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Calorie restriction regulates 
circadian clock gene expression 
through BMAL1 dependent and 
independent mechanisms
Sonal A. Patel, Nikkhil Velingkaar, Kuldeep Makwana, Amol Chaudhari & Roman Kondratov

Feeding behavior, metabolism and circadian clocks are interlinked. Calorie restriction (CR) is a 

feeding paradigm known to extend longevity. We found that CR significantly affected the rhythms 
in the expression of circadian clock genes in mice on the mRNA and protein levels, suggesting that 

CR reprograms the clocks both transcriptionally and post-transcriptionally. The effect of CR on 
gene expression was distinct from the effects of time-restricted feeding or fasting. Furthermore, 
CR affected the circadian output through up- or down-regulation of the expression of several clock-
controlled transcriptional factors and the longevity candidate genes. CR-dependent effects on some 
clock gene expression were impaired in the liver of mice deficient for BMAL1, suggesting importance 
of this transcriptional factor for the transcriptional reprogramming of the clock, however, BMAL1- 
independent mechanisms also exist. We propose that CR recruits biological clocks as a natural 

mechanism of metabolic optimization under conditions of limited energy resources.

�e circadian clock is an internal time-keeping system generating rhythms in physiology, metabolism and behav-
ior1. In mammals, the central clock responsible for the entrainment by light resides in the brain and controls 
activities of multiple peripheral circadian clocks, which are located in almost every tissue of the organism2. 
Circadian clocks synchronize biochemical processes in cells, and thus may be responsible for optimization of 
metabolism. Disruption of the circadian clocks is associated with development of various pathological conditions, 
furthermore, circadian clocks have been implicated in control of aging in di�erent organisms3. Disruption of the 
circadian clock through mutations4–6 or circadian rhythms a�ected by environmental interference such as shi� of 
light/dark7,8 results in the reduced longevity. Activity of the circadian clock changes with age and it may contrib-
ute to the development of age-associated pathologies such as cancer, diabetes and neurodegeneration9–11. Calorie 
restriction (CR), a reduction in calorie intake without malnutrition, is a powerful intervention known for decades 
to slow down aging and increase lifespan across di�erent species including mammals12,13. In the mammalian CR 
paradigm, the food is received in a time-restricted manner. Food is one of the strongest cues for the circadian 
clocks; time-restricted feeding can entrain the peripheral circadian clocks. It was proposed that the circadian 
clock may be a part of the mechanism facilitating the bene�cial e�ects of calorie restriction in mammals3,14,15, 
recent data on interaction between the circadian clock and aging-controlling pathways such as the sirtuin16,17, 
insulin/IGF and mTOR signaling pathways18 support this hypothesis; however, the e�ect of CR on the molecular 
circadian clockwork has not been investigated.

At the molecular level, mammalian circadian clock is constituted of transcriptional feedback loops. �e major 
loop involves helix-loop-helix PAS domain containing transcription factors CLOCK and BMAL1, which form 
a complex and regulate the transcription of other clock genes, Periods (Per1 and Per2) and Cryptochromes (Cry1 
and Cry2), which products, in turn, inhibit CLOCK:BMAL1 transcriptional activity and their own expression, 
thus forming a negative feedback mechanism19. Another loop (called the accessory loop) consists of Rev Erbs (α  
and β ) and Retinoic acid receptors (Ror α and Ror γ), that control the expression of Bmal1 by serving as transcrip-
tion repressors and activators, respectively. Additionally, the CLOCK: BMAL1 complex drives transcription of 
several clock-controlled transcriptional factors such as Dec1, Dec2, Dbp, Hlf, Tef and E4bp4 (encoded by N�l3). 
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�e clock and clock-controlled transcriptional factors generate transcriptional output of the circadian clock in 
metabolism and cellular biochemical processes20.

In this study we have assayed the e�ects of 30% CR on the expression of circadian clock and clock-controlled 
genes at the mRNA and protein level in the liver. We found that CR signi�cantly a�ected circadian clockworks 
in a manner distinct from time-restricted feeding and fasting. We also analyzed the e�ects of 30% CR on clock 
genes expression in the liver of mice de�cient for the clock transcriptional factor BMAL1. Finally, the longevity 
candidate genes, reported to be regulated by CR, analyzed in the circadian manner showed that the e�ects were 
gene- and time of the day-dependent.

Results
Effect of CR on core clock genes expression. 30% CR is one of the most commonly used CR for C57B6 
mice21,22, therefore, we selected this feeding paradigm to perform the gene expression analysis. To assay the e�ects 
of CR on the molecular circadian clockworks, we compared expression of the core circadian genes across the day 
in the liver of mice that were subjected to di�erent feeding paradigms. Ad libitum (AL) fed mice had unlimited 
access to food throughout the day. CR mice received 30% less of their daily AL food intake for two months. In 
this group food was provided two hours a�er the light was turned o� (ZT14); indeed, mice are nocturnal ani-
mals, so the nighttime feeding is most physiologically relevant. In the third, time restricted (TR) feeding group, 
animals were provided with the 100% of their average daily AL food intake at ZT14 (the same time as the CR 
group) for two weeks; this time period is su�cient to reset circadian clocks in peripheral tissues23,24. We noticed 
that animals in both CR and TR groups consumed all the food within the �rst 3–5 hours, in agreement with our 
previous report on TR feeding25; therefore, the TR group represents an appropriate control for the CR group. 
Indeed, animals consume the food at the same time as the CR group, but there is no reduction in the amount of 
consumed calories. �e fourth group of animals has also been on the TR regimen for two weeks, but the animals 
did not receive food on the day of tissue collection. �us, this fasting (F) group experiences food deprivation for 
24 to 48 hours, and thus represents another control for the CR group: the control for sharp reduction in the calorie 
intake without any metabolic adaptation, in contrast to CR.

