may limit hepatic dam-
age caused by microbial products and dysbiosis (Figure 1). However, a
direct link between GPR43 role as an inhibitor of inflammatory re-
sponses and NAFLD development and its related pathologies has not
been established to date.

4.3.3. Bile acids
Bile acids derived from hepatic cholesterol catabolism and de novo
synthesis are conjugated and transported into the gallbladder. Post-
prandial contraction of the gallbladder drives bile acids into the in-
testinal lumen [97e99]. In addition to their role in facilitating dietary fat
digestion, bile acids are now recognized as important regulators of lipid
metabolism, energy and glucose homeostasis [100].
Gut microbial enzymes can transform the primary bile acids into
conjugated bile acids, facilitating dietary fats digestion and absorption
through formation of micelles. Several groups have shown that GF
mice or antibiotic treated mice had low concentrations of conjugated
bile acids, pointing to a central role of gut microbiota in regulating bile
acid composition, conjugation, and diversity [101e104]. Bile acids
bind the nuclear receptor farnesoid X receptor (FXR, also known as
NR1H4), which is a transcription factor that controls their endogenous
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synthesis and release, as well as other metabolic functions by directed
changes in transcriptional gene expression [105,106]. In the intestine,
FXR binds bile acids, resulting in the activation of its target gene
fibroblast grown factor 15 (FGF15). In turn, FGF15 inhibits the
expression of hepatic cholesterol 7-a-hydroxylase (Cyp7a1), a rate-
limiting enzyme in bile acid biosynthesis [103]. Obese and insulin
resistant mice show decreased gut microbiota diversity, accompanied
by a reduction in bile acids composition and abundance, increased FXR
and FGF15 expression in the ileum and decreased hepatic Cyp7a1
[35].
In the liver, bile acids directly bind to FXR leading to suppression of bile
acids synthesis, composition and pool size. Moreover, FXR-bile acid
interaction in the liver contributes to liver regeneration [107], reduces
accumulation of fat in the liver, and improves glucose and cholesterol
metabolism [108,109]. Accordingly, activation of hepatic FXR by bile
acids agonists was found to be beneficial for reducing liver steatosis
and rescuing liver damage. In one recent study, the FLINT trial [110],
the FXR agonist, obeticholic acid (OCA) showed clear beneficial effects
in alleviating NAFLD activity including accumulation of lipids, liver
inflammation, and injury. Some improvement in fibrosis was detected
in patients receiving OCA but more statistical power is needed to
determine its effect on more severe conditions such as NASH and
advanced fibrosis. Thus, activation of hepatic FXR represents an
interesting therapeutic candidate that is currently being tested for
treatment of NASH in clinical trials [110,111].
The complex effect of bile acids on metabolic homeostasis is
demonstrated using FXR deficient mice (also named as Nr1h4�/�
mice). The initial characterization of FXR null mice fed with high
cholesterol diet showed elevated hepatic lipids and steatosis with
increased cholesterol, triglycerides and fatty acids [112,113]. Thus
suggesting a positive role of FXR activation in maintaining lipid ho-
meostasis and protecting from hepatic steatosis. In concert with this
suggestion, treatment of HFD mice with FXR agonists led to a signif-
icant reduction in liver steatosis and plasma triglycerides and
cholesterol [114,115]. This reduction in the systemic lipid profile can
be explained in part by FXR induction of hepatic genes involved in li-
poprotein clearance. These genes include the HDL receptor Scrab1,
VLDL receptor, and ApoCII, a cofactor of lipoprotein lipase. FXR also
decreases hepatic SREBP-1c, a transcription factor required for fatty
acids and triglyceride synthesis [109]. The primary, but not sole, site
for FXR activation is the ileum. Other tissues such as liver and kidneys,
and possibly adipose tissues, are also activated [116]. To dissect the
tissue-specific function of FXR-bile acid in the gut, intestinal-specific
FXR deficient mice [117,118],were fed with HFD. These intestinal
FXR deficient HFD mice, but not liver-specific-FXR deficient mice
[112], had lower hepatic triglycerides and reduced liver steatosis as
compared to controls [118]. In a complementary approach, two recent
studies used HFD mice receiving an orally synthetic FXR agonist. This
agonist is poorly absorbed into the circulation, resulting in intestinally
restricted FXR activation [117,119]. As a result, the mice had signifi-
cant lower liver steatosis and reduced expression of genes involved in
hepatic lipogenesis and lower ceramides levels along with other im-
provements in metabolic homeostasis [117,119]. Together, all these
studies suggest that inhibition of FXR activation in the gut can be used
as a therapeutic approach to alleviate liver steatosis and hepatic
lipogenesis.
Several groups utilizing GF and antibiotic-treated mice showed that gut
microbiota not only regulate bile acid composition and diversity but also
modulate FXR and FXR-related genes, including hepatic Cyp7a1 and
intestinal FGF15, thus controlling bile acid synthesis [101e104]. The
association between FXR-bile acids, the gut microbiome, and metabolic
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homeostasis was further demonstrated by Ryan et al. [120], who showed
that the beneficial effects of bariatric surgery on metabolism were
associated with changes in gut microbiota and diminished in FXR-
deficient mice. Together, these studies point towards a dominant role
of the gut microbiota in regulating bile acids diversity via FXR signaling,
which, in turn, regulates obesity and its related metabolic manifestations
including NAFLD (Figure 1). A recent study by Mouzaki et al. [121] shows
that NASH patients had a reduction in the secondary bile acids pool and in
fecal levels of Bacteroidetes and Clostridium leptum. However, a direct
role of the gutmicrobiome in controlling FXR-bile acids signaling inNAFLD
and NASH development has not been elucidated. Recently, our group has
shown that the conjugated bile acid taurine alters the microbiome
composition, leading to activation of NLRP6 inflammasome, secretion of
anti-microbial peptides, and protection from colitis [80]. Therefore, it will
be interesting to test the effect of taurine on the gut microbiota in NAFLD
development and NASH progression.

