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Abstract

Nonalcoholic fatty liver disease (NAFLD) represents a spectrum of diseases involving hepatic fat
accumulation, inflammation with the potential progression to fibrosis and cirrhosis over time.
NAFLD is often associated with obesity, insulin resistance, and diabetes. The interactions between
the liver and the gut, the so-called "gut-liver axis”, play a critical role in NAFLD onset and
progression. Compelling evidence links the gut microbiome, intestinal barrier integrity, and
NAFLD. The dietary factors may alter the gut microbiota and intestinal barrier function, favoring
the occurrence of metabolic endotoxemia and low grade inflammation, thereby contributing to the
development of obesity and obesity-associated fatty liver disease. Therapeutic manipulations with
prebiatics and probiotics to modulate the gut microbiota and maintain intestinal barrier integrity
are potential agents for NAFLD management. This review summarizes the current knowledge
regarding the complex interplay between the gut microbiota, intestinal barrier, and dietary factors
in NAFLD pathogenesis. The concepts addressed in this review have important clinical
implications, although more work needs to be done to understand how dietary factors affect the
gut barrier and microbiota, and to comprehend how microbe-derived components may interfere
with the host’s metabolism contributing to NAFLD development.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is currently the most common liver disease
worldwide in both adults and in children, and is considered to be the hepatic manifestation
of the metabolic syndrome. NAFLD is generally associated with obesity, insulin resistance,
and diabetes. NAFLD includes a spectrum of pathologies from simple steatosis to
nonalcoholic steatohepatitis (NASH) characterized by inflammation with the potential
progression to fibrosis and cirrhosis over time. The prevalence of steatosis is estimated at
20-30% of the general population of the developed countries, and up to 75 -100% in obese
individuals [1, 2]. The prevalence of NAFLD increases in parallel with obesity, and NAFLD
is considered to be an emerging epidemic parallel to the dramatic increase in obesity rates in
the US and worldwide [3].

Classically, obesity is considered to be due to a surplus of energy intake over energy
expenditure, resulting in storage of excess energy as a fat (Figure 1A). Genetic,
physiological, and environmental factors (e.g., high fat diet [HFD] and sedentary lifestyle)
also play a significant role in the etiology of obesity and obesity-associated metabolic
disorders. An innovative concept that has been recently proposed involves the gut-liver axis
as a critical component of obesity and NAFLD pathogenesis. The latest advances in the field
suggest that the increased consumption of obesogenic foods (particularly those enriched in
fat and fructose) may alter the gut microbiota and intestinal barrier function favoring the
occurrence of metabolic endotoxemia and low-grade inflammation [4, 5], thereby
contributing to the development of obesity and obesity-associated fatty liver disease (Figure
1B). The involvement of the gut microbiota in NAFLD pathogenesis is complex and
multifactorial. The data from animal studies support the concept that the gut bacteria may
contribute to NAFLD via multiple mechanisms (Table 1), including regulation of energy
homeostasis [6, 7] with the increased fermentation of carbohydrates to short chain fatty
acids (SCFAs) and subsequent stimulation of de novo synthesis of triglycerides in the liver
[8, 9]; modulation of endocannabinoid system [10, 11]; modulation of choline metabolism
(which is required for very-low-density lipoprotein synthesis and hepatic lipid export) [12,
13]; modulation of bile acid homeostasis [14, 15]; the ability to generate endogenous ethanol
[16, 17]; and bacteria-derived toxins (e.g., lipopolysaccharides (LPS)), which may activate
pro-inflammatory cytokine production in the liver macrophages resulting in hepatocellular
inflammation [4]. Small intestine bacterial overgrowth (SIBO) has also been linked to
NASH pathogenesis [18, 19] [20]. The gut microbiota may also contribute to hepatic fibrosis
via stimulation of Toll-like receptor (TLR)-9-dependent profibrotic pathways in hepatic
Kupffer cells [21]. It is also important to mention that the link between the gut microbiota
and adipose tissue has been recently identified. It has been shown that LPS acts as a master
switch to control adipose tissue metabolism both in vivo and ex vivo by blocking
cannabinoiddriven adipogenesis [10]. Additionally, LPS inhibited the secretion of
adipokines, specifically adiponectin, from the visceral adipose tissue [22], that may affect
the onset of metabolic syndrome. Further, it has been reported that decreased production of
N-acylethanolamines, an important mediators of metabolic homeostasis and inflammation,
in the adipose tissue induced intestinal barrier dysfunction and dysbiosis of the gut
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microbiota, which in turn participates in the metabolic alterations observed in the adipose
tissue [23].