As expected, the expression of core clock genes exhibited oscillatory pattern of expression in the liver of AL 
mice (Fig. 1) in agreement with previously reported data. We observed that 30% CR dramatically a�ected the 
expression of circadian clock genes. According to the two way ANOVA analysis, mRNA expression for Bmal1, 
Per1, Per2, Cry2, (Fig. 1) and Rev Erb β, Per3 and Ror γ (Supplementary Fig. S1) were signi�cantly a�ected by CR. 
Cosinor wave analysis of circadian rhythms in the expression of the circadian clock genes revealed that most feed-
ing regimens did not signi�cantly a�ect rhythmicity or acrophase for most of the genes, however, CR and fasting 
disrupted circadian rhythms in the expression of Per1 and CR induced circadian rhythms in the expression of 

Figure 1. E�ect of CR on rhythms of circadian clock genes. mRNA expression of core clock genes – (a) Per1, 
(b) Per2, (c) Cry2,(d) Cry1, (e) Bmal1 and (f) Clock - was assayed in the liver of mice (n =  3 per time point) 
subjected to the following feeding regimens: ad libitum (AL) – blue circles, solid line; 30% calorie restriction 
(CR) – red squares and solid lines; time restricted feeding (TR)– orange triangles and solid lines, fasting (F) – 
green cross and solid lines . For convenience all data are double plotted. Data represents mean ±  SD; statistically 
signi�cant (p <  0.05) e�ects of the feeding (analyzed by two ways ANOVA) at a given time point are indicated 
by: (a)- between AL and CR groups, (b) – AL and TR, c- AL and fasting, (d)- CR and TR, (e) – CR and Fasting, 
(f)- TR and Fasting, Light and dark bars at the bottom represent light and dark phase of the day. ZT0 is the time 
when light is on and ZT12 is the time when light is o�. Food for CR and TR groups was provided at ZT14.
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Clock gene. CR did not a�ect Cry1, Rev Erb α and Ror α mRNA expression (Fig.1 and Supplementary Fig. S1) 
and even statistically signi�cantly reduced the expression of the Clock gene. TR had a similar e�ect as CR on 
the expression of Rev Erb β and Clock genes. �us, for Per1, Per2, Per3, Bmal1 and Cry2 genes the e�ect on the 
expression was CR speci�c and di�erent from the e�ects of TR and Fasting.

Effect of CR on clock-controlled genes expression. Several clock-controlled transcription factors, such 
as Hlf, Tef, Dbp, E4bp4, Dec1 and Dec2, have been shown to be the transcriptional targets of CLOCK/BMAL1 
complex, and reported to oscillate robustly with di�erent phases in the liver26,27. Previous reports have shown 
feeding/fasting cycle to have variable e�ects on the mRNA expression of some of these transcription factors28,29. 
We assayed the mRNA expression of these clock-controlled genes in the liver of 30% CR, TR, Fasting and AL 
mice by qPCR. CR signi�cantly induced the expression of Hlf and Tef (Fig. 2a, Supplementary Fig. S1f) at several 
time points; TR also a�ected the expression of these genes. CR up regulated the expression of the D box tran-
scription factor (Dbp,) at ZT6 and ZT10, whereas Fasting reduced Dbp expression (Fig. 2b), in agreement with 
earlier report in fasting animals30. E4bp4 mRNA levels were not a�ected by CR or TR, but were up regulated by 
Fasting later at night time points compared to AL (Fig. 2c). �ere was statistically signi�cant reduction in Dec1 
expression at ZT22 in CR, it was increased in TR group and, as previously demonstrated, it was down regulated at 
several time points during the day in the Fasting group (Fig. 2d). Dec2 mRNA expression was signi�cantly down 
regulated in CR animals and it was upregulated in TR and Fasting at several time points (Fig. 2f). Variable results 
have been observed in Pparα mRNA expression upon CR31,32. We showed that the e�ect of 30%CR on Pparα 
mRNA expression was not statistically signi�cant (Fig. 2e). �ese results indicate that CR a�ects the expression 
of clock-controlled transcription factors; the e�ect of CR on Dbp, Dec1 and Dec2 is statistically signi�cantly 
di�erent from TR or Fasting.

CR leads to reduced levels of CRY1 protein. Next we assayed the protein levels of the core clock genes 
(BMAL1, CLOCK, PER1, PER2 and CRY1) in the liver of mice from di�erent feeding groups (30% CR, TR, 
Fasting and AL). Rhythmic oscillations at the protein level in our AL group were similar to that demonstrated 
in previous reports33,34. BMAL1, PER1 and PER2 have shown circadian rhythms, while daily changes in CLOCK 
and CRY1 were not circadian according to the cosinor wave analysis33,34. Based on the two way ANOVA, CR 
signi�cantly reduced the protein level of core clock gene, CRY1, while the expression of CLOCK, BMAL1, PER1 
and PER2 were downregulated but the e�ect was not statistically signi�cant as shown in Fig. 3. CLOCK protein 
levels was down regulated at one time point upon Fasting (Fig. 3 and Supplementary Fig. S2). PER1 and PER2 
showed temporal changes in AL and TR as expected, having a peak around ZT 14, whereas in Fasting maximum 

Figure 2. CR e�ects on rhythms of clock controlled genes expression. mRNA levels of several clock 
controlled genes – (a) Hlf, (b) Dbp, (c) E4bp4, (d) Dec1, (e) Pparα and (f) Dec2 was assayed in the liver of mice 
(n =  3 per time point) subjected to the following feeding regimens: ad libitum (AL) –blue circles, solid line; 30% 
calorie restriction (CR) – red squares and solid lines; time restricted feeding (TR) orange triangles and solid 
lines and fasting (F) – green cross and solid lines. For convenience all data are double-plotted. Data represents 
mean ±  SD; statistically signi�cant (p <  0.05) e�ects of the feeding (analyzed by two ways ANOVA) at a given 
time point are indicated by: (a)- between AL and CR groups, (b) – AL and TR, c- AL and Fasting, (d)- CR and 
TR, (e) – CR and Fasting, (f)- TR and Fasting, Light and dark bars at the bottom represent light and dark phase 
of the day. ZT0 is the time when light is on and ZT12 is the time when light is o�. Food for CR and TR groups 
was provided at ZT14.
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abundance was around ZT 22-2 for Per2 and around ZT 2 for Per1. �e CRY1 protein level was dramatically 
reduced in both CR and Fasting groups compared to AL and TR (Fig. 3 and Supplementary Fig. S2) at all tested 
time points. �us, both Fasting and CR led to signi�cant down regulation of CRY1 on protein level at every time 
point, at the same time the e�ect of Fasting on the expression of CLOCK was time of the day dependent. TR e�ect 
on the expression for all tested clock genes was not statistically di�erent from AL.

