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Abstract 

The master clock in the hypothalamic suprachiasmatic nucleus (SCN) is assumed to synchronize 
the tissue-specific rhythms of the peripheral clocks with the environmental day/night changes via 
neural, humoral and/or behavioral connections. The feeding rhythm is considered an important 
Zeitgeber for peripheral clocks, as daytime feeding reverses (clock) gene rhythms in the 
periphery, but not in the SCN.  In this study, we investigated the necessity of a daily feeding 
rhythm for maintaining gene expression rhythms in epididymal white adipose tissue (eWAT). 
We showed that 7 out of 9 rhythmic metabolic/adipokine genes, but not clock genes, lost their 
rhythmicity upon exposure to 6-meals-a-day feeding. Previously we showed comparable effects 
of adrenalectomy on eWAT, therefore, subsequently we investigated the effect of simultaneous 
disruption of these humoral and behavioral signaling pathways, by exposing adrenalectomized 
animals to 6-meals-a-day feeding. Interestingly, under these conditions all the clock genes and 
10 out of 11 rhythmic metabolic/adipokine genes lost their rhythmicity. These data indicate that 
adrenal hormones and feeding rhythm are indispensable for maintaining daily rhythms in 
metabolic/adipokine gene, but not clock gene, expression in eWAT. On the other hand at least 
one of these two signals should be present in order for eWAT clock gene rhythms to be 
maintained. 
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Introduction 

The daily cycle of light and darkness is an important signal for many living organisms to 
synchronize their behavior with the environment they are living in. Therefore, most living 
organisms have developed a circadian timing system that is sensitive to light information and 
enables them to adjust their bodily activity to the environmental cycle of light and darkness. In 
mammals this circadian timing system consists of two main components: 1) the central master 
clock, located in the suprachiasmatic nuleus of the hypothalamus (SCN) and 2) peripheral clocks, 
which are found in most organs and tissues (1,2). Within individual cells the circadian clock 
system is driven by clock genes (Clock, Bmal (brain and muscle aryl hydrocarbon receptor 
nuclear translocator (ARNT)–like), Per (period), Cry (cryptochrome), Reverb and Ror (retinoic 
acid–related orphan receptor)), with their interactions resulting in gene expression rhythms with 
a cycle of ~24 hours. The SCN receives light information from the environment via the 
retinohypothalamic tract, which adjusts the phase of the circadian oscillators in the SCN to the 
prevailing photoperiod. The peripheral oscillators are not light sensitive, therefore the circadian 
rhythms of these peripheral clocks have to be synchronized with the environmental day/night 
changes through the SCN. Until now, the accepted model is that this synchronization occurs via 
neural, hormonal, and behavioral (such as locomotor activity, body temperature and feeding 
behavior) connections.  

In regard to the behavioral connections, feeding behavior is thought to be an important entraining 
signal for the peripheral clocks. In many mice and rat studies, it has been shown that daytime-
restricted feeding inverts the daily rhythm of gene expression in peripheral organs, such as liver, 
heart and kidney, but not that of (clock) gene expression in the SCN (3-5). Some studies (3,6) 
showed that the daily expression rhythm of the clock-controlled output gene, D-site binding 
protein (DBP), in rat liver was completely reversed with diurnal nutrition. These studies thus 
indicate that the daily feeding rhythm could be an important connection for the SCN to 
synchronize the circadian rhythm of peripheral clock genes and clock-controlled genes.  

The pronounced daily rhythm of glucocorticoid secretion is regulated by the SCN, via its neural 
projections towards the paraventricular nucleus of the hypothalamus (PVN). Glucocorticoid (GR) 
and mineralocorticoid (MR) receptors can be found in most organs and tissues. Therefore, 
adrenal hormones and in particular glucocorticoids have always been considered as an important 
hormonal candidate to synchronize daily rhythms in the periphery. However, despite the fact that 
indeed glucocorticoids turned out to be an important signal for the maintenance of daily rhythms 
in metabolic gene expression, as for now most experiments (7-12) showed that glucocorticoids 
are not the only signal responsible for the synchronization of daily rhythms in clock gene 
expression in the periphery. 

White adipose tissue (WAT) is one of the largest organs in the body, making up percentages of 
body weight from 5% in lean men to over 50% in the morbidly obese (13). WAT, besides 
functioning as mechanical and thermal protection of vital organs and as an important long-term 
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energy store, secretes several proteins, so-called adipokines. These adipokines regulate appetite, 
food intake, glucose disposal and energy expenditure (14,14-17). Each adipokine should be 
secreted at the correct time and in the correct order for an effective functioning of this adipose 
tissue output. Recently, more and more evidence links the disruption of daily rhythms in 
adipokine secretion to metabolic diseases, such as obesity and type 2 diabetes (18-20). Thus, it is 
important to understand how the SCN synchronizes the daily rhythms in WAT. 

In order to further our understanding of how the SCN synchronizes daily rhythms of gene 
expression in eWAT, we investigated the effects of 6-meals-a-day feeding and 6-meals-a-day 
feeding combined with adrenalectomy on daily gene expression rhythms in eWAT. 

Materials and Methods 

Animals 

All experiments were performed with adult male Wistar rats (Charles River, Germany). Animals 
(n=120) were in the animal facility with a 12h light/12h dark cycle (lights on at 7:00). All rats 
were kept under constant conditions of temperature (21±2ºC) and humidity (60±5%). Water was 
available ad libitum (AL) in the whole experiment. All experiments were approved by the animal 
care committee of the Royal Netherlands Academy of Arts and Science. 

Experiment 1: Intact rats on an AL- or a 6-meals-a-day feeding regimen  

Animals (n=64, 8 weeks old) were housed in separate cages, 32 animals were entrained to a 6-
meals-a-day feeding schedule (with 1 meal every 4 hours, (6M group)) (21). Animals had access 
to food during three 12-min-bins equally spaced over the light period (i.e., ZT2, ZT6 and ZT10) 
and three 11-min-bins equally spaced over the dark period (i.e., ZT14, ZT18 and ZT22). Rats 
needed ~10 days to adapt to this feeding schedule. Adaptation was considered completed when 
rats consumed the same amount of food during the day and night. For another 32 single-housed 
rats, food was available ad libitum (AL group). 

Experiment 2: Adrenalectomized rats on a 6-meals-a-day feeding regimen and sham-
operated rats on AL feeding 

Animals (n=56, 7 weeks old) were housed in separate cages, 32 animals were entrained to a 6-
meals-a-day feeding schedule, similar to the 6M group described above. For another 24 rats, 
food was available AL. After 10 days the 32 rats on the 6-meals-a-day feeding schedule received 
an adrenalectomy (ADX) surgery (6M+ADX group). At the same day the 24 AL fed rats 
received a sham adrenalectomy surgery (AL+Sham group). The procedure of ADX and sham 
surgery was the same as reported before (12). Plasma corticosterone concentrations in ADX rats 
above 5 ng/ml (the limit of the assay) were considered to represent an incomplete adrenalectomy. 
Separate bottles with water and saline solution (0.9%NaCl) were provided ad libitum to the 
6M+ADX rats after surgery.  
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Tissue samples collection 

Animals were anesthetized with 72% CO2 and sacrificed by decapitation at four time points (ZT2, 
ZT8, ZT14 and ZT20). In experiment 1, animals had been on the AL- or 6-meals feeding 
schedule for 28 days. In experiment 2, animals were decapitated 25 days after 
(adrenalectomy/sham) surgery. After decapitation, trunk blood and eWAT were collected and 
stored at -80 ºC.  

RNA extraction and cDNA synthesis 

eWAT was homogenized by MagNA Lyser Green Beads (Roche) with QIAzol® lysis reagent 
(QIAGEN), RNA was extracted by RNeasy mini Kit (QIAGEN) and included a DNase step 
according to the manufacturer’s instructions. 

RNA was reverse transcribed using Transcriptor First cDNA Synthesis Kit (Roche) with oligo-
dT primers (30min at 55 ºC, 5min at 85 ºC). Additional reverse transcriptase minus (-RT) 
controls were run to check genomic DNA contamination. 

