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Abstract

Exercise has been recommended as an important strategy to improve glucose metabolism
in obesity. Adipose tissue fibrosis is associated with inflammation and is implicated in
glucose metabolism disturbance and insulin resistance in obesity. However, the effect

of exercise on the progression of adipose tissue fibrosis is still unknown. The aim of the
present study was to investigate whether exercise retarded the progression of adipose
tissue fibrosis and ameliorated glucose homeostasis in diet-induced obese mice. To do
so, obesity and adipose tissue fibrosis in mice were induced by high-fat diet feeding for
12 weeks and the mice subsequently received high-fat diet and exercise intervention

for another 12 weeks. Exercise alleviated high-fat diet-induced glucose intolerance and
insulin resistance. Continued high-fat diet feeding exacerbated collagen deposition and
further increased fibrosis-related gene expression in adipose tissue. Exercise attenuated
or reversed these changes. Additionally, PPARy, which has been shown to inhibit adipose
tissue fibrosis, was observed to be increased following exercise. Moreover, exercise
decreased the expression of HIF-1a in adipose fibrosis, and adipose tissue inflammation
was inhibited. In conclusion, our data indicate that exercise attenuates and even reverses
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the progression of adipose tissue fibrosis, providing a plausible mechanism for its

beneficial effects on glucose metabolism in obesity.
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Introduction

Type 2 diabetes mellitus (T2DM) has become a pandemic
and a major global health problem. Obesity, which has
a rapidly increasing prevalence, is considered to be a
primary cause of T2DM (1, 2). Approximately 60%-90% of
patients with T2DM suffer from obesity (3, 4). Overloaded
energy intake and physical inactivity result in obesity
characterized by rapid expansion of adipose tissue. As
obesity progresses, adipose expansion outpaces the
growth of vasculature, leading to hypoxia-induced HIF-1a
activation (5, 6). In adipose tissue, the transcription factor
HIF-1a promotes the mRNA expression of pro-fibrotic

genes such as lysyl oxidase (LOX), collagens I (Coll),
and collagens III (Col3), consequently leading to adipose
tissue fibrosis (7, 8).

Adipocytes are surrounded by a network of
extracellular matrix (ECM) mainly composed of
collagens and fibronectin. Adipose fibrosis is defined as
an excessive accumulation of ECM components (9). It
has been demonstrated that adipose tissue fibrosis is
strongly associated with inflammation. Adipose tissue
inflammation causes insulin resistance, which in turn
promotes inflammation (10). Adipose tissue mRNA levels
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of pro-fibrotic genes were positively correlated with
fasting insulin levels and HOMA-IR in Chinese subjects
(11). Induction of adipose tissue fibrosis by overexpression
of HIFla led to exacerbated adipose inflammation and
aggravated glucose intolerance in mice fed with a high-fat
diet (HFD) (7). On the other hand, suppression of fibrosis
via HIFlo-inhibitor or adipose-selective expression of
GTF2IRD1, a transcription factor that inhibited pro-
fibrotic gene alleviated adipose
inflammation and improved glucose metabolism in HFD-
fed mice (8, 12).

Peroxisome proliferator-activated receptor gamma
(PPARYy) is the focus of substantial research as its agonists
have emerged as potent insulin sensitizers used in the
treatment of type 2 diabetes. PPARy activation has been
proven to downregulate HIF-la expression and reduce
adipose tissue collagen levels (13, 14).

Regular exercise has long been considered as a
cornerstone for the prevention and treatment of T2DM.
Population studies reveal that moderate exercise each
week lowers the risk of T2DM (15, 16). We have previously
demonstrated that 12 weeks of moderate-intensity aerobic
exercise prevented HFD-induced glucose intolerance and
insulin resistance (17). In addition to this, results from
numerous studies document the effectiveness of exercise
for T2DM treatment. Exercise improves glycemic control,
reducing insulin resistance in patients with T2DM
(18). Adipose tissue fibrosis, which is implicated as a
contributor to insulin resistance, has been demonstrated
to be prevented by exercise in a study conducted by
Kawanishi et al. (19); however, it is still unknown whether
exercise mitigates existing adipose tissue fibrosis.