The present review summarizes the recent insights into the complex interplay between the
gut microbiota, intestinal barrier and nutrition; the contribution of these factors to NAFLD
pathogenesis is discussed. The central concept addressed in the review is that a diet is a
major factor driving the composition and metabolic activity of the gut microbiota. The
dietary factors may alter the gut microbiota and intestinal barrier function, favoring the
occurrence of metabolic endotoxemia and low-grade inflammation, thereby contributing to
the development of obesity and obesity-associated fatty liver disease (Figure 2). The altered
gut microbiota may influence the whole-body metabolism by affecting energy balance and
by producing microbial metabolites that may become key players in NAFLD development.

NAFLD: gut barrier, endotoxemia, and dietary factors

Obesity and NAFLD are closely associated with the disruption of gut barrier integrity,
metabolic endotoxemia and TLR-mediated low-grade inflammation [5, 24]. The gut barrier
is a direct physical barrier against translocation of luminal bacteria and bacteria-derived
products/toxins into the blood. The gut barrier is a complex structure, consisting of the
intestinal epithelial cells connected through the intestinal tight junctions (TJs), the mucus
layer which coats the intestinal epithelial surface, and the antimicrobial defense system
consisting of numerous anti-bacterial peptides produced by Paneth cells (Figure 3A).
Numerous factors, including certain dietary components (e.g. dietary fat and fructose) can
alter one or more components of this complex structure leading to increased gut
permeability to bacteria and bacteria-derived products, including endotoxin
lipopolysaccharide (LPS). Diet-induced increase in blood LPS levels is known as metabolic
endotoxemia (Figure 3B). Current evidence suggests that diet-induced changes in the gut
microbiota [4, 25] and gut barrier function [26, 27] underlie the elevated blood LPS levels.
Alteration of intestinal TJ proteins, mainly zonula occludens-1 (ZO-1) and occludin, is a
major molecular mechanism contributing to the increased intestinal permeability. The high-
fat diets can promote intestinal inflammation [28], which, in turn, might result in TJ
alterations and increased intestinal permeability [29]. Glucagon-like peptide 2 (GLP2), a gut
peptide, was identified as a regulator of TJ protein expression and localization in obese mice
[30]. Activation of the endocannabinoid system was also linked to the increased gut
permeability and plasma LPS levels in high-fat-induced obesity animal models [10, 11].

Evidence supporting the importance of dietary factors in metabolic endotoxemia and in the
pathogenesis of obesity and NAFLD has been accumulating over the past decade in
experimental and clinical studies. Studies from Cani’s group clearly demonstrated that
endotoxemia was permanently increased in a mouse model of high fat-induced obesity and
NAFLD [5, 26]. The combination of high sucrose and high fat diets also resulted in elevated
circulating LPS levels in parallel with the significantly increased hepatic fat accumulation,
and a significant reduction in the expression of the intestinal TJ protein, occludin, in rats
[31]. These animals develop the typical metabolic syndrome and NAFLD. Diet-induced
endotoxemia is not restricted to increased dietary lipids; fructose-induced NAFLD is also
associated with elevated endotoxemia in rodents and primates [32, 33]. Bergheim et al.,
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reported fructose induced experimental NAFLD and endotoxemia. They then demonstrated
markedly reduced endotoxemia in parallel with significantly decreased hepatic lipid
accumulation in response to administration of antibiotics in fructose fed mice, thus
supporting the idea that high fructose consumption contributes to NAFLD not only via
overfeeding but also via direct alterations of intestinal permeability and gut microbiota [32].
Another study reported that fructose-induced NAFLD is associated with intestinal bacterial
overgrowth and increased intestinal permeability leading to an endotoxin-dependent
activation of hepatic Kupffer cells and liver injury in mice [34]. Inactivation of TLR4, a
receptor for LPS [34, 35], as well as administration of prebiotics and probiotics to modulate
gut microbiota [36, 37] ameliorate fructose-induced hepatic steatosis in rodents.

