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Exercise and resveratrol supplementation exhibit anti-obesity
functions in the long term but have not been fully investigated
yet in terms of their early potential effectiveness. Mice fed with
high-fat diet were categorized into control (Cont), exercise
(Ex), resveratrol supplementation (Res), and exercise combined
with resveratrol supplementation (Ex + Res) groups. In the
four-week period of weight loss, exercise combined with
resveratrol supplementation exerted no additional effects on
body weight loss but significantly improved whole-body
glucose and lipid homeostasis. The combined treatment
significantly decreased intrahepatic lipid content but did not
affect intramyocellular lipid content. Moreover, the treatment
significantly increased the contents of mtDNA and cytochrome
¢, the expression levels of peroxisome proliferator-activated
receptor gamma coactivator-1 alpha and its downstream
transcription factors, and the activities of ATPase and citrate
synthase. However, exercise, resveratrol, and their combination
did not promote myofiber specification toward slow-twitch
type. The effects of exercise combined with resveratrol
supplementation on weight loss could be partly due to
enhanced mitochondrial biogenesis and not to fiber-type shift
in skeletal muscle tissues. [BMB Reports 2018; 51(4): 200-205]

INTRODUCTION

The prevalence of overweight and obesity has increased
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considerably in many countries over the past three decades.
Obesity and its associated metabolic disorders are a major
public health concern. Therefore, effective preventive and
therapeutic strategies must be developed to counteract obesity
and its adverse consequences. Exercise (1) and calorie
restriction (2) can attenuate the extent of obesity. Similar to
exercise training and calorie restriction, resveratrol
(3-5-4"-trihydroxy-trans-stilbene) treatment is widely accepted
because it affects energy metabolism (3). Moreover, resveratrol
is an important antioxidant that can eliminate reactive oxygen
species accumulation induced by a high-fat diet (HFD) (4).
Thus, speculations indicate that resveratrol supplementation
might augment the effects of exercise on weight loss in the
long term; however, the early potential efficacy of the
combined treatment has not been fully understood yet.

In addition to designing interventions to improve obese
status, identifying the underlying molecular mechanisms is
equally important. HFD induces obesity partially by
decreasing the mitochondrial number and impairing the
oxidative capacity in skeletal muscles (5). Given that the
oxidative capacity of skeletal muscles is predominately
dependent on mitochondria, increasing lines of evidence
suggest that mitochondrial biogenesis and the associated fatty
acid oxidation enhancement may directly improve whole-body
glucose and lipid hemostasis (6). This effect has been observed
in patients with insulin resistance and type 2 diabetes (7, 8)
and in several animal models (9). Hence, promoting
mitochondrial biogenesis via specific approaches, such as
endurance training combined with resveratrol supplementation,
could be a promising therapeutic strategy against HFD-induced
obesity. Peroxisome proliferator-activated receptor gamma
coactivator-1 alpha (PGC-10) is an essential regulator involved
in mitochondrial biogenesis (10). In this regard, the present
work investigated PGC-1o. and its downstream transcription
factors to explore the mechanism of combined treatment-
induced skeletal muscle adaptions in the early phase of weight
loss. Mitochondrial oxidative enzymes and muscular
phenotypic changes were also assessed.

This is an open-access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http:/creativecommons.org/li-
censes/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



RESULTS

Resveratrol supplementation combined with exercise
improves whole-body glucose and lipid homeostasis in the
early phase of weight loss but did not augment the individual
effects on final body weight loss

