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SUMMARY

Biological rhythms are internal timing mechanisms that allow organisms to
adapt and anticipate cyclical changes in the environment caused by the
rotation of the earth around its axis (circadian rhythms) and around the sun
(circannual rhythms). Disruption of these mechanisms have been
associated with impairment of metabolic homeostasis. Nowadays, excessive
consumption of high-calorie foods has not only been shown to promote
metabolic dysfunction, but also to cause circadian disturbances leading to
Metabolic syndrome (MS) and non-alcoholic fatty liver disease (NAFLD).
Proanthocyanidins, including grape seed proanthocyanidin extract (GSPE),
are secondary plant metabolites that are considered beneficial in treating
metabolic diseases. It has been reported that GSPE is able to modulate the
circadian clock machinery, thus influencing the internal rhythmicity of
metabolic processes. Therefore, the main aim of the present thesis was to
evaluate if diurnal rhythms (day/night) and seasonal rhythms
(photoperiods) can influence the beneficial effects of GSPE consumption on
liver metabolism. To fulfill this objective, we carried out animal experiments
and analyzed lipid and glucose-related parameters in blood and liver in
relationship with the liver clock function. Firstly, we assessed the alteration
of the hepatic metabolic rhythms caused by an obesogenic diet intake and
demonstrated that the restorative effect of GSPE depends on the timing of
administration. Most of its beneficial effects were found when GSPE was
administered at the onset of the dark phase, the beginning of the active
phase in rats. Secondly, we determined the photoperiod-dependent
response of GSPE effects over serum hormones and liver metabolism under
physiological conditions. Finally, we evidenced the strong influence of day
length on the beneficial effects of GSPE consumption to treat MS and NAFLD.
These findings highlight the importance of considering biological rhythms
when studying the therapeutic actions of proanthocyanidins in MS-

associated diseases in order to maximize their benefits.
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RESUMEN

Los ritmos bioldgicos son mecanismos de cronometraje internos que
permiten a los organismos adaptarse y anticiparse a los cambios ciclicos del
entorno causados por la rotacién de la tierra alrededor de su eje (ritmos
circadianos) y del sol (ritmos circanuales). La alteracion de estos
mecanismos estd asociada al deterioro de la homeostasis metabdlica.
Actualmente, el consumo excesivo de alimentos caldricos no sélo favorece
la disfuncién metabdlica, sino que también provoca alteraciones circadianas
conduciendo al sindrome metabdlico (SM) y a la enfermedad del higado
graso no alcohoélico (HGNA). Las proantocianidinas, incluido el extracto de
proantocianidina de semilla de uva (GSPE), son metabolitos vegetales
secundarios, beneficiosos para tratar enfermedades metabédlicas. El GSPE es
capaz de modular el reloj circadiano, influyendo en el ritmo de los procesos
metabdlicos. Por consiguiente, el objetivo principal esta tesis fue evaluar si
los ritmos diurnos (dia/noche) y estacionales (fotoperiodos) pueden influir
en los efectos beneficiosos del consumo de GSPE en el metabolismo
hepatico. Para ello, realizamos experimentos con animales y analizamos
parametros lipidicos y la glucidicos en sangre e higado relacionandolos con
la funcidn del reloj hepatico. Primero, evaluamos la alteracidn de los ritmos
metabolicos hepaticos causada por una dieta obesogénica y demostramos
que el efecto restaurador del GSPE depende del momento de
administracién. Mayores beneficios se observaron cuando se administro
GSPE al inicio de la fase oscura, el comienzo de la fase activa en ratas. Luego,
determinamos que el efecto del GSPE sobre las hormonas séricas y el
metabolismo hepatico es dependiente del fotoperiodo en condiciones
fisioldgicas. Por dltimo, evidenciamos la influencia de la duracién del dia en
los efectos beneficiosos del GSPE sobre SM y el HGNA. Estos resultados
manifiestan la importancia de considerar los ritmos bioldgicos al estudiar
las acciones terapéuticas de las proantocianidinas en las enfermedades

asociadas a SM para maximizar sus beneficios.
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RESUM

Els ritmes biologics sén mecanismes de cronometratge interns que
permeten als organismes adaptar-se i anticipar-se als canvis ciclics de
I'entorn causats per la rotacié de la terra al voltant del seu eix (ritmes
circadians) i del sol (ritmes circanuals). L'alteracié d'aquests mecanismes
esta associada al deteriorament de I'homeostasi metabolica. Actualment, el
consum excessiu d'aliments calorics no només afavoreix la disfuncio
metabolica, sind que també provoca alteracions circadianes conduint a la
sindrome metabolica (SM) i a la malaltia del fetge gras no alcoholic (HGNA).
Les proantocianidines, inclos l'extracte de proantocianidines de llavor de
raim (GSPE), s6n metabolits vegetals secundaris, beneficiosos per tractar
malalties metaboliques. El GSPE és capa¢ de modular el rellotge circadia,
influint en el ritme dels processos metabdlics. Per tant, I'objectiu principal
aquesta tesi va ser avaluar si els ritmes dilirns (dia/nit) i estacionals
(fotoperiodes) poden influir en els efectes beneficiosos del consum de GSPE
en el metabolisme hepatic. Per aix9, realitzem experiments amb animals i
analitzem parametres lipidics i glucidics en sang i fetge relacionant-los amb
la funcié del rellotge hepatic. Primer, avaluem l'alteracié dels ritmes
metabolics hepatics causada per una dieta obesogenica i demostrem que
I'efecte restaurador del GSPE depeén del moment d’administracié. Més
beneficis es van observar quan es va administrar GSPE a l'inici de la fase
fosca, el comencament de la fase activa en rates. Després determinem que
1'efecte del GSPE sobre les hormones seriques i el metabolisme hepatic és
dependent del fotoperiode en condicions fisioldogiques. Finalment,
evidenciem la influéncia de la durada del dia als efectes beneficiosos del
GSPE sobre SM i HGNA. Aquests resultats manifesten la importancia de
considerar els ritmes bioldgics en estudiar les accions terapeutiques de les
proantocianidines en les malalties associades a SM per maximitzar-ne els

beneficis.
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ABBREVIATIONS

ACC Acetyl-coenzyme A carboxylase

ADP Adenosine diphosphate

AGPAT1/2 1-acylglycerol-3-phosphate O-acyltransferase 1/2
Akt Akt serine threonine kinase

AMP Adenosine monophosphate

AMPK Adenosine monophosphate-activated protein kinase
AP-1 Activator protein 1

ATF4 /6 Transcription factor 4/6

ATP Adenosine triphosphate

AVP Arginine vasopressin

BCAAs Branched-chain amino acids

BMAL1 Brain and muscle Arnt-like 1

CAF Cafeteria diet

cAMP Cyclic adenosine monophosphate

CD36 Cluster of differentiation 36, Fatty acid translocase
CHGA Chromogranin A

CHOP CCAAT /enhancer binding homologous protein
CLOCK Circadian locomotor output cycles kaput
CPT1 Carnitine palmitoyltransferase 1

CRF Corticotrophin-releasing factor

CRY Cryptochrome

CS Citrate synthase

CSNK18/ € Casein kinase 1 delta/epsilon

CVDs Cardiovascular diseases

CYP7A1 Cholesterol 7 a-hydroxylase

DGAT?2 Diacylglycerol O-acyltransferase 2

DIO2 Type Il iodothyronine deiodinase

DIO3 Type Il iodothyronine deiodinase

DMSO Dimethylsulfoxide

DNM2 Dynamine 2

DRP1 Dynamin-related protein 1
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ERAD Endoplasmic reticulum (ER)-associated degradation
EYA3 Eyes absent 3

F344 Fischer 344

FASN Fatty acid synthase gene

FATPS5 Fatty acid transporter 5

FGF15 Fibroblast growth factor 15

FIS1 Fission 1

FXR Receptor farnesoid X receptor

G6P Glucose-6-phosphate

G6Pc Glucose-6-phosphatase, catalytic subunit
G6PD Glucose-6-phosphate dehydrogenase

GC-qTOF Gas chromatography coupled with quadrupoletime-of-flight mass
spectrometry

GK Glucokinase

GLUT2 Glucose transporter 2

GLUT4 Glucose transporter 4

GPAT Glycerol-3-phosphate acyltransferase
GRP78 Glucose-regulated protein 78
GSK3 Glycogen synthase kinase 3 beta
GSPE Grape seed proanthocyanidin extract
HDL High density lipoprotein

HFD High-fat diet

HPA Hypothalamic pituitary adrenal

HPLC/ESI-MS/MS High-performance liquid chromatography/electrospray
ionization tandem mass spectrometry

IL-6 Interleukin 6

IMM Inner-mitochondrial-membrane
IR Insulin resistance

IRE1a Inositol-requiring enzyme 1la
IRS-1 Insulin receptor substrate 1
JNK c-Jun N-terminal kinase 1

L12 12 hours of light/day

L18 18 hours of light/day
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L6 6 hours of light/day

LDL Low density lipoprotein

LPIN1/2 Lipin 1/2

MESOR Midline Estimating Statistic of Rhythm

MFN1/2 Mitofusin 1/2

miR MicroRNA

MS Metabolic syndrome

mTORC1 /2 Mammalian target of rapamycin complex 1/2
NAD Nicotinamide adenine dinucleotide

NAFLD Non-alcoholic fatty liver disease

NAMPT Nicotinamide phosphoribosyltransferase

NASH Nonalcoholic steatohepatitis

NF-xB Nuclear factor kappa B

NPAS2 Neuronal PAS domain protein 2

NR1D1 Nuclear receptor subfamily 1, group D, member 1
OMM Outer mitochondrial membrane

OPA1 Optic atrophy 1

p Phosphorylated

PACs Proanthocyanidins

PARKIN Parkin RBR E3 Ubiquitin Protein Ligase
PAS-bHLH PAS-basic helix-loop-helix transcription factor
PCA Principal component analysis

PCK1 Phosphoenolpyruvate carboxykinase 1

PER Period

PERK protein kinase RNA-like endoplasmic reticulum kinase
PFKL Phosphofructokinase 1, liver type

PGCla/ B Peroxisome proliferator-activated receptor gamma coactivator
1-alpha/beta

PI3K Phosphatidylinositol 3-kinase

PINK1 PTEN-induced kinase 1

PLS-DA Partial least squares discriminant analysis
PPARa«a Peroxisome proliferator-activated receptor alpha

PT Pars tuberalis
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RORE ROR/REV-ERB-response element

RORa RAR-related orphan receptor alpha

ROS Reactive oxygen species

SCN Suprachiasmatic nucleus

SGLT1 Sodium/glucose cotransporter 1

SHP Small heterodimer partner

SIRT1 Sirtuin 1

SLC2AZ2 Solute Carrier Family 2 Member 2
SREBP1 Sterol regulatory element-binding protein 1
SS simple steatosis

STD Standard diet

T2DM Type 2 diabetes mellitus

T3 Triiodothyronine

T4 Thyroxine

TAG Triacylglycerol

TCA Tricarboxylic acid

TH Thyroid hormone

TNF-a Tumor necrosis factor alpha

TSHf Thyroid stimulating hormone beta

UCP2 Uncoupling protein 2

UPR Unfolded protein response

VH Vehicle

VIP Vasoactive intestinal peptide

VLDL Very low-density lipoproteins

ZT Zeitgeber time

«a-HB 2-hydroxybutyric acid, alpha-hydroxybutyrate
B-HB 3-hydroxybutyric acid, beta-hydroxybutyrate

10



UNIVERSITAT ROVIRA I VIRGILI

THE INFLUENCE OF BIOLOGICAL RHYTHMS ON THE BENEFICIAL EFFECTS OF GRAPE SEED PROANTHOCYANIDIN
EXTRACT (GSPE) ON LIVER METABOLISM IN HEALTH AND DISEASE

Romina Mariel Rodriguez

[. INTRODUCTION




UNIVERSITAT ROVIRA I VIRGILI

THE INFLUENCE OF BIOLOGICAL RHYTHMS ON THE BENEFICIAL EFFECTS OF GRAPE SEED PROANTHOCYANIDIN
EXTRACT (GSPE) ON LIVER METABOLISM IN HEALTH AND DISEASE

Romina Mariel Rodriguez



UNIVERSITAT ROVIRA I VIRGILI
THE INFLUENCE OF BIOLOGICAL RHYTHMS ON THE BENEFICIAL EFFECTS OF GRAPE SEED PROANTHOCYANIDIN
EXTRACT (GSPE) ON LIVER METABOLISM IN HEALTH AND DISEASE

Romina Mariel Rodriguez

4
4

Y

INTRODUCTION

1 BIOLOGICAL RHYTHMS

Due to its rotation, the earth is periodically exposed to the radiation of the
sun, which generates predictable changes in light and temperatures in
addition to fluctuations in relative humidity of the air and oxygen in
aquatic environments [1]. Therefore, almost every living organism on
earth faces fluctuating environmental conditions. As a result, most species
have evolved internal timing mechanisms that enable them to anticipate
and cope with these rhythmic changes in the environment, thereby
ensuring their survival [2]. These resulting timing mechanisms are known
as circadian, from Latin circa meaning “around” and diem meaning “day”,

or circannual (around a year) rhythms.
1.1 Properties of Circadian Rhythms

The first property of circadian rhythms was demonstrated more than 200
years ago by the French geophysicist, astronomer and most notably,
chronobiologist, Jean-Jacques d'Ortous de Mairan, who placed his Mimosa
plant, which rises its leaves by day and lowers them by night, inside his
closet under constant darkness, isolated from diurnal variation on day
light [3]. He was surprised to observe that the plant continued to open and
close its leaves on the same schedule. By doing this he proved circadian
rhythms have a self-sustained nature. In other words, almost all diurnal
rhythms that occur under natural conditions are also observed under
laboratory conditions despite the absence of external cues such as

constant light or constant darkness [4].

Under constant conditions, the time that it takes to complete one cycle of a
circadian oscillation is known as the free-running period. This brings us to
the second distinctive attribute of circadian rhythms: these cycles persist

with a period that approximates but does not equal 24 hours [5]. The
13
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period offset from 24 hours is not a result of imprecision but rather is an
important hallmark of circadian rhythm. This near 24-hour period is
necessary for the circadian rhythm to achieve a stable phase relation with
the environmental cycle, allowing organisms to adapt more precisely to
seasonal changes in day length [6]. In fact, Pittendrigh showed that this
deviation from the 24-hour cycle provides an opportunity for the internal
time-keeping system to continuously align by and to the light-dark cycle
[7]. As a result of the continuous adjustment of the expressed rhythms
(controlling the timing or phase) a little drift is allowed prior to the

rhythm being reset to its correct phase, giving more precise control.

The third characteristic feature of circadian rhythms, and one of the most
important ones, is their capability to be synchronized by external stimuli,
such as the light-dark cycle. The act of synchronizing a rhythm with an
external cue is called entrainment. Therefore, under normal conditions,
circadian rhythms are not free running, rather, they are entrained to the

local environment.

Therefore, a rhythm is considered to be “circadian” if the oscillation has a
period of approximately 24 h and continues in constant conditions, this
means is not driven by responses to periodic external time cues or
“Zeitgebers” (from German: time-giver) but can be also synchronized or

entrained by environmental time cues.
1.2 Circadian Rhythms parameters

A rhythm can be defined as a regularly repeating oscillation, which its unit
of repetition is called a cycle. When studying biological rhythms, there are
certain rhythmic parameters that are usually measured, including period,

phase, amplitude and MESOR (Midline Estimating Statistic of Rhythm) [8].

The period represents the duration of time necessary to complete one
cycle, normally measured from peak to peak (Figure 1A). In the case of a

circadian rhythm, as its name implies, the period lasts approximately 24

14
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hours (one day), while circannual rhythms have a period of about one year
[9]. Phase, also known as acrophase, is the time that separates the
maximum of the variation (the peak), from the origin or reference time
point (Figure 1B). Amplitude refers to half of the difference between the
highest and the lowest point, the peak and trough respectively, of a certain
variable (Figure 1C) [10]. The overall average of a rhythm will not be
correctly represented by the arithmetic mean of the values as it will be
biased towards the higher density of the samples. Therefore, it is necessary
to calculate a rhythm-adjusted mean defined by a mathematical model
such as the cosine curve [11]. This parameter is called MESOR and
represents the value midway between the highest and the lowest values of

the sinusoidal function or cosine procedure [12] (Figure 1D).

Reference

A Period B Acrophase
Time
¢Acrophase

>
Period T .
| Rhythmic
! Function
]
1 L Time
Rhythmic/”
Function

C Amplitude D MESOR

NS Py

Double Amplitude

Figure 1. Definition of parameters of a rhythmic function. Adapted from [13].
1.3 The mammalian circadian system

In order to adapt and anticipate daily environmental changes, most
organisms have developed a synchronization system, the so-called

molecular circadian clock system [14]. In mammals, this complex and

15
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coordinated system is composed of a central and several peripheral clocks
that display endogenous oscillations of approximately 24 hours regulating
many physiological processes such as feeding, sleep-wake, locomotor

activity and metabolic homeostasis [15].
1.3.1 The Central Circadian Clock

The persistence of a rhythm in the absence of an external Zeitgeber, such
as the dark-light cycle, certainly could be indicative for the presence of an
internal timekeeper mechanism or biological clock. In fact, nowadays it is
well known that mammals possess a central pacemaker that coordinates
their behavior and metabolism in accordance with the rising and setting of
the sun [16]. This master clock resides in the suprachiasmatic nucleus
(SCN), which is located in the anterior region of the hypothalamus
immediately dorsal, or superior (hence supra) to the optic chiasm (Figure
2). The SCN contains roughly 20.000 neurons, which form a neuronal
network responsible for controlling circadian rhythms [17]. External
information is received from the photosensitive ganglion cells of the retina
via the retinohypothalamic tract to the SCN, generating neuronal and
hormonal responses that regulate many different body functions in a 24-

hour cycle [18].

There are two distinct sections of the SCN, depending on the neuropeptide
expression. Vasoactive intestinal peptide (VIP)-expressing cells form the
SCN core. In response to light, the retina sends information to the VIP part,
which triggers gene expression and allows synchronization and
entrainment [19]. The other section consists mainly of arginine
vasopressin (AVP) expressing cells. Inputs to AVP primarily come from the
cortex, basal forebrain, and hypothalamus. Hence, once SCN integrates
direct photic input from the retina through the optic nerve and from other
brain regions, it sends information to other hypothalamic nuclei as well as

to the pineal gland in order to modulate hormone productions, including

16
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melatonin, forming a network of neuronal and hormonal connections that

affect all parts of the body [20].

Retinohypothalamic
tract

The Hypothalamus Paraventricular nucleus

ps

Ventromedial
nucleus

Preoptic nucleus

(medial) Anterior

nucleus

Suprachiasmatic
nucleus

Mammillary body

Optic nerve —-A/

Optic chiasm Supraoptic nucleus

Pituitary gland

Figure 2. The master clock resides in the suprachiasmatic nucleus (SCN) of the

hypothalamus. Adapted from [21].
1.3.2 Molecular components of circadian clocks

In the past decades remarkable progress has been made in understanding
the molecular process that is responsible for the generation of rhythmicity
in the SCN. It is now widely accepted that the circadian timekeeping
system consists of a cell-autonomous transcription-translation auto-
regulatory feedback loop involving a core set of genes that are highly

conserved among animals [22].

The molecular components of the mammalian circadian clock consist of
several transcription factors including Circadian Locomotor Output Cycles

Kaput (CLOCK) and its paralogue neuronal PAS domain protein 2 (NPAS2),

17
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which form together with Brain-muscle Arnt like 1 protein (BMAL1) the
positive arm of this core loop, whereas Period (PER 1,2,3) and
Cryptochrome (CRY 1,2) constitute the negative arm [23]. During the day,
CLOCK which is a PAS-basic helix-loop-helix transcription factor (PAS-
bHLH), interact with BMAL1 through its bHLH-PAS domains to drive the
expression of several clock-controlled genes, including those encoding
their own inhibitors, Per and Cry, by binding to the E-box element present
in the promoter of these genes [24]. Consequently, the resulting PER and
CRY proteins after reaching a critical concentration heterodimerize,
translocate to the nucleus and interact with the CLOCK-BMAL1 complex in
order to hamper their own transcription [25]. This PER-CRY repressor
complex is degraded during the night, allowing CLOCK-BMAL1 complex to
restore the cycle of transcription [26,27]. It takes approximately 24 hours
to complete the entire cycle with CLOCK-BMAL1 being high during the
light period and PER-CRY being elevated during the dark period regardless
of whether the animal is diurnal or nocturnal. There is a secondary loop,
although it is not involved in rhythm generation, which is believed to
confer stability and robustness to the molecular clock, by controlling the
phase and the amplitude of gene expression [28]. The elements in this
feedback loops include the nuclear receptor subfamily 1 group D (NR1D1)
also known as reverse rythroblastosis virus alpha (Rev-Erba), its paralog
REV-ERB beta (NR1D2) and retinoic acid related-orphan receptors RORs.
All of them bind to the retinoic acid-related orphan receptor response
elements (ROREs) in CLOCK and BMAL1 regulatory sequences. While REV-
ERBs strongly represses Bmall transcription, RORs positively regulate
expression of CLOCK and BMAL1. Rev-Erbs and RORs are transcriptionally
controlled by the same mechanism as that of Per and Cry genes. CLOCK-
BMAL1 complex activates transcription of Rev-Erba and Rev-Erbfs, which
subsequently compete with ROR, in order to inhibit transcription of Clock
and Bmall. Therefore, it is called the second negative regulatory feedback

loop in the circadian clock system [29] (Figure 3).
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Figure 3. Molecular machinery of the circadian clock. Extracted from [30].

The CLOCK:BMAL1 heterodimer also regulates the transcription of many
clock-controlled genes by binding to the E-boxes of their promoters [31].
One of the most important is the nicotinamide phosphoribosyl transferase
(Nampt), which encodes for the rate-limiting enzyme in NAD+ biosynthesis

[32].

Recent evidence has shown that circadian clock proteins have also another
post-translational control which involves the phosphorylation by multiple
kinases of these circadian transcription factors. PER proteins are
phosphorylated by Casein kinase 1 delta and epsilon (CSNK18§ and
CSNK1g), thereby reducing their stability, and targeting them for
polyubiquitylation and degradation by the 26S proteasomal pathway.
Meanwhile, PER1 and PER2, which have been accumulating during the
night, are progressively phosphorylated, ensuring to complete correct
cycle of clock genes transcription [33]. Moreover, SIRT1, a NAD+-

dependent protein deacetylase, promotes the deacetylation and
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degradation of PER2 [34]. In addition, positive regulators CLOCK and
BMAL1 are phosphorylation targets of glycogen synthase kinase 3 beta
(GSK3B) which reduces their stability and increases transcriptional
activity [35]. In hepatocytes, BMAL1 is also phosphorylated at Serine 42 by
the protein kinase B, also known as Akt2, to promote its cytoplasmic
localization [36]. Another study demonstrated that phosphorylation of
CLOCK by AKT on Serine 845 regulates its nuclear translocation and
consequently the circadian genes expression levels in insulin sensitive
tissues, such as liver and skeletal muscle [37]. Likewise, it has been
determined that the AMP-activated protein kinase (AMPK) can stimulate
NAMPT transcription through phosphorylation and inhibition of CRY [38].
Altogether, these post-translational modifications and subsequent
degradation of circadian clock proteins are crucial steps for determining
circadian periodicity of the clock. As a matter of fact, 5 to 10 per cent of
transcripts in any given tissue are thought to be expressed in a circadian
manner [39]. Thus, to maintain a correct circadian expression of the
transcriptome, the activity of these transcription factors must be tightly

controlled.
1.3.3 The circadian clock in peripheral tissues

In the past decades, researchers have been surprised to evidence that
these circadian rhythms could persist in isolated tissues from lungs, livers,
and other tissues grown in a culture dish (i.e., in vitro) that were not under
the control of the SCN [40]. Thus, revealing the presence of circadian
clocks in several peripheral organs and tissues outside the brain. This was
confirmed by experiments using damaged-SCN animals in which circadian
rhythms of peripheral tissues were not abolished, suggesting the existence
of organ-specific synchronizers of circadian rhythms at the cell and tissue
levels [41]. It is now well established that circadian clocks are widely
distributed in almost every cell in mammals and exhibit tissue-specific

rhythmicity, driven by the master circadian clock in the SCN. These so-
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called peripheral clocks are able to generate oscillations with a periodicity

of roughly 24 h in a self-sustained manner [42].

Several studies using gene expression techniques such as microarrays,
demonstrate that the same molecular components present in the SNC are
responsible for circadian oscillations in peripheral tissues [43,44].
Although peripheral oscillators are coordinated by the central pacemaker,
they are only weakly coupled to the SCN. In this sense, an experimental
design where ‘jet lag’ was induced in rats by advancing or delaying 6 hours
the light cycle demonstrate SCN can quickly adjust to the switch whereas it
took over a week for peripheral clocks to re-synchronize [40].

Synchronization takes place via neural, hormonal, and behavioral signals.

Regardless of the progress in the area, it remains unclear how central
control of circadian rhythms by the SCN is transferred to the periphery.
Two mechanisms about how the pacemaker in the SCN transduces its
regulation of the peripheral tissue clocks have been proposed. The first
one involves the sympathetic and parasympathetic nervous systems, as
both receive input from the hypothalamus and change their activity with
the light/dark cycle. Neurons of the autonomic nervous system innervate
almost all peripheral organs and tissues including muscle, heart, kidney,
liver, pancreas, white adipose tissue, and ovary. Moreover, the sympathetic
branch regulates the output of melatonin through innervation of the pineal
gland. Melatonin, secreted from the pineal gland during the dark period,
plays a major role in the regulation of sleep and wake cycles [45]. The
second mechanism providing circadian rhythmicity to peripheral tissues is
the hypothalamic pituitary adrenal (HPA) axis, responsible for the
neuroendocrine adaptation component of the stress response [46,47]. This
response is characterized by hypothalamic release of corticotrophin-
releasing factor (CRF). The SCN innervate and imparts circadian
rhythmicity to hypothalamic neurons responsible of producing CRF. Once

CRF binds to its receptors on the anterior pituitary gland, triggers the
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secretion of adrenocorticotrophic hormone. This hormone stimulates
adrenal cortex to synthesize and release glucocorticoids in a rhythmic way.
Unlike melatonin release, light has not such influence on the HPA axis,
enabling both diurnal and nocturnal animals to phase shifting. For diurnal
animals, glucocorticoids, cortisol for instance in case of humans, peak
during the transition from the dark/inactive period to the light/active
period, and for nocturnal animals the peak occurs in the opposite way [48].
Essentially, rhythmic glucocorticoid secretion enables animals to prepare
for the approaching period of activity and feeding and may influence gene

expression in virtually all tissues.

Hence, peripheral oscillators located in many peripheral organs such as
liver, pancreas, kidney, heart, skeletal muscles, and adipose tissues, are
controlled at multiple levels. Apart from the entraining signals they receive
from the central clock, other factors such as food, immune challenges,
stress, locomotor activities, and circulating hormones such as
glucocorticoids and the circadian variation in body temperature can also
potentially act as entraining cues for peripheral clocks, allowing cell-
autonomous peripheral oscillators to operate independently of the SCN
[49,50] (Figure 4). Therefore, although there is a central pacemaker, it
rarely has exclusive control over the multiple clocks within the body of a

multicellular organism.
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Figure 4. Entrainment of peripheral clock by the SCN and external cues. RHT,
retinohypothalamic tract. Adapted from [51].

1.4 Circannual Rhythms

At the same time as the Earth rotates around its axis, it is also moving
around the sun, creating circannual rhythms, which determines the day
length variations and seasons [52] (Figure 5). Circannual rhythm is an
evolutionary process that relies on long-term timing mechanisms residing
in all tissues, but with dominant pacemaker systems in the brain and
pituitary gland, synchronizing the annual environmental cycle, notably
photoperiod, with physiological and behavioral processes [53,54]. Thus, in
natural conditions, circannual rhythm is mainly determined by light,
responding to the absolute day length of the seasons [55]. This year-round
clock allows organisms to measure changes in the seasons, enabling them

to adapt to the environmental variations [56]. In this regard, many
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biological activities, including migration and reproduction, are restricted

to a specific period of the year [57].

Spring
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~ utumn -
~ \) - - ’7 -
The LD cycle The Seasons
1. Rotation 2. Orbit
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/ 124 0N s - Circannual Clock ~~ o _ -

Circadian clock

‘Alternation of generations’

Figure 5. Endogenous clocks anticipate the Earth's periodicity. The circadian
clocks anticipate the time of day and circannual clocks predict the seasons. LD,
light/dark. Adapted from [54].

1.4.1 Central Circannual Pacemakers

In mammals, significant progress has been made on characterizing the
central circannual timing system [58,59]. In this sense,
melatonin-responsive thyrotroph cells residing in the pars tuberalis (PT) of
the hypophysis have been pointed out as the master regulators of seasonal
biology due to its function as the first transducer of the photoperiodic
signal [60]. Information about the length of the day is sent to the pineal
gland which, as was mentioned before, produces the melatonin hormone.
Seasonal variations in darkness length determine the duration of

melatonin release by the pineal gland, acting over melatonin-sensitive
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tissues that control specific aspects of seasonal physiology and behavior
[61,62]. In addition, the transcriptional coactivator eyes absent 3 (EYA3),
which is modulated by CLOCK-BMAL1 heterodimer, plays a pivotal role in
the regulation of seasonal responses entrained by the photoperiod,
inducing transcription of the thyroid stimulating hormone beta (TSHf3)
subunit in the PT thyrotroph cells [63]. As it is a clock-controlled gene
product, EYA3 protein displays circadian patterns increasing its
expression 12 hours after the onset of darkness [63]. Thus, in long days it
reaches its peak in light conditions whether in short days its expression is
mainly decreased by melatonin release due to dark conditions. Therefore,
activation of transcription co-activators EYA3 and TSHP proteins via
exposure to long photoperiod melatonin signals initiates the summer
neuroendocrine response together with suppression of chromogranin-A
(CHGA) production in thyrotroph cells in the PT [54]. Moreover, tanycytes,
ependymal cells found in the third ventricle of the brain, have proven to be
involved in the generation and maintenance of the circannual timing
system, regulating the hormonal and gene pathways that orchestrate the
circadian phenotype [64]. In this sense, during long day season, PT-
derived TSHP enhance the transcription of type Il iodothyronine
deiodinase (DIO2) in tanycytes, which in turn promote the activation of
thyroid hormones (TH), converting the inactive form thyroxine (T4) to the
active triiodothyronine (T3). Meanwhile during short day season, Dio2
expression is inhibited, and the expression of type Il iodothyronine
deiodinase (Dio3) is promoted which catalyzed the conversion of T3 into
the inactive form rT3 or T4 into inactive diiodothyronine (T2) [65] (Figure
6).
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Figure 6. Molecular mechanisms involved in the physiological response to

seasonal day length variations. T, tanycytes. Adapted from [52].
1.5 Chrononutrition

Circadian timing and metabolic physiology have recently been associated
with nutrition, creating a relatively new area of research [66]. In fact, the
term "Chrononutrition” first appeared in a Japanese book about nutrition
and health published in 2005 [67]. In addition to studying how timing of
food consumption and biological rhythms may impact our health and
metabolism, Chrononutrition also investigates how nutrition (composition
of meals and portion sizes) may influence our internal clocks [68]. This
discipline specifically proposes that nutrients can modulate the circadian
clock system [57], and that alterations of biological clocks can negatively

impact the consumption and timing of meals [69,70].
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2 CIRCADIAN RHYTHMS IN LIVER FUNCTION

In terms of circadian transcription, the liver is the most extensively studied
organ. A bunch of independent studies have revealed that about 1000
transcripts exhibit circadian expression in the hepatic tissue [71-75].
However, recent proteomic and metabolomic studies have shown that
some metabolic enzymes display oscillations whereas their transcripts are
relatively constant throughout the day, demonstrating that
posttranscriptional mechanisms are also involved in circadian regulation
of liver functions [76-78]. Notably, but not unexpectedly, most of the
rhythmically expressed hepatic genes encode for key enzymes involved in
metabolic pathways and energy homeostasis [20]. In this sense,
carbohydrate, lipid, amino acid and bile acid metabolism, xenobiotics’
detoxification and synthesis of plasma protein are carried out by the liver
and rhythmically regulated by its clock. The hepatic rhythmicity is able to
oscillate the expression of genes related to all these metabolic pathways
and also the inflammatory, oxidative stress and mitochondrial dynamic
pathways [79,80]. Thus, the liver is a crucial and essential player in
metabolism as key physiological functions are subject to daily oscillations

and regulated by its circadian clock (Figure 7).
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Figure 7. Signals influencing liver peripheral clock and liver circadian clock

regulated functions. Adapted from [81].

Time-related changes in gene expression are crucial to ensure the proper
functioning of incompatible metabolic processes that are taking place in
the liver [82]. As an example, simultaneous high expressions of glycogen
synthase and glycogen phosphorylase would not enable glucose to be
converted into glycogen and vice versa during the absorptive and
postabsorptive phases, respectively. Thus, it is likely that there is a
physiological meaning behind the temporal separation into different time
windows of expression of these two enzymes in the liver [83]. Therefore,

the antiphasic expression of genes involved in chemically incompatible
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processes may constitute one of the major tasks of the hepatic circadian

clock [84].
2.1 C(Circadian rhythms in carbohydrates metabolism

The liver is a central metabolic organ and its role in homeostasis of glucose
metabolism has been well studied [85,86]. The first step in glucose
metabolism involved the transport of glucose into hepatocytes. This action
is accomplished by the GLUTZ transporter [87]. Loss of GLUT2 circadian
expression was observed in mice with liver-specific deletion of Bmall
leading to metabolic glucose abnormality [88]. Once inside the cell, glucose
is rapidly phosphorylated to glucose-6-phosphate by the enzyme
glucokinase (GK), which acts as a blood glucose sensor maintaining hepatic
glucose homeostasis, together with glycogen phosphorylase enzyme
[89,90]. Expression of GK was observed to undergo circadian control
reaching its peak during the transition from the rest phase to the active
phase [91,92]. Furthermore, insulin and glucagon, which play a key role in
the regulation of glucose metabolism, were found to exhibit rhythmicity
[93,94]. Thus, their rhythmicity patterns are transmitted to the liver via
their signaling pathways [92]. Insulin, for instance, influences glycogen
synthase activity by controlling the expression of glycogen synthase kinase
3 in a circadian manner; and regulates REV-ERB stability which has an

impact on the rhythmic regulation of other metabolic processes [95,96].
2.2 Circadian rhythms in lipid and bile acid metabolism

In lipogenesis acetyl-CoA is transformed into malonyl-CoA by the rate-
limiting enzyme ACC1. Circadian control of this step is provided by AMPK,
which inhibits fatty acid synthesis and stimulates -oxidation through the
inactivation of ACC1. Additionally, the transcription of Elovi3 and Fasn,
which encodes important enzymes in de novo synthesis of fatty acids, are
subjected to circadian regulation [97]. Circadian control has been also
observed in 3-oxidation and ketogenesis processes through the expression

of Cptl/2 and Hmgcs2 genes, respectively [98,99]. Moreover, crucial genes
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encoding enzymes in charge of triglyceride biosynthesis such as Gpat2,
Agpatl/2, Lpinl/2, and Dgat2, exhibit rhythmic expressions, thus resulting
in oscillations of hepatic triglycerides [100]. In addition, it was observed
that hepatic production of phosphatidylcholine, the most abundant
phospholipid in VLDL, is regulated by REV-ERBa/3 [101].

The NAD+-dependent deacetylase SIRT1 has been shown to activate many
important metabolic players, including AMPK, PPARG coactivator 1 alpha
(PGCla), peroxisome proliferator-activated receptor alpha (PPAR«), a
nuclear receptor that regulates lipid metabolism, sterol regulatory
element-binding protein 1c (SREBP-1c), a transcriptional factor that
regulates the activation of de novo lipogenesis in the liver, and CLOCK-
BMAL1 heterodimer. Furthermore, PGCla activates PPARa, and both are
able to increase the activity of the CLOCK-BMAL1 heterodimer [102,103].
A key role in the crosstalk between the circadian clock and the metabolic
pathways is played by PGCla as it modulates hepatic gluconeogenesis,
fatty acid [-oxidation, and mitochondrial biogenesis. Furthermore, PGCla
is capable of sensing nutritional status and coordinate with the circadian
signals communicating extracellular inputs to the biological clock [104]. In
this sense, AMPK functions as a metabolic sensor and SIRT1 is mainly
responsible for the interaction between the circadian clock and

metabolism [105].

In the bile acid synthesis, the rate-limiting enzyme is cholesterol 7a-
hydroxylase (Cyp7al), and its transcription is known to be stimulated by
REV-ERBa [106]. Moreover, hepatics nuclear receptor farnesoid X receptor
(FXR) and small heterodimer partner (SHP), and intestinal hormone
fibroblast growth factor 15 (FGF15), which are under the control of
circadian clocks, are also in charge of the control of Cyp7al expression

[107].
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2.3 Circadian rhythms in mitochondrial homeostasis

An important parameter linking metabolism and the liver clock is
mitochondrial function [108]. Mitochondria are essential organelles for
cellular function and homeostasis due to, among other processes, the
production of ATP through oxidative phosphorylation [98]. They are
therefore critical in the regulation of energy metabolism [109]. In addition,
mitochondria are highly dynamic organelles in both form and function.
Their activities vary according to the nutritional state of the cell at
different times of the day [110]. In this sense, recent studies demonstrate
that mitochondrial functions, including mitochondrial dynamics,
biogenesis, and cellular respiration, undergo circadian regulation [98,111-
113]. Moreover, a variety of metabolites related to mitochondrial
metabolism, such as levels of NAD+ [114,115], ATP, ROS, and Krebs cycle
metabolites [116], were found to have rhythmicity, both in cultured cells
as well as in animal models. Additionally, daily oscillations in some
mitochondrial rate-limiting enzymes involved in lipid and carbohydrates
metabolism were observed to be dependent on clock proteins PER1/2 in
mice liver [117]. In consequence, it is likely to assume that these metabolic

rhythms also provide feedback into the clock functions [118].

Mitochondrial dynamics is the process by which mitochondria
continuously fuse (fusion) and divide (fission) and is involved in multiple
cellular functions. These two opposing processes are in balance to
maintain the morphology, mitochondrial function, and dynamic network of
the mitochondrion [109]. Indeed, it allows the mitochondrial cellular
network to modulate its bioenergetic properties according to the
nutritional demands of the organism, regulate mitochondrial motility and
act as a quality control mechanism by facilitating the removal of damaged
mitochondria through mitophagy [119]. In the cell, mitochondrial content
is determined by the balance between mitochondrial biogenesis and

mitophagy. While PGCla and PGC1p proteins are considered to be in
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charge of mitochondrial biogenesis, PINK1, PARKIN and BNIP3 are the key
proteins for mitophagy. On the other hand, mitochondrial fusion is
regulated by the GTPases MFN1 (Mitofusin 1), MFN2 (Mitofusin 2) and
OPA1 (Optic atrophy 1), while mitochondrial fission is controlled by the
GTPase DRP1 (Dynamin-related protein 1), DNM2 (Dynamine 2) and FIS1
(Fission 1) [120] (Figure 8).
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Figure 8. Representation of mitochondrial dynamics and the proteins involved.

Adapted from [121].

In the process of mitochondrial fragmentation, mitochondria become
rounder and smaller, however, in fusion, mitochondria undergo elongation
due to increased dimerization [122,123]. A possible model for circadian
control of mitochondrial homeostasis, depicted in Figure 9, suggests that
CLOCK-BMAL1 heterodimer may influence key proteins involved in
mitochondrial dynamics as well as it stimulates mitochondrial biogenesis
and mitophagy through activation of SIRT1, which interacts with the

transcription factor of PGCla involved in mitochondrial biogenesis.
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3 CIRCADIAN DISRUPTION AND METABOLIC DISEASES

There is growing evidence suggesting that circadian regulation is closely
linked to metabolic homeostasis, and that dysregulation of circadian
rhythms, as a consequence of the artificial light and air conditioning
invention, as well as sedentary lifestyles and the continued availability of
food, can lead to metabolic diseases. In turn, metabolic cues also interact
with the circadian system, providing feedback and thereby modulating

circadian gene expression and behavior [124].

3.1 Metabolic Syndrome

In mammals, the circadian clock plays a critical role in the liver by
regulating lipid, carbohydrate, and xenobiotic metabolism. Disturbance of
this rhythm has been implicated in several pathologies such as metabolic
syndrome (MS) [125]. The MS is an unhealthy status defined by a set of
components reflecting overeating, sedentary lifestyle, and the resulting
excess in adiposity (weight gain). The clustering of components includes
abdominal obesity, insulin resistance, hypertension, dyslipidemia, low

high-density lipoprotein (HDL) cholesterol and hyperglycaemia.
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Additionally, MS is characterized by increasing the risk of suffering type 2
diabetes mellitus (T2DM), cardiovascular diseases (CVDs) and non-

alcoholic fatty liver disease (NAFLD) [126].

Both animal and human studies have evidenced the involvement of
circadian misalignment in weight gain and obesity development [127-
132]. A high-fat diet [133,134], jet lag [135], mistimed feeding [136,137],
and shift work [138] have all been found to disrupt circadian alignment,
resulting in weight gain in human and animal experiments. Moreover,
mouse models lacking circadian clock genes developed obesity and MS
[139-143]. The association between circadian disruption and obesity in
humans has largely been investigated through observational studies
among shift workers. In this sense, a negative change in food consumption
patterns was observed on late-time workers [144-147], and social jet lag
individuals [148-150], leading to an increase in the risk for obesity, T2DM,
MS and CVDs [151].

3.2 Non-alcoholic fatty liver disease

An excessive accumulation of lipids due to disorders in liver lipid
metabolism could lead to the development of liver steatosis, which when
not related to chronic alcohol consumption, is called non-alcoholic fatty
liver disease (NAFLD). The term includes a wide spectrum of conditions
from simple steatosis (SS) to nonalcoholic steatohepatitis (NASH), through
fibrosis and cirrhosis which may progress to hepatocellular carcinoma

(HCO).

The NAFLD association with obesity has been well-established [152,153],
as it is considered the hepatic manifestation of the MS. Furthermore,
increasing prevalence and severity of NAFLD has been related to the rising
trends in obesity. In this regard, it is not surprising to confirm that the
prevalence of NAFLD in obese individuals is higher than that of the general

population (30%). Moreover, obesity seems to increase the liver-
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associated mortality among NAFLD patients [154]. Even though the vast
majority of NAFLD patients are obese, a few have normal weight and
normal body mass index. In these patients, it is believed that genetic rather

than environmental factors could play a central role[155].

Obesity is involved in both the initial process leading to SS, but also in its
progression to NASH. When the adipose tissue is unable to store an excess
of energy due to a high-calorie diet, the hepatocytes accumulate the extra
lipids leading to SS. This incapacity of hepatocytes to handle such excess of
fat facilitates inflammation and lipo-apoptosis, which are basic features of

NASH [156].

Being a disease with a complex pathophysiology, the development and
progression of NAFLD encompasses multifactorial causes. Day and
colleagues postulated the so-called double-hit hypothesis to try to explain
the etiology of hepatic steatosis. On one hand, the first impact (i.e, insulin
resistance) causes a metabolic change which increases lipolysis in adipose
tissue and creates an influx of free fatty acids into the liver. On the other
hand, the second impact appears when lipid accumulation becomes toxic
(lipotoxicity) and induces an oxidative stress response in the liver,

involving inflammatory processes [157].

Thus, the main cause of steatosis has been associated with insulin
resistance. When there is a failure of insulin binding or insulin receptor
substrate protein, a disruption in the balance between intracellular lipids
and glucose occurs, thus accumulating fatty acid metabolites into
hepatocytes. This induces defects in insulin signaling pathways due to
abnormal phosphorylation of insulin receptors through serine-kinase
activation and contributes to an insulin resistance state [158]. Insulin not
only is responsible for cell glucose uptake, but also has an anti-lipolytic
effect, which is impaired in insulin resistance states. As a result of the

decreased suppression of adipose tissue lipolysis and the inhibition of (-
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oxidation, hepatic lipids accumulation and de novo lipogenesis in the liver
takes place [159]. Additionally, hepatic triglyceride incorporation into new
VLDL and secretion is inhibited through microsomal triglyceride transfer
protein blocking, leading to dysregulation of VLDL metabolism and
secretion and accumulation of triglycerides in the liver, promoting
steatosis [160]. The exposure of hepatocytes to high lipid and
carbohydrate levels causes lipotoxicity and glucotoxicity, respectively, and

the consequent activation of inflammatory pathways.

However, according to Buzzetti et al., this point of view is too simplistic for
describing the development and progression of NAFLD where multiple
parallel factors, acting synergistically in genetically predisposed
individuals, are implicated. In this sense, it was proposed a new multiple
parallel-hit model in which there were other important factors like gut
microbiota and genetic inheritance are intimately associated with NAFLD

progression, aside from the aforementioned factors implicated [161].

The inflammatory state is characterized by abnormal cytokine production
such as TNF-a and IL-6, increased acute-phase reactants and other
mediators, and activation of a network of inflammatory signaling pathways
[162]. According to Hotamisligil, c-Jun N-terminal kinase 1-Activator
protein 1 (JNK-AP-1) and IxB kinase-nuclear factor kappa B (IKK-NF-kB)
are two main inflammatory pathways which are critically related to the
development of chronic inflammation in NAFLD [163]. If inflammation is
sustained for a significant period of time, activation of hepatic stellate cells,
that are responsible for liver fibrosis, occurs and the mechanism of hepatic
tissue regeneration are impaired. This can result in necrotic cell death,
apoptosis, and lead to NASH. Successively, these events predispose to

cirrhosis and, in many cases, can lead to liver cancer [164] (Figure 10).
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Figure 10. Molecular pathways in NAFLD pathogenesis. Adapted from [161].

Several studies on animals have linked circadian clock genes with the
pathogenesis of NAFLD [165]. In this sense, mice with whole-body or liver-
specific knockout clock genes or clock-controlled genes, such as Ppara,
developed hepatic steatosis [166-170]. Moreover, wild-type mice
subjected to HFD exhibit significantly changes in mRNA levels of clock
genes Bmall, Per1-3,and Cry 1-2 [171].

3.2.1 The Unfolded Protein Response

Many liver diseases, such as NAFLD, are associated with disruption of the
endoplasmic reticulum homeostasis, named ER stress. In response to this
disruption, the highly conserved signaling pathway called unfolded protein
response (UPR) is triggered. UPR is responsible for regulating protein
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synthesis and re-establishing homeostasis after a cell is stressed by
excessive protein load or accumulation of unfolded or misfolded proteins.
Moreover, the UPR seems to be related to lipid and membrane
biosynthesis, insulin activity, inflammation, and apoptosis [172,173]. In
addition, mitochondrial homeostasis and lipid metabolism are closely
related as it was demonstrated that the UPR activates SREBP-1c pathways,
consequently promoting lipid accumulation which aggravates ER stress
and UPR itself [174]. Furthermore, UPR also triggers JNK activation, which
activity is linked to insulin signalling impair and to the development of

inflammation and cell death [175].

Glucose-regulated protein 78 (GRP78) is a chaperone that binds unfolded
proteins and initiates the UPR activating three different pathways
involving three proteins: protein kinase RNA-like endoplasmic reticulum
kinase (PERK), the inositol-requiring enzyme 1a (IREla), and
transcription factor 6 (Atf6) [176]. Activation of PERK leads to the
selective translation of certain proteins and, on the other hand, also
promotes the translation inhibition of others during stress conditions.
Among these selected proteins there are the activating transcription factor
4 (Atf4) and CCAAT/enhancer binding homologous protein (Chop) [177].
While it provides transcriptional signals that promote ER homeostasis,
ATF4 can also induce the expression of the proapoptotic protein called
CHOP. Activated IRE1a splices XbpI mRNA and releases a transcriptionally
active XBP1s variant to alleviate the ER load [178]. On the other hand,
upon UPR activation, ATF6 translocates to Golgi and its proteolytic
maturation results in a transcriptional program to restore ER homeostasis
and support endoplasmic reticulum (ER)-associated degradation (ERAD).
ATF6 also induces CHOP expression and thus contributes to cell death

[179] (Figure 11).
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Figure 11. Triggering of the unfolded protein response due to ER stress. Extracted

from [180].

Cretenet and colleagues demonstrated that the IRE1la-XBP1 pathway
might be regulated by circadian rhythms in the liver. The authors observed
a rhythmically 12-hour expression of IREla and XBP1 in hepatocytes
[181]. Moreover, they observed that knockout-mice of the circadian clock
genes exhibit constitutive activation of the UPR pathway and, importantly,
showed a loss of circadian expression of enzymes involved in the
regulation of hepatic lipid metabolism and triglyceride accumulation

[181].

It has been demonstrated that activation of the UPR could trigger changes
in mitochondrial function and mitophagy. In this sense, the UPR stimulates
mitophagy to eliminate stress-damaged mitochondria, controls
mitochondrial bioenergetics by influencing the mitochondria-associated
membrane and impairs mitochondrial membrane potential [182].
Therefore, these mitochondrial alterations, cause depletion of
mitochondrial DNA, morphological and ultrastructural changes, variation
of the respiratory chain and mitochondrial B-oxidation dysfunction,

contributing to the pathogenesis of NAFLD [183]. Moreover, as a result of
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the increased lipid flux, the respiratory oxidation collapse, generating toxic
metabolites and excessive production of reactive oxygen species (ROS)
thereby contributing to worsening mitochondrial damage. Moreover, ROS
along with oxidized low-density lipoprotein (LDL) particles conduct to
inflammation and fibrosis via activation of Kupffer and hepatic stellate

cells [184].

3.2.2 Disturbances on Mitochondrial Dynamics

Mitochondrial fission and fusion are the most important structural
changes that occur in mitochondria. However, perturbations in the balance
between these two processes affect mitochondrial function and lead to

mitochondrial dysfunction [123].

Recent research links mitochondrial dynamics to energy demand and
nutrient intake, suggesting that mitochondrial changes serve as a
mechanism for metabolism to adapt to dietary demands [185]. In fact,
several studies have found that mitochondria play a crucial role in the
pathophysiology of metabolic disorders such as obesity, dyslipidemia and
NAFLD [186]. Neufeld-Cohena and collaborators showed that diurnal
regulation of mitochondrial respiration was lost in the liver of HFD mice
[117]. Moreover, it has been shown that obesity and excess energy intake
alter the balance of mitochondrial dynamics, thereby contributing to
progressive mitochondrial dysfunction and metabolic deterioration [109].
It is therefore suggested that excess dietary fat affects both mitochondrial
biogenesis, structure, and function [187,188]. Indeed, it has been found
that cells exposed to a nutrient-rich environment tend to maintain their
mitochondria in a fragmented state, whereas the mitochondria of starved
cells tend to be elongated [122]. Furthermore, it was observed that this
mitochondrial plasticity is lost as NAFLD progresses. The unbalance in
mitochondrial dynamics may disrupt mitophagy, leading to the
accumulation of damaged mitochondria, promoting oxidative stress, and

enhancing the UPR [189]. Consequently, altered mitochondrial dynamics
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may underlie the pathogenesis of NAFLD producing aberrant phenotype
organelles which may lead to more serious complications beyond fatty

liver (e.g., hepatocellular carcinoma) [190].

4 POLYPHENOLS

Polyphenols are secondary metabolites synthesized by plants in metabolic
pathways, which are commonly involved in chemical defense against
pathogens, UV radiation and other stress factors, as well as for nutrition

growth and reproduction [191].

They present a varied structure and, approximately more than 8.000
phenolic structures have been described, but not all of them are present in
all plant species [192]. The main characteristic of polyphenols is the
presence of at least two phenol rings and one or more hydroxyl

substituents in their structure [193].
4.1 (Classification of phenolic compounds

Based on their structures, and according to certain characteristics such as
the number of phenolic rings, the number and arrangement of their carbon
atoms and also the structural elements that can bind to the phenol ring (e.
g. sugars and organic acids), polyphenols can be classified into two main

families: flavonoids and non-flavonoids [194].
4.1.1 Flavonoids

The term flavonoid generally refers to phenolic compounds sharing the
same basic phenyl benzopyran chemical structure with a 15-carbon
skeleton of a C6-C3-C6 connected to two aromatic rings by a heterocyclic
ring [195]. Flavonoids can be classified into different subclasses depending
on the oxidation and hydroxylation pattern of the central ring: flavan-3-ols,
flavanones, flavonols, flavones, isoflavones, and anthocyanins [194],

(Figure 12).
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Figure 12. Flavonoid subclasses and their basic chemical structures. Adapted

from [194].

The most complex subclass of flavonoids are flavan-3-ols present in many
sources of food such as grapes, apricots, apples, cinnamon or cocoa beans
and beverages like wine, tea, or beer, and are responsible for giving them
the astringent and bitterness characteristic [196]. A particularity of this
group is that, unlike the other flavonoids, flavan-3-ols are not present in a
glycosylated form in food but either they appear in free forms or as gallic
acid esters [197]. They exist in both monomeric units, catechins, and in
oligomeric and polymeric forms, proanthocyanidins (PACs). PACs are
polymers of catechins linked by bonds between C4 and C8 or C6. Among
the various flavan-3-ols phenolic species (+)-catechin and (-)-epicatechin
are the most widespread in nature, although they are commonly
conjugated with gallic acid to form the so called gallate flavon-3-ols
(epicatechin gallate, catechin gallate, epigallocatechin gallate and
gallocatechin gallate) [198]. This group of phenolic compounds are widely
present in the human diet with different beneficial effects largely

demonstrated by the scientific community during the last years as
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antihypertensive, protective against MS, improving insulin resistance,

inflammation, and lipid metabolism [199].

Flavanones exist as hydroxyl, glycosylated, and O-methylated derivatives
and are extensively found in citric fruits, being naringenin of grapefruit
and hesperidin of orange the most popular ones [200]. Flavonols are the
most ubiquitous flavonoids found all over the plant kingdom [194]
commonly glycosylated, being kaempferol, quercetin, isorhamnetin, and
myricetin the principal dietary flavonols found not only in onions, broccoli,
curly kale, tomatoes, peaches, blueberries, and cherries, but also in
beverages like red wine and tea [201,202]. Flavones encompass the less
prevalent and hydrophobic flavonoids, which include apigenin, baicalein,
luteolin, wogonin and nobiletin present in the skin of citrus fruits as well
as in parsley, celery, and some herbs [203]. Isoflavones are found
exclusively in legumes, with daidzein and genistein being the main
representatives which are present principally in soybean [204].
Anthocyanins are water soluble pigments that confer the characteristic
red, blue, and purple color to plants. They are widely found in red grapes,
cherries, and berries, being cyanidin the most widespread anthocyanin

[205].
4.1.2 Non-Flavonoids

Non-flavonoid compounds include phenolic acids, stilbenes, lignans,
tannins and xanthones. The principal non-flavonoid of dietary significance
is represented by phenolic acids, mainly benzoic acid and cinnamic acid
derivatives. They are present in several fruits such as apricot, cherries
with higher concentrations in dried fruits, and also in eggplant, cereals and
spinach vegetables [206]. Stilbenes represent a small class of non-
flavonoids with resveratrol as the most common and studied compound in
this group. It can be found in grapes, peanuts, and berries, and has
demonstrated beneficial effects on human health [207]. Lignans are

widespread in the plant kingdom and form a large part of the human diet,
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being present in rice, legumes, seeds, and vegetable oils. The most relevant
dietary lignans are secoisolariciresinol, matairesinol, lariciresinol,
pinoresinol, medioresinol, and syringaresinol [208]. Tannins are water
soluble phenolic compounds which can be found in beans, berries, and
nuts [208]. Xanthones consist of a tricyclic xanthene-9-one structure

whose principal natural sources are mangosteen and mango fruit [209].
4.2 Polyphenols and health

Phenolic compounds, and particularly flavonoids, have been shown to
exert many beneficial effects on human health thus becoming a field of
interest for biomedical research. In this sense, there is increasing evidence
showing the anti-inflammatory, antimicrobial, anticancer, antiallergic, and
antioxidant attributes of these bioactive compounds [210-213]. There are
also a bunch of epidemiological studies associating the consumption of
phenol-rich fruits and vegetables with the protection against chronic
diseases, such as cardiovascular and neurodegenerative diseases [214-
217]. Their beneficial health properties rely on their interaction with key
intermediates of vital physiological processes, such as inflammatory and

stress responses as well as metabolic regulation [218].
4.2.1 Effects of Flavonoids on Metabolic Syndrome

A wide range of studies have demonstrated that flavonoids exert beneficial
effects in the prevention and management of several MS risk factors such

as obesity, dyslipidemia, hypertension, and insulin resistance [219-221].

