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Abstract

A vital role of circadian rhythms is to enable an organism to predict or 
adapt to environmental oscillations, including internal and external cues. 
These physiological and behavioral circadian rhythmicities are exhibited 
by all mammals and are generated by intracellular levels of circadian 
oscillators, which are composed of transcriptional/translational feedback 
loops involving a set of circadian-clock genes. These circadian-clock 
genes play important roles in regulating not only circadian rhythms but 
also energy homeostasis and metabolism. Increasing evidence shows 
that mutations or knockouts of circadian-clock genes or disruptions of 
the circadian rhythm initiate metabolic disorders. Similarly, high-nutrient 
diets influence the expression levels of circadian-clock genes in the liver. 
Changes in the cellular redox potential affect the activity of circadian-
clock gene transcription factors and the expressions and functions of 
circadian-clock genes, which regulate energy metabolism. The characteri-
zations of circadian-clock genes have potential therapeutic relevance with 
respect to the pathogenesis and treatment of obesity-related metabolic 
diseases including type 2 diabetes and metabolic syndrome. [Tzu Chi 
Med J 2009;21(4):285–288]
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1. Introduction

Rhythmicity in organisms is exhibited in several forms. 
The longest rhythm cycles about once per year and 
exerts annual changes. In contrast, the shortest 
rhythm cycles about once per second, such as the 
heart beating, and maintains the life of vertebrates. 
Additionally, seasonal and monthly rhythms are also 
common, such as mating and maternal behavior in 
animals, and the menstrual cycle in primates. How-
ever, the most common rhythm in nature is the circa-
dian rhythm. The word “circa” means “about” and 

“diem” or “dies” means “day”, so the circadian rhythm 
is a cycle of approximately 24 hours. This phenom-
enon is conserved in all eukaryotes and even some 
prokaryotes. A primary role of the circadian rhythm 
is to entrain the organism to environmental cues, so 
that an animal is able to anticipate, predict or adapt 
to environmental fluctuations, such as food avail-
ability and predator risk. The circadian rhythm is also 
critical to the synchronization and relative phasing 
of diverse internal physiological processes and mo-
lecular pathways [1]. In mammals, the pacemaker 
of circadian rhythm is located in the hypothalamic 
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suprachiasmatic nucleus (SCN). Several studies have 
shown a series of circadian-clock genes in the SCN 
that regulate circadian rhythms [1].

2. Molecular mechanisms of 
circadian-clock systems

The circadian-clock genes, including the circadian 
locomotor output cycles kaput (Clock), brain and 
muscle-Arnt-like 1 (Bmal1), Period 1 (Per1), Per2, Per3, 
cryptochrome 1 (Cry1) and Cry2 as well as their 
translational products, proteins, consist of a complex 
circuitry of transcriptional/translational regulatory 
feedback loops, which drive the circadian rhythmi-
city. In brief, Clock and Bmal1 encode proteins that 
are members of the basic helix-loop-helix (b-HLH)-
period-Arnt-Single-minded (PAS) transcription factor 
family. CLOCK and BMAL1 proteins heterodimerize 
in the cytoplasm to form a complex and activate the 
transcription of target genes containing E-box (5’-
CAGCTG-3’) as well as E-box-like promoter sequences 
[1], and then they mediate other core circadian-clock 
genes. These other core circadian-clock genes include 
the Per genes (Per1, Per2, and Per3), paralogous mem-
bers of the PAS protein family, and Cry genes (Cry1 
and Cry2). PER and CRY proteins form a heteromul-
timeric complex that translocates to the nucleus and 
directly inhibits transcriptional activity of the CLOCK-
BMAL1 complex, thereby lowering Per and Cry mRNA 
levels. Thus, this circuitry involves a primary loop with 
CLOCK and BMAL1 as transcriptional activators, and 
PER and CRY proteins as transcriptional repressors 
[1–4]. Moreover, Pers and Bmal1 have robust oscilla-
tion in opposite phases correlating with their oppos-
ing functions [5–7]. All these circadian-clock genes 
exhibit a 24-hour rhythm in SCN cells and peripheral 
tissues, except for Clock, which has been shown 
not to oscillate in the SCN [8] and other tissues [7]. 
Several other genes also appear to be important in 
sustaining biological clock function. Casein kinase I 
epsilon (CKIε) can phosphorylate the PER proteins to 
enhance their instability and degradation [8–11]. 
Bmal1 expression is negatively regulated by the tran-
scription factor reverse erythroblastosis virus α (REV-
ERBα) [12], and positively regulated by retinoic acid 
receptor-related orphan receptor α (RORα) through 
the ROR response element (RORE) [13]. Thus, Bmal1 
oscillation is driven by a rhythmic change in RORE 
occupancy by RORs and REV-ERBα.

