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Summary

¢ Summary

In obesity, the dysfunction of adipose tissue is associated with the risk to suffer
metabolic disorders. Circadian rhythm, governed by light/dark cycle and
fasting/feeding cycle, synchronize many metabolic processes, therefore its
disruption has been also related to the development of metabolic disorders. The
increasing prevalence of obesity remarks the importance of its prevention and
treatment. In this context, proanthocyanidins from grape seed (GSPE) have been
demonstrated to modulate the biology and molecular clock components of white
adipose tissue (WAT). Nevertheless, it has not been studied yet whether GSPE
could affect WAT chronobiology depending on time-of-day consumption.
Therefore, the aim of this thesis was to determine whether GSPE and a bioactive
multi-compound based on these proanthocyanidins have different effects on the
metabolism and circadian rhythm of WAT in obese animals depending on time-
of-day administration. High calorie intake disrupted molecular clock genes and
the metabolism of WAT. Interestingly, the consumption of GSPE restored the
metabolism and molecular rhythmicity of WAT in a time-dependent and tissue-
specific manner. The combination of different bioactive compounds is also an
interesting strategy for the management of obesity depending on the time-of-

day administration.
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Resum

¢ Resum

En 'obesitat, la disfuncio del teixit adipos esta relacionada amb el risc de patir
transtorns metabolics. El ritme circadia, governat pel cicle de llum/foscor i
dejuni/alimentacid, sincronitza varis processos metabolics, per tant, la seva
disfuncié també esta relacionada amb el desenvolupament de malalties
metaboliques. L’augment de la prevalenca de I'obesitat accentua la importancia
de la seva prevencio i el seu tractament. En aquest context, s’ha demostrat que les
proantocianidines del pinyol del raim (GSPE) modulen la biologia i components
del rellotge molecular del teixit adipds blanc (TAB). Malgrat tot, encara no s’ha
estudiat si el GSPE pot afectar la cronobiologia del TAB depenent del moment del
dia en que es consumeix. Per tant, 1'objectiu d’aquesta tesi és avaluar si el GSPE i
una mescla de compostos bioactius, que també conté aquestes proantocianidines,
presenten efectes diferents en el metabolisme i el ritme circadia del TAB en
animals obesos depenent del moment del dia en que es consumeixin. Una ingesta
alta en calories altera els gens del rellotge molecular i del metabolisme del TAB.
Curiosament, el GSPE restaura el metabolisme i la ritmicitat del TAB depenent del
moment del dia en que es consumeixen i del diposit de teixit adipds. La
combinacid de diferents compostos bioactius també és una estrategia interessant

pel tractament de 1'obesitat depenent del moment del dia del seu consum.
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Abbreviations

¢ Abbreviations

ACACA
ACE
AKT
AP-1
AR
ATGL
BAT
BCAA
BMAL1
BMI
C/EBP
CAF
cAMP
CIDEA
CLA
CLOCK
COX
CPT1
CRY
DAG
DNA
DNL
eWAT
FABP
FASN
FFA
FXR
G6PD
GLUT
GPAT
GSPE
HDAC
HFD
Hppll
HSL

Acetyl-CoA carboxylase
Angiotensin-converting enzyme
Serine/threonine kinase

Activator protein 1

Adrenergic receptor

Adipose triglyceride lipase

Brown adipose tissue

Branched chain amino acids

Brain and muscle Arnt-like 1

Body mass index
CCAAT/enhancer-binding protein
Cafeteria diet

Cyclic adenosine monophosphate
CIDE protein family

Conjugated linoleic acid

Circadian locomotor output cycles kaput
Cyclooxygenase

Carnitine palmitoyltransferase 1
Cryptochrome

Diacylglycerol

Deoxyribonucleic acid

De novo lipogenesis

Epididymal white adipose tissue
Fatty acid-binding protein

Fatty acid synthase

Free fatty acid

Farnesoid X receptor
Glucose-6-phosphate dehydrogenase
Glucose transporter
Glycerol-3-phosphate acyltransferase
Grape seed proanthocyanidin extract
Histone deacetylases

High-fat diet

Hydrolysate from chicken feet

Hormone-sensitive lipase
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Abbreviations

IKK IxB kinase

IL-6 Interleukin 6

IR Insulin receptor

IRS Insulin receptor substrate

iWAT Inguinal white adipose tissue

JNK Jun amino-terminal kinase

KLF Kriippel-like factors

LDL Low-density lipoproteins

LPL Lipoprotein lipase

MCP-1 Monocyte chemoattractant protein-1

MGL Monoglyceride lipase

miRNA microRNA

MIX Bioactive multi-compound

mRNA Messenger RNA

Myf5 Myogenic factor 5

NAD~ Nicotinamide adenine dinucleotide
NADPH Nicotinamide adenine dinucleotide phosphate dehydrogenase
NAFLD Nonalcoholic fatty liver disease

NAMPT Nicotinamide phosphoribosyltransferase
NEFA Non-esterified fatty acids

NF-«xB Nuclear factor-«B

NRI1D1 Nuclear receptor subfamily 1 group D member 1
Ob-R Leptin receptor

PER Period

PIBK Phosphoinositide 3-kinase

PK Protein kinase

PLIN1 Perilipin 1

PPAR Peroxisome proliferatior-activated receptor
PRDM16 PR domain containing 16

PUFA Polyunsaturated fatty acid

REV-ERBa  Nuclear receptor subfamily 1 group D member 1
RNA Ribonucleic acid

RORa RAR-related orphan receptor alpha

RXRa Retinoid X receptor alpha

SCN Suprachiasmatic nucleus

SIRT1 Sirtuin 1

SREBP Sterol response element binding protein
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STAT
sWAT
TAG
TCA
TNF-a
TRF
UCP1
VLDL
vWAT
WAT
ZT

Abbreviations

Signal transducer and activator of transcription
Subcutaneous white adipose tissue
Triacylgliceride

Tricarboxylic acid cycle

Tumor necrosis factor alpha
Time-restricted feeding
Uncoupling protein 1

Very-low density lipoproteins
Visceral white adipose tissue
White adipose tissue

Zeitgebers
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Introduction

Obesity is a global public health issue defined as excessive fat accumulation
that presents a risk factor for health. Body mass index (BMI) is the common
method used for determining obesity; over 25 is considered overweight, and over
30 is considered obese [1]. Obesity prevalence nearly tripled between 1975 and
2020. In fact, in 2020, 39% of the adult global population were overweight, of these,

11% were obese [2].

Since industrialization, fat and free sugars had increased in our diets and
physical activity had decreased due to the new types of work, transportation, and
urbanization. Nevertheless, many cases of obesity are preventable and reversable
through changing some habits such as diet; reducing the energy consumed from
fat and sugars and increasing the portions of proteins, fruits, vegetables, legumes,

nuts and whole grains, and engaging in regular physical activity [1].

The fundamental cause of obesity is the imbalance between energy intake and
energy expenditure which leads to an increment of white adipose tissue (WAT).
WAT plays a critical role in obesity-related comorbidities. The localization of
WAT, the size of adipocytes, the alteration of lipid metabolism and immune cells
that composed WAT determine the degree of inflammation and the development
of insulin resistance, hyperglycemia, dyslipidemia, cardiovascular disease, and
specific cancers (Figure 1) [3,4]. Indeed, fat increment in obesity is not a passive
process, but involves the activation of multiple adverse cellular response to match
the surplus energy accumulation. Catabolism increases to oxidize the energy
excess, which leads to an increment of reactive oxygen species inducing cellular
damage and systemic inflammation. The chronic inflammation could be the link

between obesity and metabolic comorbidities [5,6].
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Figure 1. Obesity causes and consequences. a) Imbalance between energy intake and energy expenditure leads

to an increment of white adipose tissue and obesity; b) Diseases related to obesity.

Obesity-related comorbidities are not directly associated with BMI. Indeed,
some obese people are considered metabolically healthy as they do not display
increased risk of any metabolic alteration. In fact, BMI might not adequately reflect
adiposity. Many studies which evaluate the association between the risk of
metabolic diseases and obesity, they do not discriminate between body fat and
lean mass [7].

Nevertheless, it is evident that overweight and obesity increases the risk to
suffer metabolic health problems. Therefore, it points the need for further research
on new strategies to prevent and treat overweight and obesity, and particularly,

the metabolic disorders associated with body weight dysregulation.

1. Adipose tissue

In mammals, adipose tissue is a multi-depot organ; the adipose organ [8]. In
the body, adipose organ is distributed in different depots. In adult humans, most
of the depots correspond to WAT containing white adipocytes, while some depots
correspond to brown adipose tissue (BAT) containing brown adipocytes. Another
type of fat cells is beige or brite (brown-in-white) adipocytes, which have both

white and brown characteristics.
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White adipocytes are characterized to contain a large lipid droplet in the
cytoplasm, a peripheral nucleus, and few mitochondria. WAT is mainly
responsible for energy storage, but it is also an important endocrine tissue. In
contrast, brown adipocytes contain multiple small lipid droplets, multi-locular
adipocytes, which contain a high number of mitochondria expressing the
thermogenic uncoupling protein 1 (UCP1) in the inner membrane. UCP1 is a
transmembrane protein that dissipates heat by uncoupling the respiratory chain
maintaining body temperature under cold exposure [9,10]. Beige adipocytes are
multi-locular, their density on mitochondria and UCP1 expression is lower
compared to brown adipocytes but higher than white adipocytes. Beige
adipocytes are also involved in thermogenesis and can also appear in WAT depots
to sustain heat production upon certain conditions [10]. Other environmental
cues, apart from cold exposure, can promote brown and beige adipocyte
activation and/or recruitment in mammals; physical activity, caloric restriction
and diet [11,12,13].

WAT functions as a key energy reservoir and plays a fundamental role on
regulating whole-body energy homeostasis. This tissue stores energy in form of
lipids, and acts as an endocrine organ which produces adipokines that
communicate with other organs regulating metabolic pathways. In excess of
energy conditions, adipose tissue stores the surplus of nutrients in form of
triacylglicerides (TAGs), whereas in energy deficit conditions, adipose tissue
induces lipolysis to supply nutrients for other tissues [14]. Lipids are a rich source
of energy due to their high-energy bonds, generating twice as many calories per
gram than do sugars [15]. The strategy of WAT to store lipids is an essential
physiological activity that enhances survival during periods of food scarcity.
Besides, WAT has insulation properties which confers protection to organs and

tissues.
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Under chronic overnutrition, adipose tissue is remodeled through changes in
the number and/or size of adipocytes (expansion of adipose tissue) and
distribution of WAT [3]. The distribution or localization of WAT would be crucial

for the risk to suffer metabolic comorbidities [16].

1.1. Localization of adipose tissue

Metabolic disorders are not only a matter of excessive fat mass but of WAT
localization. WAT depots are present in between intra-abdominal regions or
visceral tissues (visceral WAT, vWAT) and in subcutaneous compartments or
gluteofemoral regions (subcutaneous WAT, sWAT). In humans, android obesity
(or apple-shaped) is known when fat is deposited preferentially in vVWAT, while
gynoid obesity (or pear-shaped) occurs when fat is excessively deposited in sWAT
(Figure 2) [4,17].

Pathologic obesity Metabolically healthy obesity

Android obesity Gynoid obesity

Visceral WAT > subcutaneous WAT  Subcutaneous WAT > visceral WAT

Ectopic Ii!:)id dgposition Unhealthy WAT remodeling Healthy WAT remodeling
and insulin resistance . Impaired adipogenesis Adequate adipogenesis
Adipocyte dysfunction Maintenance of adipocyte function

Relative adipocvte deficiency

Figure 2. Localization of white adipose tissue in obesity and its association with metabolic complications.
Pathologic obesity (or android obesity - apple shape) is characterized by a relative adipocyte deficiency: limited
expandability of subcutaneous fat tissue, preferential expansion of visceral adipose tissue depots, and unhealthy
adipose tissue remodeling (inflammation, fibrosis, limited adipogenesis). This is associated with ectopic lipid
accumulation and insulin resistance. Metabolically healthy obesity (or gynoid obesity - pear shape) is
characterized by adequate expansion of protective subcutaneous depots, healthy adipose tissue remodeling

(adipocyte hyperplasia), and limited ectopic lipid deposition. Adapted from [17].
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WAT depot distribution in humans and rodents is quite similar although
with some differences. In humans, vWAT is subdivided in perirenal,
retroperitoneal, omental, mesenteric, pericardial and gonadal. Rodents present
perirenal, retroperitoneal, mesenteric and gonadal WAT, which in males is located
around the testes, epididymal WAT (eWAT). Regarding sWAT, in humans is
subdivided in abdominal, gluteal and femoral, while in rodents is classified in

anterior and posterior (dorsolumbar, gluteal and inguinal (iWAT)) (Figure 3)

[3,18,19].
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o supraclavicular | *€nergy burning
2 N5 — 5 — paravertebral . a_bundant mlt_ochondria
« high expression of UCP-1
Visceral WAT - * energy storage
\ : - perirenal . various‘adiquing set_:repion
___ retroperitoneal . correlat:gn \{vnh high incidence of
metabolic disorders
— omental
' — mesenteric
pericardial
gonadal
Subcutaneous WAT - * insulating layer
abdominal - energy storage
" ﬂ S ) gluteal + various adipokine secretion
femoral « correlation with low incidence
of metabolic disorders
b) BAT
cervical )
interscapular o
d_axil!aryl O 2a7 Viscerall WAT
mediastinal — _. perirenal
retroperitoneal
Subcutaneous WAT mesenteric
anterior gonadal (epididymal)
posterior

dorsolumbar
inguinal ]
gluteal

Figure 3. Adipose tissue depots in human (a) and adult mice (b). BAT, brown adipose tissue; WAT white adipose
tissue. Adapted from [3].

Body fat distribution is an important metabolic and cardiovascular risk
factor, because the proportion of VWAT to sWAT correlates with obesity-
associated diseases and mortality. Indeed, the ratio of waist-to-hip was more

strongly correlated to metabolic complications and cardiovascular diseases than
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BMI [20]. vVWAT has been linked to a higher risk of comorbidities such as
hypertension, type II diabetes, dyslipidemia, inflammation and low circulating
levels of adiponectin [21,22] . While sWAT is associated with neutral or protective

effects against metabolic disorders [22].

1.1.1. Visceral white adipose tissue

vWAT syntheses and releases more pro-inflammatory molecules compare
to sWAT, which is associated with insulin resistance and type II diabetes [23,24].
Insulin resistance leads to greater lipolytic rate which in turn vVWAT liberates large
amounts of free fatty acids [25]. Visceral depots have easy access to the liver via
the portal circulation, thus free fatty acids and pro-inflammatory molecules
liberated by vWAT are associated with hepatic steatosis. Moreover, VWAT
expresses angiotensinogen - a precursor of the vasoconstrictor angiotensin II —

providing a metabolic link between visceral fat and cardiovascular disease [26,27].

1.1.2. Subcutaneous white adipose tissue

On the other hand, sWAT is associated with a protective lipid and glucose
homeostasis and a decreased risk to develop cardiovascular diseases and
metabolic disorders. Subcutaneous depots are responsible for long-term fatty acid
storage and protects from ectopic fat deposition [24]. SWAT acts as a buffer for
daily influx of energy intake, protecting other tissues from lipid overflow and
lipotoxicity [25]. It has been shown that sWAT is physiologically more sensitive to
insulin protecting against diabetes and cardiovascular diseases [28]. In fact, sWAT
has a high lipoprotein lipase activity, facilitating the lipid transport inside the
adipocyte. Furthermore, subcutaneous depots present lower rate of lipolysis.
Lipolysis is more efficiently inhibited by insulin in sSWAT compared to visceral

depots contributing to their proper characteristics; SWAT protects from ectopic fat
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deposition and insulin sensitivity, and VWAT increases the risk to suffer
lipotoxicity, hepatic steatosis and insulin resistance [29]. Indeed, sSWAT displays a

greater response to insulin compared to vVWAT.

Moreover, subcutaneous depots liberate beneficial adipokines, including
leptin and adiponectin, and less pro-inflammatory molecules compared to vVWAT
contributing to a protective adipokine profile. Loss of sSWAT is associated with an

increased risk in metabolic and cardiovascular diseases.

Furthermore, white adipocytes in subcutaneous depots present the
capacity to dedifferentiate into brite adipocyte under certain conditions. During
the dedifferentiation, the morphology and gene expression of adipocytes start to
change. Specifically, these changes have been observed in iWAT [30]. Therefore,
sWAT shows more plastic brown-like characteristics compared to vVWAT, and this
could be due to the density of nerve fibers which confers higher sympathetic
innervation and (-adrenergic signaling necessary for britening of WAT [31].
Furthermore, transplantation of sSWAT into the intra-abdominal region of a host
mouse exhibited decrease body weight and total fat mass, and increased insulin
sensitivity and whole body glucose uptake. Interestingly, these effects are minor
when sWAT was transplanted into subcutaneous region, and no effect was
observed when vVWAT was transplanted into intra-abdominal area. These data
suggests that depot differences are due to intrinsic characteristics as well as

anatomical localization [32,33].

1.2. Adipose tissue metabolism
1.2.1. Adipogenesis

Adipose tissue comprises a variety of cell types apart from mature

adipocytes, including preadipocytes, mesenchymal stem cells, endothelial cells,
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fibroblasts, macrophages, and other immune and endothelial cells which together

are called stromal vascular fraction [34].

In the recent years it was largely accepted that cell origin of both brown
and white adipocytes arose from resident mesenchymal progenitor cells present
in adipose tissue. However, the idea that brown and white fat cells arise from
similar cellular origin is nowadays outdated. White adipocytes present in WAT
are derived from mesenchymal precursor cells, while brown adipocytes present
in BAT are derived from Myf5-expressed myogenic precursor cells [35]. Stem cells
are present in the stromal vascular fraction and in bone marrow [36]. Several
studies demonstrated that the transcriptional regulator PR domain containing 16
(PRDM16) controls the development of brown adipocytes in BAT and brown-like
adipocytes (known as beige or brite adipocytes) in WAT [37-39]. PRDM16 in WAT
is activated by [3-adrenergic stimulation, peroxisome proliferator-activated
receptor gamma (PPARY) or cold environmental temperature [39-41]. It has been
shown that PRDM16 is highly expressed in subcutaneous WAT depots, which
results in a transdifferentiation of white adipocytes into brown fat-like adipocytes
[42]. Although both brown adipocytes in BAT and white adipocytes in WAT
express PRDM16, they have different cellular origin. Nevertheless, the origin of
beige adipocytes continues to be controversial [43]. Moreover, uncoupling
protein-1 (UCP1) is responsible for non-shivering thermogenesis and is located in
the mitochondria of fat cells. In the same way, brown adipocytes and brown fat-
like adipocytes present UCP1. Therefore, UCP1 is present in BAT and also in
brown fat-like adipocytes of WAT [44] (Figure 4).
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Figure 4. White and brown adipocyte are derived from distinct precursor cells and have distinct morphological
characteristics. White adipocytes are derived from mesenchymal precursor cells; brown adipocytes are derived
from Myf5-expressing precursor cells. White adipocytes contain one lipid droplet; brown adipocytes contain
multilocular lipid droplets and are mitochondria rich. PRDM16 is present in both white and brown adipocytes

and is an important factor in transforming white adipocytes to beige adipocytes. Figure obtained from [45].

Mature adipocytes are the predominant cell type in adipose tissue. Both
white and brown adipocytes require key transcription factors to induce the
differentiation from adipocyte precursor cells into mature adipocytes, process
known as adipogenesis. A large variety of factors play a role on this highly
orchestrated process through their activation or repression effects on adipocyte
development. Adipogenesis is regulated by transcription factors, other proteins,

hormones, cytokines and microRNAs (miRNAs) [46,47].

Transcription factor families which promote the first step of the
adipogenesis, the clonal expansion, are activator protein 1 (AP-1), Kriippel-like
transcription factors 4 and 5 (KLF 4 and 5), CCAAT/enhancer-binding proteins 3
and o (C/EBP {3 and d). The transcription factors which regulate the second step of
the adipogenesis, involved in increasing lipid accumulation, insulin sensitivity

and endocrine function are KLF 9 and 15, PPARy, C/EBPq, signal transducer and
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activator of transcription 5A (STAT5A) and sterol response element binding
protein-1 (SREBP-1), among others. On the other hand, there are other
transcription factors which inhibit the adipogenesis. These transcription factors

are GATAs 2 and 3, KLFs 2, 3 and 7, and -catenin, among others (Figure 5) [47].

Figure 5. Transcription factors
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obtained from [47].

The major transcriptional factors which regulate adipogenesis are PPARy
and C/EBPs. PPARYy, the principal regulator of adipogenesis, is a ligand-
dependent transcription factor that is a member of the nuclear receptor
superfamily. PPARy dimerize with retinoid X receptor alpha (RXRa) forming a
heterodimer which modulates transcription of nearby genes [48]. PPARY, apart
from playing a huge role in adipogenesis, also contributes to the modulation of
glucose homeostasis and insulin sensitivity [49,50]. The expression and activity of
PPARy proteins, and therefore adipogenesis, can be controlled by covalent
modifications. These covalent modifications include phosphorylation, which
inactivates PPARYy, acetylation and deacetylation by histone deacetylases
(HDAGs) [50,51,52,53]. As PPARy has an important role in fat cell development
and glucose and lipid metabolism, it is expected that its activity is regulated by
multiple factors. One of these factors is sirtuin 1 (SIRT1), a highly conserved NAD*
-dependent protein deacetylase that has emerged as a metabolic sensor which its

activity is regulated in response to environmental stimuli. SIRT1 represses
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PPARy, therefore inhibiting fat storage inside the adipocytes and increasing

lipolysis [53].

Another important family of transcription factors are C/EBPs, which is
involved in cell proliferation and differentiation. The family presents six
members, C/EBPs «, B, v, 0, ¢ and (, which can form homodimers or
heterodimers. They bind to promoter regions of genes with CCAAT sequence
regulating gene expression. The most important members which regulate
adipogenesis are C/EBPs «, 3, and 0 [54]. It is known that C/EBPs 3 and d work
together to trans-activate C/EBPa and PPARY [55]. Studies have shown that the
lack of transcription of C/EBPa suppresses adipocyte differentiation. Moreover,
the deletion of C/EBPs 3 and O, also suppresses adipogenesis, since both
transcription factors are induced early during adipogenesis and modulate C/EBP«x
transcription [56]. C/EBP also plays a role inhibiting Wnt/f-catenin, which is a
negative transcription factor that regulates adipogenesis and different processes
important for adipocyte differentiation [57]. C/EBPs can also be modulated by
translational and post-translational control mechanisms apart from
transcriptional modulation. C/EBPa present two isoforms (full length and
truncated), whereas C/EBP( has three isoforms (full length longer, full length
shorter and truncated) which their activity can be modulated by covalent
modifications [58-60]. A lot of evidence demonstrates that C/EBPs play a crucial
role on adipogenesis, and their control mechanisms could be of interest for future

targets on adipogenesis regulation.

1.2.2. Lipid transport

Adipocytes in WAT store fat in form of TAGs, a molecule synthesized by one
glycerol and three fatty acids. Most of the TAGs in fat cells originate from

circulating lipids, which can be found as free fatty acids (FFA) or non-esterified
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fatty acids (NEFA) bound to albumin, or they can be found in very-low density
lipoproteins (VLDL) or chylomicrons. The lipoprotein lipase (LPL) hydrolyses
TAG into glycerol and three fatty acids, which can be transported into the
adipocyte through passive diffusion or by fatty acid transporter such as fatty acid
translocase CD36 [61,62]. CD36 uptakes long-chain fatty acids. Once fatty acids
are taken up, they can be converted into acyl-CoA derivatives which can be
esterified with glycerol-3-phosphate and generate TAGs in the lipid droplets. The
glycerol-3-phosphate is produced from glucose through glycolysis process in a fed
state. In fact, lipogenesis pathway is regulated by insulin, therefore glucose

metabolism plays an important role.

Moreover, fatty acid-binding proteins (FABPs), also known as intracellular
lipid chaperones, present a potential action in fatty acid transport into adipocytes,
and also in TAG storage and lipolysis. FABP4 was the first detected in adipocytes.
FABP4 expression is tightly regulated by fatty acids, PPARY agonists and insulin
[63].

1.2.3. Glucose transport

In 1980, it was discovered that insulin stimulated the translocation of
glucose from plasma membrane into adipocytes [64,65]. TAG in adipocytes can
also be originated from endogenous synthesis from glucose, process known as de
novo lipogenesis (DNL) [66,67]. Glucose enters fat cells through insulin-sensitive
glucose transporter 4 (GLUT4) and non-insulin-sensitive GLUT1. Afterwards,
some glucose is metabolized through glycolysis and converted into glycerol-3-
phophate (glycerol-3-phosphate), which is the backbone of TAG. Moreover,
glucose can be catabolized through glycolytic pathway followed by its oxidation
in tricarboxylic acid cycle (TCA) and its conversion into citrate, which is required

for DNL.
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During fasting period, aerobic glycolysis is induced in adipocytes with the
subsequent production of lactate. WAT is an important producer of lactate,
contributing to systemic lactate turnover [68]. Lactate is an intermediate
metabolite of TCA cycle for gluconeogenesis in most of the tissues, including the
liver [69]. This process reduces whole-body glucose utilization and is involved in

a complex regulation of glucose carbon fate in the fat cell.

Moreover, the uptake of glucose needs inulin signaling which begins with
the binding of inulin to insulin receptor, that leads to the phosphorylation of
insulin receptor substrate 2 (IRS2). This is followed by the recruitment of
phosphoinositide 3-kinase (PI3K) and the activation of serine/threonine kinase
(AKT) [70]. A deletion of IRS2 in the liver of mice induces insulin resistance due

to the inhibition of AKT activity [71].

Another important enzyme in obese adipose tissue is glucose-6-phosphate
dehydrogenase (G6PD). We could also talk about this enzyme in the inflammation
section, however we decided to introduce it in the “glucose transport” section as
it is the link between the hydrolysis of glucose, pentose phosphate pathway and
redox regulation. G6PD is an enzyme that catalyzes the first reaction in the
pentose phosphate pathway, which provides reducing power to cells in the form
of NADPH; reduced form of nicotinamide adenine dinucleotide phosphate.
NADPH enables cells to defense against oxidative damage [72]. Obesity is
characterized by chronic inflammation which is related to many metabolic
diseases. Therefore, the pentose phosphate pathway is an anabolic process which
utilizes glucose to produce NADPH needed to fight against reactive oxygen

species [73].
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1.2.4. Lipogenesis

Adipose tissue is the major site of conversion of carbohydrates and
proteins into fat. It has been shown that around 30% of the daily intake of
carbohydrates is converted into fat in animal models [74]. Fatty acids provide a
much higher energy reserve than glycogen, as fatty acids are the most calorically
dense form of energy storage. Indeed, the regulation of fatty acid synthesis in

adipose tissue is essential for the systemic energy balance.

Excess of carbon availability activates DNL, which induces the export of
citrate from mitochondria to cytosol. Afterwards, citrate is converted to acetyl-
CoA and this into malonyl-CoA by acetyl-CoA carboxylase (ACC or ACACA).
Afterwards, fatty acid synthase (FAS or FASN) converts malonyl-CoA into fatty
acids. It has been shown that lipogenic enzymes in WAT are positively correlated
with insulin sensitivity, which suggests that DNL is important for adipocyte and

systemic metabolism, specifically for insulin sensitivity [75,76].

The regulation of expression and activity of these enzymes is tightly
controlled in a transcriptional and post-transcriptional level according to
nutritional status (feeding and fasting), substrate availability and hormones. In
fact, fatty acids inhibit DNL, while insulin stimulates fatty acid esterification by a
sequential action of specific enzymes including glycerol-3-phosphate

acyltransferase (GPAT) [77].

The major fatty acid synthesized by these enzymes and other enzymes, is
palmitic acid (16:0), which can be elongated to stearic acid (18:0) and desaturated
to form palmitoleic acid (16:1n7). Stearic acid can be desaturated and form oleic
acid (18:1n9). DNL-derived fatty acids, apart from being stored as TAG in lipid
droplets of adipocytes, they can also be part of phospholipids in cellular

membranes or serve as extracellular signaling molecules [78].
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The conversion of excess glucose into lipids protects against glucotoxicity.
However, adipose organ is not the only organ which is responsible for DNL, but
liver also is able to convert carbohydrates into fatty acids [79]. Indeed, an
upregulation of DNL is associated with several pathologies such as type II
diabetes, cardiovascular diseases and nonalcoholic fatty liver disease (NAFLD)
[78-81]. In fact, most of these human studies determined the concentration of
palmitic acid (16:0), palmitoleic acid (16:1n7), stearic acid (18:0) and oleic acid
(18:1n9) on plasma or WAT to know the rate of DNL. Moreover, the length and
saturation degree of dietary fat in circulation and WAT influence the systemic
physiology. Indeed, the literature suggests that unsaturated fatty acids present
benign effects on WAT, while long-chain saturated fat present harmful effects in

WAT producing inflammatory responses [82,83].

1.2.5. Lipolysis

During periods of energy demands, like in fasting or physical activity,
TAGs in WAT are hydrolyzed and mobilized to produce energy in required
tissues. The breakdown of TAGs in WAT is known as lipolysis. This process is
tightly regulated by hormones, including insulin, catecholamines and natriuretic

peptides [84].

Three lipases are responsible for TAG lipolysis in adipocytes: adipose
triglyceride lipase (ATGL), hormone-sensitive lipase (HSL) and monoglyceride
lipase (MGL). ATGL hydrolysis TAG into diacylglycerol (DAG). Adipocyte-
specific deletion of ATGL mice and humans showed reduced basal and stimulated
lipolysis [85,86]. The following enzyme is HSL, which apart from hydrolyzing
DAG, it also regulates TAG hydrolysis activity. A deficiency in HSL causes an
accumulation of DAG in WAT and a reduction on stimulated lipolytic rate both

in mice and humans [86-88]. Moreover, it has been shown that FABP4 also has an
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important role in lipolysis, which bind to HSL in a 1 to 1 ratio in the cytosol.
Indeed, FABP4 knockout mice presented a reduction on the lipolytic pathway [89].
The third enzyme of the lipolytic process is MGL which hydrolyses
monoacylglycerol to glycerol and one fatty acid. HSL also present a role on

regulating the last step of lipolysis [90].

The activity of these lipases depends on their intracellular localization and
interactions with lipid droplet-associated proteins. Lipid droplets, which stored
TAGs in adipocytes, are surrounded by phospholipids and some proteins.
Perilipin 1 (PLIN1) is the major protein of adipocyte lipid droplet that regulates
ATGL activity [91]. A member of the CIDE family of proteins, CIDEA, controls
basal lipolysis when it is located in the lipid droplets, whereas when it is located

in the nucleus acts as a transcription cofactor [92].