Daily cumulative food consumption was not significantly
different (Fig. 1B) but body weight loss significantly varied (Fig.
1A) among the control (Cont), exercise (Ex), resveratrol
supplementation (Res), and exercise combined with resveratrol
supplementation (Ex + Res) groups. Interestingly, endurance
exercise or resveratrol supplementation alone significantly
influenced the final body weight loss, thereby suggesting that
resveratrol supplementation produced exercise-like effects on
weight loss. However, the combination of exercise training
and resveratrol supplementation showed no further effect on
the final body weight loss possibly because 4 weeks of
resveratrol treatment was insufficient to induce additional
effects on the final body weight loss. Interestingly, the weight
of epididymal fat significantly decreased (Fig. 1C). Glucose
tolerance during the glucose tolerance test (GTT) was
significantly improved, as indicated by a reduction in the total
area under the curve (AUC) in the Ex + Res group compared
with the control group (Fig. 1D). This outcome suggests that
endurance exercise combined with resveratrol supplementation
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Fig. 1. Exercise combined with resveratrol supplementation
improved whole-body glucose and lipid homeostasis in obese
mice undergoing weight loss. Body weight loss (A) and daily
food intake (B) were recorded during the body weight loss
program. The selected tissue weights (C), intraperitoneal glucose
tolerance test (GTT) (D), and levels of serum TG (E), TC (F),
LDL-C (G), and HDL-C (H) were measured by enzymatic
colorimetric methods after the four-week body weight loss
program. The weight loss programs of the HFD-fed mice were
performed as follows: control (Cont), exercise (Ex), resveratrol
supplementation (Res), and exercise combined with resveratrol
supplementation (Ex + Res). AUC indicates the total area under
the GTT curve. The values represent mean + SEM (n = 8). *P <
0.05, and **P < 0.01 vs. Cont group. Epididymal fat (epiWAT),
quadriceps femoris muscle (QD), gastrocnemius muscle (GAS).
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could protect mice from diet-induced glucose intolerance.
Furthermore, the levels of serum triglycerides (TG) and total
cholesterol (TC) in HFD-fed mice were significantly reduced
by the combined endurance exercise and resveratrol
supplementation compared with those in the control mice
(Figs. 1E and F); however, no changes were observed in the
low-density lipoprotein (LDL-C) and high-density lipoprotein
(HDL-C) levels (Figs. 1G and H). These data demonstrate that a
four-week combined treatment of exercise and resveratrol
supplementation is sufficient to improve HFD-induced lipid
disturbance and glucose tolerance.

Exercise combined with resveratrol supplementation relieves
lipid accumulation in the liver but not in the skeletal muscle
of obese mice undergoing weight loss

Furthermore, the abnormal lipid accumulation in non-adipose
tissues, particularly liver and skeletal muscles, was evaluated
in the current study. The combination of exercise and
resveratrol significantly reduced the intrahepatic lipid (IHL)
content of HFD-fed mice subjected to the four-week body
weight loss program, as evident in the low liver TG values (Fig.
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Fig. 2. Exercise combined with resveratrol supplementation
relieved lipid accumulations in liver but not in skeletal muscle in
obese mice undergoing weight loss. Lipid accumulations in liver
(A) and skeletal muscle (B) were detected by Oil Red O staining,
along with the calculation of lipid droplet areas (um?® with the
Image J system and TG content. Glycogen content was also
determined in HFD-fed mice after the four-week body weight loss
programs: control (Cont), exercise (Ex), resveratrol supplementation
(Res), and exercise combined with resveratrol supplementation (Ex +
Res). The representative images of Oil Red O staining are shown
with 20x magnification, and the scale bars represent 50 um in
liver. The representative images of Oil Red O staining are shown
with 100x magnification, and the scale bars represent 200 um in
skeletal muscle. The values represent mean + SEM (n = 6). P
values were calculated by one-way ANOVA. *P < 0.05, and
*¥**p < 0.001 vs. Cont mice; #p < 0.01 vs. Ex mice; &p <
0.01 vs. Res mice.
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2A). These results indicated an improvement in liver lipid
homeostasis. Unexpectedly, the contents of IMCL and TG did
not significantly decrease in the skeletal muscles of obese
mice undergoing weight loss (Fig. 2B). A likely explanation is
that a large amount of fat is continuously liberated from
peripheral depots to the skeletal muscle for oxidation in the
early phase of the combined and single treatment. As a result,
the mobilization of IMTG is limited and leads to unchanged
IMCL content temporarily. Furthermore, the glycogen content
did not significantly change. These findings could be due to
insufficiency of the four-week separate or combined treatment
in producing sharp responses in the skeletal muscles. Overall,
these findings indicate that endurance exercise combined with
resveratrol supplementation relieves lipid accumulation in the
liver but not in the skeletal muscles of obese mice undergoing
weight loss.

Exercise combined with resveratrol supplementation
improves skeletal muscle mitochondrial biogenesis in obese
mice undergoing weight loss

