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Vitis vinifera L. Bioactive Components Modulate Adipose
Tissue Metabolic Markers of Healthy Rats in a

Photoperiod-Dependent Manner

Elia Navarro-Masip, Francesca Manocchio, Marina Colom-Pellicer, Xavier Escoté,
Lisard Iglesias-Carres, Enrique Calvo, Francisca | Bravo, Begoria Muguerza,

Yves Desjardins, and Gerard Aragonés™

Scope: The beneficial health effects of (poly)phenol-rich foods such as red
grapes mainly depend on both the type and concentration of (poly)phenols.
Since fruit (poly)phenol content is influenced by growing conditions, the study
examines the seasonal effects of red grapes (Vitis vinifera L.), grown under
various cultivation conditions, on metabolic markers of adipose tissue in
healthy rats.

Methods and results: For this purpose, Fischer 344 rats are exposed into
three different light-dark cycles and daily supplemented with 100 mg kg=' of
either conventionally or organically grown red grapes for 10 weeks (n = 6).
Seasonal consumption of organic grapes (OGs), which are richer in
anthocyanins, increases energy expenditure (EE) of animals exposed to long
photoperiod and enhances uncoupling protein 1 (UCP1) protein expression in
brown adipose tissue of animals under standard photoperiod. Additionally,
red grape consumption affects the gene expression profile of white adipose
tissue (WAT), upregulating browning markers of subcutaneous WAT in 12 h
light (L12) and 18 h light (L18) photoperiods, and downregulating adipogenic
and lipolytic markers of visceral WAT in 6 h light (L6) and L12 photoperiods.
Conclusions: These results clearly show that bioactive compounds of grapes
can modulate the metabolic markers of white and brown adipose tissues in a
photoperiod and depot-dependent manner, partly affecting EE when

1. Introduction

Fruit consumption is one of the main
elements of a healthy diet and lifestyle.
The main Dbenefits of fruits come
from their richness in micronutri-
ents and bioactive components, such as
(poly)phenols.[!l Grapes are a great exam-
ple of (poly)phenol-rich fruits, containing
mainly flavan-3-ols, anthocyanins, and
phenolic acids.[?! These phenolic com-
pounds have been widely associated with
protection against metabolic patholo-
gies such as cardiovascular disease and
obesity.}] Additionally, it has been ob-
served that (poly)phenol intake may con-
fer environmental adaptative advantages
to heterotrophs providing metabolic cues
about stressful conditions.[*]

Once ingested, (poly)phenols are sub-
jected to extensive microbial catabolism
and phase II metabolism by the ente-
rocytes and the liver. It is now widely
accepted that these metabolites are re-
sponsible for the beneficial effects of

consumed out of season.

(poly)phenols.>¢! Interestingly, bioavail-
ability and metabolism of red grape
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(poly)phenols depend on how fruits are grown, as previously
demonstrated in both healthy and obese rats.l’! In particular,
grapes cultivated under organic conditions (organic grape [OG])
contained lower amounts of dietary fiber than those grown un-
der conventional conditions (conventional grape [CG]), result-
ing in higher bioaccessibility of total (poly)phenols. Addition-
ally, OG also contained 40% higher amounts of anthocyanins,
while CG had higher concentrations of free catechins and some
specific flavonols. Notably, the bioaccessibility of (poly)phenols
was significantly increased when rats raised under winter-
simulatedind photoperiod (rats exposed to short-day photope-
riod of 6-h light:18-h dark cycles) were fed red grapes.’®! Thus,
(poly)phenol-rich fruits influence the seasonal metabolic adapta-
tions of mammals to their environment.) Factors affecting the
(poly)phenol content of fruits, such as growing conditions, may
thus influence their effect as metabolic cues. Moreover, white
adipose tissue (WAT) can efficiently adapt energy metabolism
according to seasonal requirements.!'%l In fact, the morphology
and activity of WAT and of brown adipose tissue (BAT) change
through the seasons of the year!!l to sustain whole-body energy
homeostasis.

Our group has demonstrated that photoperiod can affect
(poly)phenol bioavailability. Additionally, these molecules act as
dietary cues affecting the response of adipose tissue to pho-
toperiod, that is, they promote lipid accumulation in adipocytes
when they are consumed out of season.'>13] Indeed, animals
need to adapt their physiology to cold conditions and red grapes
(poly)phenol consumption can play a role in adaptations to win-
ter. It is proposed that this seasonal response to grape consump-
tion is mediated by hypothalamic leptin signals in both normal-
weight and obese rats.['*] Moreover, the expression profile of li-
pogenic genes in the liver was also affected by seasonal con-
sumption of (poly)phenol-rich fruits, reinforcing the signaling
effects of these compounds on lipid metabolism.!*! Consider-
ing the seasonal-dependent impact of (poly)phenol consumption
on lipid metabolism, we focused this work on the effects of sea-
sonal consumption of grapes containing different bioactive com-
pound profiles on markers of energy metabolism in WAT and
BAT of healthy rats. Therefore, the aim of this study is to assess
the effects of the consumption of Vitis vinifera L. with different
(poly)phenol content, as affected by the growing conditions (con-
ventional or organic), on the metabolic markers of different fat
depots in healthy Fischer 344 rats exposed to different photope-
riods.

