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Abstract
The circadian timing system of mammals is synchronized in concert with a central clock, but is also influenced by additional 
stimuli, including nutrients. However, little research has been done on polyphenols other than resveratrol and there seem 
to be no studies on their influence on young and old cells. The purpose of this study was to analyse the potential effects of 
quercetin, caffeic acid, and resveratrol on young and old fibroblast cells in the expressions of different clock genes and aging-
related genes, and further investigate the mechanism. The mRNA expression of different clock genes and aging-related genes 
was assessed by quantitative real-time PCR. The protein levels of clock genes (BMAL1, PER1 and SIRT1) and glucocorti-
coid receptor α (GRα) were assessed by ELISA. Quercetin and caffeic acid in old fibroblast cells showed higher clock gene 
expression than resveratrol, quercetin increased Sirt1 expression, and caffeic acid increased Sirt6 expression indicating the 
possibility of an anti-aging effect. Also, quercetin and caffeic acid showed higher clock-controlled gene (Sirt1 and NR1D1) 
expression than resveratrol in young fibroblast cells. It appears that caffeic acid acts on NRF2 expression, and in turn to the 
actions of GRα, GDF11, Sirt1, and Sirt6. Regarding the increased expression of Per1, the activation effect on NR1D1 was 
confirmed only for caffeic acid in young fibroblast cells. Our results have confirmed the interplay of the circadian clock 
genes and cellular aging.
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Introduction

In mammals, the circadian system is composed of several 
endogenous clocks [1]. The main component of this system 
is the suprachiasmatic nucleus of the hypothalamus (cen-
tral clock) [2], but circadian clocks are also present in lung, 
heart, and other tissue [3]. These are synchronized in accord 
with the central clock, but are also influenced by additional 
stimuli, including that of food [4], and hormones [5]. Recent 
research has demonstrated relationships between the desyn-
chronization of clock gene and the development of certain 
diseases [6].

Plant in foods contains diverse secondary metabolites 
viz., quercetin, caffeic acid, and resveratrol, which are 
thought to provide health benefits by decreasing the risk of 
certain disease (such as cancer, cardiopathy and encepha-
lopathy) [7–9]. The effects of these compounds on circadian 
rhythm in cells have been previously studied. Resveratrol 
regulates the expression of clock genes Period1 (Per1), Per2, 
and aryl hydrocarbon receptor nuclear translocator-like pro-
tein 1 (ARNTL=Bmal1) [10], as well as clock-controlled 
genes sirtuin 1 (Sirt1) and nuclear receptor subfamily 1 
group D member 1 (NR1D1) [11] in fibroblast cells [10, 
12]. However, little research has been done on polyphenols 
other than resveratrol. In addition, no studies of their influ-
ence on young and old cells were found.

Recent research indicates that the dimer CLOCK:BMAL1 
regulates the gene expression of the transcriptional regula-
tor, nuclear factor E2-related factor 2 (NRF2) in the lung 
tissue, which in turn, promotes the transcription of antioxi-
dant genes. Thus, the clock machinery controls the circa-
dian antioxidant response in the lung tissue [13]. Impor-
tantly, oxidative stress has been concerned with a variety of 
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age-related diseases. In addition, the response to oxidative 
stress decreases with aging. NRF 2 signaling regulates the 
gene expression of many antioxidant enzymes [14]. The 
altered NRF 2 signaling in a variety of aging models accom-
plishes lifespan extension via nutritional, genetic, and epige-
netic approaches [15]. Results have indicated the interplay of 
the circadian clock and aging. Particularly, cellular nutrient 
sensory mechanisms seem to be critical in both circadian 
rhythm and the aging process [16].

A previous study in mice demonstrated that growth 
differentiation factor 11 (GDF11) levels decrease during 
aging and that this contributes to the development of age-
related hypertrophic cardiomyopathy [17]. GDF11 retards 
skeletal muscle and brain aging in mice [18]. On the other 
hand, expression of aging biomarkers, including SIRT1 and 
SIRT6, was down-regulated by passaging of human fibro-
blast cells [19]. Therefore, in the present study, GDF11, Sirt 
1 and Sirt 6 were used as aging-related genes.

Nagy et al. demonstrated that periodic oscillations of 
clock genes are influenced by glucocorticoid receptor α 
(GRα) [20]. Glucocorticoid treatment caused rapid PER1, 
PER2, and CRY1 response in a GRα-dependent manner. 
Glucocorticoid stimulation induced suppression of NR1D1. 
Treatment of a GR antagonist disrupted the circadian rhythm 
of clock genes and inhibited the quick changes in PER1 and 
CRY1 levels. Overexpression of the GRß isoform failed to 
modify the expression of the clock genes. However, it inhib-
ited the GRα-related suppression of NR1D1. Therefore, we 
conducted GRα measurements.

Previously, we published two papers describing the char-
acteristics of broad beans [21, 22] indicating that extracts 
from broad beans possess antioxidant properties. We fur-
thered this research by examining dried seeds of plants mar-
keted in Japan, to determine whether or not they also exhibit 
the above-mentioned activities [23, 24]. The dried seeds of 
plants often contain quercetin or caffeic acid. It is highly 
likely that the antioxidant activity of plant seeds is also due 
to these compounds. Thus, the purpose of the present study 
was to analyse the potential effects of quercetin, caffeic acid, 
and resveratrol on young and old lung fibroblast cells in the 
expressions of different clock genes and aging-related genes, 
and further investigate the mechanism.

