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Changes in light/dark cycles and obesogenic diets are related to the disruption of circadian rhythms and
metabolic disorders. Grape seed flavanols have shown beneficial effects on metabolic diseases and,
recently, a circadian system modulation has been suggested to mediate their health-enhancing pro-
perties. Therefore, the aim of this study was to evaluate the grape seed (poly)phenol extract (GSPE)
effects in healthy and obese rats after a light/dark cycle disruption. Forty-eight rats were fed a standard
(STD) or cafeteria (CAF) diet for 6 weeks under STD conditions of a light/dark cycle (12 h light per day,
L12). Then, animals were switched to a long (18 h light per day, L18) or short (6 h light per day, L6) photo-
period and administered a vehicle (VH) or GSPE (25 mg kg’l) for 1 week. The results showed changes in
serum lipids and insulin and metabolomic profiles dependent on the photoperiod and animal health
status. GSPE administration improved serum parameters and increased the Nampt gene expression in CAF
rats and modified the metabolomic profile in a photoperiod-dependent manner. Metabolic effects of
light/dark disturbance depend on the health status of the rats, with diet-induced CAF-induced obese rats
being more affected. Grape seed flavanols improve the metabolic status in a photoperiod-dependent
manner and their effects on the circadian system suggest that part of their metabolic effects could be
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Introduction

Living organisms are able to detect modifications in the exter-
nal environment and promote physiological and metabolic
changes to adapt their biological rhythms to the external cues
and to be more energetically efficient."? Light/dark cycles gen-
erated by the rotation of the Earth around its axis and its trans-
lation around the sun reset the rhythmicity of processes such
as blood pressure, body temperature and the sleep-wake cycle,
among others.>* The central clock, located in the hypothala-
mic suprachiasmatic nucleus (SCN), is the pacemaker of the
body rhythms and sends signals to the rest of the oscillators
present in different tissues. In this context, light, which is cap-
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mediated by their action on biological rhythms.

tured by the retina through the retinohypothalamic tract
(RHT), is the most important external synchronizer or zeitge-
ber of biological rhythms.>” In addition to light, food can also
modulate and reprogram the diurnal oscillations of the
body.>®” Nevertheless, misaligning cues, such as alterations
in light/dark cycles and consumption of calorie-dense foods,
can induce the disruption of diurnal rhythmicity and trigger
the appearance of metabolic disorders.® The disruption of the
hypothalamic-pituitary (HP) axis by alteration of the normal
light/dark cycle has also been related to detrimental metabolic
consequences.’ The HP axis plays a crucial role in the control
of the endocrine system crucial to maintain homeostasis of
metabolism and synchrony of timing across and within
tissues. Hypothalamic-pituitary-adrenal (HPA), -gonadal
(HPG) and -thyroid (HPT) are three main endocrine axes,
which regulate the functionality of the adrenal gland, the
gonads, and the thyroid gland, respectively.'®™**

Metabolomics studies allow establishing relationships
between metabolic disease and serum levels of particular
metabolites.”> The study of metabolite concentrations in
plasma from the Framingham Heart Study (z = 1015) and the
Malmé Diet and Cancer Study (n = 746) revealed that meta-
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bolic risk factors were associated with multiple metabolites
such as branched-chain amino acids (BCAAs) and other hydro-
phobic amino acids, tryptophan breakdown products, and
nucleotide metabolites.'* Also, other studies have also
reported a strong association between cardiometabolic risk
factors and plasma metabolite levels such as high levels of
pro-inflammatory mediators and metabolic disease with
increased BCAA and aromatic amino acid levels,'® insulin re-
sistance with high plasma alanine concentration'® or inflam-
mation, oxidative stress, and mortality in patients which
chronic kidney disease with low levels of histidine."® Succinate
has also been recently proposed as a biomarker of metabolic
dysfunction since metabolic diseases such as diabetes and
obesity are associated with chronic high levels of this metab-
olite."” In addition, metabolomics studies highlight the role of
biological rhythms in metabolism and allow the investigation
of the molecular mechanisms involved in the regulation of
metabolism by the clock system.'® In fact, the majority of the
detected metabolites in serum show diurnal rhythmicity under
normal physiological conditions.'® This rhythmicity has been
associated with the coherent time of day communication to
different tissues, maintenance of specific synchronization of
peripheral clocks, and promotion of time-efficient activation of
diurnal metabolic pathways.?® Nevertheless, the metabolome
is very susceptible to diurnal disruption by nutrient challenge,
and, for instance, changes at some time point over half of the
serum metabolites have been observed in mice fed a high fat
diet (HFD).”" In this context, it has been reported that diet
composition may cause misalignment of the clock system,
which may lead to metabolic disorders.”®**

Flavanols are a sub-class of flavonoids extensively studied
for their beneficial effects.?® Interestingly, a modulating effect
of grape seed flavanols on both central and peripheral biologi-
cal rhythms has been demonstrated by our group in healthy
Wistar rats.>* Moreover, different doses of grape seed flavanols
administered to Wistar rats fed a cafeteria (CAF) diet for four
weeks exerted a positive dose-dependent modulation of some
components of the peripheral clock in liver, gut and white
adipose tissue, including Bmall, Nampt, important genes in
the clock machinery and its integration in metabolism, SIRT1,
and NAD".*>?® A CAF diet, which consists of highly palatable,
calorie-dense and unhealthy human food, is considered a
robust model of human metabolic syndrome.>” Therefore,
grape seed flavanols could modulate physiology and metab-
olism by adjusting the biological oscillation by clock system
modulation in CAF-fed animals, improving the alteration
caused by metabolic syndrome.>®

Nevertheless, laboratory rats are generally unresponsive to
light/dark shifts, although Fischer 344 (F344) rats have shown
to be affected by photoperiods.>® F344 rats fed a CAF diet have
also shown metabolic disorders and alteration in their biologi-
cal rhythms,*®*" and the administration of grape seed flava-
nols to CAF diet-fed F344 rats resulted in diurnal modulation
of hepatic mitochondrial homeostasis.>* In addition, we have
also recently evidenced the protective effect of grape seed flava-
nols on the diurnal disruption caused by an abrupt light/dark
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shift in healthy and CAF-diet obese F344 rats.*> The study
showed the impact of a CAF diet and photoperiod on body
weight (BW), food intake, locomotor activity, and diurnal hor-
monal oscillation of the animals, and how flavanol adminis-
tration contributed to the adaptation of the rats to the new
light/dark cycles.*® Therefore, grape seed flavanols may act as
zeitgebers for the molecular clock and contribute to restoring
alterations caused by both light/dark shifts and diet-induced
obesity.

