
Daily rhythms in muscle mitochondria: 
effects of time-restricted feeding and exercise

Paul de Goede



Colofon

Daily rhythms in muscle mitochondria: effects of time-restricted feeding and exercise
Academic thesis, University of Amsterdam, the Netherlands

About the cover 
Each of the 24 individual circles represents a variation of time-restricted feeding, the 
muscle clock or time-restricted exercise, which are the main research themes of this 
thesis. For each of these three main themes both variations that are deemed healthy and 
unhealthy are depicted. As timing of food intake, the muscle clock and timing of exercise 
are all related to each other they are alternatingly and in a repeating rhythm displayed. 
The cover is loosely inspired by the work of the artists Maurits Escher and Salvador Dali. 

ISBN   978-94-6323-810-6

Author   Paul de Goede
Cover design  Ilse Modder, www.ilsemodder.nl
Cover concept  Paul de Goede & Esther Berkenbosch
Lay out  Esther Berkenbosch
Printing   Gildeprint 

Financial support from the Netherlands Association for the Study of Obesity (NASO) is 
greatly acknowledged.
Publication of this thesis was financially supported by the Graduate School Neurosciences 
Amsterdam Rotterdam (ONWAR.).
This thesis project was supported by the ZonMW TOP grant (#91214047).

Copyright©: P. de Goede, Amsterdam, the Netherlands, 2019. All rights reserved. No part of this publication may 
be reproduced or transmitted in any form by any means, electronic or mechanical, including photocopying, record-
ing or any storage and retrieval without prior written permission from the author.



Daily rhythms in muscle mitochondria: 
effects of time-restricted feeding and exercise

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor

aan de Universiteit van Amsterdam

op gezag van de Rector Magnificus

prof. dr. ir. K.I.J. Maex

ten overstaan van een door het College voor Promoties ingestelde commissie,

in het openbaar te verdedigen in de Agnietenkapel

op vrijdag 4 oktober 2019, te 14.00 uur

door  Paul de Goede

geboren te Amsterdam





Promotiecommissie:

Promotor(es):  prof. dr. A. Kalsbeek  AMC-UvA
Copromotor(es):  dr. C. Yi    AMC-UvA

Overige leden:  prof. dr. S.E. la Fleur   AMC-UvA
   prof. dr. E. Fliers   AMC-UvA
   prof. dr. R.H.L. Houtkooper  AMC-UvA
   dr. M.R. Soeters   AMC-UvA
   prof. dr. P.A.J. Schrauwen  Universiteit Maastricht
   prof. dr. R.A. Hut   Rijksuniversiteit Groningen

Faculteit der Geneeskunde



Table of contents

1  General introduction       

Part I

2  Guidelines for genome‐scale analysis of biological rhythms
 Published in Journal of Biological Rhythms, 2017
3.1  Differential effects of diet composition and timing of feeding behavior on rat  
 brown adipose tissue and skeletal muscle peripheral clocks
 Published in Neurobiology of Sleep and Circadian Rhythms, 2018
3.2  Restricted feeding to the light phase abolishes daily rhythms of core clock  
 genes and inverts daily rhythms of specific metabolic  genes in Gastrocnemius  
 muscle in rats
 An addendum to chapter 3.1
4  An ultradian feeding schedule in rats affects metabolic gene expression in  
 liver, brown adipose tissue and skeletal muscle with only mild effects on 
 circadian clocks
 Published in International Journal of Molecular Sciences, 2018

Part II

5  Circadian rhythms in mitochondrial respiration
 Published in Journal of Molecular Endocrinology, 2018
6  Time‐restricted feeding during the inactive phase abolishes the diurnal 
 rhythm in mitochondrial respiration in rat skeletal muscle
 In preparation
7  Time‐restricted feeding enhances the day/night difference in insulin 
 sensitivity in rats, but only when in line with the circadian timing system
 Published in Frontiers in Endocrinology, 2019 
8  Time‐restricted feeding has long‐term after effects on whole body 
 metabolism and clock gene expression in four different peripheral tissues
 In preparation

Part III

9  Adrenalectomy disturbs clock and metabolic gene expression in rat skeletal  
 muscle
 A technical note
10  Time‐restricted running alters clock gene expression in Soleus, but not   
 Gastrocnemius muscle
 A technical note

11  General discussion

9

21

41

65

85

119

143

165

181

209

219

229



Appendixes 
English summary
Nederlandse samenvatting
PhD portfolio
List of publications
About the Author
Acknowledgements

247





9

1

Chapter 1

General Introduction
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Figure 1 Pathways of peripheral 
clock entrainment. The central 
pacemaker within the SCN resets its 
endogenous circadian rhythm daily 
through the input of environmental 
light. Subsequently, the SCN 
relays its temporal information to 
peripheral oscillators such as the 
liver via autonomic innervation, 
body temperature, humoral  signals 
(including glucocorticoids) and cues 
related to the feeding/fasting status. 
Adapted from Mohawk et al., 2012.

General introduction

Circadian clocks
Through the course of evolution humans, like virtually all living organisms, have 
developed an internal timing system in order to anticipate predictable daily changes in the 
environment. The most evident and consistent change in the environment is the daily 
change from light to dark as a result of the continuous spinning of planet Earth around its 
own axis. This change between light and dark, the L/D cycle, is often concomitant with 
changes in ambient temperature and food availability. It is therefore not surprising   that 
this timing system cycles with a period that matches that of the rotation of planet 
Earth. This biological or "circadian" (from the Latin circa diem; which translates to 
"approximately a day") clock functions in a hierarchic manner that is notable at the cellular, 
tissue and systems level (Albrecht, 2012; Honma, 2018; Mohawk,  Green, & Takahashi, 
2012). At the core of the mammalian circadian clock   system is a cluster of neurons in the 
suprachiasmatic nucleus (SCN) situated in a part of the brain known as the hypothalamus. 
As the period of the endogenous rhythm generated in the SCN is only  approximately 
24h the SCN needs to be frequently reset in order to stay synchronized to the exact 24h 
period of the rotation of planet Earth. The SCN resets via environmental light as its main 
input. Light as well as other external and internal cues that can act as input for circadian 
clocks are also termed "Zeitgebers" (loosely translated from German as "giver of time") 
as they provide temporal information on the current phase along the L/D cycle (Figure 1). 
Through hormonal cues, the autonomic nervous system, behavioral and other pathways 
the SCN relays its temporal information to the various peripheral oscillators in the rest 
of the body. As only the SCN receives direct input from the retina it is considered to be 
the central pacemaker of the body. Moreover, via its different output pathways it can also 
synchronize the peripheral clocks. However, peripheral clocks can also maintain their 
circadian rhythms   in the absence of a functioning SCN and even when cultured in vitro, 
be it only for a few days (Yoo et al., 2004). Moreover, also other cues besides signals from 
the SCN, such as metabolic signals, can be used by the peripheral clocks for entrainment.
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 On a molecular level the circadian clock consists of a transcriptional‐translational 
feedback loop (TTFL) with a positive and negative limb that is highly conserved between 
species, cells and tissue types (Figure 2). At its core the molecular clock consists of the clock 
genes Bmal1, Clock, Cry1/2, Per1/2/3, Reverbα/β and Rorα/β together with several auxiliary 
genes that facilitate the fine‐tuning of its period and phase as well as provide flexibility to 
the clock (Gekakis et al., 1998; Hogenesch et al., 1998; Husse, Eichele, & Oster, 2015; 
Ramsey et al., 2007; Ohno, Onishi, & Ishida, 2006; Reppert & Weaver, 2002; Yoo et al., 
2005). The positive limb of the TTFL consist of the transcriptional activators BMAL1 and 
CLOCK that form a heterodimer and thereby positively regulate expression of the Per, Cry, 
Reverb and Ror genes as well as a variety of so called clock‐controlled genes (CCGs), which 
usually are transcription factors that can function as output of the molecular clock. In the 
negative limb of the TTFL the Per and Cry products dimerize and translocate into the nucleus 
where this protein complex inhibits the activity of the BMAL1‐ CLOCK complex and thus 
also its own transcription. The Reverb and Ror genes are part of an additional feedback 
loop. REVERBα/β and RORα/β compete for binding to the RORE promotor element where
REVERBα/β inhibits and RORα/β promotes the expression of Clock and Bmal1. The protein 
and transcription levels of this rather complicated TTFL cycle have a turnover of about 24h. 
However, through auxiliary proteins and other mechanisms that are not yet fully understood 
this molecular system allows for flexibility in the period and phase of the peripheral clocks.

Figure 2 The transcriptional‐translational feedback loop that forms the core molecular clock. Adapted from Husse
et al., 2015.

Main functions of the circadian clock, Zeitgebers and desynchrony between clocks
Although this molecular clockwork is conserved between the different cell and tissue types 
both the main inputs and outputs can strongly differ between cell types. One of the main 
functions of (peripheral) clocks is to timely orchestrate local metabolic processes. For 
instance, regulating the expression of enzymes important in glucose or lipid metabolism 
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in the liver in order to ensure adequate amounts at the correct time of day, i.e., when 
metabolism of glucose or lipids is to be expected. For example, in skeletal muscle genes 
that are important for carbohydrate catabolism have their acrophase (=peak expression) 
early in the active period, whilst genes important for catabolism of lipids have their 
acrophase in the middle of the inactive period (Hodge et al., 2015). Similarly, liver 
genes involved in carbohydrate storage show peak expression in the middle of the active 
period, whilst genes involved in lipogenesis and lipid storage peak at the end of the 
active phase. The tissue‐specificity of the output of the clock became apparent from the 
construction of a multi‐tissue circadian atlas which established that the percentage of 
genes that are rhythmically expressed in a certain tissue type ranges from 3% in the 
hypothalamus up to 16% in the liver (Zhang et al., 2014). For example, expression of the 
insulin‐like growth factor (Igf1) oscillated in the liver only, whilst its principal receptor 
Igf1r oscillated only in the kidney. Phosphatidylinositol 3‐kinase regulatory subunit 1 
(Pik3r1), an enzyme downstream in the Igf1 signaling cascade, oscillates in 6 different 
tissues, but with acrophase’s differing nearly 10h between the first and last peaking tissues.
Not only the outputs of the different clocks can vary widely, also their specific inputs 
(Zeitgebers) can vary depending on the cell type. As mentioned above, SCN neurons reset 
their phase using light as the main Zeitgeber and are relatively unaffected by the feeding/
fasting status. Contrasting, most peripheral tissues do not directly respond to environmental 
light, but instead utilize one or more non‐photic Zeitgebers such as body temperature and 
feeding related cues in order to synchronize their clocks (Albrecht, 2012; Hamaguchi et 
al., 2015; van der Veen et al., 2017). Importantly, feeding related cues have been shown to 
differently affect peripheral tissues such as muscle and liver clocks, stressing the importance 
of a multi‐tissue approach when investigating disturbances of the biological clock through 
behavioral interventions (Bray et al., 2013; Opperhuizen et al., 2016; Reznick et al., 
2012). Tissues like skeletal muscle might also use the contractile activity of the muscle as 
a Zeitgeber (Schroeder et al., 2012; Wolff & Esser, 2012). Interestingly, after a scheduled 
exercise protocol one out of three muscles examined showed a greater phase shift compared 
to the other two muscles indicating differential regulation of the clock even between similar 
tissues, but in different locations (Wolff & Esser, 2012). As a consequence of this differential 
regulation of peripheral clocks by the same Zeitgeber, desynchrony within and between 
tissues could occur. Desynchrony between two important metabolically active tissues like 
the liver and muscle could lead to an imbalance in, for instance, glucose production and 
glucose uptake and eventually result in metabolic disorders such as obesity and type 2 
diabetes mellitus (T2DM) (Opperhuizen et al., 2015).

T2DM and shift‐work
The prevalence of T2DM is rapidly increasing with most recent estimates of 500 million 
patients worldwide in 2018 (Kaiser, Zhang, & van der Pluijm, 2018). T2DM is characterized by 
hyperglycemia as a result of insulin resistance. In the early stage of T2DM the hyperglycemia 
is counteracted through increased insulin release by the endocrine pancreas, but as the 
diseases progresses the pancreas is unable to keep up with this increased insulin release 
and insulin levels become insufficient after which hyperglycemia develops. T2DM increases 
the risk of blindness, hypertension and other cardiovascular diseases and can reduce life 
expectancy by up to 10 years. As such T2DM causes a major social and economic burden. 
In the Netherlands prevalence of diabetes mellitus (DM; type 1 and type 2 combined) has 
increased from 2.8% in 2000 to 4.0% in 2004 (van der Linden et al., 2009). In the same period a
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doubling of 18,000 to 39,000 patients with severe complications attributed to DM was 
observed. The healthcare costs related to DM almost doubled in this same period. Prevention 
and treatment of this disease thus seems crucial, both for the general health of the population 
as well as to reduce the economic burden of this disease. Although the main risk factors 
of T2DM are physical inactivity and excessive food intake, other risk factors including 
disturbed sleep/wake cycles are thought to play a role (Knutsson & Kempe, 2014; Shetty et 
al., 2018). Due to the nature of their work, shift‐workers are often awake during the natural 
resting period and eat at irregular times. Therefore shift‐workers are likely at an increased 
risk of having disturbed sleep/wake cycles as well as disturbed biological rhythms in general, 
possibly leading to the development of metabolic disorders including T2DM. Indeed, 
epidemiological studies confirm that shift‐workers are at an increased risk of developing 
T2DM (Hansen et al., 2016; Pan et al., 2011; Shan et al., 2018; Vetter et al., 2018). As  
modern societies are increasingly relying on shift‐work it has become essential to better 
understand the relationship between glucose metabolism and shift‐work.

Time‐restricted feeding (TRF) as an animal model for shift‐work
Given the importance of food as a Zeitgeber for peripheral clocks, combined with the many 
metabolic outputs of the peripheral clocks, it is not surprising that total amount of food intake 
and macronutrient composition of the food aren’t the only things that matter for metabolic 
homeostasis. The timing of food can be thought of as equally important as the prior two. As a 
matter of fact, the concept of homeostasis should not be seen as something that is static, i.e., 
always having the same influx and efflux. Contrasting, the demands and supply required for 
homeostasis can fluctuate as a function of time (of day or season). Over the past few decades 
much research has been spent on investigating the links between the timing of food intake and 
metabolism. A vast amount of data indicates that a wide  spectrum of metabolic parameters 
are altered by the timing of food intake, including locomotor behavior, body temperature, 
both clock and metabolic gene expression in peripheral tissues as well as systemic glucose 
metabolism. Time‐restricted feeding (TRF) is a well‐accepted and often used experimental 
model to study the effects of shift‐work, especially the effects of mistimed feeding, in general 
and more specifically the effects of a misalignment between the central and peripheral clocks 
(reviewed in Opperhuizen et al., 2015). During TRF animals (or humans in the case of clinical 
studies) are allowed to eat only during part of the 24h cycle, usually limited to a single time 
window either in the active or inactive period that lasts <12h. Even when food access is 
restricted to the inactive period only, i.e., their habitual sleep phase, rodents usually adapt to 
the new feeding‐fasting schedule within several days (Sherman et al., 2011).
 One of the limitations of conventional TRF models is that outside of the feeding 
period animals are strictly fasted. Under unrestricted (ad libitum) feeding conditions 
nocturnal rodents such as mice and rats eat about 75‐80% of their daily caloric needs during 
the dark (active) period and eat the remainder during the light (inactive) period. Prohibiting 
the  food intake for 12h or more, as is common during TRF, thus introduces a prolonged 
fasting period that can confound the effects of the altered timing of food intake imposed 
by the TRF regimen. Additionally, if food intake is limited to the inactive period animals 
need to be more active during this period in order to consume enough calories and thus also 
have changed activity behavior. As activity can also be a Zeitgeber for peripheral tissues 
caution should be taken when interpreting the results of TRF during the inactive period. An 
alternative strategy to study the effects of feeding behavior is to employ an “ultradian” TRF 
model in which food access is restricted to several short time windows evenly distributed
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along the 24h cycle, comparable to human constant routine protocols. These ultradian TRF 
models effectively abolish the natural rhythm in food intake without having the prolonged 
fasting periods that are normally present in TRF regimens and thus provide an alternative 
strategy to examine the effects of feeding behavior on (peripheral) metabolism as well as the 
functioning of the circadian clock.

Rhythms in glucose tolerance, mitochondrial respiration and disturbance of the circadian 
clock
It has been well established that insulin sensitivity and glucose tolerance display daily 
rhythms and that this daily rhythm in glucose tolerance and in the amount of insulin released 
during a glucose tolerance test can be abolished by SCN ablation (la Fleur et al., 2001). 
KO of Bmal1 also abolished the daily rhythm in insulin sensitivity and this abolishment 
could be rescued by inducing expression of the Bmal1 paralogous gene Bmal2 (Shi et al., 
2013). In humans circadian misalignment is sufficient to disturb glucose metabolism (Scheer 
et al., 2009; Wefers et al., 2018). Strikingly, after a 10 day circadian misalignment protocol 
3 out of 8 subjects exhibited a postprandial glucose response that was in the range of a pre‐
diabetic state (Scheer et al., 2009). Taken together, these data indicate that disturbance of the 
circadian timing system can lead to impaired glucose metabolism and insulin sensitivity and 
potentially lead to (pre)diabetes.
 Currently the best strategy for prevention and/or treatment of T2DM is reducing 
the caloric intake together with increasing physical activity. Both exercise and caloric 
intake can affect mitochondrial capacity in skeletal muscle. Conversely, T2DM patients 
have lowered mitochondrial respiration levels in muscle of up to 30% (Phielix et al., 
2010; Phielix et al., 2008). This impaired mitochondrial functioning can be restored to 
the levels of control participants without pharmaceutical treatment, but simply through a 
lifestyle intervention: exercise (Phielix et al., 2010). Furthermore, muscle is the most 
important organ for post‐prandial glucose uptake and insulin stimulated glucose uptake. 
Targeting skeletal muscle mitochondria has therefore been suggested as a potential target 
for treatment and/or prevention of T2DM (Hesselink, Schrauwen‐Hinderling, & Schrauwen, 
2016), although the causality between T2DM and mitochondrial dysfunctioning is under 
debate (Newsholme, Gaudel, & Krause, 2012; Szendroedi, Phielix, & Roden, 2012). 
 In line with the mitochondrial dysfunction hypothesis and the studies on clock 
disturbances and glucose metabolism are findings in animal studies indicating that disturbing 
the molecular clock also impairs mitochondrial functioning. More specifically, gene 
KO studies showed that an impaired molecular clock can lead to reduced mitochondrial 
respiration as well as to a loss in the daily rhythm of respiration in isolated mitochondria 
(reviewed in Manella & Asher 2016 and de Goede et al., 2018). However, these studies 
relied either on isolated mitochondria and/or compared mitochondrial respiration in the KO 
model with respiration in the wildtype animals at only a single timepoint. Since the KO 
studies with a single measurement along the 24h cycle cannot provide insight into whether 
or not there are intrinsic rhythms in mitochondrial respiration and isolated mitochondria 
are deprived from all reciprocal signaling with the rest of the cell (and thus also from the 
molecular timing system) clear data on whether mitochondrial respiration is rhythmic in 
vivo or not are still lacking. However, one study in humans did find significant time‐of‐
day effects in mitochondrial respiration in muscle in healthy participants using several 
biopsies taken throughout the day (van Moorsel et al., 2016). It still remains unknown if 
such rhythms in mitochondrial respiration also exist in other species and more importantly, 
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if those rhythms can be perturbed by disturbing the biological clock, for example through TRF. 
It also remains unclear if mitochondrial dysfunctioning, for example through disturbance of 
the biological clock, results in glucose intolerance and/or insulin insensitivity.

Scope of the thesis

Hypotheses of the thesis
Therefore, in the current thesis we first investigated whether in a model organism such as the 
rat (Rattus Norvegicus) a rhythm in mitochondrial respiration is present in skeletal muscle. 
Next, we hypothesized that by disturbing the biological clock through TRF during the inactive 
period (i.e., light period and regular sleep phase) this rhythm in mitochondrial respiration 
is impaired. Lastly, we tested the hypothesis that these TRF‐induced impaired rhythms in 
mitochondrial respiration will result in glucose intolerance and insulin insensitivity.

Outline of the thesis
In Part I we first discuss optimization of experimental design and statistical methods for 
studies on biological rhythms (chapter 2). In addition, we provide some recommendations 
in order to prevent crucial mistakes such as the duplication of time‐series data and not 
controlling for multiple‐testing. In chapters 3.1, 3.2 and 4 we characterize the effects of 
feeding behavior on clock and metabolic gene expression in four different peripheral tissues: 
liver, brown adipose tissue (BAT), Soleus muscle and Gastrocnemius muscle. As mentioned 
above, the effects of food as a Zeitgeber are tissue‐dependent and experiments that investigate 
the effects of feeding behavior thus ideally use a multi‐tissue approach in order to better 
understand the effects of the altered feeding behavior on metabolism. In chapter 3.1 we look 
at the effects of timing of food intake, diet composition as well as the interaction between 
diet composition and timing of food intake in Soleus muscle and BAT. In chapter 3.2 we 
compare if the effects of the timing of food intake that we found in the Soleus muscle also 
hold true for the Gastrocnemius muscle. In chapter 4 we abolished the rhythm of food intake 
by using an ultradian feeding design in which rats could eat 6 times per day. Subsequently we 
measured the effects of the abolished rhythm of food intake on several metabolic measures as 
well as clock and metabolic gene expression in three different peripheral tissues (liver, BAT 
and Soleus muscle).
 In Part II we shift from a gene expression level towards functional measures of 
glucose metabolism. In addition, we investigate if there are after‐effects from TRF, our 
shift‐work model. In chapter 5 we provide an overview of the current literature that links 
the circadian timing system to mitochondrial functioning. Subsequently, in chapter 6 we 
determine if there are diurnal rhythms in muscle mitochondrial respiration in our rat model 
using ex vivo mitochondrial respiration assays. In addition we test if these rhythms can be 
disturbed through changes in the timing of feeding behavior. As the hallmark symptom of 
T2DM is impaired glucose metabolism in chapter 7 we test if daytime feeding worsens 
glucose metabolism using glucose tolerance tests. In addition we test if feeding during the 
active period only can improve glucose metabolism. As it is well known that glucose tolerance 
is time of day dependent we perform glucose tolerance tests at two different time points along 
the 24h cycle. In chapter 8 we investigate how long it takes for the TRF‐induced disturbed 
rhythms to return back to normal again when animals are reverted back to ad libitum feeding 
after a 4 week period of TRF. By measuring activity, body  temperature and clock gene 
expression in 4 peripheral tissues (liver, BAT, Soleus and Gastrocnemius muscle) we try to 
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provide a thorough characterization of the possible after effects of TRF.
 Lastly, in Part III we investigate potential Zeitgebers for the muscle clock other than 
feeding behavior. Glucocorticoids are broadly accepted to function as an important output 
of the SCN that serves to synchronize peripheral clocks. Therefore we measured the effects 
of removal of the adrenal glands (adrenalectomy) on the clock of the Soleus muscle in 
chapter 9. Finally, in chapter 10 we measure the effects of changing the timing of voluntary 
wheelrunning activity on the muscle clocks in Soleus and Gastrocnemius using time‐restricted 
running, in which the possibility to run in a running wheel is temporally blocked during the 
light or dark period.
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Abstract 
Genome biology approaches have made enormous contributions to our understanding of 
biological rhythms, particularly in identifying outputs of the clock, including RNAs, proteins, 
and metabolites, whose abundance oscillates throughout the day. These methods hold 
significant promise for future discovery, particularly when combined with computational 
modeling. However, genome-scale experiments are costly and laborious, yielding “big data” 
that are conceptually and statistically difficult to analyze. There is no obvious consensus 
regarding design or analysis. Here we discuss the relevant technical considerations to 
generate reproducible, statistically sound, and broadly useful genome-scale data. Rather than 
suggest a set of rigid rules, we aim to codify principles by which investigators, reviewers, 
and readers of the primary literature can evaluate the suitability of different experimental 
designs for measuring different aspects of biological rhythms. We introduce CircaInSilico, a 
web-based application for generating synthetic genome biology data to benchmark statistical 
methods for studying biological rhythms. Finally, we discuss several unmet analytical needs, 
including applications to clinical medicine, and suggest productive avenues to address them.

Keywords  circadian rhythms, diurnal rhythms, computational biology, functional
  genomics, systems biology, guidelines, biostatistics, RNA-seq, ChIP-seq,
  proteomics, metabolomics

It has become a cliché to comment on the rapid growth of “–omics” technologies in biomedical 
sciences over the past 20 years. Nevertheless, it is difficult to overstate the transformative 
impact that genome-scale technologies are having on the practice of modern biology, notably 
including transcriptional, proteomic, and metabolomic profiling (Fig. 1A). These analytical 
approaches have had a substantial impact on the study of circadian Rhythms (Fig. 1B), 
particularly since biological rhythms are ubiquitous at every level of organismal physiology 
and are seemingly custom made for large-scale analysis. Systems biology approaches offer 
enormous opportunities to gain insight into the nature of biological rhythms, but they also 
create unique challenges in properly collecting and interpreting large data sets.
 Here, we set out to codify unifying principles for genome-scale analyses of 
biological rhythms. We confine our discussion to the analysis of rhythmic abundance of 
RNAs, proteins, and metabolites, as well as rhythmic occupancy of DNA by proteins. These 
guidelines also apply to the study of related processes such as promoter activity (Liu et 
al., 1995). We do not discuss the analysis of other large data sets, including genomewide 
association studies, mutagenesis and cell-based screens, or the use of “wearables” that track 
physiological parameters. All 3 unquestionably produce large data sets and are important for 
the field, but they present technical challenges beyond our scope here. We further restrict 
ourselves to discussing general principles. When appropriate, we refer the reader to more 
detailed discussions of critical topics such as sample collection and statistical benchmarking. 
We emphasize that these guidelines are current at the time they were written but should not 
be used as hard rules to replace informed peer review. Instead, we hope that this article will 
formalize a consensus regarding best practices for generation and analysis of large-scale 
biological rhythms data sets and thereby increase the rigor and reproducibility of research in 
our field.
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Recommendations

Experimental Design
Before collecting large-scale data on rhythmic processes, careful consideration should be 
given to which questions the data are intended to answer. For example, an experiment aimed at 
discovery (i.e., a list of cycling transcripts/proteins/metabolites that will be validated with other 
methods) can be done with a less stringent design than experiments aimed at comprehensive 
identification of all cycling entities, along with accurate estimation of their waveform, 
phase, and amplitude (e.g., Zhang et al., 2014). Key considerations include the precision and 
accuracy of the measurements being made, the degree of rhythmicity in the data set, and the 
signal-to-noise ratio of the rhythms. These factors also depend on the specific model system 
under study and the measurement technology. Even closely related experimental approaches 
(e.g., RNA sequencing [RNA-seq] and chromatin immunoprecipitation sequencing [ChIP-
seq]), influence the experimental design in important ways. We begin our discussion of 
experimental design with specific recommendations for discovery-based approaches, since 
it is the most common application of systems biology techniques to biological rhythms and 
illustrates the key principles of experimental design. We conclude this section by discussing 
variations on this theme.

Figure 1 The use of systems biology approaches has increased dramatically in the past 20 years. (A) Annual 
number of publications available on PubMed that contain the keywords “ChIP-seq,” “RNA-seq,” “Metabolomics,” 
“Proteomics,” and/or “Microarray.” These numbers were obtained directly from PubMed’s “Results by Year” section. 
(B) A Boolean search was used to filter the number of publications containing the chosen keyword combined with 
the term “circadian,” “clock,” or both. Both plots depict an increase in the use of functional genomics approaches in 
biology over the past 5 years, in particular the use of RNA-seq, ChIP-Seq, and metabolomics.
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By definition, biological rhythms repeat. 
We therefore recommend collecting at least 
2 complete cycles of data when detecting 
rhythmicity (i.e., 48 h for collections under 
constant conditions). The guiding principle 
behind this recommendation is that when 
identifying a rhythmic process, one would like 
to observe both the peak and trough repeat at 
least once. Simulations show that collecting 
fewer than 2 cycles in a time series makes 
the resulting data sensitive to outliers and can 
dramatically increase the number of false-
negatives (see the “Synthetic Data for Benchmarking” section). A key caveat is that it is often 
difficult in human and some model organisms to collect across more than 1 circadian cycle. 
In such cases, increasing the number of replicates may offset the disadvantage of a shorter 
time series. 
 When looking for processes regulated solely by the circadian clock, it is best to 
isolate your experimental organism from external zeitgebers. In many cases, this means 
constant darkness (DD) and constant temperature, although for photosynthetic organisms, 
constant light (LL) is the conventional manipulation for studying intrinsic rhythmicity. 
For human studies, consistent conditions (e.g., regular meal, exercise, and bed times) are 
essential. For some tissues, other external stimuli (e.g., food) are at least as important 
zeitgebers as light. Many rhythms are damped after external stimuli are removed. Therefore, 
we recommend sampling consecutive days after releasing entrained organisms into constant 
conditions. Studies of synchronized in vitro cultures should begin their sample collections 
24 h after cessation of the synchronizing stimulus to minimize the impact of immediate 
early gene expression. This transient burst and then decay in expression of select genes in 
the first 24 h can erroneously look like part of the circadian cycle. In constant DD or LL 
conditions, circadian period length can differ from 24 h. For example, after 3 days in DD, a 
short period organism (~23.5 h) will start locomotor activity and other behaviors 1.5 h earlier 
than wildtype controls. As such, experiments in constant conditions should tune all statistical 
tests to the organism’s empirically determined period length. If experiments are done under 
driven (e.g., light:dark [LD]) conditions, performing experiments over consecutive days is 
the same as collecting additional replicates on the first day, as clocks reset each day to light. 
Therefore, when searching for rhythms under driven (LD) conditions, 2 or more independent 
days of sample collection can be treated as biological replicates. This experimental design 
can be advantageous when the focus of the study is rhythmicity under natural conditions, 
rather than isolated outputs of the circadian clock. Nonconsecutive days may be used as 
replicates in LD; in fact, it can be beneficial to separate the collection of replicate samples in 
LD by as much as a week to reduce batch effects.
 Data should never be duplicated and concatenated prior to statistical testing 
(Text Box 1.1). By this, we mean the deliberate copying and pasting of data to artificially 
generate longer time series. Statistical analysis assumes the independence of each data 
point. Duplication of data points renders them no longer independent, and statistical tests 
are necessarily compromised. Furthermore, simulations show that duplicated/concatenated 
data have dramatically elevated false-positive rates (Fig. 2). A more subtle violation of 
data independence is seen when technical replicates (e.g., repeated microarrays on the
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same sample) are treated as biological replicates (i.e., completely independent biological 
specimens). In this case, natural biological variation will artificially repeat across the 
technical replicates, and  p values will be inappropriately more significant. Further, we caution 
investigators against double plotting genomescale time-series data, even when presented in 
figures for visual purposes. Although double plotting can increase clarity, it risks misleading 
the reader about the experimental design. 
 Historically, the majority of circadian data were collected with 4-h sampling 
resolution. This experimental design dates back to the 1980s, when Northern and Western 
blot assays were common. These experiments typically focused on a few relatively high 
amplitude core clock or output genes/proteins. When few entities are tested, multiple 
testing corrections are not necessary. However, as technology improved and became more 
parallel, first with RNase protection assays and later with first-generation microarrays, 
this experimental design began showing weaknesses. Simulations using real and synthetic 
data confirmed that this sampling density is statistically underpowered (Atwood and Kay, 
2012; Hughes et al., 2007, 2009) and contributed to marked lack of overlap in cycling genes 
detected by the first generation of circadian microarray experiments (Covington et al., 2008; 
Keegan et al., 2007; Wijnen et al., 2006).

Figure 2 Duplicating and concatenating time-series data results in unacceptable  false-positive rates. Duplicating 
and concatenating data to generate an artificially long time series eliminates statistical independence of samples. 
To empirically investigate the consequences of this manipulation, a randomly generated test set containing 1000 
arrhythmic time series composed entirely of Gaussian noise was used to compare the effects of duplication and 
concatenation on the false-positive rate. The first simulated experiment had a duration of 48 h, with a sampling 
interval of 2 h. The second simulation was composed of every other time point from the first run, which resulted in a 
data set with a duration of 48 h and a sampling interval of 4 h. The third simulation was generated using the first half 
of the second run, which produced a data set with a duration of 24 h and a sampling interval of 4 h. JTK_Cycle was 
used to assess rhythmicity with a statistical threshold of adjusted p < 0.05 considered a “hit”. Without concatenation, 
each run produced conservative false-positive rates, with the number of hits less than 2% in every scenario. Adding 
the first concatenation increased the false-positive rate by a minimum of 8-fold. The second concatenation altered 
the initial false-positive rate by a minimum of 13-fold, and the third concatenation increased the false-positive rate 
by 18-fold compared with the initial rate.
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For this reason, we recommend collecting samples at least every 2 h for studies of circadian 
rhythms, with more frequent sampling when studying ultradian rhythms (Hughes et al., 
2009). This recommendation is based on down-sampling simulations of real data and on 
simulations using synthetic data (Atwood and Kay, 2012; Hughes et al., 2007, 2009, 2010). 
We acknowledge that this sampling scheme is not the current practice in the field, and we 
note that studies with relatively underpowered statistics can be valuable (1) when paired 
with extensive independent validation (Mizrak et al., 2012; Ruben et al., 2012), (2) when 
trailblazing a previously untested technology (Hughes et al., 2012), or (3) when screening a 
large number of samples with an expensive technology (Koike et al., 2012). As such, there is 
a trade-off between the time and money spent collecting additional samples up front and the 
amount of resources spent validating the hits from these experiments. In general, however, 
the evidence suggests that investigators should invest in more independent sampling to 
maximize the long-term utility of their data and the cost benefit of these experiments. 
 Although independent biological replicates increase statistical power, the high cost 
of “-omics” experiments can make it prohibitively expensive to collect replicate samples at 
each time point. Simulations indicate that replicates improve statistical power but are weaker 
than increasing temporal resolution if one is interested in estimating phase or amplitude 
(Hughes et al., 2010; Hutchison et al., 2015; see also the “Synthetic Data for Benchmarking” 
section). Therefore, good judgment must be used in choosing the right combination of 
replicates and temporal resolution for their intended application. ChIP-seq assays are an 
exception to this rule, since they tend to have greater variability between samples than other 
applications (Landt et al., 2012; Yang et al., 2014). As such, biological replicates at each 
time point are essential when performing ChIP-seq. Experiments on outbred organisms (such 
as humans) and samples collected in natural environments may also require independent 
biological replicates.
 When using next-generation sequencing (RNAseq, ChIP-seq, etc.), the depth 
of sequencing per sample should be explicitly considered in the planning stage. Greater 
sequencing depth costs more but results in better accuracy and precision. Finding the optimal 
cost/benefit ratio is not trivial, as the appropriate read-depth depends on the species studied, 
the size of the genome/transcriptome, the material from which libraries are prepared (e.g., 
polyA RNA or ribosome-depleted total RNA), the dynamic range of expression in a given 
tissue/species, and the strength of the circadian signal relative to noise. Oftentimes, it is 
advantageous to cull all features expressed below an empirically determined threshold to 
maximize statistical detection of bona fide cycling time series (Hughes et al., 2012; Menet et

al., 2012; Soneson et al., 2016). For fly 
RNA-seq studies of total RNA, simulations 
show ~10 million reads are needed per 
sample to detect greater than 75% of truly 
rhythmic transcripts, while ~40 million 
reads per sample are needed for studying 
mammals (Li et al., 2015). These 2 reference 
points can be used to estimate read depths 
necessary in additional organisms based 
on the relative size of their transcriptomes. 
Although a comparable study has not been 
performed for ChIP-seq, the ENCODE 
consortium recommends 10 to 20 million 
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mapped fragments per replicate in mammalian studies (Landt et al., 2012). 
 Variability in rhythmic profiles between individuals is an underexplored area in 
biological rhythms, particularly with respect to “-omics” technologies (Text Box 2.1). This 
is largely due to the nature of the experiments; for example, it is impossible to collect the 
suprachiasmatic nuclei (SCN) from an individual mouse more than once. Whenever feasible, 
serial collections from the same individual are ideal from a statistical perspective. When this 
is impossible, we recommend that studies of bulk circadian rhythms pool together as many 
different individuals as is practical (e.g., 5 or more individuals of the same gender) to average 
out variation between dissections and individuals. It is important to note that many studies 
have shown gender differences in circadian outputs such as locomotor activity rhythms, 
sleep, and even molecular rhythms. As such, some studies may benefit from analyzing the 
intraindividual variance in circadian rhythmicity. Given the ever-increasing multiplexing 
capabilities of new sequencing machines and the development of new technologies requiring 
less sequencing depth (Derr et al., 2016), it may soon become cost-effective and advantageous 
to analyze rhythmic gene expression in individuals (e.g., 3 to 5 individuals per time point). 
 For human or other studies in outbred populations, we recommend sampling densities 
in excess of those typically used in laboratory model organisms to account for increased 
variability. Newly developed statistical methods, such as MetaCycle’s meta3d function and 
RAIN’s longitudinal mode, have been specifically developed to handle these time series 
data (Thaben and Westermark, 2014; Wu et al., 2016). These recommendations apply to 
studies of nontraditional model organisms as well. Circadian rhythms are nearly ubiquitous 
among the kingdoms of life, and genome-scale techniques are being applied to circadian 
biology in new models. When practical, we recommend benchmarking new experimental 
systems using internal controls (i.e., genes, proteins, or processes known to be rhythmic in 
related species). For example, when measuring mRNA rhythms in a previously unstudied 
fungus, investigators would benefit from confirming that orthologs of known cycling genes 
such as frq and wc-1 are rhythmic in their experiment. Bioinformatics approaches are under 
development to aid the discovery of clock gene orthologs in previously understudied species 
(Romanowski et al., 2014).
 As discussed above, we emphasize that there is a trade-off between resources spent 
collecting the initial genome-scale data set and those spent in smaller scale validation studies. 
For example, certain models are hard to breed (e.g., Cry1/Cry2 double-null mice) or get 
enough of (e.g., VIP+ SCN neurons) or dangerous (e.g., serial sampling of solid tumors) to 
do a 2-h, 2-day time course. If the constraints of the experimental system necessitate a less 
rigorous experimental design, additional efforts should be made in follow-up experiments to 
validate the findings of the genome-scale analyses. At a minimum, follow-up experiments 
can be used to determine the empirical false discovery rate. Finally, when describing these 
experiments, the advantages and disadvantages of the experimental design and analysis 
methods should be acknowledged, and additional care should be given to their interpretation.

Statistical Analysis
After generating a large data set, 3 steps should be taken to prepare the data for performing 
statistical analyses. The first is to verify the integrity of the raw files. For example, in RNA-
seq experiments, this would include checking that the number of raw reads and quality 
scores are within appropriate ranges and that the expected numbers of unique and nonunique 
reads were detected (Hartley and Mullikin, 2015; Lohse et al., 2012). Checks for ribosomal, 
mitochondrial, chloroplast, or other contaminating sequences should be performed as well.
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Second, data should be normalized and quantified. This is the appropriate stage to check 
whether any internal controls agree with previous studies. For example, it is useful to check 
by eye whether known circadian clock genes are rhythmic with expected phase relationships. 
In human studies, it is valuable to confirm expected rhythms of melatonin and cortisol. 
For RNA-seq experiments, there are numerous methods for normalizing expression data, 
including situations under which the total amount of RNA per cell changes over time. These 
details are beyond the scope of this article, but we refer the interested reader to the relevant 
literature (Bray et al., 2016; Dobin et al., 2013; Schmidt and Schibler, 1995; Sinturel et al., 
2017). In a ChIP-seq experiment, variation between samples is best handled by including 
multiple replicates and normalizing by randomly down-sampling the data (Koike et al., 2012). 
Third, data may need to be reformatted according to input requirements of the statistical 
methods used. For example, transcripts per million values in RNA-seq data should be log 
transformed before many statistical analyses.
 There are numerous high-quality statistical approaches for detecting rhythmicity 
and estimating rhythmic parameters in large data sets. These include but are not limited 
to Haystack (Mockler et al., 2007), Lomb-Scargle (Glynn et al., 2006), ARSER (Yang and 
Su, 2010), CircWaveBatch (Oster et al., 2006), JTK_Cycle (Hughes et al., 2010), and its 
successors, RAIN (Thaben and Westermark, 2014), eJTK (Hutchison et al., 2015), and ABSR 
(Ren et al., 2016). Each has different strengths and weaknesses. To briefly summarize these 
methods, tests based on curve fitting such as COSOPT (Straume, 2004) are mathematically 
intuitive and work well but are underpowered and computationally inefficient (Hughes et 
al., 2010). Fourier analysis is popular but requires evenly sampled data and is limited in 
the period lengths it can detect (Wijnen et al., 2005). Analysis of variance can test for time-
dependent changes, but it does not explicitly test for rhythmicity. JTK_Cycle is powerful 
and computationally efficient, but phase estimates are inaccurate when using sparse input 
data (e.g., less than every 4 h). Similarly, ARSER is powerful, but it does not consider 
replicates and cannot handle missing data. Certain algorithms (e.g., eJTK) perform better 
with replicates than repeated cycles (Hutchison et al., 2015). Many algorithms rely on an 
explicit or implicit fit to sinusoidal curves that may be problematic if the data include pulsed 
or asymmetric waveforms. We note that Haystack (Mockler et al., 2007) and ZeitZeiger 
(Hughey et al., 2016) are less sensitive to waveform shape than other algorithms. Some 
approaches are optimized for distinguishing ultradian rhythms from conventional 24-h 
rhythms (van der Veen and Gerkema, 2017). In many cases, however, investigators will have 
the greatest statistical power when searching for rhythms equal to conventional 24-h cycles. 
When studying clock mutants, free-running period should be measured with independent 
assays (e.g., free-running locomotor behavior) and statistical analyses of “-omics” data tuned 
to the appropriate organismal period length.
 Since a full description of these attributes is beyond the scope of this article, we point 
the interested reader to previous studies that have tested these algorithms with benchmarking 
data sets (Deckard et al., 2013; Wu et al., 2014). Moreover, this is a rapidly changing field 
as newer approaches using machine learning (Agostinelli et al., 2016; Hughey, 2017; Laing 
et al., 2017) and N-version programming (Wu et al., 2016) have been recently developed 
that minimize some of the pitfalls described above. Time and implementation will tell which 
approaches are most valuable.
 With algorithms, detecting more rhythmic features is not necessarily better, as both 
false-positive and false-negative observations are undesirable. The literature is rife with 
claims that each new algorithm detects more rhythmic components than previous methods.
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Although more sensitive detection is an understandable selling point, false-positives can 
be more costly than false-negatives. For example, a false-positive “hit” can result in a lab 
spending time and money following up on an ultimately unfruitful line of investigation. 
Therefore, we encourage the use of standardized, synthetic data for benchmarking the 
accuracy of each statistical method (see below) and rigorous empirical validation using 
independent experimental methods of any new discovery. When studying genome-scale 
rhythms, a conservative approach in declaring a given time series to be “rhythmic” is often 
appropriate. 
 Regardless of the statistical test being used, corrections for multiple testing are 
essential for genomescale data (Qian and Huang, 2005; Text Box 1.2). The false-discovery 
rate (FDR) should be presented whenever discussing the number of rhythmic time series 
within any large data set (Hochberg and Benjamini, 1990; Macarthur, 2012; Storey et al., 
2005). A typical microarray experiment measures upwards of 30,000 different transcripts; 
RNA-seq or ChIP-seq can measure millions of different abundances simultaneously. The 
dynamic range of mass spectrometer instruments limits the number of measurements made 
in proteomics and metabolomics, but tens of thousands of comparisons are common. The key 
insight when handling such large data is that even extremely unlikely patterns resulting in low 
p values become probable if enough measurements are taken. Therefore, one must always 
account for the size of the experiment and the number of statistical tests when presenting the 
confidence of a new discovery. 
 There is no correct statistical threshold at which to declare a time series “rhythmic” or 
“arrhythmic.” Therefore, we must reconcile ourselves to probabilistic answers. It is valuable 
to explore data using different statistical cutoffs, and we encourage investigators to show the 
number of cycling time series in a data set at different statistical thresholds. Alternatively, 
when considering individual time series, one can report how much variance is explained by 
a rhythmic function. When performing common downstream experiments based on lists of 
rhythmic components (e.g., pathway analysis), it is useful to verify that results are stable 
with respect to the statistical cutoff. Higher FDR thresholds may be advantageous in some 
cases, as overly restrictive cutoffs can disrupt the background gene set on which models of 
enrichment are based. Amplitude is another key consideration, as some rhythmic features 
may be of such low amplitude as to be biologically meaningless. We note that the field as 
a whole has frequently used “amplitude” and “fold change” interchangeably. Nevertheless, 
in many instances, the fold change—that is, the peak abundance divided by the trough 
abundance in a measurement—can be of essential biological significance. We therefore 
encourage investigators to explore filtering their data using amplitude, fold change, and/or 
the signal-to-noise ratio. Newer ontology analysis tools specific for biological rhythms such 
as phase set enrichment analysis (Zhang et al., 2016) may also be valuable in this context 
when exploring enriched pathways in rhythmic data sets.
 The inherent imprecision of probabilistic results discussed above has important 
implications for the visual display of large-scale rhythmic data. For example, the ubiquitous 
Venn diagram comparing the number of rhythmic components in different data sets is often 
misleading since it simultaneously incorporates uncertainty from multiple independent 
experiments (Thaben and Westermark, 2016). As a result, Venn diagrams often overstate the 
differences between 2 or more experiments. Given how intuitively Venn diagrams display  
these results, it is unrealistic to expect them to disappear from the literature anytime soon. 
Nevertheless, we recommend enhancing the presentation of these data with several additional 
methods. For example, simple heat map representations of raw time-series data can be used
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to show whether the overall phase relationships and periodicity remain unchanged after a 
perturbation, although the underlying statistics may show different numbers of rhythmic 
components (for an example, see Xu et al., 2011). Even displayed en masse, there is great 
virtue in providing readers access to the raw, unmodified data. Similarly, directly comparing 
rhythmic parameters (Thaben and Westermark, 2016) of known cycling components (i.e., 
phase, period, amplitude) can yield more granular insight into the underlying result (for an 
example, see Atger et al., 2015). This is especially pertinent in cases in which the absolute 
level of expression of a feature may change dramatically in response to a perturbation. In 
short, we recommend against relying entirely on simple comparisons between the number 
of time series deemed to be rhythmic or arrhythmic by statistical analysis. Precisely how 
many rhythmic or arrhythmic features are found in a data set is a number that has no inherent 
biological importance. 
 Indeed, presuming that a given time series is arrhythmic based on a high p value 
is mathematically flawed. A high p value means that the observed data could have easily 
been generated under the null hypothesis, but it does not formally necessitate that the null 
hypothesis must be accepted. In addition, the confidence with which a data series is declared 
to be “rhythmic” depends on experimental details chosen by the investigator as discussed 
above. Simple binary divisions such as “rhythmic” and “arrhythmic” are thus capricious. In 
short, it is hard to define an “index of arrhythmicity” for time-series data using established 
tools. We note that the field could benefit from a more rigorous statistical definition of 
arrhythmicity (Text Box 2.2), perhaps based on how much of the variance in a time series is 
explained by rhythmicity. 
 An alternative to solving the significance problem is to focus on the assessment of 
rhythmic parameters such as period, phase, amplitude, and fold change. In many cases, the 
cardinal circadian parameters more accurately describe the underlying biological phenomena 
than abstract p values. However, we note that accurate and reliable estimation of rhythmic 
parameters is a different and tougher statistical challenge than simply determining whether 
a time series is rhythmic. Small changes in period length, for example, are often beyond 
the resolution offered by a typical “-omics” experiment. We encourage the development of 
more rigorous statistical methods for comparing rhythmic parameters and the more general 
use of existing tools. An expansion of JTK_Cycle took a first step toward this by calculating 
confidence intervals for amplitude measurements (Miyazaki et al., 2011). We note that this 
method relies on fitting the data to a cosine curve, which can be statistically problematic 
depending on the shape of the rhythmic time series (Janich et al., 2015). Furthermore, a 
recently released method called DODR (Thaben and Westermark, 2016) can be used for 
quantifying differences in rhythmic parameters. Taken together, we look forward to the field 
routinely using robust statistical methods for comparing perturbations of rhythmic parameters 
(Text Box 2.3).

Synthetic Data for Benchmarking 
As discussed above, there are many plausible experimental designs and statistical methods 
for identifying biological rhythms in large data sets. One way out of this wilderness is simply 
to test the empirical statistical power of different analytical pipelines. Here, we present 
CircaInSilico (https://5c077.shinyapps. io/Circa_in_Silico/), an online platform that allows 
users to generate data for simulating circadian experiments without requiring any a priori 
programming expertise (Fig. 3). Rhythmic and arrhythmic time series are sampled at user-
defined intervals, and Gaussian noise is superimposed on the data to simulate technical 
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Figure 3 CircaInSilico generates synthetic time series for benchmarking analytical pipelines. (A) To simulate unique 
circadian data sets, CircaInSilico (https://5c077.shinyapps.io/Circa_in_Silico/) allows users to define the duration 
of the experiment, number of transcripts, number of replicates, amplitude range, period length, and the percentage 
of rhythmic transcripts. (B) High-amplitude rhythmic time series simulated by CircaInSilico. The duration of the 
experiment was set to 48 h with no replication and a sampling interval of 4 h. The period length of the transcript 
was 24 h, and the amplitude range was set to −7 and 7 (arbitrary units). (C) Low-amplitude rhythmic time series 
simulated by CircaInSilico. The duration of the experiment was set to 48 h, with a sampling interval of 1 h. The 
period length was set to 24 h, with an amplitude range from −3 to 3 (arbitrary units). Each time point was replicated 3 
times, and the trend line represents the average expression at every time point. (D) Arrhythmic time series simulated 
by CircaInSilico. The duration of the experiment was set to 48 h with no replication and a sampling interval of 2 h.

and biological variance. Users can specify (1) the duration of the proposed data collection, 
(2) the total number of time series analyzed, (3) the number of replicates per time point, (4) 
the frequency of sample collection, (5) whether to include outlier data points, and (6) the 
percentage of time series that are genuinely rhythmic. The phases of rhythmic transcripts are 
uniformly distributed across the entire cycle, and period length and amplitude are uniformly 
distributed within user-defined ranges. These synthetic data are conveniently saved as *.csv 
files that include the true period length, phase, and amplitude. 
 Using this tool, investigators can systematically compare the statistical power of 
different analytical pipelines. To illustrate this, several example comparisons are supplied 
online, including how rhythmic identification depends on the duration and frequency of 
sample collection. The trade-off between sampling density and phase accuracy is also shown. 
We acknowledge that this tool is a starting point for further analyses, as it does not specifically 
simulate (1) batch effects, (2) uneven phase distributions, (3) trends and/or “red noise,” or (4)

 

Figure 3.CircaInSilico generates synthetic time series for benchmarking analytical
pipelines. (A) To simulate unique circadian data sets, CircaInSilico
(https://5c077.shinyapps.io/Circa_in_Silico/) allows users to define the duration of the
experiment, number of transcripts, number of replicates, amplitude range, period length,
and the percentage of rhythmic transcripts. (B) High-amplitude rhythmic time series
simulated by CircaInSilico. The duration of the experiment was set to 48 h with no
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alternatively shaped rhythms, such as pulses or asymmetric waves. For this reason, a 
permanent copy of the source code for CircaInSilico is freely available on GitHub (https://
github.com/5c077/Circa-in-Silico), and we encourage investigators to edit this code to fit 
their needs and to share with the field accordingly. 
 Simulations of statistical power are especially pertinent when proposing experiments 
to funding agencies that require justification for the number of vertebrate animals being 
used. If investigators can estimate parameters such as the animal-to-animal variance in 
measurements of gene, metabolite, or protein expression, they can simulate the expected 
data without spending any time or money on wet lab experiments. From these simulations, 
false-negative and false-discovery rates can be predicted for a range of different experimental 
designs, and an optimal number of vertebrate animals can be ascertained.

Data Sharing
Published work must include all methodological details necessary for independent scientists 
to reproduce the results. This is particularly critical to genome-scale experiments, in which 
the enormity of the data ensures that even minor technical details can have a substantial 
impact on investigators reusing published results. Among these, quality or integrity 
metrics for input samples (e.g., RIN numbers for RNA) should be included in the methods. 
It is essential that any large-scale data in biological rhythms research be deposited in an 
appropriate, publically available database (Text Box 1.3). Data and analytical methods must 
be made available to peer reviewers to be downloaded anonymously; all data should be 
made public on acceptance of the manuscript. For the convenience of end users, .csv files 
with raw data and calculated p and q values are ideal. We support the International Society 
for Computational Biology’s stance that open data sharing is essential in modern biology 
(Berger et al., 2016), and we encourage the appropriate citation and acknowledgment of 
archived data sets. For functional genomic data sets (ChIP-seq,RNA-seq, ribosome 
profiling, methyl-seq, etc.), investigators typically deposit their data in NCBI’s Gene
Expression Omnibus (GEO) or Sequence Read Archive (SRA). Proteomic data are typically 
deposited in the European Bioinformatics Institute (EMBLEBI) proteomics database: 
PRoteomics IDEntifications (PRIDE). Metabolomic data are typically deposited in
MetaboLights (EBI) or the Metabolomics Workbench (UCSD). Circadian-specific data sets 
can also be deposited in CircadiOmics (Patel et al., 2012). Similarly, it is recommended that 
authors upload all custom-built analytical methods to online repositories such as BitBucket, 
GitHub, or Sourceforge.

Conclusions
When undertaking genome-scale analyses of biological rhythms, we must reconcile ourselves 
to probabilistic answers as opposed to simple binary (rhythmic or arrhythmic) classifications. 
Although systems biology has contributed enormously to our understanding of circadian 
rhythms, it also imposes huge costs in terms of time and money spent performing primary 
experiments and often much more in follow-up validation. Most critically, we need to ensure 
that these data contribute new insights into the underlying biological principles, rather than 
muddying the water with inaccurate or nonreproducible observations. A careful balance 
should be struck between the cost of an experimental design and the rigor and reproducibility 
of the results it can be expected to generate.  
 We recommend sampling at least 12 time points per cycle across 2 full cycles to 
optimize statistical power. Nevertheless, we acknowledge that many valuable studies have
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been performed with less rigorous designs. Certain particularly complicated or costly 
experiments may necessitate deviations from this guideline. These include but are not limited 
to (1) ecological studies of nonmodel organisms, (2) studies of human health and disease, (3) 
studies on aging, (4) pilot studies of new technical approaches, and (5) studies on especially 
costly or complicated breeds of mice. A key recommendation discussed above that applies 
to such studies is that there is a trade-off between discovery and validation, and explicit 
consideration of such issues in scientific reports will help to inform other researchers. In other 
words, additional efforts taken to validate novel findings can compensate for compromises 
made in the initial experimental design.  
 We propose 3 broadly applicable “golden rules” for conducting systems biology 
research on biological rhythms (Text Box 1). These guidelines will help ensure that published 
results properly account for the inherent uncertainty of such large-scale experiments and 
provide useful resources to future investigators. To date, the emphasis of these experiments 
has been in cataloging rhythmic profiles in different organisms and tissues. We believe that 
future progress in more accurately quantifying perturbations in systems-level rhythms (Text 
Box 2) will contribute to a deeper understanding of circadian output pathways and disease 
states. We emphasize that multiple technically independent lines of evidence are a universal 
solution to improve the reproducibility and reliability of any experimental discovery.
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Abstract
The effects of feeding behavior and diet composition, as well as their possible interactions, 
on daily (clock) gene expression rhythms have mainly been studied in the liver, and to a 
lesser degree in white adipose tissue (WAT), but hardly in other metabolic tissues such as 
skeletal muscle (SM) and brown adipose tissues (BAT). We therefore subjected male Wistar 
rats to a regular chow or free choice high-fat-high sugar (fcHFHS) diet in combination with 
time restricted feeding (TRF) to either the light or dark phase. In SM, all tested clock genes 
lost their rhythmic expression in the chow light fed group. In the fcHFHS light fed group 
rhythmic expression for some, but not all, clock genes was maintained, but shifted by several 
hours. In BAT the daily rhythmicity of clock genes was maintained for the light fed groups, 
but expression patterns were shifted as compared with ad libitum and dark fed groups, whilst 
the fcHFHS diet made the rhythmicity of clock genes become more pronounced. Most of the 
metabolic genes in BAT tissue tested did not show any rhythmic expression in either the chow 
or fcHFHS groups. In SM Pdk4 and Ucp3 were phase-shifted, but remained rhythmically 
expressed in the chow light fed groups. Rhythmic expression was lost for Ucp3 whilst on the 
fcHFHS diet during the light phase. In summary, both feeding at the wrong time of day and 
diet composition disturb the peripheral clocks in SM and BAT, but to different degrees and 
thereby result in a further desynchronization between metabolically active tissues such as SM, 
BAT, WAT and liver.

Keywords Soleus muscle (SM), Brown adipose tissue (BAT), free choice High-fat   
  High-sugar (fcHFHS), Time-restricted feeding (TRF), desynchronization

1. Introduction

Many studies support the idea that both food consumption and energy metabolism are under 
strong influence of the biological clock (Bray and Young, 2009; Summa and Turek, 2014). It is 
therefore not surprising that recent epidemiological studies have found a correlation between 
conditions that disturb the biological clock, such as shift work, and metabolic diseases, such 
as obesity and type 2 diabetes mellitus (T2DM). The molecular mechanism of the biological 
clock is made up of a transcriptional-translational feedback loop consisting of various clock
genes, such as Clock, Bmal1, Per1/2/3, Cry1/2, Rev-erbα and clock controlled genes 
(CCGs). CLOCK and BMAL1 are part of the core clock mechanism and form the positive 
limb through hetero-dimerization. The Per and Cry genes form the negative limb of the core 
clock mechanism and bind over the promoter regions of Bmal1 and Clock genes (Gekakis et 
al., 1998; Hogenesch and Hahn, 1998; Ohno et al., 2007; Yoo et al., 2005). When the PER 
and CRY proteins are present at sufficiently high levels in the cytoplasm they translocate 
back to the nucleus to inhibit their own transcription (Ramsey et al., 2007). REVERBα/β 
and RORα/β show competitive binding to promoters of Bmal1 and Clock with binding of 
Reverbα/β inhibiting and binding of Rorα/β promoting the transcription of Bmal1 and Clock. 
The transcriptionaltranslational feedback loop is set to revolve roughly every 24 hours (i.e., 
with a circadian period), but can be adjusted and synchronized by several environmental cues, 
so called Zeitgebers. In mammals the master, or central, clock is located in the suprachiasmatic 
nucleus (SCN) in the hypothalamus and is mainly synchronized by the environmental light/
dark cycle. The strongest known Zeitgeber for peripheral clocks such as those in liver, white 
and brown adipose tissues and skeletal muscle is food or energy availability (Froy, 2010).
 The biological clocks use CCGs as an output mechanism to regulate a broad range 
of processes, including many metabolic processes. A number of CCGs are metabolic genes
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that are involved in lipogenesis, fatty acid oxidation and glucose metabolism (e.g. Pparα, 
Pgc-1α, Srebp1c, several glucose transporters, Fas and Lpl and many more). Strikingly, the 
exact effects of the biological clocks on these metabolic processes differ in a tissue-dependent 
manner (Marcheva et al., 2013; Eckel-Mahan and Sassone-Corsi, 2013), indicating the 
importance of timely orchestrated metabolic processes, both within and between different 
tissues. As a result, there is a need to investigate the interplay between the biological clocks 
and metabolic processes for the major tissue types involved in energy metabolism. Thus, most 
studies concentrated on the liver and, to a lesser extent, on WAT. Two peripheral tissues that 
until recently have often been overlooked in studies on circadian rhythms and metabolism 
are brown adipose tissue (BAT) and skeletal muscle (SM), despite their clear importance 
for whole body energy metabolism. SM is the organ with the highest overall metabolic rate 
(Wang et al., 2010) and is important for glucose homeostasis. SM alone is responsible for 
60–80% of insulin-mediated glucose uptake (de Lange et al., 2007; Wilcox, 2005) and 80% 
of postprandial glucose uptake (DeFronzo et al., 1981; DeFronzo et al., 1985; Ferrannini et 
al., 1988; Shulman et al., 1990). SM is also responsible for a major proportion of fatty acid 
oxidation and the ability to oxidize this metabolic substrate is reduced in obese and T2DM 
patients (Berggren et al., 2008; Mensink et al., 2001). SM genes involved in carbohydrate 
catabolism show peak expression early in the active phase, whilst genes involved in the 
storage of carbohydrate substrates peak in the middle of the active phase. Conversely, 
genes involved in lipid metabolism peak in the middle of the inactive phase, whilst genes 
involved in lipogenesis and storage of lipids peak at the end of the active phase (Hodge et 
al., 2015). More interestingly, the 7 highest enriched gene ontology sets of mRNA found to 
be oscillating with a 24-h periodicity in SM, were all involved in the regulation of metabolic 
processes. Combined, these metabolic transcripts represented approximately 62% of the 
circadian transcriptome of mouse SM (Hodge et al., 2015).
 BAT is a metabolically highly active tissue important for heat production. Activation 
of BAT for thermogenesis results in increased energy expenditure via the uncoupling 
protein UCP1. BAT maintains thermogenesis through oxidation of lipids and glucose and 
its activation results in oxidative phosphorylation as well as heat production (Bartelt  et al., 
2011; Cannon and Nedergaard, 2004; Mulya and Kirwan, 2016; Stanford and Goodyear, 
2013). BAT has been long known to be activated by various high-calorie diets, such as high-
fat and high-sucrose diets, likely through the increased UCP1 levels seen during these diets, 
thereby providing a potential mechanism to limit weight/fat gain (Bukowiecki et al., 1983; 
LeBlanc and Labrie, 1997; Mercer and Trayhurn, 1987; Rothwell and Stock, 1979).
 The catabolism and storage of different substrates (i.e., carbohydrates and lipids) in 
metabolically active tissues is thus regulated in a time-dependent manner, which coincides 
with the natural daily rhythm of food intake during the active phase and resting during the 
inactive phase. Disturbing this biological rhythm of feeding behavior by restricting access 
to food to the inactive phase is a widely accepted animal model for shift-work in humans 
(Opperhuizen et al., 2015). Several studies, including from our own group, have investigated 
the effects of time-restricted feeding (TRF) (Dyar et al., 2015; Hatori et al., 2012; Oosterman 
et al., 2015; Opperhuizen et al., 2016; Reznick et al., 2013; Salgado-Delgado et al., 2010; 
Vollmers et al., 2009; Yasumoto et al., 2016; Zarrinpar et al., 2014), some of these studies 
even compared different diets in combination with TRF (Hatori et al., 2012; Oosterman et 
al., 2015; Reznick et al., 2013). Earlier we found that the combination of eating at the wrong 
time-of- day and diet composition (i.e., with a high-fat or high-sugar content) affects substrate 
metabolism on a whole body level. However, the independent contributions of TRF and diet
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composition could not be established in that study (Oosterman et al., 2015). Here we show 
the effects of different combinations of TRF and diet composition in male Wistar rats, both 
on a whole body level as well as in two peripheral organs: SM and BAT. We focused on these 
two metabolically active tissues since they are critical for glucose and lipid metabolism and 
they have not been investigated as thoroughly as other tissues (e.g. liver and WAT). In these 
tissues, we specifically targeted genes of the core clock mechanism and genes involved in 
glucose and lipid metabolism. The present study shows that expression patterns of the BAT 
and SM molecular clocks, as well as several metabolic genes, are clearly affected by changes 
in the daily timing of food intake as well as by diet composition. 

