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Abstract: An obesogenic diet adversely affects the endogenous mammalian circadian clock, altering
daily activity and metabolism, and resulting in obesity. We investigated whether an obese pregnancy
can alter the molecular clock in the offspring hypothalamus, resulting in changes to their activity and
feeding rhythms. Female mice were fed a control (C, 7% kcal fat) or high fat diet (HF, 45% kcal fat)
before mating and throughout pregnancy. Male offspring were fed the C or HF diet postweaning,
resulting in four offspring groups: C/C, C/HF, HF/C, and HF/HF. Daily activity and food intake were
monitored, and at 15 weeks of age were killed at six time-points over 24 h. The clock genes Clock,
Bmal1, Per2, and Cry2 in the suprachiasmatic nucleus (SCN) and appetite genes Npy and Pomc in
the arcuate nucleus (ARC) were measured. Daily activity and feeding cycles in the HF/C, C/HF,
and HF/HF offspring were altered, with increased feeding bouts and activity during the day and
increased food intake but reduced activity at night. Gene expression patterns and levels of Clock,
Bmal1, Per2, and Cry2 in the SCN and Npy and Pomc in the ARC were altered in HF diet-exposed
offspring. The altered expression of hypothalamic molecular clock components and appetite genes,
together with changes in activity and feeding rhythms, could be contributing to offspring obesity.

Keywords: high fat diet; maternal obesity; pregnancy; circadian clocks; appetite; suprachiasmatic
nucleus; arcuate nucleus; mouse; activity

1. Introduction

There is an escalating global epidemic of obesity that has deleterious consequences on the health
of the population, with crippling effects on the global economy [1]. Obesity is a consequence of changes
in nutritional homeostasis, which is a basic biological process to balance food intake with energy
expenditure. Thus, the consumption of high amounts of energy, particularly fat and sugar, which are
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not burned off through increased physical activity and exercise leads to obesity. In humans, obesity is
defined as having a body mass index (BMI) greater than 30 kg/m2 or higher [2]. In rodents, there is no
defined threshold for obesity based on body mass index (BMI), and because of a lack of information on
anthropometrical parameters, obesity is usually taken as any significant increase in body weight and
percent body fat. This definition relies on the assumption that the control animals maintained in the
laboratory are both lean and normal.

One of the key components in nutritional homeostasis is the maintenance of daily rhythms
in sleep–wake cycle, locomotor activity, feeding behavior, and energy metabolism across the 24 h
(circadian) light/dark cycle, which is actively coordinated by a central circadian clock located in the
suprachiasmatic nucleus (SCN) of the hypothalamus [3]. The molecular basis of circadian oscillations
is composed of positive and negative transcriptional–translational feedback loops [4–6]. The process
starts with the dimerisation of the CLOCK and BMAL1 proteins that bind to a specific E-box regulatory
element in the promoter of the clock genes Period (Per) and Cryptochrome (Cry) to induce transcription.
These transcripts then produce proteins that form dimers after translation to repress their transcription
by competing with CLOCK/BMAL1 binding. Following the degradation of the inhibitory proteins,
this transcription–translation feedback loop starts over for another circadian cycle. The link between
the molecular circadian clock in the SCN and metabolism has been elucidated by well-documented
studies in Clock-deficient mice, which exhibited obesity and hyperphagia [7,8]. More recent studies
have shown that an obesogenic high fat (HF) diet leads to disruption in circadian locomotor activity,
food intake, and hepatic clock gene expression [9,10].

The arcuate nucleus (ARC) in the hypothalamus plays an important role in regulating energy
balance via the central melanocortin system [11]. The melanocortin system is composed of various
types of neurons that produce pro-opiomelanocortin (POMC) and neuropeptide Y (NPY) [12]. The
POMC and NPY neurons represent two main neuronal populations with antagonistic functions in the
regulation of energy intake and expenditure, where on one hand stimulation of POMC neurons inhibits
food intake [13,14], the stimulation of NPY neurons by exogenous NPY administration promotes
food intake [15–17]. Alterations in hypothalamic mRNA levels of Npy and Pomc are associated with
obesity [18–22]. Studies have revealed the importance of circadian integration by the SCN of ARC
function driving the daily changes in levels of these transcripts to regulate energy metabolism [23,24].
The SCN communicates with the ARC to generate circadian rhythm in feeding behaviour [25]. In
addition to receiving SCN projections, the ARC also has autonomous circadian oscillators [26]. Likewise,
the link between the SCN and the ARC is essential to maintain the endogenous rhythmic locomotor
activity [27].

One of the consequences of the increasing rate of the current obesity epidemic in the general
population is an increased prevalence of obesity affecting one in five pregnancies. Obesity during
pregnancy leads to immediate and long-term complications for maternal and fetal health. Obese
women are more likely to develop pregnancy disorders such as pre-eclampsia and gestational diabetes,
while offspring born to obese mothers have an increased risk of developing metabolic diseases, such as
type 2 diabetes and obesity in later life through a process known as developmental programming [28].
In non-human primates, maternal consumption of an obesogenic HF diet during pregnancy alters
clock gene expression in the fetal and juvenile livers [29]. We and others have reported in rodents
that hepatic mRNA expression of clock genes is profoundly altered in offspring exposed to maternal
obesity, contributing to impaired metabolism in the offspring livers [30,31]. However, the ability of
maternal obesity and/or exposure to HF diets during early development to directly alter hypothalamic
clock gene function has yet to be determined.