2. Results

2.1. Red Grapes Grown under Organic Conditions Contained
Higher Amounts of Anthocyanins

The differences in (poly)phenol composition of red grapes culti-
vated under different conditions were studied; OG contained sig-
nificantly more total phenolic compounds than their CG counter-
part (Supplementary Figure S2). Particularly, we observed a 47%
increase in the anthocyanin content for OG, compared to CG,
constituted mainly of malvidin-3-O-glucoside. On the other hand,
CG had slightly higher amounts of flavonols and flavanols.
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2.2. Consumption of OG Resulted in a Reduced Food Intake in
Animals Subjected to L6 Photoperiod

When a two-way analysis of variance (ANOVA) test was con-
ducted, we could not identify any interactions between photope-
riod and red grape (poly)phenols consumed. We could only ob-
serve a significant effect of photoperiod (represented in Table 1
as P effect) on different metabolic parameters including body
weight, food intake, respiratory quotient (RQ), and adipose tis-
sue weight, which were reduced in animals exposed to L6 pho-
toperiod. Similarly, serum triglyceride (TG) concentrations were
reduced in L12 photoperiod groups (Table 1). Notably, although
no significant changes were observed in body weight and fat con-
tent in response to grape administration, OG consumption, but
not CG, significantly reduced accumulated caloric intake in an-
imals subjected to L6 photoperiod compared to rats consuming
vehicle (VH) in the same photoperiod (p = 0.014). Additionally,
OG consumption also reduced serum glucose levels compared to
CG consumption in animals subjected to L12 photoperiod. Yet,
a grape-dependent increase in serum glucose concentration was
observed in animals exposed at L6 photoperiod (p = 0.016), while
serum TG and total cholesterol concentrations were not affected
in response to fruit consumption.

2.3. Consumption of CG and OG Enhanced EE in Animals
Exposed to L18 and L12 Photoperiods

As shown in Figure 1, consumption of grapes did not signifi-
cantly affect energy expenditure (EE) in animals exposed to L6
photoperiod (Figure 1A). However, the area under the curve
(AUC) was significantly reduced in response to grape consump-
tion in animals exposed to L6 photoperiod. Nevertheless, both CG
and OG supplementation significantly increased EE in animals
exposed to 18 h light photoperiod (L18) and L12 photoperiods
(Figure 1B,C). Additionally, changes in locomotor activity were
in concordance with EE values, although these changes did not
reach statistical significance (Figure 1D-F).

2.4. OG Consumption Significantly Upregulated Thermogenic
Genes in BAT in Animals Exposed to L12 Photoperiod

Then, the key molecular factors responsible for BAT function-
ality were analyzed, considering that this tissue could be likely
involved in the EE adaptations observed in response to fruit
consumption. Two-way ANOVA analyses revealed a significant
interaction effect between fruit consumption and photoperiod
on mRNA levels of most of the genes involved in thermoge-
nesis (uncoupling Protein 1 [UcpI], deiodinase 2 [Dio2], carni-
tine palmitoyltransferase I beta [Cpt1p], peroxisome proliferator-
activated receptor gamma coactivator 1 alpha [Pgcla]), brown
adipogenesis (PR domain containing 16 [Prdm16], peroxisome
proliferator activated receptor gamma [Ppary], peroxisome pro-
liferator activated receptor alpha [Ppara]), and lipid transport
(lipoprotein lipase [Lpl]). To assess the specific effects of CG
and OG consumption under each photoperiod, we conducted
one-way ANOVA analyses to compare the distinct groups un-
der one same photoperiod. In L6 photoperiod, Ppara and Ppary
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Table 1. Biometric and serum parameters.
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Photoperiod VH CcG 0G Two-way ANOVA

Body weight [g] L6? 365.50 £ 9.5 361.00 + 7.1 362.67 + 10.7 P
L12 377.83 £ 6.4 382.00 + 8.5 383.00 + 12.0
L18 384.17 + 13.2 376.83 + 6.1 39133+ 13.5

Body weight gain [g] L6 190.54 + 7.7 178.51+9.1 184.83 + 10.5 NS
L12 180.01 + 6.7 180.17 + 7.8 184.03 + 10.3
L18 191.58 + 8.3 187.50 + 6.1 205.83 + 13.0

Accumulated caloric intake [kcal] L6? 634.79 + 10.2° 604.98 + 7.04° 592.68 + 10.0° P
L12 631.7 £9.7 647.8 +7.3 640.19 + 5.5
L18 625.76 + 12.8 614.91+ 3.7 626.92 + 18.6

24 h RQ L6? 0.81+0.01 0.81+0.01 0.79 + 0.02 p
L12 0.84 + 0.02 0.87 + 0.01 0.85 + 0.01
L18 0.86 + 0.01 0.86 + 0.01 0.85 + 0.01

Fat mass [g] L6 45.06 + 1.3 51.18 +3.1 50.30 + 3.2 NS
L12 52.71+3.7 47.51+22 50.79 + 3.4
L18 55.64 + 4.4 54.35 + 4.7 56.10 + 6.2

