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Abstract

Consumption of a high-fat diet characteristic of human Western diet has been shown to affect
the circadian system of laboratory rodents. The present study confirms an effect of Western
diet on the circadian system of mice, specifically a shortening of the free-running circadian
period of running-wheel activity, in addition to increased weight gain. Decimation of the gut
microbiota by broad spectrum antibiotic treatment reversed the effect of Western-diet feeding
on the free-running period, which suggests that the effect of Western-diet feeding on the
circadian system is mediated by the gastrointestinal microbiota. This finding is particularly
relevant in view of recent studies describing a relationship between gut microbes, circadian
clock function, and obesity.
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1. Introduction

The metabolic syndrome, a disorder generally characterized by obesity, insulin resistance, hyperglycemia,
hyperlipidemia, and increased risk of cardiovascular disease, affects a large segment of the human population in
developed nations (Spalding et al. 2009; Cameron 2010; Gade et al. 2010). Although many etiological factors likely
contribute to the syndrome, overeating and selection of inadequate diets are considered to be major contributors
(Abete et al. 2010). In particular, the Western diet (a diet common in developed nations in the Western hemisphere,
which is characterized by excessive consumption of a reduced variety of refined sugars, salt, and saturated fat) is
likely a contributor to the metabolic syndrome and other chronic diseases (Cordain et al. 2005; Jaworowska et al.
2013; Myles 2014).

Recent research has documented a close connection between energy metabolism and the operation of the circadian
clock at the cellular level (Nakahata et al. 2009; Ramsey et al. 2009; Peek et al. 2013), and it is sensible to inquire
whether consumption of the Western diet might affect the operation of the circadian clock. A few studies have
directly or indirectly addressed this question. Mendoza and colleagues found that a high-fat diet can reduce the
sensitivity of the circadian system to the phase-shifting action of light (Mendoza et al. 2008), and Hsieh and
colleagues documented a change in the expression of various circadian-clock genes in livers and kidneys of mice fed
a high-fat diet (Hsieh et al. 2010). Notably, Kohsaka and colleagues found that high-fat feeding not only affected the
expression of circadian-clock genes but also had a measurable effect on organismal function in the form of a small
lengthening of the free-running period of the locomotor activity rhythm (Kohsaka et al. 2007). This latter finding is
important because the free-running period of the activity rhythm is a reflection of the speed of the circadian clock,
which is a fundamental property of the circadian system that distinguishes circadian rhythms from biological
oscillations in the ultradian and infradian ranges.

The present study was conducted to further evaluate the reported effect of diet on the free-running period of the
activity rhythm in mice. Because changes in diet are known to affect the gastrointestinal microbiota (Albenberg &
Wu 2014; Conlon & Bird 2014), and because changes in the gastrointestinal microbiota have been associated with
the weight gain that results from consumption of high-fat diets (Vijay-Kumar et al. 2010; Ridaura et al. 2013), this
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study included a condition in which mice had their gut microbiota decimated by antibiotic treatment. This allowed a
direct test of the hypothesis that decimation of the gut microbiota can reverse the effect of Western-diet feeding on
the free-running circadian period.

2. Materials and Methods
2.1. Animals

Two-month-old male mice (Mus musculus) of the CD-1 strain were purchased from Charles River Laboratories
(Wilmington, MA) and were housed individually in polypropylene cages (24 x 36 x 19 cm) lined with wood
shavings and fed Purina rodent chow (Rodent Diet 5001, Lab Diet, St. Louis, MO) and water ad libitum. The animal
cages were maintained in individual light-tight, ventilated chambers at 24 + 2 °C under a 12L:12D light-dark cycle.

2.2. Equipment

The rhythm of running-wheel activity was used as a measure of the state of the circadian pacemaker. A metallic
running wheel (12 cm diameter) was attached to each animal cage. Magnetic switches attached to the running
wheels were connected to data acquisition boards (Digital Input Card AR-B2001, Acrosser Technology, Taiwan).
The data acquisition boards were connected to computers that recorded the number of wheel revolutions in 6-min
bins (i.e., 0.1 h intervals). To reduce animal disturbance, cages and water bottles were replaced at monthly intervals,
under dim red light if necessary.