2. Materials and methods

2.1. Animal experiments

2.1.1. Influence of diet composition and TRF
One hundred and ninety three male Wistar rats were housed under 12:12 light:dark conditions 
for the entire experiment, with Zeitgeber Time (ZT) 0 being the time of lights on and ZT12 the 
time of lights off. The animals were divided over 5 different batches. Animals were randomly 
assigned to either a standard chow or free-choice high-fat high sugar (fcHFHS) diet group 
and to one of the TRF groups: ad libitum, Dark or Light.
 The fcHFHS diet animals could freely choose between pelleted chow, a bottle of tap 
water, a bottle with a 30% sugar solution (Kristalsuiker; Van Gilse) and a dish with saturated 
fat (Ossewit Blanc de Boeuf; Vandemoortele Lipids NV). The chow diet animals had access 
to pelleted chow and tap water only. The ad libitum group had free access to food and water 
for 24 h/day, the Dark and Light TRF groups had free access to food for 10 h/day between 
ZT 13–23 and between ZT1-11, respectively. After 3 weeks of diet and TRF, a randomized 
subset of 63 animals was placed in metabolic cages for 4 days to measure the respiratory 
exchange ratio, locomotor activity and heat production whilst remaining on their assigned 
diet and TRF conditions. After 5 weeks of diet and TRF conditions animals were sacrificed 
at 3 hour intervals throughout a 24 hour period (at ZT 0, 3, 6, 9, 12, 15, 18, 21) and Soleus 
muscle and BAT tissues were carefully collected, snap frozen in liquid nitrogen and stored at 
-80 °C until RNA isolation was performed.

2.2. Activity and respirometry
Metabolic PhenoCages (TSE systems) were used to measure several metabolic parameters, 
whilst animals remained on their diet and TRF conditions. Animals were individually housed 
in these cages. After a day of acclimatization to this new environment, the parameters for 
food intake, locomotor activity, respiratory exchange ratio (RER) and heat production were 
measured for three consecutive days (72 hours).

2.3. RNA isolation
Soleus muscle tissue was mechanically homogenized while kept on dry ice. The BAT tissue 
was crushed in Trizol by using the homogenizer machine. For both tissues, RNA isolation 
was done using the NucleoSpin RNA isolation kit (Machery-Nagel). For muscle RNA 
isolation, three additional washing steps with 75% ethanol were performed. RNA was eluted 
from the spin column using 40 μl of H2O and RNA concentration and quality of the RNA 
were determined using a DS-11 (DeNovix) spectrophotometer and a nanochip using Agilent
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2100 Bioanalyzer (Agilent Technologies), respectively. Although RNA integrity number 
(RIN) values above 5 were considered acceptable, all samples had a RIN above 8.

2.4. Muscle and BAT cDNA synthesis
Two hundred ng from muscle and 350 ng from BAT isolated RNA were used as input template 
for cDNA synthesis. The Transcriptor First Strand cDNA synthesis kit (Roche) was used. RT-
PCRs were run using an UNO-Thermoblock (Biometra).

2.5. RT-qPCR
One to nineteen (1:19) diluted cDNA was used for all qPCRs to detect muscle and BAT gene 
expression profiles. Expression levels of all genes were standardized by dividing over the 
geometric mean of three housekeeping genes: TBP, GAPDH and Cyclophilin for muscle; TBP, 
HPRT1 and GAPDH for BAT. RT-qPCR was performed using a LightCycler 480 (Roche). 
Expression levels were calculated using dedicated software for linear regression of qPCR data 
(LinRegPCR). All used primers are listed in Table S4. Melting curves of the RT-qPCR and 
fragment length of the DNA amplicons were inspected as a means of quality control.

3. Statistics

Rhythmicity of gene expression profiles was determined by the nonparametric algorithm 
JTK_CYCLE version 3.1 which was run under R version 3.3.1. T-tests, one-way and two-way 
ANOVAs, as well as Tukey’s Multiple Comparison post-hoc tests were executed by GraphPad 
Prism 7. All graphs were plotted by GraphPad Prism 7.

4. Results

A detailed description of the physiological and metabolic results from the metabolic cages is 
provided elsewhere (Oosterman et al., Submitted), below is a short description of the most 
important results. 

4.1. Caloric intake and body weight gain
Caloric intake was not different between the TRF groups, but caloric intake was about 20% 
higher for the fcHFHS animals as compared to chow fed groups (two-way ANOVA: Diet 
p<0.001, TRF p>0.05, Diet*TRF p>0.05). Similar to previous experiments animals on the
fcHFHS diet consumed about 37.5% of their calories from fat, 15% from sugar and 47.5% 
from chow (la Fleur et al., 2007). Similarly, body weight gain after 5 weeks was not different 
between the TRF groups, but body weight gain was higher for the fcHFHS fed animals as 
compared to chow fed groups (105 g and 90 g, respectively; two-way ANOVA: Diet p<0.001, 
TRF p>0.05, Diet*TRF p>0.05).

4.2. Respiratory exchange ratio (RER)
Animals fed ad libitum showed a clear day/night rhythm in their RER, with highest levels 
found during the active phase for both the chow and fcHFHS fed groups (Fig. 1a & b). TRF 
to either the dark or light phase greatly increased the amplitude of the RER for both diet
groups. The RER for groups restricted to feeding during the light phase was strikingly anti-
phasic as compared to both the ad libitum and dark fed groups. The L/D difference in RER 
of all groups clearly follows the daily feeding pattern, with highest RER levels being reached 
during the feeding period, independent of the time of day (Fig. 1a & b). Analysis of the
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average RER values per 24 hour period (Fig. 1c) revealed significant differences between the 
different diet and TRF conditions (two-way ANOVA: Diet p<0.001, TRF p<0.001, Diet*TRF 
p<0.001). Closer inspection of the individual diet and TRF combinations revealed that the 
different chow fed groups did not significantly differ in their average 24 h RER, but that the 
RER of both the light and dark fed groups on the fcHFHS diet was significantly lower than 
that of the ad libitum group on a fcHFHS diet as well as that of the chow ad libitum and light 
fed groups (one-way ANOVA, p<0.0001) (Fig. 1c). Aside from this, the RER of the light 
fed fcHFHS group was also significantly lower than the RER of the dark fed chow group 
(p<0.0001).

4.3. Locomotor activity
Animals fed ad libitum showed a clear day/night rhythm in their locomotor activity with most 
activity occurring during the dark phase (71% of total activity; Fig. 1a & b). During TRF in 
the dark phase this L/D difference in locomotor activity is strengthened due to the increased 
activity during the dark phase (79% of total activity; Fig. 1a & b). Diet composition does not 
seem to affect the locomotor activity for ad libitum and dark fed groups (71% and 79% of 
total activity during the dark phase, respectively). TRF to the light phase, however, does alter 
the daily pattern of locomotor activity. Animals fed chow during the light phase showed an 
inverted activity pattern, with most locomotor activity during the light phase (61% of total 
activity), i.e., in their feeding period (Fig. 1a). Interestingly, light fed animals on a fcHFHS 
diet lost the day/night rhythm in locomotor activity and showed equal activity during the 
light (49% activity) and dark period (51% activity; Fig. 1b). Analysis of the total locomotor 
activity per 24 hour period (Fig. 1c) revealed significant differences between the different diet 
and TRF conditions (two-way ANOVA: Diet p<0.018, TRF p<0.0005, Diet*TRF p = 0.721). 
Total locomotor activity for the combination of chow diet and TRF to the dark phase was 
significantly higher compared to the chow ad libitum, fcHFHS ad libitum and fcHFHS light 
fed groups, but no other diet or TRF combination differed (one-way ANOVA, p = 0.0002).

4.4. Heat production
Similar to locomotor activity, heat production was highest during the feeding phase for all 
groups, including the light fed groups (Fig. 1a & b). Akin to the locomotor activity data the 
difference between the light and dark period in heat production was largest in the dark fed
animals (Fig. 1a & b). Two-way ANOVA showed significant effects of both diet composition 
and TRF on mean heat production per 24 hours (two-way ANOVA: Diet p<0.0005, TRF p = 
0.001, Diet*TRF p = 0.985) (Fig. 1c). Specifically, heat production was lowest in the chow 
light group and differed significantly from all fcHFHS groups, chow ad libitum differed from 
fcHFHS ad libitum, and chow dark differed from fcHFHS ad libitum and fcHFHS dark. 
Interestingly, this result seems to be caused primarily by diet composition and not by TRF, 
since the three fcHFHS groups did not differ from each other, nor did the 3 chow groups 
differ from each other, contrasting the results from the two-way ANOVA (Fig. 1c).

4.5. Clock gene expression in soleus muscle and BAT
Gene expression analysis using qPCR and JTK_CYCLE analysis confirmed rhythmicity of 
six of the seven clock genes investigated in both Soleus muscle (Bmal1, Cry1, Per1, Per2, 
Dbp and Rev-erbα) (Fig. 2, Table 1) and BAT (Bmal1, Cry1, Cry2, Per2, Dbp and Rev-erbα) 
(Fig. 2, Table 2). TRF to the dark phase did not alter the expression patterns of these core 
clock genes in either tissue type, although it did induce slight phase-shifts for some of the
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clock genes (Tables 1 and 2). These results were similar for animals on a chow and a fcHFHS 
diet, although in BAT the fcHFHS diet enhanced the rhythmicity of some of the core clock 
genes (Fig. 2a,b,c,e & f). The amplitude of the expression rhythm tended to be enlarged for 
Bmal1, Per2, Cry1, Cry2, Rev-erbα, although this never reached significance (Table S3).
 In contrast, TRF to the light phase whilst on a chow diet completely abolished the 
rhythmicity of all 6 rhythmic clock genes in the Soleus muscle. Contrasting, in BAT the clock 
genes still displayed rhythmicity, although with a somewhat altered pattern of expression as 
compared to that of the ad libitum and dark fed animals. When on a fcHFHS diet, rhythmicity 
for several core clock genes in the Soleus muscle was rescued from the dampening effect of 
a TRF to the light phase, as seen in animals on a chow diet. In BAT, TRF to the light phase 
showed similar effects in the fcHFHS and chow groups.

Fig. 1 Analysis of the metabolic parameters RER (left), locomotor activity (middle) and heat production (right) of 
the animals inside the metabolic cages during TRF. Whilst in the metabolic cages animals remained on their assigned 
diet composition and TRF conditions. (a) Difference within metabolic parameters between light and dark phase for 
the chow fed groups. (b) Difference within metabolic parameters between light and dark phase for the fcHFHS fed 
groups. (c) Average 24 hour values of the metabolic parameters for all diet composition and TRF groups. Data are 
depicted as means±SEM. ns = non significant, ** = p<0.01, *** = p<0.001, **** = p<0.0001, n = 10–11 per group. 
Identical letters indicate similar mean values, Tukey’s Multiple Comparison post-hoc test was performed to correct 
for multiple testing. Locomotor activity is presented as arbitrary units (AU). ad lib=ad libitum fed animals, L = light 
fed animals, D = dark fed animals.
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4.6. Metabolic gene expression in Soleus muscle and BAT

4.6.1. Soleus muscle
Most of the studied metabolic genes in muscle do not show rhythmicity under ad libitum 
conditions whether fed with chow or fcHFHS diet, except for substrate switch pyruvate 
dehydrogenase kinase (Pdk4) and the most abundant uncoupling protein in skeletal muscle 
uncoupling protein 3 (Ucp3) (p<0.001 for both genes) Fatty acid synthase (Fas) was only 
rhythmically expressed in the dark fed animals on a chow diet (p = 0.049). When fed during 
the light phase, both Pdk4 and Ucp3 show phase shifts of 7.5 hours as compared to the 
dark and ad libitum groups, with the exception of Ucp3 for the fcHFHS group that was 
fed during the light period which was not rhythmically expressed (p = 0.45). Interestingly, 
Srebp1c expression became rhythmic when animals on a chow diet were subjected to TRF 
to either dark or light phase (Fig. 3e), whilst the ad libitum group did not display rhythmic 
expression for this gene (p<0.005 for both dark and light phase TRF; acrophase at ZT = 0 
and ZT = 10.5, respectively). None of the fcHFHS groups displayed significant rhythmic 
expression of Srebp1c. The insulin sensitive glucose transporter Glut4 and the transcription 
factors Pgc-1α and Pparα were not rhythmically expressed in any of the groups (Fig. 3a, c & 
d). Both Pdk4 and Ucp3 showed a main effect of diet composition for all three TRF groups, 
due to the higher expression levels in the fcHFHS groups as compared to the chow groups (two 
way ANOVA, Table S1). Additionally, Pgc-1α had a main effect of diet composition for the 
ad libitum fed groups, with higher levels for the chow fed group, and for Glut4 an interaction 
between diet composition and time was found (p = 0.011 and p = 0.006 respectively, two Way 
ANOVA, Table S1). For the light fed groups there was also a main effect of diet composition 
for Fas expression, with higher levels for the chow fed group (two way ANOVA, Table S1).

4.6.2. Brown adipose tissue
Similar to the Soleus muscle most of the studied metabolic genes in BAT did not show 
rhythmicity in both chow and fcHFHS under ad libitum feeding conditions. In contrast 
to Soleus muscle Hsl (Fig not shown), Srebp1c and Pgc-1α expression in BAT showed 
rhythmicity under ad libitum conditions (p = 0.036, p = 0.024 and p = 0.001, respectively) 
(Figs. 3e &3c respectively, Table 2). Srebp1c lost rhythmicity in both light and dark chow 
fed condition while Pgc-1α lost rhythmicity in the chow light fed group (Fig. 3c). Under TRF 
to either dark or light phase a few genes gained rhythmicity, such as Pparα in both chow 
and fcHFHS dark fed groups (p = 0.016 and p = 0.004). Similarly Lpl and Hsl (p=0.002 and 
p=0.001) both show rhythmicity in the light fed chow group, where the acrophase of Hsl is 
shifted by almost 12 hours. Additionally some genes upon dark feeding with the fcHFHS diet 
gained rhythmicity, such as Srebp1c, Glut4 and Ucp1 (p = 0.013, p = 0.007 and p = 0.023, 
respectively). A significant effect of diet composition as well as a significant interaction 
between diet composition and time were found for Pgc-1α in the ad libitum fed groups (Diet 
p = 0.028 and Diet*Time p = 0.011 two way ANOVA Table S2) and for Pparα dark fed 
groups (Diet p=0.016 and Diet*Time p<0.001, two way ANOVA, Table S2). Glut4 showed a 
significant interaction between diet composition and time for the dark fed groups (p<0.001, 
two way ANOVA Table S2).
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Fig. 2 Effect of diet composition and TRF on expression profiles of clock genes (a-f) and clock controlled gene 
Dbp (g) in SM and BAT tissues. Expression profiles are presented as means±SEM. Tissues were collected at 8 
different time points across 24 hours. Shaded areas represent the dark phase.



51

3.1

JT
K

 c
yc

le
 a

na
ly

si
s f

or
 M

us
cl

e 

G
en

es
 M

us
cl

e
C

H
O

W
H

FH
S

C
lo

ck
A

cr
op

ha
se

p-
va

lu
e

A
cr

op
ha

se
p-

va
lu

e

A
d 

lib
D

L
A

d 
lib

D
L

A
d 

lib
D

L
A

d 
lib

D
L

B
m

al
1

1.
5

3
N

R
0.

00
1

0.
00

1
1

3
3

9
0.

00
1

0.
00

1
0.

00
1

Pe
r1

13
.5

15
N

R
0.

00
1

0.
00

1
0.

42
0

15
15

N
R

0.
00

1
0.

00
1

0.
17

0
Pe

r2
16

.5
16

.5
N

R
0.

00
1

0.
00

1
1

16
.5

16
.5

N
R

0.
00

3
0.

00
1

1
R

ev
-e

rb
α

9
9

N
R

0.
00

1
0.

00
1

1
9

9
15

0.
00

1
0.

00
1

0.
00

1
C

ry
1

21
22

.5
N

R
0.

00
5

0.
00

1
0.

38
0

19
.5

22
.5

7.
5

0.
00

1
0.

00
5

0.
00

1
C

ry
2

N
R

N
R

N
R

1
0.

11
0

1
N

R
N

R
N

R
1

1
1

D
B

P
12

13
.5

N
R

0.
00

1
0.

00
1

1
13

.5
13

.5
N

R
0.

00
1

0.
00

1
0.

07
8

M
et

ab
ol

ic
Sr

eb
p-

1c
N

R
0

10
.5

0.
23

0
0.

00
6

0.
00

4
N

R
N

R
N

R
0.

29
0

0.
07

8
0.

07
8

G
lu

t4
N

R
N

R
N

R
1

0.
14

0
1

N
R

N
R

N
R

1
0.

38
0

1
U

cp
3

4.
5

4.
5

21
0.

00
1

0.
00

1
0.

00
1

4.
5

6
N

R
0.

00
1

0.
00

1
0.

45
0

PD
K

4
4.

5
6

21
0.

00
1

0.
00

1
0.

00
1

4.
5

6
22

.5
0.

01
6

0.
00

1
0.

03
5

Pg
c1

α
N

R
N

R
N

R
1

1
0.

38
N

R
N

R
N

R
0.

89
0

0.
23

0
1

Pp
ar

α
N

R
N

R
N

R
1

0.
98

0
1

N
R

N
R

N
R

1
1

1
Fa

s
N

R
19

.5
N

R
0.

21
0

0.
04

9
0.

30
0

N
R

N
R

N
R

0.
24

0.
08

3
0.

08
6

Ta
bl

e 
1 

Eff
ec

ts
 o

f d
ie

t a
nd

 ti
m

in
g 

of
 fo

od
 in

ta
ke

 o
n 

da
ily

 rh
yt

hm
s i

n 
cl

oc
k 

an
d 

m
et

ab
ol

ic
 g

en
e 

ex
pr

es
si

on
 in

 S
M

. 

D
at

a 
w

as
 a

na
ly

ze
d 

by
 JT

K
 C

yc
le

. T
he

 a
cr

op
ha

se
 (i

n 
ZT

) i
s o

nl
y 

gi
ve

n 
fo

r g
en

es
 th

at
 a

re
 rh

yt
hm

ic
al

ly
 e

xp
re

ss
ed

 (p
<0

.0
5)

. N
R

 =
 n

on
-r

hy
th

m
ic

.



52

3.1

 
JT

K
 c

yc
le

 a
na

ly
si

s f
or

 B
AT

 

G
en

es
 B

AT
C

H
O

W
H

FH
S

C
lo

ck
A

cr
op

ha
se

p-
va

lu
e

A
cr

op
ha

se
p-

va
lu

e

A
d 

lib
D

L
A

d 
lib

D
L

A
d 

lib
D

L
A

d 
lib

D
L

B
m

al
1

22
.5

0
4.

5
0.

00
1

0.
00

1
0.

00
1

1.
5

1.
5

9
0.

00
1

0.
00

1
0.

00
1

Pe
r2

13
.5

16
.5

21
0.

00
1

0.
00

1
0.

00
1

16
.5

16
.5

0
0.

00
1

0.
00

1
0.

00
1

R
ev

-e
rb

α
9

N
R

N
R

0.
00

1
1

0.
09

2
10

.5
10

.5
N

R
0.

00
1

0.
00

1
0.

13
3

C
ry

1
21

21
0

0.
00

1
0.

00
1

0.
00

5
21

22
.5

7.
5

0.
00

1
0.

00
1

0.
00

5
C

ry
2

12
12

21
0.

00
1

0.
03

4
0.

00
1

16
.5

13
.5

N
R

0.
00

1
0.

00
1

1
D

B
P

12
12

19
.5

0.
00

1
0.

00
1

0.
00

1
13

.5
13

.5
21

0.
00

1
0.

00
1

0.
00

1

M
et

ab
ol

ic
Sr

eb
p-

1c
10

.5
N

R
N

R
0.

02
4

1
0.

07
1

N
R

13
.5

N
R

0.
09

0
0.

01
3

1
G

lu
t4

N
R

N
R

N
R

1
0.

43
2

0.
18

9
N

R
3

N
R

1
0.

00
7

1
U

cp
1

N
R

N
R

N
R

1
1

1
N

R
7.

5
N

R
0.

73
6

0.
02

3
0.

73
6

Pg
c1

α
9

10
.5

N
R

0.
00

1
0.

01
7

0.
11

7
N

R
N

R
N

R
1

0.
08

3
0.

84
4

Pp
ar

α
N

R
10

.5
N

R
1

0.
01

6
1

N
R

12
N

R
0.

42
9

0.
00

4
0.

37
6

Fa
s

N
R

N
R

N
R

0.
95

0
1

1
N

R
N

R
N

R
1

1
1

LP
L

N
R

N
R

0
0.

26
4

0.
07

0.
00

2
N

R
N

R
N

R
1

1
0.

48
8

H
SL

9
N

R
22

.5
0.

03
6

0.
25

3
0.

00
1

N
R

N
R

N
R

1
1

0.
73

6

Ta
bl

e 
2 

Eff
ec

ts
 o

f d
ie

t a
nd

 ti
m

in
g 

of
 fo

od
 in

ta
ke

 o
n 

da
ily

 rh
yt

hm
s i

n 
cl

oc
k 

an
d 

m
et

ab
ol

ic
 g

en
e 

ex
pr

es
si

on
 in

 B
AT

. 

D
at

a 
w

as
 a

na
ly

ze
d 

by
 JT

K
 C

yc
le

. T
he

 a
cr

op
ha

se
 (i

n 
ZT

) i
s o

nl
y 

gi
ve

n 
fo

r g
en

es
 th

at
 a

re
 rh

yt
hm

ic
al

ly
 e

xp
re

ss
ed

 (p
<0

.0
5)

. N
R

 =
 n

on
-r

hy
th

m
ic

.



53

3.1

Fig. 3 Effect of diet composition and TRF on expression profiles of genes involved in glucose and lipid metabolism 
(a-g) in SM and BAT tissues. Expression profiles are presented as means±SEM. Tissues were collected at 8 different 
time points across 24 hours. Shaded areas represent the dark phase.
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5. Discussion

Many recent studies have investigated the effects of disturbed rhythms on energy metabolism 
by focusing on (clock) gene expression in liver and WAT (Hatori et al., 2012; Reznick et 
al., 2013; Salgado-Delgado et al., 2010). Here we investigated the effects of different TRF 
paradigms as well as diet composition on (clock) gene expression rhythms in the Soleus SM 
and BAT, two tissue types also important for energy metabolism but often overlooked. Both 
TRF and diet composition affected daily rhythms in energy metabolism, at the whole body 
level as well as at the tissue level (SM and BAT). Daily clock gene expression patterns in 
BAT and SM tissue were strongly affected by TRF and to a lesser extent by diet composition, 
with clock gene rhythms in SM being completely abolished by daytime TRF whilst shifted 
in BAT. 

5.1. Altered feeding behavior leads to desynchrony within and between peripheral clocks, 
whilst diet composition mainly affects whole body metabolism 
The effects of TRF and diet composition on mRNA expression patterns were different 
between SM and BAT, clearly indicating that these tissues are differently regulated by the 
same Zeitgebers, feeding behavior and diet composition in this case. These results are in line 
with previous TRF experiments in rats, as it was shown that TRF has different effects on clock 
gene rhythms in muscle compared to those in liver (Opperhuizen et al., 2016; Reznick et al., 
2013). In the liver, daytime TRF shifts most clock genes by approximately 12 hours (Damiola 
et al., 2000; Salgado-Delgado et al., 2013; Yamajuku et al., 2009). Clock gene expression 
rhythms in muscle on the other hand are mostly obliterated by daytime TRF (Opperhuizen 
et al., 2016; Reznick et al., 2013). Here we confirm the disruptive effects of daytime TRF 
on muscle clock gene rhythms. On the other hand, clock gene expression rhythms in BAT 
remained rhythmic (although with a ~12 h shift) upon daytime TRF as was also shown in 
mice (Hatori et al., 2012; Zvonic et al., 2006), further adding to the notion that different tissue 
types are regulated differently by the same Zeitgeber.
 Clock gene rhythms in BAT became more pronounced with the fcHFHS diet, which 
correlates to the larger L/D difference in RER seen in the fcHFHS-fed groups. Consuming 
the fcHFHS diet also seemed to strengthen the rhythm of several clock genes in SM, in a 
gene- and TRF-dependent manner. For example, in the light fed group on a fcHFHS diet, 
Bmal1, Cry1 and Rev-erbα remained rhythmic in contrast to those in the chow fed group. 
This finding implicates that not all components of the molecular clock are regulated similarly 
within the same tissue. 

5.2. Different Zeitgebers in skeletal muscle tissue
The above data show that metabolic genes in muscle react to changes in feeding behavior to 
a similar extent as metabolic genes in BAT, but that clock genes in SM clearly are differently 
affected as compared to BAT. These data again indicated that metabolic genes seem to be 
controlled more by behavior and hormonal rhythms than the local tissue clock (Su et al., 
2016). It seems plausible that different Zeitgebers affect clock gene expression in a tissue-
specific manner. Locomotor activity and exercise have previously been shown to be important 
Zeitgebers for SM (Dyar et al., 2015). In our study TRF to the light/inactive phase not only 
changed the timing of food intake, but also caused clear changes in locomotor activity 
patterns. Therefore, clock gene rhythms in SM could be adjusted less by feeding behavior 
and putatively more by energy use, e.g., locomotor activity. Of note, although locomotor
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activity was highest during the light phase, the day/night difference was dampened in the 
light fed group. This might explain why in SM, unlike in tissues such as liver and BAT, the 
clock gene rhythms were not inverted by TRF to the light phase. Additionally, entrainment 
by the SCN or the endogenous peripheral oscillators present in virtually all cells might be 
differently regulated in different tissues (Yamazaki et al., 2000).
 Previous experiments by our group have found results consistent with the present 
study. In an experimental set-up similar to the present study, but with chow fed animals 
only, a similar loss of rhythmicity of core clock genes in SM was found for animals on a 
TRF regimen (Opperhuizen et al., 2016). Notably, the muscle examined in Opperhuizen et 
al. was a different muscle (a mixture of hind leg muscles as opposed to our isolated Soleus 
muscle), indicating that the effects found here are likely not muscle-type specific. A similar 
result was found in mice in which expression of core clock genes in two different muscle 
types were directly compared. Expression patterns of core clock genes in the fast Tibialis 
Anterior and slow soleus muscle were found to be essentially identical (Dyar et al., 2015). 
Dyar et al. describe that in both fast Tibialis Anterior and slow Soleus muscles, TRF to the 
inactive phase shifted the expression peak phase of core genes Bmal1, Per1, and Per2 by 
around 12 h in mice. On the other hand, they report that denervation of the hind limb by 
sciatic nerve lesions caused relatively minor changes in the expression patterns of most core 
clock genes, showing that clock gene rhythms are not solely affected by muscle activity. In 
another study in mice Gastrocnemius muscle TRF to the light phase eliminated the rhythm 
in Per2 expression, but not in other genes, although the amplitude of expression of several 
clock genes was dampened and only small shifts in acrophase were found (3.46±1.41 hours 
compared to dark fed animals) (Bray et al., 2013). In their study locomotor activity was 
found to be mainly nocturnal, in contrast to our experiment. It might well be possible that 
this persistence of a nocturnal activity pattern acts as a mechanism of retained rhythmic 
expression in most SM clock genes. Unfortunately, locomotor activity was not reported in 
the experiments by Dyar et al. 
 Another explanation for the differing results between our study and both Dyar et 
al. and Bray et al. might be that the duration of the TRF treatment was shorter in those 
studies, lasting for either 9 days (Bray et al.) or 2 weeks (Dyar et al.) versus 5 weeks in our 
study. If the arrhythmicity in clock gene expression establishes only after a more prolonged 
period of TRF, this could also explain the discrepancy between the Dyar and Bray studies. 
Additionally, in our experimental protocol, the TRF animals only had access to food for 10 
hours per day, whilst in both Bray et al. and Dyar et al. the animals had access to food for 12 
hours a day. Duration of the fasting period is important as most improvements in metabolic 
health in rodent studies are seen when food access is limited to 8–12 hours a day (Chaix et 
al., 2014, Longo and Panda, 2016). Another explanation of the differing results might be a 
difference between species. In another rat study, chow TRF to the light phase for 3 weeks 
also resulted in a diminished amplitude of the core clock genes Bmal1 (rhythm lost) and Dbp 
(still rhythmic) in SM (Reznick et al., 2013). Opposing our activity results, in this study rats 
maintained a clear nocturnal pattern of activity, albeit with a slight dampening in the normal 
difference between the light and dark phase, which might explain the differing results in 
changes in Dbp expression. Interestingly, in the Reznick et al. (2013) study, rats on a HF diet 
were also subjected to TRF to the light phase. Whilst on a HF diet, the effects of TRF to the 
light phase on SM core clock expression were less pronounced than whilst on a chow diet. 
This suggests that increased lipid metabolism resulting from a HF diet in muscles attenuates 
or rescues the effects of activity at the wrong time of day on the muscle molecular clock and 
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is in line with our results using the fcHFHS diet.
 Future experiments that can distinguish between the effects of feeding behavior and 
locomotor activity are needed to reveal the separate contributions of feeding and locomotor 
activity to the muscle peripheral clock. For example, experiments including a forced mild 
exercise paradigm could provide more insight into these matters.

5.3. Clinical relevance of diet composition and TRF interventions
Total food intake and timing of food intake in relation to TRF and shiftwork have been 
extensively studied, both in humans and animal models.
 Several lines of evidence suggest that reinforcing behavioral rhythms, such as 
through rigid schedules of sleep, exercise or TRF, has beneficial effects on longevity and 
several parameters of health, including lowered risk of obesity and T2DM (e.g. (Manoogian 
and Panda, 2016). The exact mechanism of these effects remains to be elucidated, but a 
prominent role for the circadian clock system can be expected. With respect to the present 
TRF experiment, it is interesting to note that in both the chow and fcHFHS fed animals, TRF 
to the dark phase resulted in a more pronounced difference between daytime and nighttime 
locomotor activity, indicating a less fragmented rhythm. Similar results were seen for RER 
and heat production, where TRF to the dark phase caused a more pronounced difference 
between daytime and nighttime RER and heat production, both whilst on the chow and 
fcHFHS diet. It therefore is tempting to speculate that the beneficial effects that are seen 
during TRF in animal models result from a more clear distinction between rest and active 
phase on several physiological parameters such as feeding behavior, metabolism and activity 
and that this beneficial effect of TRF could also protect against the consequences of an 
“unhealthy” hypercaloric diet. However, the effects seen could also result from the prolonged 
(14 hours) periods of fasting, which is also associated with enforcement of stronger behavioral 
rhythmicity, such as a clearer distinction between the resting and active phase (Manoogian and 
Panda, 2016). During this prolonged fasting, the body possibly uses up most of its glucose 
reserves and starts catabolizing more lipids as energy source. Something similar has been 
shown in mice where TRF during the active phase reduced the fasting glucose level when fed 
a high caloric diet as well as increased lipid oxidation, proportional with the fasting duration 
(Chaix et al., 2014). This is also in line with our experiments where the overall 24 hour RER 
level did not differ between chow groups, whether rats were fed during the light or dark phase 
or ad libitum. However, in the TRF groups on the fcHFHS diet, the prolonged period of 
fasting in combination with an increased intake of lipids resulted in an overall lower 24 hour 
RER. This indicates that regardless of the timing of fasting, fasting has a beneficial effect on 
overall oxidation of lipids whilst on a high-fat high-sugar diet.

6. Conclusion

The interactions found between diet composition and TRF indicate that for rats it matters 
what they eat and when they eat it. Moreover, these interactions show that the combination 
of what is eaten and when it is eaten can both attenuate or worsen the effects seen by either 
diet composition or TRF. This is especially true in skeletal muscle but is not excluded for 
BAT. Together these data provide further evidence for the occurrence of desynchronization 
between metabolic tissues as a result of TRF in the light period. Additionally, since the 
molecular clocks in BAT and SM are differently affected, potentially different mechanisms 
could be regulating these peripheral clocks. Locomotor activity and (prolonged) fasting are 
two putative candidates that deserve further studies.
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 JTK cycle analysis for BAT 
Genes BAT CHOW HFHS

Amplitude Amplitude

Ad lib Dark Light Ad lib Dark Light
Bmal1 0.720 0.940 0.430 0.980 1.090 0.660
Per2 0.650 0.670 0.216 0.601 0.702 0.520
Rev-erbα 0.670 NR NR 0.700 0.490 NR
Cry1 0.540 0.650 0.255 0.480 0.620 0.320
Cry2 0.180 0.208 0.280 0.206 0.190 NR
DBP 0.602 1.275 0.505 0.580 0.980 0.560

Table S3 Effects of diet and timing of food intake on Amplitude of clock gene expression in SM.

Data was analyzed by JTK Cycle. The amplitude is only given for genes that are rhythmically expressed (p<0.05). 
NR=non-rhythmic.

Genes Forward primer Reverse primer

Housekeeping 

Cyclophillin ATGTGGTCTTTGGGAAGGTG GAAGGAATGGTTTGATGGGT

GAPDH TGAACGGGAAGCTCACTGG TCCACCACCCTGTTG CTGTA

HPRT1 GCAGTACAGCCCCAAAATGG AACAAAGTCTGGCCTGTATCCAA

TBP TTCGTGCCAGAAATGCTGAA TGCACACCATTTTCCCAGAAC

Clock

Bmal1 CCGATGACGAACTGAAACACCT TGCAGTGTCCGAGGAAGATAGC

Cry1 AAGTCATCGTGCGCATTTCA TCATCATGGTCGTCGGACAGA

Cry2 TGGATAAGCACTTGGAACGGAA TGTACAAGTCCCACAGGCGGTA

DBP CCTTTGAACCTGATCCGGCT TGCCTTCTTCATGATTGGCTG

Per1 CGCACTTCGGGAGCTCAAACTTC GTCCATGGCACAGGGCTCACC

Per2 CACCCTGAAAAGAAAGTGCGA CAACGCCAAGGAGCTCAAGT

Reverbα ACAGCTGACACCACCCAGATC CATGGGCATAGGTGAAGATTTCT

Metabolic

Fas CTTGGGTGCCGATTACAACC GCCCTCCCGTACACTCACTC

Glut4 GGGCTGTGAGTGAGTGCTTTC CAGCGAGGCAAGGCTAGA

LPL CAAAACAACCAGGCCTTCGA AGCAATTCCCCGATGTCCA

Pdk4 TGGTTTTGGTTACGGCTTGC TGCCAGTTTCTCCTTCGACA

Pgc1α TGCCATTGTTAAGACCGAG GGTCATTTGGTGACTCTGG

Pparα TCACACAATGCAATCCGTTT GGCCTTGACCTTGTTCATGT

Srebp1c ACAAGATTGTGGAGCTCAAGG TGCGCAAGACAGCAGATTTA

Ucp1 AATCAGCTTTGCTTCCCTCA GCTTTGTGCTTGCATTCTGA

Ucp3 GCACTGCAGCCTGTTTTGCTGA ATAGTCAGGATGGTACCGAGCA

Table S4 Primer list 
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Abstract
Type II diabetes mellitus (T2DM) is one of the most important public health issues 
worldwide. The cause of this disease involves both behavioral and environmental factors, the 
most important ones being excess caloric intake and reduced levels of energy expenditure. 
One of the additional factors involved could be disturbed circadian rhythms, as especially 
experimental animal research has shown a clear correlation between circadian disturbances 
and metabolic problems. However, it is still not well understood how circadian disruptions 
could lead to metabolic problems. Previous studies found clear effects in metabolic important 
organs such as liver and adipose tissue, but studies on other metabolic important organs 
are limited. Due to its involvement in especially glucose metabolism, the present study 
investigated day/night rhythms in the Gastrocnemius skeletal muscle, and how time‐restricted 
feeding (TRF) would affect these daily rhythms. Rats were exposed to a TRF protocol for 
5 weeks and gene expression profiles were determined. It was shown that TRF in the light 
phase, i.e., feeding during the sleep phase, completely abolished daily rhythms of core clock 
genes in Gastrocnemius muscle, except for Reverbα, which showed a shifted rhythm. Most 
metabolic genes lacked rhythmicity in ad libitum conditions, but UCP3 and CPT1 showed 
rhythmic expression. The expression of both these genes was significantly affected by TRF as 
they showed an inverted rhythm in the light phase TRF animals rather than a loss of rhythm 
alike the clock genes. Both these metabolic genes are involved in fatty acid oxidation. Since 
Reverbα is known to be important for lipid homeostasis our finding that Reverbα was the 
only clock gene that did not lose its rhythmic expression upon light phase feeding could 
indicate that the circadian control upon these two genes is mainly regulated by Reverbα. 
Additionally, in the previous Chapter (3.1) we found tissue‐dependent effects on both clock 
and metabolic gene expression profiles in the Soleus muscle. The Gastrocnemius muscle is 
mainly a glycolytic muscle, whereas Soleus is a predominantly oxidative muscle. Therefore, 
in the current study we also directly compared clock and metabolic gene expression profiles 
and levels in Gastrocnemius with those of Soleus. Most (6 out of 8) tested clock genes 
showed higher expression levels in the Gastrocnemius muscle. We observed something 
similar for the metabolic genes with 6 out of 8 tested genes having higher expression levels 
in Gastrocnemius and only 1 gene (Sarcolipin) having higher expression levels in Soleus. 
These differences in between the two muscles likely results from differences in muscle fiber 
types as the metabolic requirements of muscles depend on their structure and function. In 
sum, most clock and metabolic gene expression levels were higher in Gastrocnemius muscle 
as compared to Soleus. Furthermore, wrong timing of food intake affects daily rhythms of 
clock genes and metabolic genes in both Soleus and Gastrocnemius muscle. Daytime TRF 
induces an inverted rhythm for several metabolic genes, which probably will affect metabolic 
processes and could eventually contribute to the development of T2DM. Thus, timing of 
eating matters for the maintenance of molecular clock rhythms and metabolic function in the 
Soleus as well as Gastrocnemius.

Keywords  Type II diabetes mellitus (T2DM), Diurnal rhythms, Time‐restricted   
  feeding (TRF), Gastrocnemius muscle, Soleus muscle, Metabolism

Introduction
The global prevalence of diabetes mellitus has reached epidemic proportions, affecting 500 
million adults in 2018 (Kaiser, Zhang, & van der Pluijm, 2018). These numbers continue to 
rise, thereby becoming one of the most important public health issues worldwide. In 90% of
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the diabetes cases people suffer from type II diabetes mellitus (T2DM), which is characterized 
by high blood glucose levels due to either insufficient insulin production or ineffective 
insulin utilization (Das and Elbein, 2006). The cause of T2DM involves both behavioral and 
environmental factors, the most important ones being excess caloric intake and reduced levels 
of energy expenditure. One of the additional factors could be disturbed circadian rhythms, 
as especially experimental animal research has shown a clear correlation between circadian 
disturbances and metabolic problems (Chen, Magliano and Zimmet, 2012; Zimmet, Alberti 
and Shaw, 2001; Froy, 2010; Birky and Bray, 2014). Circadian disturbances can, amongst 
others, be induced by chronic shift work, being awake at night and late night snacking. 
However, it is not fully understood why and how these changes in circadian rhythms lead to 
metabolic problems. To gain more insight into the role of circadian biology in (metabolic) 
diseases, studies have been focusing on disruptions in circadian rhythms in relation to energy 
metabolism.
 Many physiological, hormonal and behavioral processes are organized via an 
internal timing system in order to anticipate predictable changes in environmental conditions 
(Kalsbeek, La Fleur and Fliers, 2014). This timing system is referred to as the circadian 
clock, since it produces a ~24h‐cycle (Ralph et al., 1990). The circadian clock ensures for 
example that sleep/wake cycles are maintained and blood pressure, heartbeat frequency and 
body temperature show daily variations, adjusted to the behavioral day/night cycle (Hastings, 
1998; Damiola et al., 2000). Moreover, the circadian clock orchestrates temporal separation 
of many divergent, sometimes incompatible metabolic processes to optimize substrate 
productivity and minimize cellular damage by harmful substrate products (Gachon et al., 
2004; Kalsbeek, La Fleur and Fliers, 2014).
 Circadian rhythms are generated by the master clock located in the suprachiasmatic 
nucleus (SCN) of the hypothalamus (Takahashi, 1995; Hastings, 1998; Dibner, Schibler and 
Albrecht, 2010). Through retinal light input the SCN adjusts its internal circadian rhythm 
to the exact 24h rhythm of the environment. The SCN also synchronizes the rhythms of 
peripheral organs via neuronal and humoral signals and behavioral modulations, to maintain 
homeostasis. The molecular mechanism governing circadian rhythmicity is driven and 
maintained by two transcription‐translation feedback loops (TTFLs), involving important 
clock genes such as Brain and muscle arnt‐like protein 1 (BMAL1), Circadian locomotor 
output cycles kaput (CLOCK), Period (PER1 and PER2), Cryptochrome (CRY1 and CRY2) 
and Reverbα (Reppert and Weaver, 2001; Young and  Kay, 2001; Okamura, Yamaguchi 
and Yagita, 2002). BMAL1 and CLOCK proteins form heterodimers and act together as 
positive regulators in both feedback loops. By binding to their promoter site, the BMAL1‐
CLOCK complex stimulates expression of CRY and PER genes. After reaching threshold, 
heterodimerization of CRY and PER causes the BMAL1/CLOCK complex to be inhibited, 
where after CRY and PER expression will decrease again. In the second feedback loop the 
BMAL1‐CLOCK complex stimulates expression of both Reverb proteins (α and β), that in 
turn repress the transcription of BMAL1 by inhibiting ROR elements.
 This molecular machinery ensures rhythmic expression of the core clock genes 
but also of many other genes in different tissues throughout the body. As an output of the 
molecular clock, the core clock genes also induce the rhythmic expression of so‐called clock 
controlled genes (CCGs), such as DBP. CCGs are rhythmically regulated, but do not exhibit 
an essential clock function (Panda et al., 2002), rather they regulate clock outputs, such as 
locomotor activity and metabolism. CCGs are also involved in the temporal organization of  
a variety of processes including physiology, energy balance and metabolic processes, which
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comprise amongst others lipogenesis, fatty acid oxidation and glucose metabolism. Through 
this clock output, opposing reactions can occur at different time points, to optimize metabolic 
homeostasis (Marcheva et al., 2013; Hodge et al., 2015). For example substrate utilization 
and storage, glycolysis and gluconeogenesis, mitochondrial biogenesis and autophagy are 
important processes that have to occur at different time points (Green, Takahashi and Bass, 
2008; Lamia, Storch and Weitz, 2008). Due to the unique functions of each tissue, rhythmic 
expression of CCGs is regulated in a tissue‐specific manner (Panda et al., 2002; Storch et al., 
2002; McCarthy et al., 2007).
 Previous research into the biological clock showed that in addition to light, circadian 
rhythms can also be entrained by food consumption, especially those of the peripheral clocks 
(Pittendrigh, 1993). Erroneous timing of these so‐called Zeitgebers, for instance by late‐
night snacking or more chronically by shift work, will negatively affect the synchrony of 
the circadian timing system. A widely used animal model for shift work is based on the 
time restricted availability of food, to investigate the effects of eating at the wrong time‐
of‐day on metabolic health (Opperhuizen et al., 2015). Using this model is was shown that 
peripheral clocks can changes their rhythmicity (Damiola et al., 2000). Conversely, the 
master clock in the SCN remained unaffected, due to its entrainment by the (unchanged) 
light/dark cycle. Subsequently, the central and peripheral clocks become desynchronized, 
which may negatively affect the metabolic processes that are clock‐controlled. The effect 
of time‐restricted feeding (TRF) was shown to be tissue‐dependent (Polidarová et al., 2011; 
Bray et al., 2013; Reznick et al., 2013; de Goede et al., 2018). Therefore, in order to know 
to what extent and why circadian misalignment produces metabolic effects, it is important to 
investigate the effects of TRF on peripheral clocks in different tissues. Although the effects 
of TRF on the molecular rhythmicity have been extensively described in liver, knowledge on 
its effects in other metabolically relevant organs is rather limited.
 Skeletal muscle accounts for more than 40% of the body mass and provides essential 
functions in metabolism and energy expenditure (Zurlo et al., 1990; Hoppeler and Fluck, 
2002; Mayeuf‐Louchart, Staels and Duez, 2015). An important skeletal muscle includes 
the musculus triceps surae, located in the dorsal lower leg. Triceps surae, also known as 
the calf muscle, consists of two massive muscles, the Soleus muscle and Gastrocnemius 
muscle. Although both muscles work closely together to fulfil their primary function as 
plantar flexors, they differ in structure and perform different actions (Stewart et al., 2007). 
The Soleus muscle is classified as a slow twitch muscle, composed of a high proportion of 
red, slow oxidative (Type I) fibers, that contain a high amount of mitochondria (Mayeuf‐
Louchart, Staels and Duez, 2015). During low‐intensity, long‐lasting endurance exercise the 
Soleus is highly active, due to high O2 supply via haemoglobin. The Gastrocnemius on the 
other hand is a fast twitch muscle with mixed fibers, but is predominantly composed of white 
muscle fibers (Type 2B). The Gastrocnemius is mostly active during fast actions with high 
intensity like running and jumping, likewise fast muscles consist mostly of glycolytic fibers.
 Due to their important metabolic function but distinct structure and function, in 
this study we examined how the molecular clockwork is regulated in the Gastrocnemius 
muscle compared to the Soleus muscle and how its clockwork is affected by TRF. In addition, 
regulation of particular metabolic genes, involved in glucose, fatty acid and lipid metabolism, 
will be compared between both muscle types. It is hypothesized that rhythmicity of the  
molecular clock is expressed in a similar manner in both muscles, since they are both of the 
skeletal muscle type (Lefta, Wolff and Esser, 2011) and anatomically located close to each 
other. In addition, it is hypothesized that daily metabolic gene expression rhythms may differ
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between the two muscles due to their different fiber types, which may impose different 
energy demands. Also, it is hypothesized that TRF restricted to the light phase will abolish 
the rhythm of clock genes in the Gastrocnemius muscle, as was previously seen in the Soleus 
muscle (de Goede et al., 2018). Daytime TRF is also hypothesized to affect each metabolic 
gene rhythms in the two muscles in a different manner, depending on their function and their 
entrainment by food.

Materials and Methods

Animals
To examine the above mentioned hypotheses, rats housed under normal light‐dark conditions 
(L/D=12h/12h) were assigned to three different TRF conditions; ad libitum access to food (ad 
lib), food intake restricted to the dark phase (dark‐fed) or restricted to the light phase (light‐
fed) for 5 weeks. Rats were sacrificed at 8 different time points within a 24 hour period and 
Soleus and Gastrocnemius muscle were isolated. Subsequently, clock gene and metabolic 
gene expression profiles were determined. Animal experiments were performed as described 
in the previous chapter. For the here presented Gastrocnemius data only the 3 chow fed groups 
(ad libitum fed, light‐fed and dark‐fed) were used for measuring mRNA expression. in order 
to directly compare gene expression rhythms in Soleus muscle and Gastrocnemius muscle 
the previously isolated mRNA of the Soleus muscles from the ad libitum chow fed group was 
measured again in one and the same analysis together with that of the Gastrocnemius.

RNA isolation
Muscle tissue of 32 Soleus samples of animals under ad libitum conditions and muscle tissue 
of all 97 Gastrocnemius samples were homogenized on dry ice and transferred to a 2 mL 
Eppendorf. Tri‐reagent was added according to weight (1 mL/50 mg tissue). RNA isolation 
was done using the NucleoSpin RNA isolation kit (TRIzol/Machery‐Nagel), where three 
additional washing steps with 75% ethanol were performed to maximize the quality of the 
RNA extraction. RNA was eluted from the spin column using 40 μl H2O and concentrations 
were determined using a DS‐11 (DeNovix) spectrophotometer. RNA quality was determined 
with a nanochip using Agilent 2100 Bioanalyzer (Agilent Technologies). Although RNA 
integrity number (RIN) values above 5 were considered acceptable, all samples had a RIN 
value that was above 8.

cDNA synthesis
For cDNA synthesis 200 ng from the isolated RNA was used as RNA input. To perform cDNA 
synthesis the Transcriptor First Strand cDNA synthesis kit (Roche, Diagnostics) was used. 
cDNA was made using a PCR machine (UNO‐Thermoblock, Biometra Thermal Cycler).

Real‐Time quantitative PCR
Real‐time quantitative PCR (RT‐qPCR) was performed for all 97 Gastrocnemius samples, 
the 32 Soleus ad libitum samples and negative controls (Ultra Pure H2O and samples that 
lacked reverse transcriptase during cDNA synthesis), randomly distributed over 2 different 
96‐well plates. The double‐stranded DNA binding chemistry method was applied using the 
SensiFAST SYBR® No‐ROX kit (Bioline). The primer sequences that were used are available 
upon request. The Sensifast 65 program was used, comprising 1 cycle denaturation (95°C for 
5 min), 45 cycles of amplification (95°C for 5 sec, 65°C for 5 sec and 72°C for 10sec), 1 cycle
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melting (100°C for 5 min) and 1 final cycle for cooling (40°C for ∞). Real‐time progress of 
the reaction was monitored in the LightCycler 480 instrument (Roche, Diagnostics). Data 
was converted using the Conversion LC 480 program. Subsequently, data was acquired using 
LinRegPCR. Geometric mean of mRNA expression was determined for three housekeeping 
genes that were selected based on previous experiments confirming equal expression in 
both muscle types (Cyclophilin, βactin and HPRT). Due to the large amount of samples, 
two 96‐wells PCR plates were used. Therefore, gene expression levels were corrected for 
plate differences besides the corrections for the geometric mean of the housekeeping genes. 
DNA gel analysis was done to verify amplicon lengths and to evaluate samples with peculiar 
looking melting peaks and amplicon curves. When amplicons with different lengths than 
expected were discovered, or if multiple amplicons were detected during DNA analysis, 
samples were excluded from further analysis.

Statistics
All data are expressed as means ± SEM. two‐way ANOVAS were performed using the 
GraphPad Prism 7.03 software package. Rhythmicity was determined using the JTK_Cycle 
algorithmic analysis in R studio, version 3.5.0.

Results

1. Gene expression profiles in Gastrocnemius and Soleus skeletal muscle
Gene expression profiles under ad libitum conditions were compared between Gastrocnemius 
and Soleus muscle. The corresponding p‐values are presented in table 1. Results for 
rhythmicity analyzed using the JTK_Cycle algorithm are presented in table 2.

1.1 Clock gene expression profiles
Relative gene expression of the core clock genes (Bmal1, Cry1, Cry2, Clock, Per1, Per2 and 
Reverbα) and the clock‐controlled gene (DBP) in Gastrocnemius and Soleus muscle under 
ad libitum conditions is shown in Figure 1. JTK_Cycle analysis revealed that clock genes 
Bmal1, Cry1, Clock, Per1, Per2 and Reverbα, as well as the clock-controlled gene DBP 
showed a significant rhythmicity in the Gastrocnemius muscle (Table 2). The same holds true 
for all of these genes in Soleus. Cry2, however, did not show significant rhythmicity in either 
of the two muscle types under ad libitum conditions.
 Two‐way ANOVA revealed a significant effect of Time for all clock genes, except 
Cry2. Two‐way ANOVA for the core clock genes Clock (p=0.0113), Reverbα (p=0.0496) 
as well as DBP (p=0.0113) showed a significant Interaction effect, indicating that the daily 
profile of gene expression differs between the two muscle. Also a significant effect of Muscle 
was shown for these genes (p≤0,0001), reflecting the higher amplitudes of these genes in 
the Gastrocnemius. Two‐way ANOVA also showed a significant effect of Muscle for Cry1 
(p=0.0001), Per1 (p=0.006) and Per2 (p=0.0001), due to higher amplitude rhythms in the 
Gastrocnemius. Bmal1 did not show a significant effect of Muscle nor an Interaction effect.
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Figure 1. Daily expression profiles of core clock genes (a‐g) and clock‐controlled gene DBP (h) in Gastrocnemius 
and Soleus muscle tissue under ad libitum conditions. Gastrocnemius muscle is displayed in black, Soleus in green. 
Shaded areas indicate the dark phase, starting at ZT12. Expression profiles are presented as means ± SEM (mean N 
per group=32±1). Each time point represents the mean of 3‐5 animals. *=p<0.05, **=p<0.01, ***=p<0.001 of the 
Sidak post‐hoc tests. p‐values of the two‐way ANOVA are displayed in table 1, left column. Table 2 shows p‐values 
for rhythmicity obtained by JTK_Cycle analysis.

2.1. Metabolic gene expression profiles
Results for relative gene expression of the metabolic genes (PDK4, FGF21, Sarcolipin, PGC1α, 
UCP3, SIRT1, GLUT4 and CPT1) in Gastrocnemius and Soleus muscle under ad libitum 
conditions are shown in Figure 2. According to JTK_Cycle analysis in Gastrocnemius muscle 
only UCP3 (p=0.0005) and CPT1 (p=0.0425) showed a significant rhythm. In the Soleus muscle 
besides UCP3 and CPT1 (p=0.0001 and p=0.0267, respectively), also Sarcolipin (p=0.0050) 
and PDK4 (p=0.0001) showed significant rhythmicity. Results also showed that peak 
expression levels of the UCP3 and PDK4 rhythm were significantly higher in Gastrocnemius 
compared to Soleus (Table 2, two‐way ANOVA; both p<0.0001). In fact, all metabolic genes, 
except Sarcolipin and CPT1 showed higher expression levels in the Gastrocnemius muscle, as 
compared to Soleus (Figure 2, two‐way ANOVA, table 1.). On the other hand, Sarcolipin was 
significantly higher expressed in Soleus muscle. CPT1 was the only metabolic gene that showed 
equal expression levels in the two muscle types (effect of Muscle: p=0.1260). All genes except 
for UCP3 (p=0.0001), lacked an Interaction effect. Finally, a significant effect of Time was 
shown for CPT1 (p=0.0014), Sarcolipin (p=0.0133), PDK4 (p=0.0001) and UCP3 (p=0.0001).
 JTK_Cycle analysis indicated significant rhythmicity for Sarcolipin, PDK4, UCP3 
and CPT1 in the Soleus muscle, but only for UCP3 and CPT1 in the Gastrocnemius muscle 
(Table 2).



73

3.2

Figure 2. Gene expression profiles of metabolic genes in Gastrocnemius and Soleus muscle tissue under ad libitum 
conditions. Gastrocnemius muscle is displayed in black, Soleus in green. Shaded areas indicate the dark phase, 
starting at ZT12. Expression profiles are presented as means ± SEM (mean N per group=32±1). Each time point 
represents the mean of 3‐5 animals. *=p<0.05, **=p<0.01, ***=p<0.001 and ****=p<0.0001 of the Sidak post‐hoc 
tests. p‐values of the two‐way ANOVA are displayed in table 1, left column. Table 2 shows p‐values for rhythmicity 
obtained by JTK Cycle analysis.

3. Effect of time of food intake on gene expression profiles in Gastrocnemius skeletal muscle
Secondly, daily rhythms in Gastrocnemius muscle under different TRF conditions were 
determined. The corresponding p‐values are described in table 1. Results for rhythmicity 
analysis using the JTK_Cycle algorithm are presented in table 2.

3.1. Core clock gene expression profiles
Results of relative gene expression of the core clock genes (Bmal1, Cry1, Cry2, Clock, Per1, 
Per2 and Reverbα) and the clock‐controlled gene (DBP) in Gastrocnemius muscle under 
different TRF conditions are shown in Figure 3. All genes showed very comparable expression 
levels in the dark‐fed and ad libitum condition. In contrast, in the light‐fed condition aberrant 
expression patterns were found as compared to the ad libitum condition. JTK_Cycle analysis 
confirmed rhythmicity for all clock genes including DBP, but except for Cry2, in both ad libitum 
and dark‐fed conditions, (Table 2). Cry2 only showed rhythmicity in the dark‐fed condition 
(p=0.0020). In the light‐fed condition, this rhythmicity was abolished for all genes, except 
Reverbα. Reverbα maintained its rhythmicity in the light‐fed condition (p=0.0045), however, 
the rhythm was dampened and had a shifted acrophase (from ZT9 to 16.5). Furthermore, two‐
way ANOVA for Bmal1 and both Cry’s and Per’s did not show a significant effect of TRF, but 
aside from Cry2 and Per1, all genes showed a significant Interaction effect (Table 2, two‐way 
ANOVA).
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Figure 3. Daily expression profiles of core clock genes (a‐g) and clock output gene DBP (h) in Gastrocnemius 
muscle tissue under different TRF conditions. Ad libitum condition is displayed in black, dark‐fed in dark blue and 
light‐fed in light blue. Shaded areas indicate the dark phase, starting at ZT12. Expression profiles are presented as 
means ± SEM (mean N per group=32±1). Each time point represents the mean of 3‐5 animals. p‐values of the two‐
way ANOVA are displayed in table 1, right column. Table 2 shows p‐values for rhythmicity obtained by JTK_Cycle 
analysis.

3.2. Metabolic gene expression profiles
Results of relative gene expression of metabolic genes in Gastrocnemius muscle under 
different TRF conditions are shown in Figure 4. JTK_Cycle analysis showed that only the 
metabolic genes UCP3 (ad libitum p=0.0005, darkfed and light‐fed both p=0.0001) and CPT1 
(ad libitum p=0.0425, dark‐fed p=0.0018, light‐fed p=0.0001) were able to maintain their 
daily rhythm throughout the different feeding conditions (Table 2). Interestingly, the rhythms 
of UCP3 and CPT1 were inverted in the light‐fed condition (acrophase from ZT4.5 to ZT21 
and ZT9 to ZT22.5, respectively). Results indicated that Sarcolipin seemed to gain rhythm 
under dark‐fed conditions (p=0.0001), whereas it lacked significance in other conditions. 
PDK4 showed rhythmicity in both TRF conditions (dark‐ and light‐fed both p=0.0001), but 
just missed significance in the ad libitum condition (p=0.0531). Also for PDK4, the acrophase 
in the light condition (ZT21) was the opposite of that in the dark‐fed (ZT7.5) and ad libitum 
(ZT4.5) conditions. Neither PGC1α nor GLUT4 showed a rhythm in the ad libitum and 
light‐fed condition, but both gained significant rhythmicity during the dark feeding condition 
(PGC1α p=0.0150, GLUT4 p=0.0168). SIRT1 and FGF21 lacked rhythmicity, regardless of 
the feeding condition.
 Almost all genes, except for FGF21 and SIRT1, showed a significant effect of Time
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(Table 2, two‐way ANOVA). Besides an effect of Time, Sarcolipin and PDK4 also showed 
an effect of TRF (p=0.0247 and p=0.0356, respectively) as well as an Interaction effect 
(p=0.0302 and p=0.0001, respectively). Both SIRT1 (p=0.0470) and GLUT4 (p=0.0249) 
were also affected by TRF, but showed no Interaction effect. On the other hand, UCP3 and
CPT1 showed an Interaction effect (both p=0.0001) without a main effect of TRF. So only 
FGF21 and PGC1a appeared not to be affected by TRF.

Figure 4. Gene expression profiles of clock controlled metabolic genes in Gastrocnemius muscle under different 
TRF conditions. Ad libitum condition is displayed in black, dark‐fed in dark blue and light‐fed in light blue. Shaded 
areas indicate the dark phase, starting at ZT12. Expression profiles are presented as means ± SEM (mean N per 
group=32±1). Each time point represents the mean of 3‐5 animals. p‐values of the two‐way ANOVA are displayed 
in table 1, right column. Table 2 shows p‐values for rhythmicity obtained by JTK_Cycle analysis.
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Soleus Gastrocnemius

Ad libitum Ad libitum Dark Light

Clock genes p-values Acrophase p-values Acrophase     p-values Acrophase p-values Acrophase

Bmal1 <0,0001 1.5 <0,0001 1.5 <0,0001 1.5 1 NR

Clock <0,0001 1.5 0,0267 3 0,0010 3 0,3762 NR

Cry1 <0,0001 21 0,0086 21 <0,0001 21 1 NR

Cry2 0,0905 NR 0,0812 NR 0,0020 16.5 1 NR

Per1 0,0015 15 <0,0001 13.5 <0,0001 13.5 1 NR

Per2 <0,0001 16.5 <0,0001 15 <0,0001 16.5 1 NR

Reverbα <0,0001 9 <0,0001 9 <0,0001 9 0,0045 16.5

DBP <0,0001 13.5 <0,0001 12 <0,0001 12 0,3203 NR

Metabolic genes

Sarcolipin 0,0050 21 0,1003 NR <0,0001 0 1 NR

PDK4 <0,0001 3 0,0531 NR <0,0001 7.5 <0,0001 21

FGF21 0,7416 NR 0,4814 NR 0,1385 NR 1 NR

PGC1α 0,0735 NR 0,0905 NR 0,0150 15 0,9650 NR

UCP3 <0,0001 3 0,0005 4.5 <0,0001 6 <0,0001 21

SIRT1 0,3981 NR 1 NR 0,9175 NR 0,9031 NR

GLUT4 0,1110 NR 1 NR 0,0168 19.5 1 NR

CPT1 0,0267 7.5 0,0425 9 0,0018 10.5 <0,0001 22.5

Interaction either indicates the interaction between Time*Muscle (left), or the interaction between Time*TRF. p‐values less than 0.05 
were considered significant and are presented in bold.

Data was analyzed using JTK_cycle in R studio. Acrophases are displayed in ZT. Adjusted p‐values less than 0.05 were considered 
significant, indicating rhythmicity. NR displays no observed rhythm.

Gastrocnemius vs. Soleus Gastrocnemius TRF conditions

Clock genes Time Muscle Interaction Time TRF Interaction

Bmal1 <0,0001 0,5873 0,8203 <0,0001 0,6355 0,0048

Clock <0,0001 0,0001 0,0113 <0,0001 <0,0001 <0,0001

Cry1 <0,0001 <0,0001 0,9266 <0,0001 0,4791 0,0016

Cry2 0,0667 0,6285 0,1611 0,0868 0,1393 0,0635

Per1 <0,0001 0,0006 0,3661 <0,0001 0,5719 0,1118

Per2 <0,0001 <0,0001 0,0840 <0,0001 0,9346 0,0004

Reverbα <0,0001 0,0001 0,0496 <0,0001 0,0022 <0,0001

DBP <0,0001 0,0001 0,0113 <0,0001 <0,0001 <0,0001

Metabolic genes

Sarcolipin 0,0133 <0,0001 0,1859 0,0004 0,0247 0,0302

PDK4 <0,0001 <0,0001 0,0554 0,0002 0,0356 <0,0001

FGF21 0,4549 <0,0001 0,5075 0,1699 0,3377 0,1172

PGC1α 0,0600 <0,0001 0,3675 <0,0001 0,5123 0,1653

UCP3 <0,0001 <0,0001 <0,0001 <0,0001 0,8845 <0,0001

SIRT1 0,1594 0,0286 0,2169 0,3961 0,0470 0,0846

GLUT4 0,2304 <0,0001 0,8423 0,0174 0,0249 0,1660

CPT1 0,0014 0,1260 0,5969 0,0367 0,0704 <0,0001

Table 1 p‐values of the two‐way ANOVA of Gastrocnemius ad libitum compared to Soleus ad libitum (left) and compared between 
all Gastrocnemius TRF conditions (ad lib, dark and light) (right). 