Carnitine palmitoyltransferase 1 (CPT1) is a key enzyme which controls
fatty acid uptake into mitochondria regulating fatty acid B-oxidation pathway. It
has been shown that CPT1 is inhibited by malonyl-CoA, the product of ACACA,
which initiates lipogenesis [93]. Therefore, anabolic and catabolic pathways are

highly reciprocally regulated.

A resume of lipid and glucose transport, lipogenesis and lipolysis is shown in

Figure 6.
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Figure 6. Lipid metabolism and mobilization controlled by adipose tissue. Lipogenesis is a process by which
carbohydrates are converted into fatty acids, and promote the biosynthesis of TAG and expansion of lipid
droplet in adipocytes. Lipolysis, in an opposite way, breaks down TAG to free fatty acid (FFA) and glycerol
that can be either oxidized or released. The uptake of circulating FFA by liver, muscle and other tissues is a
main pathway of lipid mobilization. Both lipogenic and lipolytic pathways are sensitive to nutrition as well as
hormones such as insulin, norepinephrine and glucagon. Thus, a subtle regulation of lipogenesis and lipolysis
is required for systemic energy homeostasis and insulin sensitivity. AR, adrenergic receptor; cAMP, cyclic
adenosine monophosphate; IR, insulin receptor; PKA, protein kinase A. Adapted from [94].

1.2.6. Hormones

Adipose tissue produces and secretes adipocyte-derived molecules often
known as adipokines. Their discoveries were the first indicators that adipose
tissue was an endocrine organ with the control of systemic energy homeostasis.
In the early 1990s, leptin and adiponectin were identified in adipose tissue and
until now they have been extensively studied [95,96]. Leptin is secreted by
adipocytes after feeding and acts primarily in the brain to inhibit food intake and
balance energy expenditure [97]. In the hypothalamus, the hormone leptin binds

to leptin or obesity receptor (Ob-R) isoform Ob-Rb, the only full-length isoform
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out of six which is able to fully transduce the signal into the cell [98]. Leptin
deficient ob/ob knockout mice presented profound obesity increasing the size of
adipose tissue [95]. Apart from having an endocrine role, leptin also bind to leptin
receptors in the adipocytes regulating adipose tissue metabolism through

autocrine signaling [99].

Adiponectin is also expressed in fat cells and its role is to improve whole
body glucose and lipid homeostasis. Adiponectin enhances adipocyte lipid
storage with a healthy expansion of adipose tissue, thereby preventing ectopic fat
accumulation. Therefore, adiponectin protects against diabetes, cardiovascular

diseases, inflammation and metabolic syndrome [99].

1.2.7. Inflammation

Obesity is characterized by systemic chronic inflammation, which has been
demonstrated to have an important role in the insulin resistance. The
accumulation of lipids in adipose tissue and an imbalance between fatty acid
uptake and B-oxidation in adipocytes contribute to inflammation and insulin
resistance [100]. Monocytes are commonly differentiated into pro-inflammatory
M1 macrophages in adipose tissue, although they can also be differentiated into
anti-inflammatory M2 [101]. M1 macrophages release pro-inflammatory
cytokines, like tumor necrosis factor alpha (TNF-a) under the stimulation of lipid
or other factors, which cause insulin resistance through the inactivation of IRS1
[102]. Furthermore, it induces lipolysis, which leads to an increment of free fatty

acid levels and creates a “pro-inflammatory vicious cycle” [103].

Specific lipids can activate kinases such as Jun amino-terminal kinase
(JNK), IxB kinase (IKK), and protein kinase C (PKC) which phosphorylate the IRS1
in serine and suppresses insulin signaling [104]. Furthermore, excessive

enlargement of adipocytes (hypertrophy) without enough neovascularization
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could generate hypoxia in adipose tissue [105]. Altogether, these stimuli cause the

infiltration of immune cells in adipose tissue.

Moreover, anther cytokine involved in the pathophysiology of obesity is
interleukin 6 (IL-6). It is present in adipose tissue and in circulation, however it is
not clear whether its role is beneficial or deleterious [106]. It has been shown that
a chronic exposure of IL-6 in 3T3-L1 adipocytes, impairs insulin signaling [107].
While, a clinical study where diabetic participants were exposed to acute IL-6
levels increased fatty acid turnover [108]. Results showed opposite IL-6 effects
since many variables may differ between the experiments. The principal
divergence is that one experiment was in vitro and the other one was a clinical

study.

Another pro-inflammatory chemokine present in adipose tissue and
plasma in obese conditions is monocyte chemoattractant protein-1 (MCP-1).
Indeed, mice fed a high-fat diet (HFD) showed higher mRNA levels of MCP-1 in
adipose tissue and plasma, and presented insulin resistance, hepatic steatosis and
macrophage accumulation in adipose tissue. On the other hand, MCP-1
homozygous knockout mice did not exhibit insulin resistance, hepatic steatosis
neither macrophage infiltration in adipose tissue. These results suggests that

MCP-1 contributes to these metabolic alterations [109].

1.2.8. Amino acid flux

The role of adipose tissue in lipid and glucose metabolism is strongly
recognized, however its role in amino acid homeostasis is not highly known.

Adipose tissue presents the capacity to catabolize circulating branched
chain amino acids (BCAA), leucine, isoleucine and valine, the three of nine
essential amino acids and abundant in food supply accounting for 15 to 25% of

total protein intake [110]. Adipose tissue plays a key role on regulating circulating
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BCAA levels. It has been hypothesized that adipose tissue is the major site where
excess BCAAs are store in form of lipids. Specifically, BCAA carbon skeletons are
converted into new fatty acids [111]. The decrement of BCAA oxidation enzymes
in adipose tissue, but not in muscle, leads to an increment of circulating BCAA
levels. Moreover, the transplantation of adipose tissue into mice that are
systemically defective in peripheral BCAA metabolism decreases BCAA levels by
30% in fasting state and 50% in fed state [111]. Obesity-related disorders including
insulin resistance influences the metabolism of BCAA. It was observed that in
humans with insulin resistance presented a downregulation of BCAA oxidation
enzymes [112]. Therefore, the role of adipose tissue in regulating BCAA

circulating levels is clear.

Moreover, adipose tissue also uptake glutamate and aspartate. In WAT,
amino acids are metabolized, and the nitrogen removed from them is used to
synthesized glutamine and alanine. These two amino acids are synthesized to
avoid nitrogen toxification in WAT, since they can be liberated into circulation to

be used for other tissues [113,114].

1.3. Expansion of adipose tissue

Cell size is a major determinant of WAT metabolism, whose alterations are
associated with metabolic disorders. Adipose mass can expand in two ways, by
adipose tissue hypertrophy or by adipose tissue hyperplasia. Hypertrophic WAT
is characterized by large adipocytes through the storage of lipid on pre-existing
adipocytes. On the other hand, hyperplastic WAT is characterized by an
increment of smaller adipocyte number through the differentiation of progenitor
cells. Around 10% of adipocytes in humans are renewed every year, while in mice

1-5% of adipocytes are replaced each day [115,116]. Adipocyte size varies
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considerably within fat depots of the same individual and between individuals.
Moreover, the average of adipocyte size increases during weight gain and

decreases after weight loss [117].

However, obesity is wusually characterized by a combination of
hypertrophy and hyperplasia [118]. As we previously mentioned, adipocyte size
is clinically important for its association with pathologic alterations. Hypertrophic
morphology is associated with cardiometabolic disorders, including type 1II
diabetes, insulin resistance, dyslipidemia and hypertension [119]. Furthermore,
the anatomical location of fat depot influences adipose tissue morphology. The
80% of total body fat corresponds to subcutaneous fat, whereas the 10%-20% of
the total fat in humans is visceral fat [120]. Although visceral fat depot is smaller
compared to subcutaneous depot, visceral fat is considered more deleterious.
Hypertrophic visceral fat is associated with insulin resistance and cardiometabolic
disorders including dyslipidemia [119] [121]. Individuals that are unable to
expand their SWAT in a healthy manner in response to a continuous energy
income, are the ones in high risk of lipid accumulation in vVWAT, inducing the first
step for adipose tissue dysfunction. Moreover, TAG excess may accumulate in
non-adipose organs including liver, muscle, heart inducing ectopic fat

accumulation [122] .

1.3.1. Hypertrophy

In 1976, it was discovered that hypertrophic adipocytes presented defects
on glucose metabolism [123]. Hypertrophic adipocytes present several
characteristics that explain the deleterious metabolism of glucose. In obesity,
hypertrophic WAT present dead adipocytes which impairs adipose tissue

function and induces inflammation [101][124]. Hypertrophic adipocytes
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synthesize and secrete pro-inflammatory cytokines including TNF-a, IL-6 and
MCP-1 and recruit immune cells like macrophages. These high concentration of
pro-inflammatory cytokines leads to serin phosphorylation of IRS1 causing the
development of insulin resistance [125]. Hypertrophic WAT induces local adipose
tissue hypoxia due to a relative deficiency of vasculature which accelerates tissue
tibrosis [105,126]. Furthermore, basal lipolysis is elevated in hypertrophic
adipocytes, leading to an increment of free fatty acid release into circulation which
can be taken up by other tissues causing ectopic lipid accumulation [127,128].
Saturated fatty acids lead to chronic inflammation and insulin resistance [83,129].
Therefore, WAT hypertrophy impairs adipocyte function through inflammation,
due to cell death and hypoxia, and excessive free fatty acids mobilization,

exacerbating insulin resistance and disrupting energy metabolism.

1.3.2. Hyperplasia

Adipocyte hyperplasia protects against obesity-related comorbidities and
occurs in greater extent in SWAT than vWAT [130,131]. In hyperplasia expansion,
adipose precursor cells need to be differentiated into mature adipocytes by
various transcription factors and hormones. PPARy and C/EBPa regulate the
induction and maintain the whole adipogenic process [132]. Overexpression of
PPARY induces adipogenic differentiation of new small adipocytes leading to an
enhancement of insulin-dependent glucose uptake and providing higher capacity

to store fat in the proper tissue [133].

Figure 7 shows the mechanisms of adipose tissue expansion and the

corresponding health effects.
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Figure 7. Mechanisms of adipose tissue expansion: through differentiation of resident tissue precursors to form
new adipocytes (hyperplasia) or through enlargement of existing adipocytes (hypertrophy). Hyperplasia is
generally considered healthy because adipose tissue maintains proper vascularization and levels of metabolism-
modulatory adipokines. Hypertrophy of adipocytes is associated with an increase in hypoxia, which could lead
to tissue fibrosis, necrosis, infiltration of immune cells and inflammation. These factors decrease adipose tissue
function, leading to persistently elevated levels of nutrients (sugars and lipids) in the blood, contributing to
earlier onset of metabolic disease and causing toxic lipid deposition in other tissues, such as muscle and liver.
Adapted from [123].

2. Circadian rhythm

Most species are constantly exposed to predictable changes due to the
Earth rotation which leads to light-dark cycle. To efficiently adapt and anticipate
to daily recurring events, organisms have developed circadian clocks (from Latin
circa, about; dies, day) that tightly regulate physiological processes. For example,
some processes that oscillate throughout the day to respond better for near future
actions or external cues are rest/activity cycle, fasting/feeding cycle, blood

pressure, hormones secretion, body temperature, among others [134].

Environmental cues, synchronizers or time givers (zeitgebers) such as

light, coordinate the circadian rhythm of organisms. Moreover, organisms present
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intrinsic endogenous timing systems which control the circadian rhythm and

could persist with the absence of environmental cues [135].

2.1. Molecular machinery of the circadian clock

The central clock is located in the suprachiasmatic nucleus (SCN) of the
hypothalamus which orchestrates the clocks of peripheral tissues, including
adipose tissue, via endocrine and nervous system. SCN is synchronized by light
which is received by the eye and signals the status of the environmental light-dark
to the master clock [136].

The endogenous circadian rhythms resulted from a series of
interconnected positive and negative transcription-translation feedback loops. In
mammals, the principal core clock components are circadian locomotor output
cycles kaput (Clock) and brain and muscle Arnt-like 1 (Bmall, or also known as
Arntl), two transcription factors that form a heterodimer complex in the nucleus
and activates the transcription of Period (Per1-3) and Cryptochrome (Cry1,2) by
binding to the E-box elements of these genes [137]. Both resulting proteins would
be accumulated in the cytoplasm which would induce the formation of a complex
(PER-CRY) that enters the nucleus and represses CLOCK-BMALLI. Degradation of
PER and CRY proteins is required to finish the repression phase and restart a new
cycle of transcription, which is crucial in order to set the 24 hours period of the
clock [137]. A secondary loop stabilizes these core-clock genes in which the
nuclear receptor RAR-related orphan receptor alpha (RORa) and nuclear receptor
subfamily 1 group D member 1 (NR1D1, also known as REV-ERBa) bind the
ROR/REV-ERB-response element (RORE) in the promoter region of BMALIL. The
expression of Bmall is activated by RORa and repressed by NR1D1 [138]. In
addition to Rora, PPAR« is also a positive regulator of Bmall expression. And

interestingly, BMALL1 also regulates Ppara gene expression [139].
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Several posttranslational regulators also play an important role on the modulation
of circadian clock. Sirtuin 1 (SIRT1), a histone deacetylase dependent on the
intracellular levels of nicotinamide adenine dinucleotide (NAD+), regulates
CLOCK. The synthesis of the substrate NAD+ is regulated by the enzyme
nicotinamide phosphoribosyltransferase (NAMPT), whose promoter is activated
by CLOCK:BMALL dimer [140,141]. Therefore, circadian rhythms are directly
linked with metabolism homeostasis (Figure 8).
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Figure 8. Interactions between the molecular clock and downstream metabolic genes. The core molecular clock

consists of several transcription/translation feedback loops, including posttranscriptional regulation (yellow),
that oscillate with an approximately 24-hour periodicity. CLOCK and BMAL1 heterodimerize to drive rhythmic
expression of downstream target genes (shown in red), which in turn regulate diverse metabolic processes,
including glucose metabolism, lipid homeostasis, and thermogenesis. Many of these clock target genes in turn
reciprocally regulate the clock in response to changes in nutrient status (shown in blue) via cellular nutrient
sensors (shown in orange), generating a complex network of interlocking feedback loops that fine-tune the clock
and coordinate metabolic processes with the daily cycles of sleep/wakefulness and fasting/feeding. Dashed lines
represent metabolic inputs; solid lines depict interactions among core clock genes, clock-controlled genes, and

nutrient sensors. Figure obtained from [142].
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Indeed, peripheral clocks are entrained by various factors, including
feeding/fasting being the most important. An example is the food anticipatory
activity where several tissues are ready for food ingestion as they present
anticipatory rhythms which activate the secretion of enzymes and hormones, and

the expression of certain genes necessary for the digestion process [143].

2.2. Rhythmic parameters

The study of circadian rhythm requires the evaluation of rhythmic parameters

(Figure 9) [144,145].

e The principal rhythmic parameters are:

o Period: The length of time that it takes a thythm to repeat itself. Circadian
rhythms have approximately 24-hours period.

o Mesor: The mean of a rhythm or the central value around which the
oscillation occurs.

o Amplitude: The magnitude or strength of a rhythm. Half the range of
excursion of the cycle with the given period.

o Peak: The highest value of a rhythm.

o Trough or nadir: The lowest value of a rhythm.

o Acrophase: The time at which a rhythm peaks.

o Phase: The relative displacement between the oscillation and a reference

oscillation or the environmental light/dark cycle oscillation.
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Figure 9. Diagram of an oscillatory process ) . Period

identifying rhythmic parameters: mesor,
period, amplitude, acrophase, peak and
trough. Adapted from [144].
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Phase advance: A shift in the timing of a rhythm such that it begins earlier.
Phase delay: A shift in the timing of a rhythm such that it begins later.
Misalignment or desynchrony: The state of having difference in phases
between two rhythms.

Transcriptional-Translational Feedback loop: Series of feedback loops
among circadian clock genes and proteins that maintain the 24-hour
rhythms in nearly every cell of the body.

Zeitgeber: An external cue that entrains or influences the phase of a
rhythm.

Circadian rhythm: Endogenously generated rhythms, even in the absence
of light, with a period close to 24 hours.

Diurnal rhythm: A circadian rhythm that is synchronized with the

day/night cycle.

2.3. Circadian clock and metabolism

Around 40% of all protein coding genes in mice present circadian rhythms,

which are involved in the regulation of physiological and metabolic functions

[146,147]. In adipocytes, the circadian clock controls adipogenesis, lipolysis,

inflammation and expression and secretion of certain hormones. Indeed, Bmall

and Rev-Erba activate adipocyte differentiation, while Per2 and RORa, inhibit
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adipogenesis through the reduction of Ppara gene expression [148-150].
Interestingly, the circadian rhythm of Ppara expression in adipocytes is damped

under HFD in male mice [151].

The physiology of adipose tissue is tightly regulated by circadian rhythm
since systemic energy demands fluctuate throughout the day. Fatty acid uptake
and lipogenesis show diurnal oscillations in WAT reaching their maximum rates
during active phase, while lipolysis rate presents its maximum during rest phase
through Atgl and Hsl, the rate-limiting enzymes, which are controlled by
CLOCK:BMAL1. Moreover, circulating levels of TAG, NEFA, cholesterol and

glucose present diurnal oscillations that even persist during fasting [152,153].

A molecule implicated as a mediator between circadian rhythm and
metabolism is NAD*, an important cofactor involved in cellular redox reactions.
The molecular clock directly regulates NAMPT, the rate-limiting enzyme of NAD*
biosynthesis. Therefore, NAMPT synchronizes the circadian rhythm of NAD*
levels in adipose tissue, even when animals are maintained in constant darkness
[141,154]. Mice with mutations in the activator genes Clock and Bmall present low
NAD-" levels, while those with mutations in the clock repressor genes Cryl and
Per2 exhibit high NAD* levels. This suggests that NAD* is directly regulated by
the clock. The metabolic enzyme SIRT1 is a NAD*-dependent deacetylase which
its activity is also regulated by circadian rhythm. SIRT1 targets several
transcription factors involved in the maintenance of nutrient flux, being a critical
regulator of metabolic processes including gluconeogenesis, lipid metabolism and
insulin sensitivity [154]. NAD* rhythmicity regulates SIRT1 activity, which
coordinates the feeding/fasting cycle. Furthermore, SIRT1 also modulates

CLOCK/BMALL1 activity generating a negative feedback loop [155].
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To further demonstrate the interaction between metabolism and circadian
clock in WAT, clock gene-mutant mice show changes in adiposity and adipocyte
size. Indeed, Clock-A19 mutant mice showed higher body weight, adiposity and
adipocyte hypertrophy. Moreover, these mice present and alteration on feeding
rhythms and an increment on food intake, and circulating cholesterol and TAG
levels [156,157]. Mutations in other clock genes induce different effects. For
example, Cry double-mutant STD diet-fed mice were leaner compared to wild-
type mice despite of the dampened feeding rhythms. On other hand, Cry double-
mutant HFD diet-fed mice rapidly gained weight although the food intake was
lower [158]. The deflection of Cry in adipocytes potentiates lipid uptake and
insulin-stimulated lipogenesis, which makes mice susceptible to diet-induced

obesity. A mutation of Per2 results in a higher body weight and food intake [159].

Adipocyte-specific mutation of Bmall diminishes the concentration of
polyunsaturated fatty acids (PUFA) in plasma and WAT. PUFAs inhibits appetite
when reach the brain after crossing the blood-brain barrier [82,160]. Therefore, the
higher hyperphagia observed in clock mutant mice could be induced by the

reduced interaction PUFA-brain due to the low levels of PUFA.

Therefore, it exists a close interaction between circadian clock and
metabolism. Thus, the disruption of circadian clock can alter the physiology and
metabolism of WAT, affecting systemic homeostasis and increasing the risk to

suffer metabolic disorders and obesity [161].

2.4. Disruption of the circadian rhythm

Endogenous circadian rhythms in organisms need to be synchronized with

light/dark cycle. The time cues, known as time givers (zeitgebers (ZT)), such as
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light, allow the biological clock — which present a slight longer period of 24-hours
— to be reset and entrained to the 24-hour day [162]. Misalignment between
endogenous circadian rhythms with daily photoperiodic cycles is a risk factor for
developing negative health outcomes including impaired glucose tolerance,
reduced insulin sensitivity and leptin levels, and increased body mass, blood
pressure and ghrelin levels [163]. Indeed, the disruption of circadian rhythms
could cause hypertriglyceridemia, hyperinsulinemia, inflammation, coronary

heart diseases, obesity, diabetes, and other disorders [152,153].

Night shift workers, which present shift work sleep disorder, have a higher
risk to develop dyslipidemia, diabetes, hypertension, heart diseases, depression,

and infertility [164].

Circadian misalignment can also be induced by other factors than light. Diet,
another zeitgeber, can modulate the circadian clock in peripheral tissues [165].
Time-restricted feeding (TRF), with 10 hours access to food during the active
phase, improve metabolic health in clock mutant mice compare to ad libitum-fed
mice. Indeed, TRF prevents fatty liver, dyslipidemia, glucose intolerance, obesity
in clock mutant mice compared to ad libitum food intake in wild type and clockless

mice [166-168].

Thus, the synchronization of physiological processes with light/dark cycle is

an important aspect to maintain a healthy condition and to avoid certain diseases.

3. Bioactive compounds and health

3.1. Polyphenols

Polyphenols are secondary metabolites found in plants. These molecules
are not essential for plant growth but are relevant to defense against stress factors

including bacteria and fungi infections, herbivores, ultraviolet
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irradiation, drought, extreme temperatures, among others [169,170]. Polyphenols
are characterized to present at least one aromatic ring; phenol group (Figure 10),
and one or more hydroxyl groups attached. Different

combinations of phenol units and hydroxyl groups @ or @

attached bring the existence of 8,000 different polyphenols

identified [171]. Figure 10. Phenol group.

Polyphenols are classified in flavonoids and nonflavonoids (phenolic acids,
lignans and stilbenes) (Figure 11). Flavonoids are also subdivided in flavanols
(flavan-3-ols), flavanones, flavones, isoflavones, flavonols and anthocyanidins

[172].
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from [172].
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Polyphenols are exclusively present in fruits and vegetables including
grapes, strawberries, carrots, nuts, blackberries, apples, legumes, cocoa, broccoli,

cereals, olives and beverages like tea, coffee and wine [169].

Phenolic compounds confer the color of vegetables ranging from orange to
blue [169]. Moreover, polyphenols are known to be great antioxidant agents and
have the capacity to prevent and ameliorate many health problems including
inflammation, cancers, cardiometabolic diseases, diabetes, obesity, among others

[173].

It is important to consider that the health effects of polyphenols are mainly
attributed to the product of their metabolism. Indeed, when polyphenols reach
the small intestine and the liver they are conjugated by certain enzymes and
generate glucuronide, sulfate, and methylated derivatives. A high quantity of
polyphenols is not absorbed by small intestine and reach the colon where they are
metabolized by gut microbiota [174]. Thus, not only environmental, and
agricultural factors affect the polyphenol content but endogenous metabolism

including specific enzymes and microbiota are determinant for their effects.

3.1.1. Grape seed proanthocyanidin extract

Grape seed proanthocyanidin extract (GSPE) used in this Doctoral Thesis was
composed by catechin, epicatechin, proanthocyanidin dimer BI,
proanthocyanidin dimer B3, proanthocyanidin dimer B2, gallic acid, epicatechin
gallate, dimer gallate, proanthocyanidin trimer, protocatechuic acid, vanillic acid,
epigallocatechin, epigallocatechin gallate and proanthocyanidin tetramer; listed
from highest concentration (121.32 + 3.41 mg/g; catechin) to lowest concentration
(0.05 + 0.01 mg/g; proanthocyanidin tetramer). Polyphenols from GSPE were

mainly classified as flavanols and phenolic acids [175]. Proanthocyanidins are
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formed by oligomerization or polymerization of the flavan-3-ol monomers
including catechin and epicatechin, and are the most abundant in human diets

[173].

Proanthocyanidins are considered antioxidant molecules for its capacity to
reduce free radicals through one electron donation by the phenolic OH group.
However, it is not the unique mechanism by which proanthocyanidins exert their
biological effects that result in beneficial health effects. It has been proposed
proanthocyanidins modulate biological systems through different mechanisms of
action, although the molecular interactions of these compounds with cell
physiology remain mostly speculative. Proanthocyanidins can act through two

major mechanisms:

e Basic biochemical mechanisms through specific interactions with proteins
and enzymes which modify enzymatic activities and transcription factors.
In this sense, proanthocyanidins can increase the expression or activity of
several antioxidant enzymes, for example regulating the activity of nuclear
factor-kB (NF- «B), which modulates the gene expression of pro-
inflammatory factor cyclooxygenase (COX). Moreover, proanthocyanidins
can induce the transcription of nuclear receptors including farnesoid X
receptor (FXR), which regulates lipid homeostasis, and RORa, which
regulates the molecular clock. Proanthocyanidins can also prevent

apoptosis by modulating caspase-12 pathway.

e Epigenetic mechanisms including histone modifications, DNA
methylation and microRNAs (miRNAs) modulation, which modulate the
expression of mRNA. Several miRNAs play important regulatory roles in
cell differentiation, insulin action and fat metabolism in adipocytes [173,

176].
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Therefore, proanthocyanidins are able to modulate several pathways related
to antioxidant mechanism, inflammation, apoptosis, lipid homeostasis and energy
metabolism [173]. Due to the ability of proanthocyanidins to exert these effects
through such a wide range of mechanisms, it was postulated that they could act
in a higher level; which is the molecular clock. Indeed, in the recent years it has
been shown that proanthocyanidins modulate the molecular clock changing the
expression of core-clock genes. We will discuss this matter in the section 3.3.

“Chronobiological effects of bioactive compounds”.

Furthermore, due to the many beneficial properties of proanthocyanidins, it
has been extensible studied their role on obesity. Previously, in our group it was
found that physiological doses of GSPE reduced the size of visceral adipocytes
and increased their number inducing a healthy expansion of WAT through
hyperplasia [177]. It has been proposed that GSPE induces adipogenesis through
a Sirtl-dependent upregulation of Ppary, and inducing the expression of Plinl,
Fabp4 and Adipog in WAT [177]. However, other studies suggest that GSPE
interfere in the early stages of preadipocyte differentiation decreasing the
expression of the PPAR-y2 receptor, the main regulator of adipocyte
differentiation, and downregulating the expression of lipid synthesis regulators
including Ppary, C/EBPa, FASN, PLIN1, FABP4 and Adipoq [178]. Furthermore,
contradictory results are shown regarding the lipolytic effect of
proanthocyanidins. Some studies showed that proanthocyanidins present an
inhibitory effect against lipolytic enzymes including LPL and HSL and others
suggest that proanthocyanidins induce the expression of Hsl and Atgl followed by
an upregulation of genes involved in (3-oxidation in visceral WAT depots [179-

182].

Montagut et al. suggest that the ability of GSPE to modulate adipocyte

differentiation depends on the physiological conditions and fat depot [183].
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Indeed, in lean rats the protective effects of GSPE targets visceral WAT depot,
while in obese rats GSPE mainly targets subcutaneous WAT [184]. Nevertheless,
HFD-fed hamsters supplemented with GSPE for 15 days presented lower body
weight and adiposity with a reduction of the weight of all visceral and

subcutaneous WAT depots [180].

Moreover, other studies demonstrate that GSPE has an effect on the
hypothalamus modifying anorexigenic and orexigenic genes, responsible for
hunger regulation, and therefore food intake [185].

Obesity is closely related, among others, to the secretion of adipokines by
WAT. Adipokines contribute to the peripheral insulin resistance and disorders
related to lipid metabolism. In this context, GSPE exhibit beneficial effects on
adipokine secretion and oxidative stress, which offers proanthocyanidins a
substantial potential to fight against metabolic disorders and obesity [182,186].

GSPE can revert the BAT mitochondrial dysfunction present in obesity
ameliorating the thermogenic capacity which would be beneficial as an anti-
obesity effect [187,188]. In this sense, it has been suggest that proanthocyanidins
might induce WAT browning, although no evidence has demonstrated this

potential effect [189].

3.2. Bioactive multi-compound

Obesity is a multifactorial disease caused by the dysregulation of several
organs and mechanisms, including the metabolism of WAT. These leads to several
metabolic diseases including insulin resistance, cardiovascular diseases, NAFLD
among others. Therefore, in the recent years it has increased the interest to
combine different bioactive compounds in order to obtain additive or synergic
effects that could tackle several pathways involved in obesity. In this sense, a

bioactive multi-compound (MIX), which was based of GSPE, was created by our
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group with the purpose of finding greater effects compared to individual-

compound consumption for the management of obesity.

Indeed, a previous study in our group demonstrated that MIX reduces
adiposity, specifically the weight of subcutaneous iWAT and visceral eWAT,

inhibits lipogenesis and increases lipolysis [190].

MIX was based on proanthocyanidins extracted from grape-seed (GSPE; 25
mg/kg), anthocyanins from berries (100 mg/kg), conjugated linoleic acid (CLA; 100
mg/kg) and protein hydrolysate from chicken feet (Hpp11; 55 mg/kg).

Anthocyanins are a subgroup of flavonoids commonly found in fruits and
vegetables. They exert metabolic effects beneficial for obesity and metabolic
syndrome. In fact, HFD-fed mice supplemented daily for 8 weeks with 200 mg/kg
of anthocyanins presented a reduction on body weight, serum glucose and a
downregulation of Tnfa, Il6 and Ppary gene expression [191]. Moreover, other

studies showed beneficial effects of anthocyanidins on insulin sensitivity [192].

Another component of MIX is CLA which is a fatty acid formed by the
conjugation of isomers of polyunsaturated linoleic acid (18:2n6). CLA is found in
meat and milk from cows and sheep. Two types of isomers can be found; cis-

9,trans-11 and trans-10,cis-12 (Figure 12). The most abundant isomer in diet is cis-

9,trans-11 [193].

12 9

/\/\/:\/:\/\/\/\/ o

Linoleic acid (18:2 n-6)
11 9

N NN NN CO0H
cis-9, trans-11 CLA

12 10
A VTV g
trans-10, cis-12 CLA

COOH

Figure 12. Structure of linoleic acid, cis-9,trans-11 CLA and trans-10,cis-12 CLA. Adapted from [194].
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An interest in CLA arose due to its effects on reducing fat mass which led
to its commercialization as a food supplement. The isomer trans-10,cis-12 is the
one mainly responsible for body fat reduction and the one that affects circulating
lipids [193]. Specifically, it inhibits PPARYy which regulates the expression of genes
responsible for lipid and glucose uptake including Lpl and Glut4 [195]. Moreover,
the trans-10,cis-12 CLA, but not cis-9,trans-11 CLA, increases adipocyte lipolysis
[196]. Therefore, the increment of lipolysis and the reduction of lipid and glucose

uptake into adipocytes leads to a reduction in fat mass by trans-10,cis-12 CLA.

