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Background
Nonalcoholic fatty liver disease (NAFLD) is a 
major public health concern, as it is the most 
common cause of liver disease in the western 
world, affecting patients across the age spec-
trum.1,2 NAFLD refers to a spectrum of liver 
 diseases that range from hepatic steatosis [nonal-
coholic fatty liver (NAFL)] to steatosis with hepa-
tocellular injury and possibly fibrosis [nonalcoholic 
steatohepatitis (NASH)]. NASH is the progres-
sive form of NAFLD and can lead to cirrhosis 
and hepatocellular carcinoma increasing liver 
related morbidity and mortality. NAFLD typi-
cally occurs in the context of obesity or metabolic 
dysregulation. Its pathophysiology is not entirely 
understood; however, it is thought to be the result 
of multiple dietary, environmental, genetic and, 
more recently recognized, microbial hits to the 
liver.3,4

From a steatosis perspective, hepatocellular lipid 
accumulation occurs when there is an imbalance 
in the processes that regulate lipid handling within 
the liver.5 Processes that increase hepatic steatosis 

include: (1) lipolysis in the adipose tissue in the 
context of insulin resistance that increases the 
influx of fatty acids to the liver; (2) hepatocellular 
de novo lipogenesis; and, (3) exposure of hepato-
cytes to dietary fat/cholesterol/simple sugars. In 
contrast, processes that decrease the fat content 
of the hepatocytes include: (1) fatty acid oxida-
tion in the mitochondria and peroxisomes; and, 
(2) packaging and export of very low-density lipo-
proteins (VLDLs) from the hepatocytes to the 
circulation. Hepatocellular inflammation and 
injury occur secondary to immune system activa-
tion, as well as due to oxidative stress seen in the 
context of lipotoxicity.6 Fibrosis develops as a 
result of chronic hepatocellular injury. 
Interestingly however, not everyone develops 
fibrosis, and there is significant variability in the 
severity and rate of fibrosis progression, suggest-
ing that multitude of variables may play a role in 
liver disease progression depending upon the 
gene–environment interactions in the host.7 
Several preclinical and also some human studies 
suggest that the intestinal microbiota are involved 
in the pathogenesis of the steatosis, inflammation 
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and fibrosis seen in the context of NAFLD 
(Figure 1).

The intestinal microbiome has been a topic of 
rigorous scientific research for over a decade 
now.8 The health of the host depends on the 
integrity of their microbiome, which is composed 
of different forms of life including bacteria, 
viruses, fungi and occasionally archaea. Dysbiosis 
refers to an imbalance between health and dis-
ease-promoting microbiota.9 Dysbiosis is a gen-
eral term that reflects changes to the microbiome, 
such as decreased microbial diversity, or fluctua-
tions in the relative abundance of certain micro-
organisms. Describing the intestinal microbiota 
composition of patients can be a helpful first step 
in discerning the role of the microbiome in the 

pathogenesis of various conditions. However, the 
literature has underscored a general lack of repro-
ducibility in the results of these descriptive stud-
ies. This may be due to the fact that it is the 
microbial function, and not composition, that 
ultimately determines the risk of disease develop-
ment. Since microbial functions are shared 
among microbiota, simple comparisons of the 
intestinal microbiota composition between 
groups may not provide sufficient information 
and may contribute to erroneous assumptions 
regarding the role of the microbiome in the devel-
opment of disease states. More recent literature 
has addressed this issue by including metabo-
lomic studies of the microbiome. Certain defini-
tions that are specific to the microbiome are 
included in Table 1.

Figure 1. Intestinal microbiota can contribute to the development of hepatic steatosis through a variety of 
mechanisms, including effects on appetite regulation and energy extraction from the diet. LPSs released from 
the cell wall of Gram-negative bacteria increases peripheral insulin resistance leading to an increased influx 
of FFAs from the adipose tissue to the liver. Ethanol can be used as a substrate for lipogenesis in the liver but 
can also affect the gut barrier, worsening the endotoxemia seen in this context. In the context of dysbiosis, 
SCFA synthesis and bile acid homeostasis are perturbed. These leads to upregulation of the metabolic 
processes that drive hepatic steatosis and a decrease in the processes that attenuate the development of fatty 
liver disease. The aforementioned molecules (LPSs, ethanol, bile acids and SCFAs) can also contribute to 
hepatic inflammation or fibrosis development.
DNL, de novo lipogenesis; FAO, fatty acid oxidation; FFA, free fatty acid; IR, insulin resistance; LPS, lipopolysaccharide 
(endotoxin); SCFA, short-chain fatty acid; TG, triglyceride; VLDL, very low-density lipoprotein.
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Dysbiosis in NAFLD
Dysbiosis has been linked to various chronic con-
ditions, including obesity and metabolic syn-
drome. NAFLD has also been linked to dysbiosis 
in both adults and children, in an obesity- 
independent manner. However, a consistent 
microbiota signature has not been determined in 
patients with NAFLD, as discussed in detail in a 
recent systematic review.9 This may be due to the 
aforementioned limitations of describing the com-
position but not the function of the intestinal 
microbiome. It may also arise from certain limita-
tions of the literature on dysbiosis in the context of 
NAFLD. These include the study of small cohorts 
(n < 40) of patients, the lack of homogeneity in the 
diagnosis of NAFLD (e.g. histologic confirmation 
versus imaging, versus biochemistry-based diagno-
sis) and the differences in the control groups stud-
ied (e.g. lean versus obese, the approach of the 
investigators to confirming the absence of NAFLD 
in these patients). Further more, differences in the 
methods to collect, store and analyze the microbi-
ome (e.g. 16S rRNA sequencing, polymerase 
chain reaction, metagenomic sequencing) may 
have also contributed to the variable results. In 
spite of these limitations, certain NAFLD-specific 
patterns of dysbiosis are still possible to discern.