Table 2. Rhythmicity of clock and metabolic genes in Soleus muscle under ad libitum conditions (left) and the effect of time‐
restricted feeding on rhythmicity of clock and metabolic genes in Gastrocnemius muscle (right). 
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Discussion
In order to get more insight in the regulation of the molecular clockwork in other metabolic 
important tissues rather than liver and adipose tissue, the present study investigated day/
night rhythms in Gastrocnemius muscle. In addition, the effect of time‐restricted feeding on 
these daily rhythms was studied, in order to examine effects of circadian misalignment in 
Gastrocnemius tissue. Finally, we directly compared daily gene expression rhythms in the 
Gastrocnemius muscle with those of the Soleus muscle obtained in the same experiments. 
Gastrocnemius muscle indeed showed daily rhythms of clock genes, comparable to Soleus, 
however, expression levels were slightly higher compared to Soleus. Most metabolic 
genes showed higher expression levels compared to Soleus as well. UCP3 and CPT1 were 
rhythmically expressed in both muscles. Under light‐fed conditions, the daily rhythms of 
most clock genes were abolished, but were shifted ≈12h for Reverbα, as well as for the 
metabolic genes (PDK4, UCP3 and CPT1).

Daily rhythms compared between Gastrocnemius and Soleus muscle
First, clock and metabolic gene expression profiles of Soleus and Gastrocnemius muscle 
were compared under ad libitum conditions. Results verified that core clock genes were also 
rhythmically expressed in Gastrocnemius muscle. As expected core clock gene rhythms were 
comparable to the analogue skeletal muscle. A majority of the investigated genes showed 
consistent higher expression levels in the Gastrocnemius compared to the Soleus muscle. 
The reduced expression levels in Soleus compared to Gastrocnemius could possibly be due 
to a limitation of this study, since Soleus tissue was previously used (de Goede et al. 2018), 
thus RNA of this tissue was defrosted more often. However, this does not seem to be a valid 
argument, since housekeeping genes did not show any differences between muscles. Also, 
Bmal1 expression profiles were very comparable between both muscles. Without Bmal1, 
daily rhythms are completely lost (Bunger et al., 2000), hence Bmal1 is an essential protein 
in the TTFLs. Probably the importance of Bmal1 explains its equal expression levels in both 
tissues. Concluding, core clock genes showed similar expression patterns in Gastrocnemius 
and Soleus muscle, but overall expression levels were higher in Gastrocnemius.
 Expression levels of the metabolic genes UCP3 and CPT1 showed daily rhythms in 
both muscle types. PDK4 was rhythmic in Soleus, but lacked rhythmicity in Gastrocnemius, 
although a trend towards significance was observed. Rhythmic expression for both UCP3 and 
PDK4 has previously been described in other studies investigating daily rhythms in skeletal 
muscle under ad libitum conditions (Reznick et al., 2013; de Goede et al., 2018). Neufeld‐
Cohen et al., 2016 showed rhythmicity for CPT1 as well, which is in line with the present 
study. Their involvement in mitochondrial fat metabolism could explain the rhythmicity 
in gene expression profiles of the abovementioned genes (Table 1). Fatty acid oxidation is 
an important energy source during fasting, therefore it is reasonable that genes involved 
in fatty acid oxidation are upregulated during fasting/inactive periods (Schrauwen and 
Hesselink, 2002; Koves et al., 2008; Busiello, Savarese and Lombardi, 2015). Surprisingly, 
peak expression levels of UCP3 were higher in Gastrocnemius muscle compared to Soleus. 
This is in line with previous research reporting high UCP3 expression levels in type 2 fibers 
(Hesselink et al., 2001). Gastrocnemius is predominantly composed of glycolytic type 2B 
fibers, which contain a limited amount of mitochondria, leading to a limited capacity to 
oxidize lipids and combat reactive oxygen species (ROS). UCP3 is suggested to prevent 
oxidative stress (Vidal‐Puig et al., 2000), proposing a counterbalancing role for UCP3 in 
the Gastrocnemius, explaining the increased expression compared to Soleus. Together, these
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results imply that metabolic genes involved in fat metabolism are rhythmically expressed 
under ad libitum conditions in both muscles, but that differences in fiber types determine their 
expression levels.
 Interestingly, Sarcolipin appeared to be the only studied gene that exhibited higher 
expression levels in Soleus muscle compared to Gastrocnemius and showed a daily rhythm, 
which was absent in the Gastrocnemius. Corresponding to these results, previous research 
showed that Sarcolipin expression is abundant in the slow oxidative Soleus muscle, but 
reduced in white, fast glycolytic Gastrocnemius muscle (Ottenheijm et al., 2008; Tupling et 
al., 2011). Sarcolipin acts as a regulator of sarcoplasmic/endoplasmic reticulum Ca2+ ATPase 
(SERCA) activity (Pant, Bal and Periasamy, 2016). SERCA is necessary for proper muscle 
contraction since it is involved in maintaining low calcium concentrations in the cytosol, to 
ensure muscle relaxation. When Sarcolipin binds to SERCA, the calcium transport efficiency 
is reduced leading to less calcium in the cytosol, potentially leading to muscle relaxation. 
By overexpressing Sarcolipin, Tupling et al., 2011 showed a lower rate of force relaxation 
in slow‐twitch muscles. This is in line with earlier research showing slow relaxation rates 
for low‐force fiber types, such as type I fibers in Soleus (Milner‐Brown, Stein & Yemm, 
1973). This would imply that the high amount of Sarcolipin in Soleus may be attributable to 
its contractile function. Uncoupling of SERCA by Sarcolipin also increases ATP hydrolysis, 
leading to heat production. Hence, Sarcolipin contributes to thermogenesis in skeletal 
muscle (Bal et al., 2012). Together this indicates that thermogenesis is more abundant in 
slow oxidative Soleus than the fast glycolytic Gastrocnemius under ad libitum conditions. 
Rhythmicity in Soleus, but not Gastrocnemius muscle could then be explained by activity‐
induced thermogenesis (Pant, Bal and Periasamy, 2016), since expression of Sarcolipin was 
increased during the active phase.
 Unexpected results were found for GLUT4, SIRT1 and PGC1α. Diurnal changes of 
GLUT4 were expected, due to daily rhythms of plasma glucose (Kalsbeek et al., 2010), diurnal 
changes in protein levels (Dyar et al., 2014) and its prominent role in glucose metabolism. 
Gene expression profiles of GLUT4 were found not to be rhythmic in both muscles, also no 
effect of Time was observed. On the other hand, these findings are in line with earlier research 
performed on Gastrocnemius (Bray et al., 2013). SIRT1 was also expected to express a daily 
rhythm, due to its known link between metabolism and the circadian clock, as it senses 
extracellular changes and interferes with molecular clock components, to make sure other 
processes will initiate at the most suitable ZT (Lefta, Wolff and Esser, 2011). Although an 
effect of Time was detected, rhythmicity for SIRT1 was not observed in any of the groups. 
Earlier research did show daily rhythms in protein levels and activity of SIRT1 (Lefta, 
Wolff and Esser, 2011; Liu et al., 2016). Due to its association with SIRT1, PGC1α was also 
expected to show daily variation. Likewise, in the present study PGC1α lacked significant 
rhythmicity as well in both muscle types. Together these results emphasize again that gene 
expression levels do not always correlate directly with protein levels and their activity (Gygi 
et al., 1999; Reddy et al., 2006).
 Summarizing, we confirmed that Gastrocnemius muscle exhibits daily rhythms for 
the majority of clock genes and the clock controlled gene DBP, indicating that regulation 
of the molecular clock is a robust system that sustains throughout different types of muscle 
tissue. In addition, the observed rhythms in Gastrocnemius were very similar to those in 
Soleus, although at a somewhat higher expression level. The cause of this interesting result 
remains to be determined. Additionally, it was shown that most of the studied metabolic genes 
lacked rhythmicity, but that metabolic genes involved in mitochondrial fatty acid oxidation, 
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UCP3, PDK4 and CPT1 were rhythmically expressed in both muscle types (although PDK4 
just missed significance for Gastrocnemius). Differences in absolute expression levels 
between the muscles probably can be attributed to fiber type differences. For instance, 
sarcolipin, involved in thermogenesis, was only rhythmically expressed in Soleus, which is 
in line with the hypothesis that daily rhythms of metabolic genes depend on the function and 
energy demands of the different muscles.

Effect of time of food intake on gene expression profiles in Gastrocnemius skeletal muscle
Second, it was investigated in what manner timing of food intake would influence daily 
rhythms in Gastrocnemius muscle. Hereto gene expression profiles in Gastrocnemius were 
compared between the different TRF conditions: ad libitum, dark‐fed and light‐fed. JTK_
Cycle analysis verified that the daily rhythms of core clock genes Bmal1, Clock, Cry1, Per1, 
Per2 and clock controlled gene DBP completely disappeared in the light‐fed condition in 
Gastrocnemius. These results are comparable to earlier TRF studies in undefined muscle 
as well as Soleus (Opperhuizen et al., 2016; de Goede et al., 2018) as they also showed 
that daily rhythms in clock gene expression were abolished in rats fed during daytime. This 
indicates that in Gastrocnemius muscle, just as in Soleus, timing of food intake affects core 
clock gene expression rhythms, probably through changes in the daily pattern of (locomotor) 
activity.
 In contrast, Reverbα maintained rhythmic in the light‐fed condition, nevertheless 
the rhythm was dampened and phase‐shifted from ZT9 to ZT16.5. In Soleus skeletal muscle 
the day/night rhythm of Reverbα was lost rather than shifted (de Goede et al., 2018). When 
studied in Gastrocnemius muscle, restricted feeding to the light phase showed small effects 
on rhythmicity (Bray et al. 2013). However Bray et al., 2013 only performed TRF for 9 days, 
which could underlie the small effects. De Goede et al., 2018 also performed 5 weeks of TRF, 
which is similar to the current study. Therefore, it is suspected that Reverbα reacts differently 
to TRF depending on muscle type, probably due to differences in fiber types and their specific 
metabolic requirements. This is also in line with the known role Reverbα in lipid metabolism.
 Daily rhythms of UCP3 and CPT1 were reverted in the light‐fed condition. Phase‐
shifting during daytime feeding has been previously shown for UCP3 in skeletal muscle 
(Reznick et al., 2013; Opperhuizen et al., 2016; de Goede et al., 2018). This suggests that 
these gene expression profiles are reflecting food availability, which is understandable due 
to their involvement in fatty acid metabolism, occurring predominantly during the inactive 
phase. This also applies for PDK4, whose rhythm became significant in both TRF conditions, 
confirming previous findings in Gastrocnemius muscle (Bray et al., 2013) and Soleus 
muscle (de Goede et al., 2018). This corresponds with the hypothesis that TRF would affect 
expression levels of each gene differently depending on its metabolic function. These results 
also imply that in Gastrocnemius muscle, like in other tissues, metabolic genes are dependent 
on food entrainment or other Zeitgebers rather than being synchronized by the SCN. From an 
evolutionary viewpoint this also makes sense, as it is important to adapt to sudden changes in 
environment. Nevertheless, although during TRF conditions these phase‐shifts of metabolic 
genes may be adaptive, for the long‐term the altered expression patterns of the metabolic 
genes may result in a lower ability for to maintain homeostasis.
 Aside from muscle tissue level, feeding at the wrong time‐of‐day also causes 
disturbed rhythms on a broader level. Earlier research, comparable to the current study, 
showed that TRF caused liver clocks to shift in phase with the altered timing of food intake, 
but muscle clocks to become arrhythmic (Reznick et al., 2013; Opperhuizen et al., 2016) and  
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brown adipose tissue to remain rhythmic but with a reduced amplitude and shifted pattern 
(de Goede et al., 2018). Together these changes result in desynchronization not only between 
central and peripheral clocks, but also between the different peripheral clocks. In addition, 
light‐fed animals showed effects on whole body metabolism, as Opperhuizen et al., 2016 
and de Goede et al., 2018 showed that the daily rhythm in respiratory exchange ratio (RER) 
was inverted and increased in amplitude with values above 1 during the light period. This 
indicates increased de novo lipogenesis during daytime TRF and thus might explain the 
increased adiposity that was found in Opperhuizen et al., 2016. De Goede et al., 2018 also 
showed that TRF clearly affected locomotor activity. The different responses of the molecular 
clocks in different peripheral tissues thus probably can be explained by this last notion, as it 
seems probable that muscle tissues are more affected by activity as compared to BAT or liver.
 Taken together, these results emphasize that the timing of food intake has diverse 
effects on metabolism of Gastrocnemius as different effects were found for the daily rhythms 
of clock and metabolic genes. Predominantly, metabolic genes involved with mitochondrial 
functioning were affected. Proper mitochondrial functioning is essential for cellular metabolic 
homeostasis and is optimal when fuel availability is in balance with the total mitochondrial 
oxidative activity. Insufficient mitochondrial oxidation could induce accumulation of fatty 
acid products and reactive oxygen species, which eventually may lead to insulin resistance 
in different metabolic organs (Patti and Corvera, 2010). This is emphasized by earlier studies 
that showed altered oxidative mechanisms in T2DM (Das and Elbein, 2006; Tangvarasittichai, 
2015). This correlation with altered mitochondrial functionality and the pathogenesis of 
metabolic disorders, such as T2DM, may also underlie the metabolic effects caused by 
disruption of daily rhythms. However, it is not fully understood yet how specific mitochondrial 
mechanisms are regulated in T2DM. Therefore, it would be interesting to further investigate 
this correlation between mitochondrial function and metabolic disorders. Furthermore, future 
research should investigate how and why different fiber composition results in differences in 
clock gene expression, for instance, by increasing endurance locomotor activity to activate 
Soleus muscle.
 In conclusion, this study showed that in rats food intake restricted to the daytime 
(i.e., the regular sleep period) completely abolished the day/night rhythms in most of the 
clock gene expression profiles in Gastrocnemius muscle, with the exception of Reverbα that 
had its daily rhythm dampened and shifted. Metabolic genes involved in mitochondrial fatty 
acid metabolism, also showed an inverted rhythm, probably as an adaptation to the altered 
timing of food intake. Together these results highlight that timing of food intake matters for 
the maintenance of molecular clock rhythms and metabolic function in the Gastrocnemius. 
Thus, also in this metabolically important organ, disturbance of daily rhythms has striking 
effects.
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Abstract
Restricted feeding is well known to affect expression profiles of both clock and metabolic 
genes. However, it is unknown whether these changes in metabolic gene expression result 
from changes in the molecular clock or in feeding behavior. Here we eliminated the daily 
rhythm in feeding behavior by providing 6 meals evenly distributed over the light/dark-cycle. 
Animals on this 6-meals-a-day feeding schedule retained the normal day/night difference 
in physiological parameters including body temperature and locomotor activity. The daily 
rhythm in respiratory exchange ratio (RER), however, was significantly phase-shifted 
through increased utilization of carbohydrates during the light phase and increased lipid 
oxidation during the dark phase. This 6-meals-a-day feeding schedule did not have a major 
impact on the clock gene expression rhythms in the master clock, but did have mild effects 
on peripheral clocks. In contrast, genes involved in glucose and lipid metabolism showed 
differential expression. In conclusion, eliminating the daily rhythm in feeding behavior in 
rats does not affect the master clock and only mildly affects peripheral clocks, but disturbs 
metabolic rhythms in liver, skeletal muscle and brown adipose tissue in a tissue-dependent 
manner. Thereby, a clear daily rhythm in feeding behavior strongly regulates timing of 
peripheral metabolism, separately from circadian clocks.

Keywords suprachiasmatic nucleus (SCN); circadian clock; Soleus muscle (SM);   
  brown adipose tissue (BAT); liver; 6-meal feeding; respiratory exchange  
  ratio (RER); clock genes; metabolic genes; shift-work

1. Introduction
Daily recurring biological events in the mammalian behavioral system such as the sleep-
wake, feeding-fasting and rest-activity cycles are under the control of the master or central 
clock, located in the suprachiasmatic nucleus (SCN) in the anterior hypothalamus of the 
brain. The SCN clock output controls and coordinates other secondary clocks in the brain and 
peripheral clocks present in virtually every other tissue in the body through neural, humoral 
and behavioral rhythms, and consequently also regulates bodily rhythms in metabolism [1–4]. 
The molecular mechanism underlying the oscillation of this endogenous pacemaker involves 
a set of clock genes forming transcriptional and (post-)translational feedback circuits [5–
7]. The positive limb of this molecular clock consists of the core clock elements BMAL1 
and CLOCK. Heterodimerization of these core clock elements drives transcription of the 
Period (Per1, Per2, and Per3) and Cryptochrome genes (Cry1 and Cry2) [8–11]. The protein 
isoforms of PER and CRY act as negative components in the feedback loop that inhibit their
own transcription [12]. An auxiliary loop that is also induced by CLOCK:BMAL1 
heterodimerization activates the rhythmic transcription of Rev-erbα and Rorα. The 
transcription of Bmal1 and Clock are under the control of both REV-ERBα and RORα, 
respectively a transcriptional repressor and activator [13–17]. The daily rhythm produced by 
this molecular clock mechanism has a period of approx. 24 h (i.e., circadian) and is entrained 
to the exact 24-h rhythm of the outside world by environmental light perceived by the retina 
and reaching the SCN via the retino-hypothalamic tract (RHT). The molecular clock uses 
clock-controlled genes such as Dbp, as well as other transcription factors, as an output to 
regulate a wide variety of cellular processes, of which many involve metabolic processes 
[18,19]. As such, the biological clock plays a major role in energy metabolism, not only at a 
whole-body level, but also at a tissue/cellular level.
 Circadian disruption, for example, by performing shift work, can thus be expected
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to have adverse effects on energy homeostasis. Indeed, shift work in humans, as well as in 
animal models of shift work, shows disturbances in energy metabolism and an increased risk 
for metabolic disorders such as obesity and type 2 diabetes (T2DM) (e.g., [20–24]). The exact 
mechanisms that lead from shift-work and disturbed circadian rhythms to these metabolic 
disorders are not fully understood, but as a result of the disturbed clock mechanisms, 
metabolic substrate availability and demand may be out of phase and this imbalance may 
eventually result in metabolic diseases.
 Altered or restricted feeding behavior are well known to affect peripheral clocks 
[25–28]. An often-used paradigm to study the effects of food intake on metabolism and the 
circadian clock mechanism is time-restricted feeding (TRF), during which animals have 
access to food only during a restricted period of the 24-h day, e.g., only during the active or 
inactive phase. TRF to the inactive phase is often linked with negative effects on health and 
metabolism, while TRF to the active phase is linked to positive effects [29]. Many studies, 
including several from our own group, have found that both core clock genes as well as 
metabolic genes are clearly affected by TRF in metabolically active tissues such as BAT, 
white adipose tissue (WAT), SM, and liver [25,27,28,30–32]. Unfortunately, with the TRF 
paradigm, it is difficult to distinguish whether the changes in metabolic gene expression are
caused by the altered feeding behavior itself or by the feeding-induced changes in the 
molecular clock mechanism. To disentangle the effects of the molecular clock and the daily 
rhythm in feeding behavior on rhythms in metabolic gene expression in peripheral tissues 
such as liver, SM and BAT, we abolished the daily rhythm in feeding-fasting behavior. To 
accomplish this, we used the 6-meals-a-day feeding paradigm. Under this paradigm, animals 
have access to food 6 times every 24 h, spread evenly across the day, i.e., one meal every 4 
h, and this for several weeks in a row. This well-established paradigm forces the animals to 
eat similar amounts of food in each of the 6 sessions of food availability, thereby eliminating 
the natural day/night difference in food intake [33,34]. To better characterize the effects of the 
6-meals-a-day feeding regimen on metabolism, we placed rats in metabolic cages, where we 
measured several physiological parameters, including RER, body temperature and locomotor 
activity, while the animals remained on the 6-meals-a-day feeding schedule. Additionally, we 
investigated changes in daily clock gene and protein expression profiles in the SCN, as well 
as clock and metabolic gene expression profiles in metabolically active peripheral tissues. 
Our results indicate that while locomotor activity and body temperature rhythms are largely 
unchanged, RER and metabolic gene expression profiles of animals on the 6-meals-a-day 
feeding regimen are clearly affected. Interestingly, contrary to mice, 6-meals-a-day feeding 
in rats did not affect the SCN clock and only mildly affected the peripheral clock mechanism. 
On the other hand, ultradian feeding clearly affected metabolic gene expression rhythms, 
although differently for the 3 tissues investigated here: BAT, SM and liver. Thus, the lack 
of a daily feeding rhythm had a strong impact on timing of metabolism at a whole body and
molecular level, despite minor effects on the clock mechanism.

2. Results

2.1. Caloric Intake and Body Weight Gain
Daily caloric intake was lower for the 6-meal group as compared to the ad libitum fed group
(18.1 g and 22.4 g chow per day (3.1 kcal/g), respectively; independent t-test p < 0.0001, 
Figure 1b). Importantly, the L/D difference of food intake seen in ad libitum fed animals 
(73% of food intake during the dark phase; paired t-test, p < 0.0001) was abolished in the 
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6-meal group (52% of food intake during the dark phase; paired t-test, p = 0.075, Figure 
1a). Food intake was also not different between the 6 different feeding opportunities in the 
6-meal group (one-way ANOVA with repeated measures (RM), p = 0.13). Body weight 
gain after 6 weeks was lower for the 6-meal group as compared to the ad libitum fed group 
(102.2 g and 146.1 g, respectively; independent t-test, p < 0.0001, Figure 1c,d). However, 
clearly, all animals in the 6-meal group continued to gain weight throughout the experiment
(Figure 1c).

Figure 1 Analysis of the daily food intake and body weight of the subset of animals that have been inside the 
metabolic cages. (a) Difference in daily food intake between light and dark phase for the ad libitum and 6M fed 
animals, i.e., asterisks and ns refer to light/dark differences within the ad libitum and 6M group. (b) Average 24 h 
food intake for both groups of animals. (c) Growth curve for both groups of animals, animals were weighed on a 
weekly basis after start of the experiment. (d) Body weight at time of sacrifice (left) and absolute body weight gain 
during the experiment (right) for both groups of animals. Data are depicted as means ± SEM. ns = non-significant, 
**** p < 0.0001, n = 15–16 per group. ad lib = ad libitum fed animals (black lines and bars), 6M = animals fed 
according to the 6 meals a day feeding regimen (grey lines and bars).

2.2. RER
The daily pattern of RER was altered in the 6-meal group, not showing a clear cosinor-like
rhythm alike the ad libitum group, but instead 6 peaks in RER throughout the day (Figure 2a). 
These 6 peaks in RER clearly followed upon the access to food for the 6-meals-a-day group 
(dotted vertical lines). Nevertheless, cosinor analysis showed a significant daily rhythm for 
each individual animal in both groups. Further analysis showed that there was a significant 
L/D difference in RER in the ad libitum (paired t-test, p < 0.0001), but not in the 6-meal 
animals (paired t-test, p = 0.354) (Figure 2b). This difference between ad libitum and the 
6-meals-a-day animals is partly explained by a phase-advance of the daily RER rhythm in 
the 6 meal group (~ZT20 vs. ZT10; p < 0.001) (Table S2). Moreover, the average 24 h RER 
did not differ between the ad libitum and 6 meal groups (unpaired t-test, p = 0.0581) (Figure 
2c). Two-way ANOVA showed significant effects of L/D, as well as Interaction two way RM-
ANOVA; Feeding p = 0.055, L/D p = 0.008 and Feeding × L/D p < 0.001).
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Figure 2 Analysis of the metabolic parameters RER, locomotor activity, heat production and subcutaneous body 
temperature (from left to right, respectively) of the animals in the metabolic cages. While in the metabolic cages, 
animals remained on their assigned feeding regimen. (a) 24 h traces of the metabolic parameters, averaged per 
group. The timing of the meals for the 6M group are indicated along the x-axis. (b) Difference within metabolic 
parameters between light and dark phase for the ad libitum and 6M fed animals, i.e., asterisks and ns refer to light/
dark differences within the ad libitum and 6M group. (c) Average 24 h values of the metabolic parameters for both 
groups of animals. Data are depicted as means ± SEM. χ = indicates that a significant interaction was found for 
Feeding × L/D, ns = non-significant, **** p < 0.0001, *** p < 0.001, * p < 0.05, n = 15–16 per group, except for 
subcutaneous body temperature (n = 3–5 per group). Locomotor activity is presented as arbitrary units (AU). ad lib 
= ad libitum fed animals (black lines and bars), 6M = animals fed according to the 6-meals-a-day feeding regimen 
(grey lines and bars). Shaded areas represent the dark phase.

2.3. Locomotor Activity
The daily pattern of locomotor activity for the 6-meal group was very similar to that of the 
ad libitum group, showing a clear L/D difference, although the 6-meal group also showed 6 
peaks in activity over 24 h (Figure 2a). These 6 peaks in locomotor activity mostly followed 
the access to food for the 6-meal group (dotted vertical lines). Importantly, two-way RM-
ANOVA showed that locomotor activity was significantly different between the light and dark 
period in both ad libitum and 6-meal groups, although the significant interaction indicated 
that this difference was smaller in the 6-meals-a-day group (L/D, p < 0.001; Feeding × L/D, 
p = 0.016). A paired t-test confirmed the significant effects of L/D in both the ad libitum 
and 6-meal group (p < 0.0001 for both groups), with higher locomotor activity during the 
dark period in both groups (Figure 2b). Cosinor analysis revealed a significant difference 
in acrophase (2 h) and amplitude of the locomotor activity rhythm between ad libitum and 
6-meals-a-day feeding, again confirming the larger day/night difference seen in ad libitum 
animals (p < 0.001 and p = 0.02, respectively) (Table S2). Total locomotor activity per 24 
h did not differ between ad libitum and the 6-meals-a-day fed rats (independent t-test, p = 
0.538) (Figure 2c). Two-way RM-ANOVA confirmed that locomotor activity per 24 h was 
not different between ad libitum and 6-meals-a-day fed groups (Feeding, p = 0.609).
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2.4. Energy Expenditure
The daily pattern of energy expenditure for the 6-meals-a-day group was similar to the ad 
libitum group, showing a large L/D difference, although the 6-meals-a-day group had 6 
clear peaks in energy expenditure throughout the day (Figure 2a). These 6 peaks in energy 
expenditure were very similar to the peaks in locomotor activity. A subsequent paired t-test 
revealed a statistically significant effect of L/D on energy expenditure in both ad libitum and 
6-meals-a-day fed rats (p < 0.0001), although again with a somewhat smaller amplitude in 
the 6-meals-a-day animals (Figure 2b). Additionally, the cosinor analysis showed significant 
differences in the acrophase (2.2 h) and amplitude of energy expenditure between ad libitum 
and 6-meal feeding (p < 0.001 and p < 0.001, respectively) (Table S2). Energy expenditure 
per 24 h did not differ between ad libitum and 6-meals-a-day fed rats (p = 0.136) (Figure 2c). 
Two-way RM-ANOVA showed a significant effect of L/D (p < 0.001) and Feeding × L/D (p 
< 0.001), but no effect of Feeding (p = 0.165).

2.5. Body Temperature
The daily pattern of body temperature for the 6-meals-a-day group was very similar to that 
of the ad libitum group, showing a clear L/D difference (Figure 2a). Importantly, there were 
significant differences between the light and dark period, but there was no interaction between 
Feeding and L/D, nor a main effect of Feeding (Feeding, p = 0.214; L/D, p = 0.0003; Feeding 
× L/D, p = 0.787; Two-way RM-ANOVA). Cosinor analysis further revealed that there were 
no significant differences in amplitude or acrophase between the two groups (Table S2). As 
already confirmed by the two-way RM-ANOVA, total body temperature per 24 h did not 
differ between ad libitum and 6-meals-a-day fed rats (independent t-test, p = 0.214) (Figure 
2c).

2.6. Clock and Clock-Controlled Gene Expression in the SCN
The daily pattern of Per1 and Per2 mRNA expression in the SCN was measured under both 
ad libitum and 6-meals-a-day feeding conditions. Two-way ANOVA analysis showed a 
significant effect of Time for both Per1 and Per2 (p < 0.001). Cosinor analysis confirmed the 
rhythmicity of both clock genes (Figures 3 and 4a,b). Both genes maintained a significant 
rhythm irrespective of feeding conditions with no significant changes in mean, amplitude or 
acrophase due to the 6 meals schedule. 
 The mRNA expression of Avp, a clock-controlled gene, was also examined in 
the SCN of the ad libitum and 6-meals-a-day feeding groups. Photomicrographs of Avp 
expression in the SCN of ad libitum and 6-meals-a-day animals at ZT 8 and ZT 20 are shown 
in Figure 3. Two-way ANOVA showed no significant effects of Time or Feeding (Table S4). 
The cosinor analysis detected a significant rhythm in the 6-meals-a-day (p = 0.045), but not 
in the ad libitum (p = 0.313) group (Figure 4C).
 Also, AVP protein expression in the SCN was measured by counting the number 
of immuno-positive cells in the SCN of rats under ad libitum and 6-meals-a-day feeding 
conditions. Two-way ANOVA showed a significant effect of Time (p < 0.001). Cosinor 
analysis detected no significant rhythmicity in the 6-meals-a-day groups (p = 0.139) and a 
marginally significant rhythm in the ad libitum group (p = 0.054) (Figure 4D).
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Figure 3 Representative photomicrographs of AVP, Per1 and Per2 expression in the SCN of ad libitum and 6-meals-
a-day animals at ZT 8 and 20. (Scale bar 1 mm).

Figure 4 Daily profiles of clock (Per1, Per2) and clock-controlled (AVP) genes and AVP protein expression in the 
SCN of animals fed ad libitum (Black circles) and according the 6-meals-a-day feeding schedule (Gray triangle). (A) 
Per1 mRNA expression; (B) Per2 mRNA expression; (C) Avp mRNA expression (D) AVP protein expression. Fitted 
lines show significant cosine regressions (see methods). ~= effect of Time (p < 0.05).
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2.7. Clock Gene Expression in Soleus Muscle
Two-way ANOVA analysis showed no significant effect of Feeding for any of the clock 
genes, but showed a significant effect of Time (p < 0.001) for all clock genes except Cry2. 
A significant interaction between Time and Feeding was found for Per2, Rev-erbα and Dbp 
(Table 1). All clock genes tested (Bmal1, Per1, Per2, Cry1, Cry2, Rev-erbα and Dbp) (Figure 
5A–F, Table 2; cosinor analysis) showed a significant rhythmic expression in the ad libitum 
fed group except Cry2. Eliminating the daily rhythm in feeding behavior with the 6-meals-a-
day schedule resulted in a loss of rhythmicity for Per1, while Cry2 remained non-rhythmic. A 
~1.5 h shift was observed in Dbp expression, but no other significant changes in mean level 
or amplitude were observed in the 6-meals-a-day feeding groups (Table 2).
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Table 2 t-test analysis on cosinor parameters for clock 
and metabolic genes in the muscle.

The three fitted parameters of cosinor regressions 
include a (the  mean level), b (the Amplitude), and c (the 
acrophase of the rhythm; see Methods for details). For 
the acrophase, the reference time is Zeitgeber 0 (i.e., 
lights on). α ad libitum is different from 6-meal (p < 
0.05). p values in the right column indicate significance 
between the ad libitum and 6-meal group. Non-
significant parameters are not shown (–). Significant 
effects are indicated in bold.

Genes Ad libitum 6-meal

Mean SEM Mean SEM p-value

Bmal1 a 0.12 0.007 0.11 0.01 =0.767

b 0.12 0.01 0.13 0.02 =0.719

c 0.7 0.32 0.3 0.60 =0.595

Cry1 a 0.21 0.01 0.22 0.01 =0.351

b 0.08 0.01 0.07 0.02 =0.788

c 21.2 0.71 21.1 1.28 =0.953

Cry2 a 0.10 0.01 0.12 0.01 =0.335

b -- -- -- --

c -- -- -- --

Per1 a 0.03 0.003 0.04 0.01 =0.463

b 0.03 0.01 -- --

c 14.0 0.75 -- --

Per2 a 0.09 0.01 0.09 0.01 =0.899

b 0.06 0.01 0.03 0.01 =0.074

c 14.8 0.86 12.7 1.28 =0.169

Dbp a 1.29 0.09 1.28 0.08 =0.973

b 1.33 0.13 1.22 0.12 =0.548

c 12.1α 0.37 10.4 0.38 =0.002

Rev-erbα a 0.54 0.04 0.51 0.04 =0.658

b 0.50 0.06 0.42 0.06 =0.340

c 8.6 0.44 7.2 0.50 =0.055

Ucp3 a 0.10 0.01 0.14 0.03 =0.286

b 0.07 0.02 0.15 0.04 =0.122

c 3.3α 0.80 23.8 1.10 <0.001

Pgc-1α a 0.25 0.02 0.27 0.01 =0.355

b -- -- 0.07 0.02

c -- -- 16.4 1.19

Glut4 a 6.33 0.27 7.04 0.33 =0.112

b -- -- -- --

c -- -- -- --

Pdk4 a 1.86 0.16 2.78 0.60 =0.148

b 0.90 0.22 2.48 0.85 =0.077

c 3.8α 0.95 23.5 1.30 <0.001

Hsl a 0.06 0.01 0.07 0.01 =0.549

b -- -- -- --

c -- -- -- --

Lpl a 7.80 0.24 8.72 0.42 =0.065

b -- -- -- --

c -- -- -- --

Genes Ad libitum 6-meal

Mean SEM Mean SEM p-value

Srebp1c a 0.09 0.01 0.11 0.02 =0.364

b 0.05 0.01 -- --

c 23.2 0.92 -- --

Sirt3 a 0.58 0.02 0.63 0.02 =0.096

b -- -- -- --

c -- -- -- --

Fas a 0.17 0.02 0.20 0.03 =0.451

b -- -- -- --

c -- -- -- --
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2.8. Clock Gene Expression in BAT
All tested clock genes in BAT remained rhythmic in the 6-meals-a-day group except Cry2, 
which was not rhythmic in either of the feeding conditions (Figure 5, Table 3). Two-way 
ANOVA showed a significant effect of Time for Bmal1, Cry1, Per2, Dbp and Reverbα. 
No significant effects of Feeding were found for any of the clock genes studied except for 
Cry1. A significant Interaction effect for Time and Feeding was found for Bmal1 and Dbp 
expression (p < 0.001). Cosinor analysis revealed no shift in expression for any of the clock 
genes when comparing ad libitum with 6-meals-a-day feeding except for Bmal1 (1.9 h; 
Table 3).

Table 3 t-test analysis on cosinor parameters for 
clock and metabolic genes in the BAT. 

The three fitted parameters of cosinor regressions 
include a (the mean level), b (the Amplitude), 
and c (the acrophase of the rhythm; see Methods 
for details). For the acrophase, the reference 
time is Zeitgeber 0 (i.e., lights on). α ad libitum 
is different from 6-meal (p < 0.05). p values on 
the right column indicate significance of the t-test 
analysis between ad libitum and 6-meal group. 
Non-significant parameters are not shown (–). 
Significant effects are indicated in bold.

Genes Ad libitum 6-meal

Mean SEM Mean SEM p-value

Bmal1 a 0.01 0.001 0.01 0.001 =0.193

b 0.01α 0.001 0.002 0.001 <0.001

c 22.1α 0.57 0.0 1.41 <0.001

Cry1 a 0.02α 0.01 0.01 0.001 <0.001

b 0.01 0.001 0.01 0.001 =0.608

c 20.1 0.89 20.1 0.48 =0.978

Cry2 a 0.01α 0.001 0.01 0.001 =0.041

b -- -- -- --

c -- -- -- --

Per1 a 0.004 0.001 0.003 0.001 =0.113

b 0.001 0.001 0.001 0.001 =0.890

c 3.0 1.44 2.5 0.96 =0.801

Per2 a 0.01 0.001 0.004 0.001 =0.286

b 0.01 0.001 0.003 0.001 =0.103

c 14.3 1.12 14.8 0.86 =0.732

Dbp a 0.13 0.01 0.09 0.10 =0.741

b 0.11α 0.02 0.03 0.004 <0.001

c 9.5α 0.55 13.1β 0.46 <0.001

Rev-erbα a 0.04 0.004 0.03 0.002 =0.359

b 0.02 0.01 0.02 0.003 =0.885

c 10.3 1.22 11.1 0.62 =0.553

Ucp1 a 9.80 0.96 8.24 0.50 =0.159

b -- -- -- --

c -- -- -- --

Pparα a 0.01 0.01 0.05 0.003 =0.247

b -- -- -- --

c -- -- -- --

Pgc-1α a 0.04 0.004 0.03 0.002 =0.313

b 0.02 0.01 -- --

c 12.7 1.47 -- --

Glut4 a 0.74 0.07 0.67 0.04 =0.41

b -- -- -- --

c -- -- -- --

Genes Ad libitum 6-meal

Mean SEM Mean SEM p-value

Pdk4 a 0.66 0.07 0.77 0.06 =0.250

b -- -- 0.27 0.08

c -- -- 16.5 1.13

Hsl a 0.13 0.01 0.12 0.01 =0.485

b -- -- -- --

c -- -- -- --

Lpl a 2.05 0.20 1.63 0.10 =0.064

b 0.80 0.28 -- --

c 14.4 1.35 -- --

Srebp1c a 0.05 0.01 0.04 0.004 =0.219

b 0.02 0.01 -- --

c 17.1 1.44 -- --

Sirt3 a 0.12 0.004 0.12 0.003 =0.826

b -- -- -- --

c -- -- -- --

Fas a 5.75 0.29 5.67 0.18 =0.833

b -- -- 0.85 0.26

c -- -- 14.5 1.15

Fgf21 a 0.01 0.01 0.01 0.001 =0.352

b -- -- 0.001 0.001

c -- -- 8.1 1.28
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Figure 5 Daily profiles of clock gene expression in Liver, Muscle and BAT in animals fed ad libitum (Black 
circle) or according the 6-meals-a-day feeding schedule (Gray triangle). (A) Bmal1, (B) Cry1, (C) Per1, (D) 
Per2, (E) Rev-erbα and (F) Dbp. Fitted lines show significant cosine regressions (see methods). ~= Effect of 
Time (p < 0.05), # = effect of Feeding (p < 0.05); × = Interaction effect between Feeding and Time (p < 0.05).
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2.9. Clock Gene Expression in Liver
All studied clock genes in the liver remained rhythmic in the 6-meals-a-day feeding 
conditions, except for Cry2, which lost rhythmicity upon 6-meal feeding. In addition, no 
significant phase changes and Cry1 and the amplitude was dampened for Bmal1, Cry1, Per2 
and Rev-erbα (Table 4). Two-way ANOVA showed an effect of Feeding for Bmal1 and Cry1 
(p = 0.008 and p < 0.001, respectively). Additionally, a significant effect of Time was found 
for all the studied clock genes as well as an Interaction for Cry1, Per2, and Rev-erbα (Table 1).

Table 4 t-test analysis on cosinor parameters for clock 
and metabolic genes in the Liver. 

The three fitted parameters of cosinor regressions 
include a (the mean level), b (the Amplitude), and c (the 
acrophase of the rhythm; see Methods for details). For 
the acrophase, the reference time is Zeitgeber 0 (i.e., 
lights on). α ad libitum is different from 6-meal (p < 0.05). 
p values on the right column indicate significance of the 
t-test analysis between the ad libitum and 6-meal group. 
Non-significant parameters are not shown (–). Significant 
effects are indicated in bold.

Genes Ad libitum 6-meal

Mean SEM Mean SEM p-value

Bmal1 a 0.04α 0.003 0.03 0.003 <0.001

b 0.40α 0.01 0.02 0.003 =0.015

c 1.0 0.50 1.5 0.52 =0.402

Cry1 a 0.05α 0.001 0.03 0.002 <0.001

b 0.03α 0.002 0.02 0.003 <0.001

c 21.3 0.26 21.7 0.62 =0.505

Cry2 a 0.09 0.01 0.08 0.01 =0.271

b 0.03 0.01 -- --

c 20.3 1.40 -- --

Per1 a 0.03 0.003 0.04 0.004 =0.762

b 0.03 0.004 0.01 0.01 =0.092

c 15.2 0.62 14.1 1.25 =0.449

Per2 a 0.10 0.01 0.08 0.01 =0.070

b 0.07α 0.01 0.04 0.01 =0.001

c 17.6 0.50 17.0 0.95 =0.602

Dbp a 0.23 0.03 0.18 0.01 =0.158

b 0.30 0.04 0.20 0.02 =0.087

c 12.0 0.56 13.1 0.40 =0.100

Rev-erbα a 0.19 0.03 0.15 0.01 =0.184

b 0.25α 0.04 0.16 0.01 =0.021

c 9.4α 0.56 11.2 0.32 =0.005

Pparα a 0.18 0.01 0.19 0.01 =0.636

b -- -- -- --

c -- -- -- --

Pgc-1α a 0.01 0.001 0.01 0.001 =0.444

b -- -- -- --

c -- -- -- --

Glut2 a 0.39 0.02 0.40 0.02 =0.512

b 0.09 0.02 0.09 0.03 =0.951

c 14.1 1.30 13.1 1.07 =0.533

Pdk4 a 0.09 0.01 0.07 0.01 =0.056

b 0.04 0.01 -- --

c 3.9 0.96 -- --

Genes Ad libitum 6-meal

Mean SEM Mean SEM p-value

Hsl a 0.01 0.001 0.01 0.001 =0.815

b -- -- -- --

c -- -- -- --

Lpl a 0.01 0.001 0.01 0.001 =0.646

b -- -- 0.004 0.001

c -- -- 7.2 0.80

Srebp1c a 0.64 0.05 0.63 0.05 =0.841

b -- -- 0.22 0.07

c -- -- 7.9 1.10

Sirt1 a 0.02 0.002 0.02 0.001 =0.178

b -- -- -- --

c -- -- -- --

Fas a 1.08 0.08 1.31 0.10 =0.068

b 0.40 0.11 0.53 0.13 =0.482

c 17.7α 1.13 9.2 0.97 =0.001

Fgf21 a 0.04 0.003 0.03 0.003 =0.103

b 0.01 0.004 -- --

c 6.4 0.99 -- --



98

4

2.10. Metabolic Genes in Soleus Muscle
Both Pdk4 and Ucp3 showed a shift in peak expression when subjected to the 6-meals-a-
day feeding regimen as compared to ad libitum. For both genes this shift was in the same 
direction and of roughly the same magnitude (Figure 6I,K, Table 2). On the other hand, 
Pgc-1β expression lost rhythmicity under the 6-meal feeding regimen (data not shown). 
Most of the other metabolic genes studied did not show rhythmicity in either of the feeding 
conditions except for Srebp1c that lost rhythmicity upon 6-meals-a-day feeding. Pgc1α 
gained rhythmicity upon 6-meals-a-day feeding (Table 2). Furthermore, two-way ANOVA 
analysis showed a significant effect of Time for several metabolic genes in Soleus muscle 
(Ucp3, Pgc1α, Pdk4, Srebp1c and Sirt3). No significant effect of Feeding or Interaction was 
observed for any of the metabolic genes in Soleus muscle (Table 1). Out of the 105 possible 
combinations between the 15 clock and metabolic genes tested, 15 significant correlations 
in gene expression profile were found (Table S5), with 3 correlations between clock genes, 
3 correlations between metabolic genes and 9 correlations between a clock and a metabolic 
gene. In the 6-meal group 8 of these correlations were maintained, while 7 correlations were 
lost.
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Figure 6 Daily profiles of metabolic gene expression in Liver, Muscle and BAT in animals fed ad libitum (Black 
circles) or according the 6-meals-a-day feeding schedule (Gray triangles). (A) Srebp1c, (B) Hsl, (C) Lpl, (D) Fas, 
(E) Pgc-1α, (F) Pparα, (G) Sirt1 and Sirt3, (H) Glut2 and Glut4, (I) Pdk4, (J) Fgf21 and (K) Ucp1 and Ucp3. Fitted 
lines show significant cosine regressions (see methods). ~= effect of Time (p < 0.05).

2.11. Metabolic Genes in BAT
Cosinor analysis showed loss of rhythmicity for lipid metabolizing genes such as Pgc-1α, 
Lpl and Srebp1c during 6-meals-a-day feeding, while other genes like Ucp1, Glut4, Pparα, 
Hsl1 were not rhythmically expressed in either of the two feeding conditions (Figure 6, Table 
3). Interestingly, Pdk4, Fas and Fgf21 gained rhythmicity in the 6-meals-a-day fed group as 
compared to the ad libitum group. Two-way ANOVA found no effect of Time in most of the 
tested metabolic genes, except for Lpl, Pdk4, Ucp1, Sirt3, Fas, and Fgf21. No significant 
effect of Feeding and Interaction was found for any of the tested metabolic genes in BAT 
(Table 1). Out of the 136 possible combinations between the 17 clock and metabolic genes 
tested, 14 significant correlations in gene expression profile were found (Table S5), with 2 
correlations between clock genes, 6 correlations between metabolic genes and correlations 
between a clock and a metabolic gene. In the 6-meal group, only 2 of these correlations
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were maintained, while 12 correlations were lost. Intriguingly, a significant correlation between 
Pparα and Per2 was maintained, but for the 6-meal group, a negative correlation between these 
genes was found, in contrast to the positive correlation found in the ad libitum group.

2.12. Metabolic Genes in Liver
Cosinor analysis of the metabolic genes tested in the liver showed that upon 6-meals-a-day 
feeding Glut2 and Fas remained rhythmic. A large phase shift was observed in Fas expression 
upon 6-meal feeding (8.4 h; p = 0.001). Pdk4 and Fgf21 lost rhythmicity, but Lpl and Srebp1c 
gained rhythmicity. The other metabolic genes tested (Pparα, Pgc-1α, Hsl and Sirt1) were 
not rhythmic in either condition (Figure 6, Table 4). Two-way ANOVA analysis showed a 
significant effect of Time for Glut2, Pdk4, Lpl, Fas, and Fgf21. No significant effects of Feeding 
were found; however, there was a significant Interaction effect for Fas (Table 1). Out of the 
121 possible combinations between the 16 clock and metabolic genes tested, 25 significant 
correlations in gene expression profile were found (Table S5), with 2 correlations between 
clock genes, 8 correlations between metabolic genes and 15 correlations between a clock and 
a metabolic gene. In the 6-meal group only 2 of these correlations were maintained, while 23 
correlations were lost.

3. Discussion

Many studies have investigated the effects of time restricted feeding (TRF) on energy 
metabolism by focusing on (clock) gene expression in liver, skeletal muscle, BAT and WAT 
[31,32,35]. Since in these studies clock gene expression profiles were strongly affected by TRF, 
it was not possible to determine whether the changes in the expression profiles of metabolic 
genes were driven by the altered rhythms in feeding behavior itself or the altered rhythms 
in clock gene expression. Additionally, in these studies the animals were fasted for 10–14 
h a day, which might also affect metabolism independently of the altered rhythm in feeding 
behavior. Moreover, disturbed feeding rhythms in humans, including those of shift workers, 
usually are not characterized by a complete shift of the feeding rhythm, but instead by a more 
widespread distribution of several smaller “meals” throughout the 24-h day [36,37]. Here we 
report for the first time on the disruptive effects of an equidistant 6-meals-a-day feeding pattern 
in rats on SCN, muscle and BAT gene expression rhythms, energy expenditure and RER, as 
well as confirming our previous findings on body temperature and locomotor activity [38]. 
This ultradian feeding pattern mainly affected daily rhythms in RER and lipid metabolism, 
while daily rhythms in clock gene expression, locomotor activity, energy expenditure and body 
temperature remained relatively intact.
 Abolishing the daily feeding-fasting cycle with an ultradian 6-meals-a-day feeding 
schedule (1 meal every 4 h) without caloric restriction did not affect the SCN clock, and only 
slightly affected peripheral clock gene expression rhythms in liver, BAT and SM with small 
changes in acrophase, mesor and amplitude levels for some clock genes in a tissue- and gene-
dependent manner. On a whole-body level, minor changes in the daily rhythms in locomotor 
activity and energy expenditure were found, but the daily rhythm in RER was severely disturbed 
in the animals on the 6-meals-a-day feeding schedule. In agreement with the disturbed daily 
RER pattern, eating according to the 6-meals-a-day schedule especially affected expression 
profiles of genes involved in lipid metabolism in liver, BAT and SM. Hence, in rats, 6-meals-a-
day feeding without caloric restriction does not severely impact the molecular clock, but does 
induce phase changes in the daily rhythmicity of the respiratory quotient, i.e., affect metabolic 
flexibility.
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3.1. Ultradian Rhythms in Feeding Behavior Affect Whole Body Metabolism
To successfully eliminate the daily rhythm in feeding behavior we reduced the time of food 
access, rats could eat ~1.3 h each day evenly spread across the 24-h period. An important issue 
that arises with this experimental design, especially when investigating metabolism, is that the 
experimental group eats less and potentially becomes hypocaloric (i.e., losing or not gaining 
body weight). Importantly, although in our experiments the animals on the 6-meal regimen 
ate less compared to the ad libitum condition, they were not under hypocaloric conditions, as 
they continuously gained weight throughout the experiment. Nevertheless, at the end of the 
experiment, body weight was slightly lower when compared to ad libitum conditions. This is 
similar to what was observed in previous studies using the 6-meals-a-day feeding schedule in 
rats [33,34,39,40]. In contrast, in mice, most of the animals lost weight during such an ultradian 
6-meals-a-day feeding regimen [41]. Additionally, in rats, when meal time was reduced to 6 × 8 
min, they also became hypocaloric, lost body weight and showed a reduced body temperature 
[39].
 During the 6-meals-a-day feeding regimen, the animals largely maintained the day-
night rhythm in locomotor activity that is often lost or even inverted to the inactive phase 
during light phase TRF [27,28]. Despite a small shift in acrophase, the 6-meals rats maintained 
the normal day-night pattern of locomotor activity even when they are forced to eat during 
their resting phase, which is consistent with previous reports of 6-meals-a-day feeding in rats. 
Rats in the present 6-meals-a-day feeding study did not show any anticipatory activity prior 
to meal access, but a sudden rise in activity was observed during each meal access, especially 
during the light period. It is known that the SCN controls the daily rhythm in locomotor 
activity. Since there was no effect of the 6-meals-a-day feeding schedule on the SCN clock, 
it is not surprising that the animals maintained their regular day-night pattern of locomotor 
activity and body temperature. On the other hand, when ultradian feeding is combined with 
caloric restriction, it does affect the SCN clock. For example, alterations in the SCN clock 
together with changes in locomotor activity and body temperature were found in both rats 
[39] and mice [41] subjected to a hypocaloric diet with ultradian 6-meals-a-day feeding. The 
daily RER pattern in the 6-meals-a-day feeding rats did not show the alterations previously 
observed during daytime TRF [28,32]. In both conditions, the daily RER rhythm showed a 
profound shift, but in the daytime TRF condition, its amplitude was enhanced, whereas in the 
6-meals-a-day feeding condition, if anything, its amplitude was reduced, although this was not 
significant. This indicates that the length of the daily fasting period is an important determinant 
of the amplitude of the daily RER rhythm. With TRF the length of the daily fasting period is 
increased, resulting in more lipid oxidation and a lower RER at the end of the fasting period. 
On the other hand, with the 6-meals-a-day feeding schedule the maximal fasting period is 
reduced to 4 h. Surprisingly, despite the very regular feeding period with equal meals and 
fasting periods, RER still showed a significant daily rhythm, although less regular than in ad 
libitum conditions. Even more surprising, maybe, its acrophase showed a 10-h phase advance, 
with highest RER values found when they are low in ad libitum conditions and lowest values 
when they are highest during ad libitum conditions. These data show that metabolic rhythms 
and metabolic flexibility may be severely disturbed, even though the circadian system itself is 
hardly affected.
 Energy expenditure in 6-meals-a-day feeding rats showed a sudden rise during each 
meal access, especially during the light period. This rise in energy expenditure during each 
meal may be due to meal induced thermogenesis, but it is also strongly correlated with the 
rise in locomotor activity during each meal access. These rises in activity were most obvious 
during the light period, i.e., the normal sleep period. Inherently, this paradigm could also
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potentially alter the sleep/wake cycles of the animals, but this remains to be tested.

3.2. Ultradian Rhythms in Feeding Behavior Do Not Affect the Central SCN Clock
The SCN clock synchronizes the other brain and peripheral clocks. Time-restricted feeding 
entrains the peripheral clocks, but not the SCN clock. Intriguingly, restricted feeding coupled 
to caloric restriction does shift main circadian clock output measures (i.e., wheel-running 
activity and body temperature) in rats and shifts the SCN clock in mice [39,41,42], and 
so does ultradian feeding coupled with caloric restriction [39,41]. Here, 6-meal feeding in 
rats did not affect the SCN clock at either the transcriptional or translational level and these 
findings are consistent with previous behavioral data in non-hypocaloric 6-meal fed rats [39] 
and other (time-restricted) feeding paradigms [26]. Together, these data make a strong case 
that the central SCN clock is affected more by the caloric content than the timing of feeding.

3.3. Ultradian Feeding Behavior Does Not Dictate the Peripheral Clocks
Peripheral clocks were affected by the 6-meals-a-day feeding paradigm in a tissue-dependent
as well as a clock gene dependent manner. For example, rhythmic expression of Per1 in 
SM and Cry2 in liver was lost under the 6-meals-a-day regimen, while Dbp in BAT (Figure 
3) and Dbp and Rev-erbα in eWAT [34] showed a strong reduction in the amplitude of its 
rhythmic expression. However, most clock genes in liver, SM, BAT and eWAT remained 
rhythmic under the 6-meals-a-day feeding regimen, clearly indicating that the daily feeding-
fasting rhythm is not the only regulator of peripheral clock gene expression. It is likely that 
the central pacemaker in the SCN, which was found not to be affected by the 6-meals-a-day 
regimen (Figure 2), also plays a role in the persisting rhythms of these peripheral clocks. Most 
of the clock genes tested in peripheral tissues, except for Dbp (muscle), Bmal1 (BAT) and 
Rev-erbα (liver), showed no phase changes which is consistent with the previously reported 
effect of 6-meals-a-day feeding on the liver [43,44] and eWat [34]. This implies that without 
a clear day/night difference in food intake, the phase of peripheral clock gene expression is 
not necessarily affected. In contrast, it has been shown recently that changes in photoperiodic
conditions do affect the phase of clock gene expression in the liver when combined with 
6-meals-a-day feeding [45]. As rhythms in feeding behavior do not seem to be the only factor 
dictating daily rhythms in peripheral clock gene expression, clearly other factors such as 
body temperature, locomotor activity and hormones such as corticosterone and melatonin, 
which were still found to be rhythmic under the 6-meals-a-day regimen, likely also play a 
role. Another important difference between TRF experiments and 6-meals-a-day feeding is 
that during the 6-meals-a-day regimen food deprivation never lasts longer than 4 h, while in 
TRF studies food access usually is limited to 10–12 h during the light phase, resulting in a 
daily 12–14 h fasting period.

3.4. Ultradian Feeding Behavior Differentially Affects Metabolic Gene Expression

3.4.1. Soleus Muscle
Under the 6-meals-a-day feeding regimen Srebp1c lost its rhythmic expression, while Pgc1α 
gained rhythmicity upon 6-meals-a-day feeding. Several metabolic genes also showed a 
trend for changes on average expression levels as a result of the 6-meal feeding regimen 
(Glut4, Lpl and Sirt3) or showed a significant phase shift of their acrophase (Pdk4 and Ucp3). 
This effect of 6-meals-a-day feeding on genes involved in lipid metabolism is in line with 
our previous observation of increased plasma leptin levels [46]. Finally, the 6-meal feeding
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regimen appears to affect gene expression profiles in SM less as compared to TRF to the 
light phase, especially concerning the clock genes [28]. Another interesting notion is that the 
expression of Sirt3 remained unchanged in muscle, indicating that the 6-meals-a-day feeding 
schedule did not make the rats calorically restricted.

3.4.2. BAT
Clock gene expression profiles in BAT and the daily rhythm in RER closely followed the 
rhythm in feeding behavior during TRF [28], but not with the 6-meals-a-day feeding regimen. 
Contrasting, several metabolic genes in BAT either lost or gained rhythmicity or had their 
expression levels altered with 6-meal feeding, including Pdk4, Lpl and Srebp1c, suggesting 
that glucose and lipid metabolism in BAT is also modulated by 6-meals-a-day feeding 
schedule. The loss of rhythmicity of Srebp1c, Pgc-1α, and Lpl and gain of rhythmicity of 
Pdk4, Fgf21, and Fas in BAT during 6-meals-a-day feeding is probably necessary to conserve 
glucose and lipid metabolism during the active and inactive phase, respectively. Accordingly, 
when abolishing the day/night rhythm in feeding behavior no L/D difference was observed in 
RER, although there was a large phase advance resulting in lower RER during the dark phase, 
suggesting an enhanced utilization of lipids during the dark phase during which the 6-meals-
a-day animals were eating less food as compared to the ad libitum fed group. As expected, 
a peak in RER occurred almost immediately after each feeding session in the 6-meals-a-day 
experiment, regardless of the time of day (Figure 2a). Similar to skeletal muscle, also in BAT, 
Sirt3 did not show any change in level of expression confirming that during 6-meals-a-day 
feeding animals were not caloric restricted. Fgf21 is upregulated upon prolonged fasting 
and stimulates glucose uptake in adipocytes [47–49]. Interestingly, average Fgf21 and Pdk4 
expression levels remained unchanged during the 6-meals-a-day feeding regimen, but gained 
rhythmicity. This could suggest that the fasting period is not long enough to induce Fgf21 
expression, but still played a role in disturbed glucose uptake as is observed with the gain of 
rhythmicity of Pdk4 after 6-meals-a-day feeding regimen. Taken together, our 6-meals-a-day 
data show that in BAT metabolic gene expression is, at least in part, regulated by feeding 
behavior. On the other hand, clock gene expression in BAT may be more affected by daily 
food access or fasting period, which is prolonged and more profound in the traditional TRF 
experiments, but reduced to less than 4 h during our 6-meals-a-day feeding regimen.

3.4.3. Liver
In the liver, several, but not all, of the metabolic genes were affected by the 6-meals-a-day 
feeding regimen, but often with opposite effects compared to muscle and BAT. For instance, 
Srebp1c and Lpl gained rhythmicity with the 6-meals-a-day feeding regimen. Contrasting 
Pdk4 and Fgf21 lost rhythmicity after 6-meals-a-day feeding, and in these genes, the mean 
expression levels remained unchanged, suggesting that 4-h fasting is not long enough to 
activate the expression of Fgf21 and other metabolic genes in the liver (Pparα, Pgc1α, Hsl, 
and Glut2) that have been found to be activated by prolonged fasting [50,51]. Interestingly, 
also in the liver, similar to in muscle and BAT, expression of Sirt1 remained unaffected with 
6-meals-a-day feeding, indicating again that in the present 6-meal feeding paradigm, the 
rats were not calorically restricted. Another interesting observation is that Fas expression 
was completely altered during 6-meal feeding. The different effects on metabolic gene 
expression in liver when compared to muscle and BAT once more confirms the differential 
effects of feeding behavior on peripheral metabolically active tissues. Adding to this are the 
results from the correlation analyses (Table S5), where in the liver 14 out of 15 significant
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correlations were lost, while for muscle only 4 out of 9 correlations between a clock and a 
metabolic gene were lost. Although these are correlations only, these results seem to indicate 
that gene expression in muscle is less affected by the change in feeding pattern, as compared 
to BAT and liver.
 In all three tissue types investigated here, an apparent gain of rhythmicity was 
found for one or more metabolic genes in the 6-meal group. Although this might seem 
counter-intuitive, as the rhythm in feeding behavior was abolished, there are several possible 
explanations for these findings. The natural fasting period of ad libitum fed animals during 
the daytime might disturb the rhythmic expression of these metabolic genes. Elimination 
of this fasting period through the 6-meal paradigm potentially unmasks this disturbance. 
In line with this, eliminating the rhythm in feeding behavior only marginally affected the 
peripheral clocks but did lead to altered expression of metabolic genes. It thus might be 
possible that the feeding behavior (specifically the daytime fasting period) itself suppressed 
the rhythmic control of the peripheral clock on these peripheral metabolic genes. This would 
thus imply that some metabolic genes are mainly regulated by the feeding behavior while 
other metabolic genes are controlled by the combination of the peripheral clock and feeding/
fasting behavior. In line with this is a study with clockless (Cry1/2 KO) mice, showing 
that for hundreds of metabolic genes in the liver, rhythmic expression could be restored 
by enforcing TRF [52]. However, a large number of transcripts could not be restored to the 
same levels and amplitude as those seen in the presence of a functioning circadian oscillator, 
indicating that feeding behavior and circadian clocks both are necessary to drive rhythmic 
expression of these peripheral metabolic genes. Finally, the group sizes and the specific ZTs 
here chosen might lead to insufficient statistical power to detect a significant rhythm in the 
ad libitum group while for the 6-meal group this rhythm is found, for example, through small 
shifts in the expression profile or a slightly altered amplitude a gene could be detected to be 
rhythmically expressed in the 6M group, but not in the ad libitum group.
 Lastly,we do not believe that the duration of our intervention is too short to notice 
more substantial changes in gene expression profiles and metabolic phenotype. Our study 
protocol lasted for 6 weeks, and therefore exceeds the duration of most TRF protocols, which 
generally last between 1 and 4 weeks.