BMAL1 is involved in CR effects on clock genes expression. Because CR had a signi�cant e�ect 
on clock genes mRNA expression and protein levels, our next question was if the e�ect of CR was through the 
regulation of BMAL1 transcription activity. We analyzed the mRNA expression of clock genes in whole body 
Bmal1− /−  mice subjected to 30% CR for 2 months. Similar to others, our results also demonstrated that expres-
sions of Per1, Per2 and Cry1 were arrhythmic in AL fed Bmal1− /−  mice (Fig. 4 and cosinor analysis). According 
to three way ANOVA, the e�ect of CR was statistically signi�cant for all three tested genes in wild type but in 
Bmal1− /−  mice the e�ect of CR was signi�cant only for Cry1. �us, BMAL1 is required for the e�ect of CR on 
Per1 and Per2 but not for Cry1 mRNA expression.

Effects of feeding regimens on expression of longevity candidate genes. E�ects of CR on the 
expression of Per1 and Per2 were previously reported: Per1 and Per2 genes were identified, using multiple 
microarray data analysis, among the group of genes with di�erential expression in the multiple tissues such as 
liver, brain, skeletal muscles of mice subjected to lifespan extending diets such as CR35. �ese genes were proposed 
as longevity-associated candidate genes and later for some of them their di�erential expressions were con�rmed 
in tissues of long lived dwarf mice35. However, one important caveat in these studies is that the time of tissue 
collection was not de�ned, making the comparison between samples complicated. Indeed, microarray analysis 
of the expression upon CR was performed in multiple groups independently and for every selected gene, includ-
ing Per1 and Per2, the e�ects of CR on the expression was not con�rmed in every study35,36. We hypothesized 
that the observed discrepancy in results between di�erent studies is due to di�erent time of sample collections 
and the expression of longevity candidates genes might signi�cantly change across the day. Indeed the e�ects of 
CR on Per1 and Per2 expressions in our study were signi�cant at some time and not signi�cant at another time 
of the day (Fig. 1). We selected ten longevity candidate genes: the expressions of Fmo3, Cyp4a14, Parp16 and 
Igfals genes were reported to be up regulated upon CR while the expressions of Cyp4a12b, Mup4, Hes6, Hsd3β5, 
Serpina12 and Alas2 were reported to be down regulated upon CR. We assayed the mRNA expression of these 
genes across di�erent time of the day in the liver of mice maintained on di�erent diets. Interestingly, some of 
the genes tested such as Hsd3β5 and Serpina12 exhibited rhythmic expression around the day. We did not �nd 
statistically signi�cant e�ect of CR on the expressions of Igfals and Serpina12. �e expressions of 8 candidate 
genes was statistically signi�cant either up or down regulated upon 30% CR (Fig. 5 and Supplementary Fig. S3) 
at least at some time points, in agreement with published microarray data; however, only for a subset of longevity 
candidate genes the e�ect was CR-speci�c. Expression of �avin monoxygenase (Fmo3) (Fig. 5a) was up regu-
lated signi�cantly with high amplitude rhythms upon CR, but not upon TR or Fasting. Expression of Cyp450 
gene, Cyp4a12b, (Fig. 5b) was down regulated upon CR, while there was no e�ect of TR or Fasting. Expression 
of Parp16 (Supplementary Fig. S3a) was statistically signi�cantly up regulated, and expression of, Mup4 and 
Alas2 (Fig. 5f and Supplementary Fig. S3c) was statistically signi�cantly down regulated upon CR at several time 
points, while at other time points there was no di�erence between CR and AL, TR or Fasting samples. E�ects 
on the expression of other tested target genes were not CR-speci�c: for example, while the expression of Cyp450 
gene, Cyp4a14 (Fig. 5c) was dramatically up regulated upon CR, and expressions of Hes6 (Fig. S3b) and Hsd3β5 

Figure 3. E�ect CR on rhythms in clock protein levels. Representative Western blots for clock proteins; 
BMAL1, CLOCK, CRY1, PER1 and PER2 assayed in the livers of mice (liver samples from three mice were 
pooled together at each time point) subjected to the following feeding regimens: AL – ad libitum, CR – 30% 
calorie restriction, TR –time-restricted feeding, F – fasting. Light and dark bars on the top of the �gure 
represent light and dark phase of the day. ZT0 is the time when light is on and ZT12 is the time when light is o�. 
Food for CR and TR groups was provided at ZT14, F group received food at ZT14 for two weeks and did not 
receive the food at the day of tissue harvesting.
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(Supplementary Fig. S3d) were down regulated upon CR (in agreement with the published microarray data), 
similar up or down regulations were detected upon Fasting too. �ese results emphasize the importance of the 
circadian approach for the study of the e�ect of CR on transcriptome. �e e�ect of CR on Fmo3, Cyp4a14a, 
Cyp4a12b, Mup4, Hes6, Parp16, and Hsd3B5 was statistically signi�cantly di�erent from e�ect of TR and Fasting.

Discussion
�e calorie restriction leads to multiple physiological and metabolic changes, which may contribute to longev-
ity12,13. Two major features of the CR paradigm in mammals are (1) reduced calorie intake and (2) periodicity in 
availability of food. �is periodic feeding resembles another feeding paradigm, known as time-restricted feeding. 
It was reported that TR could a�ect the circadian clocks3. �e expressions of circadian clock genes in the liver 
can be a�ected by feeding time: for example, restricting the time of food availability to the light phase of the day 
(non-physiological for rodents) leads to a shi� in the expression phase of the clock genes in the liver compared 
with AL fed mice, which predominantly feed during the dark phase of the day24,37,38. �e composition of food 
also has a signi�cant e�ect on gene expression: the high fat diet results in reduced amplitude of the expression 
for most clock genes in the liver39, and time-restricted feeding applied for the high fat diet restores the rhythms 
in the expression39. Interestingly, the expression of clock genes is also a�ected by pathological conditions: for 
example, development of insulin resistance and diabetes in streptozotocin-treated mice is accompanied by a 
signi�cant induction of expression of several clock genes (Per1 and Per2, Bmal1 and Cry1)40 . Detailed molec-
ular mechanisms connecting feeding and nutrients with clock gene expression need to be studied; nutrient or 
energy status-responding chromatin modifying enzymes interacting with clock machinery have been proposed 
as important mediators41.