3. Effects of circadian-clock gene 
mutations and metabolic disorders

Recent studies have suggested that disruption of circa-
dian rhythms may lead to manifestations of metabolic 

syndrome [14–16]. Evidence also suggests that loss 
of the circadian rhythmicity of glucose metabolism 
may contribute to the development of metabolic dis-
orders, such as type 2 diabetes, in both animals 
[17–19] and humans [17,18,20]. The direct linkage 
between circadian mechanism dysfunction and 
metabolic abnormalities is demonstrated by pheno-
types of circadian-clock gene mutants, knockouts or 
disruptions.

Deletion of Bmal1 also induces arrhythmicity, the 
early onset of age-related pathologies such as myop-
athy and arthropathy, and altered hepatic carbohy-
drate metabolism [21]. Bmal1 or Clock mutant mice 
exhibit suppressed diurnal variations in glucose and 
triglycerides as well as abolished gluconeogenesis, 
but the counter-regulatory responses of corticoste-
rone and glucagon are retained [21]. Clock mutant 
mice have a greatly attenuated diurnal feeding rhythm 
and increased caloric intake, are hyperphagic and 
obese, and develop a metabolic syndrome of hyper-
leptinemia, hyperlipidemia, hepatic steatosis, and 
hyperglycemia [22]. The expression of hypothalamic 
peptides, ghrelin and orexin, which are related to en-
ergy balance as well as gluconeogenesis, are attenu-
ated in these Clock mutant mice [22]. A combination 
of the Clock mutant with the leptin knockout (ob/ob) 
results in significantly heavier mice than the ob/ob 
phenotype [23]. Mutation in another core circadian-
clock gene, Per2 (Per2 mutant mice), exhibits no di-
urnal feeding rhythm or glucocorticoid rhythm, but the 
corticosterone response to hypoglycemia is intact 
[24]. In addition, Per2 mutant mice exhibit increased 
bone density [25]. Because bone and adipose tissue 
share a common ontogeny, it is possible that these 
findings may also have implications for adipogenesis 
[26]. Moreover, liver-specific deletion of Bmal1 ex-
hibited by hypoglycemia during fasting, exaggerates 
glucose clearance and loss of rhythmic expression 
of hepatic glucose regulatory genes, which shows a 
direct effect of the liver circadian-clock genes on glu-
cose metabolism [27]. These findings suggest that 
disruption of circadian-clock genes causes impair-
ment of glucose metabolism and leads to develop-
ment of metabolic disorders.

4. Effects of high-fat diet on 
circadian-clock genes

In contrast to the comprehensible effects of circadian-
clock gene mutations with metabolic disorders, the 
effects of a high-fat diet on the expression of circadian-
clock genes are still controversial. Yanagihara et al 
reported that 8 weeks of a high-fat diet in female 
C57BL/6 mice had minor effects on the expression 
of circadian-clock genes such as Clock, Bmal1, Per1, 
Per2, Cry1, and Cry2 in the liver [28]. Satoh et al 
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also reported similar results for levels of Per1 and 
Per2 in the liver of male ICR mice after high-fat diet 
treatment [29]. Bray and Young also found that 
4 weeks of high-fat-diet feeding had no significant ef-
fect on any circadian-clock gene oscillations in the 
rat liver [30]. On the other hand, it has been reported 
that 6 weeks of a high-fat-diet decreases levels of 
Clock and Bmal1 expression, but does not affect Per1 
in the livers of male C57BL/6 mice [31]. Our recent 
studies found that chronic (11 months) treatment 
with a high-fat diet elevates the expression levels of 
Bmal1, Per1, Per2, Per3, Cry1, Cry2 and CK1e, 
while Clock shows no change in the livers of male 
C57BL/6 mice [7]. It is possible that gender difference 
accounts for these controversial findings because we 
also found that female mice take longer to become 
obese from a high-fat diet [31,32]. Moreover, a recent 
study also reported that a high-fat diet induces a phase-
delay in circadian-clock gene expression and down-
stream genes, the circadian-clock-controlled genes [33]. 
Therefore, a high-fat diet appears to affect circadian-
clock gene expression.