Lean mass [g] L6? 295.76 + 8.2 287.95+7.3 286.98 + 7.3 P
L12 307.84 +5.7 31531+ 8.7 313.66 + 8.0
L18 309.74 + 9.0 303.65 + 6.02 314.23 + 10.6

BAT mass [g] L6 0.33 + 0.07 0.26 + 0.03 0.23 + 0.03 P
L12 0.31+0.04 0.33 +0.03 0.36 + 0.01
L18 0.36 + 0.04 0.37 +0.05 0.36 + 0.04

iWAT mass [g] L6? 452+05 450+ 0.5 447 +0.4 P
L12 5.47 +0.4 527 +0.5 6.38 + 1.3
L18 5.82+0.7 6.02+0.8 5.88 + 0.6

rWAT mass [g] L6 8.52+0.6 8.38+0.4 8.92+06 P
L12 9.57 +0.5 9.25+0.4 9.49 + 0.6
L18 10.00 + 0.7 10.12 + 0.7 10.49 + 1.0

Glucose [mmol L] L6 6.04 + 0.9 8.53 +2.1° 7.91+ 0.6 P
L12 5.42 + 1.64> 6.11+0.9? 5.16 +0.5°
L18 561+ 16 549 + 1 5.76 + 2.1

TG [mmol L7 L6 1.39+03 1.59 £ 0.5 1.21+0.2 P
L12?2 0.81+0.2 1.11+0.2 1.16 + 0.5
L18 1.46 + 0.3 126 +0.5 134+0.2

Cholesterol [mmol L™] L6 3.62+ 1.2 3.18+ 05 3.56+0.5 NS
L12 3.02+ 1.1 3.69+ 1.1 2.82+09
L18 312+ 0.4 291+04 336+ 0.4

Values are presented as the mean + SEM of six animals per group. Different letters denote significant changes assessed by one-way ANOVA and Tukey’s post-hoc test
(p < 0.05). ANOVA, analysis of variance; BAT, brown adipose tissue; CG, conventional grape; iWAT, inguinal white adipose tissue; NS, not significant; OG, organic grape; P,
photoperiod effect (p < 0.005); RQ, respiratory quotient; rWAT, retroperitoneal white adipose tissue; SEM, standard error of the mean; TG, triglyceride; VH, vehicle.

gene expression was significantly downregulated in response to
fruit consumption, while Ucpl and Dio2 gene expression was
downregulated only in response to OG consumption (Figure
2A). Nonetheless, when CG was consumed in animals exposed
to L12 photoperiod, a significant downregulation in the ex-
pression of most of the genes studied was observed, includ-
ing Ucpl, Dio2, Pgcla, Cptlp, Ppary, and fatty acid transport
protein 1 (Fatpl, Figure 2A-C). Interestingly, OG consump-
tion completely reverted this effect, yet upregulating Prdm16
and cluster of differentiation 36 (Cd36) gene expression. In
contrast, in L18 animals, CG and OG consumption resulted

Mol. Nutr. Food Res. 2023, 67, 2300074 2300074 (3 of 12)

in an upregulation of Pgcla gene expression, and only CG
consumption caused an upregulation of two important lipid
transport-related genes (Cd36 and Fatp1) compared to VH group
(Figure 2C). Noteworthy, Western blot assays showed that fruit
consumption did not affect UCP1 protein expression in L6 an-
imals (Figure 2D), while OG consumption tended to decrease
it in L18 compared to CG consumption. In addition, the im-
munoblots confirmed higher levels of UCP1 protein expression
in response to OG consumption only when animals were ex-
posed to L12 photoperiod with respect to both VH and CG
groups.

© 2023 The Authors. Molecular Nutrition & Food Research published by Wiley-VCH GmbH
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Figure 1. Effect of seasonal consumption of conventional (CG) or organic grape (OG) on energy expenditure (EE). Twenty hours of indirect calorimetry
were measured in animals fed a standard chow diet + vehicle or 100 g kg™! of lyophilized CG or OG for a 10-week-period and adapted to 6 h light per
day (L6, a), 12 h light per day (L12,b), or 18 h light per day (L18, c) photoperiod. Values are mean + standard error of the mean (SEM) (n = 6). F, fruit
effect; t, time effect; F't, interaction of fruit treatment and time, assessed by two-way analysis of variance (ANOVA, p < 0.05). Area under the curve is
calculated for the data of groups for each photoperiod, and motor activity was described by the total amount of two-leg/upright positions during 24 h
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(L6, d; L12, e; L18, f). Statistical significance was assessed by one-way ANOVA followed by Tukey’s post-hoc test.
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2.5. Consumption of CG and OG Upregulated Subcutaneous
Ucp1 Gene Expression in Animals Exposed to L18 and L12
Photoperiods

Considering the adaptations in EE in L12 and L18 in response to
fruit consumption, we surmised that WAT should also be affected
at the molecular level despite finding no differences in body
weight, as it has been previously demonstrated.'®] Thus, we
assessed the metabolic gene expression profile of several markers
of lipid metabolism in inguinal white adipose tissue (i(WAT) and
retroperitoneal white adipose tissue (rWAT), representing subcu-
taneous and visceral white adipose profiles, respectively. Brown-
ing markers were also determined in iWAT, the adipose region
with higher browning susceptibility.

