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Abstract

Current lifestyles include calorie-dense diets and late-night food intake, which

can lead to circadian misalignment. Our group recently demonstrated that

sweet treats before bedtime alter the clock system in healthy rats, increasing

metabolic risk factors. Therefore, we aimed to assess the impact of the sweet

treat consumption time on the clock system in rats fed a cafeteria diet (CAF).

Moreover, since flavanols have demonstrated beneficial effects in metabolic

disorders and clock gene modulation, we also investigated whether these phe-

nolic compounds can restore the circadian disruption caused by these altered

dietary patterns. For this, 64 Fisher rats were fed CAF for 9 weeks. In the last

4 weeks, animals were daily administered a low dose of sugar (160 mg/kg) as a

sweet treat at 8 a.m. (ZT0) or 8 p.m. (ZT12). Two other groups received

25 mg/kg of grape seed flavanols in addition to sweet treats. Finally, the ani-

mals were sacrificed at different time points (9 a.m., 3 p.m., 9 p.m., and

3 a.m.). The results showed that metabolic and circadian disturbances by CAF

may be influenced by the time of sugar administration, slightly reinforcing the

alterations in diurnal rhythmicity of serum biochemical parameters, hor-

mones, and hypothalamic genes with bedtime snacking. Flavanols improved

metabolic health and restored the oscillation of biochemical parameters, hor-

mones, and clock and appetite-signaling genes, showing greater effects at

ZT12. These results highlight the importance of meal timing in influencing

physiological and metabolic outcomes, even under calorie-dense diets. More-

over, they also suggest the zeitgeber role of flavanols, modulating the clock sys-

tem and contributing to an improved metabolic profile under different feeding

pattern conditions.
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1 | INTRODUCTION

Living organisms exhibit autonomous oscillations that
play a crucial role in physiological and metabolic adapta-
tions to the time of day.1 Indeed, diurnal oscillations have
been described in processes such as the sleep–wake cycle,
body temperature, blood pressure, and gastrointestinal
tract function, and their alterations have been associated
with metabolic disorders.1,2 The central clock, in the
hypothalamic suprachiasmatic nucleus (SCN), and
peripheral clocks in various tissues are regulated by clock
genes via self-regulatory transcriptional-translation feed-
back loops.3 Thus, the CLOCK/BMAL1 (circadian loco-
motor kaput protein production cycles/brain and muscle
ARNT 1) heterodimer regulates the circadian machinery
by promoting transcription of period (PER1 and PER2)
and cryptochrome (CRY1 and CRY2) proteins. These pro-
teins lead to a negative feedback loop with an approxi-
mately 24-h cycle.1,4 In addition, the heterodimer
CLOCK/BMAL1 activates nuclear receptors, including
RORα, RORβ, REV-ERBα, and REV-ERBβ, which stabi-
lize the central clock by modulating Bmal1 and Clock
transcription.1,4 The heterodimer also stimulates the
expression of metabolic genes, such as nicotinamide
phosphoribosyltransferase (Nampt) and the aforemen-
tioned Rev-erbα, involved in energy metabolism and
appetite pathways in the hypothalamic arcuate nucleus
(Arc).5–9 This region contains two neuronal populations,
orexigenic NPY-AGRP (neuropeptide Y-agouti-related
protein) neurons, which reduce energy expenditure
(EE) and increase food intake in response to ghrelin, and
anorexigenic POMC-CART (pro-opiomelanocortin-
cocaine-amphetamine-regulated transcript) neurons,
which enhance EE and promote satiety in response to
leptin.5,10

Despite the precise regulation of the clock system by
the central clock, external cues, also called zeitgebers, can
modulate or alter the synchronization of this system.3,11

The central clock is reset by light, the main zeitgeber,
which is detected by the retina via the retinohypothala-
mic tract (RHT). This triggers signals via the autonomic
nervous system or circulating humoral factors, including
melatonin and cortisol (corticosterone in rodents), to
keep peripheral tissue clocks synchronized.1 However, in
the twentieth century, remarkable lifestyle changes have
occurred in modern occidental society. These modifica-
tions include alterations of the natural light/dark phases,
such as shift work and social jetlag, and variations in die-
tary patterns (ultra-processed and high-calorie-dense
foods, meal timing). All these alterations cause a misa-
lignment between external cues and the internal clock
and have been associated with the development of meta-
bolic diseases.1,12–15 These metabolic disorders, together

with other comorbidities such as depression, sleep distur-
bances, cognitive dysfunction, and steatohepatitis are
part of the recently defined “Circadian Syndrome.”2,16 In
this regard, diet composition and timing stand out as cru-
cial zeitgebers or modulators of our clock system.

In fact, the effects of a calorie-dense diet on the misa-
lignment of biological rhythms have also been exten-
sively described in animal studies.17,18 For instance,
changes in the expression of clock genes, nuclear recep-
tors regulating clock transcription factors, and clock-
controlled genes involved in fuel utilization have been
reported in the hypothalamus and hepatic and adipose
tissues of mice fed a high-fat diet.19 In addition, loss of
diurnal rhythmicity of hormones involved in the control
of hypothalamic–pituitary–adrenal (HPA),
hypothalamic–pituitary-gonadal (HPG), and
hypothalamic–pituitary-thyroid (HPT) axes, such as corti-
sol/corticosterone, thyroid-stimulating hormone (TSH),
and testosterone, has been observed in both rodents and
humans fed high-fat diets.19,20 Recently, altered diurnal
oscillations of hepatic metabolites have also been
reported in rats fed a cafeteria (CAF) diet.21 This energy-
dense and unhealthy diet, a model of a human obeso-
genic diet to study metabolic syndrome (MetS), is also
able to disrupt the expression of clock genes in peripheral
tissues such as Bmal1 and Per1/2 in the gut, Bmal1 and
Rev-erbα in the liver, and Clock and Rev-erbα in the adi-
pose tissue.22,23

Nevertheless, not only is food composition crucial for
maintaining the synchronization of the clock system, but
the timing of food intake is now gaining importance.13,24

Indeed, the role of meal timing (i.e., day- or night-
time-restricted feeding) in the modulation of the clock
system was demonstrated in mice.25 Recent evidence in
both humans and rodents also suggests that snacking can
induce time-of-day-dependent effects on the
organism.26–29 For instance, Begemann et al. reported
that snack consumption in the early hours of the resting
phase increased energy resorption and body weight
(BW) gain and produced changes in the peripheral
clocks, locomotor activity, and body temperature in male
mice.26,27 Similarly, our group recently observed that a
low dose of sugar (160 mg/kg), equivalent to only 2.5 g
(half a teaspoon) in humans,30 administered as a sweet
treat to healthy rats before sleep promoted disruption of
the central clock, an increase in BW gain, and changes in
energy metabolism.28 However, it should be noted that
these experiments were conducted in healthy animals
with a controlled diet, which may not fully reproduce the
complexities of a more varied or calorically dense obeso-
genic diet. Interestingly, a recent clinical trial in healthy
women demonstrated that the timing of chocolate con-
sumption over 2 weeks produced different effects on
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circadian parameters, hunger perception, and gut micro-
biota composition.29 These results suggest that, even in a
human and varied dietary context, snack time could still
exert significant effects on circadian regulation.

Interestingly, it has been recently observed that bioac-
tive compounds, such as flavanols, can influence the
clock system with a zeitgeber role.23 This raises the ques-
tion of whether interventions targeting circadian misa-
lignment, such as bioactive compounds, could mitigate
the detrimental effects of altered dietary patterns. Flava-
nols, a sub-class of flavonoids that are abundant in sev-
eral foods, such as wine, tea, cocoa, and grape seeds,
have been associated with multiple health benefits,
including protective effects against obesity and MetS,
conditions closely linked to circadian disruption, as men-
tioned above.31 Different molecular mechanisms have
been shown to be involved in the efficacy of flavanols,
including epigenetic modifications, which have recently
emerged as important mediators of their properties.32 In
this context, our group has reported that a grape seed
(poly)phenol-rich extract (GSPE) can modulate central
and peripheral clock genes in both healthy and CAF diet-
induced obese rats.33,34 In addition, these flavanols have
shown modulatory effects on hepatic and central clocks
in rats under jet-lag conditions.35–37 Thus, the interaction
of these phenolic compounds with the clock system has
been recently suggested as another mechanism involved
in their beneficial effects, particularly in contexts of
dietary-induced circadian disruption.23,38–40

Therefore, the aim of the present study was to investi-
gate whether long-term consumption of a low dose of
sugar at two different times can influence, in a time-
dependent manner, the deleterious effects of a human
obesogenic diet on the central clock and metabolism in
rats. Additionally, this study aimed to determine whether
the administration of grape seed flavanols can ameliorate
the circadian disruption caused by these variations in die-
tary patterns. To this end, CAF-fed rats were adminis-
tered a low dose of sugar, without or with GSPE, at
8 a.m. or 8 p.m. (ZT0 and ZT12, respectively). Animals
were sacrificed at 4 different points on the day (ZT1, ZT7,
ZT13, and ZT19) to analyze diurnal oscillations of the
hypothalamic clock genes, major biochemical parame-
ters, and serum hormones over a 24-h period.

