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ABSTRACT
In addition to the amount of ingested calories, both timing of food intake and meal 

composition are determinants of body weight gain. However, at present, it is unknown 

if the inappropriate timing of diet components is responsible for body weight gain. In 

the present study, we therefore studied a time-dependent effect of the diet composition 

on energy homeostasis. Male Wistar rats were subjected to chow ad libitum (chow group) 

or a choice diet with saturated fat, a 30% sugar solution, chow and tap water. The choice 

diet was provided either with all components ad libitum (AL), with ad libitum access to 

chow, tap water and a 30% sugar solution, but with access to saturated fat only during 

the light period (LF), or with ad libitum access to chow, tap water and saturated fat, but 

access to a 30% sugar solution only during the light period (LS). Caloric intake and body 

weight gain were monitored during 31 days. Energy expenditure was measured in the third 

week in calorimetric cages. All rats on a choice diet showed hyperphagia and gained more 

body weight compared to the chow group. Within the choice diet groups, rats on the LS 

diet were most food efficient (i.e. gained most body weight per ingested calorie) and 

showed a lower respiratory exchange ratio (RER) with an anti-phasic pattern, whereas no 

differences in locomotor activity or heat production were found. Collectively these data 

indicate that the timing of the diet composition affects food efficiency, most likely due to 

a shifted oxidation pattern, which can predispose for obesity. Further studies are underway 

to assess putative mechanisms involved in this dysregulation. 
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INTRODUCTION
The mammalian biological clock, located in the suprachiasmatic nuclei (SCN) of the ventral 

hypothalamus, coordinates and anticipates the body’s behaviour and metabolism according 

to the environment (Kalsbeek et al., 2007). The SCN generate a circadian (~24 h) rhythm 

on a molecular level, which is synchronized to the exact 24 h rhythm of the environment 

by different factors (‘Zeitgebers’), of which the light-dark cycle is the most prominent. 

Other Zeitgebers for the central clock include body temperature, feeding-fasting cycles 

and rest-activity cycles (Balsalobre, 2000; Lowrey & Takahashi, 2004). The molecular clock 

mechanism resides not only in the SCN, but in most cells throughout the body [reviewed 

in (Balsalobre, 2002)]. These so-called peripheral clocks are synchronized by the SCN via 

neuroendocrine and autonomic signals, but they possess autonomous oscillatory functions 

as well (Hastings et al., 2007). Whereas light is an important Zeitgeber for the central clock, 

the feeding-fasting cycle is an important timing cue for peripheral clocks. In the most 

optimal situation, central and peripheral clocks act in synchrony (Asher & Schibler, 2011). 

However, eating at an ‘inappropriate’ time of day (e.g. light period for rodents) can result 

in uncoupling of peripheral oscillators from SCN control, as peripheral clocks adapt their 

phase to the new feeding regimen, whereas the central clock does not and stays entrained 

to the light-dark cycle (Asher & Schibler, 2011; Damiola, 2000; Jang et al., 2012; Stokkan 

et al., 2001). Since peripheral clocks also reside in metabolic tissues, misalignment of 

the peripheral clocks due to feeding at an ‘inappropriate’ time of day can affect metabolic 

processes including gluconeogenesis and lipolysis (Bass & Takahashi, 2010). This may result 

in disrupted energy metabolism; for instance, shift workers are more likely to develop 

obesity and diabetes (Knutsson, 2003), and rodents fed only during the light period gain 

more body weight than their controls fed the same amount of calories during the dark 

phase (Arble et al., 2009; Salgado-Delgado et al., 2013). 

