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PRESENTATION







The importance of the circadian rhythm in regulating human food intake
behavior and metabolism has long been recognised, the past 2 decades have had a
wide increase in understanding how the generation and organization of circadian
rhythms control fundamental physiological functions in the organism. However changes
disturbing these rhythms can profoundly influence human health and placing additional
stress on our bodies that ultimately affects our diet and our health. Due to the known
connection to metabolism, metabolic disorders such as obesity and diabetes are linked
to the circadian clock. The role of nutrition on our circadian clocks is emerging; diet
plays an important role in this field and has also been proposed as a powerful re-
entrainment mechanism to circadian alteration as well. Despite the amount of
translational work required, there are already encouraging signs that the application of
basic models of circadian biology can have a major effect on human obesity.

Identifying nutritional strategies to alleviate the obesity pandemic are of great interest.
TJAn important area of future interest for the field, regarding functional nutrients, we
focused such is the case of taurine essential role in the body, supplementing with
taurine can provide numerous health benefits. Is clearly important in view of effective
preventive measures for public and individual patient treatment strategies. We need to
focus in this type of compounds as an applicable tool for humans and as an important
factor included in diet or as supplements to current approaches, representing part of

the interface linking different nutrients with the circadian clock and metabolic diseases.
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Introduction

1.1 Physiology of circadian rhythms and the biological clock.

Circadian rhythms were first discovered in plants nearly three centuries ago, and since
then have been observed in nearly all kingdoms of life. ! Biological rhythms exists in
almost all organisms extending from bacteria, plants, to evolved mammals and are
sustained by an endogenous clock that optimally generates circadian rhythms of
almost 24-h. Circadian means (from the Latin “circa diem” meaning about a day) and it
refers to a cycle of approximate 24h. The daily rotation of the earth leads to different
changes in the planet, and those include the movement from day and night. For
mammals this has evolved to adjust the organism according to the light and dark
cycles®. Circadian rhythms have two main properties; they are entrained normally to the
solar cycle and can maintain its endogenous properties in the absence of external
signal. After exclusion of all environmental time cues, for example, under constant
darkness, circadian rhythmicity persists but with a free-running rhythm slightly deviating
from 24 hours with a period close to 25h showing that the existence of a biological
clock makes a rhythm viable even in the absence of environmental cycles °.

Such endogenous rhythms are driven by a group of genes called clock genes that
conform the circadian system *. This system ensures homeostasis in an extended
range of behavioural and physiological processes that take place at the right time of the
day. In mammals many physiological processes like sleep-wake cycles, locomotor
activity, body temperature, hormone secretion, blood pressure, heart rate and
metabolism are under control of circadian clocks, this ability to sustain an internal time
keeping mechanism in order to optimize energy utilization, health, longevity and
survival of the organism has been a target of research from more than three decades
that have supplied new advantage and knowledge about how the biological clock

affects directly human physiology °°.
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Introduction

1.1.1 The molecular clock machinery

In mammals circadian clocks genes exists throughout the body, in individual cells and
tissues, and are regulated by a molecular feedback loop formed by a positive and
negative arm that is highly conserved between species. The core clock is composed by
the transcription factors clock circadian locomotor output cycles kaput (CLOCK) and

brain and muscle Arnt-like protein-1 (BMAL1), that bind to E-box sequences in their

7 8

target gene promoters, Period (Per) ° and Cryptochrome (Cry) ° inducing their
expression. Once in the cytoplasm PER and CRY proteins, form a complex and
translocates into the nucleus to inhibit the transcription of Clock and Bmal1 repressing
their own gene expression. The autoregulatory transcription—translation loop composed
by CLOCK:BMAL1 and PER:CRY generates rhythms of gene expression of
approximately 24-h °. In addition, the cyclic activation of Clock /Bmal1 modulates the
circadian expression of the nuclear receptor reverse erythroblastosis virus a (REV-ERB
a). Bmal1 expression is inhibited by the transcription factor Rev-erb a and activated by
retinoic acid receptor-related orphan receptor a (ROR a) (Figure 1).

This transcriptional feedback loop is regulated by complex mechanisms as
posttranslational modification of circadian proteins such as phosphorylation that affect
stabilization, degradation, and subcellular localization of clock proteins. These

mechanisms are essential for clock protein turnover and for entrainment and

synchronization with the environment *°.
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Figure 1. Feedback loop in the core circadian clock.

The positive arm, Clock and Bmal1, drives the transcriptional expression of the negative
arm, Per and Cry. PERS and CRYs undergo nuclear translocation and inhibit Clock:Bmal1,
resulting in decreased transcription of their own genes. Clock:Bmal1 heterodimer also
induces the transcription of Rev-erb and Ror. Diverse clock controlled genes (CCGs)
involved in metabolic rhythms throughout the organism are regulated by the circadian
clock. (Adapted from Vieira et al Trends Mol Med 2014).

1.1.2 The master clock

Molecular circadian clock genes are present in most mammalian cell types. The master
clock is located in the suprachiasmatic nucleus (SCN) of the brain anterior
hypothalamus. The SCN clock functions as the pacemaker, composed of around
20.000 neurons that integrate multiple single-cell oscillators to generate circadian
rhythms in behavior and physiology ''. SCN lesion and transplantation experiments
have demonstrated that SCN is both necessary and sufficient for sustained circadian
rhythms under most experimental conditions. The first role was showed by lesion
studies in the SCN of rodents in which circadian rhythms of locomotor activity and food

consumption were abolished. Transplantation of SCN grafts into SCN lesioned animals
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recovers circadian rhythmicity, and feeding behavior by the SCN donor ', Several
studies indicate that failure in the SCN alters systemic energy homeostasis. For
instance animals with specific SCN injury display insulin resistance, increase in body
weight, and alter daily rhythm of activity and food intake ™. Additionally, the SCN is
responsible for a 24-h rhythm in plasma glucose concentrations showing a direct
control of glucose production and uptake, resulting from cross-talk of the SCN and
paraventricular nucleus (PVN) '°. The SCN tissue slices maintained in vitro are also
capable of maintaining self-sustained oscillations in vitro for several weeks displaying

circadian rhythms of neural activity that persist for several days "®"".

In this way, the
circadian system ensures that organisms can synchronize with changes in the
environment, matching internal physiology with external cycles. Several stimuli are
capable of entraining the circadian system. Among different time cues that phase shift
circadian clocks called zeitgebers from the german Zeit (time) and geber (giver), which
are environmental signals such as light, food, temperature, exercise, and drugs. Light
is the major environmental stimulus responsible for the entrainment of the SCN to daily
changes. This input is perceived by a particular type of retinal ganglion cell containing
the photopigment melanopsin, responding intrinsically to photic stimulation, then
transmitted to the SCN through the retinohypothalamic tract (RHT) . The SCN
signalling is passed on via neural projections to different hypothalamic areas which

| % then progressive signals are sent to peripheral

express daily oscillations as wel
clocks via neuroendocrine and autonomic nervous system 22!, The central clock has
anatomic connections with several regions of the central nervous system (CNS)
involved in the control of appetite, energy expenditure and behavioral activity. From the
PVN where the SCN directly target and is one of the major place which projects the

information from the SCN to the rest of the body. The PVN is the hypothalamic center

for autonomic control, which includes neural connections release of neuropeptides and
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SCN driven rhythmic hormone regulation %22,

1.1.3 Peripheral clocks

It has been demonstrated that not only the SCN but also most tissues are able to
sustain rhythms of circadian gene expression. While the master clock in the SCN is
mainly synchronized by light, food is an important synchronizer to peripheral clocks.
Tissue explants from different peripheral tissues of rodents shows persistent rhythms
indicating that the molecular clock work acts autonomously within individual cells %*%.
Circadian clocks genes are functional in most body cells; several studies in animals
have demonstrated clock oscillations in liver, adipose tissue, pancreas, stomach,

intestine, muscle, lung, kidneys 2%’

. An important characteristic of mammalian
peripheral clocks is that their oscillations dampen very rapidly in vitro, similar to what
has been observed in Drosophila and Zebrafish peripheral tissues 22°. In peripheral
organs a large number of key physiological functions are subject to daily oscillations

3031 Some of the

including glucose production, fat storage, and hormone secretion
important questions are beginning to answer in relation to these pathways, depending
on various signals controlled by the SCN and environmental factors that participate in

the synchronization of clocks in peripheral cell types and organs.

It is possible that peripheral clocks are altered before changes in metabolism. When
leptin is lacking, expression of Clock, Bmal1, Cry1, Per1, Per2, and Dbp in adipose
tissue and liver were altered in deficient leptin mice (ob/ob), independently of metabolic
alterations. Furthermore, repeated treatment with leptin at the light—dark cycles partially
rescues the hepatic oscillations of clock and clock-controlled genes in ob/ob mice.
Suggesting that altered clockwork can play a role in obesity in addition to the specific

deficiency of leptin *°. But further studies are needed to understand this feedback
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regarding alteration of peripheral clock genes as a cause or consequence of metabolic

diseases.

1.1.4 The liver clock

The liver is a central metabolic organ involved in glucose, amino acid and lipid
homeostasis. Clock genes play a significant role in the regulation of hepatic function.
Metabolomic studies have shown that a wide diversity of hepatic metabolites oscillate
in a circadian manner . Liver clock gene expression also modulates both bile acid and
apolipoproteins biosynthesis and has a clear diurnal variation with the highest activity
during the day .

Metabolic alteration in clock genes mutant shows the relevance in liver metabolism. It
has been studied that liver-specific Bmal1 mutant mice reduces oscillations of the
retinol binding protein 4 (RBP4) in liver mice. RBP4 is suggested to be positively
associated with insulin resistance and acts as a hepatokine in the regulation of glucose
metabolism via clock genes- regulation % In addition, liver specific deletion of Bmal1
regulates the plasma levels of low-density lipoproteins (VLDL) and lipid-associated
genes in the liver *°. The circadian regulation of liver metabolism is well demonstrated
by studies on the rate-limiting gluconeogenic enzyme, phosphoenolpyruvate
carboxylase (PEPCK). The PEPCK activity is diurnal in mouse liver, contributing to the

diurnal rhythm of hepatic glucose production 3

. For example Clock mutant mice
(Clock™") may be involved in direct regulation of PEPCK in liver. These animals also
display an altered diurnal variation in triglycerides (TG) *®. Beside Bmal1 and Clock,
interestingly REV-ERBa also regulates normal hepatic physiology. Whole-body knock
out (KO) mice of Rev-erba results in hepatic steatosis with a large increase in

triglyceride and impaired rhythmic expression of genes involved in bile synthesis and

hepatic lipid metabolism. REV-ERBa regulates the transcription of sterol element
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binding protein 1c (SREBP1c), which is expressed in a diurnal manner in the liver. In
addition plasma and hepatic levels of cholesterol and lipoproteins are altered in these
mutant mice .

Other regulators are Period genes, which have been demonstrated to be involved in
bile acid metabolism. Per1/Per2 double knockout mice (Per-dKO) showed
accumulation of bile acids in the liver that lead to hepatic cholestasis. Diverse key
genes of bile acid pathways, including cholesterol-7a hydroxylase (Cyp7af) and
sodium bile acid transporter (Ntcp), show altered circadian oscillations in these mice
4243 The circadian clock may also be involved in the hepatic glycogen metabolism.
Glycogen content in the liver is important for glucose homeostasis and exhibits a robust
peak at the end of the active phase in mammals ®*. Per2 mutant mice showed a loss of
rhythmic glycogen accumulation in the liver of these mice *. The liver clock responds
differently to maintain metabolic homeostasis, however liver clock has not been well
investigated in the context of therapeutical targets and clinical studies. Thus, future

research is aimed to understand the liver circadian clock regarding hepatic physiology

and disease.

1.1.5. The Adipose Tissue Clock

Adipose tissue has been recognized as an important metabolic organ. It is involved in
the regulation of appetite, energy expenditure, insulin sensitivity, endocrine and
reproductive systems, inflammation and immunity. It is heterogeneous in composition
and contains, besides mature adipocytes, also immature adipocytes (preadipocytes),
endothelial cells, fibroblasts, macrophages and other immune cells. % Adipose tissue
synthetizes and releases hormones that are collectively referred to as adipokines which

include leptin, adiponectin, resistin and visfatin that participates in the regulation of
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whole body homeostasis through endocrine, autocrine and paracrine activities . In
addition to hormones, diverse products of adipose tissue have been characterized,
including cytokines and growth factors such as tumor necrosis factor alpha (TNF-a),
interleukin 6 (IL-6), monocyte chemo attractant protein 1 (MCP1), and others. The
accumulation of fat mass during the development of obesity is characterized by
hyperplasia and hypertrophy of adipocytes and is associated with a state of chronic,
low-grade inflammation through different mechanisms *. This inflammation is
characterized by increased infiltration of immune cells and production of
proinflammatory cytokines, which are key mediators of the inflammatory process *. In
addition to increased number of immune cells in adipose tissue, lipotoxicity from high
concentrations of free fatty acids (FFA), ectopic fat deposition in the liver and fat
depots, hypoxia, and apoptosis may promote obesity-linked metabolic disorders such
as insulin resistance, metabolic syndrome and atherosclerosis*® % |t is established that
expression of the circadian clock in adipose tissue could influence adipose tissue
function. Normal variations in body weight associated with periodically changes in day
have been observed in different mammals, suggesting a role for the circadian clock
mechanism in body weight control and adiposity. In epididymal fat, inguinal fat and
brown adipose tissue, clock genes show 24h rhythms *"In addition excess adipose
tissue and altered body fat distribution are an important risk factor for obesity-
associated diseases. The role of clock genes may vary among different types of
adipose tissue. Analysis of subcutaneous fat from obese humans shows no
abnormalities in the rhythmic transcription of clock genes 2. Ex vivo analysis of human
visceral adipose tissue in lean and obese people showed that expression of peripheral
clock genes are altered in isolated adipocytes. CLOCK and BMAL1 were upregulated
in adipocytes from obese patients at different time points. Also CRY2 and REV-ERB a

had increased expression levels over the 24-hour time. A positive correlation was
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observed for REV- ERBa gene expression with BMI and waist circumference, ROR a
expression was correlated with HDL levels and CLOCK expression was correlated with
LDL levels in obese humans *. Therefore, evidence from both experimental and
human studies suggests that expression of the circadian clock in adipose tissue could
influence adipogenesis and distribution of fat depots ***%. The importance of circadian
mechanisms in driving circadian adipokine secretion has been shown in rodent models,
in which adipokine secretion are dependent on a functional SCN and continues to
fluctuate in the absence of light °°. A recent study linking circadian clock, obesity, and
leptin resistance, focus on circadian clock disruption with chronic jet lag in Per and Cry
mutant mice. Under normal diurnal rhythms or chronic jet lag, the authors show that
energy balance and body weight are disturbed in different ways, depending on the KO
mice. They found a direct circadian control of leptin expression in adipocytes from
white adipose tissue through BMAL1/CLOCK modulated by CCAAT/enhancer-binding
protein alpha (C/EBPa) which mediates leptin transcription. They also show that
chronic jet lag is sufficient to disrupt adipose clock and also induce central leptin

56

resistance in wild-type mice “°. Suggesting that leptin feedback loop is a key

mechanism for the adipose tissue clock to control long-term energy balance.

In adipose tissue, clock genes controls the expression of genes involved in lipid
metabolism. The clock gene Bmal1 is essential regulator of adipogenesis and lipid
metabolism. Bmal1 deletion in matured adipocytes induces several factors involved in

lipogenesis °’.

In addition embryonic fibroblast cells deficient in Bmal1 fail to
differenciate into adipocytes. Also Bmal1 KO mice increases circulating fatty acids and
ectopic fat formation *°. Apart from Bmal 1 another clock genes were shown to regulate
adipocyte function, the nuclear receptor REV-ERBa participates in the regulation of
diverse metabolic pathways, including adipocyte differentiation. Recently it was found

that REV-ERBa modulates the development of brown adipose tissue, promoting de
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novo brown adipocyte formation by repressing genes of the transforming growth factor
beta (TGF-B) pathway which is a inhibitory pathway in brown fat development *°. In
addition Rev-erba mutant mice are more susceptible to dietary obesity and weight gain,
as well as an increase of retroperitoneal and perigonadal white adipose tissue weight in

response to metabolic stress.®

In parallel to direct regulation by clock genes, rhythmic expression of a majority of
nuclear receptors in adipose tissue could contribute to the regulation of adipocyte
function. PPARY is a nuclear receptor that is highly expressed in adipose tissues,
controlling adipocyte differentiation and insulin sensitivity °°2. In primary rat adipocytes
as well as in vitro cell line of differentiated 3T3- L1 adipocytes, Ppary activation drives
Rev-erba expression by inducing Rev-erba promoter activity, binding to the Rev-DR2
site, identifying Rev-Erba as a target gene of PPAR in adipose tissue. Rev-Erba also
induces PPAR expression and the expression of the PPAR target genes, adipocyte
protein 2 (aP2), and CCAAT-enhancer-binding proteins (C/EBP), tin this manner
having a reciprocal autoregulation . Another clock gene involved in adipose function
is Clock; specifically the Clock A19 strain in mice has been studied to elucidate the
functional role in peripheral tissues. Clock A19 mutant mice show an increase
epididymal fat weight, adipocyte size and higher body weight gain. These mice also
show blunted release of FFA, a decrease and altered pattern in glycerol serum
concentrations. The expression of genes involved in lipid metabolism as lipolytic
enzymes like adipose triglyceride lipase (Atgl) and hormone-sensitive lipase (Hs/) also
present a reduced activity and hence general down regulation of basal lipolysis. In this
manner clock genes regulation provide a rhythmic deliver of FFAs and glycerol from
adipocytes ®. Other studies involving Per genes, demonstrated that Per 1/2 global
mutant mice shows a higher total body fat composition whereas Per2 mutants

enhanced adipocyte differentiation and lack of Per2 is altered normal lipid metabolism
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in white adipose tissue. In addition PER2 controls the proadipogenic activity of PPARy
56,65.

Another factor affecting fat absorption, mobilization, lipogenesis, and energy
homeostasis is nocturnin (Noc), a clock-controlled gene (CCG) regulated by
CLOCK/BMAL1, which encodes a circadian deadenylase involved in post-
transcriptional mRNA regulation ®. Nocturnin is expressed at high levels during the
night in a number of tissues especially liver and adipose tissue in mammals and has
been implicated to regulate lipid metabolism and to control preadipocyte differentiation
%7 Recent evidence from mice lacking nocturnin, suggested a mechanistic link between
nocturnin and Ppary in adipogenesis, also these animals display resistance to diet-
induced obesity o8, Increasing evidence supports a pivotal role for nocturnin in lipid
metabolism, but many questions remain regarding the precise mechanisms and its role
in other tissues. Thus, the clock machinery seems to have significant metabolic
implications in fat depots. Future studies of the circadian clock in adipose tissues will

help to delineate more precisely and provide novel therapeutic approaches.

1.1.3.1 Circadian hormone regulation

A major output pathway of the circadian clock is the endocrine system, which allows for
a systemic coordination of various physiological functions. It has been shown that the
circulating levels of a number of hormones vary over the 24-h cycle. The endocrine
system and its role in the secretion of hormones have a feedback signaling on central
and peripheral clocks. A functional advantage of circadian outputs mediated by
hormonal rhythms is that they can exert a broad influence circadian clock gene
expression in a number or peripheral tissues like liver, adipose tissue, stomach,

pancreas.
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Glucocorticoids

Glucocorticoids, a group of steroid hormones synthesized in the adrenal cortex are
fundamental regulators of energy metabolism as well as stress responses. The
circadian clock transcriptionally regulates clock genes are expressed rhythmically in the
adrenal gland, and entire pathways characteristic for the adrenal gland, like steroid
metabolism or catecholamine production ®°. Glucocorticoids are driven by the SCN and
have been suggested as crucial humoral signals for transmitting daily rhythms to the
body. Cortisol and corticosterone concentration display a diurnal variation. Cortisol is
secreted in a circadian rhythm with high levels in the early morning and low levels in
the evening and night. Plasma corticosterone levels have a strong diurnal rhythm, with

a peak near habitual wake time, strongly driven by the master circadian clock "*"".

On the other hand, pathologically high levels of cortisol are associated with abdominal
obesity, insulin resistance and dyslipidemia in Cushing’s disease * *. For example It is
well known that Cushing's syndrome is associated with a disturbed circadian rhythm;
patients with Cushing's syndrome show increased basal cortisol levels as well as an
altered daily rhythm . In addition these hormones are influenced by light, so changes
in light and dark cycles could result in disruption of the circadian rhythm of cortisol
secretion. Furthermore, molecular interactions between the glucocorticoid receptor
(GR) and clock components have been studied. The glucocorticoid nuclear hormone
receptor is expressed in virtually all peripheral cell types, except in SCN neurons The
application of dexamethasone, an agonist of the glucocorticoid receptor, is a potent
synchronizer for clock genes as demonstrated on rat fibroblasts and in vivo treatment
in rats but does not affect SCN rhythms . Among the genes found to be regulated by
glucocorticoids in a pulsatile manner is Per1. In vivo, an injection of GR agonist on rats

74

induces a phase shift of Per1 in the liver ™. In fact Per1 mutant mice exhibited
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increased levels of corticosterone, which suggests that corticosterone rhythm might be
dependent of a functional clock . As well It has been shown that CRY1 and CRY 2
interact with glucocorticoid receptor in mouse liver by repressing it ’®. Thus it seems to
be an interaction over different scales. While recent work has made increased progress
to understand the molecular mechanisms and cross talk between glucocorticoids and

the circadian clock, many open questions remain.

Melatonin

Melatonin has been linked to peripheral clock regulation. Melatonin is a hormone
secreted during the night by the pineal gland, its daily rhythm is one of the major
efferent endocrine outputs of the SCN clock and the most studied physiological effects
are attributed to the sleep-wake cycle regulation. Beyond its effects in sleep also may
be act as the main pineal secretory hormone regulating glucose metabolism and as an
internal synchronizer ”’. There is evidence that the absence of rhythmic release of
melatonin in blood circulation leads to alterations associated with energy metabolism.
In rats subjected to pinealectomy, the absence of melatonin led to decrease in
spontaneous locomotor activity and a shortening of the free-running period of activity,
also these animals decreased amplitude of rhythmicity of mRNA levels of Per1, 2 and
Bmal1 in liver and intestine "®. Moreover, nocturnal release of melatonin can provide
temporal cues to target tissues expressing melatonin receptors. In KO mice for both
melatonin receptors MT1 and MT2, the daily profiles of clock gene expression of Per 1,
Dbp and Rev-erb a are altered in the liver and pancreas and an up-regulation of insulin
secretion was detected in isolated islets of MT1 and MT2 KO mice "°. Moreover,
melatonin cues influence the phase of other hormonal rhythms; in pinealectomized
hamster, leptin secretion is no longer rhythmic, Therefore suggesting that circulating
melatonin at night drives the daily rhythmicity of plasma leptin, participates in the phase

80281 |n this manner
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melatonin appears to be an important hormone that is to likely respond to multiple
signals in a tissue specific manner and an effective endocrine signal for peripheral

clocks.