Materials and methods

Reagents

We purchased cells and reagents from the following sources: 
Human fibroblast cells (JCRB0501; TIG-1-20; young 
cells & JCRB0505;TIG-1-60; old cells) from JCRB Cell 
Bank (Osaka, Japan). Cells (TIG-1-20 and TIG-1-60) are 
derived from the same cell and differ only in the number 

of subcultures; FibroLife® Fibroblast Serum Free Medium 
Complete Kit from Lifeline Cell Technology (Frederick, 
MD); Period Circadian Protein 1 (PER1) ELISA Assay Kit 
and Glucocorticoid receptor α(GRα) (Human) ELISA Assay 
Kit from CLOUD-CLONE CORP. (Katy, TX, USA); Aryl 
hydrocarbon receptor nuclear translocator (ARNT; BMAL1) 
Bioassay™ ELISA Kit (Human) from United States Bio-
logical (Salem, MA, USA); Human SIRT1 ELISA from 
RayBiotech, Inc. (Norcross, GA, USA). We obtained all 
other analytical grade chemicals from Wako Pure Chemical 
Industries, Ltd. (Osaka, Japan).

Cell culture

Human lung fibroblast cells (TIG-1-20; young cells & TIG-
1-60; old cells) were cultured for 4 days in a 96-well plate 
in FibroLife Serum-Free Medium and were maintained at 
37 °C in a 5%  CO2 incubator. On day 4 or after the precul-
ture of cells, cells were maintained at 37 °C in a 5%  CO2 
incubator for 7 days without changing the medium. This was 
done in order to eliminate circadian rhythms in whole cells. 
Then, the cells were further cultured for 4 h in 96-well plates 
in mediums with or without samples (100 μM resveratrol, 2 
or 20 μM quercetin, and 2.5 or 25 μM caffeic acid) under 5% 
 CO2 at 37 °C. The concentrations of these three compounds 
were determined with reference to the papers [10, 25–27]. 
Similarly, according to the experimental results of Oike and 
Kobori, the sample processing time was set to 4 h [10]. All 
samples were dissolved with dimethyl sulfoxide, and the 
final concentration was 0.1% or less without cytotoxicity.

Quantitative real time RT‑PCR analysis (qRT‑PCR)

Total RNA was extracted from cultured cells using an RNA 
purification kit (SuperPrep® Cell Lysis; Toyobo, Japan). 
Total RNA was reverse-transcribed using a SuperPrep® RT 
Kit for qPCR (Toyobo) in accordance with the manufac-
turer’s instructions. The resulting first-strand cDNA samples 
were diluted and used as a template in subsequent quantita-
tive real-time PCR (qRT-PCR) analyses.

These analyses were performed using a Thunderbird 
SYBR qPCR Mix (Toyobo) using the CFX96 Touch Real-
Time PCR Detection System (Bio-Rad Laboratories, USA). 
The efficiency and specificity of the amplification were con-
trolled by generating standard curves and carrying out melt-
ing curves, respectively.

Primers used were as follows: for Per1 (GenBank acces-
sion number NM_002616.2), forward, 5′-gtgctccaggatcc-
catttg-3′ and reverse, 5′-tcctgcttcagcacagaggtc-3′; for Bmal1 
(GenBank Accession Number NM_001030272.2), forward, 
5′-gcctactatcaggccaggctca-3′ and reverse, 5′-agccattgct-
gcctcatcattac-3′; for Sirt1 (GenBank Accession Number 
NM_012238.4), forward, 5′-cccagaacatagacacgctgga-3′ and 
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reverse, 5′-atcagctgggcacctaggaca-3′; for Sirt6 (GenBank 
Accession Number NM_016539.2), forward, 5′- ctggtcagc-
cagaacgtgga-3′ and reverse, 5′- cacgactgtgtctcggacgta-3′; for 
GDF11 (GenBank Accession Number NM_005811.4), for-
ward, 5′- gtcattagcatggcccagga-3′ and reverse, 5′- agctgggc-
cttcagtacctttg-3′; for NRF2 (GenBank Accession Number 
NM_001145412.3), forward, 5′- tgggcccattgatgtttctg-3′ and 
reverse, 5′- tgccacactgggacttgtgttta-3′; for NR1D1 (GenBank 
Accession Number NM_021724.4), forward, 5′-gtgaagacat-
gacgaccctgga-3′ and reverse, 5′-ggagccactggagccaatgta-3′; 
and for 18S ribosomal RNA (18S rRNA; GenBank Acces-
sion Number X03205), forward, 5′-actcaacacgggaaacctca-3′ 
and reverse, 5′-aaccagacaaatggctccac-3′. Each gene was nor-
malized to the housekeeper mRNA of 18S rRNA. The ratio 
of the mRNA of a specific gene divided by the mRNA of 
18S rRNA at t = 0 was defined as 1.00 and ratios of every 
sample were calculated in relation to t = 0.

PER1, BMAL1, SIRT1 ELISA kit assay procedure

The samples (100 μM resveratrol, 2 or 20 μM quercetin, and 
2.5 or 25 μM caffeic acid) were added to the culture cells in 
96-well plates. The microplate was then incubated at 37 °C 
for 4 h. At the end of the treatment, the supernatant was col-
lected, and sample supernatants were centrifuged for 20 min 
at 1000×g. We removed particulates and placed the sample 
into each well conjugated with a monoclonal antibody to 
the PER1, BMAL1 or SIRT1. Then, the detection of PER1, 
BMAL1, and SIRT1 was analyzed with a commercial kit 
according to instructions provided by the manufacturers. The 
PER1, BMAL1 or SIRT1 levels measured A450 nm.

Assessment of glucocorticoid receptor α (GRα) 
concentration

The samples (100 μM resveratrol, 2 or 20 μM quercetin, 
and 2.5 or 25 μM caffeic acid) were added to the culture 
cells in 96-well plates. The microplate was then incubated 
at 37 °C for 4 h. After 4 h incubation, we obtained 100 μL of 
supernatants, and distributed some of the sample into each 
well coated with a monoclonal antibody specific to the NH2-
terminus region of human GRα. Detected GRα was analyzed 
with a commercial kit according to instructions provided 
by the manufacturer. The detection limit of the assay was 
0.118ng/mL for GRα. The GRα level measured A450 nm.