Real-Time PCR (RT-PCR) 

Gene expression was measured by quantitative RT-PCR using the following reaction system: 2 
μl cDNA was incubated in a final volume of 10μl reaction containing 1×SensiFAST SYBR NO-
ROX Mix and 25ng of each primer (forward and reverse). Quantitative RT-PCR (qRT-PCR) was 
performed in Lightcycler®480 (Roche), the information of primers for each gene is represented 
in Table 7. The relative amount of each gene in eWAT was normalized against the housekeeping 
gene hypoxanthine phosphoribosyltransferase (HPRT).  

Plasma measurements  

Plasma corticosterone and insulin concentrations were measured in duplicate by 
radioimmunoassay kits (Corticosterone: ICN biomedical, Costa Mesa, CA; Insulin: LINCO 
Research, St.Charles, MO, USA). Plasma triglyceride levels were determined by a kit from 
Roche (Mannheim, Germany).  

Statistical analysis 

Data are presented as mean ± SEM (standard error of the mean). Statistical analysis was 
performed using SPSS version 19.0. One way or two way ANOVAs were performed to detect 
the effects of Time (4 levels: ZT2, ZT8, ZT14 and ZT20), Treatment (AL vs 6M or AL+Sham 
vs6M+ADX) or Interaction. Independent T-test was performed to detect the effect of Treatment 
between groups at single time points. P values are considered statistically significant at p<0.05.In 
addition, data were analyzed using the Circwave 1.4 software (Dr. R. 
Hut,http://www.euclock.org) (22)  to test the daily rhythmicity of gene expression. This program 
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can be seen as an extension of the cosinor analyses. P values reported are the result of the F-test, 
and the 24h rhythm was confirmed if p<0.05. 

Table 1 Information on gene primers 
 

Gene Forward Primer Reverse Primer 

Clock 
Gene 

Bmal1 CCGATGACGAACTGAAACACCT TGCAGTGTCCGAGGAAGATAGC 
Cry1 AAGTCATCGTGCGCATTTCA TCATCATGGTCGTCGGACAGA 
Cry2 TGGATAAGCACT TGGAACGGAA TGTACAAGTCCCACAGGCGGTA 
Per1 CGCACTTCGGGAGCTCAAACTTC GTCCATGGCACAGGGCTCACC 
Per2 CACCCTGAAAAGAAAGTGCGA CAACGCCAAGGAGCTCAAGT 

Rev-erbα ACAGCTGACACCACCCAGATC CATGGGCATAGGTGAAGATTTCT 
Dbp CCTTTGAACCTGATCCGGCT TGCCTTCTTCATGATTGGCTG 

Metabolic 
/Adipokine 

Gene 

Pparα TCACACAATGCAATCCGTTT GGCCTTGACCTTGTTCATGT 
Pparγ CAGGAAAGACAACAGACAAATCA GGGGGTGATATGTTTGAACTTG 
Fas CTTGGGTGCCGATTACAACC GCCCTCCCGTACACTCACTC 
Lpl CAAAACAACCAGGCCTTCGA AGCAATTCCCCGATGTCCA 
Hsl CACACAGCATGGATTTACGCA ACCTGCAAAGACGTTGGACAG 

Acc2 GCACGAGATTGCTTTCCTAG GCTTCCGCTCCAGGGTAGAGT 
Glut4 GGGCTGTGAGTGAGTGCTTTC CAGCGAGGCAAGGCTAGA 
Srebf1 GGAGCCATGGATTGCACATT AGGAAGGCTTCCAGAGAGGA 
Cpt1b GTGCTGGAGGTGGCTTTGGT TGCTTGACGGATGTGGTTCC 
Leptin GCTCTCTGCAGGACATTCTTCA GCCCGGTGGTCTTGGAA 

Adiponectin AATCCTGCCCAGTCATGAAG CATCTCCTGGGTCACCCTTA 
Resistin ATCAAGACTTCAGCTCCCTACTG GTGACGGTTGTGCCTTCTG 
Visfatin ACAGATACTGTGGCGGGAATTGCT TCGACACTATCAGGTGTCTCAG 

Gr ACCTGGATGACCAAATGACCC GGAGCAAAGCAGAGCAGGTTT 
Mr AGAGCCGTGGAAGGGCA AGTTCTTTCGCCGAATCTTATCA 

Lipin1 TCACTACCCAGTACCAGGGC TGAGTCCAATCCTTTCCCAG 
Housekeeping 

Gene Hprt GCAGTACAGCCCCAAAATGG AACAAAGTCTGGCCTGTATCCAA 

  
Abbreviations used: Rev-erbα: Rev-verbalpha (official full name: nuclear receptor subfamily 1, group D, 
member 1 (Nr1d1)). Dbp: albumin D-box binding protein. Pparα: peroxisome proliferator activated 
receptor alpha (official abbreviation: Ppara). Pparγ: peroxisome proliferator-activated receptor gamma 
(official abbreviation: Pparg). Fas: fatty acid synthase (official abbreviation: Fasn). Lpl: Lipoprotein 
lipase. Hsl: hormone sensitive lipase (official full name: lipase, hormone sensitive (Lipe)). Acc2: acetyl-
Coenzyme A carboxylase 2 (official full name: acetyl-CoA carboxylase beta (Acacb)). Glut4:  glucose 
transporter 4 (official full name: solute carrier family 2 (facilitated glucose transporter), member 4 
(Slc2a4)). Srebf1: sterol regulatory element binding transcription factor 1. Cpt1b: carnitine 
palmitoyltransferase 1b. Visfatin also called Nampt: nicotinamide phosphoribosyltransferase. 

Results 

Effects of 6-meals-a-day feeding and 6-meals-a-day feeding combined with adrenalectomy 
on body weight, food intake, plasma corticosterone, plasma insulin and plasma triglyceride 
concentrations 

Eight of the 32 ADX animals showed plasma corticosterone concentrations above 5 ng/ml, 
therefore the results from these animals were discarded from further analysis. 6-Meals-a-day 
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feeding (6M) and 6M feeding combined with adrenalectomy resulted in a significant decrease in 
body weight gain (Fig.1). In our previous study (10,12) we showed that bilateral adrenalectomy 
on its own resulted in a significant decrease in weight gain in ADX animals compared to Sham-
operated animals (ADX rats gain 30 gram and Sham rats gain 75 gram in 3 week).  6M feeding 
and 6M feeding combined with adrenalectomy also affected food intake. The total food intake 
during the whole day was less in the 6M and 6M+ADX animals compared to their respective 
control group. As intended by the protocol 6M animals and 6M+ADX animals ate more in the  

 

 

Fig.1. Effects of a 6-meals-a-day (6M) feeding schedule and 6M feeding combined with adrenalectomy 
on 24-h food intake and total body weight increase. Note the clear daily feeding rhythm in the AL and 
AL+Sham animals, but the equal amounts of light and dark food intake in the 6M and 6M+ADX animals.  
Results are presented as mean ± SEM. * p<0.05; ** p<0.01; *** p<0.001. White bars – AL animals 
(n=32), Dark grey bars – 6M animals (n=32), Striped white bars – AL+Sham animals (n=24), Black bars 
– 6M+ADX animals (n=24). 
 
light period and less in the dark period as compared to their respective control groups (AL and 
AL+Sham). In the 6M and 6M+ADX groups food intake during the light period did not differ 
significantly from food intake in the dark period, in contrast to their respective AL and 
AL+Sham controls. ADX animals ate less than Sham-operated animals in the dark period, but no 
difference was observed during the light period (10,12). 6M feeding increased plasma 
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therefore the results from these animals were discarded from further analysis. 6-Meals-a-day 
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feeding (6M) and 6M feeding combined with adrenalectomy resulted in a significant decrease in 
body weight gain (Fig.1). In our previous study (10,12) we showed that bilateral adrenalectomy 
on its own resulted in a significant decrease in weight gain in ADX animals compared to Sham-
operated animals (ADX rats gain 30 gram and Sham rats gain 75 gram in 3 week).  6M feeding 
and 6M feeding combined with adrenalectomy also affected food intake. The total food intake 
during the whole day was less in the 6M and 6M+ADX animals compared to their respective 
control group. As intended by the protocol 6M animals and 6M+ADX animals ate more in the  

