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The Roles of the Gut Microbiota and Toll-like Receptors 
in Obesity and Nonalcoholic Fatty Liver Disease
Kouichi Miura*, Mitsuaki Ishioka, Katsunori Iijima
Department of Gastroenterology, Akita University Graduate School of Medicine, Akita, Japan

Obesity is characterized by low-grade chronic inflammation and is closely associated with the cardiovascular 
diseases, diabetes, and nonalcoholic fatty liver disease. Emerging data demonstrate that the gut microbiota 
contributes to the development of obesity by regulating the innate immune system, including the Toll-like re-
ceptors (TLRs): an altered gut microbiota composition and elevated TLR ligands are observed in obese mice and 
humans. The changes in the gut microbiota include an increased abundance of Firmicutes phylum and a de-
creased abundance of Bacteroidetes phylum. The population of beneficial bacteria that function as probiotics is 
decreased whereas harmful bacteria that can produce lipopolysaccharide, a TLR4 ligand, are increased in the 
obese state. In addition, the gut permeability is increased in obesity, which allows the delivery of larger amounts 
of bacterial components to the liver through the portal vein. Immune cells recognize these bacterial compo-
nents through TLRs and produce diverse cytokines that kill invading pathogens. However, the sustained activa-
tion of TLR signaling induces host damage due to chronic exposure to harmful cytokines, which are produced 
from TLR expressing cells, including monocytes/macrophages. In the obese state, the expression of TLR is in-
creased in several organs, including the adipose tissue and the liver. At the cell level, negative regulators of TLR 
signaling are suppressed, leading to activation of TLR signaling. These alterations promote inflammation in 
many organs. Thus, the gut microbiota and TLR signaling are therapeutic targets in patients with obesity and its 
related diseases.
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INTRODUCTION

Obesity is characterized by low-grade chronic inflammation. More 
than 600 million people suffer from obesity and its related diseases 
in the world, and the pandemic has spread to younger generation in-
cluding children.1 Obesity can cause various life-threatening diseases, 
including cardiovascular diseases, diabetes, and nonalcoholic fatty 
liver disease (NAFLD). Although an appropriate nutritional intake 
and exercise are recommended to prevent excessive body weight, 
this “21st century issues” has not yet been conquered. Thus, new ap-
proaches are required to reduce the risk of obesity-related diseases.

The innate immune system is closely associated with the devel-

opment of obesity. In the innate immune system, Toll-like recep-
tors (TLRs) are pattern recognition receptors that sense bacterial 
and viral components.2 In addition, nutritional factors such as free 
fatty acids and host-derived substances have been reported as TLR 
ligands.3 These TLR ligands are elevated in obese subjects and 
TLR signaling is activated at the cell level, leading to an increased 
production of proinflammatory cytokines. The gut microbiota has 
attracted a great deal of attention in relation to the development of 
obesity and its related diseases because it is the major source of 
TLR ligands.4 Thus, the alteration of the gut microbiota composi-
tion impairs the host immune response. Recent technological ad-
vances have provided further information on the molecular mecha-
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nisms of obesity, particular in the field of the gut microbiota and 
TLR signaling.

Here, we review the role of gut microbiota, the TLRs, and the 
downstream molecules in the development of obesity and NAFLD.

The composition of gut microbiota in obesity and 
NAFLD

In the last two decades, the role of gut microbiota has attracted 
much attention in the development of obesity and NAFLD. Gut 
microbiota assists in the energy intake by digesting complex carbo-
hydrates. In addition, the gut microbiota contributes to obesity by 
regulating the innate immune system including TLR signaling. 
Thus, researchers have extensively investigated the composition of 
the gut microbiota and tried to identify the specific bacteria that 
cause obesity and NAFLD (Table 1). The Firmicutes and Bacte-
roidetes phyla are major components of the gut microbiota, fol-
lowed by the Proteobacteria and Actinobacteria phyla. In 2005, Ley 
et al.5 reported that an increased Firmicutes/Bacteroidetes (F/B) ra-
tio was associated with obesity in a genetically-modified mouse. In-
deed, germ-free mice gained body weight after the transplantation 
of cecal contents harvested from obese mice.6 Subsequently, an in-
creased F/B ratio has been revealed in diet-induced obese mice7 

