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Abstract

Circadian clocks in peripheral tissues are powerfully entrained by feeding. The mechanisms underlying this food
entrainment remain unclear, although various humoral and neural factors have been reported to affect peripheral clocks.
Because glucagon-like peptide-1 (GLP-1), which is rapidly secreted in response to food ingestion, influences multiple
humoral and neural signaling pathways, we suggest that GLP-1 plays a role in the food entrainment of peripheral clocks. To
test this, we compared the effects of exendin-4, a GLP-1 receptor agonist, on mRNA expression of the clock genes (Clock,
Bmall, Nrid1, Perl, Per2, and Cry1) with those of refeeding. In addition, we investigated whether exendin-4 could affect the
rhythms of the peripheral clocks. In male C57BL/6J mice, although refeeding rapidly (within 2 h) altered mRNA levels of Per1
and Per2 in the liver and that of Per? in adipose tissue, a single i.p. injection of exendin-4 did not cause such changes.
However, unlike the GLP-1 receptor antagonist exendin-(9-39), exendin-4 significantly influenced Per7 mRNA levels in the
liver at 12 h after injection. Moreover, pretreatment with exendin-4 affected the rapid-feeding-induced change in Per1 not
only in the liver, but also in adipose tissue, without effect on food intake. Furthermore, during light-phase restricted feeding,
repeated dosing of exendin-4 at the beginning of the dark phase profoundly influenced both the food intake and daily
rhythms of clock gene expression in peripheral tissues. Thus, these results suggest that exendin-4 modulates peripheral
clocks via multiple mechanisms different from those of refeeding.
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Introduction

Circadian clocks, which are composed of transcriptional/
translational feedback loops involving a set of clock genes,
represent an adaptation to daily 24-h changes in the environment
and enable organisms to maintain physiological homeostasis [1].
Recent studies have indicated that disrupted circadian clocks are
associated with the pathophysiology of metabolic diseases. In
humans, genetic variation in the clock genes is reportedly linked to
susceptibility to metabolic disorders, including obesity, metabolic
syndrome, type 2 diabetes, and hypertension [2-5]. Additionally,
we have shown that mRNA levels of the clock genes in peripheral
leucocytes are associated with fasting plasma glucose concentra-
tions and the degree of obesity in healthy males [6], and that their
expression rhythms are dampened in patients with type 2 diabetes
[7]. Similarly, in mice, homozygous mutation in the Clock gene
leads to the development of metabolic syndrome [8], and rhythmic
mRNA expression of clock genes is blunted in the liver and
adipose tissue of genetically obese diabetic mice [9,10]. Remark-
ably, peripheral tissue-specific Clock mutant mice also develop
glucose intolerance [11], and liver-specific [12] and pancreas-
specific Bmall knockout mice [13] exhibit disrupted hepatic
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glucose production and reduced insulin secretion, respectively.
Collectively, these findings suggest the possibility that circadian
clocks, especially those in peripheral tissues (peripheral clocks),
may be novel targets for the prevention and/or treatment of
metabolic diseases.

Peripheral clocks are synchronized by the central clock residing
in the hypothalamic suprachiasmatic nucleus (SCN) through
probably multiple humoral and neural signals [1]. Therefore,
peripheral clocks are entrained also by feeding, which affects the
concentrations of various nutrients/hormones and nervous system
activities, and the effect of feeding is greater than by that of light,
which is the time cue for resetting the central clock [1,14]. Because
the mechanisms underlying this food entrainment remain unclear,
examining them may be useful in developing methods to control
the peripheral clocks.

Glucagon-like peptide-1 (GLP-1) is an incretin hormone
secreted by L cells located mainly in the distal small intestine
and colon [15]. The plasma concentration of GLP-1 is elevated
rapidly, within a few minutes, after oral glucose administration in
rodents and humans [16]. Other nutrients (fat and amino acids)
also induce biphasic GLP-1 release, with an early phase, beginning
within minutes, and a second phase lasting up to 120 min or
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longer [17]. GLP-1 causes its postprandial glucose-lowering
properties mainly through stimulating insulin secretion and
inhibiting glucagon release [15,16,18]. In addition to these actions
on pancreatic islets, GLP-1 regulates hepatic glucose uptake and
production and gastric emptying and acid secretion at least partly
through the vagus nerve [15,18]. Thus, GLP-1 affects multiple
humoral and neural signaling pathways in response to food
ingestion. Considering these properties, we suggest that GLP-1
may play a role in the food entrainment of the peripheral clocks.
To test this, we compared in mice the effects of exendin-4, a GLP-
1 receptor agonist, on the mRNA expression of the clock genes to
those of refeeding. Moreover, we investigated whether exendin-4
could affect the rhythms of the peripheral clocks.

Materials and Methods

Ethics statement

The protocol for the study was approved by the Institutional
Animal Experiment Committee of Jichi Medical University
(Shimotsuke, Japan; Permission numbers: 1140, 12184, and
13168). All animal procedures were performed in accordance
with the Institutional Regulation for Animal Experiments and
Fundamental Guideline for Proper Conduct of Animal Experi-
ment and Related Activities in Academic Research Institutions
under the jurisdiction of the Ministry of Education, Culture,
Sports, Science and Technology of Japan. All efforts were made to
minimize animal suffering.

