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RESUMEN (en espaifiol)

La obesidad es un problema de salud mundial que afecta a millones de
personas en todo el mundo. El estilo de vida sedentario de la sociedad moderna, junto
con el aumento de la ingesta de alimentos cada vez mas energéticos ha convertido a la
obesidad en un problema de salud mundial.

A pesar de los grandes esfuerzos destinados al estudio de la obesidad y sus
enfermedades asociadas, todavia no se conocen bien los mecanismos que subyacen al
desarrollo de estas patologias. Una de las razones que complican el estudio de la
obesidad es la gran cantidad de causas que la inducen. Sin embargo, la resistencia a la
sefializacion de leptina mediada por deficiencias en su receptor, o la ausencia de
leptina son las principales causas de la obesidad mdrbida. Por ello, nuestro estudio con
el modelo de obesidad deficiente en leptina nos permite identificar nuevas estrategias
para frenar la progresidon de estas patologias asociadas con la obesidad.

La implicacién de la melatonina en muchas funciones fisiolégicas como la
regulacién estacional del peso corporal, la ingesta de glucosa o la adiposidad, asi como
su papel como antioxidante la ha convertido en el centro de numerosos estudios
contra la obesidad. De hecho, tanto la leptina como la melatonina muestran una
secrecidon circadiana, con picos nocturnos que juegan un papel importante en la
regulacién del peso corporal y el equilibrio energético.

En primer lugar, llevamos a cabo un estudio preliminar para investigar el efecto
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de un tratamiento de melatonina durante 2 semanas sobre la situacion oxidativa, la
respuesta autofagia y la adiposidad en el higado de los ratones deficientes en leptina.
Asi, vimos que el tratamiento con melatonina redujo la adiposidad en el higado de los
ratones ob/ob mediante el bloqueo de la actividad autofagica probablemente mediada
por una acciéon sefializada por la disminucidn de los niveles de estrés oxidativo.

Estos resultados preliminares fueron la base para un estudio en profundidad
sobre el impacto de la deficiencia de insulina en las funciones celulares claves para el
mantenimiento celular y la supervivencia de los ratones ob/ob, y el efecto que
inyecciones diarias de melatonina intraperitoneal durante cuatro semanas ejerce sobre
las alteraciones relacionadas con la deficiencia en leptina.

El higado de estos ratones fue usado para evaluar el metabolismo de la glucosa,

de lipidos y oxidativo, el estado inflamatorio, y los sistemas de control de calidad
celular, tales como la respuesta a proteinas mal plegadas y la actividad autofdagica.
Ademas, también llevamos a cabo un estudio sobre la funcion mitocondrial mediante
ensayos de consumo de oxigeno, y medidas de la expresién de los complejos de la
cadena de transporte de electrones y contenido de ATP mitocondrial.
La obesidad asociada con la deficiencia en leptina causa una pérdida de funcién celular
en el higado, asociada con el incremento del peso corporal y del contenido de tejido
adiposo blanco como resultado de un apetito excesivo. El tratamiento con melatonina
redujo el estrés del reticulo en los ratones deficientes en leptina y mejoro algunos de
los sintomas caracteristicos de la obesidad como la resistencia a insulina, el estrés
oxidativo, la inflamacion o la disfuncién mitocondrial. Ademas, es digno de mencion el
papel de la administracién de melatonina en el aumento de la ingesta de alimentos en
ratones deficientes de leptina, sin incrementar el peso corporal y disminuyendo el
tejido adiposo blanco.

Este estudio sefiala diferentes dianas celulares para el desarrollo de nuevas
estrategias para contrarrestar las patologias celulares relacionadas con la obesidad, y
apoya el potencial de la melatonina como tratamiento terapéutico para el tipo mas

comun de la obesidad y sus trastornos hepaticos asociados.
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RESUMEN (en Inglés)

Obesity is a global health problem that affects millions of people worldwide.
The sedentary lifestyle of modern society along with the high intake of energetic food
has made obesity a current worldwide health problem.

Despite great efforts to study obesity and its related diseases, the mechanisms
underlying the development of these diseases are not well understood, being one of
the main reasons, the wide variability of causes that induce obesity. However,
resistance of leptin receptors and leptin absence, comprise the most reported causes
of severe obesity including morbid obesity. Therefore, in the present thesis leptin-
deficient animals (ob/ob) were used to identify the most relevant alterations produced
in specific cellular pathways and involved in cellular decline or dysfunction. This is
paramount to finally find novel strategies to slow or counteract the progression of
obesity-related diseases.

The involvement of melatonin in many physiological functions, such as the
regulation of seasonal body weight variation, glucose intake, or adiposity, and the role
of this hormone as an essential antioxidant, have become the focus of numerous anti-
obesity studies. In fact, leptin and melatonin show a circadian rhythm with peaks at
night playing an important role in the regulation of body mass and energy balance.

We firstly conducted a preliminary study to investigate the effect that a 2-
weeks melatonin treatment causes on oxidative status, autophagic response and
adiposity in the liver of leptin-deficient mice. Thus, we found that melatonin
administration reduced adiposity in the liver of ob/ob mice by decreasing autophagy
activity through an action probably signalized by lower oxidative stress levels.

These preliminary findings formed the basis for an in-depth study about the
impact of leptin deficiency on key cellular functions relevant for cell maintenance and
survival of ob/ob mice, and the effects of 4-weeks intraperitoneal daily injections of
melatonin on these alterations associated with leptin deficiency.

The liver of these mice were used to evaluate lipid, glucose and redox
metabolism, inflammatory status, and cellular quality control systems, as unfolded

protein response and autophagy. Besides, we also studied mitochondrial function by
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measuring oxygen consumption, the expression of electron transport chain complexes
and ATP content.

Obesity associated with leptin deficiency causes a loss of cell function in the
liver, associated with increased body and white adipose tissue weight, as a result of
excessive appetite. Melatonin treatment could significantly reduce reticulum stress in
leptin-deficient mice and ameliorate several symptoms that characterize obesity as
insulin resistance, oxidative stress, inflammation or mitochondrial dysfunction.
Besides, is noteworthy the role of melatonin administration enhancing food intake in
leptin-deficient mice, without increasing body weight and reducing white adipose
tissue.

This study points out different cellular targets for the development of new
strategies to counteract cell pathology of obesity-related diseases and supports the
potential use of melatonin as a therapeutic adjuvant for the most common type of

obesity and its liver-associated disorders.
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Role of melatonin in obesity-induced leptin deficiency

SUMMARY

Obesity is a global health problem that affects millions of people
worldwide. The sedentary lifestyle of modern society along with the high
intake of energetic food has made obesity a current worldwide health

problem.

Despite great efforts to study obesity and its related diseases, the
mechanisms underlying the development of these diseases are not well
understood, being one of the main reasons, the wide variability of causes
that induce obesity. However, resistance of leptin receptors and leptin
absence, comprise the most reported causes of severe obesity including
morbid obesity. Therefore, in the present thesis leptin-deficient animals
(ob/ob) were used to identify the most relevant alterations produced in
specific cellular pathways and involved in cellular decline or dysfunction.
This is paramount to finally find novel strategies to slow or counteract the

progression of obesity-related diseases.

The involvement of melatonin in many physiological functions,
such as the regulation of seasonal body weight variation, glucose intake,
or adiposity, and the role of this hormone as an essential antioxidant, have
become the focus of numerous anti-obesity studies. In fact, leptin and
melatonin show a circadian rhythm with peaks at night playing an

important role in the regulation of body mass and energy balance.

We firstly conducted a preliminary study to investigate the effect
that a 2-weeks melatonin treatment causes on oxidative status,
autophagic response and adiposity in the liver of leptin-deficient mice.

Thus, we found that melatonin administration reduced adiposity in the



liver of ob/ob mice by decreasing autophagy activity through an action

probably signalized by lower oxidative stress levels.

These preliminary findings formed the basis for an in-depth study
about the impact of leptin deficiency on key cellular functions relevant for
cell maintenance and survival of ob/ob mice, and the effects of 4-weeks
intraperitoneal daily injections of melatonin on these alterations
associated with leptin deficiency.

The liver of these mice were used to evaluate lipid, glucose and
redox metabolism, inflammatory status, and cellular quality control
systems, as unfolded protein response and autophagy. Besides, we also
studied mitochondrial function by measuring oxygen consumption, the
expression of electron transport chain complexes and ATP content.

Obesity associated with leptin deficiency causes a loss of cell
function in the liver, associated with increased body and white adipose
tissue weight, as a result of excessive appetite. Melatonin treatment could
significantly reduce reticulum stress in leptin-deficient mice and
ameliorate several symptoms that characterize obesity as insulin
resistance, oxidative stress, inflammation or mitochondrial dysfunction.
Besides, is noteworthy the role of melatonin administration enhancing
food intake in leptin-deficient mice, without increasing body weight and
reducing white adipose tissue.

This study points out different cellular targets for the development
of new strategies to counteract cell pathology of obesity-related diseases
and supports the potential use of melatonin as a therapeutic adjuvant for

the most common type of obesity and its liver-associated disorders.
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RESUMEN

La obesidad es un problema de salud mundial que afecta a
millones de personas en todo el mundo. El estilo de vida sedentario de la
sociedad moderna, junto con el aumento de la ingesta de alimentos cada
vez mads energéticos ha convertido a la obesidad en un problema de salud

mundial.

A pesar de los grandes esfuerzos destinados al estudio de Ila
obesidad y sus enfermedades asociadas, todavia no se conocen bien los
mecanismos que subyacen al desarrollo de estas patologias. Una de las
razones que complican el estudio de la obesidad es la gran cantidad de
causas que la inducen. Sin embargo, la resistencia a la sefializacion de
leptina mediada por deficiencias en su receptor, o la ausencia de leptina
son las principales causas de la obesidad mdrbida. Por ello, nuestro
estudio con el modelo de obesidad deficiente en leptina nos permite
identificar nuevas estrategias para frenar la progresion de estas patologias

asociadas con la obesidad.

La implicacién de la melatonina en muchas funciones fisioldgicas
como la regulacién estacional del peso corporal, la ingesta de glucosa o la
adiposidad, asi como su papel como antioxidante la ha convertido en el
centro de numerosos estudios contra la obesidad. De hecho, tanto la
leptina como la melatonina muestran una secrecion circadiana, con picos
nocturnos que juegan un papel importante en la regulacién del peso

corporal y el equilibrio energético.

En primer lugar, llevamos a cabo un estudio preliminar para
investigar el efecto de un tratamiento de melatonina durante 2 semanas

sobre la situacion oxidativa, la respuesta autofagia y la adiposidad en el



higado de los ratones deficientes en leptina. Asi, vimos que el tratamiento
con melatonina redujo la adiposidad en el higado de los ratones ob/ob
mediante el bloqueo de la actividad autofdgica probablemente mediada
por una accién sefializada por la disminucidon de los niveles de estrés

oxidativo.

Estos resultados preliminares fueron la base para un estudio en
profundidad sobre el impacto de la deficiencia de insulina en las funciones
celulares claves para el mantenimiento celular y la supervivencia de los
ratones ob/ob, y el efecto que inyecciones diarias de melatonina
intraperitoneal durante cuatro semanas ejerce sobre las alteraciones
relacionadas con la deficiencia en leptina.

El higado de estos ratones fue usado para evaluar el metabolismo
de la glucosa, de lipidos y oxidativo, el estado inflamatorio, y los sistemas
de control de calidad celular, tales como la respuesta a proteinas mal
plegadas y la actividad autofagica. Ademas, también llevamos a cabo un
estudio sobre la funcién mitocondrial mediante ensayos de consumo de
oxigeno, y medidas de la expresion de los complejos de la cadena de
transporte de electrones y contenido de ATP mitocondrial.

La obesidad asociada con la deficiencia en leptina causa una pérdida de
funcidn celular en el higado, asociada con el incremento del peso corporal
y del contenido de tejido adiposo blanco como resultado de un apetito
excesivo. El tratamiento con melatonina redujo el estrés del reticulo en los
ratones deficientes en leptina y mejoro algunos de los sintomas
caracteristicos de la obesidad como la resistencia a insulina, el estrés
oxidativo, la inflamacion o la disfuncién mitocondrial. Ademas, es digno de

mencion el papel de la administracién de melatonina en el aumento de la



Role of melatonin in obesity-induced leptin deficiency

ingesta de alimentos en ratones deficientes de leptina, sin incrementar el
peso corporal y disminuyendo el tejido adiposo blanco.

Este estudio sefiala diferentes dianas celulares para el desarrollo
de nuevas estrategias para contrarrestar las patologias celulares
relacionadas con la obesidad, y apoya el potencial de la melatonina como
tratamiento terapéutico para el tipo mas comin de la obesidad y sus

trastornos hepaticos asociados.



ABBREVIATIONS
4-HNE: 4-hydroxy-2 (E)-nonenal
8-OHG: 8-Hydroxyguanosine

ABTS: 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulphonic
acid

AdipoR1: adiponectin receptor 1
AdipoR2: adiponectin receptor 2
Akt: also called protein kinase B

AMP: adenosine monophosphate

AMPK: adenosine
monophosphate-activated
protein kinase

ANT: adenine nucleotide
translocase

ATF6a: activating transcription
factor-6-a

Atg: autophagy related

ATP: adenosine triphosphate
Bax: Bcl2 associated X protein
Bcl-2: B-cell lymphoma 2
CAT: catalase

C/EBP: CCAAT enhancer binding
protein

cDNA: complementary DNA

CHOP: C/EBP homologous
protein

CMA: chaperone-mediated
autophagy

Drp1: dynamin related protein 1

EGTA: Ethylene-bis
(oxyethylenenitrilo) tetraacetic
acid

elF2a: a-subunit of eukaryotic
initiation factor

ER: endoplasmic reticulum

ERAD: endoplasmic reticulum-
associated degradation

Erk: extracellular signal-regulated
kinases

FAD: flavin adenine dinucleotide

FCCP: carbonyl
(trifluoromethoxy)

cyanide-4-

phenylhydrazone
FMN: flavin mononucleotide

FoxO: class O of forkhead box
transcription factors

GLUT: glucose transporter

GPx: glutathione peroxidase



GR: glutathione reductase
GSH: reduced glutathione
GSSG: oxidized glutathione

HEPES: 4-(2-Hydroxyethyl)
piperazine-1-ethanesulfonic acid

HRP: horseradish peroxidase

HSC-70: heat shock cognate
protein 70

IL-6: Interleukin 6
Irela: Inositolrequiring enzyme-1

IRS-1/2: insulin receptor
substrate 1 or 2

IkB: NF-kB inhibitor
IKK: IkB kinase
JNK: c-Jun N-terminal kinase

Keap1: Kelch-like ECH-associated
protein 1

LAL: lysosomal acid lipase

LAMP2A: lysosome-associated
membrane protein type 2A

LC3: microtubule-associated
protein 1 light chain 3

LDL: low-density lipoprotein
LIB: liver isolation buffer

LRB: liver resuspension buffer

MAP: mitogen-activated protein

MAPK: mitogen-
activated protein kinases

MDA: malondialdehyde
Mfn1/2: mitofusin 1 and 2

MIM: mitochondrial inner
membrane

MOM: mitochondrial outer
membrane

MOMP: mitochondrial outer
membrane permeabilization
mPTP: mitochondrial
permeability transition pore
MRNA: messenger RNA
MT1/2: melatonin receptor 1 or
2

mTOR: mammalian target of
rapamycin

NADPH: nicotinamide adenine
dinucleotide phosphate

NAFLD: non-alcoholic fatty liver
disease

NF-kB: nuclear factor kappa-
light-chain enhancer of activated
B cells

Nrf2: nuclear factor (erythroid-
derived 2)-like 2

Opal: optic atrophy-1

p62: sequestosome-1

PCD: programmed cell death
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PERK: double-stranded RNA-
activated protein kinase—like
endoplasmic reticulum kinase

PCD: programmed cell death
PCR: polymerase chain reaction

PDK1: phosphoinositide-
dependent kinase 1

PGC-1a: peroxisome proliferator-
activated receptor gamma co-
activator-1 alpha

PI3K: phosphatidylinositol 3-
kinase

PI (3,4)P,: phosphatidylinositol
3,4-bisphosphate

PI (3,4,5)Ps: phosphatidylinositol
3,4,5-triphosphate

P1 (4,5)P,: phosphatidylinositol
4,5-biphosphate

PKC: protein kinase c

PTEN: phosphatase and tensin
homolog

PPARa: peroxisome proliferator-
activated receptor alpha

PPARYy: peroxisome proliferator-
activated receptor gamma
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PUFA: polyunsaturated fatty acid
ROS: reactive oxygen species
ROR: orphan receptor

RNS: reactive nitrogen species
RZR: retinoid Z receptor

SDS: sodium dodecyl sulfate

SHIP2: SH2-containing inositol
phosphatase

SOD: superoxide dismutase
TAA: total antioxidant activity

TFAM: mitochondrial
transcription factor A

TNF-a: tumor necrosis factor a

TSC1/2: tuberous sclerosis
complex 1/2

TRAF2: TNF-a receptor-
associated factor 2

Tx: trolox
UPR: unfolded protein response

VDAC: voltage-dependent anion
channel

XBP1: X-box binding protein 1
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OBESITY

Obesity is a global health problem that affects millions of people
worldwide. Constant access to highly energetic food has become usual,
which along with the sedentary lifestyle of modern society causes an
imbalance between caloric intake and energy expenditure, and as a result,
obesity is an inevitable consequence. The overabundance of nutrients
caused by an enhanced food intake leads to the dysregulation of
adipocytokines, lipid and glucose metabolism (Couillard, Mauriege et al.
2000; Fu, Watkins et al. 2012; Lin, Wu et al. 2014). Obesity is characterized
by abnormal increase in adipose tissue mass with increased fat cell size
and number, as well as the accumulation of ectopic lipid accumulation in
non-adipose tissues.

Despite the efforts and resources spent on prevention and
treatment of obesity and its comorbidities, the number of obese people
has not stopped for the last thirty years. According to the World Health
Organization, in 2014, the percentage of the worldwide adult population
that suffered from obesity had already reached 13%, the 39% had
overweight, and its incidence also continues rising in children (2013), so
finding strategies to curb and/or treat this disease and its medical
complications is becoming a pressing need.

Among the multiple causes of obesity are: the lack of balance
between intake and energy expenditure, sedentary lifestyle, genetic
factors, health problems such as hypothyroidism, drugs, smoking and age.
Besides, lack of sleep that is one of the factors inherent in industrialized
countries has been related to long-term weight gain and the pathogenesis
of obesity (Cizza, Requena et al. 2011). Cizza and colleagues have reviewed
several mechanisms by which the sleep deprivation affects body weight,

and they suggested that this relationship is based on the combined effect
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of several factors, rather than been exclusively due to increased appetite
and food intake. Seasonality and hibernation have greatimplicationsin the
energy balance, and melatonin through the regulation of brown adipose
tissue metabolism and circadian rhythms, works as a link between these
processes and the control of body weight (Cizza, Requena et al. 2011).
Obesity leads to adverse metabolic abnormalities such as
dyslipidemia, hypertension, or glucose intolerance. These alterations are
grouped into metabolic syndrome that is a risk factor of several diseases
such as cardiovascular disease, neurodegenerative disorders and diabetes
(Wree, Kahraman et al. 2011; Lavallard and Gual 2014). Among them, the
most important alterations in obesity include insulin resistance,
mitochondrial dysfunction, systemic inflammation, increased oxidative
stress and dysregulation of cellular quality control systems like autophagy

and the unfolded protein response.

Obesity-associated liver disease

Besides being the main organ of detoxification of the body, the
liver plays a fundamental role in regulating metabolic homeostasis (Rui
2014). Food is digested in the gastrointestinal tract, and glucose, fatty
acids, and amino acids are carried to the liver through the bloodstream via
the portal vein circulation system (Rui 2014). The liver is a central organ
for synthesis, metabolism, storage and redistribution of carbohydrates,
proteins and lipids, so it is closely linked to metabolic disorders
(Bechmann, Hannivoort et al. 2012).

The liver is the main source of body glucose production through

two different pathways:
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— Glycogenolysis or the breakdown of glycogen in short-term
fasting conditions.

— Gluconeogenesis which is de novo synthesis of glucose in
medium to long-term fasting conditions, depends on
enzymatic activities and hormonal regulation (insulin,
glucagon and glucocorticoids). Lactate, pyruvate, glycerol and
alanine are the main glucose precursors (Puigserver and
Spiegelman 2003).

The liver is involved in lipid metabolism in three different aspects

(Wree, Kahraman et al. 2011): de novo synthesis and active uptake of free
fatty acids, de novo synthesis and oxidation of triglycerides, and export of
free fatty acids as triglycerides and very low-density lipoproteins. The
rapid increase of obesity and metabolic syndrome in western countries
comes with alterations in hepatic lipid and glucose that lead to high
prevalence of liver diseases. One of the most common liver diseases that
occur in obese people is the nonalcoholic fatty liver disease (NAFLD),
whose prevalence reaches 70-90% in obese or diabetic patients (Vernon,
Baranova et al. 2011). This is a cluster of hepatic disorders that occur in
the absence of excessive alcohol consumption, and predisposes to acute
liver injury, cirrhosis and liver cancer (Bechmann, Hannivoort et al. 2012;
Baratta, Pastori et al. 2015).

The expanded adipose tissue characteristic of obesity is
accompanied by an increase in the migration of free fatty acids from
adipose tissue to the liver, leading to fatty liver or hepatic steatosis. Other
factors contributing to the development of hepatic steatosis in NAFLD are
the upregulation of lipogenic pathways, a defective mitochondrial fatty
acid oxidation or the inhibition of triglyceride secretion (Carr and Ahima

2015).
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The liver responds to the massive presence of lipids by
upregulating the biogenesis of lipid droplets (and thus avoid fatty acid
lipotoxicity) (Singh and Cuervo 2012), but hepatic steatosis also can be due
to the conversion of hepatocytes into fat storage cells, or adipocytes,

which is known as adipogenic steatosis (Yu, Matsusue et al. 2003).

Leptin role in obesity

A tremendous effort has been made in the last decades to
elucidate the molecular mechanisms underlying the pathology of obesity.
However, the factors involved in its regulation are not yet fully
understood. Using animal models to understand the regulation of food
intake and energy expenditure is critical for the development of obesity
treatments. Several different animal models have been employed to study
the environmental, physiological and genetic basis of obesity (Speakman,
Hambly et al. 2007). There are several types of genetic animal models
employed, which include obesity models with spontaneous mutations,
and random and target induced mutations (Speakman, Hambly et al.
2007). In addition to genetic models, the literature includes numerous
studies on diet-induced obesity, including high-calorie diets rich in fat or
fructose (Kasim-Karakas, Vriend et al. 1996; Pfluger, Herranz et al. 2008).

Among the spontaneous genetic models of obesity highlight the
ob/ob and db/db mice and the Zucker obese rat (Speakman, Hambly et al.
2007). These three models have in common the involvement of the lack of
leptin signaling in the development of obesity, either by absence of this
molecule or its receptor.

Leptin was discovered in 1994 and is a 16 kDa polypeptide that
presents a helical cytokine-like structure (Szewczyk-Golec, Wozniak et al.

2015). It is a pleiotropic hormone and is one of the most important
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adipokines secreted by white adipose tissue together with adiponectin
(Tan, Sun et al. 2012). However, a variety of other tissues such as stomach,
skeletal muscle and hypothalamus also synthesize and secrete leptin
(zieba, Szczesna et al. 2008).

Leptin is commonly known as the "satiety hormone" as it works as
a reporter of nutritional status, decreasing appetite and inhibiting food
intake. It modulates feeding behavior mainly at level of the hypothalamus
(Zieba, Szczesna et al. 2008), to inhibit orexigenic (appetite-stimulatory)
neuropeptides and enhance anorectic peptides secretion (Malik, Marino
et al. 2011). Leptin also stimulates energy expenditure. Thus, it regulates
whole-body energy homeostasis through the reduction of lipid content by
fatty acid oxidation in the liver and other peripheral tissues (Tan, Sun et al.
2012); and thermogenesis (Jo and Buettner 2014) through central and
peripheral signaling (Holmstrom, Tom et al. 2013). Besides, leptin
modulates insulin sensitivity via crosstalk with the insulin signaling

pathway (Holmstrom, Tom et al. 2013).

Under normal conditions, leptin is produced and secreted in
proportional amounts to the mass of body fat (Malik, Marino et al. 2011),
being greater in subcutaneous white adipose tissue than in visceral white
adipose tissue (Szewczyk-Golec, Wozniak et al. 2015). Thus, leptin levels
correlate with the body mass index (BMI) promoting a negative energy
balance and the repletion of body energy stores, thereby decreasing
feeding and promoting activity. However, obesity leads to a leptin
insensitivity state or resistance. In this case, obese individuals exhibit high
leptin circulating levels but without reducing neither appetite nor body
weight because the hypothalamic signaling does not take place (Zieba,

Szczesna et al. 2008).
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Hormones involved in energy homeostasis such as leptin, ghrelin,
orexin, insulin and glucagon oscillate in circadian rhythms and, in the case
of seasonal animals, they also oscillate in circannual rhythms (Kirsz,
Szczesna et al. 2014). Circadian rhythms in serum leptin concentrations
have also been proposed to be related to the daily changes in appetite and
sleep/wake cycle (Mantele, Otway et al. 2012), having its maxim secretion
overnight (Alonso-Vale, Andreotti et al. 2006).

Leptin-deficient (ob/ob) mice are infertile and exhibit hyperphagy,
obesity, diabetes, and fatty liver, so lipid hepatic homeostasis is
significantly affected (Zieba, Szczesna et al. 2008; Malik, Marino et al.
2011; Tan, Sun et al. 2012). For all these reasons, leptin-deficient mouse is
considered as a good model to study the effects of obesity and its liver-

related complications.

INSULIN RESISTANCE

Insulin is a peptide hormone produced in the islets of Langerhans
from pancreatic beta cells in response to postprandial blood glucose
increases (Carr and Correnti 2015). It is the anabolic hormone for
excellence, since it is responsible for promoting the synthesis and storage
of carbohydrates, lipids and proteins, as well as to prevent their
degradation (Saltiel and Pessin 2002). Insulin avoids hyperglycemia by
inducing glucose uptake by skeletal muscle and adipose tissue, and inhibits
liver glucose production and glycogenolysis, so it regulates blood glucose
levels (Ye 2013; Carr and Correnti 2015).

In the same way, insulin also stimulates conversion and
accumulation of glucose in the liver as glycogen and triglycerides (Carr and
Correnti 2015). In normal physiology, insulin exerts its effects via specific

binding of the hormone to its membrane receptor (Fig. 1). When insulin
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binds to the insulin receptor, it stimulates receptor autophosphorylation
and internalization activating its intrinsic tyrosine kinase. This event leads
to phosphorylation on tyrosine residues of a variety of docking proteins
including insulin receptor substrate (IRS) proteins. When IRS-1/2 is
activated through Tyr-phosphorylation, it can activate
phosphatidylinositol 3 (PI3)-kinase, which converts phosphatidylinositol
4,5-bisphosphate to phosphatidylinositol (3,4,5)-trisphosphate. Akt (also
known as protein kinase B) is phosphorylated and activated after PIPs
binding, stimulating the translocation of glucose transporters to
membrane to allow glucose uptake from the blood to the tissue involved
(Carr and Correnti 2015). Akt activation also induces phosphorylation of a
number of substrates and is critically involved in promoting the anabolic
effects of insulin on glucose and lipid metabolism (Ozcan, Cristina de Souza

et al. 2013).

Obesity-associated insulin resistance

Frequently, in obesity, insulin signaling is defective so that the
tissue cannot respond efficiently to insulin, which leads us to speak of a
state of insulin resistance. In theory, defective insulin signaling could occur
at the level of IRS-1, through an alternatively phosphorylation of IRS-1,
such that insulin-induced glucose uptake is damaged and insulin-sensitive
tissues loss their ability to respond to insulin (Ozcan, Cao et al. 2004).
Insulin resistance in adipose tissue results in an increased free fatty acid
flux to the liver, leading to hepatic insulin resistance, steatosis (Lavallard,
Meijer et al. 2012), enhanced hepatic gluconeogenesis and reduction of
glycogen synthesis (Ye 2013; Zhang, Cao et al. 2015). Insulin resistance is
the primary cause of type 2 diabetes. There are several factors that may

contribute to developing insulin resistance and they include: obesity,
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inflammation, mitochondrial dysfunction, endoplasmic reticulum (ER)
stress, aging and oxidative stress (Ye 2013).