The occurrence of obesity appears to precede the occurrence of the other
risk factors that comprise MS [126]. In this regard, the consumption of
PACs has been shown to reduce fat deposition and body weight in
experiments with diet-induced obese animals, rats, and mice [222-225]. In
addition, several studies about dietary consumption of flavonoids rich food
showed a correlation between increased phenolic diet consumption and

maintenance or even decrease of body weight in adults [226,227]. The
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possible mechanisms involved in weight loss through flavonoid
consumption include control of appetite and decrease food intake,
modulation of adipogenesis, lipolysis, (-oxidation, energy expenditure
stimulation and reduction of intestinal fat absorption as well as
amelioration of gut microbiota dysbiosis [228]. However, these
mechanisms may be involved in other beneficial health effects in addition

to the anti-obesity effect.

Dyslipidemia represents an abnormal and unhealthy amount of lipids in
the blood. Several studies have shown associations between serum levels
of lipids and lipoproteins and the intake of phenolic rich fruit and
beverages. In this sense, green tea has shown to reduce total serum
cholesterol in adults, men, and women [229]. Moreover, daily consumption
of anthocyanins was found to improve HDL cholesterol levels in a Chinese
population while a high intake of flavonoids was associated with a
decrease on serum triglycerides concentrations in women but not in men

subjects [230].

On the other hand, a negative correlation has been shown between the
incidence of hypertension, one major risk factor associated with CVDs, and
the consumption of flavonoids [231-233]. In this sense, dietary flavonoid
intake mitigates the risk of CVDs by improving endothelial dysfunction and
decreasing blood pressure [234]. Over the past years, several
epidemiological and experimental trials have evidenced the medical
benefits of polyphenols intake on CVDs and hypertension incidence. For
example, in a study involving 156,957 north American participants,
consumption of anthocyanins and flavan-3-ols have shown to contribute to
the prevention of hypertension [235]. Many other studies conducted in
obese human patients and hypertensive rats demonstrated that flavonoids
intake, in particular cranberry beverage, black and green tea, quercetin,
anthocyanin, naringenin among several other, have favorable effects in

protecting against CVDs. Results from these studies showed that the intake
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of the mentioned phenolic compounds improved the cardiovascular
function, reduced systolic blood pressure and LDL cholesterol, showing, in
addition, a positive effect on atherosclerosis increasing redox status,

vasodilation and HDL cholesterol [236-238].

Due to its increasing prevalence, T2DM is becoming a global health
concern. Moreover, 7.5 % of the adult population is affected by impaired
glucose tolerance, also called prediabetes, and non-diabetic
hyperglycaemia [239]. There have been various epidemiological studies
showing that diet can affect the risk of developing impaired glucose
tolerance and T2DM. A diet poor in fruits and vegetables (main sources of
polyphenols) is associated with an increased risk of T2DM [240]. In this
regard, an inverse correlation has been observed between the
consumption of grapes and T2DM development risk in a study involving
45,411 Asian participants [241]. The prevention of T2DM due to the intake
of flavonoid-enriched food may be related to, among others, the anti-
inflammatory effects and the direct actions on the glucose metabolic
pathway (insulin sensitivity) [242]. In this sense, in vitro studies
demonstrated that flavonoids treatment enhanced expression of GLUT4,
PI3K, p-IRS-1 and p-Akt while decreased the expression of SGLT1, GLUT2
and GLUTS5 leading to a glucose uptake reduction [243-245].

In summary, the antioxidative and anti-inflammatory effects of flavonoids,
together with its interaction with genes and proteins involved in key
metabolic pathways, have been hypothesized to have a major role in their
preventive action on MS [246,247] (Figure 13). Despite this, although
flavonoids seem to mitigate MS risk factors and prove to be effective as a
preventive measure against the main pathological hallmarks of MS, some
studies remain inconclusive, probably due to the complex interactions
among individual risk factors, the abundance of naturally occurring

flavonoids, and their multiple effects on the body.
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Figure 13. Schematic representation of the beneficial effects of flavonoid intake

on MS. Adapted from [221].
4.2.2 Effect of Grape Seed Procyanidin Extract on Metabolic syndrome

Grape Seed Procyanidin Extract (GSPE), a complex mix of several phenolic
compounds enriched in PACs (catechin, dimeric and oligomeric
procyanidins, epicatechin, epigallocatechin, epicatechin gallate, and
epigallocatechin gallate), has been one of the main study targets of the
Nutrigenomics Research group. Comprehensive surveys have been
conducted over the last years, studying the biological effects of GSPE on
lipid and carbohydrate homeostasis, its regulation of cell signaling and
metabolism and its hypotensive properties. In this sense, studies involving
diet-induce obese rats showed that GSPE was able to improve
dyslipidemia, lowering triglycerides and LDL cholesterol levels, mainly by
inhibiting key hepatic lipogenic regulators such as SREBP-1c, Fasn and
diacylglycerol Oacyltransferase 2 (Dgat2) [248,249]. In addition, the

interaction and repression of microRNAs (miR) miR-33a and miR-122,
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major regulators of hepatic lipid metabolism, have been attributed to its

hiperlipidemia amelioration [250-252].

Furthermore, chronic administration of GSPE is able to attenuate
hypertension associated with MS in rats characterized by a cafeteria diet
induced obesity [253]. Other studies evidenced the corrective effects on
obesity-related disturbed glucose homeostasis of GSPE administration, as
it lowers glucose blood level, increased glucose uptake and improved

insulin resistance states [254-256].

In addition to the liver, several experiments have demonstrated that GSPE
is also able to modulate the function of adipose tissue and skeletal muscle.
In this regard, researchers demonstrated that a chronic ingestion of this
bioactive compound reduced adipocyte size in white adipose tissue [257].
Moreover, a very recent study has also shown the GSPE improvement over
size of inguinal subcutaneous white adipose cells, in addition to a
downregulation of fatty acid metabolic genes in a time-dependent manner
[258]. Casanova and colleagues demonstrate an amelioration in adipose
mitochondrial functionality by GSPE administration in rats, and a
preventive effect over ROS production and damage [259]. Furthermore,
anti-inflammatory effects of GSPE consumption were demonstrated in
white adipose tissue of obese-feeding rats by a decrease of TNF-a and IL-6

production [260].

The main GSPE effects on skeletal muscle are associated with the
activation of AMPK. It is known that AMPK activation suppresses
lipogenesis and stimulates fat oxidation [261]. In this sense, it has been
shown that PACs increased AMPK phosphorylation, resulting in increased
thermogenesis and energy expenditure, stimulated mitochondrial
functionality and oxidative capacity via up-regulation of uncoupling

protein 2 (UcpZ2) muscle gene expression [262].

Altogether, these studies exhibit the antioxidant, anti-inflammatory,

antihypertensive and hypolipidemic properties of GSPE, demonstrating
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that it can be considered as a potential natural compound to protect

against MS.
4.2.3 Effect of Grape Seed Procyanidin Extract on circadian rhythms

As the circadian clock has become a focus on metabolic research, the
Nutrigenomic Research group has also carried out studies to analyze the
relationship between GSPE with the central and peripheral clocks. In this
regard, Ribas-Latre and collaborators demonstrated that GSPE was able to
modulate the levels of melatonin, a main regulator of the sleep-wake cycle,
increasing its plasma concentration when it was administered at ZTO, the
beginning of the light phase, in rats [263]. In the same study, these
investigators also observed a GSPE modulation of the expression pattern of
Bmall, a master regulator of the molecular clock, and Nampt, a clock-

controlled gene, in the hypothalamus [263].

Besides acting on a central level, GSPE may also influence clock
components in peripheral tissues. The first studies using HepG2 cells
suggested a modulation of the liver clock via an increase of the
transcriptional activity of Rora and subsequently enhancing Bmall
expression [264]. In addition, an acute study in healthy rats, also suggested
Bmall and Nampt as possible targets for GSPE to modulate the circadian
clock in the liver [265]. In this study, researchers observed a modulation of
NAD+ content by GSPE. NAD+ has a central role in the liver for the
synchronization of metabolism and it is regulated by its rate limiting
enzyme NAMPT. In this regard, GSPE was capable of modulating Nampt
and NAD+ levels, increasing Nampt gene and protein expressions thereby
raising NAD+ concentrations when it was administered at ZT12, the
beginning of the dark phase. Moreover, the authors only observed a
modulation of clock genes expression patterns in the acute treatment at
ZT12, highlighting the importance of the timing of administration in the
effects of these compounds [265]. It has also been observed that chronic

consumption of GSPE modulates the expression of clock and clock-
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controlled genes in the gut and white adipose tissue, as well as in the liver,
in healthy and obese rats [266]. In this sense, not only animal trials but
also cell experiments confirm that this phenolic PACs-rich extract is able to
interact and modulate daily rhythms by interacting with components of
the core clock machinery in central and peripheral tissues, modifying their

expression, which may have an impact on the regulation of metabolism.
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> HYPOTHESIS AND OBJECTIVES

Metabolic syndrome (MS) is a cluster of metabolic related diseases that
include dyslipidemia, hypertension, insulin resistance and obesity. In
addition to all the metabolic disorders associated with obesity, excessive
energy intake hugely contributes to the development of nonalcoholic fatty
liver disease (NAFLD), a condition in which excess fat accumulates in the

liver.

Growing evidence has demonstrated the strong relationship between
nutrition and circadian rhythms, and its association with health and disease.
The main function of circadian clocks is to allow organisms to anticipate
daily changes in their environment in a way that the body foresees the sleep
and activity periods; nevertheless, clocks can be also helpful in organizing
internal metabolic processes. In this regard, peripheral clocks are known to
be responsible for daily rhythm of metabolism. As the liver is a central organ
in metabolic control, the hepatic clock is a main regulator of liver glucose
and lipid metabolism. The generation and maintenance of these rhythms
largely depends on the interaction between the circadian clock and external
cues, such as light and food (feeding time and meal quality). In modern
times, several human behaviors and activities often interfere with these
metabolic rhythms. Disruptions in the circadian system can lead to
disturbances in metabolism and energy homeostasis that contribute to or

worsen the development of different pathologies such as MS and NAFLD.

In recent decades, polyphenols, and especially flavonoids, have been
investigated as a tool for fighting against obesity-related diseases.
Proanthocyanidins are the most widely consumed flavonoid class due to
their ubiquity in foodstuffs. In particular, grape seed procyanidin extract
(GSPE) has proven to exert anti-obesity properties mitigating inflammatory
responses, improving dyslipidemia and insulin resistance, among other

effects. Furthermore, mitochondria also appear to play a crucial role in

75



UNIVERSITAT ROVIRA I VIRGILI
THE INFLUENCE OF BIOLOGICAL RHYTHMS ON THE BENEFICIAL EFFECTS OF GRAPE SEED PROANTHOCYANIDIN
EXTRACT (GSPE) ON LIVER METABOLISM IN HEALTH AND DISEASE
Romina Mariel Rodriguez
Romina Mariel Rodriguez II. Hypothesis and Objectives

mediating the health effects of this compound. Additionally, mitochondrial
function and dynamics are strongly influenced by the circadian clock. In this
sense, GSPE may act as a possible modulator of circadian rhythms,
improving the obesity-related clock disruption, helping to ameliorate the

quality of life of overweight subjects.

Thus, considering all the previous information, the work gathered in this
doctoral thesis, which has been carried out in the Nutrigenomics Research
Group, is mainly focused on studying the interactions of the circadian and
seasonal rhythms with the effectiveness of bioactive compounds related to
health. In this regard, we hypothesize that biological rhythms can
modulate the potential beneficial effects of dietary consumption of
proanthocyanidins, and more precisely GSPE, on the glucose and lipid
liver metabolism. In other words, dietary consumption of GSPE, will
produce different hepatic metabolic responses depending on the time-of-

day and time-of-year administration.

Therefore, the main objective of this thesis was to assess whether there
is a time of day-dependent and season-dependent beneficial effect of
GSPE consumption on liver metabolism, particularly in an NAFLD

context.
To achieve this general purpose, specific objectives were proposed:

1. To determine the impact of the timing of GSPE administration on
the hepatic circadian clock in relationship with mitochondrial

function in an obesogenic context (Manuscript 1).

To fulfill this first objective and determine whether GSPE effectiveness in
the liver is impacted by the timing of administration we designed an
experimental animal study in which rats were fed with standard chow (STD)
or cafeteria (CAF) diet for 9 weeks and were treated with vehicle (VH) or
GSPE at the beginning of the light period (ZT0) or at the beginning of the
dark period (ZT12). Rats were sacrificed at different times of the day (ZT1,
ZT7,7ZT13 and ZT19) in order to generate the circadian profile. We carried
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out analysis of hepatic clock genes and mitochondrial dynamic gene
expressions together with the evaluation of mitochondrial respiratory

complex activities and metabolites involved in Krebs cycle.

2. To determine how an obesity-inducing diet affects the rhythm of
hepaticlipid and carbohydrate metabolism and to observe whether
there is any time-dependent restorative effect of GSPE

administration (Manuscript 2).

To develop this objective, we used the same experimental design explained
above, but focused our study on the rhythms of key metabolic genes
together with the evaluation of lipid liver profile and metabolomic analysis
by focusing on main liver metabolic pathways that play a pivotal role in

NAFLD development.

3. To determine the role of (+)-catechin and (-)-epicatechin, two of the
main phenolic components of GSPE, on its hepatic clock-
synchronizing and metabolic improvement effects against NAFLD

(Manuscript 2).

To achieve this objective, we used a hepatocyte derived AML12 cell line that
has been stably transfected by a luciferase gene driven by the Bmall
promoter and treated the cells with palmitic acid (NALFD in vitro model)
and (+)-catechin and (-)-epicatechin. We measured the circadian rhythm
luminescence expression driven by Bmall using the LumiCycle
luminometer equipment. In addition, we analyzed mRNA expression of

genes related to lipid and glucose metabolism.

4. To determine the impact of seasonal variations on GSPE
consumption over the hepatic circadian clock and liver metabolism

of healthy rats (Manuscript 3).

To fulfill this objective, photoperiod-sensitive rats were subjected to STD
diet and chronically exposed to three photoperiods (L12, L18 and L6) to

mimic the day length of different seasons. Rats were treated either with
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GSPE or VH and we further carried out biochemical, mRNA, protein,
metabolomic and hepatic lipids assays to assess whether seasonal
adaptations can influence GSPE molecular effect on liver metabolism in

heathy rats.

5. To determine the influence of seasonal variations on the beneficial

effects of GSPE consumption in obesity and NAFLD (Manuscript 4).

To develop this objective, photoperiod-sensitive rats were chronically
exposed to three photoperiods (L12, L18 and L6) to mimic the day length of
different seasons, were fed a CAF diet to induce obesity and were either
treated with GSPE or VH. Rats fed a STD diet and treated with VH were used
as a normal-weight control in each photoperiod. We determined the
biochemical and liver lipid profile, we carried out serum and liver
metabolomic assays, and hepatic clock and metabolic mRNA gene
expression analysis to evaluate any seasonal-dependent effects of GSPE

consumption on liver and whole-body metabolism in obese rats.
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Abstract: Major susceptibility to alterations in liver function (e.g., hepatic steatosis) in a prone envi-
ronment due to circadian misalignments represents a common consequence of recent sociobiological
behavior (i.e., food excess and sleep deprivation). Natural compounds and, more concisely, polyphe-
nols have been shown as an interesting tool for fighting against metabolic syndrome and related
consequences. Furthermore, mitochondria have been identified as an important target for mediation
of the health effects of these compounds. Additionally, mitochondrial function and dynamics are
strongly regulated in a circadian way. Thus, we wondered whether some of the beneficial effects of
grape-seed procyanidin extract (GSPE) on metabolic syndrome could be mediated by a circadian
modulation of mitochondrial homeostasis. For this purpose, rats were subjected to “standard”,
“cafeteria” and “cafeteria diet + GSPE” treatments (n = 4/group) for 9 weeks (the last 4 weeks,
GSPE /vehicle) of treatment, administering the extract/vehicle at diurnal or nocturnal times (ZTO0 or
ZT12). For circadian assessment, one hour after turning the light on (ZT1), animals were sacrificed
every 6 h (ZT1, ZT7, ZT13 and ZT19). Interestingly, GSPE was able to restore the rhythm on clock
hepatic genes (Bmall, Per2, Cryl, Rora), as this correction was more evident in nocturnal treatment.
Additionally, during nocturnal treatment, an increase in hepatic fusion genes and a decrease in
fission genes were observed. Regarding mitochondrial complex activity, there was a strong effect
of cafeteria diet at nearly all ZTs, and GSPE was able to restore activity at discrete ZTs, mainly in
the diurnal treatment (ZT0). Furthermore, a differential behavior was observed in tricarboxylic acid
(TCA) metabolites between GSPE diurnal and nocturnal administration times. Therefore, GSPE may
serve as a nutritional preventive strategy in the recovery of hepatic-related metabolic disease by
modulating mitochondrial dynamics, which is concomitant to the restoration of the hepatic circadian
machinery.

Keywords: grape-seed procyanidin extract; circadian rhythms; clock genes; Zeitgebers; obesity;
nutrition; hepatic metabolism; mitochondrial dynamics

1. Introduction

The typical role of mitochondria is oxidative phosphorylation, which provides adeno-
sine triphosphate (ATP) as a primary energy source for most biochemical and physiological
processes. However, these intracellular double-membrane-bound structures also play a

Nutrients 2022, 14, 774. https:/ / doi.org/10.3390/nu14040774
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pivotal role in ion homeostasis, apoptosis, reactive oxygen species (ROS) production, and
in several metabolic pathways since they host fatty acid -oxidation, as well as urea and
Krebs cycles [1,2]. Although these organelles were originally considered static cellular
powerhouses, it is now known that they also connect and exchange materials with other
cellular organelles, including the nucleus and the endoplasmic reticulum [3,4]. In this sense,
mitochondrial organelles are now seen as dynamic structures that actively “evolve” in
response to the energy demand and supply. Hence, a nutrient-abundant environment is
associated with a fragmented mitochondrial network. Meanwhile, a calorie-restricted state
tends to elongate mitochondria [5]. These morphological changes exhibit a high plasticity
and influence the capacity and efficiency of ATP production in response to changes in
energy balance. Thus, in the case of starvation, mitochondrial fusion is needed in order
to sustain ATP production and to preserve cell viability [6]. In contrast, mitochondrial
fission is related to a decrease in ATP production, an increase in mitochondrial uncoupling
and nutrient storage to avoid waste of energy and the deleterious effect of food excess [7].
In mammals, fusion depends on three GTPases: mitofusins 1 and 2 (Mfnl and Mfn2) for
the fusion of the outer mitochondrial membrane (OMM) [8]; and the inner-mitochondrial-
membrane (IMM)-located protein optic atrophy 1 (Opal), which is responsible for IMM
fusion [9]. On the other hand, the GTPase dynamin-related protein 1 (Drp1), together with
OMM-located mitochondrial fission 1 protein (Fis1), conducts the fission events. These
processes constantly counteract one another; therefore, the inactivation of fission activates
fusion and vice-versa [10].

On the other hand, several studies have clearly shown the central role of mitochondrial
dysfunction in metabolic diseases, specifically in type 2 diabetes mellitus, obesity, dyslipi-
demia and nonalcoholic fatty liver disease (NAFLD), as well as in the aging process [11-13].
Thus, improper function of mitochondria causes oxidative stress and impaired cellular
functions, which could lead to insulin resistance and other metabolic changes typical of
metabolic syndrome. Furthermore, it has been described that the reduction in proteins
involved in mitochondrial fusion, as well as the increase in proteins in mitochondrial fission,
are also characteristic of insulin-resistant states [7,14-16]. Additionally, it is well known
that the liver plays a central role in glucose homeostasis and is essential for maintaining
the body’s overall energetic metabolism. Moreover, it is one of the richest organs regarding
density and number of mitochondria. In this sense, most chronic liver diseases are related
to mitochondrial malfunction and to the accumulation of damaged mitochondria [17].

Furthermore, metabolism follows circadian rhythms, which are driven by peripheral
clocks. The molecular machinery of circadian clock consists of transcriptional and trans-
lational feedback loops. The heterodimer formed by circadian locomotor output cycles
kaput (CLOCK), and brain and muscle aryl hydrocarbon receptor nuclear translocator-like
1 (Bmall) is the main player in the circadian clock. The CLOCK-Bmual1 heterodimer binds to
E-box, and period (Per) and cryptochrome (Cry) genes are transcribed. PER and CRYPer and
Cry proteins can heterodimerize to repress the CLOCK-Bmall gene-associated translation.
Casein kinase 1 (Ck1) phosphorylates both proteins, PERand CRY, and this step is required
to start the repression. Nevertheless, protein phosphatase 1 (Pp1) catalyzes the opposite re-
action: the dephosphorylation of these proteins. Post-transcriptional and post-translational
processes are able to regulate the PER-CRY repression. CLOCK-Bmall also transcribes
retinoid-related orphan receptor (Ror) and nuclear receptor subfamily 1 group D (Rev-Erb).
Both products activate and repress respectively, Brnall gene expression [18-21].

Experimental data support the idea that mitochondrial function is closely related to
the clock machinery. In this sense, it has been previously identified that several genes
involved in mitochondrial dynamics and mitochondrial respiration are expressed in a
daily manner in mouse liver and that these daily oscillations are lost in Bmal1 liver-specific
knockout mice [4]. Moreover, in the absence of Bmall, mitochondria are more vulnerable to
damage caused by oxidative stress; additionally, levels of Mfn1 and Opal fusion proteins
are decreased [22]. Using an electron microscope, Uchiyama and collaborators observed
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significant changes in the shape and volume of mitochondria between the light and dark
cycle in hepatocytes of Wistar rats [23].

Additionally, mitochondrial dynamics might also influence circadian rhythms. Studies
carried out using Drpl-deficient mice showed an important loss of Bmall and Per1/2
circadian oscillations, as well as a loss of circadian ATP production. This evidence suggest
that circadian activation of Drpl plays an important role in connecting circadian and
mitochondrial metabolic cycles [24].

A high-fat diet induces a delay in the liver circadian-clock machinery, which promotes
the activation of hepatic stellate cells and damage in hepatocytes, causing hepatic steatosis,
in some cases leading to cell death. All these events result in a disruption of the normal
circadian rthythm and a decrease in the amplitude of circadian-clock oscillations [25-27].

Polyphenols are secondary compounds widely distributed in the plant kingdom.
There is evidence that phenolic substances act as antioxidants by preventing the oxidation
of low-density lipoprotein (LDL), platelet aggregation, and damage of red blood cells [28].
Additionally, phenolics act as (i) metal chelators, (ii) antimutagens and anticarcinogens, (iii)
antimicrobial agents and (iv) anti-inflammatory agents [29].

Interestingly, polyphenols have been shown to restore specific disruptions in the circa-
dian clock due to nutrient overload [30-32]. In this regard, it has been found that dietary tea
polyphenols ameliorate metabolic syndrome via circadian-clock-related mechanisms [33].
Interestingly, it has also been shown that polyphenol pretreatment ameliorated hydrogen-
peroxide (HyOy)-elicited mitochondria impairment in a Bmall-dependent manner and that
such a Bmall-dependent effect was involved in tea polyphenol-stimulated Nrf2/Are/Ho-1
and Akt/Creb/Bsnf signaling pathway [34]. Additionally, Pajuelo and collaborators [35,36]
demonstrated the beneficial effects of supplementation of a grape-seed proanthocyanidin
extract (GSPE) on mitochondrial dysfunction of brown adipose tissue and skeletal muscle
caused by an obesity-induced diet in rats.

Considering these previous considerations, the aim of the present study was to evalu-
ate the possible misalignment of hepatic circadian rhythm in relationship with mitochon-
drial function caused by an obesity-induced cafeteria diet and to assess whether GSPE
supplementation in these obese rats could mitigate expected detrimental effects.

2. Materials and Methods
2.1. Experimental Procedure in Animals

Ninety-six 12-week-old male Fischer 344 rats (Charles River Laboratories, Barcelona,
Spain) were used in this experiment. Rats were housed in pairs at 22 °C, 55% humidity
and under a standard photoperiod of 12 h of light and 12 of darkness. A 4-day adaptation
period was carried out where rats were fed with a standard diet (STD) ad libitum. The STD
composition was 20% protein, 8% fat and 72% carbohydrates (Panlab, Barcelona, Spain).
Rats were randomly divided into 2 groups, depending on the diet; 32 rats were fed with STD,
and 64 rats were fed a cafeteria diet (CAF) during a 5-week pre-treatment. CAF consisted of
biscuits with cheese and paté, bacon, coiled puff pastry from Mallorca (Hacendado, Spain),
feed, carrots and sweetened milk (22% sucrose w/v). CAF composition was 14% protein,
35% fat and 76% carbohydrates. The treatment period started at the 5th week and lasted for
4 weeks. Rats continued with the diet they were fed during the pre-treatment period. The
administration of treatments was performed at two time points: 48 rats were treated at the
beginning of the light phase (8 a.m., ZT0), and 48 rats were treated at the beginning of the
dusk phase (8 p.m., ZT12). All STD-fed rats were treated with condensed milk or vehicle
(VH). CAF-feed rats were divided into two groups; 32 were treated with the VH, and 32
with 25 mg/kg GSPE (Les Dérivés Résiniques et Terpéniques, Dax, France) diluted 1/5
in condensed milk. GSPE was composed of catechin (58 umol/g), dimeric procyanidins
(250 pmol/g), epicatechin (52 pmol/g), epigallocatechin (5.50 umol/g), epicatechin gallate
(89 umol/g), epigallocatechin gallate (1.40 pmol/g), hexameric procyanidins (0.38 pmol/g),
pentameric procyanidins (0.73 pmol/g), tetrameric procyanidins (8.8 umol/g) and trimeric
procyanidins (1568 pmol/g) [37]. The treatment was orally administered daily using a
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syringe. During both the pre-treatment and treatment, body weight and food intake were
recorded weekly. The rats were fasted for 3 h, then sacrificed by decapitation. Each diet-
treatment group was divided into 4 sub-groups of 4 rats, depending on the time of sacrifice
(9 am. (ZT1), 3 p.m. (ZT7), 9 p.m. (ZT13) or 3 am. (ZT19)). Blood was collected to
obtain serum after a 15-min centrifugation (12,000x g and 4 °C) and stored at —80 °C.
The liver was collected and stored at —80 °C for further analysis. All animal care and
experimental protocols with animals were approved by the Ethics Review Committee
for Animal Experimentation of the Universitat Rovira i Virgili (reference number 9495,
18 September 2019) and were carried out in accordance with Directive 86/609EEC of
the Council of the European Union and the procedure established by the Departament
d’Agricultura, Ramaderia i Pesca of the Generalitat de Catalunya.

2.2. RNA Extraction

A liver-tissue portion (20-30 mg) was mixed with Trizol® reagent (Thermo Fisher,
Madrid, Spain) and homogenized by Tissue Lyser LT (Qiagen, Madrid, Spain). After
a 10-min centrifugation (12,000x g and 4 °C), the homogenate was placed into a new
eppendorf tube, and 120 uL of chloroform was added. Two phases were separated after a
15-min centrifugation (12,000 x g and 4 °C). The aqueous phase was transferred into a new
eppendorf tube, and 300 L of isopropanol was added. After an overnight incubation at
—20 °C, samples were centrifugated at 4 °C and 12,000 x ¢ for 10 min. The supernatant was
discarded, and the pellet was cleaned twice with 500 uL and centrifuged for 5 min (8000x g
and 4 °C). The supernatant was discarded again, and the washed pellet was resuspended
with 60 pL of nuclease-free water (Thermo Fisher, Madrid, Spain). RNA concentration
(ng/uL) and purity were measured by a Nanodrop ND-1000 spectrophotometer (Thermo
Fisher, Madrid, Spain).

2.3. Gene-Expression Analysis

Complementary deoxyribonucleic acid (cDNA) was obtained by a reverse transcrip-
tion of the RNA extracted using a high-capacity complementary DNA reverse-transcription
kit (Thermo Fisher, Madrid, Spain). Quantitative polymerase chain reactions (qPCRs)
were performed in 384-well plates in a 7900HT fast real-time PCR (Thermo Fisher, Madrid,
Spain) using iTaq™ Universal SYBR® Green Supermix (Bio-Rad, Barcelona, Spain). The
thermal-cycle program used in all qPCRs was 30 s at 90 °C, 40 cycles of 15 s at 95 °C
and 1 min at 60 °C. The analyzed liver genes were normalized by the housekeeping gene
peptidylprolyl isomerase A (Ppia). The primers used for each gene were obtained from
Biomers (Ulm, Germany) and can be found in Table 1. The relative expression of each gene
was calculated using the 2"22Ct method, as reported by Schmittgen and Livak [38].

Table 1. Nucleotide sequences of primers used for real-time quantitative PCR.

Gene

Forward Primer

Reverse Primer

(5’ to 3') (5 to 3)

Bmall GTAGATCAGAGGGCGACGGCTA CTTGTCTGTAAAACTTGCCTGTGAC
Cryl TGGAAGGTATGCGTGTCCTC TCCAGGAGAACCTCCTCACG
Drpl CCAGGAATGACCAAGGTCCC CCTCGTCCATCAGGTCCAAC
Fisl GCACGCAGTTTGAATACGCC CTGCTCCTCTTTGCTACCTTTGG
Mfnl CCTTGTACATCGATTCCTGGGTTC CCTGGGCTGCATTATCTGGTG
Mfn2 GATGTCACCACGGAGCTGGA AGAGACGCTCACTCACTTTG

Nampt CTCTTCACAAGAGACTGCCG TTCATGGTCTTTCCCCCACG

Nri1dl ACAGCTGACACCACCCAGATC CATGGGCATAGGTGAAGATTTCT

Pcgla AGAGTCACCAAATGACCCCAAG TTGGCTTTATGAGGAGGAGTCG
Per2 CGGACCTGGCTTCAGTTCAT AGGATCCAAGAACGGCACAG
Ppia CCAAACACAAATGGTTCCCAGT ATTCCTGGACCCAAAACGCT
Rora CCCGATGTCTTCAAATCCTTAGG TCAGTCAGATGCATAGAACACAAACTC
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2.4. Serum Analysis

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

2.5. Extraction and Measurement of Concentrations of Lipids in Liver

Liver lipids were extracted following the Bligh-Dyer method [39], and levels of hepatic
cholesterol, TAG and total lipid liver content were measured using a colorimetric kit assay
(QCA, Barcelona, Spain).

2.6. Determination of Liver Mitochondrial Enzymatic Activities

Liver samples were homogenized in a cold phosphate buffer (50 mM, pH 7) in the
following proportion: 0.5 g of liver tissue for 4.5 mL buffer using a Polytron homogenizer
(Kinematica, Switzerland). Then, homogenates were centrifuged at 1000x g for 10 min
at 4 °C, and supernatants were collected for enzymatic analysis. Citrate synthase (CS)
activity was determined as described by Srere [40]: the deacetylation of acetyl coenzyme A
(Acetyl-CoA) in the presence of oxalacetate and 5,5'-dithiobis-2-nitrobenzoic acid (DNTB)
produced by CS can be followed spectrophotometrically at 412 nm for 30 s due to the
formation of 5-thio-2-nitrobenzoic acid (TNB). Complex I (CI) activity was determined as
described by Janssen et al. [41], spectrophotometrically measuring, at 600 nm for 30 s, the
reduction of 2,6-dichloroindophenol (DCPIP) produced by the electrons accepted from
decylubiquinol, reduced by complex I in a previous step. The activity of Complex II (CII)
and complex II + III (CII + IIT) was measured according to Rustin et al. [42], spectropho-
tometrically following the reduction of DCPIP by the succinate at 600 nm for 1 min for
CII and the oxidation of cytochrome c at 550 nm for 1 min for CII + III. Cytochrome
c oxidase (COX) activity was determined as described by Wharton and Tzagoloff [43],
spectrophotometrically measuring oxidation of cytochrome c reduced at 550 nm for 30 s.

2.7. Metabolomic Analysis

Metabolomic analysis of the 96 rat liver samples was performed at the Centre for Omic
Sciences (COS, Tarragona, Spain) using gas chromatography coupled with quadrupole
time-of-flight mass spectrometry (GC-qTOF model 7200, Agilent, Santa Clara, CA, USA).
The extraction was performed by adding 400 pL of methanol:water (8:2)-containing internal
standard mixture to liver samples (approx. 10—20 mg). Then, the samples were mixed and
homogenized on a bullet blender using a stainless-steel ball, incubated at 4 °C for 10 min
and centrifuged at 19,000 x g rpm; supernatant was evaporated to dryness before compound
derivatization (methoximation and silylation). The derivatized compounds were analyzed
by GC-qTOFE. Chromatographic separation was based on the Fiehn Method, [44] using
a J&W Scientific HP5-MS film capillary column (30 m x 0.25 mm x 0.25 pm, Agilent,
Santa Clara, CA, USA) and helium as carrier gas with an oven program from 60 to 325 °C.
Ionization was done by electronic impact (EI), with electron energy of 70 eV and operating
in full-scan mode. Identification of metabolites was performed using commercial standards
and by matching their EI mass spectrum and retention time to a metabolomic Fiehn
library (from Agilent, Santa Clara, CA, USA), which contains more than 1400 metabolites.
After putative identification of metabolites, they were semi-quantified in terms of internal
standard response ratio.

2.8. Circadian-Rhythm Analysis

To analyze the circadian rhythms of the different clock genes, we used a cosinor-based
rhythmometry method. We considered the presence of circadian rhythm when the model
of each gene expressions fit the cosine curves (p < 0.05). For this, a script was developed by
J.R. S.-R. using PyCharm software (v. 2018.2.4, JetBrains s.r.0., Prague, Czech Republic) with
Python Software Foundation version 3.7.4 (Wilmington, DE, USA), and circadian-rhythm
estimates were plotted using CosinorPy package (v. 1.1) (Ljubljana, Slovenia) [45].
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2.9. Statistical Analysis

Data are reported as mean =+ standard error of the mean (SEM). Biometric parame-
ters, liver mitochondrial enzymatic activity, liver weight and liver gene expression were
subjected to Student’s t test, as well as one- and two-way analysis of variance (ANOVA)
with the least significant difference test (LDS) for post hoc comparisons using the computer
program SPSS version 25 (SPSS Inc., Chicago, IL, USA). Graphics were done by GraphPad
Prism 8 software (San Diego, CA, USA). For all analyses, a probability (p) value of <0.05
was considered statistically significant.

Heatmaps of metabolites were performed after data normalization and autoscaling us-
ing MetaboAnalyst 5.0 software (Edmonton, Alberta, Canada; https://www.metaboanalyst.
ca/, accessed on 20 December 2021) [46].

3. Results
3.1. Animal Body-Weight Gain Corroborates the Obesogenic Effect of the Cafeteria Diet

The final body-weight gain of animals fed with CAF diet was significantly higher
than that of animals fed an STD diet (p = 0.0001) (Figure 1A,B). After demonstrating the
efficacy of the CAF diet in the experimental animals, the different treatments were analyzed.
In this sense, Figure 1C,D shows the comparison of body-weight gain between the two
treatments—VH or GSPE—in the morning (ZT0) and at night (ZT12) in rats fed a CAF
diet. Interestingly, animals treated with GSPE at night (ZT12) showed a reduction in body-
weight gain when compared to the control CAF-fed group (p = 0.005). This result points
out a first differential effect of GSPE depending on the time of administration. Furthermore,
globally, this result is in agreement with previous studies that showed GSPE efficiency for
treating metabolic syndrome and, more specifically, body weight [47-49]. During the ZT12
treatment, rats treated with GSPE consumed fewer kilojoules (k]) than rats treated with
VH (732.5 &+ 22.38 vs. 674.9 & 14.77 kJ; p = 0.03). These results are in concordance with
the inhibition effects of GSPE over food intake described by Serrano and colleagues [50].
Nevertheless, these differences were not seen in the ZT0 treatment.

3.2. Intake of Obesogenic Diet Alters Circulating Levels of Glucose, TAG and TC

Fasting serum glucose, TC, TAG and NEFAs levels were measured after animals were
sacrificed at four different circadian time points (ZT1 to ZT19). On the one hand, regarding
morning treatments (ZT0), glucose levels in the STD-VH group remained constant at almost
all circadian points, except for the last one (ZT19), where its concentration was decreased
(Table 2). Moreover, it could also be observed that glucose levels of the CAF-VH group
were significantly higher than those of the control group at the ZT7 (p = 0.007) and ZT13
(p = 0.021) time points, possibly due to the hyperglycemic state associated with obesity.
When comparing between the CAF-VH and CAF-GSPE groups, no significant differences in
glucose levels were observed. However, GSPE supplementation in the CAF diet tended to
improve glucose levels compared to the CAF-VH group at ZT13 (p = 0.08). It is noteworthy
that at this time point, the CAF-GSPE group reached a similar glucose level to that of the
control group. On the other hand, regarding night treatment (ZT12), glucose levels of the
STD-VH group remained constant from ZT1 to ZT19, and CAF promoted a homeostatic
disruption by increasing glucose levels around 40 percent at all time points. Even though
no significant differences were observed between CAF-VH and GSPE groups, serum levels
of animals treated with GSPE at ZT13 and ZT19 tended to decrease.
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Figure 1. Body-weight gain (g). (A) Body-weight gain in grams of ZT0-vehicle rats (standard diet-
vehicle (STD-VH) and cafeteria-diet-vehicle rats (CAF-VH) in the nine weeks of the experiment.
(B) Body-weight gain in grams of ZT12-vehicle rats (STD-VH and CAF-VH) in the nine weeks of
the experiment. (C) Body-weight gain in grams of ZT0-CAF-VH and cafeteria diet-grape-seed
proanthocyanidin extract (CAF-GSPE) groups in the nine weeks of the experiment. (D) Body-
weight gain in grams of ZT12 CAF-VH and CAF-GSPE groups in the nine weeks of the experiment.
*** Indicates significant differences using repeatedly measured ANOVA followed by Student’s ¢ test
between VH groups (STD-VH vs. CAF-VH) (p < 0.001); ** indicates significant differences within
CAF groups (CAF-VH vs. CAF-GSPE) (p < 0.01).

The serum lipid profile was analyzed by TAG and TC levels in all rats after sacrifice
and is presented in Table 2 for each time of death. Among the treatments, the CAF-VH
showed the highest levels of TAG at each time of death. In the case of diurnal treatment
(ZT0), the CAF-GSPE group presented a slight decrease in TAG levels at all time points
compared to CAF-VH-treated rats, showing the highest reductions of, 12 and 33%, at ZT7
and ZT13, respectively. These differences were not observed at ZT12, where the levels
of TAG in CAF-VH and GSPE groups were similar. The cholesterol levels did not show
such an apparent oscillatory pattern as was present for TAG. However, there was a peak
in its level at ZT7 in the CAF-VH group treated in the morning (ZT0) and at ZT19 in the
CAF-VH nocturnally treated animals, increasing 33 and 44 percent in comparison with the
STD-VH group. Regarding NEFA plasmatic levels, no significant differences were found
in any experimental group comparison (STD-VH versus CAF-VH and CAF-VH versus
CAF-GSPE).
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Table 2. Biochemical parameters of rats fed with STD or CAF diet supplemented with vehicle or

GSPE.
Glucose Cholesterol Triglycerides
(mg/dL) (mg/dL) (mg/dL) NEFA (mg/dL)

STD-VH 90.11 + 2.68 90.96 + 13.33 64.07 + 5.81 21.93 + 3.84

ZT1 CAF-VH 96.22 +5.25 95.99 + 7.07 108.5 + 6.17 ** 24.71 +2.46
CAF-GSPE 101.72 + 7.7 100.55 + 8.53 107.41 £+ 19.36 21.12 +£1.23

STD-VH 89.45 + 3.38 101.17 £ 4.2 118.11 + 14.71 324 +223

717 CAF-VH 110.84 +4.22** 13424 +£14.32*  319.19 £ 15.87 *** 3115+ 22
770 CAF-GSPE 114.6 + 6.01 142.02 + 13.78 280.27 4 42.88 33.17 £1.51
STD-VH 89.6 + 3.67 87.6 + 6.68 53.13 £ 9.52 25.38 + 6.2

ZT13 CAF-VH 111.29 + 6 * 112.86 + 22.76 204.94 + 5747 * 32.62 +3.96
CAF-GSPE 96.13 + 3.89 # 79.6 +7.44 136.11 + 32.03 35.5+ 1.05

STD-VH 79.62 +4.25 85.75 + 9.53 50.22 + 6.36 22.23 + 3.02

ZT19 CAF-VH 96.2 + 6.8 97.05 + 4.44 133.68 + 18 ** 28.66 + 2.04
CAF-GSPE 97.38 + 11.51 82.53 + 9.56 118.93 + 11.97 31.92 +2.97
STD-VH 85.7 +£4.92 119.64 + 17.95 84.23 + 19.56 31.46 £ 10.85

ZT1 CAF-VH 103.82 +4.64 * 88.39 +10.1 122,92 +10.74 26.58 + 2.58
CAF-GSPE 108.95 + 8.27 92.68 + 7.49 181.82 +27.14 30.66 = 7.37

STD-VH 87.28 + 8.97 134.24 + 14.51 163.51 + 19.99 30.14 £ 247

717 CAF-VH 116.33 + 6.05 * 122.37 +17.35 320.27 + 4857 * 32.74 +£2.73
7712 CAF-GSPE 125.87 +7.78 151.36 + 13.35 366.76 + 45.42 34.47 £+ 3.99
STD-VH 85.49 +4.15 100.51 + 14.49 49.84 4 3.83 2729 +£2.74

ZT13 CAF-VH 12413 +1098*  119.27 +13.91 189.03 + 39.51 * 33.28 +4.73
CAF-GSPE 112.93 +9.55 118.23 + 17.02 183.64 + 55.82 34.24 +3.52

STD-VH 81.01+74 93.55 £ 6.9 65.25 + 6.78 31.02 +2.14

ZT19 CAF-VH 125.05 +10.89 *  134.03 + 19.23 * 21353 £51.16 * 30.18 £ 2.07
CAF-GSPE 106.35 + 14.1 128.44 + 30.01 179.87 + 44.01 32.26 = 8.15

Serum parameters of rats fed with standard diet (STD) or cafeteria diet (CAF) for 9 weeks and supplemented
with vehicle or grape-seed proanthocyanidin extract (GSPE) for the last 4 weeks. Values are expressed as the
mean -+ standard error of the mean (SEM) (n = 4). * The effect of diet within vehicle groups (Student’s ¢ test,
*p <0.05,*p <0.01, ** p < 0.001); # indicates tendency between cafeteria-diet-vehicle (CAF-VH) and cafeteria-
diet-grape-seed proanthocyanidin extract (CAF-GSPE) using Student’s ¢ test (p = 0.1-0.051).

3.3. GSPE Restores CAF Diet-Related Disruption of Circadian Rhythm of Liver Core-Clock Genes

To evaluate the effects of diet and GSPE treatments on circadian rhythm of the
peripheral-clock genes in the liver, we used the cosinor method to model the oscilla-
tion of these genes in a 24 h period. This method allowed for the assessment of different
circadian parameters, such as amplitude, acrophase and midline estimating statistic of
rhythm (MESOR), as well as the comparison of these oscillations and parameters between
the different treatment groups (Supplementary Materials, Table S1).

Interestingly, it was observed that the expression of clock genes presented a clear
and robust circadian rhythm in practically all the experimental groups (Figures 2 and 3).
However, a clear disruption caused by CAF diet was detected in some parameters, such as
amplitude (p = 0.047) and acrophase (p = 0.033) of N1rd1 gene expression in the groups
treated in the morning (ZT0) (Figure 2G,H). In this case, a significant displacement of
the acrophase was observed, occurring before the moment of the greatest expression of
this gene regarding the standard group. In addition, an increase in its expression was
observed at that time point compared to its STD-diet group, increasing the amplitude of
oscillation (Figure 2H). Another gene affected by CAF diet was Rorw; in this case, a strong
displacement of the acrophase in the CAF group in comparison to the control-diet group
was clearly observed (p = 0.022) (Figure 2K,L). GSPE treatment was able to reverse this
acrophase shift in Rora, returning the time point of the highest expression of this gene to
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similar values as those of the control group. For these groups treated in the morning (ZT0),
no other significant difference was detected.
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Figure 2. Estimated circadian rhythms (relative gene expression) of groups treated in the morning
(ZT0). (A) Estimated circadian rhythms and (B) acrophases with their amplitudes represented of
Bmall for ZT0-vehicle and treatments groups (STD-VH, CAF-VH and CAF-GSPE). (C) Estimated
circadian rhythms and (D) acrophases with their amplitudes represented of Cry1 for ZT0-vehicles
and treatments groups (STD-VH, CAF-VH and CAF-GSPE). (E) Estimated circadian rhythms and
(F) acrophases with their amplitudes represented of Nampt for ZT0-vehicle and treatments groups
(STD-VH, CAF-VH and CAF-GSPE). (G) Estimated circadian rhythms and (H) acrophases with their
amplitudes represented of Nrld1 for ZT0-vehicle and treatments groups (STD-VH, CAF-VH and
CAF-GSPE). (I) Estimated circadian rhythms and (J) acrophases with their amplitudes represented
of Per2 for ZT0-vehicle and treatments groups (STD-VH, CAF-VH and CAF-GSPE). (K) Estimated
circadian rhythms and (L) acrophases with their amplitudes represented of Rora for ZT0-vehicles
and treatments groups (STD-VH, CAF-VH and CAF-GSPE).
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Figure 3. Estimated circadian rhythms (relative gene expression) of groups treated at night (ZT12).
(A) Estimated circadian rhythms and (B) acrophases with their amplitudes represented of Bmall
for ZT12-Vehicles and Treatments Groups (STD-VH, CAF-VH and CAF-GSPE). (C) Estimated cir-
cadian rhythms and (D) acrophases with their amplitudes represented of Cry1 for ZT12-Vehicles
and Treatments Groups (STD-VH, CAF-VH and CAF-GSPE). (E) Estimated circadian rhythms and
(F) acrophases with their amplitudes represented of Nampt for ZT12-Vehicles and Treatments Groups
(STD-VH, CAF-VH and CAF-GSPE). (G) Estimated circadian rhythms and (H) acrophases with their
amplitudes represented of Nrld1 for ZT12-Vehicles and Treatments Groups (STD-VH, CAF-VH and
CAF-GSPE). (I) Estimated circadian rhythms and (J) acrophases with their amplitudes represented of
Per2 for ZT12-Vehicles and Treatments Groups (STD-VH, CAF-VH and CAF-GSPE). (K) Estimated
circadian rhythms and (L) acrophases with their amplitudes represented of Rora for ZT12-Vehicles
and Treatments Groups (STD-VH, CAF-VH and CAF-GSPE).

Regarding the night-treated groups (ZT12), CAF-diet effects were detected in genes
such as Bmall, Per2, Cryl, Rora and Nampt. The CAF-diet effect on Bmall expression
resulted in an acrophase displacement in comparison to the STD-diet group (p = 0.0001)
(Figure 3A,B). This displacement was significantly restored by GSPE treatment (p = 0.0001)
(Supplementary Materials, Table 52). Another gene also altered by CAF diet was Per2
(Figure 3L]). A similar situation was detected for Cryl gene expression; its acrophase
was displaced with the CAF diet (p = 0.036) and restored with the GSPE treatment at
ZT12 (p = 0.001) (Figure 3C,D). In this case, a significant displacement of acrophase and
an increase in amplitude with CAF diet was observed; nevertheless, the administration of
GSPE restored both circadian parameters. Interestingly, the most altered gene was Rora,
the circadian rhythmic expression of which was fully disrupted (p = 0.037) by the CAF
diet (Figure 3K,L). This total disruption of rhythmicity was significantly restored by GSPE
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treatment (p = 0.046), and both circadian parameters (acrophase and amplitude) were
reestablished to similar values as those in the STD-diet group (p = 0.000). Finally, circadian
rhythm of Nampt expression was also altered by the CAF diet, shifting its acrophase
(p = 0.033). Intriguingly, in this case, GSPE treatment was not able to restore its circadian
disruption.

3.4. GSPE Modulates Changes in Mitochondrial Dynamics and Biogenesis Induced by Cafeteria
Diet

Several studies suggest that mitochondrial dysfunction plays a critical role in initiating
or propagating events in fatty liver disfunction and NAFLD [51]. Moreover, mitochondrial
dysfunction and obesity are tightly connected, as these organelles embrace fatty acid oxi-
dation. It should be noted that 3-oxidation depends on organelle activity and number to
efficiently synthesize ATP from oxidation of metabolic fuels [52]. Therefore, to evaluate
mitochondrial dynamics and biogenesis in the liver, gene-expression assessment of mito-
chondrial fusion (Mfn1 and Mfn2), fission (Drp1 and Fis1) and biogenesis (Pgcla) at each
time of death condition (ZT1 to ZT19) was performed (Figures 4-6).
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Figure 4. Relative gene expression of mitochondrial fusion genes in the liver. Rats were fed an STD
or CAF diet and received a daily dosage of vehicle or GSPE in the morning (ZT0) (A,B) or at night
(ZT12) (C,D). After 9 weeks, the rats were sacrificed at 9 a.m. (ZT1), 3 p.m. (ZT7), 9 p.m. (ZT13) or
3 a.m. (ZT19), and mRNA levels of Mfnl and Mfn2 were determined. The values are the mean 4= SEM
(n =4). * The effect of diet within vehicle groups (Student’s ¢ test or DMS post hoc test, p < 0.05); $ the
effect of GSPE consumption within CAF groups (Student’s ¢ test or DMS post hoc test, $ p < 0.05, $$
p < 0.01); # indicates tendency between STD-VH and CAF-VH using Student’s ¢ test (p = 0.1-0.051);
+ indicates tendency between CAF-VH and CAF-GSPE using Student’s ¢ test (p = 0.1-0.051).
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Figure 5. Relative gene expression of mitochondrial fission genes in the liver. Rats were fed an STD or
CAF diet and received a daily dosage of vehicle or GSPE in the morning (ZT0) (A,B) or at night (ZT12)
(C,D). After 9, weeks the rats were sacrificed at 9 am. (ZT1), 3 p.m. (ZT7), 9 p.m. (ZT13) or 3 a.m.
(ZT19), and mRNA levels of Fis1 and Drpl were determined. The values are the mean + SEM (n = 4).
* The effect of diet within vehicle groups (Student’s ¢ test or DMS post hoc test, * p < 0.05, ** p < 0.01);
$ the effect of GSPE consumption within CAF groups (Student’s ¢ test or DMS post hoc test, p < 0.05;
+ indicates tendency between CAF-VH and CAF-GSPE using Student’s ¢ test (p = 0.1-0.051).
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Figure 6. Relative gene expression of mitochondrial biogenesis gen in the liver. Rats were fed an
STD or CAF diet and received a daily dosage of vehicle or GSPE in the morning (ZT0) (A) or at night
(ZT12) (B). After 9 weeks, the rats were sacrificed at 9 am. (ZT1), 3 p.m. (ZT7), 9 p.m. (ZT13) or
3 a.m. (ZT19), and mRNA levels of Pgcla were determined. The values are the mean &+ SEM (1 = 4).
* The effect of diet within vehicle groups (Student’s t test or DMS post-hoc test, p < 0.05); # indicates
tendency between STD-VH and CAF-VH using Student’s ¢ test (p = 0.1-0.051); + indicates tendency
between CAF-VH and CAF-GSPE using Student’s ¢ test (p = 0.1-0.051).

As shown in Figure 4, at ZT13 and ZT19, there is a slight effect of GSPE in the morning
treatment (ZT0) on Mfn1 (p = 0.96) (Figure 4A) and Mfn2 (p = 0.01) (Figure 4B), avoiding
the increase in these gene expressions induced by cafeteria treatment. This effect is also
evident in Mnf2 expression in the nocturnal treatment (ZT12) at the ZT19 death time
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(p = 0.03) (Figure 4D). Thus, in relation to mitofusin expression, and except for this last
ZT19 condition, the night GSPE treatment behaves completely differently than for the rest
of ZTs in comparison with the day GSPE treatment. The most remarkable result is that there
is a clear overexpression in both Mnfl and Mfn2, a 27 and 65% increment, respectively, in the
GSPE group in the night treatment (ZT12) compared with the CAF-VH group. Altogether,
these results could suggest that the effect of GSPE inducing the fusion of mitochondria
seems to be more relevant with night treatment and shortly after GSPE ingestion (ZT1) in
cafeteria-fed animals.

Regarding fission genes, when comparing VH groups (CAF vs. STD) treated in the
morning (ZT0), it can be seen that CAF-fed animals exhibit significantly higher expression
levels of Drp1 and Fis1 at ZT1 (p = 0.011) and ZT13 (p = 0.004), respectively. These differences
were not observed between STD-VH and CAF-GSPE groups (Figure 5A-B). Regarding
the GSPE effect, a decrease of almost 30 percent in Fis]1 gene expression is observed in
the ZT13 condition. As some of these effects were also observed for the fusion genes, it
seems that morning GSPE treatment promotes a relatively mild effect and prompts an
equilibrium between the fusion and fission events, suggesting that there could be a balance
in the morphology of the mitochondrial population.

On the other hand, concerning the expression of the fission genes in the GSPE night
treatment (Figure 5C-D), we found significant effects at ZT13 (p = 0.069) and ZT19 (p = 0.032)
in Drp1 gene expression (between CAF-VH and CAF-GSPE group). In consequence, it seems
that in the night treatment, mitochondria could be more present in an elongated /fussed
form due to both the induction of fusion genes and the inhibition of fission genes induced
by GSPE.

Mitochondrial biogenesis is regulated by transcription factor Pgcla. As shown in
Figure 6A,B, Pgcla expression of STD-VH animals is three-fold higher at ZT13 in both diur-
nal and nocturnal treatments, as well as at ZT1 in the morning treatment (ZT0) (p = 0.090).
Interestingly, there is a subtle effect (tendency) of GSPE to decrease biogenesis in the morn-
ing treatment at ZT13 (p = 0.076). Nevertheless, it seems that GSPE is more capable of
modulating the fission and fusion events than biogenesis events. It should be noted that
while mitochondrial dynamics are highly regulated by a few genes (Mfn1/2, Drp1, and Fis1),
mitochondrial biogenesis involves more factors, which is why, perhaps, no effect of GSPE
treatment on the master regulator Pgcl-« is observed. Thus, it is likely that other genes,
such as Tfam, could be also acting.

3.5. Mitochondrial Respiratory Activity Is Highly Altered Due to CAF Diet but Partially
Ameliorated by GSPE

As it is well known, mitochondrial activity dysfunction is highly related to steatosis
and steatohepatitis, as well as fibrosis [53]. For this reason, we measured the activity of the
complexes that form part of the respiratory chain. In this sense, as can be seen in Figure 7,
a clear alteration produced by CAF diet regarding mitochondrial complexes was observed.
Particularly, the activity of mitochondrial complexes I, Il and II + IIl were altered at different
times of day.