Ghrelin

An important hormone associated with hunger is ghrelin, an orexigenic peptide
secreted by the oxyntic cells of the stomach which possess a functional clock 8283
Plasma levels of ghrelin vary according to the feeding cycle increasing during the
resting period in anticipation of food intake and decrease once the animal has been fed
in nocturnal rodents ®.

Ghrelin elicits feeding primarily through activation of neurons in the arcuate nucleus
(ARC), resulting in increased release of neuropeptide Y (NPY) and Agouti-related
protein (AGRP) in the paraventricular nucleus of the hypothalamus (PVN) %. Ghrelin
from the digestive system, may reach the CNS to act as a potential feedback signal for
the SCN %. In respect to the SCN, in vitro cultured SCN slices can directly respond to
ghrelin, being capable to reset the master clock. Furthermore, when injected in vivo in
transgenic mice carrying PER:2 luciferase fusion protein as a reporter, it produces
phase shifts of locomotor activity in fasted conditions, but not in fed animals ®". Despite
its role as a peripheral feedback signal to the central circadian system, little is still

known about how the circadian system affects ghrelin secretion and sensitivity.

Leptin
Among the known endocrine products produced by adipocytes, the strongest evidence
exists for leptin to have a critical role in regulating energy balance via its actions on
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food intake and energy expenditure. Secretion of leptin, by white adipose tissue, has a
broad impact on metabolism through its action on peripheral organs or in the CNS, and
more specifically in the hypothalamus where leptin acts as a strong appetite inhibitor 8,
Evidence suggests the possible role of rhythmic leptin as an internal time-giver closely
linked to peripheral clocks. Leptin levels in the blood exhibit oscillatory pattern as well.
In rodents, levels of circulating leptin are high during the active period, which peaks in
early night in nocturnal and diurnal species ®°. Circadian variations of circulating leptin
have been also reported in humans, but unlike rodents, the peak of leptin secretion
occurs at night during the fasting/sleep period, favoring a decreased appetite. Meal
timing also impacts the daily rhythm of leptin secretion in humans %, which is closely
associated with feeding and insulin release in both humans and rodents ®'. In most
obese individuals, leptin fails to suppress appetite despite increased blood leptin
concentrations; a condition that has been termed, in reference to insulin resistance in
type 2 diabetes, as leptin resistance, although the mechanism of this lack of leptin

action has still to be determined .

The daily rhythm of leptin release is under the control of the SCN clock via its
autonomic input to the adipose tissue. Indeed, the leptin rhythm, in rats, persists in

adrenalectomized animals but disappears after an SCN lesion *°

. Leptin is also
implicated in the regulation of other circadian physiological functions, such as glucose
metabolism. Recently it was found that mice lacking functional leptin receptor (db/db)
and deficient leptin mice (ob/ob) disrupted daily pattern of glucose. Animals treated
with exogenous leptin at night could modulate blood glucose rhythm, which advanced
the glucose rhythm, while the same injections applied during the light period cause

arrhythmicity of glycemia *%. This suggests that rhythmic leptin can be a determinant of

daily variations of blood glucose. Therefore leptin is a crucial hormone involved in
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many pathways, having a great potential for clinical use as potential therapeutics for

obesity that could be critical for the entrainment and restoration of the circadian clock.
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Figure 2. Endocrine regulation and circadian clocks

Hormonal rhythms are important components of the circadian timing system. Melatonin
always secreted at night participates in internal synchronization by its time-giving role on
the brain, including the SCN and peripheral organs. Corticosterone, secreted at night in
nocturnal rodents also participates in internal synchronization by its timing effects on
various cerebral and peripheral structures. Leptin, secreted from adipocytes at night in
nocturnal rodents influences the phase of glucose rhythm and inhibits behavioural
anticipation of feeding time. Feeding-induced rise in plasma insulin triggers clock gene
expression in peripheral organs, such as the liver. Hunger-induced rise in plasma ghrelin
stimulates behavioural anticipation of meal time. (Challet et al Diabetes Obes Metab 2015)
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1.2. Nutrient sensing, metabolism, and the circadian clock

Large research in rodent and human studies shows that circadian clock system is
highly influenced by nutrient intake. As well circadian control of digestion and
metabolism may have important implications for many aspects of feeding behavior.
Recently, it has been emerged the concept chrono-nutrition, to refer the relationship
between food and the circadian clock according to food administration in coordination
with the body’s daily rhythms. Chrono-nutrition comprise two points; the timing of food
intake or contribution of nutrients for health maintenance, and contribution of nutrients
that induce changes in the circadian clock *. Chrono-nutrition involves involved

different eating patterns that have been described recently in the literature.

1.2.1 Timing of food intake

Many aspects of diet and lifestyle influence metabolic status and disease development
during life; emerging findings suggest that the influence of the frequency and timing of
meals could be extensive in terms of beneficial effects in health. Interestingly, the
synchronizing effect of foods may vary depending on the time of the meal. In humans it
has been demonstrated that people with night eating syndrome (NES) often present
overweight or obesity and inability to lose weight. NES comprise an excessive food
intake at night and problems in sleep pattern *>*. Timing of energy intake throughout
the day is associated with the risk of obesity in adults. It has been studied that while
energy intake in the morning was not associated with obesity, those who consumed
233% of daily energy intake in the evening were associated with a higher risk of
overweight and obesity suggesting that eating more of the day’s total energy intake at
midday is associated with a lower risk of overweight and obesity *”. Moreover, in other

study, volunteers selected foods with higher caloric composition at dinner time than
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breakfast time, suggesting a palatable preference that leads to an increase calorie
intake 8. Furthermore, eating patterns as frequency meals, breakfast skipping, or
time-delayed pattern of eating relative to sleep, in this case patients with NES had an
association with increased body mass index (BMI) *'%. In additional, experimental
studies suggests that the timing of food intake is important in driving the obese
phenotype. Otherwise, restricting feeding time, without calorie restriction for 8 h during
the dark period in mice on a high-fat diet resulted in improvements in glucose and lipid
homeostasis, alleviated inflammation, decreased body weight and attenuated the
diurnal expression of clock genes Per2, Bmal1, Rev-erb a and Cry1 in liver .

Genetic variance in clock genes may be important in meal timing as well. Timing of
food intake was associated with genetic variance of the gene Clock. In an
interventional loss weight study, volunteers were divided according to the timing of the
main meal in early-eaters and late-eaters, those patients who ate at late hours lost less
weight compared to early eaters despite consuming the same energy intake. The meal
timing was associated to CLOCK rs4580704 SNP, having a higher frequency among
late eaters "%

Other clock genes polymorphisms including Per 2 have also been relate to obesity
susceptibility through timing of food intake. Volunteers with this SNP used to skip
breakfast and to display extreme snacking more frequently, being this associated with
abdominal obesity .

Therefore, these findings suggest that the synchrony between metabolic and circadian
processes plays an important role in energy balance and body weight control that will
allow for clinical implications by developing strategies toward the composition and the
timing of food for optimal body weight maintenance. Through nutrigenetics, behaviors

may interact with our genes and may decrease the deleterious effect of one specific

44



Introduction

risk variant. This is a novel and very promising area in obesity prevention and

treatment.

1.2.2 Restricted feeding and food anticipatory activity (FAA).

Another dieting approach which is investigated is time restricted feeding; that is food
provided ad libitum for about 3 to 5 h at the same time every day, usually at day time,
without calorie restriction '**. Restricted feeding in rodents originates an adjustment of
locomotor activity to the diurnal feeding period within a few days called food
anticipatory activity (FAA) that is an increase in locomotor activity 2-3 hours before
presentation of distributed food in a circadian manner '®. Thus, there is a hypothesis
that rodents can learn and anticipate the time of regular feeding. Although the light—
dark cycle is normal, mice show FAA during the daytime and reduce activity during the
nighttime. According to recent studies, mutant mice lacking circadian clock function and
SCN-ablated animals exhibit normal FAA, suggesting that FAA is independent of the
SCN ', Thus FAA is driven by a food entrainable oscillator (FEO), which it is still
controversial its location. It is thought to be in other regions in the brain, suggesting that
circadian timing of food anticipatory activity involves an anatomically distributed
population of FEOs, but their actual location is still unknown '%. Evidence suggests that
glucose or a palatable snack can induce the FEO and FAA. For example a palatable
snack with different components as glucose and free fatty acids in the daytime could
also elicit FAA and entrains daily oscillations of the clock gene Per1 in other regions in
the hypothalamus, which generate responses involved in homeostasis and reward,
suggesting that the participation of Per 1 in oscillatory processes is fundamental to food
addictive behavior '’. There is a hypothesize that central ghrelin signaling could be

one of the multiple mechanisms to mediate this behavior "%,
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1.2.3 Nutrient sensors and the circadian clock

Feeding behavior is a principal factor that plays a role in the organism nutritional status.
It is demonstrated that different nutrient sensors are able to transmit information
regarding the cellular nutrient status to the circadian clock. One essential is the AMP-
activated protein kinase (AMPK) as a critical nutrient sensor, which is present in every
tissue. Hypothalamic AMPK is important in regulating food intake in response to
nutritional and endocrine food signals and is activated by fasting and low glucose levels
1% On the contrary an abundance of nutrients, high levels of glucose reduces AMPK
activity. In peripheral tissues activated AMPK switches on catabolic pathways,
including fatty acid oxidation, and turn off anabolic pathways like lipogenesis or
gluconeogenesis. Indicating an important role of AMPK in energy homeostasis '*°.
AMPK display different actions on the circadian clock. Loss of AMPK signalling alters
circadian rhythms in mouse hepatic clock genes. Likewise during fasting, AMPK
phosphorylates a circadian repressor CRY and targets it for subsequent degradation
and stability """, In addition, AMPK can phosphorylate casein kinase 1 ¢ (CK1 €) which
lead to phosphorylation of PERs ''!; thus preventing it from repressing CLOCK:BMAL1
target genes, such as Rev-erba, Per, and Cry. A connection between AMPK and
mTOR in the hepatic cell is of particular relevance, since this organ is uniquely
designed to sense and respond to the availability of simple nutrients.

Another relevant metabolite is the cofactor nicotinamide adenine dinucleotide (NAD+).
NAD is an essential coenzyme involved in many cellular redox reactions. NADs
pathway involved a major enzymatic regulatory network in most cells ''?. NADs as
indicators of energy metabolism can affect the activity of circadian clocks, nicotinamide

phosphoribosyltransferase (NAMPT), a key NAD biosynthetic enzyme constitute a

regulatory network. NAMPT expression levels increase under cellular stress and
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nutrient restriction '3, In addition, the SIRT1 a dependent NAD+ deacetylase, regulates
transcriptions factors involved in pathways linked to energy metabolism, inflammation,
diabetes, ageing and stress. SIRT1 is a member of the sirtuin family plays a role in all
tissues and it is considered a sensor of metabolic changes that allow to cells surviving

in situation of diminished nutrient availability 14

, Which is induced by acute nutrient
deprivation or calorie restriction. Circadian oscillations in NAD+ levels drive SIRT1
rhythmic activity ''°. NAMPT and NAD+ directly regulate rhythmic expression of genes
in vivo by binding to CLOCK/BMALI1. SIRT1, in turn, is recruited to the Nampt
promoter along with CLOCK/BMALA1. The regulatory region of the Nampt gene contains
two E-box promoter elements that bind to CLOCK/BMAL1 and its expression is
controlled by this circadian heterodimer "'®'"". Transcriptional loop of the circadian
clock and the enzymatic feedback loop of the NAD+ pathway show this bidirectional
relation. In fact, altered rhythmic levels of NAD+ disrupt behavioral activity and
metabolism in mutant mice deficient in the NAD hydrolase, CD38 2. In addition SIRT1
is expressed in a circadian manner, is likely to have different functions in each tissue
and is essential to circadian transcription in a gene specific manner of core clock
genes, Clock, Bmal1, Rory, Per2 and Cry1 '"". In addition, several transcription factors
controlled by SIRT1 are involved in cellular response to stress and nutrient metabolism
such PGC1 alpha, the master regulator of mitochondrial biogenesis, which has also
been shown to regulate the circadian rhythm Bmal1 and Rev-erba, through co-
activation of the ROR family of orphan nuclear receptors ''°. Likewise there is a
coupling between AMPK and SIRT1. For instance, AMPK enhances SIRT1 activity

increasing NAD+ levels and they also regulate each other 120

. (Figure 2). These data
emphasize the importance of nutrient sensing signalling between the circadian clock

and metabolism. A principal objective of future investigations is to outline how nutrient

47



Introduction

signals interact to maintain alignment of metabolic rhythms in a tissue specific way and

whole organism.
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Figure 3. Integration of circadian clock and energy metabolism.

Nutrient sensors AMPK and SIRT1 are regulated in a circadian manner, AMPK activation
leads to an increase in NAMPT and NAD+ levels, which, in turn activate SIRT1. This
activation leads to PGC-1a deacetylation and activation which is required for RORa. These
enzymes feedback to regulate circadian genes. Expression of Bmal1 is also regulated by
PPARa, which is phosphorilated by AMPK. (Adapted from Froy et al J Clin Sci 2011).

1.2.4 Nutrient entrainment of the master clock

Although the light/dark cycle is clearly a major synchronizer of the core clock, other
environmental factors can also influence the central clock. Diverse studies suggest that
the phase of the central clock might be sensitive to nutrients and different feeding
regimens. For example, food calorie restriction (CR), that is a reduction in the daily

calorie intake without malnutrition has been shown to entrain the SCN clock 2 '?'.
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In contrast, meal time as modulated by temporal restricted feeding, has much less
synchronizing influence on the SCN, except when food has either hypocaloric content
or high palatable properties 22 |n combination a hypocaloric diet with timed restricted
feeding lead to alterations in the diurnal expression patterns of Per2 and Cry1 in the
SCN, as well as phase advances in locomotor activity and levels of melatonin '%*.

In addition, glucose is capable to induce cellular circadian rhythms in SCN. For
example parenteral nutrition of glucose during the inactive phase in rats shifted Per2
expression levels in the SCN and in the liver in opposite directions 124, Indicating that
glucose could be a strong entraining signal for the SCN, but it also suggests that

glucose is able to differently affect central and peripheral clocks.

The quality of nutrition can also change eating behavior and affect the central clock.
High-fat diet feeding, particularly high intake of saturated fat modifies circadian
synchronization to light in the SCN, increased locomotor activity and altered body
temperature rhythms '?°.

In addition, a high-fat diet lengthens the free-running period in male C57BL6/CJ mice
under constant darkness (DD) conditions and increase food intake during the normal
rest period under light-dark conditions '%°. Entrainment of SCN by a daily palatable diet
has been observed in rats fed ad libitum. In constant darkness, animals received a
palatable meal for 6 weeks; the diet entrained the circadian rhythm of locomotor
activity. Neurons in the SCN respond to light during subjective night with an expression
of the immediate early gene c-fos in the SCN the expression of c-Fos and Per1 were in
phase with the daily palatable meal '?’. The effects of fatty acids on the central clock
could be through many feedbacks to the central clock, since the SCN receives
information from the peripheral organs through different mechanisms, but the exact

pathways are not known.
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1.2.5 Nutrient entrainment of peripheral clocks.

Feeding is considered one of the most important external synchronizers or Zeitgebers
for peripheral oscillators. Feeding and components of food, amount and changes in
feeding time can reset peripheral clocks. In contrast to calorie restriction, which affects
the clock in the SCN, time restricted feeding can entrain peripheral clocks. Changes in
clock gene expression in responses to restricted feeding could vary depending of the
gene studied. Diverse studies in mice have indicated for example that the liver clock is
easily and strongly entrained by food 128 (Figure 3). The study of these processes
reveals different and wide physiological mechanisms that emphasize the relevance of
food for rhythmic functions. For example, feeding time regulates the phase and levels
of triglycerides in the liver of wild type and knockout mice of Per 1 and 2; under night
time restricted feeding, and even in the absence of a functional Per 7 and 2, feeding

entrains the liver clock and maintain rhythmic oscillations '2°.

The case of fat as a component has been studied through rodent models of diet
induced obesity. Rodents consuming a high fat diet (HFD) ad libitum disrupts normal
circadian oscillations of clock genes and clock-controlled metabolites and transcripts in
the liver after only 3 days of HFD consumption and appeared to be reversible when
mice is subjected to a normocaloric diet. The authors proposed that these HFD-
mediated alterations in metabolism are linked to impaired CLOCK-BMAL1 chromatin
recruitment. Demonstrating the acute metabolic consequences of HFD on the mouse

130

liver . Likewise HFD intake ad libitum induced a long, free-running period of

locomotor activity rhythms and decreased the amplitude of clock or clock-controlled
gene expression rhythms in the hepatic and adipose tissues 126

An issue of importance is the amount of sugars consumed, similar to fat intake, glucose
intake might be important for entraining the circadian clock. Glucose metabolism is

13

highly circadian and depends on carbohydrate constitution "*'. High dietary fructose
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intake is correlated with diabetes and cardiovascular disease in rodents and humans
132133 1t has been investigated in mice fed a 8 weeks high fructose diet restricted only
during the resting phase, animals gained more adipose tissue and body weight,
showed increase insulin and leptin compared with night time-restricted access.
Suggesting that the timing is critical in the response '*. On the other hand the oral
intake of sugars plus proteins can entrain clock genes in liver. Intraperitoneal injection
of amino acids combined with glucose delayed the phase of clock genes Per1 and
Per2 in liver ©*°. Likewise, it was shown that carbohydrate intake alone consisting in
fast absorption carbohydrates such sucrose and glucose, has only a minor phase
resetting effect, while complex foods like high digestible carbohydrates have show
much stronger effects. These results suggest that circadian clock is affected depending
of the type of carbohydrate composition and indicating that a balanced proportion of
macronutrients are required for proper entrainment of the circadian clock 36 In addition
to the proportions of dietary energy coming from the macronutrients influencing
peripheral clocks; higher-protein, lower-carbohydrate diet phase advances of clock and
increases the overall levels of Bmal1 and Cry, PEPCK and glucose-6-phosphatase
(G6Pase) in the liver and kidneys of high protein fed mice *’. There are also several
non-essential dietary compounds that have been shown to influence the circadian
system. Alcohol seem to alter clock gene expression of Bmal1, Clock, Cry1, Cry2,

Per1, and Per2 in the liver of mice, and daily locomotor activity '*%1%°,

Another interesting adaptation that has been studied is the divided meals to rodents
during the day to reflect a human diet. The regime consisted of six meals per day at a
4-h interval with a 20% food restriction of the amount of food consumed ad libitum per
day, using an in vivo imaging system in PER2: Luciferase knock-in mice. The first meal
following a long fasting period provided an important synchronizing signal in liver and

kidney. Peripheral clock phases in vivo were unaffected by different feeding
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frequencies as long as the feeding occurred at equal intervals, whereas phase changes
were observed when meals were given at unequal intervals per day. Thus, peripheral
tissues are entrained dependently of the quantity of food and the time between meals
% While alterations in the light and dark cycles disturbs the circadian system, another
schedule protocol of 6 meals per day at equal intervals under short-day, medium-day
and long-day photoperiods, in in vivo PER2:Luciferase mice, was found that this
regime reverse alterations in the phases of peripheral clocks in liver and kidney when
environmental changes in light occurred ™''%%,

Clock genes in humans seem also to be responsive to macronutrient content. In a
study designed to check the effects of a low carbohydrate/high fat diet compared with a
low fat/high carbohydrate diet on humans, it was found that a change from a low
carbohydrate/high fat diet to a high fat/low carbohydrate diet produced a phase delay in
salivary cortisol levels and altered gene expression of PER1, PER2, PER3 in

peripheral tissues, as measured by gene expression in circulating monocytes .

/J”} Neural and hormonal Feeding time
Mechanisms.

Central clock Sleep/Wake cycles :
= H
g &=l

od, nutrients
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Figure 4. Central and peripheral clocks.
The master clock in the suprachiasmatic nucleus (SCN) of the hypothalamus drives
sleep/wake cycles, locomotor activity, circadian feeding pattern and synchronizes many
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peripheral clocks through multiple neuroendocrine mechanisms. Feeding time and nutrients
affect either the SCN or peripheral clocks. (Adapted from We et al J Nutr Sci Vitaminol,
2015).

Modulating the external factors like time of food ingestion, quality of food,
macronutrients distribution could lead to changes the entrainment of the endogenous
clock with different dietary components '**. More studies are drawing attention to which
nutrients could significantly affect the circadian system. Nutritional ingredients with
functional properties such as caffeine, resveratrol, vitamins, dietary proanthocyanidins,
fish oil, have been reported to induce changes in the circadian clock **'*°. So that
functional food with beneficial effects could have an impact to the biological clock is

promising for further research.

1.2.6 Taurine: An important aminoacid for metabolic health.

Taurine (2-amine ethanesulfonic acid), is the most abundant intracellular free amino
and sulfonic acid in the body. The average amount in the body is approximately 560
mmol; around 70g in a 70 Kg- human adult, which is found in many tissues, including

%0 Taurine is a

brain, retina, liver, pancreas, kidney, heart and adipose tissue
conditionally essential amino sulphonic acid, not incorporated to protein synthesis, but
it plays an important role in humans during development "' due to the different
physiological effects in the body '*?; different field of research has been focused in the
study of taurine actions. In vivo studies have demonstrated that low levels of taurine
are associated with various pathological alterations.

Today it is well known that taurine has many biological and physiological properties,

such as anti-oxidation, anti-inflammation, osmoregulation, cell membrane stabilization,

detoxification, modulation of cellular calcium levels and neuromodulation 183,
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1.2.6.1 Taurine and nutrition

Taurine can be endogenously synthesized from methionine and cysteine, and is also
provided by diet. The biosynthesis in vivo varies differently between species, having a
high capacity in rodents and a moderate efficiency in humans. The key enzymes in the
taurine biosynthetic pathway are cysteine dioxygenase (CDO) and cysteine sulfinic
acid decarboxylase (CSAD) mainly present in brain, liver, kidney and pancreas. CDO
catalyzes the first step of the major pathway for cysteine catabolism and has a critical
role in determining the flux of cysteine between cysteine catabolism and taurine
synthesis "**. For example, Cdo knockout mice has a blockage in cysteine metabolism,
which decreases taurine biosynthesis, also these mutants display altered energy
balance, increased hepatic levels of stearoyl-CoA desaturase 1 (Scd7) and excessive
production of hydrogen sulphide (H,S) that impairs mitochondrial-oxidation of fatty
acids '®°. Taurine is biosynthesized in different tissues, being the liver the main organ
capable of synthesizing taurine. Other tissues as white adipose tissue, pancreas,
kidney, retina have lower biosynthetic capacity 196, Many protective functions of taurine
on the liver damage have been reported. Taurine has been found to have preventive
effects on the development of hepatic steatosis induced by a high-fat diet in rodents "’.
Accumulation of taurine is mostly through dietary sources and via an active transport
system. After absorption in the intestine, mediated active transport in the brush border
membrane moves taurine to enterocytes, which deliver it to the portal vein. The
contribution of taurine transport depends upon the expression level and regulation of a
taurine transporter (TAUT), which in turn responds to the concentration of taurine in
cells "% Recently, it has been studied taurine deficient KO mice whose mutation
include the taurine transporter (TauT), this mutant has wide alterations due to a taurine
depletion and a decreased taurine uptake; for example alteration in KO TauT mice

shows a phenotype with decreased body weight, cardiac dysfunction and skeletal
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muscle atrophy, implying that taurine deficiency in some way affects different
processes, also these mutants presented deleterial effects on brain, development of
hepatic damage like hepatitis and liver fibrosis, reduced exercise capacity and retinal

159

degeneration at an early age ~°. In this manner defective taurine transport alters

taurine homeostasis and leads to pathophysiological conditions.