Food consumption was computed as the difference in the weight of food at the beginning and end of a monitoring
interval. Food was weighed with 0.1 g resolution in an Ohaus Scout Pro balance (Ohaus Corp., Pine Brook, NJ).
Energy content of the food was determined according to the manufacturer’s specifications, as described below. Body
mass of individual mice was determined with 0.1 g resolution in the same Ohaus balance used to weigh the food.

2.3. Procedure

Two groups of 30 mice were used in two separate experiments. In Experiment 1, 30 individually-housed mice were
kept under a 12L:12D light-dark cycle and were fed regular rodent chow (Lab Diet 5001) for four weeks before
being released into constant darkness. After three weeks in constant darkness, half of the animals were switched to a
Western diet and the other half to a control diet. Data collection continued for seven more weeks.

Western diet (Diet 5TJN) and control diet (Diet 5TJS) were purchased as rodent pellets from Purina Animal
Nutrition (Test Diet, St. Louis, MO). Bomb calorimetry data provided by the manufacturer indicate that the
physiological fuel value of the Western diet is 18.8 kJ/g partitioned as 16% protein, 40% fat, and 44%
carbohydrates. The physiological fuel value of the control diet is 15.2 kJ/g partitioned as 16% protein, 12% fat, and
72% carbohydrates. The control diet matches the protein content of the Western diet, which is less than that of the
regular rodent chow (29% protein, 13% fat, and 58% carbohydrates).

In Experiment 2, 30 individually-housed mice were kept under a 12L:12D light-dark cycle and were fed regular
rodent chow (Lab Diet 5001) for four weeks before being subdivided into three groups: two groups were fed the
Western diet for the next 8 weeks, whereas the third group was fed the control diet. One of the groups switched to
the Western diet was subjected to a treatment to decimate the gut flora starting one week before the switch to the
Western diet and lasting for the remaining of the study (thus, a total of 9 weeks). The treatment consisted of
administration of broad spectrum antibiotics in the drinking water. The antibiotics were ampicillin (1.0 g/L) and
neomycin (0.5 g/L), which are poorly absorbed and affect primarily the intestinal microbiota without general
systemic effects (Vijay-Kumar et al. 2010).

2.4. Data analysis

The records of running-wheel activity were analyzed for temporal patterns through the chi square periodogram
procedure (Sokolove & Bushell 1978; Refinetti 2004) and were also used as a measure of energy expenditure
(number of wheel revolutions per day). There is no exact calibration of running-wheel activity as a measure of
energy expenditure, but the two variables are positively correlated (Refinetti and Menaker 1997). Significance tests
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for differences between group means (for circadian period, food intake, body mass, and activity level) were
conducted either by t tests or by analysis of variance (ANOVA), as appropriate. Post hoc pairwise comparisons were
conducted with Tukey’s HSD test (Kirk 1995).

3. Results

All mice exhibited robust rhythmicity of running-wheel activity. Records of running-wheel activity of representative
mice from the two groups in Experiment 1 are shown in Figure 1. The animal whose records are shown in the left
panel (A) was fed the control diet and exhibited the typical free-running rhythm of a mouse, with a circadian period
shorter than 24 h that lengthens gradually over several weeks. The other mouse (B) was fed the Western diet and did
not exhibit lengthening of the circadian period. The means for all mice in the two groups are shown in Figure 2.
Starting around the third week after the different diets were introduced, the mice that were fed the control diet
started to exhibit a longer free-running period than the mice that were fed the Western diet, so that by the end of the
experiment the circadian period of the mice fed the control diet was 0.3 h (18 min) longer than that of the mice fed
the Western diet. A factorial analysis of variance revealed a significant interaction effect (diet vs. weeks): F(9, 252)
=2.256, p = 0.019.

The group results for food intake, body mass, and activity level are shown in Figure 3. The amount of food eaten
(g/day) did not differ between the two groups (t(28) = 1.188, p = 0.245), but, because the two diets had different
energetic contents, the Western diet group consumed more energy (kJ/day) than the control group (t(28) = 4.498, p <
0.001). Whereas the two groups had comparable body masses before the different diets were introduced, the
Western diet group was heavier than the control diet group by the end of the experiment, as confirmed by a
marginally significant interaction effect (diet vs. weeks): F(1, 28) = 4.187, p = 0.050. Although there were group
differences in the mean level of activity (expressed as the number of wheel revolutions per minute), the variances
were relatively large, and no significant differences between means were identified by a factorial ANOVA: F(1, 28)
=0.972, p = 0.333 for the effect of diet; F(1, 28) = 2.611, p = 0.117 for the effect of weeks; and F(1, 28) = 1.102, p
= 0.303 for the interaction effect.