Statistical analysis

We present all data as mean ± SE. A statistical comparison 
between the groups was carried out using ANOVA or Stu-
dent’s t test. P values < 0.05 were considered statistically 
significant.

Results

Young and old fibroblast cells exhibit 
significantly increased expression of clock genes 
and aging‑related genes following resveratrol 
treatment

Although Bmal1, Sirt1, and NR1D1 mRNA levels were 
found to significantly increase in response to resveratrol in 
young fibroblast cells, resveratrol treatment demonstrated 
significant decreases in Per1, Sirt6, NRF2, and GDF11 
mRNA levels (Fig. 1a, young). On the other hand, old 
fibroblast cells (Fig. 1b, Old) treated with resveratrol dem-
onstrated a significant increase in Bmal1, Per1, Sirt6, and 
GDF11 mRNA levels; in old fibroblast cells in particular, 
significant increases in Per1 and GDF11 (about 2-fold 
increases) were observed following resveratrol treatment 
(Fig. 1b, old) compared to the control. NR1D1 mRNA was 
not expressed at all in old fibroblast cells.

Quercetin treatment differentially affects mRNA 
clock genes and aging‑related genes in young 
and old fibroblast cells

Young fibroblast cells incubated with quercetin (Fig. 2a, 
young) demonstrated an inverse dose-response up-regu-
lation of Bmal1 compared to the control (p < 0.05). Sim-
ilarly, at the lowest concentration of quercetin (2 μM), 
young fibroblast cells also demonstrated up-regulation 
of Sirt1 (1.4-fold), Sirt6 (1.5-fold) or NR1D1 (2.3-fold), 
respectively (Fig. 2a, young). However, in young cells 
quercetin reduced Perl expression. In contrast, old fibro-
blast cells demonstrated significant increases in Bmal1 
(2.3-fold), Per1 (5.4-fold) Sirt1 (1.3-fold) or GDF11 (1.2-
fold) mRNA expression at 2 μM quercetin concentra-
tion (Fig. 2b, old). Similarly, 20 μM quercetin treatment 
affected Bmal1 and Per1 mRNA levels (about 2~2.5-fold 
increases).

mRNA expression of clock genes and aging‑related 
genes in young and old fibroblast cells 
is significantly up‑regulated in response to caffeic 
acid treatment

Young fibroblast cells demonstrated significant increases 
in Per1 (1.3-fold), Sirt6 (1.6-fold) or NR1D1 (5.4-fold) 
mRNA expression at 2.5 μM caffeic acid and in Sirt6 (2.5-
fold) mRNA expression at 25 μM caffeic acid (Fig. 3a, 
young). Similarly, old fibroblast cells (Fig. 3b, old) dem-
onstrated dose-response up-regulation of Bmal1 and NRF2 
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mRNA in response to caffeic acid treatment (p < 0.01), 
with Per1 and Sirt6 also exhibiting a trend towards an 
increase. The Sirt1 and GDF11 mRNA expressions in 
young and old fibroblast cells were a significant decrease 
in the expression levels.

Protein expression in young and old fibroblast cells

In the young fibroblast cells, GRα protein expression was sig-
nificantly reduced by exposure to phytochemicals (Figure 4a, 

young). Similarly, in the old fibroblast cells, the expression of 
GRα protein demonstrated significant responses to the three 
phytochemicals (Fig. 4b, old). In addition, the expression of 
PER1 and SIRT1 proteins was not significantly affected by the 
three phytochemicals, with the exception of PER1 treated with 
2.5 μM caffeic acid and 2 μM quercetin, and SIRT1 treated 
with resveratrol in the young fibroblast cells (Figs. 6, 7). In 
the young fibroblast cells, expression of BMAL1 protein was 
affected by the three phytochemicals, demonstrating a trend 
towards a dose-response (Fig. 5a). In the old fibroblast cells, 
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Fig. 1  Expression of mRNA in response to resveratrol treatment. a 
Gene expression profiling by qRT-PCR was performed for Bmal1, 
Per1, Sirt1, Sirt6, NR1D1, NRF2 and GDF11 in human young lung 
fibroblast cells (PDL20) grown for 4  h under normal conditions 
(Control) or under 100  μM resveratrol (Res) treatment. Data are 
expressed as mean ± SD. Statistical significance was assessed by 
one-way ANOVA and Student t-test. *p < 0.05 and **p < 0.01 were 
considered as significantly different from control. b Gene expres-
sion profiling by qRT-PCR was performed for Bmal1, Per1, Sirt1, 
Sirt6, NR1D1, NRF2 and GDF11 in human old lung fibroblast cells 
(PDL60) grown for 4 h under normal conditions (Control) or under 
100 μM resveratrol (Res) treatment. Data are expressed as mean ± 
SD. Statistical significance was assessed by one-way ANOVA and 
Student t test. *p < 0.05, **p < 0.01 and *** p < 0.001 were consid-
ered as significantly different from control

