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RESUMEN

La obesidad es considerada una epidemia mundial, tanto en paises desarrollados como
en vias de desarrollo. Uno de los factores méas importantes que promueven el desarrollo de
obesidad es el consumo de dietas altas en grasas (HFD) ricas en &cidos grasos saturados, como
el &cido palmitico (PA). La ingesta cronica de una HFD se ha asociado con el incremento de
enfermedades metabdlicas, como la resistencia a la insulina. Se ha observado en ratones, que
luego del consumo crénico de una HFD el PA se acumula en el hipotalamo, el area del cerebro
encargada de mantener la homeostasis energética y de regular el metabolismo corporal. Uno de
los mecanismos homeostéaticos celulares clave que es afectado después del consumo de una HFD
es la autofagia, el cual es un proceso catabdlico mediado por los lisosomas, destinado a la
degradacion y reciclaje de componentes citoplasmaticos y orgéanulos dafiados. Durante el
proceso de autofagia, el cargo celular es secuestrado dentro de una vesicula de doble membrana,
Ilamada autofagosoma, la cual se fusiona con un lisosoma, formando un autolisosoma, donde,
gracias a la actividad de las enzimas lisosomales, el cargo autofagico es degradado. Todo el
proceso desde la sintesis del autofagosoma hasta su degradacion lisosomal se denomina flujo
autofagico. Es importante destacar que la desregulacién del proceso de autofagia en neuronas
del hipotadlamo promueve el desarrollo de trastornos metabdlicos, lo que sugiere que la autofagia
hipotaldmica tendria un papel clave en el control del metabolismo corporal. Ademas, niveles
elevados de PA se han asociado con una disminucién de la autofagia y con resistencia a la
insulina en el hipotalamo. Sin embargo, actualmente se desconoce el mecanismo especifico por

el cual el PA disminuye la autofagia en las neuronas hipotalamicas.
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En este proyecto, proponemos que la inhibicion de la autofagia inducida por el PA en
neuronas hipotalamicas posee un papel fundamental en el desarrollo de trastornos metabdlicos
asociados a la obesidad, como la resistencia a la insulina. La hipétesis de esta tesis es que el
acido palmitico inhibe el flujo autofagico y disminuye la sensibilidad a la insulina en las células
neuronales hipotalamicas. Los resultados arrojaron que, en la linea celular hipotaldmica N43/5
y en cultivo primario de neuronas hipotalamicas de rata, el PA aumento el nimero de estructuras
autofagicas y los niveles de SQSTM1/p62, una proteina degradada durante el proceso de
autofagia, sugiriendo que el PA inhibe el flujo autofagico en células neuronales hipotalamicas.
Ademas, los niveles de expresion de distintos genes relacionados con la autofagia y que son
esenciales para la formacion del autofagosoma no variaron por la exposicion al PA, lo que
sugiere que el PA promueve la acumulacion de estructuras autofagicas como consecuencia de
la disminucidn del flujo autofagico en las células N43/5. Adicionalmente, mediante microscopia
electrénica, observamos que el PA indujo la acumulacion de grandes compartimentos celulares
degradativos en las células neuronales hipotalamicas N43/5. Sin embargo, el PA no disminuyo
la acidez lisosomal ni su actividad enzimatica en la linea de células hipotalamicas. No obstante,
la exposicion de PA si afectd la dinamica de vesiculas endolisosomales, disminuyendo la
velocidad y la distancia recorrida por éstas, en las células N43/5. Luego, evaluamos por
inmunofluorescencia la fusion de los autofagosomas con los lisosomas utilizando células N43/5
transfectadas con el constructo mcherry-GFP-LC3, y también mediante el analisis de co-
localizacion entre marcadores de autofagosomas y lisosomas. Observamos que el PA es capaz
de disminuir la fusion entre ambos organelos, asi como de incrementar la acumulacién de
estructuras autofagicas de gran tamafio. Ademéas, mediante un ensayo de pull-down

cuantificamos el estado de activacion de Rab7, una proteina involucrada tanto en la fusion del
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autofagosoma con el lisosoma como también en el trafico endolisosomal, y observamos que en
células N43/5 expuestas a PA los niveles Rab7 unida a GTP incrementaron, sugiriendo que el
PA podria perjudicar la formacion de autolisosomas a través de regulacion de la actividad de
Rab7. Ademas, mediante la técnica de etiquetado de is6topos estables con aminoacidos en
cultivo celular (SILAC), encontramos en lisosomas aislados de células N43/5 tratadas con PA,
un aumento en los niveles de diversas proteinas involucradas con el control del trafico
endolisosomal y con la maduracién autofagica, lo que podria explicar el mecanismo por el cual
el PA afecta la autofagia en las neuronas hipotalamicas. Finalmente, se evalud si la exposicion
al PA contribuye al desarrollo de desérdenes metabdlicos, confirmando que el PA disminuye la
sensibilidad a la insulina en las células hipotalamicas N43/5. Ademas, tanto la inhibicién de la

autofagia como del flujo autofagico redujeron la sensibilidad a la insulina en estas células.

En resumen, este estudio sugiere que, en células neuronales hipotalamicas, la inhibicién
del flujo autofégico inducida por PA desregula el trafico endolisosomal y reduce la sensibilidad
a la insulina. Este estudio puede ayudar a dilucidar los mecanismos celulares que subyacen a los

efectos del PA en la promocion de trastornos metabdlicos asociados con la obesidad.
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ABSTRACT

Obesity is considered as a global epidemic both in developed and developing countries.
One of the most important factors promoting obesity epidemic is the consumption of high fat
diets (HFD) rich in saturated fatty acids such as palmitic acid (PA). Chronic intake of HFD is
associated with the onset of metabolic diseases, including insulin resistance. Importantly,
following chronic HFD exposure, PA accumulates in mice hypothalamus, the brain area
responsible for the maintenance of energy homeostasis and for the regulation of body
metabolism. One of the key cellular homeostatic processes impaired after HFD consumption is
autophagy, a catabolic pathway aimed at recycling cytoplasmic components and damaged
organelles by a lysosome-mediated process. During autophagy, the cellular cargo is sequestered
within a double membrane vesicle called autophagosome, which fuses with a lysosome, to form
the autolysosome, where, thanks to the activity of lysosomal enzymes, the autophagic cargo is
degraded. The entire process from the autophagosome synthesis, up to their lysosomal
degradation is termed autophagic flux. Importantly, autophagy dysregulation in hypothalamic
neurons leads to metabolic disorders suggesting a key role for hypothalamic autophagy in the
control of body metabolism. In addition, increased PA levels have been associated with
autophagy impairment and with insulin resistance in the hypothalamus. However, the specific
mechanism by which PA decreases autophagy in hypothalamic neurons is currently unknown.
We propose PA-mediated inhibition of autophagy in hypothalamic neurons as a key mediator

of obesity-associated metabolic disorders as insulin resistance.
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The hypothesis of this thesis is that palmitic acid inhibits the autophagic flux and
decreases insulin sensitivity in hypothalamic neuronal cells. We observed, in the N43/5
hypothalamic cell line and in primary hypothalamic neurons, that PA increases the number of
autophagic structures and the amount of SQSTM1/p62, a protein degraded by the autophagic
pathway, suggesting that PA inhibits the autophagic flux in hypothalamic neuronal cells.
Importantly, the levels of several autophagy related genes essential for autophagosome
formation were not increased by PA exposure, suggesting that PA induces the accumulation of
autophagic structures as consequence of decreased autophagic flux in N43/5 cells. Moreover,
by electron microscopy, we observed that PA induces the accumulation of large cellular
degradative compartments in N43/5 hypothalamic neuronal cells. However, PA does not affect
lysosomal acidity or their activity in our model. Then, we evaluated autophagosome-lysosome
fusion by immunofluorescence, using N43/5 cells transfected with mCherry-GFP-LC3 and by
assessing the co-localization between autophagosome and lysosome markers. We observed that
PA decreased autophagosome-lysosome fusion, and that PA induced the accumulation of big
autophagic structures. Furthermore, using a pull down assay, we quantified the activation state
of Rab7, a protein involved in autophagosome-lysosome fusion, and we determined that PA
increases the amount of Rab7 in the GTP-bound form, suggesting that PA impairs
autolysosomes formation through the regulation of Rab7 activity. Additionally, through stable
isotope labeling with amino acid in cell culture (SILAC), we found in isolated lysosomes from
N43/5 cells treated with PA, increased levels of additional proteins involved with the control of
endolysosomal trafficking and with autophagic maturation, which can further explain the
mechanism by which PA impairs autophagy in hypothalamic neurons. Finally, we evaluated

whether PA exposure contributes to metabolic disorders in our cellular model, and we confirmed
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that PA decreases insulin sensitivity in hypothalamic N43/5 cells. Furthermore, inhibition of

autophagy or autophagic flux also affects insulin sensitivity in these cells.

In summary, this study suggests that, in hypothalamic neuronal cells, autophagic flux
inhibition induced by PA causes endolysosomal trafficking dysregulation and reduces insulin
sensitivity. These data may help to elucidate the cellular mechanisms that underlie the effects

of PA on the promotion of obesity-associated metabolic disorders.
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1. INTRODUCTION

1.1. The obesity epidemics

Nowadays, obesity is considered as a global epidemic both in developed and developing
countries. Obesity causes approximately 3.4 million annual deaths, and ranks as the 5th cause
of death worldwide (Smith and Smith, 2016). Moreover, this chronic disease has been associated
with several comorbidities such as type 2 diabetes, cardiovascular disease, hypertension,

osteoarthritis, and even some types of cancer (Kopelman, 2000; Smith and Smith, 2016).

The body-mass index (BMI), a formula that combines weight and height, is used to
determine if a subject has a normal body weight, if he is overweight or obese (Kopelman, 2000).
The World Health Organization reports that worldwide, in 2016, 39% of adults were overweight
(BMI 25.0-29.9 kg/m?), while 13% were obese (BMI > 30.0 kg/m?); these rates are expected to
rise in the near future (2018). Importantly, the obesity epidemic directly affects Chile, which is
now the most obese country in Latin America, reaching a 74,2% prevalence of adults with

overweight or obesity (ENS, 2018).

Obesity is a multifactorial disorder and different genetic and environmental factors
predispose to its development (Kopelman, 2000). Changes in lifestyle, resulting in increased
consumption of dietary fats and reduced physical activity, have contributed to the rise of this
metabolic disease (Flier, 2004). Consumption of the so-called “western style high fat diet”,
hereafter indicated as “high fat diet” (HFD), which contains elevated levels of saturated fatty

acids (SatFAs), increases body weight and is associated with the onset of metabolic diseases,



such as insulin resistance (Milanski et al., 2009; Posey et al., 2009; Zhang et al., 2009a).
Physiological variations of plasma fatty acids (FAs) concentrations can be detected and
integrated by FA sensing neurons in critical brain areas involved in the regulation of feeding
behavior and lipid metabolism (Blouet and Schwartz, 2010; Migrenne et al., 2011). Importantly,
the rate of FASs entry into the brain is relative to their plasma concentration (Miller et al., 1987),
which is affected by the diet (Morselli et al., 2016). Moreover, an unbalance between different
FA families, or excess of some of them, generates deleterious effects, including
neurodegenerative and metabolic diseases (Hussain et al., 2013; Morselli et al., 2014b). Thus,
it is critical to understand how FAs, particularly SatFAs, dysregulate cellular and molecular

mechanisms involved in the onset of obesity associated diseases.

1.2. Fatty acids uptake and transport into the brain

FAs are classified by their carbon (C) chain length as short-chain (<12 C), medium-
length (between 12 and 18 C) and long-chain (>18 C). Additionally, they are further classified
based on the number of double bonds as SatFAs (no double bonds), monounsaturated (MUFAS)
(one double bond) and polyunsaturated (PUFAS) (>one double bond) (Le Foll, 2019). The
proportion of each FA absorbed and metabolized by the tissues depends on the food sources and
dietary intake. On one hand, SatFAs have generally been associated with several deleterious
effects on metabolism (Vessby, 2003), while MUFAs and PUFAs have shown beneficial

properties (Bellenger et al., 2019).

Dietary fat is mainly composed of triglycerides (TG), cholesterols ester and

phospholipids (Thomson et al., 1989). Briefly, once digested by enzymes in the mouth, stomach



and small intestine, TG are broken down into smaller particles such as monoglycerides, free
fatty acids (FFAs) and cholesterol. These macromolecules are uptaken by intestinal cells where
they are reorganized in structures called chylomicrons that are then released in the bloodstream
to reach muscle, adipose tissues and the liver (Mu and Hoy, 2004; Ramirez et al., 2001).
Lipoprotein lipases, produced by heart, liver, adipose tissue and other tissues, release the FAS
from the lipoproteins and the majority of them bind to albumin. FA—albumin complexes are then
transported to the bloodstream. Finally, FAs dissociate from albumin and are taken up by tissues

in the body (Mitchell and Hatch, 2011; Pohl et al., 2004).

FAs are transported from the circulation to the brain where they can be converted into
long-chain fatty acid-Coenzyme A and metabolized by mitochondrial f-oxidation to provide
energy for the cell (Bazinet and Laye, 2014; Chen and Bazinet, 2015; Obici and Rossetti, 2003).
As previously mentioned, brain FAs uptake is proportional to their plasma concentration (Miller
et al., 1987), which is directly affected by the diet (Morselli et al., 2016). The central nervous
system (CNS) possesses a very high concentration of FAs, secondary only to the adipose tissue
(Chen and Bazinet, 2015). FAs are key components of cellular membranes and precursors for
biosynthesis of phospholipids and sphingolipids (Bazinet and Laye, 2014), in addition, they play
critical roles in signaling and they influence neuronal function, from early development up to
natural aging (Bazinet and Laye, 2014). The mechanism of transportation of FAs from the
periphery to the CNS, by crossing the blood-brain barrier (BBB) has been only partially
elucidated (Dragano et al., 2019; Le Foll, 2019). The BBB (Spector, 1988) is a complex structure
composed of endothelial cells that line the vessel wall, pericytes, astrocytes foot processes and
a basal lamina (Daneman and Prat, 2015; Engelhardt et al., 2014). Together with neurons and

microglia, the BBB forms the neurovascular unit, which is key to neurovascular coupling and



to the delivery of nutrients and oxygen from the circulatory system into the brain (Abbott et al.,
2010; Banks, 2019). Endothelial cells of the BBB protect the brain against potentially
dangerous substances through tight junctions. Furthermore, most brains areas lack fenestrations,
limiting paracellular passage (Brightman and Reese, 1969; Fenstermacher et al., 1988; Hawkins
and Davis, 2005; Le Foll, 2019). FAs cross the BBB (Spector, 1988), either by passive diffusion
through the lipid bilayer by a process called FA flip-flop (Hamilton, 1999) or by facilitated
transport of FAs, which requires saturable FA transporters (Mitchell and Hatch, 2011; Oomura
et al., 1975; Wang et al., 2006). Once FAs dissociate from albumin (Bazinet and Laye, 2014)
they can diffuse passively through the lipid bilayers, dependent on the lipophilic properties of
the FA (Hamilton, 1999). Short-chain FA display the highest permeability while FA with a
carbon chain over 12 C cannot directly pass through the BBB because of their ionic charge
(Levin, 1980). Thus, to rapidly diffuse across the plasma membrane, long-chain FAs such as
palmitic acid (PA), arachidonic acid and docosahexaenoic acid (DHA), which form a large
proportion of the brain FAs, are transformed into a non-ionized form. This allows the flip-flop
mechanism to occur independently of transport proteins (Hamilton et al., 2002; Hamilton et al.,
2007; Kamp et al., 2003). Additionally, FAs can cross the BBB using different transporter
proteins, which are located on the surface of brain endothelial cells (Mitchell and Hatch, 2011;
Mitchell et al., 2011; Pelerin et al., 2014). FA transport proteins are: FA transport protein
(FATP) 1 and 4 (Fitscher et al., 1998; Ochiai et al., 2017), FAT/CD36 (Abumrad et al., 2005),
and intracellular FA binding proteins 1-7 (FABP) (Le Foll, 2019; Zimmerman et al., 2001).
Recent data indicate that FATP1 and FATP4 are the most important FA transport proteins
expressed on the BBB while CD36 has an important role in the transport of FAs across human

brain microvessel endothelial cells (Bruce et al., 2017; Duca and Lam, 2014). In addition,



neurons from the ventromedial hypothalamus express FATP-1 and CD36 suggesting they are
also able to uptake FAs (Le Foll et al., 2009). Also, the orphan receptor MSFD2A (major
facilitator superfamily domain-containing protein 2A) has been shown to act as a transporter for

DHA at the BBB (Ben-Zvi et al., 2014).

