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Abstract White adipose tissue (WAT) is a critical organ
involved in regulating metabolic homeostasis under
obese condition. Strategies that could positively affect
WAT function would hold promise for fighting against
obesity and its complications. The aim of the present
study is to explore the effects of treadmill exercise
training and rutin intervention on adipose tissue function
from diet-induced obese (DIO) mice and whether fat
depot-specific effects existed. In epididymal adipose
tissue, high-fat diet (HFD) resulted in reduction in
adiponect in mRNA expression, peroxisome
proliferator-activated receptors (PPAR)-γ and DsbA-L
protein expression, elevation in endoplasmic reticulum

(ER) stress markers including 78 kDa glucose-regulated
protein (GRP-78), C/EBP homologous protein (CHOP)
and p-c-Jun N-terminal kinase (JNK). Isoproterenol-
stimulated lipolysis and insulin stimulated Akt phos-
phorylation ex vivo were blunted from HFD group.
The combination of rutin with exercise (HRE)
completely restored GRP78 and p-JNK protein expres-
sion to normal levels, as well as blunted signaling
ex vivo. In inguinal adipose tissue, HFD led to increased
adiponectin mRNA expression, PPAR-γ, GRP78, and
p-JNK protein expression, and reduction in DsbA-L.
HRE is effective for restoring p-JNK, PPAR-γ, and
DsbA-L. In conclusion, depot-specific effects may exist
in regard to the effects of rutin and exercise on key
molecules involved in regulating adipose tissue function
(i.e., ER stress markers, PPAR-γ and DsbA-L,
adiponectin expression, and secretion, ex vivo catechol-
amine stimulated lipolysis and insulin stimulated Akt
phosphorylation) from DIO mice.
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Introduction

Obesity remains one of the major public health prob-
lems reaching epidemic proportions not only in devel-
oped countries but also in several developing countries
[15]. White adipose tissue (WAT) is a multifunctional
organ and dysfunction ofWAT is closely associatedwith
impaired metabolic homeostasis under obese condition
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[36]. Therefore, strategies that could positively affect
WAT function would hold promise for fighting against
obesity and its complications.

The metabolic features of WAT depend on its ana-
tomical location in the body [18]. Multiple theories have
been put forth in the development of WAT dysfunction
under obese condition such as inflammation, oxidative
stress, and mitochondrial dysfunction [26]. Notably,
endoplasmic reticulum stress (ER stress) [23, 34], re-
duction of adiponectin expression and secretion, and
disturbances in catecholamine-induced lipolysis [9, 21]
are emerging new players involved inWAT dysfunction.
Specifically, Ozcan et al. [34] firstly demonstrated that
obesity induced ER stress in the adipose tissue and liver
of obese rodent models. Kawasaki et al. [23] further
confirmed that ER stress is a key mediator in obesity-
induced adipose tissue dysfunction such as chronic in-
flammation and insulin resistance [23]. Adiponectin is
one of the most abundant adipokines secreted from
adipose tissue exerting multiple biological functions in
other organs such as liver and skeletal muscle [27].
Recent evidence suggest that adiponectin also plays an
important role in regulating adipose tissue property,
such as affecting adipogenesis [4], glucose uptake
[43], and maintaining the metabolic flexibility of adi-
pose tissue [3]. Adiponectin is initially synthesized as a
single polypeptide of 30 kDa and is then assembled in
the ER, primarily into three forms: trimer, hexamer, and
high molecular weight multimer [35]; therefore, a close
link between ER stress and adiponectin expression
existed. Blunted catecholamine-induced lipolysis in ad-
ipose tissue would contribute to the development of
increased fat storage, consequently leading to insulin
resistance and inflammation [21].

Treadmill running is one of the most commonly
utilizedmodels for researching endurance exercise train-
ing. WAT is a key organ where exercise exerts its ben-
eficial effects such as suppressing inflammation [22],
inducing mitochondrial biogenesis [39], as well as im-
proving ER stress conditions [8]. In regard to how
exercise affects adiponectin mRNA expression and se-
cretion, inconsistent findings existed with both induc-
tion [31] and reduction in subcutaneous and no alter-
ation in visceral adipocytes [12] has been reported.
Furthermore, whether treadmill training could improve
impaired β-adrenergic signaling induced by high-fat
diet (HFD) in adipose tissue [10] remains unexplored.