2 | EXPERIMENTAL PROCEDURES

2.1 | Grape seed (poly)phenol-rich
extract

The extract used in this study was obtained from white
grape seed and it is mainly composed of catechin,

epicatechin, gallic acid, epicatechin gallate, and dimers,
trimers, and tetramers of proanthocyanidins.36 The main
compounds present in this extract are shown in Table S1.
This extract was provided by Les Dérives Résiniques et
Terpéniques (Dax, France).

2.2 | Animal procedures

Sixty-four 13-week-old male Fischer 344 rats from
Charles River Laboratories (Barcelona, Spain) were
housed in pairs under standard (STD) laboratory condi-
tions at 22�C and 12 h light/dark cycle (with ZT0 mark-
ing the time of lights on as a reference for counting the
hours of the day), with ad libitum access to food (STD
chow diet) and drinking water. After a one-week acclima-
tization period, rats were weighed and randomly divided
into four groups (n = 16), and all groups were fed CAF
diet for 9 weeks. During the last 4 weeks of this period,
two animal groups were administered with low-fat sweet-
ened condensed milk (60.8% sugars, 8.9% proteins, and
0.2% fats) diluted 1/5 in water (v/v) as a sweet treat
(160 mg of sugar/kg of rat) at 8:00 a.m. (CAFZT0) or
8:00 p.m. (CAFZT12). The other two groups, in addition
to the sweet treats, also received GSPE (25 mg/kg) at
these 2 different times (CAFZT0-GSPE and
CAFZT12-GSPE, respectively). GSPE was dissolved in
diluted low-fat sweetened condensed milk, improving its
taste, which allowed the animal to voluntarily consume
the dose by syringe. To obtain four different time points
in a 24-h period to analyze the diurnal oscillations, each
group was randomly divided into four groups (n = 4) and
sacrificed at ZT1, ZT7, ZT13, and ZT19 (9:00 a.m.,
3:00 p.m., 9:00 p.m., and 3:00 a.m.) (Figure S1). The ini-
tial BW (week 1) of the different groups was 372.81 g
(±3.62) for CAFZT0, 373.13 g (±2.28) for CAFZT12,
374.81 g (±4.57) for CAFZT0-GSPE, and 378.25 g (±4.63)
for CAFZT12-GSPE. The CAF diet was prepared freshly
every day and contained bacon, cookies with paté, cook-
ies with cheese, carrots, ensaïmada (pastry), STD chow
(72% carbohydrates, 8% fats, and 19% proteins; Safe-A04c,
Scientific Animal Food and Engineering, Barcelona,
Spain), and sweetened milk (22% sucrose w/v), and its
caloric distribution was 55% carbohydrates, 33.6% fats,
and 11.4% proteins (Table S2).41 Moreover, to avoid the
effect of our intervention at different times to give
the dose, all rats were in the same room, and we ensured
that all rats approached the end of the box at two times
of administration. BW and food intake were recorded
weekly throughout the experimental period. At the end
of the experiment, the animals were deprived of access to
food for 3 h and sacrificed by decapitation. Blood was col-
lected in non-heparinized tubes, incubated for 1 h at
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room temperature, and immediately centrifuged at 1200g
for 15 min at 4�C to collect serum. To extract the hypo-
thalamus, we followed the same procedure described pre-
viously28 and it was rapidly frozen in liquid nitrogen and
stored at �80�C until further analyses.

Animal experiments were approved by the Animal
Ethics Committee of Universitat Rovira i Virgili (refer-
ence number 9495) and carried out in accordance with
Directive 86/609/CEE of the Council of the European
Union and the procedures established by the Departa-
ment d'Agricultura, Ramaderia i Pesca of Generalitat de
Catalunya (Barcelona, Spain).

2.3 | Indirect calorimetry

Indirect calorimetry was performed 1 week before sacri-
fice in all groups after receiving the low dose of sugar
without and with GSPE. This procedure was carried out
using an Oxylet Pro System (Panlab, Barcelona, Spain)
and with the Metabolism 2.1.02 software program
(Panlab, Barcelona, Spain) as previously described,35 with
minor modifications. Briefly, due to the differences in the
metabolic activity of the rodents during the day and
night, the results of the light and dark phases were sepa-
rated. In addition, to avoid differences due to starting the
procedure at different times, the data analyzed for each
phase were narrowed down by eliminating the first 6 h
after dosing. Thus, each phase was analyzed for 6 h, from
ZT5 to ZT11 for the light phase and from ZT17 to ZT23
for the dark phase.

2.4 | Serum analysis

Glucose, total cholesterol (TC), and triglycerides (TAG)
(QCA, Amposta, Tarragona, Spain) and total non-
esterified free fatty acids (NEFAs) (WAKO, Neuss,
Germany) were analyzed by colorimetric enzymatic
assays according to the manufacturer's instructions.

Serum hormone levels were measured by liquid
chromatography coupled to triple quadrupole mass
spectrometry (LC-QqQ). Briefly, after sample prepara-
tion as previously described,28 the samples were loaded
into an SPE cartridge previously conditioned. The com-
pounds were eluted with 500 μL of methanol, evapo-
rated in a SpeedVac at 45�C, and reconstituted with
50 μL of water: methanol (60:40, v/v) and transferred
to a glass vial for analysis. The hormones detected were
melatonin, corticosterone, triiodothyronine (T3), thy-
roxine (T4), and testosterone, analytical column was
Zorbax Eclipse C18 (150 � 2.1 mm) from Agilent
Technologies.

2.5 | Gene expression analysis

The total RNA was extracted from the hypothalamus using
E.Z.N.A.® Micro RNA Kit (Omega Bio-tek, Inc., Norcross,
GA, USA) according to the manufacturer's protocol. The
RNA yield was quantified on a NanoDrop 1000 spectropho-
tometer (Thermo Scientific, Wilmington, DE, USA).

The cDNA was synthesized using the High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems.
Barcelona, Spain) for analyzing the expression of the
samples. A Labnet MultiGene Gradient PCR Thermal
Cycler (Sigma-Aldrich. Madrid, Spain) was used for
reverse transcription. The reaction was performed
according to the instructions of the manufacturer. The
cDNA was subjected to a quantitative reverse transcrip-
tase polymerase chain reaction amplification using iTaq
Universal SYBR Green Supermix (Bio-Rad, Madrid,
Spain) in a CFX96 Touch Real-Time PCR Detection Sys-
tem (Bio-Rad, Madrid Spain). The primers used for the
different genes are described in Table S3 and were
obtained from Biomers.net (Ulm, Germany). The fold
changes in the mRNA levels were calculated as a percent-
age of the rats sacrificed at ZT1 of the group CAF ZT0
using the 2�ΔΔCt method with Ppia gene as an endogen
control, as reported by Schmittgen and Livak.42

2.6 | Statistical analysis

BW gain, cumulative food intake, and indirect calorimetry
data were represented as mean ± standard error of mean
(SEM) of each group and for this data normality as well as
homogeneity of variance were tested by Shapiro–Wilk test
and Levene test respectively, and differences between groups
were assessed by repeated-measures ANOVA followed by
LSD post-hoc test. For the rest of parameters and gene expres-
sions were assumed as non-parametric data. Kruskal Wallis
test or Mann–Whitney test were using to analyze this data,
as indicated in the respective figure legend were applied to
explore the origin of outcomes. These statistical analyses
were performed using the statistical software package SPSS
Statistics 22 (SPSS Inc., Chicago, IL, USA).