1.2.6.3 Taurine intake and food sources

Daily quantity of taurine intake range between 200-400 mg/d and an increased dietary
intake of taurine has been associated with multiple beneficial health outcomes '°%'6",
Estimates of dietary intake of taurine vary differently. Taurine values from the same
food sources are fairly consistent across different studies. Despite of all the studies
realized there are no existing recommended dietary allowances (RDA). Table 1 shows

the food sources where taurine is found, specially is rich in many kinds of seafood.

Taurine has not been detected in plants and plant products.

Table 1. Taurine average content in food. '*?

Taurine content mg/100g

in food
Cod ctl
Octopus 388
Pork meat 61
Salmon 94
Sardine 122
Squid 356
Turkey 39.8
White fish 113.9
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1.2.6.2 Taurine, aminoacids and circadian rhythms

The role of amino acids on circadian rhythms has not been well investigated. A
combined injection of glucose with all essential amino acids induced rapid changes in
clock gene expression of Per! and Per2 in mouse liver . Circadian levels of
tryptophan and alanine were altered in mice with altered NAD"™ Suggesting that these

amino acids constitute a nutritional signal for the liver '®.

It was shown that taurine is present in high levels and exhibits circadian rhythms in the
pineal gland of rats %4 Likewise it has been found that taurine levels are altered during
sleep deprivation period in rat and humans '°>', but the ethiology and implicated

mechanisms are unknown.

1.2.6.3 Taurine and metabolic diseases

Epidemiological data and animal studies suggest that taurine consumption has
beneficial effects in diseases like obesity and diabetes. First plasma taurine
concentrations are found to be low in patients with diabetes and obesity. The exact
mechanism it is not known, and could be due to different factors. One possibility is
suggested by a decreased net intestinal absorption and the renal excretion rates of
taurine, which are high due to alterations in the taurine transporter during diabetes and
decreased levels of the rate-limiting enzyme of taurine biosynthesis CDO in adipose
tissue during obesity '®’, also acute hyperglycaemia, reduces the expression of Taut
mRNA and protein in different cellular models "2 Hyperglycemia has been considered
as the etiological source of diabetes complications. In animal models of type 2 diabetes
and obesity taurine improves insulin resistance and decreases high glucose
concentrations protecting beta cells and promoting insulin secretion %, also

suppressive effect of taurine against oxidative stress is associated with various

pathways in diabetic condition such as the modulation of mitochondrial calcium and
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reducing glycation and end products (AGEs) '"°, against high glucose exposure. These
findings indicate that the hypoglycemic properties of taurine are mediated by different
mechanisms in whole organism; modulation of insulin sensitivity and insulin secretion
for the control of glucose homeostasis, and via antioxidant an anti-inflammatory
mechanisms alleviating diabetic complications. It has been proposed that taurine acts
in peripheral tissues and CNS in obesity-linked complications . Although the
mechanisms by which taurine ameliorates obesity are at present unclear, it acts
through multiple mechanisms regulating energy expenditure, affecting directly lipid
metabolism; in adipose tissues, inhibition of oxidative stress and alleviating the adipose

172

tissue inflammation in diet-induced obesity Despite the large evidence in

experimental studies, clinical trials still are insufficient to translate this efficiency and

protection by taurine in diabetes and obesity.

— Hypoglycemic effect
Regulates insulin secretion.
Antioxidant role in beta

cells.

b Antiobesity effects
Anti-inflammatory effects in adipose
tissue, increases lipolysis.

Taurine = Protective effects in hepatic function W
\ Prevent hepatic steatosis
Reduces VLDL secretion from liver.
— Neuromodaulation
Osmoregulation in the brain.
Protection against glutamate toxicity in
neurons

[~ Cardioprotective effects I
Improvement of hypertension and ‘

hypercholesterolemia.

— Protective function in skeletal muscle.
Decrease oxidative stress in muscle. -
Modulates muscle excitability and contractility.

Figure 5. Whole organism effects of taurine.
(Adapted from De Luca et al J Transl Med 2015).
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1.3.1 Circadian disruption and metabolic diseases

The obesity epidemic has evolved into one of the biggest global health threats of the
21st century, affecting approximately 400 million people worldwide and with its
increasing prevalence; obesity is a significant global health problem. It is a well-
recognized risk factor for metabolic and cardiovascular disease and arises from an
imbalance between energy intake and expenditure on a background of complex
genetic susceptibility "2, The clear causes of obesity include genetic factors, excessive
food intake and inadequate physical activity. However, other lifestyle related factors
that have been implicated in obesity such as sleep duration, eating habits, and shift
work have not always received enough attention until few years ago 7% Research
towards understanding how obesity predisposes to chronic metabolic diseases like
metabolic syndrome, type 2 diabetes mellitus (T2DM) and cardiovascular diseases.
T2DM is considered a multifactorial disease in response to genetic factors, varying
degrees of overnutrition, inactivity, consequential overweight or obesity and insulin
resistance. Obesity has been found to contribute to approximately 55% of cases

of T2DM '°. According to the International Diabetes Federation, 382 million people
(8.3%) worldwide currently have diabetes; the number of people with T2DM is
increasing in every country with 80% of people with DM living in low- and middle-
income countries. This number is expected to increase to 592 million, implying that
there will be around a 50% increase in diabetes by 2035 '"®.These factors include
pancreatic beta-cell dysfunction, abnormal adipogenesis and absence of adequate
insulin responsiveness, genetic susceptibility, excessive food consumption and/or high
calorie food intake. Both beta-cell failure and insulin resistance contribute to
pathogenesis of diabetes; this leads to a decrease in glucose transport into the liver,

muscle cells, and fat cells. The involvement of impaired alpha-cell function has recently
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been recognized in the pathophysiology of T2DM these dysfunctions precede the
development of overt hyperglycemia '"".

Various types of circadian disorders have been correlated with obesity and the onset of
T2DM. As mentioned before, recent studies have demonstrated that diet induced
obesity like HFD disrupt circadian rhythms. HFD in mice alter levels of leptin and
glucose during both the light and dark periods. The changes in behavioral rhythmicity
correlates with disrupted clock gene expression within hypothalamus, liver, and
adipose tissue, as well as with altered rhythms of hormones that contribute to these

chronic degenerative diseases '**'"®

. Obese diabetic mice showed altered pattern of
Rev-erb a, Dbp and Per2 genes in visceral fat that was associated with local

inflammation and impairment of AMPK, PPARy and PEPCK '7°.

Maternal obesity also influences in the risk of obesity in the offspring. More specifically,
recent studies suggest that circadian rhythms are affected since the gestational
exposure to dietary manipulations; in this case, pregnant rats subjected to an enteral
diet to induce obesity from preconception to birth, the offspring of obese rat gained
more body weight and fat mass when fed a high fat diet, resulting in the impairment of
clock genes Clock, Rev-erbalpha, Bmal1 and metabolic genes Ppara and Sirt1 in the
liver prior to obesity development 180, Although studies in mice have demonstrated that
diet-induced obesity and type 2 diabetes caused by chronic high-fat diet consumption
eating behavior, and daily pattern of locomotor activity are partially or completely

reversed by feeding mice low-fat diet even in humans "'

1.3.2 Circadian Disruption and Environmental factors

The growing evidence about the circadian regulation of tissue metabolism supports the

idea that coordination between the internal clock and environmental cycles is important
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for body homeostasis. Normal fluctuations in body weight associated with seasonal
changes in day length have been observed in different mammals. In rodents
decreasing the length of the light phase results in significant weight gain 182 With actual
life and modern technology, night shift and rotating shift work have become more
frequently common; such changes alter activities but also physiological and molecular
rhythms in the body. Crucial demonstration that these alterations contribute to
metabolic modifications has been observed in night shift and rotating shift workers
experiments. Shift work is an example of circadian disruption, by altering the timing of
light exposure, meals, activity, and sleep. One of the primary effects on circadian
desynchrony from shift work is a reduction in total sleep time. In this point association
between cardiovascular disease, increase body weight, and altered cholesterol and
triglycerides levels have been studied '®. Epidemiologic studies indicate that shift work
is associated with an impaired metabolism and increased risk of obesity and diabetes.
The restriction of sleep in normal patients contributes to the development of prediabetic
metabolic state and insulin responses to hyperglycemia characteristic to insulin
resistance. It has been demonstrated that chronic sleep restriction impairs glucose
regulation by decreasing insulin secretion and increasing plasma glucose
concentrations after a meal, with a reduction in the resting metabolic rate '*'%°. In
addition, with a short-term circadian misalignment in healthy volunteers, their rhythm
was shifted gradually by 4 h a day, through implementation of a 28-h instead of a 24-h
day. Subjects also exhibited alterations in metabolism, including increased glucose and

insulin levels, decreased leptin levels and elevated arterial pressure %% 17

In an interesting study, sleep was restricted by delaying bedtime and advancing wake
time each by 2 h within 5 days of insufficient sleep, as result, the volunteers increased
total daily energy expenditure, energy intake, especially during the night leading to
weight gain ®. Since feeding time is considered one of the most important external
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synchronizer, unusual feeding times are likely to be one of the risks factors to health in
modern people. These results suggest that increased food intake during sleep loss
appears to be a physiological adaptation to confer the body the required energy to
keep prolonged periods of sleeplessness. Previous studies have reported that obese
patients were sleepier during the day and more likely to present disturbed sleep at
night compared with normal weight patients '®°. Although the mechanisms of how sleep
alteration and diabetes risk are not fully understood. Different pathways have been
postulated implying the impact on glucose tolerance. The idea that circadian
misalignment would increase the risk of diabetes and metabolic dysfunction adapts well
with clinical data and a large body of experimental evidence. Most likely, alterations to
the sleep—wake cycle influence the central clock, which could alter peripheral clocks.
Altering feeding patterns could result in desynchronization between the central and
peripheral clocks, which will eventually alter body metabolism. Thereby the relationship
between circadian disruption and metabolic pathologies seems to be in different
directions in humans, suggesting that circadian disruption may lead to a vicious cycle

that contribute to increase and continuing progress of metabolic disease.

Clock gene mutations Environmental factors

\ /

Circadian disruption

SCN

Peripheral clocks

O O O O

Liver Pancreas Adipose tissue Muscle
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Figure 6. Effect of the SCN on peripheral clocks

The suprachiasmatic nucleus (SCN) resets signals in clock genes in peripheral tissues,
such as liver, pancreas, adipose tissue and muscle. Disruption of circadian clock by genetic
and environmental factors is associated with different diseases. (Adapted from Preufner et
al Eur J Physiol 2016).

1.3.3 Circadian Disruption and Genetic factors

Circadian disruption can be produced by alteration of the core machinery of the
circadian clock. Broad evidence in the study of genetic mutations of clock genes
couples the connection to metabolism. Mutations in the core clock genes are known to

produce different alterations in metabolic pathways.

A deficiency in a particular clock protein results in two different conditions; disruption of
circadian rhythms and development of a primary disease.

Mice mutants of Clock are obese resulting in metabolic syndrome, these animals

19 Mutations in the

present hyperlipidemia, hyperglycemia and hyperleptinemia
heterodimer CLOCK /BMAL1 in the pancreas develops diabetes mellitus due to beta
cell failure and loss of glucose stimulated insulin secretion 91 In the same way recently
it was shown that Clock/Bmal1 regulates insulin sensitivity in muscle via SIRT1 2. The
nuclear receptors REVERBs are known to be crucial regulators in metabolism.
Specially REV-ERBa is highly expressed in most organs, and has different roles in
each one; besides its key role in the regulation of the transcriptional feedback loop, the
wide study of its functions, involves functions from cellular differentiation and metabolic
regulation. Rev-erba mutants reduced physical activity associated with hyperglycemia
and present higher triglycerides levels 9 Also it was shown that Rev-erb agonists
reduced fat mass and improved dyslipidemia and hyperglycemia '**. Another relevant
regulators are the family of Cry genes. Cry 1/2 " mutant mice rapidly gain weight, and

presents hyperinsulinemia, higher vulnerability of lipid storage and adipocyte
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hypertrophy when challenged a high fat diet '

. In addition deletion of Cry1/2 is
sufficient to increase the stress levels of cells leading to constant expression of
inflammatory cytokines and causing a low-grade chronic inflammatory %6 1t has been
shown that both Per? / Per2 ™ mice show weight gain relative to wild-type controls
under a normal light/dark cycle % Per1/2 disrupted macrophages similarly exacerbate
inflammatory responses and decrease insulin sensitivity '’. In addition mPer2-deficient
mice elevated plasma insulin levels, become obese, showing an increasing food intake
during day and night when mice eat a high fat diet '® "%, Thus different studies based
on systemic genetic deletion of clock genes have demonstrated the involvement in the

regulation of metabolic homeostasis and targeting the circadian clock would seem an

important and relevant therapeutic aim.

In humans, polymorphisms (SNPs) in some clock genes have been correlated with
metabolic risks. Polymorphism of the Clock gene rs1801260 has been reported to have
a role in the development of diabetes in humans, which is associated with a low or high
prevalence of metabolic syndrome depending their haplotype. Circadian clock variants
have also been found to correlate with body mass index (BMI), weight loss, sleep
duration and total plasma cholesterol in obese humans 2°°. Different polymorphisms
haven been discovered related with CLOCK and metabolic syndrome as well. In the
SNP rs4580704 minor allele carriers had a lower risk of hypertension and higher insulin
sensitivity 2°'. In relation to dietary responses the gene PER2 is associated with weight
loss. Two different SNPs, which are associated with abdominal obesity and linked to
eating behavior phenotypes. Moreover carriers of the minor allele in these SNPs
presented increasing overeating by higher snacking of carbohydrates. They also had a
202

bigger probability of being obese and of dropping out a weight loss treatment

Suggesting an important function of PER2 in feeding behavior and success of
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behavioral interventions aimed to lose weight could be predicted in part by genetic
variance of clock genes.

On the other hand, REV-ERBa gene polymorphisms seem to modulate adiposity. The
rs939347 SNP could modulate body fat mass that has a higher frequency in men,

23 |n addition

being associated with obesity in spanish obese male population
rs2071427 REV-ERBa SNP has been found to be related to obesity in young people
204 However few studies assessed the impact of genetic polymorphisms in REV-ERB
a. Although there is no complete mechanistic explanation yet for these observations,

they clearly point to adverse effects of an alteration between circadian rhythmicity with

different features of obesity as well as diabetes.

Table 2. Metabolic alterations in clock gene mutations. (Adapted from Eckel-Mahan
et al Physiol Rev 2012

Clock gene mutations and metabolic phenotypes

Clock Gene Metabolic phenotype in mice

Clock -/- Obesity, altered renal function, metabolic syndrome.

Clock A19 Impaired glucose sensitivity, obesity, reduced islet size and proliferation.
Bmall -/- Reduced activity, accelerated aging.

Fasting hypoglycemia ( liver KO).
Diabetes (pancreas KO).

Rev-erb a -/- Increased adiposity, altered hepatic TGA levels, high plasma LDL.
Increased plasma glucose and TGA.
Per1 -/- Arrhytmic locomotor activity, increased urinary sodium excretion.
Per1*** Increased food intake, rapidly develop obesity on a high- fat diet.
Per2 -/- Altered lipid metabolism, hyperinsulinemia.
Per1/Per2 -/- Decreased activity, increased body weight, altered TGA levels.
Cry1/Cry2-/- Hyperglycemia, glucose intolerance, high levels of corticosterone, altered light response.
Rora -/- Altered plasma TGA and HDL.
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1.4. Role of circadian rhythms in glucose homeostasis.

The circadian system has been shown to regulate glucose metabolism; time of day
dependent oscillations in glucose metabolism are seen in healthy humans. In addition
to feeding/fasting cycles, metabolically relevant circadian fluctuations involve glucose
and insulin. Oral glucose tolerance is impaired in the evening compared to the morning;
an effect believed to be due to a combination of both decreased insulin secretion and
altered insulin sensitivity in the evening. The ‘dawn phenomenon’ refers to an elevation
in blood glucose levels prior to the onset of the active period that has been well-
documented having a peak in the morning over the night time hours an event known as

dawn phenomenon .

Likewise oscillations in blood glucose levels continues in rats with lesioned SCN,
independently of the feeding activity in rat, this is regulated by a through direct
mechanism of the SCN that control glucose concentrations; at the same time at the
end of the light, there is a rise in basal glucose concentrations, the SCN stimulates
endogenous glucose production, thereby increasing glucose concentrations and
compensating for the high glucose uptake, therefore prepares and adapts the organism
for the activity period by increasing plasma glucose concentrations and by making the

tissue more tolerant to glucose "*?%.

Both insulin dependent and insulin independent glucose disposal shows daily
variations in humans and rodents. CLOCK mediated regulation in vitro studies of
insulin secretion from isolated perfused rat pancreatic islets shows an endogenous
circadian oscillator is located within the pancreas 2°’. Also studies in humans confirmed
the circadian rhythms in insulin secretory response with different levels of glycemia,
which becomes rising during the day and falling during the night 2°®. While this normal

circadian insulin secretion is altered in first-degree relatives of type 2 diabetic patients
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299 Suggesting a probability that may serve as a biomarker of beta cell dysfunction in
type 2 diabetes. Thereby since at the central level there is a direct influence on glucose
metabolism through the autonomic nervous system and hormonal outputs, also
peripheral clocks influence glucose metabolism, it is not clear yet how are these
interactions at different levels of circadian regulation with each other to accomplish

optimal glucose regulation.

1.4.1 The pancreatic clock

Glucose homeostasis is approached through the regulated coordination of endogenous
and exogenous glucose and it's sustaining and utilization is necessary for daily
functioning. Pancreatic islets, which are small, island-like structures within the exocrine
pancreatic tissue and consist of different endocrine cell types that are clustered
together. These cells include beta cells, alpha cells, delta cells and PP cells
(pancreatic-polypeptide) and ghrelin producing cells to maintain the homeostasis
playing a pivotal role in the systemic regulation of metabolism #'°. Insulin and glucagon
lowers and increases plasma glucose levels respectively and are secreted reciprocally
in response to variations in plasma glucose levels 2" Insulin predominates in the fed
state, promoting glucose uptake by its target organs whereas glucagon mobilizes
hepatic glucose in fasting to ensure the sustaining levels of glycemia *'?. Under
physiological conditions the beta cells respond to a meal with the immediate secretion
of insulin. Insulin reciprocally regulates alpha-cell glucagon secretion 2'*. As insulin
gets into circulation decreases hepatic fuel production by counteracting glucagon

action and also enhancing glucose uptake by skeletal muscle and adipose tissue 214,
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1.4.2 Insulin secretion

Endocrine cells secrete their respective hormones in response to external signals, such
as nutrient intake or stress, via humoral, neural or hormonal signaling pathways. The
underlying molecular process that translates the stimulus into the actual hormone
release is called stimulus-secretion coupling. In the beta-cells, the principal stimuli for
insulin release are increased blood glucose levels following a meal. The circulating
blood glucose is taken up by the facilitative glucose transporter GLUTZ2, which is
located on the surface of the beta-cells '°. Once inside the cell then is phosphorylated
by glucokinase and glucose undergoes glycolysis and metabolized, the ATP produced
triggers a cascade of signals needed for glucose stimulated insulin secretion (GSIS)
1% This increased ratio of ATP/ADP leads to close the K arp + channels that blocks
potassium exit from the cell and depolarizes the cell membrane. L-type voltage-
dependent calcium channels are opened, and the rise of intracellular calcium
concentrations triggers the release of insulin from granules containing a pool of insulin
vesicles ?'". Hyperglycemic clamps and experiments in isolated pancreatic islets have
demonstrated that glucose induces insulin secretion in a biphasic pattern, with the first
phase peaking around 5 minutes after the glucose stimulus with the majority of insulin

being released during this first phase %'

Glucose-stimulated insulin secretion is a
complex mechanism modulated also by several factors, such as amino acids, free fatty

acids, incretins, hormones and neural inputs

1.4.3 Glucagon secretion

The production and secretion of glucagon are crucial mechanisms by which the
organism prevents hypoglycemia. It is postulated that at decreased blood glucose

levels, the regulation of glucagon by glucose is mediated too by the ATP/ADP ratio, this
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proceed to closure of Karp channels and membrane depolarization through a
combination of voltage-dependent Ca?" Na ?* channels. The release of glucagon is
triggered by Ca®" entry through these voltage-dependent Ca** channels ?'°. There are
other mechanisms explaining how glucagon secretion is regulated. It has been
proposed that glucose by sequestering Ca** into the endoplasmic reticulum could close
the store-operated channels inhibiting glucagon secretion. The mechanism for the
modulation of intracellular Ca®" is still controversial and has been ascribed to a direct
glucose effect, or to a paracrine effect related with beta cells. Potential paracrine
regulators include GABA, Zn2+, somatostatin and insulin modulates glucagon secretion
or inhibition **°.

This argues that the alpha-cells possess sort of intrinsic glucose-sensing which
operates independently of paracrine signaling since glucagon is modulated in the range
of glucose concentrations below 4-5 mM, however the mechanisms involved not
completely clear.

At increased blood glucose levels glucagon secretion is suppressed and reduces its
stimulatory effects on hepatic glucose production. High glucose inhibits glucagon
secretion by slight sustained depolarization after closing Karp channels. The
depolarization preferentially inactivates the Na* channels thereby preventing Ca*" influx

through the P/Q channels and glucagon release.

In a diabetic state, the pathogenesis of T2DM is classically focused on insulin
resistance and beta-cell dysfunction, an inadequate increased alpha-cell function and
consequent hyperglucagonemia has been established as a contributor to
hyperglycemia in diabetic patients, by stimulating hepatic glucose production 21

Glucagon release in diabetes shows different abnormalities a hypersecretion during

hyperglycaemia and a failure in the response to hypoglycemia. Thus a dysfunction
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where total relative lack of insulin or insulin insufficiency is present in parallel with

abnormal increase in glucagon secretion is a hallmark of T2DM.