Mice and treatments

Male C57BL/6] mice (Charles River Japan, Yokohama, Japan)
were obtained at 8 weeks of age and maintained under specific
pathogen-free conditions and controlled temperature and humid-
ity with a 12/12-h light/dark (07:00-19:00 h/19:00-07:00 h)
cycle. Mice were housed individually (in Experiments 1, 2, 3 and 5)
or group-housed (45 animals/cage; in Experiment 4), and fed a
regular diet (CE-2; CLEA Japan, Tokyo, Japan) and water ad
libitum.

Ten-week-old mice were administered saline i.p. containing
0.02% mouse serum albumin (Sigma-Aldrich, St. Louis, MO) with
or without 10 nmol/kg exendin-4 (Sigma-Aldrich), as described
below (Fig. 1). We selected the dose of 10 nmol/kg because
repeated 1i.p. injections of this dosage to diabetic mice were
reported to improve not only glycemic control [19], but also the
peripheral nerve function [20]. The other groups of mice were
injected 1.p. with the same dose of exendin-(9-39) (Sigma-Aldrich),
a GLP-1 receptor antagonist. This analog is often used to examine
the physiologic consequences of loss of GLP-1 receptor signaling
[15], and the dose used in this study has been reported to inhibit
the actions of endogenous GLP-1 [21].

Experiments

We carried out five experiments (Fig. 1 and SIA). Zeitgeber
time (ZT) was used to describe the experimental time, with ZT 0
defined as lights on and ZT 12 as lights off.

Experiment 1 (Effects of exendin-4 on the circadian clocks
at 2 h after administration). Ten-weck-old mice (n=21) were
divided into four groups and fasted from ZT 0 for 24 h. The
regular diet was fed only to the refed group (= 6) from ZT 0. The
other groups were administered exendin-4 (z=15), exendin-(9-39)
(n=4), or vehicle (n=6) at ZT 0. At 2 h later (ZT 2), the mice were
sacrificed to obtain liver, epididymal fat, and SCN samples. The
SCN sample was dissected from the 0.5-mm coronal brain slice
containing the optic tract, using Harris Uni-Core (0.5 mm inner
diameter; Ted Pella, Redding, CA).
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Experiment 2 (Effects of exendin-4 on the circadian clocks
at 12 h after administration). Fifteen mice were divided into
three groups (n =5 each) and fasted from ZT 0 for 24 h. At 12 h
after the beginning of fasting (ZT 12), animals were given exendin-
4, exendin-(9-39), or vehicle. The mice were sacrificed to obtain
liver, epididymal fat, and SCN samples at ZT 0.

Experiment 3 (Effects of pretreatment with exendin-4 on
refeeding-induced changes in the
clocks). Sixteen mice were divided into three groups and fasted
from ZT 0 for 24 h. The mice were given exendin-4 (n=15),
exendin-(9-39) (n="5), or vehicle (n=6) at 12 h after the beginning
of fasting (ZT 12), and thereafter refed the regular dict from ZT 0.
We found that all of the mice started eating within several minutes.
Sampling of liver and epididymal fat was conducted at Z'T 2.

Experiment 4 (Effects of repeated administration of
exendin-4 on the circadian clocks). Forty-six mice were
divided into three groups, fasted from ZT 0 for 24 h, and
thereafter fed the regular diet only during the light phase (ZT 0-
12) for 3 days. Animals were administered exendin-4 (n=12),
exendin-(9-39) (n = 13), or vehicle (n=21) once daily at Z'T" 12 for
4 days. Sampling of the peripheral tissues was performed at Z'T" 18,
0, 6, and 12.

Experiment 5 (Effects of exendin-4 on blood glucose and
serum insulin concentrations). Twenty mice were divided
into two groups and fasted from ZT 0 for 24 h. The mice were
given exendin-4 (n=10) or vehicle (»=10) at 12 h after the
beginning of fasting (Z'T 12), and thereafter refed the regular diet
from ZT 0. Tail blood glucose levels were measured using a
Glutest Ace R (Sanwa Kagaku Kenkyusyo, Nagoya, Japan) before
(ZT 0) and at 12 (ZT 12) and 24 h (ZT 0) after the beginning of
fasting and at 2 h after refeeding (ZT 2). At ZT 0 or 2 of the
second day, the mice were sacrificed by cervical dislocation, and
cardiac puncture was performed to obtain blood samples for
insulin determination. Serum insulin concentrations were mea-
sured using a Mouse Insulin ELISA KIT RTU (Shibayagi,
Shibukawa, Japan). Because one mouse in the exendin-4 group
died during the experiment due to a technical reason, the data of
the remaining 19 mice were analyzed.

