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Circadian rhythmic disorders induced by high-fat diet are associated with metabolic diseases. Resveratrol
could improve metabolic disorder, but few reports focused on its effects on circadian rhythm disorders in
a variety of studies. The aim of the present study was to analyze the potential effects of resveratrol on
high-fat diet-induced disorders about the rhythmic expression of clock genes and clock-controlled lipid

Keywords: metabolism. Male C57BL/6 mice were divided into three groups: a standard diet control group (CON), a
E_esvzr‘atrolh i high-fat diet (HFD) group and HFD supplemented with 0.1% (w/w) resveratrol (RES). The body weight,
Hlil;;_fl;ndriei't mic fasting blood glucose and insulin, plasma lipids and leptin, whole body metabolic status and the

expression of clock genes and clock-controlled lipogenic genes were analyzed at four different time
points throughout a 24-h cycle (8:00, 14:00, 20:00, 2:00). Resveratrol, being associated with rhythmic
restoration of fasting blood glucose and plasma insulin, significantly decreased the body weight in HFD
mice after 11 weeks of feeding, as well as ameliorated the rhythmities of plasma leptin, lipid profiles and
whole body metabolic status (respiratory exchange ratio, locomotor activity, and heat production).
Meanwhile, resveratrol modified the rhythmic expression of clock genes (Clock, Bmall and Per2) and
clock-controlled lipid metabolism related genes (Sirtl, Ppara, Srebp-1c, Accl and Fas). The response
pattern of mRNA expression for Acc1 was similar to the plasma triglyceride. All these results indicated
that resveratrol reduced lipogenesis and ultimately normalized rhythmic expression of plasma lipids,
possibly via its action on clock machinery.

Lipid metabolism

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Overweight and obesity have become a serious and growing
public health problem in the twenty-first century [1]. Previous
ways to combat against obesity have failed, and new approaches
need to be taken. In mammals, the circadian clock is an endogenous
oscillator with a period of approximately 24 h, and rhythmicity
refers organisms to adapt with environmental changes. The central
circadian clock is located in the suprachiasmatic nucleus (SCN) of
the hypothalamus in the brain, but circadian clock is also an
intracellular mechanical sharing of the same molecular compo-
nents in peripheral tissues as in the case of liver tissue [2,3]. Recent

* Corresponding author. Fax: +86 510 8591 7789.
E-mail address: lgw@jiangnan.edu.cn (G. Le).

http://dx.doi.org/10.1016/j.bbrc.2015.01.072
0006-291X/© 2015 Elsevier Inc. All rights reserved.

research has revealed the relationship between liver tissue clock
gene desynchronization and the development of certain diseases,
such as obesity [4,5].

The mammalian circadian clock could be reset by input signals,
such as light (light/dark) changes or meal condition (intake/fast).
Light is perceived by the retina, and then signal is transmitted via
the retinohypothalamic tract (RHT) to the SCN. The SCN dictates the
entrainment of peripheral oscillators via humoral factors or auto-
nomic innervation. Meanwhile, food and feeding regimens affect
either peripheral clocks or the central clock in the SCN. Hence, the
modification of these signals leads to the clock gene metabolic
disruption. It has been well reported that constant light or constant
dark conditions cause a free-running period and reduce the rodent
behavioral circadian rhythmic activity [6]. Similarly, restricted
feeding strongly entrained the expression of circadian clock genes
in the liver without the participation of an SCN clock function [7].
Different reports have also shown nocturnal mice fed only during
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the 12 h light phase gain significantly more weight than mice fed
only during the 12 h dark phase [8].

As mentioned previously, high-fat diet, one of the characteristic
unhealthy lifestyle choice in developed countries, is partially
responsible for increasing obesity. Several articles have shown that
introduction of a high-fat diet to mammalian leads to rapid changes
in both cycling of hormones and nuclear hormone receptors
involved in fuel utilization [4,9,10]. It has been demonstrated that
high-fat diet delays the circadian expression of adiponectin
signaling components in mice liver. Conversely, fasting has oppo-
site effects, resulting in a phase advance [11]. Thus it could be
proposed that fasting or caloric restriction could reverse the
changes in temporal phase and daily rhythm of clock genes caused
by high-fat diet.