Nevertheless, it has been found that CLA also present side effects. The
isoform trans-10,cis-12 could induce insulin resistance and hepatic lipid
accumulation [197]. Hepatic steatosis was associated with a decrement in body
adiposity, which suggests that lipids accumulated in the liver come from the
uptake of circulating fatty acids liberated from adipose tissue [198]. On the other
hand, cis-9,trans-11 could present beneficial effects on insulin sensitivity [197].
However, beneficial effects and side effects are still controversial as they seem to
vary depending on the dose, species and metabolism [175,176]. In fact, a mixture
of cis-9,trans-11, trans-10,cis-12 and other CLA isomers increased Ppary gene
expression followed by an increment of adiponectin and fatty acid transporters

[199].

Lastly, another component of MIX is Hppll. Hppll is constituted by
bioactive peptides obtained from proteins of chicken feet which are a by-product
of the food industry. This hydrolysate is a patent product developed in our group
with the aim to obtain a bioactive compound with antihypertensive properties
[179,180]. Hppl1l inhibits angiotensin-converting enzyme (ACE), and therefore
reduces vasoconstriction [200]. Thus, Hppll is a good candidate to ameliorate

obesity related pathologies like cardiovascular diseases.
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3.3. Chronobiological effects of bioactive compounds

Types of food, meal timing, nutrients and some bioactive compounds
modulate the circadian clock which can help reset circadian rhythms attenuating

metabolic diseases including obesity (Figure 13).

Specific foods Food nutrients
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Figure 13. The interplay between circadian clock, nutrition and metabolism. Adapted from [201].

There is limited research on studying the chronobiological response of certain
bioactive compounds, however some studies have been carried out and sustains

the potential effect of some natural components on modulating biological clocks.

First, it has been shown that different nutritional diets affect the circadian
clock. HFD induces changes in the period of locomotor activity rhythm and the
expression of clock genes (Clock, Bmall and Per2) and clock-controlled genes
involved in energy homeostasis in adipose tissue [151]. Furthermore, meal timing
is a key factor for the synchronization of endogenous clock. For example, time-

limited food intervention leads to a reduction on adiposity [202].

Single nutrients including caffeine, cinnamic acid, nobiletin, palmitate,
resveratrol can correct circadian disorders ameliorating metabolic comorbidities

[203]. GSPE have the capacity to modulate peripheral molecular clocks by
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synchronizing the expression of clock genes (Clock, Bmall, Per2, Rora, and Rev-erb)
in liver and gut, and with lesser extent in WAT of lean and obese rats [204].
Polyphenols, such as resveratrol, restore the expression of clock genes, the
circadian rhythm of circulating leptin, insulin and fasting glucose, and reduce the

body weight of HFD-fed mice [205].

Therefore, polyphenols and other bioactive compounds from different
natural sources can correct circadian disorders associated with metabolic diseases.
However, time-of day compound administration must be evaluated to
understand molecular mechanisms and to ameliorate the efficiency of the
compounds. In fact, certain drugs such statins, which reduce low-density
lipoproteins (LDL) levels, present higher efficacy when are taken in the evening
since cholesterol biosynthesis present circadian rhythm reaching the peak at night
in humans [206,207]. Thus, time-of-day administration is essential for the efficacy
of drugs, bioactive compounds and nutraceuticals. Nevertheless, scare data is
available regarding the effect of bioactive compounds depending on the time of
administration. Therefore, further research is needed in the file of

“chrononutrition” and “chrononutraceuticals”.
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Hypothesis and objectives

Obesity is a public health issue worldwide which its prevalence is
dramatically increasing. White adipose tissue (WAT) plays a critical role in
obesity-related metabolic disorders. The localization of excessive WAT, the
adipocyte size, the alteration of the metabolism of adipocytes and immune cells
that composed WAT determine the physiology of WAT and the risk to suffer
insulin resistance, hyperglycemia, dyslipidemia, and cardiovascular diseases. In
addition, mammals present endogenous circadian clocks which are synchronized
by external cues. The central clock is regulated by light/dark cycle, while
peripheral clocks are regulated by diet. This synchronization is highly important
in WAT to efficiently adapt and anticipate to daily recurring events, including
secretion of hormones, lipogenesis, lipolysis, inflammation, among other
metabolic pathways. The disruption of the clock, through cafeteria diet or high-
fat diet, shift work or late-night activity, could lead to physiologic alterations

affecting systemic homeostasis and body weight management.

Polyphenols and other bioactive compounds have been studied during the last
decades as a prevention and treatment against obesity-related pathologies. In the
present Doctoral Thesis, it has particularly been used proanthocyanidins from
grape seed (GSPE) which possesses large number of benefits, including
antioxidant and antihypertensive properties and the amelioration of
dyslipidemia, insulin sensitivity and chronic inflammation. Specifically in WAT,
GSPE consumption reduces adiposity and adipocyte size (hypertrophy) in
subcutaneous and visceral WAT, increases PPARY gene expression in visceral
WAT leading to expansion through hyperplasia and increases insulin sensitivity.
Additionally, proanthocyanidins are potential modulators of circadian rhythm
which can improve clock disruption attenuating obesity-related metabolic

alterations.
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Hypothesis and objectives

In this context, it is plausible to speculate that the effects of GSPE consumption
on WAT metabolism and clock system could depend on time-of-day
administration since several metabolic outcomes present circadian rhythm in this
tissue. Therefore, we hypothesized that proanthocyanidins counteract diet-
induced alterations in WAT metabolism and rhythmicity according to time-of-

day administration.

Thus, the main objective of this thesis was to determine whether
proanthocyanidins exert different effects on the metabolism and circadian
rhythm of WAT in obese rodents depending on the time-of-day they are

consumed. To this end, specific objectives were proposed:

1. To evaluate the time-of-day dependent effect of GSPE consumption on
subcutaneous and visceral WAT in rats with diet-induced obesity. To
accomplish this objective, rats were fed with cafeteria diet for 9 weeks to
induce obesity. From week 6 on, animals were supplemented with GSPE (25
mg/kg) at two different zeitgeber times (ZT): at the beginning of the light/rest
phase (ZT0) or at the beginning of the dark/active phase (ZT12) (Manuscript
1).

2. To challenge the ability of GSPE to restore the circadian rhythm of

subcutaneous WAT lost in obesity in a time-of-day dependent manner.

a. To evaluate the effect of GSPE consumption on the diurnal rhythm of
WAT metabolites in rats with diet-induced obesity. Cafeteria diet-fed
animals were supplemented with vehicle or GSPE (25 mg/kg) either at the

beginning of the light/rest phase (ZT0) or at the beginning of the dark/active
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Hypothesis and objectives

phase (ZT12) for 4 weeks. Animals were sacrificed at 6-hour intervals to
analyze the diurnal rhythms of subcutaneous WAT metabolites assessed by

nuclear magnetic resonance spectrometry (Manuscript 2).

b. To determine the effect of GSPE-derived serum metabolites on PER2
circadian rhythm in WAT explants. To assess this objective subcutaneous
WAT explants from lean and obese PER2::LUC or wild-type mice were
treated with GSPE serum metabolites (GSPM) at two different time points;

at the peak or trough of PER2::LUC bioluminescence (Manuscript 3).

3. To determine the time-of-day dependent effect of the consumption of a
bioactive multi-compound (MIX) based on GSPE on subcutaneous and
visceral WAT in rats with diet-induced obesity. To achieve this aim rats were
fed with cafeteria diet for 9 weeks. From week 6 on, animals were
supplemented with MIX at the beginning of the light/rest phase (ZT0) or at the

beginning of the dark/active phase (ZT12) (Manuscript 4).
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Experimental designs

Different experimental designs were used in the present Doctoral Thesis to
assess the main hypothesis and reach the experimental objectives previously

described.

1. Evaluation of GSPE effects depending on time-of-day consumption on
subcutaneous and visceral WAT metabolism of cafeteria diet obese rats

(Manuscript 1).

Male Wistar rats were fed a CAF 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 weight and food
intake were recorded weekly and body fat content was determined by nuclear
magnetic resonance. Biochemical parameters were evaluated and histological
analyses (hematoxylin and eosin staining) were performed in visceral epididymal
(eWAT) and subcutaneous 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 (Figure 1).

4 weeks -
VH-ZTO0 - & Serum
—~ e GSPE-ZTO = '— Biochemical parameters
-
o oeake + treatment ZT0
3 W - =
(n=32) \ 13
VE=FO= VH-ZT12 IWAT __ eWAT _
CAF diet [} )-) { ))
GSPE-ZT12 5 i
+ treatment ZT12 =) Histological analyses (H&E stain)
QEwwes + @ st =)  Gene expression (qPCR)
CAF diet
9 weeks
\ Z10 112
Body weight and food intake recorded weekly Sacrifice at ZT3 Light phase Dark phase

Non-active Active
NMR (fat mass)

Figure 1. Experimental design to evaluate GSPE effects depending on time-of-day consumption on
subcutaneous and visceral WAT metabolism of cafeteria diet obese rats.
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Experimental designs

2. Determination of GSPE effects depending on time-of-day consumption on
the diurnal rhythm of subcutaneous WAT metabolites in cafeteria diet

obese rats (Manuscrip 2).

Ninety-six male Fischer rats were fed STD (two groups) or CAF (four groups)
diet for 9 weeks (n = 16 each group). From week 6 on, CAF diet animals were
supplemented with vehicle or 25 mg GSPE/kg of body weight either at the
beginning of the light/rest phase (ZT0) or at the beginning of the dark/active phase
(ZT12). The two STD groups were also supplemented with vehicle at ZT0 or ZT12.
Body weight and food intake were recorded weekly. In week 9, animals were
sacrificed at 6 h intervals (n = 4) to determine biochemical parameters, the
histology of iWAT (hematoxylin and eosin staining) and to analyze the diurnal

rhythms of iWAT metabolites by nuclear magnetic resonance spectrometry

(Figure 2).
Fisher rats (N=96)
- O START OF TIME OF 210 112 (
4 TREATMENT SACRIFICE :
~ 1 Rest phase Active phase
L] 1 2 3 4 ] & 7 8 9 l

T T T T T
Body weight and food intake recorded weekly

mp = Biochemical parameters

= Histological analyses (H&E stain)

“ mp * Untargeted nuclear magnetic
resonance spectrometry (NMR)

v
Metabolites

Figure 2. Experimental design to determine GSPE effects depending on time-of-day consumption
on the diurnal rhythm of subcutaneous WAT metabolites of cafeteria diet obese rats.

3. Evaluation of the effect of GSPE-derived serum metabolites on PER2
circadian rhythm in obese subcutaneous WAT explants according to time-

of-day treatment (Manuscript 3).
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Experimental designs

Rats from the GSPE group were administered 1 ml of 1 g/kg of body weight of
GSPE by oral gavage. The control group was orally administered 1 ml of water.
Two hours after the treatment, the rats were sacrificed by decapitation and trunk
blood was collected. To obtain the metabolized proanthocyanidins from rat
serum, serum samples were pretreated by off-line micro-solid-phase extraction
(USPE). Afterwards, samples were evaporated and redissolved in recording
medium (Figure 3a).

PER2::LUC knockin C57BL/6] mice were fed with STD or HFD diet for 5
weeks. Mice were sacrificed and iWAT explants were prepared to treat with GSPE
metabolites at peak of PER2 bioluminiscence or at trough. Samples were placed in
the LumiCycle luminometer for five days. Afterwards, circadian rhythm of PER2
bioluminiscence was analyzed. Wild-type C57BL/6] mice were also fed with STD
or HFD diet. iWAT explants were treated with GSPE metabolites at peak or trough
of PER2 bioluminiscence for 10 hours. Afterwards, samples were frozen for gene
expression analysis. Moreover, glycerol content was analyzed in the medium after

a GSPE treatment of 24 hours (Figure 3b).

a) GSPE metabolites from rat serum b) Ex vivo experimental design of adipose tissue explants from mice
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Figure 3. Experimental design to determine the effect of GSPE serum metabolites on PER2 circadian
rhythm in obese subcutaneous WAT explants according to time-of-day treatment.
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Experimental designs

4. Determination of the effects of a bioactive multi-compound (based on
GSPE) consumption on subcutaneous and visceral WAT metabolism
depending on time-of-day administration in cafeteria diet obese rats

(Manuscript 4).

Male Wistar rats (n=32) fed a CAF diet for 9 weeks were orally supplemented
the last 4 weeks with MIX or vehicle when the lights turned on (ZT0) or turned off
(ZT12). Body weight and food intake were recorded weekly and body fat content
was determined by nuclear magnetic resonance. Biochemical parameters were
determined. Histological analyses (hematoxylin and eosin staining) were
performed in eWAT and iWAT depots to evaluate adipocyte size and number. In
addition, the expression of genes related to adipose metabolism and circadian

clock function were analyzed by qPCR (Figure 4).

4 weeks 7 Serum
— -
MIX-ZTO Biochemical parameters
AR + treatment ZT0 ‘ - ' g
5 weeks ) e
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(n=32) . 1
S LN 0.= iWAT eWAT
‘CAF“ ® VH-ZT12 o e
ie Y Y
MIX-ZT12 e/ e
+ treatment ZT12
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_ we + BALE .
- w0.= Bioactive multi-compound =)  Gene expression (qQPCR)
CAF diet (MIX) at ZT0 or ZT12
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— S, zro 112
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Figure 4. Experimental design to evaluate the impact of the bioactive multi-compound (MIX; based
on GSPE) depending on time-of-day consumption on subcutaneous and visceral WAT metabolism
of cafeteria diet obese rats.
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Abstract: 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. 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. GSPE consumption at ZT0 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 improve 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 ZT0, repressed the
expression of the clock gene CryI in IWAT. 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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1. 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 (PPARyY) 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
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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].

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 mammalian circadian clock system such as brain and muscle ARNT-like
(BMALL1), 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.

2. Methods
2.1. 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
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(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].

2.2. Study design and dosage information

Thirty-two male Wistar rats weighing 250-290 g, 8 weeks of age, were
purchased from Charles 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]. During the
last 4 weeks of the cafeteria diet intervention, animals were randomly divided into
four groups of 8 animals each 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 ZT0, when the light turn
on (VH-ZT0 and GSPE-ZT0 groups), and the other two were supplemented at
ZT12, when lights turned off (VH-ZT12 and GSPE-ZT12 groups). GSPE was
dissolved in 450 uL 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,

82



UNIVERSITAT ROVIRA I VIRGILI
INTERPLAY BETWEEN GRAPE SEED PROANTHOCYANIDINS AND CIRCADIAN RHYTHM IN WHITE ADIPOSE TISSUE: NEW FRONTIERS IN OBESITY MANAGEMENT
Marina Colom Pellicer

Manuscript 1

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).

2.3. 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.

2.4. 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 INAT into the visceral cavity
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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 000pum? or >3 000pum?;
then, the number of total counted adipocytes was used to calculate the percentage

of adipocytes in both categories.

2.5. 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 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].
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2.6. 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 (ZT0 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.

3. Results

3.1. GSPE consumption at ZT0 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 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 ZTO0 [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
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monocyte chemoattractant protein-1 (MCP-1), leptin and adiponectin blood levels

driven by GSPE administration (Table 2).

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).

Two-wa
VH-ZT0 GSPE-ZT0 VH-ZT12 GSPE-ZT12 '\ = X'
Final body weight (g)  484.88+9.3  483.69+10.0 48381214  48521+12.1 ns
Body weightgaina(g)  55.26+2.6 54.50 +5.2 54.56 + 4.0 52.64 +4.5 ns
Body fat content® (%) 1778 +1.3 1839+ 1.3 21.93 0.7 1834+1.2 ns
IWAT (%) 22002 2.19+0.2 2.40+0.3 2.11+02 ns
EWAT (%) 353+0.2 3.73+04 3.85+0.5 3.62+03 ns
fli‘]j;z)imake ‘ 20193;88 T 184242+728 1746.69+85.1 166658 +71.4 ZT

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, INAT
inguinal white adipose tissue, VH vehicle.

* 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).

b 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.

Table 2. Serum metabolic variables 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).

Two-
VH-ZTO0 GSPE-ZTO0 VH-ZT12 GSPE-ZT12 way
ANOVA

Glucose (mM) 8.16£0.3 ab 8.49+02a 732+02b 8.05+0.4 ab ZT
Insulin (ng/mL) 8.60+1.0 5.53+0.9 7.44+0.6 6.51+0.6 T
HOMA-IR 76.13+11.82 38.93+£9.7° 5455+49®  5701+75®  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 1524+ 6.4 138.7 +3.8 153.7 +12.2 ns
NEFA (mg/dL) 31.78 £4.3 30.48 £2.5 2295+2.6 25.85+24 ZT
MCP-1 (pg/mL) 343.7 +£334 287.1+24.0 375.3+204 381.3+£25.0 ns
Adiponectin (ug/mL) 26.89+24 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 +34 33.79+3.6 ns

b Indicates significant differences (P < 0.05) using Tukey's post hoc test. 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), 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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3.2. GSPE consumption reduced adipocyte size and increased adipocyte number in INAT

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 pm?) with respect to VH-ZT12 animals (Fig. 1A).
Interestingly, comparisons between VH-ZT0 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 did not produce any

significant change in adipocyte morphology in any group of animals (Fig. 1B).
3.3. GSPE consumption at ZT12 resulted in decreased gene expression of positive
regulators of adipogenesis, fatty acid metabolism and glucose uptake in INAT

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
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$3). Additionally, the differential gene expression heatmap for each fat depot is

also shown in Supplementary Information Fig. S2.
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Fig. 1 Adipose tissue histology. Histological analysis of INAT (a) and EWAT (b) of animals fed 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 indicates treatment effect using two-way ANOVA (P < 0.05) and a, b denotes
significant differences between groups using Tukey’s post hoc test.

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 ZT0 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
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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-ZT0 and VH-ZT12
groups were compared, only a significant upregulation of Glut4 gene expression
was observed in animals supplemented at ZT12 with respect to ZTO.

iWAT

2.0 Adipogenesis Lipogenesis Lipolysis Lipid transport
15+
1.0+

0.5+

Relative gene expression in iWAT

0.0

Ppary  C/ebpa | Acaca Fasn Gpat Atgl Hsl Mgl Cpt1b Lpl Cd36 Fabp4

=z o =
2.0% Leptinsignalling Adiponectin Browning Inflammation Glucose metabolism — VH-ZTO0
GSPE-ZT0
= VH-ZT12
= GSPE-ZT12

Relative gene expression in iWAT

Lep Obrb | Adipoq i Ucp1 Prdm16; Tnfa IL6 Gépd Glut4 Irs2
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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 (ZT0) 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). T
indicates treatment effect, ZT x T indicates interaction of the supplementation time and treatment effect using
two-way ANOVA (P <0.05). a,b denotes significant differences between groups using Tukey’s post hoc test.
Ppary peroxisome proliferator-activated receptor y, Clebp 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
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palmitoyltransferase 1B, Lpl lipoprotein Lipase, Cd36 cluster of differentiation 36, Fabp4 fatty Acid Binding
Protein 4, Lep leptin, Obrb leptin receptor, Adipoq adiponectin, Ucpl uncoupling protein 1, Prdm16 PR
domain containing 16, Tnfa tumor necrosis factor alpha, 116 interleukin 6, Gépd glucose-6 phosphate
dehydrogenase, Glut4 glucose transporter 4, Irs2 insulin receptor substrate 2.

3.4. 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 ZT0 resulted in a downregulation of genes involved in 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 ZT0 also
caused a significant decrease of the proinflammatory cytokine I16 [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 Il6 were significantly downregulated at

ZT12 with respect to ZT0, while Adipog was significantly upregulated at ZT12.

3.5. GSPE consumption upregulated Cry1 gene expression in INAT at ZT12 but not at
ZT0

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

90



UNIVERSITAT ROVIRA I VIRGILI
INTERPLAY BETWEEN GRAPE SEED PROANTHOCYANIDINS AND CIRCADIAN RHYTHM IN WHITE ADIPOSE TISSUE: NEW FRONTIERS IN OBESITY MANAGEMENT
Marina Colom Pellicer

Manuscript 1

eWAT

2.0 Adipogenesis Lipogenesis Lipolysis Lipid transport

Relative gene expression in eWAT

Ppary  C/ebpa | Acaca Fasn Gpat Atgl Hsl Mgl Cpt1b Lpl Cd36 Fabp4

[zoa | [0 ] | | [zr | [z ]| | [z ] [z ] [ znm | | | | | |
2.5+ Leptinsignaling Adiponectin Browning Inflammation Glucose metabolism == VH-ZTO0
' o= GSPE-ZTO
= VH-ZT12
s GSPE-ZT12

Relative gene expression in e WAT

Adipoq ' Ucp1 Prdm16: Tnfa G6pd Glut4 Irs2

| e | | o

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 weight) or vehicle (VH)
the last 4 weeks of the study when the lights turned on (ZT0) 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
indicates effect of supplementation time, T treatment effect and ZT x T interaction of the supplementation time
and treatment effect using two-way ANOVA (P < 0.05). a,b denotes significant differences between groups
using Tukey’s post hoc test. Ppary peroxisome proliferator-activated receptor y, Clebp o« 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, Adipoq 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.

91



UNIVERSITAT ROVIRA I VIRGILI

INTERPLAY BETWEEN GRAPE SEED PROANTHOCYANIDINS AND CIRCADIAN RHYTHM IN WHITE ADIPOSE TISSUE: NEW FRONTIERS IN OBESITY MANAGEMENT
Marina Colom Pellicer

Manuscript 1

expression driven by GSPE consumption were associated with clock gene
expression profiles in IWNAT and EWAT. Therefore, we evaluated the expression
pattern of Bmall (clock-core gene), Per2, Cryl 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, Cryl and Rev-erb-a depending on the ZT in
which GSPE was consumed. Specifically, GSPE consumption at ZT12 significantly
upregulated the gene expression of Cryl [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 Cryl was upregulated at ZTO regardless of GSPE

administration.
Clock genes
iWAT eWAT —3 VH-ZTO
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Fig. 4 Effects of GSPE on the expression of clock genes. 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). The gene expression was measured by qPCR and
normalized by Ppia gene expression. The relative expresion (presented as fold-change) was normalized to VH-
ZT0 group. Results are presented as the mean + SEM (n = 6-8). ZT indicates effect of supplementation time,
T treatment effect and ZT x T interaction of the supplementation time and treatment effect using two-way
ANOVA (P < 0.05). a,b denotes significant differences between groups using Tukey’s post hoc test. Bmall
brain and muscle ARNT-Like 1 (aryl hydrocarbon receptor nuclear translocator-like), Cryl cryptochrome
circadian regulator 1, Per2 period circadian regulator 2, Rev-erb-a nuclear receptor subfamily 1, group D,
member 1 (Nr1d1).
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4. 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

93



UNIVERSITAT ROVIRA I VIRGILI
INTERPLAY BETWEEN GRAPE SEED PROANTHOCYANIDINS AND CIRCADIAN RHYTHM IN WHITE ADIPOSE TISSUE: NEW FRONTIERS IN OBESITY MANAGEMENT
Marina Colom Pellicer

Manuscript 1

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 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 ZT0 did not display significant changes in the
histologic analysis of WAT, the pro-inflammatory gene IL-6 was notably
downregulated in visceral EWAT when GSPE was consumed at ZT0. 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
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expression of IL-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
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 ZT0
(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
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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 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
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expression levels reach its maximum at dark phase, compared with ZT0 when the
expression of these lipolytic genes reaches the trough. Additionally, our results
also reported a significant upregulation of CryI 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 ZT0. 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 Hsl 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 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.
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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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SUPPLEMENTARY MATERIAL

Table S1. Primers for the Q-PCR analysis.

Forward (5'...3") Reverse (5'...3")
Acaca GCGGCTCTGGAGGTATATGT TCTGTTTAGCGTGGGGATGT
Adipoq GTTCCAGGACTCAGGATGCT CGTCTCCCTTCTCTCCCTTC
Atgl GAAGACCCTGCCTGCTGATT CACATAGCGCACCCCTTGAA
Bmall GTAGATCAGAGGGCGACGGCTA CTTGTCTGTAAAACTTGCCTGTGAC
Clebpa TGTACTGTATGTCGCCAGCC TGGTTTAGCATAGACGCGCA
Cd36 CAGTGCAGAAACAGTGGTTGTCT TGACATTTGCAGGTCCATCTATG
Cptlb GCAAACTGGACCGAGAAGAG CCTTGAAGAAGCGACCTTTG
Cryl TGGAAGGTATGCGTGTCCTC TCCAGGAGAACCTCCTCACG
Fabp4 GAAAGAAGTGGGAGTTGGCT TACTCTCTGACCGGATGACG
Fasn TAAGCGGTCTGGAAAGCTGA CACCAGTGTTTGTTCCTCGG
Gépd ACCAGGCATTCAAAACGCAT CAGTCTCAGGGAAGTGTGGT
Glut4 TGGTCTCGGTGCTCTTAGTAGA ATAACTCATGGATGGAACCCGC
Gpat GAATACAGCCTTGGCCGATG GAGGCGTGCATGAATAGCAA
Hsl AGTTCCCTCTTTACGGGTGG GCTTGGGGTCAGAGGTTAGT
IL6 GCTTCCCTCAGGATGCTTGT ATTAACTGGGGTGCCTGCTC
Irs2 TATACCGAGATGGCCTTTGG CCATGAGACTTAGCCGCTTC
Lep ATTTCACACACGCAGTCGGTAT CCCGGGAATGAAGTCCAAA
Lpl GGCCCAGCAACATTATCCAG ACTCAAAGTTAGGCCCAGCT
Mgl ATCATCCCCGAGTCAGGACA TGACTCCCCTAGACCACGAG
Obrb CCA GTA CCC AGA GCC AAA GT GGA TCG GGC TTC ACA ACA AGC
Per2 CGGACCTGGCTTCAGTTCAT AGGATCCAAGAACGGCACAG
Ppary AGGGCGATCTTGACAGGAAA CGAAACTGGCACCCTTGAAA
Ppia CTTCGAGCTGTTTGCAGACAA AAGTCACCACCCTGGCACATG
Prdm16 GTTCTGCGTGGATGCCAATC TGGCGAGGTTTTGGTCATCA
Rev-erb-a  CTGCTCGGTGCCTAGAATCC GTCTTCACCAGCTGGAAAGCG
Tnfa GCTGCACTTTGGAGTGATCG GTGTGCCAGACACCCTATCT
Ucpl GGTACCCACATCAGGCAACA TCTGCTAGGCAGGCAGAAAC
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Figure S1. Hematoxylin and eosin (H&E) staining of inguinal (a) and epididymal (b) white adipose tissue.
H&E magnification, x10. VH-ZTO, vehicle group treated at ZT0; GSPE-ZTO0, GSPE group treated at ZT0;
VH-ZT12, vehicle group treated at ZT12; GSPE-ZT12, GSPE group treated at ZT12.
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Figure S2. Heatmap illustrating the differential gene expression upon grape seed proanthocyanidin extract
(GSPE) consumption at different zeitgeber time points; when the lights turn on (ZT0) and when the lights
turn off (ZT12) in inguinal white adipose tissue (iWAT) (a) and epididymal (eWAT) (b) of CAF diet-induced
obese rats. Wistar rats were fed with cafeteria diet for 9 weeks and treated with GSPE (25 mg/kg body weight)
or vehicle (VH) the last 4 weeks of the study at ZTO0 or ZT12. VH-ZTO, vehicle group treated at ZT0; GSPE-
ZT0, GSPE group treated at ZT0; VH-ZT12, vehicle group treated at ZT12; GSPE-ZT12, GSPE group
treated at ZT12.

Ppary, peroxisome proliferator-activated receptor y; Clebp o, 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; Adipoq, adiponectin; Ucpl, uncoupling protein 1; Prdm16, PR
domain containing 16, Tnfa, tumor necrosis factor alpha; 116, interleukin 6, Gépd, glucose-6 phosphate
dehydrogenase; Glut4, glucose transporter 4; Irs2, insulin receptor substrate 2.
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to Figure 2.
Gene Source of F (DFn, DFd) P value
variation

Ppary ZTxT F (1,23)=7.940 P=0.0098
Mgl T F (1,22)=5.155 P=0.0333
Mgl ZTXT F (1,22)=9.862 P=0.0048
Cpt1b T F (1,22)=6.315 P=0.0198
Cptlb ZTxT F (1,22)=8.077 P=0.0095
Cd36 T F (1,21)=7.010 P=0.0151
Cd36 ZTxT F(1,21)=7.413 P=0.0128
Fabp4 T F (1,21)=6.853 P=0.0161
Lep T F (1,22)=4.695 P=0.0414
Adipog ZTxT F (1, 21)=5.856 P=0.0247
Prdm16 T F (1,23)=5.346 P=0.0301
Glut4 ZTxT F(1,22)=11.25 P=0.0029
Irs2 T F(1,23)=6.338 P=0.0192

Statistical data of iIWAT gene expression comparing four groups (ZT0-VH, ZTO-GSPE, ZT12-
VH, ZT12-GSPE) showing "F", degrees of freedom (DF) and p value (p < 0.05) using two-way
ANOVA (ZT, time treatment effect; T, treatment effect; ZTxT, interaction between time

treatment and treatment).
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Table S3. F, degrees of freedom (DF) and p value of two-way ANOVA correspondin

to Figure 3.

Gene Source of F (DFn, DFd) P value

variation
Ppary ZTXT F (1,24)=7.968 P=0.0094
Cebpa ZTXT F(1,24)=17.05 P=0.0004
Fasn 7T F (1,24)=7.453 P=0.0117
Gpat ZTXT F (1, 23) =20.75 P=0.0001
Hsl ZTXT F(1,24)=7.268 P=0.0126
Mgl ZTXT F (1,23)=5.057 P=0.0344
Cptlb 7T F(1,23)=5.882 P=0.0236
Cptlb T F (1, 23) =5.325 P=0.0304
Obrb ZT F (1, 24) = 6.805 P=0.0154
Adipoq 7T F(1,21)=16.87 P=0.0005
Ucp1 ZTXT F(1,24)=6.272 P=0.0195
Prdmi16 ZT F (1, 24) =5.905 P=0.0229
Prdm16 ZTXT F (1,24)=5.591 P=0.0265
Tnfa ZTXT F (1, 23)=6.135 P=0.0210
16 ZT F (1, 23)=10.89 P=0.0031
116 ZTXT F(1,23)=5.699 P=0.0256

Statistical data of eWAT gene expression comparing four groups (ZT0-VH, ZTO-GSPE, ZT12-
VH, ZT12-GSPE) showing "F", degrees of freedom (DF) and p value (p < 0.05) using two-way
ANOVA (ZT, time treatment effect; T, treatment effect; ZTxT, interaction between time
treatment and treatment).
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Table S4. F, degrees of freedom (DF) and P value of two-way ANOVA corresponding to Figure 4.

