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Abstract

Background & Aims: While it is widely accepted that obesity is associated with low-grade systemic inflammation, the
molecular origin of the inflammation remains unknown. Here, we investigated the effect of endotoxin-induced
inflammation via TLR4 signaling pathway at both systemic and intestinal levels in response to a high-fat diet.

Methods: C57BL/6J and TLR4-deficient C57BL/10ScNJ mice were maintained on a low-fat (10 kcal % fat) diet (LFD) or a
high–fat (60 kcal % fat) diet (HFD) for 8 weeks.

Results: HFD induced macrophage infiltration and inflammation in the adipose tissue, as well as an increase in the
circulating proinflammatory cytokines. HFD increased both plasma and fecal endotoxin levels and resulted in dysregulation
of the gut microbiota by increasing the Firmicutes to Bacteriodetes ratio. HFD induced the growth of Enterobecteriaceae and
the production of endotoxin in vitro. Furthermore, HFD induced colonic inflammation, including the increased expression of
proinflammatory cytokines, the induction of Toll-like receptor 4 (TLR4), iNOS, COX-2, and the activation of NF-kB in the
colon. HFD reduced the expression of tight junction-associated proteins claudin-1 and occludin in the colon. HFD mice
demonstrated higher levels of Akt and FOXO3 phosphorylation in the colon compared to the LFD mice. While the body
weight of HFD-fed mice was significantly increased in both TLR4-deficient and wild type mice, the epididymal fat weight
and plasma endotoxin level of HFD-fed TLR4-deficient mice were 69% and 18% of HFD-fed wild type mice, respectively.
Furthermore, HFD did not increase the proinflammatory cytokine levels in TLR4-deficient mice.

Conclusions: HFD induces inflammation by increasing endotoxin levels in the intestinal lumen as well as in the plasma by
altering the gut microbiota composition and increasing its intestinal permeability through the induction of TLR4, thereby
accelerating obesity.
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Introduction

Metabolic syndrome, a group of inter-related metabolic

abnormalities that include hyperglycemia, insulin resistance,

dyslipidemia, hypertension, and obesity, is exacerbated by

environmental factors, such as a fat-enriched diet, a sedentary

life style, and perhaps by aging. Prolonged feeding with fat-

enriched diets induces abnormal lipid distribution and blood lipid

disorders, impairing the regulatory mechanisms of body weight

maintenance to induce obesity, a major constituent of metabolic

syndrome. Furthermore, several epidemiological studies link

metabolic syndrome-associated diseases to an increased risk for

the development of many cancer types [1].

Nowadays, it is widely accepted that metabolic syndrome is

associated with low-grade systemic inflammation, despite the fact

that the molecular origin of the inflammation is unknown [2,3].

However, recent studies have demonstrated that a variety of

cytokines and inflammatory mediators, as well as increased

oxidative stress as reflected in increased reactive oxygen species,

could accelerate the development of metabolic syndrome [4,5]. In

addition, increased fat and energy intake was found to be strongly

correlated with increased plasma lipopolysaccharide (LPS) con-

centration and high-fat diet (HFD)-induced increase of endotox-

emia, which were coupled with increased expression of Toll-like

receptor (TLR) 4 and NF-kB in the circulating mononuclear cells

[6,7]. The adipose tissue expresses higher levels of proinflamma-

tory cytokines, which include tumor necrosis factor (TNF) a,

interleukin (IL)-1, and IL-6, in models of diet-induced obesity [8].

Furthermore, attention has recently been focused on adipose tissue

macrophages, which are recruited to the adipose tissue via

chemoattractants as mediators of inflammatory responses in

obesity [9,10]. Macrophages that infiltrate into the adipose tissue

are responsible for TNFa, inducible nitric oxide synthases (iNOS),

and IL-6 expression [8,11].
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Although adipose tissue is an undeniable source of inflammation

in the development of obesity, emerging evidence suggests that a

HFD promotes inflammation in the gastrointestinal tract which is

considered as another potential source of inflammation associated

with HFD-induced obesity [12]. The human gut contains at least

1013 microorganisms, collectively referred to as the microbiota

[13]. Normal non-pathogenic enteric bacteria may play a key role

in diet-induced adiposity because adult germ-free (GF) mice have

less body fat and do not become obese when fed a HFD [14,15].

Moreover, conventionalization of adult GF mice with a normal

microbiota harvested from conventionally raised animals (CONV)

produced an increase in body fat [14]. In a recent study, HFD led

to an increase in the ileal TNFa levels in CONV but not GF mice;

this increase preceded obesity, suggesting that intestinal inflam-

mation may be an early response to HFD [16]. In addition,

important studies on the relationship between intestinal microbial

flora and obesity have uncovered profound changes in the

composition and metabolic function of the gut microbiota in

obese patients [17] as well as in obese mice [18,19]. These results

raise the possibility that dysregulated gut microbiota and increased

inflammation by HFD play an important role in the onset of HFD-

induced obesity and obesity-related metabolic diseases. The

objective of the present study was to elucidate the mechanism

for a link between HFD and obesity, particularly the effects of

endotoxin-induced inflammation via TLR4 signaling pathway in

response to a HFD.

Materials and Methods

Reagents
Antibodies were purchased from Cell signaling Technology

(Danvers, MA). RPMI 1640 and FBS were from GIBCO

(Auckland, New Zealand). Enzyme-linked immunosorbent assay

(ELISA) kits were from R&D Systems (Minneapolis, MN). The

enhanced chemiluminescence (ECL) immunoblot system was from

Pierce Co. (Rockford, IL).

