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Abstract: Resveratrol is a polyphenol known to have metabolic as well as circadian effects. However,
there is little information regarding the metabolic and circadian effect of resveratrol on muscle cells.
We sought to investigate the metabolic impact of resveratrol throughout the circadian cycle to clarify
the associated signaling pathways. C2C12 myotubes were incubated with resveratrol in the presence
of increasing concentrations of glucose, and metabolic and clock proteins were measured for 24 h.
Resveratrol led to SIRT1, AMPK and PP2A activation. Myotubes treated with increasing glucose
concentrations showed higher activation of the mTOR signaling pathway. However, resveratrol
did not activate the mTOR signaling pathway, except for P70S6K and S6. In accordance with
the reduced mTOR activity, resveratrol led to advanced circadian rhythms and reduced levels of
pBMALI1 and CRY1. Resveratrol increased myogenin expression and advanced its rhythms. In
conclusion, resveratrol activates the SIRT1-AMPK-PP2A axis, advances circadian rhythms and
induces muscle development.
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1. Introduction

The mammalian circadian clock is located in the suprachiasmatic nuclei (SCN) of the
anterior hypothalamus. Light perceived by the retina synchronizes SCN neurons that relay
the information to peripheral tissues via neural and humoral signals [1]. The core clock
consists of CLOCK (circadian locomotor output cycles protein kaput) and BMALL1 (brain
and muscle Arnt-like protein-1) that activate transcription of many tissue-specific genes
by binding to enhancer elements. PERIODs (PERs) and CRYPTOCHROMEs (CRYs) form
the negative feedback loop that inhibits CLOCK:BMAL1-mediated transcription [2]. The
synchronized expression of circadian clock genes orchestrates the expression of hormones,
enzymes, nuclear receptors and transporters involved in metabolism [3]. Disturbances in
circadian rhythms have been shown to disrupt metabolism [4,5].

Resveratrol is a polyphenolic compound found in grape skin, peanuts and berries [6,7].
It has been shown to have diverse benefits including anti-inflammatory, anti-oxidant, anti-
diabetic and anti-carcinogenic powers [6,7]. Circadian rhythms have been shown to be
affected by resveratrol [8,9]. This is achieved by activating Sirtuin 1 (SIRT1) [10,11], an
important metabolic factor that alters circadian rhythms by deacetylating histones and
activating the CLOCK:BMAL1-mediated transcription [12].

SIRT1 activation is usually accompanied by AMP-activated protein kinase (AMPK)
activation [13]. This activation leads to the inhibition of the mTOR signaling pathway [14].
Indeed, some studies report that resveratrol leads in addition to SIRT1 activation and
also to AMPK activation [15]. In addition, resveratrol has been shown to activate protein
phosphatase 2A (PP2A) [8,16]. However, PP2A has been reported to dephosphorylate
AMPXK, leading to inactivation of the latter [17,18]. As the activation of AMPK, SIRT1 and
PP2A are influenced by the cellular metabolic state, we studied the effect of resveratrol
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in the presence of low, normal and high glucose concentrations. These analyses were
performed for 24 h to elucidate the signaling pathways involved in myotube development.

2. Materials and Methods
2.1. Cell Culture and Treatments

C2C12 myoblasts were grown in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Biological Industries, Beit Haemek, Israel) supplemented with 10% fetal bovine serum, 1%
antibiotics solution (Biological Industries) and 5% CO, at 37 °C. When cells were confluent,
the medium was replaced with DMEM supplemented with 2% horse serum every day for a
period of 48-72 h until differentiation was achieved. Afterward, the cells were synchronized
with 1 mM dexamethasone (Sigma, Rehovot, Israel) for 1 h, and then the medium was
exchanged for fresh DMEM containing 50 pM resveratrol (Sigma) for 6 h based on previous
studies [8]. For control, medium was replaced with fresh DMEM supplemented with
2.75mM, 5.5 mM or 25 mM glucose. To measure average daily levels, cells were harvested
in triplicates every 6 h for 24 h. We performed three independent experiments.

2.2. Cell Viability Assay

To evaluate cell viability in relation to redox potential, we utilized 3-(4,5-dimethylthiazol-
2-y1)-2,5-diphenyltetrazolium bromide (MTT). After a 24 h incubation with 50 pM resvera-
trol, the medium was removed, and the cells were treated with 0.5 mg/mL MTT in DMEM
for 1h at 37 °C. The MTT solution was then discarded, followed by the addition of 1 mg/mL
dimethylsulfoxide. Optical density was measured at 595 nm using a microplate reader.