To investigate the relationship between muscle metabolic
adaptation and mitochondrial quantity, we quantified mtDNA
via RT-PCR analysis. The mtDNA content (normalized by
nDNA) was upregulated by the combined exercise and
resveratrol supplementation (Fig. 3A). Considering that
PGC-1a is the master regulator of mitochondrial biogenesis
(10), we further investigated the effect of exercise combined
with resveratrol supplementation on PGC-1ow and its downstream
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Fig. 3. Exercise combined with resveratrol supplementation

increased muscle mitochondrial  biogenesis in  obese mice
undergoing weight loss. Mitochondrial DNA content in skeletal
muscle was detected by RT-PCR (A). Western blot and
quantitative analyses for PGC-1o. were normalized by B-actin (B).
Relative mRNA expression levels of PGC-1a and its downstream
transcription factors in skeletal muscle were analyzed by RT-PCR
(O). Relative mRNA levels of genes related to mitochondrial
dynamics were analyzed by RT-PCR (D) in the skeletal muscle
tissues of HFD-fed mice in the following four-week body weight
loss-programs: control (Cont), exercise (Ex), resveratrol supplemen-
tation (Res), and exercise combined with resveratrol supplementation
(Ex + Res). The values represent mean + SEM (n = 6). P values
were calculated by one-way ANOVA. *P < 0.05, and **P <
0.01 vs. Cont mice; *P < 0.05, and P < 0.01 vs. Ex mice; P <
0.05, and **P < 0.01 vs. Res mice.
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transcription factors in skeletal muscles. As predicted, the
mRNA and protein expression levels of PGC-1o. were more
upregulated in the Ex + Res group than in the Cont group
(Fig. 3B). The downstream transcription factors of PGC-1q,
including nuclear respiratory factor 1 (NRF-1), estrogen-related
receptor o. (ERRa), and mitochondrial transcription factor A
(Tfam), were also upregulated (Fig. 3C). The transcript levels of
dynamin-related protein-1 (Drp1), fission-1 (Fis1) related to
mitochondrial fission, and mitofusins (Mfn1, Mfn2) and optical
atrophy-1 (OPAT1) related to mitochondrial fusion were not
changed (Fig. 3D). These results showed that the combined
treatment might promote mitochondrial biogenesis but not
mitochondrial dynamics in the process of weight loss.

Exercise combined with resveratrol supplementation
increases mitochondrial oxidative enzyme activity and
content in the skeletal muscles of obese mice undergoing
weight loss

To preliminarily explore the mitochondrial oxidative capacity
during the four-week body weight loss programs, we determined
the protein levels of carnitine palmitoyl transferase-1 (CPT-1,
CPT-1M as a prominent skeletal muscle-specific isoform) and
pyruvate dehydrogenase kinase 4 (PDK4) by Western blot
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Fig. 4. Exercise combined with resveratrol supplementation up-
regulated mitochondrial oxidative enzymes but did not promote
myofiber specification toward slow-twitch type. The activity of
ATPase (A) and CS (B) were examined by microplate method. Cty
C content (C) was determined by ELISA. Western blot and
quantitative analyses for CPT-IM and PDK4 were normalized by
B-actin (D). MyHC isoforms with mRNA normalized against
B-actin in the fast-twitch extensor digitorum longus (EDL) (E) and
slow-twitch soleus (SOL) (F) muscles were detected after the
four-week body weight loss programs: control (Cont), exercise
(Ex), resveratrol supplementation (Res), and exercise combined
with resveratrol supplementation (Ex + Res). The bars represent
mean + SEM (n = 6). P values were calculated by one-way
ANOVA. *P < 0.05, and **P < 0.01 vs. Cont mice; P <
0.05 vs. Ex mice; “p < 0.01 vs. Res mice.
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analysis. The combination of exercise and resveratrol
significantly increased the protein expression levels of CPT-1M
but did not affect the protein expression levels of PDK4
relative to those in the control mice (Fig. 4D). This finding
could be due to the fact that FA might be the predominant
substrate for muscle mitochondrial oxidation utilization during
the weight loss process in the combined treatment. In addition
to CPT-1M, the activities of ATPase and citrate synthase (CS)
and the content of cytochrome ¢ (Cyt C) evidently increased in
the skeletal muscles of Ex + Res mice than in the control mice
(Figs. 4A, B, and O). Furthermore, mice subjected to exercise
alone showed significantly increased ATPase and CS activities
compared with the control mice. These findings indirectly
indicated that single and combined treatment improved the
capacity of mitochondrial oxidation, which might partly
contribute to the early weight loss process of obese mice.