Resveratrol (3,5,4'-trihydroxystilbene), a natural antioxidant
polyphenol compound that is found in red wine and grapes, has
shown activity to extend the lifespan of many organisms [12]. The
effects of this molecule on circadian rhythmicity in liver tissue have
not been previously studies; however, considering that many
health benefits associated with resveratrol have been attributed to
its ability to mimic the effects of a calorie-restrictive diet [13],
resveratrol may be a useful tool in avoiding circadian disruption
caused by high-fat diet. The evidence that resveratrol regulates the
expression of clock genes period homolog (PER1), PER2, brain and
muscle Arnt-like 1 (Bmall) in Rat-1 fibroblast cells is in good
accordance with this proposal [14].

Thus, the purpose of the present study was to analyze the po-
tential effect of resveratrol on changes induced by high-fat diet in
the expression of different clock genes and clock-controlled lipid
metabolism in liver tissue.

2. Materials and methods
2.1. Animals

Male C57BL/6 mice were purchased from Shanghai Slac Labo-
ratory Animal Center (Shanghai, China). All animal experiments
were carried out in accordance with the guidelines of Institutional
Animal Care and Use Committee of the Jiangnan University, Wuxi,
China.

2.2. Feeding schedule and diets

Three-week-old mice were grouped in a house (5 mice/cage) at
controlled temperature (22 + 2 °C) and humidity (55 + 5%) in a 12-
h/12-h light—dark cycle with standard diet chow. Tap water ad
libitum for 1 week to adapt the housing condition. Then they were
randomly divided into 3 groups (32 mice per group): control diet
(CON, 8.9% energy from fat) group; high-fat diet (HFD, 45% energy
from fat) group; and HFD with 0.1% (w/w) resveratrol (RES) [13].
The diets contained a standard vitamin and mineral mix with all
essential nutrients.

2.3. Whole body metabolic status

After 10-week period, whole body metabolic status (4 mice per
group) were tested by indirect calorimetry in a Comprehensive
Laboratory Animal Monitoring System (CLAMS, Columbus In-
struments, Columbus, OH) for 24 h after 48 h of habituation
following manufacturer's instructions. Lighting and feeding con-
ditions were kept the same as in the home cages. The system was
performed by indirect calorimetry and allowed to determine the
respiratory exchange ratio (RER). An RER of 1.0 indicates high uti-
lization of carbohydrates for energy, and an RER of 0.7 indicates
increased fatty acid oxidation [15]. Ambulatory locomotor activity

was measured by consecutive beam breaks in adjacent beams. Heat
production was calculated by multiplying the calorific value (CV;
3.815 + 1.232 x RER) by the observed VO, (Heat = CV x VO;).

2.4. Tissue, blood collection and plasma analysis

After 11-week period, mice were sacrificed at 6 h intervals
across the LD cycle to obtain liver tissue and blood samples (8 mice
per group for each time point). Plasma insulin and leptin levels
were determined by ELISA kits(Huijia, Xiamen, China), and Plasma
total cholesterol (TC), triacylglycerol (TG), low-density lipoprotein
(LDL) and high-density lipoprotein (HDL) contents were examined
by the corresponding enzymatic colorimetric assay kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China) ac-
cording to the manufacturer's instructions.

2.5. RNA extraction and quantitative real-time PCR

Total RNA was extracted from liver tissue (8 mice per group for
each time point) using Trizol reagent (Biomiga, San Diego, USA)
according to the manufacturer's instruction. Briefly, 1% agarose gel
electrophoresis was used to evaluate the quality of the RNA. Total
RNA was reverse-transcribed to cDNA according to the manufac-
turer's instructions (Promega, Madison, Wisconsin, USA). We used
Platinum Taq polymerase and SYBR Green I dye (SYBR Green Master
Mix, Bioneer, Korea) to measure in the exponential phase of
amplification by the ABI prism 7500 Sequence Detection System.
The reactions were incubated at 95 °C for 10 min for 1cycle and at
95 °C (30 s), 60 °C (45 s), and 72 °C (45 s) for 44 cycles. The final
extension was for 5 min at 72 °C. The relative expression levels of
the target genes were expressed as a ratio to the housekeeping gene
B-actin. Meanwhile, melting curve analysis was applied to assess
the specificity of the amplified PCR products. Supplemental Table 1
shows the sequences of the primer pairs.