a

b

** 
* *

***

**

**
*

*

**

*
*

0

0.5

1

1.5

2

2.5

3

Bmal1 Per1 Sirt1 Sirt6 NR1D1 NRF2 GDF11

Re
la

�v
e 

ex
pr

es
sio

n 
le

ve
l

Control

 Que 2

 Que 20

***

***

*

*
*

***
***

*
**

0

1

2

3

4

5

6

Bmal1 Per1 Sirt1 Sirt6 NR1D1 NRF2 GDF11

Re
la

�v
e 

ex
pr

es
sio

n 
le

ve
l

Control

 Que 2

 Que 20

Fig. 2  Expression of mRNA in response to quercetin treatment. a 
Gene expression profiling by qRT-PCR was performed for Bmal1, 
Per1, Sirt1, Sirt6, NR1D1, NRF2 and GDF11 in human young lung 
fibroblast cells (PDL20) grown for 4  h under normal conditions 
(Control) or under quercetin (Que) (2 or 20  μM) treatment. Data 
are expressed as mean ± SD. Statistical significance was assessed 
by one-way ANOVA and Student t test. *p < 0.05, **p < 0.01 and 
***p < 0.001 were considered as significantly different from con-
trol. b Gene expression profiling by qRT-PCR was performed for 
Bmal1, Per1, Sirt1, Sirt6, NR1D1, NRF2 and GDF11 in human old 
lung fibroblast cells (PDL60) grown for 4 h under normal conditions 
(Control) or under quercetin (Que) (2 or 20 μM) treatment. Data are 
expressed as mean ± SD. Statistical significance was assessed by 
one-way ANOVA and Student t test. *p < 0.05, **p < 0.01 and ***p 
< 0.001 were considered as significantly different from control
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significant up-regulation of BMAL1 protein expression was 
observed in response to quercetin and caffeic acid, while 
BMAL1 expression did not increase in response to resvera-
trol (Fig. 5b).

Assessment of the relationship between clock genes 
and aging‑related genes in young fibroblast cells

We evaluated the correlation coefficients for the genes indi-
vidually. The correlation coefficients are shown in Table 1. 

The expression of GDF11 mRNA measured by real-time 
PCR correlated with the most parameters (Sirt1, Sirt6, and 
GRα). The relationship between Bmal1 mRNA expression 
and Sirt1 mRNA expression had the highest level of cor-
relation with the parameters examined (r = 0.965). For the 
most part, Bmal1, Per1, and Sirt1 mRNA values (which 
were based on relative changes in mRNA derived from 
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Fig. 3  Expression of mRNA in response to caffeic acid treatment. a 
Gene expression profiling by qRT-PCR was performed for Bmal1, 
Per1, Sirt1, Sirt6, NR1D1, NRF2 and GDF11 in human young lung 
fibroblast cells (PDL20) grown for 4 h under normal conditions (Con-
trol) or under caffeic acid (Caff A) (2.5 or 25  μM) treatment. Data 
are expressed as mean ± SD. Statistical significance was assessed 
by one-way ANOVA and Student t test. *p < 0.05, **p < 0.01 and 
***p < 0.001 were considered as significantly different from control. 
b Gene expression profiling by qRT-PCR was performed for Bmal1, 
Per1, Sirt1, Sirt6, NR1D1, NRF2 and GDF11 in human old lung 
fibroblast cells (PDL60) grown for 4 h under normal conditions (Con-
trol) or under caffeic acid (Caff A) (2.5 or 25  μM) treatment. Data 
are expressed as mean ± SD. Statistical significance was assessed by 
one-way ANOVA and Student t test. *p < 0.05, **p < 0.01 and ***p 
< 0.001 were considered as significantly different from control
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Fig. 4  Effects of resveratrol, quercetin and caffeic acid on the gluco-
corticoid receptor α (GRα) level. a To clarify the underlying mecha-
nisms of these effects, the samples (100 μM resveratrol, 2 or 20 μM 
quercetin, and 2.5 or 25 μM caffeic acid) were added to the human 
young lung fibroblast cells (PDL20) in 96-well plates. The microplate 
was then incubated at 37°C for 4 h. After 4 h incubation, we obtained 
100  μL of supernatants. The GRα in supernatants was analyzed by 
enzyme-linked immunosorbent assay (ELISA). Data are expressed 
as mean ± SD. Statistical significance was assessed by one-way 
ANOVA and Student t test. *p < 0.05 was considered as significantly 
different from control. b To clarify the underlying mechanisms of 
these effects, the samples (100  μM resveratrol, 2 or 20  μM querce-
tin, and 2.5 or 25 μM caffeic acid) were added to the human old lung 
fibroblast cells (PDL60) in 96-well plates. The microplate was then 
incubated at 37°C for 4 h. After 4 h incubation, we obtained 100 μL 
of supernatants. The GRα in supernatants was analyzed by enzyme-
linked immunosorbent assay (ELISA). Data are expressed as mean 
± SD. Statistical significance was assessed by one-way ANOVA and 
Student t test. *p < 0.05 was considered as significantly different 
from control
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sample treatments; Figs. 1, 2, 3) were positively correlated 
with assessment parameters (Table 1). However, the Sirt6 
mRNA values indicated an inverse relationship with many 
parameters (Bmal1, Sirt1, and GDF11). Table 1 also shows 
the correlation coefficients produced by protein expression 