Therefore, the aim of this study was to evaluate whether
grape seed (poly)phenol extract (GSPE) rich in flavanols can
ameliorate the metabolic disorders caused by a sudden change
of the light/dark cycle in both healthy and CAF-induced obese
rats. For this purpose, F344 rats fed a standard diet (STD) and
CAF were abruptly transferred from STD conditions of a light/
dark cycle (12 h of light per day, L12) to a long (18 h of light
per day, L18) or short (6 h of light per day, L6) photoperiod,
and the phenotypic biorhythm was evaluated after 1 week by
measuring the serum melatonin, serum corticosterone, triio-
dothyronine (T3), thyroxine (T4), testosterone levels and
metabolite levels. In addition, the gene expression of the
central clock of these rats was studied.

Materials and methods
Grape seed (poly)phenol extract

The grape seed extract used in this study was provided by Les
Dérives Résiniques et Terpéniques (Dax, France) and was
obtained from white grape seeds. The phenolic profile of this
extract is mainly composed of catechin, epicatechin, gallic
acid, epicatechin gallate, and dimers, trimers and tetramers of
proanthocyanidins.**

Animal procedures

Forty-eight 13-week-old male F344/IcoCrl rats from Charles
River Laboratories (Barcelona, Spain) were housed under the
STD conditions at 22 °C and L12 (light density: 350 lux) with
ad libitum access to food and drinking water. The F344/IcoCrl
rats were seen to be responsive to photoperiods.’’*>% After
two weeks of the acclimatization period, rats were weighted
and randomly divided into two groups (n = 24): one group
(L12-STD) was fed a STD diet (72% carbohydrates, 8% lipids,
and 19% protein; Safe-A04c, Scientific Animal Food and
Engineering, Barcelona, Spain), and the other group (L12-CAF)
was fed a CAF diet for 6 weeks. After this time, the animals
were switched from a L12 to L18 or L6 photoperiod for 1 week.
When the animals were transferred to the L18 photoperiod or
L6 photoperiod, they received a daily vehicle (VH), which con-
sisted of condensed milk diluted in water (1/5 v/v), or 25 mg
kg™ of BW of GSPE (Fig. 1). The VH and extract were orally
administered by allowing rats to drink them from the tip of a
syringe. This GSPE dose has been widely used by our group
and has been shown to be the lowest and most effective dose
for modulating many central metabolic pathways.”> In
addition, using a translation of animal to human doses,

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Experimental design to evaluate the effect of GSPE after an
abrupt change of the photoperiod conditions. STD- and CAF-fed rats
were switched to a new light—dark cycle after 6 weeks under L12 con-
ditions, and VH or GSPE was administered to the animals during the last
week. After the experimental period, the hypothalamic genes and serum
biochemical parameters and serum metabolites were analysed. STD,
standard diet-fed rats; CAF, cafeteria diet-fed rats; VH, rats administered
vehicle; GSPE, rats administered 25 mg kg~* grape seed (poly)phenol
extract; L12, the standard photoperiod (12 h light per day); L18, long
photoperiod (18 h light per day); L6, short photoperiod (6 h light per
day).

corresponds to a daily intake of almost 300 mg of GSPE per
day for a 70 kg human, which can be easily achieved by people
who adhere to polyphenol-rich diets, such as a Mediterranean
diet.>® The onset of light was at 8:00 a.m. and defined as zeit-
geber time 0 (ZT0). When rats were transferred to each photo-
period, the time to turn off the lights was changed at 14:00 p.
m. and 2:00 a.m. for L6 and L18, respectively, keeping the
lights on at the same time. The VH and GSPE were adminis-
tered at ZT0. Thus, the animals were finally grouped into 8
different groups (n = 6). The sacrifice of the rats was 3 h after
the last dose (ZT3). Animals fed a STD diet were considered
healthy groups for each photoperiod, as they had no metabolic
alterations prior to the photoperiod change. The CAF diet was
prepared every day and contained bacon, cookie with paté,
cookie with cheese, carrots, ensaimada (pastry), STD chow and
sweetened milk (22% sucrose, w/v), and its caloric distribution
was 56.43% carbohydrates, 45.72% lipids and 9.5% protein.*’
After the experimental period, the animals were deprived of
food for 3 hours before being sacrificed by decapitation. The
hypothalamus samples were rapidly removed after death,
frozen in liquid nitrogen and stored at —80 °C until further
analyses. Blood was collected in non-heparinized tubes, incu-
bated for 1 h at room temperature and immediately centri-
fuged at 1200g for 15 min at 4 °C to collect the serum.

The animal procedures were approved by The Animal
Ethics Committee of University Rovira i Virgili (Tarragona,
Spain) and the Generalitat de Catalunya (reference number
9495, 18/09/19) and were carried out in accordance with
Directive 86/609EEC of the Council of the European Union and
the procedure established by the Departament d’Agricultura,
Ramaderia i Pesca of the Generalitat de Catalunya.

