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We review recent findings and hypotheses on the roles of gut 
microbiome in the pathogenesis of nonalcoholic fatty liver 
diseases (NAFLD). Microbial metabolites and cell components 
contribute to the development of hepatic steatosis and inflam-
mation, key components of nonalcoholic steatohepatitis 
(NASH), the severe form of NAFLD. Altered gut microbiome can 
independently cause obesity, the most important risk factor for 
NAFLD. This capability is attributed to short-chain fatty acids 
(SCFAs), major gut microbial fermentation products. SCFAs 
account for a large portion of caloric intake of the host, and 
they enhance intestinal absorption by activating GLP-2 signal-
ing. However, elevated SCFAs may be an adaptive measure to 
suppress colitis, which could be a higher priority than imbal-
anced calorie intake. The microbiome of NASH patients features 
an elevated capacity for alcohol production. The pathomecha-
nisms for alcoholic steatohepatitis may apply to NASH. NAFLD/
NASH is associated with elevated Gram-negative microbiome 
and endotoxemia. However, many NASH patients exhibited 
normal serum endotoxin indicating that endotoxemia is not 
required for the pathogenesis of NASH. These observations 
suggest that microbial intervention may benefit NAFLD/NASH 
patients. However, very limited effects were observed using 
traditional probiotic species. Novel probiotic therapy based 
on NAFLD/NASH specific microbial composition represents a 
promising future direction.

Human microbiome, especially the gut microbiome, has 
gained attention recently due to the advancement of the 

high-throughput “next generation sequencing techniques.” 
Previous studies employing culture dependent techniques 
were labor intensive and inevitably biased as 60–80% of 
the gut microbes cannot be cultivated (1). With the high 
throughput culture-independent sequencing techniques, tax-
onomic assignments of the uncultured, undefined microbes 
into operational taxonomic units (OTUs) are based on clus-
tering of the 16S rRNA sequences (18S rRNA microbiome 
are not discussed in this review as eukaryotes are rare in 
the gut microbiome and there are few published studies.). 
Frequently, microbial OTUs are grouped at 97% similarity in 
16S rRNA sequences and such OTUs are considered equiva-
lent to species. On average, thousands of OTUs are observed 
in a human gut microbiota (2), which is substantially higher 

than the previous estimations of 300–500 species based on 
culture-dependent studies (3).

Normal gut microbes benefit human health through various 
mechanisms such as the digestion of fibers and resistant starch, 
synthesis of vitamins, prevention of pathogen colonization, and 
immunomodulation in the development of intestinal mucosal 
immunity (4). This list will likely grow when the uncultured, 
undefined species are characterized. On the other hand, many 
human diseases are associated with altered gut microbiome 
and in some cases causal relationships were observed, such as 
Clostridium difficile and diarrhea (5). In many circumstances, 
the disrupted gut microbiome could have an adverse effect on 
liver health as the bacterial metabolites and the bacterial cell 
components are drained to the liver through portal vein. Here, 
we review recent progress in understanding the associations 
between altered gut microbiota and fatty liver diseases with 
particular attention to adolescent patients. Evidence shows that 
microbial products contribute to the development or mainte-
nance of liver steatosis and inflammation, two key components 
for the diagnosis of nonalcoholic steatohepatitis (NASH), the 
severe form of nonalcoholic fatty liver diseases (NAFLD) now 
a major cause for liver transplantation (6).

SHORT-CHAIN FATTY ACIDS AND NAFLD
Hypothetical Mechanism 1: Elevated Energy Extraction in the 
Form of Short-Chain Fatty Acids
Short-chain fatty acids (SCFAs) are the major fermentation 
products of gut microbes. In the human colon, the normal 
gut microbiome produces a concentration of 50–100 mmol/l 
SCFAs (7), mainly comprised of acetate, propionate and butyr-
ate. These SCFAs provide a sizable portion of the energy needs 
of the human body. Research using germ-free animals indi-
cated that the SCFAs produced by the microbes account for 
~30% of energy extraction from the diet (8).