We therefore tested the hypothesis that diet-induced obesity during pregnancy in mice could
contribute to the development of offspring obesity by altering the daily expression patterns of molecular
clock components and appetite genes in the offspring brain and disrupting their activity and feeding
behaviour. Our aim was to track food consumption and activity of the offspring over 24 h under a
12 h light–12 h dark (LD) cycle. Offspring were analysed every 4 h across the 24 h LD period and
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transcript levels of clock genes and the genes that regulate appetite were measured in the SCN and
ARC, respectively.

2. Results

2.1. Maternal Obesity and High-Fat Diet Alters Metabolic Phenotype and Behaviour in the Offspring

The weights of the dams fed the HF diet were significantly heavier at the time of conception
vs. those on control diet (37.6 ± 0.9 g vs. 27.3 ± 0.8 g, respectively; p < 0.001). These HF-fed dams
have greater amount of body fat compared to those on the control diet (7.5 ± 1% BW vs. 22.5 ± 2%
BW, respectively; p < 0.001). In the 15-week-old male offspring, we measured the body weight and
total body fat, as well as the amount of food and activity during the day and at night to evaluate
if maternal obesity and/or postweaning feeding of a HF diet altered their metabolic phenotype and
feeding behaviour. Offspring from obese HF-diet-fed dams that were fed from postweaning with the
control (C) diet (i.e., the HF/C offspring) were significantly heavier than the C/C offspring (p < 0.05),
but in turn lighter (p < 0.05) than offspring of lean C-fed dams fed a HF diet postweaning (C/HF
offspring) (Table 1). Offspring of obese dams that were also fed from postweaning with a HF diet
(HF/HF offspring) was the heaviest among the four offspring group (p < 0.05). Two-way ANOVA
further revealed that the variance seen between the groups was attributed to both the effect of maternal
obesity and postweaning HF diet consumption (both at p < 0.0001) but with no interaction between
maternal obesity and postweaning feeding of the HF diet (Table 1). These significant differences in
body weight were reflected in terms of the offspring’s percentage body fat (Table 1). Two-way ANOVA
attributed the variance in adiposity to both maternal obesity and postweaning HF diet consumption
(both at p < 0.0001) with no interaction between the variables as responsible for the variance.

In the case of feeding pattern, there was a significant increase (p < 0.05) in daytime feeding in
the offspring fed the HF diet postweaning and/or from obese dams (i.e., the HF/C, C/HF, and HF/HF
offspring) (Figure 1 and Table 1). Two-way ANOVA indicates that the variance in daytime feeding was
attributable to both maternal obesity and postweaning HF diet consumption (both at p < 0.0001), but
also there was a significant interaction between these two variables on the overall variance (p < 0.0001).
At night, there was a significant increase in feeding (p < 0.05) as a consequence of postweaning HF
diet consumption in the C/HF and HF/HF offspring (Table 1) but not in the HF/C offspring. Two-way
ANOVA indicates that the variance in nighttime feeding was attributed to both maternal obesity and
postweaning HF diet consumption (both at p < 0.0001), but there was also a significant interaction
between these two variables on the overall variance (p < 0.0001) (Table 1). Thus, maternal HF diet
feeding seems to trigger only a daytime increase in food intake in the HF/C offspring. By contrast,
postweaning HF diet feeding with or without maternal obesity (i.e., in HF/HF and C/HF offspring,
respectively) appears to induce an increase food intake not only during the daytime but also during
the latter part of the night (Figure 1).
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recorded for the offspring from lean dams and on the control (C) diet (C/C offspring, black lines) and 
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Figure 1. Maternal obesity and postweaning high-fat (HF) diet consumption alters diurnal rhythms of
food intake and activity. The 24 h food intake and activity during the light–dark cycle were recorded for
the offspring from lean dams and on the control (C) diet (C/C offspring, black lines) and compared with
the control-fed offspring from obese dams (HF/C offspring, grey lines), or with the HF-fed offspring
from lean (C/HF group) or obese (HF/HF group) dams (grey lines).

In the case of locomotor activity pattern, there were significant increases (p < 0.05) in daytime
activity in the HF/C, C/HF, and HF/HF offspring (Figure 1 and Table 1). Two-way ANOVA indicates
that the variance in daytime activity was attributable to both maternal obesity and postweaning HF
diet consumption (both at p < 0.0001), but also there was a significant interaction between these two
variables on the overall variance (p < 0.0001). There were significant reductions (p < 0.05) in nighttime
activity in the HF/C, C/HF, and HF/HF offspring (Figure 1 and Table 1). Two-way ANOVA revealed
that both maternal obesity and postweaning HF diet consumption contributed to the variance (both
at p < 0.0001), but also there was a significant interaction between these two variables on the overall
variance (p < 0.0001) (Table 1). Overall, HF-diet-induced maternal obesity seems to trigger alteration in
locomotor activity patterns regardless of the postweaning feeding condition imposed on the offspring
(Figure 1).
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Table 1. Phenotypic and behavioural profiles of the offspring.

