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Abstract Circadian rhythms have been shown to regulate several physiological functions
including body temperature, sleep/wake cycle, physical activity, and cognition. These functions
are controlled by circadian clock genes, and the circadian clock system in the body is classified
into two clocks which are the central clock in the suprachiasmatic nucleus (SCN) of the hypo-
thalamus and peripheral clocks in peripheral tissues such as the liver and skeletal muscle. There-
fore, many researchers are conducting basic and applied research on the relationship between
circadian rhythm in peripheral tissues and physiological functions including sports performance
and effects of acute exercise and exercise training. On the other hand, it has been shown that
abnormal circadian rhythms and disturbance of circadian rhythms can lead to the development
of several diseases such as diabetes, cancer, sarcopenia, depression, and dementia. Thus, it is
also important to regulate individual circadian rhythm by considering for timing of exercise and
daily physical activity. Exercise and physical activity are found to have an influence on circadi-
an rhythms regulation (Chrono-exercise) and accumulate evidences between timing of exercise
and health outcomes. This review aims to introduce evidence for chrono-exercise and suggests
the importance for considering the timing of exercise and physical activity.
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Fig. 1 Concept for chrono-exercise

There are two aspects for chrono-exercise.

(a) The effect of exercise on circadian rhythms

(b) Considering for exercise timing and contents according to
individual circadian rhythms
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Fig. 2 The relationship between timing of exercise training and sports performance in human
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Fig. 3 Effects of exercise on the health parameters partially depend on the timing of exercise in
human. Exercise in the morning increases lipid oxidation in the afternoon. On the other hand, exer-
cise in the evening increases glucose tolerance and lipolysis and decreases LDL cholesterol levels.
t: up-regulated, |:down-regulated [CHik%7532-37)



356 s, W

EEND 5 A 3 2 7 DRH LW AT TR IZ DWW T
LM EIh2DOH L. Sk, L) - R ZE
B A ORI FERE TG T EIR D 5 I LI E O P E
EexRE LERE_ S, BRTFEi» S EEL
FHICE S F RN 2GR L 72 R 0 R E
INnb.

B

RWETE D —E0 1L, H A Sl 4R B2 B 2 0F 58 4l B &
(19H01089 : WfFE(CFHE - SRHEAS, W% S IFRD)
THEMENT L.

FBERECHE - BT NS 0 %R L

EEDEBRELEERH
G, HIL, REREICH ) EE, R IR, B
EZATV, R 2 G L7z TR e ARRE L 7.

51 A XX B

1) King DP, Zhao Y, Sangoram AM, Wilsbacher LD,
Tanaka M, Antoch MP, Steeves TD, Vitaterna MH,
Kornhauser JM, Lowrey PL, Turek FW, Takahashi JS.
Positional cloning of the mouse circadian clock gene.
Cell 89: 641-653, 1997. doi: 10.1016/s0092-8674 (00)
80245-7.

2) Bass J, Takahashi JS. Circadian integration of metabo-
lism and energetics. Science 330: 1349-1354, 2010. doi:
10.1126/science.1195027.

3) Aoyama S, Shibata S. Time-of-Day-Dependent Physi-
ological Responses to Meal and Exercise. Front Nutr 7:
18, 2020. doi: 10.3389/fnut.2020.00018.

4) Tahara Y, Aoyama S, Shibata S. The mammalian cir-
cadian clock and its entrainment by stress and exer-
cise. J Physiol Sci 67: 1-10, 2017. doi: 10.1007/s12576-
016-0450-7.

5) Aoyama S, Shibata S. The Role of Circadian Rhythms
in Muscular and Osseous Physiology and Their Regu-
lation by Nutrition and Exercise. Front Neurosci 11:
63, 2017. doi: 10.3389/fnins.2017.00063.

6) Stokes T, Hector AJ, Morton RW, McGlory C, Phil-
lips SM. Recent Perspectives Regarding the Role of
Dietary Protein for the Promotion of Muscle Hypertro-
phy with Resistance Exercise Training. Nutrients 10: 2,
2018. doi: 10.3390/nul10020180.

