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Background: In mammals, the CLOCK/BMAL1 heterodimer is a key transcription factor complex that drives the cyclic expres-
sion of clock-controlled genes involved in various physiological functions and behavioral consequences. Recently, a growing num-
ber of studies have reported a molecular link between the circadian clock and metabolism. In the present study, we explored the 
regulatory effects of SIRTUIN1 (SIRT1), an NAD+-dependent deacetylase, on CLOCK/BMAL1-mediated clock gene expression. 
Methods: To investigate the interaction between SIRT1 and CLOCK/BMAL1, we conducted bimolecular fluorescence comple-
mentation (BiFC) analyses supplemented with immunocytochemistry assays. BiFC experiments employing deletion-specific mu-
tants of BMAL1 were used to elucidate the specific domains that are necessary for the SIRT1-BMAL1 interaction. Additionally, 
luciferase reporter assays were used to delineate the effects of SIRT1 on circadian gene expression.
Results: BiFC analysis revealed that SIRT1 interacted with both CLOCK and BMAL1 in most cell nuclei. As revealed by BiFC 
assays using various BMAL1 deletion mutants, the PAS-B domain of BMAL1 was essential for interaction with SIRT1. Activa-
tion of SIRT1 with resveratrol did not exert any significant change on the interaction with the CLOCK/BMAL1 complex. How-
ever, promoter analysis using Per1-Luc and Ebox-Luc reporters showed that SIRT1 significantly downregulated both promoter 
activities. This inhibitory effect was intensified by treatment with resveratrol, indicating a role for SIRT1 and its activator in 
CLOCK/BMAL1-mediated transcription of clock genes.
Conclusion: These results suggest that SIRT1 may form a regulatory complex with CLOCK/BMAL1 that represses clock gene 
expression, probably via deacetylase activity. 
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INTRODUCTION

Circadian rhythm is an approximately 24-hour biological cy-
cle that allows organisms to adapt their physiology and behav-
ior to the day/night cycle. In mammals, the circadian timing 
system is controlled by a central pacemaker in the suprachias-
matic nucleus (SCN) of the hypothalamus and subsidiary os-

cillators in most peripheral tissues [1]. The light/dark cycle is 
the predominant zeitgeber (timing cue) for the SCN, whereas 
cyclic feeding behavior is a strong zeitgeber for many periph-
eral tissue clocks [2]. The central clock harmonizes peripheral 
oscillators via various kinds of outputs, including neural and 
humoral signals, rest-activity rhythms, and body temperature. 
Thus, some outputs of the SCN work as direct inputs to the 
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peripheral tissues, such as the feeding-fasting cycle [2].
  The autonomous and self-sustainable nature of circadian 
timing is largely dependent on the molecular circadian clock-
work. The molecular mechanism underlying the mammalian 
circadian clock consists of a transcription-translation feedback 
loop involving CLOCK and BMAL1, which recognize E-box 
elements. The CLOCK/BMAL1 heterodimer activates the tran-
scription of period (Per1, 2, and 3) and cryptochrome (Cry1 
and 2), leading to the subsequent repression of CLOCK/
BMAL1 activity by CRY and PER proteins [3]. An additional 
feedback loop involves the transcriptional regulation of Bmal1 
by RAR-related orphan receptor α (RORα) and Rev-erb α [4,5].
  Recently, accumulating evidence suggests a strong interplay 
between the circadian clock and metabolism [6-8]. Indeed, the 
cellular DNA-binding activity of CLOCK/BMAL1 is strongly 
influenced by the ratio of reduced to oxidized nicotinamide 
adenine dinucleotide (NAD) cofactors, indicating that the cel-
lular metabolic state regulates the molecular clock. Further-
more, SIRTUIN1 (SIRT1), an NAD+-dependent deacetylase, is 
known to regulate the circadian clock circuitry [9-12]. SIRT1, 
the closest mammalian homologue of yeast Sir2, regulates a 
variety of cellular processes, including cell survival, develop-
ment, inflammation, and metabolism [13,14]. The SIRT1 cata-
lytic reaction involves the breakdown of one NAD+ molecule 
for the deacetylation of acetyl lysine and the generation of nico-
tinamide and O-acetyl-ADP-ribose. SIRT1 is known to deacet-
ylate not only histones, but also several transcriptional regula-
tory proteins that control metabolism [15-17]. Recent reports 
have shown that SIRT1 is a component of CLOCK/BMAL1 
transcription complexes and affects the expression of clock 
genes [9,10].
  Recently, there has been interest in the identification of 
SIRT1 activators and activating compounds. For instance, res-
veratrol, a natural small polyphenol found in red grapes and 
wine, is well-known as a SIRT1 activator [18]. Accordingly, 
resveratrol is a subject of great interest since it was shown to 
exert beneficial effects on glucose and lipid metabolism. More-
over, resveratrol was shown to extend life span in rodents 
[19,20]. Despite the close involvement of SIRT1 in the circadi-
an clock and metabolism, the precise mechanism of SIRT1 ac-
tivation by resveratrol remains unclear [21]. In the present 
study, we attempt to visualize the interaction of SIRT1 with 
CLOCK/BMAL1 in a native cellular context using a bimolecu-
lar fluorescence complementation (BiFC) analysis.

