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ABSTRACT

Role of carnitine palmitoyltransferase 1A as a downstream effector

of ghrelin in cortical neurons and hypothalamus

Previous studies have reported the importance of carnitine palmitoyltransferase (CPT) 1A as an
essential part of downstream ghrelin signaling in the central nervous system (CNS) for the control of food
intake. Lipid metabolism in the ventromedial hypothalamus (VMH) has emerged as a crucial pathway in
the regulation of feeding and energy homeostasis. However, the relationship between changes in CPT1A
activity and the intracellular downstream effectors in the VMH that contribute to appetite modulation is

not fully understood, nor its possible involvement in central extra-hypothalamic functions of ghrelin.

In this work, we examine the effect of long-term expression of a permanently activated CPT1A
isoform (CPT1AM) by using an adeno-associated viral vector, injected into the VMH of rats. CPT1AM
overexpression produces a sustained increase in food intake which leads to overweight. Mechanistically,
CPT1AM alters the lipidomic profile of mediobasal hypothalamus, provoking an increase in ceramides
and sphingolipids and a decrease in phospholipids. Furthermore, we detect increased vesicular y-
aminobutyric acid transporter (VGAT) and reduced vesicular glutamate transporter 2 (VGLUT2)
expressions. These changes are noteworthy, since both GABA and glutamate have been proposed to be

mediators in food intake control.

This signature led us to assess the effect of ghrelin in GABAergic neurons. Ghrelin reduces fatty
acid oxidation, mitochondrial respiration and mitochondrial reactive oxygen species formation in GT1-7
cells. Moreover, ghrelin produces a reduction in GABA release from primary cortical neurons which is
blocked by both pharmacological and genetic inhibition of CPT1A. In addition, ghrelin produces a
reduction in: (1) mitochondrial oxygen consumption, (2) citrate and a-ketoglutarate cellular content and

(3) GABA shunt connecting TCA cycle and releasable GABA pool.

Taken together, these observations indicate that CPT1A contributes to the regulation of feeding
by modulating the expression of neurotransmitter transporters and lipid components that influence the
orexigenic pathways in VMH. Moreover, it seems that ghrelin and changes in CPT1A activity modulate
mitochondrial function, yielding changes in GABA metabolism, which affect eventually to GABAergic

neurotransmission.



RESUM

Paper de la carnitina palmitoiltransferasa 1A com a efector subjacent

de la grelina en neurones corticals i hipotalem

Estudis previs havien destacat la importancia de la carnitina palmitoiltransferasa (CPT) 1A com a
part essencial de la senyalitzaci6 de la grelina al sistema nerviés central (SNC) per al control de la ingesta
alimentaria. El metabolisme lipidic en el nucli ventromedial de I'hipotalem (VMH) ha emergit com una via
crucial per a la regulacid de la ingesta i 'homedstasi energética. Aixo no obstant, la relacié entre els canvis
en l'activitat de la CPT1A i els efectors intracel-lulars subjacents en el VMH que contribueixen a la
modulaci6é de la gana no s6n totalment compresos, com tampoc la seva involucracié en les funcions

centrals extrahipotalamiques de la grelina.

En aquest treball, hem examinat I'efecte a llarg termini de I'expressi6 d’'una isoforma mutada
permanentment activa de la CPT1A (CPT1AM), fent Us d’un vector viric adeno-associat, injectat en el VMH
de rates. La sobreexpressio de la CPT1AM produeix un augment sostingut de la ingesta alimentaria que hi
promou sobrepés. En la descripcié6 mecanistica, la CPT1AM altera el perfil lipidomic del hipotalem
mediobasal, induint-hi un augment de ceramides i esfingolipids i alhora una reduccié en fosfolipids. A
més a més, hem detectat un augment en les expressions del transportador vesicular de l'acid y-
aminobutiric (GABA) (VGAT, en les seves sigles en angles) i una reduccié del transportador vesicular de
glutamat 2 (VGLUTZ, en les seves sigles en anglés). Aquests canvis son destacables, ja que tant GABA

como glutamat han sigut proposats com a mediadors en el control de la ingesta alimentaria.

Aquestes observacions ens dugueren a estudiar 'efecte de la grelina en neurones GABAergiques.
La grelina redueix l'oxidaci6 d’acids grassos, la respiracié mitocondrial i la formacié d’espécies reactives
d’oxigen en cel-lules GT1-7. D’afegit6, la grelina produeix una reducci6é en l'alliberament de GABA de
neurones corticals primaries, la qual cosa és blocada tant per inhibici6 genética i farmacologica de la
CPT1A. A més a més, la grelina hi produeix una reduccié: (1) del consum mitocondrial d’oxigen, (2) del
contingut cel-lular de citrat i d’a-cetoglutarat i (3) de la via de desviaci6 de GABA que connecta el cicle

dels acids tricarboxilics i el contingut alliberable de GABA.

En conjunt, aquestes observacions indiquen que la CPT1A contribueix a la regulacié de la ingesta
amb la modulaci6 de 'expressié de transportadors involucrats en la neurotransmissio i la modulacié de
components lipidics que influencien les vies orexigeniques del VMH. A més a més, sembla que la grelina i
els canvis en l'activitat CPT1A modulen la funcié mitocondrial, obtenint-ne canvis al metabolisme del

GABA, que afecten en darrera instancia a la neurotransmissié GABAeérgica.
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RESUMEN

Papel de la carnitina palmitoiltransferasa 1A como efector subyacente

de la ghrelina en neuronas corticales e hipotdlamo

Estudios previos habian destacado la importancia de la carnitina palmitoitransferasa (CPT) 1A
como parte esencial de la sefalizacidn de la ghrelina en el sistema nervioso central (SNC) para el control
de la ingesta alimentaria. E1 metabolismo lipidico en el nticleo ventromedial del hipotalamo (VMH) ha
surgido como una via crucial para la regulacién de la ingesta y la homeostasis energética. No obstante, la
relacion entre los cambios en la actividad de la CPT1A y los efectores intracelulares subyacentes en el
VMH que contribuyen a la modulacién del apetito no son comprendidos totalmente, como tampoco su

involucracion en las funciones centrales extrahipotalamicas de la ghrelina.

En este trabajo, hemos examinado el efecto a largo plazo de la expresion de una isoforma mutada
permanentemente activa de la CPT1A (CPT1AM), mediante un vector virico adeno-asociado, inyectado en
el VMH de ratas. La sobreexpresion de la CPT1AM produce un aumento sostenido de la ingesta
alimentaria que promueve a su vez sobrepeso. En la descripcién mecanistica, la CPT1AM altera el perfil
lipidémico del hipotdlamo mediobasal, induciendo un aumento de ceramidas y esfingolipidos, y
simultaneamente una reduccién en fosfolipidos. Ademas, hemos detectado un aumento en las expresiones
del transportador vesicular del 4cido y-aminobutirico (GABA) (VGAT, en sus siglas en inglés) y una
reduccidn del transportador vesicular de glutamato 2 (VGLUTZ2, en sus siglas en inglés). Estos cambios
son destacables, ya que tanto GABA como glutamato han sido propuestos como mediadores en el control

de la ingesta alimentaria.

Estas observaciones nos llevaron a estudiar el efecto de la ghrelina en neuronas GABAérgicas. La
ghrelina reduce la oxidacién de acidos grasos, la respiracién mitocondrial y la formacién de especies
reactivas de oxigeno en células GT1-7. Asimismo, la ghrelina produce una reduccién de la liberacién de
GABA de neuronas corticales primarias, lo cual se puede bloquear con la inhibicién genética y
farmacolégica de la CPT1A. Ademas, la ghrelina produce una reduccién: (1) del consumo mitocondrial de
oxigeno, (2) el contenido celular de citrato y de a-cetoglutarato y (3) de la via de desviaciéon de GABA que

conecta el ciclo de los acidos tricarboxilicos y el contenido liberable de GABA.

En conjunto, estas observaciones indican que la CPT1A contribuye a la regulacién de la ingesta
con la modulacién de la expresién de transportadores involucrados en la neurotransmisiéon y la
modulacion de componentes lipidicos que influyen en vias orexigénicas del VMH. Ademas, parece que la
ghrelina y los cambio en la actividad CPT1A modulan la funcién mitocondrial, obteniendo de ella cambios

en el metabolismo del GABA que afectan en tltima estancia a la neurotransmisién GABAérgica.
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INTRODUCTION

The central nervous system as a target for anti-obesity drugs

Obesity and overweight, together with their associated pathologies, have become one of
the most important challenges for national healthcare systems worldwide. The prevalence of
obesity and associated metabolic diseases is rising exponentially, jointly with their sanitary
costs. There are more than 600 million obese people worldwide and obesity-related pathologies
have debunked malnourishment when it comes to number of deaths (World Health

Organization, 2015).

Behavioral modifications, including healthy eating and exercise, seem to be have limited
success when it comes to long-term maintenance of weight loss. Bariatric surgery achieves a
sustained weight loss over the years, but its cost and associated dangers reduce its clinical
indication to morbidly obese patients (Schneider & Mun, 2005). Moreover, the endocrine effects
of bariatric surgery seem to be more important than the mechanically induced food restriction,
which has led many researchers to assess obesity treatments based on the endocrine

modifications derived from it (Mumphrey, Patterson, Zheng, & Berthoud, 2013).

Even though the list of potential anti-obesity drugs is increasing, the approval of new
anti-obesity drugs has been limited. This is due to the history of withdrawals of anti-obesity
drugs from the market due to serious adverse effects (e.g., dinitrophenol, fenfluramine,
dexfenfluramine, phenylpropanolamine, sibutramine and rimonabant) (Hurt, Edakkanambeth
Varayil, & Ebbert, 2014; Jackson, Price, & Carpino, 2014). This has led US Food and Drug
Administration (FDA) and European Medicines Agency (EMA) to make it even harder for
pharmaceutical corporations to market new anti-obesity drugs, especially in the case of the
European regulator (European Medicines Agency (EMA), 2014). The enteric lipase inhibitor
orlistat is the only weight-management drug approved with over-the-counter and prescription
doses by both FDA and EMA. However, it has shown limited long-term effectiveness (Derosa &
Maffioli, 2012). In the US, the serotonergic lorcaserin is also approved (Khan et al., 2012; O’Neil
etal,, 2012), but its European marketing authorization application has been withdrawn because
of the lack of evidence regarding safety in tumorogenesis in long-term use (European Medicines
Agency (EMA), 2013). Liraglutide, a previously approved antidiabetic drug, has recently been
approved by both regulators for an anti-obesity indication (European Medicines Agency (EMA),
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2015; US Food and Drug Administration (FDA), 2014). Nonetheless, the fixed-dose combination
of bupropion/naltrexone, which is described to act in the central nervous system (CNS) by
increasing proopiomelanocortin (POMC) neuron activity, has obtained marketing approval as an
anti-obesity drug by the FDA (Jeon & Park, 2014), but the EMA seems to be much more
conservative regarding the approval of weight-management drug with effect on the CNS (Caixas,

Albert, Capel, & Rigla, 2014).

The mechanisms of action of obesity-management drugs are classified into three groups
(Hamdy, Uwaifo, & Oral, 2015): 1) centrally acting medications impairing dietary intake
(including bupropion/naltrexone and lorcaserin); 2) medications that act peripherally to impair
dietary absorption (e.g. orlistat); and 3) medications that increase energy expenditure, whose

effect is often mediated by CNS.

Most of the more successful drugs for food intake management had their focus on
central modulation of food intake, but they were withdrawn because of the many side effects
related to their central action as well. In most of the cases, amphetamine derivatives used as
first generation weight loss drugs, had this off-label indication prescribed at a time when little
knowledge about central mechanisms for food intake control were achieved, around late 1930’s
and early 1940’s (Rasmussen, 2008). The first indication for benzedrine as a weight loss drug
was approved at 1947, a few years after the seminal publication of the ventromedial
hypothalamus (VMH) lesions experiments reporting the importance of hypothalamus in the

control of food intake (Hetherington & Ranson, 1942).

From that time on, many drugs for weight management involving CNS have been
approved and withdrawn. Even though it has been in relatively recent times when the two main
endocrine central modulators of food intake have been described: leptin (Y. Zhang et al., 1994)
and ghrelin (Tscho6p, Smiley, & Heiman, 2000). Moreover, the insulin role in this issue has been
revisited and studied extensively (Bruning, 2000; Silvana Obici, Zhang, Karkanias, & Rossetti,
2002). Nonetheless, the discrete hypothalamic molecular mechanisms involved in the control of
food intake have been assessed in the last two decades and they are still being disclosed. The
discovery of new central mechanisms and targets involved in the control of food intake can
boost the necessary efforts for the design of new weight management drugs and it can shed light

in the mechanism of action which would minimize the side effects of the potential drugs.
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Central nervous system

The encephalon is the part of the CNS where perceptions are integrated with previously
registered information to eventually take decisions and trigger actions. It hosts intellectual
insight, emotions, behavior and memory. The different parts which compose the encephalon act
in an integrative way to achieve shared actions. Adult encephalon is composed out of 4 parts:
The brainstem, which connects to spinal cord, is composed by the rachidial bulb, the pons
Varolii and the midbrain. The cerebellum can be found behind the brainstem. The diencephalon
lays on the brainstem which is formed by the thalamus, the epithalamus and the hypothalamus,
which will be further discussed. On the diencephalon and the brainstem, one can find the
cerebrum, also known as telencephalon, the largest part of the encephalon, which will be further
discussed as well. The cranial bones and the meninges protect the encephalon and act as a
continuum of spinal meninges protecting the whole system. The three meninges are dura mater,
the one that is attached to the skull, pia mater, in the middle, and arachnoid mater, closer to the

neural tissue.

Blood reaches the encephalon mainly through inner carotid and vertebral arteries and
flows back to the heart through the inner jugular veins. The blood flow to the brain is a capstone
process, highly controlled due to its high energy needs. The blood-brain barrier (BBB)
protects neurons from toxic substances and microorganisms, since it blocks the entrance of
such elements from the blood to the neural tissue. BBB is formed out of two elements: The tight
junctions, which block the endothelial intercellular space in encephalic capillaries, and the basal
membrane which surrounds them. Many astrocytes, which are the support cells for neurons,
have projection surrounding the capillaries and release chemicals into the bloodstream, keeping
the aforementioned tight junctions to impede water-soluble substances to reach the brain. The
hydrophilic substances, such as glucose, needed to reach the brain cells, go across the BBB in an
ATP-dependent manner. Many substances such as creatinine, urea, most of the ions and many
proteins or exogenous drugs, can go through the BBB following a low rate. On the contrary,
liposoluble substances, such as oxygen, carbon dioxide, alcohol, fatty acids and many CNS-

targeting drugs, such as anesthesia, can cross BBB easily.
The cerebrospinal fluid (CSF) is a colorless fluid which protects the encephalon and

the spinal cord from physical and chemical events. It drives oxygen and glucose from blood to

neurons and neuroglia. CSF circulation continues along the spine and all the cavities in the
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brain, namely ventricles, and in the subarachnoid space, found between the arachnoid and pia
matres. The total CSF in humans oscillates between 80 and 150 mL and it is secreted by choroid
plexuses, which are located in the lateral, third and fourth ventricles, which follow a natural flux
from the lateral ventricles into the third ventricle via the foramen of Munro and then to the
fourth ventricle via the aqueduct of Sylvius, which connects to the subarachnoid space. CSF
reabsorption into the blood takes place in the arachnoid villi found in the superior sagittal sinus,
following the same CSF formation rate 20 mL per hour to maintain the intracranial pressure.
CSF is a product of plasma filtration and membrane secretion, which makes its composition
different from that of plasma. CSF is almost acellular (Meinkoth & Crystal, 1999)) and has a low
protein concentration, mainly albumin (Chan & Fishman, 1980), but various ions, enzymes and
other substances can be found there, like nutrients, such as glucose. CSF general composition,
and concretely glycorrhachia (i.e. CSF glucose levels) are relatively constant with time, but it

depends on plasma composition which can vary along the day and depending on feeding state.

Neurons and synaptic transmission

Nervous tissue is the main element of the CNS. It is composed basically of two types of
cells, neurons, which are responsible for most of the functions of the CNS, such as sensitivity,
thinking, memory, motor control and endocrine regulation, and glial cells, which nurture,
protect and hold the neurons in a suitable environment. Neuroglia can be classified according to
their size, intracellular organization and cytoplasmic shape into 4 types: astrocytes,
oligodendrocytes, microglia and ependyma. Astrocytes, which are star-shaped, are the most
common cell type amongst neuroglia and are responsible for most of the functions attributable
to neuroglia: physical scaffolding, isolation from toxic substances, neuronal growth regulation
during embryonic development and synaptogenesis and stabilizing chemical environment for
correct neuronal function. Oligodendrocytes are responsible for the formation of the myelin
sheaths to speed up electric transmission along axons. Microglia have phagocytic functions and
make up the primary immune system in the CNS. And ependymal cells are responsible for the
formation and circulation of the CSF along the ventricles and are part of the BBB. The
neuron:astrocyte ratio varies between different brain regions, but it is close to 1:10 (Bignami,
1991). Amongst cortical neurons, one finds two main types of neurons: excitatory neurons,
which are 85% of total cortical neurons and are mostly glutamatergic; and inhibitory neurons,

which are GABAergic and are 15% of total cortical neurons (Attwell & Laughlin, 2001;
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Braitenberg, 1992; Niciu, Kelmendi, & Sanacora, 2012). They depolarize or hyperpolarize

postsynaptic neurons, respectively.

Neurons are excitable cells that can produce electrical signals to which can react as well.
Neurons have a specific morphology adapted to its function with two characteristic parts: the
soma, also known as cell body, and the neurites, which are projected from the soma to connect
with other neurons. Neurites can be differentiated into two types: dendrites, which receive
signals from other neurons, and axons, which can be up to 1 meter long and project onto other
neurons. The stimulus from one neuron to another is produced in the synaptic cleft, where
neurotransmitters stored in vesicles found in the axonal nerve endings are released in order to
affect neighboring cells. Lipids compose up to a 50% of the dry weight of neurons, with a high

proportion of phospholipids, glycolipids and phospholipids.

When an action potential reaches the presynaptic membrane, voltage-dependent Ca**
channels in the membrane open to trigger neurotransmitter vesicles exocytosis. Classically and
according to Dale’s principle, it was proposed that each neuron uses the same neurotransmitter
at all its synapses (Eccles, Fatt, & Koketsu, 1954), although this hypothesis seems to be
outdated, as we will further discuss in this manuscript. The neurotransmitters diffuse through
the synaptic cleft and bind eventually to their postsynaptic receptors, which can be classified in
ionotropic receptors, which are ligand-gated ion channels which can produce both
depolarization or hyperpolarization of the postsynaptic membrane depending on the ions
controlled; or metabotropic receptors, often interacting with G proteins which will lead to
activate or inhibit the synthesis of secondary messengers. Depolarizing processes are highly
energy demanding, which explains that 85% of brain mitochondria are located in neurons, while

only 5% are in glial cells (Wong-Riley, 1989).

Neurotransmitters can be classified according to their structure into several groups:
Neuropeptides are the largest group amongst the transmitters; they are made of between 3 to
40 residues, with specific sequences. Amino acid neurotransmitters; besides neuropeptides,
several proteinogenic amino acids act as neurotransmitters. Glutamate is the most important
stimulatory neurotransmitters found in the CNS, since more than a half of the synapses in the
brain are glutamatergic. Glycine can be a neurotransmitter as well, but it has inhibitory effect.
Not only a-amino acids can act as amino acid neurotransmitters: glutamate-derived y-
aminobutyric acid (GABA) is the most important inhibitory neurotransmitter found in the CNS.

Acetylcholine acts triggering muscle contraction at neuromuscular junctions and in certain
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parts of the brain and autonomous nervous system. Biogenic amines include catecholamines,
serotonin and histamine, which are also derived from a-amino acids deamination and act as

hormones and transmitters.

Dale’s law was proposed at a time when only two neurotransmitters were known, but
with time, the CNS is apparently more complex than previously thought. It has been stated that
multiple peptides, generated out of a common prepropeptide can be packed in a differential
manner and released out of different dendrites, which suggests that neurons do not always
release the same neurotransmitters from all the endings (Fisher, Sossin, Newcomb, & Scheller,
1988; Sossin, Sweet-Cordero, & Scheller, 1990). To complicate this even further, neurons are
able to co-release not only peptidergic neurotransmitters, but also amino acid

neurotransmitters (Dicken, Tooker, & Hentges, 2012; Schéne & Burdakov, 2012).

Hypothalamus: a metabolic signal integrator

The hypothalamus is one of the parts of the diencephalon, together with the thalamus
and the epithalamus. It is located in the ventral part of the thalamus at both sides of the third
ventricle and it is composed of about a dozen of nuclei. The hypothalamus is a complex brain
area which forms a network integrating peripheral and central signals. The hypothalamus
controls many organic functions and is the key body homeostasis regulator. Hypothalamus
integrates both somatic and visceral information, besides sensorial information to promote the
best response to modulate a wide range of physiological processes. The hypothalamus acts as a
sensor itself, controlling constantly parameters such as osmotic pressure, glycaemia, levels of
certain hormones, body temperature and blood pressure (Schwartz, Woods, Porte, Seeley, &
Baskin, 2000). The hypothalamus is connected to the pituitary gland, to produce hormones with
peripheral and central effects. Some functions have been attributed to concrete hypothalamic
nuclei, but for some of them, its precise location is unknown. The main functions of the
hypothalamus are the regulation of sleep/wakefulness, heart rate, body temperature, water and
food intake, emotional patterns and behavior (together with the limbic system), hormone
production and control of autonomous nervous system (Schwartz et al, 2000) The
hypothalamus is the only area which is considered part of both the CNS and the endocrine

system.
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The hypothalamus can be subdivided anatomically in 4 major areas: the mammillary
bodies, the tuberal region, the supraoptic region and the preoptic region. In our work in
hypothalamus, we will focus on the tuberal region, which is composed by dorsomedial
hypothalamus (DMH), ventromedial hypothalamus (VMH) and arcuate nucleus of hypothalamus
(ARC) (Fig 1). Some authors use the term mediobasal hypothalamus (MBH) to refer to the area
encompassing both VMH and ARC, despite the two areas have different roles (Caraty et al,,
1998). Another important hypothalamic area for the control of food intake is the lateral
hypothalamus (LH), which is found halfway the tuberal and the posterior region. Moreover, it
encompasses the infundibulum which connects it to the pituitary gland. Surrounding the

infundibulum, the median eminence can be found.
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Fig 1. Rat brain coronal section showing hypothalamic areas. Highlighted hypothalamic areas in colors: arcuate
nucleus (ARC) in yellow, ventromedial hypothalamus (VMH) in orange, dorsomedial hypothalamus (DMH) in green

and lateral hypothalamus (LH) in gray. Adapted from (Paxinos & Watson, 1998).

The ventromedial hypothalamus (VMH) was the target of the pioneer studies of the
involvement of hypothalamus in the control of food intake were performed in 1940s. Lesions in
VMH promoted obesity and hyperphagia in rats (Hetherington & Ranson, 1942). Over time,
other lesion studies showed the importance of other hypothalamic areas in the control of food
intake and body weight, such as arcuate, lateral and paraventricular hypothalamus (Olney,

1969).
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VMH is an important hypothalamic region for central energy homeostasis and food
intake control, since it integrates nutrient availability information from peripheral tissues via
arcuate nucleus, with information from other brain areas. Other hypothalamic areas modulate
VMH signalling, such as DMH and paraventricular hypothalamus (PVH, found in the supraoptic
region), but their roles have not been completely elucidated (Woods & D’Alessio, 2008)

Electric stimulation and many substances, such as norepinephrine (Sakaguchi & Bray,
1989), glutamate (Amir, 1990) and B-hydroxybutyrate (Sakaguchi, Arase, & Bray, 1988),
modulate energy homeostasis, when administered to the VMH parenchyma. Besides existing
pharmacological approaches to study the VMH function, genetic models are also widely used to
study this hypothalamic nucleus. Steroidogenic factor 1 (SF1) is a specific marker for the VMH
area which is important for the development of this hypothalamic area. The lack of VMH
produces in SF1 defective mice reduces uncoupling protein (UCP) 1 levels in brown adipose
tissue, and thus affecting the correct thermogenic regulation (K. W. Kim et al, 2011).
Furthermore, estrogen receptor SF1-specific KO mice present a hyperphagic phenotype, with
hyperghrelinemia, increased body weight and reduced thermogenesis (Xu et al,, 2011). Another
example can be found in insulin receptor SF1-specific KO mice, which also have shown an

impaired control of energy homeostasis (Klockener et al.,, 2011).

The arcuate nucleus of hypothalamus (ARC) is considered as the key food intake
regulating area. It is located nearby the median eminence and the BBB fenestrated capillaries
which allow ARC to directly sense circulating nutrients. It contains two different neuronal
subpopulations named after the neuromodulators they produce: Neuropeptide Y(NPY)/Agouti-
related protein (AgRP)/GABA (NAG) neurons and pro-opiomelanocortin (POMC)/ Cocaine and
amphetamine regulated transcript (CART) neurons. These neuronal populations project into

other hypothalamic areas such as VMH, PVH and DMH (Bouret, Draper, & Simerly, 2004).

NAG neurons produce the NPY which increases substantially food intake (Clark, Kalra,
Crowley, & Kalra, 1984; Tatemoto, 1982). Its expression depends on the nutritional state,
increasing during fasting and being reduced when sated (Sanacora, Kershaw, Finkelstein, &
White, 1990; Swart, Michael Overton, & Houpt, 2001). Moreover, these neurons coexpress the
AgRP, which acts as orexigenic signal as well. AgRP acts as an antagonist of melanocortin
system, since it blocks melanocortin receptors MC3R and MC4R, activated by a-MSH produced
in the other POMC/CART neuronal population (Asakawa et al., 2001) (Fig 2). Besides the

aforementioned neuropeptides, GABA is co-released from NAG neurons and it has been recently
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discovered that its release acutely stimulates food intake in a neuropeptide-independent
manner (Krashes, Shah, Koda, & Lowell, 2013; Tong, Ye, Jones, ElImquist, & Lowell, 2008). The
sole activation of NAG neurons using optogenetic approaches can trigger a voracious feeding

behavior (Aponte, Atasoy, & Sternson, 2011).

GABA receptor
NPY receptor
MC receptor

GABA receptor

NAG POMC/CART
(NPY/AgQRP/GABA) neuron
neuron

Fig 2. Relationship between NAG and POMC/CART neuronal populations in ARC. NAG neurons in ARC send
inhibitory projections to secondary neurons and the anorexigenic primary POMC/CART neurons. Activation of
POMC/CART cells by leptin triggers the release of a-MSH which binds to MC4R and promotes satiety. NAG neurons
are inhibited by leptin but stimulated by ghrelin, which promotes feeding and silences firing of POMC/CART neurons.
The effect of the NAG cells is mediated by GABA, NPY and AgRP. Adapted from (Bell, Walley, & Froguel, 2005).

POMC/CART neurons exert an anorexigenic effect since they produce a-melanocyte
stimulating hormone (a-MSH) out of POMC peptide processing. a-MSH activates MC3R and
MC4R in lateral hypothalamus, which promotes satiety and reduces food intake (Cone et al,,
2001). AgRP and a-MSH are two counteracting parts of the melanocortin system controlling
food intake, since they are released to neurons in other hypothalamic nuclei such as
dorsomedial, lateral and ventromedial hypothalamus, to orchestrate an adaptive response of the
organism, by regulating energy expenditure and food intake to balance energy homeostasis

(Elmquist, 2001).
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Cerebrum

The cerebrum (or named as its original prenatal structure telencephalon in most of the
Romance languages) is the brain structure found on the diencephalon. In mammals, the
cerebrum is the area which directs the conscious voluntary motor functions of the body in the
motor cortex. It also receives and processes visual, auditory, somatosensory, gustatory and
olfactory information in the primary sensory areas of the cerebral cortex, which with the
association cortical areas generate the perception of our environment. Communication,
language, learning and memory are related to the cerebrum. Broca’s and Wernicke’s areas
control to communication and language. Hippocampus and regions of the medial temporal lobe

are needed for learning processes and memory.

The cerebrum is composed out of two hemispheres, separated by the falx cerebri, which
is in the longitudinal fissure. Both hemispheres have a gray matter external part, which is 2 to 4
mm wide and contains millions of neurons despite the reduced space, and a white matter inner
part engulfing gray nuclei within. The cerebral cortex is formed by this gray matter external
part, and presents gyri and sulci which increase the total surface of the cerebral cortex creating
more space to contain neurons. It contains highly specialized areas which process specific
signals: sensory areas, located mainly in the posterior part of both hemispheres; motor areas,
whose efferences flow from the anterior part of both hemispheres, and amongst many others it
includes the Broca’s area; and association areas, which allow to produce a meaningful
perceptual experience and encompass some motor and sensory areas, together with a large
portion on the lateral surface of occipital, parietal and temporal lobe, and the frontal lobe before

the motor areas

Energy metabolism and amino acid neurotransmitter metabolism in

neurons

The brain and the CNS in general have high energy needs. Actually the 20% of the
metabolized oxygen and around the 60% of the glucose is metabolized by the brain, which only
represents a 2% of the whole body mass. This energy is used mainly by the adenosine
triphosphate (ATP)-dependent ion pumps and other active transport processes needed to keep

nerve conduction.
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Glucose is often regarded as the only metabolite from which the brain is able to obtain
adequate amounts of ATP through aerobic glycolysis and subsequent terminal oxidation to
carbon dioxide and water (G A Dienel & Hertz, 2001). As neurons only have minor glycogen
reservoir, they depend on a constant supply of glucose from the blood. A severe drop in the
blood glucose or oxygen levels rapidly leads to a drop in the ATP level in the brain. This results
in loss of consciousness and neurological deficits that can lead to death. The effects of a brief
period of hypoxia are still reversible, but as time progresses irreversible damage increasingly
occurs and eventually a complete loss of function. During starvation, the brain can use ketone
bodies in addition to glucose to form ATP. This saves glucose and reduces the breakdown of

muscle protein that maintains gluconeogenesis in the liver during prolonged starvation.

Nonetheless, mitochondria do not oxidize and obtain energy from a single substrate, but
from a mixture of substrates depending on the metabolic situations, hormonal status and cell
type. Because of the basic mitochondrial function, most of cells can obtain energy from different
nutrient functions: carbohydrates, fatty acids and amino acids, but in the case of neurons and
astrocytes, the variations in basic biochemistry are important for the adaptation of
mitochondrial metabolism to cell specialization. In neurons, the role of fatty acids seems to be
limited, despite being described as crucial for certain processes (Panov, Orynbayeva, Vavilin, &
Lyakhovich, 2014). Nutrient availability in brain is an extremely controlled process, since it is
necessary to keep a tightly regulated microenvironment for a reliable neuronal signaling
(Ballabh, Braun, & Nedergaard, 2004; Kasser, Deutch, & Martin, 1986). The BBB is the structure
responsible for this control, which acts as a metabolic border and inactivates many circulating
neuroactive compounds (el-Bacha & Minn, 1999; Kasser et al, 1986). Nonetheless,
hypothalamic nuclei have a relatively easy access for many circulating nutrients and peptide
hormones, since it presents the fenestrated capillaries in the BBB (Lam, Schwartz, & Rossetti,
2005). Actually, hypothalamic fatty acid metabolism is regarded as a sensor for nutrient
availability which modulates whole body energy homeostasis through the control of nutritional,

hormonal and neurotransmitter signals (Lam et al., 2005)

However, glucose is regarded as the most important circulating substrate used as a
source of energy by the adult regular brain (G A Dienel & Hertz, 2001). At most, glutamate-
stimulated aerobic glycolysis in astrocytes yields lactate to be further oxidized in neuronal
mitochondria. This system is known as the astrocyte-neuron lactate shuttle (ANLS) (Pellerin &

Magistretti, 2012). Nevertheless, phosphorylative oxidation produces up to 3 times more ATP
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than glycolytic pathway in astrocytes and should be regarded as a major source of energy for
the complex astrocytic energy demands (Gerald A Dienel & Cruz, 2004). The stoichiometric
mismatch between oxygen consumption and glucose and glycogen oxidation suggest that other

sources of carbon are oxidized to obtain energy (Gerald A Dienel & Cruz, 2004).

Fatty acids and carnitine can go through BBB to oxidize fatty acids, generating about
20% of total energy expenses in adult brain (Ebert, Haller, & Walton, 2003; Schénfeld & Reiser,
2013; Spitzer, 1973). Nonetheless, fatty acid -oxidation (FAO) in brain energy metabolism is
often dismissed and generally it is believed to occur almost exclusively in astrocytes (Ebert et
al,, 2003). Besides glucose and fatty acids, amino acid neurotransmitters, such as glutamate and
GABA may enter into tricarboxylic acid (TCA) cycle in both neurons and astrocytes to be
oxidized, and in the case of glutamate, it is responsible for easing to reach maximal oxidative
phosphorylation rates (Panov et al., 2009; Tillakaratne, Medina-Kauwe, & Gibson, 1995). More
than 50% of synaptic cleft-released glutamate is removed by postsynaptic transporters in
cerebellum, forebrain and midbrain (Auger & Attwell, 2000; Massie et al, 2008). Since
postsynaptic glutamate reuptake occurs in hippocampus as well (Furness et al., 2008), this
suggests this processes may happen in most brain regions. Consequently, mitochondria found in
neurites may metabolize significant amounts of glutamate, besides pyruvate (Panov et al,

2009).

When it comes to GABAergic neurons, GABA reuptake betides even in a greater extent
than glutamatergic reuptake (Bak, Schousboe, & Waagepetersen, 2006). Moreover, GABA
degradation can happen in both neurons and astrocytes, through the entrance in tricarboxylic
acid (TCA) cycle in the form of succinate, which is formed by the action of the GABA shunt
enzymes (Bak et al,, 2006; Tillakaratne et al., 1995).

GABA shunt and glutamate-glutamine cycle

As we mentioned before, besides glutamate role as a major excitatory neurotransmitter,
it is an important metabolite in several metabolic pathways, including amino acid metabolism,
energy metabolism and GABA synthesis. Both glutamate and GABA are synthesized in the brain

itself, using both neurons and neuroglia to do so.
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Since glutamate and GABA as neurotransmitters must not appear in the extracellular
space in an unregulated manner, the astrocytes supply glutamatergic and GABAergic neurons
with glutamine as a precursor for both (Reubi, Van Der Berg, & Cuénod, 1978), produced by the
action of glutamine synthetase on glutamate in astrocytes (Riepe & Norenberg, 1978;

Sonnewald et al,, 1993) (Fig 3).

Unactive glutamine is transported into the neuron. There it is hydrolyzed by
glutaminase to form glutamate again. In glutamatergic neurons, this is stored in small synaptic
vesicles (SSV) by the action of vesicular glutamate transporters (VGLUT) to be released when
stimulated. In GABAergic neurons, glutamate is recovered through a glutaminase as well, but
subsequently it is decarboxylated into GABA, by glutamic acid decarboxylase (GAD). GABA to be
released is stored into SSV as well, by vesicular GABA transporter (VGAT).
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Fig 3. Release and uptake of neurotransmitters in glutamatergic and GABAergic synapses interacting with an
astrocyte. GAD glutamate decarboxylase, GLN glutamine, GLU glutamate, GS glutamine synthetase, KG a-
ketoglutarate, PC pyruvate carboxylase, PDH pyruvate dehydrogenase, TCA tricarboxylic acid. PYR pyruvate. OAA
oxaloacetate. Adapted from (Walls, Waagepetersen, Bak, Schousboe, & Sonnewald, 2015)

Most of the GABA found in the synaptic cleft is recovered by transporters found in
presynaptic neurons, and to a lesser extent into astrocytes (Hertz & Schousboe, 1987; Arne
Schousboe, Bak, & Waagepetersen, 2013). Actually this recovered GABA is the predominantly

found in the vesicular GABA quantum (Gram, Larsson, Johnsen, & Schousboe, 1988). Thus, the
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loss of carbon skeletons from GABAergic neurons to astrocytes is reduced compared to
glutamatergic neurons, which rely more in glutamine transfer (Walls et al., 2015). When new
glutamate or GABA have to be generated, neurons preferentially use pyruvate as the anaplerotic
substrate for its generation, via TCA cycle a-ketoglutarate (Cesar & Hamprecht, 1995; Yu,
Drejer, Hertz, & Schousboe, 1983).

There are three pathways controlling cytoplasmic GABA content, besides GABA
reuptake: GABA transport into small synaptic vesicles to be released, via vesicular GABA
transporter (VGAT); glutamic acid decarboxylase (GAD) activity which is the canonical pathway
to generate GABA from glutamate, and GABA shunt, which is an alternative pathway to supply
carboxylic acids to TCA cycle and to enhance energy production in situations in which classical

glucose/lactate pathway is compromised (Fig 4).
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Fig 4. Processes involved in GABA metabolism. GABA content is controlled by three pathways; GABA transport
into small synaptic vesicles controlled by vesicular GABA transporter (VGAT); glutamic acid decarboxylase (GAD)
activity which is the canonical pathway to generate GABA from glutamate, and GABA shunt, catalyzed by succinate

semialdehyde dehydrogenase (SSADH) and GABAT (GABA transaminase).

GABA shunt has been described to be activated after brain ischemia (Kang et al., 2002;
Seo et al, 2009), epileptic seizures (Kang et al, 2003; Yogeeswari, Sriram, &
Vaigundaragavendran, 2005) and in Alzheimer’s disease (Lanctdt, Herrmann, Mazzotta, Khan, &

Ingber, 2004). GABA shunt is a well-characterized pathway found in plants, microorganisms and
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vertebrates, which is highly conserved amongst them (Fait, Fromm, Walter, Galili, & Fernie,
2008; Mamelak, 2012; Michaeli et al.,, 2011). It consists of two enzymes, GABA transaminase
(GABAT) and succinic semialdehyde dehydrogenase (SSADH), which are located both in
mitochondria (Hearl & Churchich, 1984; A Schousboe, Hertz, & Svenneby, 1977).

GABAT catalyzes the reaction in which GABA and a-ketoglutarate are converted into
succinic semialdehyde and glutamate (A. Schousboe, Wu, & Roberts, 1974). This enzyme is an
already druggable target, whose irreversible inhibition by vigabatrin is used to treat epilepsy
(Hammond & Wilder, 1985). GABAT activity and expression regulation are not completely
elucidated, but ketone bodies are responsible for the reduction of both in rat primary astrocytes
(Suzuki et al, 2009), which would explain the reduction in epileptic seizures in patients
following ketogenic diets (Hartman, Gasior, Vining, & Rogawski, 2007). GABAT deficiency in
humans is extremely rare and causes elevated levels of GABA along severe psychomotor
retardation, seizures, hypotonia and hyperreflexia (Jaeken et al, 1984; Tsuji et al., 2010).
Recently, in GABAT deficient patients, it has been reported to be essential for mitochondrial
nucleoside metabolism, since it facilitates the conversion of dNDPs to dNTPs in the nucleoside
salvage pathway (Besse et al., 2015). In this study, they show that vigabatrin is able to cause

mitochondrial DNA depletion, which is rescued with dNTPs media supplementation.

The succinic semialdehyde formed by GABAT is rapidly converted to succinate by
SSADH, generating NADH (Albers & Koval, 1961; Chambliss, Zhang, Rossier, Vollmer, & Gibson,
1995). Its deficiency has been extensively studied in humans, with several mutations
characterized (Akaboshi et al, 2003; Malaspina, Picklo, Jakobs, Snead, & Gibson, 2009).
Clinically, patients with reduced SSADH activity present high levels GABA and Y-
hydroxybutyrate (GHB) in brain and even GHB aciduria. This provokes severe neurological
disorders, such as ataxia and seizures, caused by disturbances in neuronal energy metabolism
and increased oxidative stress. The mouse models of SSADH deficiency show similar defects to
those present in SSADH-deficient patients (Pearl, Gibson, & Cortez, 2009). SSADH activity is
highly sensitive to reactive oxygen species (ROS), since lipid peroxidation products, such as 4-
hydroxynonenal, act as potent inhibitors of SSADH in rat brain mitochondria (Nguyen & Picklo,
2003).

In Drosophila melanogaster, the lack of GABAT promotes an accumulation of GABA
which increases sleep and surprisingly, it also disrupts mitochondrial bioenergetic activity,

since there is a reduction in TCA intermediates, NAD+/NADH and ATP levels (Maguire et al.,
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2015). All this effects are reversed with glutamate supplementation, but not with semialdehyde

succinate.

In neurons and astrocytes, anaplerotic pathways are essential for replenish losses of
TCA intermediates. It has been calculated that around a 60% of astrocytic TCA cycle
intermediates are continuously lost as glutamine (Hassel, Westergaard, Schousboe, & Fonnum,
1995). Besides glial cells, neurons may lose TCA intermediates through an export of citrate to
the extracellular fluid (Hassel et al.,, 1995; Westergaard et al., 1994). A net loss of TCA cycle
intermediates would reduce the oxidative capacity of the cell. With the less a-ketoglutarate, the
less ATP is formed, because of the reduction in citrate needed in TCA cycle (Gatfield, Lowry,

Schulz, & Passonneau, 1966).

GABA metabolism and fasting

Several researchers have approached to assess changes in GABA metabolism in different
areas due to fasting. Three rat models had their GABA shunt and GAD activity assessed in
hypothalamic nuclei: hyperphagic leptin receptor-deficient fa/fa Zucker rats, hyperphagic
streptozotocin-induced diabetic rats and diet-restricted rats (Beverly & Martin, 1989). All the
models show increased GAD activity in VMH and no changes in LH. Moreover, GABA shunt
activities are increased in VMH from diet-restricted rats and fa/fa Zucker rats; but
streptozotocin-induced diabetic rats show reduced GABA shunt in contrast. GABA shunt in LH
seems to be unaffected, just like GAD activity (Beverly & Martin, 1989). Ghrelin raise and insulin
drop are two of the events which appear in diet-restricted rats. Insulin production loss appears
in streptozotocin-induced diabetic rats (Rerup, 1970). And leptin sensitivity due to a mutation
in leptin receptor is the key characteristic of fa/fa Zucker rats (K Takaya et al., 1996). All these
suggest that GABA metabolism can be modulated in hypothalamus in endocrine way.
Nonetheless, one can wonder whether the definition of VMH for Beverly et al referred to MBH,
encompassing both VMH and arcuate nucleus, since GABAergic neurons have been described
only in ARC and VMH has been described to be mainly glutamatergic (Schone & Burdakov,
2012).

The reduction of testis size and testosterone due to food restriction was explained by an

increase in GABA metabolism in VMH (Leonhardt, Shahab, Luft, Wuttke, & Jarry, 1999). Male
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rats, with a daily intake reduced to 8 g of normal chow, show a 35% reduction in body weight
and 15% in testis weight. The authors claim that food restriction induces a 90% reduction of
luteinizing hormone secretion, which produces a similar testosterone decrease. The researchers
assess the expression of several GABA metabolism enzymes in MBH and preoptic area (POA).
They observed a 2-fold increase in GAD1 mRNA and a similar increase in astrocytical

glutaminase, with no changes in the POA (Leonhardt et al., 1999).

A mild caloric restriction to a 90% of recommended intake can increase around 45% in
GAD expression in several brain areas (Cheng, Hicks, Wang, Eagles, & Bondy, 2004). Inferior and
superior colliculus show a 1.4-fold increase in GAD67 expression due to caloric restriction. A
1.75-fold increase in GAD67 in cerebellum is described as well. Moreover, GAD65 is increased in
1.5-fold in temporal cortex and 1.2 fold in superior colliculus. The authors expected to see more
changes due to ketogenic calorie-restricted diets in GAD expression, but only mild increases in

GAD67 were found in striatum, differentially (Cheng et al., 2004).

Some years ago, the effect of food restriction was assessed in cortical GABAergic
neurons from adult rats (Spolidoro et al., 2011). Rats were given divided into two groups one of
which was given ad libitum access to normal chow diet only every two days for 24h, while the
control gorup was fed ad libitum stricto sensu. Their daily mean food intake was reduced in a
25%, which translated in a 83% reduction in body weight and a 2-fold increase in circulating
corticosterone. Interestingly, this intervention causes a 84% reduction of GABA release in
cortical tissue and a 20% reduction in GAD65 expression in visual cortex. The authors prove
that this produces an increase in synaptic plasticity in a BDNF-independent manner (Spolidoro

etal, 2011).

More recently, GAD1 mRNA which codifies for GAD67 has been described as a good
indicator of GABA release in arcuate nucleus of the hypothalamus (ARC) in mice (Dicken,
Hughes, & Hentges, 2015). GAD1 mRNA and GABA release from NAG neurons is increased after
fasting in mice. It promotes a reduction of POMC/CART neurons activation, due to an increase of
readily releasable GABA pool from NAG neurons (Dicken et al.,, 2015). Moreover as we explained
previously, GAD1 mRNA, which codifies for GAD67 to produce GABA out of glutamate in
neurons, seems to be a good indicator of GABA release in hypothalamus. GAD1 mRNA and GABA
release from NAG neurons is increased after fasting in mice. It promotes a reduction of
POMC/CART neurons activation, due to an increase of readily releasable GABA pool from NAG
neurons (Dicken et al.,, 2015).
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Even more recently, a 70% caloric restriction has been reported to promote a 3-fold
increase in circulating octanoyl-ghrelin (J. A. Bayliss et al., 2016) The authors affirm that caloric
restriction-driven ghrelin increase is the main neuroprotective factor of caloric restriction in
Parkinson’s disease. Moreover they affirm that it requires activation of AMPK due to ghrelin for

this neuroprotective benefits (]. A. Bayliss et al., 2016; Jacqueline A. Bayliss & Andrews, 2013).

Ghrelin

Ghrelin (whose INN as exogenous drug is lenomorelin) is an octanoylated 28 amino acid
peptide expressed mainly in stomach. It was first described in 1999 as the endogenous ligand of
growth hormone stimulating receptor (GHSR) (Kojima et al., 1999). GHRL gene encodes a
preprohormone, preproghrelin with 117 amino acids, which can be cleaved in two regions
which become two different hormones: ghrelin (28 residues in the most common variant) and
obestatin (23 residues) (Kanamoto et al, 2004) (Fig 5). When discovered, obestatin was
described to antagonize the effects of ghrelin, promoting a reduction in intestinal motility and a
decrease in food intake (J. V Zhang et al., 2005), but the receptor mediating in this effect is a

source of discussion.

Ghrelin is the only peripheral hormone described to the date with orexigenic effects.
(Nakazato et al,, 2001; Sun, Wang, Zheng, & Smith, 2004; Wren et al,, 2001). To do so, it needs to
be in an activated form as octanoyl-ghrelin, whose formation is controlled by ghrelin O-
acyltransferase (GOAT). GOAT actually can use as substrate hexanoyl-CoA, octanoyl-CoA and
decanoyl-CoA as acylating agents on Ser3 (Hosoda, Kojima, Mizushima, Shimizu, & Kangawa,
2003; Kojima et al., 1999), but octanoyl-ghrelin is the most abundant variety, despite hexanoyl-
ghrelin is thermodynamically most efficient product (Ohgusu et al., 2009). The length of the
fatty acid used to acylate ghrelin alters GHSR activation and affects its physiological effects.
Both octanoyl- and decanoyl-ghrelin are activators of GHSR (Heppner et al, 2012). The
synthesis of octanoyl-ghrelin is produced mainly in endoplasmic reticulum of stomachal X/A-
like cells in which both ghrelin/obestatin preprohormone gene and GOAT are expressed
(Gutierrez et al,, 2008; Yang, Brown, Liang, Grishin, & Goldstein, 2008). Dietary medium-chain
triacylglycerols seem to be the origin of octanoyl-CoA used for acylation (Kirchner et al., 2009),

since these can be directly absorbed with no need of intestinal lipases action. Actually, an
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increase in medium-chain triacylglycerols dietary intake, promotes an increase in circulating
acyl-ghrelin levels (Nishi, Mifune, & Kojima, 2012) and this could be used as an strategy to
modulate ghrelin’s effect. Interestingly, there is a 9 to 1 ratio between desacyl-ghrelin and active
ghrelin in blood, probably due to the shorter half-life of active ghrelin (Akamizu et al., 2005).
Recent evidence indicates that desacyl-ghrelin to be a functional inhibitor of active ghrelin

(Delhanty et al., 2015).

Feature Position Length Description Graphical view
Signal peptide 1-23 23 Removed in mature form

Peptide 24-51 28 Ghrelin (28 aa)

Peptide 24-50 27 Ghrelin (27 aa)

Propeptide 52-75 24 Removed in mature form

Peptide 76-98 23 Obestatin

Propeptide 99-117 19 Removed in mature form

Lipidation 26 1 0-acyl serine; alternate

Fig 5. Scheme of GHRL processing to form octanoyl-ghrelin and obestatin. Adapted from UniProtKB - Q9UBU3
(GHRL_HUMAN)

Strikingly, despite ghrelin and GOAT colocalize, their expression is not simultaneous:
prolonged fasting increases ghrelin expression, but decreases GOAT at the same time,
promoting a high desacyl-ghrelinemia (Kirchner et al., 2009). Thus GOAT-ghrelin system acts as
a nutrient sensor by using dietary absorbable TAG, leading to a careful regulation of growth

signals and nutrient use (Kirchner et al.,, 2009; Nishi et al., 2012).
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Ghrelin receptor

Ghrelin is an example of a hormone whose receptor, GHSR, was discovered before the
hormone itself. In 1980s, exogenous synthetic methionine-enkephalin derivatives were
synthesized and show an effect stimulating growth hormone (GH) release (Bowers et al., 1980;
Momany et al.,, 1981), independently to somatostatin/somatoliberin pathway (Bowers et al,,
1990). These molecules promote GH release by acting in pituitary and arcuate hypothalamus.
Because of that they are called growth hormone releasing peptides (GHRPs).

One of these GHRPs, ibutamoren, was used to identify its receptor, GHSR1a (Howard et
al,, 1996). GHSR1a is a 366 residue variant encoded by the GHSR gene, found in humans in the
third chromosome. A splicing process can befall GHSR mRNA, producing two proteins: GHSR1a,
the sole active ghrelin receptor, and GHSR1b, a 289 amino acid variant, which lacks a third
intracellular loop which blunts its capacity of coupling G-proteins (C. R. Y. Cruz & Smith, 2008;
McKee et al,, 1997).

GHSR1a activation triggers phospholipase C producing inositol triphosphate and
subsequently opening of calcium channels from endoplasmic reticulum for signal transduction
(Guan et al., 1997; Smith et al,, 2011). This occurs only by the docking of octanoyl-ghrelin, with
no effect from desacyl-ghrelin at physiological concentrations (Broglio et al., 2003; Gauna et al,,
2007). This medium chain acyl may favor ghrelin to interact with GHSR1a, by attracting the

hormone to the lipidic cell surface (Staes et al., 2010).

The expression of GHSR1a is located predominantly in pituitary gland, hypothalamus
(mainly ventromedial and arcuate, but also dorsomedial, lateral and paraventricular
hypothalamus), hippocampus, ventral tegmental area and raphe nuclei, and when it comes to
peripheral expression GHSR1a mRNA has been detected in pancreatic islets, adrenal glands,
thyroids and myocardium (Guan et al, 1997; Zigman, Jones, Lee, Saper, & Elmquist, 2006).
Recent studies using transgenic mice expressing eGFP controlled by GHSR promoter suggest
that the receptor is expressed in more areas in the brain than the described before (Mani et al,,
2014). Concretely, GHSR promoter-driven eGFP expression is found in several regions of
neocortex, olfactory bulb, basal ganglia and cerebellum. The authors discuss that these
differences appear due to sensitivity differences in probes used to detect mRNA and the longer
half-life of eGFP (Mani et al., 2014). Moreover, primary cortical neurons show GHSR expression

along their in vitro culture, being GHSR1a-positive a 76% of them (Stoyanova & le Feber, 2014).
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Effect of ghrelin in the CNS

Ghrelin’s main function is related to the central control of energy homeostasis and use:
promotion of food intake (Druce et al., 2005; Hotta et al., 2009; Mericq et al., 2003), increase in
body weight (Nagaya et al., 2005; Nass et al., 2008), control of glucose homeostasis (Egido,
Rodriguez-Gallardo, Silvestre, & Marco, 2002; Tassone et al., 2003) and control of GH secretion
(Kazuhiko Takaya et al., 2000). However actions on higher areas with the modulation of anxiety,
stress and sleep (Chuang et al, 2011; Lutter et al, 2008; Tolle et al, 2002) have been
increasingly studied. Moreover ghrelin has direct effects on peripheral tissues, whose effects are

synergistic with those exerted in the CNS: promotion of adiposity (Tschop et al., 2000).

Ghrelin has been shown to have an important role in the regulation of other central
processes such as cognition (Zane B. Andrews, 2011), sleep (Kluge et al., 2008), reward circuits
(Jerlhag et al., 2009) and mood (Chuang & Zigman, 2010). Moreover, it has been suggested to be
involved in disorders related to addiction (Jerlhag et al, 2006; Vengeliene, 2013), anxiety
(Steiger, Dresler, Schiissler, & Kluge, 2011), neurodegeneration (Frago et al., 2002; Gahete,
Cordoba-Chacén, Kineman, Luque, & Castafio, 2011) and eating disorders (Atalayer, Gibson,
Konopacka, & Geliebter, 2013). The action of ghrelin in such processes implies it to reach extra-
hypothalamic areas, away from hypothalamic fenestrated capillaries. To do so, ghrelin is
actively transported through the BBB (Banks, Tschop, Robinson, & Heiman, 2002). This
transport between plasma and CSF is not fast and it actually seems to be delayed in time

(Grouselle et al., 2008).

The protective effect of ghrelin in neurodegenerative diseases was proposed soon after
its discovery (Frago et al., 2002). Ghrelin has been described to enter the hippocampus and
promote dendritic spine synapse formation there (Diano et al, 2006). Hippocampal
neurogenesis is promoted by ghrelin both in in vivo and in vitro experiments (Davis, Choi, Clegg,
& Benoit, 2011; Stoyanova & le Feber, 2014). The physiological implication of such observations
implies that ghrelin can enhance memory and spatial learning in rodents (Davis et al,, 2011;
Diano et al, 2006). The molecular mechanisms of ghrelin neuroprotective and antiapoptotic
properties seem to be related to mitochondrial metabolism modulation (Zane B Andrews et al.,
2009). This agrees with mitochondrial dysfunction implicated in pathogenesis of

neurodegenerative diseases (Ghavami et al., 2014).
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Besides its orexigenic effect in hypothalamus, ghrelin has been described to enhance
motivation for food intake, since it mediates in the rewarding effect of palatable food (Egecioglu
et al, 2010; Jerlhag et al, 2006; Perello et al., 2010). Ghrelin mediates stress-induced food
reward and several authors hypothesize about an overlap between physiological mechanisms
regulating food and drug reward (Morganstern, Barson, & Leibowitz, 2011). Systemic
administration of ghrelin causes dopamine release in nucleus accumbens, which leads to
hedonic feeling of reward needed for addiction development (Jerlhag et al., 2006; Ross &
Peselow, 2009). Moreover, GABAergic neurotransmission in amygdala is increased after local
application of ghrelin in rats, which mimics in alcoholism process (M. T. Cruz, Herman, Cote,
Ryabinin, & Roberto, 2013). Mechanistically, GHSR1a seems to be mediating such effects
(Jerlhag, Janson, Waters, & Engel, 2012) and ghrelin reinforces behaviors, since promotes
learning effects involved in addictive behavior in rodents (Egecioglu et al., 2010). In humans,
ghrelinemia is elevated in early abstinent alcohol-dependent patients (D. ]J. Kim et al,, 2005).
Moreover, certain polymorphisms in GHSR1a are associated to alcoholism (Landgren et al,,

2008).

Ghrelin relationship with anxiety processes is controversial, since some studies suggest
an anxiolytic effect for ghrelin (Alvarez-Crespo et al., 2012; Lutter et al., 2008; Spencer et al,,
2012), while others propose anxiogenic effect for this hormone (Asakawa et al,, 2001; Carlini et
al, 2002; Currie, Schuette, Wauson, Voss, & Angeles, 2014; C. Hansson et al., 2011). Some
authors state that ghrelin exerts a dual effect, both anxiogenic and anxiolytic depending on the
conditions (Meyer, Burgos-Robles, Liu, Correia, & Goosens, 2014). Actually some aspects, such
as the way of administration may explain this dissonance in observations: most of the studies
showing anxiolytic effects had ghrelin administered peripherally (Lutter et al., 2008; Spencer et
al, 2012), while centrally injected ghrelin seems to exert an anxiogenic effect (Carlini et al,,
2002; Currie et al,, 2014; Meyer et al., 2014). Parallelly, central administration impairs sleep
(Szentirmai, Hajdu, Obal, & Krueger, 2006) and peripheral administration promotes it (Kluge et
al, 2010). Moreover, variations may occur depending the dose, timing and concrete place of
central administration (Chuang & Zigman, 2010). Moreover, a polymorphism in GHRL gene has

been associated to panic disorder in humans (Caroline Hansson et al.,, 2013).

Ghrelin orexigenic effect has been proposed to be exerted mainly in a GHSR1a-mediated
manner, by its stimulation in arcuate and ventromedial hypothalamus, to increase expression of
AgRP and NPY, orexigenic neuropeptide (Z B Andrews et al., 2008; Kamegai et al,, 2001; R Lage
et al, 2010; Nakazato et al., 2001; Ramirez et al., 2013). Moreover, ghrelin has been reported to
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inhibit the firing of postsynaptic POMC neurons by increasing the release of GABA (Tong et al,,
2008). To support that, a reduction of GABA output has been reported in ex vivo hypothalamic
cells from fasted animals as well, which correlates with changes in GADs (Dicken et al., 2015,

2012).

AMPK-ACC axis in VMH and ARC: the malonyl-CoA hypothesis

Brain lipid metabolism has emerged to be one of the important elements in the central
regulation of food intake control (Z B Andrews et al, 2008; Gao, Serra, Keung, Hegardt, &
Lopaschuk, 2013; Miguel Lopez et al, 2008; S Obici, Feng, Arduini, Conti, & Rossetti, 2003;
Silvana Obici et al., 2002; Ramirez et al.,, 2013) and it seems to be a clear downstream element
for ghrelin’s effect on food intake and energy homeostasis, especially when it comes to the
control of neuropeptide orexigenic signalling. Moreover, some of this hormones, such as ghrelin,
have been described to have central extra-hypothalamic functions which can be related directly
or indirectly with the food intake modulation, but also with other pathologies (Zane B. Andrews,
2011; Wittekind & Kluge, 2014). The molecular mechanisms involved in ghrelin orexigenic
effects are not completely understood, but hypothalamic AMP-dependent protein kinase
(AMPK) has a key role (Andersson et al.,, 2004; Kola et al., 2008; Ricardo Lage, Diéguez, Vidal-
Puig, & Lépez, 2008). The importance of VMH and ARC in energy homeostasis resides in their
role as a metabolic sensor, which allows the adaptation of body to respond to changes in
metabolic state. To this end, AMPK is the key hub for this metabolic sensing, since it is activated
by high AMP levels in low energy situations (Ferrer, Caelles, Massot, & Hegardt, 1985). In most
tissues, AMPK triggers the metabolic switch to FA use for ATP production (Hardie, Corton,
Ching, Davies, & Hawley, 1997). In the VMH and ARC, it modulates energy expenditure and food
intake, when activated both by high AMP or direct phosphorilation. Its role has been thoroughly
explored, since a decrease in AMPK activity in VMH activates thermogenesis via an increased
sympathetic activity onto on BAT (Martinez de Morentin et al.,, 2014). Moreover, overexpression
of downstream effectors of AMPK, such as CPT14, in VMH produces hyperphagia and
overweight in rats (Mera, 2012). Downstream AMPK activation promotes acetyl-CoA
carboxylase (ACC) inactivation, which produces two effects: on the one hand, it halts lipogenesis
since its precursor formation, namely malonyl-CoA4, is blocked with by ACC phosphorylation
(Kahn, Alquier, Carling, & Hardie, 2005). While on the other hand the less malonyl-CoA is
produced, the less neuronal CPT1 isoforms are inhibited (Zammit, 2008) (Fig 6).
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Fig 6. GHSR1a downstream activation pathway in arcuate NAG neurons. Ghrelin stimulates the AMPK-ACC-
malonyl-CoA axis, leading to decreased levels of hypothalamic malonyl-CoA, the CPT1 brain isoforms. GHSR1a
activation promotes disinhibition of CPT1A and CPT1C, which increases FAO and promotes ceramides increase,
respectively. These metabolic changes increase mRNA expression of AgRP and NPY genes, which are involved in the

orexigenic effect of ghrelin. Adapted from (Ramirez et al,, 2013)

This is the basis for the malonyl-CoA hypothesis for the regulation of the food intake.
This hypothesis suggests that an increase in the concentration of malonyl-CoA in hypothalamus
act as a satiety intracellular signalling, which reduces food intake. Consequently, a reduction in
malonyl-CoA triggers hyperphagia (Hu, Cha, van Haasteren, Wang, & Lane, 2005; Hu, Daj,
Prentki, Chohnan, & Lane, 2005; Wolfgang & Lane, 2006). Malonyl-CoA levels change in
hypothalamus depending on the nutritional state, which suggests that malonyl-CoA could have
something to do with feeding behavior control (Hu, Cha, Chohnan, & Lane, 2003). Fatty acid
synthase (FAS) inhibitors, which promote its substrate malonyl-CoA accumulation, have
anorexigenic effects (Loftus et al., 2000; M. Lépez et al.,, 2006). Moreover, overexpression of
malonyl-CoA decarboxylase (MCD), which reduces malonyl-CoA levels, promotes hyperphagia
(Hu et al., 2003). And leptin anorexigenic effect seems to be related to ACC activation, which

increases malonyl-CoA (Gao, Keung, et al,, 2011).
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Carnitine palmitoyltransferase system as key element of fatty acid 8-

oxidation

The CPT system is made up of two enzymes which catalyze two transesterification
reactions by which long chain fatty acyl (LCFA)-CoA are converted into LCFA-carnitine, to ease
their entrance into mitochondrial matrix via carnitine/acylcarnitine translocase (CACT), and
then it is transesterified back to LCFA-CoA in the mitochondrial matrix. There LCFA-CoA can
proceed to ongoing FAO (McGarry & Brown, 1997). The two transesterification enzymes,
namely CPT1 and CPT2, are located in the outer mitochondrial membrane and in the inner
mitochondrial membrane, respectively (Fig 7). The three aforementioned enzymes ease the
translocation of LCFA-CoA into mitochondria, which avoids futile processes between fatty acid

synthesis and FAO (Ramsay, Gandour, & van der Leij, 2001).

CPT1 is tightly regulated by its physiological inhibitor malonyl-CoA, thus CPT1 is the key
regulation point of FAO. Malonyl-CoA is generated as the first intermediate in lipogenesis, which

is another way to avoid futile processes in the lipid generation and oxidation.

Mammals express three CPT1 isoforms, which are encoded in different genes and
present differential biochemical characteristics as well as different tissue distribution.
Nonetheless, only two CPT1 isoforms are expressed in the brain, both putatively inhibitable by

malonyl-CoA: CPT1A and CPT1C.

CPT1A is the most widely distributed isoform, which can be found in liver, lungs,
pancreas, bowel, kidneys, ovaries and brain (McGarry & Brown, 1997). Its gene is located in
chromosome 11 and codifies for a 773 residues protein whose molecular mass is 88 kDa
(Britton et al.,, 1997; Esser, Britton, Weis, Foster, & McGarry, 1993). It resides in mitochondria in
neurons and astrocytes. It is responsible for translocation of LCFA-CoA into the mitochondrial
matrix in brain (Zammit, 2008) and its malonyl-CoA IC50 is around 3-30 pM (McGarry, Mills,
Long, & Foster, 1983).