circadian

RNA extraction and real-time quantitative PCR

Total RNA isolated from the peripheral tissues, using an
RNeasy Mini Kit or an RNeasy Lipid Tissue Mini Kit (Qiagen,
Valencia, CA), was reverse-transcribed using a PrimeScript RT
reagent Kit (Takara Bio, Otsu, Japan). SCN samples were directly
reverse-transcribed using a TagMan Fast Cells-to-Ct Kit (Life
Technologies, Carlsbad, CA). Gene expression was analyzed by
real-time quantitative PCR, performed using the Applied Biosys-
tems StepOnePlus Real-Time PCR System (Life Technologies).
Specific sets of primers and TagMan probes (TagMan Gene
Expression Assays) were obtained from Life Technologies. To
control for variation in the amount of cDNA available for PCR in
the different samples, expression of target sequences was
normalized to that of an endogenous control, ribosomal protein,
large, PO (Rplp0). Because we found that the Ct values of Rplp0
were not influenced by either the treatments or sampling time in
this study (Fig. S2), we used this gene as an endogenous control.
The GenBank accession numbers, assay ID, and target exons,
respectively, were: NM_007715.5, Mm00455950_m1, and 15-16
(Clock); NM_007489.3, Mm00500226_m1, and 11-12 (Bmall);

NM_145434.3, Mm00520708_ml, and -2 (Mldl);
NM_011065.4, Mm00501813_ml, and 18-19  (Perl);
NM_011066.3, MmO00478113_ml, and 1920 (Per2);

NM_007771.3, Mm00514392_m1, and 1-2 (Crpl); and
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Figure 1. Experimental protocols. Male C57BL/6J mice were maintained under a 12-h light (white bars)/12-h dark (black bars) cycle. Mice were
fasted (dashed lines), and thereafter, i.p. administered the study solution (arrows; exendin-4, exendin-(9-39) or vehicle) and/or fed (gray bars).

Arrowheads indicate sampling time points.
doi:10.1371/journal.pone.0081119.g001

NM_007475.5, Mm00725448_s1, and 7-7 (Rplp0). Data were
analyzed using the comparative threshold cycle method.

Statistical analysis

Data, presented as means = SD, were analyzed using ANOVA
followed by Bonferroni post hoc testing, or by Student’s ¢ tests. The
calculations were performed using the SPSS software (ver. 16.0 J
for Windows; Japan IBM, Tokyo). Daily rhythmicity was
evaluated by the cosinor method, using an online open access
program described by Refinetti ef al. [22]. A P value<<0.05 was
considered to indicate statistical significance.

Results

Refeeding, but not exendin-4, rapidly affected peripheral
clocks

Recently, it has been reported that refeeding induces, within
2 h, an increase in Per2 mRNA expression and a decrease in Nr/d!
mRNA expression in the livers of mice [23,24]. Consistent with
this, refeeding (in Experiment 1) increased Per? mRNA levels
significantly and tended to decrease Nr/d! levels in the liver after
2 h (Fig. 2A). Additionally, we found that refeeding also decreased
Per] levels significantly. Regarding adipose tissue, levels of only
Per] were significantly influenced by refeeding among the clock
genes examined (Fig. 2B). In contrast, neither exendin-4 nor
exendin-(9-39) induced any change in mRNA levels of the clock
genes examined in either peripheral tissue (Fig. 2A, 2B). Like
refeeding, which is known not to influence the central clock [25],
these analogs did not affect the circadian clock in the SCN (Fig.
S3).

Effect of exendin-4 on the hepatic clock becomes

obvious at 12 h after administration
We next examined whether exendin-4 affects the clocks in a
delayed manner (Experiment 2). As shown in Figure 3A, exendin-
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4, but not exendin-(9-39), significantly decreased Per! levels in the
liver at 12 h after injection (ZT 0). No effects of both analogs were
observed in the adipose tissue (Fig. 3B) and SCN (Fig. S4). The
treatment with exendin-4 (in Experiment 5) did not influence
fasting blood glucose levels at ZT 0 (60.3%£17.5 mg/dl in the
exendin-4 group us. 60.8%11.0 mg/dl in the control group;
P=0.94 by Student’s ¢ test; Fig. S1B). In addition, serum insulin
concentrations at ZT 0 were below the detection limit (100 pg/ml)
in all mice examined (both exendin-4 and control groups; 7 =15 in
each group).

Exendin-4 affects refeeding-induced changes in
peripheral clocks

We further investigated whether refeeding-induced changes in
mRNA levels of the clock genes are influenced by exendin-4
administration at 12 h prior to refeeding (Experiment 3). As shown
in Figure 4A, pretreatment with exendin-4, but not exendin-(9—
39), blunted the decreasing effect of refeeding on Per/ in the liver
(Experiment 1, Fig. 2A). Interestingly, a similar effect of exendin-4
was observed in adipose tissue (Fig. 4B). Thus, these results
demonstrate that exendin-4 affected the circadian clocks in both
peripheral tissues. Although food intake during the 2 h did not
differ between the exendin-4 and control groups (0.0270.003 vs.
0.033%0.012 g/g body weight, respectively; P=0.36 by Student’s
¢ test), exendin-4 tended to decrease both blood glucose and serum
insulin concentrations at ZT 2 (Experiment 5, Fig. SIC, S1D).

