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ABSTRACT

BACKGROUND: Grape-seed proanthocyanidin extract (GSPE) improve white adipose tissue
(WAT) expansion during diet-induced obesity. However, because adipose metabolism is
synchronized by circadian rhythms, it is plausible to speculate that the bioactivity of dietary
proanthocyanidins could be influenced by the time-of-day in which they are consumed.
Therefore, the aim of the present study was to determine the interaction between zeitgeber
time (ZT) and GSPE consumption on the functionality of WAT in rats with diet-induced obesity.
METHODS: Male Wistar rats were fed a cafeteria diet for 9 weeks. After 5 weeks, the animals
were supplemented with 25 mg GSPE/kg for 4 weeks at the beginning of the light/rest phase
(ZT0) or of the dark/active phase (ZT12). Body fat content was determined by nuclear magnetic
resonance and histological analyses were performed in the epididymal (EWAT) and inguinal
(IWAT) fat depots to determine adipocyte size and number. In addition, the expression of genes

related to adipose metabolism and circadian clock function were analyzed by qPCR.

RESULTS: GSPE consumption at ZTO was associated with a potential antidiabetic effect without
affecting adiposity and energy intake and downregulating the gene expression of inflammatory
markers in EWAT. In contrast, GSPE consumption at ZT12 improved adipose tissue expansion
decreasing adipocyte size in IWAT. In accordance with this adipogenic activity, the expression of
genes involved in fatty acid metabolism were downregulated at ZT12 in IWAT. In turn, GSPE

consumption at ZT12, but not at ZTO, repressed the expression of the clock gene Cry1 in IWAT.

CONCLUSIONS: The interaction between ZT and GSPE consumption influenced the metabolic
response of WAT in a tissue-specific manner. Understanding the impact of circadian clock on
adipose metabolism and how this is regulated by polyphenols will provide new insights for the

management of obesity.
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INTRODUCTION

The obesity epidemic is a major metabolic health problem, mainly characterized by excessive
adiposity, which disrupts whole-body energy balance and body composition [1]. In mammals,
white adipose tissue (WAT) is increasingly recognized as a major player in maintaining metabolic
homeostasis by regulating energy metabolism [2]. In general, feeding stimulates the lipogenic
pathway and storage of triglycerides in WAT, while fasting and physical activity induce lipolytic
pathway activation and promote triglycerides breakdown and fatty acids release into the
bloodstream to meet the needs of other tissues [3]. In addition, to properly accommodate
triglycerides, WAT needs to remodel and expand itself by inducing the proliferation and
differentiation of pre-adipocytes to adipocytes via adipogenesis [4]. This process is controlled by
an interacting network of transcription factors, such as peroxisome proliferator-activated
receptor gamma (PPARy) and members of the CCAAT/enhancer-binding proteins (C/EBPs),
operating together to coordinate the expression of many hundreds of genes responsible for
establishing the phenotype of mature fat cells [5]. However, WAT expandability is not infinite
and, once the limit is reached, fat is deposited in visceral adipocyte depots resulting in local and
systemic metabolic alterations such as insulin resistance, dyslipidemia and chronic inflammation
[6].

In this context, dietary and lifestyle interventions have been shown to be adequate to improve
WAT functionality and, therefore, improve its metabolic health [7, 8]. In this sense, natural
dietary polyphenols and specifically proanthocyanidins, the most structurally complex subclass
of flavonoids, have exhibited, over the last few years, to play an important role in the regulation
of the main metabolic transcriptional networks in WAT [9,10]. Specifically, consumption of a
proanthocyanidins mixture extracted from grape seeds was shown to exert anti-hypertrophic
and adipogenic activity by increasing the capacity of WAT to store and mobilize triglycerides
and, consequently, inducing a healthier expansion of this tissue to match the surplus of energy

provided by the cafeteria diet [11, 12].
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Nevertheless, the main metabolic processes in mammals are influenced by the circadian clock,
which is a complex biological timing system. This system coordinates cellular and physiological
functions in periodical cycles of approximately 24 hours [13]. In fact, several studies in rodents
and humans revealed that approximately 10-20% of genes in WAT have a circadian rhythm
expression [14,15]. In addition, one of the most important molecular components of the
mammialian circadian clock system such as brain and muscle ARNT-like (BMAL1), has been
shown to modulate the expression of key enzymes involved in lipolysis and lipid transport in
WAT, including adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL) and lipoprotein
lipase (LPL) [16,17]. Therefore, cellular and physiological circadian mechanisms define the
moment in which metabolic processes are more active in WAT [18] and, presumably, more
susceptible to be modulated [19]. In this context, it is plausible to speculate that the
effectiveness of dietary polyphenols in the prevention of diet-induced obesity could depend
substantially on the time-of-day in which they are consumed. Therefore, the aim of the present
study was to investigate whether the functionality of WAT in response to proanthocyanidins

was significantly influenced by the time-of-day of their consumption.