 

 

Fig.1. Effects of a 6-meals-a-day (6M) feeding schedule and 6M feeding combined with adrenalectomy 
on 24-h food intake and total body weight increase. Note the clear daily feeding rhythm in the AL and 
AL+Sham animals, but the equal amounts of light and dark food intake in the 6M and 6M+ADX animals.  
Results are presented as mean ± SEM. * p<0.05; ** p<0.01; *** p<0.001. White bars – AL animals 
(n=32), Dark grey bars – 6M animals (n=32), Striped white bars – AL+Sham animals (n=24), Black bars 
– 6M+ADX animals (n=24). 
 
light period and less in the dark period as compared to their respective control groups (AL and 
AL+Sham). In the 6M and 6M+ADX groups food intake during the light period did not differ 
significantly from food intake in the dark period, in contrast to their respective AL and 
AL+Sham controls. ADX animals ate less than Sham-operated animals in the dark period, but no 
difference was observed during the light period (10,12). 6M feeding increased plasma 
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corticosterone and plasma triglyceride concentrations at one time point and decreased plasma 
insulin concentration at one time point (Fig.S1). 6M feeding combined with adrenalectomy 
resulted in a significant decrease in plasma corticosterone, insulin and triglyceride concentrations 
(Fig.S1). 

Effects of 6-meals-a-day feeding on clock gene expression in eWAT 

As expected a significant Time effect was found in the AL rats for all clock genes studied, except 
for Cry2 (Fig.2 and Table 2). However, the effect of Time was also significant for these 6 clock 
genes in the 6M animals. The 24h mean mRNA expression levels of Cry1, DBP and Reverbα 
were decreased in 6M as compared to AL rats. Bmal1, Dbp and Reverbα showed a significant 
Interaction effect. For Bmal1 and Reverbα, this resulted from the expression levels significantly 
changing at 2 time points. For Dbp, a significant decrease at ZT8 and ZT14 and a significant 
increase at ZT20 were apparent in the 6M animals. 

 

Fig.2. The expression pattern of 7 clock genes in eWAT of animals on a 6-meals-a-day feeding schedule. 
Data are expressed as the mean ± SEM. mRNA values were normalized to HPRT. * p<0.05; **p<0.01; 
*** p<0.001.  White bars – AL animals (n=32), Dark grey bars – 6M animals (n=32). For ANOVA 
analysis see Table 1. For Circwave V1.4 analysis see Table 2. 
 
Analysis according to the Circwave method produced very similar results, i.e., the expression of 
all 7 clock genes presented a significant daily rhythm in AL animals, except for Cry2 (Table 4) 
and these clock genes were still rhythmic in 6M rats. For 4 genes (Bmal1, Cry1, DBP and 
Reverbα) the amplitude of their daily expression rhythm was decreased during 6M feeding, 
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whereas the amplitude of Per1 expression was increased in 6M animals. The amplitude of the 
daily Per2 expression rhythm was not changed in 6M compared to AL animals. 

Effects of 6-meals-a-day feeding on metabolic/adipokine gene expression in eWAT 

We studied the expression level of 16 metabolic/adipokine genes in the eWAT. According to the 
results of the ANOVA analysis, four genes (Visfatin, Mr, Pparα and Pparγ) showed a significant 
effect of Time in the AL animals and three genes (Acc2, Gr and Lipin1) showed a borderline 
significant effect of Time (p=0.071, p=0.070 and p=0.055) (Fig.3 and Table 2). For Visfatin, Mr, 
Pparα, Acc2 and Gr gene expression, 6M feeding resulted in a loss of the effect of Time. The 
average expression level of 9 genes (Lpl, Fas, Glut4, Cpt1b, Adiponectin, Resistin, Visfatin,  

Table 2 Effects of a 6-meals-a-day feeding on gene expression in eWAT 
 

Gene Treatment Time Time Interaction AL 6M 

Clock  
genes 

Bmal1   0.278 <0.001 <0.001 <0.001   0.001 
Cry1   0.001 <0.001 <0.001 <0.001   0.225 
Cry2   0.131   0.023   0.303   0.101   0.767 
Per1   0.073 <0.001   0.002 <0.001   0.613 
Per2   0.909 <0.001 <0.001 <0.001   0.962 

Reverbα   0.011 <0.001 <0.001 <0.001   0.002 
Dbp <0.001 <0.001 <0.001 <0.001 <0.001 

Metabolic 
/Adipokine 

 genes 

Fas <0.001 0.229 0.117 0.634 0.909 
Lpl 0.005 0.311 0.428 0.352 0.424 
Hsl 0.344 0.190 0.901 0.128 0.476 

Acc2a 0.094 0.141 0.071 0.746 0.309 
Glut4 0.001 0.151 0.145 0.677 0.949 
Srebf1 0.026 0.592 0.906 0.148 0.495 
Cpt1b 0.002 0.127 0.098 0.521 0.463 
Leptin 0.090 0.017 0.823 0.012 0.115 

Adiponectin 0.002 0.125 0.097 0.643 0.359 
Resistin 0.035 0.093 0.112 0.008 0.004 
Visfatin 0.001 <0.001 <0.001 0.194 0.102 

Gr 0.279 0.084 0.070 0.738 0.591 
Mr 0.008 0.236 0.005 0.857 0.064 

Lipin1 <0.001 0.031 0.055 0.098 0.282 
Pparα 0.002 0.014 0.009 0.401 0.880 
Pparγ 0.062 <0.001 <0.001 0.003 0.028 

Columns 3-7 show significance levels for the effects of Treatment, Time and 
Interaction. Results in 3-7 are presented as p value. Significant effects are in bold 
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Table 3 Circwave V1.4 analysis on Experiment 1 clock gene expression rhythms in eWAT  
 

Gene Acrophase in ZT 
Difference of 

acrophases (vs 
AL) 

Amplitude% 

AL 6M 6M AL 6M 
Bmal1 0.02 0.63 0.61 214.53 148.50 
Cry1 20.20 20.28 0.08 138.90 123.10 
Cry2 ns ns — — — 
Per1 13.50 14.61 1.11 89.35 106.61 
Per2 14.54 14.41 -0.13 131.82 131.01 

Reverbα   8.80 10.20 2.40 217.94 190.17 
Dbp 11.01 11.82 0.81 209.79 149.17 

         ns = not rhythmic according to Circwave 
 
Lipin1 and Pparα) was up-regulated in 6M rats as compared to AL rats, with Fas showing 
a >100% increase. Mr and Srebf1 24-h mean expression was down regulated during 6M feeding. 
The Resistin and Pparγ gene expression showed a significant Interaction effect. For Resistin this 
resulted from a significantly increased expression level at ZT14. The expression level of Pparγ 
was increased a little at both ZT8 and ZT20. 

According to the Circwave analysis, 9 of the 16 genes studied showed a significant daily rhythm 
(Acc2a, Cpt1b, Adiponectin, Visfatin, Gr, Mr, Lipin1, Pparα and Pparγ) (Table 5). Seven of 
these rhythmic genes lost their daily expression rhythm during 6M feeding. Only the Lipin1 and 
Pparγ expression rhythm was not changed in 6M rats. On the other hand, Resistin and Leptin 
gene expression showed a daily variation in 6M, but not in AL animals. 6M feeding thus caused 
the disappearance of daily rhythmicity in 7 out of 9 rhythmic genes (~78%). 

Effects of adrenalectomy on clock gene and metabolic/adipokine gene expression in eWAT 

In our previous paper we reported the effects of adrenalectomy on clock gene and 
metabolic/adipokine gene expression in eWAT (12)). In short, adrenalectomy did not remove 
clock gene rhythms in eWAT, but >80% of the metabolic/adipokine genes investigated in eWAT 
lost their rhythmicity. These results thus were very similar to those reported above for the effect 
of 6M feeding. We also showed that the average expression of Hsl, Gr and Mr was up-regulated 
and Leptin, Adiponection and Resistin was down regulated after bilateral adrenalectomy. 