4.4. Ethanol
One of the mechanisms suggested for the association between NAFLD
and dysbiosis could include microbial production of ethanol as a
possible liver toxin. Zhu L. et al. [56] examined gut microbial
composition and ethanol levels in the blood of NASH, obese, and
healthy children. Only a few differences were evident in the gut
microbiome composition of NASH as compared with obese patients
and included differences across phyla, families, and genera in Pro-
teobacteria, Enterobacteriaceae, and Escherichia, respectively. Some
of these microbiome changes included alcohol-producing bacteria,
and, accordingly, a significant increase in ethanol levels were found in
NAFLD subjects as compared to both obese and healthy children.
Furthermore, increased levels of ethanol were detected in correlation
with NASH [122]. These results suggest that production of ethanol by
the gut microbiota may serve as a hepatotoxin, contributing to
development of NAFLD and its progression to NASH (Figure 1).

5. MICROBIOME-BASED TREATMENTS FOR NAFLD

The etiology of NAFLD has not been clearly elucidated; therefore,
treatment options remain limited and disappointing. Treatment ap-
proaches for NAFLD patients most commonly involve intensive lifestyle
modifications including recommendations to enhance physical exer-
cise and perform dietary modifications [123,124]. Additional treat-
ments include anti-inflammatory drugs, anti-oxidants, lipid-lowering
agents, and insulin sensitizers, as well as supplements such as vita-
mins [125]. Recently, attention has been drawn towards developing
treatments targeting the microbiome in NAFLD patients. Microbiome
manipulation is most commonly carried out by antibiotics, prebiotics,
probiotics, and fecal microbiota transplantation (FMT).

5.1. Antibiotics
Only a few trials in rodents and humans with NAFLD have been per-
formed utilizing antibiotics, since their long-term use may result in
predisposition to side-affects stemming from elimination of function-
ally important commensal bacteria and emergence of resistant strains
[126]. Oral antibiotics can dramatically affect the gut microbial
configuration [126,127] and may modify microbial drivers of NAFLD.
Administration of the antibiotic polymyxin B and neomycin to high
fructose diet-fed mice led to a reduction in hepatic lipid accumulation
[128,129]. A recent study shows that HFD mice treated with a com-
bination of three antibiotics (bacitracin, neomycin, and streptomycin)
for four months exhibited a significant reduction in liver triglycerides
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and lipid accumulation as well as serum ceramides production [118].
However, contradictory evidence exists on the efficacy of antimicrobial
treatment for fatty liver disease in humans. For example, in one study,
six months of alternating Norfloxacin and neomycin treatment
decreased small intestinal bacterial overgrowth and improved liver
function of patients with liver cirrhosis [130]. Conversely, another study
measuring inflammatory parameters of NAFLD patients found no effect
of Norfloxacin treatment on these immune biomarkers [131].