In addition to meal timing, meal composition can affect feeding rhythms and energy 

balance. Mice on a high-fat diet tend to increase food intake during the light period, 

resulting in a longer feeding and shorter fasting period (Kohsaka et al., 2007; Pendergast 

et al., 2013), whereas restricting high-fat diet to the dark period restores normal feeding 

patterns and protects against obesity (Hatori et al., 2012; Morales et al., 2012). Furthermore, 

mice with access to fructose only during the light period gain more body weight and white 

adipose tissue and show increased plasma levels of insulin and leptin in comparison to 

mice with night-time restricted access to fructose (Morris et al., 2012). Moreover, rats on 

a free choice high-fat, high-sugar diet increase their diurnal intake of sugar, and rats with 

ad libitum access to fat and chow but access to sugar only during the light period gain 

more body weight than rats with ad libitum or night-time only access to sugar (la Fleur et 

al., 2014). Thus, it is clear that both fat and sugar consumption during the light period can 

cause metabolic disruptions. 

It is not clear whether the macronutrient composition per se or the macronutrient 

timing is most important for the observed changes in energy homeostasis. It was proposed 
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before that the combined effect of eating palatable food at an ‘inappropriate’ time of day 

could be more detrimental to a healthy energy balance than the sum of each single factor 

(Arble & Sandoval, 2013), but this has not been studied. 

Therefore, to assess a time-dependent effect of the diet composition on body weight 

and whole-body metabolism, we used a rodent model that resembles the human choice 

diet (la Fleur et al., 2004; la Fleur et al., 2010; la Fleur et al., 2007; Pecoraro et al., 2004). 

We subjected male Wistar rats during 31 days to different diets, in which saturated fat and 

liquid sugar were freely available (AL), or with restricted access to fat (LF) or sugar (LS) only 

during the light period, next to a control group receiving standard chow (chow group). We 

hypothesized that offering highly palatable food (saturated fat and liquid sugar) during 

the light period would lead to an increased consumption of these components, thereby 

disturbing normal daily rhythmicity in energy intake and expenditure, and we expected to 

find differences between the differently timed combinations of macronutrients. 

METHODS
Animals
Male Wistar rats (weighing 310 ± 3 g) were obtained from Charles River Laboratories 

International, Inc., Germany, and were group-housed upon arrival with four animals per 

cage under controlled environmental conditions with a 12:12 h light-dark cycle (lights on 

7 AM), a room temperature of 20 – 21 degrees Celsius and humidity between 44 and 60 

%. During the acclimation period, animals had ad libitum access to water and standard 

rat chow (6.2% fat, 62.4% carbohydrates, 18.6% protein; Irradiated Global 18% protein 

rodent diet no 2918, Harlan Nederland, Horst, The Netherlands). All procedures were 

approved by the animal experimental committee of the Royal Netherlands Academy of 

Arts and Sciences. The experimental protocols is conform international ethical standards 

(Portaluppi et al., 2010). 

Diets
After acclimation, animals were housed individually and randomized into four different 

groups: (1) the ‘‘chow’’ group (n=9) receiving chow and tap water ad libitum; (2) the ‘‘AL’’ 

group (n=13) with ad libitum access to chow, tap water, a 30% sugar solution (1M 

commercially available sucrose in tap water) and a dish of saturated fat (beef tallow, 

‘‘Ossenwit/Blanc de boeuf’’, Vandermoortele, Belgium); (3) the ‘‘LF’’ group (n=13) with ad 

libitum access to chow, tap water and a 30% sugar solution, but with access only during 

the light period to saturated fat; and (4) the ‘‘LS’’ group (n=13) with ad libitum access 

to chow, tap water and saturated fat, but with access only during the light period to 

sugar (Figure 1A). Collectively, the AL, LF and LS group will be referred to as ‘‘choice diet 

groups’’. Energy density was as follows: chow 3.1 kcal/g, fat 9.0 kcal/g, sugar 1.2 kcal/g.
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A 

B 

Measuring food intake
On the diet, during 31 consecutive days, food and drink intake were measured manually 

twice daily at Zeitgeber time (ZT) 1 and ZT11, that is, one hour after lights on and one 

hour before lights off. Total weighing time per day was 1 h. Animals were weighed twice 

a week at ZT1. Chow and water were refreshed once a week; sugar and fat were refreshed 

every three days. 