Animals and diets
All experiments were performed in accordance with the NIH

and Kyung Hee University guidelines for Laboratory Animals

Care and Use and Approved by the Committee for the Care and

Use of Laboratory Animals in the College of Pharmacy, Kyung

Hee University. Male C57BL/6J mice and TLR4 deficient

C57BL/10ScNJ mice were purchased from Jackson Laboratory.

All animals were housed at 20–22uC and 50610% humidity and

fed low fat, 10 kcal % fat diet (LFD, D12450B) or high fat, 60 kcal

% fat diet (HFD, D12492) obtained from Research Diets, Inc.

(New Brunswick, NJ) for 8 weeks.

At the end of 8 weeks, mice were anesthetized followed by blood

draw for biochemical assays. The adipose tissue was weighted and

frozen in liquid nitrogen for RNA extraction. The colon was

quickly removed, opened longitudinally, and gently cleared of

stool by PBS. Macroscopic assessment of the disease grade was

scored according to a previously reported scoring system (0, no

ulcer and no inflammation; 1, ulceration and local hyperemia; 2,

ulceration without hyperemia; 3, ulceration and inflammation at

one site only; 4, two or more sites of ulceration and inflammation;

5, ulceration extending more than 2 cm) [20] and the colon tissue

was used for ELISA and immunoblotting according to the

methods described by Joh and Kim [21].

Plasma measurement
Plasma lipid [total plasma cholesterol (TC) and triglyceride

(TG)] and glucose concentrations were determined using enzy-

matic kits (Asan, Daijon, Korea). Plasma insulin was determined

using a mouse insulin ELISA kit (LINCO Research, St. Charles,

MO).

Bacterial culture
Fresh mouse stools (approximately 0.1 g) from each group were

collected separately in sterilized plastic cups, carefully suspended

in 9-volumes of dilution media, diluted 10-fold in a stepwise

manner, and inoculated directly in agar plates of blood liver

medium (BL, (Bifidobacteria-selective medium, Nissui Pharm, Japan)

and hydrogen sulfate lactose medium (DHL, Enterobacteriaceae-

selective medium, Eiken Chem, Japan). Fresh mouse stools were

also cultured in HFD-contained (0.5% v/v) or in LFD-contained

(0.5% v/v) general anaerobic media (GAM), which contain 0.5%

glucose, or glucose-excluded GAM (GAM-glucose) for 24 h and

then inoculated in BL and DHL agar plates. DHL agar plates

were cultured aerobically for 1 day at 37uC and BL agar plates

were cultured anaerobically for 3 days at 37uC.

Limulus amoebocyte lysate assay
Plasma and fecal endotoxin contents were determined by using

the Diazo-coupled limulus amoebocyte lysate (LAL) assays (Cape

Cod Inc., E. Falmouth, MA) according to manufacturer’s

protocol. Briefly, plasma was diluted 1:10 in pyrogen free water,

inactivated for 10 min at 70uC and then incubated with LAL for

30 min at 37uC. Addition of reagents led to formation of a

magenta derivative that absorbs light at 545 nm. For fecal

endotoxin concentration, 20 mg of feces from cecum was placed

in 50 ml of PBS in a pyrogen-free tube and sonicated for 1 hr on

ice [22]. After centrifugation at 400 g for 15 min, the upper 30 ml

was collected, sterilized by filtration through a 0.45 mm filter

followed by re-filtration through a 0.22 mm filter, and inactivated

for 10 min at 70uC. Filtered sonicate was then incubated with

LAL solution to continue the analysis.

DNA extraction, pyrosequencing, and data analysis
Genomic DNA was extracted from fecal sample using a

commercial DNA isolation kit (Qiagen, Hilden, Germany) by

following the manufacturer’s protocol. For pyrosequencing,

amplification of genomic DNA was performed using barcoded

primers, which targeted the V1 to V3 region of the bacterial 16S

rRNA gene. The amplification, sequencing, and basic analysis

were performed according to the methods described by Chun et al.

[23] and completed by Chunlab Inc. (Seoul, Korea) using a 454

GS FLX Titanium Sequencing System (Roche, Branford, CT).

Number of sequence analyzed, observed diversity richness

(OTUs), estimated OUT richness (ACE and Chao1), and coverage

in the present pyrosequencing were indicated in Table S1.

Assay of myeloperoxidase activity
Myeloperoxidase (MPO) activity in colon was assayed as

previously described [21] and expressed in unit per milligram

protein.

ELISA and immunoblotting
The concentrations of TNFa, IL-1b, and IL-6 in plasma, colon,

and culture medium were determined using commercial ELISA

kits. The protein levels of TLR4, iNOS, COX-2, p-IKK-b, p-p65,

p65, p-Akt, Akt, p-FOXO3a, FOXO3a, p-mTOR, mTOR,

claudin-1, occludin and b-actin in colon and collected cells were

assayed as previously described [21]. Immunodetection was

performed using an ECL detection kit. The intensity of the

Gut Microbiota Worsens Inflammation and Obesity
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Western blotting data was quantified using Fujifilm LAS 4000

luminescent image analyzer (Tokyo, Japan).