Serum biochemical parameters and hormone levels

Enzymatic colorimetric assays were used for the analysis of
serum glucose, total cholesterol (TC) and triglycerides (TAG)
(QCA, Amposta, Tarragona, Spain) and non-esterified free fatty
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acids (NEFAs) (WAKO, Neuss, Germany) according to the man-
ufacturer’s instructions.

Serum hormone concentrations were measured by liquid
chromatography coupled to triple quadrupole mass spec-
trometry (LC-QqQ). Serum samples were thawed at 4 °C and
50 pL were mixed with 250 pL of methanol containing the
internal STD (2 ng mL™"). Then, the mixture was vortexed and
centrifuged for 5 minutes at 4 °C and 25 200g. The supernatant
was transferred to a new tube and mixed with 700 pL of 0.1%
formic acid in water. The sample was loaded onto an SPE car-
tridge previously conditioned with methanol and 0.1% formic
acid in water. The cartridge was washed with 0.1% formic acid
in water and dried under high vacuum. The compounds were
eluted with 500 pL of methanol. The samples were evaporated
in a SpeedVac at 45 °C and reconstituted with 50 pL of water :
methanol (60 :40, v/v) and transferred to a glass vial for ana-
lysis. The hormones detected were melatonin, corticosterone,
T3, T4 and testosterone.

Metabolomics analysis

Metabolomics analysis of the serum samples was performed
using gas chromatography coupled to quadrupole time-of-
flight mass spectrometry (GC-qTOF). The extraction was per-
formed by adding 400 pL of methanol : water (8 :2) containing
the internal STD mixture to the serum samples (approx.
100 pL). Then, the samples were mixed, incubated at 4 °C for
10 min, centrifuged at 25200g and 4 °C for 10 min and the
supernatant was evaporated to dryness before compound deri-
vatization (methoximation and silylation). The derivatized
compounds were analyzed by GC-qTOF (model 7200 of Agilent,
USA). The chromatographic separation was based on the Fiehn
method"! using a J&W Scientific HP5-MS (30 m x 0.25 mm i.
d., 0.25 pm film capillary column and helium as the carrier
gas using an oven program from 60 to 325 °C). Ionization was
done by electronic impact (EI), with an electron energy of 70
eV and by operating in the full scan mode. Identification of
metabolites was performed using commercial STDs and by
matching their EI mass spectrum and retention time to the
metabolomics Fiehn library (from Agilent), which contains
more than 1400 metabolites. After the putative identification
of metabolites, they were semi-quantified in terms of the
internal STD response ratio.

Gene expression analysis

The total RNA was extracted from the hypothalamus using the
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 using a NanoDrop 1000 spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE, USA). cDNA was
synthesized using a 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 quantitative reverse transcriptase polymerase chain reaction
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amplification using the iTaq Universal SYBR Green Supermix
(Bio-Rad, Madrid, Spain) in a CFX96 Touch Real-Time PCR
Detection System (Bio-Rad, Madrid Spain). The thermal cycle
conditions used for the qPCR were 30 s at 90 °C, 40 cycles of
15 s at 95 °C and 1 min at 60 °C. The primers used for the
different genes are described in Table S1{ and were obtained
from Biomers.net (Ulm, Germany). The fold changes in the
mRNA levels were calculated by normalizing to the L18-
STD-VH group using the 2724 method with the Ppia gene as
an endogenous control, as reported by Schmittgen and
Livak.*?

Statistical analysis

Data were represented as means + STD error of mean (SEM) of
each group, and for this, data normality as well as homogen-
eity of variance were tested by the Shapiro-Wilk test and the
Levene test, respectively, and the differences between groups
were assessed by 2-way and 3-way ANOVA, followed by the LSD
post hoc test. The Kruskal-Wallis test or Mann-Whitney test
was used to analyze the metabolomics data, as indicated in
the respective figure legend, to explore the origin of outcomes.
These statistical analyses were performed using the statistical
software package SPSS Statistics 22 (SPSS Inc., Chicago, IL,
USA). The overall effects of changing the photoperiod and the
effect of diet and treatments on the serum metabolomic
profile were analyzed by principal component analysis (PCA)
and the sparse Partial Least Squares Discriminant Analysis
(sPLS-DA) using MetaboAnalyst v.4.0 (McGill University,
Montreal, Canada).

Results

GSPE administration to CAF-fed rats under conditions of
photoperiod change improved the insulin sensitivity and
serum lipid profile under L6 and L18 conditions, respectively

Serum glucose of rats showed no day length-dependent
changes, but an increase in this parameter was observed in
CAF-fed animals under both photoperiods with respect to
their respective counterparts (Fig. 2A). Although no changes in
serum glucose were found, photoperiod-dependent changes in
insulin levels were detected (Fig. 2B). While CAF-fed rats trans-
ferred to the L6 photoperiod showed a significant increase in
this hormone compared to the L6-STD fed rats (p = 0.002),
CAF-fed rats under L18 conditions did not show changes in
the insulin values compared to the STD-fed rats. In fact, differ-
ences in the values of the concentration of this hormone were
detected between both CAF-fed groups (p = 0.005, L18-CAF-VH
vs. L6-CAF-VH). The increased insulin levels observed in the
CAF-fed animals under the L6 photoperiod were reversed by
GSPE administration (p = 0.005), returning to similar values to
those of healthy rats.