METHODS

Proanthocyanidins extract

The grape seed extract enriched in proanthocyanidins (GSPE) was kindly provided by Les Dérivés
Résiniques et Terpéniques (Dax, France). According to the manufacturer, the GSPE composition
used in this study contained monomers (21.3%), dimers (17.4%), trimers (16.3%), tetramers
(13.3%), and oligomers (5-13 units; 31.7%) of proanthocyanidins. The phenolic composition of

this extract was further analysed by Margalef et al [20].

Study design and dosage information

Thirty-two male Wistar rats weighing 250-290 g, 8 weeks of age, were purchased from Charles
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River Laboratories (Barcelona, Spain). Animals were housed in pairs under a 12 h light-dark cycle,
at 22°C and fed ad libitum with a standard chow diet (Panlab A04, Barcelona, Spain) and tap
water. After one week of adaptation, animals were fed everyday ad libitum with cafeteria diet for
9 weeks. The cafeteria diet was previously described by Ribas-Latre et al [21]. Statistical power
analyses and sample size calculations were conducted to minimize the number of animals used
in the experiment. During the last 4 weeks of the cafeteria diet intervention, animals were
randomly divided into four groups of 8 animals each in a completely randomized design and were
orally supplemented at two different time points with GSPE (25 mg/kg of body weight/day) or
vehicle (VH). According to Zeitgeber time (ZT), two groups were supplemented at ZTO, when the
light turn on (VH-ZT0 and GSPE-ZTO groups), and the other two were supplemented at ZT12, when
lights turned off (VH-ZT12 and GSPE-ZT12 groups). GSPE was dissolved in 450 pL of commercial
sweetened skim condensed milk (Nestle; 100 g: 8.9 g protein, 0.4 g fat, 60.5 g carbohydrates,
1175 kJ). VH groups were supplemented with the same volume of sweetened skim condensed
milk. Two or three days before administration, rats were trained to voluntarily lick the milk to
avoid oral gavage. One week prior to sacrifice, total body fat content was analysed by quantitative
magnetic resonance using an EchoMRI-700 (Echo Medical Systems, LLC., TX, USA) without
anaesthesia. To avoid differences related to circadian rhythms in gene expression, all animals
were sacrificed by decapitation 3 hours after the lights turn on (ZT3). Afterwards, blood from neck
was collected and centrifuged (1 500 x g, 15 min, 4°C) to obtain serum. In addition, epididymal
and inguinal WAT depots (EWAT and IWAT, respectively) were excised, weighted and immediately

frozen in liquid nitrogen. Serum and adipose depots were stored at -80°C until further use.

The Animal Ethics Committee of Universitat Rovira i Virgili approved all procedures (reference
number 9495 by Generalitat de Catalunya). All the above-mentioned experiments were
performed as authorized (European Directive 86/609/CEE and Royal Decree 223/1988 of the
Spanish Ministry of Agriculture, Fisheries and Food, Madrid, Spain). Investigators were not

blinded to the treatment groups during the following analyses.
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Measurement of circulating biomarkers

Serum levels of insulin, leptin, adiponectin, and monocyte chemoattractant protein-1 (MCP-1)
were measured using mouse/rat-specific immunometric sandwich enzyme-linked
immunosorbent assay (ELISA) kit purchased from Millipore Ibérica (Madrid, Spain).

Enzymatic colorimetric kits were used for the determination of serum glucose, triglycerides and
total cholesterol (QCA, Barcelona, Spain) and non-esterified fatty acids (NEFA, or free fatty
acids) (Wako, CA, USA). Homeostasis model assessment-estimated insulin resistance (HOMA-IR)

index was calculated from insulin and glucose serum levels.