Sirtuins are NAD*-dependent class Il histone deacetylases
member of the silent information regulator 2 (Sir2) like family proteins
(Lim, Kim et al. 2012). The best-studied of these enzymes, sirtuin 1 (Sirt1),
was originally described as a factor regulating of longevity, that acts as an
aging suppressor working as an accessory clock protein (Hardeland 2013).

However, Sirtl is also known to be fundamental in regulation of
metabolism and glucose and fat homeostasis (Chen, Lai et al. 2013).
Numerous evidences point to that Sirtl plays a protective role against
glucotoxicity and lipotoxicity (Picard, Kurtev et al. 2004; Rodgers, Lerin et
al. 2005; Liang, Kume et al. 2009), and in this context, several reports have
proved that its deficiency is involved in the development of hepatic insulin
resistance (Lagouge, Argmann et al. 2006; Wang, Kim et al. 2011; Chen, Lai
et al. 2013), specifically through decreasing Akt phosphorylation at Ser473
(Wang, Kim et al. 2011).
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Glucose entry

Figure 1. Insulin signaling cascade. When insulin binds to its receptor, a signaling
cascade is triggered. In this cascade are involved, among other proteins, Tyr
phosphorylated IRS-1, PI3K and phosphorylated Akt, which eventually lead to the
entry of glucose into the cell. IRS-1- insulin receptor substrate , PI3K-
phosphatidylinositol 3-kinase, PI(3,4) P»- phosphatidylinositol 3,4-bisphosphate,
PI1(3,4,5)Ps- phosphatidylinositol 3,4,5-triphosphate, PI(4,5)P,- phosphatidylinositol
4,5-bisphosphate, PTEN- phosphatase and tensin homolog, SHIP2- SH2 containing
inositol phosphatase, PDK1- phosphoinositoside dependent kinase 1, Akt- or
protein kinase B, GLUT- glucose transporter.
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MITOCHONDRIAL FUNCTION AND DYSFUNCTION

Mitochondrion, from the Greek “mitos” (thread) and “chondrion”
(granule) is an essential cellular organelle of eukaryotic cells, whose main
role is to provide the energy needed (Craigen 2010). These organelles are
specialized in consumption of oxygen to produce ATP through the process

of oxidative phosphorylation.

Mitochondrial structure and dynamics

The number of mitochondria, and its size and shape may vary,

however, the ultrastructure of mitochondrial outer
membrane (MOM)

mitochondria always responds matrix
to the same SCheme. intermembrane space

Mitochondria are composed by
two lipid bilayer membranes

mitochondrial DNA

separating three spaces: the ribosomes  mitochondrial inner

membrane (MIM)

cytosol, the intermembrane Figure 2. Typical pattern of mitochondrial

space, and the mitochondrial ~ structure. MOM- mitochondrial outer
membrane, MIM- mitochondrial inner
matrix (Fig. 2). membrane.

« The mitochondrial outer membrane (MOM) is structurally similar
to other cell membranes and delineates the organelle. It is rich in
cholesterol, highly permeable to most molecules, and contains a
non-selective channel named voltage-dependent anion channel
(VDAC).

. The mitochondrial inner membrane (MIM), which delimits the
central cavity called matrix, is rich in cardiolipin, virtually lack

cholesterol and is impermeable to ions (Scatena, Bottoni et al.

2007), so that all exchanges are performed by specific
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transporters for metabolites. Because of MIM impermeability,
mitochondria generate an electrochemical gradient responsible
for delivering the proton-motive force to produce ATP. Thus, the
maintenance of MIM integrity is critical for the maintenance of
mitochondrial functions (Scatena, Bottoni et al. 2007). This
membrane is folded numerous times, resulting in the cristae,
which greatly increase MIM surface and contain the four electron
transport chain complexes and the ATP synthase.

« The mitochondrial matrix contains Krebs cycle and B-oxidation of

fatty acids enzymes, ribosomes and the mitochondrial genome.

The morphology of mitochondria is variable in different cell types and
tissues, and even changes within the same cell depending on physiological
conditions. It is a very dynamic organelle that continuously divides and
fuses with other mitochondrial bodies, so it can acquire from a small
rounder shape to an extended filamentous mitochondrial network (Putti,
Sica et al. 2015). This dynamism of the mitochondrial compartment is

determined by fusion and fission processes involving MOM and MIM.

Westermann reviewed that mitochondria can experience these
changes in according to its different functions and in response to different
requirements, such as ATP production by oxidative phosphorylation,
calcium homeostasis, reactive oxygen species (ROS) production,
mitochondrial distribution, remodeling of mitochondria during
developmental processes and coordination of cell death programs

(Westermann 2012; Wai and Langer 2016).

The balance between the fusion and fission machineries is strictly

associated with mitochondrial bioenergetics. Fusion of mitochondria
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enables them to mix their contents, such as mitochondrial DNA and
metabolic intermediates, and thus they can recover the activity of
damaged or depolarized membranes (Montgomery and Turner 2015).
Thus, unopposed fusion results into a hyperfused mitochondrial network
and counteracts metabolic insults preserving cellular integrity and
protecting against autophagy, so this process is usually associated with the
optimization of mitochondrial function (Wai and Langer 2016). On the
other hand, the process of mitochondrial fission increases the number of
mitochondria, and prepares the cell for division and meiosis (Montgomery
and Turner 2015). Unopposed fission causes mitochondrial fragmentation,
that is commonly related to the autophagic removal of damaged
mitochondria (Westermann 2012). Thus, the fission process is usually

associated with metabolic dysfunction and disease (Wai and Langer 2016).

The main proteins involved in the regulation of mitochondrial

dynamics are (Fig. 3):
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Figure 3. Regulation of mitochondrial fusion and fission. The mains proteins
involved in mitochondrial fusion are mitofusin 1/2 (Mfn1 and Mfn2, in red) at the
outer mitochondrial membrane and autosomal dominant optic atrophy-1 (L-
OPA1, in purple) at the inner mitochondrial membrane. Dynamin-related protein
1 (Drp1l, in red) and fission protein 1 (Fisl) are the main proteins involved in
mitochondrial fission. This figure was taken form (Wai and Langer 2016).

- Mitofusin 1 and 2 (Mfn1 and 2) which are located on the
MOM and take part in outer fusion process. Mfn2 is also
implicated in the connection between mitochondria and
ER, and its depletion may play a role in ER stress
development in metabolic stress conditions (de Brito and
Scorrano 2008).

- The optic atrophy-1 (Opal), which is present in the MIM,
participates in the inner membranes fusion and cristae
remodeling, and it protects from apoptosis (Frezza,
Cipolat et al. 2006)

- Dynamin related protein 1 (Drpl), which found in the
cytosol and is involved in mitochondrial fission and
apoptosis.

- Fission protein 1 (Fisl) is inserted on the MOM, and

recruits Drp1 on this membrane (Putti, Sica et al. 2015).
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Mitochondrial _electron __transport chain __and _ oxidative
phosphorylation

The electron transport chain consists of five multiprotein
complexes located in the MIM. Electrons flow from NADH (oxidized in
complex I) or succinate (complex Il) to generate a proton gradient that will

be used by the fifth complex to produce ATP (Fig. 4).

Each complex contains several co-factors and prosthetic groups

(Silva and Oliveira 2012):

- Complex | (EC: 1.6.5.3, NADH dehydrogenase, or
NADH:ubiquinone oxidoreductase) contains flavin
mononucleotide (FMN) and 22-24 iron—sulfur (Fe-S) proteins in
5-7 clusters. It catalyzes the reduction of ubiquinone through
NADH oxidation.

-  Complex Il (EC: 1.3.5.1, succinate dehydrogenase or Il
succinate:ubiquinone oxidoreductase) contains flavin adenine
dinucleotide (FAD), 7-8 Fe-S proteins in three clusters and
cytochrome bsego. It catalyzes the oxidation of succinate to give the
fumarate, which results in FADH; turning in FAD.

-  Complex Il (EC: 1.10.2.2, cytochrome bcl complex or
Ubiquinol:cytochrome-c oxidoreductase) contains cytochrome b
(the ultimate electron acceptor in this complex), cytochrome c1,
and one Fe-S protein. It allows electron transfer to a mobile
second carrier located in the intermembrane space (cytochrome

c), which transports the electrons to the complex IV.
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Figure 4. Schematic view of the electron transport chain complexes and ATP
synthesis. Electrons flow through the respiratory complexes, creating a proton
gradient that will be used by the ATP synthase to produce ATP. NADPH-
nicotinamide adenine dinucleotide phosphate, FADH2- flavin adenine
dinucleotide, CoQ-Coenzyme Q or ubiquinone, Cyt c- cytochrome c, ADP-
adenine dinucleotide phosphate, ATP- adenine trinucleotide phospate, MIM-
mitochondrial inner membrane. Adapted from (Silva and Oliveira 2012).

- Complex IV (EC: 1.9.3.1, cytochrome-c oxidase or cytochrome-
c:oxygen oxidoreductase) contains cytochrome a, cytochrome as,
and two copper ions. This complex oxidizes cytochrome ¢ and
electrons are transferred to 0;, which it is the final
electronacceptor of the respiratory chain.

- ComplexV (EC:3.6.3.14, ATP phosphohydrolase (H*-transporting),
FoF1-ATPase, or ATP synthase) is usually not considered part of the
electron transport chain, but forms part of oxidative

phosphorylation.

Respiratory parameters

State 3 of mitochondrial respiration reflects the maximal ATP
synthesis, or maximum O, consumption rate (respiration), in the presence

of ADP (Fig. 5). The increase in respiration denotes the use of the proton-
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Figure 5. Representative plot of oxygen consumption assay in isolated
mitochondria. In the presence of substrate of the respiratory complexes,
mitochondria begin to consume oxygen. By adding ADP (state 3, in red),
mitochondria consume more oxygen reflecting the maximal ATP synthesis in
presence of ADP. When mitochondria have consumed all the ADP, or an ATP
synthase inhibitor (oligomycin) is added, the respiration takes place in an
inefficient manner due to proton leakage (state 4, in green). Finally, by adding a
mitochondrial ~ uncoupler like  carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP), oxygen consumption is increased to the maximum. This
figure was adapted from (Garcia-Cazarin, Snider et al. 2011).

motive force for the synthesis of ATP, being restored by the augmented
proton pumping activity of the respiratory chain. When all ADP is
phosphorylated into ATP by the action of the ATP-synthase, the respiration
returns to or close to the initial pre-ADP addition values.”(Silva and

Oliveira 2012).

State 4 represents mitochondrial respiration in absence of ADP or
without ATP synthesis, and therefore due to proton leakage or passive

entry from the cytosol into the mitochondrial matrix.

The respiratory control ratio (RCR) represents the ratio between state

3 respiration and the state 4. It is a parameter that determines the
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coupling between substrate oxidation and phosphorylation, so it is

indication of how coupled mitochondria are (Silva and Oliveira 2012).

Oxidative phosphorylation efficiency is determined by the ADP/O
ratio. It represents the amount of oxygen reduced to water the respiratory

chain per ADP phosphorylated (Silva and Oliveira 2012).

Mitochondrial dysfunction in obesity

Mitochondrial dysfunction is defined as a reduction in
mitochondrial number, density or function (Ye 2013). Itis well known that
mitochondrial dysfunction plays an important role in obesity-related
diseases and, particularly, in the liver for the development of insulin
resistance (Agil, El-Hammadi et al. 2015). Ye and colleagues have
described several lines of evidence that highlight the relevance of
mitochondria during the development of insulin resistance and the
associated type 2 diabetes, either because the mitochondrial dysfunction
causes insulin resistance or because mitochondrial dysfunction is the
consequence of the insulin signaling impairment (Ye 2013). Mitochondrial
dysfunction, and specifically a decreased electron transport chain activity,
has also been related with the development of hepatic steatosis (Perez-

Carreras, Del Hoyo et al. 2003; Paradies, Paradies et al. 2014).

OXIDATIVE STRESS

Free radicals are molecules or molecular fragments highly
unstable and reactive because of they contain one or more unpaired
electron in atomic or molecular orbitals. Free radicals are products of
normal cellular metabolism that can be generated by enzymatic and non-

enzymatic process. However, mitochondria are considered the main
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source of free radicals. Mitochondria consume around 90% of a cell’s
oxygen to produce ATP, so the production of potentially harmful reactive
oxygen species (ROS) is an inevitable consequence. It has been described
that approximately between 0.2 and 2% of the oxygen taken up by the cell
is converted to ROS in the mitochondria, mainly in complexes | and I

(Paradies, Paradies et al. 2014).

Among the main free radicals, the most important ROS are
superoxide anion (0x"), peroxide radical (ROO*) and hydroxyl radical
(*OH). The production of O, occurs mostly within the electron transport
chain. This ROS quickly dismutases to hydrogen peroxide (H.0,), whose
detrimental role is the enormous capacity to diffuse across cell
membranes, and quickly spread throughout the body. Besides, when H,0,
reacts with transition metals such as Fe?* via the Fenton reaction, or with
0, by the Haber-Weiss reaction, "OH is formed. Despite its short half-life,
*OH is the most reactive and dangerous ROS due to its ability to speedily

react close to its site of formation (Fig. 6).

Fe?* Fe3*

H,0, messsssssssm) ‘OH + OH

Fenton
reaction

0," n—) *OH + OH + 0,
Haber-Weiss
reaction

Figure 6. Free radical formation by the Fenton and Haber-Weiss reactions.

On the other hand, mitochondrial nitric oxide (NO) can react with
ROS produced in the mitochondria, resulting in the generation of reactive

nitrogen species (RNS), which in turn can be harmful to the electron
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transport chain function disturbing electron transfer to oxygen (Paradies,

Paradies et al. 2014) and producing higher amounts of free radicals.

However, besides mitochondrial respiratory chain there are many
other cellular sources of significant amounts of free radicals, such as the
ER, peroxisomes, cytosolic NO synthase and lipoxygenases from the
cytosol and the plasmatic membrane among many others.

At low or moderated concentrations, ROS have physiological
functions and beneficial effects related with their actions as secondary
messengers in many signaling systems and as defense agents against
certain pathogens (Valko, Leibfritz et al. 2007). However, when the
antioxidant defense is not able to alleviate ROS and RNS overproduction
disturbing the redox balance or homeostasis, we face oxidative stress. This
situation of oxidative stress will detonate a cascade of deleterious effects
on macromolecules termed oxidative damage. Oxidative stress and
damage are implicated in several pathological conditions, like
cardiovascular disease, cancer, neurological disorders, diabetes,
ischemia/reperfusion and ageing (Valko, Leibfritz et al. 2007). In addition,
ROS production is closely associated with an impairment of the
mitochondrial respiratory chain (Paradies, Paradies et al. 2014), and with
the MOM permeabilization (MOMP), an important factor in mediating

intrinsic apoptosis (Loureiro, Magalhaes-Novais et al. 2015).

Antioxidant defense

An antioxidant is a molecule that delays or inhibits the oxidation of a
substrate, even when it is found at low concentrations in comparison with
the substrate, without losing its own stability. Evolutionarily, the

organisms developed efficient systems to combat free radical-induced
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oxidative stress. Among these protective mechanisms are enzymatic and

no enzymatic antioxidant defenses.

Enzymatic antioxidant defense

Enzymatic antioxidant defense include, among others, the
enzymes superoxide dismutase (SOD; EC 1.15.1.1), catalase (CAT; EC
1.11.1.6), glutathione peroxidase (GPx; EC 1.11.1.9) and glutathione
reductase (GR; EC 1.6.4.2) (Fig. 7).

SOD, which catalyzes the dismutation of O,* to H,0,, is distributed
in all cells with anaerobic respiration. This is the first line of enzymatic
antioxidant defense, and it is necessary that SOD works coupled with the

enzymes responsible for removing H,0,. In mammals there are three SOD

2H 0,
20;" H,0; H,0+% O,
SOD AT
/ 2 GSH / NADP*
| GPx | GR
GssG NADPH + H*
2 H,0

Figure 7. Enzymatic antioxidant defense. SOD- superoxide dismutase;
CAT- catalase, GPx- glutathione peroxidase; GR- glutathione reductase ;
O, superoxide anion; H,0,- hydrogen peroxide; GSH- reduced
glutathione; GSSG- oxidized glutathione; NADPH- nicotinamide adenine
dinucleotide phosphate. Figure adapted from the doctoral thesis of
Zapico, 2005 (Tomas-Zapico 2005)
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isoforms, which differ in their cellular localization and in the cofactors
necessary for their function: cytosolic SOD also nhamed SOD1 (with Cu/Zn
in its active center), mitochondrial SOD or SOD2 (with Mn in its active
center) and extracellular SOD or SOD3 (with Cu/Zn in its active center)

(Loschen, Azzi et al. 1974).

CAT catalyzes the conversion from 2 H,0; to H,O and O,. This
enzyme is mainly located in the peroxisome, but it is also found in the
mitochondria (Salvi, Battaglia et al. 2007). CAT has low affinity for its
substrate, so it is more efficient removing H,0, when found at high

concentrations.

The GPx-GR system includes the enzymes GPx and GR, and
glutathione and nicotinamide adenine dinucleotide phosphate (NADPH) as
cofactors. GPx scavenges H,0;, using reduced glutathione (GSH) and
releasing oxidized glutathione (GSSG) and H,0. Unlike CAT, GPx has high
affinity for its substrate, so it works better at low concentrations of H,0,.
GPx acts in tandem with GR, which catalyzes the reduction of GSSG to GSH

taking a H* from NADPH and allowing its reuse by GPx.

Non-enzymatic antioxidant defense

The non-enzymatic antioxidant defense is composed by molecules
that present the ability to donate an electron to reactive species
neutralizing free radical toxicity, without becoming toxic by itself. In turn,
the non-enzymatic antioxidant defense can be obtained from the diet
(ascorbic acid, tocopherol, carotenoids, flavonoids, etc.) or be synthesized

by the body (glutathione, uric acid, bilirubin, albumin, melatonin, etc.).
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Oxidative damage

Despite all the mechanisms existing to fight against free radicals,
the antioxidant defense is sometimes inefficient and/or inadequate
leading to a situation of oxidative damage that affects proteins, lipids and

DNA.

Oxidative damage to proteins

Proteins can be damaged in the peptide backbone and side chains,
in particular cysteine and methionine residues are susceptible to oxidation
by the action of ROS/RNS (Stadtman 2004). There are several types of
oxidative damage to proteins, including: nitration, formation of protein-
protein bonds, breakdown of peptide bonds, glutathionylation, S-
nitrosylation, but the most studied is protein carbonylation. In most cases,
post-translational modifications suffered by proteins when they are
subjected to oxidative stress, are reversible. However, accumulation of
oxidized forms of damaged proteins has been associated with aging and

age-associated diseases, such as Alzheimer’s disease.

Oxidative damage to lipids

Lipids are the most susceptible macromolecules to oxidative
stress. Oxidative damage to lipids, or lipid peroxidation (LPO) is an
uncontrolled auto-oxidative destruction process that affects mainly
polyunsaturated fatty acid (PUFA) residues of phospholipids, which are
extremely sensitive to oxidation. It occurs through an attack of free
radicals to the hydrophobic chains of membrane phospholipids, removing
one hydrogen atom, and thus generating the radical ROO", that leads to a
series of chain redox reactions. Consequently, potentially toxic aldehydes

are formed, including malondialdehyde (MDA) and 4-hydroxy-2 (E) -
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nonenal (4-HNE) that are considered the main peroxidation products
(Esterbauer, Schaur et al. 1991). Therefore this toxic aldehydes are
considered as good markers of lipid peroxidation and their accumulation

has been related to diabetes (Valko, Leibfritz et al. 2007).

Oxidative damage to DNA

DNA can be damaged in both the purine and pyrimidine bases and
also in the deoxyribose backbone. It usually occurs by the action of (*OH)
radicals and epoxides on nitrogenous bases. The most studied DNA lesion
is the formation of 8-hydroxyguanosine (8-OHdG), as the first step
involved in mutagenesis, carcinogenesis and aging (Valko, Leibfritz et al.

2007).

Obesity-induced oxidative stress

In obesity, free radical production and oxidative stress occur in
mitochondria mainly due to oversupply of fatty acids and glucose, and
leading to overload the electron transport chain (Ye 2013). Besides, the
literature includes different mechanisms by which oxidative stress is
induced by obesity and its related diseases. Vincent and Taylor reviewed
several potential contributors to oxidative stress in obesity (Vincent and
Taylor 2006), such as hyperglycaemia (Aronson and Rayfield 2002),
increased muscle activity to carry excessive weight (Vincent, Morgan et al.
2004), elevated tissue lipid levels (Beltowski, Wojcicka et al. 2000; Vincent,
Powers et al. 2001), inadequate antioxidant defense (Ohrvall, Tengblad et
al. 1993; Vincent, Powers et al. 2001; Wallstrom, Wirfalt et al. 2001),
chronicinflammation, (Davi, Guagnano et al. 2002; Fernandez-Real, Broch
et al. 2003; Saito, Yonemasu et al. 2003) endothelial ROS production (Egan,

Greene et al. 2001; Wheatcroft, Williams et al. 2003) and hyperleptinemia
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(Bouloumie, Marumo et al. 1999). In each of these cases, free radical
production is directly increased or there is an insufficient antioxidant
capacity to attenuate the damage inflicted by the free radicals (Vincent,

Innes et al. 2007; Sainz, Rodriguez et al. 2010).

INFLAMMATION

Inflammation is a physiological protective response that is part of
the innate immune defense. Inflammation is characterized by an elevated
number of white blood cells and increased levels of pro-inflammatory
cytokines in the circulation or tissue (Ye 2013). The inflammatory response
is triggered to isolate and remove pathogens and/or exogenous harmful
materials as well as during tissue repair, organ remodeling and wound
healing (Ye 2013). Although inflammation is a protective response, the
inflammatory process can be potentially damaging and associated with
the pathogenesis of many acute and chronic disorders such as: allergy,
cardiovascular and autoimmune diseases, type 2 diabetes, cancer, etc.
Thus, inflammation can be beneficial or harmful to the liver, depending on
factors such as the duration and intensity of the inflammatory process and
the type of damage that seeks redress. For instance, mild inflammatory
responses have been shown to have hepatoprotective effects, repairing
and restoring hepatic homeostasis (Brenner, Galluzzi et al. 2013).
However, when inflammation is uncontrolled and exacerbated, it can
causes massive loss of hepatocytes, worsening metabolic disorders such
as obesity, diabetes, and non-alcoholic fatty liver disease (NAFLD)

(Brenner, Galluzzi et al. 2013).

Over recent decades, numerous studies have established a link
between obesity, obesity related diseases and inflammation, particularly

through ER stress activation (Boden, Duan et al. 2008; Manley, Williams et
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al. 2013; Park, Kim et al. 2014). In obesity, there is a chronic and low grade
inflammation which begins with elevated macrophage infiltration and pro-
inflammatory cytokines expression in adipose tissue and liver. These
inflammatory mediators enter the blood stream to cause systemic

inflammation (Ye 2013).

One of the key signaling pathways in the control of inflammatory
and immune state is the nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB) pathway (Fig. 8). NF-kB is a family of transcription
factors highly conserved across species and widely expressed in many
tissues and cells. In mammals, this family is also known as Rel family, and
is composed by five members (p50, p52, p65 or RelA, c-Rel, and RelB) that
work as dimers, and whose subunits can homodimerize or heterodimerize
(Muriach, Flores-Bellver et al. 2014).Under basal conditions, NF-kB dimers
are in a latent cytoplasmic form, inhibited by IkB (NF-kB inhibitor), until
the arrival of an appropriated stimulus. When it takes place, IkB is
phosphorylated by the kinase complex known as IKK (kB kinase) that leads
to IkB ubiquitination and proteasomal degradation. Thereby, NF-kB
dimmers are liberated, their DNA-binding domain exposed, and can be
translocated into the cell nucleus stimulating the transcription of its target

genes (Shoelson, Lee et al. 2003; Muriach, Flores-Bellver et al. 2014).

NF-kB is involved in the response to stimuli such as oxidative stress
and inflammation, and a wide variety of extracellular stimuli such as toxic
metals, UV radiation, asbestos and alcohol promote its activation (Valko,
Leibfritz et al. 2007). This pathway takes part in cell survival,
differentiation and growth, and its activation has been closely related to

carcinogenesis (Valko, Leibfritz et al. 2007).

37



Signal

Receptor

Proteasome 20S

\4

Inflammatory gene
transcription

Figure 8. Activation of the NF-kB (nuclear factor k-light-chain enhancer of
activated B cells) pathway. The IKK phosphorylate the inhibitor IkB, targeting to
its proteasome degradation. Then, the NF-kB dimers (p65 / p50) can enter into
the nucleus to induce the transcription of specific genes involved in proliferation,
inflammation and survival. IkB- NF-kB inhibitor; Ikk- IkB kinase.

Other factor involved in the regulation of the inflammatory
response is Sirtl, that has been recently implicated in the repression of
inflammation in metabolic tissues such as liver, where overexpression of
Sirtl decreases TNF-a (tumor necrosis factor a ) and IL-6 (interleukin 6)
expression (Pfluger, Herranz et al. 2008) and Sirtl deletion increases NF-

KB activity (Purushotham, Schug et al. 2009).
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CELLULAR QUALITY CONTROL SYSTEMS

The cell has multiple mechanisms for monitoring the state of its
structures to maintain cellular homeostasis and preserve the integrity of
the cell. The ubiquitin-proteasome system is responsible for removing
short half-life proteins; the unfolded protein response (UPR) is triggered
against misfolded or unfolded proteins and check the correct maturation
of proteins; autophagy degrades protein aggregates or even whole
unnecessary or non-functional organelles; and when these systems fail or
are insufficient, programed cell death (PCD) or apoptosis takes place in a
controlled manner to remove damaged or unnecessary cells, to try to

preserve tissue integrity.

Ubiquitin-proteasome system

Eukaryotic cells contain a major intracellular proteolytic structure
known as the proteasome. The proteasome is multi-subunit enzyme
complex that is mainly located in the cytoplasm, whose function is to
catalyze the selective degradation of short-lived and damaged proteins to
maintain cellular homeostasis (Cuervo 2004; Groll and Potts 2011). To be
degraded by the proteasome system, the protein has to be flagged for
destruction by the ubiquitin conjugation system, whereby a polyubiquitin
chain is attached on the target protein (Adams 2003).

The characteristic mammalian proteasome is the 26S (Fig. 9),
which is formed by the association of the barrel-shaped 20S proteasome
subunit and two 19S regulatory cap subunits. The 19S proteasome binds
the polyubiquitin chain, denatures the protein, and internalize the protein
into the 20S proteolytic core. The 20S proteasome is the catalytic core of

the proteasome complex and the responsible for the breakdown of key
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proteins. This core consist of four stacked heptameric ring structures that
are themselves composed by two different types of subunits: two inner B

catalytic rings and two outer a structural rings (Adams 2003).
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Figure 9. Diagram of the ubiquitin proteasome pathway. The 26S proteasome is
formed by the 20S core capped with the 19S regulatory complexes, which
recognize polyubiquitinated proteins. Ub- ubiquitin. This figure was adapted
from (Bardag-Gorce 2010).

Unfolded protein response

The ER is an organelle in eukaryotic cells that is formed by an
interconnected network of membranes called cisternae. This organelle has
the ability to adapt and respond to periodic cycles associated with feeding,
fasting, and other metabolic demands of limited duration. Thus, it has a
vital role in maintaining cellular and organismic metabolic homeostasis
(Fu, Watkins et al. 2012). The ER is mainly responsible for: providing a Ca*

reservoir (Hoyer-Hansen and Jaattela 2007), synthesizing up to 75% of
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proteins, specially transmembrane proteins and proteins destined for
secretion and regulating the maturation and proper folding of proteins
(Schroder and Kaufman 2005). To execute these functions, it performs
post-translational modifications such as cleavage, glycosylation, and the
formation of intra- and inter-molecular disulfide bonds, to take proteins
to its mature conformation. The liver is a highly synthetic organ, so
hepatocytes contain abundant ER to processes millions of molecules in

seconds (Ji and Kaplowitz 2006; Fu, Watkins et al. 2012).

Disruption of any of the processes in which ER is involved goes along
with the accumulation of unfolded and/or misfolded proteins in the lumen
of the ER leading to a condition termed ER stress. These alterations in the
ER function are usually associated with the presence of cellular stressors,
like nutrient deprivation, hypoxia and changes in glycosylation status (Fan,
Sun et al. 2013). To deal with this stress, cells trigger an evolutionarily
conserved response known as unfolded protein response or UPR (Ozcan,
Cao et al. 2004; Schroder and Kaufman 2005). The UPR occurs through
activation of three main signaling membrane proteins of ER that are
activated depending on the folding requirements of the
ER:Inositolrequiring enzyme—-1 (lrela), double-stranded RNA-activated
protein kinase—like endoplasmic reticulum kinase (PERK),activating

transcriptionfactor-6-a (ATF6a) (Yoshida, Matsui et al. 2003; Yoo 2013).