and patients with obesity.8 These data demonstrate that the com-
position of the gut microbiota is closely associated with the devel-
opment of obesity. Thereafter, Hildebrandt et al. demonstrated that 
a high fat (HF) diet increased the F/B ratio in genetically lean 
mice.7 Consistent with their report, we have shown that an in-
creased F/B ratio is also observed in mice fed a methionine-cho-
line-deficient (MCD) diet that lose body weight.9 These data indi-
cate the F/B ratio is affected not only by the obese condition but 
also by the dietary composition.

The abundance of the Proteobacteria and Actinobacteria phyla 
were increased in mice on a HF diet.7 The Proteobacteria phylum 
includes lipopolysaccharide (LPS)-producing bacteria, including 
Escherichia coli and Desulfovibrio vulgaris. On the other hand, the 
Actinobacteria phylum includes Bifidobacterium, which is used as 
probiotics. Thus, the balance between “good” and “bad” bacteria is 
important in the development of obesity.

Because an imbalance of the gut microbiota is likely to induce 
obesity, various attempts have been made to control the gut micro-
biota in order to improve obesity. Gut sterilization by antibiotic 
treatment has been used to find the target bacteria. The administra-
tion of ampicillin and neomycin improved HF-diet-induced insulin 
resistance in mice.10 The administration of vancomycin and baci-

Table 1. Altered bacterial population in the gut observed in obese subjects 

Gram Phylum Level   Order level Genus level Species level Function Study

Positive Firmicutes Clostridiales Clostridium C. phytofermentans Produce SCFAs and ethanol Ishioka et al. (2017)9

Eubacterium E. rectale, E. halli Produce SCFAs Turnbaugh et al. (2006)25

Roseburia
Anaerostipes A. caccae
Ruminococcus

Lactobacilales Lactobacillus L. acidophilus, L. Bulgaricus, L. casei, 
   L. paracasei, L. Plantarum

Components of probiotics Alisi et al. (2014)17

Okubo et al. (2013)20

Velayudham et al. (2009)21
Streptococcus S. thermophilus

Actinobacteria Bifidobacteriales Bifidobacterium B. breve, B. infantis, B. longum
Negative Bacteroidetes Bacteroidales Bacteroides B. thetaiotaomicron Produce SCFAs Bäckhed et al. (2004)13

B. fragilis Produce toxin and disrupt the 
   tight junctions

Okubo et al. (2013)20

Parabacteoides P. distasonis, P. goldsteinii Exerts anti-inflammatory  
   effects in the colon

Ishioka et al. (2017)9

Proteobacteria Campylobacterales Helicobacter H. pylori, H. hepaticus Source of LPS Hildebrandt et al. (2009)7

Enterobacteriales Escherichia E. coli
Desulfovibrionales Desulfovibrio D. vulgaris

Verrucomicrobia Verrucomicrobiales Akkermansia A. muciniphila Maintain the gut barrier function Everard et al. (2013)18

Shin et al. (2014)19

SCFA, short chain fatty acid; LPS, lipopolysaccharide.
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tracin, which can kill bacteria belonging to Firmicutes and Bacte-
roidetes phyla, improved insulin resistance by augmenting glucagon-
like peptide-1 secretion.11 On the other hand, the oral administra-
tion of vancomycin led to decreased insulin sensitivity in a human 
study.12 Vancomycin mainly reduces the number of Gram-positive 
bacteria belonging to the Firmicutes phylum. In contrast, amoxicil-
lin, which also kills Gram-negative bacteria, did not affect insulin 
sensitivity. These data suggest that the gut microbiota play a com-
plex role in the development of obesity.