1.4.4 Clock genes and pancreatic islets function

As mentioned before, this principal level of control on glycaemia by the islets of
Langerhans depends mostly on the coordinated secretion of glucagon and insulin by
the alpha and beta- cells. The endocrine pancreas contains its own circadian clock that
oscillates over the course of the 24 h day and affects tissue-specific metabolic
processes. Islet expression of Clock, Bmal1, Per1, Per2 and Rev-erba shows daily
oscillations in mice and rats and humans ?*2%®*. The most convincing evidence that
clock function within the endocrine pancreas impacts glucose homeostasis has
emerged from studies in mice with tissue specific ablation of Clock and Bmal1. Clock
mutants showed decreased expression levels of genes downstream of CLOCK:
BMAL1 that comprises the core circadian loop, providing evidence for a self-sustained
clock in endocrine pancreas ¥ The defects in clock mutant islets appear to result in
impaired insulin secretion in response to glucose and other secretagogues and
decreased islet proliferation. Clock mutant mice show impaired glucose tolerance with
reduced stimulated insulin secretion and higher levels of glucose through the entire
light/dark cycle. To determine in vivo relevance of the core clock machinery in
pancreatic beta-cells, the authors generated pancreas-specific Bmal1 KO mice.
Despite normal locomotor activity rhythms, these animals displayed more pronounced
hyperglycemia than systemic Clock mutant or global Bmal1 KO mice; the precise
molecular details remain to be studied. Providing evidence for a molecular regulator of
pancreatic glucose-sensing and/or insulin secretion mediated by CLOCK and BMAL1

in pancreatic beta- cells *4%%,
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BMAL1 and the circadian clock have been postulated to regulate oxidative stress in
other peripheral tissues. Another interesting finding is that deletion of BMAL1 function
in beta-cells leads to a ROS accumulation in beta-cells due to an impaired scavenging
in mitochondria, which may contribute to the impairment of GSIS also Bmal1 directly
regulates the expression of the key antioxidant response regulator Nrf2. Thus this
evidence suggest that circadian clock alleviate oxidative stress in beta cell dysfunction
2% Another relevant regulator of insulin secretion is the nuclear receptor Rev-erba,
which is implicated in control of insulin secretion. Decreased levels of Rev-erba lead to
a reduction in beta- cell proliferation in primary beta-cells and beta-cell lines. It was
also found that Rev-erb a regulates lipogenic genes in mouse islets. During
adaptations in obesity authors found that leptin coordinate levels of Rev-erba in beta-
cells ??’. It seems the greater influence of disturbed clock mechanisms in the beta cells

appears to be an impaired insulin release.

The clock gene Per2 has been shown to regulate insulin secretion. In Per2 knockouts
animals plasma insulin levels were elevated which was associated with enhanced
glucose-stimulated insulin secretion and with increased GLUT2 expression in

pancreatic islets of Per2 KO mice "%, but the precise role in beta cell is not known.

In addition, changes in the light—dark cycle in vivo entrain the phase of islet clock and
while long term exposure to light disrupts islet circadian clock function by impairment of
clock genes oscillations. %%

Additionally to insulin, glucagon also plays a crucial role in regulating blood glucose
homeostasis. Its secretion from the pancreatic alpha cells has been shown to display
diurnal patterns of secretion. It has been reported that feeding and the biological clock
control 24-h plasma glucagon concentrations ?*°. Melatonin receptors are expressed in
alpha cells, and it has been studied that melatonin influence both glucagon expression
and secretion in alpha cells in vitro and in vivo and affects the actions of glucagon on
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20 In this manner circadian clocks contribute to an extended role in

hepatocytes
relation to the endocrine pancreas homeostasis, through regulation of endocrine
factors like insulin and glucagon although limited information exists about possible role
of clock genes on alpha cells. In humans studies of polymorphisms in the CLOCK gene
showed that the molecular clock could perform a role in the vulnerability for type 2

diabetes, obesity and metabolic syndrome 2%"%%

, Whereas genetic variations in PER2
gene have been linked '*®. This evidence show that clock genes directly and indirectly

affects metabolic homeostasis in humans.
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Figure 7. Circadian clock disruption

Effects of alter circadian clock functions in peripheral clocks in adipose tissue and pancreas
creating an altered reciprocal cycle that disrupt behavior and metabolic activities leading to
obesity and diabetes. (Adapted from Kahn et al The Lancet 2014).
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Hypothesis and Objectives

2.1 Rationale and hypothesis.

Circadian rhythms are important for maintenance of systemic metabolic homeostasis,
clock dysfunction by different factors like excessive caloric intake, altered feeding time
and sleep disturbances correlate with higher risk of developing obesity and diabetes,
likewise these diseases themselves promotes further circadian alteration. It is crucial to
find approaches to maintain normal circadian physiology and as a strategy to treat
obesity and diabetes. Recently research focused on diverse nutrients has
demonstrated that are important factors to entrain the circadian clock with plausible
efficiency in ameliorating circadian rhythms. In this point, the amino sulphonic acid
taurine is considered to have a potent impact in different health benefits and protection
in metabolic diseases.

Thus, we hypothesized that taurine by modulating circadian rhythms could prevent or

ameliorate metabolic abnormalities caused by HFD feeding.
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2.3 General and specific aims

General aim. To find novel nutritional interventions to improve disturbances on
circadian rhythms in an animal model of diet induced obesity.

In order to assess our main hypothesis, we established the following specific aims:

Specific aims

A. To investigate the effects of taurine in glucose homeostasis in short term and long-

term treatment in mice fed with high fat diet.

B. To determine if taurine treatment can ameliorate the circadian rhythms of metabolic

parameters and daily hormone secretion in mice fed with high fat diet.

C. To check whether taurine treatment could modulate the 24 h pattern of clock gene

expression in peripheral tissues.
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Materials and Methods

3.1 In vivo characterization

3.1.1 Animal model and experimental groups.

To assess the role of taurine on circadian rhythms, we utilized the following design:
We used 8-9 weeks old male mice C57BL/6, at the beginning of the experiment.
Animals were allowed to adapt to their environment for 1 week. Mice were fed ad
libitum with chow diet or high fat diet (45% fat Research diets Inc. D12451). All
protocols for animal use and euthanasia were reviewed and approved by the Animal
Research Committee of the University of Barcelona and principles of laboratory animal
care were followed, according to European and local government guidelines being
approved this study (ID 5434).

The experimental groups were divided in 4 groups: Controls fed with chow diet (C),
controls fed with chow diet and 2% taurine (Sigma-Aldrich, St. Louis, MO) in drinking
water (C+T), mice fed with high fat diet (HFD) and mice fed with HFD and 2% taurine
in water (HFD+T). We used this dosage of taurine according to previous studies.
Various reports have described the experimental use of taurine supplemented in

drinking water in mice over the concentration range of 0.05%~5% 2°>2%°,

Table 3. Nutritional composition of experimental diets

Chow diet HFD
g% Kcal % g% Kcal %
Protein 14.3 20 24 20
Carbohydrate 48 67 41 35
Fat 4 13 24 45
Total 100 100
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3.1.2 Study design

We performed first a preliminary study for 1 week of HFD and taurine treatment, to
assess mice phenotype for a short-term intervention. Following this we assessed the

effect of HFD and taurine in a long-term study of 10 weeks.

1 week 10 weeks

— '

vl . |

GTT GTT Pancreas isolation

ITT ITT Recollection of tissues

Food intake Body weight Insulin secretion
Water intake Food intake RNA extraction
Leptin Water intake Real-time PCR
Insulin Circadian leptin Western blot

Body weight Circadian Insulin Islet Immunofluorescence

Circadian glucose

3.1.3 Preliminary Study 1 week

Mice were allowed free access to food and water, maintained a 12h light—dark cycle at
24°C and constant humidity in soundproof cages. Body weight, water and food intake
were measured at the beginning and at the end of each week of intervention. Food
intake was monitored by measuring the amount of food consumed from 8:00 to 20:00
(light cycle) and from 20:00 to 8:00 (dark cycle). Water intake was monitored by
measuring the volume of water consumed at the beginning and the end of the
treatment. IpGTT, ITT and insulinemia were measured. Blood samples were collected
to measure plasma insulin and leptin during fed state. Insulin and leptin were
quantified by ELISA (Mercodia Insulin, Uppsala Sweden and Crystal Chem, Harris
County, TX, USA), respectively.

For this preliminary study we had measured only at one point of the day at 12:00. By

the end of this week, mice were euthanized and visceral adipose tissue was weighed.

80



Materials and Methods

3.1.3.1 Metabolic tests

Glucose tolerance test

For an intraperitoneal glucose tolerance test (IPGTT), a solution of glucose (2g/kg
body weight) was injected intraperitoneally in 6h fasted mice. Blood samples were
collected from the tail vein before the injection at time 0, 15, 30, 60, 90 and 120
minutes with a microvette (Sarstedt). Glycemia was immediately measured using a
glucometer with tests strips (Accu-Check; Roche Diagnostics, Madrid, Spain).
Following immediate centrifugation at 4°C, plasma was separated by centrifugation and

stored at 20°C for further measurements of insulin.

Insulin tolerance test.

For insulin tolerance test, 4h-fasted mice were injected intraperitoneally with 0.75 1U
insulin/kg body weight (Actrapid, Novonordisk). The blood glucose concentrations
were monitored prior to (0 min) and at 15, 30, 60, 90 and 120 min after insulin
administration. Blood samples were collected before insulin injection (time 0) and at
15, 30, 60 and 90 min after insulin administration.

Blood samples were collected before the end of treatment to measure insulin and
leptin during fed state. Plasma insulin and leptin were measured by ELISA (Mercodia

Insulin, Uppsala Sweden and Crystal Chem, Harris County, TX, USA, respectively)..

3.1.4 Long-term treatment. For 10 weeks

We had the 4 experimental groups of each time point at 6:00, 12:00, 24:00 and 24:00.
Throughout the study body weight, and water intake were measured every weekday

during the10 weeks of diet in all groups. Food intake was monitored from the first week
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of treatment by measuring the amount of food consumed from 8:00 to 20:00 (light
cycle) and from 20:00 to 8:00 (dark cycle).

After 10 weeks of treatment, mice were euthanized at different times of day: 6:00,
12:00, 18:00 and 24:00h. GTT, ITT and insulinemia were measured in all groups as
previously described. By the end of the 10 weeks the animals were euthanized. White
adipose tissue was collected, weighted and stored for further gene expression
analysis; furthermore, pancreatic islets were isolated to perform insulin secretion, gene

expression and protein expression assays.

Control Control + 2% Tau HFD HFD+ 2% Tau.
10 weeks of HFD and taurine treatment

e i s S

Zeitgeber Time

6 12 18 24

3.1.4.1 Circadian glucose, insulin and leptin.

To identify the daily pattern during fed state of glucose, insulin and leptin in all
experimental groups were analysed at different times of the day 6:00, 12:00, 18:00 and
24:00. These parameters were measured at the end of the short term 1 week or long-
term treatment of 10 weeks. After glucose measurements, blood samples were
collected to measure insulin and leptin by ELISA. (Mercodia Insulin, Uppsala Sweden

and Crystal Chem, Harris County, TX, USA, respectively).
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At the end of 1 or 10 weeks of treatment animals were anesthetized at different times
of the day according to each time point. Pancreatic islets were isolated and epididymal

adipose tissue was removed, weighed, and divided for RNA extraction.

3.1.4.2 RNA extraction from adipose tissue.

Adipose tissue slices of 100 mg were placed in eppendorf tubes tube with 1 ml Trizol
(Invitrogen). Samples were homogenized using zirconium oxide beads and the bullet
blender homogenizer (Next Advance Inc). Homogenized samples were transferred to
an eppendorf and centrifuged at 12000 rpm for 10 min at 4C. Supernatant was
removed and samples were incubated at RT for 5 min. 200ul chloroform per 1 ml
Trizol were added and samples were shacked vigorously for 15s and left for 5 min at
RT, then samples were centrifuged at 12000G for 10 min at 4C. Aqueous phase
(upper phase) was transferred to a new eppendorf. 500ul isopropyl alcohol per 1 ml
Trizol was added gently mixed. Samples were incubated at 10 min at RT and
centrifuge 12000G for 10 min at 4°C. Supernatant was removed, pellets were washed
with 1ml of 70% ethanol and centrifuged 7500 G for 5 min at 42C. Pellets were dried at
RT for 1 hour and 30ul of RNAse free water were added.

RNA was quantified using a Nanodrop 1000 (Thermo Scientific Wilmington, MA) and
then retrotranscribed using the High Capacity cDNA Reverse Transcription Kit (AB
Applied Biosystems, USA) following the manufacturer's instructions. The cDNA was
amplified by Real-Time PCR in a LightCycler 480 System (Roche) using Mesa Green
gPCR Master Mix (Mesa Green, Eurogentec, Belgium). The expression of clock genes
in adipose tissue was measured, with the housekeeping gene 36B4 (ribosomal protein
large P0O) used as the endogenous control for quantification. The results were

-AAct
expressed as the relative expression with respect to control levels (2 ).
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3.1.4.3 Isolation of pancreatic islets

After being fully anesthetized, mice were euthanized by cervical dislocation; the
abdominal cavity was open to allow the exposure of the pancreas and bile duct. After
clamping the common bile duct as it joins the intestine, the pancreas was perfused
with 2 ml of cold collagenase P solution (Sigma-Aldrich, St. Louis, MO, USA) diluted in
Hanks balanced salt solution (Sigma-Aldrich). After inflation, the distended pancreas
was removed and incubated at 37°C for 6 minutes, islets of Langerhans were
dispersed by gentle shaking. After digestion, islets were separated from exocrine
tissue using a density gradient with Histopaque (Sigma-Aldrich, St. Louis, MO, USA) A
previously described Casas et al 2008). The supernatant was discarded and the pellet
resuspended in Hanks-BSA solution. Then, islets were rinsed into a Petri dish, isolated
from any contaminating exocrine material and Islets were handpicked in a Leica
stereomicroscope and frozen at -80 °C for further measurements of gene and protein

expression and for insulin secretion assays.

3.1.4.4 Glucose stimulated insulin secretion

After 10 weeks of treatment, mice were euthanized at 6:00, 12:00, 18:00 and 24:00.
Groups of 5 fresh isolated islets from 4-5 different mice from each group were first pre-
incubated at 37°C in a 5.6 mM glucose Krebs-Ringer bicarbonate buffer solution
(KRBH) for 30 min. Supernatant was discarded, and islets were incubated for 60 min
at 37°C in KRBH containing 2.8 mM or 16.7 mM glucose, respectively. After
incubation, supernatants were collected, and insulin was quantified using a mouse

insulin ELISA kit (Mercodia Insulin Uppsala, Sweden).
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3.1.4.5 RNA isolation and Real-time PCR

Total RNA was prepared from isolated islets using the RNeasy Mini Kit (Qiagen,
Hilden, Germany). The concentration of RNA in the different samples was determined by
measurement of the absorbance at 260 nm using a Nanodrop 1000 spectrophotometer
(Thermo Scientific Wilmington, MA) and then retrotranscribed using the High Capacity
cDNA Reverse Transcription Kit (AB Applied Biosystems, USA) following the
manufacturer's instructions. The cDNA was amplified by Real-Time PCR in a
LightCycler 480 System (Roche) using Mesa Green gPCR Master Mix (Mesa Green,
Eurogentec, Belgium). The expression of clock genes in isolated pancreatic islets was
measured, with the housekeeping gene 36B4 (ribosomal protein large P0) used as the
endogenous control for quantification. The results were expressed as the relative

. . -AAct
expression with respect to control levels (2 ).

Primer sequences used for adipose tissue and pancreatic islets are shown in Table 4.

Table 4. Quantitative real PCR primers

Name Sense primer (5-3) Antisense primer (5-3)
Rev-erb alpha  GGTGCGCTTTGCATCGTT GGTTGTGCGGCTCAGGAA
Clock TTGCTCCACGGGAATCCTT GGAGGGAAAGTGCTCTGTTGTAG
Bmal 1 GGACTTCGCCTCTACCTGTTCA AACCATGTGCGAGTGCAGGCGC
Per 1 GCGGGTCTTCGGTTAAGGTT AGGCTCAGCTGGGATTTGG
Per 2 ATGCTCGCCATCCACAAGA GCGGAATCGAATGGGAGAAT
36B4 GAGGAATCAGATGAGGATATGGGA AAGCAGGCTGACTTGGTTGC
Noc TCATGCAGTGGAACATCCTC TCAGGCACTTCCTCTCTTCC
Cdo TCTGTGTGGCTGACGTTCTC GAAGCTGCTGCAAGGAAATC

85



Materials and Methods

Csad

TauT

Ppary
Aco
Cptla
Hsl

C/ebpa

C/ebpf

Glut4

Glut2

Gck

Pdx1

Ins2

GGGCTCCATTACCAACTCAA

GATGACGGGTGAGGTGAAGT

CACAATGCCATCAGGTTTGG

CCCAAGACCCAAGAGTTCATTC

CTCCTGAGCAGTTACCAATGC

AGAGACACCAGCCAACGGATA

CTCTGGGATGGATCGATTGT

AGCTGCTCCACCTTCTTCTG

ATTGGACGCTCTCTCTCCAA

GGAAGAGGCATCGACTGAGCAG

ATCTTCTGTTCCACGGAGAGG

GATGAAATCCACCAAAGCTC

TGGAGGCTCTCTACCTGGTG

GACACCGGAGACAAAGTGGT

TACGCATCCATCGTCATTGT

GCTGGTCGATATCACTGGAGATC

TCACGGATAGGGACAACAAAGG

GAACCTTGGCTGCGGTAAGAC

TTTTGCGGTTAGAAGCCACA

TTACAACAGGCCAGGTTTCC

CAAGCTGAGCGACGAGTACA

GATTCTGCTGCCCTTCTGTC

GCCTTCTCCACAAGCAGCACAG
TCTACAATGCCACGCTTCTG

TAAGAATTCCTTCTCCAGCTC

TCTACAATGCCACGCTTCTG

3.1.4.6 Protein extraction

Protein extraction of isolated islets was obtained using RIPA lysis buffer (Tris 50
mmol/l, pH 7.5, EDTA 5 mmol/l, NaCl, 1% 150 mmol/l, Triton X-100 1%, SDS 0.1%, 10
mmol/l sodium fluoride, 1 % sodium deoxycholate, with 10% of protease inhibitor
cocktail (Sigma) . For the extraction, islet lysates were frozen and thawed twice in 3
consecutive cycles of 2 minutes with different temperatures (-20°C and 37°C), followed
by centrifugation for 20 min at 4°C. The supernatants were collected and transferred to
a new microfuge tube. Protein concentration in lysates was determined with the Lowry

protein assay kit (Bio-rad, Hercules, CA, USA), using following manufacturer’s
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instructions. Samples were stored at -20°C until required.

3.1.4.7 Western blot

Protein samples were resolved by 10% with SDS- PAGE (polyacrylamide gel
electrophoresis). The gel was blotted for 1 h at 100 mV. The protein was
electrotransferred onto a PVDF membrane (Perkin Elmer Life Sciences). Membranes
were previously soaked in 100% methanol to hydrate them. The membranes were
blocked for 1 h with 0.05% Tween-20 and 5% NFDM, and then incubated overnight at
4°C with the antibodies: AntiPer1 (1:500; Thermo Scientific Inc.) R-Actin was used as
a loading control (1:5,000; GE Healthcare, Hertfordshire, UK). Protein bands were
revealed by using the Pierce ECL western blot substrate (Thermo Fisher Scientific,
Madrid, Spain). The membrane was visualized with enhanced chemiluminescence on
LAS. Respective bands were quantified by densitometry. Image J software 1.50a and

intensity values for PER 1 were normalized with [3-Actin.

Buffers and solutions

Lysis Buffer Laemmli 2X

1ml Triton X-100% 0.5M Tris pH 6.8

10 mM sodium fluorite 40% Glycerol

10 mM sodium phosphate SDS 10%

50 mM Tris-HCI pH 7.5 2- 3 mercaptoethanol 10%
5 mM EDTA 0.004% Blue bromophenol
150 mM Nacl

Electrophoresis buffer 10x Transfer buffer 10x
25mM Tris 25mM Tris

192 mM Glycine 192 mM Glycine

1% SDS pH 8.3

Water

pH 8.3

TBS-Tween 0.05%

20mM Tris

150 mM NacCl

Tween-20 0.05%
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3.1.48 Whole islet Immunofluorescence and localization through

immunofluorescence.

Fresh isolated islets were washed in buffer with PBS 1x and Triton 0.2% , then fixed in
4% of paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA, USA) for 20
min,. After this islets were permeabilized with PBS with Triton 0.3% and blocked in a
PBS solution with Triton 0.5% and FBS 10% for 1h to minimizing unspecific binding of
the primary antibody within the cell, and incubated overnight with the following primary
antibodies: guinea pig anti-insulin 1:500, (Dako, Glostrup, Denmark) and anti-Per1
1:100 (Thermo Scientific, CA). Islets were incubated 2 hours with Secondary
antibodies Cy3-labeled anti-guinea pig (Jackson Immuno research) and Alexa Fluor
488 (anti-rabbit (Molecular Probes, USA) were used at 1:200 dilutions, respectively.
Nuclear staining was performed by using mounting media with DAPI (Life
Technologies, USA).

Islets were mounted with an antifade mounting medium with Dapi (Thermo Fisher
Scientific, MA, USA), in a y chamber-slide with coverslip-like bottom (IBIDI, WI, USA).
Immunofluorescence was assessed in a confocal laser microscope (Leica.
Microsystems, Wetzlar Germany). For each individual islet images were acquired
every 10um using a 40x oil immersion objective.

The same confocal settings (i.e pinhole, smart gain, smart offset, phase, zoom) were
maintained for each islet in all groups. Images were analyzed by Image J Software
1.50a (NIH, USA). Analysis was done by counting the number of stained positive cells

represented by percentage, using imagedJ 1.50d software (NIH, USA)
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3.1.5 Statistical analysis

Values are presented as means = SEM. Differences between two groups were
analyzed by Student’s { test. The effect of time and groups differences were measured
by one-way or two-way ANOVA, with Bonferroni post hoc test for multiple
comparisons, where appropriate. All statistical tests were performed with a level of
significance P > 0.05. In orden to perform a circadian analysis in different parameters,
cosinor analysis was done using the Acrophase program (R. Refinetti 2004) for fitting
cosine functions to the data using a fixed 24 hour period and included the mesor
(middle value of the fitted cosine representing a rhythm-adjusted mean), the amplitude
(difference between the minimum and maximum of the fitted cosine function), the
acrophase (the time at which the peak of a rhythm occurs, expressed in hours) and
fitted cosine values to calculate the goodness of the fit by coefficient of determination

RZ.
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4.1 RESULTS

4.1.1 Short- term treatment of 1 week of HFD and taurine.

To check the effect of taurine at the beginning of the treatment we next measured
body weight, visceral fat, water and food intake at the first week of treatment. There
was no difference in body weight, visceral fat and water intake in all experimental

groups (Fig.8A-C, respectively).
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Figure 8. Body weight, visceral fat, water intake and food intake of 1 week of
HFD and taurine treatment. Data are expressed as mean + SEM. (** p<0.01 ***
p<0.001).