SCFAs are implicated in the pathogenesis of NAFLD because 
of their possible contribution to obesity. Initial evidence for an 
altered gut microbiota in obesity is the observation by Ley et al.  
that ob/ob mice (9) and obese patients (10) exhibit reduced 
abundance of Bacteroidetes and proportionally increased abun-
dance of Firmicutes. Altered gut microbiota in obesity was also 
observed by other researchers, although the observed changes 
were usually different (11–18), and frequently opposite (12–18)  
to the observations of Ley et al. Note that only three studies 
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stated that the enrolled patients and controls did not take anti-
biotics in the 3-mo period before sample collection; and all 
three studies reported an increased Bacteroidetes/Firmicutes 
ratio in the gut of obese patients (12–14,19) (Table 1).  
Our group paid particular attention to proton pump inhibitors 
and histamine receptor antagonists (14,19) as these agents are 
known to affect Firmicutes (20). These precautions for patient 
enrollment gave us confidence in the observed changes in the 
microbiome of our pediatric NASH patients.

Currently, the prevalent hypothetical mechanism for the 
role of altered gut microbiota in the development of obesity 
is that the gut microbiota of obese animals have increased 
capacity to harvest energy. The first evidence was provided 
by Turnbaugh et al. (21): (i) the gut microbiome of the ob/
ob mice is enriched in carbohydrate metabolizing genes;  
(ii) the cecum of these animals has an increased concentration 
of SCFAs; (iii) the stool of these animals retains significantly 
less energy than their lean mates according to bomb calo-
rimetry; and (iv) most strikingly, transplantation of the germ 
free mice with the gut microbiome from ob/ob mice caused 
greater fat gain than transplants from lean animals. In humans, 
increased production of SCFAs by the gut microbiota was also 

observed in overweight and obese people, compared to lean 
subjects (13). The conflict here is that while Turnbaugh et al. 
observed decreased Bacteroidetes/Firmicutes ratio in the gut 
of obese mice and obese humans, Schwiertz et al. reported 
increased Bacteroidetes/Firmicutes ratio in the gut of obese 
people. Although members in both phyla produce SCFAs, it 
seems that Bacteroidetes (e.g., Prevotella) produce more SCFAs 
(22). Prevotella is well equipped for the production of SCFAs 
from polysaccharide metabolism. For example, the P. bryantii 
genome encodes 203 carbohydrate active enzymes including 
107 glycoside hydrolases, 53 glycosyl transferases, 14 polysac-
charide lyases, and 19 carbohydrate esterases (23).

Our recent effort in deciphering the gut microbial compo-
sition of obese children revealed that Bacteroidetes were sig-
nificantly elevated (mainly Prevotella) in obese and NASH 
patients, compared to lean healthy children (14). Although our 
cross-sectional study supports a causal relationship between 
high Prevotella and obesity, this hypothetical mechanism needs 
to be tested in a longitudinal study. One possible strategy is to 
use gnotobiotic mice carrying the gut microbiome of pediatric 
obese patients or of lean children, and examine their differen-
tial influence on host metabolism and weight gain.

Table 1 Bacteroidetes/Firmicutes in the gut of obese patients

Type of  
patients

Patient inclusion/ 
exclusion criteria Methods

Gut microbiota features 
associated with obesity Reference

Adolescents No antibiotics, probiotics, prebiotics, proton pump inhibitors, 
or histamine receptor antagonist had been taken in the 3 mo 
prior to sample collection.

16S rRNA 
pyrosequencing

Increased Bacteroidetes/Firmicutes 
in obesity

14,19

Adults No antibiotics had been taken in the 6 mo prior to the study. 16S rRNA 
targeted qPCR

Increased Bacteroidetes/Firmicutes 
in obesity

13

Adults None had received any antibiotic, probiotic, or prebiotic 
agents in the 3- mo period before the collection of fecal 
samples.

16S rRNA 
pyrosequencing

Increased Bacteroidetes/Firmicutes 
in obesity

12

Adults Not described 16S rRNA 
sequencing

Decreased Bacteroidetes/
Firmicutes in obesity

10,77

Adults, male Not described Real-time qPCR 
and 16S rRNA 
pyrosequencing

Decreased Firmicutes 15

Mixed 
adolescents 
and adults

Obese patients had not taken probiotics before the stool 
samples were collected.