Exendin-4 influences the food entrainment of peripheral
clocks during day-time restricted feeding

Finally, the effects of repeated administration of exendin-4 on
daily rhythms of the peripheral clocks were examined. Because it is
known that the administration of exendin-4 at the dosage used in
this study affects feeding behavior [26], we used the protocol of
time-restricted feeding in this experiment (Experiment 4, Fig. 1).
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Figure 2. Effects of refeeding, exendin-4, and exendin-(9-39) on mRNA levels of the clock genes in the liver (A) and adipose tissue
(B) at 2 h after the procedures (Experiment 1). Samples were obtained from control (Ctrl; black bars, n=6) and refed (striped bars, n=6) groups,
and mice treated with exendin-4 (Ex-4; white bars, n=5) and with exendin-(9-39) (9-39; gray bars, n=4). The mean value of the control group was set
to 1, and data represent means + SD. **, P<0.01 vs. the control group; #*, P<0.01 vs. all other groups; ¥, P<0.05 vs. the refed group (by one-way

ANOVA followed by Bonferroni post hoc testing).
doi:10.1371/journal.pone.0081119.g002

As expected, food intake during the 12 h was significantly lower in
the exendin-4 group than in the control group (Fig. S5), but mice
treated with exendin-4, as well as those treated with exendin-(9—
39) or vehicle, started eating within several minutes after being
given chow on each day. Consequently, the circadian expression
patterns of clock genes examined in the liver were almost reversed
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not only in the control group, but also in the exendin-(9-39) group
(Fig. 5A, Table 1), compared with the previous results of ad lbitum-
fed mice (Table S1) [9]. However, the repeated administration of
exendin-4 at ZT 12, which is the time when the active phase
begins under ordinary feeding conditions [9], obviously interfered
with the food-induced phase resetting of hepatic clocks (Fig. 5A,
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Figure 3. Effects of exendin-4 and exendin-(9-39) on mRNA levels of the clock genes in the liver (A) and adipose tissue (B) at 12 h
after administration (Experiment 2). Samples were obtained from mice treated with vehicle (Ctrl; black bars, n =5), exendin-4 (Ex-4; white bars,
n=>5), and exendin-(9-39) (9-39; gray bars, n=4). The mean value of control group was set to 1, and data represent means + SD. *, P<<0.05 vs. the
control group (by one-way ANOVA followed by Bonferroni post hoc testing).

doi:10.1371/journal.pone.0081119.9003

Table 1). Specifically, the treatment with exendin-4 shifted the
acrophases of Clock, Bmall, and Per? by 8.3, 7.6, and 8.7 h,
respectively, compared with the control group. Also, in adipose
tissue, exendin-4, but not exendin-(9-39), affected the rhythmicity
of the expression of the clock genes examined (Fig. 5B, Table 1).
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Discussion

The results of this study demonstrate clearly that exendin-4
affects the peripheral clocks in a manner differently than feeding.
Refeeding influenced the mRNA levels of the clock genes within
2 h, whereas exendin-4 did not exhibit such effects. Interestingly,
although the primary physiological stimuli for the secretion of
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Figure 4. Effects of pretreatment with exendin-4 or exendin-(9-39) on refeeding-induced changes in mRNA levels of clock genes in
the liver (A) and adipose tissue (B) (Experiment 3). Samples were obtained from mice treated with vehicle (Ctrl; black bars, n=6), exendin-4
(Ex-4; white bars, n=5), and exendin-(9-39) (9-39; gray bars, n=5). The mean value of the control group was set to 1, and data represent means + SD.
*, P<0.05, **, P<0.01 vs. the control group; *#, P<0.01 vs. the exendin-4 group (by one-way ANOVA followed by Bonferroni post hoc testing).

doi:10.1371/journal.pone.0081119.9g004

GLP-1 are fat- and carbohydrate-rich meals, individual nutrients,
including glucose and other sugars, fatty acids, essential amino
acids, and dietary fiber, also can stimulate GLP-1 secretion
[15,16]. However, the phase resetting effects of glucose, sucrose,
soybean oil, and casein on hepatic clocks are not detected in mice
if these nutrients are given separately [27]. Collectively, these

PLOS ONE | www.plosone.org

findings suggest that physiologically secreted GLP-1 is not a direct
mediator of the food entrainment of peripheral clocks.
Exendin-(9-39), an N-terminally truncated peptide derivative of
exendin-4, binds the GLP-1 receptor and functions as a specific
GLP-1 receptor antagonist [28]. This analog has been reported to
reduce postprandial insulin secretion in rats [29] and to increase
plasma glucagon concentrations in humans [30]. Additionally,
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Figure 5. Effects of repeated administration of exendin-4 or exendin-(9-39) on daily mRNA expression profiles of clock genes in
liver (A) and adipose tissue (B) (Experiment 4). Mice were fasted for 24 h, and thereafter fed only during the light phase for 3 days. In parallel,
the animals were repeatedly administered exendin-4 (white squares, n=3 per time point), exendin-(9-39) (gray squares, n=3-4 per time point), or
vehicle (black circles, n=5-6 per time point) at ZT 12. The mean value at ZT 18 in the control group was set to 1, and data represent means and SD.
The differences of daily mRNA expression rhythms between groups were assessed by two-way ANOVA followed by Bonferroni post hoc testing. *,
P<0.05, **, P<0.01 vs. the control group; # P<0.05, ##, P<0.01 vs. the exendin-4 group.

doi:10.1371/journal.pone.0081119.9005
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Waget et al. [31] showed in mice that exendin-(9-39) suppresses
both vagus nerve activation and glucoregulation by a dipeptidyl
peptidase-4 (DPP-4) inhibitor, an antidiabetic drug that increases
the plasma concentration of GLP-1 [15]. Thus, these findings
indicate that treatment with exendin-(9-39) can inhibit the actions
of endogenous GLP-1. In this study, exendin-(9-39) did not affect
the circadian clocks, suggesting that the effects of physiologically
secreted GLP-1 on the clocks are minimal, if any. On the other
hand, it remains possible that, similar to exendin-4, DPP-4
inhibitors influence the peripheral clocks because this class of
drugs increases endogenous GLP-1, to supraphysiological levels