CPT1B, which is the non-neural isoform, is expressed in rat in skeletal muscle, heart,

BAT, WAT and testis (Gao, Keung, et al., 2011; Lavrentyev, Matta, & Cook, 2004). Its sensitivity
to malonyl-CoA is around 30-fold higher than the other isoforms (McGarry et al., 1983).
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CPT1C is mainly found in the brain, but also in testis. It is encoded by a gene in the
chromosome 19, which was described as a CPT1 gene because of its similitude with CPT1A
(70%) and CPT1B (66%) (Price et al,, 2002). No orthologous sequences of CPT1C can be found
in other species but mammals, which suggests a specific function in more evolved brains (Price
etal,, 2002; Sierra et al., 2008). Despite having all the residues conferring CPT1 catalytic activity
and malonyl-CoA sensitivity, it was described to lack any carnitine acyltransferase activity
(Price et al., 2002; Wolfgang & Lane, 2006). Nonetheless, an affinity constant for malonyl-CoA
was described (0.3 uM) which is within the hypothalamic malonyl-CoA concentration range

(0.1-1.4 pM) (Wolfgang & Lane, 2006). CPT1C is embedded in endoplasmic reticulum with a
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really low transesterification catalytic activity in vitro (Sierra et al., 2008). The fact that previous
studies tried to find CPT1C activity in mitochondria might explain the unsuccessful results to

detect it (Price et al., 2002; Wolfgang & Lane, 2006).

In any case, AMPK, through CPT1A as well as CPT1C, seems to be involved in
downstream ghrelin signaling in brain (Lane, Wolfgang, Cha, & Dai, 2008). Moreover, both
isoforms have been reported to affect peripheral tissues, including BAT amongst others (Mera,
2012; Wolfgang & Lane, 2006). Ghrelin has been described to modulate ceramide metabolism in
hypothalamus through CPT1C, which is moreover responsible for changes in NPY and AgRP
expression (Ramirez et al., 2013). Ghrelin was previously described to depend on UCP2 to
trigger NPY and AgRP expression as well (Z B Andrews et al., 2008). In this case, the authors
suggest that downstream events to GHSR1a activation are sequentially AMPK activation, ACC
phosphorilation and subsequent malonyl-CoA reduction. This would increase CPT1A activity
and FAOQ. The increased FAO in neurons would trigger UCP2 activation in order to buffer ROS,
which would let NAG neurons to obtain enough energy from FAO to activate its firing and thus
promote food intake through NPY and AgRP release (Z B Andrews et al,, 2008). This work
became controversial, when proposing that neurons would oxidize fatty acids to obtain energy.
Moreover, other works appeared, suggesting AgRP release to be dependent on autophagy
derived fatty acids, but independent from FAO (S Kaushik et al.,, 2011). They proved that CPT1A
inhibition by etomoxir did not affect AgRP release provoked by increased autophagy.
Nonetheless, this work was focused in a starvation ghrelin-independent model of AgRP release

(Singh, 2012).

CPT1AM overexpression in VMH

The role of CPT1A in VMH had preliminary studies in our group, as a part of a previous
thesis (Mera, 2012). We focused mainly on the peripheral effects of CPT1A long-term
overexpression, as well as some hypothalamic feeding control elements (Fig 8). For this
experiments we use adeno-associated viral vectors to express a malonyl-CoA-insensitive and
permanently activated CPT1A isoform, which was developed and studied extensively in our
group (Herrero et al., 2005; Lopez-Vinas et al., 2007; Malandrino et al.,, 2015; Mera et al., 2014;
Morillas et al., 2003; Orellana-Gavalda et al., 2011).
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A hyperphagic phenotype is observed due to CPT1AM overexpression in VMH (Fig
8A,B). This hyperphagia promoted a non-significant increase in body weight (Fig 8C), with
increased adiposity (Fig 8D,E). The overexpression of CPT1AM induces insulin increase and
hyperglycemia (Fig 8F,G), which is accompanied by an increase in gluconeogenic enzymes
expression in liver (Mera, 2012). Surprisingly, an increase in fasting octanoyl-ghrelin is
produced by CPT1AM overexpression in VMH, suggesting some kind of positive feedback
produced by ghrelin signalling downstream activation (Fig 8H). Strikingly, the increase in

adiposity was not accompanied with an increase in circulating leptin (Fig 8I).

When hypothalamic mechanisms were assessed, no changes are observed in the
expression of any of the feeding control hypothalamic neuropeptides during fasting (Fig 9]).
Nonetheless, an increase in ghrelin and NPY receptors expression in MBH is induced by
CPT1AM overexpression, reinforcing in the case of GHSR1a the notion of a feedback signaling
(Fig 9]). The thesis results of Dr. Mera, together with the ones shown in the first part of the
results of the present thesis, conformed a co-authored research paper, found in Publications

section (Mera et al.,, 2014).

Dr. Mera assessed in her thesis not only the overexpression of CPT1AM in VMH, but also
pharmacological inhibition by C75-CoA of CPT1A in hypothalamus (Makowski et al., 2013; Mera,
2012; Mera et al., 2009). Moreover, C75 enantiomers show differential effects, since (+)-C75 is
the only capable of inhibiting hypothalamic CPT1A, when converted to (+)-C75-CoA, and

therefore it produces an anorexic effect (Makowski et al., 2013).
In this work, we focus with more depth on the mechanistic insight of ghrelin action in

the modulation of neurotransmission in hypothalamus and cortex and the involvement of

CPT1Ain it
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AIMS

The main aim of this doctoral dissertation is the study of the role of carnitine
palmitoyltransferase 1A (CPT1A) as a downstream effector of ghrelin in hypothalamus and
cerebral cortex and to examine the mechanisms by which it modulates neurotransmission in
these brain areas. To this end, we have assessed several approaches to get a mechanistic

insight, through different specific objectives:

1. Evaluation of the hyperphagic phenotype in rats overexpressing CPT1AM in

ventromedial hypothalamus.

2. Study of the role of CPT1A as a downstream effector of ghrelin in hypothalamic

cell lines.

3. Study of the role of CPT1A as a downstream effector of ghrelin in primary

cortical neurons.
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EXPERIMENTAL PROCEDURES

1. Animals, viral vectors and cell cultures

1.1. Experimental procedures with rats

We used 10-12 weeks old male Sprague-Dawley rats (Rattus norvegicus) which were
purchased from Charles River, with weights of 260-290 grams. They were maintained with a
12h-light/dark cycle, with ad libitum water and food (Harlan Ibérica, ref. 2014) in the Unitat
d’Experimentacié Animal Facilities of the Universitat de Barcelona School of Pharmacy and Food
Sciences, where environmental conditions are controlled at 22+22C and 60% humidity. All the
experiments with rats were previously approved by the Comité Etic d’Experimentacié Animal of
the Universitat de Barcelona (CEEA-UB), whose procedures obtained the DAAM Permits #4058
and #5471.

We assessed the effect of CPT1AM overexpression in VMH on weight, food intake,
glucose metabolism, circulating amino acids and thyroidal hormones, MBH lipid composition,
MBH ROS-buffering enzymes and ER stress proteins transcripts, as well as MBH neuropeptides
and glutamate and GABA metabolism genes mRNA. To do so, we cannulated the animals after at
least 1-week post arrival quarantine to reach VMH with ongoing microinjection. 1 week later,
AAV vectors were microinjected into rats’ VMH and after another week, body weight and food
intake was monitored along their lives. 8 weeks before rats’ termination, a fast-refeeding satiety
test was performed and 4 weeks previous their sacrifice glucose tolerance test (GTT) and

pyruvate tolerance test (PTT), each to two different sets of animals, were performed (Fig 9).
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Fig 9. Scheme of the time course of the experiment.
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1.2. Stereotactic surgery

Stereotactic surgery allows reaching regions deep inside the brain with the use of
cannulae or needles in a region-specific manner. To do so, 3-dimensional coordinates referring
to Bregma point in rat’s skull had to be defined previously using Paxinos and Watson’s The Rat

Brain in Stereotaxic Coordinates (Paxinos & Watson, 1998)

1.3. Bilateral ventromedial hypothalamus cannulation

Once rats were completely anesthetized with ketamine (90 mg/kg) and xylazine (11
mg/kg), they were set in a stereotactic apparatus (Kopf Instrument, Model 900 Small Animal
Stereotactic Instrument). Once its head was shaved using an electric trimer, a longitudinal cut
was made on the head using a scalpel to find the rat’s skull. Then Bregma point was found in the
perpendicular intersection between sagittal and coronal synarthroses. Its coordinates were set
on the apparatus and used as a reference to find the area where a trephining was performed
with a thin and sharp microdriller to allow brain cannulation. In all this process it was key to
keep the area free from any connective tissue and unmoisturized. Once the burr hole was open,
a set of four smaller holes were performed, to set 4 stainless steel screws (Plastics One, ref.
screw 0-80x1-16 1212 080x062). These screws allowed fixing the cannula using dental cement.
Then the bilateral cannula (Plastics One, ref. C235G-1.5-SPC Guide DBL 26GA 1.5 mm C-C/9 mm
Below Pedestal) was introduced at a 9-mm depth and is fixed first with cyanoacrylate liquid
(Loctite, Super Glue 3 Pincel 5 g) and then permanently with high-speed drying dental cement
(Plastics One, ref. cere-AD Cerebond/cere-Tub Cerebond Mixing Tube). The coordinates for
VMH are from Bregma -2.8 mm posterior, 0.7 mm lateral and -10 mm ventral (Paxinos &
Watson, 1998). Once dried, an obturer (Plastics One, ref. C235-SPC/fit 9 mm (C235-1.5 W-0O
Proj.) was introduced into the cannula to avoid any obstruction. Both the cannula and the
obturer were protected with a plastic dust cap (Plastics One, ref. 303DCFT Dust Cap). Once the
procedure was finished, the animals were individually caged with ad libitum food and post
chirurgical drug-supplemented water, containing enrofloxacin (10%) and buprenorfin (0.3
g/400 mL) as antibiotic and analgesic, respectively. Daily monitoring was performed to follow

up the general state of the operated rats for a week.

-56 -



1.4. Adeno-associated viruses microinjection in VMH

After a post chirurgical quarantine of a week, the animals were once again anesthetized
to be set in the stereotactic apparatus, as previously stated. Thanks to a 5-uL microsyringe
(Hamilton, ref. 7633-01) adeno-associated viruses, described in following parts of this
dissertation, were injected into VMH bilaterally through the previously set cannula at a 10-mm
depth, from the skull surface. The injected volume was 1 pL in total at a 0.2 pL/min rate, with a
10-minute preinjection wait, once set the needle into the VMH parenchyma, and a 10 min wait,
once finished the injection, to avoid any reflux. The final dose was 2.5:109 pfu per injection site
in 1 pL. Once the procedure was finished, the animals were individually caged with ad libitum
food and post chirurgical drug-supplemented water, containing enrofloxacin (10%) and
buprenorphine (0.3 g/400 mL). Daily monitoring was performed to follow up the general state
of the operated rats for a week. The correct cannulation and infection was assessed postmortem

in sagittal brain sections, taking advantage of GFP expressing AAVs microinjected as control.

1.5. Cumulative Weekly Food Intake Measurement

A week after AAV microinjection, the food to be eaten by the individually caged AAV-
injected animals was monitored. To do so, the initial amount of compound pelleted fodder was
weighed at the beginning of every week, using a precision scale. At the following week,
remaining pellets were measured again with the same scale, and food was added up to the same
amount given the last week. In any case, all rats had ad libitum food supply and its consumption

was tightly monitored during the 108 days after infection until the animals’ termination.

1.6. Fast-refeeding satiety test

10 weeks after the AAV microinjection, the fast-refeeding studies were performed to
assess whether the changes in food intake were dependent or independent to sated state in our
model. To do so, animals were overnight fasted for 12 h and then refed with a preweighed
amount of pellets. Food intake was measured at 1 h, 2 h, 4 h, 8 h and 24 h after refeeding. All

measurements were weighed using the same precision scale.
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1.7. Body weight measurement

A week after AAV microinjection, the body weight of the AAV-injected animals was
monitored weekly during the 108 days after infection until the rats’ sacrifice, using every week

the same precision scale.

1.8. Glucose tolerance test

14 weeks after AAV microinjection, we assessed insulin sensitivity performing a glucose
tolerance test (GTT) in a set of animals. This test was performed after 12 h fasting, when the rats
were injected 20% glucose (Baxter, ref. 2B0124P) intraperitoneally to a final dose of 2 g/kg.
Caudal glycaemia was measured 0 min, 15 min, 30 min, 60 min 90 min and 120 min after the
glucose bolus. The glycaemia assessment was measured using a hand glucometer (Bayer,

Contour XT, ref. 83415194) and its test strips (Bayer, Contour next, ref. 84191389).

1.9. Pyruvate tolerance test

14 weeks after AAV microinjection, we assessed hepatic gluconeogenesis performing a
PTT in another set of animals. This test was performed after 12 h fasting, when the rats were
injected 0.2g/mL pyruvate (Sigma-Aldrich, ref. P5280) in phosphate-buffered solution
intraperitoneally to a final dose of 2 g/kg. Caudal glycaemia was measured 0 min, 15 min, 30
min, 60 min 90 min and 120 min after the pyruvate bolus. The glycaemia assessment was
measured using a hand glucometer (Bayer, Contour XT, ref. 83415194) and its test strips
(Bayer, Contour next, ref. 84191389).
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1.10. Serum preparation

Blood from sacrifice terminated rats was obtained after cervical dislocation using a
rodent guillotine (Kent Scientific Corporation, ref. DCAP). It was collected within 50 mL tubes
and then aliquoted into smaller volumes. The blood was kept for at least 30 min at room
temperature. Following that, it was centrifuged at 10 000 x g for 5 min at 42C. Then the
supernatant serum was aliquoted and kept at -202C for ongoing hormones and metabolites

measurements.

1.11. Mediobasal hypothalamus dissection

Once decapitated, the implanted cannula was gently detached and removed from the
skull, taking care of not damaging the brain tissue. Then the skull was open using surgical
equipment and the brain was extracted. Phosphate-buffered solution was used to gently rinse
and remove any remaining blood. Then, the brain was gently placed in a plastic rat brain matrix
(Kent Scientific Corporation, ref. RMC1), which allows to obtain sagittal cuts with a width
starting from 1 mm. Sharp matrix blades (Kent Scientific Corporation, ref. BLADE) were used to
cut a 2-mm sagittal section encompassing most of the ventromedial hypothalamus, taking as a
reference the optical chiasm to set them for the dissection. Once the section was cut, the
remaining brain was carefully removed outside the matrix and the section was extracted and
horizontally positioned. Avoiding smashing the tissue, the blade in the most rostral part was
removed exposing the section, to proceed to cut the mediobasal hypothalamus. This area is
found bilaterally in the most basal part of the brain and dissected with a crosswise cut starting
and enclosing two thirds of the 3rd ventricle up to 1.5 mm to each side of it, to obtain two

wedges. See figure 1 in Introduction for rat brain coronal section depicting hypothalamic nuclei.

1.12. Brain coronal sections for histological preparations

We proceeded to extract the brain as explained in the former paragraph. After a gentle
phosphate-buffered solution rinse, brain was fixed overnight in neutral-buffered 10% formalin
solution (Sigma-Aldrich, ref. HT5012) at 42C. Next, the brain was immersed in a phosphate-

buffered 20% sucrose solution at 42C for 18-36 h. Coronal sections with 50 um width were
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obtained using a sledge microtome-cryostat (Leika, SM2000R), using Tissue-Tek Optimal
Cutting Temperature (OCT) compound (Sakura Finetek, ref. 4583) to immobilize the brain and
give it enough rigidity to cut the sections. The different sagittal sections were gently ordered in
phosphate-buffered solution from rostral to caudal part of the brain and then mounted onto
microscope slides (Thermo Scientific, Superfrost Plus ref. #4951PLUS-001) with Shandon
Immu-Mount (Thermo Scientific, ref. 9990402) to prevent fluorescence fading and 24x60 mm

coverslips (Knittel Glaser, ref. VD1 2460 Y100A).

1.13. Potentially conditional CPT1A knockout mice generation

An important tool to find molecular mechanisms in which CPT1A might be involved is
the use of knockout mice (Mus musculus) for its gene. Due to the importance of this enzyme in
general metabolism, animals lacking both cptla alleles are not born and only heterozygous
CPT1AG/) survive (Nyman et al,, 2005). To overcome this, cell-specific CRE recombinase-driven
knockout mice have emerged as a solution for mechanistic studies, but no inducible knockout

model for CPT1A had been developed to the moment.

In our case, we took advantage of the European Conditional Mouse Mutagenesis
(EUCOMM) program whose mutant embryonic stem cells and vectors can be obtained from the
European Mouse Mutant Cell Repository (EuMMCR) and even mutant mice, from European

Mouse Mutant Archive (EMMA).

We obtained from the repository two heterozygous clones, whose reference number is
HEPDO0727_3_H09 and HEPDO0727_3_E10, which had a potentially conditional knockout for
CPT1A. In both cases, they had been obtained by homologous recombination, in a construct in
which the 5’ homology arm included the area around exon 3 and the 3’ homology arm, the area
around exon 5 (Fig 10). In any case, exon 4 is flanked by two loxP regions in what has been
called the critical region in the construct. Upstream this area, the construct includes a FRT-
flanked region which contains a NEO gene as well as a LACZ gene, for clone selection. In the
latter, it is separated with an IRES region from an alternative deletion Exon Del, which truncates
the expression of wild type CPT1A from this allele, unless it is processed by a FLP recombinase,

also known as flipase. The deletion of the FRT-flanked region makes the allele to regain CPT1A
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expression, but in a conditional knockout manner, depending on CRE recombinase activity to

lose its function again.

5’arm 3’arm
[ [ 1
FRT loxP FRT loxP loxP
—— -
Promoter-Driven Cassette ENSMUSE00000146005

FLP recombinase

5'arm 3’arm
I 1
FRT loxP loxP

SRR T pii L

CRE recombinase

5'arm

FRT loxpP
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Fig 10. Scheme of the construction present in CPT1Afrt mice (top), CPT1A(oxP/loxP) mjce (middle) and
CPT1AUUoxP/loxP); CRE mice (bottom). FRT: Target sequence for FLP recombinase; Exon Del: Internal Exon Deletion
which blocks wildtype CPT1A translation; IRES: Internal ribosome entry site; LACZ: (-galactosidase gene; pA:
Polyadenylation sequence; loxP: Target sequence for CRE recombinase; hBactP: Human f-actin promoter; NEO:

Neomycin resistance gene.

The two embryonic stem cells containing a CPT1Atm1a(BuCOMM)Hmgu (simplified as CPT1Afrt)
allele from the parental cell line JM8A3.N1 were sent to the Centre de Biotecnologia Animal i
Terapia Genica (CBATEG) at the Universitat Autonoma de Barcelona to go on with the chimeric
mice generation. At CBATEG, karyotype and morphology studies were performed in growing

stem cells to assess the fittest clone to be injected:

Clone Euploidy Growth Morphology
HEPD0727_3_H09 92% Good Good
HEPDO0727_3_E10 85% Good Good
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The clone HEPD0727_3_H09 was the chosen one to be microinjected to obtain the chimeric
mice. Its parental cell line JM8A3.N1 conferes a agouti-fur phenotype, so this clone was injected
into black-fur phenotype C57BL/6].0la.Hsd blastocyst, which will produce chimeric mice with

agouti upon black background.

These injected blastocysts were transferred into foster mothers, which gave birth to 8

chimerae:
Transfer  Chimera # Sex Birth Chimerism
B80 1 6\ 2013.11.25 30%
B80 2 9 2013.11.25 80%
B80 3 6 2013.11.25 75%
B81 4 6 2013.11.25 70%
B81 5 8 2013.11.25 10%
B81 6 9 2013.12.22 60%
B93 7 8 2014.01.06 90%

1.14. CPT1AUoxP/loxP) colony establishment

All the chimerae were shipped to the Unitat d’Experimentacié Animal Facilities of the
Universitat de Barcelona School of Pharmacy where we got the permit to establish a colony for
the subsequent breeding. The chimerae and all their descendants lived in controlled
environmental conditions at 22+22C and 60% humidity with a 12h-light/dark cycle, with ad
libitum water and food (Harlan Ibérica). Chimeric mice #2, #3, #4 and #7 were mated with
C57BL/6] mice purchased from Charles Rivers. Only chimera #2 gave birth to descendants.
These animals were genotyped and those carrying the potentially conditional knockout cptla
allele in heterozygosis (CPT1A(+/f)) were mated with heterozygous FLP recombinase-
expressing mouse (Kranz et al.,, 2010) gently provided by Dr. Barbara Tondelli. Some of their
descendants had the genotype CPT1AG/ft);FLP(+/), whose expression of FLP recombinase
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allowed to have CPT1A®/!oxP) mjce. These descendants were mated to obtain CPT1AUoxP/loxP)
avoiding litter inbreeding when possible. gDNA was obtained from all these animals and their
descendants to be genotyped and this procedure is available on DNA techniques section of this

typescript.

1.15. Adeno-associated viruses

Adeno-associated viruses (AAV) were used to overexpress CPT1AM in rat VMH, due to
its low immunogenicity and its long-term expression (Vandenberghe, Wilson, & Gao, 2009)
They belong to Parvoviridae family within the Dependovirus genre. This kind of virus needs a
helper virus, such as a adenovirus, to be able to infect the host cell and to replicate. When no
coinfection occurs, the AAV remain latently integrated specifically in the nucleus of
chromosome 19q13.4. The AAV contain a single-stranded DNA genome with circa 4 700
nucleotides. It contains two open reading frames (ORF), flanked by two inverted terminal
repeats (ITR), being the latter the only elements essential for the genome to be replicated and
packed. The different capsid protein composition allows AAV to have a wide range of serotypes,
which are also defined with different cell entrance mechanisms determining cell-specificity
when it comes to infection. When it comes to transduce CNS cells, AAV serotypes 1,4, 5,7 and 8
have been used to successfully infect several neuronal types in different brain areas (Allocca et
al., 2007; Davidson et al., 2000). Glial cell transduction has been performed mainly with AAV1
and AAVS5 (Davidson et al., 2000; Wang, Wang, Clark, & Sferra, 2003). AAV9 has been described
as a potential tool to overcome blood-brain barrier (Manfredsson, Rising, & Mandel, 2009) and

infect brain cells without injecting the viral particles in the parenchyma or the CSF.

The adeno-associated viruses used for this project were produced at UniQure NV
facilities in Amsterdam, NL since our research group tied a collaboration agreement with this
company. UniQure NV, formerly known as Amsterdam Molecular Therapeutics (AMT), is a
biotechnological company focused in the production of AAV aimed to gene therapy. Actually, it
has been the first pharmaceutical company ever to have the approval in 2012 from the
European Medicines Agency to market alipogene tiparvovec (marketed as Glybera®), as a

treatment for lipoprotein lipase deficiency in humans.
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The procedure followed to produce the AAV (Urabe, Ding, & Kotin, 2002) is based in the
obtaining of 3 baculoviruses to infect insect Sf9 cell line, where AAV particles are produced. One
of the baculovirus contains rep, which codifies proteins involved in replication; the second, cap,

for the capsid proteins, and lastly the third baculovirus codifies for our gene of interest.

In our case, our third baculovirus contained the cytomegalovirus (CMV) promoter to
drive the expression of green fluorescent protein (GFP) cDNA, in our control group, or rat
malonyl-CoA insensitive carnitine palmitoyltransferase 1A (CPT1AM) cDNA, to act as
constitutively active downstream effector of ghrelin signalling. Besides, the woodchuck
posttranscriptional regulatory element (WPRE) [GenBank acc AY468 486] is added to enhance
the transcription process, and the bovine growth hormone polyadenylation (bGH) signal
[GenBank acc M57764, 2326-2533 bp], to set transcription end. All these elements are encasted
between two inverted terminal repeats (ITR) regions, from AAV2. The baculovirus for rep and
cap, were supplied by UniQure NV and confere a AAV1 capsid, which enhances neuronal

infection in CNS (Fig 11)

AAV1

ITR = GFP/ CPT1AM WPRE = bGH JpAR TR

Fig 11. Structural scheme of the AAV1 used to overexpress GFP and CPT1AM in rats. ITR: Inverted terminal

repeats; CMV: cytomegalovirus promoter; GFP: green fluorescent protein; CPT1Am: Mutant malonyl-CoA-insensitive

CPT1A; WPRE: woodchuck posttranscriptional regulatory element; bGH: growth hormone polyadenylation sequence.

The titration of the AAV used was:

Adenoviral vector Titration
AAV-CPT1AM 2.5:1012 pfu/mL
AAV-GFP 5.0-1012 pfu/mlL
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1.16. Adenoviruses

Adenoviral vectors have been used in this work with the aim to overexpress, silence and
delete CPT1A in different neuronal cell types. They confer a rapid and efficient DNA
transference in a wide range of mammalian cells, so they have become one of the key vectors
used in gene function studies and transgenesis. They have the advantage to deliver up to 36 000
bp, but they usually do not integrate into the genomic DNA. Since they remain in an episomal
state, this causes a transient expression of the transgene, with its maximum at 48 h after
infection. The Adenoviruses belong to the Adenoviridae family and they contain a double-
stranded DNA genome. In our project, we have used serotype-5 human adenovirus (Ad5). The
adenoviral vector design is based on the deletion of certain genes found in the wild type vector,
such as E1 and E3, to maximize the exogenous DNA which can fit into the genome from 2 000 bp
to 7 000 bp. This strategy has another aim as well, thus the adenovirus become replication-
defective, which makes cells to be infected without major perturbation of the normal functions,
which allows to study the functional properties of the transgene. Nonetheless, E1 gene is
essential for the amplification and propagation of the virus. To overcome this, the amplification
is performed in HEK 293A cell line, which contains gDNA-integrated E1 region in its cellular
gDNA.

1.16.1 Adenoviral constructions

The adenoviral vectors have been used in this work with the aim to overexpress the
permanently active malonyl-CoA-insensitive CPT1A isoform (CPT1AM), to silence the
endogenous CPT1A using a small hairpin RNA (shRNA) and to express CRE recombinase in
cptlalioxP/loxP) cells to delete CPT1A.

1.16.2. CPT1AM-expressing adenovirus

Our laboratory has been working for several years with a mutated isoform of CPT1A,
which we developed by site-directed mutagenesis (M593S). This isoform is insensitive to

malonyl-CoA, which confers a permanently active state. Its constant expression is driven by the
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CMV promoter. The control adenoviral vector used in this case had the same structure, but

expressing GFP instead.

Adenoviral vector Titration
Ad-CPT1AM 1.20-101! pfu/mL
Ad-GFP 6.20-1010 pfu/mL

1.16.3. shCPT1A-expressing adenovirus

Small hairpin RNA (shRNA) is an artificial RNA which can be used to silence a targeted
gene expression. Once expressed, ShRNAs are processed by DICER system to become a small
interfering RNA (siRNA) which diminishes the mRNA of a certain gene, with the consequent
protein translation reduction. In our case, we took advantage of the MISSION® shRNA
repository, which we had also used for lentiviral shRNA expression, to find a sequence to
knockdown CPT1A both in rats and mice. The plasmid whose sequence was used, was obtained
from the plasmid of MISSION® shRNA Bacterial Glycerol Stock (Sigma-Aldrich, ref. SHCLNG-
NM_013495.1-1766s1c1; TRC0000110597) which had a 73% validated knockdown in Hepa 1-6

cells:

5’ CCGGGCTCGCACATTACAAGGACATCTCGAGATGTCCTTGTAATGTGCGAGCTTTTTG 3’

This sequence was subcloned in a vector for adenoviral amplification. The construction had
CMV promoter to drive the hairpin expression and an IRES region to promote the expression of
GFP as well. The control adenoviral vector used in this case had the same structure, but

expressing a scramble shRNA sequence instead.

Adenoviral vector Titration
Ad-shCPT1A 7.88:1010 pfu/mL
Ad-scramble 4.76-1010 pfu/mL
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2.16.4. CRE recombinase-expressing adenovirus

Our generated CPT1AUoxP/loxP) mice let us study molecular mechanisms involving CPT1A
in primary cultures, if expressing CRE recombinase. To this end, we purchased an adenoviral
vector expressing constitutively CRE recombinase, besides GFP controlled by an independent
promoter. The viral vector, namely Ad-CRE-GFP (Vector Biolabs, ref. 1700) was amplified upon

arrival, as well as Ad-GFP to be used as its control vector.

Adenoviral vector Titration
Ad-CRE-GFP 4.22-10° pfu/mL
Ad-GFP 3.32:109 pfu/mL

1.16.5. Adenoviral amplification

The adenoviral amplification was performed in 2 subsequent amplifications: For the
first amplification, HEK 293A cells were cultured in 10-cm plates. With a confluency around
70%, the medium was removed to wash the cells with PBS and 5 mL of fresh 25 mM glucose
pyruvate- and glutamine-included Dulbecco’s Modified Eagle Medium (DMEM) (Biowest, ref.
L0104-500) supplemented with 5% fetal bovine serum (FBS) (GIBCO, ref. 102070-106) and 1%
penicillin/streptomycin (100 U/mL final concentration) (GIBCO, ref. 15140122) was added
carefully not to detach the cells. Then 50 pL of the adenoviral stock per plate were used to infect
the cells. After overnight infection, 5 mL of high-glucose pyruvate- and glutamine-included
DMEM (Biowest, ref. L0104-500) supplemented with 10% FBS (GIBCO, ref. 102070-106) and
1% penicillin/streptomycin were added to the infection medium in each plate. When the
cytopathic effects were complete, ie. all the cells were detached which occurs 48 h after
infection; cells were collected within the medium to a 15-mL sterile polypropylene tube. Then a
series of 3 freeze/thaw cycles were applied to the cells using liquid nitrogen and a 372C water
bath to release the viral particles still remaining in the cells. Eventually, all the debris were
pelleted at 2 000 x g for 5 min at 42C and the supernatant was recovered for the second
amplification. In case this would not take place in the same day, the infectious supernatant

might be stored at -802C, once refrozen in liquid nitrogen.
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For the second amplification, HEK 293A cells were cultured in ten 15-cm plates. With a
confluency around 70%, the medium was removed to wash the cells with PBS and 5 mL of fresh
high-glucose pyruvate- and glutamine-included DMEM (Biowest, ref. L0104-500) supplemented
with 5% fetal bovine serum (FBS) (GIBCO, ref. 102070-106) and 1% penicillin/streptomycin
(final concentration 100 U/mL) (GIBCO, ref. 15140122) was added carefully not to detach the
cells and verifying all the cells have medium on them. Then 400pL of the adenoviral infectious
supernatant from the first amplification were added to infect the cells in each plate. 2 hours
after infection, 10 mL of high-glucose pyruvate- and glutamine-included DMEM (Biowest, ref.
L0104-500) supplemented with 10% fetal bovine serum (FBS) (GIBCO, ref. 102070-106) and
1% penicillin/streptomycin were added to the infection medium in each plate. Cell detachment
was monitored in each plate around 20-30 h after infection. At the initial stage of detachment,
cells were gently scraped and collected into a 50-mL sterile polypropylene tube. Cells containing
the virus are pelleted at 200 x g for 5 min at room temperature. Supernatant is removed and all
the cells infected with the same virus in different plates are resuspended in 5 mL of medium.
Then a series of 3 freeze/thaw cycles were applied to the cells using liquid nitrogen and a 372C
water bath to release the viral particles. Finally, all the debris were pelleted at 2 000 x g for 5
min at 4°C and the supernatant was recovered and aliquoted as adenoviral stocks for following

titration and infection use.

1.16.5. Adenoviral titration

The adenoviral titration is important to ensure consistency between infections and to
reach the right transient expression. To do so, we have used Adeno-X Rapid Titer Kit (Clontech,
ref. 632250), which takes advantage of the detection of viral hexon proteins for the
quantification of the adenoviral stocks. Cultured HEK 293A cells are infected with adenoviral
serial dilutions of our stocks. 48 h later, the infected cells are fixed with methanol and incubated
with a mouse monoclonal anti-hexon antibody. Then, they are incubated with a secondary
horseradish peroxidase-conjugated anti-mouse IgG antibody. After several rinsing steps, fixed
cells are incubated with 3,3’-diaminobenzidine, which is a peroxidase substrate and turns
hexon-containing (i.e. infected) cells into dark brown. The titer of the stock can be determined
by counting the dark brown cells in a given area, since each stained cell corresponds to a single

infectious plaque-forming unit (pfu).
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1.17. Lentivirus

Lentiviral vectors are useful to infect both dividing and nondividing cells in a stable
manner. Their cytopathic effects usually appear after a long incubation period during which the
viral single-stranded RNA genome gets adapted and integrated into the host cell genome, thanks
to the action of a reverse transcriptase and an integrase (lysogenic cycle). After the incubation,
a natural lentivirus can reactivate and initiate the lytic cycle to generate new viral particles.
Lentiviruses belong to the Retroviridae family, the same which includes the Human
Immunodeficiency Virus 1 (HIV1), which is the actual base for the recombinant lentiviruses used
in this project. This recombinant vectors have been deprived of their lentiviral replicative
machinery, so once they have infected a cell they integrate the recombinant gene but no longer
progress into the lytic cycle, unless their host cells express the other essential genes which allow

the lentiviral particles generation.

1.17.1. Lentiviral shCPT1A-expressing constructions

The lentiviral vectors have been used in this work with the aim to silence the
endogenous CPT1A using a small hairpin RNA (shRNA) in a stable way. Small hairpin RNA
(shRNA) is an artificial RNA which can be used to silence a targeted gene expression. Once
expressed, shRNAs are processed by DICER system to become a small interfering RNA (siRNA)
which diminishes the mRNA of a certain gene, with the consequent protein translation
reduction. In our case, we took advantage of the MISSION® shRNA repository, which we had
also used for lentiviral shRNA expression, to find a sequence to knockdown CPT1A both in rats
and mice. The plasmid used from MISSION® shRNA Bacterial Glycerol Stock (Sigma-Aldrich, ref.
SHCLNG-NM_013495.1-1766s1c1; TRC0000110597) contained the following shRNA coding

sequence which had a 73% previously validated knockdown in Hepa 1-6 cells:
5" CCGGGCTCGCACATTACAAGGACATCTCGAGATGTCCTTGTAATGTGCGAGCTTTTTG 3’

The plasmid used is the TRC pLKO.1-Puro, whose features are exposed in the following

scheme:
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Fig 12. Plasmid used for the lentivirus production. U6: U6 Promoter; cppt: Central polypurine tract; hPGK:
Human phosphoglycerate kinase eukaryotic promoter; puroR: Puromycin resistance gene for mammalian selection;
SIN/3’ LTR: 3’ self-inactivating long terminal repeat; f1 ori: f1 origin of replication; ampR: Ampicillin resistance gene
for bacterial selection; pUC ori: pUC origin of replication; 5° LTR: 5’ long terminal repeat; (/) Psi: RNA packaging

signal; RRE: Rev response element.

Besides de LV-shCPT1A, we used a LV-scramble as the control vector in this. It case has
the same structure, but expressing a scramble shRNA sequence instead (Sigma-Aldrich, ref.

SHC002).

1.17.2. Lentiviral vector production

The lentiviral vectors are produced in HEK 293T cells which are a variant of common
HEK 293 that has been clonally selected to be easily transfected and support high expression
levels of viral proteins. These cells are transfected following a protocol based in the use of
calcium phosphate; concretely we used the CalPhos Mammalian Transfection Kit (Clontech, ref.
631312) to produce LV-shCPT1A and LV-scramble. To this end, besides pLKO.1-Puro-shCPT1A
and pLKO.1-Puro-scramble, we needed pVSV-G, which codifies for envelop proteins, and

pCMVARS.91, which codifies proteins involved in the lentiviral packaging.

In the first day, HEK 293T were plated at 3.5-106 cells per 10-cm plate. Around 30 h

later, medium was replaced with fresh medium. Endotoxin-free DNA vectors were mixed in a
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50-mL sterile polypropylene tube as it follows: 3.4 pg/plate envelope plasmid (pVSV-G), 6.3 ug
packaging plasmid (pCMVAR8.91) and 9.8 pg/plate transfer plasmid (pLKO.1-Puro-shCPT1A or
pLKO.1-Puro-scramble). While vortexing the mix, 86.8 pL of 2M CaCl, was added to the mixture
dropwise. Then included sterile water was added gqsp 700uL/plate, after the manner of a drop
while vortexing as well. After that, 700 pL/plate of 2x HEPES-buffered solution (HBS) was
added dropwise while vortexing. After that, the mix was incubated at room temperature for 15
min. This transfection mix was added in the form of drops on the medium of each plate, stirring
the plate gently meanwhile. Cells were incubated at 372C and 5% COg, for around 15 h. Then

medium with calcium phosphate precipitate was removed and fresh medium, replaced.

This medium with infectious lentivirus was collected 24 h later and replaced with fresh
medium. The collected infectious medium was centrifuged at 1200 x g for 10 min at room
temperature, to pellet the cell debris. The supernatant was filtered with a 0.45 uym membrane
and kept at 42C for 24h in agitation. After 24 h, the second collection of infectious medium was
harvested. The collected infectious medium was spinned at 1200 x g for 10 min at room
temperature and filtered with a 0.45 pm membrane. The two days’ collection were mixed,
aliquoted and kept -802C, unless it was meant to be use the same day in previously prepared

cells to be transduced to generate stable cell lines expressing the shRNA.

1.18. Cell cultures

This project has been based in a large part on different neuronal models, both based in
primary cultures or in stable cell lines, for the study of metabolic mechanisms involved in
ghrelin action on amino acid neurotransmission. Hypothalamic neuronal cell lines are
commonly used as a good model for neuropeptidergic transmission, since they express some
neuropeptides with a physiological response to different hormones and stimuli. Nevertheless,
they do not express the complete range of neuropeptides and when it comes to execute
physiological functional studies involving amino acid neurotransmission, they are useless, since
they do not exhibit some of their essential features. Primary neuronal cultures seem to be more
adequate for this purpose, since their amino acid neurotransmitters metabolism and release
gimmicks are intact. However, in the case of cortical neurons, they do not necessarily meet the
same regulatory control than in the case of neurons in hypothalamic nuclei. Those are the main

grounds why we use both systems to figure out the physiological mechanisms involved.
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1.18.1. Primary cortical neuronal cultures

The methodologies are based in the protocols learnt in Dr. Cristina Sufiol’s laboratory at
Institut d’Investigacié Biomédica de Barcelona (IIBB-CSIC) (Sola, Cristofol, Sufiol, & Sanfelj,
2011). Primary neurons are directly obtained from fresh tissue and maintain during several
days or even weeks their specific physiological characteristics, which is useful for the study of
the neuronal mechanisms of different substances, such as metabolic inhibitors or hormones.
The strains used in this project have been CD1, C57BL/6] and CPT1AUoexP/loxP) mice. All the
experiments with mice to obtain primary cultures were previously approved by the Comité Etic
d’Experimentacié Animal of the Universitat de Barcelona (CEEA-UB), whose procedures obtained

the DAAM Permit #8173.

The general procedure is based on the dissection of a selected brain area from the
animal postmortem. The tissue is mechanically disaggregated and enzymatically digested. Then
the cells are washed and seeded on an appropriately coated surface for their attachment. During
the whole process, cells are kept in sterile physiological conditions and are seeded with a
culture medium that mimics the blood bicarbonate buffering system. The culture is kept at 372C

with 5% CO; in a humidified incubator.

Within cortical neurons both GABAergic and glutamatergic neurons can be found. To
prepare the primary culture, cerebral cortices are harvested from unborn pups in embryonic
days from 15 to 17. All the solutions’ composition can be found in annexes. The pregnant mouse
was terminated by cervical dislocation. Then it was located upside-down and 70% ethanol
solution was used to clean the abdomen. A lengthwise incision was performed in the middle and
the abdomen was open. Them the uterus was transferred to a 10-cm polystyrene plate
containing a glucose-enriched phosphate-buffered solution (namely PBE) kept on ice. The
embryos were taken out and transferred to a new plate with PBE on ice. Following that, the
embryos’ heads were cut off and their skulls were open using a fine #7 curved watchmaker’s
tweezer (Quirumed, ref. 002-BA-331-12). Then, using the same tweezers, both cortices were
dissected and placed in another plate with fresh PBS on ice, dissecting and removing meninges,
under a stereoscopic microscope if needed. The cortices obtained from the entire litter were
chopped using a sterile scalpel. The minced tissue was then transferred to a 50-mL sterile
polypropylene tube and pelleted within the PBE solution at 500 x g for 1 min at 4°C.

Supernatant was carefully discarded and 5 mL solution 1 was used to resuspend and rinse the
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tissue. The cortices were pelleted as stated before. Solution 1 was then removed and replaced
with 5 mL solution 2, containing trypsin, to resuspend the minced cortices, which were
incubated for 10 min at 372C in a water bath. Following that, 5 mL solution 4, which contains
diluted DNase and a trypsin inhibitor) was added onto the suspension and a sterile Pasteur
pipette was used to help tissue disaggregation. Then, 5 mL solution 3, containing concentrated
DNase and trypsin inhibitor, is added onto the suspension and thoroughly mixed with the
Pasteur pipette. A 5-min incubation at 372C followed, before passing the suspension through a
sterile 250-um nylon mesh (Filter-lab, ref. FMNY250) several times into a sterile beaker. The
already translucent suspension is then collected and pelleted at 500 x g for 5 min. The
supernatant is removed and replaced with 7 mL 30 mM glucose-enriched pyruvate- and
glutamine-included Dulbecco’s Modified Eagle Medium (DMEM) (Biowest, ref. L0104-500)
supplemented with 10% fetal bovine serum (FBS) (GIBCO, ref. 102070-106) and 1%
penicillin/streptomycin (100 U/mL final concentration) (GIBCO, ref. 15140122). The
suspension had its cells and their viability quantified using Countess Automated Cell Counter
(Invitrogen, ref. C10227). No isolation with less than 60% viability was used. Then 8-105 living
cells per well (in 6-well plates) were seeded. Each litter yielded around 6 to 8 plates, which
were precoated with 42C overnight incubation with 0.005% poly-L-lysine, prepared from 2x
solution (Sigma-Aldrich, ref. P4707). 3 h after seeding, cells were attached and the medium was
replaced with Neurobasal Medium (GIBCO, ref. 21103-049) supplemented at 1x with B27
(GIBCO, ref. 17504-044) and GlutaMax (GIBCO, ref. 35050-038), as well as 1%
penicillin/streptomycin (100 U/mL final concentration) (GIBCO, ref. 15140122). Two days after
culturing the cells, 2 pM cytosine 3-D-arabinofuranoside (Sigma-Aldrich, ref. C1768) is added to
avoid proliferation of non-neuronal cells to the medium. Every two days, medium had to be
changed, removing a half of the previous medium, which was replaced with fresh medium. Cells

were avoided to dry out without any medium upon them.

1.18.2. Adenoviral infection of primary cortical neurons

The infection of cortical neurons was made using the following adenoviruses: Ad-
CPT1AM (and Ad-GFP as its control) for CPT1A overexpression, described on Experimental
procedures 1.16.2; Ad-shCPT1A (and Ad-scramble as its control) to knock down CPT1A in wild
type cortical neurons, described on Experimental procedures 1.16.3; and Ad-CRE-GFP (and Ad-
GFP as its control) in cortical neurons obtained from CPT1ACoxP/loxP) embryos to knockout

CPT1A, described on Experimental procedures 1.16.4. The multiplicity of infection has been of
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100 pfu per cell and applied in medium volume reduced to a half for overnight infection. The
medium was replenished to its full the next day. The medium used was the same used for the
regular culture: Neurobasal Medium (GIBCO, ref. 21103-049) supplemented at 1x with B27
(GIBCO, ref. 17504-044) and GlutaMax (GIBCO, ref. 35050-038), as well as 1%
penicillin/streptomycin (100 U/mL final concentration) (GIBCO, ref. 15140122) and 2 uM
cytosine 3-D-arabinofuranoside (Sigma-Aldrich, ref. C1768).

1.18.3. Pharmacological treatments to primary neuronal cultures

Neurons in different regions in the brain have been described to have ghrelin receptors,
also known as growth hormone secretagogue receptor (GHSR). We wanted to assess whether its
activation by its endogenous ligand, octanoylated ghrelin, would exert some effect on amino
acid metabolism through CPT1A as we hypothesized. A 30-min treatment with 100 nM ghrelin
(Sigma-Aldrich, ref. G8903) was used. The glucose concentration used in maintenance primary
neuronal culture medium is far beyond the cerebrospinal fluid concentration: complete
Neurobasal medium contains 25 mM glucose, despite glycorrhachia, which is the glucose
concentration in CSF, oscillates between 3-5 mM. To this end, we tested several conditions
regarding glucose concentration. We set a 3 h pretreatment before ghrelin treatment with the
same maintenance medium with 0 mM, 5 mM and 25 mM glucose. Taking into account the
results, as well as the fact that 5 mM is the closest to physiological glycorrhachia, we performed

most of the experiments with a 5 mM glucose pretreatment.

To pharmacologically inhibit CPT1A, we added 40 pg/mL etomoxir in the 30 min ghrelin
treatment. In order to block tricarboxylic cycle by inhibiting isocitrate dehydrogenase, we

added 700 uM 2-hydroxyglutarate.

1.19. Hypothalamic cell lines

Several hypothalamic neuronal cell lines exist at the moment obtained by
immortalization of hypothalamic primary cultures. These succeed to reproduce some of the
physiological features they have in vivo, but not them all. The most widely used is GT1-7, since it

was one of the first cell lines obtained, which expresses AgRP in a ghrelin-responsive manner,
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although it was not dissected specifically from arcuate nucleus. Later on, the Canadian company
CELLutions Biosystems Inc. has developed a wide range of hypothalamus-derived embryonic
neurons which respond to physiological stimuli unevenly. A complete gene expression

comparison between hypothalamus and hypothalamic cell lines can be found in Annexes.

1.19.1. mHypo-N41, mHypo-N29/4 and mHypo-N43/5 cells

Hypothalamic cell lines obtained by CELLutions Biosystems Inc are embryonic mouse
hypothalamus cell lines that have been immortalized from embryonic days 15, 17 and 18
hypothalamic primary cultures by retroviral transfer of SV40 T antigen oncogene, which is the
same method previously used for GT1-7 generation. We tried to validate mHypo-N29/4 and
mHypo-N43/5 as hypothalamic neuronal models for our purpose, but we concluded we had to

discard them for our purposes.

Later, they let us to test mHypo-N41 cell line, which actually expresses AgRP and NPY.
Nonetheless, only AgRP has an expression dependent on ghrelin pathway activation, but seems

to have most of the amino acid neurotransmission metabolism intact.

The medium used to culture this line is 25 mM glucose pyruvate- and glutamine-
enriched Dulbecco’s Modified Eagle Medium (DMEM) (Biowest, ref. L0104-500) supplemented
with 10% fetal bovine serum (FBS) (GIBCO, ref. 102070-106) and 1% penicillin/streptomycin
(100 U/mL final concentration) (GIBCO, ref. 15140122). Subcultures have to be done every 2 to
3 days at 1:10.

1.19.2. GT1-7 cells

GT1-7 is one of the first embryonic mouse hypothalamus cell lines that had been
immortalized by Dr. Pamela Mellon’s laboratory at the University of California, San Diego
(UCSD). They transferred hypothalamic primary cultures from embryonic days 15, 17 and 18
expressing gonadotropin-releasing hormone (GnRH) with lentivirus expressing SV40 T antigen
oncogene (Mellon et al.,, 1990). They were not meant to be arcuate neurons, but they do express

AgRP (but not NPY) in a ghrelin-dependent manner, so this cell line has been used extensively
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as a cellular model for arcuate NAG neurons, when studying molecular mechanisms involved in
food intake control and energy homeostasis. Moreover, this line seems to have most of the

amino acid neurotransmission metabolism intact.

We cultured 2:105 cells per well in 6-well plates, if not stated otherwise. The medium
used to culture this line is the same described for the other hypothalamic cell lines: 25 mM
glucose pyruvate- and glutamine-enriched Dulbecco’s Modified Eagle Medium (DMEM)
(Biowest, ref. L0104-500) supplemented with 10% fetal bovine serum (FBS) (GIBCO, ref.
102070-106) and 1% penicillin/streptomycin (100 U/mL final concentration) (GIBCO, ref.
15140122). Subcultures have to be done every 4 days at 1:4.

1.19.3. Adenoviral infection of hypothalamic cell lines

The infection of hypothalamic cell lines (both GT1-7 and mHypo-N41) was made using
the adenoviruses previously described: Ad-CPT1AM (and Ad-GFP as its control) for CPT1A
overexpression, described on Experimental procedures 1.16.2; and Ad-shCPT1A (and Ad-
scramble as its control) to knock down CPT1A, described on Experimental procedures 1.16.3.
The cells, unless stated otherwise in certain procedures, were plated at 2-105 cells per well in 6-
well plates and infected 3 to 5 after seeding, when cells were already attached.

The multiplicity of infection was of 100 pfu per cell and applied in medium volume
reduced to a half for overnight infection. The medium was replenished to its full the next day.
The infection medium used has its FBS content reduced to 5% compared to regular culture:
25mM-glucose pyruvate- and glutamine-included Dulbecco’s Modified Eagle Medium (DMEM)
(Biowest, ref. L0104-500) supplemented with 5% fetal bovine serum (FBS) (GIBCO, ref.
102070-106) and 1% penicillin/streptomycin (100 U/mL final concentration) (GIBCO, ref.
15140122). The ongoing treatments and sample collection were performed 48 h after infection,

unless stated otherwise.

1.19.4. Lentiviral transduction and clonal selection in mHypo-N41

We took advantage of lentiviral integration to generate a stable polyclonal hypothalamic

cell line derived from mHypo-N41 with a CPT1A knock down. To this end, we had to determine
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a puromycin Kill curve to select transduced clones, infect the cells and perform a clonal selection
at using the minimum concentration that causes complete cell death after 5 days. In the case of
mHypo-N41 seeded at 1.6-10% cells/well in a 96-well plate the concentration was 5 pg/mL
puromycin (Sigma-Aldrich, ref. P9620).

For the lentiviral transduction, 1.6:106 cells per 10-cm plate were seeded. The following
day, medium was removed and changed with infectious medium obtained from the lentiviral
productions (both LV-scramble and LV-shCPT1A, described on Experimental procedures
1.17.1). They were supplemented with polybrene (Sigma-Aldrich, ref. H9268) up to 8 ug/mL,
which enhances transduction. After 24h infection, infectious media were replaced with
maintenance 25mM-glucose pyruvate- and glutamine-included Dulbecco’s Modified Eagle
Medium (DMEM) (Biowest, ref. L0104-500) supplemented with 10% fetal bovine serum (FBS)
(GIBCO, ref. 102070-106) and 1% penicillin/streptomycin (100 U/mL final concentration)
(GIBCO, ref. 15140122). The next day, fresh maintenance medium with 5 pg/mL puromycin
(Sigma-Aldrich, ref. P9620) was used to replace previous-day medium to start clonal selection.
The medium with fresh puromycin was replaced every 3-4 days until resistant colonies were

identified. These clones were expanded and characterized to perform ongoing experiments.

1.19.5. Pharmacological treatments to hypothalamic cell lines

Ghrelin treatments in hypothalamic cell lines, both GT1-7 and mHypo-N41, were
performed like in primary cortical neurons: a 30-min treatment with 100 nM ghrelin (Sigma-
Aldrich, ref. GB903) after a 3 h pretreatment with 5 mM glucose pyruvate- and glutamine-
enriched Dulbecco’s Modified Eagle Medium (DMEM) (Biowest, ref. L0060-500) supplemented
with 10% fetal bovine serum (FBS) (GIBCO, ref. 102070-106) and 1% penicillin/streptomycin
(100 U/mL final concentration) (GIBCO, ref. 15140122).

To pharmacologically inhibit CPT1A, we added 40 pg/mL etomoxir in the 30 min ghrelin

treatment. In order to block tricarboxylic cycle by inhibiting isocitrate dehydrogenase, we

added 700 uM 2-hydroxyglutarate.
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1.20. HEK 293 derived cell lines

HEK 293 is a cell line obtained from human embryonic kidney cells from a Dutch legally
aborted foetus which were cultured and immortalized in 1973 (Graham, Smiley, Russell, &
Nairn, 1977). This cell line is easy to grow and transfect, which makes it essential in Cell Biology
research and Biotechnology to produce therapeutic proteins and viral vectors for gene therapy.
In this project we have used two variants: HEK 2934, which is a line enhanced for adenoviral
production, and HEK 293T, a variant selected for easy calcium-phosphate transfection and
lentiviral production. In both cases, the maintenance medium used is 25 mM glucose glutamine-
enriched Dulbecco’s Modified Eagle Medium (DMEM) (Biowest, ref. L0102-500) supplemented
with 10% fetal bovine serum (FBS) (GIBCO, ref. 102070-106) and 1% penicillin/streptomycin
(100 U/mL final concentration) (GIBCO, ref. 15140122).
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2. Molecular Biology Techniques

The techniques learnt to characterize, isolate, and manipulate the molecular
components of cells and organisms have been developed from the latter half of the 20th century
to the present days. These components include DNA, as the repository of genetic information;
RNA, another polynucleotide whose functions range from serving as a temporary working copy
of DNA to actual structural and enzymatic functions as well as a functional and structural part of

the ribosome; and proteins, the major structural and enzymatic type of molecule in cells.

2.1. Genomic DNA extraction from mice ear tags

When it came to use gDNA for conventional polymerase chain reaction (PCR), low quantity and
purity gDNA was obtained from mice ear tags using QuickExtract DNA solution (Epicenter, ref.
QE09050). It is a fast and convenient procedure which allows extracting gDNA with enough
purity to be processed for genotyping.

A week after weaning, mice were tagged for identification on their ears. Remaining
tissue from the ear was carefully collected from each mouse and properly identified in a sterile
500 pL microcentrifuge tube. Then 50 uL QuickExtract DNA solution was added to each tube.
The tubes were given a quick spin, to ensure contact between the ear tags and the solution. A 6-
min incubation at 65°C and vigorous vortexing for mechanical disruption were applied to ease
the polynucleotide liberation into the solution. Following that, the tubes were incubated again
for 2 min at 922C. An overnight incubation at 42C was applied before any other processing of the
sample. If not used at the following day, the extraction liquid was stored at -202C. Before any
supernatant sampling for PCR, tubes were centrifuged at maximum speed for 5 min to pellet any
remaining ear debris. This protocol can be used with pelleted cells for a fast gDNA preparation

for conventional PCR purposes.

2.2. Phenol:chloroform pure genomic DNA extraction

Once the carriers of the CPT1A+/f) by PCR from gDNA obtained from the ear tags, new

purer and more concentrated gDNA preparation had to be obtained in order to determine the
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construct copy number using droplet digital PCR (ddPCR). To this end, we opted to prepare the
gDNA with a phenol:chloroform extraction protocol. 1-cm tail cuts from F1 CPT1A+/ft) mice
detected by conventional PCR were incubated overnight in 2-mL microcentrifuge tubes at 552C
with 700 uL proteinase K digestion solution: 0.5mg/mL proteinase K; 1% SDS; 100 mM NaCl
and 15 mM EDTA. Once digested, 10 pL RNAse A (10 mg/mL) is added into each tube and
incubated at 37°C for 1 h for RNA degradation. Extraction is started by adding 700 pL phenol
(100 mM, Tris-buffered pH 8.0) and vigourous 10-min shaking. Vortexing should be avoided to
keep DNA integrity. Tubes were centrifuged at maximum speed for 15 min and upper phase was
placed into a new tube. 700 uL Phenol:Chloroform:Isoamyl alcohol (25:24:1) was added to each
tube, which were vigorously shaken for 10 min. Tubes were centrifuged again at maximum
speed for 15 min and upper phase was placed into a new tube. 700 uL Chloroform:Isoamyl
alcohol (24:1) was added to each tube, which were vigorously shaken for 5 min. Tubes were
centrifuged again at maximum speed for 15 min and upper phase was placed into a new tube. At
this point gDNA was isolated and had to be precipitated. To this end, 700 uL Isopropanol and 15
NaCl (5M) were added to each tube and vigorously mixed. After 10 min rest, gDNA was
precipitated by centrifugation at maximum speed for 15 min. Supernatant was removed
avoiding any gDNA pellet disturbance. 100 uL. Ethanol (70%) was added to each tube for
washing and after 15 min centrifugation at maximum speed, ethanol supernatant was removed
and the gDNA was left to dry out. Once it was dry, the gDNA pellet was resuspended with 100 uL
Tris-EDTA (10 mM - 5 mM) solution and stored at 42C at least overnight before any further
processing. gDNA yield was quantified using NanoDrop 1000 Spectrophotometer (Thermo
Scientific, ref. ND-1000).

Pure gDNA is needed as well for DNA dot blot analysis. In this case, treated cells are
scraped and pelleted with PBS 1x at 1 500 x g for 5 min at 42C. Then supernatant is removed

and proteinase K digestion is performed only for 2 h at 552C. The rest of the protocol is the same

previously described.

2.3. Mice genotyping by polymerase chain reaction

For this project, two specific polymerase chain reaction protocols had to be designed for

the genotype identification of CPT1A ¢+/frt), CPT1A (+/1oxP) and CPT1A (oxP/loxP) mice.
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2.4. CPT1AG/f™) mice genotyping

In this case, we designed an experiment in which three oligonucleotides were used: a

common forward primer (namely, ComAKO For) which anneals to both wild-type CPT1A and

CPT1 tmla(EUCOMM)Hmgu glleles, and two reverse primers, which one anneals to wild-type cptla

(namely, SpWT Rev) and the other to CPT1A tmla(EUCOMM)Hmgu gllele (called, SpAKO Rev). The

amplicon expected in CPT1A ¢/4) is 900 bp long approximately; and in CPT1A ¢/f9), two 900 bp

and 500 bp amplicons approximately are expected at the amplification set conditions.

The primers used were the following:

Oligonucleotide Sequence

ComAKO For 5’- TAACCCCTCAAATAGCAGCAC -3’
SpAKO Rev 5’- ATAGGAACTTCGGTTCCGGC -3’
SpWT Rev 5’- AGTCATGATGATCGCCACCC -3’

Melting temperature
58.00 ¢C
59.82 ¢C

59.89 oC

The reaction mixed used was based in the REDExtract-N-Amp PCR ReadyMix (Sigma-

Aldrich, ref. R4775) which contains all the reagents needed for PCR amplification as well as for

the 1% agarose gel electrophoresis (with 0.008% GelRED Nucleic Acid Gel Stain - Biotium, ref.

41003) to visualize the amplicons:

Final concentration Volume (1x)
ddH>0 gsp 20 uL 3 uL
REDEXxtract-N-Amp PCR ReadyMix 2x 1x 10 pL
ComAKO For 10 uM 1uM 2 uL
SpAKO Rev 10 uM 1uM 2 uL
SpWT Rev 10 uM 1uM 2 uL
gDNA n/a 1 pL
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The program set in the thermocycler was:

Initial dehybridization 94°C 5 min
Dehybridization 94 °C 30s

Annealing 60 °C 30s 25 cycles
Elongation 722C 1 min

Final elongation 72 °C 5 min

2.5. CPT1AG/1xP) and CPT1A (exP/lexP)mjce genotyping

In this case, we designed an experiment in which two oligonucleotides annealed in the
common homology arms, found both in wild-type CPT1A allele and in the floxed CPT1AloxP allele,
but depending on the allele, the amplicons have different longitude: wild-type CPT1A allele
amplicon is 990 bp long and CPT1AloxP allele is 1030 bp long. In the case of CPT1A (+/1oxP) mice
two 1030 and 990 bp amplicons result and in CPT1AUxP/loxP) only one 1030 bp amplicon is

found.

Moreover, this PCR design allowed us to test CRE recombinase activity when infecting

CPT1A (oxP/loxP) cells with Ad-CRE, since infected cells presented a 219 bp amplicon.

The primers used were the following:

Oligonucleotide Sequence Melting temperature
HomArm For 5’- CAGGATCCCTTTGAGCAGCAG -3’ 61.10 °C
HomArm Rev 5’- CAAAGTGGCCCCTAAGGCTAC -3’ 61.10 °C

The reaction mixed used was also based in the REDExtract-N-Amp PCR ReadyMix
(Sigma-Aldrich, ref. R4775) which contains all the reagents needed for PCR amplification as well
as for the 1% agarose gel electrophoresis (with 0.008% GelRED Nucleic Acid Gel Stain - Biotium,

ref. 41003) to visualize the amplicons:
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Final concentration Volume (1x)

ddH:0 gsp 20 uL 5 uL
REDExtract-N-Amp PCR ReadyMix 2x 1x 10 pL
HomArm For 10 uM 1uM 2 uL
HomArm Rev 10 uM 1 uM 2 uL
gDNA n/a 1 pL

The program set in the thermocycler was:

Initial dehybridization 94°C 5 min
Dehybridization 94 °C 30s

Annealing 56 2C 30s 25 cycles
Elongation 722C 1 min

Final elongation 72 °C 5 min

2.6. Analysis by ddPCR of copy number in CPT1A®/frY) mice

In our CPT1AG/f) mice we had to check if the integration of the construct had only taken
place by homologous recombination at the targeted area (i.e. around exon 4 in cptla gene) or if
it had integrated more than one time, in a non-homologous way. To this end, we assessed the
number of copies of our construct present in the gDNA of several CPT1A+/f) mice of the F1,
used later for CPT1A®/1oxP) and CPT1AUexP/loxP) generation. Instead of using other old-fashioned
radiometric technologies, such as Southern blot, we opted for digital PCR analysis.

Droplet digital PCR (ddPCR) is a digital PCR method, in which a water-oil emulsion is
used to form the partitions which separate the template DNA molecules within the droplets. The
sample partition into thousands of nanoliter droplets and their separate PCR amplification
carried out within each droplet allows one to estimate the number of copies of the targeted

template DNA by assuming that the molecule population follows the Poisson distribution. As a
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result, each part will contain 0 or 1 molecule, being the PCR positive or negative, respectively.
By counting the positive PCR products in relation the total count and by applying mathematical
models, one can estimate the number of copies present in the sample originally. We used a
QX100 Droplet Digital PCR System (BioRad, ref. QX100) which had been adapted for the use of
QX200 ddPCR EvaGreen Supermix dsDNA binding dye (BioRad, ref. 186-4035) which was our
election, instead of fluorescent probes. All the equipment was available from Dr. Salvador
Bartolomé Pifiol Laboratori de Luminiscéncia i Espectroscopia de Biomolécules from the Servei

Cientificotécnic de la Universitat Autonoma de Barcelona (UAB).

To confirm this, we designed two pairs of primers to amplify both genes:

Oligonucleotide Sequence Melting temperature
Tert For 5’- CCTCTGTGTCCGCTAGTTACA -3’ 61.10 °C
Tert Rev 5’- TCTTTGTACCTCGAGATGGCA -3’ 61.10 °C
LacZ For 5’- GCTGGAGTGACGGCAGTTAT -3’ 60.11 °C
LacZ Rev 5’- TACCCGTAGGTAGTCACGCA -3’ 60.04 °C

The amplicons sizes are 137 bp for TERT and 197 bp for LACZ. Moreover, to ensure a
correct distribution of all the putative copies present in the genome, even if the might be in the
same chromosome, we had to perform an enzimatic digestion with a restriction enzyme, before
proceeding to ddPCR. We eventually opted for EcoR], since it is a convenient enzyme for gDNA

digestion.

gDNA from a wild type mouse and several F1 CPT1A ¢+/ftty mice was extracted from their
tails using the phenol:chloroform methodology previously described. Next, we digested 1 pg
gDNA from each mice using 5 U EcoRI/pug gDNA in 100 pL of volume reaction for 1 h at 37°C.
The enzyme was then inactivated at 652C for 20 min. Correct digestion was analyzed by 0.8%
agarose gel electrophoresis of 5 pL digested gDNA, by looking at repetition bands presence.
Conventional PCR and qRT-PCR are performed to double check correct amplification with

designed primers, testing different digested gDNA quantities (10 ng, 2 ng and 1 ng).

Due to specific characteristics of ddPCR a temperature gradient has to be performed to

test the best temperature around the theoretically optimal annealing temperature of the pair of
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primers, which was around 602C. The annealing temperatures (Tann*) tested are 58.92C,

60.12C, 61.09C and 61.62C.