Real-time qPCR Decreased Bacteroidetes/
Firmicutes in obesity

78

Adults, pregnant 
women

Not described Fluorescent in situ 
hybridization

Increased Bacteroides in obesity 16

Adults, pregnant 
women

Not described Real-time qPCR Decreased Bacteroides in 
overweight women

79

Infants Overweight infants and controls were matched for 
gestational age and BMI at birth, mode of delivery, 
probiotic intervention, duration of breastfeeding, use 
of antibiotics during infancy, and frequencies of atopic 
diseases and atopic sensitization at 7 y of age.

Fluorescent in situ 
hybridization and 
real-time qPCR

Increased Bacteroides 
(Bacteroidetes) and decreased 
Clostridium (Firmicutes) in 
overweight subjects

17

Adults, male Absence of indexes of metabolic syndrome and had no 
history of gastrointestinal problems. No antibiotics or drugs 
known to influence the fecal microbiota were taken during 
the course of the study.

Fluorescent in situ 
hybridization

Bacteroidetes/Firmicutes not 
altered in obesity

11,80

Adults Subjects with significant alcohol consumption, liver 
decompensation or malignancy, or secondary causes of 
fatty liver were excluded.

16S rRNA 
pyrosequencing

Increased Bacteroidetes/Firmicutes 
in NASH patients (obese or 
overweight)

18
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What caused the increased representation of Prevotella? 

According to De Filippo et al. (22), a diet high in plant fibers 
provides more fermentation substrates for Prevotella and 
therefore stimulates its proliferation. On the other hand, 
high fat diets promote the growth of Firmicutes in mice (24). 
A comprehensive study investigating the correlation of dietary 
components with human gut microbial composition reported 
similar results (25).

Hypothetical Mechanism 2: Intestinotrophic Effect of SCFAs 
Mediated by Glucagon-Like Peptide 2
Initial evidence for SCFAs enhancing nutritional absorp-
tion came from studies on total parenteral nutrition (TPN) 
for short-bowel syndrome (SBS). Supplementation of SCFAs 
to TPN prevented TPN associated mucosal atrophy (26) and 
increased the intestinal absorption of glucose (27). The under-
lying mechanisms include the induction of nutrient trans-
porters such as GLUT2 in enterocytes (27,28), the induction 
of enterocyte proliferation and the inhibition of apoptosis 
(29). Tappenden et al. also noticed that SCFA supplementa-
tion induced the expression of ileal proglucagon mRNA and 
plasma glucagon-like peptide 2 (GLP-2), establishing the cur-
rent hypothesis that the intestinotrophic effects of SCFAs are 
mediated by GLP-2 (28,30). Since SCFAs are elevated in the 
gut of obese patients, they may contribute to the development/
maintenance of obesity through elevated intestinal absorption.

However, the idea of targeting SCFA/GLP-2 mediated intes-
tinal absorption in the treatment of obesity and related com-
plications is undermined by the report that increased GLP-2 
levels, achieved by microbial intervention or subcutaneous 
administration of GLP-2 (1–33) is beneficial for ob/ob mice 
(31). The beneficial effect is the improvement of the leaky gut 
(reduced permeability), which leads to lower plasma lipopoly-
saccharide (LPS) and cytokines levels, and consequently a 
decreased hepatic expression of oxidative stress and inflamma-
tory markers. The knowledge gap here is that while the study of 
Cani et al. is suggestive of a lower level of GLP-2 in ob/ob mice, 
this is not consistent with the reports that SCFAs are high in 
the gut of ob/ob mice (21) and SCFAs induce GLP-2 (28,30). 
Further studies on the interaction between SCFA and GLP-2 
and the underlying mechanism may provide an explanation 
for this inconsistency.