5.2. Probiotics
As defined by the World Health Organization, probiotics are “live mi-
croorganisms which when administered in adequate amounts confer a
health benefit to the host”. While the efficacy of probiotics was only
demonstrated in a few diseases, popularity of its consumption is
mounting as an empirical means of disease prevention and enhanced
well-being [132]. While more than one type of probiotic was studied for
NAFLD treatment, most of these treatments included combinations of
Bifidiobacteria and Lactobacilli [133].
A decade ago, Loguercio et al. [134] and Li et al. [135] described that
probiotic treatment improved some parameters of liver damage.
Loguercio et al. [134] showed that NAFLD patients treated with a
mixed-species probiotic treatment (Bifidiobacterium and Lactobacillus)
had improved serum alanine aminotransferase activity (ALT) and
reduced markers of oxidative stress and of the inflammatory cytokine
TNFa [134]. Li et al. [135] used genetically obese (ob/ob) mice fed on
HFD and treated with either anti-TNF antibodies or the probiotic VSL
#3. Both treatments showed comparable improvement in hepatic
histology, decreased serum ALT activity, and improved hepatic insulin
resistance [135]. VSL #3 is a probiotic combination of eight bacterial
species (Bifidobacterium breve, Bifidobacterium longum, Bifidobacte-
rium infantis, Lactobacillus acidophilus, Lactobacillus plantarum,
Lactobacillus paracasei, Lactobacillus bulgaricus, and Streptococcus
thermophiles) that has become popular in studies and clinical trials for
NAFLD and NASH patients. A study by Wong et al. [136] separated
NASH patients into two groups, one receiving a probiotic and prebiotic
formula for a period of 6 months and the other receiving supportive
care for the same time period. Probiotic/prebiotic treatment consisted
of a combination of five bacterial species (L. plantarum, Lactobacillus
delbrueckii ssp bulgaricus, L. acidophilus, Lactobacillus rhamnosus,
and Bifidobacterium bifidum) and fructose-oligosaccharides (pre-
biotics). Patient clinical parameters that were analyzed following
treatment included intrahepatic triglyceride (IHTG) content, alanine
transaminase (ALT), aspartate aminotransferase (AST), fasting
glucose, and liver stiffness. In addition, stool samples were analyzed to
determine effects on microbiota composition. Following the 6-month
probiotics/supportive care, IHTG was reduced in the probiotic group.
Furthermore, probiotic use reduced AST levels but no significant
changes were seen in the other biochemical and metabolic parame-
ters. Microbiota analysis from stool samples revealed that most of the
NASH patients receiving probiotics showed an expansion in Bacter-
oidetes and a decrease in Firmicutes abundance that correlated with
reduced intrahepatic triglyceride content. In addition, two meta-
analyses were performed to summarize the various clinical trials
assessing probiotics for NAFLD and NASH patients [137,138]. Both
demonstrated a statistically significant improvement in metabolic and
inflammatory parameters in probiotic-treated patients as compared to
placebo-treated controls, suggesting that probiotics may be used as
potential treatment in NAFLD/NASH [137,138]. However, further pro-
spective trials are needed in order to further corroborate these findings
and search for a mechanism of activity.
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6. CONCLUSIONS AND PERSPECTIVES

Increasing NAFLD and NASH prevalence has become a major burden
on global health. As we viewed here, evidence on the gut microbiota
association and involvement in NAFLD development is accumulating.
Further mechanistic studies assessing microbial contribution to
disease pathogenesis in animal models and in human patients may
provide invaluable information in understanding the roots of NAFLD
and NASH, and uncovering new treatment strategies against this
common disease. In future studies, a combination of multi-omics
approaches in NAFLD mice models and NAFLD patients [139]
should be applied to identify bacterial community and host
changes on the level of species abundance (16S ribosomal RNA
gene sequencing), gene abundance (shotgun metagenomic
sequencing), transcript abundance (bacterial and host RNA
sequencing), and metabolite abundance (metabolomics profiling).
Such analyses may help in the design of new interventions based on
supplementation or inhibition of disease-associated metabolites
tailored to the individual. In addition, fecal microbiome trans-
plantation (FMT) is a ‘microbiome replacing’ approach that was
recently found to be highly effective in drug resistant Clostridium
difficile infection and potentially may be similarly efficacious in
NAFLD and NASH. Taken together, deciphering and modulating the
dysbiotic gut microbiota in NAFLD may allow for comprehensive
mechanistic elucidation of the molecular basis of gut microbiotae
host interactions that governs NAFLD progression, allowing for a
rational design of microbiome-targeting therapeutics for this com-
mon and cureless disorder.
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