Effects of 6-meals-a-day feeding combined with adrenalectomy on clock gene expression in 
eWAT 

The daily expression level of all 7 clock genes studied in eWAT of AL+Sham animals showed a 
significant effect of Time. However, this significant effect had disappeared in all 7 clock genes in 
the eWAT of 6M+ADX animals (Fig.4 and Table 3). Bmal1, Per1, Per2, Dbp and Reverbα 
showed a significant Interaction effect. For Per1 and Per2, this was due to the strong down-
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regulation at ZT14. For Reverbα this resulted from the increased expression levels at 2 time 
points and decreased expression levels at the other 2 time points. For Dbp the expression level 
significantly changed at 3 time points and for Bmal1 its expression level significantly decreased 
at ZT2 and increased at ZT14.  

Likewise, Circwave analysis indicated that the expression of all 7 clock genes studied showed a 
significant daily rhythm in AL+Sham animals (Table 6), which was lost in 6M+ADX animals. 
Therefore, 6M feeding combined with adrenalectomy resulted in the abolishment of all clock 
gene rhythms (100%) in eWAT. 

 
Table 4 Circwave V1.4 analysis of Experiment 1 metabolic/adipokine gene expression rhythms 

in eWAT 
 

Gene Acrophase in ZT 
Difference of 
acrophases (vs 

AL) 
Amplitude% 

AL 6M 6M AL 6M 
Fas ns ns — — — 
Lpl ns ns — — — 
Hsl ns ns — — — 

Acc2a 10.81 ns — 62.3 — 
Glut4 ns ns — — — 
Srebf1 ns ns — — — 
Cpt1b 5.43 ns — 36.71 — 
Leptin ns 11.39 — — 51.04 

Adiponectin 5.64 ns — 25.79 — 
Resistin ns 11.17 — — 37.55 
Visfatin 16.06 ns — 51.10 — 

Gr 12.04 ns — 36.29 — 
Mr 9.75 ns — 46.65 — 

Lipin1 14.21 11.22 -2.99 36.26 42.85 
Pparα 12.55 ns — 36.09 — 
Pparγ 12.49 11.40 -1.09 39.02 36.79 

         ns = not rhythmic according to Circwave 
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Fig.3. The expression pattern of 16 metabolic/adipokine genes in animals on a 6-meals-a-day feeding 
schedule. Data are expressed as the mean ± SEM. mRNA values were normalized to HPRT. * p<0.05; ** 
p<0.01; *** p<0.001. White bars – AL animals (n=32), Dark grey bars – 6M animals (n=32). For 
ANOVA analysis see Table 1. For Circwave V1.4 analysis see Table 3. 
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Fig.4. The expression pattern of 7 clock genes in eWAT of animals on a 6-meals-a-day feeding schedule 
combined with adrenalectomy. Data are expressed as the mean ± SEM. mRNA values were normalized to 
HPRT. * p<0.05; ** p<0.01; *** p<0.001.  Striped white bars – AL+Sham animals (n=24), Black bars – 
6M+ ADX animals (n=24). For ANOVA analysis see Table 4. For Circwave V1.4 analysis see Table 5. 

 
For the 6M+ADX animals in principal several different kinds of control groups are possible, 
such as: ad libitum fed animals, ad libitum fed animals with a sham ADX operation, animals on 
only 6-meals-a-day feeding, ADX animals or 6-meals-a-day fed animals with a sham ADX 
operation. We choose for an ad libitum control group, as we did in the separate ADX (12) and 
6M experiment (above), in order to be able to indicate how much our experimental procedure 
would disturb normal rhythmicity. In this case, as in the ADX experiment (12), we added the 
ADX sham operation to control for the effect of anesthesia. Additional control groups we 
considered unnecessary as this would have increased the number of animals enormously and 
would have made it impossible to run all samples on one PCR plate. Moreover, additional 
comparisons can be extracted from the other experiments. For instance, in Fig.S2 and Fig.S3 we 
compared the effects of ADX, 6M and 6M+ADX on clock gene and metabolic gene expression 
rhythms. Fig.S2 clearly shows that clock gene rhythms have only disappeared in the 6M+ADX, 
but not in the separate 6M and ADX groups. 

Effects of 6-meals-a-day feeding combined with adrenalectomy on metabolic/adipokine 
gene expression in eWAT 
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We studied 16 metabolic/adipokine genes in the eWAT, and seven out of these 16 genes showed 
a significant effect of Time in their expression level in the AL+Sham animals (Fig.5 and Table 3). 
All of these 7 genes lost their significant Time effect during 6M feeding plus adrenalectomy, 
except for Pparγ. The Treatment effect indicated also a significant effect on the 24-h mean 
expression level of 9 genes. The average expression level of Pparα, Hsl, Acc2, Glut4, Srebf1, Gr 
and Mr was increased because of 6M feeding combined with adrenalectomy, whereas 
Adiponectin and Leptin 24-h mean expression levels were down-regulated in the 6M+ADX rats 
as compared to AL+Sham rats. Fas, Leptin, Resistin, Visfatin, Pparα and Pparγ showed a 
significant Interaction effect. For Fas this resulted from a significant decrease in its expression 
level at ZT2, and a slight increase at ZT8 and ZT20. For Leptin this was due to a strong decrease 
at all 4 time points. For Resistin the expression level was significantly up-regulated at ZT20 and 
slightly down-regulated at ZT2. Visfatin showed a significant increase at ZT2 and ZT8 and a 

 
Table 5 Effects of a 6-meals-a-day feeding combined with adrenalectomy on gene expression in 

eWAT 
 

Gene Treatment Time Time Interaction AL+Sham 6M+ADX 

Clock  
gene 

Bmal1 0.022 <0.001 <0.001 0.239 <0.001 
Cry1 0.418 0.041   0.028 0.815   0.116 
Cry2 0.028 0.078   0.042 0.605   0.518 
Per1 0.333 0.008 <0.001 0.293   0.012 
Per2 0.357 <0.001 <0.001 0.800 <0.001 

Reverb 0.317 <0.001 <0.001 0.220 <0.001 
Dbp 0.755 <0.001 <0.001 0.903 <0.001 

Metabolic 
/Adipokine 

 gene 

Fas 0.121 0.017 0.462 0.029 0.038 
Lpl 0.929 0.095 0.497 0.218 0.651 
Hsl <0.001 0.003 0.075 0.034 0.472 

Acc2a 0.028 0.416 0.080 0.262 0.066 
Glut4 0.007 0.049 0.129 0.086 0.116 
Srebf1 0.002 0.146 0.273 0.066 0.060 
Cpt1b 0.927 0.142 0.072 0.377 0.168 
Leptin <0.001 0.091 0.053 0.143 0.040 

Adiponectin <0.001 0.115 0.068 0.496 0.601 
Resistin 0.329 0.033 0.016 0.098 0.022 
Visfatin 0.749 <0.001 <0.001 0.490 <0.001 

Gr <0.001 0.066 0.028 0.905 0.501 
Mr <0.001 0.397 0.028 0.103 0.248 

Lipin1 0.763 0.059 0.017 0.397 0.763 
Pparα 0.031 0.178 0.038 0.104 0.020 
Pparγ 0.117 <0.001 <0.001 <0.001 <0.001 

   Columns 3-7 show significance levels for the effects of Treatment, Time and 
     Interaction. Results in 3-7 are presented as p value. Significant effects are in bold.  
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Table 6 Circwave V1.4 analysis of Experiment 2 clock gene expression rhythms in eWAT  
 

Gene Acrophase in ZT 
Difference of 
acrophases (vs 

AL+Sham) 
Amplitude% 

AL+Sham 6M+ADX 6M+ADX AL+Sham 6M+ADX 
Bmal1   0.88 ns — 199.47 — 
Cry1 20.73 ns — 128.46 — 
Cry2 15.95 ns —   36.85 — 
Per1 14.32 ns — 118.53 — 
Per2 15.43 ns — 158.28 — 

Reverbα   9.68 ns — 260.92 — 
Dbp 11.16 ns — 214.64 — 

         ns = not rhythmic according to Circwave 
 

 

significant decrease at ZT20. Pparα showed an increased expression level at ZT8, whereas Pparγ 
showed a significant increase at ZT2 and ZT8 and a significant decrease at ZT14. 