Regarding the lipid profile, total cholesterol of rats fed a
CAF diet increased significantly under L18 conditions com-
pared to the STD-fed animals (p < 0.001), and GSPE adminis-
tration decreased their levels (p < 0.001), returning to values of
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Fig. 2 Serum biochemical parameters. Serum glucose (A), insulin (B),
cholesterol (C) and triglyceride levels (D) and NEFAs (E) levels. Values are
expressed as the mean + SEM (n = 6) for the L18 and L6 groups. NEFAs,
non-esterified fatty acids; STD, standard diet-fed rats; CAF, cafeteria
diet-fed rats; VH, rats administered vehicle; GSPE, rats administered
25 mg kg~! grape seed proanthocyanidin-rich extract; L12, the standard
photoperiod of 12 h light per day; L18, long photoperiod of 18 h light
per day; L6, short photoperiod of 6 h light per day. D, diet effect; T,
treatment effect; P, photoperiod effect; TxD, interaction between treat-
ment and diet. PxT, interaction between photoperiod and treatment;
PxD, interaction between photoperiod and the diet effect; PxTxD, inter-
action among photoperiod, treatment, and diet; n.s., no significant
differences determined using 2-way and 3-way ANOVA, followed by the
LSD post hoc test (**, $$ and ##: p < 0.01; ***, $SS and ###: p <
0.001). *Indicates significant differences by the diet effect, SIndicates
significant differences by the treatment effect, #Indicates significant
differences by the photoperiod effect. ®Indicates the tendency using the
LSD post hoc test (p = 0.1-0.051).

the STD-fed rats. However, under L6 conditions, the CAF-fed
rats showed similar values to their corresponding healthy rats
(Fig. 2C). In fact, a photoperiod effect on this parameter was
observed in the CAF-fed rats, as the effects of the diet were
dependent on the light/dark conditions (p < 0.001). In the case
of triglycerides (Fig. 2D), the CAF-fed rats under L18 con-
ditions also showed elevated levels compared to the healthy
rats (p < 0.001), while the GSPE-treated rats showed signifi-
cantly lower values (p = 0.004). Under the L6 photoperiod, the
CAF-fed rats showed an increase in serum triglycerides com-
pared to the healthy rats (p < 0.001), although this increase
was lower than that seen in the CAF-fed rats under L18 con-
ditions, showing a photoperiod effect (p < 0.001). The triglycer-
ide values in the CAF-VH and CAF-GSPE rats were similar
under L6 conditions. Regarding serum NEFA levels (Fig. 2E),
no differences were found in the animals under L6 conditions.
However, CAF-fed animals administered VH and GSPE showed
a tendency and significant differences, respectively, compared
to their healthy counterparts under L18 conditions, although
no differences were found between VH and GSPE under this
photoperiod.

GSPE administration under the conditions of photoperiod
change affected the hypothalamic-pituitary-adrenal, -gonadal
and -thyroid axes

No changes in serum melatonin levels were observed in any
photoperiod, neither by diet nor by treatment (Fig. 3A). For

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Serum hormones. Melatonin (A), corticosterone (B), testosterone
(C), T3 (D) and T4 (E) levels, and the T3-to-T4 ratio (F). Values are
expressed as the mean + SEM (n = 6) for the L18 and L6 groups. T3, triio-
dothyronine; T4, thyroxine; STD, standard diet-fed rats; CAF, cafeteria
diet-fed rats; VH, rats administered vehicle; GSPE, rats administered
25 mg kg! grape seed proanthocyanidin-rich extract; L12, the standard
photoperiod of 12 h light per day; L18, long photoperiod of 18 h light
per day; L6, short photoperiod of 6 h light per day. D, diet effect; T,
treatment effect; P, photoperiod effect; TxD, interaction between treat-
ment and diet; PxTxD, interaction among photoperiod, treatment, and
diet; n.s., no significant differences determined using 2-way and 3-way
ANOVA, followed by the LSD post hoc test ($ and #: p < 0.05; **, $$ and
##: p < 0.01; ***p < 0.001). *Indicates significant differences by the diet
effect, SIndicates significant differences by the treatment effect,
#Indicates significant differences by the photoperiod effect. ®Indicates
the tendency using the LSD post hoc test (p = 0.1-0.051).

corticosterone and testosterone, no significant differences
were found under the L18 photoperiod, although their levels
in the CAF-fed animals administered VH showed a tendency to
decrease with respect to their levels in healthy rats. Regarding
the corticosterone levels under L6 conditions, an interaction
among the photoperiod, diet, and treatment effect was
observed, since in the healthy animals, the GSPE adminis-
tration resulted in an increase of this hormone levels com-
pared to the rats administered VH (p = 0.004). This increment
was also significant with respect to the GSPE-administered
animals under L18 conditions (p = 0.004) (Fig. 3B). Regarding
the testosterone levels, the administration of GSPE to STD-fed
rats under the L6 photoperiod resulted in a decrease compared
to the healthy rats administered VH (p = 0.047) (Fig. 3C).
Thyroid hormones were also studied, and in the case of the
T3 hormone, an interaction between the effect of the photo-
period, treatment and diet was observed (Fig. 3D). The levels
of this hormone showed a tendency to increase in the control
CAF-fed rats under the L6 photoperiod compared to the
control CAF-fed rats under the L18 photoperiod (p = 0.092).
However, a significant reduction of these levels was observed
after GSPE administration under a short photoperiod since the
T3 levels of the L6-CAF-GSPE group were lower than those
obtained in the L6-CAF-VH animals (p = 0.029). In addition,
these T3 levels of the L6-CAF-GSPE group showed a tendency
to decrease when compared to those obtained for the L18-
CAF-GSPE group (p = 0.082). For the T4 hormone, a significant
effect of diet was observed under L18 conditions, in which
both CAF-fed groups showed a decrease in T4 concentrations
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(p < 0.001) with respect to their corresponding STD-fed groups
(Fig. 3E). In addition, an increase in T4 concentrations was
observed in rats fed a CAF diet under the L6 photoperiod com-
pared to the CAF-fed rats under L18 conditions (p = 0.001).
However, this increase was mitigated by GSPE administration
(p = 0.041). These results were reflected in the T3-to-T4 ratio
(Fig. 3F), since an increase in the proportion was observed in
the CAF-fed rats administered GSPE under L18 conditions
compared to the CAF-fed rats administered VH (p = 0.044).
Additionally, this effect was not observed under L6 conditions,
where the GSPE treatment in the CAF-fed rats resulted in a
lower T3-to-T4 ratio than L18-CAF-GSPE (p = 0.043).

