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a b s t r a c t

Obesity is associated with increased colonic inflammation, which elevates the risk of colon cancer.
Although exercise exerts anti-inflammatory actions in multiple chronic diseases associated with
inflammation, it is unknown whether this strategy prevents colonic inflammation in obesity. We hy-
pothesized that voluntary exercise would suppress colonic inflammation in high-fat diet (HFD)-induced
obesity by modulation of peroxisome proliferator-activated receptor (PPAR)-g. Male C57Bl/6J mice fed
either a control diet (6.5% fat, CON) or a high-fat diet (24% fat, HFD) were divided into sedentary,
voluntary exercise or voluntary exercise with PPAR-g antagonist GW9662 (10 mg/kg/day). All in-
terventions took place for 12 weeks. Compared with CON-sedentary group, HFD-sedentary mice gained
significantly more body weight and exhibited metabolic disorders. Molecular studies revealed that HFD-
sedentary mice had increased expression of inflammatory mediators and activation of nuclear factor
(NF)-kB in the colons, which were associated with decreased expression and activity of PPAR-g.
Voluntary exercise markedly attenuated body weight gain, improved metabolic disorders, and normal-
ized the expression of inflammatory mediators and activation of NF-kB in the colons in HFD-mice while
having no effects in CON-animals. Moreover, voluntary exercise significantly increased expression and
activity of PPAR-g in the colons in both HFD- and CON-animals. However, all of these beneficial effects
induced by voluntary exercise were abolished by GW9662, which inhibited expression and activity of
PPAR-g. The results suggest that decreased PPAR-g activity in the colon of HFD-induced obesity may
facilitate the inflammatory response and colon carcinogenesis. Voluntary exercise prevents colonic
inflammation in HFD-induced obesity by up-regulating PPAR-g activity.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

The prevalence of overweight and obesity has increased
alarmingly over the past several decades throughout the world.
Although genetics play an important role in the regulation of body
weight homeostasis, consumption of a high-fat diet (HFD) and
physical inactivity are also important environmental contributors
to overweight and obesity [1]. Experimental and epidemiological
studies have revealed that obesity is a robust risk factor of many
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types of cancer, and the data are particularly compelling for colon
cancer [2]. It is now widely accepted that inflammation plays a
crucial role in the cancer development [3]. Obesity is associated
with a state of chronic, low-grade inflammation [4] and recent
study showed that increased expression of inflammatorymediators
in the colons of obese animals led to activation of important pro-
carcinogenic signaling pathways, contributing to the development
of colon cancer [5]. A prevention strategy that targets inflammation
could, therefore, be important for preventing the colon cancer in
these high-risk populations.

Numerous studies have demonstrated that regular exercise
provides protection against, and may be useful as a treatment for a
wide variety of chronic diseases associated with low-grade
inflammation [6,7]. Recent studies reported that exercise training
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attenuated elevated inflammatory mediators in the intestinal tract
in healthy aged mice [8], and inhibited colon inflammation and cell
proliferation in rats with dimethylhydrazine-induced colon carci-
nogenesis [9]. However, it is unknown whether exercise training
prevents elevated inflammatory mediators in the colons in obesity,
especially induced by HFD.

In animal models, forced exercise on treadmills may be prob-
lematic, as they are stressful. It was recently reported that forced
treadmill exercise training exacerbated colon inflammation and led
to mortality while voluntary exercise training was protective in a
mouse model of colitis [10], suggesting that voluntary exercise may
be a better model. Indeed, voluntary exercise training has been
shown to protect against inflammatory gene expression in adipose
tissue and improve insulin sensitivity in HFD-induced obese mice
[11].

Hence, the aim of the present study was to examine the effects
of voluntary exercise on obesity-associated inflammation in the
colons, and to explore possible molecular mechanism underlying
these effects in HFD-induced mice model of obesity, which closely
mimics human characteristics of obesity [12]. For the mechanism
involved, we focused on the expression and activity of peroxisome
proliferator-activated receptor (PPAR)-g, a nuclear receptor that has
been shown to play a key role in the regulation of colonic inflam-
mation in response to HFD [13] and is recently known to be
modulated by exercise in the skeletal muscle [14] and in monocytes
[15].
2. Methods

2.1. Animals

Ten week old male C57BL/6J mice were obtained from Shanghai
Laboratory Animal Centre (Shanghai, China). All animal experi-
ments were performed in accordance with the guidelines of the
Institutional Animal Care and Use Committee (IACUC) at China
Medical University. The research protocols and procedures were
approved by IACUC of China Medical University.