Adipose tissue histology

This study focuses on two key white adipose depots: inguinal subcutaneous WAT (IWAT) and
visceral WAT derived from the epididymal (gonadal) fat pad (EWAT). IWAT and EWAT have an
important role in metabolic homeostasis. In fact, in rodent models, surgical removal of IWAT can
lead to metabolic dysfunction [22,23]. In contrast, transplantation of IWAT into the visceral cavity
of mice leads to improved glucose homeostasis and body composition [24]. In addition, EWAT is
one of the most used adipose tissues because it makes up the largest portion of the total adipose
tissue of an abdominal cavity and allows more accurate weighing due to easy extraction. Small
pieces of frozen IWAT and EWAT were thawed and fixed in 4% formaldehyde. Paraffin blocks,
hematoxylin-eosin staining and the calculations for area, volume and number of adipocytes were
performed following Gibert-Ramos et al [25]. The frequency of adipocyte size distribution across
the tissue was calculated by distributing all counted cells of each sample into two groups
according to their area, <3 000um? or >3 000pum?; then, the number of total counted adipocytes

was used to calculate the percentage of adipocytes in both categories.

Gene expression analysis
Total RNA from IWAT and EWAT was extracted and quantified following Gibert-Ramos et al [25].

The integrity of the RNA was evaluated by RNA integrity number (RIN) through 2100 Bioanalyzer
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Instrument (Agilent Technologies). cDNA was synthesized and amplified following Ibars et al
[26]. The candidate genes were selected based on previous studies [12,21,25] as well as on their
implication on the most important metabolic pathways of adipose tissue including adipogenesis,
lipid metabolism, thermogenesis, adipokine expression, inflammation and glucose uptake. The
primers used for the different genes are described in Supplementary Information Table S1 and
were obtained from Biomers.net (Ulm, Germany). The relative expression of each gene was
calculated according to Cyclophilin peptidylprolyl isomerase A (Ppia) mRNA levels and
normalized to the levels measured in the corresponding control group. The AACt method was

used and corrected for primer efficiency [27].

Statistical analysis

Data are expressed as the mean*SEM (n=6-8). Grubbs’ test was used to detect outliers, which
were discarded before subsequent analyses. Treatment (T), administration time (ZT) and
treatment x administration time interaction (TxZT) effects within groups were determined by
performing two-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test when F was
significant [2x2 factorial designs: treatment (GSPE or VH) x administration time (ZTO or ZT12)].
Only significant F values were shown in the text as well as in Supplementary information.
Statistical tests were performed using XL-Stat 2017 software (Addinsoft, Paris, France) and
graphics were prepared using GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA). A P

value <0.05 was considered statistically significant.

RESULTS

GSPE consumption at ZTO improved insulin sensitivity without affecting adiposity and energy
intake
As shown in Table 1, final body weight, body weight gain, body fat content and energy intake

were not significantly affected by GSPE consumption and only animals supplemented with VH or
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GSPE at ZT12 showed lower energy intake values than animals at ZTO [ZT effect; F (1,27)=5.57;
P=0.025]. In contrast, GSPE consumption significantly reduced insulin values [T effect; F
(1,23)=4.74; P=0.039] (Table 2). In fact, HOMA-IR values were significantly improved in response
to GSPE only at ZTO [ZTxT effect; F (1,19)=4.51; P=0.046], indicating that GSPE consumption
could restore insulin sensitivity in animals with obesity when it was consumed at the beginning
of the light phase. No effects were observed in triglyceride, total cholesterol, non-esterified
fatty acids (NEFA), proinflammatory monocyte chemoattractant protein-1 (MCP-1), leptin and

adiponectin blood levels driven by GSPE administration (Table 2).

GSPE consumption reduced adipocyte size and increased adipocyte number in IWAT but not in
EWAT.

Knowing that the functionality of the adipose tissue can determine metabolic disturbances
associated with obesity, we next explored whether GSPE consumption could modulate
adipocyte histology and WAT expansion in rats with obesity. There are important metabolic
differences between WAT depots which depend on their localization (in or outside of the
abdominal cavity). Hence, in this study, both size and number of adipocytes were studied in two
fat pads: inguinal subcutaneous WAT (IWAT) and visceral WAT derived from the epididymal fat
pad (EWAT). A representative histological image of IWAT and EWAT for each group of animals is
shown at Supplementary Information Fig. S1.

When a two-way ANOVA test was conducted, a significant effect of GSPE consumption (T effect)
was observed in IWAT histology in comparison with VH animals regardless of administration
time (Fig. 1A). However, when Tukey’s post hoc test was used, animals supplemented with GSPE
at ZT12 significantly presented lower adipocyte area and lower frequency of larger adipocytes
distribution (>3 000 um?) with respect to VH-ZT12 animals (Fig. 1A). Interestingly, comparisons
between VH-ZTO and VH-ZT12 did not result in any significant differences in IWAT, reinforcing

the results obtained in response to GSPE consumption. In contrast, in EWAT, GSPE treatment
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did not produce any significant change in adipocyte morphology in any group of animals (Fig.

