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Chronopharmacology is the study of the varying responses of drugs to changes in biological timing 
and endogenous periodicities. The dipeptidyl peptidase-4 inhibitor sitagliptin is a globally prescribed anti-
hyperglycemic drug. Although dipeptidyl peptidase-4 inhibitors are usually administered once, the specific 
intake time is generally not mentioned. Therefore, this study aimed at investigating the diurnal effects of 
sitagliptin-induced anti-hyperglycemia in high-fat diet (HFD)-induced obesity in mice. Five-week-old male 
C57BL/6J mice were fed normal (control) diet or HFD for 10 weeks. During the last 2 weeks, the mice were 
administered saline or sitagliptin (10 mg/kg, per os) in the light or dark phase, respectively. At the end of 
the experiment, the mice were euthanized after an 18 h fasting period, and plasma and tissue samples (liver, 
kidney, and epididymal white adipose tissues) were collected, or the oral glucose tolerance test was per-
formed. Sitagliptin administration in the light phase significantly decreased plasma glucose levels, insulin 
levels, hepatic steatosis, and restored the glucose tolerance compared with the HFD group. In contrast, these 
parameters remained unchanged in the dark phase-treated mice. Our data therefore suggests that sitagliptin 
portrays definite chronopharmacology, which may provide valuable information on the importance of drug 
administration timing for maximum pharmacological effects.
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INTRODUCTION

Type 2 diabetes (T2D) mellitus is a chronic progressive dis-
ease characterized by hyperglycemia, resulting from defects in 
insulin secretion and/or action. It is responsible for life-long 
multi-organ failure and premature deaths.1,2) Recently, there 
has been a surge in the number of T2D people, with the cur-
rent global estimates of 400 million expected to increase to 
600 million by 2035.3) Nutrition and exercise therapies are 
recommended as initial T2D treatment options. When these 
fail (failure to restore glucose and hemoglobin A1c), medica-
tions such as oral anti-hyperglycemic drugs and insulin are 
prescribed.

Various classes of oral anti-hyperglycemic drugs exist, most 
of which act by increasing insulin secretion or improving the 
insulin sensitivity of target tissues such as the liver, adipose 
tissues, and skeletal muscle.4) The more recently developed 
anti-hyperglycemic drugs include those targeting the incretin 
hormones glucagon-like peptide-1 (GLP-1) and glucose-depen-
dent insulinotropic peptide (GIP).

Sitagliptin (Sit), a dipeptidyl peptidase-4 (DPP-4) inhibi-
tor, is approved for monotherapy and combination (with other 
anti-hyperglycemic medicines) therapy in adult T2D treatment 
in over 130 countries worldwide. It improves glycemic control 
by inhibiting DPP-4 inactivation, and increasing the levels of 

the endogenous incretin hormones GLP-1 and GIP. GLP-1 and 
GIP enhance the release of glucose-dependent insulin and the 
decrease in glucagon response. GLP-1 suppresses glucagon 
response after the uptake of a meal.5) DPP-4 inhibitors such as 
Sit are essentially well tolerated and not known to cause hypo-
glycemia, hence, Sit is popularly prescribed globally.6)

Circadian rhythms are endogenous 24 h oscillations in bio-
logical and behavioral patterns common to all living organ-
isms. The circadian clock drives oscillations in a diverse set 
of biological processes, including locomotion, sleep, blood 
pressure, blood hormone levels, and body temperature.7,8) 
These differences directly affect disease frequency. For ex-
ample, there are higher occurrences of asthma at midnight and 
myocardial ischemia in the morning.9,10) Moreover, it is well 
reported that circadian time-dependent differences change the 
pharmacokinetics of medications, such as anticancer drugs 
and antibiotics.11,12) It is therefore, necessary to consider the 
chronobiology of such medications during treatment.

Continuous glucose monitoring systems are available for 
diabetic patients for checking glucose readings in real-time or 
over a period of time.13) Hence, they can be used to monitor 
the chronopharmacology of antidiabetic drugs, which are of 
particular interest in insulin-based therapy. Conversely, chro-
nopharmacological reports on oral anti-hyperglycemic drugs 
(such as metformin) in experimental animals are very lim-
ited.14) More so, because DPP-4 inhibitors (anti-hyperglycemic 
drugs) are usually prescribed as a single dose and without a 
specified intake time, we considered the possibility of DPP-4 
inhibitor-induced pharmacological effects varying with chang-

* To whom correspondence should be addressed. e-mail: h-yoshioka@kinjo-u.ac.jp; m-yoshi@kinjo-u.ac.jp

† Present address: Center for Craniofacial Research, The University of 
Texas Health Science Center at Houston, School of Dentistry; 1941 East 
Road, Houston, TX 77054, U.S.A.