4.1.1.1 Effects of taurine on food intake and insulin.

Mice fed a HFD had an increase in food intake during the light and dark cycles already
at the first week of treatment whereas taurine was able to prevent the increase in food

intake caused by HFD in both light and dark cycles (Figure 9A). Showing that one-
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week of taurine treatment in mice treated with HFD can decrease food intake during
light and dark cycles even before any change in body weight and visceral fat. The
increase in food intake was followed by an increase in plasma insulin (Figure 9B)
during day and a strong tendency at night-time. Plasma leptin levels were significantly
higher in HFD groups, however taurine was not able to decrease leptin already at one-

week of treatment.
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Figure 9. Food intake and insulin during day and night of 1 week of HFD and
taurine treatment.

Plasma leptin levels after 1 week of intervention. Data are expressed as mean + SEM. (*
p<0.05, ** p<0.01 *** p<0.001).
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4.1.1.2 Daily glucose and insulin at 1 week of treatment.
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Figure 10. Effects of taurine treatment on daily glucose and insulin

(A) 24h time course measurements of plasma glucose concentrations after 10 weeks of

taurine treatment in mice fed a chow diet or HFD. ©~ (C), *®*(C+T) —® (HFD) and —#*-
(HFD+T). Differences between C vs C+ T (* P< 0.05). Differences between C vs HFD (°
P<0.05, "P<0.001). Differences between HFD vs HFD+ T (P < 0.05, ** P< 0.001). (n= 8-
10 mice per group). (B) 24h time course measurements of plasma insulin concentrations
after 10 weeks of taurine treatment in mice fed a chow diet or HFD. =€~ (C), *®*(C+T)
—®~ (HFD) and ~®- (HFD+T). Differences between C vs C+ T (* P< 0.05). Differences
between C vs HFD (" P<0.001). Differences between HFD vs HFD+ T (* P< 0.05, * P<
0.01) (n=8-10 mice per group).
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4.1.1.3 Glucose tolerance and insulin sensitivity

One week of HFD treatment led to glucose intolerance (Fig.11A) and decreased
insulin sensitivity (Figure 11C) but taurine treatment in mice fed a HFD had a small

effect on glucose tolerance and insulin sensitivity with no statistically significant results

when calculating the area under the curve (Figure 11B and 11D respectively).
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Figure 11. Effects of taurine treatment on glucose tolerance and insulin
sensitivity after 1 week of treatment.

Glucose tolerance test (A). Differences between C vs HFD (*P <0.05, ) P <0.01); HFD vs
HFD+ T (# P < 0.05). (n=5-7 mice per group). (B) Area under the curve (AUC). (C) Insulin

tolerance test. Differences between C vs HFD ( P <0.05); HFD vs HFD+ T (# P < 0.05).

(n=5-7 mice per group) (D) Area under the curve (AUC). Data are expressed as mean *
SEM.
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4.1.1.4 Clock genes expression at 1 week

We next checked whether taurine could modulate the expression of clock genes in
isolated pancreatic islets at one week of treatment. The expression of Clock, Bmal1,
Rev-erb a and Per1 was similar in all groups. Showing that there were no effect of

HFD on clock gene expression, whereas taurine did not induce changes.
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Figure 12. Expression of the clock genes Clock, Bmal1, Rev-erb a, Per1, in
pancreatic islets at 1 week of HFD and taurine treatment.
Data are expressed as mean + SEM. Differences between C vs HFD * P<0.05.
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4.1.2 Long- term treatment of 10 weeks

4.1.2.1 Effects of taurine treatment on body weight and visceral fat

We first measured body weight progression from the first week of treatment. Body
weight was similar between the groups until the 5™ week of treatment. In the HFD
group, body weight increased from the 5" week of treatment in both HFD and HFD+T
treated mice, as compared to controls. However, from the 8" to the 10" week of
treatment, mice fed with HFD+T prevented the increase in body weight, compared to
mice fed with HFD until the end of treatment (Figure 13A). After 10 weeks of treatment,
visceral fat weight was comparable between the C and C+T groups. As expected,
mice treated with a HFD showed a significant increase in visceral fat, compared to the
C group, whereas mice treated with HFD+T had a decrease in visceral fat, compared

to the HFD group (Figure 13B).
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Figure 13. Effects of taurine treatment on body weight, visceral fat, food intake.
Mice were treated with chow diet -©-(C), Chow+ Taurine "®* (C+T), High-fat diet ~®=

(HFD) or HFD+ Taurine ~® (HFD+T) for 10 weeks. (A) Body weight progression from the
first day of taurine treatment until the 10" week of treatment in mice fed with chow or HFD.
(n=8-10 mice per group). Differences between C vs HFD (" P<0.05); HFD vs HFD+ T (* P<
0.05, # P< 0.01). (B) Visceral fat weight after 10 weeks of taurine treatment in mice fed
with chow or HFD. Differences between C vs HFD (' P<0.05); HFD vs HFD+ T (* P< 0.05).
(n=8-10 mice per group).

4.1.2.2 Effects of taurine on food and water intake.

Measurements of food intake Interestingly, HFD-treated mice had increased food
intake already at the first week of treatment with a peak of food consumption at the
second week and a sustained elevation of food intake until the end of treatment. On
the other hand, HFD+T mice had decreased food intake already at the first week
compared to the HFD group (Fig.14A). At the end of treatment (10" week) during the
light cycle was similar between C and C+T groups and increased during the dark cycle
in both groups (p 0.0001, respectively). In contrast, mice fed a HFD exhibited an
increase in food intake during both light and dark cycles, as compared to C group
(Figure 14B), Taurine decreased food intake in both light and dark cycles. Water intake

was similar in all experimental groups at the 10th week of treatment (Figure 14C).
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Figure 14. Food intake and water intake after 10 weeks of intervention.

(A) Food intake progression from the first week until the 10" week of treatment.
Differences between C vs HFD ~ P<0.05. ~ P<0.001, ~'P<0.0001. Differences between
HFD vs HFD+T ( *P<0.05, * P<0.001). (B) Food intake at 10" week of treatment during
the light and dark cycle. Food was measured by weighing the food consumption separately
during the day (from 8:00 to 20:00) and the food consumption during the night (from 20:00
to 8:00). Differences between C vs HFD (* P<0.001); and HFD vs HFD+ T (* P< 0.01).
(C) Water Intake at 10" week of treatment. Data are expressed as mean + SEM.

Table 5. Effects of taurine treatment on body weight,visceral fat and food intake.

Variable Groups
C C+T HFD HFD + T P Value
Body weight gain (g) 4+0,8 3,7+0,5 14,5+0,9 " 8,7+0,8" 0,76 0,001 0,01
Visceral fat (mg) 596,4+109,7 673,5+112,6 1866,3+183,5  1229,8+214,7% 0,63 0,001 0,03
Food intake (kcal/day/mouse) 6,4+ 0,3 5,9+ 0,3 11,05+0,4 *** 85+0,4% 0,32 0,001 0,05
Cvs HFD * p<0.05 HFD vs HFD+T # p<0.05
** p<0.01 ## p<0.01
**% 020.001 ##H# p<0.001

Shown are the means + SEM
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4.1.2.3 Effects of taurine on daily glucose, insulin and leptin levels at 10" weeks

treatment.

The effect of taurine treatment (C+T group) on the daily glucose levels was evident at
time 12:00, with lower levels than in the C group (Figure 15A). As expected, blood
glucose levels were elevated at 18:00 and 24:00 in the HFD group, compared to the C
group (Figure 15A). However, mice treated with HFD+T exhibited lower glucose levels
throughout the 24h period as compared to mice treated only with HFD (Figure 15A).
Mesor analysis of the data confirmed the hypoglycemic effect of taurine during HFD
treatment by decreasing glucose levels to the same levels of the control group (Table
5). Plasma insulin levels were similar in the C group at all time points measured, but
increased in the C+T group at 24:00 (Figure 15B). In contrast, insulin levels were
continuously elevated throughout the 24h period in the HFD group as compared to the
C group. Interestingly, HFD+T decreased the overall levels of plasma insulin
throughout the 24h period and increased plasma insulin levels at 24:00 (Figure 15B).

Control mice exhibited statistically significant variations in plasma leptin concentrations
with decreased values at 12:00, and a peak at 24:00 (P<0.01 and P<0.05). The C+T
group exhibited the same variations in plasma leptin, but the peak occurred at 18:00
(Figure 15C). Interestingly, HFD mice disrupted the daily pattern of leptin, with no
decrease in leptin levels at 12:00, a peak of leptin at 18:00 (P<0.05). Taurine
treatment prevented the disruption of daily plasma leptin caused by HFD, decreased
leptin levels at 12:00 (P<0.01) and a peak of leptin from 12:00 to 24:00 (P<0.01).
Confirming these results, the mesor and amplitude values showed that taurine
decreased insulin and leptin levels in mice treated with a HFD (Table 5). Our results
demonstrated that taurine supplementation in mice fed a HFD can restore the 24h

pattern of plasma leptin levels.
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Figure 15. Effects of taurine treatment on daily glucose, insulin and leptin levels.

(A) 24h time course measurements of plasma glucose concentrations after 10 weeks of
taurine treatment in mice fed a chow diet or HFD. ~© (C), "®*(C+T) —® (HFD) and —®*-
(HFD+T). Differences between C vs C+ T (* P< 0.05). Differences between C vs HFD (°
P<0.05, "P<0.001). Differences between HFD vs HFD+ T (*P < 0.05, ** P< 0.001). (n= 8-
10 mice per group). (B) 24h time course measurements of plasma insulin concentrations
after 10 weeks of taurine treatment in mice fed a chow diet or HFD. = (C), *#*(C+T)
—- (HFD) and ®- (HFD+T). Differences between C vs C+ T (¢ P< 0.05). Differences
between C vs HFD (" P<0.001). Differences between HFD vs HFD+ T (* P< 0.05, ™ P<
0.01) (n=8-10 mice per group). (C) 24h time course measurements of plasma leptin
concentrations after 10 weeks of taurine

-®- (HFD+T). Differences between C vs C+T (** P< 0.01). Differences between C vs HFD
(" P<0.05, " P<0.001). Differences between HFD vs HFD+T (* P< 0.05, #" < 0.01). (n=8-

10 mice per group). The black bars refers on the top of the figures to the dark cycle and
the white bars to the light cycle.
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4.1.2.4 Effects of taurine on glucose tolerance and insulin sensitivity

Glucose tolerance was similar between C and C+T mice, showing no differences
between the groups. As expected, HFD mice displayed impaired glucose tolerance,
evident in the total area under the curve (AUC) as compared to control mice (Figure
16A and B). Taurine supplementation in HFD-fed mice prevented glucose intolerance
caused by a HFD, as indicated in the total area under the curve (AUC) (Figure 16B).
Plasma insulin levels during the ipGTT showed a significant decrease in plasma insulin
levels in the C+T group at 15 min. In accordance with the ipGTT results, the HFD
group displayed elevated insulin levels at 30 and 60 min, as compared to the C group.
Interestingly, taurine treatment reduced insulin levels at 30 min and 60 min in animals
treated with HFD (Figure 16C), as indicated in the total area under the curve (AUC)
(Figure 16D). There were no differences in insulin sensitivity between C and C+T
mice, but the HFD group exhibited impaired insulin sensitivity (Figure 16E). Ten weeks
of taurine treatment were sufficient to prevent insulin resistance caused by HFD

feeding, as shown in the total area under the curve (AUC) (Figure 16E and 16F).
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Figure 16. Effects of taurine treatment on glucose tolerance and insulin
sensitivity.

Glucose tolerance test (A) = (C), =F* (C+T), “® (HFD) and ~® (HFD+T). Differences
between C vs HFD (' P <0.05,” P <0.01” P <0.001); HFD vs HFD+ T (* P < 0.05, " P <
0.001). (n=8-10 mice per group) (B) Area under the curve (AUC). Differences between C
vs HFD (" P <0.001) and HFD vs HFD+T (~ P <0.01). (C) Insulin tolerance test (n=8-10).
Differences between C vs HFD (* P <0.01" P<0.001); HFD vs HFD+ T (* P < 0.05, " p<
0.001). (D) Area under the curve (AUC), (" P<0.001). (E) Plasma insulin measured during
the glucose tolerance test at 0, 15, 30, and 60 min (n=5). Differences between C vs HFD
(" P<0.001); HFD vs HFD+ T (* P< 0.05, " P< 0.001) and C vs C+T (** P< 0.01). (n=8-10
mice per group). (F) Area under the curve (AUC) (** P<0.05) (* P < 0.01).
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4.1.2.5 Effects of taurine on daily insulin secretion in vitro

To check whether the modulation of taurine on the 24h pattern of insulin secretion in
vivo reflects changes in insulin secretion in vitro, we next performed glucose-
stimulated insulin secretion from fresh isolated islets at 6:00, 12:00, 18:00, and 24:00.
Isolated islets from control mice exhibited no changes in insulin secretion during the
24h period at low glucose concentrations. Islets from the C+T group had increased
insulin secretion at 18:00 when stimulated with basal glucose concentrations (Figure
17A). When control islets were stimulated with high glucose concentrations, we could
observe the effect of the time of the day on insulin secretion. Glucose-stimulated
insulin secretion had a peak of secretion at 18:00 and maintained high levels at 24:00
as compared to secretion at 6:00 and 12:00. The same pattern of glucose-stimulated
insulin secretion was observed in islets from the C+T group, however, taurine
treatment augmented glucose-stimulated insulin secretion during the dark cycle, as
compared to secretion from control islets (Figure 17A). When islets from HFD mice
were stimulated with high glucose concentrations, we found alterations in insulin
secretion according to the time of day. Islets isolated at 6:00 lost the stimulatory effect
of glucose compared to control islets (Figure 17B). The nocturnal increase of glucose-
stimulated insulin secretion was advanced to 12:00, exhibiting an increase in insulin
secretion already at 12:00 and keeping high levels throughout the dark cycle. We
could not detect the effect of the time of day in isolated islets from mice treated with
HFD+T on glucose-stimulated insulin secretion. However, islets from HFD+T
decreased glucose-induced insulin secretion at 12:00, 18:00 and 24:00, as compared
to the HFD group (Figure 17B). These results indicate that HFD disrupts in vitro

glucose-stimulated insulin secretion that could not be prevented by taurine treatment.
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Figure 17. Effects of taurine on circadian insulin secretion in vitro

Pancreatic islets were isolated at different times of day (6:00h, 12:00h, 18:00h and 24:00h)
after 10 weeks of taurine treatment and stimulated with 2.8mM glucose (white bars) and
16.8 mM glucose (black bars) (n=6-7 mice per group). (A) Insulin secretion from C and
C+T groups. Data are expressed as mean + SEM. Differences between 2.8mM glucose
and 16.8 mM glucose in the C ('P <0.01, ~'P <0.001) and C+T groups (P <0.01, "'P
<0.001). Differences in the time of day at 2.8mM glucose and 16.8 mM glucose in the C
and C+T groups (*P<0.05, *# P<0.01, and ™ P<0.001 respectively). (B) Insulin secretion
from HFD and HFD+T groups (n=6-7). Differences between 2.8mM glucose and 16.8 mM
glucose in the HFD group (P<0.05, “'P<0.001) and HFD+T group ( P<0.05). Differences in
the time of day at 16.8 mM glucose in HFD group (*P<0.05, *# P<0.001).
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4.1.2.6 Expression of Cdo, Csad and Taurine transporter in pancreatic islets.

To analyse if decreased levels of rate-limiting enzyme for taurine biosynthesis,
cysteine dioxygenase (Cdo), cysteine-sulfinic acid decarboxylase (Csad) and the
taurine transporter (TauT) are affected in obesity we examine the levels of these
genes in pancreatic islets '°®?%. Taurine is accumulated in various tissues, including
pancreas %*’. In our results Cdo, Csad, important enzymes of taurine biosynthesis and
the taurine transporter (TauT) are well expressed in pancreatic islets. Cdo, Csad and
TauT mRNA levels were decreased in HFD group and taurine restored their levels
(Figure 18A,B). These results suggest that a HFD alters the expression of these

parameters, which are key factors in determining taurine flux.
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Figure 18. Cdo, Csad and TauT expression in pancreatic islets after 10 weeks.
Data are expressed as mean + SEM. Differences between (* P<0.05 **P<0.01)
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4.1.2.7 Expression of genes involved in pancreatic islet function.

We measured the expression of genes involved in islet function. There were no
differences between groups in the Glucose transporter (Glut2) and Glucokinase (Gck).
In contrast, HFD islets presented upregulation of duodenal home box factor (Pdx17) but
its expression was not modify by taurine. In addition HFD displayed increased levels of
Ins2 than control, whereas taurine did not change Ins2 expression levels. On the other
hand, Ppary been shown to regulate directly key B cell genes involved in glucose
sensing and sensitivity. HFD decreased the expression of pancreatic islets when

compared with control, in contrast taurine normalizes the expression of Ppary.

Relative mRNA expression

Glut2 Gck Pdx1 Ins2 Ppary

Figure 19. Gene expression of Glut2, Gck, Pdx1, Ins2 and Ppary in pancreatic
islets.

Data are expressed as mean + SEM. Differences between C vs HFD (*p<0.05, **p<0.01).
HFD vs HFD+T (* p<0.05, # p<0.01)
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4.1.2.8 Effects of taurine on Nocturnin, a clock controlled gene in pancreatic

islets.

Nocturnin is a recently studied enzyme; a circadian deadenylase expressed at high
levels during the night in liver and adipose tissue and has been implicated in obesity
66238 Nocturnin is considered to be a clock-controlled gene (CCG). We checked the
MRNA levels of Nocturnin through 24h in pancreatic islets, showing that is well
expressed in islets with a peak at the beginning of the night in control mice. HFD mice
displayed increased levels compared to control with the highest peak at at 18h and
24h. Interestingly taurine changed the expression of Noc by decreasing its levels at the
end of the light cycle (Figure 20). These results show that taurine could be modifying

Nocturnin expression in pancreatic islets during obesity and diabetes.

0.10 - - C

«de C+T
- HFD
- HFD+T

Noc
mRNA expression
o
(=]

(3, ]

0.00 T T T 1

Time

Figure 20. Nocturnin expression in pancreatic islets during 24h.

Ccrn4l gene expression in isolated islets. = (C), *®° (C+T), ® (HFD) and ®*
(HFD+T). Data are expressed as mean + SEM. Differences between (** P<0.05)
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4.1.2.9 Effects of taurine on the clock gene expression in pancreatic islets.

The islet exhibits oscillations in clock gene expression throughout the day and
alterations in clock gene expression impaired beta-cell function leading to the
development of diabetes '°'?*"??® Therefore, we next checked whether taurine could
modulate the daily pattern of Bmal1, Clock, Rev-erba, Per1 and Per2 expression in
isolated pancreatic islets. The expression of Clock was similar in control or C+T islets
(Figure 21A). There was no effect of HFD on Clock expression, but taurine treatment
in the HFD group increased Clock expression at 18:00 (Figure 21A). This effect was
evident by the mesor and amplitude values showing an increase in the HFD+T group
(Table 7). The 24h pattern of Bmal1 in control islets showed the highest peak at 6:00
and the lowest at 18:00 (Figure 21B). Taurine treatment in mice fed with chow diet
showed an increase in mesor values detected by the cosinor analysis. Islets from HFD
downregulated Bmal1 expression at 6:00, as compared to control islets, whereas
HFD+T islets exhibited increased Bmal1 expression at 24:00 (Figure 21B). Cosinor
analysis showed that HFD feeding decreased the mesor and amplitude of Bmal1
expression and that taurine treatment restored mesor values of Bmal1 expression and
changed the acrophase (from 6 in all groups to 23h) in mice treated with HFD (Table
7). Rev-erba expression showed a similar pattern of expression in C and C+T islets,
with a peak of expression at 12:00 and 18:00 and a decrease at 6:00 and 24:00
(Figure 21 C). HFD disrupted 24h expression by upregulating Rev-erba expression at
6:00 and downregulating at 18:00, compared to C islets, while there was no effect of
taurine in HFD+ T islets on Rev-erba expression (Figure 21C). Cosinor analysis
confirmed this data, showing a decrease in the values of the mesor in the HFD group,
in relation to the C group (Table 7). Per2 expression had a peak of expression at 18:00
in all experimental groups, C+T increased Per2 levels at 12:00 compared to control.
There were no changes in HFD groups (Figure 21D). In C and C+T islets, Per1
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showed changes during the 24h pattern of expression with the highest peak at 18:00

(Figure 21E). HFD downregulated Per1 expression at 6:00 and at 18:00, as compared

to C islets. Interestingly, taurine treatment during HFD feeding restored the circadian

pattern of Per1 expression to the same expression levels as in the C islets (Figure

21E). Cosinor analysis confirmed the inhibitory effect of HFD on Per1 expression and

in the amplitude of the gene, as well as the preventive effect of taurine on the Per 1

expression and Per1 amplitude (Table 7). These results demonstrated that taurine

treatment during HFD feeding can prevent the disruption of Per1 expression in

pancreatic islets.
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Figure 21. Clock genes expression in islets during 24h.

Pancreatic islets were isolated at different times of day (6:00h, 12:00h, 18:00h and 24:00h)
after 10 weeks of taurine treatment. (n=4-5). (A) Clock gene expression in isolated islets.
=8~ (C), *®* (C+T), =® (HFD) and ~®* (HFD+T). (B) Rev-erba gene expression in islets.
(C) Bmal1 gene expression in islets. (D) Per2 gene expression in islets. (E) Per1 gene
expression in islets. Data are expressed as mean + SEM. Differences between C vs C+T
(3¥P<0.01), C vs HFD (" P<0.05) and HFD vs HFD+T (* P<0.05) (n=6-7 mice per group).
The black bars refers on the top of the figures to the dark cycle and the white bars to the
light cycle.

4.1.2.10 PER1 protein expression in pancreatic islets

Since taurine modulated the expression of Per? in islets, we next quantified protein
levels of PER1 in pancreatic islets isolated at 18:00 and 24:00 after 10 weeks of
treatment. Confirming our results, the HFD decreased the protein expression of PER1
at 18:00, and taurine restored PER1 protein levels in islets from mice treated with a
HFD (Figure 22A). As expected, there was no difference in PER1 protein expression at
24:00, confirming our results on gene expression (P=0.46).