To analyze the diurnal rhythmicity of the different
parameters, we used cosinor-based rhythmometry
method. This method makes it possible to calculate the
diurnal oscillation rhythmicity parameters over a 24-h
period, such as mean adjusted to the diurnal rhythm,
amplitude (difference between the maximum value and
the mean value of a wave), or acrophase (time at which
the peak of a rhythm occurs). We considered the presence
of diurnal oscillations when the model of the expressions
of each gene fitted the cosine curves (p < 0.05). As previ-
ously described,28 a script developed by our group was
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used for this analysis. Sample size was calculated by multi-
ple regression test using G Power software (Düsseldorf,
Germany) according to previous results obtained for mela-
tonin level,35 setting an alpha significance level of 0.05 to
achieve 80% power. Moreover, for a more accurate estima-
tion of the oscillatory parameters, we selected four equidis-
tant time points that satisfy the Nyquist theorem, which
stipulates a sampling frequency must be at least twice the
highest frequency that is intended to be studied.43 Previ-
ous studies also confirm that this sample size is adequate
to estimate and model the diurnal oscillation of different
parameters at 4 different time points during 24 h.44,45

3 | RESULTS

3.1 | Sugar administration before sleep
did not modify body weight gain in
cafeteria-fed rats, while grape seed
flavanols administered at ZT12 reduced it

Animals fed a CAF diet progressively gained BW during
the experimental period (Figure 1A,B). CAFZT0 and

CAFZT12 rats gained 56.62% and 56.78%, respectively, of
their initial BW. No differences were observed in the area
under the curve (AUC) analysis of BW gain (Figure 1C),
food intake (Table S4), or EE (Figure 1D) in animals
administered sugar as a sweet treat before sleep (at ZT0)
compared to animals that received sugar at the beginning
of their active phase (at ZT12). GSPE administration
caused a decrease in BW gain when it was administered
at ZT12 (p < 0.001 and p = 0.049 for interaction between
time and treatment effect, respectively) (Figure 1A,B). In
concordance with these results, AUC analysis showed a
greater decrease in BW gain in rats administered the
extract at ZT12 (p = 0.003) than in those administered at
ZT0 (p = 0.052) (Figure 1C). Interestingly, although no
differences in food or energy intake were observed
(Table S4), EE was stimulated by GSPE administration at
ZT12 (Figure 1D). This group exhibited a 7.51% higher
EE over the whole day compared to rats that received
only sugar simultaneously (p = 0.001). Moreover, this
increase tended to be greater than that observed in rats
administered GSPE at ZT0 (p = 0.062). When EE was
analyzed separately for the light (Figure 1E) and dark
(Figure 1F) phases, GSPE administration at ZT0 showed

FIGURE 1 Body weight gain and energy expenditure. Body weight gain throughout the 9 weeks of the experiment in animals fed a

cafeteria diet and administered a low dose of sugar without and with grape seed flavanols at ZT0 (A) and ZT12 (B) during the last 4 weeks.

Area under the curve (AUC) of body weight gain during the supplementation period (C). AUC of energy expenditure for the whole day (D),

light phase (E), and dark phase (F). Values are expressed as the mean ± SEM (n = 14–16). t, time effect; T, treatment effect; t � T,

interaction between time and treatment effect; ZT, treatment time effect. x indicates significant differences (p < 0.05) between CAF and

CAF-GSPE at each time point, using repeated measures ANOVA followed by Student's t-test. * and $ indicate significant differences by

treatment effect and treatment time effect, respectively, as determined by two-way ANOVA followed by LSD post-hoc test (p < 0.05). ZT0

and ZT12: supplementation time at 8 a.m. and 8 p.m., respectively; CAF and GSPE: rats fed cafeteria diet and administered a sweet treat

without and with 25 mg/kg grape seed (poly)phenol-rich extract, respectively.
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FIGURE 2 Serum biochemical parameters. The left side of the figure shows diurnal rhythmicity estimated using the cosinor method for

groups administered at ZT0 and ZT12. The right side shows acrophases (indicated by the arrows) and their amplitudes (indicated by the

arrow size) for groups administered at ZT0 and ZT12. Serum glucose (mg/dL) (A), insulin (ng/mL) (B), total cholesterol (mg/dL) (C),

triglycerides (mg/dL) (D), and total NEFAs (mg/dL) (E). ZT: zeitgeber time; CAFZT0 and CAFZT12: rats fed a cafeteria diet and

administered with a sweet treat at ZT0 (8 a.m.) or ZT12 (8 p.m.), respectively; CAFZT0-GSPE and CAFZT12-GSPE: rats administered a sweet

treat with 25 mg/kg grape seed (poly)phenol-rich extract at ZT0 or ZT12, respectively; R: significantly rhythmic; NR: no rhythmic.

6 of 19 SOLIZ-RUEDA ET AL.
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a trend toward increased EE during the light phase
(p = 0.076), with no significant differences observed in
the dark phase compared to the CAFZT0 group. In con-
trast, GSPE administration at ZT12 resulted in a signifi-
cant increase in EE during both the light (p = 0.015) and
dark (p = 0.005) phases compared to the CAFZT12
group.

3.2 | The timing of sugar administration
influenced the rhythmicity of some
biochemical parameters in cafeteria-fed
rats, while grape seed flavanols restored
their altered diurnal oscillation

Most serum biochemical parameters showed no diurnal
oscillations in rats with altered dietary patterns (CAFZT0
and CAFZT12) using the cosinor method (Figure 2 and
Table S5). Regarding serum glucose, a tendency to display
oscillation was observed in both groups that received sugar
(p = 0.052 and p = 0.094 for CAFZT0 and CAFZT12,
respectively). However, the oscillation models showed that
while the acrophase of the CAFZT0-group oscillation was
during the light phase (at ZT10), the acrophase of the
CAFZT12-group oscillation was during the darkness phase
(at ZT14), showing a tendency to be different (p = 0.076) by
cosinor method (Figure 2A and Table S5). Additionally,
sugar administration at ZT12 resulted in an increase in glu-
cose levels at the ZT19 time point (p = 0.043) compared to
animals receiving sugar at ZT0 by the Mann–Whitney test
(Figure S2A). As a result of GSPE administration at ZT12, a
clear diurnal rhythmicity was observed in glucose levels
(p = 0.008). Moreover, the oscillation pattern of this
parameter was nearly opposite between the
CAFZT12-GSPE group and the CAFZT12 group (Table S5
and Figure 2A), showing significant differences in the acro-
phases of their oscillations for serum glucose levels
(p < 0.001) (Table S6). Additionally, GSPE treatment at
ZT12 led to increased glucose levels at ZT1 (p = 0.029) and
decreased glucose levels at ZT19 (p = 0.021) compared to
the CAFZT12 group by the Mann–Whitney test
(Figure S2A). No diurnal oscillation was detected in glucose
levels for the CAFZT0-GSPE group (Figure 2A and
Table S5). For serum insulin (Figure 2B), no diurnal oscilla-
tion was detected for the CAFZT0 and CAFZT12 groups,
nor for the group that received GSPE treatment at ZT12
(Table S5). However, the group receiving GSPE treatment
at ZT0 showed a tendency to display diurnal rhythmicity
(p = 0.055), with an acrophase around ZT7 (Table S5). No
differences were found using the Mann–Whitney test
among the different groups at each time point (Figure S2B).