Transport mechanisms are key to brain areas with a BBB, however, circumventricular
organs (CVO) located at the interface between the brain and the periphery present a highly
fenestrated BBB. These sensory CVOs are: subfornical organ; organum vasculosum of the
lamina terminalis; area postrema and the median eminence. In the medio-basal hypothalamus
(MBH), a crucial area in the control of food intake and energy homeostasis, the arcuate nucleus
(ARC), lying just above the median eminence at both sides of the third ventricle (Williams,
2012), also exhibits a “leaky” BBB due to the presence of tanycytes and fenestrated capillaries
(Banks, 2019; Dehouck et al., 2014). In this region, the lesser number of tight junctions between
endothelial cells allows the penetration of molecules from the circulation (Bennett et al., 2009).
Thus, the fenestrated nature of the BBB surrounding the MBH facilitates FAs sensing affecting
food intake and energetic metabolism (Valdearcos et al., 2015). Contrary to physiological
conditions, during increased and sustained availability of nutrients, the hypothalamic nutrient-
sensing system could be dysregulated and the pool of long chain FAs increased (Morgan et al.,
2004; Obici et al., 2002a), alters energy intake and energy expenditure regulation (Dragano et
al., 2019). Moreover, under pathological conditions, such as obesity and type 2 diabetes, there
is an increase in circulating long chain FAs and increased uptake by the brain, which leads to
an increase in hypothalamic levels of long chain fatty acyl-CoA impacting on the regulation of
caloric intake and energy expenditure (Dietrich and Horvath, 2013; Dragano et al., 2019; Karmi

et al., 2010).



1.3. High fat diet-induced obesity increases brain levels of saturated fatty acids

As previously mentioned, the fenestrated nature of the BBB near the MBH may facilitate
FAs sensing process in order to regulate food intake and energetic metabolism. However, this
privileged position also makes the MBH vulnerable to the stress-promoting and potentially toxic
effects of circulating factors from the environment, including those associated with chronic
over-nutrition. Research has shown that hypothalamic neurons are particularly susceptible to
nutrient-induced oxidative stress and mitochondrial dysfunction (Singh et al., 2012). Moreover,
studies indicate that obesity and chronic HFD consumption, especially diets rich in SatFAs
correlate with reduced BBB integrity (Gustafson et al., 2007; Kanoski et al., 2010; Ouyang et
al., 2014; Rhea et al., 2017). Particularly, an increased BBB permeability has been observed in
HFD-induced obesity, and it has been associated to a decreased expression in several tight
junction proteins (Kanoski et al., 2010) and with downregulation of cytoskeletal proteins
including vimentin and tubulin (Ouyang et al., 2014), which could alter membrane fluidity
preventing tight junction alignment or transport of tight junctions in diet-induced mice (Rhea et
al., 2017). In these conditions, not only the transport of FAs is affected, but also those of other
hormones/macromolecules. As an example, the transport rate of insulin across the BBB is about
half in obese mice when compared to lean mice (Rhea and Banks, 2019; Urayama and Banks,
2008), suggesting alterations in the BBB might be tightly related to the development of

metabolic dysfunctions development such as insulin resistance (Rhea and Banks, 2019).

Importantly, chronic HFD increases the levels of SatFAs in the CNS (Rodriguez-Navas
et al., 2016), specifically, the long-chain SatFA palmitic acid (PA) (16:0) augmented in mice

hypothalamus after chronic HFD feeding (Vagena et al., 2019).



1.4. Role of the hypothalamus in the regulation of energy balance and body metabolism

The hypothalamus is the brain area responsible for the maintenance of energy
homeostasis and for the regulation of body metabolism (Blouet and Schwartz, 2010; Carmo-
Silva and Cavadas, 2017). The regulation of these processes arises from the ability of the
hypothalamic neurons to regulate energy balance and food intake, by directly sensing FAs or
glucose (Blouet and Schwartz, 2010; Lam et al., 2005) and by integrating hormonal and
neuronal signals indicative of the nutritional status (Lopez et al., 2007). These neurons alter
their membrane potential and activity in response to these stimuli, resulting in the activation of
ion channels and enzymes or release of a variety of substrate transporters, thus regulating food
intake and energetic homeostasis (Le Foll, 2019; Le Foll et al., 2009; Levin, 2006; Migrenne et
al., 2011; Oomura et al., 1975; Wang et al., 2006). The principal area containing these neuronal
circuits is the ARC, but within the hypothalamus the paraventricular nucleus (PVN) and the
dorsomedial hypothalamus also have a role in the regulation of energy balance (Gali

Ramamoorthy et al., 2015).

In the ARC, the hypothalamus coordinates a neuronal network that regulates caloric
intake, spontaneous physical activity, feeding behavior, thermogenesis, and distinct aspects of
whole body metabolism (Sohn, 2015). Importantly, as already mentioned, this region is close to
the median eminence, which is susceptible to leakage from the BBB; ARC neurons are,
therefore, consistently exposed to nutrients and hunger and satiety hormones (Sohn, 2015). In
addition, projections from this hypothalamic nucleus will reach the PVN to regulate energy

balance (Cone, 2005).



In the ARC, there are, among others, two critical first-order neuronal populations for the
detection of nutritional and hormonal signals such as leptin or insulin, as well as for the sensing
of intracellular metabolites (Andrews et al., 2008; Benoit et al., 2004): the anorexigenic
proopiomelanocortin (POMC) neurons and the orexigenic agouti-related peptide/neuropeptide
Y (AgRP/NPY) neurons. These neurons have opposite effects in the regulation of appetite and

satiety and play a key role in the control of body weight (Mandelblat-Cerf et al., 2015).

POMC neurons produce signals that decrease food intake, induce satiety, and promote
energy expenditure, thereby reducing body weight (Mountjoy, 2010). Lack of these neurons in
POMC-knockout mice promotes hyperphagia and obesity (Yaswen et al., 1999), and direct and
specific activation of POMC neurons through chemogenetic and optogenetic stimulation
methods suppresses food intake (Zhan et al., 2013). It has been widely shown that, after a meal,
nutrients promote the secretion of two hormones: leptin (mainly from the adipose tissue) and
insulin (from the pancreas) (Williams et al., 2010), which activate POMC neurons in the ARC,
thus inhibiting food intake. After being activated, POMC neurons express the POMC pro-
peptide, which is processed to produce the a-melanocyte-stimulating hormone (a-MSH). a-
MSH is an agonist of the melanocortin receptors localized on melanocortin neurons, which are
located in the PVN; their activation promotes the anorexigenic response (Yang et al., 2011).
Consistently, mutations in the gene coding for the melanocortin-4 receptor result in hyperphagia
and obesity in mice and humans (Farooqi et al., 2003). Altogether, this evidence demonstrates

the existence of a specialized anorexigenic neuronal circuit (Avalos et al., 2017).

The other first-order neuronal population consists of the orexigenic AQRP/NPY neurons:

they promote food intake and reduce energy expenditure, thereby increasing body weight



(Sainsbury and Zhang, 2010). Stimulation of AGRP/NPY neurons leads to hyperphagia in mice
(Farooqi et al., 2003; Krashes et al., 2011); conversely, ablation of AQRP/NPY neurons leads to
suppression of food intake in adult mice (Luquet et al., 2005). Additionally, recent evidence
suggests that acute activation of AgRP/NPY neurons causes insulin resistance and impairs
insulin-stimulated glucose uptake in brown adipose tissue in mice (Luquet et al., 2005). These
results provide new evidence about the role of AGRP/NPY neurons in glucose homeostasis in

addition to their orexigenic role.

Thus, POMC and AgRP/NPY neurons are functionally antagonistic and through the
release of specific neuropeptides modulate neural networks regulating food intake, energy
expenditure and body weight (Avalos et al., 2017; Mandelblat-Cerf et al., 2015; Sohn, 2015;

Yaswen et al., 1999; Zhan et al., 2013).

1.5. Insulin signaling in the hypothalamus

Accumulating evidence indicates that HFD consumption boosts the development of
obesity and metabolic diseases such as insulin resistance (Benoit et al., 2009; De Souza et al.,
2005; Oh et al., 2013). Importantly, CNS exposure to PA via direct infusion or by oral gavage
impairs hypothalamic insulin signaling (Benoit et al., 2009), indicating that an increase in this
FA affects insulin response. Insulin, produced by B-pancreatic cells, is released in the
circulation, it crosses the BBB in a receptor-dependent manner and reaches the hypothalamus
(Banks, 2004), where it binds POMC and AgRP/NPY neurons which express insulin receptors
(IR) (Cone et al., 2001; Lenard and Berthoud, 2008), IR has 2 heterogeneous binding sites for

insulin, where the first insulin molecule binds at high affinity and the second insulin binds at a



lower affinity (De Meyts, 1976). Upon IR activation by insulin, the intrinsic tyrosine kinases
undergo autophosphorylation, leading to the recruitment and phosphorylation of the IR substrate
(IRS) protein-1, 2, and 3 (Czech et al., 1988; Kahn and White, 1988). The phosphorylation of
IRS proteins on serine residues might enhance or inhibit insulin actions. On one side, protein
kinase B (AKT) activation in response to IR stimulation triggers the phosphorylation of IRS
proteins on serine residues inducing a positive-feedback loop for insulin action. On the other
side, insulin also activates the downstream phosphoinositide 3-kinase (PI3K) signaling cascade
leading to AKT activation and other downstream transmitters such as IkB kinase, extracellular-
signal-regulated kinase (ERK), Jun N-Terminal Kinase (JNK), protein kinase C (PKC), and
mammalian Target of Rapamycin (mTOR), which negatively phosphorylate IRS proteins on
specific sites and inhibit the receptor activity (negative-feedback loop) (Gual et al., 2005;
Lawrence etal., 1997). Finally, these intracellular signaling events promote Glucose Transporter
4 (GLUT4) translocation from an intracellular storage compartment to the cell surface (Slot et

al., 1991), allowing glucose uptake into insulin-responsive cells.

Importantly, despite others GLUTSs have been described in the hypothalamus, including
GLUT1 and GLUT3 (Jurcovicova, 2014; Yu et al., 1995), GLUT4 is, up to date, the only
insulin-dependent GLUT required for the transportation of glucose into the cell that has been
described in hypothalamic neurons (Jurcovicova, 2014; Leloup et al., 1996; Thierry Alquier et
al., 2006). Thus, the translocation of GLUT4, induced by insulin, is necessary for glucose uptake
in hypothalamic neurons (Changou et al., 2017; Jurcovicova, 2014; Ren et al., 2015; Thierry

Alquier et al., 2006).
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Central delivery of insulin increases hypothalamic expression of a-MSH and inhibits
NPY and AgRP gene expression (Benoit et al., 2002; Schwartz et al., 1992), reducing food
intake and body weight (Niswender et al., 2003). In addition, it has been reported that insulin,
through its action on hypothalamic ARC neurons, regulates hepatic glucose production (Konner
et al., 2007; Obici et al., 2002b), glycogen synthesis (Perrin et al., 2004), and fat metabolism
(Koch et al., 2008; Shin et al., 2017), via autonomous nervous system connections (Chen et al.,
2017). Thus, insulin signaling pathway in the hypothalamus modulate the central regulation of

feeding and whole body energy homeostasis (Chen et al., 2017).

As mentioned above, HFD consumption predisposes to obesity-induced insulin
resistance. In addition, PA direct infusion into the CNS alters hypothalamic insulin
responsiveness deregulating energy homeostasis control (Benoit et al., 2009; De Souza et al.,
2005; Oh et al., 2013). Several mechanisms have been proposed to explain the loss of
hypothalamic insulin action induced by HFD or due to increased brain FAs content, including a
reduced hypothalamic insulin uptake as consequence of impaired transport across the BBB
(Banks et al., 1997; Urayama and Banks, 2008). However, it has been shown that direct delivery
of insulin in the brain did not reverse obesity-induced metabolic dysregulation (Heni et al., 2014;
Ikeda et al., 1986), suggesting that the defect in insulin uptake into the brain is not the only

mechanism (Benomar and Taouis, 2019).

It has been shown that long-term HFD consumption, as well as PA injection in the
hypothalamus, inhibits hypothalamic autophagy (Meng and Cai, 2011; Portovedo et al., 2015),
a catabolic pathway aimed at recycling cytoplasmic components and damaged organelles by a

lysosome-mediated process (Yang and Klionsky, 2010). Importantly, defective autophagy is
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associated with impaired insulin sensitivity in the hypothalamus (Meng and Cai, 2011),
suggesting that a crosstalk between autophagy and insulin signaling could be involved in the

onset of insulin resistance (Codogno and Meijer, 2010; de Mello et al., 2019).

1.6. Overview of the autophagic process

Autophagy is a mechanism in which intracellular components and dysfunctional
organelles are delivered to lysosomes for degradation and recycling (Yang and Klionsky, 2020).
The term “autophagy” literally means “self-eating,” and the autophagic process constitutes a
major intracellular degradation system capable of ridding cells of proteins with long half-lives,
as well as protein aggregates, and organelles (Kaur and Debnath, 2015). Thus, this catabolic
process helps maintaining the balance among synthesis, degradation, and recycling of cellular
components and it is involved in the preservation of cellular homeostasis and function (Yang

and Klionsky, 2010).

Depending on the mechanism of how cargos are delivered to lysosomes for degradation,
there are three general types of autophagy, including macroautophagy, microautophagy and
chaperone-mediated autophagy (CMA) (Parzych and Klionsky, 2014; Yang and Klionsky,
2020; Yang and Klionsky, 2010). Microautophagy involves the transport of cytosolic material
into lysosomes through direct invagination or protrusion of the lysosomal membrane (Mijaljica
et al., 2011). During CMA, unfolded soluble proteins selectively translocate across the
lysosomal membrane, based on the recognition of a CMA-specific consensus motif, the
pentapeptide KFERQ (Wu et al., 2015). Macroautophagy is the best-characterized and most

highly conserved mechanism from yeast to mammals, among the three types of autophagy
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(Eskelinen, 2008b; Eskelinen and Saftig, 2009; Feng et al., 2014). Macroautophagy, hereafter
referred to as “autophagy”, requires the sequestration of degradation targets in special double
membrane organelles known as autophagosomes. Once the material destined for degradation is
enclosed, the outer membrane of the autophagosomes fuses to lysosomes, forming a new vesicle
called autolysosome. This ultimately leads to the degradation of the sequestrated material along
with the inner membrane of the autophagosomes (Fig. 1) (Eskelinen and Saftig, 2009). The
essential metabolites derived from degradation return then back to the cytoplasm for the
synthesis of new macromolecules (i.e., proteins) or energy production (Kaur and Debnath,

2015).

Autophagolysosome

Phagophore

&~ 31l Mitochondrion &  Lysosomal enzymes

e ° p62 & Misfolded proteins

Figure 1: General scheme of autophagy. This process begins with the formation of the
isolation membrane (phagophore). The autophagosome, a double membrane vesicle that
integrates the protein LC3-Il, surrounds the cargo, mostly damaged organelles like
mitochondria, misfolded proteins and autophagy-receptor proteins such as p62. The fusion of
lysosomes with autophagosomes causes the formation of autolysosomes, where autophagic
substrates are exposed to hydrolytic enzymes resulting in their degradation and recycling. The
details of the process are discussed in the main text. Figure from Avalos et al., 2018. Cell and

molecular mechanisms behind diet-induced hypothalamic inflammation and obesity.
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Based on the physiological status of the cell, the autophagic process can occur in basal
conditions to maintain cellular homeostasis, or can be induced in response to stress conditions
such as nutrient deprivation or an increase in misfolded proteins (Eskelinen and Saftig, 2009).
Hence, autophagy is an adaptive mechanism that increases cell’s ability to survive under mild
stress conditions. Considering the key role of autophagy in the clearance of damaged proteins
and organelles, dysregulation of this mechanism leads to several diseases such as
neurodegeneration and metabolic disorders (Mizushima and Komatsu, 2011). Importantly,
autophagy impairment has been widely associated with obesity and with the onset of insulin
resistance (Avalos et al., 2017; Carmo-Silva and Cavadas, 2017; Codogno and Meijer, 2010; de

Mello et al., 2019).