7) Morton RW, Murphy KT, McKellar SR, Schoenfeld
BJ, Henselmans M, Helms E, Aragon AA, Devries
MC, Banfield L, Krieger JW, Phillips SM. A systematic
review, meta-analysis and meta-regression of the ef-
fect of protein supplementation on resistance training—
induced gains in muscle mass and strength in healthy
adults. Br J Sports Med 52: 376-384, 2018. doi: 10.1136/
bjsports—2017-097608.

8) Dyar KA, Hubert MJ, Mir AA, Ciciliot S, Lutter D,
Greulich F, Quagliarini F, Kleinert M, Fischer K, Eich-
mann TO, Wright LE, Pena Paz MI, Casarin A, Perte-
gato V, Romanello V, Albiero M, Mazzucco S, Rizzuto
R, Salviati L, Biolo G, Blaauw B, Schiaffino S, Uhlen-
haut NH. Transcriptional programming of lipid and
amino acid metabolism by the skeletal muscle circa-
dian clock. PLoS Biol 16: 2005886, 2018. doi: 10.1371/
journal.phio.2005886.

9) Yamanaka Y, Honma S, Honma K. Scheduled expo-
sures to a novel environment with a running-wheel
differentially accelerate re-entrainment of mice pe-
ripheral clocks to new light-dark cycles. Genes Cells
13:497-507, 2008. doi: 10.1111/5.1365-2443.2008.01183.x.

10) Aoyama S, Kojima S, Sasaki K, Ishikawa R, Tanaka
M, Shimoda T, Hattori Y, Aoki N, Takahashi K, Hi-
rooka R, Takizawa M, Haraguchi A, Shibata S. Day-
Night Oscillation of Atroginl and Timing-Dependent
Preventive Effect of Weight-Bearing on Muscle At-
rophy. EBioMedicine 37: 499-508, 2018. doi: 10.1016/
j.ebiom.2018.10.057.

11) van Moorsel D, Hansen J, Havekes B, Scheer FAJL,
Jorgensen JA, Hoeks J, Schrauwen-Hinderling VB,
Duez H, Lefebvre P, Schaper NC, Hesselink MKC,
Staels B, Schrauwen P. Demonstration of a day-
night rhythm in human skeletal muscle oxidative
capacity. Mol Metab 5: 635-645, 2016. doi: 10.1016/
j.molmet.2016.06.012.

12) Zambon AC, McDearmon EL, Salomonis N, Vranizan
KM, Johansen KL, Adey D, Takahashi ]S, Schambelan
M, Conklin BR. Time- and exercise-dependent gene
regulation in human skeletal muscle. Genome Biol 4:
R61, 2003. doi: 10.1186/gb-2003-4-10-1r61.

13) Kuiismaa M, Schumann M, Sedliak M, Kraemer W],
Newton RU, Malinen JP, Nyman K, Hakkinen A, Hak-
kinena K. Effects of morning versus evening combined
strength and endurance training on physical perfor-
mance, muscle hypertrophy, and serum hormone con-
centrations. Appl Physiol Nutr Metab 41: 1285-1294,
2016. doi: 10.1139/apnm-2016-0271.

14) Abe T, Kazama R, Okauchi H, Oishi K. Food depriva-
tion during active phase induces skeletal muscle atro-
phy via IGF-1 reduction in mice. Arch Biochem Bio-
phys 677: 108160, 2019. doi: 10.1016/].abb.2019.108160.

15) Aoyama S, Kojima S, Sasaki K, Shimoda T, Takahashi
K, Hirooka R, Tahara Y, Shibata S. Effects of day-time
feeding on murine skeletal muscle growth and syn-
thesis. J Nutr Intermed Metab 17: 100099, 2019. doi:
10.1016/5.jnim.2019.100099.

16) Ishikawa-Takata K, Takimoto H. Current protein and
amino acid intakes among Japanese people: Analysis
of the 2012 National Health and Nutrition Survey.
Geriatr Gerontol Int 18: 723-731, 2018. doi: 10.1111/
2g1.13239.

