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To elucidate the food-entrainable oscillatory mechanism of peripheral clock systems,
we examined the effect of fasting on circadian expression of clock genes including Dec1
andDec2 in mice. Withholding of food for 2 days had these effects: the expression level of
Dec1 mRNA decreased in all tissues examined, although Per1 mRNA level markedly
increased; Per2 expression was reduced in the liver and heart only 42–46 h after the
start of fasting; and expression profiles of Dec2 and Bmal1 were altered only in the
heart and in the liver, respectively, whereas Rev-erba mRNA levels did not change sig-
nificantly. Re-feeding after 36-h starvation erased, at least in part, the effect of fasting on
Dec1, Dec2, Per1, Per2, and Bmal1 within several hours, and restriction feeding shifted
the phase of expression profiles of all examined clock genes including Dec1 and Dec2.
These findings indicate that short-term fasting and re-feeding modulate the circadian
rhythms of clock genes to different extents in peripheral tissues, and suggest that
the expression of Dec1, Per1, and some other clock genes was closely linked with the
metabolic activity of these tissues.
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The generation of both circadian rhythmicity in mamma-
lian behavior and homeostasis is maintained by the central
clock system in the suprachiasmatic nucleus (SCN) (1), and
that various gene products are involved in this central
clock system (2). Recent studies have shown that the
clock genes are also expressed in several peripheral tissues
(3), and these genes may directly contribute to the regula-
tion of daily rhythms in each peripheral tissue. Expression
of some clock genes—such as Per1, Per2, Dec1, Dec2,
Rev-erba, and Dbp—are regulated through E boxes in
their promoters (4), which are target sites for the transcrip-
tional activator CLOCK and BMAL1 heterodimer. The
mRNA expression of Bmal1 and Clock shows the opposite
phase of circadian rhythm from that of the other clock
genes, and REV-ERBa/ROR binding elements (RORE) in
their promoter regions are responsible for this phase of
rhythmic expression. In the core feedback loop of the
clock system, PER1 and PER2, along with CRY1 and
CRY2, suppress CLOCK/BMAL1 activity, and DEC1 and
DEC2—basic helix-loop-helix transcription factors—
repress transcription from the CLOCK/BMAL1-activated
promoter by binding to BMAL1 and/or E boxes (5–8).

By restricting daily food access to two or three hours
during daytime (restriction feeding: RF), the phase of cir-
cadian rhythm of Per1, Per2, Bmal1, Rev-erba, and Dbp
expression—as well as that of behavior activity—shifted up

to 12 h in mouse and rat peripheral tissues—such as liver,
heart, retina, and kidney—although it had little effect on
circadian expression of the clock genes in the SCN (9–14).
In Per1-luciferase transgenic rats, the phase of circadian
rhythm of luciferase expression in the colon, stomach, and
esophagus was also affected by RF (15). On the other hand,
while short-term fasting altered the expression levels of
Per1, Per2, and Dbp in the liver and heart, it had little
effect on the phase of their rhythms (16). Despite all
these findings, the mechanisms underlying peripheral
clock modulation by RF remain unknown, and information
on the effects of fasting on circadian gene expression is
known for only a few clock genes in the liver and heart.
In the present study, we examined the effect of fasting on
the expression profiles of Dec1, Dec2, Per1, Per2, Rev-erba,
and Bmal1 in several peripheral tissues, including the
liver, submandibular gland, heart, and small intestine.
We were particularly interested in the effect of fasting
and restriction feeding on the circadian expression of
Dec1 and Dec2, and we found that fasting had the greatest
effect on the circadian rhythms of Dec1 and Per1 expres-
sion, while it had the least effect on those of Dec2 and Rev-
erba expression. Expression levels of Dec1, Per2, and
Bmal1 mRNA were enhanced by re-feeding in some tis-
sues, while Per1 expression was reduced in all tissues
examined. We also found that RF for 19 days shifted the
circadian phases of Dec1 and Dec2 as well as Per2 and
Rev-erba. These findings suggest that in peripheral tissues,
short-term fasting modifies the molecular circadian sys-
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tems through a decrease in Dec1 expression or an increase
in Per1 expression.