RNA extraction and real-time PCR
Total RNA was extracted from adipose tissue with the RNeasy

Mini kit (Qiagen, Valencia, CA) and real-time reverse-transcrip-

tion polymerase chain reaction (RT-PCR) was performed using

the Takara Thermal Cycler DiceH (Takara, Japan). Primers used

for real-time PCR are listed in Table S2

Isolation and culture of peritoneal macrophages
Peritoneal macrophages from male C57BL/6J mice were

isolated as described previously [23]. To examine the inflamma-

tory effects of stool solution of mice, peritoneal macrophages were

incubated with 10 or 50 ml of stool lysate, prepared for the fecal

endotoxin assay, for 24 hours and used for immunoblotting.

Statistical analysis
The data are expressed as the means6standard errors of the

means. Statistical analysis of the data was performed with

ANOVA and Duncan’s test. Differences with a p,0.05 were

considered to be statistically significant.

Results

HFD increased the circulating proinflammatory cytokines
and induced macrophage infiltration and inflammation
in adipose tissue

After 8 weeks on a LFD or HFD, body weight and epididymal

fat pad weight were increased in HFD mice as compared with

LFD mice (Figure 1A and 1B). The concentrations of circulating

triglycerides (Figure 1C), cholesterol (Figure 1D), fasting blood

glucose (Figure 1E), and fasting insulin (Figure 1F) were higher in

HFD mice than in LFD. In addition, plasma levels of proin-

flammatory cytokines, such as TNFa, IL-1b, and IL-6 were higher

in HFD mice than the LFD mice (Figure 1G). The expression

levels of adipogenic genes, such as PPARc, c/EBPa, FAS, and

aFABP, were increased in HFD mice compared to LFD mice

(Figure 1D). When we measured the mRNA expression levels of

F4/80 and CD68, specific markers of macrophages, and TNFa,

IL-1b, and IL-6, in isolated epididymal fat, all mRNA levels were

increased in HFD mice as compared with LFD mice (Figure 1H).

HFD increased plasma and fecal endotoxin levels
Next, we investigated whether hyperlipidemia and elevated

levels of proinflammatory cytokines induced by HFD are

correlated with systemic endotoxemia and found that plasma

endotoxin concentrations were 1.9 fold higher in HFD mice than

in LFD mice (Figure 2A).

To investigate whether increased systemic endotoximia is

correlated with fecal endotoxin levels, we determined the

concentration of fecal endotoxin in the cecum from LFD and

HFD mice. As shown in Figure 2B, HFD increased fecal as well as

systemic endotoxin levels.

We also examined the effects of fecal lysates from mice fed with

LFD or HFD on NF-kB activation in peritoneal macrophages

isolated from C57BL/6J normal mice to determine the functional

significance of the elevated fecal endotoxin. Higher levels of IKKb
and p65 phosphorylation were observed in cells treated with stool

lysates from HFD mice than with stool lysates from LFD mice

(Figure 2C). Furthermore, the concentrations of TNFa, IL-1b, and

IL-6 in culture medium were higher when the cell were treated

with stool lysates from HFD mice than with stool lysates from LFD

mice (Figure 2D).

HFD led to dysregulation of the gut microbiota
Cecal samples were taken from mice maintained for 8 weeks on

a LFD or HFD to investigate the changes in the gut microbiota by

pyrosequencing. As demonstrated by the rarefaction curves

(Figure S1) and the number of sequences analyzed, estimated

OUT richness, and coverage (Table S1), bacterial richness and

diversity were not different between LFD and HFD mice.

Taxomomy-based analysis showed that HFD induced a significant

modulation of the populations of the dominant intestinal

microbiota as compared to LFD. At the phylum level, HFD

resulted in an increase of Firmicutes as wells as a reduction of

Bacteriodetes and Proteobacteria, which led to an increase in the

Firmicutes to Bacteriodetes ratio in the gut microbiota (Figure 3A).

Interestingly, at the family level, Ruminococcaceae and Rikenellaceae

were enriched, while Bacteroidaceae, Clostridiales, and Provotellaceae

were decreased in the HFD mice as compared with the LFD mice

(Figure 3B).

Then, we measured the number of Bifidobacteria and Enterobac-

teriaceae colonies after inoculating fresh feces from LFD or HFD

mice on BL and DHL agar plates. Inoculation with HFD feces

resulted in a reduced number of Bifidobacteria colonies, whereas the

number of Enterobacteriaceae colonies was higher in HFD mice than

in LFD mice (Table S3).

When mouse fecal microflora was inoculated and cultured in

GAM or GAM (-glucose) containing LFD or HFD, it was found

that the number of Enterobacteriaceae colonies was significantly

higher in GAM (-glucose) as well as in GAM containing HFD as

compared with LFD-contained media (Figure 3C and Figure S2).

However, the growth of Bifidobacteria showed the tendency to

decrease in both GAM (-glucose) and GAM. The higher number

of Enterobacteriaceae colonies in HFD-containing media was

correlated to a greater degree with increased endotoxin levels

compared to LFD-containing media, particularly when the fecal

microflora was cultured in GAM (-glucose). Endotoxin levels

increased in GAM and GAM (-glucose) 2.5 fold and 7.7 fold,

respectively (Figure 3D).

HFD-induced colitis
Next, we questioned whether HFD-induced gut microbiota was

associated with intestinal inflammation and eventually obesity.

Although the macroscopic assessment score did not show any

significant difference between the groups (Figure 4A), HFD caused

intestinal inflammation, manifested by shortened colons

(Figure 4B), and increased the expression of TNFa, IL-1b, and

IL-6 (Figure 4C). In agreement with our findings on intestinal

inflammation, the induction of TLR4, iNOS, COX-2, and NF-kB

activation was increased in the intestine of HFD mice (Figure 4D).