PLOS ONE | www.plosone.org

Table 1. Results of cosinor analysis of the clock gene expression profiles.
Clock gene Group P Period (h) Mesor Amplitude Acrophase (ZT)
Liver
Clock Control <0.01 20.0 1.05 0.32 15.2
Exendin-4 <0.05 26.0 0.93 0.24 6.9
Exendin-(9-39) <0.01 214 1.18 0.32 13.6
Bmal1 Control <0.01 20.2 1.24 0.93 14.3
Exendin-4 <0.01 26.0 0.95 0.64 6.7
Exendin-(9-39) <0.01 20.2 1.35 112 143
Nrid1 Control <0.01 26.0 0.49 0.46 18.9
Exendin-4 ns.
Exendin-(9-39) <0.01 26.0 043 0.32 203
Per1 Control <0.01 26.0 262 145 6.6
Exendin-4 ns.
Exendin-(9-39) <0.01 26.0 252 1.73 7.1
Per2 Control <0.01 26.0 1.82 0.71 24
Exendin-4 <0.05 26.0 1.31 0.54 17.7
Exendin-(9-39) <0.01 26.0 2.02 0.95 1.4
Cryl Control <0.01 26.0 237 1.75 8.4
Exendin-4 ns.
Exendin-(9-39) <0.01 26.0 290 213 8.4
Adipose tissue
Clock Control <0.01 20.8 0.80 0.32 17.1
Exendin-4 ns.
Exendin-(9-39) <0.05 26.0 0.67 0.21 10.5
Bmal1 Control n.s.
Exendin-4 <0.01 26.0 2.26 1.29 2.7
Exendin-(9-39) <0.05 26.0 1.68 0.85 75
Nrid1 Control <0.01 26.0 0.54 0.37 18.1
Exendin-4 ns.
Exendin-(9-39) ns.
Per1 Control <0.01 20.0 215 1.51 14.1
Exendin-4 ns.
Exendin-(9-39) <0.01 20.0 1.79 1.1 125
Per2 Control <0.01 20.0 1.26 0.54 159
Exendin-4 n.s.
Exendin-(9-39) ns.
Cryl Control <0.05 20.0 1.28 0.52 16.5
Exendin-4 ns.
Exendin-(9-39) <0.05 20.0 1.24 0.46 14.7
n.s., not significant.
doi:10.1371/journal.pone.0081119.t001

[16]. Further studies are needed to fully clarify the effects of
endogenous GLP-1 on the peripheral clocks.

Similar to GLP-1, exendin-4 has been shown in humans to
stimulate insulin secretion in a glucose-dependent manner and to
lower blood glucose levels [16,18]. Glucose-stimulate insulin
secretion occurs without hypoglycemia because insulin secretion
drops rapidly and is nearly abolished as blood glucose concentra-
tions fall to low levels [18]. Consistent with these properties,
treatment with exendin-4 did not influence fasting concentrations
of both blood glucose (Fig. S1B) and insulin (<100 pg/ml in all the
mice) at ZT 12 in Experiment 5. Since blood glucose levels at the
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time of administration of exendin-4 (ZT 12) had decreased to
relatively low values, exendin-4 did not seem to stimulate insulin
secretion during the fasting period (ZT 12 to ZT 0). On the other
hand, exendin-4 might transiently increase insulin secretion
immediately after refeeding (at ZT 0) because the analog tended
to decrease postprandial glucose levels at Z'T 2 (Fig. S1C) without
reduced food intake. Interestingly, Tahara et al. [24] have recently
suggested that insulin mediates the feeding-induced entrainment of
the liver clock. Therefore, the effects of exendin-4 on the
peripheral clocks might be mediated through insulin secretion in
Experiment 3, but not in Experiment 2. The discrepancy of results
between Experiments 2 and 3 also suggests multiple mechanisms
via which exendin-4 affects the peripheral clocks.

Our previous data suggest that leptin regulates the peripheral
clocks i vivo [9]. Leptin has been reported to activate AMP-
activated protein kinase (AMPK) in the liver and skeletal muscle
[32]. AMPK regulates the circadian clock partly through
degradation of the clock proteins cryptochrome 1 [33] and period
2 [34]. Additionally, peroxisome proliferator-activated receptor-y
coactivator-la (PGC-1a), expression of which is downregulated by
AMPK [35], not only regulates energy metabolism, but also
stimulates the expression of clock genes Bmall and Nrldl [36].
Because exendin-4 and endogenous GLP-1 are also known to
activate hepatic AMPK in studies using high-fat diet-fed C57BL/
6] mice [37] and DPP-4-deficient rats [38], respectively, it is
possible that exendin-4 influences the peripheral clocks at least
partly through effects on the AMPK-PGC-1a signaling pathway.