17) Mamerow MM, Mettler JA, English KL, Casperson
SL, Arentson-Lantz E, Sheffield-Moore M, Layman
DK, Paddon-Jones D. Dietary protein distribution



18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

29)

RAEEET & EB) ST + —< VR

positively influences 24-h muscle protein synthesis in
healthy adults. J Nutr 144: 876-880, 2014. doi: 10.3945/
jn.113.185280.

Chtourou H, Souissi N. The effect of training at a spe-
cific time of day: a review. J Strength Cond Res 26:
1984-2005, 2012. doi: 10.1519/]SC.0b013e31825770a7.
Machado FS, Rodovalho GV, Coimbra CC. The time of
day differently influences fatigue and locomotor activ-
ity: is body temperature a key factor? Physiol Behav
140: 8-14, 2015. doi: 10.1016/j.physbeh.2014.11.069.
Ezagouri S, Zwighaft Z, Sobel ], Baillieul S, Doutre-
leau S, Ladeuix B, Golik M, Verges S, Asher G. Physi-
ological and Molecular Dissection of Daily Variance
in Exercise Capacity. Cell Metab 30: 78-91, 2019. doi:
10.1016/j.cmet.2019.03.012.

Jordan SD, Kriebs A, Vaughan M, Duglan D, Fan W,
Henriksson E, Huber AL, Papp SJ, Nguyen M, Afetian
M, Downes M, Yu RT, Kralli A, Evans RM, Lamia KA.
CRY1/2 Selectively Repress PPARdelta and Limit
Exercise Capacity. Cell Metab 26: 243-255, 2017. doi:
10.1016/j.cmet.2017.06.002.

Woldt E, Sebti Y, Solt LA, Duhem C, Lancel S, Eeck-
houte J, Hesselink MK, Paquet C, Delhaye S, Shin Y,
Kamenecka TM, Schaart G, Lefebvre P, Neviere R,
Burris TP, Schrauwen P, Staels B, Duez H. Rev-erb-
alpha modulates skeletal muscle oxidative capacity by
regulating mitochondrial biogenesis and autophagy.
Nat Med 19: 1039-1046, 2013. doi: 10.1038/nm.3213.
Souissi N, Gauthier A, Sesboue B, Larue J, Davenne D.
Effects of regular training at the same time of day on
diurnal fluctuations in muscular performance. J Sports
Sei 20: 929-937, 2002. doi: 10.1080/026404102320761813.
Facer-Childs E, Brandstaetter R. The impact of circa-
dian phenotype and time since awakening on diurnal
performance in athletes. Curr Biol 25: 518-522, 2015.
doi: 10.1016/j.cub.2014.12.036.

Rae DE, Stephenson K], Roden LC. Factors to con-
sider when assessing diurnal variation in sports per-
formance: the influence of chronotype and habitual
training time-of-day. Eur J Appl Physiol 115: 1339-
1349, 2015. doi: 10.1007/s00421-015-3109-9.

Wolff G, Esser KA. Scheduled exercise phase shifts
the circadian clock in skeletal muscle. Med Sci
Sports Exerc 44: 1663-1670, 2012. doi: 10.1249/
MSS.0b013e318255cf4c.

Sasaki H, Hattori Y, Ikeda Y, Kamagata M, Iwami S,
Yasuda S, Tahara Y, Shibata S. Forced rather than
voluntary exercise entrains peripheral clocks via a cor-
ticosterone/noradrenaline increase in PERZ2:LUC mice.
Sci Rep 6: 27607, 2016. doi: 10.1038/srep27607.
Yamanaka Y, Hashimoto S, Tanahashi Y, Nishide SY,
Honma S, Honma K. Physical exercise accelerates
reentrainment of human sleep-wake cycle but not of
plasma melatonin rhythm to 8-h phase-advanced sleep
schedule. Am J Physiol Regul Integr Comp Physiol
298: R681-691, 2010. doi: 10.1152/ajpregu.00345.2009.
Yamanaka Y, Hashimoto S, Masubuchi S, Natsubori A,

30)

31)

32)

33)

34)

35)

36)

37)

38)

357

Nishide SY, Honma S, Honma K. Differential regulation
of circadian melatonin rhythm and sleep-wake cycle
by bright lights and nonphotic time cues in humans.
Am J Physiol Regul Integr Comp Physiol 307: R546-
557, 2014. doi: 10.1152/ajpregu.00087.2014.