Endurance exercise, resveratrol, or combined treatment
regimens does not promote myofiber specification toward
slow-twitch type in obese mice undergoing weight loss

To further explore the effects of exercise combined with
resveratrol supplementation on changes in muscle fiber type of
obese mice undergoing weight loss, we determined the
expression pattern of MyHC isoform in fast- and slow-switch
skeletal muscles through RT-PCR analysis. The fast-twitch
extensor digitorum longus (EDL) muscles consisted of the four
isoforms but were dominated by lIx (Myh1) and [lb (Myh4)
fibers; meanwhile, slow-twitch soleus (SOL) muscles were
dominated by type | (Myh?7) and lla (Myh2) fibers (Figs. 4E and
F). Furthermore, endurance exercise, resveratrol, or their
combination neither suppressed the expression of fast MyHC
transcript nor enhanced the expression of MyHC slow
transcript in EDL and SOL muscles. Hence, these treatments
did not promote myofiber specification toward slow-twitch

type.
DISCUSSION

Metabolic abnormalities may be caused by abnormal fat
accumulation in non-adipose tissues, particularly liver and
skeletal muscles (11). Recent study demonstrates that
endurance exercise (12) and resveratrol supplementation (13)
can decrease IHL content. In the present work, the IHL content
significantly decreased in HFD-fed mice after the four-week
combined treatment of exercise and resveratrol supplementation.
In addition to other beneficial metabolic adaptations, such as
lowering of circulating and liver TG content and improving
glucose tolerance, the present data hinted that the combined
treatment improved whole-body glucose and lipid homeostasis.
Except for the IHL content, an inverse relationship between
IMCL and insulin sensitivity has been reported (14).
Interestingly, the contents of IMCL and TG did not decrease in
HFD-fed mice after the four-week combined or separate
treatment. These findings are consistent with previous
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observations (15). The absence of any reduction in the IMTG
content by single or combined treatment may represent a
positive adaptation mechanism, which contributes to lipid
utilization during the early phase of weight loss (16). We
speculated the pronounced reduction in the IMTG content in
the middle and later phase of the treatment, and this finding
will be further studied in the future.

To explain the early potential effects of the combined
treatment on muscle metabolic adaptation, we measured key
regulators related to mitochondrial quantity and function. The
impaired ability of skeletal muscles to oxidize FA with obesity
could be associated with reduced mitochondrial content or
impaired mitochondrial biogenesis (17, 18). Thus, the increased
expression of general transcription factors that regulate
mitochondrial content and mitochondrial biogenesis could be
responsible for the effectiveness of anti-obesity treatment.
Here, exercise, resveratrol, or their combination upregulated
the mitochondrial number (as demonstrated by the mtDNA
copy number). Significant upregulation was detected when
administering the combined treatment. Hence, the combined
treatment might be a potential therapeutic strategy to relieve
obesity. Moreover, the coordination between mtDNA and
nuclear DNA transcription is a key component of mitochondrial
biogenesis. PGC-1a. is a pivotal regulator of mitochondrial
biogenesis (19). Exercise (20) and in vitro electrical stimulation
(21) promote mitochondrial biogenesis primarily by
upregulating PGC-Tau expression. Similarly, resveratrol intake
stimulates mitochondrial biogenesis by increasing PGC-1a.
expression (22). In the present study, exercise combined with
resveratrol  supplementation increased muscle PGC-1o
expression at both transcript and protein levels. In addition to
PGC-1a, its downstream transcription factors, including
NRF-1, ERR, and Tfam, were upregulated, indicating that the
combined treatment promoted mitochondrial biogenesis in the
early period of weight loss. However, we did not observe
changes in the transcript levels of genes related to
mitochondrial fusion and fission. Overall, data suggest that
increased mitochondrial content, but not those caused by
intrinsic mitochondrial alterations, is associated with the early
process of weight loss by the combined treatment. This
distinction is important because it suggests that combined
interventions are required to enhance overall mitochondrial
biogenesis without any “remodeling” of existing mitochondria
and promote weight loss.

CPT-1 is a rate-limiting step in mitochondrial FA uptake. The
combined treatment of endurance exercise and resveratrol
supplementation significantly increased the CPT-1M protein
expression. This finding provides an indirect support to the
notion that the combined treatment helps augments
anti-obesity benefits by promoting FA to transport into muscle
mitochondria. Additionally, the content and activity of
mitochondrial oxidative enzymes are critical indicators of FA
oxidation. As predicted, exercise combined with resveratrol
supplementation  significantly increased muscle ATPase
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activity, CS activity, and Cyt C content in the process of weight
loss; such changes are consistent with the alterations in
mtDNA content and PGC-1a expression. Reports show that
interventions for amplifying muscle PGC-1o. expression can
stimulate a shift from fast glycolytic to slow oxidative
phenotype in obese mice (23). The increase in the PGC-1o
expression induced by the combined treatment was associated
with lack of changes in myofiber specification shift. Two
possibilities exist. First and most likely, the treatment dose and
duration were insufficient to evoke robust muscle remodeling,
although the PGC-1a. protein expression increased. Second,
the body’s response to exercise stimulation is systemic and
multidimensional. Except for PGC-1a, other regulatory
molecules produced by the combined treatment might
contribute to the blocking of myofiber specification toward
slow-twitch type.