Other biochemical parameters, such as total choles-
terol, triglycerides, and total NEFAs, were also studied

(Figure 2C–E). Regarding serum cholesterol (Figure 2C)
and triglyceride levels (Figure 2D), only when CAF-fed
rats received sugar at ZT0 did they display or show a ten-
dency to exhibit diurnal oscillation (p = 0.080 and
p = 0.004, respectively, for cholesterol and triglycerides),
while the CAFZT12 group exhibits no diurnal oscillation
for triglycerides or serum cholesterol by the cosinor
method (Table S5). However, no diurnal rhythmicity was
detected for any CAF-fed group administered with sugar
in serum NEFAs (Figure 2E and Table S5). In addition,
the oscillation models of both groups were opposite for
serum cholesterol levels, with the acrophase of the
CAFZT0-group oscillation around ZT7, whereas the acro-
phase of the CAFZT12-group oscillation would be around
ZT14 (p = 0.009) (Table S6). When the different time
points were analyzed, only a tendency to increased serum
cholesterol levels in the CAFZT12 group compared to the
CAFZT0 group at ZT13 (p = 0.083) was found by Mann–
Whitney test (Figure S2C). No differences were detected
at any time point for serum triglycerides or NEFAs by the
Mann–Whitney test (Figure S2D–E). Interestingly,
the GSPE-treated groups at ZT0 and ZT12 showed diur-
nal oscillations in serum cholesterol levels (p = 0.005
and p = 0.029, respectively), triglycerides (p = 0.018 and
p = 0.003, respectively), and NEFAs (p = 0.001 and
p = 0.018, respectively) (Table S5). Additionally, some
differences were detected in these parameters by the
Mann–Whitney test when the animals were administered
the extract. Serum triglyceride levels tended to increase
at ZT1 when GSPE was administered at ZT12 (p = 0.089)
(Figure S2D). GSPE treatment at ZT12 resulted in
decreased serum NEFA levels at ZT19 (p = 0.047) com-
pared to the CAFZT12 group (Figure S2E). No differences
in serum cholesterol were detected because of GSPE
administration at any time point using the Mann–
Whitney test (Figure S2C).

3.3 | Differential effects of sugar
administration time on the rhythmicity of
corticosterone and its receptors, while
grape seed flavanols restored the diurnal
oscillation of serum testosterone at any
time and serum melatonin only at ZT12 in
cafeteria-fed animals

Diurnal oscillations in serum corticosterone levels were
detected in all experimental groups, with acrophases
detected at the onset of the dark phase (Figure 3A and
Table S5). These acrophases were different depending on
the time of sugar administration between CAFZT0 and
CAFZT12 groups (p = 0.042), being the acrophase of the
CAFZT0-group oscillation around ZT17, while the
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FIGURE 3 Serum hormones and glucocorticoid receptor genes. The left side of the figure shows diurnal rhythmicity estimated using

the cosinor method for groups administered at ZT0 and ZT12. The right side shows acrophases (indicated for the arrows) and their

amplitudes (indicated by the arrow size) for groups administered at ZT0 and ZT12. Serum corticosterone (ng/mL) (A), hypothalamic Nr3c1

(B), and Nr3c2 (C) gene expressions (relative gene expressions), serum melatonin (ng/L) (D), and testosterone (ng/mL) (E). ZT: zeitgeber

time; CAFZT0 and CAFZT12: rats fed a cafeteria diet and administered with a sweet treat at ZT0 (8 a.m.) or ZT12 (8 p.m.), respectively;

CAFZT0-GSPE and CAFZT12-GSPE: rats administered a sweet treat with 25 mg/kg grape seed (poly)phenol-rich extract at ZT0 or ZT12,

respectively; R: significantly rhythmic; NR: no rhythmic.
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acrophase of the CAFZT12-group oscillation was around
ZT14 (Table S6). Additionally, a tendency to increase
serum corticosterone levels at ZT1 (p = 0.083) when the
animals received sugar at ZT0 compared to the CAFZT12
group was observed by the Mann–Whitney test
(Figure S3A). Although no differences in acrophase and
amplitude were observed between animals treated with
GSPE and those that only received sugar (Table S6), a
higher fit of the oscillation model at both administration
times was observed with GSPE treatment (p = 0.005 and
p < 0.001, respectively, for CAFZT0-GSPE
and CAFZT12-GSPE) (Table S5). No differences were
detected at any time point for corticosterone levels by the
Mann–Whitney test (Figure S3A). Regarding genes
encoding for glucocorticoid receptors, the oscillations of
gene expression of Nr3c1 (Figure 3B) and Nr3c2
(Figure 3C) genes were modified by sugar administration
at different times of the day (Table S7). Only when sugar
was administered at ZT0, the diurnal oscillation of Nr3c1
gene expression was detected (p = 0.021) by the cosinor
method. This absence of rhythmicity for the ZT12 group
could be due to the observed increase in gene expression
at ZT1 (p = 0.029) and ZT19 (p = 0.021) and a tendency
to increase at ZT7 (p = 0.083). Sugar was administered
to animals at ZT12 compared to the CAFZT0 groups by
the Mann–Whitney test (Figure S3B). No diurnal rhyth-
micity was detected in the GSPE-treated groups at ZT0
and ZT12 by the cosinor method (Table S7). In the case
of the Nr3c2 gene, both CAF-fed groups that received
sugar showed tendency to display diurnal oscillation
(p = 0.072 and p = 0.058, respectively, for CAFZT0 and
CAFZT12). However, these oscillations are considerably
different between the two groups. Thus, differences
between the amplitudes of the CAFZT0 and CAFZT12
groups (p = 0.017) were observed by the cosinor method
(Table S8). Additionally, when the animals received sugar
at ZT12, an increased Nr3c2 gene expression was detected
at ZT7 (p = 0.043) by the Mann–Whitney test
(Figure S3C). GSPE treatment promoted the diurnal
oscillation of the expression of this gene only when the
extract was administered at ZT12 (p = 0.049) (Table S7).
No differences were detected at any time point for Nr3c1
and Nr3c2 gene expressions by the Mann–Whitney test in
GSPE-treated animals compared to CAFZT0 and
CAFZT12, respectively, for each dose time
(Figure S3B,C).

Interestingly, no diurnal oscillation was detected for
serum melatonin levels for CAF-fed groups that received
sugar at both ZT0 and ZT12 (Figure 3D and Table S5) by
the cosinor method. Only the GSPE-treated group at
ZT12 showed a clear diurnal oscillation for serum mela-
tonin levels (p = 0.023) with an acrophase around ZT21
(Table S5), whereas no rhythmicity was detected for the

GSPE-treated group at ZT0. Furthermore, for the groups
receiving sugar, no diurnal rhythmicity was detected for
serum testosterone (Figure 3E). Nevertheless, both GSPE-
treated groups at both ZT0 (p = 0.042) and ZT12
(p = 0.001) showed a clear oscillation with acrophase in
the dark phase (Table S5) by cosinor analysis. However,
no differences were detected at any time point for these
two hormones by the Mann–Whitney test (data not
shown). The two main thyroid hormones were also stud-
ied. However, no oscillations were detected for either
group in serum T3, T4, and T3-to-T4 ratio (Figure S4 and
Table S6), nor differences between groups at each time
point by the Mann–Whitney test (data not shown).

3.4 | Diurnal rhythm patterns of
hypothalamic appetite signaling genes
were altered differently according to sugar
administration time in cafeteria-fed
animals, while grape seed flavanol
treatment at ZT12 restored the diurnal
rhythmicity of leptin and modulated
appetite signaling gene expression

Diurnal rhythmicity of serum, leptin was not detected for
the CAFZT0 and CAFZT12 groups (Figure 4A and
Table S5) by the cosinor method, and the administration
of GSPE at ZT0 did not restore the rhythmicity of this
parameter. In contrast, diurnal oscillation was detected
for the group treated with GSPE at ZT12 (p = 0.018),
showing acrophase in the light phase (Figure 4A and
Table S5). No differences were detected at any time point
for serum leptin by the Mann–Whitney test (data not
shown). Hypothalamic Cart gene expression tended to
display diurnal rhythmicity in all 4 experimental groups
by cosinor method (Figure 4B and Table S7). Diurnal
oscillations in the expression of this gene differed
between the CAF-fed groups and their corresponding
GSPE-treated groups at both ZT0 (p = 0.043) and ZT12
(p = 0.029) (Table S8). Moreover, the acrophases of both
groups receiving sugar and GSPE at ZT0 were detected in
the light phase, whereas the acrophases of CAFZT12 and
CAFZT12-GSPE were in the dark phase, being significant
between the CAFZT0 and CAFZT12 groups (p = 0.002)
(Table S8). Additionally, an increased gene expression
(p = 0.043) for Cart gene was observed at ZT19 time
point by Mann–Whitney test (Figure S5A). Hypothalamic
Pomc gene expression showed diurnal oscillation for both
groups receiving sugar (p = 0.008) and GSPE (p = 0.016)
at ZT0, with acrophases in the dark phase (around ZT16)
(Figure 4C and Table S7). No diurnal oscillations in the
expression of this gene were observed for the CAFZT12
or CAFZT12-GSPE groups. A tendency to enhance gene
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FIGURE 4 Serum leptin and hypothalamic appetite signaling genes. The left side of the figure shows diurnal rhythmicity estimated

using the cosinor method for groups administered at ZT0 and ZT12. The right side shows acrophases (indicated for the arrows) and their

amplitudes (indicated by the arrow size) for groups administered at ZT0 and ZT12. Serum leptin (ng/mL) (A), hypothalamic Cart (B), Pomc