Using Circwave analysis, eleven out of the 16 metabolic/adipokine genes investigated presented 
a significant daily rhythm in AL+Sham animals (Hsl, Acc2, Cpt1b, Leptin, Resistin, Visfatin, Gr, 
Mr, Lipin, Pparα and Pparγ) (Table 7). All of these 11 rhythmic genes lost their daily expression 
rhythm after 6M feeding combined with adrenalectomy, except for Hsl. Therefore, 6M feeding 
combined with adrenalectomy caused the disappearance of daily rhythmicity in 10 out of the 11 
rhythmic genes (>90%). 

Discussion 

Feeding behavior and adrenal glucocorticoid hormones are considered important pathways for 
the central pacemaker in the hypothalamic SCN to synchronize daily rhythms in the periphery. In 
the present study, we found that clock genes in eWAT did not lose their daily rhythm, but most 
metabolic genes (>75%) did, when no clear day-night rhythm in feeding behavior is present. 
These data thus show that a pronounced day-night rhythm in food intake is not obligatory to 
maintain daily clock gene rhythms in eWAT. On the other hand, a clear day-night rhythm in food 
intake is important to drive daily rhythms of most metabolic genes. These findings are very 
similar to those of previous experiments investigating the importance of adrenal hormones for 
the maintenance of (clock) gene expression rhythms in eWAT, liver and bone (8,10-12), as 
disruption of this endocrine signal resulted in the disappearance of the rhythmicity of many 
metabolic genes, but not that of clock genes. Remarkably, in the present study we found that the 
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We studied 16 metabolic/adipokine genes in the eWAT, and seven out of these 16 genes showed 
a significant effect of Time in their expression level in the AL+Sham animals (Fig.5 and Table 3). 
All of these 7 genes lost their significant Time effect during 6M feeding plus adrenalectomy, 
except for Pparγ. The Treatment effect indicated also a significant effect on the 24-h mean 
expression level of 9 genes. The average expression level of Pparα, Hsl, Acc2, Glut4, Srebf1, Gr 
and Mr was increased because of 6M feeding combined with adrenalectomy, whereas 
Adiponectin and Leptin 24-h mean expression levels were down-regulated in the 6M+ADX rats 
as compared to AL+Sham rats. Fas, Leptin, Resistin, Visfatin, Pparα and Pparγ showed a 
significant Interaction effect. For Fas this resulted from a significant decrease in its expression 
level at ZT2, and a slight increase at ZT8 and ZT20. For Leptin this was due to a strong decrease 
at all 4 time points. For Resistin the expression level was significantly up-regulated at ZT20 and 
slightly down-regulated at ZT2. Visfatin showed a significant increase at ZT2 and ZT8 and a 

 
Table 5 Effects of a 6-meals-a-day feeding combined with adrenalectomy on gene expression in 

eWAT 
 

Gene Treatment Time Time Interaction AL+Sham 6M+ADX 

Clock  
gene 

Bmal1 0.022 <0.001 <0.001 0.239 <0.001 
Cry1 0.418 0.041   0.028 0.815   0.116 
Cry2 0.028 0.078   0.042 0.605   0.518 
Per1 0.333 0.008 <0.001 0.293   0.012 
Per2 0.357 <0.001 <0.001 0.800 <0.001 

Reverb 0.317 <0.001 <0.001 0.220 <0.001 
Dbp 0.755 <0.001 <0.001 0.903 <0.001 

Metabolic 
/Adipokine 

 gene 

Fas 0.121 0.017 0.462 0.029 0.038 
Lpl 0.929 0.095 0.497 0.218 0.651 
Hsl <0.001 0.003 0.075 0.034 0.472 

Acc2a 0.028 0.416 0.080 0.262 0.066 
Glut4 0.007 0.049 0.129 0.086 0.116 
Srebf1 0.002 0.146 0.273 0.066 0.060 
Cpt1b 0.927 0.142 0.072 0.377 0.168 
Leptin <0.001 0.091 0.053 0.143 0.040 

Adiponectin <0.001 0.115 0.068 0.496 0.601 
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Visfatin 0.749 <0.001 <0.001 0.490 <0.001 
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Lipin1 0.763 0.059 0.017 0.397 0.763 
Pparα 0.031 0.178 0.038 0.104 0.020 
Pparγ 0.117 <0.001 <0.001 <0.001 <0.001 

   Columns 3-7 show significance levels for the effects of Treatment, Time and 
     Interaction. Results in 3-7 are presented as p value. Significant effects are in bold.  
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Table 6 Circwave V1.4 analysis of Experiment 2 clock gene expression rhythms in eWAT  
 

Gene Acrophase in ZT 
Difference of 

acrophases (vs 
AL+Sham) 

Amplitude% 

AL+Sham 6M+ADX 6M+ADX AL+Sham 6M+ADX 
Bmal1   0.88 ns — 199.47 — 
Cry1 20.73 ns — 128.46 — 
Cry2 15.95 ns —   36.85 — 
Per1 14.32 ns — 118.53 — 
Per2 15.43 ns — 158.28 — 

Reverbα   9.68 ns — 260.92 — 
Dbp 11.16 ns — 214.64 — 

         ns = not rhythmic according to Circwave 
 

 

significant decrease at ZT20. Pparα showed an increased expression level at ZT8, whereas Pparγ 
showed a significant increase at ZT2 and ZT8 and a significant decrease at ZT14. 

Using Circwave analysis, eleven out of the 16 metabolic/adipokine genes investigated presented 
a significant daily rhythm in AL+Sham animals (Hsl, Acc2, Cpt1b, Leptin, Resistin, Visfatin, Gr, 
Mr, Lipin, Pparα and Pparγ) (Table 7). All of these 11 rhythmic genes lost their daily expression 
rhythm after 6M feeding combined with adrenalectomy, except for Hsl. Therefore, 6M feeding 
combined with adrenalectomy caused the disappearance of daily rhythmicity in 10 out of the 11 
rhythmic genes (>90%). 

Discussion 

Feeding behavior and adrenal glucocorticoid hormones are considered important pathways for 
the central pacemaker in the hypothalamic SCN to synchronize daily rhythms in the periphery. In 
the present study, we found that clock genes in eWAT did not lose their daily rhythm, but most 
metabolic genes (>75%) did, when no clear day-night rhythm in feeding behavior is present. 
These data thus show that a pronounced day-night rhythm in food intake is not obligatory to 
maintain daily clock gene rhythms in eWAT. On the other hand, a clear day-night rhythm in food 
intake is important to drive daily rhythms of most metabolic genes. These findings are very 
similar to those of previous experiments investigating the importance of adrenal hormones for 
the maintenance of (clock) gene expression rhythms in eWAT, liver and bone (8,10-12), as 
disruption of this endocrine signal resulted in the disappearance of the rhythmicity of many 
metabolic genes, but not that of clock genes. Remarkably, in the present study we found that the 
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Fig.5. The expression pattern of 16 metabolic/adipokine genes in animals on a 6-meals-a-day feeding 
schedule combined with adrenalectomy. Data are expressed as the mean ± SEM. mRNA values were 
normalized to HPRT. * p<0.05; ** p<0.01; *** p<0.001. Striped white bars – AL+Sham animals (n=24), 
Black bars – 6M+ADX animals (n=24). For ANOVA analysis see Table 4. For Circwave V1.4 analysis 
see Table 6. 
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Table 7 Circwave V1.4 analysis of Experiment 2 metabolic/adipokine gene expression rhythms 
in eWAT 

 

Gene Acrophase in ZT 
Difference of 
acrophases (vs 

AL+Sham) 
Amplitude% 

AL+Sham 6M+ ADX 6M+ADX AL+Sham 6M+ADX  
Fas ns ns — — — 
Lpl ns ns — — — 
Hsl 14.13 13.45 -0.68 29.74 30.80 

Acc2a 13.90 ns — 72.88 — 
Glut4 ns ns — — — 
Srebf1 ns ns — — — 
Cpt1b 10.09 ns — 28.96 — 
Leptin 20.39 ns — 31.35 — 

Adiponectin ns ns — — — 
Resistin 3.51 ns — 55.22 — 
Visfatin 17.53 ns — 91.40 — 

Gr 15.98 ns — 21.17 — 
Mr 8.77 ns — 36.03 — 

Lipin1 18.18 ns — 33.51 — 
Pparα 17.65 ns — 43.11 — 
Pparγ 14.39 ns — 55.24 — 

         ns = not rhythmic according to Circwave 
 
 

simultaneous disruption of both the adrenal hormone and feeding rhythm completely abolished 
all clock gene and most metabolic gene (>90%) rhythms in eWAT. Together, these data indicate 
that although peripheral clock genes can maintain their rhythmicity when there is no clear daily 
rhythm in feeding behavior or adrenal hormones, in eWAT at least one of these two signals 
needs to be present in order for clock gene rhythms to stay synchronized with the environmental 
day/night cycles.  