To further validate these results, immunofluorescence was performed in whole fresh
isolated pancreatic islets of mice after 10 weeks of treatment. We analysed total
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percentage of PER1-positive stained cells within the islet and found a higher tendency
for PER1 staining in C+T islets (p=0.09), as compared to control islets (Figure 22B).
Moreover, C+T islets showed a statistically significant increase in the percentage of
total PER1 in insulin-positive cells when compared with C islets (Figure 22B). Since
PER1 is a transcription factor that can be localized in the cytoplasm and/or nucleus,
we accessed the cell localization of PER1 in isolated islets. We found similar nuclear
PER1 localization in the beta-cells of the C and C+T groups (Figure 22B). However,

when measuring nuclear staining in all islet cells, PER1 expression was upregulated

by taurine in the control group (Figure 22B).
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Percentage of PER1 expression in total number of cells, percentage of PER1
expression in the cytoplasm and the nucleus of insulin-positive cells, percentage of
nuclear PER1 in beta-cells and percentage of nuclear PER1 in the total number of
cells in chow diet groups. Differences between C (white bars) versus C+T (black bars).

Data are expressed as mean + SEM. Differences between C vs C+T (" P<0.05) (n=15-

20 islets analysed per condition per group).
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Consistent with our results on gene expression, the HFD downregulated PER 1 protein
expression as compared to C islets (P= 0.002). When we compared islets from HFD
and HFD+T, we found an increase in total PER1-positive staining with taurine (Figure
22C). Moreover, insulin-positive cells from HFD+T islets presented higher total PER1
labelling than islets from HFD mice (Figure 22C). We observed an increased staining
of nuclear PER1 from HFD+T islets and nuclear PER1 staining when analysed in total
islet cells, compared to islets from HDF mice (Figure 22C). Thus, these results
demonstrated that HFD downregulated PER1 protein and gene expression, whereas

taurine upregulated PER1.
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Figure 22. Effects of taurine in the expression of PER1 protein in isolated
pancreatic islets.

Pancreatic islets were isolated at 18:00h after 10 weeks of taurine treatment in all
experimental groups. Protein expression was detected by western blot and
immunofluorescence stained against insulin anti-body (red), PER1 anti-body (green) and
nuclear fraction by DAPI (blue). (A) PER1 protein expression normalized by actin. (n=4-5
mice per group). (B) Percentage of PER1 expression in total number of cells, percentage
of PER1 expression in the cytoplasm and the nucleus of insulin-positive cells, percentage
of nuclear PER1 in beta-cells and percentage of nuclear PER1 in the total number of cells
in chow diet groups. Differences between C (white bars) versus C+T (black bars). Data are
expressed as mean + SEM. Differences between C vs C+T ( P<0.05) (n=15-20 islets
analysed per condition per group). (C) Percentage of PER1 expression in total number of
cells, percentage of PER1 expression in the cytoplasm and the nucleus of insulin-positive
cells, percentage of nuclear PER1 in beta-cells and percentage of nuclear PER1 in the
total number of cells in high fat diet groups. Differences between HFD (white bars) versus
HFD+T (black bars). Data are expressed as mean * SEM. Differences between HFD vs
HFD+T ( P<0.05, "P<0.01, "P<0.001, n=15-20 islets analysed per condition per group).
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Results

4.1.2.11 Expression of genes of lipid metabolism and adipose tissue

We measured the expression of genes involved in lipid metabolism. HFD decreased
the expression levels of transcription factors related with fatty acid oxidation Cpt7a and
acyl-CoA oxidase (Aco) compared to control. However, taurine enhanced the levels of
these genes. In addition, taurine increased the expression of Ppary which is regulator
of Cpt1a and Aco. In contrast, taurine had no effect on the expression of C/ebpa and
C/ebpB gene expression that were increased in high fat diet groups. In respect to
Hormone sensitive lipase (Hs/) which is implicated in triglyceride hydrolysis, HFD
displayed downregulation of Hs/ when compared to controls, on the other hand taurine
increased the levels of Hsl indicating a role of taurine in adipose lipolysis. On the other
hand, Glut4 is the main glucose transporter isoform in adipose tissue. Glut4
expression was decreased in HFD group whereas taurine restore the levels of Glut4.
Taken together, these data suggested that taurine might lead to increased energy fatty

acid oxidation, and improvement in glucose homeostasis.

2.5+
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Cpt1 Aco Hsl Ppary Clebpa Clebpp Glut4

Figure 23. Gene expression of genes implicated in in adipose tissue metabolism
after 10 weeks.

Data are expressed as mean + SEM. Differences between C vs HFD (*p<0.05 **p<0.01,
**n<0.001). C vs C+T (% p<0.05), HFD vs HFD+T (* p<0.05, # p<0.01)-
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4.1.2.12 Effects of taurine on Nocturnin, a clock controlled gene in adipose

tissue.

Nocturnin in adipose tissue has been implicated in lipid metabolism, adipocyte
differentiation and adipogenesis % We analysed the expression of Nocturnin during
24h in adipose tissue, increasing from 6h to 24h with the highest peak at 18h and 24h
in control mice, with a similar expression pattern with C+T. However HFD mice
displayed higher levels throughout the day compared to control. Showing the highest
peak at 18h and 24h. Taurine decreased the expression levels of Nocturnin at the end
of the light cycle. Indicating that taurine can prevent the disruption of Nocturnin in HFD

mice.
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Figure 24. Nocturnin expression in adipose tissue during 24h.

Noc gene expression in adipose tisse. *©~ (C), *®* (C+T), =® (HFD) and ~%- (HFD+T).
Data are expressed as mean + SEM. Differences between (** P<0.05, **P<0.01)
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4.1.2.13 Effects of taurine on clock gene expression on visceral adipose tissue.

We next checked whether taurine could modulate the daily pattern of Bmal1, Clock,
Rev-erba, Per1 and Per2 expression in visceral adipose tissue. The expression of
Clock was similar in control or C+T islets (Figure 25A). However, HFD disrupted Clock
expression in visceral adipose tissue by increasing Clock expression at 6:00 and at 18
and 24:00. Taurine treatment was able to restore the Clock expression at 18:00 and 24
in mice fed with HFD (Figure 25A). Bmal1 expression in control group had a peak of
expression at 6:00 and 24:00, and these levels were decreased in C+T group at 6:00
and 24:00. Also Bmal1 was down regulated by HFD at 12:00 and 24:00 but HFD+T
treatment had no effect on Bmal1 expression at these time points (Figure 25B). The
expression of Rev-erba in visceral adipose tissue was decreased at 6:00 and
increased at 24:00 by HFD (Figure 25C) and taurine treatment could normalize Rev-
erba mRNA levels at 6:00 and 24:00. Per1 expression was also decreased at 6:00 in
visceral adipose tissue from mice fed a HFD but in this case, taurine treatment had no
effect on Per1 expression in visceral adipose tissue (Figure 25D). Finally, C+T
increased the expression of Per2 at 24:00 compared to control. HFD disrupted Per2
expression by upregulating the expression of this gene at 6:00 and 24:00 whereas
taurine treatment restored Per2 expression at both 6 and 24:00 in mice treated with
HFD (Figure 25E).Thus, taurine treatment during HFD feeding can prevent the

disruption of Clock, Rev-erba and Per2 expression in visceral adipose tissue.
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Figure 25. Clock genes expression in adipose tissue during 24h.
Expression of clock genes in visceral adipose tissue at different times of day (6:00h,
12:00h, 18:00h and 24:00h) after 10 weeks of taurine treatment. (n=4-5). (A) Clock

gene expression in adipose tissue
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gene expression in adipose tissue. (C) Bmal1 gene expression in islets. (D) Per1 gene
expression in adipose tissue. (E) Per2 gene expression in adipose tissue. Data are

expressed as mean + SEM. Differences between C vs C+T (& P<0.05,&& P<0.01), Cvs
HFD ( P<0.05, P<0.01)and HFD vs HFD+T (' P<0.05, "'P<0.01, " P<0.001) (n=6-7

mice per group). The black bars refer on the top of the figures to the dark cycle and the
white bars to the light cycle.
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Discussion

Disruptions of biological clocks and their desynchronization are related to altered
activity, feeding cycles and hence altered body homeostasis. Experimental and
epidemiological studies suggest a strong association between altered circadian
behaviour and the development of metabolic diseases. The role of the circadian clock
has increased clinical interest based on epidemiological data connecting lifestyles
related to circadian disruption and increased risk of T2DM and obesity %*°. Otherwise
nutrients have been identified as important factors to influence circadian rhythms at
both molecular and behavioral levels. Understand the relationship between functional
nutrients, feeding and the circadian clock is of relevant importance for metabolic health,
and to aim strategies for obesity prevention and treatment. The impact of taurine on
circadian rhythms has not been studied previously. Although taurine data from several
studies revealed many important and therapeutically effects of physiological
significance, indicating the nutritional importance of taurine to prevent lifestyle-related
diseases. In the present work, we used a model of diet-induced obesity, as a high-fat
diet affects multiple behavioural and molecular circadian rhythms '?°?*°. We showed
that taurine prevented multiple effects in diet-induced obesity in mice. Taurine is
considered a non-toxic amino acid and is easily supplemented into daily diets. First we
examined the effects of short-term of 1-week consumption of a high-fat diet to rule out
the taurine’s body effects in mice phenotype.

During the 1"

week HFD mice were glucose intolerant and showed decreased insulin
sensitivity, in accordance with previous studies where glucose intolerance is induced
already at 3 days of HFD ?*"%*2, No increase in body weight gain was observed despite
the higher energy consumption with HFD. Results of many studies have shown that
within the 1" week changes in body weight increase in HFD mice, depending also on
the composition of diet, experimental design, the different mice genetic background,

age and strain %12%,
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On the other hand, taurine had no effect on glucose tolerance, insulin sensitivity, body
weight and visceral fat at this early stage of HFD, however decreases food intake
during day and night already at 1 week preceding the changes in body weight.
However we found that HFD increases food intake at the first week of treatment and at
10™ week during the light and dark cycles. Previous studies have shown that at 1 week
of HFD there is an increased food intake during the normal resting phase in mice '%°. It
has been suggested that shifting feeding behavior is an important factor influencing
body weight and energy metabolism. Different studies show that eating during the
inactive phase (light) leads to increased adiposity, which could be related to decreased
energy expenditure, its has been studied that mice fed with a HFD only during light
phase over a period of 6 weeks gained 2.5-fold more weight than mice given the same
diet during the dark phase, despite caloric intake and physical activity were identical
between groups. Although many metabolic parameters are influenced by these
changes the contributing mechanisms have yet to be determined #**#%°.

We measured the expression of clock genes at 1 week of HFD, although gene
expression was measured only at one point, there were no differences in Clock, Bmal1,
Rev-erba, Per1. Nevertheless, further studies should be carried out to analize if the
changes in clock gene expression precedes metabolic abnormalities.

In our results taurine treatment prevents HFD—increased food intake during both light
and dark period at 1% and at 10" week of treatment, suggesting a central effect to
modulate food intake, It has been shown that taurine reduces food intake preventing
leptin resistance in hypothalamus and by overexpressing anorexigenic neuropeptides
240 also it was studied that central administration of taurine decreases NPY

expression, even administered alone without insulin, the anorexic effect of taurine had

a similar magnitude to the effect produced by either insulin 2*’.
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Hyperinsulinemia and insulin resistance are two characteristics of obesity that have
been proposed to contribute to its detrimental effects on health. Circulating insulin
levels are intimately related to systemic insulin responsiveness **® . After 10 weeks of
HFD and taurine, HFD increased body weight and visceral fat, animals became
glucose intolerant and insulin resistant. Despite the high circulating insulin levels,
obese mice were only able to maintain plasma glucose levels within the normoglycemic
range in the fasted state but not during fed conditions or during an i.p. glucose
challenge. Taurine supplementation prevents the increase in body weight, evident as
lower visceral fat, ameliorated glucose intolerance and enhanced insulin sensitivity
consistent with different studies describing anti-obesity actions of this aminoacid, also
in different experimental models of insulin resistance where taurine supplementation
normalizes plasma insulin, glucose levels and increases insulin sensitivity 2*°2. Being
likely that effects of taurine are detectable in long-term treatments in the context of

obesity and diabetes 2°%2%°.

In this sense, several groups have analyzed the
mechanisms underlying the improvement of peripheral insulin sensitivity by taurine. It
has been showed that taurine had an improvement in glucose homeostasis and insulin
action in liver and muscle on the insulin receptor, enhancing insulin action 2.
Moreover, taurine also prevented insulin resistance in liver induced by intravenous
infusion of fatty acids, leading to an inhibition of oxidative stress caused by fatty acids
which impairs insulin signaling ?*’. In addition, the effects of taurine in adipose tissue
have been studied. Taurine ameliorated the hyperglycemia in part through inducing the
production of antiinflamatory mediators which supresses the development of insulin

resistance in adipose tissue *®°.

Likewise in adipocytes, taurine mediated the
polarization of macrophages preventing insulin resistance independently of decrease in
body weight ?*°. Thus indicating that taurine has a beneficial effect at least in part

ameliorating peripheral sensitivity.
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In addition daily variations in glucose, insulin and leptin are subjected to circadian
control during normal conditions and are disrupted in diabetes and obesity. Our results
confirm the increase insulin and leptin during both light and dark period with HFD as

previously shown '%°.

The mesor and amplitude values showed that taurine decreased
insulin and leptin levels throughout 24-h in mice treated with a HFD. Insulin displays a
low-amplitude daily rhythm which is strongly influenced by food ingestion that
enhances insulin release ?®°, nonetheless, in vitro pancreatic islets release insulin in a
circadian time scale, thus illustrating the endogenous nature of these oscillations 2’

Disrupted adipokine circadian patterns, in the case of leptin may have an impact on the
appetite, food intake, and energy balance. The increase in leptin levels during the night
may mean it acts as a satiety hormone, favoring fasting and nocturnal rest. Obesity is
correlated not only with high levels of leptin but also with a reduction in the amplitude of

the rhythm and attenuation of rhythmicity 2.

Another interesting aspect is that
adipocytokines produced by adipose tissue, such as leptin, adiponectin and resistin,
not only show clear circadian rhythms in their plasma concentration but their
rhythmicity is strongly attenuated or even absent in obese individuals ®2. The
mechanisms implicated in the preventive effects of taurine on leptin are not well known,
It could be possible that taurine, by regulating insulin levels, could normalize the daily
pattern of leptin, In fact it has been shown that leptin levels were shown to be

dependent on insulin levels 2°%%%,

Insulin and leptin signaling constitute the
adipoinsular axis, which contributes to the regulation of nutrient and energy balance in
the body. Leptin suppresses insulin secretion in a negative feedback loop where insulin
stimulates the release of leptin 6%

Since taurine acts regulating central hypothalamic signaling, additional studies will be
needed to disregard the effect of taurine on leptin signaling for example in adipose

tissue. The sympathetic input to adipocytes has been reported to be essential for the
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% Moreover,

regulation of daily rhythms in leptin release from adipose tissue
disruption in fatty acid oxidation, is associated with decreased Cpt1a and Aco
expression or activity, keys enzymes in fatty-acid B-oxidation, in our results taurine
increases the mRNA levels of Cpt1a and Aco in adipose tissue of HFD mice. It has
been shown that in HFD rats fed with taurine displayed enhanced Cptfa activity and

decreased hepatic fatty acid esterification %’

. Disruption in fatty acid oxidation,
associated with decreased Cpt1 expression or activity, has been reported in humans
and in rodents with non-alcoholic fatty liver disease (NAFLD) #%%2%°_ We further checked
the levels of Ppary, a transcription factor, predominantly expressed in adipose tissue
that plays a key role in adipocyte differentiation, lipid storage, and glucose homeostasis
270.

In our results taurine treatment increases Ppary levels in adipose tissue in HFD mice,
the precise role of taurine on Ppary it is not known, since extensive genes directly and

indirectly are modulated by Ppary as well ?"

. In addition to its role in adipocyte
differentiation and lipid metabolism, Ppary in adipose tissue plays an important role in
glucose homeostasis affecting insulin sensitivity in other tissues. In obesity and type 2
diabetes, Glut4 is downregulated in adipose tissue 2. In our results, restoring Glut4
levels in adipose tissue by taurine might improve insulin sensitivity, indeed has been
shown that Ppary increased the expression of Glut4 ?’®. Considering that these factors
probably act through distinct signalling pathways and different, although overlapping,
tissue targets, several different mechanisms may be involved in achieving the insulin-
sensitizing effect.

Multiple lines of evidence suggest a close relationship between circadian rhythms and
adipose biology. Obesity is associated with circadian rhythms implicating the circadian

clock in body weight control. Analysis of adipose tissue has revealed robust 24-h

rhythms of clock gene expression in rodents and humans and a functional role in lipid
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metabolism °*?’*. We analysed the daily pattern of clock genes in visceral adipose
tissue, in our results impaired 24h clock genes expression from obese mice. HFD
modified Clock, Bmal1, Rev-erba, Per 1 and Per 2, taurine change the expression of
Clock, Rev-erba and Per2. These clock genes are related in adipogenesis ®°>?™ This
suggests that HFD leads to obesity and affects the molecular clock function in
peripheral tissues. Such changes could be associated with altered diurnal profiles of
leptin, glucose, insulin; thus, this is the first evidence showing taurine could modulate
clock genes in adipose tissue. Nevertheless future research would be needed to
elucidate the effects of taurine on adipose clocks and its chrono-therapeutic approach
for obesity.

On the other hand, insulin secretory response shows robust circadian variation in
rodents and humans. Although we could not detect a 24h pattern of insulin levels in
vivo, we performed glucose-stimulated insulin secretion in isolated islets from 10 weeks
with HFD and taurine throughout the 24-h cycle, insulin secretion changed according to
the time of day. Insulin secretion in control islets stimulated with glucose was higher
during the active phase and reduced during the light cycle, with enhanced circadian
insulin secretion in islets from C+T group. In HFD islets, the 24-h pattern of glucose
stimulated insulin secretion was altered during the light cycle, consistent with the
increase in food intake during the light cycle in these mice. Surprisingly, taurine
treatment abolished the daily pattern of insulin secretion in isolated islets from HFD
mice. The reason is not known, but it could be possible that taurine could modulate
metabolic genes involved in the regulation of insulin secretion and beta cell function.
During obesity, HFD progressively induces in the pancreas a variety of metabolic
disorders, including insulin resistance, hyperinsulinemia, and pancreatic islet

hypertrophy ?”. It is known that insulin resistance adaptively increases insulin secretion
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and compensatory adaptations in the pancreatic beta cells that usually allow for higher
pancreatic insulin release in order to maintain normoglycemic values 2°.

We showed that isolated islets from obese mice displayed higher insulin gene
expression as well as increased secretory output in response to glucose compared with
controls. However taurine normalized insulin secretion in vivo and in vitro. Indeed, it
has been demonstrated that taurine prevented insulin hypersecretion in leptin deficient
mice ’" and prevents islet hypersecretion and hypertrophy in obese swiss mice 278
Although the mechanisms for this compensations are not well known, it has been
shown that taurine could act through to diverse mechanisms, by the insulin signalling
pathway and by increasing the influx of intracellular calcium improved beta-cell
responsiveness to glucose in normal and prediabetic rodents % 2%,

More over, we found that taurine upregulates Ppary in pancreatic islets. Ppary
activation in beta cells has been associated with a variety of survival effects arising in
the context of diabetes, pharmacologic Ppary activation has been shown to protect
beta cells against glucose, lipid, cytokine- induced activation of numerous stress
pathways 2! 282,

The importance of adequate amount of taurine for normal cell development and
function is shown in rodents by the numerous pathological consequences that occur
when the transport of taurine into the cells is altered, either by the lack of plasma
taurine resulting from dietary deficiency or by different pathologies. Taurine metabolism
disturbance is closely linked to obesity. It has been reported that a high fat diet causes
a decrease in taurine content, which related to the development of obesity ?°2. The
taurine transporter (TAUT), which transports taurine from the extracellular space into
cells to help maintain a high intracellular taurine content, is widely expressed in various

tissues 22*2%. We observed decreased Cdo, Csad and TauT expression in pancreatic

islets during HFD mice, whereas supplementation of taurine restored their levels,

131



Discussion

indicating that obesity pertubs the levels of taurine in pancreatic islets. In fact it has
been shown that alterations in taurine transport altered beta cell mass, suggesting that

284,286

taurine play a important role for pancreatic islets function . Likewise it has been

suggested that a taurine deficiency could predispose as well in detrimental effects per

287289 gince taurine plays a role in

se in several tissues, including heart and liver
maintaining cellular function through the regulation of osmotic balance, oxidative
stress, and immune and inflammatory responses, could be possible that its depletion
accelerates the progression of metabolic diseases, including obesity and diabetes.
Further studies are necessary to clarify the mechanism underlying the impact of taurine
deficiency. Previous studies demonstrate that pathology develops if the animal is
depleted of taurine stores either through a taurine deficient diet or use taurine transport
antagonist.

On the other hand, in our results the clock-controlled gene Nocturnin is expressed in
pancreatic islets and adipose tissue, in fact its has been shown that nocturnin display
pronounced levels in different tissues during a HFD ®¢%%. In addition, overexpression of
nocturnin enhances adipogenesis and nocturnin as well as deletion of nocturnin in mice
leads to resistance to diet-induced obesity. In our results a notable finding is that
taurine normalizes the levels of this gene in HFD mice in adipose tissue and pancreatic
islets. In adipose tissue it is still not clear how nocturnin functions regarding regulation
of lipid metabolism . It has been shown that Nocturnin binds to Ppary and enhance its
transcriptional activity 291 As well deletion of nocturnin abolished Ppary oscillation in
the liver of mice fed on high-fat diet, accompanied by a decrease in expression of many
genes related to lipid metabolism. The specific function of nocturnin in pancreatic islets
it is not known, since, is a recently circadian deadenylase that participates by altering
target mRNA stability through posttranscriptional regulation at different levels,

regulating energy homeostasis, including lipid and carbohydrate metabolism, thus
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many open questions remain concerning the taurine effects and the regulation of
nocturnin in peripheral tissues and studies to determine the mechanism of action of
nocturnin in these tissues.

Moreover, the islet clock exhibits oscillations in clock gene expression throughout the
day in different species, and alterations in their expression leads to impairments in
insulin secretion. Our results show that HFD disrupts the expression of Bmal1, Rev-
erba and Per1 genes in isolated islets. Whereas taurine supplementation could not
restored Bmal1 and Rev-erba expression. An interesting finding of the present study is
that taurine could prevent the down regulation of Per? levels caused by a HFD in
isolated islets. This was evident in measurements of gene and protein expression,
mainly in the in insulin-positive cells. The increase in percentage of PER1 expression in
beta cells was detected in the nuclear fraction of these cells, suggesting that PER1
could be a target of taurine. Recently it has been found that Per 1 and Per 2 are
involved in the development of insulin resistance and inflammation '®’. But the specific
role of Per 1 in pancreatic islets it is not known.