Vol. 42, No. 9 (2019) 1563Biol. Pharm. Bull.

es in administration time. In this study, we therefore investi-
gated the circadian variations in Sit-induced pharmacological 
effects, on T2D mellitus-related parameters in experimental 
C57BL/6J mice.

MATERIALS AND METHODS

Animal Treatment  Four-week old C57BL/6J mice (males) 
were purchased from CLEA Japan Inc. (Tokyo, Japan). The 
mice were maintained in a controlled environment: tempera-
ture (24 ± 1°C), humidity (55 ± 5%), and light cycle (12 h light 
[08:00–20:00] : 12 h [20:00–08:00] dark). Food and water were 
given ad libitum, and the mice were allowed to acclimatize to 
laboratory conditions for a week. The mice were 5-weeks-old 
(18–21 g) at the start of experiments. All experimental pro-
cedures were approved by the Institutional Animal Care and 
Experiment Committee of Kinjo Gakuin University (No. 158).

Experimental Protocol  C57BL/6J mice were randomly 
divided into 6 groups (6–12 mice per group). Two groups were 
fed with the normal diet (CE-2 [CLEA]; 3.59 kcal/g; 24.9% 
protein [soybean waste, whitefish meal, and yeast], 51.0% 
carbohydrate [wheat flour, corn, Milo], 4.6% fat [cereal germ 
and soybean oil], and other excipients), and 4 groups (obe-
sity model) were fed with HFD 60 from Oriental Yeast Co. 
(Tokyo, Japan): (HFD 60, 5.06 kcal/g; 23% protein [casein and 
L-cysteine]; 25.3% carbohydrate [corn, maltodextrin, and su-
crose], 35.0% fat [lard and soybean oil], and other excipients). 
All 6 groups were fed for a total of 10 weeks. After 8 weeks, 
the mice were further divided into the vehicle-treated groups 
(control and HFD) which received saline, and the Sit-treated 
groups (HFD + Sit) which received 10 mg/kg (0.05 mL/kg) Sit 
purchased from Cayman Chemical Company (MI, U.S.A.). 
Saline or Sit treatments were administered by oral gavage 
once daily for 2 weeks. Treatments were administered at 2 
specific time points (clock time: 10:00 or 22:00), described 
here as 2 different zeitgeber times (ZT): ZT2 (control, HFD, 
and HFD + Sit) as morning or ZT14 (control, HFD, and 
HFD + Sit) as evening. Body weights were measured weekly 
for 10 weeks. After the 2 week treatment, mice from each 

group were allowed to fast for 18 h (ZT2 group is starting at 
ZT20 (4:00) and ZT14 is at ZT8 (16:00)) and randomly divided 
for into 2 groups. In one group, the mice were euthanized 
using pentobarbital, and bled to obtain plasma samples, which 
were stored at −80°C until use. Epididymal adipose tissue, 
liver, and kidney weights were also determined. Separate 
liver samples were immediately-frozen in liquid nitrogen and 
subsequently kept at −80°C, or fixed in 15% neutral buffered 
formalin (pH 7.4). In the other group, an oral glucose toler-
ance test (OGTT) was carried out. Experimental procedure is 
described in Fig. 1.

Plasma Biochemical Analysis  The plasma glucose con-
centrations were determined enzymatically, using a commer-
cially available assay kit (glucose CII-test) from FUJIFILM 
Wako Pure Chemical Corporation (Osaka, Japan), following 
the manufacturer’s instructions and a previously described 
protocol.15) Plasma insulin levels were measured using a com-
mercially available kit from Morinaga Co. (Tokyo, Japan), 
following the manufacturer’s instructions and a previously 
described protocol.15) Calibration curves were obtained using 
the respective standard solutions. Fasting glucose and insulin 
levels were used to estimate homeostasis model assessment of 
insulin resistance (HOMA-IR).

Evaluation of Glucose Metabolism  OGTTs were per-
formed after 10 weeks (including 2 weeks of saline- or Sit-
treatment) of feeding with CE-2 or HFD. The mice were 
allowed to fast for 18 h (ZT2 group is starting at ZT20 (4:00) 
and ZT14 is at ZT8 (16:00)), and a basal blood sample (0 min) 
was collected from their tail veins. Blood samples were drawn 
15, 30, 60, 90, and 120 min after oral administration of glucose 
(2 g/kg) from FUJIFILM Wako Pure Chemical Corporation. 
The blood samples were centrifuged at 3000 × g for 10 min at 
4°C, and plasma samples measured immediately. Plasma glu-
cose levels were determined as described above, and the area 
under the curve (AUC) for blood glucose was calculated.