2.3. Western Blot Analyses

Cells were homogenized in 200 uL lysis buffer (pH 7.8, 5% glycerol, 1% Triton X-
100, 20 mM Tris, 50 nM phenylmethylsulfonyl fluoride (PMSF), 145 mM NacCl, 50 uM
sodium fluoride (NaF) and protease inhibitor (Sigma)). Samples were subjected to 10%
SDS-polyacrylamide gel electrophoresis, after which proteins were semi-dry transferred
onto nitrocellulose membranes. The blots were then incubated with antibodies against
AMP-activated protein kinase (AMPK) and its phosphorylated form (pAMPK), protein
phosphatase 2A (PP2A), pPP2A, SIRT1, acetyl CoA carboxylase (ACC), pACC, BMALL,
pBMAL1, AKT, P70S6K, pP70S6K, S6 and pS6 (Cell Signaling Technology, Beverly, MA,
USA), ACTIN, pAKT, mTOR, pmTOR, MYOGENIN, CLOCK and CRY1 (Santa Cruz
Biotechnologies, Santa Cruz, CA, USA). Following several washes, the membranes were
treated with a horseradish peroxidase-conjugated secondary antibody (Pierce, Rockford,
IL, USA). To detect actin, which served as the loading control, an anti-mouse antibody
(MP Biomedicals, Solon, OH, USA) was used. Bands were quantified by scanning and
densitometry and expressed as arbitrary units.

2.4. RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted using TRI Reagent (Sigma) and was DNase I-treated using
RQ1 DNase (Promega, Madison, WI, USA). Reverse-transcription was performed using
qScript cDNA synthesis kit (Quanta BioSciences, Gaithersburg, MD, USA) and random
hexamers (Promega). Quantitative real-time PCR was conducted with primers (Supple-
mentary Table S1) that spanned exon—exon boundaries, using the ABI Prism 7300 Sequence
Detection System (Applied Biosystems, Foster City, CA, USA). Gene expression levels were
normalized to actin. The reaction conditions were set as follows: 95 °C for 3 min, 95 °C for
10 s, and 60 °C for 45 s. The fold change in target gene expression was determined using
the 2744Ct relative quantification method (Applied Biosystems).

2.5. Statistical Analyses

All results are expressed as mean =+ SE. For all analyses, the significance level was
set at p < 0.05 using Student’s t-test or Tukey’s honestly significant difference (HSD). One-
way ANOVA was performed to analyze the circadian pattern of genes and proteins with
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several time-points. Statistical analysis was performed with JMP software (version Pro 16)
(SAS Institute Inc., Cary, NC, USA). Additional analyses of circadian rhythmicity were
performed using Circwave software (version 1.4) (Circadian Rhythm Laboratory, University
of Groningen, Groningen, The Netherlands).

3. Results
3.1. Effect of Resveratrol on the SIRT1-AMPK-PP2A Axis in Myotubes

We first measured the levels of SIRT1, AMPK and PP2A, known to be affected by
resveratrol, under low, normal and high glucose concentrations. SIRT1 protein levels did
not change under the different glucose concentrations (p > 0.05) (Figure 1A). However,
resveratrol led to increased SIRT1 expression in the high-glucose group (p = 0.005). As SIRT1
is activated by AMPK and several reports have shown AMPK activation in the presence
of resveratrol, we next measured AMPK activity. Indeed, the ratio of phosphorylated
AMPK to total AMPK (pAMPK/AMPK) was high after resveratrol treatment (p < 0.0001
for 2.75 mM and 5.5 mM, p = 0.03 for 25 mM) (Figure 1B), indicating AMPK activation
under these conditions. As expected, the pAMPK/AMPK ratio decreased under increasing
glucose concentrations (p < 0.0003) (Figure 1B), as AMPK is activated under low cellular
energy levels. The reduced activation of AMPK under increasing glucose concentrations
was mirrored by the reduced ratio of phosphorylated acetyl CoA carboxylase (pACC) to
ACC, the target of AMPK, between 2.75 mM and 25 mM glucose (p = 0.0045) (Figure 1C).
Reduced pACC/ACC ratio indicates activation of ACC, the rate-limiting enzyme in fatty
acid synthesis, which is expected under increasing glucose concentrations. Resveratrol
treatment did not affect the pACC/ACC ratio (p > 0.05) (Figure 1C). In light of AMPK
activation, we measured PP2A, whose active form dephosphorylates and, hence, inhibits
AMPK. Resveratrol treatment led to lower levels of phosphorylated PP2A, leading to a
more active PP2A (p < 0.0001) (Figure 1D). Interestingly, increasing glucose concentrations
led to a high ratio of pPP2A /PP2A, indicating inhibition, similarly to the effect on AMPK.
Thus, surprisingly, resveratrol led to both AMPK and PP2A activation. PP2A inhibition
under increasing glucose concentrations matches the activation achieved with ACC, its
target for dephosphorylation. Taken together, these results suggest that resveratrol leads to
the activation of AMPK-SIRT1 as well as opposing phosphatase PP2A.