Considering the different effects of in vivo taurine treatment on whole body metabolism,
it is difficult that one mechanism could explain the taurine effects found in this study.
However from the present study these data demonstrate that taurine improves
disturbances in the 24h pattern of plasma insulin and leptin, as well modulates clock
genes in adipose tissue and pancreatic islets. These effects of taurine could be tissue-
dependent and peripheral clocks may be possible targets of this amino acid during
obesity. Since taurine modulated Nocturnin in both peripheral tissues, adipose tissue
and islets, could be interesting to further analyse the crosstalk and mechanistic basis of
this regulation.

This is the first evidence that shows that taurine could be a strong target to correct or

ameliorate the disturbances in circadian rhythms caused by obesity. Taurine has been
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demonstrated to have beneficial effects on obesity and lipid profiles in clinical trials. At
present, none of the clinical studies performed so far have the sufficient and statistically
determined sample size; therefore, more large-scale, long-term clinical studies are
needed to elucidate the usefulness and value of taurine in diabetes and obesity .

Additionally, circadian alteration becomes more frequent in modern societies, in recent
years, the role of the circadian system in the control of glucose metabolism gained
clinical interest based on epidemiological data linking lifestyles related to circadian
disruption to increased risks of T2DM and obesity. The circadian homeostasis needs
not only balanced nutrient components but also regular timed nutrients, Although the
importance of taurine as a physiological agent with pharmacological properties is now
recognised, the potential advantages of dietary supplementation with taurine have not
as yet been fully exploited and this is an area which could prove to be of benefit , thus,
adapting the clock to nutrient status could be advantageous, as an understanding of

the molecular mechanisms involved could help develop novel chrono-therapeutical

approaches for the prevention and treatment of these diseases.
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Conclusions
Taurine treatment can prevent disturbances of circadian rhythm in food intake

that was disrupted by HFD.

Taurine treatment prevents the impairment in glucose tolerance and improves

insulin sensitivity, decreased plasma insulin levels in mice treated with HFD.

Taurine prevented increase in body weight in mice treated with HFD.

Taurine treatment prevents disturbances in the circadian rhythms of leptin and
insulin,
Taurine treatment modulates the expression clock genes in peripheral tissues.

Taurine treatment modulates the expression of Nocturnin in peripheral tissues.
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Close ties have been made among certain nutrients, obesity, type 2 diabetes and circadian clocks.
Among nutrients, taurine has been documented as being effective against obesity and type 2 diabetes.
However, the impact of taurine on circadian clocks has not been elucidated. We investigated whether
taurine can modulate or correct disturbances in daily rhythms caused by a high-fat diet in mice. Male
C57BL/6 mice were divided in four groups: control (C), control + taurine (C+T), high-fat diet (HFD)
and HFD + taurine (HFD+T). They were administered 2% taurine in their drinking water for 10 weeks.
Mice were euthanized at 6:00, 12:00, 18:00, and 24:00. HFD mice increased body weight, visceral fat
and food intake, as well as higher levels of glucose, insulin and leptin, throughout the 24 h. Taurine
prevented increments in food intake, body weight and visceral fat, improved glucose tolerance and
insulin sensitivity and reduced disturbances in the 24 h patterns of plasma insulin and leptin. HFD
downregulated the expression of clock genes Rev-erba,, Bmall, and Per1 in pancreatic islets. Taurine
normalized the gene and protein expression of PER1 in beta-cells, which suggests that it could be
beneficial for the correction of daily rhythms and the amelioration of obesity and diabetes.

Diverse physiological and behavioral circadian oscillations such as sleep-wake cycles and the secretion of hor-
mones and metabolism are controlled by the molecular clock that generates daily rhythms in mammals. This
clock allows for adaptation to periodic changes in the environment, according to light and dark cycles'?.

Circadian rhythms are controlled by cell-autonomous and self-sustained oscillators, which depend on the
transcription-translation, autoregulatory feedback loop of specific clock genes. The positive limb is formed by
transcription factors, including Bmall/Clock, that activates the transcription of Per and Cry genes, which drive
the negative limb and inhibit the activity of Bmall/Clock, generating rhythmic oscillations of gene expression.
An additional regulation is driven by the nuclear receptors Reverb’s and Ror’s, which repress and activate Bmall,
respectively’—. Mammalian circadian clocks are composed of a central clock located in the suprachiasmatic
nucleus (SCN) in the hypothalamus and several peripheral clocks found in many tissues; including the pancreas,
the liver, adipose tissue and muscle®-'2. Peripheral clocks contribute to global energy metabolism and participate
in local metabolic functions, such as those involved in glucose and lipid homeostasis. Among peripheral clocks,
the pancreatic clock is crucial for controlling the function of pancreatic beta-cells. Ablation of Clock and Bmall
with genetic manipulation led to the development of diabetes in mice, whereas Rev-erba gene silencing led to
impairments in beta- and alpha-cell function®'*!"'3,

Other factors apart from genetic manipulation can also disrupt clock gene expression in peripheral tissues. For
instance, nutritional insults such as HFD feeding disrupted the expression of Rev-erbe, Clock, Perl, and Per2 in
mouse pancreatic islets, followed by disruption of the pattern of insulin secretion'’. In addition, nutrient signal-
ing, by glucose or amino acids may act as a training agent of SCN and peripheral clocks, leading to tissue-specific
differences in the expression of clock genes'*~!%. Dietary supplementation of the amino sulfonic acid taurine was
found to improve whole body glucose control particularly, and to be useful in both prevention and treatment
for metabolic complications in obese rodents!'”!8. In this point, taurine is considered an essential nutrient due
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to the diverse therapeutic effects at different levels and could be proposed as a supplement in obesity treatment.
Otherwise important external stimuli, like nutrients, synchronize the circadian clock, however the effect of tau-
rine on daily rhythms of hormones and on the expression of clock genes has never been studied before. Therefore,
the aim of this study was to determine whether taurine treatment can modulate and prevent disturbances of daily
rhythms of hormones and the expression of clock genes caused by HFD.

Results

Effects of taurine treatment on body weight, visceral fat and food intake. We first measured
body weight progression from the first week of treatment. Body weight was similar between the groups until the
5th week of treatment. In the HFD group, body weight increased from the 5 week of treatment in both HFD and
HFD+T treated mice, as compared to controls. However, from the 8" to the 10" week of treatment, mice fed
with HFD+T prevented the increase in body weight, compared to mice fed with HED until the end of treatment
(Fig. 1A). After 10 weeks of treatment, visceral fat weight was comparable between the C and C+T groups. As
expected, mice treated with a HFD showed a significant increase in visceral fat, compared to the C group, whereas
mice treated with HFD+T had a decrease in visceral fat, compared to the HFD group (Fig. 1B). Interestingly,
HFD-treated mice had increased food intake already at the first week of treatment with a peak of food con-
sumption at the second week and a sustained elevation of food intake until the end of treatment. On the other
hand, HFD+T mice had decreased food intake already at the first week compared to the HFD group (Fig.1C).
Measurements of food intake at the end of treatment (10" week) during the light cycle was similar between C and
C+T groups and increased during the dark cycle in both groups (P < 0.0001, respectively). In contrast, mice fed
a HFD exhibited an increase in food intake during both light and dark cycles, as compared to C group (Fig. 1D).
Strikingly, taurine decreased food intake in both light and dark cycles. Water intake was similar in all experimen-
tal groups at the 10™ week of treatment (Fig. 1E). The effects of the HFD and taurine treatment after 10 weeks on
body weight gain, visceral fat and food intake and their interactions are also shown in Table 1. There was no effect
of taurine treatment on body weight, visceral fat and food intake in the control group (Table 1). However, the effect
of HED alone when compared to the control group showed that this diet increased body weight, visceral fat and
food intake. On the other hand, taurine treatment in the HFD group was able to decrease body weight, visceral
fat and food intake although the treatment could not decrease these parameters at the level of the control group
(Table 1). To check the effect of taurine at the beginning of the treatment we next measured body weight, visceral
fat, water and food intake at the first week of treatment. There was no difference in body weight, visceral fat and
water intake in all experimental groups (Supplementary Fig. 1A-C, respectively). Strikingly, mice fed a HFD had
an increase in food intake during the light and dark cycles already at the first week of treatment whereas taurine
was able to prevent the increase in food intake caused by HFD in both light and dark cycles (Supplementary
Fig. 1D). Moreover, one week of HFD treatment led to glucose intolerance (Supplementary Fig. 2A)
and decreased insulin sensitivity (Supplementary Fig. 2C) but taurine treatment in mice fed a HFD had a small
effect on glucose tolerance and insulin sensitivity with no statistically significant results when calculating the area
under the curve (Supplementary Fig. 2B,D respectively). These results showed that one week of taurine treatment
in mice treated with HED can decrease food intake during light and dark cycles even before any change in body
weight and visceral fat. In addition, prolonged taurine treatment can modulate the increase in body weight, vis-
ceral fat and food intake caused by HFD feeding.

Effects of taurine treatment on daily glucose, insulin and leptin levels. The effect of taurine treat-
ment (C+T group) on the daily glucose levels was evident at time 12:00, with lower levels than in the C group
(Fig. 2A). As expected, blood glucose levels were elevated at 18:00 and 24:00 in the HFD group, compared to the C
group (Fig. 2A). However, mice treated with HFD+T exhibited lower glucose levels throughout the 24 h period as
compared to mice treated only with HFD (Fig. 2A). Mesor analysis of the data confirmed the hypoglycemic effect
of taurine during HFD treatment by decreasing glucose levels to the same levels of the control group (Table 2).

Plasma insulin levels were similar in the C group at all time points measured, but increased in the C+T group
at 24:00 (Fig. 2B). In contrast, insulin levels were continuously elevated throughout the 24 h period in the HFD
group as compared to the C group. Interestingly, HFD+T decreased the overall levels of plasma insulin through-
out the 24 h period and increased plasma insulin levels at 24:00 (Fig. 2B).

Control mice exhibited statistically significant variations in plasma leptin concentrations with decreased val-
ues at 12:00, and a peak at 24:00 (P < 0.01 and P < 0.05). The C+T group exhibited the same variations in plasma
leptin, but the peak occurred at 18:00 (Fig. 2C). Interestingly, HFD mice disrupted the daily pattern of leptin,
with no decrease in leptin levels at 12:00 and a peak of leptin at 18:00 (P < 0.05). Taurine treatment prevented the
disruption of daily plasma leptin caused by HFD, decreased leptin levels at 12:00 (P < 0.01) and a peak of leptin
from 12:00 to 24:00 (P < 0.01). Confirming these results, the mesor and amplitude values showed that taurine
decreased insulin and leptin levels in mice treated with a HED (Table 2). Our results demonstrated that taurine
supplementation in mice fed a HFD can restore the 24 h pattern of plasma leptin levels.

Effects of taurine on glucose tolerance and insulin sensitivity. Glucose tolerance was simi-
lar between C and C+T mice, showing no differences between the groups. As expected, HFD mice displayed
impaired glucose tolerance, evident in the total area under the curve (AUC) as compared to control mice
(Fig. 3A,B). Taurine supplementation in HFD-fed mice prevented glucose intolerance caused by a HFD, as indi-
cated in the total area under the curve (AUC) (Fig. 3B). There were no differences in insulin sensitivity between
C and C+T mice, but the HFD group exhibited impaired insulin sensitivity (Fig. 3C). Ten weeks of taurine treat-
ment were sufficient to prevent insulin resistance caused by HFD feeding, as shown in the total area under the
curve (AUC) (Fig. 3C,D). Plasma insulin levels during the ipGTT showed a significant decrease in plasma insulin
levels in the C+T group at 15 min. In accordance with the ipGTT results, the HFD group displayed elevated
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Figure 1. Effects of taurine treatment on body weight, visceral fat, food intake. Mice were treated with chow
diet =8~ (C), Chow + Taurine * @ (C+ T), High-fat diet =@= (HFD) or HFD + Taurine =#- (HFD + T) for 10
weeks. (A) Body weight progression from the first day of taurine treatment until the 10" week of treatment in
mice fed with chow or HFD. (n = 8-10mice per group). Differences between C vs HFD (*P < 0.05); HFD vs
HFD+T (*P < 0.05, #P < 0.01). (B) Visceral fat weight after 10 weeks of taurine treatment in mice fed with
chow or HED. Differences between C vs HED (*P < 0.05); HFD vs HFD+T (*P < 0.05). (n =8-10mice per
group). (C) Food intake progression from the first week until the 10th week of treatment. Differences between
Cvs HFD *P < 0.05. **P < 0.001, ***P < 0.0001. Differences between HFD vs HFD-+T (*P < 0.05, *P < 0.001).
(D) Food intake at 10" week of treatment during the light and dark cycle. Food was measured by weighing the
food consumption separately during the day (from 8:00 to 20:00) and the food consumption during the night
(from 20:00 to 8:00). Differences between C vs HFD (***P < 0.001); and HFD vs HFD-+T (*P < 0.01). (E) Water
Intake at 10 week of treatment. Data are expressed as mean -+ SEM.

insulin levels at 30 and 60 min, as compared to the C group. Interestingly, taurine treatment reduced insulin levels
at 30 min and 60 min in animals treated with HFD (Fig. 3E), as indicated in the total area under the curve (AUC)

(Fig. 3F).

Effects of taurine on daily insulin secretion in vitro. To check whether the modulation of taurine
on the 24 h pattern of insulin secretion in vivo reflects changes in insulin secretion in vitro, we next performed
glucose-stimulated insulin secretion from fresh isolated islets at 6:00, 12:00, 18:00, and 24:00. Isolated islets from
control mice exhibited no changes in insulin secretion during the 24 h period at low glucose concentrations.
Islets from the C+T group had increased insulin secretion at 18:00 when stimulated with basal glucose concen-
trations (Fig. 4A). When control islets were stimulated with high glucose concentrations, we could observe the

SCIENTIFICREPORTS | 6:36801 | DOI: 10.1038/srep36801 3



www.nature.com/scientificreports/

Groups p Value interactions
Variable C C+T HED HFD+T CvsC+T | CvsHFD | HED vs HFD+T
Body weight gain (g) 4408 3,740,5 14,5409 8,7 40,8 0,76 0,001 0,01
Visceral fat (mg) 596,4+109,7 | 673541126 1866,3-+ 183,5™ 1229,8+214,7° 0,63 0,001 0,03
Final Food intake 6,403 59403 11,0504 8,5+0,4° 0,32 0,001 0,05
(kcal/day/mouse)

Differences between groups

Cvs C+T ns (not significant)

Cvs HFD “'p<0.05
HFD vs HFD+T *p<0.05
#p<0.01

Table 1. Effects of taurine treatment on body weight, visceral fat and food intake. Effect of HFD and taurine
after 10 weeks of treatment. Values shown are the means + SEM. (Two-way ANOVA followed by Bonferroni
post hoc test).

effect of the time of the day on insulin secretion. Glucose-stimulated insulin secretion had a peak of secretion
at 18:00 and maintained high levels at 24:00 as compared to secretion at 6:00 and 12:00. The same pattern of
glucose-stimulated insulin secretion was observed in islets from the C+T group, however, taurine treatment
augmented glucose-stimulated insulin secretion during the dark cycle, as compared to secretion from control
islets (Fig. 4A). When islets from HFD mice were stimulated with high glucose concentrations, we found altera-
tions in insulin secretion according to the time of day. Islets isolated at 6:00 lost the stimulatory effect of glucose
compared to control islets (Fig. 4B). The nocturnal increase of glucose-stimulated insulin secretion was advanced
to 12:00, exhibiting an increase in insulin secretion already at 12:00 and keeping high levels throughout the
dark cycle. We could not detect the effect of the time of day in isolated islets from mice treated with HFD+T on
glucose-stimulated insulin secretion. However, islets from HFD+T decreased glucose-induced insulin secretion
at 12:00, 18:00 and 24:00, as compared to the HFD group (Fig. 4B). These results indicate that HFD disrupts
in vitro glucose-stimulated insulin secretion that could not be prevented by taurine treatment.

Effects of taurine on the clock gene expression in pancreatic islets. The islet exhibits oscillations
in clock gene expression throughout the day and alterations in clock gene expression impaired beta-cell function
leading to the development of diabetes® 101, Therefore, we next checked whether taurine could modulate the
daily pattern of Bmall, Clock, Rev-erbco, Per]l and Per2 expression in isolated pancreatic islets. The expression of
Clock was similar in control or C+T islets (Fig. 5A). There was no effect of HFD on Clock expression, but taurine
treatment in the HFD group increased Clock expression at 18:00 (Fig. 5A). This effect was evident by the mesor
and amplitude values showing an increase in the HFD+T group (Table 3). The 24 h pattern of Bmall in control
islets showed the highest peak at 6:00 and the lowest at 18:00 (Fig. 5B). Taurine treatment in mice fed with chow
diet showed an increase in mesor values detected by the cosinor analysis. Islets from HFD downregulated Bmall
expression at 6:00, as compared to control islets, whereas HFD+T islets exhibited increased Bmall expression at
24:00 (Fig. 5B). Cosinor analysis showed that HFD feeding decreased the mesor and amplitude of Bmall expres-
sion and that taurine treatment restored mesor values of Bmall expression and changed the acrophase (from 6 in
all groups to 23 h) in mice treated with HFD (Table 3). Rev-erbo expression showed a similar pattern of expres-
sion in C and C+T islets, with a peak of expression at 12:00 and 18:00 and a decrease at 6:00 and 24:00 (Fig. 5C).
HED disrupted 24 h expression by upregulating Rev-erbo expression at 6:00 and downregulating at 18:00, com-
pared to C islets, while there was no effect of taurine in HFD+T islets on Rev-erba expression (Fig. 5C). Cosinor
analysis confirmed this data, showing a decrease in the values of the mesor in the HFD group, in relation to the
C group (Table 3). Per2 expression had a peak of expression at 18:00 in control islets in all experimental groups,
with increased Per2 levels in the C+T group at 12:00 compared to control. There was no effect of diet and tau-
rine among the other groups (Fig. 5D). In C and C+T islets, Perl showed changes during the 24 h pattern of
expression with the highest peak at 18:00 (Fig. 5E). HFD downregulated Perl expression at 6:00 and at 18:00, as
compared to C islets. Interestingly, taurine treatment during HFD feeding restored the circadian pattern of Perl
expression to the same expression levels as in the C islets (Fig. 5E). Cosinor analysis confirmed the inhibitory
effect of HFD on Perl expression and in the amplitude of the gene, as well as the preventive effect of taurine on
the Per 1 expression and Per] amplitude (Table 3). These results demonstrated that taurine treatment during HFD
feeding can prevent the disruption of Perl expression in pancreatic islets.

PER1 protein expression in pancreaticislets. Since taurine modulated the expression of Per1 in islets,
we next quantified protein levels of PERI in pancreatic islets isolated at 18:00 and 24:00 after 10 weeks of treat-
ment. Confirming our results, the HFD decreased the protein expression of PER1 at 18:00, and taurine restored
PER1 protein levels in islets from mice treated with a HFD (Fig. 6A). As expected, there was no difference in
PERI protein expression at 24:00, confirming our results on gene expression (P =0.46).

To further validate these results, immunofluorescence was performed in whole fresh isolated pancreatic islets
of mice after 10 weeks of treatment. We analyzed total percentage of PER1-positive stained cells within the islet
and found a higher tendency for PERI staining in C+T islets (P =0.09), as compared to control islets (Fig. 6B).
Moreover, C+T islets showed a statistically significant increase in the percentage of total PER1 in insulin-positive
cells when compared with C islets (Fig. 6B). Since PER1 is a transcription factor that can be localized in the
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Figure 2. Effects of taurine treatment on daily glucose, insulin and leptin levels. (A) 24h time course
measurements of plasma glucose concentrations after 10 weeks of taurine treatment in mice fed a chow diet or
HED. =~ (C), * 94 (C+T) == (HFD) and =+ (HFD+T). Differences between C vs C+T (¥P < 0.05).
Differences between C vs HFD (*P < 0.05, **P < 0.001). Differences between HFD vs HFD-+T (P < 0.05

##P < 0.001). (n=8-10mice per group). (B) 24 h time course measurements of plasma insulin concentrations
after 10 weeks of taurine treatment in mice fed a chow diet or HED. =€~ (C), * @ (C+T) == (HFD) and =i-
(HFD+-T). Differences between C vs C+T (¥P < 0.05). Differences between C vs HED (***P < 0.001).
Differences between HFD vs HFD+T (*P < 0.05, *#*P < 0.01) (n =8-10mice per group). (C) 24 h time course
measurements of plasma leptin concentrations after 10 weeks of taurine treatment in mice fed a chow diet or
HED =6~ (C), * ¢ (C+T) == (HFD) and - (HFD+T). Differences between C vs C+T (¥¢P < 0.01).
Differences between C vs HFD (**P < 0.05, ***P < 0.001). Differences between HFD vs HFD+T (*P < 0.05,
#P <0.01). (n==8-10mice per group). The black bars refers on the top of the figures to the dark cycle and the
white bars to the light cycle.

cytoplasm and/or nucleus, we accessed the cell localization of PER1 in isolated islets. We found similar nuclear
PER1 localization in the beta-cells of the C and C+T groups (Fig. 6B). However, when measuring nuclear staining
in all islet cells, PER1 expression was upregulated by taurine in the control group (Fig. 6B).

Consistent with our results on gene expression, the HFD downregulated PER 1 protein expression as com-
pared to C islets (P =0.002). When we compared islets from HFD and HFD+T, we found an increase in total
PERI-positive staining with taurine (Fig. 6C). Moreover, insulin-positive cells from HFD+T islets presented
higher total PER1 labelling than islets from HFD mice (Fig. 6C). We observed an increased staining of nuclear
PERI from HFD+T islets and nuclear PERI staining when analyzed in total islet cells, compared to islets from
HDF mice (Fig. 6C). Thus, these results demonstrated that HFD downregulated PER1 protein and gene expres-
sion, whereas taurine upregulated PERI1 in mice fed a HFD.
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R? Mesor p Value Amplitude p Value Acrophase p Value
Cvs | Cvs |HFD vs Cvs | Cvs | HFD vs Cvs | Cvs |HFDvs
(o] C+T HFD HFD+T C C+T | HFD | HFD+4T |C+T|HED |HFD-T | C |C+T| HFD [HFD+T|C+T |HFD | HFD-T | C C+T |HFD | HFD+T | C+T | HFD | HFD-T
Glucose 0,028 0,02 0,001 0,003 123,7 116%%136,5™ | 121,17** | 0,01 {0,005| 0,001 | 11,6 | 12,9 | 12,1 9,4 0,76 | 0.85 0.25 11,0 | 23,05 | 17,0 17,0 0,001 | 0,96 0,9
Insulin 0,24 0,38 0,01 0,60 14 1,5 | 937 2,9% 0,87 [0,001| 0,007 | 0,6 | 0,7 | 3,3 1,8* 0,7 10.001| 0.04 23,0 23,0 17,0 23,0 0,77 | 0,35 0,9
Leptin 0,49 0,34 0,06 0,48 35 4,6 | 64,37 389% |0,11(0,001| 0,007 | 2,6 | 2,5 |2747| 158% | 0,61 |0.001| 0.01 23,0 23,0 17,0 23,0 0,32 | 0,68 0,2

Differences between groups

&&p <0.01
CvsC+T
&&&p <0.001
*p<0.01
Cvs HFD
“+4p <0.001
*p<0.05
e [heon
#p < 0.001

Table 2. Cosinor analysis of the 24 h expression of metabolic parameters. Cosinor analysis including
goodness of the fit (R?), mesor, amplitude, and acrophase of the 24 h profiles of plasma glucose, insulin and
leptin. Next Two-way ANOVA shows the difference between groups in mesor, amplitude and acrophase
respectively. Values shown are the means - SEM.