In the present study we compared short-term 30% CR with TR and fasting. Food was provided at the same 
time for all groups during the dark phase of the day (the time of normal feeding for AL group); as expected, the 
phase of clock gene expression was not signi�cantly a�ected by CR or TR. CR signi�cantly induced the expression 
of several clock and clock-controlled genes. Circadian clocks in tissues are formed by individual cellular oscil-
lators; thus, one possible explanation of the observed e�ect of CR is robust synchronization of these individual 
cellular oscillators. However, upon synchronization one must expect increase in the amplitude of the rhythms 
rather than the e�ect on average expression. We found that CR a�ected the daily average in the expression of Per1, 
Per2, Cry2, Dec2 and Hlf genes, suggesting that increased synchronization cannot be the only mechanism. In 
addition, expression of some clock genes such as Rev-Erb α was not a�ected by CR. Finally, CR-induced changes 
in gene expression were di�erent from those of TR, suggesting that periodic feeding is not the major contributor 

Figure 4. BMAL1 dependent and independent regulation of circadian clock gene expression by CR. 
Circadian patterns of mRNA expression of clock genes – (a) Per1, (b) Per2 and (c) Cry1, were assayed by qPCR 
in the liver collected at 4 hours interval over period of 24 h from wild type (WT) and Bmal1− /−  (KO) mice 
(n =  3 per time point) subjected to the AL and CR: WT AL controls-blue circles and solid lines; WT CR- red 
triangles and solid lines; KO AL –blue squares, dashed lines; KO CR- red cross and dashed lines. All the graphs 
are double-plotted. Data represents mean ±  SD; statistically signi�cant (p <  0.05) di�erences between the 
genotypes and e�ects of di�erent diets across the time (analyzed by three way ANOVA) are indicated by: (a)- 
between WT AL and WT CR groups, (b) – KO AL and KO CR, c- WT AL and KO AL, (d)- WT CR and KO CR. 
Light and dark bars at the bottom represent light and dark phase of the day. ZT0 is the time when light is on and 
ZT12 is the time when light is o�. Food for CR was provided at ZT14.
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to the e�ects of CR on clock genes expression. In the study by Mendoza et al., e�ect of CR on the expression of 
circadian clock genes has been assayed in the SCN42. While we cannot compare the results of this study with our 
results directly because di�erent tissues have been assayed and the food was provided at di�erent times of the day 
(at ZT6 in Mendoza et al. and at ZT14 at our study), in both studies CR has signi�cant e�ect on the expression of 
several but not all tested clock genes. Interestingly, analysis of published microarray data on the in�uence of CR 
on mRNA expression in di�erent tissues in mice pooled from multiple independent studies performed by di�er-
ent groups43,44 identi�ed two clock genes, Per1 and Per2, among several genes whose expression was a�ected upon 
CR in many tissues. However, the up regulation of Per1 and Per2 expression was not detected in every study, for 
example, up regulation of Per1 and Per2 mRNA expression in the liver was detected in two out of seven studies43. 
Our data con�rmed that the expressions of Pers are indeed a�ected by CR and provided a potential explanation 
of the discrepancy between results published by di�erent groups, as di�erent groups may utilize di�erent time 
points for tissue collection.

Sharp reduction in calorie intake also a�ects expression of several clock genes: Per1 expression is up regulated, 
and Per2 expression is down regulated upon fasting28,30. In our study fasting also led to an increase in Per1 expres-
sion; this change was similar to that one induced by the CR; however, the magnitude of the e�ect was modest 
compared to CR. In sharp contrast to the e�ects of CR, which led to increased expression of Per2, Per3, Cry2 and 
Ror γ mRNAs, fasting resulted in decreased expression of these genes. Finally, fasting did not a�ect expression 
of Bmal1 (induced by CR) and Dec2 (suppressed by CR). Our data argue that CR results in the changes in the 
molecular circadian clockwork in the liver; these changes are, most likely, a result of metabolic adaptation to CR, 
because they are di�erent from the e�ects of periodic feeding and sharp reduction in calorie intake.

Expression of circadian clock genes is controlled by several transcriptional factors. �e BMAL1/CLOCK 
(BMAL1/NPAS2) complex is considered as a major regulator of Per1, Per2, Cry1, Cry2, Revs, Rors, Decs, Ppars 
and Dbp gene expression. �e e�ect of CR on expressions of some of these genes was signi�cantly impaired 
in the liver of Bmal1− /−  mice, which supports the involvement of BMAL1-containing transcriptional com-
plexes in the observed changes in the expression. On the other hand, CR a�ected not all of the BMAL1 targets; 
moreover, the induction of Cry1 expression by CR was intact in Bmal1− /−  mice, suggesting existence of both 
BMAL1-dependent and BMAL1-independent mechanisms. �e existence of BMAL1-independent mechanisms 
is not surprising, indeed, it was reported that circadian food anticipation rhythms are BMAL1-independent45,46. 
�e circadian clockwork is organized as a network of many positive and negative feedback loops2: for example, 
E4BP4 contributes to the circadian control of the expression of Per2, Cry1, Clock and Ror γ genes, and transcrip-
tional factors, REV-ERB and ROR family control the expression of Bmal1 and E4bp427. Furthermore, clock gene 

Figure 5. CR has time- and gene-speci�c e�ect on longevity associated candidate gene expression. mRNA 
levels of several longevity associated candidate genes – (a) Fmo3, (b) Cyp4a12b, (c) Cyp4a14a,(d) Serpina12, (e) 
Igfals and (f) Mup4 in the liver of mice (n =  3 per time point) subjected to the following feeding regimens: ad 
libitum (AL) – blue circles, solid line; 30% calorie restriction (CR) – red squares and solid lines; time restricted 
feeding (TR)– orange triangles and solid lines, fasting (F) – green cross and solid lines. For convenience all data 
are double-plotted. Data represents mean ±  SD; statistically signi�cant (p <  0.05) e�ects of the feeding (analyzed 
by two ways ANOVA) at a given time point are indicated by: (a)- between AL and CR groups, (b) – AL and 
TR, (c)- AL and Fasting, (d)- CR and TR, (e) – CR and Fasting, (f)- TR and Fasting. Light and dark bars at the 
bottom represent light and dark phase of the day. ZT0 is the time when light is on and ZT12 is the time when 
light is o�. Food for CR and TR groups was provided at ZT14.
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expression is regulated on posttranscriptional and posttranslational levels47, therefore, the e�ect of CR on the 
expression may be complex, and cannot be explained exclusively through the activation of only one transcrip-
tional factor.