METHODS

Plasmid construction
Human SIRT1 was amplified from HA-FLAG-tagged human 
SIRT1 (a kind gift from Gad Asher, University of Geneva, 
Switzerland) by polymerase chain reaction (PCR) using SIRT1-
specific primers (forward, 5´-GATATCATGGCGGACGAGGC
GGCCC; reverse, 3´-GTCGACTGATTTGTTTGATGGATA
GTTC). It was then subcloned into a cDNA encoding N-termi-
nal residues 1-173 of Venus (designated VN-173) to produce 
SIRT1-Venus N-terminus-encoding plasmid (SIRT1-VN). 
CLOCK-C-terminal of Venus (VC), BMAL1-VC, and BMAL1 
deletion mutants were previously described [22].

Cell culture and transfection
NIH3T3, HeLa, and COS7 cells were maintained in Dulbecco’s 
Modified Eagle’s Medium (DMEM, Invitrogen, Carlsbad, CA, 
USA) supplemented with 10% fetal bovine serum and 1% pen-
icillin/streptomycin (Invitrogen). Cells were cultured at 37°C 
in a humidified 5% CO2 environment. For transient transfec-
tions, cells were seeded at a density of 1×105 cells per well in a 
12-well plate. Cells were then transfected using Lipofectamine 
PLUS (Invitrogen) or Metafectene EASY (Biontex, San Diego, 
CA, USA) reagents according to the manufacturer’s protocol.

Western blot analysis
Cell extracts were prepared from HeLa cells transfected with 
the plasmids indicated. Proteins were separated by sodium do-
decyl sulfate polyacrylamide gel electrophoresis (6% poly-
acrylamide) and then electrophoretically transferred onto a 
polyvinylidene difluoride membrane (Immobilon P, Millipore, 
Billerica, MA, USA). Target proteins were detected with anti-
N-term green fluorescent protein (GFP, Sigma Aldrich, St. 
Louis, MO, USA). The immunoreactive bands were visualized 
with an enhanced chemiluminescent detection kit (Thermo 
Fisher Scientific, Rockford, IL, USA).

BiFC analysis
Details of the BiFC protocol have been described previously 
[22]. Briefly, COS7 cells were transfected with various BiFC 
expression vectors. Twelve hours after transfection, cells were 
fixed with 3.7% paraformaldehyde and washed twice with ice-
cold phosphate-buffered saline (PBS). After fixation, cells 
were stained with 4´,6-diamidino-2-phenylindole (DAPI) di-
luted in mounting solution and mounted onto glass slides. To 
capture BiFC images, yellow fluorescent protein (YFP) exci-
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tation and emission filters (EM) were used (excitation filter=  
500 nm, dichroic mirror=515 nm, EM=535 nm).