Histopathological Analyses  Liver tissues obtained from 
each mouse were formalin-fixed, and embedded in paraffin. 
Paraffin-embedded liver blocks were cut into 4 µm sections. 
These sections were dewaxed in xylene and rehydrated in a 

Fig. 1. Schematic Experimental Design
Mice received CE-2 or HFD for 10 weeks. For the last 2 weeks (weeks 8 to 10), mice were also administered Sit (10 mg/kg, per os) or saline at ZT2 or ZT14. Then, mice 

in each group were fasted for 18 h. Thereafter, they were euthanized or performed OGTT, respectively.
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graded ethanol series. The sections were then rinsed under 
running tap water, stained with Mayer’s hematoxylin solution 
from Nacalai Tesque (Kyoto, Japan), and 0.1% eosin solution 
(containing acetic acid) from FUJIFILM Wako Pure Chemical 
Corporation. Finally, the sections were dehydrated, cleared, 
and mounted with a cover glass. Then, histopathological fea-
tures were observed under a light microscope.16)

RNA Isolation and Quantitative Real-Time PCR Assay  
Total RNA was extracted from liver using the ISOGEN II 
kit (Nippon Gene, Tokyo, Japan). Five hundred nanograms of 

total RNA from each sample was reverse-transcribed using 
ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka, 
Japan) and was incubated for 15 min at 37°C; the reaction 
mixture containing synthesized cDNA was diluted three times 
with Tris-ethylenediaminetetraacetic acid (EDTA) buffer. For 
the quantitative (q) real-time RT-PCR, 2 µL of diluted cDNA 
product was amplified using an Applied Biosystems 7300 
system (Applied Biosystems, Foster City, CA, U.S.A.) in a 
reaction mixture containing Brilliant III Ultra-Fast SYBR 
Green QPCR Master Mix (Agilent Technologies, Santa Clara, 
CA, U.S.A.) and 0.2 µM of each primer. PCR conditions 
were as follows: initial denaturation at 95°C for 3 min, and 
40 cycles of 95°C for 5 s and 60°C for 27 s. The amount of 
each target mRNA quantified was normalized against that 
of mRNA encoding β-actin. The oligonucleotide sequences 
of the primers used are: mouse β-actin (NM_007393) sense, 
5′-GCA ACG AGC GGT TCC G-3′, and antisense, 5′-CCC AA
G AAG GAA GGC TGG A-3′; mouse brain muscle arnt-like 
1 (Bmal1) (NM_007489) sense, 5′-TTC TCC AGG AGG CAA  
GAA GA-3′, and antisense, 5′-TTG CTG CCT CAT CGT TAC TG- 
3′; mouse circadian locomotor output cycles kaput (Clock) 
(NM_007715) sense, 5′-TGC CAG CTC ATG AAA AGA TG-3′, 
and antisense, 5′-CGC TGC TCT AGC TGG TCT TT-3′.

Statistical Analyses  Data are presented as the 
mean ± standard deviation (S.D.). Statistical significances 
were determined using one-way ANOVA or two-way ANOVA 
with repeated measures, followed by the Tukey–Kramer’s post 

Fig. 2. Diurnal Effect of Sit on Body Weights of HFD Mice
Animals were treated as described in Fig. 1. We measured body weight per one 

week at ZT2 or ZT14, respectively. The data represent the mean ± S.D. of results of 
6–12 mice per group. “〇”: control group at ZT2; “●”: control group at ZT14; “△”: 
HFD group at ZT2; “▲”: HFD group at ZT14; “□”: HFD + Sit at ZT2; and “■”: 
HFD + Sit at ZT14.

Fig. 3. Sit-Induced Diurnal Effects on Organ Weights of HFD Mice
Animals were treated as described in Fig. 1. Then, mice in each group were fasted for 18 h. Thereafter, they were euthanized, and their liver, kidney, and epididymal 

white adipose tissues were isolated and weighed. Panels indicate the percentage of (A) liver tissues/body weight, (B) kidney tissue/body weight s, and (C) epididymal 
white adipose tissues/body weight. The data represent the mean ± S.D. of results of 6–12 mice per group. ** p < 0.01 vs. the control group at same time.



Vol. 42, No. 9 (2019) 1565Biol. Pharm. Bull.

hoc test for multi group comparisons. All statistical analyses 
were performed using the SPSS software (version 25.0) from 
IBM Corp. (Armonk, NY, U.S.A.). p values <0.05 were con-
sidered statistically significant.