Offspring of Lean C-fed Dams Offspring of Obese HF-fed Dams
p-Values

Maternal Obesity ×
Postweaning Diet

Effect of Maternal
Obesity

Effect of
Postweaning HF Diet

Control (C/C) HF Diet (C/HF) Control (HF/C) HF Diet (HF/HF)

Body weight (g) 24.2 ± 0.7 a 33.4 ± 0.4 b 30.6 ± 0.7 c 41.5 ± 0.8 d ns <0.0001 <0.0001
Total body fat (%BW) 5.2 ± 0.5 a 12.8 ± 0.9 b 9.2 ± 1.2 c 17.5 ± 1.5 d ns <0.0001 <0.0001

Daily food intake (g)
Daytime 0.40 ± 0.01 a 1.82 ± 0.03 b 1.03 ± 0.02 c 1.67 ± 0.04 d <0.0001 <0.0001 <0.0001
Nighttime 1.98 ± 0.05 a 2.96 ± 0.05 b 2.02 ± 0.05 a 3.77 ± 0.06 d <0.0001 <0.0001 <0.0001

Daily activity (counts)
Daytime 206 ± 6 a 558 ± 19 b 653 ± 24 c 592 ± 23 b <0.0001 <0.0001 <0.0001
Nighttime 2829 ± 72 a 1168 ± 34 b 1598 ± 46 c 1313 ± 39 b <0.0001 <0.0001 <0.0001

Statistical differences were determined using two-way ANOVA examining the effects of maternal obesity and postweaning HF diet. Significant interactions identified by two-way ANOVA
were followed by one-way ANOVA and all pair-wise comparisons by Student–Newman–Keuls. ns, no significant interaction. Data are expressed as mean ± SEM. Values with different
letters (a,b,c,d) are significantly different from each other (p < 0.05).
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2.2. Maternal Obesity and High-Fat Diet Disrupts the Daily Expression Patterns of Clock Gene in the
Suprachiasmatic Nucleus (SCN) of the Offspring Brain

We examined the mRNA expression of the clock gene components in the SCN to determine if
maternal obesity and/or exposure to postweaning HF diet altered circadian rhythms over a 24 h LD
period. The results are presented as ANOVA and cosinor analysis of the clock genes Clock, Bmal1, Per2,
and Cry2 in the SCN of offspring over six separate time points.

The positive arm of the transcriptional–translational feedback loop of the central clock machinery
involves BMAL1 which dimerises with CLOCK to form a heterodimer that binds with E-box promoter
elements to induce the transcription of the other clock components including Cry and Per, as well
as other clock-controlled genes. We observed that the mRNA expression levels of Clock and Bmal1
were elevated during the day and were low at night in the SCN of offspring on control diet and from
lean dams fed the same control diet (C/C offspring) (Figure 2). ANOVA analysis shows significant
difference in Clock gene expression between the C/C offspring vs. the HF/C offspring at ZT0 (p < 0.01)
and vs. the C/HF offspring at ZT4 (p < 0.05). Two-way ANOVA revealed that maternal obesity had the
main effect on the observed variance (p < 0.001), but there was also a significant interaction of maternal
obesity and postweaning HF diet consumption (p < 0.001) on the overall variance. ANOVA analysis of
Bmal1 gene expression showed significant difference between the C/C offspring vs. the HF/C and C/HF
offspring (both at p < 0.001) and the HF/HF offspring (p < 0.01) at ZT0. Two-way ANOVA revealed
that maternal obesity and postweaning HF diet both contribute to the variance (both at p < 0.05), but
also there was a significant interaction between these variables (p < 0.001) on the overall variance.

The negative arm of the transcriptional–translational feedback loop that impairs the action of
the CLOCK/BMAL1 to complete this loop includes Cry and Per. The mRNA expression levels of
Per2 and Cry2 in the SCN were elevated during the latter part of the day (ZT8) and low at night in
offspring on the control diet and from control diet-fed lean dams (C/C offspring) (Figure 2). ANOVA
analysis showed significant difference in Per2 gene expression between the C/C offspring vs. the HF/C
offspring at ZT4 (p < 0.05) and at ZT8 (p < 0.001) and vs. the C/HF and the HF/HF offspring both at
ZT8 (p < 0.01). Two-way ANOVA revealed that maternal obesity had the main effect on the observed
variance (p < 0.01), but there was also a significant interaction of maternal obesity and postweaning
HF diet consumption (p < 0.05) on the overall variance. ANOVA analysis of Cry2 gene expression
showed significant difference between the C/C offspring vs. the HF/C offspring at ZT0 and ZT20
(both at p < 0.05) and at ZT4 (p < 0.01), vs. the C/HF and the HF/HF offspring both at ZT8 (p < 0.01).
Two-way ANOVA revealed that this was attributed to both maternal obesity and postweaning HF diet
consumption (p < 0.001) but with no interaction between these variables.