Under non-stress conditions, the ER luminal domains of these sensor
proteins are associated or linked to the intraluminal calcium-dependent
protein-78 (GRP78 or BIP) and upon ER stress, GRP78 binds to unfolded
proteins, being dissociated from Irela, PERK and ATF6a, and leading to its
activation (Malhi and Kaufman 2011). PERK and Irela are activated by

dimerization and subsequent autophosphorylation. On the other hand,
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ATF6a which is synthetized as a 90kDa protein (90kDa-ATF6q) is activated

by a specific proteolytic cleavage. It is transported to the Golgi apparatus,

and activated by site-1/2 proteases producing the active form (50kDa-

ATF6a) (Gotoh, Endo et al. 2011).

The responses that make up the UPR include (Fig. 10):
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The reduction of global protein synthesis through phosphorylation
of a-subunit of eukaryotic initiation factor (elF2a) by activated
PERK.

The synthesis of chaperones and other proteins to improve the
folding capacity of the ER.

The degradation of unfolded or misfolded proteins through the
ubiquitin-proteasome  system, also called ER-associated
degradation (ERAD).

When ER stress is prolonged and severe and it is not be able to
recover its function, as a last resort, apoptosis is triggered for
removing misfolded/unfolded proteins and damaged cells (Hoyer-
Hansen and Jaattela 2007; Zhang, Cao et al. 2015). It is known that
at least three pathways are involved in ER stress-mediated
apoptosis:

- Transcriptional activation of the gene for CHOP
(CCAAT/enhancer binding protein (C/EBP) homologous
protein).

- The activation of Ire1-TRAF2 (TNF-a receptor-associated
factor 2)-AKS1 (apoptosis signal-regulating kinase 1) —-MAP
(mitogen-activated protein) kinase pathway.

- The activation of the ER-associated caspase-12 (Gotoh,

Endo et al. 2011).



Under physiological conditions, CHOP is expressed at low levels
but under conditions of ER stress, CHOP transcription is strongly induced
by the three ER stress signaling pathways. Despite this, PERK pathway
always plays a dominant role in CHOP induction (Gotoh, Endo et al. 2011).
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Figure 10. The major signal transduction pathways in the unfolded protein
response .ER- endoplasmic reticulum; PERK- double-stranded RNA-activated
protein kinase—like endoplasmic reticulum kinase; elF2a-a- subunit of
eukaryotic initiation factor; ATF4- activation transcription factor 4; CHOP-
CCAAT/enhancer  binding  protein  homologous protein; lIrela-
Inositolrequiring enzyme-1; XBP1- X-box binding protein 1; NF-kB - nuclear
factor k-light-chain enhancer of activated B cells; TRAF2- TNF-a receptor-
associated factor 2; ASK1- apoptosis signal-regulating kinase 1; JNK- c-Jun N-
terminal kinase; ATF6a- activating transcription factor-6-a.

Furthermore, Marciniak and colleagues reported that CHOP

induces de novo protein synthesis, via elF2a dephosphorylation, leading
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to the accumulation of high molecular weight proteins complex in the ER,

and promoting ER function decline (Marciniak, Yun et al. 2004).

Alterations in the function of ER have been associated with the
triggering of inflammatory responses and autophagy, and the
development of insulin resistance and obesity (Lavallard, Meijer et al.

2012; Park, Kim et al. 2014; Kim, Kang et al. 2015).

Autophagy

Although autophagy can ultimately trigger a type of cell death
known as PCD type I, it is a primarily survival mechanism [Rautou, 2010
#37]. Autophagy is a dynamic process by which cell membranes sequester
long-lived proteins, protein aggregates, portions of cytoplasm and even
subcellular organelles for degradation by lysosomal proteases in order to
recover their components [Coto-Montes, 2012 #17]. Three types of
autophagy have been identified: microautophagy, chaperone-mediated
autophagy (CMA) and macroautophagy (Fig. 11). Macro- and
microautophagy are well preserved in all eukaryotic cells, while CMA is
restricted to mammalian cells. The three types of autophagy differ in the

way of cargo delivery to lysosomes.

During microautophagy, small portions of the cytosol are directly
taken up by the lysosomes by invagination of their membranes (Wang and
Klionsky 2003). Chaperone-mediated autophagy (CMA) involves the
degradation of proteins and peptides containing the specific amino acid
sequence KFERQ through binding a constitutive chaperone, the heat
shock-cognate protein (hsc70). Then, this specific targeted proteins are
recognized by LAMP2A (lysosome-associated membrane protein type 2A),

which facilitates the translocation of these proteins across the lysosomal
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Figure 11. Types of autophagy. The diagram shows the three main forms of
autophagy: macroautophagy, microautophagy and chaperone-mediated
autophagy. In microautophagy, portions of cytosol are internalized by
invagination of the lysosomal membrane. In macroautophagy, large portions of
cytoplasm are sequestered in double-membrane structures fuse with lysosomes.
In chaperone-mediated autophagy, specific cytosolic proteins are transported
inside the lysosome through a chaperone / receptor complex. ER- endoplasmic
reticulum, PI3K- phosphatidylinositol 3 kinase , LAMP2- lysosome-associated
membrane protein type 2, LC3- microtubule-associated protein light chain 3,
HSC-70- heat shock cognate protein 70. Adapted from the thesis of Vega-Naredo,
2010 (Vega-Naredo 2010).

45



membrane, resulting in their unfolding and degradation (Cuervo and

Wong 2014).

The morphological hallmark of macroautophagy (hereafter referred
to as autophagy) is the formation of a double-membrane structure, called
an autophagosome [Xie, 2007 #55]. Upon autophagy induction, a
membrane structure referred to as the phagophore (the precursor to the
autophagosome) gradually expands and engulfs a portion of the cytosol or
specific molecular loads for delivery into the lysosomes for degradation
[Yorimitsu, 2005 #57]. Initially, the origin of autophagosome membranes
was attributed to ER (Axe, Walker et al. 2008; Hayashi-Nishino, Fujita et al.
2009; Yla-Anttila, Vihinen et al. 2009), but currently, there are studies that
suggest that other membrane sources such as mitochondria and the Golgi
apparatus can also take part in the formation of the autophagosomal
membrane (Mari, Tooze et al. 2011). This process, which entails the
sequential expansion of the phagophore, provides autophagy with the
capacity to sequester essentially any cellular component for the delivery
and subsequent degradation in the lysosomal compartment [Wang, 2011
#77]. As consequence of a failed attempt at preserving cell survival, several
autophagosomes are formed throughout cell, swallowing much of the
cytoplasmic components and resulting in a type of cell death with
autophagic characteristics denoted as PCD type Il [Coto-Montes, 2012
#17].

Several proteins are implicated in the formation of the phagophore
and autophagosome. These so-called autophagy-related (ATG) genes and
proteins were originally identified in yeast, and subsequently they
orthologs in mammals have been identified. Autophagy consists of three

sequential steps: initiation, nucleation and elongation/enclosure (Fig. 12).
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Figure 12. Three major of macroautophagy: Initiation, nucleation and
elongation/enclosure. mTOR- mammalian target of rapamycin; Atg- autophagy
related protein, Class Il PI3K- class Ill phosphatidylinositol 3-kinase; LC3-
microtubule-associated protein 1 light chain 3. Figure adapted from (Lavallard
and Gual 2014).

The initiation of autophagy is controlled by the ULK kinase complex
(ULK-Atg3-FIP200), which also contains Atgl0l. The
serine/threonine kinase mammalian target of rapamycin (mTOR)
is the main inhibitor of autophagy. When it is phosphorylated,
interacts with ULK inactivated them, preventing the
autophagosome formation.

- Nucleation: thisis the step in which the autophagosome is formed.
This step involves the interaction of Beclin-1 with the factors
(Ambra-1 and Atg14L) that modulate the Beclin-1 binding with the

vacuolar protein sorting 34 (Vsp34). This, is a class Il
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phosphadidylinositol 3-kinase which has a lipid kinase activity
essential for the autophagosome formation.

- Elongation/Enclosure: two conjugation systems take part in the
formation and elongation of the phagophore: Atg12-Atg5 and LC3
(microtubule-associated protein 1 light chain 3)

e Atgl2-Atg5: they are conjugated by two ligases, Atg7 and
Atgl0, and when they are joined, Atg12-Atg5 complex is
associated with Atgl6, leading to Atgl2-Atg5-Atgl6
complex.

e LC3 (the orthologue of yeast Atg8) is required for
autophagosome transport and maturation. LC3 is
synthesized in an unprocessed form, proLC3, which is
cleavage in the C-terminus amino acids by Atg4, leading to
the soluble form LC3-I (Skop, Cahova et al. 2012). Then,
LC3-1 is conjugated to phosphatidylethanolamine,
mediated by Atg7 and Atg3 participation. This new
phosphatidylethanolamine-conjugated form is called LC3-
Il and it is part of autophagosomes and autolysosomes
(Skop, Cahova et al. 2012).

- Finally, the autophagosomes are fused with lysosomes forming
the autophagolysosome, and leading to the degradation of the
cellular constituents sequestered.

Sequestosome 1, also called p62, is a protein that specifically marks
organelles and protein aggregates for autophagic degradation. When it is
attached for material degradation, it interacts with LC3-Il to be degraded
in the autophagolysosome with other waste components (Komatsu 2011).
A blockage in autophagy prevents the degradation of these marked

structures, and p62 is accumulated with them. Many studies have shown
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that, when autophagy is impaired, p62 is accumulated along with
ubiquitinated aggregates (Mizushima and Yoshimori 2007; Komatsu 2011;
Aghajan, Li et al. 2012), leading to increased oxidative stress (Mathew,
Karp et al. 2009). Interestingly, p62 can activate mTOR resulting in a
negative feedback (Manley, Williams et al. 2013).

p62 is a scaffold protein with multiple domains that has multiple
functions as transduction, cell proliferation, cell survival, cell death,
inflammation, tumorigenesis, inflammation (Manley, Williams et al. 2013)
and oxidative stress response through nuclear factor (erythroid-derived
2)-like 2 (Nrf2) activation (Komatsu 2011). In addition, p62 has also been
implicated in various signal transduction pathways associated with obesity
and insulin resistance (Geetha, Zheng et al. 2012). For example, p62 have
been described as a negative regulator of PPARy (peroxisome proliferator-
activated receptor gamma) (Rodriguez, Duran et al. 2006; Lee, Pfluger et
al. 2010), the ligand-activated transcription factor and master regulator of
the genes involved in lipogenic pathways and adipocyte differentiation

(Videla and Pettinelli 2012).

Regulation of autophagy:

There are several mechanisms involved in the regulation of

autophagy that include multiple signal-transduction pathways.

The main signaling pathways involved in the regulation of
autophagy are: the insulin—PI3K-Akt—-mTOR pathway, the ERK
(extracellular signal-regulated kinases) pathway and the p38 MAPK
(mitogen-activated protein kinases) pathway (Lavallard, Meijer et al.

2012).
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Insulin-PI3K-Akt-mTOR pathway: as we saw above, the
insulin binding to its receptor leads to the phosphorylation
of Akt. This Akt activation, prevents the formation
ofTSC1/2 complex (tuberous sclerosis complex1/2) and
ultimately leads to mTOR activation. Thus, in presence of
insulin, autophagy is inhibited through the activation of
mTOR.

ERK pathway activates autophagy in response to amino
acid depletion, but ERK can also inhibit autophagy
depending on the cell type and the stimuli.

The p38 MAPK pathway is also a negative or positive
regulator of autophagy depending on the cell type and

stimuli specific.

In addition, there are short and long term regulatory mechanisms

in which the three pathways that were explained above are involved.
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The short term regulation involves amino acids, energy
balance, ROS, ER stress and acetylation/deacetylation of
proteins.

The long-term regulation that involves FoxO proteins
(class O of forkhead box transcription factors), that take
part in the regulation of glucose metabolism and the cell
cycle and death, and the transcription factor EB, which is
involved in the control of lysosomal biogenesis. (Lavallard,

Meijer et al. 2012).



Autophagy and obesity-related alterations

Many works suggest the involvement of autophagy in several
obesity-related processes. Autophagy regulates food intake, insulin
resistance, and plays a key role against lipotoxicity (Lavallard, Meijer et al.
2012). Furthermore, it is closely linked to white adipose tissue
differentiation and maturation, including the conversion of white adipose
tissue towards brown adipose tissue (Singh, Xiang et al. 2009; Zhang,
Goldman et al. 2009; Goldman, Zhang et al. 2010), and it is also crucial in
the development of hepatic disorders associated with obesity (Lavallard
and Gual 2014). During a sustained availability of lipids, as occurs in
obesity, the autophagic turnover of the liver is inhibited, so it cannot
degrade lipid droplets, leading to hepatic steatosis (Lavallard and Gual
2014). Besides, altered autophagic activity is implicated in the progression
of type 2 diabetes through impaired B-cell function and development

of insulin resistance (Barlow and Thomas 2015).

Apoptosis

In multicellular organisms, when some cells threaten
tissue/organism integrity or are no longer necessary, they enter into a
tightly regulated program for cell suicide known as PCD type | or apoptosis.
The cell death caused by apoptosis, unlike what happens with necrosis,
occurs in a controlled way, so that neighbouring cells are not affected by
the waste materials. This process is characterized by, cell shrinkage and
condensation, cytoskeleton collapse, nuclear envelope disassembles, and
nuclear DNA breakage into fragments. Finally, the remains of the cell are
engulfed and recycled by a neighbouring cell or a macrophage without

causing a major host inflammatory and/or immune response.
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This process is and energy dependent process mediated by proteolytic
enzymes called caspases, which trigger cell death by cleaving specific
proteins in the cytoplasm and nucleus. Initially, caspases are synthesized
in the cell as inactive precursors, or pro-caspases. In presence of the
appropriated stimulus, pro-caspases are cleaved and activated by other
caspases resulting in a proteolytic cascade. The activation of this process
can be initiated by either extracellular (extrinsic pathway) or intracellular
(intrinsic pathway) death signal. On the other hand, in addition to the
apoptosis mediated by caspases, there is a caspase-independent cell

death, that is also triggered by intrinsic factors.

Activation of the intracellular cell death pathway takes place when the
cell entry into a new stage of the cell cycle or is damaged or stressed. In
the best understood pathway, mitochondria induce the activation of the
transcription of genes encoding B-cell lymphoma 2 (Bcl-2) family proteins
that promote the release of electron carrier protein cytochrome c from
mitochondria into the cytosol. Some members of this family, like Bcl-2
itself and Bcl-X,, inhibit apoptosis, blocking the release of cytochrome c.
On the contrary, other Bcl-2 members, such as Bax (Bcl-2 associated X
protein) are pro-apoptotic. These pro-apoptotic proteins tend to
oligomerize constituting mitochondrial channels that lead to MOMP, and
the consequent release of cytochrome c¢ from the mitochondrial
intermembrane space to the cytosol (Loureiro, Mesquita et al. 2013). Since
anti-apoptotic proteins such as Bcl-2 interact with their pro-apoptotic
counterparts to prevent their olymerization, the balance between pro-
and anti-apoptotic proteins is crucial for MOMP. As explained in previous

sections, the uncontrolled production of ROS can also affect this balance
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enhancing MOMP and initiating apoptosis through cytochrome c release

into the cytoplasm.

On the other hand, Bax and other pro-apoptotic proteins
responsible for MOMP can also regulate the mitochondrial permeability
transition pore (mPTP) (Loureiro, Mesquita et al. 2013). The mPTP is a
multiprotein complex formed in the contact sites between MIM and
MOM, and allows the no selective passage of molecules less than 1500 Da
between the cytoplasm to the mitochondrial matrix (Taddeo, Laker et al.
2014). The mPTP includes VDAC, also called porin, in the MOM; the
adenine nucleotide translocase (ANT), in the MIM; and cyclophilin-D which
has a peptidyl-proplyl isomerase activity, crucial for protein folding
(Andreeva, Heads et al. 1999)., and it is located in the mitochondrial matrix

(Crompton 2000).

Under physiological conditions, the mPTP components are
dispersed, and under the appropriated stimulus, they are assembled
forming a pore of 1.0 to 1.3 nm radius. mPTP opening is usually triggered
by ROS, mitochondrial Ca?* overload and Bcl2 family proteins (Crompton
2000). The effects of mPTP opening include the dissipation of protein
concentration gradient between the mitochondrial matrix and the
cytoplasm, the decrease of the electrochemical gradient and thereby
lowering ATP production; and the mitochondrial swelling which produce
the physical rupture of the MOM, and the release of molecules, including
the apoptosis inductor cytochrome ¢, from the mitochondrion to the

cytosol.
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Apotosis and obesity

The typical accumulation of fatty acids in the liver of obese
individuals, makes this organ more vulnerable to infections, mitochondrial
dysfunction and oxidative damage, releasing pro-fibrogenic and pro-
inflammatory mediators. All these factors can collectively stimulate
inflammation, apoptosis and fibrosis, contributing to the progression of

hepatic diseases to cirrhosis (Jung and Choi 2014).

In addition, apoptosis and obesity are also related through the
absence of Fas (transmembrane receptors involved in extrinsic pathway)
apoptosis inhibitory molecule, that has been implicated in the
development of spontaneous obesity and hepatosteatosis (Huo, Ma et al.

2016).

MELATONIN

Melatonin (N-acetyl-5-methoxy tryptamine) is an ancient
molecule, ubiquitously presented in nature, that has been identified in
most living organism,

H,CO CH,-CH,-NH,-CO-CH,
including bacteria, algae,
fungi, animals and plants N

H

(Tan, Manchester et al. 2011; . . )
Figure 13. Chemical structure of melatonin

Cipolla-Neto, Amaral et al. (N-acetyl-5-Hydroxytryptamine).

2014) (Fig. 13). Melatonin in

mammals is synthesized and secreted primarily by the pineal gland under
a circadian rhythm in response to darkness. Melatonin plays a key role in
the regulation of sleep and circadian rhythms. In addition, it plays a well-

known role as a direct free radical scavenger and an indirect antioxidant,

stimulating a set of antioxidant enzymes (Reiter, Tan et al. 2003). In
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addition to pineal melatonin, there is a non-pineal synthesis in several
cells, tissues and organs with autocrine and paracrine actions that are
probably related with its properties to protect against oxidative stress
(Zephy and Ahmad 2014). This extrapineal melatonin makes little
contribution to the circadian rhythm of melatonin in the blood (Tan,
Manchester et al. 2011).

Besides, melatonin is also implicated in many other physiological
functions with effects almost on all tissues and organs (Rivara, Pala et al.
2015), such as tumour growth inhibition, immune defense,
thermoregulation and reproductive activity in seasonally reproductive
animals (Carrillo-Vico, Guerrero et al. 2005; Witt-Enderby, Radio et al.
2006; Reiter, Tan et al. 2010).

Melatonin effectiveness lies in its highly lipophilicity and weakly
hydrophobicity, which allows it to cross cell membranes easily. Then, it can
be distributed throughout the body at cellular and subcellular levels (Coto-
Montes, Boga et al. 2012). Melatonin can exercise their functions by
binding to specific receptors or in a receptor-independent manner
probably through its free radical scavenging actions (Reiter, Tan et al.
2003). In mammals, there are several two kind of melatonin receptors: the
membrane receptors MT1 and MT2, and nuclear orphan receptors, from

the retinoic acid receptor (RZR) superfamily, such ROR (Hardeland 2009).
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Melatonin synthesis

tryptophan (Ramis,
Esteban et al. 2015).
Melatonin synthesis
involved four enzymes:

tryptophan-5-hydroxylase,
5-hydroxytryptophan

decarboxylase, serotonin
N-acetyltransferase  and
hydroxyindole-O-

methyltransferase (also

known as acetylserotonin
(Fig.
14) (Ramis, Esteban et al.
2015).

methyltransferase)

Naturally, the

occurs from the essential amino acid

HO-
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Figure 14. Melatonin synthesis.

secretion of melatonin in vertebrates exhibits a circadian pattern (Fig. 15),

showing its maximum serum levels at night and lowest levels during the

day, regardless of whether the animal is nocturnal or diurnal (Tan,

Manchester et al. 2011). Environmental light regulates the synthesis of

SERLIM MELATONIN

Figure 15. Circadian secretion of
melatonin. Figure adapted from

(Gerstner and Yin 2010).
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pineal melatonin. The light stimulus is
taken through photoreceptor retinal
ganglion cells, and it is transported
through the optic nerve to the
suprachiasmatic nucleus (SCN) of the
hypothalamus, which has adrenergic

neuronal endings that reach the pineal

gland, where melatonin biosynthesis



and release is regulated (Fig. 16). Melatonin synthesis occurs exclusively
during darkness, because light exposure shut down its production (Tan,
Manchester et al. 2011; Cipolla-Neto, Amaral et al. 2014). Furthermore,
the duration of the nocturnal secretion peak is proportional to night-time
duration (Cipolla-Neto, Amaral et al. 2014). Thus, there is a longer
secretion peak in short photoperiodic season than in long photoperiods
so, in winter there are greater melatonin levels than in summer (Tan,
Manchester et al. 2011). It has been reported that short-day photoperiod

exposure is an important signal to weight gain and adipose storage. In wild

PVN Pineal Melatonin
gland = T 7T ¥ gynthesis

Melatonin rhythms

P

P

==

Retinal melanopsin
ganglion cells

Retinohypothalamic tract
Postganglionic
— sympathetic
axon

Upper
thoracic Superior cervical
ganglion
Intermediolateral
cell column Preganglionic

(sympathetic neurons) 'sympathetic axon

Figure 16. Diagram of the relation between light capture by the retina and
regulation of the production of melatonin by the pineal gland. LP- long
photoperiod, PVN- paraventricular nucleus, SCN- suprachiasmatic nucleus,
SP- short photoperiod. This figure was taken from (Tan, Manchester et al.
2011).
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animals, weight gain during the winter is a survival mechanism against
possible food shortage during this season (Tan, Manchester et al. 2011).
Therefore, it is assumed that melatonin is the molecule that transduces
the environmental photoperiod into appropriate endocrine signals
(Banerjee, Udin et al. 2011; Tan, Manchester et al. 2011), playing an
important role in synchronizing physiology and behavior with the
environmental conditions.In addition to the sedentary lifestyle of modern
society, other typical characteristics of modern countries such as sleep
deprivation and the use of artificial light, TV, and monitors, alter melatonin
secretion pattern and circadian rhythms (Szewczyk-Golec, Wozniak et al.
2015). Numerous experimental observations indicate that melatonin has
an association with an improved body-weight maintenance and adiposity
and other characteristics of obesity through the stimulation of non-
shivering thermogenesis or stimulating the recruitment of brown adipose
tissue in small mammals (Tan, Manchester et al. 2011), whereas melatonin
deficiency has been linked to the development of obesity (Reiter, Tan et

al. 2012; Cipolla-Neto, Amaral et al. 2014; Kim, Jeong et al. 2015).

The fact that both melatonin and leptin follow a circadian rhythm
of secretion with maximum values at night, and play a key role in the
regulation of body weight and adiposity, suggests that one can influence
the expression and action of the other. The literature includes examples in
which melatonin can both increase (Alonso-Vale, Andreotti et al. 2005)
and decrease leptin secretion (Kus, Sarsilmaz et al. 2004). Besides, other
works also reported the ability of melatonin in enhancing leptin signaling
synergistically with insulin in different animal models (Alonso-Vale,

Andreotti et al. 2005; Banerjee, Udin et al. 2011).
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The aim of this thesis was the study of the most important
alterations usually described during obesity such as insulin resistance,
mitochondrial dysfunction, systemic inflammation, increased oxidative
stress and dysregulation of cellular quality control systems on the liver of
leptin-deficient mice (ob/ob). In addition, we sought to evaluate the

effects of the treatment with melatonin on these ob/ob mice.
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OBIJETIVES

Alterations in daily patterns of leptin, food intake and cell
metabolism are key players during the pathogenesis of obesity. Therefore,
the main aims of this thesis were the identification of the most important
metabolic alterations produced as a result of a leptin deficiency in the liver
of obese mice and the evaluation of the effects of melatonin
administration in these key alterations. To pursue these aims, we used
leptin-deficient ob/ob mice and wildtype counterparts. Thus, we
hypothesised that leptin deficiency-induced obesity is accompanied by
cellular alterations in mitochondria, inflammation and cellular quality
control systems that may be partially reverted by reinforcing the nocturnal
melatonin peak.

For this purpose, the following experimental objectives were
pursued along this work:

1. Study glucose and lipid metabolism and in the liver of
leptin-deficient (ob/ob) mice.

2. Study the mitochondrial function/dysfunction associated
with leptin deficiency in the liver of ob/ob mice.

3. Study of the redox metabolism and the inflammatory
response in the liver of leptin-deficient (ob/ob) mice.

4. Evaluate the cellular quality control systems in the liver of
ob/ob mice.

5. Determine the effect of melatonin administration on the

studied alterations.
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MATERIAL AND METHODS

65



ANIMALS AND TREATMENTS

Study 1

Eight six-week-old male leptin-deficient obese B6.V-Lepob/J (ob/ob) mice
were purchased from Charles River Laboratory (Charles River Laboratories
Spain, SA, Barcelona, Spain). The mice were housed two per cage under
12:12 h dark-light cycle at 22 + 2 2C. The animals received tap water and a
standard chow diet ad libitum. All the animals were weighed at the
beginning (baseline) and the end of the experiment.

After a two-week acclimatization period, a randomized group of
four ob/ob mice were treated with melatonin for two weeks, and the
remaining four ob/ob mice were maintained as a control group for same
period. At 2 h after lights off, intraperitoneal injections of melatonin were
administered daily at a dose of 500 pg/kg body weight (M5250, Sigma
Aldrich, St Louis, MO, USA). Melatonin was dissolved in 0.5 % ethanol/
saline. The animals in the control group received vehicle at an equal
dosage, route and treatment duration. Fresh melatonin and vehicle
solutions were prepared twice a week, and the melatonin dose was

adjusted to the body weight throughout the study.

Study 2

Thirty-two six-week-old male leptin-deficient obese B6.V-Lepob/)
(ob/ob) mice and thirty-two six-week-old male wild-type C57BL/6J were
purchased from Charles River Laboratory (Charles River Laboratories
Spain, SA, Barcelona, Spain).

The mice were housed two per cage under 12:12 h dark-light cycle

at 22 £ 2 oC, and received tap water and a standard chow diet ad libitum.
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All the animals were weighed at the beginning (baseline) and the end of
the experiment of the experiment.

After a two-week acclimatisation period, the animals were
randomly divided into four groups: untreated wild-type mice (WC),
untreated ob/ob mice (ObC), melatonin-treated wild-type mice (WM) and
melatonin-treated ob/ob mice (ObM). At 2h after lights off,
intraperitoneal injections of melatonin (M5250, Sigma Aldrich) were
administered daily at a dose of 500 pg/ kg body weight for 4 weeks.
Melatonin was dissolved in 0.5 % ethanol/saline. The animals in the
control groups received vehicle at a comparable dosage, route and
treatment duration. Fresh melatonin and vehicle solutions were prepared
twice a week, and the melatonin dose was adjusted to the body weight
throughout the study.

The experiment protocol in both cases was approved by the
Oviedo University Animal Care and Use Committee. All experiments were
performed according to the Spanish Government Guide and the European
Community Guide for Animal Care (Council Directive 86/609/EEC).

In both studies, animals were sacrificed by decapitation, and the
liver of each mouse was immediately removed and frozen at -80°C until
further use. If not indicated otherwise, the liver (50 mg) were
homogenised using a Polytron homogeniser at 4°C in 1 mL of lysis buffer
(50 mM sodium phosphate buffer, pH 7.5, 1 mM NaF, 1 mM Na3VO,, 1ImM
PMSF and 0.1 % Triton-X 100). The tissue homogenates were then
subsequently centrifuged at 3000 rpm for 6 min at 4°C, and the
supernatants were collected and stored at -80°C until use.

The Bradford method was used to quantify the protein amount in
liver supernatants, using bovine serum albumin (BSA) as standard protein.

(Bradford 1976).
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LIGHT MICROSCOPY

For morphological analysis, liver pieces were fixed, sectioned, stained and
observed by using a Nikon Eclipse E200 microscopy.(Nikon Instruments,

Tokyo, Japan ).