The reaction mix is the following for each pair of primers:

Final concentration Volume (1x)
EvaGreen SuperMix 2x 1x 11 pL
Oligonucleotide For 10 uM 0.5 uM 1 uL
Oligonucleotide Rev 10 uM 0.5 uM 1 pL
gDNA 1.22 ng/uL 0.5 ng/pL 9 uL

Then 20 uL of each reaction mix were transferred to the sample wells of the emulsifier.
In the corresponding oil wells, 70 puL EvaGreen Droplet Generation Oil were added in the DG8
cartridge (BioRad, ref. 186-3006) as well. The bubbles were removed from the system, since
they can interfere in the emulsification. The cartridge was then placed in the QX100 droplet

generator (BioRad, ref. 186-3002) which was activated.

Once emulsification was done, the emulsified reaction mixes had to be transferred into a
96-well plate and covered with a thermal aluminum seal. Then we proceeded to amplification

using a thermocycler which allowed us to test the four temperatures with the two pairs of

primers, using the following program:

The program set in the thermocycler was:

Initial dehybridization 952C 5 min
Dehybridization 95 eC 30s 39 cycles
Annealing and Elongation Tann* 1 min
Cooling and Standby 42C 5 min

902C 5 min
Hold 25°C

The chosen temperature (Tann*) was 59.02C, which was the one with better results.
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Once finished the program, the samples are analyzed using QX100 Droplet Reader
(BioRad, ref. 186-3003) and QuantaSoft Software, which allows to absolutely quantify the copy

number for TERT and LACZ.

2.7. CPT1Al°xP gllele sequencing

In order to confirm the integrity of the exon 4 and the loxP regions flanking it in the
CPT1AUoxP/loxP) we assessed the sequence found in their alleles. To do so, we took advantage of a
variation of DNA sequencing technologies developed in mid-1970’s (Sanger, Nicklen, & Coulson,
1977), materialized in our case in the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, ref. 4337455). This method requires chain-terminating dideoxynucleotides
(ddNTPs) which cause DNA polymerase to stop DNA extension, when one of these ddNTPs is
incorporated. Each of the four ddNTPs is labelled with a different fluorescent dye which allows
assessing the nucleotide incorporated in a particular position in the DNA polymer along the

whole sequence.

The oligonucleotides used as primers in this case are the following:

Oligonucleotide Sequence Melting temperature
HomArm For 5’- CAGGATCCCTTTGAGCAGCAG -3’ 61.10 °C
HomArm Rev 5’- CAAAGTGGCCCCTAAGGCTAC -3’ 61.10 °C
BGLII CPT1 For 5’- CTACTCGCTGAAGGTGCTGC - 3 60.40 °C
SpWT Rev 5’- AGTCATGATGATCGCCACCC -3’ 59.89 °C

The reaction mix used for each primer was the following:

Volume (1x)
ddH:0 qsp 20 pL. 8.65 uL
Ready BigDye Reaction Mix 1 uL
BigDye Sequencing Buffer 3 uL
Oligonucleotide 10 uM 2 uL
gDNA 70 pg 7 pL
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The program set in the thermocycler was:

Initial dehybridization 962C 1 min
Dehybridization 96 °C 10s

Annealing 50 ¢C 5s 25 cycles
Elongation 60 °C 4 min

Hold 4 °C

The reactions were further processed at the Genomic Services Unit from the Centres
Cientifics i Tecnologics de la Universitat de Barcelona (CCiT-UB) to obtain the sequence

chromatogrames.

2.8. RNA analysis techniques

The changes in transcripts were studied for coding mRNA, snoRNA, pre-microRNA and
microRNA in cellular cultures as well as in MBH. A specific RNA extraction kit was used to
obtain the RNA, which was adapted to the tissular/cellular characteristics. Nonetheless, both
kits are based in the use of a monophasic phenol:guanidinium isocyanate solution designed to
ease the cellular lysis and RNase inhibition. This lysis is complemented with a RNA purification

using silica membrane columns.

2.9. Total RNA extraction from mediobasal hypothalamus

Total RNA was extracted from one half of mediobasal hypothalamus (MBH) dissected
from the studied rats using the RNeasy Lipid Tissue Mini kit (QIAGEN, ref. 25-0500-71)
following the manufacturer's indications with minor modifications. The previously ultrafreezed
dissected tissue was homogenized in 1 mL Lysis QIAzol solution using an ultrasound
homogenizer. During the extraction, the Rnase-free DNase [ (QIAgen, ref. 79254) optional
digestion was performed in all cases. RNA elution was performed with 35 pL. RNase-free water,
and its yield was quantified using NanoDrop 1000 Spectrophotometer (Thermo Scientific, ref.

ND-1000).
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2.10. Total RNA extraction from cell cultures

Total RNA was extracted from cultured cells using the Illustra Mini RNAspin kit (GE
Lifesciences, ref. 25-0500-71) following the manufacturer's indications with minor
modifications. Cells were directly lysed by adding 350 pL RA1 lysis buffer with 3.5 pL -
mercaptoethanol to each well in a 6-well plate. RNA elution was performed with 35 pL RNase-
free water, and its yield was quantified using NanoDrop 1000 Spectrophotometer (Thermo

Scientific, ref. ND-1000).

2.11. cDNA synthesis by reverse transcription

c¢DNA was obtained using TagMan Reverse Transcription Kit (Applied Biosystems, ref.
N8080234), from 1 pg total RNA from MBH or 400 pg from cell cultures, because of the different
RNA extraction yields. The protocol from the manufacturer was used with hexamer primers to
obtain cDNA from all the mRNA. The tissular cDNA was diluted to 2.5 ng/pL and cellular cDNA
to 3.33 ng/uL in RNase-free water, to ease the relative quantification by quantitative real time

PCR.

2.12. Quantitative real time polymerase chain reaction

Quantitative real time polymerase chain reaction (qRT-PCR) was performed using
Power SYBR Green PCR Master Mix adapted for LightCycler 480 (Applied Biosystems, ref.
4367659), according to the manufacturer’s indications in the LightCycler 480 Instrument II
(Roche, ref. 05015243001).

Gene expression quantification by gqRT-PCR was made in a relative manner, using Roche
Software E-Method, which is based in the comparison between the mRNA expression of our
target gene and a reference or normalizer gene, taking into account the crossing point (Cp)
cycle, in which fluorescence reaches a threshold defined value, and the reaction efficiency. The
reference transcript is usually from a housekeeping gene, whose expression has to be constant
and constitutive regardless of the treatments in the experiments. For overexpression in vivo

experiments in rats, 3-actin gene (BACTIN) was our reference, although for in vitro and in vivo
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experiments with mice, TATA box binding protein transcript (TBP), was a better choice when it
came to stability of its expression. The sequences of all the oligonucleotides and their

efficiencies used for qRT-PCR can be found in Annexes.

The reaction mix for each well was the following:

Volume (1x)
ddH>0 qsp 10 pL. 2.5 uL
Primer Mix, containing: 0.5 uL

- Oligonucleotide For 10 uM
- Oligonucleotide Rev 10 uM
Power SYBR Green PCR Master Mix 2x 5 uL
c¢DNA (2.5 or 3.33 ng/uL stock) 2.5 uL
The program set in the thermocycler was:
Initial dehybridization 952C 10 min
Dehybridization 95 ¢C 15s 45 cycles
Annealing 60 °C 1 min
- Capture
Melting curve 95 ¢C 5 min
652C 1 min
- Increaseto 97°C at0.11°C/s

The melting curve allowed verifying the number of amplicons obtained after the PCR
end point. The relative quantification was expressed referred to fold change from the control
group in each gene and each group had 4 samples or more which were analyzed in duplicate

each one.

2.13. Total protein extraction

Cells to have their proteins extracted after the treatment were washed with phosphate-

buffered solution and put on ice. Then 50 pL cold protein lysis buffer was applied to each well in
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a 6-well plate and cells were scraped. Cells were kept on ice with gentle orbital agitation for 5
min and then collected into a 1.5 mL microcentrifuge tube. Samples were homogenized during
10 min by alternating vigorous vortexing with ice incubation. Lysates are centrifuged for 10

min at 4°C at maximum speed and collected in the supernatant for further processing.

The lysis buffer composition was the following for 10 mL:

30 mM HEPES, 150 NaCl, ph 7.4 8 mL
100% Glycerol 1 mL
20% Triton X-100 0.5 mL
10% Deoxycholate 0.5 mL
cOmplete Mini Protease Inhibitor Tablets (Roche, ref. 11836153001) 1 tablet
PhosSTOP Phosphatase Inhibitor Tablets (Roche, ref. 04906837001) 1 tablet

2.14. Bicinchoninic acid protein quantitation assay

Bicinchoninic acid (BCA) protein quantitation assay allows quantifying total protein
with a colorimetric assay and with no disturbances due to lysis buffer detergents and lipids
within the sample. The purple colored product of the assay exhibits a strong absorbance at 562
nm and is nearly linear up to 2 mg/mL. We have used Pierce BCA Protein Assay kit (Thermo
Scientific, ref. 23225) according to manufacturer’s indications, mixing reagents A:B (50:1). We
used 2 mg/mL BSA stock for protein standard curve, ranging 0.018 mg/mL up to 0.181 mg/mL
in a final volume of 220uL (200 uL of the reaction mix and 20 pL of the standard). Samples were
quantified with 2-5 pL, brought up to 20 pL to which 200 pL of the reagent mix was added. The

overall reaction took place at 372C for 30 min and absorbance was then read.
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3. Biochemical and functional assays

3.1. Radiometric fatty acid oxidation assay

The radiometric fatty acid oxidation assay allows studying the capacity of cells to (3-
oxidizing fatty acids. Cells are incubated with a radioactively tagged long chain fatty acid, such
as [1*C]oleate or [!*C]palmitate in our case, and the released 14CO, and [!*C]acid-soluble
products, which are mainly amino acids and tricarboxylic acid intermediates in brain tissue
(Kawamura & Kishimoto, 1981). This method uses a hermetically closed T-flasks system in
which the carbon dioxide generated in a 3 h period from a fix amount of [14C] palmitate is
trapped in a KOH soaked paper with overnight incubation, after the reaction is stopped by the
addition to the cells of perchloric acid. Then, both radiolabeled CO, and acid-soluble products
are quantified.

Cells were seeded adapting the confluence used in 6-well plate to a T25 flask (2:5). Then
cells were infected and treated as described before. After that, cells were washed with 2 mL
0.1% BSA KRBH per flask and then incubated at 372C for 30 min with 3 mL 1% BSA KRBH per
flask; this allowed to remove most of the remaining fatty acids from the medium. Then cells are
washed again with 2 mL 0.1% BSA KRBH per flask. Then 2 mL reaction mix per flask is added.
The reaction mix is made of 200 uM BSA-conjugated [14C] palmitate, 11 mM glucose and 800 uM
carnitine in KRBH. The system was closed with a rubber stopper (Fisher Scientific, ref. 14-126-
BB) which held a 3 cm PVC tube (Fisher Scientific, ref. 14-169-7B) containing a 4 cm? Whatman
paper soaked with 100 uL 0.1 N KOH. All the system was sealed with parafilm and the flasks
were incubated at 379C for 3 h. After that 200 pL 40% perchloric acid is injected into each flask
using a needle to stop the reaction. The system is left overnight at room temperature, to allow
the carbon dioxide to be trapped into the KOH. The following day, the system was open and the
papers left to dry out, before putting them into 5 mL scintillation fluid (Perkin Elmer, ref.
6013159). Then 1 mL of the reaction mix with perchloric acid is taken and centrifuged at
maximum speed for 10 min. 800 pL of the supernatant, which contains the acid-soluble
products, is placed into 5 mL scintillation fluid. After 2 h stabilization, samples are analyzed and

the results for carbon dioxide are expressed as:

nmol palmitate . (Cpmsample — CPMpank) - 500

mg prot - h CpMsoyy - Prot - t
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The results for acid-soluble products are expressed as:

nmol palmitate  (cpMsampre — CPMpiank) - 500 2200

mgprot - h CpMsoyy, - Prot - t 800

3.2. Mitochondrial superoxide quantification in flow cytometry

To detect superoxide generation changes due to ghrelin and CPT1A, MitoSOX Red (Life
Techonologies, M36008) fluorescence was measured by flow cytometry. Neuronal cells were
infected and treated as described previously. Medium was removed, and cells were incubated
for 30 min with PBS containing 5 pM MitoSOX Red. The labeled cells were washed three times
with HBSS-Ca-Mg, pelleted, resuspended in 300 pl of HBSS-Ca-Mg, and fixed by adding 1.2 ml of
absolute ethanol and keeping them at -20°C for 5 min. Cells were pelleted again and
resuspended in HBSS-Ca-Mg containing 3 pM DAPI to mark their nuclei. Then macrophages
were analyzed using a Gallios Cytometer (Beckman-Coulter). The fluorescence intensity of

MitoSOX Red was measured using excitation at 510 nm and emission at 580 nm.

3.3. Amino acid neurotransmitter release assay

The in vivo changes observed with the overexpression of CPT1AM in MBH vesicular
amino acid neurotransmitter transporters led us to hypothesize a possible effect of ghrelin
mediated by CPT1A on glutamate and GABA release. To test this fact, we set a series of
experiments with neuronal cultures exposed to depolarizing potassium chloride concentrations
(25 mM KCl), alternated with 5 mM KCl, to prove if there were changes in amino acid release
due to ghrelin and how this was affected when inhibiting CPT1A pharmacologically and

genetically.

We carried out the experiments with cultured primary neurons in the 8th day of in vitro
(8 DIV) culture, when they are mature enough. If an infection had to be made, e.g. to delete
CPT1A with Ad-CRE or to silence it with Ad-shCPT1A, cells were infected on 6 DIV, to have its

maximum expression on 8DIV. On that day, any pretreatment (5 mM glucose reduction for 3 h)
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and treatment (100 nM ghrelin, 40 pg/mL etomoxir for 30 min) was done just after the amino

acid neurotransmitter release assay.

For this assay we need two buffers at least: Basal 5 mM KCl Hank’s buffer (K5) and
depolarizing 90 mM KCl Hank’s buffer (K90). To prepare them Hank’s buffer solution was
prepared without any NaCl, KCI nor glucose, whose composition in this case would be 1.3 mM
CaCly, 0.4 mM KH2PO4, 0.5 mM MgCl, 0.4 mM MgSO04, 4.2 mM NaHCOs3, 0.3 mM Na;HPO4-2H;0, 8
mM HEPES at pH 7.4. Then, for basal 5 mM KCl Hank’s buffer 5 mM KCl and 136.4 mM NaCl
were added; and for depolarizing 90 mM KCI Hank’s buffer, 90 mM KCl and 51.4 mM NacCl.

After treatments, the wells were washed with pre-warmed Hank’s Buffer (K5). The 1 mL
K5 buffer was added per well and incubated for 10 min at 372C, so that neurons could stabilize
in the buffer. The buffer was aspired and cells were incubated with 1 mL K5 for 2 min and the
supernatant was kept in a microcentrifuge tube. Then cells were incubated with 1 mL K90 for 2
min and the supernatant was kept in a microcentrifuge tube. This process was done up to 6
times, alternating K5 and K90 solutions and keeping the neurotransmitters released into the
Hank’s solution for posterior analysis. As a control of non-vesicular neurotransmitter efflux an
incubation for 2 min in 1 mL K90 without Ca2+* and 3 mM EGTA was done and its supernatant
was kept as well to be analyzed. All the samples were stored at -202C until analysis and the cells

in the plate were lysed with 0.2mL NaOH 0.2N to quantify the protein content for normalization.

Amino acid neurotransmitters content was then measured from the samples HPLC-

MS/MS at the Institut d’Investigacio Biomédica de Barcelona (11BB-CSIC)

3.4. GABA transaminase assay

To detect changes due to ghrelin and CPT1A in GABA metabolism, we wanted to assess
the activity of one of the main enzymes involved in the GABA shunt pathway, GABA
transaminase, which connects the releasable GABA pool with tricarboxylic acid cycle
intermediates (Fig 13). Concretely, with succinate, since it converts GABA into semialdehyde

succinate, which is later converted into succinate in the Krebs Cycle.

We took advantage of a GABA aminotransferase (GABAT) Assay Kit (BMRService, ref.

E134) which is based on sequential GABA transamination reaction and glutamate oxidation,
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which couples the reduction of iodonitrotetrazolium (INT) into INT-formazan (e=18 mM-1-.cm-!

at 492 nm).

o—ketoglutarate GOH » glutamate
NADPH NADP*
TCA Cycle 4.1.1.15| GAD1

SSADH succinic GABAT
1 2.1.04 SeMialdehyde 7 4 3

NADH NAD* glutamate o-KG

succinate GABA

Fig 13. GABA shunt and GAD reactions are responsible for the synthesis, conservation and metabolism of
GABA. GABAT, GABA transaminase; GAD, glutamic acid decarboxylase; SSADH, succinic semialdehyde
dehydrogenase.

This method allows an indirect sensitive detection of GABA transaminase activity in
cell/tissue samples. The manufacturer’s instructions were followed, using 100 uL 1x cell lysis
buffer for 2-105 cells/well in mHypo-N41 and for 8:105 cells/well in primary cortical neurons.
To perform the assay 10 pL of each sample lysate was used. The optical density measurement
was done in a Benchmark Plus microplate spectrophotometer (BioRad, ref. 170-6930) at 492

nm.

3.5. Metabolic Extracellular Flux XF Analysis

The extracellular flux XF analysis is the first in vitro technology which grants a non-
invasive method to understand the metabolism key role in cell physiology, pathology and
etiology. The cause of mitochondrial dysfunction can be easily assessed to reach a thorough
understanding of metabolic pathways, signals and phenotypes. The SeaHorse XF24 Metabolic
Flux Analysis measures key parameters of mitochondrial function by directly measuring the
oxygen consumption rate (OCR), in the presence of different respiration modulators targeting
the components of the electron transport chain, which are sequentially injected to measure

basal respiration, ATP production, maximal respiration and non-mitochondrial respiration.
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Besides mitochondrial respiration, this technology allows to study glycolisis, the other
energy producing pathway, as well as it allows to indirectly measure the fatty acid oxidation
(FAO), both from endogenous and exogenous fatty acid sources. Nevertheless, only the latter,

exogenous FAO is assessed

The compounds injected are oligomycin, FCCP and antimycin A, which target specific

components of the electron transport chain (ETC) (Fig 14).

Oligomycin FCCP ‘ antimycin A
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Fig 14. Bioenergetic profile to test the key parameters of mitochondrial respiration. Sequential compound
injections measure basal respiration, ATP production, proton leak, maximal respiration, spare respiratory capacity,
and non-mitochondrial respiration. Oligomycin inhibits ATP synthase (also kwon as complex V), FCCP uncouples

oxygen consumption from ATP production, and antimycin A inhibits complex III.

Oligomycin inhibits ATP synthase and the decrease in OCR due to its injection correlates
to the mitochondrial respiration associated to ATP production. FCCP, namely carbonyl cyanide-
p-trifluoromethoxyphenylhydrazone, is an uncoupling agent that collapses the proton gradient
and disrupts the mitochondrial membrane potential. All this provokes complex IV to maximally
consume oxygen. This value can be used to calculate spare respiratory capacity, as the
difference between maximal respiration and basal respiration. Nonetheless, in certain cell types
with low respiratory capacity this value is hard to be assessed since they do not have spare
respiratory capacity. The third injection, with antimycin A, acts inhibiting complex III, to shut
down mitochondrial respiration and enables the calculation of non-mitochondrial respiration

driven by processes outside the mitochondria.
Cells were differentiated in customized Seahorse 24-well plates and infected as

described above. Before the measurement, cells treated for 3 h with 25 mM glucose medium, 5

mM glucose medium or FAO assay medium. In the last 30 min the pharmacological treatments
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were made as previously explained. Then they were assayed for 1 hour in XF Assay Medium
(Seahorse Bioscience) plus 5 mM glucose. During the assay, we injected the following at the final
concentrations shown: 2 pg/mL oligomycin, 0.16 uM FCCP and 2 pM antimycin A (Sigma-
Aldrich). OCR was calculated by plotting the oxygen tension of media as a function of time
(pmol/min), and data were normalized by the protein concentration measured in each
individual well. The results were quantified as the average of 8-10 wells +/- SEM per time point

in at least three independent experiments.

3.6. Rat mediobasal hypothalamus lipidomic analysis

MBH wedges were quickly removed, frozen in liquid nitrogen, and stored at -80 °C prior
to lipid analysis. Sphingolipid extraction and analysis by UPLC-TOF was carried out as described
(Canals et al., 2009). Phospholipid extracts were obtained using the same procedure but without
the saponification step. Lipids were analysed by UPLC-TOF in positive or negative mode. The
two mobile phases were 1 mM ammonium formate in methanol (phase A) and 2 mM ammonium
formate in H20 (phase B), both phases with 0.05 mM formic acid. The following gradient was
programmed: 0 min, 80% A; 3 min, 90% A; 6 min, 90% A; 15 min, 99% A; 18 min, 99% A; 20
min, 80% A, and a flow rate of 0.3 mL/min. The ratio between the areas was normalized by the

protein concentration of the sample (pg/ul).

3.7. Rat plasma amino acid and thyroidal hormones analysis

Blood collected from rats and processed to provide plasma and serum. An ELISA
commercial kit was used to measure T3, T4 and TSH (DRG Diagnostics). For the measurement of
plasma amino acids, distilled water (100 uL), 1000 uM NLE (50 pL) and 10% trifluoroacetic acid
(100 pL) were added to 100 pL plasma sample. After 10 min incubation, tubes were centrifuged
at 10 000 x g. The supernatant was filtered (Ultracel membrane 10 kDa filter, Milipore), dried
under nitrogen stream and resuspended in lithium citrate pH 2.2 (100 pL). Amino acids were
measured using an auto analyzer at Centres Cientifics i Tecnologics de la Universitat de Barcelona

(CCiT-UB).
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3.8. Neuronal tricarboxylic acid cycle intermediates analysis

Analysis of tricarboxylic acids was carried out by gas chromatography-mass
spectrometry (GC-MS) detection with a method adapted from the literature (Ribes et al., 1992;
Serra-Pérez et al, 2010; Tanaka, West-Dull, Hine, Lynn, & Lowe, 1980). Experiments were
performed on cell cultures. At the end of the incubations, cells were washed with PBS, and the
cell pellet was resuspended in 500 pl of milli-Q water and frozen at -20 °C until assayed (a
separate fraction was set aside for protein quantification). For the preparation of extracts, the
500-ul samples were taken to a volume of 2 ml with water, and further added 1 ml of 8 M NaOH
and 1 ml of 25 mg/ml hydroxylamine. The sample was then heated at 60 °C for 30 min, and pH
was adjusted by adding 1 ml of 6 N HCl. Sequential extractions were carried out as described
(Ribes et al., 1992) with the exception that samples were extracted twice with 2 ml of diethyl
ether and twice with 2 ml of ethyl acetate. 6 pl of 5 mM undecanoic acid was added at the
collection tube to serve as an internal standard of the procedure. Once completely evaporated
with nitrogen gas, the final dry residue was resuspended in 75 pl of trimethylsilyl, incubated at
60 °C for 30 min to derivatize the keto acids, and kept at =20 °C until injected. 2-pl samples were
injected into a 7890A-5975C GC-MS (Agilent Technologies), with an HP-5MS 60 x 0.25 x 0.25
capillary column using a splitless method and pressure ramp, and results were analyzed by
using the ChemStation GC/MSD software. The ratio between the areas was normalized by the

protein concentration of the sample (pg/ul).

3.9. Acylcarnitines quantification

Acylcarnitines were obtained from MBH wedges and cell cultures. Samples were
homogenized each in 200 pL PBS 1x, from which 20 pL are taken for protein content analysis.
Then deutered palmitoylcarnitine is added to get a final concentration of 50 ppb. Sequential
extractions were performed using Folch reagent and methanol:dH;O:chloroform (48:47:3).
Once completely evaporated with nitrogen gas, samples were resuspended in 300 pL methanol
to be analized. Acylcarnitines quantification was performed in an Acquity UPLC-TOF system
(Waters) with a BEH C8 column (1.7 pm particle size, 100 mm x 2.1 mm, Waters). The two
mobile phases were 1 mM ammonium formate in methanol (phase A) and 2 mM ammonium
formate in H;0 (phase B), both phases with 0.05 mM formic acid. The following gradient was
programmed: 0 min, 65% A; 10 min, 90% A; 15 min, 99% A; 20 min 65% A, and a flow rate of
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0.3 mL/min. Quantification was carried out using the extracted ion chromatogram of each
compound using 50 mDa window. The linear dynamic range was determined by injecting
standard mixtures. Positive identification of compounds was based on the accurate mass
measurement with an error lower than 50 ppm and their LC retention time compared to that of

a standard (*2%). The ratio between the areas was normalized by the protein concentration of

the sample (pg/pl).

4. Bioinformatics and statistical analysis

Statistical significance was determined using Prism 6 software from GraphPad, by two-
way ANOVA, followed by post-hoc analysis with Tukey-Kramer test in the multiple comparison
analysis. In some cases Student’s T test was performed in the analysis of two groups. Data is
expressed as mean * SEM. P value lower than 0.05 is considered significant. Association
between lipid species within each experimental group was evaluated using Pearson correlation
coefficients (r) were computed using the PROC CORR of SAS. Metabolic extracellular flux XF
analysis to evaluate oxygen consumption rate was performed using Wave Desktop software 2.2
from Seahorse Bioscience. Digital PCR experiments were analyzed using QuantaSoft software
1.7.4 from BioRad. Sequencing experiments were analyzed using Chromas Lite software 2.5.1
from Technelsyum and CLC Sequence Viewer 7 from CLC Bio. Oligonucleotide design for qRT-
PCR experiments was performed using Universal Probe Library on-line software from Roche.
Management of scientific references has been performed using Mendeley Desktop 1.16 from

Mendeley Ltd.
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RESULTS

PART 1. Evaluation of the hyperphagic phenotype in rats

overexpressing CPT1AM in ventromedial hypothalamus

CPT1A has been described to have increased activity in fasting state due to the
activation of GHSR by ghrelin. We assessed the effect of CPT1AM overexpression in VMH on
weight, food intake, glucose metabolism, circulating amino acids and thyroidal hormones, MBH
lipid composition, MBH ROS-buffering enzymes and ER stress proteins transcripts, as well as
MBH neuropeptides and glutamate and GABA metabolism genes mRNA. To do so, we cannulated
the animals after at least 1-week post arrival quarantine to reach VMH with ongoing
microinjection (see Fig 10 in Experimental procedures 1.1). 1 week later, AAV vectors were
microinjected into rats VMH and after another week, body weight and food intake was
monitored along their lives. 8 weeks before rats termination, a fast-refeeding satiety test was
performed and 4 weeks previous their sacrifice GTT and PTT assays, each to two different sets

of animals, were performed.

1.1. Analysis of infection and CPT1A activity in VMH

We injected bilaterally a set of cannulated rats with AAV-CPT1AM, and another with
AAV-GFP as control, using the coordinates to reach the ventromedial nucleus of the
hypothalamus (VMH), following the directions found in the Experimental procedures 1.3 and
1.4. Firstly, the nucleus-specific infection was confirmed by histological analysis of coronal
sections of 18-week AAV-GFP injected rats, taking advantage of the green fluorescence found in

the cells infected. Results showed that infection was primarily limited to the VMH area (Fig 15).
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Fig 15. Representative histological coronal section showing GFP in the VMH of AAV-GFP infected rats after the

bilateral injection of AAV vectors.

Secondly, we wanted to assess whether AAV-CPT1AM actually increased CPT1A activity
in the infected area. To this end, we analyzed the levels of long-chain acylcarnitines, as direct
products of CPT1A activity, and the levels of long chain fatty acyl (LCFA)-CoA, its direct
substrate, in mediobasal hypothalamus (MBH). VMH specific dissection has some technical
issues, thus we opted to analyze CPT1A products in a broader area, i.e. MBH, encompassing both
VMH and arcuate nucleus, which does not substantially dilute VMH acylcarnitines and LCFA-
CoA pools. To this end, rats were sacrificed at 18 weeks after infection, they had their MBH
dissected and lipids specifically extracted and analyzed as previously on Experimental
procedures 3.9. On the one hand, the levels of C18:0 acylcarnitines are 3.3-fold higher
(298.4+72.65 pmol/pg) in rats infected with AAV-CPT1A (from now on referred as CPT1A rats)
compared to AAV-GFP infected rats (GFP rats, 90.46+12.69 pmol/ug, p<0.05). C14:0 and C16:0

acylcarnitines levels were not significantly higher, but showed a tendency to increase (Fig 16).
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Fig 16. Quantification of acylcarnitines found in MBH of overnight fasted rats. Samples were obtained 18 weeks

after AAV injection. White bars, GFP rats, and black bars, CPT1AM rats. Error bars represent SEM *p<0.05.

On the other hand, we analyzed the levels of the long chain fatty acyl (LCFA)-CoA to
assess if they were decreased in our model like some of our collaborators stated, with a short-
term VMH CPT1AM adenovirally driven overexpression (Gao et al., 2013). In our model, based
in long-term overexpression, LCFA-CoA were not decreased in the overall pool, but increased in
the case of C18:0 acyl-CoA (0.19+ 0.04 pg/mg, in GFP rats, n=5; 0.3+ 0.02 pg/mg, in CPT1AM
rats, n=7; p=0.02).

These results, added to the previously found in our group (Mera, 2012) regarding
CPT1A mRNA increase due to AAV-CPT1A infection, show that stereotactic bilateral cannulation
in VMH allows a delimited infection mainly in this nucleus. And following the viral injection, the
infection triggers an increase in CPT1A activity, as shown due to the higher levels of long chain
acylcarnitines in CPT1AM rats, but the hyperphagic phenotype to be described appears
regardless there is no reduction in the total pool of LCFA-CoA. All these confirm the effectivity

and function of the viral vectors used to overexpress GFP and CPT1AM in the VMH.

1.2. Effect on food intake and body weight

We assessed the effect of CPT1AM overexpression in VMH on food intake, both in satiety
test and long term cumulative food intake. We found that CPT1AM rats show significant

hyperphagia in their weekly food intake when fed ad libitum, compared to GFP rats, from the
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day 21 after infection along almost all the weeks until their sacrifice (Fig 17). Consequently,

cumulative food intake along this period is statistically higher in CPT1AM rats (Fig 18)

Foodintake (g)
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Days after AAV infection

Fig 17. Weekly food intake of CPT1AM and GFP rats. White circles, GFP rats, and black squares, CPT1AM rats.

n=11. Error bars represent SEM, p<0.05.

We wanted to assess if CPT1A rats have higher food intake regardless the satiety state.

To this end we performed a satiety test, 10 weeks after AAV injection, following a refeeding

after fasting scheme. When refed, CPT1AM rats are hyperphagic after 1, 2, 4 8 and 24 h which

confirms an increase in food intake regardless to the satiety state (Fig 19).
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Fig. 18. Cumulative food intake of CPT1AM and GFP rats. White circles, GFP rats, and black squares, CPT1AM rats.

n=11. Error bars represent SEM, p<0.05.
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Fig 19. Analysis of cumulative food intake for 24 h after an overnight fasting to test the satiety state of
CPT1AM and GFP rats. Analysis was performed 10 weeks after AAV injection. White bars, GFP rats, and black bars,
CPT1AM rats. n=11.Error bars represent SEM, *p<0.05.

This hyperphagia was accompanied by an increase in total body weight measured

weekly, which was significant starting at the 21 days after injection (Fig 20).
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Fig 20. Analysis of body weight changes in CPT1AM and GFP rats. White circles, GFP rats, and black squares,
CPT1AM rats. n=11. Error bars represent SEM, *p<0.05.

These results indicate that CPT1AM overexpression in VMH causes hyperphagia
regardless the satiety state and we have shown that there is an increase in body weight as well,
not detected in previous studies. Moreover, we have actually evaluated the CPT1A activity in
MBH, since we were able to detect an increase in long chain acylcarnitines, but there was no
reduction in LCFA-CoA after long term overexpression. This suggests that CPT1A activity per se

is important for the control of food intake.
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1.3. Lipidomic analysis on MBH

We wanted to assess the extent of bioactive lipid changes, beyond variation in direct
substrate and product levels in CPT1AM rats, so we performed a lipidomic analysis in
collaboration with Dr. Josefina Casas and Dr. Gemma Fabrias, from Institut de Quimica Avancada
de Catalunya (IQAC - CSIC). These lipidomic modifications in MBH might shed some light to
check its ulterior involvement in the hyperphagic phenotype. Other collaborators of our group
have shown that some lipids, such as ceramides, are linked to appetite modulation (Gao, Zhu, et
al,, 2011; Ramirez et al,, 2013). In our model, total ceramide levels are not significantly different
in MBH (Fig. 7). Nonetheless, an analysis by species show an increase in levels of C14:0
ceramide (5.3% 0.7 pmol/mg, GFP rats; 8.3* 1.0 pmol/mg, CPT1AM rats, p<0.01) and C18:1
ceramide (170.4+ 18.8 pmol/mg, GFP rats; 250.5+ 31.9 pmol/mg, CPT1AM rats, p<0.02) (Table.
1).

GFP-expressing rats CPT1AM-expressing rats

Ceramides (pmol/mg protein) n=10 n=10 p value
140 53=0.7 83=1 0.01
14:1 2704 4=0.7 ns
16:0 66.3%9.6 849+131 ns
16:1 a3 =18 95=1 ns
18:0 1479.9=177.9 1880.8=165.9 ns
18:1 170.4+=18.8 250.5*+319 0.02
20:0 246.9=41.3 3124=239 ns
220 403=6.9 51=7.1 ns
221 106=1.3 125=1.2 ns
24:0 61.2=94 67.1=13.5 ns
24:1 65=7.8 67.5=10.5 ns
24:2 243=35 29.1=£3.6 ns

Table 1. Analysis of ceramide levels in MBH from CPT1AM and GFP rats after overnight fasting. Analysis
performed from samples obtained 18 weeks after AAV injection. Ceramide levels in MBH from CPT1AM and GFP rats.
Data indicated as Mean + SEM.

We also observe a 36.1% increase in total lactosylceramide (LacCer) in CPT1AM rats
(Fig 21). Moreover, other sphingolipids related to ceramides, such as sphingomyelin (SM) and
dihydrosphingomyelin (DHSM) were analyzed. Their total concentrations are increased in MBH

from CPT1A rats by 30.8% and 30.6%, respectively (Fig 21).

Membrane traffic and vesicular fusion are especially sensitive to the amount of

phosphatidylethanolamine (PE) (Thai et al, 2001). We determined the total levels of
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lysophosphatidylethanolamine (LPE), plasmalogen phosphatidylethanolamine (PlasPE) and
lysoplasmalogen phosphatidylethanolamine (LPlasPE), which are decreased by 38.5%, 29.0%
and 45.8% respectively in CPT1AM rats, with respect to controls (Fig 22).
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Fig 21. Analysis of sphingolipids in MBH from CPT1AM and GFP rats after overnight fasting. Analysis
performed in samples taken 18 weeks after AAV injection. White bars, GFP rats, and black bars, CPT1AM rats. n=10.

Error bars represent SEM, p<0.05.

The concentration of lysophosphatidylserine (LPS) was also analyzed in the MBH, which
was decreased by 39.0% in CPT1AM rats compared to control rats (Fig 22). Interestingly, the
amount of lysophosphatidylcholine (LPC) was 30.0% higher in CPT1AM rats group, despite no
changes are observed in total phosphatidylcholine (PC) and plasmalogen phosphatidylcholine

(PlasPC).
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Fig 22. Analysis of phospholipids in MBH from CPT1AM and GFP rats after overnight fasting. Analysis
performed in samples taken 18 weeks after AAV injection. White bars, GFP rats, and black bars, CPT1AM rats. n=10.

Error bars represent SEM, p<0.05.
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Neutral lipids, such as triacylglycerols (TAG), diacylglycerols (DAG) and cholesterol

esters (Chol-E) show a tendency to increase (Fig 23).
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Fig 23. Analysis of neutral lipids in MBH from CPT1AM and GFP rats. Analysis performed in samples taken 18
weeks after AAV injection after overnight fasting. White bars, GFP rats, and black bars, CPT1AM rats. n=10. Error bars
represent SEM.

In addition to the total amount of lipid species, we studied the correlations between the
lipid compounds in each group (Fig 24). The lipidomic correlation signature in CPT1AM rats has
many treats in common with control GFP animals (shown in yellow). Nonetheless, some differ
from the signature exclusive for control animals (green): we observe strong positive
correlations between most of the phospholipids -namely, phosphatidylethanolamine (PE),
lysophosphatidylethanolamine (LPE), phosphatidylserine (PS), lysophosphatidylserine (LPS),
some phosphatidylcholines (PC) and lysophosphatidylcholine (LPC)- and many sphingolipids -
such as sphingomyelin (SM), dihydro sphingomyelin (DHSM), hexosyl ceramide (HexCer),
hexosyl dihydroceramide (HexDHCer), lactosyl ceramide (LCer)- in the GFP rats. These positive
correlations were not observed in CPT1AM animals. These rats also lost the positive
correlations between the phospholipid group composed by PE, LPE, PS and LPS and the
phosphatidylcholine derivatives (PC and LPC), despite most of the correlations within the
phospholipid group being kept. On the other hand, new correlations were detected in CPT1AM
animals, which were not observed in GFP counterparts. Given the activity of CPT1A, positive
correlations between acylcarnitines (mostly C16:0, C18:0 and C20:0) and phospholipids (PE,
LPE, PEP, LPEP, PS, LPS, PC and LPC) were found. Moreover, new correlations were detected

between triacylglycerols, diacylglycerols, phospholipids, and ceramides.
All these observations indicate that CPT1A expression in the VMH changes lipid

metabolic flows and alters the profile of structural and bioactive complex lipids in the MBH,

which may be involved in the hyperphagic phenotype observed.
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Fig 24. Integration of lipid correlations in the MBH from CPT1AM and GFP rats. Analysis performed in samples
taken 18 weeks after AAV injection. The pixel map is derived from correlation analyses between the lipids in MBH.
Green pixels indicate the correlations only in GFP rats. Red pixels indicate the correlations in CPT1AM rats. Yellow

pixels indicate the correlations in both groups.
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1.4. Analysis on hypothalamic gene expression

To discern the molecular mechanisms involved in the hyperphagia produced in CPT1AM
rats, compared to GFP counterparts, we analyzed the levels of different transcripts of MBH

neurotransmission elements involved in the control of food intake.

Our group had previously reported that neither orexigenic (ie. AgRP and NPY) nor
anorexigenic neuropeptides (ie. POMC and CART) have their transcripts changed when
producing a long-term overexpression of CPT1AM (Mera, 2012). We reproduced this once again,

showing that none of the food intake-related neuropeptides are changed in our model (Fig 25).
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Fig 25. Analysis of mRNA levels of arcuate neuropeptides controlling food intake, from MBH samples
obtained from CPT1AM and GFP rats. Analysis performed by qRT-PCR from mRNA samples obtained 18 weeks
after AAV injection, after overnight fasting (n=6-7). White bars, GFP rats, and black bars, CPT1AM rats. Error bars

represent SEM, p<0.05.

Since CPT1AM rats show unaltered food intake neuropeptidergic profile, we assessed
changes in the expression of some genes which are related to amino acid neurotransmission and
have been described to be involved in food intake and energy homeostasis (Dicken et al., 2015;
Krashes et al,, 2013; Tong et al, 2007, 2008). We observed an 82% decrease (p<0.05) in
vesicular glutamate transporter 2 (VGLUT2) transcript in CPT1AM rats, with no changes in
VGLUT1 and VGLUT3. VGLUT family allows glutamate to get into small synaptic vesicles (SSV)
to be released due to depolarization to the synaptic cleft, being VGLUT2 the most expressed in
VMH. Vesicular GABA transporter (VGAT), which has a similar role with y-aminobutyric acid
(GABA), showed a 2.2+ 0.4 fold increase (p<0.05) in CPT1A rats’ MBH (Fig 26). GABAergic

neurons found in this area are present mainly in arcuate nucleus (Tong et al., 2008). All these
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data suggest amino acid neurotransmission disturbances in MBH of CPT1A rats, which may be

related to the hyperphagic phenotype.
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Fig 26. Analysis of mRNA levels of vesicular neurotransmitter transporters from MBH samples obtained from
CPT1AM and GFP rats. Analysis performed by qRT-PCR from mRNA samples obtained 18 weeks after AAV injection,
after overnight fasting (n=6-7). White bars, GFP rats, and black bars, CPT1AM rats. Error bars represent SEM,

p<0.05.

AgRP neurons and GABAergic neurotransmission can be modulated by reactive oxygen
species (ROS) (Z B Andrews et al,, 2008; Tarasenko, Krupko, & Himmelreich, 2012). Given that
CPT1A activity putatively increases mitochondrial FAO and ROS, we measured the mRNA levels
of antioxidant enzymes and UCP2 (Fig 27). A slight increase in catalase (CAT), glutathione
peroxidase 3 (Gpx3) and superoxide dismutase (SOD) was detected in CPT1AM rats’ MBH (1.2+
0.04, 1.5+ 0.1 and 1.2+ 0.03-fold increase respectively, p<0.01). Furthermore, UCP2 was
increased as well (1.4+ 0.1-fold increase, p<0.05) in MBH from CPT1AM rats.

2.0
S * ¥
E 1.5 %
E *
o
— 1.0
2
<L
%05
E
00 T T T T
12 5+ L A

Fig 27. Analysis of mRNA levels of ROS-buffering enzymes from MBH samples obtained from CPT1AM and GFP
rats. Analysis performed by qRT-PCR from mRNA samples obtained 18 weeks after AAV injection, after overnight
fasting (n=6-7). White bars, GFP rats, and black bars, CPT1AM rats. Error bars represent SEM, p<0.05.
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We wanted to assess whether this ROS might be inducing endoplasmic reticulum (ER)
stress or changes in the expression of unfolded protein response (UPR) genes, so we checked

several markers related to it in MBH of CPT1AM and GFP rats, but no significant changes are

found in their expression (Fig 28).

15
[ 4]
E1.0- T 1 l _T_
Q
L
e
go.s-
£
0.0 . . : :
{ 'S Q &
) N &
& Q ? S

Fig 28. Analysis of mRNA levels of ER stress elements from MBH samples obtained from CPT1AM and GFP
rats. Analysis performed by qRT-PCR from mRNA samples obtained 18 weeks after AAV injection, after overnight
fasting (n=6-7). White bars, GFP rats, and black bars, CPT1AM rats. Error bars represent SEM, p<0.05.

1.5. Analysis of circulating amino acids and thyroidal hormones

To complement the previously described increased in fasting glucose, insulin and
octanoyl ghrelin observed in CPT1AM rats and unchanged serum levels of leptin (Mera, 2012)

we studied other serum parameters, which might be related to the obesogenic phenotype.

We evaluated the plasma aminogram and interestingly, specific branched-chain amino
acids (BCAA), such as Val and Ile, which are considered obesity markers, are increased by 18.8%
and 19.8% respectively in CPT1AM rats compared to control rats. Nonetheless, Leu remained

unchanged. Moreover, Gly is reduced and Orn and His are increased in CPT1AM rats (Table 2).
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GFP-expressing rats CPT1AM-expressing rats

Amino acids (uM) n=6 n=6 p value
Taur 13229 128101 ns
Asp 23.7+08 26.7*1.2 ns
Hypro 1.6+0.2 1.7+0.1 ns
Thr 1985111 216.7+9.6 ns
Ser 216.2+6 2214+56 ns
Asn 304=1.1 30.5%2.3 ns
Glu 192.4+158 26514123 ns
Gln 103.1+9.8 91.3=10.1 ns
Pro 70815 67.5=2.7 ns
Gly 25174 223183 0.04
Ala 335=11.3 3243107 ns
Citr 66.4+3.5 71.2=38 ns
Val 159.4%6.2 189=5.8 0.006
Cyst 50£1.4 D E=E ] ns
Met 78524 77.1=4.5 ns

lle 66,125 79.2x2.2 0.003
Leu 1943+69 2049+3 ns
Tyr 127.5+8.4 144.7+8 ns
Phe 75+2.8 79.7=09 ns
Orn 115.5%3.2 163=7.1 0.004
Lys 632291 696,1+25 0.05
His 101.3£2.7 1224+28 0.001
Trp 21915 20.8=2 ns
Arg 2154+94 2259+6.3 ns

Table 2. Analysis of plasma aminogram from CPT1AM and GFP rats. Analysis performed from samples obtained

18 weeks after AAV injection and overnight fasting.Data indicated as Mean + SEM.

Levels of thyroid hormones (T3, T4 and TSH) were evaluated, since alterations in
thyroidal function have been related to overweight. In our model, thyroid hormones remained

unaltered between the two groups (Fig 29)
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Fig 29. Analysis of serum thyroidal hormones from CPT1AM and GFP rats. Analysis performed from samples
obtained 18 weeks after AAV injection after overnight fasting (n=6). White bars, GFP rats, and black bars, CPT1AM

rats. Error bars represent SEM.
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This data discards any thyroidal disturbances due to the CPT1AM overexpression and

show a typical increase in BCAA observed in other obese models.

1.6. Analysis of glucose tolerance and gluconeogenesis

Our group had previously reported that CPT1AM rats showed altered glucose tolerance
and moreover, increased hepatic phosphoenolpyruvate carboxykinase, which is a marker for

gluconeogenesis (Mera, 2012).

We confirmed the previous results in a glucose tolerance test performed at 14 weeks
after AAV injection. Glycaemia was higher at 30, 90 and 120 min after intraperitoneal (IP)
glucose bolus, and the area under the curve was higher in CPT1AM rats, which is a sign for

impaired glucose tolerance (Fig 30).
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Fig 30. Analysis of glucose tolerance in CPT1AM and GFP rats. Analysis performed 14 weeks after AAV injection
after overnight fasting (n=6). White circles, GFP rats, and black squares, CPT1AM rats. Error bars represent SEM.
*p<0.05

In another of the experimental sets of rats we further assessed the hepatic
gluconeogenesis by checking the glucose de novo formation, after an intraperitoneal pyruvate
bolus. Surprisingly, we observed that the glycaemia was only increased significantly at the
beginning and 120 min in CPT1AM rats, and the overall area under the curve is not significantly
higher in one group compared to the other (Fig 31), despite we had previously reported

increased hepatic PEPCK mRNA levels in CPT1A rats. However, if glycaemic values had been
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recorded beyond the 120 min, the AUC would probably be greater in CPT1AM rats, despite not

having a higher peak due to gluconeogenesis.
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Fig 31. Analysis of gluconeogenesis in CPT1AM and GFP rats. Analysis performed 14 weeks after AAV injection,
after overnight fasting (n=6). White circles, GFP rats, and black squares, CPT1AM rats. Error bars represent SEM.
*p<0.05
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PART 2. Study of the role of CPT1AM as a downstream

effector of ghrelin in hypothalamic cell lines

We used several hypothalamic neuronal cell lines which had been obtained by
immortalization of hypothalamic primary cultures to assess if ghrelin was able to modulate
amino acid neurotransmission and if CPT1A was in the signaling pathway downstream GHSR in
this effect. These succeed to reproduce some of the physiological features they have in vivo, but
not them all. The most widely used is GT1-7, since it was one of the first cell lines obtained,
which expresses AgRP in a ghrelin-responsive manner, although it was not dissected specifically
from arcuate nucleus. Later on, the Canadian company CELLutions Biosystems Inc. has
developed a wide range of hypothalamus-derived embryonic neurons which respond to

physiological stimuli unevenly.

We tested mHypo-N29/4 and mHypo-N43/5 as models for NAG neurons and
CART/POMC neurons I ARC. Unfortunately, the expression of the four neuropeptides was
almost inexistent in our hands. Then we used mHypo-N41 cell line, which actually expresses

AgRP only to perform experiments to analyze its ghrelin-responsiveness and GABAergic nature.

2.1. Selection of shCPT1A lentivirally transduced mHypo-N41

neuronal lines

To study the implication of CPT1A in ghrelin effect on amino acid neurotransmitter
metabolism, we pursued to obtain a clonally selected mHypo-N41 neuronal line expressing a
shRNA which knocks down CPT1A. To this end, we obtained two lentiviral vectors, one
containing shRNA against CPT1A and the other a scramble sequence as a control, following the

previously described procedure.

We performed a puromycin kill curve experiment to determine the lowest puromycin
concentration to clonally select mHypo-N41 neurons infected by the lentiviral vectors
conferring puromycin resistance, as well as the expression of the shRNA. The concentration
finally used was 1 ug/mL puromycin. After almost 8 days exposed to puromycin, remaining cells

expressing both lentiviral elements, were grown in a puromycin-free complete medium to
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expand them. Cells were subcultured to confirm the reduction of CPT1A mRNA due to shRNA
expression and the effect on expression of AgRP as a control, one of the orexigenic
neuropeptides present in the hypothalamic cell line. The clonally selected mHypo-N41-shCPT1A
reduces significantly CPT1A mRNA levels to a 59% (p=3-10-7) and AgRP expression is reduced to
a half as well (p=0.02), compared to its control, clonally selected mHypo-N41-scramble (Fig 32).
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Fig 32. Analysis of mRNA levels of CPT1A and AgRP in clonally selected mHypo-N41-shCPT1A and mHypo-
N41-scramble. Analysis performed by qRT-PCR. Error bars represent SEM, n=4, **p=3-10-7, *p=0.02

Nonetheless, when we wanted to assess the effect of ghrelin on the selected lines,
mHypo-N41 infected with LV-scramble, namely mHypo-N41-scramble, showed no changes in
CPT1A and AgRP expression, even though some effect on their transcripts was observed in

CPT1A and AgRP, but none on NPY in wild type mHypo-N41 cells (Fig 33).
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Fig 33. Analysis of mRNA levels of CPT1A and AgRP in clonally selected mHypo-N41-scramble after ghrelin

treatment. Analysis performed by qRT-PCR. Error bars represent SEM, n=4,

The lack of NPY and ArGP responsiveness to ghrelin led us to discard mHypo-N41 as a
good hypothalamic cell line. We opted to change to GT1-7 cell lines, because their response to

ghrelin was more established and seemed to be a more reliable model to focus on a mechanistic
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insight. Moreover, we designed another viral vector containing both CPT1A and scramble

shRNA for an acute infection with adenovirus, instead of clonally select cells infected by

lentivirus.

2.2. Effect of ghrelin and etomoxir on gene expression in GT1-7

Firstly, we wanted to confirm the effect of ghrelin on CPT1A, CPT1C and AgRP
transcripts with a physiological glucose concentration. In the three cases, ghrelin produces
around of a 50% increase in their expression compared to basal levels in the hypothalamic cell
line: CPT1A, 1.53+ 0.10-fold increase, p=0.001; CPT1C, 1.60+ 0.09-fold increase, p=0.0002; and
AgRP, 1.47+ 0.14-fold increase, p=0.01. Interestingly, these effects are reverted when the
neurons are co treated with CPT1A inhibitor etomoxir. We also measured HMGCS2 expression,
key enzyme of ketone body formation, which can be used as an indirect marker of CPT1A

activity. Its expression is increased due to ghrelin, which is reversed by etomoxir, as well (Fig

34).
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Fig 34. Analysis of mRNA levels of CPT1A, CPT1C, HMGCS2 and AgRP in GT1-7 cells after ghrelin treatment.
Analysis performed by qRT-PCR. Error bars represent SEM, n=4. p<0.05.
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Secondly, we analyzed whether ghrelin would affect to the expression of enzymes
related to GABA metabolism and release. We observed that ghrelin produces an increase as well
in the 3 enzymes controlling GABA pool in this hypothalamic neuronal line: GAD1, 1.56+ 0.16-
fold increase, p<0.05; GABAT, 1.64+ 0.04-fold increase, p=0.02; SSADH, 1.50+ 0.07-fold increase,
p=0.013 (Fig 35). GAD2 and VGAT are not detectable in this cell line, which may suggest an

impaired or at least incomplete GABA metabolic system.
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Fig 35. Analysis of mRNA levels of GAD1, GABAT and SSADH in GT1-7 cells after ghrelin treatment. Analysis
performed by qRT-PCR. Error bars represent SEM, n=4. p<0.05.

2.3. Effect of ghrelin on CPT1A activity and FAO in GT1-7

Since ghrelin induces AMPK phosphorylation in hypothalamus, this hormone putatively
produces an increase of CPT1A activity due to a reduction of its physiological inhibitor, malonyl-
CoA (Miguel Lopez et al,, 2008). To confirm that, we followed two approaches as a secondary
measure of CPT1A activity in intact cells: we performed a fatty acid oxidation assay with
hypothalamic GT1-7 neurons, and we measured the total acylcarnitines formed in the same cell
line. A proper CPT1A assay with a mitochondria-enriched extract would not show changes due
to malonyl-CoA, since its endogenous levels would be diluted during the purification process

(Zammit & Arduini, 2008). We infected GT1-7 cells with 100 moi Ad-shCPT1A, or Ad-scramble
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as control, and performed the assay with [14C]palmitic acid or we proceeded to extract the

acylcarnitines pool from the cells.

We first measured the levels of acylcarnitines, we observed that ghrelin reduces the pool
of acylcarnitines to a half (p=0.00019), which may imply a reduction in CPT1A activity. When
CPT1A is genetically inhibited, we reach a reduction up to a half as well (p=0.01) of basal
acylcarnitine levels. Surprisingly, when these CPT1A genetically inhibited neurons are treated

with ghrelin, acylcarnitines have a 3-fold increase (p=0.01) (Fig 36).
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Fig 36. Analysis of acylcarnitines content as a measure for CPT1A activity after ghrelin treatment and CPT1A
silencing. Error bars represent SEM, n=4. **p=0.01 ****p=0.0001 in Student’s T test. Two-way ANOVA Interaction***,
CPT1A factor (ns), ghrelin factor (ns)

Moreover, when we measured carbon dioxide, produced from [!*C]palmitic acid and the
acid soluble products (ASP) formed from it, remaining in the media after stopping the 3 h
reaction. The results showed there is a non-significant tendency to increase total carbon dioxide
due to ghrelin (p=0.08) in control cells, but at the same time their acid soluble products (ASP)
from [“C]palmitic acid are reduced to a 13% of ASP from control basal cells (p<0.05).
Surprisingly, the genetic reduction in CPT1AM mRNA, blocks the effect of ghrelin on ASP, but

not in carbon dioxide, whose increase due to ghrelin is significant. (Fig 37).
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Fig 37. Analysis of FAO in GT1-7 after ghrelin treatment and CPT1A silencing. Error bars represent SEM, n=4.
*p<0.05 in Student’s T test. Two-way ANOVA; CO2= Interaction (ns), CPT1A factor ***, ghrelin factor **; Acid-soluble
products (ASP)= Interaction (ns), CPT1A factor *, ghrelin factor (ns)

All this results seem to contradict the premise that, in hypothalamus in vivo, ghrelin
provokes an increase of CPT1A activity due to a malonyl-CoA reduction, or at least the validity

of GT1-7 as a model which faithfully reproduces hypothalamic ghrelin response.

2.4. Effect of ghrelin on mitochondrial respiration in GT1-7 cells

We wanted to assess the mitochondrial function through measuring the oxygen
consumption rate (OCR) performing an extracellular flux analysis with an XF SeaHorse
Analyzer. We wanted to do so, because we observed a drop in acid-soluble products of (-
oxidation due to ghrelin and a reduction in acylcarnitines. These ASP are mostly related to
mitochondria, which are in an 80% amino acids, such as glutamate and aspartate, and in a 20%
organic acids, mainly citrate, when analyzed in brain mitochondrial extracts (Kawamura &
Kishimoto, 1981). We set three different conditions to study the OCR in hypothalamic GT1-7

cells described as follows.
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2.4.1. Oxygen consumption rate of GT1-7 cells at physiological

glycorrhachia

We wanted to analyze the effect of ghrelin on OCR in the closest conditions to
physiology. Cells were pretreated with 5 mM glucose medium for 3h, to mimic physiological
glucose levels in CSF, previous to perform the extracellular flux analysis. 100 nM ghrelin was
added to half of the wells to assess its effect. Oligomycin and antimycin A were sequentially
injected to measure mitochondrial, non-mitochondrial and ATP-linked OCR, as well as proton
leak, taking into account basal initial OCR, and OCR after each drug injection, as explained in
Experimental procedures 3.5. In this assay, ghrelin reduces the OCR along the whole experiment
compared to basal OCR in GT1-7 cells. Consequently, mitochondrial, non-mitochondrial and
ATP-linked OCR, as well as basal OCR and proton leak, are significantly reduced because of
ghrelin effect (Fig 38).
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Fig 38. Analysis of mitochondrial, ATP-linked and non-mitochondrial OCR in GT1-7 neurons after ghrelin

treatment. Error bars represent SEM, n=4. ***p<0.005 ****p<0.001

This mitochondrial function reduction due to ghrelin matches the previous results
regarding fatty acid oxidation and acylcarnitines content, even though fatty acids are not the

main source of carbon for ATP synthesis.

2.4.2. Oxygen consumption rate of GT1-7 cells using palmitate

We wanted to assess how changing substrate to fatty acids would affect to the response
of GT1-7 to ghrelin. To this end, cells were pretreated with 5 mM glucose medium for 3h, to
mimic physiological glucose levels in CSF, previous to perform the extracellular flux analysis. To

the assay medium 100 nM ghrelin and/or 40 pg/mL etomoxir, a CPT1A inhibitor, was added to
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the corresponding wells. All the wells contained the FAO reaction medium with BSA-conjugated
palmitic acid. Oligomycin and antimycin A were sequentially injected to perform the
measurements of OCR due to different subcellular elements. In this experiment, ghrelin reduced
in basal state mitochondrial, ATP-linked and non-mitochondrial OCR. By inhibiting CPT1A with
etomoxir, non-mitochondrial OCR drop as well, but it is noteworthy to point out significant

increases in mitochondrial and ATP-linked OCR due to ghrelin (Fig 39).
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Fig 39. Analysis of mitochondrial, ATP-linked and non-mitochondrial OCR in GT1-7 neurons after ghrelin
treatment and CPT1A pharmacological inhibition by etomoxir (ETX) in a palmitate rich medium. Error bars

represent SEM, n=4. **p<0.01 ****p<0.001 in two-way ANOVA. #p<0.05 in Student’s T test.

These results are similar to the ones observed in fatty acid oxidation radiometric assay
and acylcarnitines quantification, in which ghrelin effect is not only reversed but takes the

opposite sign, increasing instead of decreasing mitochondrial activity due to ghrelin.

2.4.3. Oxygen consumption rate of GT1-7 cells with silenced CPT1A

expression

In this experiment, we did not analyze ghrelin effect on OCR, but the effect on OCR of
CPT1A genetic inhibition, depending on the substrate used (endogenous fatty acid and glucose
or exogenous palmitic acid). Cells were infected with 100 moi Ad-shCPT1A (or Ad-scramble). On
the day of the assay, they were pretreated with 5 mM glucose medium for 3h, to mimic
physiological glucose levels in CSF, previous to perform the extracellular flux analysis. To the
fatty acid oxidation reaction medium BSA-conjugated palmitic acid, or BSA as control, was
added to the corresponding wells. Oligomycin and antimycin A were sequentially injected to
perform the measurements of OCR due to different subcellular compartments. In this

experiment, CPT1A inhibition by shRNA is primarily detected when cells are forced to use
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palmitic acid as fuel, with a significant reduction of mitochondrial and ATP-linked OCR.
Curiously, BSA-conjugated palmitic acid was able to reduce non mitochondrial OCR regardless
the changes in CPT1A expression. In scramble-expressing cells, BSA-conjugated palmitic acid do

not show any change in either mitochondrial or ATP-linked OCR (Fig 40).
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Fig 40. Analysis of mitochondrial, ATP-linked and non-mitochondrial OCR in GT1-7 neurons after CPT1A
silencing in a palmitate rich medium. Analysis performed after 16h infection with adenovirus, Ad-scramble and

Ad-shCPT1A. Error bars represent SEM, n=4. ****p<(.001 in two-way ANOVA.

The complete set of results regarding mitochondrial function on GT1-7 with ghrelin
seems to contradict the basic metabolic changes described in hypothalamic nuclei. Ghrelin does
not increase CPT1A or fatty acid oxidation, but moreover it reduces mitochondrial function in

hypothalamic GT1-7 cell line.

2.5. Effect of ghrelin on mitochondrial superoxide formation in GT1-7

cells

Ghrelin has been reported to mediate neuronal function by controlling reactive oxygen
species formation (Z B Andrews et al., 2008). We wanted to assess if CPT1A would be involved
in ROS generation, so we measured mitochondrial superoxide formation in GT1-7 cells treated
with ghrelin and when CPT1A was genetically silenced. We observed that ghrelin significantly
decreases superoxide formation in mitochondria upto a 61% of the basal levels (Student’s T
test, p=0.0009). Moreover, this effect was blunted with a significant interaction in GT1-7

neurons infected with Ad-shCPT1A (Two-way ANOVA, p=0.0009) (Fig 41).
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Fig 41. Analysis of superoxide formation in GT1-7 neurons after ghrelin treatment and CPT1A silencing.
Superoxide formation measured by MitoSOX derived fluorescence in GT1-7 cells after 16h infection with adenovirus

Ad-scramble and Ad-shCPT1A. Error bars represent SEM, n=4. Interaction p<0.001 in two-way ANOVA.

The initial premise that ROS reduction is due to an increase UCP2 in whole
hypothalamus should be argued extensively, taking into account our results in hypothalamic
GT1-7 neuronal line. Ghrelin seems to produce an overall reduction of mitochondrial activity,
promoting a reduction in CPT1A activity, in fatty acid oxidation, in ATP formation and
presumably in tricarboxylic acid cycle. In this case, the reduction of ROS formation due to
ghrelin would appear due to the reduction in mitochondrial processes, but not because of an

increase in ROS-buffering mechanisms.

2.6. Effect of ghrelin on amino acid neurotransmitters in GT1-7 cells

We assessed the integrity of amino acid neurotransmission by performing an amino acid
neurotransmitters release assay with hypothalamic GT1-7 neurons. We hypothesize that the
overall reduction in mitochondrial capacity would eventually affect the pool of tricarboxylic acid
cycle intermediates, which through a-ketoglutarate and/or succinic acid could form GABA

eventually and effect to the GABA pool to be release.

We took advantage of the release assay to analyze if ghrelin produced any change in
neurotransmitters release depending on CPT1A, by treating the cells with ghrelin and etomoxir
in the previously explained fashion. We observed that hypothalamic cell lines do not respond to
depolarizing stimulus (90 mM KCl), with unchanged levels of GABA and glutamate, regardless

the treatments and membrane polarization state (Data not shown).
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We assessed as well GABAT activity, using the methodology described on Experimental
procedures 3.4, and we observed that GT1-7 cells have negligible activity (Data not shown), at

least not detectable with the methodology used.

All the results found led us to wonder whether ghrelin inhibits CPT1A instead of
activating it, at least in this GT1-7 cell line. AMPK phosphorylation due to ghrelin has been
thoroughly described in hypothalamus (Miguel Lépez et al, 2008). This would eventually
activate CPT1A activity in hypothalmic nuclei, although this effect due to a malonyl-CoA
reduction would be uneasy to confirm with a classical radiometric assay (Zammit & Arduini,
2008). Moreover, GABA output has been described to be increased due fasting in hypothalamic
arcuate GABA neurons, promoting hyperphagia (Dicken et al., 2015). Since GT1-7 is not a good
model to evaluate GABAergic response changes due to ghrelin, we opt to approach to ghrelin

effect in other neurons which are responsive to ghrelin.
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PART 3. Study of the role of CPT1AM as a downstream

effector of ghrelin in primary cortical neurons

Ghrelin has been described to have neuroprotective effects and GHSR activation
mediates in neurite formation in cortical neurons (Mani et al., 2014; Stoyanova, le Feber, &
Rutten, 2013). To this end, we wanted to assess the effect of ghrelin on cortical neurons, both in
vivo and in vitro, on fatty acid oxidation and on GABA metabolism and release. Furthermore, we

hypothesize differential effects of ghrelin depending on neuronal type and region.

3.1. Effect of intraperitoneal ghrelin on food intake

In order to analyze the effects of ghrelin in several cortical parameters, we injected two
doses of 10 pg ghrelin (or the equivalent volume of phosphate-buffered solution, i.e. 300 pL)
intraperitoneally (IP) every 30 min (Sun et al,, 2004) and monitored their food intake for 1 h in
mice which had been food-deprived for 2 hours after the dark period. The food intake in PBS-
injected mice was almost negligible (0.0025+ 0.0025 g/mice/h), while the average food intake
in ghrelin-injected mice was significantly higher compared to control mice (0.0333+ 0.012

g/mice/h, p<0.045) (Fig 42).