Nakao R, Yamamoto S, Horikawa K, Yasumoto Y,
Nikawa T, Mukai C, Oishi K. Atypical expression
of circadian clock genes in denervated mouse skel-
etal muscle. Chronobiol Int 32: 486-496, 2015. doi:
10.3109/07420528.2014.1003350.

Youngstedt SD, Kripke DF, Elliott JA. Circadian
phase-delaying effects of bright light alone and com-
bined with exercise in humans. Am J Physiol Regul
Integr Comp Physiol 282: R259-266, 2002. doi: 10.1152/
ajpregu.00473.2001.

Buxton OM, Frank SA, L'Hermite-Baleriaux M, Lep-
roult R, Turek FW, Van Cauter E. Roles of intensity
and duration of nocturnal exercise in causing phase
delays of human circadian rhythms. Am J Physiol 273:
E536-542, 1997. doi: 10.1152/ajpendo.1997.273.3 E536.
Tanaka Y, Ogata H, Kayaba M, Ando A, Park I, Ya-
jima K, Araki A, Suzuki C, Osumi H, Zhang S, Ishi-
hara A, Takahashi K, Shoda J, Nabekura Y, Satoh M,
Tokuyama K. Effect of a single bout of exercise on
clock gene expression in human leukocyte. J Appl
Physiol 128: 847-854, 2020. doi: 10.1152/japplphysi-
01.00891.2019.

Takahashi M, Haraguchi A, Tahara Y, Aoki N, Fuka-
zawa M, Tanisawa K, Ito T, Nakaoka T, Higuchi M,
Shibata S. Positive association between physical activ-
ity and PER3 expression in older adults. Sci Rep 7:
39771, 2017. doi: 10.1038/srep39771.

Haskell W, Lee IM, Pate R, Powell K, Blair S, Franklin
B, Macera C, Heath G, Thompson P, Bauman A. Physi-
cal activity and public health: updated recommenda-
tion for adults from the American College of Sports
Medicine and the American Heart Association. Med
Sci Sports Exerc 39: 1423-1434, 2007. doi: 10.1249/
mss.0b013e3180616b27.

Sato S, Basse AL, Schonke M, Chen S, Samad M,
Altintas A, Laker RC, Dalbram E, Barres R, Baldi P,
Treebak JT, Zierath JR, Sassone-Corsi P. Time of Ex-
ercise Specifies the Impact on Muscle Metabolic Path-
ways and Systemic Energy Homeostasis. Cell Metab
30: 92-110, 2019. doi: 10.1016/j.cmet.2019.03.013.
Iwayama K, Kawabuchi R, Nabekura Y, Kurihara
R, Park I, Kobayashi M, Ogata H, Kayaba M, Omi
N, Satoh M, Tokuyama K. Exercise before break-
fast increases 24-h fat oxidation in female subjects.
PL0S One 12: 0180472, 2017. doi: 10.1371/journal.
pone.0180472.

Iwayama K, Kurihara R, Nabekura Y, Kawabuchi
R, Park I, Kobayashi M, Ogata H, Kayaba M, Satoh
M, Tokuyama K. Exercise Increases 24-h Fat Oxi-
dation Only When It Is Performed Before Break-
fast. EBioMedicine 2: 2003-2009, 2015. doi: 10.1016/
j.ebiom.2015.10.029.