E�ects of di�erent feeding regimens on the expression of clock genes on the protein level are much less stud-
ied. In contrast to increased expression of several clock genes on the mRNA level, we detected statistically signif-
icant down regulation of CRY1 and tendency towards reduction for other genes (the di�erence has not reached 
statistical signi�cance) upon 30% CR. �is discrepancy implies a regulation at the post-transcriptional level, in 
agreement with that, we observed reduced levels of BMAL1 and CLOCK proteins and increased mRNA levels of 
their transcriptional targets. CRY1 is a suppressor of CLOCK/BMAL1 transcriptional activity. We found that CR 
led to dramatic reduction of the CRY1 protein level, which supports an increase in mRNA expression of BMAL1/
CLOCK targets. Fasting had a similar e�ect as CR on the CRY1 protein level. Interestingly, in cells depleted of glu-
cose, AMPK phosphorylates CRY1, which leads to CRY1 degradation48. Under both CR and fasting conditions, 
the blood glucose level is signi�cantly reduced49,50. Hence, it is possible that AMPK plays a role in the observed 
reduction of the CRY1 protein level. At the same time, reduction in the blood glucose level upon CR or fasting is 
relatively moderate (in comparison with severe glucose depletion in cell culture), and it is currently a matter of 
debate whether it is su�cient to activate AMPK in vivo51. �erefore, other mechanisms such as reduced CRY1 
translation or degradation can be involved52,53. It is also necessary to mention that while CR and fasting have 
similar e�ects on CRY1 protein level, currently we cannot say if the down regulation of CRY1 protein upon CR 
and fasting occur through the same molecular mechanism or through di�erent mechanisms. We also did not 
detect a direct correlation between Per1 and Per2 expression on the mRNA and protein levels. It is known that 
stability of PERs is regulated by phosphorylation and formation of complex with CRYs; thus, one may expect that 
a reduced level of CRY1 is associated with an increased mRNA and decreased protein levels of Pers. Importantly, 
regardless of the exact mechanisms a�ecting circadian protein levels, fasting and CR have very di�erent e�ects on 
the circadian mRNA expression, in contrast to the e�ects of CR, which a�ects the mRNA expression of multiple 
circadian clock and clock controlled genes, fasting did not a�ect mRNA expression of the same gene signi�cantly. 
�erefore, while reduced level of CRY1 protein may contribute to the increased expression of clock genes, absence 
of the e�ect upon fasting argues for existence of CRY-independent mechanisms also.

Mechanisms of CR are not well understood; several dozens of genes were put forward as targets and mediators 
of CR through the transcriptome analysis and called the candidate longevity genes. However, in most of these 
studies the expression analysis was performed at only one time point. We assayed circadian pro�les of the expres-
sion of ten candidate longevity genes: selected genes known to in�uence di�erent processes such as xenobiotic 
metabolism, protein binding and transport, steroid biosynthesis, heme binding and cell proliferation35. Although 
their importance in aging and lifespan extension has not been directly established, some of these genes could be 
promising candidates required for longevity. We found that two out of ten genes passed the criteria to be regulated 
exclusively by CR at all the time points tested: expression of Cyp4a12b was suppressed and expression of Fmo3 
was induced by CR but not by TR or fasting. Four genes (Parp16, Alas2, Igfals and Mup4) were also regulated by 
CR, but the e�ect on mRNA expression was time of the day-dependent. �is time-of-the-day dependence of CR 
may explain the contradictory results for some CR-regulated genes: for example, Parp1636, which according to 
our data is signi�cantly up regulated only at ZT2, 10 and 14 but not at ZT6, 18 and 22. Importantly, the expression 
of 7 out of 10 tested genes have shown changes across the day and 2 out them have shown circadian rhythms in 
the expression. Analysis of gene expression in circadian manner is still not a common practice in many �elds 
but our data argue that analysis of the circadian rhythms must be taken into account for future studies. Both CR 
and fasting up or down regulated four candidate longevity genes; therefore, we conclude that regulation of these 
genes is not CR-speci�c. �ese results argue for taking data accumulated in di�erent studies for the analysis of CR 
transcriptome with great caution. Interestingly, 6 out of 11 tested circadian clock genes, and 6 out of the 10 tested 
longevity-associated candidate genes were regulated by CR, suggesting that clock genes may be considered as 
longevity-associated candidate genes. Indeed, analysis of longevity among di�erent species recognized circadian 
rhythms as one of the candidate target contributing towards the evolution of longevity54 further strengthening 
our hypothesis.

CR and TR have di�erent e�ects on circadian clocks: in contrast to TR, which does not a�ect the clock in the 
SCN, CR can entrain the SCN clock55. Metabolic bene�ts of TR were demonstrated for rodents fed on the high 
fat diet39; however, metabolic bene�ts of TR for animals on the regular chow have not been assayed. While our 
data cannot exclude a potentially bene�cial impact of TR, there is a clear di�erence between CR and TR in terms 
of expression of circadian clock, clock-controlled and longevity candidate genes. Interestingly, in contrast to CR, 
TR does not extend lifespan in rodents; therefore, bene�cial e�ects of CR on longevity correlate with the e�ects 
of CR on the circadian clocks. CR results in signi�cant metabolic changes in mammals and other organisms13, 
the circadian clocks are major regulators of metabolism56, and according to our data, CR signi�cantly a�ected 
circadian clockworks, including the expression of the core circadian clock genes and circadian clock controlled 
transcriptional factors, which provide circadian output in metabolism. One possible interpretation if the results 
is that the CR disrupts the circadian molecular clockwork, because the expression of many clock genes has been 
signi�cantly changed. �is is to some extent paradoxical because clock disruption is associated with many patho-
logical conditions and was proposed as a contributing factor to the diseases. However, CR has bene�cial e�ects 
on the longevity in spite of clock disruption. Alternatively, we propose that CR-dependent e�ect on the circa-
dian clocks is a necessary component of the metabolic adaptation to CR. Indeed, maintenance of physiological 
homeostasis under conditions of limited energy supply requires essential optimization of biochemical processes. 
According to the existing paradigm, the circadian clocks synchronize metabolic processes through the control 
of expression of multiple rate-limiting enzymes as a result of regulation of circadian clock output transcriptional 
factors57. CR recruits circadian clock-dependent mechanisms for optimization in order to increase �tness of the 
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organism. Future study focused on the e�ects of CR in circadian clock mutants will help to clarify connections 
between clock and CR.

Materials and Methods
Ethics Statement. All the animal studies were performed with approval from the Institutional Animal Care 
and Use Committee (IACUC) of Cleveland State University (Protocol No. 21124-KON-S). �e care and use of 
mice were carried out in accordance with the guidelines of the Institutional Animal Care and Use Committee 
(IACUC) of the Cleveland State University.