Food intake (g)

—
0.00

- Ghrelin + Ghrelin

Fig 42. Analysis of food intake after an acute intraperitoneal ghrelin bolus.Two IP ghrelin (or PBS) bolus were

injected with 30 min difference and food was monitored for 1h. Error bars represent SEM, n=3-4, p=0.0045.

This data validated ghrelin central effects to study further details of ghrelin effect on

cerebral cortex.
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3.2. Effect of intraperitoneal ghrelin on cortical acylcarnitines

We wanted to assess whether intraperitoneal ghrelin actually increased CPT1A activity
in cortex and in whole hypothalamus. To this end, we analyzed the levels of long-chain
acylcarnitines, as direct products of CPT1A activity, in cortical and hypothalamic dissections. To
this end, mice were sacrificed at 1 h after ghrelin or PBS injection, they had their brain tissues
dissected and lipids specifically extracted and analyzed as previously explained. Surprisingly,
ghrelin has a region specific effect on CPT1A activity. Cortex and hypothalamus have similar
basal levels of total acylcarnitines (4.03 pmol/pg and 5.30 pmol/ug, respectively), but when
treated with ghrelin, cortical acylcarnitines drop to a 48% (1.97 pmol/pg, p=0.034) and
hypothalamic pool increases 3-fold (15.50 pmol/pg, p=0.003) (Fig 43)

20
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Total acylcarnitines (pmolug)
=

1 Ghrelin - I Ghrelin +

Fig 43. Analysis of cortical and hypothalamic acylcarnitine levels as a measure of CPT1A activity after an
intraperitoneal ghrelin bolus. Two IP ghrelin (or PBS) bolus were injected with 30 min difference and samples
were obtained at that time to be analyzed. White bars, PBS-treated mice, and black bars, ghrelin-treated mice. Error

bars represent SEM, n=4.

3.3. Effect of intraperitoneal ghrelin on cortical GABA metabolism

We evaluated the effects of IP ghrelin on cortical mRNA levels of different genes related
to lipid, carnitine and amino acid neurotransmitter metabolism. Both isoforms CPT1A and
CPT1C have been extensively described to have upregulated mRNA levels in mediobasal
hypothalamus due to ghrelin treatment after 2 h, as well as increased activity due to malonyl-
CoA reduction (Miguel Lépez et al., 2008; Ramirez et al., 2013). We found that at 1 h after
ghrelin injection CPT1A mRNA levels remains unchanged, but CPT1C mRNA is reduced 20%
compared to basal (p=0.0007), as well as carnitine acetyltransferase (CrAT) in 24.5% (p=0.001)
and carnitine octanoyltransferase (COT) in 14.6% (p=0.04) (Fig 44).
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Fig 44. Analysis of cortical mRNA levels of different carnitine acyltransferases after an intraperitoneal
ghrelin bolus. Two IP ghrelin (or PBS) bolus were injected with 30 min difference and samples were obtained at that
time to be analyzed by qRT-PCR. White bars, PBS-treated mice, and black bars, ghrelin-treated mice. Error bars
represent SEM, n=3-4, ****p=0.0007, ***p=0.001, *p=0.04.

We evaluated the cortical effects of ghrelin on FAS and ACC mRNA levels, from lipid

anabolism, and HMGCS2, related to ketone body formation, and mitochondrial biogenic, PGCla

(Fig 45).
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Fig 45. Analysis of cortical mRNA levels of enzymes involved in lipid and ketone bodies metabolism and
mitochondrial biogenesis markers after an intraperitoneal ghrelin bolus. Two IP ghrelin (or PBS) bolus were
injected with 30 min difference and samples were obtained at that time to be analyzed by qRT-PCR. White bars, PBS-

treated mice, and black bars, ghrelin-treated mice. Error bars represent SEM, n=3-4, ***p=0.007.

Surprisingly, ACC2 is the only aforementioned gene to be significantly reduced (39.2%
reduction, p=0.007) in cortex from ghrelin-treated mice. If this reduction is sustained, it would
lead to reduced ACC2 protein levels and eventually reduced malonyl-CoA and increased CPT1A
activity, which however would happen at the long term, making it compatible with the sudden

reduced acetylcarnitine levels in cortex due to intraperitoneal ghrelin injection.
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Since the overexpression of CPT1AM in MBH, which is a putative downstream effector of
ghrelin, showed changes in the mRNA levels pattern of glutamate and GABA vesicular
transporters, we evaluated the effect of ghrelin on their vesicular transporters and metabolic
enzymes. Only VGLUT3 shows a 35.3% reduction (p=0.01), there are no changes in neocortical
VGLUT1 and a non-significant tendency to reduced thalamocortical VGLUT2 (p=0.057). VGLUT3
mRNA levels is clustered in different brain regions and in cortex it is often associated to
GABAergic neurons among others (Herzog et al, 2004; Liguz-Lecznar & Skangiel-Kramska,
2007). When it comes to GABA, vesicular GABA transporter (VGAT) mRNA levels is reduced in
26.8% (p=0.01). Moreover, both glutamic acid decarboxylase (GAD) 1 and GAD2, which are
responsible for generating GABA from glutamate, have their mRNA levels significantly reduced
(in 20.9% p=0.005 and in 25.7% p=0.01, respectively). Furthermore, GABA transaminase
(GABAT) is also reduced in 18.9% (p=0.04). GABAT is part of an alternative GABA generating
pathway, known as GABA shunt, responsible of GABA synthesis from succinic acid, together
with semialdehyde succinic acid dehydrogenase (SSADH), which shows a non-significant

tendency to be reduced in cortex (p=0.07) (Fig 46).
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Fig 46. Analysis of cortical mRNA levels of amino acid neurotransmitters metabolic enzymes and vesicular
transporters after an intraperitoneal ghrelin bolus. Two IP ghrelin (or PBS) bolus were injected with 30 min
difference and samples were obtained at that time to be analyzed by qRT-PCR. White bars, PBS-treated mice, and
black bars, ghrelin-treated mice. Error bars represent SEM, n=3-4, *p=0.04, **p=0.01***p=0.005.

We measured GABAT activity in cortical samples obtained from PBS- and ghrelin-
injected mice using the methodology explained in Experimental procedures 3.4. We observed
that the subtle reduction in GABAT mRNA was accompanied with an evident reduction in

GABAT activity to around 16% of basal activity (p=0.01), due to ghrelin (Fig 47).
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Fig 47. Analysis of cortical GABAT activity after an intraperitoneal ghrelin bolus. Two IP ghrelin (or PBS) bolus
were injected with 30 min difference and samples were obtained at that time to be analyzed. White bars, PBS-treated

mice, and black bars, ghrelin-treated mice. Error bars represent SEM, n=3-4, **p=0.01

All these results suggest that ghrelin is modulating the cortical gene expression of
enzymes and transporters of GABA metabolism enzymes and vesicular transporters. This

modulation may be involved in behavioral effects of ghrelin in cortex.
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3.4. Appraisal of primary cortical neuronal cultures as a GABAergic

ghrelin-responsive model

Since ghrelin showed effects in cortical tissue in vivo, we decided to discern the
mechanism involved in its effect on mitochondrial function and GABA metabolism and release.
We decided to evaluate whether ghrelin has some effect on primary cortical neurons, because
they have been described to contain GSHR, i.e. ghrelin receptor (Mani et al., 2014), and when
cultured, ghrelin affects to synaptic growth (Stoyanova et al., 2013).

We learnt the procedure to obtain the embryonic primary cortical cultures from the Dr.
Sufiol’s group and managed to replicate it in our laboratory, following their protocol described
elsewhere in this typescript (Sola et al., 2011). This procedure, allows obtaining mature and
functional neurons, keeping non-neuronal cells in the culture up to 2-5% approximately. The
viability and complete physiological function starts at 5 days in vitro (DIV) and they have been
viable in our hands up to 16 DIV, but some authors even state that primary cortical neuronal
cultures are viable until 60 DIV (Lesuisse & Martin, 2002). The morphology and growth of the
cultures was correct and similar from one culture to another with a confluence of 8-105 cells per

well in 6-well plates (Fig 48).

Fig 48. Representative micrographs at 20 x in phase-contrast microscope of primary cortical neuronal
cultures at 1 day in vitro (DIV), 2 DIV, 3 DIV and 8 DIV.
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Every experiment performed to pursue this work has been performed in primary
cortical neurons cultured up to 8 DIV. When adenoviral infection was needed, they were

infected at 6 DIV to have the maximum expression on 8 DIV to perform the experiments.

We first assessed whether ghrelin would affect to amino acid neurotransmitter release,
when the neurons were pretreated for 3 h at different glucose concentrations: 25 mM glucose,
which is the basal culture medium concentration; 5 mM glucose, which is similar to
physiological glycorrhachia; and in total glucose depletion. We observed, that released GABA at
depolarizing 90 mM KCl is significantly reduced upto a 55% compared to 5 mM KCl in ghrelin-
treated neurons at physiological glucose levels and in glucose-depleted medium (Fig 49).
Moreover, basal depolarized levels of released GABA are 4-fold higher at 5 mM glucose,
compared to those at 0 and 25 mM glucose. Cortical neurons present both GABAergic and
glutamatergic types. In the conditions assayed, glutamate was reduced due to ghrelin only in
glucose-depleted medium (data not shown). We assessed if there would be changes in GABA
release in a purely glutamatergic culture such as cerebellar granular neurons and no changes
were produced (data not shown). Due to this and the fact that glutamate related genes in GT1-7
remained unchanged, we decided to go on studying the effects on GABA metabolism in primary

cortical neurons.
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Fig 49. Analysis of GABA release in 8 DIV cortical neurons after ghrelin treatment. GABA release at 5 mM and 90
mM KCl in primary cortical neurons pretreated with 0 mM, 5 mM and 25 mM glucose treated with 100 nM ghrelin.
Error bars represent SEM. Student’s T test ***p<0.005 ****p<0.001.

We analyzed if this ghrelin effect could be blunted by inhibiting CPT1A. To this end we added
etomoxir to block CPT1A activity. We observed that in the presence of 40 pg/mL etomoxir, the
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reduction of GABA release due to 100 nM ghrelin is blunted when co-treated for 30 min (Fig
50).
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Fig 50. Analysis of GABA release in 8 DIV cortical neurons after ghrelin and etomoxir treatment. GABA release
at 5 mM and 90 mM KCI in primary cortical neurons pretreated with 5 mM glucose treated with 100 nM ghrelin

and/or 40 pg/mL for 30 min. Error bars represent SEM. Student’s T test ***p<0.005 ****p<0.001.

3.5. Effect of ghrelin on gene expression in primary cortical neurons

We wanted to confirm if there is any effect of ghrelin on CPT1A, CPT1C, HMGCS2 and
VGAT mRNA levels in primary cortical neurons. We found that CPT1A, CPT1C and VGAT are
upregulated when co-treated with ghrelin for 30 min: CPT1A has 1.38% 0.14-fold increase;
CPT1C, 1.29+ 0.08-fold increase; and VGAT, 1.35+ 0.07-fold increase (p<0.01, in all cases).
Moreover, when co-treated with ghrelin and etomoxir for 30 min, neurons have an even higher
increase in their transcripts: CPT1A has 1.45+ 0.04-fold increase; CPT1C, 1.47+ 0.06-fold
increase; and VGAT, 1.43+ 0.09-fold increase (p<0.01, in all cases). When it comes to HMGCS2,
there is a 1.47+ 0.08-fold increase (p<0.01), but no changes when CPT1A is pharmacologically
inhibited (Fig 51).
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Fig 51. Analysis of mRNA levels of CPT1A, CPT1C, HMGCS2 and VGAT in 8 DIV cortical neurons after ghrelin
and etomoxir treatment. Analysis performed by qRT-PCR from samples of primary cortical neurons pretreated with
5 mM glucose medium for 3h and 20 min of 100 nM ghrelin and/or 40 pg/mL etomoxir. Error bars represent SEM,
n=4. **p<0.01.

Secondly, we studied whether ghrelin would affect to the expression of enzymes related
to GABA metabolism and release. We observed that ghrelin produces an increase in 2 of the
enzymes controlling GABA pool in the primary cortical neurons, like we observed in GT1-7:
GAD1, 1.19+ 0.06-fold increase (p<0.01) and SSADH, 1.26+ 0.09-fold increase, p=0.03 (Fig. 42).
GAD2 was unchanged due to ghrelin, but when combined with etomoxir, produces a 1.25% 0.07-
fold increase (p=0.02). Nonetheless, the changes in GAD1 and SSADH due to ghrelin were not
reversed by etomoxir, but even higher: GAD1, 1.31+ 0.08-fold increase (p<0.01) and SSADH,
1.32+ 0.12-fold increase (p=0.04) (Fig 52).

All these results suggest that ghrelin produces changes in primary cortical neurons
which eventually can affect GABAergic neurons function. Amongst others, ghrelin reduced GABA
release in depolarizing conditions. This effect is blunted by etomoxir, which suggests that
CPT1A4, its pharmacological target, may be mediating this effect. Moreover, ghrelin shows a clear

effect on the modulation of many of the genes implicated in the control of releasable GABA pool.
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Fig 52. Analysis of mRNA levels of GAD1 and GAD2 and GABA shunt genes in 8 DIV cortical neurons after
ghrelin and etomoxir treatment. Analysis performed by qRT-PCR from samples of primary cortical neurons
pretreated with 5 mM glucose medium for 3h and 20 min of ghrelin and/or etomoxir. Error bars represent SEM, n=4.

**p<0.01.

3.6. Effect of CPT1AM overexpression on mRNA expression in primary
cortical neurons

The hypotheses regarding CPT1A as a downstream effector of ghrelin are based in the
putative activation of CPT1A due to a reduction in malonyl-CoA produced by ghrelin (Z B
Andrews et al,, 2008; Miguel Lopez et al., 2008). We first assessed whether overexpression of a
permanently active CPT1A would trigger the same transcriptional changes observed due to
ghrelin. To this end we performed a time course experiment, infecting with 100 moi Ad-
CPT1AM (or Ad-GFP) to have at 8 DIV, 12h, 24h or 48h of infection, with a 3h 5 mM glucose
pretreatment after mRNA sample collection. We observe that with a 24 h infection the
transcriptional pattern is similar to that observed due to ghrelin effect. With a 149-fold increase
in CPT1A mRNA levels (both endogenous and CPT1AM) (p=0.01), we observe a 2-fold increase
in HMGCS2 transcript (p=0.002) and a non-significant tendency for CPT1C to increase (1.45-fold,
p=0.19) (Fig 53).
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Fig 53. Time course analysis of mRNA levels of CPT1A, CPT1C and HMGCS2 in 8 DIV cortical neurons after
CPT1AM overexpression. Effect of CPT1AM overexpression at 12 h, 24 h and 48 h infection on mRNA levels of total
CPT1A, CPT1C and HMGCS2 in primary cortical neurons pretreated with 5 mM glucose medium for 3h. Error bars
represent SEM, n=4. p<0.01.

When it comes to vesicular amino acid neurotransmitter transporters, we observe a 1.5-
fold increase in VGAT at 24 h (p<0.03) (Fig. 54), similar to that observed when treated with
ghrelin (Fig. 41). Moreover, at 12 h, both VGAT and VGLUT are slightly but significantly reduced
to around 80% of basal (p<0.05); and at 48 h, both VGLUT1 and VGLUT3 are significantly

increased, around 15-fold and 70-fold respectively.
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Fig 54. Time course analysis of mRNA levels of vesicular neurotransmitters transporters in 8 DIV cortical
neurons after CPT1AM overexpression. Analysis performed by qRT-PCR to assess the effect of CPT1AM
overexpression at 12 h, 24 h and 48 h infection on mRNA levels of vesicular amino acid neurotransmitter
transporters in primary cortical neurons pretreated with 5 mM glucose medium for 3h. Error bars represent SEM,

n=4. p<0.05.
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We further assessed if there was glucose dependence to this effect, so we infected
primary cortical neurons at 7 DIV with 100 moi Ad-CPT1AM and Ad-GFP for 24h. At 8DIV, cells
were treated with 5 mM and 25 mM glucose for 3 h to mimic physiological and culture glucose
concentrations. CPT1AM overexpression reached around a 200-fold increase, which promotes a
1.75-fold increase in HMGCS2 and 1.4-fold increase in VGAT (Two-way ANOVA, p<0.05). When
treated in a high glucose medium, VGAT was significantly reduced to a 78% of mRNA in its GFP
control (Student’s T test, p<0.05) (Fig 55).
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Fig 55. Analysis of mRNA levels of CPT11A, HMGCS2 and VGAT in 8 DIV cortical neurons after CPT1AM
overexpression in different glucose concentrations. Analysis performed by qRT-PCR from samples obtained after

24h infection, 8 DIV. Error bars represent SEM, n=4. *Two-way ANOVA p<0.05. #Student’s T test p<0.05.

We decided to assess this condition also in transcripts of GABA metabolic enzymes:
glutamic acid deaminases and GABA shunt genes. Both GAD1 and GAD2 are increased at 5 mM
glucose when CPT1AM is overexpressed in 1.26- and 1.35-fold increase, respectively (Two-way

ANOVA, p<0.05) (Fig 56).
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Fig 56. Analysis of mRNA levels of glutamic acid decarboxylase isoforms in 8 DIV cortical neurons after
CPT1AM overexpression in different glucose concentrations. Analysis performed by qRT-PCR from samples

obtained after 24h infection,, 8 DIV. Error bars represent SEM, n=4. *Two-way ANOVA p<0.05.
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In GABA shunt enzymes, there is a 1.30-fold increase in both, GABAT (Two-way ANOVA,
p<0.05) and SSADH (Student’s T test, p<0.05). Surprisingly, CPT1AM overexpression produces a
reduction to 80% of its basal GFP control, in a 25 mM glucose medium (Two-way ANOVA,
p<0.05) (Fig 57).
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Fig 57. Analysis of mRNA levels of GABA shunt genes in 8 DIV cortical neurons after CPT1AM overexpression
in different glucose concentrations. Analysis performed with samples obtained after 24h infection, 8 DIV. Error

bars represent SEM, n=4. *Two-way ANOVA p<0.05. #Student’s T test p<0.05.

These results show the ability of CPT1A to modulate the expression of different genes

involved in GABA metabolism and the dependence on the glucose metabolic state of the system.

3.7. Effect of CPT1AM on GABA release in primary cortical neurons

To assess the impact of these changes found in mRNA expression in GABA release, we
performed an amino acid neurotransmitter release assay. In this case, overexpression of
CPT1AM in primary cortical neurons at 5 mM glucose does not promote any change in the pool
of GABA to be released, nor in glutamate (Data not shown). Contrarily, CPT1AM overexpression
promotes a 1.2-fold increase in GABA release, when the cells are kept in a high-glucose

maintenance medium (25 mM) (Fig 58).

All these results suggest that CPT1A modulation is one of the upstream elements
involved in changes in GABA release, but other factors, including substrate availability, cell
typology and anatomical cell distribution may affect the actual GABA output. Since CPT1AM
overexpression is not able to mimic ghrelin effect on GABA output, but contrarily when
overexpressed at 25 mM glucose produces an increase in GABA, we suggest other mechanisms
involved. Moreover, the net effect seems to include a reduction of CPT1A activity in cortical
brain. To this end, we propose the use of primary cortical cultures, whose CPT1A has been
completely genetically deleted to assess the involvement of CPT1A in the effect of ghrelin on

GABA release and metabolism.
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Fig 58. Analysis of GABA release in 8 DIV cortical neurons overexpressing CPT1AM in different glucose

concentrations Error bars represent SEM. Student’s T test ***p<0.005.

3.8. Genotyping of potentially conditional CPT1A knockout mice

Instead of infecting primary neurons with adenovirus expressing short hairpins to
silence CPT1A, we decided to eliminate completely CPT1A to avoid any compensatory
expression of the gene. To this end, we needed to generate CPT1AUoxP/loxP) mice from whose
embryos we could obtain primary cortical neurons. We opted to follow a strategy starting from
a potentially conditional CPT1A knockout mice. We took advantage of two clones from the
European Conditional Mouse Mutagenesis (EUCOMM) program. We obtained two heterozygous
clones from the cell repository, whose reference numbers are HEPD0727_3_H09 and
HEPDO0727_3_E10, which have a potentially conditional knockout for CPT1A. In both cases, they
had been obtained by homologous recombination, in a construct in which the 5’ homology arm

includes the area around exon 3 and the 3’ homology arm, the area around exon 5 (Fig. 59).

5'arm 3’arm
[ 1
FRT loxpP FRT loxpP loxP
- -
Promoter-Driven Cassette ENSMUSE00000146005

Fig. 59. Scheme of the construction present in CPT1Afrt mice. FRT: Target sequence for FLP recombinase; Exon
Del: Internal Exon Deletion which blocks wildtype CPT1A translation; IRES: Internal ribosome entry site; LACZ: -
galactosidase gene; pA: Polyadenylation sequence; loxP: Target sequence for CRE recombinase; hBactP: Human f3-

actin promoter; NEO: Neomycin resistance gene.
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In any case, exon 4 is flanked by two loxP regions in what has been called the critical
region in the construct. Upstream this area, the construct includes a FRT-flanked region which
contains a NEO gene as well as a LACZ gene, for clone selection. In the latter, it is separated with
an IRES region from an alternative deletion Exon Del, which truncates the expression of wild
type CPT1A from this allele, unless it is processed by a FLP recombinase, also known as flipase.
The deletion of the FRT-flanked region makes the allele to regain CPT1A expression, but in a

conditional knockout manner, depending on CRE recombinase activity to lose its function again.

The two embryonic stem cells containing a CPT1Atm1a(EUCOMMHmgu (simplified as CPT1Afrt)
allele from the parental cell line JMBA3.N1 were sent to the Centre de Biotecnologia Animal i
Terapia Geénica (CBATEG) at the Universitat Autonoma de Barcelona to go on with the chimeric

mice generation.

At CBATEG, karyotype and morphology studies were performed in growing stem cells to
assess the fittest clone to be injected (Table 4). The clone HEPD0727_3_H09 was the chosen one
to be microinjected to obtain the chimeric mice. Its parental cell line JMBA3.N1 conferes a
agouti-fur phenotype, so this clone was injected into black-fur phenotype C57BL/6].0la.Hsd

blastocyst, which would produce chimeric mice with agouti upon black background.

Clone Euploidy Growth Morphology
HEPD0727_3_H09 92% Good Good
HEPDO0727_3_E10 85% Good Good

Table 4. Karyotype and morphology evaluation of CPT1Aft clones from EUCOMM

These injected blastocysts were transferred into foster mothers, which gave birth to 8
chimerae (Table 5). They were shipped to the Unitat d’Experimentacié Animal Facilities of the
Universitat de Barcelona School of Pharmacy and Food Sciences where we got the permit to
establish a colony for the subsequent breeding. Chimeric mice #2, #3, #4 and #7 were mated
with C57BL/6] mice purchased from Charles Rivers. Only chimera #2 gave birth to descendants,
which were putatively CPT1A(+/fi). These animals were genotyped by analyzing the number of
constructs present in them, by Digital Droplet PCR (ddPCR) following the previously described

procedure (See Experimental procedures chapter XXXX). We assessed the number of copies of
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lacz gene, present in our construct, compared to the number of copies of tert gene, which

codifies for telomerase reverse transcriptase.

Transfer Chimera # Sex Birth Chimerism
B80 1 Male 2013.11.25 30%
B80 2 Female 2013.11.25 80%
B80 3 Male 2013.11.25 75%
B81 4 Male 2013.11.25 70%
B81 5 Male 2013.11.25 10%
B81 6 Female 2013.12.22 60%
B93 7 Male 2014.01.06 90%

Table 5. Chimerism percentage present in the mice born from injected blastocysts.

If the construct was present in heterozygosis, as we expected, the copy number ratio
between TERT and LACZ would be 2:1 (TERT:LACZ). In our samples, we could easily distinguish
CPT1A ¢+/f), since LacZ gene was only detected in CPT1AG/f) mice and not in wild type control
mice (Fig 60).

Tert LacZ
Ch1Pos:4775 Neg:36617 Ch1Pos:1511 Neg:36115
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Fig 60. Analysis by ddPCR of TERT and LACZ amplification to genotype CPT1A(+/fr) mice. Fluorescence
amplitude detected in droplet analysis in ddPCR of TERT and LACZ. Positive events, in blue dots;
negative/background events, in gray. gDNA #1 and #2, from C57BL/6] CPT1A+/f) AKO-462 and AKO-465 mice; #3,
from C57BL/6] wt mice.
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The absolute number of copies in each sample can be known by applying a Poisson
modelling to the number of events detected in each samples (Fig 61). When this absolute
number is normalized by dividing it by the number of copies of a reference gene (in our case
TERT, which has 2 copies in diploid cells), CPT1AG/f) cells present 1 LACZ copy per 2 TERT
copies, since LACZ/TERT ratio is 0.478 and TERT/LACZ ratio is 2.09.
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Fig 61. Analysis by ddPCR of absolute concentration of copies in each sample of TERT and LACZ genes in
C57BL/6] CPT1AG+/fr) AKO-462 and AKO-465 mice and C57BL/6] wt mice.

3.9. Genotyping of CPT1AU0xP/loxP) mjce generation

Those mice carrying the potentially conditional knockout CPT1A allele in heterozygosis
(CPT1AG/f9) were mated with heterozygous FLP recombinase-expressing mouse (Kranz et al.,
2010) gently provided by Dr. Barbara Tondelli, from the Institut de Recerca Biomédica de
Barcelona Mouse Mutant Core Facility. Some of their descendants had the genotype
CPT1AG/f0;FLP¢+/), whose expression of FLP recombinase allowed to have CPT1A(/1oxP) mice.
These descendants were mated to obtain CPT1AUcxP/loxP) gyoiding litter inbreeding when

possible.

To genotype CPT1AloxP/loxP) and CPT1A(*/1oxP) mice, their gDNA was obtained from as described
on Experimental procedures 2.5. We used a set of oligonucleotides to amplify the homology
arms regions used to introduce our construct in the genetically modified mice (Fig. 59). When
PCR is performed, we obtain a 1030 bp amplicon in wild type CPT1A allele and a 990 bp
amplicon in CPT1AlxP allele. Thus, CPT1A(+/1oxP) mice present two bands (990 and 1030 bp),
while CPT1AloxP/loxP) mice have only the 1030 bp amplicon (Fig 62 - left side). gDNA from
CPT1AU0xP/loxP) mice was obtained to sequence the critical region containing the loxP-flanked
exon 4 to confirm its immutability. The results show that the region remains unchanged, as it

was designed in the original construct (Fig. 63).
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Fig 62. Amplicons from homology arms in a 1% agarose gel, from CPT1A(*/1oxP) and CPT1AUexP/loxP) taj] gDNA
and CPT1AUoxP/loxP) hepatocytes gDNA infected by Ad-CRE or Ad-GFP.

CPT1AU0xP/loxP) colony was expanded and one of the mice was used to obtain primary
hepatocytes with a collagenase infusion method (Moldéus, 1978). These primary hepatocytes
were infected with CRE recombinase-expressing adenovirus, to double check loxP sequences
integrity, as direct substrates of the recombinase and to evaluate the deletion of exon 4 in gDNA.
After 24 h infection with 50 moi, the 1030 bp is barely detectable by PCR using gDNA from CRE
recombinase expressing hepatocytes. Moreover, a new band with a 219 bp length appeared,
absent in control infected hepatocytes (Fig 62 - right side). This 219 bp band was predicted to
be amplified in CPT1A(oxP/loxP) hepatocytes expressing CRE recombinase, due to the deletion of

the loxP-flanked exon 4.

To assess the integrity of loxP-flanked critical region even further and the ability of CRE
recombinase to delete CPT1A exon 4, we confirmed by PCR the elimination of exon 4 in cDNA
obtained from CPT1AUoxP/loxP) hepatocytes expressing CRE recombinase. The primers used in
this case hybridize on the exon 3 and 5, producing a 288 bp amplicon, and when the
recombination takes place, it was predicted to drop to a 116 bp amplicon. The products of
amplification show the 288 bp amplicon in control cDNA, which disappears in CRE-expressing
cells cDNA, but in this case, the 116 bp band is barely detectable (Fig. 64A). This probably
happens due to a reduction of mRNA stability when exon 4 is deleted. We assessed the drop in
CPT1A mRNA in primary cortical neurons after 16h infection with Ad-CRE, which produced a
reduction of CPT1A mRNA levels (Fig. 64B).
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5'arm HoméArm for
15.060
I

CPT1A_loxP-1 CCATAGTTCACCCCTGGGCACAGCAAAACCCAGCAAATGCTAGCAAAGTATGTTTGAGAGACTGGCAAAGCATTATAATCTGAAGAAAACGGGCCAGGATCCCTTTGAGCAGCAGTTAAGGCGCATAACGATACCAC
B1 Gateway FRT loxP

CPT1AloxP-1 GATATCAACAAGTTTGTACAAAAAAGCAGGCTGGCGCCEGAACCGAAGTTCCTATTCCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCGTCGAGATAACTTCGTATAGCATACATTATACGAAGTTATGTCGA
B2 Gateway Critical region
15.240 16.280 Z
| 1
CPT1AloxP-1 GATATCTAGACCCAGCTTTCTTGTACAAAGTGGTTGATATCTCTATAGTCGCAGTAGGCGGACCATTCCTCCAGAGACTGGAAAAACTGTGTETTGTTCAAGACTGCTCAGGTCGCTGGCCGGCCTCTTGATTCTTC
Critical region

CPT1A_loxP-1 CTTGGGCCTCCAGAGACAGGCCACTCTGCTGCACCCAGCCAAGGCTGGCCCATTTTGAGAGGAATAGAGACTGCCAGGGCGCTTGGAGAACTGGGGTCCCTCAGGLTTCTTCTGCAGCCTGCTCACTCCTGTCGLTG

Exon 4

Critical region

CPT1A_lofP-1 GGAGGGTGCTTGGTCAGCCCGCTTTCTGGTAGCTGCCATTACCACCTTCCATGCTGACGTCTTAGCTCCTTGTCTGCTCCATCCTCACAGTGGCCGCATGTCAAGCCAGACGAAGAACATCGTGAGTGGCGTCCTCT
SpWT rev

CPT1AloKP-1 TTGGCACAGGGCTCTGGGTGGCGATCATCATGACTATGCGCTACTCGCTGAAGGTGCTGCTCTCCTACCATGGCTGGATGTTTGCAGAGCACGGCAAAATGAGCCGCAGCACCAGAATCTGGATGGTAACCACCCGT
Critical region

CPT1A_loxP-1 CACCCACCAGGGGACCCGCTCCGAGTCAGAGCAGGACCCTTGCCTCCTTAGACCTTTCCTCCTCTGTTCCTTGGTGTGTAACCTGTCCCCAGCCTCTGGCTATGGGAGAGCTATGGCTCATGACACTTGCATGGATG

Critical region Synthetic [oxP region Downstream loxP

CPT1A_loxP-1 GAGCCAGGGCTGCTTTTGCTAATGGTTTCTGGGAGTTCTGCCATCTCTCTGTTCACCTCTGTGTGAGATCGCGCAACGCAATTAATGATAACTTCGTATAGCATACATTATACGAAGTTATGGTCTGAGCTCGCCAT
jHomArm rev

Synthetic loxP region
3am

CPT1AloxP-1 CAGTTCAGTAGCCTTAGGGGCCACTTTGCAGGCAGACACCAGACGETTTTCTGAGTTGGTCAGATCACATGATTTACCCTAATCCGTCAGTGTTCTCTATTTCTTCGTGACCTTAAGGCCAAGGCACCATGTTTAAG
Jam

CPTIA_loxP-1 AGAGAGAGAGGGTTATACCATATACATGTGTGTTTGTTAAATTATAACTGGTTGTGAAGGCTTTTGTTGTTGTTTAGTTTTGGTTTTTGAGATGGGGGCTCATGTCACCCTGGCTGGCCATTTCCTGACTGTAGCCA

Fig. 63. Confirmed sequence found in the critical region of CPT1AUcxP/loxP) mjce. FRT: Target sequence for FLP
recombinase; Exon Del: Internal Exon Deletion which blocks wildtype CPT1A translation; IRES: Internal ribosome
entry site; LACZ: 3-galactosidase gene; pA: Polyadenylation sequence; loxP: Target sequence for CRE recombinase;
hBactP: Human B-actin promoter; NEO: Neomycin resistance gene. HomArm for: Oligonucleotide on 5’ homology arm
for PCR genotyping. HomArm rev: Oligonucleotide on 3’ homology arm for PCR genotyping. SpWT rev:

Oligonucleotide for alternative amplification in wild type mice for PCR genotyping.

All these results indicate that CPT1AUexP/loxP) mijce have intact CPT1A mRNA
transcription, but when infected its cells are infected by CRE recombinase-expressing viral

vector and CPT1A exon 4 is successfully deleted.
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Fig. 64. Analysis of CPT1A deletion of after Ad-CRE infection in CPT1A(cxP/loxP) primary cultures. (A) Amplicons
from exon 3 to exon 5 in a 1.5% agarose gel, from cDNA from CPT1AUexP/loxP) hepatocytes infected by Ad-CRE or Ad-
GFP after 24h and 48h and analysis by qRT-PCR of mRNA of CPT1A from primary cortical neurons obtained after 16h

infection (B). Error bars represent SEM, n=4. Student’s T test. **p<0.01.

3.10. Effect of ghrelin and CPT1A deletion on mRNA levels of GABA

metabolism enzymes in primary cortical neurons

Since we had previously observed the impact of CPT1A overexpression and inhibition on
mRNA levels of GABA shunt enzymes, glutamic acid decarboxylases and VGAT, we wanted to

assess the consequences of CPT1A deletion and the treatment with ghrelin in their mRNA levels.

We found that after the genetic deletion of CPT1A, GABAT, SSADH, GAD1 and VGAT had
their mRNA levels reduced to around the 50% (Two-way ANOVA, p<0.05 in most cases, p<0.01 in
VGAT), but the cells seemed unresponsive when it comes to mRNA changes to ghrelin, since the
reduction in GFP-infected cells was not significant in any of the genes, since control GFP group

had greater variability (Fig 65).
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Fig 65. Analysis of mRNA levels of GABA metabolism genes in 8 DIV primary cortical neurons after CPT1A
deletion and ghrelin treatment. Analysis performed by qRT-PCR with samples obtained at 8 DIV after 16h infection
with Ad-CRE and Ad-GFP. Error bars represent SEM, n=4. Two-way ANOVA *p<0.05, **p<0.01

The results on mRNA changes due to CPT1A modulation or ghrelin treatment, have been
highly dependent on the metabolic situation of the cells. For example, with CPT1A
overexpression at 5 mM glucose the changes are similar to those observed when cortical cells
are treated with ghrelin at 5 mM. Nonetheless, the effect on GABA output is dissimilar, pointing

out the existence of other factors modulating GABA pool and its release.

3.11. Effect of ghrelin and CPT1A deletion on GABA release and GABAT

activity in primary cortical neurons

Since we had previously experienced that changes in mRNA of GABA metabolic enzymes
do not necessarily have a direct effect on GABA release, we performed an amino acid
neurotransmitter release experiment on cortical neurons with and without CPT1A deletion.

Besides exposing them to ghrelin, we tested the effect of inhibiting tricarboxylic acid cycle to see
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whether the effect obtained was the same observed with ghrelin treatment. We used 2-
hydroxyglutarate (2-HOGIu), which acts inhibiting isocitrate dehydrogenase. Both ghrelin and
2-HOGlu cause a similar decrease in GABA release (to 58% an 67%, respectively. p<0.01), but
when combined, both compounds offset their effects, with a GABA release similar to basal.

When CPT1A is deleted, neither ghrelin nor 2-HOGlu cause any change in GABA release (Fig 66).
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Fig 66. Analysis of GABA release in 8 DIV primary cortical neurons after CPT1A deletion and ghrelin and 2-
hydroxyglutarate treatment. Analysis performed with cells at 8 DIV after 16h infection with Ad-CRE and Ad-GFP.

Error bars represent SEM, n=4. Student’s T test **p<0.01

Moreover, we took a look on GABA transaminase activity, to check whether the
reduction in its mRNA due to CPT1A deletion would actually affect its activity. We observed that
both CPT1A deletion and ghrelin reduce GABA transaminase activity detected in neuronal
extracts: ghrelin reduces it to a 50% and CPT1A deletion reduces it to around the 30% of basal
GABAT activity (Fig 67). All these results point out the involvement of ghrelin and CPT1A in the

modulation of mitochondrial function, which eventually leads to changes in GABA metabolism

and release.
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Fig 67. Analysis of GABAT activity in 8 DIV primary cortical neurons after CPT1A deletion and ghrelin
treatment. Analysis performed with samples obtained at 8 DIV after 16h infection with Ad-CRE and Ad-GFP. Error
bars represent SEM, n=3. #Two-way ANOVA p<0.05 *Student’s T test p<0.05, referred to GFP, Ghrelin -

3.12. Effect of ghrelin and CPT1A deletion on the intermediates of

tricarboxylic acid cycle in primary cortical neurons

The results obtained with ghrelin treatments on primary cortical neurons, as well as
GT1-7 neurons, suggest that its effect is not only produced in fatty acid oxidation, but also in the
mitochondria as a whole. Krebs cycle, which acts as main metabolic hub in the mitochondria,
could be easily a target of this effect, moreover taking into account the observed effect of
tricarboxylic acid (TCA) cycle inhibition with 2-hidroxyglutarate. We assessed the levels of
many of the TCA cycle intermediates using HPLC in primary cortical neurons treated with

ghrelin, with and without CPT1A deletion.

Both ghrelin and CPT1A deletion promote a significant reduction in citrate, the main
TCA cycle intermediate (around a 70% reduction, p<0.01) and in a-ketoglutarate (around an
80% reduction, p<0.01), which through becoming glutamate can form GABA. Besides the other

intermediates assessed, succinate, fumarate and malate are unchanged (Fig 68).
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Fig 68. Effect of ghrelin and CPT1A deletion on TCA cycle intermediates. Samples were collected from 8 DIV

primary cortical neurons after 16 h infection with Ad-CRE and Ad-GFP and 30 min ghrelin treatment. Error bars
represent SEM, n=4. **p<0.01, **p<0.001

Since we had described that 2-hydroxyglutarate is able to inhibit GABA release as well,

we checked its effect on TCA cycle intermediates. We observed that only in the case of citrate, it

was able to revert its reduction (Fig 69)

Citrate a-Ketoglutarate Succinate

N
o

n
IS

o Pmal/img .
Y :

n

pmol/mg

~

0

| == i

o | [l &=

Ghrelin - + - + - + - + Ghrelin - + - + - + - + Ghrelin + - + - + - +
2-HG - - + + - - + + 2-HG - - + + - - + + 2-HG - - + + - - + +

GFP CRE GFP CRE GFP

Fig 69. Effect of ghrelin, 2-hydroxyglutatate and CPT1A deletion on TCA cycle intermediates. Samples were
collected from 8 DIV primary cortical neurons after 16 h infection with Ad-CRE and 30 min ghrelin and/or 2-
hydroxyglutarate (2-HG) treatment. Error bars represent SEM, n=4

To sum up, it seems that total pool of TCA cycle intermediates is an important factor to
take into account for the modulation of GABA release. Moreover, both ghrelin and CPT1A

deletion produce a drop in TCA intermediates, which suggests that sudden ghrelin treatment
mimics the effect of CPT1A deletion.
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3.13. Effect of ghrelin and CPT1A deletion on mitochondrial

respiration in primary cortical neurons

Since we had different results when it came to GABA response to ghrelin in different
glucose concentrations, we wanted to assess the mitochondrial function through measuring the
oxygen consumption rate (OCR) in primary cortical cells using different substrates as fuel. We
analyzed mitochondrial function at 5 mM glucose and at 25 mM glucose. We assessed it using a
reaction medium in which we forced the use of exogenous palmitic acid, similar to a
radioametric fatty acid oxidation assay. All these data would give us information about the
capacity of neuronal mitochondria to adapt to different fuel availability and to let us know if

there is actually a reduction in fatty acid oxidation due to ghrelin in cortical neurons.

3.13.1 Oxygen consumption rate of primary cortical neurons at

physiological glycorrhachia

We wanted to analyze the effect of ghrelin on OCR in the closest conditions to
physiology. Cells were pretreated with 5 mM glucose medium for 3h, to mimic physiological
glucose levels in CSF, previous to perform the extracellular flux analysis. 100 nM ghrelin was
added to half of the wells to assess its effect. Oligomycin and antimycin A were sequentially
injected to measure mitochondrial, non-mitochondrial and ATP-linked OCR, as well as proton
leak, taking into account basal initial OCR, and OCR after each drug injection, as explained on

Experimental procedures 3.5.

Both ghrelin and CPT1A deletion produce a reduction in non-mitochondrial oxygen
consumption to a 50-45%. Strikingly, ghrelin reduces mitochondrial respiration independently
to CPT1A deletion. However, this reduction is only significant in total mitochondrial respiration
of CPT1A deleted neurons, while only in mitochondrial ATP-linked oxygen consumption is

affected when CPT1A is intact (Fig 70).
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Fig 70. Analysis of mitochondrial, ATP-linked and non-mitochondrial OCR in 8DIV primary cortical neuronal
cultures after ghrelin treatment CPT1A deletion at 5 mM glucose. Cells were analyzed after 16 h infection with

Ad-CRE and Ad-GFP at 5 mM glucose. Error bars represent SEM, n=4. Two-way ANOVA *p<0.05 ***p<0.0001

Student’s T test #p<0.05

3.13.2 Oxygen consumption rate of primary cortical neurons at high

glucose

Cells were pretreated with 25 mM glucose medium for 3h, the same concentration used
when subcultured, previous to perform the extracellular flux analysis. 100 nM ghrelin was
added to half of the wells to assess its effect. Oligomycin and antimycin A were sequentially
injected to measure mitochondrial, non-mitochondrial and ATP-linked OCR, as well as proton

leak, taking into account basal initial OCR, and OCR after each drug injection, as explained on

Experimental procedures 3.5.

Interestingly, ghrelin produces an increase in mitochondrial respiration regardless

CPT1A deletion. Nonetheless, both ghrelin and CPT1A deletion produce a drop in non-

mitochondrial oxygen consumption (Fig 71).
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Fig 71. Analysis of mitochondrial, ATP-linked and non-mitochondrial OCR in 8DIV primary cortical neuronal
cultures after ghrelin treatment CPT1A deletion at 25 mM glucose. Cells were analyzed after 16 h infection with

Ad-CRE and Ad-GFP at 25 mM glucose. Error bars represent SEM, n=4. Two-way ANOVA *p<0.05 ****p<0.0001

Student’s T test #p<0.05

-150 -



3.13.3 Oxygen consumption rate primary cortical neurons using

palmitate

Cells were pretreated with 5 mM glucose medium for 3h, to mimic physiological glucose
levels in CSF, previous to perform the extracellular flux analysis. 100 nM ghrelin was added to
half of the wells to assess its effect and the medium used was the same used during the
radiometric fatty acid oxidation assay, using in this case cold palmitic acid instead. Oligomycin
and antimycin A were sequentially injected to measure mitochondrial, non-mitochondrial and
ATP-linked OCR, as well as proton leak, taking into account basal initial OCR, and OCR after each

drug injection, as explained on Experimental procedures 3.5.

Ghrelin produces a drop in mitochondrial oxygen consumption, but interestingly,
neurons lacking CPT1A forced to use palmitate show unchanged OCR due to ghrelin. The results
obtained in this experiment are similar to those found in the radiometric assay with GT1-7: in
that case acid-soluble products were reduced due to ghrelin and in this case mitochondrial and
ATP-linked OCR are reduced; while CPT1A deletion (or silencing with GT1-7) brings a
compensatory effect with an OCR increase. Surprisingly, non-mitochondrial OCR seems to

increase when CPT1A is deleted and cells are forced to use exogenous palmitic acid as fuel (Fig
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Fig 72. Analysis of mitochondrial, ATP-linked and non-mitochondrial OCR in 8DIV primary cortical neuronal
cultures after ghrelin treatment CPT1A deletion with palmitate-rich medium. Cells were analyzed after 16 h

infection with Ad-CRE. Error bars represent SEM, n=4. Two-way ANOVA *p<0.05 Student’s T test #p<0.05

-151 -



3.14. Effect of ghrelin and CPT1A deletion on mitochondrial

superoxide in primary cortical neurons

We wanted to assess if we could reproduce the effects of ghrelin and CPT1A silencing in
GT1-7 in the primary neuronal culture, since CPT1A would be also involved in ROS generation,
so we measured mitochondrial superoxide formation in primary cortical neurons treated with
ghrelin and when CPT1A was genetically deleted. In this case, we were not able to reproduce the
same effects observed in GT1-7 with no apparent changes in superoxide formation (Fig 73).

This happens probably due to the variability found in primary cortical neuronal cultures.
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Fig 73. Analysis of superoxide formation in 8 DIVprimary cortical neurons after ghrelin treatment and CPT1A
deletion. Superoxide formation measured by MitoSOX derived fluorescence in primary cortical cells. Cells were

analyzed after 16 h infection with Ad-CRE by FACS. Error bars represent SEM, n=4.

All the results obtained in this third part suggest an important role of ghrelin in
mitochondrial activity modulation, which seems to be crucial to produce changes in amino acid
neurotransmission. Modulation of CPT1A seems to be one of the changes produced, but we
cannot categorically affirm that of the observed changes are due to this downstream effector,

but it is clear that its modulation changes the reactivity of the model to ghrelin.
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DISCUSSION

In this work, we focus on the modulation of neurotransmission by CPT1A, as a
downstream effector of ghrelin, in both cortical neurons and hypothalamus. We assess whether
CPT1A has a metabolic role in the direct control of amino acid neurotransmitters metabolism,

besides being part of the signaling for orexigenic neuropeptide expression.

CPT1AM overexpression in VMH causes hyperphagia and overweight

Previous experiments in our group pursuing the CPT1AM overexpression in VMH show
that CPT1A activity promotes a hyperphagic phenotype (Mera, 2012). Thanks to the
fluorescence shown in GFP rats, we observed that the infection is circumscribed mainly in VMH,
with no GFP-expressing cells beyond MBH. If we assume that AAV-GFP and AAV-CPT1AM have
infected similarly the rats, we can attribute the observed phenotype to the CPT1AM
overexpression in VMH. By measuring the formation of acylcarnitines in MBH, we confirmed
that CPT1AM can actually raise its activity in VMH, which we had not previously assessed
directly. This increase of acylcarnitines is not accompanied with a reduction in LCFA-CoA, but
actually there is an increase in C18:0 acyl-CoA. This fact collides with the outdated hypothesis
regarding LCFA-CoA levels in the control of food intake. This initial hypothesis stated that
LCFA-CoA might act as a signal in the pathways to modulate food intake, since its increase, due
to CPT1A genetic inhibition, using ribozymes, or a direct oleate injection promoted a decrease in
food intake (S Obici et al., 2003). Nonetheless, with long-term CPT1AM expression in VMH, rats
did not show a reduction of total LCFA-CoA, contrarily to the previous reports of some of our
collaborators (Gao et al., 2013). The fact that in our case the permanent activation of CPT1A
lasted longer may explain the divergent results compared to short-term overexpression.

Nonetheless, this suggests that increased food intake is independent from LCFA-CoA levels.

Another important hypothesis for the control of food intake involves malonyl-CoA
(Miguel Lopez et al.,, 2008; Nogueiras, Lopez, & Diéguez, 2010). The importance of malonyl-CoA
in the AMPK-ACC-CPT1 signaling axis for the food intake control is confirmed by our
experiments, since the overexpression of a malonyl-CoA-insensitive CPT1A isoform can
promote hyperphagia, independently of the satiety and metabolic state and the consequent

changes in malonyl-CoA levels. We have confirmed that this CPT1AM-induced hyperphagia is
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independent from satiety state, since refeeding-after-fasting satiety tests show that CPT1AM
rats have increased food intake, regardless being fasted or fed. In conclusion, it would be due to

CPT1AM insensitivity to malonyl-CoA.

In this new set of experiments, we confirm the hyperphagic phenotype and conclude
that it can eventually lead to an obese phenotype, probably due to the hyperphagia itself, but we

cannot discard a direct effect of VMH on the organism's capacity to store and consume energy.

This hyperphagia-driven overweight is accompanied with an increase in circulating
BCAA, which are considered obesity biomarkers. Moreover, CPT1AM rats show an impaired
glucose tolerance, which is usual in many overweight animal models and was previously
described as well in our previous reports (Mera, 2012). We tested pyruvate tolerance, since
hepatic phosphoenolpyruvate carboxykinase (PEPCK) is increased in CPT1AM rats. We have
detected no changes in gluconeogenesis in CPT1AM rats, despite initial glucose levels during
PTT were increased in CPT1AM rats, as well as at the end of the experiment, but overall AUC is
not different in CPT1AM rats. We cannot discard we could have detected an increased AUC if the
assay had measures later than 120 min, since the tendency of GFP was to decrease glycaemia,

while CPT1AM rats had higher levels.

CPT1AM overexpression in VMH modifies hypothalamic lipidomic

profile and vesicular amino acid transporters transcription

To deepen our knowledge and our understanding in the mechanisms by which
hypothalamic CPT1A is involved in the control of food intake, we analyzed the transcription of
the different hypothalamic neuropeptides. POMC and CART expression remains unaltered, in
agreement with an unactivated anorexigenic response. However, when we assessed orexigenic
neuropeptides, no changes are observed. Surprisingly, both NPY and, a-MSH antagonist, AgRP
remain unaltered as well. Nonetheless, these results confirm the previously observed in our
group (Mera, 2012). In both cases, we analyzed the mRNA expression in MBH from rats
sacrificed after an overnight fasting, which may mask the changes produced by CPT1AM
overexpression. Nonetheless, the levels of octanoyl-ghrelin are increased in CPT1AM rats
regardless their fasting state (Mera, 2012) and interestingly, we have shown in this work that

CPT1AM rats are hyperphagic independently to their fasting in the satiety test. All these results
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suggest that the hyperphagia observed is not necessarily mechanistically controlled only by
hypothalamic neuropeptidergic signaling. Here we show that CPT1AM overexpression in VMH
triggers the expression of BSX, CREB and Fox01, which are transcriptions factors of NPY and
AgRP. However, they are not able to promote orexigenic neuropeptides expression in fasted
animals. This transcription factors have been described to be triggered by ghrelin in response to
a ROS-buffering enzymes formation (Z B Andrews et al, 2008). In our studies, CPT1AM
overexpression triggers UCP2 and antioxidant enzymes expression in MBH and this is not
accompanied by a production of ER stress. In our model, ROS formation and buffering may be
involved in the hyperphagic phenotype as well, but in a mechanism independent from

neuropeptidergic signaling.

NAG neurons have been described to act in a biphasic fashion when it comes to feeding
(Krashes et al., 2013): on the one hand, AgRP modulates feeding chronically, but not quickly;
and on the other hand, either GABA or NPY are required for rapid feeding. Moreover, some
authors have described a compensatory GABAergic output increase in mice models lacking NPY
(Atasoy, Betley, Su, & Sternson, 2012). Furthermore, VMH neurotransmission has been
described as primarily glutamatergic and this neurotransmission is involved in the control of
food intake and energy homeostasis (Amir, 1990; Fu & van den Pol, 2008; K. W. Kim et al., 2011;
Tejas-Juarez et al., 2014; Tong et al., 2007). Therefore, amino acid neurotransmission appears as
an important player in the control of food intake. In our model of rats overexpressing CPT1AM
in VMH, the animals show unaltered expression of ARC-expressed neuropeptides. Thus, we
assessed the effect of CPT1AM overexpression in amino acid neurotransmission. We evaluated
the effect on the mRNA expression of the vesicular amino acid neurotransmitter transporters
found in MBH: VGAT, which controls vesicular GABA in NAG neurons in ARC, and VGLUT2,
controlling glutamate quantal size in VMH. Moreover, we evaluated the mRNA levels of other
minority vesicular glutamate transporters which can be putatively found in MBH, i.e. VGLUT1
and VGLUT3. In the case of VGLUTS3, it is related to GABA/glutamate co-release in GAD+
neurons. The results showed potential alterations in both glutamate and GABA quantal size, due
to changes in their vesicular transporters. VGLUT2 expression is reduced in CPT1AM rats, while
the same animals show increased VGAT expression in MBH. Although, text book descriptions
often oversee amino acid neurotransmission and focus on well-stablished neuropeptidergic
circuitry, its importance is being increasingly highlighted by researchers worldwide.
Glutamatergic outputs from VMH have been described to activate anorexigenic POMC/CART
neurons to stimulate satiety signaling (Sternson, Shepherd, & Friedman, 2005). A decrease in

VGLUT2 in VMH, where it is mainly located in MBH, may lead to a reduction in glutamate
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quantal size, which would attenuate the activation of anorexigenic neurons. Furthermore,
optogenetic stimulation on NAG neurons produces an orexigenic effect that is blocked using
GABA antagonists (Atasoy et al., 2012). This finding indicates that the orexigenic signaling is not
dependent on hypothalamic neuropeptides. The VGAT mRNA increase may eventually lead to a
rise in GABAergic signaling. This inhibitory signaling may come from VMH (Zhu et al,, 2010)
and/or from NAG neurons (Wu & Palmiter, 2011) to anorexigenic POMC/CART neurons. This
notion is consistent with the experiments showing that muscimol injections, which is a GABA
agonist, markedly increases food intake (Kelly, Rothstein, & Grossman, 1979). Although we do
not know how the vesicular transporters are modulated in our model, ROS signaling has been
reported to boost GABA release (Tarasenko et al., 2012). For this reason, we hypothesize that
CPT1AM expression in VMH, which increases ROS, might be responsible for this higher
inhibitory output. Although we did not monitor ROS directly, we observed an increase in the

transcription of ROS-buffering enzymes.

Alternatively, the CPT1AM-driven lipidomic profile changes could be responsible for the
increased food intake. CPT1A alters lipid turnover and consequently the lipidomic profile in
neurons (Arduini et al., 1994). Lipid membrane composition is crucial to keep the structure and
functionality of embedded proteins (Lundbak, 2006; Schug, Frezza, Galbraith, & Gottlieb, 2012;
Sprong, van der Sluijs, & van Meer, 2001; Takamori et al,, 2006). In some physiopathological
states, neurotransmission is modified by changes in membrane lipid composition (du Bois,
Deng, & Huang, 2005). In the synaptic vesicular model developed by Takamori et al,
transmembrane proteins encompass one fourth of the whole vesicular surface (Takamori et al,,
2006). Amongst them, vesicular amino acid neurotransmitter transporters, such as VGAT or
VGLUT2, need phospholipidic rims to be anchored to the lipid bilayer and to work properly
(Lundbaek, 2006; Takamori et al.,, 2006). The reduction in phospholipids observed in our model
may affect the functionality of these transporters. Therefore, VGLUT2 may have compromised
its anchorage to the vesicular membrane, affecting eventually to its transcription. Nonetheless,
we hypothesize that the putatively increase VGAT expression occurs as a result of indirect effect
on other regions such as ARC. Both changes in lipid composition and expression of vesicular

amino acid transporters might be implicated in the increase in food intake in CPT1AM rats.

Moreover, hypothalamic ceramides have been demonstrated to be involved in feeding
regulation. Concretely, CPT1C is required by the ghrelin-induced increase in hypothalamic
ceramides, which triggers the expression of NPY and AgRP in NAG neurons (Ramirez et al,

2013). We show that CPT1A expression modifies ceramide metabolism, as CPT1AM rats show
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an increase in C18:1 and C14:0 ceramides. Sphingolipids act as signaling molecules in a variety
of physiological processes, including neuronal development and plasticity. The formation and
transport of specific axonal vesicles has been reported to be coupled to sphingolipid synthesis
(Chang, Wisco, Ewers, Norden, & Winckler, 2006). CPT1AM rats have increased sphingomyelin
and dihydrosphingomyelin, which may lead to changes in hypothalamic synaptic plasticity and
energy balance. Moreover, CPT1AM overexpression reduces phospholipids in MBH, which may

act as substrates for the increased FAO in CPT1AM-expressing cells.

To sum up, with previous and current results, CPT1A expression in the VMH plays a key
role in the regulation of food intake and glucose homeostasis (Fig 74). Mechanistically, our
findings suggest that CPT1A modulates the expression of GABA and glutamate transporters,
which control their quantal sizes. We cannot discard the involvement of phospholipids,
sphingolipids and ROS in the mechanisms controlling appetite. Mitochondrial FAO in

hypothalamus is revealed as a potential target for the control of food intake.
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Fig 74. Proposed role of VMH CPT1A in the hypothalamic control of satiety. Adapted from (Mera et al,, 2014)
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Hypothalamic neuronal cell lines have limited validity as

hypothalamic GABAergic neuronal models

The long-term expression of CPT1AM in VMH of rat is both strength and limitation in
these experiments. This is therefore, since we take advantage of an animal model, which is more
complex and closer to physiological system, but at the same time, the long-term overexpression
lets the system to create compensatory mechanisms which mask the physiological gimmick
involved in the control of food intake in ghrelin signaling, downstream CPT1A. Nonetheless,
they gave us a clue to go on investigating on amino acid neurotransmission in the
hypothalamus. To this end, we carried on a series of validation experiments using several

hypothalamic cell lines, to find a valid amino acid neurotransmitting hypothalamic model.

To this end, we evaluated at first mHypo-N29/4 and mHypo-N43/5 as arcuate neuronal
models. When purchased, mHypo-N29/4 was claimed to be an AgRP/NPY-expressing
hypothalamic neuronal line and mHypo-N43/5, a CART/POMC-expressing hypothalamic
neuronal line. Unfortunately, the expression of the four neuropeptides was almost inexistent in
our hands, as it was confirmed later on by the company which retracted their claims.
CELLutions actually stated later on that mHypo-N43/5 expressed both orexigenic AgRP and
anorexigenic CART, claim that we cannot confirm. Later on, we evaluated mHypo-N41 cell line.
It actually expresses AgRP and NPY. Nonetheless, only AgRP expression is ghrelin-dependent,
but seems to have most of the amino acid neurotransmission metabolism intact. We infected
mHypo-N41 neurons with LV-shCPT1A (and LV-scramble) and selected a clone with reduced
CPT1A expression and a control clone, to test the effect of ghrelin in both clones and the
involvement of CPT1A in ghrelin control of neurotransmission. The mHypo-N41-shCPT1A clone
has a reduction to a half of CPT1A mRNA, compared to control. Therefore, the expression of
AgRP is reduced to a half as well. However, when we test their responsiveness to ghrelin,

mHypo-N41-scramble control clone has no changes in the expression of the orexigenic AgRP.

The clonal selection shows that this cell line easily loses some of the neuronal features of
the hypothalamic cell line, such as the responsiveness to ghrelin, after several subcultures. This
fact was known from other hypothalamic neuronal cell lines as well, such as GT1-7, but we
chose to test mHypo-N41 first, since it seemed to be a fitter model for hypothalamic neurons.
However, we decided to change our approach and opted to use a hypothalamic cell model better

studied, in this case hypothalamic GT1-7, which had been extensively used as ARC NAG
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neuronal model (Hu, Dai, et al., 2005; Susmita Kaushik et al., 2012; Morrison, Xi, White, Ye, &
Martin, 2007; Ramirez, 2014). We first validated GT1-7 responsiveness to ghrelin, and we
observed that ghrelin produces increased AgRP expression, as well as increased CPT1A and
CPT1C mRNA levels, which can produce an increase in FAO. When FAO is activated, excessive
acetyl-CoA tends to induce the formation of ketone bodies, by the induction of the expression of
HMGCS2. In this model, HMGCS2 mRNA is increased in ghrelin treated cells and the co-
treatment with etomoxir, a CPT1 inhibitor, reverses this induction. Moreover, etomoxir blunts
ghrelin-induced AgRP, CPT1C and CPT1A mRNA raises. Since GT1-7 expresses AgRP, but not
NPY, we tested the expression of several GABA metabolism enzymes in this model. We could not
detect GAD2 and VGAT, but we were able to detect GAD1 and GABA shunt genes. Interestingly,
the three aforementioned GABA metabolism genes have their expression induced due to ghrelin.
Moreover, etomoxir reverses the ghrelin-induced changes in GABA metabolism genes, which

suggests an involvement of CPT1A in this effect.

Notwithstanding, despite the expression of GABAT mRNA in GT1-7, when we assessed
its activity, our experiments show it is negligible. The signal attributable to GABAT activity is not
higher than the background. Moreover, when we tested whether GABA release from these cells
was possible, we observed that in depolarizing KCl concentration, GT1-7 cells release neither
GABA nor glutamate. However, we decided to evaluate other downstream effects of ghrelin
involving lipid degradation and mitochondrial activity, as putative upstream elements to GABA

neurotransmission in real GABAergic neurons.

Ghrelin reduces fatty acid oxidation, mitochondrial oxygen

consumption rate and mitochondrial ROS formation in GT1-7 cells

Ghrelin has been extensively described to putatively promote an increase in FAO, due to
an increased CPT1A activity because of a reduction in malonyl-CoA levels and an increase in
CPT1A expression (Z B Andrews et al., 2008; Gao et al., 2013; Miguel Lépez et al., 2008; S Obici
et al., 2003; Silvana Obici et al., 2002; Ramirez et al., 2013). We have shown that GT1-7 cells are
ghrelin-responsive when it comes to AgRP, CPT1A and CPT1C mRNA increases. Nonetheless, we
wanted to assess the actual effects of ghrelin on CPT1A in this cells line. However, we had to
discard the use of CPT1 radiometric assay. Malonyl-CoA, which is mainly responsible for the

changes in CPT1A activity due to ghrelin, could be diluted during the assay and it may mask this
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physiological mechanism (Zammit & Arduini, 2008). To this end we opted to analyze CPT1A
metabolic products, acylcarnitines, as well as the actual FAO occurring due to the CPT1A

expression.

We wanted to assess if CPT1A silencing might affect ghrelin’s signaling, since this
hormone increases CPT1A activity in hypothalamus, via AMPK-ACC axis. CPT1A silencing in
GT1-7, using 48h adenoviral infection, efficiently reduces CPT1A activity, which is shown with a
reduction to more than a half of produced acylcarnitines. Strikingly, ghrelin produces a
reduction in acylcarnitines in GT1-7 cells as well. This fact contradicts the described effect of
ghrelin on hypothalamic lipid metabolism. We wanted to confirm these results by testing the
effect of ghrelin on final products of FAO. Surprisingly, ghrelin reduces acid-soluble products of
FAO, which are mainly amino acids and intermediates of TCA cycle (Kawamura & Kishimoto,
1981), but at the same time the final product of mitochondrial respiration, carbon dioxide, has a
non-significant tendency to increase. It is noteworthy that CPT1A silencing triggers some kind
of compensatory effects which do not reduce acid-soluble products or carbon dioxide produced
out of [14C] palmitic acid. Actually, ghrelin increases both carbon dioxide and acylcarnitines
formation in CPT1A-silenced GT1-7 cells. We wonder whether this compensatory elements
involve very long-chain fatty acid oxidation machinery in peroxisomes, which allow peroxisomal
FAO to take place until the formation of octanoyl-CoA, which would be further transformed in
mitochondria thanks to the action of peroxisomal carnitine octanoyltransferase (COT).
However, acylcarnitines detected in our experimental setting are C16:0 and C18:0

acylcarnitines, none of which is product of COT.