The composition of gut microbiota in a HF diet
HF diets are widely used in experimental models of obesity be-

cause HF diets can induce the features of human obesity, including 
insulin resistance and hepatic steatosis. Although HF diet feeding re-
sults in lipid accumulation in the liver, the development of steato-
hepatitis is uncommon. In mice on a HF diet, the increased abun-
dance of the Firmicutes phylum partially depends on increases in the 
Lactobacilales order and the Ruminococcus genus. The Ruminococcus 
genus can ferment indigestible carbohydrates to generate short chain 
fatty acids (SCFAs), including acetate, propionate, and butyrate. 
Germ-free mice require higher caloric intake to gain body weight in 
comparison to conventionally reared mice, probably due to the lack 
of fermentation in the gut. When the gut microbiota from conven-
tionally reared mice were transplanted into the germ-free mice, they 
rapidly gained body fat.13 Thus, mice on a HF diet can use SCFAs as 
energy in addition to the high calories from dietary fat.

On the other hand, the abundance of the Lactobacilales order is 
increased in mice on a HF diet.9,14 The Lactobacilales order includes 
lactate-producing bacteria, which are used for probiotics. In addi-
tion, the supplementation of probiotics provides beneficial effects 
in obesity and NAFLD.15,16 A high-concentration probiotic mixture 
VSL#3 contains eight strains belonging to Bifidobacterium (B) and 
Lactobacillus (L) genera, including B. breve, B. longum, B. infantis, L. 
acidophilus, L. plantarum, L. paracasei, L. bulgaricus and S. thermo-
philes. In a human study, the administration of VSL#3 ameliorated 
the grade of hepatic steatosis in children with NAFLD through the 
elevation of glucagon-like peptide-1.17 These data suggest that a HF 
diet defeats the beneficial effects of the endogenous increase in the 
Lactobacilales order in mice. 

The data from earlier studies suggest the existence of specific bac-

teria that cause obesity and NAFLD. Everard et al.18 demonstrated 
that the abundance of the Akkermansia (A) genus belonging to the 
Verrucomicrobia phylum was decreased in mice on a HF diet. A. mu-
ciniphila resides in the mucus layer and represents 3-5% of the gut 
microbiota in healthy humans and mice. The abundance of A. mu-
ciniphila was decreased in a mouse model of HF diet-induced obe-
sity and genetically-modified obese mice while the oral administra-
tion of A. muciniphila improved the metabolic profiles, including 
the fat volume, endotoxemia, insulin resistance, and the inflamma-
tion of the adipose tissue (AT), in mice on a HF diet. A. muciniphila 
is believed to maintain the barrier function of the gut by turning 
over the mucus layer, in which A. muciniphila both promotes the 
production of mucin from goblet cells and the degradation of mu-
cin.19 In addition, the administration of prebiotics retained the 
abundance of A. muciniphila and provided beneficial effects on the 
metabolic profiles.18 These data suggest that A. muciniphila has a 
potential to play important roles in the pathogenesis of obesity.

MCD and choline-deficient amino acid-defined (CDAA) 
diets

We herein describe the diets that are used in experimental nonal-
coholic steatohepatitis (NASH) research, including MCD and 
CDAA diets. MCD diets are widely used to investigate molecular 
mechanisms of NASH because a MCD diet can induce hepatic ste-
atosis as well as inflammation within a short period of time. Howev-
er, the features of mice on a MCD diet are body weight loss, hypo-
glycemia, and enhanced insulin signaling, which are the opposite of 
human NASH. There are a few reports on the composition of gut 
microbiota affected by MCD diet. Okubo et al.20 reported that a 
MCD diet reduced the prevalence of lactate-producing bacteria, in-
cluding Lactobacillus and Bifidobacterium, which are believed to have 
beneficial effects in the host. Indeed, the oral administration of Lac-
tobacillus casei strain protected against MCD diet-induced NASH. 
Velayudham et al.21 reported that the administration of VSL#3 ame-
liorated the liver fibrosis in MCD diet-induced steatohepatitis.