Different “autophagy-related proteins” (ATGs) (Klionsky et al., 2003) are involved in
the autophagic process, which can be divided into five stages (initiation, nucleation, elongation,
fusion with the lysosome, and cargo degradation) followed by the release of breakdown products

into the cytosol (Fig. 2).

The “initiation stage” involves the activation of the unc-51-like kinase 1 (ULK1)/focal
adhesion kinase family interacting protein of 200 kDa (FIP200)/ATG13 complex (ULK1
complex), which is achieved by modulation of metabolic sensors (Ravikumar et al., 2010). The
most important is the Serine/Threonine (Ser/Ther) Kinase activity of the mammalian target of
rapamycin complex 1 (mTORCL1), which inhibits the ULK1 complex under basal conditions.
Conversely, in metabolic stress conditions such as nutrient deprivation, cells deplete adenosine
triphosphate (ATP), increasing adenosine monophosphate (AMP) levels and enhancing the

activity of the AMP-activated protein kinase (AMPK), which also has a Ser/Thr kinase activity.
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AMPK can phosphorylate ULK1 at different sites that, unlike mTORC1, will activate ULK1
complex and thereby, initiate autophagy (Kim et al., 2011). Once activated, the ULK1 complex
translocates to membranous sites where the autophagosome forms, also known as “phagophore
assembly site” (PAS), which are located at the plasma membrane, the primary cilia or interaction
sites between the endoplasmic reticulum (ER) and the mitochondria (Mizushima and Komatsu,
2011; Reggiori and Ungermann, 2017). In mammals, these sites are referred to as omegasomes

(Reggiori and Ungermann, 2017).

Then, the isolation membrane of the new autophagosome is generated during the
“nucleation stage”. A kinase complex formed by Vacuolar Sorting Protein (VPS) 34 (VPS34),
Beclin-1, and VPS15 and Autophagy related 14-like protein (ATGL14) generates
phosphatidylinositol 3-phosphate (PI13P) where the isolation membrane is formed, which will
generate the new autophagosome (ltakura and Mizushima, 2010; Ravikumar et al., 2010).
ATG9-containing vesicles cycle between the PAS/omegasome and the Golgi/endosomes, and
they contribute to the recruitment of membranes for the nucleation of the phagophore (Reggiori

et al., 2004; Reggiori and Ungermann, 2017; Yamamoto et al., 2012).

Then, the phagophore extends during the “elongation stage”, a process that is tightly
regulated by two ubiquitin-like systems: the microtubule-associated protein 1LA/1B-light chain
3 (MAP1LC3A, also known as LC3-1) system and the ATG5-ATG12 system (Ohsumi and
Mizushima, 2004). In basal conditions, the LC3-1 protein is uniformly distributed across the
cytoplasm; however, when autophagy is induced, LC3-I is cleaved by ATG4. Then, ATG3
modifies the lipid phosphatidylethanolamine (PE) on LC3-I, generating LC3-1I and

redistributing LC3 to phagophore/ autophagosomal membranes (Tanida et al., 2004). The
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second conjugation system is represented by the ATG5-ATG12 complex, facilitated by ATG7,
an E1-like protein, and ATG10, an E2-like protein. The ATG5-ATG12 complex then interacts
with ATG16L, forming a new complex that works like an E3 enzyme, assisting the

incorporation of LC3-11 into the membrane of the phagophore (Hanada et al., 2007).

The selection of the autophagic cargo occurs in parallel to the processes of sensing,
initiation and elongation. Proteins are targeted for autophagy by ubiquitination and labeled
primarily with the receptor p62/Sequestosome-1 (SQSTM1), which, through an LC3 interacting
region (LIR) (Johansen and Lamark, 2011; Pankiv et al., 2007), recruits LC3-11 to the isolation
membrane (Pankiv et al., 2007). Once the target cargo is bound by LC3-Il, the initiation
machinery is recruited. The final closure of the phagophore leads to the formation of the
autophagosome. This step is completed by a membrane abscission process mediated by the
endosomal sorting complex required for transport (ESCRT) (Takahashi et al., 2018; Yu and
Melia, 2017). This new autophagosome is a double membraned vesicle, which contains the
targeted cargo (Ravikumar et al., 2010). Upon closure, the nascent autophagosome dissociates

from the assembly site and undergoes maturation (Zhao and Zhang, 2019).
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Figure 2: Overview of the autophagic process. Autophagy initiation involves the activation
of multiple molecular components, which are regulated by energy/nutritional status. Activation
of the ULK1-FIP200-ATG13 complex initiates phagophore nucleation, which is the first step
in the process of autophagosome formation. Thanks to the activity of different ATG proteins,
the phagophore elongates forming the autophagosome, which encloses the cytosolic material
that will be degraded. Once the autophagosome is completed, it fuses with the lysosome to allow
the degradation of the enclosed materials to proceed. See the text for additional information.
AMBRA, Activating molecule in BECLIN1-regulated autophagy; AMPK, AMP-activated
protein kinase; ATG, autophagy-related; FIP200, focal adhesion kinase family interacting
protein of 200 kDa; LC3, microtubule-associated protein 1A/1B-light chain 3; mTORC1,
mammalian target of rapamycin complex 1; P, inorganic phosphate; PI3K, phosphatidylinositol
3-kinase; PI3P, phosphatidylinositol (3,4,5)-trisphosphate; TSC1/TSC2, tuberous sclerosis
protein 1/2; Ub, ubiquitin; ULKZ1, unc-51-like kinase; VPS, vacuolar protein sorting. Figure

17



from Hernandez-Caceres et al., 2016. Mutant P53 Located In The Cytoplasm Inhibits Autophagy
(Hernandez-Caceres et al., 2016).

Autophagosome maturation refers to the process involving the progression of nascent
autophagosomes to degradative autolysosomes (Eskelinen, 2005). In multicellular organisms,
autophagosomes are formed simultaneously at different sites, and nascent autophagosomes fuse
with either early/late endosomes to form amphisomes (which its final fate is the lysosome), and
with lysosomes to form autolysosomes, where the cargo will be degraded (Eskelinen, 2005;
Zhao and Zhang, 2019). During the maturation process, all ATG proteins are removed from the
surface of the autophagosome. This process requires the removal of PI3P and LC3 by
phosphoinositide phosphatases and possibly other factors and by members of the ATG4 protease
family, respectively. (Cebollero et al., 2012; Galluzzi et al., 2017; Wu et al., 2014). It must be
noted that the conversion of PI3P into phosphatidylinositol-3,5,-biphosphate PI(3,5)P2 by
mammalian PIKfyve kinases is an important mechanism to dissipate PI3P during endosome

maturation (McCartney et al., 2014; Odorizzi et al., 1998).

Subsequently, autophagosomes are transported toward the perinuclear region of the cell,
where acidic lysosomes are mainly concentrated. Here, autophagosomes fuse with
endolysosomes vesicles to generate autolysosomes (Korolchuk and Rubinsztein, 2011).
Microtubules and actin filaments are the two main components of the cell’s cytoskeleton and
both have been implicated in the trafficking of autophagosomes (Monastyrska et al., 2009). By
using a dynein-dependent transport on microtubules autophagosomes are mobilized toward

lysosomes. In neurons, autophagosomes acquire retrograde mobility by fusing with dynein-
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loaded late endosomes to form amphisomes, which are then trafficked to the soma, the main

location of mature acidic lysosomes (Cheng et al., 2015).

The vesicle trafficking process requires, among other proteins, Rab GTPases, which
cycle between inactive (GDP) and active (GTP) conformation states. Rab GTPases are activated
by GEFs (guanine nucleotide exchange factors), driving GTP binding, and then inactivated by
GAPs (GTPase activating proteins), that hydrolize the bound GTP to GDP, causing loss of
effector binding and extraction from membranes (Lamber et al., 2019). The small GTPase Rab7
is located on late endosomes, lysosomes, and recruited to autophagosomes (Gutierrez et al.,
2004). This GTPase is able to recruit various effectors including motor proteins and tethering
factors to target membranes, thus it is important both for the movement and for the fusion of
autophagosomes with endolysosomal vesicles (Cabrera et al., 2014; Hegedus et al., 2016;
Pankiv et al., 2010). Rab7 links autophagosomes to microtubule motors through FYCO1 (FYVE
and coiled-coil domain-containing 1), thereby mediating kinesin-driven movement towards the
cell periphery (Pankiv et al., 2010). In addition, Rab7 interacts with Rab-interacting lysosomal
protein (RILP) and with dynein protein in order to facilitate the transport of autophagosomes,
autolysosomes and lysosomes to the perinuclear region (Jordens et al., 2001; Kawai et al., 2007,

Wijdeven et al., 2016).

Once the autophagosome and the lysosome encounter the outer membrane of the
autophagosome fuses with the lysosome forming an autolysosome. The fusion of endo-
lysosomal vesicles with autophagosomes broadly require three set of protein families: Rab
GTPases, membrane-tethering complexes and soluble N-ethylmaleimide-sensitive factor

attachment protein receptors (SNAREs) (Nakamura and Yoshimori, 2017). Rab proteins
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localize to specific membranes and recruit tethering complexes that act as bridges to bring the
compartments intended for fusion together (Stenmark, 2009; Zhen and Stenmark, 2015). These
tethering complexes, in turn, help SNARE proteins to physically drive the fusion of opposing

lipid bilayers (Nakamura and Yoshimori, 2017).

On one hand, syntaxin 17 (STX17), a SNARE protein, on the autophagosomes forms
the “trans-SNARE complex” with vesicle-associated membrane protein 8 (VAMPS8), another
SNARE protein, on the lysosomes and with synaptosomal-associated protein 29 (SNAP29) in
the cytoplasm (Itakura et al., 2012), which mediate autophagosome-lysosome fusion. As
mentioned, ATG14L, which is essential for inducing autophagy, also participates in

autophagosome-lysosome fusion by binding with STX17 and SNAP29 (Diao et al., 2015).

On the other hand, Rab7 not only regulates autophagosome movement but also plays a
key role in autophagosome-lysosome fusion and in cargo degradation (Gutierrez et al., 2004),
through the recruitment of several tethering factors to promote the assembly of trans-SNARE
complexes for fusion (Guerra and Bucci, 2016). In addition, it has recently been described a
lysosome-associated multiprotein complex named BLOC-1 related complex (BORC), which
interacts with the small GTPase ARLS8 on lysosomes, to promote ARL8-dependent association
to kinesins, resulting in lysosome movement toward the cell periphery (Jia et al., 2017). BORC
coordinates peripheral deployment of lysosomes with autophagosome-lysosome fusion. The
movement of autophagosomes and lysosomes affects the frequency of autophagosome-
lysosome fusion and the recruitment of fusion factors (Zhao and Zhang, 2019). Once lysosomes
and autophagosomes fuse, the inner membrane of the autophagosome breaks down and the

process of autophagosomal cargo degradation begins (Yu et al., 2018). The degradation
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products, including amino acids and sugars, are recycled and tourn back to the cytosol thanks to
the activity of lysosome efflux transporters (Rong et al., 2011; Yu et al., 2010). The last step of
the autophagic process is known as autophagic lysosome reformation and is fundamental for
lysosome homeostasis (Yu et al., 2010). During this process, lysosomes are reformed by
recycling of lysosomal components from autolysosomes, which allows the mainteinance of the

number of catabolically active lysosomes (Yu et al., 2010).

The whole process of autophagy, from the synthesis of the autophagosomes up to their
lysosomal degradation is defined as autophagic flux (Yang and Klionsky, 2010). Proper function
and integrity of the lysosome is essential for the whole autophagic process to occur. Degradation
of the inner membrane and autophagosome cargo including LC3-I1 is dependent on lysosomal
hydrolases such as cathepsin B, D, and L. Finally, the degraded autolysosome content is released
into the cytosol for protein synthesis and to maintain cellular homeostasis (Geronimo-Olvera

and Massieu, 2019).

Autophagy impairment results in the accumulation of misfolded proteins and
superfluous or damaged organelles. Defective autophagy could lead to cell death and causes
different type of diseases, depending on the cell type involved (Sridhar et al., 2012). As an
example, genetic inactivation of autophagy in the CNS causes spontaneous neurodegeneration
(Hara et al., 2006; Komatsu et al., 2006). Importantly, defective autophagy in the MBH leads to
over-eating, impaired energy expenditure, increased weight gain, and obesity-associated
metabolic complications, such as insulin resistance (Coupe et al., 2012; Meng and Cai, 2011,

Quan et al., 2012). These studies indicate hypothalamic neuronal autophagy is necessary to
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maintain metabolic homeostasis and to prevent metabolic diseases, which will be discussed in

details in the next section.

1.7. Hypothalamic autophagy regulates metabolic homeostasis

The role of autophagy in the development of metabolic diseases has been studied in
several tissues critical for the regulation of body metabolism, including pancreas (specifically
in B cells) (Ebato et al., 2008; Jung et al., 2008), adipose tissue (Singh et al., 2009; Zhang et al.,
2009b), liver (Yang et al., 2010), muscle (Masiero et al., 2009), and hypothalamus (Coupe et

al., 2012; Meng and Cai, 2011; Quan et al., 2012).

As already mentioned, the hypothalamus is a fundamental brain region for the regulation
of energy homeostasis and body metabolism. Different studies have identified a possible
connection between the inhibition of hypothalamic autophagy with the impairment of energy
balance and with the onset of metabolic dysfunctions (Coupe et al., 2012; Kaushik et al., 2011;

Oh et al., 2016; Portovedo et al., 2015; Quan et al., 2012; Rubinsztein, 2012).

Specifically, hypothalamic inhibition of autophagy by shRNA-mediated Atg7
knockdown leads to increased body weight due to hyperphagia and decreased energy
expenditure, as well as insulin resistance upon HFD consumption, suggesting that hypothalamic
autophagy plays a key role in the maintenance of energy homeostasis (Meng and Cai, 2011;
Morselli et al., 2014a). Moreover, the specific deletion of Atg7 in hypothalamic POMC
expressing neurons increases body weight, promotes food intake and reduces energy

expenditure in mice fed a normal diet. Importantly, these mice show increased blood glucose

22



levels, reduced glucose tolerance and insulin resistance (Coupe et al., 2012; Kaushik et al., 2012;
Quan et al., 2012). Interestingly, insulin resistance occurs in Atg7 POMC-knockout mice with a
body weight similar to age-matched controls (Kaushik et al., 2012), suggesting that the loss of
autophagy in POMC neurons is sufficient to dysregulate glucose homeostasis before the onset

of obesity.

In addition, inhibition of autophagy in POMC neurons promotes adipose accumulation
and impairs fasting-induced lipolysis. POMC-specific Atg7 knockout mice show increased liver
weights and triglycerides content. Additionally, these mice are resistant to fasting-induced loss
of body fat and display reduced circulating levels of free FAs and glycerol (Kaushik et al., 2012),
suggesting decreased fasting-induced lipolysis when compared with control mice. Additionally,
it has been demonstrated that POMC-specific deletion of Atg12 promotes adiposity, increases
food intake, and drives glucose intolerance in mice fed with HFD for 12 weeks (Malhotra et al.,
2015). In contrast to mice where autophagy is inhibited in POMC neurons, knockout of Atg7 in
orexigenic AgRP neurons generates mice with reduced fat mass and decreased hyperphagic
response to fasting (Kaushik et al., 2011). In conclusion, the inhibition of autophagy in
orexigenic neurons generates a lean phenotype while the inhibition of autophagy in anorexigenic

neurons leads to an obese phenotype.

Altogether, these studies indicate neuronal hypothalamic autophagy is critical for the
control of cellular energy balance, and for the maintenance of whole-body metabolism.
Autophagy impairment, mainly in POMC neurons, has been shown to contribute to the onset of
obesity and obesity-associated metabolic disorders, particularly insulin resistance (Avalos et al.,

2017; Carmo-Silva and Cavadas, 2017; Kim and Lee, 2014).
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1.8. Regulation of autophagy by high fat diet

As mentioned above, increased amounts of long-chain SatFAs specifically acting in the
hypothalamus cause metabolic disorders (Posey et al., 2009). Chronic consumption of a HFD
rich in SatFAs increases the amount of SatFAs in the brain, specifically in the hypothalamus,
and inhibits hypothalamic autophagy in mice, impairing the hypothalamic regulation of energy
balance (Fig. 3) (Meng and Cai, 2011; Morselli et al., 2014a; Portovedo et al., 2015; Thaler et
al., 2012; Vagena et al., 2019). However, up to date, the molecular mechanisms that cause

inhibition of hypothalamic autophagy following HFD consumption have not been elucidated.