Immunocytochemistry
For immunostaining procedures, 1×105 COS7 cells were 
seeded per well onto coated cover glass in 12-well cell culture 
plates. The following day, cells were transfected with 200, 100, 
and 100 ng of SIRT1-VN, CLOCK-VC, and BMAL1-VC (in-
cluding deletion mutants) plasmids, respectively. Twelve hours 
after transfection, cells were fixed with 3.7% paraformalde-
hyde for 15 minutes. Cell membranes were then permeabilized 
with 0.5% Triton X-100 in PBS for 5 minutes. Cells were then 
blocked with donkey serum for 30 minutes. Target proteins 
were detected with anti-N-term GFP (Sigma Aldrich), anti-
CLOCK (Santa Cruz Biotechnologies, Santa Cruz, CA, USA), 
and anti-BMAL1 antibodies [23]. Primary antibodies were di-
luted 1:200 in blocking solution (donkey serum) and applied 
for 1 hour. The secondary antibody was diluted 1:100 in block-
ing solution and applied for no longer than 1 hour. After anti-
body incubations, cells were washed with 0.1% Triton X-100 
in PBS, and cover slips were transferred onto slides. For DAPI 
staining, the DAPI solution was diluted in mounting media. 
Cells were imaged by fluorescence microscopy.

Luciferase reporter assay
NIH3T3 cells were seeded at a density of 5×104 cells per well 
onto a 24-well plate and transfected with reporter plasmids E-
box-Luc (10 ng per well) [24], Per1-Luc (10 ng per well), and 
pRL-TK (50 ng per well) in combination with or without effec-
tor genes (CLOCK, BMAL1, and SIRT1: 200 ng per well each). 
The total amount of DNA used was held constant by adding the 
empty pcDNA3.1 plasmid. Twenty-four hours after transfec-
tion, cells were incubated in 0, 10, or 100 μM resveratrol for an-
other 24 hours. Cell extracts were then incubated in 0.3 mL pas-
sive lysis buffer (Promega, Madison, WI, USA) for 15 minutes 
at room temperature. Luciferase activities were measured with a 
commercial Dual Luciferase assay kit (Promega).

Statistical analysis
Statistical tests were carried out using Sigma Plot version 8.0 
(Systat Software, San Jose, CA, USA). Values are expressed 
as mean±SEM of independent experiments. For comparison 
of three or more groups, data were analyzed by one-way anal-
ysis of variance followed by post hoc Tukey’s multiple com-
parison test or Dunnett’s multiple comparison test. A value of 
P less than 0.05 was considered statistically significant.

RESULTS

Interaction of SIRT1 with CLOCK and BMAL1
Previous studies have shown that endogenous SIRT1 interacts 
with both CLOCK and BMAL1. To investigate this interaction 
in intact cells, we conducted a BiFC analysis that visualized 
the direct interaction between SIRT1 and CLOCK or BMAL1 
under native cell conditions. SIRT1-VN was transfected into 
COS7 cells, and its expression was verified by Western blot 
analysis (Fig. 1A, B). Subsequently, cells were expressed 
SIRT1-VN with CLOCK-VC or BMAL1-VC, and the BiFC 
signal of the cells was imaged. As shown in Fig. 1C, a positive 
BiFC signal was observed in most cell nuclei, suggesting a di-
rect interaction between SIRT1 and both CLOCK-VC and 
BMAL1-VC. Immunocytochemistry, performed using both 
anti-CLOCK and -BMAL1 antibodies, showed that cytosolic 
CLOCK proteins detected in the nucleus colocalized with 
BiFC signals. The nuclear presence of these proteins suggests 
that the nuclear localization sequence (NLS) of SIRT1 is re-
sponsible for its nuclear localization (Fig. 1C; second lane 
from the top, middle panel).