Hypothetical Mechanism 3: Suppression of Colitis Through 
GPR43 Mediated Signaling
Because colitis enhances gut permeability, and consequently 
allows elevated hepatic exposure of microbial products via 
portal circulation, suppression of colitis by SCFAs could 
exert a major protection for liver health. Human inflamma-
tory bowel diseases are associated with reduced production 
of SCFAs in the gut (32). Also, beneficial effects of SCFA 
supplementation on colitis have been observed in many dif-
ferent studies (e.g., ref. 33). Although the effectiveness of the 
SCFA therapy may be explained by the intestinotrophic effect 
of SCFAs mediated by GLP-2, evidence also suggests that the 
G-protein coupled receptor 43 (GPR43), a receptor for SCFAs, 

suppresses inflammatory responses in the gut. Maslowski et al. 
examined the effect of SCFAs/GPR43 on intestinal inflamma-
tory responses using a dextran sulphate sodium (DSS) induced 
colitis model (34). The DSS induced colitis is more severe in 
germ-free mice than in conventionally raised animals, and the 
colitis was ameliorated by acetate supplementation. The benefi-
cial effect of acetate is absent in GPR43−/− mice. By suppressing 
colitis, SCFAs/GPR43 signaling helps to improve gut perme-
ability and therefore minimize the hepatic injuries imposed by 
microbial cell components and microbial products. The activity 
of SCFAs/GRP43 is not limited to the intestines. Kimura et al.  
showed in mice that SCFAs/GPR43 suppresses insulin signal-
ing in adipose tissue, leading to inhibited fat accumulation in 
adipose tissue (35). These authors demonstrated that GPR43 
deficient mice are obese on a normal diet, whereas mice over-
expressing GPR43 specifically in adipose tissue remain lean 
when fed a high-fat diet.

A Summary on SCFAs and Liver Disease
Current literature suggests that SCFAs have opposing effects 
on liver health: on one side, SCFAs account for ~30% of calorie 
intake, and, the intestinotrophic effect of SCFAs mediated by 
GLP-2 enhances the intestinal absorption, both mechanisms 
may contribute to the development of obesity and obesity 
related phenotypes including liver diseases. On the other side, 
through their receptor GPR43, SCFAs suppress colon inflam-
mation, therefore protect liver from the insults of microbial 
cell components coming from the portal vein; SCFAs/GPR43 
may also benefit liver health by down-regulating insulin sig-
naling in adipose tissue. The seemingly conflicting roles of 
SCFAs on liver health could be a consequence of imbalanced 
calorie intake/expenditure associated with modern life styles. 
When balance is achieved between caloric intake and expendi-
ture, SCFAs would only benefit liver health.

ALCOHOL AND NAFLD
Gut Microbes Produce Alcohol
It is well known that the normal gut microbiome produces 
alcohol, as suggested initially by the increased blood alco-
hol level after intake of alcohol free food (36). Production of  
ethanol in the gut is also reflected by the fact that human 
liver and gastrointestinal tract have the highest activities of  
alcohol dehydrogenases in the body (37). Because these 
enzymes are constantly metabolizing alcohol, it is diffi-
cult to assess the quantity of alcohol produced in the gut. 
Nevertheless, in vitro studies demonstrated the alcohol pro-
ducing capacity of some gut microbial species. For example, 
under anaerobic conditions, 1 g (wet weight) of E. coli pro-
duces 0.8 g ethanol in 1 h (38).

The Rise, Fall, and Rise Again of the “Alcohol Hypothesis”: Our 
Gene Expression Study
The possible role for endogenous alcohol in NAFLD was first 
implicated in ob/ob mice. Cope et al. found that the alcohol in 
the breath of obese animals is higher than that of lean animals 
(39). This observation prompted the authors to propose the 
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“alcohol hypothesis” of NASH. However, the same researchers 
could not find any difference in the breath alcohol concentra-
tion between NASH patients and lean controls (40). In 2009, 
our group completed the first global gene expression analysis 
of NASH livers and normal controls (http://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE17470), and found that 
many of the alcohol and aldehyde dehydrogenases are among 
the most up-regulated genes in NASH livers (41). Additionally, 
other alcohol metabolizing mechanisms including CYP2E1 
and catalase are also highly elevated in NASH livers. We con-
firmed these observations with quantitative real-time PCR 
(qRT-PCR) and western blots and are convinced that all 
liver pathways for metabolizing alcohol were highly elevated 
in NASH livers. The most reasonable explanation for these 
observations is that alcohol was elevated in the circulation of 
the NASH patients and caused up-regulation of the alcohol 
metabolizing capacity.