alone. The correlation coefficients for BMAL1 and Bmal1 
were as low as 0.187 compared with 0.405 for PER1 and 
Per1. In addition, the correlation coefficients for SIRT1 
and Sirt1 were as high as 0.492 compared with BMAL1 
and PER1 (Table 1).
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Fig. 5  Effects of resveratrol, quercetin and caffeic acid on the 
BMAL1 level. a To clarify the underlying mechanisms of these 
effects, the samples (100 μM resveratrol, 2 or 20 μM quercetin, and 
2.5 or 25 μM caffeic acid) were added to the human young lung fibro-
blast cells (PDL20) in 96-well plates. The microplate was then incu-
bated at 37°C for 4 h. After 4 h incubation, we obtained 100 μL of 
supernatants. The BMAL1 in supernatants was analyzed by enzyme-
linked immunosorbent assay (ELISA). Data are expressed as mean 
± SD. Statistical significance was assessed by one-way ANOVA and 
Student t test. ***p < 0.001 was considered as significantly different 
from control. b To clarify the underlying mechanisms of these effects, 
the samples (100  μM resveratrol, 2 or 20  μM quercetin, and 2.5 or 
25 μM caffeic acid) were added to the human old lung fibroblast cells 
(PDL60) in 96-well plates. The microplate was then incubated at 
37°C for 4 h. After 4 h incubation, we obtained 100 μL of superna-
tants. The BMAL1 in supernatants was analyzed by enzyme-linked 
immunosorbent assay (ELISA). Data are expressed as mean ± SD. 
Statistical significance was assessed by one-way ANOVA and Student 
t test. **p < 0.01 and ***p < 0.001 were considered as significantly 
different from control
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Fig. 6  Effects of resveratrol, quercetin and caffeic acid on the PER1 
level. a To clarify the underlying mechanisms of these effects, 
the samples (100  μM resveratrol, 2 or 20  μM quercetin, and 2.5 or 
25 μM caffeic acid) were added to the human young lung fibroblast 
cells (PDL20) in 96-well plates. The microplate was then incubated 
at 37°C for 4 h. After 4 h incubation, we obtained 100 μL of super-
natants. The PER1 in supernatants was analyzed by enzyme-linked 
immunosorbent assay (ELISA). Data are expressed as mean ± SD. 
Statistical significance was assessed by one-way ANOVA and Stu-
dent t test. *p < 0.05 was considered as significantly different from 
control. b To clarify the underlying mechanisms of these effects, 
the samples (100  μM resveratrol, 2 or 20  μM quercetin, and 2.5 or 
25  μM caffeic acid) were added to the human old lung fibroblast 
cells (PDL60) in 96-well plates. The microplate was then incubated 
at 37°C for 4 h. After 4 h incubation, we obtained 100 μL of super-
natants. The PER1 in supernatants was analyzed by enzyme-linked 
immunosorbent assay (ELISA). Data are expressed as mean ± SD. 
Statistical significance was assessed by one-way ANOVA and Student 
t test
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Assessment of the relationship between clock genes 
and aging‑related genes in old fibroblast cells

The correlation coefficients for clock genes and aging-
related genes in old fibroblast cells are shown in Table 1. 
The SIRT1 protein measured by ELISA kit correlated with 
the most parameters (Sirt6 and BMAL1). The expression 

of Bmal1 mRNA had the highest level of correlation with 
the expression of NRF2 mRNA (r = 0.976). For the half 
part, Bmal1 and NRF2 mRNA values (which were based on 
relative changes in mRNA derived from sample treatments; 
Figs. 1, 2, 3) were positively correlated with assessment 
parameters (Table 1). Table 1 also shows the correlation 
coefficients produced by protein expression alone. The cor-
relation coefficients for BMAL1 and Bmal1 were as well as 
0.264 compared with 0.291 for SIRT1 and Sirt1. In addition, 
the correlation coefficients for PER1 and Per1 were as high 
as 0.608 compared with BMAL1 and SIRT1 (Table 1).

Discussion

Circadian clock genes control several pathways involved in 
life span regulation and organ aging. For instance, mouse 
models defective in specific clock genes exhibited a short-
ened life span and had features of accelerated organ aging 
[28, 29]. In recent years, the relationship between clock 
genes and aging-related genes has been reported. The two 
major circadian regulators, CLOCK/BMAL1 binds to the 
SIRT1 promoter to enhance its expression [30]. Chang et al. 
showed that SIRT1 in the brain governs central circadian 
control by activating transcription of BMAL1 and CLOCK 
[31]. Also, Masri et al. describe that SIRT6 and SIRT1 regu-
late different subdomains of the circadian genome through 
different mechanisms. They show that SIRT6 interacts with 
CLOCK: BMAL1 and controls chromatin recruitment to the 
circadian gene promoter [32].

Moreover, Kalfalah et al. [33] identified that the deter-
mination of core clock gene expressions in primary human 
skin fibroblast cells indicated an age-related deregulation of 
a subset of genes. Particularly, several genes of the negative 
and interconnecting types of the clock (Per1 and NR1D1) 
showed age-related down-regulation, while Bmal1, a mem-
ber of the positive type, was the only gene indicating an 
increase in expression in aged fibroblast cells. Therefore, it 
may be deregulation of individual clock genes as a whole, 
which contributes to the decrease of cellular function in aged 
fibroblast cells. As these many reports show, clock genes 
and aging-related genes are connected to each other and the 
circadian system is controlled.

We demonstrated that quercetin, caffeic acid, and res-
veratrol alter parameters related to clock genes and aging-
related genes in human lung fibroblast cells. Figs. 1, 2, 
3 represent clock-controlled genes (Sirt1and NR1D1) 
mRNA levels, expressed as values relative to the controls, 
in young and old fibroblast cells in resveratrol, quercetin 
and caffeic acid treatments. Resveratrol is a well-known 
entrainer of circadian clocks [10]. We demonstrated that 
resveratrol up-regulated mRNA expression of clock genes, 
especially Bmal1 and Per1, within 4 h in fibroblast cells 
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Fig. 7  Effects of resveratrol, quercetin and caffeic acid on the SIRT1 
level. a To clarify the underlying mechanisms of these effects, 
the samples (100  μM resveratrol, 2 or 20  μM quercetin, and 2.5 or 
25 μM caffeic acid) were added to the human young lung fibroblast 
cells (PDL20) in 96-well plates. The microplate was then incubated 
at 37°C for 4 h. After 4 h incubation, we obtained 100 μL of super-
natants. The SIRT1 in supernatants was analyzed by enzyme-linked 
immunosorbent assay (ELISA). Data are expressed as mean ± SD. 
Statistical significance was assessed by one-way ANOVA and Stu-
dent t test. *p < 0.05 was considered as significantly different from 
control. b To clarify the underlying mechanisms of these effects, 
the samples (100  μM resveratrol, 2 or 20  μM quercetin, and 2.5 or 
25  μM caffeic acid) were added to the human old lung fibroblast 
cells (PDL60) in 96-well plates. The microplate was then incubated 
at 37°C for 4 h. After 4 h incubation, we obtained 100 μL of super-
natants. The SIRT1 in supernatants was analyzed by enzyme-linked 
immunosorbent assay (ELISA). Data are expressed as mean ± SD. 
Statistical significance was assessed by one-way ANOVA and Student 
t test
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except for Per1 in young cells (Fig. 1a and b). This result 
was similar to the results of Oike and Kobori with the 
exception of Perl in young cells [10]. From the results of 
Figs. 1, 2, 3, given the pattern of these three compounds, 
quercetin (2 or 20 μM) and caffeic acid (2.5 or 25 μM) 
appeared to regulate the circadian clock genes by a mech-
anism different from resveratrol treatment. Moreover, 
quercetin (2 μM) and caffeic acid (2.5 μM) showed higher 
clock gene regulation than was seen with resveratrol, 
which up-regulated mRNA expression of Per1 and Bmal1 
in old fibroblast cells in the first 4 h following stimulation.