We decided to approach to FAO with a different strategy, assessing oxygen consumption
rate (OCR) in GT1-7 cells forced to use palmitic acid as source of carbon. To this end, we took
advantage of a metabolic extracellular flux analyzer (XF Seahorse). The first thing we observed
was a reduction of OCR when cells were forced to use palmitic acid as fuel: mitochondrial OCR
dropped from 10 pmol/min/pg to 2 pmol/min/pg. Then ghrelin treatment produces a reduction
in both mitochondrial and ATP-linked OCR in palmitate-fueled GT1-7. Surprisingly, when
inhibiting CPT1A with etomoxir, ghrelin promotes a slight but significant increase in
mitochondrial and ATP-linked OCR, which resembles carbon dioxide and acylcarnitine increases
due to ghrelin in CPT1A-silenced GT1-7 cells. This effect on oxygen use might depend on the
source of carbon used in the cell. To this end, we tested ghrelin effect basal conditions for GT1-7
cells. Ghrelin produces a reduction in basal OCR, which translates in a reduction in

mitochondrial, ATP-linked and even in non-mitochondrial OCR. These data suggest that ghrelin
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reduces in a certain way the ability of GT1-7 cells to use oxygen by the mitochondria. However,
non-mitochondrial OCR, which proceeds mainly from cytosolic ROS formation, is reduced
regardless of the fuel used. The reduction in mitochondrial OCR due to ghrelin could have
several origins: a reduced ATP demand, some kind of damage in the electron transport chain or
a drop in substrate availability. Nonetheless, ghrelin has been described traditionally to
promote a switch from glucose consumption to FAO. However, this switch can be harsh in a cell
type which is unprepared to oxidize fatty acids (Panov et al., 2014; Schonfeld & Wojtczak, 2012).
Ghrelin had been described to increase UCP2 to buffer FAO-originated ROS formation, we tested
the mitochondrial superoxide formation and we found it is decreased due to ghrelin. However, it
is more probable to have this reduction due to the diminished mitochondrial activity than

because of an increase in UCP2.

Therefore, all these results point out the unsuitability of GT1-7 cells as a model of
hypothalamic NAG neurons because of the following three reasons: (1) GT1-7 cells respond to
ghrelin increasing AgRP expression, as well as CPT1A and CPT1C mRNA, but lack NPY and
GABAergic neurotransmission. (2) Ghrelin decreases CPT1A activity, measured as acylcarnitines
formation and FAO, contrarily to the increase described physiologically in hypothalamus. (3)
Ghrelin decreases mitochondrial activity, measured as mitochondrial OCR, contrarily to what
we would expect in hypothalamus due to FAO increase. These differences in metabolic response

in vitro and in vivo suggest a key role of glial cells in the effect of ghrelin in hypothalamus.

Often cell lines have limited success in mimicking neuronal physiologic responses
(Gordon, Amini, & White, 2013). Neuronal cultures often lack any glial support and they have to
be cultured in media which are often dissimilar to the physiological conditions in which they are
nurtured in vivo. Moreover, the differences found between in vitro culture and in vivo neurons is
not only due to the lack of glial cells to give support to the neurons, but also from the inherent
characteristics of immortalized cells which sets neuronal cell lines apart from neuronal
physiological responses. Furthermore, GT1-7 is serendipitously used as a model of AgRP
neurons. Because of the AgRP expression it has been used as an ARC neuronal model, but this

cell line was developed as a GnRH+ hypothalamic cell line (Mellon et al., 1990).
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Intraperitoneal ghrelin causes differential effects in CPT1A activity in
cortex and hypothalamus and reduces GABA metabolism gene

expression in cortex

Since we want to assess the effects of ghrelin on amino acid neurotransmission, we opt
to use a primary neuronal model, which is more likely to behave in a more physiological way
than neuronal cell lines. We decide to go for primary cortical neurons, which are ghrelin-
responsive and have been used to study the neuroprotective effects of ghrelin (Stoyanova et al,,
2013; Stoyanova & le Feber, 2014). Moreover, cortical neurons are known to express GHSR1a

(Mani et al., 2014).

Firstly, we assessed the effect of intraperitoneal ghrelin on CPT1A activity in cortex and
hypothalamus. We proceeded with a double injection with 1 h treatment, as described in the
seminal paper regarding GHR1a-mediated ghrelin’s effect on food intake (Sun et al., 2004). We
monitored the food intake of PBS- and ghrelin-injected mice and we confirmed that the latter
show hyperphagia. After 1h, we sacrificed the animals and obtained samples of cortical tissue
and the hypothalamus. We analyzed the acylcarnitine content in hypothalamus and cortex of
both groups. Ghrelin produces an increase in acylcarnitines found in hypothalamus, while in the
same mice, cortical acylcarnitines are reduced. The raise in acylcarnitines was expected due to
the increase in CPT1A activity in hypothalamus. However, the reduction in cortical
acylcarnitines, was a result completely unannounced. The effect of ghrelin in cortical CPT1A
activity and FAO has not been previously assessed. This surprising reduction in cortical
acylcarnitines due to ghrelin follows a similar trend to the effect of ghrelin on acylcarnitines of
GT1-7 cells. Notwithstanding, the reduction in hypothalamic GT1-7 neuronal cell line differs
from the increased acylcarnitines observed in hypothalamus after intraperitoneal injection and
it does not follow the AMPK-ACC-malonyl-CoA-CPT1 axis hypothesis in the control of food
intake and energy homeostasis (Andersson et al., 2004; Z B Andrews et al.,, 2008; Cha, Hu,
Chohnan, & Lane, 2005; Hu, Daij, et al., 2005; Kola et al.,, 2008; Lane et al., 2008; Loftus et al,,
2000; Miguel Lopez et al.,, 2008). Once again, GT1-7 cells are revealed as a neuronal cell line
with limited success to reproduce metabolic mechanisms found in hypothalamus in vivo, but
intriguingly GT1-7 cells seem to reproduce a pattern more similar to primary cortical neurons.
This suggest that astrocytes in cortex and hypothalamus may have a different role in modulating

the metabolism in the two areas, promoting a differential response to ghrelin.
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Then we assessed the effect of ghrelin on cortical mRNA levels of several lipid
metabolism genes. We observe a reduction of almost a third in ACC2 and also slight but
significant reductions in CPT1C, CrAT and COT mRNA levels. With this data it becomes evident
that not only CPT1A activity is reduced by ghrelin, but also other lipid metabolism genes
expression and interestingly in an opposite sign compared to ghrelin’s effect in hypothalamic
lipid metabolism. Since ghrelin modulates neuropeptides and other neurotransmitters in
hypothalamus, we wanted to assess its effect in cortical amino acid neurotransmitters
metabolism in neurons. Ghrelin produces a significant reduction around 20-25% in all the genes
involved in GABAergic quantal size control (GAD1, GADZ, VGAT and GABAT), with the exception
of SSADH, which shows a non-significant tendency to decrease as well. Moreover, VGLUT3,
which is a vesicular glutamate transporter related to GABAergic neurons (Herzog et al., 2004), is
also significantly reduced. All these results suggest a reduction in GABA metabolism genes
which would imply a reduction in GABA quantal size to be released. Hypothalamic GAD1 has
been described to be a reliable marker for GABAergic release (Dicken et al,, 2015). The mRNA
reduction found in many of the genes involved in GABA metabolism may be indicative of a

reduction in GABAergic output, but it should be further assessed.

To sum up, intraperitoneal ghrelin seems to modulate in vivo cortical CPT1A activity, as
well as GABA metabolism in cortex, which in some cases would explain part of the central extra-
hypothalamic effects of ghrelin (Zane B. Andrews, 2011; Atalayer et al., 2013; Caroline Hansson
et al, 2013; Kent et al,, 2015; Kluge et al., 2011; Meyer et al., 2014; Perello et al., 2010; Spencer
et al,, 2012; Stoyanova & le Feber, 2014). Due to these results, in order to deepen in the role of
ghrelin and CPT1A in the control of GABA neurotransmission in cortex, we decide to use

primary cortical neurons as a model to study their effects.

Ghrelin reduces GABA release in primary cortical neurons

Primary cortical neuronal cultures have a mixture of GABAergic and glutamatergic
neurons. We tested the effect of ghrelin on GABA release at different glucose concentrations.
These neuronal cultures need 25 mM glucose for maintenance, but this concentration is far from
physiological. CSF glucose concentration oscillates between 2.5-4 mM glucose and since glucose
is essential for the formation of the neurotransmitters’ backbone, we decided to study the effect

of ghrelin at different glucose concentrations. Only at 5 mM glucose and with no glucose at all,
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released GABA with depolarizing stimuli was reduced significantly. Glutamate release was also
reduced due to ghrelin in glucose-deprived conditions. Interestingly, the maximum GABA and
glutamate released was observed at 5 mM glucose. Therefore, we decided to carry on the
experiments with this concentration which was the closest to glycorrhachia amongst the tested
concentrations. Moreover, 5 mM glucose was the concentration tested in GT1-7 cells, because of

the same reasons.

To have a first approach to CPT1A involvement in the effect of ghrelin on GABA release,
we inhibited pharmacologically it by using etomoxir. The CPT1A pharmacological inhibition
blunts ghrelin reduction of GABA release, suggesting some kind of involvement of the enzyme in
this process. We further checked the changes produced by ghrelin and etomoxir in the mRNA
expression of several genes involved in CPT1A activity and GABA metabolism. Ghrelin produces
an increase in CPT1A, CPT1C and HMGCS2 mRNA expression, as well as an increase in GAD1 and
SSADH. Interestingly, the expression pattern differs from the one observed in cortex after

intraperitoneal ghrelin injection, in which GABA metabolic enzymes expression was diminished.

CPT1AM expression does not reduce GABA release in primary cortical

neurons

Then we approached to the role of CPT1A in GABA metabolism by overexpressing it in
primary cortical neurons. We performed a time course experiment to analyze the effect of the
infection at different times. After 24h of infection, the mRNA expression pattern is similar to the
one observed due to ghrelin treatment, so we performed ongoing experiments at that infection
time. The experiments were performed using 5 mM and 25 mM glucose media. Thus we studied
whether the effect is dependent on the glucose concentration as well, in an overexpression
situation in which mimics ghrelin’s effect. At 5 mM glucose, CPT1AM overexpression causes an
increase in HMGCS2, VGAT, GAD1, GAD2 and GABAT and SSADH. Interestingly, these increases
do not happen at 25 mM glucose, but contrarily, GABAT and VGAT have their mRNA levels
reduced. All these data suggest that mRNA changes due to ghrelin and CPT1A are not exclusively

ghrelin-dependent, but rely in other factors, such as glucose availability.

GABA release was tested using the same conditions. Surprisingly, CPT1AM

overexpression does not cause any changes in GABA release in depolarizing conditions at 5 mM
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glucose. More strikingly, at 25 mM glucose, the overexpression triggers an increase in GABA
release. On the one hand, the higher glucose concentration and the increased FAO would lead to
an increase in TCA cycle intermediates, given the increase in pyruvate used to generate
oxaloacetate and the increase in acetyl-CoA from fatty acids degradation. Given the disruption of
the switch mechanism composed by malonyl-CoA and CPT1A’s malonyl-CoA-sensitivity, the
overexpression generates a non-physiological process in which both glycolysis and FAO are
activated at the same time, contrarily to a neuronal reinterpretation of Randle’s hypothesis
(Randle, Garland, Hales, & Newsholme, 1963). Physiologically, when glycolysis is active, part of
the acetyl-CoA might be used in fatty acid biosynthesis to generate malonyl-CoA. This fatty acid
precursor would in turn block FAO via inhibiting CPT1A to block any futile cycle. However,
when overexpressing a malonyl-CoA-insentive CPT1A, both processes are active, promoting an
increase in TCA cycle intermediates. This raise would in turn activate anabolic/cataplerotic
processes in order to control the excess of reductive power generated by the excess of carbon
backbones from both processes. In GABAergic neurons, the increase in a-ketoglutarate and
succinate would lead to an increase in glutamate and GABA formation. This agrees with the
increased GABA release observed due to CPT1AM overexpression in 25 mM glucose medium.
Nonetheless, this glucose concentration is far from being physiological, but it shows there is a

direct link between GABA production and release and lipid metabolism (Fig 75).

On the other hand, these data suggest that other factors are involved in the control of
GABA release besides CPT1A as a downstream ghrelin effector in the AMPK-ACC-CPT1 axis.
Ghrelin, which hypotheticaly activates CPT1A activity, is able to reduce GABA release at 5 mM
glucose. However, CPT1AM overexpression does not render the same result at 5 mM glucose.
Here we have several factors to take into account. Firstly, the overexpression is measured after
a 24 h infection, which may trigger some adaptation in the system. Ghrelin-driven activation of
CPT1A is fastly promoted by the decrease in malonyl-CoA. Nonetheless, CPT1A increased
activity in CPT1AM-overexpressing neurons is not so sudden, it starts after the virus-contained
genes are expressed, with its maximum at 48 h. Moreover, since FAO-originated acetyl-CoA may
saturate TCA cycle, it could trigger the expression of HMGCS2 which may leak excessive acetyl-
CoA into the generation of ketone bodies if neurons were neat ketogenic cells, which are not.
However, in our astrocyte-less neuronal culture, we do observe an increase in HMGCS2 when
overexpressing CPT1AM in low glucose medium. Probably, neurons could reroute in vivo this
excess of acetyl-CoA into glial cells somehow. Moreover, we should take into account
postranslational inactivation of HMGCS2 due to succinylation (Hegardt, 1999; Lowe & Tubbs,
1985), which is likely to occur in the tested high glucose situation. To sum up, the putative

-165 -



reduction in TCA cycle intermediates discards the possibility of using them in GABA
biosynthesis and GABA shunt.
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When analyzing mRNA expression patterns, VGAT and GABAT are downregulated in a
situation in which GABA release is increased, when overexpressing CPT1AM with 25 mM
glucose medium. This would suggest some kind of compensatory effect trying to reverse the
metabolic changes produced on GABA pool due to the overexpression. However, with higher
glucose concentration, most of GABA metabolism genes are upregulated in CPT1AM-
overexpressing neurons, but no reduction in GABA release takes place. However, we cannot
discard that it may reduce mitochondrial GABA pool, which may affect releasable GABA pool at
the long term. Moreover, ghrelin may exert the reduction in GABA release not only by reducing
its pool, but also affecting neurotransmitter vesicular exocytosis, which may explain the lack of

reduction on GABA release.

CPT1A deletion blunts ghrelin-induced reduction of GABA release and
both ghrelin and CPT1A deletion reduce a-ketoglutarate and citrate in

cortical neurons

Instead of silencing CPT1A expression with a shRNA against it, we decided to eliminate
it completely. Thus we would avoid any compensatory effects on CPT1A expression. To do so,
we obtained a mouse whose CPT1A exon 4 is flanked by two loxP sequences. Nevertheless, at
the end of the development of this project we knew that another research groups had generated
mice with floxed CPT1A sequence successfully (Schoors et al., 2015). Despite this, we carried on
obtaining our model. We obtained potentially conditional knockout mice which were obtained
using homology recombination in the EUCOMM program. We eventually used the
HEPDO0727_3_HO09 clone, which was the fittest to be injected in the blastocysts. We analyzed the
chimerae obtained by using ddPCR technology to validate that the only recombination given in
the clones was in homology. Thus, we validated that only a copy of the construct was
introduced, and we proceeded to obtain CPT1A®/1oxP) mice from the heterozygous. We obtained
the sequence of the recombined critical region and confirmed that the elements within have not
mutated. Primary cells where obtained from CPT1AUoxP/loxP) mice and they were infected with
CRE recombinase adenovirus. The expression of CRE recombinase produced a successful
elimination of exon 4 and a reduction in wildtype CPT1A mRNA. Interestingly, the elimination of

exon 4 seems to produce a reduced viability of the mRNA outcome of CPT1A.
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We evaluated the changes in mRNA expression in different GABA metabolism genes due
to the elimination of CPT1A. This appraisal show there is direct link between CPT1A activity and
GABA metabolism, since mRNA expression in GABA shunt genes, GAD1 and VGAT drop
substantially with CPT1A deletion. Interestingly, no significant changes appear due to ghrelin
treatment. This fact suggests that GABA metabolism gene expression changes observed in basal
state are due to counter regulatory effects given after metabolic changes. It becomes clear that
changes in GABA metabolism mRNA depend on other factors such as substrate availability in
CPT1AM overexpression. In this model, factors like glycolysis activation or CPT1A activation or
deletion seem to be involved in the activation of GABA metabolism. These processes yield the
carbon backbones needed for the generation of GABA, especially out of pyruvate. However, in
our model both changes in acetyl-CoA (from glycolysis and FAO) and pyruvate (from glycolysis)
would be responsible for the modification of TCA intermediates amounts needed for the
generation of GABA. This is evident with the activation of both FAO and glycolysis by the
overexpression of CPT1AM in a high glucose medium. The importance of TCA cycle
intermediates as carbon backbone donors for the GABA biosynthesis is clear when we study the
changes in GABA release. The isocitrate dehydrogenase inhibitor, 2-hydroxyglutarate, which
stops TCA cycle, produces a significant decrease in GABA release. Intriguingly, ghrelin produces
exactly the same effect and the deletion of CPT1A blunts it. These data suggests that ghrelin
produces changes in substrate availability for GABA biosynthesis. We have not assessed the
metabolism of other amino acids, that could be modified due to effect of ghrelin and explain the
drop of some of the TCA intermediates. Moreover, we should assess whether this modulation

may be controlled by the changes in CPT1A activity promoted by ghrelin.

Due to the clues given by TCA cycle inhibition effect on GABA release, we decided to
evaluate the effect of ghrelin and CPT1A deletion on cellular content of the different TCA cycle
intermediates and mitochondrial activity and oxygen consumption to shed more light on the
mechanistic insight of the observed phenomena. When treated with ghrelin in a 5 mM glucose
medium, primary cortical neurons have their citrate and a-ketoglutarate content reduced.
Interestingly, CPT1A deletion reduces these two TCA as well, which are two of the initial Krebs
cycle intermediates. However, neither malate nor fumarate have their levels significantly
reduces, and interestingly succinate, which is the intermediate involved in GABA shunt has a
non-significant tendency to increase. Somehow, both ghrelin and CPT1A seem to reduce the
initial TCA intermediates but since subsequent steps tend to be unchanged, let us wonder
whether anaplerotic pathways are replenishing the TCA intermediates. The tendency of

succinate to be increased due to ghrelin would suggest that maybe GABA shunt is active at this
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point. However, our results with GABAT activity suggest that this anaplerotic pathway is

reduced.

Ghrelin reduces mitochondrial oxygen consumption in cortical

neurons

Furthermore, we assessed oxygen consumption changes due to ghrelin in primary
cortical neurons (Table 6). We have tested OCR at three different conditions: with a medium
which contains glucose as main fuel, the closest to a physiological state; with a medium
containing high glucose concentration; and with a medium which contains palmitate as main
fuel. The use of different fuel sources and the actual impact in ATP synthesis and the extra
mitochondrial oxygen consumption has given valuable information about the bioenergetic
processes taking place. Ghrelin seems to have a direct impact on the ATP biosynthesis, since
ghrelin reduces ATP production in a glucose concentration closer to glycorrachia and in a
medium containing physiological glucose levels but with palmitate as main source of carbon.
Interestingly, ghrelin increases mitochondrial OCR in a high glucose medium. It is noteworthy,
that ATP-linked mitochondrial OCR has a tendency to increase due to ghrelin, but it is non-
significant. However, the deletion of CPT1A increases ATP-linked OCR due to ghrelin. This
suggests that a high glucose medium promotes a ghrelin-dependent activation of mitochondrial
respiration. This effect is boosted by the deletion of CPT1A to enhance ATP biosynthesis. The
differential effects depending on glucose concentration suggest once again that ghrelin acts as a

metabolic switch.

Non-mitochondrial
ATP-linked OCR OCR
Fuel Ghrelin  CPT1A + - + -
Glucose i ¢ - ¢ ¢
+ 4 = 4 4
High - c = C 4
Glucose + = mn ! iyl
Palmitate ¢ - ¢ T
+ { = @ i}

Table 6. Effect of CPT1A deletion and ghrelin in primary cortical neurons on mitochondrial respiration and
non-mitochondrial oxygen consumption. The table shows summarizes changes in OCR referred to each control(c):

increased (1), decreased (&) or similar (=) OCR
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However, FAO has not been taken into account as a metabolic modulator for other
neuronal processes. Interestingly, the changes in ATP production in a high glucose medium due
to ghrelin are lost. Unless CPT1A is deleted, which actually produces the contrary effect: ghrelin

increases ATP production when CPT1A is not present.

Despite some of our experimental results are surprising, they agree with most of the
previous literature. Ghrelin, whose effect is mediated in most of the cases by AMPK triggers an
activation of FAO and glycolysis. AMPK activation, which is a counter regulatory mechanism to
fight low energy states, enhances catabolic processes in order to obtain energy. Amongst them,
FAO and glycolysis are activated in most of the tissues. However, FAO as a main process for
energy production in brain has been classical dismissed due to the multiple side effects which
may appear with it: increased risk of hypoxia, increased ROS generation and difficulties
matching ATP requirements and production to sustain neuronal electrical activity. In this
project we have tried to discern the importance of CPT1A as a downstream effector of ghrelin in
a neuronal context (Schonfeld & Reiser, 2013). Nonetheless, the involvement of AMPK-ACC-
CPT1 axis in ghrelin modulation of orexigenic neuropeptides expression has been repeatedly

validated, but in a more physiological context in which neurons have astrocytic support.

On the one hand, the expression of a constitutively active isoform of CPT1A in VMH
promotes an increase in VGAT, which may putatively promote an increase in GABA vesicular
quantal size and release. Moreover, we have again confirmed the increase in CPT1A activity in

hypothalamus due to ghrelin intraperitoneal injection.

On the other hand, ghrelin reduces CPT1A activity in cortex, which is confirmed with a
reduced capacity of palmitate oxidation in primary cortical neurons. Intriguingly, hypothalamic
GT1-7 cells show reduced CPT1A activity due to ghrelin. This happens contrarily to the in vivo
experiments but matching the in vivo cortical results and the results of primary cortical
neuronal cultures. Besides the reduction in CPT1A activity, it promotes in cortical neurons a
reduction in citrate and succinate, a reduction in mitochondrial respiration, a reduction in vivo
of the mRNA expression of GADs, SSADH, GABAT and VGAT, a reduction in GABAT activity and a
reduction in GABA release (Fig 76).
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Fig. 76. Proposed model of ghrelin in GABAergic cortical neurons. Ghrelin produces a reduction in mitochondrial
respiration and CPT1A activity in primary cortical neurons. Moreover, ghrelin triggers a reduction in TCA cycle

intermediates and GABA metabolism. Eventually, this leads to a reduction in the releasable pool of GABA.

All these data point out a direct correlation between GABA output and CPT1A activity in
brain. Interestingly, it seems that ghrelin produces a differential effect on both GABA output and
CPT1A depending on the brain area. Fasting increases GABA output (Dicken et al., 2015) and
also CPT1A activity, through ghrelin (Z B Andrews et al., 2008; Miguel Lopez et al,, 2008), in
hypothalamic nuclei, but at the same time cortical neurons shows reduced GABA release and
CPT1A activity. In the cortical neuronal model we speculate about the involvement of TCA
intermediates, which fuel GABA biosynthesis as a-ketoglutarate and succinate, via glutamate
and GAD activity in the first case and via GABA shunt pathway in the second. However, the
mRNA expression of the genes involved in this pathway is reduced. Moreover, GABAT activity is
reduced in primary cortical neurons. All these results suggest that other anabolic reactions
sourced from TCA cycle maybe activated stealing carbon backbones from TCA intermediates
and GABA releasable pool. Moreover, the effect of astrocytes metabolism in the modulation of

neuronal GABA metabolism and release should be assessed.

A recent study shows that GLUTS3, the main glucose transporter present in neurons, has

its protein expression reduced at 1 and 24h after ICV ghrelin injection (Fuente-Martin et al,
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2016). This fact agrees with the reduction in oxygen consumption observed due to ghrelin both
in primary cortical neurons and GT1-7 cells, which suggests a similar phenomenon in our
models, which should be assessed. That study is mainly focused on astrocyte glutamate
metabolism. They show that glucose uptake is reduced in astrocytes as well. However,
glutamate uptake and protein expression of glutamate transporters is increased. Interestingly,
glutamine synthetase, which facilitates neuronal reuptake of glutamate carbon backbones from
astrocytes, has its protein levels reduced. Moreover, lactate formation remains unchanged,
which suggests a sequestration of astrocytes as fuel donors to neurons in hypothalamus.
Interestingly, we have observed intraperitoneal ghrelin increases CPT1A activity in
hypothalamus, which may use fatty acids as a substitutive fuel for energy generation. However,
we cannot discern in this context the cell types which show CPT1A activation, since we collected
the whole hypothalamus. Intriguingly, ICV ghrelin injection increases hypothalamic GAD65,
codified by GAD2 gene in neurons (Fuente-Martin et al., 2016). This agrees with the increased
GABA output shown in fasted mice and increased GAD1, which has been presented as a proxy

marker of increased GABAergic transmission (Dicken et al., 2015).

Another intriguing factor worth-studying is the mechanism by which ghrelin produces
the differential effects in both GABA metabolism and FAO depending on the brain region. The
hypothalamic proximity to fenestrated capillaries may light this issue, since makes neurons less
dependent on the carbon sources found in CSF. Hypothalamic cells could use more easily the
scarce nutritional resources found in blood when ghrelin increases during fasting. Moreover, a
hypothetical differential responsiveness to ghrelin of the astrocytes found in hypothalamus and

cortex may explain the dissimilar results in the two brain areas.

From the hypothalamic perspective, our in vivo model highlights the importance of
CPT1A and amino acid neurotransmission for the modulation of the food intake. Interestingly,
our animal model shows hyperphagia independently from its satiety state. Moreover, NPY and
AgRP remain unchanged. One may suggest that the sacrifice of the animals after fasting would
influence the orexigenic neuropeptides expression. However, the satiety test shows that
CPT1AM rats’ food intake is higher independently if they have been fasted or fed. This shows
that their hyperphagia was not necessarily regulated by the expression of NPY and AgRP, since
their mRNA levels were similar in both hyperphagic and normophagic rats, when fasted. The
importance of GABA regulation of food intake is increasing in the last years. However, little is
known about the influence of the glutamate output. On the one hand, scientific literature

suggests that GABA neurotransmission in MBH comes mainly from arcuate NAG neurons
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(Dicken et al., 2015; Krashes et al, 2013; Tong et al, 2008). On the other hand, the most
abundant glutamatergic population of neurons in MBH is located mainly in VMH (Cheung et al,,
2015; Tejas-Juarez et al., 2014), where precisely we have performed our intervention. However,
the changes in vesicular transporters have been observed both in glutamatergic and GABAergic
neurotransmission. How can the latter, which putatively proceeds from ARC be influenced by an
increase in CPT1AM performed in VMH? This fact suggests some kind of regulation of NAG
neurons from VMH neurons. Another option would be the presence of GABAergic neurons in
VMH specifically in our model, which is possible but unlikely. This point needs further

assessment.

When setting our focus on cortical neurons, ghrelin reduction of GABAergic output in
cortex could explain some of the central extra-hypothalamic effects of this gastric hormone.
Starting from the anxiogenic and alertness effect needed to complement hypothalamic effects
for foraging in animals (Thomas MA et al 2015) and to block sleep (Szentirmai et al 2006),
which become evident in a paradigm in which inhibitory neurotransmitters, such as GABA, have
reduced output. Furthermore, ghrelin’s neuroprotective effect with enhanced memory and
spatial learning in mice (Davis et al 2011; Diano et al 2006) has been described to be tightly
related to mitochondrial metabolism modulation (Andrews et al 2009). Here we show that
mitochondrial respiration is also related to mitochondrial capacity of biosynthesizing GABA in
cortical neurons, and both processes seem to be related to ghrelin’s capacity of modulating
mitochondrial activity. It becomes evident that CPT1A acts as a part of the mechanism by which
ghrelin can modulate mitochondrial processes, since the deletion of its gene promotes deep
changes in the metabolic responsiveness of the neuron to ghrelin. Interestingly, CPT1A deletion
seems to trigger extra-mitochondrial metabolic processes, which become evident when forcing
the neurons to use palmitate as a source of carbon. However, the relationship of those processes

to the blunting of ghrelin modulation of GABA neurotransmission remains to be uncovered.

One of the strengths, and also a weakness of our neuronal model, is the lack of
astrocytes interrelationship. However, some authors undertone the importance of astrocytes in
GABAergic neurotransmission, since they suggest that GABA reuptake from the synaptic cleft is
performed mainly into the presynaptic neuron, unlike glutamate, which is recovered by the
astrocyte and sent back to the neuron in the form of glutamine. Moreover, they state that GABA
has barely no bioenergetic implication in astrocytes (Chatton, Pellerin, & Magistretti, 2003).
Nonetheless, this hypothesis is currently discussed, but the released GABA does not originate

from the glutamate pool recovered from glutamine uptaken from the synaptic cleft. Contrarily, it
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is formed out of the TCA cycle intermediates. Therefore, ghrelin-dependent changes in released
GABA appear due to changes in succinate and a-ketoglutarate. Thus, ghrelin triggers a reduction
in mitochondrial respiration and TCA intermediates, which eventually affects the releasable

pool of GABA.

Therefore, our data, together with previously published literature, suggests that
mitochondrial activation mediates ghrelin modulation of GABA neurotransmission from a
metabolic point of view. In the hypothalamus, this effect is added to the modulation of arcuate
neuropeptides expression. Both neuropeptides and amino acid neurotransmitters are
responsible for the modulation of the food intake. Moreover, this metabolic and mitochondrial
modulation triggered by ghrelin might be involved in the central extra-hypothalamic processes

in which it has been described to be involved.
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CONCLUSIONS

1. CPT1AM overexpression in VMH of Sprague-Dawley rats causes hyperphagia and

overweight. CPT1AM rats are hyperphagic regardless their satiety state.

2. Mechanistically, hyperphagia in CPT1AM rats seems to be independent from changes in
NPY, AgRP, POMC and CART expression. However, it triggers ROS-buffering enzymes
and UCP2 which have been described to be involved in AgRP and NPY expression.

3. CPT1AM overexpression in VMH reduces VGLUT2 and increases VGAT mRNA levels.
This suggests that CPT1A may be involved in the modulation of amino acid

neurotransmission.

4. CPT1AM overexpression in VMH promotes important changes in lipidomic profile. It
produces a reduction in phospholipids and an increase in sphingolipids found in MBH,
such as ceramides C18:1 and C14:0, which have been described to control food intake.
Moreover, these lipidomic changes may affect the vesicular lipid composition and

modify neurotransmitters release in hypothalamus.

5. Ghrelin reduces CPT1 activity and acid-soluble products of fatty acid oxidation in GT1-7.
This lipid catabolism reduction is accompanied by a reduction in ROS formation and a
reduction in mitochondrial respiration. These data suggest that GT1-7 cells behave

differently than neurons in hypothalamus.

6. Hypothalamic neuronal cell lines, such as mHypo-N29/4, mHypo-N43/5, mHypo-N41
and GT1-7, have limited validity as hypothalamic GABAergic neuronal models. In
particular, GT1-7 lacks key GABA metabolism enzymes (VGAT and GAD2) and they do

not release GABA in depolarizing conditions.

7. Intraperitoneal ghrelin administration produces an increase in acylcarnitines in mice
hypothalamus, but surprisingly, acylcarnitines are reduced in cortical tissue. This fact
suggests a differential action of ghrelin when it comes to fatty acid oxidation in the two

brain areas.
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10.

11.

12.

The expression of genes in GABA metabolism is reduced in cortex after intraperitoneal
ghrelin administration. GABAT activity in cortex is reduced as well. This does not match
the increase in GABA output observed in hypothalamus of mice after fasting, which

suggest also a differential effect of ghrelin in both brain areas.

Ghrelin increases the mRNA levels of genes involved in GABA metabolism. Moreover,
ghrelin reduces GABA release in primary cortical neurons which is reversed by both
pharmacological inhibition and genetic deletion of CPT1A. This reduction is glucose
dependent, since high glucose medium reduces GABAergic output and blunts any effect

of ghrelin.

CPT1AM overexpression in primary cortical neurons at low glucose, promotes an
expression pattern of GABA genes similar to the one observed due to ghrelin treatment.
However, the appraisal of GABA release shows no changes due to CPT1AM
overexpression at low glucose. These data suggest that ghrelin effect on GABA release is

not entirely dependent on CPT1A modulation, but it may rely on other factors.

Both ghrelin and CPT1A deletion in primary cortical neurons produce a reduction in
citrate and a-ketoglutarate content. Ghrelin reduces mitochondrial respiration in
primary cortical neurons and availability of fatty acids triggers non-mitochondrial

oxygen consumption.
Ghrelin and CPT1A deletion and overexpression modulate mitochondrial function in

primary cortical neurons, yielding changes in GABA metabolism, which affect eventually

to GABAergic neurotransmission.
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ANNEXES

Gene expression comparison between hypothalamus and hypothalamic cell lines

MARKER

N29/4

N43/5

Hypothalamus

GT1-7

N41

Adiponectin receptor 1

+

+

+

Adiponectin receptor 2

+

+

+

Adiponutrin (cDNA)

+

+

+

Adiponutrin (one-step)

+

Agrp

+

AhR

+

weak

+

Angiotensinogen

weak

+

strong

Angiotensin Receptor 1

N/A

strong

strong

Angiotensin Receptor 2

strong

N/A

AR

+

+

Arnt2

+

+

Aromatase

Avp

+

AVPR1a

weak

AVPR1b

+

+

BDNF

+

weak

Calcium Receptor (CaR)

strong

strong

strong

CART

+

+

CB1 receptor

N/A

+

weak

cclab

N/A

N/A

+

+

N/A

cclac

N/A

N/A

+

N/A

ChAT

+

chemerin

weak

chemerinR

CNTFR

CRFR1

N/A

N/A

N/A

CRFR1

+

N/A

CRFR2

N/A

N/A

+

+

N/A

CRFR2

strong

strong

CRH/CRF

weak

strong

weak

CRLR

+

DAT

+

Dpp4

+

Dynorphin

ER«x

ERB

FIAF

Gadl (Gad 67)

Gad2 (Gad 65)
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MARKER N29/4 N43/5 Hypothalamus GT1-7 N41
Gal - + + - +
GALP + - + N/A +
GCK + + + + +
GFAP N/A N/A + - N/A
Ghrelin + + + + +
Ghrelin variant + - + + +
GHRH (southern) + N/A + + +
GHSR1a + weak N/A + strong
GIp1R - - strong strong +
GIp2R - - strong - weak
Glucagon receptor - weak weak - +
Glucocorticoid receptor (GR) + + + + +
GLUT1 + + + + +
GLUT2 - - + strong -
GLUT3 + + + + +
GLUT4 + + + + +
GMR alpha + + + weak +
GnlH (Rfrp) weak + strong strong strong
GnRH N/A N/A N/A + very weak
GnRH Receptor N/A N/A + - N/A
Gpr 39 N/A + very weak? - +
Gpr 120 weak - strong - weak
Grp + - strong strong +
GrpR + + + + +
Ht1b (5-Ht1b) + + + + +
Htr2a (5-Htr2a) + + + - +
Htr2c - - strong strong -
IGF + + + + +
IGF1R + + + + +
IGFBP-1 - - weak - -
Insulin I - - ? N/A -
Insulin Il - - + N/A -
Insulin Receptor + + + + +
Insulin receptor substrate 2 - + + + +
Kir6.1 - - + - -
Kire.2 ? ? + + +
Kisspeptin - + + - -
Kiss Receptor (GPR54) + + + + +
Lep Receptor - - + + +
Lipoprotein lipase (LPL) N/A N/A N/A N/A strong
mc3R N/A N/A N/A N/A -
mc4R - + + + -
MCH + + + + +
MCHR1 + + + + +
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MARKER

N29/4

N43/5

Hypothalamus

GT1-7

N41

NPB

+

NPW

weak

+

NPY

+

NPY-Y1

N/A

N/A

NPY-Y2

N/A

N/A

NPY-Y4

N/A

N/A

NPY-Y5

N/A

N/A

NSE

N/A

N/A

NT

NTR1

weak

OprIR

orexin

orexin R1

orexin R2

Oxytocin

N/A

N/A

N/A

pAdcyap1

weak

pPomMc

N/A

N/A

N/A

proGlu

+

PTH2-R

weak

weak

+

resistin

+

+

Secretin

weak

+

strong

SF-1

+

+

+

+

+

Sim1 (51)

strong

strong

strong

strong

Socs-3

+

+

+

+

+

somatostatin (som)

+

?

strong

weak

SSTY

+

+

N/A

STAT3

+

STAT5A

+

STAT5B

+

Surl

+

+

Sur2

+

+

+

Syndecan 3

strong

strong

strong

strong

T antigen

+

N/A

+

TAC2 (neurokinin B)

strong

weak

TH

+

+

Tph

N/A

+

N/A

N/A

THRalpha

N/A

N/A

N/A

N/A

THRbeta

N/A

N/A

N/A

N/A

TRH

+

Ucp2

+

+

VGF

+

+

viP

strong

strong

VIPR1

+

+

VIPR2

weak

+

+
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Primers for qRT-PCR dectection and relative quantification of genes in rat

GENE SEQUENCE

AgRP for 5'- AGCAGACCGAGCAGAAGATG
AgRP rev 5'- GACTCGTGCAGCCTTACACA
NPY for 5'- TATCCCTGCTCGTGTGTTTG
NPY rev 5'- GTTCTGGGGGCATTTTCTG
POMC for 5'- ACCTCACCACGGAAAGCAA
POMC rev 5'- CGGGGATTTTCAGTCAAGG
CART for 5'- GCCAAGTCCCCATGTGTGAC
CART rev 5'- CACCCCTTCACAAGCACTTCA
VGLUT1 for 5'- GATTCCGGGCGGATACAT
VGLUT1 rev 5'- TATGGCAGCCCCAAAGAC
VGLUTZ2 for 5'- GCAGGAGGAGTTTCGGAAG
VGLUTZ2 rev 5'- CGCTCAGCTCCAATGTCTC
VGLUT3 for 5'- TTACGGCTGTGTCATGTGTGT
VGLUT3 rev 5'- GCAGGCTGGGTAGGTCAC
VGAT for 5'- GGGCTGGAACGTGACAAA
VGAT rev 5'- GGAGGATGGCGTAGGGTAG
UCP2 for 5'- GCGTGAGACCTCAAAGCAC
UCP2 rev 5'- GGGACCTTCAATCGTCAAGA
Gpx3 for 5'- ATTCTGGGCTTCCCTTGC
Gpx3 rev 5'- CACCCGGTCGAACGTACT
SOoD for 5'- GGTCCAGCGGATGAAGAG
SOD rev 5'- GGACACATTGGCCACACC

CAT for 5'- ATCAGGGATGCCATGTTGTT
CAT rev 5'- GGGTCCTTCAGGTGAGTTTG
Grp78/BIP for 5"-CCGTAACAATCAAGGTCTACGA
Grp78/BIP rev 5’-AAGGTGACTTCAATCTGGGGTA
PDI for 5"-TACTTGTTCCACCACGCAGA
PDIrev 5’-GCATACGACCCAGAACCATC
CHOP for 5’-CCAGCAGAGGTCACAAGCAC
CHOP rev 5’-CGCACTGACCACTCTGTTTC
EDEM for 5'-TGGAATTTGGGATTCTGAGC
EDEM rev 5'-TCTGGATGTTCACAACATTGC
BACTIN for 5'- AAGTCCCTCACCCTCCCAAAG
BACTIN rev 5'- AAGCAATGCTGTCACCTTCCC
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Primers for qRT-PCR dectection and relative quantification of genes in mouse

GENE SEQUENCE

CPT1A for 5'- GACTCCGCTCGCTCATTC
CPT1Arev 5'- AAGGCCACAGCTTGGTGA

CPT1A (*) for 5'- ACAATGGGACATTCCAGGAG
CPT1A (*) rev 5'- AAAGACTGGCGCTGCTCA

CPT1C for 5'- TATGCAGTCGCCCTTCCT
CPT1Crev 5'- ACATCAATCAGGTGTGTCTGCT
HMGCS2 for 5'- GAGATGCAGCGGCTTTTGGC
HMGCS2 rev 5'- TCCTGGACCGAACAGAAGC
AgRP for 5'- TGCAGACCGAGCAGAAGAAG
AgRP rev 5'- GACTCGTGCAGCCTTACACA
VGLUT1 for 5'- AAAAGCAGCAGCCAAGGTT
VGLUT1 rev 5'- CGCAGTTTAGCATTTCAGGAC
VGLUTZ2 for 5'- CTGGGGTCCTTGTGCAGTAT
VGLUTZ2 rev 5'- CCGAAGCTGCCATAGACATAG
VGLUT3 for 5'- TAAGGAGTAGCATGTTGCTCAAA
VGLUT3 rev 5'- GGCAACCACCATGTACTCTTCT
VGAT for 5'- GGCAACCACCATGTACTCTTCT
VGAT rev 5'- TGAGGAACAACCCCAGGTAG
GAD1 for 5'-ATACAACCTTTGGCTGCATGT
GAD1 rev 5'-TTCCGGGACATGAGCAGT

GAD2 for 5'-ACTAAAGAAAATGAGAGAAATCATTGG
GADZ rev 5'-AGCATGGCATACATGTTGGA
GABAT for 5'-TGCCTCCAGAGAACTTTGTG
GABAT rev 5'-TGATGAGCTGGGACATGC

SSADH for 5'-AACAGCTGGAAAGGGGTCTC
SSADH rev 5'-CATTAAGTCGTACCATTTACGGAGT

(*) Primers used to amplify both mouse CPT1A and overexpressed rat CPT1AM.
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Solutions used for primary cortical cultures

Krebs-Ringer Buffer (KRB) 10x

35.35 g NaCl
1.8 g KCI
0.83 g KH2PO4
10.7 g NaHCO3
12.85 g Glucose
gsp 500 mL milliQ Water

Magnesium stock

3.8 % MgS04-7H20

Calcium stock

1.2 % CaCl2-2H20

Solution 1

50 mL KBS 1x
0.15 g BSA (Sigma 7906)
0.4 mL MgSO4 3.8%

Solution 2

10 mL Solution 1
2.5 mg trypsin (Sigma T9201)

Solution 3

10 mL Solution 1
0.8 mg DNAse (Sigma D5025)
5.2 mg trypsin inhibitor (GIBCO 17075-029)

0.1 mL MgSo4 3.8%

Solution 4

8.4 mL Solution 1
1.6 mL Solution 3

Solution 5

5 mL Solution 1
40 uL MgSO4 3.8%
6 uL CaCl2 1.2%

PBE 1X

50 mL PBS 10X
10 mL Glucose 30% (w/v)
10 mL P/S

gsp 500 mL milliQ H20
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Abstract

Significance: Current lifestyles with high-energy diets and little exercise are triggering an alarming growth in
obesity. Excess of adiposity is leading to severe increases in associated pathologies, such as insulin resistance, type
2 diabetes, atherosclerosis, cancer, arthritis, asthma, and hypertension. This, together with the lack of efficient
obesity drugs, is the driving force behind much research. Recent Advances: Traditional anti-obesity strategies
focused on reducing food intake and increasing physical activity. However, recent results suggest that enhancing
cellular energy expenditure may be an attractive alternative therapy. Critical Issues: This review evaluates recent
discoveries regarding mitochondrial fatty acid oxidation (FAO) and its potential as a therapy for obesity. We focus
on the still controversial beneficial effects of increased FAO in liver and muscle, recent studies on how to potentiate
adipose tissue energy expenditure, and the different hypotheses involving FAO and the reactive oxygen species
production in the hypothalamic control of food intake. Future Directions: The present review aims to provide an
overview of novel anti-obesity strategies that target mitochondrial FAO and that will definitively be of high

interest in the future research to fight against obesity-related disorders. Antioxid. Redox Signal. 19, 269-284.

Obesity: Molecular and Pathophysiological Features

BESITY IS DEFINED AS abnormal or excessive fat accu-

mulation in the adipose tissue and other organs. The
World Health Organization (WHO) defines overweight as a
body mass index (BMI; calculated as weight [kg] divided by
height squared [m?]) equal to or greater than 25kg/m” and
obese as a BMI equal to or greater than 30 kg/m? (137). Cur-
rent lifestyle trends and continuous nutrient excess are caus-
ing obesity to increase at alarming rates, especially in young
people. There are more than 500 million obese people
worldwide and, more importantly, overweight and obesity
are the fifth leading risk for death globally (137). Humanity is
facing a new epidemic already dubbed “Prosperity’s Plague”
(160). Therefore, significant research is needed in the race to
find effective therapies and to minimize the enormous costs of
the related healthcare.

Weight gain is influenced by several factors, such as ge-
netics, maternal and perinatal environment, energy-dense
diets, and sedentary lifestyle (3). Of great concern are the
concurrent and parallel increases in the prevalence of patho-
logical conditions associated with obesity, which include in-
sulin resistance, type 2 diabetes, cardiovascular disease,
nonalcoholic fatty liver, polycystic ovary syndrome, asthma,
Alzheimer’s disease, and some forms of cancer. Elucidating
the causes involved in the pathophysiology of obesity-related

disorders is one of the most critical endeavors in modern
medical research.

Several mechanisms have emerged in the past two decades,
during which obesity and especially its connection to insulin
resistance have become a top-interest research topic being
studied by leading groups in the field.

Ectopic-fat deposition

When the adipose tissue cannot store excess fat, lipids ac-
cumulate inappropriately in the liver, muscle, and pancreas.
This lipotoxic environment, mainly mediated by diacylgly-
cerols (DAGs), blocks correct glucose transport and insulin
signaling (145). Thus, it has been postulated that any strategy
that could block the entry of fatty acids (FAs) into the cell,
promote fatty acid oxidation (FAO), or convert DAGs into
triglycerides (TGs) could prevent insulin resistance (160).

Inflammation

The pathophysiology of obesity-induced insulin resistance
has also been correlated with an increase in circulation and
tissue inflammation originating in the adipocyte damage and
infiltration of immune cells (107, 151). As fat accumulates in
adipose tissue, adipocytes overcome their healthy size limit
(157, 169) and release inflammatory cytokines and molecules

Department of Biochemistry and Molecular Biology, Facultat de Farmacia, Universitat de Barcelona, Institut de Biomedicina de la Uni-
versitat de Barcelona (IBUB), and CIBER Fisiopatologia de la Obesidad y la Nutricién (CIBEROBN), Instituto de Salud Carlos III, Barcelona,
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known as adipokines. The excessive accumulation of lipids in
the adipose tissue leads to adipocyte hypoxia (73), en-
doplasmic reticulum (ER) stress (132), and cell death, and
causes FA spillover (145). Infiltrated immune cells also con-
tribute to this chronic low-grade inflammatory milieu,
whereby the increase in inflammatory cytokines causes in-
sulin resistance elsewhere in the body. Thus, anti-inflamma-
tory strategies become central as possible new treatments of
insulin resistance and other complications of obesity (56).

ER stress

The fundamental role of ER is the integration of multiple
metabolic signals and the maintenance of cell homeostasis (26,
58). Under stress conditions that challenge its function, ER
triggers an adaptive response called uncoupled protein re-
sponse (UPR) (97, 178). To resolve ER stress, UPR promotes a
decrease in protein synthesis, and at the same time, an in-
crease in protein degradation and chaperone production for
protein folding. During the chronic energy surplus associated
with obesity, ER cannot recover its normal function and UPR
activation contributes to the development of insulin resistance
through several mechanisms, such as JNK-Apl and NF-Kp-
IKK signaling pathways, inflammation, and oxidative stress (74).

Food intake

The central nervous system, specifically the hypothalamus,
is of crucial importance in obesity-induced pathologies, since
it plays a major role in the control of food intake and regu-
lation of body weight (177). The discovery of leptin was a
major breakthrough for our current knowledge of energy
homeostasis (179). This adipocyte-secreted hormone acts on
the hypothalamus to inhibit food intake and control body
weight and has proved essential in the interaction between the
brain and other organs in obesity-related disorders (51). The
alteration of the circadian rhythm has also been associated
with an increased risk of obesity (63, 76), proving that it is not
only what you eat, but also when you eat it. Thus, advances in
understanding the molecular mechanisms linking circadian
rhythms and metabolism may provide new therapies for
obesity and other pathologies associated with the disruption
of normal sleep-wake cycles.

Lack of Efficacy of Current Anti-Obesity Drugs

Obesity develops when energy intake exceeds energy ex-
penditure. Thus, any treatment for obesity-induced disorders
must reduce energy intake, increase energy expenditure, or
have an effect on both. Attempting to lose weight only by
caloric restriction comes up against the problem that mam-
mals have evolved mechanisms to store energy to survive
during periods of starvation. Such homeostatic mechanisms
increase caloric efficiency, thus making further weight loss
even more difficult. In recent years, several anti-obesity drugs
designed to limit energy intake have been withdrawn from
the market due to serious adverse effects (i.e., fenfluramine,
dexfenfluramine, sibutramine, and rimonabant) (36). Nowa-
days, only two drugs are approved specifically for weight loss
by the US Food and Drug Administration (FDA): the lipase-
inhibitor Orlistat that is also approved by the European
Medicines Agency (EMA), but has a limited long-term effec-
tiveness (36), and the recently approved serotonergic Lorca-
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serin-Belviq (84, 126). Thus, more efforts are needed to
develop new anti-obesity agents. In this regard, strategies
designed to increase lipid mobilization and oxidation could
be very useful in the treatment of obesity and associated
diseases.

Mitochondrial FAO and Bioenergetics

Hormones, such as insulin, glucagon, and noradrenaline,
control the extracellular uptake and intracellular release of the
main cell fuels; namely, carbohydrates and FAs. Once inside
the cell, FAs are esterified, metabolized to lipid second mes-
sengers, or fi-oxidized in mitochondria. The first step of the
oxidative pathway is the transport of long-chain FAs (LCFAs)
into the mitochondrial matrix (Fig. 1). This step is controlled
by the carnitine palmitoyltransferase (CPT) system, which
consists of three proteins: CPT1, acylcarnitine translocase
(CACT), and CPT2 (109). Malonyl-CoA, a molecule derived
from glucose metabolism and the first intermediate in lipo-
genesis, regulates FAO by inhibiting CPT1, thus making this
enzyme the rate-limiting step in mitochondrial oxidation of
FAs. Mammal tissues express three isoforms of CPT1: CPT1A
(41) (liver), CPT1B (175) (muscle and heart), and CPT1C (138)
(brain). Acetyl-CoA carboxylase (ACC), which controls the
synthesis of malonyl-CoA; malonyl-CoA decarboxylase

Extracellular Lok
Intracellular |
Mitechondria

FIG. 1. Mitochondrial fatty acid oxidation (FAO). Long-
chain fatty acid (LCFA) catalysis implies activation by acyl-
CoA synthase (ACS) of LCFAs into LCFA-CoA, which is a
substrate for the mitochondrial carnitine palmitoyltransfer-
ase 1 (CPT1) enzyme. The CPT system, which includes CPT1,
acylcarnitine translocase (CACT), and CPT2, allows LCFA-
CoA to enter the mitochondrial matrix, via transesterification
reactions, to then be f-oxidized. CPT1 is the rate-limiting
enzyme in FAO since its activity is tightly regulated by the
glucose-derived malonyl-CoA, generated by acetyl-CoA
carboxylase (ACC) during fatty acid (FA) de novo formation
(in energetically abundant situations) or degraded by
malonyl-CoA decarboxylase (MCD) in a process regulated
by AMP-activated protein kinase (AMPK). Acetyl-CoA
generated in FAO eventually enters the tricarboxylic acid
(TCA) cycle to obtain reductive power for cellular respiration
and produce ATP. To see this illustration in color, the reader
is referred to the web version of this article at www
Jiebertpub.com/ars
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(MCD), which catalyzes malonyl-CoA degradation; and
CPT1, which is regulated by malonyl-CoA, are components of
a metabolic signaling network that perceives the level of fuel
stimuli (109).

One of the main regulators of this network is the AMP-
activated protein kinase (AMPK). This protein is the
downstream element of a kinase cascade, activated by its
phosphorylation in the Thr172 residue of the catalytic subunit
(174). In general, AMPK inhibits ATP-consuming processes,
while activating catabolic pathways. Active AMPK phosphor-
ylates and inhibits ACC and reduces the expression of FA
synthase, thus decreasing the flux of substrates in the FA ana-
bolic pathway (176). In consequence, the reduction in malonyl-
CoA levels leads to an increase in CPT1 activity and FAO.

The regulation of AMPK by members of the sirtuin fam-
ily of NAD *-dependent protein deacetylases and ADP-ribo-
syltransferases (sirtuins) has been reported (94). Sirtuin 1
(SIRT1) and SIRT3 stimulate AMPK by deacetylating its up-
stream activator, kinase LKB1 (94, 135). In turn, the AMPK
activity leads to an increase in NAD™" levels, thereby pro-
moting deacetylation/activation of other SIRT1 targets
involved in FAO, like peroxisome proliferator-activated re-
ceptor y coactivator-1o (PGC-1) (18). In recent years, sirtuins
have emerged as critical modulators of lipid metabolism and
specifically of FAO. In mammals, the seven identified mem-
bers of the sirtuin family are differentially located within the
cell: SIRT1, 6 and 7 are mainly located in the nucleus; SIRT3, 4
and 5 are located in the mitochondria; and SIRT2 is a cytosolic
protein (111). In specific tissues, sirtuins act on different
targets promoting FAO (liver and skeletal muscle [SkM]),
mitochondrial respiration (brown adipose tissue [BAT]),
lipolysis (white adipose tissue [WAT]), and food intake
(hypothalamus) (148).

Energy flow in living cells (bioenergetics) takes place
mainly in mitochondria. Energy is obtained from FAs and
other nutrients in the form of ATP—the chemical currency of
life—through the tricarboxylic acid (TCA) cycle, and the
electron transport chain (ETC) in a process known as oxida-
tive phosphorylation (162) (Fig. 2). This process is the main
source of reactive oxygen species (ROS) in the cell. In the ETC,
the energy of electrons from NADH and FADH, is used to
pump protons (H") from the mitochondrial matrix to the in-
termembrane space and generate the electrochemical gradient
necessary for ATP synthesis. However, when these electrons
escape the ETC, ROS are produced in the mitochondria. Even
under physiological conditions, the incomplete electron
transfer to O,, resulting in ROS production, occurs with 0.2%-
2% of oxygen molecules (21). Mitochondrial ROS production
is highly regulated and important for various cell functions, as
ROS can act as signaling molecules. However, high ROS levels
are associated with significant cell damage and mitochondrial
dysfunction in a process known as oxidative stress (122),
usually associated with the etiology of obesity, insulin resis-
tance, and type 2 diabetes (67).

In the mitochondria, the ETC complexes remain electron-
bounded when the proton gradient between the mitochon-
drial matrix and the intermembrane space is high, preventing
the outward pumping of H" and increasing ROS production.
Mitochondrial uncoupling proteins (UCPs) uncouple ATP
production from mitochondrial respiration, thereby reducing
the H* gradient across the inner mitochondrial membrane
and relieving the formation of ROS (106). In BAT, UCP1 dis-
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FIG. 2. Bioenergetics and mitochondrial metabolism. The
mitochondrial fuels, glucose, and FAs, are converted to
acetyl-CoA, which can be further metabolized to obtain en-
ergy. The TCA cycle generates protons (H") and electrons
that are carried by NADH and FADH to the electron trans-
port chain (ETC), where the protons are transported to the
mitochondrial intermembrane (MIM) space to generate en-
ergy as ATP. Highly reactive electrons may leak from the
ETC and generate reactive oxygen species (ROS), which
could act physiologically as signaling molecules, but can also
cause significant cellular damage when overproduced. Un-
coupling proteins (UCPs) dissipate the proton gradient and
scavenge ROS accumulation, thus dissipating energy as heat.
To see this illustration in color, the reader is referred to the
web version of this article at www .liebertpub.com/ars

sipates energy as heat and plays a key role in adaptive ther-
mogenesis. In other tissues, the UCP homologues (UCP2, 3,
and 4) affect ROS production and have crucial roles in energy
homeostasis (106).

The Central Role of Liver in Obesity
Fatty liver and nonalcoholic steatohepatitis

The liver plays a central role in both energy expenditure
and lipid/glucose homeostasis. In conditions associated with
prolonged excess of energy or impaired FA metabolism, the
liver stores considerable amounts of lipids in a process that
leads to nonalcoholic fatty liver disease (NAFLD). A hallmark
of NAFLD is the accumulation of hepatic TGs, which origi-
nate in the increased availability of free FAs (FFAs; circulating
and from de novo lipogenesis), altered FAO and inadequate
synthesis and export of VLDL (37, 55). The imbalance between
these inputs and outputs results in lipid accumulation in he-
patocytes, which causes hepatosteatosis and insulin resis-
tance. The progression of a more severe liver disease triggers
nonalcoholic steatohepatitis (NASH), a serious condition of
inflamed fatty liver that can further progress to liver fibrosis
and cirrhosis (32, 155). The pathogenesis of NAFLD in human
and animal models has been reviewed in seminal articles (27,
161). The mechanisms underlying NAFLD to NASH
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progression are not completely understood. However, the
alteration of FA metabolism and ROS production, which lead
to mitochondrial dysfunction, and the induction of proin-
flammatory cytokines and fibrosis have emerged as key
components that ultimately cause this liver disease (47).

Alterations of mitochondrial FAO and ROS production

Mitochondria play a vital role in the oxidation of FAs and
ROS production. In the liver, mitochondrial FAO results ei-
ther in complete oxidation to carbon dioxide or in partial
oxidation to ketone bodies, which are exported to provide fuel
for other tissues. The key step is catalyzed by CPT1A (109).
Data on the rates of mitochondrial FAO and CPT1A activity in
NAFLD/NASH are not conclusive, possibly because of the
use of different models and parameters. In vitro and in vivo
studies of liver or hepatocytes exposed to high FFA concen-
trations show both increased (25, 44, 112, 116) and decreased
(43) mitochondrial FAO. Similarly controversial results were
obtained with CPT1A expression and activity. An increase in
CPT1A expression has been reported in several rodent models
(14, 134). However, a considerable decrease in the expression
of this enzyme was observed in NAFLD patients (123). Sev-
eral mechanisms may explain these controversial data: (i) the
variation of malonyl-CoA levels that depend on the expres-
sion and activity of AAC/MCD enzymes (24, 39); (ii) the loss
of CPT1 sensitivity to malonyl-CoA, which alters CPT1 ac-
tivity (29, 133); and (iii) the increased pool of FFAs or lipid
derivatives in hepatocytes may activate transcription factors,
such as PPARs (PPAR«, PPARS/6), which in turn may en-
hance CPT1 expression and FAO (19, 20, 22, 83). However, the
transcriptional effect of PPAR« on liver CPT1 remains con-
troversial, since some studies have suggested that long-chain
FFA regulates CPT1 expression through a PPAR«-independent
pathway (96, 101). Interestingly, another mechanism that
modulates the CPT1 activity has recently been proposed (150).
In this study, a NASH rat model fed a methionine-choline-
deficient diet had a notable reduction in CPT1A activity and
mitochondrial FAO despite increased CPTIA mRNA ex-
pression. The formation of a 4-hydroxynonenal-CPT1 adduct
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caused by lipid peroxidation as a consequence of ROS over-
production is the main cause of impaired FAO and lipid re-
moval from hepatocytes. ROS can attack polyunsaturated
FAs, initiating lipid peroxidation and the formation of alde-
hyde by-products (ahydroxy-2-nonenal [HNE] and mal-
ondialdehyde [MDA]), which have longer half-lives than ROS
and are able to spread from their site of origin to reach distant
intracellular and extracellular targets, thereby amplifiying the
effects of oxidative stress (44, 170). The observations listed
above suggest that CPT1 overexpression and increased CPT1
activity occur in liver during the onset of steatosis as a
mechanism to compensate for increased FA levels. Ac-
celerated mitochondrial FAO might cause excessive electron
flux in the ETC and ROS overproduction. As lipids, proteins,
and mitochondrial DNA are the main ROS targets, increased
ROS might initiate lipid peroxidation, damage mitochondrial
DNA and proteins, and alter mitochondrial morphology and
function. The post-translational modifications of CPT1 caused
by lipid peroxidation could, subsequently, decrease CPT1
activity and reverse initially activated FAO. This notion raises
the question of whether interventions aimed at promoting
mitochondrial FAO in liver would be beneficial to the treat-
ment of NAFLD/NASH.

Several strategies have been used to promote FAO, in-
cluding the use of PPAR agonists (7, 114), AMPK agonists
[metformin (180), AICAR (166)], and ACC antagonists (62,
108). Genetic aproaches specifically promoting liver FAO are
of considerable interest. An improvement in high-fat diet
(HFD)-induced liver insulin resistance has been described in
rodents, in which, FAO was indirectly enhanced by the re-
duction of malonyl-CoA levels through the modulation of
ACC (146) and MCD (4). More interesting are the results ob-
tained with a direct enhancement of mitochondrial FAO by
increasing CPT1A expression in liver. Recent studies (117,
130) overexpressing an active and malonyl-CoA-insensitive
mutant form of CPT1A (CPT1AM) (118) in obese rodents
show that permanently enhanced liver FAO not only rescues
impaired hepatic, muscle, and WAT insulin signaling in these
animals, but also reduces steatosis, inflammation, and adi-
posity (Fig. 3). Furthermore, in these studies, enhanced

FIG. 3. Effects of enhanced
FAO in fatty liver. (A) Obe-
sity increases FA uptake, tri-
glyceride (TG), diacylglycerol
(DAGQG), ceramides, and other
lipid derivatives that may
inhibit insulin signaling. FA
accumulation induces mito-
chondrial dysfunction and
increased ROS production,
oxidative stress, and inflam-
mation that could also dis-
rupt insulin signaling. (B)
Enhancing FAO by the over-
expression of CPT1IAM (117,
130) increases the production
of ketone bodies, ATP, and
CO,. The reduction of lipid
content re-establishes lipid
metabolism, insulin signal-
ing, and decreases inflam-
mation and ROS production.
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mitochondrial FAO did not increase ROS derivatives or liver
injury. Taken together, these results highlight an increase of
CPT1A as a new strategy for the treatment of NAFLD/NASH
pathologies. Alternatively, it has been reported that the ad-
mistration of CPT1 inhibitors reduces gluconeogenesis and
improves glucose homeostasis, although chronic treatments
on HFD-treated mice caused hepatic steatosis (28, 53). This
side effect has interrupted the development of other systemic
inhibitors, such as etomoxir and 2-tetradecylglycidic acid, as a
therapeutic tool. Taken together, these data support the idea
that any strategy able to switch liver FA’s fate from esterifi-
cation toward oxidation produces a beneficial effect on the
liver and on the whole body. It seems that the liver can deal
with an increased flux of FA into the mitochondria, thus es-
caping from liver injury. This is due to the ability of liver to
flip the balance from complete oxidation to ketone body
production (88). The ketone bodies produced by enhanced
FAO are easily consumed by other tissues, increasing the flux
of carbons from liver to other organs. Recently, a new hepatic
factor, fibroblast growth factor 21 (FGF21), has emerged as a
key regulator in FAO and ketogenic activation. FGF21 is
induced in the liver during fasting (136) and has been
increasingly pointed to as a potential therapeutic agent in
obesity-induced insulin-resistant states (78).

WAT Meets Inflammation and Metabolic
Disorders in Obesity

WAT has long been recognized as the main storage site for
lipids derived from food intake (142). This long-term energy
reservoir stores lipids mainly in the form of TGs, which can be
mobilized and used to generate ATP through the mitochon-
drial f-oxidation pathway in peripheral organs during peri-
ods of caloric need.

WAT is composed mainly by adipocytes, but also by im-
mune cells, such as macrophages, T cells, and mast cells (68,
104). Thus, WAT is an active and endocrine organ that se-
cretes a large number of adipokines, cytokines, and chemo-
kines (i.e., leptin, adiponectin, resistin, TNFe, IL-6, MCP-1,

FIG. 4. White adipose tis-
sue (WAT), obesity, and in-
sulin resistance. Nutrient
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and IL-10), and plays a key role in regulating whole-body
glucose and lipid metabolism (46, 151).