3.2. Effect of Resveratrol on the mTOR Signaling Pathway in Myotubes

Myotubes treated with increasing glucose concentrations showed higher activation of
the mTOR signaling pathway between 2.75 mM and 25 mM glucose. This was reflected by
the increased ratio of phosphorylated AKT to total AKT (pAKT/AKT) (p < 0.001), phos-
phorylated mTOR to total mTOR (pmTOR/mTOR) (p < 0.0001), phosphorylated P70S6K to
total P70S6K (pP70S6K/P70S6K) (p < 0.0001) and phosphorylated S6 to total S6 (pS6/56)
(p < 0.0001) (Figure 2). At 25 mM glucose, resveratrol led to increased ratios of pAKT/AKT
and pP70S6K/P70S6K (p < 0.0001) (Figure 2A,C). At 5.5 mM glucose, resveratrol led to
increased ratios of pP70S6K/P70S6K (p < 0.0001) and pS6/56 (p = 0.016) (Figure 2C,D).
Resveratrol did not affect the pmTOR/mTOR ratio at any glucose concentration (p > 0.05)
(Figure 2B). Taken together, these results suggest that resveratrol does not activate the
mTOR signaling pathway, except for P70S6K and S6.
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Figure 1. Effect of resveratrol on metabolic factors. (A) SIRT1. (B) pAMPK/AMPK. (C) pACC/ACC.
(D) pPP2A /PP2A. (E) Representative Western blots of all proteins at different glucose concentrations
around the circadian cycle. C2C12 myotubes were incubated with resveratrol for 6 h and analyzed
for an additional 24 h. Western blots were performed to determine protein levels. All time-points are
expressed as average daily levels. Within each panel, protein levels display statistical significance
(p < 0.05) only when bars are presented with different letters.

3.3. Effect of Resveratrol on Circadian Rhythms in Myotubes

We next measured the levels of the clock transcription factor BMAL1, which turns into
a translation factor once phosphorylated by the mTOR signaling pathway [19]. In agree-
ment with the reduced mTOR activity, the ratio of phosphorylated BMALL to total BMALL1
(pBMAL1/BMALL1) also decreased (p < 0.001) in the presence of resveratrol (Figure 3A).
Bmall mRNA oscillated robustly in myotubes (p < 0.05, CircWave), but resveratrol led to
a phase advance and a decrease in its amplitude and levels (Figure 3B,C). The levels of
CLOCK protein and Clock mRNA did not change at the different glucose concentrations or
resveratrol treatment (p > 0.05) (Figure 3D,E). Resveratrol treatment led to a phase advance
in Clock mRNA (Figure 3F). Resveratrol also led to a phase advance of Cryl and Perl
mRNA (Figure 3G,H). At increasing glucose concentrations, CRY1 protein levels increased
(p < 0.0001), whereas resveratrol treatment led to a decrease (p < 0.0001) (Figure 3I). Taken
together, these results suggest that resveratrol leads to advanced circadian rhythms and
reduced levels of pBMALI1 and CRY1.
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Figure 2. Effect of resveratrol on the mTOR signaling pathway. (A) pAKT/AKT. (B) pmTOR/mTOR.
(C) pP70S6K /P70S6K. (D) pS6/5S6. (E) Representative Western blots of all proteins at different glucose
concentrations around the circadian cycle. C2C12 myotubes were incubated with resveratrol for 6 h
and analyzed for an additional 24 h. Western blots were performed to determine protein levels. All
time-points are expressed as average daily levels. Within each panel, protein levels display statistical
significance (p < 0.05) only when bars are presented with different letters.