The results from Experiment 2 concerning the free-running period are shown in Figure 4. As had been the case in
Experiment 1, the circadian period of the Western diet group remained constant throughout the experiment, whereas
the circadian period of the control group gradually lengthened, even if not as markedly as in Experiment 1.
Interestingly, antibiotic treatment not only inhibited the effect of the Western diet but seemed to have an additional
lengthening effect on the free-running period. One-way ANOVAs identified a significant effect of time (weeks) in
the control group (F(7, 63) = 2.197, p = 0.046) and the antibiotic-treated Western diet group (F(7, 63) = 3.628, p =
0.002) but not in the non-treated Western diet group (F(7, 63) = 0.692, p = 0.678). A two-way ANOVA involving
the control diet group and the antibiotic-treated group confirmed a statistically significant effect of time (F(7, 126) =
4.283, p < 0.001) but not a significant difference between the two groups (F(1, 18) = 0.277, p = 0.605) nor a
significant interaction of the two factors (F(7, 126) = 0.926, p = 0.489).

The group results for food intake, body mass, and activity level in Experiment 2 are shown in Figure 5. The amount
of food eaten (g/day) did not differ between the groups (F(2, 27) = 1.284, p = 0.293), but, because the diets had
different energetic contents, the Western diet groups consumed more energy (kJ/day) than the control group (F(2,
27) = 28.210, p < 0.001). Although the three groups had comparable body masses before the different diets were
introduced, the two Western diet groups were heavier than the control diet group by the end of the experiment, as
confirmed by a significant interaction effect (diet vs. weeks): F(2, 27) = 3.678, p = 0.039. The Western diet group
treated with antibiotics gained less weight than the untreated Western diet group, but the difference was not
statistically significant. The activity level (revol/min) measured under a light-dark cycle before the introduction of
the different diets was comparable in the three groups. The activity level measured in constant darkness towards the
end of the experiment was significantly higher than that measured under the light-dark cycle at the beginning (Effect
of time: F(1, 27) = 8.197, p = 0.008), but there were no significant group differences (Effect of group: F(2, 27) =
0.235, p = 0.792; Interaction effect: F(2, 27) = 1.484, p = 0.245).
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4. Discussion

In two separate experiments, mice fed a Western diet (40% fat) exhibited a shorter circadian period than mice fed a
control diet (12% fat). The difference in circadian period was small (approximately 0.2 h, or 12 min, on average for
the two experiments) but statistically significant. Such a difference is physiologically meaningful. In free-running
animals, a period difference of 0.2 h means that a phase difference of 2 h will be attained in only 10 days (and a
phase difference of 12 h will be attained in two months). In animals entrained to a 24-h environmental cycle, the
phase angle of entrainment will be affected, possibly causing a nocturnal animal to venture into the light phase of
the light-dark cycle.

The difference in circadian period between mice fed the Western diet and mice fed the control diet was attained by
repression of the natural lengthening of the circadian period observed in mice maintained in constant darkness and
fed a standard low-fat diet (Davis and Menaker 1981, Possidente et al. 1995, Refinetti 2015). In both experiments,
mice fed the Western diet ingested more energy than mice fed the control diet. They did not exercise more than mice
fed the control diet and gained more body weight. Although either an increase in exercise or a reduction in energy
intake can lead to a reduction in body mass and adiposity (Verheggen et al. 2016), the mice in this study did not
increase energy expenditure in response to the increase in energy intake and, consequently, gained weight.