In iWAT (Figure 3), we observed a significant fruit type
effect on the gene expression of adipogenic markers (Ppary
and CCAAT-enhancer-binding protein alpha [C/ebpa]) glycerol-
3-phosphate acyltransferase (Gpat) and Lep. A significant effect
of photoperiod was also observed on lipolytic (hormone sen-
sitive lipase [Hsl]), lipogenic (Gpat, fatty acid synthase [Fasn],
acetyl-CoA carboxylase 1 alpha [Acaca]), and adiponectin (Adipoq)
gene expression. An interaction effect was only observed in Ucp1
and Pgcla gene expression (Figure 3D). After applying one-way
ANOVA analyses, we observed that, under L12 photoperiod, CG
consumption upregulated the expression of the adipogenic genes
Ppary and C/ebpa as well as the expression of an important
lipolysis-related gene (adipose triglyceride lipase [Atg]]). In addi-
tion, both types of grapes upregulated Lep gene expression, and
only OG upregulated Ucpl mRNA levels. In L18 groups, Fasn was
downregulated by consumption of both CG and OG, although
Acaca and Adipoq gene expression was only upregulated in re-
sponse to OG consumption. In a similar fashion to L12 photope-
riod, both types of grapes upregulated Ucp1 gene expression un-
der L18 photoperiod.

In rWAT, in contrast to iWAT, we observed a significant effect
of fruit type on most of the metabolic genes we analyzed, showing
a general downregulation of their expression in response to both
OG and CG consumption (Figure 4). Additionally, a photoperiod
effect was detected in the expression of most of these genes, ex-
cept for Adipog. When we applied one-way ANOVA analyses, we
detected that both types of grapes significantly downregulated the
gene expression of Ppary, Cebpa, Atgl, Hsl Cd36, and Adipoqin an-
imals subjected to L6 photoperiod. Similar results were observed
in L12 groups, where CG and OG downregulated the gene ex-
pression of Ppary, Hsl, Cd36, and Adipog, whereas Cebpa was only
modulated by CG consumption. In animals subjected to L18 pho-
toperiod, Ppary and Lep gene expressions were again modulated
only in response to CG, whereas OG consumption significantly
downregulated Cd36 gene expression.

Overall, we observed that both fruit consumption and photope-
riod exposure altered the expression of the main metabolic genes

www.mnf-journal.com

in the iWAT and rWAT. There was an interaction effect between
the two variables for only a few genes. Moreover, the distinct types
of grapes differentially modulated each adipose depot. The ex-
pression of metabolic genes in rWAT was particularly affected by
fruit consumption in L6 animals, while little effects were detected
on iWAT under this photoperiod. Globally, fruit consumption re-
duced the expression of most of the genes that we assessed in the
visceral adipose depot.

3. Discussion

Our study aimed to elucidate the effect of the consumption of
grapes containing different content of bioactive compounds, re-
sulting from different growing methods, on the lipid metabolism
of adipose tissues and other associated metabolic markers. In par-
ticular, OG fruits accumulated significantly more phenolic com-
pounds, and especially anthocyanins, as a result of their exposure
to higher biotic and abiotic stresses.!”*18] Therefore, we hypoth-
esized that these differences in phenolic composition of grapes
could influence the molecular response of rats exposed to differ-
ent photoperiods, simulating the distinct seasons of the year.

It is now firmly established that photoperiod influences
metabolism. Indeed, many human studies have demonstrated
that seasonality clearly affects body mass and adiposity, with an
increase in body weight under longer photoperiods.['*?° This
metabolic adaptation to daylength was also observed in animal
models,['7?!] and in Fischer 344 rats which are especially suited to
metabolic adaptations in response to different photoperiods.!??!

Our results clearly reflect the impact of (poly)phenol con-
tent of grapes, as affected by cultivation conditions, on the en-
ergy metabolism of rats. First, animals that consumed OG dur-
ing the natural season of grapes (L6 photoperiod) had a lower
caloric intake than L12 and L18. It should be noted that the tra-
ditional consumption of grapes is occurring in winter, where
the photoperiod is short.®l Additionally, RQ values were lower
in all L6 animals and, in particular, in response to OG con-
sumption, as we demonstrated in previous studies using simi-
lar conditions."*?3] In fact, EE during L6 was greatly increased,
confirming the strong impact of photoperiod on metabolism.
Indeed, Fischer 344 rats tended to gain weight under summer-
like conditions (i.e., L18), while losing weight under winter-like
conditions (i.e., L6).22] Our results support this observation,
as photoperiod affected total body weight; animals exposed to
L18 photoperiod had higher body weight compared than those
exposed to L6.