GSPE administration to CAF-fed rats under the conditions of
photoperiod change increased the expression of the clock gene
Nampt under L18 conditions

The expression of Bmall was upregulated by a CAF diet admi-
nistered with VH and GSPE in both photoperiods with respect
to their respective STD groups (Fig. 4A), although only a ten-
dency to increase Bmall expression was observed under L18
conditions in the CAF-CH group (p = 0.074). However, no sig-
nificant differences were found neither in Cry1 (Fig. 4B) nor in
Per2 (Fig. 4C) expressions, although an incremental tendency
of Cryl expression was observed in the L18-CAF-GSPE rats
compared to the L18-STD-GSPE animals (p = 0.080). Regarding
Nampt (Fig. 3D), a significant increase in gene expression was
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Fig. 4 Clock gene expression in the hypothalamus. Bmall (A), Cry1 (B),
Per2 (C) and Nampt (D) gene expressions. Values are expressed as the
mean + SEM (n = 6) for the L18 and L6 groups. Bmall, hydrocarbon
receptor nuclear translocator-like 1; Cryl1, cryptochrome 1; Nampt, nico-
tinamide phosphoribosyltransferase; Per2, period 2; STD, standard diet-
fed rats; CAF, cafeteria diet-fed rats; VH, rats administered vehicle; GSPE,
rats administered 25 mg kg™! grape seed proanthocyanidin-rich extract;
L12, the standard photoperiod of 12 h light per day; L18, long photo-
period of 18 h light per day; L6, short photoperiod of 6 h light per day.
D, diet effect; PxTxD, interaction among photoperiod, treatment, and
diet; n.s., no significant differences determined using 2-way and 3-way
ANOVA, followed by the LSD post hoc test (*p < 0.05; ** and $$: p <
0.01; ***p < 0.001). *Indicates significant differences by the diet effect,
SIndicates significant differences by the treatment effect. ®Indicates the
tendency using the LSD post hoc test (p = 0.1-0.051).
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observed in rats fed a CAF diet in both photoperiods compared
to their respective STD controls (p = 0.039 and p = 0.001 for
L18-CAF-VH and L6-CAF-VH, respectively). Interestingly, in the
CAF-fed rats, GSPE administration under L18 conditions
resulted in an increase of the expression of this gene com-
pared to the corresponding CAF-fed rats administered with VH
(p = 0.004).

GSPE administration to CAF-fed rats under the conditions of
photoperiod change modified the metabolomic profile in a
photoperiod-dependent manner

A total of 66 metabolites were identified in the serum samples
and annotated (Table S21). The analysis of the metabolite
profile using PCA, and sPLS-DA of the STD and CAF diet fed
animals under L6 and L18 photoperiods administered with
VH, is shown in Fig. 5. PCA did not show clustering by photo-
period or diet (Fig. 5A). However, sPLS-DA did show clustering
by photoperiod with a clear separation between L6 and L18
conditions for the STD-fed rats administered VH (Fig. 5B). The
metabolomic profile was clearly different between the STD and
CAF-fed groups, determined by heatmap analysis (Fig. 5C).
Regarding the differences between photoperiods, more differ-
ences were observed between the CAF-fed groups under
different photoperiods than between the L18-STD-VH and L6-
STD-VH groups. In addition, the L18-CAF-VH group showed
greater differences compared to the other groups, indicating
that the effects were more pronounced when the CAF diet-
induced obese animals were subjected to a long photoperiod.
The effects of diet and treatment on the metabolomic profile
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Fig. 5 Effects of the photoperiod and diet on the serum metabolomic
profiles of vehicle-administered rats. PCA (A), sPLS-DA (B) and heatmap
(C) of the metabolites found in the serum in STD and CAF rats adminis-
tered VH under L18 and L6 conditions. PCA, principal component ana-
lysis; sPLS-DA, sparse partial least squares discriminant analysis; STD,
standard diet-fed rats; CAF, cafeteria diet-fed rats; VH, rats administered
vehicle; L18, long photoperiod of 18 h light per day; L6, short photo-
period of 6 h light per day.
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were also analyzed independently in both the long and short
photoperiod groups (Fig. 6 and 7, respectively). Regarding the
L18 conditions, no clustering by treatment or diet was
observed in the PCA (Fig. 6A). However, the groups did show
clustering by diet and treatment in the sPLS-DA, showing a
clear separation among the L18-CAF-VH, L18-CAF-GSPE and
STD-fed groups (Fig. 6B). The heatmap analysis also revealed
changes in the serum metabolite profile according to the diet
composition in the animals under the long photoperiod
(Fig. 6C), and clear differences were observed between the
groups fed a CAF diet and those fed STD diets. Interestingly,
the L18-CAF-GSPE group showed a different metabolomic
profile compared to their corresponding VH rats.

Regarding the animals under L6 conditions, the PCA
showed a clustering by diet with a slight separation between
the CAF-fed groups and the STD-fed groups (Fig. 7A). In
addition, sPLS-DA showed the same clustering by diet and, in
addition, a clear separation between the L6-CAF-GSPE and L6-
CAF-VH groups (Fig. 7B). Diet and treatment effects were also
observed by the heatmap analysis (Fig. 7C), where clearly
different metabolomic profiles were observed between the CAF
and STD-fed groups and between L6-CAF-VH and L6-
CAF-GSPE.