WAT, obesity, and inflammation

Obesity is characterized by the expansion of WAT mass
due to an increase in both adipocyte number (hyperplasia)
and size (hypertrophy), and it is closely associated with in-
sulin resistance in peripheral tissues, such as SkM and liver. In
fact, under excess caloric intake, WAT reaches its upper limit
for further lipid storage (157, 169). Consequently, adipocytes
exceed their oxygen diffusion limit, thereby promoting hyp-
oxia (73), ER stress (132), and cell death, and increased cir-
culating FFA and TG accumulation in ectopic sites is
produced (145). The combination of microhypoxia and lipid
overload triggers the recruitment of immune cells, such as
macrophages in the adipose tissue and their activation (103,
129, 171). Obese adipocytes and infiltrated immune cells se-
crete a large amount of inflammatory mediators that promote
a proinflammatory state through the activation of IKK/-NF-
Kp and the JNK-Ap1 signaling pathways (151). The induction
of JNK leads to serine phosphorylation of IRS-1 and 2, crucial
molecules in insulin signaling, and consequently inhibits in-
sulin action. These events cause insulin resistance in adipo-
cytes, exacerbation of the inflammatory state, and systemic
insulin resistance (59, 147) (Fig. 4).

FFAs, inflammation, and ROS

Physiological ROS production in adipocytes is a relevant
cellular signaling mechanism in the insulin response and it
depends mainly on the NADPH oxidase (NOX) family ac-
tivity (9). In obesity, the excess of FFAs increases NOX-
mediated ROS generation. Recently, it has been demonstrated
that increased ROS in adipocytes exposed to an excess of FFAs
does not depend on enhanced mitochondrial flux, but on high
levels of TNFa and ER stress as well as the upregulation of
aforementioned NOX enzymes (8, 60). ROS have the capacity
to interfere with insulin signaling, since they activate several
downstream pathways involving MAPK, JNK/IKKp, and
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JAK/STAT, which are key contributors to the development of
insulin resistance in obesity and type 2 diabetes (8, 75).

Enhanced FAO and improvement in insulin sensitivity

The imbalance between lipid storage and lipid utilization
predisposes to adipocyte dysfunction and FFAs promote the
proinflammatory response and ROS production involved in
severe metabolic disorders. Although the exact physiological
role of FAO in WAT remains to be determined, recent studies
have shown beneficial effects of increased FAO and lipolysis
in adipocytes, through direct CPT1A overexpression. In fact,
this rise in lipid utilization improves insulin sensitivity in
these cells and suppresses inflammatory signaling (50).
However, there is still no evidence that increasing adipose
tissue FAO would decrease FFA-induced ROS production.
Thus, further research is required to elucidate these mecha-
nisms and to evaluate the potential benefit of this strategy to
prevent or reverse obesity and related metabolic diseases.

BAT, Turning Up the Heat
BAT morphology and function

In addition to energy-storing WAT, human fat consists of
thermogenic controlling BAT. The latter has traditionally re-
ceived less attention than WAT since it is less abundant and
was considered exclusive to rodents and children. However,
more recently, BAT have gained relevance in the mechanisms
involved in obesity-related disorders.

BAT thermogenesis takes place in its numerous, densely
packed mitochondria, which contain the BAT-specific UCP1.
Activation of this protein uncouples aerobic respiration by
producing heat instead of ATP (162). Brown adipocytes are
also differentiated from white adipocytes because of their
high expression of type 2 iodothyronnine deiodinase (DIO2),
the transcription coregulators, PRDM16 and PGC-1u, and the
lipolytic regulator, Cidea (52, 131). In rodents, BAT generates
heat mainly for two reasons; namely, to protect against cold
exposure via nonshivering thermogenesis and to burn the
excess calories and reduce fat accumulation (54, 72). There-
fore, BAT plays a crucial role in protecting mice from diet-
induced obesity.

Rediscovery of human BAT

The fusion of positron emission tomography (PET) and
computed tomography (CT) images allowed radiologists to
see both functional and structural information in a single
image. In the course of using PET-CT to detect and stage tu-
mors in humans, active BAT was observed to increase after
cold exposure (124).

However, the real breakthrough arrived in 2009 when five
independent groups used PET-CT to identify the presence
and study the relevance of BAT in adult humans (30, 143, 165,
168, 181). All the groups showed major depots of metaboli-
cally active fat in the cervical-supraclavicular region, a
slightly different site from that in rodents and children, where
BAT is found mainly situated in the interscapular area. The
expression of UCP1, DIO2, and the f3-adrenergic receptor
was also reported, thereby indicating the potential respon-
siveness of human BAT to both hormonal and pharmaco-
logical stimuli.
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Interestingly, human studies showed that BAT is reduced
in obese and diabetic patients, thus indicating that this tissue
participates in both cold-induced and diet-induced thermo-
genesis (30). These observations made BAT a major break-
through, since any strategy able to increase the mass or
activity of this tissue could potentially provide hope for obese
and diabetic patients.

BAT bioenergetics and mitochondrial metabolism

BAT is the only tissue to express UCP1, a protein found in
the inner mitochondrial membrane that orchestrates the un-
coupled reaction of allowing protons to re-enter the mito-
chondrial matrix without generating ATP. The dissipation of
energy as heat confers BAT with the capacity to control
thermogenesis. In fact, altered UCP1 expression (UCP1-
deficient or transgenic mice) leads to dysregulated sensitivity
to cold exposure and body weight control (40, 42, 86, 87, 98).

Body temperature changes stimulate norepinephrine re-
lease by sympathetic nervous endings that activate f-
adrenergic receptors and trigger a signal transduction cascade
that converts nutrients into acetyl-CoA. The TCA cycle uses
this mitochondrial fuel to produce protons and electrons,
which generate ATP through the ETC. However, in BAT,
UCP1 allows protons to enter the mitochondrial matrix
without generating ATP, that is, uncoupled, and heat is pro-
duced in this process. Thus, BAT burning power intensely
clears and oxidizes circulating lipids and glucose to generate
heat (17). This observation thus highlights BAT thermogen-
esis as an attractive therapeutic anti-obesity target.

Enhancing BAT burning power and browning
of WAT as an anti-obesity strategy

Recent landmark studies have identified novel secreted
proteins, such as liver FGF21 (72), cardiac natriuretic peptides
(11), and irisin (12), that stimulate brown adipocyte thermo-
genesis. Interestingly, a moderate increase (threefold) in irisin
blood levels in mice enhanced energy expenditure and im-
proved obesity and glucose homeostasis (12). In addition,
recent articles reported that macrophages (125) and the bone
morphogenetic protein BMP8B (172) have also the capacity to
regulate BAT thermogenesis. Therefore, promoting BAT ac-
tivation and/or brown adipocyte recruitment in white fat
(browning) are approaches of considerable interest by which
to develop pharmacological strategies to improve systemic
metabolism by increasing energy expenditure (Fig. 5).

Role of FAO in Muscle Insulin Sensitivity During Obesity

SkM is vital for the maintenance of glucose homeostasis. It
accounts for ~80% of total glucose uptake after insulin
stimulation (34) and its transition to an insulin-resistant state
is central for the pathogenesis of type 2 diabetes (152). Various
pathways trigger obesity-induced insulin resistance (147).
Both the action of fat-derived cytokines (adipocytokines) and
ectopic accumulation of lipid deposition impair SkM function
and play a critical role in insulin sensitivity. Obesity is char-
acterized by a greater breakdown and uptake of FAs. Parallel
with the increase in circulating lipids, the intramyocellular
(IMC) lipid content appears to increase proportionally in ob-
ese humans (105) and rodents (23). The lipotoxic hypothesis
proposes that FAs and their metabolites (such as DAG and
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FIG. 5. Stimulation of
brown adipose tissue (BAT)
thermogenesis. Cold expo-
sure, exercise, and some se-
creted proteins, such as
fibroblast growth factor-21
(FGF-21) (72) and irisin (12),
enhance BAT burning power
by promoting brown adipo-
cyte recruitment in white fat
(browning).

ceramides) are important contributors to lipid-induced insu-
lin resistance in SkM. These molecules activate proin-
flammatory and nutrient-sensing pathways that lead to the
impairment of insulin action (Fig. 6A) [for further informa-
tion, readers are referred to additional reviews (144, 159)].

Muscle FAO in obesity: two sides of the same coin

Several strategies have been designed to prevent IMC lipid
accumulation and its deleterious effects. In SkM, these are
mainly focused on the inhibition of FA uptake and esterifi-
cation and/or the increase in FAO. However, whether the
metabolic shift toward fat oxidation ameliorates lipid-
induced SkM dysfunction is still open to debate.

Different laboratories have demonstrated that a decrease in
the size and number of mitochondria, the activity of proteins
in the ETC and, in general, impaired oxidative capacity in
SkM are associated with obesity and insulin resistance in
humans and animals (102, 139, 153). Given these observa-
tions, it is postulated that increased mitochondrial FAO could
prevent lipid accumulation and, thus, improve insulin sensi-
tivity in SkM (Fig. 6B). Several lines of evidence support this
idea: (i) exercise in obese humans increases muscle mito-
chondrial FAO and improves glucose tolerance and insulin
sensitivity (16). This effect is probably due to increased CPT1
expression and activity during exercise (163); (ii) direct CPT1
overexpression in animals and SkM cells protects muscle from
FA-induced insulin resistance and apoptosis (15, 66, 149); and
(iii) indirect SkM CPT1 activation, by the use of AMPK acti-
vators (77) or the ACC2 knockout (1), ameliorates insulin-
stimulated glucose uptake in rodents.

Despite all the above points, the idea of mitochondrial de-
ficiency as the main cause of diet-induced insulin resistance
has been challenged in recent years. First, it is known that
SkM'’s capacity to oxidize substrates is far in excess of what is
needed to supply the energy demands of resting muscle (5).
With this in mind, it seems clear that the mild (~30%) re-
duction in mitochondrial content observed in obese patients
does not affect the ability of resting muscle to oxidize fat.
Further, despite the reduction in the mitochondrial content,
insulin-resistant SkM has normal mitochondprial function (13).
Secondly, since FA and glucose compete as metabolic sub-
strates, the decrease in FAO would produce enhanced glucose
utilization instead of insulin resistance. In fact, patients with
severe mitochondrial deficiency have an increase in glucose
uptake despite the large accumulation of IMC lipids (61). And
finally, a HFD causes insulin resistance in rodents, while in-
ducing an increase in SkM mitochondrial biogenesis and f-

oxidation (164). This suggests that FAO might already be
enhanced during obesity, contributing to the development of
insulin resistance (121).

The main problems associated with an increase in FAO are:
(i) the high rates of incomplete fat oxidation and (ii) the in-
crease in oxidative stress associated with a mitochondrial
overload (Fig. 6C) (89). Koves et al. (89) postulated that HFD
induces the expression of FAO-related genes, but not those
associated with the ETC and TCA cycle. This causes a mis-
match between FAO and TCA cycle activity, thus leading to
the accumulation of incomplete FAs and other intermediates
(i.e., acylcarnitines) that correlate negatively with glucose
tolerance (2). How these intermediates mediate the onset of
insulin resistance is still unknown. However, studies linking
overnutrition with the acylation of mitochondprial proteins are
relevant to this topic and suggest a role for acylcarnitines (70).
Mitochondrial members of the sirtuin family are known to
deacetylate/activate several proteins involved in fat oxida-
tion. This along with the observation that SIRT3 knockout
mice have high acylcarnitines and increased acylated mito-
chondrial proteins and develop metabolic syndrome, implies
that mitochondrial accumulation of FAO intermediates trig-
gers metabolic complications via protein modification (71, 80).

Role of ROS in muscle insulin signaling

FAO intermediates may also create an unfavorable envi-
ronment in the mitochondria, which contributes to the for-
mation of ROS and the development of oxidative stress (119,
120). High levels of ROS and systemic oxidative stress have
been associated with obesity and insulin resistance (45).
However, these molecules are produced normally during
mitochondrial respiration and are essential signal transducers
that regulate several cell processes in SkM (8), including the
insulin pathway (64, 65). Due to its dual role in insulin sen-
sitivity, modulation of redox balance is crucial for correct cell
function. On the one hand, under physiological conditions,
ROS are generated in response to insulin and are required for
its action (69), since the activity of different enzymes that
participate in the insulin cascade are dependent on their oxi-
dation state. In particular, the phosphatases that negatively
modulate the insulin pathway are the main targets for oxi-
dative inhibition by ROS (35). It has also been reported that
ROS enhance insulin sensitivity in HFD mice (100). These
molecules are also crucial for the SkM remodeling that occurs
in response to exercise (31). ROS show insulin-like effects,
stimulating SkM glucose uptake during muscle contraction
via the activation of AMPK (81) and the induction of PGC-1«
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FIG. 6. Two hypotheses for the role of FAO in the de-
velopment of obese-induced insulin resistance in skeletal
muscle (SkM). (A) During obesity, intramyocellular lipid
accumulation leads to a decrease in insulin-stimulated glu-
cose uptake in SkM (144). (B) An increase in FAO may de-
crease LCFAs, ceramide, and DAG content, thus enhancing
insulin action (15, 66, 149). (C) However, an increase in FAO
may augment ROS production and enhance the accumula-
tion of products of incomplete f-oxidation (PIO), which are
hypothesized to decrease insulin signaling through the acti-
vation of various stress kinases (89).

expression in vitro and in vivo (57, 79). On the other hand,
during a pathophysiological state, abundant evidence indi-
cates that a large and sustained increase in ROS impairs in-
sulin action, through the activation of stress signaling
pathways (i.e., MAPK and JNK) (85, 154), contributing to the
pathogenesis of diet-induced insulin resistance (67). There-
fore, clarifying the role of mitochondrial FAO, and the ROS
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production derived from it, in diet-induced SkM insulin-re-
sistance is crucial to the development of new therapeutic
strategies to fight against obesity and its related metabolic
complications.

Hypothalamic FAO in the Regulation of Food Intake

Excess food intake in obesity is related to behavioral pro-
cesses controlled by the central nervous system. Specific hy-
pothalamic nuclei, which sense nutrients and modify energy
intake and expenditure to maintain a balance, are responsible
for regulating this intake (48). The mechanisms for sensing the
nutritional state have not been fully discovered and less is
known about lipid than glucose sensing. Nonetheless, there
are two classic hypotheses on nutritional state metabolic
mediators, involving malonyl-CoA and LCFA-CoA.

CPT1A on food intake control: linking the malonyl-CoA
and LCFA-CoA hypotheses

Strong evidence shows that increased malonyl-CoA levels,
which are generated by activated (i.e., dephosphorylated)
ACC, act as abundance indicators, thereby diminishing food
intake and consequently body weight (173). During starva-
tion, ACC phosphorylation is mainly controlled by the well-
known energy sensor, AMPK (115), which acts also as an
important hub, integrating in-cell energetic state sensing and
its modulation due to different circulating hormones. Con-
cretely, ghrelin-mediated activation (i.e., phosphorylation) of
AMPXK is done via SIRT1-mediated activation (i.e., deacetyla-
tion) of p53. It is known that the SIRT1 activity is increased in
hypothalamus during starvation with high ghrelin levels
(167). The mechanism of leptin action also appears to be re-
lated to increases in physiological malonyl-CoA in the arcuate
nucleus, which promotes a reduction in food intake and body
weight, using different mechanisms to those previously re-
ported for ghrelin action, during energetically wealthy states
(49, 141).

In addition, LCFA-CoA levels have also been put forward
as mediators in nutritional state sensing. During starvation,
circulating FFA increase can be sensed in hypothalamic nuclei
through in-cell activation to LCFA-CoA. This increase, pre-
vious to active ghrelin rise, is an early reporter of a deficient
nutritional state (156). However, unfortunately, no cytoplas-
mic LCFA-CoA increase in hypothalamus has been found.
Even so, in the last decade, pharmacological and genetic in-
hibition of hypothalamic CPT1A has been reported to reduce
the food intake (10, 110, 127), potentially as a result of LCFA-
CoA cytoplasmic accumulation. Furthermore, the role of
malonyl-CoA as a CPT1 inhibitor is worth noting, to link the
two hypotheses.

Regardless of whether malonyl-CoA or LCFA-CoA is the
main actor, changes in feeding behavior and peripheral me-
tabolism are conducted via the action of neuropeptides, such
as agouti-related protein (AgRP), neuropeptide Y (NPY), and
melanocortins. Transcription factors affected by changes in
hypothalamic FAO, such as CREB, FoxO1, and BSX, are
involved in ghrelin-induced expression of NPY and AgRP
(92). However, it is still unknown whether high levels of
LCFA-CoA trigger NPY and AgRP via BSX and subsequent
transcription factors. Probably, neither malonyl-CoA nor LCFA-
CoA act as key molecular mediators per se to induce the ex-
pression of the different food intake-controller neuropeptides,
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but they are just two of the several pieces involved in the
highly complex hypothalamic nutritional state sensing sys-
tem, which is still not fully understood.

The relevance of FAO in neuronal cells is controversial
because glucose is the brain’s primary energy source. How-
ever, basal levels of FAO enzymes and FA transport proteins
(such as FATP-1, FATP-4, and FAT/CD36) are expressed in
hypothalamic neurons (93, 95). Additionally, the presence of
such small, but functional FAO could be explained by its es-
sential role in neuronal FA turnover and its action as a lipid-
sensing mediator for energy homeostasis (113). There is also
another controversy regarding fasting, because during fast-
ing, high blood FFA levels presumably reach hypothalamic
nuclei. This does not fit in with the satiety effect observed in
early experiments with high LCFA concentration in the hy-
pothalamus (128). Nonetheless, the direct correlation ob-
served between fasting and FFA levels (156) and the capacity
of hypothalamic neurons to sense glucose and FFA simulta-
neously and to integrate other nutritional and hormonal in-
puts (95, 99) seem to throw light on how important FAO really
is in hypothalamic nuclei.

ROS, third in discord

Along with malonyl-CoA and LCFA-CoA, mitochondrial
ROS have been put forward as a mediator in response to
nutrient availability (140) (Fig. 7). ROS in the hypothalamus
are produced chiefly in mitochondria ECT complexes. Con-
cretely, some authors pointed to complex I as the most rele-
vant site for single electron reduction in brain mitochondria
(90). Various kinases and transcription factors, involved in
neuropeptide regulation, have been reported to be modulated
by redox signaling (33, 91). Further, the signaling under dif-
ferent levels of ROS may imply dissimilar pathophysiological
changes in proteins, depending on their redox state (33). A
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FIG. 7. Hypotheses involving FAO in the regulation of
food intake. During fasting, the effects of ghrelin, AMP, and
FAs act in hypothalamic nuclei to increase the expression of
orexigenic neuropeptides (48). The mechanisms involved in
this process appear to be related to an increase in LCFA-
CoA, diminished malonyl-CoA, and a certain level of ROS.
Excessive ROS production is controlled by UCP2 with a
negative feed-back. CPT1A is postulated to be involved in all
the three approaches.
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certain level of ROS, without being excessive, is probably re-
quired to trigger neuropeptide expression. This notion may
explain the importance of UCP2 as a ROS scavenger to keep a
physiological ROS level that allows correct NPY and AgRP
expression in the hypothalamus (6). In addition to all these
considerations, the recent finding that hypothalamic autop-
hagy is a source of endogenous FFA to regulate AgRP levels
(82) could be explained by increased mitochondrial FAO and
ROS signaling. However, further research is needed to es-
tablish the contribution of ROS to the hypothalamic control of
food intake.

Innovation

Recent results suggest that enhancing cellular energy ex-
penditure may be an attractive therapy to prevent or reverse
the exponential growth of obesity-related disorders. We re-
viewed those recent discoveries regarding mitochondrial
FAO and its potential as a therapy for obesity.

Conclusions

Despite considerable current efforts, the prevalence of
obesity and associated diseases is rising exponentially in both
industrialized and developing countries worldwide. This is
especially worrying in the young. Current therapeutic strat-
egies, focused mainly on controlling food intake, have met
limited success, probably due to the inherent resistance of the
human body to weight loss. However, recent approaches
targeting energy expenditure and mitochondrial FAO shed
light on new therapies to fight obesity.

Mitochondrial FAO is the cell source of energy from FAs.
Since an excess of lipids is found in obesity and associated
pathologies, a lot of research studies how to eliminate them
through an increase in FAO. Beneficial effects of an increase in
energy expenditure in obesity have been described in several
tissues, including liver, muscle, WAT, and BAT. On the con-
trary, FAO therapeutic inhibition in hypothalamus seems to
reduce food intake. Whether or not FAO should be modulated
in the above-mentioned tissues to improve insulin resistance
or to lose weight is still a subject of debate. There is no doubt
regarding the involvement of ROS in pathophysiological
processes related to obesity, and CPT1 seems to be a good
molecular target for ROS and FAO modulation. However,
several questions still need to be answered before FAO can
become an obesity therapy. First, it is not known whether a
long-term increase in energy expenditure would cause an
enhancement of appetite as a compensatory mechanism.
Second, an increase in FAO could induce pathological levels
of ROS and/ or other incomplete oxidation products. Third, it
is not known whether FAO enhancement might reach a limit
in a specific tissue, such as in BAT, in which thermogenesis is
tightly adjusted to the environmental temperature. Finally,
since increasing flux through f-oxidation would only make
sense together with a corresponding enhancement in energy
demand (121), the physiological relevance of improved mi-
tochondrial FAO might be questioned if the individual re-
mains sedentary (muscle, WAT, or liver) or warm (BAT).
Potential mechanisms to explain the beneficial effects of tar-
geting mitochondrial FAO could be the concomitant en-
hancement of hepatic ketone bodies, CO,, acid soluble
products, ATP production, and endergonic processes (e.g.,
gluconeogenesis) seen in previous publications (38, 130, 158).
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Increased FAO may also decrease glucose oxidation to
maintain energy homeostasis, augment mitochondrial burn-
ing capacity through an increase in the number of mito-
chondria and/or the increased expression of UCPs, and thus
dissipate the excess of energy as heat and ATP. All of these
could well alleviate the mitochondrial pressure found in lipid
overload states. Thus, an increase in energy expenditure could
indeed be the underlying protective mechanism against obe-
sity-induced metabolic abnormalities.

Although more research is needed, we are encouraged that
targeting of FAO and cell energy expenditure may be avail-
able in the near future as therapies to treat obesity and its
associated severe diseases.
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Abbreviations Used

ACC =acetyl-CoA carboxylase
AgRP = agouti-related protein
AMPK = AMP-activated protein kinase
BAT =brown adipose tissue
BMI=body mass index
CACT = acylcarnitine translocase
CPT1 = carnitine palmitoyltransferase 1
CPT1A =liver CPT1
CT = computed tomography
DAG = diacylglycerol
ETC = electron transport chain
FA =fatty acid
FAO = fatty acid oxidation
FAS = fatty acid synthase
FFA = free fatty acid

FGF21 = fibroblast growth factor 21
HFD = high-fat diet
IMC = intramyocellular
LCFA-CoA =long-chain fatty acid-CoA
MCD = malonyl-CoA decarboxylase
NAFLD = nonalcoholic fatty liver disease
NASH = nonalcoholic steatohepatitis
NPY = neuropeptide Y
PET = positron-emission tomography
ROS =reactive oxygen species
SkM = skeletal muscle
TCA = tricarboxylic acid
TG = triglyceride
UCPs = uncoupling proteins
UPR = uncoupled protein response
WAT = white adipose tissue
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Abstract

Lipid metabolism in the ventromedial hypothalamus (VMH) has emerged as a crucial pathway in the regulation of feeding
and energy homeostasis. Carnitine palmitoyltransferase (CPT) 1A is the rate-limiting enzyme in mitochondrial fatty acid f-
oxidation and it has been proposed as a crucial mediator of fasting and ghrelin orexigenic signalling. However, the
relationship between changes in CPT1A activity and the intracellular downstream effectors in the VMH that contribute to
appetite modulation is not fully understood. To this end, we examined the effect of long-term expression of a permanently
activated CPT1A isoform by using an adeno-associated viral vector injected into the VMH of rats. Peripherally, this procedure
provoked hyperghrelinemia and hyperphagia, which led to overweight, hyperglycemia and insulin resistance. In the
mediobasal hypothalamus (MBH), long-term CPT1AM expression in the VMH did not modify acyl-CoA or malonyl-CoA levels.
However, it altered the MBH lipidomic profile since ceramides and sphingolipids increased and phospholipids decreased.
Furthermore, we detected increased vesicular y-aminobutyric acid transporter (VGAT) and reduced vesicular glutamate
transporter 2 (VGLUT2) expressions, both transporters involved in this orexigenic signal. Taken together, these observations
indicate that CPT1A contributes to the regulation of feeding by modulating the expression of neurotransmitter transporters
and lipid components that influence the orexigenic pathways in VMH.

Citation: Mera P, Mir JF, Fabrias G, Casas J, Costa ASH, et al. (2014) Long-Term Increased Carnitine Palmitoyltransferase 1A Expression in Ventromedial
Hypotalamus Causes Hyperphagia and Alters the Hypothalamic Lipidomic Profile. PLoS ONE 9(5): €97195. doi:10.1371/journal.pone.0097195

Editor: Marc Claret, Institut d’Investigacions Biomédiques August Pi i Sunyer, Spain
Received February 3, 2014; Accepted April 16, 2014; Published May 12, 2014

Copyright: © 2014 Mera et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This study was supported by the Spanish Ministry of Economy and Competitiveness (Grant SAF2011-30520-C02-01 to D.S., Grant SAF2010-20039 to L.H.
and doctoral fellowships to J.F.M. and M.L.M.), by the CIBER Fisiopatologia de la Obesidad y la Nutricion (CIBEROBN), the Instituto de Salud Carlos IIl (Grant CB06/
03/0026 to D.S. and X.R. and research contract to P.M.), and the European Foundation for the Study of Diabetes (EFSD)/Lilly and European Foundation for the
Study of Diabetes (EFSD)/Janssen (research fellowships to L.H.), by Albert Renold Programme (Postdoctoral Fellowship to A.S.H.C.). UniQure provided support in
the form of salaries for authors HP & MSRP, but did not have any additional role in the study design, data collection and analysis, decision to publish, or
preparation of the manuscript. The specific roles of these authors are articulated in the ‘author contributions’ section.

Competing Interests: Harald Petry, PhD, is employed by uniQure B.V. in the function as Chief Scientific Officer. Maria Sol Rodriguez-Pefa, PhD, used to be
employed by UniQure B.V. in the function as Senior Researcher. Lilly and Janssen research grants assisted in the funding of this study through EFSD collaborations.
There are no patents, products in development or marketed products to declare. This does not alter the authors’ adherence to all the PLOS ONE policies on
sharing data and materials.

* E-mail: Iherrero@ub.edu (LH); dserra@ub.edu (DS)

9 These authors contributed equally to this work.

Introduction

Current lifestyles are responsible for the alarming increase in the
prevalence of obesity and the consequent development of insulin
resistance and Type 2 diabetes. An imbalance between energy
intake and expenditure can cause overweight, thus contributing to
obesity and associated metabolic complications. The hypothala-
mus is crucial to the central control of appetite and energy

PLOS ONE | www.plosone.org

homeostasis [1,2]. This brain region consists of interconnected
neuronal nuclei that respond to neuroendocrine and metabolic
signals by modulating the production and release of specific
neurotransmitters that control energy balance [3]. Hypothalamic
lipid metabolism participates in this process and is linked to the
molecular mechanisms by which hormones, such as leptin, ghrelin
and insulin, exert their central effect on food intake [4-6].
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Malonyl-CoA, the first intermediate in fatty acid (IFA) biosyn-
thesis, has emerged as a crucial player in the hypothalamic control
of feeding [7,8]. On the one hand, decreased food intake and
increased malonyl-CoA are observed after central treatment of
drugs or anorectic hormones such as leptin. Leptin’s anorectic
pathway involves the inhibition of AMP-activated protein kinase
(AMPK), which, in turn, activates acetyl-CoA carboxylase (ACC),
key enzyme for malonyl-CoA synthesis [5]. Treatments with FAS
inhibitors, such as C75 and cerulenin reduce food intake by an
increase of hypothalamic malonyl-CoA level [8-10]. On the other
hand, malonyl-CoA level decreases under fasting condition when
ghrelin level is high. Orexigenic ghrelin pathway involves
activation of AMPK, inhibition of ACC and a reduction of
malonyl-CoA level [11,12]. One clear candidate for malonyl-CoA
action is carnitine palmitoyltransferase (CPT) 1, a key enzyme
regulating mitochondrial long chain fatty acyl-CoA (LCFA-CoA)
B-oxidation [13], since CPT1 activity is physiologically inhibited
by malonyl-CoA. An accumulation of LCFA-CoA in the
hypothalamus was believed to signal reduction in food intake
and hepatic gluconeogenesis in rodents. GPT1 is related to both
metabolites and it has been implicated in the central control of
both food intake and glucose metabolism [14-17]. Two CPT1
1soforms are expressed in the hypothalamus, CPT1A and CPT1C.
The latter is found mainly in the endoplasmic reticulum of
neurons and does not directly participate in mitochondrial FA -
oxidation (FAO) [18]. However, CPT1C binds malonyl-CoA and
it may serve as a sensor for malonyl-CoA in the hypothalamic
regulation of energy homeostasis [19,20]. Furthermore, we have
recently shown that CPT1C mediates ghrelin central action by
altering ceramide levels [21]. CPTIA also contributes to the
central orexigenic action of ghrelin, since the molecular events
derived from ghrelin binding to its receptor on hypothalamic
neurons result in increased CPT1A activity and FAO [6,22,23]. It
has been proposed that the derived metabolic changes, including
the accumulation of reactive oxygen species (ROS) and the
subsequent up-regulation of the mitochondrial uncoupling protein
2 (UCP2), contribute to the activation of arcuate (Arc) AgRP
neurons [22]. Moreover, transcription factors such as brain-
specific homeobox (Bsx), cAMP response-element binding protein
(CREB), and forkhead box O1 (FoxO1l) act as downstream
mediators of CPT1A in the Arc nucleus for orexigenic neuropep-
tide synthesis [24]. These observations suggest a potential role of
hypothalamic CPT1A in the control of feeding, however the exact
mechanistic sequence and mediators involved are not yet revealed.

A growing body of evidence implicates the ventromedial
hypothalamus (VMH) in the central control of food intake and
regulation of energy homeostasis [17,25,26]. VMH neurons are
reported to activate anorexigenic neuronal pathways in the Arc
nucleus by projecting excitatory inputs into POMC neurons [27].
Moreover, some VMH neurons are GABAergic [28]. We have
recently observed that CPT1A activity in the VMH changes
concomitantly with fasting and refeeding states and that it is
reinforced by the increase in appetite provoked by acute
expression of a permanently activated CPTIA isoform [29].
Despite all the evidence, the exact mechanisms for the induction of
feeding downstream of CPT1A in the VMH are unknown.

Here we examined the long-term effect of AAV-vectorized
expression of a malonyl-CoA-insensitive CPT1A isoform [30],
namely CPT1AM, in the VMH. This model allows us to uncouple
malonyl-CoA effect on food intake and to activate permanently
downstream effectors of CPTIA involved in feeding. We
hypothesise that CPT1A modulates the lipidic and gene profile
of the mediobasal hypothalamus (MBH, encompassing both Arc
and the VMH), which may be involved in the central control of
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feeding and glucose metabolism. Long-term CPT1AM expression
led to alterations in MBH structural bioactive lipids, i.e.
phospholipids, sphingolipids and ceramides. In addition, this
CPT1AM expression altered the expression of glutamate and
GABA vesicular transporters, which have been reported to control
amino acid neurotransmitters which alter food intake. Moreover,
hyperphagia, overweight and the later development of insulin
resistance and hyperglycemia was also observed in the CPT1IAM
animals. All these results reinforce the notion that VMH CPT1A is
involved in appetite modulation.

Materials and Methods

Adeno-associated vectors (AAVS)

Serotype 1-AAV, AAV-GFP and AAV-CPT1AM were con-
structed to express GFP and CPT1AM respectively. Vector
plasmids carried: CMV promoter, cDNA sequence of GFP or
CPT1AM [30], woodchuck posttranscriptional regulatory element
(WPRE, acc #AY468-486) [31], and bovine growth hormone
polyadenosine transcription termination signal (bases 2326-2533
GenBank acc #M57764). The expression cassette was flanked by
two inverted terminal repeats (ITRs) derived from serotype 2-
AAV. AAVs were produced in insect cells using a baculovirus [32].
The vector preparation used had the following titers: AAV-GFP,
5x10" pfu/mL; and AAV-CPT1AM, 2.5-10'% pfu/mL.

Animals

The Comité Etic d’Experimentacié Animal de la Universitat de Barcelona
(CEEA-UB) and the Generalitat de Catalunya Department de Med:
Ambient ¢ Habitaige, in accordance with current legislation, approved
all experimental protocols from this work (Permit Numbers: 4068
and 5471). Sprague-Dawley male rats (260-290 g) (Harlan Co.
Laboratories) were used in all the studies. Animals were housed in
individual cages and maintained under a 12 h dark/light cycle
with free access to food (2014, Harlan) and water. Rats were
anaesthetised with intraperitoneal ketamine (Imalgene, 90 mg/kg)
and xylazine (Rompun, 11 mg/kg) and immobilised in a
stereotactic apparatus. Chronic catheters (26-gauge stainless steel
guide cannulae (Plastic one)) were implanted bilaterally in the
VMH (coordinates from Bregma: —2.8 mm posterior, =0.7 mm
lateral and —10 mm ventral [33]). During the week after the
surgery, animals received analgesics (buprenorphine, 0.3 mg/
400 mL) and antibiotics (enrofloxacin, 10%) with water to aid
recovery. Next, rats with VMH cannulae were given bilateral
mjections (1 uL/each site) of AAV-GIFP (control) or AAV-
CPT1AM at a rate of 0.2 pL/min. Food intake and body weight
were measured in rats infected with AAV-CPT1AM (hereafter
CPT1AM animals) and AAV-GFP (hereafter GFP animals) in the
VMH.

Glucose Tolerance Test (GTT)

The GTT was performed in conscious rats 14 weeks after the
AAV injection in the VMH. Glucose (2.0 g per kg body weight)
was administered intraperitoneally after an overnight fast (16 h),
and blood glucose concentrations were measured using a
Glucometer Elite (Bayer) at baseline and 15, 30, 60, 90 and
120 min after glucose administration.

Measurement of circulating hormones and metabolites
Blood was collected from rats and processed to provide plasma
and serum. Commercial kits were used to measure serum insulin
(Rat/Mouse Insulin ELISA (Millipore)), leptin (Mouse/Rat Leptin
ELISA (B-Bridge)), adiponectin (Rat Adiponectin ELISA (Milli-
pore)), non-esterified FA (NEFA) (Wako Chemicals), plasma
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acylated-ghrelin (Rat Acylated-Ghrelin ELISA (BioVendor)), T3,
T4, and TSH (ELISA (DRG Diagnostics)). For the measurement
of plasma amino acids, distilled water (100 puL), 1000 pM NLE
(50 uL) and (trifluoracetic acid) 10%TFA acid (100 uL) were
added to 100 pL plasma sample. After a 10-min incubation, tubes
were centrifuged at 10000xg. The supernatant was filtered
(Ultracel membrane 10 KDa filter (Millipore)), dried under a Ny
stream, and redissolved in lithium citrate pH 2.2 (400 pL). Amino
acids were measured at the Scientific-Technical Services of the
University of Barcelona using an auto-analyser (Biochrom 30).

Determination of liver triacylglyceride (TAG) content

Pulverised frozen tissue from rats (=100 mg) was homogenised
m 500 uL. PBS. Lipids were extracted using chloroform, dried
under a Ny stream, and redissolved in n-propanol. TAGs were
quantified using the Triglycerides Determination Kit (Sigma
Aldrich).

Determination of malonyl-CoA, LCFA-CoA and
acylcarnitine content

MBH wedges (encompassing Arc and VMH nuclei) and
liver were quickly removed, frozen in liquid nitrogen, and stored
at —80 °C prior to malonyl-CoA or LCFA-CoA quantification.
The former was measured using a malonyl-CoA recycling assay as
described elsewhere [8,34]. LCFA-CoAs were extracted and
measured by HPLC-MS/MS at the Scientific-Technical Services
of the University of Barcelona, as previously described [35].
Acylcarnitines were analysed using an Acquity UPLC-TOF system
(Waters) with an BEH C8 column (1.7 um particle size,
100 mmx2.1 mm, Waters). The two mobile phases were 1 mM
ammonium formate in methanol (phase A) and 2 mM ammonium
formate in H20O (phase B), both phases with 0.05 mM formic acid.
The following gradient was programmed: 0 min, 65% A; 10 min,
90% A; 15 min, 99% A; 17 min, 99% A; 20 min, 65% A, and a
flow rate of 0.3 mL min-1. Quantification was carried out using
the extracted ion chromatogram of each compound, using 50-
mDa windows. The linear dynamic range was determined by
mjecting standard mixtures. Positive identification of compounds
was based on the accurate mass measurement with an error <
5 ppm and their LC retention time compared to that of a standard
(£2%).

Lipidomic analysis

MBH wedges were quickly removed, frozen in liquid nitrogen,
and stored at —80 °C prior to lipid analysis. Sphingolipid
extraction and analysis by UPLC-TOF was carried out as
described [36]. Phospholipid extracts were obtained using the
same procedure but without the saponification step. Lipids were
analysed by UPLC-TOYF in positive or negative mode. The two
mobile phases were 1 mM ammonium formate in methanol (phase
A) and 2 mM ammonium formate in HyO (phase B), both phases
with 0.05 mM formic acid. The following gradient was pro-
grammed: 0 min, 80% A; 3 min, 90% A; 6 min, 90% A; 15 min,
99% A; 18 min, 99% A; 20 min, 80% A, and a flow rate of

0.3 mL min "

Histological analysis

Brain histological examination was done using 50- pum thick
sections. Brains were excised and fixed overnight in 10% neutral-
buffered formalin (Sigma). Next, they were immersed in 20%
sucrose phosphate-buffered solution (PBS; pH 7.0) for 18-
36 h at 4 °C. Coronal sections were obtained using a freezing-
sliding microtome and mounted onto microscope slides using
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Immu-Mount (Thermo) to prevent fading. Examination of white
adipose tissue (WAT), brown adipose tissue (BAT), and liver
histology were done using 4- um thick formalin-fixed, paraffin-
embedded tissue sections stained with hematoxylin and eosin
(H&E) at the Pathology Department of Hospital Clinic of Barcelona.

MRNA expression analysis

The MBH, liver, WAT, and BAT from GFP and CPT1AM rats
were excised, frozen, and stored at -80 °C. Total RNA was isolated
from frozen MBH, WAT, and BAT using RNeasy Lipid Tissue
Mini-Kit (Qiagen) and from frozen liver using RNeasy Mini-Kit
(Qiagen). cDNA was synthesised using the Transcriptor First
Strand cDNA Synthesis Kit (Roche). ¢gRT-PCR analyses were
performed in a LightCycler 480 Instrument (Roche). To discern
between the endogenous CPT1A (CPT1Awi) and the expressed
isoform CPT1AM, we used specific primers and FRET probes
and a LightCycler 480 Probes Master (Roche). The mRNA
expression of other genes was determined using intron-skipping
primers and SYBR Green Master Mix (Applied Biosystems). All
sequences are available upon request.

Statistical analysis

Data are expressed as mean = SEM. Statistical significance was
determined by ANOVA and Student’s ¢ test, using Microsoft Excel
and GraphPad Prism 6 software. A p value < 0.05 was considered
significant.

Results

AAV-mediated expression of GFP and CPT1AM

AAV carrying CPT1AM or GFP were obtained for long-term
expression of the permanently active form of CPT1IAM or GFP
(Fig. 1A). AAV vectors were bilaterally injected into the VMH and
several experiments were performed according to the showed
scheme (Fig. 1B). Histological studies in GIP rats revealed that
AAV-infected cells in the hypothalamus were limited mainly to the
VMH (Fig. 1C). ¢gRT-PCR analyses performed in MBH showed a
robust 113%+19.2-fold increase (p<<0.0001) in the CPTIAM
mRNA in CPTIAM rats with respect to GFP control rats
(Fig. 1D). We analysed the levels of the long-chain acylcarnitines,
as direct products of CPT1A activity in MBH samples. The levels
of Cl8:0-acylcarnitine increased 3.3-fold in CPTIAM
(298.4%+72.62 pmol/pg) compared to GFP-expressing counter-
parts (90.46%=12.69 pmol/pg, p<0.05). C14:0- and C16:0-acyl-
carnitine levels also increased, but not significantly (Fig. 1E).

CPT1AM expression in the VMH increased food intake
and led to obesity, hyperglycemia and insulin resistance

We monitored the food intake and body weight of CPT1AM
and GFP rats fed regular chow. The former group showed
hyperphagia compared to GFP animals. Cumulative food intake
was significantly higher 20 days after AAV injection (912+30.7 vs.
798%17.8 g, p<<0.05) This increased food intake was maintained
until the sacrifice (Fig. 1F). Furthermore a fast-refeeding test was
performed to discern if this increased food intake may be due to
impaired satiety. CPT1AM rats showed increased food intake in
all measures performed after refeeding (Fig. 1G). Body weight was
also measured. CPTIAM rats showed a significantly higher
(83.8£13.7 gvs. 57%=30.7 g, p<<0.05) body weight change 20 days
after AAV injection (Fig. 1H).

Glucose tolerance, blood glucose and serum insulin concentra-
tions were examined in fasted CPT1AM and GFP rats. Fourteen
weeks after the AAV injection, the GTT demonstrated glucose
intolerance in the former (Fig. 1I). When sacrificed, CPT1AM rats
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Figure 1. Analysis of the effect of VMH CPT1A expression on feefing behaviour and glucose homeostasis. (A) Scheme of the AAV
vectors used in this study: AAV-GFP and AAV-CPT1AM. The cassettes contain the GFP or CPT1AM transgene driven by the cytomegalovirus (CMV)
promoter. (B) Scheme of the time course of the experiment. (C) Representative histological section showing GFP in the VMH of GFP rats 2 weeks after
the bilateral injection of AAV vector. (D) CPT1Awt and CPT1AM mRNA expression in the MBH (VMH + Arc) of GFP and CPT1AM rats. Measurements
were performed 18 weeks after the bilateral injection of AAV vectors. Primers specifically recognise the sequence of wt or mutant CPT1A. (E)
Acylcarnitines were measured as an indirect parameter of CPT1A activity. n =3 (F) Cumulative food intake, (G) fast-refeeding test and (H) body weight
change in rats fed a normal diet. n=11. In E and G, X-axis represents days after the bilateral injection of AAV vectors into the VMH. () Intraperitoneal
GTT in GFP and CPT1AM animals after an overnight fasting. The test was performed in animals 14 weeks after the AAV-injection into the VMH. (J)
Blood fasting glucose and (K) serum fasting insulin levels measured in GFP and CPT1AM rats 18 weeks after the bilateral injection of AAV vectors into
the VMH. The following analyses were performed 18 weeks after the AAV-injection into the VMH. (L) Liver relative mRNA expression of genes
associated with gluconeogenesis and lipid metabolism in GFP and CPT1AM rats. (M) Liver histological sections (H & E staining) from representative
GFP and CPT1AM rats. (N) Liver TAG content in GFP and CPT1AM animals. n=5-6 animals in all cases. Error bars represent SEM. *p<<0.05. AUC: area

under the curve.
doi:10.1371/journal.pone.0097195.g001

showed higher fasting glucose (increase of 16.4%£3.3%, p<<0.01)
and insulin (increase of 31.6%£9.2%, p<<0.01) than GIP animals
(Fig. 1J and 1K). Furthermore, the expression of key gluconeo-
genic enzymes, such as glucose-6-phosphatase (G-6-Pase) and
phosphoenolpyruvate carboxykinase (PEPCK), was analysed in
the liver of fasted GFP and CPT1AM animals (Fig. 1L). Results
showed a 2%0.3-fold and 1.6*0.5-fold increase in G-6-Pase and
PEPCK mRNA respectively in CPT1AM animals with respect to
controls (p<<0.05). These results correlate with the hyperglycemia
observed in the CPTIAM rats (Fig. 1J). The analysis of liver
mRNA levels of lipid metabolism-related genes revealed a
2.1x0.3-fold increase in acetyl-CoA carboxylase 1 (ACCI) in
CPT1IAM rats (p<0.01) (Fig. 1L). However, we found no
significant changes in the hepatic concentration of TAG
(Fig. IN). In addition, histological liver examination revealed no
major differences in the hepatic anatomy of between the two
groups (Fig. 1M).

Next we studied the circulating metabolic and hormonal
profile of GFP and CPT1AM rats. In parallel with the increase in
food intake, fed CPT1AM animals presented a significant rise
(3.3%1.4-fold increase, p<<0.001) in post-absorptive plasma levels
of ghrelin (octanoylated/active form) (Fig. 2A). In addition, they
exhibited high serum NEFA levels (220.3-fold increase, p<<0.05)
(Fig. 2B) equivalent to those of fasted GFP and CPTIAM
counterparts (data not shown). Levels of other hormones
associated with energy metabolism, such as thyroid hormones
(T'3, T4 and T'SH, data not shown), leptin and adiponectin, were
unaltered between the two groups (Fig. 2C, 2D). In addition, we
found significant differences in the plasma aminogram of the two
groups of animals (Table 1). Interestingly, specific branched-
chain amino acid (BCAA), such as Val and Ile, considered
markers of obesity, increased by 18.8% and 19.8% respectively in
CPTIAM animals (Table 1). Obesity is characterised by
hyperplasia in WAT and britening of BAT. Histological
examination of epididymal WAT revealed that white adipocytes
from CPT1AM animals were significantly larger than those of the
GFP controls (Fig. 2E and F). Analyses of the mRNA expression
of pro-inflammatory cytokines showed an up-regulation of the
monocyte chemoattractant protein-1 (MCPI1) (1.6%0.4-fold
increase, $<<0.05) in CPTIAM WAT with respect to GIP
WAT (Fig. 2G). BAT showed a brown-to-white transformation in
CPT1AM rats (Fig. 2H and I). We also determined the mRNA
expression of genes associated with thermogenesis and FA
metabolism in BAT. A moderate increase (1.2%£0.1-fold, p<
0.01) in the expression of CPT1B in CPT1AM rats was detected
with respect to GFP controls (Fig. 2]). All these results indicate
that the expression of CPT1AM in the VMH impairs satiety and
leads to an obesogenic phenotype.

PLOS ONE | www.plosone.org

CPT1AM expression in the VMH alters MBH mRNA levels
of different genes involved in food intake

To discern the molecular mechanisms involved in the hyper-
phagia produced by CPT1AM expression in the VMH, we first
analysed markers of excitatory inputs from the VMH to POMC
neurons in Arc in fasted MBH of AAV-infected rats. We observed
an 82% decrease (p<<0.05) in VGLUT2 mRNA levels in
CPTIAM rats, without any change in VGLUT1 or VGLUTS3.
This observation correlates with the finding of unaltered POMC
and CART mRNA levels (Fig. 3A) and indicates that the
anorexigenic response was not activated.

Vesicular GABA transporter (VGAT) showed a 2.2%0.4-fold
increase (p<<0.05) in the MBH in CPT1AM rats. However, no
changes were observed in the mRINA levels of other orexigenic
neurotransmitters (such as NPY, AgRP) (Fig. 3A). Interestingly,
the mRNA levels of three key transcription factors involved in the
expression of the aforementioned orexigenic neuropeptides
[21,37,38], namely Bsx, CREB and FoxOl, were up-regulated
in fasted CPTIAM rats (Fig. 3A) (Bsx: 1.8%x0.2-fold increase, p<
0.05; CREB: 1.3*0.1-fold increase, p<<0.01 and FoxO1: 1.5%0.2-
fold increase, p<<0.01). Taking into account that the orexigenic
neuropeptide NPY exerts its effect on food intake mainly by
binding to receptors Y1 (NPY1R) and Y5 (NPY5R), we measured
the mRNA levels of these receptors. The NPY1R mRNA level was
higher in CPT1AM animals than in controls (2.7%0.5, p<<0.05)
(Fig. 3B), and no changes were observed in NPY5R. Since serum
levels of ghrelin were increased in CPT1AM rats, we analysed the
mRNA levels of ghrelin receptor (GHS-R), which is known to be
induced in fasting conditions [39]. A 1.6*0.2-fold increase in
GHS-R (p<<0.05) was detected, while no changes in mRNA levels
of other receptors, such as MC3R, MC4R and ObRb, were
observed (Fig. 3B). All these results show that increased VMH
CPT1A alters different pathways involved in the control of food
intake.

GABAergic transmission is modulated by ROS [40]. Given
that CPTIAM expression putatively increases mitochondrial
FAO and ROS, we measured the mRNA expression of anti-
oxidant enzymes and UCP2 (Fig. 3C). A moderate increase in
the mRNA levels of catalase (CAT), glutathione peroxidase 3
(Gpx3), superoxide dismutase (SOD) (1.2+0.04, 1.5%0.1 and
1.2£0.03-fold increase respectively, p<<0.01) and UCP2
(1.4%0.1-fold increase, p<0.05) was detected in CPTI1AM
animals with respect to GFP controls. However, the markers of
ER stress were not induced in VMH CPT1AM rats (Fig. 3C).
These data suggest that increased ROS production in the
VHM of CPTIAM rats may modulate GABAergic vesicular
transporter.
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Figure 2. Analysis of postprandial metabolic and hormonal profile, adipose tissue histology, and mRNA expression in GFP and
CPT1AM rats. Serum and plasma samples from fed GFP and CPT1AM rats were used for all the analyses. (A) Plasma active ghrelin. (B) Serum non-
esterified fatty acids (NEFA). (C) Serum leptin. (D) Serum adiponectin. n=6-10 animals per group. (E) Epididymal WAT histological sections (H & E
staining) from representative GFP and CPT1AM rats. (F) White adipocyte diameter scored using ImageJ software and expressed as a fold change
respect to GFP animals (5 high power field counted per rat, n =3 rats per group). (G) mRNA expression of pro-inflammatory markers in WAT from GFP
and CPT1AM rats. n=5-7 animals per group. (H) Interscapular BAT histological sections (H & E staining) from representative GFP and CPT1AM rats. (1)
Lipid droplet size scored using ImageJ software and expressed as a fold change respect to GFP animals (4 high power field counted per rat, n=3 rats
per group). (J) mRNA expression of genes associated with lipid metabolism and thermogenesis in BAT from GFP and CPT1AM animals. n=10 animals
per group. Error bars indicate SEM. *p<<0.05.

doi:10.1371/journal.pone.0097195.g002

CPT1AM expression in the VMH alters fatty acid

metabolism and the lipidomic profile in the MBH
Previous reports indicate that LCFA-CoA levels in the

hypothalamus act as a signal in the pathways that modulate food

intake. Interestingly, animals with long-term CPT1AM expression
in the VMH did not show a reduction of total LCFA-CoA in the
MBH (Fig. 4A), in contrast to animals with short-term expression
of this isoform [29]. In fact, the levels of C18:0 LCFA-CoA
increased in the former (Table 2). We then analysed the mRNA
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Table 1. Analysis of plasma amino acids from CPT1AM and GFP rats.

GFP-expressing rats CPT1AM-expressing rats
Amino acids (uM) n=6 n=6 p value
Taur 132+9 128+10.1 ns
Asp 23.7£0.8 26.7%1.2 ns
Hypro 1.6%0.2 1.7%0.1 ns
Thr 198.5=11.1 216.7+9.6 ns
Ser 216.2*6 221.4%5.6 ns
Asn 304*1.1 30.5+23 ns
Glu 192.4+15.8 265.1£12.3 ns
Gln 103.1£9.8 91.3%10.1 ns
Pro 70.8*15 67.5*2.7 ns
Gly 251£7.4 223.1+83 0.04
Ala 335+11.3 324.3%10.7 ns
Citr 66.4+3.5 71.2%3.8 ns
Val 159.4*6.2 189+5.8 0.006
Cyst 50*+1.4 57.1%3.1 ns
Met 78.5*24 77.1%45 ns
lle 66.1£2.5 79.2%2.2 0.003
Leu 194.3+6.9 204.9+3 ns
Tyr 127.5+8.4 144.7+8 ns
Phe 75+2.8 79.7%0.9 ns
Orn 115.5%3.2 163%7.1 0.004
Lys 632+9.1 696.1+25 0.05
His 101.3*x2.7 122.4+28 0.001
Trp 219%15 20.8+2 ns
Arg 2154%94 225.9%+6.3 ns
Analysis was performed on plasma obtained at 18 weeks after AAV injection. Data indicated as Mean * SEM.
doi:10.1371/journal.pone.0097195.t001

levels of key genes involved in de novo FA synthesis (Fig. 4B).
CPT1AM animals showed a 2.1£0.1-fold increase in FA synthase
(FAS) mRNA (p<<0.05). Since hypothalamic malonyl-CoA levels
have been proposed to regulate feeding, we also measured the
concentration of this compound in the MBH of the two
experimental groups. Concentrations of this metabolite showed
no differences between groups (Fig. 4C). This finding is consistent
with the absence of changes in ACC1 and ACC2 between the two
groups in the MBH (Fig. 4B). On the basis of these observations,
we conclude that the hyperphagic phenotype observed in our
model is independent of the variations of these two metabolites.
To find out whether other bioactive lipids are involved in the
orexigenic effect of VMH CPT1AM expression, we performed a
lipidomic study of the MBH. Recent evidence has linked ceramide
concentration in the hypothalamus to appetite modulation
[20,21]. In our model, total ceramide levels were not significantly
different; however, an analysis by species showed an increase in
14:0-ceramide (AAV-GFP, 5.3%0.7 pmol/mg, AAV-CPT1AM,
8.3%£1.0 pmol/mg, p<<0.01) and 18:1-ceramide (AAV-GFP,
170.4%18.8 pmol/mg, AAV-CPT1AM, 250.5%*31.9 pmol/mg,
$<<0.02) levels (Fig. 4D, Table 2). We also observed a 36.1%
increase in total lactosylceramides (LacCer) in CPTIAM rats
(Fig. 4D). Furthermore, other sphingolipids related to ceramides,
such as sphingomyelin (SM) and dihydrosphingomyelin (DHSM),
were analysed. Total concentrations of SMs and DHSMs were
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increased by 30.8% and 30.6%, respectively in the MBH of
CPT1AM animals.

Membrane traffic and vesicular fusion are especially sensitive to
the amount of phosphatidylethanolamine (PE) [41]. We deter-
mined the total levels of lysophosphatidylethanolamine (LPE),
plasmalogen-phosphatidylethanolamine (PlasPE), and lysoplasma-
logen (LPlasPE) and found them to be decreased by 38.5%,
29.0%, 45.8% respectively in CPTIAM rats with respect to
controls. The concentration of lysophosphatidylserine (LPS) was
also analysed in the MBH, finding it to be decreased by 39% in
CPTIA animals (Fig. 4E). Interestingly, the amount of lysophos-
phatidylcholine (LPC) was 30.0% higher in CPT1IAM animals
than in controls, even though no changes were observed in total
phosphatidylcholine (PC) and plasmalogenphophatidylcholine
(PlasPC). Neutral lipids (TAG, DAG and cholesterol esters) were
not significantly different between groups (data not shown). All
these observations indicate that CPT1A expression in the VMH
changes lipid metabolic flows and alters the profile of structural
and bioactive complex lipids in the MBH, which may be involved
in the hyperphagic phenotype observed.

Discussion

The hypothalamus is a critical site in the regulation of food
intake and energy homeostasis. The VMH has been considered a
satiety centre, since lesion of the nucleus induces hyperphagia and
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Figure 3. Analysis of MBH gene expression of GFP and CPT1AM rats. All analyses were performed 18 weeks after the AAV-injection into the
VMH. (A) MBH relative mRNA expression of hypothalamic vesicular classical neurotransmitter transporters, hypothalamic neuropeptides, transcription
factors. (B) Receptors for neuropeptides and hormones involved in feeding regulation and genes associated with fatty acid metabolism. (C) UCP2 and

anti-oxidant enzymes and ER stress-related genes. n=6-7 animals per group in all panels. Error bars indicate SEM. *p<<0.05.

doi:10.1371/journal.pone.0097195.9g003

obesity [26,42]. Several years ago, the focus of research into food
intake control shifted from the VMH to the Arc with the
development of cell-specific molecular tools to study its impact
[22,43,44]. Nonetheless, the critical role of the VMH in the
control of food intake and energy homeostasis has attracted
renewed attention. This has arisen as a result of recent studies in
knock-out mice in VMH-specific SF1 cells [26,45], the discovery
of neuronal connections between the various hypothalamic nuclei
[27], and the crucial role of the Arc- and VMH-originated classical
amino acid neutrotransmitters in the control of food intake [46—
50]. FA metabolism is a key component in the regulation of food
intake. We have recently reported that acute expression of
CPTIAM, which is insensitive to malonyl-CoA, produces
hyperphagia [29]. In the present study we have taken advantage
of AAV vectors to demonstrate for the first time that long-term
increased CPT1A expression in the VMH produces a chronic
hyperphagia and body weight gain. Amongst others, this might be
a result of the alteration of vesicular amino acid transporters

GABAergic neurotransmission. Moreover, the alteration on the
lipidomic profile found i CPT1AM rats could explain these
effects too. These findings emphasise the key role of VMH CPT1A
expression in the hypothalamic control of appetite and body
weight.

Our data confirm that CPT1IAM expression in the VMH
produces hyperphagia, as seen by the unsated state of CPT1AM
rats. Such chronic over-feeding may contribute to the phenotype
observed: CPT1AM rats present overweight and a progression
towards insulin resistance, glucose intolerance and hyperglycemia.
However, this hyperglycemia may be caused by the direct action
of VMH CPTIAM expression. It has been reported that
glutamatergic outputs from the VMH exert their effect on liver
and thus control gluconeogenesis [51]. This observation is
consistent with the observed up-regulation of liver gluconeogenic
genes in CPT1AM rats, which show a decreased expression of the
glutamatergic VGLUT2. In addition, these animals showed
increased adiposity. This centrally driven direct effect may also

expression, which are involved in the glutamatergic and be involved in the brown-to-white modification of BAT of VMH
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Figure 4. Lipid profile analysis in the MBH of GFP and CPT1AM rats. (A) Relative LCFA-CoA and (B) malonyl-CoA content in the MBH. (C)
Sphingolipid (SLs) and (D) phospholipid (PLs) levels in the MBH. n=5-8 animals per group in panels A and B. n=10 animals per group in panels C, D
and E. Error bars represent SEM. *p<<0.05. DAG: diacylglycerol; TAG: triacylglycerol; Cho-E: cholesterol ester; Cer: ceramide; DHCer: dihydroceramide;
SM: sphingomyelin; DHSM: dihydrosphingomyelin; GlucCer: glucosylceramide; GlucDHCer: glucosyldihydroceramide; LacCer: lactosylceramide; PE:
phosphatidylethanolamine; LPE: lysophosphatidylethanolamine; PlasPE: plasminogen phosphatidylethanolamine; PS: phosphatidylserine; LPS:
lysophosphatidylserine; Pl: phosphatidylinositol.

doi:10.1371/journal.pone.0097195.g004
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CPT1IAM rats. In support of this notion, VMH has been
implicated in the modulation of BAT thermogenesis through
parasympathetic innervation [52,53]. We detected lipid accumu-
lation and hypertrophy in WAT. Although these conditions may
be a direct effect of CPT1AM expression in the VMH, we cannot
discard indirect mechanisms such as the effect of ghrelin on
peripheral tissues [54-56].

In our hands, fed VMH CPTIAM rats showed increased
circulating levels of the appetite-stimulating hormone ghrelin and
NEFA, thus mimicking the metabolic status of fasting animals
during the postprandial phase. The relationship between ghrelin
hypothalamic signalling and CPT1A activity is well established
[22,23,29,56]. Nevertheless, the observation of increased ghrelin
levels as a result of VMH CPT1AM expression is striking, since it
may indicate a connection between the VMH and the stomach,
which is the main producer of octanoylated ghrelin. This notion is
reinforced by the observation of reduced ghrelin levels in response
to icv administration of C75 [57], a compound that inhibits FAS
and CPTI1A [35]. Nonetheless, further research is required to
confirm these physiological findings.

The molecular mediators in the orexigenic signalling triggered
by CPT1A in the VMH are not clear. Although little attention has
been given to amino acid neurotransmitters in the control of food
intake, their role in hunger signalling has been recently
highlighted. Glutamatergic outputs from the VMH have been
described to activate anorexigenic POMC/CART neurons to
stimulate satiety signalling [27]. In the MBH of rats expressing
CPT1AM in the VHM, we observed diminished mRNA levels of
VGLUT2, which is the main vesicular glutamate transporter in
that nucleus (Fig. 3). Such a decrease may lead to a reduction in
glutamate quantal size in the VMH, which would in turn attenuate
the activation of anorexigenic neurons. Moreover, optogenetic
stimulation on NPY/AgRP neurons produces an orexigenic effect
that is blocked using GABA antagonists. This finding indicates that
the orexigenic signalling was not dependent on peptidergic
neurotransmission [50]. We observed an increase in VGAT
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Table 2. LCFA-CoA and ceramides levels in MBH from CPT1AM and GFP rats.
GFP-expressing rats

LCFA-CoA (pg/mg protein) n=>5

16:0 1+0.2

18:0 0.19+0.04

18:1

Ceramides (pmol/mg protein) n=10

14:0 53%*0.7

14:1 2704

16:0 66.3+9.6

16:1 73%1.1

18:0 1479.9+£177.9

18:1 170.4+18.8

20:0 246.9+41.3

22:0 40.3+£6.9

22:1 106*1.3

24:0 61.2+94

24:1 65+7.8

24:2 243+*35

Analysis was performed on MBH extracts obtained at 18 weeks after AAV injection. Data indicated as Mean * SEM.

doi:10.1371/journal.pone.0097195.t002

expression, which may produce a rise in GABAergic signalling.
This inhibitory signalling may come from the VMH [58] and/or
from NPY/AgRP neurons [59] to anorexigenic POMC/CART
neurons. This notion is consistent with the experiments in which
injections of the GABA agonist muscimol markedly increased food
intake [60]. Although we do not know how the vesicular
transporters are modulated in our model, ROS signalling has
been reported to boost GABA release [40]. For this reason, we
hypothesise that CPT1IAM expression in the VMH, which
increases ROS, might be responsible for this higher inhibitory
output. Although we did not monitor ROS directly, we observed
an increase in the transcription of ROS-buffering enzymes.
Alternatively, the lipidomic profile modification driven by
CPT1AM expression could be responsible for the increased food
intake. CPT1A alters the lipid profile in neurons [61], and
membrane composition is crucial to maintain the structure and
functionality of embedded proteins [62-65]. In some physiopath-
ological states, neurotransmission is modified by alterations in
membrane lipid composition [66]. In the synaptic vesicular model
developed by Takamori et al., transmembrane proteins encompass
one fourth of the whole vesicular surface [64]. Among them,
vesicular amino acid transporters, such as VGAT and VGLUT?2,
require their phospholipidic rims to be anchored to the lipid
bilayer and to have a correct functionality [63,64]. The reduction
in phospholipids observed in our model may affect the function-
ality of these transporters, thus impairing their transcription in
some way, at least in the case of VGLUT2. Notwithstanding, we
hypothesise that the putative increased VGAT mRNA levels
occurs as a result of other factors, such as an indirect effect on
other regions within the MBH, mainly Arc, or the aforementioned
ROS-induced up-regulation. Both changes in lipid composition
and expression of glutamatergic and GABAergic transporters may
be implicated in the increase of food intake in animals with
CPT1AM expression in the VMH (Fig. 5). Accordingly, we did
not observe changes in POMC or CART expression in this animal
model or an increase in NPY or AgRP mRNA levels. This could

May 2014 | Volume 9 | Issue 5 | 97195



be attributed to the fact that we measured these transcripts in
fasting conditions, where both CPT1IAM and control GFP rats
may express high levels of these orexigenic neuropeptides.
However, the transcription factors BSX, CREB and FoxOl,
involved in NPY and AgRP expression, were induced in CPT1AM
rats [21,37,38].