Effects of taurine on the clock gene expression on visceral adipose tissue. We next checked
whether taurine could modulate the daily pattern of Bmall, Clock, Rev-erba, Perl and Per2 expression in vis-
ceral adipose tissue. The expression of Clock was similar in control or C+T islets (Supplementary Fig. 3A).
However, HFD disrupted Clock expression in visceral adipose tissue by increasing Clock expression at 6:00 and
at 18 and 24:00. Taurine treatment was able to restore the Clock expression at 18:00 and 24:00 in mice fed with
HFED (Supplementary Fig. 3A). Bmall expression in control group had a peak of expression at 6:00 and 24:00, and
was decreased in C+T group at 6:00 and 24:00. Bmall expression was downregulated by HFD at 12:00 and 24:00
but taurine treatment had no effect on Bmall expression (Supplementary Fig. 3B). The expression of Rev-erba in
visceral adipose tissue was decreased at 6:00 and increased at 24:00 by HFD (Supplementary Fig. 3C) and taurine
treatment could normalize Rev-erboe mRNA levels at 6:00 and 24:00. Per] expression was also decreased at 6:00
in visceral adipose tissue from mice fed a HED but in this case, taurine treatment had no effect on PerI expres-
sion in visceral adipose tissue (Supplementary Fig. 3D). Per 2 expression was increased in C+T group at 24:00
compared to control. In addition, HFD disrupted Per2 expression by upregulating the expression of this gene
at 6:00 and 24:00 whereas taurine treatment restored Per2 expression at both 6 and 24:00 in mice treated with
HFD (Supplementary Fig. 3E). Thus, taurine treatment during HFD feeding can prevent the disruption of Clock,
Rev-erba and Per2 expression in visceral adipose tissue.

Discussion

Close ties are found among nutrients, metabolic diseases and circadian clocks. This paper is the first to study
the modulation of circadian rhythms by taurine. Taurine is one of the most abundant sulphonic acids in all tis-
sues, and the efficacy of taurine administration against obesity and type 2 diabetes has been well documented.
However, the impact of taurine on circadian clocks has not been studied before. In our results, HFD treatment
significantly increased body weight and visceral fat and decreased glucose tolerance and insulin sensitivity, as
previously established in other studies!®?**!. Taurine treatment prevents increases in body weight, glucose intol-
erance, insulin resistance and reduced visceral fat, according to studies where taurine had several beneficial met-
abolic effects in different models of type 2 diabetes and obesity**-2.

It has been demonstrated that consumption of a HFD disrupts the 24 h pattern of circulating levels of several
hormones and the behavioural and molecular circadian rhythms in rodents'®*?, We found that HFD increments
food intake already at the first week of treatment during the light and dark cycles and that taurine treatment pre-
vents HFD-increased food intake during both resting and active periods at the first and at 10 week of treatment.
Since the effect on food intake occurs already at the first week of treatment before any changes in body weight and
fat weight this, suggest an early a central effect of taurine on food intake. Indeed, this effect could be explained
by a direct effect of taurine on the hypothalamic regions that control food intake. Taurine has an anorexigenic
action in the hypothalamus and modulates hypothalamic neuropeptide expression®*°. Another possibility could
be a direct effect of taurine on the secretion of hormones that regulate food intake, including insulin and leptin.
Indeed, we demonstrate that taurine treatment in mice fed with a HFD decreased the overall levels of plasma
insulin during 24 h; it also decreased the insulin levels during the glucose tolerance test and diminished glucose
stimulated insulin secretion in isolated islets. The 24 h pattern of plasma leptin levels was also reduced in mice
treated with HFD+T, which could be explained by the decrease in visceral fat in these animals.

Diurnal variations in glucose, leptin and plasma insulin levels are subjected to daily cycles, which are altered
in diabetes and obesity'®*'=”. Our results confirm the disruption of leptin levels by HFD feeding and provide
new insights regarding the preventive effect of taurine on leptin levels in animals fed a HFD. The mechanisms
underlying the preventive effects of taurine on leptin levels are not yet known, but it is possible that taurine, by
regulating insulin levels, could normalize the 24 h pattern leptin levels. In fact, daily leptin levels were shown to
be dependent on insulin levels in mice®.

The daily pattern of insulin was shown to be independent of the temporal distribution of feeding in
rats*, and an intrinsic circadian oscillator composed of clock and clock-controlled genes was found in mice,
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Figure 3. Effects of taurine treatment on glucose tolerance and insulin sensitivity. Glucose tolerance test
(A) =€~ (C), =k* (C+T), =@= (HFD) and =i+ (HFD+T). Differences between C vs HFD (*P < 0.05, **P < 0.01
***P < 0.001); HFD vs HFD+T (*P < 0.05, ***P < 0.001). (n =8-10mice per group). (B) Area under the curve
(AUCQ). Differences between C vs HFD (***P < 0.001) and HFD vs HFD+T (**P < 0.01). (C) Insulin tolerance
test (n=8-10). Differences between C vs HFD (**P < 0.01 ***P < 0.001); HFD vs HFD+T (*P < 0.05,

P < 0.001). (D) Area under the curve (AUC), (***P < 0.001). (E) Plasma insulin measured during the glucose
tolerance test at 0, 15, 30, and 60 min (n=5). Differences between C vs HFD (***P < 0.001); HFD vs HFD+T
(*P <0.05, P < 0.001) and C vs C+T (¥¢P < 0.01). (n=8-10 mice per group).

rats and humans®-193%40, Although we could not detect a 24 h pattern of insulin levels in our in vivo results,
glucose-stimulated insulin secretion in isolated islets changed according to the time of day. Insulin secretion
in control islets stimulated with glucose were elevated during the active period and reduced during the resting
period, with enhanced circadian insulin secretion in mice fed a chow diet and treated with taurine. The 24h
pattern of glucose-stimulated insulin secretion was altered in islets from HFD mice, which showed a peak in
insulin secretion during the resting period, consistent with the increase in food intake during the light cycle in
these mice. Surprisingly, taurine treatment abolished the daily pattern of glucose-stimulated insulin secretion in
isolated islets from HFD-fed mice. The reason is not known, but it could be possible that taurine could modulate
important metabolic genes involved in the regulation of insulin secretion and beta-cell mass, as shown in previ-
ous studies with taurine supplementation in obese animals*+2.
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Figure 4. Effects of taurine on circadian insulin secretion in vitro. Pancreatic islets were isolated at different
times of day (6:00h, 12:00h, 18:00h and 24:00h) after 10 weeks of taurine treatment and stimulated with

2.8 mM glucose (white bars) and 16.8 mM glucose (black bars) (n = 6-7 mice per group). (A) Insulin secretion
from C and C+T groups. Data are expressed as mean & SEM. Differences between 2.8 mM glucose and 16.8 mM
glucose in the C (**P < 0.01, ***P < 0.001) and C+T groups (**P < 0.01, ***P < 0.001). Differences in the time
of day at 2.8 mM glucose and 16.8 mM glucose in the C and C+T groups (*P < 0.05, **P < 0.01, and ***P < 0.001
respectively). (B) Insulin secretion from HFD and HFD+T groups (n = 6-7). Differences between 2.8 mM
glucose and 16.8 mM glucose in the HFD group (*P < 0.05, ***P < 0.001) and HFD+T group (*P < 0.05).
Differences in the time of day at 16.8 mM glucose in HFD group (*P < 0.05, ***P < 0.001).

The islet clock exhibits oscillations in clock gene expression throughout the day in different species, and alter-
ations in their expression leads to impairments in insulin secretion®!*!*4344_Qur results show that the HFD dis-
rupts the expression of Bmall, Rev-erb alpha and Perl genes in isolated islets, whereas taurine supplementation
could not rescue Bmall and Rev-erbo expression. An interesting finding of the present study is that taurine could
prevent the downregulation of Per! levels caused by a HFD in isolated islets. This was evident in measurements of
gene and protein expression, mainly in the insulin-positive cells. The increase in percentage of PER1 expression
in insulin-positive cells was detected in the nuclear fraction of these cells, suggesting that PER1 could be a target
of taurine. The role of PERI in the regulation of insulin secretion has never been demonstrated, but it could be
possible that taurine modulation of PER1 expression could regulate insulin secretion.

Adipose tissue clocks have important role in maintenance of lipid homeostasis and are related with features of
obesity. The expression of clock genes in visceral adipose tissue were altered during HFD feeding. Similar peaks
according to the diurnal expression of Bmall, Rev-erbo and Per 1, Per 2 during HFD were comparable with pre-
vious works respectively?®*>. Taurine changed the expression of Clock, Rev-erbcr and Per2, these effects of taurine
could be tissue-dependent and peripheral clocks may be possible targets of this sulfonic acid during obesity.

Considering the different effects of in vivo taurine treatment on whole body metabolism, it is difficult that one
mechanism could explain the taurine effects found in this study. However, it is clear from the present study that
taurine improves disturbances in the 24 h pattern of plasma insulin and leptin, as well as PerI expression in pan-
creatic islets caused by HFD feeding. Thus, this is the first evidence that shows that taurine could be a potential
target to correct or ameliorate the disturbances in circadian rhythms caused by obesity.

Materials and Methods

Animals and experimental groups. Ten-week-old male C57BL/6 mice were fed ad libitum with chow
diet or high fat diet (45% fat Research diets Inc. D12451) for 10 weeks. The experimental groups were divided:
Controls fed with chow diet (C), controls fed with chow diet and 2% taurine (Sigma-Aldrich, St. Louis, MO) in
drinking water (C+T), mice fed with HFD (HFD) and mice fed with HFD and 2% taurine in water (HFD+T).
Mice were allowed free access to food and water and maintained a 12 h light-dark cycle at 24 °C and constant
humidity in soundproof cages. Body weight and water intake were measured every week during the 10 weeks
of diet. Food intake was monitored from the first week of treatment by measuring the amount of food con-
sumed from 8:00 to 20:00 (light cycle) and from 20:00 to 8:00 (dark cycle). After 10 weeks of treatment, mice
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Figure 5. Clock genes expression in islets during 24 h. Pancreatic islets were isolated at different times of day
(6:00h, 12:00h, 18:00h and 24:00 h) after 10 weeks of taurine treatment. (n=4-5). (A) Clock gene expression in
isolated islets. == (C), *®* (C+T), == (HFD) and =i+ (HFD+T). (B) Rev-erb alpha gene expression in
islets. (C) Bmall gene expression in islets. (D) Per2 gene expression in islets. (E) Per] gene expression in islets.
Data are expressed as mean 4+ SEM. Differences between C vs C+T (¥¢P < 0.01), C vs HFD (*P < 0.05) and
HFD vs HFD+T (*P < 0.05) (n = 6-7 mice per group). The black bars refer on the top of the figures to the dark
cycle and the white bars to the light cycle.

were euthanized at different times of day: 6:00, 12:00, 18:00 and 24:00 h. Protocols were approved by the Animal
Research Committee of the University of Barcelona, Spain, and principles of laboratory animal care were fol-
lowed, according to European and local government guidelines.

Daily measurements of glucose, insulin and leptin. The measurements of daily pattern of glucose,
insulin and leptin were done in the fed state at the end of the long-term treatment of 10 weeks. Animals were
sacrificed at the following times 6:00, 12:00, 18:00 and 24:00 and blood samples were collected to measure plasma
insulin and leptin by ELISA (Mercodia Insulin, Uppsala Sweden and Crystal Chem, Harris County, TX, USA,
respectively). Blood glucose was measured with glucometer (Accu-Check; Roche Diagnostics, Madrid, Spain).

Glucose and insulin tolerance tests.  Glucose tolerance and insulin sensitivity were assessed during the
last week of treatment. In the intraperitoneal glucose tolerance tests, 4 h-fasted mice were injected with 2 g glu-
cose/kg body weight; blood glucose levels were then measured at 0, 15, 30, 60, 90 and 120 min after injection,
and glucose was measured at all points using a glucometer (Accu-Check; Roche Diagnostics, Madrid, Spain).
Moreover, blood samples were collected at the first 4 time points to quantify insulin. For insulin tolerance tests,
mice were injected with 0.50 IU insulin/kg body weight. Blood samples were collected before insulin injection
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R? Mesor p Value Amplitude p Value Acrophase p Value

Cvs | Cvs HFD Cvs | Cvs | HFD vs Cvs | Cvs

C C+T| HFD |HFD+T C C+T | HFD |HED+T | C+T |HFD [vsHFD+T| C |C+T |HFD|HFD+T |C+T|HFD |HFD+T| C |C+T|HFD |HFD+T | C+T | HFD

Rev-erb 0,74 0,82 0,43 0,42 0,17 0,17 0,11° 0,08 0,91 | 0,05 0,25 0,17 | 0,18 | 0,11 0,09 0,67 | 0.17 0.55 11,0 | 17,0%| 11,0 11,0 0,05 | 0,34
Clock 0,23 0,08 0,46 0,30 0,17 0,24 0,18 0,26* 0,13 | 0,63 0,05 0,16 | 0,23 | 0,16 0,28% 0,21 | 0.89 0.05 23,0 18,0 | 23,0 18,0 0,91 | 0,87
Bmall 0,80 0,65 0,39 0,54 0,04 0,478 10,03 | 0,04* {0,001 0,01 0,02 0,04 | 0,04 | 0,02 0,03 0,99 | 0.02 0.74 6,0 | 6,0 6,0 23,0% 0,57 | 0,22
Perl 0,46 0,42 0,36 0,60 0,10 0,12 | 0,06 | 0,110° | 0,12 | 0,05 0,05 0,07 | 0,09 | 0,03 | 0,09* | 0,20 | 0,04 0,01 17,0 | 17,0 | 18,0 18,0 0,40 | 0,42
Per2 0,41 0,37 0,46 0,36 0,12 0,20%% | 0,12 0,12 0,01 | 0,85 0,90 0,09 | 0,13 | 0,08 0,10 0,31 | 0,50 0,63 17,0| 17,0 | 19,0 19,0 0,20 | 0,34

Differences between groups.

4p<0.05
CvsC+T | *p<0.01
&&&p <0.01
'p<0.05
CvsHFD —
p<0.01
HEFD vs ‘p<0.05

HFD+T [ #5001

Table 3. Cosinor analysis of the 24 h expression of clock genes. Cosinor analysis including goodness of the
fit (R%), mesor, amplitude, and acrophase of the 24 h profiles of clock genes in pancreatic islets. Next Two-way
ANOVA shows the difference between groups in mesor, amplitude and acrophase respectively. Values shown
are the means &= SEM.

(time 0) and at 15, 30, 60, 90 min and 120 min after insulin administration, for glucose measurements. Plasma
was separated by centrifugation. Plasma levels of insulin and leptin were measured by ELISA (Mercodia Insulin,
Uppsala Sweden, and Crystal Chem, Harris County, TX, USA, respectively).

Isolation of pancreaticislets. After being fully anesthetized, mice were euthanized by cervical dislocation
and a collagenase P solution (Sigma-Aldrich, St. Louis, MO, USA) was perfused into the pancreas through a
direct puncture of the common bile duct to digest the pancreas. After digestion, islets of Langerhans were sepa-
rated from exocrine tissue using a density gradient with Histopaque (Sigma-Aldrich, St. Louis, MO, USA). Islets
were handpicked in a Leica stereomicroscope for further measurements of gene and protein expression and for
insulin secretion assays.

Glucose-stimulated insulin secretion in vitro. After 10 weeks of treatment, mice were euthanized at
6:00, 12:00, 18:00 and 24:00. Groups of 5 fresh isolated islets from 4-5 different mice from each group were first
pre-incubated at 37°C in a 5.6 mM glucose KRBH solution for 30 min. Supernatant was discarded, and islets
were incubated for 60 min at 37 °C in KRBH containing 2.8 mM or 16.7 mM glucose, respectively. After incuba-
tion, supernatants were collected, and insulin was quantified using a mouse insulin ELISA kit (Mercodia Insulin
Uppsala, Sweden).

Western Blot.  Protein extraction of isolated islets was obtained using RIPA lysis buffer (Tris 50 mmol/l, pH
7.5, EDTA 5mmol/l, NaCl, 1% 150 mmol/l, Triton X-100 1%, SDS 0.1%, 10 mmol/l sodium fluoride, 1% sodium
deoxycholate, and protease inhibitors). For the extraction, islet lysates were frozen and thawed twice after cen-
trifugation for 20 min at 4 °C, and supernatants were collected and stored at —80 °C. Protein quantification was
determined with the Lowry protein assay kit (Bio-rad, Hercules, CA, USA). The protein was electrotransferred
onto a PVDF membrane. The membranes were blocked for 1h with 0.05% Tween-20 and 5% NFDM, and then
incubated overnight at 4 °C with the antibodies: AntiPer1 (1:500; Thermo Scientific Inc.) 3-Actin was used as a
loading control (1:5,000; GE Healthcare, Hertfordshire, UK). Protein bands were revealed by using the Pierce
ECL western blot substrate (Thermo Fisher Scientific, Madrid, Spain). Respective bands were quantified by den-
sitometry. Image J software 1.50a and intensity values for PER 1 were normalized with 8- Actin.

RNA isolation and Real-time PCR.  Total RNA was prepared from isolated islets using the RNeasy Mini Kit
(Qiagen, Hilden, Germany). RNA was quantified using a Nanodrop 1000 (Thermo Scientific Wilmington, MA)
and then retrotranscribed using the High Capacity cDNA Reverse Transcription Kit (AB Applied Biosystems,
USA) following the manufacturer’s instructions. The cDNA was amplified by Real-Time PCR in a LightCycler 480
System (Roche) using Mesa Green qPCR Master Mix (Mesa Green, Eurogentec, Belgium). The expression of clock
genes in isolated pancreatic islets was measured, with the housekeeping gene 36B4 (ribosomal protein large P0)
used as the endogenous control for quantification. The results were expressed as the relative expression with
respect to control levels (2-22<), The primer sequences are shown in Table 4.

Whole islet immunofluorescence. Fresh isolated islets were washed in buffer with PBS 1x and Triton
0.2%, then fixed in 4% of Paraformaldehide (Electron Microscopy Sciences, Hatfield, PA, USA) for 20 min, per-
meabilized with PBS with Triton 0.3% and blocked in a PBS solution with Triton 0.5% and FBS 10% for 1 h,
and incubated overnight with the following primary antibodies: guinea pig anti-insulin 1:500, (Dako, Glostrup,
Denmark) and anti-Per1 1:100 (Thermo Scientific, CA). Islets were incubated 2 hours with Secondary antibodies
Cy3-labeled anti-guinea pig (Jackson Immuno research) and Alexa Fluor 488 (anti-rabbit (Molecular Probes,
USA) were used at 1:200 dilutions, respectively. Nuclear staining was performed by using mounting media
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Figure 6. Effects of taurine in the expression of PER1 protein in isolated pancreatic islets. Pancreatic islets
were isolated at 18:00 h after 10 weeks of taurine treatment in all experimental groups. Protein expression was
detected by western blot and immunofluorescence stained against insulin anti-body (red), PER1 anti-body
(green) and nuclear fraction by DAPI (blue). (A) PER1 protein expression normalized by actin. (n =4-5 mice
per group). (B) Percentage of PERI expression in total number of cells, percentage of PER1 expression in the
cytoplasm and the nucleus of insulin-positive cells, percentage of nuclear PER1 in beta-cells and percentage of
nuclear PERI in the total number of cells in chow diet groups. Differences between C (white bars) versus C+

T (black bars). Data are expressed as mean &+ SEM. Differences between C vs C+T (*P < 0.05) (n=15-20 islets
analyzed per condition per group). (C) Percentage of PER1 expression in total number of cells, percentage of
PERI expression in the cytoplasm and the nucleus of insulin-positive cells, percentage of nuclear PER1 in beta-
cells and percentage of nuclear PER1 in the total number of cells in high fat diet groups. Differences between
HFD (white bars) versus HFD+T (black bars). Data are expressed as mean = SEM. Differences between HFD vs
HFD+T (*P <0.05, **P < 0.01, ***P < 0.001, n = 15-20 islets analyzed per condition per group).
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Name Sense primer (5/3) Antisense primer (5'3)
Rev-erba GGTGCGCTTTGCATCTT GGTTGTGCGGCTCAGGAA
Clock TTGCTCCACGGGAATCCTT GGAGGGAAAGTGCTCTGTTGTAG
Bmall GGACTTCGCCTCTACCTGTTCA AACCATGTGCGAGTGCAGGCGC
Perl GCGGGTCTTCGGTTAAGGTT GCTCAGCTGGGATTTGG

Per2 ATGCTCGCCATCCACAAGA GCGGAATCGAATGGGAGAAT
36b4 GAGGAATCAGATGAGGATATGGGA AAGCAGGCTGACTTGGTTGC

Table 4. Quantitative real PCR primers.

with DAPI (Life Technologies, USA). Immunofluorescence was assessed in a confocal laser microscope (Leica.
Microsystems, Wetzlar Germany). For each individual islet images were acquired every 10 pm using a 40x oil
immersion objective.

The same settings (i.e pinhole, smart gain, smart offset, phase, zoom) were maintained for each islet in all
groups. Images were analyzed by Image J Software 1.50a (NIH, USA). Analysis was done by counting the number
of stained positive cells represented by percentage.

Statistical analysis. Values are presented as means + SEM. Differences between two groups were analyzed
by Student’s ¢ test. The effect of time and groups differences were measured by one-way or two-way ANOVA, with
Bonferroni post hoc test for multiple comparisons, using GraphPad Prism software where appropriate. All statistical
tests were performed with a level of significance P < 0.05. Cosinor Analysis was done using the Acrophase program
(R. Refinetti 2004) for fitting cosine functions to the data using a fixed 24 hour period and included the mesor (mid-
dle value of the fitted cosine representing a rhythm-adjusted mean), the amplitude (difference between the mini-
mum and maximum of the fitted cosine function), the acrophase (the time at which the peak of a rhythm occurs,
expressed in hours) and fitted cosine values to calculate the goodness of the fit by coefficient of determination R
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