First, most studies support the notion that the 
microbiome of patients with NAFLD is different 
than that of non-NAFLD controls, even after 
adjusting for obesity. Second, small intestinal 
bacterial overgrowth is more common in patients 
with NAFLD than healthy controls.10,11 Third, in 
spite of differences in the relative abundance of 
specific microbes, there is some consistency in the 
metabolomic profiles of these patients [e.g. 
increased short-chain fatty acids (SCFAs), 
increased ethanol levels], as discussed in more 
detail later in this review. Large-scale metabo-
lomic studies are needed to further our 

understanding of the microbiome’s impact on the 
host, as it pertains to the development and pro-
gression of NAFLD.

In spite of the data on dysbiosis in NAFLD, there 
is currently no evidence of a direct, causative link 
between alterations in intestinal microbiota com-
position or function and NAFLD development. It 
is also not clear whether the dysbiosis described 
in this context precedes the development of the 
liver disease, or whether it results from it. 
However, there is evidence to suggest an indirect 
link between intestinal microbiota and the devel-
opment of hepatic steatosis, inflammation and 
fibrosis. Bile acids and SCFAs are examples of 
such indirect links, and as such, their interplay 
with the microbiome and their metabolic effects 
are discussed here in more detail.

Intestinal microbiota and bile acids
The intestinal microbiota are intimately involved 
in bile acid homeostasis.12 Primary bile acids, 
cholic acid (CA) and chenodeoxycholic acid 
(CDCA), are synthesized in the liver. The expres-
sion of certain bile acid synthesis enzymes is regu-
lated by the microbiome (Figure 2). Similarly, 
bile acid conjugation is regulated by the intestinal 
microbiota. Conjugated primary bile acids are 
exported into the biliary tree, through the bile salt 
export pump. In the small intestine, they assist 
with digestion and ultimately 95% of bile acids 
are reabsorbed in the terminal ileum through the 
apical sodium-dependent bile-acid transporter 
(ASBT) and return to the liver. Only conjugated 
bile acids can be reabsorbed by ASBT. Intestinal 
microbiota regulate ASBT expression. In the 
small intestine, bile acids can be deconjugated by 
bile salt hydrolases that are widespread among 
intestinal microbiota. Hence, the efficacy of the 
enterohepatic circulation of bile acids is, in part, 

Table 1. Definitions of terms related to the microbiota.

Term Definition

Dysbiosis Imbalance between health and disease-promoting microorganisms

Probiotics Microorganisms which when consumed in adequate amounts confer a health benefit to 
the host

Prebiotics Substrates that are selectively used by host microorganisms to produce a health benefit

Synbiotics A combination of a prebiotic and a probiotic
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regulated by the microbiome. Deconjugated bile 
acids that have escaped absorption in the terminal 
ileum can be converted to secondary bile acids 
[lithocholic (LCA) and deoxycholic (DCA)] in 
the colon, only through the action of microbial 
enzymes. In summary, every aspect of bile acid 
homeostasis is regulated by the intestinal micro-
biome. This is important, as bile acids exert sig-
nificant metabolic and immune effects than can 
have an impact on NAFLD development.

Metabolic effects of bile acids
The outcome of bile acid signaling depends on 
the receptor that is being activated. The affinity of 

bile acids to their receptors varies, and as such 
changes in bile acid composition have a direct 
impact on bile acid signaling.

From a metabolic perspective, the most impor-
tant bile acid receptors for NAFLD are farnesoid 
X receptor (FXR; predominantly activated by 
primary bile acids: CDCA > CA) and transmem-
brane G-protein coupled receptor 5 (TGR5; pre-
dominantly activated by secondary bile acids).13 
FXR activation regulates bile acid synthesis. The 
latter occurs either through direct, bile acid-
dependent, activation of hepatocellular FXR or 
indirectly, through intestinal fibroblast growth 
factor (FGF) 19 synthesis. FGF19 is an intestinal 

Figure 2. Aspects of bile acid homeostasis that are regulated by the intestinal microbiota. The rate-limiting 
enzyme for the classical pathway is cholesterol 7α-hydroxylase (CYP7A1) whereas the first enzyme for the 
alternative pathway is sterol-27 hydroxylase (CYP27A1). The expression of both of these enzymes, along with 
other enzymes involved in the biosynthesis of bile acids (e.g. oxysterol 7α-hydroxylase; CYP7B1, acting in the 
alternative pathway), is regulated by the intestinal microbiota. In humans, primary bile acids are conjugated 
with glycine or taurine in the liver. The synthesis of taurine is regulated by the microbiota and so is the first 
enzyme of the bile acid conjugation cascade (bile acid acyl-CoA-synthetase). In the terminal ileum, microbiota 
regulate ASBT expression, ultimately determining the bile acid reabsorption rate. Bile acids can be subsequently 
deconjugated by bile salt hydrolases and ultimately escape reabsorption by ASBT. Deconjugated primary bile 
acids can be converted to secondary bile acids in the colon. The enzyme responsible for the 7-dehydroxylation 
that converts primary to secondary bile acids is expressed in a small number of intestinal microbiota (and not the 
host) that belong to the Firmicutes phylum (Clostridium clusters XIVa and XI and Eubacterium genera).
CYP7A1, cholesterol 7α-hydroxylase; CYP27A1, sterol-27 hydroxylase; ASBT, apical sodium-dependent bile-acid transporter.
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hormone released in response to bile acid-
dependent activation of FXR found in entero-
cytes. In addition, FXR is involved in glucose 
homeostasis [e.g. decreasing gluconeogenesis, 
regulating the expression of glucose transporter 4, 
decreasing the intestinal expression of glucagon-
like peptide 1 (GLP1), increasing hepatic glyco-
gen synthesis] and lipid metabolism (e.g. 
inhibition of hepatic de novo lipogenesis, increased 
fatty acid oxidation, regulation of genes involved 
in triglyceride homeostasis).13 TGR5 activation 
also regulates glucose homeostasis (e.g. increas-
ing intestinal expression of GLP1).14 In addition, 
TGR5 increases energy expenditure through the 
activation of thyroid hormones.15,16 In animals, 
TGR5 activation has anti-inflammatory effects. 
While normal bile acid signaling attenuates stea-
tosis and inflammation, an imbalance between 
primary and secondary bile acids can be patho-
genic. For example, increased enterohepatic cir-
culation of DCA has been shown to contribute to 
the development of hepatocellular carcinoma in 
obese mice.17 This is significant, as adults with 
steatohepatitis (a risk factor for hepatocellular 
carcinoma development) have higher hepatic 
DCA levels compared with healthy controls.18 
Considering the synergy between microbiota and 
bile acid homeostasis, as well as the impact of bile 
acid signaling on the health of the host, the micro-
biota–bile acid axis is important from an NAFLD 
pathophysiology and treatment perspective.