Interestingly, consumption of both types of grapes increased
EE of rats exposed to L18 photoperiod. As expected, rats, being
nocturnal animals, also showed higher EE under longer dark
periods. It is interesting to speculate that this response to
(poly)phenols may represent a dietary cue, whereby animals
consuming (poly)phenols from grapes during the summer-like

Figure 2. Effect of seasonal consumption of conventional (CG) or organic grape (OG) on brown adipose tissue (BAT) activity. Expression of genes
related to thermogenesis (A), adipogenesis (B), and lipid transport (C) was evaluated by quantitative PCR and protein expression of uncoupling protein
1 (UCP1) (D) was quantified by Western blot analysis, on animals fed standard chow diet + 100 mg kg~ of lyophilized CG or OG for 10-week-period
and submitted into short day (L6), standard (L12), or long day (L18) photoperiods. Values were normalized against vehicle group of L6 photoperiod.
Data represent mean =+ standard error of the mean (SEM) (n = 5-6). Fruit: fruit effect; Photoperiod: photoperiod effect; Fruit X Photoperiod: interaction of
photoperiod and fruit treatment assessed by two-way analysis of variance (ANOVA, p < 0.05). Different letters denote effect of fruit on each photoperiod

group determined by one-way ANOVA and Tukey’s post-hoc test (p < 0.05).
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photoperiod metabolically adapt to face the winter environmen-
tal conditions, as grapes are set to be available for consumption
in this season. Otherwise, EE was diminished after grape con-
sumption when animals were exposed to the short photoperiod.
These animals also showed lower caloric intake, but its body
weight was unchanged, compared to the VH-L6 group. There-
fore, in-season grape consumption promoted a reduction of
both food intake and EE, while maintaining energy balance in
these animals. Surprisingly, these grape-dependent changes in
EE were not associated with changes in motor activity, therefore
other mechanisms may thus be involved.

BAT is a key thermogenic tissue in rodents and plays a central
role in fostering changes in energy metabolism. However, previ-
ous report revealed that BAT activity was diminished under short
photoperiod in Fischer 344 rats.['”) In our study, we also observed
a reduction in BAT weight in rats subjected to L6 photoperiod,
and their gene expression levels were also downregulated com-
pared to L12 animals. However, results concerning changes in
metabolic BAT markers after grape consumption were perplex-
ing, since the most significant differences were observed in the
L12 group, representing fall/spring photoperiod. Surprisingly,
we observed opposite effects after the consumption of the dif-
ferent types of grapes. While CG consumption significantly re-
duced the expression of thermogenic and adipogenic genes in
BAT, OG not only reversed these effects at mRNA level, but it
also significantly boosted UCP1 protein expression, an uncou-
pler of mitochondrial proton motive force. The presence of UCP1
in BAT is key to understand its activity status, since it confers
to brown-like adipocytes their main thermogenic function, that
is, heat generation from the mitochondrial fatty acid oxidation
chain.!?’] In our study, the 1.6 higher amounts of anthocyanidins
in OG, compared to CG,/”! could account for the activation of BAT
after OG consumption. Moreover, rats consuming OG showed
higher serum concentrations of flavan-3-ol derived metabolites,
phenolic compounds that enhance BAT activity.l?*-3! Addition-
ally, different studies reported that BAT activity was enhanced
by cyanidin-3-glucoside, an anthocyanin capable of increasing
EE through BAT activation and browning in mice.’?33] There-
fore, one can speculate that the higher content of these bioactive
compounds in OG is associated with a higher expression of BAT
markers in L12 rats, compared to rats consuming CG. Neverthe-
less, this pattern was not observed in the other two photoperi-
ods, suggesting that the effects of grape (poly)phenols on BAT
are photoperiod dependent. In fact, both types of grapes reduced
UCP1 expression in BAT under L6, which could be an explana-
tion to the reduced EE observed in these animals. Still, it may be
interesting to further explore the impact of the different classes
of (poly)phenols on the differentiation of adipose tissue in future
experiments.

In animals subjected to L18 photoperiod, Pgcla mRNA was
upregulated in BAT after consumption of both types of grapes.

www.mnf-journal.com

This transcription factor is directly involved in brown adipoge-
nesis and thermogenesis.**! However, taking into account that
UCP1 expression was downregulated by OG, this response sug-
gests that BAT activity was probably not involved in the observed
changes in EE. Other factors affecting energy metabolism could
explain this surge in EE resulting from grape consumption in
the L18 group. Indeed, the effect of (poly)phenols in the organ-
ism indirectly involves bile acid metabolism, which can impact
EE through the action of thyroid hormone system in the skeletal
muscle.330]

After analyzing the seasonal effects of CG and OG consump-
tion in the WAT, we clearly observed an influence of their specific
composition in animals raised under L12 and L18 photoperiods.
However, for the group that simulates the harvesting season of
grapes (L6), the impact of both CG and OG intake was very sim-
ilar, mainly resulting in a significant decrease of the expression
of most genes in rWAT. This adipose depot was used as a rep-
resentative of the visceral adipose tissue, which has been largely
correlated with increased metabolic dysfunction.[*”] On the other
hand, animals under the L12 photoperiod increased the expres-
sion of both adipogenic and lipolytic genes in iWAT in response
to CG consumption, this effect being attenuated after consuming
OG. In this case, the iWAT depot represented the subcutaneous
adipose tissue, which shows completely different metabolic ef-
fects than visceral WAT, contributing to maintain glucose and
lipid homeostasis.*”] These results indicated that the effects of
grapes on the gene expression profile of WAT were strongly de-
pendent on the adipose depot, considering the remarkable differ-
ences between iWAT and rWAT, and suggested that grape con-
sumption promoted a rather beneficial profile of fat storage in a
photoperiod-dependent manner.