Experimental animals. Wild type and whole body Bmal1− /−  male mice were used for the experiments. 
Mice were of C57B6J background. Bmal1− /−  mice were obtained from laboratory of Dr. Brad�eld58. Animals 
were maintained on the 12:12 light:dark cycle with lights on at 7:00 am, and fed the 18% protein rodent diet 
(Harlan). �e ad libitum (AL) group had unrestricted access to food. Calorie restriction (CR) was started at 3 
months of age. For the �rst week animals had been on 10% restriction, for the second week on 20% restriction 
and on 30% restriction for the rest of the experiment. �e CR group received their food once per day at ZT14 
(two hours a�er lights were o�). A�er two months of CR, tissues were collected at six di�erent time points across 
the day. �e time restricted (TR) feeding group started to receive 100% of their average daily intake as one meal 
at ZT14. TR started at 4.5 months of age, mice were on TR for 2 weeks before tissue collection. �e fasting group 
(F) was on the same TR feeding regime for 2 weeks, but did not receive food on the day of tissue collection. All 
groups had unrestricted access to water. All tissue collection experiments were performed on 5 months old wild 
type (WT) and Bmal1− /−  male mice. For all experiments three animals of each genotype, feeding regimen and 
time point were used.

RNA isolation and analysis of mRNA expression. For gene expression studies, liver tissues from 3 male 
mice on each diet (AL, CR, TR and Fasting) and for both genotype (WT and Bmal1− /− ) were collected every 
four hours throughout the day, and stored at − 80 °C. Total RNA was isolated using TriZol reagent (Invitrogen, 
Carlsbad, CA) as per the manufacturer’s protocol. Brie�y, frozen liver piece was minced in 1 ml TriZol reagent 
with pestle on ice. Following chloroform extraction step, total RNA was precipitated with isopropanol by centrif-
ugation and pellet obtained was washed with 70% Ethanol. RNA pellet was diluted in 30 µ l of RNAse-free water 
and quanti�ed on Nanodrop. RNA integrity was checked on 1% agarose gel run at 90 V for 30 minutes. 20 µ l of 
RT mix was prepared using 1 µ g of RNA, 50 ng of 50 uM random hexamer (N8080127, Invitrogen), 10 mM dNTP 
(DD0058, Biobasic), 0.1 M DTT and RNaseOUT™  Recombinant RNase Inhibitor (10777-019, 40 units/µ l). It 
was then reverse transcribed by qPCR machine using 200 u/µ l of SuperScript®  III Reverse Transcriptase (18080-
044, Invitrogen) as per the manufacturer’s instructions. Incubation conditions used were: 65 °C for 10 minutes 
followed by incubation on ice for 1 minute; 25 °C for 5 minutes; 50 °C for 60 minutes; Inactivate the reaction by 
heating at 70 °C for 15 minutes. RNA quanti�cation was performed using qPCR with Universal Syber Green mix 
(1725125, BioRad). �e reaction was carried out in triplicates for the gene of interest and in duplicates for the 
normalizing control using CFX96 qPCR Detection System (BioRad) with 50 ng of cDNA. �ermal cycling condi-
tions used were according to the instructions of SYBR Green mix protocol and are brie�y described in and relative 
mRNA abundance was calculated using the comparative delta-Ct method with ribosomal 18S rRNA and Gapdh 
as reference genes as described in25. Water was used as the negative control for the qPCR analysis. Product speci-
�city was con�rmed by melting curve analysis while primer pair e�ciency was calculated by generating standard 
curve using serial dilutions of standard. Primers used for the analysis of expression are listed in Supplementary 
materials.

Immunoblot analysis. For analysis of protein expression tissues from three male mice per time point were 
used for each feeding regimens and both genotypes (WT and Bmal1− /− ). Figure 3 represents Western blot-
ting when three liver samples from three di�erent mice were pooled together at each time point for each diet. 
For quantitative data presented in Supplementary Fig. S3, liver samples from individual mice (N =  3) were run 
to estimate a variability between biological replicates and calculate means and errors. For lysates preparation, 
frozen liver pieces were lysed in cell signaling lysis bu�er with Protease/Phosphatase Inhibitor Cocktail (Cell 
Signaling Technology, Beverly, MA, USA) using sonicator. Protein concentration was determined by Bradford 
protein assay kit according to manufacturer’s protocol using spectrophotometer and lysates were stored at − 80C. 
45 ug of protein was loaded on 3–8% tris-acetate and 4–12% bis-tris gels (Invitrogen). Protein was transferred 
on PVDF membrane at 110 mAmp. Equal loading of proteins was checked by Ponceau stain. Primary antibod-
ies anti-CRY1 (SAB biosciences), anti-BMAL1 (Santacruz Biotechnology), anti-CLOCK (kindly provided by Dr 
Marina Antoch, Roswell Park Cancer Institute), anti-PER2 (Alpha Diagnostics), anti-PER1 (�ermoscienti�c) 
and anti-GAPDH (Cell Signaling) were used for Immunoblot analyses. Protein analysis and quanti�cation was 
done using Scienti�c Imaging �lm and Odyssey FC imaging system (LI-COR).

Statistical analysis. For each feeding type and for each genotype, at least three animals for every time point 
were used for all experiments. Data are shown as average + /−  S.D. To assay the e�ect of feeding and time of the 
day on mRNA and protein level we performed two-way ANOVA. If the e�ect of feeding and/or time of the day 
was found to be statistically signi�cant, Bonferroni correction was used to calculate p value for pairwise compar-
ison between each feeding regimen at every time of the day. To assay the e�ect of genotype, feeding and time of 
the day on mRNA levels �rst analysis was performed using three-way ANOVA, If the e�ect of feeding, genotype 
and/or time of the day was found to be statistically signi�cant, Bonferroni correction was used to calculate p 
value for pairwise comparison between each feeding regimen at every time of the day. IBM SPSS Statistics 20 
and GraphPad Prism Version 5.04 so�ware packages were used for statistical analysis. P <  0.05 was considered as 
statistically signi�cant di�erence.



www.nature.com/scientificreports/

9Scientific RepoRts | 6:25970 | DOI: 10.1038/srep25970

References
1. Green, C. B., Takahashi, J. S. & Bass, J. �e meter of metabolism. Cell 134, 728–742 (2008).
2. Reppert, S. M. & Weaver, D. R. Coordination of circadian timing in mammals. Nature 418, 935–41 (2002).
3. Froy, O. & Miskin, R. E�ect of feeding regimens on circadian rhythms: implications for aging and longevity. Aging (Albany NY) 2, 