Cosinor analysis revealed rhythmicity in Clock in the SCN of the C/C offspring (p < 0.05) (Table 2)
with peak expression at 23.41 h. Rhythmicity in Clock was also detected in the HF/HF offspring but
with a phase shift of 2.87 h (p < 0.05). No significant Clock gene rhythmicity was found in both the
C/HF and the HF/C offspring. The adjusted mean (mensor) yielded no significant differences in Clock
between the offspring groups. Cosinor analysis also showed rhythmicity in Bmal1 in the SCN of the
C/C offspring (p < 0.05) peaking at 0.39 h. The adjusted mean revealed significant reduction (p < 0.05)
in Bmal1 in the C/HF and HF/C offspring groups, but no significant Bmal1 rhythmicity was detected
in the C/HF, HF/C, and HF/HF offspring. Cosinor analysis yielded rhythmicity in Per2 in the SCN
of C/C offspring (p < 0.05) with peak levels at 7.01 h. There was a phase shift of 3 h (p < 0.05) in the
rhythmicity found in the HF/C offspring. No significant Per2 rhythmicity was detected in the C/HF and
HF/HF offspring groups, but there was a significant reduction in the adjusted mean (p < 0.05) in the
C/HF offspring. Rhythmicity in Cry2 was detected by cosinor analysis in both C/C and HF/C offspring
(p < 0.05). There was a phase shift of 6.33 h (p < 0.05) and a significant reduction in the adjusted mean
(p < 0.05) in the HF/C offspring.
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Figure 2. Maternal obesity and postweaning HF diet consumption disrupts circadian rhythms of
clock gene expression in the suprachiasmatic nucleus (SCN). Transcripts of the core clock genes Clock,
Bmal1, Per2, and Cry2 in the SCN were analysed by real-time PCR. Tissues were harvested every
4 h from 15-week-old male offspring from lean dams and on the control diet (C/C offspring, black
lines), control-fed offspring from obese dams (HF/C offspring, grey lines), or with the HF-fed offspring
from lean (C/HF group) or obese (HF/HF group) dams (grey lines). Values are displayed as relative
expression (mean ± SEM) after normalisation to the housekeeping genes β-actin and Gapdh. ANOVA
with Tukey post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001 between groups at each time point.
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Table 2. Analysis of circadian clock gene and appetite gene expression in the offspring Suprachiasmatic Nucleus (SCN) and Arcuate Nucleus (ARC), respectively.

Offspring of Lean
C-fed Dams

Offspring of Obese
HF-fed Dams

Control (C/C) HF Diet (C/HF) Control (HF/C) HF Diet (HF/HF)

CLOCK genes
Clock Mensor 0.062 0.071 0.064 0.051

Amplitude 0.016 NSR NSR 0.017
Acrophase (ZT:min) 23.41 NSR NSR 1.93 *

Bmal1 Mensor 0.012 0.006 * 0.008 * 0.014
Amplitude 0.012 NSR NSR NSR

Acrophase (ZT:min) 0.39 NSR NSR NSR

Per2 Mensor 0.221 0.084 * 0.161 0.138
Amplitude 0.089 NSR 0.077 NSR

Acrophase (ZT:min) 7.01 NSR 10.00 NSR

Cry2 Mensor 0.401 0.122 * 0.641 * 0.373
Amplitude 0.150 NSR 0.117 NSR

Acrophase (ZT:min) 8.34 NSR 2.01 * NSR

APPETITE genes
Npy Mensor 2.654 3.900 2.859 3.348

Amplitude 1.721 NSR NSR NSR
Acrophase (ZT:min) 17.97 NSR NSR NSR

Pomc Mensor 1.321 2.084 * 0.936 1.924
Amplitude 0.897 NSR NSR NSR

Acrophase (ZT:min) 9.27 NSR NSR NSR

Cosinor analysis was performed. Offspring group: offspring of lean C-fed dams on C diet (C/C) or HF diet (C/HF), and offspring of obese HF-fed dams on C diet (HF/C) or HF diet
(HF/HF). n = 6 time points × 6 per time point. * indicates significant differences vs. C/C group (p < 0.05) Circadian rhythmicity was considered significant for a p < 0.05; NSR, not
significantly rhythmic.
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2.3. Maternal Obesity and High-Fat Diet Alters the Daily Expression Patterns of Appetite Genes in the Arcuate
Nucleus (ARC) of the Offspring Brain

We also examined the transcript levels of the genes that regulate food intake (Npy and Pomc) in
the ARC to determine maternal obesity and/or exposure to the postweaning HF diet altered their
expression patterns over a 24 h LD period (Figure 3). The results are presented into ANOVA and cosinor
analysis of the appetite gene Npy and Pomc in the ARC of offspring over six separate time points.

ANOVA analysis show significant difference in Npy gene expression between the C/C offspring vs.
the HF/C offspring at ZT16 (p < 0.05), vs. the C/HF offspring at ZT4 (p < 0.001), ZT8 and ZT16 (both at
p < 0.01), and at ZT20 (p < 0.05, and vs. the HF/HF offspring at ZT4 (p < 0.001) and at ZT20 (p < 0.05).
Two-way ANOVA revealed that postweaning HF diet consumption had the main effect on the observed
variance (p < 0.01), but there was also a significant interaction of maternal obesity and postweaning
HF diet consumption (p < 0.01) on the overall variance. ANOVA analysis of Pomc gene expression
showed significant difference between the C/C offspring vs. the HF/C offspring at ZT8 (p < 0.05), and
vs. the HF/HF offspring at ZT20 (p < 0.05). Two-way ANOVA revealed that postweaning HF diet
consumption had the main effect on the variance (p < 0.05) but with no interaction between maternal
obesity and postweaning HF diet consumption.
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Figure 3. Maternal obesity and postweaning HF diet consumption alters rhythmic pattern of appetite
gene expression in the arcuate nucleus (ARC). Transcripts of the genes that regulate food intake Npy and
Pomc in the ARC were analysed by real-time PCR. Tissues were harvested every 4 h from 15-week-old
male offspring from lean dams and on the control diet (C/C offspring, black lines), control-fed offspring
from obese dams (HF/C offspring, grey lines), or with the HF-fed offspring from lean (C/HF group)
or obese (HF/HF group) dams (grey lines). Values are displayed as relative expression (mean ± SEM)
after normalisation to the housekeeping genes β-actin and Gapdh. ANOVA with Tukey post hoc test.
* p < 0.05, ** p < 0.01, *** p < 0.001 between groups at each time point.