RESULTS

Sit Administration at ZT2 Prevents Adipocyte Hy-
pertrophy Tendency  Our initial investigations involved 
monitoring the effect of Sit (at ZT2 or ZT14 as morning vs. 
evening) on obesity-related abnormalities. Mice were fed CE-2 
(control) or HFD for 10 weeks and administered saline or Sit 
at ZT2 or ZT14 for the last 2 weeks. Changes in body weights 
are shown in Fig. 2: control group (CE-2 + vehicle) at ZT2 
(〇); control group at ZT14 (●); HFD group (HFD + vehicle) 
at ZT2 (△); HFD group at ZT14 (▲); HFD + Sit group at ZT2 
(□); and HFD + Sit group at ZT14 (■). Body weights of HFD 
mice were greater than those of control mice at both times. 
Although the changes in body weights at ZT2 and ZT14 in 
the HFD + Sit group were not significantly different from the 
changes observed in the respective HFD groups, there was a 
higher tendency for body weights to decrease at ZT2 (40.66 
vs. 38.87 g) compared with at ZT14 (40.37 vs. 39.55 g).

To elucidate the cause of body weight alterations (Sit-
induced or HFD-induced body weight gain), we determined 
the weights of epididymal white adipose tissue (WAT), liver, 
and kidney (Figs. 3A–C). At ZT2, the HFD + Sit group had 
slightly lighter epididymal WAT, liver, and kidney tissues, 
compared with the respective tissues in the HFD group. Con-
versely, this trend was not observed at ZT14. The tendency 

for body weights to increase in HFD mice at ZT2 after Sit 
administration can be attributed partially to Sit’s effects on 
the epididymal WAT, liver, and kidney tissues.

Sit Administration at ZT2 Decreases the Levels of Plas-
ma Biochemical Parameters  To investigate if Sit reduces 
obesity-induced hyperglycemia, we determined fasting plasma 
glucose (Fig. 4A), insulin levels (Fig. 4B), and HOMA-IR (Fig. 
4C). The HFD groups showed increased plasma glucose levels 
when compared with the control groups-at ZT2 and ZT14. At 
ZT2 but not ZT14, the HFD + Sit group had significantly de-
creased plasma glucose levels compared with the HFD group 
(Fig. 4A). The same trend was observed with plasma insulin 
levels (Fig. 4B) and HOMA-IR (Fig. 4C). These results indi-
cate that at ZT2, Sit administration decreased HFD-induced 
hyperglycemia and hyperinsulinemia, thereby improving glu-
cose metabolism.

Sit Administration at ZT2 Restores Glucose Tolerance  
To further analyze the effects of Sit, we performed OGTT 
2 weeks after Sit administration. Plasma glucose levels in 
the HFD group were significantly higher at ZT2 and ZT14 
compared with the levels in the control group, after glucose 
(2 g/kg) administration (Figs. 5A, C). At ZT2, glucose levels 
in the HFD + Sit group were reduced compared with the lev-
els in the HFD group. Likewise, the AUC was lower in the 
HFD + Sit group compared with the HFD group (Fig. 5B). 
Conversely, glucose tolerance levels was slightly restored in 
the HFD + Sit group at ZT14, though not as high as the levels 
at ZT2.

Sit Administration at ZT2 Decreases Lipid Formation 
in the Liver  Next, we conducted histopathological stud-

Fig. 4. Diurnal Effects of Sit on Plasma Biochemical Parameters
Animals were treated as described in Fig. 1. Then, mice in each group were fasted for 18 h, euthanized, and bled to obtain plasma. Levels of plasma (A) glucose, (B) 

insulin, and (C) HOMA-IR are shown. The data represent the mean ± S.D. of results of 6–12 mice per group. * p < 0.05 and ** p < 0.01 vs. the control group at same time; 
and # p < 0.05, and ## p < 0.01 vs. the HFD group at same time.
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ies on hepatic tissues since Sit is known to improve hepatic 
steatosis.17) At ZT2 and ZT14, numerous large lipid globules 
were observed in the liver tissues of HFD mice (Figs. 6B, 
E). This number was reduced in the HFD + Sit group at ZT2 
(Fig. 6C). Conversely, lipid globules remained unchanged in 
the HFD + Sit group at ZT14. These observations indicate that 
at ZT2, Sit administration attenuates obesity-induced hepatic 
steatosis.

Sit Administration at ZT2 Partially Increases Clock 
Gene in the Liver  Finally, we measured two clock genes 

(Bmal1 and Clock) expression alternation in the liver (Fig. 7). 
Both clock genes at ZT2 were significantly higher than ZT14 
in the control mice. Additionally, HFD-fed mice in the Bmal1 
and Clock levels significantly decreased in the both time, 
respectively. Sit administration at ZT2 partially recovered in 
the Bmal1 levels, while this trend was not confirmed at ZT14 
(Fig. 7A). As for the Clock gene, although recovery tendency 
was observed by administrated with Sit, these levels were not 
significant and same trend was confirmed at both groups (Fig. 
7B).