Intestinal microbiota and SCFAs
Acetate, propionate and butyrate are the main 
SCFAs produced in the colon through the micro-
bial fermentation of foods (predominantly com-
plex carbohydrates, and less commonly proteins 
and peptides) that the host lacks the enzymatic 
capacity to digest. Most SCFAs are utilized or 
absorbed by colonocytes leaving only 5–10% to 
be excreted in the feces. SCFAs act predomi-
nantly on the G-protein-coupled receptors 
GPR41 and GPR43, which are found in the 
colon, white adipose tissue, skeletal muscle and 
the liver. Propionate is the primary activator of 
GPR41 (propionate > butyrate > acetate) while 
all three SCFAs activate GPR43 equally.

Metabolic effects of SCFAs
SCFAs have a multitude of metabolic effects that 
span from appetite regulation to specific effects 
on different body compartments that can have an 

impact on NAFLD development, as summarized 
in Figure 3. Intestinal recognition of SCFAs leads 
to the release of the anorexigenic and insulin sen-
sitizing peptides peptide tyrosine tyrosine (PYY) 
and GLP1. Propionate and butyrate increase 
energy expenditure through the effects on the 
sympathetic nervous system. In animal studies, 
acetate and butyrate stimulate the expression of 
thermogenesis genes involved in the liver and the 
brown adipose tissue.19,20 Recognition of SCFAs 
by its receptors in the peripheral adipose tissue 
has anabolic effects (e.g. decreased lipolysis, 
increased adipogenesis). In skeletal muscle and 
the liver, SCFAs activate adenosine monophos-
phate-activated protein kinase (AMPK), which 
then leads to increased fat oxidation and decreased 
lipogenesis. Lastly, the effects of SCFAs on adi-
pose tissue, skeletal muscle and liver promote 
insulin sensitivity. It should be noted that, while 
animal data suggest a role for SCFAs in glucose 
homeostasis, interventional trials in humans have 
largely failed to show a convincing effect of orally, 
rectally or intravenously administered SCFAs on 
serum glucose or insulin levels.21 In terms of 
inflammation, in vitro and animal data support 
the notion that SCFAs exert immune regulatory 
and anti-inflammatory effects that remain to be 
investigated further in humans.21 In summary, 
SCFAs are another indirect link between the 
intestinal microbiome and the development of 
insulin resistance, obesity and NAFLD.

Microbiome and the development of hepatic 
steatosis, inflammation and fibrosis

Steatosis
The intestinal microbiota can contribute to the 
development of hepatic steatosis through a multi-
tude of effects on the host that include appetite 
regulation, energy extraction from the diet, regu-
lation of energy expenditure and lipid handling 
within the liver and also through effects on insulin 
sensitivity.

Appetite regulation. While intestinal microbiota 
are not the sole regulators of appetite, as shown in 
experiments using germ-free mice which are able 
to achieve and maintain their set weight, there is 
evidence from human studies to suggest that the 
microbiome does impact host satiety.22 In healthy 
men, metabolic endotoxemia is associated with 
food intake.23 Furthermore, exposure of healthy 
people to prebiotics leads to decreased hunger 
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scores with concurrent increases in anorexigenic 
signaling molecules (e.g. increased plasma levels 
of PYY and GLP1).24

From a mechanistic perspective, the intestinal 
microbiota-driven regulation of appetite can be 
direct or indirect. Direct signaling occurs when 
microbial components (e.g. lipopolysaccharides; 
LPSs) or metabolic byproducts of bacterial metab-
olism (e.g. SCFAs) activate either enteroendo-
crine cells or intestinal vagal afferents. Activation 
of enteroendocrine cells leads to the release of 
anorexigenic peptides (e.g. PYY). Activation of 
the vagus nerve transmits cholinergic satiety 
 signals from the intestine to the central nervous 
system. Ultimately these pathways contribute to 
appetite regulation.

Indirect appetite signaling can also occur, in part 
through bacterial quorum sensing.22,25 The latter 
is a process that regulates the diurnal oscillations 
in the abundance of the intestinal microbiome. 
These microbial oscillations have been shown to 
be associated with feeding behaviors of the host 
(and vice versa).22,26,27 It needs to be investigated 
further whether there is a direct causative link 
between bacterial quorum sensing and appetite 
regulation.