In addition, we indicated that NR1D1 mRNA expres-
sion was inversely correlated with in vitro cellular aging 
(PDL20 → 60) (Figs 1, 2, 3). That is, NR1D1 expression 
was not observed in the old cells. The reason is unknown, 
but NR1D1 may be related to cellular senescence. How-
ever, quercetin and caffeic acid exhibited higher NR1D1 
gene expressions than resveratrol in young fibroblast cells. 
This suggests that the up-regulation of NR1D1 gene by 
treatment with quercetin and caffeic acid may contribute 
to suppression of cellular aging by passaging.

Sirt1and Sirt6 have been shown to play multiple func-
tions in oxidative stress resistance, apoptosis and aging. 
Kim et al. [19] showed that expression of aging biomarkers, 
including Sirt1 and Sirt6, were down-regulated by passag-
ing. Aging biomarkers showed a strong correlation with the 
cellular aging of human fibroblast cells. Our results suggest 
that 2 μM quercetin increases Sirt1 expression of PDL 60 
old fibroblast cells, which may indicate anti-aging potential. 
Similarly, 2 μM quercetin in young fibroblast cells showed 
increased Sirt1 expression. Wang et  al. indicated that 
quercetin delays postovulatory aging of mouse oocytes by 
regulating Sirt expression [34]. From their results, quercetin 
appears to suppress cellular senescence by controlling Sirt1.

On the other hand, D’Onofrio et al. [35] state as follows: 
Aging processes, by blocking all cellular signals controlled 
by Sirt1and Sirt6, lead to vascular aging. Sirt1and Sirt6 
deacetylate their specific and common molecules, includ-
ing histone and nonhistone, thus improving genome stabil-
ity and inhibiting cellular senescence. Our results suggest 
that quercetin and caffeic acid increase Sirt6 expression of 
PDL 20 young fibroblast cells. Moreover, 25 μM caffeic acid 

Table 1  Assessment of the relationship between clock genes and aging-related genes in young fibroblast cells (a) and old fibroblast cells (b)

Values are the mean ± SD of three measurements
*p <0.05 and **p <0.01 compared with the controls

Sample Bmal1 Per1 Sirt1 Sirt6 NR1D1 NRF2 GDF11 GR BMAL1 PER1 SIRT1

(a) Young fibroblast cells
 Bmal1 0.360 0.965** − 0.807* 0.114 − 0.144 0.692 0.107 0.187 − 0.092 0.565
 Per1 0.360 0.427 − 0.499 0.796* 0.398 0.502 0.336 − 0.295 0.405 − 0.153
 Sirt1 0.965** 0.427 − 0.795* 0.066 − 0.048 0.796* 0.275 − 0.010 − 0.050 0.492
 Sirt6 − 0.807* − 0.499 − 0.795* − 0.100 − 0.232 − 0.828* − 0.412 0.239 0.349 − 0.651
 NR1D1 0.114 0.796* 0.066 − 0.100 0.053 − 0.004 − 0.221 0.223 0.661 − 0.314
 NRF2 − 0.144 0.398 − 0.048 − 0.232 0.053 0.532 0.869* − 0.789* − 0.454 − 0.421
 GDF11 0.692 0.502 0.796* − 0.828* − 0.004 0.532 0.786* − 0.564 − 0.393 0.279
 GR 0.107 0.336 0.275 − 0.412 − 0.221 0.869* 0.786* − 0.906** − 0.497 − 0.154
 BMAL1 0.187 − 0.295 − 0.010 0.239 0.223 − 0.789* − 0.564 − 0.906** 0.344 0.153
 PER1 − 0.092 0.405 − 0.050 0.349 0.661 − 0.454 − 0.393 − 0.497 0.344 − 0.309
 Sirt1 0.565 − 0.153 0.492 − 0.651 − 0.314 − 0.421 0.279 − 0.154 0.153 − 0.309

(b) Old fibroblast cells
 Bmal1 0.928* 0.191 0.477 0.976** − 0.296 − 0.280 0.264 0.136 − 0.192
 Per1 0.928* 0.429 − 0.799 0.483 − 0.375 − 0.596 0.753 − 0.608 0.695
 Sirt1 0.191 0.429 − 0.362 0.681 − 0.160 0.202 0.263 − 0.812* 0.291
 Sirt6 0.477 − 0.799 − 0.362 0.377 0.553 0.076 − 0.686 0.653 − 0.801*

 NR1D1
 NRF2 0.976** 0.483 0.681 0.377 − 0.414 − 0.257 0.374 0.035 − 0.045
 GDF11 − 0.296 − 0.375 − 0.160 0.553 − 0.414 0.061 − 0.882* 0.341 − 0.661
 GR − 0.280 − 0.596 0.202 0.076 − 0.257 0.061 − 0.432 − 0.292 − 0.457
 BMAL1 0.264 0.753 0.263 − 0.686 0.374 − 0.882* − 0.432 − 0.426 0.841*

 PER1 0.136 − 0.608 − 0.812* 0.653 0.035 0.341 − 0.292 − 0.426 − 0.334
 SIRT1 − 0.192 0.695 0.291 − 0.801* − 0.045 − 0.661 − 0.457 0.841* − 0.334
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exhibited higher aging-related gene regulation than that seen 
with resveratrol, which demonstrated up-regulated mRNA 
expression of Sirt6 in young and old fibroblast cells (Fig. 3). 
Especially, 25 μM of caffeic acid increased Sirt6 expression 
of old fibroblast cells and implies the possibility of an anti-
aging effect. Our results may have the potential to suppress 
the aging process described by D’Onofrio et al.