More About Alcohol Related Gene Expression in NAFLD: CYP2E1
Induced CYP2E1 in NASH liver was reported as early as in 
1998 (42) and confirmed in another study (43). Similar obser-
vations were reported in a methionine and choline deficient 
diet (MCDD) animal model of NASH (44,45). CYP2E1, a 
major component of the microsomal ethanol oxidizing system 
(MEOS), catalyzes ethanol oxidation and produces free radi-
cals that may lead to liver inflammation (46). CYP2E1 is an 
ethanol inducible enzyme (47,48), and is well known for its 
role in the pathogenesis of alcoholic steatohepatitis. Therefore, 
the observation of elevated CYP2E1 in NASH liver led to the 
hypothesis that free radicals produced by CYP2E1 may play 
a critical role in the pathogenesis of NASH (42,43). However, 
these investigators did not discuss the possible cause of ele-
vated CYP2E1 activity. One explanation for induced CYP2E1 
in NASH livers is that CYP2E1 may be induced by fatty acid 
as demonstrated in in vitro studies (49). However, in intact 
animals, high fat diets did not induce CYP2E1, but induced 
other components of MEOS (50). Therefore, in our opinion, 
induced CYP2E1 in NASH livers is more likely a consequence 
of elevated alcohol in the circulation.

Alcohol, Gut Microbiome, and NASH
Although Nair et al. did not observe an elevated breath alcohol 
in NAFLD patients (40), the “alcohol hypothesis” continued. 
Volynets et al. observed elevated serum alcohol concentra-
tion in adult NAFLD patients (51). While occasional drinking 
might influence the assessment of serum alcohol with adult 
NAFLD patients, it is less a concern with pediatric patients. 
We reported that pediatric NASH patients exhibited higher 
serum alcohol concentrations than those of healthy controls 
and non-NASH obese patients (14). Since we have demon-
strated elevated alcohol scavenging capabilities in NASH liv-
ers, it is conceivable that the difference in peripheral serum 
alcohol between NASH patients and normals is much dimin-
ished, compared to that in portal blood.

After a thorough analysis of the dietary intake, we excluded 
the possible contributions of alcoholic drinks, fruit or 

aspartame on elevated serum alcohol, and arrived at the 
hypothesis that the gut microbiome is responsible for ele-
vated endogenous alcohol in NASH patients. The gut micro-
biomes from NASH patients, obese patients and healthy 
controls were quantitatively assessed by 16S rRNA pyrose-
quencing (14). Abundant differences at all taxonomic levels 
and ecological diversities were found between NASH patients 
and healthy controls, and between obese patients and healthy 
controls. The microbiome composition of NASH patients 
and obese patients are quite similar except that they differ 
significantly in the abundance of Escherichia, a genus of the 
Enterobacteriaceae family. Enterobacteriaceae exhibits a 
mixed-acid fermentation pathway, a major product of which 
is ethanol (38,52–54). These studies demonstrated the alco-
hol producing capabilities of Enterobacteriaceae members in 
vitro (38,52,53) and in vivo (54).

Summary and Future Directions for the Alcohol Hypothesis
Available data support a role for endogenous alcohol in the 
pathogenesis of NASH. Alcohol produced by the gut microbes 
may contribute to the development of NASH by mecha-
nisms similar to those described for alcoholic steatohepatitis. 
Currently, all studies in support of the “alcohol hypothesis” 
were cross-sectional and do not support a causal relationship. 
Prospective, time-course studies are needed to prove a causal 
relationship between altered gut microbiome and increased 
alcohol production. Additionally, it is of particular inter-
est and importance to investigate the driving forces for the 
alterations in gut microbiome in NAFLD and NASH patients. 
Possible factors that lead to elevated abundance of alcohol 
producing Escherichia include high fat diet (55) and intake of 
sub-therapeutic levels of antibiotics (56).