3.5. Clinical Relevance of Ultradian and Other TRF Interventions
An increasing amount of evidence suggests that not only diet composition, but also the 
timing of food intake can both improve or deteriorate energy homeostasis. Recently, several 
studies in humans have tried to identify potential mechanisms that can explain these links 
between rhythmic aspects of (feeding) behavior and metabolic diseases, such as obesity and 
T2DM. One such study found a positive correlation between the fragmentation of daytime 
activity rhythms and occurrence of obesity and central adiposity in European adolescents 
[53]. Similar results were found in Spanish obese adult women [54] and Dutch middle-aged 
and elderly persons [55]. It was hypothesized that this fragmentation of activity was due to 
circadian disruption, since daily patterns of melatonin, a main output of the SCN, showed a 
decreased amplitude related to an increase in rhythm fragmentation [54]. When abolishing 
the feeding-fasting rhythm with our 6-meals-a-day paradigm, the day-night difference 
in RER was less pronounced in the 6-meals-a-day group. On the other hand, during TRF 
the amplitude of the daily RER rhythm was enhanced [27,28]. It is, therefore, tempting to 
speculate that the beneficial effects that are seen during TRF to the active phase result from 
a clearer distinction between the rest and active phase for physiological parameters such as
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feeding behavior, energy metabolism and locomotor activity and that this beneficial effect 
of TRF could also protect against the consequences of an “unhealthy” hypercaloric diet.
 In a different experimental design, mice had access to food twice a day—at the 
beginning and end of the active period—and several measures of metabolic health were 
studied [56]. Importantly, in this study, mice in the experimental group consumed equal 
amounts of food as the ad libitum control group. Mice that consumed isocaloric meals twice a 
day had lower lipid levels, suppressed gluconeogenesis, increased leptin sensitivity, increased 
muscle mass and decreased adiposity, all suggesting that consuming multiple distinct meals 
with an equal interval of intermeal fasting, without caloric restriction, can prevent metabolic 
disorders such as T2DM and obesity. Another possible explanation for these findings is the 
clear fasting period in the experimental group. Several studies show beneficial effects of 
(prolonged) fasting on metabolism and health in both humans and rodents (reviewed in [57]). 
One such study asked overweight, healthy individuals with erratic eating patterns (spread 
throughout the day and night) to limit their food intake during a 10–12 h period for 16 weeks 
without reducing caloric intake [37]. After the 16-week intervention period, subjects had 
reduced body weight, as well as self-reported improved sleep and an improved sense of being 
energetic. In the same line, mice fed a high-fat diet that were TRF to 8 h during the dark phase 
(i.e., their usual active period) were protected against obesity, hyperinsulinemia, hepatic 
steatosis and inflammation as compared to ad libitum fed mice that consumed equivalent 
calories from this high-fat diet [31]. Contrasting, mice fed during the entire 12 h light period 
showed unfavorable changes in glucose metabolism which can eventually lead to metabolic 
pathologies [58,59]. However, one study in mice found that when feeding was restricted to 
4 h in the light (inactive) phase, this also led to reduced body weight and altered metabolism 
(lower epididymal fat) when compared to ad libitum feeding conditions, similar to studies 
where food access was restricted to the dark phase [60]. Additionally, cholesterol, HDL, 
triglyceride, insulin, corticosterone and leptin levels were lower, adiponectin and ghrelin 
levels were higher and energy markers pAMPK and Sirt1 levels were higher. This would 
imply that longer daily fasting periods positively affect metabolism regardless of the time 
of day. Importantly, it should be stressed that in this particular study, the fasted group was 
compared to ad libitum feeding only, and not to a group that was fasted during the dark phase. 
Furthermore, several studies that compare TRF in both active and inactive phase confirm that 
the circadian time of food intake has major impact on metabolism, as well as body weight 
regulation, in addition to the TRF itself [61]. Recently a slightly different TRF experimental 
design has gained attention: intermittent fasting, during which persons limit their food intake 
to a short period during the daytime every other day [62–65]. Another recent study compared 
eating a conventional 3 meals a day versus 2 meals a day, where either breakfast or dinner
was skipped entirely [66]. Even though these 3 different conditions were isocaloric, when 
a meal was skipped, the 24-h energy expenditure and free fatty acid levels were higher 
compared to 3 meals a day. In respect to these fasting studies, the 6-meals-a-day feeding 
protocol has exactly the opposite effect, i.e., it reduces the fasting period to a maximum of 
4 h and the animals are continuously in a post-prandial state. Also, human studies that use 
a higher meal frequency (a conventional 3 versus 6 or even 14 meals during daytime while 
still allowing one longer fasting period during sleep) showed higher ghrelin levels, as well 
as increased hunger ratings, hinting that more frequent meals can have a disadvantageous 
effects on human health [67,68]. Thus, our experimental design not only serves as a valuable 
tool to study the effects of rhythms in feeding behavior independently of profound changes
in the peripheral clocks, but also to study the effects of an absence of a distinct fasting period.
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4. Materials and Methods

4.1. Animal Experiments
Sixty-four male Wistar WU rats, 7 weeks of age upon arrival at the institute (Charles River
Breeding Laboratories, Sulzfeld, Germany), were used for the experiments. During the 
experiment, all animals were housed individually in a controlled climate environment of 
21◦C and under 12:12 light:dark conditions for the entire experiment, with Zeitgeber time 
(ZT) 0 being the time of lights on and ZT12 being the time of lights off. All animals had ad 
libitum access to tap water. Animals only received chow food (Teklad Global Diet, Envigo, 
Horst, The Netherlands). Animals were habituated to the 6-meals-a-day feeding regimen by 
having access to their food bin 6 times a day, temporally spaced equally over the 24 h light/
dark (L/D)-cycle once every 4 h. In this way there were three feeding opportunities (i.e., 
meals) during the light period at ZT2, ZT6 and ZT10, each meal consisting of 12 min of 
food access and three feeding opportunities during the dark period at ZT14, ZT18, and ZT22 
each consisting of 11 min of food access, as the animals eat at a slightly higher pace during 
the dark period. All rats learned within two weeks to eat equal amounts of food in the light 
and dark period under this feeding regimen. Animals in the control group under ad libitum 
conditions had free access to food 24 h/day. After 4 weeks, a subset of animals from both the 
6-meal schedule (n = 15) and the ad libitum group (n = 16) were placed in metabolic cages 
for 4 days in order to measure physiological and metabolic parameters, while remaining on 
their assigned feeding conditions. After 6 weeks, the rats were sacrificed at ZT2, ZT8, ZT14 
or ZT20 and Soleus muscle, liver and BAT tissues were carefully collected, snap frozen in 
liquid nitrogen and stored at −80◦C until RNA isolation was performed. Brain tissue was 
collected from two independent experiments with identical experimental procedures. In this 
way, we could store brain tissue both freshly frozen for use with in situ hybridization as well 
as store brain tissue post-fixed with 4% paraformaldehyde for immunohistochemistry (IHC). 
Liver tissue and frozen brain tissue came from one set of animals (n = 33), Soleus muscle, 
BAT, PFA fixed brain tissue and metabolic measurements came from the other set of animals 
(n = 31). All experimental procedures were approved by the Animal Ethics Committee of the 
Royal Dutch Academy of Arts and Sciences (KNAW, Amsterdam, The Netherlands) on 23 
September 2010 (Ethic Code: NIN2010.44) and in accordance with the guidelines on animal 
experimentation of the Netherlands Institute for Neuroscience.

4.2. Activity and Respirometry
Metabolic PhenoCages (TSE systems) were used to measure several metabolic parameters, 
while animals remained on their ad libitum or 6-meals-a-day feeding schedule conditions. 
After a day of acclimatization to this new environment, the parameters for food intake, 
locomotor activity, respiratory exchange ratio (RER) and energy expenditure were measured 
for three consecutive days (72 h).

4.3. Body Temperature
In a subset of animals from both groups, a temperature logger (DST nano-T, STAR ODDI) 
was placed subcutaneously during a short isoflurane anesthesia (Veterinary Technics, 
Ijmuiden, he Netherlands) at the lumbar back region in order to prevent interference of the 
signal with BAT activity. After a recovery period of 9 days body temperature was measured 
every 15 min for three consecutive days.
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4.4. RNA Isolation
Soleus muscle tissue was mechanically homogenized while kept on dry ice. The BAT tissue 
and liver were crushed in Trizol by using a homogenizer machine. For all the tissues, RNA 
isolation was done using the NucleoSpin RNA isolation kit (Macherey-Nagel, Oensingen, 
Switzerland). For muscle RNA isolation, three additional washing steps with 75% ethanol 
were performed. RNA was eluted from the spin column using 40 μL of H2O and RNA 
concentration and quality of the RNA were determined using a DS-11 (DeNovix, Wilmington, 
DE, USA) spectrophotometer and a nanochip using Agilent 2100 Bioanalyzer (Agilent 
Technologies, Santa Clara, CA, USA), respectively. Although RNA integrity number (RIN) 
values above 5 were considered acceptable, all samples had a RIN above 8.

4.5. Muscle, BAT and Liver cDNA Synthesis
Two hundred ng from both muscle and liver, 350 ng from BAT of isolated RNA were used
as input template for cDNA synthesis. The Transcriptor First Strand cDNA synthesis kit 
(Roche, Indianapolis, IN, USA) was used with oligo-dT primers (30 min at 55◦C, 5 min 
at 85◦C and an additional sample without reverse transcriptase (-RT) was used as negative 
control to check for genomic DNA contamination during the RT-qPCRs. RT-PCRs were run 
using an UNO-Thermoblock (Biometra, Jena, Germany).

4.6. RT-qPCR
One to nineteen (1:19) diluted cDNA was used for all qPCRs to detect muscle, BAT and liver 
gene expression profiles. Expression levels of all genes were standardized by dividing over 
the geometric mean of two or three housekeeping genes: TBP, GAPDH and Cyclophilin for 
muscle; TBP, HPRT1 and GAPDH for BAT and HPRT and GAPDH for liver. RT-qPCR was 
performed using a LightCycler 480 (Roche). Different housekeeping genes were used for 
the different tissues as feeding rhythms are known to affect commonly used housekeeping 
genes in a tissue-dependent manner and thus need to be tested for each different tissue to 
determine their suitability [69]. Expression levels were calculated using dedicated software 
for linear regression of qPCR data (LinRegPCR). All used primers are listed in Table S1. 
Melting curves of the RT-qPCR and fragment length of the DNA amplicons were inspected 
as a means of quality control.

4.7. In Situ Hybridization
After decapitation, fresh brains were stored in −80◦C before cryo-sectioning was performed. 
The transverse sections (20 μm) covering the rostro-caudal axis to the SCN were cut and 
collected on frosted glass slides in series of 6 sections. Slides were stored at −20◦C until 
experiments were performed. Antisense and sense RNA probes were generated with an in 
vitro transcription kit (Maxiscript, Ambion, Austin, TX, USA). Here we used riboprobes of 
rPer1, rPer2 (plasmids kindly provided by Dr H. Okamura, University of Kyoto, Kyoto, Japan) 
and rAvp [70]. Hybridization was performed following the protocol described previously 
[71]. Slides along with a radioactive standard were exposed for 3 days for Avp and 5 days 
for Per1 and Per2 to an autographic film (Biomax MR Kodak). Standards were included 
in each cassette to verify that the measured values of optical densities were in the linear 
response range of the film. Densitometric analysis of hybridization signals was measured 
using Image J. The optical density of a specific signal was calculated by subtracting the 
intensity of staining background area measured in an area above the SCN. Measures were 
taken from  the bilateral SCN on five consecutive slices and averaged for the given brain and 
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particular ZT for both feeding conditions. Data were expressed as relative optical density 
values.

4.8. Immunohistochemistry
After decapitation, brains were dissected and post fixed in 4% paraformaldehyde for 24 h in
a 4◦C cold room. Following the 24 h post fixation the brain tissue was transferred again to 
fresh 4% paraformaldehyde for the next 48 h followed by cryoprotection in 30% sucrose 
solution in a 4◦C cold room until sectioning was performed. Five series of 30 μm coronal SCN 
sections were prepared on a cryostat and collected in the cryoprotectant and washed with 1× 
Tris Buffer Saline pH 7.6 (0.1 M TBS). Subsequently, sections were incubated in 3% H2O2 
in TBS (30 min) to suppress endogenous peroxidase activity, thereby reducing background 
staining. Again, brain sections were rinsed in TBS. Brain sections were then transferred in 
a solution containing 10% normal serum goat according to the host species of the primary 
antibody) and Triton X-100 (0.1%) in TBS for 2 h, followed by incubation in the primary 
antibody (24 h at 4◦C). We used rabbit polyclonal anti arginine-vasopressin (AVP) (1:8000, 
Truus, a gift from Dr. Ruud Buijs, Netherlands Institute for Brain Research, Amsterdam, The 
Netherlands). The sections were washed in TBS, then incubated (2 h at 4◦C) with biotinylated 
goat anti-rabbit IgG (1:500, PK6101; Vectastain Standard Elite ABC Kit Vector Laboratories, 
Inc., Burlingame, CA, USA) for AVP immunostaining. After this, sections were rinsed in TBS 
and incubated (2 h) in a solution containing avidin–biotin peroxidase complex (Vectastain 
Elite ABC kit; Vector Laboratories Inc.). Following incubation with ABC reagents, sections 
were rinsed 4 times in PBS, and incubated with H2O2 (0.015%, Sigma-Aldrich, St Louis, 
MO, USA) and 3,3 -diaminobenzidine tetrahydrochloride (0.5 mg/mL, Sigma-Aldrich) 
diluted in water. Thereafter, sections were rinsed with TBS, wet mounted on slides coated 
with gelatin, dehydrated through a series of alcohols, soaked in xylene, and cover slipped. 
Photomicrographs were taken on a Leica DMRB microscope (Leica Microsystems, Nanterre, 
France) with an Olympus DP50 digital camera (Olympus, Rungis, France). The number of 
immune-positive cells was counted on one medial section in both SCN’s and averaged.

4.9. Statistics
All data are presented as means ± SEM. Daily rhythmicity of gene and protein expression 
profiles were assessed using cosinor analysis determining mean, amplitude and acrophase of 
the considered measures with SigmaPlot 13 software (SPSS Inc, Chicago, IL, USA). Data 
were fitted to the following regression: y = A + B·cos(2π(x − C)/24), where A is the mean level, 
B the amplitude and C the acrophase of the rhythm, using SigmaPlot 13 software. Statistical 
analysis using t-tests and two-way analyses of variance (ANOVA) were performed on 
parameters obtained from cosinor analysis (i.e., A, B and C), and gene and protein expression 
profiles. Two-way ANOVAs (repeated measures) were performed to assess the effects on 
the physiological measures (food consumption, weekly body weight gain, RER, locomotor 
activity, energy expenditure and body temperature) using GraphPad Prism 7. Also (paired) 
t-tests to determine differences between the light and dark phase, as well as differences in 
24 h physiological measures between the ad libitum and 6M group were performed using 
GraphPad Prism 7. Finally, Pearson correlations coefficients between the different clock and 
metabolic genes of the peripheral tissues were also calculated using GraphPad Prism 7.
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5. Conclusions

Using our 6-meals-a-day feeding regimen to eliminate the daily rhythm in feeding behavior,
we observed that this ultradian feeding behavior has no effect on the SCN clock, and has 
limited effects on peripheral clock gene rhythms in liver, BAT and SM, as long as the 
animals do not become hypocaloric. These results indicate that other, environmental or 
endogenous cues clearly also are involved in the control of these peripheral rhythms. The 
lack of effect of the 6-meals-a-day feeding paradigm on the central pacemaker in the SCN 
confirms its rigidity to the synchronizing effects of light. However, this does not necessarily 
prevent misalignment between peripheral clocks and the central clock or between peripheral 
clocks themselves, because the changes in gene expression were often regulated in a tissue-
dependent manner. Finally, the observed changes concerned mainly genes involved in lipid 
metabolism in either liver or eWAT ([34,41], present study). Together, these results stress 
the importance of metabolic flexibility and multi-tissue investigations when studying the 
interrelation of biological rhythms and energy metabolism.
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Genes Forward primer Reverse primer

Housekeeping 

Cyclophillin ATGTGGTCTTTGGGAAGGTG GAAGGAATGGTTTGATGGGT

GAPDH TGAACGGGAAGCTCACTGG TCCACCACCCTGTTG CTGTA

HPRT1 GCAGTACAGCCCCAAAATGG AACAAAGTCTGGCCTGTATCCAA

TBP TTCGTGCCAGAAATGCTGAA TGCACACCATTTTCCCAGAAC

Clock

Bmal1 CCGATGACGAACTGAAACACCT TGCAGTGTCCGAGGAAGATAGC

Cry1 AAGTCATCGTGCGCATTTCA TCATCATGGTCGTCGGACAGA

Cry2 TGGATAAGCACTTGGAACGGAA TGTACAAGTCCCACAGGCGGTA

DBP CCTTTGAACCTGATCCGGCT TGCCTTCTTCATGATTGGCTG

Per1 CGCACTTCGGGAGCTCAAACTTC GTCCATGGCACAGGGCTCACC

Per2 CACCCTGAAAAGAAAGTGCGA CAACGCCAAGGAGCTCAAGT

Rev-erbα ACAGCTGACACCACCCAGATC CATGGGCATAGGTGAAGATTTCT

Metabolic

Fas CTTGGGTGCCGATTACAACC GCCCTCCCGTACACTCACTC

Glut2 GTCCAGAAAGCCCCAGATACC TGCCCCTTAGTCTTTTCAAGCT

Glut4 GGGCTGTGAGTGAGTGCTTTC CAGCGAGGCAAGGCTAGA

HSL CACACAGCATGGATTTACGCA ACCTGCAAAGACGTTGGACAG

LPL CAAAACAACCAGGCCTTCGA AGCAATTCCCCGATGTCCA

Pdk4 TGGTTTTGGTTACGGCTTGC TGCCAGTTTCTCCTTCGACA

Pgc1α TGCCATTGTTAAGACCGAG GGTCATTTGGTGACTCTGG

Pparα TCACACAATGCAATCCGTTT GGCCTTGACCTTGTTCATGT

Srebp1c ACAAGATTGTGGAGCTCAAGG TGCGCAAGACAGCAGATTTA

Ucp1 AATCAGCTTTGCTTCCCTCA GCTTTGTGCTTGCATTCTGA

Ucp3 GCACTGCAGCCTGTTTTGCTGA ATAGTCAGGATGGTACCGAGCA

Sirt1 TGTTTCCTGTGGGATACCTGA TGAAGAATGGTCTTGGGTCTTT

Sirt3 GACATACGGGCTGACGTGAT AGTCGGGGCACTGATTTCTG

Fgf21 ACCGCAGTCCAGAAAGTCTC GGCCTCAGACTGGTACACAT

Table S1 Primer list 
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Ad libitum SEM 6-meal SEM p value Shift 

Locomotor Activity a 379.7 37.9 358.6 8.9 =0.60

b 221.5 7.1 193.4 9.7 =0.02

c 19.3  (ZT) 0.2 17.3 (ZT) 0.4 <0.001 ~ 2h

Respiratory exchange 
ratio

a 0.95 0.003 0.93 0.01 =0.054

b 0.0214 0.001 0.0206 0.001 =0.73

c 19.9 (ZT) 0.1 10.1 (ZT) 0.8 <0.001 ~ 10h

Temperature a 36.8 0.1 36.25 0.07 =0.02

b 0.48 0.1 0.34 0.02 =0.46

c 17.8 (ZT) 0.3 17.4 (ZT) 0.5 =0.56

Heat production a 5.3 0.04 5.1 0.14 =0.16

b 1.1 0.05 0.6 0.01 <0.001

c 19.1 (ZT) 0.1 16.8 (ZT) 0.4 <0.001 ~2h

Tabel S2 t-test analysis for behavioral and physiological parameters

Genes  SCN Ad libitum 6-meal

p valueMean SEM Mean SEM

Avp a 42.03 3.85 42.79 2.94 =0.879

b -- -- 11.31 4.15

c -- -- 12.6 1.40

Per1 a 7.70 0.70 8.94 0.45 =0.15

b 4.12 0.99 4.74 0.70 =0.61

c 6.6 0.9 5.6 0.56 =0.35

Per2 a 7.82 0.72 7.94 0.65 =0.90

b 3.24 1.02 3.75 0.92 =0.70

c 10.4 1.2 10.7 0.93 =0.80

Protein SCN

AVP a 65.25 4.45 64.54 5.65 =0.92

b -- -- -- --

c -- -- -- --

Genes  SCN 2 Way ANOVA Table (p value)

Feeding Time Interaction

Avp =0.880 =0.069 =0.587

Per1 =0.164 <0.001 =0.767

Per2 =0.909 <0.001 =0.878

Protein SCN

AVP =0.791 <0.001 =0.876

Tabel S3 t-test analysis on significant cosinor parameters for the 
clock and clock-controlled genes and protein in SCN

Tabel S4 Two-way ANOVA analysis for gene expression in SCN
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Abstract
Many physiological processes are regulated with a 24-h periodicity to anticipate the 
environmental changes of daytime to nighttime and vice versa. These 24-h regulations, 
commonly termed circadian rhythms, among others control the sleep–wake cycle, locomotor 
activity and preparation for food availability during the active phase (daytime for humans and 
nighttime for nocturnal animals). Disturbing circadian rhythms at the organ or whole-body 
level by social jetlag or shift work, increases the risk to develop chronic metabolic diseases 
such as type 2 diabetes mellitus. The molecular basis of this risk is a topic of increasing interest. 
Mitochondria are essential organelles that produce the majority of energy in eukaryotes by 
converting lipids and carbohydrates into ATP through oxidative phosphorylation. To adapt to 
the ever-changing environment, mitochondria are highly dynamic in form and function and a 
loss of this flexibility is linked to metabolic diseases. Interestingly, recent studies have indicated 
that changes in mitochondrial morphology (i.e., fusion and fission) as well as generation of 
new mitochondria are dependent on a viable circadian clock. In addition, fission and fusion 
processes display diurnal changes that are aligned to the light/darkness cycle. Besides 
morphological changes, mitochondrial respiration also displays diurnal changes. Disturbing 
the molecular clock in animal models leads to abrogated mitochondrial rhythmicity and altered 
respiration. Moreover, mitochondrial-dependent production of reactive oxygen species, which 
plays a role in cellular signaling, has also been linked to the circadian clock. In this review, we 
will summarize recent advances in the study of circadian rhythms of mitochondria and how 
this is linked to the molecular circadian clock.

Keywords mitochondria, mitochondrial functioning, circadian clock, circadian   
  rhythm, respiration

Introduction

Due to the continuous rotation of the earth around its own axis and around the sun, the earthly 
environment exposes its inhabitants to predictable periodic changes, most notably daily 
changes in lightness–darkness and food availability and seasonal changes in photoperiod. 
In order to adapt and anticipate to the daily changes in the environment, most organisms 
have evolved an internal timing system, the so-called circadian clock system. Via this system, 
humans and other mammals for instance lower their heart rate and body temperature to 
prepare themselves for sleep. This biological clock system also enables the body to switch 
its main metabolic substrate from carbohydrates during the active phase (daytime in humans 
and nighttime in nocturnal animals) to lipids during the inactive phase (nighttime in humans,
daytime in nocturnal animals), to ensure adequate substrate usage by the main metabolic 
pathways that can provide cellular ATP.
 In mammals, the circadian timekeeping system consists of a central pacemaker in 
the brain located in the suprachiasmatic nuclei (SCN) in the anterior hypothalamus. This 
central pacemaker receives input from (day) light, which it uses to synchronize its circadian 
rhythm of approx. 24 h with the exact 24-h daily rhythm of the rotations of the earth around 
its axis. Subsequently, the central pacemaker in the SCN can synchronize the different 
peripheral tissue clocks in the body via various signaling cascades (Fig. 1). The peripheral 
tissue clocks additionally receive synchronizing inputs from several other cues, such as body 
temperature, locomotor activity, feeding behavior and the dietary composition of food. On a 
molecular level, both the central and peripheral clocks use a similar mechanism that consists 
of a transcriptional–translational feedback loop (TTFL). The core of this TTFL consists of a 
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negative and positive limb that ensures oscillation of the timing system, as well as several 
auxiliary mechanisms that allow for adjusting properties of the timing system, such as period 
length and flexibility or robustness of the clock mechanism (Fig. 1). The molecular circadian 
clock and its time keeping function are conserved in all tissues of the body, but cellular 
functions downstream of the molecular clock mechanism are tissue specific and only a 
small number of clock-controlled genes show rhythmicity in all tissue (Zhang et al. 2014a). 
Moreover, both the central and peripheral tissue clocks can be entrained to specific time cues 
(Zeitgebers) such as light for the SCN, feeding for the liver and physical activity for skeletal 
muscle.
 Mitochondria are often termed the cell’s powerhouses as these organelles are the 
main source of cellular ATP, which is produced during aerobic respiration. Within these 
cytosolic double-membrane organelles glucose, lipids, ketogenic and amino acid derivatives 
are metabolized in the tricarboxic acid cycle (TCA cycle) in order to generate H+ and 
electrons, which in turn are needed for the electron transfer chain (ETC) to produce ATP. 
ATP production during the aerobic ETC is highly efficient as compared to ATP production 
during anaerobic fermentation, gaining over tenfold higher yields (Hochachka 1993, Mitchell 
1996, Rich 2003). Other, lesser known, roles of mitochondria include cellular signaling, cell 
growth and proliferation as well as cell death. Mitochondria contain their own (circular) 
DNA, mitochondrial DNA (mtDNA), as well as transcription and translation machinery and 
therefore can replicate independent of normal cell division. This mitochondrial replication 
allows for the presence of many (up to several thousand) mitochondria per cell (Cummins 
2002, Cole 2016).
 Recently, interest in regulation of mitochondria by the circadian timekeeping 
system has gained interest as more and more evidence indicates that the biological clock also 
orchestrates the functioning of mitochondria. This review will provide an overview of the 
recent findings on how the circadian clock and mitochondrial functioning are interrelated and 
will focus on mitochondrial morphology and mitochondrial respiration.

Figure 1 The molecular circadian clock and tissue-specific clocks in the body. CLOCK and BMAL1 form a 
heterodimer that binds to E-box regulatory sequences PER/CRY and other genes. PER and CRY form a repressor 
complex, which inhibits CLOCK-BMAL1 when sufficient levels are reached. The second feedback loop involves 
nuclear orphan receptors, which bind to the retinoic acid-related orphan receptor response elements (ROREs) 
in CLOCK and BMAL1 regulatory sequences. Retinoid-related orphan receptor (ROR) activates transcription of 
CLOCK and BMAL1. The CLOCK-BMAL1 complex induces transcription of REVERBA and REVERBB (REV), 
which subsequently compete with ROR, in order to inhibit transcription of CLOCK and BMAL1. Circadian clocks 
exist in almost every cell and exhibit tissue-specific rhythmicity, orchestrated by the central circadian clock in the 
suprachiasmatic nucleus. Synchronization takes place via neural, hormonal and behavioral signals.
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Figure 2 Model for circadian regulation of mitochondrial 
homeostasis. To maintain healthy mitochondria, 
mitochondria are continuously formed and removed 
during the active phase. The CLOCK-BMAL1 complex 
stimulates mitochondrial biogenesis and mitophagy 
through activation of SIRT1. Mitochondrial biogenesis 
is regulated by transcription factor PGC1A. Newly 
formed mitochondria fuse to form a tubular network. 
Mitophagy is preceded by mitochondrial fission in 
order to form fragmented mitochondria which can be 
taken up by an autophagosome. Both fusion and fission 
are influenced by CLOCK-BMAL1. A number of 
regulatory proteins regulate fusion (OPA1, MFN1/2), 
fission (FIS1, DRP1) and mitophagy (PINK1, BNIP1, 
PARKIN) processes.

Mitochondrial morphology and functioning
The energy producing capacity of mitochondria 
is strongly related to their abundance 
and morphology. In fact, mitochondrial 
morphology, number and functioning are 
highly dynamic. On a tissue level, it is well 
established that mitochondrial content, in 
terms of mtDNA, mRNA, protein content 
as well as enzymatic activity and respiration 
rates can differ up to a 100-fold between tissue 
types and that mitochondrial content and 
functioning is also species dependent (Leary et 
al. 1998, Forner et al. 2006, Hulbert et al. 2006, 
Fernández-Vizarra et al. 2011). Strikingly, 
a small proportion of the mitochondrial 
proteome seems to be unique to individual 
tissue types such as liver, skeletal muscle and 
heart (Forner et al. 2006, 2009). Moreover, 
also the substrate preference of mitochondria 
can differ for tissue types, e.g. glycolytic type 
IIa muscle fibers preferably oxidize glycolytic 
substrates, whereas oxidative type II muscle 
fibers also more readily utilize fatty acids and 

ketones (Forner et al. 2006). On a cellular level, the number of mitochondria present in 
an individual cell is highly variable, likely reflecting the metabolic needs of the cell. In 
order to suffice these highly variable changes in supply and demand of energy, cells need 
an efficient machinery for both mitochondrial biogenesis as well as mitophagy, the process 
of mitochondrial breakdown. The balance between mitochondrial biogenesis and mitophagy 
determines the mitochondrial content of the cell. PGC1A and PGC1B are considered to be 
key proteins for mitochondrial biogenesis, key proteins for mitophagy are PINK1, PARKIN 
and BNIP3. 
 Aside from the overall number of mitochondria present in a cell, the size and shape 
of mitochondria also plays an important role in their energy production. Mitochondria can 
be present not only as small individual organelles (fissioned mitochondria), but also as 
extensive tubular networks resulting from the fusion of multiple mitochondria (Fig. 2). These 
elongated, fused, mitochondria display a higher mitochondrial respiration and can be found 
in energy-consuming cells as well as during energy-consuming processes. Key players for 
mitochondrial fusion are mitofusion (MFN) 1 and 2 and optic atrophy 1 (OPA1). Key players 
for mitochondrial fission are dynamin-related protein 1 (DRP1) and fission 1(FIS1) (Mitra 
2013). This interplay between mitochondrial fusion and fission is known as mitochondrial 
dynamics.

Biogenesis
Mitochondrial biogenesis is not simply the increase in number of mitochondria, but is 
often also accompanied by an increase in mitochondrial size and mass, i.e. changes in 
mitochondrial morphology (Jornayvaz & Shulman 2010). As the mtDNA only contains 37 
genes, mitochondrial biogenesis requires the correct synthesis and import of approximately 
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1000–1500 proteins encoded by nuclear DNA. Overexpression of transcription factor PGC1A 
provided the first evidence of its role in mitochondrial biogenesis. In muscle cells, overexpression 
of PGC1A stimulated mtDNA copy number as well as the proliferation of mitochondria (Wu 
et al. 1999). Later in vivo studies indicated that expressing PGC1A in glycolytic mice muscles 
activated genes of mitochondrial oxidative metabolism and that inducing PGC1A expression 
through muscle stimulation increased mitochondrial biogenesis (Lin et al. 2002, Irrcher et al. 
2003). PGC1α activity can be regulated through phosphorylation by AMPK and deacetylation 
by SIRT1 (Diaz & Moraes 2008). These posttranslational modifications of PGC1A likely 
provide a direct link between cellular nutrient status and mitochondrial biogenesis since both 
AMPK and SIRT1 can act as a nutrient sensors. Importantly, proteins of the PGC1 family are 
also involved in the regulation of metabolic processes such as gluconeogenesis, fatty acid 
beta-oxidation as well as oxidative phosphorylation (Lin et al. 2005).

Mitophagy
Mitophagy is the regulated removal of damaged mitochondria by autophagosomes. Through 
mitophagy, cells keep a healthy pool of mitochondria, and also can adapt to the ever-changing 
metabolic demand of the cells. Additionally, mitophagy can provide the cell with nutrients 
from the phagocytized mitochondria during nutrient deprivation. Furthermore, mitophagy has 
been suggested to play a role in cell differentiation and maturation as well as pathogenesis 
(Youle & Narendra 2011, Ding & Yin 2012, Saito & Sadoshima 2015). Key proteins involved 
in mammalian mitophagy are PINK1, PARKIN and BNIP3. Although mitophagy itself 
is difficult to measure, several proxy methods have been employed to quantify mitophagy 
including key protein analysis with immunoblots and fluorescence microscopy, as well as 
electron microscopy using immunogold antibodies (Ding & Yin 2012).

Mitochondrial dynamics
Mitochondrial morphology can drastically vary between cell types and tissues, and this is 
likely a response to metabolic cues from cells and their environment (Wai & Langer 2016). 
Through the process of fusion, mitochondria can form extensive networks, and conversely, 
through the process of fission, mitochondria can also show a strongly fragmented presence in 
a cell. It is thought that through fusion an exchange of material between healthy mitochondria 
is enabled while fission allows for separation of intact and damaged mitochondria (Ni 
et al. 2015). Both fission and fusion are strongly regulated by the cell, and disruption of 
mitochondrial dynamics is associated with aging and several diseases, including diabetes, and 
neurodegenerative diseases such as Huntington, Parkinson and Alzheimer’s disease (Chen & 
Chan 2009, Ni et al. 2015, Sebastián et al. 2017).

Circadian control of mitochondrial function

Biogenesis
Mitochondrial biogenesis is affected by many external and environmental factors, including 
exercise, caloric restriction, oxidative stress and cellular division, renewal and differentiation 
(Jornayvaz & Shulman 2010). Since the energy demand of cells fluctuates throughout the 
day, it is to be expected that mitochondrial abundance, morphology and/or functioning also 
fluctuates throughout the day. Indeed, more and more evidence indicates that mitochondria 
react to or maybe even anticipate the daily changes in nutrient availability that most organisms 
experience. Therefore, circadian control of these mitochondrial properties can be expected. 
Several studies investigated whether mitochondrial biogenesis, mitochondrial content,
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mitochondrial dynamics or mitochondrial functioning were regulated by the circadian 
clock (Table 1). Mitochondrial content, as measured by levels of mtDNA, protein content 
or mitochondrial mass was not found to be different throughout the day, neither in human 
skeletal muscle (van Moorsel et al. 2016) nor in synchronized immortalized human hepatic 
cells (Cela et al. 2016). In human muscle, the marker of mitochondrial biogenesis, PGC1A, 
was not found to be rhythmically expressed, but in synchronized immortalized human hepatic 
cells, mRNA levels of PGC1A were found to be rhythmic, with peak levels of expression 
proximal to peak levels of BMAL1 expression. Animal models also show different results 
on the regulation of mitochondrial biogenesis by the circadian timing system. In mice, liver 
protein levels of PGC1A and PGC1B were found to be oscillating with peak levels at the onset 
of the active phase and in the middle of the inactive phase, respectively (Liu et al. 2007). We 
found Pgc1a mRNA to be rhythmically expressed in rat muscle, brown adipose tissue (BAT) 
and liver. Pgc1b was found not to be rhythmically expressed in muscle or BAT (de Goede et 
al. 2017, Oosterman et al. in preparation). It should be noted, however, that indirect measures 
of mitochondrial abundance and biogenesis such as protein and mRNA expression of Pgc1a 
and the abundance of mtDNA do not necessarily translate into mitochondrial biogenesis 
itself. Less indirect evidence for circadian clock control of mitochondrial content comes from 
several KO models in rodents and cell lines. KO of Per2 in mouse embryonic fibroblasts did 
not lead to an altered number of mitochondria, as determined by fluorescent microscopy, 
nor to altered mtDNA copy numbers (Magnone et al. 2015). Global Bmal1 KO as well as 
ClockΔ19-mutant mice showed reduced contractile muscle force and profound reductions in 
muscle mitochondrial volume and respiratory function, which were associated with altered 
expression levels of Pgc1a and Pgc1b (Andrews et al. 2010). In isolated liver mitochondria
from global Per1/2 dKO mice, the daily fluctuations in ratelimiting mitochondrial enzymes 
such as CPT1 and PDH and proteins involved in oxidative phosphorylation were abolished. 
In addition, the daily average protein content of PDH was decreased, indicating that PER 
proteins are involved in the regulation of key mitochondrial protein synthesis and thus 
possibly in mitochondrial biogenesis itself. However, no differences in daily average mtDNA 
copy number were found compared to wild-type mice (Neufeld-Cohen et al. 2016). In a liver-
specific Bmal1 KO mouse model, the mitochondrial content in liver was also unaffected (Peek 
et al. 2013), as well as liver Pgc1a mRNA and protein content. Pgc1b in contrast showed 
impaired rhythmicity in mice liver upon global Clock mutation as well as reduced mRNA 
levels in hepatocytes from global Bmal1 KO mice (Zhang et al. 2014b, Gong et al. 2015). 
These differing findings between Pgc1a and Pgc1b seem to implicate that Pgc1b, but not 
Pgc1a levels are controlled by the positive limb of the circadian clock. Heart-specific Bmal1 
KO mice did not show altered mtDNA content in cardiac tissue, but microscopic assessment 
indicated a diminished number of mitochondria and altered morphology of these mitochondria 
(Kohsaka et al. 2014). Interestingly, cardiac Pgc1a levels were decreased in this KO model 
while mitochondrial protein content was also decreased. In a depletion model of Reverba, 
which is a negative mediator of the positive limb of the molecular circadian clock TTFL (Fig. 
1), mice myoblasts showed decreased mitochondrial DNA levels, which is indicative 2013). 
Moreover, PGC1A protein and mRNA expression were reduced both in cell cultures as well 
as in the soleus and quadriceps muscles of mice upon Reverba KO, whereas overexpression of 
Reverba in cell cultures increased Pgc1a mRNA expression. Taken together, these data indicate 
that Pgc1a and not Pgc1b is the main regulator of circadian rhythmicity of mitochondrial 
biogenesis as only impairment of Pgc1a leads to reduced mitochondrial abundance and 
differences in mitochondrial volume and protein content. Additionally, these data suggest that, 
with the exception of cardiac tissue, Pgc1a transcription is not affected by the positive limb of
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the TTFL, but disruption of the negative limb does decreases PGC1A protein expression and 
mitochondrial content. A possible connection between the TTFL and PGC1A are nutrient sensors 
such as AMPK and SIRT1, since it has been shown that REVERBA increased PGC1A activity 
through AMPK-dependent activation of Sirt1 (Woldt et al. 2013). Conversely, PGC1A has been 
shown to affect the functioning of the core clock machinery by increasing transcription of Bmal1 
and Clock via interactions with RORa and RORb (Liu et al. 2007). Moreover, depletion of PGC1A 
impaired circadian rhythms of activity, body temperature and metabolic rate in mice, indicating 
that Pgc1a affects not only the molecular clock, but also the behavioral rhythms ultimately.

Species KO tissue KO gene Main findings In tissue Ref.

Human NR mtDNA 
NR mt protein 
NR mt mass 
NR PGC1A 
~PINK1 and FIS1 
~OCR

Muscle van Moorsel et al. 
(2016)

Human 
(cells)

~PGC1A 
~Gluthathione

Hepatic (HepG2) Cela et al. (2016)

Mouse ~PGC1A 
~PGC1B

Liver Liu et al. (2007)

Rat ~Pgc1a 

NR Pgc1b

Muscle and BAT de Goede et al. 
(2017)

Rat ~Pgc1a Liver de Goede et al. 
(2017)

Mouse ~mt dynamics 
~mt membrane potential 
~Phagocytic/bactericidal activity

Macrophages Oliva-Ramírez et al. 
(2014)

Rat ~OCR Brain Simon et al. (2003)

Mouse ~Several ETC mRNAs SCN, but not liver Panda et al. (2002)

Mouse ~PRXIII Adrenal gland, BAT and heart Kil et al. (2015)

Mouse ~PRXI Liver Edgar et al. (2012)

Mouse Global Pgc1a KO NR TCA/ETC gene expression Liver and muscle Liu et al. (2007)

Mouse Global Per2 KO – mt abundance 
– mtDNA 
↑ resistance to ROS & UV 
cytotoxity 
↑ NADH/NAD+

Embryonic fibroblast Magnone et al. 
(2015)

Mouse Global Bmal1 KO 
and ΔClock

↓ muscle force, mt volume, OCR 
NR Pgc1a, Pgc1b

Muscle Andrews et al. 
(2010)

Mouse Global Per1/2 
dKO

NR mt rate-limiting proteins↓ 
OCR

Liver Neufeld-Cohen et 
al. (2016)

Mouse Global Bmal1 KO ↓ Pgc1b Primary mouse hepatocyte Zhang et al. (2014b)

Mouse Global ΔClock NR several mt genes 
– Pgc1 
aNR Pgc1b 
↓ and NR SIRT3 
NR OPA1 
NR mt oxidative stress markers 
NR SOD acetylation and activity

Liver Gong et al. (2015)

Table 1 Overview of findings on mitochondrial rhythms.
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Mouse Global ↓ mtDNA 
↓ mt abundance 
mt morphology altered 
↓ Pgc1a/PGC1A 
↓ ETC gene and protein ex-
pression 
↓ respiration

Muscle Woldt et al. (2013)

Mouse Global ΔClock ↓ ATP synthase complex proteins Muscle McCarthy et al. 
(2007)

Mouse Global Cry1/2 
dKO

↑ mt reserve capacity 
↑ exercise performance

Myotubes Jordan et al. (2017)

Mouse Global Bmal1 KO NR NADH levels Epidermal stem cells Stringari et al. 
(2015)

Mouse Global Bmal1 KO ↓ mt proton gradient 
↓ ATP/ADP

Pancreas (β-cells) Lee et al. (2011)

Mouse Liver Bmal1 KO – mtDNA 
– mt biogenesis enzymes 
↓ OCR 
↑ Atp5b

Liver Peek et al. (2013)

Mouse Liver Bmal1 KO NR mt Biogenesis mRNAs 
NR mt morphology 
↑ mt size/surface 
NR several fission/mitophagy 
mRNAs 
– Mfn1 Mfn2 Opa1 
↓ several fission/mitophagy 
proteins 
↑ MFN1 
↓ OCR 
↑ superoxide levels

Liver/hepatocyes Jacobi et al. (2015)

Mouse Liver 
(cells)

Cry1, 
Cry2, Per1 
or Per2 
siRNA

↑ OCR Hepa 1–6 cell line Jacobi et al. (2015)

Human 
(cells)

HEPG2 BMAL1 KO ↓ mt respiration Hepatic (HepG2) Scrima et al. (2016)

Mouse Muscle Bmal1 KO ↓ and NR PDH activity Muscle Dyar et al. (2014)

Mouse Cardiac Bmal1 KO ↓ mt protein 
↓ mt abundance 
– mtDNAmt morphology altered 
↓ ETC gene expression and 
activity 
↓ Pgc1a 
↓ Mfn1 and Opa1 
↓ NAD+ and NADH

Cardiac Kohsaka et al. 
(2014)

Mouse Cardio-
myocyte

ΔClock – mtDNA, mt number, mt 
density 
– mt morphology 
↓ OCR (subsarcolemmal 
fraction) 
– OCR (intra myofibrillar)

Heart (subsarcolemmal and 
intra myofibrillar)

Bray et al. (2008)

Mouse Pancreas 
(β-cell)

Bmal1 KO ↓ mt membrane potential 
gradient 
↓ ATP/ADP 
↑ ROS accumulation

Pancreas (β-cells) Lee et al. (2011)

For KO studies, findings are represented as differences compared to wt animals.
–, no changes; ˜, rhythmic (i.e. with at least 2 time points); ΔClock, ΔClock19 mice; dKO, double knockout; KO, 
knockout; mt, mitochondrial; NR, nonrhythmic or altered/dampened rhythms.

Table 1 Continued
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Mitophagy
Seemingly contradictory, Pgc1a levels fluctuated throughout the day, but mitochondrial mass 
or content was not found to be fluctuating throughout the day, but did seem to be affected 
by disturbing the molecular clock in most of the animal and human (cell) studies described 
earlier. In a different study in mice liver, mitochondrial biogenesis was found to be diurnally 
regulated in a Bmal1-dependent manner, as liver-specific Bmal1 KO eliminated the diurnal 
pattern of mitochondrial biogenesis (Jacobi et al. 2015). If mitochondrial biogenesis is indeed 
fluctuating while mitochondrial content does not change, as the previously mentioned indirect 
markers of biogenesis suggest, then the process of mitochondrial removal should act as a 
counter-mechanism to maintain mitochondrial homeostasis. Mitochondria are removed from 
the cytosol of the cell via mitochondrial-specific autophagy, called mitophagy. For autophagy, 
it has been shown that the number of autophagic vacuoles vary throughout the day in various 
tissue types (Pfeifer & Scheller 1975, Pfeifer 1981, Ma et al. 2012). Additionally, liver-
specific knockout of Bmal1 abolished diurnal regulation of Bnip3 and diminished the levels 
of autophagy markers as well as the flux in autophagy itself (Ma et al. 2011). However, time 
of day dependence of mitophagy, has been studied less. Mitophagy and the morphology of 
the mitochondria are inherently linked with each other as mitochondrial fission is required for 
mitophagy and apoptosis (Twig et al. 2008). Elongated and fused mitochondria are protected 
from mitophagy, possibly due to their extended size, often forming tubular networks that 
simply do not fit into the autophagosomes (Gomes et al. 2011, Rambold et al. 2011).

Mitochondrial dynamics
As mentioned before, key players for mitophagy are PINK1, PARKIN as well as mitochondrial 
autophagy receptors such as BNIP3; for mitochondrial fusion, the key proteins are considered 
to be MFN1 and MFN2 and OPA1, while key players for mitochondrial fission are DRP1 
and FIS1 (Gomes & Scorrano 2013, Mitra 2013). Mitophagy seems to have evolved as a key 
mechanism for keeping a healthy pool of mitochondria in the cell, eliminating excessive/
superfluous and damaged mitochondria (Gomes & Scorrano 2013). First evidence of timely 
regulation of fission, fusion and mitophagy came from BMAL1 ChIP-seq experiments 
showing that mediators of fission such as Fis1, as well as mitophagy regulators such as Pink1 
and Bnip3 were direct targets of BMAL1 and their expression levels were also found to be 
affected upon liver-specific Bmal1 KO (Rey et al. 2011, Koike et al. 2012, Jacobi et al. 2015). 
Fission-related protein DRP1 and regulators of fusion MFN1/2 and OPA1 were not found
to be direct targets of the hepatic molecular clock (Jacobi et al. 2015). In contrast, in cardiac 
tissue fusion-related Mfn1 and Opa1, mRNA expression was downregulated in heart-specific 
Bmal1 KO mice, suggesting that Bmal1 indirectly affects mitochondrial fusion in the heart
(Kohsaka et al. 2014). In human skeletal muscle and mice liver, PINK1 protein levels showed 
opposite acrophases as compared to FIS1, suggesting that these processes do not take place at 
the same time (Jacobi et al. 2015, van Moorsel et al. 2016). In human muscle, PINK1 protein
levels peaked in the middle of the active phase, while in mouse liver, PINK1 peaked at the end 
of the active phase. Confocal microscope morphology studies showed that in synchronized 
murine macrophages, the mitochondria follow a rhythmic pattern in their fission/fusion 
dynamics and that a more fused state correlated with an increased membrane potential of 
mitochondria as well as increased macrophage phagocytic and bactericidal activity (Oliva-
Ramírez et al. 2014). This suggests that mitochondria prepare themselves for high energy 
demanding activity such as during the active phase through the process of mitochondrial 
fusion. Nevertheless, these results could not be reproduced in an ex vivo setting, as no diurnal
differences were found in membrane potential nor phagocytic capacity of the macrophages
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when using freshly isolated macrophages (Oliva-Ramírez et al. 2014). These findings suggest 
that mitophagy takes mainly place during the active phase and that both fission and mitophagy 
are regulated by the positive limb of the TTFL. Another possible regulator of mitophagy 
is SIRT1. Addition of nicotinamide, a precursor of NAD+, increased mitophagy in human 
fibroblasts and this was dependent on the NAD+ sensor SIRT1 (Kang & Hwang 2009, Jang
et al. 2012). Interestingly, SIRT1 target PGC1A levels peak during the active period (Liu 
et al. 2007, Diaz & Moraes 2008). Taken together, these findings seem to suggest that both 
mitochondrial biogenesis and mitophagy are enhanced during the active phase and that both
processes are perhaps regulated via SIRT1. Mitochondrial quality control thus seems to be 
regulated by the circadian clock, either via BMAL1 or more indirectly via SIRT1, leading to 
increased turnover of mitochondrial content during the active phase, but without clear alterations 
in mitochondrial content throughout the day. However, further studies on these subjects are 
desired, as most studies on mitochondrial biogenesis, mitophagy and mitochondrial dynamics 
do not directly measure these processes, but instead rely on biomarkers of these processes.

Circadian control of mitochondrial respiration
Energy requirements of all organs are dependent on their activity levels. Furthermore, substrate 
usage can differ between carbohydrate and fat oxidation in the active and inactive phase. Thus, 
it would be efficient to prepare mitochondrial respiratory capacity according to the light and 
darkness phase. Since expression of clock-controlled genes exhibits high organ specificity and 
peripheral oscillators use individual entrainment signals (i.e., feeding and physical activity), 
we summarize the key literature findings separately for the different organs (Table 1). 
 An important confounder in the investigation of clock-controlled mitochondrial 
processes is the influence of pervasive external factors also showing daily rhythmicity, most 
notably nutrient availability. Most processes in vivo are not only controlled by the biological 
clock, but also by other factors such as feeding and activity state and the light–darkness cycle. 
To investigate the contribution of the biological clock specifically, it is necessary to tease 
apart the influence of the biological clock from all behavior-related influences. Over the last 
decades, a number of techniques have become available that make it feasible to study the 
biological clock at the system and organ level. In rodent models, genetic disruption of the 
biological clock allows to study the isolated influence of a disturbed clock on mitochondrial 
processes. Frequently used models in this research comprise the disruption of the TTFL, 
mainly targeting Bmal1, Clock, Per2 and Cry1. Alternatively, disrupting natural feeding–
fasting cycles by using time-restricted feeding paradigms have been applied in many different 
forms and demonstrated to influence biological rhythms of different organs (Hatori & Panda 
2015). Furthermore, keeping animals fasted and in constant dark conditions before collecting 
the tissues of interest prevents the acute influence of light and feeding (Peek et al. 2015). In 
addition, in vitro studies can be used to study cells that are isolated of potentially confounding 
rhythmic influences, such as feeding or neuronal and hormonal signals. After synchronizing 
the cells by e.g. serum shock, circadian rhythms of the TTFL and downstream processes are 
largely maintained and can be measured at several time points. As a downside, in vitro studies 
do not allow to study the complex regulation of the biological clock on the organ or system 
level.

Brain
One of the earliest observations indicating that mitochondrial function is variable over the day 
comes from studies in the brain. Mitochondrial oxygen consumption, measured in isolated 
mitochondria from whole-brain homogenates, was highest in the middle of the resting phase. 
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This was either in the absence of ADP (state 4 respiration) or upon ADP stimulation (state 3 
respiration) (Simon et al. 2003). Furthermore, the respiratory control ratio (RCR; state 3/state 
4), a measure of how efficient mitochondrial respiration is coupled to ATP production, showed 
diurnal differences. In the SCN of mice, over 300 genes exhibit rhythmic expression over 24 
h (Panda et al. 2002). Interestingly, several of these genes code for components of the ETC 
in mitochondria and peak toward the end of the light phase. These results suggest influence 
of the molecular clock over energy-providing processes in SCN neurons to match increased 
metabolic demand to the higher activity in the light phase, i.e. both in nocturnal and diurnal 
species, highest firing rates in SCN neurons are observed during the light period (Sato & 
Kawamura 1984, Meijer et al. 1998, Nakamura et al. 2008).

Liver
A large part of the hepatic transcriptome, proteome and metabolome exhibits tissue-specific 
circadian rhythmicity and has been studied extensively in cell and animal models. Therefore, it 
is not surprising that important functions of cellular energy metabolism, such as mitochondrial 
respiration are under circadian control. Disrupting Bmal1 transcription by siRNA in a liver-
derived cell line (HepG2) led to a decrease in mitochondrial respiration (Scrima et al. 2016). 
In mice, genetic ablation of Bmal1 at the whole-body level resulted in a decreased oxygen 
consumption rate (OCR) in isolated liver mitochondria (Peek et al. 2013). Interestingly, OCR 
upon addition of a fatty acid substrate was lower at both the end and the beginning of the 
subjective darkness (i.e. active) phase in this study, suggesting overall lower mitochondrial 
respiration upon circadian disturbance. Further, the same study identified that specifically 
beta-oxidation and the TCA cycle, catabolic steps upstream of the ETC, caused the decrease 
in respiration (Peek et al. 2013). In support of these findings, a liver-specific knockdown of 
Bmal1 also resulted in lower OCR in response to a glycolytic substrate of mitochondria in 
both the active and inactive phase of mice (Jacobi et al. 2015). These results indicate that 
the peripheral molecular clock exerts control over mitochondrial respiration. In addition to 
the influence of BMAL1 on mitochondrial respiration also PER1/2, negative elements of the 
TTFL, seem to be important regulators. In mice, ablation on the whole-body level of Per1 
and Per2 resulted in a decrease in mitochondrial OCR over the day when using either a fatty 
acid or glycolytic substrate (Neufeld-Cohen et al. 2016). In stark contrast, abrogation of the 
transcription of Per1 or Per2 in the Hepa 1–6 cell line, resulted in increased mitochondrial 
OCR (Jacobi et al. 2015). It could be speculated that the differences in the model (i.e. cell 
line vs in vivo model) may contribute to the contradicting effect on mitochondrial respiration. 
However, an explanation of the mechanism that leads to this different response is missing.
 While these studies show that an intact circadian clock is necessary for normal 
mitochondrial respiration, it has also been shown that respiration exhibits an intrinsic circadian 
rhythm. Mitochondrial OCR in response to a glycolytic substrate in isolated hepatocytes from 
mice was shown to be higher near the end of the active phase (Jacobi et al. 2015). In liver 
tissue from fasted mice, 14C-labeled substrate oxidation exhibited robust 24-h oscillations 
with a peak toward the end of the resting phase (Peek et al. 2013). Intriguingly, when using 
substrates that require the glycolytic pathway (pyruvate), OCR was shown to peak at the 
beginning of the inactive period, whereas OCR upon fatty acid substrates (palmitoyl CoA) 
peaked 8 h earlier at the end of the active period (Neufeld-Cohen et al. 2016). This difference 
in peak respiration might be due to the rate-limiting enzymes of the respective pathways. 
Protein levels of pyruvate dehydrogenase (PDH, rate limiting for the glycolytic pathway) and 
palmitoyl-transferase 1 (CPT1, rate limiting for the fatty acid pathway) displayed a rhythm 
that corresponded to the rhythm of OCR upon the same substrate and was dependent on
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Figure 3 Mitochondrial respiration and ROS production show rhythmic activity. Mitochondrial respiration is the 
result of electron transfer to molecular oxygen as final step in the electron transport chain (ETC). Respiration is 
experimentally determined by measuring OCR. In addition, 14C-labeled substrates can be used to assess mitochondrial 
energy production by measuring 14CO2. Substrate transport (CPT1/2, PDH) and catabolic processes (β-oxidation, 
TCA cycle) also exhibit circadian rhythms and are under control of the circadian clock. Consequently, mitochondrial 
respiration is rhythmic in various cell and animal models. Mitochondria are also a source of ROS that are produced 
in various sites, such as complex I of the ETC. Superoxides (O2

−) are scavenged by superoxidedismutase (SOD) and 
reduced to H2O2. Several antioxidant proteins such as peroxiredoxins (PRXIII) subsequently eliminate H2O2. Also 
antioxidant proteins and ROS production display circadian activity. Additionally, feeding behavior, including diet 
composition, also affects mitochondrial processes.

normal PER1/2 function (Fig. 3) (Neufeld-Cohen et al. 2016). While these studies uniformly 
show diurnal changes in mitochondrial respiration, the time of peak respiration varies clearly. 
Since these studies were performed with either whole tissue, cells or isolated mitochondria, 
it could be speculated that the extra-mitochondrial and extra-cellular environment determines 
the difference in time keeping. Moreover, external influences, such as nutrients and feeding/
fasting, seem to exert additional control over circadian rhythms of respiration. Mice on a 
high-fat diet (HFD) lose rhythmicity in respiration, which highlights the vulnerability of 
the coordinated mitochondrial function by the circadian clock (Neufeld-Cohen et al. 2016). 
Moreover, hepatocytes from fasted mice display no difference in OCR over the day (Jacobi 
et al. 2015). However, fasting might affect specifically mitochondrial respiration at the level 
of the ETC, as 14C-labeled substrate oxidation remains rhythmic upon fasting condition (Peek 
et al. 2013).
 Together, these studies indicate that hepatic mitochondrial respiration is influenced 
by the circadian clock, but it remains to be answered, which steps exactly in the pathway 
of substrate oxidation are under circadian control and how the molecular circadian clock 
regulates these pathways.
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Muscle
Physical activity patterns in animals under laboratory conditions exhibit clear 
circadianrhythmicity, which is abrogated upon disruption of the circadian clock (Mosko 
& Moore 1979, McDearmon et al. 2006). Furthermore, human studies show that exercise 
performance is variable throughout the day (Conroy & O’Brien 1974, Facer-Childs & 
Brandstaetter 2015). To regulate bioenergetic demand in skeletal muscle, the circadian clock 
might impose control over important metabolic processes such as mitochondrial respiration. 
Disrupting the circadian clock by muscle-specific Bmal1 ablation resulted in a substantial 
decrease in 14C-glucose oxidation in isolated mouse diaphragms (Dyar et al. 2014). While this 
decrease in glucose oxidation could be due to impaired respiration (which was not assessed 
separately in this study), activity  of the rate-limiting enzyme pyruvate dehydrogenase (PDH), 
upstream of respiration, was lower over a 24-h period. This suggests that, similar to liver 
mitochondria, important catabolic enzymes could determine fluctuations in mitochondrial 
respiration. A dysfunctional circadian clock, induced by whole-body Bmal1 abrogation, also 
directly impairs respiration. Thus, mitochondrial oxygen consumption under ADP-titration 
(state 3 respiration) was decreased markedly in Gastrocnemius and diaphragm muscle of 
Bmal1 KO mice, resulting in a decrease in RCR (Andrews et al. 2010). Similarly, whole-body 
knock down of the accessory clock component Reverba in mice resulted in decreased state 3 
respiration in isolated mitochondria and in permeabilized muscle fibers of the Soleus muscle 
(Woldt et al. 2013). In addition, protein levels of respiratory chain complexes 1, 3 and 4 were 
strongly decreased. Interestingly, overexpressing Reverba improved ex vivo mitochondrial 
respiration (Woldt et al. 2013). Impairments of components of the ETC might also occur 
due to a defective CLOCK protein. At least on the transcriptional level, a dominant-negative 
Clock mutation resulted in a decrease in expression levels of several subunits of the ATP 
synthase (McCarthy et al. 2007). Of note, a recent study found that deletion of Cry1 and Cry2, 
negative regulators of BMAL1/CLOCK, resulted in increased mitochondrial reserve capacity 
in primary myotubes and increased exercise performance in mice (Jordan et al. 2017). This 
effect was possibly mediated by PPARD, since CRY1/2 exerts a repressor function under 
normal conditions. Together, these studies highlight that mitochondrial respiration in skeletal 
muscle is dependent on the molecular circadian clock machinery. However, also in muscle, 
the exact properties of this regulation, remain to be investigated.
 Whether mitochondrial respiration exhibits circadian rhythmicity has been 
investigated in a limited number of studies. Cell lines in culture can display robust circadian
oscillations after they are synchronized by an overwriting signal, e.g. after being exposed to 
serum shock (Peek et al. 2015). Accordingly, mouse skeletal muscle derived C2C12 myotubes 
show circadian rhythmicity (monitored over 48 h) in oxidation of 14C-labeled fatty acids (Peek 
et al. 2013). Interestingly, 14C-labeled glucose as substrate resulted in a similar rhythmic 
oxidation, which was shifted by 4 h. In the same study, also OCR, a direct measurement of 
mitochondrial respiration, showed a circadian rhythm over 48 h. While this suggests direct 
control of the circadian clock on mitochondrial respiration in myocytes, it should be noted 
that crucial components of upstream processes, such as in beta-oxidation and glycolysis, also 
exhibit circadian rhythmicity (Hodge et al. 2015). This adds another layer of complexity to 
the circadian regulation of substrate utilization. A recent study from our lab reported daily 
fluctuations in mitochondrial respiration in human skeletal muscle tissue, measured in 
permeabilized muscle fibers from muscle biopsies (van Moorsel et al. 2016). OCRs during 
ADP-stimulated state 3 respiration showed pronounced diurnal changes with peak and trough 
at 23:00 h and 13:00 h, respectively. Mitochondrial respiration was assessed using fatty acids, 
glutamate and succinate as substrates. Interestingly, at 23:00 h BMAL1 also exhibited peak
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expression levels, while PER2 expression was at its trough (van Moorsel et al. 2016). 
 Taken together, ample evidence indicates that mitochondrial oxidative metabolism in 
skeletal muscle is under control of the peripheral circadian clock.

Other tissues
The circadian control of mitochondrial respiration has also been shown in other tissues 
such as the heart, beta-cells and epidermal stem cells. In the heart of ClockΔ19-deficient 
mice, the subsarcolemmal fraction of mitochondria showed a decreased state 3 OCR, while 
intramyofibrillar mitochondria were not affected (Bray et al. 2008). Another study demonstrated 
that heart-specific Bmal1 knockdown in mice is associated with downregulated expression 
levels of genes belonging to the TCA cycle and ETC, together with reduced complex I 
activity (Kohsaka et al. 2014). In a model of epidermal stem cell imaging, the amount of free 
NADH was used as a proxy marker for oxidative metabolism and showed fluctuations with a 
circadian pattern. These fluctuations were not present in cells derived from Bmal1-deficient 
mice (Stringari et al. 2015). Another potential implication for clock-controlled mitochondrial 
respiration was reported in a study using insulin producing beta-cells. Here, deleting Bmal1 
resulted in an increase in uncoupling protein 2 (UCP2), which resulted in a decreased inner 
mitochondrial membrane proton gradient and thus to a decrease in the ATP/ADP ratio (Lee et 
al. 2011). Since the ATP/ADP ratio is an important cue for insulin secretion, this observation 
may link the molecular circadian clock machinery via mitochondrial respiration to insulin 
secretion.