Energy extraction from the diet. Dysbiosis associ-
ated with obesity has been linked to an increased 
capacity of the microbiome to extract calories 
from the diet. Turnbaugh and colleagues showed 

that the microbiome of ob/ob mice is enriched in 
genes involved in the metabolism of nutrients that 
are nondigestible by the host.28 These mice have 
increased concentrations of SCFAs in their cecum 
and decreased energy remaining in their stool, 
suggesting increased energy harvest. Human obe-
sity has also been associated with an intestinal 
microbiome that has an increased capacity to 
extract calories from the diet (e.g. increased abun-
dance of enzymes metabolizing polysaccha-
rides).29 In spite of these original reports, recent 
research has challenged the link between obesity, 
dysbiosis and energy extraction from the diet.30–33 
This field remains to be investigated further.

Energy expenditure. The microbiome can impact 
the host’s energy expenditure, ultimately contrib-
uting to their overall predisposition to developing 
obesity and NAFLD. As already mentioned, the 
microbiome can modify the energy expenditure 
of the host through secondary bile acid signaling. 
TGR5 activation by secondary bile acids leads to 
increased thermogenesis in skeletal muscle and 
brown adipose tissue. Human studies have shown 
that not only is there a correlation between serum 
bile acid levels and energy expenditure, but also, 
treatment of healthy people with bile acids 
increases their energy expenditure.34,35 Energy 
expenditure can also be modified by SCFAs. 
Based on animal and human studies, it has been 
estimated that 7% of the host’s resting energy 
expenditure is driven by the turnover of SCFAs.36,37 
In addition, administration of butyrate leads to 

Figure 3. Summary of the metabolic effects of short-chain fatty acids that are of relevance to nonalcoholic 
fatty liver disease.
AMPK, adenosine monophosphate-activated protein kinase; REE, resting energy expenditure.
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increased energy expenditure in obese mice.19 
Similarly, the infusion of acetate and propionate in 
the colons of overweight/obese men can further 
increase energy expenditure.38

Lipid handling within the liver. The balance 
between de novo lipogenesis and fatty acid oxida-
tion in the liver determines the severity of hepatic 
steatosis. Bile acid signaling, particularly through 
FXR activation, leads to increased fatty acid oxi-
dation and decreased lipogenesis. This ultimately 
has a beneficial impact on hepatic steatosis, as 
shown in studies using FXR agonists for the treat-
ment of NAFLD (see ‘Targeting the microbiome 
for the treatment of NAFLD’ section). Similarly, 
SCFAs have direct effects on fatty acid oxidation 
(e.g. increased oxidation secondary to AMPK 
activation), as well as variable effects on de novo 
lipogenesis.39 Specifically, acetate is used as a 
 substrate for lipogenesis, whereas propionate 
downregulates lipogenesis through effects on the 
enzyme fatty acid synthase.

Effects on insulin sensitivity. Animal and human 
studies have revealed that the microbiome regu-
lates insulin signaling. The most convincing liter-
ature on the role and importance of the 
microbiome in the pathogenesis of insulin resis-
tance in humans comes from fecal transplantation 
studies, whereby the transfer of stool from people 
with insulin resistance to healthy controls (or vice 
versa) transfers the insulin resistant pheno-
type.40,41 This is important as insulin resistant-
induced adipose tissue lipolysis releases the 
majority of the fat found in the livers of patients 
with NAFLD.42

The microbiome can affect insulin signaling in a 
variety of ways. SCFAs and bile acid signaling 
leads to the release of hormones, such as GLP-1, 
that regulate insulin signaling. Endotoxin, 
released from the cell wall of Gram-negative bac-
teria, prevents the phosphorylation of insulin 
receptor substrate 1, which is required for insulin 
signaling to occur. Lastly, intestinal bacterial syn-
thesis of branched chain amino acid has also been 
implicated to the development of insulin resist-
ance in the host.43

In summary, the literature to date suggests that 
the intestinal microbiota may be involved in the 
development of hepatic steatosis. Research is 
needed to determine the impact of interventions 

aimed at treating dysbiosis on the severity and 
natural history of NAFLD.

Hepatic inflammation
Beyond steatosis, dysbiosis can contribute to 
hepatic inflammation in the context of NAFLD 
in a variety of ways, including effects on the gut 
barrier, interaction with the immune system and 
through direct hepatotoxic effects of microbial 
metabolites.