Source of

Tissue Gene . F (DFn, DFd) P value
variation
Bmall ZTXT F (1,22)=4.834 P=0.0387
Cryl ZT F (1,20)=4.528 P=0.0460
Cryl T F (1, 20) =5.702 P=0.0269
IWAT
Cryl ZTXT F (1, 20)=5.234 P=0.0332
Rev-erb-a ZT F (1, 22) =4.535 P=0.0446
Rev-erb-a ZTXT F (1,22)=7.237 P=0.0134
Bmall ZTXT F (1, 24) =7.669 P=0.0107
EWAT Cryl ZT F(1,21)=5.347 P=0.0310
Per2 ZTXT F (1,24)=4.335 P=0.0482

Statistical data of iWAT and eWAT gene expression comparing four groups (ZT0-VH, ZTO-GSPE, ZT12-
VH, ZT12-GSPE) showing "F”, degrees of freedom (DF) and p value (p < 0.05) using two-way ANOVA (ZT,
time treatment effect; T, treatment effect; ZTxT, interaction between time treatment and treatment).

109



UNIVERSITAT ROVIRA I VIRGILI
INTERPLAY BETWEEN GRAPE SEED PROANTHOCYANIDINS AND CIRCADIAN RHYTHM IN WHITE ADIPOSE TISSUE: NEW FRONTIERS IN OBESITY MANAGEMENT
Marina Colom Pellicer



UNIVERSITAT ROVIRA I VIRGILI
INTERPLAY BETWEEN GRAPE SEED PROANTHOCYANIDINS AND CIRCADIAN RHYTHM IN WHITE ADIPOSE TISSUE: NEW FRONTIERS IN OBESITY MANAGEMENT
Marina Colom Pellicer

Manuscript 2

Proanthocyanidins Restore the Metabolic
Diurnal Rhythm of Subcutaneous White
Adipose Tissue According to Time-Of-Day
Consumption

Marina Colom-Pellicer!, Romina M Rodriguez!, Jorge R. Soliz-
Rueda!, Leonardo Vinicius Monteiro de Assis?, Elia Navarro-
Masip!, Sergio Quesada-Vazquez?, Xavier Escoté!,

Henrik Oster?, Miquel Mulero! and Gerard Aragones!”

I Nutrigenomics Research Group, Department of Biochemistry and Biotechnology,
Universitat Rovira i Virgili, 43007 Tarragona, Spain.

2 Center of Brain, Behavior and Metabolism, Institute of Neurobiology, University of
Lubeck, Marie Curie Street, 23562 Luibeck, Germany.

3 Unitat de Nutricié i Salut, Centre Tecnologic de Catalunya, Eurecat, 43204 Reus, Spain.
* Correspondence: gerard.aragones@urv.cat; Tel.: +34-977-558-188

Published in Nutrients
Received: 26 April 2022. Accepted: 25 May 2022. Published: 27 May 2022



UNIVERSITAT ROVIRA I VIRGILI
INTERPLAY BETWEEN GRAPE SEED PROANTHOCYANIDINS AND CIRCADIAN RHYTHM IN WHITE ADIPOSE TISSUE: NEW FRONTIERS IN OBESITY MANAGEMENT
Marina Colom Pellicer



UNIVERSITAT ROVIRA I VIRGILI
INTERPLAY BETWEEN GRAPE SEED PROANTHOCYANIDINS AND CIRCADIAN RHYTHM IN WHITE ADIPOSE TISSUE: NEW FRONTIERS IN OBESITY MANAGEMENT
Marina Colom Pellicer

Manuscript 2

Abstract: Consumption of grape seed proanthocyanidin extract (GSPE) has
beneficial effects on the functionality of white adipose tissue (WAT). However,
although WAT metabolism shows a clear diurnal rhythm, whether GSPE
consumption could affect WAT rhythmicity in a time-dependent manner has not
been studied. Ninety-six male Fischer rats were fed standard (STD, two groups)
or cafeteria (CAF, four groups) diet for 9 weeks (n = 16 each group). From week 6
on, CAF diet animals were supplemented with vehicle or 25 mg GSPE/kg of body
weight either at the beginning of the light/rest phase (ZT0) or at the beginning of
the dark/active phase (ZT12). The two STD groups were also supplemented with
vehicle at ZT0 or ZT12. In week 9, animals were sacrificed at 6 h intervals (n = 4)
to analyze the diurnal rhythms of subcutaneous WAT metabolites by nuclear
magnetic resonance spectrometry. A total of 45 metabolites were detected, 19 of
which presented diurnal rhythms in the STD groups. Although most metabolites
became arrhythmic under CAF diet, GSPE consumption at ZT12, but not at ZTO0,
restored the rhythmicity of 12 metabolites including compounds involved in
alanine, aspartate, and glutamate metabolism. These results demonstrate that
timed GSPE supplementation may restore, at least partially, the functional
dynamics of WAT when it is consumed at the beginning of the active phase. This
study opens an innovative strategy for time-dependent polyphenol treatment in

obesity and metabolic diseases.

Keywords: acrophase; circacompare; chronobiology; chrononutrition; flavonoids;

metabolomics; zeitgeber
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1. Introduction

Most species have developed circadian clocks in order to anticipate
recurring and, thus, predictable environmental changes associated with the 24 h
day/night cycle. In mammals, the main synchronizer for these clocks is light,
although food intake, sleep/wake, and body temperature cycles also help to
maintain an organism’s proper timekeeping. Circadian clocks regulate the
expression of many metabolic genes across the day and clock disruption increases
the risk of metabolic disorders [1-3]. The central regulator of circadian clocks in
mammals is located in the suprachiasmatic nucleus (SCN) of the hypothalamus,
which orchestrates subordinate clocks in peripheral tissues including white
adipose tissue (WAT) [4]. SCN-controlled cues such as hormones and food intake
together regulate important functions of WAT including adipocyte
differentiation, lipid metabolism, and adipokine expression. Adipokines, in turn,
can modulate circadian appetite and energy metabolism rhythms in the brain.
Such circadian adipocyte-brain crosstalk plays a crucial role in energy
homeostasis [4].

Hypercaloric diets disrupt circadian rhythms in a tissue-specific manner
[5]. In addition to food composition, the timing of food intake has a strong impact
on circadian WAT homeostasis. When nocturnal rodents have access to food only
during the light phase, they gain more weight compared with dark phase-fed
animals [6,7]. In fact, light phase-fed animals present phase shifts in lipogenic gene
expression rhythms, loss of rhythmicity in lipolytic gene expression in WAT, as
well as alterations in leptin and insulin circadian profiles and body temperature
rhythms compared with animals with access to food only during the dark phase
[6,8,9]. In contrast, dark phase-fed animals exhibit lower circulating leptin and WAT

pro-inflammatory cytokine levels than animals eating during the light phase [10].

114



UNIVERSITAT ROVIRA I VIRGILI
INTERPLAY BETWEEN GRAPE SEED PROANTHOCYANIDINS AND CIRCADIAN RHYTHM IN WHITE ADIPOSE TISSUE: NEW FRONTIERS IN OBESITY MANAGEMENT
Marina Colom Pellicer

Manuscript 2

Moreover, metabolite rhythms in blood are boosted by time-restricted
feeding, even when endogenous clocks are disrupted such as in liver-specific
Bmall knock-out mice [11]. Interestingly, these rhythmic metabolites are mostly
amino acids with the highest expression levels right after feeding, suggesting that
the timing of food intake determines amino acid daily rthythms [11]. In this sense,
amino acid metabolism could play a crucial role in the pathophysiology of
metabolic abnormalities associated with obesity. Observational studies show
associations between diurnal variations in amino acid plasma concentrations
(including branched-chain amino acids (BCAA), aromatic amino acids, alanine,
and glutamine) and insulin resistance and diabetes [12,13]. In fact, under insulin
resistance and non-alcoholic fatty liver disease, BCAA oxidation enzymes are
downregulated in WAT, but not in skeletal muscle, demonstrating the impact of
WAT metabolism on BCAA circulating levels [14-16].

Proanthocyanidins are a class of polyphenolic compounds that are
attracting considerable interest in the nutraceutical field due to their potential
health benefits. They are ubiquitous and present as the second most abundant
natural phenolic after lignin. Structurally, proanthocyanidins are phenolic
compounds that belong to the class of flavonoids and are oligomers of monomeric
(epi)catechin units that can be differentiated into A-type or B-type depending on
their interflavanic linkages [17,18]. Specifically, previous studies demonstrated
that grape seed proanthocyanidins, which are B-type, have beneficial effects on
both WAT physiology and WAT clock regulation [19,20]. This prompted us to ask
whether consumption of a grape seed extract enriched in proanthocyanidins
(GSPE) could affect WAT rhythmicity in a time-dependent manner. To test this,
we evaluated the effect of GSPE consumption on rhythmic metabolites of

subcutaneous WAT by administration either at the beginning of the light/rest
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phase or at the beginning of the dark/active phase in rats with diet-induced

obesity.

2. Materials and Methods
2.1. Proanthocyanidin Extract

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

composition of this extract was further analyzed by Margalef et al. [21].

2.2. Study Design and Dosage Information

Ninety-six 12-week old male Fischer 344 rats were purchased from Charles
River Laboratories (Barcelona, Spain). Animals were housed in pairs under a 12
h:12 h light:dark cycle, at 22 °C, 55% of humidity and fed ad libitum with a
standard chow diet (STD) (Panlab A04, Barcelona, Spain) and tap water for one
week of adaptation. Then, animals were randomly divided into two groups
according to their diet. Thirty-two rats were fed with STD and 64 rats with
cafeteria diet (CAF) for 9 weeks. The composition of STD was 76% carbohydrates,
20% protein, and 4% fat. CAF consisted of biscuits with cheese and paté, bacon,
ensaimada (sweetened pastry), carrots, and milk with sucrose 20% (w/v), and its
composition was 51% carbohydrates, 35% fat, and 14% proteins. The treatment
period started in week 5 and continued for 4 weeks. STD-fed rats received 450 pL
of vehicle at the beginning of the light phase (zeitgeber time 0; ZTO0; n =16) or at the
beginning of the dark phase (ZT12; n = 16). CAF animals were divided into four
groups (n = 16 each) receiving either vehicle or 25 mg of GSPE/kg of body weight
at either ZTO or ZT12. GSPE was dissolved in 450 uL of commercial sweetened

skim condensed milk (Nestle; 100 g: 8.9 g protein, 0.4 g fat, 60.5 g carbohydrates,
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1175 KkJ). Vehicle 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 gavaging. Treatment was orally
administered daily using a syringe.

Body weight and food intake were recorded weekly during the whole
experiment. At the end of the experiment, each group of 16 animals was randomly
divided into 4 sub-groups of 4 rats in order to sacrifice them at four different time
points across the day at ZT1 (9 a.m.), ZT7 (3 p.m.), ZT13 (9 p.m.) and ZT19 (3 a.m.).
Prior to the sacrifice, animals were fasted for 3 h and sacrificed by decapitation.
Trunk blood was collected and centrifuged (2000 x g, 15 min, 4 °C) to obtain serum.
In addition, adipose tissue depots were excised and weighed; inguinal WAT fat
pads (iWAT) were snap-frozen in liquid nitrogen. Serum and adipose samples
were stored at -80 °C until further use.

Animal experiments were approved by the Animal Ethics Committee of
Universitat Rovira i Virgili (reference number 9495) and carried out in accordance
with Directive 86/609/CEE of the Council of the European Union and the
procedures established by the Departament d’Agricultura, Ramaderia i Pesca of

Generalitat de Catalunya (Spain).

2.3. Biometric Parameters and Circulating Biomarkers

Body weight gain was calculated by comparing body weight at the
beginning of the treatment period and at the end of the experiment. Body fat
content was determined by summarizing the weight of all fat pads. Relative
weights of iWAT were calculated dividing fat pad weight by total body weight.
Food intake was determined weekly by calculating the weight difference between
food prior to placement in the cage and food leftovers after 24 h. Energy intake
was calculated according to the caloric content of each diet provided by the

manufacturer. Accumulated food intake represents all the calories eaten during
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the treatment period. Enzymatic colorimetric assays were used for the
determination of serum glucose, triglycerides, total cholesterol (QCA, Barcelona,

Spain), and non-esterified fatty acids (Wako, Neuss, Germany).

2.4. Adipose Tissue Histology

This study focused on inguinal subcutaneous WAT (iWAT). Rats sacrificed
at ZT1 and ZT7 (n = 4 each) in the six different groups were used for the
histological analysis. Small pieces of frozen iWAT were thawed and fixed in 4%
formaldehyde. Paraffin embedding and sectioning, hematoxylin-eosin staining,
and calculations for the area, volume, and number of adipocytes were performed
following Gibert-Ramos et al. [22]. The distribution of adipocyte sizes across the
tissue was calculated by distributing all counted cells of each sample into two
groups according to their area (<3000 pm? or >3000 um?); then, the number of total
counted adipocytes was used to calculate the percentage of adipocytes in both
categories.

2.5. Adipose Tissue Preparation for 1TH NMR-Based Metabolomics Assay

Metabolites from iWAT were analyzed by untargeted nuclear magnetic
resonance spectrometry (NMR). Hydrophilic and lipophilic metabolites were
extracted from the fat pad following the procedure described by Castro et al. [23].
Two hundred mg of adipose tissue was homogenized with 800 uL of methanol,
1600 pL of chloroform, and 800 uL of Milli-Q water using vortex. Homogenates
were centrifuged at 4000 x g for 10 min at 4 °C in 15 mL Falcon tubes. Supernatants
(hydrophilic metabolites) were separated from pellets (lipophilic metabolites).
Pellets were washed following the previous procedure. Lipophilic metabolites
were separated and dried using a nitrogen stream. Hydrophilic metabolites were
frozen overnight at -80 °C and lyophilized. Both hydrophilic and lipophilic phases

were stored at —80 °C.
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2.6. NMR Analysis

NMR measurements of hydrophilic and lipophilic extracts were
performed following the protocol of Palacios-Jordan [24]. For metabolite
identification, the acquired 'H NMR spectra were compared to references of pure
compounds from the metabolic profiling AMIX spectra database (Bruker), HMDB,
Chenomx NMR suite 8.4 software (Chenomx Inc., Edmonton, AN, Canada).
Metabolites were assigned by 'H-'H homonuclear correlation (COSY and
TOCSY), 'H-3C heteronuclear (HSQC) 2D NMR experiments, and by correlation
with pure compounds run in-house. After pre-processing, specific 'H NMR
regions identified in the spectra were integrated using the AMIX 3.9 software
package. A data matrix was generated with absolute concentrations derived from,
both, lipophilic and hydrophilic extracts. Data were scaled to the same units for

all the identified metabolites.

2.7. Statistical Analysis

Statistical tests were performed using XL-Stat 2017 software (Addinsoft,
Paris, France), and graphics were prepared using GraphPad Prism 9 (GraphPad
Software, San Diego, CA, USA). A p-value < 0.05 was considered statistically
significant. Data were analyzed using one-way analysis of variance (ANOVA) or
Kruskal-Wallis test, depending on whether data were parametric or non-
parametric (tested by Shapiro-Wilk test), followed by Bonferroni post-hoc test
when comparing individual time points between the different treatment groups.
Student’s t-test or Mann—-Whitney tests were used for pairwise comparisons. For
correlation analysis, Spearman correlation was performed using the Harrell
Miscellaneous package (version 4.6) and significant correlations were classified
when p-value < 0.05. Corrplot package (version 0.9) was used for visualization of
the correlations for each group. Diurnal (i.e., 24 h) rhythmicity was evaluated

using a sample number of 4 animals per timepoint on absolute values. Diurnal
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parameters such as rhythmicity, mesor, amplitude, and acrophase were calculated
using CircaCompare algorithm [25]. Rhythmic parameters were compared in a
pairwise fashion using CircaCompare. Presence of metabolite rhythmicity was
considered when a p-value < 0.05 was found. Comparison of amplitudes and
mesors was performed by fitting cosine curve regardless of the rhythmicity (p-
value = 1). This method allows for an estimation of mesor and amplitude between
rhythmic and non-rhythmic metabolites. Phase estimation was performed only
when both metabolites were considered rhythmic (CircaCompare p-value < 0.05).
Graphs showing diurnal rhythm and acrophase were created using the Python
package based on Cosinor and MetaboAnalyst 5.0 (v11.0, Wishart Research
Group, University of Alberta, Edmonton, Canada) was used to analyze metabolic
pathway involvement (https://www.metaboanalyst.ca accessed on January 18,

2022) [26].

3. Results

3.1. GSPE Administration at ZT12 Reduces Body Weight Gain and Accumulated Food

Intake

Our experiment confirmed that cafeteria diet is a robust model of diet-
induced obesity in rats. After 9 weeks of obesogenic diet, final body weight and
body weight gain of CAF animals were significantly higher compared with STD
animals (Table 1). STD-VH (STD supplemented with vehicle) and CAF-GSPE
animals supplemented at night (ZT12) presented lower final body weight, and
lower body weight gain in CAF-GSPE, compared with the respective groups
supplemented in the morning (ZT0). Interestingly, when GSPE was administrated
at night, body weight gain was as low as in the STD-VH group and different from
CAF-VH animals. Moreover, body fat content was significantly higher in CAF rats
compared with STD-fed rats in both ZT0 and ZT12 animals. However, iWAT

relative weight in CAF-VH supplemented at night was not statistically different
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compared to STD or CAF-GSPE. As expected, food intake was higher in CAF
groups irrespective of the time of supplementation. CAF-GSPE supplemented at
night presented lower accumulated food intake compared with CAF-GSPE
supplemented in the morning. Interestingly, CAF-GSPE rats presented lower final
food intake compared with CAF-VH only at ZT12 supplementation.

Table 1. Biometric parameters of rats fed standard or cafeteria diet supplemented with vehicle or
GSPE at ZT0 or ZT12 during the last 4 weeks of the experiment.

ZT0 ZT0 ZT0 ZT12 7T12 7ZT12
SDT-VH CAF-VH CAF-GSPE STD-VH CAF-VH CAF-GSPE

Body weight (g) 514.7+752 591.1+78> 573.1+92b  481.8+7.12* 569.3+84b 546.8+7.8b*

Body weight gain (g) 47.3+3.42 744 +39°b 65.3+4.3b 409+3.12 72.7+33b  50.4+3.12*

Body fat content (%) 81+032 13.7 £ 0.4P 129 £ 0.6 9.3+0.62 14.4 +0.6" 13.4+£0.5P

iWAT (%) 09+0.12 1.7+0.1b 1.8+0.1P 1.3+£0.12* 1.6+0.22 21+0.2°b

Acc. food intake ! (k]) 1239.5+36.52 2598.3 +80.5> 2696.9 +36.6b 1226.5+40.12 2793.0 + 132.6b2513.5 + 71.1*

Food intake 2 (kJ/day) 338.1+18.22 592.0+12.7b 576.1+32.5> 308.1+492 791.4+77.7% 578.1+20.3¢

Data represent mean + SEM (n = 12-16). %, b, < represent significant differences among same-ZT groups using
one-way ANOVA (p <0.05) followed by Bonferroni post-hoc test. * effect of ZT treatment, comparison between
two groups with the same diet and supplementation but different ZT treatment determined by Student’s t-
test. 1 Accumulated food intake during treatment period, 2 final food intake calculated at week 9. Abbreviations:
ZTO0, treatment administration at the beginning of the light phase; ZT12, treatment administration at the
beginning of the dark phase; STD-VH, standard diet group supplemented with vehicle; CAF-VH, cafeteria diet
group supplemented with vehicle; CAF-GSPE, cafeteria diet group supplemented with grape-seed procyanidin
extract; iWAT, inguinal white adipose tissue; Acc, accumulated.

3.2. Adipocyte Size Is Modified According to Time-of-Day GSPE Administration

Subcutaneous adipose tissue expansion is associated with metabolic
health. In fact, in rodent models, surgical removal of iWAT can eventually lead to
metabolic dysfunction and ectopic lipid accumulation [27, 28]. Conversely,
transplantation of iWAT into the visceral cavity of mice leads to improved glucose
homeostasis and a reduction in body weight and total fat mass [29]. Therefore, in
this study, we also evaluated the effect of GSPE administration on the histology
of iWAT. Accordingly, CAF diet consumption resulted in larger adipocytes
compared with STD-VH groups (Supplementary materials, Figure SI).
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Specifically, CAF animals presented higher adipocyte area and volume, and lower
percentage of smaller adipocytes in both ZT0 and Z12 animals compared to STD
groups. Importantly, GSPE consumption resulted in a stronger effect on adipocyte
histology, lowering the area and volume of adipocytes, when it was supplemented

at ZT0 compared with animals supplemented with GSPE at ZT12.

3.3. GSPE Administration at ZT12 Recovers the Diurnal Rhythmic Concentration of
Serum TAG That is Lost in Diet-Induced Obesity

The CircaCompare algorithm was used to evaluate the effect of GSPE
supplementation on the diurnal rhythmicity of triglyceride (TAG), glucose,
cholesterol and non-esterified fatty acid (NEFA) serum concentrations. Rhythm
parameters including rhythmicity, mesor, amplitude, and acrophase were
calculated and compared in a pairwise fashion (Table 2). STD animals treated at
ZT0 showed significant rhythmicity only in TAG, while CAF animals presented a
diurnal rhythm in most of the biochemical parameters. However, in the ZT12
groups, TAG (p-value = 0.002) and cholesterol (p-value = 0.035) serum
concentrations presented a significant rhythmicity in STD conditions that was
completely lost in response to CAF diet. Importantly, GSPE administration
recovered the diurnal rhythm of TAG concentrations (p-value = 0.019) when it was
consumed at ZT12. In addition, CAF diet resulted in higher TAG and glucose
mesor concentrations compared with the respective STD groups. However, no
effect of GSPE was observed in these parameters. In contrast, cholesterol mesor
concentrations and TAG amplitude estimations were significantly increased in
response to CAF diet only in ZTO0 treated animals and GSPE consumption restored

cholesterol levels to STD conditions only when it was consumed at ZTO0.
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Table 2. Rhythm variables of main metabolic parameters in serum of rats fed standard or cafeteria
diet treated with vehicle or GSPE at ZT0 or ZT12.

ZT0 ZT0 ZT0 ZT0 ZT12 Z7ZT12 Z7ZT12 ZT12
Group
Glucose TAG CHOL NEFA Glucose TAG CHOL NEFA
STD-VH NS 0.001 NS NS NS 0.002 0.035 NS
Rhythmicity
CAF-VH 0.017 0.001 NS 0.048 NS NS NS NS
(p value)
CAF-GSPE NS 0.007 0.002 0.001 NS 0.019 NS NS
STD-VH 87.19 71.38 91.37 2549 84.87 90.71 111.98 29.98
Mesor
CAF-VH 103.64* 191.58* 110.03* 29.29 117.33* 211.44* 116.02 30.70
(mg/dL)
CAF-GSPE 102.73# 163.68# 102.03  30.59 113.53 #228.02 # 122.68 3291
STD-VH 4.92 34.38 7.89 5.37 3.14 52.06 2248 213
Amplitude
CAF-VH 10.51 104.54* 2042 4.15 11.05 62.78 16.51 3.59
estimation

CAF-GSPE  9.23 81.10 32.14 # 6.89 996 9345 1716 210

STD-VH NA 6.39 NA NA NA 5.71 5.32 NA
Acrophase
CAF-VH 10.06 8.83 NA 11.83 NA NA NA NA
(1)
CAF-GSPE NA 7.39 5.52 1265 NA 7.04 NA NA

Table shows the presence of rhythm, in a 24 h period, of each biochemical parameter with a p value (p < 0.05
indicates significant rhythm), circadian mean concentration (mesor), amplitude, and acrophase in ZT (time of
highest concentration within the day) followed by comparisons between two groups using CircaCompare (p
value < 0.05). * indicates significant difference between CAF-VH and STD-VH; # indicates significant
difference between CAF-GSPE and STD-VH. NA indicates not-available acrophase values in non-rhythmic
metabolites, and NS indicates not significant. Abbreviations: ZT0, treatment administration at the beginning
of the light phase; ZT12, treatment administration at the beginning of the dark phase; STD-VH, standard diet
group supplemented with vehicle;, CAF-VH, cafeteria diet group supplemented with vehicle; CAF-GSPE,
cafeteria diet group supplemented with grape-seed procyanidin extract; TAG, tryacilglicerides; CHOL,
cholesterol; NEFA, non-esterified fatty acids.

3.4. Metabolite Concentrations in iWAT Are Restored in Response to GSPE

Administration in a Time-Dependent Manner

Next, "H NMR was performed to determine whether the metabolite profile
of iWAT in response to GSPE was significantly influenced by the time-of-day of
its consumption. After alignment and normalization of the spectra, a total of 45

metabolites were identified and integrated, 10 in the lipid phase and 35 in the
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aqueous phase. Tables 3 and 4 show the 24 h mean concentrations of all
metabolites detected in this tissue.

In the lipid phase (Table 3), CAF diet induced changes in the 24 h mean
concentrations of omega-3, oleic acid, linoleic acid, PUFAs, and total fatty acids
compared with STD-VH and, when GSPE was administered, only the levels of
total fatty acids decreased partially to basal levels in both ZT0 and ZT12 groups.
Interestingly, a similar pattern was observed for TAGs, but their concentrations

only decreased in response to GSPE when it was administered at ZT12.

Table 3. Daily (24-h mean) concentrations (umol/g) of individual lipophilic metabolites identified in iWAT.

ZTo0 ZT0 ZT0 ZT12 7ZT12 7T12
STD-VH CAF-VH CAF-GSPE STD-VH CAF-VH CAF-GSPE
Omega-3 189.7+8.12 137.0+6.1" 156.3 £9.3" 210.0+10.7 2 145.5+5.5P 161.5 + 8.8

Oleic Acid (18:1) 1641.2+106.7 @ 2402.5 +109.3b 2285.6 + 125.7> 1553.2 + 128.7 @ 2457.2 + 105.8> 2196.3 + 119.7"

Linoleic Acid (18:2) 528.8+24.82  383.0+19.8 361.5+18.4b  456.5+38.62 354.0+20.3b 352.2+234°P

PUFAs 5232+2692 269.2+124P 276.6 £24.0>  500.9 +21.82 252.1+9.7b  2945+16.5b

Total Fatty Acid 2905.8 £122.9 2 3262.3 +148.9% 3121.7 + 111.8 &b 2587.7 +231.8 2 3279.1 + 121.903108.5 + 158.4 2

Diglycerides 34+05 50+04 39+0.6 3.3+05 4.6+04 4.0+04

Triglycerides 1467.5+62.1  1636.0 £65.6 1601.1+59.7  1338.9+93.52 1658.5+62.9b 1557.0 + 66.5 b

Sphingomyelin 0.3+0.05 0.2+0.04 0.2+0.03 0.3 +0.06 0.2+0.02 0.2+0.07
Cholesterol 59+04 55+0.5 6.5+0.8 5.8+0.6 6.0+04 6.0+0.4
MUFAs 4265.6 +162.1 4271.7+180.1 4167.9+132.7 3941.3+229.2 4263.5+133.6 4077.3+147.8

Data represent mean + SEM (n =12-16). 7, b; represent significant differences among same ZT groups using
Kruskal-Wallis (p < 0.05) followed by Bonferroni post-hoc test. Metabolites are sorted starting from the lowest
p value comparing the groups treated at ZT0. Abbreviations: ZT0, treatment administration at the beginning
of the light phase; ZT12, treatment administration at the beginning of the dark phase; STD-VH, standard diet
group supplemented with vehicle; CAF-VH, cafeteria diet group supplemented with vehicle; CAF-GSPE,
cafeteria diet group supplemented with grape seed procyanidin extract.

In contrast, in the aqueous phase (Table 4), CAF diet decreased the 24-h
mean concentrations of aspartate, lysine, carnitine, taurine, propionate,
glycerophosphocholine, choline, inosine, histamine, and glucose compared to
STD-VH in the ZTO group but not at ZT12. In addition, in ZT0 animals, GSPE

administration increased the concentrations of lysine, propionate,
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glycerophosphocholine, choline, inosine, histamine, and glucose. Similarly, when

GSPE was administrated at ZT12, propionate concentrations achieved values not

significantly different from STD-VH.