Cosinor analysis revealed rhythmicity in Npy in the ARC of the C/C offspring (p < 0.05) (Table 2)
with peak expression at 17.97 h. No significant Npy gene rhythmicity was found in the HF/C, C/HF, and
HF/HF offspring. Cosinor analysis also showed rhythmicity in Pomc in the ARC of the C/C offspring
(p < 0.05), peaking at 9.27 h. There was also no significant Pomc gene rhythmicity in the HF/C, C/HF,
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and HF/HF offspring, and the adjusted mean revealed significant increase (p < 0.05) in Pomc in the
C/HF offspring.

3. Discussion

Evidence from a growing number of clinical and animal studies demonstrates that obesity and
other metabolic diseases may have developmental origins. Our findings suggest diet-induced maternal
obesity during pregnancy increases offspring susceptibility to becoming obese and these phenotypic
changes are accompanied by altered daily expression patterns of molecular clock components in the
SCN and genes involved in appetite regulation in the ARC in the offspring hypothalamus. These
molecular changes coupled with the observed alterations in the daily activity cycle and feeding patterns
could increase the likelihood of the offspring developing obesity in adulthood.

The increased body weight and adiposity in the offspring of obese dams observed in this study
recapitulate our previous findings using the same maternal feeding protocol and diets [32–34] and are
comparable with results from other studies done in rodents showing diet-induced maternal obesity
increasing both offspring body weight and adiposity [35,36]. In this study, we aimed to understand
the possible explanations as to why these offspring are more susceptible to becoming obese. Here we
show that the HF diet-induced maternal obesity alters offspring feeding behaviour. Whilst control-fed
offspring from lean dams (C/C group) consumed the majority of their food during the dark period of
the 12 h light–12 h dark cycle, which is the typical feeding behaviour for this mouse strain [37,38], the
offspring of obese dams showed increased bouts of feeding during the day resulting in the overall
increase in their daily food intake. Although other studies have previously reported in rodents of
increased food intake in offspring from obese dams [35] or in offspring of lean dams fed diets high
in nutritional fat [39,40], none of these studies have characterised the timing of their feeding bouts
and have simultaneously tracked their activity. Our study shows for the first time that increased daily
food intake is due to increased feeding activity both during the day and at night. The increase in both
daytime and nighttime feeding bouts was more pronounced when the offspring were on the HF diet
irrespective of whether the dams were obese or lean. The increased activity, albeit to a lower level
during the day, in the offspring of obese dams fed either the HF diet or control diet as well as in the
control-fed offspring from obese dams corresponds to the period when these offspring are actively
feeding. However, nighttime activity levels were significantly lower in all three offspring groups
in spite of increased feeding bouts. Thus, maternal obesity seems to trigger alteration in locomotor
activity patterns whatever postweaning feeding condition is imposed on the offspring. Taken together,
the increase in daily energy intake and reduced energy expenditure at night could be contributing to
the offspring becoming obese.

A similar observation of a significant reduction in nighttime activity measured by radio-telemetry
was reported in three-months-old male mouse offspring from obese dams [36] but the study did not
observe increased activity during the day. In the present study, activity during the day was associated
with the timing of feeding bouts during this period. This difference in daytime activity between the
two studies could be due to different systems used to measure activity or age difference when the
activity was monitored in the offspring. The previous study measured activity in three-month-old
male offspring while we measured the offspring at a younger age (about 2 months old). This would
suggest that the changes in food intake and activity continue to evolve during the various phases in the
offspring growth trajectory. This notion is substantiated by observations made in the same previous
study reporting that the reduction in nighttime activity was not observed anymore at six months of
age in the male offspring from obese dams [36].

We also investigated central neural circuits that regulate activity and feeding behaviours, focusing
on the circadian clock located in the SCN and neurons important in the regulation of appetite in the
ARC, to determine whether maternal obesity during pregnancy and postweaning HF diet consumption
alter gene expression patterns in these hypothalamic nuclei. The observed peak expressions of Bmal1,
Per2, and Cry2 in the C/C offspring SCN were similar to what was found in previous studies [41–44].