Interaction of SIRT1 with BMAL1 deletion mutants
To further explore SIRT1-BMAL1 interactions, we delineated 
which domain of BMAL1 is critical for binding to SIRT1. Fig. 
2A shows a schematic diagram of mouse BMAL1, depicting 
several important domains, including a NLS, DNA-binding and 
protein interaction motifs (bHLH, PAS-A, and PAS-B), and a 
transcriptional activation domain. To test whether any of these 
domains are necessary for the SIRT1-BMAL1 interaction, we 
conducted BiFC analysis using region-specific deletion mutants 
corresponding to the aforementioned domains. COS7 cells were 
cotransfected with the SIRT1-VN expression vector and each 
of the various BMAL1-VC deletion mutant expression vectors. 
The BMAL1 deletion mutants all yielded BiFC signals that 
were comparable to wild-type BMAL1. However, deletion of 
the PAS-B domain substantially weakened BiFC signal intensi-
ty, suggesting reduced binding to SIRT1 (Fig. 2B). Immunocy-
tochemical analysis using anti-BMAL1 antibody indicated that 
the attenuated intensity of the BiFC signal was not caused by 
the weak expression of BMAL1.

Effects of resveratrol on the interaction of SIRT1 with 
CLOCK and BMAL1
We hypothesized that resveratrol, a SIRT1 activator, not only 
enhances the activity of SIRT1, but can also influence its inter-
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action with the CLOCK/BMAL1 complex. To test this hypoth-
esis, BiFC analysis was performed with COS7 cells co-ex-
pressing SIRT1-VN and either CLOCK-VC or BMAL1-VC. 
Cells were then exposed to either resveratrol or control vehicle 
prior to BiFC analysis. The addition of resveratrol did not in-
duce any significant change in the BiFC signal, suggesting that 
the interaction of SIRT1 with either CLOCK or BMAL1 was 
not significantly affected (Fig. 3A). For a quantitative analysis 
of BiFC data, ten microscope fields of view were randomly se-
lected, and BiFC-positive signals were divided by DAPI sig-
nals (Fig. 3B). Taken together, our data suggest that, although 

resveratrol affects SIRT1 activity, it does not modulate the in-
teraction of SIRT1 with the CLOCK/BMAL1 complex.

Effects of resveratrol on Ebox-Luc and Per1-Luc promoter 
activities
Although we did not find that resveratrol produced any signifi-
cant effects on the interaction of SIRT1 with CLOCK or 
BMAL1, we further investigated how resveratrol affects SIRT1 
regulation of clock gene transcription. Luciferase assays were 
performed using two reporters: an E-box-reporter construct 
(Ebox-Luc) and a full-length Per1-Luciferase reporter (Per1-

Fig. 1. SIRTUIN1 interacts with CLOCK and BMAL1 in cell nuclei. (A) Schematic diagram of Venus-based bimolecular fluorescence 
complementation (BiFC) constructs. (B) Expression of SIRT1-N-terminal of Venus (VN) was detected by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis separation followed by immunoblotting with an anti-green fluorescent protein (GFP) antibody (arrows). 
(C) Results from BiFC analysis and immunocytochemical experiments (ICC). COS7 cells were coexpressed with SIRT1-VN and either 
CLOCK-C-terminal of Venus (VC) or BMAL1-VC. Cells were immunostained with anti-GFP, anti-CLOCK, and anti-BMAL1 antibod-
ies (red) to detect SIRT1-VN, CLOCK-VC, and BMAL1-VC, respectively. Nuclei were visualized with 4',6-diamidino-2-phenylindole 
(DAPI; blue). The images were acquired by fluorescence microscopy using specific filter sets for yellow fluorescent protein and red flu-
orescent protein. Scale bar=10 μm. 
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Luc). CLOCK and BMAL1 expression vectors were cotrans-
fected into NIH3T3 cells along with each reporter construct. 
Administration of resveratrol (10 or 100 μM) for 24 hours 

gradually decreased Ebox-Luc transcription activity (Fig. 4A). 
Resveratrol (100 μM) also significantly reduced Per1-Luc tran-
scription activity under basal as well as CLOCK/BMAL1-in-
duced conditions (Fig. 4B). These findings suggest that resve-
ratrol likely activates endogenous SIRT1, leading to the repres-
sion of clock gene expression (in this instance, Per1).
  To determine the combined effects of SIRT1 and resveratrol 
on CLOCK/BMAL1-mediated transcription of Per1, we treat-
ed cells coexpressing SIRT1, CLOCK, and BMAL1 with in-
creasing concentrations of resveratrol (10 and 100 μM). Expo-
sure of cells to 100 μM resveratrol for 24 hours significantly 
repressed the basal and CLOCK/BMAL1-induced promoter 
activity when SIRT1 was coexpressed (Fig. 4C, D).
 