Furthermore, the activity of MPO, a representative inflammatory

marker, was more potently increased in HFD mice than in LFD

mice (Figure 4E). In addition, HFD increased the levels of lipid

peroxides, malondialdehyde, and 4-hydroxy-2-nonenal (Figure

S3).

We also investigated the effect of HFD on tight junction-

associated protein levels to explain the relationship between

elevated systemic and cecal endotoxin levels. HFD dramatically

reduced the expression of tight junction-associated proteins such as

claudin-1 and occludin, which are involved in the control of

intestinal permeability (Figure 4F).
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HFD activated Akt but inactivated FOXO3 in the intestine
Activation of the PI3K/Akt pathway is known to inhibit the

FOXO3 family. Recently, others have shown that the Akt-

regulated FOXO phosphorylation can increase levels of cellular

oxidative stress, which eventually induces NF-kB and mTOR

activation and promotes aging [24]. To investigate whether HFD-

induced intestinal inflammation is mediated by changes in the Akt-

FOXO3 axis, we assessed the phosphorylation levels of Akt and

FOXO3 in the colon from LFD or HFD mice. Phosphorylation of

Akt and FOXO3 was increased in HFD mice compared to LFD

mice (Figure 5). In addition, phosphorylation of mTOR, a

regulator involved in aging, was higher in HFD mice.

Figure 1. Effect of HFD on macrophage infiltration and inflammation in the adipose tissue and the circulating proinflammatory
cytokines in mice. Male C57 BL/6J mice (4 weeks old) were fed LFD or HFD for 8 weeks. (A) Body weight (g) was measured. (B) Epididymal fat pad
(% of body weight) was calculated. Plasmatic concentrations for (C) triglyceride (mg/dL), (D) total cholesterol (mg/dL), (E) fasting glucose (mg/dL), and
(F) fasting insulin (mg/dL) were measured. (E) Concentration of circulating proinflammatory cytokines (pg/mL) were measured by ELISA. (H) mRNA
expression levels in the adipose tissue were measured using real-time PCR. All values are indicated as the mean 6 SEM (n = 10). *, p,0.05 and **,
p,0.01 compared with LFD.
doi:10.1371/journal.pone.0047713.g001
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Effect of HFD on adiposity, endotoxemia, and intestinal
proinflammatory cytokine levels in TLR4-deficient mice

Next, we examined the effect of HFD on adiposity in TLR4-

deficient mice. In TLR4 deficient mice, HFD increased the body

weight and the epididymal fat pad weight as observed in wild type

mice (Figure 6A and Figure 6B). While the body weight observed

in HFD mice was similar in TLR4-deficient mice and the wild

type mice, the epididymal fat pad weight was lower in TLR4-

deficient mice by 31% than that of the wild type mice maintained

on a HFD (Figure 1B and Figure 6B). HFD increased the fecal

endotoxin level but not significantly in TLR4-deficient mice

(Figure 6D). It was found that no significant difference was

observed for the plasma endotoxin levels between LFD and HFD

(Figure 6C). Importantly, the fecal endotoxin contents in TLR4-

deficient mice were about 3 times higher than the wild type mice

(1.2560.15 vs. 5.42.662.55 EU/g feces in wild type mice and

TLR4-deficient mice on LFD, respectively; and 2.0560.37 vs.

6.6963.73 EU/g feces in wild type mice and TLR4-deficient mice

on HFD, respectively) (Figure 2B and Figure 6C). However, the

plasma endotoxin contents in TLR4-deficient mice were only 36%

and 18% of the wild type mice on LFD and HFD, respectively

(6.8160.63 vs. 2.4660.58 EU/mL in the wild type mice and

TLR4-deficient mice on LFD, respectively; and 12.9663.24 vs.

2.3460.57 EU/mL in the wild type mice and TLR4-deficient

mice on HFD, respectively) (Figure 2A and Figure 6D). Moreover,

HFD-induced intestinal and systemic inflammation manifested by

increases in TNFa, IL-1b, and IL-6 expression was attenuated in

TLR4-deficient mice (Figure 6E and 6F). When we measured the

mRNA expression levels of the proinflammatory cytokines in the

isolated epididymal fat, no significant difference was detected for

mRNA levels between HFD and LFD in TLR4-deficient mice

(Figure 6G). Furthermore, iNOS and COX-2 expression levels

and NF-kB activation as well as Akt and FOXO3 phosphorylation

were not increased whereas occludin and claudin-1 expression

levels were not decreased in the colon of HFD mice in TLR4-

deficient mice (Figure 7A and 7B).

Discussion

Several recent studies have provided compelling evidence to

suggest an association between the gut microbiome and body

weight regulation [25,26]. Furthermore, evidence for the relation-

ship between intestinal microbial flora and obesity has uncovered

profound changes in the composition and metabolic functions of

the gut microbiota. Ley et al. observed that the reduction in the

abundance of Bacteroidetes and the increase in Firmicutes, the two

major bacterial phyla in the mammalian gut microbiota, were

observed in leptin-deficient obese mice as compared with lean

Figure 2. Effect of HFD on the LPS levels in mice. (A) LAL assay was used to measure the plasma endotoxin concentration (EU/mL) and (B) fecal
endotoxin concentration (EU/g feces). (C) Western blot analysis (left) and quantification of western blot (right) from isolated peritoneal macrophages
which were incubated with 10 or 50 ml of stool solution were performed to determine IKKb and p65 activation levels. (D) Concentrations of
proinflammatory cytokines (pg/mL) in the culture medium of isolated peritoneal macrophages incubated with 10 or 50 ml of stool lysate were
measured by ELISA. All values were indicated as the mean 6 SEM (n = 10). *, p,0.05 compared with LFD.
doi:10.1371/journal.pone.0047713.g002
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littermates [18]. Consistent with animal models, they observed

similar difference with an increase in the ratio of Firmicutes/

Bacteroidetes in the gut microbiota in obese human patients [17].