Int. J. Mol. Sci. 2019, 20, 5408 11 of 19

However, others have observed constitutive gene expression of Clock in the SCN [45] while in the
present study we observed rhythmic expression of Clock in the C/C offspring SCN that peaks just before
light onset. The conflicting observation in Clock gene expression could be due to differences in the
method used to take out the SCN. Whilst we micropunched the SCN, others have taken hypothalamic
slices which could be contaminated by extra-SCN areas of the hypothalamus. In the present study,
we also show that peak Npy mRNA levels in the ARC were found during the early subjective night
in the C/C offspring. This is in contrast to previous observation in rats kept in LD condition where
peak Npy levels were detected during the day prior to dark onset [46] or just after light onset [23].
It is not clear from these studies whether the rats were killed during the dark phase under dim red
light, but we used night vision goggles when we were sampling our mice during this period in the LD
cycle. We also measured Npy mRNA levels by PCR while previous studies used in situ hybridisation
and a computerised image analysis system to measure cellular levels of Npy mRNA. As for the gene
expression profile of Pomc in the ARC of the C/C offspring, we observed similar peak levels during the
day to those found in previous studies in rats kept in LD condition [23,47].

The maintenance of circadian rhythms in the SCN plays an important role in optimising the
integration of neural circuits regulating food intake and activity. Alterations in diet composition
(high-fat diets), the timing of eating, or lifestyle factors (sleep deprivation or night-shift work) are
known to alter circadian rhythms and impair metabolism resulting in obesity [48–54]. Here, we
show alterations in the daily rhythms and transcript levels of both Per2 and Cry2 in the SCN of
offspring from obese dams. Since Per2 and Cry2 dimerise and inhibit Clock and Bmal1 [6], the overall
function of the central clock system that maintains circadian rhythms is impaired and this, in turn,
could compromise the integration of central neural circuits regulating food intake and activity. This
could explain how maternal obesity and HF diet-induced circadian clock gene disturbance results
in altered circadian activity patterns. Whilst we studied SCN tissue for gene-expression changes
responsible for the altered 24-h activity, multiple brain areas are known to influence activity. The
circadian clock system is organised hierarchically with the SCN synchronizing the clocks in other
brain areas and peripheral tissues. The SCN drives daily activity rhythms by secreting factors
including transforming-growth-factor-alpha [55] which act on secondary areas within the medial and
lateral hypothalamus to stimulate the reticulospinal tract to initiate voluntary movement [56]. The
reticulospinal tract also integrates information from nuclei of the basal ganglia [56], thus we cannot
attribute the observed changes in activity rhythms entirely to changes in SCN gene-expression as
downstream locomotor activity will be a result of multiple clock-modified signals. This notion is
substantiated by our observation that daily locomotor activity pattern is still apparent in the offspring
with modified diets and/or from obese dams albeit the patterns having been altered even though we
find that the expression rhythms of the clock genes investigated are abolished in these offspring. As we
did not measure the expression patterns of the other clock and clock-controlled genes, including Per1,
Cry1, and Rev-erb alpha, it is therefore possible that the rhythmic expressions of these genes are not
abolished to the same extent by the HF diet consumption and/or maternal obesity thus maintaining the
daily locomotor activity pattern in these offspring.

The alteration in feeding activity in the offspring of obese dams was accompanied by observed
changes in both levels and daily patterns of Npy and Pomc expression in the hypothalamic ARC. The
stimulation of POMC neurons in the ARC inhibits food intake [13,14] while the activation of NPY
neurons in the ARC leads to increase food consumption [15–17]. Studies have revealed the importance
of circadian integration by the SCN of ARC function driving the daily changes in levels of Npy and
Pomc to regulate feeding behaviour [23,24]. Thus, the increased feeding activity during the dark period
in these nocturnal mice could be linked to the observed nighttime increases in Npy expression levels
in the ARC, while the elevated Pomc transcript levels in the ARC could be inhibiting feeding drive
during the day. It is possible that the daytime increase in ARC Npy mRNA levels coupled with altered
expression patterns in daytime Pomc levels in HF-fed offspring from lean and obese dams, as well as in
control-fed offspring from obese dams, is driving the daytime feeding bouts that we have observed in
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these offspring. The elevated expression of Pomc in the ARC in the HF-fed offspring from either lean or
obese dams could be due to the increase in circulating glucose due to the HF diet, and this is influencing
the expression of this gene in the ARC. Recent evidence has shown that there are glucose-responsive
POMC-containing neurons in the hypothalamus that increase in activity in response to extracellular
glucose [57]. This suggests that the increased Pomc in the ARC in the HF-fed offspring from either lean
or obese dams could result in reduced feeding activity at night. Conversely, it has been reported that
chronic feeding of the HF diet significantly reduced the number of hypothalamic POMC neurons [58]
and the loss of these cells is sufficient to increase feeding and cause excess weight gain [59]. It would
therefore be interesting to find out if the consumption of the HF diet during pregnancy results in a
reduction of POMC neurons in the hypothalamic ARC. Several studies have also shown that central
administration of fatty acids can increase hypothalamic NPY mRNA levels [60] and that the action of
NPY neurons can also directly inhibit POMC neurons in the ARC [61]. Hence, the observed elevation
in Npy levels in the ARC during the day and at night could reflect an increase in NPY neuronal activity
in the offspring fed the HF diet. This, coupled with a possible reduction in the number of POMC
neurons, could result in the increased feeding bouts in these offspring.