Regarding complex I, there was a disruption in its activity due to the CAF diet when
CAF-VH groups were compared with STD-VH groups, as shown in Figure 7A,B. In addition,
these differences were increased when the activity of complex I was measured at ZT7,
regardless of the treatment time (p = 0.0007 at ZT0 and p = 0.012 at ZT12). However, when
GSPE was supplied in the morning (ZT0), there was an improvement of the activity at ZT7
(p =0.013) and at ZT13 (p = 0.010), with values like those of the STD group. Furthermore,
diurnal GSPE-treated animals (ZT0) showed a tendency to increase complex I activity
(p = 0.054) when compared to treated and non-treated CAF groups (Figure 7A).
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Figure 7. Mitochondrial respiratory activity in the liver. Rats were fed an STD or CAF diet and
received a daily dosage of vehicle or GSPE in the morning (ZT0) (A,C,E) or at night (ZT12) (B,D,F).
After 9 weeks, the rats were sacrificed at 9 a.m. (ZT1), 3 p.m. (ZT7), 9 p.m. (ZT13) or 3 a.m. (ZT19), and
the activity of mitochondrial complexes L, I and III was determined. The values are the mean + SEM
(n = 4). * The effect of diet within vehicle groups (Student’s ¢ test or DMS post hoc test, * p < 0.05,
**p <0.01, **p < 0.001); $ the effect of GSPE consumption within CAF groups (Student’s ¢ test or
DMS post hoc test, $ p < 0.05, $$ p < 0.01); # indicates tendency between STD-VH and CAF-VH using
Student’s ¢ test (p = 0.1-0.051).

With respect to complex II, the activity of the complex was extremely altered due to
the CAF diet, as shown in Figure 7C,D, with activity disruptions at all measured times,
except for ZT1, when treated at night (ZT12). Nevertheless, when GSPE treatment was
supplied in the morning (ZT0), there was an amelioration of the activity of this complex
at ZT13 (p = 0.007), showing an activity similar to that in the STD-fed group, which could
suggest that GSPE improved the state of this complex.

As expected, the activity of complexes II + III was also highly altered due to the
CAF diet, showing a decrease in activity of almost 50% in some of the cases compared
to the STD-fed group, as shown in Figure 7E,F. In addition, this decrease in activity was
accentuated at ZT1 when VH was supplied in the morning (ZT0) (p = 0.003). However,
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regarding the activity of complexes II + III, no significant differences were found due to
treatment with GSPE.

Concerning the last complex of the respiratory chain, complex IV or COX, not enough
differences were found due to CAF or GSPE treatment. In this case, the activity of the
complex was constant in all conditions and at all measured times. Finally, we also measured
the activity of citrate synthase, which is considered a marker for mitochondrial activity.
Despite the fact that there were no differences due to the CAF diet or GSPE treatment, there
was a significant increase in the activity of this enzyme at ZT13 in rats treated diurnally
with GSPE (ZT0), even exceeding the activity of the STD group (p = 0.001) (Supplementary
Materials, Table S3).

Altogether, these subtle results of mitochondrial complex activity suggest that there is
a strong effect of the cafeteria diet at nearly all ZTs and that GSPE is able to restore them at
discrete ZTs above all in the diurnal treatment. Additionally, it seems that the dynamics
processes (fission and fusion) are more easily modulated, at certain ZTs, by GSPE than
mitochondrial biogenesis.

3.6. GSPE Treatment Strongly Increases Concentrations of Metabolites of Tricarboxylic Acid Cycles
in CAF-Fed Rats

As a key regulator of metabolic pathways, mitochondria produce metabolites that are
necessary for energy homeostasis, cell survival and proliferation. Therefore, six metabolites
involved in one of the most important mitochondrial pathways, TCA cycle, were studied.
When analyzing diurnal treatment (ZT0), Figure 8A shows that GSPE-treated animals
exhibited a higher concentration of fumaric (p = 0.039), a-ketoglutaric (p = 0.013), malic
(p = 0.047) and pyruvic acid (p = 0.024) metabolites at ZT1 than the STD and/or CAF-VH
groups.

On the other hand, in the CAF-VH group at the same time point, a decrease in the
concentration of these metabolites was observed. At ZT7 in the CAF-GSPE group, the
concentration of the metabolites mentioned above remained high, whereas succinic acid
levels began to rise (p = 0.047). On the other hand, 13 h after dosage, at ZT13, GSPE-
treated animals displayed an important decrease in the concentration of metabolites, which
continued in the same way at ZT19. CAF-VH animals showed lower concentrations of
pyruvic acid than STD-VH animals at ZT13 (p = 0.040), as well as lower concentration of
a-ketoglutaric acid than CAF-GSPE animals at ZT19 (p = 0.046). The lowest concentration
was seen in STD animals at ZT19, where some metabolites values were two-fold lower than
in CAF-GSPE animals (Supplementary Materials, Table 54.1).

This could mean that the cafeteria treatment depletes TCA metabolites due to the
rich ATP environment arresting TCA and re-orienting these metabolites through anabolic
purposes, i.e., lipid synthesis. On the other hand, GSPE could be partially restore this
metabolic pathway. This is in agreement with the fact that the major restoration respiratory
complexes induced by GSPE were also seen at several ZTs but always in the morning
treatment.

Regarding nocturnal treatment (ZT12), fumaric, a-ketoglutaric, malic and citric acid
metabolites exhibit a higher concentration from ZT1 to ZT7 in VH-, CAF- and STD-diet
animals; whereas in the case of GSPE-treated rats, higher amounts of these compounds were
seen from ZT19 to ZT1, 6 h earlier than in the vehicles. What is more, lower concentrations
of the aforementioned metabolites were seen from ZT13 to ZT19 in CAF-VH and STD-
VH groups, while for CAF-GSPE animals, the lowest amount of these compounds was
observed from ZT7 to ZT13 (Figure 8B). Succinic acid was significantly increased at ZT13
when treated with GSPE (p = 0.005), whereas pyruvic acid exhibited a significant decrease
(p = 0.008) compared to CAF and STD VH, respectively (Supplementary Materials, Table
54.2). In this case, the fact that the rats were active in the nocturnal phase could explain
the indistinctive results among treatments due to the fact that in this period, the ATP
requirements increased, promoting TCA activity in all experimental groups. Nevertheless,
we must also take into account that cafeteria treatment decreased complex activity.
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Figure 8. Heatmaps of TCA cycle metabolites in the liver. Rats were fed an STD or CAF diet and
received a daily dosage of vehicle or GSPE in the morning (ZT0) (A) or at night (ZT12) (B). After
9 weeks, the rats were sacrificed at 9 a.m. (ZT1), 3 p.m. (2T7),9 p.m. (ZT13) or 3 a.m. (ZT19).

4. Discussion

It is well known that polyphenols can mitigate the detrimental effects of a CAF diet by
decreasing body weight, blood pressure and blood glucose, as well as by improving lipid
metabolism [31]. In this sense, our results show that GSPE is able to decrease body-weight
gain and improve blood glucose levels of obese rats.

Furthermore, it has been previously shown that a dose of 25 mg GSPE /kg body weight
per day administered for 30 days improved the homeostasis model assessment-insulin
resistance index (HOMA-index). This was accompanied by downregulation of Pparg2,
Glut4 and Irs1 in mesenteric white adipose tissue. Similarly, a chronic GSPE treatment of
insulin-resistant 3T3-L1 adipocytes downregulated the mRNA levels of those adipocyte
markers, although cells were still able to respond to the acute stimulation of glucose uptake.



UNIVERSITAT ROVIRA I VIRGILI
THE INFLUENCE OF BIOLOGICAL RHYTHMS ON THE BENEFICIAL EFFECTS OF GRAPE SEED PROANTHOCYANIDIN
EXTRACT (GSPE) ON LIVER METABOLISM IN HEALTH AND DISEASE

Romina Mariel Rodriguez

Nutrients 2022, 14, 774

17 of 23

This indicates that the 25 mg/kg body weight per day GSPE treatment has a positive
long-term effect on glucose homeostasis [48].

On the other hand, a limitation of our study is the number of animals used per group,
although similar experiments on circadian rhythms [54-57] also used a low number of
animals (around four) for each experimental time point.

Several lines of evidence suggest that the consumption of a high-fat diet causes
misalignment of the liver molecular clock [58]. In this regard, our results indicate that a
CAF diet causes a disruption in hepatic circadian-clock genes, as acrophases are shifted and
rhythmicity of some core-clock genes are lost. Ribas-Latre and collaborators [59] studied
the effect of GSPE on the clock system in HepG2 cells. According to their study, Bmall
was found to be the most GSPE-sensitive gene, since GSPE treatment strongly increased
Bmall expression. It is noteworthy that GSPE was also found to enhance the transcriptional
activity of Rora, which is an activator of Bmall expression, suggesting that it might be
responsible for the modulation of Bmall by GSPE. This is in agreement with our results,
as GSPE treatment is capable of restoring hepatic circadian misalignment of Rora in both
diurnal and nocturnal treatments, as well as of Bmall, Cryl and Per2 in animals treated at
night (ZT12). Interestingly, Ribas-Latre et. al. [59] conducted another study where they
administered GSPE in the morning (ZTO0) or at night (ZT12) to healthy rats.

When analyzing the expression of clock genes in the liver, they observed that the
effect of GSPE on Bmall only occurred in night-treated animals (ZT12) [60]. Hence, they
postulated that GSPE could act as an adaptive element in the liver, enhancing the energy
profile of rats and improving mitochondrial function and oxidation at night, during the
active phase, as rats are nocturnal animals. Interestingly, we also found a major corrective
effect on the misalignment of the circadian rhythm induced by a cafeteria diet in the
nocturnal treatment (ZT12) in comparison to the diurnal treatment (ZT0). Additionally,
this correlates with the increase in parameters suggestive of a fussed morphology at night.
In this sense, it was observed that the morphology of the mitochondrial network shows
circadian rhythmicity in cultured fibroblast, shifting from a tubular mitochondrial network
at 16 h after synchronization to a greatly fragmented network 28 h after, coinciding with the
rhythmicity of ATP content and oxidative phosphorylation. Moreover, Per1/Per2 mutant
mice lack these rhythms, and therefore, ATP levels are not cyclic, and the mitochondrial
network remains fragmented at all time points [24]. Likewise, liver-specific Bmall mutant
mice exhibit swollen mitochondria, parallel with reduced levels of mitophagy proteins
Fis1 and Pink1, in addition to the inability to adapt to different nutritional conditions [22].
Furthermore, as has already been exposed, levels of mitochondrial fusion proteins Mfn1
and Opal are reduced in Bmall knockout mice [4].

On the other hand, the recovery of mitochondrial complexes at ZT13 of diurnal
GSPE administration are in agreement with changes in mitochondrial morphology (Mfn1,
Mfn2 and Fis1). In this regard, it has been shown that structural remodeling can act as a
compensatory mechanism for inefficient mitochondrial ATP synthesis [61].

NAFLD is considered the hepatic manifestation of metabolic syndrome [62], where
oxidative stress is the main mechanism of liver injury, leading to hepatic inflammation and
fibrosis. As the major contributor to oxidative stress, mitochondrial dysfunction plays a
significant role in this pathogenesis [63]. Thus, improper functioning of mitochondria could
lead to the development of metabolic diseases, such as obesity, type 2 diabetes mellitus and
NAFLD. Moreover, a large number of liver diseases are characterized by mitochondrial
alterations [52]. Our results demonstrate that a CAF diet promotes a significant alteration
in hepatic mitochondrial function, with three of the electron-transport-chain (ETC) compo-
nents (complex I, IT and III) exhibiting a decrease in activity. The ETC is the main site of ATP
generation; therefore, we demonstrated that mitochondrial respiratory activity is hugely
altered in rats consuming a CAF diet. Moreover, our results suggest that GSPE treatment
could reduce, at least partially, the negative effect of the CAF diet over mitochondrial
function. This last finding is in agreement with previously published studies about the
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beneficial effect of chronic supplementation with proanthocyanidins over mitochondrial
activity and functionality in brown adipose tissue and skeletal muscle of obese rats [35,36].
To maintain healthy mitochondria, mitochondria are continuously formed and re-
moved through dynamic processes called mitochondrial fission, fusion, mitophagy and
biogenesis [64].Our results showed a differential effect on expression of fusion genes Mfnl
and Mfn2, depending on the time of treatment administration. While in the morning treat-
ment (ZT0), CAF was able to increase the expression of these genes and GSPE maintained
similar expression levels as in healthy rats, in nocturnal treatment (ZT12), an increase
in fusion gene expression was observed in GSPE-treated animals at ZT1. An excess of
caloric intake causes an increase in glucose levels, which triggers the production of ROS,
thereby generating mitochondrial oxidative stress [16]. It has been previously shown
that mitochondrial oxidative stress causes mitochondrial fragmentation via differential
modulation of mitochondrial fission—fusion proteins. On one side, some authors suggest
overexpression of Mfnl and/or Mfn2 causes mitochondrial dysfunction and cell death [65].
However, other authors demonstrate that overexpression of Mfn2 improves liver fibrosis
in hepatic stellate cells of mice [66]. In this regard, our results suggest that GSPE could
enhance fusion expression when administrated at night (ZT12) to alleviate stress caused
by a CAF-diet, thereby combining contents of partially damaged mitochondria as a form
of complementation. Fission is necessary to create new mitochondria but also contributes
to quality control by enabling the deletion of damaged mitochondria and could promote
apoptosis during high levels of cellular stress. However, disruption of fission machinery
is implicated in the development of neurodegenerative and metabolic diseases [67]. Our
results show that the expression levels of fission genes in GSPE-treated rats were similar to
those of STD-djiet rats, whereas CAF-VH rats exhibited an increase in expression of these
genes at most death time points. These findings are in accordance with several studies in
which high-fat-diet-induced obesity mice showed overexpression of mitochondrial fission
genes Drpl and Fis1, whereas inhibition or disruption of these genes led to an improvement
in insulin resistance and mitochondrial dysfunction in skeletal muscle [7]. Furthermore, a
decrease in mitochondrial fission has also been found to ameliorate hepatic steatosis and to
protect the liver against metabolic deterioration in a murine model of NAFLD [68,69].
Food-derived fatty acids, carbohydrates and proteins are oxidized inside mitochondria
via 3-oxidation and TCA cycle [63]. Thereby, TCA cycle, also known as Krebs cycle, plays
an important role as an energy supply for metabolism. Moreover, it produces important in-
termediates involved in gluconeogenesis, lipolysis and neurotransmitter synthesis, among
others. It is also known that TCA cycle and the ETC are intimately related, since byproduct
generation of 3 nicotinamide adenine dinucleotide (NADH) and 1 flavin adenine dinu-
cleotide (FADH2) by TCA cycle feeds ETC complex I (NADH dehydrogenase) and complex
IT succinate dehydrogenase (SDH), respectively. Furthermore, oxidation of the aforemen-
tioned byproducts in complexes I and II is necessary to maintain the proper functioning
of the TCA cycle [70]. For these reasons, we evaluated the concentration of the TCA cycle
metabolites in the liver and observed higher concentrations of these metabolites in morning
GSPE-treated animals (ZT0). It is possible that a correlation exists between this result and
the tendency to increase complex I activity when GSPE was supplied in the morning at ZTO.
Moreover, not only are concentrations of these metabolites strongly deceased in CAF-fed
animals in both diurnal and nocturnal treatments, but mitochondrial respiratory activity is
also hugely altered. This could be partially attributed to the accumulation of NADH due to
malfunctioning of ETC. The regulatory enzymes of the TCA cycle are inhibited by NADH.
Therefore, we suggest that the TCA cycle turns off in CAF-fed animals as a consequence
of ETC dysfunction. Interestingly, we observed that as expression of Fis1 and/or Drp1 in
CAF-VH group decreases, concentrations of TCA metabolites increase at the same time of
death. In the same way, an enhancement of fission gene expression in CAF-VH animals
correlates with a decrease in TCA metabolite concentrations. Considering the significant
role of mitochondrial dynamics and respiratory-chain activity in mitochondrial and cel-
lular functions, it could be suggested that obesity and excessive caloric intake cause an
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imbalance of these processes, leading to mitochondrial dysfunction and contributing to the
development of hepatic metabolic impairment.

Several studies go along with the idea that maintaining circadian rhythm is essential,
as it plays a pivotal role in hepatic metabolism and mitochondrial function [20]. In this
sense, Kim and collaborators [71] demonstrated liver-specific inhibition of Rora induced
abnormal mitochondrial function, thus worsening NAFLD in mice with a high-fat diet.
They evidenced Rora that increased the rate of oxygen consumption and the expression
of genes involved in mitochondrial quality control [71]. Moreover, Jacobi and colleges
revealed circadian control of Bmall over expression of mitochondrial-dynamics-related
genes. Their study exposed that the hepatic deletion of Bmall causes oxidative stress and
damages mitochondria [22]. In this sense, our results show that circadian oscillations of
Rora and Bmall were disrupted in the CAF-diet group and that GSPE was able to restore this
disruption of both clock genes when treated at night (ZT12). Therefore, we can suggest that
chronic consumption of GSPE could be useful to ameliorate obesity-induced mitochondrial
dysfunction by improving the disturbance of circadian rhythm.

Finally, in this experiment, GSPE was administered at 25 mg of GSPE/ kg of body
weight. This dose, using a translation of animal to human doses [72] and estimating the
daily intake for a 70 kg human, corresponds to an intake of 284 mg of GSPE/day. This GSPE
intake can be achieved in humans with a polyphenol-rich diet. For example, in Spanish
adults, the mean dietary flavonoid intake is 313.26 mg/day, with proanthocyanidins
comprising 60.1% [73]. Although experimental data obtained in rats cannot be directly
extrapolated to humans, the fact that GSPE is able to restore the rhythm of clock hepatic
genes (given this correction more evident on the nocturnal treatment), as well as other
mitochondrial parameters and TCA-related metabolites, suggests that the inclusion of
proanthocyanidin-rich foods in the diets of obese humans could be a good strategy to
improve their hepatic circadian and mitochondrial alterations.

5. Conclusions

In summary, dietary supplementation with GSPE caused a decrease in body-weight
gain in animals fed a CAF diet. Moreover, other significant metabolic conditions associated
with metabolic syndrome were also improved after GSPE administration. In particular,
an improvement in serum glucose levels was observed compared to CAF non-treated
animals. Furthermore, GSPE was able to restore the rhythmicity of some core-clock genes
in the liver that were totally disrupted by a CAF diet. In addition, our results demonstrate
significant alteration in hepatic mitochondrial function caused by an obesogenic diet intake,
such as a decrease in mitochondrial complex I, Il and II + III activities; an increase in the
expression of mitochondrial fission genes, which can result in fragmented mitochondria
that are susceptible to apoptosis; and a strong decease in the concentrations of TCA cycle
metabolites. In this sense, our results suggest that GSPE treatment could ameliorate the
effect of the CAF diet over mitochondrial function. Notably, the major improvements in
GSPE supplementations were seen at the ZT12 dosage. This may be partially explained by
the fact that GSPE enhances the energy profile of rats and improves mitochondrial function
and oxidation in the liver at night, during the active phase when rats are metabolically
more active, as rats are nocturnal animals. Nevertheless, further studies are needed to
elucidate the molecular mechanisms involved in these events.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/nu14040774/s1, Table S1: Circadian parameters of liver clock genes, Table S2: Comparison of
circadian parameters of liver clock genes between groups, Table S3: Measurement of ETC components
in the liver, Table S4.1: Metabolites of the TCA cycle in the liver at ZT0, Table S4.2: Metabolites of the
TCA cycle in the liver at ZT12.
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Table S1. Circadian parameters of liver clock genes.

j4 amplitude plamplitude)  acrophase (h)  p(acrophase) MESOR
STD-VH 0.000 0.488 0.000 0.566 0.011 0.478
ZT0 CAF-VH 0.000 0.579 0.000 0.187 0.000 0.553
CAF-GSPE 0.000 0.591 0.000 0.59 0.518 0.59
Bmall STD-VH 0.000 0.479 0.000 22.638 0.007 0.394
ZT12 CAF-VH 0.000 0.446 0.000 1.51 0.111 0.477
CAF-GSPE 0.001 0.369 0.000 23.055 0.000 0.326
STD-VH 0.001 0.503 0.000 20.629 0.000 0.742
ZT0 CAF-VH 0.000 0.615 0.000 21.272 0.000 0.816
Cryt CAF-GSPE 0.000 0.672 0.000 21.1 0.000 0.856
STD-VH 0.001 0.753 0.000 18.664 0.000 0.969
ZT12 CAF-VH 0.000 0.497 0.000 21.09 0.000 0.705
CAF-GSPE 0.000 0.753 0.000 18.577 0.000 0.71
STD-VH 0.003 0.807 0.000 16.58 0.000 1.295
ZT0 CAF-VH 0.000 1.205 0.000 16.017 0.000 1.762
Per2 CAF-GSPE 0.000 1.293 0.000 16.58 0.000 1.651
STD-VH 0.000 1.407 0.000 16.304 0.000 2.067
ZT12 CAF-VH 0.000 2.264 0.000 13.519 0.000 3.035
CAF-GSPE 0.000 1.408 0.000 15.271 0.000 1.719
STD-VH 0.004 22.855 0.000 11.207 0.000 16.15
ZT0 CAF-VH 0.000 34.868 0.000 9.386 0.000 25.125
Nridi CAF-GSPE 0.000 30.889 0.000 9.692 0.000 22.919
STD-VH 0.000 36.283 0.000 8.038 0.000 23.206
ZT12 CAF-VH 0.001 34974 0.000 8.312 0.000 23.648
CAF-GSPE 0.000 23.224 0.000 10.424 0.000 17.181
STD-VH 0.184 0.174 0.049 20.905 0.000 0.921
ZT0 CAF-VH 0.000 0.376 0.000 16.541 0.000 0.961
Rore CAF-GSPE 0.000 0.42 0.000 21.71 0.000 1.078
STD-VH 0.020 0.261 0.001 19.361 0.000 0.56
ZT12 CAF-VH 0.307 0.128 0.107 7.621 0.001 0.623
CAF-GSPE 0.046 0.225 0.005 21.231 0.000 0.431
STD-VH 0.001 2.523 0.000 14.497 0.000 2.495
ZT0 CAF-VH 0.003 3.915 0.000 14.361 0.000 43
Nampt CAF-GSPE 0.031 2.493 0.002 16.522 0.000 3.437
STD-VH 0.062 0.624 0.008 17.284 0.000 1.26
ZT12 CAF-VH 0.003 1.295 0.000 13.401 0.000 1.576
CAF-GSPE 0.001 1.224 0.000 14.488 0.000 1.26

Rats fed with standard diet (STD) or cafeteria diet (CAF) were daily dosage with vehicle or grape
seed procyanidins extract (GSPE) in the morning (ZT0) or at night (ZT12) and after 9 weeks were
sacrificed at 9 a.m. (ZT1), 3 p.m. (ZT7), 9 p.m. (ZT13) or 3 a.m. (ZT19). Acrophase is the time at
which the peak of a thythm occurs (h); Amplitude is the difference between the peak and the
mean value of a wave; MESOR is a circadian rhythm-adjusted mean. The values are the estimation
of circadian parameters obtained by Cosinor method. The statistically significant p-values (p <
0.05) are highlighted in bold.
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EXTRACT

Table S2. Comparison of circadian parameters of liver clock genes between groups.

P d_amplitude p(d_amplitude) d_acrophase p(d_acrophase)
770 STD-VH vs. CAF-VH 0.000 0.091 0.149 0.099 0.406
Bimall CAF-VH vs. CAF-GSPE 0.000 0.012 0.845 -0.106 0.278
7T12 STD-VH vs. CAF-VH 0.000 -0.033 0.689 5.531 0.000
CAF-VH vs. CAF-GSPE 0.000 -0.077 0.419 -5.64 0.000
710 STD-VH vs. CAF-VH 0.000 0.113 0.369 —0.168 0.459
o CAF-VH vs. CAF-GSPE 0.000 0.057 0.598 0.045 0.793
7T12 STD-VH vs. CAF-VH 0.000 -0.256 0.149 —0.635 0.036
CAF-VH vs. CAF-GSPE 0.000 0.09 0.424 0.658 0.001
770 STD-VH vs. CAF-VH 0.000 0.398 0.055 0.148 0.499
Per2 CAF-VH vs. CAF-GSPE 0.000 0.089 0.615 —0.148 0.301
STD-VH vs. CAF-VH 0.000 0.857 0.027 0.729 0.001
2112 CAF-VH vs. CAF-GSPE 0.000 -0.856 0.048 —-0.458 0.071
710 STD-VH vs. CAF-VH 0.000 12.013 0.047 0.477 0.033
Nridi CAF-VH vs. CAF-GSPE 0.000 -3.979 0.308 -0.08 0.506
7T12 STD-VH vs. CAF-VH 0.000 -1.308 0.881 -0.072 0.763
CAF-VH vs. CAF-GSPE 0.000 -11.75 0.122 —-0.553 0.040
770 STD-VH vs. CAF-VH 0.001 0.203 0.068 1.143 0.022
Rort CAF-VH vs. CAF-GSPE 0.000 0.044 0.662 -1.353 0.000
7T12 STD-VH vs. CAF-VH 0.037 -0.133 0.235 3.074 0.000
CAF-VH vs. CAF-GSPE 0.024 0.097 0.387 -3.563 0.000
STD-VH vs. CAF-VH 0.000 1.392 0.181 0.036 0.918
210 CAF-VH vs. CAF-GSPE 0.001 -1.422 0.248 -0.566 0.180
Nampt STD-VH vs. CAF-VH 0.001 0.671 0.077 1017 0.033
2112 CAF-VH vs. CAF-GSPE 0.000 -0.071 0.852 -0.285 0.345

Rats fed with STD or CAF were daily dosage with vehicle or GSPE in the morning (ZT0) or at
night (ZT12) and after 9 weeks were sacrificed at 9 am. (ZT1), 3 p.m. (Z17), 9 p.m. (ZT13) or 3 a.m.
(ZT19). Acrophase is the time at which the peak of a rhythm occurs ([h], hours); Amplitude is the
difference between the peak and the mean value of a wave; MESOR is a circadian rhythm-adjusted
mean. The first column (p) indicates if there are significant differences between two circadian
rhythms. The circadian parameter values are the differences between two groups of each circadian
parameter. The statistically significant p-values (p < 0.05) are highlighted in bold.
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(GSPE)

Table S3. Measurement of ETC components in the liver.

Citrate synthase Complex I Complex IT Complex IT +1I (6(0).¢

mU/mg protein mU/mg protein mU/mg protein mU/mg protein mU/mg protein
STD-VH 62.55 +6.08 33.95+5.68 118.40 + 15.08 8.74+1.67 71.69 +6.08
ZT1 CAF-VH 64.81 +6.52 25.54 +6.79 80.07 +5.57 ** 4.55 +0.66 ** 66.92 +10.38
CAF-GSPE 56.91 + 3.04 34.86 +17.53 74.46 +15.99 3.86 +1.25 62.51 +24.41
STD-VH 60.23 +9.33 25.62+1.85 99.40 +19.49 6.53 +1.86 69.85 +18.45
zT17 CAF-VH 60.05 +6.28 15.52 £ 2.66 *** 63.28 +4.12 ** 4.02+0.58* 66.76 +11.18
770 CAF-GSPE 59.88 + 8.09 23.38 +£3.59 $ 73.66 +19.14 4.59 +1.34 67.68 +15.91
STD-VH 70.28 £9.0 33.24 +16.81 122.42 +25.57 722 +2.58 58.71 +12.70
ZT13 CAF-VH 64.31 +2.44 20.33 +4.51 69.25+17.96 * 3.98+0.94 # 54.83 £5.00
CAF-GSPE 74.67 +2.57 $$ 32.33+4.71$ 112.02 +12.16 $$ 60.8 +1.99 + 56.46 + 4.48
STD-VH 69.49 +7.01 37.74 +3.34 144.27 £ 11.08 8.82+1.64 58.21+11.96
ZT19 CAF-VH 72.49 + 4.64 32.53 +4.06 $ 108.75 +16.10 ** 5.24+0.70 ** 5122 +11.64
CAF-GSPE 70.23 +8.78 22.88 +3.00 $$ 86.97 +8.35 + 4.61 £0.75 57.59 + 11.44
STD-VH 65.02 +7.97 28.71 +12.08 100.19 £ 19.64 6.41+1.28 65.95+9.85
ZT1 CAF-VH 60.97 + 4.69 26.26 +6.81 78.31 +13.99 475+1.06 # 57.39 +12.80
CAF-GSPE 63.93  6.21 26.41+5.10 79.91 + 19.67 5.33+3.11 54.90 + 4.42
STD-VH 59.72 + 4.06 41.60 +7.40 112.19 +17.75 725+1.29 56.98 +10.80
zT17 CAF-VH 59.32+3.77 23.12+7.33* 63.43 +9.66 ** 4.28 +0.94 ** 54.85 + 6.49
7T12 CAF-GSPE 57.36 +2.32 31.85 +12.93 78.61 +9.95 + 4.53 +1.07 57.65 + 2.35
STD-VH 68.75 + 8.66 33.91+6.82 126.38 +12.90 8.46 +2.03 56.22 +10.17
ZT13 CAF-VH 64.66 +5.09 22.63 +4.91* 84.67 +7.61 *** 4.94+0.70* 47.79 + 6.68
CAF-GSPE 58.93 + 3.03 23.86 * 6.35 72.84+11.18 4.02 +0.86 43.98 + 5.64
STD-VH 69.00 +5.11 42.16 +17.59 132.48 +26.19 8.59 +4.10 56.59 +11.18
ZT19 CAF-VH 63.16 + 6.68 22.95+12.47 69.47 +40.41 % 3.49 +2.50 + 55.52 +19.91
CAF-GSPE 61.66 + 8.12 23.06 +8.14 84.00 +18.94 4.45+2.16 45.36 + 11.36

Rats fed with STD or CAF were daily dosage with vehicle or GSPE in the morning (ZT0) or at
night (ZT12) and after 9 weeks were sacrificed at 9 am. (ZT1), 3 p.m. (ZT7), 9 p.m. (ZT13) or 3 a.m.
(ZT19). The values are the mean + standard error of the mean (SEM). (1 = 4). * The effect of diet
within vehicle groups (Student’s t test, p < 0.05); $ The effect of GSPE consumption within CAF
groups (Student’s t test, p < 0.05); + Indicates tendency between CAF-VH and CAF-GSPE using

Student’s t test (p = 0.1-0.051). COX Cytochrome c oxidase.
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Table S4.1 Metabolites of the TCA cycle in the liver.

ZT0-STD-VH vs. ZT0-CAF-VH ZT0-CAF-VH vs. ZT0-CAF-GSPE ZT0-STD-VH vs. ZT0-CAF-GSPE
ZT  Metabolite  ZT0-STD- ZTO-CAF- .~ ZTO-CAF- ZTO-CAF- .~ ZT0-STD- ZIO-CAF- .~
VH va P VH GSPE P VH GspE ?
Pyruvicacid 046003 032006 0068 07 032£006  034£002 0816 11 046£0.03 034002  0.024 07
Succinicacid  075£008 11+02 0155 15 11202  106+025 0886 1 075+008 106+025 0242 14
Fumaricacid  637+0.69 654113 0905 1 654+113 941+087 0118 14 637069 941+087 0.039 15
ZT1  Malicacid  2.61+037 2.86+054 0709 1.1 286+054 379:011 0212 13 261037 379+011 0.047 15
“'ket:(igltam 0.04+001 002+0 0150 05 0.02+0 005001 0013 25 004+001 005+001 0245 13
Citricacid  037+008 026+007 0332 07 026+007 043+006 0128 17 037008 043:0.06 0600 12
Pyruvicacid _ 0.56+0.06  0.32:001 0005 06 032001 036003 _ 0349 11 056006 036003 _ 0.019 06
Succinicacid  1.27+0.15 073+0.14 0038 06 073+0.14 118:0.12 0047 16 127015 1.18+012 0658 09
Fumaricacid  9.17+148 7.15+137 0356 08 715:137 898:099 0322 13 917+148 898+099 0918 1
ZT7  Malic acid 3:051 356+084 0593 12 356+084 398+056 0688 11 3:051  398:056 0242 13
""ket:gg‘tam 004001 005+001 0307 13 005+001 005+001 0944 1 004+001 005:001 0263 13
Citricacid  042+0.16 052:004 058 12 052+004  0.6+012 0508 12 042+016 06012 0392 14
Pyruvicacid _ 0.86£0.1 054007 0040 06 054007  047:003 0376 09 08601 047003 0010 05
Succinicacid  073+008 1.16+019 0083 16 1.16+019 088+016 0311 08 073+008 088+0.16 0436 12
Fumaricacid 84073 638+061 0079 08 638+061  84+086 0104 13 84073 84+086 0999 1
ZT13  Malicacid  291£027 281+025 0793 1 281+025 311:048 0597 11 291+027 311+048 0726 1.1
“'ket:(ig‘tam 003001 003:0 0674 1  003+0 0.03+0 0495 1 003001 0030 0883 1
Citricacid 03005 022:002 0209 07 022+002 029+006 0334 13 03005 029:006 0893 1
Pyruvicacid _ 0.62+0.11 055:0.03 0568 09 055£003  039£006 0053 07 0.62£011 039006  0.112 06
Succinicacid  1.02£021 123+0.16 0464 12 123:0.16  108+02 0589 09 102+021 108:02 0843 11
Fumaricacid 474052 556+063 0352 12 556+0.63 879+126 0061 16 474+052 879+126 0025 19
ZT19  Malicacid  1.63+0.18 243+03 0061 15 243+03  3.02:063 0427 12 1.63+0.18 302+063 0076 19
“'ket:(ig‘tam 0.02+0  003+0 0083 15 003%0 0.04+001 0046 13 0020  004+001 0.008 2
Citricacid 009002 02+0.04 0042 22 02004 023:004 0660 12 009+002 023:004 0022 26

Metabolites of the tricarboxylic acid (TCA) cycle in the liver of rats fed with STD or CAF diet were
daily dosage with vehicle or GSPE in the morning (ZT0) and after 9 weeks were sacrificed at 9 a.m.
(ZT1), 3 p.m. (ZT7), 9 p.m. (ZT13) or 3 a.m. (ZT19). The statistically significant p-values (p <0.05)
are highlighted in bold.
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Table S4.2 Metabolites of the TCA cycle in the liver.

ZT12-STD-VH vs. ZT12-CAF-VH

ZT12-CAF-VH vs. ZT12-CAF-GSPE

ZT12-STD-VH vs. ZT12-CAF-GSPE

T Metabolite ZT12-STD- ZT12-CAF- ZT12-CAF- ZT12-CAF- ZT12-STD- ZT12-CAF-
VH VH p-value FC VH GSPE p-value FC VH GSPE p-value FC
Pyruvic acid 046+0.04 037+0.04 0.128 0.8 0.37+0.04 0.39 + 0.06 0.808 1.1 0.46+0.04 0.39 + 0.06 0.343 0.8
Succinic acid 0.9 +0.24 1.13+0.17 0470 1.3 1.13+0.17 0.98 +0.35 0724 09 09+0.24 0.98 + 0.35 0.846 1.1
771 Fumaric acid 13.34+23 9.71+0.81 0.18 0.7 9.71+0.81 11.19+1.74 0468 1.2 133423 11.19+1.74 0484 0.8
Malic acid 455+0.66 3.76+0.23 0301 0.8 3.76+0.23 3.99+0.5 0.696 1.1 4.55+0.66 3.99+0.5 0.525 0.9
a-ketoglutaricacid 0.04+0.01 0.03+0.01 0.482 0.8 0.03 +0.01 0.04 +0.01 0.804 1.3 0.04+0.01 0.04 +0.01 0.650 1
Citric acid 0.31+0.06 032+011 0933 1 0.32+0.11 0.41 +0.15 0.637 1.3 0.31+0.06 0.41+0.15 0.548 1.3
Pyruvic acid 0.62+0.07 0.42+0.05 0.045 0.7 0.42+0.05 0.36 + 0.03 0344 09 0.62+0.07 0.36+0.03 0.012 0.6
Succinic acid 1.05+0.14 1.02+0.14 0874 1 1.02+0.14 1.13+0.17 0.652 1.1 1.05+0.14 1.13+0.17 0.754 1.1
717 Fumaric acid 1251+153 85+1.14 0.081 0.7 85+1.14 7.94+1.71 0.796 09 1251+153 7.94+1.71 0.094 0.6
Malic acid 3.9+0.55 381+0.39 0.892 1 3.81+0.39 3.01 +0.63 0325 0.8 3.9x055 3.01+0.63 0.329 0.8
a-ketoglutaricacid  0.03+0 0.03+0.01 0.568 1 0.03+0.01 0.04+0 0355 1.3 0.03+0 0.04+0 0.667 1.3
Citric acid 0.37+0.1 03+0.05 0580 0.8 0.3+0.05 0.22 +0.06 0.365 0.7 0.37+0.1 0.22 +0.06 0.273 0.6
Pyruvic acid 0.5+ 0.03 0.41+0.05 0.188 0.8 0.41+0.05 0.35+0.03 0.341 09 05+0.03 0.35+0.03 0.008 0.7
Succinic acid 1.13+0.09 1.04+0.08 0487 0.9 1.04+0.08 1.45 +0.05 0.005 1.4 1.13+0.09 1.45 +0.05 0.021 1.3
Fumaric acid 555+0.64 6.11+0.67 0570 1.1 6.11+0.67 7.69 +0.98 0233 1.3 555+0.64 7.69 +0.98 0.118 1.4
2113 Malic acid 1.57+022 251+021 0.023 1.6 2.51+0.21 2.48+0.31 0946 1 1.57+0.22 2.48 +0.31 0.053 1.6
a-ketoglutaricacid  0.03 +0 0.02+0 0.315 0.7 0.02+0 0.03 +0.01 0356 15 0.03+0 0.03 +0.01 0942 1
Citric acid 0.18+0.03 0.24+0.04 0.240 1.3 0.24+0.04 0.21 +0.05 0.690 0.9 0.18+0.03 0.21+0.05 0.614 1.2
Pyruvic acid 0.54+0.03 0.31+0.03 0.001 0.6 0.31+0.03 0.42 +0.07 0205 1.4 0.54+0.03 0.42 +0.07 0.151 0.8
Succinic acid 0.68+0.09 129+0.25 0.063 1.9 1.29+0.25 1.24 +0.16 0879 1 0.68+0.09 1.24+0.16 0.022 1.8
ZT19 Fumaric acid 846+143 6.79+1.09 0.388 0.8 6.79+1.09 8.95 + 0.68 0.143 1.3 8.46+143 8.95 + 0.68 0.769 1.1
Malic acid 2.8+0.44 244+045 0.583 09 2.44+0.45 3.21+0.25 0.181 1.3 2.8+044 3.21+0.25 0.447 1.1
a-ketoglutaricacid 0.03+0.01  0.03+0.01 0.888 1 0.03+0.01 0.04 +0.01 0406 1.3 0.03+0.01 0.04 +0.01 0.370 1.3
Citric acid 0.21+0.06 022+0.08 0915 1 0.22+0.08 0.38 +0.11 0.295 1.7 0.21+0.06 0.38+0.11 0.237 1.8

Metabolites of the TCA cycle in the liver of rats fed with STD or CAF diet were daily dosage with
vehicle or GSPE at night (ZT12) and after 9 weeks were sacrificed at 9 am. (ZT1), 3 p.m. (ZT7), 9
p-m. (ZT13) or 3 a.m. (ZT19). The statistically significant p-values (p< 0.05) are highlighted in bold.
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Abstract

Metabolic syndrome (MS) and its related diseases, including obesity and
non-alcoholic fatty liver disease (NAFLD), have become a public health issue
due to their increasing prevalence. Polyphenols, such as grape seed
proanthocyanidin extract (GSPE), are bioactive compounds present in fruits
and vegetables that show promise for MS treatment. We have previously
demonstrated that the efficacy of this phenolic extract in the modulation of
liver circadian clocks was affected by the time of the day at which it was
ingested. Thus, we wondered if the beneficial effects of GSPE consumption
in NAFLD could be mediated by diurnal modulation of hepatic lipid and
glucose metabolism and whether GSPE effects on liver metabolism are
impacted by the timing of administration. Results from hepatic lipid
profiling, expression rhythm analysis of metabolic genes together with liver
metabolomics in rats revealed that the CAF diet impaired glucose
homeostasis and enhanced lipogenesis in the liver, leading to the generation
of hepatosteatosis. Chronic consumption of GSPE at the onset of the active
phase was able to restore the daily oscillation of liver mass and of key
lipogenic and glycogenic genes, along with the reestablishment of liver
metabolite rhythms, demonstrating hepatoprotective properties by
decreasing triglyceride accumulation and lipid droplet formation in the
liver, thus mitigating the development of CAF-induced NAFLD.
Furthermore, in vitro data suggest that catechin, one of the main phenolic
compounds found in the GSPE extract, may be involved in the ameliorating

effects of GSPE against NAFLD.

Key words: circadian rhythms; liver metabolism; proanthocyanidins;

NAFLD
1 INTRODUCTION

In modern times, as a consequence of the rising prevalence of obesity, the
metabolic syndrome (MS) has become a common metabolic disorder [1]. It

is comprised of several metabolic abnormalities, such as increased visceral
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adiposity, dyslipidemia, hyperglycemia, and hypertension. MS is also
characterized by elevated levels of circulating triglycerides, lower levels of
high-density lipoprotein cholesterol, and impaired fasting blood glucose
concentrations [2]. Consequently, these changes increase the risk of
developing type 2 diabetes and cardiovascular disease [3]. In the liver, MS
manifests as nonalcoholic fatty liver disease (NAFLD), which includes a
disease spectrum varying from simple steatosis to non-alcoholic
steatohepatitis (NASH) and cirrhosis, with insulin resistance as an
important pathogenetic hallmark [4]. Nowadays, excess of food intake and
lack of physical activity are the main basis of the growing worldwide
epidemic of metabolic disorders and NAFLD [5]. Moreover artificial light at
night and late-time work together with sleep deprivation are principal
features of the industrialized world contributing to the pathogenesis of MS
[6]. Particularly, it has been suggested that these changes cause circadian
rhythm disturbances with a resulting upregulation of appetite leading to
alterations in lipid and glucose metabolism[6-8]. Additionally, there is now
increasing evidence connecting alterations of circadian rhythms with the
key components of MS [9-11], suggesting that the circadian system is one of

the main regulators of metabolism [12,13].

As a major metabolic organ, the liver is responsible for glucose and lipid
homeostasis, where opposite metabolic processes such as
glycolysis/gluconeogenesis, and lipogenesis/fatty acid oxidation take place,
requiring the need for temporal separation [14]. Therefore, hepatic
function, besides being under control of the insulin-glucagon signaling
network, is tightly regulated by circadian clocks [15]. It has been described
that not only transcripts, but also enzymes and proteins, which are
important regulators of metabolic processes, undergo circadian oscillation
in the liver [16,17]. Moreover, it is known that many hepatic metabolites

oscillate in a daily manner [18].

The master circadian pacemaker, the suprachiasmatic nucleus (SCN)

located in the hypothalamus, is influenced primarily by light, while
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peripheral circadian clocks located in tissues including the liver can be also
regulated by the time of feeding and type of diet [19]. It has been
demonstrated in mice that the intake of a high-fat diet (HFD) generates a
profound reorganization of the liver clock reprogramming, in consequence,
the oscillation of metabolic and transcriptional liver pathways. Diurnal
rhythms of transcripts and metabolites involved in insulin signaling
pathways, fatty acid and primary bile acid biosynthesis were found altered
due to HFD [20]. Furthermore, it has been shown that the reset of the liver
clock was specifically due to the nutritional challenge (HFD), and not due to
the development of obesity. Of note, such dietary effects on the circadian

clock are reversible [20].

Polyphenols, and specifically proanthocyanidins, are naturally occurring
secondary plant metabolites that can be found in many fruits and
vegetables, mostly in apples, cinnamon, grape seed and skin [21,22].
Proanthocyanidins are known to possess antioxidant, antimicrobial, anti-
inflammatory, antiallergic, anti-obesity and vasodilatory properties [23,24].
Epidemiological evidence has linked the consumption of proanthocyanidins
to a reduced risk of chronic diseases, including certain types of cancer and
cardiovascular disease, as well as NAFLD [25]. Moreover, it has been shown
that grape seed proanthocyanidin extract (GSPE) exhibits hepatoprotective
effects in animal models of diet-induced obesity, helping to prevent the
progression of steatosis and NAFLD [26-28]. Growing evidence suggests
that polyphenols may also affect circadian rhythms by acting on the SCN and
peripheral tissue circadian clock gene expression [29-32]. Among other
issues, the bioavailability and the timing of administration arise as
important features when studying the polyphenols effect on metabolic
dysfunctions like MS [33]. The main constituents of GSPE are flavan-3-ol
monomeric, dimeric, and trimeric procyanidins, with relatively low
proportions of larger polymers [34]. In this regard, based on its low

molecular weight procyanidin composition, GSPE has been considered to be
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highly bioavailable [35]. However, most studies do not consider the timing

of administration, leaving this variable largely unexplored.

Taking into consideration the above explained factors and based on our
previous results, in which we demonstrate that GSPE was able to restore
hepatic circadian clock synchrony in cafeteria diet (CAF) fed rats [36], we
further investigated the implications of obesity and MS in the close
relationship between the hepatic molecular clock metabolic function, and
energy regulation. Therefore, the aim of the present study was to investigate
how an obesogenic diet intake affects the rhythm of hepatic lipid and
glucose metabolism of rats and to determine whether. GSPE’s restorative
effects on liver rhythms are impacted by the timing of administration. To
achieve this, rats were fed with standard chow (STD) or cafeteria (CAF) diet
for 9 weeks. During the last 4 weeks they were treated in the morning (ZT0)
or at night (ZT12) with vehicle (VH) or 25 mg/kg of GSPE. Animals were
sacrificed one hour after turning the light on (ZT1) and every 6 hours (ZT1,
ZT7,7ZT13 and ZT19) to assess diurnal transcript and metabolite profiles.
Our data suggest a vital role for the circadian clock machinery and key
metabolic gene rhythms in the generation and propagation of NAFLD, and a
time-of-day dependent effect of GSPE in the amelioration of hepatic

steatosis.

2 MATERIALS AND METHODS

2.1 Grape seed proanthocyanidin extract

Grape seed proanthocyanidin extract (GSPE) was obtained from Les Dérives
Résiniques et Terpéniques (Dax, France). GSPE was directly analyzed by LC-
MS/MS (Agilent Technologies, Palo Alto, CA, USA). A ZORBAX SE-aq column
(150 mmx2.1 mm i.d., 3.5 um particle size, Aglient Technologies) was used.
The mobile phase consisted of (A) 0.2 % acetic acid in water and (B)
acetonitrile. The gradient mode was as follows: initial conditions, 5 % B; 0-
10 min, 5-55 % B; 10-12 min, 55-88 % B; 12-15 min, 80 % B isocratic, and

15-16 min, 80-85 % B. A post-run of 10 min was required for column re-
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equilibration. The flow rate was set at 0.4 mL/min, and the injection volume
was 2.5 pL for all runs. Electrospray ionization (ESI) was conducted at 350
°C, the flow rate was 12 L/min with a nebulizer gas pressure of 45 psi, and
the capillary voltage was 4,000 V. The mass spectrometer was operated in
negative mode, and the MS/MS data were acquired in multiple reaction
monitoring (MRM) mode. MRM conditions for the analysis of the phenolic
compounds studied using HPLC-ESI-MS/MS were conducted as previously
described [37]. The total polyphenol content, the individual flavanols and

the phenolic acids comprising the extract are detailed in Table 1.

2.2 Animal handling

All procedures involving the use and care of animals were reviewed and
approved by the Animal Ethics Committee of the Universitat Rovira i Virgili
(permit number 9495, 18t of September 2019). All experiments were
performed in accordance with relevant guidelines and regulations of the
Council of the European Union and the procedure established by the
Departament d’Agricultura, Ramaderia i Pesca of the Generalitat de

Catalunya.

Ninety-six 12-week-old male Fischer 344 rats were purchased from Charles
River (Barcelona, Spain). The animals were housed in pairs in a 12-h/12-h
light-dark cycle at 22 °C, 55 % humidity, and were provided a standard chow
diet (STD) and tap water ad libitum. The STD diet composition was 20 %
protein, 8 % fat and 72 % carbohydrates (Panlab, Barcelona, Spain). After a
4-day adaptation period, the animals were randomly divided into two
groups depending on the diet; 32 rats were fed with STD, and 64 rats were
fed a cafeteria diet (CAF) during a 5-week pre-treatment. CAF consisted of
biscuits with cheese and paté, bacon, coiled puff pastry from Mallorca
(Hacendado, Spain), feed, carrots, and sweetened milk (22 % sucrose w/v).
CAF composition was 14 % protein, 35 % fat and 76 % carbohydrates. After
the pre-treatment period, rats were divided into two groups according to
the Zeitgeber time (ZT) when the treatment was administered: 48 rats were

treated at the beginning of the light phase (8 a.m., ZT0), and 48 rats were
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treated at the beginning of the dark phase (8 p.m., ZT12). The treatment
period started in the 5th week and lasted for 4 weeks. Rats continued with
the diet they were fed during the pre-treatment period. All STD-fed rats
were treated with commercial sweetened skim condensed milk (Nestle; 100
g: 8.9 g protein, 0.4 g fat, 60.5 g carbohydrates, 1175 KkJ) as vehicle (VH).
CAF-fed rats were divided into two groups; 32 were treated with VH, and 32
with 25 mg/kg GSPE diluted 1/5 in condensed milk. The treatment was
orally administered daily using a syringe. The rats were fasted for 3 h, then
sacrificed by decapitation under anesthesia (sodium pentobarbital, 50
mg/kg per body weight). Each diet-treatment group was divided into 4 sub-
groups (n=4), depending on the time of sacrifice (9 a.m. (2T1), 3 p.m. (ZT7),
9 p.m. (ZT13) or 3 a.m. (ZT19)). Part of the liver was fixed with 10 %
formalin, the rest of the liver tissue was quickly frozen in liquid nitrogen and

then stored at -80 °C for further analysis.

2.3 RNA extraction

A liver tissue portion (20-30 mg) was mixed with TRIzol reagent (Thermo
Fisher, Madrid, Spain) and homogenized by Tissue Lyser LT (Qiagen,
Madrid, Spain). After a 10-min centrifugation (12,000 x g and 4 °C), the
homogenate was placed into a new Eppendorf tube, and 120 pL of
chloroform was added. Two phases were separated after a 15-min
centrifugation (12,000 x g and 4 °C). The aqueous phase was transferred
into a new Eppendorf tube, and 300 pL of isopropanol was added. After an
overnight incubation at =20 °C, samples were centrifugated at 4 °C and
12,000 x g for 10 min. The supernatant was discarded, and the pellet was
cleaned twice with 500 pL of ethanol 70 % and centrifuged for 5 min (8,000
x g and 4 °C). The supernatant was discarded again, and the washed pellet
was resuspended with 60 pL of nuclease-free water (Thermo Fisher,
Madrid, Spain). RNA concentration (ng/uL) and purity were measured by a
Nanodrop ND-1000 spectrophotometer (Thermo Fisher, Madrid, Spain).

For AML12 Bmall-luc cells, 750 pL TRIzol reagent (Thermo Fisher,

Germany) were added to each 35-mm well and, after a 5 min incubation on
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ice, cells were collected, placed into Eppendorf tubes and 150 pL of
chloroform was added. Two phases were separated after a 15-min
centrifugation (12,000 x g and 4 °C). The aqueous phase was transferred
into a new Eppendorf tube, and 375 pL of isopropanol was added. After an
overnight incubation at -20 °C, samples were centrifugated at 4 °C and
12,000 x g for 40 min. The supernatant was discarded, and the pellet was
cleaned twice with 350 pL of ethanol 70 % and centrifuged for 15 min
(12,000 x gand 4 °C). The supernatant was discarded again, and the washed
pellet was resuspended with 15 pL of nuclease-free water (Thermo Fisher,
Madrid, Spain). RNA concentration (ng/pL) and purity were measured by a

Nanodrop spectrophotometer (Thermo Fisher, Germany).

2.4 Gene-expression analysis

Complementary deoxyribonucleic acid (cDNA) was obtained by reverse
transcription of the RNA extracted using a high-capacity complementary
DNA reverse-transcription kit (Thermo Fisher, Madrid, Spain). Quantitative
polymerase chain reactions (QPCRs) were performed in 384-well plates in a
7900HT fast real-time PCR (Thermo Fisher, Madrid, Spain) using iTaq
Universal SYBR Green Supermix (Bio-Rad, Barcelona, Spain). The cycle
program used in all gPCRs was 30 s at 90 °C, 40 cycles of 15sat95°Cand 1
min at 60 °C. The analyzed liver genes were normalized by the housekeeping
gene peptidylprolyl isomerase A (Ppia) and the cell samples were
normalized by the housekeeping gene Eukaryotic translation elongation
factor 1 alpha (eEfla). No marked changes in cycle thresholds (Cts) of the
housekeeping genes were seen across the different times of sacrifice among
the groups or cells samples. The primers used for each gene were obtained
from Biomers (Ulm, Germany) and can be found in Supplementary Tables
(ST) 1 and ST2. The relative expression of each gene was calculated using

the 2-4ACt method, as reported by Schmittgen and Livak [38].
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2.5 Liver lipid profiling
Liver lipids were extracted following the Bligh-Dyer method [39], and levels

of hepatic cholesterol, TAG and total lipid liver content were measured

using a colorimetric kit assay (QCA, Barcelona, Spain).

2.6 Liver histology

Liver portions fixed in buffered formalin (4% formaldehyde, 4 g/L NaH,POs,,
6.5 g/L Na,HPO4; pH 6.8) were cut at a thickness of 3.5 pm and stained with
hematoxylin & eosin (H&E). Liver images (magnification 40X) were taken
with a microscope (ECLIPSE Ti; Nikon, Tokyo, Japan) coupled to a digital
sight camera (DS-Ril, Nikon) and analyzed using Image] NDPI software
(National Institutes of Health, Bethesda, MD, USA; https://imagej.nih.gov/ij,
version 1.52a). To avoid any bias in the analysis, the study had a double-
blind design, preventing the reviewers from knowing any data from the rats
during the histopathological analysis. A general NAFLD scoring system was
established to diagnose rats with NAFLD/NASH. The key features of NAFLD
and NASH were categorized as follows: steatosis was assessed by analyzing
macrovesicular (0-3) and microvesicular steatosis (0-3) separately,
followed by hepatocellular hypertrophy (0-3), which evaluates abnormal
cellular enlargement, and finally giving a total score of 9 points of steatosis
state. Inflammation was scored by counting cell aggregates (inflammatory
foci). The score 0 to 3 depends on the grade of the feature. It is categorized
as 0 (66 %), and this scoring is used in each feature of steatosis and then
added to the total steatosis score [40]. Ballooning was not included in the
scoring system, because only quantitative measures were considered for the
rodent NAFLD score. It is important to highlight that hypertrophy is not a
sign of cellular injury and slightly refers to an anomalous enlargement of the

cells without recognizing the source of this enlargement [40].

2.7 Metabolomic analysis

Metabolomic analysis of the 96 rat liver samples was performed at the

Centre for Omic Sciences (COS, Tarragona, Spain) using gas chromatography
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coupled with quadrupole time-of-flight mass spectrometry (GC-qTOF model
7200, Agilent, Santa Clara, CA, USA). The extraction was performed by
adding 400 pL of methanol:water (8:2)-containing internal standard
mixture to liver samples (approx. 10—20 mg). Then, the samples were
mixed and homogenized on a bullet blender using a stainless-steel ball,
incubated at 4 °C for 10 min and centrifuged at 19.000x g rpm; supernatant
was evaporated to dryness Dbefore compound derivatization
(methoximation and silylation). The derivatized compounds were analyzed
by GC-qTOF. Chromatographic separation was based on the Fiehn Method
[41] using a J&W Scientific HP5-MS film capillary column (30 m x 0.25 mm
x 0.25 um, Agilent, Santa Clara, CA, USA) and helium as carrier gas with an
oven program from 60 to 325 °C. [onization was done by electronic impact
(EI) with an electron energy of 70 eV and operating in full-scan mode.
Identification of metabolites was performed using commercial standards
and by matching their EI mass spectrum and retention time to a
metabolomic Fiehn library (from Agilent, Santa Clara, CA, USA) which
contains more than 1,400 metabolites. After putative identification of
metabolites they were semi-quantified in terms of internal standard

response ratio.