Mitochondrial redox homeostasis and the circadian clock

Mitochondrial respiration is connected to production of reactive oxygen species (ROS) and 
mitochondria are major ROS production sites in the cell (Sena & Chandel 2012). While the 
perils of ROS have been thoroughly debated in the past, attention has more recently shifted 
toward the physiological necessity of ROS to maintain cellular viability. Importantly, ROS 
play a major role as signaling molecules that regulate various crucial cellular processes, 
such as autophagy, immunity, differentiation and response to hypoxia (Sena & Chandel 
2012). Disturbance of redox homeostasis can impair important signaling events, which can 
result in cell damage, making it necessary to tightly regulate ROS production and removal. 
Several proteins are involved in elimination of ROS in the mitochondria and cytosol. Notable 
antioxidant proteins include catalase, glutathione, thioredoxin and peroxiredoxin (Reczek &
Chandel 2015). In addition, uncoupling proteins in the mitochondrial membrane may alleviate 
ROS production (Mailloux & Harper 2011).
 Keeping redox homeostasis in balance depends on ROS production and ROS 
scavenging. Generation of ROS in mitochondria occurs when electrons are occasionally 
transferred to oxygen (O2), generating a superoxide molecule (O2

−) (Fig. 3). Superoxides 
are eliminated by catalyzing them into hydrogen peroxide (H2O2) by the enzyme superoxide 
dismutase (SOD). Generation of superoxides occurs at several sites, but complexes of the 
ETC are a major source (Mailloux 2015). Production rates of mitochondrial superoxides are 
mainly determined by the redox state of electron carriers (i.e. ratio of NADH/NAD+) and the  
inner mitochondrial membrane proton gradient (Sena & Chandel 2012). An efficient way to 
alleviate superoxide production might be the dissipation of the proton gradient by uncoupling 
proteins (Mailloux & Harper 2011). Interestingly, expression levels of Ucp3 in rat heart exhibit 
diurnal variations with highest levels in the resting phase (Stavinoha et al. 2004). Moreover, 
measuring ROS production in a model of synchronized HepG2 cells revealed highest levels at
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the time of peak OCR (Cela et al. 2016). Since it is methodologically cumbersome to directly 
assess superoxide production, most studies focus on measuring antioxidant status (Mailloux 
2015). A study in athletes found that plasma levels of glutathione and catalase are higher in 
the evening compared to the morning, suggesting higher capacity to cope with oxidative stress 
(Ammar et al. 2015). Mechanistic studies in mouse MEFs revealed increased catalase levels 
upon constitutive overexpression of Reverba, suggesting a direct link to the molecular clock 
(Sengupta et al. 2016). In a study of mouse liver, glutathione expression was rhythmic and 
peaked at the beginning of the active phase (Xu et al. 2012).
 In addition, the mitochondrial isoform of peroxiredoxin (PRXIII) in mice peaks at 
the end of the active phase in adrenal gland, brown adipose tissue and heart (Kil et al. 2015).
Similarly, in mouse liver tissue, the cytosolic and nuclear isoform PRXI was reported to be 
higher toward the end of the active phase (Edgar et al. 2012). Together, these studies suggest 
that ROS production occurs during the active phase.
 Another important regulation of ROS production might be facilitated through fusion 
and fission processes. In primary hepatocytes from Bmal1-depleted mouse liver, superoxide 
levels were increased and mitochondria were swollen. Upon induction of FIS1, a mitochondrial 
fission promoting protein, superoxide levels were decreased, suggesting that BMAL1 can 
influence ROS production through morphological changes of mitochondria, which is in line 
with the effects of fission on mitochondrial respiration described earlier (Jacobi et al. 2015).
 Recent evidence shows that the mitochondrial redox system is linked to the biological 
clock through the NAD+-dependent deacetylase SIRT1. The cytoplasmic and nuclear enzyme 
SIRT1 is activated in response to varying NAD+ levels and causes deacetylation of among 
others BMAL1 in a rhythmic manner (Nakahata et al. 2008). In addition, SIRT1 has also been 
shown to deacetylate PER2, reducing its activity and affecting the circadian rhythmicity of 
core clock genes (Asher et al. 2008). It is important to emphasize that SIRT1 also regulates 
the activity of PGC1A, an important activator of mitochondrial biogenesis (Rodgers et al. 
2005). There also appears to be indirect regulation of redox metabolism by the biological 
clock through the NAMPT–NAD+–SIRT3 axis. The ratelimiting enzyme in the NAD+ salvage 
pathway, NAMPT, is controlled by the core molecular clock (Nakahata et al. 2009, Ramsey 
et al. 2009). Another pathway involves the nicotinamide riboside (NR) pathway, in which 
key enzymes of NAD+ synthesis (i.e. NRK1 and NMNAT) are under clock gene control 
(Mauvoisin et al. 2017). In agreement, NAD+ levels in cell and animal models have been 
shown to fluctuate with core molecular clock oscillations (Nakahata et al. 2009, Ramsey et 
al. 2009). The activity of the mitochondrial deacytelase SIRT3 is NAD+ dependent and has 
important regulatory functions for mitochondria proteins. Importantly, the acetylation status 
of mitochondrial proteins also shows a clear temporal separation. In a recent study, SIRT3-
targeted proteins in mouse liver were found predominantly acetylated during the resting phase 
of the animals (Mauvoisin et al. 2017). Several proteins of redox homeostasis in mitochondria 
are under control of SIRT3. Among these regulated proteins is mitochondrial SOD2, which 
catalyzes the initial reduction of superoxide into H2O2 and exhibits rhythmic acetylation and 
activity in mouse liver. In mice with the ClockΔ19 mutation, this rhythm in SOD2 acetylation 
and activity is abrogated (Gong et al. 2015). In addition to changes in NAD+ by NAMPT, 
the balance of NADH/NAD+ can also be regulated through changes in NADH levels. Since 
NADH is oxidized to NAD+ by complex I of the ETC, a decrease in its activity results in a 
higher NADH/NAD+ ratio. Mutations in Per2 led to a decreased complex I activity and to a 
higher NADH/NAD+ ratio, indicating that the molecular circadian clock has multiple ways to 
adjust the redox balance (Magnone et al. 2015). This is of importance, since NADH is required 
for the efficient binding of the heterodimer BMAL1/CLOCK (Rutter et al. 2001). Adding to 
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this, recent evidence showed that NADH levels exhibit circadian oscillations (Huang et al. 
2016). It should, however, be noted that the NAD+/NADH ratio has multiple crucial functions 
in mitochondrial homeostasis that extend far beyond its involvement in ROS production.
 In order to convey information to other cytosolic compartments, redox metabolites 
from the mitochondria, such as H2O2, must be transported into the cytosol. An intricate 
regulatory system, which shows circadian activity, has evolved to facilitate this transport. In
mitochondria, PRXIII is the main scavenger for H2O2 and gets oxidized. Subsequently, PRXIII 
can be recycled by another enzyme, thioredoxin. High H2O2 levels lead to overoxidation of 
PRXIII, protecting it from being recycled (Rhee & Kil 2016). In a study of mouse BAT, 
lung and heart, overoxidized PRXIII peaks at the end of the active phase (Kil et al. 2015). 
Recently, a model of circadian regulation of H2O2 signaling has been proposed in which 
PRXIII overoxidation by high H2O2 levels leads to spillover of H2O2 from mitochondria into 
the cytosol. Once H2O2 is in the cytosol, it can exert several functions, such as activating the 
mitogen-activated protein kinase (MAPK) signaling pathway or decreasing steroidogenesis in 
the adrenal gland (Kil et al. 2012, Rhee & Kil 2016). Interestingly, H2O2 in the cytosol might 
also act as starting signal for a negative feedback loop, which leads to complete recycling of 
PRXIII in the mitochondria and thus to abrogation of H2O2 transport into the cytosol (Rhee 
& Kil 2016). The latter mechanism has been postulated to regulate corticosterone production 
in a diurnal fashion in mice, in addition to the well-known input from the HPA axis (Kil et al. 
2012).
 Taken together, accumulating evidence indicates that mitochondrial ROS production 
and scavenging shows similar diurnal fluctuations as mitochondrial oxidative phosphorylation. 
In addition to diurnal ROS variation due to circadian regulation of oxidative phosphorylation, 
it appears that the molecular circadian clock has direct links to important regulatory steps 
of ROS production and scavenging. An intriguing finding is the discovery of a secondary 
feedback loop which links mitochondrial H2O2 production to intracellular signaling.

Conclusion

More and more evidence indicates that the circadian clock and mitochondrial functioning 
are related. Most available evidence shows how the circadian clock controls the abundance 
and morphology of mitochondria by regulating biogenesis, fission/fusion and mitophagy. 
Additionally, several studies suggest that mitochondrial functioning also is regulated by the 
circadian clock as KO studies show altered mitochondrial respiration and ROS metabolism, 
although in these studies, it is difficult to separate effects on substrate availability and 
mitochondrial function itself. Conversely, direct evidence for mitochondrial regulation of 
feedback to the circadian clockwork is very limited.
 However, for a better understanding of how mitochondrial morphology and 
functioning change throughout the day, more experiments are needed. Performing imaging 
and respiration assays throughout the day in different tissues seems to be essential in order 
to get a clearer picture whether morphology and respiration oscillate throughout the day, 
whether this is tissue dependent and whether this is related to the molecular clock, substrate 
availability or a combination of both. Furthermore, data on other regulators such as hormone 
signaling and the autonomic nervous system, both outputs of the central clock, are scarce, but 
potentially also exert influences on mitochondrial functioning. One first candidate hormone to 
investigate is melatonin, which for a long time has been known to be both a hormonal output 
of the central clock as well as an antioxidant.
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Abstract
The incidence of type 2 diabetes mellitus (T2DM) has been rapidly increasing the past 
decades and is expected to continue to increase. The molecular mechanisms that lead to T2DM 
pathology are not fully understood, but a disturbed functioning of mitochondria is considered 
to contribute to this metabolic disorder. Mitochondria are the cellular organelles in which 
the majority of cellular ATP is produced through a process called oxidative phosphorylation. 
In agreement with the above suspicion are several studies showing that in T2DM patients 
mitochondrial functioning in muscle is decreased. Recently, it has been demonstrated that 
the molecular clock also affects mitochondrial functioning. Concurrently, the incidence of 
T2DM is increased in shift‐workers, whom regularly disturb their biological clock by being 
active and often also eating during their normal sleep phase. We therefore hypothesized that 
disturbance of the biological clock, such as during shift‐work, could disturb mitochondrial 
functioning and contribute to development of T2DM. We employed time‐restricted feeding 
(TRF) in rats as a model to mimic shift‐work. We used 3 experimental groups: an ad libitum 
fed control group, a TRF group that could eat only during the light phase (inactive phase of 
rats) and a TRF group that could eat only during the dark phase (active phase of rats). After 4 
weeks of the allocated experimental conditions ex vivo mitochondrial respirations assays were 
performed on permeabilized, but otherwise intact, Soleus muscle fibers. We demonstrated the 
presence of a rhythm in muscle mitochondrial respiration in rats under ad libitum feeding 
conditions. In dark‐fed TRF animals this daily rhythm in mitochondrial respiration was even 
more pronounced. Conversely, in light‐fed TRF animals the daily rhythm in mitochondrial 
respiration was completely abolished and the overall respiration rate was lower. In the light‐
fed TRF group gene expression of several genes involved in mitochondrial biogenesis and 
the fission/fusion machinery was altered, suggesting a role for mitochondrial biogenesis and 
the fission/fusion machinery in the altered respiration levels. This hypothesis was further 
strengthened by the observation that only the light‐fed TRF group showed a daily rhythm in 
the mtDNA/nDNA ratio (i.e., the relative amount of mitochondrial DNA per cell), probably 
indicating an imbalance in the functioning of these important organelles during light phase 
feeding. To summarize, we demonstrate the presence of a daily rhythm in mitochondrial 
respiration in rat skeletal muscle, which can be strengthened by feeding restricted to the 
active phase. Conversely, feeding restricted to the inactive phase, as an animal model of 
shift‐work, completely abolished the daily rhythm in mitochondrial respiration. Importantly, 
similar to findings in human T2DM patients the overall respiration rate was significantly 
decreased in the light‐fed TRF animals. Our data thus imply that shift-work may contribute 
to the development of insulin resistance through impaired mitochondrial functioning.

Introduction
The prevalence of people that are affected by type 2 diabetes mellitus (T2DM) is rapidly 
rising with the most recent estimates showing 422 million diabetics in 2014 worldwide (1). 
T2DM is characterized by lower glucose uptake as a result of insulin insensitivity. During 
early stages of T2DM insulin production is increased to maintain euglycemia, but as disease 
progresses insulin production fails and hyperglycemia develops. The exact mechanisms 
underlying the pathophysiology of insulin insensitivity remain largely unknown, but one 
possible contributing factor is a disturbance in the functioning of mitochondria, as T2DM 
patients have impaired skeletal muscle mitochondrial functioning (2–6). Mitochondria are 
the cellular organelles in which most of the body’s ATP is generated. In skeletal muscle ATP 
is mainly generated from glucose and lipid derivates. Mitochondria in muscle tissue therefore
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are responsible for processing a major part of muscle glucose uptake, although other 
substrates are being used as well (reviewed in e.g. (7–13)). Along another line of evidence, 
epidemiological studies indicated that night shift‐workers are at an increased risk of 
developing T2DM, most likely because of the frequent disturbance of their biological clock 
(14,15; reviewed in 16). The biological clock or circadian timing system controls a wide 
variety of metabolic processes, on a whole body as well as a systemic and cellular level. This 
endogenous timing system enables organisms to anticipate predictable daily changes in the 
environment such as food vailability and prepares cellular metabolism for appropriate energy 
substrate selection (e.g. carbohydrates during the active (awake) period and lipids during 
the inactive (sleep) period). Disruption of this (timely) balance between energy supply and 
energy demand is suspected to lead to various severe metabolic diseases including T2DM. 
 As mentioned above, also on a cellular level many aspects of metabolism are found 
to be under circadian control, including mRNA transcripts, protein levels, posttranslational 
modifications as well as metabolites (17–19). For example, 43% of all protein coding genes 
were found to be rhythmically expressed in at least one mouse organ, with ranges of 3‐14% 
of all transcripts being rhythmically expressed in the individual organs (19). Additionally, in 
mouse liver ~50% of all metabolites, including several metabolites of the tricarboxylic acid 
cycle (TCA) cycle, were found to have rhythmically fluctuating levels (17). Traditionally, most 
studies on circadian rhythms have been performed in liver and adipose tissues whilst other 
metabolically active tissues such as muscle and brown adipose tissue have been relatively 
overlooked. However, muscle is an important metabolic organ as it comprises up to 50% of 
total body mass in mammals and is considered to be the primary target for insulin‐stimulated 
glucose uptake (20–23). Furthermore, several “omic” approaches have found that metabolic 
gene expression in skeletal muscle shows daily rhythms, both in humans and rodents, with 
transcripts for mitochondrial activity clustered in the afternoon in humans and in either of 
two peaks in the dark and light phase in mice (19,24–27). As most energy in skeletal muscle 
is generated inside mitochondria through synthesis of ATP during oxidative phosphorylation, 
mitochondria themselves likely are also under control of the biological clock.
 Indeed, an increasing amount of evidence suggests that many physiological 
features of mitochondria, including mitochondrial dynamics and respiration, are under 
control of the biological clock (reviewed in 29–31). It thus seems likely that disturbing the 
circadian timekeeping system, for example by performing night shift‐work, will also disturb 
mitochondrial functioning and contribute to the pathogenesis of T2DM. Many studies on 
the circadian control of mitochondrial functioning employed knockout (KO) models in 
which one or more genes of the circadian clock were disrupted, but compared KO‐ and wild 
type animals only at a single time point making it impossible to determine if mitochondrial 
functioning has an intrinsic rhythm (31–35). Mitochondrial respiration has only been 
determined at more than one time point in in vitro studies, using either isolated mitochondria 
or cultured cells (36–40). In an observational study in healthy humans a biological rhythm 
in mitochondrial respiration was confirmed in skeletal muscle, but no interventions to either 
enhance or disturb the circadian system were employed (41). Studies that did manipulate the 
circadian system and measured mitochondrial respiration were either using cell cultures or 
isolated mitochondria (35–37,40). However, when isolating mitochondria from their natural 
cellular environment, any possible interactions between the mitochondria and the rest of 
the cell are lost (42). Cell cultures are also suboptimal to study rhythms in mitochondrial 
respiration as they (a) often consist of monocultures or co/cultures of a few different cell 
types only and therefore lack the right tissue microenvironment; (b) can have bioenergetic
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properties that only to a limited extent represent those of the primary tissues (43); (c) show 
different mitochondrial functioning depending on the growth state and passage number of 
the cells and thus need optimized and standardized culturing conditions (44); and (d) need 
to be artificially synchronized with dexamethasone and this glucocorticoid is known to be 
able to increase mitochondrial respiration, affect mitochondrial dynamics and alter both 
gluconeogenesis and glycolysis, both in vitro and in vivo (45–47).
 Therefore, to study the daily rhythm in mitochondrial activity and the possible 
effects of disrupted circadian behavior we took a different approach. It is possible to measure 
oxygen consumption of otherwise intact muscle tissue, without damaging the mitochondria, 
by means of cell membrane permeabilization (42). Using this ex vivo mitochondrial 
respiration assay instead of isolated mitochondria, cell cultures or KO animals we were able 
to analyze daily muscle mitochondrial respiration rhythms under normal ad libitum feeding 
conditions. In addition, we used time‐restricted feeding (TRF) during either the light or dark 
period, to study the effects of circadian disruption. Subsequently, we tried to pinpoint the 
underlying mechanism of the (disturbances in the) daily rhythm in mitochondrial respiration 
by examining mitochondrial abundance and mRNA expression of several genes important 
for oxidative phosphorylation.

Methods

Animals and housing
Ninety‐six adult male Wistar WU rats (Charles River) were used for the current experiments, 
all housed under 12:12=light:dark conditions in a controlled environment of 21°C during 
the entire experiment. All animals had ad libitum access to tap water during the entire 
experiment. At the start of the experiment, animals were randomly assigned to one of three 
feeding groups: ad libitum fed, dark‐fed TRF or light‐fed TRF. Ad libitum fed animals had 
ad libitum access to food 24h/day, TRF animals had also ad libitum access to food but only 
for 10 hours during either the light or dark phase. Dark‐fed animals had access to food from 
Zeitgeber Time (ZT) 13‐23, whilst light‐fed animals had access to food from ZT1‐11, with 
ZT0 being the time of lights on and ZT12 being the time of lights off. Body weight of the 
animals was measured weekly. Food intake was measured after the animals were habituated 
to the TRF protocol either in the third or fourth experimental week (7 days average). All 
experiments were approved by the Dutch government and performed in accordance with the 
guidelines on animal experimentation of the Netherlands Institute for Neuroscience (License 
number: AVD801002016693 / IVD 576).

Metabolic cages
Metabolic PhenoCages (TSE systems) were used to assess metabolic parameters such as 
locomotor activity, food intake and the respiratory exchange ratio (RER) in a subset of the 
experimental animals. Eight rats were placed in these metabolic cages and remained inside 
these cages for 4 weeks (4 days ad libitum feeding and 3.5 weeks of TRF in either the light 
(n=4) or dark (n=4) period). Cages were cleaned twice a week. Data shown are from the last 
2 days of ad libitum feeding and the last 3 days of the TRF feeding phase.

Body temperature loggers
To assess body temperature, loggers (DST nano‐T, STAR ODDI) were placed subcutaneously 
in a subset of animals, whilst the animals were anesthetized. Temperature loggers were placed
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at the lumbar back region as to prevent interference with brown adipose tissue (BAT) activity. 
After recovery from the surgery, the temperature loggers measured continuously until the end 
of the experiment with one sampling point every 15 minutes. Each animal was first measured 
for 3 days during ad libitum feeding and subsequently during TRF to either the light (n=3) or 
dark (n=2) phase.

Muscle tissue preparation
After 4 weeks of TRF (between 3.5 ‐ 4.5 weeks) animals were sacrificed at ZT3, 7, 15 or 19. 
As only one animal could be sacrificed per measurement session the exact timing of sacrifice 
was highly standardized (1 minute deviation from the actual ZT). Furthermore, all further 
steps involving tissue preparation up until the start of the oxygen consumption measurement 
were highly standardized in their timing to minimize variation between the measurements.

Mitochondrial respiration
After sacrifice the left Soleus muscle was dissected, snap frozen in liquid nitrogen and stored 
at ‐80°C for later analysis. The middle part of the right Soleus muscle was excised, and stored 
in respiration solution B (2.8 mM CaK2EGTA, 7.2 mM K2EGTA, 5.8 mM ATP, 6.6 mM 
magnesium chloride, 20 mM taurine, 15 mM phosphocreatine, 20 mM imidazole, 0.5 mM 
DTT and 50 mM MES (pH 7.1)) on ice, and further separated into fiber bundles (3‐10 fibers) 
under a light microscope. Next saponin (50μg/mL) was added for 30 minutes to permeabilize 
the outer cellular membrane. Subsequently, the muscle fibers were washed twice with Mir05 
(0.5 mM EGTA, 3 mM magnesium chloride, 60 mM K‐lactobionate, 20 mM taurine, 10 mM
potassium dihydrogen phosphate, 20 mM HEPES, 110 mM sucrose and 1 g.L−1 fatty acid free 
BSA (pH 7.1)), quickly blotted dry and weighed before placing them in an respirometer (O2k, 
Oroboros Instruments, Innsbruck, Austria). The following substrate‐uncoupler‐inhibition‐
titration (SUIT) protocol was used for all measurements, similar to e.g. (48,49): background 
respiration was measured for 10‐15 minutes. Next leak respiration was measured by addition 
of sodium glutamate (10mM), sodium malate (0.5mM), and sodium pyruvate (5mM). Maximal 
complex I‐stimulated respiration with NADH producing substrates was measured after the 
addition of 2.5 mM ADP. The integrity of the mitochondrial membrane was tested by a lack 
of stimulation by 10μM cytochrome c. Maximal oxidative phosphorylation was measured by 
subsequent convergent input of electrons via complex I and II after adding 10mM succinate. 
Carbonylcyanide‐4‐(trifluoromethoxy)‐phenylhydrazone (FCCP) was stepwise (0.01 mM 
steps) titrated until maximal uncoupled respiration was reached. Subsequently 0.5μM 
rotenone was added to block mitochondrial complex I. Lastly, 2.5μM antimycine A was used 
to block all electron transport‐related respiration and this oxygen consumption level was used 
to subtract from all values. Chamber oxygen levels were maintained above 300 nM to prevent 
oxygen being limited. Respiration was measured in duplo for each animal at the same time.

RNA isolation
Soleus muscle tissue was kept on dry ice to preserve mRNA integrity during mechanical 
homogenization. RNA isolation was performed using the ISOLATE II RNA Mini Kit (Bioline). 
RNA was eluted from the spin column using 40 μl of H2O after which RNA concentration and 
quality of the RNA were determined using a DS‐11 (DeNovix) spectrophotometer and using 
the Agilent 2100 Bioanalyzer (Agilent Technologies), respectively. Although RNA integrity 
number (RIN) values above 5 were considered acceptable, all samples had a RIN above 8.
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cDNA synthesis
Three hundred and fifty ng of RNA was used as input for the cDNA synthesis. The Transcriptor 
First Strand cDNA synthesis kit (Roche) was used with oligo‐dT primers and several additional 
samples without reverse transcriptase (‐RT) were used as negative controls to check for genomic 
DNA contamination during the RTqPCRs. RT‐PCRs were run using an UNO‐Thermoblock 
(Biometra) (30 min at 55 °C, 5 min at 85 °C).

qPCR
One to nineteen (1:19) diluted cDNA was used for all qPCRs to detect daily gene expression 
profiles. Expression levels of all genes were standardized by dividing over the geometric mean 
of three housekeeping genes: RSP S18, β‐actin and Cyclophilin. This geometric mean showed 
no significant effects of ZT, TRF nor for the ZT * TRF interaction. RT‐qPCR was performed 
using a LightCycler 480 (Roche). Expression levels were calculated using dedicated software 
for linear regression of qPCR data (LinRegPCR). All primers used are listed in Table S1. 
Melting curves of the RT‐qPCR and fragment length of the DNA amplicons were inspected as 
a means of quality control.

mtDNA/nDNA isolation and quantification
DNA isolation was performed using the DNA mini isolation kit (Qiagen) according to the 
manufacturer’s guidelines. DNA was eluted from the spin column using 200 μl of H2O after 
which DNA concentration was determined using a DS‐11 (DeNovix). For the RT‐qPCR of the 
mtDNA/nDNA ratio and the subsequent analysis and quality control similar procedures were 
used as for the gene expression described above. However, for the mtDNA/nDNA ratio qPCRs 
an input of 6 ng per reaction well was used. Used primers for the nuclear and mitochondrial 
DNA fragments are listed in Table S1.

Statistics
Rhythmicity of physiological parameters (food intake, RER, locomotion and body temperature) 
was determined using SigmaPlot 14.0 (Systat Software) as this software package can take into 
account within-individual measures.
 Rhythmicity of gene expression and mitochondrial respiration measures was determined 
using the JTK_Cycle 3.0 script for non‐parametric cosine regression, as this software package 
is best suited for independent sampling with lower temporal resolution (less than 24 samples 
per 24h cycle) and can correct for the multiple comparisons problems, which is necessary when 
testing a multitude of gene expression profiles from the same mRNA/cDNA pool during qPCR. 
The JTK_Cycle script was run in RStudio (R version 3.3.3). All graphs were plotted using 
Graphpad Prism 7. All other statistics, including the one way and two way ANOVA’s were 
executed by Graphpad Prism 7.

Results

Food intake and body weight gain 
In the final week of the TRF protocol the daily food consumption ranged between 19‐24 
grams per day and was lowest for the light‐fed animals (p<0.0001, one‐way ANOVA), but did 
not significantly differ between ad libitum (AL) fed and dark‐fed animals (Fig 1b). Of all 96 
animals, body weight (gain) was measured weekly (Figure 1c&d). Animals continuously gained 
body weight throughout the experiment, but light‐fed animals gained the least amount of body 
weight (Figure 1c; p<0.0001 for an effect of Week, p=0.0022 for an effect of TRF and p=0.0886 
for the interaction TRF*Week, two‐way ANOVA). This likely resulted from the introduction of
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the TRF, as especially the light‐fed TRF animals need to learn that food is only available 
during the light phase and eat about 25% less in this first week as compared to ad libitum 
conditions (data not shown). This adaptation period takes less than a week as after the first 
week of TRF the light‐fed animals gained similar amounts of body weight as the other groups 
(Figure 1d). Although the light‐fed group still ate significantly less in the final week of the 
TRF regimen, they showed no signs of being hypocaloric as they continuously gained body 
weight throughout the experiment.

Figure 1 Experimental design and basic physiological measures of the rats. a: Schematic representation of the 
experimental procedure. Depicted are the 3 different TRF groups, the moments they can eat and the timepoints of 
sacrifice. b: Daily food intake in the final week of the TRF protocol was significantly the lowest for the light fed 
animals as compared to the ad libitum and dark fed group (average food intake of 7 days per animal). c: growth 
curve of the animals during the experiments. Light fed animals had significantly lower body weights as compared to 
the ad libitum and dark fed group starting from the second week of the TRF protocol. d: Weekly body weight gain 
of the animals. Only in the first week of the experimental procedure the light fed animals grew significantly less in 
body weight. * = p<0.05, ** = p<0.01, **** = p<0.0001 using Tukey’s post‐hoc tests. N=32 per experimental group.

Physiological parameters (Feeding behavior, RER, locomotor activity and body temperature)
To establish metabolic measures such as activity and substrate metabolism of the animals 
during the TRF procedure a small group of animals was housed in metabolic cages both 
under ad libitum (baseline) as well as TRF conditions (4 weeks). Feeding behavior during 
the TRF period confirmed that light‐fed and dark‐fed animals did not eat during the dark and 
light period, respectively (Figure 2a). Similar to our previous experiments, under ad libitum 
conditions animals consumed most of their food in the dark phase (85%), specifically at the 
beginning and end of the dark phase (61% of food consumed in the dark phase was eaten 
during the first half of the dark phase). Such a bimodal feeding pattern was also found during 
the TRF phase, with the obvious difference that the light‐fed animals had their two peaks in
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food consumption during the light phase. Light‐fed animals ate slightly more during the first 
half of their feeding period (63% of total food intake) as compared to the dark‐fed animals 
(56% of total food intake).
 Importantly, the TRF‐induced alterations in RER and locomotor activity were 
highly similar to those reported previously (50,51). The amplitude of the daily rhythm in 
RER increased in animals on TRF, both for the light and dark‐fed groups, especially due to a 
greater reliance on lipid substrate utilization during the non‐feeding period (Figure 2b, table 
1).
 The amplitude of the rhythm in locomotor activity also showed a change during 
TRF with dark‐fed animals being relatively more active during the dark phase and light‐
fed animals becoming relatively more active during the light phase (Figure 2c, table 1), as 
compared to the AL group. Especially, for the light‐fed animals the shift in locomotor activity 
was clearly less pronounced than that in food intake. 
 The switch from ad libitum feeding to light phase feeding also drastically changed 
the daily pattern in body temperature (Figure 2d, table 1). Such a change was not observed 
when animals switched from ad libitum feeding to dark phase feeding.

Table 1 Analysis of rhythmicity of the physiological parameters from animals that went from ad libitum feeding (AL 
phase) to either dark or light phase feeding (TRF phase).

Mitochondrial respiration
The ex vivo mitochondrial respiration of the Soleus was determined at 4 different time 
points along the 24h cycle. Significant effects were found for both time‐of‐day (ZT) and 
TRF treatment for maximally oxidative phosphorylation (with pyruvate, glutamate, malate 
and succinate), maximal uncoupled respiration (with FCCP) and complex II only respiration 
(with succinate/rotenone), but no significant interactions of ZT*TRF (Figure 3a‐c, two‐
way ANOVA, see Table 2 for the corresponding p‐values and posthoc tests). The light‐fed 
animals had an overall lower respiration compared to AL animals with all substrates (‐11%), 
especially at ZT7 where the difference was largest (~30% lower).
 To further analyze the time‐of‐day effects one‐way ANOVA’s and cosinor 
analyses were run on each of the three feeding groups (Table 2). For maximally oxidative 
phosphorylation, one‐way ANOVA showed a significant effect of time‐of‐day for the dark‐
fed group, a trend towards a time‐of‐day effect for the ad libitum fed group, and no significant 

p-value acrophase (ZT) amplitude

 light-fed dark-fed light-fed dark-fed light-fed dark-fed

Food AL phase <0.0001 <0.0001 12.7 12.5 0.91 (grams) 0.88 (grams)

Food TRF phase <0.0001 <0.0001 5.2 17.1 1.15 (grams) 1.27 (grams)

RER AL phase <0.0001 <0.0001 19.0 19.0 0.0379 0.0381

RER TRF phase <0.0001 <0.0001 8.6 20.2 0.0968 0.0640

Locomotion AL phase <0.0001 <0.0001 18.5 17.9 273.2 (AU) 263.8 (AU)

Locomotion TRF phase <0.0001 <0.0001 18.4 18.0 136.9 (AU) 283.7 (AU)

Body temperature AL phase <0.0001 <0.0001 16.8 18.3 0.68 (°C) 0.43 (°C)

Body temperature TR phase <0.0001 <0.0001 11.1 17.7 0.26 (°C) 0.45 (°C)
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Figure 2 Overview of the metabolic parameters food intake (a), RER (b), locomotor activity (c) and subcutaneous 
body temperature (d) of the animals. Whilst in the metabolic cages or with body temperature loggers implanted, 
animals transitioned from ad libitum feeding conditions to their assigned feeding regimen (left figures). The middle 
figures show the hourly profile of the metabolic measure during the ad libitum feeding phase (3 day average). The 
right figures show the hourly profile of the metabolic measure during the 4th week of the TRF feeding phase (3 
day average). Locomotor activity is presented as arbitrary units (AU). Shaded areas represent the dark phase. n=4 
per experimental group for the parameters of the metabolic cages (a‐c) and n=2‐3 per experimental group for the 
subcutaneous body temperature (d). Table 1 summarizes the main statistical findings for the metabolic parameters. 
Note that the figures to the left show data from one full week (4 days of ad libitum feeding and the first 3 days of 
the TRF phase) and do not include data of the figures to the right, as those are summaries of the 4th week of the 
TRF period.



153

6

time‐of‐day effect for the light‐fed group (p=0.0259, p=0.0824 and p=0.3673, respectively). 
For maximally uncoupled respiration, one‐way ANOVA showed a significant effect of time‐
of‐day for the dark‐fed group, a trend towards a time‐of‐day effect for the ad libitum fed group, 
and again no significant effect of time‐of‐day for the light‐fed group (p=0.0190, p=0.0708 
and p=0.6041, respectively). Using JTK_Cycle analysis to determine 24h rhythms revealed 
a trend for rhythmic respiration in the dark‐fed group for these two conditions (p=0.0906 
for both) with highest values estimated at ZT6. For the ad libitum and light‐fed group no 
significant rhythms were found for any of the measures (p>0.9999 for all light‐fed group 
measures, p=0.1924 and p=0.1197 for S and FCCP in the AL group). Similar to the dark‐fed 
group the peaks in respiration for the ad libitum fed animals were estimated at ZT6. After 
inhibition of mitochondrial complex I by rotenone, none of the groups showed any significant 
daily rhythmicity anymore, although the dark‐fed animals still showed a trend (p=0.0720).
 The difference between the highest and lowest maximal oxidative phosphorylation 
was 17% in AL, 17% in dark‐fed and 11% in light‐fed. For uncoupled respiration rates the 
difference between highest and lowest rates was about 15% for the AL group, 19% for dark‐
fed, and only 8% for the light‐fed animals.

Mitochondrial abundance
The relative number of mitochondria per cell was quantified using the ratio of DNA copy 
numbers of a mitochondrial DNA (mtDNA) fragment divided by the copy numbers of a 
nuclear DNA (nDNA) fragment (Figure 3d). No significant effects were found for ZT, TRF, 
nor for the ZT*TRF interaction (p=0.5940, p=0.1280 and p=0.6046, respectively, two‐way 
ANOVA). However, JTK_Cycle revealed that only in the light‐fed group the mtDNA/nDNA 
ratio was rhythmic (p=0.0198), which likely can be attributed to the diurnal fluctuations 
in mtDNA abundance and not the nDNA abundance (p=0.0248 and p>0.9999 respectively, 
JTK_Cycle, data not shown). For the AL and dark‐fed groups no rhythms in mtDNA/nDNA 
ratio were found (p>0.9999 for both groups).

Gene expression
The qPCR data confirmed our previous results that TRF dampens the daily rhythmicity of the 
muscle clock and alters expression of several metabolic genes, including uncoupling protein 
3 (Ucp3) and fatty acid synthase (Fas) (50). Rhythmic expression of the core clock gene 
Bmal1 was dampened in the light‐fed group and the Ucp3 expression profile was inverted 
with an overall lower expression. TRF induced rhythmicity in Fas expression in both the light 
and dark‐fed groups albeit in exact antiphase (acrophases at ZT8 and ZT20, respectively) 
(Fig 4a‐c), similar to previous TRF experiments from our group (50). 
 In order to pinpoint the mechanisms underlying the alterations in mitochondrial 
respiration described above, we also measured the expression profiles of several genes that 
are associated with (mitochondrial) metabolism (Fig 4d‐i). Most genes tested did not show 
significant rhythmicity in the AL group, nor an altered expression pattern in the dark‐fed 
groups when compared with the AL group. However, in the light‐fed group several genes 
important for mitochondrial biogenesis and dynamics did show altered expression profiles 
compared to the AL and dark‐fed group. Ppargc1α showed a loss of rhythm whilst Mitofusin1 
showed a gain of rhythm. Other genes important for mitochondrial functioning also showed
altered expression in the light‐fed group, including Nocturnin (loss of rhythm), Sirtuin3 (gain 
of rhythm), mTOR (gain of rhythm) and Sarcolipin (loss of rhythm).
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Figure 3 Daily profiles of the different mitochondrial respiration states and the mitochondrial abundance (mtDNA/
nDNA ratio). a: maximal oxidative phosphorylation (OXPHOS; with pyruvate, glutamate, malate and succinate). 
b: maximal uncoupled respiration(with FCCP). c: complex II only respiration (with succinate/rotenone). d: 
Mitochondrial abundance (mtDNA/nDNA ratio). n=6‐8 per experimental group per timepoint. Table 2 summarizes 
the main statistical findings for the mitochondrial respiration states.

Table 2 Summary of the two‐way ANOVA results of the three different respiration states: maximally oxidative 
phosphorylation (OXPHOS; with pyruvate, glutamate, malate and succinate), maximal uncoupled respiration (with 
FCCP) and complex II only respiration (with succinate/rotenone).

p‐values for each of the main effects are given. Post hoc differences between the groups are also displayed. For the 
effect of time both one‐way ANOVAs and cosinor analyses using JTK_Cycle were used as post‐hoc test.

Step two-way ANOVA

ZT TRF TRF post-hoc test TRF group one-way ANOVA (ZT) JTK_Cycle

maximal OXPHOS
Figure 2b

0.0109 0.0019 L<AL&D AL 0.0842 0.1924

D 0.0259 0.0906

L 0.3673 1

Uncoupled 
respiration
Figure 2c

0.0082 0.0012 L<AL&D AL 0.0708 0.1197

D 0.0190 0.0906

L 0.6041 1

Succinate/Rotenone
Figure 2d

0.0304 0.0152 L<AL AL 0.2409 0.3684

D 0.0720 0.3225

L 0.2472 1
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out of 18 tested genes). Table 3 and table 4 summarize the main statistical findings of all tested genes from the 2 way 
ANOVA and JTK_Cycle analysis respectively.

Table 3 Two‐way ANOVA results of the daily gene expression profiles in the different feeding groups. 
 Gene Interaction ZT TRF

Atp5f1b 0.70 0.61 0.59

Bmal1 <0.005 <0.005 <0.005

Cox4 0.87 0.30 0.20

Drp1 0.29 0.19 0.15

Fas 0.02 0.76 0.15

Fis1 0.48 0.95 0.24

HK2 0.41 0.58 0.92

Mfn1 0.33 0.02 0.51

Mfn2 0.69 0.29 0.59

mTOR 0.25 0.29 0.48

Nocturnin 0.02 0.01 0.23

Opa1 0.83 0.64 0.54

Ppargc1α 0.16 <0.005 0.41

Pparδ 0.80 0.25 0.41

Sarcolipin 0.14 0.01 0.96

Sirtuin3 0.33 0.73 0.24

TFAM 0.62 0.67 0.16

Ucp3 <0.005 <0.005 <0.005
Significant p‐values (p<0.05) and genes that have such significant parameters are bold formatted.
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Table 4 Analysis of rhythmic gene expression within the different feeding groups using JTK_Cycle. 

Discussion

Our current data for the first time show a daily rhythm in maximal ex vivo mitochondrial 
respiration in rat muscle. Thus far, such daily rhythms in mitochondrial respiration had only 
been shown in synchronized hepatocytes and isolated mitochondria (36–40). Moreover, 
our results are very comparable to those of a recent study using human skeletal muscle 
biopsies (52). However, in addition to these human data, we were able to demonstrate that 
time‐restricted feeding significantly affected mitochondrial respiration rhythms in muscle, 

p-value acrophase

Gene ad libitum light-fed dark-fed ad libitum light-fed dark-fed

Atp5f1b 1.00 0.60 0.26

Bmal1 0.00 0.00 0.00 0 6 0

Cox4 0.60 1.00 0.49

Drp1 1.00 0.19 0.15

Fas 1.00 0.00 0.01 8 20

Fis1 1.00 1.00 1.00

HK2 1.00 1.00 0.12

Mfn1 0.06 0.01 0.66 8

Mfn2 0.72 0.36 1.00

mTOR 0.66 0.01 0.32 8

Nocturnin 0.04 0.26 0.00 12 18

Opa1 1.00 0.17 1.00

Ppargc1a 0.00 0.79 0.00 12 12

Pparδ 1.00 0.10 1.00

Sarcolipin 0.01 1.00 0.04 18 20

Sirtuin3 0.72 0.04 0.54 8

TFAM 1.00 0.79 1.00

UCP3 0.00 0.00 0.00 0 20 0

p=0.00 indicates p‐values <0.005. Significant p‐values (p<0.05), their corresponding acrophases and genes that have 
such significant parameters are bold formatted.
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with feeding restricted to the wrong time‐of‐day causing a reduced daily rhythmicity and 
a strongly dampened overall 24h respiration rate. On the other hand, feeding restricted 
to the dark period (i.e., the correct time‐of‐day) caused a slightly stronger daily rhythm 
in respiration. These findings held true for both maximal oxidative phosphorylation and 
uncoupled respiration states. Analysis of mitochondrial abundance (i.e., mtDNA/nDNA 
ratio) and gene expression indicated a possible role for the mitochondrial biogenesis and 
fission/fusion machinery.

Rhythms in mitochondrial respiration
A vast amount of evidence links the circadian timing system to mitochondrial functioning, 
including mitochondrial respiration (reviewed in 29–31). However, most of the research 
that established this link has been performed using clock gene KO animal models in which 
respiration was measured at a single time point and compared with that of control tissue/cells/
mitochondria (31–35). In these kind of xperiments, it is difficult to determine if mitochondrial 
functioning really is rhythmic or that the molecular clock KO simply resulted in disruption 
of mitochondrial functioning through one of its other (non‐circadian) downstream outputs. 
Studies not relying solely on KO models and a single time point, usually used synchronized 
cell lines or isolated mitochondria (36–40). The latter involves a time‐consuming process 
(often with an overnight incubation step), in which any bi‐directional signaling between the 
cell and its surrounding tissue or the cell and mitochondria is lost. Therefore, we measured 
mitochondrial respiration in intact muscle fibers and with the timing of sacrifice, preparation 
of the ex vivo tissue and the measurement itself highly standardized and performed within 
a small time frame (less than 2 hours between the moment of sacrifice and the final step 
in the respiration protocol). Our results show that also in intact fresh tissue clear daily 
rhythms in mitochondrial respiration can be found, confirming findings from previous animal 
studies using KO or in vitro approaches. Moreover, our results are very comparable with 
the study that measured mitochondrial respiration in human skeletal muscle (53). In that 
study, using biopsies from the Vastus Lateralis muscle (outer thigh muscle) of healthy young 
male volunteers, daily rhythms in maximal oxidative phosphorylation, but not in uncoupled 
respiration (which was attributed to the large variation between participants) were found. 
Similar to our measurements in both AL and dark-fed rats, in human muscle the difference 
between the highest and lowest daily respiration rate was about 20%.
 Surprisingly, both in our rat study and the previously published human study the 
peak in mitochondrial respiration was not in the active phase (daytime in humans, nighttime 
in the nocturnal rat), but rather in the inactive phase (11PM in humans, ZT6 in our study). 
First, it should be stressed that using high-resolution respirometry such as in our rat study as 
well as in the human study, mitochondria are maximally stimulated using various substrates. 
This is different from an in vivo setting where mitochondrial respiration is never maximal. 
Another possible explanation for this counter‐intuitive observation could be that during the 
inactive phase the pool of mitochondria is being refreshed through mitochondrial dynamics
(i.e., mitofusion, mitofission, mitophagy and mitochondrial biogenesis). A healthy pool of 
mitochondria is maintained through a series of processes collectively termed mitochondrial 
dynamics (54,55). As it seems plausible to consider the inactive phase as a metabolically 
resting state, this seems the best time to replenish the pool of mitochondria. As refreshment 
of the mitochondria replaces the older, metabolically unhealthier parts of the mitochondrial 
pool with newly assembled organelles this could explain the increased respiration rates found 
after refreshment, i.e., during the inactive phases of rats and humans. Several studies have
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provided evidence for daily rhythms in mitochondrial dynamics (37,53,56–58), but much 
needs to be resolved regarding this matter, especially since most data on these mechanisms 
have been gathered through animal KO studies and the measures of mitochondrial dynamics 
usually were on a gene expression level and thus did not directly reflect mitochondrial 
dynamics. However, in one study a rhythm in mitochondrial fusion was demonstrated using 
fluorescent microscopy in isolated and subsequently synchronized macrophages (56).
 In a follow‐up human study ex vivo muscle mitochondrial respiration was measured 
in healthy participants at two different time points both during circadian alignment and 
misalignment, as a model for shift‐work (59). Although the authors could not confirm their 
previous time‐of day effect in the control condition, the circadian misalignment condition 
did elevate mitochondrial oxidative capacity during the behavioral morning by about 14%. 
The lack of a time‐of‐day effect in the control condition likely was due to the fact that this 
time only 2 instead of 5 time points were sampled. Moreover, these time points matched to 
neither the peak nor through of the prior experiments. As to the opposite effects of the human 
and rat shift‐work study, i.e., decreased (rat) versus increased (human) respiration rate during 
the shift condition, it should be noted that the shift‐work protocol used in the human study 
only lasted 3 days. It seems plausible that during acute disturbances/stress of the biological 
clock the mitochondria in the muscle cells respond to the changes in energy supply/demand 
by increasing their metabolic capacity for a short duration, but that this increased capacity 
cannot be maintained for a long‐term duration, such as during our TRF paradigm that lasted 
for four weeks.

mtDNA/nDNA & qPCR/mechanisms
In the AL and dark‐fed groups the relative amount of mitochondrial DNA did not show any 
significant differences throughout the day (Figure 3d). Surprisingly, in the light‐fed group 
mitochondrial abundance appeared to be rhythmic. One explanation for this finding could 
be that feeding during the inactive phase disturbs the balance in mitochondrial biogenesis, 
mitophagy and fission/fusion, resulting in abnormal mitochondrial abundance patterns 
throughout the day. To test the hypothesis that the altered respiration we found in the light‐fed 
animals is caused by mitochondrial dynamics and/or that the different complexes of the ETC 
are differently regulated along the 24h cycle and between the TRF conditions, we analyzed 
gene expression profiles of several important mitochondrial genes. Most genes tested were 
not rhythmically expressed and not significantly altered by the TRF regimens. This is not 
surprising as only an estimated 4% of all transcripts is rhythmic in mice skeletal muscle 
(19). However, the few genes that did show altered expression in the light‐fed group could 
potentially provide some insight in the altered mitochondrial respiration rates observed. Ucp3 
was the only gene that showed reduced overall expression levels throughout the day. As Ucp3 
is associated with mitochondrial respiration the reduced expression that we found could 
explain the lowered respiration capacity in the light‐fed animals (60). The loss of rhythm in
mitochondrial respiration that we found seems to conflict with the gain of rhythm found 
in mitochondrial abundance. As we found several genes that lost their rhythmic expression 
(Ppargc1a, Sarcolipin and Nocturnin), whilst others gained rhythmic expression in the light‐
fed group (Mitofusin, mTOR and Sirtuin3) it could be that the loss of rhythm in mitochondria 
respiration occurs through mechanisms different from those involved in the gain of rhythm 
in mitochondrial abundance. Ppargc1α is an important transcriptional co‐activator that is 
associated with a wide variety of mitochondrial processes including biogenesis and respiration 
(61–63). Mitofusin is important for mitochondrial fission and its dysregulation together with
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the altered expression of Ppargc1α suggests that indeed mitochondrial dynamics could 
play a role in the daily changes in mitochondrial abundance and respiration, as well as in 
the lowered overall mitochondrial respiration that was induced by the light feeding TRF 
protocol. Nevertheless, the analysis of the rhythmic ene expression profiles (i.e., gain/loss 
of rhythm) does not fully explain the metabolic phenotypes as Ppargc1α loses its rhythm 
whilst Mitofusin1 becomes rhythmic in the light‐fed group and both genes are involved in 
mitochondrial dynamics. A possible explanation for this finding might be that the loss/gain of 
rhythm in one measure (e.g. gene/protein expression) may strengthen/dampen the rhythm in 
another process and thereby unmask/mask the latter rhythm. Something similar is observed 
with the expression profiles of mTOR, Sirtuin3, Sarcolipin and Nocturnin, all involved in 
mitochondrial metabolism. Whilst mTOR and Sirtuin3 are rhythmically expressed only in the 
light‐fed group, Sarcolipin and Nocturnin lose their daily expression rhythm in the light‐fed 
group. mTOR is associated with mitochondrial functioning as inhibiting the mTOR complex 
resulted in lower mitochondrial membrane potential, oxygen consumption and ATP synthesis 
(64). Both Sirtuin3 and Nocturnin are considered to be essential links between the circadian 
clock and metabolism (65–68), therefore the dysregulation that we found in the expression 
of these genes also fits well with the idea of circadian disruption through daytime TRF. 
Especially the deacetylase Sirtuin3 has been studied intensively and has convincingly been 
demonstrated to regulate rhythms in activity of oxidative enzymes and respiration in isolated 
mitochondria through changing the acetylation status of mitochondrial enzymes (36).
 Future studies using (fluorescent) microscopy to directly quantify mitochondrial 
abundance and fission/fusion states could address whether indeed mitochondrial dynamics 
can explain the differences in mitochondrial respiration that we here report. Additionally, 
measurements on post‐translational modifications, i.e., the circadian proteome and 
metabolome, under our different feeding paradigms could provide more insights into the 
molecular mechanisms behind both the time‐of‐day effect as well as the effects of TRF 
during the light period on the mitochondrial respiration in skeletal muscle.

Mitochondrial respiration in the context of T2DM
Mitochondrial dysfunctioning in skeletal muscle has been associated with obesity, insulin 
resistance and T2DM (reviewed in e.g. (10–13). However, it should be noted that some studies 
attribute the reduced mitochondrial functioning in T2DM patients to lowered mitochondrial 
content and not to the mitochondrial functioning itself (69). Nonetheless, several studies in 
T2DM patients showed that compared to BMI matched controls, patients have about 30% 
lower mitochondrial function in skeletal muscle (5,6). Exercise can increase mitochondrial 
function again to levels similar to those of BMI matched controls (6). Similarly, in another 
study T2DM patients were found to have 24% and 17% lower respiration rates for complex 
I and complex I+II substrates, respectively, as compared to age and BMI matched controls 
(70). The daily variation we find in our rat model under both AL and dark feeding conditions 
are well within this range of lowered respiration in T2DM patients, i.e., 20%. Therefore, 
disturbing the circadian system such as during shift‐work could be causal or at least 
contributing to the pathology of T2DM. Additionally, the lowered overall mitochondrial 
respiration rate of about 11% in the light‐fed group (i.e., our circadian misalignment group) 
is quite similar to the 14% difference found in humans between the circadian aligned and 
misaligned condition (59). Moreover, when comparing the respiration rates at ZT7 light‐fed 
animals have a reduced respiration of 31% and 27% for maximal oxidative phosphorylation
and uncoupled respiration, respectively, as compared to the AL fed group, which is nearly
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identical to the reduced rates found in the human T2DM studies mentioned above. 
Unfortunately, so far no experiments have been performed during which multiple (muscle) 
biopsies were taken throughout the day from both T2DM patients and controls.
 Summarizing, our study and the circadian misalignment study in humans both 
indicate that disturbing the biological clock alters mitochondrial functioning, both acutely 
as well as during a more chronic exposure, but it is still unsure whether or not mitochondrial 
dysfunctioning will lead to T2DM. Nonetheless, even though causality between T2DM and 
mitochondrial functioning has not been proven yet, mitochondria still seem an interesting 
potential therapeutic target for prevention or even treatment of T2DM as they can be targeted 
not only by pharmaceutical drugs, but can also be influenced by lifestyle interventions. 
Such lifestyle interventions are exercise, nutrient consumption (both caloric restriction as 
well as supplements such as resveratrol, carnitine and NAD+) and strengthening circadian 
rhythms. Therefore, these interventions urgently need further confirmation in human studies, 
especially in the context of treatment and/or prevention of T2DM (11).

Conclusion
We report the presence of an ex vivo daily rhythm in mitochondrial respiration in skeletal 
muscle in rats. The amplitude of this daily rhythm in respiration was enhanced by restricting 
food intake to only the active phase. Contrasting, eating at the wrong time of day, as is often 
the case during shift‐work, abolished the rhythm in mitochondrial respiration. Moreover, 24h 
respiration levels were significantly decreased in the misaligned animals, an observation that 
parallels the reduced oxidative capacity observed previously in T2DM patients.
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Housekeeping genes Forward primer Reverse primer

Rsp18 CTCTTCCACAGGAGGCCTACACG TGGCCAGAACCTGGCTATACTTCC 

βactin ACAACCTTCTTGCAGCTCCTC CTGACCCATACCCACCATCAC

Cyclophilin ATGTGGTCTTTGGGAAGGTG GAAGGAATGGTTTGATGGGT

Genes of interest

Atp5f1b CGGGTAGCTCTGACTGGTCT AACTCAGCAATAGCACGGGA

Bmal1 CCGATGACGAACTGAAACACCT TGCAGTGTCCGAGGAAGATAGC

Cox4 TGGGAGTGTTGTGAAGAGTGA GCAGTGAAGCCGATGAAGAAC

Drp1 ACAACAGGAGAAGAAAATGGAGT CGTTGGGCGAGAAAACCTTG

Fas CTT GGG TGC CGA TTA CAA CC GCC CTC CCG TAC ACT CAC TC

Fis1 GGTTGCGTGGTAAGGGATGA CTGTAACAGTCCCCGCACAT

Hexokinase II GGTGAGCCATCGTGGTTAAG CTTCCGGAACCGCCTAGAAA

Mitofusin1 AGGCCATCACTGCGATCTT TATCTCCACCAGATCATCCTCG

Mitofusin2 CTCAGGAGCAGCGGGTTTATTGTCT TGTCGAGGGACCAGCATGTCTATCT

mTOR AGCAGCATGGGGTTTAGGT CCCGAGGAATCATACAGGTG

Nocturnin TGCAGTGGAACATCCTCGC CCATCTGGACCATTGTTGTGC

Ppargc1α TGCCATTGTTAAGACCGAG GGTCATTTGGTGACTCTGG

Pparδ CTCCTGCTCACTGACAGATG TCTCCTCCTGTGGCTGTTC

Sarcolipin GGTGTGTCTTTGCTTCTCTTC CCATCTTCAGAAGGTCTGGG

Sirtuin3 GACATACGGGCTGACGTGAT AGTCGGGGCACTGATTTCTG

TFAM ACCCAGATGCAAAAGTTTCAG AAATCCGCTTCATACACCTTTT

UCP3 GCACTGCAGCCTGTTTTGCTGA ATAGTCAGGATGGTACCGAGCA

mtDNA/nDNA ratio

nDNA Rpl13a TGCTCATCACAGACTCTCAGG AAGCCTTCCTCTTTCCACAGG

mtDNA Cox1 AGATGTAGACACCCGAGCCT GGCTCATAATATGGCGGGGG

Table S1 List of primers used for the gene expression profiles and mtDNA/nDNA quantification.
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Abstract 
Epidemiological studies indicate that shift-workers have an increased risk of type 2 diabetes 
mellitus (T2DM). Glucose tolerance and insulin sensitivity both are dependent on the 
circadian timing system (i.e., the time-of-day) and fasting duration, in rodents as well as 
humans. Therefore, question is whether manipulation of the circadian timing system, for 
example by changing the timing of feeding and fasting, is a potential preventive treatment 
for T2DM. Time-restricted feeding (TRF) is well-known to have profound effects on various 
metabolic measures, including glucose metabolism. However, experiments that directly 
measure the effects of TRF on glucose tolerance and/or insulin sensitivity at different time 
points throughout the 24h cycle are lacking. Here we show, in rats, that TRF in line with the 
circadian timing system (i.e., feeding during the active phase) improves insulin sensitivity 
during intravenous glucose tolerance tests in the active phase, but not during the sleep 
phase. Contrasting, TRF out of sync with the circadian timing system (i.e., feeding during 
the inactive phase) worsened insulin sensitivity, although only marginally, likely because 
of adaptation to the 4 week TRF regimen. Our results show that TRF can improve insulin 
sensitivity, but strict adherence to the time-restricted feeding period is necessary, as outside 
the regular eating hours insulin sensitivity is worsened.

Keywords  feeding behavior, metabolism, intravenous glucose tolerance test (ivGTT),  
  insulin sensitivity, shift-work, Type 2 diabetes mellitus (T2DM). 

1. Introduction
An increasing number of people are suffering from type 2 diabetes mellitus (T2DM) (1). 
T2DM is characterized by hyperglycemia resulting from insulin resistance. The main risk 
factors for T2DM are excessive caloric intake and a lack of exercise; however, other factors 
such as disturbed sleep/wake rhythms may also contribute to disease development (reviewed 
in (2,3)). Disturbed sleep/wake rhythms are especially pronounced in people performing 
shift work, as they often are awake during the natural resting phase, sleep during daytime 
and eat at irregular times. With modern societies increasingly relying on shift-work a better 
understanding of the effects of shift-work on glucose metabolism, but also health in general, 
is essential. A widely used animal model to study the metabolic effects of shift-work is time-
restricted feeding (TRF) in which the opportunity to eat, but not the amount, is restricted 
to a certain period of the day (reviewed in (4,5)). In nocturnal animals such as mice and 
rats the chosen period is usually (part of) the light period (=inactive phase) to mimic shift 
work and (part of) the dark period (=active phase) as a control condition. TRF to the active 
phase is associated with health benefits, whilst TRF to the inactive phase is associated with 
negative health effects (6). It has long been known that glucose tolerance displays clear day/
night differences. Nevertheless, glucose tolerance tests (GTT) to study the effects of TRF on 
glucose metabolism are usually only performed at one time point (7–10). Therefore, it is not 
clear how much of the variation found is due to (changes in) the circadian timing system (11) 
or by differences in the preceding fasting period. In order to separate the effects of diurnal 
variation due to the intrinsic timing system from that of TRF we designed our experiment 
in such a way that all animals were tested both 4h after the onset of the dark phase and 4h 
after the onset of the light phase. By choosing two time points 12h apart also fasting duration 
before each GTT was counter-balanced between the light-TRF and dark-TRF groups.
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2. Materials and Method

2.1. Animals and Housing
Forty-five male Wistar rats with a starting weight of ≈280g (Charles River) were used for the 
TRF intravenous glucose tolerance test (ivGTT) experiments. An additional eight animals 
fed ad libitum were tested with two different fasting durations. Animals were housed at a 
constant temperature of 22°C under a controlled 12:12 light:dark cycle, lights on at Zeitgeber 
Time 0 (ZT0) and lights off at ZT12. After arrival to the institute animals had an acclimation 
period of 1 week after which they were individually housed and randomly assigned to one 
of three TRF groups for 4 weeks: ad libitum feeding (AL), light phase feeding (light-TRF) 
or dark phase feeding (dark-TRF) (n=14-16 per group). Light-TRF and dark-TRF animals 
had access to chow pellets for 10h in the middle of the light or dark phase, respectively 
(Fig.1a). In automated cages food access was controlled by a vertically moving metal plate 
that completely blocked access to the food bin, alike an old castle gate. All animals had ad 
libitum access to tap water. After two weeks of TRF a jugular vein surgery was performed 
as described previously (11). Animals could recover from the surgery for 1 week, whilst 
remaining on their assigned feeding conditions. All experiments were approved by the Dutch 
government and performed in accordance with the guidelines on animal experimentation of 
the Netherlands Institute for Neuroscience.

2.2. Experimental Procedure

2.2.1. TRF ivGTT Experiment (Experiment-1)
After three and four weeks on TRF an intravenous glucose tolerance test was performed 
at either ZT4 or ZT16, i.e., 4h after lights-on or 4h after lights-off, in a randomized order. 
During the experimental days all animals remained on their assigned TRF conditions, but in 
addition for all animals food was removed 5h before the ivGTT (if applicable). Consequently, 
dark fed animals were fasted for 17h during the ZT16 measurement and light fed animals 
were fasted for 17h during the ZT4 measurement (Fig.1a). During the other experiment, 
i.e., ZT4 in dark-TRF and ZT16 in light-TRF, animals were fasted for 5h. Fasting periods 
of the ad libitum fed animals were comparable to those of the dark fed animals, although 
the 17h fasting period for the ZT16 time point is not absolute, as animals might have eaten 
a little during the second half of the light period before food was removed at ZT11. After 
a baseline blood sample (t=0 minutes) had been taken animals were infused with glucose 
(1mg/g bodyweight, dissolved in saline) and blood samples were taken again 5, 10, 20, 30 
and 60 minutes after the glucose infusion.

2.2.2. ad libitum Control Experiment (Experiment-2)
After recovery from surgery the extra eight ad libitum fed rats were randomly assigned to 
either a 5h or a 17h fast before the start of an ivGTT in the dark, i.e., awake, period (ZT16). 
After a recovery period of one week the rats were tested again with the other fasting duration. 
The ivGTT procedure itself was identical to the one described above for the TRF ivGTT 
experiments.

2.3. Glucose and Insulin Measurements
Blood glucose was measured directly at each sampling point during the ivGTT from the 
untreated blood samples using blood glucose test strips with a 0.1mmol/L accuracy 
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(FreeStyle, Abbott Diabetes Care). Plasma insulin was measured using a radioimmunoassay 
(Millipore). 

2.4. Statistics
All data are represented as means±SEM. Two-way repeated measure (RM) ANOVAs were 
used to test for the effects of TRF and Sampling (i.e., t=0, t=5, t=10, etc. after glucose 
infusion) as well as the Interaction (TRF * Sampling) for the insulin and glucose profiles 
during the ivGTTs. Tukey’s posthoc tests were performed to compare the three different TRF 
groups. Delta values for glucose and insulin concentrations were determined by subtracting 
the baseline value (t=0) from the value of each of the subsequent time points. The net AUC 
(i.e., negative AUC [“undershoot”] subtracted from positive AUC) was determined using 
these delta values and the trapezoid rule for the duration of the entire ivGTT measurement 
(0-60 min). Two-way ANOVAs were used to test for effects of TRF (ad libitum, light fed 
and dark fed), Fasting/Feeding (Fasting period or Feeding period) and Interaction (TRF * 
Fasting/Feeding) on the glucose and insulin responses (expressed as net AUC). T-tests were 
performed to compare the net AUC between two different time points, i.e., ZT4 and ZT16, 
within each TRF group. One-way ANOVAs were used to test for differences in body weight 
and food intake in the experimental weeks as well as to compare the net AUC of the 17h 
fasted animals at ZT16 (figure 3). All statistics were run by GraphPad Prism 7.

3. Results

3.1. TRF Experiment (Experiment-1)

3.1.1. Body Weight and Food Intake
In the experimental weeks the animals from the 3 different TRF groups ate approximately 
19.5 grams of chow/day and no significant differences in food intake were found between the 
groups (Fig.1b). 
 Also body weight gain in the period between the start of the TRF regimen and the 
4th week of the TRF protocol did not differ between the 3 groups (Fig.1c; p=0.73; one-way 
ANOVA).
 For all three groups in the TRF experiment the intravenously administered glucose 
was cleared from the circulation within 20 minutes at both ZT4 and ZT16, i.e., blood glucose 
levels had returned to baseline or were even slightly lower than baseline (Fig.2a&b). During 
the Fasting period no differences were found between the 3 groups nor an Interaction effect 
between the sampling points and the TRF condition (Fig.2a, table 1). Contrasting, during 
the Feeding period a significant Interaction between TRF and Sampling was found, mostly 
due to a higher glucose peak at t=5 min for light-TRF as compared to ad libitum animals. 
Furthermore, the net AUC for the blood glucose levels showed a significant interaction 
between the Fasting/Feeding-Period and TRF, but no main effects of TRF or the Fasting/
Feeding-Period (Fig.2c). Post-hoc analyses revealed that only the AL animals showed a 
significant diurnal difference in AUC. Additionally, during the Fasting period dark-TRF 
animals showed a lower glucose response as AL animals and during the Feeding period light-
TRF animals showed a higher glucose net AUC compared to AL animals (p=0.0383 and 
p=0.0458, respectively).
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Figure 1 Experimental design and basic physiological measures of the rats. 1a: Experimental design of Experiment-1 
and Experiment-2. Time-restricted fed animals had access to chow pellets for 10h during either the light phase (ZT1-
11) or the dark phase (ZT13-23). At ZT4 and ZT16 an intravenous glucose tolerance test (ivGTT) was performed, 
during which blood samples were taken just before a glucose bolus injection at t=0 as well as at t=5, 10, 20, 30 and 
60 minutes. 1b: Daily food consumption in the test weeks did not significantly differ between the 3 experimental 
groups (average of 2 days in week 3 and 2 days in week 4, p=0.23; one-way ANOVA, average food intake of 2 days 
in TRF weeks 3 and 4, n=14-16 per group). 1c: Body weight gain in the period between the start of the TRF regimen 
and the 4th week of the TRF protocol did not significantly differ between the 3 groups (p=0.73; one-way ANOVA, 
n=14-16 per group).
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3.1.2. Glucose Responses
For all three groups in the TRF experiment the intravenously administered glucose was cleared 
from the circulation within 20 minutes at both ZT4 and ZT16, i.e., blood glucose levels had 
returned to baseline or were even slightly lower than baseline (Fig.2a&b). During the Fasting 
period no differences were found between the 3 groups nor an Interaction effect between the 
sampling points and the TRF condition (Fig.2a, table 1). Contrasting, during the Feeding 
period a significant Interaction between TRF and Sampling was found, mostly due to a higher 
glucose peak at t=5 min for light-TRF as compared to ad libitum animals. Furthermore, the 
net AUC for the blood glucose levels showed a significant interaction between the Fasting/
Feeding-Period and TRF, but no main effects of TRF or the Fasting/Feeding-Period (Fig.2c). 
Post-hoc analyses revealed that only the AL animals showed a significant diurnal difference 
in AUC. Additionally, during the Fasting period dark-TRF animals showed a lower glucose 
response as AL animals and during the Feeding period light-TRF animals showed a higher 
glucose net AUC compared to AL animals (p=0.0383 and p=0.0458, respectively). 

3.1.2. Insulin Responses
For all three groups and at both ZTs a sharp rise in blood insulin concentrations was found 
5 min after glucose administration (Fig.2d&e). The insulin peak during the Fasting period 
measurement was significantly higher for the light fed and dark fed animals when compared 
to the AL animals. Additionally, the light-TRF group had overall higher insulin levels when 
compared to the ad libitum fed group (table 1). The insulin peak during the Feeding period 
measurement was lowest for dark-TRF animals, but did not differ between AL- and light-
TRF animals. In agreement with this, the two-way ANOVA showed a main effect of TRF 
with dark fed animals having lower plasma insulin levels compared to AL animals (Fig.2e). 
AUC of plasma insulin values showed a significant effect of the Fasting/Feeding-Period as 
well as the Fasting/Feeding-Period *TRF interaction (Fig.2f). Post-hoc analyses revealed 
that during the Feeding period measurement dark fed animals had lower net insulin AUC as 
compared to light fed animals (p=0.0089). Additionally, only light-TRF animals showed no 
significant diurnal difference in insulin AUC.