Fig. 5. Diurnal Effects of Sit on Glucose Tolerance
Animals were treated as described in Fig. 1. Then, mice in each group were fasted for 18 h, and their OGTT tested. Panels indicate plasma glucose levels at (A) ZT2 

and (C) ZT14. Data indicate the AUC for plasma glucose at (B) ZT2 and (D) ZT14. Data are plotted as mean ± S.D. ** p < 0.01 vs. the control group; and ## p < 0.01 vs. the 
HFD group.

Fig. 6. Diurnal Effect of Sit on Hepatic Steatosis
Animals were treated as described in Fig. 1. Then, mice in each group were fasted for 18 h, euthanized, and their hepatic tissues harvested. The tissues were fixed and 

processed by standard methods, and the sections were stained with H&E. Panels indicate (A) control group at ZT2, (B) HFD group at ZT2, (C) HFD + Sit group at ZT2, 
(D) control group at ZT14, (E) HFD group at ZT14, and (F) HFD + Sit group at ZT14. Black arrows indicate lipid globules; scale bar, 100 µm.
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DISCUSSION

In this study, we investigated the circadian variations in 
Sit-induced pharmacological effects using diet-induced obesity 
mice. Elaborate reports indicate that circadian rhythms control 
drug metabolism and transport, as well as DNA repair, apo-
ptosis, and cell-cycle progression in experimental animals and 
humans.12,18) Since differences in administration times can 
potentially change drug pharmacokinetics and pharmacody-
namics, chronopharmacological reports have been developed 
for many medications.11,12,19)

Day time Sit administration decreased body weight gain 
in HFD C57BL/6 mice.20,21) The tendency of weight loss was 
highly observed in Sit administration in the light phase (ZT2) 
compared with the dark phase (ZT14). Body weight alterations 
were reflected by the decreased weights of epididymal WAT, 
liver, and kidney tissues. These results suggest that Sit may 
exert its weight loss effect in various organs, specifically in 
the mornings.

We observed that HFD-induced plasma glucose, insulin, 
and hepatic steatosis were improved in the light phase (ZT2) 
but remained unchanged in the dark phase (ZT14). We also 
observed that plasma glucose and insulin levels were de-
creased by Sit in the light phase, but not in the dark phase. 
The different Sit-induced glucose metabolism responses ob-
served at different times of the day (morning and evening) 
suggests that the mechanisms responsible for Sit’s pharmaco-
logical effects varies according to the time of the day.

The most probable hypothesis for the diurnal variation 
observed in Sit-induced pharmacological effects is it is the 
effect of circadian rhythm. Clock genes such as Bmal1, Clock, 
Cryptochrome (Cry), and Period (Per), play important roles in 
maintaining the circadian rhythm.22) Bmal1 and Clock, which 
are transcriptional activators, stimulate the activation of Cry 
and Per genes. Cry and Per are translated into proteins in the 
cytoplasm and then transported back into the nucleus after 
interacting with each other. Subsequently, they stop their tran-
scription by binding to Bmal1 and Clock. Thus, these clock 
genes are rhythmically expressed over a 24 h period. Disrup-
tion of Bmal1 and Clock is known to cause hyperinsulinemia 

and diabetes.23,24) Bmal1 knockout mice are reported to have 
high blood glucose and low insulin levels.25) Moreover, HFD 
is also known to disrupt clock gene.26) Our present results are 
consistent with this manuscript. Therefore, these clock genes 
are important for insulin and glucose homeostasis. Ando et al. 
reported that, transcription levels of Bmal1 were inversely cor-
related with hemoglobin A1c level.27) Additionally, we showed 
that HFD-induced Bmal1 suppression was significantly re-
covered by Sit administration at ZT2, while not at ZT14. 
This result suggest that Sit administration at ZT2 may exert 
Bmal1 recovery against HFD-induced clock gene disruption. 
Although further investigation is necessary, Bmal1 may be as-
sociated with diurnal variations in Sit administration.

A second probable hypothesis will be food intake, which is 
highly interconnected to circadian clocks.28) Several medications 
(such as antibiotics) are known to change their pharmacological 
effects by changing their absorption efficiency, AUC, and Tmax.11) 
Our investigations showed that daily food intake caused no 
significant change at ZT2 or ZT14 (data not shown). Moreover, 
Sit-induced AUC and Tmax were similar during fasting and after 
a meal.29) Since food intake is thought to affect circadian clocks, 
it can be said that the food intake conditions were slightly af-
fected. However, this hypothesis may not be very efficient as 
this study did not consider the fasting time. Further experiments 
may be necessary to investigate the effect of diet.