Consistent with the animal models, several recent studies have reported elevated levels of
blood endotoxin in adult patients with simple steatosis and NASH [38, 39], as well as in
children with NAFLD [40, 41]. Intestinal permeability was correlated with the liver disease
severity; specifically, intestinal permeability was increased in children with steatohepatitis
compared to those with steatosis only [42]. A study by Miele at al., provided evidence that
the increase in gut permeability in NAFLD patients is caused by disruption of intestinal TJs
as documented by decreased expression of one of major TJ proteins — ZO-1— in the
intestinal mucosa [43]. A recently published clinical study demonstrating increased
endotoxin levels in NAFLD adolescents after consumption of fructose beverages further
supports the important role of dietary factors in gut barrier integrity [41]. In this study,
postprandial endotoxin levels were acutely increased in adolescents with NAFLD compared
to healthy subjects in response to fructose but not glucose beverages (consumed with meals)
in a 24-hour feeding challenge. Similarly, endotoxin was significantly increased after
adolescents with NAFLD consumed fructose beverages for 2 weeks, and remained high at 4
weeks.

It is important to recognize that dietary factors may facilitate metabolic endotoxemia in
healthy individuals. It has been reported that consumption of the Western diet (high fat, high
sugar) for one month resulted in increased endotoxemia in healthy individuals compared to
the so-called Prudent diet (low fat, high levels of fruits, vegetables, whole-grain, poultry and
fish) [44]. The high fat meal [45] or high fat drinks [46] result in low-grade endotoxemia in
healthy men over time, possibly by a by a mechanism involving increased intestinal LPS
absorption through its incorporation into chylomicrons [47]. Acute postprandial
endotoxemia after a high fat, high carbohydrate meal compared to a high-fiber and fruit
meal was associated with the increased expression of TLR2, TLR4, suppressor of cytokine
signaling-3 (SOCS-3), reactive oxygen species generation, and NF-kB activity in circulating
mononuclear immune cells in healthy lean subjects [48], suggesting that the cumulative
effects of such a meal may manifest in chronic oxidative and inflammatory stress, and,
potentially, in insulin resistance.

Gut Microbiota and NAFLD

The gut microbiota represent a complex and diverse ecosystem. Numerous recent studies
using the state-of-the-art metagenomic technologies have revealed that the most abundant
bacteria are members of the phyla, Bacteroidetes and Firmicutes [49]. The gut microbiota
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comprise at least 1013 1014 microbial cells, and the gut microbiome represents overall more
than 100 times the number of genes as in the human genome, and is called the
“metagenome” [50]. Comprehensive molecular phylogenetic characterization has revealed
the spatial distribution of the intestinal microbiota along the healthy gut, and this is being
actively studied in humans with different lifestyles, ages, and diseases [49, 51, 52].
Normally, commensal microbes and their host benefit from a mutually symbiotic
relationship. The liver may act as a firewall mediating mutualism between the host and its
gut commensal microbiota [53].