1B).

GSPE consumption at ZT12 resulted in decreased gene expression of positive regulators of
adipogenesis, fatty acid metabolism and glucose uptake in IWAT.

We next investigated the metabolic gene expression profile of several key regulators of
adipocyte metabolism in IWAT (Fig. 2 and Supplementary information Table S2) and EWAT (Fig. 3
and Supplementary information Table S3). Additionally, the differential gene expression
heatmap for each fat depot is also shown in Supplementary Information Fig. S2.

As illustrated in Fig. 2, the consumption of GSPE produced a different pattern of gene
expression in IWAT depending on the ZT in which GSPE was consumed (ZTxT effect). In fact,
GSPE consumption at ZTO did not significantly affect the relative gene expression of these
genes. In contrast, GSPE consumption at ZT12 produced a significant downregulation of the
adipogenic factor Ppary [ZTxT effect, F (1,23)=7.94; P=0.009] as well as of several genes involved
in fatty acid metabolism including Mgl [ZTxT effect, F (1,22)=9.86; P=0.004], Cpt1b [ZTXT effect;
F (1,21)=8.07; P=0.009] and Cd36 [ZTxT effect, F (1,21)=7.41; P=0.012]. In addition, in this tissue,
GSPE consumption at ZT12 also decreased the gene expression of Adipoq [ZTxT effect, F
(1,21)=5.85; P=0.024] and the insulin-signaling effector Glut4 [ZTxT effect, F (1,22)=11.25;
P=0.002]. Interestingly, when VH-ZTO and VH-ZT12 groups were compared, only a significant
upregulation of Glut4 gene expression was observed in animals supplemented at ZT12 with

respect to ZTO0.

GSPE consumption at ZTO reduced the gene expression of inflammatory and thermogenic
markers in EWAT.

In EWAT, as observed in IWAT, the consumption of GSPE also produced a different pattern of
expression depending on the ZT in which GSPE was consumed. However, contrary to the results

observed in IWAT, GSPE consumption at ZTO resulted in a downregulation of genes involved in
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lipid metabolism including Gpat [ZTxT effect, F (1,23)=20.75; P=0.0001] and Ucp1 [ZTxT effect, F
(1,24)=6.27; P=0.019] (Fig. 3). Interestingly, GSPE consumption at ZTO also caused a significant
decrease of the proinflammatory cytokine /16 [F (1,23)=5.69; P=0.025]. In contrast, at ZT12, a
significant upregulation of C/ebpa [ZTxT effect, F (1,24)=17.04; P=0.0004], Gpat [ZTxT effect, F
(1,23)=20.75; P=0.0001] and Hs! [ZTxT effect, F (1,24)=7.926; P=0.012] was detected in response
to GSPE consumption, while no significant changes were observed in the expression of genes
involved in lipid transport and glucose metabolism. Comparing VH-ZT0 and VH-ZT12 groups, the
mRNA levels of Gpat and /16 were significantly downregulated at ZT12 with respect to ZTO, while

Adipoq was significantly upregulated at ZT12.

GSPE consumption upregulated Cry1 gene expression in IWAT at ZT12 but not at ZTO.

Different components of the circadian clock system have been shown to modulate the
expression of key genes involved in adipogenesis, and lipid and glucose metabolism in WAT.
Therefore, we further studied whether these changes in gene expression driven by GSPE
consumption were associated with clock gene expression profiles in IWAT and EWAT.
Therefore, we evaluated the expression pattern of Bmall (clock-core gene), Per2, Cry1 and Rev-
erb-a (components of the negative loop of the circadian clock) in response to GSPE
consumption (Fig. 4 and Supplementary information Table S4).

In IWAT, GSPE consumption was able to modulate the mRNA levels of Bmall, Cry1 and Rev-erb-
a depending on the ZT in which GSPE was consumed. Specifically, GSPE consumption at ZT12
significantly upregulated the gene expression of Cry1 [ZTxT effect, F (1,20)=5.23; P=0.033]. In
EWAT, the consumption of GSPE also produced a different pattern of the gene expression of
Bmall [ZTXT effect; F (1,24)=7.66; P=0.010] and Per2 [ZTxT effect; F (1,24)=4.33; P=0.048], while

Cry1 was upregulated at ZTO regardless of GSPE administration.