Rutin (quercetin-3-O-rutinoside) is a flavonol found
in many plants such as buckwheat, apple, and tea [25].

Findings from different laboratories have demonstrated
that rutin exerts multiple beneficial effects in obesity-
related metabolic disorders [11, 16, 17, 32]. For exam-
ple, rutin could suppress HFD-induced hyperlipidemia
in rats [16] and ameliorate inflammation in the kidney of
rats [17]. Rutin is also protective against Aβ-induced
neurotoxicity in rats [32]. In regard to adipose tissue,
Gao et al. [11] reported that supplementation of rutin
could block palmitic acid-mediated inflammation in
both macrophages and adipose tissue of diet-induced
obese (DIO) mice. Naowaboot et al. [33] recently re-
ported that in cultured 3T3-L1 adipocytes, rutin could
induce adiponectin mRNA expression and secretion.
Collectively, it is necessary to further explore how rutin
will affect ER stress, adiponectin expression and secre-
tion, and catecholamine-induced lipolysis under obese
condition in vivo.

Consequently, the aim of the present study is to
determine (1) the effects of treadmill exercise training
and rutin intervention independently and in combination
on in vivo ER stress markers, adiponectin expression,
ex vivo catecholamine-induced lipolysis and insulin-
stimulated signaling in adipose tissue from DIO mice
and (2) whether fat depot-specific effects existed.

Methods

Materials

Medium199 (cat. no. 31100-035)was fromLife Technol-
ogies (NY, USA). Glycerol assay kit (cat. no. E1002) was
from Applygen Technologies (Beijing, China). Reagents
for SDS-PAGEwere fromBeyotime Institute of Technol-
ogy (Jiangsu, China).Molecular weight marker and nitro-
cellulosemembranes forSDS-PAGE,and iScript™cDNA
synthesis kit were from Bio-Rad (CA, USA). Immobilon
Western Chemiluminescent HRP substrate (cat. no.
WBKLS0100), mouse adiponectin (cat. no. EZMADP-
60K), and insulin (cat. no. EZRMI-13K) ELISA kit were
purchased fromMillipore (MA,USA).Antibodies against
phospho-hormone-sensitive lipase (p-HSL) serine563, p-
HSLserine660, total HSL, p-c-Jun N-terminal kinase
(JNK), p-cAMP-response element binding protein (p-
CREB), tubulin, beta-Actin, PPARγ, p-Akt serine 473,
p-Akt threonine 308, Akt total, 78 kDa glucose-regulated
protein (GRP78), and CHOP were purchased from Cell
Signaling (MA, USA). An antibody against DsbA-L was
from Abcam (Shanghai, China). Horseradish peroxidase-
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conjugated donkey anti-rabbit and goat anti-mouse IgG
secondary antibodies were purchased from Jackson
Immuno-Research Laboratories (PA, USA). Fatty acid-
free bovine serum albumin (FA-free BSA) was from
Bovogen (Melbourne, Australia).

Treatment of animals

Twelve-week-old male C57BL/6J mice (N=60) were
purchased from Slac laboratory animal (Shanghai, Chi-
na). All animals were treated in accordance with the
Guidelines in the Care and Use of Animals and with
the approval of the Animal Studies Committee of Soo-
chow University, Suzhou, China. Mice were raised un-
der standard specific pathogen-free conditions. Mice
were housed together in groups of three animals in
standard plastic mouse cages (30×20×13 cm3) and
were acclimated to the animal housing facility for 1week
prior to the diet, exercise, and rutin intervention. At
13 weeks of age, mice were randomly divided into the
5 groups with 12 mice each as described previously [5,
6]. Briefly, the 5 groups are as follows:

1. Chow group: The mice were allowed a chow diet ad
libitum during the whole period of experimentation (i.e.,
16 weeks). The chow diet was purchased from Research
diets INC. (ca. no. D12450J, NJ, USA) and 10% of total
energy derived from fat, 70 % from carbohydrate, and
20 % from protein.
2. HFD group: The mice were allowed a high-fat diet
(HFD) ad libitum during the whole period of experi-
mentation. The high-fat diet was purchased from Re-
search diets INC. (cat. no. D12492) and 60 % of total
energy derived from fat, 20 % from carbohydrate, and
20 % from protein.
3. HR group: Themice were allowed an HFD ad libitum
supplemented with 0.1 % rutin (i.e., 100 mg rutin dis-
solved in 100 g HFD) during the whole period of
experimentation. The high-fat diet was the same as
above (2) and rutin was added into the food strictly
following the above recipe.
4. HE group: The mice were allowed an HFD ad libitum
as above (2) and also underwent treadmill training at an
intensity of 15 m/min, 60 min per day, and 5 times/week
during the whole period of experimentation.
5. HRE group: The mice were allowed an HFD ad
libitum supplemented with 0.1 % rutin as above (3)
and also underwent treadmill training as above (4) dur-
ing the whole period of experimentation.

All mice in the treadmill running group have com-
pleted the whole training program, and there are no
observed harmful effects and no indication for exhaus-
tion. Body weight and food intake were determined
weekly for the duration of the study. The weekly body
weight of the mice has been shown by Cheng et al. [6]
from our research group. Forty-eight hours following
the last bout of exercise and rutin intervention, mice
were anesthetized with sodium pentobarbital (5 mg/
100 g body weight, i.p.). Epididymal and inguinal adi-
pose tissue depots were dissected for further analysis
and final epididymal fat weights were shown by Chen
et al. [5].

Adipose tissue explants

For the signaling experiment, adipose tissue minces
(~50 mg cut into 10–20-mg fragments) from mice were
incubated in 2.0 ml of M199 with 2.5 % fatty acid-free
BSAat37°Cinashakingwaterbath.Explantsweretreated
with isoproterenol (ISO, 1 μM) or insulin (0.25 mIU/mL)
for 30 min. Tissue minces were collected for the determi-
nation of the lipolytic and insulin signaling pathway, re-
spectively. For the lipolysis experiment, adipose tissue
minces (~50 mg cut into 10–20mg fragments) frommice
were incubated in 2.0 ml of fresh M199 at 37 °C in a
shaking water bath. Explants were treated with isoproter-
enol (ISO, 1 μM) for 2 h. Media were collected for the
determination of glycerol release. Lipolytic rates are linear
during this time period.

Serum glucose, insulin, and adiponectin measurement

Serum glucose was measured by the hexokinase method
on a clinical chemistry analyzer (Hitachi7600, Tokyo,
Japan). Serum insulin and adiponectin were measured
by ELISA following the manufacturer’s protocol with
absorbance read on a microplate reader. All samples
were run in duplicate. The coefficient of variation for
duplicate samples was <5 % in our laboratory.

Glycerol and adiponectin secretion measurement

Media was analyzed for glycerol concentrations using
colorimetric assays according to the manufacturer’s in-
structions. Glycerol concentrations were corrected for tis-
sueweight and reported asmillimoles per liter releasedper
gram tissue.Adiponectin levels in the culturedmediawere
measured via ELISA and corrected for tissue weight and
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reportedasnanogramspermilliliter releasedpermilligram
tissue.All sampleswere run induplicate.Thecoefficientof
variation forduplicate sampleswas<5%inour laboratory.

Glucose and insulin tolerance tests

Intraperitoneal glucose (GTT) and insulin tolerance tests
(ITT) were performed at the end of the 16 weeks of
intervention. For the GTT, mice were fasted for 6 h prior
to an i.p. injection of glucose (2 g/kg body weight). For
the ITT, mice had free access to food prior to an i.p.
injection of insulin (0.75 IU/kg body weight). Blood
glucose levels were determined by tail vein sampling
at the indicated intervals (i.e., 0, 15, 30, 45, 60, 90, and
120 min) using a glucometer. Changes in glucose over
time were plotted, and the area under the curve (AUC)
was calculated for the GTT.