Fixation, embedding, and sectioning A piece of liver from two
mice from each experimental condition was divided into pieces of 4 mm
thick, and immersed in a fixing solution of 4% formaldehyde (20910.294,
MERCK, Darmstadt, Germany) for until inclusion. After removing the
formaldehyde, the samples were dehydrated through a battery of alcohols
(30, 50, 70, 96 and 100%) during 15 min in each alcohol. Then, the pieces
were immersed in 100% xylene (28975.291, MERCK) for 5-15 min. After
that, the samples were immersed in a mixture of paraffin (107158, MERCK)
and xylene (1:1) for 30 min and transferred to paraffin for 1 h at 60 °C. The
paraffin was removed, freshly paraffin was added for 1 h at 602C.Finally,
the blocks were made following the usual procedure and stored until
sectioning. The paraffin blocks were then cut into 5-7 um sections with a
microtome (Leica RM2155, Leica Instruments GmbH, Nussloch, Germany)
and these sections were adhered to slides (Superfrost Plus, Menzel GmbH

and Co KG, Braunschweig, Germany).

Staining

The slides were deparaffinised and rehydrated through xylene and
battery of ethyl alcohol (100, 96, 70, 50 and 30%) and the brought into tap
water. They were stained with the alum hematoxylin (H9627, Sigma
Aldrich) during 5-10 min to stain nuclei and rinsed in running tap water.
After that, the sections were stained with eosin 0.2-0.5% during 5-10 min,

dehydrated, cleared and mounted.
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OXIDATIVE DAMAGE DETECTION

Lipid peroxidation assay

The concentration of the end-products of lipid peroxidation was measured
by determining MDA and 4-HNE content. For this purpose, we used a
chromogenic reagent (N-methyl-2phenylindole) which reacts with MDA
and 4-HNE forming a stable chromophore at 45°C with an absorbance
maximum of 586 nm.

First, a 1,1,3,3,-tetramethoxypropane (108383, Sigma Aldrich)
standard curve was prepared in the concentration range of 0-20 uM by
diluting it with homogenization buffer. Both standard and problem tubes
(Glass tubes, TU05-130-250, labbox) got 1-methyl-2-phenylindole n
acetonitrile (1:3) 10.3 mM (404888, Sigma Aldrich) and methanesulfonic
acid (806022, MERCK) was added in all tubes (both the standard curve as
the problem ones). Then, all tubes were covered with parafilm, shaken and
after an incubation of 40 min at 45°C, the tubes were kept on ice 15 min
and centrifuged at 10000 g 5 min at 4°C. Supernatant were added to the
96 wells plate (BioTek Power Wave XS, Vermont, USA) and read at 586 nm.

The results were expressed as nmol MDA+4-HNE/ g protein.

Protein carbonylation assay

The protein carbonyl concentrations, as a measure of protein
oxidative damage (PD), were determined according to the method
described by Levine (Levine, Garland et al. 1990), with modifications from

Coto-Montes and Hardeland (Coto-Montes and Hardeland 1999).
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H,N-NH-2,4-DNP
Protein-C=0 Protein=N-NH-2,4-DNP +H,0

H,N-NH-2,4-DNP
Protein-C=N-Protein Protein=N-NH-2,4-DNP +H,0

Figure 17. Protein carbonylation scheme.

Samples were incubated with 2,4-dinitrophenylhydrazine (2,4-
DNP) 10 mM (D2630, Sigma Aldrich) diluted in HCI 2M (20252290, MERCK)
to mark carbonyl protein, and samples incubated in HCl were used as
blank. After 1h of incubation, trichloroacetic acid (TCA) 20% (T4885, Sigma
Aldrich) was added into each tube to precipitate proteins. Tubes were
centrifuged at 11000 g for 3 min and the precipitate was washed three
times with ethanol (VWR, 20821.310) in ethyl acetate (31990-2, Sigma
Aldrich) (1:1) under stirring. The supernatant of the last wash was
discarded and guanidine 6M (G7028, Sigma Aldrich) diluted in phosphate
buffer 10mM (pH 2.3) were added to denature and resuspend precipitated
proteins during a 15 min incubation at 37°C. Samples were read at 366 nm
in a 96 wells plate and read. The data were presented as nmol carbonyl

protein/ mg protein.
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ANTIOXIDANT ACTIVITY

Superoxide dismutase activity

SOD (EC 1.15.1.1), which catalyses the dismutation of O," to H,0,,
was measured according to the previously described method of Martin
and colleagues (Martin, Dailey et al. 1987). SOD inhibits haematoxylin

auto-oxidation to the coloured compound called hematein (Fig. 18).

SOD

Hematoxylin rl\ Hematein

e—

Figure 18. Inhibition of autoxidation of hematoxylin to the color
compound hematein by superoxide dismutase (SOD).

After oxygenate a potassium phosphate buffer 50 mM pH 7.5 +
EDTA 0.1 mM (ED2P, Sigma Aldrich) for 30 min at 4°C and 30 min at room
temperature, was added to the sample in a 96 wells plate. Then
hematoxylin 5mM diluted in 50 mM de KH,PO, were added to all wells,
and the plate was read at 560 nm for 10 min at 25°C. The results were

expressed as SOD units/ mg protein.
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Catalase activity

CAT (EC 1.11.1.6) activity was assayed according to the previously
described methods of Lubinsky and Bewley, (Lubinsky and Bewley 1979),
based on the conversion of hydrogen peroxide (H,0;) into O, and H,0,
using H,0; as a substrate.

H.0, 30% (95294, Sigma Aldrich) diluted in sodium phosphate
buffer 50 mM, pH 7 was added to the samples and the conversion of H,0,
into O, and H,0 was read in all wells of a 96 wells ultraviolet plate at 240

nm for 4 min at 25°C. The data were expressed as CAT units/ mg protein.

Total antioxidant activity

Liver total antioxidant activity (TAA) was determined using the
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) /H»0,/
Horseradish peroxidase (HRP) method modified (Arnac MB 2001; de

Gonzalo-Calvo, Neitzert et al. 2010).

A radical mixture of sodium phosphate buffer 50 mM, ABTS 2mM,
HRP 0.25 uM and H,0; 40 uM, was kept cold and dark 3-4 h until the
absorbance was constant and did not vary. Then was added to the sample
and after incubate the plate for 15 min, the absorbance was measured at
730 nm. The difference between the initial and final absorbance was used
as an indicator of antioxidant activity. TAA was expressed as Trolox (Tx)
equivalents that produce the same antioxidant effect that the study
sample (1mol Tx reacts with 2 mol of ABTS radical). Results were expressed

in equivalents of mg Tx/ mg protein.
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PROTEASOME ACTIVITY

Proteasome activity was assessed in homogenised tissue using a
20S proteasome activity assay kit (APT280, Chemicon, CHEMICON
International, Inc, Temecula, CA, USA). The assay is based on detection of
the fluorophore 7-amino-4-methylcoumarin (AMC) after its cleavage from
the labelled substrate LLVY-AMC by the chymotrypsin-like activity of the
proteasome. Free AMC was detected by fluorimetric quantification
(380/460 nm) using multiplate reader (Synergy HT, BioTek, Vermont, USA).

Results were presented as arbitrary fluorescence units/ mg protein.

WESTERN BLOT ANALYSIS

Tissue homogenates (25-200 ug of protein per sample) were
mixed with Laemmli sample buffer (1610737, BioRad Laboratories, Inc.,
USA) to increase sample density and promote the reduction of the intra
and inter-molecular disulfide bonds and the denaturation of the proteins
with the consequent gain of an overall negative charge, favoring a
separation based on protein molecular weight. The samples were then
boiled at 100°C for 5 min to complete protein denaturation and loaded in
7%-16% sodium dodecyl sulfate (SDS)-polyacrilamide gels. A molecular
weight size marker (Precision Plus Protein All Blue Standards, BioRad) was
also run in the outer lanes of all gels. The SDS-polyacrilamide gels fitted in
a Mini-PROTEAN 3 System (Bio-Rad) filled with running buffer (25mM Tris,
192mM glycine, 0.1% SDS) and connected to a PowerPac Basic Power
Supply (Bio-Rad) at 120V. Protein electrophoretic separation was
performed at room temperature. After that, the SDS-polyacrilamide gel
was transferred to a Polyvinylidene difluoride membrane (PVDF
Immobilon TM-P; Millipore Corp., Bedford, MA, USA) which was previously

activated in methanol and equilibrated in transfer buffer (25mM Tris,
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190mM glycine and 20% methanol), using a cooled Mini Trans-Blot Cell
System (BioRad) filled with transfer buffer and run at 100 mA during 180
minutes.

Once protein transfer was completed, the membrane was
identified and incubated with Ponceau S solution (0.1% Ponceau S (w/v) in
5% acetic acid) for 5 minutes. Afterwards, membranes were washed 3
times with Tris-buffered saline Tween-20 (TBS-T; 154 mM NaCl, 50 mM
Tris-HCl pH 8.0 and 0.1% Tween-20) for 5 minutes and incubated with
blocking solution, 5-10% non-fat dry milk (Bio-Rad) in TBS-T overnight at
4°C under continuous stirring (Stuart SRT6 tube roller, VWR, Leuven,
Belgium), to block non-specific binding.

In the next day, the membrane was washed three times with TBS-
T, 10 min each, and then incubated with the primary antibody (Table 1)
previously diluted in TBS buffer containing 1% (w/v) skim milk, overnight
at 49C under continuous stirring. After three 5 min washes in TBS-T, the
membranes where incubated with the corresponding HRP-conjugated
secondary antibody diluted in TBS buffer for 2 h at room temperature,
followed by three 10 min washes in TBS-T.

The membrane was developed using a chemiluminescent HRP
substrate (WBKLS0500, Millipore Corporation, Billerica, USA) according to
the manufacturer’s protocol. Chemiluminiscence data was collected using
a G:BOX Syngene ( All data presented are representative from at least
three separate experiments. The levels of proteins were
semiquantitatively analyzed by using Image Studio Lite 3.1 software. The
densitometry results were normalized to B-actin as a loading control and

showed as percentage of wild-type control animals.
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Table 1. Antibodies used

Antibody

Adiponectin (C45B10)

Akt

AMPK (F6)

Anti-Goat IgG

Anti-Mouse IgG

Anti-Rabbit IgG

ATF60 (H-280)

Bax

Bcl-2 (C-2)

Beclin-1

CHOP (L63F7)

CI-20 (NDUFBS)

ClI-30 (SDHB)

Clil-Core 2 (UQCRC2)

CIV-1 (MTCO1)

CV-a (ATP5A)

Reference

2789

9272

2793

A5420

7076

7074

sc-22799

2772

sc-7382

3738

2895

ab110242

abl14714

ab14745

ab14705

ab14748

Manufacture

Cell Signaling

Cell Signaling

Cell Signaling

Sigma-Aldrich

Cell Signaling

Cell Signaling

Santa Cruz Biotechnology

Cell Signaling

Santa Cruz Biotechnology

Cell Signaling

Cell Signaling

Abcam

Abcam

Abcam

Abcam

Abcam
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Cyclophilin D

Drp1 (D6C7)

elF2a (D7D3)

Irela (14C10)

LAL

LAMP2A

LC3

Mfn2 (D2D10)

NF-KkB p65

Nrf2 (C-20)

p62

Perilipin (H-300)

phospho-Akt (Ser473)

phospho-AMPKa (Thr172)

phospho-NF-kB p65 (Ser536)

phospho-elF2a (Ser51)

phospho-mTOR (Ser2448)

76

ab110324
(MSA04)

94825

5324

3294

ab36597

Ab18528)

PDO14

8570S

4764

sc-722

H00008878-
Mo01

sc-67164

9271

2535S

3033

3398

5536

Abcam

Cell Signaling

Cell Signaling

Cell Signaling

Abcam

Abcam

Medical & Biological

Laboratories

Cell Signaling

Cell Signaling

Santa Cruz Biotechnology

Abnova

Santa Cruz Biotechnology

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling


http://www.abnova.com/products/products_detail.asp?Catalog_id=H00008878-M01
http://www.abnova.com/products/products_detail.asp?Catalog_id=H00008878-M01

PI3K 4255 Cell Signaling

ab14734
Porin Abcam

(MSA03)
PPARy sc-7273 Santa Cruz Biotechnology
Sirt1 (H-300) sc-15404 Santa Cruz Biotechnology
B-actin AC-15 Sigma-Aldrich

PROTEIN IDENTIFICATION BY PEPTIDE MASS FINGERPRINT

Hepatic protein homogenates (25 pg) were mixed with
Laemmli sample buffer (1610737, BioRad Laboratories, Inc., USA) and
boiled at 100°C for 5 min to complete protein denaturation. Both samples
and pre-stained molecular weight standards (Precision Plus Protein All
Blue Standards, BioRad) were loaded to 1 mm SDS- polyacrilamide gel
(resolving gel contained 11% and the stacking gel 4% of 30% (w/v)
acrylamide:bisacrylamide). Gels were run at 120V and stained in a mixture
of 30% (v/v) methanol, 10% (v/v) acetic acid and 0.01% (w/v) Coomassie
Brilliant Blue R-250 and destained using a mixture of 40% (v/v) methanol
and 10% (v/v) acetic acid. Stained gel images were captured using a GS-
800 Imaging Densitometer (Bio-Rad) and semiquantitatively analyzed
using Image Studio Lite 3.1 software.

The processing of the bands of interest was conducted following
the protocol described by Olivan and colleagues (Olivan, Fernandez-Sudrez
et al. 2016). Bands of interest was sent for identification to the proteomics
laboratory of Inbiotec S.L. (Ledn, Spain), where the proteins were digested

following the method of Havlis and colleagues (Havlis, Thomas et al.
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2003)[18] and processed for further analysis as indicated by Jami and
colleagues (Jami, Barreiro et al. 2010). The samples were analyzed with a
4800 Proteomics Analyzer matrix-assisted laser desorption/ionization-
time of flight (MALDI-TOF/TOF) mass spectrometer (ABSciex, MA, USA). A
4700 proteomics analyzer calibration mixture (Cal Mix 5, ABSciex) was
used as external calibration. All mass spectrometry (MS) spectra were
internally calibrated using peptides from the trypsin digestion. The
analysis by MALDI-TOF/TOF mass spectrometry produced peptide mass
fingerprints, and the peptides observed (up to 65 peptides per spot) were
collected and represented as a list of monoisotopic molecular weights with
a signal to noise (S/N) ratio greater than 20 using the 4000 Series Explorer
v3.5.3 software (ABSciex). All known contaminant ions (trypsin- and
keratin- derived peptides) were excluded for later MS/MS analysis. Hence,
from each MS spectra, the 10 most intensive precursors with S/N greater
than 20 were selected for MS/MS analyses with CID in 2-kV ion reflector
mode and precursor mass windows of +7 Da. The default calibration was
optimized for the MS/MS spectra.

For protein identification, mascot generic files combining MS and
MS/MS spectra were automatically created and used to interrogate a non-
redundant protein database using a local license of Mascot v 2.2 from
Matrix Science through the Global Protein Server v 3.6 (ABSciex). The
search parameters for peptide mass fingerprints and tandem MS spectra
obtained were set as follows: i) NCBInr (2012.06.26) sequence databases
were used; ii) taxonomy: All entries (18713758 sequences, 6412106995
residues); iii) fixed and variable modifications were considered (Cys as S
carbamidomethyl derivative and Met as oxidized methionine); iv) one

missed cleavage site was allowed; v) precursor tolerance was 100 parts
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per million and MS/MS fragment tolerance was 0.3 Da; vi) peptide charge:
1+; and vii) the algorithm was set to use trypsin as the enzyme.

Protein candidates produced by this combined peptide mass
fingerprinting/tandem MS search were considered valid when the global

Mascot score was greater than 85 with a significance level of p< 0.050.

REAL-TIME RT-PCR

Total RNA was extracted using the TRI reagent (Sigma Aldrich, St
Louis, MO, USA), and cDNA was synthesized using a High Capacity cDNA
Reverse Transcription Kit (Invitrogen, Life Technologies) according to the
manufacturer’s protocols. Gene expression was analyzed by a real-time
PCR assay using the StepOne Real Time PCR System (Life Technologies,
Calsbad, CA, USA) following Applied Biosystem’s SYBR Green Master Mix
protocol (Invitrogen, Life Thechnologies, Carlsbad, CA, USA). The relative
messenger RNA (mRNA) expression was calculated using the 2~
AT method, and the data for each gene in the liver were expressed as the
fold change normalized to GAPDH mRNA levels and relatively to the
samples from untreated wild-type mice (WC). Single PCR products of the

correct size were observed in all cases. Primer sequences are described in

Table 2.
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Table 2. Gene Mouse Primers

Beclin-1

p62

LC3B

LAMP2a

PPARa

PPARy

AdipoR1

AdipoR2

Insulin

receptor
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Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

Forward

Reverse

GATGGAAGGGTCTAAGACGTCCAA

TTTCGCCTGGGCTGTGGTAAG

AACTCATGGCCGAGAAGGACTC

TTITGATTGTATTTCCTTGTGGTCCA

GACCTTCAAGCAGCGCCG

TAGCATTGAGCTGCAAGCGC

GAAGTTCTTATATGTGCAACAAAGAGCAG

CTAAAATTGCTCATATCCAGCATGATG

TGAAGAACTTCAACATGAACAAG

TTGGCCACCAGCGTCTTC

ACTATGGAGTTCATGCTTGTGAAGGA

TTCAGCTGGTCGATATCACTGGAG

CCCACCATGCCATGGAGA

GCCATGTAGCAGGTAGTCGTTGT

CAGGAAGATGAGGGCTTTATGG

GAGGAAGTCATTATCCTTGAGCCA

TGAACGCCAAGAAGTTTGTG

CAGCCAGGCTAGTGATTTCC



TFAM Forward ACCTCGTTCAGCATATAACGTTTATGTA
Reverse GCTCTTCCCAAGACTTCATTTCAT
GAPDH Forward CAATGACCCCTTCATTGACC

Reverse TGGAAGATGGTGATGGGATT

ENzZYME-LINKED IMMUNOSORBENT ASSAY (ELISA)

Liver levels of TNF-a and IL-6 were determined using commercially
available enzyme-linked immunosorbent assay kits (Invitrogen, Life
Thechnologies). All assays were performed as outlined in the protocols
enclosed in each kit.

Standards and sample were added to TNF-a or IL-6 coated onto a
96 wells plate. In a first incubation, the corresponding antibody antigen
binds simultaneously to the immobilized antibody on one site, and to the
solution phase biotinylated antibody on a second site. After removal of
excess second antibody, Streptavidin-Peroxidase is added and incubated,
to bind to the biotinylated antibody to complete the four-member
sandwich. After this second incubation, the pate is washed to remove the
unbound enzyme. Then, a substrate solution is added, and acted upon by
the bound enzyme to produce color, whose intensity is directly
proportional to the concentration of interleukin present in the original

sample. Results were expressed as pg/mg protein.
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MITOCHONDRIAL FUNCTION

Isolation of mitochondria

Mitochondria isolation was performed following the protocol of
Oliveira and Silva (Silva and Oliveira 2012) with modifications made in our

research group (Fig. 19).

Mouse abdominal cavity was opened with a scissor and the liver
was removed, placed in a liver isolation buffer (LIB, 250mM sucrose, 10
mM HEPES 0.5 mM EGTA and 1mg/ mL BSA (fatty acid free), pH 7.4. and
cut slowly in little pieces with a scissor. After wash the liver pieces with LIB
to remove all blood, they were tightly manually homogenized in a glass
Teflon Potter-Elvehjem homogenizer with 7mL LIB/g liver, being careful to
maintain temperature under 4°C. The tubes with the homogenate were
centrifuged and the floating fat was carefully aspirated and removed.
Supernatant was poured to new refrigerated centrifuge tubes, filled up
with LIB and centrifuged at 12000 x g during 10 min. Supernatant was
discharged, the tubes were filled up with LRB and the pellet was gently
homogenized with a smooth paintbrush. Finally, supernatant was

discharged and isolated mitochondria were resuspended in 300 pL of LRB.
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Figure 19. Flowchart for mitochondrial isolation. All the material was kept on ice
during the isolation procedure. Liver was cut in little pieces with scissor and
washed to remove all the blood. Liver pieces were manually homogenized in a
glass Teflon potter, centrifuged, and the supernatant was poured to new tubes.
After a second centrifugation, the supernatant was discarded and pellet washed
three times with LRB. Finally, the last pellet is resuspended in 300ul of LBR.

Mitochondria were stored on ice until start oxygen respiration assays,
and their protein content was determined by Bradford method

(Bradford 1976).

Oxygen consumption

Oxygen consumption assays
were performed following the protocol
of Oliveira and Silva (Silva and Oliveira
2012). Oxygen consumption was
measured in a suspension of isolated

mitochondria at 37°C and monitored

polarographically with a Clark-type
oxygen electrode (Oxygraph, Hansatech - r

Instruments Ltd, Pentney, UK) (Fig. 20). Figure 20. Oxygraph picture.
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This electrode consists of a platinum cathode which is maintained at a
potential of -0.7 mV relative to an Ag-AgCl reference employee. The
electrode is coated with a thin oxygen-permeable membrane of

polyethylene.
Protocol:

1. Temperature was properly defined at 30°C.

2. 0;scale was properly calibrated using distilled water.

3. The desired volume of respiration buffer (135 mM sucrose, 65 mM
KCl, 5 mM KH,PO4, 5 mM HEPES, and 2.5 mM MgCI2 (pH 7.4)) was
introduced (up to 1 mL of buffer).

4. Mitochondrial suspension was added with the desired protein
concentration (1mg/mL).

5. Energization was achieved with 10 mM glutamate + 5 mM malate
followed by 175 nmol ADP, or with 5mM succinate in presence of
1 uM rotenone followed by 125 nmol ADP.

6. Having consumed all ADP nmol, 1 ul oligomycin was added to
determine oxygen consumption with inhibited ATP synthase.

7. Finally the maximum capacity of mitochondrial respiration was
determined after adding the decoupling of the electron transport
chain Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone
(FCCP) 1uM.

The oxidation rates were expressed in nanoatoms of oxygen
consumed per minute per milligram of protein (natom

oxygen/min*mg protein).
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By the measuring mitochondrial oxygen consumption assays, we

get the following respiratory parameters:

e Sate 3 that reflects the maximal ATP synthesis or maximum O,
consumption rate (respiration) in the presence of ADP.

e State 4, or respiration in the absence of ADP or without ATP
synthesis due to leakage or entry passive proton from the cytosol
into the mitochondrial matrix.

e RCR, which represents the ration between sate 3 and 4 and
determine the coupling between substrate oxidation and
phosphorylation (Silva and Oliveira 2012).

e ADP/O that determines the oxidative phosphorylation efficiency,
and is expressed as the ratio between the amount of ADP added
(in nmol) and the oxygen (in natom) consumed during state 3

(Silva and Oliveira 2012).

ATP levels

The determination of the ATP levels was performed by a
bioluminescence assay. A commercial available ATP bioluminescent kit
(FLAA, Sigma Aldrich) was used to quantify ATP content in isolated
mitochondria, cytosolic and ATP produced after oxygen consumption
assays energized with glutamate/malate or succinate. This assay is based
on the reaction of ATP with recombinant firefly luciferase and its substrate
luciferin. The ATP production was determined by following the light

emission from two reactions:

1) ATP reacts with luciferin to form adenyl-luciferin and inorganic

pyrophosphate.
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2) Adenyl-luciferin combines with oxygen to form oxyluciferin, which
emits light that can be quantified using a chemiluminometer. The

light emitted is directly proportional tothe concentration of ATP.

Firefly Luciferase
ATP + Luciferin Adenyl-luciferin + PPi (1)
Mg2+

Adenyl-luciferin + O, Oxyluciferin + AMP + CO, + light  (2)

Figure 21. Action mechanism of the luciferase kit. In the first reaction firefly
luciferase causes ATP reaction with luciferin to give adenyl-luciferin and
inorganic phosphate, and in the second reaction, this new compound in contact
with oxygen, the light emitted is proportional to the ATP present in the sample.

Measurements were conducted according to the manufacturer’s
instructions with modifications adapted to the conditions of our samples.
A standard curve was made in the range of 0.074 nM to 6 nM, and
standard or sample previously diluted 1:100 were added in a white 96 well
plate (353296, Falcon). After dissolve the ATP assay mix it was swirled and
incubated at room temperature for 3 min. Then it was added to each well
and the luminescence was measured against the standard curve using
multiplate reader (Synergy HT, BioTek, Vermont, USA). The concentrations

of ATP were expressed as nmol ATP/ mg protein.

STATISTICAL ANALYSIS

The statistical software package GraphPad Prism 6 for
Windows (GraphPad Software, Inc. La Jolla, CA, USA) was used for
all statistical analyses. The data are presented as means * standard
deviation of the mean (SD). The normality of the data was analysed

using the Kolmogorov-Smirnov test. The effect of melatonin and the
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phenotype was analysed by using a two-way ANOVA, and
differences between groups were analysed with the Bonferroni post
hoc test. The differences were considered statistically significant

when p<0.050.
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EFFECT OF 2-WEEKS MELATONIN TREATMENT ON OB/OB

MICE

Oxidative stress status

To compare the effect of 2-week melatonin treatment in the
oxidative state of liver from ob/ob mice, we studied the concentrations of

protein carbonyl and lipid peroxidation products as an index of oxidative
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Figure 22. Effect of treatment with melatonin in oxidative situation. (A) Protein
damage expressed as nmol carbonyl protein/ mg protein, (B) lipid peroxidation
presented as nmol MDA+4-HNE/ g protein, (C and D) superoxide dismutase (SOD)
activity was expressed as SOD Units / mg protein and catalase activity pmol H,0,/
min* mg protein. The data are expressed as the means * SD, calculated from at
least three separate measurements performed in triplicate. *p<0.050;
**p<0.010.
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damage, and the activities of the antioxidant enzymes SOD and CAT. Thus,
we observed that, although LPO values were similar in both groups (Fig.
22B), melatonin caused a significant decrease in damaged proteins
compared with the control group (p<0.050) (Fig. 22A). Besides, CAT
activity levels were significantly higher in the liver of melatonin-treated
mice than in the control group (p<0.010) (Fig. 22D). However, although
SOD activity was reduced in the liver of melatonin-supplemented animals,
this effect was not statistically significant (Fig. 22C). So, just 2 weeks of
daily melatonin (500 pg/ kg body weight) administration reduced oxidative

stress and damage in the liver of leptin-deficient mice.

Autophagy

The analysis of LAMP2A immunoblotting as a marker of CMA
showed non-significant differences between both experimental groups
(Fig. 23A).

To characterize macroautophagy in the liver of ob/ob mice, we
performed western blot analysis using antibodies against Beclin-1, LC3 and
p62. The immunoblot analysis of Beclin-1, which plays an essential role
promoting autophagy, showed a significant decrease in the melatonin-
treated group compared with the control (p<0.010) (Fig. 23B), suggesting
that melatonin downregulates autophagy in the liver of ob/ob mice.

The immunoblot analysis of LC3 showed two bands corresponding
to LC3-I and its lipidated form, LC3-1l (18 and 16 kDa, respectively) in the
liver of ob/ob mice (Fig. 23C and D). The expression of LC3-II, a marker of
autophagosomes, showed no significant differences were observed in LC3-
| or LC3-Il expression between both experimental groups. However, the
LC3-1I/LC3-I ratio was increased in melatonin-treated mice (p<0.010) (Fig.

23E).
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Figure. 23. Autophagy markers in liver from melatonin-treated and untreated
ob/ob mice. Bar charts shows the semi-quantitative optical density (arbitrary
units of blot bands) of (A) lysosome-associated membrane protein type 2A
(LAMP2A); (B) Beclin-1; (C-E) microtubule-associated protein 1 light chain 3
forms (LC3-1 and IlI) and (F) sequestosome-1 or p62 from western blot
experiments normalised to B-actin and showed as percentage of controls. The
data are expressed as the means + SD, calculated from at least three separate
experiments performed in triplicate. **p<0.010.
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Sequestosome 1, or p62, is a selective substrate for autophagy,
which interacts with LC3 during autophagosome formation and
subsequently is degraded in the lysosome with other selected substrates
(Komatsu 2011). Due to this, it is may be used as a marker to study
autophagic flux. The immunoblot results showed a significant increase in
p62 protein expression in the group treated with melatonin during two
weeks indicating a blockade in the autophagic pathway (p<0.010) (Fig.
23F).

Taken together, these results indicate that melatonin
administration reduced autophagy levels in the liver of ob/ob mice,

leading to the accumulation of p62.