Statistical analysis between the groups of 66 metabolites by
the Kruskal-Wallis test and the Mann-Whitney test showed
that the concentration of 16 metabolites from the animals
under L18 conditions were different depending on the diet
and treatment. Additionally, under L6 conditions, 18 metab-
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Fig. 6 Effects of the diet and treatment on the serum metabolomic
profiles of rats transferred to a long photoperiod. PCA (A), sPLS-DA (B)
and heatmap (C) of the metabolites found in the serum in STD and CAF
rats administered VH or GSPE under L18 conditions. PCA, principal com-
ponent analysis; sPLS-DA, sparse partial least squares discriminant ana-
lysis; STD, standard diet-fed rats; CAF, cafeteria diet-fed rats; VH, rats
administered vehicle; GSPE, rats administered 25 mg kg™ grape seed
proanthocyanidin-rich extract; L18, long photoperiod of 18 h light per
day; L6, short photoperiod of 6 h light per day.
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Fig. 7 Effects of the diet and treatment on the serum metabolomic
profiles of rats transferred to a short photoperiod. PCA (A), sPLS-DA (B)
and heatmap (C) of the metabolites found in the serum in STD and CAF
rats administered VH or GSPE under L6 conditions. PCA, principal com-
ponent analysis; sPLS-DA, sparse partial least squares discriminant ana-
lysis; STD, standard diet-fed rats; CAF, cafeteria diet-fed rats; VH, rats
administered vehicle; GSPE, rats administered 25 mg kg™ grape seed
proanthocyanidin-rich extract; L18, long photoperiod of 18 h light per
day; L6, short photoperiod of 6 h light per day.

olites were detected that varied by diet and treatment
(Table S27). In this regard, remarkable changes in amino acids
such as alanine, proline, phenylalanine and 4-hydroxyphenyl-
lactic acid, as well as energy-metabolism metabolites such as
succinic and citric acids (Fig. 8) were found in rats adminis-
tered GSPE. In particular, a CAF diet increased and tended to
increase the alanine levels under L18 (p = 0.004) and L6 (p =
0.065) conditions, respectively, compared to their corres-
ponding STD-fed rats (Fig. 8A). GSPE administration resulted
in a lower alanine level only under L18 conditions (p = 0.016).
Regarding proline (Fig. 8B), a CAF diet resulted in a higher
concentration of this amino acid in L18 (p = 0.016) and L6 (p =
0.002) groups, and this increment was reversed by GSPE
administration under both L18 (p = 0.055) and L6 (p = 0.009)
conditions. In the case of phenylalanine levels (Fig. 8C), a CAF
diet promoted an increase in the concentration of this amino
acid in serum only under L6 conditions (p = 0.002), and this
increase was reversed by GSPE (p = 0.026). Furthermore, a CAF
diet reduced the levels of 4-hydroxyphenyllactic acid only in
the animals under the L18 photoperiod compared to their
respective control group (p = 0.004) (Fig. 8D). However, the
concentrations of this amino acid were increased with GSPE
treatment under both photoperiods (p = 0.037 and p = 0.041
for L18 and L6 conditions, respectively). Succinic acid was also
altered by diet in a photoperiod-dependent manner (Fig. 8E).
Thus, the CAF-fed rats tended to show higher levels of this
metabolite under L18 conditions (p = 0.055) compared to their
corresponding STD-fed rats and these levels were also higher
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Fig. 8 Serum levels of particular metabolites. Alanine (A), proline (B),
phenylalanine (C) 4-hydroxyphenyllactic acid (D), succinic acid (E) and
citric acid (F) in AU. Values are expressed as the median and interquartile
range (n = 6) for the L18 and L6 groups. AU, arbitrary units; STD, stan-
dard diet-fed rats; CAF, cafeteria diet-fed rats; VH, rats administered
vehicle; GSPE, rats administered 25 mg kg™ grape seed proanthocyani-
din-rich extract; L18, long photoperiod of 18 h light per day; L6, short
photoperiod of 6 h light per day. “a” indicates significant differences
between STD vs. CAF; € indicates significant differences between VH vs.
GSPE; + indicates significant differences between L6-VH vs. L18-VH
groups using the Mann—Whitney test (a, € and +: p < 0.05; aa and ++: p
< 0.01). “b" indicates the tendency between STD vs. CAF; “c” indicates

u,n

the tendency between VH vs. GSPE conditions; “x” indicates the ten-
dency between L6-VH vs. L18-VH groups using the Mann—Whitney test
(p = 0.1-0.051).

compared to the L6-CAF-VH group (p = 0.004). The GSPE
administration tended to lower levels under L18 conditions
(p = 0.078). No differences were found for this metabolite
under L6 conditions. Finally, citric acid was only affected
under L6 conditions. This metabolite reduced its concen-
tration levels in the CAF-fed rats compared to the L6-STD-VH
(p = 0.002) and L18-CAF-VH groups (p = 0.002), showing a diet
and photoperiod effect (Fig. 8F). The administration of GSPE
did not produce changes in the levels of this metabolite.

Discussion

Biological rhythms play a crucial role in the regulation and
efficiency of metabolism and their disruption has been linked
to the appearance of several diseases. Indeed, shift or disturb-
ances of the normal light/dark cycle have been associated with
metabolic disorders that could lead to the development of
metabolic syndrome.*® In this context, flavanols are phenolic
compounds that have demonstrated beneficial effects on
metabolism-related pathologies.>® Different molecular mecha-
nisms have been involved in the healthy properties of grape
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seed flavanols, including their interaction with the biological
rhythms.?®***> According to this, we have recently reported
that GSPE could mitigate, in healthy and CAF-fed rats, disturb-
ances caused by a sudden photoperiod change, restoring the
diurnal oscillations of their locomotor activity and some key
metabolic regulators such as corticosterone or testosterone.>
Therefore, the aim of this study was to evaluate the impact of
GSPE on the metabolite profile and hypothalamic clock genes
under diurnal disruption conditions caused by an obesogenic
diet and changes in the light/dark cycle.