The animals were randomly divided into six groups (n ¼ 8 for
each group): control diet and sedentary (CON þ SED); control diet
and voluntary exercise (CON þ EXE); control diet and voluntary
exercise with GW9662 (a selective PPAR-g antagonist, Sigma-
eAldrich, Inc, St. Louis, MO, USA) (CON þ EXE þ GW); HFD and
sedentary (HFD þ SED); HFD and voluntary exercise (HFD þ EXE);
HFD and voluntary exercise with GW9662 (HFD þ EXE þ GW).
GW9662 (10 mg/kg/day) was given by gastric gavage once a day as
previously described [16]. Animals began the diet and voluntary
exercise training with or without GW9662 concomitantly. These
treatments took place for 12 weeks. Control diet contains 6.5% fat
by weight and has 16.7% total calories from fat. HFD contains 24%
fat by weight and has 45% calories from fat. Animals were indi-
vidually housed in cages fitted with running wheels (14-cm
diameter, 6-cm width, Melquest Ltd., Toyama, Japan), which were
locked for the sedentary groups. Running distance was monitored
daily. Animals in all groups were reared at 25 �C with a 12-h light/
dark cycle and had ad libitum access to food and water. Food and
body weights were recorded weekly.
2.2. Glucose tolerance test (GTT)

GTT was performed one week before the end of the protocol.
Running wheels were locked in the evening before metabolic
testing. Animals were fasted overnight (17:00e08:00) and were
subsequently injected with glucose (2 g/kg body weight, ip) as
previously described [11]. Tail blood was collected at 0, 30, 60, and
120 min. Blood glucose concentrations were measured by a gluc-
ometer (Roche, Mannheim, Germany).

2.3. Plasma insulin, leptin and adiponectin

Fasting plasma insulin, leptin and adiponectin concentrations
were measured by commercially available mice ELISA kit (Invi-
trogen, Camarillo, CA) according to manufacturers' instructions.

2.4. Analysis of protein levels for inflammatory mediators and PPAR
isoforms in the colon

At the termination of the study, animals were sacrificed and
colons were quickly isolated for molecular studies. Protein levels of
inflammatory mediators and PPAR isoforms (PPAR-a, PPAR-b and
PPAR-g) in the colons were measured with Western blot, using
primary antibody to IL-1b, TNF-a, IL-6, COX-2, PPAR-a, PPAR-b,
PPAR-g and b-actin (Santa Cruz Biotechnology Inc, Santa Cruz, CA).
The density of the bands was quantified with NIH ImageJ software
(Bethesda, MD, USA) and all data were corrected by b-actin.

2.5. Analysis of NF-kB and PPAR isoform activity in the colon

Nuclear and cytoplasmic extracts were prepared from the colon
tissues using a Nuclear Extract Kit (Active Motif, Carlsbad, CA, USA).
NF-kB p65, PPAR-a, PPAR-b and PPAR-g DNA binding activity were
measured by Transcription Factor Assay Kits (Abcam, Cambridge,
MA and Active Motif, Carlsbad, CA, USA) following the manufac-
turer's instructions. Cytoplasmic IkBa level was measured with
Western blotting as described above, using a polyclonal antibody to
IkBa (Santa Cruz Biotechnology).

2.6. Statistical analysis

Data are presented as mean ± SD. Statistical analysis was per-
formed using the ANOVA test followed by the NewmaneKeuls
multiple-comparison post-hoc test. P < 0.05 was considered sta-
tistically significant.

3. Results

3.1. Voluntary exercise reduces HFD-induced obesity

Mice that had access to running wheels ran a total of
7842 ± 750 m during the 12 h of the dark cycle (19:00e7:00) and
240 ± 96 m during the 12 h of the light cycle. Compared with
control-sedentary group, HFD-sedentary mice gained substantially
more body weight from 3 weeks until the end of the experiment at
12 weeks (Fig. 1A). Exercise significantly attenuated body weight
gain in both control and HFD mice compared with their respective
sedentary animals. GW9662 did not affect exercise-induced weight
loss in both groups.

Cumulative food intake was increased in HFD-sedentary mice as
compared to control-sedentary group (Fig. 1B). Neither exercise nor
GW9662 had effect on cumulative food intake in both animals.