In this study, mice were fed a HFD for 12 weeks to
induce adipose tissue fibrosis followed by 12 weeks of
exercise intervention. We observed that exercise elevated
PPARy expression and effectively retarded the HFD-
induced ongoing adipose tissue fibrosis. Inflammation in
adipose tissue was significantly attenuated by exercise. The
exercise-induced regression of adipose tissue fibrosis was
accompanied with improved glucose homeostasis. Hence,
exercise may have an anti-fibrotic effect on adipose tissue
and may have benefits on glucose metabolism in obesity.

expression, tissue

Materials and methods
Animal studies

All animal experimental protocols were approved by
the Institutional Animal Care and Use Committee
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of Guangzhou Sport University. Male C57BL/6] mice
aged 6 weeks were purchased from the Experimental
Animal Center of Guangdong Province (Guangzhou,
China). After a 2-week adaptation, mice were randomly
divided into two groups: control group with normal
diet (ND group; AIN-93G, D10012G, Research Diets,
New Brunswick, NJ, USA) (n=14) and high-fat diet-
induced obese group fed for 12 weeks with 60% HFD
(D12492, Research Diets) (n=22). After 12 weeks of
dietary intervention, six mice from the ND group and
six mice from the high-fat diet-induced obese group were
sacrificed, and epididymal adipose tissue was collected
for adipose fibrosis assessment. The other eight mice in
the ND group were continuously fed with the normal
diet for another 12 weeks. The remaining 16 mice in the
high-fat diet-induced obese group were re-randomized
into two groups: high-fat diet group (HFD group) (n=8)
and high-fat diet plus exercise group (HFD+EXE group)
(n=8). The HFD mice and the HFD+EXE mice were
fed with the high-fat diet for another 12 weeks. The
HFD+EXE mice were subjected to exercise for 12 weeks
over the same period. All animals were kept under 12 h
light:12 h darkness cycle at 22°C-24°C, with free access
to food and water. After the experimental period, all mice
were kept sedentary for 2 days and were fasted overnight
before being sacrificed for blood and epididymal and
subcutaneous adipose tissue collection.

Exercise protocol

Mice were trained on a treadmill at 0% grade 5 days
per week. The warm up was performed at 6 m/min for
5 min followed by 20 min of main exercise at 10 m/min,
and 5 min of cool down at 6 m/min during the first
week for adaptation. A routine consisting of 5 min
of warm up at 9 m/min, 50 min of main exercise at
12 m/min (75% maximum oxygen consumption) (20),
and 5 min of cool down at 9 m/min were performed
from the 2nd week to the last week of the exercise
intervention period.

Blood analysis

Mice were fasted overnight to measure the fasting
blood glucose and insulin levels. Accu-Chek Performa
glucometer (Roche) was used to detect blood glucose.
Serum insulin levels was determined by commercial ELISA
kit (Alpco Diagnostics, Salem, NH, USA).
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Oral glucose tolerance test (OGTT) and insulin
tolerance tests (ITT)

OGTT and ITT was conducted on the 10th week and
on the 11th week of the exercise intervention period,
respectively, as described before (17).

Histological and immunohistochemical analysis

Epididymal adipose samples were fixed in 4%
paraformaldehyde solution for 24 h, embedded in
paraffin, and sliced into 4-pm sections. The sections of
adipose tissue were stained with hematoxylin-eosin
(H&E) and Masson’s trichrome dye. The Masson-positive
area was measured by ImageJ Software. The F4/80 staining
was performed using the F4/80 antibody (Santa Cruz
Biotechnology, sc-377009). Six randomly selected fields
in each slide were analyzed by two investigators who were

blinded to the treatment.