CDAA diets induce steatohepatitis, including steatosis, inflam-
mation, liver fibrosis, and obesity, which mimic human NASH. 
Thus, we have used a CDAA diet as a NASH model.22,23 We also 
compared the CDAA diet to other experimental diets and found 
that the CDAA diet induced the most severe steatohepatitis among 
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the diets we examined. As expected, the composition of the gut 
microbiota was largely different among experimental diets.9 In wild 
type (WT) mice on the CDAA diet, the abundance of Lactobacil-
lus was decreased whereas the abundance of Clostridium in the Fir-
micutes phylum was increased. Clostridium is well known to ferment 
indigestible carbohydrates to generate SCFAs. Although the altera-
tion of the gut microbiota is known to evoke different immune re-
sponses, few reports have shown that an altered immune response 
in the gut affects the severity of NASH. We showed that a CDAA 
diet increased the expression of interleukin 17 (IL-17) in Paneth 
cells located in the ileum. As a result, the portal IL-17 levels were 
elevated in mice on the CDAA diet, in which inflammatory cells 
infiltrate in the liver. IL-17 is well known to function as a proin-
flammatory cytokine and chemokine. In fact, IL-17 increased the 
chemokine expression in hepatic macrophages.9

A different phenotype has been reported even when WT mice 
were fed “MCD” or “CDAA” diets. MCD and CDAA diets are avail-
able from several companies that provide different nutritional con-
tents. In addition, modified MCD or CDAA diets are used for experi-
mental models of NASH. The body weight and severity of steatohep-
atitis are affected by the nutritional contents, including methionine, 
choline, and fat24; thus, attention should be paid to the nutritional 
contents of the diets and the data should be carefully interpreted.

TLRs in obesity 
TLRs are pattern recognition receptors that sense viral and bac-

terial components. The gut microbiota serves as a source of TLR 
ligands in obese individuals. In addition, fatty acids and nucleic ac-
ids are potential TLR ligands. Thus, TLRs are molecular targets of 
the pathogenesis in obesity. TLRs use myeloid differentiation fac-
tor 88 (MyD88) and/or Toll-interleukin 1 receptor domain-con-
taining adapter-inducing interferon-β (TRIF) as adaptor proteins, 
leading to the activation of nuclear factor-κB (NF-κB) to produce 
proinflammatory chemokines and chemokines (Fig. 1). These me-
diators can induce cellular damage and recruit other immune cells 
to the target organs. Currently, the roles of TLR2 and TLR4 have 
been extensively investigated in the development of obesity. In ad-
dition, interesting data have been released regarding TLR5 and 
TLR9. In this review article, we focus on the role of these TLRs 
and their related molecules.

TLR2 and its associated TLRs
TLR2 recognizes the components of Gram-positive bacteria in-

cluding peptidoglycan and lipoteichoic acid. Because the abun-
dance of the Firmicutes phylum which includes Gram-positive bac-
teria is increased in the gut of obese animals and humans8,25, circu-
lating TLR2 ligands are presumed to be elevated under obese con-
ditions. In addition, many types of cells, including macrophages 
and adipocytes, increase the expression of TLR2.26 Leptin, which is 
elevated under obese conditions, further upregulates the expression 
of TLR2 in human monocytes and enhances the TLR2 response to 
bacterial components.27 The production of proinflammatory cyto-
kines that is triggered by TLR2 ligands can induce cellular injury 
and subsequent obesity and insulin resistance. Indeed, TLR2 defi-
cient mice are protected from HF diet-induced obesity.28 Thus, 
TLR2 signaling is considered to promote the progression of obesity.