10
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DISCUSSION

The health effects of polyphenols are usually determined without considering the time-of-day of
their consumption. However, it seems evident that biological rhythms should be considered in
preclinical and clinical nutritional studies as many physiological and metabolic processes in
mammals present circadian oscillations. In this sense, similar to other peripheral tissues studied
from a circadian context, WAT is a metabolic organ with a tremendous plasticity that is directly
influenced by circadian clock [14-19]. In addition, previous studies have demonstrated that a
long-term consumption of GSPE induced a healthier expansion of WAT to match the surplus
energy provided by the cafeteria diet by reducing adipocyte size and increasing fat cell number
[11,12]. Unfortunately, to the best of our knowledge, any study has addressed the interaction
between circadian WAT metabolism and GSPE consumption. In this context, our study was
specifically designed to investigate whether the metabolic response of WAT to GSPE
consumption was significantly influenced by the time-of-day in which it was consumed. For this
purpose, GSPE was administered to rats with obesity during 4 weeks at the beginning of the
light phase (ZT0) or, on the contrary, at the beginning of dark phase (ZT12). Our results provide,
for the first time, evidence that the biological effect of GSPE on WAT metabolism depends on
the ZT point of its consumption.

Although various studies have shown that polyphenols and polyphenolic extracts could prevent
body weight gain and fat accumulation, there are scarce data about the effect of polyphenols at
different ZT points on body fat content. In addition, in most of these studies performed with
animals, the body-lowering effect in response to polyphenolic consumption has been mainly
observed after the administration for a long time (<10 weeks) and/or using high doses of
polyphenolic compounds (<200 mg/kg of body weight) [28,29]. Here, although our data did not
demonstrate an effect of GSPE on body fat content, we report for the first time that the
administration of GSPE during 4 weeks at dose of 25 mg/kg of body weight significantly altered
the pattern of expansion of IWAT by decreasing adipocyte size only when GSPE was consumed

11
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at the beginning of the dark phase (ZT12), while this effect was not observed when GSPE was
consumed at the beginning of the light phase (ZT0). In contrast, in EWAT, GSPE consumption did
not modulate adipocyte morphology in any ZT point, indicating that subcutaneous fat could be
more sensitive than visceral fat to GSPE. In mammals, when energy intake is higher than energy
expenditure, WAT can expand by generating more adipocytes (hyperplasia) or by storing more
fat in existing adipocytes (hypertrophy). Several studies have shown that hyperplasia protects
against insulin resistance and inflammation, whereas adipocyte hypertrophy causes an
overproduction of adipokines that decreases tissue insulin sensitivity and induces oxidative
stress and inflammation [30]. In our model of obesity using CAF diet-fed rats, subcutaneous
IWAT could act as a buffer for the daily excess of food intake, protecting against visceral fat
accumulation which is closely correlated with unhealthy metabolic complications such as
inflammation and insulin resistance [31].

Although GSPE consumption at ZTO did not display significant changes in the histologic analysis
of WAT, the pro-inflammatory gene /L-6 was notably downregulated in visceral EWAT when
GSPE was consumed at ZTO. In fact, visceral adipose tissue secretes more proinflammatory
factors than subcutaneous adipose tissue [32], and TNF-a and IL-6 may lead to insulin resistance
by increasing free fatty acid produced by adipocytes and reducing adiponectin synthesis [33]. In
addition, both TNF-a and IL-6 exhibit circadian rhythmicity in their gene expression, being
highest in the rest phase and lowest in the active phase [34]. Our results indicate that GSPE
consumption downregulated the gene expression of /L-6 only when their expression levels
reach its maximum during the rest time (light phase) and did not exert any anti-inflammatory
effect at ZT12 when their gene expression levels are physiologically reduced during the active
phase (dark phase). Consistent with these results, acute resveratrol (RSV) administration in male
Wistar rats also showed opposite effects on proinflammatory and lipid peroxidation levels
depending on the time-of-day of its administration [35]. Although blood concentration of MCP-

1, another pro-inflammatory chemokine with a well-established systemic role in the regulation

12
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of metabolism and insulin resistance in mammals [36], did not show significant changes in
GSPE-treated animals, its concentrations were reduced when GSPE was administered at ZTO,
reinforcing the putative anti-inflammatory and antidiabetic role of this polyphenolic extract
when it is consumed during the rest phase.