The effect of a CAF diet on the metabolism in rats under
L12 conditions has been extensively studied since this animal
model mimics the classical human metabolic syndrome.*® In
fact, the animals in this study showed hyperphagia and
increased BW compared to the animals fed a STD diet.*
Nevertheless, the effect of this diet on animals subjected to
different photoperiods has not been so widely explored. Our
findings clearly showed that the serum biochemical para-
meters were affected by the abrupt change of the light-dark
cycle in a photoperiod-dependent manner under conditions of
CAF diet-induced obesity. An altered serum lipid profile was
found only in CAF-fed rats under L18 conditions, while
animals fed a CAF diet under the L6 photoperiod showed elev-
ated insulin concentrations, although no differences in
glucose levels were found in these animals. Disturbances in
serum lipid and insulin sensitivity under photoperiod change
conditions have been previously reported.*” However, while
some studies have found similar disturbances in animals sub-
jected to a long or short photoperiod in terms of serum lipid
or insulin levels,>"*®*° a worse lipid profile in rats exposed to
a short photoperiod compared to those exposed to a long
photoperiod was reported in another study.’” These discrepan-
cies between studies could be due to the different times of
animal exposure to the different photoperiods, only one week
in our study to avoid a potential adaptation of the animal to
the new light/dark cycle.

The main marker of the light/dark cycle, melatonin, was
not affected by the diet and photoperiod, as expected, since
the samples were obtained at a single time point during the
light phase. These findings are in agreement with those
obtained previously by our group,®® since in the light phase no
melatonin variations were observed after the change of the
photoperiod. There was an increase in the concentration of
this hormone during the dark phase, which was an important
signal for the organism to recognize the photoperiod to which
it was exposed.’® Interestingly, exogenous melatonin adminis-
tration has been shown to reduce serum triglyceride and chole-
sterol levels, improving the serum lipid profile in rats.’™>
Therefore, the higher dark melatonin levels in rats under short
light conditions*® could explain the improved lipid profile
observed in the L6-CAF-VH group compared to the L18-
CAF-VH group.

Interestingly, GSPE administration under L18 conditions
resulted in a reduction of cholesterol levels to the values of the
STD-fed rats. Additionally, the administration of GSPE resulted
in a reduction of triglyceride levels in the CAF-fed rats under
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L18 conditions, although no effects of GSPE administration
were observed in the L6 photoperiod. According to this, photo-
period-dependent GSPE effects on CAF-fed rats, more signifi-
cant under L18 conditions, have been recently reported.*®
Differences in energy intake in CAF-fed rats depending on the
photoperiod have also been reported. Specifically, a tendency
to increase the energy intake under short compared to long
light conditions was observed.*® Interestingly, this difference
in energy intake was mainly due to an increase in carbohydrate
intake, which could be related to the higher insulin levels
observed in CAF-fed rats under L6 conditions compared to
those exposed to the L18 photoperiod. Interestingly, GSPE
administration to the L6-CAF-group resulted in a decrease of
insulin levels, the values reaching those similar to the L6-STD
group. The insulin-lowering effect of GSPE at the same dose of
25 mg kg~ conditions has been previously reported in CAF
rats, although in animals under L12 conditions.?**** Regarding
the components of grape seed extract responsible for this
effect, although this extract is rich in proanthocyanidins, it has
to be noted that monomers also participate in this effect
because they appear in considerable quantities. In fact, it has
been reported that some of the effects of this grape seed
extract in relation to the metabolic syndrome, such as the anti-
hypertensive effect, are mediated by the monomers in rats.>*
Corticosterone hormone plays a key role in the HPA axis."®
In this study, although their values in all the groups were
below 100 ng mL™', which are in concordance with those
obtained in our previous study for this phase of the day,*
some differences in their levels could be observed between the
groups. Notably, the STD-GSPE group under the L6 photo-
period displayed the highest levels for this hormone. This
increase could be due to that GSPE administered rats were
quicker to adapt to a long dark cycle than the corresponding
STD-VH rats, since a clear corticosterone peak during the dark
phase has been reported in F344 rats under a short photo-
period.>® The HPG and HPT axes are important in processes
such as lipid and carbohydrate metabolism and are closely
related to biological rhythms. Testosterone and thyroid hor-
mones, respectively, act as modulators of these axes.'™'* In
this study, only STD-fed rats administered GSPE under L6 con-
ditions showed a decrease in testosterone levels compared to
their control. Taking into account that, in rats, the lowest tes-
tosterone levels are detected during the light phase,*® the
reduction of this hormone in L6 animals administered GSPE
could be related to a better adaptation to the new photoperiod,
characterized by only 6 h of light, because testosterone levels
would decrease faster in a shorter light period to adapt to the
new light/dark cycle. Regarding thyroid hormones, an incre-
mental tendency of T3 hormone levels was observed in the
CAF-fed rats under L6 conditions compared to the CAF-fed rats
under L18 conditions. Interestingly, this CAF diet effect was
reversed by GSPE treatment, where an incremental tendency of
T3 levels was observed in the GSPE-treated rats under L18 con-
ditions compared to the GSPE-treated rats under L6 con-
ditions. Elevated T3 levels have been associated with reduced
cholesterol and triglyceride levels."* In addition, higher levels
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of thyroid hormones and the T3-to-T4 ratio are associated with
a loss of BW.>” Therefore, the improvement in cholesterol and
triglyceride levels found in the CAF-fed animals administered
GSPE under L18 conditions could be attributed to an increase
in the T3 levels and thyroid hormone ratio, which were also
increased in this group.