Continuous measurements and indirect calorimetry
In the third week of the diet, animals were housed individually in calorimetric cages 

(size similar to home cages; Phenomaster/Labmaster system, TSE Systems GmbH, Bad 

Homburg, Germany) during three consecutive days. Animals were placed in the cages 

at ZT6. The first 6 hours (until ZT12) were considered acclimation period and data from 

these hours were discarded. Animals were within hearing and seeing distance of each 

other. Chow, fat, sugar and water were available in accordance with each group’s diet. 

Chow and fat were available in baskets, whereas water and sucrose were available in 

bottles, attached to an automated weighing system. Food and drink intake were measured 

automatically and continuously. Oxygen consumption and carbon dioxide production 

were measured continuously via indirect open-circuit calorimetry. Respiratory exchange 

ratio (RER) and heat production were calculated using the manufacturer’s formulas:  

RER = VCO2/VO2; heat = CV × VO2, in which CV is calorific value (CV = 3.815 +1.232 

× RER). Heat was normalized to individual total body weight. Locomotor activity was 

measured with ActiMot2 light beam frames. After measurements in the calorimetric cages, 

animals were returned to their home cages and remained on their diet. 

Figure 1. Study design. A) Diagram represents the availability of macronutrients during the dark 
and the light period for each group. Chow (n=9), AL (n=13), LF (n=13) and LS (n=13). B) Time-line 
of experiment. 
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Tissue collection
The evening before termination, fat and sugar were removed from the cages and all 

animals were restricted to water and 15 g chow overnight. The following morning animals 

were deeply anaesthetized using an overdose of Pentobarbital intraperitoneally, followed 

by decapitation. Mesenteric, unilateral epididymal, perirenal and subcutaneous white 

adipose tissue, and liver were dissected carefully and weighed (scale accurate to 0.01 g). 

Decapitation blood was immediately chilled on ice, centrifuged for 15 min at 4 °C and 

stored at -20 °C. 

Leptin 
Serum leptin levels were measured using a radioimmunoassay kit (Millipore, St. Charles, 

MO, USA). Samples were assayed in duplicate. Amounts of sample, standards, label, 

antibody, and precipitating reagent, as described in the procedures of the assay, were 

divided by 4. The detection limit was 0.5 ng/ml, and inter- and intra-assay coefficients 

were 8% or less.

Statistical analysis
Data are presented as mean ± standard error of the mean (SEM). According to the nature 

of data, significance was tested by either an one-way analysis of variance (ANOVA) or 

Student’s t-test. When the one-way ANOVA revealed significance, a post-hoc Fisher’s least 

significant difference (LSD) analysis was performed. Statistical significance was considered 

with a p<0.05. For all statistical calculations the software package SPSS statistics version 

19.0 (IBM, Armonk, NY) was used. Rhythms in energy expenditure and RER were calculated 

using cosinor analysis with the software package OriginPro release 8.5 (OriginLab, 

Northampton, MA).

RESULTS
24 h Period data
Energy intake per 24 h

All rats on the choice diet, i.e. with fat and sugar in addition to chow (AL, LF and LS) 

showed hyperphagia compared to rats with access to chow only diet, with rats in the AL 

group having the highest daily caloric intake. Caloric intake between animals in the LF and 

LS group did not differ (Figure 2A).