In line with former studies, we have shown that TLR2 deficient 
mice were protected from CDAA diet-induced obesity and steato-
hepatitis.23 In that process, the inflammasomes in hepatic macro-
phages were activated through TLR2. In contrast, Rivera et al.29 re-
ported that TLR2 deficient mice were not protected from steato-
hepatitis when the mice were fed a MCD diet. When mice were 
fed a MCD diet, they lose body weight and show enhanced insulin 
sensitivity, opposite to the characteristics of NASH. These findings 

Figure 1. TLR signaling and downstream molecules. Upon TLRs are activated by 
their ligands, they transmit the signal using adaptor proteins, including MyD88 
and/or TRIF. MyD88-depend pathway induces inflammation through NF-κB. On 
the other hand, TRIF pathway induced genes of interferon regulatory factor (IRF)-3. 
TLR, toll-like receptor; MyD88, myeloid differentiation factor 88; TRIF, toll-interleu-
kin 1 receptor domain-containing adapter-inducing interferon-β; IRF3, interferon 
regulatory factor-3; NF-κB, nuclear factor-κB.
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prompted us to examine the composition of the gut microbiota in 
mice. We found that a MCD diet increased the amount of bacteria 
belonging to Proteobacteria phylum, which includes LPS-producing 
bacteria.9 In in vitro experiments, a larger amount of ligands is re-
quired to activate TLR2 signaling while cells can respond to LPS, a 
TLR4 ligand, at low concentrations.30 Because TLR4 was highly 
susceptible to LPS in TLR2 deficient mice on a MCD diet, LPS 
may have activated TLR4 before the activation of TLR2 signaling 
in these mice.

We also showed that the abundance of Lactobacillus, component 
of probiotics, was decreased in mice on a MCD diet.9 Indeed, the 
administration of probiotics ameliorated the steatohepatitis and liv-
er fibrosis induced by the MCD diet.20,21 Thus, probiotics have the 
potential to improve obesity and NASH. One question arises as to 
whether probiotics can be a source of TLR2 ligands because Lacto-
bacillus belongs to the Firmicutes phylum (Table 1). Recently, Zhang 
et al.31 reported a mechanism by which probiotics protect against 
obesity and NASH through TLR2. They demonstrated that exo-
polysaccharides (EPS) isolated from Lactobacillus rhamnosus GG 
ameliorated the obesity and hepatic steatosis induced by a HF diet. 
Interestingly, EPS also induced the expression of TLR2 but not the 
expression of other TLRs in the AT and adipocytes. In addition, 
TLR2 signaling unexpectedly inhibited the lipid accumulation in 
the adipocytes. Furthermore, the blockade of TLR2 signaling abro-
gated the EPS-mediated gene expression. These data contrast to 
those of previous reports, which suggested that TLR2 signaling 
promotes obesity and NASH. TLR2 is a unique TLR that forms 
heterodimers with TLR1 or TLR6. In patients with obesity-related 
NASH, the expression of TLR6 was increased in the peripheral 
blood mononuclear cells and in the liver. The expression of TLR6 
was also correlated with the levels of proinflammatory cytokines.32 
Indeed, peripheral blood mononuclear cells produced higher 
amounts of proinflammatory cytokines when the cells were stimu-
lated with a combination of TLR2 and TLR6 agonists. The expres-
sion of TLR1 was also increased in the AT and the atherosclerotic 
aortae of diet-induced obese mice.33 These data suggest that a 
TLR2 heterodimer with TLR6 or TLR1 promotes the inflammato-
ry pathway. In contrast, the TLR2 homodimer mediates beneficial 
effect of Lactobacillus rhamnosus GG.31 Thus, TLR2 homodimer 
and heterodimer may have distinct functions in obesity and NASH.

TLR4 
TLR4 senses the components of Gram-negative bacteria, includ-

ing LPS. In addition, TLR4 has been reported to recognize free fatty 
acids. In this section, we mainly focus on the role of gut-derived 
LPS. Similar to TLR2, TLR4 signaling leads to the production of 
proinflammatory cytokines, including TNFα, IL-1, and IL-6. As ex-
pected, TLR4 deficient mice are protected from diet-induced obesi-
ty by a decrease in the levels of these proinflammatory cytokines.