2.6. Statistical analysis

All data were expressed as mean + SD. Comparisons across
groups were performed using one-way analysis of variance with
the post hoc Duncan's test with P < 0.05 being considered statis-
tically significant. The data were analyzed by SPSS 17 (SPSS, Chi-

cago, IL, USA).
3. Results

3.1. Effect of resveratrol on body weight and circadian rhythmities
of plasma parameters

Mice were fed for 11 weeks (Fig. 1A). After 5 weeks, mice of HFD
group gained more body weight than the CON group (P < 0.05).
Interestingly, RES caused significantly reduction in body weight
since 5 weeks in HFD-fed mice (P < 0.05). As shown in Fig. 1B,
fasting blood glucose levels of HFD group were much higher than
that in control group in 8:00, 20:00, and 2:00 time points (P < 0.05),
meanwhile markedly lower than that in control group in 14:00
time point (P < 0.05). Moreover, resveratrol supplementation to the
high-fat diets succeeded in ameliorating the fasting blood glucose
compared with HFD in different time points (P < 0.05). Plasma
leptin and insulin levels under CON condition both expressed
rhythmicly (Fig. 1C, D), whereas plasma leptin and insulin levels
were significantly higher at all circadian time points in HFD than in
CON mice, respectively (P < 0.05). While resveratrol remarkably
decreased the plasma leptin of HFD mice at two circadian time
points and restored the circadian rhythm of plasma leptin
(P < 0.05). In conjunction with the changes in fasting blood glucose,
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Fig. 1. Effects of resveratrol on body weight and circadian rhythmities of plasma parameters. (A) body weight, (B) fasting blood glucose, (C) plasma insulin, and (D) plasma leptin in
mice fed on the experimental diets for 11 weeks (CON, group fed a standard diet, used as a control; HFD, group fed a high-fat diet; RES, group fed a high-fat diet supplemented with
0.1% (w/w) resveratrol). Values indicate the mean + SD of n = 32 mice per group in (A). Values indicate the mean + SD of n = 8 mice per group for each time point in (B, C and D).
*Mean value was different from that of the CON group at the same time point (P < 0.05). #Mean value was different from the HFD group at the same time point (P < 0.05).

the plasma insulin levels of RES mice were significantly lower than
those of the HFD mice at three circadian time points (P < 0.05).

3.2. Effects of resveratrol on plasma lipid status

As shown in Fig. 2, both CON and RES groups displayed obvious
circadian rhythm in TC, TG, LDL and HDL. Compared with control
group, the levels of plasma TG, TC, LDL of HFD group in different
time points were significantly increased (P < 0.05), except TG in
14:00 and LDL in 2:00 of HFD group (P > 0.05). Meanwhile HDL

levels of HFD were significantly decreased at each time point
(P < 0.05). Thus, plasma lipid status of HFD group lost the rhythms.

3.3. Effect of resveratrol on whole body metabolic status in vivo

During the 24-h monitoring period, CON, HFD, and RES mice
were placed in metabolic cages for measurement of diurnal varia-
tions of RER, locomotor activity and heat production (Fig. 3). Both
CON and RES groups displayed obvious day—night variations in
RER, locomotor activity and heat production. In contrast, HFD mice
nearly lost the rhythms of these parameters. However, the variation
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Fig. 2. Effects of resveratrol on plasma lipid status. (A) Plasma total cholesterol, (B) plasma triglyceride, (C) plasma low-density lipoprotein, and (D) plasma high-density lipoprotein
contents in mice fed on the experimental diets for 11 weeks (CON, group fed a standard diet, used as a control; HFD, group fed a high-fat diet; RES, group fed a high-fat diet
supplemented with 0.1% (w/w) resveratrol). Values indicate the mean + SD of n = 8 mice per group for each time point. *Mean value was different from that of the CON group at the
same time point (P < 0.05). #Mean value was different from the HFD group at the same time point (P < 0.05).
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Fig. 3. Effects of resveratrol on whole body metabolic status. (A and B) respiratory exchange ratio (RER), (C and D) locomotor activity, and (E and F) heat production in mice fed on
the experimental diets for 10 weeks (CON, group fed a standard diet, used as a control; HFD, group fed a high-fat diet; RES, group fed a high-fat diet supplemented with 0.1% (w/w)
resveratrol). Bar graphs represent cumulative values during the light and dark cycles. Values indicate the mean + SD of n = 4 mice per group for each time point. *Mean value was
different from that of the CON group at the same illumination (P < 0.05). #Mean value was different from the HFD group at the same illumination (P < 0.05). **Mean value was

different from the different illuminations at the same group (P < 0.05).