Quercetin did not increase NRF2 expression (Fig. 2a, b). 
Pekovic-Vanghan et al. describe that the circadian transcrip-
tion factors CLOCK and BMAL1 positively regulate Nrf2 
transcription through temporal control of the E-box element 
of the Nrf2 gene promoter [13]. And, Lee et al. showed that 
quercetin treatment led to up-regulation of NRF2 at both 
the mRNA and protein levels in malignant mesothelioma 
cells [36]. Our results did not agree with those of Lee et al. 
However, there are no reports on the effects of quercetin on 
NRF2 expression in normal cells. The difference from our 
results may be due to differences in cell lines. Alternatively, 
it may be due to the concentration of quercetin. Furthermore, 
caffeic acid seems to have a different action mechanism than 
quercetin. Wu et al. indicated that caffeic acid enhanced 
the transcriptional activity of NRF2 gene [37]. Our results 
showed that 25 μM caffeic acid increased NRF2 expression 
in old cells. Our results agreed with those of Wu et al.

GDF11 levels in mice have been positively correlated 
with longevity [38] and decreased during aging in mice [17]. 
In addition, GDF11 retards skeletal muscle and brain aging 
in mice [18]. Our results indicated that 2 μM quercetin and 
100 μM resveratrol showed significant increases in GDF11 
mRNA expression in old fibroblast cells (Figs. 1b and 2b). 
Although GDF 11 is not reported in fibroblast cells, 2 μM 
quercetin and 100 μM resveratrol may indicate an anti-aging 
effect.

Next, in order to investigate the relationship between 
clock genes and aging-related genes in young fibroblast 
cells, we evaluated the correlation coefficients for the genes 
individually. The correlation coefficients are shown in 
Table 1.

The relationship between Bmal1 mRNA expression and 
Sirt1 mRNA expression seems to have the highest level of 
correlation with the parameters examined (r = 0.965). It is 
reported that Sirt1 interacts with Bmal1 and acts in a circa-
dian rhythm. For example, Yang et al. [39] indicated that 
Bmal1 is a key clock gene involved in Sirt1-mediated car-
tilage homeostasis. In addition, Zhang et al. indicated that 
both BMAL1 and SIRT1 had a mutually positive regulation 
[40]. In this respect, our results were similar to those of 
Zhang et al.

On the other hand, the correlation coefficient between 
Bmal1 and Sirt6 was − 0.807. In addition, the correlation 
coefficient for Sirt6 and Sirt1 was − 0.795. As previously 
mentioned, Masri et  al. state that SIRT6 interacts with 
the dimer CLOCK:BMAL1 and, differently from SIRT1, 

controls its chromatin recruitment to circadian clock gene 
promoters [32].

Also, Masri et al. demonstrated that when CLOCK and 
BMAL1 are ectopically expressed in SIRT6 alone or in both 
SIRT6 and SIRT1, SIRT6 only interacts with CLOCK and 
BMAL1, not SIRT1 [32]. This represents the difference in 
the function of Sirt1 and Sirt6 for Bmal1. Our results show 
a negative correlation (r = − 0.795), which may indicate a 
difference in the action of the two sirtuins.

By the way, the core circadian clock mechanism consists 
of two linked negative feedback loops [41]. In the primary 
loop, circadian target genes, Bmal1 and Clock activate 
transcription of Per and Cry genes. PER and CRY proteins 
repress the transcriptional activity of Bmal1 and Clock. This 
loop also regulates rhythmic expression of the nuclear recep-
tors genes, NR1D1and NR1D2, which in turn suppress the 
expression of Bmal1 and Clock as the second loop. We indi-
cated that the correlation coefficient for Per1 and NR1D1was 
0.796. That is, this correlation coefficient may explain the 
above loop.

Although there is tissue specificity in many reports, 
young cells have higher expression levels of Nrf2 genes 
and NRF2 proteins than old cells [42–45], whereas Bmal1 
is expressed at a lower level in young cells [33]. In young 
cells, our results indicated that the correlation coefficient for 
BMAL1and NRF2 was − 0.789. This negative correlation 
coefficient seems to represent the above relationship.

Nader et al. [46] indicated that transactivational activ-
ity of GR oscillated spontaneously in circadian rhythms 
in reverse phase with Bmal1/Clock mRNA expression. 
Moreover, glucocorticoid regulates NRF2 activity via GR-
NRF2 interaction. Alam et al. [47] showed that GR signal-
ing inhibits NRF2-dependent transcriptional activation and 
attenuates cellular protection from NRF2-mediated oxidative 
stress. Our results showed that the correlation coefficient 
between BMAL1 and GRα was − 0.906, and the correlation 
between GRα and NRF2 was 0.869. Especially, the relation-
ship between GRα and NRF2 does not show the same trend 
as the result of Alam et al. The reason for this differing result 
is not clear. However, we cannot guess because there are no 
reports on aging cells.

On the other hand, the correlation coefficients between 
GDF 11 and Sirt 1, 6 or GR were 0.796, − 0.828 and 0.786, 
respectively. There is no report showing the relationship 
between GDF 11 and Sirt 1, 6 or GR. Therefore, these rela-
tionships seem to be new findings.