3.4. Effect of Resveratrol on Myotube Development

We next analyzed the effect of increasing concentrations of glucose in the presence
or absence of resveratrol on myogenin, which is a marker of myotubes development.
MYOGENIN protein and Myogenin mRNA levels increased proportionally to glucose
concentrations (p < 0.0001) (Figure 4A,B). At each glucose concentration, resveratrol led
to an additional increase in MYOGENIN (p < 0.0001) (Figure 4A,B). Resveratrol treatment
led to a phase advance in Myogenin mRNA expression (Figure 4C). Taken together, these
results suggest that resveratrol increases myogenin expression and advances its rhythms.
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Figure 3. Effect of resveratrol on clock components. (A) pPBMAL1/BMALL. (B) Bmnall mRNA levels.
(C) Bmall mRNA oscillation. (D) CLOCK protein. (E) Clock mRNA levels. (F) Clock mRNA oscillation.
(G) Cryl mRNA oscillation. (H) Perl mRNA oscillation. (I) CRY1. (J) Representative Western blots of
all proteins at different glucose concentrations around the circadian cycle. C2C12 myotubes were
incubated with resveratrol for 6 h and analyzed for an additional 24 h. Western blots and real-time
quantitative PCR were performed to determine protein and mRNA levels, respectively. All time-
points are expressed as average daily levels. Oscillations are presented as double plots. Within each
panel, protein and gene levels display statistical significance (p < 0.05) only when bars are presented
with different letters.
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Figure 4. Effect of resveratrol on muscle development. (A) MYOGENIN levels. (B) Myogenin mRNA
levels. (C) Myogenin mRNA oscillation. (D) Representative Western blots of all proteins at different
glucose concentrations around the circadian cycle. C2C12 myotubes were incubated with resveratrol
for 6 h and analyzed for an additional 24 h. Western blots and real-time quantitative PCR were
performed to determine protein and mRNA levels, respectively. All time-points are expressed as
average daily levels. Oscillations are presented as double plots. Within each panel, protein and gene
levels display statistical significance (p < 0.05) only when bars are presented with different letters.

4. Discussion

In this study, we investigated the circadian metabolic effect of resveratrol on C2C12
myotubes under increasing concentrations of glucose. We show that myotubes treated with
increasing concentrations of glucose have increased mTOR and reduced AMPK signaling.
Resveratrol treatment in combination with increasing concentrations of glucose affected
these signaling pathways, by activating the SIRT1-AMPK-PP2A axis and inhibiting the
mTOR pathway. In addition, resveratrol led to a phase advance in circadian rhythms and
increased myogenin expression.

Activation of the mTOR signaling pathway and inhibition of AMPK signaling under
increasing concentrations of glucose is expected as high energy levels lead to the induction
of anabolic pathways and suppressed catabolic pathways [20]. The reduced activation
of AMPK under increasing glucose concentrations was mirrored by increased activation
of its target ACC, the rate-limiting enzyme in fatty acid synthesis. ACC is expected to
be activated under increasing glucose concentrations as it generates malonyl CoA for
the synthesis of fatty acids under conditions of ample energy [21]. However, resveratrol
modified the cellular metabolic state. Resveratrol has been reported to activate SIRT1 [10].
SIRT1 activation is usually accompanied by AMPK activation [13]. Indeed, studies report
that resveratrol leads to AMPK activation by phosphorylation [15]. PP2A has been reported
to dephosphorylate AMPK leading to inactivation of the latter [17,18]. However, herein,
we show that resveratrol treatment resulted in reduced levels of phosphorylated Tyr307 on
PP2A, the inhibitory site, thereby increasing the activity of PP2A. This effect of resveratrol
on PP2A has also been documented in several recent publications [16,22,23]. However,
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these studies did not measure AMPK activation in parallel. In studies in which both
AMPK and PP2A were measured, the results depended on the cell type. In hepatocytes,
resveratrol treatment led to PP2A activation and AMPK inhibition [24], which emphasizes
the reported role of PP2A in the inactivation of AMPK [25]. We recently also reported
that resveratrol shifts hepatocytes to the fasting state by increasing the activity of PP2A,
reducing AMPK activity and inducing the expression of the key gluconeogenic enzyme
phosphoenolpyruvate carboxykinase (PEPCK) [8]. In contrast, but similarly to our findings
herein, in a rat brain, it was found that both AMPK and PP2A were activated by resveratrol
leading to Tau dephosphorylation [26]. In addition, numerous studies have shown that
PP2A activity can be increased by AMPK-mediated phosphorylation [27,28]. Thus, in the
brain and muscle cells, resveratrol leads to both activation of PP2A and AMPK, which
emphasizes the fact that AMPK may not be the main target of PP2A, but rather vice versa,
in these cell types.