Intestinal permeability. Adults and children with 
NAFLD have an impaired gut barrier, which is 
partly affected by the intestinal microbiota. Mea-
suring the urinary excretion of44 Cr-ethylene 
diamine tetraacetate in a cohort of 37 adults with 
NAFLD, Miele and colleagues showed evidence 
of increased intestinal permeability, as well as 
decreased expression of tight junction zona 
occludens-1.45 These patients also had small 
intestinal bacterial overgrowth (SIBO), which 
along with the increased intestinal permeability, 
correlated with the severity of steatosis. Volynets 
and colleagues was unable to replicate the find-
ings of increased SIBO in a cohort of 20 adults 
with NAFLD; however, they did show that 
NAFLD was associated with increased intestinal 
permeability assessed directly using a lactulose/
mannitol test, and indirectly measuring serum 
endotoxin levels.46 Similarly, in a pediatric cohort 
of 39 patients with NAFLD, a lactulose/mannitol 
test confirmed the presence of increased intesti-
nal permeability, which correlated with liver dis-
ease severity. Serum endotoxin levels were also 
increased in those with NAFLD and correlated 
with histologic markers of liver injury.47 Lastly, 
plasma levels of LPS binding protein were ele-
vated in a different cohort of 40 severely obese 
patients with NAFLD, and also correlated with 
liver disease severity.48 Fructose consumption has 
been linked to endotoxemia and elevation in cir-
culating inflammatory cytokines, which is inter-
esting considering the known association between 
excess fructose consumption and dysbiosis.49–51 
In summary, literature across different NAFLD 
cohorts suggests that patients with NAFLD have 
an impaired gut barrier, which allows the translo-
cation of intestinal microbiota or their compo-
nents (e.g. LPSs) in the circulation. That in turn 
can contribute to metabolic and inflammatory 
processes within the liver that lead to NAFLD 
development and progression.
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Cross-talk between intestinal microbiota and the 
host immune system. Animal models of fatty liver 
disease have shown that the recognition of intesti-
nal microbiota by the immune system is necessary 
for the development of severe NAFLD. For exam-
ple, models whereby certain innate immune sys-
tem receptors (e.g. Toll-like receptors; TLRs) 
have been knocked out (TRL4 or TLR9) fail to 
develop severe NAFLD.44,52,53 TLR-based recog-
nition of bacterial products by the immune sys-
tem (e.g. TLR4 recognizes LPSs and TLR9 
recognizes bacterial DNA) initiates an inflamma-
tory cascade, which is thought to contribute to 
hepatic inflammation. Consumption of fructose, 
which has been associated with a more severe 
NAFLD phenotype and dysbiosis, upregulates 
the expression of certain TLRs.54 Exposure of 
healthy people to probiotics upregulates intestinal 
expression of tight junctions in a TLR2-depen-
dent manner.55 Lastly, adults with NAFLD have 
evidence of impaired mucosal immunity in the 
context of dysbiosis, as shown by decreased num-
bers of CD4 and CD8-positive cells in the lamina 
propria of their duodenal mucosa.56

The cross-talk between the microbiome and the 
immune system is bidirectional, such that the 
composition of the intestinal microbiota is also 
under the control of the host immune system. 
This has been shown in a TLR5 knockout model, 
where mice develop metabolic dysregulation and 
obesity along with dysbiosis.57 The immune dys-
regulation-driven dysbiosis that is seen in this 
context causes the obese phenotype, as proven by 
fecal transplantation studies. In summary, while 
immune surveillance and detection of intestinal 
microbiota in the circulation is important from an 
infectious perspective, it may also be involved in 
the development of hepatic inflammation in 
patients with NAFLD.

Microbial synthesis of ethanol. Adults and chil-
dren with NAFLD have increased serum ethanol 
levels, in the absence of alcohol consumption. 
Ethanol is presumed to originate from the metab-
olism of the intestinal microbiota. Zhu and col-
leagues showed that not only do children with 
NASH have elevated blood ethanol levels com-
pared with their lean or obese non-NASH coun-
terparts, but they also have dysbiosis characterized 
by an increased relative abundance of ethanol-
producing bacteria (e.g. E. coli).58 Similarly, Voly-
nets and colleagues showed that patients with 
NAFLD have elevated plasma levels of alcohol 

along with increased intestinal permeability.46 
Engstler and colleagues also found that young 
children with NAFLD have elevated plasma lev-
els of ethanol; however, they challenged the 
microbial origin of the ethanol.59 Using ob/ob 
mice, they showed that ethanol concentration in 
the portal vein was similar to that measured in 
the intestinal chyme but much lower than that 
measured in the vena cava. This was associated 
with a decreased alcohol dehydrogenase activity 
in the livers of ob/ob mice, which in turn corre-
lated with insulin resistance. Their findings sug-
gest that decreased hepatic metabolism of ethanol 
in the context of insulin resistance is responsible 
for the elevated ethanol levels seen in patients 
with NAFLD, and not increased microbial syn-
thesis of ethanol. This remains to be investigated 
further.

Ethanol can contribute to NAFLD through the 
effects on intestinal permeability (decreases tight 
junction expression, dissolves the lipids found in 
the mucin layer), lipid handling within the liver 
(increased de novo lipogenesis, decreased fatty 
acid oxidation, decreased export of VLDL from 
the liver), as well as through direct hepatotoxic-
ity, as seen in the context of alcoholic liver 
disease.60–63

Fibrosis
Beyond the aforementioned dysbiosis-driven 
immune activation that triggers proinflammatory 
cascades, the involvement of the intestinal micro-
biota in the development and progression of the 
hepatic fibrosis seen in patients NAFLD is not 
well understood.

The only direct link between microbiota and the 
development of fibrosis in human NAFLD is the 
finding that hepatic stellate cells (HSCs) express 
significant levels of TLR4, even in a quiescent 
state.64 Considering the endotoxemia observed 
in patients with NAFLD, it is possible that fibro-
sis develops as a direct effect of dysbiosis. 
Fructose consumption may be an example of 
such as model, as excess fructose consumption is 
not only associated with dysbiosis and endotox-
emia.50,51 but also hepatic fibrosis in patients 
with NAFLD.65 From a mechanistic perspec-
tive, excess fructose consumption was recently 
postulated to exert its hepatotoxic potential 
through its conversion to toxic metabolites by 
colonic microbiota.66
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Experimental models of NASH support the role 
of the microbiome in the development of fibro-
sis. In a choline-deficient amino acid (CDAA)-
induced hepatic fibrosis model in rats, the use of 
antibiotics decreased HSC activation and the 
severity of fibrosis.67 In this study, the use of 
antibiotics led to improved gut barrier function 
(as shown by increased expression of tight junc-
tion proteins and decreased endotoxemia), as 
well as decreased TLR4 expression in the liver, 
which subsequently led to attenuation of HSC 
activation. In a different experimental model of 
NAFLD in mice, it was shown that the inflam-
masome, a protein complex responsible for the 
detection of invading microorganisms, was nec-
essary for the development of severe fibrosis.68 
Interestingly, while dysbiosis is associated with 
the development of hepatic fibrosis, so is the 
inability to detect the presence of intestinal 
microbiota. This was shown in an animal model, 
whereby exposure of germ-free mice to thioacet-
amide or carbon tetrachloride led to worse liver 
injury and fibrosis compared with wildtype 
mice.69

In summary, intriguing research so far has under-
scored a link between the intestinal microbiota 
and the development of hepatic fibrosis in the 
context of NAFLD. The exact pathophysiologic 
mechanisms leading to the development of fibro-
sis in children and adults with NAFLD remain to 
be determined.