358

39)

40)

41)

42)

43)

44)

s, W

Kim HK, Konishi M, Takahashi M, Tabata H, Endo
N, Numao S, Lee SK, Kim YH, Suzuki K, Sakamoto S.
Effects of Acute Endurance Exercise Performed in
the Morning and Evening on Inflammatory Cytokine
and Metabolic Hormone Responses. PLoS One 10:
e0137567, 2015. doi: 10.1371/journal.pone.0137567.

Lian XQ, Zhao D, Zhu M, Wang ZM, Gao W, Zhao H,
Zhang DG, Yang ZJ], Wang LS. The influence of regu-
lar walking at different times of day on blood lipids
and inflammatory markers in sedentary patients with
coronary artery disease. Prev Med 58: 64-69, 2014.
doi: 10.1016/j.ypmed.2013.10.020.

Savikj M, Gabriel BM, Alm PS, Smith J, Caidahl K,
Bjornholm M, Fritz T, Krook A, Zierath JR, Wallberg-
Henriksson H. Afternoon exercise is more efficacious
than morning exercise at improving blood glucose lev-
els in individuals with type 2 diabetes: a randomised
crossover trial. Diabetologia 62: 233-237, 2019. doi:
10.1007/s00125-018-4767-z.

Takahashi M, Ozaki M, Kang MI, Sasaki H, Fukazawa
M, Iwakami T, Lim PJ, Kim HK, Aoyama S, Shibata
S. Effects of Meal Timing on Postprandial Glucose
Metabolism and Blood Metabolites in Healthy Adults.
Nutrients 10: 1763, 2018. doi: 10.3390/nul0111763.
Morris CJ, Yang JN, Garcia JI, Myers S, Bozzi I, Wang
W, Buxton OM, Shea SA, Scheer FA. Endogenous
circadian system and circadian misalignment impact
glucose tolerance via separate mechanisms in humans.
Proc Natl Acad Sci U S A 112: E2225-2234, 2015. doi:
10.1073/pnas.1418955112.

Gomez AM, Gomez C, Aschner P, Veloza A, Munoz
O, Rubio C, Vallejo S. Effects of performing morn-

45)

46)

47)

48)

49)

50)

ing versus afternoon exercise on glycemic control
and hypoglycemia frequency in type 1 diabetes
patients on sensor—augmented insulin pump ther-
apy. J Diabetes Sci Technol 9: 619-624, 2015. doi:
10.1177/1932296814566233.

BEE R, Sl &, RIERR EH O, O W, 6
BB BT B JEAATEN B X VB REE O H N/ 88 —
Y- VATFRTIA Y 7 LY a— - EEEEE, 21
5-19, 2019. doi: 10.24804/ree.21.5.

Davis MG, Fox KR, Hillsdon M, Sharp D], Coulson
JC, Thompson JL. Objectively measured physical ac-
tivity in a diverse sample of older urban UK adults.
Med Sci Sports Exerc 43: 647-654, 2011. doi: 10.1249/
MSS.0b013e3181£36196.

Yerrakalva D, Cooper AJ, Westgate K, Khaw KT,
Wareham NJ, Brage S, Griffin SJ, Wijndaele K. The
descriptive epidemiology of the diurnal profile of bouts
and breaks in sedentary time in older English adults.
Int J Epidemiol 46: 1871-1881, 2017. doi: 10.1093/ije/
dyx123.

Baruth M, Sharpe PA, Hutto B, Wilcox S, Warren TY.
Patterns of sedentary behavior in overweight and
obese women. Ethn Dis 23: 336-342, 2013.

Lynch BM, Boyle T, Winkler E, Occleston J, Courneya
KS, Vallance JK. Patterns and correlates of acceler-
ometer-assessed physical activity and sedentary time
among colon cancer survivors. Cancer Causes Control
27:59-68, 2016. doi: 10.1007/s10552-015-0683-4.
Chomistek AK, Shiroma EJ, Lee IM. The Relationship
Between Time of Day of Physical Activity and Obe-
sity in Older Women. J Phys Act Health 13: 416-418,
2016. doi: 10.1123/jpah.2015-0152.