DISCUSSION

It has been reported that endogenous SIRT1 interacts with 
CLOCK and/or BMAL1 [9,10]. These interactions, observed 
primarily using biochemical approaches, remain controversial. 
Immunoprecipitation assays showed that ectopically expressed 
BMAL1 did not coimmunoprecipitate with the SIRT1-CLOCK 
complex [9]. Other studies have shown that SIRT1 can interact 
with BMAL1 in transfected cells and mouse liver tissues [10, 
12]. The discrepancies in these studies may result from either 
the different experimental conditions used in the immunopre-
cipitation assays or undiscovered variations among the expres-
sion plasmids used. Thus, in this study we attempted to visual-
ize the SIRT1-CLOCK/BMAL1 interaction using BiFC imag-
ing in cells. Accordingly, this technique enabled the detection 
of SIRT1 interaction with the CLOCK/BMAL1 complex in a 
native cellular environment. Moreover, we used BiFC imaging 
to further analyze several BMAL1 domains for their roles in 
SIRT1 interaction. We found that a BMAL1 construct lacking 
the PAS-B domain produced fewer BiFC-positive signals (Fig. 
2). Together with a gradually increasing quantity of structural 
information on the CLOCK/BMAL1 complex [25], these 
SIRT1-BMAL1 interaction data can provide valuable insight 
to elucidate the functional relevance of SIRT1 action in the cir-
cadian clockwork.
  Resveratrol treatment had little effect on the interaction of 
SIRT1 with CLOCK/BMAL1, as revealed by BiFC assay re-
sults (Fig. 3). These data coincide with results from a previous 
study, in which the SIRT1-CLOCK interaction was not signifi-
cantly affected by the treatment of various effectors of SIRT1 
function [9]. However, transcriptional assays using the Per1 
promoter and E-box-based luciferase activity showed that 

Fig. 2. Identification of the SIRTUIN1 (SIRT1)-binding domain 
of BMAL1. (A) Schematic diagram of mouse BMAL1. (B) Bind-
ing of SIRT1 to BMAL1 deletion mutants was analyzed by bimo-
lecular fluorescence complementation (BiFC). COS7 cells were 
transfected with plasmids encoding SIRT1-N-terminal of Venus 
(VN) and BMAL1-C-terminal of Venus (VC) wildtype (WT) or 
its various mutants (Δnuclear localization sequence [NLS], 
BMAL1 without a functional nuclear localization signal; Δbasic-
helix-loop-helix [bHLH], encoding BMAL1 Δ71 to 140; ΔPer-
Arnt-Sim [PAS]-A, BMAL1 Δ210 to 320; ΔPAS-B, BMAL1 
Δ350 to 480; Δtranscriptional activation domain [TAD], BMAL1 
Δ553 to 625). The images were captured by fluorescence imaging 
microscopy using specific filter sets for yellow fluorescent protein 
and red fluorescent protein. Scale bar=10 μm. ICC, immunocyto-
chemical; DAPI, 4',6-diamidino-2-phenylindole.
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SIRT1 activation via treatment with resveratrol significantly 
downregulated CLOCK/BMAL1-mediated transcriptional ac-
tivation (Fig. 4).
  Indeed, there are discrepancies with regard to the involve-
ment of SIRT1 in the circadian clock mechanism. Nakahata et 
al. [9] reported that SIRT1 contributes to the mRNA expression 
of circadian genes by acting as a negative regulator and con-
trols the acetylation/deacetylation status of BMAL1 through 
CLOCK. Asher et al. [10] suggested that SIRT1 deacetylates 
PER2 and consequently influences the high levels of circadian 
gene expression. The repressive role of SIRT1 in circadian 
clock machinery was further supported by results from Ramsey 
et al. [12], which suggest that NAD+ functions as a metabolic 
oscillator and negatively regulates core clock gene expression 
via SIRT1. Consistent with these results, our promoter assays 
showed that SIRT1 inhibits CLOCK/BMAL1-mediated tran-
scriptional activity on the Per1 promoter, indicating a negative 