of locomotor activity was unaffected in the HFD mice, suggesting
the compensatory mechanisms that might be operated under the
light/dark cycle.

3.4. Effect of resveratrol on circadian regulation of lipid metabolic
networks

A rhythmic expression was observed for all tested clock genes
(Clock, Bmall, Per2, and clock-controlled genes, Sirt1, Ppara, Srebp-
1c, Fas, and Acc1) in the normally fed mice. The core components of
clockwork consists of a transcriptional feedback loop in which Clock
and Bmall play the positive regulation role while Per2 acts as the
negative regulator. The mRNA expression of genes encoding posi-
tive regulators (Clock and Bmall) was in bottom at the onset of
daytime, 20:00. In contrast, the rhythm of genes encoding negative
regulator was in the opposite phase to that of Clock and Bmall,
namely, a zenith at around 20:00 and a nadir at 8:00. In particular,
the expression of the clock-controlled output gene PPARa and
downstream lipid metabolism genes, Srebp-1c, Fas, and Accl also
showed an overt circadian rhythm.

As shown in Fig. 4, the expressions of core clock genes, Clock,
Bmall, and Per2 were significantly altered at several circadian time
points in mice fed HFD. Interestingly, rhythms of Sirt1, Ppara, Srebp-
1c, Fas, and Acc1 expressions in the liver were significantly altered
in HFD mice.

In addition, to examine the hypothesis that RES restores hepatic
expressions of core clock genes and downstream lipid metabolism
genes, we analyzed the circadian expressions of corresponding

transcripts in the livers of RES group. Interestingly, almost all the
clock genes were expressed in a circadian manner, and downstream
lipid metabolism genes were restored in the circadian rhythm.

4. Discussion

A lot of evidence from human and animal studies has demon-
strated that high-fat diet could change both the circadian rhythm
and energy metabolism [9,16]. Meanwhile, the circadian compo-
nents and metabolism could interact with each other [17,18]. A
better understanding of the molecular machinery of the relation-
ship between the molecular clocks and metabolism may shed light
on the therapies of metabolic diseases. In this study, we demon-
strated the effects of resveratrol on ameliorating body weight and
lipid status using several circadian time points. The results show
that the high-fat diet could increase the body weight and disrupt
the circadian rhythm of lipid status in mice as other studies re-
ported, in addition resveratrol could restore those disorder.

The most novel finding of the present study was the robust
alteration of circadian rhythms in a spectrum of metabolic and
behavioral parameters of three groups mice fed different diets.
Under regular light/dark cycles, HFD mice displayed a nearly
complete loss of circadian rhythms of metabolism (RER, and heat
production), and locomotor activity. The variations of most of these
parameters in RES mice were restored under the same light/dark
condition. The reason for the difference in the study is unclear but
one confounding factor may come from the alterations of Sirt1 and
downstream clock genes regulating network. Sirt1 functions as
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Fig. 4. Effects of resveratrol on circadian mRNA expression of liver tissue. (A) clock homolog (CLOCK), (B) brain and muscle Arnt-like 1 (BMAL1), (C) period homolog (PER2), (D and
E) clock-controlled genes (SIRT1, and PPAR«) and (F, G and H) lipogenesis genes (SREBP-1C, ACC1 and FAS) mRNA levels expressed as values relative to the contros (control group), in
liver tissue of mice fed on the experimental diets for 11 weeks (CON, group fed a standard diet, used as a control; HFD, group fed a high-fat diet; RES, group fed a high-fat diet
supplemented with 0.1% (w/w) resveratrol). Values indicate the mean + SD of n = 8 mice per group for each time point. *Mean value was different from that of the CON group at the
same time point (P < 0.05). #Mean value was different from the HFD group at the same time point (P < 0.05).