Another remarkable finding was the dramatic increase of Ucp1
gene expression in iWAT after OG consumption during both
L12 and L18. Other studies are needed to corroborate this re-
sponse but considering the well-established browning effects of
anthocyanins,®*#% our results suggest a winter-like adaptation
feature induced by anthocyanin consumption, which is consis-
tent with the EE rise and upregulation of Ucp1in BAT in L18 and
L12 groups, respectively.

Interestingly, Lep expression was upregulated in response to
the consumption of both types of grapes in iWAT of animals
adapted to L12 photoperiod. Previous results only showed a slight
enhancement of Lep serum levels due to grape consumption dur-
ing long summer like photoperiod,!™* but no results under L12
were reported. Also, it was shown that anthocyanin treatment en-
hanced Lep and Adipoq production in adipocytes,*!l which sug-
gests that the high anthocyanin content in grapes could be re-
sponsible for this Lep rise. Given that animals in our study were
fed chow diet, it would be interesting, in order to properly inter-
pret these results, to reproduce these studies in a model of diet-
induced obesity.

Figure 3. Effect of seasonal consumption of CG or OG on the gene expression of the key regulators of the main metabolic pathways in inguinal white
adipose tissue (iWAT). Gene expression of genes related to adipogenesis (A), lipolysis (B), lipogenesis (C), browning (D), and adipokines (E) evaluated
by quantitative PCR on animals fed standard chow diet + 100 mg kg~" of lyophilized CG or OG for 10-week-period and submitted into short day (L6),
standard (L12), or long day (L18) photoperiods. Values were normalized against vehicle group of L6. Data represent mean + standard error of the
mean (SEM) (n = 5-6). Fruit: fruit effect; Photoperiod: photoperiod effect; Fruit X Photoperiod: interaction of photoperiod and fruit treatment assessed
by two-way analysis of variance (ANOVA, p < 0.05). Different letters denote effect of fruit on each photoperiod group determined by one-way ANOVA

and Tukey’s post-hoc test (p < 0.05).
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Figure 4. Effect of seasonal consumption of CG or OG on the gene expression of the key regulators of the main metabolic pathways in retroperitoneal
white adipose tissue (rWAT). Gene expression of genes related to adipogenesis (A), lipolysis (B), lipogenesis (C), and adipokines (D) evaluated by
quantitative PCR on animals fed standard chow diet + 100 mg kg™" of lyophilized CG or OG for 10-week-period and submitted into short day (L6),
standard (L12), or long day (L18) photoperiods. Values were normalized against vehicle group of L6. Data represent mean + standard error of the
mean (SEM) (n = 5-6). Fruit: fruit effect; Photoperiod: photoperiod effect; Fruit x Photoperiod: interaction of photoperiod and fruit treatment assessed
by two-way analysis of variance (ANOVA) (p < 0.05). Different letters denote effect of fruit on each photoperiod group determined by one-way ANOVA

and Tukey’s post-hoc test (p < 0.05).

Otherwise, Adipoq gene expression was also affected by grape
consumption in a photoperiod and adipose depot-dependent
manner. On the one hand, these adipokine was upregulated
in iWAT, but not in rWAT, under the short photoperiod, and
only OG upregulated its expression in the subcutaneous depot
when animals were exposed to the long photoperiod. However,

Mol. Nutr. Food Res. 2023, 67, 2300074 2300074 (9 of 12)

no effects on glucose levels were detected. On the other hand,
the exposure to different photoperiods did not affect Adipog
gene expression in rWAT, whereas consumption of both types of
grapes downregulated it under all photoperiods in this visceral
depot. Besides, higher glucose circulating levels were observed
in response to grape consumption only in animals exposed to
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the L6, suggesting possible alterations on the glycemic control
of these animals. In order to understand the relevance of these
findings, it could be interesting to explore the effects of grapes
on insulin levels and on the further utilization of glucose by the
liver or the skeletal muscle. Also, to use a model of diet-induced
obesity, where inflammation levels are importantly increased,
could help better define the impact of grape consumption on the
action of Adipoq.

In conclusion, we demonstrated a clear effect of grape con-
sumption on EE and metabolic markers of BAT and WAT of
Fischer 344 rats. This effect is photoperiod and adipose depot-
dependent and probably influenced by the content of bioactive
compounds in grapes, as affected by the growing conditions.
Additionally, our results reinforce the role of (poly)phenols,
particularly anthocyanins, as dietary cues to adapt to environ-
mental stress such as cold temperatures and short photoperiod,
as gene expression in the different adipose depots in response
to out-of-season grape consumption often mimicked the pattern
observed under L6. Finally, cultivation-derived differences in
grape (poly)phenol composition clearly affected BAT activity.
For instance, OG enhanced UCP1 in animals exposed to L12
photoperiod. However, one must consider the exploratory and
preliminary nature of this study, and more evidence is needed
to draw firm conclusions about the effects of seasonal grape
consumption on energy and lipid metabolism. Future studies
should focus on other metabolic features that describe the global
metabolic situation in the organism. Also, another type of VH
could be used to fully understand the particular impact of grape
(poly)phenols, or of the whole fruits, in the organism.