(C), Argp (D), and Npy (E) gene expressions (relative gene expressions). ZT: zeitgeber time; CAFZT0 and CAFZT12: rats fed a cafeteria diet

and administered with a sweet treat at ZT0 (8 a.m.) or ZT12 (8 p.m.), respectively; CAFZT0-GSPE and CAFZT12-GSPE: rats administered a

sweet treat with 25 mg/kg grape seed (poly)phenol-rich extract at ZT0 or ZT12, respectively; R: significantly rhythmic; NR: no rhythmic.
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expression was detected for this gene at ZT13 (p = 0.083)
and an increase at ZT19 (p = 0.021) when the animals
received sugar at ZT0 compared to ZT12 (Figure S5B) by
the Mann–Whitney test. Additionally, although no rhyth-
micity was detected in the animals that received the
GSPE dose at ZT12, a tendency to increase Pomc expres-
sion with GSPE treatment at ZT1 (p = 0.083) and ZT13
(p = 0.083) compared to the CAFZT12 group was

observed by the Mann–Whitney test (Figure S5B).
Regarding Argp gene (Figure 4D), only the animals trea-
ted with GSPE at ZT12 displayed diurnal oscillation for
the expression of this gene with an acrophase around
ZT16 (Table S7). Furthermore, GSPE treatment at ZT12
resulted in a tendency to increase Argp expression at both
ZT13 (p = 0.083) and ZT19 (p = 0.085) by the Mann–
Whitney test (Figure S5C). In the case of hypothalamic

FIGURE 5 Hypothalamic clock genes. The left side of the figure shows diurnal rhythmicity estimated using the cosinor method for

groups administered at ZT0 and ZT12. The right side shows acrophases (indicated for the arrows) and their amplitudes (indicated by the

arrow size) for groups administered at ZT0 and ZT12. Hypothalamic Bmal1 (A), Rev-erbα (B), Rorα (C), and Nampt (D) gene expressions

(relative gene expressions). ZT: zeitgeber time; CAFZT0 and CAFZT12: rats fed a cafeteria diet and administered with a sweet treat at ZT0

(8 a.m.) or ZT12 (8 p.m.), respectively; CAFZT0-GSPE and CAFZT12-GSPE: rats administered a sweet treat with 25 mg/kg grape seed (poly)

phenol-rich extract at ZT0 or ZT12, respectively; R: significantly rhythmic; NR: no rhythmic.
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Npy gene expression (Figure 4E), no diurnal rhythmicity
was detected using the cosinor method in any group. No
differences were detected at any time point for Npy gene
expression by the Mann–Whitney test (Figure S5D).

3.5 | Sugar administration time modified
the rhythmicity of the hypothalamic
expression of Bmal1 in cafeteria-fed
animals, while grape seed flavanols
modulated the expression of clock genes in
the hypothalamus

To determine the state of the central clock in an obeso-
genic context, the diurnal rhythmicity of the expression
of hypothalamic clock genes was analyzed using the cosi-
nor method (Figure 5 and Table S7). Interestingly, the
administration of a low dose of sugar at ZT0 altered
the diurnal oscillation of Bmal1 gene expression in the
hypothalamus, losing the diurnal oscillation observed in
the CAFZT12 group (p = 0.032) (Figure 5A and
Table S7). The acrophases were also different between
both groups receiving sugar at different times
(p < 0.001), being around ZT23 and ZT2 for the CAFZT0
and CAFZT12 groups, respectively (Table S8). Addition-
ally, the expression of this gene at ZT1 (p = 0.043) and
ZT7 (p = 0.043) was decreased when the animals
received sugar at ZT0 compared to the ZT12 group by the
Mann–Whitney test (Figure S6A). Interestingly, GSPE
administration at ZT0 resulted in the restoration of diur-
nal oscillation in the expression of this gene (p = 0.014),
showing an acrophase around ZT1 (Table S7). Animals
administered GSPE at ZT12 also displayed diurnal oscil-
lations in Bmal1 expression (p = 0.001). Nevertheless, a
significant difference (p < 0.001) between the acrophases
of the animals administered GSPE and sugar at ZT12 was
observed by the cosinor method (Table S8). While the
acrophase of the CAFZT12 group was around ZT2, that
of the GSPE-treated animals was around ZT23
(Table S7). No differences were detected at any time point
between sugar-administered and GSPE-treated groups for
Bmal1 expression by the Mann–Whitney test
(Figure S6A). No diurnal oscillation of Rev-erbα gene
expression was detected for both CAF-fed groups that
received sugar at both times, ZT0 and ZT12 (Figure 5B).
Only an increased gene expression at ZT13 was detected
when animals received sugar at ZT12 compared to the
CAFZT0 group (p = 0.043) by the Mann–Whitney test
(Figure S6B). GSPE treatment at ZT0 and ZT12 resulted
in rhythmicity recovery (p < 0.001 and p = 0.006, respec-
tively) (Table S7). In both cases, the acrophase was
detected in the light phase around ZT9 and ZT7 for
CAFZT0-GSPE and CAFZT12-GSPE groups, respectively

(Table S7). Moreover, GSPE treatment at ZT0 resulted in
increased Rev-erbα expression at ZT13 compared to the
CAFZT0 group (p = 0.043) and, for this time point, a ten-
dency to decrease gene expression when the animals
were treated with GSPE at ZT12 (p = 0.053) compared to
CAFZT12 by the Mann–Whitney test (Figure S6B). Addi-
tionally, increased gene expression at ZT1 in the
CAFZT12-GSPE group compared to CAFZT12 was
detected (p = 0.045) by the Mann–Whitney test
(Figure S6B). In the case of Rorα gene expression
(Figure 5C), no diurnal oscillation was detected in the
CAFZT0 group, whereas CAFZT12 animals showed a
tendency to oscillate (p = 0.088) (Table S7). Moreover,
an increase of gene expression of this gene was detected
at all time points when the animals received sugar at
ZT12 compared to the CAFZT0 groups by the Mann–
Whitney test (Figure S6C). Interestingly, only the GSPE-
treated group at ZT0 showed diurnal oscillation in Rorα
gene expression (p = 0.020) with acrophase around ZT9
(Tables S7 and S8), while GSPE administration at ZT12
did not result in the recovery of diurnal oscillation. Addi-
tionally, an increase in expression with GSPE treatment
at ZT0 was observed at time point ZT1 compared to the
CAFZT0 group (p = 0.043) by the Mann–Whitney test
(Figure S6C). Finally, for the Nampt gene expression, no
diurnal rhythmicity was detected for any group, only
GSPE treatment at ZT0 tended (p = 0.092) to show oscil-
lation for Nampt expression (Figure 5D and Table S7).
Sugar administration at ZT12 resulted in an increase of
gene expression at ZT1 (p = 0.021) and ZT13 (p = 0.021)
time points compared to animals that received sugar at
ZT0 by the Mann–Whitney test (Figure S6D). Further-
more, GSPE treatment at ZT0 resulted in increased
Nampt expression at ZT13 compared to the CAFZT0
group (p = 0.021) by the Mann–Whitney test
(Figure S6D).

4 | DISCUSSION

The important impact on the body clock system of food
compositions has been evidenced.17–19 Moreover, the
time of the day at which food is consumed is also consid-
ered as crucial for the maintenance of circadian sys-
tem.13,24 Indeed, unbalanced diets such as late-night food
intake have been related to alterations of the diurnal
rhythms and changes in behavior, metabolism, and some
physiological processes, increasing the risk of developing
MetS.1,26–29 In this context, flavanols have demonstrated
extensive beneficial effects on metabolic disorders related
to MetS.31 Our group has recently demonstrated GSPE
effects on central and peripheral clocks.23,33,34 Indeed,
the interaction of phenolic compounds with the clock
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system has been suggested by our group as another
potential mechanism involved in phenolic beneficial
effects in obesity.23 Therefore, the aim of the present
study was to evaluate, for the first time to our knowledge,
the effects of a long-term consumption of a sweet treat at
two different times in an obesogenic context and whether
the administration of grape seed flavanols can ameliorate
the circadian disruption caused by these variations in die-
tary patterns. To achieve these purposes, four groups
were fed a CAF diet for 9 weeks and administered a
sweet treat with or without GSPE (25 mg/kg of BW) at
ZT0 or ZT12 for the last 4 weeks, being sacrificed at four
different times to study their clock system.