Daily consumption of different macronutrient components

On average, the AL animals obtained nearly equal calories per 24 h from the different diet 

components: 30.1% from fat, 33.4% from sugar and 36.5% from chow. Rats in the LF group 

obtained most calories from sugar (46%) and least from fat (14.2%). Animals in the LS 

group obtained an equal amount of calories from chow and fat, and least calories from 

sugar (41.3, 40.6 and 12.3%, respectively) per day (Figure 2A).
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Body weight gain and food efficiency

After the 31-d diet period, rats with restricted access to sugar during the light period (LS) 

gained more body weight than rats in the chow and LF group (p<0.05), but no difference 

was observed in comparison to the AL group (p=0.498; Figure 2B). In comparison to 

a chow diet, ingesting a diet high in fat and sugar resulted in significantly lower food 

efficiency, expressed as body weight gain over the 31 day period divided by the consumed 

amount of kilocalories over the same period. The decrease in food efficiency as compared 

to the chow group was least pronounced in the LS group. More precisely, food efficiency 

in the LS group was significantly higher than in the AL and LF group (Figure 2C). 

Figure 2. Daily energy intake and expenditure in rats on a chow diet (n=9), AL diet (n=13), 
LF diet (n=13) and LS diet (n=13). A) Average daily caloric intake per macronutrient per 24 h 
over the 31 day period. All animals on a choice diet showed a higher caloric intake than rats on 
a chow-only diet. Rats on the AL diet showed highest daily caloric intake. Total caloric intake 
is subdivided into different macronutrients: fat (dark bars), sugar (light grey bars) and chow 
(white bars). Different letters (a, b, c) above bars represent significant differences (p<0.05) in 
total caloric intake per diet group. Symbols represent differences per macronutrient between 
groups; † p<0.05 compared to AL; § p<0.001 compared to LF; *p<0.05 compared to LS as 
indicated by one-way ANOVA followed by post-hoc LSD test. B) Body weight gain after 31 days 
on the diet. Rats in the LS group gained more body weight compared to rats in the chow and 
LF group. C) Food efficiency (gained body weight/caloric intake over 31 days) was highest for 
animals on a chow-only diet. Within the choice diet groups, animals in the LS group showed 
the highest food efficiency. D) Average locomotor activity per 24 h was similar for all groups. E) 
Heat production per 24 h was similar for all groups. F) Respiratory exchange ratio (RER) per 24 
h. Animals on a LS diet showed a significantly lower RER compared to animals on other diets. 
Values are shown as mean ± SEM. Different letters above bars (a, b, c) represent significant 
differences between bars (p<0.05) as indicated by one-way ANOVA followed by post-hoc LSD 
test. AU= arbitrary units. 
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Body composition

Total white adipose tissue (WAT; calculated as total of mesenteric, epididymal, perirenal 

and subcutaneous WAT) weight was significantly higher in all rats on choice diets as 

compared to rats in the chow group, but within these groups the weight of total WAT 

was similar (Figure 3A). Rats in the AL group showed a higher amount of epididymal WAT 

compared to animals in the LF group. No differences in liver weight were detected (data 

not shown). Serum leptin levels in the AL, LF and LS group tended to be higher than in 

the chow group (overall one-way ANOVA p=0.068), but no differences were detected 

between the three choice diet groups (Figure 3B).

Energy expenditure per 24 h

Average locomotor activity and heat production per 24 h were not different between 

the four groups. Respiratory exchange ratio (RER) was significantly lower in the LS group 

as compared to all other diet groups (Figure 2D–F).

Light–dark period data
Energy intake during light and dark period

During the light period, animals in the LF and LS group showed a higher caloric intake than 

rats in the chow and AL group, but between the LF and LS group there was no significant 

difference in caloric intake. All rats ingested the majority of their calories during the dark 

period, regardless of the diet (chow group 79.8%, AL 84.4%, LF 71.7% and LS 76.1%). 

During the dark period, caloric intake in all choice diet groups was higher than in the chow 

group, and rats in the AL group consumed significantly more calories during the dark 

period in comparison to the other two diet groups. Rats in the LF and LS group showed 

similar nocturnal caloric intake (Figure 4A).