Over the past decade, the intestinal microbiota has been increasingly recognized as a critical
factor in the pathogenesis of both obesity and obesity associated NAFLD in mice and
humans (see [54, 55]). Using germ free animal models, several research groups have
demonstrated that mice lacking gut microbiota are resistant to diet-induced obesity, liver
steatosis and insulin resistance [56, 57]. An elegant series of experiments from Gordon’s
group demonstrated that colonization of germ free mice with a “normal” gut microbiota
harvested from the cecum of “normal” mice produced a 60% increase in body fat content,
insulin resistance, and a two-fold increase in hepatic triglyceride content [6]. Administration
of the cecal microbiota from ob/ob mice to germ free wild-type recipients resulted in modest
fat gain by these mice and extraction of more calories from their food compared to the lean
mice having received the gut microbiota from lean donors [58]. The transplanted microbiota
from obese mice may decrease phosphorylated AMP-activated protein kinase (AMPK)
levels in the liver and its downstream targets involved in fatty acid oxidation [56], as well as
selectively suppress fasting-induced adipocyte factor (Fiaf), a circulating lipoprotein lipase
inhibitor, facilitating de novo hepatic lipogenesis and deposition of triglycerides in
adipocytes and the liver [6]. To further support the role of microbiota in NAFLD
development, colonization of germ-free mice with a typical environmental microbial
population was characterized by a stimulation of hepatic glycogenesis (as an early response
to colonization) which transitioned to triglyceride synthesis as a later adaptive mechanism
[59]. Hepatic triglyceride levels were strongly associated with the phylum Actinobacteria
(Coriabacteriaceae) in this animal model. An exciting advance in the field has been recently
reported: the gut microbiota transplantation from donor mice with NAFLD replicated the
phenotype in wild-type recipients, demonstrating that not only obesity [58], but NAFLD is
also transmissible [60]. Two bacterial species (Lachnospiraceae bacterium 609 and a
relative of Barnesiella intestinihominis) were found to be dominant in mice which
developed the NAFLD phenotype [60].

The gut bacteria may facilitate NAFLD progression from simple steatosis to NASH. Thus,
mice fed the methionine-choline deficient diet developed a NASH phenotype associated
with changes in the gut microbiota composition, specifically, increased
Porphyromonadaceae family (primary in the genus Parabacteroides) due to inflammasome
deficiency [61]. In this experimental study, dysbiosis (associated with the loss of NLRP3
and NLRP6 inflammasomes) resulted in increased influx of LPS and bacterial DNA to the
liver through the hepatic portal circulation. These bacterial products stimulate TLR4 and
TLR9, respectively, leading to enhanced hepatic tumor-necrosis factor (TNF)-a expression
that drives NASH progression. Importantly, wild-type mice co-housed with inflammasome-
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deficient mice had exacerbated hepatic steatosis and obesity, providing direct evidence that
an altered gut microbiota may be a key mechanism in the pathogenesis of these diseases
[61].

The alterations of gut microbiota characterized by the increase in fecal Firmicutes-to-
Bacteroidetes ratio [49] (although debatable), and a dramatic fall in the number of gut
microbial genes, and thus gut bacterial richness [62], have been described in the murine
models of obesity and humans. However, very little is known about the composition of the
intestinal microbiota in patients with NAFLD, as well as the metabolic activity of the gut
bacteria related to liver steatosis and inflammation. A recent study by Zhu et al., has
revealed the different microbial diversities (alpha and beta) among healthy, obese and
NASH children and adolescents; Proteobacteria/Enter obacteriaceae/Escherichia was
similarly represented between healthy and obese microbiomes, but was significantly
elevated in NASH [17]. Elevated representation of Escherichia (alcohol-producing bacteria)
was observed in parallel with the increased blood alcohol concentration in NASH patients,
suggesting a novel mechanism for the pathogenesis of NASH. Thus, gut microbiota enriched
in alcohol-producing bacteria (e.g., E. coli) constantly produce more alcohol, which is
known to play an important role in the disruption of intestinal TJs [63], causing hepatic
oxidative stress and inducing liver inflammation [17]. Decreased Bacteroidetes, which was
independent of body mass index and energy intake from dietary fat has recently been
reported in NASH patients compared to those with simple steatosis and healthy controls
[64]. In an a Chinese cohort of histology-proven NASH patients, Wong et al., found lower
fecal abundance of Faecalibacterium and Anaerosporobacter but higher abundance of
Parabacteroides and Allisonella; no bacterial biodiversity was found between NASH
patients and controls [65]. These authors have reported that improvement in hepatic
triglyceride content was associated with a reduction in the abundance of Firmicutesand an
increase in Bacteroidetes. The inverse correlation between Bacteroidetes and steatohepatitis
may be partially due to the possibility that a lower percentage of Bacteroidetes may
facilitate extension of other bacteria that are more efficient in extracting energy from the
diet. It has been shown that a 20% decrease in fecal Bacteroidetes is associated with an
increased energy harvest from the diet of approximately 150 kcal [7].