Western blot analysis

Protein was extracted from adipose tissue and the content
and/or phosphorylation of Akt, HSL, CREB, GRP78,
CHOP, PPAR-γ were determined by Western blotting
according toWan et al. [42]. Signalswere visualized using
Immobilon Western Chemiluminescent HRP substrate
and captured using a Syngene chemi-imaging system
(MD,USA). Subsequently, bandswere quantified by den-
sitometry via Gene Tool according to the manufacturer’s
instructions (SynGene, ChemiGenius2, PerkinElmer).
Beta-actin or tubulin was used as internal controls.

Real-time PCR

RNAwas isolated from adipose tissue using an RNeasy
kit according to the manufacturer’s instructions. One
microgram of RNAwas used for the synthesis of com-
plementary DNA (cDNA) using SuperScript II Reverse
Transcriptase, oligo (dT), and dNTP. Real-time PCR
was performed using a 7500 Real-Time PCR system
(Applied Biosystem). Taqman Gene Expression Assays
for Eukaryotic 18S rRNA (cat. no. 4333760T),
adiponectin (cat. no. Mm00456425_m1), and PPAR-γ
(cat. no. Mm01184322_m1) were from Applied
Biosytems (CA, USA). Results were normalized to the
mRNA expression of 18S. Relative differences in gene
expression between groups were determined using the
2−ΔΔCT method [37]. The amplification efficiencies of
the gene of interest and the housekeeping gene were
equivalent.

Statistical analysis

Data are expressed as means±SEM. For glucose AUC,
serum metabolic characteristics, signaling pathways
in vivo, comparisons among groups were made using a
one-wayANOVAfollowedwithTukey’sposthoc test.For
ex vivo experiment, comparison were made using Stu-
dent’s t test within the same group. Statistical significance
was established at a p<0.05.

Results

Glucose and insulin tolerance test

As seen in Fig. 1a, b, HFD led to impaired glucose toler-
ance compared to chow controls; rutin (HR) and exercise
(HE) intervention independently could not reverse im-
paired glucose tolerance, while the combination of rutin
with exercise (HRE) partially restored HFD-induced im-
paired glucose tolerance. As shown in Fig. 1c, HFD and
HR groups have elevated blood glucose level at 15 min
post-insulin injection, and the HRE group has reduced
blood glucose levels post-insulin injection at 15, 30, 45,
and 120min compared to theHFDgroup.Meanwhile, the
HE group has reduced blood glucose level post-insulin
injection at 120 min compared to the HFD group. It is
indicated that the combination of rutinwith exercise could
reverse impaired insulin tolerance post-HFD intervention.
Wealsomeasuredfastingserumglucoseandinsulin levels,
theHFDandHRgrouphaveelevatedfastingseruminsulin
levels compared to the chow group, while HE and HRE
group have significant reduced insulin levels compared to
the HFD group (i.e., chow 53.21±10.66; HFD137.15
±7.23; HR 105.62±17.28; HE 76.78±9.99; and HRE
78.53±14.32 mIU/L). The fasting glucose levels were
significantly increased in the HFD and HE groups com-
pared to the chow group, while the HRE group has de-
creased glucose level compared to the HFD group (i.e.,
chow 7.62±0.46; HFD 9.48±0.43; HR 8.53±0.33; HE
8.88±0.21; and HRE 8.36±0.2 mM/L).

Serum adiponectin level and adiponectin mRNA
in epididymal and inguinal adipose tissue

As shown in Fig. 2a, HFD reduced circulating total
adiponectin level, and rutin or exercise intervention is
unable to reverse the decreased adiponectin level. The
adiponectin mRNA expression in epididymal adipose
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tissue was also significantly reduced from the HFD, HR,
HE, and HRE group compared to the chow group
(Fig. 2b). Surprisingly, the adiponectin mRNA expres-
sion in inguinal adipose tissue was significantly in-
creased from the HFD, HR, HE, and HRE groups com-
pared to the chow group (Fig. 2c). We also measured
adiponectin secretion in cultured adipose tissue ex vivo
via ELISA. As shown in Table 1, in cultured inguinal
fat, the secretion of adiponectin level is significantly
higher than that in epididymal fat, while we found no
difference for adiponectin secretion in cultured inguinal
and epididymal adipose among other groups.