Intake of different components during light and dark period

During the light period, chow intake was lower in all animals with fat and sugar in their diet 

as compared to the chow group, but between these groups the amount of ingested chow 

was similar (Figure 4A). LF animals, which could ingest fat only in the light period, derived 

more than 50% of caloric intake during the light period from fat consumption. Similarly, 

rats in the LS group, to whom sugar was only available in the light period, obtained more 

than 50% of their light period calories from sugar consumption. Also during the dark 

period, chow intake in all three diet groups (AL, LF and LS) was lower than in the chow 

group. During the dark period, animals in the AL group obtained approximately 1/3 

of their calories from each single diet component, whereas animals in both the LF and 

LS group obtained approximately 50% of their calories from sugar or fat, respectively  

(Figure 4A).
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Energy expenditure during light and dark period

RER in the AL and LF groups followed the same pattern as RER in the chow group, whereas 

animals in the LS group showed a phase advanced RER pattern (Figure 4B). RER peaked at 

ZT 20.5, ZT 19.5, ZT 20 and ZT 10 for animals on a chow, AL, LF and LS diet, respectively. 

The observed RER acrophase in LS animals was significantly different from all other groups 

(p<0.001). Also the RER of animals on the AL diet showed a phase advance compared to 

the chow animals (-45 min; p<0.05). Furthermore, the average RER for the LS group during 

the light period was significantly lower than in the AL and LF group. During the dark period 

the RER in the LS group was significantly lower compared to all other groups. RER in the LF 

group was higher compared to the AL group during the dark period. The circadian pattern 

of heat production was similar amongst all groups (Figure 4C), and also the average heat 

production during both the light and dark period did not significantly differ between 

the groups (ANOVA: p=0.781 and p=0.182, respectively). In addition, locomotor activity 

patterns did neither differ between the groups nor did the average locomotor activity 

(Figure 4D), both in the light and dark period (ANOVA: p=0.149 and p=0.252, respectively). 

Average locomotor activity was lower in the light period than the dark period, even for 

animals with restricted access to fat or sugar during the light period.

Energy intake and expenditure during the light period

A comparison of the energy intake and energy expenditure percentages in the light period 

shows that animals in both the LF and LS group consumed a higher proportion of calories 

during the light period than animals in the chow and AL group (Figure 5A). Compared to 

the other choice diet groups, animals in the LS group produced the highest proportion 

Figure 3. White adipose tissue weight and serum leptin levels. A) Weights of mesenteric 
(mWAT), epididymal (eWAT), perirenal (pWAT), subcutaneous (sWAT), and total white adipose 
tissue (totWAT; represents the sum of mWAT, eWAT, pWAT and sWAT) in grams per 100 gram 
of body weight. Different letters (a, b) above bars represent significant differences (p<0.05) per 
tissue per diet group, as indicated by one-way ANOVA followed by post-hoc LSD test. B) Serum 
leptin levels tended to be higher in the AL, LF and LS group as compared to the chow group 
(overall one-way ANOVA: p=0.07). 
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Figure 4. Caloric intake per 12 h per macronutrient component; RER, heat and locomotor 
activity during three consecutive days (left; shaded areas indicate dark period) and averages 
during the light (middle) and dark (right) period. A) Caloric intake during light (left) and dark 
(right) period per macronutrient per group; fat: dark grey; sugar: light grey; chow: white. 
Different letters above bars (a, b, c) represent differences in total intake per group. All animals 
consume most of their calories during the dark phase. Symbols indicate significant differences 
per macronutrient between groups; † p<0.05 compared to AL; § p<0.001 compared to LF; 
*p<0.05 compared to LS, as indicated by one-way ANOVA followed by post-hoc LSD test. 
Means for “fat dark” and “sugar dark” were compared using Student’s t-test. Data are shown as 
mean ± SEM. B) RER pattern of LS animals is advanced (acrophase -10.5 h compared to chow; 
-9.5 h compared to AL and -10 h compared to LF; p<0.001). During the light period RER was 
lower in the LS group than the chow and LF groups. In the dark period, RER in the LS group 
was lower compared to all other groups. C) Heat production pattern was similar for all groups. 
No difference was seen in average heat production in the light or dark period (one-way ANOVA 
p=0.78 and p=0.18, respectively). D) Locomotor patterns did not differ between the groups 
and no difference in locomotor activity was observed between the groups in light or dark 
(one-way ANOVA p=0.15 and p=0.25, respectively). *p<0.05; **p<0.01; ***p<0.001 between 
groups, either during the light or dark period as indicated by one-way ANOVA followed by 
post-hoc LSD test. Data are shown as mean ± SEM. Chow n=9; AL n=13; LF n=13; LS n=13.  
AU= Arbitrary units. 
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of heat during the light period (Figure 5B). Percentage of locomotor activity in the light 