Nutrition and gut microbiota: implication for obesity and NAFLD

Dietary factors and dietary patterns play a critical role in the modulation of the gut
microbiota [66—72]. Remarkably, these dietary factors can modify the gut microbiota very
rapidly. For example, shifting to a high-fat/high-sugar diet from a low-fat, plant
polysaccharide-rich diet in mice [68], and from a high-fat/low-fiber diet to a low-fat/high-
fiber diet in humans [70] caused marked changes in the gut microbiota within a day.
Increasing bodies of evidence show that a high-fat diet substantially modulates the intestinal
microbiota. The population levels of Bifidobacterium spp. and E.rectale/Cl.coccoides group
were significantly reduced in animals fed a high fat diet vs mice receiving the standard high
carbohydrate diet. These events were accompanied with a significant increase in plasma LPS
levels, increased liver fat accumulation and expression of the hepatic inflammatory
mediators, including TNF-a, interleukin 1 (IL-1), and plasminogen activator inhibitor-1
(PAI-1) [5]. In a study involving resistin-like molecule B-knockout (RELM-B-KO) mice,
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which are resistant to diet-induced obesity, switching to a high-fat diet resulted in a decrease
in Bacteroidetes and an increase in both Firmicutes and Proteobacteria in both RELM-f3-
KO and Wild-type mice, suggesting that diet is the critical factor determining the gut
microbiota [66].

Due to the difficulty of standardizing the diet during sampling, there are a limited number of
studies investigating the microbial response to the specific nutrients or dietary patterns in
humans. A study exploring the effects of choline depletion in healthy human subjects
consuming a rigorously controlled diet has shown that decreased levels of
Gammaproteobacteria and increased levels of Erysipelotrichi were directly associated with
elevated accumulation of hepatic fat [73]. A recently published paper in Nature has
demonstrated that the animal-based diet (composed of meat, eggs, and cheese) consumed by
the healthy individuals for 5 days increased the abundance of bile-tolerant microorganisms
(Alistipes, Bilophila, and Bacteroides) and decreased the levels of Firmicutes that
metabolize dietary plant polysaccharides such as Roseburia, Eubacterium rectale, and
Ruminococcus bromii [72]. The long-term impact of different amounts and quality of dietary
fat and carbohydrate on gut microbial composition was studied in subjects with increased
risk of metabolic syndrome [74]. In this study, the low-fat, high carbohydrate diet increased
fecal Bifidobacterium in parallel with the reduced fasting glucose and cholesterol levels;
high carbohydrate/high glycemic index diet also increased fecal Bacteroides, whereas high
carbohydrate/low glycemic index diet and high saturated fat diet increased Faecalibacterium
prausnitzii; high monounsaturated fat diet did not affect individual bacterial population but
reduced total bacteria number [74]. Significant diet-dependent reductions in a group of
butyrate-producing Firmicutes (e.g., Roseburia) were detected in fecal samples from obese
subjects on reduced carbohydrate weight loss diets [71].

Modulation of the gut microbiota: new therapeutic strategies in the

management of obesity and NAFLD

The treatment of obesity and NAFLD is challenging. One of the effective strategies
developed for morbid obesity is bariatric surgery, which consistently achieves and sustains
substantial weight loss [75]. Several recent studies have reported changes in the gut
microbial community after a surgical weight-loss procedure, suggesting involvement of the
gut microbiota in a bariatric surgery-mediated weight loss. Thus, Zhang et al., have shown
that Firmicutes were dominant in normal-weight and obese individuals but significantly
decreased in post-gastric-bypass individuals, who had a proportional increase of
Gammaproteobacteria [76]. Another study demonstrated that Bacteroides/Prevotella group
was increased 3 month after bariatric surgery, as well as Escherichia coli species that were
inversely correlated with fat mass and leptin levels, independent of changes in food intake
[77]. Increased richness/diversity of gut microbiota after gastric bypass surgery has also
been reported [78]. The causal link between the gastric bypass surgery-mediated changes in
the gut microbiota and reduced weight and adiposity is provided in a recently published
study by Liou et al. [79]. The authors showed that transferring the gut microbiota from mice
that underwent bypass surgery to non-operated, germ-free mice resulted in weight loss and
decreased body and liver fat mass in the recipient mice compared to mice receiving the gut
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microbiota from sham surgery donors, potentially due to altered microbial production of
short-chain fatty acids.