Figure 2 Continued on next page
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Table 1 Summary of the two-way ANOVA results of the insulin and glucose measures during the ivGTTs.  

3.2. 17h Fasting in ad libitum Fed Animals (experiment-2)
To better understand the effects of fasting status we compared the data of the dark fed 
animals at ZT16 (absolute fast of 17h) with those of the ad libitum animals at ZT16 of 
Experiment-1 (relatively fast of 17h as they could eat until ZT11) and 17h-fasted AL animals 
of Experiment-2 (absolute fast of 17h). Fig.3 shows that an absolute 17h fast in AL animals 
caused an impaired glucose tolerance at t=5 minutes (Fig.3a) and an increased net AUC 
(Fig.3b). Finally, the 17h absolute-fasted, AL and TRF animals had a smaller insulin response 
as compared to the relative fasted AL animals as well as a smaller net AUC (Fig.3c&d).

Figure 2 Glucose and insulin values during the ivGTTs at ZT4 and ZT16. By experimental design at any given ZT 
point light-TRF and dark-TRF animals always differ in their fasting status. Therefore, we chose to display the results 
of the ivGTT’s not by ZT but according to the feeding status of the animals. Thus ivGTT’s performed during the 
feeding period are labeled “Feeding period measurements”, i.e., ZT16 for ad libitum and dark fed animals and ZT4 
for the light fed animals. ivGTT’s performed during the fasting period are labeled “Fasting period measurements”, 
i.e., ZT4 for the ad libitum and dark fed animals and ZT16 for the light fed animals. 2a,b,d,e: Blood glucose and 
plasma insulin values during the ivGTT in the Fasting period (a & d) and during the Feeding period (b & e). 2c&f: 
Net AUC (i.e., negative AUC [“undershoot”] subtracted from the positive AUC) of glucose and insulin responses, 
respectively. AUC values of glucose and insulin are displayed relative to their respective baseline value. Table 1 
summarizes the main statistical findings for all glucose and insulin measures during the GTTs. N=8-13 animals per 
experimental group per measurement. *= p<0.05, **= p<0.01, ****= p<0.0001, #= significant difference between 
the Ad lib and Dark fed group, $= significant difference between the Ad lib and Light fed groups, &=significant 
difference between the Dark and Light fed group 

p-values for each of the main effects as well as the interaction are given. Post hoc differences between the groups and 
sleep/wake measurements are also given with their corresponding p-values.

blood/insulin profile 
measures 

Sampling-Points 
(t=0,t=5, etc) 

TRF Interaction post-hoc differences (p-value) 

Glucose during Fasting period 
 (Figure 2a) 

<0.0001 0.0836 0.3555  

Glucose during Feeding 
period 
(Figure 2b) 

<0.0001 0.1865 <0.0001 t=0 AL> l-TRF  (0.0162)
t=5 AL< l-TRF (0.0245) 
t=10 d-TRF < l-TRF (0.0027) 
t=30 AL > l-TRF (0.0134) 
t=60 AL > l-TRF & d-TRF (0.0102 
& 0.0450) 

Insulin during 
Fasting period 
(Figure 2d) 

<0.0001 0.0364 0.0342 t=5 AL < l-TRF & d-TRF (<0.0001 
& 0.0320) 
TRF: l-TRF > AL (0.0002) 

Insulin during 
Feeding period 
(Figure 2e) 

<0.0001 0.0089 0.0709 t=5 d-TRF < AL & l-TRF (0.0006 & 
0.0006) 
t=10 d-TRF < AL & l-TRF (0.0223)  
TRF: AL > d-TRF (0.0003) 

net AUC measures (Fasting/Feeding)
Period 

TRF Interaction  

Glucose 
(Figure 2c) 

0.5019 0.8084 0.0031 Fasting period: AL >d-TRF 
(p=0.0383) 
Feeding period: l-TRF > AL 
(p=0.0458) 
AL ZT4 > AL ZT16 (p=0.0015) 

Insulin 
(Figure 2f) 

<0.0001 0.4962 0.0082 Feeding period: d-TRF<l-TRF 
(p=0.0089) 
AL ZT4 > AL ZT16 (p=0.0221) 
d-TRF ZT4 > d-TRF ZT16 
(p<0.0001) 
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Figure 3 Glucose and insulin values during the ZT16 ivGTT of the 3 groups that were fasted for 17h (either absolute 
or relative (~)): the d-TRF group, the Ad lib group from Experiment-1 that was relatively fasted for ~17h and the 
absolute 17h fasted Ad lib animals from Experiment-2. 3a&c: Glucose and insulin values during the ivGTT. 3b&d 
Net AUC (i.e., negative AUC [“undershoot”] subtracted from the positive AUC) of glucose and insulin responses, 
respectively. N=8-9 animals per experimental group. *= p<0.05, **= p<0.01.

4. Discussion
We here present evidence that the well-known diurnal variation in glucose tolerance is due to 
both an intrinsic daily variation as well the preceding feeding/fasting condition. As expected 
animals fed ad libitum showed higher glucose tolerance at the beginning of the activity 
period than at the beginning of their sleep period. In neither TRF group such a significant 
diurnal variation was observed, clearly indicating that the well-known diurnal variation is not 
only due to a difference in the feeding/fasting condition. Moreover, light fed animals showed 
no diurnal variation in either their glucose or insulin response, another clear indication that 
the normal diurnal variation is not the single result of either the feeding/fasting status or 
the circadian timing system. Of all the ivGTTs performed the smallest insulin response was 
observed in dark fed animals during their ZT16 test. This improved insulin sensitivity of the 
dark fed animals at ZT16 was due to a combined effect of time-of-day and prolonged fasting, 
as it was also observed in the ad libitum animals of Experiment-2 when fasted for 17h and 
tested at ZT16, but not in the ad libitum animals of Experiment-1 with a relative fast of 17h 
and tested at ZT16. Improved insulin sensitivity was also not observed in the day fed animals, 
neither when fasted for 17h and tested at ZT4, nor when fasted for 5h and tested at ZT16. 
Overall, these results show that the normal daily variation in glucose metabolism induced by 
the circadian timing system can be enhanced when a strict and prolonged fasting period is
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imposed, but only when the timing of feeding and fasting behavior is strictly in line with the 
circadian timing system. The latter meaning fasting during the regular sleep period and only 
feeding during the regular wake period, thus respectively light and dark period for nocturnal 
animals. 
 Surprisingly, the disadvantageous effects of chronically feeding at the wrong time-
of-day for glucose metabolism were quite limited. The most disadvantageous effect of daytime 
TRF being a higher insulin peak during the ivGTT in the Fasting period and a slightly higher 
glucose response during the Feeding period. Most likely, in the current experimental set-up 
the negative effects of feeding at the wrong time-of-day were counteracted by the positive 
effects of a long fasting period and the chronic condition of our TRF protocol (4 weeks) that 
allowed sufficient time for adaptation to the new rhythm in systemic glucose availability, 
through mechanisms that still need to be elucidated. 
 Four weeks TRF during the active phase improved the insulin sensitivity at ZT16, 
probably due to the prolonged fasting period. Indeed, the two groups with a strict fasting 
period of 17h showed a smaller insulin response than the AL animals with a 17h relative 
fasting period (Fig.3c&d). However, even with the same strict fasting duration, the same 
ZT and a highly similar insulin profile, glucose was taken up from the general circulation 
strikingly faster in the dark fed animals compared to the acutely fasted ad libitum animals, 
as indicated by the significant lower glucose levels at t=5 as well as an overall lower glucose 
profile. Although the AL animals from Experiment-1 with a 17h period of relative fasting 
showed an even lower glucose response (Fig.3a&b), they needed much more insulin for this 
(Fig.3c&d). Thus, a longer fasting period increases insulin sensitivity and reduces glucose 
tolerance, but in the chronic condition the impaired glucose tolerance returns to normal 
values again, while the improved insulin sensitivity is maintained. 

4.1. TRF and Other Shift-work Models in Rodent Studies
Oral glucose tolerance in the light phase after a 14h fast was worsened when mice were 
subjected to a shift-work paradigm with either 1 or 3 rotating night shifts (i.e., an inverted 
L:D cycle) per week for a duration of 3 weeks (12). In rats several risk factors such as 
increased abdominal fat, increased fasting glucose and increased glycemia in the light phase 
during an OGTT were found after 60 days of inverted feeding (i.e., 20% of caloric intake 
during the active phase and 80% of caloric intake during the inactive phase) (13). In line 
with our results, TRF during the active phase in mice improved glucose homeostasis and 
insulin sensitivity for several different nutritional challenges, even when TRF was applied 
only during weekdays and not during the weekend (8). Another study in mice found that 2 
weeks of TRF for 12h in the inactive phase resulted in only mild changes in fasting blood 
glucose rhythms, especially when compared with TRF in diabetic ob/ob mice (14). Although 
the study protocols discussed here greatly differ from each other, they all seem to confirm 
that animal models of shift-work impair glucose metabolism. However, it should be stressed 
that in many mice studies using TRF or other models of shift-work, differences in food 
intake and/or body weight are found between the experimental groups. As body weight and 
adiposity are important factors influencing insulin sensitivity, interpreting the direct effects 
of TRF on glucose metabolism are difficult when body weights or food intake differ between 
groups. In our experimental set-up, no significant differences were found between the groups 
for either food intake or body weight. Nevertheless, overall our results are in line with other 
rodent studies as they confirm that shift-work/TRF negatively affects glucose metabolism, 
although especially in mice studies these effect may be enhanced by changes in body weight. 
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Nevertheless, overall our results are in line with other rodent studies as they confirm that 
shift-work/TRF negatively affects glucose metabolism, although especially in mice studies 
these effect may be enhanced by changes in body weight and adiposity. 

4.2. On the effects of Prolonged Fasting Duration
In Experiment-2 we found an impaired glucose tolerance together with a lowered insulin 
response after acute and absolute fasting for 17h in ad libitum fed animals. Similarly, in mice 
an overnight fast of 18h resulted in enhanced insulin sensitivity as compared to a 5h fast as 
measured with a hyperinsulinemic-euglycemic clamp (15). Another study in mice found that 
compared to a 4h fast a 16h overnight fast resulted in increased muscle insulin sensitivity, 
without changes in hepatic insulin sensitivity in the inactive phase (16). In a different series 
of experiments from our group rats acutely fasted for 17h showed an even greater impaired 
glucose tolerance and decreased insulin response when tested at ZT4 as compared to ZT16 
(Fig.Suppl1). This difference in glucose responses after a similar fasting length is explained, 
for the largest part, by the major difference in prior feeding. For a GTT performed during 
the active phase (i.e., ZT16) it means that most of the fasting period was during the inactive 
phase, i.e., the animals’ regular sleeping and fasting phase and animals are only deprived 
of 20-30% of their daily intake. However, for a GTT performed at the beginning of the 
inactive phase (i.e., ZT4) this means that most of the fasting period occurs during the active 
phase, i.e., the animals’ regular awake and feeding phase and animals are deprived of 70-80% 
of their daily intake. Additional difference of course is the time-of-day, with daily glucose 
tolerance being higher at ZT16 than at ZT4 (Fig.1). Concluding, prolonged fasting, such 
as during our several-week exposure to TRF, reduces glucose tolerance, especially when 
measured in the inactive period.

4.3. Shift-work and TRF in Human Studies
Several studies in humans have been conducted to investigate the effects of shift-work on 
glucose metabolism. One study in healthy rotational shift-workers (nurses) found that post-
prandial glucose concentrations were higher during a simulated night-shift as compared to 
simulated day-shift, accompanied with a lower insulin response during the 1st hour of the 
meal test (17). Also, β-cell responsivity was lowered during the night shift when compared 
to the day shift. It is not clear yet whether this decreased β-cell responsivity was an effect 
of the shift work or simply reflects the normal diurnal pattern found in β-cell function 
(18). In agreement with the study of Sharma (17) is another shift-work study in which the 
behavioral cycle was inverted (circadian misalignment) without altering the L/D schedule, 
by scheduling a recurring 28h “day”. In 10 healthy adults (50% female) it was found that 
short-term circadian misalignment lead to increased postprandial glucose and insulin levels 
after a mixed meal test (19). In a similar experiment by the same group 9 healthy chronic 
shift-workers (67% female) underwent a mixed meal test at 8AM and 8PM, both during the 
aligned and misaligned conditions in order to dissect the independent effects of behavior 
and circadian timing (20). Under non-misaligned conditions, the normal daily variation 
was found, but circadian misalignment increased postprandial glucose levels and decreased 
insulin sensitivity. In a new series of experiments by the same research group and with the 
same experimental design the circadian misalignment paradigm was combined with the oral 
minimal model method in order to circumvent the long fasting durations and glucose level 
manipulations that are required for clamping (21,22). By combining circadian misalignment 
with the oral minimal model Qian et al. (21) found that the circadian timing system and
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circadian misalignment both affect glucose tolerance, but through different mechanisms. 
While the circadian phase seems to mainly affect β-cell responsivity (quantified through 
c-peptide and glucose levels), circadian misalignment (i.e., behavior) seems to mainly 
lower estimates of insulin sensitivity and/or glucose uptake. Another recent study used a 
similar short-term misalignment protocol with 14 healthy young lean men (23). In agreement 
with the previous circadian misalignment studies, Wefers et al. (23) found that short-term 
circadian misalignment resulted in decreased muscle insulin sensitivity, without alterations 
in hepatic insulin sensitivity. 
 Several studies also implemented a form of TRF in humans. In a recent study male 
pre-diabetic patients underwent a GTT after TRF (3 meals during a 6 hour period) as well as 
after the control condition (3 meals during a 12 hour period) (24). Both the control and TRF 
interventions lasted for 5 weeks and food intake by the participants was rigorously controlled 
according to the authors. When the subjects were tested in the morning after an overnight 
fast there were no differences in fasting glucose or glucose profile during a 3-hour oral GTT. 
However, after TRF insulin release was decreased and β-cell responsiveness was increased 
during the oral GTT. Thus, similar to our study, strictly enforced TRF during the active phase 
for several weeks mainly affected insulin release during a GTT performed in the active phase 
and after an overnight fast. Similar to our Experiment-2, another human study comparing the 
traditional overnight fast with a prolonged fast of 36 hours found that during the prolonged 
fast glucose tolerance during an OGTT was impaired together with a reduced insulin response 
(25). Another human study found decreased basal plasma glucose and insulin levels during a 
hyperinsulinemic-euglycemic clamp after a 36h fast, with glucose levels lowering even more 
when the fast was prolonged to 60h (26). These results are in line with our findings showing 
lower baseline glucose and insulin levels after a 17h fast compared to a 5h fast. Additionally, 
in the experiment by Hoeks et al. (26) whole-body insulin sensitivity was reduced after the 
prolonged fasting period and this was mainly accounted for by reduced insulin stimulated 
glucose disposal, indicating that mainly muscle glucose uptake and not hepatic insulin 
sensitivity was affected. 
 Overall, the human studies mimicking shift-work seem to find more profound 
disturbances than the animal studies mimicking shift-work. Main difference is that most 
human studies used short-term interventions, usually lasting less than two weeks, whereas 
the animal experiments usually use protocols of several weeks. The prolonged protocols 
likely allow the animals’ sufficient time to (partly) adapt to the initial disturbances caused 
by circadian misalignment or shift-work. The results from Experiment-2 where we fasted 
ad libitum fed rats acutely for 17h are also in line with this idea. The changes seen after an 
acute 17h fast period clearly differ from those of the TRF animals that were fasted for 17h. 
By experimental design the TRF animals were daily fasted for 14h, whereas ad libitum fed 
animals usually only have a daily fasting period of 6-8 hours at the beginning of the light 
phase. During the TRF protocol especially glucose tolerance seems to improve again, i.e., 
although the insulin response is still reduced (Fig.3d), glucose uptake increases (Fig.3b).

5. Conclusion
As recently nicely demonstrated in humans (19,20), the present results clearly show that 
also in rats the well-known daily variation in glucose tolerance and insulin sensitivity is not 
only due to the daily variation in feeding condition, but also has a circadian component. In 
case the daily variation in glucose tolerance would have been completely dependent on the 
prior feeding/fasting condition, it would be expected that the daily variation in glucose and
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insulin responses in dark fed animals would be comparable to those of ad libitum animals, 
whereas those of light fed animals would be the reverse (i.e., 12h shifted). On the other 
hand, in case the daily variation would have been completely dependent on the endogenous 
timing system, a similar daily variation would have been observed in all three groups as they 
were all housed in the same L/D condition. In fact, we observed that the daily variation in 
glucose responses was lost in both the dark and light fed group, whereas the daily variation 
in insulin responses was enhanced in the dark fed animals, but lost in light fed animals. 
Thus, together our results show that both time-of-day and the feeding/fasting condition 
modulate the effective glucose tolerance. It should be noted, however, that during ivGTTs 
insulin sensitivity is measured indirectly. Therefore we cannot rule out the possibility that 
the smaller insulin release we find in our groups that are absolutely fasted for 17h are due to 
e.g. impaired β-cell functioning, although without a change in insulin sensitivity that would 
conflict with the similar glucose clearance we find in these groups. 
 Surprisingly, feeding restricted to the inactive phase only marginally affected 
glucose tolerance and insulin sensitivity compared to ad libitum conditions. Probably this 
“lack-of-effect” is due to the chronic condition of our experiment allowing sufficient time 
to adapt to this new situation, as well as the positive effects of the structurally enforced 
prolonged fasting period. For future experiments, it will be necessary to investigate how 
rapid and persistent these effects are when animals are switched back and forth between TRF 
and ad libitum feeding conditions, as such a situation more closely resembles shift-work 
in humans. On the other hand, feeding restricted to the active phase did improve insulin 
sensitivity, but only during the active phase. Most likely this effect is due to the long fasting 
period coinciding with the regular sleep and fasting phase. Thus, together our results show 
that time-restricted feeding in line with the circadian timing system enhances/strengthens the 
normal day/night difference in glucose tolerance and improves glucose tolerance when most 
needed, i.e., during the regular wake and feeding period. This also means that when applying 
TRF for therapeutic means eating should be restricted to the prescribed eating period, as 
glucose tolerance is worsened outside the regular eating hours. 
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Supplemental Figure 1 Control experiment in which 2 groups of animals were tested both in the 5h fasted and 17h 
fasted condition (with a wash-out period of 1 week in between measurements) either at ZT4 or ZT16. Net AUC of 
glucose (a) and insulin (b) responses during the GTTs, respectively. For glucose significant differences were found 
in the net AUC between the fasting conditions and the ZTs, as well as a significant interaction between Fasting 
condition and ZT (p<0.0001 for all measures; two-way ANOVA). For insulin significant effects were found in the 
net AUC for the fasting conditions as well as for the ZTs (p<0.0001 for both measures; two-way ANOVA). N=7-9 
animals per experimental group per measurement. *= p<0.05, ***= p<0.001, ****= p<0.0001.

Mitochondrial Dysfunction as Consequence Rather Than Cause of Human Insulin Resistance. Diabetes. 
2010;59(September):2117–25.
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Abstract
Type 2 diabetes mellitus (T2DM) incidence is rapidly rising and epidemiological studies 
show that shift-workers are at an increased risk for T2DM. As modern societies increasingly 
rely on shift‐work it seems crucial to determine if there are lasting effects of rotational 
shifts on health. When found, strategies should be developed in order to minimize or even 
completely avoid such after effects on human health, for example by optimizing the rotational 
working schedule of shift‐workers. An often used animal model to study shift‐work employs 
time‐restricted feeding (TRF) in which the opportunity of animals to feed themselves is 
restricted to a certain period of the day, usually either the light (=inactive) or dark (=active) 
period. Several studies found that TRF to either the dark or light period has profound effects 
on physiological measures (activity, body temperature and RER) as well as clock gene 
expression in peripheral tissues. TRF during the active phase is generally associated with 
metabolic health improvement whilst TRF to the inactive period is associated with disease 
development. However, few studies have investigated if, and if yes, how quickly the effects 
of TRF recover after reverting to ad libitum feeding. Here we examined the existence of after 
effects of TRF by letting animals recover for 11 days following a 4‐week TRF regimen. Food 
consumption, locomotor activity, RER and body temperature were continuously monitored 
throughout the experiment. After 11 days of recovery from the TRF regimen animals were 
sacrificed at 4 time points along the 24 h cycle and blood, liver, brown adipose tissue (BAT) 
and Soleus and Gastrocnemius muscle were collected and analyzed.
 The day/night difference of food intake, activity and RER in the dark‐fed animals 
was still increased at the end of the experiment, whilst light‐fed animals displayed the smallest 
day/night differences for these measures as well as for body temperature. Eleven days after 
the recovery from TRF in both the light‐ and dark‐fed animals the rhythm in plasma glucose 
levels had still not returned, whilst a rhythm was gained in plasma levels of non‐esterified 
fatty acids (NEFA´s). Clock gene expression in the 4 different metabolic tissues was also 
not fully recovered after 11 days. Importantly, the effects on clock gene expression were 
both tissue‐ and gene‐dependent. For example Bmal1 expression was fully recovered in all 4 
tissues, whilst Per2 was not recovered in any of the tissues. The tissue dependence of the after 
effects became evident as in BAT only 1 out of 16 possible daily gene expression profiles was 
not fully recovered whilst in liver, Gastrocnemius and Soleus muscle respectively 6, 5 and 10 
expression profiles had not recovered completely yet.
 Concluding, 11 days after recovery from TRF both dark‐ and light‐fed animals still 
showed after effects in whole body physiological measures, plasma metabolites as well as in 
peripheral clocks. Our data thus indicate that rotational shift‐workers are at increased risk of 
disturbed rhythms in several physiological measures more than a week after recovery, which 
could be harmful for their health.

Introduction
Virtually all living species have evolved an internal timing system in order to anticipate 
predictable daily changes in the environment, such as the light/dark cycle and food 
availability. This internal timing system optimizes many physiological processes through 
the timed orchestration of cellular processes important for metabolism and other cellular 
functions. The intrinsic period of this timing system is circadian, i.e., approximately 24h, 
therefore it has to be reset on a regular basis in order to stay synchronized with the exact 24h 
rhythm of the environment. At the core of this circadian timing system is a group of neurons 
in the suprachiasmatic nucleus (SCN) located in the hypothalamus. The phase and period of
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the SCN can be adjusted by both external and internal cues, the so‐called Zeitgebers. Most 
important Zeitgeber for the SCN is light, reaching the SCN via the retinohypothalamic tract. 
The SCN can synchronize other, so‐called peripheral clocks in the rest of the brain and the 
body and is therefore considered to be the central pacemaker. However, the peripheral clocks 
can also function semi‐autonomously and be adjusted by Zeitgebers other than light, such as 
feeding behavior and exercise in a tissue‐dependent manner, but independent from the SCN. 
 On a molecular level the circadian clock consists of a transcriptional translational 
feedback loop (TTFL) with both a positive and a negative arm in order to ensure molecular 
oscillations with a period of ~24h. At its core the molecular clock consists of various clock 
genes including Bmal1, Per1/2/3, Cry1/2, Reverbα/β, RORα/β and several other auxiliary 
genes that facilitate fine‐tuning the period, phase and flexibility of the clock (Gekakis et 
al., 1998; Hogenesch, Gu, Jain, & Bradfield, 1998; Moynihan Ramsey, Marcheva, Kohsaka, 
& Bass, 2007; Ohno, Onishi, & Ishida, 2006; Reppert & Weaver, 2002; Yoo et al., 2005). 
The positive limb consists of BMAL1 and CLOCK forming a heterodimer that regulates 
the expression of the Per, Cry, Reverb, ROR genes, as well as a variety of clock controlled 
genes (CCGs) such as Dbp, which predominantly are transcription factors that function as 
the output of the molecular clock. The CRY and PER proteins are part of the negative loop as 
they bind to the BMAL1‐CLOCK heterodimer and thereby inhibit its transcriptional activity. 
REVERBα/β and RORα/β competitively bind to promotor regions of Bmal1 and Clock 
resulting in inhibition and promotion of respectively Bmal1 and Clock and thus forming an 
auxiliary loop of the molecular clock mechanism.
 As the biological clock plays a major role in energy metabolism, including lipid and 
glucose metabolism, disturbance of this clock could have detrimental effects on the energy 
balance. Indeed, an increasing amount of evidence from both human and animal studies 
indicates that disturbed biological rhythms resulting from e.g. shift‐work and jet‐lag can 
cause imbalances in energy metabolism and possibly even lead to metabolic disorders such 
as type 2 diabetes mellitus (T2DM). Epidemiological studies for example indicate that shift 
workers are at an increased risk of developing T2DM (Hansen, Stayner, Hansen, & Andersen, 
2016; Pan, Schernhammer, Sun, & Hu, 2011; Shan et al., 2018; Vetter et al., 2018). Although 
the mechanisms that link shift‐work and/or circadian disruption to T2DM remain largely 
unknown one suspected contributing factor is the erratic eating patterns of shift‐workers, 
whom regularly eat during nighttime, the natural inactive and fasting period of humans.
 Many research groups, including ours, have studied the effects of erratic eating 
patterns using the animal model of time‐restricted feeding (TRF). In this model the access 
to food is restricted to a specific time window during the day/night cycle, usually for several 
hours during either the light period (=inactive phase of nocturnal rodents such as rats and 
mice) or to the dark period (=active phase of nocturnal rodents). TRF in general is often 
associated with metabolic health improvement and longevity in nematodes, fruit flies and 
mammals including rodents. Contrary, TRF during the inactive period is associated with 
unhealthiness, including adiposity, T2DM and cardiovascular disease (Longo & Panda, 2016; 
Manoogian & Panda, 2017). Indeed, a wide variety of metabolic (whole body) measures, as 
well as peripheral clock gene expression, is deregulated during TRF conditions (e.g. Bray et 
al., 2013; Dyar et al., 2015; Oosterman et al., 2015; Vollmers et al., 2009; Chaix, Zarrinpar, 
Miu, & Panda, 2014; Hatori et al., 2012; Opperhuizen et al., 2016; Reznick et al., 2012; 
Salgado‐Delgado, Angeles‐Castellanos, Saderi, Buijs, & Escobar, 2010; Yasumoto et al., 
2016 and Chapters 3.1 and 3.2 of this thesis). Moreover, the specific effects of TRF appear 
to be tissue-dependent. However, very little is known about the after effects of TRF, that is, 
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how animals recover from the TRF regimen when being reverted back to ad libitum feeding 
conditions. An important part of our modern society participates in shift‐work, but usually 
not in a continuous fashion. Therefore, it is essential to know if there are after effects of shift‐
work and if yes, how these can be treated or even prevented. To characterize the after effects 
of shift‐work we subjected rats to TRF during either the light or dark period for four weeks 
after which animals could recover from this shift‐work condition by reverting them back to 
ad libitum feeding conditions. Several physiological measures (including body temperature, 
RER and activity) were measured throughout the entire duration of the experiment. Eleven 
days after return to the ad libitum feeding condition animals were sacrificed and blood 
metabolites and clock gene expression in liver, BAT, Soleus and Gastrocnemius muscle were 
measured.

Methods

Animals and housing
Seventy‐two male Wistar rats weighing 240‐280 grams upon arrival (WU, Charles River) 
were used for the experiments. All animals were individually housed during the experiments 
in either custom made cages in which food access to the pelleted chow (Teklad Global Diet, 
Envigo, Horst, The Netherlands) could be automatically controlled or in metabolic cages 
with a similar control of food access (see below). Animals were housed under a controlled 
12:12=light:dark cycle (lights on at Zeitgeber time 0 (ZT0) and lights off at ZT12) and at a 
constant temperature of 22°C). All experiments were approved by the Dutch government and 
performed in accordance with the guidelines on animal experimentation of the Netherlands 
Institute for Neuroscience.

Experimental design
After arrival to the institute rats were first allowed to acclimatize from the transport under 
ad libitum feeding conditions (ad libitum baseline conditions, Fig.1a). During the entire 
experiment all rats could drink tap water ad libitum. After a period of 1‐2 weeks of ad libitum 
baseline feeding conditions the TRF conditions would start during which animals were 
randomly distributed over 3 groups: ad libitum, dark-fed and light‐fed. Whilst ad libitum fed 
animals were not time‐restricted in their opportunity to feed themselves, dark‐fed animals 
could only eat between ZT13‐23 and light‐fed animals could only eat between ZT1‐11. After 
4 weeks (28 days) of TRF the final experimental condition started, the Revert, during which 
all animals could eat ad libitum again. After 11 (10.5‐11.5 days) days of the Revert condition 
animals were sacrificed at one of 4 ZT points: ZT0, ZT6, ZT12 or ZT18 and liver (left lateral 
lobe), BAT and Soleus and Gastrocnemius muscle tissues were collected, snap frozen in 
liquid nitrogen and stored at ‐80⁰C for later analysis. Muscle tissues were obtained from the 
right leg. Trunk blood was also collected, spun down at 4000 RPM and plasma was stored at 
‐20⁰C for later analysis.

Body temperature measurements
A subset of 20 animals (6 ad libitum, 7 light‐ and 7 dark‐fed animals) underwent surgery 
during which a temperature logger (DST nano‐T, STAR ODDI) was implanted, using 
isoflurane as anesthesia. After a small incision of the skin was made, the temperature logger 
was placed on the lateral part of the rump as to prevent disturbance of the signal from BAT 
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minutes for the entire duration of the experiments. Although the surgical procedure is very 
mild, animals were allowed to recover for 7 days, after which body temperature measurements 
were started. After 5 days of ad libitum measurements animals went into the TRF condition 
and followed the experiment as depicted in Fig.1a. Thus, for each animal temperature data 
were collected during all 3 experimental conditions.

Metabolic cages
Another subset of 16 animals (4 ad libitum, 6 light‐ and 6 dark‐fed animals) were placed 
inside metabolic cages (TSE) for the entire duration of the experiments. Inside these 
metabolic cages several physiological parameters including activity, the RER and food 
consumption were measured continuously. Similar to the housing of the other animals in 
these experiments, access to the food bin in the metabolic cage system could be blocked fully 
automatic. For each animal data were collected during all 3 experimental conditions, similar 
to the body temperature measurements. Food and water was replaced twice a week for this 
subset of animals, during which the cages had to be opened and the animals briefly taken out 
of their cages.

EchoMRI
In a subset of 49 animals (19 AL, 15 dark‐fed and 15 light‐fed) the remaining left lateral 
liver lobe was taken out entirely after the sacrifice, weighed and scanned in the EchoMRI, a 
body composition analyze device, suitable for tissue measurements (EchoMRItm). From 37 
of these animals (15 AL, 11 dark‐fed, 11 light‐fed) also the entire Gastrocnemius of the left 
leg was excised, weighed and measured in the EchoMRI. A subset of 27 of these animals (9 
AL, 9 dark‐fed and 9 light‐fed) was weighed weekly and had their relative fat and lean mass 
percentages measured in the EchoMRI starting from baseline until week 1 of the Revert 
feeding condition.

Blood metabolites

Glucose and insulin
Blood glucose was measured in plasma using blood glucose test strips with a 0.1mmol/L 
accuracy (FreeStyle, Abbott Diabetes Care). Plasma insulin was measured using a 
radioimmunoassay (Millipore).

Non‐esterified fatty acids (NEFA’s)
Plasma NEFA levels were measured using the NEFA HR(2) reagent (Wako Chemicals 
GmbH) with a Varioskan Flash spectral scanning multimode reader (Thermo Scientific).

RNA isolation
BAT and liver tissues were homogenized using an Ultra‐Turrax device (IKA) whilst immersed 
in tri‐reagent to preserve RNA integrity. Soleus and Gastrocnemius muscle tissue was kept 
on dry ice to preserve mRNA integrity during mechanical homogenization using a metal 
crusher. RNA isolation was performed using the ISOLATE II RNA Mini Kit (Bioline). RNA 
was eluted from the spin column using 40 μl of H2O after which RNA concentration and 
quality of the RNA were determined using a DS‐11 (DeNovix)  spectrophotometer and using 
the Agilent 2100 Bioanalyzer (Agilent Technologies), respectively. Although RNA integrity 
number (RIN) values above 5 were considered acceptable, all samples had a RIN above 8.
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cDNA synthesis
300 ng of RNA was used as input for the cDNA synthesis for BAT, Soleus and Gastrocnemius, 
whilst for liver 400 ng of RNA was used. The Transcriptor First Strand cDNA synthesis 
kit (Roche) was used with oligo‐dT primers and several additional samples without reverse 
transcriptase (‐RT) were used as negative controls to check for genomic DNA contamination 
during the RT‐qPCRs. RT‐PCRs were run using an UNO-Thermoblock (Biometra) (30 min 
at 55 °C, 5 min at 85 °C).

qPCR
One to nineteen (1:19) diluted cDNA was used for all qPCRs to measure daily gene 
expression profiles. The expression levels of all genes tested were standardized by dividing 
over the geometric mean of three or four housekeeping genes: H1, β2M and Cyclophilin for 
liver; H1, Hprt1, TBP and Rsp18 for BAT; H1, Hprt1 and Serc2a for Soleus; H1, Cyclophilin 
and Rsp18 for Gastrocnemius. This geometric mean showed no significant effects of ZT, 
TRF nor for the interaction ZT * TRF. RT‐qPCR was performed using a LightCycler 480 
(Roche). Expression levels were calculated using dedicated software for linear regression of 
qPCR data (LinRegPCR). Melting curves of the RT‐qPCR and fragment length of the DNA 
amplicons were inspected as a means of quality control. Used primer sequences are available 
upon request.

Statistics
Rhythmicity of the physiological parameters RER and body temperature was determined 
using SigmaPlot 14.0 (Systat Software) as this software package can take into account 
within‐individual (repeated) measurements (RM) and can give estimates of the amplitude of 
the rhythm. Data were fitted to the following cosine regression: y = a + b∙cos(2π(x − c)/24), 
where a is the mean level, b the amplitude and c the acrophase of the rhythm.
 Rhythmicity of gene expression and plasma metabolites was determined using 
the JTK_Cycle 3.0 script for non‐parametric cosine regression, as this software package is 
best suited for independent sampling with lower temporal resolution (less than 24 sampling 
moments per 24h cycle) and can correct for the multiple comparisons problem, which is 
necessary when testing a multitude of gene expression profiles from the same mRNA/cDNA 
pool during qPCR. RStudio (R version 3.3.3) was used to run the JTK_Cycle script. All 
graphs were plotted using Graphpad Prism 7. All other statistics, i.e., the one‐ and two‐way 
(RM) ANOVA’s including their respective post‐hoc tests were executed by Graphpad Prism 
7.

Results

Body weight
Body weight continuously increased for all 3 experimental groups throughout the experiment 
(Figure 1b; p<0.0001, p<0.0001 and p=0.0112 for the main effects of Time, Group, and the 
interaction Time*Group, respectively; two‐way ANOVA). However, the animals grew at 
different rates, especially in the first week of TRF during which the AL group significantly 
grew the most and the light‐fed group the least (Figure 1c; p<0.0001, p=0.0088 and p<0.0001 
for the main effects of Time, Group, and the interaction Time*Group, respectively; two‐way  
ANOVA). Two weeks after the start of the TRF phase the light‐fed group had a significant 
lower body weight compared to AL animals and 4 weeks after the start of the TRF phase the
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body weight was also lower compared to dark‐fed animals (Figure 1b). This significant 
difference in body weight persisted but became smaller in week 1 of the Revert phase. The 
difference in body weight between dark‐fed and light‐fed was not significant anymore at the 
moment of sacrifice, 11 days after start of the Revert phase (Tukey post‐hoc tests).

Body composition
Throughout the experiment the relative fat mass continuously increased, whilst relative lean 
mass decreased (Figure 1d&e; p<0.0001 for main effect of Time for both lean and fat mass). 
No significant effects were found for Group or Time*Group for either whole body lean or fat 
mass measures. After 4 weeks of TRF the dark‐fed group had significant more lean mass as 
compared to light‐fed animals, but this difference was not significant anymore in week 1 of 
the Revert feeding conditions. No other differences were found between the 3 experimental 
groups at the different weekly measurements (Tukey post‐hoc tests).

Tissue composition
After the sacrifice a liver lobe and the entire Gastrocnemius were taken out, weighed and 
measured to determine relative fat and lean mass (Figures 1f&g). Muscle lean and fat mass 
did not differ between the 3 experimental groups, nor did liver fat or lean mass (p=0.9009 and 
p=0.5906 for muscle and liver fat mass, p=0.6757 and p=0.9565 for muscle and liver lean 
mass, respectively; one‐way ANOVA).

Food intake
In the Baseline (i.e., ad libitum) experimental phase the 3 experimental groups displayed a 
highly similar pattern of daily feeding behavior, with most food intake during the dark period 
and two distinct peaks: one in the beginning and one at the end of the dark period (Figure 2a).
 During the TRF phase this bimodal eating behavior persisted for the light‐ and dark‐
fed groups, with the obvious difference that light‐ and dark‐fed animals could only eat during 
the light and dark period, respectively (Figure 2b).
 During the Revert phase the 3 experimental groups still displayed different feeding 
patterns with the dark-fed animals having the most distinct day/night difference in food intake 
and the light‐fed animals the smallest L/D difference (Figures 2c and 2m). More specifically, 
during the light period dark‐fed animals consumed the least amount of food, whilst during 
the dark period they consumed more food compared to the light‐fed group (p<0.005 for 
all comparisons; Tukey’s post‐hoc test). During the TRF phase the total 24h food intake 
significantly differed between the 3 groups, with AL fed animals consuming the most and 
light‐fed animals consuming the least amount of chow (Figure 2q; RM two‐way ANOVA 
with Tukey’s posthoc tests). During the Baseline and Revert phase no differences in total 24h 
food intake were found between the experimental groups.

Locomotor activity
During the Baseline phase all animals were more active during the dark period as compared 
to the light period (Figures 2d and 2n; p<0.0001 for all three groups; RM two‐way ANOVA 
with Sidak’s post‐hoc tests). During the TRF phase this L/D difference in activity was lost 
for the light‐fed animals (Figure 2e; p=0.5790). During the Revert phase all animals were  
again most active during the dark period as compared to the light period (Figures 2f and 2n; 
p≤0.0006 for all three groups). Importantly, during the Revert phase dark-fed animals had 
lower activity during the light period as compared to light‐fed animals (Figure 2r; p=0.0251), 
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Figure 1 Experimental design and basic physiological measures of the rats. 1a: Experimental design of the 
experiment. During the experiment there were 3 different phases: 1) Baseline during which all animals had ad 
libitum access to food; 2) the TRF phase during with the Dark and Light fed group had limited access to food; 
3) the Revert phase during which all animals had ad libitum access to food and thus could recover from the TRF 
phase. During the TRF phase the Light and Dark fed animals had access to chow pellets for 10h during either the 
light phase (ZT1‐11) or the dark phase (ZT13‐23), respectively. 1b: Body weight during the experiment. Animals 
were weekly weighed, as well as on the day of sacrifice. 1c: Body weight gain during the experiment.1d&e: body 
composition of the animals during the experiments. Relative fat (c) and lean (d) body mass steadily increased and 
decreased, respectively, during the course of the experiments. 1f&g: Relative fat (e) and lean (f) tissue mass of the 
liver and Gastrocnemius of the rats after sacrifice. $= significant post‐hoc difference between dark‐fed and light‐fed 
animals. # = significant post‐hoc difference between AL fed and light‐fed animals. * = p‐value<0.05 after Tukey’s 
post‐hoc test. ** = p‐value<0.01 after Tukey’s post‐hoc test. For Figures 1b‐e n=9 per experimental group. For the 
liver composition in Figures 1f&g n= 19, n=15 and n=15 for the AL, dark‐fed and light‐fed animals, respectively. 
For the Gastrocnemius measures n=15, n=11 and n=11 for the AL, dark‐fed and light‐fed animals, respectively.
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Figure 2 Metabolic parameters (food intake, activity, RER and body temperature) during the 3 different experimental 
phases. 2a-l: Analysis of the daily food intake (a‐c), locomotor activity (d‐f), RER (g‐i) and subcutaneous body 
temperature (j‐l) of the animals during each of the 3 experimental phases. Figures to the left, middle and right are the 
24 h traces of the Baseline, TRF and Revert phase, respectively, averaged per experimental group. 2m‐p: Average 
24 h values of the metabolic parameters for the three experimental groups. 2q‐t: Difference within the metabolic 
parameters between light and dark period (L/D) for the AL, Dark and Light fed animals in the Revert phase. All food 
intake, activity and RER values are averages of the last 2 days of each experimental phase, body temperature values 
are averages of the last 3 days of each experimental phase. Locomotor activity is presented as arbitrary units (AU). 
**** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05 after Tukey’s post‐hoc test. Shaded areas represent the dark 
period. For the metabolic cage measures (Figures 2a‐i, 2m‐o and 2q‐s) n=4, n=6 and n‐6 for the AL, dark‐fed and 
light‐fed animals, respectively. For the body temperature measures (Figures 2j‐l and 2p&q) n=6, n=7 and n=7 for the 
AL, dark‐fed and light-fed animals, respectively.

whilst the activity during the dark period was higher compared to both the AL and light‐fed 
group during the dark period (p=0.0173 and p<0.0001 respectively).
 No significant differences in total 24h activity were found between the experimental 
groups for any of the three experimental phases (Figure 2f & 2n).

RER
During the Baseline phase the experimental groups showed a highly similar daily rhythm 
in RER with the peak in RER during the dark period around ZT19 (Figures 2g, 2o and S1c; 
p<0.005 for all groups; cosine regression and RM two‐way ANOVA with Sidak’s post‐hoc 
tests). 
 In the TRF phase both the dark‐fed and light‐fed group showed an increased 
amplitude in RER as compared to the AL group together with shifted acrophase’s to ZT21 
and ZT9 for the dark‐ and light‐fed groups, respectively (Figures 2h, 2o and S1c). Moreover, 
24h mean RER was lower in the dark‐fed and light‐fed groups (Figure 2s).
 During the Revert phase the acrophase’s of the dark‐ and light‐fed animals quickly 
returned to values similar to that of the AL fed animals (Figures 2i and S1c). However, the 
light‐fed animals persisted to have the peak in RER significantly earlier during the dark 
period as compared to the AL and dark‐fed groups, (p=0.0228 and p=0.0275, respectively; 
Figures 2i and S1c). Cosinor analysis further revealed that only on the 3rd day of the Revert 
phase the amplitude in RER of dark‐ and light‐fed animals returned to levels similar of the 
AL fed group (Figure S1b). The daily mean of RER in the light‐fed group returned to similar
values as the AL and dark‐fed groups on the 4th day after reverting to ad libitum feeding 
conditions (Figure S1a). Additionally, a significant main effect of Group and a significant 
interaction between ZT*Group was found for the Revert phase (p=0.0491 and p=0.0015, 
respectively; Figure 2i). Post‐hoc tests indicated that the dark‐fed animals had an overall 
lower RER as compared to AL fed animals. This likely resulted from a lower RER during the 
light period as the dark‐fed group was found to have a significant lower RER as compared 
to the AL fed group at ZT2,4,5,6,8 and 9; and lower RER as compared to the light‐fed group 
at ZT8,9,10 and 11. Furthermore, at ZT2 the light‐fed group had a lower RER as compared 
to the AL fed group. When comparing the RER in the light period between the 3 different 
groups dark‐fed animals showed significant lower RER compared to AL fed animals and 
a trend towards lowered RER as compared to light-fed animals (p=0.0139 and p=0.0664, 
respectively; Figure 2s).
 During the TRF phase the 24h mean RER was significantly lower for both the dark‐  
and light‐fed animals as compared to AL fed animals (Figure 2o p<0.003 for both groups; 
RM two‐way ANOVA with Tukey’s post-hoc tests). During the Revert phase a significant 
difference in 24h mean RER was found between the experimental groups (p=0.046; one‐way
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ANOVA), however, post‐hoc testing only indicated a trend for lower 24h RER in the dark‐
fed animals as compared to both light‐fed and AL fed animals (p=0.0869 and p=0.0712, 
respectively).

Body temperature
During the Baseline phase all animals had higher subcutaneous body temperature during the 
dark period as compared to the light period (Figure 2j; p<0.0001 for all three groups; RM 
two‐way ANOVA with Sidak’s post‐hoc tests).
 During the TRF phase this L/D difference in body temperature was lost for the light‐
fed animals (Figure 2k and 2t; p=0.3285). Cosinor analysis indicated that during the TRF 
phase the body temperature was still significantly rhythmic for light‐fed animals, however, 
the amplitude of the rhythm was drastically reduced and the acrophase was phase‐advanced 
by ~6h to ZT12 (Figure S1e&f), explaining the apparent loss of the L/D difference in figure 
2l.
 During the Revert phase all animals had higher body temperature during the dark 
period as compared to the light period (Figures 2l and 2t; p<0.0001 for all three groups). 
However, light‐fed animals persisted to have higher body temperature during the light period 
when compared to AL fed animals (Figure 2t; p=0.0247; two‐way ANOVA using Tukey’s 
post‐hoc tests). In line with this finding, cosinor analysis indicated that 11 days after the 
revert to ad libitum feeding the peak in body temperature was still phase advanced for the 
light‐fed group, compared to both AL and dark‐fed animals (Figure S1e). The amplitude in 
body temperature did not differ between light‐fed and dark‐fed animals, but AL fed animals 
had the greatest amplitude during the Revert phase (Figure S1f).
 No significant differences in 24h mean body temperature were found between the 
experimental groups for any of the three experimental phases (Figure 2p).
 Figures S2 and S3 depict the same metabolic measures (food intake, locomotor 
activity, RER and body temperature) as Figures 2a‐t, but are organized in a within‐group 
manner instead of the between‐group manner used in Figures 2a‐t.

Plasma metabolites

Glucose
The daily glucose profile of the 3 experimental groups showed a significant effect of ZT, but no 
main effect for Group nor an interaction between ZT*Group (Figure 3a; p=0.0256, p=0.7106, 
p=0.6772, respectively; two‐way ANOVA). Closer inspection of the daily variation in plasma 
glucose levels revealed that only in the AL fed group a significant daily rhythm was found 
with peak glucose levels at ZT15 (p=0.0356, for the dark-fed and light‐fed groups p=0.3214 
and p=0.7685, respectively; JTK_Cycle).

Insulin
The daily insulin profile of the 3 experimental groups also showed a significant effect of ZT, 
but no main effect for Group nor an interaction between ZT*Group (Figure 3b; p=0.0261, 
p=0.7743 and p=0.5798, respectively; two‐way ANOVA). Closer inspection of the daily 
variation in insulin plasma levels revealed that in none of the groups a significant daily 
rhythm could be detected (p=0.3794, p=0.1756 and p=0.4229 for the AL, dark‐fed and light‐
fed groups, respectively; JTK_Cycle).
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NEFA’s
The daily NEFA profile of the 3 experimental groups showed a significant effect of ZT as 
well as for the ZT*Group interaction, but no main effect of Group was found (Figure 3c; 
p<0.0001, p=0.0103 and p=0.0826, respectively; two‐way ANOVA). Closer inspection of 
the daily variation in NEFA plasma levels revealed that in the AL fed group a trend towards 
a daily rhythm was found with the peak in NEFA levels at ZT6 (p=0.0828). In the dark‐fed 
and light‐fed groups a significant daily rhythm was found with peak levels at ZT9 and ZT6, 
respectively (p=0.0022 and p=0.0077 for the dark‐fed and light‐fed groups, respectively; 
JTK_Cycle).

Figure 3 After effects of 4 weeks of TRF on daily profiles of plasma metabolite levels. 3a‐c: Plasma levels of 
glucose (a), insulin (b) and NEFA’s (c) in the rats 11 days after the revert to ad libitum feeding conditions. Shaded 
areas represent the dark period. n=24 per experimental group.

Clock gene expression profiles

Liver
Several clock genes in the liver of light‐fed animals had not yet fully recovered their normal 
daily rhythm after 11 days of ad libitum feeding during the Revert phase (Figure 4 and table 
1; JTK_Cycle). Compared to AL feeding conditions, light‐fed animals showed a 3h shift 
in acrophase for Cry2, Per1, Per2 and Dbp. Gene expression of the dark‐fed group showed 
a gain of rhythm for Clock and a 3h shift in the Per2 acrophase as compared to the AL fed 
control group. No differences in overall daily mean expression levels were found between the 
3 experimental groups in the liver.

Table 1 Long‐term effects of 4 weeks of TRF on daily rhythms in molecular clock gene expression in the liver 11 
days after return to AL feeding. 

Rhythmic analysis of the data presented in figure 4 was performed by JTK_Cycle. The acrophases (in ZT) are only 
given for genes that are rhythmically expressed (p < 0.05). NR = non‐rhythmic. 0.000= p‐value 0.0005.

Liver      

 Acrophase   p-values 

Gene AL fed Dark fed Light fed  AL fed Dark fed Light fed

Bmal1 3 3 3 0.000 0.000 0.000

Clock NR 0 NR 0.239 0.001 0.521

Cry1 21 21 21 0.003 0.000 0.000

Cry2 18 18 15 0.002 0.020 0.003

Per1 18 18 15 0.000 0.001 0.000

Per2 18 21 21 0.000 0.000 0.000

Reverbα 12 12 12 0.000 0.000 0.000

Dbp 15 15 12 0.000 0.000 0.000
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BAT
Eleven days after the revert back to ad libitum feeding conditions the gene expression profiles 
of the molecular clock components in BAT of dark‐fed and light‐fed animals had largely 
recovered towards the normal rhythm of the AL fed animals. Compared to the AL group, 
dark‐fed animals showed a 3h shifted acrophase for Per2 only (Figure 4 and table 2; JTK_
Cycle). In the light‐fed group no differences as compared to the AL groups were found in the 
rhythmic expression of the clock genes. Additionally, no differences in overall daily mean 
expression levels were found between the 3 experimental groups in BAT.

Table 2 Long‐term effects 
of 4 weeks of TRF on 
daily rhythms in molecular 
clock gene expression in 
BAT 11 days after return to 
AL feeding. 

Rhythmic analysis of the 
data presented in figure 4 
was performed by JTK_
Cycle. The acrophases 
(in ZT) are only given for 
genes that are rhythmically 
expressed (p < 0.05). NR 
= non‐rhythmic. 0.000= p‐
value <0.0005.

Soleus
Daily clock gene expression rhythms at the end of the Revert phase were not fully recovered 
yet in either the dark‐fed or light‐fed groups. In the light‐fed group only Bmal1 and Cry2 
had an expression pattern similar to AL conditions. Expression of Clock was not rhythmic 
anymore and 3h shifts in the acrophase were found for Cry1, Per1, Per2, Reverba and DBP 
(Figure 4 and table 3; JTK_Cycle). In the dark‐fed group Cry2 showed a loss of its rhythmic 
expression and 3h shifts were observed in the acrophase for Clock, Per2 and Reverba. 
Additionally, in the dark‐fed animals the overall daily mean expression level of Clock was 
higher as compared to the AL group and the overall daily mean expression level of Bmal1 
was higher as compared to the light‐fed animals (two way ANOVA with Tukey post‐hoc 
tests, table S3).
Table 3 Long‐term effects 
of 4 weeks of TRF on 
daily rhythms in molecular 
clock gene expression in 
the Soleus muscle 11 days 
after return to AL feeding. 

Rhythmic analysis of the 
data presented in figure  4 
was performed by JTK_
Cycle. The acrophases 
(in ZT) are only given for 
genes that are rhythmically 
expressed (p < 0.05). NR 
= non‐rhythmic. 0.000= p‐
value <0.0005.

Brown adipose tissue      

 Acrophase p-values 

Gene AL fed Dark fed Light fed  AL fed Dark fed Light fed

Bmal1 0 0 0  0.000 0.000 0.000

Clock NR NR NR  1.000 0.340 0.072

Cry1 21 21 21  0.001 0.000 0.000

Cry2 NR NR NR  0.212 0.270 0.920

Per1 12 12 12  0.003 0.016 0.008

Per2 15 18 15  0.000 0.004 0.000

Reverbα 9 9 9  0.000 0.000 0.000

Dbp 12 12 12  0.000 0.000 0.000

Soleus        

 Acrophase p-values 

Gene AL fed Dark fed Light fed  AL fed Dark fed Light fed

Bmal1 3 3 3  0.000 0.000 0.000

Clock 6 3 N.R.  0.005 0.001 0.144

Cry1 0 0 21  0.020 0.000 0.008

Cry2 15 N.R. 15  0.039 1.000 0.045

Per1 15 12 12  0.000 0.000 0.005

Per2 18 18 15  0.001 0.002 0.005

Reverbα 12 9 9  0.000 0.000 0.000

Dbp 15 15 12  0.000 0.000 0.000
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Gastrocnemius
Eleven days after the revert back to ad libitum feeding several of the clock genes tested in the 
TRF groups had not completely recovered their daily rhythm yet to that of AL feeding (Figure 
4 and table 4; JTK_Cycle). In the dark‐fed group Cry2 had lost its rhythmic expression. In 
the light‐fed group both Clock and Cry2 had lost their rhythmic expression. Additionally, 
compared to the AL feeding conditions the light‐fed group displayed 3h shifts in acrophase 
for Cry1, Per1 and Dbp. No differences in overall daily mean expression levels were found 
between the 3 experimental groups in the Gastrocnemius muscle.
Table 4 Long‐term 
effects of 4 weeks of 
TRF on daily rhythms 
in molecular clock 
gene expression in the 
Gastrocnemius muscle 
11 days after return to AL 
feeding. 

Rhythmic analysis of the 
data presented in figure 4 
was performed by JTK_
Cycle. The acrophases 
(in ZT) are only given 
for genes that are 
rhythmically expressed 
(p < 0.05). NR = non‐
rhythmic. 0.000= p‐value 
<0.0005.
Discussion
The long‐term effects of shift work on human health remain poorly understood. Here we 
characterized in rats the long‐term after effects of TRF, an animal model of shift work, on 
a systemic level as well as on a molecular level in four different metabolically important 
peripheral tissues (liver, BAT, Soleus and Gastrocnemius muscle). In the light‐fed group food 
intake by experimental design was shifted entirely to the light period, nevertheless only the 
RER showed an almost completely inverted daily pattern compared to the dark‐fed and AL‐
fed animals, but not locomotor activity or body temperature. Eleven days after return to AL 
feeding TRF animals still differed from AL animals in several metabolic parameters. RER 
levels were lower during a part of the light period in the dark‐fed group as compared to both 
light‐ and AL‐fed animals. Furthermore, in both the dark‐ and light‐fed group the daily rhythm 
in plasma glucose levels was abolished, whilst plasma levels of NEFA’s became rhythmic in 
both these groups. Also at the molecular level the effects of TRF persisted up till eleven 
days after return to the AL feeding condition. Importantly, these long‐term effects of TRF on 
the molecular clock were both tissue‐ and gene‐dependent. For example, Bmal1 expression 
had fully recovered in all four tissues tested, whilst in none of the tissues investigated the 
rhythmic expression of Per2 had fully recovered. The tissue‐dependent effects are clearly 
demonstrated by the finding that in Soleus muscle 10 out of the 16 expression rhythms 
investigated were still changed, whilst in liver, Gastrocnemius and BAT respectively 6, 5 and 
1 expression pattern had not recovered yet completely. Although both the dark‐ and light‐fed 
group did not fully recover from the TRF, recovery was clearly slower in the  light‐fed as 
compared to the dark‐fed group. In the light‐fed group 15 of the 64 gene/tissue combinations 
(23%) investigated had not completely recovered an AL pattern yet, whereas in the dark‐fed 
group only 8 gene/tissue combinations (12.5%) showed incomplete recovery. Finally, the

Gastrocnemius      

 Acrophase  p-values 

Gene AL fed Dark fed Light fed  AL fed Dark fed Light fed

Bmal1 3 3 3 0.000 0.000 0.000

Clock 3 3 NR 0.033 0.014 0.379

Cry1 0 0 21 0.011 0.001 0.005

Cry2 18 NR NR 0.008 0.303 0.270

Per1 15 15 12 0.001 0.010 0.000

Per2 18 18 18 0.000 0.001 0.001

Reverbα 9 9 9 0.000 0.000 0.000

Dbp 15 15 12 0.000 0.000 0.000
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Figure 4 After effects of 4 weeks of TRF on expression profiles of clock genes and the clock controlled gene Dbp 
in liver, BAT, Soleus and Gastrocnemius tissues in the rats 11 days after the revert to ad libitum feeding conditions. 
Shaded areas represent the dark period. n=24 per experimental group.
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after effects found in the dark‐fed group likely are beneficial as they included strengthened
L/D rhythms as well as decreased RER, indicative of increased lipid substrate usage. 
Contrasting, the after effects in the light‐fed group likely negatively impact health as they 
included disturbed rhythms in RER and body temperature compared to both ad libitum and 
dark‐fed animals.

Physiological measures, their relation and meaning
During the TRF phase light‐fed animals ate less food and gained less weight as compared 
to both the AL and dark‐fed group, similar to our previous findings (Figure 1b&c and 2q; 
Chapter 6 of this thesis). After 7 days of AL feeding this difference was still significant, but 
after 11 days (the day of sacrifice) this difference in body weight had diminished and was not 
significant anymore. Most likely due to the fact that the light-fed animals consumed more 
food during the Revert phase as during the TRF phase. Although dark‐fed animals appeared 
to have decreased fat mass and increased lean mass, this difference only became significant 
for lean mass at the end of the TRF phase and disappeared within a week of recovery during 
the Revert phase (Figures 1d&e). Fat and lean mass of the Gastrocnemius and liver of these 
animals were not found to be different at the end of the experiment, indicating that either the 
fattening of these tissues was not very pronounced or that it quickly recovered during the 
Revert phase. Apparently, for the whole body measures the duration of the TRF phase was 
just not long enough to establish significant differences in fat mass. Tissue composition could 
only be evaluated at the end of the experiments and not during the TRF phase, which makes 
it impossible to establish whether TRF by itself affected tissue fat composition.
 At the end of the Revert phase feeding behavior, locomotor activity, body 
temperature and RER had not fully recovered yet to AL feeding conditions, as still some 
differences were evident in the daily profiles of these measures as well as in their overall 
daily mean (Figures 2c,f,i&l), indicating persisting changes in the rhythms of these measures. 
RER for example was lowest in dark‐fed animals during the light period, whilst in the light‐
fed animals a phase‐advance in body temperature and RER persisted (Figures 2i&o). Most 
of these persisting effects were found in the dark‐fed group and confirmed an increased 
day/night difference in these measures. This would imply that the after effects of the TRF 
regimen on these metabolic measures are most pronounced in the dark‐fed animals and can 
be thought of as beneficial for health, as strengthened biological rhythms are associated with 
health benefits (Longo & Panda, 2016; Manoogian & Panda, 2017). Although mostly not 
significant, in the light‐fed animals the day/night amplitude during the Revert phase was 
reduced for food intake, locomotor activity, and body temperature (Figure 2q,r,t). As reduced 
biological rhythms are associated with disease, the after effects of light period feeding could
indicate metabolic health complications or at least increased vulnerability, however, this  
needs further investigation.
 Metabolic cage and body temperature measurements were performed during the 
entire experiment in subgroups of animals, therefore we were able to confirm previous 
findings on physiological measures of metabolism during TRF feeding conditions, but due 
to these continuous measurements we were also able to determine to what extent and at 
what speed these physiological measures changed after the two shifts in the feeding regimen 
(i.e., from ad libitum Baseline to light/dark phase TRF and subsequently back to the Revert 
ad libitum feeding conditions). For example, these measurements showed that the changes 
in RER amplitude were established more quickly than the amplitude changes in body 
temperature in the light-fed animals (Fig S1b&e). Additionally, the change in acrophase in 
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the light-fed animals was established more quickly after the transition from the Baseline 
phase to TRF compared to the transition from TRF back to ad libitum. In fact, eleven days 
after return to ad libitum feeding this acrophase still had not fully recovered yet (Figure S1c).
 Lastly, it should be noted that locomotor activity, RER and body temperature all 
strongly depend on food intake, therefore the persisting effects on these measures of whole 
body metabolism could simply be the result of the incomplete recovery of the feeding 
behavior. In order to disentangle the potential persisting effects of TRF from incompletely 
recovered feeding behavior, experiments in which either the TRF groups or an AL control 
groups receives paired feeding (also taking into account when food is being consumed)
should be performed. However, such experiments are practically challenging to execute and 
would restrict the paired‐fed group in both the total amount and timing of their food intake 
and thus would de facto be a time‐restricted feeding condition as well.

Gene expression
Of the 4 peripheral tissues tested here, BAT appears to have recovered most quickly from the 
4 week TRF phase as only Per2 still showed a 3h shift in the dark‐fed group, out of the 16 
possible genes affected in the two TRF groups. Previously we showed that after 5 weeks of 
light‐period TRF clock gene expression rhythms in BAT had shifted by several hours (6h to 
9h) for most of the clock genes tested, whilst the liver showed completely anti‐phasic rhythms 
and in the Soleus and Gastrocnemius muscles the daily rhythms in clock gene expression were 
completely abolished, with the exception of Reverbα in Gastrocnemius (Chapters 3.1 and 3.2 
of this thesis; unpublished data). Therefore, possible explanation for the quick recovery of 
BAT rhythms is that during TRF conditions the BAT clock is least affected. Recovery of 
the BAT clock thus will take less time as compared to for example the liver, which showed 
complete anti‐phasic clock gene expression rhythms during TRF conditions. In line with this 
idea is also the finding that Reverbα was completely recovered for Gastrocnemius, but not 
for Soleus muscle. Our previous experiments showed that Reverbα was the only clock gene 
that was differently expressed between these two muscles during TRF to the light period. In 
Soleus muscle the rhythm in Reverbα expression was abolished whilst in Gastrocnemius it 
was partially shifted. As this gene was least affected in Gastrocnemius it could explain why 
in the present study it was fully recovered in Gastrocnemius, but not Soleus muscle. Another
explanation could be that the different tissues respond differently to the Zeitgebers of feeding 
behavior and locomotor activity. It has been suggested that feeding affects mostly the liver 
clock and locomotor activity especially the muscle clock (Aoyama & Shibata, 2017; Froy, 
2010; Hamaguchi, Tahara, Hitosugi, & Shibata, 2015; Sasaki et al., 2016; Schibler, Ripperger, 
& Brown, 2003; Stephan, 2002 and Chapter 4 of this thesis). Therefore, experiments that can 
manipulate activity behavior should be performed in order to better understand the separate 
influences of feeding and activity behavior on the peripheral clocks. Examples of such 
experiments could be time‐restricted access to a running wheel, with or without manipulating 
feeding behavior at the same time.