period was similar for all animals (Figure 5C).

DISCUSSION
In the present study, we show that rats with ad libitum access to chow and fat, but with 

access to sugar only during the light period (LS), gained more body weight per consumed 

calorie than rats with ad libitum access to chow, fat and sugar (AL) or rats with ad libitum 

access to chow and sugar, but access to fat only during the light period (LF). The most 

pronounced change in the LS group in addition to the increased food efficiency was 

the significant reduction and shift in daily RER values. Locomotor activity and total heat 

production in the LS group were not different from the other groups, but the average 24 

h RER in this group was lower and the RER showed an anti-phasic daily rhythm compared 

to the other groups. Interestingly, both total caloric intake and the distribution of calorie 

intake during the light and dark period was similar between the LS and LF group, but 

animals in the LS group gained more body weight, indicating a higher food efficiency. This 

suggests that increased food efficiency and body weight gain due to feeding in the light 

period depends on the nutrient consumed. We did not find a significant difference in body 

weight gain between the LS and AL group, although the AL group consumed on average 

more calories. The lack of difference in body weight between these groups cannot be 

explained by differences in energy expenditure or RER, which may suggest that timing of 

nutrient intake is important for body weight gain. We did not find significant differences 

in the amount of total white adipose tissue or liver weight between the three choice 

diets, suggesting that the difference in body weight could be attributed to differences 

in lean body mass. Indeed, the higher lipid metabolism in the LS group could lead to an 

increase in muscle mass (Iossa et al., 2002). Alternatively, fat distribution in the body could 

be altered in the LS group, such that the sampled fat pads were not representative for 

the increased fat mass in these animals. For example, we did not collect subcutaneous 

tissue from the back or assessed fat accumulation in peripheral organs other than the liver. 

Figure 5. Comparison of percentage of energy intake and energy expenditure in the light 
period. Contribution of caloric intake, heat and locomotor activity during the light period as 
a percentage of 24 h totals. * p<0.05; **p<0.01; ***p<0.001 as indicated by one-way ANOVA 
with post-hoc LSD analysis. Data are shown as mean ± SEM.
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A longer diet period may be needed to obtain more pronounced differences in body 

composition and body weight between LS animals and animals on other choice diets.

Caloric intake and food efficiency
The observed hyperphagia in all animals on the choice diet, is in accordance with earlier 

findings, in which rats on a choice diet with both fat and sugar show persistent hyperphagia 

and increased body weight gain, whereas rats fed just fat or just sugar in addition to their 

chow diet adjust their caloric intake to the level of chow-fed animals (Apolzan & Harris, 

2012; la Fleur et al., 2010). In the present study, animals on the AL diet showed higher 

caloric intake than rats on a LF and LS diet, perhaps reflecting the 12 h lack of fat or 

sugar per day. In comparison to a chow diet, all diets high in fat and sugar significantly 

reduced food efficiency. Rats can reduce their metabolic efficiency, and can increase fatty 

acid oxidation in order to prevent obesity development from a diet rich in fat, sugar and 

chow (Iossa et al., 2002; Levin & Hamm, 1994). The higher food efficiency in the LS group 

suggests that rats on this diet could not sufficiently reduce their food efficiency in order 

to prevent excessive body weight gain. Feeding rats a diet with a higher percentage of 

fat results in an increased food efficiency (Tulipano et al., 2004), which can be explained 

by the fact that the efficiency of storing fats is higher than storing carbohydrates and 

proteins (97-98%, 92-94%, and 70-75% respectively) (Hill et al., 2000; Jéquier, 2002). 