Specifically, chronic HFD feeding for 4 months decreases the expression of autophagic
markers in mice ARC, as evidenced by a reduction of ATG5 and ATG?7 protein levels, both
involved in autophagosome formation. Moreover, the protein levels of LC3-Il in the
hypothalamus of HFD-fed mice are significantly lower than those of chow-fed mice, indicating
a decrease in autophagy (Meng and Cai, 2011). In accordance with this study, the protein levels
of LC3-11 and Beclin-1 decreased, while the levels of SQSTM1 increased in the hypothalamus
of HFD-induced obese mice (Portovedo et al., 2015). These data demonstrate that chronic
feeding with an HFD impairs hypothalamic autophagy, inducing the accumulation of protein

aggregates and loss of cellular homeostasis (Portovedo et al., 2015).

Conversely, after 20 weeks of 60% HFD feeding, the percentage of POMC neurons with
detectable autophagosomes increases more than 10-folds, which could be due to an increase in
autophagosome formation or a decrease in autophagosome degradation in POMC neurons

(Thaler etal., 2012). Accordingly, studies performed in the CLU-189 adult mouse hypothalamic
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cell line treated for 12 h with preconditioned medium collected from a microglial cell line
previously exposed to palmitate show a reduction in Beclin-1 protein and an increase in the
levels of LC3-1l1 and SQSTML1 (Portovedo et al., 2015). These data suggest a dysregulation of

the autophagic process when neuronal cells are exposed to SatFAs.

As previously indicated, PA is the most common SatFA found in animals, and it is
significantly increased in the plasma of obese people (Opie and Walfish, 1963) and in the brain
of mice following HFD consumption (Morselli et al., 2014b; Rodriguez-Navas et al., 2016). As
mentioned above, the long-chain SatFA PA (16:0) accumulates in the hypothalamus of mice
after 4 and 8 weeks of HFD feeding (Vagena et al., 2019). Whether the increase in PA, caused

by long-term consumption of HFD specifically affects autophagy is unknown.

Nowadays, different signaling pathways involved in autophagy regulation have been
identified (Mehrpour et al., 2010), however if and how PA modulates autophagy in
hypothalamic neurons is still unknown. Considering these data, we hypothesized that PA is a
key mediator of HFD-associated metabolic disorders, such as insulin resistance, because it

inhibits autophagic flux in hypothalamic neurons.
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Figure 3: Role of autophagy in POMC and AgRP neurons in the control of energetic
metabolism. Effect of the POMC-specific autophagy-related gene 7 (Atg7) knockout (KO) in
mice fed with regular or high-fat diet (HFD) (A) and starvation (B). Briefly, inhibition of
autophagy specifically in POMC neurons promotes obesity in mice, due to an increase in food
intake and a decrease in energy expenditure caused by diminished Pomc expression and a-MSH
levels. Depletion of autophagy in POMC neurons also impairs glucose tolerance and drives
insulin resistance. Importantly, both dysregulation of glucose homeostasis and obesity are
caused by activation of the IKK/NF-kB proinflammatory signaling pathway. In addition, mice
depleted of Atg7 in POMC neurons are leptin resistant and hyperphagic. (A) POMC-specific
Atg7 KO mice subjected to starvation show a decrease in the release of a-MSH into the PVH
which, in turn, inhibits sympathetic outflow to peripheral tissues such as liver, WAT, and BAT,
decreasing starvation-induced lipolysis and augmenting fat mass (B). (C) Effect of the AgRP-
specific autophagy-related gene 7 (Atg7) KO in mice subjected to starvation. Starvationinduced
lipolysis increases FFA levels at periphery. These FAs cannot activate autophagy in AgRP
neurons. This decreases the level of intracellular FAs, which reduces AgRP expression and,
consequently, increases POMC and a-MSH levels, inhibiting hyperphagic response to starvation
and generating a lean phenotype in mice. a-MSH, a-melanocyte stimulating hormone; BAT,
brown adipose tissue; FA, fatty acids; FFA, free fatty acids; IKK/NF-«xB, IkB kinase/nuclear
factor-xB; KO, knockout; PVH, paraventricular nucleus of the hypothalamus; STAT3, signal
transducer and activator of transcription 3; WAT, white adipose tissue. Figure from Avalos et
al., 2018. Cell and molecular mechanisms behind diet-induced hypothalamic inflammation and

obesity.
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2. HYPOTHESIS

Palmitic acid inhibits the autophagic flux and decreases insulin sensitivity in hypothalamic

neuronal cells.

3. GENERAL AIM

To evaluate whether and how palmitic acid inhibits the autophagic flux and its impact on insulin

sensitivity in hypothalamic neuronal cells.

4. SPECIFICS AIMS

(1) To assess if palmitic acid inhibits the autophagic flux in hypothalamic neurons.

1.1. To analyze, in vitro, in the hypothalamic neuronal cell line N43/5, if palmitic acid inhibits
the autophagic flux through the evaluation of the proteins LC3 and SQSTML1 in presence or

absence of BafAl.

1.2. To characterize, in vitro, the cytosolic structures of the hypothalamic neuronal cell line

N43/5 exposed to palmitic acid using electron microscopy assays.

1.3. To determineg, in vitro, in the hypothalamic neuronal cell line N43/5, if palmitic acid inhibits
the autophagic process, by evaluating the expression of Autophagy Related Genes (ATG)

involved in autophagosome formation.

1.4. To evaluate, in vitro, in the hypothalamic neuronal cell line N43/5, if palmitic acid regulates

the autophagosome-lysosome fusion process.
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1.5. To corroborate, in vitro, in cultures of primary hypothalamic neurons, if palmitic acid
inhibits the autophagic flux through the evaluation of the proteins LC3 and SQSTML1 in presence

or absence of BafAl.

(2) To evaluate if palmitic acid affects lysosomal activity in hypothalamic neurons.

2.1. To determine, in vitro, in the hypothalamic neuronal cell line N43/5 if palmitic acid

exposure changes lysosomal morphology.

2.2. To asses in vitro, in the hypothalamic neuronal cell line N43/5, if palmitic acid exposure

regulates lysosomal acidification and/or lysosomal hydrolases activity.

2.3. To analyze, in vitro, if palmitic acid modulates lysosomal transport, in the hypothalamic

neuronal cell line N43/5.

(3) To characterize proteins in isolated lysosomes from N43/5 cells treated with palmitic

acid through stable isotope labeling with amino acid in cell culture (SILAC).

(4) To determine if palmitic acid decreases insulin sensitivity, in hypothalamic N43/5 cells.
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5. MATERIALS AND METHODS

5.1. Hypothalamic cell line N43/5 and treatments: N43/5 cells (Cellutions Biosystems) were
cultured in Dulbecco’s modified eagle medium (DMEM) high glucose (11995-040, Gibco,
USA) supplemented with 10% of fetal bovine serum (FBS) (10437028, Gibco), 100 U/ml
penicillin streptomycin (15140122, Gibco) and maintained at 37 °C with 5% CO, as described
in previous studies (Belsham et al., 2004; Morselli et al., 2014b). To evaluate the changes in the
autophagic flux in response to PA exposure, cells were incubated with DMEM high glucose
supplemented with 2% of FBS 24 h before treatments and then exposed to 100 uM PA (P0500,
Sigma-Aldrich, St. Louis, MO, USA) conjugated to fatty acid-free bovine serum albumin (BSA)
(152401, MP Biomedicals, Santa Ana, CA, USA). BSA treatment was used as control. To
determine the effect of 6 h treatments on insulin signaling, cells were serum starved in medium
DMEM/F-12 (11330-32, Gibco) overnight prior to treatments. Then, cells were co-treated

with insulin (1 nM) (10516, Sigma-Aldrich) of phosphate buffered saline (PBS).

5.2. Primary hypothalamic neurons and treatments: Briefly, embryonic day 18 pregnant
Sprague Dawley rats were euthanized by CO.. Embryos brains were carefully isolated,
meninges removed and hypothalami separated. Hypothalami were collected and digested with
trypsin — EDTA (Gibco) in HBSS for 10 minutes at 37°C. Then, the solution of trypsin —EDTA
was removed and hypothalami gently dissociated by repeatedly pipetting them up and down
using a fire-polished glass Pasteur, in DMEM medium (Gibco) supplemented with horse serum.
Next, homogenized cell suspension was passed through a 70 uM and 40 uM cell strainer. After

counting, cells were seeded on poly-L-lysine treated culture plates. Hypothalamic neurons were
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maintained in medium Neurobasal supplemented with B-27, L-glutamine, penicillin
streptomycin and maintained at 37 °C with 5% CO 2 for 10 days (DIV10). From DIV2 3 uM
AraC was added to cultured hypothalamic cells, for inhibition of uncontrolled proliferation of
non-neuronal cells (Schwieger et al., 2016). At DIV10 cell cultures were incubated with PA 100

uM or BSA for 16 h.

5.3. Preparation of palmitic acid-BSA complex: Palmitic acid (PA; P0500, Sigma-Aldrich)
was conjugated to fatty acid-free (FFA) bovine serum albumin (BSA; MP Biomedicals) as
previously described (Gremmels et al., 2015). A stock solution of 5 mM of PA-BSA was
prepared. BSA (0.45 g) was dissolved in 0.9% NaCl (7.5 ml), adjusted to pH 7.4. PA (22.43
mg) was dissolved in 100% EtOH, then titrated with 1 M NaOH to pH 10. Next, EtOH was
evaporated in Speed-e-Vac, and the precipitated was dissolved in 0.9% NaCl (4.5 ml) in a
thermoblock at 95°C during 15 minutes. Then, the BSA solution was added to PA solution, and
the final volume was adjusted to 15 ml with 0.9% NaCl. Finally, PA-BSA solution was passed
through a 0.45 um syringe filter and stored at -20°C. PA-BSA complex was used at a final

concentration of 100 uM, as mentioned above.

5.4. Methods to evaluate autophagy and the autophagic flux: Autophagic flux was evaluated
by immunofluorescence (IF), by staining against the protein LC3, which identifies autophagic
puncta, and by western blot (WB), to evaluate LC3l —LC3II conversion, as indicative of
autophagosome formation. Autophagic flux was measured by WB through quantification of
p62/SQSTM1, an autophagy receptor specifically degraded by autophagy (Klionsky et al.,

2016) and using the mCherry-GFP-LC3-N43/5 cell line (cell line which expresses the tandem
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fluorescent-tagged LC3 (mCherry-GFP-LC3)), which allows monitoring autophagosomes and
autolysosomes formation based on the different pH stability of GFP and mCherry fluorescent
proteins (Castillo et al., 2017; Kimura et al., 2007; Klionsky et al., 2016; Pankiv et al., 2007).
This tool has been generated in the laboratory of our collaborator Dr. Patricia Burgos
(Universidad San Sebastian). In addition, fusion between autophagosomes and lysosomes was
measured by co-immunolocalization of LC3 and the lysosomal marker lysosomal-associated
membrane protein 1 (LAMP1) by fluorescence microscopy (Klionsky et al., 2016). In addition,
cells were incubated at the time points indicated in each experiment with the autophagic flux
inhibitor Bafilomycin Al (BafAl, 100 nM) (B1793, Sigma-Aldrich) or with its vehicle DMSO
(BM-0660, Winkler). Finally, as positive control for autophagy induction, we exposed cells to
1uM rapamycin, a mTORC1 inhibitor (Rubinsztein et al., 2012), as indicated in the results

section.

5.5. siRNA transfections: Cells were cultured in six-well plates and transfected at 50%
confluence with siRNAs targeting murine Beclin 1 (BECN1) (SASI_MmO01_00048143, Sigma-
Aldrich) or murine autophagy related gene 7 (ATG7) (SASI_MmO01 00044616, Sigma-
Aldrich). Transfection was performed using Lipofectamine RNAIMAX® Transfection Reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. As negative
control, cells were incubated with Lipofectamine RNAIMAX® Transfection Reagent only
(mock). 48 h after siRNA transfection, cells were treated as indicated or directly lysed for

protein or RNA extraction.
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5.6. Real Time PCR (RT-PCR): RNA was extracted using the RNeasy Kit (Qiagen Sciences,
Inc., Germantown, MD, USA) according to the manufacturer’s instructions. Total RNA (1 ug)
was reverse transcribed using the SuperScript 111 First-Strand Synthesis System (Invitrogen)
according to the manufacturer’s instructions. For analysis of the expression of Autophagy
related genes (Atg) in N43/5 cells, RNA was extracted using the E.Z.N.A.® Total RNA Kit
(OMEGA Bio-Tek, Norcross, GA, USA) according to the manufacture’s indications. cDNA
was synthesized using iScriptTM cDNA kit (Bio-Rad) from 1 ug of total RNA. Quantitative
PCR reactions were carried out on a Step One System Real Time PCR (Applied Biosystems)
using Fast SYBR Green Master Mix (4385370, Life Technologies). Specific forward and

reverse primers sequences used to evaluate gene expression were:

Atg7 Fw: CTGTTCACCCAAAGTTCTTG, Rv: TCTAAGAAGGAATGTGAGGAG;
Sgstm1/p62 Fw: AATGTGATCTGTGATGGTTG, Rv: GAGAGAAGCTATCAGAGAGG,;
Lc3 Fw: GCTCATCAAGATAATCAGACG, Rv: GCATAAACCATGTACAGGAAG; Atg5
Fw: TCAACCGGAAACTCATGGAA, Rv: CGGAACAGCTTCTGGATGAA; Atgl6e Fw:
AGGCGTTCGAGGAGATCATT, Rv: TTCTGCTTGTAGTTTCTGGGTCA; Beclin
Fw: TTGGGTGATGTGGGGAAAGG, Rv: AGACAGCACAGGAGGCATTC; Fip200 Fw:
ACCACGCTGACATTTGACACT, Rv: CTCCATTGACCACCAGAACC; Gabarap Fw:
GCCTACAGTGATGAAAGCGTCTA, Rv: GAGCCTGAAGGAGGAACTGG. Hprtl: Fw:
AAGCCTAAGATGAGCGCAAG, Rv: TTACTAGGCAGATGGCCACA. Hprtl was used as

housekeeping gene. The AACT method was used for relative quantification analysis.
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5.7. Western blot analysis: Cells were lysed in RIPA buffer and 30-40 pg of denatured proteins
from each sample were resolved in 8 or 12% SDS-PAGE. Gels were transferred to nitrocellulose
membranes and incubated with 5% BSA (BM-0150, Winkler, RM, Chile) - tris-buffered saline-
0.1% Tween-20 (TBS-T) to block nonspecific binding. Membranes were incubated with the
primary antibodies anti LC3A/B (4108, Cell Signaling Technology, Danvers, MA, USA),
SQSTM1/p62 (H00008878-M01, Abnova, Jhouzih St., Taipei, Taiwan), p-Insulin Receptor 3
(Tyr1150/1151) (3024, Cell Signaling Technology), IR (ab131238, Abcam), p-AKT (Ser473)
(9271, Cell Signaling Technology), AKT (9272, Cell Signaling Technology), BECN1 (H-300;
sc-11427, Santa Cruz Biotechnology, Inc., Dallas, Texas, USA), Rab7 (1:1000; sc-376362,
Santa Cruz Biotechnology, Inc.), at dilution of 1:1000 in 5% BSA-TBS-T overnight on a rocking
platform at 4°C. Then, membranes were washed 3 times for 10 min in TBS-T and revealed with
the appropriate horseradish peroxidase-labeled secondary antibodies (Goat Anti-Mouse IgG (H
+ L)-HRP Conjugate, 1706516; Goat Anti-Rabbit IgG (H + L)-HRP Conjugate, 1706515; Bio-
Rad, CA, USA) and the chemiluminescent substrate. GAPDH (1:1000; sc-365062, Santa Cruz
Biotechnology, Inc.) and B-actin (1:10000; A1978, Sigma-Aldrich) were used as loading
control. To evaluate insulin signaling the same samples were run on parallel gels, one for p-
AKT and the other for AKT. Analysis of data was performed by comparing p-AKT versus b-

actin and AKT versus b-actin. The obtained ratios were analyzed.

5.8. Immunofluorescence and fluorescence microscopy: For fluorescence microscopy
determinations in N43/5 cells, cells, cultured on coverslips, were fixed with cold methanol (-20
°C) for 10 min or with 4% (w:v) paraformaldehyde (PFA) for 20 minutes at room temperature.