Measurement of hydroxyproline content

Both sides of epididymal adipose tissue were harvested
and weighed promptly after sacrifice. Epididymal adipose
tissue sample (100 mg) was used for hydroxyproline
measurement, which was using a
Hydroxyproline Assay Kit (Quickzyme Biosciences, Leiden,
Netherlands). Hydroxyproline content was normalized to
the weight of adipose tissue.

determined

Hepatic triglyceride (TG) and total cholesterol
(TC) measurement

Hepatic levels of TG and TC were determined using
commercial ~ kits  (Applygen  Technologies Inc.,,

Beijing, China).

Western blot analysis

Total protein levels were determined using a BCA protein
assay kit (Thermo Fisher Scientific). Equal amounts of
proteins were separated by SDS-PAGE and subsequently
transferred to PVDF membrane. After blocking, the
membranes were incubated over night at 4°C with
primary antibodies to HIF-la (Abcam, Hlalpha67),
PPARy (Santa Cruz Biotechnology, sc-7273), IRS1 (Santa
Cruz Biotechnology, sc-8038), phosphorylated IRS1 at
Ser307 (Cell Signaling Technology, #2381), or GAPDH
(Cell Signaling Technology, #5174). The membranes were
then incubated for 1 h with the secondary antibodies:
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m-IgGk BP-HRP (Santa Cruz Biotechnology, sc-516102)
or mouse anti-rabbit IgG-HRP (Santa Cruz Biotechnology,
sc-2357). Proteins were detected by ECL (Thermo Fisher
Scientific), and the intensities of bands were quantified
using Quantity One software.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from epididymal adipose tissue
with TRIzol reagent (Thermo Fisher Scientific), followed
by cDNA synthesis. The expression levels of mRNA were
determined and normalized to the levels of p-actin.
Sequences of primers used are shown in Supplementary
Table 1 (see section on supplementary materials given at
the end of this article).

Statistical analysis

All data were expressed as mean = s.p. values. For the data
that were normally distributed, the statistical significance
between two groups was evaluated by two-tailed Student’s
t-test, and the statistical significance among three groups
by one-way ANOVA with Bonferroni’s multiple comparison
test. For the data that were not normally distributed, the
statistical significance between two groups was evaluated
by Mann-Whitney test, and the statistical significance
among three groups by Kruskal-Wallis test with Dunn’s
multiple comparison test. All analyses were performed
using SPSS 20.0 and GraphPad Prism 7.00. Differences
with a P value less than 0.05 were significant.

Results

Exercise improves glucose homeostasis in mice
with diet-induced obesity

HFD-fed mice displayed significantly increased body
weight compared to the ND mice after the 12-week obesity-
induction period (Fig. 1A). The HFD-induced obese mice
were subsequently subjected to either a HFD feeding or
HFD plus exercise intervention for an additional 12 weeks
(the diet and exercise intervention period). Continued
HEFD feeding for another 12 weeks resulted in weight gain
in the HFD group mice, but failed to induce increased
body weight in the HFD+EXE group mice as shown in
Fig. 1. The mice in the HFD+EXE group showed decreased
body weight compared to the mice in the HFD group (Fig.
1A and B). Significant decreases in epididymal fat mass
and subcutaneous fat mass were observed after 12 weeks
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Figure 1

Exercise reduces body weight in high-fat diet-induced obese mice. Male
C57BL/6) mice (n = 36) were randomly divided into normal diet group (ND
group, n = 14) and high-fat diet group (HFD group, n = 22). After 12-week
obesity-induction period, the body weight of all mice was measured and
six mice from the ND group and six mice from the HFD group were
sacrificed. The remaining mice received 12 weeks of diet and exercise
intervention (diet and exercise intervention period): the mice in the ND
group (n = 8) were continuously fed the normal diet; the high-fat diet-fed
mice were divided into the high-fat diet group (HFD group, n = 8) and the
high-fat diet plus exercise group (HFD+EXE group, n = 8). (A) Initial body
weight, body weight at the end of obesity-induction period and body
weight at the end of diet and exercise intervention period. (B) Body
weight measured weekly during the diet and exercise intervention period.
Data are presented as the mean + s.0. For panel A, *P < 0.05; for panel B,
*P < 0.05 HFD+EXE vs HFD.
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of exercise. Hepatic TG and TC levels were also reduced
(Table 1).