Potential clinical applications of microbiome 
data
Leveraging the intestinal dysbiosis seen in patients 
with NAFLD, investigators have assessed whether 
microbiome data can serve as predictors of histo-
logic liver disease severity. Using 16S rRNA 
sequencing of stool samples, Boursier and col-
leagues studied the intestinal microbiome of 57 
French patients with NAFLD (n = 35 with 
NASH, n = 30 with fibrosis stage 0–1 and n = 27 
with fibrosis stage 2–4).70 Disease severity was 
associated with different microbiota signatures 
(increased Bacteroides abundance in those with 
NASH and increased Ruminococcus abundance in 
those with fibrosis stages 2–4), as well as distinct 
metabolomic pathways (inferred using Kyoto 
Encyclopedia of Genes and Genomes (KEGG) data). 
In this study, Bacteroides and Ruminococcus abun-
dance were independent predictors of NASH and 
severe fibrosis, respectively. Interestingly, in 

another study from Europe that performed 16S 
rRNA sequencing to determine differences in the 
intestinal microbiota of a cohort with severe obe-
sity (n = 44), the abundance of Ruminococcaceae 
was lower in patients with any fibrosis compared 
with those without fibrosis.71

More recently, Loomba and colleagues used 
detailed metagenomic sequencing to study the 
fecal microbiome of a well-characterized cohort 
of 86 adults with NAFLD (n = 72 with mild/
moderate NAFLD, defined as fibrosis stage 0–2, 
and n = 14 with severe NAFLD, defined as fibro-
sis stages 3–4) from the United States.72 
Metagenomic and metabolomic data were com-
bined with clinical information and random forest 
modeling was used to determine the optimal 
combination of clinical, metagenomic and metab-
olomic data that accurately distinguished patients 
with mild/moderate from those with severe 
NAFLD. The combination of age, body mass 
index (BMI), Shannon diversity index and 37 
bacterial species had an area under the curve of 
0.936 in predicting the presence of advanced 
fibrosis. The repeatability and generalizability of 
these findings remain to be shown.

These preliminary studies suggest that inclusion 
of information on the intestinal microbiome in 
models that noninvasively predict liver disease 
severity can significantly improve accuracy.

Beyond prediction models, data on the microbi-
ome can be used to personalize the approach to 
treatment. For example, it is known that intesti-
nal microbiota can affect drug metabolism and 
efficacy.73 As such, it may be that the discrepan-
cies in the treatment response observed to date in 
the randomized controlled trials (RCTs) per-
formed for the treatment of NAFLD are, in part, 
due to the differences in the intestinal microbiota 
composition among patients. This is even more 
relevant when the interventions studied target 
the microbiota specifically (e.g. treatment with 
probiotics or prebiotics). While the available data 
do suggest that targeting the microbiome may be 
a helpful approach to treating patients with 
NAFLD (see section ‘Targeting the microbiome 
for the treatment of NAFLD’ below) it would be 
interesting to determine whether a personalized 
approach to treatment (e.g. using a specific 
prebiotic or probiotic to treat a patient based on 
their baseline intestinal microbiota composition) 
would be more successful.
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Targeting the microbiome for the treatment 
of NAFLD
Intestinal dysbiosis has been investigated as a 
treatment target for NAFLD. Prebiotics, probiot-
ics, synbiotics and antibiotics have been used for 
that purpose. In addition, fecal transplantation 
studies have already been performed in patients at 
risk for NAFLD (e.g. patients with insulin resist-
ance), and some are underway (ClinicalTrials.gov). 
Furthermore, novel treatment approaches that tar-
get microbiome-related pathways (e.g. bile acid 
signaling, specific dietary approaches) are also being 
investigated. These are summarized in Table 2.

Prebiotics for the treatment of NAFLD
Prebiotics are defined as substrates that are ‘selec-
tively used by host microorganisms to produce a 
health benefit’.74 A variety of different prebiotics 
have been studied in NAFLD, including psyllium, 
fructooligosaccharides (FOSs) and xylooligosac-
charides (XOSs), fiber extracts and chicory inu-
lin.75 Prebiotic use has not been attempted in a 
personalized fashion (i.e. to target each patient’s 
dysbiosis individually with a particular prebiotic). 
Some of the prebiotic trials have used vitamin E or 
other antioxidants in conjunction with the prebi-
otic. All prebiotic trials have been performed in 
adults and most are of a small sample size. 
Furthermore, none of the prebiotic trials per-
formed in the context of NAFLD have had a histo-
logical outcome, some have not even included 
patients with histologic confirmation of NAFLD 
and none have been performed in North America 
(most have been done in Asia and South America).