MATERIALS AND METHODS

Feeding Schedule—Six-week-old male C57/BL6 mice
(Crea Japan, Tokyo) were housed under a 12:12-h light-
dark cycle for 18 days at constant temperature and given
food and water ad libitum. Following this, food for the
fasting group was withheld at zeitgeber time (ZT) 0 on
day 19. The mice were sacrificed at the indicated hours
after the start of fasting: The experimental schedule of
fasting is shown in Fig. 1A. In another experiment, mice
were re-fed after 36 h fasting. For the RF experiment,
8-week-old mice were allowed access to food for 3 h from
ZT4 to ZT7 for 3 weeks. Food for the RF-fasting group was
withheld after 3 weeks restriction feeding, and the mice
were then sacrificed at the indicated hours after the start of

Fig. 1. Daily expression profiles of Dec1 and Dec2 mRNAs in
the liver, submandibular gland (SMG), heart, and small
intestine under fasting conditions. (A) Experimental schedule
of fasting. Mice were housed under 12:12-h light-dark cycle for
18 days. Food of the fasting group was withheld at ZT0 on day
19 and the mice were sacrificed at the indicated hours after fasting.
Feeding period is indicated by an arrow and sampling points are
shown by arrow heads. Total RNA was isolated form various tissues
and subjected to real-time RT-PCR analysis. (B and C)

Expression profiles of mRNAs for Dec1 and Dec2. Open circle, con-
trol mice; closed circles, fasting mice. Dec1 and Dec2 mRNA levels
(mean – SE, n = 3) are shown. P-values of one-way ANOVA for
control and fasting mice are indicated in each panel. P-values of
two-way ANOVA for control vs. fasting are also shown in the figure.
**P < 0.01; *P < 0.05; ns, not significant. Significantly changed
points (Bonferroni/Dunn post hoc tests) are also indicated by
asterisks.

Table 1. Expression levels of clock and clock-
controlled genes in the liver, submandibular gland
(SMG), heart, and small intestine altered by fasting or
re-feeding.

Dec1 Dec2 Per1 Per2 Bmal1 Rev-erba
Effect of fasting

Liver **,# ns **," **,# **,# ns

SMG *,# ns **," ns ns ns

Heart **,# *,# **," *,# ns ns

Intestine *,# ns *," ns ns ns

Effect of re-feeding on starved mice (fasting ! re-feeding)

Liver **," **,# **,# **," **," ns

SMG ns ns **,# ns **," **,#
Heart **," *," **,# ns ns ns

Intestine *," ns **,# **," ns ns

P-values were calculated by two-way ANOVA. **P < 0.01; *P < 0.05;
ns, not significant. #, down-regulated; ", up-regulated.
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fasting. All procedures were performed in compliance with
standard principles and guidelines for the care and use of
laboratory animals, Hiroshima University Graduate
School of Biomedical Sciences and Hokkaido University
Graduate School of Medicine.
RNA Extraction and Real-Time Quantitative RT-PCR—

Total RNA was extracted from various mouse tissues, and
mRNA levels were determined by real-time quantitative
RT-PCR analysis using ABI Prism 7900 sequence detection
system (Applied Biosystems, Foster City, CA). Sequences
of TaqMan probe and primers for Dec1, Dec2, Per1, Per2,
Rev-erba, and Bmal1 were previously described (17, 18).
Statistical Analysis—Circadian rhythmicity during a

24 h period was statistically analyzed by one-way analysis

of variance (ANOVA). Differences between fasting and con-
trol groups were analyzed by two-way ANOVA, and the
significance of difference at each time point was analyzed
by Bonferroni/Dunn post hoc tests.