2.8 Alpha mouse liver 12 (AML-12) Bmal1-luc maintenance

AML-12 wild-type cells were originally obtained from ATCC biobank (cat
number CRL-2254) and grown in DMEM/F12 media containing 15 mM of
HEPES, 1 % of penicillin-streptomycin (10,000 units/mL and 10,000 pg/mL,
respectively), 1 % of insulin-transferrin-selenium (ITS), 10 % of non-heat
inactived serum (all items from Thermo Fisher, Germany). Dexamethasone
at 10 nM (Sigma-Aldirch, USA) was supplemented for regular culture

maintenance.

To generate Bmall-luc cells, HEK 293 cells were transfected using CaCl
solution containing Bmall-luc plasmid (17.5 pg, pABpuro-Bluf [42])
together with packing plasmids psPax and pMD2G (12.5 and 7.5 pg,

respectively). Supernatant containing virus was collected 48 h later and 10-
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X concentrated using Lenti-X Concentrator (Takara Bio, Germany). AML-12
wild-type cells were transduced using concentrated virus and selected
using 3 pg/mL of puromycin. From the heterogenous cell culture, single
clones were identified and isolated. AML-12 Bmal1-luc clone 4 was selected

and used for subsequent assays.

2.9 Invitro model of NAFLD by supplementing palmitate

AML-12 Bmal1-luc cells were grown in the above-mentioned media without
phenol red and dexamethasone. Serum was replaced for charcoal-dextran
treated serum that has a significant reduction in endogenous bovine
hormones (HyClone, USA). Cells were pre-treated with (+)-catechin or (-)-
epicatechin 10 puM or 100 uM for 72 h, using dimethylsulfoxide (DMSO) as a
solvent 0.01 % (v/v) or 0.1% (v/v), respectively. 2x10> cells were then
spited and seeded in 35 mm dishes containing medium with (+)-catechin or
(-)-epicatechin 10 puM or 100 pM. Twenty-four h later, cells were
synchronized using 200 nM of dexamethasone for 2 h. Cells were washed
with PBS and loaded with media containing (+)-catechin or (-)-epicatechin
10uM or 100uM. To mimic a high-fat scenario in vitro, cells were loaded with
sterile bovine serum albumin (BSA) conjugated with palmitate (0.25 mM)
or with serum albumin (0.04 mM) as control, both with 0.1 % (v/v) DMSO.
In all conditions, stocks solutions were highly concentrated and underwent
serial dilution to remove organic solvents. Stock solution of 5 mM
palmitate:0.8 mM BSA was acquired from Cayman, USA and filtered using a
0.22-pum filter. Luciferin (200 uM) was added to each dish, which were
covered with round glass lids, and sealed with parafilm. All dishes were
transferred to the Lumicycle and bioluminescence was measured every 10
minutes (Actimetrics, USA) at 32.5 °C for 4 days. Bioluminescence
measurements were collected, and the raw data were imported to the
Lumicycle software. Baseline subtracted bioluminescence, calculated by 24-

hour running-average subtraction, was used for rhythm evaluation.
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2.10 Rhythm analysis

Rhythmic analyzes were performed using CircaCompare algorithm [43].
Rhythmic parameters were compared in a pairwise fashion using
CircaCompare. Presence of rhythmicity was considered when p-value < 0.05
was achieved. Comparison between amplitude and MESOR was performed
for genes or metabolites, regardless of rhythmicity status. Phase estimation
was performed only on gene or metabolites that showed significant rhythms

in both groups.

For bioluminescence data, rhythmicity was assessed using the Circasingle
algorithm as previously described [44] using the normalized
bioluminescent data per hour. CircaSingle algorithm was set to consider
amplitude a decay factor and period was not pre-established. Rhythmicity

was confirmed when p-value < 0.05.

2.11 Statistical analysis

All data, except for bioluminescence data, were log2 transformed. The data
displayed in all figures and tables represents mean * standard error of the
mean (SEM). Hepatic lipids, metabolites and gene expression oscillations
were analyzed as described above. Global metabolomics analysis was
performed using one-way ANOVA, followed by Tukey’s post-test in R
environment. PCA analyzes were performed using the factoextra package
and Hartigan-Wong, Lloyd, and Forgy MacQueen algorithms (version 1.0.7)
in R. Liver lipid profiles were subjected to Student’s t test and one-way
ANOVA followed by Turkey’s multiple-range post-hoc test using IBM SPSS
Statistics (version 25) software. Graphics were done in GraphPad Prism 9
software (San Diego, CA, USA) and R using ggplot package. For all analyses,
a probability (p) value of < 0.05 was considered to reflect a statistically

significant difference.
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3 RESULTS

3.1 Hematoxylin & eosin staining demonstrates that CAF diet induces
NAFLD and a time dependent effectiveness of GSPE treatment

H & E staining was performed to study the pathological consequences of CAF
diet intake on the liver tissue. As is shown in Figure 1 A-B compared to STD
liver tissue, lipid droplets were visible in the liver and many hepatocytes
had swelling and injury in CAF-VH groups, in both ZT0 and ZT12 treatments.
Analysis of H & E staining showed that there was a significant difference in
the histopathology and lipid accumulation between STD diet liver tissues
and liver tissues of CAF diet animals. Interestingly, GSPE treatment was able
to reduce the numbers of lipid droplets when it was administered at ZT12
(p = 0.01) but not at ZT0, lowering the level of inflammation from 0.75 to
0.44 and steatosis score from 3.17 to 2.67 changing the NASH status to
NAFLD only at ZT12 (Figure 1 C, Table 2).

3.2 GSPE restores CAF-diet disrupted daily oscillations in liver weight

To obtain a temporal representation of the diurnal changes in liver lipid
abundance, we measured levels of triglycerides (TAGs), total cholesterol,
total lipid content and liver weight at 6-hour intervals across the day.
Results from circadian analysis, including rhythmometric parameters can

be found on ST3 and group comparisons in ST4 [43].

In the morning treatment (ZT0), cholesterol levels and total lipid content
showed rhythmicity in STD-VH (p = 0.04 and 0.001, respectively) but not in
CAF-VH and CAF-GSPE animals. On the other hand, no rhythmic pattern was
found for hepatic triglycerides in any of the groups. Interestingly, diurnal
oscillations in liver weight were observed in all groups. While liver weight
in STD-VH and CAF-GSPE groups peaked around ZT10, CAF-VH animals
livers showed maximum weight at ZT16, causing a phase delay of 6 hours

(p =0.001) (Figure 2 A-D).

After GSPE night (ZT12) treatment (Figure 2 E-H), non-rhythmic expression

was observed for total lipid content in all groups, whereas total cholesterol
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showed rhythmicity only in the STD-VH group (p = 0.03). Although hepatic
triglycerides did not show a significant circadian oscillation neither in STD-
VH nor in CAFs groups; a tendency of decreasing the overall expression
(MESOR) was observed in CAF-GSPE compared to CAF-VH group (p =
0.058). This result indicates that GSPE tends to reduce hepatic triglyceride
accumulation. Interestingly, animals subjected to ZT12 GSPE treatment
showed lower hepatic triglycerides levels compared to CAF-VH when
considering all ZTs together (p = 0.04). In addition, the CAF diet disrupted
circadian oscillations of liver weight, but animals treated with GSPE
recovered the pattern of rhythmic expression with a slight phase delay (p =
0.01). It is worth to mention that MESOR was higher in CAF fed animals (VH
and GSPE) when compared to STD-VH rats for all hepatic lipid parameters,
which might reflect the differences in fat and carbohydrate content of both

diets.

3.3 Daily oscillations of lipid metabolism related genes are lost in CAF
but reestablished by GSPE treatment

To investigate how the CAF diet affects liver lipid metabolism by influencing
the circadian system, we analyzed oscillations in the expression levels of
genes that play crucial roles in regulating lipid metabolism in the liver. All
rhythm analysis results such as phases, amplitudes and MESOR are shown

in ST5 and group comparisons in ST6.

SREBP-1c (sterol regulatory element binding protein 1c) is one of the main
transcription factors controlling the expression of lipid metabolism related
genes downstream of the core clock machinery. Amongst others it regulates
rate-limiting enzymes of fatty acid biosynthesis [45]. In the morning
treatment (ZT0), the mRNA levels of SREBP-1c showed a clear daily
oscillation in the STD group (p = 0.009), which was lost in CAF-VH animals
and re-established when rats were treated with GSPE (p = 0.001). Acaca
(acetyl-CoA carboxylase alpha) and Cd36 (cluster of differentiation 36), also
known as fatty acid translocase, involved in fatty acid biosynthesis and

transport [46], did not show rhythmic expression patterns neither in the
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STD-VH nor in the CAF-VH group, but they followed a circadian oscillation
in CAF-GSPE treated animals (p = 0.002 and 0.01, respectively). A rhythmic
expression of FATPS5 (fatty acid transport protein 5) was observed in CAF-
VH and CAF-GSPE with no differences between these two groups. For Fasn
(fatty acid synthase), which contributes to de novo lipogenesis [47], our
results showed a loss of rhythmicity caused by the CAF diet, and a
restoration of its circadian oscillation when CAF rats were also treated with
GSPE (p = 0.009). These animals also displayed a decrease in Fasn MESOR
expression when compared to STD group (p = 0.001) (Figure 3-E). Ppara
(peroxisome proliferator-activated receptor o) is a nuclear receptor that
also connects the clock genes with lipid metabolism [48]. As is shown in
figure 3-F all groups displayed diurnal rhythms for Ppara, although both
CAF groups (VH and GSPE) showed an increase of the MESOR compared to
the STD-VH (p < 0.001 and p = 0.002, respectively) and the GSPE group
exhibited a phase delay of 4 hours compared to STD (p = 0.03). Cyp7al
(cytochrome P450 family 7 subfamily A member 1 also known as
Cholesterol 7a-hydroxylase), is a gene that encodes for a protein involved
in bile acid biosynthesis. It catalyzes the first reaction in the cholesterol
catabolic pathway in the liver, which converts cholesterol to bile acids [49].
Non-rhythmic expression of Cyp7al was seen in the STD group, but when
comparing both CAF groups that showed a rhythmic pattern, CAF-VH
exhibited a higher MESOR than GSPE (p = 0.04).

In the case of night (ZT12) treatment (Figure 3 H-N), when compared to
STD-VH, both CAF-VH and CAF-GSPE showed higher MESOR levels of
SREBP-1c (p = 0.001 and 0.004, respectively). Its downstream target, Acaca,
exhibited a 3-hour phase advance in the CAF-VH compared to CAF-GSPE
group (p =0.047), whereas non rhythmic expression for this gene was found
in the STD group. Moreover, the amplitude of its mRNA oscillation was
increased in rats treated with GSPE compared to the STD group (p = 0.048).
Interestingly, CAF-GSPE rats were the only group that showed a circadian
rhythm (p = 0.01) for Cd36, but for FATP5 only STD-VH showed rhythmic
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oscillation (p = 0.01). In the case of Fasn shifted phases induced by the CAF
diet were seen - 5 h of phase shift when comparing STD-VH to CAF-VH (p =
0.009) and 4 h of phase shift if STD-VH and CAF-GSPE groups were
compared (p= 0.05). Ppara showed diurnal rhythms in STD-VH (p = 0.001),
CAF-VH (p =0.002), and CAF-GSPE (p = 0.001) groups, although a reduction
in the amplitude was seen in the CAF-GSPE group compared to STD-VH (p =
0.001). Cyp7al mRNA expression displayed diurnal rhythmic variations in
all groups, although a 3-hour phase advance was caused by CAF diet and
was not re-adjusted by GSPE treatment. Additionally, amplitude was lower

in CAF-GSPE than CAF-VH group (p = 0.04) for this gene.

3.4 Diurnal rhythms of glucose metabolic genes are disrupted by CAF-
diet intake and restored by GSPE

To further explore the impact of CAF diet on hepatic glucose metabolism, we
analyzed diurnal expression profiles of genes that are key regulators of
glucose metabolism in the liver. All rhythmic analysis results (phases,

amplitudes and MESOR) are shown in ST7 and group comparisons in ST8.

G6PC (glucose-6-phosphatase) is a key enzyme in glucose homeostasis,
functioning in gluconeogenesis and glycogenolysis [50]. All experimental
groups exhibited circadian oscillations for mRNA of its catalytic subunit
(G6pc), however CAF-VH and GSPE showed a decrease in MESOR compared
to STD-VH (p = 0.023 and 0.020, respectively) (Figure 4-A). Slc2aZ2 (solute
carrier family 2 member 2) encodes for the main liver glucose transporter,
GLUT?2 [51]. Although its mRNA levels exhibited rhythmicity in all groups,
CAF-VH showed an increase in the MESOR compared to STD-VH (p = 0.02)
and CAF-GSPE (p = 0.006). Expression of the mRNA of G6PD (glucose-6-
phosphate dehydrogenase) which catalyzes the first rate-limiting step in the
pentose phosphate pathway [52], showed a loss of its rhythmic expression
under CAF diet, meanwhile GSPE treatment was able to restore this rhythm,
albeit a decrease in MESOR compared to the STD group (p = 0.001). A major
regulator of hepatic gluconeogenesis is Peroxisome proliferator-activated

receptor gamma coactivator 1-alpha (encoded by Ppargcla), which induces
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the transcription of gluconeogenic genes [53]. Only GSPE treated group
exhibited rhythmicity of this gene (p = 0.04). Finally, when analyzing Sirt1
(sirtuin 1), a nicotinamide adenosine dinucleotide (NAD)-dependent
deacetylase that regulates glycogen synthesis and gluconeogenesis [54],
non-significant rhythm was seen in STD group, but CAF-VH and CAF-GSPE

groups showed a rhythmic expression (p = 0.02 and 0.04, respectively).

Regarding the night treatment (ZT12), mRNA levels of G6pc showed a clear
diurnal oscillation in the three experimental groups, but a decrease of
MESOR was found between the STD and both CAF groups (VH and GSPE; p
= 0.02). For SIc2a2, a phase delay caused by the CAF diet was observed (p =
0.004) compared to STD group, whereas in GSPE treated animals this phase
shift was not detected. In addition, a 2-fold decreased amplitude in CAF-
GSPE rats compared to the CAF-VH group was observed. Intriguingly,
circadian oscillation of G6PD was totally disrupted in CAF fed animals and
restored by GSPE treatment (p = 0.01; Figure 4-H). Ppargcla showed a clear
diurnal rhythmicity in the STD group while CAF diet had a tendency to
decrease its MESOR (p = 0.07) and amplitude (p = 0.09). Although there
were no significant differences in phase between STD and CAF-VH groups,
animals treated with GSPE peaked at the same time as the STD group
(ZT13), whereas CAF-VH rats peaked at ZT11, i.e,, 2-hour phase delay. Sirt1
showed a rhythmic expression in STD animals (p = 0.01) but not in the two

CAF diet groups.

3.5 Global analysis of hepatic metabolomic assay reveals GSPE
increased key metabolites concentrations decreased due to CAF
diet affecting several metabolic pathways

To gain direct insights into the effects of obesogenic diet intake on hepatic
metabolism, we conducted a metabolomic analysis on liver tissue. 61
metabolites were identified and quantified in the liver of all experimental

groups.

Principal component analyzes (PCA) showed a clear differentiation

between the groups when treated at ZT0 and ZT12, thus arguing for a time-
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dependent effect of GSPE treatment (Supplementary Figure 1). As a first
step, we conducted a global analysis without considering sacrifice time
points (ZTs), to have a general view of metabolite concentrations. They are
plotted in Figures 5 and 6 where statistically significant differences between

groups are shown.

In the morning treatment ZTO (Figure 5), CAF diet lowered the levels of
pyruvic acid, sarcosine, urea, myo-inositol, and cholesterol when compared
to the STD-VH group, whereas CAF-GSPE did not significantly reduce the
levels of sarcosine, myo-inositol and cholesterol but instead showed a
reduction on the levels of oxoproline, taurine and palmitoleic acid in
addition to pyruvic acid and urea when compared to the STD-VH group.
Levels of serine, threonine, glutamic acid, and oleic acid iso1 were higher in
both CAF groups when compared to STD-VH. Meanwhile GSPE treatment
increased concentration of fumaric acid with respect to CAF-VH, malic acid
compared to STD-VH and a-ketoglutaric acid relative to STD and CAF-VH

groups.

Analysis of metabolites in the night treatment (ZT12) showed that the CAF
groups (VH and GSPE) had lower levels of pyruvic acid, sarcosine, urea,
methionine, myo-inositol, oleic acid iso2, and cholesterol than the STD-VH
group (Figure 6). Interestingly, nicotinamide levels were decreased in CAF-
VH (p = 0.046) but not in animals treated with GSPE compared to STD-VH.
In addition, the concentrations of serine in CAF-GSPE rats were sharply
increased when compared to CAF (p = 0.023) and STD VH (p = 0.001).
Meanwhile, oleic acid isol was the only metabolite increased in both CAF
groups.

3.6 Rhythmicity of liver metabolites is disrupted by CAF diet and
partially restored by GSPE

Since the coordinated oscillations of metabolites are critical for the optimal
functioning of liver metabolism, we analyzed the diurnal expression of the
61 quantified hepatic metabolites using the CircaCompare algorithm [43]
(ST9 and ST10).
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A Venn Diagram was created only with those metabolites that displayed
statistically significant rhythms (Figure 7). Among them, we selected those
that showed an exclusive rhythmic expression in each group as it was
reported that a HFD causes an unexpected genesis of de novo oscillating
metabolites, that lead to a reprogramming of the metabolic liver pathways
[20]. In addition, an enrichment analysis was performed to identify the
pathways in which these metabolites were involved (Figure 8). In STD-VH
animals treated at ZTO rhythmic metabolites showed enrichment for urea
cycle, mitochondrial transport chain, and arginine and proline metabolism.
On the other hand, in CAF-VH treated animals rhythmic metabolites showed
an enrichment for lactose and galactose metabolism, while malate-aspartate
shuttle, glucose-alanine cycle and alanine metabolism were found enriched
in CAF-GSPE group (Figure 8A; ST11). Upon animals treated at ZT12,
pathways that were enriched in STD-VH group were mainly associated with
thiamine, riboflavin, and alanine metabolism, among others. While glycine
and serine metabolism, malate-aspartate shuttle, glucose-alanine cycle, and
glutathione metabolism were the metabolic pathways that were observed
to be enriched in CAF-VH group. In the case of CAF-GSPE group no
significant enriched pathway was found among its exclusive rhythmic

metabolites. (Figure 8B; ST11).

In addition, we focused on the metabolites that lost rhythmicity in the CAF-
VH group compared to STD-VH and observed that in the morning treatment
(ZTO0) oscillations of several metabolites were affected due to CAF diet: urea,
glycine, fumaric acid, serine, threonine, malic acid, oxoproline, 4-
hydroxyproline, glycerol 1-phosphate, ornithine, adenosine, and adenosine-
5-mono- (AMP), -di- (ADP), and -triphosphate (ATP). Interestingly, GSPE
treatment restored diurnal oscillations of urea, glycine, threonine, and AMP,
ADP, and ATP (Figure 9 A-D). A phase delay was observed in lactic acid,
alanine, proline, nicotinamide, d-galactitol, myo-inositol, sedoheptulose,
and pyruvic acid (tendency p = 0.055) metabolites in CAF-VH animals,

whereas CAF-GSPE rats exhibit a phase delay only in proline, nicotinamide
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and glycine - both compared to STD-VH. Moreover, compared to CAF-VH
animals treated with GSPE showed a 6-hour phase advance in a-ketoglutaric
acid, an increase of MESOR for sarcosine, fumaric acid, a-ketoglutaric acid
and d-glucuronic acid, and a MESOR decrease for oxoproline, taurine,

fructose 6-phosphate and glucose 6-phosphate.

In the case of the night treatment CAF diet caused loss of circadian
oscillations in several metabolites including 2-hydroxybutyric acid,
glycerol, succinic acid, serine, methionine, oxoproline, aspartic acid, taurine,
citric acid, hydroxyphenyllactic acid, d-glucose, d-sorbitol, xanthosine, and
inosine 5-monophosphate. Treatment with GSPE restored the rhythmic
expression of 2-hydroxybutyric acid, glycerol, aspartic acid, and xanthosine
(Figure 9 E-H) and tended to do the same for succinic, citric acid (p = 0.08),
d-glucose (p = 0.055) and hydroxyphenyllactic acid (p=0.06). Moreover, the
last-mentioned metabolite had a lower amplitude in CAF-VH but not in CAF-
GSPE compared to STD-VH animals. When comparing CAF-VH and CAF-
GSPE groups, animals that were treated with GSPE showed an increase in
serine MESOR (p = 0.03) and a trend to increase in glycine MESOR (p = 0.05),

aphase advance in adenine and malic acid, and higher amplitude in d-xylitol.

3.7 (+)-Catechin is one of the main GSPE phenolic components
involved in its hepatoprotective effect against NAFLD

Predominant phenolic compounds in GSPE as determined by HPLC analysis
included (+)-catechin and (-)-epicatechin. On the background of GSPE
treatment’s restorative effect on mRNA and metabolite rhythms in liver, we
decided to explore the capacity of these two polyphenols to affect circadian
rhythm regulation in an in vitro model of NAFLD [55]. AML12 cells stably
expressing a circadian Bmall-Luc reporter were cultivated with 0.25 mM
palmitate (to induce steatosis) or BSA and then treated at different
concentrations (10 and 100 pM) with catechin or epicatechin. Circadian
rhythms were determined by real-time luminescence measurements and
responses to treatment analyzed for effects on rhythm parameters, i.e.,

phase, amplitude, period and dampening
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Results showed a reduction of the amplitude in AML12 Bmall-luc cells when
cultured with palmitate compared to BSA cultured control cells (p < 0.001;
Figure 10 A-B). Whereas treatment with (-)- epicatechin could not improve
this reduction in Bmall amplitude caused by palmitate, cells treated with
(+)-catechin exhibit a restoration of the amplitude, with an amelioration of
the decreasing amplitude produced by palmitate treatment. Similar results
were seen in acrophase, as only (+)-catechin treatments could restore the
phase delay caused by palmitate (Figure 10 C). A lengthening of the period
was observed in palmitate and (-)-epicatechin treated-cells (p < 0.001) but
not in cells treated with (+)-catechin (Figure 10 D). Based on these results,
we analyzed the expression of glucose and lipid metabolism associated
genes as mediators of the circadian regulation of metabolic control. The first
step of glycolysis is catalyzed by glucokinase (enconded by Gk). As is shown
in Figure 10 F an increase of Gk expression was observed in cells treated
with (+)-catechin (100 pM) compared to palmitate and with cells treated
with (-)-epicatechin (100 pM). Moreover, expression of GysZ (glycogen
synthase 2), which encodes the rate-limiting enzyme of glycogen storage in
the liver, was downregulated due to palmitate, whereas treatment with (+)-
catechin 100 uM reverted this decrease in Gys2 expression (Figure 10 G). A
downregulation of G6pc expression in palmitate-treated cells was observed,
whereas this was not seen in cells treated with polyphenol extracts at the
highest concentration (100 pM) (Figure 10 H). Regarding genes involved in
lipid metabolism, a decrease in Acaca expression as well as in Fasn was
observed in palmitate-treated cells, whereas cells treated with (+)-catechin
did not show this downregulation in Acaca expression (Figure 10 I-]). Non-
significant differences were seen for Pfkl (phosphofructokinase) and Pck1

(phosphoenolpyruvate carboxykinase 1) (Figure 10 K-L).

4 DISCUSSION

The liver circadian clock plays an important role in regulating glucose, lipid,
and bile acid metabolism, by controlling the expression of key metabolic

genes implicated in these pathways. In fact, the pathophysiology of NAFLD
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involves dysfunction of these regulatory pathways. Moreover, genes that
control the circadian clock have been implicated with the progression of
NAFLD [56]. Therefore, the aim of the present study was to investigate the
hepatic diurnal rhythm of lipid and glucose metabolism in cafeteria diet
induced obese rats and to observe the effects of GSPE administration
considering the timing of administration. Furthermore, we wanted to
investigate the role of (+)-catechin and (-)-epicatechin, as principal
polyphenols’ components of GSPE, in its hepatic metabolic circadian

regulation.

CLOCK-BMAL1 heterodimer contributes to modulate daily lipid metabolism
in the liver by influencing SREBP-1c, and its downstream targets such as
Fasn and Acaca [57]. Moreover, several studies involving liver specific
depletion of clock genes have demonstrated the influence of circadian
rhythms on liver energy metabolism [58]. By knocking out Rora in the liver
of mice, Zhang and collaborators demonstrated that this clock gene controls
lipid metabolism by regulating expression of Fasn, Elovl6, Acaca, and
SREBP-1c [59]. PerZ knockout mice developed hepatic fibrosis with
activation of hepatic stellate cells in the carbon tetrachloride-induced
hepatitis model [60]. In addition, Per or Cry knockout mice can develop
hepatocellular carcinoma [61]. In this sense, we have previously reported
that CAF diet impairs the rhythmic expression pattern of hepatic core-clock
genes, including Bmall, PerZ2, Cry1, and Rorea, and that treatment with GSPE
can restore the circadian oscillation of these clock genes mainly by
correcting the phase shift caused by the CAF diet, with more emphasis at
ZT12 treatment [36]. Remarkably our present results show that many genes
encoding components of the lipogenic pathway, including Acaca, Fasn,
SREBP-1c and €d36 display impaired or lost circadian expression rhythms
in animals fed a CAF diet. However, when GSPE treatment was administered
rats showed a robust diurnal expression pattern of these genes, conceivably
improving lipid metabolism in the liver by restoring clock genes diurnal

oscillations. The present study confirmed that the CAF diet induced
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misalignment of the oscillations of lipid metabolism-related genes, which
could lead to enhance the de novo lipogenesis. This correlates with studies
of liver-specific Bmall and Rora knock-out mice which exhibit increased
liver triglyceride accumulation [59,62]. Our results showed that CAF
animals that were administered with GSPE at ZT12 had lower levels of
hepatic triglycerides and decreased lipid droplets than those who were
administered with the VH at the same ZT. Moreover, our in vitro results
point to (+)-catechin as one of the main GSPE components involved in
hepatic clock regulation, increasing amplitude of Bmall, restoring the phase
delay and period lengthening, and improving expression of glucose and lipid
related metabolic genes in cells exposed to palmitate treatment. Antioxidant
and anti-inflammatory properties of (+)-catechin treatment have been
evidenced by in vitro studies as it influences gene expression of Nrf2 and
NF-kB inflammatory pathways and regulates key enzymes involved in
oxidative stress, showing hepatoprotective effects against liver injury [63-
65]. It was also shown that (+)-catechin exerts anti-obesogenic properties
in 3T3-L1 adipocytes by inhibiting 3T3-L1 preadipocyte differentiation via
modulating the C/EBP/PPARy/SREBP-1c pathway. Moreover, (+)-catechin
stimulated lipid degradation of mature adipocytes through cAMP/PKA
pathways thereby exerting anti-adipogenic effects [66].

Sinturel and collaborators observed diurnal oscillations in liver mass and
hepatocyte size in mice, the amplitude of which depends on both feeding-
fasting and light-dark cycles [67]. They discover that ribosome number, and
protein content follow a daily rhythm, and that rRNA polyadenylation cycles
are antiphasic to ribosomal protein synthesis oscillations. In this regard, in
the present study animals treated at ZTO showed a robust daily oscillation
of liver mass in all groups, nonetheless CAF-VH animals exhibit a 6-hour
phase delay compared to STD-VH. It is remarkable that treatment with GSPE
is able to restore this phase shift caused by the CAF diet. Moreover, in
animals treated at ZT12, CAF-VH rats completely lost rhythmicity of liver

weight compared to STD, while treatment with GSPE restores hepatic mass
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oscillation albeit with a phase delay. Since the liver is crucial for metabolism
and xenobiotic detoxification, an accurate mass oscillation is needed to

ensure the proper execution of these processes.

Several recent studies have demonstrated a close relationship between
metabolites and the circadian clock machinery [68]. Results from
transcriptome and metabolome studies suggest circadian clocks in
peripheral tissues have a major role in the temporal coordination of food
processing [69,70]. In this sense, our study identified several metabolites
that were significantly different in diet-induced obese rats compared to the
control lean group. One of the most strongly affected metabolites was urea
together with some urea cycle intermediates which include ornithine and
aspartic acid. Several studies demonstrated an association between liver
injury in NAFLD and impairment of urea biosynthesis [71-73]. In this sense,
all these studies exhibit a downregulation of the urea cycle components
altering the functional capacity for ureagenesis. Our results showed not only
a decrease in urea levels in animals fed a CAF diet but a loss of rhythmicity
on hepatic urea, ornithine, and aspartic acid. Treatment with GSPE was able
to restore the diurnal oscillation of urea in ZT0 and of aspartic acid in ZT12.
In addition, it has been shown that alterations in metabolites of the urea
cycle act as a sensor of hepatocyte mitochondrial damage [74]. We have
previously reported that the CAF diet causes dysfunction of mitochondrial
dynamics by enhancing mitochondrial fission [36]. In addition, diurnal
oscillations of intermediates of the TCA cycle such as pyruvic acid, succinic
acid, fumaric acid, malic acid, a-ketoglutaric acid, and citric acid were lost or
phase shifted in CAF fed animals. The partial restoration of TCA cycle
circadian rhythmicity by GSPE supplementation may have beneficial effects
on hepatic metabolic homeostasis, as mitochondria play a key role in energy
metabolism. Moreover, it is known that glycine, serine and threonine can
enter into and promote TCA cycle activity by converting into acetyl-CoA
[75]. In this sense, our results show that glycine and its precursor threonine

lose their diurnal rhythms in CAF fed rats while GSPE treatment can
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reestablish a daily oscillation despite a delay in phase when compared to
STD-VH group in the morning treatment (ZT0). Moreover, reduced
concentration of these two glucogenic amino acids, glycine and serine, have

been observed in diabetic mice [76].

In insulin-resistant cells, glucose uptake is impaired, triggering hepatic
gluconeogenesis and consuming these glucogenic amino acids to initiate the
production of the glucose precursors pyruvate and 3-phosphoglycerate
[77]. This evidence goes in line with our results as we observed a decrease
in MESOR of glycine and serine in ZT12-CAF-VH animals compared to CAF-
GSPE rats. In addition, concentrations of serine were significantly increased
in animals treated with GSPE at ZT12, although rhythmicity of this amino
acid could not be restored by GSPE treatment. However, GSPE treatment at
ZT12 showed the greatest ability to restore the rhythm of metabolites
affected by the CAF diet. In this sense diurnal changes of glycerol, of 2-
hydroxybutyric acid, aspartic acid, and xanthosine were restored with no
differences in phase or amplitude regarding the STD-VH group. It has been
shown that NAFLD disrupts glycerol metabolism affecting the insulin
resistant state [78]. Moreover, liver steatosis was linked to increased
glycerol metabolism via pathways intersecting with the TCA cycle and
delayed gluconeogenesis from glycerol [79]. Therefore, glycerol is a pivotal
substrate for hepatic glucose synthesis. Besides, a trend to reestablish d-
glucose oscillations is seen in rats treated with GSPE at ZT12. This result
correlates with mRNA circadian expression of SlcZaZ which codifies the
glucose transporter GLUT2, a crucial protein for glucose flux in hepatocytes.
Slc2a2 mRNA was phase delayed in CAF-VH but not in CAF-GSPE animals
after ZT12 dosage. 2-hydroxybutyric acid has been reported as an early
biomarker of insulin resistance and impaired glucose balance [80].
Furthermore, it was identified as an exercise-induced metabolite that may
reflect the cytosolic redox state and energy stress at a systemic level.
Another study supports this concept showing that elevated levels of this

metabolite are associated with excess glutathione demand and disrupted
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mitochondrial energy metabolism, leading to increased oxidative stress in
insulin resistance associated states [81]. Furthermore, aspartic acid also
plays a role in energy production in the body as an intermediate in the urea
cycle and is involved in gluconeogenesis [82]. In this sense, there is a close
relationship between ureagenesis and gluconeogenesis [83] and both
processes have been seen to be affected by the obesogenic CAF diet intake.
Moreover, glutathione metabolism was also observed to be compromised in
CAF-VH groups by the metabolic pathway enrichment analysis. In addition
to energy dysregulation, the levels of metabolites involved in purine
metabolism, including xanthine and its precursor xanthosine are
upregulated in NAFLD subjects, human patients, and rats, which might
accumulate reactive oxygen species (ROS) in the liver promoting hepatic
steatosis [84-86], showing a correlation with the histological results. The
mechanism underlying may involve stimulation of superoxide radical
production through the hypoxanthine-xanthine oxidase system associated
with various ROS-related diseases [87,88]. Hydroxyphenyllactic acid, which
is a derivative of tyrosine, can enhance oxidative stress by promoting the
production of ROS in the mitochondria [89]. Indeed, a dysregulation in
circadian oscillation and amplitude of hydroxyphenyllactic acid was

observed in CAF-VH fed rats but not in animals treated with GSPE at ZT12.

Energy for lipogenesis is provided by NADPH, which is primarily produced
by the pentose phosphate pathway (PPP). A loss of G6PD rhythmic
expression due to CAF diet was observed in both day and night treatment
groups. This gene encodes for a cytosolic enzyme that catalyzes the rate-
limiting step of the oxidative PPP and whose principal function is to provide
NADPH and pentose phosphates for fatty acid and nucleic acid synthesis
[51]. In this sense, GSPE treatment at ZTO and ZT12 is able to restore these
circadian disruptions, although a decrease in MESOR was observed in the
morning treatment compared to STD group. Moreover, in our previous
study we had observed that circadian oscillations of nicotinamide

phosphoribosyltransferase (Nampt), which encodes for rate limiting
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component in the mammalian NAD biosynthesis pathway, exhibit a 3-hour
phase advance in CAF-VH group in comparison to STD, meanwhile this
difference had not been seen when CAF animals were treated with GSPE at
ZT12 [36]. Remarkably, also at night treatment nicotinamide levels were
lower in CAF-VH but not in CAF-GSPE animals compared to STD-VH rats.
This suggests that energy production through NAD-related metabolism and
enzymes may be impaired in CAF diet obese rats, resulting in the
accumulation of TAGs in the liver and a dysregulation of energy balance.
These findings are consistent with previous studies in the field of
proanthocyanidins treatment. An acute dose of 250 mg/kg of GSPE, ten
times the dose used in the present study, was found to increase hepatic
Nampt expression and NAD levels in the dark phase while the effect was the
opposite when it was administered in the light phase in healthy rats [90].
Furthermore, a significant increase of hepatic NAD content was observed
after a chronic treatment with GSPE in healthy rats [91]. GSPE treatment
was shown to modulate hepatic concentrations of the major NAD
precursors and mRNA levels of genes encoding enzymes involved in NAD
metabolism together with the upregulation of Sirtl gene expression in a
dose-dependent manner. In addition, the authors suggested that this
increase in NAD concentrations and Sirtl mRNA levels is significantly
associated with improved protection against hepatic TAG accumulation
[91]. It is known that SIRT1 acts in the liver as a master metabolic regulator
controlling the expression of downstream metabolic targets [92]. It forms a
complex with the CLOCK-BMAL1 heterodimer binding to E-box elements
promoting the expression of Nampt. Nevertheless, no effect on circadian
oscillations with GSPE treatment were observed for Sirtl; but a clear
rhythmic expression was seen in Ppargcla after ZTO and ZT12 GSPE
treatments. In the night treatment cohort, Ppargcla circadian oscillations in
CAF-VH animals peaked at ZT11 whereas in STD-VH and CAF-GSPE animals
the peak was at ZT13. It has been described that SIRT1 induces
gluconeogenic genes and hepatic glucose output through PGC-1a [93].

Therefore, the intake of an obesogenic diet causes a dysregulation of glucose
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and lipid homeostasis in the liver, while a low dose of GSPE during the active
phase (ZT12) ameliorates this disruption in a clock-related manner. The
integrative results from hepatic lipid profiles, circadian gene expression of
core clock and metabolic genes together with the metabolomic studies
suggest that, in CAF diet rat livers, glucose metabolism is disrupted, and
lipogenesis is enhanced, promoting fatty liver development. By restoring
the oscillations of hepatic circadian clocks, liver mass, key lipogenic and
glucogenic gene expression, and liver metabolites, ZT12-GSPE
supplementation has liver-protecting properties and counteracts NAFLD

development.

5 CONCLUSIONS

Our chrono-nutritional approach, in a rat model, showed that an intake of a
CAF diet disturbed the hepatic circadian clock, lipid and glucose-related
metabolic genes, as well as concentrations and oscillations of liver
metabolites, ultimately promoting the development of NAFLD.
Supplementation with GSPE ameliorates and partially corrects this
disruption, with a stronger effect when administration is timed to the active
phase (ZT12 treatment). This indicates that modulation of metabolic
rhythms by proanthocyanidins is highly dependent on the time of
administration. Furthermore, our in vitro results suggest (+)-catechin, one
of the main phenolic compounds found in the GSPE extract, may be involved
in the ameliorating effects of GSPE on NAFLD development. Our findings
underline the importance of taking diurnal rhythms into account in the
interpretation of metabolic studies and suggest that they should more
generally be considered for therapeutic intervention targeting liver
metabolism. In this sense, a better understanding of circadian metabolism
can help the design of new drugs or natural compounds to be administered
in a way that maximizes benefits, possibly enabling lower dosages and

fewer administrations to reach a therapeutic dose.
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Figure 1. Representative pictures of H&E-stained liver sections. Scale bar, 100 pum.
Rats were fed a STD or CAF diet and received a daily dosage of vehicle or GSPE at
the beginning of the light phase (ZT0) (A) or at the beginning of the dark phase
(ZT12) (B). CQuantitative analysis of lipid droplets in liver samples per
microscopic field (100x). * Indicates significant differences (Student’s t test,
*p<0.05, **p<0.01, ***p<0.001). Shown are means * SEM (n=4/group at each time
point).
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Figure 2. Diurnal rhythms of liver lipid levels and liver weight. Rats were fed a STD

or CAF diet and received a daily dosage of vehicle or GSPE at the beginning of the
light phase (ZT0) (A-D) or at the beginning of the dark phase (ZT12) (E-H). Rhythm

parameter determination and comparison were performed using CircaCompare.

R/NR indicates significant/non-significant rhythmicity (p < 0.05). Shown are means

+ SEM (n=4/group at each time point).
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Figure 3. Diurnal mRNA profiles of key genes involved in lipid and bile acid

metabolism. Rats were fed a STD or CAF diet and received a daily dosage of vehicle

or GSPE at the beginning of the light phase (ZT0) (A-G) or at the beginning of the

dark phase (ZT12) (H-N). Rhythm parameter determination and comparison were

performed using CircaCompare.

R/NR

indicates significant/non-significant

rhythmicity (p < 0.05). Shown are means + SEM (n=4/group at each time point).
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Figure 4. Diurnal mRNA profiles of key genes involved in glucose metabolism. Rats
were fed a STD or CAF diet and received a daily dosage of vehicle or GSPE at the
beginning of the light phase (ZT0) (A-E) or at the beginning of the dark phase
(ZT12) (F-J). Rhythm parameter determination and comparison were performed
using CircaCompare. R/NR indicates significant/non-significant rhythmicity (p <

0.05). Shown are means * SEM (n=4/group at each time point).
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Figure 5. Box plots of metabolite levels in the liver of rats treated at ZT0. Rats were
fed a STD or CAF diet and received a daily dosage of vehicle or GSPE at the beginning
of the light phase (ZT0). One-way ANOVA followed by Tukey post-test were
performed to compare the values between groups. Significant differences (p < 0.05)

are represented by different letters (a-c). Shown are means * SEM (n=16/group).
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Figure 6. Box plots of metabolite levels in the liver of rats treated at ZT12. Rats
were fed a STD or CAF diet and received a daily dosage of vehicle or GSPE at the
beginning of the light phase (ZT12). One-way ANOVA followed by Tukey post-test
were performed to compare the values between groups. Significant differences (p

< 0.05) are represented by different letters (a-c). Shown are means * SEM

(n=16/group).
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Figure 7. Metabolite rhythms under different diet/GSPE conditions. Rats were fed
a STD or CAF diet and received a daily dosage of vehicle or GSPE at the beginning of
the light phase (ZT0) (A) or at the beginning of the dark phase (ZT12) (B). Venn
diagrams depict numbers of rhythmic metabolites under each condition. Profiles
show exemplary metabolites. Rhythm parameter determination and comparison
were performed using CircaCompare. R/NR indicates significant/non-significant

rhythmicity (p < 0.05). Shown are means + SEM (n=4/group at each time point).
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Figure 8. Metabolic pathways enrichment analysis of metabolites that showed an

exclusive rhythmic expression in each group. Rats were fed a STD or CAF diet and

received a daily dosage of vehicle or GSPE at the beginning of the light phase (ZT0)

(A) or at the beginning of the dark phase (ZT12) (B). The analysis was performed

using MetaboAnalyst (Version 5.0, URL: http://www.metaboanalyst.ca).
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Figure 9. Restored diurnal oscillations of liver metabolites after chronic GSPE

treatment. Rats were fed a STD or CAF diet and received a daily dosage of vehicle or

GSPE at the beginning of the light phase (ZT0) (A-D) or at the beginning of the dark

160



UNIVERSITAT ROVIRA I VIRGILI
THE INFLUENCE OF BIOLOGICAL RHYTHMS ON THE BENEFICIAL EFFECTS OF GRAPE SEED PROANTHOCYANIDIN
EXTRACT (GSPE) ON LIVER METABOLISM IN HEALTH AND DISEASE

Romina MarielpRadnldWariel Rodriguez 111, Results: Manuscript 2

phase (ZT12) (E-H). Rhythm parameter determination and comparison were
performed using CircaCompare. R/NR indicates significant/non-significant

rhythmicity (p < 0.05). Shown are means + SEM (n=4/group at each time point).
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Figure 10. Effects of palmitate/GSPE treatment on circadian clock rhythms in
hepatocytes in vitro. (A) Luminescence rhythms in synchronized AML12
hepatocytes stably expressing Bmall-luc reporter and after treatment with GSPE.
Representative dampened sine curve fits on normalized bioluminescence data are

shown. (B-E) Circadian rhythm parameters of AML12 Bmall-luc cells (amplitude,
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acrophase, period, and dampening) in response to palmitate/GSPE treatment. Cells
were treated with catechin or epicatechin (10 pM or 100 pM) for 96 h and cultured
with sterile bovine serum albumin (BSA) conjugated with palmitate (PAL) (0.25
mM) with 0.1 % (v/v) DMSO. Cells cultured in BSA (0.04 mM) with 0.1 % (v/v)
DMSO were used as control. Bioluminescence was measured using LumiCycle
incubator in 10-min intervals. Rhythm parameters were assessed on normalized
bioluminescence data using CircaSingle algorithm. (F-L) mRNA expression levels of
metabolic genes in AML12/Bmall-luc cells treated with catechin or epicatechin (10
UM or 100 puM) for 96 h and cultured with sterile bovine serum albumin (BSA)
conjugated with palmitate (PAL) (0.25 mM) with 0.1 % (v/v) DMSO. Cells cultured
in BSA (0.04 mM) with 0.1 % (v/v) DMSO were used as control. Data are means *
SEM (n = 4). One-way ANOVA followed by Tukey’s post-test was performed to
compare values between groups (*p<0.05, **p<0.01, ***p<0.001).
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Table 1. Main phenolic compounds (flavanols and phenolic acids) of the grape seed

proanthocyanidin extract (GSPE) used in this study, analyzed by HPLC-MS/MS.

Calibration Total amount

Phenolic compound (M-H)- curve (mg/g) SD
Protocatechuic acid (PCA) 153.0187 y = 1E+06x 1.40 0.25
Catechin 289.0712 y=1E+06x 51.88 5.56
Epicatechin 289.0712 y=935152x 62.86 8.32
Gallic acid 169.0136 y =287040x 44.66 7.76
Kaempferol-3-glucoside 447.0927 y=1E+06x 0.50 0.02
Naringenin-7-glucoside  433.1135 y=3E+06x 0.64 0.08
p-Coumaric acid 163.0395 y=2E+06x 0.09 0.01
Quercetin 301.0348 y=2E+06x 0.05 0.01
Quercetin-3-O-galactoside 463.0877 y=2E+06x 0.43 0.05
Vanillic acid 167.0342 y=1E+06x 0.09 0.01
Procyanidin dimer 577.1346  y=664077x 76.84 15.76
Procyanidin trimer 865.1979 y=664077x 13.04 0.64
Procyanidin tetramer  1153.2613 y = 664077x 5.14 0.28
Dimer gallate 729.1455 y=1E+06x 15.22 2.72
Epicatechin gallate 441.0821 y=1E+06x 14.24 2.76
Epigallocatechin gallate ~ 457.077  y = 1E+06x 0.06 0.01
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Table 2. Analysis of liver hematoxylin & eosin staining of rats that were fed a STD
or CAF diet and received a daily dosage of vehicle or GSPE at the beginning of the

light phase (ZTO0) or at the beginning of the dark phase (ZT12).

ZT0 2712
STD-VH CAF-VH CAF-GSPE | STD-VH CAF-VH CAF-GSPE
Macrovesicular
st. (0-3) 0.000 0.167 0.111 0.000 0.000 0.000
Microvesicular
st.(0-3) 0.000 1.750 1.667 0.000 2.167 2.000
Hypertrophy
(0-3) 0.000 0.667 0.333 0.000 1.000 0.667
Steatosis score
(0-9) 0.000 2.583 2.111 0.000 3.167 2.667
Inflammation 0.417 0.500 0.500 0.250 0.750 0.444
No No
Diagnosis NAFLD NASH NASH NAFLD NASH NAFLD
Lipid droplets
number 3.9 1175.7 1590.7 4.4 1397.7 1323.5
Total volum
(pixelss) 1485.3 792289.4 970609.2 2883.8 1135575.0 1070155.1
Total surface
(pixelsz) 396872.7(195104404.3 [ 251846625.1 | 754340.5|277785713.8 | 268128385.0
Average
surface area
(pixelsz) 74895.3 133774.2 176223.3 93125.2 189227.5 204359.4
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Supplementary Figure 1. Principal component analysis (PCA) of liver metabolome
analysis. Rats were fed a STD or CAF diet and received a daily dosage of vehicle or
GSPE at the beginning of the light phase (ZT0) (A) or at the beginning of the dark
phase (ZT12) (B). Analyzes were performed using the factoextra package and
Hartigan-Wong, Lloyd, and Forgy MacQueen algorithms (version 1.0.7) in R.
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Supplementary Table 1. Nucleotide sequences of primers used for real-time

quantitative PCR

in liver tissue.

Forward primer

Reverse primer

Gene (5 t0 3 (5't03)
Acaca TGCAGGTATCCCCACTCTTC TTCTGATTCCCTTCCCTCCT
Cd36 GTCCTGGCTGTGTTTGGA GCTCAAAGATGGCTCCATTG
Cyp7al CACTTGTTCAAGACCGCACA TGCTTGAGATGCCCAGAGAA
Fasn TAAGCGGTCTGGAAAGCTGA CACCAGTGTTTGTTCCTCGG
Fatp5 CCTGCCAAGCTTCGTGCTAAT GCTCATGTGATAGGATGGCTGG
Gépe ATTCCGGTGCTTGAATGTCG TGGAGGCTGGCATTGTAGAT
Gépd ACCAGGCATTCAAAACGCAT CAGTCTCAGGGAAGTGTGGT
Gk CTGTGAAAGCGTGTCCACTC GCCCTCCTCTGATTCGATGA
Ppargela AGAGTCACCAAATGACCCCAAG TTGGCTTTATGAGGAGGAGTCG
Ppara CGGCGTTGAAAACAAGGAGG TTGGGTTCCATGATGTCGCA
Ppia CCAAACACAAATGGTTCCCAGT ATTCCTGGACCCAAAACGCT
Sirt1 TTGGCACCGATCCTCGAA ACAGAAACCCCAGCTCCA
Slc2a2 AGTCACACCAGCACATACGA TGGCTTTGATCCTTCCGAGT
Srebplc CCCACCCCCTTACACACC GCCTGCGGTCTTCATTGT

Supplementary Table 2. Nucleotide sequences of primers used for real-time

quantitative PCR

in cells.

Gene

Forward primer

Reverse primer

(5’ t0 3) (5'to3)
Acaca GTCCCCAGGGATGAACCAATA GCCATGCTCAACCAAAGTAGC
eEfla TGCCCCAGGACACAGAGACTTCA AATTCACCAACACCAGCAGCAA
Fasn GGAGGTGGTGATAGCCGGTAT TGGGTAATCCATAGAGCCCAG
G6pc CGACTCGCTATCTCCAAGTGA GTTGAACCAGTCTCCGACCA
Gk AGACCTGGGAGGAACCAACT TTTGTCTTCACGCTCCACTG
Gys2 GCTCTCCAGACGTTCTTGCA GTGCGGTTCCTCTGAATGATC
Pck1 AAGCATTCAACGCCAGGTTC GGGCGAGTCTGTCAGTTCAAT
Pfkl GAACTACGCACACTTGACCAT CTCCAAAACAAAGGTCCTCTGG
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Supplementary Table 3. Rhythmic parameters of lipid liver profile

Parameter 7T Groups p MESOR Amplitude Acr?ﬁ;l ase
STD-VH 0.038 1.191 0.064 12.996
ZTO0 CAF-VH 0.734 1.388 0.021 3.527
Cholesterol CAF-GSPE 0.515 1.411 0.049 17.921
STD-VH 0.034 1.123 0.064 19.007
ZT12 CAF-VH 0.589 1.310 0.031 17.746
CAF-GSPE 0.681 1.238 0.019 11.628
STD-VH 0.152 2.226 0.140 10.409
ZTO0 CAF-VH 0.085 3.497 0.324 6.704
Triglycerides CAF-GSPE 0.626 3.382 0.085 17.860
STD-VH 0.455 2.141 0.148 1.642
ZT12 CAF-VH 0.541 3.592 0.088 23.201
CAF-GSPE 0.422 3.307 0.123 7.382
STD-VH 0.001 5.898 0.314 17.173
ZTO0 CAF-VH 0.572 6.404 0.067 11.436
Total lipid liver CAF-GSPE 0.342 6.364 0.117 16.686
content STD-VH 0.105 6.034 0.156 19.857
ZT12 CAF-VH 0.091 6.541 0.159 22.295
CAF-GSPE 0.221 6.357 0.088 17.305
STD-VH 0.016 4.086 0.145 9.360
ZTO0 CAF-VH 0.001 4.370 0.181 16.309
Liver weight CAF-GSPE 0.019 4.271 0.225 10.607
STD-VH 0.005 3.995 0.162 2.833
ZT12 CAF-VH 0.289 4.403 0.078 2.726
CAF-GSPE 0.001 4.301 0.229 6.826

Rats were fed a STD or CAF diet and were treated with vehicle or GSPE at the
beginning of the light phase (ZT0) or at the beginning of the dark phase (ZT12). The
p < 0.05 indicates significant rhythmic expression. MESOR is a mean adjusted to the
circadian rhythm. Amplitude is the difference between the peak and the mean value
of a sine wave. Acrophase is the time at which the peak of a rhythm occurs in hours.
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Supplementary Table 4. Comparison of rhythmic parameters of lipid liver profile between groups.

Parameter T Comparison d_MESOR p(d_MESOR) d_amplitude p(d_amplitude) d_phase p(d_phase)
STD-VH vs. CAF-VH 0.197 0.000 -0.043 0.520 -9.469 0.302
ZTO0 | CAF-VH vs. CAF-GSPE 0.023 0.740 0.028 0.768 -9.606 0.478
STD-VH vs. CAF-GSPE 0.220 0.001 -0.015 0.847 4.925 0.383
Cholesterol
STD-VH vs. CAF-VH 0.188 0.000 -0.033 0.600 -1.261 0.836
ZT12 | CAF-VH vs. CAF-GSPE -0.072 0.167 -0.012 0.865 -6.118 0.616
STD-VH vs. CAF-GSPE 0.116 0.004 -0.045 0.394 -7.379 0.355
STD-VH vs. CAF-VH 1.271 0.000 0.184 0.359 -3.705 0.379
ZTO | CAF-VH vs. CAF-GSPE -0.115 0.528 -0.239 0.337 11.156 0.236
. . STD-VH vs. CAF-GSPE 1.156 0.000 -0.055 0.773 7.451 0.348
Triglycerides
STD-VH vs. CAF-VH 1.452 0.000 -0.059 0.802 -2.440 0.765
ZT12 | CAF-VH vs. CAF-GSPE -0.285 0.059 0.035 0.867 8.181 0.297
STD-VH vs. CAF-GSPE 1.167 0.000 -0.025 0.918 5.740 0.394
STD-VH vs. CAF-VH 0.506 0.000 -0.248 0.082 -5.737 0.307
ZTO | CAF-VH vs. CAF-GSPE -0.040 0.731 0.051 0.763 5.250 0.493
Total lipid STD-VH vs. CAF-GSPE 0.466 0.000 -0.197 0.173 -0.487 0.892
liver content STD-VH vs. CAF-VH 0.507 0.000 0.003 0.982 2.439 0.426
ZT12 | CAF-VH vs. CAF-GSPE -0.185 0.027 -0.071 0.524 -4.990 0.218
STD-VH vs. CAF-GSPE 0.323 0.001 -0.068 0.554 -2.552 0.545
STD-VH vs. CAF-VH 0.284 0.000 0.036 0.600 6.949 0.000
Liver weight | ZTO | CAF-VH vs. CAF-GSPE -0.099 0.137 0.045 0.631 -5.701 0.003
STD-VH vs. CAF-GSPE 0.185 0.011 0.081 0.410 1.247 0.559
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STD-VH vs. CAF-VH 0.408 0.000 -0.084 0.332 -0.107 0.974
ZT12 | CAF-VH vs. CAF-GSPE -0.102 0.110 0.151 0.097 4.100 0.213
STD-VH vs. CAF-GSPE 0.306 0.000 0.067 0.352 3.993 0.010

Rats were fed a STD or CAF diet and were treated with vehicle or GSPE at the beginning of the light phase (ZT0) or at the beginning of the dark
phase (ZT12). d_MESOR represents the difference in MESOR values between the groups. d_amplitude represents the difference in amplitude
values between the groups. d_phase represents the difference in acrophase values between the groups. The p < 0.05 indicates significant
differences between groups at each rhythmic parameter.
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Supplementary Table 5. Rhythmic parameters of hepatic lipid metabolic genes.

Gene 7T Groups p MESOR | Amplitude Acroghase
STD-VH 0.146 0.933 0.117 8.[07]5
7T0 | CAF-VH 0.085 0.868 0.091 18.192
CAF-GSPE 0.002 0.844 0.240 23118
Acaca STD-VH 0.919 0.854 0.009 2.741
7T12 | CAF-VH 0.012 0.869 0.198 19.014
CAF-GSPE 0.001 0.921 0.231 22.324
STD-VH 0.040 0.686 0.248 3.677
770 | CAF-VH 0.143 0.376 0.150 20.176
CAF-GSPE 0.010 0.366 0.262 23.384
Fasn STD-VH 0.053 0.613 0.249 2.267
7T12 | CAF-VH 0.001 0.530 0.389 21.007
CAF-GSPE 0.002 0.626 0.394 22.216
STD-VH 0.060 0.745 0.180 1224
7T0 | CAF-VH 0.094 0.902 0.244 0.805
CAF-GSPE 0.011 0.834 0.241 21.407
Cd36 STD-VH 0.101 0913 0.188 5.970
7T12 | CAF-VH 0.141 0.926 0.186 3.233
CAF-GSPE 0.010 0.976 0.326 2.774
STD-VH 0.605 0.844 0.037 23.531
770 | CAF-VH 0.017 1.013 0.155 18.612
CAF-GSPE 0.047 1.011 0.100 17.570
Fatp5 STD-VH 0.011 0.944 0.074 20654
7T12 | CAF-VH 0.486 1.090 0.042 11.010
CAF-GSPE 0.259 1.206 0.074 2.086
STD-VH 0.010 0.623 0.288 3.502
7T0 | CAF-VH 0.072 0.502 0.139 8.485
CAF-GSPE 0.001 0502 0.203 3507
SREBP-1¢ STD-VH 0.005 0.797 0329 5.121
7T12 | CAF-VH 0.017 1.228 0.244 6.684
CAF-GSPE 0.001 1.102 0.411 3.849
STD-VH 0.004 1.145 0.293 11.474
7T0 | CAF-VH 0.011 1527 0.280 12.529
CAF-GSPE 0.047 1.449 0.210 15.968
Ppara STD-VH 0.000 1.493 0.595 13.118
7T12 | CAF-VH 0.002 1613 0.407 12.296
CAF-GSPE 0.000 1574 0.230 12.746
Cyp7al 7TO STD-VH 0.538 0.822 0.090 14.157

170



UNIVERSITAT ROVIRA I VIRGILI
THE INFLUENCE OF BIOLOGICAL RHYTHMS ON THE BENEFICIAL EFFECTS OF GRAPE SEED PROANTHOCYANIDIN
EXTRACT (GSPE) ON LIVER METABOLISM IN HEALTH AND DISEASE

Romina Marielphpdat s Wiariel Rodriguez 111 Results: Manuscript 2
CAF-VH 0.000 0.443 0.270 11.531
CAF-GSPE 0.002 0.332 0.216 12.615
STD-VH 0.001 1.413 0.708 14.700
7T12 | CAF-VH 0.000 1.249 0.939 11.799
CAF-GSPE 0.048 1.426 0.406 9.842

Rats were fed a STD or CAF diet and were treated with vehicle or GSPE at the
beginning of the light phase (ZT0) or at the beginning of the dark phase (ZT12). The
p < 0.05 indicates significant rhythmic expression. MESOR is a mean adjusted to the
circadian rhythm. Amplitude is the difference between the peak and the mean value
of a sine wave. Acrophase is the time at which the peak of a rhythm occurs in hours.
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Supplementary Table 6. Comparison of rhythmic parameters of hepatic lipid metabolic genes between groups.