5. Conclusion

Obesity and being overweight pose major risks for 
chronic diseases including type 2 diabetes, cardiovas-
cular disease, hypertension, stroke, and certain forms 
of cancer [34]. The pre-disease condition that is called 
metabolic syndrome has become the center of much 
attention; it is provoked by high-nutrient diets in both 
developed and developing countries [35]. Although 
the detailed molecular mechanisms of circadian-clock 
genes involved in cellular energy status, energy me-
tabolism, and metabolic disorders are not fully clear, 
growing evidence has demonstrated that changes 
in the cellular redox potential affect the activity of 
circadian-clock gene transcription factors [36,37], as 
well as the expression and function of circadian-clock 
genes, which regulate energy metabolism [21,22,38, 
39]. Because the liver is responsible for key elements 
of intermediary metabolism, such as the metabolism 
of carbohydrates, lipids and proteins [40], there are 
increasing studies on the relationships between the 
liver and circadian-clock genes. The interaction of 
circadian-clock genes within adipocytes is another 
important issue in comprehending the manifestation 
and development of metabolic disorders. Recently, ex-
pression levels of circadian-clock genes, Per2, Bmal1 
and Cry1, in adipose tissues were found to be related 
to human metabolic syndrome, and a close associa-
tion between Clock polymorphisms, obesity and met-
abolic syndrome have also been reported [41,42]. In 
conclusion, the characterization of circadian-clock 
genes has potential therapeutic relevance with respect 
to the pathogenesis and treatment of obesity-related 

metabolic diseases, such as type 2 diabetes and 
metabolic syndrome.

Acknowledgments

This study was supported in part by grants from the 
National Science Council of Taiwan (NSC 95-2320-B-
320-006-MY2 to Kun-Ruey Shieh and NSC 97-2314-B-
277-001-MY3 to Shu-Chuan Yang) and the Tzu Chi 
Foundation (TCIRP 95006-01 to Kun-Ruey Shieh).

References

 1. Reppert SM, Weaver DR. Coordination of circadian timing 
in mammals. Nature 2002;418:935–41.

 2. Lowrey PL, Takahashi JS. Mammalian circadian biology: 
elucidating genome-wide levels of temporal organization. 
Annu Rev Genomics Hum Genet 2004;5:407–41.

 3. Ripperger JA, Schibler U. Circadian regulation of gene 
expression in animals. Curr Opin Cell Biol 2001;13:
357–62.

 4. Shearman LP, Sriram S, Weaver DR, et al. Interacting molec-
ular loops in the mammalian circadian clock. Science 2000;
288:1013–9.

 5. Froy O. Metabolism and circadian rhythms—implications for 
obesity. Endocr Rev 2009 Oct 23. [Epub ahead of print]

 6. Froy O, Chapnik N, Miskin R. Long-lived alphaMUPA trans-
genic mice exhibit pronounced circadian rhythms. Am J 
Physiol Endocrinol Metab 2006;291:E1017–24.

 7. Hsieh MC, Yang SC, Tseng HL, Hwang LL, Chen CT, Shieh KR. 
Abnormal expressions of circadian-clock and circadian 
clock-controlled genes in the livers and kidneys of long-
term, high-fat-diet-treated mice. Int J Obes (Lond) 2009 
Nov 10. [Epub ahead of print]

 8. Dunlap JC. Molecular bases for circadian clocks. Cell 1999;
96:271–90.

 9. Eide EJ, Virshup DM. Casein kinase I: another cog in the 
circadian clockworks. Chronobiol Int 2001;18:389–98.

10. Eide EJ, Woolf MF, Kang H, et al. Control of mammalian 
circadian rhythm by CKIepsilon-regulated proteasome-
mediated PER2 degradation. Mol Cell Biol 2005;25:
2795–807.

11. Whitmore D, Cermakian N, Crosio C, et al. A clockwork 
organ. Biol Chem 2000;381:793–800.

12. Preitner N, Damiola F, Lopez-Molina L, et al. The orphan 
nuclear receptor REV-ERBalpha controls circadian tran-
scription within the positive limb of the mammalian circa-
dian oscillator. Cell 2002;110:251–60.

13. Ueda HR, Hayashi S, Chen W, et al. System-level identifica-
tion of transcriptional circuits underlying mammalian cir-
cadian clocks. Nat Genet 2005;37:187–92.

14. Broberger C. Brain regulation of food intake and appetite: 
molecules and networks. J Intern Med 2005;258:301–27.

15. Buijs RM, Kreier F. The metabolic syndrome: a brain dis-
ease? J Neuroendocrinol 2006;18:715–6.

16. Staels B. When the Clock stops ticking, metabolic syn-
drome explodes. Nat Med 2006;12:54–5.

17. Oster MH, Castonguay TW, Keen CL, Stern JS. Circadian 
rhythm of corticosterone in diabetic rats. Life Sci 1988;43:
1643–5.



288 TZU CHI MED J  December 2009  Vol 21  No 4

18. Van Cauter E, Polonsky KS, Scheen AJ. Roles of circadian 
rhythmicity and sleep in human glucose regulation. 
Endocr Rev 1997;18:716–38.

19. Velasco A, Huerta I, Marin B. Plasma corticosterone, motor 
activity and metabolic circadian patterns in streptozotocin-
induced diabetic rats. Chronobiol Int 1988;5:127–35.