After PFA fixation, cells were permeabilized with triton 0,1% for 20 minutes at room
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temperature. Then, cells were blocked in 3% BSA in PBS for 1 h and then incubated with the
following primary antibodies overnight at 4 °C. The primary antibodies used are LC3A/B
(1:250; Cell Signaling Technology), SQSTM1/p62 (1:300; Abnova), LAMP1 (1:500; 553792,
BD Pharmingen, USA), Rab7 (1:100; sc-376362, Santa Cruz Biotechnology, Inc.) Primary
antibodies staining was followed by conjugation with its respective secondary antibody (1:300;
Alexa Fluor®, Life Technologies) for 1 h at room temperature. Nuclei were counterstained with
DAPI. Confocal images were taken in an inverted fluorescence microscopy Leica DMI600 (Dr.
Patricia Burgos Laboratory, Universidad San Sebastian) or in an inverted confocal microscope
LSM 880 Zeiss with Airyscan detection (Unidad de Microscopia Avanzada UC (UMA UC)).
Images were quantified using ImageJ software (NIH, Bethesda, MD), and by using the Spot
Detector plugin within the open source software, ICY (Institut Pasteur and France Biolmaging).
Co-localization, fluorescence intensity analysis, and size measurement of LAMP1 and LC3 dots

were made accordingly to Bustamante et al. (2020).

5.9. Methods to evaluate lysosomal activity: To determine lysosomal function the following

experiments were performed:

(A) Lysosomal pH measurement. We evaluated, by confocal microscopy, the pH of lysosomes
of cells treated with PA, using 100 nM LysoTracker Red DND-99 probes (L7528, Invitrogen),
which accumulates and emits fluorescence in acidic compartments. Cells were incubated with
this probe for the last 45 minutes of treatments, and then washed twice with PBS. Following,
cells were fixed with 4% (w:v) PFA for 20 minutes at room temperature and nuclei were

counterstained with DAPI. Subsequently, images were taken in an inverted fluorescence
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microscopy Leica DMI600 (Dr. Patricia Burgos Laboratory, Universidad San Sebastian), and

quantified using ImageJ software.

(B) Lysosomal enzyme activity: We measured using the Magic Red kit (Immunochemistry
Technologies, LLC) the activity of cathepsin B, a lysosomal member of the papain-like family
of cysteine proteases, as indicated by the manufacturer’s instructions. This kit uses a permeable
cathepsin B substrate that, once hydrolyzed, liberates membrane-impermeable fluorescent
cresyl violet within the organelles that contain a catalytically active cathepsin B (Bright et al.,
2016; Creasy et al., 2007; Pryor, 2012). Briefly, for N43/5 cell line, cells were plated on glass
bottom dishes, treated with PA for 6 h or BafAl for 2 h and then loaded with Magic Red probe
for 20 min in DMEM medium in humidified 5% CO> atmosphere at 37°C. They were washed 3
times with PBS and then loaded with Hoechst, to stain the nuclei, for 10 min and finally washed
3 additional times with PBS. Cells were maintained in DMEM medium with HEPES.
Experiments have been performed following manufacturer’s instructions. Images were taken in
an inverted fluorescence microscope Leica DMI600 (Dr. Patricia Burgos Laboratory,

Universidad San Sebastian), and cells analyzed using the open source software, ICY.

(C) Lysosomal movement: To label and track lysosomes, N43/5 cells were incubated with 100
nM LysoTracker Red DND-99, during the latest 45 min of PA (6 h, 100 uM) or BSA treatment,
and then washed twice with PBS. Then, live cells were maintained in DMEM (supplemented
with 2% FBS) at 37°C and 5% CO: and visualized in an inverted confocal microscope LSM
880 Zeiss with Airyscan detection (UMA UC). Time-lapse images were collected every 3.39 s

for 90 frames. Analysis of the live cell imaging studies including tracking, velocity and
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displacement were performed with the ICY software (http://icy.bioimageanalysis.org/). The
pseudobinary threshold was determined with the plugin for batch analysis. Then, we configured
size, detector type and dimensional parameters using the spot detector plugin. Further, we
established the movement of the signals detected configuring the tracking parameters with the
spot tracking plugin. Finally, we obtained the speed and displacement of each channel with the

track manager using the Track Processor Instant Speed plugin.

5.10. Electron microscopy: Cells were fixed in 2.5% glutaraldehyde (16210, EMS, PA, USA)
in 0.2 M phosphate buffer (PB) pH 7.4 at room temperature for 16 hours. Then, cells were
washed 3 times with PB and post-fixed in 1% osmium tetroxide/1% ferrocyanide for 1 hour at
4°C. Subsequently, cells were double-stained with 2% uranyl acetate and lead citrate overnight
at 4°C. After dehydration in graded series of ethanol, cells were embedded in epoxy resin 812
and sectioned using a Leica ultramicrotome (Leica Microsystems, Vienna, Asutria). Images
were taken in a transmission electron microscopy Hitachi H-7650 (Tokyo, Japan). These
experiments were performed in collaboration with Dr. Li Yu (Tsinghua University, Beijing,

China).

5.11. Rab7-GTP pull down assay: Rab7-GTP pulldown assays were performed in
collaboration with the laboratory of Dr. Vicente Torres (Universidad de Chile), as previously
described (Diaz et al., 2014; Torres et al., 2008). Briefly, cells were lysed in a buffer containing
25 mM HEPES (pH 7.4), 100 MM NaCl, 5 mM MgClz, 1% NP 40, 10% glycerol, 1 mM
dithiothreitol and protease inhibitors. Extracts were incubated for 5 min on ice and clarified by

centrifugation (10,000xg, 1 min, 4°C). Postnuclear supernatants were used for pulldown assays
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with 30 pg of GSH beads precoated with GST-RILP (Rab7-GTP pulldown) per condition. Beads
were incubated with supernatant for 15 min at 4°C in a rotating shaker. Thereafter, beads were

collected, washed with lysis buffer containing 0.01% NP 40 and samples were analyzed by WB.

5.12. Isolation and characterization of the lysosomal fraction and realization of SILAC in
N43/5 hypothalamic neuronal cells: Stable labeling with amino acids in cell culture (SILAC)
analysis were performed in collaboration with the laboratories of Dr. Budini, Dr. Criollo
(Universidad de Chile) and Dr. Burgos (Universidad San Sebastian), as part of the collaborative
Anillo Project “Mechanisms of Autophagy in Obesity” (172066). In brief, N43/5 cells were
exposed to 100 uM of PA for 6 h in presence of heavy L-Lysine:2 HCL (13C6, 99%) and L-
Arg (13C6, 99%, 15N4, 99%). BSA was used as a control. For lysosomal isolation we used an
adapted protocol from Storrie, B. et al. (Storrie and Madden, 1990) and Dr. Ana Maria Cuervo’s
laboratory. Cells were lysed using a nitrogen cavitation chamber with a subsequently two
rounds of Nycodenz gradient ultracentrifugation to separate lysosomal fractions. Different
fractions were analyzed by western blot to evaluate the grade of purity (LAMP1, LAMP2A and
Cathepsin D). Following lysosomes isolation, samples were sent to mass spectrometry analysis
at the Plateforme Protéomique Structurale et Fonctionnelle, Institut Jacques Monod - CNRS et
Université Paris-Diderot (France). SILAC proteomic analysis was performed by Mascot 2.5.1
coupled to Proteome Discoverer 2.2 and the Swissport database of Proteome Discoverer. To
determine the rate of significant abundance, a p value of <0.05 and a False Discovery Rate <
0.01 were established. The abundance ratio above 1.5 and below 0.5 were considered up-

regulated and down-regulated, respectively.
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5.13. 2-NBDG uptake: To assess the insulin-dependent glucose uptake, N43/5 cells were
stimulated with insulin 1 nM for 30 min and incubated with the fluorescent analog of glucose
(2-NBDG, 300 mM) for 15 min at 37 °C, as previously described (Bernal-Sore et al., 2018).
Cells were transferred to an inverted Nikon Ti Eclipse microscope equipped with 40X oil
objective [numerical aperture, N.A. 1.3]. A Xenon lamp was coupled to the monochromator
device (Cairn Research Ltd, Faversham, UK). Digital images were acquired by means of a
cooled CCD camera (Hamamatsu ORCA 03, Japan). Images were quantified by Imagel
software (NIH, Bethesda, MD). These experiments were performed in collaboration with Dr.

Rodrigo Troncoso (Universidad de Chile).

5.14. Results and statistical analysis: Results are shown as mean £ SEM from at least 3
independent experiments. Two groups were compared using two-tailed Student’s t tests. For
more than two groups, one- or two-way ANOVA was used, as appropriate, followed by post
hoc adjustment. All analyses were performed with GraphPad software (San Diego, CA, USA).

P value of <0.05 was considered statistically significant.

39



6. RESULTS

6.1. Palmitic acid inhibits autophagic flux in hypothalamic neuronal cells

It has been previously shown that autophagy is dysregulated in vivo in the hypothalamus
of male mice chronically fed with HFDs (Meng and Cai, 2011; Morselli et al., 2014a; Portovedo
et al., 2015). Considering that in the brain of mice fed with the same diet for 16 weeks palmitic
acid (PA) is significantly increased (Morselli et al., 2016; Morselli et al., 2014b; Rodriguez-
Navas et al., 2016), we determined the effect of this SatFA on the autophagic flux in the N43/5
hypothalamic neuronal cell line, a model of POMC neurons (Oh et al., 2016). Accordingly, cells
were treated with 100 uM PA, a concentration of PA similar to the one identified in the brain of

obese mice chronically exposed to HFDs (Rodriguez-Navas et al., 2016).

Autophagy can be monitored by two different approaches: (1) direct observation of
autophagy related structures; and (2) quantification of autophagy/lysosome-dependent
degradation of proteins. Importantly, to accurately estimate the autophagic activity, it is
fundamental to determine the autophagic flux, which is defined as the amount of autophagic
degradation (Yoshii and Mizushima, 2017). LC3 is currently the most widely used
autophagosome marker because the amount of LC3-I1 reflects the number of autophagosomes
and autophagy-related structures. It must be noted, however, that the LC3-11 amount at a given
time point does not necessarily estimate the autophagic activity, because not only autophagy
activation but also inhibition of autophagosome degradation increases the levels of LC3-1I
(Klionsky et al., 2016; Yoshii and Mizushima, 2017). Thus, to measure the autophagic flux, it

is essential to use an autophagy substrate such as the protein SQSTM1/p62, which directly binds
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to LC3 and is selectively degraded through the autophagic process (Pankiv et al., 2007). In
addition, in order to corroborate whether PA is affecting the autophagic flux in our cellular
models, we also used BafAl a potent V-ATPase inhibitor, which impairs lysosomal
acidification and autophagic cargo degradation (Mauvezin and Neufeld, 2015). Therefore, the
difference in the amount of LC3-11 between samples with and without this lysosomal inhibitor

represents the level of the autophagic flux (Yoshii and Mizushima, 2017).

Figure 4 shows that PA treatment affects the lipidation of LC3 as observed by the
increase in the protein levels of LC3-1I (Fig. 4A, B), suggesting an increase in the number of
autophagic structures. This was accompanied by an increase in the amount of p62/SQSTM1,
which accumulates when the autophagic flux is decreased (Fig. 4A, D). These observations have
been corroborated by IF studies in N43/5 cells stained against LC3, which show PA treatment
stimulates the formation of autophagic puncta (Fig. 4E, F), and increases SQSTML1 protein dots
(Fig. 4E, G), compared to control conditions (BSA). Furthermore, we confirmed the effect of
PA on autophagic flux by using BafAl, determining that BafAl does not further enhance the
PA-triggered induction of LC3-1l protein levels (Fig. 4A-C) or LC3 puncta (Fig. 4E-F),
suggesting that the increase in the LC3 levels induced by PA is the consequence of the
accumulation of autophagic structures. These results indicate that PA inhibits the autophagic

flux in N43/5 cells, a model of hypothalamic POMC neurons (Oh et al., 2016).

In addition, we also evaluated the effect of PA exposure on primary hypothalamic
neurons in terms of modulation of autophagy. Consistently with the results obtained in N43/5
cells, 16 hours of PA treatment increases the number of autophagic structures (Fig. 4H, 1), as

well as the amount of SQSTM1/p62 protein aggregates (Fig. 4H-J). Treatment with BafAl
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confirmed that, also, in primary hypothalamic neurons, PA inhibits the autophagic flux (Fig.

4H-J).

6.2. Palmitic acid does not affect autophagy related genes involved in autophagosome

formation in N43/5 cells

To corroborate that the effect of PA on the increase of LC3 puncta as well as LC3-11
protein levels was due to autophagic flux inhibition and not to de novo synthesis of
autophagosomes, we evaluated several autophagy related genes (Atg) involved in the formation
of these structures. As shown in Figure 5A, PA treatment increases the number of LC3 puncta
as well as the number of SQSTM1 dots, already 1 h following PA exposure, which is maintained
until 6 h of treatment (Fig. 5A-C). Importantly, the levels of Atg5, Atg7, Atgl6, Beclin 1, Fip200
and Gabarap, which are essential autophagy genes required for autophagosome formation, are
not increased by PA exposure, and Lc3 and Sgstml levels, even if affected, are significantly
increased only 6 h and 4 h, respectively, following PA exposure, and thus after the increase in
the number of autophagic structures (Fig. 5D-K). These results suggest that the increase in LC3
puncta and the increase in LC3-I1 proteins levels are not due to newly formed autophagosomes
but rather to an accumulation of autophagic structures, as consequence of the decrease in the
autophagic flux, confirming PA treatment specifically inhibits the autophagic flux in N43/5

cells.
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6.3. Palmitic acid induces lysosomal swelling and reduces autophagosome-lysosome fusion

in N43/5 cells exposed to Bafilomycin Al

During the autophagic process cytosolic components are first sequestered in a double-
membrane vesicle called autophagosome, which acquires the hydrolases required for cargo
degradation upon fusion with lysosomes, forming autolysosomes, in which the substrates are
degraded and the simple molecules are released for recycling. Thus, the decrease in the
autophagic flux could be caused by impaired fusion of autophagic vacuoles with lysosomes, or
because of compromised proteolytic activity of the lysosomal hydrolases (Klionsky et al., 2016).
Therefore, to elucidate the mechanism involved in reduced autophagic flux induced by PA, we
first evaluated if the process of autophagosome-lysosome fusion was affected, by performing a
classic analysis of co-localization between autophagosomes and lysosomes by IF staining of
LAMP1, as a lysosomal marker, and LC3 to identify autophagic structures (Klionsky et al.,

2016).

As seen in Figure 6A-B, lysosomes of N43/5 cells treated with BSA show the classic a
punctate appearance, whereas lysosomes of cells treated with PA are more likely circular and
larger, a morphology defined as “lysosome swelling” (Choy et al., 2018), which is generally
associated with impaired lysosomal activity (Ballabio and Gieselmann, 2009; Settembre and
Ballabio, 2014), and with autophagic flux inhibition (Yamamoto et al., 2017). Cells were also
co-stained against LC3, and, as expected, PA treatment increases LC3 dots compared to BSA
condition (Fig. 6A), however we do not observe significant differences in the percentage of co-
localization between LAMP1 and LC3 after PA treatment (Fig. 6A, C). Despite this, in cells co-

incubated with PA and BafAl the co-localization between both markers is significantly
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decreased compared to cells treated only with BafAl, where the co-localization levels of
LAMP1 and LC3 are significantly higher than in control cells (Fig. 6A, C). These data indicate
that PA induces lysosome enlargement and, in presence of BafAl, it impairs autophagosome-
lysosome fusion. Thus, these results suggest that the decrease in autophagic flux induced by PA
could be consequence of both lysosomal dysfunction as well as reduced autophagosome-

lysosome fusion.