The total number of Gram-negative bacteria in the gut is not al-
ways increased in obesity. However, the plasma LPS levels are ele-
vated in mice on a HF diet.34 In addition, the circulating LPS levels 
are elevated in patients with metabolic syndrome and NAFLD.35 
Increased gut permeability accounts for the elevation of the plasma 
LPS levels due to the impaired barrier function.34 In mice on a HF 
diet, the expression of tight junction proteins, including zonula oc-
cludens-1 (ZO-1) and occludin, were decreased in the small intes-
tine.10 As a result, the gut leaks bacterial components, which stimu-
late TLR expressing cells. In fact, the sterilization of the gut micro-
biota restored the tight junction proteins, which subsequently nor-
malized the plasma LPS levels.10 Probiotics treatment can maintain 
the tight junction proteins in mouse models of obesity.36 These 
data suggest that normal gut flora regulates the permeability and 
prevents the leaks of bacterial components, which can promote the 
development of obesity.

As a mechanism of the enhanced TLR4 signaling under obese 
conditions, the expression of TLR4 is increased in the muscle37, the 
visceral fat tissue38, and the liver39. Monocytes/macrophages con-
tribute to the expression of TLR4 in these organs.40 Macrophages 
are roughly divided into two phenotypes: M1 macrophages, which 
show a proinflammatory phenotype, while M2 macrophages ex-
hibit an anti-inflammatory phenotype. Most of reports have dem-
onstrated that M1-type macrophages highly express TLR4 and in-
filtrate the target organs of obesity. On the other hand, M2-type 
macrophages, which show a lower expression of TLR4, are domi-
nant in lean subjects. The M2 phenotype of AT macrophages is 
maintained in TLR4 mutant mice even when they were fed a HF 
diet.41 In addition, the M2 phenotype of hepatic macrophage 
Kupffer cells is maintained in TLR4 mutant mice, while WT mice 
with NASH show the M1 phenotype. Sohn et al.42 demonstrated 
that the administration of Lactobacillus paracasei promoted the 
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shifting of macrophages from the M1 to the M2 phenotype and 
the subsequent improvement of steatohepatitis. These data dem-
onstrate that the macrophage phenotype is closely associated with 
the development of obesity and can be revered in response to the 
surrounding environment. At the intracellular level, TLR4 signal-
ing is activated through the low expression of microRNAs43 and 
negative regulators.44 For instance, the levels of microRNA-181a, 
which can inhibit TLR4 signaling, were lower in monocytes isolat-
ed from subjects with metabolic syndrome.43 In contrast, the ex-
pression of the microRNA was restored by body weight loss. The 
expression of activating transcription factor 3, a negative regulator 
of TLR4 signaling, was decreased under obese conditions.44 Thus, 
TLR4 signaling is accelerated under obese conditions.

TLR4 is associated with AT fibrosis, a recently emerged concept 
that is involved in the development of metabolic syndrome. AT fi-
brosis restricts the expansion of adipocytes, leading to adipocyte 
dysfunction as well as ectopic fat accumulation. Vila et al.45 showed 
that there was a close association between metabolic syndrome 
and AT fibrosis in patients with obesity. They also investigated the 
detailed mechanisms using TLR4 mutant mice. A HF diet induced 
AT fibrosis in WT mice, while TLR4 mutant mice developed a 
lower grade of fibrosis. As a result, TLR4 mutant mice were pro-
tected from obesity and insulin resistance. In addition, a TLR4 in-
hibitor prevented AT fibrosis while the administration of TLR4 li-
gand LPS promoted fibrosis by producing transforming growth 
factor-β1 (TGF-β1), a potent fibrogenic factor. These data revealed 
that LPS promotes obesity through AT fibrosis. In this model, im-
mune cells including macrophages produced fibrogenic factors 
through TLR4. Interestingly, the infiltrating macrophages that pro-
moted AT fibrosis showed an M2 or M2-like phenotype, which ex-
ert anti-inflammatory effects. This finding is in contrast to most 
previous reports, which suggested that M1-type macrophages were 
recruited into the AT when mice were fed a HF diet. Vila et al.45 
used C3H background mice, which are prone to AT fibrosis.  In 
C3H mice, a HF diet induced fibrosis in the AT but not in the liver, 
suggesting that AT and hepatic macrophages may have different re-
sponses to a HF diet. In the commonly used C57BL6 background 
mice, a weak infiltration of macrophage was observed in the AT 
and the development of AT fibrosis occurred as a late-onset event 
with a moderate elevation of fibrogenic factors. It is well known 