Table 4. Daily (24 h mean) concentrations (umol/g) of individual hydrophilic metabolites identified

in iWAT.
ZT0 ZT0 ZT0 ZT12 77112 77112
STD-VH CAF-VH CAF-GSPE  STD-VH CAF-VH CAF-GSPE
Aspartate 0.11+0.017 2 0.04£0.004> 0.05+0.006® 0.08+0.010 0.05+0.006 0.05:+0.008
Lysine 0.11+0.0162 0.06 +0.016> 0.07+0.0152> 0.09+0.011 0.06 +£0.008 0.06 +0.010
Carnitine 0.01+£0.0012 0.005+0.001® 0.01+0.001> 0.01+0.001 0.00+0.000 0.01+0.001
Taurine 1.05+0.1102 0.68£0.058> 0.78+0.094®> 0.97+0.080 0.70+0.055 0.73 £0.072
Propionate 0.02 £0.003 2 0.01+£0.002% 0.01+0.0022* 0.02+0.0022 0.01 +0.001*0.01 +0.002 2®
GPC 0.11+£0.0182 0.06 £0.012> 0.07+0.013%* 0.09+0.012 0.08+0.011 0.07 +0.001
Choline 0.01 +0.001 2 0.01+£0.001* 0.01+0.0012 0.01+0.001 0.01+0.001 0.01+0.001
Inosine 0.08+0.0112 0.05+0.006> 0.06+0.0072 0.07+0.006 0.05+0.005 0.05z=0.007
Histamine 0.07+0.011 2 0.04+0.011% 0.04+0.0082 0.06 +0.008 0.03+0.005 0.03=+0.007
Glucose 0.31+0.037 2 0.19+£0.017> 0.26+0.042> 0.27+0.034 0.22+0.021 0.21+0.024
Glutamine 0.96 +0.127 0.61+0.078 0.72+0.116 0.85+0.091 0.64+0.069 0.64+0.085
Lactate 1.05+0.149 0.64+0.08 074+0120 093+0.145 0.71+0.116 0.63 +0.100
Leucine 0.07 £0.011 0.04+£0.007 0.04+0.008 0.06+0.008 0.04=+0.005 0.04+0.005
Creatine 0.15+0.043 0.08+0.011 0.10+0.022 0.11+0.022 0.07£0.006 0.09 £0.019
Isoleucine 0.03 +0.005 0.02+0.003 0.02+0.003 0.03+0.004 0.02+0.002 0.02+0.003
Glycogen 0.46 £ 0.156 0.17 £ 0.033 0.22+0.06 0.20+0.085* 0.31+0.114 0.20 £0.065
Glutamate 0.23 £0.034 0.15+0.017 0.18+0.022 0.21+0.025 0.16 £0.015 0.16 £0.019
Succinate 0.04 + 0.006 0.03+0.003 0.03+0.003 0.03+0.004 0.03+0.003 0.03+0.005
Valine 0.05 +0.008 0.03+0.004 0.04+0.006 0.05+0.006 0.04+0.003 0.03=+0.004
Uridine 0.03 +0.005 0.02+0.003 0.02+0.004 0.03+0.004 0.02+0.002 0.03+0.004
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Alanine 0.31+0.051 020+0.029 023+0.033 0.28+0.032 0.21+0.023 0.21+0.027
Myo-inositol 0.59 +0.141 032+0.078 037+0.086 0.52+0.083 0.37+0.074 0.34+0.077
Asparagine 0.03 £ 0.005 0.01+0.002  0.02+0.004 0.03+0.005 0.02+0.002 0.02+0.003
ChoP 0.07 +0.013 0.05+0.007 0.06+0.008 0.07+0.011 0.05+0.006 0.06+0.011
Glycerol 0.09 +0.008 0.09+0.006 010+0.009 0.10+0.010 0.08+0.005 0.09 +0.007
Phenylalanine  0.03 + 0.006 0.02+0.003 0.02+0.005 0.03+0.006 0.02+0.002 0.02+0.003
Tyrosine 0.03 £0.007 0.02+0.004 0.02+0.004 0.03+0.004 0.02+0.002 0.02+0.003
Niacinamide 0.02 £ 0.004 0.01+0.002 0.01+0.003 0.02+0.002 0.01+0.002 0.02+0.002
AMP 0.03 +0.005 0.03+0.008 0.03+0.004 0.02+0.003* 0.02+0.004 0.02+0.004
Uracil 0.01 £ 0.002 0.01+0.002  0.01+0.003 0.01+0.002 0.01+0.001 0.01+0.002
Fumarate 0.003 + 0.001 0.003+0.001 0.002 +0.000 0.004 +0.001 0.002 +0.000 0.003 +0.001
3-OHB 0.02 +0.003 0.03+0.003 0.03+0.006 0.03+0.007 0.02+0.004 0.03+0.005
Acetate 0.05 +0.006 0.05+0.004 0.05+0.008 0.06+0.006 0.04+0.003 0.05=+0.004
Sarcosine 0.02 £ 0.002 0.02+0.002  0.02+0.002 0.02+0.003 0.01+0.002 0.02+0.005
Formate 0.01 +0.001 0.01+0.001 0.01+£0.002 0.01+0.001 0.01+0.001 0.01+0.001

Data represent mean + SEM (n = 12-16). » b; represent significant differences among same ZT groups using
Kruskal-Wallis (p < 0.05) followed by Bonferroni post-hoc test, * indicates differences between ZTS STD-VH
vs ZT12 STD-VH using Mann-Whitney (p < 0.05). Metabolites are sorted starting from the lowest p value
comparing the groups treated at ZTO0. Abbreviations: ZT0, treatment administration at the beginning of the
light phase; ZT12, treatment administration at the beginning of the dark phase; STD-VH, standard diet group
supplemented with vehicle; CAF-VH, cafeteria diet group supplemented with vehicle; CAF-GSPE, cafeteria
diet group supplemented with grape seed procyanidin extract; GPC, glycerophosphocholine; ChoP,
phosphorylcholine; 3-OHB, 3-hydorxybutyrate.

To further evaluate the effect of GSPE administration on the global
functionality of iWAT, we also performed a global correlation analysis between
the 24 h mean concentrations of all detected metabolites and the biometric
parameters collected in the last week of the experiment (Supplementary Materials,
Figure S2). Collectively, CAF diet resulted in a clear reduction in the number of

correlations (26.2% lower in the ZT0 and 22.1% lower in the ZT12 groups) while
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GSPE supplementation restored the correlation network to similar levels as in the

STD group for both ZTs.

3.5. GSPE Administration at ZT12 Re-Establishes the Number of Rhythmic Metabolites
in iWAT

To specifically evaluate the diurnal rhythm of detected iWAT metabolites,
each group of animals was divided into four subgroups according to time of
sacrifice (ZT1, ZT7, ZT13, or ZT19). The CircaCompare algorithm was used to
model the oscillation profiles of these metabolites across 24 h, and rhythm
parameters including rhythmicity, mesor, amplitude, and acrophase were
calculated and compared in a pairwise fashion (Supplementary Materials, Tables
S1 and S2).

As summarized in Figure la, STD animals at ZT0 presented four
metabolites (glutamate, asparagine, uracil, and valine) with diurnal rhythmic
concentrations, and only valine concentrations preserved rhythmicity in the CAF
group. Moreover, leucine, isoleucine, glycogen, glycerol, tyrosine, and fumarate
also presented rhythmic concentrations in this group of animals. Interestingly, the
supplementation of GSPE resulted in loss of seven rhythmic metabolites found in
CAF animals, and only concentrations of 3-hydroxybutyrate (3-OHB) became
rhythmic in response to GSPE administration. In contrast, the STD animals treated
at ZT12 presented 18 metabolites with rhythmic concentrations. However, under
CAF diet, 16 metabolites lost rhythmicity and only fumarate and lactate
concentrations kept stable diurnal rhythms in this group of animals. Importantly,
GSPE supplementation at ZT12 restored the rhythm of 12 of 16 metabolites. In
total, GSPE administration at ZT12 resulted in 27 rhythmic metabolites (Figure

1b).
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Figure 1. Overlap diagram of rhythmic metabolite concentrations presented in ZTO0 (a) and ZT12 groups (b).
Rats were fed standard or cafeteria diet for 9 weeks. At week 6, rats received a daily oral dose of GSPE or
vehicle for 4 weeks at ZTO or ZT12. Rats from each group were sacrificed at four different time points: ZT1,
ZT7, ZT13, and ZT19 in order to analyze the diurnal rhythm of these metabolites. Forty-five metabolites
detected by NMR were analyzed using CircaCompare algorithm based on Cosinor (p < 0.05). Metabolites from
aqueous phase are shown in black color and metabolites from lipidic phase in brown color. Abbreviations:
iWAT, inguinal adipose tissue; ZT0, beginning of the light phase; ZT12, beginning of the dark phase; STD-
VH-ZTO0; standard diet vehicle group treated at ZT0; CAF-VH-ZTO, cafeteria diet vehicle group treated at
ZT0; CAF-GSPE-ZTO, cafeteria diet treated with grape-seed procyanidin extract at ZT10; STD-VH-ZT12;
standard diet vehicle group treated at ZT12; CAF-VH-ZT12, cafeteria diet vehicle group treated at ZT12;
CAF-GSPE-ZT12, cafeteria diet treated with grape seed procyanidin extract at ZT12; 3-OHB, 3-
Hydroxybutyrate; Chol, cholesterol; Total FA, total fatty acids; TAG, triacylglyceride; MUFA,
monounsaturated fatty acids; w-3, omega-3; GPC, glycerophosphocholine; Phe, phenylalanine; ChoP,
phosphorylcholine.

Five of these twelve rhythmic metabolites that were restored by GSPE
administration at ZT12 (oleic acid, linoleic acid, total fatty acids, triglycerides, and
mono-unsaturated fatty acids (MUFAs)) were detected in the lipid phase (Figure
2). MUFAs did not show any difference in the rhythmic parameters comparing
CAF-GSPE and STD-VH animals. However, oleic acid, linoleic acid, total fatty
acids, and triglycerides concentrations differed on mesor value, being higher in
all of them except for linoleic acid, which was lower in CAF-GSPE compared with
STD-VH. Moreover, GSPE supplementation also resulted in a phase delay of 5 h
in oleic acid compared with the STD-VH group. In the aqueous phase, lactate
presented rhythmicity in all animal groups at ZT12 and formate was rhythmic in
both CAF-VH and CAF-GSPE groups and, interestingly, GSPE caused a phase
advance of 9 h. Notably, glutamine, succinate, phosphorylcholine, glycerol,

taurine, tyrosine, and 3-OHB restored diurnal rhythmicity only when GSPE was
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administered at ZT12 (Figure 3). Among these, phase advances of 6, 5, and 3 h
were detected in tyrosine, phosphorylcholine, and 3-OHB concentrations,
respectively.

In summary, 19 of 45 detected metabolites in iWAT were rhythmic in the
STD-VH group and 18 of these 19 metabolites were rhythmic in STD animals
treated at ZT12. Only 4 metabolites of these 19 were rhythmic at ZTO. In response
to CAF diet, the number of rhythmic metabolites decreased dramatically,

however, GSPE recovered their rhythmicity when it was administrated at ZT12.

Lipophilic metabolites
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Figure 2. Lipophilic metabolites that recovered their diurnal rhythm loss under cafeteria diet in response to
GSPE administration at ZT12. Circadian parameters such as rhythmicity, mesor, amplitude, and acrophase
were calculated using the CircaCompare algorithm based on Cosinor. Graphs showing diurnal rhythm and
acrophase were performed using the Python package based on Cosinor. R indicates significant rhythmicity;
NR indicates non-rhythmic; M indicates significant mesor difference between STD-VH-ZT12 and both
cafeteria diet groups; * indicates significant acrophase difference between STD-VH-ZT vs CAF-GSPE-ZT12.
None of the metabolites presented differences between groups for amplitude.
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Figure 3. Hydrophilic metabolites which recovered their diurnal rhythm lost under cafeteria diet through
GSPE administration in ZT12. Circadian parameters such as rhythmicity, mesor, amplitude, and acrophase
were calculated using the CircaCompare algorithm based on Cosinor. Graphs showing diurnal rhythm and
acrophase were performed using the Python package based on Cosinor. R, indicates significant rhythmicity;
NR, indicates non-rhythmic; M, denotes significant mesor difference against STD-VH-ZT12; A, denotes
significant amplitude difference against STD-VH-ZT12; * indicates significant acrophase difference between
STD-VH-ZT vs CAF-GSPE-ZT12.

3.6. GSPE Administration at ZT12 Restores the Rhythmicity of Alanine, Aspartate and
Glutamate Metabolism Pathways in iVAT

Next, to test whether the identified rhythmic metabolites at ZT12 were
biologically meaningful, we performed a pathway analysis using MetaboAnalyst
5.0 software of the 12 hydrophilic rhythmic metabolites detected in STD group as
well as the 20 rhythmic hydrophilic metabolites detected in response to GSPE

administration at ZT12.
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As shown in Table 5, rhythmic metabolites in the STD group were
significantly enriched for alanine, aspartate and glutamate metabolism (p-value =
1.10 E-06), arginine biosynthesis (p-value = 1.30 E-04), and D-glutamine and D-
glutamate metabolism (p-value = 8.50 E-04). Notably, in animals supplemented
with GSPE at ZT12, rhythmic metabolites were enriched for alanine, aspartate,
and glutamate metabolism (p-value = 3.80 E-04) suggesting that GSPE
administration at ZT12 restored the rhythmicity of this metabolic pathway in
iWAT that was lost in response to CAF diet. In fact, succinate and glutamine, the
most important metabolites involved in the alanine, aspartate, and glutamate
metabolism pathway, were rhythmic in both STD-VH-ZT12 and CAF-GSPE-ZT12
groups (Figure 4 a,b). In addition, rhythmic hydrophilic metabolites of animals
supplemented with GSPE at ZT12 also presented an enrichment for the
phenylalanine, tyrosine, and tryptophan biosynthetic pathway (p-value = 9.90E-
04), suggesting that the 13 rhythmic hydrophilic metabolites exclusively detected
in animals supplemented with GSPE, and not in the STD group, could be

associated with this biosynthetic pathway.

Table 5. Rhythmic metabolic pathways detected at ZT12 in iWAT.

Group Metabolic Pathway with Diurnal Rhythm Total Hits p value FDR Impact

Alanine, aspartate, and glutamate
28 5 1.10 E-06  9.20 E-05 3.10 E-01
metabolism

STD-VH Arginine biosynthesis 14 3 1.30 E-04 4.60 E-03 1.20 E-01
D-Glutamine and D-glutamate

6 2 850 E-04 1.20E-02 5.00 E-01
metabolism

Alanine, aspartate, and glutamate
28 4 3.80E-04 1.60E-02 3.40 E-01
metabolism
CAF-GSPE
Phenylalanine, tyrosine, and
4 2 9.90 E-04 2.80E-02 1.00E+00
tryptophan biosynthesis

Abbreviations: STD-VH-ZT12, standard diet supplemented with vehicle at the beginning of the dark phase;
CAFGSPE-ZT12, cafeteria diet supplemented with grape seed procyanidin extract at the beginning of the dark
phase. Hydrophilic metabolites with significant rhythmicity were analyzed for pathway enrichment using
MetaboAnalyst. p-value < 0.05, FDR < 0.05 and impact > 0.1 was considered significant.
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Figure 4. Metabolic network analysis of identified rhythmic metabolites in iWAT. Hydrophilic metabolites
with diurnal rhythm in the corresponding groups, (a) inter-tissue amino acid flux and alanine, aspartate, and
glutamate metabolism pathway (b). Green boxes indicate metabolites involved in alanine, aspartate, and
glutamate metabolism that are rhythmic in STD-VH-ZT12, CAF-GSPE-ZT12, or both groups; yellow boxes
indicate metabolites that are rhythmic in both STD-VH-ZT12 and CAF-GSPE-ZT12 that are not involved in
alanine, aspartate, and glutamate metabolism. Abbreviations: ChoP, phosphorylcholine; GPC,
glycerophosphocholine; Phe, phenylalanine; TAG, triacylglyceride; Glycerol 3-P, glycerol 3-phosphate.

4. Discussion

The health effects of proanthocyanidins are usually determined without
considering biological rhythms. However, it seems evident that they should be
considered in chrononutrition studies as proanthocyanidins can significantly
modulate the circadian system. In fact, previous studies demonstrated that GSPE
alters the expression profile of clock genes in the rat hypothalamus and modulates
the serum melatonin concentrations when it was administered at the beginning of
the light phase [30]. In addition, GSPE critically modulates hepatic BMAL1

acetylation, Nampt expression, and nicotinamide adenine dinucleotide (NAD)
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availability in mice as well as the expression of Clock and Per2 genes in white
adipose tissue [20,31]. Nevertheless, other mechanisms cannot be discarded
because GSPE was also shown to increase endothelial nitric oxide synthase
(eNOS), 5'-AMP-activated protein kinase (AMPK), and SIRT1 expression in the
light cycle of rats [32]. However, to the best of our knowledge, no study so far has
addressed the effect of GSPE consumption on the diurnal rhythmicity of
subcutaneous WAT. In this context, we investigated the effect of GSPE
administration on the diurnal oscillations of adipose tissue metabolites (assessed
by NMR) in rats with diet-induced obesity. Our results provide evidence that
grape seed proanthocyanidins, essentially B-type proanthocyanidins, are able to
restore the diurnal rhythm of alanine, aspartate, and glutamate metabolic

pathway in iWAT when they are administered at ZT12.

4.1. Biometric Parameters and Circulating Biomarkers

Although various studies have shown that grape seed proanthocyanidins
could prevent body weight gain and fat accumulation, there are scarce data about
the effect on body fat content at different ZT points. In this study, although our
data did not demonstrate an effect of GSPE on body fat content, we report that the
administration of GSPE reduced body weight gain and accumulated food intake
when it was consumed at the beginning of the dark phase. In fact, our group
recently observed very similar results in Wistar rats supplemented with GSPE at
dose of 25 mg/kg of body weight for 4 weeks [33]. Consistent with these previous
results, our data also demonstrated that GSPE consumption significantly altered
the pattern of expansion of iWAT by decreasing adipocyte size and increasing
adipocyte number. In addition, our data showed for the first time that GSPE
consumption recovered the diurnal rhythmic concentrations of serum TAG that
were lost in diet-induced obesity only when it was administered at ZT12. Glucose

and lipid metabolism present circadian regulation to prepare the metabolic
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functions for the outcoming situations. Although several studies have previously
demonstrated that GSPE consumption properly restore blood lipid concentrations
in animals with obesity, our study showed that GSPE enhanced the diurnal
rhythm of TAG and cholesterol concentrations according to time-of-day
consumption. By contrast, in our experiment, both glucose and NEFA serum
concentrations did not display diurnal rhythmicity in response to GSPE
consumption. However, as we evaluated rhythm variables only at 6 h intervals,
we cannot be completely sure that the consumption of GSPE exclusively affected
the diurnal rhythm of TAG and cholesterol concentrations. Thus, more studies
with a 4 h interval evaluation are needed to elucidate the effects of GSPE

consumption on the circadian concentrations of other circulating biomarkers.

4.2. Lipophilic Metabolites in Adipose Tissue

As expected, the concentration of detected lipophilic metabolites in iWAT
was much higher compared to hydrophilic metabolites. Although we did not
observe a significant effect of treatment time on the concentration of lipophilic
metabolites in iWAT, CAF diet affected significantly its concentrations. In fact,
CAF diet determined the degree of unsaturation of fatty acids resulting in lower
concentrations of polyunsaturated fatty acids (omega-3, linoleic acid and PUFAs)
and higher concentrations of monounsaturated oleic acid compared with STD diet
animals. In addition, it is known that CAF disrupts circadian rhythms [34]. In this
sense, our findings support a study demonstrating an increase in TAG containing
lower degree of unsaturation of fatty acids in subcutaneous WAT of mice
with adipocyte-specific deletion of the clock gene Arntl (also known as Bmall)
compared with control mice [35]. BMALL is essential for the function of the
molecular circadian clock and regulates circadian transcription of metabolic
genes. In our study, MUFAs and omega-3, linoleic and oleic fatty acids presented
diurnal rhythms in STD-VH and CAF-GSPE groups treated at ZT12, suggesting a
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metabolically active subcutaneous fat pad when GSPE was supplemented at the
beginning of the dark phase. Consistent with these results, Castro et al. [35] also
detected clear changes of lipids across light/dark cycle in brown adipose tissue,
while in WAT significant differences were not detected. These results were
expected for the authors as brown adipose tissue has a higher dynamic metabolic
role in comparison with WAT. However, it is known that subcutaneous WAT also
may develop brown-like adipocytes. Thus, further research is warranted to
elucidate the clinical relevance of these lipidic rhythmic oscillations in response to

GSPE consumption in this tissue.

4.3. Lipid Metabolism in Adipose Tissue

Lipolysis and lipogenesis are mainly influenced by the light/dark cycle and
fasting/feeding states. The light/dark cycle regulates melatonin, which is a
hormone that plays a key role in many physiological processes such as lipid
metabolism [36]. In our study, total fatty acids, TAGs, lactate, glycerol, and
phosphorylcholine presented higher concentrations during the dark phase in
STD-VH and CAF-GSPE animals treated at ZT12. The acrophase in the dark phase
of these metabolites indicates an activation of lipid synthesis during the dark
phase and lipid oxidation during the light phase, respectively [35]. In fact, after
feeding, glucose and fatty acids are taken up by WAT to synthesize acetyl-CoA
for fatty acid synthesis [37]. Glycerol, another product of glycolysis, is needed for
TAG formation in WAT when it is converted into glycerol-3-phosphate [38].
Lactate, for which we also found its acrophase in the dark phase, increases its
production in WAT after glucose intake [37,38]. Moreover, we expected to find 3-
OHB increased during the light phase because of its association with B-oxidation
[35]. However, in our study, this metabolite was increased during the dark phase

in STD animals and in response to GSPE administration at ZT12 when lipogenesis
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is active in this tissue, suggesting that 3-OHB could play an alternative role as a

substrate for ATP generation during prolonged catabolic periods [35].

4.4. Hydrophilic Metabolites in Adipose Tissue

Whereas the role of adipose tissue in glucose and lipid homeostasis is
widely recognized, its role in systemic protein and amino acid metabolism is less
well-appreciated. Mammals obtain energy from proteins only in extreme
situations such as long-term starvation and, in normal conditions, amino acids are
recycled for new proteins. Interestingly, protein-associated metabolic pathways
also present circadian rhythms in human subcutaneous WAT with higher activity
during the day such as branched-chain amino acid (BCAA) metabolism [39]. In
fact, WAT may be the primary tissue which uptakes BCAAs from liver after
feeding as insulin action and glucose uptake increase BCAA uptake in WAT [40].
BCAAs can be taken up by WAT through direct BCAA transport or, depending
on BCAA levels, inside the adipocyte, exchanging internal glutamine, alanine, and
asparagine for external BCAA and glutamate, which occurs immediately after
feeding [41]. BCAA uptake and metabolism in WAT are reduced under insulin
resistance and inflammation in humans and rodents and, consequently, are
associated with elevated blood BCAA levels. A previous study reported a
significant reduction on BCAA levels in WAT under a high-fat diet compared to
STD [5,40]. Although in our study the reduction of BCAA levels in CAF groups
was not significant in iWAT, our findings demonstrated important differences in
the diurnal rhythm of amino acids in response to CAF diet as well as in response
to GSPE administration at ZT12. Specifically, from the 18 rhythmic metabolites
found in STD animals, 16 lost their rhythm under CAF diet, and importantly, most
of them restored the rhythmicity only when GSPE was administrated at ZT12. In
addition, these metabolites, including alanine, asparagine, aspartate, fumarate,

glutamate, glutamine, and succinate, were significantly involved in alanine,
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aspartate, and glutamate metabolism, suggesting that this metabolic pathway

could prevent the metabolic abnormalities associated with an obesogenic diet.

4.5. Alanine, Aspartate and Glutamate Metabolism

Glutamine and alanine are involved in a mechanism to avoid nitrogen
toxification in WAT. The regeneration of proteins drives to nitrogen removal. In
fact, the way to remove nitrogen in WAT and skeletal muscle is through the
synthesis of glutamine and alanine. During starvation state, some authors
reported significant release of glutamine, alanine, taurine, and tyrosine by
subcutaneous WAT probably due to protein breakdown [41,42]. Glutamine can be
synthesized and kept in WAT for lipid synthesis or liberated in the circulation to
be uptaken for other tissues including kidney and intestine, which consume
glutamine as source of energy through the TCA cycle. Thus, WAT plays a
significant role in whole-body glutamine homeostasis as it releases 20% of net
amounts of glutamine. Alanine can also be synthesized and liberated by WAT.
The synthesis and transport of alanine to the liver, where the urea cycle takes
place, is a mechanism to ensure the prevention of nitrogen toxification. In the liver,
alanine could also be converted to glucose through gluconeogenesis, a substrate
for muscle, brain, erythrocytes, and other glucose-dependent cells. A previous
study in mice reported that BCAA production in WAT is higher during the light
phase, which matches with the timing of alanine production [5]. However, in our
study, alanine concentrations were higher during the dark phase in response to
GSPE administration at ZT12. Indeed, in these animals, all the metabolites
involved in alanine, aspartate, and glutamate metabolism showed an acrophase
during the dark phase. In contrast, STD animals presented acrophases of
asparagine and glutamate during the light phase with peaks around ZT3, but the
administration of GSPE at ZTO could not restore the rhythmicity of these

metabolites under CAF diet conditions. Therefore, timing of supplementation is
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crucial for affecting the acrophase of alanine, aspartate, and glutamate
metabolism, and only GSPE supplementation at ZT12 restored the rhythmicity
lost in response to CAF diet. Glutamine and succinate in WAT also attenuate the
expression of pro-inflammatory genes and macrophage infiltration [43,44]. Pro-
inflammatory genes, such as TNF-a and IL-6, exhibit circadian rhythmicity with
the highest concentrations during the light phase when glutamate and succinate
concentrations are low in iWAT in response to GSPE administration at ZT12 [45].
In human WAT, oxidoreductase activity was shown to be higher in the evening,
at the beginning of the rest phase for humans [39]. Therefore, the observed diurnal
rhythm of glutamine and succinate is in coherence with pro-inflammatory gene
expression in STD animals and also in response to GSPE administration at ZT12.
However, further studies are needed to analyze the inflammatory status of this

tissue and and confirm these results

5. Conclusions

Cafeteria diet induced greater accumulation of monounsaturated than
polyunsaturated fatty acids in iWAT compared with non-obese animals.
Although GSPE supplementation did not present any effect on the degree of
(un)saturation of fatty acids, its consumption restored the diurnal rhythm of 12
metabolites only when it was administered at the beginning of the dark/activity
phase (ZT12). Diet-induced obesity is associated with metabolic disruption of
adipose tissue including diurnal rhythm misalignment. Therefore, the
amelioration of diurnal rhythmicity could enhance the functionality of this tissue.
Our results demonstrated for the first time that timed GPSE administration
specifically at ZT12 restored the rhythmic metabolism of alanine, aspartate, and
glutamate that was lost in response to CAF diet. This pathway plays a pivotal role
in the metabolism of nitrogen-containing compounds, BCAA metabolism, and

pro-inflammatory state in mammals. However, further studies are needed to
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elucidate the metabolic pathways and processes involved in these events and
better understand the interaction of diurnal rhythms and proanthocyanidins on

the circadian biology of WAT.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/xxx/s1, Figure S1: iWAT histology parameters; Figure S2: Correlation analysis;
Table S1: Circadian parameters of lipophilic iWAT metabolites; Table S2: Circadian parameters of
hydrophilic iWAT metabolites.
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Figure S1. iWAT histology. Histology parameters (a) and representative images of hematoxilin & eosin
staining (b). a, b; represent significant differences using one-way ANOVA (p < 0.05) followed by Bonferroni
post hoc test (n=6, rats sacrificed at ZT1 and ZT7).
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Figure S2. Correlation analysis among iWAT metabolites, final body weight, iWAT relative weight, adiposity

and food intake at week 9. * significant correlation analysis using Spearman method (p < 0.05). Red and blue
mean positive and negative correlations, respectively.
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Abstract: The disruption of circadian clocks in mammals is associated with the
development of metabolic disorders, including obesity. Under high-fat diet
conditions, the consumption of grape seed proanthocyanidin extract (GSPE)
ameliorates molecular clock desynchrony and energy metabolism in white
adipose tissue (WAT). We hypothesized that proanthocyanidins effects could be
influenced by the time of administration as many functions of WAT display
circadian rhythms. To this end, inguinal WAT explants from lean (S5TD) and obese
(i.e., kept for 5 weeks on a high-fat diet (HFD)) PER2::LUC mice were treated with
metabolites present in the serum of GSPE-administered rats (GSPM) at the peak
or trough of PER2::LUC bioluminescence. iWAT explants obtained from obese
animals presented a lower amplitude, longer period, and phase delay compared
to explants from lean animals. In response to GSPM treatment, iWAT explants of
both lean and obese mice increased PER2::LUC amplitude and period compared
to untreated explants only when GSPM was given at the trough of the
luminescence rhythm. Interestingly, GSPM treatment upregulated the expression
of genes involved in lipogenesis (Acaca), lipolysis (Atgl), and appetite regulation
(Lep) in iWAT explants from lean mice, while lipid metabolism genes such as Lpl
were affected in explants from obese mice mainly when GSPM was given at the
peak of the PER2::LUC signal. These results show that physiological metabolites
derived from GSPE consumption affect molecular clock rhythm and lipid
metabolism of iWAT in a time-dependent manner. Therefore, chrono-utilization
of food bioactive compounds warrants further investigation as potential strategy

for the management of metabolic disruptions such as obesity.

Keywords: adipocyte, circadian clock, obesity, proanthocyanidin, time-of-day.
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1. Introduction

Many physiological processes in mammals are regulated by endogenous
circadian clocks. The resulting 24-hour rhythms are an important adaption in
anticipation of predictable environmental changes. Mammals have a hierarchical
circadian system with a central oscillator, the suprachiasmatic nucleus (SCN),
which is localized in the hypothalamus. CN clocks receive external light
information from melanopsin-expressing retinal ganglion cells to align internal
with external time. Through different pathways, such as core body temperature,
nervous input, and hormones, the SCN resets subordinate clocks throughout the
body — a process that is essential for systemic metabolic homeostasis (1).

At the molecular level, circadian clocks consist of interlocked
transcription-translation feedback loops. The transcriptional activators circadian
locomotor output cycles kaput (CLOCK) and brain and muscle ARNT-like protein
1 (ARNTL or BMAL1) form a heterodimer which activates the transcription of the
period (Per1-3) and cryptochrome (Cry1/2) genes. PER and CRY proteins form
complexes that migrate to the nucleus and inhibit the activity of CLOCK/BMALL,
which leads to a reduction of Per and Cry gene expression. In a secondary loop,
the CLOCK/BMAL1 heterodimer enhances the transcription of retinoic acid-
related orphan receptors (Rora-y or Nr1fl-3) and the nuclear receptor subfamily
1, group D (Nr1d1/2 or Rev-erba/f5). ROR and REV-ERB proteins increase and
decrease Bmall transcription, respectively (1,2). Disruption of the clock
machinery, e.g., by rotating shift work, results in various health problems,
including metabolic disorders such as obesity, since energy metabolism and the

circadian clock are highly interlocked (3, 4).

The worldwide prevalence of obesity has dramatically increased over the

last years. This disease is characterized by excessive fat accumulation due to an
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imbalance between energy intake and expenditure. White adipose tissue (WAT)
plays a crucial role in energy homeostasis (2). In obesity WAT function is impaired
with increased inflammation, insulin resistance, and circadian rhythm disruption
(5, 6).

Besides light, sleep/wake, temperature, and fasting/feeding cycles can act
as time signals (zeitgeber) for peripheral tissue clocks (1, 7). Dietary components,
such as polyphenols, have been shown to modulate circadian clock gene
expression in different experimental models. Proanthocyanidins, a type of
polyphenols found in grape seed extract (GSPE), were shown to upregulate
expression of Per2, Clock and Bmall, and downregulate Rora and Rev-erba in
adipose tissue of Wistar rats (8). Furthermore, GSPE effects depend on their
administration time since tissue responses are tightly linked to their circadian
rhythm (9, 10). In rats, GSPE administration at the beginning of the active phase
(i.e.,, when the lights are turned off, ZT12) reduces adipocyte size, increased the
percentage of smaller fat cells, and downregulates the expression levels of genes
involved in lipid transport, lipolysis, adipogenesis. These effects are not observed
when GSPE is administrated at the beginning of the resting phase (i.e., when the

lights are turned on, ZT0) (11).