We analyzed parameters related to glucose metabolism
after the diet and exercise intervention period. The
HFD+EXE mice exhibited reduced levels of fasting blood
glucose and decreased levels of serum insulin relative to
the HFD mice (Fig. 2A and B). We performed OGTT and
ITT to determine the influence of exercise on glucose
tolerance and insulin sensitivity. Compared to the HFD
mice, the HFD+EXE mice showed improved glucose
tolerance and enhanced insulin sensitivity, as indicated
by reduced glucose excursion and lower area under
the curve (AUC) values during OGTT and ITT (Fig. 2D,
E, F and G). Insulin receptor substrate-1 (IRS1) is a key
adaptor protein in insulin signaling. Phosphorylation
of this protein at Ser-307 has been known to lead to its
degradation and subsequent impairment of downstream
insulin signaling (21). The HFD feeding increased levels
of IRS phosphorylation at Ser-307 and decreased IRS-1
protein levels in adipose tissue. These changes were
attenuated by exercise (Fig. 2H). Additionally, exercise
caused an insignificant increase in mRNA expression
of IRS1 and significantly enhanced glucose transporter
4 (Glut4) mRNA expression (Fig. 2C and I). These data
demonstrate that exercise normalizes the disturbed
glucose metabolism in diet-induced obese mice.

Exercise reverses existing collagen deposition in
adipose tissue of mice with diet-induced obesity

We first examined whether adipose tissue fibrosis was
established after the 12-week obesity-induction period.
The 12-week HFD feeding triggered excess collagen
deposition in adipose tissue compared to ND feeding, as
demonstrated by an increased positive Masson staining
area and elevated levels of hydroxyproline, an indicator
for collagen in adipose tissue (Fig. 3A and B). Then, for an
additional 12 weeks, the HFD-induced obese mice received

Table 1 Metabolic parameters were detected after the diet and exercise intervention period. C57BL/6) mice received a normal
diet (ND), a high-fat diet (HFD) or a high-fat diet plus exercise training (HFD+EXE).

Metabolic parameters HFD HFD+EXE
Epididymal fat weight (g) 0.41+0.14 2.35+0.532 0.99 + 0.532
Epididymal fat/body weight ratio (%) 1.32+0.43 4.96 + 0.662 2.52 +1.14%
Subcutaneous fat weight (g) 0.29+0.15 2.65+0.61° 1.42 +0.562P
Subcutaneous fat/body weight ratio (%) 0.93+0.44 5.61+0.772 3.67 +1.182
Hepatic TG (umol/g protein) 249.68 +77.79 942.83 + 238.77° 432.26 + 158.43b
Hepatic TC (umol/g protein) 23.60 £ 3.74 119.37 £ 21.90° 67.26 + 26.132

Data are mean *s,0, n = 8 per group.
ap < 0.05 for difference from ND; ®P < 0.05 for difference from HFD.
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Figure 2

Exercise improves glucose metabolism in high-fat diet-induced obese mice. Glucose metabolism-related parameters were measured after the diet and
exercise intervention period (n = 8). (A) Fasting blood glucose levels. (B) Serum levels of insulin in fasted state. (C) mRNA levels of G/ut4 in adipose tissue.
(D) OGTT was performed in mice fasted overnight, with glucose (1 mg/g) administrated intragastrically. (E) AUC analysis during OGTT. (F) For the ITT, mice
were fasted for 3 h and insulin (0.75 1U/kg) injected intraperitoneally. (G) AUC analysis during ITT. (H) Western blot analysis of IRS1 and phosphorylation
of IRS-1 (p-IRS1-S3%7). (I) MRNA levels of /RS7 in adipose tissue. Data are presented as the mean + s.0., *P < 0.05.
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Figure 3