3.2. Voluntary exercise ameliorates metabolic disorders in HFD-
induced obese mice

At the end of the study, fasting blood glucose levels at baseline
(0 min) were similar among the six experimental groups (Fig. 1C).
However, GTT showed that compared with control-sedentary
group, HFD-sedentary mice had significantly worse glucose toler-
ance as evidenced by delayed glucose clearance with higher
glucose levels at 60 and 120 min after glucose injection. Exercise
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Fig. 1. Effects of voluntary exercise (EXE) on body weight (A), cumulative food intake (B), glucose tolerance test (C), plasma insulin (D), leptin (E) and adiponectin (F) levels in mice
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training did not alter glucose tolerance in control animals, but it
significantly improved glucose tolerance in HFD animals. Fasting
plasma insulin and leptin levels were markedly higher in HFD-
sedentary mice than in control-sedentary group (Fig. 1D and E).
Exercise significantly reduced the levels of both parameters in HFD
mice, whereas it had no effects in control animals. Of note, GW9662
completely inhibited the effects of exercise on all these parameters
in HFD animals. No significant differences in plasma adiponectin
levels were observed among the experimental groups (Fig. 1F).
3.3. Voluntary exercise prevents colonic inflammation in HFD-
induced obese mice

As shown in Fig. 2, HFD-sedentary mice had significantly
increased protein expression of TNF-a, IL-1b and COX-2 in the colon
as compared to control-sedentary animals. Exercise completely
inhibited the increases in all these parameters and GW9662 abol-
ished these inhibitory effects in HFD mice. In contrast, exercise
alone or combination of exercise with GW9662 did not alter
expression of these inflammatory mediators in control animals.
There were no differences in IL-6 expression across the six exper-
imental groups.
3.4. Voluntary exercise suppresses colonic NF-kB activity in HFD-
induced obese mice

NF-kB, which is known to be controlled upstream by the cyto-
plasmic IkBa, is a key regulator of tissue inflammation. HFD-
induced colonic inflammation has been shown to be mediated by
activation of NF-kB, which stimulates synthesis and releases of
multiple inflammatory mediators. These inflammatory mediators
may in turn facilitate activation of NF-kB, thus inducing intestinal
inflammatory state [17]. We therefore examined the effect of ex-
ercise on NF-kB activity in the colons by measuring NF-kB p65 DNA
binding activity in nuclear extract and its inhibitor IkBa level in
cytoplasmic extract. As shown in Fig. 3, compared with control-
sedentary group, HFD-sedentary mice had markedly increased
NF-kB p65 DNA binding activity, which was associated with a
reduction of IkBa protein expression in the colons. Exercise
completely inhibited NF-kB p65 DNA binding activity and reversed
IkBa protein expression, whereas GW9662 abrogated these bene-
ficial effects of exercise in HFD-animals. Notably, neither NF-kB p65
DNA binding activity nor IkBa protein expression was changed by
exercise alone or combination of exercise with GW9662 in control
animals.
3.5. Voluntary exercise selectively elevates colonic PPAR-g activity
in both control and HFD-induced obese mice

To examine whether exercise inhibited colonic NF-kB activity
and prevented the expression of inflammatory mediators in HFD-
induced obesity by increasing colonic PPAR-g activity, we next
evaluated the effects of exercise on colonic PPAR-g expression and
activity. As shown in Fig. 4, PPAR-g protein expression and its DNA
binding activity in the colon were significantly decreased in HFD-
sedentary mice compared with control-sedentary group. Impor-
tantly, exercise markedly increased PPAR-g expression and its ac-
tivity in both control and HFD animals, whereas these increases
were completely abolished by GW9662. Interestingly, there were
no significant differences in expression and activity of PPAR iso-
forms PPAR-a or PPAR-b across the experimental groups.
4. Discussion

The present study demonstrates for the first time that HFD-
induced obesity down-regulates colonic PPAR-g activity, and
voluntary exercise training prevents inflammation in the colons in
HFD-induced obesity by modulation of colonic PPAR-g activity.
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We found that 12 weeks of voluntary exercise was associated
with a partial reduction in body weight gain, a concomitant
improvement in glucose tolerance, insulin sensitivity and leptin
resistance in mice with diet-induced obesity, although increased
total food intake was unchanged by exercise. These observations
are in agreement with the results of a previous study [11], sug-
gesting that voluntary exercise effectively attenuates obesity and
improves metabolic disorders induced by HFD.