that macrophages can secrete both fibrogenic factors46 and anti-fi-
brogenic factors.47 Although TLR4 signaling is associated with the 
macrophage phenotype, further investigations are necessary to bet-
ter understand how TLR4 affects the macrophage phenotypes. 

Although the effects of TLR4 on immune cells has been exten-
sively investigated, Jia et al.48 focused on the TLR4 signaling in he-
patocytes and found that hepatocyte-specific TLR4 deficient mice 
were protected from obesity and insulin resistance. Until this report 
was published, the role of TLR4 signaling in hepatocytes was un-
derestimated. Hepatocyte-specific TLR4 deficient mice on a HF 
diet exhibited an interesting phenotype: inflammatory cell infiltra-
tion was suppressed in both the liver and the AT, even though the 
mice exhibit comparable levels of obesity to WT mice. As a result, 
the expression of inflammatory genes was decreased in hepatocyte-
specific TLR4 deficient mice. These data suggest that hepatocytes 
produce chemokines that recruit inflammatory cells in the liver and 
AT through TLR4 signaling. They also demonstrated that macro-
phage-specific TLR4 deficient mice were not protected from obe-
sity or the insulin resistance induced by a HF diet. The phenotype 
of macrophage-specific TLR4 deficient mice was in sharp contrast 
to previous reports, which stated that the expression of TLR4 on 
macrophages contributes to the development of inflammation. 
These data raise the question as to whether the expression of 
TLR4 on macrophages contributes to inflammation or anti-inflam-
mation. In macrophage-specific TLR4 deficient mice, compensated 
cytokine production from other immune cells elevated proinflam-
matory cytokine levels. These data demonstrate that the expression 
of TLR4 on macrophages also contributes to inflammation by reg-
ulating other cells. Thus, TLR4 on macrophages is crucial to trig-
gering inflammation.

MyD88 and TRIF
TLR4 is the only TLR that uses both MyD88 and TRIF, as 

adaptor proteins. The other TLRs use either MyD88 or TRIF (Fig. 
1). These adaptor proteins are also molecular targets of obesity. 
MyD88 is well characterized as a classical inflammatory cascade 
that induces various proinflammatory cytokines, including TNFα, 
IL-1, and IL-6. MyD88 deficient mice are protected from athero-
sclerosis in ApoE deficient mice49 and in CDAA-induced steato-
hepatitis and obesity.22 On the other hand, MyD88 deficient mice 
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showed an increased risk of diabetes even though the levels of 
TNFα, a key player to induce insulin resistance, were decreased.50 

Because MyD88 is ubiquitously expressed in many cell types, the 
role of MyD88 may differ among cells. For instance, MyD88 dele-
tion in the central nervous system51 and intestinal epithelial cells52 
was protected from HF diet-induced obesity. In contrast, hepato-
cyte-specific MyD88 depletion resulted in an impaired glucose 
metabolism.53 Since IL-1 and IL-18 also use MyD88 signaling, 
these cytokines may participate in the development of obesity. In-
deed, we have reported that IL-1 receptor deficient mice were pro-
tected from steatohepatitis.22 