4. Concluding Remarks

® Out-of-season grape consumption increased EE of rats,
whereas in-season grape consumption reduced it.

® Grape consumption upregulated UCP1 expression in BAT of
L12 animals. No effects were detected in BAT activity after
grape consumption under L18, and L6 animals tended to show
reduced UCP1 in response to grapes.

® Browning in iWAT was enhanced by out-of-season consump-
tion of grapes, being significant only when consuming OG.
These findings were consistent with the increased EE after
grape consumption under L12 and L18.

® The expression of adipogenic and lipogenic genes in WAT was
affected by grapes, depending on both the photoperiod and
the adipose depot. Under L12 and L6 photoperiods, both CG
and OG reduced the expression of lipid accumulation-related
genes in visceral WAT. However, in subcutaneous WAT, CGs
upregulated adipogenesis-related genes.

® In-season consumption of grapes downregulated the expres-
sion of Adipoq in rWAT, while glucose circulating levels were
increased in these animals. Further research focused on the
relevance of these effects is needed to properly interpret these
results.

5. Experimental Section

Ethical Approval:  All animal experimental procedures were approved
by the Animal Care Institution and Ethics Committee of University Rovira
i Virgili (reference number: 4249).

Mol. Nutr. Food Res. 2023, 67, 2300074 2300074 (10 of 12)
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Fruit Characteristics and Preparation: Red Grenache grapes (V. vinifera
L.) OG and CG were harvested at maturity in the region of Rasquera (Tar-
ragona, Spain) and were kindly provided by a producer. According to the
farmers, the antifungals copper (11) sulfate and conazole, and the pesticide
chlorpyrifos were used during the conventional cultivation of the grapes.
Intact grapes, including seeds, skins, and pulp, were frozen in liquid nitro-
gen and grinded to homogeneity. The homogenates were lyophilized in a
Telstar LyoQuest lyophilizer (Thermo Fisher Scientific, Barcelona, Spain)
at —85 °C.

Extraction, Quantification, and Identification of (Poly)phenols from CG
and OG: The phenolic composition of grapes was extracted and char-
acterized as described previously.[*?] For (poly)phenol extraction, grape
powder was extracted in a liquid—solid ratio of 80 mL g~ freeze-dried
grape powder with methanol 65% in water and 1% formic acid for 100 min
at 72 °C under 500 rpm agitation with protection from light exposure.
After the extraction, samples were centrifuged at 9500 x g for 10 min
at 4 °C, and the supernatants were stored at —20 °C until further use.
(Poly)phenol separation was achieved using a ZORBAX Eclipse XDB-C18
(150 mm x 2.1 mm i.d., 5-um particle size) as the chromatographic col-
umn (Agilent Technologies, Palo Alto, CA, USA) equipped with a Narrow-
Bore guard column (2.1 mm X 12.5 mm, 5 pum particle size). The mo-
bile phase was water:acetic acid (95:5 v/v) (A) and acetonitrile:acetic acid
(95:5 v/v) (B) in gradient mode as follows: initial conditions 0% B; 0%—
30% B, 0—18 min; 30%—100% B, 18—19 min; 100% B isocratic, 19-20 min;
100%-0% B, 20-21 min. A post-run of 6 min was required for column
re-equilibration. The flow rate was set at 0.5 mL min~', and the injection
volume was 10 uL for all of the runs. Before the injection, all of the samples
were diluted 1:1 in mobile phase A.

Animal Handling:  Fifty-four (n = 54) male Fischer 344 rats, 8-weeks
of age and with an average body weight of 186 + 17 g, were purchased
from Charles River Laboratories (Barcelona, Spain). The animals were
pair-housed and randomly distributed in three different rooms accord-
ing to photoperiod (n = 18, each). They were fed a standard chow diet
(Panlab A04, Barcelona, Spain) and had access to tap water ad libi-
tum. Photoperiod groups consisted of a L6 (6:18 h light:dark cycle), L12
(12:12 h light:dark cycle), and L18 (18:6 h light:dark cycle), emulating win-
ter, fall/spring, and summer, respectively. Temperature was kept at 22 °C,
and animals were housed in animal quarters. After an adaptation period
of 4 weeks, animals under each photoperiod were weight-matched and
distributed into three subgroups (n = 6, each): OG administration at a
dose of 100 mg kg™! day~! water-diluted; CG administration at a dose of
100 mg kg~ day~! water-diluted; or VH administration, consisting of glu-
cose (10 mg kg™' day™") and fructose (10 mg kg™' day™") in water (Figure
S1). In all cases, lights were turned on at 9.00 a.m. and treatments were
orally administered between 9.00 and 10.00 a.m. for a period of 10 weeks.
Body weight and food intake were measured weekly. All animals were sac-
rificed by decapitation at the start of the light cycle (09:00 am) after OG,
CG, or VH administration. Serum was obtained after blood clotting and
centrifugation (2000 X g, 15 min, 4 °C). WAT and BAT were obtained and
frozen immediately in liquid nitrogen.