However, it remains unknown whether GSPE effects on WAT function are due
to a direct effect on adipocytes or, in contrast, represent a less specific and more
systemic response. Therefore, in the current study we hypothesized that the
physiological metabolites that are present in the serum of GSPE-administered
animals (GSPM) could directly affect the iWAT circadian clock and key genes
involved in iWAT physiology. Thus, iWAT explants from lean and obese mice
were treated with GSPM at two different time points. We show that treatment of

GSPM has a clear time-dependent effect. The effects in the clock gene machinery
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are more pronounced when GSPM is given at the trough of PER2 expression.
However, the effects of GSPM on lipid metabolism-related gene expression are
higher when GSPM is provided at the peak of PER2. These differential results lend
further support to the therapeutic potential of polyphenols in the treatment of

obesity in humans.

2. Materials and methods

2.1. Proanthocyanidin extract

Grape seed proanthocyanidin extract (GSPE) used in this study was
composed of monomers (21.3%), dimers (17.4%), trimers (16.3%), tetramers
(13.3%), and oligomers (5-13 units; 31.7%) of proanthocyanidins. GSPE was
kindly provided by Les Dérivés Résiniques et Terpéniques (Dax, France). The

phenolic composition of this extract was further analysed by Margalef et al (12).

2.2. Production of GSPE metabolites in rat serum

In this study, 13-14-week-old male Wistar rats that weighed 400-480 g
were purchased from Charles River Laboratories (Spain). Animals were housed
in animal quarters at 22 °C under a 12-hour:12-hour light:dark cycle (lights on
from 9:00 a.m. to 9:00 p.m.). The animals consumed tap water and a standard
chow diet (Panlab A04, Spain) ad libitum throughout the experiment. Rats were
randomly divided into two groups: control (n=6) and GSPE (n=7). The rats from
the GSPE group were administered 1 g/kg of body weight of GSPE by oral
gavage in 1 ml of water. The control group was orally administered 1 ml of
water. Treatments were administered between 9 and 10 a.m. after overnight
fasting. Two hours later, the rats were sacrificed by decapitation and trunk blood
was collected. The blood was maintained at room temperature for 30 min. Once

the blood coagulated, it was centrifuged at 2,000 x g and 4 °C for 15 min to obtain
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serum which was stored at —80 °C until analysis. The Animal Ethics Committee
of the University Rovira i Virgili (Tarragona, Spain) approved all procedures

(reference number 11464 by Generalitat de Catalunya).

2.3. Extraction of serum proanthocyanidins

To obtain the metabolized proanthocyanidins from rat serum, serum
samples were pretreated by off-line micro-solid-phase extraction (USPE)
following the methodology that was previously described by Marti et al. (13)
using 30-um OASIS HLB pElution plates (186001828BA; Waters, Spain). Briefly,
the microcartridges were sequentially conditioned with 250 ul of methanol and
250 pl of 0.2 % acetic acid. Prior to extraction, the serum was centrifuged at 2,000
x g and 4 °C for 5 min. Two serum aliquots (each of 350 ul) were mixed, each of
them, with 350 pl of 4 % phosphoric acid and 50 pl of pyrocatechol (2,000 ppb)
and then loaded onto the plate. The loaded plate was washed with 200 ul of
Milli-Q water and 200 ul of 0.2 % acetic acid. The retained flavanols on the plate
were eluted with 2 x 50 ul of an acetone/Milli-Q water/acetic acid solution
(70:29.5:0.5, v:v:v). The two eluates were mixed to obtain a final volume of 200
ul. Part of the solution (25 ul) was evaporated to dryness using a SpeedVac
Concentrator SPD 2010 SAVANT (Thermo Scientific, Germany) at room
temperature and redissolved in 25 ul of an acetone/Milli-Q water/acetic acid
solution (70:29.5:0.5, v:v:v). A chromatographic analysis for the determination of
the compounds of serum metabolites of GSPE-administered rats was analyzed
by Guerrero et al. (14). The remaining 175 ul of the semi-purified serum was
evaporated to dryness at room temperature using the same procedure described

above and then stored at —-80 °C.
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2.4.  Experimental design of adipose tissue explant cultures from mice

A summary of the experimental design is shown in Figure 1.

) GSPE metabolites from rat serum b) Ex vivo experimental design of adipose tissue explants from mice
I T SS——D—=—S—_——E—E———————
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Figure 1. Experimental design. a) Isolation of GSPM metabolites from rat serum; b) treatment of murine
adipose tissue explants with GSPM extracts.

24.1. Treatment

Each dried purified serum was redissolved in 4.8 mL of recording culture
medium. The composition of recording medium was 1 L autoclaved double-
distilled water, 1 g of DMEM low-glucose medium powder (Sigma-Aldrich,
Germany), 4 g of glucose powder, 4.7 mL of sodium bicarbonate (7.5 %), 10 mL of
HEPES buffer (1 M), and 10 mL penicillin/streptomycin (1 %) (all items from
ThermoFisher, Germany). Atindicated times, adipose tissue explants were treated
with a dilution of 1:20 (v:v) plus B-27 (2 %) (ThermoFisher, Germany). For
LumiCycle analyses luciferin (200 uM, AppliChem, Germany) was added at the

time of treatment.
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2.4.2.  LumiCycle analysis of PER2::LUC explants

Eight 8-week-old heterozygous PERIOD2::LUCIFERASE (PER2:LUC)
knockin C57BL/6] mice (15) were housed under a 12-hour:12-hour light:dark cycle
(lights on at 7 a.m.) at 22 °C, 55 % of humidity and fed ad libitum with standard
chow diet (1314, Altromin, Germany) and tap water for one week of adaptation.
For five weeks, 4 mice were fed with standard chow diet and 4 mice with high-fat
diet (E15742 EF D12492, 60 % k] fat, Sniff Laboratories, Germany). Body weight
was determined weekly. At the end of the experiment, mice were sacrificed at ZT2
by cervical dislocation. iWAT was collected and kept in HBSS (ThermoFisher,
Germany) aerated with carbogen. A small piece of iWAT (around 3 um in
diameter) was placed onto floating inserts (0.4 pum, Merck, USA, PICMORG50) for
each condition, previously cleaned and sterilized by UV radiation, in a 35-mm
dish containing culture medium supplemented with 2 % of B-27 and 200 uM of
luciferin. Dishes were sealed with round coverslips and incubated at 32.5 °C.
Animal experiments were performed with the approval of the ethics committee of
the Ministry of Consumer Protection, Agriculture and Energy Change of the state
of Schleswig-Holstein, DE.

The acrophase of the PER2:LUC luminescence rhythm was detected
around 13 hours after the sacrifice, therefore half of the samples were treated at
this moment (peak treatment). The following trough was at around 27 hours after
the sacrifice. Therefore, the other half of the samples were treated at this moment
(trough treatment). 100 uL of medium were removed from the dish and replaced
by 100 uL of B-27-supplemented recording medium with serum metabolites from
control (Ct) and GSPE animals (GSPM). Samples were placed in the LumiCycle
luminometer (Actimetrics, USA) for five days at 32.5 °C. Bioluminescence

recordings were performed for 1 min each at 10-min intervals.
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2.4.3. Gene expression analysis of wild-type C57BL/6] mice

Twelve 8-week-old wild-type C57BL/6] mice were purchased from Janvier
(Germany). Animals were fed and housed as described in 2.4.2. Body weight was
determined weekly. At the end of the experiment, mice were sacrificed at ZT2 by
cervical dislocation. iWAT was collected and kept in HBSS (ThermoFisher,
Germany) aerated with carbogen. Small pieces of iWAT (around 3 um in
diameter) were placed into 24-well plates with 1 mL of culture medium
supplemented with 2 % of B-27 per well. Afterwards, the plates were incubated at
32.5°C.

Samples were treated with extracts at two times as described above. 50 uL
of medium was removed from the wells and replaced with 50 pL of B-27
supplemented culture medium with serum metabolites from control (Ct) or GSPE
(GSPM) animals. Samples were placed back in the incubator for 10 hours and

frozen at -80 °C afterwards for gene expression analysis.

2.4.4. Medium glycerol determination

Explants of eight wildtype C57BL/6] mice (4 mice fed STD and 4 fed HFD)
used for gene expression analysis of iWAT explants were also used for glycerol
determination. Explants were prepared as described and treated at peak or
trough. All culture medium was removed and replaced by B-27 supplemented
medium with 2 % of bovine serum albumin (BSA) previously filtered with a
syringe. Immediately, 50 uL of B-27 supplemented culture medium with serum
metabolites from control (Ct) or GSPE (GSPM) animals were added in each
sample. Samples were collected after 24 hours. The piece of iWAT was weighed
to normalize medium glycerol content to tissue mass. Medium was collected and
stored at 4 °C for glycerol determination following the protocol of the

manufacturer (Glycerol Assay Kit, Abcam, United Kingdom).
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2.5. Gene expression analysis

For gene expression analysis, iWAT was processed to isolate total RNA
using TRIzol. RNA quantity and purity were measured with a NanoDrop 1000
spectrophotometer (Thermo Scientific, Germany). Reverse transcription was
performed to obtain cDNA using the High-Capacity Complementary DNA
Reverse Transcription Kit (Thermo Fisher, Germany). Gene expression was
analyzed by quantitative PCR using the iTaq Universal SYBR Green Supermix
(Bio-Rad, USA) in real-time PCR system (Applied Biosystems, Germany) using
primers obtained from Eurofins (Germany). The PCR protocol consisted of 95 °C
for 3 min, followed by 40 cycles of 94 °C for 15 s, 60 °C for 15 s, 72 °C for 20 s.
Primer specificity was confirmed by the presence of single peaks in the melting
curve. Forward and reverse primers used in this study are listed in Table 1. The
relative expression of each gene compared to eukaryotic elongation factor 1 alpha
(eEF1a) mRNA levels and normalized to the levels measured in the corresponding
control group was determined. The AACt method was used and corrected for

primer efficiency (16).

Table 1. Primers for the qPCR analysis.

Gene
Acaca
Adipogq
Atgl
Cd36
Eefla
Glut4
Hsl
Lep
Lpl
Mgl
Ppary
Sirtl
Tnfa

Forward primer (5'...3")
GCCTTTCACATGAGATCCAGC
CTCCACCCAAGGGAACTTGT
TTCGCAATCTCTACCGCCTC
TGAATGGTTGAGACCCCGTG
CACATCCCAGGCTGACTGT
GGCATCAATGCTGTTTTCTACTATT
TGTCACGCTACACAAAGGCT
GAGACCCCTGTGTCGGTTC
GAAAGGGCTCTGCCTGAGTT
AAGACTAATGGAAACAGGGCCTA
TACTGTCGGTTTCAGAAATGCC
GATGACAGAACGTCACACGC
GAAAAGCAAGCAGCCAACCA

Reverse primer (5'...3")
CTGCAATACCATTGTTGGCGA
TAGGACCAAGAAGACCTGCATC
AGCAAAGGGTTGGGTTGGTT
TAGAACAGCTTGCTTGCCCA
TCG GTG GAATCC ATT TTG TT
TCTACTAAGAGCACCGAGACCAAC
AATCGGCCACCGGTAAAGAG
CTGCGTGTGTGAAATGTCATTG
TAGGGCATCTGAGAGCGAGT
TGGGACACAAAGATGAGGGC
GTCAGCGGACTCTGGATTCAG
ATTGTTCGAGGATCGGTGCC
CGGATCATGCTTTCTGTGCTC
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2.6. Rhythm analyzes

Samples were treated at the peak or trough of PER2 bioluminescence,
which corresponded to 13 or 27 h after the experiment started. Every 10 min,
baseline-subtracted (24-hour running average) bioluminescence data were
collected for 5 days. The first 36 h were removed from the analyzes. Minimal and
maximal mean values from chow were used to normalize the bioluminescence
data. For GSPM treatment, values from Ct treated at the peak were used to
normalize the data. Rhythmicity was assessed using the CircaSingle algorithm as
previously described (17). Rhythm parameters (phase, amplitude, period,
dampening rate) were exported to Prism 9 (GraphPad, USA) and two-way
ANOVA followed by Bonferroni post-tests was used for statistical evaluation. A
p-value < 0.05 was considered statistically significant. In the figures, values are

shown as mean = SEM.

2.7. Non-rhythm-related statistical analyzes

Data are expressed as mean + SEM (n = 4-6). Grubbs’ test (alpha = 0.1) was
applied to detect outliers. Statistical tests and graphs were done with GraphPad
Prism 9. Data were analyzed using Student’s t test with Welch correction or two-
way ANOVA followed by Bonferroni post-hoc test. A p-value < 0.05 was

considered statistically significant.
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3. Results
3.1. HFD results in amplitude reduction, increased period, and phase delay of PER2 in
iWAT

HFD-fed animals presented higher body weight compared to STD-fed
animals from week 3 onwards. At the end of the experiment (5" week), a body
weight increment of 15.6 % was found in obese mice compared to lean animals
(Figure S1). In the 5" week, mice were sacrificed and PER2 bioluminescence was
evaluated in iWAT explants. iWAT explants obtained from HFD-fed animals
showed a significant longer period (24.3 vs. 22.5 h), phase delay (13.1 vs. 10.4 h), a
reduction of amplitude (50 %), and a reduced dampening rate of 33 % compared

to explants of STD-fed animals (Figure 2 a —e).
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Figure 2. PER2::LUC circadian rhythm analysis of STD- or HFD-fed iWAT explants. a) Average of
normalized bioluminescence data. b — e) Rhythmic parameter evaluation (CircaSingle). n =7 - 8. Unpaired
Student’s t test with Welch correction was applied. ****=p < 0.0001.
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3.2.In response to GSPM treatment, iWAT explants obtained from lean animals exhibit
increased period and higher amplitude only when treatment was given at the trough

of PER2 bioluminescence

In iWAT explants from STD animals, GSPM treatment at the peak of PER2
bioluminescence resulted in a reduced period (25.9 vs. 21.6 h), but significant
alterations in amplitude and phase were not detected. In addition, decreased
dampening rates (40 %) were observed in response to peak GSPM treatment. In
contrast, GSPM treatment at the trough of PER2 bioluminescence significantly
resulted in increased period (22.6 vs. 24.5 h) and higher amplitudes (40 %) without

any effect on phase and dampening rates (Figure 3 a - e).
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Figure 3. PER2::LUC circadian rhythm analysis of serum control-treated (Ct) and serum GSPM-treated
groups of STD iWAT explants which were treated at peak or trough of PER2. a) Average of normalized
bioluminescence data. b — e) Rhythmic parameter evaluation (CircaSingle). n = 3 - 4. Two-way ANOVA
followed by Bonferroni post-hoc test; t, treatment effect; ZT, time-of-day treatment; ZT x t, interaction between
treatment and time-of-day treatment. ****=p < 0.0001.
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3.3.In response to GSPM treatment, iWAT explants obtained from obese animals present
increased period, phase advance and higher amplitude only when treatment was given

at the trough of PER2 bioluminescence

GSPM treatment at the peak of PER2 bioluminescence in iWAT explants
obtained from obese animals did not affect period, butled to a marked phase delay
(9.6 vs. 17 h), reduced amplitude (60 %), and a higher dampening rate (20 %)
compared to untreated explants. Interestingly, treatment at the trough of PER2
bioluminescence resulted in increased period (24.2 vs. 25.1 h), a slight phase
advance (12.9 vs. 11.5 h), and a marked amplitude increase (320 %) without any

effect on dampening of the PER2::LUC rhythm (Figure 4 a —e).
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Figure 4. PER2::LUC circadian rhythm analysis of serum control-treated (Ct) and serum GSPM-treated
groups of HFD iWAT explants which were treated at peak or trough of PER2. a) Average of normalized
bioluminescence data. b — e) Rhythmic parameters evaluation (CircaSingle). n = 3 - 4. Two-way ANOVA
followed by Bonferroni post-hoc test; t, treatment effect; ZT, time-of-day treatment; ZT x t, interaction between
treatment and time-of-day treatment. ***=p < 0.001; ***=p < 0.0001.
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3.4. Gene expression analysis in iWAT explants obtained from wild-type C57BL/6] mice

Diet effects on body weight in wild-type mice were also recorded weekly.
As expected, HFD-fed animals presented significant higher body weight (14 %
increase) compared to STD-fed animals at the last week of the experiment (Figure
52). iWAT explants obtained from HFD-fed animals presented a downregulation
of the expression of important mRNA transcripts including Acaca, Lep and Tnfa
compared to lean mice. In addition, Ppary, Atgl and Adipog gene expression
presented an interaction between diet and time-of-day experiment preparation.
Specifically, obese explants prepared at the peak of PER2 showed an upregulation
of Atgl and Adipoq expression levels, while a downregulation in the expression
levels of these genes was observed when experiment started at the through of

PER?2 bioluminescence (Figure S3 a —i).

3.4.1. GSPM treatment upregulates lipogenesis, lipolysis and leptin-related gene
expression in iWAT explants obtained from STD animlas with a more evident

effect when treatment was given at peak of PER2 bioluminescence

GSPM treatment upregulated the expression of transcripts
associated with lipogenesis (Acaca), glucose transport (Glut4), lipolysis
(Atgl, Hsl and Mgl), and leptin (Lep) in iWAT explants obtained from lean
animals. For Acaca, Atgl and Lep genes, this upregulation in response to
GSPM incubation was significantly higher when explants were treated at

peak (Figure 5 a - i).
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Figure 5. Expression of metabolism-associated transcripts in serum control-treated and serum GSPM-treated
groups of STD iWAT explants which were treated at peak or trough of PER2. Expression of genes related to
adipogenesis (a), lipogenesis (b), sirtuin (c), lipid transport (d), glucose transport (e), lipolysis (f), leptin (g),
adiponectin (h) and inflammation (i). Ct, explants treated with serum metabolites from control; GSPM,
explants treated with serum metabolites from GSPE. n=5 - 6. Two-way ANOVA followed by Bonferroni post-
hoc test; t, treatment effect; ZT, time-of-day treatment. *=p < 0.05.
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3.4.2.

GSPM treatment upregulates Lpl gene expression in iWAT explants obtained
from obese animals mainly when treatment was given at the peak of PER2

bioluminescence

iWAT explants from HFD-fed animals treated at trough presented
an upregulation of transcripts associated with adipogenesis (Ppary) and a
downregulation of sirtuin 1 (Sirt1), lipid transport (Lpl), and leptin (Lep)
compared to peak independently of treatment. However, GSPM
upregulated the expression of genes involved in lipid transport (Lpl) and
lipolysis (Atgl) with more significant impact when GSPM was given at
peak (Figure 6 a - i). However, when glycerol concentrations (product of
TAG lipolysis) were analyzed in the culture medium of iWAT explants, no

significant differences were observed between the groups (Figure S4).

4. Discussion

In this study, we used an established circadian luminescence reporter,

PER2::LUC, to determine the effects of obesity on the regulation of the circadian

clock of iWAT and to evaluate the therapeutical value of proanthocyanidins in

this context. We demonstrated a potential effect of physiological metabolites that

are present in the serum of GSPE-administered animals (GSPM) according to

time-of-day treatment. The GSPM effects on clock gene machinery were more

noticeable when it was given at the trough of PER2::LUC expression, while GSPM

effects on lipid metabolism-related gene expression were more pronounced when

GSPM was provided at the peak of PER2::LUC (Table S1).
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Figure 6. Gene expression of serum control-treated and serum GSPM-treated groups of HFD iWAT explants
which were treated at peak or trough of PER2. Expression of genes related to adipogenesis (a), lipogenesis (D),
sirtuin (c), lipid transport (d), glucose transport (e), lipolysis (f), leptin (g), adiponectin (h) and inflammation
(1). Ct, explants treated with serum metabolites from control; GSPM, explants treated with serum metabolites
from GSPE. n =4 - 5. Two-way ANOVA followed by Bonferroni post-hoc test; t, treatment effect; ZT, time-
of-day treatment. *=p < 0.05.
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Our results demonstrate that adipose tissue explants from obese animals
show a longer period, a phase delay, and lower amplitude compared to adipose
tissue from STD-fed mice. Different studies reported that Per2 rhythms in adipose
tissue present a phase delay under insulin stimuli (18) and that HFD alters
circadian clock and circadian clock-controlled gene expression in the liver and
kidneys with a phase advance of 4-5 hours for Per2 mRNA in liver (19-21).
Interestingly, another study showed that a significant portion of liver metabolites
are phase advanced, while Per2 is phase delayed, in obese mice compared to chow
animals (22). Mice under chow diet eat mostly during the dark with some activity
and meal bouts in the light phase. However, introduction of HFD for 1 week leads
to an increase in light phase food intake and desynchronized eating patterns (20).
Among different organs, the liver is the only tissue that shows a marked effect in
response to HFD. However, it is not yet clear whether liver rhythms shift is due
to the observed change in eating behavior or as a direct effect of HFD on the tissue
(20). Controversy exists whether circadian rhythm disruption is caused by an
obesogenic diet or obesity itself. Some authors demonstrated that HFD leads to a
marked alteration in the clock functioning in many tissues (21-23). Nevertheless,
others postulate that obesity, and not diet itself, promotes Bmall rhythm
disruption. One potential mechanism involves adipose tissue release of the
proinflammatory cytokine Tnfa which inhibits PPARy expression via the
suppression of its activator C/EBPS (24). This reduction in PPARy results in a
reduction of glutamine and methionine in adipocytes, two epigenetic regulators
of Bmall. This leads to a downregulation in the expression of Bmall and other
clock genes causing a clock disfunction in adipose tissue (25). In humans, PER2
expression between obese and lean individuals is not affected, but reduced
amplitudes for CRY2 and NR1D1 were found in adipose tissue (26). In mice, 6

weeks of HFD do not affect the phase, but lead to a marked reduction in amplitude
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of Per2 (27). To the best of our knowledge, this is the first report in which adipose
tissue explants from HFD-fed mice show a significant reduction in amplitude,
phase delays, and reduced period length of PER2 bioluminescence rhythms.
Interestingly, weakened PER2 rhythms were associated with a slight decrease in
dampening, which argues that, although the rhythms are weaker, individual
period length variation between cells may be smaller, thus increasing coherence

across the specimen, at least in vitro.

Another aim of this study was to determine whether GSPM could restore
the changes in circadian rhythms produced by HFD and whether GSPM effects
were dependent on the time of treatment. It is important to consider that the
molecular forms of GSPE that reach the circulation and tissues are different from
those that are present in GSPE before its consumption. Proanthocyanidins are
metabolized by intestinal cells, microbiota and liver, and cause the modification
of these molecules (28). Therefore, to evaluate in vitro the effects of GSPE on WAT
explants, it is important to use the metabolites found in serum of GSPE-
administered rodents.

Interestingly, our data show an important role of treatment time: responses
to GSPM treatment were higher when it was given around the trough of PER2
bioluminescence, which roughly corresponds to the normal rest phase in vivo. In
both STD- and HFD-fed iWAT explants, GSPM treatment significantly increased
rhythm period and amplitude. Only in iWAT explants obtained from HFD-fed
animals, a phase advance was observed. Treatment did not affect the dampening
rate suggesting a specific time-of-day dependent effect of GSPM in modulating
the adipose circadian clock. Corroborating literature shows that GSPE
consumption at ZT1 in male Wistar rats upregulates Per2 gene expression in

mesenteric WAT under STD (50 mg/kg of GSPE) and HFD (25 mg/kg of GSPE)
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compared to STD vehicle group (8). However, it is still speculative how GSPE or

GSPM could affect Per2 or other clock genes in in vivo.

We also studied whether GSPM affected the expression of genes involved
in lipid and glucose metabolism in a time-of-day dependent manner in iWAT
explants from lean and obese mice. We observed that iWAT explants from HFD-
fed mice presented a lower expression of genes involved in lipogenesis, leptin
signaling, and inflammation compared to lean animals. Lower expression of
lipogenesis may indicate increased insulin resistance (29). When glucose is not
taken up by WAT, lipogenesis is reduced. Moreover, leptin is a hormone secreted
by adipocytes in response to food intake which acts in the hypothalamus
upregulating energy expenditure and stimulating satiety (30). Circulating leptin
is elevated in obesity (31). Therefore, we expected to find an overexpression of Lep
in HFD explants. Furthermore, the stable expression levels of the inflammatory
gene Tnfa were unexpected as increased Tnfa has previously correlated with
adiposity and insulin resistance (32). However, it is important to take into
consideration that gene expression data in this study only reports from a single
time point. Therefore, it is plausible that HFD induced a phase shift as it is known
that Tnfa mRNA presents circadian rhythm (33). Interestingly, in iWAT explants
obtained from lean animals - but not from obese ones — GSPM upregulated
lipogenesis (Acaca), glucose transport (Glut4), lipolysis (Atgl, Hsl and Mgl) and
leptin related transcripts. This effect was more significant when GSPM was treated
at peak, specifically for Acaca, Atgl, and Lep. In obese explants, GSPM upregulated
the expression of genes associated with lipid transport (Lpl) and lipolysis (Atgl).
The upregulation of Lpl was clearer when GSPM was treated at peak in obese
explants (or when samples were collected at ZT1). It is known that GSPE affects

lipid and glucose metabolism inducing a beneficial effect on HFD-fed animals.
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Specifically, it was demonstrated that GSPE consumption increases the capacity
to store and mobilize fat from WAT. This simultaneous activation of anabolic and
catabolic pathways in WAT in response to GSPE consumption has been
demonstrated in in vivo and in vitro experiments, suggesting an activation of lipid
metabolism (34-37).

It is plausible to speculate that GSPE affects clock gene expression, such as
Per2, which in turn modulates lipid metabolism since the regulation of lipid
metabolic pathways by the molecular clock is well documented (38). Indeed, Per2
null mice show an increment in fatty acid transport which may be compensated
by a higher oxidative capability observed in the expression levels of genes
involved in fatty acid oxidation in WAT, suggesting the involvement of Per2 in
lipid transport and oxidation (39). However, most of the studies so far did not
investigate whether the effects of GSPE depend on the time of treatment. We
previously demonstrated that GSPE consumption at ZT12 downregulates lipid
transport and lipolysis genes in cafeteria diet-fed rats, which appears in opposite
to the results from the current study (11). Such differences could be explained by
different effects of GSPE on subcutaneous and visceral fat depots and between
lean and obese animals (40). Other explanations could be differences in the animal
species, genetic background, sex, GSPE dosage, and differences in the
experimental setup.

Interestingly, most of the effects on PER2::LUC circadian parameters in
response to GSPM treatment were observed when lean and obese iWAT explants
were treated at PER2:LUC trough. However, metabolic gene expression data
revealed marked effects when treatment was given at the peak. It should be
highlighted that gene expression data reflect more acute effects (10 h) while
bioluminescence data was obtained over longer periods (5 days). Taking into

consideration that the duration between bioluminescence and qPCR experiments
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were different, one could speculate that differential responses in fact may
corroborate time-dependent effects of GSPM on iWAT, as were also shown by

Ribas-Latre, et al. (10).

Although we provide interesting results, some limitations of our study are
present. We studied the expression of genes at a single time point; therefore, it is
not clear whether the differences found are due to changes in rhythmic parameters
for the transcripts. With regard to luminescence data, some acute GSPM effects

might not be preserved over the long cultivation period.

Taken altogether, our study provides novel data regarding the effects of
HFD on iWAT clock functioning and the beneficial effects of GSPE metabolites on
regulating the adipose circadian clock as well as key metabolic genes. We also
provide a perspective on a chrono-utilization of GSPE and other polyphenols for
the management of obesity, which warrants further validation in preclinical and

in clinical studies.
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Figure S1. Body weight development during 5 weeks of STD- or HFD in PER2::LUC mice. Two-way ANOVA
followed by Bonferroni post-hoc test; D, diet effect; T, effect of time; DxT, interaction of diet and time.
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Figure S2. Body weight during 5 weeks of STD or HFD in wildtype mice. Two-way ANOVA followed by
Bonferroni post-hoc test; D, diet effect; T, effect of time; DxT, interaction of diet and time.
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Figure S3. Gene expression of STD and HFD iWAT explants which were prepared at two different times —
peak or trough of PER2. Expression of genes related to adipogenesis (a), lipogenesis (b), sirtuin (c), lipid
transport (d), glucose transport (e), lipolysis (f), leptin (g), adiponectin (h) and inflammation (i). Peak/non-
treated explants with a partial medium changed at peak; trough/non-treated explants with a partial medium
changed at trough. n =4 - 5. Two-way ANOVA followed by Bonferroni post-hoc test; D, diet effect; DxZT,
interaction of diet and time-of-day the experiment started.
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Figure S4. Glycerol content in the medium of iWAT explants from STD- or HFD-fed wildtype mice prepared
(for non-treated samples) or treated at peak or trough. STD, standard diet; HFD, high-fat diet; Ct, explants
treated with serum metabolites from control; GSPM, explants treated with serum metabolites from GSPE.
Two-way ANOVA was used; no significant effects were observed.
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Table S1. Summary of the gPCR data.
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Gene expression analyses after 10 hours GSPM treatment at peak or trough of PER2 of STD and HFD-fed
iWAT explants. Diet: standard (STD) or high-fat (HFD); treatment: serum control (Ct) or serum GSPM
(GSPM); time-of-day treatment (ZT): peak or trough. Arrows indicate upregulation or downregulation of the
corresponding gene and the letter next to the arrows indicates significant differences (p < 0.05) with

Bonferroni’s post-hoc test at peak (P) or trough (T).
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Abstract: Bioactive compounds induce beneficial effects on white adipose tissue
(WAT) metabolism. However, the co-administration of a bioactive multi-
ingredient (MIX) based on grape-seed proanthocyanidins extract (25 mg/kg), berry
anthocyanins (100 mg/kg), conjugated linoleic acid (100 mg/kg) and protein
hydrolysate from chicken feet (55 mg/kg) could present greater effects compared
to individual-compound consumption. The biology of adipose tissue in mammals
is synchronized by circadian rhythms, and consequently, time-of-day MIX
consumption could influence its metabolic effect on WAT. Therefore, the aim of
this study was to determine the impact of time-of-day MIX administration on the
metabolism and expandability of inguinal WAT (iWAT) and epididymal WAT
(eWAT) in cafeteria diet-fed rats. Male Wistar rats (n=32) fed a cafeteria diet for 9
weeks were orally supplemented the last 4 weeks with MIX or vehicle when the
lights turned on (ZT0) or turned off (ZT12). Interestingly, the supplementation of
MIX at ZT0 increased adiponectin serum concentration and Adipog mRNA
expression in eWAT. In contrast, the supplementation of MIX at ZT12 tended to
decrease body weight gain, significantly reduced proinflammatory markers in
serum and iWAT, adipocyte size and lipolytic gene expression in iWAT.
Therefore, MIX affects in a tissue-specific manner according to time-of-day

administration.