The direct actions of GLP-1 in liver, adipose tissue, and muscle
are controversial, although several studies have shown that GLP-1
and/or exendin-4 act on isolated primary rat hepatocytes or
human hepatocyte cell lines [15,37-39]. Interestingly, few such
data have been reported in mice, and Panjwani et al. recently
showed that both mRNA and protein levels of the GLP-1 receptor
are undetectable in mouse hepatocytes [40]. Consistent with this,
we did not detect any effect of exendin-4 on the mRNA expression
levels of clock genes i vitro in liver slices from the mice (data not
shown). Thus, it appears, at least in mice, that the actions of GLP-
1 in liver occur through indirect mechanisms. As in the case of
leptin, which acts on liver not directly, but through the
sympathetic nervous system [32], GLP-1 might affect the hepatic
clock via a neural mechanism. Because the 24-h fast used in this
study might induce stress in mice, it was possible that the stress
modified the effects of exendin-4 on the peripheral clocks through
the activation of sympathetic nervous system, especially in
Experiment 2.

In Experiment 4 of this study, repeated dosing of exendin-4
affected food intake, suggesting that this treatment also influenced
daily profiles of both blood glucose and insulin concentrations.
Blood glucose is speculated to regulate sympathetic outflow to liver
via the inhibition of hypothalamic cells [41]. Therefore, the
mechanisms underlying the effects of repeated administration of
exendin-4 on the peripheral clocks might be fairly complex, and
need to be clarified in future studies. Moreover, the physiological
significance of exendin-4-induced changes in the peripheral clocks
remains unclear, and additional studies are further required to
elucidate whether such effects are clinically important.

In conclusion, in contrast to refeeding, a single dose of exendin-
4 did not cause rapid changes in mRNA expression of the clock
genes in the liver or adipose tissue. However, exendin-4 affected
the clock gene mRNA levels in the liver, but not in the adipose
tissue, at 12 h after administration. In addition, pretreatment with
exendin-4 influenced the effect of refeeding on the circadian clocks
in both peripheral tissues without affecting food intake. Further-
more, repeated doses of exendin-4 influenced both the food intake

PLOS ONE | www.plosone.org

Exendin-4 Indirectly Affects Peripheral Clocks

and food entrainment of circadian clocks in both tissues. These
results suggest that exendin-4 modulates peripheral clocks via
multiple mechanisms different from those of refeeding. Although
the underlying mechanism remains to be determined, exendin-4 is
a candidate agent for the treatment of disrupted peripheral clocks
in patients with type 2 diabetes.

Supporting Information

Figure S1 Effects of pretreatment with exendin-4 on blood
glucose and serum insulin concentrations (Experiment 5). A,
Experimental protocol. B, Mice were fasted from ZT 0 for 24 h
and given exendin-4 (white squares, n=9) or vehicle (black circles,
n=10) at ZT 12. Data represent means and SD. Blood glucose
levels did not differ between the groups throughout the time points
examined (P=0.24 by repeated measures ANOVA). C and D,
Mice were fasted from ZT 0 for 24 h, given exendin-4 (Ex-4; white
bars, n=4) or vehicle (Ctrl; black bars, n=135) at ZT 12, and
thereafter refed the regular diet from ZT 0. Samplings for
determination of blood glucose levels (C) and serum insulin
concentrations (D) were conducted at ZT 2. Data represent means
+ SD. }, P<0.1 vs. the control group (by Student’s ¢ test).

(TIF)

Figure 82 Ct values of Rplp0 in Experiment 4. Mice were fasted
for 24 h, and thereafter fed only during the light phase for 3 days.
In parallel, the animals were repeatedly administered exendin-4
(white squares, n= 3 per time point), exendin-(9-39) (gray squares,
n=3-4 per time point), or vehicle (black circles, n=5-6 per time
point) at ZT 12. Data represent means and SD. The results of two-
way ANOVA show that both the treatments and sampling time
did not influence the Ct values of Rplp0 in the liver (A) and adipose
tissue (B).

(TIF)

Figure 83 LEffects of refeeding, exendin-4, and exendin-(9-39)
on mRNA levels of clock genes in the SCN at 2 h after the
procedures (Experiment 1). Samples were obtained from control
(Ctrl; black bars, n=6) and refed (striped bars, n=6) groups, and
mice treated with exendin-4 (Ex-4; white bars, n=135) and with
exendin-(9-39) (9-39; gray bars, n=4). The mean value of control
group was set to 1, and data represent means + SD. The results of
one-way ANOVA show that there are no significant differences
between the groups.

(TIF)

Figure S4 LEffects of exendin-4 and exendin-(9-39) on mRNA
levels of clock genes in the SCN at 12 h after administration
(Experiment 2). Samples were obtained from mice treated with
vehicle (Ctrl; black bars, n=5), exendin-4 (Ex-4; white bars, n=5),
and exendin-(9-39) (9-39; gray bars, n = 4). The mean value of the
control group was set to 1, and data represent means + SD. The
results of one-way ANOVA show that there are no significant
differences between the groups.

(TIF)

Figure S5 Effect of repeated administration of exendin-4 on
food intake (Experiment 4). Mice were fasted for 24 h, and
thereafter fed only during the light phase for 3 days. In parallel,
the animals were repeatedly administered exendin-4 (Ex-4; white
bars, 13 mice in 3 cages) or vehicle (Ctrl; black bars, 13 mice in 3
cages) at ZT 12. Food intake was adjusted for body weight (BW),
and the data represent means + SD of 3 cages. **, P<<0.01 vs. the
control group (by Student’s ¢ test).