In addition, our results indicate that long-term expression of
CPT1AM raises sphingolipid levels in the MBH. It has recently
been demonstrated that hypothalamic ceramide metabolism
participates in feeding regulation [20]. In particular, the brain-
specific CPT1C is required for the fasting-induced increase in
hypothalamic ceramides [21]. The present data also implicate
CPT1A in ceramide metabolism, as CPT1AM rats showed a
significant increase in the hypothalamic concentrations of 18:1 and
14:0-ceramides. Sphingolipids act as signalling molecules in a
variety of physiological processes, including neuronal development
and plasticity. The formation and transport of specific axonal

CPT1A Expression in VMH: Hyperphagia and Changes in Lipidomic Profile

vesicles has been reported to be coupled to sphingolipid synthesis
[67]. Here we observed that CPT1AM expression alters sphingo-
lipid metabolism by increasing SM and DHSM, and it may lead to
the modification of hypothalamic synaptic plasticity and energy
balance. However, further research is required to test this notion
and to clarify the contribution of CPT1A and CPT1C isoforms to
hypothalamic sphingolipid metabolism and feeding modulation. In
addition, CPT1A expression in the VMH reduces phospholipids in
MBH. Although concrete lipid metabolic flows were not the
objective of this study, we hypothesise that phospholipids may
serve as fuel for increased FAO in CPT1AM-expressing neurons.
Previous hypotheses assume that LCFA-CoAs signal nutrient
availability in the hypothalamus and modulate food intake control
[14,15]. Accordingly, in collaboration with Lopaschuck’s group
[29], we observed that short-term expression of CPT1AM in the
VMH produces hyperphagia and reduced LCFA-CoA concentra-
tion in MBH neurons. Nonetheless, here we show that total
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Figure 5. Proposed role of VMH CPT1A in the hypothalamic control of satiety. AAV-mediated CPT1AM expression in the VMH would
increase FAO and modulate ROS production and the cellular profile of SLs and PLs. The derived molecular changes in the hypothalamus include the
up-regulation of the mitochondrial protein UCP2, the enzyme FAS, and the receptors NPY1R and GHS-R, which indicate an enhanced response to
orexigenic NPY and ghrelin. Moreover, an up-regulation of VGAT transporter and a decrease in VGLUT2 may indicate enhanced inhibitory signalling
which has been described to promote food intake. The long-term de-regulation of hypothalamic energy sensing induces systemic modifications,
including increased circulating levels of BCAA, NEFA, ghrelin, insulin and glucose, the up-regulation of hepatic gluconeogenic genes, increased
adiposity, and MCP1 expression in WAT. These central and systemic changes derived from VHM CPT1AM expression promote an increase in food

intake and the development of associated metabolic complications.
doi:10.1371/journal.pone.0097195.9g005
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hypothalamic LCFA-CoA content in hyperphagic long-term
CPT1AM-expressing animals was similar to GFP control rats
and, specifically, the concentration of 18:0-LCFA-CoA was
significantly higher in the former. This discrepancy with our
previous study might be a consequence of the adaptability of FA
metabolism to long-term CPT1AM expression and poses the
question as to whether hyperphagia is dependent on LCFA-CoAs
levels or whether it relies only on CPT1A activity.

In conclusion, our results indicate that CPT1A expression in the
VMH plays a key role in the regulation of food intake and glucose
homeostasis (Fig. 5). Mechanistically, our findings suggest that
CPT1A modulates mRNA levels of glutamatergic and GABAergic
neurotransmission markers and transcription factors controlling
orexigenic neuropeptides. Since CPT1IAM modifies the composi-
tion of sphingolipids and phospholipids and also boosts ROS
formation, we cannot discard a mechanistic involvement of these
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Mir JF, Valcarcel L, Escoté X, Gomez-Serrano M, Peral B,
Salvadé L, Fernandez-Veledo S, Casals N, Vazquez-Carrera M,
Villarroya F, Vendrell JJ, Serra D, Herrero L. Enhanced fatty acid
oxidation in adipocytes and macrophages reduces lipid-induced tri-
glyceride accumulation and inflammation. Am J Physiol Endocrinol
Metab 308: E756-E769, 2015. First published February 24, 2015;
doi:10.1152/ajpendo.00362.2014.—Lipid overload in obesity and
type 2 diabetes is associated with adipocyte dysfunction, inflamma-
tion, macrophage infiltration, and decreased fatty acid oxidation
(FAO). Here, we report that the expression of carnitine palmitoyl-
transferase 1A (CPT1A), the rate-limiting enzyme in mitochondrial
FAO, is higher in human adipose tissue macrophages than in adi-
pocytes and that it is differentially expressed in visceral vs. subcuta-
neous adipose tissue in both an obese and a type 2 diabetes cohort.
These observations led us to further investigate the potential role of
CPT1A in adipocytes and macrophages. We expressed CPT1AM, a
permanently active mutant form of CPTIA, in 3T3-L1 CARAIl
adipocytes and RAW 264.7 macrophages through adenoviral infec-
tion. Enhanced FAO in palmitate-incubated adipocytes and macro-
phages reduced triglyceride content and inflammation, improved in-
sulin sensitivity in adipocytes, and reduced endoplasmic reticulum
stress and ROS damage in macrophages. We conclude that increasing
FAO in adipocytes and macrophages improves palmitate-induced
derangements. This indicates that enhancing FAO in metabolically
relevant cells such as adipocytes and macrophages may be a promis-
ing strategy for the treatment of chronic inflammatory pathologies
such as obesity and type 2 diabetes.

obesity; type 2 diabetes; adipocytes; macrophages; inflammation;
fatty acid oxidation; CPT1

OBESITY HAS REACHED EPIDEMIC PROPORTIONS worldwide, leading
to severe associated pathologies such as insulin resistance, type
2 diabetes (T2D), cardiovascular disease, Alzheimer’s dis-
ease, hypertension, hypercholesterolemia, hypertriglyceri-
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demia, nonalcoholic fatty liver disease, arthritis, asthma, and
certain forms of cancer (12).

Over the last two decades, adipose tissue has gained crucial
importance in the mechanisms involved in obesity-related
disorders. The energy-storing white adipose tissue (WAT) is
well vascularized and contains adipocytes, connective tissue,
and numerous immune cells such as macrophages, T and B
cells, mast cells, and neutrophils that infiltrate and increase
their presence during obesity (22). Macrophages were the first
immune cells reported to participate in obesity-induced insulin
resistance (56). This highlights their pathological role in adi-
pose tissue in addition to their traditional involvement in tissue
repair and in response to dead and dying adipocytes (5, 14). Fat
is an active endocrine tissue that secretes hormones such as
leptin, adiponectin, or resistin and inflammatory cytokines such
as TNF-a, IL-6, IL-18, etc. in response to several stimuli. It is
therefore a complex organ controlling energy expenditure,
appetite, insulin sensitivity, endocrine and reproductive func-
tions, inflammation, and immunity (53).

The pathophysiology of obesity-induced insulin resistance
has been attributed to ectopic fat deposition (39), increased
inflammation, endoplasmic reticulum (ER) stress (16, 42),
adipose tissue hypoxia (15) and mitochondrial dysfunction
(32), and impaired adipocyte expansion and angiogenesis (50,
51, 54). In obesity, fatty acids (FA) together with other stimuli
such as ceramide, various PKC isoforms, proinflammatory
cytokines and reactive oxygen species (ROS), and ER stresses
activate JNK, NF-kB, RAGE, and TLR pathways both in
adipocytes and macrophages triggering inflammation and in-
sulin resistance (43).

Strenuous efforts are being made by the research community
to elucidate the mechanisms involved in the pathophysiology
of obesity-related disorders. However, an alternative strategy
could be to act upstream by preventing the accumulation of
lipids and the progression of obesity. In addition to reducing
caloric intake, a potential effective approach to combating
obesity would be to increase energy expenditure in key meta-
bolic organs such as adipose tissue. Obese individuals and
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those with T2D are known to have lower fatty acid oxidation
(FAO) rates and lower electron transport chain activity in
muscle (17, 19, 37), together with higher glycolytic capacities
and enhanced cellular FA uptake compared with nonobese and
nondiabetic individuals (44). Thus, any strategy able to elim-
inate the excess of lipids found in obesity could be beneficial
for health. Lipid levels can be reduced by inhibiting synthesis
and transport or by increasing oxidation; here, we focus on the
latter.

Malonyl-CoA, derived from glucose metabolism and the
first intermediate in lipogenesis, regulates FAO by inhibiting
carnitine palmitoyltransferase 1 (CPT1). This makes CPT1 the
rate-limiting step in mitochondrial FA (-oxidation. Thus, in
high-energy conditions, malonyl-CoA inhibits oxidation, di-
verting FAs’ fate into TG accumulation. There are three CPT1
isoforms, with different tissue expressions: CPT1A (liver,
kidney, intestine, pancreas, ovary, and mouse and human
WAT), CPT1B (brown adipose tissue, skeletal muscle, heart,
and rat and human WAT), and CPTI1C (brain and testis) (2,
36). The fact that CPT1 controls FAO makes it a very attractive
target to reduce lipid levels and fight against obesity and T2D.
Despite their excess fat, obese individuals have reduced vis-
ceral WAT CPT1 mRNA and protein levels (20). This
prompted our group and others to overexpress CPT1 in liver
(26, 29, 45), muscle (3, 33, 40), and white adipocytes (9),
which led to a decrease in triglyceride (TG) content and an
improvement in insulin sensitivity.

Here, we show that CPT1A expression was higher in human
adipose tissue macrophages than in mature adipocytes and that
it was differentially expressed in visceral vs. subcutaneous
adipose tissue. To further investigate the role of CPT1A in both
adipocytes and macrophages, we used a permanently active
mutant form of CPT1A, CPT1AM, which is insensitive to its
inhibitor malonyl-CoA (27), to achieve continuous oxidation
of lipids. When cells were incubated with palmitate to mimic
obesity, CPT1AM restored most of the palmitate-induced im-
balances. An increase in FAO in adipocytes and macrophages
reduced TG content and inflammatory levels, improved insulin
sensitivity in adipocytes, and reduced ER stress and ROS
damage in macrophages.
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MATERIALS AND METHODS

Human cohorts: selection of patients. Adipose tissue was selected
from an adipose tissue biobank collection of the University Hospital
Joan XXII (Tarragona, Spain). All subjects were of Caucasian origin
and reported that their body weight had been stable for at least 3 mo
before the study. They had no systemic disease other than obesity or
T2D, and all had been free of any infections in the previous month
before the study. Liver and renal diseases were specifically excluded
by biochemical work-up. Appropriate Institutional Review Board
approval and adequate biobank informed consent were obtained from
all participants. Biobanking samples included plasma and total and
fractionated adipose tissue from subcutaneous and visceral origin. All
patients had fasted overnight before collection of blood and adipose
tissue samples. Visceral adipose tissue (VAT) and subcutaneous
adipose tissue (SAT) samples were obtained during surgical proce-
dures that included laparoscopic surgery for hiatus hernia repair or
cholecystectomy. Samples were selected according stratification by
age, sex, and BMI and grouped into two cohorts:

Obesity cohort. Subjects were classified by BMI according to the
World Health Organization criteria (WHO, 2000). The study included
19 lean, 28 overweight, and 15 obese nondiabetic subjects matched
for age and sex (Table 1).

T2D cohort. Patients were classified as having T2D according to
American Diabetes Association criteria (1997). Variability in meta-
bolic control was assessed by stable glycated hemoglobin A
(HbA ) values during the previous 6 mo. These criteria having been
gathered, there were 11 T2D subjects. As a control group, we selected
36 subjects without diabetes from the obesity cohort, matched for age,
BMI, and sex (Table 2). No patient was being treated with thiazoli-
dinedione.

Anthropometric measurements. Height was measured to the nearest
0.5 cm and body weight to the nearest 0.1 kg. BMI was calculated as
weight (kilograms) divided by height (meters) squared. Waist circum-
ference was measured midway between the lowest rib margin and the
iliac crest.

Collection and processing of human samples. Samples from VAT
(omental) and SAT (anterior abdominal wall) from the same individ-
ual were obtained during abdominal elective surgical procedures
(cholecystectomy or surgery for abdominal hernia). All patients had
fasted overnight at least 12 h before the surgical procedure. Blood
samples were collected before the surgical procedure from the ante-
cubital vein, 20 ml of blood with EDTA (1 mg/ml), and 10 ml of
blood in silicone tubes. Collected blood (15 ml) was used for the

Table 1. Clinical, analytic, and CPTIA gene expression analysis of the obesity cohort

Lean BMI <25 (13 M; 6 F)

Overweight 25 = BMI <30 (16 M; 12 F)

Obese BMI =30 (9 M; 6 F)

Age, yr 51.7 £ 16.0
BMI, kg/m? 23.6 (22.1-24.2)
Waist, cm 83.0 (79.0-90.0)
Cholesterol, mM 52+1.2
HDL-chol., mM 1.5+ 0.5
Triglycerides, mM 1.0 (0.7-1.6)
Glucose, mM 4.8 +0.7
Insulin, pnIU/ml 3.4 (2.1-6.7)

HOMA-IR 0.75 (0.54-1.83)
sIL-6, pg/ml 1.4 (1.1-2.5)
SBP, mmHg 120 (120-127)
DBP, mmHg 70 (60-80)
SAT CPTIA 0.85 (0.66-1.14)F
VAT CPTIA 1.31 (1.07-2.50)

57.1 = 15.0
27.2 (26.5-27.9)*
97.0 (90.5-100.0)*

574 128
32.1(30.8-33.6)*#
107.0 (100.0-117.2)*#

49+ 10 52+08
13+03 14 =03
1.1 (0.8-1.5) 1.0 (0.7-1.3)
5.5+ 0.5% 5.6 = 0.5%
4.0 (2.8-7.2) 6.6 (4.5-16.5)]
1.01 (0.52-2.09) 1.60 (1.19-4.79)]
1.0 (0.7-2.2) 2.5 (1.4-5.2)§
130 (121-140) 145 (130-160)*§
70 (70-80) 80 (78-90)(
1.15 (0.85-1.60)F 0.86 (0.72-1.81)

1.42 (0.97-3.00) 1.07 (0.84-1.76)

Values are expressed as means = SD or median (interquartile range) for non-Gaussian distributed variables. CPT1A, carnitine palmitoyltransferase 1A; BMI,
body mass index; HOMA-IR, homeostasis model assessment of insulin resistance; sIL-6, soluble interleukin-6; SBP, systolic blood pressure; DBP, diastolic blood
pressure; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue. Differences vs. Lean: *P < 0.001; P < 0.05. Differences vs. Overweight: #P <

0.001; §P < 0.05. P < 0.05 SAT vs. VAT expression.
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Table 2. Clinical, analytic, and CPTIA gene expression
analysis of the T2D cohort

Control (21 M, 15 F) Type 2 Diabetes (5 M, 6 F)

Age, yr 61.6 = 10.6 66.1 = 8.6
BMI, kg/m? 28.6 (27.0-31.5) 28.7 (26.9-30.4)
Waist, cm 100.0 (94.0-107.0) 97.0 (94.0-102.0)
Cholesterol, mM 5.1+09 47 +£12
HDL-chol., mM 1.4 (1.2-1.6) 1.2 (1.0-1.9)
Triglycerides, mM 1.0 (0.7-1.5) 1.7 (1.2-2.3)]
NEFA, puM 775.5 = 275.1 9264 = 412.3
Glycerol, pM 135.2 (117.2-222.3) 301.6 (209.6-465.3)]
Glucose, mM 5.6 (5.3-5.8) 8.3 (7.0-10.1)*
Insulin, pIU/ml 4.5(3.5-7.7) 10.2 (3.5-21.4)
HOMA-IR 1.22 (0.89-2.10) 3.66 (1.71-23.66)]
sIL-6, pg/ml 1.4 (1.0-2.6) 1.5(1.0-2.4)
SBP, mmHg 140 (130-150) 140 (124-156)
DBP, mmHg 80 (70-80) 80 (63-83)

SAT CPTIA 1.08 (0.79-1.59)F 1.70 (1.03-2.18)
VAT CPTIA 1.39 (0.87-2.28) 1.57 (0.98-1.96)

Values are expressed as means * SD or median (interquartile range) for
non-Gaussian distributed variables. Differences vs. controls: *P < 0.001; P <
0.05. Differences between SAT and VAT in the same group: TP = 0.03.

separation of plasma. Plasma samples were stored at —80°C until
analytic measurements were performed; 5 ml of blood with EDTA
was used for the determination of HbA.. Adipose tissue samples
were collected, washed in PBS, immediately frozen in liquid N, and
stored at —80°C.

Adipose tissue fractionation. Adipose tissue biopsies were pro-
cessed immediately. The adipose tissue was finely diced into small
pieces (10-30 mg), washed in PBS, and incubated in Medium 199
(Life Technologies) supplemented with 4% BSA plus 2 mg/ml col-
lagenase type I (Sigma) for 1 h in a shaking water bath at 37°C. After
digestion, mature adipocytes (ADI) were separated from tissue matrix
by filtration through a 200-pwm mesh fabric (Spectrum Laboratories).
The filtrated solution was centrifuged for 5 min at 1,500 g. The mature
adipocytes were removed from the top layer and the stromal vascular
fraction (SVF) cells remained in the pellet. Cells were washed four
times in PBS and processed for RNA and protein extraction.

Analytic methods. Glucose, cholesterol, and TG plasma levels were
determined in an autoanalyzer (Hitachi 737, Boehringer Mannheim)
using the standard enzyme methods. High-density lipoprotein (HDL)
cholesterol was quantified after precipitation with polyethylene glycol
at room temperature (PEG-6000). Plasma insulin was determined by
radioimmunoassay (Coat-A-Count insulin; Diagnostic Products).
Nonesterified free fatty acid (NEFA) serum levels were determined in
an autoanalyzer (Advia 1200, Siemens) using an enzymatic method
developed by Wako Chemicals. Plasma glycerol levels were analyzed
by using a free glycerol determination kit, a quantitative enzymatic
determination assay (Sigma-Aldrich). Intra- and interassay CVs were
less than 6% and less than 9.1%, respectively. The degree of insulin
resistance was determined by homeostasis model assessment
(HOMA), as [glucose (mmol/l) X insulin (mIU/1)]/22.5. (24).

Immunohistochemistry. Five-micrometer sections of formalin-fixed
paraffin-embedded adipose tissue were deparaffinized and rehydrated
prior to antigen unmasking by boiling in 1 mM EDTA, pH 8. Sections
were blocked in normal serum and incubated overnight with rabbit
anti-CPT1A (Sigma-Aldrich) at 1:50 dilution. Secondary antibody
staining was performed using a VECTASTAIN ABC kit (Vector
Laboratories) and detected with diaminobenzidine (Vector Laborato-
ries). Sections were counterstained with hematoxylin prior to dehy-
dration and coverslip placement and examined under a Nikon Eclipse
90i microscope. As a negative control, the procedure was performed
in the absence of primary antibody.

Immunofluorescence. Five-micrometer sections of formalin-fixed
paraffin-embedded adipose tissue were blocked in normal serum and
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incubated overnight with rabbit anti-CPT1A antibody (Sigma-Al-
drich) at 1:50 dilution and with mouse anti-CD68 (Santa Cruz Bio-
technology) at 1:50 dilution, washed, and visualized using Alexa fluor
546 goat anti-rabbit, and Alexa fluor 488 goat anti-mouse antibodies,
respectively (1:500, Molecular Probes). The slides were counter-
stained with DAPI (4,6-diamidino-2-phenylindole) to reveal nuclei
and were examined under a Nikon Eclipse 90i fluorescent microscope.
As a negative control, the assay was performed in the absence of
primary antibody.

Materials. Sodium palmitate, sodium oleate, BSA, and L-carnitine
hydrochloride were purchased from Sigma Aldrich. DMEM, FBS, and
penicillin-streptomycin mixture were purchased from Life Technolo-
gies.

Cell culture. Murine 3T3-L1 CARALI preadipocytes, kindly given
by Dr. Orlicky (Department of Pathology, UCHSC at Fitzsimons,
Aurora, CO), were cultured and differentiated into mature adipocytes
following the published protocol (31). Mature adipocytes were used
for experiments at day 8 postdifferentiation. Murine RAW 264.7
macrophages were obtained from ATCC and were maintained in
DMEM supplemented with 10% heat-inactivated FBS and 1% peni-
cillin-streptomycin mixture. Simpson-Golabi-Behmel Syndrome
(SGBS) human cells were cultured and differentiated to adipocytes as
previously described (55).

Adenovirus infection. At day 8 of differentiation, 3T3-L1 CARALI
cells were infected with adenoviruses AAGFP [100 moi (multiplicity
of infection)] and AACPT1AM (13) (100 moi) for 24 h in serum-free
DMEM, and then the medium was replaced with complete DMEM for
additional 24 h. RAW 264.7 macrophages were infected with AAGFP
(100 moi) and AACPT1AM (100 moi) for 2 h in serum-free DMEM
and then replaced with complete medium for an additional 72 h.
Adenovirus infection efficiency was assessed in AdGFP-infected cells
(see Fig. 3, A and B). The same batch of adenoviruses stored in 50-p.l
aliquots was used throughout the experiments.

FA treatment. Sodium palmitate was conjugated with FA-free BSA
in a 5:1 ratio to yield a stock solution of 2.5 mM (40). Cells were
incubated with 0.3 or 1 mM of this solution for 24 h (3T3-L1 CARA1
adipocytes) or 0.3, 0.5, or 0.75 mM for 24, 18, or 8§ h (RAW 264.7
macrophages), respectively.

Adipocyte and macrophage viability. 3T3-L1 CARAI adipocytes
and RAW 264.7 macrophages were infected as previously described
and incubated for 24 h with 1 or 0.3 mM palmitate, respectively. Cells
were washed twice with PBS and lifted from the surface with trypsin
followed by 2 min of incubation at 37°C. Trypsinization was stopped
with 10% FBS-containing medium, and equal volumes of cell sus-
pension were mixed with 0.4% Trypan blue staining. Trypan blue-
positive and -negative cells were counted using a Neubauer chamber
for adipocytes and a Countess Automated Cell Counter (Invitrogen)
for macrophages. Percentage of viability was determined normalizing
viable cells of each group to viable cells of BSA GFP group.
Statistical significance was assessed using two-way ANOVA of three
individual experiments (*P < 0.05).

CPTI activity. Mitochondria-enriched fractions were obtained from
cell culture grown in 10-cm? dishes, and CPT1 activity was measured
by a radiometric method as described (13).

FA oxidation. Total oleate oxidation was measured in 3T3-L1
CARALI adipocytes and RAW 264.7 macrophages grown in 25-ml
flasks, differentiated, and infected as described above. The day of the
assay, cells were washed in KRBH-0.1% BSA, preincubated at 37°C
for 30 min in KRBH-1% BSA, and washed again in KRBH-0.1%
BSA. Cells were then incubated for 3 h (3T3-L1 CARA1 adipocytes)
or 2 h (RAW 264.7 macrophages) at 37°C with fresh KRBH contain-
ing 11 mM glucose, 0.8 mM carnitine, and 0.2 mM [1-'“C]loleate
(PerkinElmer). Oxidation was measured as described (29). The scin-
tillation values were normalized to the protein content of each flask.

TG content. Cells were grown in 12-well plates, differentiated, and
infected as described above. After 24 h (3T3-L1 CARA1 adipocytes)
or 18 h (RAW 264.7 macrophages) of FA treatment, cells were
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collected for lipid extraction following a protocol of Gesta et al. (10)
with minor modifications: after cell lysis with 0.1% SDS, 1/2/0.12
(vol/vol/vol) methanol-chloroform-0.5 M KClI solution was added, the
two phases were separated by centrifugation, and the upper phase was
dried with N». Finally, lipids were resuspended in 100% isopropanol,
and TGs were quantified using a TG Ttriglyceride kit (Sigma) accord-
ing to the manufacturer’s instructions. Protein concentrations were
used to normalize sample values.

Oil red O staining. RAW 264.7 macrophages grown on coverslips
were infected as described above and incubated with 0.75 mM
palmitate for 18 h. After this time, cells were rinsed twice with PBS,
fixed in 10% paraformaldehyde for 30 min at room temperature, and
washed again with PBS. Then, cells were rinsed with 60% isopropa-
nol for 5 min to facilitate the staining of neutral lipids and were
stained with filtered Oil red O working solution (0.3% Oil red O in
isopropanol) for 15 min. After several washes with distilled water, the
coverslips were removed and mounted on a drop of mount medium.
The intracellular lipid vesicles stained with Oil red O were identified
by their bright red color under the microscope.

Analysis of intracellular protein oxidation. RAW 264.7 macro-
phages were cultured in 12-well plates and infected as described
before. After FA treatment, cell extracts were prepared and analyzed
for protein oxidative modifications (i.e., carbonyl group content) with
a OxyBlot Protein Oxidation Detection kit (Millipore), following the
manufacturer’s instructions.

Western blot analysis. 3T3-L1 CARA1 adipocytes and RAW 264.7
macrophages were cultured in 12-well plates, differentiated, and
infected as described above. Cells were collected in lysis buffer
(RIPA), and protein concentration was determined using a BCA
protein assay kit (Thermoscientific). An equal amount of protein from
whole cell lysates was resolved by 8% SDS-PAGE and transferred to
PVDF membranes (Millipore). Signal detection was carried out with
the ECL immunoblotting detection system (GE Healthcare), and the
results were quantitatively analyzed using Image Quant LAS4000
Mini (GE Healthcare). The following antibodies were used: CPT1A
[1/6,000 (13)], B-actin (I-19; 1/4,000, Santa Cruz), Akt and pAkt
(Ser*”3; 1/1,000, Cell Signaling), C/EBP homologous protein (CHOP;
GADD 153, 1/200; Santa Cruz) and insulin receptor-3 (IR3; 1/1,000;
Santa Cruz). Human fat tissue was homogenized in RIPA buffer as
previously described (34). Protein extracts (10-20 pg) were loaded,
resolved on 10% SDS-PAGE, and transferred to Hybond ECL nitro-
cellulose membranes. Membranes were stained with 0.15% Ponceau
red (Sigma-Aldrich) to ensure equal loading after transfer and then
blocked with 5% (wt/vol) BSA in TBS buffer with 0.1% Tween 20.
Immunoblotting was performed with 1:2,000 goat anti-human CPT1A
(Abcam). Blots were incubated with the appropriate [gG-HRP-conju-
gated secondary antibody. Immunoreactive bands were visualized
with an ECL-plus reagent kit (GE Healthcare). Optical densities of the
immunoreactive bands were measured using Image J analysis soft-
ware.

Analysis of mRNA expression by quantitative real-time PCR. Total
RNA was extracted from cultured cells grown in 12-well plates using

Table 3. Forward and reverse primers
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Ilustra Mini RNA Spin kit (GE Healthcare), and cDNA was obtained
using a Transcriptor First Strand cDNA Synthesis kit (Roche). Quan-
titative real-time PCR was performed using a SYBR Green PCR
Master Mix Reagent Kit (Life Technologies). Levels of mRNA were
normalized to those of (3-actin and expressed as fold change. Forward/
reverse primers for several genes were used (Table 3; other sequences
are available upon request):

Frozen human adipose tissue (400—500 mg) was homogenized with
an Ultra-Turrax 8 (Ika). Total RNA from adipose biopsies, SVF, and
isolated adipocytes were extracted by using an RNeasy Lipid Tissue
Midi Kit (QIAGEN) following the manufacturer’s instructions, and
total RNA was treated with 55 U of RNase-free DNase (QIAGEN) to
avoid contamination with genomic DNA. Between 0.2 and 1 pg of
total RNA was reverse-transcribed to cDNA using TagMan reverse
transcription reagents (Applied Biosystems) and subsequently diluted
with nuclease-free water (Sigma) to 20 ng/pl ¢cDNA. For adipose
tissue gene expression analysis, real-time quantitative PCR was per-
formed, with duplicates, on a 7900HT Fast Real-Time PCR System
using commercial Tagman Assays (Applied Biosystems). SDS soft-
ware 2.3 and RQ Manager 1.2 (Applied Biosystems) were used to
analyze the results with the comparative threshold cycle (Ct) method
(244€n), Cr values for each sample were normalized with an optimal
reference gene (cyclophilin) after testing of three additional house-
keeping genes: [3-actin and RNA 18S. A panel of genes involved in
the adipocyte differentiation and metabolism was selected in the study
of CPT1A gene expression (Table 4).

Cytokine measurement in culture media. Cytokine protein levels in
culture medium of 3T3-L1 CARAI1 adipocytes and RAW 264.7
macrophages were measured by Luminex technology with a MILLIP-
LEX Analyzer Luminex 200x Ponenet System (MCYTOMAG-
70K-08 Mouse Cytokine MAGNETIC Kit; Merck Millipore).

Analysis of cellular redox status. To detect ROS (superoxide)
formation, MitoSOX Red (M36008, Life Techonologies) fluorescence
was measured by flow cytometry. RAW 264 cells were infected with
100 moi AdCPT1AM (or AdGFP as control) for 48 h; then, 16 h prior
to ROS measurement, macrophages were treated with 0.75 mM
palmitate BSA-conjugated (or with BSA as control). Medium was
removed, and cells were incubated for 30 min with PBS containing 5
wM MitoSOX Red. The labeled macrophages were washed three
times with HBSS-Ca-Mg, pelleted, resuspended in 300 pul of HBSS-
Ca-Mg, and fixed by adding 1.2 ml of absolute ethanol and keeping
them at —20°C for 5 min. Cells were pelleted again and resuspended
in HBSS-Ca-Mg containing 3 uM DAPI to mark their nuclei. Then
macrophages were analyzed by flow cytometry (Gallios Cytometer,
Beckman-Coulter). The fluorescence intensity of MitoSOX Red was
measured using excitation at 510 nm and emission at 580 nm.

Statistical analysis. Data are expressed as means * SE and ana-
lyzed statistically using Student’s 7-test (column analysis) or two-way
ANOVA (grouped analysis). All figures and statistical analyses were
generated using GraphPad Prism 6. P < 0.05 was considered statis-
tically significant. For human data, statistical analyses were performed
with SPSS 12.0. Results are expressed as means = SD. The nonnor-

Reverse

Forward

B-Actin 5'-AGGTGACAGCATTGCTTCTG-3'
CHOP 5'-CCCTGCCTTTCACCTTGG-3’

CPT1A* 5'-GCAGCAGATGCAGCAGATCC-3'
EDEM 5'-AAGCCCTCTGGAACTTGCG-3’

GRP78 5'-ACTTGGGGACCACCTATTCCT-3’
1IL-1B 5'-GCCCATCCTCTGTGACTCAT-3'
MCP-1 5'-TCCCAATGAGTAGGCTGGAG-3'
PDI 5'-ACCTGCTGGTGGAGTTCTATG-3’
TLR-4 5'-GGACTCTGATCATGGCACTG-3'
TNF-a 5'-ACGGCATGGATCTCAAAAGAC-3’

5'-GCTGCCTCAACACCTCAAC-3’
5'-CCGCTCGTTCTCCTGCTC-3'
5'-TCAGGATCCTCCTCTCTGTATCCC-3’
5'-AACCCAATGGCCTGTCTGG-3'
5'-ATCGCCAATCAGACGCTCC-3'
5'-AGGCCACAGGTATTTTGTCG-3'
5'-AAGTGCTTGAGGTGGTTGTG-3’
5'-CGGCAGCTTTGGCATACT-3’
5'-CTGATCCATGCATTGGTAGGT-3’
5'-AGATAGCAAATCGGCTGAACG-3'

*Recognizes both carnitine palmitoyltransferase 1A (CPT1A) and the active mutant CPTIAM. See text for other derfinitions.
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Table 4. Gene symbols, denominations, and assay ID numbers

Assay ID

Gene Symbol Gene Denomination

ACCl1 (acetyl-coenzyme carboxylase 1) ACACA

PCK2 (phosphoenolpyruvate carboxykinase 2)

PPAR« (peroxisome proliferator-activated receptor-o)

PPARYy (peroxisome proliferator-activated receptor-vy)

AGPAT3 (1-acyl-sn-glycerol-3-phosphate acyltransferase-y/LPAAT-g1)
AGPAT4 (1-acyl-sn-glycerol-3-phosphate acyltransferase/LPAAT-d)
AGPATS (1-acyl-sn-glycerol-3-phosphate acyltransferase/LPAAT-e)
AGPAT9 (1-acylglycerol-3-phosphate O-acyltransferase 9/LPAAT-6)
CDSl1 (phosphatidate cytidylyltransferase)

PCYTIA (choline-phosphate cytidylyltransferase)

PCYT2 (ethanolamine-phosphate cytidylyltransferase

PDE3B (phosphodiesterase type 3)

FDFT1 (farnesyl-diphosphate farnesyltransferase 1)

SREBF1 (sterol regulatory element binding transcription factor 1)
BCL2 (B cell CLL/lymphoma 2)

CD163 Macrophage and monocyte marker

CPTIA (carnitine palmitoyltransferase 1A)

Hs00167385_m1
Hs00388934_m1
Hs00231882_m1
Hs00234592_m1
Hs00987571_m1
Hs00220031_m1
Hs00218010_m1
Hs00262010_m1
Hs00181633_m1
Hs00192339_m1
Hs00161098_m1
Hs01057215_m1
Hs00926054_m1
Hs01088691_m1
Hs99999018_m1
Hs01016661_m1
Hs00912676_m1

mally distributed variables are represented as the median (interquartile
range). Categorical variables are reported by number (percentages).
Student’s r-test analysis was used to compare the mean value of
normally distributed continuous variables. Variables with a non-
Gaussian distribution were analyzed using a nonparametric test
(Kruskal-Wallis or Mann-Whitney test for independent samples or
Wilcoxon test for related samples when necessary). Associations
between continuous variables were sought by correlation analyses.
Finally a stepwise multiple linear regression analysis was performed
to determine independent variables associated with CPT1A gene
expression levels in SAT and VAT depots. Results are expressed as
unstandardized coefficient (B), and 95% confidence interval for B
[95% CI(B)]. Differences are considered significant if a computed
two-tailed probability value (P) is < 0.05.

RESULTS

CPTI1A expression pattern in human adipose tissue from
obese and diabetic patients. Visceral and subcutaneous adi-
pose tissue (VAT and SAT, respectively) were analyzed
from both an obesity cohort (lean, overweight and obese
patients) and a T2D cohort (control and T2D patients).
Tables 1 and 2 show the phenotypic and metabolic charac-
teristics and CPT1A expression levels of the subjects. No
differences in CPT1A gene expression levels either in SAT
or in VAT depots were observed when comparing with the
nonobese or the nondiabetic counterparts (Fig. 1, A and B;
Tables 1 and 2). However, in the obesity cohort, CPT1A
mRNA expression was significantly higher in lean and
overweight VAT than in SAT (Fig. 1A); this difference was
lost in the obese patients. These results were corroborated
by Western blot with human adipose tissue of several lean
and obese individuals (Fig. 1, C and D, P = 0.015). Similar
results were obtained in the T2D cohort, where control
subjects showed significantly higher CPTIA mRNA levels
in VAT vs. SAT (Fig. 1B); however, this difference disap-
peared in T2D patients. Despite T2D patients showing a
trend to express higher CPT1A levels in SAT and VAT
compared with controls (the opposite of that in the obese
subjects), this difference was nonsignificant. Since the
CPTI1B isoform is also expressed in human adipose tissue,
we analyzed CPT1B mRNA (Fig. 1, E and F) and protein
(data not shown) levels in human VAT and SAT of the

obesity and the T2D cohort. No differences were seen
among the groups.

To establish the main relationship between CPT1A gene
expression and key adipocyte genes involved in differentiation
and metabolic pathways, we explored a panel of genes (see
MATERIALS AND METHODS) both in SAT and in VAT depots of the
obesity cohort. Results are shown from those genes that
changed the most (up or down; Tables 5 and 6). Simple
association analysis showed an inverse correlation between
CPT1A and peroxisome proliferator-activated receptor-y
(PPARY) in SAT (r = —0.38, P = 0.002; Table 5). Positive
CPTI1A correlation in both VAT and SAT was found with
1-acylglycerol-3-phosphate O-acyltransferase 5 (AGPATS;
phospholipid biosynthesis), sterol regulatory element binding
transcription factor 1 (SREBF1; glucose and lipid metabolism),
B cell CLL/lymphoma 2 (BCL2; antiapoptosis), and CD163
(macrophage marker) (Table 5).

To study the main determinants of CPT1A gene expression
levels, a stepwise multiple regression analysis was performed,
including the aforementioned bivariate associations and con-
founding factors such as BMI, age and sex. This model showed
that SAT CPT1A was positively associated with AGPATS,
SREBF1, and CD163 and that VAT CPT1A was positively
correlated with SREBF1 and CD163 and negatively with age
and PPARy (Table 6). The inverse relationship between
CPT1A and PPARYy was corroborated with the human adi-
pocyte cell line SGBS. CPT1A mRNA expression dropped to
a new steady state in adipocytes that was 11% of its expression
in fibroblasts (data not shown).

CPTIA is highly expressed in human adipose tissue
macrophages. To determine the cellular distribution of
CPT1A gene and protein in human adipose tissue biopsies,
we performed qRT-PCR and immunostaining analysis on
both adipose and SVF. CPT1A mRNA levels were 42.6- and
43.4-fold increased in the SVF compared with mature adi-
pocytes in both human SAT (P < 0.05) and VAT (P <
0.05), respectively (Fig. 2A). Immunohistological examina-
tion of SAT from obese subjects revealed CPTIA+ cells
mostly in the SVF (Fig. 2B). Immunofluorescence detection
showed a bright staining pattern in cells resembling adipose
tissue macrophages. Costaining analysis using CPT1A and
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CD68 (a macrophage marker) antibodies confirmed the
expression of CPTIA in macrophages (Fig. 2C). Macro-
phages seemed to localize forming the so-called “crown-like
structures” surrounding the adipocytes.
CPTIAM-expressing adipocytes show enhanced FA oxida-
tion and reduced TG content. To further study the role of
CPTIA in adipocytes and macrophages, we decided to con-

Table 5. Bivariate correlation analysis of CPTIA gene
expression levels with several genes in human VAT and SAT
of the obesity cohort

CPTIA
SAT R VAT R
PPARy ~0.382
AGPATS 0.639 0.714
SREBFI 0.525 0.757
BCL2 0.639 0.580
CDI63 0.731 0.716

Control

T2DM

tinue with in vitro studies. Since 3T3-L1 adipocytes are inef-
ficiently infected with adenovirus, we decided to use the
high-infection efficiency white adipocyte cell culture line,
3T3-L1 CARAT1 adipocytes (31) (Fig. 3A). Cells were trans-
duced for the first time with adenoviruses carrying the
CPT1AM gene or GFP as a control. Interestingly, CPT1AM-

Table 6. Multiple regression analysis for CPTIA in VAT
and SAT as dependent variable in the obesity cohort

Independent Variables B (95% CI) B st P

SAT (2 of the model: 0.71)

CD163 0.34 (0.20-0.49) 0.446  <0.0001
AGPATS 0.64 (0.33-0.95) 0.345 <0.0001
SREBFI1 0.19 (0.06-0.33) 0.245 0.006
VAT (#* of the model: 0.70)
CD163 0.34 (0.21-0.48) 0.569 <0.0001
Age —0.15(—0.025-0.004) —0.22 0.006
SREBFI1 0.413 (0.13-0.69) 0.323 0.005
PPARY —0.29 (—0.53-0.05) —=0.19 0.017

PPARYy, peroxisome proliferator-activated receptor-y; AGPATS, 1-acylg-
lycerol-3-phosphate O-acyltransferase-5; SREBF1, sterol regulatory element-
binding transcription factor 1; BCL2, B cell CLL/lymphoma 2; CD163,
macrophage and monocyte marker. P < 0.005 for all correlations.

Independent variables included in the model: age, sex, BMI, PPARa,
PPARy, AGPATS, SREBF1, BCL2, and macrophage and monocyte marker
(CD163) gene expression levels. B st, standardized B-coefficient. CI, confi-
dence interval.
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Fig. 2. CPT1A is highly expressed in human adipose tissue macrophages. A:
CPT1A mRNA levels in both adipose (Ad) and stromal-vascular fraction
(SVF) of human VAT and SAT; n = 4, *P < 0.05. B: immunohistochemical
detection of CPT1A (brown) in SAT of obese subjects. C: immunofluorescence
staining of CPT1A (red) and CD68 (green) proteins in SAT of obese individ-

uals. Counterstaining of nuclei (DAPI) is shown in blue. Images are represen-
tative of adipose tissue preparations collected from 3 subjects.

expressing adipocytes were partially protected from palmitate-
induced cell death (Fig. 3C).

CPT1A mRNA, protein, and activity levels were increased
in CPT1AM-expressing adipocytes compared with GFP con-
trol cells (Fig. 4, A-C). CPT1AM-expressing adipocytes re-
tained most of the CPT1 activity after incubation with the
CPT1A inhibitor malonyl-CoA (Fig. 4C). The FA oxidation
(FAO) rate was concordantly enhanced (1.37-fold increase,
P < 0.05) in CPT1AM-expressing adipocytes (Fig. 4D). FA
undergoing (-oxidation yield acetyl-CoA moieties that have
two main possible fates: /) complete oxidation to CO, and
ATP production or 2) conversion to ketone bodies (mainly in
the liver). Here, the total FAO rate was calculated as the sum
of acid-soluble products plus CO, oxidation. CPT1AM expres-
sion blocked the palmitate-induced increase in TG content
(Fig. 4E).

FATTY ACID OXIDATION IN ADIPOCYTES AND MACROPHAGES

Enhanced adipocyte FAO improves insulin sensitivity and
reduces inflammation. We examined the effect of increased
FAO on insulin sensitivity and inflammatory responses in
3T3-L1 CARAL adipocytes infected with AACPT1AM. Palmi-
tate-induced decrease in insulin-stimulated Akt phosphoryla-
tion and insulin receptor-3 (IRB) protein levels was partially
restored in CPT1AM-expressing adipocytes (Fig. 4, F-H).
Palmitate-induced increase of proinflammatory markers [IL-
1B, monocyte chemoattractant protein-1 (MCP-1), and IL-1a]
mRNA and protein levels was blunted in CPT1AM-expressing
adipocytes (Fig. 4, I-K). Several palmitate concentrations and
times of incubation were used to better fit the different dose
and time responses of the cytokines and parameters measured.
Consistent with previous studies (9, 11), palmitate incubation
raised cytokines expression two- to threefold.

Increased FAO in CPTIAM-expressing macrophages pro-
tects from palmitate-induced TG accumulation. Since CPT1A
was highly expressed in the SVF, and particularly in macro-
phages, of human adipose tissue, we decided to further analyze
the effect of increased FAO on cultured macrophages. RAW
264.7 macrophages were efficiently infected with AACPTIAM
(Fig. 3B). CPT1AM-expressing macrophages were protected
from palmitate induced cell death (Fig. 3D). CPT1AM-ex-
pressing macrophages showed a 2.4-fold (P < 0.01) increase in
CPT1A mRNA levels, a 6.6-fold (P < 0.01) increase in protein
levels, and a 2.2-fold (P < 0.05) increase in activity levels
(Fig. 5, A-C). In addition, we showed that malonyl-CoA did
not inhibit CPT1 activity in CPT1AM-expressing macrophages
(Fig. 5C). CPT1AM-expressing macrophages showed a 1.5-
fold increase in FAO rate compared with GFP control cells
(Fig. 5D, P < 0.05) and a total restoration in palmitate-induced
enhancement of TG content (Fig. 5, E and F).

Enhanced macrophage FAO reduced inflammation, ER
stress, and ROS damage. Palmitate-induced increase in proin-
flammatory cytokines [TNF-a, MCP-1, IL-13, Toll-like recep-
tor 4 (TLR-4), and IL-12p40], and ER stress markers (CHOP,
GRP78, protein disulfide isomerase (PDI), and ER degradation
enhancing a-mannosidase-like protein (EDEM)] mRNA and
protein levels were blunted in CPT1AM-expressing macro-
phages (Fig. 6, A, B, D, and E). Consistent with previous
studies (18, 47, 48), palmitate incubation raised cytokines
expression two- to threefold. No differences were seen in
anti-inflammatory markers such as IL-10, Mgl-1, and IL-4 in
CPT1AM-expressing cells incubated with or without palmitate
(Fig. 60). Incubation with etomoxir, a permanent inhibitor of
CPT1A, counteracted the reduction of MCP-1 expression seen in
CPT1AM-expressing cells incubated with palmitate (data not
shown). We also studied the effect of enhanced FAO in RAW
264.7 macrophages on palmitate-induced ROS damage by protein
carbonyl content analysis. Palmitate-induced ROS damage was
reduced in CPT1AM-expressing macrophages (Fig. 6F). This
reduction was not detected when ROS (superoxide) was directly
measured using the MitoSOX Red probe (Fig. 6G).

DISCUSSION

The obesity epidemic has put a spotlight on adipose tissue as
a key player in obesity-induced insulin resistance (38). Obese
individuals and those with T2D have lower FAO rates (17, 19,
37). Although these data were reported in skeletal muscle, we
expected to see reduced CPT1A expression levels in the
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Fig. 3. Adenovirus infection efficiency and via-
bility in 3T3-L1 CARAL adipocytes and RAW
264.7 macrophages. Images were taken from
AdGFP-infected 3T3-L1 CARAI1 adipocytes
(50% infection; A) or RAW 264.7 macro-
phages (70% infection; B) 48 or 72 h after
infection, respectively. C and D: cCell viabil-
ity of 3T3-L1 CARA1 adipocytes (C) or RAW
264.7 macrophages (D) infected with AdGFP
or AACPT1AM and incubated for 24 h with 1
or 0.3 mM palmitate (PA), respectively.

Basal PA Basal

3T3-L1 CARA1 Adipocytes

adipose tissue of both obese and T2D patients. However, no
differences were seen in CPT1A mRNA expression between
the obese or T2D patients and their respective controls either in
VAT or in SAT. Other authors have reported a decrease in
VAT CPT1 mRNA and protein levels in obese individuals
(20). However, those authors did not specify which of the
CPT1 isoforms was measured in VAT, CPT1A or CPT1B. We
showed that CPT1A expression is higher in adipose tissue
macrophages than in mature adipocytes. Since the obese adi-
pose tissue has higher infiltration of immune cells such as
macrophages, we postulate that the putative decrement of
CPT1A expression in obese individuals could be compensated
for by increased expression from the infiltrated macrophages
and thus that no differences are seen between the groups. The
CPT1B isoform is also expressed in human adipose tissue, and
it has been shown to raise FAO in metabolic tissues such as
skeletal muscle (3). Thus, we measured mRNA and protein
levels in the obese and T2D cohorts. However, no differences
were seen among the groups, indicating that CPT1B expression
is not changed by obesity and T2D.

We found that, in insulin-sensitive individuals (control and
overweight patients from the obese cohort and control patients

PA

RAW 264.7 Macrophages

from the T2D cohort), CPT1A mRNA expression was higher
in VAT than in SAT. However, no differences between VAT
and SAT were seen in the more insulin-resistant individuals
with a more proinflammatory environment: obese and T2D
patients. A similar phenomenon was described for T regulatory
cells, described to have anti-inflammatory properties and to
improve obesity-induced insulin resistance (7). Those authors
reported that the VAT and SAT of healthy individuals had
similar low numbers of T regulatory cells at birth, with a progres-
sive accumulation over time in the VAT, though not in the SAT.
Our results suggest a CPT1A expression balance between SAT
and VAT depots that may be disturbed in obese and T2D patients.
The difference in CPT1A expression between these two fat depots
is potentially crucial, given the association of VAT, but not SAT,
with insulin resistance (1, 52). It might indicate, in healthy
individuals, a potential protective role of CPTIA in the more
insulin-resistant associated VAT.

Gene expression analysis revealed a negative association
between CPT1A and the adipocyte marker of differentiation
PPARYy. This is consistent with the fact that while white
adipocytes mature they shift their lipid preferences to storage
rather than oxidation. Aging was associated with reduced
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Fig. 4.

Enhanced fartyty acid oxidation (FAO) in 3T3-L1 CARAL1 adipocytes improves lipid-induced triglyceride (TG) accumulation, insulin sensitivity, and inflammation.

Relative CPT1A mRNA expression (A) and protein levels (B) in AAGFP- or AACPT1AM-infected 3T3-L1 CARA1 adipocytes. C: CPT1 activity from mitochondria-enriched
cell fractions incubated (or not) with 100 wM malonyl-CoA. D: total FAO rate represented as the sum of acid-soluble products plus CO- oxidation. E: TG content of adipocytes

treated

for 24 h with 1 mM PA. F* insulin signaling in GFP- and CPT1AM-expressing adipocytes incubated with 0.3 mM PA for 24 h, indicated by Western blotting of

insulin-induced Akt phosphorylation (pAkt) and insulin receptor-3 (IRB). G: quantification of pAkt normalized by total Akt (fold change of arbitrary units, AU). H: quantification
of IRPB normalized by B-actin. / and J: relative mRNA expression from GFP- or CPT1A-expressing adipocytes incubated with 1 mM PA for 24 h. K: protein levels of IL-1a
in culture media of GFP- or CPT1A-expressing adipocytes incubated with 1 mM PA for 6 h. Shown are representative experiments out of 3; n = 3-6, *P < 0.05.
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CPT1A expression in VAT. This might reflect a potential
protective role of CPT1A expression in VAT that is lost with
age. Considering that VAT accretion is a hallmark of aging and
especially that it is a stronger risk factor for comorbidities and
mortality (23), we speculate a favorable role of enhanced
CPT1A expression in age metabolic decline and related path-
ological conditions. Positive correlation in both VAT and SAT
CPT1A was found with AGPATS, SREBF1, Bcl2, and CD163.
These results may indicate a potential role of CPT1A in lipid
biosynthesis processes (AGPATS), glucose and lipid metabo-
lism (SREBF1), and protecting adipose tissue from apoptosis
(Bcl2). The positive association between CPT1A and CD163
(macrophage marker) was not surprising given the higher
CPT1A expression in macrophages than in adipocytes (Fig. 2).

We are aware that many of the aforementioned associations
may be secondary to obesity or T2D and that no causal

relationship may be inferred with this study design. To prove
the causality of some of these observations, we performed in
vitro studies directly targeting adipocytes and macrophages to
burn off the excess lipids through an increase in FAO. We used
the high-infection efficiency adipocyte cell line 3T3-L1
CARAL1 (31) to express for the first time CPT1AM through
adenoviral infection. Noteworthy, white adipocytes are de-
signed to store lipids rather than to oxidize them. Thus, CPT1
activity in WAT is lower than in other tissues (6). However,
CPT1AM-expressing adipocytes showed a 4.3-fold increase in
CPT1 activity that was not inhibited despite incubation with
high concentrations of malonyl-CoA. Since increased lipid
accumulation, inflammation, ER stress, and ROS-induced pro-
tein damage trigger metabolic diseases, we decided to measure
TG content, inflammation, ER stress, and ROS damage as
important mechanisms that could explain the potential protec-
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Fig. 6. CPT1AM expression reduced inflammation, ER stress, and ROS damage in RAW 264.7 macrophages. A, C, D: relative mRNA gene expression from
macrophages incubated with 0.5 mM PA for 8 h (TNF-a and MCP-1) or 0.3 mM PA for 24 h (IL-10, Mgl-1, IL-4, IL-1B, TLR-4, CHOP, GRP78, PDI, and
EDEM). B: protein levels of IL-12p40 in culture media of macrophages incubated with 0.3 mM PA for 24 h. E: CHOP protein levels and quantification in
macrophages incubated with 0.5 mM PA for 8 h. F: protein carbonyl content analysis and quantification in macrophages incubated with 0.75 mM PA for 18 h.
G: measurement of ROS (superoxide) using the MitoSOX Red probe. Shown are representative experiments out of 3; n = 3-4, *P < 0.05.
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tive effect of CPT1IAM expression. Enhanced FAO led to
complete restoration of TG content, improved insulin signaling
(measured as pAkt), increased IR[3 expression and cell viabil-
ity, and reduced inflammation in palmitate-incubated
CPT1AM-expressing adipocytes. CPT1AM-expressing adi-
pocytes showed a general improvement in lipid-induced de-
rangements as a consequence of increased FA flux through
mitochondria. However, enhanced FA flux in the absence of a
concomitant dissipation of FAO metabolites has been associ-
ated with increased ROS damage (35) and inflammation (8, 21,
43). Interestingly, although no differences were seen in ER or
oxidative stress (data not shown), CPT1AM-expressing adi-
pocytes showed a significant decrease in proinflammatory
mediators such as IL-13 and MCP-1. The favorable role of
CPT1A in adipocytes to attenuate FA-evoked insulin resistance
and inflammation has been also described to act via suppres-
sion of JNK (9). These results suggest that factors other than a
FAO increase per se are responsible for ROS production and
inflammation. Accumulation of toxic substances (diacylglyc-
erol or ceramides) (49), hypoxia (15), as well as cytokines (42)
might participate in the induction of ROS damage and the
inflammatory state. Several researchers have demonstrated that
enhanced FAO through CPT1A or CPT1AM expression results
in a decrease in relevant lipid mediators involved in inflam-
mation and insulin resistance such as diacylglycerol, intracel-
lular NEFAs, free FA, ceramides, and TG (3, 9, 13, 26, 29, 40,
45). Although some authors (3) did not see changes in skeletal
muscle acylcarnitines’ profile, our group has shown an increase
in several acylcarnitines in CPT1AM-expressing neurons (25).

FA undergoing (3-oxidation yield acetyl-CoA moieties that
have two main possible fates: /) entry to the TCA cycle for
complete oxidation and ATP production or 2) conversion to
ketone bodies (mainly in the liver). We observed increased
FAO to CO; and acid-soluble products in CPT1AM-expressing
adipocytes and macrophages. CPT1AM expression in liver has
been shown to enhance ATP and ketone body production with
no changes in glucose oxidation (13, 29). All together, this
indicates a metabolic rate switch toward FA.

Monocytes were the first immune cells reported to infiltrate
obese adipose tissue, differentiate to macrophages, produce
inflammatory cytokines, and trigger insulin resistance (56, 57).
Thus, we examined whether CPT1AM expression could play a
protective role in obesity-induced macrophage derangements.
We found that, in human WAT, CPT1A is highly expressed in
SVF compared with adipocytes. This happened in both human
VAT and SAT. A closer histological and immunofluorescence
examination showed that macrophages present in the adipose
tissue expressed CPT1A. This does not rule out CPTIA ex-
pression in other immune cells also present in the adipose
tissue such as T and B cells, T regulatory cells, and mast cells.

Given the high CPT1A expression in human adipose tissue
macrophages, we decided to study the effect of CPTIAM in
RAW 264.7 macrophages. A permanently enhanced FAO rate
in CPT1AM-expressing macrophages led to a complete resto-
ration of palmitate-induced increase in TG content and a
decrease in inflammation and ER and oxidative stress without
affecting cell viability. Recent data show that FAO is capable
of regulating the degree of acyl chain saturation in ER phos-
pholipids (28). Since increasing the degree of saturation in ER
phospholipids has been described to directly activate ER stress
and inflammation (28), this might provide a mechanistic link to
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how FAO alleviates ER stress under palmitate loading. Thus,
enhancing CPT1A expression in macrophages may be a po-
tential approach to fight against obesity-induced disorders.

In conclusion, we have shown that CPT1A expression was
higher in human adipose tissue macrophages than in mature
adipocytes and that it was differentially expressed in VAT vs.
SAT. Further in vitro studies demonstrated that an increase in
FAO in lipid-treated adipocytes and macrophages reduced TG
content and inflammatory levels, improved insulin sensitivity
in adipocytes, and reduced ER stress and ROS damage in
macrophages. Adipocyte-specific knockout or transgenic ani-
mal models for CPT1A would be especially relevant to eluci-
date its potential protection against obesity-induced insulin
resistance in vivo. Our data support the hypothesis that phar-
macological or genetic strategies to enhance FAO may be
beneficial for the treatment of chronic inflammatory patholo-
gies such as obesity and T2D.
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Resum: L'estil de vida actual, amb dietes d'alt contingut caloric i falta d'exercici fisic, fa que la incidéncia d'obesitat s'incre-

menti notablement. Augmentar la degradacio de greixos o bé reduir la ingesta calorica poden ser potencials estratégies tera-
peutiques. L'enzim carnitina palmitoiltransferasa | (CPT1) és el pas limitant de I'oxidaci6 dels acids grassos. En aquest article,
es mostra com la modulacio de la seva activitat en diferents teixits, com el fetge, el teixit adip6s o I'hipotalem, pot ser clau

a I'nora d'augmentar la despesa energeética i controlar la ingesta d'aliments.

Paraules clau: Obesitat, ingesta, oxidacié d'acids grassos, CPT1.

Abstract: Current lifestyles, with high-energy diets and little exercise, are triggering an alarming growth in obesity. Strategies
that enhance fat degradation or reduce caloric food intake could be considered therapeutic interventions to reduce not only
obesity, but also its associated disorders. The enzyme carnitine palmitoyltransferase | (CPT1) is the critical rate-determining
regulator of fatty acid oxidation. In this paper, we show that this enzyme might play a key role in different tissues, such as
liver, adipose tissue and hypothalamus, increasing energy expenditure and controlling food intake.

Keywords: Obesity, food intake, fatty acid oxidation, CPT1.

Introduccio

‘obesitat i els trastorns metabolics associats, com
ara la resisténcia a la insulina, la diabetis de tipus 2,
les malalties cardiovasculars, el cancer i altres
patologies, son un dels greus problemes de salut
publica del segle xxi. Segons I'Organitzaciéo Mun-
dial de la Salut, hi ha més de sis-cents milions de
persones obeses a tot el mon i, més important
encara, el sobrepés i I'obesitat son la cinquena causa de mort
en I'ambit mundial. En els ultims anys, s'esta fent un gran es-
forc per entendre la fisiopatologia de I'obesitat i, en particu-
lar, la seva associacio amb la resisténcia a la insulina [1].
S'han proposat diversos mecanismes que podrien explicar
aquesta relacio causal:

a) Deposicid de greix ectopica: durant I'obesitat falla la capa-
citat d'expandir del teixit adipds i d'emmagatzemar I'excés de
greix, i aixd comporta un augment del deposit de lipids en al-
tres organs periféerics com el fetge, el muscul esqueléticii el
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pancrees. Aquesta acumulacio excessiva de lipids crea un am-
bient lipotoxic que bloqueja el transport de glucosa i la cor-
recta senyalitzacio de la insulina.

b) Inflamacio: I'excés de lipids acumulats en el teixit adipds
durant I'obesitat causa hipoxia en els adipocits i, a la vegada,
el reclutament i I'activacio de les celules immunes en aquest
teixit. Els adipocits engrandits per I'acumulacio de lipids i les
celules immunes infiltrades secreten moltes citocines infla-
matories que promouen un estat proinflamatori que contri-
bueix a |a resistencia a la insulina local i també sistémica.

d) La ingesta d'aliments: el sistema nervios central, especifi-
cament I'hipotalem, és extremament important en les patolo-
gies induides per I'obesitat, ja que desenvolupa un paper cru-
cial en el control de la ingesta i la regulacio del pes corporal.
De fet, la leptina, una hormona secretada pels adipocits, actua
sobre I'hipotalem inhibint la ingesta d'aliments i controlant el
pes corporal. En els trastorns relacionats amb I'obesitat,
aquesta hormona és essencial en les interrelacions entre el
cervell i els altres organs.

Les estratégies terapéutiques actuals per combatre I'obesitat
se centren en |'augment de la despesa energética mitjancant
I'exercici regular ifo en la reduccié del consum d'energia. Pero
modificar i mantenir aquest estil de vida més saludable du-



rant llargs periodes de temps és dificil, ja que requereix una
gran forca de voluntat i el pacient acaba abandonant moltes
de les mesures adoptades. Tots els medicaments que es troben
en el mercat contra I'obesitat van dirigits a limitar el consum
d'energia. Tot i els grans esforcos fets fins al moment per
combatre I'obesitat, la Ilista de medicaments retirats del mer-
cat per raons de seguretat sembla ser cada vegada més gran:
fenfluramina, dexfenfluramina, sibutramina i rimonabant. Ac-
tualment, només |'orlistat i la lorcaserina tenen una indicacio
clinica aprovada per al tractament de I'obesitat. Les agencies
del medicament europea, EMA (European Medicines Agency),
i americana, FDA (Food and Drug Administration), han aprovat
I'Gs de 'orlistat, i només la FDA, I's de la lorcaserina [2, 3]. La
liraglutida, un farmac anteriorment aprovat com a antidiabe-
tic, ha estat aprovada per les dues institucions com a farmac
contra 'obesitat [4, 5]. Altres farmacs existents en el mercat,
com la combinacié de bupropid/naltrexona, que actuen en el
sistema nervids central augmentant I'activitat de les neurones
POMC, han estat aprovats per la FDA, perd no per I'agéncia
europea EMA, ja que aquesta ultima és molt més restrictiva a
I'hora d'aprovar medicaments per al control del pes que esti-
guin dirigits al sistema nervids central. A causa, doncs, de la
pandémia de malalties relacionades amb |'obesitat (diabetis,
resisténcia a la insulina, malalties cardiovasculars, asma, al-
guns tipus de cancer, Alzheimer, etc.), hi ha una gran necessi-
tat de trobar nous farmacs que presentin un perfil més sequr
per optimitzar i individualitzar terapies contra I'obesitat. Per
tant, és imperatiu desenvolupar noves estratégies per abordar
el problema i, entre elles, les destinades a augmentar la mobi-
litzacio de lipids i I'oxidacio de greixos son algunes de les més
atractives.

Mobilitzacid i oxidacio dels acids grassos

L'oxidacié d'acids grassos de cadena llarga es produeix en els
mitocondris i duu a terme un paper clau en el desenvolupa-
ment de I'obesitat. El transport de lipids en el mitocondri es
realitza a través del sistema carnitina palmitoiltransferasa
(CPT). Aquest sistema esta integrat per tres proteines: CPT1,
acilcarnitina translocasa i CPT2. CPT1 catalitza I'etapa limi-
tant de I'oxidacié mitocondrial d'acids grassos i esta regulada
pels canvis en els nivells de malonil-CoA. Aquests nivells es-
tan controlats per I'acetil-CoA carboxilasa (ACC), que catalit-
za la sintesi de malonil-CoA i per malonil-CoA descarboxilasa
(MCD), que en catalitza la degradacio. Junts, aquests compo-

nents actuen com una xarxa metabolica que detecta I'estat
energétic de la céHula. Un cop els acids grassos de cadena
llarga s'han degradat a acetil-CoA dins del mitocondri, es
transformen en ATP a través del cicle de Krebs i la fosforilacio
oxidativa. Els teixits de mamifers expressen tres isoformes de
CPT1: CPT1A, descoberta originalment al fetge, pero que esta
present gairebé de forma ubiqua [6]; CPT1B, que es troba en
muscul, cor i teixit adipds marrd [7], i CPT1C, I'iltima isofor-
ma descoberta, que s'expressa principalment en el cervell [8].

La nostra investigacio indica que la modulacié de la bioener-
gética mitocondrial (i, en particular, I'oxidacio d'acids grassos)
€s un bon objectiu com a terapia contra I'obesitat. La nostra
estratégia es basa en dues intervencions: |'accié sobre teixits
periférics, com ara el fetge i el teixit adipds, i I'accié central a
I'hipotalem. Per dur a terme la primera intervencio, el nostre
grup ha obtingut una forma mutada de CPT1A, M593S-CPT1A
(CPT1AM), que és una proteina completament activa pero to-
talment insensible a la inhibicio per malonil-CoA [9]. La so-
breexpressio de CPT1AM permet desconnectar el metabolisme
de la glucosa, que augmenta els nivells de malonil-CoA, del
dels acids grassos, amb la qual cosa s'accelera la degradacio
d'aquests ultims. Per tant, la reduccio dels lipids cellulars es
produeix d'una forma molt més eficient. En I'ambit central, la
nostra estratégia es basa en la inhibicid de I'activitat CPT1, ja
que sembla que esta implicada en la via de senyalitzacid
d'hormones que controlen la ingesta d'aliments.