Keywords: adiponectin; circadian clock; expandability; inflammation; lipolysis;

polyphenols
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1. Introduction

Obesity is characterized by an imbalance between caloric intake and
energy expenditure which leads to excessive or abnormal fat accumulation. White
adipose tissue (WAT) dysfunction is the principal contributor to many metabolic
diseases associated with obesity including insulin resistance and inflammation [1].
In fact, non-healthy WAT is characterised to present high levels of
proinflammatory cytokines, such as monocyte chemoattractant protein 1 (MCP-1)
and interleukin 6 (IL-6), and low levels of adiponectin which are related with
larger adipocytes (hypertrophic WAT) [2]. In contrast, an elevated number of
smaller adipocytes are observed in healthy WAT, which is associated with low

inflammatory activity and high insulin sensibility (hyperplasic WAT) [1].

In this context, because pharmacologic approaches to restore WAT
expandability and metabolism have not yet been found, the use of bioactive food
compounds such as as polyphenols, fatty acids and bioactive peptides have largely
been investigated in the last years for their ability to improve the metabolic health
of WAT [3]. In this sense, grape-seed proanthocyanidins extract (GSPE) has
demonstrated to modulate adipose tissue expandability leading to an increment
of adipocyte number and a reduction of adipocyte size [4]. In addition, it has been
aslo reported that anthocyanins are able to reduce adipose tissue weight in obese
mice [5]. Alternatively, conjugated linoleic acid (CLA) has been also largely
investigated for the management of body weight. In fact, obese mice
supplemented with CLA increased energy expenditure, fat oxidation and
browning in subcutaneous WAT [6]. Finally, bioactive peptides from chicken feet
hydrolysate such as Hpp11 has been described to be a potential anti-hypertensive
component due to the capability to inhibit angiotensin-converting enzyme [7].
Although Hpp11 has not been reported to improve the metabolism of WAT, other

angiotensin-converting enzyme inhibitors demonstrated to reduce adiposity and
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body weight, improve insulin sensitivity and increase adiponectin plasma

concentrations [8].

However, the use of a single family of bioactive compounds seems to not
be sufficient to prevent WAT abnormalities and its associated pathologies under
obesogenic conditions. Thus, the simultaenously co-administration of different
bioactive compounds could exert higher clinical significant effects compared to its
individual administration. In this context, a bioactive mulit-ingredient (MIX),
composed of CLA, the flavonoids proanthocyanidins and anthocyanidins, and the
antihypertensive hydrolysate Hppl1, has recently demonstrated to be useful in
the management of metabolic syndrome, reducing fat accumulation and

increasing energy expenditure and fat oxidation in cafeteria obese rats [9].

The main metabolic processes in mammals are influenced by the circadian
clock, which is a complex biological timing system localized in the
suprachiasmatic nuclei that regulates the daily metabolic oscillations of peripheral
tissues such as WAT [10]. The principal molecular components of mammalian
circadian clock are the heterodimer Brain and Muscle ARNT-Like 1 (BMAL1) and
Clock Circadian Regulator (CLOCK) which activate Period Circadian Regulator (PER)
and Cryptochrome Circadian Regulator (CRY) proteins that induce a negative
feedback loop to BMAL1 and CLOCK in a cycle of aproximately 24 hours [11].
Although, light is the principal synchronizer of molecular clock, dietary and
lifestyle interventions also modulate the circadian rhythmicity [12]. In fact, it is
plausible to speculate that the effectiveness of bioactive compounds in the
prevention of WAT abnormalities could potentially differ according to the time-
of-day in which they are consumed. Nevertheless, there is lack of research on
studying the impact of diurnal rhythm on the beneficial effects of bioactive
compounds. Therefore, the aim of the present study was to investigate whether

the functionality and expandability of WAT in response to MIX consumption was
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significantly influenced by the time-of-day of its consumption in diet-induced

obese rats.

2. Results

2.1. MIX administration at ZT12 decreased body weight gain in CAF diet-fed rats

As shown in Table 1, no differences were found among groups in final
body weight or body weight gain in response to MIX administration. However,
when a Student’s t test was applied, body weight gain tended to decrease only
when MIX was supplemented at ZT12 when the lights turned off (P=0.09), but no
changes were observed when MIX was supplemented at ZT0. In contrast,
accumulated energy intake was not significantly affected by MIX consumption
and only animals supplemented with VH or MIX at ZT0 showed higher energy
intake values than animals supplemented at ZT12 (Two-way ANOVA, ZT effect;
P=0.01). A similar pattern was observed on energy expenditure during light
(resting) phase (Figure S1-A). Additionally, animals treated at ZT12 presented
significant lower activity during the light phase compared to the animals treated
at ZTO (Figure S1-B). Interestingly, MIX administration caused a significant
reduction of the locomotor activity during the resting phase in both ZT treatments
compared to corresponding vehicle groups (Two-way ANOVA, T effect;

P=0.0001). No changes were observed in respiratory quotient values (Figure S1-C).
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Table 1. Final body weight, body fat content, relative weights of adipose tissues, fat gained and
accumulated food intake of rats fed a CAF diet and supplemented for 4 weeks with MIX or vehicle at

ZT0 or ZT12.
VH-ZT0 MIX-ZT0 VH-ZT12  MIX-ZT12 Z‘;‘ézi‘y
Final body weight (g) 484.88+93  475.63+169 48381+214 471.88+13.1 ns
Body fat content! (%) 17.78 £1.26 20.70 +1.51 21.93+0.79 20.25+1.51 ns
Body weight gain (g) 55.26 2.6 4913+89 545640  41.06+65# ns
iWAT (%) 220+0.2 2.07+0.2 2.40+0.3 221402 ns
eWAT (%) 353+0.2 3.89+03 3.69+0.2 323403 ns
Fat gained (%) 3.67+0.29 423+091  3.84+057  4.02+045 ns

Energy intake? (kJ/day) 2099.98 +172.8 1877.63+26.9 1746.69+85.1 1707.46+51.1 ZT

Data represent mean + s.e.m. (n=6-8).

# denotes tendency (p=0.05 - 0.1) using t-Student test between MIX supplementation and its corresponding VH
group; ZT, effect of time-of-day supplementation; ns, no significant differences using two-way ANOVA (p >
0.05).

Body fat content was assessed by quantitative magnetic resonance one week prior to sacrifice.
2Accumulated energy intake was calculated as the difference between food intake at week 9 and week 6.
Abbreviations: CAF, cafeteria; MIX; bioactive multi-compound; VH, vehicle; INAT, inguinal white
adipose tissue; EWAT, epididymal white adipose tissue.

2.2. MIX administration at ZT0 increased adiponectin serum concentrations and gene
expression in eWAT

Table 2 shows serum concentrations of main metabolic variables measured
at the end of the experiment. Glucose, insulin, HOMA-IR, leptin, triacylglicerides,
total cholesterol and NEFA values did not show significant differences between
MIX and vehicle. Interestingly, animals supplemented with MIX at ZT0 presented
significantly higher levels of serum adiponectin concentrations (34.05 +2.1 ug/mL)
compared to its vehicle group (26.89 +2.4 ug/mL). However, the supplementation
of MIX at ZT12 did not present an increment on adiponectin serum concentration.
Adiponectin plays a role in the improvement of metabolic flexibility facilitating
the ability to adapt to an altered nutritional environment. As it is secreted mainly

by the adipose tissue, we also analysed Adipog mRNA relative expression in both
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fat pads. In iWAT, we did not observe significant differences on Adipog gene

expression levels (Figure 2A). However, in eWAT, Adipog mRNA relative

concentration was lower in animals supplemented at ZT0 with respect to animals

supplemented at ZT12. Nevertheless, MIX supplementation at ZT0 over-

stimulated Adipoq in eWAT almost reaching the same levels as animals treated at

ZT12 (Figure 2B).

Therefore, only when MIX was supplemented at ZTO Adipoq expression

levels increased in eWAT. Hence, the higher adiponectin levels found in serum of

animals supplemented with MIX at ZT0 could be caused by the upregulation of

its gene in eWAT and not in iWAT.

Table 2. Biochemical serum concentrations.

VH-ZT0 MIX-ZT0 VH-ZT12  MIX-ZT12 Z‘;"OV{'X
Glucose (mM) 8.16+0.3 7.99 = 0.4 732402  7.80+0.2 ns
Insulin (ng/mL) 8.60+1.1 6.26+1.1 744407  811x12 ns
HOMA-IR 7613+11.8  5576+114  5410+49  7312+11.1 ns
Adiponectin (ug/mL) 26.89+24 34.05 +2.1% 29.49+2.8 31.21+3.1 ns
Leptin (ng/mL) 35.80+47  4544+47  3586+34  42.89+54 ns
Triglycerides (mg/dL) ~ 200.18+105  212.9+29.5 17494+114 201.6+13.4 ns
Total cholesterol (mg/dL) 150.64+9.2  145.62+49  13580+4.6 144.58+32 ns
NEFA (mg/dL) 31.78+43  2617+23 229526  23.77+0.68 ns
MCP-1 (pg/mL) 34372+334 33833+39.8 37525+204 28425+265% 1S

Data represent mean + s.e.m. (n=6-8).

* denotes significant differences (P < 0.05) using t-Student test between MIX supplementation and its
corresponding VH group; ns, no significant differences using two-way ANOVA (p > 0.05).

Abbreviations: CAF, cafeteria; MIX; bioactive multi-compound; VH, vehicle; INAT, inguinal white
adipose tissue; EWAT, epididymal white adipose tissue.
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Figure 2. MIX supplementation at ZTO upregulates adiponectin gene expression in eWAT but not in iWAT.
Relative adiponectin gene expression in iWAT (A) and eWAT (B) of rats fed a CAF diet supplemented with
MIX or vehicle (VH) when the lights turned on (ZT0) or when the lights turned off (ZT12). Data represent
mean * s.e.m. (n=5-7). * significant differences (p < 0.05) using t-Student test between MIX supplementation
and its corresponding VH group and between VH groups; ns, no significant differences; ZT, effect of time-of-
day treatment; TxZT, interaction between treatment effect and time-of-day treatment using two-way ANOVA
(p <0.05) and ** denotes significant differences between groups using Bonferroni post hoc test.
Adiponectin plays a role on adipocyte differentiation. Therefore, we
analysed important genes related to adipogenesis and lipogenesis on WAT
depots. In iWAT (Figure 3A), MIX downregulated the mRNA expression of
Fasn independently of time-of-day supplementation. However, in eWAT
(Figure 3B), we first observed an effect of time-of-day vehicle administration
shown by an upregulation of C/ebpa, Fasn and Gpat in animals treated with
vehicle at ZT0 compared to animals treated with vehicle at ZT12. Moreover,
animals treated with MIX at ZT0, which showed higher adiponectin levels,
presented an unexpected reduction of the adipogenic gene Ppary. On the other
hand, the group supplemented with MIX at ZT12 presented an upregulation
of the adipogenic gene Cl/ebpa and the lipogenic gene Gpat. The mRNA
expression of these three genes presented an interaction between time-of-day
treatment and MIX supplementation using two-way ANOVA; demonstrating
the downregulation of Ppary only when MIX was supplemented at ZT0, and

an upregulation of C/ebpa and Gpat when MIX was supplemented at ZT12.
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Figure 3. MIX supplementation affects the expression of genes related to adipogenesis and lipogenesis in iWAT
and eWAT in a timing-dependent manner. iWAT (A) and eWAT (B) gene expression was evaluated by gqPCR
on rats fed a CAF diet supplemented with MIX or vehicle (VH) when the lights turned on (ZT0) or when the
lights turned off (ZT12). Data represent mean + s.e.m. (n=5-7). * significant differences (p < 0.05) using t-
Student test between MIX supplementation and its corresponding VH group and between VH groups; ns, no
significant differences; T, treatment effect; ZT, effect of time-of-day treatment; TxZT, interaction between
treatment effect and time-of-day treatment using two-way ANOVA (p > 0.05) and ** denotes significant
differences between groups using Bonferroni post hoc test. PPARY, peroxisome proliferator-activated receptor
y; Clebpa, CCAAT/enhancer-binding protein alpha; Acaca, acetyl-CoA carboxylase alpha; Fasn, Fatty acid
synthase; Gpat, Glycerol-3-phosphate acyltransferase.

2.3. MIX supplementation at ZT12 reduced MCP-1 serum concentration and

downregulated the expression of pro-inflammatory genes in iWAT

The serum concentrations of MCP-1, a chemokine that regulates migration
and infiltration of monocytes/macrophages in response to inflammation, were
significantly reduced in the animals supplemented with MIX at ZT12 compared to
the animals that received the vehicle at the same ZT. However, no differences on
MCP-1 levels were found when MIX was administered at ZTO (Table 2). In
addition, the gene expression of inflammatory related genes in both iWAT (Figure
4A) and eWAT (Figure 4B) was further analyzed. Tnfa gene expression was
downregulated in iWAT in response to MIX supplementation. This effect was
more noticeable when MIX was administered at ZT12 (47.25% lower compared to
corresponding vehicle group) than at ZT0 (25.42%). However, in eWAT, Tnfa gene
expression was downregulated only when MIX was administrated at ZT0. Finally,

IL6 gene expression was downregulated in response to MIX supplementation in
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both WAT depots, although when MIX was supplemented at ZT0 the

downregulation was more evident in eWAT.
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Figure 4. Gene expression of proinflimmatory factors in iWAT and eWAT. iWAT (A) and eWAT (B) gene
expression was evaluated by qPCR on rats fed a CAF diet supplemented with MIX or vehicle (VH) when the
lights turned on (ZT0) or when the lights turned off (ZT12). Data represent mean +s.e.m. (n=5-7). * significant
differences (p < 0.05) using t-Student test between MIX supplementation and its corresponding VH group and
between VH groups; T, treatment effect; ZT, effect of time-of-day treatment; ns, no significant differences;
TxZT, interaction between treatment effect and time-of-day treatment using two-way ANOVA (p > 0.05) and
b denotes significant differences between groups using Bonferroni post hoc test. Tnfa, tumor necrosis factor
alpha; 116, interleukin 6.

2.4. MIX administration at ZT12, but not at ZT0, reduced adipocyte size and increased

adipocyte number in iNVAT

As adiponectin and inflammation are closely related to WAT functionality, the
next goal was to analyse the histological parameters of both fat depots.
Interestingly, a significant reduction in adipocyte area as well as an increment in
adipocyte number in iWAT was observed only when MIX was administered at
ZT12 compared to the corresponding control (Figure 5A). Hence, the group
supplemented with MIX at ZT12 presented a healthier iWAT expansion by
hyperplasia without presenting a reduction of fat mass. Although animals

supplemented with MIX at ZT0 did not present significant differences on
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adipocyte size, an increment on adipocyte number was also detected, as the two-
way ANOVA showed an effect of MIX independently of time-of-day treatment. In
contrast, visceral eWAT histological analysis did not show significant differences
between any group of animals (Figure 5B). A representative histological image of

both fat depots, iWAT and eWAT, for each group of animals is present at Figure

S2.
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Figure 5. Histology of iWAT and eWAT. Data represent mean + s.e.m. (n=4-6). *significant differences (p <
0.05); # denotes tendency (p= 0.05 - 0.1) using t-Student test between MIX supplementation and its
corresponding VH group; ns, no significant differences; T, treatment effect using two-way ANOVA (p > 0.05).
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2.5. MIX supplementation at ZT12 downregulated the expression of genes involved in

lipolysis and lipid transport in iVAT

Next, we focused on the expression of genes related to lipid metabolism.
Interestingly, the consumption of MIX produced a different pattern of gene
expression in iWAT depending on the ZT in which MIX was administrated (Figure
6A). In fact, MIX consumption at ZT12 downregulated the expression of genes
related to lipolysis (Hsl, Mgl and Cpt1b) and lipid transport (Cd36 and Fabp4) in this
tissue. In contrast, MIX consumption at ZT0 upregulated Mgl and Cd36 gene
expression compared to its vehicle group. In visceral eWAT (Figure 6B),
consumption of MIX significantly affected the relative gene expression of Fabp4

and Atgl at both ZT0 and ZT12.

2.6.Clock gene expression was affected depending on the time-of-day of MIX

supplementation

It is known that circadian clock modulates the expression of key genes
regulating certain metabolic pathways such as lipid metabolism and
inflammation. Since we have observed changes on lipid metabolism and
inflammation upon MIX supplementation according to time-of-day treatment, we
also studied whether the consumption of MIX affected the expression of circadian
clock genes in iWAT and eWAT. For this purpose, we analysed the expression

pattern of Bmall, Per2, Cryl and Rev-erb-a in response to MIX supplementation.

197



UNIVERSITAT ROVIRA I VIRGILI
INTERPLAY BETWEEN GRAPE SEED PROANTHOCYANIDINS AND CIRCADIAN RHYTHM IN WHITE ADIPOSE TISSUE: NEW FRONTIERS IN OBESITY MANAGEMENT
Marina Colom Pellicer

Manuscript 4
A) IWAT
B-oxidation Lipid transport e VHZTO
2.5 = *
* e MIX-ZTO
§ 20- A VH-ZT12
g R A MIX-ZT12
T 154
[
2
S 104
< 05+
&
0.0
Atgl Cpﬂb
TN%‘:’/?'[ ns | [ ns TXZT TXZT [T ]
B) eWAT
Lipolysis B-oxidation Lipid transport
2.0+
[ =
7] —
8 1.5
3
[}
2 1.0
[
o
o
=
B 0.5+
4
0.0
Atgl Cpt1b Cd36 Fabp4
Tow [T s e o | . -

Figure 6. Expresion of genes involved in lipid metabolism . iWAT (A) and eWAT (B) gene expression was
evaluated by qPCR on rats fed a CAF diet supplemented with MIX or vehicle (VH) when the lights turned on
(ZT0) or when the lights turned off (ZT12). Data represent mean +s.e.m. (n=5-7). * significant differences (p
<0.05) using t-Student test between MIX supplementation and its corresponding VH group; ns, no significant
differences; TxZT, interaction between treatment effect and time-of-day treatment; T, treatment effect using
two-way ANOVA (p > 0.05) and * denotes significant differences between groups using Bonferroni post hoc
test. 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.

In iWAT (Figure 7A), in response to MIX consumption, animals presented a
downregulation of Bmall, Per2 and Rev-erb-a. However, Bmall downregulation
was more evident when MIX was supplemented at ZT12, and for Rev-erb-a when
MIX was supplemented at ZTO0. Interestingly, in this tissue, the consumption of MIX

produced a different pattern of Cryl gene expression. This interaction between
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MIX consumption and ZT observed on Cry1 gene expression was also observed in
eWAT (Figure 7B) but, in this tissue, the downregulation of Cryl gene expresion

was only detected at ZTO.
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Figure 7. MIX supplementation and different time-of-day treatment affects the expression of clock genes in
iWAT and eWAT. iWAT (a) and eWAT (b) gene expression was evaluated by qPCR on rats fed a CAF diet
supplemented with MIX or vehicle (VH) when the lights turned on (ZT0) or when the lights turned off (ZT12).
Data represent mean + s.e.m. (n=5-7). * significant differences (p < 0.05) using t-Student test between MIX
supplementation and its corresponding VH group; T, treatment effect; ZT, effect of time-of-day treatment;
TxZT, interaction between treatment effect and time-of-day treatment; ns, no significant differences using two-
way ANOVA (p > 0.05) and ** denotes significant differences between groups using Bonferroni post hoc test.
Bmall, Brain and Muscle ARNT-Like 1 (aryl hydrocarbon receptor nuclear translocator-like); Cryl,
Cryptochrome Circadian Regulator 1; Per2, Period Circadian Regulator 2; Rev-erb-a, nuclear receptor
subfamily 1, group D, member 1 (Nr1d1).

In general, we observed a stronger effect in iWAT when MIX was
supplemented at ZT12. However, when MIX was supplemented at ZT0, eWAT
presented a higher affectation. This is also shown in the heatmaps representing the
gene expression at supplemental Figure S3. Therefore, nRNA modulation by MIX

consumption was dependent on fat pad and time-of-day consumption.

3. Discussion

Investigations for the management of obesity-related comorbidities
through dietary bioactive compounds have risen in the past few years. However,

individual administration of bioactive compounds at physiological doses is not
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sufficient to ameliorate the metabolic alterations related to obesity. Therefore, we
designed a bioactive multi-compound (MIX) to determine its capability to manage
the metabolism and functionality of adipose tissue. MIX was composed of
proanthocyanidins extracted from grape seeds (GSPE), anthocyanins from berries,
conjugated linoleic acid (CLA) and protein hydrolysate from chicken feet (Hpp11).
Further, as mammals are synchronized by circadian rhythms, the time-of-day
administration could be crucial for the effectiveness of the bioactive compounds.
Therefore, in the present study we demonstrated the effects of MIX consumption
on the expandability, metabolism and functionality of iWAT and eWAT according
to time-of-day consumption.

Cafeteria diet Wistar rats were used in this study because are considered a
suitable model to develop and mimic human metabolic syndrome and obesity
[13].

Our results demonstrated a tendency to decrease body weight gain during
treatment period only in animals supplemented with MIX at ZT12, the beginning
of the dark phase. However, no effect on body weight gain was observed in the
animals supplemented with MIX at ZTO0, the beginning of the light phase. No
studies were performed analysing the effect of MIX treating at the beginning of
the dark phase. Nevertheless, previous studies demonstrated a reduction in body
weight and fat mass without causing any effect on lean body mass in Wistar rats
fed a CAF diet for 11 weeks and the last 3 weeks supplemented with MIX at the
beginning of the light phase, between 8a.m. and 9a.m. [14]. Only CLA
supplementation (100 mg/kg of body weight) for 3 weeks ameliorated the
increment of body weight gain [15]. Discrepancy exists regarding body weight
modulation under MIX supplementation when comparing with other studies. This
could be due to the duration of the experiments and the number of weeks of CAF

diet before the starting day of MIX treatment.
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It was shown that chronic MIX administration increased energy
expenditure and fat utilization resulting in reduced energy balance [14].
Nevertheless, our findings did not demonstrate any effect on energy expenditure
and respiratory quotient between the animals supplemented with MIX and the
vehicle groups. We observed differences on time-of-day supplementation
independently of treatment; MIX or vehicle, showing a reduction of accumulated
food intake and energy expenditure and activity during light phase of animals
treated at ZT12 against those treated at ZT0. Interestingly, MIX also caused a
reduction of activity during the resting light phase, regardless of the time that MIX
was supplemented, helping to rest at the proper time. This could suggest that our
bioactive multi-compound exerted a positive action toward sleep quality. In fact,
many bioactive metabolites, such as polyphenols, amino acids and proteins
improved sleep disorders and other cognitive problems [16,17].

Plasma values of glucose, insulin, leptin, triacylglycerides, total
cholesterol, NEFA and HOMA-IR did not show any differences between animals
supplemented with MIX and animals supplemented with vehicle at any of the two
time point treatments. However, other studies demonstrated a reduction of insulin
and an amelioration of HOMA-IR after 3 weeks of MIX administration [14]. Insulin
sensitivity is, in part, regulated by adiponectin. Indeed, adiponectin protects from
insulin resistance increasing glucose uptake in adipose tissue [18]. Remarkably, in
our study we demonstrated that the group treated with MIX at ZT0, when lights
turned on, presented higher adiponectin levels in blood due to the stimulation of
Adipog mRNA expression in eWAT. However, mRNA expression of gens related
to glucose metabolism did not demonstrate any statistical differences in eWAT of
these animals (data not shown). Further, adiponectin plasma concentration and
Adipoq expression levels in eWAT were not increased in the group treated with

MIX at ZT12. This adipokine could be modulated by Ppary, a nuclear receptor that
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regulates the transcription of several genes. Polyunsaturated fatty acids, such as
CLA present in MIX, could modulate adiponectin expression through Ppary [19].
A study performed with Wistar rats fed a high-fat diet supplemented with CLA
showed an increment on the expression of Ppary and adiponectin in WAT [20].
Nevertheless, there are controversial results on the effects of CLA on Ppary
expression. Further, Hpp11 could be also a possible candidate for the increment of
plasma adiponectin through the stimulation of its mRNA in eWAT. It has been
reported that ACE inhibitors, like Hppll, activate adiponectin secretion into
plasma upon Ppary upregulation in adipocytes [21]. Nevertheless, in our study,
mRNA expression levels of Ppary in the group supplemented with MIX at ZTO
were downregulated despite of adiponectin increment. Adiponectin upregulation
probably was not entirely modulated by Ppary but by another mechanism still not
clarified [19]. Furthermore, this downregulation of Ppary was probably not crucial
when the rats were sacrificed, as Ppary possessess a circadian rhythm having the
peak of expression at ZT16 in WAT of mice [22]. Nevertheless, clock gene Bmall
regulates adipose tissue metabolism stimulating the expression of key adipogenic
genes such as Ppary [23]. Indeed, Bmall expression was downregulated in eWAT
of animals supplemented with MIX at ZT0. Altogether, these results suggested
that the time-of-day at which MIX was administrated was crucial for adiponectin
expression in eWAT.

Moreover, adiponectin is an adipokine produced by WAT. This tissue
regulates physiologic and pathologic processes such as inflammation, producing
anti-inflammatory factors, such adiponectin, and proinflammatory factors, such
TNFa, IL6 and MCP-1 [2]. Adiponectin reduces the production and activity of
TNFa and IL6. However, TNFa might present the capability to downregulate
adiponectin production [2]. In our study, inflammatory-related genes (Tnfa and

116) were downregulated in animals supplemented with MIX at ZT0 in both WAT
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depots, with a stronger effect in eWAT compared to iWAT, which correlates with
Adipog expression in eWAT and blood adiponectin levels of this animal group. On
the other hand, animals supplemented with MIX at ZT12 presented a
downregulation of Tnfa in iWAT. Although we did not find an upregulation of
Adipog, a decrement of proinflammatory chemokine MCP-1 levels in blood was
detected, suggesting an amelioration of the inflammatory state in iWAT only
when MIX was supplemented at ZT12. The effect of MIX supplemented at ZT0
downregulated both proinflammatory genes, Tnfa and IL6, in iWAT and eWAT.
However, when MIX was supplemented at ZT12, it only presented an effect on
iWAT. The clock gene Rev-erb-a controls inflammation, up-regulating IL6 [24]. Rev-
erb-a expression was downregulated in iWAT in both groups supplemented with MIX
independently of the time-of-day treatment, where IL6 was also downregulated.
However, the different gene expression of IL6 found in eWAT was not correlated with
the Rev-erb-a expression, as no statistical differences were observed. As the gene
expression of Tnfa and IL6 present circadian rhythm, the effect of MIX on their
modulation probably depends on the time-of-day administration, which coincides
with their highest gene expression. The highest expression of these
proinflammatory genes is during the resting/light phase, while the lowest
expression is during the active phase. Hence, MIX could have stronger effect when
it was administrated at ZTO, the beginning of resting/light phase when their
expression is maximum.

Furthermore, anti-inflammatory factors such as adiponectin and lower
levels of pro-inflammatory factors promoted a healthy expansion of adipose tissue
through hyperplasia and prevented ectopic fat accumulation in the liver [25,26].
Despite the high levels of adiponectin found in animals treated with MIX at ZTO0,
we did not observe statistical differences on histological analysis neither in iWAT

nor in eWAT. However, the group supplemented with MIX at ZT12 presented a
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reduction on adipocyte area and adipocyte volume, as well as an increment on
adipocyte number in the subcutaneous iWAT. This expandability of WAT is
known as hyperplasia, which holds beneficial effects on the functionality and
metabolism of adipose tissue under the hallmarks of the pathophysiology of
obesity [26]. Indeed, obese insulin sensitive individuals are characterized by
smaller adipocytes and less fat accumulation in the liver, compared to
metabolically unhealthy obese insulin resistant individuals [27-29]. Adipocytes
with lower size are more insulin-sensitive, present lower inflammation and exhibit
a lower rate of lipolysis, preventing ectopic fat accumulation [30]. Conversely,
hypertrophic adipocytes are insulin-resistant, show a higher inflammatory state
and an increased lipolytic rate, which increases the risk of fat accumulation in
other tissues. They also cause an increment of unesterified fatty acids and
cholesterol into circulation, which reaches ectopic sites such as muscles and liver
[26,31]. Interestingly, animals treated with MIX at ZT12, which showed an
expansion of iWAT through hyperplasia, presented a significant downregulation
of genes related to lipolysis (Hsl, Mgl and Cpt1b) and lipid transport (Cd36 and
Fabp4). Hence, the modification of iWAT expandability was probably induced by
the suppression of genes related to lipolysis and lipid transport with no alteration
of fat mass. The reduction of adipocyte size in adipose tissue is a matter of lower
lipid uptake rather than higher rates of lipid release through lipolysis. We
previously reported that male Wistar rats fed a cafeteria diet and supplemented
with GSPE at ZT12 also presented smaller adipocytes, and increased adipocyte
number in iWAT, a downregulation of the mRNA expression of genes related to
lipolysis and lipid transport and lower percentage of fat mass. Therefore, the effect
of MIX on the expandability of iWAT via the repression of the expression of these
genes could probably be attributed to the properties of GSPE when it was

administrated at ZT12. Furthermore, our research group discarded the possibility
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of MIX causing fat accumulation in the liver. The histopathological analyses
performed in a previous study showed no signs of liver damage aggravation in
rats supplemented with MIX [14].

Therefore, the consumption of MIX at ZT12, but not at ZT0, led to a healthy
expandability through hyperplasia and a downregulation of lipolytic genes in
iWAT. The clock gene Per2 is in phase coherence with the lipolytic gene Hsl [32].
Hsl was downregulated in the iWAT of animals supplemented with MIX at ZT12,
as well as Per2. However, we also observed a downregulation of Per2 on animals
supplemented with MIX at ZT0 in iWAT, in spite of not showing a downregulation
of Hsl. Moreover, Per2 interacts with Cryl, which has a critical role in adipose
tissue metabolism. Cry1/2” mice, despite of their hypophagia, presented a higher
fat pad weight and adipocyte hypertrophy, resulting from an increment of lipid
uptake and a reduction of adipogenesis[33]. In our study, animals supplemented
with MIX at ZT12 presented a downregulation of Cryl in iWAT, but they
presented adipocyte hyperplasia. Animals supplemented with MIX at ZT0
presented a downregulation of Cryl in eWAT, and no changes in adipocyte size
or in Lpl gene expression.