Although we found that changes in mRNA levels of Npy and Pomc in the ARC are due mainly to
the postweaning HF diet, a previous study in rats has shown that maternal obesity during pregnancy
can already alter mRNA expression of Pomc and Npy in the fetal brain ARC [62]. It has been suggested
that this facilitates an earlier onset of independent feeding [63], which may explain the increased
food intake and altered feeding behaviour that we observed in control-fed offspring from obese dams.
However, Npy and Pomc are not exclusively controlled by gene expression. Hormonal factors including
insulin, leptin, and ghrelin, as well as circulating metabolites such as glucose and fatty acids also
influence the activity of NPY and POMC neurons [24,58,60]. Likewise, NPY and POMC are not only
active in the ARC as they have projections to several other hypothalamic nuclei [14]. Appetite is a
psychological desire for food, involving brain areas implicated in pleasure and reward, specifically the
nucleus accumbens, ventral tegmental area, prefrontal cortex, amygdala, and septum [64]. Furthermore,
other factors besides appetite influence food intake. Hunger is a physiological requirement for food,
either calories or specific nutrients [65,66], while satiety is the sensation of fullness [66], generated by
various factors including gut hormone secretions following a large meal, vagal afferent stimulation
by stomach distension, insulin and glucagon secretion, and blood glucose concentration [14]. These
systems may also be affected by maternal obesity and the consequent changes in clock gene function in
the offspring brain. Indeed, studies in rats have shown that feeding the dams a high-fat, high-sugar
diet results in altered development of the reward system in the offspring brain, resulting in increased
fat intake and alterations in the response of the reward system to excessive caloric intake in postnatal
life [67].

Although we used the term ‘HF diet’, it is not just the amount of fat in the diet that is different
compared to the control diet but also the amount of carbohydrate. Furthermore, the control diet
has the equivalent amounts of monounsaturated and polyunsaturated fatty acids (MUFA and PUFA,
respectively), while the saturated fatty acid (SFA) content was about half of each of these. The HF diet,
on the other hand, contained similar amounts of SFA and MUFA, while the PUFA content was about
two-thirds of each of these. It has been reported previously that classes of fatty acids can alter the
structure and function of the hypothalamus [68,69]. It is possible that the effects we are reporting here
could be explained by the differences in the lipid composition of the diets and not necessarily by the
obese condition. The study was also conducted using male offspring and there may be sex differences
in the effect of maternal obesity and the HF diet on molecular clock components and appetite genes,
as well as activity and feeding rhythms. In a previous study, subtle sex differences in the circadian
rhythms of activity, neuronal physiology, and gene expression were observed in mice on laboratory
chow diet under a 12 h light–12 h dark (LD) cycle [70]. It would therefore be interesting to examine if
maternal obesity and postweaning HF feeding result in differences in the expression patterns of the
clock and appetite genes, as well as activity and feeding rhythms between male and female offspring.
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However, our previous study has shown similar patterns in weight gain and increased adiposity
between HF-fed male and female offspring of lean and obese dams at 15 and 30 weeks old [32]. The
offspring in the present study were kept under LD condition, hence the endogenous rhythms generated
are synchronised by the day and night cycle. It is possible that alterations in the diurnal expression
patterns of the clock and appetite genes, as well as activity and feeding rhythms, change differently in
the absence of the LD stimuli. Thus, to assess the robustness of circadian rhythmicity the offspring
could be transferred to constant darkness to evaluate their free running rhythms. We also measure
mRNA levels of the clock and appetite genes in the SCN and ARC, respectively, and it is possible
that the translational process could also be affected by maternal obesity and postweaning HF diet
consumption resulting in different expression patterns and levels of clock and appetite proteins in
these brain loci. Epigenetic mechanisms have also previously linked maternal HF diet to obesity in the
offspring [71,72]. Studies in rats have shown that maternal HF diet feeding can result in epigenetic
changes in the regulatory regions of Pomc in the rat offspring hypothalamus [73]. Obesity has also
been associated with DNA methylation status of the clock genes Clock, Bmal1, and Per2 [74]. In mice,
demethylation in the E-box region of the Per1 promoter specific to the SCN has been observed during
the perinatal period [75] and Clock itself has intrinsic histone acetyltransferase activity [76]. Thus,
altered expression rhythms of clock genes in the SCN and the appetite genes in the ARC of the offspring
could be due to epigenetic changes brought about by maternal obesity.

In conclusion, we have shown that the HF diet-induced maternal obesity during pregnancy alters
the daily expression rhythms of clock genes in the SCN and appetite genes in the ARC of the offspring
brain. This was accompanied by observed changes in the offspring locomotor activity and feeding
behaviour. Given that the rate of obesity in women of child-bearing age is increasing worldwide [77]
and the offspring of these obese mothers are predisposed to being overweight or obese [78], the
observed gene expression changes in the offspring brain coupled with alterations in locomotor and
feeding behaviour, could be some of the factors affecting the increasing obesity in future generations.