It is widely accepted that obesity and the metabolic syndrome
are associated with low-grade systemic inflammation, despite the
fact that the molecular origin of the inflammation is unclear [18].
Although adipose tissue is considered as a major source of
inflammation in the development of obesity, emerging evidence
suggests that a HFD promotes inflammation in the gastrointestinal
tract which is thought to be another potential source of inflam-
mation associated with HFD-induced obesity [19]. It has been
suggested that intestinal inflammation is an early response to HFD
and may play an important role in the onset of HFD-induced
obesity and obesity-related metabolic disorders [20]. In addition,
obesity-induced intestinal inflammation is conspicuously associ-
ated with colon cancer [5]. The present findings of decreased
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A number of studies have shown that exercise exerts some of its
beneficial health effects by inducing anti-inflammatory actions [6].
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inactivity and low-grade systemic inflammation in elderly people
[22,23] and in patients with intermittent claudication [24]. More-
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studies have recently reported that voluntary exercise attenuates
obesity-associated inflammation in adipose tissue in obese animal
models [11,25]. However, to our knowledge there is no direct evi-
dence that voluntary exercise can prevent inflammation in the
colons in obesity. Our study extends these prior findings by
showing that voluntary exercise exerts potent anti-inflammatory
actions in the colons in HFD-induced obesity, including inhibition
of NF-kB activation and reductions in expression of inflammatory
mediators to levels similar to those observed in control group.

To explore the possible mechanism by which voluntary exercise
attenuates colonic inflammation, we examined the expression and
activity of PPAR-g in the colons. PPAR-g is a member of the nuclear
receptor superfamily of transcription factors that play an important
role in regulating lipid metabolism and insulin resistance [26]. In
addition, PPAR-g is a key regulator of the inflammatory response
[26]. It has been demonstrated that PPAR-g plays a pivotal role in the
regulation of inflammatory signaling pathways by acting on tran-
scription factors, including NF-kB [27,28]. Activation of PPAR-g sup-
presses activation of mucosal NF-kB, thus inhibiting production of
multiple pro-inflammatory cytokines, such as IL-1b, TNF-a [27]. The
colon is a major tissue highly expressing PPAR-g in epithelial cells,
macrophages and lymphocytes [29]. Numerous studies have shown
that activation of PPAR-g in the colons by synthetic PPAR-g agonists
inhibit inflammation and reduce disease severity in various experi-
mental models of colitis [27,28]. In contrast, disruption of PPAR-g
expression in mouse colonic epithelial cells increases susceptibility
to dextran sulfate sodium-induced inflammation and ulcerative co-
litis [30]. In current study, we found that expression and activity of
PPAR-g, but not PPAR isoform PPAR-a and PPAR-b, were significantly
decreased in the colons of HFD-induce obese mice. This result
confirms a previous report [13], indicating that down-regulation of
colonic PPAR-g in obesity is selective; PPAR-g rather than PPAR-a and
PPAR-bmay be implicated in obesity-associated inflammation in the
colons. We speculate that decreased PPAR-g activity in the colons
may facilitate the inflammatory response and colon carcinogenesis
in obesity. The mechanism and signaling pathways responsible for
down-regulation of colonic PPAR-g in obesity remain to be eluci-
dated in the future.

Exercise is known to upregulate PPAR-g expression and activity
within skeletal muscle to promote mitochondrial biogenesis, aer-
obic respiration, and other exercise-triggered benefits [14]. In
addition, recent study reported that exercise led to generation of
PPAR-g ligands in the plasma that activated PPAR-g signaling
within circulating monocytes, contributing to anti-inflammatory
effects [15]. In the present study, we found that 12 weeks of
voluntary exercise significantly increased PPAR-g expression and
activity in the colons in both control and HFD animals, thus
providing the direct evidence that exercise is associated with
increased PPAR-g activity in the colons. More importantly, we
observed that exercise-induced beneficial effects in metabolic dis-
orders and decreases in the expression of colonic inflammatory
mediators were completely abrogated by concomitant treatment
with a specific PPAR-g antagonist GW9662, which inhibited
exercise-induced increases in colonic PPAR-g expression and ac-
tivity. These findings indicate that improved metabolic disorders
and reduced inflammation by voluntary exercise are mediated by
activation of colonic PPAR-g. Interestingly, exercise increased PPAR-
g expression and activity but did not alter inflammatory mediator
expression in the colons in control group, because no differences in
expression of inflammatory mediators were observed between
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exercise control and sedentary control animals, suggesting that
changes in colonic PPAR-g expression may not influence inflam-
matory mediator expression under normal conditions.

In conclusion, the present study demonstrates that decreased
PPAR-g activity in the colons of HFD-induced obesity may facilitate
the inflammatory response and colon carcinogenesis. Voluntary
exercise prevents colonic inflammation in HFD-induced obesity by
up-regulating PPAR-g activity. The results from this study indicate a
potential role of colonic PPAR-g in mediating the protective effects
that voluntary exercise has on colon tissue when presented with an
inflammatory insult. Moreover, this study may also provide new
insights into the mechanisms by which voluntary exercise exerts
beneficial effects on preventing the obesity-associated colon cancer
in these high-risk populations.
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