Clinical relevance
An increasing amount of evidence indicates that shift‐work can have adverse effects on 
human health. Epidemiological studies found that rotating night‐shift work increased the 
risk of T2DM (Pan et al., 2011; Shan et al., 2018). Moreover, experimental studies found 
that simulation of shift‐work as well as circadian misalignment by itself can impair glucose 
metabolism and insulin sensitivity (Morris, Purvis, Mistretta, & Scheer, 2016; Qian, Dalla
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Man, Morris, Cobelli, & Scheer, 2018; Scheer, Hilton, Mantzoros, & Shea, 2009; Sharma et 
al., 2017; Wefers et al., 2018). It is therefore essential to characterize if, and if yes, how fast
disturbed rhythms that result from shift‐work can fully recover. Moreover, once the extent 
and pace of recovery have been established therapeutic treatments (e.g. calorie restriction, 
time‐restricted eating, intermittent fasting, exercise and other lifestyle factors that are deemed 
healthy) can be tested to determine if these can strengthen and/or quicken the recovery of the 
disturbed rhythms resulting from shift‐work. Our results indicate that (partial) recovery from 
long‐lasting TRF conditions is possible at the whole body, systemic as well as molecular clock 
level. Although after 11 days still not all measures here reported had fully recovered, most 
of them recovered within a few days. It should be stressed that these persisting deviations 
from ad libitum conditions are not unhealthy per se. TRF during the active period is often 
associated with metabolic health improvements, whilst TRF during the inactive phase is 
associated with negative effects on health outcomes (Longo & Panda, 2016; Manoogian & 
Panda, 2017). It is therefore expected that the after effects in the dark‐fed group are beneficial 
whilst the after effects in the light‐fed group are mainly harmful for metabolic health.
 Moreover, recent evidence points out that prolonged fasting periods could have 
positive effects on some metabolic health outcomes, regardless of the timing of fasting 
(Mitchell et al., 2019 and Chapter 7 of this thesis). In line with these recent findings, in both 
our light‐ and dark‐fed groups the overall RER was lower during the TRF phase as compared 
to the AL group, mainly because of a lowered RER during the fasting period of these groups. 
This lowered RER persisted during the Revert phase in the middle of the light period (the 
natural fasting period) (Figure 2i,o,s). A lower RER is indicative of more lipid oxidation that 
subsequently can lead to reduced adiposity. Additionally, the amplitude of the daily RER 
rhythm, which can be considered a measure of metabolic flexibility, was still higher in the 
dark‐fed animals at the end of the Revert phase. Inflexibility of oxidative fuel selection, as 
is measured by the RER, has been associated with T2DM, again illustrating that prolonged 
fasting by itself, regardless of the time‐of‐day, can be beneficiary for some of the measures 
of health (Galgani et al., 2008; Kelley, 2005; Kelley & Mandarino, 2000). Contrasting, these 
seemingly beneficiary metabolic outcomes, we found that both the dark‐ and light‐fed groups 
have disturbed plasma glucose rhythms. As disturbed glucose levels generally are associated 
with impaired glucose control and risk of T2DM these results would advocate that there also 
are adverse metabolic after effects of TRF regardless of the time‐of‐day of food restriction, 
although this needs further confirmation for example using glucose/insulin tolerance tests in 
animals several days after reverting to ad libitum feeding. An alternative explanation for the 
disturbance found in glucose metabolism is that during TRF animals show reduced glucose 
and increased lipid metabolism. If during the Revert phase this switch in substrate utilization 
is (partially) maintained it could explain both the loss of rhythm in glucose levels as well as 
the gain of rhythm in NEFA levels in the light‐fed and dark‐fed animals. It thus appears that 
one of the more challenging aspects for future studies on the (long‐term) effects of shift‐work 
in both human and animal studies will be to determine which metabolic parameters have the
best predictive value for health outcome and thus could be more suitable to target in an 
attempt to recover quicker from or even prevent the disturbances inflicted by shift‐work.

Other studies on the long‐term effects of shift‐work
Many groups have studied the effects of shift‐work on metabolism using experimental 
models, including TRF, in both humans and rodents, but the after effects (i.e., reverting back 
to baseline conditions for several days/weeks) of shift‐work have been studied to a far lesser
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extent. To the best of our knowledge only one study has been performed in which after 
several weeks of shift‐work animals were allowed to recover from the shift‐work protocol. 
In this study, rats were subjected to forced activity in the sleep period for 5 days a week 
(Saderi, Báez‐Ruiz, Azuara‐Álvarez, Escobar, & Salgado‐Delgado, 2019). After 4 weeks the 
shift‐work paradigm was ended and animals could recover for either 3/5/7 days after which 
they were sacrificed at 4 different time points along the L/D cycle to measure daily rhythms 
of gene expression in the liver. The authors reported that several clock and metabolic genes 
did not fully recover to control conditions within 7 days of the recovery period. Similar to 
our findings they found that hepatic expression of Bmal1 was restored at the end of the 7 day 
recovery period, whilst Per2 was not. Unfortunately, this study did not provide data on other 
tissues nor on metabolic phenotypes other than food intake and activity (which quickly and 
fully returned to control conditions).

Conclusion
Our data show that following 4 weeks of simulated shift‐work by daytime time‐restricted 
feeding, persisting metabolic changes (food intake, activity, plasma glucose, plasma NEFA’s 
and RER) can still be found even 11 days after return to ad libitum feeding. Furthermore, also 
the molecular clocks in the liver, BAT, Soleus and Gastrocnemius muscle had not completely 
recovered yet from the TRF conditions. Importantly, the persisting effects of the TRF feeding 
protocol were both tissue‐ and clock gene-dependent, with BAT displaying the best and Soleus 
showing the least recovery. As the specific outputs of the molecular clock govern a wide 
variety of metabolic processes, including many lipid and glucose metabolic pathways, these 
differences in recovery could have implications for the synchrony between the metabolic 
supply and demands of the different tissues. This persisting desynchrony between different 
metabolic tissues probably is an important risk factor for the development of metabolic 
disorders including (pre)diabetes. Finally, the strength of this series of experiments is that we 
included a control group that was fed under AL conditions throughout the entire duration of 
the experiment and was housed under the same conditions as the dark‐ and light‐ fed groups, 
thereby correcting for possible confounding factors including age, housing conditions as well 
as differences in animal batches between the groups.
 Future work should provide a better understanding if and to what extent metabolic 
processes are disturbed in these peripheral tissues and whether also systemic glucose 
metabolism and insulin sensitivity displays after effects, for example through insulin/
glucose tolerance tests and/or hyperinsulinemic-euglycemic clamps several days/weeks after 
recovery from a prolonged TRF period. Importantly, it could be attempted to strengthen 
and/or quicken the recovery from TRF through timed feeding and exercise. These insights 
should ultimately lead to an optimized protocol for shift‐workers in which together with 
the appropriate life‐style recommendation the amount of shift‐days and non-working/resting 
days are balanced in such a way that the detrimental effects of shift‐work on metabolic health 
are minimized.
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Figure S1 Changes in rhythmic parameters of RER and body temperature over time. S1a‐f Rhythmic parameters 
of the RER (a‐c) and subcutaneous body temperature (d‐f) plotted for each of the 42 days (3 Baseline days, 28 TRF 
days, 11 Revert days). The daily mean, amplitude and acrophase are depicted to the left, middle and right of the 
figures, respectively. For each individual animal the daily mean, amplitude and acrophase was determined using 
cosine regression on the 96 individual data points of that day (15 minute sampling was maintained every day for 
both RER and temperature measurements). All values that belonged to a significant rhythm were averaged between 
the animals of each of the three experimental groups (i.e., values that corresponded to nonsignificant rhythms for 
a specific day for an animal were excluded for the daily averages). For the RER acrophases 15 (out of 656) days 
were excluded, with a maximum of 4 animals on a single day. For the body temperature acrophases 36 (out of 820) 
days were excluded, with a maximum of 3 animals on a single day. None of the amplitude and daily mean days 
were excluded. Data are represented as mean ±SEM. Shaded areas represent the TRF phase. For the RER measures 
(Figures S1a‐c) n=4, n=6 and n‐6 for the AL, dark‐fed and light‐fed animals, respectively. For the body temperature 
measures (Figures S1d‐f) n=6, n=7 and n=7 for the AL, dark‐fed and light‐fed animals, respectively.
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Figure S2 Summaries of metabolic parameters (food intake, activity, RER and body temperature) during the 3 
different experimental phases. S2a‐l: Analysis of the daily food intake (a‐c) locomotor activity (d‐f), RER (g‐i) and 
subcutaneous body temperature (j‐l) of the animals during each of the 3 experimental phases. Figures to the left, 
middle and right are the 24 h traces of the AL fed, Dark fed and Light fed animals, respectively. Food intake, activity 
and RER values are averages of the last 2 days of each experimental phase, body temperature values are averages 
of the last 3 days of each experimental phase. Locomotor activity is presented as arbitrary units (AU). Data are 
represented as mean ±SEM. Shaded areas represent the dark period. For the food intake, activity and RER measures 
(Figures S2a‐i) n=4, n=6 and n‐6 for the AL, dark‐fed and light‐fed animals, respectively. For the body temperature 
measures (Figures S2j‐l) n=6, n=7 and n=7 for the AL, dark‐fed and light‐fed animals respectively.
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Figure S3 Difference within the metabolic parameters between the light and dark periods (L/D) for the AL, Dark 
and Light fed animals in the three experimental phases. S3a‐l: Figures to the left, middle and right are the L/D period 
summaries of the AL fed, Dark fed and Light fed animals, respectively. Food intake, activity and RER values are 
averages of the last 2 days of each experimental phase, body temperature values are averages of the last 3 days of 
each experimental phase. Locomotor activity is presented as arbitrary units (AU). For the metabolic cage measures 
(Figures S3a‐l) n=4, n=6 and n‐6 for the AL, dark‐fed and lightfed animals respectively. For the body temperature 
measures (Figures S3m‐o) n=6, n=7 and n=7 for the AL, dark‐fed and light‐fed animals, respectively. For the body 
temperature measures (Figures S3j‐l) n=6, n=7 and n=7 for the AL, dark‐fed and light‐fed animals, respectively. 
**** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05 after Tukey’s post‐hoc test.
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Supplementary tables

Table S1 two‐way ANOVA results of clock gene expression profiles in liver.

  liver  

 Interaction Time Feeding

Bmal1 0.1020 <0.0001 0.9920

Clock 0.4288 0.0003 0.3241

Cry1 0.0550 <0.0001 0.0791

Cry2 0.8041 <0.0001 0.2609

Per1 0.4600 <0.0001 0.4306

Per2 0.0114 <0.0001 0.0597

Reverbα 0.4143 <0.0001 0.6062

Dbp 0.6645 <0.0001 0.6221

  BAT  

 Interaction Time Feeding

Bmal1 0.1874 <0.0001 0.4608

Clock 0.4738 0.1121 0.4853

Cry1 0.2719 <0.0001 0.3821

Cry2 0.6687 0.0593 0.5311

Per1 0.7421 <0.0001 0.1202

Per2 0.5594 <0.0001 0.6347

Reverbα 0.5910 <0.0001 0.6107

Dbp 0.5251 <0.0001 0.5954

 Soleus  

 Interaction Time Feeding

Bmal1 0.0706 <0.0001 0.0372

Clock 0.0054 <0.0001 0.0273

Cry1 0.0063 <0.0001 0.3139

Cry2 0.4539 0.0227 0.8575

Per1 0.1879 <0.0001 0.2614

Per2 0.3569 <0.0001 0.7744

Reverbα 0.0494 <0.0001 0.3274

Dbp 0.2995 <0.0001 0.7113

Table S2 two‐way ANOVA results of clock gene expression profiles in BAT.

Table S3 two‐way ANOVA results of clock gene expression profiles in Soleus.
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Introduction

The peripheral clocks in muscle and other tissues of mammals are synchronized to the 
environmental 24h light/dark cycle via both internal and external cues, the so called Zeitgebers. 
Examples of such Zeitgebers for the peripheral clocks are feeding behavior, neural and humoral 
outputs of the hypothalamus, (locomotor) activity and body temperature as well as hormone 
rhythms that originate from endocrine glands other than the hypothalamus, such as the adrenal 
gland. The hormones produced by the adrenal gland include the catecholamines adrenaline 
and noradrenaline, as well as steroid hormones such as aldosterone and the glucocorticoids. 
All these adrenal hormones are known to be able to affect muscle functioning. Furthermore, 
glucocorticosteroids also affect lipid and carbohydrate metabolism, both important metabolic 
substrates for skeletal muscle. Although probably best known as a stress hormone, the daily 
rhythm in plasma corticosterone (or cortisol in humans) is also one of the most studied daily 
hormone rhythms (Kalsbeek et al., 2012). In basal, non‐stressed conditions the daily peak of 
plasma corticosterone levels is found at the time of wake up, i.e., in the morning in humans 
and in the evening in nocturnal animals such as rats and mice. An important function of 
both the awakening and stress‐induced corticosterone release is the stimulation of glucose 
production through gluconeogenesis. In view of the above we hypothesized that removing 
the daily surge in plasma corticosterone levels by adrenalectomy would result in disturbed 
rhythms of the molecular clock as well as genes involved in glucose and lipid metabolism in 
skeletal muscle.

Methods

Thirty‐five male Wistar rats were either sham‐operated (Sham, n=17) or adrenalectomized 
bilaterally (ADX, n=18) as detailed previously (Su et al., 2015). After surgery the rats were 
group housed under similar environmental conditions as described in previous chapters 
of this thesis. A subset of these animals were put in metabolic cages to measure RER and 
locomotor activity as also described in other chapters of this thesis. Three weeks after surgery 
animals were sacrificed at ZT2, 8, 14 or 20 and Soleus muscle was collected. RNA isolation, 
cDNA synthesis and qPCR were performed as described in other chapters of this thesis.

Results

The use of lipid substrates was increased in the ADX animals at the expense of carbohydrates 
as the RER of the ADX animals was lower, especially around ZT12, i.e., the transition from 
the light to dark period and the time of wakening up (Figure 1a). In line with this increased 
use of lipid substrates ADX animals had greatly reduced white adipose tissue depots (Figure 
1c). ADX animals displayed increased locomotor activity, both during the day and night, 
although these differences did not reach significance (Figure 1b&d). Consequently, no shift 
in the day/night activity patterns was observed in the ADX animals. However, the increase in 
whole day activity levels did reach statistical significance. 
 Clock and metabolic gene expression profiles are displayed in Figure 2a‐l. Both the 
analysis of rhythmicity and two‐way ANOVA analysis on the main effects of ZT, Treatment 
(Sham versus ADX) as well as the interaction ZT*Treatment are summarized in table 1. Daily 
gene expression profiles in the ADX group were altered for several of the core clock genes 
(Figure 1a‐f and table 1). Bmal1 and Reverbα displayed 3h phase‐shifts in the ADX group
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and Per1 lost its rhythmic expression with overall reduced expression levels (Table 1). A 
selection of the metabolic genes tested is displayed in figures 2g‐l. Out of the 28 metabolic 
genes tested we found significantly altered overall expression levels in 13 genes (Cpt1b, 
Ucp3, GR, Lpl, Atgl, Pgc1β, Pdk4, Hsl, Fat/Cd36, Sirt3, Drp1, Cytochrome c and Cox4). 
Except for the glucocorticoid receptor (GR) expression levels of all these genes were lower 
in the ADX animals as compared to the Sham group. Most metabolic genes tested were 
not rhythmically expressed in either of the groups. Pdk4, Ucp3 and Srebf1c are the only 3 
genes that were rhythmically expressed in both groups. Pdk4 and Ucp3 both showed a shift 
in acrophase of 3h in the ADX group as compared to the Sham group, whilst Srebf1c had a 
similar acrophase. In the ADX group a gain of rhythm was observed for Cox4 and Pgc1β.

Figure 1 Daily profile of RER and locomotor activity as well as fat depot weights of the Sham and ADX groups. 
eWAT=epididymal white adipose tissue; pWAT=perirenal white adipose tissue; sWAT=subcutaneous white adipose 
tissue. * p<0.05, *** p<0.001. Adapted from Su 2016 (p179).
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Figure 2 A selection of the daily clock and metabolic gene expression profiles of the two experimental groups.
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Discussion and conclusion

Adrenalectomy resulted in a slight increase in activity and a decrease of RER. Although this
decreased RER indicated more lipid substrate usage several genes involved in lipid 
metabolism were downregulated in the Soleus of the ADX group (Cpt1b, Lpl, Atgl, Hsl and 
Fat/Cd36). One explanation for this finding is that in muscle glucocorticoids decrease glucose 
uptake and utilization. Depletion of glucocorticoids through adrenalectomy thus likely results 
in increased glucose uptake and usage and as a result will decrease the relative substrate 
usage of lipids. Another explanation for this finding is that probably in other tissues lipid 
metabolism was upregulated and that skeletal muscle simply was restrained from utilizing 
lipids for metabolism. In line with this is the finding that in epididymal white adipose tissue 
(eWAT) expression levels of Lpl were increased after adrenalectomy (Su et al., 2015). Also 
in brown adipose tissue (BAT) uptake of fatty acids is increased after adrenalectomy, without 
disturbing the natural diurnal rhythm of fatty acid uptake (van den Berg et al., 2018). In the liver 
adrenalectomy results in disturbed rhythms of metabolic genes, including Lpin1, the gene that 
codes for Lipin which plays a key role in lipid synthesis (Oishi et al., 2005). Additionally, the 
strongly decreased white adipose depots in the ADX group also indicate that lipid reserves are 
more depleted in the ADX group. Out of 13 tested genes with overall altered expression levels 
only the glucocorticoid receptor GR was upregulated in the ADX group, likely as a means 
to rescue glucocorticoid signaling and/or sensitivity even during conditions of decreased 
adrenal hormone levels. A similar increase of GR expression levels was observed in eWAT 
(Su et al., 2015). Additionally, several genes involved in mitochondrial metabolism showed 
decreased expression levels in the ADX group (Ucp3, Pgc1β, Pdk4, Sirt3, Drp1, Cytochrome 
c, and Cox4). This could indicate that either mitochondrial functioning is impaired or that 
mitochondrial abundance is decreased in the muscles of adrenalectomized animals. However, 
both these explanations are not in line with the increased activity found in the ADX group as 
activity is usually associated with an increase in mitochondrial activity and this notion thus 
warrants more investigation. Clock gene expression was also altered in the Soleus of the ADX 
group with a loss of rhythm in Per1 as well as a reduced amplitude of Reverbα. Per1 contains 
a glucocorticoid response element and it is known that the SCN can synchronize peripheral 
clocks through humoral signaling such as the surge in corticosterone release in the relative 
morning (i.e. before waking up). Our finding that Per1 expression lost its rhythmicity thus 
matches well with the loss of the surge in corticosterone release in the beginning of the active 
period by the adrenal gland and thus the loss of one of the synchronizing outputs of the SCN. 
Strangely, both Cry1 and Per2 were not rhythmic in the Sham group which is not in line with 
the expression profiles of our ad libitum control groups throughout this thesis. One possible 
explanation for this finding is that the Sham group is not exactly the same as the other ad 
libitum control groups as these animals did receive a sham‐surgery. Additionally, the animals 
in the current study were sacrificed at different ZTs and this Sham group is the smallest control 
group used for daily gene expression profiles in this thesis thus far and could thus be slightly 
underpowered (n=17 in total, with 3‐5 animals per ZT; whilst n=32 in total for the ad libitum 
control groups in Chapters 3.1, 3.2 and 4 and n=24 in total for the ad libitum control group in 
Chapter 8).
 To summarize, we showed that a functioning adrenal gland is necessary for 
maintaining normal clock and metabolic gene expression in the Soleus muscle. However, as 
locomotor activity was also increased in the ADX group we cannot exclude the possibility 
that the changes we found in gene expression are, at least partly, due to changes in activity. 
Additionally, earlier adrenalectomy experiments by our group found that food intake during  the
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Table 1 Overview of results of the two‐way ANOVA and rhythmicity analyses on clock and metabolic genes.

Significant p‐values (≤0.05) and the corresponding acrophases are displayed in bold.

two-way ANOVA Rhythmicity analysis (JTK_Cycle)

Sham ADX

Clock genes Interaction ZT Treatment Acrophase p-value Acrophase p-value

Bmal 0.177 <0.001 0.11 2 0.007 5 0.001

Cry1 0.972 0.135 0.501 NR 1 23 0.01

Per1 0.201 0.003 0.047 14 0.001 NR 0.382

Per2 0.582 0.05 0.668 NR 0.284 17 0.04

Reverb 0.006 <0.001 0.437 11 <0.001 8 0.003

DBP 0.118 <0.001 0.481 14 0.001 14 <0.001

Metabolic genes

Acc2 0.97 0.045 0.082 NR 0.912 NR 0.232

Adrb2 0.375 0.057 0.571 NR 1 NR 1

AMPKa1 0.053 0.985 0.428 NR 0.284 NR 0.232

Atgl 0.091 0.011 <0.001 NR 0.057 NR 0.547

Cox2 0.084 0.592 0.113 NR 1 NR 1

Cox4 0.82 0.134 0.002 NR 0.284 8 0.029

Cpt1b 0.175 0.547 0.007 NR 0.284 NR 1

Cytochrome C 0.531 0.76 <0.001 NR 1 NR 0.547

Drp1 0.789 0.437 0.022 NR 0.692 NR 1

Fas 0.977 0.452 0.493 NR 1 NR 0.737

Fat 0.646 0.315 <0.001 NR 1 NR 0.637

Glut4 0.852 0.549 0.265 NR 1 NR 1

GR 0.874 0.919 0.006 NR 1 NR 1

Hsl 0.491 0.009 0.05 NR 0.151 NR 1

Lpl 0.95 0.969 <0.001 NR 1 NR 1

Myod 0.397 0.193 0.788 NR 0.061 NR 1

Nampt 0.243 0.379 0.061 NR 1 20 0.005

Pdk4 0.481 <0.001 <0.001 5 0.009 8 0.001

Pgc1α 0.182 0.002 0.305 NR 0.232 NR 0.737

Pgc1β 0.617 0 0.008 NR 0.095 8 0.001

Pgk 0.543 0.206 0.483 NR 0.074 NR 0.737

Pparα 0.53 0.67 0.355 NR 1 NR 0.97

Pparγ 0.989 0.317 0.072 NR 1 NR 1

Sirt1 0.73 0.634 0.799 NR 1 NR 0.467

Sirt3 0.272 0.023 0.006 NR 1 NR 1

Srebf1c 0.941 0 0.289 5 0.009 5 0.003

Tfam 0.662 0.501 0.086 NR 0.912 NR 1

Ucp3 0.34 <0.001 0.004 5 0.007 8 0.016
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dark period (but not during the light period) was decreased in the ADX group (Su et al., 2015). 
Therefore, differences in feeding behavior could also have contributed to the changes found. 
Future experiments that either control for the differences in feeding behavior or (locomotor) 
activity could provide more insights into the contribution of adrenal hormone signaling on the 
muscle clock and metabolism. Another approach to study the effects of the adrenal hormones 
on the muscle clock would be to administer adrenaline/steroids/glucocorticoids or their 
antagonists such as β‐blockers to respectively stimulate or inhibit the effects of the adrenal 
hormones on skeletal muscle.
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Introduction

The circadian timing system and activity are closely intertwined. Not only has wheel running 
activity long been used as the prime read‐out of circadian behavior, disturbing the circadian 
clock can strongly affect activity patterns and vice versa. Lesioning of the master pacemaker 
in the suprachiasmatic nucleus (SCN) as well as a global knockout of the core clock gene 
Bmal1 results in arrhythmic (running wheel) activity, even in regular L/D conditions. 
Conversely, running wheel activity is one of the best‐known non‐photic Zeitgebers able 
to phase‐shift the central clock. Moreover, activity has been long suspected to be a potent 
Zeitgeber for peripheral clocks, especially skeletal muscle. Several lines of evidence indicate 
that exercise can synchronize the muscle clock. Denervation of the muscle for example leads 
to decreases in the expression of several clock genes as well as to phase‐advances in the daily 
rhythms of Bmal1 and Dbp expression (Dyar et al., 2015; Nakao et al., 2015). However, the 
exact contributions of muscle activity are not fully understood, as in the above mentioned 
denervation experiments the complete loss of muscle activity did not results in a complete loss 
of rhythmicity in the muscle clocks, which clearly indicates that other factors can also entrain 
the muscle clock.
 Many studies have been performed to investigate the phase‐shifting effects of 
running wheel activity on the central clock, but also several studies have been performed 
on the effects of the timing of exercise on peripheral clocks. Two hours of either voluntary 
or forced activity for 4 weeks during the light period shifted the peripheral clocks in skeletal 
muscle and lung, but not SCN (Wolff & Esser, 2012). However, animals either were forced 
to run on a treadmill or were moved on a daily basis between the home cage and the running 
wheel cage for voluntary activity, both methods likely inducing stress in the animals. Stress 
can activate the hypothalamus‐pituitary‐adrenal (HPA) axis and thereby lead to alterations in 
glucocorticoid signaling. In the previous chapter, we showed that disturbing glucocorticoid 
signaling as a result of adrenalectomy can affect both clock and metabolic gene expression 
in Soleus. Forced exercise therefore seems an unfavorable option to study the effects of 
(timing of) exercise as a Zeitgeber. One study thus far has directly compared voluntary with 
forced running wheel activity (Sasaki et al., 2016). They found that when mice were subject 
to forced exercise in a running wheel during the light period the phase‐shifts in peripheral 
clocks (kidney, liver and submandibular gland) were larger compared to those of animals on 
a voluntary exercise schedule (Sasaki et al., 2016). Interestingly, for the Gastrocnemius clock 
no difference between forced and voluntary exercise was found. As mentioned before, the 
stronger effects on the peripheral clocks during the forced exercise protocols can likely be 
attributed to stress and increased HPA‐axis activity. Indeed, compared to voluntary exercise, 
the forced exercise protocol was accompanied by increased levels of noradrenaline in the 
peripheral tissues and strongly increased systemic levels of corticosterone, both indicative 
of a physical stress responses in the animals. Removing the adrenal gland combined with 
adrenergic receptor blockers negated the effects of forced exercise on the peripheral clocks 
(kidney, liver and submandibular gland) (Sasaki et al., 2016). It thus seems necessary to study 
the effects of exercise as a Zeitgeber under stress‐free conditions such as voluntary exercise, 
preferably without handling the animals. One such study on voluntary exercise found that 
four weeks of ad libitum access to a running wheel phase‐advanced the rhythms of Per1, 
Per2, Reverbα and Dbp in liver and white adipose tissues, but not in brown adipose tissue and 
skeletal muscle of mice (Yasumoto, Nakao, & Oishi, 2015). Although timing of the acrophases 
were not found to be different in muscle, peak expression levels or Per1, Per2  and Reverbα 
were increased in the group that had access to a running wheel.
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 Experiments that employ a model of time‐restricted running (TRR), i.e., studies that 
limit the duration of access to a running wheel without forcing the animals to run, are rather 
scarce. One study allowed animals to run either ad libitum, for 4h in the beginning of the 
dark period or for 4h at the end of the dark period (Schroeder et al., 2012). Compared to 
sedentary animals ad libitum access to a running wheel delayed the peaks of PER2 in the liver 
and kidneys, but not in heart and the SCN. TRR during the early dark period and not during 
the late dark period also phase delayed PER2 expression in the kidney, whilst both TRR 
groups displayed a phase delay in liver. This indicates that the timing of voluntary exercise 
differentially affects peripheral clocks. However, these results also underline the importance of 
more research on the effects of voluntary exercise (both unrestricted as well as time‐restricted) 
on the molecular clock since the study of Yasumoto et al. found phase‐advances in liver Per2 
mRNA, whilst Schroeder et al. found phase‐delays of liver PER2 protein levels in their ad 
libitum running groups.
 Finally, also several experiments performed in this thesis indicate that activity can 
contribute to entrainment of the muscle clock. In various of our time‐restricted feeding (TRF) 
studies (chapters 3.1, 3.2, 4, 6 and 8) we found changes in the muscle clock concurrently 
with altered activity levels, especially reduced light/dark differences in locomotor activity 
in animals fed during the light period together with reduced clock gene expression rhythms 
in muscle. It thus seems likely that altered patterns in activity can at least partly, entrain the 
muscle clocks.
 Taking everything together, we hypothesized that manipulation of the timing of 
activity can alter the peripheral clocks in muscle tissues. More specifically, we hypothesized 
that the timing of voluntary running wheel activity during the light period will reduce the 
amplitude of the muscle clock.

Methods

Forty‐four male Wistar rats were randomly assigned to one of 4 groups: sedentary (no access 
to running wheel, n=8), ad libitum running (ALR, unrestricted access to a running wheel, 
n=12), dark period running (DR, restricted access to the running wheel between ZT13‐23, 
n=12), and light period running (LR, restricted access to the running wheel between ZT1‐11, 
n=12). Animals were individually housed in the same room under similar environmental 
conditions as described in other chapters in this thesis. Pelleted chow and drink tap water 
were available ad libitum throughout the entire experiment. Body weight and food intake were 
measured weekly after which animals were scanned in an EchoMRI device to additionally 
measure fat and lean mass. Food intake during the period that the LR group could run was 
measured once a week, but on different days. During the first two weeks, all animals that had 
access to a running wheel could run ad libitum in order to get accustomed to running in the 
wheel. After this two‐week baseline phase, the running wheels of the DR and LR groups were 
blocked except for 10 hours in the middle of the dark and light period, respectively. This TRR 
phase lasted 4 weeks after which all animals were sacrificed at ZT0 or ZT12 and plasma and 
Soleus and Gastrocnemius muscle were collected. In a subgroup of 16 animals (n=2‐6 for 
each experimental group) also perirenal (bilateral), epididymal (bilateral) and subcutaneous 
(unilateral) fat depots were carefully excised and weighed.
 Glucose measurements, RNA isolation, cDNA synthesis and qPCR were performed 
as described earlier in this thesis, with the exception that as for now only 1 housekeeping gene 
was used to standardize gene expression levels.
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Results

During the baseline phase animals in the different experimental groups ran similar distances per 
day (Figure 1a) and also the daily pattern of running activity was highly similar with nearly all 
running activity taking place during the dark period (Figure 1b). Although during the baseline 
phase animals almost did not run at all during the light period, starting from the third day of 
the TRR phase LR animals ran during the light phase a distance comparable to roughly 40% of 
the total daily distance they ran during the baseline phase. Intriguingly, both the ALR and DR 
gradually started running less 2 weeks after the start of the TRR phase, but such a decline in 
activity was less prominent in the LR group. In the final week of the TRR phase the LR group 
ran approximately 50% of the distance of either the ALR or DR group. Unlike the DR group, 
the LR animals mainly ran during the first 4 hours of their 10h running period (Figure 1c). The 
DR animals ran more constantly during the full 10h of running wheel access. This likely caused 
the LR animals to run less per day compared to both DR and ALR animals. Lastly, ALR animals 
showed some running activity during the light period and DR animals were slightly more active 
during the dark period as compared to ALR animals.
 Compared to all three TRR groups the sedentary animals showed significant increases 
in body weight and relative fat mass together with reduced lean mass starting immediately 
during the first week of baseline running (Figures 1d‐f). However, the difference in body weight 
between the LR and sedentary animals diminished and even became non‐significant in the third 
week of TRR (Figure 1d). At the end of the experiment LR animals had a reduced lean mass 
as compared to both the ALR and DR group. After 2 weeks of TRR relative fat mass of the LR 
group was higher as compared to the ALR group and at the end of the experiment LR animals 
also had significant more fat mass compared to the DR animals. Body weight and relative fat 
and lean mass never significantly differed between ALR and DR animals.
 Although during the first two experimental weeks of ad libitum running daily food 
intake was higher in the sedentary group compared to the three TRR groups, this difference 
diminished and became non‐significant from the first week of the TRR phase onwards (Figure 
1g). Total daily food intake did not differ between the three TRR groups, but LR animals ate 
significantly more during the daytime as compared to the other three experimental groups 
(Figure 1h). Furthermore, DR animals ate significantly more compared to LR animals during 
the dark period and trends were observed for increased food intake of ALR compared to LR and 
decreased food intake for ALR as compared to DR animals in the dark period.
 Overall daily plasma glucose levels only differed significantly between ALR and DR 
animals, this can likely be attributed to the lowered glucose levels for the DR group at ZT12 as 
none of the groups significantly differed from each other at ZT0 (Figure 1i; two‐way ANOVA 
with Tukey’s post‐hoc tests).
 Furthermore, in the sedentary animals we observed the largest epididymal, subcutaneous 
and perirenal fat depots (Figures 1j‐l). LR animals were found to have significantly larger 
perirenal fat depots compared to both ALR and DR animals, as well as larger epididymal fat 
depots compared to the ALR group.
 Finally, clock gene expression was also affected (Figures 2a‐d) in both a tissue‐ and 
clock‐gene dependent manner. In the Soleus muscle, Bmal1 expression at ZT0 was lower for the 
LR group as compared to the ALR and DR groups. For Per2 the diurnal difference in expression 
levels between ZT0 and ZT12 as present in ALR and DR animals was lost in LR animals. 
Strangely, also in the sedentary animals no difference between ZT0 and ZT12 was found for 
Per2 expression in the Soleus. In Gastrocnemius no group differences in gene expression of 
Bmal1 or Per2 were found, but all groups had different expression levels between ZT0 and 
ZT12 for both these genes.
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Figure 1 Physiological measurements. 1a‐c Running wheel activity of the ALR, DR and LR group summarized 
per day (1a) and per hour during the last day of the Baseline phase (1b) and the last day of the TRR phase (1c). 
1d‐f Body weight (1d), relative fat mass (1e) and relative lean mass (1f) of the animals throughout the experiment. 
1g‐h Daily food intake throughout the experiment (1g) and in the last week of the TRR phase separated for daytime 
and nighttime (i.e., ZT1‐11 (the period that the LR could run) versus ZT11‐1 (the remainder of the 24h cycle)) 
(1h). 1i‐l Plasma glucose values (1i) and fat depot weights (j‐l) after sacrifice of the animals. # = sedentary group 
significantly differs from all other groups, $ = sedentary group significantly differs from ALR and DR groups, & = 
LR group significantly differs from ALR and DR groups, ^ = LR group significantly differs from ALR group. **** 
p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05. Tukey’s multiple comparisons test was used as post‐hoc test 
for all comparisons. For figures 1a‐I n = 8 for the sedentary group and n = 12 for the groups with (time‐restricted) 
access to a running wheel. For figures 1j‐l n = 4 for the sedentary and LR groups, n = 2 for the DR group and n = 6 
for the ALR group.
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Figure 2 Clock gene expression of Bmal1 and Per2 at ZT0 and ZT12 in Soleus (a‐b) and Gastrocnemius (c‐d)
muscle in the 4 experimental groups. & = LR group significantly differs from ALR and DR groups, @ = LR group 
significantly differs from DR group. **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05. Tukey’s multiple 
comparisons test was used as post‐hoc test for between group comparisons. Holms‐Sidak’s multiple comparisons 
test was used for within group comparisons (i.e. ZT0 versus ZT12). For each of the ZT’s n = 4 for the sedentary 
group and n = 6 for the groups with (time‐restricted) access to a running wheel.

Discussion and conclusion

Exercise, regardless of the time of day clearly is beneficial for health as all three groups with 
access to a running wheel showed reduced body weight gain, reduced fat mass as well as 
increased lean mass compared to the sedentary animals. In line with the EchoMRI results, 
sedentary animals also had the largest fat depots of all groups. However, TRR during the 
light period was found to have less of these beneficial effects as compared to the DR and 
ALR group, as indicated by a higher fat mass, lower lean mass and larger fat depots. It is 
not clear whether these less pronounced beneficial effects are due to the abnormal timing 
of the running wheel activity in the LR animals or to their lower amount of activity in the 
running wheel, as they only displayed about half the total daily running activity compared 
to ALR and DR. On the other hand, ALR and DR showed similar amounts of running wheel 
activity, nevertheless the fat mass and lean mass of the DR animals were slightly unhealthier 
than those of ALR animals were. Interestingly, LR animals also ate more during the light 
phase, and less during the dark phase. Other than reduced plasma glucose levels, running 
only during the dark period did not seem to affect most measures as compared to ALR. This 
can likely be attributed to the fact that both total daily activity and daily activity patterns were 
highly similar between DR and ALR animals (Figures 1a&c).
 Timing of voluntary exercise also had significant effects on clock gene expression 
in the Soleus, but not the Gastrocnemius muscle. Similar to our previous findings on feeding
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behavior as a Zeitgeber, the effects of running as a Zeitgeber were both tissue and clock‐
gene dependent with Per2, but not Bmal1 losing the day/night difference in expression levels 
(i.e., ZT0 versus ZT12 expression). However, as at present we only have 2 time points it 
is impossible to determine whether the rhythm in Per2 expression in Soleus is shifted or 
dampened. The difference between the two muscle types can be explained by the differences 
in structure and function of the muscles. The Soleus is a slow‐twitching muscle that mainly 
consists of type I (oxidative) fibers and is generally associated with endurance, whilst the 
Gastrocnemius mainly consist of type II (glycolytic) fibers and is associated with high power 
output such as during resistance training. As the rats in the three TRR groups spread their 
daily running wheel activity over a period of several hours it is not likely that they mainly 
used glycolytic muscle activity. Instead, the prolonged running periods more closely resemble 
endurance training (oxidative muscle usage) which would explain why we do find changes in 
clock gene expression in the Soleus¸ but not the Gastrocnemius muscle.
 Unexpectedly, also the feeding behavior in the LR group differed from the other two 
groups with a running wheel, with increased food consumption in the light period, i.e., the 
period during which they also performed their voluntary wheel running activity. Therefore, 
at present we are unable to fully disentangle the entrainment properties of feeding behavior 
from those of running wheel activity. Future experiments that combine TRF with TRR 
should provide more insight into the separate contributions of food and activity, for example 
by allowing the animals to eat during daytime but exercise during nighttime or vice versa. 
Furthermore, in order to eliminate possible effects of differences in total running distance the 
daily window of wheel access could be shortened to 3‐4 hours as the major part of LR activity 
took place during the first few hours. This way also the DR animals have less running time, 
which will probably reduce their running activity to the levels of the LR group. In addition, 
reducing the TRR window will also result in less variation in the timing of exercise within 
the groups, as all running wheel activity has to be performed in a shorter time span.
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General discussion

Using a diverse toolbox of both surgical and biochemical procedures we first investigated 
whether there are daily rhythms present in mitochondrial respiration in skeletal muscle in 
our model organism (Rattus Norvegicus). Subsequently we tested 2 hypotheses: 1) that 
disturbing the biological clock impairs these rhythms in mitochondrial respiration and 2) 
that this impaired mitochondrial functioning would result in impaired glucose tolerance and 
insulin sensitivity. The data presented in this thesis show that indeed a clear daily rhythm 
is present in mitochondrial respiration in skeletal muscle (chapter 6). In chapter 6 we also 
confirm our hypothesis that disturbing the biological clock through feeding restricted to the 
regular sleep phase impairs this rhythm. Although the time‐restricted feeding (TRF) protocol 
also clearly affected systemic glucose metabolism (chapter 7), more specifically insulin 
sensitivity, we were unable to determine if the changes in mitochondrial functioning were 
responsible for the changes in insulin sensitivity. Future studies should address this further, 
for example by directly and specifically targeting the rhythm in mitochondrial respiration 
(either enhance or abolish it) as well as by using models of shift-work other than TRF and 
subsequently measure glucose tolerance and insulin sensitivity. Since our data indicated a 
potential role for disturbed rhythms in mitochondrial dynamics as a driving factor for the 
impaired mitochondrial respiration, interventions that can target (rhythms in) mitochondrial 
dynamics could provide more insight into the mechanisms behind circadian disruption, 
mitochondrial respiration and insulin sensitivity.

Part I (chapters 3.1, 3.2 and 4) of this thesis focused on characterizing the effects of the 
timing of food intake on energy metabolism and clock gene expression in different peripheral 
tissues. Using metabolic cages and qPCR we characterized the effects of TRF on whole body 
metabolism and clock and metabolic gene expression in the metabolically active tissues of 
brown adipose tissue (BAT) and muscle. We took two different approaches to determine the 
effects of timing of food intake: the more traditional TRF paradigm in which animal could 
eat during a single time window either in the light or dark period as well as an ultradian 
TRF paradigm in which the animal could eat during 6 short meal opportunities (6M) equally 
distributed along the 24h cycle. For the metabolic gene expression analysis we focused on 
genes involved in glucose and lipid metabolism, including several genes associated with 
mitochondrial activity such as Pdk4 and the uncoupling proteins (UCP1 & 3). Additionally, 
the effects of a diet high in fat and sugar combined with TRF were compared with those of a 
standard chow diet. In agreement with previous findings in rats we found that both TRF and 
diet composition affect the respiratory exchange ratio (RER) as well as clock gene expression 
in peripheral tissues (Reznick et al. 2012; Opperhuizen et al. 2016). Importantly, the effects 
of TRF were tissue specific as TRF during the light period abolished the rhythm of all clock 
genes tested in muscle, but not in brown adipose tissue (BAT). When combined, TRF and diet 
composition can have additive effects on peripheral clock gene expression, with enhanced 
amplitude of some clock genes in BAT and a rescue of rhythmic expression of some of the 
clock genes tested in muscle. Taken together we can conclude that the timing of food intake 
and diet composition differentially affect clock and metabolic gene expression in peripheral 
tissues. Furthermore, the 6M experiment showed that an abolishment of the daily rhythm 
in food intake, without the introduction of a prolonged daily fasting period, caused limited 
perturbations of the peripheral clocks, although metabolic genes were disturbed. A recent 
study confirmed our findings in rats on the limited effects of the arrhythmic or ultradian
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feeding schedule on the daily expression profiles of clock genes in the liver of mice (Greenwell 
et al. 2019). Taken together, these findings showed that food intake is not the only driver of 
peripheral clock rhythms, but that different tissues may rely on different cues. Consequently, 
TRF will differentially affect different tissues.
 Many studies that looked at peripheral (clock) gene expression rhythms, indicate 
that TRF can have drastic effects on daily expression profiles, for both clock and metabolic 
genes (Chaix et al., 2014; Hatori et al., 2012; Opperhuizen et al., 2016; Reznick et al., 2012; 
chapters 3.1, 3.2 and 4 of this thesis). However, only a small percentage of mRNA transcripts 
(4‐16% depending on the tissue type) is rhythmically expressed under normal ad libitum 
feeding conditions. With the recent advance of highthroughput screening through mass 
spectrometry methods such as proteomic and metabolomics a broader perspective of the 
cellular rhythms of protein expression and metabolite levels can be revealed. Many proteins 
appear to be rhythmically expressed in various tissue types. Two independent studies on the 
liver proteome found that about 6% of either 3000 or 5000 tested proteins were found to be 
rhythmically expressed, whilst in heart tissue about 8% of 1147 proteins was found to be 
cyclic (Robles, Cox, and Mann 2014; Mauvoisin et al. 2014; Podobed et al. 2014). However, 
when fractionating and extracting the mitochondria in liver about 38% of mitochondrial 
proteins was found to have cycling levels throughout the day (Neufeld‐Cohen et al. 2016). 
Strikingly, about half of the cyclic proteins did not show rhythmicity on the corresponding 
mRNA level. In addition, analysis of the phase‐relationship between cyclic mRNA and the 
corresponding cyclic proteins indicated that on average protein levels show a 6h phase delay. 
Furthermore, post‐translational modifications such as phosphorylation and acetylation also 
fluctuate throughout the day (Mauvoisin 2019). Out of 20.000 phospho‐sites tested in mice 
liver about 25% oscillated and this percentage thus far exceeds those observed in mRNA and 
proteins (Robles, Humphrey, and Mann 2017). These results imply that circadian control of 
many processes occurs at the post‐translational level.
 Also metabolite levels fluctuate throughout the day. One study in humans assigned 
participants in random order to a simulated day‐ or night‐shift and measured the plasma 
metabolome throughout the day (Skene et al. 2018). Although the SCN pacemaker rhythm 
was not affected (i.e., melatonin and cortisol rhythms remained unaffected) many metabolites 
known to be involved in food metabolism showed impaired or reversed rhythms, or lost 
rhythmicity completely. It was concluded that 95% of all metabolites that were rhythmic 
during the baseline measurement were driven by behavioral cues (i.e., sleep/wake and 
feeding/fasting cycles) and not the central clock. Rodent studies on TRF and tissue specific 
metabolomics have thus far been performed only in plasma (Chaix et al. 2014) and liver (Chaix 
et al. 2019). Importantly, the same nutritional challenge can have different and tissue‐specific 
effects on the circadian metabolome as was recently demonstrated in a direct comparison of 
the response of the liver and serum metabolome towards a high fat diet (Abbondante et al. 
2016).
 Thus far, most of these recently developed ‐omic approaches have only been applied 
under ad libitum feeding conditions and/or in clock gene KO animal models, therefore studies 
that employ interventions on feeding behavior such as TRF are warranted in order to get a 
clearer insight on the effects of feeding behavior on cellular metabolism.

In Part II of this thesis we characterized glucose metabolism at a functional level in our 
shift‐work model. As we hypothesized that a TRF‐induced impairment of mitochondrial 
functioning will ultimately result in insulin resistance we needed robust measures of both
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mitochondrial functioning and glucose/insulin metabolism. Importantly, we needed to 
measure mitochondrial functioning at several time points along the L/D‐cycle, because 
we hypothesized to find a daily rhythm in the functioning of these important organelles. 
We used an ex vivo mitochondrial respiration assay as that most closely resembles the in 
vivo mitochondrial functioning and is not limited in temporal resolution by the overnight 
incubation step that is necessary when isolating mitochondria. Also glucose tolerance we 
needed to test at more than a single time point, since it is well established that both glucose 
tolerance and insulin sensitivity are under control of the biological clock and therefore show 
daily rhythms (la Fleur et al. 2001).
 In our mitochondrial respiration assays we were able to demonstrate a clear rhythm 
in mitochondrial functioning in rat skeletal muscle. This finding also confirmed a previous 
report on mitochondrial functioning in human skeletal muscle that showed for the first time 
the presence of such a daily rhythm in a functional measure of mitochondrial functioning 
(respiration) in healthy human subjects (van Moorsel et al. 2016). Using a mitochondrial 
respiration assay similar to v Moorsel et al. we found that the peak in mitochondrial respiration 
is in the middle of the inactive period. In the human study peak respiration was found at the 
beginning of the inactive period, at 11pm in the evening. A possible explanation for this 
finding could be that during the inactive period the mitochondrial pool is being replenished 
through mitochondrial fusion, fission, mitophagy as well as mitochondrial biogenesis 
(collectively termed mitochondrial dynamics). Through mitochondrial dynamics the cells 
ensure that a healthy pool of mitochondria is maintained and that incorrectly functioning 
mitochondria are eliminated (Ni, Williams, and Ding 2015; Wai and Langer 2016). As the 
inactive period can be considered a relatively metabolically resting state this period seems 
best suited to replenish the mitochondrial pool. As metabolically unhealthier mitochondria 
are removed and replaced by newly assembled organelles during the refreshment this could 
explain the increased respiration rates during the inactive period.
 The importance of the functioning of the biological clock for mitochondrial 
respiration is further supported by the observation that strengthening the biological clock 
using dark period TRF also enhanced the amplitude of the daily rhythm in mitochondrial 
respiration. Conversely, disturbing the biological clock using light period TRF abolished the 
rhythm in mitochondrial respiration. Importantly, overall 24h respiration levels were lower 
in the light fed animals and the difference between ad libitum and light fed animals at ZT7 
was similar to the 30% reduction in mitochondrial respiration found when comparing T2DM 
patients with healthy controls (Phielix et al. 2008).
 The significance of using a respiration assay instead of mRNA/protein expression 
or enzyme activity measurements to determine mitochondrial functioning becomes evident 
when realizing that mitochondria form ATP through a sophisticated series of large protein 
complexes in which electrons are transferred and protons pumped across the mitochondrial 
membrane. All enzymes and other components of this chain need to be correctly positioned 
and functioning inside this chain in order for the chain to function properly. Simply measuring 
one or several gene expression profiles or enzymatic activity of one or more proteins will 
therefore reveal little information about the functioning of the electron transfer chain as a 
whole. Functional respiration assays such as the one used in chapter 6 thus are preferred for
testing mitochondrial functioning compared to more classical biochemical approaches  
including gene expression analysis. We chose to perform the respiration assays using an O2k 
respiration device instead of the often used Seahorse as the latter device is not well suited to 
measure respiration in samples that have high respiration rates and tissues in general. This
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limitation from the Seahorse arises from the small wells in which the samples must be 
placed which are too quickly depleted of oxygen and are therefore primarily suitable for 
measurements on (isolated) cells or mitochondria.
 In our glucose tolerance tests (chapter 7) we surprisingly found that disturbance of 
the biological clock hardly altered glucose tolerance, but instead seemed to improve insulin 
sensitivity. Our results show that a daily prolonged fasting period (>10hours), regardless of the 
time‐of‐day, seems to be beneficial for insulin sensitivity as both TRF groups showed reduced 
insulin release without impaired glucose tolerance. Importantly, although the positive effects 
of TRF on insulin sensitivity were seen in both groups (i.e., dark phase TRF and light phase 
TRF), within each TRF group the beneficial effect was only observed when the GTT was 
performed during the TRF‐induced feeding period, during the TRF‐induced fasting period 
insulin sensitivity was impaired compared to ad libitum feeding conditions. Interestingly, 
the improvement was greatest in the dark-fed animals, whereas also the impairment during 
the TRF‐induced fasting period was the least for this group. We can therefore conclude that 
a daily fasting period of 14h improves insulin sensitivity during the regular feeding period 
and that this improvement is optimal when the feeding and fasting periods are in line with 
biological clock, i.e., fasting during the natural sleep period and feeding during the natural 
awake period. At first sight these findings may seem to contradict with findings in animal 
studies that disturbing the biological clock through for example lesioning of the SCN or 
molecular clock gene KO can lead to obesity and disturbed lipid and glucose metabolism 
(including hyperglycemia and impaired insulin production) (Turek et al. 2005; la Fleur et 
al. 2001; Kalsbeek et al. 2006; Froy 2010, 2012; Maury, Hong, and Bass 2014; Zanquetta et 
al. 2010). A likely explanation for the improved insulin sensitivity that we found in our light 
period TRF animals is that the positive effects of the daily 14h fast outweighed the negative 
effects of disturbing the circadian system. In line with this hypothesis is the finding that clock 
mutant mice that were put on TRF (10h food access during the dark period) were protected 
from obesity as well as glucose intolerance even though their circadian clock was effectively
abolished (Chaix et al. 2019).
 The results of the experiments described in this thesis did not provide supportive 
evidence for our hypothesis that impaired mitochondrial functioning induced by feeding 
restricted to the sleep phase will result in insulin resistance, most likely because in our 
experimental TRF protocol the beneficial effects of fasting overruled the negative effects 
of feeding at the wrong time of day. Moreover, although we measured both mitochondrial 
respiration and glucose tolerance during our TRF protocol, we did not manipulate  
mitochondria directly and therefore cannot draw any causative conclusions yet. As mentioned 
above, future experiments should attempt to measure insulin sensitivity after manipulation 
of mitochondrial respiration or mitochondrial dynamics, for example via gene KO studies or 
pharmacological blocking of parts of the electron transfer chain. In addition, models other 
than TRF should be considered to mimic shift work.
 Shift‐workers often work in rotational shifts in which one or more night shifts are 
followed by either non-working days or daytime shifts. This constant switching between day‐ 
and night shifts probably means that the body clocks are continuously trying to adjust to the 
current day/night shift. Important question thus is to determine the optimal combination of 
number of shift days and recovery days. Therefore, in chapter 8 we first started to investigate 
how much time it takes for rhythms to recover when animals are switched back to ad libitum 
feeding after a period of TRF. Our results show that 11 days after the revert to ad libitum 
feeding still differences in feeding and locomotor activity are observed in both light period
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TRF and dark period TRF animals as compared to animals that remained on ad libitum 
feeding. Comparable to our findings in Part I we found that different peripheral tissues had 
recovered to a different extent from the TRF phase with both the Soleus and Gastrocnemius 
muscle showing stronger after‐effects as compared to the liver and BAT. One other study 
also investigated the after‐effects of shift‐work on clock gene expression (Saderi et al. 2019). 
Similar to our findings, they found that 7 days of recovery from a 4 week shift‐work protocol 
was not sufficient to fully recover the liver clock. Taken together, our findings and those from 
Mexico show that the effects of shift‐work on peripheral clocks can last for more than a week. 
As shift‐workers not always have more than a full week of non‐working days or daytime 
shifts before they return to night‐shifts this could indicate that they are unable to fully recover 
from their night-shifts. On the other hand, most shift‐workers do not perform night-shifts 
for 4 weeks in a row. Therefore, future work should focus on how the speed of recovery is 
affected by the length of the preceding period of shift work. Additionally, experiments are 
necessary that investigate if the extent and speed of recovery of peripheral clocks can be 
improved through intervention of (timed) exercise and/or other therapeutic treatments.
 However, there is also a positive side to this slow recovery: the RER in the animals 
that were exposed to dark period feeding for 4 weeks showed significant improvements 
compared to the continuously ad libitum fed group. Thus enhancing the feeding/fasting 
rhythm in line with the biological clock has lasting beneficial effects.

In Part III we investigated the effect of two non‐food Zeitgebers, glucocorticoids and exercise, 
on daily gene expression rhythms in muscle. We showed that feeding cues are not the only 
Zeitgeber for the skeletal muscle clock as removal of the adrenal gland resulted in disturbed 
expression patterns of several of the core clock genes (chapter 9). This effect on clock gene 
expression is likely mediated through the absence of the daily surge in glucocorticoids as 
a result of the adrenalectomy as no pronounced changes in daily (locomotor) activity and/
or food intake rhythms were observed. Furthermore, adrenalectomized animals had greatly 
reduced body fat concurrently with increased lipid substrate usage as indicated by a reduced 
RER around the transition from the light to dark period (i.e. around ZT 12). Although previous 
experiments of our group found reduced food intake after adrenalectomy, this reduction was 
only found in the dark and not the light period and therefore cannot explain the reduced 
RER around ZT 12 (Su et al. 2015). Importantly, the loss of the adrenal glands resulted in 
several strong changes in metabolic gene expression in the Soleus muscle, with several genes 
associated with lipid metabolism, mitochondrial dynamics and oxidative phosphorylation as 
well as genes involved in nutrient sensing. In chapter 10 we found that time‐restricted running 
(TRR) can also entrain the muscle clock in Soleus, but not Gastrocnemius tissue. Running 
during the light period only resulted in a loss of day/night difference in Per2 expression, whilst 
Bmal1 expression was lowered during the light period in this group. Thus similar to our TRF 
experiments the effects of TRR were both tissue‐ and clock‐gene dependent. The difference 
between Soleus and Gastrocnemius can likely be attributed to differences in muscle fiber 
structure and function. The Soleus is a slow‐twitching oxidative fiber that is important for 
posture and endurance training and thus is expected to be affected by endurance‐like activity 
such as wheel‐running. Gastrocnemius consists largely of fast‐twitching glycolytic fibers and 
is involved in high‐power movements such as during resistance training and therefore likely 
not affected by wheel‐running activity. Furthermore, running, regardless of the time of day, 
did improve several physiological measures when compared to sedentary animals, including 
reduced fat and increased lean body mass. These beneficial effects were the least for the



235

11

group that was TRR to the light period, however, this group also showed the least daily 
running activity and we therefore cannot conclude that the timing per se or the total running
activity was cause for this. Interestingly, overall glucose levels were lower for animals that 
could only run during the dark period as compared to animals that could run ad libitum even 
though both animals had similar daily running activity and food consumption. This could 
imply that restricting activity to the active period could be used as a means to counteract 
hyperglycemia, but this notion needs further investigation.

Caloric restriction

In both humans and animal models an excess of caloric intake is associated with a wide variety 
of adverse metabolic effects including body weight gain, hyperglycemia, insulin resistance, 
increased cholesterol levels, and increased levels of free fatty acids (Hall et al. 2019; Pang 
et al. 2016). Conversely, many studies that investigated the effects of calorie restriction 
have shown beneficial effects on metabolic outcomes. However, a wide range of different 
experimental feeding regimens has been employed, with differences in the duration of the 
experiment, the extent of the calorie restriction and whether or not specific macronutrients 
are added or omitted as part of the calorie restricted paradigm, which makes it challenging to 
compare the findings from one study to another and even more so to translate findings between 
different species. However, most studies that employed a type of calorie restriction report 
beneficial effects on (human) health. Indeed, reducing the total amount of calories consumed, 
without malnutrition or deprivation of essential diet components, has been suggested to 
increase longevity and/or reduce the incidence of severe metabolic diseases including cancer, 
CVD and diabetes. These findings have been replicated in a wide variety of species ranging 
from unicellular (yeast), flies, nematodes, and rodents up to non‐human primates. However, 
the exact mechanisms involved are still not fully understood (Heilbronn and Ravussin 2003). 
Moreover, the approach of “simply” reducing daily caloric intake has been questioned as the 
reduction in caloric intake is counteracted by mechanisms that reduce energy expenditure 
and stimulate appetite. In the long‐term these counterregulatory mechanisms often result in 
a return to pre‐existing body weights, or even more (Benton and Young 2017; Yoo 2018). 
Instead of reducing total caloric intake another approach is to restrict the time periods of 
food intake by introducing prolonged periods of fasting, i.e., without a focus on restricting 
the amount of calories. Nowadays, a wide variety of such intermittent fasting regimens is 
employed by humans, both in scientific as well as non‐scientific or even religious settings 
(reviewed in Patterson et al., 2015; Patterson & Sears, 2017).

Religious intermittent fasting: Ramadan
Fasting practices in humans have been around for a long time. Perhaps the oldest form of 
fasting still commonly practiced today is the Jewish Yom Kippur, which is a 25h long fast. 
Several other types of religious fasting have developed over the past centuries, which have 
often been found to have positive effects on human health, most of these practices rely on 
leaving out specific types of food such as meat or even all animal products, but unfortunately 
are often not well documented (Trepanowski and Bloomer 2010; Koufakis et al. 2017; 
Venegas‐Borsellino, Sonikpreet, and Martindale 2018). The only well-documented type 
of religious fasting that implements a form of time‐restricted feeding is the Islamic fasting 
period of Ramadan. During Ramadan participants fast from dawn to sunset (i.e., the active 
period of humans) and do not eat nor drink in this period making it similar to the light‐period 
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TRF group that we report upon in this thesis (except for the drinking). The Ramadan can last 
for either 29 or 30 days as it is dependent on the phase of the moon. The daily fasting duration 
can also differ from location to location due to different latitudes and therefore different 
durations of daylight periods. Moreover, also the time of the year that Ramadan takes place 
slowly phase‐delays in respect to the normal (Gregorian) calendar, but in general the daily 
fasting duration lasts for an average of 12h. Although many Muslims believe that this month 
of fasting is beneficial to health, a large study in 13 Islamic countries, showed a significant 
increase in the number of hypoglycemia and hyperglycemic episodes, either with or without 
ketoacidosis, in the 12,243 participating diabetics (Salti et al. 2004). Intriguingly, the increase 
of hyperglycemic episodes was not found in type 1 diabetics. This increase in episodes of 
hypo‐ and/or hyperglycemic stresses the importance for (pre)diabetics to consult a medical 
expert, as an estimated 43% of type 1 diabetics and 86% of type 2 diabetics participate in this 
month of fasting.
 In healthy subjects the metabolic outcomes of Ramadan fasting are also not universal, 
and can range from positive effects such as improved fasting glucose levels, weight loss and 
reduction of body fat to negative effects such as weight gain, loss of cortisol rhythm, increased 
insulin levels and HOMA index as well as increased leptin and decreased adiponectin levels 
(G. M. Ajabnoor et al. 2014; Bahijri et al. 2013; Lessan and Ali 2019; Mindikoglu et al. 
2017). Studies using indirect calorimetry have also been employed and those studies indicate 
that during the fasting period carbohydrate utilization drops whilst lipid oxidation increases, 
as is to be expected during fasting (McMurray et al. 2014). Also the biological clock is 
altered during Ramadan as the expression pattern of CLOCK in leukocytes was both reduced 
and inverted when comparing fasting days with a non‐fasting period (Ajabnoor et al. 2017). 
So far, no studies on the molecular clock in peripheral tissues during Ramadan fasting have 
been performed.
 Similar to other metabolic outcomes, also studies on the daily body temperature 
rhythm during Ramadan reported conflicting results with some studies reporting no changes 
in body temperature; some that report a shift of the acrophase of several hours as well as 
studies that report a complete inversion of the daily body temperature rhythm. These varying 
results on metabolic parameters including body weight and body temperature likely result 
from differences in the experimental approaches used. Body temperature for example was 
measured either orally or rectally, and continuously or at 4‐6 different times throughout the 
24h cycle. Additionally, and perhaps most importantly, these studies were conducted under 
different experimental environments ranging from “free‐living” up to conditions in which the
experimenters controlled for confounders including meal composition and caloric intake, 
energy expenditure and total sleep time (Almeneessier, Pandi‐Perumal, and BaHammam 
2018). As during Ramadan the diurnal patterns in (social) activity, nocturnal light exposure 
and sleep behavior are also changed, with e.g. shorter total sleep time and delayed sleep 
onset these lifestyle factors can confound the metabolic outcomes as well as measures of the 
biological clock, such as melatonin levels (Lessan and Ali 2019; Qasrawi, Pandi‐Perumal, 
and BaHammam 2017; Almeneessier, Pandi‐Perumal, and BaHammam 2018; Almeneessier 
and BaHammam 2018). Indeed, when controlling for sleep, energy expenditure and eating 
habits no disturbances in the acrophase were found of circulating levels of ghrelin and leptin 
(Alzoghaibi et al. 2014). Adding to this, when compared to non‐Ramadan weeks, circadian 
rhythms of plasma melatonin do not seem to be disturbed by this intermittent fasting regimen 
under the condition that participants are tested under controlled conditions of (dim)light 
exposure, meal composition, energy expenditure, and sleep‐wake schedules (Almeneessier
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et al. 2017).
 As mentioned above, one of the main limitations with Ramadan fasting, as well as 
with other types of religious fasting, is that published research mainly relies on observational 
studies and not much is known about the long‐term effects of this type of fasting (Patterson 
et al. 2015; Lessan and Ali 2019). Additionally, many of these studies do not report on the 
timing and nutrient composition of the last consumed meal(s) or the hydration state of the 
subjects (Lessan and Ali 2019). Furthermore, a recent meta‐analysis stressed the importance 
of the variation induced by geographical location, with locations that are at higher altitude 
having more hours of daylight and therefore a longer daily fasting period (Turin et al. 2016).
 In summary, Ramadan fasting is an attractive form of intermittent fasting to study in 
humans as it is practiced by millions of believers worldwide, lasts for over 4 weeks with an 
average fasting period of 12h per day and easily allows for within‐participant experimental 
designs. However, special care should be taken to control for effects of changes in diet 
composition, altered sleep and activity patterns, differences in fasting duration, as well as the 
hydration status of the participants as these factors can confound the results of the metabolic 
assessments between fasting and non‐fasting conditions.

Non‐religious types of intermittent fasting
Also non‐religious variants of intermittent fasting, during which persons limit their food 
intake to a daily period of usually less than 12h and unlike Ramadan fasting with the 
fasting period usually during the nighttime (i.e., the inactive period), have seen a recent 
rise in popularity in the popular press and diet recommendations (Patterson et al. 2015). 
Best known example of such a (new) eating regimen probably is the alternate day fasting, 
during which ad libitum eating days (without caloric or timed restrictions) are alternated 
with fasting days during which no or ≤25% of baseline energy needs are consumed. Another, 
more recent type of intermittent fasting is Time‐Restricted Feeding, during which food intake 
is limited to a specific time window without caloric restrictions and thus is highly similar 
to the TRF regimens employed in this thesis. Many of the findings of intermittent fasting 
come from self‐reported communications in which participants report on the effects they 
experienced through health forums, blogs as well as through popular press and thus often can 
be considered (non‐scientific) case‐reports. However, recently also several well‐controlled 
studies have been performed by the scientific community, which will be discussed here.