Gene T Comparison d_MESOR p(d_MESOR) | d_amplitude | p(d_amplitude) d_phase p(d_phase)
STD-VH vs. CAF-VH -0.065 0317 -0.026 0.773 10.117 0.006
7T0 CAF-VH vs. CAF-GSPE 20.024 0.668 0.149 0.067 4.926 0.051
STD-VH vs. CAF-GSPE -0.089 0212 0.123 0.225 -8.957 0.001
Acaca STD-VH vs. CAF-VH 0.015 0.854 0.189 0.110 7.727 0.814
7T12 CAF-VH vs. CAF-GSPE 0.052 0.416 0.033 0.712 3310 0.047
STD-VH vs. CAF-GSPE 0.067 0.387 0.222 0.049 4417 0.887
STD-VH vs. CAF-VH -0.309 0.006 -0.098 0.503 7501 0.020
7T0 CAF-VH vs. CAF-GSPE 0.011 0.909 0.112 0.398 3.208 0.233
STD-VH vs. CAF-GSPE -0.320 0.003 0.014 0.921 ~4.293 0.046
Fasn STD-VH vs. CAF-VH 20.083 0.428 0.140 0345 75.260 0.009
7T12 CAF-VH vs. CAF-GSPE 0.097 0311 0.005 0972 1.208 0358
STD-VH vs. CAF-GSPE 0.014 0.901 0.145 0356 4,051 0.051
STD-VH vs. CAF-VH 0.157 0.181 0.064 0.702 -0.419 0.888
7T0 CAF-VH vs. CAF-GSPE 20.069 0.550 20.004 0.982 3398 0.194
STD-VH vs. CAF-GSPE 0.089 0.293 0.060 0.614 3.818 0.087
¢d36 STD-VH vs. CAF-VH 0.013 0.907 -0.002 0.991 2.736 0.408
7T12 CAF-VH vs. CAF-GSPE 0.050 0.667 0.140 0.392 -0.459 0.866
STD-VH vs. CAF-GSPE 0.063 0.563 0.138 0371 3195 0217
STD-VH vs. CAF-VH 0.169 0.013 0.118 0.197 4919 0.475
Fatp5 210 CAF-VH vs. CAF-GSPE 20.001 0.979 -0.055 0.461 1.042 0.687
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STD-VH vs. CAF-GSPE 0.167 0.011 0.063 0.457 5.961 0379
STD-VH vs. CAF-VH 0.146 0.003 -0.032 0.619 -9.644 0.051
7T12 CAF-VH vs. CAF-GSPE 0.116 0.065 0.032 0.711 8924 0.158
STD-VH vs. CAF-GSPE 0.262 0.000 0.000 1.000 5.432 0.107
STD-VH vs. CAF-VH -0.121 0.162 -0.149 0219 4.983 0.062
7T0 CAF-VH vs. CAF-GSPE 0.000 0.994 0.064 0.457 4978 0.019
STD-VH vs. CAF-GSPE -0.121 0.123 -0.085 0.439 0.005 0.998
SREBP-1c STD-VH vs. CAF-VH 0.431 0.000 -0.085 0.522 1.563 0396
7T12 CAF-VH vs. CAF-GSPE -0.126 0.182 0.168 0.209 -2.835 0.103
STD-VH vs. CAF-GSPE 0305 0.004 0.083 0.547 1272 0.381
STD-VH vs. CAF-VH 0383 0.000 -0.013 0.922 1.056 0535
7T0 CAF-VH vs. CAF-GSPE -0.078 0.420 -0.071 0.605 3.439 0.126
STD-VH vs. CAF-GSPE 0305 0.002 -0.083 0.514 4.495 0.033
Ppara STD-VH vs. CAF-VH 0.120 0.228 -0.189 0.183 -0.822 0.464
7T12 CAF-VH vs. CAF-GSPE -0.040 0.634 -0.176 0.141 0.450 0.776
STD-VH vs. CAF-GSPE 0.081 0.272 -0.365 0.001 -0.372 0.773
STD-VH vs. CAF-VH -0.379 0.001 0.180 0.241 2,627 0.586
7T0 CAF-VH vs. CAF-GSPE 0111 0.037 -0.054 0.466 1.084 0.342
STD-VH vs. CAF-GSPE -0.490 0.000 0.126 0.432 1.542 0.759
Gyp7al STD-VH vs. CAF-VH -0.164 0.337 0.231 0.340 -2.901 0.017
7T12 CAF-VH vs. CAF-GSPE 0.178 0325 -0.533 0.043 -1.958 0.291
STD-VH vs. CAF-GSPE 0.013 0.941 -0.302 0.240 ~4.858 0.018
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Supplementary Table 7. Rhythmic parameters of genes related to hepatic glucose

metabolism.
Acrophase

Gene T Groups D MESOR | Amplitude [h]
STD-VH 0.052 0.810 0.276 2.718
7TO0 CAF-VH 0.023 0.543 0.232 22.878
CAF-GSPE 0.032 0.536 0.213 1.868
Gépc STD-VH 0.046 0.832 0.236 21.769
7T12 CAF-VH | 0.002 0.597 0.290 0.153
CAF-GSPE 0.000 0.610 0.348 23.346
STD-VH 0.002 0.763 0.318 4.938
7TO0 CAF-VH 0.121 0.456 0.082 9.043
CAF-GSPE 0.040 0.451 0.140 1.729
Gopd STD-VH 0.051 0.641 0.260 3.993
7T12 CAF-VH | 0374 | 0470 0.075 4536
CAF-GSPE 0.011 0.540 0.253 2.432
STD-VH 0.035 1.245 0.320 12.255
7TO0 CAF-VH 0.002 1.544 0.472 15.258
CAF-GSPE 0.002 1.229 0.305 13.562
Slezaz STD-VH 0.000 1.265 0.381 12.511
7T12 CAF-VH | 0.000 1.332 0.397 14.920
CAF-GSPE 0.026 1.351 0.189 13.884
STD-VH 0.229 0.928 0.119 15.293
7TO0 CAF-VH 0.106 0.754 0.139 12.805
CAF-GSPE 0.045 0.718 0.113 16.884
Ppargcla STD-VH | 0.003 | 1.333 0476 13.748
7T12 CAF-VH | 0.048 | 1.125 0.200 11.573
CAF-GSPE 0.015 1.126 0.251 13.819
STD-VH 0.280 0.952 0.070 9.612
7TO0 CAF-VH 0.017 1.124 0.114 17.910
CAF-GSPE 0.042 1.094 0.107 19.720
Sirt1 STD-VH 0.018 1.103 0.176 14.092
7T12 CAF-VH | 0.107 | 1.184 0.054 16.010
CAF-GSPE 0.123 1.111 0.061 16911

Rats were fed a STD or CAF diet and were treated with vehicle or GSPE at the
beginning of the light phase (ZT0) or at the beginning of the dark phase (ZT12). The
p < 0.05 indicates significant rhythmic expression. MESOR is a mean adjusted to the
circadian rhythm. Amplitude is the difference between the peak and the mean value
of a sine wave. Acrophase is the time at which the peak of a rhythm occurs in hours.
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Supplementary Table 8. Comparison of rhythmic parameters of genes related to hepatic glucose metabolism between groups.

Gene 7T Comparison d_MESOR p(d_MESOR) d_amplitude p(d_amplitude) d_phase p(d_phase)
STD-VH vs. CAF-VH -0.267 0.024 -0.045 0.779 -3.840 0.121
ZT0 CAF-VH vs. CAF-GSPE -0.007 0.937 -0.019 0.882 2.990 0.168
STD-VH vs. CAF-GSPE -0.274 0.021 -0.064 0.694 -0.850 0.734
Gope STD-VH vs. CAF-VH -0.235 0.018 0.053 0.689 2.384 0.232
ZT12 CAF-VH vs. CAF-GSPE 0.013 0.859 0.058 0.579 -0.807 0.525
STD-VH vs. CAF-GSPE -0.222 0.020 0.111 0.388 1.577 0.377
STD-VH vs. CAF-VH -0.307 0.000 -0.236 0.021 4.106 0.222
ZTO0 CAF-VH vs. CAF-GSPE -0.005 0.924 0.059 0.455 -7.314 0.017
STD-VH vs. CAF-GSPE -0.312 0.000 -0.177 0.102 -3.209 0.144
Gopd STD-VH vs. CAF-VH -0.171 0.109 -0.185 0.216 0.543 0.922
ZT12 CAF-VH vs. CAF-GSPE 0.070 0.409 0.178 0.143 -2.104 0.640
STD-VH vs. CAF-GSPE -0.101 0.345 -0.006 0.966 -1.561 0.485
STD-VH vs. CAF-VH 0.299 0.024 0.152 0.405 3.003 0.102
ZTO0 CAF-VH vs. CAF-GSPE -0.315 0.006 -0.167 0.266 -1.696 0.292
STD-VH vs. CAF-GSPE -0.016 0.884 -0.015 0.924 1.308 0.486
Slezaz STD-VH vs. CAF-VH 0.067 0.234 0.016 0.838 2.409 0.004
ZT12 CAF-VH vs. CAF-GSPE 0.019 0.759 -0.208 0.021 -1.036 0.445
STD-VH vs. CAF-GSPE 0.086 0.242 -0.192 0.070 1.373 0.402
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STD-VH vs. CAF-VH -0.174 0.057 0.020 0.871 -2.489 0.506
ZT0 CAF-VH vs. CAF-GSPE -0.036 0.606 -0.026 0.787 4.080 0.189
STD-VH vs. CAF-GSPE -0.210 0.012 -0.006 0.958 1.591 0.667
Ppargcla
STD-VH vs. CAF-VH -0.208 0.076 -0.276 0.094 -2.175 0.359
ZT12 CAF-VH vs. CAF-GSPE 0.001 0.991 0.051 0.694 2.246 0.304
STD-VH vs. CAF-GSPE -0.207 0.076 -0.225 0.174 0.071 0.970
STD-VH vs. CAF-VH 0.172 0.003 0.044 0.560 8.298 0.021
ZTO CAF-VH vs. CAF-GSPE -0.030 0.513 -0.007 0911 1.810 0.430
. STD-VH vs. CAF-GSPE 0.142 0.018 0.037 0.639 10.108 0.011
Siret STD-VH vs. CAF-VH 0.081 0.106 -0.122 0.091 1.918 0.591
ZT12 CAF-VH vs. CAF-GSPE -0.073 0.042 0.007 0.884 0.901 0.784
STD-VH vs. CAF-GSPE 0.008 0.878 -0.115 0.130 2.819 0.424

Rats were fed a STD or CAF diet and were treated with vehicle or GSPE at the beginning of the light phase (ZT0) or at the beginning of the dark
phase (ZT12). d_MESOR represents the difference in MESOR values between the groups. d_amplitude represents the difference in amplitude
values between the groups. d_phase represents the difference in acrophase values between the groups. The p < 0.05 indicates significant
differences between groups at each rhythmic parameter.
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Supplementary Table 9. Rhythmic parameters of genes related to hepatic glucose

metabolism.
Acrophase
Metabolite T Groups p MESOR | Amplitude ]
STD-VH 0.003 0.692 0.172 13.488
ZTO0 CAF-VH 0.000 0.511 0.162 16.145
CAF-GSPE 0.041 0.469 0.071 13.902
Pyruvic acid

STD-VH 0.239 0.612 0.041 8.852
ZT12 CAF-VH 0.062 0.458 0.060 8.479
CAF-GSPE 0.396 0.460 0.032 20971
STD-VH 0.004 4.372 0.341 10.959
ZTO0 CAF-VH 0.003 4.356 0.288 16.364
CAF-GSPE 0.202 4.324 0.092 13.599

Lactic acid
STD-VH 0.571 4.461 0.042 1.999
ZT12 CAF-VH 0.035 4.349 0.192 8.512
CAF-GSPE 0.562 4.381 0.053 13.207
STD-VH 0.015 3.057 0.263 9.393
ZT0 CAF-VH 0.021 3.157 0.224 17.446
CAF-GSPE 0.178 3.164 0.098 17.709

Alanine
STD-VH 0.115 3.189 0.108 4.834
ZT12 CAF-VH 0.033 3.195 0.123 8.499
CAF-GSPE 0.292 3.256 0.084 13.816
STD-VH 0.082 0.565 0.133 16.497
ZT0 CAF-VH 0.040 0.490 0.150 16.996
2-
CAF-GSPE 0.255 0.451 0.081 18.054
HydroxyBut
STD-VH 0.002 0.635 0.253 17.041
yric acid

7ZT12 CAF-VH 0.282 0.586 0.082 16.885
CAF-GSPE 0.017 0.508 0.177 17.928
STD-VH 0.211 0.040 0.007 21.291
ZT0 CAF-VH 0.013 0.021 0.006 18.877
CAF-GSPE 0.017 0.025 0.006 19.362

Sarcosine
STD-VH 0.644 0.037 0.002 9.624
ZT12 CAF-VH 0.010 0.023 0.008 14.656
CAF-GSPE 0.101 0.026 0.005 22.555
STD-VH 0.166 0.842 0.070 11.575
Valine ZTO0 CAF-VH 0.011 0.781 0.121 17.247
CAF-GSPE 0.012 0.798 0.109 17.878
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STD-VH 0.323 0.915 0.061 15.606
7ZT12 CAF-VH 0.694 0.791 0.015 14.399
CAF-GSPE 0.064 0.829 0.123 17.229
STD-VH 0.008 1.075 0.162 7.176
ZT0 CAF-VH 0.602 0.739 0.026 11.482
CAF-GSPE 0.046 0.654 0.126 4.634
Urea

STD-VH 0.054 1.037 0.162 6.406
ZT12 CAF-VH 0.001 0.829 0.223 6.691
CAF-GSPE 0.398 0.774 0.057 2.770
STD-VH 0.113 0.914 0.084 12.337
ZT0 CAF-VH 0.007 0.870 0.148 17.400
CAF-GSPE 0.005 0.891 0.140 17.412

Leucine
STD-VH 0.221 1.014 0.084 16.882
7ZT12 CAF-VH 0.528 0.867 0.029 15.995
CAF-GSPE 0.040 0.918 0.148 17.461
STD-VH 0.025 5.512 0.112 14.572
ZT0 CAF-VH 0.001 5.476 0.200 18.197
Phosphoric CAF-GSPE 0.009 5.431 0.167 15.418
acid STD-VH 0.068 5.534 0.099 15.606
7ZT12 CAF-VH 0.662 5.455 0.025 11.603
CAF-GSPE 0.037 5.479 0.089 13.006
STD-VH 0.048 0.177 0.065 15.971
ZTO0 CAF-VH 0.009 0.165 0.098 19.306
CAF-GSPE 0.033 0.172 0.074 16.456

Glycerol
STD-VH 0.006 0.210 0.098 16.264
7ZT12 CAF-VH 0.174 0.185 0.047 16.791
CAF-GSPE 0.017 0.184 0.086 13.378
STD-VH 0.249 0.531 0.042 12.182
ZT0 CAF-VH 0.007 0.503 0.091 17.201
CAF-GSPE 0.006 0.513 0.082 17.787

Isoleucine

STD-VH 0.248 0.585 0.051 16.539
7ZT12 CAF-VH 0.479 0.500 0.020 16.393
CAF-GSPE 0.053 0.529 0.091 17.421
STD-VH 0.035 1.711 0.182 11.939
Proline ZTO0 CAF-VH 0.006 1.625 0.249 17.698
CAF-GSPE 0.040 1.690 0.171 17.300
ZT12 STD-VH 0.076 1.801 0.184 16.341
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CAF-VH 0.175 1.627 0.107 16.346
CAF-GSPE 0.058 1.705 0.188 17.206
STD-VH 0.046 1.824 0.142 9.331
ZT0 CAF-VH 0.141 1.931 0.118 19.809
CAF-GSPE 0.017 1.989 0.155 16.641

Glycine
STD-VH 0.178 1.928 0.095 12.556
ZT12 CAF-VH 0.212 1.843 0.115 19.551
CAF-GSPE 0.204 1.999 0.085 14.985
STD-VH 0.316 0.938 0.095 6.651
ZT0 CAF-VH 0.051 1.016 0.186 18.591
Succinic CAF-GSPE 0.386 1.023 0.082 3.130
acid STD-VH 0.043 0.937 0.173 9.294
7ZT12 CAF-VH 0.280 1.068 0.085 20.087
CAF-GSPE 0.072 1.111 0.184 13.813
STD-VH 0.001 2.970 0.438 8.601
ZT0 CAF-VH 0.368 2.844 0.130 7.186
Fumaric CAF-GSPE 0.496 3.281 0.081 2.149
acid STD-VH 0.001 3.345 0.603 2.750
7ZT12 CAF-VH 0.009 3.088 0.336 2.751
CAF-GSPE 0.078 3.261 0.257 23.355
STD-VH 0.046 0.775 0.168 8.481
ZTO0 CAF-VH 0.726 1.476 0.077 23.708
CAF-GSPE 0.149 1.650 0.228 16.390

Serine
STD-VH 0.004 0.906 0.215 3.640
7ZT12 CAF-VH 0.477 1.191 0.110 6.121
CAF-GSPE 0.362 1.592 0.191 4.562
STD-VH 0.051 0.485 0.066 10.395
ZTO0 CAF-VH 0.214 0.613 0.069 19.970
CAF-GSPE 0.005 0.658 0.117 16.188

Threonine
STD-VH 0.367 0.547 0.041 4.267
7ZT12 CAF-VH 0.495 0.568 0.033 8.151
CAF-GSPE 0.721 0.659 0.025 9.631
STD-VH 0.010 0.809 0.121 12.772
ZTO0 CAF-VH 0.007 0.702 0.181 18.413
Nicotinamid

CAF-GSPE 0.029 0.736 0.160 18.195
¢ STD-VH 0.148 0.904 0.104 19.604
ATtz CAF-VH 0.268 0.742 0.054 19.344
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CAF-GSPE 0.135 0.834 0.123 15.977
STD-VH 0.014 1.783 0.299 7.852
ZTO0 CAF-VH 0.215 1.923 0.174 7.185
CAF-GSPE 0.109 2.128 0.207 4.573
Malic acid
STD-VH 0.000 1.987 0.574 2.228
ZT12 CAF-VH 0.001 2.012 0.335 4.223
CAF-GSPE 0.025 2.025 0.262 0.190
STD-VH 0.147 1.105 0.037 15.725
ZT0 CAF-VH 0.035 1.076 0.039 18.866
CAF-GSPE 0.172 1.069 0.031 16.791
Methionine
STD-VH 0.047 1.131 0.048 17.113
ZT12 CAF-VH 0.226 1.064 0.019 15.529
CAF-GSPE 0.145 1.073 0.031 17.480
STD-VH 0.015 7.358 0.813 19.836
ZT0 CAF-VH 0.143 6.812 0.487 17.191
CAF-GSPE 0.380 6.042 0.277 16.008
Oxoproline
STD-VH 0.011 6.895 0.912 18.343
7ZT12 CAF-VH 0.222 7.067 0.409 11.499
CAF-GSPE 0.324 6.688 0.432 17.107
STD-VH 0.136 0916 0.096 7.102
ZT0 CAF-VH 0.114 1.015 0.123 6.896
Aspartic CAF-GSPE 0.577 1.017 0.038 1.730
acid STD-VH 0.033 0.963 0.155 0.120
7ZT12 CAF-VH 0.703 0.914 0.023 4.064
CAF-GSPE 0.042 1.011 0.223 21.327
STD-VH 0.013 0.226 0.079 8.401
ZT0 CAF-VH 0.057 0.216 0.084 16.300
+ CAF-GSPE 0.062 0.193 0.048 0.754
Hydroxypro
. STD-VH 0.074 0.227 0.031 7.081
fine 7ZT12 CAF-VH 0.880 0.226 0.005 2.136
CAF-GSPE 0.135 0.257 0.066 22.283
STD-VH 0.055 0.044 0.012 5.489
ZTO0 CAF-VH 0.018 0.043 0.014 8.077
ketoga;;ltaric CAF-GSPE 0.027 0.062 0.016 1.463
acid STD-VH 0.118 0.047 0.010 2.272
7ZT12 CAF-VH 0.232 0.041 0.007 0.366
CAF-GSPE 0.401 0.050 0.007 22.689
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STD-VH 0.241 2.197 0.154 6.645
ZTO0 CAF-VH 0.382 2.470 0.092 17.568
Glutamic CAF-GSPE 0.006 2.512 0.301 21.895
acid STD-VH 0.366 2.268 0.105 3.484
ZT12 CAF-VH 0.027 2.366 0.236 23.209
CAF-GSPE 0.682 2.545 0.071 16.056
STD-VH 0.204 0.449 0.041 12.041
ZT0 CAF-VH 0.015 0.444 0.084 16.916
Phenylalani CAF-GSPE 0.007 0.441 0.068 17.157
ne STD-VH 0.240 0.509 0.040 14.278
ZT12 CAF-VH 0.714 0.437 0.008 19.355
CAF-GSPE 0.072 0.452 0.075 16.997
STD-VH 0.034 2.437 0.854 18.933
ZT0 CAF-VH 0.043 2.037 0.769 16.408
CAF-GSPE 0.544 1.302 0.211 17.536
Taurine
STD-VH 0.010 1.672 0.956 17.236
7ZT12 CAF-VH 0.087 1.853 0.444 11.308
CAF-GSPE 0.212 1.540 0.479 16.909
STD-VH 0.550 0.020 0.001 12.523
ZT0 CAF-VH 0.427 0.044 0.008 17.342
CAF-GSPE 0.198 0.041 0.021 10.664
d-Ribose
STD-VH 0.323 0.033 0.006 17.049
7ZT12 CAF-VH 0.145 0.023 0.010 21.650
CAF-GSPE 0.046 0.030 0.011 15.708
STD-VH 0.053 0.019 0.006 9.296
ZTO0 CAF-VH 0.001 0.016 0.008 18.328
d-xylitol CAF-GSPE 0.165 0.016 0.003 14.707
STD-VH 0.268 0.021 0.003 14.323
7ZT12 CAF-VH 0.778 0.017 0.000 14.766
CAF-GSPE 0.010 0.019 0.008 13.167
STD-VH 0.005 1.199 0.272 9.235
ZTO0 CAF-VH 0.516 1.277 0.085 14.949
Glycerol-1- CAF-GSPE 0.176 1.264 0.140 2.473
phosphate STD-VH 0.141 1.312 0.153 3.823
7ZT12 CAF-VH 0.354 1.308 0.086 3.906
CAF-GSPE 0.084 1.426 0.216 18.479
ZTO0 STD-VH 0.013 0.132 0.042 15.275
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CAF-VH 0.007 0.122 0.058 18.918
CAF-GSPE 0.004 0.139 0.065 16.641
Hypoxanthi
STD-VH 0.129 0.201 0.068 21.512
ne
7ZT12 CAF-VH 0.696 0.126 0.010 9.644
CAF-GSPE 0.459 0.161 0.026 15.530
STD-VH 0.015 0.110 0.049 8.181
ZTO CAF-VH 0.408 0.102 0.010 0.914
CAF-GSPE 0.244 0.109 0.014 14.520
Ornithine
STD-VH 0.076 0.147 0.058 3.645
7ZT12 CAF-VH 0.290 0.105 0.010 9.524
CAF-GSPE 0.720 0.128 0.007 4.592
STD-VH 0.014 0.355 0.184 6.240
ZTO0 CAF-VH 0.002 0.369 0.168 6.603
CAF-GSPE 0.002 0.460 0.203 5.450
Citric acid
STD-VH 0.040 0.333 0.111 4,183
7ZT12 CAF-VH 0.278 0.337 0.061 4,238
CAF-GSPE 0.081 0.369 0.132 22.324
STD-VH 0.798 0.034 0.001 4.051
ZTO0 CAF-VH 0.091 0.033 0.007 16.566
CAF-GSPE 0.322 0.030 0.003 8.821
Adenine
STD-VH 0.818 0.037 0.001 23.940
7ZT12 CAF-VH 0.034 0.030 0.007 0.893
CAF-GSPE 0.028 0.033 0.010 14.455
STD-VH 0.176 0.457 0.098 18.165
ZTO0 CAF-VH 0.113 0.419 0.098 18.516
Hydroxyphe
CAF-GSPE 0.021 0.384 0.138 19.955
nyllactic
id STD-VH 0.005 0.481 0.268 16.828
aci
7ZT12 CAF-VH 0.800 0.474 0.015 22.610
CAF-GSPE 0.062 0.469 0.184 18.586
STD-VH 0.222 7.260 0.023 10.526
ZTO0 CAF-VH 0.032 7.269 0.049 18.564
CAF-GSPE 0.196 7.273 0.025 18.076
d-Glucose
STD-VH 0.040 7.219 0.045 13.824
ZT12 CAF-VH 0.362 7.226 0.019 13.526
CAF-GSPE 0.056 7.252 0.055 15.437
d-Mannonic 0 STD-VH 0.010 0.037 0.008 15.821
ZT
acid CAF-VH 0.001 0.032 0.012 17.969
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CAF-GSPE 0.023 0.033 0.010 16.605
STD-VH 0.340 0.035 0.006 9.724
7ZT12 CAF-VH 0.002 0.033 0.010 13.877
CAF-GSPE 0.082 0.040 0.008 15.607
STD-VH 0.410 0.130 0.027 15.293
ZTO CAF-VH 0.015 0.115 0.081 19.357
CAF-GSPE 0.095 0.117 0.057 14.921

d-Sorbitol
STD-VH 0.011 0.156 0.093 16.249
7ZT12 CAF-VH 0.075 0.118 0.052 17.136
CAF-GSPE 0.166 0.280 0.303 8.028
STD-VH 0.003 0.025 0.009 10.118
ZTO0 CAF-VH 0.010 0.029 0.010 16.555
CAF-GSPE 0.095 0.029 0.006 13.115

d-Galactitol
STD-VH 0.114 0.020 0.002 11.369
7ZT12 CAF-VH 0.362 0.021 0.001 11.226
CAF-GSPE 0.018 0.023 0.006 14.471
STD-VH 0.075 0.090 0.039 16.473
ZTO0 CAF-VH 0.005 0.069 0.042 18.533
d-Gluconic CAF-GSPE 0.032 0.083 0.045 16.154
acid STD-VH 0.014 0.110 0.059 16.429
7ZT12 CAF-VH 0.030 0.079 0.041 15.859
CAF-GSPE 0.065 0.086 0.032 14.240
STD-VH 0.186 0.079 0.009 7.219
ZT0 CAF-VH 0.309 0.067 0.010 14.997
Palmitoleic CAF-GSPE 0.065 0.060 0.012 10.043
acid STD-VH 0.033 0.078 0.018 7.711
7T12 CAF-VH 0.020 0.059 0.011 10.039
CAF-GSPE 0.377 0.068 0.013 19.253
STD-VH 0.086 0.093 0.043 14.284
ZT0 CAF-VH 0.011 0.112 0.074 18.593
CAF-GSPE 0.020 0.130 0.086 15.513

Xanthine

STD-VH 0.137 0.158 0.068 16.350
7ZT12 CAF-VH 0.176 0.108 0.050 16.252
CAF-GSPE 0.056 0.140 0.076 13.330
d- STD-VH 0.047 0.004 0.001 14.451
Glucuronic ZT0 CAF-VH 0.004 0.004 0.001 17.937
acid CAF-GSPE 0.009 0.004 0.001 17.821
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STD-VH 0.031 0.005 0.002 16.001
7ZT12 CAF-VH 0.018 0.003 0.001 16.936
CAF-GSPE 0.033 0.004 0.001 13.936

STD-VH 0.033 0.390 0.067 11.979
ZTO CAF-VH 0.024 0.290 0.033 17.778
myo- CAF-GSPE 0.112 0.293 0.034 18.277
Inositol STD-VH 0.740 0.424 0.012 12917
7ZT12 CAF-VH 0.745 0.295 0.006 13.357

CAF-GSPE 0.104 0.315 0.033 19.004

STD-VH 0.137 0.030 0.006 4.863

ZTO CAF-VH 0.674 0.051 0.005 15.347

Ribose 5- CAF-GSPE 0.189 0.048 0.022 9.668
phosphate STD-VH 0.434 0.043 0.005 6.218
7ZT12 CAF-VH 0.197 0.030 0.010 23.659

CAF-GSPE 0.255 0.036 0.005 16.715

STD-VH 0.023 0.022 0.006 7.635

ZTO CAF-VH 0.011 0.019 0.005 16.618

Sedoheptulo CAF-GSPE 0.668 0.017 0.001 5.918
se STD-VH 0.128 0.025 0.005 4,922
7ZT12 CAF-VH 0.056 0.020 0.005 3.316

CAF-GSPE 0.293 0.022 0.003 16.727

STD-VH 0.270 0.180 0.027 10.525

ZT0 CAF-VH 0.161 0.465 0.104 12.454

Oleic acid- CAF-GSPE 0.633 0.448 0.025 11.551
isol STD-VH 0.136 0.247 0.035 0.754
7T12 CAF-VH 0.665 0.456 0.030 10.894

CAF-GSPE 0.390 0.420 0.060 18.820

STD-VH 0.078 0.180 0.051 13.536

ZT0 CAF-VH 0.075 0.151 0.058 12.917

Oleic acid- CAF-GSPE 0.563 0.117 0.010 17.437
iso2 STD-VH 0.554 0.188 0.019 9.257
7ZT12 CAF-VH 0.967 0.126 0.001 22.417

CAF-GSPE 0.165 0.127 0.038 18.239

STD-VH 0.161 3.904 0.138 9.770

Stearic acid ZT0 CAF-VH 0.033 3.957 0.121 13.517
CAF-GSPE 0.124 4.082 0.204 8.096

7ZT12 STD-VH 0.715 3.982 0.023 3.536
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CAF-VH 0.634 3.959 0.035 16.576
CAF-GSPE 0.450 4.074 0.073 13.470
STD-VH 0.023 0.030 0.022 5.558
ZTO CAF-VH 0.003 0.030 0.017 8.433
Fructose 6- CAF-GSPE 0.000 0.020 0.010 6.427
phosphate STD-VH 0.004 0.026 0.018 5.037
7ZT12 CAF-VH 0.033 0.022 0.012 5.319
CAF-GSPE 0.113 0.024 0.006 4.223
STD-VH 0.022 0.067 0.057 5.497
ZTO CAF-VH 0.003 0.069 0.047 8.624
Glucose 6- CAF-GSPE 0.000 0.045 0.024 5.622
phosphate STD-VH 0.003 0.055 0.040 5.008
7ZT12 CAF-VH 0.039 0.047 0.027 5.634
CAF-GSPE 0.112 0.052 0.015 4.275
STD-VH 0.109 0.078 0.014 7.789
ZTO CAF-VH 0.347 0.074 0.003 14.030
Arachidic CAF-GSPE 0.095 0.089 0.022 7.955
acid STD-VH 0.352 0.081 0.005 16.309
7ZT12 CAF-VH 0.307 0.077 0.005 20.994
CAF-GSPE 0.398 0.087 0.006 11.474
STD-VH 0.018 0.498 0.135 15.896
ZTO0 CAF-VH 0.012 0.492 0.218 17.017
CAF-GSPE 0.050 0.474 0.154 16.444

Inosine

STD-VH 0.125 0.666 0.183 21.206
7T12 CAF-VH 0.597 0.473 0.045 5.099
CAF-GSPE 0.271 0.565 0.135 16.291
STD-VH 0.070 0.134 0.038 7.149
ZT0 CAF-VH 0.814 0.132 0.004 15.166
Adenosine CAF-GSPE 0.120 0.160 0.032 22.586
STD-VH 0.236 0.177 0.059 11.201
7ZT12 CAF-VH 0.536 0.164 0.016 20.849
CAF-GSPE 0.152 0.186 0.044 14.415
STD-VH 0.034 0.075 0.030 15.094
ZT0 CAF-VH 0.004 0.077 0.041 17.330
Xanthosine CAF-GSPE 0.017 0.073 0.038 15.270
STD-VH 0.008 0.092 0.046 15.359
ariz CAF-VH 0.089 0.083 0.026 15.524
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CAF-GSPE 0.010 0.091 0.051 13.556
STD-VH 0.849 0.201 0.011 15.463
ZTO0 CAF-VH 0.123 0.200 0.113 18.511
CAF-GSPE 0.483 0.221 0.048 3.121
d-Maltose
STD-VH 0.097 0.266 0.165 23.838
ZT12 CAF-VH 0.828 0.364 0.024 1.560
CAF-GSPE 0.495 0.313 0.064 9.917
STD-VH 0.772 0.305 0.022 14.670
ZTO CAF-VH 0.119 0.302 0.154 18.412
Lignoceric CAF-GSPE 0.625 0.323 0.043 3.808
acid STD-VH 0.080 0.374 0.206 23.691
7ZT12 CAF-VH 0.853 0.534 0.030 0.598
CAF-GSPE 0.413 0.461 0.106 9.798
STD-VH 0.113 0.246 0.072 4.716
ZTO CAF-VH 0.182 0.244 0.035 7.838
uridine 5-
CAF-GSPE 0.057 0.201 0.051 3.142
monophosp
STD-VH 0.014 0.214 0.098 6.217
hate
7ZT12 CAF-VH 0.127 0.229 0.052 5.064
CAF-GSPE 0.111 0.220 0.049 1.068
STD-VH 0.160 0.052 0.014 8.043
ZTO0 CAF-VH 0.328 0.070 0.009 11.585
inosine 5-
CAF-GSPE 0.076 0.056 0.014 11.078
monophosp
STD-VH 0.001 0.053 0.033 8.097
hate
7ZT12 CAF-VH 0.056 0.049 0.015 5.169
CAF-GSPE 0.390 0.057 0.009 6.153
adenosine- STD-VH 0.035 0.630 0.171 5.845
5- ZTO0 CAF-VH 0.055 0.651 0.081 7.287
monophosp CAF-GSPE 0.005 0.597 0.121 4.289
hate_diphos STD-VH 0.008 0.595 0.187 6.913
phate_triph | 7ZT12 CAF-VH 0.244 0.590 0.087 6.289
osphate CAF-GSPE 0.108 0.601 0.102 23.934
STD-VH 0.143 3.478 0.067 11.149
ZTO0 CAF-VH 0.067 3.295 0.136 18.585
CAF-GSPE 0.283 3.369 0.076 12.257
Cholesterol
STD-VH 0.103 3.546 0.077 10.035
ZT12 CAF-VH 0.607 3.283 0.028 22.088
CAF-GSPE 0.180 3.388 0.069 9.826
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Supplementary Table 10. Comparison of rhythmic parameters of liver metabolites between groups.

Metabolite T Comparison d_MESOR | p(d_MESOR) | d_amplitude | p(d_amplitude) | d_phase | p(d_phase)

STD-VH vs. CAF-VH -0.181 0.000 -0.010 0.862 2.657 0.056

ZTO CAF-VH vs. CAF-GSPE -0.043 0.185 -0.090 0.057 -2.244 0.226

STD-VH vs. CAF-GSPE -0.223 0.000 -0.100 0.100 0.414 0.861

Pyruvic acid

STD-VH vs. CAF-VH -0.154 0.000 0.019 0.670 -0.373 0917

7ZT12 CAF-VH vs. CAF-GSPE 0.002 0.957 -0.029 0.543 -11.508 0.017

STD-VH vs. CAF-GSPE -0.152 0.000 -0.010 0.847 -11.881 0.033

STD-VH vs. CAF-VH -0.016 0.859 -0.052 0.683 5.405 0.002

ZTO CAF-VH vs. CAF-GSPE -0.032 0.673 -0.196 0.079 -2.765 0.395

STD-VH vs. CAF-GSPE -0.048 0.576 -0.249 0.051 2.641 0.467

Lactic acid

STD-VH vs. CAF-VH -0.111 0.159 0.150 0.179 6.513 0.373

7ZT12 CAF-VH vs. CAF-GSPE 0.031 0.714 -0.139 0.258 4.695 0.469

STD-VH vs. CAF-GSPE -0.080 0.330 0.011 0.924 11.208 0.244

STD-VH vs. CAF-VH 0.100 0.275 -0.040 0.755 8.053 0.000

ZTO CAF-VH vs. CAF-GSPE 0.007 0.927 -0.126 0.262 0.262 0.940

STD-VH vs. CAF-GSPE 0.107 0.213 -0.166 0.168 8.316 0.030

Alanine

STD-VH vs. CAF-VH 0.006 0.918 0.014 0.865 3.665 0.192

ZT12 CAF-VH vs. CAF-GSPE 0.062 0.352 -0.039 0.675 5.317 0.151

STD-VH vs. CAF-GSPE 0.068 0.346 -0.025 0.805 8.982 0.036
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STD-VH vs. CAF-VH -0.075 0.283 0.016 0.867 0.499 0.850
ZTO0 CAF-VH vs. CAF-GSPE -0.039 0.569 -0.069 0.473 1.059 0.781
2-HydroxyButyric acid STD-VH vs. CAF-GSPE -0.114 0.119 -0.052 0.598 1.557 0.701
STD-VH vs. CAF-VH -0.049 0.491 -0.171 0.098 -0.156 0.964
ZT12 CAF-VH vs. CAF-GSPE -0.078 0.267 0.094 0.343 1.043 0.770
STD-VH vs. CAF-GSPE -0.127 0.063 -0.077 0.416 0.887 0.613
STD-VH vs. CAF-VH -0.020 0.000 -0.001 0.838 -2.414 0.488
ZTO CAF-VH vs. CAF-GSPE 0.005 0.028 0.000 0.948 0.485 0.809
STD-VH vs. CAF-GSPE -0.015 0.001 -0.001 0.868 -1.929 0.596
Sarcosine
STD-VH vs. CAF-VH -0.014 0.002 0.005 0.387 5.032 0.456
ZT12 CAF-VH vs. CAF-GSPE 0.003 0.233 -0.003 0.506 7.899 0.003
STD-VH vs. CAF-GSPE -0.011 0.015 0.003 0.672 -11.069 0.139
STD-VH vs. CAF-VH -0.061 0.181 0.050 0.430 5.672 0.053
ZTO CAF-VH vs. CAF-GSPE 0.017 0.674 -0.012 0.832 0.632 0.742
. STD-VH vs. CAF-GSPE -0.044 0.321 0.039 0.531 6.303 0.035
Valine STD-VH vs. CAF-VH -0.123 0.019 -0.046 0.514 -1.208 0.927
7ZT12 CAF-VH vs. CAF-GSPE 0.038 0.458 0.108 0.139 2.830 0.830
STD-VH vs. CAF-GSPE -0.085 0.165 0.062 0.470 1.622 0.702
STD-VH vs. CAF-VH -0.336 0.000 -0.135 0.070 4.306 0.568
Urea ZTO0 CAF-VH vs. CAF-GSPE -0.084 0.126 0.099 0.195 -6.848 0.385
STD-VH vs. CAF-GSPE -0.420 0.000 -0.036 0.642 -2.542 0.243
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STD-VH vs. CAF-VH -0.208 0.004 0.061 0.524 0.285 0.885
ZT12 CAF-VH vs. CAF-GSPE -0.055 0.367 -0.166 0.061 -3.921 0.357
STD-VH vs. CAF-GSPE -0.264 0.001 -0.105 0.303 -3.636 0.479
STD-VH vs. CAF-VH -0.044 0.362 0.064 0.349 5.063 0.053
ZTO0 CAF-VH vs. CAF-GSPE 0.021 0.642 -0.007 0.908 0.013 0.994
STD-VH vs. CAF-GSPE -0.023 0.613 0.057 0.382 5.076 0.047
Leucine
STD-VH vs. CAF-VH -0.147 0.015 -0.055 0.492 -0.887 0911
ZT12 CAF-VH vs. CAF-GSPE 0.051 0.372 0.119 0.143 1.467 0.847
STD-VH vs. CAF-GSPE -0.096 0.155 0.064 0.495 0.580 0.866
STD-VH vs. CAF-VH -0.036 0.436 0.088 0.188 3.626 0.054
ZTO0 CAF-VH vs. CAF-GSPE -0.045 0.380 -0.033 0.652 -2.780 0.075
STD-VH vs. CAF-GSPE -0.081 0.109 0.055 0.436 0.846 0.674
Phosphoric acid
STD-VH vs. CAF-VH -0.079 0.143 -0.075 0.323 -4.003 0.638
7ZT12 CAF-VH vs. CAF-GSPE 0.024 0.622 0.065 0.342 1.402 0.856
STD-VH vs. CAF-GSPE -0.055 0.224 -0.010 0.878 -2.601 0.319
STD-VH vs. CAF-VH -0.012 0.689 0.033 0.457 3.335 0.138
ZTO0 CAF-VH vs. CAF-GSPE 0.008 0.809 -0.023 0.602 -2.850 0.178
Glycerol STD-VH vs. CAF-GSPE -0.005 0.877 0.009 0.827 0.485 0.840
STD-VH vs. CAF-VH -0.025 0.430 -0.051 0.255 0.527 0.853
7ZT12 CAF-VH vs. CAF-GSPE -0.001 0.974 0.039 0.393 -3.413 0.263
STD-VH vs. CAF-GSPE -0.026 0.404 -0.012 0.788 -2.886 0.122
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STD-VH vs. CAF-VH -0.028 0.388 0.048 0.296 5.019 0.127
7T0 CAF-VH vs. CAF-GSPE 0.010 0.713 -0.009 0.806 0.586 0.738
Isoleucine STD-VH vs. CAF-GSPE -0.018 0.564 0.039 0.373 5.605 0.085
STD-VH vs. CAF-VH -0.085 0.026 -0.031 0.550 -0.146 0.984
ZT12 CAF-VH vs. CAF-GSPE 0.029 0.437 0.071 0.178 1.029 0.883
STD-VH vs. CAF-GSPE -0.056 0.200 0.040 0.510 0.882 0.810
STD-VH vs. CAF-VH -0.085 0.273 0.068 0.535 5.760 0.007
ZTO CAF-VH vs. CAF-GSPE 0.065 0.399 -0.079 0.465 -0.398 0.851
STD-VH vs. CAF-GSPE -0.020 0.793 -0.011 0.920 5.361 0.034
Proline
STD-VH vs. CAF-VH -0.174 0.053 -0.078 0.528 0.005 0.999
ZT12 CAF-VH vs. CAF-GSPE 0.079 0.350 0.082 0.493 0.861 0.803
STD-VH vs. CAF-GSPE -0.095 0.317 0.004 0.976 0.866 0.751
STD-VH vs. CAF-VH 0.107 0.140 -0.023 0.816 10.478 0.001
ZT0 CAF-VH vs. CAF-GSPE 0.058 0.396 0.037 0.701 -3.167 0.259
STD-VH vs. CAF-GSPE 0.165 0.012 0.014 0.875 7.311 0.003
Glycine
STD-VH vs. CAF-VH -0.085 0.285 0.020 0.856 6.995 0.097
7ZT12 CAF-VH vs. CAF-GSPE 0.156 0.051 -0.030 0.782 -4.566 0.296
STD-VH vs. CAF-GSPE 0.071 0.285 -0.010 0.913 2.429 0.542
STD-VH vs. CAF-VH 0.078 0.387 0.091 0.475 11.940 0.006
Succinic acid ZTO0 CAF-VH vs. CAF-GSPE 0.006 0.942 -0.104 0.413 8.540 0.068
STD-VH vs. CAF-GSPE 0.085 0.359 -0.013 0.918 -3.521 0.531
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STD-VH vs. CAF-VH 0.131 0.096 -0.088 0.422 10.794 0.009
ZT12 CAF-VH vs. CAF-GSPE 0.043 0.620 0.099 0.417 -6.275 0.149
STD-VH vs. CAF-GSPE 0.174 0.053 0.012 0.925 4.519 0.095
STD-VH vs. CAF-VH -0.127 0.322 -0.307 0.095 -1.415 0.715
ZTO CAF-VH vs. CAF-GSPE 0.438 0.002 -0.049 0.790 -5.037 0.479
STD-VH vs. CAF-GSPE 0.311 0.009 -0.357 0.034 -6.452 0.230
Fumaric acid
STD-VH vs. CAF-VH -0.257 0.060 -0.267 0.160 0.001 1.000
ZT12 CAF-VH vs. CAF-GSPE 0.173 0.171 -0.078 0.656 -3.396 0.151
STD-VH vs. CAF-GSPE -0.084 0.558 -0.345 0.097 -3.395 0.150
STD-VH vs. CAF-VH 0.701 0.000 -0.090 0.697 -8.773 0.329
ZTO CAF-VH vs. CAF-GSPE 0.174 0.365 0.151 0.575 -7.318 0.457
. STD-VH vs. CAF-GSPE 0.875 0.000 0.060 0.714 7.909 0.023
serine STD-VH vs. CAF-VH 0.285 0.019 -0.105 0.519 2.481 0.583
7ZT12 CAF-VH vs. CAF-GSPE 0.401 0.033 0.082 0.748 -1.559 0.829
STD-VH vs. CAF-GSPE 0.685 0.000 -0.024 0911 0.922 0.819
STD-VH vs. CAF-VH 0.129 0.006 0.003 0.959 9.575 0.010
ZTO CAF-VH vs. CAF-GSPE 0.045 0.333 0.048 0.461 -3.782 0.200
Threonine STD-VH vs. CAF-GSPE 0.173 0.000 0.051 0.273 5.793 0.011
STD-VH vs. CAF-VH 0.021 0.641 -0.008 0.907 3.884 0.570
7ZT12 CAF-VH vs. CAF-GSPE 0.091 0.131 -0.009 0.917 1.480 0.896
STD-VH vs. CAF-GSPE 0.112 0.059 -0.016 0.840 5.364 0.607
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STD-VH vs. CAF-VH -0.107 0.039 0.060 0.395 5.641 0.005
7T0 CAF-VH vs. CAF-GSPE 0.034 0.587 -0.021 0.804 -0.217 0914
Nicotinamide STD-VH vs. CAF-GSPE -0.073 0.190 0.039 0.612 5.423 0.019
STD-VH vs. CAF-VH -0.162 0.010 -0.050 0.550 -0.260 0.956
ZT12 CAF-VH vs. CAF-GSPE 0.092 0.163 0.069 0.455 -3.368 0.499
STD-VH vs. CAF-GSPE -0.070 0.344 0.019 0.859 -3.627 0.308
STD-VH vs. CAF-VH 0.140 0.255 -0.125 0.470 -0.667 0.829
ZTO CAF-VH vs. CAF-GSPE 0.205 0.124 0.033 0.856 -2.612 0.484
STD-VH vs. CAF-GSPE 0.345 0.005 -0.092 0.570 -3.279 0.213
Malic acid
STD-VH vs. CAF-VH 0.025 0.807 -0.238 0.109 1.995 0.148
ZT12 CAF-VH vs. CAF-GSPE 0.013 0.890 -0.073 0.585 -4.033 0.028
STD-VH vs. CAF-GSPE 0.038 0.734 -0.311 0.058 -2.037 0.262
STD-VH vs. CAF-VH -0.029 0.177 0.002 0.946 3.141 0.294
ZTO CAF-VH vs. CAF-GSPE -0.007 0.701 -0.008 0.758 -2.075 0.503
Methionine STD-VH vs. CAF-GSPE -0.036 0.128 -0.006 0.845 1.066 0.778
STD-VH vs. CAF-VH -0.066 0.001 -0.029 0.287 -1.584 0.697
7ZT12 CAF-VH vs. CAF-GSPE 0.009 0.635 0.012 0.631 1.951 0.644
STD-VH vs. CAF-GSPE -0.058 0.010 -0.016 0.583 0.367 0.905
STD-VH vs. CAF-VH -0.546 0.082 -0.326 0.453 -2.645 0.347
Oxoproline ZTO CAF-VH vs. CAF-GSPE -0.770 0.020 -0.211 0.634 -1.183 0.813
STD-VH vs. CAF-GSPE -1.316 0.000 -0.537 0.214 -3.827 0.393
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STD-VH vs. CAF-VH 0.172 0.587 -0.503 0.267 -6.844 0.043
7ZT12 CAF-VH vs. CAF-GSPE -0.379 0.319 0.023 0.965 5.608 0.254
STD-VH vs. CAF-GSPE -0.207 0.580 -0.480 0.366 -1.236 0.735
STD-VH vs. CAF-VH 0.098 0.153 0.027 0.780 -0.206 0.952
ZTO0 CAF-VH vs. CAF-GSPE 0.002 0.971 -0.084 0.403 -5.166 0.474
STD-VH vs. CAF-GSPE 0.101 0.119 -0.058 0.526 -5.372 0.424
Aspartic acid
STD-VH vs. CAF-VH -0.050 0.436 -0.132 0.148 3.944 0.707
ZT12 CAF-VH vs. CAF-GSPE 0.097 0.243 0.199 0.095 -6.738 0.621
STD-VH vs. CAF-GSPE 0.048 0.572 0.067 0.574 -2.793 0.275
STD-VH vs. CAF-VH -0.010 0.763 0.004 0.932 7.899 0.002
ZTO0 CAF-VH vs. CAF-GSPE -0.023 0.494 -0.036 0.458 8.454 0.009
STD-VH vs. CAF-GSPE -0.033 0.197 -0.032 0.392 -7.647 0.003
4-Hydroxyproline
STD-VH vs. CAF-VH -0.001 0.965 -0.026 0.499 -4.944 0.803
7ZT12 CAF-VH vs. CAF-GSPE 0.031 0.425 0.061 0.266 -3.854 0.891
STD-VH vs. CAF-GSPE 0.029 0.356 0.035 0.435 -8.798 0.050
STD-VH vs. CAF-VH 0.000 0.950 0.002 0.819 2.588 0.267
ZTO0 CAF-VH vs. CAF-GSPE 0.019 0.002 0.002 0.826 -6.614 0.003
a-ketoglutaric acid STD-VH vs. CAF-GSPE 0.018 0.004 0.004 0.677 -4.026 0.092
STD-VH vs. CAF-VH -0.006 0.333 -0.003 0.740 -1.907 0.623
7ZT12 CAF-VH vs. CAF-GSPE 0.009 0.176 -0.001 0.927 -1.677 0.753
STD-VH vs. CAF-GSPE 0.003 0.618 -0.004 0.703 -3.583 0.458
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STD-VH vs. CAF-VH 0.273 0.024 -0.062 0.705 10.924 0.058
ZTO0 CAF-VH vs. CAF-GSPE 0.043 0.663 0.209 0.138 4.326 0.304
Glutamic acid STD-VH vs. CAF-GSPE 0.315 0.009 0.147 0.354 -8.750 0.008
STD-VH vs. CAF-VH 0.098 0.353 0.130 0.383 -4.275 0.310
ZT12 CAF-VH vs. CAF-GSPE 0.179 0.206 -0.164 0.407 -7.153 0.362
STD-VH vs. CAF-GSPE 0.277 0.066 -0.034 0.869 -11.428 0.232
STD-VH vs. CAF-VH -0.006 0.853 0.043 0.327 4.875 0.133
ZT0 CAF-VH vs. CAF-GSPE -0.003 0.917 -0.016 0.669 0.241 0.902
STD-VH vs. CAF-GSPE -0.009 0.755 0.027 0.480 5.116 0.090
Phenylalanine
STD-VH vs. CAF-VH -0.072 0.015 -0.031 0.432 5.077 0.698
ZT12 CAF-VH vs. CAF-GSPE 0.016 0.622 0.066 0.146 -2.358 0.870
STD-VH vs. CAF-GSPE -0.057 0.119 0.035 0.494 2.719 0.485
STD-VH vs. CAF-VH -0.400 0.266 -0.085 0.866 -2.525 0.293
ZT0 CAF-VH vs. CAF-GSPE -0.735 0.043 -0.559 0.257 1.128 0.869
STD-VH vs. CAF-GSPE -1.135 0.004 -0.644 0.206 -1.397 0.841
Taurine
STD-VH vs. CAF-VH 0.181 0.528 -0.512 0.211 -5.928 0.036
ZT12 CAF-VH vs. CAF-GSPE -0.313 0.320 0.035 0.936 5.601 0.134
STD-VH vs. CAF-GSPE -0.132 0.703 -0.477 0.334 -0.327 0.916
STD-VH vs. CAF-VH 0.024 0.004 0.007 0.513 4.819 0.813
d-Ribose ZTO0 CAF-VH vs. CAF-GSPE -0.003 0.814 0.012 0.504 -6.678 0.285
STD-VH vs. CAF-GSPE 0.021 0.056 0.019 0.203 -1.859 0.946
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STD-VH vs. CAF-VH -0.010 0.109 0.004 0.665 4.601 0.320
ZT12 CAF-VH vs. CAF-GSPE 0.007 0.220 0.001 0.945 -5.942 0.057
STD-VH vs. CAF-GSPE -0.003 0.564 0.004 0.571 -1.341 0.733
STD-VH vs. CAF-VH -0.003 0.190 0.002 0.532 9.032 0.000
ZTO CAF-VH vs. CAF-GSPE 0.001 0.782 -0.005 0.105 -3.620 0.158
STD-VH vs. CAF-GSPE -0.003 0.312 -0.003 0.466 5.412 0.118
d-Xylitol
STD-VH vs. CAF-VH -0.004 0.032 -0.002 0.408 0.442 0.981
ZT12 CAF-VH vs. CAF-GSPE 0.002 0.253 0.008 0.017 -1.598 0.938
STD-VH vs. CAF-GSPE -0.002 0.475 0.005 0.136 -1.156 0.762
STD-VH vs. CAF-VH 0.077 0.474 -0.187 0.226 5.714 0.265
ZTO CAF-VH vs. CAF-GSPE -0.013 0.913 0.055 0.738 11.524 0.061
STD-VH vs. CAF-GSPE 0.065 0.467 -0.132 0.303 -6.761 0.018
Glycerol-1-phosphate
STD-VH vs. CAF-VH -0.004 0.964 -0.067 0.618 0.083 0.986
7ZT12 CAF-VH vs. CAF-GSPE 0.118 0.262 0.130 0.382 -9.428 0.067
STD-VH vs. CAF-GSPE 0.114 0.295 0.063 0.679 -9.345 0.008
STD-VH vs. CAF-VH -0.009 0.574 0.016 0.505 3.643 0.060
ZTO0 CAF-VH vs. CAF-GSPE 0.016 0.382 0.008 0.771 -2.277 0.175
Hypoxanthine STD-VH vs. CAF-GSPE 0.007 0.677 0.023 0.328 1.366 0.453
STD-VH vs. CAF-VH -0.075 0.040 -0.058 0.250 -11.867 0.374
7ZT12 CAF-VH vs. CAF-GSPE 0.035 0.267 0.016 0.710 5.885 0.633
STD-VH vs. CAF-GSPE -0.041 0.298 -0.042 0.450 -5.982 0.325
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STD-VH vs. CAF-VH -0.008 0.581 -0.039 0.082 -7.267 0.209
ZTO0 CAF-VH vs. CAF-GSPE 0.008 0.528 0.004 0.822 -10.393 0.061
STD-VH vs. CAF-GSPE -0.001 0.956 -0.035 0.118 6.339 0.138