A recent meta-analysis showed that prebiotic use 
was associated with a small reduction in BMI (by 
5 kg/m2), as well as modest reductions in serum 
alanine aminotransferase (ALT; 10 U/l) and 
aspartate transaminase (AST; 6 U/l) levels.75 
Serum markers of inflammation and total choles-
terol were not affected by the use of prebiotics. 
However, prebiotic use led to reductions in low-
density lipoprotein cholesterol (LDL-C) and mild 
increases in high-density lipoprotein (HDL). 
These results were only seen in patients with his-
tologically confirmed NAFLD.

Considering the ease of use of prebiotics, their 
safety profile and overall low cost, they are ideal 
treatment candidates for NAFLD. To determine 
whether prebiotics are useful for the treatment of 
NAFLD, future studies should address their 

impact on hepatic steatosis and fibrosis either 
using histology or advanced imaging measure-
ments (e.g. magnetic resonance imaging proton 
density fat fraction and elastography) as primary 
outcomes. Such trials are currently underway 
(source: ClinicalTrials.gov).

Probiotics for the treatment of NAFLD
Probiotics, defined as microorganisms which 
when consumed in adequate amounts confer a 
health benefit to the host, have also been trialed 
in the context of NAFLD. The majority of the 
studies have been performed in adults living in 
Europe, Asia and North America; the mean age at 
enrollment in these studies is lower than that of 
prebiotics trials.75 Various probiotics have been 
studied, mostly combinations of Lactobacillus and 
Bifidobacteria species. The mean duration of pro-
biotic use studied is approximately 3 months.

Similar to the prebiotic studies, the impact of pro-
biotics has been assessed using biochemical mark-
ers of liver injury or serum markers of metabolic 
dysregulation. In the aforementioned meta-analy-
sis by Loman and colleagues, the effect of probi-
otics on BMI was similar to that seen with 
prebiotics (reduction by 0.5 kg/m2), but the 
change in ALT and AST was even more modest 
than that seen with prebiotics (reduction by 7 U/l 
and 3 U/l, respectively). Probiotic use was not 
effective in reducing total cholesterol, LDL-C or 
triglycerides, and it was associated with a decrease 
in HDL of 1.3 mg/dl.

Synbiotics for the treatment of NAFLD
Synbiotics refer to the combination of pre- and 
probiotics. Various synbiotics have been used for 
the treatment of NAFLD, predominantly in 
adults. On average, synbiotic trials have been of 
longer duration than pre- or probiotic trails (with 
the intervention lasting for up to 6 months). The 
majority of the synbiotic trials reported to date 
have been done in Iran.75

The use of synbiotics is associated with a clinically 
nonsignificant decrease in BMI 0.1 kg/m2. Synbiotic 
use does not affect serum ALT levels, but do 
decrease AST by 8 U/L. In spite of the lack of 
impact on BMI, synbiotics lead to an average 
reduction in total cholesterol of 15 mg/dl but have 
no effect on serum LDL-C, triglyceride and HDL 
levels.
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Antibiotics
Gangarapu and colleagues studied the impact of a 
short-term (28 days) course of the nonabsorbable 
antibiotic rifaximin on markers of liver injury, 
immune activation and endotoxemia, in a cohort 
of 42 patients with NAFLD (27 with NASH).76 In 
this open-label, observational, cohort study, rifaxi-
min was associated with a small decrease in BMI, 
as well as statistically significant decreases in serum 
levels of ALT, AST, gamma glutamyl transferase, 
LPS and ferritin in patients with NASH.

Reijnders and colleagues studied the impact of a 
7-day course of antibiotics (amoxicillin versus 
vancomycin versus placebo) on the metabolism of 
obese adults in a randomized, double-blind, pla-
cebo-controlled trial.33 They showed that vanco-
mycin (but not amoxicillin) changed the intestinal 
microbiome significantly, a finding that was 
accompanied by changes in SCFA and bile acid 
levels. In spite of these changes however, insulin 
resistance, energy expenditure and energy 

extraction from the diet remained unaffected and 
unchanged from baseline. This study revealed 
that the interplay between the microbiome and 
the host is complex and the metabolic impact of 
this interaction can be unpredictable. The role of 
short- and long-term courses of antibiotics for the 
treatment of NAFLD remains to be investigated 
in appropriately designed RCTs.

Fecal transplantation for the treatment  
of NAFLD
Fecal microbial transplantation (FMT) has been 
used successfully in the treatment of recurrent 
infection with Clostridium difficile. FMT leads to 
increased bacterial diversity,77,78 as such, may be 
useful in the context of conditions associated with 
dysbiosis and overall decreased microbial diver-
sity, such as NAFLD. To date, no fecal trans-
plantation studies have reported on the impact of 
this intervention on serum, imaging or histology 
outcomes of patients with NAFLD. In patients 

Table 2. Summary of treatments that target the microbiome for the treatment of NAFLD.

Treatment Result

Prebiotics •  Modest reductions in serum aminotransferases, no histologic outcomes
•  Small cohorts studied

Probiotics •  Small reductions in serum aminotransferases, no histologic outcomes
•   No personalized treatment (i.e. no prior knowledge of microbiota 

composition)

Synbiotics •  No reduction in serum ALT levels

Antibiotics •  Short-term, limited studies

Fecal Microbial 
Transplantation

•  In process, no study aimed at treating NAFLD has been published yet

JKB-121 •   TLR4 receptor antagonist studied in phase II, double-blind, randomized, 
placebo-controlled trial × 24 weeks

•   Not superior to placebo in reducing MRI-PDFF and ALT in adults with NASH

Obeticholic acid •   FXR agonist studied in a double-blind, placebo-controlled, randomized, 
phase IIb trial × 72 weeks

•   Decreases NAS by ⩾2 without worsening of fibrosis with a relative risk 
reduction of 1.9