RESULTS

Effect of Fasting on Dec1 and Dec2 Expression in
Peripheral Tissues—To investigate whether fasting affects
expression of clock genes including Dec1 and Dec2 in
peripheral tissues, mice were starved for 26 h, and then
sacrificed at 4-h intervals as shown in Fig. 1A. The mRNA
expression of Dec1 and Dec2 in control mice, fed ad libitum,
showed circadian rhythms in the liver, submandibular

Fig. 2. Daily mRNA expression profiles of various clock and
clock-controlled genes under fasting conditions. Expression
levels (mean – SE, n = 3) of Per1 (A), Per2 (B), Rev-erba (C), and
Bmal1 (D) mRNA in the liver, submandibular gland (SMG), heart,
and small intestine were determined. Open circle, control mice;

closed circles, fasting mice. P-values of one-way ANOVA for
control and fasting mice are indicated in each panel. P-values of
two-way ANOVA for control vs. fasting are also shown in the figure.
**P < 0.01; *P < 0.05; ns, not significant. Significantly changed
points (Bonferroni/Dunn post hoc tests) are also shown by asterisks.
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gland, heart, and small intestine (one-way ANOVA,
P < 0.05) (Fig. 1, B and C). Fasting reduced the mRNA
level of Dec1 in all tissues examined (two-way ANOVA,
P < 0.05) (Fig. 1B and Table 1), and disrupted the rhyth-
micity of Dec1 expression in the submandibular gland and
heart. In contrast, fasting had a marginal effect on the
rhythmicity and mRNA levels of Dec2 in these tissues
except for the expression level in the heart, which
decreased significantly at 38 h after the start of fasting
(Fig. 1C and Table 1).
Effect of Fasting on Per1, Per2, Bmal1, and Rev-erba

Expression in Peripheral Tissues—Expression profiles of
other clock genes were also analyzed in the presence or
absence of food. In the control mice, mRNA levels of
Per1, Per2, Rev-erbaa, and Bmal1 showed circadian rhyth-
micity in all tissues examined (one-way ANOVA, P < 0.05)
(Fig. 2), and fasting increased Per1 mRNA levels in the
liver, submandibular gland, heart, and small intestine
(two-way ANOVA, P < 0.05) (Fig. 2A and Table 1). In con-
trast, fasting decreased Per2 mRNA levels 42–46 h after
start of fasting in the liver and heart (two-way ANOVA,

P < 0.05), but did not do so in the submandibular gland or
small intestine (Fig. 2B and Table 1). Fasting significantly
down-regulated the expression of Bmal1 in the liver but
not in the submandibular gland, heart, or small intestine
(Fig. 2C and Table 1), although it reduced Bmal1 mRNA
levels 46 h after start of fasting in the submandibular
gland and small intestine as well as the liver (Bonfer-
roni/Dunn post hoc tests, P < 0.05). The expression profile
of Rev-erba was not significantly altered by fasting (Fig. 2D
and Table 1),
Effect of Re-Feeding on Dec1 and Dec2, Per1, Per2,

Bmal1, and Rev-erba Expression after 36 h Fasting—To
examine whether re-feeding would restore the altered
expression profiles of these clock genes, we re-fed mice
after 36 h fasting and sacrificed them at 4-h intervals as
shown in Fig. 3A: Re-feeding significantly increased the
Dec1 mRNA level in the liver, heart, and small intestine
(two-way ANOVA, P < 0.05) immediately after the start
of re-feeding (Fig. 3B and Table 1), while Dec2 express-
ion changed only in the liver and heart (Fig. 3C and
Table 1).

Fig. 3. Effect of re-feeding on expression of Dec1 and Dec2
mRNAs. (A) Experimental schedule of fasting and re-feeding. Food
was withheld at ZT0 on day 19 and then given to mice of the
re-feeding group at ZT12 on day20. Mice were sacrificed at the
indicated hours after the start of fasting. Feeding period is indicated
by an arrow and sampling points are shown by arrow heads. Total
RNA was isolated from various tissues and subjected to real-time