L'augment d'oxidacio d'acids
grassos al mitocondri de fetge
millora la resisténcia a la insulina
| I'obesitat induida per una dieta
rica en greix en ratolins

Al fetge, en condicions associades a un excés d'energia croni-
ca 0 a alteracions del metabolisme lipidic, hi ha una conside-
rable acumulacié de lipids. Aixod desencadena el desenvolupa-
ment de la malaltia del fetge gras no alcohodlica. Aquesta
malaltia produeix una acumulacié anormal de lipids i infla-
macio. També comporta un augment de la gluconeogénesi
hepatica, que deixa de ser sensible a la insulina. Aquest sol ser
el comencament de la diabetis, que pot conduir, en etapes
posteriors, al desenvolupament d'alteracions més greus, com
I'esteatohepatitis, la cirrosi i el carcinoma hepatocekular. Te-
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nint en compte que el fetge gras és, en ultima instancia, el re-
sultat d'un desequilibri entre I'entrada i la sortida de lipids
dels hepatocits, qualsevol intervencié que estimuli I'oxidacio
hepatica d'acids grassos ha de donar Iloc a una reduccio de
I'esteatosi hepatica. S'han descrit diverses aproximacions far-
macoldgiques que activen I'oxidacio d'acids grassos al fetge.
Per exemple, I'is d'agonistes de PPAR [10] i AMPK [11, 12] i
d'antagonistes de I'ACC [13]. Més interessants son els estudis
en rosegadors en els quals s'intenta reduir |'esteatosi aug-
mentant I'oxidacio d'acids grassos especificament al fetge. En
aquests estudis, la modulacio6 a curt termini de I'expressio dels
gens ACC [14] i MCD [15] produeix una reduccio en els nivells
de malonil-CoA i un augment de |'oxidacio d'acids grassos.

A més a més, en aquests estudis, es va observar una disminucié
hepatica del contingut de triglicerids i una millora de la sensi-
bilitat a la insulina dels animals obesos. Tot i els bons resul-
tats, cal tenir en compte que aquests gens estan implicats en
altres rutes metaboliques, i aix0 planteja la qliestio sobre la
seva eficacia en tractaments a llarg termini.

Tenint en compte que I'enzim clau i limitant de I'oxidacid dels
acids grassos és CPT1A, la seva sobreexpressio sembla una es-
tratégia més adient a I'hora de reduir el contingut de lipids i
aconseguir una millora general del metabolisme hepatic. La
sobreexpressio hepatica de CPT1A mitjancant adenovirus s'ha
dut a terme en rates obeses per Stefanovic-Racic et al. [16].
Aquests autors van observar que un lleuger augment de I'oxi-
dacid d'acids grassos produia una reduccio dels nivells de tri-
glicérids hepatics, perd aixd no va suposar cap millora en la
sensibilitat a la insulina. Aquest efecte moderat podria ser de-
gut a I'augment dels nivells de malonil-CoA induits per una
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Fiura 1. Efecte de la sobreexpressio de CPT1AM en fetge de ratoli amb obesitat
induida per dieta grassa.

dieta alta en greixos, que podria limitar I'activitat de CPT1A in
vivo, tot i haver-la sobreexpressat.

Per evitar la inhibicié pel malonil-CoA, el nostre grup va ge-
nerar fa temps una isoforma mutant de CPT1A, CPT1AM [9],
que és insensible al malonil-CoA. Els resultats publicats pel
nostre grup confirmen en la linia celular pancreatica INS-1
[17] i en la linia de célules de muscul L6E9 [18] que la so-
breexpressio de CPT1AM mitjancant adenovirus és més efi-
cient a I'hora d'augmentar I'oxidacié d'acids grassos que la
forma de CPT1A salvatge. A més a més, la sobreexpressio de
CPT1AM en les céHules L6E9 produeix un augment de dues
vegades |'oxidacid de palmitat, i disminueix la seva esterifica-
ci6 cap a altres lipids cellulars. Resultats similars han estat
obtinguts en cultius primaris d'hepatocits pel grup de la doc-
tora Prip-Buus [19] i també pel nostre grup.

A més dels estudis in vitro, s'han realitzat experiments in vivo
en ratolins alimentats amb una dieta grassa [20]. Mitjangant
la injeccid per la vena de la cua de ratolins de virus adenoasso-
ciats (AAV) que contenien la CPT1AM dirigida per un promotor
especific de fetge, es va obtenir una sobreexpressio hepatica
perllongada de CPT1AM. Aix0 va permetre avaluar |'impacte
metabolic i mecanismes subjacents de I'augment de I'oxidacio
d'acids grassos en ratolins amb obesitat induida per una dieta
alta en greixos, aixi com en ratolins genéticament obesos db/db.
En aquests estudis, es va observar que els ratolins que expres-
saven CPT1AM en fetge mostraven una millora general del
metabolisme hepatic de la glucosa i dels lipids a causa de
I'augment del flux d'acids grassos cap al mitocondri. Aixo evi-
tava I'acumulacio intracellular de lipids al fetge i la produccio
de ROS i rescatava la malmesa senyalitzacio de la insulina (fi-
gura 1). Aquesta capacitat del fetge per fer front a un augment
del flux dels acids grassos cap al mitocondri, de manera que
s'escapava d'una possible lesio hepatica, podria ser explicada
en part per la capacitat del fetge de formar cossos cetonics. Els
cossos cetonics produits per una major B-oxidacio son facil-
ment consumits per altres teixits, de manera que augmenta el
flux de carbonis des del fetge cap a altres organs. A més a més,
en aquests ratolins s'observa una reduccio dels lipids acumu-
lats en el teixit adipds blanc i un menor pes corporal, comparat
amb el dels ratolins control, alimentats també amb una dieta
rica en greixos. La senyalitzacio de la insulina, deteriorada en
teixits com ara el muscul o el teixit adipds blanc, també va mi-
llorar (figura 1). Aquests resultats han estat confirmats per un
estudi posterior que van dur a terme Monsenego et al. [21].



En els ratolins genéticament obesos db/db que expressaven
CPT1AM, també es va observar una millora de la hipergluce-
mia i la hiperinsulinémia que pateixen aquests animals. En
conjunt, tots aquests resultats fan palés que un augment de
la CPT1AM hepatica pot ser una nova estratégia per al tracta-
ment de patologies del fetge gras i de I'obesitat.

L'augment de I'oxidacio d'acids
grassos en adipocits i en
macrofags redueix el contingut
en triglicerids i la inflamacio

Durant les dues ultimes decades, el teixit adipos ha guanyat
importancia com a responsable dels mecanismes implicats
en els trastorns relacionats amb |'obesitat. El teixit adipds
blanc és el responsable de I'emmagatzematge d'energia i
conté adipocits, teixit connectiu i nombroses cétules immu-
nes, com els macrofags, celules Ti B, els mastocits

i els neutrofils, que s'infiltren i augmenten la seva preséncia
durant I'obesitat. Els macrofags van ser les primeres céHules
immunes descrites implicades en la resisténcia a la insulina
derivada de |'obesitat. Aixd mostra que, a més del seu paper
convencional en la reparacid de teixits i en la resposta a adi-
pocits moribunds, aquests poden desenvolupar un paper pa-
tologic en el teixit adipds [22]. El teixit adipds és també un
teixit endocri que secreta hormones com la leptina, I'adipo-
nectina i la resistina i citocines inflamatories com ara
TNF-a, IL-6, IL-1PB, etc., en resposta a diversos estimuls.

Per tant, és un organ complex que controla la despesa
d'energia, la gana, la sensibilitat a la insulina, la inflamacid i
la immunitat.

La fisiopatologia de la resisténcia a la insulina induida per
I'obesitat s'ha atribuit a diversos factors, com ara la deposicio
de greix ectopica, I'augment de la inflamacid i I'estres del re-
ticle endoplasmatic (RE), la hipoxia del teixit adipos i la dis-
funcié mitocondrial, I'expansio dels adipocits deteriorats i
I'angiogénesi. En 'obesitat, els acids grassos, juntament amb
altres estimuls, com ara les ceramides, diverses isoformes de
PKC, citocines proinflamatories, ROS i estrés de RE, activen les
vies de senyalitzacio de JNK, NF-KB, RAGE i TLR, tant en adi-
pocits com en macrofags, la qual cosa desencadena la infla-
macio i la resisténcia a la insulina [23].
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Ficura 2. Efecte de I'augment de I'oxidacid d'acids grassos en adipocits i macrofags
incubats amb palmitat per sobreexpressio de CPT1AM.

S'ha descrit que les persones obeses i les persones amb diabe-
tis de tipus 2 presenten nivells d'oxidaci6 d'acids grassos infe-
riors en diversos teixits. Aixi, s'ha observat que les persones
obeses tenen reduits els nivells d'expressié de CPT1 en el teixit
adipos visceral [24]. Un estudi recent mostra que la sobreex-
pressio de CPT1A en adipocits blancs disminueix el contingut
de triglicérids i millora la sensibilitat a la insulina [25]. En un
estudi realitzat pel nostre grup, vam observar que I'expressio
de CPT1A és major en els macrofags del teixit adipos huma
que en adipocits i que s'expressa diferencialment en teixit
adipds visceral vs subcutani tant en una cohort d'obesos com
en una de diabetis de tipus 2 [26]. Aquestes observacions ens
van portar a investigar més a fons el paper potencial de CP-
T1A en adipocits i macrofags. Quan vam expressar la CPT1AM
en una linia cellular d'adipocits 3T3-L1 CARD1 i en macrofags
RAW 264,7 mitjancant adenovirus, vam observar un augment
de I'oxidacid d'acids grassos en ambdds tipus cellulars. Quan
les céHules es van incubar amb palmitat per simular una si-
tuacié d'obesitat, vam observar una disminuci6 del contingut
de triglicerids, de la inflamacio i de la sensibilitat a la insulina
en adipocits i una reduccié d'estrés de RE i ROS en macrofags
(figura 2). Tots aquests resultats indiquen que un augment de
la mobilitzacié i I'oxidacio d'acids grassos en célules metabo-
licament rellevants, com ara adipocits i macrofags, pot ser
una estrateégia prometedora per al tractament de patologies
inflamatories croniques com I'obesitat i la diabetis de tipus 2.

La modulacio de |'activitat CPT1
a I'hipotalem requla la ingesta

I el pes

El sistema nervids central desenvolupa un paper important en

I'avaluacio i el control de I'homedstasi energética. L'hipotalem
€s un organ complex organitzat en diferents nuclis formats per
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agrupacions de neurones especialitzades que son sensibles a
canvis en |'estatus energétic. Aquestes neurones responen

als canvis energétics alterant I'expressié de neuromoduladors
i neurotransmissors especifics que, a la vegada, modifiquen

la ingesta d'aliments i la despesa energetica. El metabolisme
hipotalamic dels acids grassos participa en aquest procés i ac-
tua com a intermediari dels mecanismes moleculars de I'accio
central d'hormones com la leptina, la grelina i els nutrients en
el control de la ingesta i el balang energétic [27].

Alguns estudis suggereixen que el malonil-CoA actua en
aquests processos com a missatger molecular de I'estat nutrici-
onal [28]. Aixi, la leptina, hormona de la sacietat, realitza la
seva accio anorexigénica augmentant els nivells de malo-
nil-CoA a I'nipotalem. També hi ha evidencies clares del procés
invers, és a dir, una disminucio hipotalamica dels nivells de ma-
lonil-CoA senyalitza un deficit energetic que causa un augment
de la ingesta i del pes [29]. Un clar candidat de I'accié del malo-
nil-CoA és la CPT1. Al cervell hi ha dues isoformes de CPT1: CP-
T1A (en el mitocondri) i CPT1C (en el RE). Les dues isoformes te-
nen un lloc d'unié a malonil-CoA. No obstant aixo, les seves
notables difereéncies en la localitzacid subcellular i en 'activitat
suggereixen una funcio neuronal diferent per a cada isoforma.

S'ha proposat que, en situacions d'augment de malonil-CoA,
aquest actuaria inhibint la CPT1A, la qual cosa limitaria I'oxi-
dacid dels acil-CoA de cadena llarga. L'acumulacié d'acil-CoA
o altres derivats lipidics permetria la seva interaccio amb pro-
teines que regularien |'expressio dels neuropeptids orexigenics
(NPY i AgRP) i anorexigeénics (POMC i CART). Donen suport a
aquest mecanisme les observacions fetes amb la injeccio in-
tracerebroventricular (icv) d'una ribosonda que causa inhibi-
ci6 genetica de la CPT1A hipotalamica i redueix la ingesta
[30]. D'altra banda, s'ha observat que I'accio orexigénica de la
grelina es dona a través d'una activacio de la cinasa activada
per AMP (AMPK), que, a la vegada, inactiva ACC, |a qual cosa
impedeix |a sintesi de malonil-CoA i, en conseqiiéncia, aug-
menta l'activitat CPT1A [29]. Aquest augment d'activitat CP-
T1A produeix un augment de ROS que podria ser responsable,
en part, de l'activacio de la senyalitzacio de la resposta orexi-
génica.

Estudis recents realitzats pel nostre grup mostren que una
sobreexpressio de CPT1AM en el nucli ventromedial (VMN)
(nucli de sacietat) de I'hipotalem produeix hiperfagia (figura 3).
Aix0 va associat a canvis notables del perfil lipidic de la

regio mediobasal (MIBH), que compren els nuclis arquat (ARC)
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Ficura 3. Modulacio de I'activitat CPT1A a hipotalem. L'augment de I'activitat CPT1A produeix un augment de la ingesta. La

inhibicid de I'activitat CPT1A per acci6 del C75 redueix la ingesta.



i VMN de I'hipotalem, i a canvis en els nivells d'expressio
dels transportadors de glutamat i GABA [31]. En canvi, al
nucli ARC, aquesta mateixa sobreexpressio de CPT1A no
altera la ingesta en resposta a la leptina [32]. Tot aix0
apunta a un paper clau de CPT1A en el control de la ingesta.
Malgrat totes aquestes evideéncies, encara no es coneixen
exactament quins son els esdeveniments per sota de CPT1A
en els diferents nuclis hipotalamics que porten a la resposta
orexigenica.

D'altra banda, s'ha realitzat un esforc important per dissenyar
nous farmacs contra I'obesitat dirigits a augmentar els nivells
de malonil-CoA en I'ambit hipotalamic. L'enzim acid gras sin-
tasa (AGS) catalitza la sintesi de palmitat a partir d'acetil-CoA
i malonil-CoA. S'ha descrit que la inhibicié d'AGS a I'hipota-
lem suprimeix la ingesta d'aliments a través de I'acumulacio
de malonil-CoA [33]. El C75 és un inhibidor sintétic de I'AGS i
s'ha proposat com un agent antiobesitat. La seva administra-
cié disminueix la gana i el pes corporal en rosegadors [34]. El
nostre grup ha demostrat que el coenzim-A adducte de C75
(C75-CoA) és un potent inhibidor de la CPT1 [35] i que una
part de la resposta anorexigénica del C75 pot ser deguda a la
potent inhibicioé d'aquest producte sobre CPT1A. Totes aques-
tes dades indiquen que la CPT1A podria ser considerada una
bona diana per al control de la gana amb vista a possibles ac-
cions terapeutiques contra |'obesitat.

Conclusions

La comunitat investigadora és conscient del fet que s'han de
buscar nous tractaments per lluitar contra I'epidémia actual
de I'obesitat i de les malalties relacionades. Un canvi en la
dieta i I'exercici fisic reqular son dues estratégies classiques i
efectives per disminuir la sobrecarrega de nutrients. Tot i aixi,
el seu manteniment a llarg termini depén de la voluntat del
pacient. Es per aixo que calen noves aproximacions que per-
metin reduir la carrega de lipids i augmentar la despesa
d'energia. D'altra banda, per modular la conducta ali-
mentaria, cal també desenvolupar nous medicaments que
permetin reduir la ingesta. Els resultats del nostre grup i
d'altres demostren que un augment sistemic o una disminu-
ci6 en I'ambit central de I'oxidacio de lipids és una estratégia
prometedora per lluitar contra I'obesitat i les malalties rela-
cionades.
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ABSTRACT

Obesity has reached epidemic proportions, leading to severe associated pathologies such as insulin
resistance, cardiovascular disease, cancer and type 2 diabetes. Adipose tissue has become crucial
due to its involvement in the pathogenesis of obesity-induced insulin resistance, and traditionally
white adipose tissue has captured the most attention. However in the last decade the presence and
activity of heat-generating brown adipose tissue (BAT) in adult humans has been rediscovered. BAT
decreases with age and in obese and diabetic patients. It has thus attracted strong scientific
interest, and any strategy to increase its mass or activity might lead to new therapeutic approaches
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to obesity and associated metabolic diseases. In this review we highlight the mechanisms of fatty
acid uptake, trafficking and oxidation in brown fat thermogenesis. We focus on BAT's morphological
and functional characteristics and fatty acid synthesis, storage, oxidation and use as a source of

energy.

Introduction
Importance of adipose tissue in obesity

Current life styles and continuous nutrient excess are
increasing the incidence of obesity at an alarming rate,
especially at younger ages. Worldwide there are more
than 600 million obese subjects and, importantly, most
of the world’s population live in countries where over-
weight and obesity kills more people than underweight."
Very worrisome are the concurrent and parallel increases
in the prevalence of pathologic conditions associated
with obesity such as insulin resistance, cardiovascular
and Alzheimer disease, cancer, and type 2 diabetes.

Over the last 2 decades the obesity epidemic has put a
spotlight on the adipose tissue as a key player in the mech-
anisms involved in obesity-related disorders. Human fat
consists of energy-storing white adipose tissue (WAT) and
brown adipose tissue (BAT), which controls thermogenesis
by dissipating energy to produce heat. In addition to adi-
pocytes, adipose tissue is well vascularized and contains
connective tissue and numerous immune cells such as
macrophages, T and B cells, mast cells and neutrophils.” It
has been demonstrated that obesity-induced insulin resis-
tance is due to several factors: ectopic fat deposition,’
increased inflammation and endoplasmic reticulum

(ER) stress,> adipose tissue hypoxia and mitochondrial
dysfunction,”” and impaired adipocyte expansion and
angiogenesis.” ' Fat is also an active endocrine tissue that
secretes hormones such as leptin, adiponectin or resistin
and inflammatory cytokines such as tumor necrosis factor
a (TNFw), interleukin (IL)-6, IL-18, etc. in response to
several stimuli. Adipose tissue is therefore a complex and
active organ controlling very important metabolic path-
ways such as energy expenditure, appetite, insulin sensitiv-
ity, endocrine and reproductive functions, inflammation
and immunity.

Rediscovery of human active BAT

The fusion of positron-emission tomography (PET) and
computed tomography (CT) images has allowed radiol-
ogists to retrieve both functional and structural infor-
mation from a single image. In the course of using
PET-CT to detect and stage tumors in humans, active
BAT that increased after cold exposure was rediscov-
ered.'"'” Until that moment BAT was considered exclu-
sive to rodents and human neonates. However, the
breakthrough came in 2009, when 5 independent
research groups used PET-CT to identify the presence
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and relevance of BAT in adult humans.">"” All showed
major depots of metabolically active fat in the cervical-
supravicular region. Furthermore, these depots
expressed type 2 iodothyronine deiodinase (DIO2), the
p3-adrenergic receptor, and the brown adipocyte-
specific protein, uncoupling protein 1 (UCP1), which
physiologically uncouples ATP production from mito-
chondrial respiration, thereby dissipating energy as
heat.'”® The expression of these proteins indicated the
potential responsiveness of human BAT to both hor-
monal and pharmacological stimuli. Here, we review
the possibility that BAT could be induced to enhance
its lipid-burning function even further and thus be an
effective target to fight against obesity and associated
metabolic disorders.

Brown adipose tissue characteristics
BAT localization and morphology

Our knowledge of BAT has been significantly influenced
by studies in rodent models. There, BAT is situated at the
interscapular, cervical, mediastinal and retroperitoneal
regions.'” While in infants BAT is mainly found in the
interscapular area, in adult humans BAT is localized in a
region extending from the anterior neck to the thorax.”’
In contrast to white adipocytes, which are unilocular,
with polygonal morphology that optimizes their fat stor-
ing capacity, brown adipocytes are multiloculate and
their color is due to their high mitochondrion content
and vascular suply.”’ BAT thermogenesis takes place in
its numerous, densely-packed mitochondria containing
the BAT-specific inner membrane protein UCP1. Multi-
locular lipid stores provide a rapid source of fatty acids
(FAs) for activated mitochondria. FAs released into the
circulation by the WAT are also an important source of
FAs for brown adipocytes. Thermogenesis is classified
into: 1) Obligatory thermogenesis, which takes into
account the standard metabolic rate (energy used for
basic function of cells and organs) and the heat gener-
ated during food metabolism (digestion, absorption,
processing and storing of energy); and 2) Adaptive ther-
mogenesis or heat production in response to environ-
mental temperature and diet. Adaptive thermogenesis
can be further divided into: cold-induced shivering ther-
mogenesis, which takes place in skeletal muscle; cold-
induced non-shivering thermogenesis, which takes place
mainly in brown fat; and diet-induced thermogenesis
triggered by overfeeding, which also takes place in
BAT.* Thus, BAT generates heat, with 2 main conse-
quences: protection against cold exposure via non-shiver-
ing thermogenesis; and dissipation of the excess of
energy from food. Therefore, BAT can be considered as

an organ that burns off excess lipids, and further exami-
nation of this property may lead to the development of
novel strategies against diet-induced obesity.

Molecular BAT signature: beige and brown
adipocytes

Comprehensive research is being done to define the still
under debate cellular heterogeneity of human fat.>> At
least 2 types of thermogenic adipocyte exist in rodents
and humans: classical brown adipocytes and beige (also
called brite) adipocytes. They have both anatomical and
developmental differences. While brown adipocytes are
mainly located in the above-mentioned BAT depots,
beige adipocytes co-locate with white adipocytes in
WAT near vascular and neural innervation and appear
in response to certain stimuli, such as chronic cold expo-
sure or B3-adrenergic signaling. In adult humans the
ratio of brown to beige increases as one moves deeper
within the neck and back.*****”

BAT releases endocrine factors such as insulin-like
growth factor I (IGF-1), IL-6 or fibroblast growth factor
21 (FGF21).*® Brown adipocytes differ from white adipo-
cytes due to their high expression of DIO2, the lipolytic
regulator cell death-inducing DNA fragmentation factor-
a-like effector A (CIDEA), and the transcription co-regu-
lators PR domain-containing 16 (PRDM16) and peroxi-
some proliferator activated receptor gamma coactivator 1
o (PGCla).””” Beige and brown adipocytes have over-
lapping but distinct gene expression patterns.’’ Both
express the main thermogenic and mitochondrial genes,
including Ucpl. However, some surface markers such as
CD137, TBX1 and TMEM26 seem to be specific to
murine beige adipocytes®**” while other genes, like Zicl
and Lhx8, appear to specifically mark classic brown adi-
pocytes.”*** Basal UCP1 expression and uncoupled respi-
ration before hormonal stimulation are highest in brown
fat cells and lower in beige cells, the lowest being found
in white fat cells.”’ However, stimulation with a B3-
adrenergic agonist elevates UCP1 expression in beige cells
to levels seen in brown fat cells (fold-change compared to
white cells).””*> This suggests that beige cells have a
unique molecular signature with a dual role. They store
energy in the absence of thermogenic stimuli but initiate
heat production when appropriate signals are received.””
White-to-beige conversion of adipocytes is a potential
therapeutic approach to targeting obesity; however, the
signals involved in this process still remain unclear.

Brown adipocytes arise from mesenchymal precursor
cells common to the myogenic cell lineage and express
myogenic factor 5 (Myf5).>* Beige adipocytes derive
from precursor cells that differ from those in classical
BAT and are closer to the white adipocyte cell lineage.
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Thus, while brown adipocytes come from a Pax7"/
Myf5" lineage shared with skeletal muscle, white and
beige adipocytes derive from Pax7™ /Myf5~ cells via dis-
tinct precursor cells. Beige adipocytes differentiate fol-
lowing activation by cold or other stimuli, and when the
cold challenge is ceased, they become inactive, taking on
the morphology of a white adipocyte.”> However, the cell
lineage and developmental origin of the adipose tissue is
not so simple. Individual brown and white fats contain a
mixture of adipocyte progenitor cells derived from
Myf5" and Myf5~ lineages, with numbers varying
depending on the depot location. In fact, beige adipo-
cytes in the retroperitoneal WAT are Myf5".*® For fur-
ther information about the developmental origin of
white, beige and brown adipocytes see other excellent
reviews. *7®

At least 2 mechanisms have been postulated to occur
during the browning process: transdifferentiation of
white into beige adipocytes vs. de novo brown adipogen-
esis. The transdifferentiation process is the conversion of
a differentiated somatic cell type into another one.”” The
transdifferentiation of white into beige adipocytes has
been reported in several studies.**** On the other hand,
Lee et al. have shown that f3-adrenergic stimulation
induces the proliferation and further differentiation of
precursors in WAT.** Furthermore, Myf5+ precursors
have also been reported to differentiate into white adipo-
cytes.”®*> Thus, whether the browning process arises
from transdifferentiation or de novo brown adipogenesis
is far from being fully understood. One could hypothe-
size that the 2 processes might take place simultaneously
and to a different extend depending on the adipose depot
or browning stimuli.

BAT activity in pathological conditions

Human studies showed that BAT was reduced in aging
and in obese and diabetic patients, indicating that BAT
participates in both cold-induced and diet-induced ther-
mogenesis.'” This significant discovery highlights that any
strategy able to increase the mass or activity of BAT could
potentially be a promising therapy for obese and diabetic
patients. In contrast, enhanced BAT activation has been
described as a negative effect on cancer cachexia.*® In this
study, mice with cachexia-inducing colorectal tumor
showed increased BAT activity despite thermoneutrality,
indicating that BAT activation may contribute to impaired
energy balance in cancer cachexia. Hibernoma is another
BAT pathological condition. A hibernoma is a benign
tumor of BAT that up to date has no clear explanation of
its cause. It is very rare in humans and it is successfully
treated by complete surgical excision.*”*® It has shown to
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express UCP1 and thus potentially contribute to whole-
body energy balance.

Activators of thermogenesis

Despite some controversy, a large body of evidence indi-
cates that browning entails the enhancement of thermo-
genesis within WAT, i.e. increased expression and activity
of UCPI in what are normally considered WAT depots.*’
Several factors have been described to activate the brown-
ing of the adipose tissue such as irisin,”® natriuretic pepti-
des,”’ bone morphogenetic protein 7 (BMP7)>* and
BMP8b,>? norepinephrine,54 meteorin-like,”> bile acids,*®
adenosine,”” or FGF21.”® Interestingly, recent studies have
shown activation of human BAT by the p3-adrenergic
receptor agonist mirabegron.”” B3-adrenergic receptor is
expressed in humans on the surfaces of brown and white
adipocytes and urinary bladder. Cypess et al. administered
200 mg of oral mirabegron, currently approved to treat
overactive bladder, to healthy and young humans. Mirabe-
gron acutely stimulated human BAT thermogenesis and
increased resting metabolic rate. Further studies would be
needed to explore the specificity of mirabegron’s mecha-
nism of action, possible adverse effects such as tachycar-
dia, and the dose used, which was 4-fold higher than that
prescribed for overactive bladder.

Although a large number of browning agents have
been described (extensively reviewed elsewhere)®%®!
some studies showed that browning was a secondary
consequence of enhanced heat loss, e.g. because of fur
disruption in rodents.*” The search for potential thera-
peutic browning agents to increase metabolism at ther-
moneutrality, to function through mechanisms other
than those affecting heat loss and to finally decrease obe-
sity should thus continue.

Fatty acid storage

FA synthesis, storage and metabolism are essential dur-
ing thermogenesis because they are required for UCP1
proton transport activity in BAT.>**® Fundamentally,
brown adipocytes have 2 mechanisms to obtain lipids:
FA uptake via lipoproteins carriers and de novo FA syn-
thesis, also known as lipogenesis.

Fatty acid uptake

While brown adipocytes synthesize FAs, the enzyme
lipoprotein lipase (LPL), bound at the endothelial cell
surface, is the major source of FAs in BAT.** After a
meal, dietary lipids are transported by chylomicrons and
very low density proteins (VLDL) via lymphatic vessels
into the bloodstream. Once triglyceride (TG) rich-
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lipoproteins reach the bloodstream, LPL hydrolyzes
them into free FAs (FFAs) and monoacylglycerol (MG)
for BAT uptake. Indeed, BAT is an efficient modulator
of triglyceridemia and it is contemplated as a major
plasma lipid-clearing organ in rodents.>*” In fact, FA
uptake under cold exposure is higher in BAT than in
skeletal muscle.®® Under cold exposure, the 83-adrener-
gic pathway enhances BAT FA flux and clearance via
increased expression and activity of LPL.%®> However, the
increase in LPL activity has also been shown to trigger
adiposity and insulin resistance.® Adipocyte-specific
LPL KO animals show an increase in FAs derived from
lipogenesis and a decrease in polyunsaturated FAs,
accompanied by an increase in the expression of lipo-
genic genes.”” Glycosylphosphatidylinositol-anchored
high density lipoprotein binding protein 1 (GPIHBP1)
transports LPL across capillary endothelial cells, and
GPIHBP1 KO mice show mislocated LPL in many tis-
sues, including BAT,” decreased TG content and defi-
cient lipolysis,' Administration of PPARy agonists,
such as rosiglitazone, in rodents increases BAT TG clear-
ance and LPL activity, while lipogenesis is not increased.
This suggests that under rosiglitazone treatment brown
adipocytes metabolize FAs derived from TG hydrolyzed
from lipoproteins or recycled from lipolysis.”*

Fatty acid transport

Once FAs are released by LPL, they are taken up into
cells by plasmatic membrane receptors and transported
for further utilization or storage.>”*”7*> The most impor-
tant FA transporters in BAT are the following (Fig. 1):

Cluster of differentiation 36 (CD36)

This integral membrane protein is expressed in BAT
among other tissues.”” CD36 belongs to the class B scav-
enger receptor family of cell surface proteins, whose main
function is to translocate FAs, released by LPL activity,
across the plasmatic membrane and thus provide a sub-
strate for BAT thermogenesis.”> Under cold exposure,
CD36 expression and activity increase (Fig. 1).°> However,
CD36 is not a simple translocase; it is considered a lipid
sensor and a regulator of FA uptake and transport in adi-
pocytes.””® CD36 KO mice die after 24 hours of cold
exposure, which implicates CD36 in thermogenesis.”> In
addition, CD36 genetic variability has been associated
with body weight differences in humans.”

FA transport proteins (FATPs)

There are 6 isoforms of FATPs. FATPI and 4 can
be found specifically in BAT (extensively reviewed

elsewhere).®® These proteins translocate FAs into
cells.®" They display very long-chain acyl-CoA synthe-
tase activity,64’82 and their overexpression increases FA
uptake.®’

G-protein-coupled receptors (GPCRs)

GPCRs comprise a family of proteins that respond to
several ligands, and trigger a cascade of intracellular sig-
naling (extensively reviewed elsewhere).®** GPR41 (also
known as FFA3) and GPR120 are activated by medium
and long-chain FFA in BAT, and they are considered as
sensors that maintain cell lipid homeostasis.*> Interest-
ingly, GRP120 mRNA expression increases under cold
exposure (3).%

Fatty acid binding proteins (FABPs)

Once in the cytoplasm, FFAs are minimally soluble. To
prevent disruption of membrane or lipotoxicity, cells
have soluble proteins that bind FFAs and transport
them.”” Brown adipocytes harbour 3 different isoforms:
FABP3, FABP4 and FABP5.2® FABP4, commonly known
as adipocyte protein 2 (aP2), has been extensively used
as a marker of adipocyte differentiation.*® Although
FABP4 is the most abundantly expressed isoform in
BAT, only FABP3 and FABP5 are increased by cold
exposure in rats.***° Interestingly, FABP3 is overex-
pressed in mice with diet-induced obesity and in UCP1
KO mice, and it is associated with increased thermogene-
sis.”' Thus, FFAs bind to FABPs present in brown adipo-
cytes and are either stored or utilized to maintain
thermogenesis (Fig. 1).

Lipogenesis

De novo FA synthesis or lipogenesis is the metabolic
pathway that synthesizes FAs and ultimately induces TG
synthesis.”>** Excellent studies on WAT report that glu-
cose uptake, a preliminary step in de novo FA synthesis,
is also involved in the regulation of lipogenesis.”*"
Whether BAT contributes to this process is still unclear.
A recent study examined the dynamics of de novo lipo-
genesis and lipolysis in classic brown, subcutaneous beige
and classic white adipose tissues during chronic B3-
adrenergic receptor stimulation.”® Sustained 3-adrener-
gic stimulation increased de novo lipogenesis, TG turn-
over, and the expression of genes involved in FA
synthesis and oxidation similarly in all adipose depots
indicating that FA synthesis and FAO are tightly coupled
during chronic $3-adrenergic stimulation.

Lipogenesis takes place in the cytosol and it can be
summarized in 3 steps: synthesis of FAs from acetyl-CoA,
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Figure 1. FA uptake and lipogenesis in brown adipocytes. Schematic representation of FA uptake, transport, synthesis and storage in
brown adipocytes, which provide substrate to mitochondria for thermogenesis. While brown adipocytes synthesize FAs, the enzyme
lipoprotein lipase (LPL) is the major source of FAs in BAT. Once triglyceride (TG) rich-lipoproteins reach the bloodstream, LPL hydrolyzes
them into FFAs for BAT uptake. FAs are sensed and taken up by FFAs 3 (FFA3) proteins, cluster of differentiation 36 (CD36) and/or FA
transport proteins (FATPs). Inside the cytoplasm, FAs are transported by FA binding proteins (FABP). On the other hand, FAs can be syn-
thesized by lipogenesis. This process takes place in the cytosol, and the first phase begins with the formation of malonyl-CoA from ace-
tyl-CoA by the action acetyl-CoA caboxylase (ACC). Then, FA synthetase (FAS) catalyzes various reactions to finally generate palmitate, a
16-carbon saturated FA. In BAT, the last phases of lipogenesis are carried out by very long chain FA 3 (ELOVL3) and stearoyl-CoA desatur-
ase 1 (SCD1). Once FAs are synthesized they can be esterified, becoming available for FAO or stored as TG in lipid droplets (LD). Blue
arrows indicate enhanced processes or expression of proteins after cold stimulation and 83-adrenergic receptor activation.

elongation and desaturation. Lipogenesis begins with the
carboxylation of acetyl-CoA to malonyl-CoA, the commit-
ted step catalyzed by acetyl-CoA carboxylase (ACC),
which requires biotin cofactor.”””*® Finally, FA synthetase
(FAS), a multifunctional cytosolic protein, catalyzes differ-
ent reactions to form palmitate, a 16-carbon saturated
FA.” Tt has been shown that adipose-specific FAS KO
mice have increased energy expenditure, which comes
from the browning of subcutaneous WAT.”

In the second phase of lipogenesis, FAs derived from
the FAS enzymatic reaction, are elongated by mem-
brane-bound enzymes mostly localized in the ER.*> This
process is induced by the elongation of very long chain
FA (ELOVL) proteins, which have 7 members in mice
and humans.'” Among them, Elovl3 is expressed in
BAT,'" and its expression and activity are upregulated
under cold conditions to re-establish the intracellular
pool of TG and preserve lipid homeostasis.'**"'**

ELOVL3 KO mice are resistant to diet-induced obesity,
showing an increase in energy expenditure.'**

The final phase of lipogenesis is the desaturation of
FAs. This process is catalyzed by desaturases, such as
stearoyl-CoA desaturases (SCDs), which introduce dou-
ble bonds at a specific position in a FA chain.”*” SCD1
is the predominant isoform in adipose tissue and liver,
and its downregulation in liver prevents diet-induced
obesity.'*>'® SCD1 KO mice show an increase in glu-
cose uptake and glycogen metabolism, higher energy
expenditure and basal thermogenesis in BAT.'"

Once FAs have been synthesized they can be esterified
to be used for fatty acid oxidation (FAO) or stored as TG
in lipid droplets. In BAT, the proper levels of TG are
associated with thermogenic activity.'”® Since TG are
composed of molecules of glycerol and 3 esterified FAs,
TG synthesis depends on intracellular levels of glycerol-
3-phosphate (G3P), the activated form of glycerol and
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first intermediary in TG synthesis. Thus, G3P levels are
preserved under rigorous control in brown adipocytes.*®
It has been shown that rosiglitazone, a PPARy agonist,
increases BAT glycerolkinase activity, which phosphory-
lates glycerol generating G3P.*” Since G3P comes from
glucose, glucose metabolism plays a key role in BAT, as
an important glucose-clearing organ, specifically under
sympathetic activation.”” In fact, G3P is a major sub-
strate for BAT respiration.'?”

In conclusion, coordinated FA uptake, transport and
synthesis contribute to thermogenesis in BAT (Fig. 1).
For this reason, the maintenance of the intracellular pool
of TG to preserve lipid homeostasis in brown adipocytes
is so important.'"'>'"" Indeed, any of these processes
might be a potential target in the treatment of obesity-
related disorders, such as insulin resistance and diabetes.

Fatty acid storage

Cells package the excess of intracellular lipids in a phylo-
genetically conserved organelle called lipid droplet, pre-
venting the lipotoxicity of lipids and cholesterol in the
cytoplasm.''>'"? Lipid droplets are composed of a neu-
tral lipid core (cholesteryl ester and TGs) covered by a
phospholipid monolayer, which contains proteins that
regulate lipolysis. Among the lipid droplet membrane
proteins found in brown adipocytes we will highlight fat
storage-inducing transmembrane protein 2 (FITM2/
FIT2), CIDEA and fat-specific protein 27 (FSP27 or
CIDEC).

FITM2/FIT2 is strongly expressed in brown adipo-
cytes and it determines the number of new lipid droplets
formed in these cells.'** FIT2 KO mice show few but
larger lipid droplets in interscapular BAT without
changes in cellular TG levels.!*® Thus, FIT2 is not essen-
tial for lipid droplet formation but it is required for nor-
mal storage of TG in vivo.

CIDEA is one of the 3 members of cell death-induc-
ing DFF45-like effector (CIDE) family of proteins, which
has emerged as an important regulator for various
aspects of metabolism."'® CIDEA is highly expressed in
lipid droplet membranes and mitochondria of brown
adipocytes. It is involved in the browning phenomenon
and it is considered as a BAT differentiation
marker.''”'"® CIDEA plays an inhibitory role during
thermogenesis because it negatively modulates the activ-
ity of UCPI, being the first protein known to interact
directly with an uncoupler protein.''”'*' Moreover,
CIDEA mRNA and protein are down-regulated after
cold exposure'”' and CIDEA-null mice are resistant to
diet-induced obesity.''®

FSP27 also belongs to the CIDE family, and it is over-
expressed during adipogenesis in BAT. It has been

proposed as a novel lipid droplet protein that promotes
TG storage and inhibits lipolysis, playing a key role in
body energy homeostasis.'*>'** FSP27 interacts directly
with another lipid droplet protein, perilipin 1, which is
involved in lipolysis by indirect activation of the adipose
triglyceride lipase (ATGL) at the lipid droplet surface.'*
Furthermore, FSP27 KO mice have larger lipid droplets
and higher TG serum levels."**

Thus, the above-mentioned proteins involved in FA
storage contribute to the multilocular phenotype of
brown adipocytes. Lipid droplets prevent lipotoxicity
and provide FAs as substrates for mitochondrial thermo-
genesis. Therefore, the regulation and function of these
proteins might be a target for enhancing BAT activity.

Fatty acids as a source of energy
Lipolysis

Intracellular lipolysis is the catabolic process that allows
cells to obtain FAs and glycerol from the breakdown of
TG stored in lipid droplets. Cells use these FAs and glyc-
erol endogenously in times of metabolic need with the
exception of WAT, which can also export them to circu-
lation so they can reach other tissues in fasting or exer-
cise periods.'* In BAT, lipolysis is vital to its main
physiological function, the cold response. To raise body
temperature BAT dissipates energy as heat and mobilizes
FAs from the breakdown of TGs stored in lipid droplets
to mitochondria for thermogenesis.'®® Lipolysis can be
classified in 2 types depending on the pH-optimum of
action of the enzymes involved. Accordingly, there is
neutral lipolysis, which relies on 3 key enzymes that
work at a pH-optimum of 7, and acid lipolysis that
depends on lysosomal degradation of TG by acidic
lipases. Next we will focus on neutral lipolysis.

Neutral lipolysis

Neutral lipolysis takes place in the cytosol and it is the
result of the action of 3 consecutive lipases that hydro-
lyze each ester bond of TG to obtain 3 FAs and glycerol.
The 3 major lipases are ATGL, hormone sensitive lipase
(HSL) and monoacylglycerol lipase (MGL).
ATGL/Desnutrin/calcium-independent ~ phospholi-
pase A2 ¢ (iPLA2¢) was discovered in 2004 by 3 inde-
pendent laboratories.'**'*® Tt is strongly expressed in
both WAT and BAT and performs the first step of TG
lipolysis, the hydrolysis of TG into diacylglycerides (DG)
and FAs (Fig. 2)."*” It exhibits high substrate specificity
for TG and it is associated with lipid droplets.'*® ATGL
regulation is complex and mRNA or protein levels of the
enzyme do not always correlate with enzyme activity.
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This happens because ATGL has strong post transla-
tional regulation that often requires accessory pro-
teins.'”® CGI-58 (Comparative gene identification-58) is
a coactivator of ATGL that is necessary for full hydrolase
activity.”’! On the other hand, G0S2 (G0/G1 switch gene
2) inactivates ATGL."** ATGL deficient mice accumulate
TGs in all organs and have enlarged fat depots, especially
BAT, which also displays defective thermogenesis.'*
Moreover, aP2-ATGL overexpressing mice display
increased lipolysis and FAO in WAT and increased ther-
mogenesis, resulting in higher energy expenditure and
resistance to obesity."** Microarrays from ATGL KO
BAT indicate a decrease in mRNA expression of genes
involved in FAO and down-regulation of PPARw target
genes."”*>"*® In addition, a study using ATGL knock
down brown adipocytes demonstrated that ATGL is
required for the maximal induction of genes involved in

ADIPOCYTE (&) 7

FAO and mitochondrial electron transport.’”” All
together, these results point to the crucial role of lipolysis
and its first step, TG hydrolysis by ATGL, in
thermogenesis.

HSL performs the second step in TG lipolysis, hydro-
lyzing DG into MG and FAs (Fig. 2)."*® Similarly to
ATGL, HSL mRNA and protein expression are highest
in WAT and BAT.">'*" Although DG are its preferred
substrate, HSL can also hydrolyze TG, cholesterol esters,
MGs and retinyl esters.!*! Before ATGL was known,
HSL was believed to be the rate-limiting enzyme for TG
hydrolysis. However, HSL-/- mice efficiently hydrolyze
TG and accumulate large amounts of DG, indicating
that, in vivo, HSL has a more important role as a DG
than as a TG hydrolase."** Activation of HSL occurs in 2
steps: protein phosphorylation and binding to perili-
pins.'*® HSL has 5 putative phosphorylation sites and

MOUSE = aP2-ATGL
MODEL: ATGL KO To

TGIDG content * v L]
BAT size ’*

HSLKO

Thermogenesis ¥ 7~

Q Insulin

Figure 2. Neutral lipolysis players and regulation in BAT. Neutral lipolysis allows cells to obtain 3 free fatty acids (FFAs) and glycerol from
the hydrolysis of triglycerides (TG). Three enzymes control this process: adipose triglyceride lipase (ATGL), which hydrolyzes TG into diac-
ylglycerol (DG), hormone sensitive lipase (HSL), which has high affinity for DG and converts them into monoacylglycerols (MG) and
monoacylglycerol lipase (MGL), which finalizes the hydrolysis of MG into glycerol and FFA that are used as a fuel for thermogenesis. In
basal state ATGL is inhibited by G0/G1 switch gene 2 (G0S2) and ATGL co-activator comparative gene identification-58 (CGI-58) is kid-
napped by perilipin. In addition, HSL is located in the cytosol and thus unable to reach its substrates. Upon S3-adrenergic stimulation,
adenyl cyclase (AC) increases cAMP levels that activate protein kinase A (PKA), which phosphorylates HSL promoting its translocation to
the membrane of lipid droplets (LD). PKA also phosphorylates perilipin, which releases CGI-58 that can then fully activate ATGL. Phos-
phorylated perilipin also enhances HSL activity. On the other hand, insulin stimulation, through protein kinase B (PKB) activates phos-
phodiesterase 3B (PDE3B) which converts cAMP into AMP decreasing PKA activation and its lipolytic action. Figure insert: mouse
models of the enzymes involved in neutral lipolysis. ATGL KO mice accumulate TGs and have enlarged BAT, which displays defective
thermogenesis.'** aP2-ATGL overexpressing mice show a reduction in TGs and increased thermogenesis.’** HSL KO mice accumulate
TGs and specially large amounts of DG leading to an enlarged BAT.'*
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one of the most widely studied kinases that regulate its
activity is cAMP-dependent Protein Kinase (PKA).
Other kinases include AMPK, extracellular signal-regu-
lated kinase (ERK), glycogen synthase kinase-4 and
Ca’"/calmoduline dependent kinase IT."*°

Glucagon, adrenaline or 83-adrenergic agonist stimu-
lation, through adenyl cyclase (AC) activation increases
cyclic AMP (cAMP) levels within the cell. This activates
PKA that in turn phosphorylates HSL on serines 659
and 660, promoting its translocation from the cytoplasm
to lipid droplets, where it acts on its substrates
(Fig. 2)."** Perilipins have an important role mediating
this translocation, and PKA-mediated phosphorylation
of perilipin is necessary for HSL translocation to lipid
droplets and full induction of HSL activity. On the other
hand, insulin activates cAMP phosphodiesterase, pro-
moting cAMP hydrolysis, lowering PKA activity, HSL
activation and lipolysis.'** Mice lacking HSL display nor-
mal thermogenesis'*® and are not cold sensitive despite a
lipolytic defect that results in brown adipocyte hypertro-
phy due to TG and DG accumulation. Apparently, dur-
ing HSL deficiency sufficient amounts of FAs that are
not HSL-dependent are mobilized for mitochondrial
heat production. Later work on HSL null mice estab-
lished that HSL KO mice are resistant to high-fat diet
(HFD) effects due to an increase in energy expendi-
ture."*® This was linked to increased UCP1 and carnitine
palmitoyltransferase (CPT) 1 expression levels in white
adipocytes as well as an increase in white adipocyte mito-
chondrial size (see section 4.2.1 for more information).
White adipocytes had increased basal O, consumption
and increased uncoupling. In addition, HSL is required
to sustain normal expression levels of retinoblastoma
protein (pRb) and receptor interacting protein 140
(RIP140), which both promote differentiation into the
white, rather than the brown, adipocyte lineage. Thus,
HSL may be involved in the determination of white ver-
sus brown adipocytes during adipocyte differentiation."*°

MGL specifically hydrolyzes MG derived from intra-
cellular and extracellular TG hydrolysis and phospho-
lipid hydrolysis into FAs and glycerol, culminating the
lipolysis process (Fig. 2). It is ubiquitously expressed in
tissues and localizes in cell membrane, cytoplasm and
lipid droplets.'*” MGL has been implicated in the degra-
dation of the bioactive MG 2-arachidonoyl glycerol,
which is a potent endogenous agonist of cannabinoid
receptors.'*®

Upon lipolysis stimulation the most important mech-
anisms regulating lipolysis are: 1) Activation of ATGL by
CGI-58; and 2) PKA-mediated phosphorylation of HSL
and perilipin 1 (Fig. 2). In basal state, CGI-58 is bound
and kidnaped by perilipin 1, and thus unable to activate
ATGL. In addition, HSL is located in the cytosol far

from its substrates. Upon hormonal stimulation, PKA
phosphorylates HSL, promoting its translocation to the
lipid droplet surface, where it hydrolyzes its sub-
strates."*>"** In addition, PKA phosphorylates perilipin
1, liberating CGI-58, which is then available to bind and
activate ATGL."'

The final result of lipolysis is the provision of energy
to the cell in the form of FFAs and glycerol. Elevated
levels of FFAs can be toxic for cells.® Brown adipocytes
can prevent this lipotoxicity by matching this incre-
ment in FFAs with an increase in oxidative capacity.
B3-adrenergic stimulation triggers lipase activation,
resulting in a rise of lipolytic products that act as
ligands of PPARx and PPARS. PPAR activation pro-
motes expression of oxidative genes such as UCP1 or
PGCla and as a result expands the oxidative capacity
to match FA supply.””” These findings highlight the
importance of coupling lipolysis with increased oxida-
tive capacity, which ultimately depends on the uptake
of FAs to the mitochondria for FAO by carnitine
acyltransferases.

Fatty acid oxidation

Consistent with its physiological role, BAT presents
one of the highest FAO rates in the body."”*> Most of
the oxidation of longchain fatty acids (LCFAs) to ace-
tyl-CoA takes place in the mitochondrial matrix,
although peroxisomal FAO has also been implicated
in thermogenesis.

Mitochondrial fatty acid oxidation
Traditionally, research on the regulation of BAT thermo-
genesis has focused on the central role of UCP1 in maxi-
mizing rates of proton leak and heat production. In fact,
FAs and HFD activate UCP1 and diet-induced thermo-
genesis."””'>> However, studies by Yu et al.">® support
the hypothesis that additional systems and genes cooper-
ate in the thermogenic system. These authors demon-
strated that cold induces simultaneous FA synthesis and
FAO in murine BAT. Similar conclusions were obtained
by Mottillo et al.”® In addition, it has recently been
reported in primary brown adipocyte culture that intra-
cellular FA levels are critical for thermogenesis'>’ and
that in rodents maximal BAT thermogenesis relies on
the levels of LCFA pool, which activates entry to the
mitochondria.'*® Acyl-CoA synthetase-1 (ACSL) medi-
ates the conversion of FAs to acyl-CoA and specifically
directs them toward mitochondrial FAO via the CPT1
system (Fig. 3). Experiments with ACSL KO mice
showed that ACSL is required for cold thermogenesis.'>
The CPT system permits the entry of LCFAs into the
mitochondrial matrix, where they can undergo FAO.
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The first component of the system, CPT1 is located on
the mitochondrial outer membrane (Fig. 3). This enzyme
catalyzes the trans esterification of a fatty acyl group
from CoA to carnitine, which is considered the rate-lim-
iting step in the regulation of mitochondrial FAO of
FAs.'%%1°! Acylcarnitines are shuttled to the mitochon-
drial matrix by the transporter carnitine/acylcarnitine
translocase (CACT). Once inside the mitochondria, acyl-
carnitines are converted to acyl-CoA by CPT2, located in
the inner mitochondrial membrane, and can thus enter
the FAO cycle. There are 3 isoforms of CPT1, denoted
CPT1A,'*>'®> CPT1B'** and CPTI1C.'*® They differ in
their sequence, tissue distribution, intracellular location,
kinetics and malonyl-CoA sensitivity. CPT1B is strongly
expressed in BAT, skeletal muscle, heart, testis and, in
some species, in WAT (human, rat and hamster)'%1%°
while CPT1A is predominant in other tissues such as
liver, kidney, lung, ovary, spleen, brain, intestine, mouse
WAT and pancreas. CPT1C appears to be expressed
exclusively in the neurons and testis. While CPT1A and
B are located on the mitochondrial outer membrane and
both isoforms are involved in the regulation of the flux
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of FAs into the mitochondria, CPT1C has been found on
the ER membrane'®” and its function seems to be related
with ceramide metabolism rather than FAQ."**'*
CPT1A and B isoforms have high sequence similarity
but show important kinetic differences. In particular,
they differ in their affinities for the substrate carnitine
and their physiological inhibitor malonyl-CoA,"”® which
is synthesized from acetyl-CoA by ACC and is degraded
by malonyl-CoA decarboxylase.'”" CPT1B has higher
affinity for the inhibitor malonyl-CoA and lower affinity
for carnitine than CPT1A."”>'”> Doh et al.">* examined
the relation between the long-chain FAO rate and the
CPTI1A and CPTIB activity in different tissues. They
found that all the tissues containing CPT1B showed a
strong positive correlation between palmitate oxidation
rate and the CPT1 activity and, among the tissues with
CPTI1B (heart, red and white gastrocnemius and BAT),
BAT showed the highest palmitate oxidation and CPT1
activity. In addition, mice lacking CPT1B die during
cold-exposure as a result of their inability to perform
thermogenesis.'’* These observations indicate that
CPT1B may play an important role in enhancing BAT

Cold stimulation \

LCFA-CoA

B-oxidation

Figure 3. Mitochondrial and peroxisomal fatty acid oxidation. Transport of long-chain fatty acids (LCFAs) from the cytosol to the mito-
chondrial matrix for FAO involves the activation to acyl-CoA by acyl-CoA synthetase-1 (ACSL), conversion of LCFA-CoA to LCFA-carnitines
by carnitine palmitoyltransferase (CPT) 1, translocation across the inner mitochondrial membrane by the carnitine/acylcarnitine translo-
case (CACT) and reconversion to LCFA-CoA by CPT2. These acyl-CoAs are S-oxidized and render acetyl-CoA. The entry of acetyl-CoA to
the tricarboxylic acid cycle generates NADH and FADH. These cofactors transfer the electrons to the electron transport chain, where the
protons are transported to the mitochondrial intermembrane space to generate energy as ATP. UCP1 dissipates the proton gradient,
releasing energy as heat. Very long chain fatty acids (VLFA) enter the peroxisome to be shortened by peroxisomal FAO. Shortened acyl-
CoAs and acetyl-CoA are transported to the mitochondria to be completely oxidized.
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thermogenesis. Indeed, inhibitors of CPT1 also inhibit
mitochondrial respiration driven by LCFA in murine
BAT."® Interestingly, BAT of diabetic rats showed
decreased CPT1 activity and FAO."”> Further, a recent
study in adipose CPT2 KO mice demonstrated that FAO
is required for both acute cold adaptation and the induc-
tion of thermogenic genes in BAT.'”® Taking into
account the effect that this and other mitochondrial
FAOQ alterations'”” produce in thermogenesis and cold
intolerance, it could be an appealing strategy to enhance
FAO in BAT mitochondria to increase energy expendi-
ture and fight against obesity-induced metabolic disor-
ders. Studies enhancing FAO by CPT1 overexpression in
the context of obesity have shown a decrease in TG con-
tent and an improvement in insulin sensitivity.'”®'%
These results indicate that activation of FAO may pro-
vide the basis for the development of novel treatment
options for obesity.'*

Peroxisomal fatty acid oxidation

Oxidation of very long chain FAs preferentially occurs in
peroxisomes rather than in mitochondria (Fig. 3)."°
However, FAO in peroxisomes is not carried to comple-
tion. Since peroxisomes, unlike mitochondria, lack a cit-
ric-acid cycle and respiratory chain, shorter FAs can be
shuttled to the mitochondria to be oxidized. During cold
exposure peroxisomal FAO is also activated in BAT.'!
Furthermore, catalase protein, a marker of the quantity of
peroxisomes, is dramatically increased in rat BAT under
cold exposure.'”> However, the contribution of peroxi-
somal FAO to thermogenesis is not well established. Ace-
tyl-CoAs produced by peroxisomal FAO may enter the
mitochondria to fuel UCP1-mediated thermogenesis.
Alternatively, a recent review by Lodhi et al.'® suggests
that peroxisomal FAO may contribute to adaptive ther-
mogenesis independently of UCP1 by the generation of
heat instead of ATP. Peroxisomes do not have a respira-
tory chain and the electrons from FADH,, obtained in the
first step of peroxisomal FAOQ, are transferred by the flavo-
protein acyl-CoA oxidase directly to O, producing H,0,,
and energy is released as heat.

In summary, mitochondrial and peroxisomal FAO are
necessary for thermogenesis in BAT, and enhancing
these catabolic processes is an unexplored strategy in our
fight against the current obesity epidemic.

Future directions: BAT fat-burning power as a
potential therapy against obesity

Despite the considerable current effort made worldwide,
the prevalence of obesity and associated metabolic dis-
eases is rising exponentially, jointly with their healthcare
costs. The first line therapy is based on behavioral

modifications, including healthy eating and exercise.
However, this meets limited success when it comes to
long-term maintenance of weight loss. Bariatric surgery
achieves a sustained weight loss over the years, but its
cost and associated dangers reduce its clinical indication
to morbidly obese patients.'” Moreover, the endocrine
effects of bariatric surgery seem to be more important
than the mechanically induced food restriction, which
has led many researchers to assess obesity treatments
based on the endocrine modifications derived from it.'*
Interestingly, bariatric surgery also leads to alterations in
the microbiome.'*®

Even though the list of potential anti-obesity drugs is
increasing, the approval of new anti-obesity drugs has
met relatively limited success. This is due to the history
of withdrawals of anti-obesity drugs from the market
due to serious adverse effects (i.e., dinitrophenol, fenflur-
amine, dexfenfluramine, phenylpropanolamine, sibutr-
amine and rimonabant)."®”'*® This has led US Food and
Drug Administration (FDA) and European Medicines
Agency (EMA) to make it harder for pharmaceutical cor-
porations to market new anti-obesity drugs, especially in
the case of the European regulator.'”® Today, the lipase
inhibitor orlistat is approved by both FDA and EMA but
it has shown limited long-term effectiveness.”® In the
US, the serotonergic lorcaserin is also approved,*"**
but its European marketing authorization application
has been withdrawn because of the lack of evidence
regarding safety in tumorogenesis in long-term use.**
Liraglutide, a previously approved antidiabetic drug,
has recently been approved by both regulators for an
anti-obesity indication.?’*?° Nonetheless, the fixed-dose
combination of bupropion/naltrexone, which is
described to act in the central nervous system (CNS) by
increasing POMC neuron activity, has obtained market-
ing approval as an anti-obesity drug by the FDA,** but
the EMA seems to be much more conservative regarding
the approval of weight-management drug with effect on
the CNS.2%

The mechanisms of action of obesity-management
drugs are classified into 3 groups:**® 1) centrally acting
medications impairing dietary intake (including bupro-
pion/naltrexone and lorcaserin); 2) medications that act
peripherally to impair dietary absorption (e.g., orlistat);
and 3) medications that increase energy expenditure,
whose effect is mediated by CNS. We propose that the
increase in energy expenditure is a promising way to
manage obesity, but only if this could be achieved via a
direct effect on peripheral tissues without involving the
CNS. Thus, some of the collateral effects, which caused
other drugs to be withdrawn, would be overcome. Here
we highlight an increase in FAO as a potential approach
to enhance energy expenditure in peripheral tissues.
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Several studies enhancing FAO by CPT1 overexpression
in the context of obesity have shown an improved meta-
bolic phenotype.'”®'® Thus, an increasing body of evi-
dence highlights FAO activation as a potential target to
develop novel anti-obesity strategies.

The pathogenesis of obesity is multifactorial and com-
plex. However, the rediscovery of active BAT in adult
humans and its relevance in metabolism has put a spot-
light on this tissue as a potential target for therapies
against obesity and metabolic diseases. A large number
of activators of thermogenesis are increasingly being
identified. This year, the B3-adrenergic receptor agonist
mirabegron, the first compound able to stimulate human
BAT thermogenesis and to increase resting metabolic
rate, has been described.” Although further studies are
needed to explore the specificity of its mechanism of
action and potential adverse effects, mirabegron provides
the first evidence of human BAT thermogenesis
stimulation.

As a controller of thermogenesis BAT is a good mod-
ulator of triglyceridemia, an important consumer of glu-
cose and the major plasma lipid-clearing organ in rodents.
Furthermore, diabetes has been shown to decrease CPT1
activity and FAO in rat BAT."”” Thus, strategies designed
to enhance the fat-burning power of BAT and to increase
lipid mobilization and oxidation could be very useful in
the treatment of obesity and associated pathologies. Tradi-
tionally, most research has focused on the activation of
BAT thermogenesis through UCP1. However, recent stud-
ies have shown that cold stimulates both FA synthesis and
FAO in murine BAT.”*"*® Moreover, BAT peroxisomal
FAO may generate heat independently of UCP1.'”> BAT
transplantation is another strategy proving BAT’s lipid-
burning capacity in obesity. BAT transplantation to HFD-
induced obese mice has shown a beneficial effect improv-
ing whole-body energy metabolism by increasing FAO-
related genes such as PPARw, PGClw, CPT1B and UCP1
in endogenous BAT.>” Although the present review is
focused on obesity, it is noteworthy to mention the role of
BAT in atherosclerosis. Data showing both a positive and
negative effect of BAT activation in the development of
atherosclerosis have been reported.”'®*'' On the one
hand, Dong et al.*'* showed that sustained cold exposure
accelerated the atherosclerotic plaque development by
increasing plasma levels of small low-density lipoproteins
(LDL) in apolipoprotein E (ApoE) and LDL receptor
(LDLr) deficient atherosclerosis mouse models. On the
other hand, Berbee et al.>'' reported that APOE*3-Leiden.
CETP mice (a model for human-like lipoprotein metabo-
lism) treated with Western diet, to induce hyperlipidaemia
and atherosclerosis, plus CL316243 (a p3-adrenergic
receptor agonist) had fewer atherosclerotic lesions. In this
case BAT activation lead to enhanced uptake of FAs from
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TG-rich lipoproteins into BAT and increased hepatic
clearance of cholesterol-enriched remnants and lower
plasma cholesterol levels. The apparent opposite effects
between the 2 studies could be explained by the different
mouse model used. ApoE and LDL receptor are essential
for hepatic clearance of TG-rich lipoprotein remnants.
Thus, this pathway is blocked in ApoE (-/-) or LDLr (-/-)
mice but not in APOE*3-Leiden.CETP mice. In fact, the
antiatherogenic effect seen by Berbee et al. was blunted in
ApoE (-/-) or LDLr (-/-) mice. Importantly, mice treated
with the 83-receptor agonist lost weight and had increased
FAO. This indicates that the beneficial effect of BAT acti-
vation on atherosclerosis could be the consequence of
decreased obesity and enhanced FAO shedding light into
FAO as a potential target to fight against obesity-induced
metabolic disorders such as atherosclerosis.

At least 3 questions still need to be answered before
increased BAT FAO can become an effective approach
for obesity therapy. First, it is not known whether FAO
enhancement might reach a limit in BAT, in which ther-
mogenesis is tightly adjusted to the environmental tem-
perature. Second, since increasing flux through FAO
would only make sense together with a corresponding
enhancement of energy demand,*'* the physiological rel-
evance of this strategy might be questioned if the individ-
ual is at thermoneutrality. Third, secondary effects of
BAT pharmacological activation may include excessive
body temperature or increased food intake as a compen-
satory effect to re-establish energy balance. Increased
BAT FAO may augment mitochondrial burning capacity
through an increase in the number of mitochondria and/
or the increased expression of UCPs, and thus dissipate
the excess of energy as heat and ATP. These could well
alleviate the mitochondrial pressure found in lipid over-
load states.

In summary, an increase in FAO and BAT mass and/
or activity could indeed be one of the underlying protec-
tive mechanisms against obesity-induced metabolic
abnormalities. Although more research is needed, we
strongly believe that enhancing BAT thermogenic power
through increased FAO may be available in the near
future as a therapy to treat obesity and its associated
severe diseases.

Abbreviations

AC adenyl cyclase

ACC acetyl-CoA carboxylase

AMPK AMP-dependent protein kinase
ATG autophagy-related protein
ATGL adipose triglyceride lipase

BAT brown adipose tissue
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BMP8b  bone morphogenetic protein 8b

cAMP cyclic AMP

CIDEA  cell death-inducing DNA fragmentation fac-
tor-a-like effector A

CGI-58  comparative gene identification-58

CNS central nervous system
CPT carnitine palmitoyltransferase
DG diacylglycerol

DIO2 type 2 iodothyronine deiodinase
ELOVL  elongation of very long chain FA

ER endoplasmic reticulum
FA fatty acid

FAO fatty acid oxidation
FFA free fatty acids

FGF21 fibroblast growth factor 21
G0S2 GO0/G1 switch gene 2
GPCRs  G-protein-coupled receptors
HFD high-fat diet

HSL hormone-sensitive lipase
IGF-1 insulin-like growth factor I
IL-1B interleukin-18

IL-6 interleukin-6

KO knockout

LAL lysosomal acid lipase
MEFs primary mouse fibroblasts
MG monoacylglycerol

MGL monoacylglycerol lipase

Myf54+  myogenic factor 5-positive

iPLA2{  calcium-independent phospholipase A2 ¢

PGCla  peroxisome proliferator activated receptor
gamma coactivator 1 alpha

PKA protein kinase A

PKB protein kinase B

PRDM16 PR domain-containing 16

pRb retinoblastoma protein

RIP140  receptor interacting protein 140
TG triglyceride

TNFa tumor necrosis factor «

UCP1 uncoupling protein-1
WAT white adipose tissue
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