LPS AND NAFLD
Possible Roles of LPS in Metabolic Diseases and NAFLD/NASH: 
Animal Models
Many microbial cell components, or pathogen-associated 
molecular patterns (PAMPs) including lipopolysaccharide 
(LPS, endotoxin), flagellin, lipoteichoid acid, peptidoglycan, 
and unmethylated CpG motifs may affect the physiology and 
pathology of their host, mediated by Toll-like receptors or 
other pattern recognition receptors. Among these molecules, 
LPS is the most studied for possible role in liver diseases.

The first evidence in support of a role for LPS in the patho-
genesis of NASH was the observation that endotoxemia read-
ily induces steatohepatitis in obese rats and mice (57). With 
the methionine and choline deficient diet (MCDD) mouse 
model for NASH, Rivera et al. observed portal endotoxemia 
and elevated expression of Toll-like receptor 4, CD14 and MD2 
in Kupffer cells (58). These genes are key components of the 
LPS/TLR4 signaling pathway leading to the production of 
pro-inflammatory cytokines (59). One mechanism for hepatic 
exposure to endotoxin is increased gut permeability such as 
colitis or celiac disease. Another is that high-fat diets may facil-
itate LPS uptake through elevated chylomicron production in 
intestinal epithelial cells (60).
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More strikingly, Cani et al. introduced a novel concept that 

chronic metabolic endotoxemia (LPS concentration increased 
two to three times compared to normal) leads to metabolic 
syndrome (61). The authors introduced metabolic endotox-
emia in mice through continuous subcutaneous infusion of 
LPS, which caused body weight gain, liver weight gain, adi-
pose tissue weight gain, liver insulin resistance, fasting glyce-
mia, and insulinemia, features that are similar to those induced 
by high-fat diets. These responses did not occur with CD14 
mutant mice, indicating that CD14/TLR4 signaling is required 
for LPS induced metabolic diseases.

The importance of LPS/TLR4 signaling in the pathogenesis 
of NAFLD is strengthened by another study using a different 
animal model. Henao-Mejia et al. found that NLRP6 inflamma-
some deficiency leads to an altered transmissible, colitogenic 
gut microbiota (62). When fed with MCDD, these inflamma-
some deficient mice developed NASH with significantly higher 
severity than wild-type animals (63). They demonstrated that 
the colitogenic microbiota is responsible for the enhanced dis-
ease severity with a co-housing experiment. Furthermore, they 
demonstrated that TLR4 and TLR9 (but not TLR5) signaling 
are both required for enhanced NASH severity.

These animal studies suggest that endotoxin is sufficient to 
induce all NASH pathologies. How well do these animal stud-
ies reflect the pathology in NASH patients?

Possible Roles of LPS on Metabolic Diseases and NAFLD/NASH: 
Human Studies
Several groups reported elevated serum endotoxin in NAFLD 
and NASH patients (51,64–66), including pediatric patients 
(66). In line with these observations, NAFLD/NASH patients 
also exhibit elevated serum LPS binding protein (67) and LPS 
antibodies (68).

We examined possible correlations between NASH and the 
Gram-negative microbiomes, the source of LPS (19). We found 
that our adolescent NASH patients carry a gut microbiota with 
elevated abundance in Gram-negative bacteria, compared to 
healthy controls. Additionally, we also observed an elevated 
serum endotoxin level and increased incidence of endotox-
emia in NASH patients. However, a closer examination of the 
data revealed no correlation between Gram-negative bacteria 
abundance and the concentration of serum endotoxin. Our 
data revealed that endotoxemia is absent from the majority 
of NASH patients; therefore, we conclude that endotoxemia is 
not required for the pathogenesis of NAFLD/NASH.

Our observation prompted us to revisit previous studies 
on endotoxemia in NAFLD/NASH. In the first study demon-
strating the association between NAFLD and endotoxemia, 
2 out of 12 NAFLD patients are free from endotoxemia (64). 
In the following years, several reports from the same group 
and others also demonstrated the association of NAFLD with 
endotoxemia (51,65,66). A common observation from these 
reports was the broad range of serum endotoxin levels in 
NAFLD patients. Normal serum endotoxin was observed in 
some of the NAFLD/NASH patients from different countries 
in different studies. Further evidence in support of normal 

endotoxin in some of the NAFLD/NASH patients include the 
observations that serum LPS antibody levels (68) and plasma 
LPS binding protein levels (67) of NASH patients are of 
broad ranges, overlapping with that of the normals. Overall, 
these studies suggest that, endotoxemia is not required in the 
pathogenesis of NASH. Endotoxemia may contribute to dis-
ease progression in some NASH cases, but other challenges 
such as gut derived alcohol (39,41), endoplasmic reticulum 
stress, and adipose tissue derived threats may cause NASH 
independently from endotoxemia. Our observations high-
light the current “multi-hit” hypothesis for the pathogenesis 
of NASH (69).