Next, we describe old cells. The correlation coef-
ficients are shown in Table 1. The relationship between 
Bmal1 mRNA expression and NRF2 mRNA expression 
had the highest level of correlation with the param-
eters examined (r = 0.976). NRF2 is known to decrease 
with aging [42–45]. On the other hand, Bmal1 has been 
reported to increase with aging [33]. It is not clear why the 
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relationship between Bmal1 and NRF2 showed a positive 
correlation in old cells. We infer that, it may be the timing 
of the measurement. In other words, the timing after 4 h 
of sample treatment may be the cause. The time of 4 h is 
derived from the highest expression level of Bmal1 and 
Per1 in the previous study [10]. Or it may be due to the 
variance of circadian rhythm in old cells.

As mentioned in the section on young cells, Bmal1 and 
Clock activate transcription of Per and Cry genes [41]. Also, 
SIRT1 has been reported to interact with BMAL1 and func-
tion in a circadian manner [40]. In old cells, our results 
showed that the correlation coefficient between Bmal1 and 
Per1 is 0.928. It has been reported that the expression level 
of Per1 decreases with aging [33], and the expression level 
of Bmal1 increases with aging [33]. However, our results 
do not reflect the above relationship. The reason for this 
is not clear, but the same reason described in Bmal1 and 
NRF2 above can be considered. On the other hand, SIRT1 
protein and BMAL1 protein showed a positive correlation 
(r = 0.841) in old cells. This appeared to be consistent with 
the correlation between the Bmal1 and Sirt1 genes.

Furthermore, BMAL1 protein expression was increased 
in primary fibroblast cells from old (age: over 60) donors 
[33]. Also, GDF11 levels decline during aging [17]. Our cor-
relation coefficient between BMAL1 and GDF 11 is − 0.882. 
From this negative correlation coefficient, we believe that 
our results reflect the above relationship.

No report shows a direct relationship between Sirt1 and 
PER1. However, Baburski et al. [48] showed this relation-
ship in Leydig cells isolated from adult (3 month) and aged 
(18–24 month) rats. They reported that the majority of exam-
ined clock genes displayed circadian rhythm in expression, 
but only Bmal1, Per1 and NR1D1 were reduced in the aged 
rats. Further, it was reported that aging reduced the oscilla-
tory expression pattern of Sirt1 gene [48]. Our results indi-
cated that the correlation coefficient for Sirt1 and PER1 was 
− 0.812. Their results and our results differ. This may be due 
to tissue specificity or to the difference between the PER1 
protein and Per1 gene, both of which may be caused by time 
lag. Further consideration is of this point is necessary.

Fig. 8a indicated the correlation map of gene expression 
and protein levels on resveratrol, quercetin and caffeic acid 
treatment in young fibroblast cells. As shown in Table 1, 
this relationship is estimated from the correlation coefficient 
in young cells. The correlation suggests that the increased 
expression of Bmal1 by resveratrol may be due to suppres-
sion of Sirt6 expression. A different mechanism seems to be 
at work in the case of resveratrol and quercetin. Resveratrol 
may up-regulate the expression of Bmal 1 by suppressing 
Sirt 6. On the other hand, quercetin may up-regulate the 
expression of Bmal1 by activating Sirt1. In addition, con-
sidering the correlation, we infer that caffeic acid acts on 
NRF2 expression, which seems to lead to the action of GR, 
GDF11, Sirt1, and / or Sirt6. On the other hand, regarding 

Fig. 8  a Correlation map of 
gene expression and protein 
levels on caffeic acid, quercetin 
and resveratrol treatment in 
young fibroblast cells. BMAL1 
and GR represent protein (yel-
low mark). Other characters 
(blue mark) represent genes. 
The orange line shows a posi-
tive correlation, and the blue 
line shows a negative correla-
tion. b Correlation map of gene 
expression and protein levels 
on caffeic acid, quercetin and 
resveratrol treatment in old 
fibroblast cells. BMAL1, PER1 
and SIRT1 represent protein 
(yellow mark). Other characters 
(blue mark) represent genes. 
The orange line shows a posi-
tive correlation, and the blue 
line shows a negative correla-
tion. (Color figure online)

a

b
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the increased expression of Per1, the activation effect on 
NR1D1 was only confirmed for caffeic acid. Given the cor-
relation, we infer an increase in Per1 expression associated 
with increased expression of NR1D1 by caffeic acid.

Fig. 8b shows the correlation map of gene expression 
and protein levels on resveratrol, quercetin and caffeic acid 
treatment in old fibroblast cells. Judging from the correlation 
coefficient, the increase in expression of Bmal1 in old cells 
by caffeic acid may be related to an increase in the expres-
sion of NRF2. NRF2 is activated by caffeic acid [37, 49]. 
As we showed, activation of NRF2 by caffeic acid appears 
to be similar to our young cell results. Increased expression 
of Bmal1 by resveratrol and quercetin was not involved in 
NRF2 expression. The mechanism of the increase in Per1 
expression in old cells by resveratrol, quercetin and caffeic 
acid cannot be known from the correlation coefficient rela-
tionship. However, caffeic acid may up-regulate the expres-
sion of Per1 by acting on the NRF2 gene in old cells.

Finally, in the genes examined in this study, resveratrol 
may target the Sirt6 gene. Quercetin may target the Sirt1 
gene. Caffeic acid also target the NR1D1 and NRF2 genes 
in young cells and NRF2 gene in old cells. The three com-
pounds target different genes and seem to have different 
mechanisms.

Conclusions

This study showed that resveratrol, quercetin, and caffeic 
acid activate clock genes and aging-related genes. We dem-
onstrated that quercetin and caffeic acid activated more 
genes than resveratrol and that their mechanism may differ 
from that of resveratrol. The three compounds target differ-
ent genes and seem to have different mechanisms. Therefore, 
the ingestion of foods containing resveratrol, quercetin, and 
caffeic acid may contribute to clock gene and aging-related 
gene control.
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