Turnbaugh et al. demonstrated that GF mice are resistant to HFD-

induced obesity and that reconstitution of the gut microbiota from

either lean or obese mice in the GF mice recapitulated the original

phenotype [27]. They also reported similar changes in the

microbiota, with a decrease in overall bacterial abundance and

an increase in the ratio of Firmicutes to Bacteriodetes species using

long-term ingestion of diets high in fat [19]. In our present study,

at the phylum level, HFD resulted in an increase of Firmicutes and a

reduction of Bacteriodetes, which resulted an increase in the

Firmicutes/Bacteriodetes ratio in the gut microbiota with the

pyrosequencing method. Interestingly, at the family level,

Ruminococcaceae and Rikenellaceae were enriched in the HFD mice

as compared with LFD mice. Indeed, Geurts et al. also observed a

higher abundance of Ruminococcaceae and Rikenellaceae in the db/db

mice compared to lean mice [28]. Here, we showed that the

number of Bifidobacteria, a group of bacteria which has been shown

to reduce the intestinal LPS level in mice and to improve the

Figure 3. Effect of HFD on changes in the gut microbiota system of mice. Taxonomy compositions: (A) phylum and (B) family levels are
shown (individual samples are on the left panels and pooled samples are on the right panels). Genomic DNA was extracted from the cecal samples
taken from mice maintained for 8 weeks on a LFD and HFD. Samples were analyzed for the bacterial composition by pyrosequencing of the bacterial
16S rRNA fragments (n = 5). (C) Number of Enterobacteriaceae in DHL and Bifidobacteria in BL agar plates and (D) endotoxin content of fecal microflora
cultured in GAM or GAM (-glucose) containing LFD or HFD were measured. n.d., not detected, All values were indicated as the mean 6 SEM (n = 7). *,
p,0.05
doi:10.1371/journal.pone.0047713.g003
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Figure 4. Effect of HFD on colitis in mice. (A) Plotted is the macroscopic score assigned to the colitis. (B) Colon length (cm) was measured and
data plotted. (C) Colonic concentrations of proinflammatory cytokines (pg/mL) were measured by ELISA. (D) Western blot analysis for colonic TLR4,
iNOS, COX-2, p-IKKb, and p-p65 protein levels (left) and quantification of western blot (right) are shown. (E) Intestinal MPO activity was measured. (F)
Western blot analysis for occludin and claudin-1 levels (left) and quantification of western blot (right) in the colon are shown. All values were
indicated as the mean 6 SEM (n = 10). *, p,0.05 and **, p,0.01 compared with LFD.
doi:10.1371/journal.pone.0047713.g004

Figure 5. Effect of HFD on the activation of Akt, FOXO3, and mTOR in the colon of mice. Western blot analysis (left) and quantification of
western blot (right) was performed on colon lysates from mice maintained on LFD or HFD.
doi:10.1371/journal.pone.0047713.g005
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mucosal barrier functions was significantly reduced in feces from

HFD as previously reported [29]. Moreover, we demonstrated

that the number of Enterobacteriaceae, a gram-negative bacterial

family, was increased in the feces of HFD mice. Furthermore,

endotoxin production was higher when the fresh fecal microflora

from wild type mice was cultured in HFD-containing media than

in LFD-containing media. Based on these findings, HFD may

induce endotoxin production from intestinal microflora by

providing a favorable condition for the proliferation of gram-

negative bacteria, such as Enterobacteriaceae, in the intestine.

Recently, Cani et al. demonstrated that a HFD led to changes in

the gut microbiota as well as the expected increase in adiposity and

other symptoms of metabolic syndrome. These changes were

accompanied by an increase in the circulating levels of gram-

negative bacterial product, LPS, a condition termed ‘metabolic

endotoxemia’ [29]. Continuous subcutaneous infusion of LPS for

4 weeks induced an increase in body weight and adiposity to a

similar extent as the HFD mice. Upon binding LPS and its

coreceptor CD14, TLR4 interacts with intracellular adaptors to

activate transcription factors, NF-kB, AP-1, and interferon

regulatory factors, which enhance the expression of many

proinflammatory cytokines. In mice that lacked CD14, a HFD

or chronic administration of LPS showed no effect on any

parameters, further suggesting a role for TLR4 in mediating

metabolic endotoxaemia on body weight regulation and glucose

tolerance [29]. Partially consistent with these results, we also

observed that HFD feeding in TLR4-deficient mice was less

effective on adiposity. While the body weight of HFD-fed mice was

significantly increased in both TLR4-deficient and wild type mice,

the epididymal fat pad weight of HFD-fed TLR4-deficient mice

was 69% of HFD-fed wild type mice. In addition, HFD-induced

increases of the plasma and fecal endotoxin levels as well as the

expression levels of proinflammatory cytokines were attenuated in

TLR4-deficient mice.