The gene expression analysis performed in iWAT and eWAT illustrated the
differences on mRNA expression levels of genes related to lipid metabolism,
inflammation and circadian clock between the group supplemented with MIX at
ZT0 and the group supplemented with MIX at ZT12. The gene expression of
circadian clock and metabolic genes varies during the day and depending on the
tissue [34]. Therefore, the effect of MIX differed depending on time-of-day
administration and the fat pad. Gene expression of all genes studied is represented
in two heatmaps which demonstrated that; when MIX was supplemented at ZT0,
it moderately affected eWAT. However, when MIX was supplemented at ZT12, it
had a stronger effect in iWAT.
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In summary, our results demonstrated that the consumption of MIX at ZT0
(when the lights turned on) increased adiponectin plasma concentration, probably
through the stimulation of Adipog mRNA in eWAT, due to CLA and/or Hppl1l
effects. This effect was not observed when MIX was consumed at ZT12. In contrast,
the consumption of MIX at ZT12 (when the lights turned off), tended to decrease
body weight gain and proinflammatory markers in blood probably due to the
amelioration of inflammation in iWAT, which is related to adipocyte hyperplasia
and repressed expression of lipolytic and lipid transport genes in the same fat pad,
probably through GSPE effects in cafeteria diet-fed rats.

Therefore, the effect of MIX on the metabolism and functionality of adipose
tissue was tissue-specific and time-of-day consumption dependent. Further
studies are needed to elucidate the effectiveness of MIX according to time-of-day
consumption on the expandability, metabolism and functionality of adipose tissue
of cafeteria diet-induced obese rats, and to reveal the importance of circadian

rhythm on the consumption of bioactive compounds.

4. Materials and Methods

4.1. Bioactive multi-compound (MIX) information

Grape seed proanthocyanidins extract, GSPE, was kindly provided by Les
Dérives Résiniques et Terpéniques (Dax, France), and its composition was
previously characterized by Margalef et al [35]. Anthocyanin extract (MEDOX®)
was provided by MedPalett AS (Sandnes, Norway) and contained purified
anthocyanins isolated from bilberries (Vaccinium myrtillus) and blackcurrant (Ribes
nigrum), composition described by Qin et al [36]. CLA (Tonalin® TG 80) was
purchased from BASF Chemical Company (Diisseldorf, Germany) and consisted
of a mix of glycerides, of which 80% were conjugated linoleic acids. According to

the manufacturer, the product was composed of equal amounts of two CLA
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isomers c9,t11 and t10,c12. The composition and manufacturing method of the

protein hydrolysate from chicken feet, Hpp11, was previously described [7,37].

4.2. Animal experimental procedure

Eight-week-old male Wistar rats (N=32) were purchased from Charles River
Laboratories (Barcelona, Spain). Animals were housed in pairs under a light/dark
cycle of 12 hours, at 22 °C and fed ad libitum with standard chow diet-fed (STD,
Panlab A04, Panlab, Barcelona, Spain) and tap water. After one week of
adaptation, all animals were fed a CAF diet, which is highly palatable and induces
voluntary hyperphagia. CAF diet consists of biscuits with pate, biscuits with
cheese, ensaimada (sweetened pastry), bacon, carrots and sweetened milk (20%
sucrose w/v) in addition to standard diet (STD Panlab A04, Panlab, Barcelona,
Spain). The composition of the cafeteria diet was 10% protein, 31.9% fat and 58.1%
carbohydrates. This diet was provided fresh ad libitum every day to the animals
for 9 weeks. During the last 4 weeks of the experiment, animals were randomly
divided into four new groups (n=8) and were orally supplemented with vehicle or
MIX at the beginning of the light period; at zeitgeber time 0 (ZT0), or at the
beginning of the dark period; at zeitgeber time 12 (ZT12). Both vehicle groups
received an oral dose of water and sweetened milk when the lights turned on (VH-
ZT0) or when the lights turned off (VH-ZT12). The other two groups received the
MIX diluted in water and sweetened milk when the lights turned on (MIX-ZTO0) or
when the lights turned off (MIX-ZT12). The MIX was composed of GSPE (25
mg/kg), anthocyanins (100mg/kg), CLA (100mg/kg) and Hpp11 (55mg/kg). Before
supplementation, all rats were trained to voluntarily lick the milk, and vehicle
groups were administered the same volume of condensed milk for four weeks.
One week prior to sacrifice, fat mass was analysed by quantitative magnetic

resonance using an EchoMRI-700 (Echo Medical Systems, LLC., TX, USA) without

207



UNIVERSITAT ROVIRA I VIRGILI
INTERPLAY BETWEEN GRAPE SEED PROANTHOCYANIDINS AND CIRCADIAN RHYTHM IN WHITE ADIPOSE TISSUE: NEW FRONTIERS IN OBESITY MANAGEMENT
Marina Colom Pellicer

Manuscript 4

anaesthesia. At the end of the experiment, the animals were fasted for 3h after ZT0
and then sacrificed by live decapitation. Total blood was collected from the neck
and then was centrifuged (1500 x g, 15 min, 4°C) to obtain serum. In addition,
iWAT, eWAT and mesenteric WAT (mWAT) fat pads were excised, weighted and
immediately frozen in liquid nitrogen. Serum and tissues were stored at -80°C
until further use.

The Animal Ethics Committee of Universitat Rovira i Virgili approved all of
the 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).

4.3. Serum analysis

Serum levels of insulin, leptin, adiponectin and monocyte chemoattractant
protein-1 (MCP-1) were measured using an immunometric sandwich enzyme-
linked immunosorbent assay (ELISA) using a rat/mouse insulin ELISA kit (EZRMI-
13K), rat leptin ELISA kit (EZRL-83K), rat adiponectin ELISA kit (EZRADP-62K) and
rat anti-monocyte chemotactic protein-1 antibody ELISA kit (AB1834P) purchased from
Millipore Ibérica (Madrid, Spain). Serum samples were diluted and
immunoassays were performed in duplicate according to the manufacturer’s
protocols. Serum glucose, triglycerides and total cholesterol were measured with
enzymatic colorimetric kits (QCA, Barcelona, Spain). Serum non-esterified fatty
acids (NEFA, or free fatty acids) were analysed with the enzymatic colorimetric
HR NEFA series kit (Wako, CA, USA). Homeostasis model assessment-estimated
insulin resistance (HOMA-IR) index was calculated from insulin and glucose

serum levels.
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4.4. Histology of adipose tissues

FrozeniWAT and eWAT samples were thawed and fixed in 4% formaldehyde.
Tissues underwent successive dehydration and paraffin infiltration immersion
(Citadel 2000, HistoStar, Thermo Scientific, Madrid, Spain) and paraffin blocks
were cut into 2-um-thick sections using a microtome (Microm HM 3555,
ThermoScientific). The sections were subjected to automated hematoxylin—eosin
staining (Varistain Gemini, Shandom, Thermo Scientific). Sections were observed
and acquired at x10 magnification using AxioVision ZeissImaging software (Carl
Zeiss Iberia, S.L., Madrid, Spain). The area of adipocytes was measured using the
Adiposoft open-source software (CIMA, University of Navarra, Spain). Four fields
per sample were measured and six samples per group were analysed. The
adipocyte area was calculated from the average value of cell area in all measured
tields for each sample. Total adipocyte volume was calculated using the formula

[g] x [302 x d + 3] [38]
(where d is the mean diameter and o is the standard deviation of the diameter).
Then, fat cell density was applied (0.92 g/ml) to determinate fat cell weight. The
total number of fat cells in each fat depot of all animals was determined by
dividing the total weight of the fat depot by the mean cell weight of all captured
fields. Finally, the frequency distribution of adipocyte sizes across the tissue was
calculated by distributing all counted cells of each sample into two groups
according to their area, <3000um? or >3000pum?; then, the number of total counted

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

4.5. RNA extraction and quantification by real-time gRT-PCR
Total RNA from iWAT and eWAT was extracted using TRIzol Reagent
(Thermo Fisher Scientific, Barcelona, Spain) following the manufacturer’s

protocol. RNA was quantified in NanoDrop ND-1000 spectrophotometer (Thermo
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Scientific, Wilmington, DE, USA). The integrity of RNA was evaluated by RNA
integrity number (RIN) trough 2100 Bioanalyzer Instrument (Agilent
Technologies). cDNA was synthesized using the High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Barcelona, Spain) in a Multigene
ThermalCycler (Labnet, Madrid, Spain). The cDNA was subjected to a quantitative
reverse transcriptase polymerase chain reaction amplification using
iTaq™Universal SYBR Green Supermix (Bio-Rad, Madrid, Spain) in 7900HT Fast
Real-Time PCR System (Applied Biosystems). The primers used for the different
genes are described in supplementary 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[39].

4.6. Statistical analysis

Data are expressed as the mean + S.E.M. (n=6-8). Grubbs’ test was used to detect
outliers, which were discarded before subsequent analyses. The data were
analysed using two-way analysis of variance (ANOVA) followed by Bonferroni
post hoc test, comparing simultaneously the effect of MIX at each ZT studied (ZT0
and ZT12). Additionally, Student's t-test was also applied comparing MIX-treated
and vehicle groups at each ZT and between vehicle groups. All statistical tests
were performed using XL-Stat 2017 software (Addinsoft, Paris, France) and
graphics were prepared using GraphPad Prism 9 (GraphPad Software, San Diego,

CA, USA). A P value <0.05 was considered statistically significant.
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Supplementary Materials: Figure S1: The supplementation with MIX or vehicle (VH) at ZT12
reduces accumulated food intake, and during the light phase reduces energy expenditure and
activity. MIX supplementation promotes the reduction of activity at the light phase independently
of time-of-day treatment, Figure S2: Hematoxylin and eosin (H&E) staining of iWAT (A) and eWAT
(B) of rats treated with MIX or vehicle when the lights turned on (ZT0) or when the lights turned off
(ZT12), Figure S3: Heatmap illustrating the differential gene expression in iWAT (A) and eWAT (B)
of rats treated with MIX or vehicle when the lights turned on (ZT0) or when the lights turned off
(ZT12), Table S1: Primers for the Q-PCR analysis.
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SUPPLEMENTARY MATERIAL
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Table S1. Primers for the Q-PCR analysis.

Forward (5'...3")

Reverse (5'...3")

Acaca GCGGCTCTGGAGGTATATGT TCTGTTTAGCGTGGGGATGT
Adipoq GTTCCAGGACTCAGGATGCT CGTCTCCCTTCTCTCCCTTC

Atgl GAAGACCCTGCCTGCTGATT CACATAGCGCACCCCITGAA
Bmall GTAGATCAGAGGGCGACGGCTA CTTGTCTGTAAAACTTGCCTGTGAC
Clebpa TGTACTGTATGTCGCCAGCC TGGTTTAGCATAGACGCGCA
Cd36 CAGTGCAGAAACAGTGGTTGTCT TGACATTTGCAGGTCCATCTATG
Cptlb GCAAACTGGACCGAGAAGAG CCTTGAAGAAGCGACCTTTG
Cryl TGGAAGGTATGCGTGTCCTC TCCAGGAGAACCTCCTCACG
Fabp4 GAAAGAAGTGGGAGTTGGCT TACTCTCTGACCGGATGACG
Fasn TAAGCGGTCTGGAAAGCTGA CACCAGTGTTTGTTCCTCGG
Gpat GAATACAGCCTTGGCCGATG GAGGCGTGCATGAATAGCAA
Hsl AGTTCCCTCTTTACGGGTGG GCTTGGGGTCAGAGGTTAGT

IL6 GCTTCCCTCAGGATGCTTGT ATTAACTGGGGTGCCTGCTC

Lpl GGCCCAGCAACATTATCCAG ACTCAAAGTTAGGCCCAGCT
Mgl ATCATCCCCGAGTCAGGACA TGACTCCCCTAGACCACGAG
Per2 CGGACCTGGCTTCAGTTCAT AGGATCCAAGAACGGCACAG
Ppary AGGGCGATCTTGACAGGAAA CGAAACTGGCACCCITGAAA
Ppia CTTCGAGCTGTTTGCAGACAA AAGTCACCACCCTGGCACATG
Rev-erb-a CTGCTCGGTGCCTAGAATCC GTCTTCACCAGCTGGAAAGCG
Tnfa GCTGCACTTTGGAGTGATCG GTGTGCCAGACACCCTATCT
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Figure 1S. The supplementation with MIX or vehicle (VH) at ZT12 reduces energy expenditure and activity
during the light phase. MIX supplementation promotes the reduction of the activity at the light phase
independently of time-of-day treatment. A) energy expenditure, B) activity and C) respiratory quotient during
light and dark phase of rats fed a CAF diet supplemented with MIX or VH when the lights turned on (ZT0) or when
the lights turned off (ZT12). Data represent mean + s.e.m. (n=7-8). * and $, significant differences (p < 0.05) using
t-Student test between vehicle and treated group and between the same group at the light phase vs dark phase,

respectively; ns, no significant differences; ZT, effect of time-of-day treatment; T, the effect of treatment using two-
way ANOVA (p < 0.05).
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Manuscript 4

A) iIWAT

B) eWAT

Figure S2. Hematoxylin and eosin (H&E) staining of iWAT (A) and eWAT (B) of rats treated with MIX
or vehicle when the lights turned on (ZT0) or when the lights turned off (ZT12). H&E magnification x10.
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A) iWAT B) eWAT
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Figure S3. Heatmap illustrating the differential gene expression in iWAT (A) and eWAT (B) of rats
treated with MIX or vehicle when the lights turned on (ZT0) or when the lights turned off (ZT12).
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General discussion

The high prevalence of obesity lead to classified it as an epidemic [1]. When energy
intake is higher than energy expenditure, WAT stores the excess of energy in form of
fatinducing obesity. However, obesity is not mere an excess of fat, but it is a risk factor
for many metabolic disorders including type 2 diabetes, cardiovascular diseases,
inflammation, and cancer [2]. Natural bioactive compounds are a good strategy to
prevent and ameliorate these obesity-related disorders. Previous research
demonstrated that the consumption of proanthocyanidins from grape seed present
anti-obesity properties and concomitantly modulate the molecular clock system in
adipose tissue and other metabolic tissues [3,4]. The clock system allows the
anticipation of environmental changes and adaptation to the time of day and food
availability through the generation of circadian rhythms, which are intimately related
to metabolic regulation. This important function can be altered and disrupted under
certain situations, as in obesity, thereby compromising health [5]. However, since
many metabolic pathways present circadian rhythm, the effects of proanthocyanidins
on WAT metabolism and circadian rhythm might differ depending on the time-of-day
administration. For this reason, the main objective of the present Doctoral Thesis was
to determine whether GSPE consumption showed different effects on WAT

metabolism depending on the time-of-day in which it was administrated.

The experimental animal model used in this Doctoral Thesis was mainly cafeteria
diet-fed rats, since this diet and species closely mimic the development of metabolic
syndrome in humans, from the beginning by promoting hyperphagia to the
development of all metabolic symptoms [6]. In fact, this similar development of
metabolic syndrome between rats and humans is what has prompted us to work with
this dietary model and species, despite of the laborious preparation and the biological
variability. Our research group present a large experience in the detrimental effects of

cafeteria diet in the metabolism of these animals. From a nutritional point of view,
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cafeteria diet consisted in biscuits with cheese and paté, bacon, ensaimada (sweetened

pastry), carrots, and milk with sucrose, which makes it a highly palatable diet.

The first objective of the present Doctoral Thesis was to explore the differential

effects of GSPE on subcutaneous and visceral WAT metabolism according to time-of-

day administration in obese rats. Our results showed that GSPE effects were tissue-

specific and depend on time-of-day consumption presenting antidiabetic and anti-

inflammatory effects on eWAT when GSPE was consumed at the beginning of the light

phase (ZT0) and hyperplastic effects on iWAT when it was consumed at the beginning

of the dark phase (ZT12) (Manuscript 1).

Previous studies demonstrated a reduction of body weight by reducing food

intake and activating -oxidation in subcutaneous adipose tissue, however, GSPE

doses were higher (200-500 mg / kg of body weight) or the treatment period was longer

(more than 10 weeks) [7,8]. Nevertheless, these studies did not take into account the

time-of-day GSPE administration. Our results showed that the consumption of GSPE

(25 mg/kg of body weight) for four weeks exerted an effect reducing body weight gain

and food intake in obese rats when it was consumed at the beginning of the dark phase

(ZT12) but not at ZT0. Additionally, previous studies demonstrated that GSPE did not

reduce body weight gain neither adiposity but improved visceral retroperitoneal

WAT expansion by preventing hypertrophy and increasing hyperplasia in a dose-

dependent manner (25, 100 or 200mg of proanthocyanidins/kg of body weight) in

obese rats. When energy intake is higher than energy expenditure, WAT can expand

through hyperplasia which is a healthy expansion of adipose tissue where preexisting

adipocyte cell precursors from WAT become mature adipocytes, thus, increasing

adipocytes number. The mechanism by which GSPE remodeled WAT expansion was

hypothesized to be through the inhibition of Sirtl, which stops the repression of

PPARy [3]. Authors observed lower effects of GSPE in subcutaneous iWAT compared

to retroperitoneal WAT where GSPE tended to reduce hypertrophy [9]. In this
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Doctoral Thesis, obese rats showed a significant reduction of adipocyte hypertrophy
and an increment of hyperplasia in iWAT when GSPE was consumed at ZT12
(Manuscript 1), without showing any effect on eWAT.

Hyperplasia of WAT is positively correlated with lower lipid uptake and lipolysis
per adipocyte as it was observed in this Docotoral Thesis at ZT12 (Manuscript 1)
[10,11]. It is well known that WAT expansion through hyperplasia protects against
metabolic disorders including insulin resistance and inflammation, while
hypertrophy increases the risk [11,12]. Moreover, subcutaneous fat accumulation
causes less metabolic disturbances than visceral adiposity, which is strongly
associated with metabolic syndrome. This could be related to metabolic differences
between subcutaneous and visceral fat depots with respect to lipolysis, fatty acid
storage, adipokine secretion and general gene expression profile. Therefore, the
proper storage of energy excess in subcutaneous adipose tissue protects against
visceral fat accumulation and tissue inflammation. The rationale for using inguinal
adipose tissue as a model of subcutaneous fat depot in this Doctoral Thesis was
because of its role in metabolic homeostasis. In fact, in rodent models, surgical removal
of inguinal WAT can eventually lead to metabolic dysfunction and ectopic lipid
accumulation [13]. Conversely, transplantation of inguinal WAT into the visceral
cavity of mice leads to improved glucose homeostasis and body composition, which
occurs alongside beneficial alterations in circulating adipokines [14]. With respect to
visceral fad pads, epididymal adipose tissue is one of the most used because it makes
up the largest portion of the total adipose tissue of abdominal cavity and allows more
accurate weighing due to easy extraction. In this sense, our study also demonstrated
that GSPE administrated at ZT0, but not at ZT12, downregulated the pro-
inflammatory IL-6 in eWAT and reduced HOMA-IR suggesting an improvement of

insulin sensitivity in this tissue (Manuscript 1) [15].
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Although, some studies have shown beneficial effects of GSPE on reducing

cholesterol and TAG circulating levels [15], our data did not demonstrate that GSPE

prevented hyperlipidemia (Manuscript 1 and 2). However, the circadian rhythm of

serum TAG concentration was significantly restored when GSPE was consumed at

ZT12 (Manuscript 2). In this context, another objective of this Doctoral Thesis was to

determine whether GSPE can restore the circadian rhythm lost in obesity in a time-

dependent manner in iWAT. We continued studying iWAT, since GSPE modulated

the expansion of iWAT through hyperplasia in a time-dependent manner, while this

modification was not observed in eWAT. First, we analyzed the circadian rhythm of

iWAT metabolites assessed by nuclear magnetic resonance spectrometry in both STD

and CAF rats supplemented with vehicle or GSPE (25 mg/kg of body weight) at the

beginning of the light phase (ZT0) of at the beginning of the dark phase (ZT12).

White adipocytes from subcutaneous WAT have the capacity to be converted into

brown-like adipocytes and increase energy expenditure, being beneficial for obesity

[16]. Brown adipose tissue present a dynamic metabolic role in maintaining body

temperature across the day/night cycle where increases fatty acid oxidation and Krebs

cycle activity to generate heat during the rest phase and fat storage during the active

phase when rats feed [17]. Therefore, metabolites in this tissue present a diurnal

rhythm because of its active metabolism. In this sense, WAT also is influenced by

light/dark cycle inducing lipogenesis during feeding and lipolysis during fasting to

supply energy for other tissues.

Interestingly, in our study some lipophilic metabolites including oleic acid, linoleic

acid, monounsaturated fatty acid, total fatty acid, TAG, and certain hydrophilic

metabolites involved in lipid metabolism presented diurnal rhythms in the iWAT of

STD animals. The rhythmicity of these metabolites was lost under CAF diet, and it

was restored in response to GSPE consumption at the beginning of the dark phase

(ZT12), but not at ZT0. Indeed, STD animals presented 18 rhythmic metabolites, which

16 lost their rhythm under CAF diet, and interestingly, 12 metabolites restored the
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rhythm only when GSPE was administrated at ZT12. These iWAT metabolites with
diurnal rhythm in STD animals and CAF animals supplemented with GSPE at the
beginning of the dark phase were involved in in alanine, aspartate, and glutamate
metabolism. This suggests that iWAT is a metabolically active tissue in lean mice,
which its functionality was lost in obesity, and it was recovered with GSPE
consumption in a time-dependent manner (Manuscript 2).

In addition to the obvious role of WAT on lipid homeostasis, this tissue also plays
an important role in systemic amino acid metabolism. Subcutaneous WAT is the
primary tissue which uptakes BCAA (leucine, isoleucine and valine) from liver, after
feeding, together with glutamate uptake and the release of asparagine, glutamine and
alanine from adipocytes [18,19]. Glutamine and alanine are liberated from WAT as a
mechanism to remove nitrogen and avoid nitrogen toxification in the tissue.
Glutamine is taken up by kidneys and intestine where it enters in the Krebs cycle,
while alanine is taken up by the liver where it might be a substrate for gluconeogenesis

or urea cycle [20,21].

To further study the effects of GSPE on the circadian rhythm of obese iWAT, we
evaluate the effects of GSPE-derived serum metabolites (GSPM) on the circadian
rhythm of PER2 bioluminescence in obese WAT explants according to time-of-day
treatment. An important aspect of polyphenols is the biochemical changes that occur
to these molecules after their metabolization by intestinal cells, microbiota and liver.
Indeed, the molecular forms that reach the circulation and tissues are different from
those that are present in food plants [22]. Therefore, the bioactive flavanols in serum
and WAT differ considerably from the compounds that are present in GSPE. Thus, to
evaluate in vitro the effects of GSPE on WAT explants, it is important to use the
metabolites found in serum of GSPE-administered rodents. In this study the serum
was obtain 2 hours after the administration of GSPE since the highest plasma peak

concentrations of flavanols are around 2 hours after the ingestion of the extract [23-
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25]. It was administrated 1 g/kg of body weight of GSPE to obtain enough

concentrations of GSPM. A previous study from our group, also combined the in vivo

and in vitro system and showed a decrease in the de novo lipid synthesis and excretion

in hepatic human cells (HepG2 cells) incubated with GSPM [26].

It is known that high fat diets lead to a desynchrony of eating patterns and the

disruption of the circadian rhythm [27,28]. In this sense, our results showed that the

circadian rhythm of PER2 presented longer period, a phase delay and lower amplitude

in obese WAT explants (WAT from HFD-fed mice) compared to lean explants (WAT

from STD-fed mice). Previous studies determined that GSPE was capable to modulate

clock genes in WAT and other tissues [4]. Interestingly, our results showed that the

incubation of GSPM with WAT explants restore PER2 bioluminescence rhythmicity

only when the explants were incubated with GSPM at the trough of PER2

bioluminescence, inducing a phase advance and increasing period and amplitude. On

the other hand, GSPM incubation exerted stronger effects on lipid metabolism

upregulating the relative expression of genes related to lipid transport when obese

explants were treated at peak of PER2 bioluminescence (Manuscript 3). Although

GSPM effects on PER2 circadian parameters were observed when explants were

treated at trough of PER2 bioluminescence, lipid metabolism gene expression data

reveled marked effects when explants were treated at peak of PER2 bioluminescence.

Nevertheless, it should be considered that bioluminescence data was obtained over a

treatment period of 5 days, while gene expression data took place in a shorter

treatment period of only 10 hours (Manuscript 3). Taken altogether, our studies

demonstrated that GSPE presented beneficial effects on obese iWAT in a time-

dependent manner regulating molecular clock and lipidic metabolic genes. Therefore,

proanthocyanidins could be a good strategy for the management of obesity on the

chrononutraceutical field, although further research through different experimental

models is needed to find out the mechanisms of action by which GSPE modulates the

diurnal rhythms of tissues.
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To efficiently treat obesity and obesity-related disorders, the synergy of other
bioactive compounds together with GSPE would be a more powerful strategy than the
administration of an individual bioactive compounds. Therefore, a bioactive multi-
compound (MIX) was designed to determine its ability to manage the functionality of
WAT. MIX was based on proanthocyanidins from grape seeds (GSPE) together with
anthocyanins from berries, conjugated linoleic acid (CLA) and protein hydrolysate
from chicken feet (Hpp11). Each bioactive compound has individually demonstrated
beneficial effects against metabolic disorders; CLA is capable to reduce fat mass,
Hpp11 present antihypertensive properties, anthocyanidins are anti-diabetic and anti-
inflammatory molecules, and the properties of proanthocyanidins from grape-seed
have been already discussed [29-31]. Our results confirmed the potential effects on
body weight gain reduction, which were showed in obese rats treated with MIX at
ZT12. These animals also presented lower adipocyte size and higher number of
smaller adipocytes in iWAT, and not in eWAT. In addition, these histological changes
were associated with a lower expression of genes related to lipid transport and
lipolysis (Manuscript 4). Our previous studies demonstrated that GSPE reduced body
weight gain when it was consumed at ZT12 (Manuscript 2). Moreover, animals that
consumed GSPE at ZT12 presented hyperplasia in iWAT and lower expression of
genes related to lipid transport and lipolysis (Manuscript 1). Therefore, the reduction
of body weight gain and the induction of hyperplasia in iWAT would be attributed to
GSPE effects in a time-dependent manner. Surprisingly, animals supplemented with
MIX at ZT12 concomitantly presented both lower concentrations of the
proinflammatory molecule MCP-1 in serum and Tnfa gene expression in iWAT,
although animals supplemented with MIX at ZT0 presented lower gene expression of
proinflammatory cytokines in both WAT depots (Manuscript 4), while the
supplementation of GSPE at ZTO0 only presented the reduction of a proinflammatory

genes in eWAT (Manuscript 1).
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Interestingly, the same animals supplemented with MIX at ZT0 presented an

upregulation of Adipoq in eWAT and higher circulating adiponectin levels

(Manuscript 4). The upregulation of adiponectin could be attributed to CLA and

Hpp11 through PPARy upregulation, although no clear findings are exposed [32,33].

Even though adiponectin protects against insulin resistance [34], these animals did not

show a reduction of HOMA-IR, as we observed in the animals supplemented with

GSPE at ZT0 (Manuscript 1). Nevertheless, previous studies demonstrated beneficial

properties of MIX against insulin resistance at ZT0 [35].

Therefore, the beneficial effects associated with the consumption of GSPE and MIX

in diet-induced obese animals are related to the diurnal rhythmicity of WAT

metabolism and are strongly influenced by the time-of-day in which it was consumed.

Therefore, it is plausible to speculate that the consumption of bioactive food

compounds at the most optimal time-of-day could properly potentiate the metabolism

and function of tissues in a tissue-specific manner, affecting the whole-body energy

metabolism and, consequently, contributing to the management of overweight and

obesity.
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Conclusions

1. The effects of a chronic consumption of GSPE depend on the time-of-day
administration and the type of WAT depot in obese rats. GSPE consumption
at ZTO exerted antidiabetic effects and downregulated the expression of
proinflammatory genes in visceral WAT. While GSPE consumption at ZT12
induced subcutaneous WAT expansion through hyperplasia and

downregulated the expression of genes related to lipid transport and lipolysis.

2. GSPE has the ability to restore the diurnal rhythm of alanine, aspartate and
glutamate metabolism pathway in subcutaneous WAT only when it is
consumed at ZT12. A total of 45 metabolites were detected, 19 of which
presented diurnal rhythms in healthy animals. Most metabolites became
arrhythmic in diet-induced obesity, however GSPE consumption at ZT12 - but
not at ZTO - restored the rhythmicity of 12 metabolites including compounds

involved in alanine, aspartate and glutamate metabolism.

3. GSPM have the capacity to restore PER2 circadian rhythm on subcutaneous
WAT only when they are treated at trough - not at peak - of PER2
bioluminescence. In obese subcutaneous WAT explants, GSPM induced a
phase advance and increased the amplitude of PER2 similar to healthy

subcutaneous WAT explants.

4. GSPM upregulate fatty acid uptake in obese subcutaneous WAT explants
only when they are treated at peak - not at trough - of PER2
bioluminescence. GSPM upregulated Lpl expression, suggesting a higher rate

of fatty acid uptake into adipocytes, in a time-dependent manner in obesity.
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Conclusions

5. The effects of a chronic consumption of MIX (based on GSPE) depend on
the time-of-day administration and type of WAT depot in obese rats. The
consumption of MIX at ZT0 increased adiponectin serum concentration due to
the stimulation of Adipog mRNA expression in visceral WAT. While the
consumption of MIX at ZT12 tended to decrease body weight gain, and
significantly reduced proinflammatory markers in serum and subcutaneous

WAT, lipolytic gene expression and adipocyte size in subcutaneous WAT.

As a final conclusion, the present Doctoral Thesis demonstrated that the
beneficial effects associated with the consumption of GSPE in diet-induced obese
animals are related to the diurnal rhythmicity of WAT metabolism and are
strongly influenced by the time-of-day in which it was consumed. Therefore, it is
plausible to speculate that the consumption of bioactive food compounds at the
most optimal time-of-day could properly potentiate the metabolism and function
of tissues in a tissue-specific manner, affecting the whole-body energy metabolism

and, consequently, contributing to the management of overweight and obesity.
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In obesity,
the dysfunction of adipose tissue is
associated with the risk to suffer metabolic disorders.
Circadian rhythm, governed by light/dark cycle and fasting /
feeding cycle, synchronize many metabolic processes, therefore its
disruption has been also related to the development of metabolic disorders.

The increasing prevalence of obesity remarks the importance of its prevention
and treatment. In this context, proanthocyanidins from grape seed (GSPE) have
been demonstrated to modulate the biology and molecular clock components of

white adipose tissue (WAT). Nevertheless, it has not been studied yet whether GSPE
could affect WAT chronobiology depending on time-of-day consumption. Therefore, the
aim of this thesis was to determine whether GSPE and a bioactive multi-compound
based on these proanthocyanidins have different effects on the metabolism and
circadian rhythm of WAT in obese animals depending on time-of-day

administration. High calorie intake disrupted molecular clock genes and

the metabolism of WAT. Interestingly, the consumption of GSPE restored

the metabolism and molecular rhythmicity of WAT in a time-dependent

and tissue-specific manner. The combination of different bioactive
compounds is also an interesting strategy for the
management of obesity depending on the

time-of-day administration.
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