Several studies (3-5,18) have shown that restricted feeding (RF) leads to a shift of the daily 
rhythm in clock gene expression in peripheral organs, such as liver, heart, and kidney. 
Interestingly, in the present study we show that the daily rhythm of clock gene expression in 
eWAT is not disturbed on a 6-meals-a-day feeding regimen, i.e., in the absence of clear day-
night rhythm in food intake. These results are very much similar to those previously reported by 
Cailotto et al (23) for the liver and Kuroda et al (24) for liver, kidney and submandibular gland. 
In the well-known RF studies animals have access to food only during a certain (limited) amount 
of time and the peripheral gene expression rhythms are synchronized with these (restricted) 
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simultaneous disruption of both the adrenal hormone and feeding rhythm completely abolished 
all clock gene and most metabolic gene (>90%) rhythms in eWAT. Together, these data indicate 
that although peripheral clock genes can maintain their rhythmicity when there is no clear daily 
rhythm in feeding behavior or adrenal hormones, in eWAT at least one of these two signals 
needs to be present in order for clock gene rhythms to stay synchronized with the environmental 
day/night cycles.  

Several studies (3-5,18) have shown that restricted feeding (RF) leads to a shift of the daily 
rhythm in clock gene expression in peripheral organs, such as liver, heart, and kidney. 
Interestingly, in the present study we show that the daily rhythm of clock gene expression in 
eWAT is not disturbed on a 6-meals-a-day feeding regimen, i.e., in the absence of clear day-
night rhythm in food intake. These results are very much similar to those previously reported by 
Cailotto et al (23) for the liver and Kuroda et al (24) for liver, kidney and submandibular gland. 
In the well-known RF studies animals have access to food only during a certain (limited) amount 
of time and the peripheral gene expression rhythms are synchronized with these (restricted) 
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feeding periods, whether they occur in the dark phase or in the light phase. However, in both 
conditions animals still have a clear day/night rhythm in food intake. In our experiment, the rats 
received their food in portions equally distributed over the day and night, with no differences in 
the total amounts of food eaten during the light or dark period, which totally abolished their daily 
feeding rhythm. Surprisingly, without such a clear day/night rhythm in food intake, clock gene 
expression rhythms in eWAT (present study), liver (23,24), kidney and submandibular gland (24) 
do not disappear or shift. In addition, Kuroda et al (24) showed that also differing meal 
frequencies (6M, 4M, 3M or 2M) did not change the phase of clock in the liver, kidney and 
submandibular gland. Therefore, access to food at equal intervals throughout the light/dark cycle, 
which abolishes the daily feeding rhythm, does not reset peripheral clock rhythms. It is well 
known that information about light (and darkness) is very important to set the circadian clocks in 
the SCN and periphery (1,25-27). Recently, Ikeda et al (28) showed that the length of the light 
period during the light/dark cycle affects the acrophase of Per2 in kidney, liver and salivary 
gland under the 6-meals-a-day feeding schedule. Thus, without a clear day/night rhythm in food 
intake, the peripheral clock still can synchronize with the environmental light/dark cycle. 
Apparently the SCN is able to send the light/dark information also via other rhythmic signals and 
this is sufficient to maintain peripheral clock gene rhythms. Taking all these findings together, it 
is clear that feeding rhythms are strong and important signals for SCN to set the phase of 
peripheral clock gene rhythms, but that they are not indispensable. 

Many studies have shown that the corticosterone rhythm is very important for the SCN to 
synchronize the daily rhythms in the periphery (7,29,30). On the other hand, previous studies 
(10-12,31) also showed that adrenalectomy did not abolish the daily clock gene rhythms in liver, 
eWAT, kidney, lung and salivary gland. In the present study, the amplitude of the daily 
corticosterone rhythm was somewhat increased in the 6M animals, however, the amplitude of 
some clock gene expression rhythms was decreased. This indicates that next to the corticosterone 
rhythm also the daily feeding rhythm is an important factor to synchronize the daily rhythms of 
clock gene expression and a stimulatory effect of the higher corticosterone rhythm most likely is 
negated by the inhibitory effect of the absence of clear day/night rhythm in food intake. 
Therefore, the adrenal hormones are important but not indispensable for the SCN to drive daily 
rhythms in the periphery. 

Although it has been stated many times that the master clock in the SCN synchronizes the 
peripheral clocks to the environmental light/dark cycle via neural, humoral and/or behavioral 
connections and in many experiments this hypothesis has been tested by manipulating one of 
these synchronizing stimuli, only very few studies have tested this hypothesis by removing more 
than one stimulus simultaneously. In the earlier mentioned study of Cailotto et al. (23) daily 
clock gene expression in the rat liver was studied after removal of both the daily feeding rhythm 
and the neural connection between the SCN and the liver. In that experiment, the simultaneous 
removal of rhythmic feeding and neural inputs did not abolish clock gene rhythms in the liver. In 
another experiment, Vujovic et al. (32) studied the importance of neural inputs for Per1 
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rhythmicity in the rat submaxillary salivary gland. Surprisingly, restricted daytime feeding did 
not shift the daily Per1 rhythm in the submaxillary gland. However, after sympathetic 
denervation of the submaxillary gland the Per1 rhythm did shift 12 hours upon restricted day 
time feeding. Recently, Ikeda et al. (28) studied Per2 rhythms in mice liver, kidney and salivary 
gland after restricted 6-meals feeding combined with or without adrenalectomy. The restricted 6-
meals feeding caused a phase-advance of the peripheral Per2 rhythms. However, combining the 
6-meals feeding schedule with adrenalectomy removed the Per2 rhythms in liver and kidney, but 
not in the salivary gland. Thus these results are very comparable to our current results, showing 
that 6-meals feeding combined with adrenalectomy abolished daily clock gene rhythms in eWAT. 
Together these results show that indeed the central clock may use more than one output signal to 
synchronize peripheral clock gene rhythms. However, the combination of required signals may 
differ for each organ. In the kidney, eWAT and liver at least adrenal hormones or rhythmic 
feeding signals need to be present in order for clock gene rhythms to be maintained 
(10,12,28)(current study). In addition, clock gene rhythms in the liver do not seem to be 
dependent on rhythmic signals via the autonomic nerves (23). On the other hand, in the salivary 
gland sympathetic input is more important for the maintenance of clock gene rhythms than 
feeding rhythms (32). The importance of autonomic nervous inputs in the kidney and eWAT is 
not known yet. 

In addition to the 7 clock genes we studied 16 genes involved in adipocyte development and 
energy metabolism. In the 6M and 6M+ADX rats most rhythmic metabolic genes, >75% 
and >90%, respectively, lost their daily rhythmicity. These genes are mainly involved in fatty 
acid oxidation, adipogenesis and corticosterone and insulin signaling.  

CPT1b, ACC2, LEPTIN and PPARα are involved in fatty acid oxidation (33-36). All of these 
four genes lost their daily expression rhythm after 6M+ADX. In the 6M study, Cpt1b, Acc2 and 
Pparα gene expression lost their daily rhythmicity. Recently we showed that Cpt1b, Pparα and 
Leptin lost their daily expression rhythm after adrenalectomy (10,12). Therefore, both a daily 
feeding rhythm and adrenal hormones are important to sustain a daily rhythm in fatty acid 
oxidation. 