Until now, the majority of studies have focused on the adipose

tissue as the source of inflammatory mediators in obesity [10].

Indeed, little attention has been focused on the potential role of

inflammation in the gut epithelium in driving the changes in body

weight and adiposity, despite the fact that the gut is the first place

to be exposed to dietary components and to be influenced by

changes in the gut microbiota. In a recent study, Li et al. compared

the inflammatory markers in the gut induced by HFD to those in a

mouse colitis model and showed that major changes in the

mesenteric fat was increased TNFa expression [30]. However,

there was a significant increase in IL-1b expression in the proximal

colon, as we showed in this study. Furthermore, HFD up-regulated

MPO in the intestine of obesity-prone rats but not in obesity-

resistant rats, suggesting that HFD-induced obesity, not HFD

alone, is associated with intestinal inflammation [12]. In another

study, within 2–6 weeks of HFD, CONV but not GF mice showed

an increase in TNFa in the ileum, demonstrating a strong

correlation between gut microflora and the degree of obesity.

Moreover, this increase in TNFa preceded obesity [16]. Thus,

intestinal inflammation is an early consequence of a HFD and may

induce obesity via elevated plasma levels of LPS or some other as

yet unidentified mechanism, suggesting a causative role for gut

inflammation in the onset of obesity. Since TLR4 is a primary

receptor mediating the proinflammatory effects of LPS, there

seems to be a link between the bacteria-induced proinflammatory

condition in the intestine to the development of diet-induced

Figure 6. Effect of HFD on the adiposity, the plasma and fecal LPS contents, and the proinflammatory cytokines in TLR4 deficient
mice. (A) Body weight (g) was measured. (B) Epididymal fat pad (% of body weight) was calculated. LAL assay was used to measure (C) fecal
endotoxin concentration (EU/g feces) and (D) plasma endotoxin concentration (EU/mL). (E) Concentrations of proinflammatory cytokines (pg/mL) in
the plasma (left) and colon (right) were measured by ELISA. (F) mRNA expression levels in the adipose tissue were measured using real-time PCR. All
values were indicated as the mean 6 SEM (n = 5). **, p,0.01 compared with LFD.
doi:10.1371/journal.pone.0047713.g006
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obesity [31]. In the present study, HFD induced colon shortening

and increased the expression of proinflammatory cytokines and

MPO activity in the colon, suggesting that HFD induced colitis. In

addition, LPS in cecal content was higher in HFD mice than in

LFD mice. The increased LPS level in HFD mice was closely

linked to TLR4 induction and NF-kB activation, which induced

the expression of iNOS and COX-2. Furthermore, in TLR4-

deficient mice, HFD had no effect on the activation of NF-kB, the

levels of systemic and intestinal proinflammatory cytokines, as well

as their mRNA levels in the adipose tissue. Since LPS from gram-

negative bacteria triggered low-grade inflammation, it is conceiv-

able that the changes in the gut microbiota by HFD may play a

pivotal role in the induction of LPS-induced inflammatory status

in the intestine and may contribute to the phenotype observed in

HFD mice.

It is demonstrated that HFD leads to elevated intestinal

permeability by modulating the expression of tight junction-

associated proteins such as claudin-1 and occludin, which suggest

that HFD leads to altered integrity of the intestinal barrier [12].

Consequently, luminal LPS may gain access to the lamina propria

of the intestine, where macrophages produce proinflammatory

cytokines to enhance local inflammation [32]. Our present study

supports this sequence of events, as we found increased intestinal

LPS levels, decreased colonic expression of claudin-1 and

occludin, increased colonic expression of TLR4, iNOS, COX-2,

and inflammatory cytokines. In addition, in the absence of TLR4,

high level of intestinal LPS did not decrease the expression of tight

junction-associated proteins and then increase the local inflam-

mation. The mechanisms of increased intestinal permeability

related to obesity are not yet fully explored. However, Brun et al.

showed that the persistently high levels of inflammatory cytokines

released from inflamed adipose tissue in obese mice can decrease

intestinal resistance by altering tight junction proteins [33]. In

addition to these resent finding, our present study suggests that the

high levels of inflammatory cytokines produced, not only in the

adipose tissue but also in the intestine through TLR4 induction,

may influence the regulation of intestinal barrier function and

furthermore the occurrence of metabolic endotoxemia in TLR4-

dependent way. Interestingly, we also found that the intensity of

systemic LPS induction was higher than enteric LPS induction in

HFD mice, which may suggest a possible causative role for gut

inflammation in leading to deleterious systemic metabolic endo-

toxemia by disrupting the intestinal permeability.

Thus far, we clearly showed that HFD induced inflammation

via TLR4 induction and NF-kB activation. Since Kim et al. [24]

recently have shown that NF-kB can be activated through Akt-

induced FOXO phosphorylation, we investigated whether HFD-

induced intestinal inflammation is mediated by changes in the Akt-

Figure 7. Effect of HFD on NF-kB activation, Akt and FOXO3a phosphorylation, and tight junction–associated protein levels in the
colon of TLR4-deficient mice. (A) Western blot analysis for iNOS, COX-2, p-IKKb, p-p65 occludin, and claudin-1 protein levels (left) and
quantification of western blot (right) in the colon lysates from TLR4-deficient mice are shown. (B) Western blot analysis for p-p65,p-65, p-Akt, Akt, p-
FOXO3a, and FOXO3a protein levels (left) and quantification of western blot (right) in the colon lysates from wild-type or TLR4-deficient mice are
shown. All values were indicated as the mean 6 SEM (n = 5).
doi:10.1371/journal.pone.0047713.g007
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FOXO3 axis. The Akt is a serine/threonine protein kinase and