In conclusion, we have demonstrated that mice are sensitive 
to Sit-induced anti-hyperglycemic effects when administered 
during the light-phase (ZT2). Thus, Sit exhibits definite chro-
nopharmacology in mice. At this time, direct extrapolation to 
human is difficult since mice are nocturnal habit and human 
is not. Therefore, more chronopharmacology studies should be 
carried out on anti-hyperglycemic medications in the basic re-
search and human research, respectively. Now, we are starting 
the survey in the human research focused on the shift workers 
since they are known to disrupt clock genes and time of tak-
ing. We propose that these researches may provide valuable 
information on the quality of life in the treatment of T2D and 
other related diseases.
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Fig. 7. Diurnal Effect of Sit on Hepatic Clock Gene Expression Levels
Animals were treated as described in Fig. 1. Then, mice in each group were fasted for 18 h, euthanized, and total RNA was isolated from the liver samples. The he-

patic mRNA levels of genes encoding for Bmal1 (A) and, Clock (B) are shown. The mRNA levels of β-actin were used as the internal control. Data are represented as 
mean ± S.D. * p < 0.05 and ** p < 0.01 vs. the control group at same time; # p < 0.05 vs. the HFD group at same time; and $$ p < 0.01 vs. the control group at ZT2.



1568 Vol. 42, No. 9 (2019)Biol. Pharm. Bull.

Conflict of Interest The authors declare no conflict of 
interest.

REFERENCES

 1) Bellamy L, Casas JP, Hingorani AD, Williams D. Type 2 diabetes 
mellitus after gestational diabetes: a systematic review and meta-
analysis. Lancet, 373, 1773–1779 (2009).

 2) Lobstein T, Baur L, Uauy R. Obesity in children and young people: 
a crisis in public health. Obes. Rev., 5 (Suppl. 1), 4–85 (2004).

 3) Coughlan KA, Valentine RJ, Ruderman NB, Saha AK. AMPK ac-
tivation: a therapeutic target for type 2 diabetes? Diabetes Metab. 
Syndr. Obes., 7, 241–253 (2014).

 4) Majumdar SK, Inzucchi SE. Investigational anti-hyperglycemic 
agents: the future of type 2 diabetes therapy? Endocrine, 44, 47–58 
(2013).

 5) Scheen AJ. Safety of dipeptidyl peptidase-4 inhibitors for treating 
type 2 diabetes. Expert Opin. Drug Saf., 14, 505–524 (2015).

 6) Zerilli T, Pyon EY. Sitagliptin phosphate: a DPP-4 inhibitor for the 
treatment of type 2 diabetes mellitus. Clin. Ther., 29, 2614–2634 
(2007).

 7) Huang W, Ramsey KM, Marcheva B, Bass J. Circadian rhythms, 
sleep, and metabolism. J. Clin. Invest., 121, 2133–2141 (2011).

 8) Smolensky MH, Hermida RC, Castriotta RJ, Portaluppi F. Role of 
sleep-wake cycle on blood pressure circadian rhythms and hyper-
tension. Sleep Med., 8, 668–680 (2007).

 9) Delfino RJ, Zeiger RS, Seltzer JM, Street DH, Matteucci RM, An-
derson PR, Koutrakis P. The effect of outdoor fungal spore concen-
trations on daily asthma severity. Environ. Health Perspect., 105, 
622–635 (1997).

10) Rocco MB, Barry J, Campbell S, Nabel E, Cook EF, Goldman L, 
Selwyn AP. Circadian variation of transient myocardial ischemia 
in patients with coronary artery disease. Circulation, 75, 395–400 
(1987).

11) Beauchamp D, Labrecque G. Chronobiology and chronotoxicol-
ogy of antibiotics and aminoglycosides. Adv. Drug Deliv. Rev., 59, 
896–903 (2007).

12) Huang XL, Fu CJ, Bu RF. Role of circadian clocks in the develop-
ment and therapeutics of cancer. J. Int. Med. Res., 39, 2061–2066 
(2011).

13) Mastrototaro J. The MiniMed continuous glucose monitoring sys-
tem (CGMS). J. Pediatr. Endocrinol. Metab., 12 (Suppl. 3), 751–758 
(1999).

14) Henriksson E, Huber AL, Soto EK, Kriebs A, Vaughan ME, Dug-
lan D, Chan AB, Papp SJ, Nguyen M, Afetian ME, Lamia KA. 
The liver circadian clock modulates biochemical and physiological 
responses to metformin. J. Biol. Rhythms, 32, 345–358 (2017).

15) Yoshioka H, Mizuno Y, Yamaguchi T, Ichimaru Y, Takeya K, Hito-
tsuyanagi Y, Nonogaki T, Aoyagi Y. Methyl dehydroabietate coun-
ters high fat diet-induced insulin resistance and hepatic steatosis by 
modulating peroxisome proliferator-activated receptor signaling in 

mice. Biomed. Pharmacother., 99, 214–219 (2018).
16) Yoshioka H, Nonogaki T, Fukuishi N, Shinohara Y, Hwang GW, 

Ohtani K, Miura N. Chronotoxicity of bromobenzene-induced he-
patic injury in mice. J. Toxicol. Sci., 42, 251–258 (2017).