RT-PCR analysis. (B and C) Expression profiles of mRNAs for Dec1
and Dec2. Closed circles, fasting mice; open square, re-feeding mice.
Dec1 and Dec2 mRNA levels (mean – SE, n = 3) are shown.P-values
of two-way ANOVA for fasting vs. re-feeding are shown in the figure.
**P < 0.01; *P < 0.05; ns, not significant. Significantly changed
points (Bonferroni/Dunn post hoc tests) are also indicated by
asterisks.
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On the other hand, Per1 mRNA levels were down-
regulated in all tissues examined after re-feeding (two-
way ANOVA, P < 0.01) (Fig. 4A and Table 1), although
Per2 mRNA levels were up-regulated in the liver and
small intestine (two-way ANOVA, P < 0.05) (Fig. 4B and
Table 1). Bmal1 expression significantly increased in the
liver and submandibular gland (two-way ANOVA, P < 0.05)

(Fig. 4C and Table 1), whereas Rev-erba expression slightly
decreased only in the submandibular gland (Fig. 4D and
Table 1).
Effect of Restriction Feeding (RF) on Dec1, Dec2, Per2,

and Rev-erba Expression in the Liver—In the next experi-
ment, we investigated whether RF for 3 weeks would alter
the expression profiles of clock genes including Dec1 and

Fig. 4. Effect of re-feeding on expression of Per1, Per2, Rev-
erba, and Bmal1 mRNAs in the liver, submandibular gland
(SMG), heart, and small intestine under fasting conditions.
Expression levels (mean – SE, n = 3) of Per1 (A), Per2 (B), Rev-erba
(C), andBmal1 (D) mRNA in the liver, submandibular gland (SMG),

heart, and intestine were determined. Closed circles, fasting mice;
open square, re-feeding mice. P-values of two-way ANOVA for fast-
ing vs. re-feeding are shown in the figure. **P < 0.01; *P < 0.05; ns,
not significant. Significantly changed points (Bonferroni/Dunn post
hoc tests) are also shown by asterisks.
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Dec2: RF shifted the phase of expression of Dec1, Dec2,
Per2, and Rev-erba forward by 4–8 h (Fig. 5); fasting
after RF markedly decreased the expression of Dec1 and
Per2, only slightly increased that of Rev-erba, and did not
affect Dec2 expression.

DISCUSSION

In the present study, we examined the expression profiles
of Dec1, Dec2, Per1, Per2, Bmal1, and Rev-erba after an
entire day of fasting, and we found that fasting had varying
effects on the circadian rhythms of these clock genes: For
example, fasting up-regulated Per1 expression in the all
tissues examined, whereas it down-regulated Dec1 exp-
ression in these tissues. Recently, Kobayashi et al. (16)
reported that Per1 expression gradually increased in the

liver and heart after withdrawal of food, while Per2 expres-
sion decreased in the liver: We confirmed their observa-
tions for Per1 and Per2 expression, and further
demonstrated that fasting also increased the expression
of Per1 in other tissues—the submandibular gland and
small intestine—while it had little effect on Per2 expres-
sion in these tissues (Fig. 2, A and B). In contrast to Per1,
we found that fasting reduced Dec1 circadian expression in
all tissues examined (Fig. 1B): The rhythmicity of Dec1
expression, in particular, was abolished in the submandib-
ular gland and heart.

As shown in the present study, fasting decreased
mRNA levels of Dec1, Per2, and Bmal1 in tissue- and
time-dependent manners, and it increased Per1 mRNA
levels in all tissues examined (Figs. 1 and 2). In addition,
re-feeding canceled, at least in part, the effect of fasting:

Fig. 5. Effect of restriction feeding (RF) on
daily expression of Dec1, Dec2, Per2, and
Rev-erba. (A) Experimental schedule. Mice
were housed under 12-h light-on (ZT0–ZT12)
and 12-h light-off (ZT12–ZT24) cycle. Mice
from the RF and RF+fasting groups were
allowed access to food for 3 h from ZT4 to
ZT7 for 3 weeks, after which food of mice
from the RF+fasting group was withheld.
The mice were sacrificed at the indicated
hours after the start of fasting. Feeding period
is indicated by an arrow and sampling points
are shown by arrow heads. Total RNA was
isolated form the liver and subjected to real-
time RT-PCR analysis. (B) Expression profiles
of mRNAs for Dec1, Dec2, Per2, and Rev-erba
(mean – SE, n = 3). P-values of one-way
ANOVA are indicated in each panel. P-values
of two-way ANOVA for RF vs. RF+fasting are
also shown in the figure. **P < 0.01; *P < 0.05;
ns, not significant.
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mRNA levels of Dec1, Per2, and Bmal1 in some tissues
were enhanced by re-feeding and Per1 mRNA levels in
all tissues were reduced (Figs. 3 and 4). These results indi-
cate that feeding readily affects the circadian expression of
some clock genes in the peripheral tissues, although short
term fasting/re-feeding may not immediately affect circa-
dian rhythms of whole animal activity: Perhaps only in
some peripheral tissues, the expression of some clock
genes is linked with metabolic activity.

Recently we reported that DEC1 and DEC2—like PER
and CRY—are negative regulators in the circadian clock
system: These negative factors repress the CLOCK/
BMAL1-activated promoters, including their own promo-
ters. In addition, the expression profiles of Dec1 and Per1
were remarkably similar in the SCN and in other areas of
brain, and light pulses induced expression of both Dec1 and
Per1 in the SCN (5, 19). However, fasting had contrasting
effects on their mRNA levels: Dec1 expression decreased
after fasting, whereas Per1 expression increased, which
suggests that these two genes play different roles in the
metabolic activity–sensitive peripheral clock system. On
the other hand, Dec2 and Per2 showed little responsiveness
to fasting, so not all clock genes respond to short-term
withdrawal of food.

In the previous study (17), we demonstrated that the
mRNA levels of Cry1 and Amy1 showed two peaks in
daily expression profiles in the submandibular gland,
with the second peaks of these genes at ZT22 abolished
by fasting. In the present study, we also found that the
expression profiles of Dec1, Dec2 (Fig. 1, B and C), and Cry1
(data not shown) showed two peak patterns in the small
intestine: The marked second peak at ZT18 was also abol-
ished by fasting, suggesting that these second peaks in
digestion-related organs may be associated with food
intake at night.

Scheduled RF during daytime has been reported to alter
the expression profiles of Per1, Per2, Bmal1, Rev-erba, and
Dbp in the liver, heart, retina, and kidney (9–14). In the
present study, we demonstrated that RF shifted the circa-
dian phases of Dec1 and Dec2 in addition to Per2 and
Rev-erba (Fig. 5), indicating that the food-entrainable oscil-
latory mechanisms for Dec1 and Dec2 are similar to those
of other well-characterized clock genes. The shift of the
circadian phase of these clock genes may account for the
subsequent coordination of the entire molecular clock sys-
tem entrained by limited feeding over an extended time.
Although RF altered the phase of the all clock genes exam-
ined, more than 43 h fasting after RF only reduced the
expression levels of Dec1 and Per2 (Figs. 1B and 2B),
which coincide with the down-regulation of these genes
after fasting without RF. Since the central clock in the
SCN is not affected by RF (10), the mechanisms underlying
the alteration of each peripheral clock system in response
to RF or fasting remain elusive. We theorize that Dec1 and
Per1 play important roles in the responses of the peripheral
clock system to fasting/feeding: Fasting/feeding alters
plasma insulin levels, and Dec1 in the liver is a target
gene for insulin (20), so it is possible that Dec1 links
fasting/feeding status to the peripheral clock system.
Cross-talk between circadian rhythms and metabolism
has already been reported on Bmal1 expression, which
is induced during adipogenic differentiation of 3T3-L1
and embryonic fibroblast cells (21). In contrast, Dec1

expression is down-regulated during adipogenic differen-
tiation (22). Homozygous Clock mutant mice are obese and
develop a metabolic syndrome of hyperleptinemia, hyper-
lipidemia, hepatic steatosis, hyperglycemia, and hypoinsu-
linemia (23), which suggests that circadian regulators such
as BMAL1, DEC1, and CLOCK also play a role in some
aspects of metabolism to maintain the energy balance in
specific tissues.
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