To understand the impact of sweet treat consumption
at the beginning of the active phase (CAFZT12) or at the
beginning of the resting phase (CAFZT0) in rats fed a
human calorie-dense diet, the groups that received sweet
treats at different times were compared. Some studies
have demonstrated the impact on BW gain when a snack
or sweet treat is administered before bedtime for a long
term in both humans29 and animals.27,28 In fact, in our
previous study an increased BW gain was observed when
healthy rats received sweet treats at ZT0 for 4 weeks com-
pared to rats receiving sweet treats at ZT12.28 However,
in the present study, no differences were found in BW
gain when sugar was administered at ZT0 or ZT12 in an
obesogenic context. This discrepancy in these results may
be due to the fact that healthy animals are on a con-
trolled diet and the effects of this dose of sugar
(160 mg/kg) are more marked than in obese rats fed a
CAF diet, whose diet is higher in sugar and fat. In addi-
tion, the CAF diet includes milk with 22% sucrose which
is similar to a sweet treat and could be consumed ad libi-
tum by animals. Although no significant changes were
found in BW gain, sugar administration at different times
slightly affected the oscillation of serum glucose levels.
Specifically, the acrophase of serum glucose oscillations
shifted depending on when sugar was administered. Both
groups, CAFZT0 and CAFZT12, showed an acrophase
around ZT12 (beginning of the dark phase), in contrast to
healthy rats, where the acrophase occurred during the
light phase.28 However, in both groups the oscillations
were not significant, which contrasts with our previous
findings where only rats receiving sugar at ZT12 dis-
played clear diurnal rhythmicity, while those receiving
sugar at ZT0 lost this rhythmicity.28 Interestingly, these
time-dependent changes in the acrophase of glucose level
oscillations coincide with changes in the oscillatory pat-
terns of Bmal1 gene expression. Indeed, the deletion of
this gene has been reported to decrease insulin secretion
and disrupt glucose levels, suggesting that Bmal1 plays a
crucial role in glucose metabolism.46 Our results showed
that, in both cases, the oscillation patterns revealed that

the highest Bmal1 gene expression coincided with the
greatest drop in glucose levels, following patterns depen-
dent on the timing of sugar administration. Additionally,
a clear oscillation was observed only in the CAFZT12
group, while no oscillation was detected in animals
receiving sugar at ZT0. However, although rhythmicity
was evident in the CAFZT12 group, the Bmal1 oscillation
did not align with the pattern observed in healthy rats,
where the peak occurred around ZT22.28 In addition,
changes in the diurnal oscillation of Cart and Pomc gene
expression were observed depending on the time of sweet
treat administration. These changes could be due to the
observed modifications in the oscillation of Bmal1 gene
expression, which, through other clock genes such as
Nampt and Rev-erbα, are able to modulate the Arc in
rats.8,9,47 In this context, our results showed that Cart
and Pomc gene expressions were lower during the light
phase in rats supplemented with sugar at ZT0, while Cart
gene expressions were lower during the dark phase, and
Pomc gene expression did not display diurnal oscillation
in rats supplemented with sugar at ZT12. These results
are in concordance with those obtained in the previous
study in healthy rats, where the direction of the oscilla-
tion in Cart gene expression changed according to the
time of sweet treat administration, showing opposite
oscillations between the two groups.28 In addition, the
oscillation models of the Pomc gene showed similar sugar
administration time-dependent patterns in healthy rats.28

An important hormone in the circadian control of
metabolism is cortisol in humans or corticosterone in
rodents. This hormone plays a key role in the HPA axis
and exhibits marked diurnal rhythmicity,48,49 thus its cir-
cadian disruption could lead to diseases of glucocorticoid
sensitivity or resistance disorders.50 Furthermore, the
rhythmic maintenance of corticosterone release appears
to be regulated through the action of the clock system on
the expression of the Nr3c1 gene, which encodes for a
glucocorticoid receptor.48,51–53 Specifically, a
cross-regulation between Nr3c1 and Rev-erbα that affects
the expression of both receptors was reported.54 Our
results showed a shift in corticosterone oscillations
depending on the time of sugar administration. Similar
findings were observed in healthy rats, where the acro-
phase of the ZT0 sugar-administered group shifted com-
pared to the ZT12 group.28 This displacement could be
caused by changes in the oscillations of the glucocorti-
coid receptor genes, Nr3c1 and Nr3c2, both of which dis-
played patterns dependent on the time of sugar intake.
These results highlight the influence of sweet treat con-
sumption at different times of the day, promoting
changes in the central clock and energy homeostasis.
However, these changes were not as pronounced as in
healthy rats.28 This could be explained by the high fat
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and carbohydrate content of the CAF diet that leads to its
capacity to induce a clinical picture of obesity and other
comorbidities characteristic of the MetS and, especially,
by its ability to induce circadian disruption.21,41

In view of these results, the GSPE effects as a circadian
modulator were evaluated in this obesogenic context
caused by these variations in dietary patterns. GSPE
administration reduced BW gain compared to obese rats
that only received sugar at ZT12 (CAFZT12), but this
reduction was not observed with supplementation at ZT0.
Regarding this, other studies have found effects on BW
gain after morning administration (ZT0) of GSPE to CAF-
fed rats, but the doses of GSPE were higher than the
25 mg/kg used in this study,41 or the extract was adminis-
tered in combination with other bioactive compounds.55

Additionally, GSPE administration stimulated EE over the
whole day in rats receiving sugar at ZT12, whereas this
effect was limited to the light phase in those that received
sugar at ZT0. Although other studies reported an increase
in EE after GSPE administration when treatment was
given in the morning (ZT0), the doses were also higher
than those used in this study.56,57 The greater decrease in
BW gain in animals administered at ZT12 could be due to
the stimulation of EE by GSPE. Furthermore, the differ-
ence between the GSPE-administered groups in terms of
decreased BW gain and stimulating EE could be related to
the recently reported changes in GSPE bioavailability
depending on the time of day it is consumed.58

CAF diet-induced obesity has been shown to alter lipid
and glucose profiles,59 as well as disrupt the rhythmicity of
glucose metabolism and hepatic diurnal oscilla-
tions.21,33,60,61 In this study, most of the biochemical
parameters studied did not display diurnal oscillations in
serum. For animals with late-night snack intake (ZT0),
GSPE treatment tended to restore rhythmicity in serum
insulin but not glucose levels. In contrast, in the group that
received sugar at ZT12, rhythmicity was observed for
serum glucose but not insulin. Regarding triglycerides, cho-
lesterol, and NEFAs, GSPE treatment improved their
rhythmicity under both feeding conditions. In this regard,
GSPE has demonstrated its ability to improve the lipid or
glucose profile in an obesogenic context.62–65 In addition,
GSPE showed circadian modulating capacity of central
clock and peripheral clock components in the liver, such as
Bmal1, Rev-erbα, and Rorα genes, that are closely related to
an improvement of lipid and glucose metabolism.33,36,66–69

Specifically in the hypothalamus, GSPE treatment modu-
lated diurnal oscillation of Bmal1 and Nampt when admin-
istered at ZT0 and Rev-erbα when administered at ZT12, as
previously observed in healthy rats.34