PPAR-γ and DsbA-L protein expression in epididymal
and inguinal adipose tissue

Because both circulating adiponectin level and
adiponectin mRNA expression were altered in epididy-
mal and inguinal fat depot, we sought to measure key
molecules involved in the regulation of adiponectin
expression and secretion. As an initial approach, we
primarily focused on PPAR-γ and DsbA-L. PPARγ is

a key molecule involved in both transcriptional and
post-translational regulation of adiponectin expression
[19, 29]. DsbA-L is critical for encoding proteins in-
volved in adiponectin assembly and secretion in the ER
[29]. As shown in Fig. 3a, HFD led to reduction in both
PPAR-γ and DsbA-L protein expression from epididy-
mal fat. Although rutin (HR) could not affect PPAR-γ
and DsbA-L protein expression, exercise (HE) partially
restored the decreased DsbA-L protein expression. In
contrast, in inguinal adipose tissue, PPAR-γ protein
expression was elevated, while DsbA-L was decreased
by HFD. The combination of rutin with exercise (HRE)
restored PPARγ and DsbA-L protein expression in in-
guinal fat (Fig. 3b). We also measured PPAR-γ mRNA
expression from both epididymal and inguinal adipose
tissue. Compared to the chow group, PPAR-γ mRNA
expression was decreased in epididymal adipose tissue
from the HFD, HR, HE, and HRE groups (i.e., chow
1.07±0.15, HFD 0.7±0.05; HR 0.19±0.05; HE 0.58
±0.08; and HRE 0.31±0.26). We found no difference
for PPAR-γ mRNA expression among groups from
inguinal adipose tissue (data not shown).

Fig. 1 The glucose (a, b) and
insulin (c) tolerance test of the
mice at the end of the study.
During the whole period of
experimentation, chow means the
mice were allowed a chow diet ad
libitum; HFD means the mice
were allowed high-fat diet (HFD)
ad libitum; HR group means the
mice were allowed an HFD ad
libitum supplemented with 0.1 %
rutin (i.e., 100 mg rutin dissolved
in 100 g HFD); HE group means
the mice were allowed an HFD ad
libitum as above and also
underwent treadmill training;
HRE group means the mice were
allowed an HFD ad libitum
supplemented with 0.1 % rutin
and underwent treadmill training
as above. Data are presented as
means + SEM for 12 mice per
group. In panels a and b,
*p< 0.05 versus chow group.
#p < 0.05 versus HFD group. In
panel c, the denotation of asterisk
and number sign were shown in
the figure
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Protein expression of ER stress markers in epididymal
and inguinal adipose tissue

As shown in Fig. 4a, in epididymal fat, GRP78, CHOP,
and p-JNK, which are markers of ER stress [30], were
significantly induced by HFD. The combination of rutin

with exercise (HRE) completely restored GRP78 and p-
JNK protein expression to normal levels. In inguinal fat,
GRP78 and p-JNKwere also significantly induced by the
HFD, HE, and HRE groups have reduced p-JNK but not
GRP78 protein expression compared to the HFD group
(Fig. 4b).
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Fig. 2 Serum adiponectin (a) and adiponectin mRNA expression
in epididymal (b) and inguinal adipose tissue (c), respectively.
Serum adiponectin level was measured via ELISA and adiponectin
mRNA expression was measured via real-time PCR. Data are

presented as means + SEM for 12 mice per group in a and 10 mice
per group in b and c. *p < 0.05 versus chow group. #p < 0.05
versus HFD group

Table 1 Adiponectin secretion in cultured adipose tissue ex vivo

CHOW HFD HR HE HRE

Inguinal 1.72 ± 0.23a 1.32 ± 0.11 1.37 ± 0.04 1.37 ± 0.07 1.39± 0.14

Epididymal 1.35 ± 0.07 1.27± 0.04 1.34 ± 0.06 1.06 ± 0.08 1.12± 0.21

Results are expressed as the mean± SEM; unit: ng/mL/mg tissue
a p< 0.05 versus CHOW group in inguinal fat compared to epididymal fat
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Isoproterenol stimulated glycerol release in cultured
epididymal and inguinal adipose tissue

In cultured epididymal adipose tissue, ISO significantly
stimulated glycerol release at the chow, HE, and HRE
groups, whereas ISO stimulated glycerol release was
blunted at both the HFD and HR groups (Fig. 5a). In
cultured inguinal adipose tissue, HFD resulted in blunted
ISO-stimulated glycerol release and rutin and exercise

(HR, HE, HRE) completely restored blunted ISO-
stimulated glycerol release (Fig. 5b).