Diet-induced weight loss is associated with the changes in the gut microbiota composition in
mice and humans [71, 80], reviewed in [81]. Energy-restricted diet significantly increased
microbial gene richness in obese individuals [82]. Although dietary modification in
conjunction with exercise to control weight gain remains the primary therapeutic approach
for obesity and obesity-associated NAFLD, several studies in both animal models and
humans have demonstrated that modulation of the gut microbiota by prebiotics (hon-
digestible food substances that can promote growth of beneficial bacteria) and probiotics
(live microorganisms that are favorable to the host) are beneficial in these conditions. The
exact mechanisms of beneficial effects of pre- and probiotics on the gut-liver axis are not yet
fully elucidated; however, many of the favorable therapeutic effects may result from
modulation of the intestinal microflora composition and antibacterial factor production,
modification of intestinal epithelial permeability and function, and modulation of the
immune system at both local and systemic levels. For example, restoration of Bifidobacteria
[4, 83] and Akkermansia muciniphila [84] levels in high-fat fed mice by dietary
supplementation with the prebiotic, oligofructose, significantly reduced metabolic
endotoxemia and metabolic syndrome features, including reduced hepatic fat accumulation.
These effects were facilitated by increased production of endogenous glucagonlike peptide-2
(GLP-2), which reduced intestinal barrier permeability [30]; stimulation of fatty acid
oxidation via proliferator-activated receptor a (PPAR-a), lessened cholesterol accumulation
by inhibiting sterol regulatory element binding protein 2 (SREBP-2)-dependent cholesterol
synthesis [83]; and increased intestinal levels of endocannabinoids that control inflammation
and gut barrier integrity [84].

Accumulating data suggest beneficial effects of probiotics (either a combination of several
bacterial species or individual bacteria) in experimental animal models of NAFLD. The
most commonly used microorganisms are within the genera Bifidobaceria and
Lactobacillus. Supplementation with VVSL#3, a multi-strain preparation composed of
Bifidobacterium longum, Bifidobacterium breve, Bifidobacterium infants, Lactobacillus
casei, Lactobacillus plantarum, Lactobacillus acidophilus, Lactobacillus delbrueckii subsp.
bulgaricus, and Streptococcus thermophiles improved high fat diet-induced liver steatosis
and insulin resistance in mice by modulation of hepatic natural killer T cells (NKT cells) and
suppression of the TNF-a/IKK-f signaling pathway [85]; decreased serum alanine
aminotransferase (ALT) levels; increased insulin sensitivity; and improved hepatic
inflammation by reducing activity of Jun N-terminal kinase and decreasing DNA binding
activity of NF-kB in ob/ob mice [86]. Several strains of Lactobacillus have shown beneficial
effects on experimental NAFLD. Eight weeks of oral administration of Lactobacillus
rhamnosus PL60 showed anti-obesity effects and improved liver steatosis in a mouse model
of diet-induced obesity [87]. Lactobacillus acidophilus and Lactobacillus casei
administration for 8 weeks demonstrated anti-oxidant effects in the liver and pancreatic
tissues in high fructose diet fed mice [88]. Wang et al., have reported that 5 weeks
administration of Lactobacillus plantarum MA2 decreased both liver cholesterol and
triglycerides in rats fed a cholesterol-enriched diet [89]. Lactobacillus paracasel F19

Clin Biochem. Author manuscript; available in PMC 2016 September 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kirpich et al.

Page 9

significantly attenuated liver injury induced by both ischemia-reperfusion and a methionine/
choline-deficient diet in rats by restoring gut microbiota and reducing inflammation and
steatosis [90]. A recent study by Xu et al., has demonstrated that Bifidobacteriumlongum
supplementation was superior to Lactobacillus acidophilus in terms of attenuating liver fat
accumulation in a diet-induced rat model of NAFLD [91], supporting the importance of
careful evaluation of probiotic strains for therapeutic use.