Exercise reverses existing collagen deposition in high-fat diet-induced obese mice. Masson'’s trichrome staining and hydroxyproline content
measurement were performed after the obesity-induction period (n = 6) and after the diet and exercise intervention period (n = 8). (A) Representative
images (20x objective) of adipose tissue sections stained with Masson’s trichrome dye (collagen appears blue as arrows pointed out). The Masson-
positive area was quantified using Image) Software. (B) Hydroxyproline content in adipose tissue. Data are presented as the mean +s.p., *P < 0.05.
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exercise intervention (Fig. 3B). Positive Masson staining
area and hydroxyproline levels in the HFD+EXE mice
decreased to levels almost equal to those in the ND mice
and were significantly lower than those in the 12-week
HFD-induced obese mice. This indicated that exercise
retarded and reversed the ongoing adipose tissue fibrosis.

Exercise reduces fibrosis-related genes expression
in adipose tissue of mice with diet-induced obesity

Collagen and fibronectin are the main protein components
of adipose ECM (9). LOX is an enzyme responsible for
collagen cross-linking. We examined the mRNA levels of
Collal, Col3al, Col6al, three major types of collagen in
the ECM, and LOX as well as fibronectin in adipose tissue.
All these genes were substantially upregulated in the
12-week HFD feeding as shown in Fig. 4. Collal, Col6al,
LOX, and fibronectin levels were further increased after
24 weeks-feeding on HFD than 12 weeks-feeding on
HFD. HFD-induced upregulation of fibrosis-related genes
expression were effectively inhibited by exercise. The
levels of Col3ual, Col6al, LOX and fibronectin in the
HFD+EXE mice were even lower than those in the mice
fed HFD for 12 weeks (Fig. 4A, B, C, D and E).
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Exercise increased PPARy expression and decreases
HIF-1a levels in adipose tissue of mice with
diet-induced obesity

PPARy activation has been known to decrease HIF-la
expression and ameliorate adipose tissue fibrosis (13, 14).
We further investigated the influence of exercise on PPARy
and HIF-1a in adipose tissue. The 12-week HFD feeding
caused decreased protein and mRNA expression of PPARy
compared to the normal diet feeding. The levels of PPARy
were reduced further by another 12 weeks of HFD feeding,
and these reductions were mitigated by exercise (Fig. SA
and C). Both protein and mRNA expression of HIF-1a were
markedly elevated after HFD feeding. The HFD-induced
upregulation of HIF-1a was largely suppressed by exercise
(Fig. 5B and D).

Exercise alleviates adipose tissue inflammation in
mice with diet-induced obesity

We explored the effect of exercise on adipose tissue
inflammation in HFD-induced obese mice since
adipose tissue fibrosis is tightly linked to inflammation,
which in return contributes to insulin resistance (10).
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Exercise reduces fibrosis-related genes
expression in adipose tissue. We detected
adipose tissue fibrosis-related genes expression
after the obesity-induction period (n = 6) and after
the diet and exercise intervention period (n = 8).
(A) mRNA levels of ColTat, (B) mRNA levels of
Col3al, (C) mRNA levels of Col6a1, (D) mRNA levels
of LOX, (E) mRNA levels of fibronectin. Data are
presented as the mean + s.0., *P < 0.05.
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H&E staining revealed that HFD feeding resulted in
adipocyte enlargement, increased infiltration of immune
cells in adipose tissue, and formation of crown-like
structures (CLS). These effects were significantly, although
not completely, attenuated by exercise (Fig. 6A and B).
We performed immunohistochemical staining of the
macrophage marker F4/80 and examined the mRNA levels
of F4/80 to detect the levels of macrophages infiltrated
in adipose tissue. Exercise significantly inhibited HFD-
induced expression of F4/80 (Fig. 6C and D). Furthermore,
exercise reduced the mRNA expression of proinflammatory
cytokines TNFa, IL-16, IL-6 and MCP-1 in adiposes tissue
of HFD-induced obese mice (Fig. 6E).