(TIF)
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Table S1 Results of cosinor analysis of the clock gene expression
profiles in ad libitum-fed male C57BL/6] mice (ref. 9).
DOCX)

Acknowledgments

We thank Hisae Shiokawa for her technical assistance.

References

1.

21.

22.

Bass J, Takahashi JS (2010) Circadian integration of metabolism and energetics.
Science 330: 1349-1354.

. Englund A, Kovanen L, Saarikoski ST, Haukka J, Reunanen A, et al. (2009)

NPAS2 and PER2 are linked to risk factors of the metabolic syndrome.
J Circadian Rhythms 7: 5.

Scott EM, Carter AM, Grant PJ (2008) Association between polymorphisms in
the Clock gene, obesity and the metabolic syndrome in man. Int J Obes (Lond)
32: 658-662.

Sookoian S, Gemma C, Gianotti TF, Burgueno A, Castano G, et al. (2008)
Genetic variants of Clock transcription factor are associated with individual
susceptibility to obesity. Am J Clin Nutr 87: 1606-1615.

. Woon PY, Kaisaki PJ, Braganca J, Bihoreau MT, Levy JC, et al. (2007) Aryl

hydrocarbon receptor nuclear translocator-like (BMALI) is associated with
susceptibility to hypertension and type 2 diabetes. Proc Natl Acad Sci U S A 104:
14412-14417.

. Ando H, Ushijima K, Kumazaki M, Eto T, Takamura T, et al. (2010)

Associations of metabolic parameters and ethanol consumption with messenger
RNA expression of clock genes in healthy men. Chronobiol Int 27: 194-203.

. Ando H, Takamura T, Matsuzawa-Nagata N, Shima KR, Eto T, et al. (2009)

Clock gene expression in peripheral leucocytes of patients with type 2 diabetes.
Diabetologia 52: 329-335.

. Turek FW, Joshu C, Kohsaka A, Lin E, Ivanova G, et al. (2005) Obesity and

metabolic syndrome in circadian Clock mutant mice. Science 308: 1043-1045.

. Ando H, Kumazaki M, Motosugi Y, Ushijima K, Mackawa T, et al. (2011)

Impairment of peripheral circadian clocks precedes metabolic abnormalities in
ob/ob mice. Endocrinology 152: 1347-1354.

. Ando H, Yanagihara H, Hayashi Y, Obi Y, Tsuruoka S, et al. (2005) Rhythmic

messenger ribonucleic acid expression of clock genes and adipocytokines in
mouse visceral adipose tissue. Endocrinology 146: 5631-5636.

. Kennaway DJ, Owens JA, Voultsios A, Boden M]J, Varcoe T] (2007) Metabolic

homeostasis in mice with disrupted Clock gene expression in peripheral tissues.
Am ] Physiol Regul Integr Comp Physiol 293: R1528-1537.

. Lamia KA, Storch KF, Weitz CJ (2008) Physiological significance of a peripheral

tissue circadian clock. Proc Natl Acad Sci U S A 105: 15172-15177.

. Marcheva B, Ramsey KM, Buhr ED, Kobayashi Y, Su H, et al. (2010)

Disruption of the clock components CLOCK and BMALI leads to
hypoinsulinaemia and diabetes. Nature 466: 627-631.

. Wu T, Jin Y, NiY, Zhang D, Kato H, et al. (2008) Effects of light cues on re-

entrainment of the food-dominated peripheral clocks in mammals. Gene 419:
27-34.

. Baggio LL, Drucker DJ (2007) Biology of incretins: GLP-1 and GIP.

Gastroenterology 132: 2131-2157.

. Kim W, Egan JM (2008) The role of incretins in glucose homeostasis and

diabetes treatment. Pharmacol Rev 60: 470-512.

. Herrmann C, Goke R, Richter G, Fehmann HC, Arnold R, et al. (1995)

Glucagon-like peptide-1 and glucose-dependent insulin-releasing polypeptide
plasma levels in response to nutrients. Digestion 56: 117-126.

. De Leon DD, Crutchlow MF, Ham JY, Stoffers DA (2006) Role of glucagon-like

peptide-1 in the pathogenesis and treatment of diabetes mellitus. Int J Biochem
Cell Biol 38: 845-859.

. Fan R, Kang Z, He L, Chan ], Xu G (2011) Exendin-4 improves blood glucose

control in both young and aging normal non-diabetic mice, possible contribution
of beta cell independent effects. PLoS One 6: €20443.

. Himeno T, Kamiya H, Naruse K, Harada N, Ozaki N, et al. (2011) Beneficial

effects of exendin-4 on experimental polyneuropathy in diabetic mice. Diabetes
60: 2397-2406.

Cani PD, Knauf C, Iglesias MA, Drucker DJ, Delzenne NM, et al. (2006)
Improvement of glucose tolerance and hepatic insulin sensitivity by oligofructose
requires a functional glucagon-like peptide 1 receptor. Diabetes 55: 1484—1490.
Refinetti R, Cornélissen G, Halberg F (2007) Procedures for numerical analysis
of circadian rhythms. Biol Rhythm Res 38: 275-325.