functioning downstream of phosphatidylinositol 3-kinase in

response to mitogen or growth factor stimulation [34]. Akt

activation could modulate apoptosis indirectly by influencing the

activities of several transcription factors, including FOXOs. When

they are directly phosphorylated by Akt, they trigger a range of

cellular responses, including resistance to oxidative stress, a

phenotype highly coupled with prolonged lifespan. In the present

study, we found that Akt and FOXO3 phosphorylation levels were

increased in HFD mice as compared to LFD mice. Moreover, the

phosphorylation level of mTOR, a regulator involved in aging was

increased in HFD mice. These results suggest that the activation of

NF-kB through the Akt-FOXO3 signaling can be associated not

only with intestinal inflammation and its-related metabolic

disorders, but also with aging.

In conclusion, we demonstrated that HFD alters the gut

microflora composition leading to an increase in lumenal LPS

contents in the colon. In this condition, the gut undergoes

inflammation through TLR4 signaling pathway, resulting in

changes in tight junction proteins and an increase in the intestinal

permeability to LPS. Systemic increase in LPS due to translocation

from the colon lumen through the disturbed intestinal permeabil-

ity can lead to inflammation in the adipose tissue and obesity as

well as obesity-associated metabolic disorder, including aging.

Supporting Information

Figure S1 Rarefaction curves. Rarefaction analysis of V1-V3

pyrosequencing tags of the 16S rRNA gene in fecal microbiota

from the mice treated with LFD (LFD1-LFD5) or HFD (HFD1-

HFD5). Sample codes are the same as in Table S1.

(TIF)

Figure S2 Effect of HFD on the number of bifidobacteria
and enterobacteriaceae in bacterial culture media. The

fresh feces was suspended in 9-volumes of dilution media,

inoculated in HFD-contained (0.5% v/v) or in LFD-contained

(0.5% v/v) media, and cultured in BL agar plates and DHL agar

plates. DHL agar plates were aerobically cultured for 1 day at

37uC and BL agar plates were anaerobically cultured for 3 days at

37uC. All values were indicated as the mean 6 SEM (n = 5). *,

p,0.05 compared with LFD.

(TIF)

Figure S3 Effect of HFD on the levels of lipid peroxide
(malondialdehyde, MDA) and 4-hydroxy-2-nonenal (4-
HNE) in the colon of mice. MDA (mM/mg protein) and 4-

HNE (ng/mL) were estimated in colon homogenates. All values

were indicated as the mean 6 SEM (n = 10). **, p,0.01 compared

with LFD.

(TIF)

Materials and Methods S1.

(DOCX)

Table S1 Number of sequence analyzed, observed
diversity richness (OTUs), estimated OUT richness
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Table S3 Effect of high fat diet on the number of
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from wild type and TLR4 -deficient mice.

(DOCX)

Acknowledgments

We thank Prs. Baek Kim and Joe Hollenbaugh (Rochester University) for

their careful review of the manuscript.

Author Contributions

Conceived and designed the experiments: KAK DHK. Performed the

experiments: KAK WG IAL EHJ. Analyzed the data: KAK WG IAL EHJ

DHK. Wrote the paper: KAK DHK.

References

1. Faulds MH, Dahlman-Wright K (2012) Metabolic diseases and cancer risk. Curr
Opin Oncol 24: 58–61.

2. Wellen KE, Hotamisligil GS (2005) Inflammation, stress, and diabetes. J Clin
Invest 115: 1111–1119.

3. Hotamisligil GS (2006) Inflammation and metabolic disorders. Nature 444: 860–

867.

4. Chakraborty S, Zawieja S, Wang W, Zawieja DC, Muthuchamy M (2010)

Lymphatic system: a vital link between metabolic syndrome and inflammation.
Ann N Y Acad Sci 1207 Suppl 1: E94–102.

5. Monteiro R, Azevedo I (2010) Chronic inflammation in obesity and the
metabolic syndrome. Mediators Inflamm 2010.

6. Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM, et al. (2008) Changes in

gut microbiota control metabolic endotoxemia-induced inflammation in high-fat
diet-induced obesity and diabetes in mice. Diabetes 57: 1470–1481.

7. Ghanim H, Abuaysheh S, Sia CL, Korzeniewski K, Chaudhuri A, et al. (2009)
Increase in plasma endotoxin concentrations and the expression of Toll-like

receptors and suppressor of cytokine signaling-3 in mononuclear cells after a
high-fat, high-carbohydrate meal: implications for insulin resistance. Diabetes

Care 32: 2281–2287.

8. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, et al. (2003)
Obesity is associated with macrophage accumulation in adipose tissue. J Clin

Invest 112: 1796–1808.

9. Kanda H, Tateya S, Tamori Y, Kotani K, Hiasa K, et al. (2006) MCP-1

contributes to macrophage infiltration into adipose tissue, insulin resistance, and

hepatic steatosis in obesity. J Clin Invest 116: 1494–1505.

10. Maury E, Brichard SM (2010) Adipokine dysregulation, adipose tissue

inflammation and metabolic syndrome. Mol Cell Endocrinol 314: 1–16.

11. Cancello R, Tordjman J, Poitou C, Guilhem G, Bouillot JL, et al. (2006)

Increased infiltration of macrophages in omental adipose tissue is associated with
marked hepatic lesions in morbid human obesity. Diabetes 55: 1554–1561.