Glucose and lipid metabolism also present circadian regulation in order to prepare the
metabolic functions for the outcoming situations during the day. In this sense, it was reported
that insulin sensitivity in mammals displays a circadian rhythm and that it reaches its maximum
around noon and its minimum during rest phase [37]. It has been recently demonstrated that
an acute ingestion of catechin-rich green tea reduces postprandial blood glucose concentrations
when it was consumed in the evening but not in the morning in healthy young men [38].
Accordingly, our data demonstrated that GSPE consumption restores HOMA-IR values in
animals with diet-induced obesity only when it was administered at ZTO (the beginning of rest
phase in Wistar rats) suggesting that GSPE could enhance insulin sensitivity only when it reaches
its minimum during the rest time. Although several studies have previously demonstrated that
GSPE consumption properly restore insulin levels in animals with obesity [39,40], our study is
the first reporting such differential effects between ZT points and GSPE consumption. By
contrast, in our experiment, GSPE consumption did not prevent the hyperlipidemia induced by
the CAF diet in any ZT point. Several works have reported a decrement in the circulating levels
of triglycerides and cholesterol in response to GSPE consumption, but others have found no
significant effects [41]. These discrepancies may rely either on the differences among
polyphenolic extracts, the length of treatment, the dose of polyphenols or the animal models
used in the different studies.

Other important effects of polyphenols in adipose tissue lead to a decrease in adiposity by
reducing adipogenesis and the release of adipokines such as leptin [42]. In our study, when
GSPE was consumed at ZT12, a significant decrease in the gene expression of Leptin and the

adipogenic gene Ppary was observed in IWAT, reinforcing the robust metabolic correlation

13



334

335

336

337

338

339

340

341

342

343

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

between leptin and fat mass and contributing to the enhancement of leptin sensitivity. The
mechanisms that control adipogenesis have been studied mainly in vitro, and little information
is known under in vivo conditions. However, in a previous study of our group [12], the adipose
tissue of rats supplemented with GSPE showed an increase in the expression of Pref-1,
suggesting that GSPE supplementation could increase the number of adipocyte precursors in
this tissue. However, further research is worthy to be conducted to assess the impact of GSPE in
the proliferation of pre-adipocytes in order to elucidate its potential effect on adipogenesis.

In addition, GSPE consumption at ZT12 also resulted in a downregulation of all genes related to
lipolysis, fatty acid oxidation (Cpt1b) and lipid transport, strongly suggesting that GSPE could
prevent fat accumulation in this tissue through the reduction of adipocyte lipid uptake. In fact, it
is well-established that body fat mass loss is mainly driven by lower rate of lipid uptake rather
than by changes in lipid removal through lipolysis [43]. Our results suggest that GSPE
consumption downregulated the expression of lipolytic genes in IWAT only when their
expression levels reach its maximum at dark phase, compared with ZTO when the expression of
these lipolytic genes reaches the trough. Additionally, our results also reported a significant
upregulation of Cry1 gene in IWAT, but not in visceral EWAT, in response to GSPE consumption
at ZT12. Cry-deficient mice increase lipid storage in adipose tissue suggesting that Cry1
regulates lipid transport and lipolysis [44]. In addition, several authors have demonstrated that
Rev-erb-a is an essential positive regulator of adipogenesis [45], reinforcing the hyperplasic
effect of GSPE on WAT expansion when it was consumed at ZT12 compared to ZTO. In contrast,
the mRNA expression of Adipog gene and the glucose transporter gene Glut4 were
simultaneously decreased in response to GSPE consumption at ZT12 in this tissue. This effect of
GSPE consumption had previously been reported by others in mesenteric WAT [40].

Finally, in visceral EWAT, a significant increase in the expression of both Gpat and Hs/ genes was
observed when GSPE was consumed at ZT12. This simultaneous activation of both catabolic and

anabolic lipid pathways in response to GSPE consumption was previously reported in visceral fat
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depots and in vitro adipocytes [46,47]. However, the metabolic meaning of this apparently futile
cycle induced by GSPE consumption is still unclear.

However, as in this study the gene expression is only measured at one time point but not over
time, it is not plausible to determine changes in the circadian expression profile of these genes.
In addition, the potential circadian entrainment effect of the sweetened skim condensed milk
used to help animals to consume GSPE properly for 4 weeks cannot also be discarded.
Consequently, further studies are needed to assess whether the modification of the expression
of clock genes in response to GSPE consumption was due to a phase shift, a period
enlargement, or a modification in the amplitude.