Discussion

The prevalence of T2DM has greatly increased. In 2013, 382
million adults aged 20-70 suffered from T2DM worldwide.
It is estimated that this number will rise to over 5§92 million
by 2035 (22). Sedentary lifestyle has been seen as one of
the primary causes of the rapidly rising incidence of T2DM,
and exercise is considered integral for T2DM prevention

levels of PPARy, (D) mRNA levels of HIF-1a. Data
are presented as the mean + s.p., *P < 0.05.

imervention perod
and management. The American Diabetes Association
recommendations for T2DM prevention or delay include
moderate-intensity physical activity more than 150 min/
week (23). In our previous study, mice were fed with HFD
and subjected to exercise intervention for 12 weeks over
the same period, and the results showed that 12 weeks of
HED feeding resulted in impaired glucose tolerance and
insulin resistance. Exercise showed a preventive effect
on the HFD-induced disturbance of glucose metabolism
(17). In the present study, mice received a 60% HFD for
12 weeks to induce obesity before the 12-week exercise
regimen. After 12 weeks of exercise, the HFD+EXE mice
had better glucose tolerance and less insulin resistance
compared with the HFD mice, demonstrating that exercise
was effective in the treatment of HFD-induced impaired
systemic glucose metabolism. Liver, adipose tissue and
muscle are involved in the maintenance of glucose
homeostasis (24). Studies have shown the beneficial effect
of exercise against insulin resistance in these organs (17,
25, 26). Our results showed that exercise increased Glut4
and IRS1 levels and decreased phosphorylation of IRS1 at
Ser-307 in adipose tissue, suggesting the protective effect
of exercise against insulin resistance in adipose tissue.
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Figure 6

Exercise attenuates adipose tissue inflammation in high-fat diet-induced obese mice. We detected the effect of exercise on adipose tissue inflammation
after the diet and exercise intervention period (n = 8). (A) The H&E staining images of adipose tissue were observed using a 20x objective (the arrows
point to the crown-like structures formed by immune cell aggregation). (B) The average adipocyte area was estimated using Leica Application Suite V3.
(C) Images of F4/80 stained adipose tissue sections were taken using a 20x objective (the arrows point to the crown-like structures formed by
macrophage aggregation). (D) mRNA levels of F4/80 in adipose tissue. (E) mRNA expression of inflammation-related genes in adipose tissue. Data are

presented as the mean + s.0., *P < 0.05.

Obesity is one of the major risk factors for T2DM.
Mechanisms linking obesity to deregulated glucose
homeostasis are complicated. Since adipose tissue
acts as a crucial energy-sensing and storage organ in
obesity and is one of the major insulin target tissues,
it is natural to speculate that it plays a part in obesity-
induced insulin resistance. In fact, it is now generally
appreciated that adipose tissue not only serves as a major
storage depot for lipids, but also plays an important role
in maintaining systemic metabolic homeostasis (27).
There are some possible links between adipose tissue
function and obesity-induced disturbance of glucose
metabolism (28). A growing body of research suggests
that adipose tissue fibrosis, a hallmark of adipose tissue
dysfunction, promotes inflammation, ultimately driving
insulin resistance (10, 12, 29, 30). Inhibition of adipose
tissue fibrosis and inflammation emerges as a promising