Resveratrol did not affect mTOR at any glucose concentration and led to AKT ac-
tivation only at very high glucose concentrations. These findings are consistent with
previous publications that showed that, upon PP2A activation, AKT was inhibited [29,30].
Interestingly, resveratrol led to P70S6K and S6 activation even at physiological glucose con-
centrations. These findings are supported in the literature, as it has been shown that P70S6K
and S6 can be activated in an mTOR-independent manner in C2C12 myotubes [31-34]. Ac-
tivation of P70S6K has been shown to mediate muscle differentiation and hypertrophy [35].
Indeed, our results show that resveratrol increases myogenin expression compared to glu-
cose treatment alone. Although a change in morphology could not be detected, presumably
because the effect is for the long run, it was shown that myogenin is crucial for myotube
differentiation and development [36]. More specifically, the absence of myogenin has
been shown to lead to loss of skeletal muscles, despite the presence of normal committed
myoblasts [37]. These findings imply that there is no compensation for myogenin absence,
and it has an indispensable role in terminal differentiation of myoblasts [38].

Resveratrol treatment led to advanced circadian rhythms and reduced levels of pB-
MAL1 and CRY1. These changes are congruent with other reports that show that altered
AMPK and mTOR activity leads to modified circadian rhythms [39,40]. It has been shown
that activation of the mTOR pathway leads to a rhythmic phosphorylation of BMALL, allow-
ing it to associate with the translational machinery as well as stimulate circadian oscillations
of protein synthesis [19]. Conversely, as a transcription factor and a core component of the
circadian clock, BMALL1 has the capacity to function as a negative regulator of mMTORC1
signaling [39]. The diminished mTOR signaling pathway, and consequently the reduced
levels of phosphorylated BMAL1 observed in this study, align with previous reports, indi-
cating that BMAL1 remains a transcriptional activator of the core clock mechanism, leading
to phase advances rather than functioning as a translational factor. These findings are
consistent with our earlier observations in hepatocytes [8]. In addition, SIRT1 activation
has been shown to deacetylate histones and activate the CLOCK:BMAL1-mediated tran-
scription [12]. In addition, the levels of CRY1, a member of the core clock negative feedback
loop, were reduced, most probably as a result of the activation of AMPK. AMPK has been
shown to phosphorylate and, as a result, lead to the degradation of CRY1 [41]. Thus, both
the reduced levels of pPBMAL1 and CRY1 may promote the activity of the positive loop of
the clock, leading to advanced rhythms.

Studies have shown that the expression of myogenin is under circadian
control [42-45]. Myogenin expression peaks at specific times of the day, which align
with periods of increased muscle repair and regeneration activity [42,45]. Our results
suggest that resveratrol led to increased clock functionality and phase advances. As the
clock controls myogenin expression and myogenin is required for muscle development, we
surmise that resveratrol leads to muscle development via clock induction and, as a result,
myogenin induced expression (Figure 5).
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Figure 5. Metabolic and circadian effect of resveratrol in myotubes. Resveratrol leads to the activation
of AMPK and PP2A. AMPK leads on the one hand to the degradation of CRY1 and on the other hand
to the activation of SIRT1. SIRT1 histone deacetylation activates BMAL1, which induces Myogenin
gene expression. Myogenin is also induced by P70S6K, which is activated in an mTOR-independent
manner. MYOGENIN expression leads to muscle development. Low mTOR signaling leads to
reduced pBMAL1, allowing BMAL1 to work as a transcription factor, rather than a translation factor.
BMALL activation as well as CRY1 degradation leads to advanced circadian rhythms. Red—inhibited,
green—activated, blue—unchanged.

5. Conclusions

Herein we show that resveratrol leads to the activation of the SIRT1-AMPK-PP2A
signaling pathway (Figure 5). AMPK activation decreases the activity of mTOR phos-
phorylation, which, in turn, leads to reduced pBMALL1, allowing BMALLI to work as a
transcription factor, rather than a translation factor. In addition, AMPK activation leads
to CRY1 degradation, which relieves the inhibition from the CLOCK:BMALI1-mediated
expression. BMALLI activity, as a transcription factor, as well as reduced levels of negative
feedback loop member CRY1, lead to phase advances in circadian expression (Figure 5).
Activation of P70S6K, independent of the mTOR signaling pathway, leads to myogenin ex-
pression and muscle development. The mechanism by which resveratrol affects metabolic
and circadian rhythms in different cell types merits further investigation.
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