Isoproterenol-stimulated lipolytic signaling in cultured
epididymal and inguinal adipose tissue

Consistently in cultured epididymal adipose tissue,
ISO-stimulated phosphorylation of HSL at serine
563, serine 660, and CREB were blunted at both the

Fig. 3 PPAR-γ and DsbA-L
protein expression in epididymal
(a) and inguinal (b) adipose
tissue, respectively.
Representative Western blot
images are given below the
quantified data in c. Data are
presented as means + SEM for 12
mice per group. *p< 0.05 versus
chow group. #p< 0.05 versus
HFD group
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HFD and HR groups. In the chow, HE, and HRE
groups, ISO significantly stimulated the phosphory-
lation of HSL at serine 563, serine 660, and CREB
(Fig. 6a–c). Similarly, in cultured inguinal adipose
tissue, HFD resulted in blunted ISO-stimulated phos-
phorylation of HSL at serine 563, 660, and CREB,
while rutin and exercise completely restored blunted
ISO-stimulated lipolytic molecules (Fig. 6d–f). It

should also be noted that we recently reported that
HFD resulted in a reduction in p-HSL serine 660
in vivo from the same set of mice [5], while there is
nodifference for p-HSLserine 660 in cultured adipose
tissue ex vivo in our present study.We interpreted this
disconnection as p-HSL serine 660would be altered if
cultured ex vivo, and this also suggests that ex vivo
culture could not totally mimic the in vivo situation.

Fig. 4 The protein expression of
ER stress markers including
GRP78, CHOP, and p-JNK in
epididymal (a) and inguinal (b)
adipose tissue, respectively.
Representative Western blot
images are given below the
quantified data in c. Data are
presented as means + SEM for 12
mice per group. *p< 0.05 versus
chow group. #p< 0.05 versus
HFD group
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Insulin stimulated Akt phosphorylation in cultured
epididymal and inguinal adipose tissue

As shown in Fig. 7, in cultured epididymal adipose
tissue, insulin-stimulated phosphorylation of Akt at ser-
ine 473 and threonine 308 were impaired from the HFD
group, and insulin-stimulated phosphorylations of Akt

were normal at the chow, HR, HE and HRE groups
(Fig. 7a, b). In cultured inguinal adipose tissue, insulin
significantly stimulated the phosphorylation of Akt at all
groups (Fig. 7c, d).

Discussion

In the present study, we found that systematically, the
combination of rutin and exercise are efficacious in
restoring impaired glucose and insulin tolerance in-
duced by HFD. At the adipose tissue level, there might
be depot-specific effects in regard to the effects of rutin
and exercise on (1) in vivo ER stress markers,
adiponectin mRNA expression and (2) ex vivo
catecholamine-stimulated lipolysis and insulin-induced
Akt phosphorylation from DIO mice. The combination
of rutin with exercise could restore HFD-induced eleva-
tion in ER stress markers in epididymal fat, as well as
altered PPARγ and DsbA-L protein expression under
obese condition in inguinal fat.

The expression, assembly, and secretion of
adiponectin are regulated at both transcriptional and
post-translational level [28]. PPARγ and DsbA-L are
two key molecules involved in these processes [19, 29].
The reduction in serum adiponectin levels post-HFD
observed in our present study is consistent with findings
by other research groups [2, 46]. This might be owing to
the highly saturated fatty acids contained in HFD, which
has been reported to reduce adiponectin expression both
in humans [41] and in vitro [44]. In epididymal adipose
tissue, we found that HFD resulted in reduction in
adiponectin mRNA expression; this is consistent with
reduced PPAR-γmRNA and protein expression, as well
as decreased DsbA-L protein expression. Neither rutin
nor exercise is effective for inducing adiponectin
mRNA expression although PPAR-γ protein expression
has been restored to normal levels in the HE and HRE
groups. In inguinal adipose tissue, a significant induc-
tion of adiponectin mRNA expression was observed in
the HFD, HR, HE, and HRE groups, and this is ex-
plained at least partially by increased PPAR-γ protein
expression from these groups. However, the adiponectin
secretion in cultured adipose tissue is not consistent with
the mRNA expression results, and this further supported
that the post-translational regulation of adiponectin is
important. It should also be realized that the study by
Naowaboot et al. [33] demonstrated that rutin could
positively affect adiponectin expression and secretion