Interestingly, the restoration of Bmal1 rhythmicity by
GSPE treatment appeared to play a crucial role in modu-
lating the oscillatory patterns of other clock genes and

biochemical parameters, as it is the master regulator of
the molecular clock system and has a fundamental role
in glucose metabolism.46,47 For instance, in sugar-
supplemented animals at ZT0, GSPE restored the oscilla-
tory patterns of Bmal1, Rev-erbα, and Rorα, which could
explain the recovery of rhythmicity in triglycerides, cho-
lesterol, and NEFAs. In fact, the absence or disruption of
Rev-erbα promotes an increase in serum triglycerides and
BW in mice.8 Moreover, Rev-erbα expression has been
related to the maintenance of the central clock and the
regulation of lipid metabolism in an obesogenic con-
text.70 In contrast, GSPE did not restore Bmal1 oscilla-
tions as it was not lost in CAFZT12 animals, but it did
shift its acrophase to the dark phase, aligning with oscil-
lation patterns observed in healthy rats.28 Interestingly,
this change was accompanied by the restoration of serum
glucose rhythmicity, which is in alignment with the
aforementioned interaction between Bmal1 and the regu-
lation of glucose metabolism. Similar to ZT0 animals,
lipid parameters were restored, together with Rev-erbα
expression. In addition, hypothalamic gene expression of
Nampt is also related to energy metabolism and the con-
trol of food intake through appetite signaling genes; thus,
it has been reported that NAMPT administration in the
Arc of rats promoted increased food intake and decreased
Cart expression.9 The regulation of Argp or Pomc genes
and genes related to mitochondrial function have also
been related to Nampt expression.5,6,9 In this sense, appe-
tite signaling genes overall did not show rhythmicity for
sugar-administered groups, which would be in agreement
with the results obtained for clock genes, which lose
rhythmicity. Interestingly, together with the recovery of
the diurnal oscillation of some clock genes, rhythmicity
was observed in the expression of genes such as Cart or
Pomc for GSPE-treated animals with late-night snack
intake, while Cart and Argp for GSPE-treated animals
that received sugar at ZT12. Finally, serum leptin only
displayed diurnal oscillation with GSPE treatment in
sugar-supplemented animals at ZT12. This hormone,
secreted by fat cells, exhibits important functions in the
regulation of food intake and energy metabolism, and
leptin resistance may promote the development of obesity
and MetS. In humans, leptin shows a marked diurnal
oscillation with a peak 2 h before the onset of the activity
phase, and an alteration in its secretion promotes the loss
of the diurnal rhythmicity of metabolism and eating
behavior.71,72 In our study, although the restoration of
leptin rhythmicity in GSPE-treated animals is displaced
by 3 h with respect to healthy animals,28 this coincided
with the recovery of the Rev-erbα gene oscillation. These
results align with previous studies that have shown that
the absence of Rev-erbα alters feeding behavior and pro-
motes leptin resistance.8
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Melatonin, a key circadian marker, increases during
the dark phase, being a crucial signal for the organism to
recognize the light/dark cycle and synchronize peripheral
clocks.73 In this study, melatonin diurnal oscillation was
significantly affected in all CAF-fed groups that did not
receive GSPE. Interestingly, GSPE treatment in sugar-
supplemented animals at ZT12 restored melatonin rhyth-
micity, an effect not observed in animals with late-night
snack intake (ZT0). Previous studies in healthy rats
reported that GSPE administration at ZT0 increased mel-
atonin levels, extending its circulation beyond dawn,
whereas this effect was not observed when administered
at ZT12.34 These discrepancies in the results could be due
to the fact that healthy rats did not have diet-induced
alterations of the clock system. In contrast, in this study
the diurnal oscillation of corticosterone was not affected
in either group. As mentioned above, this hormone plays
a fundamental role in maintaining the rhythmicity of
energy metabolism.48,49 Although glucocorticoid recep-
tors did not show clear rhythmicity in these obese rats,
they were not sufficient to break the rhythmicity of corti-
costerone levels. Interestingly, the observed slight shift
between the two groups in both feeding pattern condi-
tions was restarted by the administration of GSPE, locat-
ing the acrophase of both treated groups around ZT15.
Testosterone and thyroid hormones act as modulators of
the HPG and HPT axes, respectively. These axes are
important in processes such as lipid and carbohydrate
metabolism and are closely related to biological
rhythms.74,75 In this study, the rhythmicity of these hor-
mones was not detected in sugar-administered groups,
which could lead to metabolic disorders. This effect was
particularly relevant for thyroid hormones, as their diet-
dependent diurnal oscillation is crucial for regulating
feeding patterns.76,77 Although GSPE administration
restored the rhythmicity of testosterone levels at both
dosing times, thyroid hormones did not recover the
rhythmicity.

5 | CONCLUSIONS

On one hand, long-term consumption of sugar as a sweet
treat in rats fed a human obesogenic diet caused slight
but notable changes in the diurnal oscillation of different
parameters, depending on the time of sugar administra-
tion. Specifically, this low dose of sugar altered in a time-
of-day-dependent manner the oscillation of hypothalamic
Bmal1 and glucocorticoid receptor gene expression, as
well as serum corticosterone levels. Changes in the rhyth-
micity of anorexigenic genes such as Cart and Pomc,
which are involved in energy homeostasis, were also
observed. These findings, together with alterations in

glucose, triglycerides, and cholesterol levels, suggest that
the timing of sweet treat consumption differentially
affects CAF-fed animals. Although these changes are
slight, they could lead to long-term changes in eating
behavior and metabolism due to alterations in central
clock signaling and regulation of food intake. On the
other hand, GSPE treatment restored the diurnal oscilla-
tion of the central clock and several cardiometabolic
parameters altered by these dietary patterns. GSPE effec-
tively stimulated EE and reduced BW gain, especially in
sugar-supplemented animals at ZT12. In addition, GSPE
treatment restored rhythmicity in hypothalamic clock
genes, appetite signaling genes, and key serum parame-
ters such as glucose, insulin, leptin, cholesterol, and tri-
glycerides. Notably, melatonin levels, a critical marker of
the light/dark cycle, also recovered oscillation only in
animals supplemented with sugar and treated with GSPE
at ZT12. These results highlight the potential of the GSPE
as a zeitgeber, modulating the central clock and metabolic
rhythms under obesogenic conditions. Importantly, there
is evidence that circadian disruption by the CAF diet
affects males and females differently21 and our study is
limited to male rats. Thus, studying the effect of these
dietary patterns in females would be of interest. In con-
clusion, these findings showed the importance of circa-
dian rhythms in the regulation of metabolism and energy
homoeostasis, and how the time of consumption of a
small, sweet snack can slightly influence the clock system
even in rats fed a human obesogenic diet. Furthermore,
our results also reinforce the hypothesis suggesting the
role of GSPE as a zeitgeber, showing modulatory effects
on the central clock and restoring the diurnal oscillation
of different parameters in these altered feeding patterns.

AUTHOR CONTRIBUTIONS
Jorge R. Soliz-Rueda: Conceptualization; data curation;
formal analysis; investigation; methodology;
writing – original draft. Raúl L�opez-Fern�andez-Sobrino:
Data curation; formal analysis; investigation; methodology.
Harriët Schellekens: Conceptualization; funding acquisi-
tion; supervision; writing – reviewing and editing.Francisca
Isabel Bravo: Conceptualization; funding acquisition.Man-
uel Su�arez: Conceptualization; funding acquisition.
Miquel Mulero: Conceptualization; funding acquisition.
Begoña Muguerza: Conceptualization; funding acquisi-
tion; supervision; investigation; writing – reviewing and
editing.

ACKNOWLEDGMENTS
The authors would like to thank Niurka Ll�opiz and Rosa
Pastor for their help and technical assistance. They also
thank Pol Herrero and Antonio del Pino of the Center for
Omics Sciences (COS) Joint Unit of the Univesitat Rovira

SOLIZ-RUEDA ET AL. 15 of 19

 18728081, 2025, 1, D
ow

nloaded from
 https://iubm

b.onlinelibrary.w
iley.com

/doi/10.1002/biof.70000 by Spanish C
ochrane N

ational Provision (M
inisterio de Sanidad), W

iley O
nline L

ibrary on [15/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



i Virgili-Eurecat for their contribution to hormone deter-
mination. This project was funded by the Spanish Minis-
try of Science and Innovation MCIN/AEI/10.
13039/501100011033/FEDER “Una manera de hacer
Europa” (Grant number: AGL2016-77105-R and
PID2021-128813OB-I00). J. R. S.-R. is the recipient of a
grant for the hiring of predoctoral research staff (Grant
number: BES-2017-080919, FPI) from the Spanish Minis-
try of Science and Innovation MCIN/AEI/10.13039/
501100011033 and FSE “El FSE invierte en tu futuro.”
B. M. thanks the Spanish Ministry of Universities for the
support received in the framework of the mobility pro-
grams “Salvador de Madariaga” (Grant number:
PRX21/00592) and “Grants for the Requalification of the
Spanish University System” (Grant number: 2021URV-
RQ-01). H. S. received funding from the Geneva BIOS-
TIME Institute Nutrition & Care (BINC) Foundation and
Food for Health Ireland through the EI Technology Cen-
tre award (TC20180025).