Two previous studies reported a similarly small (0.2 h) effect of high-fat diets on the circadian period of locomotor
activity of mice (Kohsaka et al. 2007; Mendoza et al. 2008), but the reported effect was in the opposite direction
(i.e., lengthening rather than shortening of the circadian period). It is possible that mice of the inbred C57BL/6J
strain (which were used in those two studies) differ from mice of the outbred CD1 strain (which were used in the
present study) in their response to high-fat diet. Different mouse strains have been previously shown to differ in
various aspects of the operation of the circadian system (Refinetti 2003; Castillo et al. 2005; Kopp et al. 2006). It is
noteworthy that in the study by Mendoza et al. (2008) the mice fed the high-fat diet were less active than the mice
fed the control diet. This difference is important because increased activity is known to shorten the circadian period
in rodents (Yamada et al. 1988; Edgar et al. 1991; Kuroda et al. 1997; Mrosovsky 1999; Koteka et al. 2003), and
reduced activity in the mice fed the high-fat diet might have caused a lengthening of the circadian period that more
than compensated for the shortening induced by the high-fat diet. Studies in other mouse strains and other species
would help clarify this matter.

A natural inference from the present results concerning the circadian period of mice fed a Western diet or a control
diet would be that some property of the Western diet (presumably its high fat content) indirectly affects the circadian
pacemaker in the brain and represses the slowing down of the clock. The fact that decimation of the gut microbiota
by broad spectrum antibiotic treatment reversed the effect of Western-diet feeding on the free-running circadian
period suggests that the effect of Western-diet feeding on the circadian system is mediated by the gastrointestinal
microbiota. This finding is particularly relevant in view of the recent discovery about the relationship between gut
microbes, circadian clock function, and obesity. Leone and colleagues found that germ-free mice exhibit markedly
impaired circadian clock gene expression and, unlike their conventionally raised counterparts, do not gain weight
when fed a high-fat diet (Leone et al. 2015). It is meaningful that antibiotic treatment in the present study both
nullified the effect of Western-diet feeding on the free-running period and reduced (though not significantly so) the
weight gain caused by Western-diet feeding.

The present study has a few limitations that could be avoided in further research. First, decimation of the gut
microbiota was not confirmed by examination of fecal samples or intestinal smears. The same antibiotic treatment as
that used by Vijay-Kumar et al. (2010), who conducted cecal microbiota quantification, was used in the present
study, but the exact extent of microbial decimation achieved in this study cannot be ascertained. Second, Western-
diet feeding elicited not only shortening of the circadian period but also weight gain. Thus, it cannot be determined
whether the shortening of the circadian period was caused by dietary fat itself or by the development of obesity. It is
unlikely, however, that weight gain would cause a change in circadian period, as obesity has been shown not to
affect circadian period in rats (Mistlberger et al. 1998) and mice (Sans-Fuentes et al. 2010). Third, the effects of
Western-diet feeding were studied for only two months. It is possible that stronger (or even weaker) effects would
have been observed after many additional months. Researchers conducting future studies may wish to plan for
longer intervals of data collection to ensure that additional changes do not occur after many months. Finally,
although antibiotic treatment seemed to counteract the effect of the high-fat diet in this study, the effects of
antibiotic treatment by itself on the mammalian circadian system have not been previously studied and may be
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significant. Further research will help determine the relative roles of high-fat diet and antibiotic treatment on the
circadian system. Antibiotic treatment affecting different microbial populations will likely have different effects on
the circadian system.
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Figure 1. Double-plotted actograms of running-wheel activity of two representative mice housed in constant
darkness. Time of day is indicated on the horizontal axis and number of days on the vertical axis. During the first
three weeks, both mice were fed standard rodent chow. Starting on Day 22, one mouse was fed a control diet (A)

whereas the other was fed a special diet mimicking human Western diet (B).
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Figure 2. Mean (+ SEM) free-running periods of mice housed in constant darkness for 10 weeks. During the first
three weeks, both groups of mice were fed standard rodent chow. Afterwards, one group was fed a control diet (n =

15) and the other was fed a Western diet (n = 15).
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Figure 3. Mean (= SEM) values of food intake, body mass, and running-wheel activity of two groups of mice housed
in constant darkness and fed either a control diet (n = 15) or a Western diet (n = 15). In each panel, bars with the
same letter (a or b) are not significantly different from each other, as determined by t tests or post hoc comparisons
with Tukey’s HSD test.
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Figure 5. Mean (£ SEM) values of food intake, body mass, and running-wheel activity of three groups of mice
housed in constant darkness and fed a control diet (n = 10), a Western diet (n = 10), or a Western diet along with
antibiotics in the drinking water (n = 10). In each panel, bars with the same letter (a or b) are not significantly
different from each other, as determined by post hoc comparisons with Tukey’s HSD test.
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