In conclusion, endurance exercise combined with
resveratrol supplementation improved whole-body glucose
and lipid homeostasis and increased the expression levels of
PGC-1a and its downstream transcription factors. Such change
is likely to induce some metabolic adaptations in the skeletal
muscles, including an increase in mitochondrial quantity and
mitochondrial oxidative enzymes by improving mitochondrial
biogenesis. However, no change in myofiber specification shift
was observed. Aside from muscle mitochondrial biogenesis,
other mechanisms involved in the beneficial effects of exercise
combined with resveratrol supplementation on weight loss are
worth studying in the future.

MATERIALS AND METHODS

Animal care and manipulation

ICR/JCL male mice (n = 32, 8 weeks old) were purchased
from SLAC Laboratory Animal Research Center (Shanghai,
China) and housed in a controlled environment (12/12 h
light/dark cycle, humidity: 60% + 5%, temperature: 23 + 2°C).
All mice were provided with free access to saturated HFD for
six weeks to gain weight and were then randomly divided into
four groups to lose weight: (1) Cont (n = 8), (2) Ex (n = 8), (3)
Res (n = 8), and (4) Ex + Res (n = 8). Exercise training was
conducted using a motor treadmill at a moderate intensity (1.3
km/h) for six days a week for four weeks at 60 min/day.
Commercially dried resveratrol (Sigma, MO, USA) was used
and dissolved in 0.5% carboxymethyl cellulose (CMC)
solution. The oral gavage with resveratrol (25 mg/kg body
weight) was performed in the Res and Ex + Res groups 1 h
after exercise. The Cont and Ex groups were orally
administered with 0.5% CMC as vehicle. After the four-week
body weight loss programs, intraperitoneal GTT was
performed after a 16-hour fasting by injection of glucose (1
g/kg). The animal study was supervised by the Animal Care
and Use Ethics Committee of East China Normal University.
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Lipids and glycogen content measurement

At the end of their respective manipulation, all mice were
fasted overnight. Blood samples were collected, and serum
TG, TC, LDL-C, and HDL-C levels were analyzed using
corresponding commercial kits (Shanghai Rongsheng Biotech
Co., Shanghai, China) as previously described (24). For the
analysis of glycogen and TG content in liver and muscle, the
supernatant of homogenate was removed for measurement
according to the kits’ protocol (Shanghai Rongsheng Biotech
Co., Shanghai, China).

Oil Red O staining

The liver and muscle samples were fixed in 4%
paraformaldehyde for 1 h at 4°C. Samples were incubated in
30% sucrose solution overnight and then embedded with
O.C.T. compound. After blotting and staining with filtered Qil
Red O solution, slides were mounted and covered with
glycerol gelatin.

Determination of mitochondrial oxidative enzymes

The activities of ATPase and CS and Cyt C content were
assayed using corresponding assay kits (Abcam, MA, USA)
following the manufacturer’s instructions. Detergent (1/10 vol)
was added to the mitochondria to extract transmembrane
proteins. Absorbance was recorded with a TECAN microplate
reader (Molecular Device, Switzerland).

RNA extraction and semi-quantitative RT-PCR

Total RNA was isolated and reverse transcribed as previously
described (24). Primer pairs were designed on the basis of
GenBank reference sequences and listed in the Supplementary
Material (Table S1). The mRNA abundance of the targeted
genes was normalized to that of B-actin.

mtDNA quantification

mtDNA and total DNA were extracted and purified from
tissues by the method described previously (25). ND1 was
used as mtDNA marker, and Pecam1 was used as a nuclear
DNA marker. Primer pairs were designed on the basis of
GenBank reference sequences and listed in the Supplementary
Material (Table S1).

Western blot analysis

The protein content determination and Western blot analysis
were performed as previously described (24). The following
primary antibodies were used: anti-PGC-1o0  (H-300)
(sc-13067), anti-CPT-1M (H-120) (sc-20670), and anti-PDK4
(N-15) (sc-14492) (Santa Cruz Biotechnology, CA, USA). The
protein bands were visualized with a chemiluminescence
reagent (ECL, Cell Signaling, Beverly, MA, USA) and quantified
using Image J software.

Statistical analysis
Data were expressed as mean + SEM. The differences in
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means were analyzed by one-way ANOVA. The level of
significance was set at P < 0.05. All data analyses were
performed using the SPSS 20.0 statistical package (Chicago, IL,
USA).
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