17) Jung YA, Choi YK, Jung GS, Seo HY, Kim HS, Jang BK, Kim 
JG, Lee IK, Kim MK, Park KG. Sitagliptin attenuates methionine/
choline-deficient diet-induced steatohepatitis. Diabetes Res. Clin. 
Pract., 105, 47–57 (2014).

18) Kondratov RV, Antoch MP. Circadian proteins in the regulation 
of cell cycle and genotoxic stress responses. Trends Cell Biol., 17, 
311–317 (2007).

19) Lemmer B. Chronopharmacology and its impact on antihyperten-
sive treatment. Acta Physiol. Pharmacol. Bulg., 24, 71–80 (1999).

20) Dobrian AD, Ma Q, Lindsay JW, Leone KA, Ma K, Coben J, 
Galkina EV, Nadler JL. Dipeptidyl peptidase IV inhibitor sitagliptin 
reduces local inflammation in adipose tissue and in pancreatic islets 
of obese mice. Am. J. Physiol. Endocrinol. Metab., 300, E410–E421 
(2011).

21) Omar BA, Vikman J, Winzell MS, Voss U, Ekblad E, Foley JE, 
Ahren B. Enhanced beta cell function and anti-inflammatory effect 
after chronic treatment with the dipeptidyl peptidase-4 inhibitor 
vildagliptin in an advanced-aged diet-induced obesity mouse model. 
Diabetologia, 56, 1752–1760 (2013).

22) Wang ZY, Tobin EM. Constitutive expression of the CIRCADIAN 
CLOCK ASSOCIATED 1 (CCA1) gene disrupts circadian rhythms 
and suppresses its own expression. Cell, 93, 1207–1217 (1998).

23) Turek FW, Joshu C, Kohsaka A, Lin E, Ivanova G, McDearmon 
E, Laposky A, Losee-Olson S, Easton A, Jensen DR, Eckel RH, 
Takahashi JS, Bass J. Obesity and metabolic syndrome in circadian 
Clock mutant mice. Science, 308, 1043–1045 (2005).

24) Rudic RD, McNamara P, Curtis AM, Boston RC, Panda S, Hogen-
esch JB, Fitzgerald GA. BMAL1 and CLOCK, two essential com-
ponents of the circadian clock, are involved in glucose homeostasis. 
PLOS Biol., 2, e377 (2004).

25) Kondratov RV, Kondratova AA, Gorbacheva VY, Vykhovanets OV, 
Antoch MP. Early aging and age-related pathologies in mice defi-
cient in BMAL1, the core componentof the circadian clock. Genes 
Dev., 20, 1868–1873 (2006).

26) Kohsaka A, Laposky AD, Ramsey KM, Estrada C, Joshu C, 
Kobayashi Y, Turek FW, Bass J. High-fat diet disrupts behavioral 
and molecular circadian rhythms in mice. Cell Metab., 6, 414–421 
(2007).

27) Ando H, Takamura T, Matsuzawa-Nagata N, Shima KR, Eto T, 
Misu H, Shiramoto M, Tsuru T, Irie S, Fujimura A, Kaneko S. 
Clock gene expression in peripheral leucocytes of patients with type 
2 diabetes. Diabetologia, 52, 329–335 (2009).

28) Paschos GK, Baggs JE, Hogenesch JB, FitzGerald GA. The role of 
clock genes in pharmacology. Annu. Rev. Pharmacol. Toxicol., 50, 
187–214 (2010).

29) Lyseng-Williamson KA. Sitagliptin. Drugs, 67, 587–597 (2007).