role in circadian clock gene expression. In addition, resveratrol 
treatment potentiated the inhibitory effect of SIRT1 on 
CLOCK/BMAL1-mediated transcription. Therefore, we con-
clude that SIRT1 and resveratrol synergistically repress circa-
dian gene expression through the enhancement of deacetylase 
activity.
  In this study, however, we did not explore the mechanism of 
action behind resveratrol-induced SIRT1 deacetylase activity; 
thus, further studies are needed to elucidate this biochemical 
interaction. Since resveratrol has various target molecules, an 
experimental approach such as an in vitro deacetylation assay 
targeting SIRT1 with its substrate molecules will be necessary 
to assess whether resveratrol increases SIRT1 deacetylase ac-
tivity. Moreover, it is of interest to examine whether resvera-
trol inhibits the endogenous expression of clock genes at both 
mRNA and/or protein levels using quantitative reverse tran-
scription-PCR and Western blot analysis, respectively.

Fig. 3. Interaction of SIRTUIN1 (SIRT1) with CLOCK and BMAL1 upon resveratrol treatment. (A) COS7 cells were transfected with 
expression plasmids encoding SIRT1-N-terminal of Venus (VN) and either CLOCK-C-terminal of Venus (VC) or BMAL1-VC. Twelve 
hours after transfection, cells were treated with 100 μM resveratrol for 6 hours and then imaged. Scale bar=20 μm. (B) Bimolecular fluo-
rescence complementation (BiFC) signals from control and resveratrol-stimulated groups were compared with signals from 4',6-diamid-
ino-2-phenylindole (DAPI)-stained cells. Values are expressed as mean±SEM % (n=10 fields for each group). Veh, vehicle; RSV, res-
veratrol; YFP, yellow fluorescent protein.
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Fig. 4. The effects of resveratrol on Ebox-Luc and Per1-Luc transcriptional activities. NIH3T3 cells expressing wild-type CLOCK, 
BMAL1, and either (A) Ebox-Luc or (B) Per1-Luc promoters were treated with increasing amounts of resveratrol (10 and 100 μM) to 
determine transcriptional activity. Luciferase activities in cell extracts were analyzed and normalized by cotransfected pRL-TK activity 
in each sample. To examine the effects of SIRTUIN1 (SIRT1) and resveratrol on the transcriptional activity of (C) Ebox-Luc and (D) 
Per1-Luc, SIRT1 was expressed with or without CLOCK and BMAL1 in NIH3T3 cells and incubated in resveratrol (10 and 100 μM). 
Values are expressed as mean±SEM in arbitrary units (AU), where the mean activity of the empty vector was set at 1 (n=3). aP<0.01 vs. 
vehicle-treated group.
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  Transcriptome profiling studies have shown that many 
genes related to metabolism are rhythmically expressed [26, 
27]. The dominance of the feeding cycle as a zeitgeber for pe-
ripheral clocks implies that the circadian clock plays an im-
portant role in nutrient processing and energy homeostasis 
[28]. In this regard, SIRT1 would be an important regulator of 
circadian clockwork by serving as a molecular linker between 
circadian clock and metabolism with regard to epigenetic reg-
ulation [29]. It has been reported that SIRT1 helps cells resist 
oxidative or radiation-induced stresses [16,30] as well as pro-
motes fat mobilization from white adipose tissue, events that 
contribute to extending life span [31]. It would be valuable to 
study these multimodal functions of SIRT1 from the perspec-
tive of circadian regulation.
  In summary, we demonstrate that SIRT1 forms a complex 

with CLOCK/BMAL1 in the cell nucleus. Additionally, our 
data suggest a role for SIRT1 as a negative regulator of circa-
dian gene expression, likely via its deacetylase activity.
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