therapeutic approach for obesity-related T2DM (31, 32).
Moderate exercise is a novel strategy for T2DM prevention
and treatment. However, the underlying mechanisms
for the exercise-induced benefits on T2DM are still not
fully understood. Here we demonstrated that 12 weeks
of exercise suppressed the progression of adipose tissue
fibrosis and alleviated inflammation in HFD-induced
obese mice, providing a mechanistic explanation for
the protective effect of exercise against HFD-induced
impairment of glucose tolerance and insulin resistance.
Fibrosis, defined as excess ECM deposition, can occur
in all organs and tissues during chronic metabolic diseases,
such as fatty liver disease, diabetes and hypertension.
In these diseases, pathological fibrosis causes tissue
dysfunction and ultimately drives disease progression
(33). Although fibrosis was previously considered to
be irreversible, growing evidence indicates that fibrosis
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can be reversed under certain circumstances (34). In the
present study, adipose tissue fibrosis was established by the
12-week HFD feeding. The mice with adipose tissue fibrosis
were then subjected to the HFD and exercise intervention
for another 12 weeks. The continuous HFD feeding
exacerbated adipose tissue fibrosis. It is noteworthy that
the levels of Masson-positive area, and hydroxyproline
contents and fibrosis-associated genes after the HFD plus
exercise intervention were significantly lower than those
before the HFD plus exercise intervention. These results
suggested that the ongoing fibrosis in adipose tissue could
be retarded, even reversed by exercise.

The mechanisms underlying adipose fibrosis is
complicated. In addition to adipocytes, macrophages and
myofibroblasts are also involved in the development of
adipose tissue fibrosis (35). During obesity, endogenous and
exogenous stimuli promote the shift of anti-inflammatory
macrophage M2 polarization to proinflammatory
M1 polarization (36). M1 macrophages produce
proinflammatory cytokines, which exacerbate adipose
tissue fibrosis. On the other hand, a lot of macrophages
surround dead or dying adipocytes, forming CLS.
Macrophage-inducible C-type lectin in these macrophages
activates myofibroblasts and induces fibrosis-related genes
expression (35, 37, 38). It has been demonstrated that
macrophage depletion mitigates adipose tissue fibrosis
(39). In the present study, we observed that exercise
reduced the levels of proinflammatory cytokines and
CLS formation in adipose tissue. Whether the exercise-
mediated anti-inflammatory effect is responsible for its
anti-fibrosis effect needs further study.

PPARy is a predominant transcription factor
which regulates glucose metabolism in adipose tissue.
PPARy agonist treatment primes monocytes into
anti-inflammatory M2 macrophages and decreases
proinflammatory cytokine expression (40). In addition,
PPARy down-regulates HIF-1a and promotes angiogenesis
(13, 41). These effects may contribute to anti-fibrosis.
Indeed, a previous study has demonstrated that PPARy
activation leads to reduction in fibrosis in adipose
tissue (14). In our current study, we found that exercise
upregulated PPARy expression, which may account for
exercise-mediated attenuation of adipose tissue fibrosis.

Exercise provides many health benefits due to its
weight-loss effect. In the present study, we observed that
just 7 weeks of exercise significantly reduced body weight
in HFD-induced obese mice. It is generally accepted that
exercise-induced weight loss is due to increases in energy
expenditure. A recent study conducted by Joshua Cordeira
and Daniel Monahan indicated that exercise decreased

Exercise retards adipose tissue 10:3 333
fibrosis

weight gain by reducing food consumption (42). Weight
loss may account for the exercise-induced anti-fibrosis
effect. As mentioned earlier, 12 weeks of exercise reduced
the levels of fibrosis-related parameters to levels even
lower than that in pre-HFD plus exercise intervention,
while exercise only decreased body weight to levels
approximately equal to that in pre-HFD plus exercise
intervention. In other words, the exercise-mediated anti-
fibrosis effect seems to be stronger than its weight-loss
effect, suggesting that the observed exercise-induced
inhibition of fibrosis did not completely depend on the
weight-loss effect.

Taken together, the present study demonstrates
that exercise retards ongoing adipose tissue fibrosis, and
may thereby improve glucose homeostasis and insulin
resistance in HFD-induced obese mice.
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