In conclusion, our results indicated that the beneficial effects associated with the consumption
of GSPE in animals with obesity are strongly influenced in a tissue-specific manner by the time-
of-day in which it was consumed. Particularly, GSPE consumption at the beginning of light phase
(ZT0) was associated with a potential antidiabetic and anti-inflammatory effect in EWAT,
whereas its consumption at the beginning of the dark phase (ZT12) resulted in a hyperplasic
expansion of IWAT. Therefore, it is plausible to speculate that the consumption of polyphenols
at the most optimal time-of-day could properly potentiate the metabolic response of adipose
tissue and therefore affect the whole-body energy metabolism contributing to the management

of overweight and obesity.
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Table and Figure Legends

Fig. 1 Adipocyte histology of IWAT (a) and EWAT (b). Animals were fed with a cafeteria diet for 9
weeks and treated with GSPE (25 mg/kg of body weight) or vehicle (VH) the last 4 weeks of the
study when the lights turned on (ZT0) or when the lights turned off (ZT12). For adipocyte area
distribution, adipocytes were divided in two groups according to their areas (<3000 or >3000
um?2). Results are presented as the mean £ SEM. (n=6). T, treatment effect using two-way

ANOVA (P < 0.05) and Tukey's multiple comparisons post hoc test (a, b).

Fig. 2 Effects of GSPE on the expression of genes related to adipose metabolism in IWAT. Animals
were fed with a cafeteria diet for 9 weeks and treated with GSPE (25 mg/kg of body weight) or
vehicle (VH) the last 4 weeks of the study when the lights turned on (ZTO) or when the lights
turned off (ZT12). The gene expression was measured by gPCR and normalized by Ppia gene
expression. The relative expression (presented as fold-change) was normalized to VH-ZTO group.
Results are presented as the mean + SEM (n=6-8). T, treatment effect; ZTxT, interaction of the
supplementation time and treatment effect using two-way ANOVA (P < 0.05) and Tukey's
multiple comparisons post hoc test (a, b). Pparg, peroxisome proliferator-activated receptor y;
C/ebp a, CCAAT/enhancer-binding protein alpha; Acaca, acetyl-CoA carboxylase alpha; Fasn,
fatty acid synthase; Gpat, glycerol-3-phosphate acyltransferase; Atgl, adipose triglyceride lipase;
Hsl, hormone-sensitive lipase; Mgl, monoacylglycerol lipase; Cpt1b, carnitine
palmitoyltransferase 1B; Lpl, lipoprotein Lipase; Cd36, cluster of differentiation 36; Fabp4, fatty
Acid Binding Protein 4; Lep, leptin; Obrb, leptin receptor; Adipog, adiponectin; Ucp1, uncoupling
protein 1; Prdm16, PR domain containing 16; Tnfa, tumor necrosis factor alpha; /16, interleukin
6; G6pd, glucose-6-phosphate dehydrogenase; Glut4, glucose transporter 4; Irs2, insulin

receptor substrate 2.

Fig. 3 Effects of GSPE on the expression of genes related to adipose metabolism in EWAT.

Animals were fed with a cafeteria diet for 9 weeks and treated with GSPE (25 mg/kg of body
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weight) or vehicle (VH) the last 4 weeks of the study when the lights turned on (ZTO) or when
the lights turned off (ZT12). The gene expression was measured by gPCR and normalized by
Ppia gene expression. The relative expression (presented as fold-change) was normalized to VH-
ZT0 group. Results are presented as the mean + SEM (n=6-8). ZT, effect of supplementation
time; T, treatment effect; ZTxT, interaction of the supplementation time and treatment effect
using two-way ANOVA (P < 0.05) and Tukey's multiple comparisons post hoc test (a, b). Pparg,
peroxisome proliferator-activated receptor y; C/ebp a, CCAAT/enhancer-binding protein alpha;
Acaca, acetyl-CoA carboxylase alpha; Fasn, fatty acid synthase; Gpat, glycerol-3-phosphate
acyltransferase; Atgl, adipose triglyceride lipase; Hsl, hormone-sensitive lipase; Mgl,
monoacylglycerol lipase; Cptlb, carnitine palmitoyltransferase 1B; Lpl, lipoprotein Lipase; Cd36,
cluster of differentiation 36; Fabp4, fatty Acid Binding Protein 4; Lep, leptin; Obrb, leptin
receptor; Adipogq, adiponectin; Ucpl, uncoupling protein 1; Prdm16, PR domain containing 16;
Tnfa, tumor necrosis factor alpha; 116, interleukin 6; G6pd, glucose-6-phosphate dehydrogenase;

Glut4, glucose transporter 4; Irs2, insulin receptor substrate 2.