Ornithine
STD-VH vs. CAF-VH -0.043 0.065 -0.047 0.143 5.879 0.487
ZT12 CAF-VH vs. CAF-GSPE 0.024 0.147 -0.003 0.897 -4.932 0.626
STD-VH vs. CAF-GSPE -0.019 0.460 -0.050 0.176 0.947 0.944
STD-VH vs. CAF-VH 0.013 0.808 -0.016 0.836 0.363 0.831
ZTO0 CAF-VH vs. CAF-GSPE 0.091 0.067 0.035 0.602 -1.154 0.425
STD-VH vs. CAF-GSPE 0.105 0.090 0.019 0.820 -0.790 0.643

Citric acid
STD-VH vs. CAF-VH 0.004 0.932 -0.050 0.495 0.055 0.988
ZT12 CAF-VH vs. CAF-GSPE 0.032 0.612 0.071 0.426 -5.914 0.180
STD-VH vs. CAF-GSPE 0.037 0.550 0.021 0.807 -5.859 0.039
STD-VH vs. CAF-VH -0.001 0.748 0.006 0.371 -11.484 0.396
ZTO0 CAF-VH vs. CAF-GSPE -0.003 0.361 -0.004 0.395 -7.745 0.139
STD-VH vs. CAF-GSPE -0.004 0.273 0.002 0.787 4.770 0.721

Adenine

STD-VH vs. CAF-VH -0.007 0.125 0.005 0.418 0.953 0.942
7ZT12 CAF-VH vs. CAF-GSPE 0.003 0.349 0.004 0.450 -10.438 0.000
STD-VH vs. CAF-GSPE -0.004 0.469 0.009 0.211 -9.485 0.518
STD-VH vs. CAF-VH -0.038 0.553 0.000 0.996 0.351 0.921
Hydroxyphenyllactic acid ZTO CAF-VH vs. CAF-GSPE -0.035 0.540 0.040 0.613 1.440 0.597
STD-VH vs. CAF-GSPE -0.073 0.254 0.039 0.653 1.790 0.555
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STD-VH vs. CAF-VH -0.007 0.923 -0.254 0.016 5.782 0.755
ZT12 CAF-VH vs. CAF-GSPE -0.005 0.949 0.169 0.123 -4.024 0.841
STD-VH vs. CAF-GSPE -0.012 0.893 -0.084 0.490 1.757 0.422
STD-VH vs. CAF-VH 0.009 0.627 0.026 0.348 8.037 0.031
ZTO0 CAF-VH vs. CAF-GSPE 0.003 0.861 -0.024 0.385 -0.488 0.891
STD-VH vs. CAF-GSPE 0.013 0.488 0.002 0.945 7.550 0.085
d-Glucose
STD-VH vs. CAF-VH 0.008 0.708 -0.026 0.364 -0.298 0.946
ZT12 CAF-VH vs. CAF-GSPE 0.026 0.274 0.036 0.289 1911 0.702
STD-VH vs. CAF-GSPE 0.033 0.159 0.010 0.772 1.613 0.530
STD-VH vs. CAF-VH -0.004 0.146 0.004 0.385 2.148 0.187
ZTO0 CAF-VH vs. CAF-GSPE 0.000 0.924 -0.002 0.697 -1.364 0.434
STD-VH vs. CAF-GSPE -0.004 0.252 0.002 0.728 0.784 0.697
d-Mannonic acid
STD-VH vs. CAF-VH -0.002 0.669 0.005 0.469 4.153 0.237
7ZT12 CAF-VH vs. CAF-GSPE 0.007 0.079 -0.002 0.736 1.730 0.430
STD-VH vs. CAF-GSPE 0.005 0.355 0.003 0.700 5.883 0.170
STD-VH vs. CAF-VH -0.015 0.630 0.054 0.227 4.065 0.376
ZTO0 CAF-VH vs. CAF-GSPE 0.003 0.928 -0.024 0.581 -4.436 0.080
d-Sorbitol STD-VH vs. CAF-GSPE -0.012 0.703 0.030 0.516 -0.371 0.939
STD-VH vs. CAF-VH -0.038 0.211 -0.041 0.333 0.887 0.721
7ZT12 CAF-VH vs. CAF-GSPE 0.161 0.283 0.250 0.239 -9.107 0.410
STD-VH vs. CAF-GSPE 0.123 0.410 0.209 0.325 -8.220 0.204
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STD-VH vs. CAF-VH 0.004 0.155 0.001 0.766 6.436 0.001
ZTO0 CAF-VH vs. CAF-GSPE 0.000 0.972 -0.004 0.450 -3.440 0.154
STD-VH vs. CAF-GSPE 0.004 0.146 -0.002 0.565 2.996 0.173
d-Galactitol
STD-VH vs. CAF-VH 0.001 0.627 -0.001 0.597 -0.142 0.976
ZT12 CAF-VH vs. CAF-GSPE 0.002 0.299 0.005 0.067 3.244 0.592
STD-VH vs. CAF-GSPE 0.003 0.174 0.004 0.136 3.102 0.377
STD-VH vs. CAF-VH -0.020 0.230 0.003 0.890 2.060 0.367
ZTO0 CAF-VH vs. CAF-GSPE 0.013 0.399 0.003 0.888 -2.379 0.235
STD-VH vs. CAF-GSPE -0.007 0.720 0.006 0.816 -0.319 0.900
d-Gluconic acid
STD-VH vs. CAF-VH -0.031 0.117 -0.018 0.505 -0.570 0.793
ZT12 CAF-VH vs. CAF-GSPE 0.007 0.673 -0.009 0.705 -1.620 0.518
STD-VH vs. CAF-GSPE -0.024 0.212 -0.027 0.314 -2.189 0.393
STD-VH vs. CAF-VH -0.012 0.165 0.001 0.946 7.778 0.102
ZTO0 CAF-VH vs. CAF-GSPE -0.007 0.360 0.002 0.883 -4.954 0.226
STD-VH vs. CAF-GSPE -0.019 0.005 0.002 0.782 2.824 0.396
Palmitoleic acid
STD-VH vs. CAF-VH -0.019 0.004 -0.007 0.413 2.327 0.361
7ZT12 CAF-VH vs. CAF-GSPE 0.009 0.394 0.002 0.874 9.214 0.068
STD-VH vs. CAF-GSPE -0.010 0.390 -0.005 0.774 11.542 0.010
STD-VH vs. CAF-VH 0.019 0.438 0.032 0.363 4.309 0.094
Xanthine ZTO0 CAF-VH vs. CAF-GSPE 0.018 0.530 0.012 0.776 -3.080 0.120
STD-VH vs. CAF-GSPE 0.037 0.190 0.043 0.279 1.229 0.652
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STD-VH vs. CAF-VH -0.050 0.214 -0.018 0.746 -0.098 0.979
ZT12 CAF-VH vs. CAF-GSPE 0.032 0.382 0.026 0.613 -2.922 0.377
STD-VH vs. CAF-GSPE -0.018 0.650 0.008 0.893 -3.020 0.322
STD-VH vs. CAF-VH 0.000 0.391 0.000 0.565 3.486 0.097
ZTO0 CAF-VH vs. CAF-GSPE 0.001 0.042 0.000 0.984 -0.116 0.946
STD-VH vs. CAF-GSPE 0.001 0.250 0.000 0.571 3.370 0.132
d-Glucuronic acid
STD-VH vs. CAF-VH -0.001 0.024 0.000 0.525 0.935 0.689
ZT12 CAF-VH vs. CAF-GSPE 0.001 0.095 0.000 0.559 -2.999 0.206
STD-VH vs. CAF-GSPE 0.000 0.571 0.000 0.962 -2.065 0.367
STD-VH vs. CAF-VH -0.100 0.000 -0.034 0.282 5.799 0.050
ZTO0 CAF-VH vs. CAF-GSPE 0.003 0.865 0.001 0.957 0.499 0.859
STD-VH vs. CAF-GSPE -0.097 0.001 -0.032 0.356 6.298 0.063
myo-Inositol
STD-VH vs. CAF-VH -0.129 0.000 -0.006 0.886 0.440 0.982
7ZT12 CAF-VH vs. CAF-GSPE 0.020 0.284 0.028 0.303 5.648 0.644
STD-VH vs. CAF-GSPE -0.109 0.001 0.022 0.577 6.088 0.534
STD-VH vs. CAF-VH 0.021 0.021 -0.001 0.954 10.484 0.242
ZTO0 CAF-VH vs. CAF-GSPE -0.003 0.817 0.017 0.384 -5.679 0.602
Ribose 5--phosphate STD-VH vs. CAF-GSPE 0.018 0.128 0.016 0.305 4.805 0.539
STD-VH vs. CAF-VH -0.013 0.077 0.004 0.653 -6.559 0.254
7ZT12 CAF-VH vs. CAF-GSPE 0.006 0.347 -0.004 0.604 -6.944 0.167
STD-VH vs. CAF-GSPE -0.007 0.227 0.000 0.999 10.498 0.078
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STD-VH vs. CAF-VH -0.003 0.149 -0.001 0.752 8.983 0.000
ZTO CAF-VH vs. CAF-GSPE -0.002 0.407 -0.004 0.173 -10.700 0.202
Sedoheptulose STD-VH vs. CAF-GSPE -0.005 0.055 -0.005 0.145 -1.717 0.855
STD-VH vs. CAF-VH -0.005 0.119 0.000 0.962 -1.606 0.595
ZT12 CAF-VH vs. CAF-GSPE 0.001 0.599 -0.002 0.641 -10.588 0.009
STD-VH vs. CAF-GSPE -0.003 0.319 -0.002 0.652 11.806 0.011
STD-VH vs. CAF-VH 0.285 0.000 0.078 0.304 1.929 0.804
ZTO0 CAF-VH vs. CAF-GSPE -0.017 0.789 -0.079 0.381 -0.903 0.925
STD-VH vs. CAF-GSPE 0.268 0.000 -0.002 0.977 1.026 0.897
Oleic acid-iso1
STD-VH vs. CAF-VH 0.209 0.000 -0.004 0.952 10.140 0.244
ZT12 CAF-VH vs. CAF-GSPE -0.036 0.599 0.030 0.761 7.926 0.416
STD-VH vs. CAF-GSPE 0.173 0.002 0.025 0.724 -5.934 0.360
STD-VH vs. CAF-VH -0.030 0.304 0.007 0.866 -0.620 0.828
ZTO0 CAF-VH vs. CAF-GSPE -0.034 0.180 -0.048 0.173 4.520 0.667
STD-VH vs. CAF-GSPE -0.064 0.009 -0.041 0.201 3.900 0.686
Oleic acid-iso2
STD-VH vs. CAF-VH -0.063 0.018 -0.019 0.602 -10.840 0.941
7ZT12 CAF-VH vs. CAF-GSPE 0.001 0.954 0.038 0.225 -4.181 0.974
STD-VH vs. CAF-GSPE -0.061 0.044 0.019 0.645 8.981 0.175
STD-VH vs. CAF-VH 0.053 0.482 -0.017 0.871 3.746 0.244
Stearic acid ZTO0 CAF-VH vs. CAF-GSPE 0.125 0.195 0.083 0.533 -5.420 0.129
STD-VH vs. CAF-GSPE 0.179 0.117 0.065 0.673 -1.674 0.654
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STD-VH vs. CAF-VH -0.022 0.743 0.012 0.903 -10.960 0.416
7ZT12 CAF-VH vs. CAF-GSPE 0.115 0.182 0.038 0.750 -3.105 0.761
STD-VH vs. CAF-GSPE 0.092 0.258 0.050 0.663 9.934 0.475
STD-VH vs. CAF-VH 0.000 0.992 -0.005 0.612 2.875 0.154
ZTO0 CAF-VH vs. CAF-GSPE -0.009 0.017 -0.008 0.152 -2.006 0.255
STD-VH vs. CAF-GSPE -0.009 0.165 -0.013 0.175 0.869 0.768
Fructose 6-phosphate
STD-VH vs. CAF-VH -0.004 0.464 -0.006 0.407 0.282 0.886
ZT12 CAF-VH vs. CAF-GSPE 0.002 0.637 -0.005 0.398 -1.096 0.715
STD-VH vs. CAF-GSPE -0.002 0.720 -0.011 0.086 -0.814 0.776
STD-VH vs. CAF-VH 0.002 0.907 -0.010 0.707 3.127 0.111
ZTO0 CAF-VH vs. CAF-GSPE -0.025 0.022 -0.023 0.119 -3.002 0.124
STD-VH vs. CAF-GSPE -0.023 0.177 -0.033 0.165 0.125 0.966
Glucose 6-phosphate
STD-VH vs. CAF-VH -0.008 0.503 -0.013 0.443 0.626 0.750
7ZT12 CAF-VH vs. CAF-GSPE 0.004 0.683 -0.012 0.410 -1.359 0.659
STD-VH vs. CAF-GSPE -0.003 0.731 -0.025 0.087 -0.733 0.789
STD-VH vs. CAF-VH -0.003 0.619 -0.011 0.226 6.241 0.425
ZTO0 CAF-VH vs. CAF-GSPE 0.015 0.108 0.019 0.139 -6.075 0.570
Arachidic acid STD-VH vs. CAF-GSPE 0.012 0.277 0.008 0.594 0.166 0.961
STD-VH vs. CAF-VH -0.004 0.352 0.000 0.975 4.685 0.390
7ZT12 CAF-VH vs. CAF-GSPE 0.010 0.110 0.002 0.842 -9.520 0.131
STD-VH vs. CAF-GSPE 0.005 0.391 0.001 0.868 -4.836 0.441
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STD-VH vs. CAF-VH -0.006 0.927 0.082 0.367 1.121 0.598
ZTO0 CAF-VH vs. CAF-GSPE -0.018 0.806 -0.064 0.542 -0.573 0.800
STD-VH vs. CAF-GSPE -0.024 0.698 0.019 0.830 0.548 0.813
Inosine

STD-VH vs. CAF-VH -0.193 0.060 -0.138 0.329 7.893 0.368
ZT12 CAF-VH vs. CAF-GSPE 0.093 0.371 0.090 0.536 11.192 0.230
STD-VH vs. CAF-GSPE -0.101 0.388 -0.048 0.769 -4.915 0.233
STD-VH vs. CAF-VH -0.003 0.875 -0.034 0.167 8.017 0.670
ZTO CAF-VH vs. CAF-GSPE 0.028 0.104 0.028 0.246 7.420 0.683
STD-VH vs. CAF-GSPE 0.026 0.191 -0.006 0.826 -8.563 0.008

Adenosine
STD-VH vs. CAF-VH -0.013 0.733 -0.043 0.435 9.648 0.309
ZT12 CAF-VH vs. CAF-GSPE 0.023 0.413 0.028 0.480 -6.434 0.355
STD-VH vs. CAF-GSPE 0.010 0.811 -0.015 0.786 3.214 0.458
STD-VH vs. CAF-VH 0.002 0.865 0.012 0.506 2.236 0.261
ZT0 CAF-VH vs. CAF-GSPE -0.004 0.750 -0.003 0.853 -2.060 0.245
Xanthosine STD-VH vs. CAF-GSPE -0.002 0.880 0.008 0.657 0.176 0.934
STD-VH vs. CAF-VH -0.009 0.515 -0.020 0.331 0.165 0.947
7ZT12 CAF-VH vs. CAF-GSPE 0.009 0.576 0.025 0.256 -1.968 0.451
STD-VH vs. CAF-GSPE -0.001 0.966 0.005 0.811 -1.803 0.317
STD-VH vs. CAF-VH -0.001 0.982 0.102 0.261 3.048 0.891
d-Maltose ZTO0 CAF-VH vs. CAF-GSPE 0.021 0.754 -0.065 0.501 8.610 0.151
STD-VH vs. CAF-GSPE 0.020 0.747 0.037 0.674 11.658 0.589
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STD-VH vs. CAF-VH 0.099 0.340 -0.141 0.335 1.722 0.916
7ZT12 CAF-VH vs. CAF-GSPE -0.051 0.615 0.040 0.782 8.358 0.627
STD-VH vs. CAF-GSPE 0.047 0.613 -0.101 0.445 10.079 0.098
STD-VH vs. CAF-VH -0.003 0.973 0.132 0.279 3.742 0.800
ZTO0 CAF-VH vs. CAF-GSPE 0.021 0.814 -0.112 0.387 9.396 0.272
STD-VH vs. CAF-GSPE 0.018 0.821 0.021 0.858 -10.862 0.484
Lignoceric acid
STD-VH vs. CAF-VH 0.160 0.252 -0.176 0.372 0.907 0.959
ZT12 CAF-VH vs. CAF-GSPE -0.073 0.616 0.075 0.713 9.200 0.630
STD-VH vs. CAF-GSPE 0.087 0.463 -0.100 0.550 10.107 0.043
STD-VH vs. CAF-VH -0.002 0.945 -0.037 0.455 3.122 0.467
ZTO0 CAF-VH vs. CAF-GSPE -0.043 0.087 0.017 0.638 -4.696 0.155
STD-VH vs. CAF-GSPE -0.046 0.204 -0.021 0.684 -1.574 0.627
uridine 5-monophosphate
STD-VH vs. CAF-VH 0.016 0.640 -0.046 0.336 -1.153 0.680
7ZT12 CAF-VH vs. CAF-GSPE -0.009 0.768 -0.002 0.955 -3.996 0.229
STD-VH vs. CAF-GSPE 0.007 0.837 -0.048 0.291 -5.149 0.073
STD-VH vs. CAF-VH 0.018 0.048 -0.005 0.701 3.541 0.449
ZTO0 CAF-VH vs. CAF-GSPE -0.014 0.083 0.005 0.644 -0.506 0.901
inosine 5-monophosphate STD-VH vs. CAF-GSPE 0.004 0.629 0.000 0.970 3.035 0.352
STD-VH vs. CAF-VH -0.004 0.630 -0.018 0.096 -2.929 0.178
7ZT12 CAF-VH vs. CAF-GSPE 0.008 0.330 -0.006 0.616 0.984 0.823
STD-VH vs. CAF-GSPE 0.005 0.594 -0.024 0.063 -1.945 0.634
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STD-VH vs. CAF-VH 0.020 0.728 -0.090 0.284 1.443 0.637
adenosine-5- ZTO0 CAF-VH vs. CAF-GSPE -0.054 0.162 0.040 0.456 -2.999 0.167
monophosphate_adenosine- STD-VH vs. CAF-GSPE -0.033 0.573 -0.050 0.551 -1.556 0.502
5-diphosphate_adenosine- STD-VH vs. CAF-VH -0.005 0.944 -0.100 0.291 -0.624 0.846
5-triphosphate ZT12 CAF-VH vs. CAF-GSPE 0.010 0.874 0.016 0.867 -6.355 0.105
STD-VH vs. CAF-GSPE 0.006 0.924 -0.085 0.325 -6.979 0.011
STD-VH vs. CAF-VH -0.183 0.003 0.069 0.398 7.435 0.050
ZTO0 CAF-VH vs. CAF-GSPE 0.074 0.282 -0.059 0.544 -6.328 0.107
STD-VH vs. CAF-GSPE -0.110 0.055 0.010 0.904 1.107 0.788

Cholesterol

STD-VH vs. CAF-VH -0.263 0.000 -0.049 0.488 -11.947 0.102
ZT12 CAF-VH vs. CAF-GSPE 0.105 0.051 0.041 0.577 11.739 0.129
STD-VH vs. CAF-GSPE -0.158 0.002 -0.008 0.906 -0.209 0.952

Rats were fed a STD or CAF diet and were treated with vehicle or GSPE at the beginning of the light phase (ZT0) or at the beginning of the dark
phase (ZT12). d_MESOR represents the difference in MESOR values between the groups. d_amplitude represents the difference in amplitude
values between the groups. d_phase represents the difference in acrophase values between the groups. The p < 0.05 indicates significant
differences between groups at each rhythmic parameter.
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Supplementary Table 11. Enrichment analysis of group-exclusive rhythmic liver metabolites.

Rhythmic metabolites enriched pathways Hits Expect | P value Holm P FDR Enrichment Ratio
Mitochondrial Electron Transport Chain 19 2 0.13 0.00648 0.635 16
Urea Cycle 29 2 0.198 0.0149 1 12
Arginine and Proline Metabolism 53 2 0.362 0.0467 1 8
De Novo Triacylglycerol Biosynthesis 9 1 0.0615 0.0601 1 16
Malate-Aspartate Shuttle 10 1 0.0684 0.0666 1 12
Glycerol Phosphate Shuttle 11 1 0.0752 0.073 1 12
Cardiolipin Biosynthesis 11 1 0.0752 0.073 1 12
Spermidine and Spermine Biosynthesis 18 1 0.123 0.117 1 8
Z10 Glutathione Metabolism 21 1 0.144 0.135 1 8
S::_: Glycerolipid Metabolism 25 1 0.171 0.159 1 8
Phenylalanine and Tyrosine Metabolism 28 1 0.191 0.177 1 8
Phospholipid Biosynthesis 29 1 0.198 0.183 1 8
Citric Acid Cycle 32 1 0.219 0.2 1 8
Aspartate Metabolism 35 1 0.239 0.217 1 8
Gluconeogenesis 35 1 0.239 0.217 1 8
Warburg Effect 58 1 0.396 0.336 1 4
Glycine and Serine Metabolism 59 1 0.403 0.341 1 4
Tyrosine Metabolism 72 1 0.492 0.401 1 2
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Purine Metabolism 74 1 0.506 0.409 1 2
Galactose Metabolism 38 2 0.186 0.0125 1 10
Lactose Degradation 9 1 0.0439 0.0433 1 20
Glucose-Alanine Cycle 13 1 0.0635 0.062 1 15
Spermidine and Spermine Biosynthesis 18 1 0.0879 0.085 1 10
Lactose Synthesis 20 1 0.0977 0.0941 1 10
Betaine Metabolism 21 1 0.103 0.0986 1 10
Transfer of Acetyl Groups into Mitochondria 22 1 0.107 0.103 1 10

ZTO0- | Glycolysis 25 1 0.122 0.116 1 10
CAF- Plasmalogen Synthesis 26 1 0.127 0.121 1 10
VH Mitochondrial Beta-Oxidation of Long Chain Saturated Fatty Acids 28 1 0.137 0.13 1 10
Fructose and Mannose Degradation 32 1 0.156 0.147 1 5
Gluconeogenesis 35 1 0.171 0.16 1 5
Sphingolipid Metabolism 40 1 0.195 0.181 1 5
Propanoate Metabolism 42 1 0.205 0.189 1 5
Methionine Metabolism 43 1 0.21 0.193 1 5
Warburg Effect 58 1 0.283 0.253 1 2

Glycine and Serine Metabolism 59 1 0.288 0.257 1 2

ZTO- Malate-Aspartate Shuttle 10 1 0.0195 0.0194 1 50
CAF- Glucose-Alanine Cycle 13 1 0.0254 0.0252 1 40
GSPE | Alanine Metabolism 17 1 0.0332 0.0329 1 30
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Glutathione Metabolism 21 1 0.041 0.0406 1 25
Cysteine Metabolism 26 1 0.0508 0.0502 1 20
Phenylalanine and Tyrosine Metabolism 28 1 0.0547 0.054 1 20
Folate Metabolism 29 1 0.0566 0.0559 1 20
Urea Cycle 29 1 0.0566 0.0559 1 20
Lysine Degradation 30 1 0.0586 0.0578 1 20
Ammonia Recycling 32 1 0.0625 0.0616 1 20
Amino Sugar Metabolism 33 1 0.0645 0.0634 1 20
Beta-Alanine Metabolism 34 1 0.0664 0.0653 1 20
Aspartate Metabolism 35 1 0.0684 0.0672 1 20
Nicotinate and Nicotinamide Metabolism 37 1 0.0723 0.071 1 20
Propanoate Metabolism 42 1 0.082 0.0804 1 10
Histidine Metabolism 43 1 0.084 0.0823 1 10
Glutamate Metabolism 49 1 0.0957 0.0935 1 10
Arginine and Proline Metabolism 53 1 0.104 0.101 1 10
Warburg Effect 58 1 0.113 0.11 1 10
Glycine and Serine Metabolism 59 1 0.115 0.112 1 10
Valine, Leucine and Isoleucine Degradation 60 1 0.117 0.114 1 10
Tryptophan Metabolism 60 1 0.117 0.114 1 10
Arachidonic Acid Metabolism 69 1 0.135 0.13 1 10
Tyrosine Metabolism 72 1 0.141 0.136 1 5

207



UNIVERSITAT ROVIRA I VIRGILI
THE INFLUENCE OF BIOLOGICAL RHYTHMS ON THE BENEFICIAL EFFECTS OF GRAPE SEED PROANTHOCYANIDIN
EXTRACT (GSPE) ON LIVER METABOLISM IN HEALTH AND DISEASE

Romina Maxy g, Beg M6l Rodriguez 111 Results: Manuscript 2
Purine Metabolism 74 1 0.145 0.139 1 5
Thiamine Metabolism 9 3 0.0703 | 0.0000258 | 0.00253 30
Alanine Metabolism 17 3 0.133 0.000203 0.0197 20
Riboflavin Metabolism 20 3 0.156 0.000336 0.0323 20
Glutathione Metabolism 21 3 0.164 0.000391 0.0371 20
Pantothenate and CoA Biosynthesis 21 3 0.164 0.000391 0.0371 20
Glycine and Serine Metabolism 59 4 0.461 0.000587 0.0546 10
Cysteine Metabolism 26 3 0.203 0.000749 0.0689 15
Selenoamino Acid Metabolism 28 3 0.219 0.000937 0.0853 10
Pentose Phosphate Pathway 29 3 0.227 0.00104 0.0937 10

ZT12-
Urea Cycle 29 3 0.227 0.00104 0.0937 10
STD-

VH Ammonia Recycling 32 3 0.25 0.0014 0.123 10
Fructose and Mannose Degradation 32 3 0.25 0.0014 0.123 10
Phenylacetate Metabolism 9 2 0.0703 0.00187 0.161 25
Lactose Degradation 9 2 0.0703 0.00187 0.161 25
Nicotinate and Nicotinamide Metabolism 37 3 0.289 0.00215 0.181 10
Galactose Metabolism 38 3 0.297 0.00232 0.193 10
Trehalose Degradation 11 2 0.0859 0.00284 0.233 20
Propanoate Metabolism 42 3 0.328 0.00312 0.252 10
Methionine Metabolism 43 3 0.336 0.00334 0.267 10
Histidine Metabolism 43 3 0.336 0.00334 0.267 10
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Phosphatidylethanolamine Biosynthesis 12 2 0.0938 0.00339 0.267 15
Pyruvate Metabolism 48 3 0.375 0.00459 0.353 15
Phosphatidylcholine Biosynthesis 14 2 0.109 0.00464 0.353 15
Glutamate Metabolism 49 3 0.383 0.00487 0.365 15
Arginine and Proline Metabolism 53 3 0.414 0.0061 0.452 15
Beta Oxidation of Very Long Chain Fatty Acids 17 2 0.133 0.00685 0.5 15
Phosphatidylinositol Phosphate Metabolism 17 2 0.133 0.00685 0.5 10
Spermidine and Spermine Biosynthesis 18 2 0.141 0.00768 0.545 10
Butyrate Metabolism 19 2 0.148 0.00855 0.599 10
Mitochondrial Electron Transport Chain 19 2 0.148 0.00855 0.599 10
Ethanol Degradation 19 2 0.148 0.00855 0.599 10
Nucleotide Sugars Metabolism 20 2 0.156 0.00946 0.634 10
Lactose Synthesis 20 2 0.156 0.00946 0.634 10
Threonine and 2-Oxobutanoate Degradation 20 2 0.156 0.00946 0.634 10
Betaine Metabolism 21 2 0.164 0.0104 0.667 5
Bile Acid Biosynthesis 65 3 0.508 0.0109 0.685 5
Sulfate/Sulfite Metabolism 22 2 0.172 0.0114 0.708 5
Transfer of Acetyl Groups into Mitochondria 22 2 0.172 0.0114 0.708 5
Glycerolipid Metabolism 25 2 0.195 0.0147 0.879 5
Glycolysis 25 2 0.195 0.0147 0.879 5
Purine Metabolism 74 3 0.578 0.0156 0.904 5
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Oxidation of Branched Chain Fatty Acids 26 2 0.203 0.0158 0.904 5
Phytanic Acid Peroxisomal Oxidation 26 2 0.203 0.0158 0.904 5
Inositol Phosphate Metabolism 26 2 0.203 0.0158 0.904 5
Mitochondrial Beta-Oxidation of Short Chain Saturated Fatty Acids 27 2 0.211 0.017 0.918 5
Mitochondrial Beta-Oxidation of Medium Chain Saturated Fatty Acids 27 2 0.211 0.017 0.918 5
Phenylalanine and Tyrosine Metabolism 28 2 0.219 0.0182 0.949 2
Mitochondrial Beta-Oxidation of Long Chain Saturated Fatty Acids 28 2 0.219 0.0182 0.949 2
Folate Metabolism 29 2 0.227 0.0195 0.976 2
Starch and Sucrose Metabolism 31 2 0.242 0.0222 1 2
Citric Acid Cycle 32 2 0.25 0.0236 1 2
Inositol Metabolism 33 2 0.258 0.025 1 2
Amino Sugar Metabolism 33 2 0.258 0.025 1 2
Aspartate Metabolism 35 2 0.273 0.0279 1 2
Gluconeogenesis 35 2 0.273 0.0279 1 2
Sphingolipid Metabolism 40 2 0.312 0.0359 1 2
Fatty acid Metabolism 43 2 0.336 0.0411 1 2
Steroid Biosynthesis 48 2 0.375 0.0503 1 2
Biotin Metabolism 8 1 0.0625 0.061 1 2
Warburg Effect 58 2 0.453 0.0708 1 2
Pyrimidine Metabolism 59 2 0.461 0.073 1 2
Valine, Leucine and Isoleucine Degradation 60 2 0.469 0.0753 1 2
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Taurine and Hypotaurine Metabolism 12 1 0.0938 0.0903 1 2
Tryptophan Metabolism 60 1 0.469 0.384 1 2
Glycine and Serine Metabolism 59 3 0.23 0.000699 0.0685 10
Glucose-Alanine Cycle 13 2 0.0508 | 0.000881 0.0854 35
Alanine Metabolism 17 2 0.0664 0.00153 0.147 30
Glutathione Metabolism 21 2 0.082 0.00235 0.223 20
Urea Cycle 29 2 0.113 0.00449 0.422 15
Glutamate Metabolism 49 2 0.191 0.0127 1 10
Warburg Effect 58 2 0.227 0.0176 1 10
Tryptophan Metabolism 60 2 0.234 0.0188 1 10

ZT12- | Malate-Aspartate Shuttle 10 1 0.0391 0.0385 1 25
CAF- Cysteine Metabolism 26 1 0.102 0.0979 1 10
VH Phenylalanine and Tyrosine Metabolism 28 1 0.109 0.105 1 10
Selenoamino Acid Metabolism 28 1 0.109 0.105 1 10

Folate Metabolism 29 1 0.113 0.109 1 10

Lysine Degradation 30 1 0.117 0.112 1 10
Ammonia Recycling 32 1 0.125 0.119 1 10

Amino Sugar Metabolism 33 1 0.129 0.123 1 10
Beta-Alanine Metabolism 34 1 0.133 0.127 1 10
Aspartate Metabolism 35 1 0.137 0.13 1 10
Gluconeogenesis 35 1 0.137 0.13 1 10
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Nicotinate and Nicotinamide Metabolism 37 1 0.145 0.137 1 10
Propanoate Metabolism 42 1 0.164 0.154 1 5
Methionine Metabolism 43 1 0.168 0.158 1 5
Histidine Metabolism 43 1 0.168 0.158 1 5
Pyruvate Metabolism 48 1 0.188 0.175 1 5
Arginine and Proline Metabolism 53 1 0.207 0.192 1 5
Valine, Leucine and Isoleucine Degradation 60 1 0.234 0.215 1 5
Arachidonic Acid Metabolism 69 1 0.27 0.244 1 5
Tyrosine Metabolism 72 1 0.281 0.253 1 2
Purine Metabolism 74 1 0.289 0.26 1 2

ZT12- | Pentose Phosphate Pathway 29 1 0.085 0.0827 1 10
CAF-
GSPE Valine, Leucine and Isoleucine Degradation 60 1 0.176 0.166 1 6

Group-exclusive rhythmic metabolites enriched pathways of rats that were fed a STD or CAF diet and were treated with vehicle or GSPE at the
beginning of the light phase (ZT0) or at the beginning of the dark phase (ZT12). Metabolic pathways enrichment analysis was performed in
MetaboAnalyst (Version 5.0, URL: http://www.metaboanalyst.ca) using the metabolites that were rhythmic exclusively in each group.
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Abstract: Seasonality is gaining attention in the modulation of some physiological and metabolic
functions in mammals. Furthermore, the consumption of natural compounds, such as GSPE, is
steadily increasing. Consequently, in order to study the interaction of seasonal variations in day
length over natural compounds’ molecular effects, we carried out an animal study using photo-
sensitive rats which were chronically exposed for 9 weeks to three photoperiods (L6, L18, and
L12) in order to mimic the day length of different seasons (winter /summer/and autumn-spring).
In parallel, animals were also treated either with GSPE 25 (mg/kg) or vehicle (VH) for 4 weeks.
Interestingly, a seasonal-dependent GSPE modulation on the hepatic glucose and lipid metabolism
was observed. For example, some metabolic genes from the liver (SREBP-1c, Gk, Acacx) changed
their expression due to seasonality. Furthermore, the metabolomic results also indicated a seasonal
influence on the GSPE effects associated with glucose-6-phosphate, D-glucose, and D-ribose, among
others. These differential effects, which were also reflected in some plasmatic parameters (i.e., glucose
and triglycerides) and hormones (corticosterone and melatonin), were also associated with significant
changes in the expression of several hepatic circadian clock genes (Bmall, Cryl, and Nr1d1) and ER
stress genes (Atf6, Grp78, and Chop). Our results point out the importance of circannual rhythms in
regulating metabolic homeostasis and suggest that seasonal variations (long or short photoperiods)
affect hepatic metabolism in rats. Furthermore, they suggest that procyanidin consumption could be
useful for the modulation of the photoperiod-dependent changes on glucose and lipid metabolism,
whose alterations could be related to metabolic diseases (e.g., diabetes, obesity, and cardiovascular
disease). Furthermore, even though the GSPE effect is not restricted to a specific photoperiod, our
results suggest a more significant effect in the L18 condition.

Keywords: photoperiod; seasonal; GSPE; AMPK; clock genes; liver

1. Introduction

Apart from Earth’s rotation around its axis, at the same time, the Earth is moving
around the Sun creating circannual periods, which define the day length variations and
the seasons. Related to this, animals have been adapted to circannual rhythms by a
physiological process that depends on an innate long-term timer which is synchronized
with the annual environmental cycle (photoperiodic entrainment) [1]. In mammals, this
information is received via photoreceptor cells in the retina, which are connected through
the retinohypothalamic tract to pineal gland, which converts the photic information through
the neurohormone melatonin. Therefore, photoperiodism relies on the way that the pineal
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gland transduces a photoperiod into a twenty-four-hour melatonin signal, and how its
duration is decoded in melatonin-sensitive tissues that control specific aspects of seasonal
physiology and behavior [2]. Thus, melatonin codes for day length as it is excreted at night,
playing a pivotal role in the control of seasonal and daily changes [3].

In consequence, the study of seasonal adaptations of mammals is important for un-
derstanding the underlying regulatory mechanisms implicated, which has great potential
for translational research as there is increasing evidence indicating an impact of seasonal
timing on several biological processes (e.g., immunity). For example, it has been shown that
more than 4000 protein-coding mRNAs in human white blood cells and adipose tissue have
seasonal expression profiles, with inverted patterns observed between Europe and Oceania.
This shows a seasonal component as part of human immunity and physiology [4]. Further-
more, regarding hepatic lipid metabolism, it has been shown that the fish Oryzias latipes
showed a greater accumulation of fatty acids in the liver under the short-day condition
than under the long-day condition [5]. Additionally, Togo and colleagues demonstrated
that the photoperiod regulates feeding and energy metabolism in young growing Fischer
344 rats. These rats preferred a diet with high carbohydrate content compared to one with
less carbohydrates under the long-day condition, while no preference for diets was ob-
served under the short-day condition. Moreover, rats under the long-day condition showed
an increase in body weight, epididymal fat mass, and plasma leptin levels compared to
animals under short-day condition regardless of dietary composition [6]. On the other
hand, another season-dependent biological parameter is ROS. In this regard, it has been
shown that seasonal changes in the antioxidant defenses enable species to maintain their
correct levels of ROS to carry out physiological functions in response to changing physical
environmental parameters [7]. Interestingly, Cruz-Carrion and colleagues demonstrated
that photoperiods modulate the oxidative stress response to the consumption of local and
non-local sweet cherries in rats [8].

This evidence has led, in the last years, to an increasing scientific interest in the study
of the influence of circannual rhythmicity in the development of metabolic diseases, and
how the addition of bioactive compounds to the diet may help to attenuate these disorders.
For this purpose, Fisher 344 rats are known to be a species sensitive to photoperiods, and
therefore an excellent model for studying seasonal variation [6].

On the other hand, polyphenols, which are organic compounds found in plants,
have become a new field of research in nutrition in recent decades. Among them, proan-
thocyanidins are powerful naturally derived antioxidants, which have been proven to
exhibit anticarcinogenic, anti-inflammatory, antiallergic, antibacterial, antiviral, antidia-
betic, immuno-stimulating, neuroprotective, and cardioprotective effects [9,10], as well as
to extend the lifespan of animals, apparently by mimicking the beneficial effects of caloric
restriction through the increase of SIRT1 expression, which has been recognized as an
essential factor for lifespan extension [11,12] In addition, these polyphenolic compounds
are able to dampen inflammatory signaling, induce selective apoptosis of senescent cells,
and modulate nutrient-sensing pathways. These are biological processes that become dys-
functional with age and are relevant in the pathogenesis of age-related syndrome [13,14].
Interestingly, several in vivo and in vitro experiments demonstrated that supplementa-
tion with grape seed procyanidin extract (GSPE) alleviated oxidative stress through the
inhibition of lipid peroxidation [15], mitigated endoplasmic reticulum (ER) stress [16],
improved mitochondrial function [17], and reduced liver glutathione alteration in obese
rat models [18]. Furthermore, GSPE was able to increase normal insulin content and to
decrease the number of apoptotic cells in diabetic pancreatic islets [19]. Consequently,
these experiments have demonstrated that GSPE is nontoxic, highly bioavailable, and
provides significant multiorgan protection. Additionally, GSPE intake in rats has also been
shown to produce behavioral changes, such as decreased locomotor activity and decreased
food consumption, and modulations on energy expenditure, which could be related to
changes observed on mechanisms subjected to seasonal control, such as dopaminergic and
somatostatinergic systems [20—22]. Consequently, these experiments have demonstrated
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that polyphenols provide significant multiorgan protection and could modulate seasonal
rhythms by acting not only at a central level but also in peripheral tissues, such as liver and
adipose tissue, exerting an impact on systemic metabolism. However, little is known about
the influence of seasonal variations on the beneficial effects of polyphenols, which may
condition their administration schedule. Therefore, the aim of this study was to investigate
the hypothetical differential effect of GSPE supplementation on hepatic glucose and lipid
metabolism in Fischer 344 rats under different photoperiod conditions.

2. Materials and Methods
2.1. Grape Seed Proanthocyanidin-Rich Extract

The GSPE was kindly provided by Les Dérivés Résiniques et Terpéniques (Dax,
France). According to the manufacturer, the GSPE composition used in this study con-
tained monomers (21.3%), dimers (17.4%), trimers (16.3%), tetramers (13.3%), and oligomers
(5-13 units; 31.7%) of proanthocyanidins. The exact phenolic composition of GSPE was
determined by HPLC-MS/MS and consisted of catechin (58 pmol/g), dimeric procyanidins
(250 umol/g), epicatechin (52 pmol/g), epigallocatechin (5.50 umol/g), epicatechin gallate
(89 umol/g), epigallocatechin gallate (1.40 umol/g), hexameric procyanidins (0.38 pmol/g),
pentameric procyanidins (0.73 pmol/g), tetrameric procyanidins (8.8 pmol/g), and trimer-
icprocyanidins (1568 pmol/g) [23].

2.2. Experimental Design

A total of 48 12-week-old male Fischer 344 (F344) rats (Charles River Laboratories,
Barcelona, Spain) were housed in pairs (in cages) at 22 °C, 55% humidity, and subjected
to three different light schedules for 9 weeks to mimic seasonal day lengths: short day
photoperiod L6 (n = 16, 6 h light and 18 h darkness), normal day or standard photoperiod
L12 (n = 16, 12 h light and 12 h darkness), and long day photoperiod L18 (n = 16, 18 h
light and 6 h darkness). Animals were fed with a standard diet (STD) ad libitum. The
STD composition was 20% protein, 8% fat, and 72% carbohydrates (Panlab, Barcelona,
Spain). Within each photoperiod group, rats were randomly divided into two groups
depending on the treatment: 8 STD-fed rats were treated with condensed milk, vehicle
(VH), and 8 STD-fed rats were treated with 25 mg/kg GSPE. The treatment lasted four
weeks and was orally administered daily using a syringe. During the entire study, rats had
free access to water, and body weight and food intake were weekly recorded. After 9 weeks,
animals were kept from food for 3 h and then sacrificed by decapitation at 9 am (one hour
after light was turned on; ZT1) under anesthesia (sodium pentobarbital, 50 mg/kg per
body weight). Blood was collected and serum was obtained by centrifugation (15,000x g,
10 min, 4 °C) and stored at —80 °C until analysis. The liver was rapidly weighed, frozen in
liquid nitrogen, and stored at —80 °C for further analysis. The Animal Ethics Committee
of the Universitat Rovira i Virgili (Tarragona, Spain) approved all procedures (reference
number 9495, 18 September 2019) and they were carried out in accordance with Directive
86/609EEC of the Council of the European Union and the procedure established by the
Departament d”Agricultura, Ramaderia i Pesca of the Generalitat de Catalunya.

2.3. Serum Analysis

Circulating levels of glucose, total cholesterol, HDL and LDL cholesterol and triglyc-
erides (QCA, Barcelona, Spain), were analyzed by colorimetric enzymatic assay kits accord-
ing to the manufacturer’s instructions.

2.4. RNA Extraction

Approximately 20-30 mg of liver tissue was mixed with Trizol® reagent (Thermo
Fisher, Madrid, Spain) and homogenized by Tissue Lyser LT (Qiagen, Madrid, Spain).
After a 10-min centrifugation (12,000 x g and 4 °C), the homogenate was placed into a new
Eppendorf tube and 120 uL of chloroform was added. Two phases were separated after
a 15-min centrifugation (12,000 x g and 4 °C). The aqueous phase was transferred into a
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new Eppendorf and 300 uL of isopropanol was added. An overnight incubation (—20 °C)
was carried out to extract the microRNA (miRNA). The supernatant was discarded after
a 10-min centrifugation (12,000x g and 4 °C). The pellet was cleaned twice with 5-min
centrifugation (8000x g and 4 °C) with 500 pL of ethanol 70%. The supernatant was
discarded, and the cleaned pellet was resuspended with 60 uL of nuclease-free water
(Thermo Fisher, Madrid, Spain). The RNA concentration (ng/uL) and the purity were
measured in Nanodrop ND-1000 spectrophotometer (Thermo Fisher, Madrid, Spain).

2.5. Gene Expression Analysis

The cDNA was obtained by a reverse transcription of the RNA extracted using a High-
Capacity Complementary DNA Reverse Transcription Kit (Thermo Fisher, Madrid, Spain).
The quantitative polymerase chain reactions (QPCRs) were performed in 384-well plates in a
7900HT Fast Real-Time PCR (Thermo Fisher, Madrid, Spain) using iTag™ Universal SYBR®
Green Supermix (Bio-Rad, Barcelona, Spain). The thermal cycle used in all gPCRs was 30 s
at 90 °C and 40 cycles of 15 s at 95 °C and 1 min at 60 °C. All liver genes were normalized
by the housekeeping gene peptidylprolyl Isomerase A (Ppia). The primers used for each
gene were obtained from Biomers (Ulm, Germany) (Table 1). The relative expression of
each gene was calculated according to the Pfaffl method (2001) and normalized by the
control group L12-STD-VH.

Table 1. Nucleotide sequences of primers used for real-time quantitative PCR.

Gene Forward Primer Reverse Primer
(5' to 3') (5" to 3')

Acaca TGCAGGTATCCCCACTCTTC TTCTGATTCCCTTCCCTCCT
Atf4 TATGGATGGGTTGGTCAGTG CTCATCTGGCATGGTTTCC
Atf6 GACTGGGAGTCCACGTTGTT GAACAGGAGTCTGTGGACCG

Bmall GTAGATCAGAGGGCGACGGCTA CTTGTCTGTAAAACTTGCCTGTGAC
Cd36 GTCCTGGCTGTGTTTGGA GCTCAAAGATGGCTCCATTG
Chop AAGATGAGCGGGTGGCAGCG CCGGTTTCTGCTTTCAGGTGTGGT
Cryl TGGAAGGTATGCGTGTCCTC TCCAGGAGAACCTCCTCACG
Fatp5 CCTGCCAAGCTTCGTGCTAAT GCTCATGTGATAGGATGGCTGG

Gépdh ACCAGGCATTCAAAACGCAT CAGTCTCAGGGAAGTGTGGT

Gk CTGTGAAAGCGTGTCCACTC GCCCTCCTCTGATTCGATGA

Grp78 CTACGAAGGTGAACGACCCC ATTTCTTCAGGGGTCAGGCG

Nampt CTCTTCACAAGAGACTGCCG TTCATGGTCTTTCCCCCACG

Nrld1 ACAGCTGACACCACCCAGATC CATGGGCATAGGTGAAGATTTCT
Per2 CGGACCTGGCTTCAGTTCAT AGGATCCAAGAACGGCACAG

Ppara CGGCGTTGAAAACAAGGAGG TTGGGTTCCATGATGTCGCA
Ppia CCAAACACAAATGGTTCCCAGT ATTCCTGGACCCAAAACGCT
Rora CCCGATGTCTTCAAATCCTTAGG TCAGTCAGATGCATAGAACACAAACTC

Srebplc CCCACCCCCTTACACACC GCCTGCGGTCTTCATTGT

s-Xbpl AAACAGAGTAGCAGCACAGACTGC TCCTTCTGGGTAGACCTCTGGGAG

2.6. Extraction and Measurement of Concentrations of Lipids in Liver

Liver lipids were extracted following the Bligh and Dyer method [24] and levels of
hepatic cholesterol, triglycerides, and phospholipids were measured using a colorimetric
kit assay (QCA, Barcelona, Spain).

2.7. Protein Extraction

A liver tissue portion (20 mg) was mixed with 500 pL of radioimmunoprecipitation
assay (RIPA) buffer containing phosphatase inhibitor cocktail 2 and 3, protease inhibitor
cocktail, and phenylmethylsulphonyl fluoride. The Eppendorf tube content was homoge-
nized by Tissue Lyser LT (Qiagen, Madrid, Spain). The samples were shaken 30 min at 4 °C
and the tube content was placed into a new Eppendorf tube. After a 15-min centrifugation
(12,000x g and 4 °C), the supernatant was transferred into a new Eppendorf tube. The
protein quantification was carried out using a colorimetric bicinchoninic acid (BCA) assay
kit (Thermo Fisher, Madrid, Spain) according to the manufacturer instructions.
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2.8. Determination of Serum Hormones

The analytes melatonin (>98%), corticosterone (>98%), 3,3',5-triiodo-L-thyronine
(T3) (>95%), L-thyroxine (T4) (>98%) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). The internal standards L-thyroxine-D4 (>98%) and 3,3’ 5-triiodo-L-thyronine (>98%)
were purchased from Sigma-Aldrich (St. Louis, MO, USA); melatonin-D4 (>98%)) was
purchased from Cluzeau Info Labo (Sainte-Foy-la-Grande, France); and corticosterone-D8
(>98%) was obtained from NeoChema (Bodenheim, Germany). Formic acid and ethyl
acetate were obtained from Sigma-Aldrich (Madrid, Spain) and methanol from MERK
(Madrid, Spain). All solvents and reagents used in the present study were HPLC grade.
HPLC grade water was obtained by ultrafiltration (Millipore Milli Q system, Bedford,
MA, USA). The standard stock (1 mg/mL) and internal standard (100 pg/mL) solutions
were prepared in methanol. The working and calibration solutions were prepared in a
water—methanol solution (1:1, v/v).

For determination of melatonin, corticosterone, triiodothyronine (T3), and thyroxine
(T4) levels, serum samples were thawed at 4 °C. Then, 50 uL of serum was mixed with
250 pL of methanol containing the internal standard (2 ng/mL). Then, the mixture was
vortexed and centrifuged for 5 min at 4 °C and 15,000 rpm. The supernatant was transferred
to a new tube and mixed with 700 pL of 0.1% formic acid in water. The sample was loaded
to an SPE tube previously conditioned with methanol and 0.1% formic acid in water. The
cartridge was washed with 0.1% formic acid in water and dried under high vacuum. The
compounds were eluted with 500 puL of methanol. Samples were evaporated in a SpeedVac
at 45 °C and reconstituted with 50 puL of water:methanol (60:40, v/v) and transferred to a
glass vial for analysis. Simultaneous detection and quantification of hormones levels were
achieved using liquid chromatography coupled to triple quadrupole mass spectrometry

(LC-QqQ).

2.9. Metabolomic Analysis

Metabolomic analysis of the 48 rat liver samples was performed at the Centre for Omic
Sciences (COS, Tarragona, Spain) using gas chromatography coupled with quadrupole
time-of-flight mass spectrometry (GC-qTOF model 7200, Agilent, Santa Clara, CA, USA).
The extraction was performed by adding 400 pL of methanol:water (8:2)-containing internal
standard mixture to liver samples (approximately 10-20 mg). Then, the samples were mixed
and homogenized on a bullet blender using a stainless-steel ball, incubated at 4 °C for
10 min, and centrifuged at 19,000 x g; supernatant was evaporated to dryness before com-
pound derivatization (methoximation and silylation). The derivatized compounds were
analyzed by GC-qTOF. Chromatographic separation was based on the Fiehn Method [25]
using a J&W Scientific HP5-MS film capillary column (30 m x 0.25 mm x 0.25 pm, Agilent,
Santa Clara, CA, USA) and helium as carrier gas with an oven program from 60 to 325 °C.
Ionization was done by electronic impact (EI), with electron energy of 70 eV and operating
in full-scan mode. Identification of metabolites was performed using commercial standards
and by matching their EI mass spectrum and retention time to a metabolomic Fiehn library
(from Agilent, Santa Clara, CA, USA), which contains more than 1400 metabolites. Af-
ter putative identification of metabolites, they were semi-quantified in terms of internal
standard response ratio.

2.10. Statistical Analysis

Data are reported as mean =+ standard error of the mean (SEM). Serum and liver
biochemical profile, liver weight, glucose-related hepatic metabolites, and liver gene expres-
sion were subjected to Student’s  test and one- and two-way analysis of variance (ANOVA)
with the least significant difference test (LDS) for post hoc comparisons using the computer
program SPSS version 25 (SPSS Inc., Chicago, IL, USA). Graphics were done by GraphPad
Prism 8 software (San Diego, CA, USA). For all analyses, a probability (p) value of <0.05
was considered statistically significant.
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3. Results
3.1. Photoperiod Strongly Influences Body Weight Gain of F344 Rats

As shown in Figure 1, irrespective of treatment, rats exposed to a short photoperiod
showed significantly higher body weight gain than animals subjected to the standard
photoperiod (L12-VH vs. L6-VH; p = 0.045) (L12-GSPE vs. L6-GSPE; p = 0.0049). No
differences were observed between the L12 and L18 groups or between L18 and L6 in
relation to body weight gain. Regarding food intake, we observed no differences among
the groups (Supplementary Figure S1).
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Figure 1. Body weight gain as area under the curve (AUC) of Fischer 344 rats treated with VH or
GSPE exposed to standard (12 h light:12 h dark), long (18 h light:6 h dark), or short (6 h light:18 h dark)
photoperiods fed with STD diet (1 = 8). The results are presented as the mean & SEM. * indicates
significant differences within VH groups (Student’s t test, * p < 0.05); # indicates significant differences
within GSPE groups (Student’s ¢ test, ## p < 0.01).

3.2. The Effect of GSPE on Serum Parameters Depends on Photoperiod

As shown in Table 2, serum triglycerides levels of L12-GSPE animals tend to decrease
compared to L12-VH (p = 0.07), whereas an increase in L6-GSPE animals compared to
L12-GSPE group is observed (p = 0.01). Serum glucose values are elevated in L18-GSPE
animals compared to L12 counterparts (p = 0.001), showing clear interaction between
treatment and photoperiod. In addition, L6 photoperiod showed even higher values of
serum glucose when compared to other VH groups, L12 vs. L6 (p = 0.004) and L18 vs. L6
(p = 0.001). Interestingly, L6-GSPE rats showed the highest serum glucose levels, raising
its value around 15 percent compared to its VH, and showed a significant increase of total
serum cholesterol compared to its control (p = 0.006). Additionally, a photoperiod effect is
seen in HDL levels as animals exposed to short photoperiod exhibit lower values; on the
other hand, LDL levels are affected not only by photoperiod but also by treatment showing
a decrease in LDL values only on L18-GSPE rats.

Table 2. Concentration of serum parameters in response to different photoperiod exposure and GSPE
treatment in animals fed a STD diet for 9 weeks.