6.4. Palmitic acid does not abolish lysosomal acidity or lysosomal activity in N43/5 cells

In this study, we have observed that PA induces lysosomal swelling after 6 h of treatment
in N43/5 cells (Fig. 6). As mentioned, this has been associated with a decrease in lysosomal
function, which directly impairs autophagosome-lysosome fusion in some cellular models
(Kawai et al., 2007). Thus, we next evaluated if PA treatment affects lysosomal pH, using the
pH-sensitive lysosomal dye LysoTracker Red, which accumulates and emits red fluorescence
in acidic compartments with pH < 6.5 (Duvvuri et al., 2004), including endosomes and
lysosomes (Hu et al., 2015). Then, we measured cathepsin B activity using the Magic Red assay.
As shown in Figure 7, PA does not decrease LysoTracker (Fig. 7A-B) or Magic Red
fluorescence intensity (Fig. 7E-F), which instead results higher in both cases, compared to
control. Moreover, a decreased number of big puncta positive for LysoTracker (Fig. 7A, C-D)
and for Magic Red dyes (Fig. 7E, G-H) was seen. In contrast with these observations, BafAl,
which targets the vacuolar type H*-ATPase preventing lysosomal acidification (Mauvezin and
Neufeld, 2015), as expected, increases cellular pH (Fig 7A-B) and impairs cathepsin B activity

(Fig. 7E-F), as shown by the reduced fluorescence of LysoTracker and Magic Red dye,
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respectively. These data indicate that PA induces the accumulation of enlarged endo-lysosomal

vesicles, without affecting lysosomes acidity and their hydrolytic activity.

6.5. Palmitic acid reduces the dynamics of endolysosomal structures in N43/5 cells

Previous studies have shown that an altered endolysosomal dynamics contributes to
autophagic defects leading to different neurodegenerative and non-neurodegenerative diseases
(Colacurcio et al., 2018; Malik et al., 2019; Xie et al., 2015). Thus, we evaluated by live cell
imaging if PA affects the dynamics of endolysosomal structures in N43/5 cells. Our data show
that exposure to PA significantly decreases the velocity (Fig. 8A,B) and the traveled distance
(Fig. 8C) of large LysoTracker vesicles, indicating PA reduces the trafficking of endolysosomal
vesicles. These results suggest that autophagic flux inhibition in N43/5 cells might be caused by
impaired fusion of autophagic and endolysosomal vesicles as consequence of a reduced

intracellular vesicle trafficking.

6.6. Palmitic acid induces the formation of large autophagic vesicles in N43/5 hypothalamic

neuronal cells

Our results show PA reduces the autophagic flux (Fig. 4), that lysosomes do not show
reduced hydrolytic activity (Fig. 7), they are bigger and swollen (Fig. 6 and 7) and that their
movement is reduced (Fig. 8). Thus, we decided to evaluate whether PA decreases autophagic
flux by impairing autophagosome-lysosome fusion. To this aim, we used a dynamic autophagic
flux sensor consisting on a tandem fluorescence construct of mCherry coupled to GFP-LC3

(Kimuraetal., 2007; Pankiv et al., 2007), which is based on the inactivation of GFP fluorescence
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in acidic compartments, such as lysosomes (Castillo et al., 2017). Accordingly, increased
number of red puncta indicates enhanced autophagic flux (delivery of cargo into lysosomes),
whereas yellow puncta (merge of green and red channels) are indicative of autophagosome
formation and accumulation (Castillo et al., 2017). To ensure the correct interpretation of the
results, we used as positive control for autophagy induction the drug rapamycin, a mTORC1
inhibitor, and BafA1l, to inhibit the autophagic flux (Rubinsztein et al., 2012). As expected,
rapamycin treated cells show a higher number of LC3 red dots than controls (Fig. 9A-C), which
indicates the autophagic flux is enhanced. Conversely, BafAl significantly increases the number
of LC3 red puncta as well as the number of LC3 yellow puncta, indicating a decrease in GFP-
LC3 degradation, confirming BafAl treatment decreases the autophagic flux (Fig. 9A-C),
because of diminished lysosomal acidification (Mauthe et al., 2018). Interestingly, cells treated
with PA show a significant higher number of LC3 red dots, compared to control cells, but also
a significant increase in LC3 yellow puncta (Fig. 9A, B), resulting in reduced autophagic flux
(Fig. 9C). Importantly, the size of LC3 yellow dots is the biggest compared to all conditions
(Fig. 9A, D), consistently with our previous observations (Fig. 4). These data suggest that PA
induces the accumulation of large autophagic structures lacking degradative capacity possibly

as consequence of impaired fusion between autophagic vesicles and lysosomes.

6.7. Palmitic acid induces the accumulation of large cellular degradative compartments in

N43/5 hypothalamic neuronal cells

Our data suggest that PAinhibits the autophagic flux in hypothalamic neurons and

induces the accumulation of big autophagic structures (Fig. 4, Fig. 9). Next, we performed an
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electron microscopy (EM) analysis, which is considered as gold standard to recognize
autophagic vesicles (Eskelinen, 2008a, c; Klionsky et al., 2016), to evaluate the morphology of
cytosolic structures of N43/5 cells treated with PA, and to confirm whether PA impairs

autophagosome-lysosome fusion.

As already mentioned, the distinctive characteristic of autophagy is that cytosolic
components are first sequestered in a double-membrane vesicle called autophagosome, which
acquires the hydrolases required for cargo degradation after fusion with lysosomes, forming
degradative autolysosomes. However, the autophagic cargo can also reach the lysosomal lumen
through fusion of autophagosomes with early endosomes or with late endosomes to form
amphisomes (Liou et al., 1997). Without performing an immunoglold staining, it is difficult to
distinguish between lysosomes, autolysosomes or amphisomes, thus, in agreement with a recent
study (Mauthe et al., 2018); we decided to group these organelles in a single category called
“cellular degradative compartments” (DGCs). EM images show that PA treatment increases the
number of large DGCs (Fig. 10A-C). Importantly, the big DGCs we identified are mostly limited
by a single membrane and show an intra-luminar heterogeneous content (Fig. 10A). Within the
vesicles we can distinguish multilamellar bodies, composed of concentric membrane layers,
multivesicular bodies, containing multiple internal vesicles, and portions of the endoplasmic
reticulum (Fig. 10A). Importantly, in PA-treated cells, we could not find conventional
autophagosome-like structures, characterized by a double membrane vesicle composed by
morphologically intact cargo (Eskelinen, 2005), suggesting that an additional process may be
occurring rather than just the disruption of autophagosome-lysosome fusion. Since in PA treated
cells we observed an accumulation of large vesicles with heterogeneous intraluminal content,

indicative of partially degraded cargo, we can speculate that these structures could be large
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amphisomes or aberrant autolysosomes (Eskelinen, 2005, 2008c). Taking into account these
data and together with our previous results indicating a decrease in endolysosomal dynamics
(Fig. 8), we suggest PA induces the accumulation of big DGCs (Fig. 10) as consequence of

impaired endo-lysosomal trafficking in N43/5 cells.

6.8. Palmitic acid increases Rab7 activation in N43/5 cells

As we observed large DGCs following PA exposure, and since our data show PA impairs
endo-lysosomal trafficking, we evaluated wether the activation state of the small GTPase Rab7,
a key protein involved in this process. Rab7 defines the maturation of endosomes and
autophagosomes, directing the trafficking of cargos along microtubules, participating in the final
step of autophagosome-lysosome fusion (Guerra and Bucci, 2016; Hyttinen et al., 2013), which

is essential for the degradation of the autophagosomal content (Gutierrez et al., 2004).

Thus, we evaluated if PA affects Rab7 activity in our cellular model. First, we examined
by IF whether PA alters the morphology of Rab7, and, as shown in Figure 11A, we observe that
after 6 h of treatment, PA induces the formation of enlarged Rab7 positive structures, which
have been associated with a hyper-activated Rab7 (Bucci et al., 2000). Next, using a pull down
assay, we evaluated the activation state of Rab7, and in agreement with the previous results, we
see that PA increases the protein levels of Rab7-GTP compared to control conditions (Fig. 11B,
C), indicating PA promotes Rab7 activation state. To note, Rab7 hyper-activation causes the
accumulation of enlarged autolysosomes (Yu et al., 2010), and enlarged endolysosomal vesicles,
containing aberrant intraluminal content, as consequence of the disruption of intracellular

transport routes involved in the maintenance and maturation of endolysosomal membranes
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(Jongsma et al., 2020). These results suggest that PA is able to modulate the activation state of
Rab7, impairing the later phases of the autophagic process, including autophagic maturation

and/or autophagic fusion with endolysosomal vesicles.

6.9. Palmitic acid affects the levels of proteins linked to the endolysosomal and to the

autophagic pathways

Considering that lysosomes serve as terminal degradation hubs for autophagic and
endosomal components, we performed a SILAC based proteomic analysis from isolated
lysosomes of N43/5 cells treated with PA. The aim of this experiment was to identify proteins
related to the endo-lysosomal and with the autophagic trafficking pathways mainly linked to the
small GTPase Rab7 regulation and with autolysosome formation. In the Table | are summarized
the list of significantly upregulated proteins found in lysosomes of N43/5 cells exposed to PA

for 6 h.

We found increased protein levels of TBC1 domain family member 15 (TBC1D15), a
Rab7 GAP responsible for promoting GTP hydrolysis inactivating Rab7, resulting in its
dissociation from the lysosomal membrane (Zhang et al., 2005). This data suggests its increase
in the lysosomes of PA-treated cells could be associated with the previously observed hyper-
activation state of Rab7 (Fig. 11). This indicates that Rab7 activation/inactivation cycle state
might be dysregulated as consequence of altered TBC1D15 levels in lysosomes of PA-treated

cells.
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Also, we identify increased levels of the biogenesis of lysosomal organelles complex 1
subunit 1 (BLOC1S1), of the BLOC-1 related complex subunit 5 (BORCS5/myrlysin), and of
BLOC-1 related complex subunit 7 (BORCS7/diaskedin). All these subunits are part of the
lysosome-associated multiprotein complex named BLOC-1 related complex (BORC) (Pu et al.,
2015). BORC associates with the cytoplasmic leaflet of the limiting late endosomal/lysosomal
membrane and promote its migration through the cell periphery (Guardia et al., 2016; Pu et al.,
2015). In addition, BORC complex, participates in the recruitment of proteins involved in
autophagosome-lysosome fusion (Jia et al., 2017). Moreover, the BORC complex regulates
PIKfyve-dependent production of the lipid phosphatidylinositol 3,5-bisphosphate (P1(3,5)P2)
modulating lysosomal reformation and lysosomal size (Yordanov et al., 2019). Furthermore,
BLOC1S1, is also part of the biogenesis of lysosome-related organelles complex 1 (BLOC1),
which is found on tubular endosomes and plays an important role in the biogenesis of lysosome
related organelles such as melanosomes (Di Pietro et al., 2006; Langemeyer and Ungermann,
2015). BLOC1 also has been associated with endosomal maturation and cargo transport from
early endosomes toward lysosomes (John Peter et al., 2013; Setty et al., 2007; Zhang et al.,
2014). This suggests that, in PA treated cells, the increased lysosomal localization of these
proteins, that are required for the proper trafficking of autophagosomes/lysosomes and for the
regulation of lysosomal size, could be affecting the fusion of autophagosomes with

endolysosomal vesicles.

Additionally we found increased levels of the Protein VAC14 homolog (Vacl4), also
named Associated Regulator of PIKfyve (ArPIKfyve) in isolated lysosomes from N43/5 treated
with PA. Vacl4 maintains the integrity of the PIKfyve complex via homo and heteromeric

interactions with the remaining subunits (Jin et al., 2008; Sbrissa et al., 2007). It has been
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observed that malfunction of one of these complex members, particularly VVac14 dysfunction,
leads to cellular vacuolization (Sbrissa et al., 2007; Schulze et al., 2014; Schulze et al., 2017).
Furthermore, Vacl4 is crucial for Rab7-dependent endolysosomal maturation process and
Rab9-dependent transport of lysosomal membranes to the trans-Golgi network (Schulze et al.,
2014). These data suggest that VVac14 increase in lysosomes of PA-treated cells might lead to

endo-lysosomal maturation impairment promoting lysosomal swelling (Fig. 6, 7).

We also found increased levels of Rab22a, a small GTPase that associates with early and
late endosomes, but not with lysosomes (Mesa et al., 2001). Interestingly, overexpression of
RAb22a in CHO cells causes a prominent morphological enlargement of the early and late
endosomes, and cells expressing a constitutively active mutant showed its presence in early and
late endosomes as well as lysosomes and autophagosomes (Mesa et al., 2001). Furthermore, it
has been confirmed that Rab22a can affect the trafficking from endosomes to the Golgi (Mesa

et al., 2005), again suggesting that PA might be affecting intracellular vesicle trafficking.

All these data suggest PA, in N43/5 cells, increase lysosomal localization of key proteins
involved in the autophagic and endo-lysosomal intracellular trafficking pathway, impairing

autophagic flux and, in consequence, leading to the accumulation of DGCs.

6.10. Palmitic acid reduces insulin sensitivity in N43/5 cells

Once we confirmed that PA inhibits the autophagic flux in our hypothalamic cellular
models, we decided to evaluate if this impairment in autophagy has a physiological

consequence. Considering that consumption of HFDs increases PA levels in the hypothalamus

51



(Rodriguez-Navas et al., 2016; Vagena et al., 2019), and that intracerebroventricular injection
of PA blunts hypothalamic insulin signaling (Benoit et al., 2009), we first evaluated if N43/5
cells could respond to insulin and the role of autophagy in maintaining this response. Following
exposure to insulin, levels of AKT phosphorylation (p-AKT) increased (Fig. 12A-B), showing
that N43/5 hypothalamic neuronal cells are, indeed, sensitive to insulin. Critically, PA treatment
reduced AKT phosphorylation levels (Fig. 12A-B) and consistently, PA exposure inhibited
insulin-induced glucose uptake (Fig. 12C-D), compared to control cell. Altogether, these results

indicate PA reduces insulin sensitivity in N43/5 hypothalamic neuronal cells.

6.11. Inhibition of autophagy reduces insulin sensitivity in N43/5 cells

Our data indicate PA inhibits the autophagic flux and reduces insulin sensitivity. In the
next series of experiments, we determined if this response is specific to PA or if other
compounds that inhibit the autophagic flux also affect the insulin response. First, we exposed
N43/5 cells to BafAl or vehicle (DMSO) for 6 h and added insulin during the last 3 or 15 min.
While insulin treatment increased p-Insulin Receptor (IR) and p-AKT levels (3 and 15 mins
following insulin treatment, respectively), confirming N43/5 cells are sensitive to insulin,
pretreatment with BafAl prevented the increase in their phosphorylation (Fig. 13A-C).
Importantly, the reduction in insulin sensitivity was also confirmed by the decrease in insulin-
dependent glucose uptake, which as observed in Figure 13 (D-E), was blunted by BafAl
treatment. In addition, BafA1l exposure increased the levels of LC3-11 and SQSTM1 (Fig. 13A),

suggesting that inhibition of the autophagic flux reduces the insulin response in N43/5 cells.

52



Then, we assessed if inhibition of autophagy, and not only the inhibition of the autophagic
flux, could affect the response to insulin in our cellular model. To do this, we downregulated
the expression of two autophagy essential genes Beclinl and Atg7 (Fig. 13F, J) and evaluated
the levels of IR and AKT phosphorylation in response to insulin treatment. Interestingly,
downregulation of both autophagy essential genes significantly reduced the levels of p-IR and
p-AKT following insulin treatment (Figure 13F-L). Altogether, these results indicate inhibition
of autophagy, by downregulation of autophagy essential genes, reduces insulin sensitivity of

N43/5 cells.