http://dx.doi.org/10.1016/S0140-6736(09)60731-5
http://dx.doi.org/10.1016/S0140-6736(09)60731-5
http://dx.doi.org/10.1016/S0140-6736(09)60731-5
http://dx.doi.org/10.1111/j.1467-789X.2004.00133.x
http://dx.doi.org/10.1111/j.1467-789X.2004.00133.x
http://dx.doi.org/10.1007/s12020-013-9884-3
http://dx.doi.org/10.1007/s12020-013-9884-3
http://dx.doi.org/10.1007/s12020-013-9884-3
http://dx.doi.org/10.1517/14740338.2015.1006625
http://dx.doi.org/10.1517/14740338.2015.1006625
http://dx.doi.org/10.1016/j.clinthera.2007.12.034
http://dx.doi.org/10.1016/j.clinthera.2007.12.034
http://dx.doi.org/10.1016/j.clinthera.2007.12.034
http://dx.doi.org/10.1172/JCI46043
http://dx.doi.org/10.1172/JCI46043
http://dx.doi.org/10.1016/j.sleep.2006.11.011
http://dx.doi.org/10.1016/j.sleep.2006.11.011
http://dx.doi.org/10.1016/j.sleep.2006.11.011
http://dx.doi.org/10.1289/ehp.97105622
http://dx.doi.org/10.1289/ehp.97105622
http://dx.doi.org/10.1289/ehp.97105622
http://dx.doi.org/10.1289/ehp.97105622
http://dx.doi.org/10.1161/01.CIR.75.2.395
http://dx.doi.org/10.1161/01.CIR.75.2.395
http://dx.doi.org/10.1161/01.CIR.75.2.395
http://dx.doi.org/10.1161/01.CIR.75.2.395
http://dx.doi.org/10.1016/j.addr.2006.07.028
http://dx.doi.org/10.1016/j.addr.2006.07.028
http://dx.doi.org/10.1016/j.addr.2006.07.028
http://dx.doi.org/10.1177/147323001103900601
http://dx.doi.org/10.1177/147323001103900601
http://dx.doi.org/10.1177/147323001103900601
http://dx.doi.org/10.1177/0748730417710348
http://dx.doi.org/10.1177/0748730417710348
http://dx.doi.org/10.1177/0748730417710348
http://dx.doi.org/10.1177/0748730417710348
http://dx.doi.org/10.1016/j.biopha.2018.01.064
http://dx.doi.org/10.1016/j.biopha.2018.01.064
http://dx.doi.org/10.1016/j.biopha.2018.01.064
http://dx.doi.org/10.1016/j.biopha.2018.01.064
http://dx.doi.org/10.1016/j.biopha.2018.01.064
http://dx.doi.org/10.2131/jts.42.251
http://dx.doi.org/10.2131/jts.42.251
http://dx.doi.org/10.2131/jts.42.251
http://dx.doi.org/10.1016/j.diabres.2014.04.028
http://dx.doi.org/10.1016/j.diabres.2014.04.028
http://dx.doi.org/10.1016/j.diabres.2014.04.028
http://dx.doi.org/10.1016/j.diabres.2014.04.028
http://dx.doi.org/10.1016/j.tcb.2007.07.001
http://dx.doi.org/10.1016/j.tcb.2007.07.001
http://dx.doi.org/10.1016/j.tcb.2007.07.001
http://dx.doi.org/10.1152/ajpendo.00463.2010
http://dx.doi.org/10.1152/ajpendo.00463.2010
http://dx.doi.org/10.1152/ajpendo.00463.2010
http://dx.doi.org/10.1152/ajpendo.00463.2010
http://dx.doi.org/10.1152/ajpendo.00463.2010
http://dx.doi.org/10.1007/s00125-013-2927-8
http://dx.doi.org/10.1007/s00125-013-2927-8
http://dx.doi.org/10.1007/s00125-013-2927-8
http://dx.doi.org/10.1007/s00125-013-2927-8
http://dx.doi.org/10.1007/s00125-013-2927-8
http://dx.doi.org/10.1016/S0092-8674(00)81464-6
http://dx.doi.org/10.1016/S0092-8674(00)81464-6
http://dx.doi.org/10.1016/S0092-8674(00)81464-6
http://dx.doi.org/10.1126/science.1108750
http://dx.doi.org/10.1126/science.1108750
http://dx.doi.org/10.1126/science.1108750
http://dx.doi.org/10.1126/science.1108750
http://dx.doi.org/10.1371/journal.pbio.0020377
http://dx.doi.org/10.1371/journal.pbio.0020377
http://dx.doi.org/10.1371/journal.pbio.0020377
http://dx.doi.org/10.1371/journal.pbio.0020377
http://dx.doi.org/10.1101/gad.1432206
http://dx.doi.org/10.1101/gad.1432206
http://dx.doi.org/10.1101/gad.1432206
http://dx.doi.org/10.1101/gad.1432206
http://dx.doi.org/10.1016/j.cmet.2007.09.006
http://dx.doi.org/10.1016/j.cmet.2007.09.006
http://dx.doi.org/10.1016/j.cmet.2007.09.006
http://dx.doi.org/10.1016/j.cmet.2007.09.006
http://dx.doi.org/10.1007/s00125-008-1194-6
http://dx.doi.org/10.1007/s00125-008-1194-6
http://dx.doi.org/10.1007/s00125-008-1194-6
http://dx.doi.org/10.1007/s00125-008-1194-6
http://dx.doi.org/10.1146/annurev.pharmtox.010909.105621
http://dx.doi.org/10.1146/annurev.pharmtox.010909.105621
http://dx.doi.org/10.1146/annurev.pharmtox.010909.105621
http://dx.doi.org/10.2165/00003495-200767040-00007