As described previously, hepatocyte-specific TLR4 deficient 
mice but not hepatocyte-specific MyD88 deficient mice were pro-
tected from the insulin resistance induced by a HF diet, suggesting 
the possibility that the TLR4-TRIF pathway in hepatocytes pro-
motes insulin resistance. In line with former reports, TRIF defi-
cient mice were protected from the insulin resistance induced by 
lard feeding.54 However the mice showed an opposite phenotype 
when they were fed a CDAA diet.55 To clarify the role of TRIF at 
the cell level, we isolated hepatocytes, Kupffer cells, and hepatic 
stellate cell from the WT and TRIF deficient liver and examined 
chemokine expression in response to LPS. The response to LPS 
varies among cells.55 Collectively, the roles of MyD88 and TRIF are 
complex and the function of these adaptor proteins depend on the 
organ or cells.

TLR5 and TLR9
TLR5 recognizes bacterial flagellin and transmits the signal 

through MyD88. The intestinal mucosa expresses TLR5 and con-
tributes to the host defense in the gut. The first report on TLR5 
deficient mice had a strong impact on the development of obesity 
and insulin resistance, in which the composition of the gut micro-
biota was dramatically altered.56 However, TLR5 deficient mice in 
another animal facility, which were referred to as TLR5KO-2 mice, 
did not reproduce similar phenotypes to the initially reported 
TLR5 deficient mice, which were referred to as TLR5KO-1 mice.57 
In addition, the composition of the gut microbiota was similar be-
tween WT and TLR5KO-2 mice but largely different between 
TLR5KO-1 and TLR5KO-2 mice. These data indicate that envi-
ronmental factors are involved in the activation of TLR5. 

TLR9 senses viral and bacterial DNA and transmits the signal 
through MyD88. In addition, DNAs from the injured nucleus and 
mitochondria can activate TLR9. We have reported that bacterial 
DNA could be detected in CDAA-fed mice and TLR9 deficient 
mice were protected from CDAA diet-induced obesity and steato-
hepatitis22, indicating that TLR9 also participates in the develop-
ment of obesity and NASH. Besides bacterial DNA, nucleic acids 
can promote TLR9 signaling. Adipocytes and hepatocytes release 
micro-particles that contain nucleic acids, including microRNA 
and mitochondrial DNA, under excessive stress. The micro-parti-
cles released from adipocytes were increased in mice on a HF diet 
whereas the clearance of micro-particles was reduced.58 As a result, 
micro-particles containing TLR9 ligands stimulate TLR9 in the 
immune cells and induce inflammation in the AT. Garcia-Martinez 
et al.59 reported that mitochondrial DNA released from hepato-
cytes serves as a TLR9 ligand and promotes steatohepatitis. They 
demonstrated that the mitochondrial DNA levels were elevated in 
obese patients with abnormal liver function tests. Although TLR9 
signaling could induce the anti-inflammatory genes related to inter-
feron regulatory factor 7-dependent pathway, mitochondrial DNA 
stimulated the inflammatory pathway but not the anti-inflammato-
ry pathway. They also demonstrated that a TLR7/9 antagonist was 
effective for improving NASH. These data indicate that TLR9 sig-
naling is also a target of treatments for obesity and NASH.

CONCLUSION 

Recently, the role of the gut microbiota has received a great deal 
of attention in the development of obesity and its related diseases. 
However, we should pay attention to environmental factors in mice 
as well as humans. In animal facilities, gene-modified mice were of-
ten bred separately for long periods of time, which might have led 
to the formation of a distinct gut microbiota composition.60 In ad-
dition, there are often marked differences in the environmental fac-
tors of different countries and the differences can even be observed 
within the same country. However, it is a fact that the gut microbi-
ota and host-derived factors contribute to the development of obe-
sity and NAFLD as TLR ligands. The activation of TLR signaling 
induces proinflammatory cytokines, which damage the host be-
yond the defense against invading pathogens. Currently, probiotics 
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and several TLR antagonists have shown favorable results in the 
treatment of obesity and its related diseases including NAFLD. 
Thus, the gut microbiota and TLR signaling represent a molecular 
target for treatment to improve obesity and NAFLD.
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