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interest.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

ORCID
Begoña Muguerza https://orcid.org/0000-0001-7384-
8588

REFERENCES
1. Dibner C. The importance of being rhythmic: living in har-

mony with your body clocks. Acta Physiol. 2020;228:e13281.
https://doi.org/10.1111/apha.13281

2. Soliz-Rueda JR, Cuesta-Marti C, O’Mahony SM, Clarke G,
Schellekens H, Muguerza B. Gut microbiota and eating behav-
iour in circadian syndrome. Trends Endocrinol Metab. 2024;36:
15–28. https://doi.org/10.1016/J.TEM.2024.07.008

3. Reppert SM, Weaver DR. Coordination of circadian timing in
mammals. Nature. 2002;418:935–41. https://doi.org/10.1038/
nature00965

4. Sahar S, Sassone-Corsi P. Regulation of metabolism: the circa-
dian clock dictates the time. Trends Endocrinol Metab. 2012;
23:1–8. https://doi.org/10.1016/J.TEM.2011.10.005

5. de Guia RM, Hassing AS, Skov LJ, Ratner C, Pluci�nska K,
Madsen S, et al. Fasting- and ghrelin-induced food intake is
regulated by NAMPT in the hypothalamus. Acta Physiol. 2020;
228:e13437. https://doi.org/10.1111/APHA.13437

6. Tran A, He W, Jiang N, Chen JTC, Belsham DD. NAMPT and
BMAL1 are independently involved in the palmitate-mediated
induction of Neuroinflammation in hypothalamic neurons.
Front Endocrinol. 2020;11:351. https://doi.org/10.3389/
FENDO.2020.00351

7. Tokizane K, Imai S. NAD+ oscillation and hypothalamic neu-
ronal functions. Faculty Rev. 2021;10:42. https://doi.org/10.
12703/R/10-42

8. Adlanmerini M, Nguyen HCB, Krusen BM, Teng CW,
Geisler CE, Peed LC, et al. Hypothalamic REV-ERB nuclear
receptors control diurnal food intake and leptin sensitivity in
diet-induced obese mice. J Clin Invest. 2021;131:e140424.
https://doi.org/10.1172/JCI140424

9. Brunetti L, Recinella L, di Nisio C, Chiavaroli A, Leone S,
Ferrante C, et al. Effects of visfatin/PBEF/NAMPT on feeding
behaviour and hypothalamic neuromodulators in the rat -
PubMed. J Biol Regul Homeost Agents. 2012;26:295–302.

10. Waterson MJ, Horvath TL. Neuronal regulation of energy
homeostasis: beyond the hypothalamus and feeding. Cell
Metab. 2015;22:962–70. https://doi.org/10.1016/J.CMET.2015.
09.026

11. Dibner C, Schibler U, Albrecht U. The mammalian circadian
timing system: organization and coordination of central and
peripheral clocks. Annu Rev Physiol. 2009;72:517–49. https://
doi.org/10.1146/annurev-physiol-021909-135821

12. Kolbe I, Leinweber B, Brandenburger M, Oster H. Circadian
clock network desynchrony promotes weight gain and alters
glucose homeostasis in mice. Mol Metab. 2019;30:140–51.
https://doi.org/10.1016/J.MOLMET.2019.09.012

13. Peters B, Vahlhaus J, Pivovarova-Ramich O. Meal timing and
its role in obesity and associated diseases. Front Endocrinol.
2024;15:1359772. https://doi.org/10.3389/fendo.2024.1359772

14. Qian J et al. Circadian misalignment increases 24-hour acyl-
ated ghrelin in chronic shift workers: a randomized crossover
trial. Obesity. 2023;9:2235–9. https://doi.org/10.1002/OBY.
23838

15. Hemmer A, Mareschal J, Dibner C, Pralong JA, Dorribo V,
Perrig S, et al. The effects of shift work on cardio-metabolic dis-
eases and eating patterns. Nutrients. 2021;13:4178.

16. Zimmet P, Alberti KGMM, Stern N, Bilu C, el-Osta A, Einat H,
et al. The circadian syndrome: is the metabolic syndrome and
much more! J Intern Med. 2019;286:181–91. https://doi.org/10.
1111/joim.12924

17. Hirao A, Tahara Y, Kimura I, Shibata S. A balanced diet is nec-
essary for proper entrainment signals of the mouse liver clock.
PLoS One. 2009;4:e6909. https://doi.org/10.1371/JOURNAL.
PONE.0006909

18. Reznick J, Preston E, Wilks DL, Beale SM, Turner N,
Cooney GJ. Altered feeding differentially regulates circadian
rhythms and energy metabolism in liver and muscle of rats.
Biochim Biophys Acta. 2013;1832:228–38. https://doi.org/10.
1016/J.BBADIS.2012.08.010

19. Kohsaka A, Laposky AD, Ramsey KM, Estrada C, Joshu C,
Kobayashi Y, et al. High-fat diet disrupts behavioral and molec-
ular circadian rhythms in mice. Cell Metab. 2007;6:414–21.
https://doi.org/10.1016/j.cmet.2007.09.006

20. Martínez-Lozano N, Tvarijonaviciute A, Ríos R, Bar�on I,
Scheer FAJL, Garaulet M. Late eating is associated with obe-
sity, inflammatory markers and circadian-related disturbances
in school-aged children. Nutrients. 2020;12:2881. https://doi.
org/10.3390/nu12092881

21. Palacios-Jordan H, Martín-Gonz�alez MZ, Su�arez M,
Aragonès G, Muguerza B, Rodríguez MA, et al. The disruption
of liver metabolic circadian rhythms by a cafeteria diet is sex-

16 of 19 SOLIZ-RUEDA ET AL.

 18728081, 2025, 1, D
ow

nloaded from
 https://iubm

b.onlinelibrary.w
iley.com

/doi/10.1002/biof.70000 by Spanish C
ochrane N

ational Provision (M
inisterio de Sanidad), W

iley O
nline L

ibrary on [15/01/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.13039/501100011033/FEDER
https://doi.org/10.13039/501100011033/FEDER
https://orcid.org/0000-0001-7384-8588
https://orcid.org/0000-0001-7384-8588
https://orcid.org/0000-0001-7384-8588
https://doi.org/10.1111/apha.13281
https://doi.org/10.1016/J.TEM.2024.07.008
https://doi.org/10.1038/nature00965
https://doi.org/10.1038/nature00965
https://doi.org/10.1016/J.TEM.2011.10.005
https://doi.org/10.1111/APHA.13437
https://doi.org/10.3389/FENDO.2020.00351
https://doi.org/10.3389/FENDO.2020.00351
https://doi.org/10.12703/R/10-42
https://doi.org/10.12703/R/10-42
https://doi.org/10.1172/JCI140424
https://doi.org/10.1016/J.CMET.2015.09.026
https://doi.org/10.1016/J.CMET.2015.09.026
https://doi.org/10.1146/annurev-physiol-021909-135821
https://doi.org/10.1146/annurev-physiol-021909-135821
https://doi.org/10.1016/J.MOLMET.2019.09.012
https://doi.org/10.3389/fendo.2024.1359772
https://doi.org/10.1002/OBY.23838
https://doi.org/10.1002/OBY.23838
https://doi.org/10.1111/joim.12924
https://doi.org/10.1111/joim.12924
https://doi.org/10.1371/JOURNAL.PONE.0006909
https://doi.org/10.1371/JOURNAL.PONE.0006909
https://doi.org/10.1016/J.BBADIS.2012.08.010
https://doi.org/10.1016/J.BBADIS.2012.08.010
https://doi.org/10.1016/j.cmet.2007.09.006
https://doi.org/10.3390/nu12092881
https://doi.org/10.3390/nu12092881


dependent in Fischer 344 rats. Nutrients. 2020;12:1085. https://
doi.org/10.3390/NU12041085

22. Arreaza-Gil V, Escobar-Martínez I, Soliz-Rueda JR,
Su�arez M, Muguerza B, Schellekens H, et al. Photoperiod
effects on corticosterone and seasonal clocks in cafeteria-
induced obese fischer 344 rats are influenced by gut micro-
biota. Sci Rep. 2024;14:22560. https://doi.org/10.1038/s41598-
024-73289-9
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