According to other studies in mice and rats, PPARα, PPARγ, LIPIN1 and MR are important for 
adipogenesis (34,37-40). All these genes lost their rhythmicity in the 6-meals-a-day feeding plus 
adrenalectomy condition. In this study, we found that Pparα and Mr expression also lost their 
daily rhythmicity when only a 6M feeding condition was imposed. In our previous study (10,12), 
the expression of Pparα, Pparγ, Mr and Lipin1 lost their daily rhythmicity because of 
adrenalectomy. Therefore, especially adrenal hormones but also a clear daily feeding rhythm is 
required to keep the daily rhythm of adipogenesis. 

VISFATIN has several functions and is produced by a variety of cells (41). VISFATIN can 
induce insulin production and secretion and improve insulin sensitivity. In this study, we found 
that Visfatin lost its daily rhythm in 6M+ADX and 6M rats. On the other hand, adrenalectomy 
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feeding periods, whether they occur in the dark phase or in the light phase. However, in both 
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rhythmicity in the rat submaxillary salivary gland. Surprisingly, restricted daytime feeding did 
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6-meals feeding schedule with adrenalectomy removed the Per2 rhythms in liver and kidney, but 
not in the salivary gland. Thus these results are very comparable to our current results, showing 
that 6-meals feeding combined with adrenalectomy abolished daily clock gene rhythms in eWAT. 
Together these results show that indeed the central clock may use more than one output signal to 
synchronize peripheral clock gene rhythms. However, the combination of required signals may 
differ for each organ. In the kidney, eWAT and liver at least adrenal hormones or rhythmic 
feeding signals need to be present in order for clock gene rhythms to be maintained 
(10,12,28)(current study). In addition, clock gene rhythms in the liver do not seem to be 
dependent on rhythmic signals via the autonomic nerves (23). On the other hand, in the salivary 
gland sympathetic input is more important for the maintenance of clock gene rhythms than 
feeding rhythms (32). The importance of autonomic nervous inputs in the kidney and eWAT is 
not known yet. 

In addition to the 7 clock genes we studied 16 genes involved in adipocyte development and 
energy metabolism. In the 6M and 6M+ADX rats most rhythmic metabolic genes, >75% 
and >90%, respectively, lost their daily rhythmicity. These genes are mainly involved in fatty 
acid oxidation, adipogenesis and corticosterone and insulin signaling.  

CPT1b, ACC2, LEPTIN and PPARα are involved in fatty acid oxidation (33-36). All of these 
four genes lost their daily expression rhythm after 6M+ADX. In the 6M study, Cpt1b, Acc2 and 
Pparα gene expression lost their daily rhythmicity. Recently we showed that Cpt1b, Pparα and 
Leptin lost their daily expression rhythm after adrenalectomy (10,12). Therefore, both a daily 
feeding rhythm and adrenal hormones are important to sustain a daily rhythm in fatty acid 
oxidation. 

According to other studies in mice and rats, PPARα, PPARγ, LIPIN1 and MR are important for 
adipogenesis (34,37-40). All these genes lost their rhythmicity in the 6-meals-a-day feeding plus 
adrenalectomy condition. In this study, we found that Pparα and Mr expression also lost their 
daily rhythmicity when only a 6M feeding condition was imposed. In our previous study (10,12), 
the expression of Pparα, Pparγ, Mr and Lipin1 lost their daily rhythmicity because of 
adrenalectomy. Therefore, especially adrenal hormones but also a clear daily feeding rhythm is 
required to keep the daily rhythm of adipogenesis. 

VISFATIN has several functions and is produced by a variety of cells (41). VISFATIN can 
induce insulin production and secretion and improve insulin sensitivity. In this study, we found 
that Visfatin lost its daily rhythm in 6M+ADX and 6M rats. On the other hand, adrenalectomy 
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alone had no effect on the Visfatin rhythm (12). Recently, Salgado-Delgado et al (5) also found 
the daily rhythm of Visfatin to be absent under daytime feeding conditions. Together, these data 
indicate that a normal feeding rhythm is required to maintain a daily rhythm in Visfatin 
expression, which in turn may be important for the daily rhythm in insulin sensitivity. 

Corticosterone is an important factor in adipose tissue biology, with its action on the adipose 
tissue being mediated by the GR and MR (38,42). In our study, we found that both genes lost 
their daily expression rhythm in 6M and 6M+ADX rats. Also adrenalectomy alone has been 
shown to abolish Gr and Mr rhythms (10,12). Thus, both adrenal hormones and daily feeding 
rhythms are important to maintain a daily rhythm of corticosterone responsiveness in adipose 
tissue. 

In this study, we found that most genes that are important for adipose metabolism in eWAT lost 
their daily rhythm under 6-meals-a-day feeding conditions, but that the clock genes still kept 
their daily rhythmicity. This means that in the absence of a clear feeding rhythm peripheral clock 
genes, although rhythmic, were not able to sustain a daily rhythm in the metabolic genes we 
studied. Salgado et al (5) reported that also under their day-time feeding condition, metabolic 
gene rhythms in the liver were uncoupled from the clock gene rhythms. Also Bray et al (43) 
reported that daytime feeding resulted in a reversal of clock gene rhythms and a loss of metabolic 
gene rhythms in eWAT. Together these studies indicate that changes in the daily feeding rhythm 
(abolishment, reversal, advance or delay) can induce a dissociation of metabolic gene rhythms 
from that of clock gene rhythms. Recently, it was reported that VISFATIN is a key rate-limiting 
enzyme in the NAD+ salvage pathway. NAD+ activates SIRT1 that is involved in the control of 
metabolic processes (44), such as gluconeogenesis, lipid metabolism and insulin sensitivity. It 
has been shown that the circadian clock controls the daily rhythm of VISFATIN and NAD+ 
(45,46) and NAD+ regulates the rhythmicity of SIRT1 (47). In turn, SIRT1 sends a negative 
feedback to the clock genes PER2, CLOCK and BMAL1 (48-50). Thus, the interaction between 
the circadian clock and the VISFATIN/NAD+/SIRT pathway provides an important link between 
the circadian system and the metabolic system. Therefore, the arrhythmicity of Visfatin in rats on 
a 6-meals-a-day feeding schedule may be an important contributor to the dissociation of 
metabolic and clock gene rhythms in these rats.  

Many studies (51-54) have shown that feeding status, i.e., fed or fasted, has a strong effect on 
metabolic gene expression levels, such as Fas, Lpl and Glut4. In our study, the 6M animals were 
slightly food deprived, but clearly not fasted. Nevertheless, we found some metabolic gene mean 
expression levels to be profoundly affected by the 6M feeding schedule. The affected genes are 
mainly involved in lipogenesis and fatty acid oxidation. LPL hydrolyzes plasma TGs and 
provides the released fatty acids to the adipocytes for storage and re-esterification. GLUT4 is the 
most important glucose transporter in adipose tissue, FAS is an important enzyme in de novo 
lipogenesis, as it catalyzes the conversion of malonyl-CoA to palmitate and LIPIN1 is an 
important enzyme for TG synthesis. The average expression level of all these 4 genes was 
increased in 6M rats, indicating that regular feeding may increase substrate supply (fatty acid and 
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glucose) and turnover of TG in the adipose tissue. The 24h mean expression level of CPT1b, 
ADIPONECTIN and PPARα was also increased in 6M animals, indicating that also fatty acid 
oxidation rate in the 6M animals may be higher than in AL feeding rats. On the other hand, in the 
present study we did not find a clear change in the average expression level of genes involved in 
TG hydrolysis, thus we speculate that regular feeding causes an increased fatty acid oxidation 
and especially TG synthesis. Remarkably, in a previous study we found significantly increased 
plasma leptin levels in 6M animals (55). 