In addition, lipogenesis requires much energy. Indeed, rats in the LS group ingested 

the greatest amount of fat compared to all other groups (Figure 2A), so likely animals 

in this group did not need to generate long chain fatty acids (LCFAs), as they already 

ingested large amounts of LCFAs (So et al., 2011), resulting in a more efficient energy 

utilization. Although this could in part contribute to the observed higher food efficiency, 

we do not think that the amount of fat intake alone is causal for the observed changes 

in food efficiency in the LS group. In a recent study, we showed that male Wistar rats on 

a high-fat diet with access to sugar only during the light period were more food efficient 

than rats on a high-fat diet with access to sugar only during the dark period, despite similar 

amounts of fat intake (la Fleur et al., 2014). Thus, the increased food efficiency in rats with 

diurnal sugar intake seems independent of the amount of ingested fat. Furthermore, as 

no significant differences in heat production and locomotor activity were found between 

the groups, we hypothesize that the shifted oxidation pattern, as reflected by a shifted 

RER pattern, explains the increased food efficiency. Although the overall 24 h RER values 

indicate a relatively high fat oxidation in the LS group, fat oxidation may not take place at 

the appropriate time of day, resulting in increased adiposity. This notion is supported by 

a study in which mice fed a high-fed diet at the end of the active period were unable to 

activate β-oxidation, resulting in increased adiposity (Bray & Young, 2011). Furthermore, 

many aspects of digestion and absorption exhibit a daily rhythm in mammals, including 

gastric emptying, intestinal motility, and synthesis and transport of lipids. Lipid absorption 

usually peaks at the beginning of the active period (Bray & Young, 2011; Hussain & Pan, 

2009). As a result of the shifted oxidation pattern, fatty acid oxidation in the LS group is 
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lowest when most calories are consumed. Likely the consumed fat in the dark phase could 

not be efficiently digested and oxidized, leading to lipid accumulation in peripheral tissues 

and eventually contributing to obesity. 

Daily timing of food intake
When chow is offered ad libitum under a 12 h light-12 h dark regimen, rats usually 

consume ~80 % of their total daily caloric intake during the dark period (Hariri & Thibault, 

2010). Studies done in mice have shown that a high-fat diet increased caloric intake 

during the light period (Kohsaka et al., 2007; Pendergast et al., 2013). Many obese animal 

models also show an increased caloric intake during the light period (Masaki et al., 2004; 

Mistlberger et al., 1998). Whereas we indeed found that the chow group ingested 80% 

of their calories during the dark phase, we did not find increased diurnal caloric intake in 

the AL group (Figure 4A and 5A). The studies that showed this diurnal increase in food 

intake on a high-fat diet were performed in mice. Our results are in line with a study in 

which rats on a high-fat diet showed no increase in diurnal caloric intake (Hariri & Thibault, 

2011). Restricting access to fat or sugar to only the light period (LF and LS diet, respectively) 

resulted in an increased total caloric intake during the light period (‘inappropriate timing’) 

as compared to the chow and AL group. Interestingly, although LF and LS animals show 

a similar caloric intake during the light period, the latter gained significantly more body 

weight, suggesting that this increased body weight gain is not due to a disturbed feeding 

pattern alone, but also depends on the timing of ingestion of the different nutrients. 

Energy expenditure
A healthy energy homeostasis requires a balance between energy intake and expenditure. 