Fig. 5 Isoproterenol stimulated glycerol release in cultured epi-
didymal (a) and inguinal (b) adipose tissue ex vivo. Glycerol
concentrations were corrected for tissue weight and reported as
millimoles released per gram tissue weight in a and b. Data are
presented as means + SE for ten animals per group.*p < 0.05 ver-
sus vehicle treatment within the same group
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in 3T3-L1 adipocytes in vitro. Taken in concert, it is
suggested that the effects of rutin on adiponectin expres-
sion might depend on the specific environment. Our
results also suggest that there might be depot-specific
responses in regard to adiponectin and PPAR-γ expres-
sion under HFD, rutin, and exercise intervention condi-
tions. However, serum adiponectin levels were signifi-
cantly decreased in the HFD, HR, HE, and HRE groups
compared to the chow group. The inconsistency be-
tween adiponectin mRNA expression, adiponectin se-
cretion ex vivo and serum adiponectin levels can be
explained by multiple reasons. Firstly, owing to the
limitation of adipose samples, we were unable to mea-
sure different isoforms of adiponectin from the fat de-
pots; it is also likely that adiponectin assembly was
disrupted in epididymal and/or inguinal adipose tissue.
Secondly, it is possible that except epididymal and/or
inguinal adipose tissue, other fat depots such as mesen-
teric or retroperitoneal adipose tissue are the major fat
depots for affecting circulating adiponectin level. All
these hypothesis require further clarification. Neverthe-
less, our present findings suggest that it is important to
define fat depots when exploring how strategies affect
adiponectin expression and secretion.

Accumulating evidence has suggested that ER stress
is a critical factor for affecting adipose tissue function
[23, 34]. Swimming exercise has been reported to im-
prove ER stress markers in adipose tissue of obese rats
[8]. In various cell lines including leukemic Jurkat cell
[20], H9c2 cardiac muscle cell [24] and macrophages
[11], and rutin and phytochemicals enriched with rutin
could reduce key molecules involved in ER stress
markers such as GRP78, ATF6, PERK, and IRE-1α.
We also found that HFD induced reputed ER stress
markers in both epididymal and inguinal adipose tissue
of obese mice, which is in consistency with previous
findings [8, 23]. We further found that the combination
of rutin with exercise could improve HFD-induced ele-
vation in ER stress markers (i.e., GRP78 and p-JNK) in
epididymal fat; while rutin and exercise is ineffective for
suppressing GRP78 protein expression in inguinal

adipose tissue. GRP78 is a chaperone protein located
in the lumen of ER and its synthesis is greatly induced
under conditions that lead to the accumulation of un-
folded proteins [13]. Our study might suggest that too
much unfolded proteins are accumulated in the inguinal
fat compared to visceral fat, thus exercise and rutin were
ineffective for reversing elevated GRP78 expression in
inguinal fat. Alternatively, inguinal fat might be less
responsive to exercise and rutin intervention in regard
to ER stress markers. Nevertheless, we concluded that
the combination of exercise and rutin are effective strat-
egies for reversing ER homeostasis disruption in adi-
pose tissue of obese mice, while depot-specific effects
might have existed.