Fig. 4 Effects of GSPE on the expression of clock genes in IWAT (a) and EWAT (b). Animals were
fed with a cafeteria diet for 9 weeks and treated with GSPE (25 mg/kg of body weight) or vehicle
(VH) the last 4 weeks of the study when the lights turned on (ZT0O) or when the lights turned off
(ZT12). The gene expression was measured by qPCR and normalized by Ppia gene expression.
The relative expression (presented as fold-change) was normalized to VH-ZTO group. Results are
presented as the mean = SEM (n=6-8). ZT, effect of supplementation time; T, treatment effect;
ZTxT, interaction of the supplementation time and treatment effect; ns, no significant
differences using two-way ANOVA (P < 0.05) and Tukey's multiple comparisons post hoc test (a,
b). Abbreviations: Bmall, brain and muscle ARNT-Like 1 (aryl hydrocarbon receptor nuclear
translocator-like); Cry1, cryptochrome circadian regulator 1; Per2, period circadian regulator 2;

Rev-erb-a, nuclear receptor subfamily 1, group D, member 1 (Nrl1d1).
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Table 1. Body weight and adiposity in rats fed a CAF diet and supplemented with GSPE or vehicle (VH)
when the lights turn on (ZT0) or when then the lights turn off (ZT12).

VH-ZTO GSPE-ZTO VH-ZT12 GSPE-ZT12 TX’;O‘:’;V
Final body weight (g) 484.88+93  48369+100  48381+214  48521+12.1 ns
Body weight gain* (g) 55.26+2.6 5450+5.2 54.56 + 4.0 52.64+45 ns
Body fat content? (%) 17.78+1.3 1839+1.3 21.93+0.7 1834+1.2 ns
IWAT (%) 220402 219402 240403 211402 ns
EWAT (%) 3.53+0.2 3.73+0.4 3.85+0.5 362+0.3 ns
Energy intake® (ki/day) ~ 2099.98+172.8 1842424728 1746694851  1666.58 + 71.4 val

! Body weight gain was calculated as the difference between body weight measured at the beginning and at the end of the treatment period (from

week 6 to week 9). 2 Body fat content was assessed by quantitative magnetic resonance one week prior to sacrifice. ® Accumulated food intake was
calculated as the difference between food intake at week 9 and food intake at week 6. ns, no significant differences; ZT, effect of supplementation
time using two-way ANOVA (P < 0.05).CAF, cafeteria; EWAT, epididymal white adipose tissue; GSPE, grape-seed proanthocyanidins extract; IWAT,

inguinal white adipose tissue; VH, vehicle.



Table 2. Serum metabolic variables in rats fed a CAF diet and supplemented with GSPE or vehicle (VH) when the lights
turn on (ZTO) or when then the lights turn off (ZT12).

Two-wa
VH-ZT0 GSPE-ZTO VH-ZT12 GSPE-ZT12 AN OVAy

Glucose (mM) 8.16 £0.3ab 849+0.2a 7.32+0.2b 8.05+0.4ab T
Insulin (ng/mL) 8.60+1.0 5.53+0.9 7.44+0.6 6.51+0.6 T
HOMA-IR 76.13+11.8° 3893+9.7" 5455+49% 5701475 ZTxT
Triglycerides (mg/dL) 200.2 +10.5 182.9+18.8 187.6 £ 8.8 218.4+26.1 ns
Cholesterol (mg/dL) 150.6 £9.2 152.4+6.4 138.7+3.8 153.7+12.2 ns
NEFA (mg/dL) 31.78+4.3 30.48+2.5 2295+26 2585+2.4 T
MCP-1 (pg/mL) 343.7+33.4 287.1+24.0 375.3+20.4 381.3+25.0 ns
Adiponectin (ug/mL) 26.89+2.4 25.06+1.9 29.49+2.8 2648 +2.4 ns
Leptin (ng/mL) 35.81+4.7 40.62+2.8 35.86+3.4 33.79+36 ns

ZT, effect of supplementation time; T, effect of treatment; ZTxT, interaction of the supplementation time and treatment; ns, no significant differences
using two-way ANOVA (P < 0.05) and Tukey's multiple comparisons post hoc test (a, b). CAF, cafeteria; GSPE, grape-seed proanthocyanidins extract;
HOMA-IR, homeostatic model assessment-insulin resistance; MCP-1, Monocyte chemoattractant protein-1; NEFA, non- esterified fatty acids; VH,
vehicle;
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