Endo et al., recently reported that the Clostridium butyricum strain, MI'YAIRI 588—a
butyrate-producing probiotic, prevents progression of choline-deficient/L-amino acid-
defined (CDAA)-diet-induced NAFLD and tumorigenesis in rats [92]. In this study
MIYAIRI 588 significantly reduced the CDAA-diet induced hepatic lipid deposition,
increase in endotoxin levels in the portal vein, and restored intestinal TJ protein levels (ZO-1
and occludin) to levels comparable to the control group. MIYAIRI 588 substantially
increased the activation of hepatic adenosine 5’-monophosphate-activated protein kinase
(AMPK) and AKT and the expression of lipogenesis- or lipolysis related proteins. Further,
the MIYAIRI 588-treated rats also showed a remarkable induction of nuclear factor
(erythoid-derived 2)-like 2 (Nrf2) and its targeted antioxidant enzymes, which suppressed
hepatic oxidative stress. This study is an excellent example pointing out that not only
restoration of gut bacteria composition but also modulation of the microbiota metabolic
activity should be taken into consideration while designing pre- or probiotic preventive
and/or therapeutic interventions for NAFLD.

Although current evidence is limited, there is sufficient proof of concept that the
modification of the intestinal bacteria with pre-, pro-, and symbiotics (a combination of pre-
and probiotics) can be used as a therapeutic approach in human NAFLD. A recent meta-
analysis of four randomized trials involving 134 NAFLD/NASH patients demonstrated that
probiotic therapies can reduce liver aminotransferases, total cholesterol, TNF-a and improve
insulin resistance in NAFLD patients [93]. Two randomized double-blind placebo-
controlled studies have shown a significant decrease in liver aminotransferases in response
to 2 months of Lactobacillus rhamnosus strain GG supplementation in children [94], and to
3 months of Lactobacillus bulgaricus and Streptococcus thermophilus treatment in adults
[95]. In a randomized controlled double-blind clinical trial, a 4-month supplement of VSL#3
significantly improves NAFLD in children; the VSL#3-dependent GLP-1 increase could be
responsible for these beneficial effects [96]. Administration of the probiotic formula
containing Lactobacillus plantarum, Lactobacillus deslbrueckii, Lactobacillus acidophilus,
Lactobacillus rhamnosus and Bifidobacterium bifidum significantly reduced hepatic fat
accumulation and serum aspartate aminotransferase (AST) levels in patients with histology-
proven NASH [97]. Malaguarnera et al., have reported that 24 weeks of Bifidobacterium
longum with fructo-oligosaccharides supplementation together with lifestyle modification
(i.e., diet and exercise), when compared to lifestyle modification alone, significantly reduces
serum AST and TNF-a levels, serum endotoxin, steatosis and the NASH activity index [98].
Eslamparast et al., reported beneficial effects of a symbiotic preparation consisting of 7
strains of bacteria (Lactobacillus casei, Lactobacillus rhamnosus, Streptococcus
thermophilus, Bifidobacterium breve, Lactobacillus acidophilus, Bifidobacterium longum,
and Lactobacillus bulgaricus) along with prebiotic fructooligosaccharide on hepatic
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inflammation and overall liver function in patients with NAFLD. In this study, the symbiotic
supplementation for 28 weeks in addition to lifestyle modification was superior to lifestyle
modification alone for the treatment of NAFLD, at least partially through the inhibition of
NF-kB activation and the reduction of TNF-a production [99]. These promising results
strongly indicate the great potential of pre-, pro- and symbiotics in the treatment of NAFLD,
but larger studies that include serial liver biopsies are needed.

Conclusions and Future Directions

To summarize, the gut-liver axis and the interplay between the dietary factors, gut
microbiota, and intestinal barrier integrity play an important role in the development of
obesity and obesity-associated NAFLD. Dietary nutrients may alter the gut microbiota and
intestinal barrier function favoring the occurrence of metabolic endotoxemia and low-grade
inflammation contributing to the development of obesity and NAFLD. Low-grade systemic
inflammation involves a complex network of signals interconnecting several organs,
including liver, adipose tissue, and skeletal muscles (Figure 4). Further meta-transcriptomic,
metabolomic and meta-proteomic studies are needed to determine the changes in the
microbial metabolic activity as a result of dietary challenge. Understanding which dietary
factor(s) affect gut microbiota, and how they do so, and identifying which component(s) of
microbial metabolic activity influence the host’s metabolism, and how they contribute to
obesity and obesity-associated NAFLD may help to develop new nutritional approach for
prevention and/or treatment of these conditions.
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Figure 1.