L12 L18 L6 2wA
Serum Parameters
STD-VH STD-GSPE STD-VH STD-GSPE STD-VH STD-GSPE
Glucose (mg/dL) 110.96 = 4.67 2 102.72 £ 2.63 % 110.34 +£2.86° 141.81 +3.06° 136.34 + 5.82° 154.49 £ 6.65 ¢ T, P, T*P
Cholesterol (mg/dL) 98.53 +5.30° 104.54 + 6.98 107.15 + 7.06 2 108.36 + 4.84 2 98.60 =3.61° 117.47 4- 4.15" T
Triglycerides (mg/dL) 56.13 + 4.08 ® 46.73 +£2.02° 58.72 + 4.69 2 60.71 4= 5.84 2 52.90 + 3.25® 64.73 £ 6.93°
HDL (mg/dL) 3533 £1.43? 32.11 +2.28 28.57 4+ 2.25b¢ 31.38 + 1.13 24 2544 £1.27°¢ 26.93 + 2.49 4 P
LDL (mg/dL) 30.55 £3.20? 34.79 £259° 3247 £333% 20.80 + 1.94° 19.45 4+ 147" 19.43 +2.08° P, T*P

Serum parameters of Fischer 344 rats fed a STD diet and exposed to three different photoperiods for 9 weeks,
supplemented with vehicle or GSPE for the last 4 weeks. Data are given as mean + SEM. (1 = 8). One- and two-way
ANOVA following by LSD post hoc tests were performed to compare the values between groups and significant
differences (p < 0.05) were represented with different letters (a, b, ¢, d). * Indicates tendency between L12-STD-
GSPE and L18-STD-GSPE groups (p = 0.052). P, photoperiod effect. T, treatment effect. T*P, interaction between
photoperiod and treatment. Abbreviations: HDL, high-density lipoprotein; LDL, low-density lipoprotein.
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3.3. The Exposure to Different Photoperiods Altered the Expression of Circadian Rhythm-Related
Genes in the Liver of GSPE-Treated Rats

We analyzed the hepatic nRNA expression of key clock genes to try to find correlations
with the changes in serum parameters under different photoperiods in response to GSPE
treatment. The gene expression of the brain and muscle Arnt-like protein-1 (Bmall) gene
was higher in L18 and L6-GSPE rats compered to L12-treated ones (p = 0.006 and 0.04,
respectively), whereas expression levels of Period circadian clock 2 (Per2) only showed
changes in VH groups with an increase in L18 compared to L12 and L6 photoperiods
(p = 0.02 and 0.03, respectively) (Figure 2). Additionally, GSPE lowers mRNA relative
levels of hepatic Cryptochrome circadian clock 1 (Cry1) gene in L18 (p = 0.002), which is
highly upregulated in L18-VH. The Bmall activator RAR-related orphan receptor alpha
(Rora) gene expression is lower in L6-GSPE compared to L6-VH animals (p = 0.048), while
L6-VH rats exhibit a higher expression level than L12-VH (p = 0.03). Expression of nuclear
receptor subfamily 1 group D member 1 gene (Nr1d1), a Bmall repressor, is modulated
by light showing a totally repressed expression in animals exposed to a long photoperiod
while GSPE treatment slightly increased its expression (p = 0.04). Regarding Nicotinamide
phosphoribosyltransferase (Nampt) gene expression, it decreased with GSPE treatment in
L12 (p = 0.008) and increased when compared with L6-GSPE rats (p = 0.046).
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Figure 2. mRNA expression levels of clock genes in the liver of Fischer 344 rats treated with VH or
GSPE exposed to standard (12 h light:12 h dark), long (18 h light:6 h dark), or short (6 h light:18 h dark)
photoperiods fed with STD diet (1 = 8). The results are presented as the mean + SEM. * indicates sig-
nificant differences within VH groups (Student’s ¢ test, * p < 0.05, ** p < 0.01, *** p < 0.001); # indicates
significant differences within GSPE groups (Student’s f test, # p < 0.05, ## p < 0.01); $ indicates
significant differences between treatments (VH vs. GSPE) (Student’s ¢ test, $ p < 0.05, $$ p < 0.01).
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3.4. Melatonin and Hormones from the Hypothalamus Pituitary Adrenal (HPA) Axes Have a
Seasonal Variation which Is Affected by GSPE Consumption

Serum levels of corticosterone, T3 and T4, together with melatonin were analyzed. In
this sense, Figure 3 shows significant increase of corticosterone levels in L6-GSPE animals
(p =0.01 vs. L6-VH, p = 0.004 vs. L12-GSPE, and p = 0.002 vs. L18-GSPE), whereas the
L18 non-treated group shows an increase compared to the standard photoperiod (p = 0.05).
In the case of melatonin, GSPE raised the levels of this hormone in the L18 photoperiod
(p = 0.05); meanwhile, non-significant differences were found in T3 and T4 levels.
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Figure 3. Concentration of serum hormones in response to different photoperiod exposure and
GSPE treatment in animals fed a STD for 9 weeks. Fischer 344 rats fed a STD diet were treated
with VH or GSPE and exposed to standard (12 h light:12 h dark), long (18 h light:6 h dark), or short
(6 h light:18 h dark) photoperiods (1 = 8). The results are presented as the mean £ SEM. * indicates
significant differences within VH groups (Student’s t test, * p < 0.05); # indicates significant differences
within GSPE groups (Student’s t test, # p < 0.05, ## p < 0.01); $ indicates significant differences between
treatments (VH vs. GSPE) (Student’s t test, $ p < 0.05). + indicates tendency between VH and GSPE
treatment in L18 using Student’s ¢ test (+ p = 0.050).

3.5. Lipid Liver Profile

A clear photoperiod effect is seen in the levels of liver triglycerides, with an increase in
L6 compared to standard photoperiod (p = 0.007). In addition, GSPE rats subjected to short
photoperiod present higher values than L18 (p = 0.02) and L12 GSPE animals (p = 0.001)
(Table 3). Total cholesterol, phospholipids, and liver weight showed no significant differ-
ences among groups.
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Table 3. Liver lipids parameters in response to different photoperiod exposure and GSPE treatment
in animals fed a STD for 9 weeks.

L12 L18 Lé

Parameters 2wA
STD-VH STD-GSPE STD-VH STD-GSPE STD-VH STD-GSPE
Cholesterol (mg/g) 1.19 £ 0.06 1.27 £0.082 1.04 + 0.07° 1.09 + 0.07 % 1.14 £ 0.05 1.12 £ 0.06 %
Triglycerides (mg/g) 262 +0.17° 298 +0.102 3.44 4 0.35 ¢ 334 +£0.13? 3.68 £0.29 *¢ 3.84 £0.15°¢ P
Phospholipids (mg/g) 6.82 +0.27° 6.86 +0.36° 6.3+0.342 6.32+0.26° 6.92 +0.34° 7.05£042a
Liver weight (g) 1478 052 1525+0.62 1521 +0.72 15.13 +0.61° 15.6 £0.472 14.68 = 0.61°

Lipid parameters in the liver of Fischer 344 rats fed a STD diet and exposed to three different photoperiods for
9 weeks, supplemented with vehicle or GSPE for the last 4 weeks. Data are given as mean + SEM. (1 = 8). One-
and two-way ANOVA following by LSD post hoc tests were performed to compare the values between groups
and significant differences (p < 0.05) were represented with different letters (a, b, c). P, photoperiod effect.

3.6. mRNA Levels of Key Hepatic Lipid and Glucose-Metabolic Regulators Varies due to
Photoperiod and GSPE Treatment

In order to assess the effect of GSPE treatment on liver lipid and glucose metabolism.
mRNA levels of genes implicated in both processes were analyzed. As shown in Figure 4.
mRNA levels of SREBP-1c in L6-GSPE rats are higher compared to L12 ones (p = 0.001).
Moreover. Acacx mRNA levels are also increased in L6-GSPE animals (p = 0.03). whereas
GSPE treatment decreases the expression of this gene in a long photoperiod (p = 0.04).
Sirtuin 1 (Sirt1) gene expression is higher in L6-VH compared to L18-VH animals showing
a clear photoperiod effect (p = 0.024). Curiously. this expression is decreased when
treated with GSPE in L6 (p = 0.023). Glucokinase (Gk) showed an 85 percent increase in its
expression in L18-VH animals compared to other photoperiods (p = 0.019 vs. L12-VH and
p = 0.017 vs. L6-VH). whereas GSPE treatment decreased by 62 percent Gk mRNA levels
in L18 (p = 0.004). Other metabolic genes were analyzed such as Ppara. Cd36. Fatp5. and
Gopdh. although no significant differences were found among groups.
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Figure 4. mRNA expression levels of liver lipid and glucose metabolism of Fischer 344 rats treated
with VH or GSPE exposed to standard (12 h light:12 h dark), long (18 h light:6 h dark) or short
(6 h light:18 h dark) photoperiods fed with STD diet (n = 8). The results are presented as the
mean + SEM. * indicates significant differences within VH groups (Student’s ¢ test, * p < 0.05);
# indicates significant differences within GSPE groups (Student’s t test, # p < 0.05, ## p < 0.001);
$ indicates significant differences between treatments (VH vs. GSPE) (Student’s f test, $ p < 0.05,
$$ p <0.01).

3.7. Analysis of Glucose-Related Metabolites Reveals Photoperiod Influence over GSPE Effect

Liver metabolites related to glucose pathways were studied and plotted in boxplots
to visualize their concentrations in and between photoperiods and GSPE treatment. As
it is seen in Figure 5, levels of D-glucose are lower in L18-GSPE animals compared to its
VH (p = 0.027), as well as for D-ribose which shows a decrease in L18-GSPE animals but
is increased in L18-VH when compared to L12-VH (p = 0.043). In the case of ribose-5-
phosphate, L18-GSPE rats show lower levels than L6-GSPE animals (p = 0.034). Glucose-
6-phosphate and fructose-6-phosphate show a similar pattern, with higher concentration
levels in non-treated L12 animals (VH vs. GSPE) (p = 0.033 and 0.018, respectively). When
compared between GSPE groups, L12 rats exhibit lower levels of these metabolites than
in L18 animals (p = 0.043 in the case of glucose-6-phosphate and p = 0.028 in fructose-6-
phosphate), whereas there is a tendency of increasing levels of fructose-6-phosphate in
L6-GSPE rats compared to L12 counterparts (p = 0.055) (Supplementary Tables S1 and S2).
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Figure 5. Metabolites related to hepatic glucose metabolism. Metabolites of glucose metabolism in
the liver of Fischer 344 rats treated with VH or GSPE exposed to standard (12 h light:12 h dark), long
(18 h light:6 h dark), or short (6 h light:18 h dark) photoperiods fed with STD diet (1 = 8). The results
are presented as the mean 4 SEM. * indicates significant differences within VH groups (Student’s
t test, * p < 0.05); # indicates significant differences within GSPE groups (Student’s t test, # p < 0.05);
$ indicates significant differences between treatments (VH vs. GSPE) (Student’s t test, $ p < 0.05).

3.8. Photoperiod Affects the GSPE Effect on ER Stress Genes

We measured the relative gene expression of the following key ER stress genes: Atf4.
Atf6. Grp78. s-Xbpl. and Chop.

As shown in Figure 6. the relative gene expression of Grp78 in L6 GSPE animals is the
highest of all treatments (p = 0.001 vs. L6-VH and vs. L18-GSPE. p = 0.037 vs. L12-GSPE).
whereas L18 GSPE-treated animals showed the lowest expression of this gene. Similar
results are seen in the Aff6 gene expression for L18 GSPE group (p = 0.002 vs. L18-VH.
p =0.005 vs. L12-GSPE. p = 0.001 vs. L6-GSPE). and it is also seen an increase in the expres-
sion of this gene in L6 GSPE animals compared to its control group (p = 0.03). In the same
line. Chop gene expression is decreased in L18 GSPE-treated animals (p = 0.005 vs. L18-VH)
and increased in L6 GSPE group (p = 0.013 vs. L6-VH).
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Figure 6. mRNA expression levels of ER stress genes of Fischer 344 rats treated with VH or GSPE
exposed to standard (12 h light:12 h dark), long (18 h light:6 h dark), or short (6 h light:18 h dark)
photoperiods fed with STD diet (1 = 8). The results are presented as the mean & S.EM. * indicates
significant differences within VH groups (Student’s f test, ** p < 0.01); # indicates significant differences
within GSPE groups (Student’s ¢ test, # p < 0.05, ## p < 0.01, ### p < 0.001); $ indicates significant
differences between treatments (VH vs. GSPE) (Student’s ¢ test, $ p < 0.05, $$ p < 0.01, $$$ p < 0.001).

4. Discussion

Intrinsically synchronized with the natural year, circannual rhythms are responsible
for scheduling seasonal activities in relation to the outer environmental cues. These rhythms
function as a sensor to adjust the physiology and behavior of an organism to the periodically
changing conditions [26].

Polyphenols have been widely described as compounds able to regulate metabolic
syndrome-associated disorders which can also interact with the biological rhythms by
affecting the expression of clock genes [27]. Consequently, the season of the year in which
polyphenols are consumed could likely modify their ability to restore metabolic disorders.
The current study aims to investigate whether these adaptative mechanisms can also
modulate the effect on liver metabolism of a specific polyphenol extract.

The first conclusion that we can draw from our results is the slight alteration on
metabolic health due to short photoperiod exposure (L6) in rats (discussed below). This
result strongly correlates with previous findings in which L6 rats exhibited markedly
altered glucose homeostasis and fatty acid uptake and oxidation when compared to animals
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exposed to longer photoperiods [28]. More precisely, depending on the light schedules, we
observed variations in hepatic triglycerides levels, some serum parameters (i.e., glucose and
triglycerides), hormones (corticosterone and melatonin), and hepatic glucose metabolites,
which could be linked to changes in the expression of several hepatic circadian clock genes
such as Bmall, Cryl, and Nrld1, as well as lipogenic (SREBP-1c, Acacx) and ER stress (Atf6,
Grp78, and Chop) genes.

Numerous studies have documented that the exposure to different day length sched-
ules has an impact on physiology, behavior, and reproduction in animals that are exposed
to different photoperiods. In fact, many of these studies have been carried out using
photoperiod-sensitive F344 rats. In the present study, we observed no changes in food
intake between the different photoperiods, which was in agreement with previous studies
using F344 rats subjected to STD diet [28]. On the other hand, we observed differences in
body weight gain which was increased in rats exposed to the short photoperiod compared
to the standard, and this effect was independent of the treatment. This could be attributed
to the hours of sleep L6 animals had, as it has been reported that short sleep duration could
be an independent risk factor for weight gain [29]. These results, however, clearly differed
from other studies using the F344 strain, in which the exposure to a short photoperiod
reduced body mass compared to long-day photoperiods. These could be explained by
the differences in age and reproductive status of the animals used and the duration of
the experiments [30-32] Nevertheless, human studies have shown that lower levels of
melatonin secretion in the autumn-winter period can increase appetite and lead to weight
gain [33]. These results are in agreement with our present results, regarding the lower
melatonin levels in the L6 photoperiod and the weight gain.

Regarding the effect of GSPE administration, our results clearly showed a differential GSPE
modulation on the hepatic glucose and lipid metabolism in a seasonal-dependent manner.

The liver, the main organ involved in cholesterol homeostasis, synthesizes very low-
density lipoproteins (VLDL) to transport triacylglycerol from the hepatocyte to peripheral
tissues. A remnant is formed after this particle is metabolized in extrahepatic tissues, and
part of this remnant is converted into LDL. It is known that one of the most important risk
factors of atherosclerotic disease is the concentration of cholesterol carried in LDL [34],
both parameters also being closely related to the prevalence of non-alcoholic fatty liver
disease [35]. Humans show total cholesterol and LDL levels higher in winter than in
summer [36,37], partly due to seasonal variations in food intake and physical activity which
lead to an increase of body weight in winter [38]. Accordingly with these observations in
humans, in our study, rats exposed to the short photoperiod (L6) showed the highest levels
of serum cholesterol, which GSPE was unable to reduce, contrary to the anticholesterolemic
activity showed by GSPE on rats exposed to a long photoperiod (L18). Nevertheless, we
have to keep in mind that such cholesterol levels are not associated, in this case, with any
pathological state.

Our results also showed different responses regarding the maintenance of glucose
homeostasis between the experimental groups. In high glycemic conditions, glucose is
phosphorylated to glucose-6-phosphate by GK in the hepatocyte. Glucose-6 phosphate
serves as a metabolic link connecting glycolysis with the pentose phosphate pathway, de
novo lipogenesis, and glycogen synthesis by inducing glycogen synthase activation in
hepatocytes [39—41]. These findings agree with our results in which L18-GSPE animals
display the highest levels of glucose-6-phosphate, consistent with the elevated blood
glucose levels showed in this group, meanwhile L6-GSPE animals did not show this
increase in glucose-6-phosphate concentrations despite their elevated bloodstream glucose.

In addition, it is important to note that in conditions of ribose 5-phosphate require-
ments, the cells transform glucose 6-phosphate into fructose 6-phosphate and glyceralde-
hyde 3-phosphate through the glycolytic pathway. These molecules are then converted
into ribose 5-phosphate via the reverse steps of the nonoxidative phase. When NADPH
is needed, the cell firstly undergoes oxidative reactions followed by non-oxidative reac-
tions and finally gluconeogenesis. As a result, ribose 5-phosphate is recycled back into
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glucose 6-phosphate, which is used to synthesize NADPH molecules. A cell that needs ATP
and NADPH undergoes both oxidative and non-oxidative phases, thereby synthesizing
NADPH and transforming the ribose 5-phosphate into glycolytic intermediates that can
be used to synthesize ATP [42,43]. Our results showed levels of fructose-6-phosphate also
higher in L18-GSPE animals whereas L6-GSPE rats showed elevated levels of ribose-5-
phosphate. Therefore, based on these results, it is possible to suggest that L18-GSPE rats
have enhanced the glycolytic metabolic pathway, whereas L6-GSPE animals display stimu-
lated gluconeogenesis. This observation in L6-GSPE rats may be partly explained by the
variation of corticosterone circulating levels between the experimental groups. It is known
that glucocorticoids increase fat storage and glucose production in the liver [44,45] and
L6-GSPE rats showed corticosterone levels five times higher than the others GSPE groups.

We also analyzed the levels of melatonin based on its activity as scavenger of free
radicals, thus increasing the activity of antioxidant enzymes (i.e., glutathione peroxidase,
superoxide dismutase and catalase), which are crucial for maintaining liver function and
determining the protective role of melatonin on liver damage [46-51]. We observed differ-
ences in melatonin levels between L18 and L6 that can be attributed to the different hours
of light exposure. As melatonin is released during the dark phase, animals exposed to long
photoperiod have fewer hours of darkness than animals exposed to short photoperiod. As
they were sacrificed at the same time, the peak of melatonin will be more pronounced in
L18 than in L6 rats because the dark phase of L18 animals is closer to the sacrifice time
point, meanwhile in short photoperiods, melatonin is released 12 h earlier, at the beginning
of their dark phase. In addition to light exposure, it is known that GSPE can modulate
melatonin levels in plasma [52]. In accordance with other parameters that seem to confer
beneficial properties to the L18-GSPE group, our results showed a more evident increase in
melatonin levels in such animals.

Past research has demonstrated an association between ER stress and hepatic lipogen-
esis, as ER plays an important role not only in protein folding but also in lipid synthesis
and metabolism [53]. Interestingly, prior studies have shown that ER stress can activate
SREBPs, resulting in the upregulation of lipogenic genes such as Fasn and Acaca, as well
as of transcription factors and proteins involved in hepatic cholesterol and in triglyceride
synthesis [54,55]. Moreover, another study demonstrated that activation of SREBP-1 by ER
stress induces hepatic triglyceride accumulation in mice [56]. In addition, it was found that
culture liver cells with saturated fatty acids or with triglyceride-rich particles disrupt ER
homeostasis and activates the expression of ER stress genes and proteins [57,58]. These find-
ings are consistent with those obtained in our study as a downregulation in the expression
of Atf6 and Chop, genes involved in ER stress, in L18-GSPE rats, has been observed together
with the decrease in the expression of lipogenic genes and liver triglycerides. In contrast,
L6-GSPE rats, those with a more adverse lipid profile, overexpressed Grp78, Atf6, and Chop.
Therefore, ER stress activation may play an early and critical role in the cellular response
to fatty acid overload. In concordance with these results, levels of Sirt1 were found to be
downregulated in L6-GSPE animals. It is known that Sirt1 is essential for the regulation
of liver lipid metabolism and gluconeogenesis [59]. In more detail, it has been shown
that Sirt1 negatively regulates the expression of genes involved in glycolysis, triglyceride
synthesis, and lipid metabolism [60]. This result strongly agrees with another study which
demonstrated that hepatic lipid concentrations negatively correlated with Sirt1 mRNA
levels in animals supplemented with GSPE [61]. In addition, it has been demonstrated that
SREBP-1c is necessary for Gk expression in hepatocytes [62], as well as the requirement
of GK for the expression of lipogenic genes such as Fasn and Acaca [63]. Thus, glucose
phosphorylation by hepatic GK is not only a crucial event for glucose metabolism but also
for lipid metabolism in the liver. Accordingly, in our results, the decrease of lipogenic genes
expression in L18-GSPE rats was also accompanied by a dramatic reduction in Gk liver
expression. In this regard, a summary table of the main metabolic changes due to the GSPE
treatment in each photoperiod has been added in Supplementary Table S3.
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Finally, one of the duties of the mammalian circadian clock is to measure photoperiodic
time, acting as an accurate natural predictor of annual phases, making it possible to
adapt to seasonal changes [64]. We detected changes at both photoperiod and treatment
comparisons, as differences between treatments were observed in L12 (Nampt) as well
as in L18 (Cry1, Nr1d1) and in L6 (Rora). According to these results, it is likely that a
circadian rhythm mismatch in L18-VH animals and GSPE treatment is able to recover
from this disturbance in these animals exposed to a long photoperiod. It has been shown
that clock-core genes contribute to the regulation of glucose and lipid metabolism in the
liver [65]. In this regard, it is plausible to suggest that regulation seen on L18-GSPE animals
on lipogenic genes may have a relationship with the restoration of circadian mismatch
seen on animals exposed to L18 photoperiod. However, one limitation is that we were
able to measure the expression of circadian rhythm-related genes only at a single time
point (ZT 1). Therefore, an analysis conducted over a 24-h period at different daily time
points would be necessary to confirm this hypothesis. Nevertheless, our results correlate
with previous studies showing that the exposure to short and long photoperiods caused
a disruption in the expression of hepatic circadian clock impairing lipid and glucose
metabolism in the liver [66]. Furthermore, in order to depict the global metabolic scenario
regarding our experimental approach, it will be also important to carry out proteomics
and epigenomics approaches to investigate further into the physiological outcomes of
photoperiods and treatments.

5. Conclusions

The present study highlights the importance of circannual rhythms in regulating
metabolic homeostasis and suggests that seasonal variations (long or short photoperiods)
affect hepatic metabolism. Furthermore, our findings suggest that GSPE effects vary among
photoperiods and could improve the consequences related to a change in photoperiod (e.g.,
partial disruption in the circadian rhythmicity of clock genes, slight alterations on lipid
and glucose metabolism) which could be associated with obesity promotion. Finally, our
results suggest that the GSPE effect, although not restricted to any specific photoperiod, is
especially relevant in the L18 photoperiod under physiological conditions.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/biom12060839/s1, Table S1. Treatment comparison between metabolites related to hepatic
glucose metabolism; Table S2. Photoperiod comparison between metabolites related to hepatic
glucose metabolism; Table S3. Summary of the main metabolic changes due to the GSPE treatment in
each photoperiod compared to its respective VH control; Figure S1. Average of weekly food intake
(KJ) of different photoperiods.
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Table S3: Summary of the main metabolic changes due to the GSPE treatment in each photoperiod
compared to its respective VH control.

pathway/treatment GSPE L12 GSPE L18 GSPE L6
GLUCONEOGENESIS equal equal increased
GLUCOLISIS equal increased equal
LIPOLISIS equal equal equal
LIPOGENESIS equal decreased equal
FOOD INTAKE
4001
—J VH
£ —_ [ GSPE
s 3001 _— P77 > "/
€ 2 7 /
-
€78 200- / / /
°c 3
i / / /
g 1001 / / /
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I [ =
L12 L18 L6

Figure S1: Average of weekly food intake (k]) of different photoperiods
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CHAPTER IV

To determine the influence of seasonal variations on the

beneficial effects of GSPE consumption in obesity and NAFLD.
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Abstract

Biological rhythms allow the timing optimization of fundamental behavioral
and biological processes to the 24-hr day-night cycle and 365-day seasonal
cycle. Disruption of these rhythms due to excessive caloric intake has been
shown to promote metabolic disorders. Proanthocyanidins, such as grape
seed proanthocyanidin extract (GSPE), are natural compounds with
beneficial effects for human health. Moreover, it has been demonstrated that
GSPE is able to modulate both central and peripheral clocks, thus
influencing the circadian rhythm. However, the influence of seasonal
variations in day length (i.e.,, photoperiod) over the beneficial effects of
GSPE consumption on Metabolic Syndrome (MS) and non-alcoholic fatty
liver disease (NAFLD) has not yet been fully examined. Therefore, the aim
of this study was to assess whether photoperiod could influence GSPE
effects on hepatic circadian clock and liver metabolism of obese rats. To
achieve this purpose, photoperiod-sensitive rats were fed a cafeteria (CAF)
diet and chronically exposed to three different photoperiods to mimic the
day length of different seasons: standard (12 h light/day, L12), long (18 h
light/day, L18) or short (6 h light/day, L6), and were treated either with 25
mg/kg GSPE or vehicle (VH). Rats fed a STD diet and treated with VH were
used as a normal-weight control in each photoperiod. The results
demonstrate that chronic administration of GSPE in animals fed a CAF-diet
triggered different responses according to the photoperiod. In L12
condition, GSPE reduced body weight gain, lowered serum levels of total
cholesterol and triglycerides, increased hepatic expression of Nampt, Sirt1,
Cd36 and Fatp5, and restored the concentrations of serum and liver
metabolites. In L18 photoperiod, treatment with GSPE tended to decrease
body weight gain and to increase testosterone levels, reduced liver weight,
restored the alterations in expression levels of hepatic lipogenic genes
SREBP-1c and Acaca, and, remarkably, reversed the decrease in serum
levels of critical amino acids. Whereas in L6 photoperiod, GSPE treatment

showed an improvement in serum glucose and triglyceride levels and
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produced changes in serum and hepatic metabolite levels that were
modified by the consumption of the CAF diet. Therefore, the greatest
beneficial effects of GSPE consumption against MS-associated diseases were
observed in rats under the standard 12 h light-12 h dark photoperiod.
Although the impact of these findings on human physiology and health
deserves further research, this study evidence the influence of day length
variations on the beneficial effects of GSPE consumption and highlights the
importance of considering biological rhythms in the search for therapeutic

strategies against metabolic diseases.

Key words: photoperiod, circannual rhythms, obesity, liver metabolism,
GSPE.

1 INTRODUCTION

Evolution has conserved biological rhythms across taxa, allowing
physiological and behavioral responses to cyclic environmental changes
[1,2]. Thus, adaptations to the 24 h day-night cycle (circadian rhythm) and
to the 365-day seasonal cycle (circannual rhythm) allows the timing
optimization of fundamental cellular and physiological processes and
behaviors [3,4]. In this sense, processes such as body temperature, hormone
secretion, blood pressure and immune and metabolic functions show
periodic oscillations and are regulated, in part, by an innate timing system,
the so-called circadian clock [5]. In mammals, the circadian timing system
comprises a central pacemaker located in the suprachiasmatic nucleus of
the hypothalamus, which receives the photic information captured by cells
in the retina via the retinohypothalamic tract, and is able to generate, adjust
and sustain rhythms affecting whole-body physiology [6]. In addition to the
central oscillator, there are peripheral clocks located in nearly every tissue
and organ of the human body which can be regulated by the master clock
but also show an independent physiological control in synchrony with the

environment [7].

The circadian clock regulates the sleep-wake and feeding-fasting cycles by

responding to light changes in our environment [8]. In fact, changes in
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photoperiod, resembling seasonal day length variations, have been shown
to alter circadian rhythmic expression and to impair lipid metabolism in rats
[9]. In addition, a photoperiod-dependent response in terms of body weight
gain, eating behaviors, and lipid and glucose metabolism has been
demonstrated in healthy and obese photoperiod-sensitive Fischer (F344)
rats [10-12].

Moreover, several studies have demonstrated that human patterns of
natality, mortality and illness could be influenced by the seasons [13].
Additionally, circulating levels of triglycerides, cholesterol, glucose, and
insulin were found to be elevated in winter, together with a higher
accumulation of body fat than in summer, contributing to an increase in

cardiometabolic diseases, especially during winter season [14-18].

Not only light but also food has been shown to entrain the molecular clock
machinery, especially the clocks located in metabolic organs, such as the
liver [19]. Therefore, metabolism and circadian rhythms are intimately and
reciprocally linked [20,21]. There is increasing evidence showing that an
excessive caloric intake causes disturbances in the circadian system and
consequently a disruption of metabolic circadian synchrony, increasing the
risk of developing metabolic disorders, including obesity, type 2 diabetes
mellitus (T2DM), Metabolic Syndrome (MS) and Non-alcoholic fatty liver
disease (NAFLD) [22-25]. Due to the increasing rise of metabolic diseases,
mainly caused by modern human lifestyle with constant food availability,
increased intake of the Western diet, sleep deprivation and sedentary
behaviors; the discovery of new strategies to mitigate these metabolic
disorders have been intensified in the last years. In this regard, polyphenols,
and in particular proanthocyanidins, have emerged as promising natural
plant-based compounds capable of ameliorating metabolic alterations
associated with MS and related diseases. Several studies have evidenced the
health benefits of its consumption protecting against cardiovascular
disease, obesity, dyslipidemia, hyperglycemia, and liver damage [26].

Moreover, it has been demonstrated that grape seed proanthocyanidin
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extract (GSPE) is able to modulate both central and peripheral clocks not
only in healthy but also in diet-induced obesity animals [27,28], suggesting
a possible mechanism involved in its beneficial effects, allowing the
restoration of the circadian misalignment caused by the obesogenic diet
[29]. Additionally, it has been recently reported that GSPE was able to
attenuate the alterations in feeding patters, locomotor activity and serum
hormones caused by an abrupt change of photoperiod in healthy and obese

rats [30].

We have previously reported a seasonal modulation of the effects of GSPE
on glucose and lipid metabolism in the liver of healthy rats [31]. Hence, this
study aims to evaluate the influence of seasonal variations in day length (i.e.,
photoperiod) on the effects of GSPE consumption over the hepatic circadian
clock and metabolism of obese rats. To achieve this purpose, photoperiod-
sensitive rats (F344) were fed a cafeteria (CAF) diet and chronically exposed
to three different photoperiods (L12, L18 and L6) to mimic the day length
of different seasons and were treated either with GSPE or vehicle (VH). Rats
fed a standard (STD) diet and treated with VH were used as a normal-weight
control in each photoperiod. We further conducted biochemical, gene
expression, serum and liver metabolomics and hepatic lipid
characterization assays to assess whether changes in photoperiod exposure
can influence the molecular effect of GSPE on lipid and glucose metabolism

in obese rats.

2 MATERIALS AND METHODS
2.1 Animal handling

Seventy two 12-week-old male F344 rats (Charles River Laboratories,
Barcelona, Spain) were housed in pairs in cages at 22 °C, 55% of humidity
and subjected to three different light schedules during 9 weeks to mimic
seasonal day lengths: normal day or standard photoperiod L12 (n = 24, 12
h light and 12 h darkness), long day photoperiod L18 (n = 24, 18 hand 6 h
darkness) and short day photoperiod L6 (n = 24, 6 h light and 18 h
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darkness). A 4-day adaptation period was carried out where rats were fed
with STD diet ad libitum. The STD composition was 20% protein, 8% fat and
72% carbohydrates (Panlab, Barcelona, Spain). Within each photoperiod
rats were randomly divided into 2 groups depending on the diet, 8 rats were
fed with STD and 16 rats with CAF diet during a 5-week pre-treatment. CAF
consisted of biscuits with cheese and paté, bacon, coiled puff pastry from
Mallorca (Spain), feed, carrots and sweetened milk (22% sucrose w/v). CAF
composition was 14% protein, 35% fat and 76% carbohydrates. The
treatment period started at 5th week, lasted four weeks and was daily orally
administered at ZTO0 using a syringe. Rats continued with the diet they were
fed during the pre-treatment period. All STD-fed rats were treated with
condensed milk, named vehicle (VH). Within each photoperiod CAF-feed
rats were divided into two groups, 8 were treated with the VH, and 8 with
25 mg/kg GSPE (Les Dérivés Résiniques et Terpéniques, Dax, France)
diluted 1/5 in condensed milk. GSPE was composed of catechin (58 umol/g),
dimeric procyanidins (250 pmol/g), epicatechin (52 pmol/g),
epigallocatechin (5.50 pmol/g), epicatechin gallate (89 pmol/g),
epigallocatechin gallate (1.40 umol/g), hexameric procyanidins (0.38
umol/g), pentameric procyanidins (0.73 umol/g), tetrameric procyanidins
(8.8 umol/g) and trimeric procyanidins (1568 pmol/g) [32]. During the
entire study, rats had free access to water, and body weight was weekly
recorded. After 9 weeks, animals were fasted for 3 h and then sacrificed by
decapitation at 9 am (one hour after light was turned on; ZT1) under
anesthesia (sodium pentobarbital, 50 mg/kg per body weight). Blood was
collected, and serum was obtained by centrifugation (15.000X g, 10 min, 4
°C) and stored at -80 °C until analysis. The liver was rapidly weighed, frozen

in liquid nitrogen, and stored at -80 °C for further analysis.

The Animal Ethics Committee of the Universitat Rovira i Virgili (Tarragona,
Spain) approved all procedures (reference number 9495 by Generalitat de
Catalunya). All the above-mentioned experiments were performed as

authorized by the European Directive 86/609/CEE and Royal Decree

247



UNIVERSITAT ROVIRA I VIRGILI
THE INFLUENCE OF BIOLOGICAL RHYTHMS ON THE BENEFICIAL EFFECTS OF GRAPE SEED PROANTHOCYANIDIN
EXTRACT (GSPE) ON LIVER METABOLISM IN HEALTH AND DISEASE

Romina MarielpRadnldWariel Rodriguez 111, Results: Manuscript 4

223/1988 of the Spanish Ministry of Agriculture, Fisheries and Food,
Madrid, Spain.

2.2 Serum Analysis

Circulating levels of glucose, total cholesterol, triglycerides (QCA, Barcelona,
Spain) were analyzed by colorimetric enzymatic assay kits according to the
manufacturer’s instructions. Serum levels of insulin were measured using
mouse/rat-specific immunometric sandwich enzyme-linked
immunosorbent assay (ELISA) kit purchased from Millipore Ibérica
(Madrid, Spain). Homeostasis model assessment-estimated insulin
resistance (HOMA-IR) index was calculated from insulin and glucose serum

levels.

2.3 Gene Expression Analysis

Total RNA from liver was extracted and quantified as previously described
[33]. The cDNA was obtained by a reverse transcription of the RNA
extracted wusing a High-Capacity Complementary DNA Reverse
Transcription Kit (Thermo Fisher, Madrid, Spain). The quantitative
polymerase chain reactions (QPCRs) were performed in 384-well plates in a
7900HT Fast Real-Time PCR (Thermo Fisher, Madrid, Spain) using iTaq™
Universal SYBR® Green Supermix (Bio-Rad, Barcelona, Spain). The thermal
cycle used in all gPCRs was 30 seconds at 90 2C and 40 cycles of 15 seconds
at 95 2C and 1 minute at 60 2C. All liver genes were normalized by the
housekeeping gene peptidylprolyl Isomerase A (Ppia). The primers used for
each gene were obtained from Biomers (Ulm, Germany) (Supplementary
Table 1). The relative expression of each gene was calculated according to
the Pfaffl method (2001) [34] and normalized by the control group L12-
STD-VH.

2.4 Lipid Liver Profile

Extractions of lipids from liver tissue were carried out following the Bligh &

Dyer method (1959) [35] and levels of hepatic cholesterol, triglycerides and
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phospholipids were measured using a colorimetric kit assay (QCA,

Barcelona, Spain).

2.5 Serum Hormones Quantification

For determination of melatonin, testosterone and corticosterone levels,
serum samples were thawed at 4 °C. 50 pL of serum were mixed with 250
uL of methanol containing the internal standard (2 ng/mL). Then, the
mixture was vortexed and centrifuged for 5 minutes at 4 2C and 15000 rpm.
The supernatant was transferred to a new tube and mixed with 700 pL of
0,1 % formic acid in water. The sample was loaded to an SPE tube previously
conditioned with methanol and 0,1 % formic acid in water. The cartridge
was washed with 0,1 % formic acid in water and dried under high vacuum.
The compounds were eluted with 500 pL of methanol. Samples were
evaporated in a SpeedVac at 45 2C and reconstituted with 50 pL of
water:methanol (60:40, v/v) and transferred to a glass vial for analysis.
Simultaneous detection and quantification of hormones levels were
achieved using liquid chromatography coupled to triple quadrupole mass

spectrometry (LC-QgQ).

2.6 Metabolome analysis by GC-MS in rat serum and liver samples

Metabolomic analysis of 72 rat serum and liver samples was performed at
the Centre for Omic Sciences (COS, Tarragona, Spain) using gas
chromatography coupled with quad-rupole time-of-flight mass
spectrometry (GC-qTOF model 7200, Agilent, Santa Clara, CA, USA). For
serum samples a protein precipitation extraction was performed by adding
eight volumes of methanol:water (8:2) containing internal standard mixture
to serum samples. For liver samples the extraction was performed by
adding 400 pL of methanol:water (8:2)-containing internal standard
mixture to liver samples (approx. 10—20 mg). Then, liver samples were
homogenized on a bullet blender using a stainless-steel ball. Serum and liver
samples were mixed and incubated at 4 °C for 10 min and centrifuged at
19,000x g, supernatant was evaporated to dryness before compound

derivatization (methoximation and silylation). The derivatized compounds
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were analyzed by GC-qTOF. Chromatographic separation was based on the
Fiehn Method, [33] using a J&W Scientific HP5-MS film capillary column (30
m x 0.25 mm x 0.25 pm, Agilent, Santa Clara, CA, USA) and helium as carrier
gas with an oven program from 60 to 325 °C. lonization was done by
electronic impact (EI), with electron energy of 70 eV and operating in full-
scan mode. Identification of metabolites was performed using commercial
standards and by matching their EI mass spectrum and retention time to a
metabolomic Fiehn library (from Agilent, Santa Clara, CA, USA), which
contains more than 1,400 metabolites. After putative identification of
metabolites, they were semi-quantified in terms of internal standard

response ratio.

2.7 Statistical Analysis of Serum and Liver Metabolomic Assays

The results were expressed as the mean * SEM. Individual comparisons
between metabolites were determined by the Kruskal-Wallis H-test, a non-
parametric version of ANOVA, due to the variables follow the assumption of
a non-parametric test. The p-value adjustment for multiple comparisons
was carried out according to the Benjamin-Hochberg (BH) correction
method with a false discovery rate (FDR) of 5%, and a Post-hoc Dunn. In
parallel, a predictive analysis was done to evaluate the prediction power of
the oxidative stress model. On the one hand, principal component analysis
(PCA), an unsupervised multivariate data projection method, was
performed to explore the native variance of the samples. On the other hand,
partial least squares discriminant analysis (PLS-DA) was performed to
determine the prediction power that supervised multivariate data
projection method explores, possible relationships between the observable
variables (X) and the predicted variables or target (Y) by regression
extensions. The predictive performance of the test set was estimated by the
Q2Y parameter calculated through cross-validation. The values of Q2 < 0
suggests a model with no predictive ability, 0 < Q2 < 0.5 suggests some
predictive character and Q2 > 0.5 indicates good predictive ability [36]. The

feature importance was calculated through the variable importance in
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projection (VIP), which reflects both the loading weights for each

component and the variability of the response explained by the component.

2.8 General Statistical Analysis

All data are reported as mean # standard error of the mean (SEM). Body
weight gain, serum and liver biochemical profile, liver weight, and liver gene
expression were subjected to Student’s ¢ test, one and two-way analysis of
variance (ANOVA) with the least significant difference test (LDS) for post
hoc comparisons using the computer program SPSS version 25 (SPSS Inc,,
Chicago, IL, USA). Graphics were done by GraphPad Prism 8 software (San
Diego, CA, USA). For all analyses, a probability (p) value of < 0.05 was

considered statistically significant.

3 RESULTS

3.1 The effect of GSPE on body weight gain in CAF-fed rats differs
according to the photoperiod

The intake of an obesogenic diet is reflected in the body weight gain of the
animals subjected to CAF diet as it was significantly increased in rats
exposed to L12 and L18, but not in L6-CAF-VH animals compared to their
STD diet controls (Figure 1). This was corroborated with results of 2-way
ANOVA that showed an interaction between diet and photoperiod (p =
0.0019). The chronic consumption of GSPE reduced body weight gain in L12
animals (p = 0.020) and tended to lower the body weight of animals exposed
to long photoperiod (L18) (p = 0.059) compared to its respectively CAF-VH,
whereas this effect was not observed in L6-CAF-GSPE rats.

3.2 The effect of GSPE on Serum Parameters is influence by
photoperiod in CAF-fed rats

As is shown in Figure 2 the serum levels of glucose were significantly higher
in all CAF-VH groups compared to their STD, whereas effect of GSPE
treatment was only observed in L12 photoperiod with a tendency of
decreasing serum glucose levels compared to L12-CAF-VH animals (p =

0.053). Moreover, L12-GSPE animals also showed a significant decrease of
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total serum cholesterol in comparison to its CAF-VH (p = 0.001). Regarding
serum triglycerides levels, a clear interaction between treatment and
photoperiod was observed (p = 0.003), since triglycerides values were
elevated in all CAF-VH groups but could only be lowered by GSPE treatment
in animals subjected to L12 (p = 0.003) and L6 (p = 0.006) photoperiods.
Insulin levels also showed an interaction between diet and photoperiod (p
= 0.024) where CAF-VH increased or tended to increase its values in L12 (p
= 0.023) and L6 (p = 0.054) photoperiods, but not in L18. Similar results
were observed for HOMA-IR.

3.3 Photoperiod has a major impact on levels of lipids in the liver of
obese rats

As is shown in Table 1, liver cholesterol values were increased due to CAF-
diet intake compared to the STD lean control independently of the
photoperiod but were higher in L18-CAF-VH rats compared to L12
counterparts (p = 0.024). Furthermore, a strong influence of photoperiod
was also observed in triglycerides levels (p = 0.001), as they raised in all
CAF-VH groups compared to STD groups, but triglycerides levels of CAF-fed
animals subjected to long or short photoperiod were even higher compared
to L12 CAF-fed rats. Similar results were observed on phospholipids content
with a tendency of increasing values on CAF-VH groups in the L18 condition
(p = 0.064) and L6 condition (p = 0.52) compared to L12 rats; and even a
higher level in L6-CAF-GSPE compared to L12-CAF-GSPE group (p = 0.013).
The effect of the obesogenic diet was also observed on the liver weight as all
CAF-VH groups showed an increase of the weight this organ compared to
their lean controls. Moreover, animals subjected to long photoperiod (L18)
and treated with GSPE showed a decrease in liver weight compared to its

CAF-VH group (p = 0.01).

3.4 Effects of GSPE on serum hormones of obese rats are strongly
influenced by photoperiod

Serum levels of melatonin, corticosterone and testosterone were analyzed

and plotted in figure 3. In this regard, melatonin levels were found to be
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affected by photoperiod (p = 0.048) and diet (p = 0.046) showing an
increase in L18 and L6 CAF-fed animals. Testosterone levels were also
strongly influenced by photoperiod (p = 0.003), and animals treated with
GSPE under long day conditions had higher testosterone levels compared to
the lean control group (p = 0.001) and tended to increase compared to CAF-
VH rats (p = 0.055). Similar results were observed in L12 conditions for
serum corticosterone levels, where GSPE treatment increased or tended to
increase corticosterone values compared to STD-VH (p = 0.001) and CAF-

VH (p = 0.054) groups.

3.5 The Exposure to Long or Short Photoperiod Alters the Expression
Clock-Genes in the Liver of obese rats

The hepatic mRNA expressions of clock genes were analyzed as it is well
known that metabolism is regulated not only but largely by circadian
rhythms [37]. As is shown in Figure 3, on the one hand, apart from the effect
of GSPE consumption in increasing Nicotinamide phosphoribosyl
transferase (Nampt) gene expression, no further changes in clock genes
expressions were seen between groups exposed to L12 photoperiod. On the
other hand, CAF-fed animals exposed to long or short photoperiods showed
differences in the expression of some clock genes compared to their STD-VH
controls. In this regard, expression of the Brain and muscle Arnt-like
protein-1 (Bmall) gene was higher in L18-CAF-VH (p = 0.001), but not in
L18-CAF-GSPE rats compared to L18-STD-VH. In animals exposed to short
photoperiod CAF diet caused a strong downregulation of the expression of
this gene that could not be restored by GSPE treatment. No differences were
seen in the expression of Cryptochrome circadian clock 1 (Cryl) gene
between groups within each photoperiod, but animals exposed to L18
exhibited a two hundred percent increase in its expression compared to
animals exposed to L12 and L6. Regarding expression levels of Period
circadian clock 2 (Per2) significant differences were seen only in animals
exposed to L6 with a significant rise in CAF-VH (p = 0.008) but not in CAF-

GSPE compared to their STD-VH control. Expression of nuclear receptor
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subfamily 1 group D member 1 gene (Nrl1dl) was totally repressed in
animals exposed to long photoperiod (L18). Under short day conditions CAF
diet caused an upregulation in the expression of this gene compared to its
lean STD control (p = 0.001), while treatment with GSPE was able to reduce
these levels compared to CAF-VH (p = 0.025). Bmall activator, the RAR-
related orphan receptor alpha (Rora) gene expression was downregulated
in both CAF-fed animals subjected to short photoperiod (L6) compared to
L6-STD-VH control.

3.6 CAF dietary intake and chronic exposure to different
photoperiods influence the effect of GSPE on the expression of
lipid- and glucose-related genes in the liver

The mRNA levels of key genes involved in lipid and glucose metabolism
were analyzed to evaluate the impact of GSPE treatment on liver
metabolism under different photoperiods (Figure 4). In this regard, GSPE
showed a trend to increase mRNA levels of Sirtuin 1 (Sirt1) compared to
CAF-VH group in animals subjected to standard photoperiod (L12) (p =
0.061). The transcription factor sterol regulatory element binding protein-
1c (SREBP-1c) primarily regulates the expression of genes involved in de
novo lipogenesis and triglyceride synthesis, including acetyl-CoA
carboxylase (Acaca). The mRNA levels of SREBP-1c varied according to diet
and photoperiod, since the intake of CAF diet increased it expression in L12-
CAF-VH but notin L12-GSPE rats compared to its control (p = 0.04), whereas
tended to decrease its levels in L18-CAF-VH but not in L18-CAF-GSPE
animals compared to L18-STD-VH control (p = 0.056). Similar results were
observed in L18-CAF-VH animals with a significant downregulation of
Acaca gene expression compared to its lean control group (p = 0.004).
Moreover, GSPE consumption was able to reverse this downregulation in
the expression of Acaca gene in these animals that were exposed to long
photoperiod compared to L.18-CAF-VH (p = 0.001). mRNA levels of fatty acid
translocase cluster of differentiation 36 (Cd36) and fatty acid transport
protein 5 (Fatp5) were increased in animals treated with GSPE under L12

photoperiod compared to L12-CAF-VH rats (p = 0.021 and 0.030,
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respectively). An effect of photoperiod on the expression of the glucokinase
(Gk) gene was observed, since its levels were higher in L18 VHs animals
compared to L12 and L6 VHs rats. Regarding glucose-6-phosphate
dehydrogenase (G6pd) a strong downregulation caused by CAF diet was
observed in the expression of this gene that GSPE was not able to revert in
any of the three photoperiods. Any differential expression of peroxisome
proliferator-activated receptor alpha (PPARa) was observed among groups

within each photoperiod.

3.7 Impact of diet and photoperiod on GSPE treatment on the serum
metabolome

66 metabolites were evaluated for different photoperiods to study the effect
on the serum metabolome of diet (STD and CAF) and treatment (VH and
GSPE). The results of the serum metabolome were obtained using GC-qTOP

approaches.

Table 2 summarizes the statistical and predictive analysis of the serum
metabolome for L12 groups. Regarding diet effect, 21 out of 66 metabolites
were significant altered between STD-VH and CAF-VH groups after the
adjustment of the statistical test. Regarding treatment effect, 4 metabolites
were significantly different between CAF-VH and CAF-GSPE groups
(proline,  2-hydroxyisobutyric acid, 4-hydroxyproline and 3-
Phosphoglyceric acid). In the case of proline, 4-hydroxyproline and 3-
Phosphoglyceric acid, GSPE counteracted the increase produced by the CAF

diet to levels similar to those of the STD diet group.

Focusing on the effect of diet in the L18 condition, 24 out of 66 metabolites
were significant altered between STD-VH and CAF-VH groups after the
adjustment of the statistical test (Table 3). While CAF-VH and CAF-GSPE
animals presented differences in 4 metabolites (leucine, isoleucine, valine
and methionine). These altered amino acids suggest some effect of GSPE in

the long day period.
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Regarding L6 photoperiod, Table 4 summarises the statistical and
predictive analysis of the serum metabolome for L6 groups. 16 out of 66
metabolites were significant altered between STD-VH and CAF-VH groups
after the adjustment of the statistical test. The effect of treatment was
observed between CAF-VH and CAF-GSPE animals which presented
differences in 8 metabolites (d-fructose, 3-hydroxisovaleric acid, 3-
hydroxytutiric acid, glycolytic acid, oxalic acid, hippuric acid, aspartic and 2-

hydroxybutyric acid).

The predictive analysis, despite the low clustering in the PCA (Figure S1; S3;
S5), presented differences in the PLS-DA model allowing the differentiation
among groups (Figure S2; S4; S6).

3.8 Influence of diet and photoperiod on GSPE treatment on the liver
metabolome

61 metabolites were evaluated for different photoperiods to study the effect
on the liver metabolome of diet (STD and CAF) and treatment (VH and
GSPE). The results of the liver metabolome were obtained using GC-qTOP

approaches.

As is shown in Table 5, 4 metabolites were significant altered between STD-
VH and CAF-VH groups after the adjustment of the statistical test. When
comparing CAF-VH and CAF-GSPE, 4 metabolites presented significant
differences between these two groups (d-galactitol, adenine, citric acid, and

d-glucose).

Table 6 summarises the statistical and predictive analysis of the liver
metabolome for L18 photoperiod. 14 out of 61 metabolites were significant
altered between STD-VH and CAF-VH groups after the adjustment of the
statistical test. CAF diet groups that received VH or GSPE presented
differences in adenine and citric acid, which were also discriminative in L12

liver metabolome

Regarding L6, Table 7 summarises the statistical and predictive analysis of

the liver metabolome. 14 out of 61 metabolites were significant altered
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between STD-VH and CAF-VH groups, while CAF-VH and CAF-GSPE animals

presented differences in glucose 6-phosphate, d-xylitol, and glycerol.

The predictive analysis, despite the low group clustering in the PCA (Figure
S7; S9; S11), presented differences in the PLS-DA model allowing the
discrimination among groups (Figure S8; S10; S12).

4 DISCUSSION

Obesity is primarily caused by the combination of an excessive caloric
intake and lack of physical activity. This imbalance between caloric
consumption and energy expenditure leads to ectopic fat accumulation in
organs such as the liver, pancreas, skeletal muscle, and heart; causing severe
metabolic disorders including MS and NAFLD. In addition, several studies
suggest that changes in the photoperiod may contribute to increased risk
factors of obesity and related metabolic disturbances [38,39]. In this sense
these studies reveal an increase in body weight and disruption of lipid and
glucose metabolism in animals exposed to long and especially short
photoperiod. On the other hand, increasing evidence has demonstrated the
health benefits associated with obesity of polyphenols, and particularly,
GSPE consumption. However, the influence of seasonal variations in day
length on the beneficial effects of GSPE consumption on MS and NAFLD has
not yet been examined. In this regard, to the best of our knowledge this
study demonstrates for the first time how changes in photoperiod
significantly influence the molecular effects of GSPE on metabolic
homeostasis, and especially on lipid and glucose metabolism in the liver of

obese rats.

The beneficial GSPE effects was initially evidenced by the significant
reduction in body weight gain of CAF-fed rats due to GSPE treatment only in
the L12 conditions, showing a trend in L18, but no body weight reduction
effect was observed in the L6 condition. In agreement with these results,
rats fed CAF diet and subjected to L12 showed an improvement in the serum

profile in terms of glucose, cholesterol and triglyceride parameters when
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treated with GSPE. Despite the absence of any weight loss effect in the L6
photoperiod, GSPE treatment was also able to reduce the levels of
triglycerides and to attenuate the increase in glucose levels due to the CAF
diet. Conversely, the tendency of lowering weight with GSPE treatment at
L18 was not reflected in any amelioration of the previous serum
parameters. This could be likely related to the increase of testosterone
levels in L18-CAF-GSPE animals as it has been shown that this hormone has
a major influence on body fat composition; and its deficiency has been
associated with increased central adiposity [40]. Our results are consistent
with previous studies showing an improvement in serum lipid and glycemic
profile due to GSPE treatment. Interestingly, these experiments were
carried out under standard conditions 12 h light-12 h darkness, where a
better response to GSPE treatment in these parameters was also observed

[41-44].

The liver plays a key role in controlling lipid homeostasis [45]. Interestingly,
our study showed that liver lipid levels of CAF-fed rats were greatly
influenced by the photoperiod exposure. In this sense, exposure to long
photoperiod increased levels of cholesterol, whereas triglycerides and
phospholipids levels were raised in both long and short photoperiods
compared to their L12 counterparts. Therefore, these findings confirm
previous results showing a strong regulation of lipids levels by photoperiod,
increasing its levels in animals fed an obesogenic diet and exposed to long
and short photoperiod [46], which can be related to changes in energy
expenditure in response to photoperiod. It was also observed that animals
fed a CAF diet and exposed to L12 photoperiod showed an increased energy
expenditure compared to STD counterparts, which was lost when they were

switched to L18 or L6 photoperiods [30].

Although no differences in the amount of lipids between CAF-VH and CAF-
GSPE were observed, chronic consumption of GSPE was able to reduce liver

weight of rats exposed to L18, which could be related with the increase in
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testosterone levels observed in L18-CAF-GSPE animals, as lower levels of

this hormone have been associated with NAFLD [47,48].

The bidirectional crosstalk between circadian rhythms and metabolism is
evident in the generation of metabolic output pathways by the clock's
transcriptional network, as well as in the mutual ways in which metabolic
pathways reprogram the clock [49]. In this regard, L12-GSPE animals
showed increased expression of the clock-controlled gene Nampt which was
correlated with the increase in the expression of Sirtl by GSPE in these
animals. Nampt plays a pivotal role in the regulation of energy homeostasis
as it encodes the rate-limiting enzyme responsible for NAD+ biosynthesis,
whose intracellular levels determine the expression of Sirt1 [50]. The NAD+-
dependent deacetylase Sirtl is a key metabolic gene involved in the
regulation of various metabolic processes such as gluconeogenesis,
glycolysis, insulin sensitivity, fatty acid oxidation, and cholesterol
metabolism in the liver [51]. It has been suggested that the activation of
Sirt1 by polyphenols is beneficial for regulation of metabolism [52]. In this
regard, Aragonés and colleagues reported that GSPE consumption was able
to modulate NAD+ levels in the liver and showed that levels of Sirtl were
increased due to GSPE treatment [53]. Therefore, the modulation of NAD+
homeostasis by GSPE consumption enables these natural compounds to
regulate many metabolic processes in the liver. Nevertheless, based on our
present results such modulation appears to be influenced by photoperiod
exposure as it was only observed under standard conditions (L12).
Furthermore, several studies highlight Sirt1 and NAD+ levels as promising

targets for treating metabolic and cardiovascular diseases [54-56].

Furthermore, a human clinical trial in which patients were chronically
administered a combined treatment of niacin, a NAD+ precursor, and
clofibrate, a PPPAR«a inductor, showed improved levels of serum cholesterol
and triglycerides [57]. Another study observed similar results regarding the
improvement on serum lipids by niacin treatment [58]. This supports our

finding as we observed lower levels of triglycerides and cholesterol in L12-
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CAF-GSPE rats. In addition, it has been reported that mice with Sirtl
catalytic activity ablation that were fed a high fat diet (HFD) exhibited an
increased in SREBP-1c levels and a decreased phosphorylation of AMPK in
the liver promoting NAFLD [59], which is consistent with the results
obtained for SREBP-1c in L12-CAF fed rats.

L12-CAF-GSPE rats also showed an increase in the expression of Cd36 and
Fatp5. It has been demonstrated that hepatic overexpression of Cd36 in the
liver improves glycogen homeostasis and alleviates liver steatosis induced
by a HFD in mice [60]. Moreover, expression of Fatp5 in the liver of NAFLD
patients was found inversely correlated with the hallmarks of histological
progression, such as ballooning and fibrosis [61]. Therefore, Cd36 and Fatp5
may act as hepatic “metabolic gatekeepers” protecting the liver under lipid

overload and metabolic stress.