12. de La Serre CB, Ellis CL, Lee J, Hartman AL, Rutledge JC, et al. (2010)

Propensity to high-fat diet-induced obesity in rats is associated with changes in

the gut microbiota and gut inflammation. Am J Physiol Gastrointest Liver

Physiol 299: G440–448.

13. Xu H, Barnes GT, Yang Q, Tan G, Yang D, et al. (2003) Chronic inflammation

in fat plays a crucial role in the development of obesity-related insulin resistance.

J Clin Invest 112: 1821–1830.

14. Backhed F, Ding H, Wang T, Hooper LV, Koh GY, et al. (2004) The gut

microbiota as an environmental factor that regulates fat storage. Proc Natl Acad

Sci U S A 101: 15718–15723.

15. Backhed F, Manchester JK, Semenkovich CF, Gordon JI (2007) Mechanisms

underlying the resistance to diet-induced obesity in germ-free mice. Proc Natl

Acad Sci U S A 104: 979–984.

16. Ding S, Chi MM, Scull BP, Rigby R, Schwerbrock NM, et al. (2010) High-fat

diet: bacteria interactions promote intestinal inflammation which precedes and

correlates with obesity and insulin resistance in mouse. PLoS One 5: e12191.

17. Ley RE, Turnbaugh PJ, Klein S, Gordon JI (2006) Microbial ecology: human

gut microbes associated with obesity. Nature 444: 1022–1023.

18. Ley RE, Backhed F, Turnbaugh P, Lozupone CA, Knight RD, et al. (2005)

Obesity alters gut microbial ecology. Proc Natl Acad Sci U S A 102: 11070–

11075.

19. Turnbaugh PJ, Backhed F, Fulton L, Gordon JI (2008) Diet-induced obesity is

linked to marked but reversible alterations in the mouse distal gut microbiome.

Cell Host Microbe 3: 213–223.

20. Hollenbach E, Vieth M, Roessner A, Neumann M, Malfertheiner P, et al. (2005)

Inhibition of RICK/nuclear factor-kappaB and p38 signaling attenuates the

inflammatory response in a murine model of Crohn disease. J Biol Chem 280:

14981–14988.

21. Joh EH, Kim DH (2011) Kalopanaxsaponin A ameliorates experimental colitis

in mice by inhibiting IRAK-1 activation in the NF-kappaB and MAPK

pathways. Br J Pharmacol 162: 1731–1742.

22. Clark DA, Chaouat G, Banwatt D, Friebe A, Arck PC (2008) Ecology of danger-

dependent cytokine-boosted spontaneous abortion in the CBA x DBA/2 mouse

Gut Microbiota Worsens Inflammation and Obesity

PLOS ONE | www.plosone.org 10 October 2012 | Volume 7 | Issue 10 | e47713



model: II. Fecal LPS levels in colonies with different basal abortion rates.

Am J Reprod Immunol 60: 529–533.
23. Chun J, Kim KY, Lee JH, Choi Y (2010) The analysis of oral microbial

communities of wild-type and toll-like receptor 2-deficient mice using a 454 GS

FLX Titanium pyrosequencer. BMC Microbiol 10: 101.
24. Kim DH, Kim JY, Yu BP, Chung HY (2008) The activation of NF-kappaB

through Akt-induced FOXO1 phosphorylation during aging and its modulation
by calorie restriction. Biogerontology 9: 33–47.

25. Turnbaugh PJ, Gordon JI (2009) The core gut microbiome, energy balance and

obesity. J Physiol 587: 4153–4158.
26. Ley RE (2010) Obesity and the human microbiome. Curr Opin Gastroenterol

26: 5–11.
27. Turnbaugh PJ, Hamady M, Yatsunenko T, Cantarel BL, Duncan A, et al.

(2009) A core gut microbiome in obese and lean twins. Nature 457: 480–484.
28. Geurts L, Lazarevic V, Derrien M, Everard A, Van Roye M, et al. (2011)

Altered gut microbiota and endocannabinoid system tone in obese and diabetic

leptin-resistant mice: impact on apelin regulation in adipose tissue. Front

Microbiol 2: 149.
29. Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, et al. (2007) Metabolic

endotoxemia initiates obesity and insulin resistance. Diabetes 56: 1761–1772.

30. Li H, Lelliott C, Hakansson P, Ploj K, Tuneld A, et al. (2008) Intestinal, adipose,
and liver inflammation in diet-induced obese mice. Metabolism 57: 1704–1710.

31. Ding S, Lund PK (2011) Role of intestinal inflammation as an early event in
obesity and insulin resistance. Curr Opin Clin Nutr Metab Care 14: 328–333.

32. Neuman MG (2007) Immune dysfunction in inflammatory bowel disease. Transl

Res 149: 173–186.
33. Brun P, Castagliuolo I, Di Leo V, Buda A, Pinzani M, et al. (2007) Increased

intestinal permeability in obese mice: new evidence in the pathogenesis of
nonalcoholic steatohepatitis. Am J Physiol Gastrointest Liver Physiol 292:

G518–525.
34. Nicholson KM, Anderson NG (2002) The protein kinase B/Akt signalling

pathway in human malignancy. Cell Signal 14: 381–395.

Gut Microbiota Worsens Inflammation and Obesity

PLOS ONE | www.plosone.org 11 October 2012 | Volume 7 | Issue 10 | e47713