PLOS ONE | www.plosone.org

10

Exendin-4 Indirectly Affects Peripheral Clocks

Author Contributions

Conceived and designed the experiments: HA AF. Performed the
experiments: HA KU. Analyzed the data: HA KU. Contributed
reagents/materials/analysis tools: HA KU. Wrote the paper: HA AF.

23. Oike H, Nagai K, Fukushima T, Ishida N, Kobori M (2011) Feeding cues and
injected nutrients induce acute expression of multiple clock genes in the mouse
liver. PLoS One 6: €23709.

24. Tahara Y, Otsuka M, Fuse Y, Hirao A, Shibata S (2011) Refeeding after fasting
clicits insulin-dependent regulation of Per2 and Rev-erbalpha with shifts in the
liver clock. J Biol Rhythms 26: 230-240.

25. Stokkan KA, Yamazaki S, Tei H, Sakaki Y, Menaker M (2001) Entrainment of
the circadian clock in the liver by feeding. Science 291: 490-493.

26. Talsania T, Anini Y, Siu S, Drucker DJ, Brubaker PL (2005) Peripheral exendin-
4 and peptide YY(3-36) synergistically reduce food intake through different
mechanisms in mice. Endocrinology 146: 3748-3756.

27. Hirao A, Tahara Y, Kimura I, Shibata S (2009) A balanced diet is necessary for
proper entrainment signals of the mouse liver clock. PLoS One 4: ¢6909.

28. Goke R, Fehmann HC, Linn T, Schmidt H, Krause M, et al. (1993) Exendin-4
is a high potency agonist and truncated exendin-(9-39)-amide an antagonist at
the glucagon-like peptide 1-(7-36)-amide receptor of insulin-secreting beta-cells.
J Biol Chem 268: 19650-19655.

29. Wang Z, Wang RM, Owji AA, Smith DM, Ghatei MA, et al. (1995) Glucagon-
like peptide-1 is a physiological incretin in rat. J Clin Invest 95: 417-421.

30. Schirra J, Sturm K, Leicht P, Arnold R, Goke B, et al. (1998) Exendin(9-
39)amide is an antagonist of glucagon-like peptide-1(7-36)amide in humans.
J Clin Invest 101: 1421-1430.

31. Waget A, Cabou C, Masseboeuf M, Cattan P, Armanet M, et al. (2011)
Physiological and pharmacological mechanisms through which the DPP-4
inhibitor sitagliptin regulates glycemia in mice. Endocrinology 152: 3018-3029.

32. Miyamoto L, Ebihara K, Kusakabe T, Aotani D, Yamamoto-Kataoka S, et al.
(2012) Leptin activates hepatic 5'-AMP-activated protein kinase through
sympathetic nervous system and alphal-adrenergic receptor: a potential
mechanism for improvement of fatty liver in lipodystrophy by leptin. J Biol
Chem 287: 40441-40447.

33. Lamia KA, Sachdeva UM, DiTacchio L, Williams EC, Alvarez JG, et al. (2009)
AMPK regulates the circadian clock by cryptochrome phosphorylation and
degradation. Science 326: 437-440.

34. Um JH, Yang S, Yamazaki S, Kang H, Viollet B, et al. (2007) Activation of 5'-
AMP-activated kinase with diabetes drug metformin induces casein kinase
Iepsilon (CKlepsilon)-dependent degradation of clock protein mPer2. J Biol
Chem 282: 20794-20798.

35. Shaw RJ, Lamia KA, Vasquez D, Koo SH, Bardeesy N, et al. (2005) The kinase
LKB1 mediates glucose homeostasis in liver and therapeutic effects of
metformin. Science 310: 1642-1646.

36. Liu C, Li S, Liu T, Borjigin J, Lin JD (2007) Transcriptional coactivator PGC-
lalpha integrates the mammalian clock and energy metabolism. Nature 447:
477-481.

37. Lee J, Hong SW, Chae SW, Kim DH, Choi JH, et al. (2012) Exendin-4
improves steatohepatitis by increasing Sirt]l expression in high-fat diet-induced
obese C57BL/6] mice. PLoS One 7: ¢31394.

38. Ben-Shlomo S, Zvibel I, Shnell M, Shlomai A, Chepurko E, et al. (2011)
Glucagon-like peptide-1 reduces hepatic lipogenesis via activation of AMP-
activated protein kinase. ] Hepatol 54: 1214-1223.

39. Gupta NA, Mells J, Dunham RM, Grakoui A, Handy J, et al. (2010) Glucagon-
like peptide-1 receptor is present on human hepatocytes and has a direct role in
decreasing hepatic steatosis in vitro by modulating elements of the insulin
signaling pathway. Hepatology 51: 1584-1592.

40. Panjwani N, Mulvihill EE, Longuet C, Yusta B, Campbell JE, et al. (2013) GLP-
1 receptor activation indirectly reduces hepatic lipid accumulation but does not
attenuate development of atherosclerosis in diabetic male ApoE(-/-) mice.
Endocrinology 154: 127-139.

41. Karnani M, Burdakov D (2011) Multiple hypothalamic circuits sense and
regulate glucose levels. Am J Physiol Regul Integr Comp Physiol 300: R47-55.

November 2013 | Volume 8 | Issue 11 | e81119