The most important controller of the circadian system is
the central clock; this pacemaker is in the hypothalamus and
maintains the synchronization of the peripheral clocks with
the environment and its oscillators through hormone signals
and neural connections.” To study the status of the central
clock in the animals, we analyzed the gene expression of
Bmali, Per2, Cryl and Nampt. In this regard, Bmall and Nampt
were affected by the CAF diet, increasing their expression in
both photoperiods. In contrast, no differences were found in
the expression of Per2 and Cry1 genes. A high-fat diet has
shown the ability to modify the expression of clock genes in
peripheral tissues.®*®*° Additionally, our previous findings
showed that a CAF diet was able to modify hypothalamic
Bmall, the central clock regulatory gene.®® Although no signifi-
cant effects were found by GSPE administration on Bmal1, a
slight increase in this gene expression was observed in the
CAF-fed rats under the L18 photoperiod. In addition, accord-
ing to this, GSPE administration caused an increase in Nampt
expression under L18 conditions in CAF-fed rats compared to
their corresponding CAF-VH administered rats. Nampt is an
important clock gene, whose expression is related to energy
metabolism.®"~®* In fact, NAMPT is the rate-limiting enzyme in
NAD biosynthesis through its salvage pathway.®® NAD homeo-
stasis is related to free radical-mediated reactive oxygen
species production, which has been linked to innumerable
pathologies, including metabolic diseases.®® In addition, this
metabolite activates several NAD-dependent deacetylases,
including SIRT1, controlling the activity of many cellular path-
ways linked to lipid and glucose metabolism. Thus, the
improved lipid profile of the CAF-induced obese rats under
L18 conditions could be modulated by the increased Nampt
gene expression in addition to the increased levels of T3 and
T3-to-T4 ratio, as previously mentioned.

Regarding the serum metabolites, the metabolomics data
showed changes between the groups in a diet- and photo-
period-dependent manner when the normal light-dark cycle
was altered. Overall, the STD-fed rats showed a different meta-
bolomic profile depending on the photoperiod and clustered
differently from the CAF-fed groups. The CAF diet caused sig-
nificant changes in 14 metabolites. Specifically, a strong
increase in 2-hydroxyisobutyric acid, glycolic acid, and proline
concentrations under L18 conditions was observed. In
addition, in this photoperiod, the CAF diet tended to increase
the levels of succinic acid, a metabolite whose elevated levels
have been associated with mitochondrial stress under diabetic
conditions."” Interestingly, an increase in Krebs cycle metab-
olites, such as malic acid, succinic acid, citric acid or fumaric
acid, was observed in the CAF-fed rats under L18 conditions
compared to those exposed under L6 conditions. It has been
reported that the activity of Krebs cycle enzymes, including
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citric acid synthase, is reduced in mice under conditions of
excess of nutrients and this fact is associated with obesity.®*®”
Therefore, the increase in these metabolites in animals sub-
jected to a long photoperiod could be related to the improve-
ment of the lipid profile showed in the CAF-fed rats under L18
conditions. Additionally, phosphoric acid, 4-hydroxyphenyllac-
tic acid, maltose and hippuric acid were significantly reduced
in all CAF-fed rats compared to the STD-fed rats. Interestingly,
hippuric acid has been negatively associated with BW gain.®®
In CAF-fed rats, increased alanine and phenylalanine concen-
trations were observed in both photoperiods. The increase of
these amino acids has been related to obesity and the develop-
ment of metabolic syndrome."® Under L6 conditions, a signifi-
cant increase in the levels of proline, glycerol, d-sucrose, and
alanine due to the CAF diet was observed, while the levels of
d-mannitol, hippuric acid, 4-hydroxyphenyllactic acid and
citric acid were reduced. Interestingly, the metabolomic profile
of the CAF-fed rats was different between those administered
with GSPE and VH under the conditions of each photoperiod
for metabolites associated with the conditions of metabolic
syndrome.'>'”®%%” Remarkably, 118 conditions significantly
mitigated these variations for 4-hydroxyphenyllactic acid and
alanine, and tended to restore the normal values for glycolic
acid, succinic acid, and proline. On the other hand, GSPE
administration mitigated the variations of proline, phenyl-
alanine and 4-hydroxyphenyllactic acid levels in the CAF-fed
rats, while no effects were observed in the STD-fed rats by
GSPE treatment under L6 conditions.

Conclusions

In summary, the alteration in the light/dark cycle by suddenly
changing the photoperiod in CAF-fed rats caused worsening of
the serum lipid profile under L18 conditions, while a reduced
insulin sensitivity was observed under L6 conditions. The
difference in the metabolic status between photoperiods was
also reflected in the serum metabolomic profile. An increase
in metabolites involved in the Krebs cycle was observed in
CAF-fed rats under L18 conditions compared to those exposed
under the L6 photoperiod. Additionally, photoperiod-depen-
dent changes of metabolite levels associated with obesity and
metabolic syndrome such as alanine, phenylalanine or hippu-
ric acid were observed in the CAF-fed rats. These disturbances
were improved by GSPE administration, resulting in significant
changes in the serum metabolite profiles. Furthermore, the
results suggest that an increase in metabolic rate through the
regulation of the HPG and HPT axes could be mediated by
GSPE, since these flavanols were able to modify the concen-
tration of hormones such as T3, T4, and testosterone. In
addition, Nampt gene expression, closely related to energy
metabolism, was stimulated by GSPE administration.
Therefore, these results indicate the ability of GSPE to modify
the metabolic profile in a photoperiod-dependent manner in
CAF-induced obese rats subjected to an alteration of the light/
dark cycle. Additionally, these findings suggest that the effect

Food Funct, 2023, 14, 6443-6454 | 6451


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3fo00260h

Open Access Article. Published on 28 June 2023. Downloaded on 7/14/2025 4:13:02 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

of GSPE on metabolism could be mediated by their potential
effect as a modulator of biological rhythms. However, further
studies are needed to elucidate the metabolic pathways and
processes involved in these events.
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