•  Concerns regarding increase in LDL-C

NGM282 •   Engineered variant of human FGF19 studied in a phase II, placebo-controlled, 
randomized controlled trial × 12 weeks

•   Leads to MRI-PDFF of <5% in up to 39% of patients with noncirrhotic NASH
•  Concerns regarding increase in LDL-C

ALT, alanine aminotransferase; FGF19, fibroblast growth factor 19; FXR, farnesoid X receptor; LDL-C, low-density 
lipoprotein cholesterol; MRI-PDFF, magnetic resonance imaging proton density fat fraction; NAFLD, nonalcoholic fatty 
liver disease; NAS, NAFLD activity score; TLR, Toll-like receptor.
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with metabolic syndrome however, Vrieze and 
colleagues have shown improved insulin sensitiv-
ity following fecal transplantation from lean indi-
viduals.40 Studies focusing on the role of FMT in 
the treatment of NAFLD or associated comor-
bidities are currently underway (ClinicalTrials.
gov). Future aspects of care that will need to be 
addressed, should FMT be found to be useful in 
the treatment of NAFLD, include the approach 
to selecting the donor, the optimal mode of deliv-
ery of the fecal material and the dose/frequency 
necessary to achieve the desired outcome.

Other approaches to target the microbiome
Considering the presence of metabolic endotox-
emia in patients with NAFLD, as well as the role 
of TLR4 signaling in inflammation and fibrosis, 
this pathway has been targeted for the treatment 
of NASH. JKB-121, a weak TLR4 receptor 
antagonist was studied in a recent phase II, dou-
ble-blind, randomized, placebo-controlled trial.79 
After 24 weeks of treatment, JKB-121 was not 
superior to placebo in reaching the primary end-
point of liver fat content reduction (measured 
with magnetic resonance imaging proton density 
fat fraction) or serum ALT reduction in adults 
with NASH. Interestingly, in this study, the pla-
cebo response was significant with 32% of partici-
pants in the placebo arm demonstrating a 
sustained biochemical remission (ALT < 40 U/l 
on two consecutive measures). The role of TLR4 
signaling antagonism for the treatment of NASH 
remains to be investigated further.

Targeting bile acid homeostasis as a treatment 
of NAFLD
As already mentioned, intestinal microbiota are 
tightly linked to bile acid homeostasis.13 
Concurrently, bile acids can have a direct impact 
on the intestinal microbiota composition. 
Specifically, bile acids act as detergents on 
microbial cell membranes, signal the release of 
antimicrobial peptides and can also stimulate 
the germination of microbial spores.80,81 Given 
the interplay between intestinal microbiota and 
bile acids, any intervention targeting bile acid 
homeostasis has an impact on the microbiota 
and vice versa.

Bile acid homeostasis has been targeted for the 
treatment of NAFLD. Obeticholic acid is a par-
tially synthetic derivative of chenodeoxycholic 

acid and a potent FXR agonist that has been 
studied specifically for the treatment of NASH. 
Obeticholic acid increases Gram-positive facul-
tative anaerobic bacteria in the stool of healthy 
people, likely as a result of an FXR-dependent 
reduction in small intestinal bile acid levels.82 In 
addition, in cirrhotic rats it improves dysbiosis, 
reduces bacterial translocation and ameliorates 
the intestinal immune cell infiltration.83 FLINT, 
a double-blind, placebo-controlled, randomized, 
phase IIb trial assessed the effect of 25 mg of 
obeticholic acid given daily in adults with NASH 
over 72 weeks. Obeticholic acid was associated 
with weight loss (2.3 kg on average) and 
improved liver histology [decrease in NAFLD 
activity score (NAS) by ⩾2 without worsening of 
fibrosis; relative risk (RR) reduction of 1.9, 95% 
confidence interval (CI) 1.3–2.8]. Fibrosis 
improved in 35% of patients and NASH resolu-
tion was seen in 22% (not statistically different 
from placebo). Adverse effects associated with 
the use of obeticholic acid included pruritus, 
increase in insulin resistance and worsening cho-
lesterol levels (increased total serum cholesterol 
and LDL levels and decreased HDL). 
Considering that cardiovascular disease is the 
primary cause of death in this population, these 
trends in cholesterol are concerning; however, a 
combination of obeticholic acid with a statin 
may prove to be beneficial. The role of obet-
icholic acid for the treatment of NASH is cur-
rently being investigated in a large, phase III trial 
(REGENERATE).

NGM282 is an engineered variant of human 
FGF19 that has been studied for the treatment of 
NASH. In a phase II, placebo-controlled, RCT, 
daily subcutaneous injections with NGM282 for 
12 weeks normalized the hepatic fat content 
(defined as magnetic resonance imaging proton 
density fat fraction < 5%) of 26–39% of patients 
with noncirrhotic NASH (with the 3-mg and 
6-mg dosing, respectively).84 Use of the drug was 
associated with an increase in LDL-C levels. 
NGM282 was subsequently studied in combina-
tion with rosuvastatin, in a phase II, open-label 
study of adult NASH.85 The results of this 
12-week trial revealed a 75% decrease in NAS 
and reduction in fibrosis score in 42% of patients. 
The concurrent use of rosuvastatin prevented 
increases in serum LDL levels noted in the previ-
ous trial.86 The most common adverse effects 
associated with the use of NGM282 were nausea 
and diarrhea.
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Conclusion
The literature to date supports the notion that 
dysbiosis occurs in patients with NAFLD and 
that can be of relevance in terms of the patho-
physiology and the treatment of this condition. 
Future studies should focus on the determina-
tion of direct links between the microbiome 
and the development and natural history of 
NAFLD, as well as the impact of interventions 
aimed at treating dysbiosis on liver disease 
severity.
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