We did not find a significant difference in locomotor activity or heat production 

between the diet groups, indicating that energy expenditure per se is no contributor to 

the observed difference in food efficiency. However, nocturnal locomotor activity and heat 

production were lowest in the LS group. Moreover, a prominent difference was seen in 

the respiratory exchange ratio (RER) of LS animals as compared to the other groups. RER 

is the ratio between carbon dioxide production and oxygen consumption and reflects 

the energetic substrate being oxidized. A higher ratio indicates increased carbohydrate 

oxidation over fat oxidation, whereas a lower ratio reflects increased fatty acid oxidation 

relative to carbohydrate oxidation (Ferrannini, 1988). As mentioned before, consuming 

many long chain fatty acids may result in lesser need for lipogenesis. Since lipogenesis 

results in a RER above 1.0 it is likely that the low RER value in the LS animals reflects both 

relatively high fatty acid oxidation and a lower rate of lipogenesis. Both an increase in 

consumed oxygen (VO2) and a decrease in produced carbon dioxide (VCO2) can lead to 

a decrease in RER. In all groups, VO2 was significantly higher during the dark period than 

during the light period, but there was no difference in VO2 between the different groups. 

All groups also showed a significant higher VCO2 during the dark period compared with 
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the light period, although VCO2 was significantly lower during the dark period for animals 

in the LS group as compared to all other groups (data not shown). Next to an overall lower 

RER, the RER in the LS group was essentially anti-phasic as compared to the other groups. 

In a normal situation, RER increases towards 1.0 during the main feeding period, i.e., 

the dark period, when tissues rely on carbohydrate oxidation instead of fat oxidation as 

their energy source. During the light period, i.e., the sleep and main fasting period, RER 

decreases towards 0.7, when lipolysis of triglycerides in fat cells increases and fatty acid 

oxidation gradually replaces carbohydrate oxidation as the main energy source (Corpeleijn 

et al., 2009). The shift in RER in the LS group can be explained by the relatively large 

amount of sugar intake during the light period (diurnal increase in RER) and a relatively 

large amount of fat intake during the dark period (nocturnal decrease in RER). Notably, this 

shift was only seen in the RER of the LS group, not in locomotor activity or heat patterns, 

indicating an uncoupling between energy expenditure and substrate oxidation in the LS 

group. Although this uncoupling is associated with restricted light period feeding (Bray et 

al., 2013), we did not observe uncoupling of energy expenditure and substrate oxidation 

in the LF group, suggesting that not the feeding paradigm itself, but the timing of sugar 

ingestion is important for this uncoupling. 

Summary and further studies
In view of the high prevalence of obesity and type 2 diabetes, it is important to know which 

diet component(s), ingested at what moment of the day, are most deleterious for a healthy 

energy balance. We demonstrate that consuming sugar during the light period, on top of 

a high-fat diet, resulted in an increased food efficiency compared to consuming fat and 

sugar ad libitum, and consuming fat during the light period on top of a high-sugar diet. 

As this difference could not be explained by changes in energy expenditure, we propose 

that this is due to the shifted substrate oxidation pattern. Therefore, we suggest that sugar 

intake during the light period is most disruptive for normal daily rhythms in substrate 

oxidation. Indeed, the amount of nocturnal fat intake may also contribute to this finding. 

Despite this controversy, we provide for the first time, evidence for a time-of-day dependent 

effect of macronutrient consumption on energy homeostasis that is independent from 

caloric content. Further studies are warranted to disentangle the exact contribution of 

daily timing of fat and sugar on energy balance and to assess the mechanism via which 

this happens. Although efficient nutrient utilization in the wild is an evolutionary beneficial 

mechanism, this may eventually lead to obesity in times when energy is freely available. 

Timing of food intake could be a relatively simple and accessible way to prevent obesity 

and obesity-related problems. In addition, results from this study could be applicable 

to shift workers; consuming sugar during the night shift may be more detrimental for 

a healthy energy balance than consuming fat.
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