Dosage Regimen: For CG and OG treatments, 100 mg of grape ex-
tracts per kg bw were diluted in water and daily administered to animals
using a syringe. The dose was chosen based on previous studies of the
group where the same values showed effects on metabolism.[1214 vVH
solution consisted on 20 mg kg™' bw of a glucose:fructose 1:1 solution,
representing the sugars present in grapes.I’l The human equivalent dose
(HED) was calculated based on body surface area,[*3] and corresponded
to 1.25 g day~! of extract for a 70 kg adult. This dose amounts to ~/5 mg of
total (poly)phenols per day, which is rapidly achieved with fruit consump-
tion: it was estimated that the average amount of (poly) phenols consumed
with fruit in Spain corresponds to 360+127 mg day~'.[44]

Biometric Analysis:  On the last week, animals were subjected to
magnetic resonance imaging (MRI) using EchoMRI-700 (Echo Medical
Systems, LLC., TX, USA) to determine body composition. Also, animals
underwent 24 h of indirect calorimetry analyses using an Oxylet Pro
System (Panlab). The program Metabolism 2.1.02 (Panlab) automatically
calculated RQ and EE as according to the Weir equation.[*3] A nitrogen
excretion rate of 135 ug kg™ min~" was also assumed.[4¢] Motor activity
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was calculated by the number of two-leg/upright positions that occurred
during 24 h.

Blood Serum Analysis:  Enzymatic colorimetric kits were used for the
determination of TGs (QCA, Barcelona, Spain), cholesterol, and glucose
serum concentrations (WAKO, Neuss, Germany), following manufac-
turer’s instructions. Briefly, absorbance for each sample was obtained in
duplicate after the enzymatic reaction, and the concentrations for each pa-
rameter were calculated based on standard curves that were created from
already known concentrations of each parameter (provided by the kits).

Gene Expression Analysis:  BAT and two depots of WAT, inguinal (i\WAT),
and retroperitoneal (rWAT) were processed to extract total RNA using TRI-
zol LS Reagent (Thermo Fisher, Madrid, Spain), according to manufac-
turer’s protocol. RNA quantity and purity were measured with a NanoDrop
1000 spectrophotometer (Thermo Scientific, Madrid, Spain). The integrity
of the RNA was evaluated by RNA integrity number (RIN) through 2100
Bioanalyzer Instrument (Agilent Technologies). Reverse transcription was
performed to obtain cDNA using the High-Capacity Complementary DNA
Reverse Transcription Kit (Thermo Fisher). Gene expression was analyzed
by quantitative PCR using the iTaq Universal SYBR Green Supermix (Bio-
Rad) in the ABI prism 7900HT real-time PCR system (Applied Biosystems)
using primers obtained from Biomers.net (Ulm, Germany). The forward
and reverse primer sequences used in this study are presented in Supple-
mentary Table S1. The relative expression of each gene was calculated in
reference to Ppia housekeeping gene and normalized to the VH group of
each photoperiod. The #2Ct method was used and corrected for primer
efficiency.[*’]

Western Blot Analysis: ~ Approximately 20 mg of BAT were homogenized
in 200 pL Radio-Immunoprecipitation Assay lysis buffer (RIPA). The pro-
tein was extracted and quantified by using the BCA protein assay kit (Bio-
Rad Protein Assay; BioRad, USA), following manufacturer’s instructions.
Protein extracts (30 pg) in Laemmli loading buffer were denatured and
loaded into 10% acrylamide gels made with TGX™ Fast Cast™ Acrylamide
Solutions (Bio-Rad, Barcelona, Spain) and run at 100 V for 90 min. Af-
terwards, gels were transferred onto a PVDF membrane using the Trans-
Blot Transfer System (Bio-Rad) with Trans-Blot Turbo Mini PVDF Trans-
fer Packs (Bio-Rad), following the manufacturer’s instructions. Efficient
protein transfer was monitored by Ponceau-S stain. Next, membranes
were blocked at room temperature and incubated with anti-UCP1 antibody
(ab209483) (Abcam, Cambridge, UK) (diluted 1:2000), at 4 °C overnight.
Thereafter, the membrane was incubated for 1 h with the secondary an-
tibody (GE Health Care Life Sciences, Barcelona), and the protein was
detected with the chemiluminescent reagent ECL Select Western Blotting
Detection Reagent (GE Healthcare, Barcelona, Spain). Protein levels were
quantified using Image|l*8] and normalized to f-actin (A2228) (Sigma-
Aldrich) protein levels.

Statistical Analysis: The effects of seasonal fruit supplementation in
biometric, biochemical, and calorimetry parameters as well as in gene and
protein expression were evaluated by both two-way ANOVA (considering
the photoperiod impact) and one-way ANOVA (to assess the differences
in cultivation conditions for each photoperiod) with Tukey's post hoc test.
GraphPad Prism 9 (GraphPad Software, La Jolla, CA, USA) was used for all
statistical analysis. The values are expressed as means + standard error
of the mean (SEM). p < 0.05 was considered significant.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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