7–27 (2010).
4. Fu, L., Pelicano, H., Liu, J., Huang, P. & Lee, C. �e circadian gene Period2 plays an important role in tumor suppression and DNA 

damage response in vivo. Cell 111, 41–50 (2002).
5. Kondratov, R. V., Kondratova, A. A., Gorbacheva, V. Y., Vykhovanets, O. V. & Antoch, M. P. Early aging and age-related pathologies 

in mice de�cient in BMAL1, the core componentof the circadian clock. Genes Dev 20, 1868–1873 (2006).
6. Dubrovsky, Y. V., Samsa, W. E. & Kondratov, R. V. De�ciency of circadian protein CLOCK reduces lifespan and increases age-related 

cataract development in mice. Aging (Albany NY) 2, 936–944 (2010).
7. Gibson, E. M., Williams, W. P. & Kriegsfeld, L. J. Aging in the circadian system: Considerations for health, disease prevention and 

longevity. Exp. Gerontol. 44, 51–56 (2009).
8. Davidson, A. J. et al. Chronic jet-lag increases mortality in aged mice. Curr Biol 16, R914–6 (2006).
9. Dibner, C. & Schibler, U. Circadian timing of metabolism in animal models and humans. J. Intern. Med. 277, 513–527 (2015).

10. Vinogradova, A., Anisimov, V. N., Bukalev, A. V., Semenchenko, A. V. & Zabezhinski, A. Circadian disruption induced by light ‐ at 
‐ night accelerates aging and promotes tumorigenesis in rats. Aging (Albany NY). 1, 55–65 (2009).

11. Videnovic, A., Lazar, A. S., Barker, R. A. & Overeem, S. �e clocks that time us - circadian rhythms in neurodegenerative disorders. 
Nat Rev Neurol. 10, 683–693 (2014).

12. McDonald, R. B. & Ramsey, J. J. Honoring Clive McCay and 75 Years of Calorie Restriction Research. J Nutr 140, 1205–1210 (2010).
13. Piper, M. D. & Bartke, A. Diet and aging. Cell Metab 8, 99–104 (2008).
14. Patel, S. A., Chaudhari, A., Gupta, R., Velingkaar, N. & Kondratov, R. V. Circadian clocks govern calorie restriction-mediated life 

span extension through BMAL1- and IGF-1-dependent mechanisms. FASEB J. 30(4), 1634–42, doi: 10.1096/�.15-282475 (2016).
15. Katewa, S. D. et al. Peripheral Circadian Clocks Mediate Dietary Restriction-Dependent Changes in Lifespan and Fat Metabolism 

in Drosophila. Cell Metab. 23, 143–54 (2016).
16. Chang, H. C. & Guarente, L. SIRT1 mediates central circadian control in the SCN by a mechanism that decays with aging. Cell 153, 

1448–1460 (2013).
17. Nakahata, Y. et al. �e NAD+ -dependent deacetylase SIRT1 modulates CLOCK-mediated chromatin remodeling and circadian 

control. Cell 134, 329–340 (2008).
18. Khapre, R. V. et al. BMAL1-dependent reulation of the mTOR signaling pathway delays aging. Aging (Albany NY) 6, 48–57 (2014).
19. Sato, T. K. et al. Feedback repression is required for mammalian circadian clock function. Nat. Genet. 38, 312–319 (2006).
20. Sahar, S. & Sassone-Corsi, P. Regulation of metabolism: �e circadian clock dictates the time. Trends Endocrinol. Metab. 23, 1–8 

(2012).
21. Turturro, A. et al. Growth curves and survival characteristics of the animals used in the Biomarkers of Aging Program. J. Gerontol. 

A. Biol. Sci. Med. Sci. 54, B492–B501 (1999).
22. Liao, C. Y., Rikke, B. A., Johnson, T. E., Diaz, V. & Nelson, J. F. Genetic variation in the murine lifespan response to dietary 

restriction: From life extension to life shortening. Aging Cell 9, 92–95 (2010).
23. Wu, T. et al. E�ects of light cues on re-entrainment of the food-dominated peripheral clocks in mammals. Gene 419, 27–34 (2008).
24. Damiola, F. et al. Restricted feeding uncouples circadian oscillators in peripheral tissues from the central pacemaker in the 

suprachiasmatic nucleus. Genes Dev. 14, 2950–2961 (2000).
25. Khapre, R. V. et al. Metabolic clock generates nutrient anticipation rhythms in mTOR signaling. Aging (Albany. NY). 6, 675–689 

(2014).
26. Stratmann, M., Stadler, F., Tamanini, F., Van Der Horst, G. T. J. & Ripperger, J. A. Flexible phase adjustment of circadian albumin D 

site-binding protein (Dbp) gene expression by CRYPTOCHROME1. Genes Dev. 24, 1317–1328 (2010).
27. Fang, B. et al. Circadian enhancers coordinate multiple phases of rhythmic gene transcription in vivo. Cell 159, 1140–1152 (2014).
28. Kawamoto, T. et al. E�ects of fasting and re-feeding on the expression of Dec, Per1, and other clock-related genes. J. Biochem. 140, 

401–408 (2006).
29. Wu, T., Ni, Y., Kato, H. & Fu, Z. Feeding-induced rapid resetting of the hepatic circadian clock is associated with acute induction of 

Per2 and Dec1 transcription in rats. Chronobiol. Int. 27, 1–18 (2010).
30. Kobayashi, H., Oishi, K., Hanai, S. & Ishida, N. E�ect of feeding on peripheral circadian rhythms and behaviour in mammals. Genes 

to Cells 9, 857–864 (2004).
31. Fu, Z. D. & Klaassen, C. D. Short-term calorie restriction feminizes the mRNA profiles of drug metabolizing enzymes and 

transporters in livers of mice. Toxicol. Appl. Pharmacol. 274, 137–146 (2014).
32. Masternak, M. M. & Bartke, A. PPARs in calorie restricted and genetically long-lived mice. PPAR Res. doi: 10.1155/28436 (2007).
33. Lee, C., Etchegaray, J. P., Cagampang, F. R., Loudon, A. S. & Reppert, S. M. Posttranslational mechanisms regulate the mammalian 

circadian clock. Cell 107, 855–867 (2001).
34. Ye, R. et al. Dual modes of CLOCK:BMAL1 inhibition mediated by Cryptochrome and Period proteins in the mammalian circadian 

clock. Genes Dev. 28, 1989–1998 (2014).
35. Swindell, W. R. Gene expression pro�ling of long-lived dwarf mice: longevity-associated genes and relationships with diet, gender 

and aging. BMC Genomics 8, 353 (2007).
36. Sun, L. Y. et al. Growth hormone-releasing hormone disruption extends lifespan and regulates response to caloric restriction in 

mice. Elife 2, e01098 (2013).
37. Hara, R. et al. Restricted feeding entrains liver clock without participation of the suprachiasmatic nucleus. Genes to Cells 6, 269–278 