class III histone deacetylases, binding to NAD" and acetyllysine
within protein targets and generating lysine, 2’-O-acetyl-ADP-
ribose, and nicotinamide as enzymatic products [19]. Sirt1 plays the
role of the integration of circadian and metabolic transcription
networks and has now been shown to interact directly with Clock
and to deacetylate Bmall and Per2 [20,21]. Interestingly, we found
dampening of Sirtl1 under high-fat diet, which could result in
further deviation of the expression of core clock genes in the liver,
suggesting that SIRT1 may be the link between high-fat diet and the
loss of circadian rhythms of metabolism (RER, and heat produc-
tion), and locomotor activity.

Resveratrol is a natural polyphenol phytoalexin existing in
grapes, berries and peanuts [22]. It has been reported to activate
SIRT1 and extends lifespan in multiple model organisms [23]. In
addition, it has been suggested that resveratrol is a promising new
therapeutic approach for longevity and metabolic abnormalities in
high-fat diet-induced obese mice [19,24]. In this article, we showed
that RES intervention resulted in increased level and rhythmic
expression of Sirt1; and there was an improvement not only in the
expression of Sirt1 but also in the expressions of downstream core
clock genes. The effect of RES on amelioration of rhythmic ex-
pressions of core clock genes is not unexpected, a dose of 100 pM
resveratrol, which did not show cytotoxicity, regulated the
expression of clock genes Per2 and Bmall [14]. Thus resveratrol, a
Sirt1 activation, can be used as a potential therapeutic approach to
combat against disruption of circadian rhythm induced by high-fat
diet.

Ppara was identified as a direct target gene of Bmall and Clock
via an E-box-dependent mechanism [25]. The expression level of
Ppara in the liver was decreased and its circadian oscillation was
abolished in Bmall knockout mice or Clock-mutant mice [25,26].
Reciprocally, Ppara-null mice showed altered oscillation of Bmall in

the liver. In the present study, we found that Ppara loses its circa-
dian expression rhythm resulting from the alteration of the
expression of clock genes in HFD mice. Of note, resveratrol restored
the expression of Ppara in the resveratrol-treated group; this
phenomenon further indicated that resveratrol regulated Ppara via
Sirt1-mediated core clock genes. More importantly, as a mediator of
circadian regulation of lipid metabolism, Ppara also regulates the
expression of numerous genes involved in lipid metabolism and
energy homeostasis [27,28]. Many of these genes, such as Srebp-1c,
Fas, and Accl, display daily fluctuations in mouse liver; however,
their amplitudes are attenuated or abolished in Ppara knockout
mice [29,30]. Serbp-1c plays a central role in lipogenesis and en-
hances transcription of genes required for fatty acid synthesis, such
as Fas and Accl [31]. Fas is a key enzyme that controls the rate of
fatty acid synthesis [32]. Acc1 is the rate-limiting enzyme in the
biogenesis of long-chain fatty acids, and regulating fatty acid syn-
thesis [33]. In this present study, we found that rhythmic changes in
the three genes varied significantly in CON mice. After adminis-
tration of high-fat diet for 11 weeks, the rhythm of the Serbp-1c
expression shifted and that of the Fas and Accl expressions were
substantially disrupted. By contrast, the three genes expressions
were restored in RES mice. The temporal expression of Accl over
light/dark cycles was notably similar to the alteration in TG level
and contrasted the alteration in HDL level. These results reveal that
rhythm of lipid metabolism may be altered by the rhythmic
expression of lipogenic genes under high-fat diet environmental
condition, which could be restored by resveratrol intervention.

In summary, our results demonstrated that high-fat diet could
change the liver circadian expressions of clock genes such as Clock,
Bmall, and Per2, via Sirtl, and subsequently alter the circadian
expression of Ppara-mediated lipogenic genes, resulting in lipid
metabolism disorder. In addition, resveratrol could affect the
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circadian expression of Sirt1 to restore the clock genes, and sub-
sequently restore the circadian expression of Ppara-mediated
downstream lipogenic genes, ameliorating circadian disorder of
lipid metabolism induced by high-fat diet.
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