MICROBIOME INTERVENTION IN THE TREATMENT OF 
NAFLD/NASH
The observations that the gut microbiota play critical roles 
in the pathogenesis of NAFLD/NASH lead to and support 
the hypothesis that microbiota manipulation is a potentially 
effective therapeutic option for NAFLD/NASH. Available 
interventions for altering gut microbiota include diet, anti-
biotics, probiotics, prebiotics, synbiotics, and microbiota 
transplantation. Among these, probiotics have been tested 
for the treatment of NAFLD/NASH in animal models and 
human subjects.

With several rodent NAFLD models, a probiotic mix-
ture VSL#3 (containing Streptococcus, Bifidobacterium, and 
Lactobacillus) improved liver histology, reduced liver fat, and 
decreased serum ALT levels (70–73). With the MCDD mouse 
model, VSL#3 reduced liver fibrosis but aggravated liver fat 
and serum ALT (74).

Several human studies evaluated the therapeutic effect of 
probiotics on NAFLD/NASH. VSL#3 seems to reduce oxida-
tive stress in NAFLD patients (75), but no control was included 
in this study. A randomized, double-blinded, placebo-con-
trolled study was conducted to evaluate the effect of synbiotics 
including Bifidobacterium longum and fructo-oligosaccharides 
in NAFLD patients and reported small beneficial effects (76). 
In another randomized controlled trial examining the effects 
of probiotic therapy on NASH patients using Lactobacillus and 
Bifidobacterium spp. no significant difference in BMI, fasting 
glucose, cholesterol, or triglyceride was observed between the 
probiotics treated group and the control (18).

One major pitfall of these probiotics/synbiotics trials is that 
the probiotic species did not target NAFLD/NASH specific 
microbiota. Both Bifidobacterium and Lactobacillus are minor 
genera in the gut compared to Bacteroides, Prevotella, Blautia, 
or Faecalibacteria (14). Moreover, Lactobacillus tends to be 
increased in NASH patients (L. Zhu, R.D. Baker, and S.S. Baker, 
unpublished data). Since there is no deficiency of these tradi-
tional probiotic species in the gut of NAFLD/NASH patients, it 
is no surprise that supplementation with these species did not 
significantly alleviate microbiota related pathologies. Major 
taxa depleted in the gut of NASH patients are Lachnospiraceae 
species, Ruminococcaceae species, and Veillonellaceae species 
(14), from which effective probiotic species for NAFLD/NASH 
may be selected and evaluated in future studies.
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CONCLUSIONS
Abundant evidence from NAFLD/NASH animal models and 
patients including pediatric patients revealed several possible 
mechanisms for gut microbiota to contribute to the develop-
ment and maintenance of liver steatosis and hepatic inflam-
mation. The gut microbial composition of the NAFLD/NASH 
patients deviates from that of healthy people. The altered 
microbiome in NAFLD/NASH may produce more SCFAs 
and alcohol, and carry more Gram-negative species that sup-
ply LPS to the portal circulation. Although elevated SCFAs 
may contribute to increased calorie intake, it may also be an 
adaptive action of the host to control inflammatory signaling. 
Therefore, gut microbial taxa associated with higher capacities 
in alcohol and LPS production may represent better targets for 
therapeutic interventions on the gut microbiome. Currently, 
most of the microbiome interventions on NAFLD/NASH 
patients used traditional probiotic species that are not depleted 
in the gut of the patients and exhibited very limited effect in 
clinical trials. Novel, disease targeting probiotic therapies may 
be designed based on the altered microbial composition of the 
NAFLD/NASH patients.
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