4. Materials and Methods

4.1. Animals

All animal procedures were carried out at the University of Southampton, in accordance with
the regulations of the United Kingdom Animals (Scientific Procedures) Act 1986 and were conducted
under Home Office Project Licence number 70/6457. The study received institutional approval from the
University of Southampton Biomedical Research Facility Research Ethics Committee. Female C57/BL6J
mice were housed under a 12 h light–12 h dark (LD) cycle (lights on at 07:00), and at a constant
temperature of 22 ± 2 ◦C with food and water available ad libitum. These females were randomly
assigned to one of two diets: control (C; 7.4% kcal fat; RM1-SDS diet; Special Dietary Services UK), or a
high-fat diet (HF; 45% kcal fat; SDS 824053; Special Dietary Services UK) (for more detailed dietary
constituents, see Table A1 from Appendix A). We have previously used this HF diet to induce an
obese phenotype in both the pregnant dams and their offspring [31,79,80]. The animals were fed their
designated diet 8 weeks pre-pregnancy, through to pregnancy and lactation. Pregnant dams were
allowed to deliver their pups, and litter size was standardised to six pups to ensure that no litter was
nutritionally biased. The male offspring were randomly assigned to either the C or HF diet at weaning
at 3 weeks of age resulting in four offspring groups; C/C, C/HF, HF/C, and HF/HF. These offspring
were fed their assigned diets for the next 12 weeks.

4.2. Behavioural Analysis

At 15 weeks of age, a subset of mice from the four offspring groups (C/C, C/HF, HF/C, and HF/HF;
n = 5–6 per offspring group) were randomly selected and individually placed in a physiological cage
system with an extensiometric weight transducer that continuously measure food intake and activity
(Panlab SLU, Spain). After a 24 h period of acclimatisation, the food intake and locomotor activity



Int. J. Mol. Sci. 2019, 20, 5408 14 of 19

were recorded over the next 24-h LD cycle. Subsequently, subsets of mice (n = 5–6 per time point per
offspring group) were killed by cervical dislocation at six time points during the LD period beginning
at 07:00 (designated as ZT0 and defined as the transition time from dark to light period of the LD
cycle), then at 11:00 (ZT4), 15:00 (ZT 8), 19:00 (ZT12), 23:00 (ZT16), and 03:00 (ZT20). Animals were
killed in complete darkness during the dark phase of the sampling period (ZT12, ZT16, and ZT20)
with the aid of head-mounted night vision goggles (Yukon Advance Optics, Thomas Jack’s Ltd., UK).
The brains were immediately dissected, frozen in dry ice and stored at −80 ◦C.

4.3. Collection of SCN and ARC Samples

The bilateral suprachiasmatic nuclei (SCN) and arcuate nuclei (ARC) nuclei were dissected out
from frozen coronal sections using a Palkovits punch technique [81]. Briefly, frozen brains were cut
on a cryostat and 300-µm-thick coronal sections containing the SCN and the ARC were obtained and
placed on prechilled glass slides. The bilateral SCN and ARC from adjoining coronal sections were
punched out using a brain punch (1.25 mm size, Stoelting Europe, IRL) and stored separately at −80 ◦C.
The sections were then fixed and stained with cresyl violet to check for the accuracy of the SCN and
ARC punches.

4.4. RNA Extraction and Quantitative Real-Time PCR

Total RNA was isolated from the micropunched SCN and ARC samples using Trifast reagent
(Peqlab, Germany) and reverse-transcribed using reverse M-MLV transcriptase (Promega, UK). RNA
expression was determined by real-time PCR analysis performed as described previously using an
Applied Biosystems 7500 Fast Real-Time PCR System (Thermo Fisher Scientific, UK) [31] to measure
the relative amounts of the clock genes (Clock, Bmal1, Cry2, Per2) in the SCN samples and the
appetite-regulating genes Pomc and Npy in the ARC samples. We used the housekeeping gene (HKG)
β-actin and Gapdh to normalise the expression levels since we have established that these were the most
stably expressed genes following challenge with HF diets and at different circadian time points [82].

4.5. Statistical Analysis

Data are expressed as means ± standard error of the mean (SEM). The difference in all measured
parameters between 15-week-old male offspring of lean and obese dams fed the control or the HF
diet was analysed using one-way and two-way ANOVA, as indicated. Statistical significance was
assumed as p < 0.05. Cosinor analysis was employed, in addition to ANOVA, to determine rhythmicity
of circadian clock gene and appetite gene expression within a 24-h period. Cosinor analysis evaluates
the ‘mesor’ (circadian rhythm adjusted mean, based on the parameters of a cosine function), timing
of the oscillatory crest, and amplitude, with p < 0.05 regarded as significant. Two-way ANOVA was
also used to determine the effect of maternal obesity and postweaning HF diet consumption on the
observed variance. Statistical analysis was performed using Prism 7.0 software (GraphPad Software,
San Diego, CA, USA).
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Appendix A

Table A1. The dietary composition of macronutrients and energy values of the diets used in this study.

Dietary Composition Control Diet High-Fat Diet

Percentage weight:
Carbohydrate 66.7 39.8

Protein 14.4 23.0
Lipid 2.7 22.6

Percentage energy (kcal):
Carbohydrate 75.1 35.0

Protein 17.5 20.0
Lipid 7.4 45.0

Energy (AFE MJ/kg) 13.8 19.1

Fat breakdown (% AFE):
Saturated Fatty Acids (SFA) 0.5 6.5

Monounsaturated Fatty Acids (MUFA) 0.9 6.5
Polyunsaturated Fatty Acids (PUFA) 0.9 4.2

AFE = Atwater Fuel Energy = ((CO%/100) × 9000) + ((CP%/100) × 4000) + ((NFE%/100) × 4000)/239.23.
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