In the 6M+ADX animals the average expression level of 9 genes was changed and the affected 
genes are mainly involved in lipogenesis, lipolysis and fatty acid oxidation. Seven (Hsl, Gr, Mr, 
Glut4, Srebf1c, Acc2 and Pparα) of these 9 genes increased their average expression level after 
6M+ADX treatment, while the 24h mean expression level of Leptin and Adiponectin was 
decreased. In our previous ADX study, we found that the average expression level of Hsl, Gr and 
Mr was increased after adrenalectomy, whereas the 24h mean Leptin and Adiponectin expression 
levels were decreased also in ADX-only animals. In the 6M study, we found that the Glut4 and 
Pparα expression levels were increased because of the 6M feeding schedule. Therefore, in the 
6M+ADX animals adrenalectomy is most likely responsible for the changes in the Hsl, Gr, Mr, 
Leptin and Adiponectin expression level (5/9, ~56%). The 6-meals-a-day feeding schedule is 
responsible for the increase in Glut4 and Pparα expression levels (2/9, ~22%), whereas the 
changes in Srebf1c and Acc2 result from the interaction effect of 6M feeding and adrenalectomy. 
Together, we conclude that 1) the effect of 6M+ADX on metabolic gene expression levels are 
mainly due to the adrenalectomy, 2) adrenal hormones strongly regulate the expression level of 
Hsl, Gr, Mr, Leptin and Adiponectin, and 3) feeding behavior strongly regulates the expression 
level of Glut4 and Pparα.  

In this study, we found that a 6-meals-a-day feeding schedule combined with adrenalectomy 
abolished the clock gene rhythms in eWAT, but we did not investigate whether this abolishment 
might be due to an impaired SCN clock function. Recently, however, Ikeda et al (28) showed in 
mice that 6M+ADX treatment affected clock gene rhythms in the periphery without affecting the 
SCN clock. Therefore, we assume that also in the current rat study the effect of 6M feeding 
combined with adrenalectomy on peripheral clocks is not due to changes in the SCN clock. 

Total food intake of 6M rats was relatively low, only ~80% compared to that of AL animals. 
This means that 6M animals are under mild caloric restriction (CR) conditions. Some studies 
(56-58) used the αMUPA (murine urokinase-like plasminogen activator (MUPA)) transgenic 
mice, that exhibit similarities to CR animals (such as reduced food intake, serum IGF-1 and 
glucose levels and enhanced apoptosis capacity in the liver), as a model to check the effect of CR 
on daily clock gene and clock gene-controlled rhythms under AL feeding conditions. They found 
that mPer1, mPer2, mCry1 and mClock exhibited higher levels in CR animals than in normal 
caloric intake animals. Also the amplitude of daily mPer1and mPer2 rhythms was higher in these 
animals. They also studied the daily rhythm of two outputs of the clock system: body 
temperature and feeding rhythm. They found the CR resulted in a higher amplitude of daily 
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Corticosterone is an important factor in adipose tissue biology, with its action on the adipose 
tissue being mediated by the GR and MR (38,42). In our study, we found that both genes lost 
their daily expression rhythm in 6M and 6M+ADX rats. Also adrenalectomy alone has been 
shown to abolish Gr and Mr rhythms (10,12). Thus, both adrenal hormones and daily feeding 
rhythms are important to maintain a daily rhythm of corticosterone responsiveness in adipose 
tissue. 
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rhythms in feeding and body temperature as well. Therefore, CR seems to result in more 
pronounced and synchronized biological rhythms under AL feeding conditions.  Froy et al (56) 
found that the biological clock of αMUPA animals was shifted, when they were only allowed 
access to food at the end of night (ZT21-ZT24).  Froy et al. (58)  also used the αMUPA mice as a 
model to check the combined effects of restricted feeding (daytime feeding) and CR (RFCR) on 
biological rhythms. They found that the amplitude of clock gene expression in the RFCR mice 
was not changed compared to the AL control CR mice, but the acrophase of clock gene 
expression in the RFCR mice was shifted. This shift was the same as that in restricted feeding 
mice. Therefore the CR also did not affect the amplitude of clock gene expression when feeding 
rhythm is shifted. According to the above studies, we assume that the effects of 6M+ADX on 
clock gene expression rhythms in eWAT are not due to caloric restriction.  

In summary, in this study we found that >75% of the genes that are important for adipose 
metabolism in eWAT lost their daily rhythm when confronted with a 6-meals-a-day feeding 
schedule, but that clock genes maintained their daily rhythmicity. Previously, we found similar 
results in eWAT after adrenalectomy (10,12). These results indicate that similar to corticosterone 
also the daily feeding rhythm is required for the maintenance of daily metabolic gene, but not 
clock gene, rhythms in eWAT.  In this study, we also investigated the effect of a combination of 
adrenalectomy and 6-meals-a-day feeding on clock gene expression. We found that all daily 
clock gene rhythms were abolished in the 6M+ADX rats. This indicates that the peripheral 
rhythms in eWAT cannot be synchronized with the environmental day/night cycle anymore 
when a hormonal and a behavioral entraining pathway are disrupted simultaneously.  

In the present study, we checked the effect of 6M and 6M+ADX on the daily mRNA expression 
rhythms of clock genes and metabolic genes, but we did not investigate the metabolic and 
physiological consequences. In 6M+ADX animals, we found that all clock genes and most of the 
metabolic genes lost their daily rhythmicity. If indeed the disappearance of rhythms in clock 
gene and metabolic gene expression also results in the disappearance of rhythms in protein 
abundance, according to the chronodisruption or de-synchronization hypothesis it is to be 
expected that in the end this will result in negative results for physical and metabolic health.   

Overall, we conclude that 1) clock gene rhythms in eWAT do not depend solely on adrenal 
hormones or the daily feeding rhythm to be synchronized with the environmental light/dark cycle, 
but at least one of these two signals should be present in order for eWAT clock gene rhythms to 
be maintained, 2) both adrenal hormones and feeding rhythms are required to sustain metabolic 
gene rhythms in eWAT. 
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Supplemental data 
 

 

Fig.S1. Effects of 6M feeding and 6M feeding combined with adrenalectomy on plasma corticosterone, 
insulin and triglyceride concentrations. Results are presented as mean ± SEM.   * p<0.05; ** p<0.01; *** 
p<0.001. White bars – AL animals (n=32), Dark grey bars – 6M animals (n=32), Striped white bars – 
AL+Sham animals (n=24), Black bars – 6M+ADX animals (n=24). 
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Fig.S2. Expression pattern of 7 clock genes in eWAT of animals that were adrenalectomized, on a 6-
meals-a-day feeding schedule, or on a 6-meals-a-day feeding schedule combined with adrenalectomy. 
Data are expressed as the mean ± SEM. mRNA values were normalized to HPRT and then divided by the 
average levels at ZT14 of their own group.  Dark grey bars – 6M animals (n=32), Light grey bars – ADX 
animals (n=25), Black bars – 6M + ADX (n=24).  
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Fig.S3. Expression pattern of 16 metabolic/adipokine genes in eWAT of animals that were 
adrenalectomized, on a 6-meals-a-day feeding schedule, or on a 6-meals-a-day feeding schedule 
combined with adrenalectomy. Data are expressed as the mean ± SEM. mRNA values were normalized to 
HPRT and then divided by the average levels of their own group at ZT14.  Dark grey bars – 6M animals 
(n=32), Light grey bars – ADX animals (n=25), Black bars – 6M + ADX (n=24). 

 

  



   96 
 

 

Fig.S2. Expression pattern of 7 clock genes in eWAT of animals that were adrenalectomized, on a 6-
meals-a-day feeding schedule, or on a 6-meals-a-day feeding schedule combined with adrenalectomy. 
Data are expressed as the mean ± SEM. mRNA values were normalized to HPRT and then divided by the 
average levels at ZT14 of their own group.  Dark grey bars – 6M animals (n=32), Light grey bars – ADX 
animals (n=25), Black bars – 6M + ADX (n=24).  

 

 

 

 
 
 
 
 
 
 
 
 
 

   97 
 

 
Fig.S3. Expression pattern of 16 metabolic/adipokine genes in eWAT of animals that were 
adrenalectomized, on a 6-meals-a-day feeding schedule, or on a 6-meals-a-day feeding schedule 
combined with adrenalectomy. Data are expressed as the mean ± SEM. mRNA values were normalized to 
HPRT and then divided by the average levels of their own group at ZT14.  Dark grey bars – 6M animals 
(n=32), Light grey bars – ADX animals (n=25), Black bars – 6M + ADX (n=24). 

 

  

97