An in vivo blunted catecholamine-induced lipolysis
has been reported in obese subjects [9, 14]. Findings
from Collins and his colleagues suggest that in virtually
all animal models of obesity, catecholamine-stimulated
lipolysis were blunted in adipose tissue [7]. We found
that isoproterenol-stimulated glycerol release ex vivo
was impaired at both epididymal and inguinal adipose
tissue. In inguinal adipose tissue, both rutin and exercise
restored impaired catecholamine-stimulated lipolysis, as
evidenced by the significant induction of glycerol re-
lease, as well as isoproterenol-stimulated phosphoryla-
tion of HSL at serine 563, serine 660, and CREB, key
molecules involved in catecholamine-induced lipolytic
signaling pathways [1]. In contrast, in epididymal adi-
pose tissue, only exercise or the combination of rutin
with exercise is capable of reversing catecholamine
resistance.

Akt is a key molecular player of insulin-
stimulated metabolic signaling cascades. The phos-
phorylation of Akt at both serine-473 and
threonine-308 is responsible for regulating most
of the PI3K-mediated metabolic function of insulin
[40]. Thus, Akt phosphorylation states are usually
considered as markers for insulin stimulation status
within a tissue. We found that insulin-induced
phosphorylation of Akt ex vivo from HFD mice
was impaired only in epididymal but not in ingui-
nal adipose depot. In both rutin and exercise
groups, insulin could significantly induce Akt
phosphorylation in cultured adipose tissue
ex vivo. It is interpreted that rutin and exercise
are effective for restoring insulin signaling in adi-
pose tissue of DIO mice. Systematically, similar to
previous studies [11], we found that HFD caused
glucose and insulin intolerance in C57BL/6J mice.

�Fig. 6 Isoproterenol-stimulated phosphorylation of HSL at
serine563, serine 660, and CREB in cultured epididymal (a, b, c)
and inguinal (d, e, f) adipose tissue ex vivo. Representative
Western blot images are given at the right of the quantified data
in g. Data are presented as means + SEM for eight animals per
group. *p< 0.05 versus vehicle treatment within the same group
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The combination of rutin and exercise are effica-
cious in restoring impaired glucose and insulin

tolerance induced by HFD. It should also be noted
that in our present study, exercise per se could not

Fig. 7 Insulin-stimulated phosphorylation of Akt at serine 473
and threonine 308 in cultured epididymal (a, b) and inguinal (c, d)
adipose tissue ex vivo. Representative Western blot images are

given below the quantified data in e. Data are presented as
means + SEM for eight mice per group. *p< 0.05 versus vehicle
treatment within the same group
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reverse HFD-induced glucose tolerance, which is
contradictory to findings by some [12, 45], but not
all [38] from other research groups. This might be
owing to exercise intensity or diet intervention
duration etc.

Given the high and increasing prevalence of
obesity and its complications, there is an urgent
need to identify strategies that can cooperate to
prevent and/or treat these conditions. As an ap-
proach for carrying out this notion, we also aimed
to compare whether the combination of rutin with
exercise could exert greater beneficial effects in
DIO mice than intervention independently could.
Although the combination were more effective for
improving systemic glucose and insulin intoler-
ance, at the adipose tissue level, we only found
that the combination of rutin with exercise could
restore HFD-induced elevation in ER stress
markers in epididymal fat, as well as altered p-
JNK, PPARγ, and DsbA-L protein expression un-
der obese conditions in inguinal fat.

Finally, it should be noted that our study suffers from
several limitations. First, we designed our exercise pro-
tocol based on published findings from other research
group.We feel that no issue such as overloading training
existed, and it would be better if we could have mea-
sured oxygen consumption during exercise. Second,
different adipose depots would present distinct physio-
logical responses, thus the observed differential effects
post-interventions between epididymal and inguinal fat
might be a depot-specific effect, but might also be
owing to the different physiological responses in differ-
ent fat depots. Last but not the least, it would be better if
we could have measured the insulin level at 30-min
post-glucose injection.

Conclusions

In conclusion, we demonstrated that there might be
depot-specific effects in regards to the effects of rutin
and exercise on in vivo ER stress markers, adiponectin
mRNA expression, as well as ex vivo catecholamine-
stimulated lipolysis and insulin-induced Akt phosphor-
ylation from DIO mice and that (2) the combination of
rutin with exercise could restore HFD-induced elevation
in ER stress markers in epididymal fat, as well as altered
p-JNK, PPARγ, and DsbA-L protein expression under
obese conditions in inguinal fat.
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