Importantly, it has been demonstrated that hypothalamic GLUT4 neurons is a key
mediator of insulin action (Ren et al., 2015), and that insulin-mediated GLUT4 membrane
translocation is required for the transportation of glucose in hypothalamic neurons (Changou et
al., 2017; Jurcovicova, 2014; Thierry Alquier et al., 2006). Interestingly, our SILAC based
proteomic analysis (Table I) shows that the Rab7 GAP, TBC1D15 is increased in lysosomes
following PA treatment. As previously mentioned, TBC1D15 is involved with autophagic and
endolysosomal trafficking pathway and regulates glucose uptake by affecting the translocation
of GLUT4 through late endosomal pathway in different cell lines (Wu et al., 2019).
Additionally, PA treatment increases lysosomal levels of the PIKfyve activator Vac14, which is
linked to insulin-activated GLUT4 translocation and glucose transport in 3T3-L1 adipocytes
(lkonomov et al., 2007). The increase in these two proteins following PA treatment suggests the

insulin-dependent translocation of GLUT 4 to the cells membraine is impaired.
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Altogether, these data strongly suggest that, in N43/5 hypothalamic neuronal cells, the
inhibition of the autophagic flux caused by PA reduces insulin sensitivity and glucose uptake,

as consequence of impairment of endolysosomal trafficking.
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Figure 4: Palmitic acid inhibits the autophagic flux in hypothalamic cells. (A)
Representative western blot of LC3 and SQSTML1 levels in N43/5 cell lysates, incubated with
vehicle (BSA) or PA (100 uM) for 6 h, in presence or absence of BafA1 (100 nM) or its vehicle
(DMSO), with their respective quantifications (B, D). (C) Autophagic flux calculated as the
difference in LC3II levels in presence and absence of BafAl (100 nM). (E) Representative
images of N43/5 cells treated with BSA or PA (100 uM) for 6 h in presence or absence of BafAl
(100 nM) and stained against LC3 (green) and SQSTML1 (red). Nuclei were stained with DAPI
(blue). Quantification of LC3 (F) and SQSTML1 (G) dots per cell. Size bar: 10 pm. (H)
Representative images showing primary hypothalamic neurons stained with LC3 and SQSTM1
exposed to PA (100 uM) or BSA for 16 h, with its respective quantifications (I, J), which also
includes cells co-incubated with BafAl (100 nM) for the last 4 h of treatments. Inserts show a
magnification of structures within the dotted square. Data are presented as mean + SEM. *p <
0.05, **p < 0.01, ***p < 0.001, ****p< 0.0001. n= 3.
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Figure 5: Effect of palmitic acid on autophagy related proteins and Atg genes in N43/5
cells. (A) Representative images of N43/5 hypothalamic neuronal cells incubated with BSA or
PAfor1h,2h,4hor6hand stained against LC3 (green) and SQSTML1 (red). Nuclei are stained
with DAPI (blue). Bar size 10 um. Quantification of LC3 (B) and SQSTML1 (C) dots per cell.
(D-K) Relative mRNA gene expression of the indicated genes in N43/5 cells treated with BSA
or PA for 1 h, 2 h, 4 h and 6 h. Data are presented as mean + SEM. * p < 0.05, ** p < 0.01,
****n< 0.0001. n = 3.
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Figure 6. Palmitic acid exposure increases the size of LAMPL positives vesicles and, in
presence of BafAl, decreases LAMP1 and LC3 co-localization in N43/5 cells. (A)
Representive images of N43/5 hypothalamic neuronal cells treated with BSA or PA (100 uM)
for 6 h in presence or absence of BafAl (100 nM) or its vehicle (DMSO) and stained against
LAMP1 and LC3. (B) LAMP1 average dots size. (C) % of co-localization between LAMP1 and
LC3 according to Manders’ Coefficient Analysis. Scale bar: 10 um. Data are presented as mean
+ SEM, **p<0.01, ***p<0.001. n=3.
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Figure 7: Palmitic acid does not reduce lysosomes acidity or lysosomal cathepsin B activity
in N43/5 cells. (A) Representative confocal images of N43/5 hypothalamic neuronal cells
treated with BSA, PA (100 uM), or BafAl (100 nM) for 6 h and stained with LysoTracker.
Nuclei were stained with DAPI (blue). Quantification of LysoTracker average fluorescence
intensity in arbitrary units (a.u.), LysoTracker positive dots per cell and dots size are shown in
(B), (C), (D), respectively. (E) Representative confocal images of N43/5 cells treated with BSA,
PA (100 uM), or BafAl (100 nM) for 6 h and stained with Magic Red, with its respective
quantification of average fluorescence intensity in arbitrary units (a.u.) (F), number of positive
dots per cell (G), and dots size (H). Nuclei were stained with Hoechst (blue). Scale bar: 10 um.
Data are presented as mean + SEM, **p < 0.01, ***p < 0.001, ****p< 0.0001. n= 3.
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Figure 8. Palmitic acid reduces endolysosomal motility in N43/5 cells. (A) Representative
images and zoomed-in time-lapse confocal sequence images of N43/5 hypothalamic neuronal
cells treated with BSA or PA (100 uM) for 6 h and stained with LysoTracker. Zoom-ed in inserts
represent one cell magnification within the dashed square, showing the dynamic movement of
LysoTracker positive vesicles. Arrowhead indicates one LysoTracker positive vesicle
movement over time. Average velocity (um/s) and average total displacement (um) of positive
LysoTracker vesicles are shown in (B) and (C), respectively. Scale bar: 10 um. Data are

presented as mean + SEM. ***p<0.001. n= 3.
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Figure 9. Palmitic acid induces the accumulation of big autophagic vesicles in N43/5 cells.
(A) Representatives images of N43/5 hypothalamic neuronal cells expressing the tandem
fluorescent-tagged LC3 (mCherry-GFP-LC3), treated with BSA or PA (100 uM) for 6 h,
Rapamycin (Rapa) 1 uM for 3 h, or BafAl (100 nM) for 6 h. Scale bar: 10 um. Nuclei are
stained with DAPI (blue). (B) Quantification of LC3 total dots per cell. Red bars represent the
number of mCherry positive dots and yellow bars denote the number of mCherry and GFP dots
that co-localized. (C) Autophagic flux was determined by quantifying the ratio between
mCherry and yellow-positive puncta per cell. (D) Quantification of LC3 yellow positive vesicles
size in arbitrary units (a.u.). Data are presented as mean + SEM, *p < 0.05, **p < 0.01, ***p <
0.001, ****p< 0.0001. n= 3.
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Figure 10. Palmitic acid induces the accumulation of large cellular degradative
compartments (DGCs) in N43/5 cells. (A) Representative electronic microscopy images of
N43/5 hypothalamic neuronal cells treated with BSA or PA (100 puM) for 6 h. Cellular
degradative compartments (DGCs) are indicated by arrowheads. Inserts show a magnification
of structures within the dashed square. DGCs number and size are shown in (B) and (C),
respectively. Data are presented as mean + SEM, **p<0.01, ***p<0.001. n = 3.
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Figure 11: Palmitic acid increases Rab7 activation in N43/5 cells. (A) Representative
confocal images of N43/5 hypothalamic neuronal cells treated with BSA or PA (100 uM) for 6
h and then stained against Rab7. Inserts show a magnification of structures within the dotted
square. Arrowheads denotes enlarged Rab7 positive vesicles. Scale bar: 10 um. (B)
Representative blot showing Rab7 protein bound to GTP and Rab7 total protein levels with its
respective quantification (C) in cells following 6 h of the aforementioned treatments. *p < 0.05.

Data are presented as mean + SEM. n= 3.
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Table |

SILAC based proteomic analysis from isclated lysosomes of N43/5 hypothalamic cells treated with palmitic acid (PA) associated
with the endo-lysosomal and the autophagic trafficking pathways. List of significantly upregulated proteins induced by 6 h of PA
incubation in N43/5 hypothalamic cells.

Uniprot

identifier Protein name Gene |.D. Cellular function Reference (s)
Q9CXF4  TBC1 domain family member 15 The1d15 Rab7 GAP Zhang et al., 2015
Mitophagy initiation Yamano et al., 2014
Autophagosome-lysosome fusion
Regulates late endosomal transport Jongsma et al., 2020
Regulates GLUT4 translocation Wu et al., 2014
055102 Biogenesis of lysosome-related Bloc1s1 Subunit of BLOC-1 and BORC Langemeyer et al.,
organelles complex 1 subunit 1 complexes 2015
Implicated in lysosomal trfaﬁlcklng Zhang et al., 2014
of membrane proteins
Involved in endosomal maturation Peter et al., 2013
and cargo transport from early Setty et al., 2007
endosomes toward lysosomes
Q9D920 BLOC-1-related complex subunit 5 Borcs5 Subunits of BORCS complex Puetal., 2015
Regulates Arl8b-SKIP-Kinesin-1 Guardia et al., 2016
lysosomal transport toward cell
Q9CRC6 BLOC-1-related complex subunit 7 Borcs7 periphery
Regulates autophagosome-lysosome Jiaetal., 2017
fusion through the recruitment of
the trans-SNARE complex
Regulates lysosomal size and Jordanov et al., 2017
lysosomal reformation through
PIKfyve activation
Q8o0wQ2 Protein VAC14 homolog Vac14 Associates with PIKfyve complex Sbrissa et al., 2007
Associated Regulator of PIKfyve Modulates vacuolization in eukaryotic Jin et al., 2008
(ArPIKfyve ) cells Schulze et al. 2017
Involved in Rab7-dependent endo- Schulze et al. 2014
lysosomal maturation
Involved in Rab9-dependent transport
of lysosomal membranes to the trans-
Golgi network
Linked to insulin-activated GLUT4 Ikonomov et al., 2007
translocation and glucose transport
P35285 Ras-related protein Rab-22A Rab22a Regulates the morphology of endo- Mesa et al., 2001

lysosomes and autophagosomes
Controls trafficking between endosomes Mesa et al., 2005
and Golgi apparatus
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Figure 12: Palmitic acid reduces insulin sensitivity in N43/5 cells. (A) Representative
western blot showing relative levels of AKT phosphorylation (Ser473) induced by 15 min of 1
nM insulin or PBS (insulin vehicle) treatment in N43/5 cells pre-incubated with PA (100 uM)
or BSA for 6 h, with its respective quantification (B). (C) Representative images of 2-NBDG
uptake in N43/5 cells incubated with vehicle (BSA) or PA (100 uM) for 6 h and then stimulated
with insulin 1 nM for 30 min, with its representative quantification (D). Size bar: 10 um. Data

are presented as mean + SEM, **p < 0.01, ***p < 0.001. n=3.
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Figure 13: Inhibition of autophagy reduces insulin sensitivity in N43/5 cells. (A)
Representative western blots of the indicated proteins of N43/5 cells pre-incubated with BafAl
(100 nM) or its vehicle (DMSO) during 6 h and then stimulated with insulin for 3 min to evaluate
IR phosphorylation (Tyr1150/1151) or 15 min to evaluate AKT phosphorylation. (B-C)
Quantification of IR (Tyr1150/1151) and AKT (Ser473) phosphorylation in cells exposed to the
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treatments as indicated in (A). (D) Representative images and quantification (E) of 2-NBDG
uptake in N43/5 cells pre-incubated with BafAl (100 nM) or its vehicle (DMSO) during 6 h and
then stimulated with insulin for 30 min. Size bar: 10 um. Representative blot of the indicated
proteins of N43/5 cells transfected with sSiRNA against BECN1 (F) or ATG7 (I) followed by
insulin or PBS treatment for 3 min to evaluate IR phosphorylation or 15 min to evaluate AKT
phosphorylation, with its respective quantifications (G, H, K, L). (J) mRNA levels of Atg7 in
N43/5 cells transfected with a SIRNA to downregulate ATG7. As control condition, cells were
incubated with Lipofectamine RNAIMAX reagent only (Mock). Data are presented as mean +
SEM, *p< 0.05, **p < 0.01, ***p < 0.001. n= 3.
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7. DISCUSSION

According to the World Health Organization obesity and its associated metabolic
complications have become a major public health concern worldwide (WHO, 2018). One of the
main factors increasing the prevalence of obesity is the consumption of HFD, which contains
high levels of SatFAs, increases body weight and promotes metabolic dysfunction such as
insulin resistance (Milanski et al., 2009; Zhang et al., 2009a). Chronic HFD consumption
increases SatFAs levels in the brain of male mice (Rodriguez-Navas et al., 2016); specifically
the long-chain SatFA PA accumulates in the hypothalamus (Vagena et al., 2019), where it
promotes hypothalamic insulin resistance among other co-morbidities associated with obesity
(Benoit et al., 2009; Gerozissis, 2008; Posey et al., 2009). Interestingly, autophagy impairment
has been observed in mice hypothalamus following chronic HFD exposure (Morselli et al.,
2014a). This results in accumulation of misfolded proteins, superfluous and damaged
organelles, which could lead to cell death and disease (Sridhar et al., 2012). Indeed, defects in
autophagy homeostasis are implicated in metabolic disorders, including obesity, insulin
resistance and diabetes mellitus, among others (Zhang et al.,, 2018). Specifically, in
hypothalamic neurons, autophagy disruption has been involved in the progression of metabolic
diseases associated with obesity including increased food intake, adiposity and glucose
intolerance (Aveleira et al., 2015; Coupe et al., 2012; Kaushik et al., 2011; Meng and Cai, 2011).
Importantly, Portovedo et al. show that autophagic dysfunction in the hypothalamus may be due
to the direct effect of PA (Portovedo et al., 2015); however, how PA dysregulates autophagy in

hypothalamic neurons, as well as its metabolic consequences, has not been elucidated.
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This thesis was focused in understanding the cellular and molecular mechanisms
involved in autophagy dysfunction induced by increased levels of the SatFA PA in hypothalamic

neuronal cells.

Palmitic acid inhibits autophagic flux in hypothalamic neuronal cells inducing the
accumulation of enlarged autophagic structures and big endolysosomal vesicles with

reduced motility

We demonstrated, in N43/5 hypothalamic neuronal cells and in primary hypothalamic
neurons, that PA decreases the autophagic flux (Fig. 4). This was supported by the fact that,
even if PA treatment for 4 h and 6 h increases the mMRNA expression levels of Sqstm1/p62 and
Lc3 (Fig. 5), respectively, the accumulation of autophagic structures as well as increased
SQSTM1/p62 protein aggregates, were seen after 1 h of PA exposure, suggesting autophagic
flux inhibition has been affected. In addition, SQSTM1/p62 has a role in the oxidative stress
response pathway (Nezis and Stenmark, 2012), and considering that PA also activates several

intracellular stress pathways (Fatima et al., 2019), this could explain our observations.

Autophagic flux inhibition induced by PA, could be caused by both impaired fusion of
autophagic vacuoles with the lytic compartments, or because of a compromised proteolytic
activity of lysosomal hydrolases (Koga et al., 2010). Our results show no difference in the
percentage of colocalization of LAMP1 and LC3, indicative of autophagosome-lysosome
fusion, between control (BSA) and PA treated cells (Fig. 6). However, this parameter is
significantly reduced in cells co-exposed to PA and BafAl, when compared to BafAl treatment

alone, suggesting PA might inhibit the autophagosome-lysosome fusion in N43/5 cells.
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Importantly, we also observed a significant increase in the size of LAMP1 positive structures in
PA treated cells, phenotype that has been associated with decreased autophago-lysosomal fusion
(Mauthe et al., 2018). Previous studies in vivo and in vitro, using the autophagosome marker
GFP-LC3, indicate that autophagosomes are rare in healthy neurons under nutrient-rich
conditions (Mizushima et al., 2004; Nikoletopoulou et al., 2015). However, inhibition of
lysosomal degradation under nutrient-rich conditions causes the rapid accumulation of
autophagosomes in a model of cortical neurons, suggesting that autophagy constitutively occurs
in neurons, and that the progression rate from vesicle formation to degradation is extremely
quick (Boland et al., 2008; Lee et al., 2011; Nikoletopoulou et al., 2015). It is possible that in
neurons, which have a high energy demand, and which are post-mitotic cells, the quality control
and homeostasis maintenance are vital (Tsunemi et al., 2012), thus, it is suggested that the
autophagic machinery is so efficient that autophagosomes are not accumulated in healthy
neurons at detectable levels (Nikoletopoulou et al., 2015). In this context, considering the low
levels of LC3 dots observed in control conditions in our hypothalamic cellular model, it is
possible that the co-localization analysis between LC3 and LAMP1 is meaningless at basal
levels. Thus, the accumulation of autophagic structures due to lysosomal inhibition could reveal
PA real effects on autophagosome-lysosome fusion, suggesting PA decreases this process.
Indeed, this hypothesis is supported by the result showing that treatment with BafAl, which
inhibits the degradation of the autophagic cargo, shows a high percentage of LC3 and LAMP1
co-localization levels compared to control and to PA-BafAl co-treatment, suggesting that

BafA1l does not affect autophagosome-lysosome fusion, while PA does.
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In agreement with these observations, by using a tandem fluorescence construct of
mCherry coupled to GFP-LC3 (Fig. 9), we also found that PA decreases autophagic flux in
N43/5 cells and induces the accumulation of big size autophagic structures lacking degradative
capacity probably as consequence of impaired fusion between autophagic vesicles and
lysosomes. In addition to these results, we found that PA did not compromise the acidity or the
hydrolytic activity of lysosomes (Fig. 7); thereby strongly suggesting that PA-induced
autophagic flux inhibition is caused by decreased autophagosome-lysosome fusion.
Importantly, we observed an increased fluorescence intensity of both LysoTracker and Magic
red positive vesicles in PA treated cells, compared to control (Fig. 7A, B, E, F). In this context,
Schulze et al. also observed the formation of large intracellular vacuoles with increased
LysoTracker staining in podocytes when the PIKfyve complex was defective (Schulze et al.,
2017). The PIKfyve complex consists of three main components Vacl4, the phosphatase Fig4
and the lipid kinase PIKfyve (Schulze et al., 2017). PIKfyve is involved in the production of the
lipid PI(3,5)P2, which levels are carefully tuned to maintain the turnover of vacuolar membranes
to less mature endocytic compartments, hence, regulating organelle's size (Odorizzi et al., 1998).
PIKfyve complex deficiency or dysregulation of one of its components leads to the development
or large intracellular vacuoles (Schulze et al., 2014). These cellular manifestations are linked to
several forms of neurological disorders, emphasizing that endolysosomal or autophagic
trafficking or maturation defects are the cause for severe diseases (Chow et al., 2007). Thus, it
is possible that PA is affecting the levels of one or more proteins involved in the formation of

the PIKfyve complex.