20. Spallone V, Bernardi L, Ricordi L, et al. Relationship between 
the circadian rhythms of blood pressure and sympathovagal 
balance in diabetic autonomic neuropathy. Diabetes 1993;
42:1745–52.

21. Rudic RD, McNamara P, Curtis AM, et al. BMAL1 and CLOCK, 
two essential components of the circadian clock, are 
involved in glucose homeostasis. PLoS Biol 2004;2:e377.

22. Turek FW, Joshu C, Kohsaka A, et al. Obesity and meta-
bolic syndrome in circadian Clock mutant mice. Science 
2005;308:1043–5.

23. Oishi K, Ohkura N, Wakabayashi M, et al. CLOCK is involved 
in obesity-induced disordered fibrinolysis in ob/ob mice 
by regulating PAI-1 gene expression. J Thromb Haemost 
2006;4:1774–80.

24. Yang S, Liu A, Weidenhammer A, et al. The role of mPer2 
clock gene in glucocorticoid and feeding rhythms. 
Endocrinology 2009;150:2153–60.

25. Fu L, Patel MS, Bradley A, Wagner EF, Karsenty G. The 
molecular clock mediates leptin-regulated bone forma-
tion. Cell 2005;122:803–15.

26. Gimble JM, Zvonic S, Floyd ZE, Kassem M, Nuttall ME. 
Playing with bone and fat. J Cell Biochem 2006;98:251–66.

27. Lamia KA, Storch KF, Weitz CJ. Physiological significance 
of a peripheral tissue circadian clock. Proc Natl Acad Sci 
USA 2008;105:15172–7.

28. Yanagihara H, Ando H, Hayashi Y, Obi Y, Fujimura A. High-
fat feeding exerts minimal effects on rhythmic mRNA 
expression of clock genes in mouse peripheral tissues. 
Chronobiol Int 2006;23:905–14.

29. Satoh Y, Kawai H, Kudo N, Kawashima Y, Mitsumoto A. 
Time-restricted feeding entrains daily rhythms of energy 
metabolism in mice. Am J Physiol Regul Integr Comp 
Physiol 2006;290:R1276–83.

30. Bray MS, Young ME. Diurnal variations in myocardial 
metabolism. Cardiovasc Res 2008;79:228–37.

31. Kohsaka A, Laposky AD, Ramsey KM, et al. High-fat diet 
disrupts behavioral and molecular circadian rhythms in 
mice. Cell Metab 2007;6:414–21.

32. Hwang LL, Wang CH, Li TL, et al. Sex differences in high-fat 
diet-induced obesity, metabolic alterations and learning, 
and synaptic plasticity deficits in mice. Obesity (Silver 
Spring) 2009 Sep 3. [Epub ahead of print]

33. Barnea M, Madar Z, Froy O. High-fat diet delays and fasting 
advances the circadian expression of adiponectin signal-
ing components in mouse liver. Endocrinology 2009;150:
161–8.

34. Anderson LH, Martinson BC, Crain AL, et al. Health care 
charges associated with physical inactivity, overweight, 
and obesity. Prev Chronic Dis 2005;2:A09.

35. Laaksonen DE, Niskanen L, Lakka HM, Lakka TA, Uusitupa M. 
Epidemiology and treatment of the metabolic syndrome. 
Ann Med 2004;36:332–46.

36. Rutter J, Reick M, McKnight SL. Metabolism and the con-
trol of circadian rhythms. Annu Rev Biochem 2002;71:
307–31.

37. Rutter J, Reick M, Wu LC, McKnight SL. Regulation of clock 
and NPAS2 DNA binding by the redox state of NAD cofac-
tors. Science 2001;293:510–4.

38. Lin JD, Liu C, Li S. Integration of energy metabolism and 
the mammalian clock. Cell Cycle 2008;7:453–7.

39. Liu C, Li S, Liu T, Borjigin J, Lin JD. Transcriptional coacti-
vator PGC-1alpha integrates the mammalian clock and 
energy metabolism. Nature 2007;447:477–81.

40. De Feo P, Lucidi P. Liver protein synthesis in physiology 
and in disease states. Curr Opin Clin Nutr Metab Care 
2002;5:47–50.

41. Gomez-Abellan P, Hernandez-Morante JJ, Lujan JA, Madrid 
JA, Garaulet M. Clock genes are implicated in the human 
metabolic syndrome. Int J Obes (Lond) 2008;32:121–8.

42. Scott EM, Carter AM, Grant PJ. Association between poly-
morphisms in the Clock gene, obesity and the metabolic 
syndrome in man. Int J Obes (Lond) 2008;32:658–62.