(2001).
38. Bray, M. S. et al. Quantitative analysis of light-phase restricted feeding reveals metabolic dyssynchrony in mice. Int. J. Obes. 37, 

843–52 (2013).
39. Hatori, M. et al. Time-restricted feeding without reducing caloric intake prevents metabolic diseases in mice fed a high-fat diet. Cell 

Metab 15, 848–860 (2012).
40. Tseng, H. L., Yang, S. C., Yang, S. H. & Shieh, K. R. Hepatic circadian-clock system altered by insulin resistance, diabetes and insulin 

sensitizer in mice. Plos One 10, e0120380 (2015).
41. Aguilar-Arnal, L. & Sassone-Corsi, P. Chromatin landscape and circadian dynamics: Spatial and temporal organization of clock 

transcription. Proc. Natl. Acad. Sci. USA 112, 6863–70 (2014).
42. Mendoza, J., Gra�, C., Dardente, H., Pevet, P. & Challet, E. Feeding cues alter clock gene oscillations and photic responses in the 

suprachiasmatic nuclei of mice exposed to a light/dark cycle. J. Neurosci. 25, 1514–1522 (2005).
43. Swindell, W. R. Comparative analysis of microarray data identi�es common responses to caloric restriction among mouse tissues. 

Mech Ageing Dev 129, 138–153 (2008).
44. Swindell, W. R. Genes regulated by caloric restriction have unique roles within transcriptional networks. Mech. Ageing Dev. 129, 

580–592 (2008).
45. Mohawk, J. A. & Menaker, M. A new (and di�erent) circadian pacemaker. Cell Cycle 8, 2861–2862 (2009).
46. Pendergast, J. S. et al. Robust food anticipatory activity in BMAL1-de�cient mice. Plos One 4, e4860 (2009).



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:25970 | DOI: 10.1038/srep25970

47. Kondratov, R. V. et al. Post-translational regulation of circadian transcriptional CLOCK(NPAS2)/BMAL1 complex by 
CRYPTOCHROMES. Cell Cycle 5, 890–895 (2006).

48. Lamia, K. A. et al. AMPK Regulates the Circadian Phosphorylation and Degradation. Science 437, 437–440 (2009).
49. Trepanowski, J. F., Canale, R. E., Marshall, K. E., Kabir, M. M. & Bloomer, R. J. Impact of caloric and dietary restriction regimens on 

markers of health and longevity in humans and animals: a summary of available �ndings. Nutr. J. 10, 107 (2011).
50. Anson, R. M. et al. Intermittent fasting dissociates bene�cial e�ects of dietary restriction on glucose metabolism and neuronal 

resistance to injury from calorie intake. Proc. Natl. Acad. Sci. USA 100, 6216–6220 (2003).
51. Cantó, C. & Auwerx, J. Calorie Restriction: Is AMPK a Key Sensor and E�ector? Physiology (Bethesda). 26, 214–224 (2011).
52. Lee, K. H. et al. AUF1 contributes to Cryptochrome1 mRNA degradation and rhythmic translation. Nucleic Acids Res. 42, 3590–3606 

(2014).
53. Yoo, S. H. et al. Competing E3 ubiquitin ligases govern circadian periodicity by degradation of CRY in nucleus and cytoplasm. Cell 

152, 1091–1105 (2013).
54. Li, Y. & De Magalhães, J. P. Accelerated protein evolution analysis reveals genes and pathways associated with the evolution of 

mammalian longevity. Age (Omaha). 35, 301–314 (2013).
55. Challet, E. Interactions between light, mealtime and calorie restriction to control daily timing in mammals. J. Comp. Physiol. B. 180, 

631–644 (2010).
56. Asher, G. & Sassone-Corsi, P. Time for food: �e intimate interplay between nutrition, metabolism, and the circadian clock. Cell 

161, 84–92 (2015).
57. Mazzoccoli, G., Pazienza, V. & Vinciguerra, M. Clock Genes and Clock-Controlled Genes in the Regulation of Metabolic Rhythms. 

Chronobiol. Int. 29, 227–251 (2012).
58. Bunger, M. K. et al. Mop3 is an essential component of the master circadian pacemaker in mammals. Cell 103, 1009–1017 (2000).

Acknowledgements
�is work was supported by National Institute of Health (NIH) grant (1R01AG039547 to RVK) and funds from 
Gene Regulation in Heath and Disease (GRHD) CSU to RVK and Dissertation Research Award (DRA) from CSU 
to SP.

Author Contributions
S.P. and R.V.K. designed the experiments; S.P., N.V. and A.C. performed the experiments; S.P. and R.V.K. wrote 
the main manuscript text and prepared all �gures. N.V. and K.M. did statistical analysis. All authors reviewed the 
manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing �nancial interests: �e authors declare no competing �nancial interests.

How to cite this article: Patel, S. A. et al. Calorie restriction regulates circadian clock gene expression through 
BMAL1 dependent and independent mechanisms. Sci. Rep. 6, 25970; doi: 10.1038/srep25970 (2016).

�is work is licensed under a Creative Commons Attribution 4.0 International License. �e images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Calorie restriction regulates circadian clock gene expression through BMAL1 dependent and independent mechanisms
	Introduction
	Results
	Effect of CR on core clock genes expression
	Effect of CR on clock-controlled genes expression
	CR leads to reduced levels of CRY1 protein
	BMAL1 is involved in CR effects on clock genes expression
	Effects of feeding regimens on expression of longevity candidate genes

	Discussion
	Materials and Methods
	Ethics Statement
	Experimental animals
	RNA isolation and analysis of mRNA expression
	Immunoblot analysis
	Statistical analysis

	Additional Information
	Acknowledgements
	References