Concepts of obesity and NAFLD pathogenesis are: classical (A) and (B) innovative gut-
liver-axis-mediated. Classically, obesity is considered to be due to a surplus of energy intake
over energy expenditure, resulting in storage of excess energy as a fat. Genetic,
physiological, and environmental factors (e.g., high fat diet [HFD] and sedentary lifestyle)
also play a significant role in the etiology of obesity and obesity-associated metabolic
disorders. The gut-liver-axis-mediated concept suggests that the increased consumption of
obesogenic foods (particularly those enriched in fat and fructose) may alter the gut
microbiota and intestinal barrier function favoring the occurrence of metabolic endotoxemia
and low-grade inflammation thereby contributing to the development of obesity and obesity-
associated fatty liver disease.
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Figure 2.
Diet is a major factor driving the composition and metabolic activity of the gut microbiota.

Dietary factors and altered gut microbiota may affect intestinal barrier function resulting in
metabolic endotoxemia; gut-derived products/toxins activate hepatic toll-like receptors with
a subsequent production of pro-inflammatory mediators and low-grade systemic
inflammation contributing to the development of obesity and obesity-associated fatty liver
disease. Abbreviations: LPS, lipopolysaccharides; TLR - Toll-like receptors
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Figure 3.
The intact (A) and disrupted (B) gut barrier. The gut barrier is a complex structure,

consisting of epithelial cells sealed with the so-called intestinal tight junctions’, the mucus
layer which coats the intestinal epithelial surface (mucins, the major components of mucus
layer, are mainly produced by Goblet cells), and the antimicrobial defense system consisting
of numerous anti-bacterial peptides produced by Paneth cells. The gut barrier prevents
translocation of luminal bacteria and bacteria-derived products into the blood. Numerous
factors, including dietary factors, can alter one or more components of the gut barrier
structure resulting in the condition known as endotoxemia. Abbreviations: LPS,
lipopolysaccharides; TJs, tight junctions.
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Figure 4.

The interplay between dietary factors, gut microbiota, and gut barrier integrity in the
development of NAFLD. Both high fat or high fructose diets may cause dysbiosis and
bacterial overgrowth. Intestinal bacteria alterations result in disruption of gut barrier
integrity with the subsequent increase in gut permeability to bacteria-derived pathogens,
including LPS. The altered gut microbiota may change its metabolic activity, including an
increase in fermentation of dietary polysaccharides to SCFAs, and production of
endogenous EtOH. The produced metabolites are absorbed and transported to the liver
where SCFAs may stimulate de novo synthesis of triglycerides and EtOH may elevate ROS
production. The presence of LPS in the systemic circulation results in the activation of the
innate immune system and a massive secretion of pro-inflammatory cytokines, particularly
TNF-a. Low-grade systemic inflammation involves a complex network of signals
interconnecting several organs, including the liver, adipose tissue, and skeletal muscles. In
the liver, LPS causes hepatocellular inflammation by stimulating distinct cell types to
release pro-inflammatory cytokines via TLR-4-mediated mechanisms leading to liver injury.
Abbreviations: EtOH, ethanol; LPS, lipopolysaccharides; ROS, reactive oxygen species;
SCFAs, short chain fatty acids; TJs, tight junctions; TLR, Toll like receptor; TNF-a, tumor-
necrosis factor alpha
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Table 1

Multiple mechanisms by which the gut bacteria may contribute to NAFLD

Mechanisms References

Metabolic endotoxemia and low grade inflammation  [4, 5, 24, 26]

Regulation of energy homeostasis [6-8]

Modulation of endocannabinoid system [10, 11]
Modulation of choline metabolism [12, 13]
Modulation of bile acid homeostasis [14, 15]
Generation of endogenous ethanol [16, 17]
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