On the other hand, the exposure to short or long photoperiods in CAF-fed
rats clearly altered clock genes expressions in the liver at a single time point.
In this sense, L6-CAF-VH rats exhibited a downregulation of mRNA levels of
Bmall and its activator Rora, compared to the healthy control. In addition,
the CAF diet increased the expression of the clock genes Per2 and Nridl,
also known as Rev-erba, while GSPE treated animals not only did not show
any significantincrease in PerZ expression compared to the lean control, but
also decreased the mRNA levels of Nr1d1. Rev-erba has been suggested as
an integrator of circadian rhythms and metabolism [62]. Indeed, it has been
shown that liver-specific overexpression of Rev-erba disrupts the molecular
clock of the liver dampening hepatic circadian transcriptional variation to a
large extent (nearly 90%) [63]. In addition, Rev-erba is involved in lipid and
bile acid homeostasis and mice lacking this clock gene displays dyslipidemia
characterized by increased triglyceride levels [64,65]. This goes in line with
our results as we observed a decrease of serum triglycerides levels in L6-

GSPE treated rats.
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Regarding animals subjected to long photoperiod CAF-diet upregulated
Bmall expression whereas this significant increment was not observed in
L18-CAF-GSPE animals compared to the lean control group. It has been
demonstrated that Bmall is required for de novo synthesis of lipids in the
liver through the activation of AKT [66]. Moreover, liver-specific Bmall
knockout ethanol-fed mice exhibit simultaneous inhibition of de novo
lipogenesis and fatty acid oxidation pathways, leading to hepatic steatosis,
which was rescued by the administration of synthetic PPARa ligands [67].
In line with these results, we observed a downregulation of the mRNA levels
of lipogenic genes such as SREBP-1c and its direct target Acaca, which
encodes for the rate-limiting enzyme in de novo fatty acid synthesis, in L18-
CAF-VH compared to its control. While GSPE consumption is able to reverse
the impaired expression in these animals subjected to long photoperiod.
Furthermore, although levels of PPARa were not significantly increased in
L18-CAF-GSPE rats, it seemed that the GSPE treatment tended to enhance

its expression.

Since the last decade, 24-hour rhythms have been described in circulating
and tissue metabolites levels varying in concentration in a daily-
manner [68-72]. Therefore, metabolites are also expected to vary
throughout the year, in a season-dependent manner [73-76]. Alterations in
the rhythmic expression of serum metabolites was reported due to shift
work[69], and disturbances in daily rhythms of hepatic metabolites have
been observed in CAF-fed rats [77]. In this sense, we found significant
alterations of several serum and hepatic metabolites in CAF-fed obese rats,
which vary depending on the photoperiod, as well as the effects of GSPE on
these metabolites. In L12 CAF-fed animals GSPE was able to counteract the
increase on serum proline, 4-hydroxyproline and 3-Phosphoglyceric acid
(3PG) caused by the obesogenic diet intake. Proline and 4-hydroxyproline
(produced by hydroxylation of the amino acid proline), play a key role in
whole-body homeostasis being essential for metabolism as they are

involved in the synthesis and structure of proteins, arginine and glutamate
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synthesis, collagen production, as well as in antioxidant reactions, wound
healing, and immune responses [78]. 3PG is the acid conjugate of glycerate
3-phosphate. Glycerate is a biochemically important metabolic intermediate
in glycolysis. 3PG is also involved in gluconeogenesis, glycerol, lipid
metabolism, glycine, serine, and threonine metabolism, playing a key role in

several metabolic pathways [79-82].

One of the most remarkable effects of GSPE was the increase in serum levels
of methionine and the three essential branched-chain amino acids (BCAAs)
leucine, isoleucine, and valine, which were decreased due to CAF-diet
intake. Methionine is an essential amino acid involved in anabolic
metabolism and the reduction of free radicals and has been found to be
decreased in MS patients [83] and in obese children [84]. Moreover,
disorders of BCAAs have a huge impact on metabolism, as they have been
found to be associated with several metabolic diseases [85]. The largest
differences in serum metabolites concentrations were observed between
CAF-VH and CAF-GSPE in rats subjected to short photoperiod (L6). Among
them, 2-hydroxybutyric acid, also known as alpha-hydroxybutyrate (a-HB),
displayed a 1.6-fold change increase in CAF-GSPE animals compared to CAF-
VH. It has been observed that a-HB could act as a potential functional
metabolite reversing HFD-induced metabolic changes as for example the
reduction of serum triglyceride levels, which is consistent with the results
obtained in L6-CAF-GSPE and suggest that this metabolite could be
involved, at least partially, in this reduction [86]. Similar results have been
observed regarding the levels of 3-Hydroxybutyric acid, also named beta-
hydroxybutyrate (B-HB), and of 3-hydroxyisovaleric which have been
reported as biomarkers in the diagnosis of diabetic ketoacidosis, a
complication of diabetes mellitus [87-89]. In addition, lower levels of 3-HB
have been observed in plasma of obese patients [90]. GSPE also raised levels
of oxalic acid which has been suggested as a novel treatment for obesity,

since it proved to be a highly active lipase inhibitor [91].
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Increased fructose concentrations in blood of patients with T2DM has also
been observed [92]. Remarkably, GSPE was able to reduce serum D-fructose
levels in L6 CAF-fed animals, restoring them to values like those observed

in the healthy control.

The liver metabolome analysis showed lower levels of hepatic citric acid, a
key metabolite involved in Krebs cycle, in L12 and L18-CAF-VH rats
compared to L12 and L18 animals that were chronic supplemented with
GSPE, while the contrary was observed for adenine, which was higher in
CAF-VH animals in L12 and L18, respectively. In this sense, changes in the
total concentration of adenine in rat liver mitochondria have been
associated to the inhibition of adenine nucleotide translocase and impairs
the activation of ATP hydrolysis [93]. High blood glucose concentrations
lead to increased intracellular levels of glucose-6-phosphate in the liver
[94]. In this regard we observed reduced hepatic levels of glucose-6-
phosphate in L6-CAF-GSPE, together with values of blood glucose that were
not statistically different between the lean control L6-STD-VH and L6-CAF-
GSPE, as it was in the case of L6-CAF-VH. In addition, GSPE chronic
consumption in L6 rats increased the hepatic levels of glycerol and D-xylitol,
both implicated in important metabolic pathways. In this sense, alterations
on glycerol metabolism were observed due to fatty liver, which were
prevented by dietary administration of glycerol [95]. Moreover, the
supplementation of xylitol in the diet helps to reduce obesity and to treat
lipid metabolism disorders [96]. The singular photoperiod-dependent
effects of GSPE consumption in obese rats suggest that adaptations to
seasonal variations in day length along with the metabolic challenges of the

obesogenic diet might be driving these effects.

5 CONCLUSIONS

This study demonstrates that seasonal variations in day length
(photoperiods) influence the effects of GSPE consumption on liver and
whole-body metabolism in obese rats. Thus, chronic administration of GSPE

in animals fed a CAF-diet triggered different responses according to the
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photoperiod. CAF-fed rats exposed to standard 12 h daylight condition and
treated with GSPE showed a reduction on body weight gain, lower levels of
total cholesterol and triglycerides in serum, increased hepatic expression of
crucial metabolic genes Nampt, Sirtl, Cd36 and Fatp5, together with a
restorative effect in the concentrations of serum and liver metabolites such
as proline, 4-hydroxyproline and 3-Phosphoglyceric, adenine and citric acid
that were altered due to CAF-diet intake. When CAF-fed rats were exposed
to long -day conditions (L18), treatment with GSPE tended to decrease body
weight gain and to increase testosterone levels, reduced liver weight,
restored the alterations in expression levels of hepatic lipogenic genes
SREBP-1c and Acaca, and, remarkably, reversed the decrease in serum
levels of critical amino acids (methionine and BCAAs) due to the intake of
the obesogenic diet. Under short-day conditions (L6) GSPE treatment in
obese rats showed an improvement in serum glucose and triglyceride levels,
decreased the expression of the hepatic clock gene Nr1d1, and produced
changes in serum and hepatic metabolite levels that were modified by the
consumption of the CAF diet. These distinctive photoperiod-dependent
effects of GSPE consumption suggest a contribution of adaptation to
seasonal variations. In conclusion, although GSPE was able to mitigate some
metabolic disturbances caused by the intake of an obesogenic diet in the
three different photoperiods, it appears to be more effective under standard
12 h light - 12 h darkness condition, evidencing the influence of day length
variations on its metabolic effects. These findings should be further

investigated considering their implications for human health and

physiology.
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Figure 1. Body weight gain as area under the curve (AUC) in Fischer 344
STD and CAF-fed rats exposed to standard (12 h light:12 h dark), long (18 h
light:6 h dark) or short (6 h light:18 h dark) photoperiods (n=8). The results
are presented as the mean * S.E.M. One- and two-way ANOVA following by
LSD post hoc tests were performed to compare the values between groups
and significant differences (p < 0.05) were represented with different
letters (a, b, ¢, d). * Indicates tendency between L18-CAF-VH and L18-CAF-
GSPE groups (p = 0.059).
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Figure 2. Serum parameters of Fischer 344 STD and CAF-fed rats exposed
to L12,L18 or L6 photoperiods (n=8). The results are presented as the mean
+ S.E.M. One- and two-way ANOVA following by LSD post hoc tests were
performed to compare the values between groups and significant
differences (p < 0.05) were represented with different letters (a, b, ¢, d).
*Indicates tendency between L12-CAF-VH and L12-CAF-GSPE groups (p =
0.053). #Indicates tendency between L6-STD-VH and L6-CAF-VH groups (p
=0.054).
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Figure 3. Serum hormones of Fischer 344 STD and CAF-fed rats exposed to
L12,L18 or L6 photoperiods (n=8). The results are presented as the mean +
S.E.M. One- and two-way ANOVA following by LSD post hoc tests were
performed to compare the values between groups and significant
differences (p < 0.05) were represented with different letters (a, b, c).
*Indicates tendency between L12-CAF-VH and L12-CAF-GSPE groups (p =
0.054). #Indicates tendency between L18-CAF-VH and L18-CAF-GSPE
groups (p = 0.055).
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Figure 4. mRNA expression levels of clock genes in the liver of Fischer 344
STD and CAF-fed rats exposed to L12, L18 or L6 photoperiods (n=8). The
results are presented as the mean *# S.E.M. One- and two-way ANOVA
following by LSD post hoc tests were performed to compare the values
between groups and significant differences (p < 0.05) were represented

with different letters (a, b, ¢, d).
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Figure 5. mRNA expression levels of liver lipid and glucose metabolism of
Fischer 344 STD and CAF-fed rats exposed to L12, .18 or L6 photoperiods
(n=8). The results are presented as the mean * S.E.M. One- and two-way
ANOVA following by LSD post hoc tests were performed to compare the
values between groups and significant differences (p < 0.05) were
represented with different letters (a, b, c, d). *Indicates tendency between
L12-CAF-VH and L12-CAF-GSPE groups (p = 0.061). #Indicates tendency
between L18-STD-VH and L18-CAF-VH groups (p = 0.056).
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STD-VH CAF-VH CAF-GSPE | STD-VH  CAF-VH  CAF-GSPE | STD-VH CAF-VH  CAF-GSPE
f;‘;l/‘?gs)teml 119+01a 163+01b 1,84+01bc | 1,04£01a 205:01c 205:02c | 1,14+01a 178+0,1bc 2,01%0,3 bc
r(rl:gg?g"):e”des 262+02a 518+04b 484+04b | 344:03a 675+04c 693+04c | 368+03a 69+05c  692+07c
Ph holipi
(m‘;‘j‘g’) olipids| (o), 03ab 594:03a 636+04a | 63+03a 7.06%04ab* 7.06+03ab | 692403ab 7.16507ab# 7.89%0,6b
I(‘;‘)’er weight | 8052 203+14bc 1864506bc |1521507a 2001£05¢ 1753+07b | 156+05ad 19,23+ 15bc 17,91+ 13 bed

2wA

D, D*P

D, P

Table 1. Lipid parameters in the liver of Fischer 344 STD and CAF-fed rats exposed to L12, L18 or L6 photoperiods (n=8). The results

are presented as the mean + S.E.M. One- and two-way ANOVA following by LSD post hoc tests were performed to compare the values

between groups and significant differences (p < 0.05) were represented with different letters (a, b, ¢, d). *Indicates tendency between

L12-CAF-VH and L18-CAF-VH groups (p = 0.064). #Indicates tendency between L12-CAF-VH and L6-CAF-VH groups (p = 0.052). P,

photoperiod effect. D, diet effect. D*P, interaction between photoperiod and diet.
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3- 037 | 044 | 049
Hg’:::gés + + + 0'601 0.050 *0.007 0.161 127
. 0.02 0.03 0.03
acid
23.86 | 33.98 | 26.32 %0.01
Proline + + + 9 *0.018 0.444 *0.013 1.18
3.30 212 1.58
3- 8.78 13.41 | 15.42 %0.01
hydroxybu * * * 9 *0.011 *0.022 0.500 1.10
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. 10.23 9.71 9+ %0.03
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1.18 - 1.18

Table 2. Summary analysis of the serum metabolome at .12 photoperiod
for STD-VH, CAF-VH and CAF-GSPE groups (n = 8). Relative abundances
(AU) of metabolites are presented by the mean * SEM. The p-value
adjustment for multiple comparisons was carried out according to the
Benjamin-Hochberg (BH) correction method with a false discovery rate
(FDR) of 5%, and a Post-hoc Dunn. The multivariate analysis is represented
by the variable importance in projection (VIP) value of PLS-DA. * Denotes p
< 0.05 (statistically significant) and ** p < 0.001 (statistically highly

significant).
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. 512+ | 472+ | 56+ |, *0.0
Isoleucine 013 0.22 0.24 0.035 | 0.129 0.110 15 1.48
. 425+ | 375+ | 402+ | , " 0.10
Phenylalanine 0.09 012 010 0.038 | *0.016 | 0.145 3 1.31

Table 3. Summary analysis of the serum metabolome at L.18 photoperiod
for STD-VH, CAF-VH and CAF-GSPE groups (n = 8 animals per group).
Relative abundances (AU) of metabolites are presented by the mean + SEM.
The p-value adjustment for multiple comparisons was carried out according
to the Benjamin-Hochberg (BH) correction method with a false discovery
rate (FDR) of 5%, and a Post-hoc Dunn. The multivariate analysis is
represented by the variable importance in projection (VIP) value of PLS-DA.
* Denotes p < 0.05 (statistically significant) and ** p < 0.001 (statistically
highly significant).

283



UNIVERSITAT ROVIRA I VIRGILI
THE INFLUENCE OF BIOLOGICAL RHYTHMS ON THE BENEFICIAL EFFECTS OF GRAPE SEED PROANTHOCYANIDIN
EXTRACT (GSPE) ON LIVER METABOLISM IN HEALTH AND DISEASE

Romina MarielpRadnldWariel Rodriguez I11, Results: Manuscript 4
STD-
.| STD- | CAF- CAF-  p- VHys SID-VH | CAFVH
Metabolite VH VH GSPE | value CAF- vs CAF- vs CAF- VIP
GSPE GSPE
VH
7.92 .
Oleicacid | 2°%* & 5%% w5001 00 wp005 0116 1.77
0.38 0.47 01
0.90
2- 0so. | 132 | 216
HydroxyB =~ % | + | *0.001 | 0297 **<0.001 @ *0.046 | 1.57
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0 0.14 2
0.17
013 | 0.05
+ *
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. 027 | 025 .
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L 0.09 | 005 .
nglc);:im 06402; + + | *0.002 0(')05 *0.001 *0.045 161
: 001 | 001
13.27 i
Serine | J87% 134 1 w0002 1 200 1 w9003 0.487 1.43
0.34 +08 2
0.69
007 | 0.05
. . . .
P";‘:gl'c %‘})1‘ + + | *0.003 0501 %0.002 0.208 1.52
: 0.00 | 001
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+ *
Glycerol 0(')8017‘ + + | %0.006 0;}00 %0.011 0.243 1.43
: 016 | 0.14
oqgs 031 039
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3-
) 041 | 051
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Indole-3- 133 + 0.76 0.44
propanoic 0 25_ + + *0.013 | 0.063 *0.005 0.125 1.28
acid ’ 0.15 0.14
34.28 | 36.23 "
Glucose fifﬁ + + *0.014 0'601 *0.008 0.464 1.01
- 0.95 2.74
0.29 0.33 "
Heptanoic O(.)Z(;llt + + *0.016 0'303 *0.008 0.238 1.23
' 0.02 0.02
3- 9754 1173 17.06
hydroxybu (')97_ + + *0.020 0.467 *0.022 *0.014 1.27
tyric acid ' 3.25 1.50
10.06 9.66 "
Threonine 8(')223 61' + + | *0.026 0'601 %0.028 0.289 113
’ 0.56 0.55
74.75 | 81.25 "
Lactic acid fé‘ii + + *0.036 0'702 *0.027 0.420 1.06
- 2.12 6.33
o 352 | 3.34
Meth:’“‘“ 3(')617; + + | *0.038 | 0.183 @ *0.018 0.086 113
' 0.06 0.07

Table 4. Summary analysis of the serum metabolome at L6 photoperiod for
STD-VH, CAF-VH and CAF-GSPE groups (n = 8 animals per group). Relative
abundances (AU) of metabolites are presented by the mean * SEM. The p-
value adjustment for multiple comparisons was carried out according to the
Benjamin-Hochberg (BH) correction method with a false discovery rate
(FDR) of 5%, and a Post-hoc Dunn. The multivariate analysis is represented
by the variable importance in projection (VIP) value of PLS-DA. * Denotes p
< 0.05 (statistically significant) and ** p < 0.001 (statistically highly

significant).
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SUPPLEMENTARY MATERIAL

Supplementary Table 1. Nucleotide sequences of primers used for real-time
quantitative PCR

Forward primer

Reverse primer

Gene (5 to 3) (5’ to 3)
Acaca TGCAGGTATCCCCACTCTTC TTCTGATTCCCTTCCCTCCT
Bmall GTAGATCAGAGGGCGACGGCTA CTTGTCTGTAAAACTTGCCTGTGAC
Cd36 GTCCTGGCTGTGTTTGGA GCTCAAAGATGGCTCCATTG
Cryl TGGAAGGTATGCGTGTCCTC TCCAGGAGAACCTCCTCACG
Fatp5 CCTGCCAAGCTTCGTGCTAAT GCTCATGTGATAGGATGGCTGG
Goépd ACCAGGCATTCAAAACGCAT CAGTCTCAGGGAAGTGTGGT
Gk CTGTGAAAGCGTGTCCACTC GCCCTCCTCTGATTCGATGA
Nampt CTCTTCACAAGAGACTGCCG TTCATGGTCTTTCCCCCACG
Nridl ACAGCTGACACCACCCAGATC CATGGGCATAGGTGAAGATTTCT
Per2 CGGACCTGGCTTCAGTTCAT AGGATCCAAGAACGGCACAG
Ppara CGGCGTTGAAAACAAGGAGG TTGGGTTCCATGATGTCGCA
Ppia CCAAACACAAATGGTTCCCAGT ATTCCTGGACCCAAAACGCT
Rora CCCGATGTCTTCAAATCCTTAGG TCAGTCAGATGCATAGAACACAAACT
C
Sirtl TTGGCACCGATCCTCGAA ACAGAAACCCCAGCTCCA
Srebplc CCCACCCCCTTACACACC GCCTGCGGTCTTCATTGT
Scores (PCA)
(=2 L12-STD-VH
- L12-CAF-VH
L12-CAF-GSPE
o
5
- ©o -
N Ko =
I-I:J ]
= —
= T s16
| | | |
10 -5 0 5 10
R2X
0.501 t1(23%)

Supplementary figure 1. PCA score plot coloured according to groups at L12
photoperiod (serum metabolome).
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Supplementary figure 2. PLS-DA model of the L12 photoperiod (serum
metabolome). Top left: inertia barplot: the graphic here suggests that 2 components
may be sufficient to capture most of the inertia; Top right: significance diagnostic:
the R2Y and Q2Y of the model are compared with the corresponding values
obtained after random permutation of the y response; Bottom left: outlier
diagnostics; Bottom right: x-score plot: the number of components and the
cumulative R2X, R2Y and Q2Y are indicated below the plot.
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Supplementary figure 3. PCA score plot coloured according to groups at L18

photoperiod (serum metabolome).

287



UNIVERSITAT ROVIRA I VIRGILI
THE INFLUENCE OF BIOLOGICAL RHYTHMS ON THE BENEFICIAL EFFECTS OF GRAPE SEED PROANTHOCYANIDIN

EXTRACT (GSPE) ON LIVER METABOLISM IN HEALTH AND DISEASE

Romina MarielpBndnidWariel Rodriguez 111 Results: Manuscript 4
Model overview pR2Y = 0.01, pQ2 = 0.01
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Supplementary figure 4. PLS-DA model of the L18 photoperiod (serum
metabolome). Top left: inertia barplot: the graphic here suggests that 2 components
may be sulfficient to capture most of the inertia; Top right: significance diagnostic:
the R2Y and Q2Y of the model are compared with the corresponding values
obtained after random permutation of the y response; Bottom left: outlier
diagnostics; Bottom right: x-score plot: the number of components and the
cumulative R2X, R2Y and QZ2Y are indicated below the plot.

Scores (PCA)
L6-5TD-VH
L6-CAF-VH
L6-CAF-G
w -
9
= o
N g5 54
413
L s11 s19 sF4
sfl0
| | [ |
-10 -5 0 5 10
R2X
0.584 t1(19%)

Supplementary figure 5. PCA score plot coloured according to groups at L6
photoperiod (serum metabolome).
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Supplementary figure 6. PLS-DA model of the L6 photoperiod (serum
metabolome). Top left: inertia barplot: the graphic here suggests that 2 components
may be sufficient to capture most of the inertia; Top right: significance diagnostic:
the R2Y and Q2Y of the model are compared with the corresponding values
obtained after random permutation of the y response; Bottom left: outlier
diagnostics; Bottom right: x-score plot: the number of components and the
cumulative R2X, R2Y and QZ2Y are indicated below the plot.
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Supplementary figure 7. PCA score plot coloured according to groups at L12
photoperiod (liver metabolome).
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Supplementary figure 8. PLS-DA model of the L12 photoperiod (liver
metabolome). Top left: inertia barplot: the graphic here suggests that 3 components
may be sufficient to capture most of the inertia; Top right: significance diagnostic:
the R2Y and Q2Y of the model are compared with the corresponding values
obtained after random permutation of the y response; Bottom left: outlier
diagnostics; Bottom right: x-score plot: the number of components and the
cumulative R2X, R2Y and QZ2Y are indicated below the plot.
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Supplementary figure 9. PCA score plot coloured according to groups at L18
photoperiod (liver metabolome).
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Supplementary figure 10. PLS-DA model of the L18 photoperiod (liver
metabolome). Top left: inertia barplot: the graphic here suggests that 2 components
may be sufficient to capture most of the inertia; Top right: significance diagnostic:
the R2Y and Q2Y of the model are compared with the corresponding values
obtained after random permutation of the y response; Bottom left: outlier
diagnostics; Bottom right: x-score plot: the number of components and the
cumulative R2X, R2Y and QZ2Y are indicated below the plot.
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Supplementary figure 11. PCA score plot coloured according to groups at L6
photoperiod (liver metabolome).
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Supplementary figure 12. PLS-DA model of the L6 photoperiod (liver
metabolome). Top left: inertia barplot: the graphic here suggests that 2 components
may be sufficient to capture most of the inertia; Top right: significance diagnostic:
the R2Y and Q2Y of the model are compared with the corresponding values
obtained after random permutation of the y response; Bottom left: outlier
diagnostics; Bottom right: x-score plot: the number of components and the
cumulative R2X, R2Y and Q2Y are indicated below the plot.
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GENERAL DISCUSSION

Biological rhythms are universal phenomena present in almost all living
organisms, ranging from bacteria to humans. These biological rhythms
synchronize various behavioral, biochemical, and physiological processes
with changes in environmental factors thus allowing the organism to
effectively adapt, anticipate, and respond to external changes. Mainly
modulated by the light and dark cycle, the persistent daily oscillations of all
these functions are known as circadian rhythms [1-4]. Circadian rhythms
are therefore 24-h endogenous oscillations observed in virtually all aspects
of mammalian function from gene expression to complex physiological and
biological processes [5]. In this sense, circadian clocks optimize the timing
of metabolic processes such as glucose production and insulin secretion due
to coordination of behavior and physiology with daily environmental cycles.
Such circadian regulation of metabolism provides an adaptive advantage in
diverse organisms [6]. Previous studies have reported an association
between dysregulation of circadian rhythms and metabolic dysfunction as
both metabolites [7] and metabolic gene expression [8,9] broadly exhibit
circadian oscillations. In humans, circadian misalignments are associated
with metabolic disturbances including obesity, hyperlipidemia, diabetes,
and metabolic syndrome (MS) [10,11]. Moreover, metabolism and food
intake also feedback the circadian system in order to modulate its response.
A wide range of studies show that excessive fat and carbohydrate intake
induces a disruption of circadian regulation of metabolic pathways, playing
a crucial role in the development and progression of metabolic diseases
such as MS and its hepatic manifestation named non-alcoholic fatty liver
disease (NAFLD) [12]. In addition, dietary composition has a significant
impact on mitochondrial health, as nutrients provide the building blocks for
cellular energy production in the form of ATP, thereby affecting essential
cellular functions and processes [13]. As MS and its related metabolic

disorders are wide-spreading, there is increasing public interest in studying
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these metabolic abnormalities in an attempt to find strategies to fight
against their development and their detrimental consequences on
metabolism. In this regard, polyphenols, natural occurring compounds
found in plant-based food or drinks, have been identified as powerful agents
for the prevention and treatment of MS and NAFLD [14]. In particular, grape
seed proanthocyanidin extract (GSPE) has demonstrated its ability to
decrease body weight, blood pressure and blood glucose, improve insulin
resistance and ameliorate dyslipidemia in diet-induced obese rats [15-19].
Additionally, improvement of mitochondrial function on skeletal muscle
and brown adipose tissue has been observed after GSPE chronic
supplementation in obese rats [20,21]. Furthermore, GSPE has also been
able to modulate gene expression of peripheral clocks, including liver, gut
and adipose tissue, in lean and obese rats [22]. Moreover, Ribas-Latre and
collaborators observed a time-dependent effect of acute administration of
GSPE on the modulation of hepatic clock genes in healthy rats, exerting a
stronger effect when it was administered at the beginning of the dark period

(ZT12).

However, little is known about: (a) the influence of the light-dark cycle on
the effects of chronic GSPE consumption on the hepatic clock molecular
components, and (b) the effect of GSPE on liver mitochondrial function in
obesity and NAFLD. Therefore, our first objective was to assess the impact
of GSPE chronic administration timing on the hepatic circadian clock
and mitochondrial function in obese rats (Manuscript 1). For this
purpose, we chronically administered 25 mg/kg of GSPE to rats with
cafeteria-diet-induced obesity at two different times of the day: at the
beginning of the light period (ZT0), or at the beginning of the dark period
(ZT12). The results of our study validate the beneficial effects of GSPE
consumption on body weight gain but highlights the first time-of-day-
dependent effect of GSPE consumption as an important factor, because only
rats that were treated at ZT12 showed this body weight reduction effect. As

itis well described in literature, the intake of a high-fat diet can impair daily
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rhythms of the central clock in the SNC and in peripheral tissues such as the
liver [23,24]. In this sense, we observed not only a loss in Rora rhythmic
expression caused by CAF-diet but also phase shifts of several clock genes
including Bmall, Cry1, Per2, Nr1ld1, and the clock-controlled gene Nampt.
When analyzing GSPE effects over these clock liver disruptions, we
observed that GSPE was able to restore the CAF-diet disturbances on the
hepatic clock rhythms showing better results in the night treatment (ZT12).
In this regard, GSPE is capable of restoring hepatic circadian misalignment
of Bmall, Cryl, Per2 at ZT12, and of Rora at both ZT0 and ZT12. These
results are in agreement with those observed by Ribas-Latre in the GSPE
acute treatment in healthy rats [25], and also demonstrate the effect of

timing of administration on the modulation of liver clock genes by GSPE.

Several studies have demonstrated the interplay between hepatic circadian
clock and mitochondrial function. In this sense, Kim and collaborators
observed that liver-specific ablation of Rora, a promoter of Bmall
expression, induces altered mitochondrial function, thereby exacerbating
NAFLD in high-fat diet feeding mice. Moreover, liver specific Bmall
knockout mice exhibit abnormal mitochondrial morphology which
increases oxidative damage and impairs hepatic metabolic flexibility [26].
In addition, it was observed a decrease in the expression of genes related to
the mitochondrial respiratory chain, together with a downregulation of
Mfn1 and Opal fusion genes in mice with heart-specific deletion of Bmall.
All these results suggest that Bmall is the main clock component involved
in the circadian control of mitochondrial dynamics and respiration. In line
with these results, we observed an impaired expression of genes involved
in mitochondrial dynamics, a significant decrease of the mitochondrial
respiratory activity at both ZTO and ZT12 treatments in CAF-fed rats, which
exhibit disrupted hepatic Bmall rhythm. As it was mentioned, GSPE could
only restore Bmall disruption when it was administered at ZT12, and this
action was accompanied by an increase in the expression of mitochondrial

fusion genes and a decrease of mitochondrial fission genes expression in

297



UNIVERSITAT ROVIRA I VIRGILI
THE INFLUENCE OF BIOLOGICAL RHYTHMS ON THE BENEFICIAL EFFECTS OF GRAPE SEED PROANTHOCYANIDIN
EXTRACT (GSPE) ON LIVER METABOLISM IN HEALTH AND DISEASE
Romina Mariel Rodriguez
Romina Mariel Rodriguez IV. General Discussion

ZT12-GSPE animals. In addition, GSPE was also able to counteract CAF-diet
disturbances in the activity of mitochondrial complexes that form part of the
respiratory chain not only at ZT12, but also at ZT0 treatment. We obtained
similar results regarding the influence of GSPE on TCA cycle metabolites. In
each time of sacrifice we observed a depletion of some of these metabolites
due to CAF-diet intake. This could mean that because of the ATP-rich
environment, TCA metabolites are being redirected to anabolic pathways,
e.g., lipid synthesis. When treated with GSPE, we observed higher
concentrations of these metabolites mainly in ZT0-GSPE-treated rats. This
could be related to the major restoration of the respiratory complexes
induced by GSPE at ZT0, as they are closely linked to TCA cycle metabolites.
In this sense, the by-products of the TCA cycle feed the complexes of the
electron transport chain and, likewise, the oxidation of these by-products in
the complexes is required for the proper functioning of the TCA cycle [27].
Hence, we demonstrated that a chronic consumption of GSPE could alleviate
the effect of the CAF diet over mitochondrial function. In summary, rats that
were treated at ZT12 exhibit not only improvements in the rhythmicity of
clock genes in the liver that were disrupted by the CAF diet, but also an
amelioration of mitochondrial dynamics with a balance between fusion and
fission processes, an improvement of respiratory complex II activity, and a
reduction in body weight. In consequence, we could suggest that there is a
time-dependent effect of GSPE consumption; however, little is known about
the influence of the light-dark cycle on the molecular effects of GSPE on liver

metabolism.

Therefore, once we had demonstrated that the restoration of the liver clock
by GSPE consumption was time-dependent, it was essential to study
whether this clock-enhancing effect was also reflected in changes in the
rhythms of lipid and glucose metabolism. In this regard our second objective
was to evaluate the impact of GSPE chronic administration timing on
the lipid and carbohydrate metabolism in obese rats (Manuscript 2).

The role of circadian control on liver metabolic pathways have been
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demonstrated in experiments using transgenic animal models [28]. Liver-
specific Rora knockout animals fed a HFD diet exhibit an upregulation of
SREBP-1c lipogenic gene expression under feeding conditions [29].
Moreover, mice with liver-specific deletion of Bmall display impaired
glucose homeostasis with a loss of rhythmic expression of hepatic glucose
regulatory genes such as GLUT2 [30], and hyperlipidemia with an increase
accumulation of triglyceride and cholesterol in the liver [31]. In this sense,
we observed an impaired or lost rhythmicity of key metabolic genes
involved in fatty acid and carbohydrate metabolism in CAF-diet-induced
obese rats. Furthermore, GSPE improved this diet-induced effect by the
reestablishment of the rhythmic expression of the glucogenic and lipogenic
genes at both ZT0 and ZT12 treatments. This last effect seems reasonable
since GPSE was able to restore Rora rhythmic expression independently of
the time of administration, and also the expression of Bmall at ZT12,
consequently improving the rhythm oscillations of genes related with
glucose and lipid metabolism including SREBP-1c, Acaca, Fasn, Cd36,
GLUTZ, and G6pd [32]. When analyzing the lipid liver profile, we discovered
that the diurnal oscillations in liver mass, which has been previously
reported by Sinture et al. in mice [33], were altered or lost by the CAF-diet
intake. Since the liver plays a key role in metabolism and xenobiotic
detoxification, the accuracy of its mass oscillation is critical. In this sense,
GSPE successfully recovered these hepatic mass diurnal oscillations at both
ZTO and ZT12 treatment. However, we observed a decreased hepatic
triglyceride accumulation in rats subjected to ZT12-GSPE chronic
consumption but not in ZT0-GSPE treated rats. In addition, we found a
reduction of lipid droplets formation in the liver of rats treated with GSPE
at ZT12 while this effect was not observed at ZT0 treatment. As discussed,
liver function is under intricate temporal control by the hepatic circadian
clock. Therefore, appropriate oscillations of metabolites involved in the
liver's metabolic pathways are necessary for the precise functioning of
whole-body metabolism. In this regard, we observed that CAF-diet impaired

not only the rhythmic oscillations but also the concentrations of metabolites

299



UNIVERSITAT ROVIRA I VIRGILI
THE INFLUENCE OF BIOLOGICAL RHYTHMS ON THE BENEFICIAL EFFECTS OF GRAPE SEED PROANTHOCYANIDIN
EXTRACT (GSPE) ON LIVER METABOLISM IN HEALTH AND DISEASE
Romina Mariel Rodriguez
Romina Mariel Rodriguez IV. General Discussion

related to the urea cycle, whereas treatment with GSPE restored the diurnal
oscillation of urea at ZTO and of aspartic acid, an intermediate in the urea
cycle, at ZT12. Urea and TCA cycle are intimately related as intermediates
generated by TCA cycle can directly or indirectly affect the urea pathway
[34]. Moreover, disturbances in urea cycle metabolites have been shown to
act as a sensor of liver mitochondrial dysfunction [35]. Therefore, our
results are in concordance with the exposed previous evidence, as we
observed an improvement in mitochondrial function (manuscript 1),
together with a boost of TCA and urea cycle metabolites in CAF-fed rats
treated with GSPE, at both ZT0O and ZT12 treatments. Interestingly, Zhuo
and co-workers observed that chronic consumption of green tea
polyphenols improve energy conversion by enhancing the mitochondrial
TCA cycle and the urea cycle of the gut microbiota in rats [36]. Furthermore,
the rhythmicity of metabolites that are known to promote the TCA cycle,
such as glycine and its precursor threonine, were disrupted in CAF diet-
induced obese animals and partially recovered with chronic GSPE
consumption at ZT0, albeit with a phase delay compared to the lean control.
It is, however, the treatment at ZT12 that most effectively restored the
metabolites’ rhythms in CAF diet rats. In this regard, diurnal oscillations of
glycerol, of 2-hydroxyButyric acid, aspartic acid, and xanthosine were
totally restored with no differences in phase or amplitude compared to the
lean control group. These metabolites are related to energy homeostasis
and production of reactive oxygen species (ROS) in the liver, which could
trigger lipid accumulation promoting hepatic steatosis. Thus, GSPE
influences the gluconeogenic and lipogenic pathways in the liver by
restoring proper oscillations of these metabolites on ZT12 treatment. These
results also corroborate the antioxidant properties of GSPE in the liver and

other tissues, protecting against oxidative damage [37-40].

Ribas-Latre and collaborators demonstrated that an acute treatment of
GSPE in healthy rats modulated the expression pattern of hepatic clock

genes and clock-controlled genes, such as Nampt, when administered at
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ZT12 but not at ZT0. Additionally, they observed a significant increase in
NAD levels with the acute GSPE administration only at ZT12. In line with
these results, we observed a decrease in the levels of NAD in the CAF-diet-
induced obesity animals compared to the control lean group, whereas this
reduction was not observed in rats that chronically consumed GSPE at ZT12.
Thus, besides Bmall; Nampt and NAD emerge as molecular targets of GSPE
in the liver due to their role in metabolism [41,42]. It is interesting to
consider NAD levels being modulated by GSPE to explain some of its
metabolic effects. In this sense, the enhancement of the hepatic NAD
metabolism is associated with improved protection against triglycerides
accumulation in the liver [43] which corroborates the histological and lipid
profile results, as we observed lower levels of triglycerides and a decrease

in lipid droplets formation in ZT12-GSPE treated rats.

Altogether, our results clearly show that the ability of GSPE to entrain
diurnal rhythms of the core clock and clock-controlled genes in the liver of
obese rats depends on the time of administration (Manuscript 1). By
influencing the liver clock molecular machinery, GSPE is able to modulate
the rhythmic expression of lipid and glucose related metabolic genes and
metabolites that play a critical role in the maintenance of fat and energy
homeostasis and the hepatic function (Manuscript 2). Furthermore, GSPE is
also capable of improving mitochondrial function by regulating expression
of genes involved in mitochondrial dynamics and recovering mitochondrial
respiratory activity (Manuscript 1). All these beneficial effects of GSPE
against obesity and NAFLD (lowering body weight and reducing lipid
accumulation in the liver) are most effective when GSPE is consumed at the
beginning of the dark phase (ZT12), which corresponds to the beginning of

the active phase in rats, as they are nocturnal animals.

In order to assess the total polyphenol content of the GSPE extract used in
the animal experiment, it was essential to perform its phenolic
characterization by HPLC-ESI-MS/MS. The results of this technique showed

that (+)-catechin and (-)-epicatechin were among the most predominant
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phenolic compounds contained in the GSPE extract. Therefore, our third
objective was to determine the role of (+)-catechin and (-)-epicatechin
in the clock-synchronizing and metabolic-enhancing effects of GSPE in
NAFLD. We addressed this goal by using an in vitro model consisting of a
hepatocyte derived AML12 cell line that has been stably transfected by a
luciferase gene which is transcriptionally driven by the Bmall promoter. By
measuring luminescence rhythms mediated by Bmall 5’ untranslated
region with a special equipment (LumiCycle incubator), we were able to
study the influence of these two phenolic compounds on the liver circadian
clock in an obesogenic environment (by using palmitic acid). After co-
culturing the cells with palmitate and (+)-catechin or (-)-epicatechin (10 or
100 uM) and not observing any significant impact on the circadian
expression of Bmall-luc, which could be related to the limitations of an in
vitro study, we decided to pre-treat the cells with the phenolic compounds
before exposing them to palmitate. Results from this work showed a
decrease in Bmall-luc amplitude caused by palmitate treatment.
Surprisingly, only cells that were pre-treated with (+)-catechin showed a
restoration of amplitude, with an improvement from the decreasing
amplitude produced by palmitate treatment. Moreover, (+)-catechin pre-
treatment also corrected the phase delay and the increasing of the period
observed in the palmitate-treated cells. To further determine the effects of
these phenolic compounds on liver metabolism, we analyzed the expression
of glucose and lipid related metabolic genes of AML12 Bmall::Luc
hepatocyte-derived cells. In the same line as the bioluminescence assay, we
observed that only (+)-catechin treatment was able to mitigate the effects of
palmitate over the expression of Gk, Gys2, G6pc and Acaca, key enzymes in
gluconeogenesis and lipogenesis pathways, whereas an ameliorative effect

of (-)-epicatechin was only observed in G6pc expression.

There are several in vitro studies demonstrating the antioxidant and anti-
inflammatory properties of (+)-catechin treatment, as it is capable of

inducing changes in major enzymes that participates in oxidative stress, and
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also of influencing gene expression of Nrf2 and NF-kB inflammatory
pathways thereby exerting hepatoprotective effects against liver damages
[44-46]. Moreover, (+)-catechin has also been shown to exert anti-obesity
properties in 3T3-L1 adipocytes, as it strongly inhibited differentiation of
3T3-L1 preadipocytes via regulating the C/EBPs/PPARy/SREBP1C
pathway. In addition, (+) catechin was shown to promote the lipid
decomposition of mature adipocytes by regulating the cAMP/PKA
pathways, demonstrating anti-adipogenesis effects [47]. Thus, it is possible
to suggest that the effect of GSPE in rescuing the hepatic clock rhythmicity
disturbances caused by an obesogenic diet, can be attributed to (+)-catechin
molecular impact on Bmall driven circadian expression, thereby controlling

the transcription of genes involved in crucial metabolic pathways.

As the Earth rotates on its axis, which in turn causes day and night, it also
orbits the sun. It takes about 365 days for the Earth to make one complete
circle around the sun, generating the seasons. In order to cope with
predictable seasonal changes in their environments, almost all living
organisms have genetically evolved by acquiring timing adaptation
mechanisms. These mechanisms control the seasonal cycles in physiology
and behavior, optimizing survival and reproduction, and are known as
circannual rhythms [48]. In this regard, our fourth objective was to
determine the impact of seasonal variations in day length on the
effects of GSPE consumption over the hepatic clock and the lipid and
carbohydrate metabolism of healthy rats (Manuscript 3). To achieve this
goal, STD diet fed-rats were chronically exposed during 9 weeks to three
different photoperiods to mimic the day length of different seasons:
standard photoperiod (L12, 12 h light/12 h darkness), long photoperiod
(L18, 18 h light/6 h darkness), and short photoperiod (L6, 6 h light/18 h
darkness), and were treated either with GSPE or VH during the last 4 weeks.

Several studies have shown that exposure to different day length schedules
has an impact on the physiology, on body weight gain as rats exposed to

short photoperiod increased their body mass compared to the standard
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behavior, and reproduction of animals [49-51]. In this regard, we observed
a clear photoperiod effect photoperiod group, independently of the
treatment, which could be related to a short sleep duration due to
photoperiod exposure in L6 animals, as sleep deprivation has been linked

to increasing risk of weight gain [52].

In addition, our results showed a season-dependent modulation of GSPE on
lipid and glucose metabolism in healthy rats, as the effect of GSPE on the
expression of liver clock genes and genes involved in crucial metabolic
pathways, hepatic triglycerides levels, serum parameters, as well as on
hormone and hepatic metabolites levels, were strongly influenced by the
exposure to different photoperiods. In this sense, we observed a
downregulation in the expression of Acaca in L18-GSPE rats, which was not
observed in L6-GSPE animals. This could be linked to the increase in
corticosterone levels in L6-GSPE rats as it has been demonstrated that
glucocorticoids increase fat accumulation and glucose production in the
liver [53,54]. In line with this result, GSPE-treated rats exposed to L6
photoperiod exhibited higher hepatic triglycerides levels compared to its
L12 and L18 counterparts and showed a decrease in Sirtl expression
compared to its control. In this regard, according to another study, hepatic
lipid concentrations negatively correlated with Sirt1 transcript levels in
animals supplemented with GSPE [43]. Interestingly, another result where
the season-dependent differential effect of GSPE was evidenced involved
cholesterol and LDL levels. Thus, GSPE was not able to reduce the serum
cholesterol levels in rats exposed to the short photoperiod, whereas
anticholesterolemic activity was evident in rats exposed to the long
photoperiod reducing LDL cholesterol levels. Furthermore, L18-GSPE rats
showed reduced Gk gene expression, consistent with the downregulation of
genes involved in lipogenesis, as it was demonstrated that Gk expression is
needed for the expression of lipogenic genes [55]. Moreover, we observed a
decreased expression of ER stress genes in L18-GSPE animals, while the

opposite effect was found in L6-GSPE rats, evidencing the role of ER stress
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activation in lipid metabolism as it was reported to induce hepatic
triglyceride accumulation in mice through activation of SREBP-1c [56]. In
addition, concentrations of glucose-related metabolites, including glucose-
6-phosphate, fructose-6-phosphate, D-glucose, and D-ribose, might suggest
that GSPE is enhancing glycolytic metabolic pathways in animals exposed to

the long photoperiod (L18).

Ribas-Latre and collaborators showed that GSPE can modulate melatonin
levels in plasma [57]. In this sense, our results showed an increase in
melatonin levels only in animals treated with GSPE in L18 compared to its
control. This increase of melatonin levels in these rats (L18-GSPE) could
also be responsible for the more favorable metabolic landscape in L18-GSPE
compared to L6-GSPE animals; which is in agreement with many studies
that have shown the protective and ameliorative role of melatonin on liver

damage [58-62].

As it has been previously exposed, the molecular clock machinery plays a
key role in the regulation of hepatic metabolism. We observed an
improvement of Cryl and Nrldl gene expression in L18-GSPE rats
compared to its control, which could be linked to the downregulation in the
expression of lipogenic genes in these rats, thereby regulating metabolic
homeostasis. However, our study was limited by the fact that we could only
measure the expression of clock genes at one time point (ZT1). Therefore,
to confirm this hypothesis, a 24-hour analysis at several different daily time
points would be necessary. Thus, under physiological conditions, it seems
that the GSPE effect, although not limited to any specific photoperiod, is
particularly relevant under L18 conditions. Based on the results, we
demonstrate that the season of the year in which GSPE is consumed could
likely modify its ability to modulate hepatic lipid and glucose metabolism,

and consequently, its capacity to restore metabolic disorders.

Once we demonstrated that photoperiod could influence the molecular

effects of GSPE on liver metabolism, our last objective was to determine
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how an obesogenic diet intake affects GSPE metabolic responses to
seasonal variations. To achieve this, rats were chronically exposed to three
different photoperiods (L12, L18 and L6), were fed with CAF diet and were
treated either with GSPE or VH. The results demonstrate significant
alterations on biochemical and liver lipid profile, on hepatic clock and
metabolic genes expression and on levels of serum and liver metabolites
due to CAF-diet intake, which vary according to the photoperiod, thus
influencing the beneficial effects of GSPE consumption against obesity and

fatty liver.

In this sense, we observed profound changes in serum parameters of CAF-
fed animals subjected to L12 photoperiod, with increased glucose, total
cholesterol, and triglycerides levels, that were improved by the chronic
administration of GSPE. Furthermore, procyanidins also decreased body
weight gain in these animals. These results agree with previous studies
showing an improvement in serum biochemical parameters and reduction
of body weight gain by GSPE treatment in obese rats under standard 12 h
light/12 h dark cycle [63-66]. In addition, we observed higher lipid
accumulation in the liver of CAF-fed rats exposed to L18 and L6 compared
to L12 photoperiod, which demonstrates the influence of photoperiod in the
hepatic lipid levels of obese rats. Interestingly, similar results were
observed in L6 normal-weight rats (Manuscript 3), as well as in HFD-fed rats

[67].

The effects of chronic GSPE administration in the mRNA expression levels
of clock/clock-controlled genes in the liver as well as of hepatic metabolic
genes seems to be photoperiod-responsive in obese rats, which is consistent
with what has been previously observed in STD diet-fed rats (Manuscript
3). It has been reported that GSPE is able to modulate hepatic Nampt gene
expression, thus regulating intracellular NAD+ levels [25] and Sirt1 gene
expression [43]. Remarkably, this GSPE effect was only observed under L12
conditions, playing an important role in the improvements seen in the levels

of serum triglycerides and total cholesterol. Additionally, Cd36 and Fatp5
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expression levels, which are thought to protect liver cells from metabolic
stress and lipid overload [68,69], were both significantly elevated only in

L12-CAF-GSPE rats.

A strong interaction between photoperiod and CAF-diet was observed in the
expressions of Bmall, Per2 and Nr1d1 genes. In this sense, Bmall was found
downregulated in L6-CAF-VH animals but upregulated in L18-CAF-VH rats
compared to their respective lean controls. CAF-diet also increased the
levels of Per2 and Nr1d1, but only in animals exposed to short photoperiod.
Alterations in the circadian clock machinery have been shown to be
associated with the development and worsening of metabolic diseases [70].
Interestingly, it has been shown that Nridl serves as a link between
circadian system and metabolism, as it is involved in lipid and bile acid
homeostasis [71]. In this regard, GSPE treatment was able to decrease
expression of this gene in L6-CAF-GSPE animals, thus improving lipid
metabolism, which was reflected by the decrease in serum triglyceride
levels in these animals. The upregulation of Bmall expression found in CAF-
VH animals under L18 conditions was not observed in L18 animals treated
with GSPE compared to the lean control group. Since Bmall is involved in
de novo lipid synthesis in the liver [72], these results correlate with the
downregulation of expression levels of lipogenic genes such as SREBP-1c
and its direct target Acaca, which mediate the rate-limiting step of fatty acid

synthesis, in L18-CAF-VH compared to its healthy control.

The influence of photoperiod and CAF-diet was also evidenced in the
concentrations of serum metabolites. Altered levels of some of these
metabolites due to CAF-diet intake were found to vary photoperiodically,
thus influencing the restorative effects of GSPE in a photoperiod-dependent
manner. In L12 condition, GSPE reduced the increase of serum proline, 4-
hydroxyproline and 3-Phosphoglyceric acid, metabolites involved in key
metabolic pathways such as gluconeogenesis, glycine, serine and threonine
metabolism, protein synthesis and structure and antioxidative reactions

[73-77]. In L18 photoperiod, GSPE was able to restore the levels of
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branched-chain amino acids (BCAAs) leucine, isoleucine, and valine as well
as of methionine, all essential amino acid that play a critical role in the
regulation of energy homeostasis, lipid metabolism, oxidative stress, gut
health, immunity, and metabolic diseases [78,79]. On the other hand, in L6
photoperiod, GSPE increased the levels of metabolites reported to exert
anti-obesity effects, such as oxalic acid, which inhibited lipase activity in
vitro [80], and 2-hydroxybutyric acid, which reduced serum triglyceride
levels in HFD rats [81]. This fact is consistent with the results observed in
serum levels of L6-CAF-GSPE rats. Furthermore, GSPE treatment was
effective in decreasing serum d-fructose levels, restoring them to values

comparable to those of healthy controls.

Remarkably, the results of liver metabolome showed two common
discriminative metabolites in L12 and L.18 CAF-GSPE animals compared to
their respective CAF-VH counterparts. On the one hand, concentration of
citric acid, a critical metabolite for TCA cycle, was found to increase in
animals treated with GSPE. On the other hand, hepatic adenine was
decreased in these animals suggesting a possible alteration in mitochondrial
function due to CAF-diet intake [82]. In L6 CAF-GSPE animals, a decrease in
the hepatic metabolite glucose 6-phosphate was observed compared to
CAF-VH rats, which was consistent with the results of significant higher
blood glucose levels in the CAF-VH group compared to the STD-VH group,
that was not observed in CAF-GSPE animals. Additionally, increased hepatic
levels of glycerol and d-xylitol were observed in L6-CAF-GSPE animals.
Interestingly, these metabolites are involved in important metabolic
pathways and their supplementation has been shown to mitigate the
detrimental effects of obesity and fatty liver [83,84]. Therefore, based on
the distinct photoperiod-dependent effects of GSPE consumption, it could
be suggested that seasonal changes in day length and obesity-induced
metabolic deficiencies could be driving these effects. Hence, it appears that
the beneficial effects of GSPE on MS and obesity are most effective under a

12 hlight-12 h dark cycle.
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Overall, the results obtained demonstrate that the effects of GSPE
consumption on liver metabolism are strongly influenced by diurnal and
seasonal rhythms and suggest that biological rhythms should be taken into
consideration when studying the therapeutic actions of bioactive

compounds in MS-associated diseases.
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CONCLUSIONS

The main conclusions of the present thesis are:

1- An obesogenic diet intake leads to hepatic circadian disturbances
affecting rhythmic expressions of liver clock and clock-controlled genes in

rats.

2- Chronic consumption of 25 mg/kg of GSPE can restore these circadian
liver clock disruptions, and this effect is dependent on the timing of
administration. This beneficial effect is especially relevant when GSPE is

administered at the beginning of the active phase.

2- Chronic consumption of 25 mg/kg of GSPE improves mitochondrial
function, by regulating mitochondrial dynamics and increasing the activity
of mitochondrial respiratory complexes and levels of TCA cycle metabolites

in diet-induced obese rats.

3- The intake of a high-palatable CAF diet impairs hepatic rhythmic
expressions of key metabolic genes involved in lipid and glucose
metabolism, as well as alters metabolites ‘concentrations and rhythmic

oscillations in the liver of rats.

4- Chronic administration of 25 mg GSPE/kg modulates and partially
restores diurnal oscillations of metabolic genes and metabolites, as well as

metabolites concentrations, in a time-of-day-dependent manner.

5- Chronic consumption a dietary dose of GSPE is able to restore the
disruption of diurnal oscillation of liver mass caused by the CAF diet intake

in rats.

6- GSPE chronic administration at the beginning of the dark phase (ZT12)
reduces hepatic triglyceride accumulation and lipid droplets formation

ameliorating CAF-induced NAFLD in rats.
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7- The improvement in the lipid liver profile obtained only when GSPE is
administered at ZT12, might be related to the increase of hepatic NAD+
levels, owing to the fact that NAD+ operates as a link between circadian
clocks and liver metabolic function through Nampt, Sirtl and PCGla

expression.

8- (+)-Catechin restores Bmall circadian expression and improves glucose
and lipid related metabolic genes expressions in mouse hepatocyte cell line
(AML12) exposed to palmitate treatment (in vitro NALFLD model). Thus, it
emerges as one of the main GSPE compounds involved in its hepatic clock

and metabolic regulation,

9- The exposure to different photoperiods, representing the season's
variations on day length, modulates GSPE effect on the hepatic glucose and

lipid metabolism in healthy rats.

10- Chronic consumption of GSPE improves metabolic fitness of rats
exposed to long photoperiod (L18) by acting on: (a) hepatic clock genes; (b)
liver metabolic and ER stress genes; and (c) increasing plasmatic melatonin

levels.

11- The effects observed for chronic GSPE consumption at L18 are not
observed in rats subjected to a short photoperiod (L6) and treated with
GSPE, demonstrating a clear season-dependent influence on the GSPE action

on metabolism.

12- The beneficial effects of GSPE chronic consumption against MS-

associated disorders vary due to photoperiod exposure.

13- Although GSPE was found to ameliorate some metabolic disturbances
caused by the intake of an obesogenic diet in the three different
photoperiods, its efficacy was greater in the standard 12 h light-12 h dark
condition, indicating that seasonal variations in day length may influence its

metabolic effects against MS and obesity.
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Romina Mariel Rodriguez V. Conclusions

Based on the results obtained in this thesis, it is suggested that the
beneficial effects of GSPE dietary intake against MS-associated
disorders, such as obesity, dyslipidaemia and NAFLD, are influenced
not only by the time-of-day but also by the time-of-season
consumption. Greater benefits are observed when it is consumed at

the beginning of the active phase in a 12 h daylight condition.
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Biological rhythms are internal timing mechanisms that allow organisms to adapt and anticipate

cyclical changes in the environment caused by the rotation of the earth around its axis (circadian
rhythms) and around the sun (circannual rhythms). Disruption of these mechanisms have been
associated with impairment of metabolic homeostasis. Nowadays, excessive consumption of
high-calorie foods has not only been shown to promote metabolic dysfunction, but also to cause
circadian disturbances leading to Metabolic syndrome (MS) and non-alcoholic fatty liver disease
(NAFLD). Proanthocyanidins, including grape seed proanthocyanidin extract (GSPE), are secondary
plant metabolites that are considered beneficial in treating metabolic diseases. It has been reported
that GSPE is able to modulate the circadian clock machinery, thus influencing the internal
rhythmicity of metabolic processes. Therefore, the main aim of the present thesis was to evaluate
if diurnal rhythms (day/night) and seasonal rhythms (photoperiods) can influence the beneficial
effects of GSPE consumption on liver metabolism. To fulfill this objective, we carried out animal
experiments and analyzed lipid and glucose-related parameters in blood and liver in relationship
with the liver clock function. Firstly, we assessed the alteration of the hepatic metabolic rhythms
caused by an obesogenic diet intake and demonstrated that the restorative effect of GSPE depends
on the timing of administration. Most of its beneficial effects were found when GSPE was
administered at the onset of the dark phase, the beginning of the active phase in rats. Secondly,
we determined the photoperiod-dependent response of GSPE effects over serum hormones and
liver metabolism under physiological conditions. Finally, we evidenced the strong influence of
day length on the beneficial effects of GSPE consumption to treat MS and NAFLD. These findings
highlight the importance of considering biological rhythms when studying the therapeutic actions

of proanthocyanidins in MS-associated diseases in order to maximize their benefits.
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