Adipogenesis

PPARy is a member of a nuclear hormone receptor superfamily,
predominantly found in adipose tissue but also expressed in liver and
muscle tissue (Ros Perez and Medina-Gomez 2011). This protein plays an

essential role in adipogenesis and fat storage (Nunn, Bell et al. 2007). Our
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Figure 24. (A) Western blot analysis of peroxisome proliferator-activated
receptor gamma (PPARy) and B-actin as a load control from the liver of ob/ob
mice. (B) Bar chart showing the semi-quantitative optical density (arbitrary units
of blot bands) normalised with B-actin and relative to the WC sample. The data
are expressed as the means + SD, calculated from at least three separate
experiments performed in triplicate. *p<0.050.
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immunoblot analysis of PPARy showed a significant decrease in the
expression of this protein after melatonin treatment compared with non-
treated animals. (*p<0.050) (Fig. 24). Moreover, after only two weeks of
exogenous melatonin treatment, the obese mice showed a significant
reduction in body weight (p<0.050) (Table 3).

This result along with the decrease in the levels of PPARy
associated with melatonin treatment suggest that the administration of
this indolamine improves body weight and adipogenesis in the liver of

leptin-deficient mice.

Table 3. Body weight changes of ob/ob mice

Baseline Sacrifice Aweight
Control (n=4) 37.08+2.61 37.95+2.04 0.86+1.17
Melatonin (n=4) 38.40+1.36 35.99+2.57 -2.41 + 1.54*

Table 3. Effect of melatonin and vehicle treatment on body weight changes from
baseline to the end of the study. The data are expressed as the means + SD.
Control Aweight vs. Melatonin Aweight. *p<0.050.

In summary, the data obtained here suggested that two weeks of
melatonin treatment reduces oxidative stress and blocks autophagy while

reducing adipogenesis and body weight of leptin-deficient obese mice.
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EFFECT OF 4-WEEKS MELATONIN TREATMENT ON WILD-

TYPE AND OB/OB MICE

Taking into an account the results from the study 1 about the
effects of melatonin in reducing adipogenesis and body weight of obese
mice, we decided to perform a more ambitious study about the obesity-
related alterations (insulin resistance, mitochondrial dysfunction, systemic
inflammation, increased oxidative stress and dysregulation of cellular
quality control systems like the unfolded protein response and autophagy)
using wild-type and leptin-deficient ob/ob mice and treating both types of
strains with melatonin but during four weeks to better understand the

cellular pathways involved in these actions.

Body and tissue parameters

First we measured daily food intake and physical parameters such
as body, liver and white adipose tissue weight, as well as mass gain and
body mass index (BMI) in the four experimental groups: untreated and
melatonin-treated wild-type mice, and untreated and melatonin-treated
ob/ob mice. Thus, we found that obesity induced by a leptin deficiency
affected all parameters studied, increasing them significantly compared
with wild-type mice (p<0.050). Furthermore, melatonin treatment
produced no changes in the physical measurements of wild-type mice.
However, although 4 weeks-treatment with melatonin did not reduce
body weight of ob/ob mice as it was observed during the 2 weeks-
treatment, body weight did not change and white adipose tissue weight

was reduced despite that food intake was increased (p<0.010) (Table 4).
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Table 4. Food intake, body, white adipose tissue and liver weights
WC WM 0ObC ObM
*k

Food intake (g/day) 2.72+0.11 2.8810.28 4.18+0.33 #it 5.2320.75

Body weight (g) at
Baseline

Body weight (g) at
Sacrifice

Body weight (g)
changes

Liver weight (g) at
Sacrifice

22.40+1.59 23.85+1.87 45.13+4.66  #H## 43.95+5.49 B

24.1941.55 24.8612.08 49.93+5.01 46.42+9.67 H

1.47+0.65 1.01+0.40 4.80+0.95 HiH 4.85+0.63 HHH

1.04+0.16 0.9340.21 2.67+0.62 HiH 3.08+0.26 HH

Liver/Body weight

ratio at Sacrifice 43.9445.83 41.6343.40 56.87+6.18 # 61.81+5.22 B
(me/g)

*%
White adipose tissue 0.53:0.23  0.55¢0.23  3.31£0.52  ##%  2.33:0.55  sus
weight (g) at Sacrifice
White adipose tissue *
/Body weight ratio at 22.11410.12 22.1549.24  65.40%7.86 il 51.2945.72 #Hith
Sacrifice (mg/g)
BMI 3.1440.18 3.05+0.22 6.54+0.45 Hith 6.01+1.09 Hi

Table 4. Effect of the 4 weeks treatment with melatonin on body and tissue
parameters (food intake, body, white adipose tissue and liver weights) of wild
type mice and leptin-deficient mice (ob/ob). The data are expressed as the
means = SD that were calculated from at least three separate measurements
performed in triplicate. WC- untreated wild-type; WM- wild-type plus melatonin;
ObC- untreated ob/ob; ObM- ob/ob plus melatonin; BMI- body mass index.
Statistical comparisons: # wild-type vs. ob/ob and * treated with melatonin vs.
untreated counterpart. The number of symbols marks the level of statistical
significance: one for p<0.050; two for p<0.010 and three for p<0.001.

The morphological analysis of the liver revealed a higher lipid
droplets deposition and therefore hepatic steatosis in ob/ob mice with
respect to wild-type mice. Apparently, there were no histological

differences after the treatments with melatonin (Fig. 25).
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Figure 25. Light microscopy images of hematoxylin-eosin stained sections of livers
from (A) wild-type mice, (B) wild-type mice treated with melatonin, (C) ob/ob mice,
and (D) ob/ob mice treated with melatonin. Scale bars: 100 um. LD- lipid droplet;
H- hepatocyte.

Electrophoretic pattern

SDS-PAGE gels of liver extracts allowed separation and quantification
of a total of 14 bands of protein (280 to 16 kDa) (Fig. 26), he results of
identification of these protein bands by MS/MS MALDI TOFF are shown in
Table 5.
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Table 5. Protein identification by peptide mass fingerprint of individual bands of liver
extracts separated by SDS-PAGE
Protein

Band Protein Name Accession No. Lo Score 2
Score (kDa)
ClL%
fatty acid synthase, isoform .
B1 CRA_a [Mus musculus] gi| 148702861 232 100 276.7
carbamoyl-phosphate synthase
[ammonia), ‘
B2 mitochondrial precursor [Mus 81| 124248512 449 100 165.8
musculus]
B3 Liver glycogen phosphorylase 8i115489037 220 100 97.8
[Mus musculus)
B4 alpha-fetoprotein, partial [Mus 811191765 181 100 48.8
musculus]
85 glutamate dehydrogenase 1 811148692928 319 100 545
[Mus musculus]
betaine--homocysteine S-
B6 methyltransferase 1 [Mus gi|7709990 288 100 45.4
musculus]
3-ketoacyl-CoA thiolase B,
B7 peroxisomal precursor [Mus gi|22122797 304 100 45
musculus]
B8 aldolase 2, B isoform, isoform gi| 148670365 274 100 303
CRA_b [Mus musculus]
B9 uricase [Mus musculus)] gi|6678509 341 100 35.2
B10 Glycine N-methyltransferase 8115679953 166 100 132
[Mus musculus]
B11 carbonic anhydrase 3 [Mus gi|31982861 304 100 206
musculus]
lutathione S-
B12 glutathione S-transferase Mu 1 gi16754084 367 100 261
[Mus musculus]
PREDICTED: major urinary 518 210

B13 protein 2-like isoform 1 gi|377835020 100
[Mus musculus)

B14 Chain A, Mouse Sod1 gi| 306440452 151 100 16.0

Table 5. Protein identification by MALDI-TOF mass spectrometry of liver extracts
of wild-type and leptin-deficient (ob/ob) mice. WC- untreated wild-type; WM-
wild-type plus melatonin; ObC- untreated ob/ob; ObM- ob/ob plus melatonin;
MW- molecular weight.

It is worthwhile to mention that some of the bands analysed have
metabolic functions, so its decline (B2, B3, B5, B7, B11, B13) or increase
(B1 and B8) have important metabolic consequences in the liver of leptin-

deficient mice.
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Because of these proteins are involved in different ways, the results of

interest bands MALDI-TOF will be described in different sections of results.

Figure 26. SDS-PAGE gel
image of protein extracts of
the liver from wild-type mice
and leptin-deficient (ob/ob)
mice. WC- untreated wild-
type; WM- wild-type plus
melatonin; ObC- untreated
ob/ob; ObM- ob/ob plus
melatonin. Band names are
denoted by B (band)
followed by a number.

Lipid metabolism

Insulin resistance is linked to impaired adipogenesis during obesity
(Gustafson, Hedjazifar et al. 2015). In fact, insulin is a potent adipogenic
hormone that triggers the differentiation of pre-adipocytes into mature
adipocytes (Klemm, Leitner et al. 2001). Here we analyzed PPARy mRNA
expression as a key regulator of adipocyte differentiation and lipid storage
which controls energy and glucose homeostasis (Yu, Matsusue et al. 2003;
Zhang, Yu et al. 2014). Furthermore, we also studied PPARa because is a
key transcription factor in the regulation of lipid metabolism in the liver.
Our results showed that leptin-deficient mice expressed significantly

higher levels of both PPARy and PPARa (p<0.001) (Fig. 27A and B)
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suggesting that ob/ob mice presented higher liver adipogenesis as
indicated by the light microscopy study (Fig. 27).

Melatonin treatment also decreased both PPARy and PPARa
mRNA levels in ob/ob animals (p<0.001) (Fig. 27A and B).

Adiponectin have been associated with obesity, insulin resistance
and type 2 diabetes promoting differentiation of pre-adipocytes,
augmenting programmed gene expression responsible for adipogenesis,
and increasing lipid content and insulin responsiveness of the glucose
transport system in adipocytes (Fu, Luo et al. 2005). Adiponectin levels
were statistically higher in ob/ob mice compared with those found in wild-
type groups (p<0.001). However, in this case, melatonin treatment

exerted no effects on any phenotype (Fig. 27E).

When we studied the mRNA expression of adiponectin receptor 1
and 2 (AdipoR1 and AdipoR2), we saw that both receptors showed equal
expression patterns. Leptin-deficient animals exhibited higher expression
levels of both receptors compared with their wild-type counterparts
(p<0.001) and melatonin caused a significant decrease in their mRNA

expression in both phenotypes (p<0.050) (Fig. 27C and D).

Within the experimental block MALDI-TOF two proteins are
involved in lipid metabolism section. Thus, fatty acid synthase obtained
from band 1 analysis was significantly increased in the liver of leptin-
deficient mice (p<0.001) (Fig. 27G). Melatonin treatment had a dual effect
depending on the mouse strain, so fatty acid synthase expression was
significantly decreased in ob/ob mice (p<0.001), but increased in wild-type

treated mice (p<0.001).
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The analysis of the SDS-PAGE band 7 revealed that there were
differences in the expression of peroxisomal precursor of 3-ketoacyl CoA
thiolase B, which catalyzes the final step in the peroxisomal B-oxidation of

straight-chain acyl-CoA (Fidaleo, Arnauld et al. 2011).
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Figure 27. Adipogenic, lipogenic and adiponectin related markers in the liver of
wild-type and ob/ob mice. (A and B) mRNA expression of the peroxisome
proliferator-activated receptor alpha (PPARy) and gamma (PPARy). (C and D)
mMRNA expression of the adiponectin receptors (AdipoR1 and AdipoR2). (E-G) Bar
chart showing the semi-quantitative optical density (arbitrary units of blot bands)
of (E) adiponectin from western blot normalised to B-actin, and (F) fatty acid
synthase expression and (G) 3-ketoacyl-CoA thiolase B, peroxisomal precursor
obtained from protein band 1 and 7 analysis by matrix-assisted laser
desorption/ionization-time of flight (MALDI-TOF/TOF) mass spectrometry. (G)
Western blot of adiponectin and B-actin as load control. The data are expressed
as the means + SD that were calculated from at least three separate
measurements performed in triplicate. WC- untreated wild-type; WM- wild-type
plus melatonin; ObC- untreated ob/ob; ObM- ob/ob plus melatonin. Statistical
comparisons: # wild-type vs. ob/ob and * treated with melatonin vs. untreated
counterpart. The number of symbols marks the level of statistical significance:
one for p<0.050 and three for p<0.001.

Thus, there was a decrease in the expression of peroxisomal
precursor of 3-ketoacyl CoA thiolase B (p<0.001) in the liver of leptin-
deficient mice (Fig. 27H). Again, melatonin treatment had different effects
on the two mouse strains, but this time ob/ob treated mice increased this
protein levels (p<0.001), and wild-type treated mice reduced its

expression (p<0.001).

Lysosomal acid lipase (LAL) and perilipin are proteins that take part
in the intracellular lipid metabolism. LAL is an enzyme involved in the
turnover of endogenous lipid stores (lipid droplets) and lipophagy
(Pearson, Mellett et al. 2014) that are constitutive negative regulators of
glucose-stimulated insulin secretion (Pearson, Mellett et al. 2014). In
addition, it was described a reduced LAL in patients with non-alcoholic
fatty liver disease (Baratta, Pastori et al. 2015). On the other hand,
perilipins are associated with the stability of lipid droplets by acting as a
protective layer preventing the action of lipases.

Accordingly with their obese phenotype, we found that ob/ob

animals exhibited a significant decrease in LAL levels and an increase in

103



perilipin content than wild-type mice (p<0.001). Melatonin treatment led
to an enhancement on LAL expression on both strains (p<0.010) (Fig. 28A).
This suggests a general action of melatonin in inducing the hydrolysis of
triglycerides and cholesteryl esters into lysosomes. However, in ob/ob
mice, we also observed a higher expression of perilipin (p<0.001) (Fig. 28B)

that probably counteracts the actions of melatonin-induced LAL.
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Figure 28. Lipid droplets markers from the liver of wild-type and ob/ob mice. (A
and B) Bar chart showing the semi-quantitative optical density (arbitrary units of
blot bands) of lysosomal acid lipase (LAL) and perilipin from western blot
normalised to B-actin. (C) Western blot of LAL and perilipin and B-actin as load
control. The data are expressed as the means + SD that were calculated from at
least three separate measurements performed in triplicate. WC- untreated wild-
type; WM- wild-type plus melatonin; ObC- untreated ob/ob; ObM- ob/ob plus
melatonin. Statistical comparisons: # wild-type vs. ob/ob and * treated with
melatonin vs. untreated counterpart. The number of symbols marks the level of
statistical significance: two for p<0.010 and three for p<0.001.
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Glucose metabolism and insulin signalling

As mentioned before, insulin resistance is closely associated with
obesity. To elucidate the effect of the absence of leptin in the mechanism
of insulin action, we studied some key molecules from the insulin signaling
pathway. We measured the expression of the insulin receptor at
transcriptional level, the amount of PI3K and phosphorylated Akt (Ser473)
as representative molecules of the signaling cascade. We also studied Sirt1
expression, due to its role in glucose homeostasis and insulin signaling
activation (Wang, Kim et al. 2011).

Our results on insulin receptor mRNA levels showed that ob/ob
mice had an upregulated expression of this receptor by approximately 2-
fold of the wild-type group (p<0.001) and melatonin supplementation was
able to decrease transcript expression in both types of mice (p<0.001) (Fig.
29A).

The immunoblot analysis of PI3K showed that ob/ob mice
expressed significantly higher protein levels compared with wild-type
animals (p<0.001), that were further increased by the treatment with
melatonin in both phenotypes (p<0.010) (Fig. 29B). Akt activation behaved
parallel to PI3K results. Although, there was no differences in total Akt
expression between both strains, its phosphorylated form (p-Akt) were
significantly higher in ob/ob animals (p<0.001). Melatonin treatment
increased Akt phosphorylation also in both phenotypes (p<0.001) (Fig. 29C
and D).
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Sirtl plays a pivotal role in several cellular processes, such as

metabolism and insulin resistance (Lim, Kim et al. 2012). We found that in

our experimental model, ob/ob mice presented a deficit in Sirtl levels

compared with those found in wild-type mice (p<0.001). In this case,

mRNA relative expression

0.D. arbitrary units 0.D. arbitrary units

0.D. arbitrary units
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Figure 29. Insulin signalling situation markers from the liver of wild-type and
ob/ob mice. (A) mRNA expression of the insulin receptor. (B-H) Bar chart showing
the semi-quantitative optical density (arbitrary units of blot bands) of (B)
phosphatidylinositol 3-kinase (PI3K), (C and D) Akt and its phosphorylated form
(p-Akt), (D) Sirtuinl (Sirtl) from western blot normalised to B-actin, and (G)
glycogen phosphorylase and (H) aldolase 2 expression obtained from protein
band 3 and 8 analysis by matrix-assisted laser desorption/ionization-time of flight
(MALDI-TOF/TOF) mass spectrometry. (F) Western blot of PI3K, Akt forms, Sirt1,
and B-actin as load control. The data are expressed as the means £ SD that were
calculated from at least three separate measurements performed in triplicate.
WC- untreated wild-type; WM- wild-type plus melatonin; ObC- untreated ob/ob;
ObM- ob/ob plus melatonin. Statistical comparisons: # wild-type vs. ob/ob and *
treated with melatonin vs. untreated counterpart. The number of symbols marks
the level of statistical significance: one for p<0.050; two for p<0.010 and three
for p<0.001.

melatonin behaves differently depending on the mouse phenotype. Thus,
Sirtl levels were diminished in melatonin-treated wild-type mice
(p<0.050) and increased in melatonin-treated ob/ob mice (p<0.001) (Fig.
29E).

The analysis of SDS-PAGE band 3 revealed changes in the glycogen
phosphorylase expression in the liver of studied animals. This protein,
involved in the degradation of glycogen was significantly decreased in the
liver of leptin-deficient mice (p<0.001) (Fig. X29). As it happened with the
effect of melatonin on the expression of Sirtl, glycogen phosphorylase
was also increased in ob/ob treated mice (p<0.001) and decreased in wild-

type animals (p<0.001).

The band 8 of the SDS-PAGE gel analysed by MALDI-TOF showed
that leptin-deficient mice expressed much higher levels of aldolase 2
compared to wild-type (p<0.001) (Fig. 29H). Furthermore, melatonin
increased further this glycolytic enzyme content in both treated groups

(p<0.050).
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Our data suggest that leptin deficiency, despite activate the
signaling pathway of insulin PI3K / Akt and increase insulin receptor mRNA
levels, courses with a defective insulin signaling in liver from obese mice,
reflected by low levels of SIRT1, that melatonin treatment seems to

improve.

AMPK as energy sensor

Adenosine 5’monophosphate kinase activated protein (AMPK) is a
cellular energy sensor that play central role in maintaining energy
homeostasis. It is activated under conditions in which cellular energy
demands are increased, due to high levels of intracellular AMP or low
levels of ATP (Bijland, Mancini et al. 2013), to stimulate ATP production
(zhang, Zhou et al. 2009).

Both total AMPK and its active phosphorylated form (p-AMPK (Thr
172)) were significantly increased in leptin-deficient mice compared with
wild-type animals (p<0.001), suggesting that ob/ob mice switch on
catabolic pathways that generate ATP. The supplementation with
melatonin exerted no effects on wild-type mice but increased AMPK

activation in ob/ob mice (p<0.001) (Fig. 30).
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Figure 30. (A and B) Bar chart showing the semi-quantitative optical density
(arbitrary units of blot bands) of adenosine monophosphate-activated protein
kinase (AMPK) and its phosphorylated form (p-AMPK) (C) Western blot of AMPK
forms and B-actin as load control. The data are expressed as the means * SD that
were calculated from at least three separate measurements performed in
triplicate. WC- untreated wild-type; WM- wild-type plus melatonin; ObC-
untreated ob/ob; ObM- ob/ob plus melatonin. Statistical comparisons: # wild-
type vs. ob/ob and * treated with melatonin vs. untreated counterpart. The
number of symbols marks the level of statistical significance: three for p<0.001.

Mitochondrial biogenesis

To measure mitochondrial mass, we determined relative
abundance of mitochondrial housekeeping protein (Yazdi, Moradi et al.
2013), porin, against cellular housekeeping protein B actin in the whole
tissue protein extract to determine possible effect of obesity on the liver
mitochondrial mass. Thus, the deficiency in leptin induced the
upregulation of the porin expression (p<0.001), which was significantly

reduced in after the treatment with melatonin (p<0.010) (Fig. 31).
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Figure 31. (A) Western blot analysis Porin and B-actin as a load control from the
liver of wild-type and leptin-deficient mice (ob/ob). (B) Bar chart showing the
semi-quantitative optical density (arbitrary units of blot bands) normalised to B-
actin. The data are expressed as the means + SD that were calculated from at
least three separate measurements performed in triplicate. WC- untreated wild-
type; WM- wild-type plus melatonin; ObC- untreated ob/ob; ObM- ob/ob plus
melatonin. Statistical comparisons: # wild-type vs. ob/ob and * treated with
melatonin vs. untreated counterpart. The number of symbols marks the level of
statistical significance: two for p<0.010 and three for p<0.001.

Mitochondrial transcription factor A (TFAM) is a key activator of
mitochondrial DNA transcription as well as a participant in mitochondrial genome
replication. It is transcribed from the nuclear DNA in response to increased
demand for mitochondrial structures. Therefore, it is used as a good marker for
mitochondrial biogenesis. When we analyzed TFAM mRNA levels in the liver from
ob/ob mice, we found that they expressed this transcription factor by
approximately 3-fold than the wild-type group (p<0.001). Thus, mitochondrial
biogenesis seems to be triggered in leptin-deficient mice. Both experimental
groups treated with melatonin significantly reduced the TFAM mRNA expression

levels. (p<0.050) (Fig. 32).

These results suggest that the deficiency in leptin lead to an
increased mitochondrial biogenesis in the liver of obese mice compared

with wild-type, which is decreased after treatment with melatonin
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Figure 32. Biogenesis marker in the liver of wild-type and ob/ob mice. mRNA
expression of the mitochondrial transcription factor A (TFAM). The data are
expressed as the means * SD that were calculated from at least three separate
measurements performed in triplicate. WC- untreated wild-type; WM- wild-type
plus melatonin; ObC- untreated ob/ob; ObM- ob/ob plus melatonin. Statistical
comparisons: # wild-type vs. ob/ob and * treated with melatonin vs. untreated
counterpart. The number of symbols marks the level of statistical significance:
one for p<0.050; two for p<0.010 and three for p<0.001.

Mitochondrial dynamics.

As we said before, mitochondrion is a very dynamic organelle, whose
fusion and fission is fundamental to the regulation of mitochondrial

bioenergetics.

To evaluate mitochondrial dynamics in our model of obesity, we
measured the protein expression of Mfn2, a protein involved in
mitochondrial fusion, and Drp1l, involved in mitochondrial fission. The
analysis of the data obtained from Mfn2 immunoblotting showed that its
expression was significantly increased in the liver from ob/ob mice
(p<0.050) (Fig. 33A). Otherwise, Drp1 expression in ob/ob mice was lower
than in wild-type animals (p<0.050), confirming the stimulation of

mitochondrial fusion processes in leptin-deficient mice (Fig. 33B).
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The treatment with melatonin in wild-type animals had no effects
on any of the proteins studied but, in ob/ob mice, it induced an

upregulation of both proteins (p<0.050) (Fig. 33A and B). To dissect the
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Figure 33. (A and B) Bar chart showing the semi-quantitative optical density
(arbitrary units of blot bands) of mitofusin 2 (Mfn2) and dynamin related protein
1 (Drp1). (C) Bart chart showing the Mfn2/Drp1 ratio. (D) Western blot of Mfn2
and Drpl and B-actin as load control. The data are expressed as the means + SD
that were calculated from at least three separate measurements performed in
triplicate. WC- untreated wild-type; WM- wild-type plus melatonin; ObC-
untreated ob/ob; ObM- ob/ob plus melatonin. Statistical comparisons: # wild-
type vs. ob/ob and * treated with melatonin vs. untreated counterpart. The
number of symbols marks the level of statistical significance: one for p<0.050 and
three for p<0.001.

relative contribution of melatonin to the overall processes of
mitochondrial dynamics, we calculated the Mfn2/Drp1 ratio, finding that
melatonin in ob/ob mice probably counteracts the stimulation of

mitochondrial fusion detected in these obese mice (p<0.001) (Fig. 33C).
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Respiratory complexes expression

Western blot analysis of subunits from electron transport chain
complexes were obtained in total liver extracts. Firstly, were normalised
to cellular housekeeping protein B actin and then normalized with porin,
as a mitochondrial housekeeping protein, to take into account the
differences observed before in the mitochondrial mass between both mice
strains (Yazdi, Moradi et al. 2013).

Based on the above data, we hypothesized that OXPHOS
machinery was remodeled in leptin-deficient mice. We compared the
expression of subunits of the mitochondrial electron transport chain
complexes, namely NADH dehydrogenase (ubiquinone) 1 b subcomplex 8
(NDUFBS8) from complex I; succinate dehydrogenase (ubiquinone) iron-
sulfur subunit (SDHB) from complex Il; ubiquinol-cytochrome c reductase
core protein Il (UQCRC2) from complex Ill; cytochrome c oxidase subunit |
(MTCO1) from complex IV and ATP synthase subunit a (ATP5A) from
complex V by immunodetection.

No significant differences in the content of complex | subunit
between the four experimental groups were found (Fig. 34A), and both
complex Ill and IV subunits did not change in ob/ob animals compared
with wild-type mice (Fig. 34C and D). However, complex Il, and ATP
synthase subunits were significantly reduced in the ob/ob mice compared
with wild-type strain (p<0.050) (Fig. 34B and E), pointing to an alteration
in hepatic electron transport chain content levels associated with obesity.

On the other hand, melatonin treatment, besides increasing the
expression of the complex Il subunit in ob/ob mice also increased
complexes Il and IV subunits in both strains, and ATP synthase subunit a
in control mice (p<0.001), suggesting that melatonin reshapes electron

transport chain in the liver of both wild-type and ob/ob mice.
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Figure. 34. Oxidative phosphorylation profile from the liver of wild-type and ob/ob
mice. (A-E) Bar chart showing the semi-quantitative optical density (arbitrary units
of blot bands) of NADH dehydrogenase (ubiquinone) 1 b subcomplex 8 (NDUFBS8)
from complex | (Cl), iron-sulfur subunit (SDHB) from complex Il (Cll), ubiquinol-
cytochrome c reductase core protein Il (UQCRC2) subunit from complex Il (Clil),
cytochrome c oxidase subunit | (MTCO1) from complex IV (CIV), and ATP synthase
subunit a (ATP5A) from complex V (CV). The immunoblots were normalised with B-
actin as a total extract load control, and after that, the complexes were normalised
again with porin as a mitochondrial mass marker. (F) Western blot of Cl, Cll, Clll, CIV,
CV, and B-actin and porin as load controls. The data are expressed as the means *
SD that were calculated from at least three separate measurements performed in
triplicate. WC- untreated wild-type; WM- wild-type plus melatonin; ObC- untreated
ob/ob; ObM- ob/ob plus melatonin. Statistical comparisons: # wild-type vs. ob/ob
and * treated with melatonin vs. untreated counterpart. The number of symbols
marks the level of statistical significance: one for p<0.050 and three for p<0.001.
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Mitochondrial function

To evaluate mitochondrial function, we measured oxygen
consumption in isolated mitochondria from livers of both strains.
According to data obtained from state 3 respiration, which is defined as
ADP-stimulated respiration, obtained using glutamate/malate as
respiration substrates, there were no differences in the maximum

production of ATP in presence of ADP between the four experimental
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Figure 35. Data represent mitochondrial oxygen consumption rates collected
with a Clark electrode. The energization was obtanied from glutamate /malate
(G/M) with 175 nmol ADP (A) State 3 represents the maximum consumption of
oxygen in the presence of ADP and (B) state 4 described oxygen consumption in
without ADP consumption (both expressed as natom oxygen/min*mg protein).
(C) Respiratory control ratio (RCR) determines the coupling between substrate
oxidation and oxidative phosphorylation. (D) ADP/O is the efficiency of oxidative
phosphorylation, expressed as nmol ADP/ natom oxygen. The data are expressed
as the means + SD that were calculated from at least three separate
measurements performed in triplicate. WC- untreated wild-type; WM- wild-type
plus melatonin; ObC- untreated ob/ob; ObM- ob/ob plus melatonin. Statistical
comparisons: # wild-type vs. ob/ob and * treated with melatonin vs. untreated
counterpart. The number of symbols marks the level of statistical significance:
one for p<0.050 and three for p<0.001.
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groups (Fig. 35A). Despite this, when analysing state 4 respiration
(respiration in the absence ATP synthesis), we found that ob/ob mice
showed increased state 4 values than wild-type mice (p<0.050) suggesting
that the activity of the electron transport chain was higher in ob/ob mice.
The treatment with melatonin did not induce any change in state 4

respiration in both types of animals (Fig. 35B).