Alternate day fasting
Although evidence from epidemiological studies on alternate day fasting protocols is limited, 
a meta-analysis of 2 studies found that patients undergoing coronary angiography and whom 
fasted routinely (i.e., at least one 24h fast per month) were at lower risk of T2DM as compared 
to patients that did not perform such periodic fasts (odds ratio of 0.41) (Horne et al. 2012). 
Several independent studies report that when some food (although limited in caloric amount) 
was allowed during the fasting days a greater weight loss after 8 weeks was obtained in 
overweight and obese participants when compared with studies that completely restricted 
caloric intake during fasting days (reviewed in St‐Onge et al., 2017). Not unexpectedly, 
study protocols that employed 3 to 4 days of fasting per week reported higher weight 
loss as compared to study protocols that required a single fasting day per week. However, 
compliance of participants to adhere to the fasting protocols reduces with more fasting days 
in the protocol. Although some of the 10 studies reported in St‐Onge [2017] report reductions 
of 6% to 21% in total cholesterol, other studies report no differences in total cholesterol.
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Contrasting, most intermittent fasting studies reported on decreased triglyceride levels 
ranging from 16% to 42%, with highest reductions in triglyceride levels generally resulting 
from the studies with the highest weight losses. Significant effects on fasting glucose levels 
seem to be absent in healthy participants during these intermittent fasting studies, but modest 
reductions of 3‐6% in fasting glucose levels were found in pre‐diabetics.  Contrasting, 
fasting insulin was decreased in 7 out of 8 studies compared in St‐Onge [2017] and also 
the homeostatic model assessment for insulin resistance (HOMA‐IR) values were improved 
in all 6 studies that used this measure of insulin resistance. Similar to triglyceride levels, 
HOMA‐IR improved most in the studies with the highest weight loss. Summarizing, although 
most studies that employed alternate day fasting were performed on participants that were 
overweight or obese, the health benefits are rather univocal and indicate that fasting regimens 
can be used to treat and/or prevent overweight, obesity and perhaps T2DM in humans. Future 
studies using animal models could assist in optimizing the duration of the fasting period, the 
amount of allowed calories on fasting and non‐fasting days, diet composition as well as the 
length of the experimental protocol. Human studies should focus on feasibility of longer‐
term compliance to these feeding regimens, determine if similar results can be obtained in 
normal weight participants and T2DM patients and confirm if the improvements that are 
found in insulin resistance can be reproduced using a hyperinsulinemic‐euglycemic clamp, 
the current golden standard in determining insulin sensitivity.

TRF in humans
Several epidemiological studies have indicated that eating late at night increases the risk for 
obesity and metabolic syndrome in adults, particularly when skipping breakfast (Berg et al. 
2009; Wang et al. 2014; Kutsuma, Nakajima, and Suwa 2014). In line with this and with the 
various animal experiments that have been performed it is thought that time‐restricted eating 
during the natural active period can be a potential therapeutic treatment, akin to the dark-fed 
groups that we have employed in this thesis. Therefore, recently several pilot studies have 
been performed in humans using a form of TRF in which subjects ate early or in the middle 
of the day. These studies found improvements in body weight, insulin levels and insulin 
sensitivity (Sutton et al. 2018; Gabel et al. 2018; Antoni et al. 2018; Gasmi et al. 2018; Moro 
et al. 2016; Gill and Panda 2015; Tinsley et al. 2017; Stote et al. 2007). Conversely, when 
participants were assigned to eat late during the day (somewhat alike our light-fed groups) 
non‐differing or negative outcomes were found on metabolic health parameters (Tinsley et 
al. 2017; Stote et al. 2007; Carlson et al. 2007; Poggiogalle, Jamshed, and Peterson 2018). In 
resistance‐trained male participants that were assigned to an 8‐week lasting TRF treatment 
during which all meals were consumed in an 8h period (with meals at 1pm, 4pm and 8pm) 
significant improvements were found in fat mass, the respiratory ratio and several blood 
metabolites including leptin, triglycerides, testosterone and adiponectin (Moro et al. 2016). 
Another study used a cross‐over design with an early TRF condition (eTRF) during which 
participants could eat between 8am and 2pm, whilst during the control condition they could 
eat between 8am and 8pm (Jamshed et al. 2019). On the 4th day of both conditions participants 
received 3 iso‐caloric meals and received a continuous glucose monitor to measure glucose 
levels throughout the day. Compared to the control condition eTRF significantly lowered mean 
glucose levels when participants were sleeping, but not when they were awake. Interestingly, 
the difference in HOMA‐IR between morning and evening measurements was increased in 
the eTRF group with improved HOMA‐IR in the morning and impaired HOMA‐IR in the 
evening when compared to the control feeding condition. These results nicely fit with our
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results in chapter 7 where TRF improved insulin sensitivity, but only when tested during the 
experimental feeding period. Conversely, during the regular fasting period insulin sensitivity 
was worsened in both our experiments and the human eTRF study of Jamshed et al. In the 
Jamshed et al. study also blood was sampled at 2 different timepoints, mRNA isolated and 
clock genes expression measured. Although the eTRF protocol lasted only 4 days, 6 out of 
the 8 circadian genes tested were affected by this altered food intake protocol. Specifically 
Per1 and Reverbα seemed to have an increased morning/evening difference, but the authors 
did not formally test this. In another study men at risk for T2DM were assigned to TRF 
in the beginning of the active period (8 a.m. to 5 p.m.) or at the end of the active period 
(12 a.m. to 9 p.m.) (Hutchison et al. 2019) according a cross‐over design. After 1 week of 
TRF either in the early or late active period glucose tolerance was improved as compared to 
baseline measures. Furthermore, TRF during the early active period showed better glucose 
tolerance as compared to TRF in the late active period. However, as the time of the mixed 
meal differed between these two conditions in order to standardize the fasting duration 
before the meal test a circadian component to explain this difference cannot be ruled out. 
Additionally, using continuous glucose monitoring the authors also showed reduced overall 
daily levels of fasting glucose (i.e., >4h after last meal) in the early active period TRF group, 
indicating that the beneficial effects of TRF are not only detectable during the immediate 
postprandial measures. Surprisingly this study did not find any changes in the insulin 
response during the mixed‐nutrient meal test unlike our study and that of Sutton [2018] in 
which the authors employed a 6h feeding period (before 3 p.m.) for 5 weeks in pre‐diabetic 
men. These discrepancies show that there is still much that needs to be understood regarding 
TRF and glucose/insulin metabolism and that special attention should be addressed towards 
the subjects/participants (i.e., animal species, healthy participants, (pre)diabetics, etc.), the 
duration of the experimental conditions, the duration an timing of the TRF feeding period as 
well as the time of day the measurements are being performed.
 Summarizing, human studies on the different variants of intermittent fasting show 
various ranges of metabolic outcomes, which likely can be attributed to differences in 
experimental protocols (duration of the experiment and daily fasting period), the studied 
populations and the extent to which confounding variables have been controlled for. 
Surprisingly, eating at the wrong time‐of‐day combined with increased sugar diet composition 
during Ramadan fasting seems to have several beneficial health effects including weight loss 
and reduced fasting glucose, but these outcomes are both not universal across studies and 
might be negated by negative outcomes on health including a loss in cortisol rhythm and 
disturbed CLOCK rhythm in leukocytes. On the other hand, the negative effects of eating 
at the wrong time‐of‐day might also be compensated for by the beneficial effects of the 
extended daily fasting period, in line with the results in our daytime TRF groups. The health 
benefits found during alternate day fasting protocols are more univocal with, for example, 
most studies finding a decrease in fasting insulin levels together with reductions in insulin 
resistance. TRF studies also seem to consistently report improvements in health measures 
including glucose metabolism. The fact that both non‐religious variants of intermittent fasting 
show more consistent results likely results from the more experimental approach of these 
studies instead of an observational approach. Another, although less likely, possibility could 
be that fewer studies have been performed on these types of intermittent fasting regimes and 
that the more univocal results arise from reporter bias.
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Final conclusions and future directions
 
The different studies in this thesis show a clear role for the timing of food intake on a wide 
variety of metabolic measures, including (locomotor) activity, body temperature, gene 
expression in peripheral tissues as well as systemic glucose metabolism and mitochondrial 
respiration in skeletal muscle. However, feeding behavior is not the only Zeitgeber for 
peripheral clocks as at least in skeletal muscle also adrenal hormones and activity play a role 
in synchronizing the clock.
 As concerns the hypothesis proposed in the Introduction we confirmed that in 
our rat model daily rhythms in mitochondrial respiration were found in the Soleus muscle. 
Disturbing the biological clock via eating at the wrong time‐of‐day indeed impaired this 
rhythm in mitochondrial respiration. Finally, we were unable to confirm if these changes 
in mitochondrial respiration were directly responsible for the alterations in glucose 
metabolism that we found or that TRF altered glucose metabolism via other mechanisms 
than mitochondrial respiration.
 Unexpectedly, with respect to glucose metabolism the negative effects of eating at 
the wrong time‐of-day seem to be, at least partly, compensated for by the positive effects of 
a long daily fasting period. Importantly, the after‐effects of TRF can last for at least 11 days, 
which indicates that shift‐workers whom regularly switch from day‐shifts to night‐shifts are 
at an increased risk of having continuously desynchronized clocks. Future work therefore 
should focus on strengthening and/or quickening the recovery from periods of shift‐work, 
preferably through lifestyle interventions such as (timed) exercise. On the other hand, the 
long lasting after‐effects of TRF also apply to its positive effects and therefore support the 
intermittent fasting protocols, i.e., it is not necessary to apply TRF or another fasting regimen
every day in order to profit from its beneficial effects.

References
Abbondante, Serena, Kristin L Eckel‐Mahan, Nicholas J Ceglia, Pierre Baldi, and Paolo Sassone‐Corsi. 2016. 
“Comparative Circadian Metabolomics Reveal Differential Effects of Nutritional Challenge in the Serum and 
Liver.” The Journal of Biological Chemistry 291 (6): 2812–28. https://doi.org/10.1074/jbc.M115.681130.

Ajabnoor, Ghada M., Suhad Bahijri, Anwar Borai, Altaf A. Abdulkhaliq, Jumana Y. Al‐Aama, and George P. 
Chrousos. 2014. “Health Impact of Fasting in Saudi Arabia during Ramadan: Association with Disturbed Circadian 
Rhythm and Metabolic and Sleeping Patterns.” Edited by Kottarappat N. Dileepan. PLoS ONE 9 (5): e96500. https://
doi.org/10.1371/journal.pone.0096500.

Ajabnoor, Ghada M. A., Suhad Bahijri, Noor Ahmad Shaik, Anwar Borai, Aliaa A. Alamoudi, Jumana Y. Al‐Aama, 
and George P. Chrousos. 2017. “Ramadan Fasting in Saudi Arabia Is Associated with Altered Expression of CLOCK, 
DUSP and IL‐1alpha Genes, as Well as Changes in Cardiometabolic Risk Factors.” Edited by Henrik Oster. PLOS 
ONE 12 (4): e0174342. https://doi.org/10.1371/journal.pone.0174342.

Almeneessier, Aljohara S, Ahmed S Bahammam, Munir M Sharif, Salman A Bahammam, Samar Z Nashwan, 
Seithikurippu R Pandi Perumal, Daniel P Cardinali, and Mohammad Alzoghaibi. 2017. “The Influence of Intermittent 
Fasting on the Circadian Pattern of Melatonin While Controlling for Caloric Intake, Energy Expenditure, Light 
Exposure, and Sleep Schedules: A Preliminary Report.” Annals of Thoracic Medicine 12 (3): 183–90. https://doi.
org/10.4103/atm.ATM_15_17.

Almeneessier, Aljohara S., and Ahmed S. BaHammam. 2018. “How Does Diurnal Intermittent Fasting Impact 
Sleep, Daytime Sleepiness, and Markers of the Biological Clock? Current Insights.” Nature and Science of Sleep 
Volume 10 (December): 439–52. https://doi.org/10.2147/NSS.S165637.

Almeneessier, Aljohara S., Seithikurippu R. Pandi‐Perumal, and Ahmed S. BaHammam. 2018. “Intermittent Fasting, 
Insufficient Sleep, and Circadian Rhythm: Interaction and Effects on the Cardiometabolic System.” Current Sleep



241

11

Medicine Reports 4 (3): 179–95. https://doi.org/10.1007/s40675‐018‐0124‐5.

Alzoghaibi, Mohammed A., Seithikurippu R. Pandi‐Perumal, Munir M. Sharif, and Ahmed S. BaHammam. 2014. 
“Diurnal Intermittent Fasting during Ramadan: The Effects on Leptin and Ghrelin Levels.” Edited by Zane Andrews. 
PLoS ONE 9 (3): e92214. https://doi.org/10.1371/journal.pone.0092214.

Antoni, Rona, Tracey M. Robertson, M. Denise Robertson, and Jonathan D. Johnston. 2018. “A Pilot Feasibility 
Study Exploring the Effects of a Moderate Time‐Restricted Feeding Intervention on Energy Intake, Adiposity and 
Metabolic Physiology in Free‐Living Human Subjects.” Journal of Nutritional Science 7 (August): e22. https://doi.
org/10.1017/jns.2018.13.

Bahijri, Suhad, Anwar Borai, Ghada Ajabnoor, Altaf Abdul Khaliq, Ibrahim AlQassas, Dhafer Al‐Shehri, and 
George Chrousos. 2013. “Relative Metabolic Stability, but Disrupted Circadian Cortisol Secretion during the 
Fasting Month of Ramadan.” Edited by Harpal Singh Randeva. PLoS ONE 8 (4): e60917. https://doi.org/10.1371/
journal.pone.0060917.

Benton, David, and Hayley A Young. 2017. “Reducing Calorie Intake May Not Help You Lose Body Weight.” 
Perspectives on Psychological Science : A Journal of the Association for Psychological Science 12 (5): 703–14. 
https://doi.org/10.1177/1745691617690878.

Berg, Christina, Georgios Lappas, Alicja Wolk, Elisabeth Strandhagen, Kjell Torén, Annika Rosengren, Dag Thelle, 
and Lauren Lissner. 2009. “Eating Patterns and Portion Size Associated with Obesity in a Swedish Population.” 
Appetite 52 (1): 21–26. https://doi.org/10.1016/J.APPET.2008.07.008.

Carlson, Olga, Bronwen Martin, Kim S. Stote, Erin Golden, Stuart Maudsley, Samer S. Najjar, Luigi Ferrucci, 
et al. 2007. “Impact of Reduced Meal Frequency without Caloric Restriction on Glucose Regulation in Healthy, 
Normal‐Weight Middle‐Aged Men and Women.” Metabolism 56 (12): 1729– 34. https://doi.org/10.1016/J.
METABOL.2007.07.018.

Chaix, Amandine, Amir Zarrinpar, Phuong Miu, and Satchidananda Panda. 2014. “Time‐Restricted Feeding Is a 
Preventative and Therapeutic Intervention against Diverse Nutritional Challenges.” Cell Metabolism 20 (6): 991–
1005. https://doi.org/10.1016/j.cmet.2014.11.001.

Chaix, Amandine, Terry Lin, Hiep D Le, Max W Chang, and Satchidananda Panda. 2019. “Time‐Restricted Feeding 
Prevents Obesity and Metabolic Syndrome in Mice Lacking a Circadian Clock.” Cell Metabolism 29 (2): 303‐319.
e4. https://doi.org/10.1016/j.cmet.2018.08.004.

Froy, Oren. 2010. “Metabolism and Circadian Rhythms—Implications for Obesity.” Endocrine Reviews 31 (1): 
1–24. https://doi.org/10.1210/er.2009‐0014. 

Froy, Oren. 2012. “Circadian Rhythms and Obesity in Mammals.” ISRN Obesity 2012: 437198. https://doi.
org/10.5402/2012/437198.

Gabel, Kelsey, Kristin K. Hoddy, Nicole Haggerty, Jeehee Song, Cynthia M. Kroeger, John F. Trepanowski, 
Satchidananda Panda, and Krista A. Varady. 2018. “Effects of 8‐Hour Time Restricted Feeding on Body Weight and 
Metabolic Disease Risk Factors in Obese Adults: A Pilot Study.” Nutrition and Healthy Aging 4 (4): 345–53. https://
doi.org/10.3233/NHA‐170036.

Gasmi, Maha, Maha Sellami, Joshua Denham, Johnny Padulo, Goran Kuvacic, Walid Selmi, and Riadh Khalifa. 
2018. “Time‐Restricted Feeding Influences Immune Responses without Compromising Muscle Performance in 
Older Men.” Nutrition 51–52 (July): 29–37. https://doi.org/10.1016/j.nut.2017.12.014.

Gill, Shubhroz, and Satchidananda Panda. 2015. “A Smartphone App Reveals Erratic Diurnal Eating Patterns in 
Humans That Can Be Modulated for Health Benefits.” Cell Metabolism 22 (5): 789–98. https://doi.org/10.1016/J.
CMET.2015.09.005.

Greenwell, Ben J., Alexandra J. Trott, Joshua R. Beytebiere, Shanny Pao, Alexander Bosley, Erin Beach, Patrick 
Finegan, Christopher Hernandez, and Jerome S. Menet. 2019. “Rhythmic Food Intake Drives Rhythmic Gene 
Expression More Potently than the Hepatic Circadian Clock in Mice.” Cell Reports 27 (3): 649‐657.e5. https://doi.



242

11

org/10.1016/j.celrep.2019.03.064. 

Hall, Kevin D., Alexis Ayuketah, Robert Brychta, Hongyi Cai, Thomas Cassimatis, Kong Y. Chen, Stephanie T. 
Chung, et al. 2019. “Ultra‐Processed Diets Cause Excess Calorie Intake and Weight Gain: An Inpatient Randomized 
Controlled Trial of Ad Libitum Food Intake.” Cell Metabolism, May. https://doi.org/10.1016/J.CMET.2019.05.008.

Hatori, Megumi, Christopher Vollmers, Amir Zarrinpar, Luciano DiTacchio, Eric A Bushong, Shubhroz Gill, Mathias 
Leblanc, et al. 2012. “Time‐Restricted Feeding without Reducing Caloric Intake Prevents Metabolic Diseases in 
Mice Fed a High‐Fat Diet.” Cell Metabolism 15 (6): 848–60. https://doi.org/10.1016/j.cmet.2012.04.019.

Heilbronn, Leonie K, and Eric Ravussin. 2003. “Calorie Restriction and Aging: Review of the Literature and 
Implications for Studies in Humans.” The American Journal of Clinical Nutrition 78 (3): 361–69. https://doi.
org/10.1093/ajcn/78.3.361.

Horne, Benjamin D., Joseph B. Muhlestein, Heidi T. May, John F. Carlquist, Donald L. Lappé, Tami L. Bair, and 
Jeffrey L. Anderson. 2012. “Relation of Routine, Periodic Fasting to Risk of Diabetes Mellitus, and Coronary Artery 
Disease in Patients Undergoing Coronary Angiography.” The American Journal of Cardiology 109 (11): 1558–62. 
https://doi.org/10.1016/J.AMJCARD.2012.01.379.

Hutchison, Amy T., Prashant Regmi, Emily N.C. Manoogian, Jason G. Fleischer, Gary A. Wittert, Satchidananda 
Panda, and Leonie K. Heilbronn. 2019. “Time‐Restricted Feeding Improves Glucose Tolerance in Men at Risk for 
Type 2 Diabetes: A Randomized Crossover Trial.” Obesity 27 (5): oby.22449. https://doi.org/10.1002/oby.22449.

Jamshed, Humaira, Robbie A. Beyl, Deborah L. Della Manna, Eddy S. Yang, Eric Ravussin, Courtney M. Peterson, 
Humaira Jamshed, et al. 2019. “Early Time‐Restricted Feeding Improves 24‐Hour Glucose Levels and Affects 
Markers of the Circadian Clock, Aging, and Autophagy in Humans.” Nutrients 11 (6): 1234. https://doi.org/10.3390/
nu11061234.

Kalsbeek, A., M. Ruiter, S.E. La Fleur, C. Cailotto, F. Kreier, and R.M. Buijs. 2006. “The Hypothalamic Clock 
and Its Control of Glucose Homeostasis.” In Progress in Brain Research, 153:283–307. https://doi.org/10.1016/
S0079‐6123(06)53017‐1.

Koufakis, Theocharis, Spyridon Ν. Karras, Vasiliki Antonopoulou, Eleni Angeloudi, Pantelis Zebekakis, and 
Kalliopi Kotsa. 2017. “Effects of Orthodox Religious Fasting on Human Health: A Systematic Review.” European 
Journal of Nutrition 56 (8): 2439–55. https://doi.org/10.1007/s00394‐017‐1534‐8.

Kutsuma, Ayano, Kei Nakajima, and Kaname Suwa. 2014. “Potential Association between Breakfast Skipping and 
Concomitant Late‐Night‐Dinner Eating with Metabolic Syndrome and Proteinuria in the Japanese Population.” 
Scientifica 2014: 1–9. https://doi.org/10.1155/2014/253581.

la Fleur, Susanne E., Andries Kalsbeek, Joke Wortel, Madelon L. Fekkes, and Ruud M. Buijs. 2001. “A Daily 
Rhythm in Glucose Tolerance.” Diabetes 50 (6): 1237–43. https://doi.org/10.2337/DIABETES.50.6.1237.

Lessan, Nader, and Tomader Ali. 2019. “Energy Metabolism and Intermittent Fasting: The Ramadan Perspective.” 
Nutrients 11 (5). https://doi.org/10.3390/nu11051192.

Maury, E., H.K. Hong, and J. Bass. 2014. “Circadian Disruption in the Pathogenesis of Metabolic Syndrome.” 
Diabetes & Metabolism 40 (5): 338–46. https://doi.org/10.1016/j.diabet.2013.12.005.

Mauvoisin, D., J. Wang, C. Jouffe, E. Martin, F. Atger, P. Waridel, M. Quadroni, F. Gachon, and F. Naef. 2014. 
“Circadian Clock‐Dependent and ‐Independent Rhythmic Proteomes Implement Distinct Diurnal Functions 
in Mouse Liver.” Proceedings of the National Academy of Sciences 111 (1): 167–72. https://doi.org/10.1073/
pnas.1314066111.

Mauvoisin, Daniel. 2019. “Circadian Rhythms and Proteomics: It’s All about Posttranslational Modifications!” 
Wiley Interdisciplinary Reviews: Systems Biology and Medicine, April, e1450. https://doi.org/10.1002/wsbm.1450.

McMurray, Robert G, Jesus Soares, Carl J Caspersen, and Thomas McCurdy. 2014. “Examining Variations of 
Resting Metabolic Rate of Adults: A Public Health Perspective.” Medicine and Science in Sports and Exercise 46



243

11

(7): 1352–58. https://doi.org/10.1249/MSS.0000000000000232. 

Mindikoglu, Ayse L, Antone R Opekun, Sood K Gagan, and Sridevi Devaraj. 2017. “Impact of Time‐Restricted 
Feeding and Dawn‐to‐Sunset Fasting on Circadian Rhythm, Obesity, Metabolic Syndrome, and Nonalcoholic Fatty 
Liver Disease.” Gastroenterology Research and Practice 2017: 3932491. https://doi.org/10.1155/2017/3932491.

Moorsel, Dirk van, Jan Hansen, Bas Havekes, Frank A.J.L. Scheer, Johanna A. Jörgensen, Joris Hoeks, Vera B. 
Schrauwen‐Hinderling, et al. 2016. “Demonstration of a Day‐Night Rhythm in Human Skeletal Muscle Oxidative 
Capacity.” Molecular Metabolism 5 (8): 635–45. https://doi.org/10.1016/j.molmet.2016.06.012.

Moro, Tatiana, Grant Tinsley, Antonino Bianco, Giuseppe Marcolin, Quirico Francesco Pacelli, Giuseppe Battaglia, 
Antonio Palma, Paulo Gentil, Marco Neri, and Antonio Paoli. 2016. “Effects of Eight Weeks of Time‐Restricted 
Feeding (16/8) on Basal Metabolism, Maximal Strength, Body Composition, Inflammation, and Cardiovascular 
Risk Factors in Resistance‐Trained Males.” Journal of Translational Medicine 14 (1): 290. https://doi.org/10.1186/
s12967‐016‐1044‐0.

Neufeld‐Cohen, Adi, Maria S. Robles, Rona Aviram, Gal Manella, Yaarit Adamovich, Benjamin Ladeuix, Dana Nir, 
et al. 2016. “Circadian Control of Oscillations in Mitochondrial Rate‐Limiting Enzymes and Nutrient Utilization 
by PERIOD Proteins.” Proceedings of the National Academy of Sciences, 201519650. https://doi.org/10.1073/
pnas.1519650113.

Ni, Hong‐Min, Jessica A. Williams, and Wen‐Xing Ding. 2015. “Mitochondrial Dynamics and Mitochondrial 
Quality Control.” Redox Biology 4 (April): 6–13. https://doi.org/10.1016/j.redox.2014.11.006.

Opperhuizen, Anne Loes, Dawei Wang, Ewout Foppen, Remi Jansen, Olga Boudzovitch‐Surovtseva, Janneke de 
Vries, Eric Fliers, and Andries Kalsbeek. 2016. “Feeding during the Resting Phase Causes Profound Changes in 
Physiology and Desynchronization between Liver and Muscle Rhythms of Rats.” European Journal of Neuroscience 
44 (10): 2795–2806. https://doi.org/10.1111/ejn.13377.

Pang, Jing, Chao Xi, Xiuqing Huang, Ju Cui, Huan Gong, and Tiemei Zhang. 2016. “Effects of Excess Energy Intake 
on Glucose and Lipid Metabolism in C57BL/6 Mice.” PloS One 11 (1): e0146675. https://doi.org/10.1371/journal.
pone.0146675.

Patterson, Ruth E., and Dorothy D. Sears. 2017. “Metabolic Effects of Intermittent Fasting.” Annual Review of 
Nutrition 37 (1): 371–93. https://doi.org/10.1146/annurev‐nutr‐071816‐064634.

Patterson, Ruth E, Gail A Laughlin, Andrea Z LaCroix, Sheri J Hartman, Loki Natarajan, Carolyn M Senger, 
María Elena Martínez, et al. 2015. “Intermittent Fasting and Human Metabolic Health.” Journal of the Academy of 
Nutrition and Dietetics 115 (8): 1203–12. https://doi.org/10.1016/j.jand.2015.02.018.

Phielix, Esther, Vera B. Schrauwen‐Hinderling, Marco Mensink, Ellen Lenaers, Ruth Meex, Joris Hoeks, 
Marianne Eline Kooi, et al. 2008. “Lower Intrinsic ADP‐Stimulated Mitochondrial Respiration Underlies In Vivo 
Mitochondrial Dysfunction in Muscle of Male Type 2 Diabetic Patients.” Diabetes 57 (11): 2943–49. https://doi.
org/10.2337/db08‐0391.

Podobed, Peter, W. Glen Pyle, Suzanne Ackloo, Faisal J. Alibhai, Elena V. Tsimakouridze, William F. Ratcliffe, 
Allison Mackay, et al. 2014. “The Day/Night Proteome in the Murine Heart.” American Journal of Physiology‐
Regulatory, Integrative and Comparative Physiology 307 (2): R121–37. https://doi.org/10.1152/ajpregu.00011.2014.

Poggiogalle, Eleonora, Humaira Jamshed, and Courtney M. Peterson. 2018. “Circadian Regulation of 
Glucose, Lipid, and Energy Metabolism in Humans.” Metabolism 84 (July): 11–27. https://doi.org/10.1016/J.
METABOL.2017.11.017.

Qasrawi, Shaden O., Seithikurippu R. Pandi‐Perumal, and Ahmed S. BaHammam. 2017. “The Effect of Intermittent 
Fasting during Ramadan on Sleep, Sleepiness, Cognitive Function, and Circadian Rhythm.” Sleep and Breathing 21 
(3): 577–86. https://doi.org/10.1007/s11325‐017‐1473‐x.

Reznick, Jane, Elaine Preston, Donna L. Wilks, Susan M. Beale, Nigel Turner, and Gregory J. Cooney. 2012. 
“Altered Feeding Differentially Regulates Circadian Rhythms and Energy Metabolism in Liver and Muscle of Rats.” 



244

11

Biochimica et Biophysica Acta (BBA) ‐ Molecular Basis of Disease 1832 (1): 228–38. https://doi.org/10.1016/j.
bbadis.2012.08.010. 

Robles, Maria S., Jürgen Cox, and Matthias Mann. 2014. “In‐Vivo Quantitative Proteomics Reveals a Key 
Contribution of Post‐Transcriptional Mechanisms to the Circadian Regulation of Liver Metabolism.” Edited by 
Achim Kramer. PLoS Genetics 10 (1): e1004047. https://doi.org/10.1371/journal.pgen.1004047.

Robles, Maria S., Sean J. Humphrey, and Matthias Mann. 2017. “Phosphorylation Is a Central Mechanism for 
Circadian Control of Metabolism and Physiology.” Cell Metabolism 25 (1): 118–27. https://doi.org/10.1016/j.
cmet.2016.10.004.

Saderi, Nadia, Adrián Báez‐Ruiz, Lucia E. Azuara‐Álvarez, Carolina Escobar, and Roberto C. Salgado‐Delgado. 
2019. “Differential Recovery Speed of Activity and Metabolic Rhythms in Rats After an Experimental Protocol of 
Shift‐Work.” Journal of Biological Rhythms 34 (2): 154–66. https://doi.org/10.1177/0748730419828534.

Salti, Ibrahim, Eric Bénard, Bruno Detournay, Monique Bianchi‐Biscay, Corinne Le Brigand, Céline Voinet, Abdul 
Jabbar, and EPIDIAR study group. 2004. “A Population‐Based Study of Diabetes and Its Characteristics during 
the Fasting Month of Ramadan in 13 Countries: Results of the Epidemiology of Diabetes and Ramadan 1422/2001 
(EPIDIAR) Study.” Diabetes Care 27 (10): 2306–11. https://doi.org/10.2337/diacare.27.10.2306.

Skene, Debra J., Elena Skornyakov, Namrata R. Chowdhury, Rajendra P. Gajula, Benita Middleton, Brieann C. 
Satterfield, Kenneth I. Porter, Hans P. A. Van Dongen, and Shobhan Gaddameedhi. 2018. “Separation of Circadian‐ 
and Behavior‐Driven Metabolite Rhythms in Humans Provides a Window on Peripheral Oscillators and Metabolism.” 
Proceedings of the National Academy of Sciences 115 (30): 7825–30. https://doi.org/10.1073/PNAS.1801183115.

St‐Onge, Marie‐Pierre, Jamy Ard, Monica L. Baskin, Stephanie E. Chiuve, Heather M. Johnson, Penny Kris‐
Etherton, and Krista Varady. 2017. “Meal Timing and Frequency: Implications for Cardiovascular Disease 
Prevention: A Scientific Statement From the American Heart Association.” Circulation 135 (9). https://doi.
org/10.1161/CIR.0000000000000476.

Stote, Kim S, David J Baer, Karen Spears, David R Paul, G Keith Harris, William V Rumpler, Pilar Strycula, 
et al. 2007. “A Controlled Trial of Reduced Meal Frequency without Caloric Restriction in Healthy, Normal‐
Weight, Middle‐Aged Adults.” The American Journal of Clinical Nutrition 85 (4): 981–88. https://doi.org/10.1093/
ajcn/85.4.981.

Su, Yan, Rianne Van Der Spek, Ewout Foppen, Joan Kwakkel, Eric Fliers, and Andries Kalsbeek. 2015. “Effects of 
Adrenalectomy on Daily Gene Expression Rhythms in the Rat Suprachiasmatic and Paraventricular Hypothalamic 
Nuclei and in White Adipose Tissue.” Chronobiology International 32 (2): 211–24. https://doi.org/10.3109/07420
528.2014.963198.

Sutton, Elizabeth F., Robbie Beyl, Kate S. Early, William T. Cefalu, Eric Ravussin, and Courtney M. Peterson. 
2018. “Early Time‐Restricted Feeding Improves Insulin Sensitivity, Blood Pressure, and Oxidative Stress Even 
without Weight Loss in Men with Prediabetes.” Cell Metabolism 27 (6): 1212‐1221.e3. https://doi.org/10.1016/j.
cmet.2018.04.010.

Tinsley, Grant M., Jeffrey S. Forsse, Natalie K. Butler, Antonio Paoli, Annie A. Bane, Paul M. La Bounty, Grant B. 
Morgan, and Peter W. Grandjean. 2017. “Time‐Restricted Feeding in Young Men Performing Resistance Training: 
A Randomized Controlled Trial.” European Journal of Sport Science 17 (2): 200–207. https://doi.org/10.1080/174
61391.2016.1223173.

Trepanowski, John F, and Richard J Bloomer. 2010. “The Impact of Religious Fasting on Human Health.” Nutrition 
Journal 9 (1): 57. https://doi.org/10.1186/1475‐2891‐9‐57.

Turek, Fred W, Corinne Joshu, Akira Kohsaka, Emily Lin, Ganka Ivanova, Erin McDearmon, Aaron Laposky, et al. 
2005. “Obesity and Metabolic Syndrome in Circadian Clock Mutant Mice.” Science (New York, N.Y.) 308 (5724): 
1043–45. https://doi.org/10.1126/science.1108750.

Turin, TanvirC, Salim Ahmed, NusratS Shommu, ArfanR Afzal, Mohammad Al Mamun, Mahdi Qasqas, Nahid 
Rumana, Marcus Vaska, and Noureddine Berka. 2016. “Ramadan Fasting Is Not Usually Associated with the Risk



245

11

of Cardiovascular Events: A Systematic Review and Meta‐Analysis.” Journal of Family and Community Medicine 
23 (2): 73. https://doi.org/10.4103/2230‐8229.181006. 

Venegas‐Borsellino, Carla, Sonikpreet, and Robert G. Martindale. 2018. “From Religion to Secularism: The Benefits 
of Fasting.” Current Nutrition Reports 7 (3): 131–38. https://doi.org/10.1007/s13668‐018‐0233‐2.

Wai, Timothy, and Thomas Langer. 2016. “Mitochondrial Dynamics and Metabolic Regulation.” Trends in 
Endocrinology & Metabolism 27 (2): 105–17. https://doi.org/10.1016/j.tem.2015.12.001.

Wang, J. B., R. E. Patterson, A. Ang, J. A. Emond, N. Shetty, and L. Arab. 2014. “Timing of Energy Intake during 
the Day Is Associated with the Risk of Obesity in Adults.” Journal of Human Nutrition and Dietetics 27 (April): 
255–62. https://doi.org/10.1111/jhn.12141.

Yoo, Sunmi. 2018. “Dynamic Energy Balance and Obesity Prevention.” Journal of Obesity & Metabolic Syndrome 
27 (4): 203–12. https://doi.org/10.7570/jomes.2018.27.4.203.

Zanquetta, Melissa M, Maria Lúcia Corrêa‐Giannella, Maria Beatriz Monteiro, and Sandra Mf Villares. 2010. 
“Body Weight, Metabolism and Clock Genes.” Diabetology & Metabolic Syndrome 2 (August): 53. https://doi.
org/10.1186/1758‐5996‐2‐53.



246



A
247

Appendix

English summary
Nederlandse samenvatting

PhD portfolio
List of publications 

About the author
Acknowledgements



248
A

Summary

The incidence of type 2 diabetes mellitus (T2DM) is reaching pandemic proportions with 
an estimated 500 million diabetics worldwide. T2DM is characterized by hyperglycemia 
caused by a reduced insulin sensitivity. In early stages of the disease glucose levels can 
be kept within normal ranges through an increased release of insulin by the pancreas, 
but at later stages this release becomes insufficient due to failure of the pancreatic beta-
cells and hyperglycemia develops. Comorbidities of T2DM include an increased risk for 
blindness as well as cardiovascular disease. The main risk factors for developing T2DM are 
excessive caloric intake as well as physical inactivity, but other behavioral risk factors such 
as performing shift-work have also been found to contribute to disease development. As our 
society increasingly relies on shift-work it is crucial to develop strategies that minimize these 
harmful effects.
 It is currently unknown what the mechanisms are behind the increased risk of shift-
workers for metabolic disease. There is a possible role for erratic eating patterns as shift-
workers often eat during the night, which is the inactive period of humans. An often used 
animal model to study the effects of shift-work and erratic eating patterns is time-restricted 
feeding (TRF). In this model animals are limited in their opportunity to feed themselves by 
restricting food access to a specific time of day, usually either in the light (=inactive period 
for nocturnal rodents such as rats) or dark period (=active period for rats). Restricting food 
access to the inactive period is often associated with disease development, whilst restricting 
food access to the active period is associated with health improvements.
 Throughout the first 2 parts of this thesis we consistently subjected rats to the same 
3 feeding conditions: ad libitum (unrestricted access as the control condition), light-fed (TRF 
for 10h in the middle of the inactive period) and dark-fed (TRF for 10h in the middle of the 
active period). The only exception to this is chapter 4 in which we employed a 6-meals-a-
day (6M) group, which could eat during 6 short time (10 – 12 minutes) windows evenly 
distributed throughout the day in order to eliminate the daily rhythm in feeding behavior.

In Part I we first discussed important aspects of the experimental design and statistical 
analysis for research on biological rhythms. Importantly, we recommended to never duplicate 
time-series data before statistical analysis is done as this dramatically increases the false-
positive rate. Furthermore, it is essential to control for multiple testing if several metabolites 
or gene expression profiles are measured from the same biological samples as is the case in 
“–omics” approaches as well as in our own experiments where we tested a wide variety of 
clock and metabolic genes using real time quantative PCR. The other chapters in part I focused 
on characterizing the effects of the timing of food intake and diet composition on metabolism 
in general, with a specific emphasis on clock and metabolic gene expression in different 
peripheral tissues. The tissues that we focused on in this part all are metabolically important, 
with the liver being important for e.g. carbohydrate, protein, lipid and amino acid metabolism 
as it is responsible for glycogenesis, gluconeogenesis as well as lipogenesis. Skeletal muscles 
(SM), including the Soleus and Gastrocnemius muscles, that were investigated in the various 
chapters in this thesis are important for, amongst others, activity, shivering thermogenesis and 
glucose uptake. Brown adipose tissue (BAT) is important for body temperature regulation 
through non-shivering thermogenesis by burning the stored lipids of the body. In chapters 
3.1, 3.2 and 4 we found that both the rhythm in feeding behavior and diet composition 
differentially affect clock and metabolic gene expression in these metabolically important
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peripheral tissues. In chapters 3.1 and 3.2 we found that in light-fed animals the acrophase 
(=peak) in gene expression of several clock genes was shifted in BAT. Contrasting, in both 
muscle types studied, the Soleus and Gastrocnemius, rhythmic expression of clock genes 
was almost completely abolished for this group. In the light-fed group only Reverbα in the 
Gastrocnemius was still significantly rhythmic. The difference between these two muscles 
can likely be attributed to their different nature and functions: the Soleus is primarily a slow-
twitching muscle consisting of oxidative fibers and plays a major role in maintaining posture 
and during endurance exercise. On contrary, the Gastrocnemius is a fast-twitching glycolytic 
fiber that plays a major role in high power output movements of the leg such as resistance 
exercise training. Although most metabolic genes were not rhythmically expressed in BAT 
in any of the groups, in SM some metabolic genes displayed altered rhythmic expression in 
the light-fed group, with for example the mitochondrial gene uncoupling protein 3 (Ucp3) 
showing a shift in acrophase of several hours in both SM types.
 In addition, we found in chapter 3.1 that animals that were on a free-choice high-fat 
and high-sugar (fcHFHS) diet displayed more pronounced rhythms in clock gene expression 
in BAT, probably because of the increased lipid oxidation. In SM some of the clock genes that 
had lost rhythmic expression in the light fed group had their rhythmic expression rescued in 
the fcHFHS group that could only eat in the light period. Together these findings confirmed 
previous reports that feeding behavior and diet composition differently affect peripheral clock 
rhythms. Eliminating the daily rhythm in food intake using the ultradian 6M study protocol 
showed that the rhythmic expression of core clock genes in the tested peripheral tissues is not 
only driven by the daily rhythm in food intake (chapter 4). In fact, most clock genes in liver, 
BAT and SM were unaffected by this absence of a daily rhythm in food intake. Clearly other 
factors, including daily rhythms in (muscle) activity, body temperature and hormone release, 
contribute in synchronizing peripheral clocks.

In the experiments presented in Part II we shifted away from the gene expression approach 
used in Part I and attempted to characterize several functional measures of glucose 
metabolism after disturbing or enhancing the rhythms of the biological clock through our 
TRF model. Using our light period TRF condition we found in chapter 6 that disturbing the 
clock leads to a reduced amplitude in the daily rhythm of mitochondrial respiration in SM as 
well as reduced overall levels. Conversely, strengthening the clock as during our dark period 
TRF condition slightly enhanced the natural rhythm in mitochondrial respiration. Although 
the mechanisms behind these findings need further study, since we found no changes in the 
total number of mitochondria, we propose mitochondrial dynamics as potential mechanism 
behind these changes in respiration, i.e., the changes in mitochondrial activity through 
biogenesis, mitophagy, fission and fusion.
 Using glucose tolerance tests (GTT) at 2 different time points along the 24h cycle 
in our 3 different feeding groups we found that disturbing or enhancing the biological clock 
through TRF did not result in altered glucose tolerance as compared to ad libitum feeding 
(chapter 7). Surprisingly, when the GTT was performed in the experimental feeding period 
we found in both TRF groups lower insulin responses as compared to the ad libitum feeding 
group. It therefore seems that the negative effects of light period feeding are outweighed 
by the positive effects of a daily prolonged fasting period of 14h in the TRF groups. In line 
with this is the finding that the lowest insulin responses were found in the dark-fed animals. 
However, when GTT’s were performed during the experimental fasting period insulin 
responses were increased, especially in the light-fed group. Taken together these findings 
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indicate that the daily fasting period during TRF enhances insulin sensitivity, but only during 
the regular feeding period, and especially when the fasting period is in line with the natural 
circadian rhythm, i.e., fasting during the normal sleep period.
 In chapter 8 we found that following 4 weeks of TRF several effects of this shift-
work model lasted for at least 11 days after reverting back to ad libitum feeding. For example 
persisting changes in daytime lipid substrate usage and feeding and (locomotor) activity 
behavior were found, concurrently with remaining changes in clock gene expression in liver, 
BAT, Soleus and Gastrocnemius muscle. Similar to our TRF experiments in Part I these 
alterations in clock gene expression profiles were both tissue- and clock gene dependent. 
Importantly, these after-effects were found both in the groups that were light-fed and dark-
fed for 4 weeks. These findings indicate that shift-workers that frequently switch between 
night-shifts and day-shifts are at an increased risk of having misaligned clocks. However, 
in the dark-fed group several positive after-effects of TRF were found including increased 
lipid substrate usage. This finding indicates that when applying TRF or other variants of 
intermittent fasting it is not necessary to apply this every single day in order to profit from 
their beneficial effects.

In Part III we confirmed that Zeitgebers other than feeding behavior can synchronize the 
muscle clock. We found that both removal of the adrenal gland and the timing of voluntary 
running wheel activity affected muscle clock gene expression. In chapter 9 we observed 
that hormones, or better absence of hormones (in this case adrenal hormones), also affect the 
muscle clock and metabolism. Removal of the adrenal glands resulted in reduced amplitude 
of Reverbα as well as a loss of daily rhythmicity for Per1 in Soleus. Reverbα is involved in 
lipid metabolism and our findings that also several genes involved in lipid metabolism were 
dysregulated are in line with this result. The finding of the loss of rhythm in Per1 was not 
surprising as it is well known that the Per1 gene contains a glucocorticoid response element. 
The loss of rhythm in Per1 that we found thus further strengthens the general idea that the 
SCN synchronizes the peripheral clocks through different pathways, amongst others also 
hormones such as the glucocorticoid hormone corticosterone. Using time-restricted running 
to manipulate activity behavior we found in chapter 10 that voluntary activity during the 
light period dampened the rhythms of the molecular clock in Soleus, but not Gastrocnemius 
muscle. Furthermore, animals that could only run during the light period
had increased body fat as compared to animals that could run ad libitum or during the dark 
period only. This implies that running activity during the inactive period has negative effects 
on health as compared to activity during the active period. However, these light period running 
animals ran substantially less compared to the other two groups and this difference in body 
fat could thus also be explained by less total activity. Interestingly, when rats could only run 
during the dark period they had reduced daily glucose levels as compared to animals that had 
ad libitum access to their running wheel, without differences in total daily running activity. 
This would imply that strengthening the day/night difference in activity could be beneficial 
to counteract hyperglycemia without the need for increased activity, but these findings need 
further investigation.
 Concluding, the studies presented in this thesis confirm the close relationship 
between the circadian timing system, timing in feeding behavior, diet composition and energy 
metabolism at the systemic (whole body), cellular and organellar level. More specifically, 
we conclude that the biological clock controls mitochondrial metabolism in skeletal 
muscle. In addition, disturbing or strengthening the biological clock using TRF affects
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both mitochondrial metabolism in skeletal muscle as well as systemic insulin sensitivity. 
However, we were unable to determine if disturbing mitochondrial metabolism directly 
impaired glucose tolerance and/or insulin sensitivity. Furthermore, our findings indicate that 
TRF is not always the best model to study the effects of disturbed biological rhythms on 
glucose and lipid metabolism. After all, the negative effects of eating at the wrong time-of-
day are, at least partly, counteracted by the positive effects of daily prolonged fasting periods 
regardless of the time of day.
 The diverse range of metabolic disturbances that we found in our animal model of 
shift-work supports the idea of internal desynchronization of peripheral clocks and thereby 
disturbed metabolism as the underlying course of the increased risk for metabolic disease 
in shift-workers. Future studies should therefore focus on the after-effects of disturbing the 
biological clock as a result of shift-work. More importantly, future studies should attempt 
to develop new shift-work strategies and lifestyle recommendations in order to minimize or 
even nullify the negative effects of shift-work.
 On the other hand, strengthening the biological clock through fasting during the 
inactive period has several metabolic benefits. We found for example increased insulin 
sensitivity during the TRF regimen as well as improvements in fat metabolism that were still 
measurable 11 days after ending the TRF regimen. This last finding even implies that when 
using TRF as clinical therapy it does not necessarily needs to be enforced every single day. 
It thus would make it easier for patients to successfully comply with their TRF or similar 
fasting-related therapy.
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Samenvatting

De prevalentie van diabetes type 2 (T2DM) bereikt zorgwekkende hoogtes met naar schatting 
500 miljoen diabetici wereldwijd. T2DM wordt gekenmerkt door hyperglycemie veroorzaakt 
door een verminderde insuline gevoeligheid. In vroege stadia van de ziekte kunnen 
glucosespiegels binnen normale waardes worden gehouden door een verhoogde afgifte van 
insuline door de alvleesklier, maar in latere stadia raken de insuline-producerende beta-
cellen uitgeput en wordt deze afgifte minder en ontwikkelt zich hyperglycemie. Nadelige 
consequenties van T2DM zijn onder andere een verhoogd risico op blindheid evenals hart- en 
vaatziekten. De belangrijkste risicofactoren voor de ontwikkeling van T2DM zijn overmatige 
calorie-inname en een gebrek aan lichamelijke activiteit. Andere gedragsrisicofactoren, zoals 
het uitvoeren van werk in ploegendienst, blijken ook bij te dragen tot de ontwikkeling van 
deze ziekte.
 Het is op dit moment onbekend wat de mechanismen zijn achter het verhoogde 
risico op T2DM in mensen die in ploegendienst werken. Een onregelmatig eetpatroon is een 
van de mogelijke oorzaken. Ploegendienstwerkers eten vaak 's nachts, wat van nature de 
inactieve fase van de mens is. Een veel gebruikt diermodel om de effecten van ploegendienst 
en verstoorde eetpatronen te bestuderen, is time-restricted feeding (TRF). In dit model worden 
dieren beperkt in hun mogelijkheid om zichzelf te voeden op een specifiek tijdstip van de dag, 
meestal in de licht- (= inactieve periode voor nachtelijke knaagdieren zoals ratten) of donker 
periode (= actieve periode voor ratten). Beperking van toegang tot voedsel tot de inactieve 
periode wordt vaak geassocieerd met de ontwikkeling van ziekten, terwijl het beperken van 
toegang tot de actieve periode wordt geassocieerd met gezondheidsverbeteringen. Gedurende 
de eerste 2 delen van dit proefschrift hebben we onze dieren consequent onderworpen aan 
dezelfde 3 experimentele voedingscondities: ad libitum (onbeperkte controlegroep), licht-
gevoed (Time-restricted feeding gedurende 10 uur in het midden van de inactieve periode) en 
donker-gevoed (TRF voor 10 uur in het midden van de actieve periode). De enige uitzondering 
hierop is hoofdstuk 4 waarin we een 6-maaltijden-per-dag (6M) conditie gebruikten, hierbij 
konden de dieren gelijkmatig over de dag verdeeld 6 keer kortstondig (10 -12 minuten) eten 
om op deze wijze het natuurlijke dag/nacht ritme in voedingsgedrag te elimineren.

In Deel I bespraken we eerst belangrijke aspecten van het experimentele ontwerp en 
statistische analyses voor onderzoek naar biologische ritmes. Zo hebben wij geadviseerd 
om nooit meetwaardes van tijdreeksen te dupliceren voordat de statistische analyse wordt 
uitgevoerd, omdat dit het aantal vals-positieve uitkomsten drastisch verhoogt. Verder is het 
essentieel om te corrigeren voor het herhaald testen wanneer verschillende metabolieten of 
genexpressieprofielen worden gemeten uit dezelfde biologische monsters zoals het geval is 
bij “-omics” -benaderingen, alsook bij onze eigen experimenten waarbij we een breed scala 
aan klok- en metabole genen meten met behulp van qPCR. In de andere hoofdstukken uit 
het eerste deel hebben we ons gericht op het karakteriseren van de effecten van de timing 
van voedselinname en voedingssamenstelling op het metabolisme in het algemeen, met 
specifieke nadruk op klok- en metabole genexpressie in verschillende perifere weefsels. De 
weefsels waarop we ons in dit deel concentreerden, zijn allen metabool belangrijk, waarbij de 
lever belangrijk is voor bijvoorbeeld koolhydraat-, eiwit-, lipide- en aminozuur metabolisme 
aangezien de lever verantwoordelijk is voor glycogenese, gluconeogenese en lipogenese. De 
skeletspieren (SM) inclusief de Soleus- en Gastrocnemius spieren die werden onderzocht in 
de verschillende hoofdstukken van dit proefschrift zijn belangrijk voor andere (bewegings-)
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activiteit, het opwarmen door te rillen en glucoseopname. Bruin vetweefsel is belangrijk 
voor de regeling van de lichaamstemperatuur door (niet-rillende) thermogenese middels het 
verbranden van de opgeslagen lipides in het lichaam. In de hoofdstukken 3.1, 3.2 en 4 
vonden we dat zowel het ritme in voedingsgedrag als de samenstelling van het dieet een 
invloed hebben op de klok- en metabole genexpressie in deze metabool belangrijke perifere 
weefsels. In de hoofdstukken 3.1 en 3.2 vonden we bij dieren die in de licht periode moesten 
eten dat de acrophase (= piek) in genexpressie van verschillende klokgenen verschoven in 
bruin vetweefsel. In beide onderzochte spiertypen, de Soleus- en Gastrocnemius spieren, was 
daarentegen het dagelijkse ritme in expressie van klokgenen voor deze groep bijna volledig 
verdwenen. In de lichtgevoede groep was alleen Reverbα in de Gastrocnemius spier nog 
steeds significant ritmisch. Het verschil tussen deze twee spieren kan waarschijnlijk worden 
toegeschreven aan de verschillende structuur en functies: de Soleus spier is in de eerste plaats 
een langzaam samentrekkende spier bestaande uit oxidatieve vezels en speelt een belangrijke 
rol bij het handhaven van de lichaamshouding en tijdens conditie training. Daarentegen is 
de Gastrocnemius spier een snelsamentrekken spier bestaande uit glycolytische vezels die 
een belangrijke rol speelt bij bewegingen met hoge intensiteit van de benen, zoals bij kracht 
training. Hoewel de meeste metabole genen in geen van de groepen ritmisch waren in bruin 
vetweefsel, vertoonden in SM sommige metabole genen veranderde ritmische expressie in de 
licht-gevoede groep, met als voorbeeld het mitochondriële gen ucoupling protein 3 (Ucp3), 
dat een verschuiving in de acrophase van enkele uren in beide SM-typen liet zien.
 Daarnaast vonden we in hoofdstuk 3.1 dat dieren die toegang hadden tot een 
vrije keuze vetrijk en hoog-suiker dieet (fcHFHS) een meer uitgesproken ritme toonden 
in klokgenexpressie in bruin vetweefsel, waarschijnlijk door de hoge vetverbranding. In 
SM was bij een deel van de klokgenen waarbij de ritmische expressie in de licht-gevoede 
chow groep verloren was gegaan, de ritmische expressie behouden in de fcHFHS groep die 
enkel gedurende de dag mocht eten. Deze bevindingen bevestigden eerdere rapporten dat 
voedingsgedrag en samenstelling van het voedsel verschillende perifere weefsels kunnen 
beïnvloeden. Echter wanneer het dagelijkse ritme in de voedselopname wordt weggenomen, 
zoals in het ultradiane 6M studieprotocol, bleef de ritmische expressie van klok genen 
in de geteste perifere weefsels in stand, een duidelijke aanwijzing dat deze ritmes niet 
alleen gedreven werden door het dagelijkse ritme in de voedselopname (hoofdstuk 4). 
Waarschijnlijk dragen dus ook andere factoren, waaronder de dagelijkse ritmes in (spier)
activiteit, lichaamstemperatuur en hormonen, bij aan het synchroniseren van perifere klokken.

In de experimenten gepresenteerd in Deel II hebben we ons meer geconcentreerd op een 
functionele benadering in plaats van de genexpressie benadering die werd gebruikt in Deel 
I. Met verschillende functionele metingen hebben we geprobeerd het glucosemetabolisme 
te karakteriseren na het verstoren of juist verbeteren van de ritmes van de biologische klok 
met ons TRF-model. Met behulp van de licht-gevoede conditie ontdekten we in hoofdstuk 
6 dat het verstoren van de klok leidt tot een verminderde amplitude van het dagelijkse ritme 
in mitochondriale respiratie in SM evenals een verminderd algemeen niveau. Bij de donker-
gevoede TRF dieren, zagen we daarentegen een kleine versterking van het normale dag/
nacht ritme in mitochondriale respiratie. Hoewel de mechanismen achter deze bevindingen 
nader bestudeerd moeten worden, zagen we geen verandering in de totale hoeveelheid 
mitochondriën en stellen we mitochondriële dynamiek voor als het mogelijk mechanisme 
achter deze veranderingen in de respiratie, dat wil zeggen: de veranderingen in het 
mitochondriële netwerk door biogenese, mitofagie en mitochondriële splitsing en fusie. Met
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behulp van glucose tolerantie-testen (GTT) op 2 verschillende tijdstippen gedurende de 
24 uurs cyclus in onze 3 verschillende voedingsgroepen, ontdekten we dat het verstoren 
of verbeteren van de biologische klok door TRF nauwlijks leidde tot gewijzigde glucose 
tolerantie in vergelijking met ad libitum voeding (hoofdstuk 7). Verrassend genoeg lieten 
beide GTT groepen tijdens de GTT in hun experimentele voedingsperiode lagere insuline 
responsen zien in vergelijking met de ad libitum voedingsgroep. Het lijkt er op dat de 
negatieve effecten van het eten gedurende de licht periode niet opwegen tegen de voordelen 
van het dagelijkse vasten gedurende 14 uur. In overeenstemming hiermee is de bevinding 
dat de insuline responsen het laagst waren in de dieren die alleen in het donker konden 
eten. In de GTT’s uitgevoerd tijdens de experimentele vasten periodes zagen we daarentegen 
hogere insulineresponsen, vooral in de groep die in de licht periode werd gevoed. Alles 
bij elkaar geven deze bevindingen aan dat de dagelijkse vastenperiode tijdens TRF de 
insulinegevoeligheid lijkt te verbeteren, maar alleen tijdens de voedingsperiode, en dit 
effect wordt versterkt wanneer de vastenperiode in overeenstemming is met het natuurlijke 
circadiane ritme, d.w.z. vasten tijdens de slaapperiode (in ratten dus de lichtperiode).
 In hoofdstuk 8 zagen we dat na een 4 weken durende periode van TRF er gedurende 
minstens 11 dagen van ad libitum eten nog na-effecten te vinden waren, zowel in de licht- als 
donker-gevoede TRF dieren. Zo vonden wij bijvoorbeeld nog resterende veranderingen in 
het voedselpatroon, de (bewegings)activiteit en het gebruik van vetten als energie substraat 
gedurende de licht periode. Deze na-effecten gingen gepaard met nog niet compleet herstelde 
dagelijkse ritmes in klokgenen in de lever, bruin vetweefsel en de Soleus en Gastrocnemius 
spieren. In overeenstemming met onze resultaten in Deel I waren de effecten in klokgen 
expressie zowel weefsel als gen specifiek. Deze bevindingen benadrukken het risico op 
langdurig verstoorde perifere klokken en metabole processen dat ploegendienstwerkers lopen 
die regelmatig nachtdiensten afwisselen met dagdiensten. Aan de andere kant laten onze 
resultaten ook zien dat in de dieren die in het donker gevoed werden ook positieve naeffecten 
zichtbaar waren, zoals een verhoogde vetverbranding. Deze bevindingen impliceren dus ook 
dat het praktiseren van vasten om gezondheidsredenen (als een vorm van dieet) niet strikt 
elke dag gehanteerd hoeft te worden.

In Deel III hebben laten we zien dat andere Zeitgebers dan de voedingsstatus de spierklok 
kunnen beïnvloeden. Zowel de verwijdering van de bijnier als de timing van vrijwillige activiteit 
in een loopwiel beïnvloedden de genexpressie van de spierklok. In hoofdstuk 9 hebben 
we vastgesteld dat hormonen, of eigenlijk de afwezigheid van hormonen (in het bijzonder 
bijnierschorshormonen), ook de spierklok en het metabolisme beïnvloeden. Verwijdering van 
de bijnieren resulteerde in een verminderde amplitude van Reverbα expressie evenals een 
verlies van ritme voor Per1. Reverbα is naast zijn rol in de moleculaire klok tevens betrokken 
bij metabolisme van lipiden. Onze bevindingen dat verschillende genen die betrokken zijn bij 
lipiden metabolisme gedereguleerd werden zijn dus in overeenstemming met de deregulatie 
van Reverbα. De waarneming van het verlies van ritme in Per1 was eveneens niet verrassend, 
aangezien het bekend is dat het Per1-gen een glucocorticoïd respons element bevat. Deze 
bevindingen versterken dus verder het algemene idee dat de SCN de perifere klokken 
onder andere synchroniseert met behulp van hormonen zoals het glucocorticoïdhormoon 
corticosteron. Met behulp van time-restricted running (TRR) toonden wij in hoofdstuk 
10 aan dat de timing van renwiel-activiteit ook van invloed is op de klok in spierweefsel. 
TRR gedurende de lichtperiode verstoorde de moleculaire klok in Soleus, maar niet de 
Gastrocnemius spier. Daarnaast hadden de dieren die tijdens de lichtperiode renden een
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hoger vetpercentage in vergelijking met dieren die ad libitum of enkel gedurende de donkere 
periode konden rennen. Dit zou kunnen betekenen dat fysieke activiteit gedurende de rust 
periode negatieve effecten heeft op het lichaam in vergelijking met actviteit gedurende de 
actieve periode. Hierbij moet wel de kanttekening gemaakt worden dat de dieren die enkel 
tijdens de lichtperiode renden ook aanzienlijk minder renden dan de andere groepen. Het 
is dus vooralsnog niet geheel duidelijk of dit hogere vetpercentage veroorzaakt wordt door 
het rennen op het verkeerde moment, of door de verminderde ren actviteit. Interessant is 
tevens onze bevinding dat wanneer ratten alleen in de donkere periode konden rennen, de 
glucosespiegels lager uitvielen dan bij de dieren die ad libitum toegang tot hun renwiel 
hadden, zonder dat er een verschil was in totale ren activiteit. Dit zou kunnen betekenen dat 
het versterken van het verschil in activiteit tussen dag/nacht voordelig zou kunnen zijn om 
hyperglycemie tegen te gaan zonder dat er meer activiteit dan normaal benodigd is. Echter 
moeten ook deze bevindingen nog verder worden onderzocht. 
 We kunnen concluderen dat de in dit proefschrift gepresenteerde studies de nauwe 
relatie tussen het circadiane systeem, de timing van het voedingsgedrag en de samenstelling 
van de voeding op het metabolisme op systemisch (hele lichaam), cellulair en organel niveau 
bevestigen. In het bijzonder kunnen wij stellen dat een correct functionerende biologische 
klok van essientieel belang is voor het mitochondrieel metabolisme in spierweefsel. Door 
het verstoren of juist versterken van de biologische ritmes door middel van TRF zijn zowel 
mitochondrieel metabolisme in skeletspier als de systemische insuline gevoeligheid te 
beinvloeden. Het is ons echter niet gelukt om te bepalen of er een direct verband is tussen 
verstoringen in mitochondriele respiratie en glucose tolerantie en/of insuline gevoeligheid. 
Daarnaast verschaffen onze resultaten van de GTTs het inzicht dat TRF mogelijk niet het 
ideale diermodel is om onderzoek te doen naar de effecten van verstoringen van de biologische 
klok op vet en glucose metabolisme. Er lijkt immers een interactie te zijn tussen de nadelige 
effecten van eten op het verkeerde en de gunstige effecten van langdurig dagelijks vasten, 
ondanks dat ook dit op het verkeerde moment van de dag gebeurt.
 Het uiteenlopende scala van metabole verstoringen dat we vinden in ons diermodel 
voor ploegendienstwerk ondersteunt het idee dat de interne desynchronisatie van verschillende
lichaamsklokken en daarmee verschillende metabole processen een belangrijke oorzaak 
zou kunnen zijn voor het verhoogde risico op metabole ziekten in deze groep werknemers. 
Toekomstige studies moeten daarom gericht zijn op een beter begrip van de lange termijn 
effecten van het verstoren van de biologische klok als gevolg van ploegendienst. Echter nog 
belangrijker is het om in toekomstige studies nieuwe strategieën (dienstroosters) en lifestyle 
adviezen te ontwikkelen om de negatieve effecten van ploegendiensten te minimaliseren of 
zelfs teniet te doen.
 Aan de andere kant zorgt het versterken van de klok, door middel van vasten 
gedurende de reguliere slaap periode, juist voor positieve metabole effecten. Zo vonden wij 
een verhoogde insuline gevoeligheid gedurende de TRF periode alsmede verbeteringen in 
vetmetabolisme die zelfs tot 11 dagen na het beindigen van TRF nog meetbaar waren. Deze 
laatste bevinding impliceert dat wanneer TRF als klinische therapie gebruikt wordt deze niet 
strikt dagelijks toegepast hoeft te worden. Dit zou het percentage participanten dat met succes 
de TRF therapie of een gelijksoortig vasten-protocol weet vol te houden kunnen verhogen. 
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