When we calculated the RCR, the ratio between state 3 and 4 that
determines the coupling between substrate oxidation and oxidative
phosphorylation, in the presence of glutamate/malate, we observed a
significant decrease in the degree of oxidative phosphorylation coupling in
ob/ob (p<0.010) (Fig. 35C). These results suggest that probably part of the
isolated mitochondria from ob/ob mice are damaged and cannot maintain
a chemiosmotic gradient and then, in the presence of substrates, electron
transport runs freely and cannot be coupled to ATP synthesis. The

treatment with melatonin did not altered RCR values.

The analysis of the effectiveness of oxidative phosphorylation
(ADP/Q) in the presence of glutamate/malate showed a worse degree of
effectiveness in ob/obthan in wild-type mice (p<0.050). In this case,
melatonin produced a significant increase in the efficiency of oxidative
phosphorylation in ob/ob animals (p<0.001) (Fig. 35D).

When we used succinate as a substrate for the electron transport
chain and therefore without taking into account respiration since complex
I, the state 3 was significantly higher in leptin-deficient mice than in wild-
type mice (p<0.050), and again, melatonin did not caused any change (Fig.

36A).
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Figure 36. Data represent mitochondrial oxygen consumption rates collected
with a Clark electrode. The energization was obtanied from succinate (SUC +
rotenone with 125 nmol ADP (A) State 3 represents the maximum consumption
of oxygen in the presence of ADP and (B) state 4 described oxygen consumption
in without ADP consumption (both expressed as natom oxygen/min*mg
protein). (C) Respiratory control ratio (RCR) determines the coupling between
substrate oxidation and oxidative phosphorylation. (D) ADP/O is the efficiency of
oxidative phosphorylation, expressed as nmol ADP/ natom oxygen. The data are
expressed as the means * SD that were calculated from at least three separate
measurements performed in triplicate. WC- untreated wild-type; WM- wild-type
plus melatonin; ObC- untreated ob/ob; ObM- ob/ob plus melatonin. Statistical
comparisons: # wild-type vs. ob/ob and * treated with melatonin vs. untreated
counterpart. The number of symbols marks the level of statistical significance:
one for p<0.050.

No significant differences were appreciated in the state 4

respiration or RCR in the presence of succinate between the four
experimental conditions. Despite this, a trend to higher levels of state 4
respiration was detected in ob/ob mice (Fig. 36B and C).

As observed when we used glutamate/malate energization, the
ADP/O ratio in the presence of succinate was significantly lower in ob/ob

mice compared with their respective controls (p<0.050) but, in this case,
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melatonin failed in recovering oxidative phosphorylation efficiency (Fig.

36D).

ATP content

In view of the results on the respiration assays, and to see if
obesity affect ATP production, we measured the basal levels of
mitochondrial and cytosolic ATP, as well as the amount of ATP produced
after energization with glutamate / malate and succinate.

Thus, we found that mitochondrial ATP content were lower
(p<0.001) and cytosolic ATP were higher (p<0.001) in ob/ob mice than
wild-type (Fig. 37A and B). On the other hand, melatonin treatment
increased cytosolic ATP levels in wild-type mice (p<0.050) and both
mitochondrial and cytosolic ATP content in ob/ob mice (p<0.050).

Taking these results about the basal ATP levels into an account, we
decided to measure mitochondrial ATP content after mitochondrial
energization and subsequent oxygen consumption measurements to
determine the levels of ATP produced during respiration. The amount of
ATP produced during oxygen consumption assays was calculated as the
difference between the ATP content in mitochondria after respiration and
basal mitochondrial ATP.

As basal mitochondrial ATP levels, ATP produced during
respiration energized with glutamate/malate was significantly lower in
leptin-deficient mice compared with wild-type animals (p<0.010).
However, although melatonin slightly increased ATP content, it was not
significantly (Fig. 37C).

By contrast, the ATP produced during energization with succinate,

although was slightly lower in ObC mice, did not result in statistically
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Figure 37. Basal (A) mitochondrial and (B) cytosolic ATP content, and ATP
produced after (C) glutamate / malate and (D) succinate energization, calculated
as the difference between the ATP content in mitochondria after respiration and
basal mitochondrial ATP. ATP content is presented as pM ATP/ mg protein. The
data are expressed as the means + SD that were calculated from at least three
separate measurements performed in triplicate. WC- untreated wild-type; WM-
wild-type plus melatonin; ObC- untreated ob/ob; ObM- ob/ob plus melatonin.
Statistical comparisons: # wild-type vs. ob/ob and * treated with melatonin vs.
untreated counterpart. The number of symbols marks the level of statistical
significance: one for p<0.050; two for p<0.010 and three for p<0.001.

significant differences, while melatonin treatment caused a significant
increase in ATP production after succinate in ob/ob treated mice (p<0.010)
(Fig. 37D).

In summary, our results indicate a worse oxidative
phosphorylation and increased non mitochondrial ATP production in the
liver of leptin-deficient mice, that melatonin is able to increase

significantly.
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MOMP and mPTP

The maintenance of the integrity of mitochondrial membranes is
essential to guarantee a correct mitochondrial function. Bcl-2 and Bax are
proteins that play a key role in the MOMP, whereas cyclophilin D it is the
regulatory component the mPTP. Thus, these three proteins are
fundamental in controlling mitochondrial membrane permeability and the

subsequent process of mitochondrial apoptosis.

The study of Bcl-2 protein levels showed that its expression was
significantly diminished in ob/ob mice compared with the expression
detected in wild-type mice (p<0.001) (Fig. 38A). In addition, the expression
of the pro-apoptotic protein Bax was higher in ob/ob mice (p<0.001) (Fig.
38B) suggesting that leptin-deficient mice presented a higher
mitochondrial permeability than their wild-type counterparts. Although
melatonin treatment reduced Bax levels in both types of mice (p<0.010)
and increased Bcl-2 in ob/ob mice (p<0.001) suggesting a protective effect,
we found a downregulation on Bcl-2 expression in melatonin-treated wild-

type mice (p<0.001).

Among the mitochondrial permeability transition pore
components, cyclophilin D is the most studied and has been found
overexpressed under pathological conditions increasing the vulnerability
of the permeability transition pore to stress-induced opening (Matas,
Young et al. 2009; Lopez-Erauskin, Galino et al. 2012). Here, our results
showed higher levels of cyclophilin D in leptin-deficient mice (p<0.001)
supporting the idea about an impairment in mitochondrial membrane
integrity in leptin-deficient obese mice. On the other hand melatonin

treatment increased cyclophilin D expression (p<0.050) (Fig. 38D).
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Figure 38. Mitochondrial membrane permeability markers from the liver of wild-
type and ob/ob mice. (A, B) Bar chart showing the semi-quantitative optical
density (arbitrary units of blot bands) of B-cell lymphoma 2 (Bcl-2), Bcl-2
associated X protein (Bax) and cyclophilin D from western blot normalised to B-
actin. (C) Bax/Bcl-2 ratio as an indicator of mitochondrial outer membrane pore
(MOMP) formation. (E) Western blot of Bcl2, Bax and Cyclophilin and B-actin as
a load control. The data are expressed as the means + SD that were calculated
from at least three separate measurements performed in triplicate. WC-
untreated wild-type; WM- wild-type plus melatonin; ObC- untreated ob/ob;
ObM- ob/ob plus melatonin. Statistical comparisons: # wild-type vs. ob/ob and *
treated with melatonin vs. untreated counterpart. The number of symbols marks
the level of statistical significance: one for p<0.050 and three for p<0.001.
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Oxidative stress status

To evaluate oxidative stress status in the four experimental
groups, we measured markers of oxidative damage and antioxidant
defence in livers from both strains.

The levels of protein carbonyls were measured as an index of
oxidative damage to proteins. We found a higher levels of oxidatively
damaged proteins in ob/ob mice than in the wild- type mice (p<0.050). In
addition, melatonin was able to reduce protein carbonilation in both
phenotypes (p<0.001) (Fig. 39A). The levels of MDA and 4-HNE were

measured as an index of lipid peroxidation and again the ob/ob mice
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Figure 39. Protein and lipid oxidative damage in the liver of wild-type and ob/ob
mice. (A) Protein damage is expressed as nmol carbonyl protein/mg protein. (B)
Liver’s lipid peroxidation is presented as nmol MDA+4-HNE/ g protein. The data
are expressed as the means + SD that were calculated from at least three
separate measurements performed in triplicate. WC- untreated wild-type; WM-
wild-type plus melatonin; ObC- untreated ob/ob; ObM- ob/ob plus melatonin.
Statistical comparisons: # wild-type vs. ob/ob and * treated with melatonin vs.
untreated counterpart. The number of symbols marks the level of statistical
significance: one for p<0.050; two for p<0.050 and three for p<0.001.

presented a higher accumulation of these end-products of lipid
peroxidation peroxidation only in ob/ob mice (p<0.010) (Fig. 39B).
Antioxidant capacity was study by measuring the activity of the

antioxidant enzymes SOD and CAT and the total antioxidant activity (TAA)
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Figure 40. Antioxidant enzymatic and non-enzymatic capacity of the liver of wild-
type and ob/ob mice. (A and B) Superoxide dismutase (SOD) activity was
expressed as SOD units (U)/ mg protein and catalase activity as pmol H,0,
/min*mg protein. (C) Total antioxidant activity expressed in equivalents of mg
Trolox (Tx)/mg protein. (D and E) Bar chart showing the semi-quantitative optical
density (arbitrary units of blot bands) of nuclear factor erythroid-derived 2-like 2
(Nrf2) normalised to B-actin and western blot analysis of Nrf2 and B-actin from
the liver of wild-type and ob/ob mice. The data are expressed as the means + SD
that were calculated from at least three separate measurements performed in
triplicate. WC- untreated wild-type; WM- wild-type plus melatonin; ObC-
untreated ob/ob; ObM- ob/ob plus melatonin. Statistical comparisons: # wild-
type vs. ob/ob and * treated with melatonin vs. untreated counterpart. The
number of symbols marks the level of statistical significance: one for p<0.050;
two for p<0.010 and three for p<0.001.
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using the ABTS cation radical method. SOD activity was significantly higher
in the ob/ob group compared with the wild-type strain (p<0.001) and
melatonin caused a significant decrease in its activity but only in ob/ob
mice (p<0.010) (Fig. 39A). On the opposite, CAT activity was lower in ob/ob
animals (p<0.001) and melatonin treatment resulted in a significant
decrease in the activity of this enzyme in both phenotypes (p<0.001) (Fig.
39B). The assay to measure the TAA demonstrated significantly lower
antioxidant activity in ob/ob animals (p<0.050). Nonetheless, melatonin
treatment displayed opposite effects in both phenotypes. The antioxidant
activity was higher in melatonin-treated ob/ob mice (p<0.001) and lower
in treated wild-type mice (Fig. 39C).

To confirm if these different redox status are consequence of
variations in redox signalling pathways, we evaluated the expression of
Nrf2, an essential transcription factor which regulates the expression of
several detoxify and antioxidant molecules. Nrf2 immunoblot showed that
the expression of this transcription factor was significantly higher in ob/ob
animals (p<0.001), and the melatonin treatment led to an upregulation of

this transcription factor in both strains (p<0.001) (Fig. 39D and E).

Thus, as well as we saw in after two weeks treatment, melatonin
improves the oxidative stress found in the liver of leptin-deficient mice

through direct and indirect actions.
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Inflammation

As described before, hepatocytes of obese individuals accumulate
lipids causing hepatic steatosis and triggering an inflammatory response
that is closely linked to oxidative stress and other obesity-related
alterations such as ER stress or insulin resistance. We studied the
inflammatory response in our cellular model by detecting the activation
level of the transcription factor NF-kB and by measuring the pro-
inflammatory cytokines IL-6 and TNF-a.

Immunoblot analysis of the activated form of NF-kB, p65
phosphorylated at Ser536, showed that ob/ob mice had an enhanced
inflammatory response than wild-type mice (p<0.001) which was reduced
after the melatonin treatment (p<0.010) (Fig. 41A). Besides, ob/ob mice
exhibited higher levels of total p65 (p<0.010) and the treatment with

melatonin did not affect its protein expression (Fig. 41B).

In the same way, IL-6 and TNF-a levels were higher in ob/ob
animals compared with wild-type mice (p<0.001) and, when they were
treated with melatonin, the levels of these pro-inflammatory cytokines
were reduced (p<0.001) (Fig. 41E and F). On the other hand, the treatment
with melatonin did not alter any of the inflammation markers in wild-type

mice.

In summary, leptin deficiency results in an exacerbated
inflammatory response in the liver of obese mice, that melatonin

significantly reduces.
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Figure. 41. Inflammatory markers from the liver of wild-type and ob/ob mice. (A
and B) Bar chart showing the semi-quantitative optical density (arbitrary units of
blot bands) of NF-kB p65 and its phosphorylated form phosphop65 (p-p65)
western blot, normalised to B-actin. (C) Western blot of NF-kappa-B p65 subunit
and its phosphorylated form. (D) Interleukin 6 (IL-6) levels. (E) Tumor necrosis
factor a (TNF-a). Both IL-6 and TNF-a results are expressed as pg/mg protein. The
data are expressed as the means + SD that were calculated from at least three
separate measurements performed in triplicate. WC- untreated wild-type; WM-
wild-type plus melatonin; ObC- untreated ob/ob; ObM- ob/ob plus melatonin.
Statistical comparisons: # wild-type vs. ob/ob and * treated with melatonin vs.
untreated counterpart. The number of symbols marks the level of statistical
significance: two for p<0.010 and three for p<0.001.
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Proteasome activity

To initiate the study of the protein quality control processes, we
measured the activity of the proteasome, the system responsible for the
degradation of short half-life proteins. Thus, the deficiency in leptin
induced the upregulation of the proteasome activity (p<0.001), which was
significantly reduced in both phenotypes after the treatment with

melatonin (p<0.050) (Fig. 42).
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Figure 42. Proteasome activity from the liver of wild-type and ob/ob mice.
Proteasome activity are expressed as arbitrary fluorescence units. The data are
expressed as the means * SD that were calculated from at least three separate
measurements performed in triplicate. WC- untreated wild-type; WM- wild-type
plus melatonin; ObC- untreated ob/ob; ObM- ob/ob plus melatonin. Statistical
comparisons: # wild-type vs. ob/ob and * treated with melatonin vs. untreated
counterpart. The number of symbols marks the level of statistical significance:
one for p<0.050; two for p<0.010 and three for p<0.001.

Unfolded protein response

Metabolic machinery overload produced in the liver of obese
individuals is usually accompanied by the accumulation of misfolded
proteins in the lumen of the ER that detonates UPR (Ozcan, Cao et al.
2004). To study the effect of melatonin in the ER stress in the liver of
leptin-deficient mice we measured key proteins of the three main

branches that make up the response to unfolded or misfolded proteins.
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Immunoblot analysis of elF2a and its phosphorylated form (p-
elF2a) was performed as representative markers of PERK pathway and
showed that, although ob/ob animals exhibited lower levels of total elF2a
(p<0.05) (Fig. 43A), they also displayed the highest p-elF2a levels
(p<0.001) (Fig. 43B) demonstrating the activation of PERK pathway in
leptin-deficient mice.

In addition, we found that melatonin treatment decreased the
protein expression of this phosphorylated form in both phenotypes

(p<0.001) (Fig. 43D).
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Figure 43. Unfolded protein response markers from the liver of wild-type and
ob/ob mice. (A-B) Bar chart showing the semi-quantitative optical density
(arbitrary units of blot bands) of activating transcription factor-6-a (ATF6a)
forms, (A and B) of a-subunit of eukaryotic initiation factor (elF2a) and its
phosphorylated form (pelF2a), (E) of inositolrequiring enzyme-1 (Irel) and (F)
C/EBP homologous protein (CHOP) form western blot normalised to B-actin. (G)
Western blot of ATF6q, elF2a, Irela, CHOP and B-actin as load control. The data
are expressed as the means + SD that were calculated from at least three
separate measurements performed in triplicate. WC- untreated wild-type; WM-
wild-type plus melatonin; ObC- untreated ob/ob; ObM- ob/ob plus melatonin.
Statistical comparisons: # wild-type vs. ob/ob and * treated with melatonin vs.
untreated counterpart. The number of symbols marks the level of statistical
significance: one for p<0.050; two for p<0.010 and three for p<0.001.

According to the preceding results, Irela expression, was highest

in ob/ob animals (p<0.001), but in this case, the effect of melatonin varied
depending on the phenotype. Melatonin increased Irela expression in
wild-type mice (p<0.001) but decreased Irela expression in ob/ob

(p<0.001) (Fig. 43C).

As occurred with the other ER stress markers, the quantification
of ATF6a levels showed that ob/ob animals presented higher amounts of
both 90kDa inactive ATF6a (p<0.001) and 50kDa active fragment of ATF6a

than wild type mice (p<0.001). In this case, although melatonin treatment
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increased the 90kDa form of ATF6a levels in both types of mice (p<0.050),
it did not change the levels of the active ATF6a. (Fig. 43D and E).

The three ER stress pathways converge on the protein CHOP that
is able to induce cell death by promoting protein synthesis in the stressed
ER (Marciniak, Yun et al. 2004). Here, we found that leptin-deficient
animals exhibited higher levels of this protein than wild-type mice
(p<0.001) but, as observed with Irela results, CHOP expression was
differently influenced by melatonin depending on the phenotype. Thus,
CHOP levels were increased by melatonin in wild-type mice (p<0.001), and
decreased in ob/ob animals (p<0.001) (Fig. 43F).

Taken together, our results indicate that the liver of mice-deficient
in leptin has triggered the response to misfolded proteins, and therefore
reticulum stress. Melatonin treatment improves ER stress associated with

leptin deficiency through PERK and Irela pathways.

Autophagy

The generation of inflammatory responses and oxidative damage
in livers from leptin-deficient mice probably requires the activation of
degradation systems to eliminate the damaged materials and thus prevent
its accumulation and spread. Since leptin seems to play an important role
in the neuroendocrine control of autophagy (Malik, Marino et al. 2011),
we conduct a comprehensive characterization of the autophagic
machinery by measuring CMA and the phosphorylated active form of
mMTOR, as the main inhibitor of autophagic response, and the expression
of the main markers of macroautophagy. To evaluate the occurrence of
CMA, we analysed LAMP2A mRNA levels showing that ob/ob mice
significantly upregulated its hepatic mRNA expression by approximately 2-

fold the wild-type levels (p<0.001). In both phenotypes, melatonin
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supplementation caused a decrease in LAMP2A mRNA levels (p<0.001)

(Fig. 44A).

The immunoblot analysis revealed higher p-mTOR levels in the

ob/ob group than in wild-type mice (p<0.001), while melatonin treatment

caused a significant decrease in p-mTOR levels in both phenotypes
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Figure 44. Autophagy markers from the liver of wild-type and ob/ob mice. (A)
MRNA expression of lysosome-associated membrane protein type 2A (LAMP2A)
as chaperon mediated autophagy marker. (C, E and I) mRNA expression of Beclin-
1, microtubule-associated protein 1 light chain 3 isoform B (LC3B) and
sequestosome-1 or p62. (B, D, F-H and J) Bar chart showing the semi-quantitative
optical density (arbitrary units of blot bands) of phosphorylated mammalian
target of rapamycin phospho-mTOR (p-mTOR), Beclin-1, LC3-I and Il and p62
from western blot normalised to B-actin. (K) Western blot of p-mTOR, Beclin-1,
LC3-1, LC3-ll, p62 and B-actin as load control. The data are expressed as the
means + SD that were calculated from at least three separate measurements
performed in triplicate. WC- untreated wild-type; WM- wild-type plus melatonin;
ObC- untreated ob/ob; ObM- ob/ob plus melatonin. Statistical comparisons: #
wild-type vs. ob/ob and * treated with melatonin vs. untreated counterpart. The
number of symbols marks the level of statistical significance: one for p<0.050;
two for p<0.010 and three for p<0.001.

(p<0.010) (Fig. 44B). These results suggest that leptin deficiency inhibits
autophagy and melatonin activates the pathway. However, Beclin-1
results suggest the opposite. In comparison with wild-type mice, ob/ob
mice upregulated the hepatic mMmRNA expression of Beclin-1 by
approximately 2-fold of wild-type animals (p<0.001). Furthermore,

melatonin treatment caused a decline in Beclin-1 mRNA levels in both
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phenotypes (p<0.010) (Fig. 44C). Accordingly, the immunoblot analysis of
Beclin-1 showed higher levels of this protein in ob/ob mice (p<0.050),
suggesting the upregulation of autophagy by the deficiency of leptin.
Despite this and although Beclin-1 mRNA expression was inhibited by
melatonin in both types of mice, melatonin treatment did not seem to
affect Beclin-1 protein expression in any of the strains (Fig. 44D).

To further investigate these discrepancies, we analysed LC3 mRNA
and protein expression. Liver from leptin-deficient ob/ob mice presented
a statistically significant upregulation LC3 transcripts by approximately
30% compared with wild-type mice (p<0.001). In both phenotypes,
melatonin treatment caused a significant decrease in LC3 mRNA
expression of approximately 30% (p<0.001) (Fig. 44E). These results
support the information obtained from Beclin-1 about a possible switch in
endocrine and metabolic signalling pathways that favours autophagy
ob/ob animals than in the wild-type group (p<0.001) but melatonin
treatment caused a significant increase in LC3-l levels (p<0.001) (Fig.
44F).in ob/ob mice and a role of melatonin in exerting the opposite effect.

Immunoblot analysis confirmed a higher LC3-I protein expression in

On the contrary, the autophagosomal marker LC3-Il displayed
lower levels in leptin-deficient mice than in the wild-type animals
(p<0.001). Melatonin treatment had a dual effect depending on the mouse
phenotype, since mice of the wild-type strain treated with melatonin
increased LC3-1l levels, whereas leptin-deficient mice reduced the
presence of this protein (p<0.050) (Fig. 44G). Based on this, our results
suggest that melatonin increases the number of autophagosomes in wild-

type mice, but reduces its number in ob/ob animals.

133



To measure autophagic flux, we quantified p62 mRNA and protein
expression. Thus, we found that leptin-deficient mice had significantly
higher p62 protein levels and upregulated p62 mRNA expression by
approximately 80% compared with wild-type mice (p<0.001) indicating
that ob/ob mice have a lower autophagic flux than their respective
controls. Nonetheless, melatonin treatment did not alter p62 protein
levels in any strain but significantly reduced its mRNA expression in both
types of mice (p<0.001) (Fig. 44l and J).

Based on our results, we can say there is a blockage in the
development of autophagy in the liver of leptin-deficient mice, and as
happened after two weeks of melatonin treatment, there was a greater
blockage of autophagy in the liver of ob/ob mice after four weeks of

treatment.
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DISCUSSION

In recent decades, big resources has been spent in making people
aware of the dangers of obesity and its comorbidities. However, the
awareness campaigns against physical inactivity, promoting healthy diets,
and the tremendous effort, resources and time spent on elucidating the
molecular mechanisms of obesity and its comorbidities have not been

enough to stop the pandemic which represents obesity today.

Obesity is a complex multi-factorial chronic disease that is
characterized by numerous dysfunctions that affecting the whole body,
making difficult to understand the mechanisms underlying the

development of these diseases.

Melatonin, due to its antioxidant properties, and its involvement
in many physiological functions such as the regulation of seasonal body
weight variation, glucose intake, or adiposity, as well as to the lack of
reported toxicity and association with serious adverse effects (Tan,
Manchester et al. 2011), has attracted special attention as a potential
therapeutic target in numerous anti-obesity studies. However, melatonin
roles in obesity are not fully understood, so in this study we delve into the
study of the beneficial role of melatonin in the liver of genetically obese

mice.

A feature of leptin deficient mice is that the lack of this hormone
makes them develop an excessive appetite and leading to weight gain
uncontrollably. This metabolic overload due to the continuous supply of
energy involves an increase in free radical production, responsible for the
obesity characteristic oxidative stress. To characterize the oxidative status,

we compared antioxidant capacity to cope oxidative damage. Thus, we
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saw that our obese mice, that had ingested a large amount of food, also
showed higher oxidative damage. Is noteworthy that, although obese mice
showed increased SOD activity levels, CAT activity was significantly
reduced in these mice, suggesting that SOD acts as a pro-oxidant in obese
mice.

Melatonin, is one of the most known antioxidants, making it a
good molecule study to try to mitigate the effects of obesity and its
associated disorders. So as we expected, both short and long melatonin
treatment reduced oxidative damage in the liver of obese mice. Although
both treatment durations led to a decrease in SOD activity, it was only
significant in the long treatment. On the other hand, melatonin affected
CAT activity differently in obese treated mice according to treatment
duration. After the short treatment CAT activity was increased, while
obese mice treated for four weeks viewed decreased this enzyme activity.
This leads us to think that short melatonin treatment is acting as indirect
antioxidant by increasing the CAT activity, and as a direct antioxidant,
through O scavenging, which would reduce the need for an increase in
SOD activity parallel to CAT. The difference in antioxidant activities found
between both duration treatments could be due to that in the long
treatment, melatonin has more time to act as a direct antioxidant,
reducing oxidative damage and therefore decreasing the need to enhance
the antioxidant activities. This is supported by higher total antioxidant
activity and Nrf2 levels observed in obese mice treated with melatonin.

The close connection between oxidative stress and autophagy is
well established (Scherz-Shouval and Elazar 2011; Lavallard, Meijer et al.
2012; Vega-Naredo, Caballero et al. 2012). An increase in ROS levels
activate autophagy as a mechanism of protection against oxidative stress

and damage (Coto-Montes, Boga et al. 2012) so, our next step was
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investigate the ability of trigger autophagy response to counteract the
oxidative stress associated with obesity. Thus, showed an increase in p-
mMTOR expression, together with a reduction in autophagy flux markers,
pointing to an impairment of autophagosome formation and the
interruption of autophagy activity in the liver of obese mice compared
with wild-type ones. The autophagy impairment associated with obesity is
confirmed by higher p62 mRNA and protein expression. As we said in the
introduction, p62 is a selective substrate for autophagy, which binds to
ubiquitinated protein aggregates, marking them for autophagic
degradation (Komatsu 2011), so it is also a maker for autophagic flux
(Mizushima and Yoshimori 2007). Thus, when p62 binds to LC3, this
protein becomes internalised into the autophagosome (Komatsu 2011).
Many studies have shown that, when autophagy is impaired, p62 is
accumulated along with ubiquitinated aggregates (Mizushima and
Yoshimori 2007; Komatsu 2011; Aghajan, Li et al. 2012), leading to
increased oxidative stress (Mathew, Karp et al. 2009).

This blockage in autophagy represents the loss of a crucial
proteolytic mechanism which is usually observed in other diseases, such
as cancer (Ding, Ma et al. 2015), viral infection (Ding, Zhang et al. 2014)
and neurodegenerative disorders such as Alzheimmer (Ling and Salvaterra
2009). The amino acids loading from the excessive food intake, is may be
the cause of both high oxidative stress and autophagy blocking shown in
liver of obese mice.

Treatment of obese animals with melatonin does not appear to be
capable of reversing autophagy blockage, but it decreases further
regardless of the duration of treatment. However, autophagy inhibition

occurs at different stages depending on the duration of treatment.
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The short treatment reduced Beclin-1 levels in the liver of obese
mice, pointing to an inhibition of autophagy at nucleation level. Although,
a higher LC3-1l/LC3-I ratio was observed in the melatonin short-treated
group, the results of the autophagic flux study must be interpreted with
caution. Although the conversion of soluble LC3-I to lipid-bound LC3-Il is
typically associated with autophagosome formation, this process does not
necessarily result in complete autophagy (Gimenez-Xavier, Francisco et al.
2008). Increased LC3-II levels might reflect the increased conversion of
LC3-l into LC3-Il but also indicate the reduced degradation of this protein
through the inhibition of autophagic activity (Skop, Cahova et al. 2012).
p62 expression was enhanced in obese after short melatonin treatment,
supporting Beclin-1 results, and therefore the autophagy inhibition after
melatonin treatment.

Regarding to obese mice subjected to prolonged treatment, they
showed a lower conversion of LC3-l into LC3-ll, and therefore an
autophagy blocking at autophagosome transport and maturation level.
Both p62 mRNA and protein support this fact, since despite ObM
translated least p62, there were equivalent levels of protein than ObC,
suggesting that p62 was not degraded and it was accumulated.

However, despite the reduction in autophagy activity, melatonin
also reduced oxidative damage. We must consider that autophagy is
primarily a cellular cleaning system, whereby organelles are destroyed for
the sake of the common good. If the factor which induces damage is
removed by melatonin, autophagy becomes unnecessary.

It is well stablished that autophagy plays a key role in lipid
metabolism and storage (Czaja 2010; Lavallard, Meijer et al. 2012; Singh
and Cuervo 2012). Autophagy limits hepatic lipid content by conducting

the breakdown of the triglycerides and cholesterol stored in lipid droplets
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Figure 45. Effect of obesity and melatonin treatment in the hepatic autophagic
flux. Despite the increased (plus) levels of p-mTOR, Beclin-1 and LC3-I, obesity (in
red) causes a blockage of autophagy, as reflected in the lower (minor) levels of
LC3-Il, and the accumulation of p62. Melatonin treatment (in green) in turn,
further reduces the levels of autophagic activity. p-mTOR, phosphorylated
mammalian target of rapamycin; LC3, microtubule-associated protein 1 light
chain 3 forms (LC3-I and its phosphatidylethanolamine-conjugated form LC3-Il);
p62 or sequestrosome-1.

(Singh, Kaushik et al. 2009). This process that regulate the lipid droplet
turnover is known as lipophagy. However, not only autophagy regulates
lipid metabolism but the inverse relationship also exists, since lipid stores
affect autophagic function (Czaja 2010), establishing a negative feedback.

The blockage of autophagy and the reduced levels of LAL observed
in obese mice, lead to defective lipid turnover and therefore, an increased
number of lipid droplets.

Phospholipid monolayer surrounding lipid droplets is coated by
several proteins, including perilipins (Singh and Cuervo 2012; Carr and

Ahima 2015), which protect the lipid storage until it is digested. Thus,
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higher perilipins levels showed by obese mice seem indicate that there is
a downregulation of lipolysis.

Another indicator of the high presence and accumulation of lipids
in the liver of obese mice is the large amount of fatty acid synthase
observed by mass spectrometry in this experimental group. In addition,
obese mice also exhibited higher PPARa mRNA levels, an essential
transcription factor in the induction of fatty acid beta oxidation, and the
increment in PPARy mRNA levels which plays a key role in the adipocyte
differentiation and lipogenic pathways. Taken together, these results
indicate that lipogenesis and adipogenesis are enhanced, contributing to
the adipogenic steatosis observed in the liver of obese mice.

On the other hand, despite ObM mice had further reduced
autophagic activity, and enhanced perilpin content, also exhibited
increased LAL expression, suggesting that in obese mice, melatonin
promotes the lipid droplet turnover, which is associated with an

improvement in liver steatosis.

In addition, melatonin treatment led to a decline in levels of fatty
acid synthase, PPARa and PPARy, pointing to a lower lipid content in the
liver of treated obese mice. Furthermore, it is noteworthy that obese mice
subjected to both short and long treatment showed higher levels of p62
than untreated mice. In addition to its role as marker of organelles and
protein aggregates for autophagic degradation, p62 has also been
implicated in various signal transduction pathways associated with
obesity, such as the control of energy homeostasis and adipogenesis (Lee,
Pfluger et al. 2010). Specifically, p62-knockout mice showed alterations in
energy expenditure and increased PPARy mRNA levels, increasing

adipogenesis and leading to the development of obesity and insulin and
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leptin resistance (Rodriguez, Duran et al. 2006). In light of this background,
our results suggest that p62 acts as a negative regulator of PPARy
(Rodriguez, Duran et al. 2006), that besides being crucial in the formation
and maturation of adipose tissue, has also been described as an inductor
of adipogenic transformation of hepatocytes (Yu, Matsusue et al. 2003).
Our results are consistent with the results of Dr. Rodriguez, as PPARy
exhibited antagonistic effects toward p62 in both ObC and ObM groups,
significantly associated with decreased body or WAT weight in obese
animals after melatonin treatment. The reduced PPARYy levels observed in
both short and long melatonin treatments are consistent with in vitro
studies, showing of the association of melatonin treatment with the
suppression PPARy expression during the early stages of adipogenesis
(Alonso-Vale, Peres et al. 2009; Zhang, Su et al. 2010). These data imply
that this hormone could act as a direct inhibitor of adipocyte

differentiation, showing potential as a therapeutic agent for adipogenesis.

Although at first glance no differences were found between
optical microscopic sections of ObC vs ObM mice, recently Stacchiotti and
colleagues have reported that melatonin supplementation causes a partial
conversion of macrosteatosis to microsteatosis in the liver of our

experimental model (Stacchiotti, Favero et al. 2016).

The apparent lack of visually differences between ObC and ObM
liver respect to Stacchiotti’s work, could be due to the short duration of
our treatment, along with the low daily administration of melatonin and
the method of its administration compared to their study.

Summarizing what we have discussed so far, melatonin reduces
autophagy processes through reducing ROS levels characteristic of obesity

through scavenging free radicals, and stimulating antioxidant enzymatic
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activity. This reduced autophagic activity implicates p62 accumulation in
the down regulation of adipogenic pathways, accompanied by an eventual
reduction in the body weight (Fig. 46). Therefore, in this first part of the
study, we were not only able to describe the beneficial effects of reducing
the body or WAT weight of obese animals under melatonin treatment, but
we also revealed which mechanisms are modulated through melatonin

induce this effect.

7. N Melatonin \

Autophagv — p62 —1 PPARV

ROS/RNS )&dlpogeneﬂs :
\ Obesity

Figure 46. Melatonin administration reduced oxidative stress and autophagy
levels in the liver, leading to the accumulation of p62, responsible for inactivating
of the adipogenic gene PPARy, and a decrease in body weight. ROS- reactive
oxygen species; RNS- reactive nitrogen species; PPARy —peroxisome proliferator-
activated receptor gamma.

Our results clearly show that the efficiency of protein turnover is
affected in the liver of obese animals. All of the UPR proteins were
increased in the ObC mice as result of ER stress (Fig. 47), contributing to
metabolic dysfunction and hepatic steatosis (Rutkowski and Kaufman
2007). A relationship between defective autophagy and the UPR,
whichever is the inductor, has been described in other different

pathologies (Sir, Chen et al. 2008). The deficiency in autophagy activity in
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the ObC group led to the accumulation of damaged proteins and disturbed
the ER function, which prevented the correct folding and maturation of
proteins. Valko and colleagues reported that misfolded proteins are more
susceptible to oxidative damage than intact proteins, so ER stress
contributes to oxidative stress, resulting in a positive feedback loop (Valko,

Leibfritz et al. 2007).
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Figure 47. Effect of obesity and melatonin treatment in the hepatic unfolded
protein response (UPR). Obesity (in red) activates (plus) the three main branches
of the UPR: PERK, represented by the activation of elF2q, Irela, and ATF6a, and
CHOP as a point of confluence of the three UPR ways. Melatonin treatment (in
green) significantly reduces (minus) endoplasmic reticulum stress in the liver of
leptin deficient mice. ATF6q, activating transcription factor-6-a (90 kDa ATF6a —
inactive form and 50 kDa ATF6a —active form); elF2a, a-subunit of the eukaryotic
initiation factor; pelF2a, elF2a phosphorylated activated form; Irela, inositol-
requiring enzyme-1; CHOP, C/EBP homologous protein.
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However, short half-life proteins degradation through proteasome
activity, and the removal of specific proteins by CMA, are properly carried
out in the liver of obese mice. Although we did not seen changes in
LAMP2A expression after short melatonin treatment, after four weeks
melatonin treatment, both proteasome degradation, and CMA were less
activated, probably due to less need for activation rather than a blockade,
as we had seen in the case of autophagy. In agreement with our findings,
the relationship between melatonin and proteasome inhibition has been
recently described in human renal cancer cells (Vriend and Reiter 2014).

Despite the autophagy blockage, the results of the ER stress
markers suggests that there was an improvement in ER state after
melatonin supplementation. Thus, the phosphorylation of elF2a as a PERK
pathway marker, and the expression of Irela, and CHOP were all
significantly decreased in the liver of ObM group. These results, and
especially the decrease in Irela expression, not only indicate that
melatonin protects against ER stress and hepatic steatosis, but also reduce
the risk for developing other major disorders that are associated with
obesity, including insulin resistance and type 2 diabetes. Irela is a point of
confluence between ER stress and defective insulin signalling, so higher
levels of this marker in the ObC group involve the activation of JNK, which
can lead to insulin signalling disruption through inadequate
phosphorylation of IRS-1 (Ozcan, Cao et al. 2004).

The observation that our obese mice show impairment in insulin
signalling is supported by the results of Sirtl protein expression and insulin
receptor mRNA levels. Sirtl, is an important regulator of energy
metabolism and glucose homeostasis, which also stimulate autophagic
degradation (Salminen and Kaarniranta 2009), so low Sirtl levels fit well

with the decrease in autophagy activity showed in the liver of obese mice.
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Sirtl deficiency is involved in hepatic glucose overproduction,
chronic hyperglycemia and the development of hepatic insulin resistance
(Lagouge, Argmann et al. 2006; Wang, Kim et al. 2011; Chen, Lai et al.
2013; Favero, Franceschetti et al. 2015), thus lower Sirt1 levels observed
in the ObC mice support the finding of a decline in insulin signalling.
Moreover, the deficient insulin signalling of obese animals aims to be
alleviated by increasing the expression of insulin receptor, as its higher
mMRNA levels indicate.

Similar to ER stress, insulin signalling was also improved in the liver
of obese mice after melatonin treatment, as indicate the Irela reduction
and the increase in hepatic Sirtl levels in ObM mice. Melatonin
enhancement of insulin signaling is supported by other studies conducted
in rats where melatonin administration led to an enhancement in insulin
function (Agil, Reiter et al. 2013; Faria, Kinote et al. 2013; Zanuto, Siqueira-
Filho et al. 2013). Besides, melatonin role as improver of insulin signalling
through increasing Sirtl had been previously observed in the pancreas of
mice with accelerated senescence, where insulin physiology and glucose
metabolism improved after one month of melatonin treatment (Cuesta,
Kireev et al. 2013). In addition, the levels of insulin receptor mRNA were
decreased nearly 30% in ObM animals, supporting that insulin signalling
was more efficient in this group.

Some of the results from our study must be interpreted with
caution. Obese mice exhibited significantly higher levels of PI3K and p-Akt
compared to WC mice. This effect is directly related to the increase in food
intake in these animals, but not necessarily to an improvement in insulin
pathway. We should consider that, as they intake much more food, obese
mice require a greater response to insulin compared to the WC mice.

However, in basis of our shown results, it is not 100% satisfied. Besides,
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p62 over-expression has been related to an increasing in the insulin
signalling pathway by interacting with IRS-1 and enhancing Akt
phosphorylation (Manley, Williams et al. 2013). Thus, higher levels of IRS-
1 downstream targets such as PI3K and Akt observed in obese mice could
be due, at least in part, to the p62 positive role in insulin signaling.
Likewise, it is necessary to highlight the higher food intake
observed in the ObM mice (more than 20%) compared with the ObC mice,
which was also associated with a significant increase in PI3K and p-Akt.
This finding emphasizes the beneficial role of melatonin in increasing the
efficiency of metabolic processes. Moreover, other studies have reported
that melatonin may mimic the action of leptin and insulin through the
specifically activation of PI3K/Akt intracellular pathway (Slominski, Reiter
et al. 2012; Szewczyk-Golec, Wozniak et al. 2015). This melatonin
mechanism is consistent with the results from our WM group, which also
showed an increase in the expression of these proteins. The PI3K/Akt
pathway ends with mTOR phosphorylation, which showed an abrupt
increase in the ObC animals, and correlates to the hepatic autophagy
blockage associated with obesity. The significant reduction of p-mTOR in
obese animals after melatonin treatment, even when PI3K and p-Akt
expression was higher than in the ObC animals, directly correlated with a
higher amino acid intake and is supported by the role of melatonin in
insulin pathway activation. This observation opens up the possibility that
the reduction in autophagy observed in the ObM group was not due to a
blockage but rather to a reduction in misfolded proteins and oxidative
stress that was induced by melatonin. In fact, WM mice also showed a
significant decrease in the expression of p-mTOR compared to WC

animals.
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High levels of both AdipoR1 and AdipoR2 in the liver of obese mice
provide an indirect measure of circulating adiponectin levels produced by
WAT adipocytes. The need to improve adiponectin signalling is reflected
in the high levels of mMRNA of both receptors in the liver of obese mice.
Besides, and as it is described by the literature, the obese mice, that
exhibited higher levels of WAT, also would have adiponectin levels far
below those of wild-type mice. The relationship between adiponectin and
the amelioration of insulin sensitivity has been established many times,
(Tomita, Oike et al. 2008; Combs and Marliss 2014; Fasshauer and Bluher
2015), so defective adiponectin signalling in obese mice supports the
impairment in insulin signalling in the liver of these mice. On the other
hand, melatonin treatment, in addition to reducing the amount of WAT in
ObM, also reduced the expression of AdipoR1 and AdipoR2 in both
phenotypes, suggesting that melatonin ameliorates adiponectin signalling
and, again, supporting the fact that melatonin treatment leads to an
improvement in insulin action. These findings are agree other studies in
mice, other animal models of obesity and even in humans with NASH
associated insulin resistance, where melatonin mediated an improvement
in adipocyte metabolism together with risen adiponectin secretion and
better insulin situation (Agil, Rosado et al. 2012; Gonciarz, Bielanski et al.

2013; Favero, Stacchiotti et al. 2015).

Yamauchi and colleagues have proved the role of adiponectin
receptors in the activation of different signaling pathways. AdipoR1 is
mainly involved in the coupling of inhibition of hepatic glucose production
with the increasing of fatty acid oxidation, through the AMPK pathway,
whereas AdipoR2 is more tightly linked to promotion the fatty acid

oxidation through the activation of the PPARa pathway (Yamauchi, Kamon
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et al. 2003). They also described that the expression levels of AdipoR1 and
AdipoR2 are controlled by insulin/PI3K/Foxol axis, pointing that this
pathway has an important role in the control of adiponectin sensitivity

(Yamauchi, Kamon et al. 2003).

In addition, the activation of adiponectin/AMPK axis has been
related with the suppression of the ER stress response to protect against
steatosis and insulin resistance (Li, Choi et al. 2014). ObM mice, that
showed better adiponectin signaling, also exhibited an enhanced AMPK
phosphorylation, so melatonin maybe have improved these obesity

related pathologies through activation of adiponectin/AMPK axis.

In obesity, WAT hypertrophy in addition to stimulate an adverse
adipokines secretion pattern also predisposes to immune cell infiltration
and inflammation (Fasshauer and Bluher 2015). Numerous studies have
established a link between obesity, obesity-related diseases and
inflammation based on ER stress activation (Boden, Duan et al. 2008;
Manley, Williams et al. 2013; Park, Kim et al. 2014), and it is well
recognized that inflammation is key player in the progression of the
severity of liver complications (McCarty 2011; Bechmann, Hannivoort et
al. 2012; Lavallard and Gual 2014). Our results support this background, as
obese mice showed an exacerbated inflammatory liver response, through
significant increment in NF-kB p65 phosphorylation of p65 and IL-6 and

TNF-a levels.

As expected, based on the anti-inflammatory properties of
melatonin (Cuzzocrea and Reiter 2002; Korkmaz, Reiter et al. 2009; Boga,
Coto-Montes et al. 2012), these inflammatory markers are diminished in

ObM animals. Our results on the effect of melatonin on ER stress and
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inflammation are consistent with the work of Kim and colleagues, who
showed that melatonin improves tunicamycin-induced hepatic steatosis
by decreasing ER stress and the inflammatory response through regulating

miR-23a (Kim, Kang et al. 2015).

Moreover, Kotas and colleagues have recently reviewed the role
of Sirtl in the repression of inflammation. They describe that Sirt1 opposes
inflammation in metabolic tissues, such as the liver, by reducing TNF-a and
IL-6 expression, while the specific deletion of Sirtl increases NF-kB activity
(Kotas, Gorecki et al. 2013). The anti-inflammatory property of melatonin
is also consistent with the increase of Sirtl levels that were observed in
the ObM group and supports other studies that link melatonin anti-
inflammatory effects with Sirtl (Lim, Kim et al. 2012).

As a major site of energy production and lipid metabolism,
mitochondria are intimately linked with the liver, and mitochondrial
disorders actively participate in hepatic pathogenesis and development of

steatosis and insulin resistance (Agil, EI-Hammadi et al. 2015).

The oxygen consumption assays showed that the mitochondria of
obese mice were slightly uncoupled respect to wild-type, reflected in the
higher levels of the respiration state 4 and the reduced RCR obtained after
glutamate/malate energization. This uncoupling clearly affected
mitochondria phosphorylation capacity of ObC mice, since ADP/O ratio,
and therefore the efficiency of oxidative phosphorylation was also
decreased. In addition, the ATP produced after complex | supplementation
was also significantly lower, supporting that oxidative phosphorylation is

not occurring optimally in the liver of obese mice.
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Due to the ability of mitochondria to accumulate melatonin,
numerous studies have identified that melatonin can influence
mitochondrial homeostasis (Reiter, Paredes et al. 2008; Paradies,
Petrosillo et al. 2010). Thus, despite melatonin treatment did not change
the ATP synthase content in ObM, the efficiency of oxidative
phosphorylation associated with the complex | was greatly increased in
these mice, although it was insufficient to significantly increase ATP

production.

Regarding to the complex Il related oxygen consumption assays
(i.e. using succinate as substrate respiration and inhibiting complex | with
rotenone), we showed that maximal O, consumption rate in the presence
of ADP was increased in the liver of obese mice, but neither state 4 nor
RCR were significantly altered. However, there was an inefficient oxidative
phosphorylation, and a clear downward trend in the ATP production
associated with succinate energization, that could be influenced by

reduced hepatic SDHB complex Il subunit levels observed in obese mice.

Again, melatonin treatment did not alter any of the respiratory
related parameters in this electron transport chain supplementation.
However, melatonin administration led to a greatly increment in the
expression of SDHB complex Il subunit in obese mice, which can be
interpreted as an attempt to alleviate the low efficiency of oxidative
phosphorylation associated with the use of succinate as a substrate for

electron transport chain.

Both ATP produced during oxygen consumption assays, as basal
ATP contained in isolated mitochondria indicate that obese mice, despite

exhibited an exacerbated appetite, have a deficient capacity of oxidative
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phosphorylation. Thus, there is a hepatic mitochondrial dysfunction
associated with obesity, responsible for a lower energy production.
Considering that obesity did not alter the expression levels of complex |,
Il and IV, we can say that, the decreased efficiency of oxidative
phosphorylation, and the low ATP production is due to the drop of
complex Il expression levels, together with the lower ATP synthase
content in the liver of ObC mice. This result is supported by Wang and
colleagues study, where they described a reduction in energy production
associated with a decrease in ATP synthase expression in the liver of

diabetic mice (Wang, Chen et al. 2014).

On the other hand, although melatonin treatment did not alter
most respiratory parameters, it resulted in higher ATP production in the
liver of ObM mice. In addition, it is noteworthy the melatonin effect, by
increasing the expression of the complex lll and 1V, in both wild-type and
obese mice. This is consistent with other in vitro and in vivo experiments,
were melatonin was able to maintain the efficiency and ATP synthesis
through the increment of complex |, lll and IV activities (Lopez, Garcia et
al. 2009; Agil, EI-Hammadi et al. 2015). Taken together, this results indicate
that melatonin improves mitochondrial function by increasing the
expression of these complexes, and ultimately enhancing the activity of
the electron transport chain and oxidative phosphorylation. Melatonin
treatment also improved obesity associated energy production deficit,
although ObM ATP production are still far from basal ATP levels in wild-

type mice.

In addition to ATP production carried out by the mitochondria, we
also analysed the differences in cytosolic ATP content, to check the overall

energy state of the liver cells of obese animals compared with wild-type
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Figure 48. Effect of obesity and melatonin treatment in the hepatic mitochondrial
function. Obesity (in red) is associated with liver mitochondrial dysfunction. Thus,
obese mice show reduced (minus) SDHB complex Il subunit and ATP5A subunit,
together with decreased ATP production and increased mitochondrial uncoupling.
The increase in mitochondrial fusion and biogenesis involve hepatic defence
mechanisms against worse mitochondrial function as a result of obesity.
Melatonin treatment (in green) significantly increases SDHB complex Il subunit,
UQCRC2 complex Il subunit and MTCO1 complex IV subunit. Besides, despite
melatonin treatment did not alter neither obesity mitocondrial uncoupling not
ATP5A ATP synthase subunit, melatonin treated animals produced higher ATP
amount. In addition, both biogenesis and mitochondrial fusion were reduced after
melatonin treatment. NDUFB8- NADH dehydrogenase (ubiquinone) 1 b
subcomplex 8 from complex I; SDHB - iron-sulfur complex Il subunit; UQCRC2 -
ubiquinol-cytochrome ¢ reductase core protein Il from complex Ill; MTCO1-
cytochrome c oxidase subunit | from complex IV; ATP5A -ATP synthase subunit a;
ADP- adenosine biphosphate; ATP: adenosine triphosphate.
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mice. Thus, the greater amount of cytosolic ATP found in obese mice
compared to wild-type points to a higher substrate-level phosphorylation
associated with obesity. This makes sense if we consider the greatest
amount of food ingested by obese mice. Maldi-toff analysis supports this
idea, since ObC exhibited significant higher levels of the glycolytic enzyme,

aldolase 2, compared with WC.

Obesity associated insulin resistance is related to the inability of
insulin to suppress hepatic gluconeogenesis and promote glycolysis
(Matsumoto, Han et al. 2006). Our obese melatonin treated animals have
exhibited higher levels of aldolase 2, and even more cytosolic ATP than
untreated mice, supporting the melatonin associated insulin signaling
improvement saw above.

Many murine models of obesity and diabetes, including mice with
genetic modifications and high-fat diet fed, extensively described an
association between obesity and mitochondrial properties (Lacraz,
Couturier et al. 2008; Perfield, Ortinau et al. 2013; Agil, EI-Hammadi et al.
2015). Thus, defects in mitochondrial respiration and ATP production
observed in our ObC mice were associated with changes in mitochondrial

biogenesis and dynamism.

The mitochondrial dysfunction observed in obese mice would
increase the AMP/ ATP ratio, leading to higher AMPK activation showed in
these animals. This energy sensor is involved in many physiological
functions, that include the promotion of mitochondrial biogenesis (Zhang,
Zhou et al. 2009). TFAM is a key activator of mitochondrial transcription
and it participates in mitochondrial genome replication, so its higer mRNA

expression indicates that obese mice have enhanced mitochondrial
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biogenesis. Besides, the liver of obese mice also expressed increased levels

of porin, which as a mitochondrial mass marker, confirms this result.

This promotion of mitochondrial mass could be acting as a defence
mechanism to try to alleviate the shortage of ATP observed in ObC mice.
This higher expression of mitochondria in obesity have been previously
seen by Marciniak and colleagues in heart tissue of high-fat diet fed mice,
which exhibited an increased mitochondrial biogenesis, although the
mitochondrial oxygen consumption was reduced (Marciniak, Marechal et

al. 2014).

Otherwise, melatonin treatment resulted in a reduction in TFAM
levels in both obese and wild-type treated animals, but whereas ObM mice
exhibited lower levels of porin, WM did not change the content of this
indicator of mitochondrial mass respect to WC. This discrepancy between
TFAM and porin levels in WM mice could be due to a protective effect of
melatonin for mitochondria. Thus, despite producing fewer mitochondria,
they would be in better condition and their turnover would be decreased,
so WM have the same amount of mitochondria than WC. Meanwhile, the
decrease in ObM in both mitochondrial biogenesis and mass markers
suggests that their mitochondria are more effective than obese untreated
mice, so the need of this organelle is lower and its biogenesis is decreased,
so this supports the beneficial role of melatonin in mitochondrial function

in obesity.

Fission has been described as a factor related with nutrient excess
and cellular dysfunction (Wai and Langer 2016) however, our obese
animals exhibited higher levels of the fusion marker (Mfn2), and lower

fission related protein (Drpl) content, compared to wild-type ones,
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suggesting mitochondria of our obese mice are more aggregated than
wild-type mitochondria. This result can be explained if we take into
account the autophagy blocking and the mitochondrial dysfunction
observed in the liver of the ObC mice. Hepatic cells have to remove
damaged and non-functional mitochondria to maintain a metabolically
healthy environment. However, as the obese mice have interrupted the
mitochondria turnover system, this organelle is fused to optimize the
resources and recover the activity of damaged or depolarised

mitochondrial membranes.

Taken together, the increase in mitochondrial fusion and
biogenesis involve hepatic defence mechanisms against worse
mitochondrial function as a result of obesity.

Regarding the effect of melatonin in mitochondrial dynamics,
obese treated mice reduced significantly both Drpl and Mfn2 levels.
Therefore, to interpret this result we must take into account the
Mfn2/Drpl ratio that points that melatonin treatment promotes
mitochondrial fission in the liver of obese mice.

Considering that despite ObM mice had less mitochondrial mass
and less aggregated, their ATP production was enhanced, our results
suggested that melatonin treatment led to an improvement in
mitochondria function in the liver of obese mice.

Under physiological condition, the MIM is impermeable to almost
ions and metabolites, and it is the responsible to generate the proton-
motive force to produce ATP. However, in stress conditions, specially
associated with increased ROS production and low adenine nucleotide
concentrations, pore opens disrupting the permeability barrier of the MIM

(Paradies, Petrosillo et al. 2010). The results of the study of Bcl2 family
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proteins point to an increased permeabilization of the MOM in the liver of
obese mice. Besides, porin and cyclosporine D, two of the mPTP
components, were also enhanced in obese mice, suggesting that the liver
of obese animals is predisposed to undergo programmed cell death
mechanisms. This result is supported by increased CHOP levels exhibited
by ObC mice compared to wild-type. Excess free radicals and oxidative
stress may contribute to increased permeability of the MOM and MIM
described in obese mice, since several studies have demonstrated that
ROS production and mitochondrial dysfunction are important indicators of
apoptosis (Valko, Leibfritz et al. 2007; Brenner, Galluzzi et al. 2013; Wang,
Li et al. 2015).

However, although MOMP and mPTP have traditionally been
associated with apoptosis regulation, it has also been reported that the
proteins that comprise both pores are involved in mitochondrial
morphological changes in healthy cells (Karbowski, Norris et al. 2006;
Wang, Li et al. 2015). Thus, Bax is necessary to the induction of
mitochondrial fusion through the activation of Mfn2 (Karbowski, Norris et
al. 2006), while the over-expression of the porin and cyclophilin D alters
the mitochondrial morphology during early ageing in elm seeds (Wang, Li
et al. 2015).

Melatonin effects in cell death mechanisms were different
depending on the mouse phenotype. In this manner, apoptosis markers
Bax and CHOP were decreased in obese animals after melatonin
treatment. This melatonin protective effect against apoptosis has already
seen in the liver of Zucker rats after ischemia/reperfusion (Kireev, Bitoun
et al. 2013), and correlates well with the lower mitochondrial fusion

observed in the liver of obese mice.
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However, although the levels of the pro-apoptotic protein Bax
were decreased after treatment in wild-type mice, the amount of anti-
apoptotic Bcl2 marker was also lower. So, when we analyzed the Bax/ Bcl2
ratio we saw that, as happened with the expression of CHOP, these
apoptotic markers were increased.

On the other hand, although melatonin treatment did not alter
cyclophilin D levels in WM mice, it was increased in ObM. Cyclophilin D is
a key regulatory component of the mPTP (Loureiro, Mesquita et al. 2013)
and it has been proposed that it suppresses apoptotic cell death in a
hexokinase Il-dependent way in cancer cells (Machida, Ohta et al. 2006).
Consequently, this higher expression of cyclophilin D in the liver of obese
treated mice may be due to a greater ability to open and close the pore,
rather than higher levels of apoptosis.

Although obesity is a multifactorial disorder, a reduction in
plasmatic leptin levels and/or leptin resistance plays a role in the
development of common forms of obesity that usually lead to extreme
obesity. Therefore, using a leptin-deficient animal model, we
characterized the effect of melatonin on hepatic protein and lipid
metabolism, together with hepatic mitochondrial function, as major site
of energy production and lipid metabolism.

The role of melatonin in the regulation of leptin, and therefore,
obesity, has been previously demonstrated (Alonso-Vale, Andreotti et al.
2005; Banerjee, Udin et al. 2011). However, our study provides a
substantial amount of evidence to support the potential of melatonin as a
therapeutic agent for ameliorating and preventing the deleterious hepatic
cellular effects that are caused by leptin deficiency or resistance. Our use
of an animal model based on the common causes of obesity emphasizes

the relevance of our findings.
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Figure. 49. Global effect of obesity and melatonin treatment in the liver of leptin-
deficient mice (ob/ob). The liver of ob/ob mice (in red) exhibits enhanced (plus)
oxidative and endoplasmic reticulum (ER) stress, impaired (minor) insulin
signalling, blockage of autophagy, an exacerbated inflammatory response and
mitochondrial dysfunction. Melatonin treatment (in green) acts as a therapeutic
agent that ameliorated hepatic homeostasis by reducing oxidative and ER stress,
increasing insulin signalling and decreasing inflammation and mitochondrial
dysfunction. However, however, melatonin instead of reverse blocking autophagy
further reduces their activity levels. ER- endoplasmic reticulum.
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CONCLUSIONS

The liver of leptin-deficient mice presented evident alterations in
lipid and glucose metabolism, mitochondrial function, oxidative and
inflammatory status, and cellular quality control systems as unfolded
protein response and autophagy activity. From the results obtained during

the development of this PhD thesis we can conclude that:

1. Excessive appetite motivated by the absence of leptin leads to
increased body and white adipose tissue weight in ob/ob mice.

2. Carbohydrate and lipid metabolism are altered in the liver of
leptin-deficient mice leading to lipid droplets accumulation and
hepatic steatosis development.

3. Leptin deficiency causes mitochondrial dysfunction in the liver of
ob/ob mice characterized by remodelling the electron transport
chain constituents, reduced oxidative phosphorylation efficiency,
lower ATP production and increased permeabilization of
mitochondrial outer membrane.

4, Hepatocytes of leptin-deficient mice presents exacerbated
oxidative stress and blocking autophagy that lead to misfolded
proteins accumulation, endoplasmic reticulum stress and
triggering inflammatory response.

5. Melatonin exerts different effects in mice according to the
presence or absence of leptin.

6. Melatonin treatment exacerbates appetite caused by the absence
of leptin in ob/ob mice, without increasing body weight and
reducing white adipose tissue content. Although melatonin
treatment does not affect macroscopic parameters and the

histological aspects of liver from ob/ob mice, melatonin improves
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hepatic carbohydrate, lipid and mitochondrial metabolism
associated with leptin deficiency. Wild-type treated mice suffer a
metabolic readjustment as a result of the continued presence of
an antioxidant such as melatonin, since neither food intake, body
weight, or fat content are affected by melatonin treatment.
Melatonin treatment improves mitochondrial function in the liver
of ob/ob mice by increasing oxidative phosphorylation efficiency
and ATP production.

Melatonin treatment reduces hepatic oxidative stress and
inflammatory response in leptin-deficient mice so, despite
increasing autophagy blocking associated with leptin deficiency,
endoplasmic reticulum stress are decreased in the liver of ob/ob

melatonin treated mice.



CONCLUSIONES

El higado de los ratones deficientes en leptina presentd
alteraciones claras en el metabolismo de lipidos y de glucosa, en la funcion
mitocondrial, en los estados oxidativo e inflamatorio y en los sistemas de
control de calidad celular como la respuesta a proteinas mal plegadas y la
actividad autofagica. De los resultados obtenidos a lo largo de la presente

tesis doctoral, podemos concluir que:

1. El excesivo apetito motivado por la ausencia de leptina conduce a
un incremento en el peso corporal y en el contenido de tejido
adiposo blanco en los ratones ob/ob.

2. El metabolismo de carbohidratos y lipidos estd alterado en el
higado de los ratones deficientes en leptina, dando lugar a la
acumulacién de gotas lipidicas y al desarrollo de esteatosis
hepatica.

3. La deficiencia en leptina causa disfuncion mitocondrial en el
higado de los ratones ob/ob caracterizada por la remodelacién de
los componentes de la cadena de transporte de electrones, la
disminucion de la eficiencia de la fosforilacion oxidativa, la menor
produccion de ATP y el incremento en la permeabilizacion de la
membrana mitocondrial externa.

4, Los hepatocitos de los ratones deficientes en leptina presentan un
estrés oxidativo exacerbado y un bloqueo de la autofagia que
conducen a la acumulacién de proteinas mal plegadas, estrés del
reticulo endopldsmico y al disparo de la respuesta inflamatoria.

5. La melatonina ejerce diferentes efectos en los ratones

dependiendo de la presencia o ausencia de leptina.

165



166

El tratamiento con melatonina exacerba el apetito causado por la
ausencia de leptina en los ratones ob/ob, sin incrementar el peso
corporal y reduciendo el contenido del tejido adiposo blanco.
Aungque el tratamiento con melatonina no afectd a los pardmetros
macroscépicos ni a los aspectos histoldgicos del higado de los
ratones ob/ob, la melatonina mejoré el metabolismo de
carbohidratos, lipidico y mitocondrial asociado con la deficiencia
en leptina. Los ratones wild-type tratados sufren un reajuste
metabdlico como resultado de la presencia continua de un
antioxidante como la melatonina, ya que el tratamiento no afectd
a los niveles de alimentos ingeridos, al peso corporal o a la
cantidad de grasa.

El tratamiento con melatonina mejora la funcién mitocondrial en
el higado de los ratones ob/ob incrementando la eficiencia de la
fosforilacién oxidativa y la produccién de ATP.

El tratamiento con melatonina reduce el estrés oxidativo hepatico,
y la respuesta inflamatoria en el higado de los ratones deficientes
en leptina ya que, a pesar de incrementar el bloqueo autofagico
asociado con la deficiencia en leptina, se redujo el estrés del
reticulo endopldsmico en el higado de los ratones ob/ob

sometidos a tratamiento.
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Melatonin administration decreases adipogenesis in the liver of

ob/ob mice through autophagy modulation

Abstract: Despite efforts to curb the incidence of obesity and its
comorbidities, this condition remains the fifth leading cause of death
worldwide. To identify ways to reduce this global effect, we investigated the
actions of daily melatonin administration on oxidative stress parameters and
autophagic processes as a possible treatment of obesity in ob/ob mice. The
involvement of melatonin in many physiological functions, such as the
regulation of seasonal body weight variation, glucose uptake, or adiposity,
and the role of this indoleamine as an essential antioxidant, has become the
focus of numerous anti-obesity studies. Here, we examined the oxidative status
in the livers of obese melatonin-treated and untreated mice, observing a
decrease in the oxidative stress levels through elevated catalase activity. ROS-
mediated autophagy was downregulated in the liver of melatonin-treated
animals and was accompanied by significant accumulation of p62. Autophagy
is closely associated with adipogenesis; in this study, we report that melatonin-
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Introduction

The frequency of obesity and its comorbidities has more
than doubled in the last 20 yrs worldwide, reflecting sed-
entary lifestyles and increased caloric intake [1]. Thus,
overweight and obesity are the fifth leading cause of global
deaths, and the World Health Organization estimates that
there are approximately 500 million obese people and 1.5
billion overweight individuals in the world [1].

Tremendous advances have been made in the recent
decades in understanding the molecular mechanisms
underlying the pathology of obesity to identify useful
molecules for the treatment of this condition. The use of
animal models to understand the regulation of food
intake and energy expenditure is critical for the develop-
ment of obesity treatments. Several animal models have
been employed to study the environmental, physiological
and genetic basis of obesity [2]. The adipocyte-derived
cytokine, leptin, and its receptor were discovered 20 yrs
ago [3, 4], representing a major advance in the knowl-
edge of this disease. Subsequently, the leptin deficient
mutant mouse, Lep°b, was developed at Jackson Labora-
tories in the 1940s. This mouse, commonly referred to as
ob/ob, carries a mutation in the leptin gene that gener-
ates a non-functional leptin protein [2]. As this protein
plays a major role in food intake and energy expendi-
ture, leptin deficiency or resistance leads to massive
obesity, accompanied by type 2 diabetes and other obes-
ity-related pathologies [5].

treated obese mice also showed reduced adiposity, as demonstrated by
diminished body weight and reduced peroxisome proliferator-activated
receptor gamma expression. Based on these factors, it is reasonable to assume
that oxidative stress and autophagy play important roles in obesity, and
therefore, melatonin could be an interesting target molecule for the
development of a potential therapeutic agent to curb body weight.
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Obesity is a state of chronic oxidative stress, and this
could be one of the most important mechanisms in the
development of co-morbidities that accompany this disease
[6]. Vincent and Taylor [7] reviewed several potential con-
tributors to oxidative stress in obesity, including hyperglyca-
emia [8], increased muscle activity to carry excessive weight
[9], elevated tissue lipid levels [10, 11], inadequate antioxi-
dant defences [11-13], chronic inflammation, [14—16] endo-
thelial reactive oxygen species (ROS) production [17, 18]
and hyperleptinaemia [19]. In each of these cases, free radi-
cal production is directly increased or there is insufficient
antioxidant capacity to attenuate free radical damage [6, 20].

Most organisms possess efficient enzymatic and non-
enzymatic antioxidant systems to detoxify free radicals
and prevent oxidative stress. As a natural antioxidant,
melatonin and its metabolites play diverse roles in radical
detoxification, reflecting the ubiquitous action of these
compounds [21-23]. Melatonin (N-acetyl-5-methoxy trypt-
amine) is an indoleamine synthesised by the pineal gland
and many other organs [24-26], which acts as a direct free
radical scavenger and indirectly via stimulation of a set of
antioxidant enzymes [27, 28]. This indoleamine is also
involved in numerous physiological functions, such as the
regulation of circadian rhythms, sleep promotion, tumour
growth inhibition, immune defence, thermoregulation, and
reproductive activity in seasonally reproductive animals
[29-32]. In addition, melatonin has been associated with
adiposity, body mass and both energy intake and expendi-
ture [33-36], but these roles are not fully understood.
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Numerous publications have confirmed the regulatory
effects of melatonin on the cell cycle, triggering apoptosis
in cancer cells that lead to cell death, and activation of
autophagy as a survival mechanism [37-39]. As both pro-
cesses have been associated with obesity [40, 41], increas-
ing direct and indirect evidence suggests that melatonin is
a potentially valuable target against excess weight gain.
Apoptosis, the most important process in programmed cell
death (PCD), is also referred to as PCD type I, and auto-
phagy is referred to as PCD type II. However, rather than
being a mechanism of cell death, autophagy is primarily a
survival process [42]. Autophagy is a highly conserved pro-
cess in which eukaryotic cells self-digest cytosolic compo-
nents to degrade long-lived proteins and organelles in
response to starvation and other stresses [39]. Three types
of autophagy have been identified: microautophagy, chap-
erone-mediated autophagy (CMA) and macroautophagy
(hereafter referred to as autophagy). Recent studies have
shown that autophagy is involved in adipose tissue devel-
opment and cytoplasmic remodelling [43, 44]. Goldman
and colleagues [45] have described that autophagy-related
7 (atg7) knockout mice present much smaller adipose tis-
sue deposits that their wild-type counterparts, and Younce
and Kolattukudy [46] have demostrated that inhibition of
autophagy by specific inhibitors decreased adipogenesis.

Similarly, melatonin-treated adipocytes significantly
suppressed of a major gene involved in the regulation of
adipogenesis, PPARy (peroxisome proliferator-activated
receptor gamma), in the early stages of adipocyte differen-
tiation [47]. In addition, melatonin administration is asso-
ciated with an improvement in overweight and obesity
characteristics, as reduced body weight gain and increased
antioxidant enzyme activity have been observed [33, 48].
Thus, the aim of this study was to characterise the rela-
tionship among three factors (oxidative stress, obesity and
autophagy), and determine how melatonin, as a major
antioxidant molecule, might act as a potential therapeutic
target for this health problem. Hence, we employed ob/ob
mice to investigate the effects of exogenous melatonin on
oxidative stress and autophagic regulation as a possible
obesity modulator.

Materials and methods
Animals

Eight six-week-old male leptin-deficient obese B6.V-Lep-
ob/J (ob/ob) mice were purchased from Charles River
Laboratory (Charles River Laboratories Espana, SA, Bar-
celona, Spain). The mice were housed two per cage under
12:12 hr dark-light cycle at 22 4+ 2°C. The animals
received tap water and a standard chow diet ad libitum.
The experiment protocol was approved through the Ovie-
do University Animal Care and Use Committee. All exper-
iments were performed according to the Spanish
Government Guide and the European Community Guide
for Animal Care (Council Directive 86/609/EEC).

After a 2-wk acclimatisation period, a randomised group
of four obese mice were treated with melatonin for 2 wk,
and the remaining four obese mice were maintained as a
control group for same period. All the animals were

2

weighed at the beginning (baseline) and the end of the
experiment of the experiment. Differences in the initial body
weight between the different groups were not significant.

At 2 hr after lights off, intraperitoneal injections of mel-
atonin were administered daily at a dose of 500 pg/kg
body weight (Sigma Aldrich, St Louis, MO, USA). The
melatonin was dissolved in 0.1% absolute ethanol: saline.
The animals in the control group received vehicle at a
comparable dosage, route and treatment duration. The
animals were sacrificed by decapitation, and the liver of
each mouse was immediately removed and frozen at
—80°C until further use.

The liver (0.1 g) of each mouse was homogenised using
a Polytron homogeniser at 4°C in 2 mL of lysis buffer
(50 mm phosphate buffer, pH 7.5, 1 mm NaF, [ mm
Na3zVOy, and 0.1% Triton-X 100 (1:10 w/v)). The tissue
homogenates were then subsequently centrifuged at 1500 g
for 6 min at 4°C, and the supernatants were collected. The
amount of protein in the supernatants was measured using
the Bradford method [49].

Lipid oxidative damage (LPO)

The concentration of the end-products of the lipid peroxi-
dation cascade, reactive aldehyde malondialdehyde
(MDA) and 4-hydroxy-2-(E)-nonenal (4-HNE) was deter-
mined to measure lipid peroxidation. The MDA and 4-
HNE content in the liver was determined using an LPO
Assay Kit from Calbiochem (No. 437634, San Diego, CA,
USA), based on the condensation of the chromogene 1-
methyl-2-phenylindole with either MDA or 4-HNE. The
results are expressed as nmol MDA+4-HNE/g protein.

Protein oxidative damage (PD)

The protein carbonyl concentrations were determined
according to the methods of Levine [50], with modifica-
tions of Coto-Montes and Hardeland [51]. The data are
presented as nmol carbonyl protein/mg protein.

Catalase activity

Catalase (CAT; EC 1.11.1.6) activity, which converts
hydrogen peroxide (H,O,) into O, and H,O, was assayed
according to the previously described methods of Lubin-
sky and Bewley, using H,O, as a substrate [52]. The data
are expressed as umol H,O,/min mg protein.

Superoxide dismutase activity

Superoxide dismutase (SOD; EC 1.15.1.1), which catalyses
the dismutation of superoxide anion (O,—) to H,O,, was
measured according to the previously described method of
Martin and colleagues [53]. SOD inhibits haematoxylin
auto-oxidation to the coloured compound haematein. The
results are expressed as SOD units/mg protein.

Western blot immunoassay

The tissue homogenates (50 or 100 pg of protein per
sample) were mixed with Laemmli sample buffer (BioRad



Laboratories, Inc., Hercules, CA, USA) and denatured
by boiling at 100°C for 5 min. The samples were frac-
tionated using SDS-polyacrylamide gel electrophoresis
(PAGE) at 200 V and subsequently transferred onto a
polyvinylidene fluoride sheets (PVDF) at 100 V (Immobi-
lon TM-P; Millipore Corp., Bedford, MA, USA). The
membranes were blocked for 1 hr at room temperature
with 5 or 10% (w/v) skim milk dissolved in Tris-buffered
saline containing Tween (TBS-T) (50 mm Tris/HCl, pH
7.5, 150 mm NacCl, and 0.05% Tween-20). Subsequently,
the membranes were incubated with the respective pri-
mary antibodies: anti-LAMP2A (ab18528, Abcam, Cam-
bridge, UK), anti-Beclinl (sc-10086, Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-LC3 (PDO014,
Medical & Biological Laboratories CO., LTC, Naka-ku
Nagoya, Japan), anti-p62 (H00008878-M01, Abnova,
Walnut, CA, USA), anti-PPARy (sc-7273, Santa Cruz
Biotechnology) and anti-f-actin (AC-15 Sigma Aldrich),
previously diluted in TBS-T buffer containing 1% (w/v)
skin milk. After three 10 or 20 min washes in TBS-T, the
membranes where incubated with the corresponding
horseradish peroxidase-conjugated secondary antibody
(Sigma Aldrich, Saint Louis, MO, USA) diluted in TBS-
T buffer containing 1% (w/v) skin milk for 2 hr at room
temperature, followed by three times for 10 or 20 min
washes in TBS-T.

The membrane was developed using a chemiluminescent
horseradish peroxidase substrate (WBKLS0500, Millipore
Corporation, Billerica, USA) according to the manufac-
turer’s protocol. All data presented are representatives
from at least three separate experiments. The levels of pro-
teins were quantitatively analyzed using Quantity One
5.5.1 software. The results were normalized to f-actin as a
loading control.

Statistical analysis

The statistical software package SPSS 15.0 for Windows
(SPSS Inc., Chicago, IL, USA) was used for all statistical
analyses. The data are presented as the means
values + standard deviation of the mean (S.D.). The
normality of the data was analyzed using the Kolmogo-
rov-Smirnov test. The variables were compared between
groups using Student’s t test. The differences were consid-
ered statistically significant when P < 0.05.

Results

Although the analysis of the oxidative damage markers
showed that LPO levels were similar in both study groups,
non-significant downward trend of damaged lipids in the
melatonin-treated group was observed (Fig. 1A). How-
ever, we saw a significant reduction in hepatic protein
damage in the group treated with melatonin compared
with the control group (P < 0.05) (Fig. 1B).

The CAT activity levels were significantly higher in the
liver tissue of the melatonin treated mice compared with
that of the control animals (P < 0.01) (Fig. 2A); thus, mel-
atonin increased the antioxidant capacity in ob/ob mice.
SOD activity was not changed in the liver of melatonin-
supplemented animals (Fig. 2B).

Autophagy regulation by melatonin in obesity

LAMP2A (lysosome-associated membrane protein type
2A) is a lysosomal membrane chaperone which facilitates
the internalisation of proteins and peptides containing the
amino acid sequence KFERQ. The analysis of LAMP2A
immunoblotting as a marker of CMA showed non-signifi-
cant differences between the experimental groups (Fig. 3).

We performed western blot analysis using antibodies
against Beclinl and LC3 (microtubule-associated protein 1
light chain 3) to study lysosomal-related processes, such as
macroautophagy, in the livers of ob/ob mice. Beclinl is a
class III phosphatidylinositol 3-kinase-interacting protein,
which plays an essential role in promoting autophagy. The
immunoblot analysis showed a significant decrease in Be-
clinl protein expression in the melatonin-treated group
compared with the control group (P < 0.01) (Fig. 4), sug-
gesting that melatonin downregulates autophagy in the
livers of ob/ob mice.

LC3 is an autophagosomal orthologue of yeast Atg8.
The unprocessed form of LC3, pro-LC3, is proteolytically
processed into LC3-1, a mature form lacking some amino
acids from the C-terminus. LC3-I is subsequently modified
into a phosphatidylethanolamine-conjugated form, LC3-II,
associated with phagophores, autophagosomes and auto-
phagolysosomes [54], which is considered an autophagoso-
mal marker. The western blot analysis showed two bands
corresponding to LC3-I and LC3-II (18 and 16 kDa,
respectively) in the livers of ob/ob mice (Fig. 5A). No sig-
nificant differences were observed between either group, or
LC3-1 and LC3-II (Fig. 5B and D). Nevertheless, the
analysis of the immunoblot showed a significant increase in
the LC3-II/LC3-I ratio in the melatonin-treated group
compared with the control group (P < 0.01) (Fig. 5C).

Sequestosome 1, or p62, is a selective substrate for auto-
phagy, which interacts with LC3 during autophagosome
formation and subsequently is degraded in the lysosome
with other selected substrates [55]. The immunoblot results
showed a significant increase in p62 protein expression in
the group treated with melatonin compared with the
control group (P < 0.01) (Fig. 6).

PPARy is a member of a nuclear hormone receptor
superfamily, predominantly found in adipose tissue, but
also expressed in liver and muscle tissue [56], and this pro-
tein plays an essential role in adipogenesis and fat storage
[57]. Our analysis of PPARy protein levels through wes-
tern blotting showed a significant decrease in the expres-
sion of this protein after melatonin treatment compared
with non-treated animals (P < 0.05) (Fig. 7). Moreover,
after only 2 wk of exogenous melatonin treatment, the
obese mice showed a significant reduction in body weight
(P < 0.05) (Table 1).

Discussion

Obesity is a complex multi-factorial chronic disease associ-
ated with low-grade chronic oxidative stress [6]; thus, many
studies have focused on the effects of melatonin, using anti-
oxidant capacity as a potential treatment against obesity
[33, 48, 58]. In the present study, melatonin-treated animals
showed a reduction in oxidative stress, reflected in a signifi-
cantly reduced protein damage. In addition, melatonin
treatment was associated with a statistically significant rise

3
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Fig. 1. Lipid and protein oxidative
. damage in the liver of ob/ob mice. (A)
Liver's lipid peroxidation presented as
nmol MDA+4-HNE/g protein. (B)
Protein damage expressed as nmol
carbonyl protein/mg protein. The data
are expressed as the means £ S.D.,
calculated from at least three separate

T measurements performed in triplicate.
Melatonin *P < 0.05.

(B) SUPEROXIDE DISMUTASE
ACTIVITY

Fig. 2. Antioxidant enzyme assay in the
T liver of of ob/ob mice. (A) Catalase
activity expressed as pmol H,O,/min mg
protein. (B) Superoxide dismutase activity
expressed as superoxide dismutase Units/
mg protein. The data are expressed as the
means + S.D., calculated from at least
three separate experiments performed in

Melatonin triplicate. **P < 0.01.

LAMP2A

Fig. 3. (A) Western blot analysis of
LAMP2A using 100 mg of protein from
the livers of ob/ob mice. (B) Bar chart
showing the semi-quantitative optical
density (arbitrary units of blot bands)
normalised to f-actin. The data are
expressed as the  means + S.D.,
y calculated from at least three separate

Melatenin experiments performed in triplicate.

o (B) BECLIN1

sk

Beclin1 O.D. arbitrary units

Melatonin

Contral

Fig. 4. (A) Western blot analysis of Beclinl expression using 100 mg of protein from the livers of ob/ob mice. (B) Bar chart showing the
semi-quantitative optical density (arbitrary units of blot bands) normalised to f-actin. The data are expressed as the means + S.D., calcu-
lated from at least three separate experiments performed in triplicate. **P < 0.01.

in CAT activity levels compared with the control mice.
Nevertheless, statistically significant differences were not
observed in SOD activity after melatonin treatment. This
data is, very probably, related to the melatonin’s ability to
scavenge free radicals [59]. Melatonin directly removes
O,— , the SOD’s substrate, thus, it is not necessary that
melatonin increases SOD activity to counteract oxidative
stress of obesity, contrary to what happens with the CAT
activity. Taken together, these results suggest that exoge-
nous melatonin acts as both a direct and indirect antioxi-
dant for antioxidant defence regulation in ob/ob mice.

4

Melatonin has been characterised as a possible treat-
ment for many diseases due to the lack of reported toxicity
and no serious adverse effects [34]. Several studies have
shown the antioxidant capacity of melatonin and its role
in the circadian system; however, melatonin has also been
implicated in a number of neuroendocrine and physiologi-
cal processes [47]. Recently, changes in seasonal body
weight, depending on photoperiod alterations and melato-
nin levels have been reported, supporting a potential role
for melatonin in obesity regulation [34]. Moreover, this in-
doleamine promotes weight loss through the stimulation
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of non-shivering thermogenesis and the recruitment of
brown fat tissue in small mammals [34]. In addition, mela-
tonin regulates many other aspects of body weight and
adiposity, such as glucose uptake [60], serum lipid profile,
blood pressure, or inflammation [58]. Hence, it is necessary
to examine the potential regulation of obesity mechanisms
by melatonin.

The essential role of ROS as second messengers, which
trigger a large number of processes, including autophagy,
must also be considered [61]. A rise in ROS levels activates
autophagy as a defence mechanism to prevent cellular dam-
age. Lavallard and colleagues [40] describe the activation
of ROS-mediated autophagy through several mechanisms:

Table 1. Body weight changes of ob/ob mice

Baseline Sacrifice Aweight
Control (n = 4) 37.08 £ 2.61 37.95+2.04  0.86 £ 1.17
Melatonin (n = 4) 38.40 £ 1.36 3599 £+ 2.57 —2.41 £+ 1.54*

Effect of melatonin and vehicle treatment on body weight changes
from baseline to the end of the study. The data are expressed as
the means + S.D. *P < 0.05, Control Aweight versus Melatonin
Aweight.

the inhibition of mMTOR (mammalian target of rapamycin)
[62], the up-regulation of Beclinl expression [63], and the
conversion of LC3-I into LC3-II [64].
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The immunoblot analysis of LAMP2A as a CMA mar-
ker showed non-significant differences after melatonin
treatment. An examination of the oxidative status revealed
that melatonin treatment in obese mice reduced oxidative
damage; however, the melatonin-treated obese mice main-
tained a certain level of oxidative stress. The reduced stress
might, however, activate CMA, as this autophagic mecha-
nism is typically activated in response to mild ROS pro-
duction. An assessment of macroautophagy markers
showed that melatonin treatment reduced autophagy,
reflected as reduced levels of Beclinl expression compared
with the untreated animals. Nevertheless, a higher LC3-11/
LC3-I ratio was observed in the melatonin-treated group.
Notably, the results of the autophagic flux study must be
interpreted with caution. Although the conversion of solu-
ble LC3-I to lipid-bound LC3-II is typically associated
with autophagosome formation, this process does not nec-
essarily result in complete autophagy [65]. Increased LC3-
IT levels might reflect the increased conversion of LC3-I
into LC3-II and indicate the reduced degradation of this
protein through the inhibition of autophagic activity [66].

Sequestosomel/p62 is a selective substrate for auto-
phagy, which binds to ubiquitinated protein aggregates,
marking these proteins for autophagic degradation [55].
p62 is also a marker for autophagic flux [67]. Thus, when
p62 binds to LC3, this protein becomes internalised into
the autophagosome [55]. Many studies have shown that,
when autophagy is impaired, p62 is accumulated along
with ubiquitinated aggregates [55, 67, 68], leading to
increased oxidative stress [69]. The results of the p62 wes-
tern blotting analysis showed that melatonin-treated ani-
mals presented significantly higher levels of p62 compared
with the untreated group. This data suggests that melato-
nin treatment downregulates autophagy in the livers of
ob/ob mice.

p62 has also been implicated in various signal transduc-
tion pathways associated with obesity, such as the control
of energy homeostasis and adipogenesis [70]. Thus, p62-
knockout mice showed alterations in energy expenditure
and increased PPARy mRNA levels, resulting in an
increase in adipogenesis and the development of obesity
and insulin and leptin resistance [71]. These results suggest
that p62 acts as a negative regulator of PPARy [71], the
ligand-activated transcription factor and master regulator

6

Fig. 8. Melatonin administration reduced
oxidative stress and autophagy levels in
the liver of ob/ob mice, leading to the
accumulation of p62, responsible for
inactivating of the adipogenic gene
PPARy, and a decrease in body weight.

of the genes involved in lipogenic pathways and adipocyte
differentiation [72].

The results obtained in the present study are consistent
with the results of Dr. Rodriguez, as PPARy exhibited an-
tagonic effects toward p62 in both groups, significantly
associated with decreased body weight in obese animals
after melatonin treatment. This improvement in body
weight has previously been demonstrated in obese Boscat
male rabbits after daily treatments with 1 mg/kg melato-
nin for 4 wk [48].

The reduced PPARy levels observed in the melatonin-
treated group are consistent with in vitro studies, showing
of the association of melatonin treatment with the sup-
pression PPARy expression during the early stages of
adipogenesis [47, 73]. These data imply that melatonin
could act as a direct inhibitor of adipocyte differentiation,
showing potential as a therapeutic agent for adipogenesis.

In the present study, we were not only able to describe
the beneficial effects of reducing the body weight of obese
animals under melatonin treatment, but we also docu-
mented the mechanisms modulated by melatonin induced
this effect. Based on our results, melatonin reduces auto-
phagy processes through reducing ROS levels, characteris-
tic of obesity through scavenging free radicals, and
stimulating antioxidant enzymatic activity. This reduced
autophagic activity implicates p62 accumulation in the
down regulation of adipogenic pathways, accompanied by
an eventual reduction in the body weight (Fig. 8). Melato-
nin modulates several physiological processes involved in
obesity as a potential treatment for this pathology [33, 34,
48]; however, to our knowledge, this study provides the
first evidence of an association between the regulation
of obesity-related adipogenesis and the modulation of
autophagic activity through melatonin.
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