In accordance with our previous results, we determined by live microscopy that

endolysosomal vesicles (LysoTracker positive dots; Fig. 8) of PA-treated cells showed
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decreased motility, suggesting that PA also causes impairment in intracellular trafficking. The
reduction in intracellular trafficking is accompanied by an increased activation state of the small
GTPase Rab7 (Fig. 11) in PA-treated cells. Rab7 on late endosomes/lysosomes recruits tethering
factors, as PLEKHM1, and HOPS, to promote the assembly of trans-SNARE complexes for
fusion of autophagosomes and lysosomes. Rab7, as well, controls trafficking of cargos along
microtubules, thus, regulating the final step of autophagosome fusion with lysosomes and/or
endosomes (Guerra and Bucci, 2016; Hyttinen et al., 2013). Additionally, it has been shown that
Rab7 hyper-activation inhibits autophagic lysosomal reformation, leading to the accumulation
of enlarged autolysosomes (Yu et al., 2010) and swelling of endo-lysosomal vesicles, containing
aberrant intraluminal content. Rab7 hyper-activation also dysregulates intracellular transport
routes involved in the maintenance and maturation of endo-lysosomal membranes (Jongsma et
al., 2020). Future research should evaluate if PA, in addition to Rab7, affects other proteins
involved in autophagosome-lysosome fusion. Despite this, our data suggest that PA inhibits the
autophagic flux inducing the accumulation of big DGCs by affecting intracellular vesicular

trafficking mediated by increased Rab7 activity, in N43/5 cells.

Palmitic acid modulates the recruitment to lysosomes of proteins involved in the

autophagic and endolysosomal trafficking pathways in N43/5 cells

We identified by a SILAC proteomic from isolated lysosomes treated with PA, a set of
proteins involved with the control of endo-lysosomal trafficking and with the autophagic
process, including autophagic maturation or autophagic fusion with endo-lysosomal vesicles

(Table 1). Among those, we identified TBC1D15, whuch is increased in lysosomes exposed to
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PA. Several Rab7 GEFs and GAPs are involved in the dynamic cycling between active and
functional Rab7 (Rab7-GTP) and inactive, cytosolic Rab7 (Rab7-GDP), respectively.
TBC1D15 is a Rab7 GAP responsible for promoting GTP hydrolysis rendering Rab7 inactive,
resulting in its dissociation from the lysosomal membrane (Zhang et al., 2005). TBC1D15 has
been also implicated in mitophagy induction (Yamano et al., 2014). Additionally, TBC1D15
silenced cells presented enlarged autophagosomes that extend bi-directionally along
microtubule tracts. Moreover, autophagic structures, in TBC1D15 silenced cells showed
impaired fusion with lysosomes accompanied with disturbed distribution in the cell (Yamano et
al., 2014), which suggests that the increased recruitment of TBC1D15 to lysosomes might cause

the impairment in autophagy we see following PA treatment.

In addition, we also found increased levels of Vacl4 in PA-treated lysosomes.
Interestingly, Schulze and collaborators found that VVac14 specifically binds to the Rab7 GAP,
TBC1D15 (Schulze et al., 2014), which could explain the increased recruitment of both proteins
in lysosomes following treatment with PA. However, we observed increased levels of Rab7
bound to GTP (Fig. 11) suggesting that, even if Vacl4 is able to sequester TBC1D15 in some
lysosomes, it might reduce the cytosolic pool of TBC1D15 required for the inactivation of Rab7
on the membrane of other vesicles, including late endosomes, amphisomes, and/or
autophagosomes. This hypothesis is supported by the fact that the SILAC Proteomic analysis
was performed using samples from lysosomes isolated through the method of gradient
ultracentrifugation. Considering PA induces changes in lysosome morphology, characterized by
enlarged structures (Fig. 6 and 7), it is possible that our samples do not include larger size

aberrant endolysosome vesicles. Thus, EM analysis of the lysosomal fraction following PA
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treatment needs to be performed to determine the vesicles contained in the fraction following

PA exposure.

Furthermore, Schulze et al. showed that VVacl4 is able to bind the PIKfyve complex,
acting as structural mediator, and maintaining its integrity via homo and heteromeric
interactions with the remaining subunits (Jin et al., 2008). As already mentioned, PIKfyve kinase
catalyzes the phosphorylation of phosphatidylinositol 3-phosphate (PI3P) into PI(3,5)P2
(Sbrissa et al., 2007). Importantly, the overexpression of Vacl4 impairs the process of
endolysosomal maturation, which results in strong vacuolization of the cells (Schulze et al.,
2014). Vacuolization can be explained as a morphological consequence of disturbed membrane
fusion of incoming vesicles with target membranes, reduced formation of intraluminal vesicles,
or a defect in the budding of vesicles (Wada, 2013). Malfunction of any of the PIKfiyve complex
members leads to cellular vacuolization, which in mice is linked to lethal phenotypes due to
damaging of neuronal cells emphasizing that neurons are highly susceptible to endolysosomal
or autophagosomal impairment (Chow et al., 2007; Ferguson et al., 2009; Zhang et al., 2007).
Vacl4-dependent vacuoles and PIKfyve inhibitor-dependent vacuoles resulted in elevated
levels of late endosomal, lysosomal, and autophagy-associated proteins. However, only late
endosomal marker proteins were bound to the membranes of these enlarged vacuoles (Schulze
et al., 2014), which might give us some clues about the nature of the big DGCs observed in
N43/5 cells treated with PA (Fig. 10). Thus, we might speculate that increased levels of Vac14
found in lysosomes exposed to PA could dysregulate PIKfyve kinase activity contributing to the

formation of autophagic and endolysosomal/DGCs vesicles observed in our results.
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Additionally, Vac14 is also able to interact with ATP6V1H, a subunit of the v-ATPase
responsible for the maintenance of pH homeostasis, and both, lack or overexpression of VVacl4
promotes the formation of enlarged intracellular vesicles positive for endo-lysosomal markers
(Schulze et al., 2014). This vacuolization phenotype, which is associated with maturation
defects in the endolysosomal system (Schulze et al., 2017), was completely rescued by
starvation or using BafAl (Schulze et al., 2017). In agreement with this, Mundy et al. found that
starvation was accompanied by an increased basification of endolysosomal compartments
(Mundy et al., 2012). These data suggest that increased acidification of endolysosomal
compartments could induce enlarged intracellular vesicles. These data might help explaining
the increase in LysoTracker fluoresence intensity observed in cells treated with PA (Fig. 7). We
might speculate that PA, in N43/5 cells, rather than abolishing lysosomes acidity or lysosomal
cathepsin B activity, increases their acidity, leading to the formation of big

endosomes/lysosomes, as consequence of increased Vacl14 lysosomal recruitment.

On other side, we observed increased proteins levels of BORC complex subunits
(BORCS5/myrlysin; BORCS7/diaskedin; BLOC1S1) in lysosomes following PA exposure.
BORC associates with the cytoplasmic leaflet of the limiting late endosomal/lysosomal
membrane, at least partially through an N-terminal myristoyl group on Myrlysin (Pu et al.,
2015). The main function of BORC is the recruitment of the small Arf-like GTPase Arl8b from
the cytoplasm into the lysosomal membrane. Arl8b interacts with an effector SKIP, which links
to the microtubule motor protein Kinesin-1, resulting in lysosomal migration towards the cell
periphery (Guardia et al., 2016; Pu et al., 2015). Thus, BORC acts as a promoter of Arl8b-SKIP-
Kinesin-1 lysosomal transport, mirroring the role of the Rab7-RILP-Dynein-Dynactin complex

(which moves lysosomes to the perinuclear cell area), involved in lysosomal transport towards
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the microtubule-organizing center (Pu et al., 2015). It has been observed that knockout (KO) or
knockdown (KD) of BORC subunits causes the collapse of the lysosome population, which
migrates to the perinuclear area of the cell (Guardia et al., 2016; Pu et al., 2015). In addition, Jia
et al. reported in HelLa cells that KO of any of the genes encoding BORC subunits increased
LC3-1l and SQSTML1 levels, a sign of altered autophagy. Furthermore, BORC KO impairs both
the encounter and fusion of autophagosomes with lysosomes, as a result of an inability of
lysosomes to move toward the peripheral cytoplasm, where many autophagosomes are formed
(Jia et al., 2017). Moreover, BORC KO also reduces the Arl8-dependent recruitment of HOPS
tethering complex to lysosomes and assembly of the STX17-VAMP8-SNAP29 trans-SNARE
complex involved in autophagosome-lysosome fusion. Through these dual roles, BORC
integrates the kinesin-dependent movement of lysosomes toward autophagosomes with HOPS-
dependent autophagosome-lysosome fusion (Jia et al., 2017). Importantly, overexpression of
the BORCS?7 also induces lysosomal accumulation in neurons as consequence of impaired
intracellular trafficking (Farias et al., 2017). Considering our results, future experiments should
be performed to determine if increased levels of the BORC subunits in the lysosome could

impair its function.

Furthermore, Yordanov et al. observed that the BORC complex regulates late
endosomal/lysosomal size in a PIKfyve-dependent manner (Yordanov et al., 2019). They found
that specific deletion of the BORC subunits Myrlysin (BORCS5) and Diaskedin (BORCS7)
compromises the assembly of the complex on the organelle membrane and triggers a decrease
in lysosomal size (Yordanov et al., 2019). Importantly, the specific deletion of BORCS7 induced
the formation of small size endosomes, suggesting an inhibitory role for the BORC complex

toward PIKfyve activity. Taking into account that we observed increased levels of BORCS5
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and BORCS?7 in lysosomes exposed to PA, we might speculate that upregulation of these
proteins is inducing the formation of large lysosome, as consequence of dysregulated PIKfyve

activity. Future studies should elucidate if PA is able to regulate BORC.

Finally, we also found in lysosomes exposed to PA, increased levels of Rab22a, which
associates with early and late endosome, but not with lysosomes (Mesa et al., 2001).
Interestingly, overexpression of Rab22a in CHO cells causes the enlargement of early and late
endosomes. Furthermore, Rab22a can affect the trafficking from endosomes to the Golgi
apparatus probably by promoting fusion among endosomes and impairing the proper
segregation of membrane domains required for targeting to the trans-Golgi network (TGN)
(Mesa et al., 2005). Additional studies show that the overexpression of Rab22a caused, in HeLa
cells, a complete vacuolization of the Golgi apparatus (Kauppi et al., 2002), suggesting again
that Rab22a may have a function in the communication between Golgi and early endosome.
These data suggest, that increased levels of Rab22a found in lysosomes exposed to PA could

cause impairment in intracellular trafficking, which involves the TGN.

Altogether our data suggest that PA modulates the recruitment to lysosomes of proteins
involved in autophagic and endolysosomal trafficking pathways associated with Rab7 hyper-

activation and, possibly, with BORC and/or PIKfyve dysregulation.

Palmitic acid and the inhibition of autophagy reduces insulin sensitivity in N43/5 cells

Here, we demonstrate that exposure to the SatFA PA inhibits the autophagic flux (Fig.

4, 5) and reduces insulin sensitivity (Fig. 12) in N43/5 hypothalamic neurons. Furthermore, we

80



show that inhibition of autophagy and the autophagic flux reduces insulin sensitivity in the same
cellular model (Fig. 13). To note, previous studies indicate autophagy impairment in
hypothalamic POMC neurons contributes to obesity-associated metabolic dysfunctions,
including insulin resistance (Kaushik et al., 2012). The existence of a crosstalk between
autophagy and insulin sensitivity has been previously suggested and identified in peripheral
metabolic tissues (Ebato et al., 2008; Jung et al., 2008; Yamamoto et al., 2018). Interestingly, it
was recently demonstrated that autophagy degrades insulin-containing vesicles in B-cells of
autophagy-hyperactive mice, whereas in insulin-sensitive cells, autophagy enhances insulin
response (Yamamoto et al., 2018). Indeed, induction of autophagy, by different means, in
skeletal muscle, hepatocytes, podocytes and adipocytes (Ahlstrom et al., 2017; Xin et al., 2016;
Zhou and Ye, 2018), stimulates insulin sensitivity; suggesting increased autophagy might be a
general mechanism to boost insulin response. Despite this, there are no reports that determine if
this crosstalk also occurs in the CNS, specifically, in the hypothalamus where insulin sensitive
neurons key in the regulation of food intake and peripheral glucose homeostasis reside. In the
present study, we evaluated if inhibition of autophagy or autophagic flux inhibition in a
hypothalamic neuronal cell line affects insulin response. Our data indicate that this might be the
case, as downregulation of different autophagy essential genes (Atg7 and Beclinl), as well as
inhibition of the autophagic flux using BafA1l, reduced the ability of the neuron to respond to
insulin, as indicated by p-IR and p-AKT level and the reduction in glucose uptake following
BafAl exposure (Fig. 13). How this might be occurring has not been elucidated; however, a
possibility is that, by inhibiting autophagy we prevent the degradation of negative regulators of
the insulin signaling pathway, such as the protein phosphatase and tensin homolog (PTEN),

which can be degraded by the autophagic/lysosomal pathway (Wang et al., 2017). In addition,

81



based on these results, it is tempting to speculate that the maintenance of the autophagic balance
in hypothalamic neurons might be key in the regulation of peripheral glucose homeostasis, as
well as food intake. Future studies in neuron-specific transgenic mouse models need to be

performed to confirm this hypothesis in vivo.

As mentioned above, we observed that N43/5 cells exposed to PA (Fig. 12), as well as
BafAl (Fig. 13), showed decreased glucose uptake in response to insulin. Importantly, it has
been shown that the hypothalamic Glucose Transporter 4 (GLUT4) in neurons is a key mediator
of insulin action (Ren et al., 2015). In basal conditions, most of GLUT4 is stored in intracellular
compartments that include endosomes, TGN and tubular-vesicular structures consisting of
endosomal sorting intermediates and GLUT4 storage vesicles (Leto and Saltiel, 2012). After
insulin stimulation, GLUT4 is distributed to the plasma membrane, and failure of this
translocation in response to insulin results in insulin resistance and type 2 diabetes mellitus (Leto
and Saltiel, 2012; Saltiel and Kahn, 2001). Importantly, insulin-mediated GLUT4 membrane
translocation is necessary for the transportation of glucose in hypothalamic neurons (Changou
et al., 2017; Jurcovicova, 2014; Thierry Alquier et al., 2006). Interestingly, it has been shown
that TBC1D15 is also able to regulate glucose uptake by affecting the translocation of GLUT4
through the late endosomal pathway in different cell lines (Wu et al., 2019). Furthermore, Wu
and collaborators found in TBC1D15 KO cells higher levels of Rab7 in LAMP-1 decorated late
endosomes/lysosomes and an increase in the co-localization between GLUT4 and Rab7 (Wu et
al., 2019). In addition, also Vac14 has been associated to insulin-activated GLUT4 translocation
and glucose transport in 3T3-L1 adipocytes (Ikonomov et al., 2007). Thus, considering that
Vacl4 interacts with TBC1D15, it is tempting to speculate PA increases their recruitment to

lysosomes, thereby reducing the cytosolic pool of TBC1D15 and/or Vacl4 required for an
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efficient translocation of GLUT4 to the membrane. Therefore, the lysosomal increase of these
two proteins following PA treatment might indicate that the insulin-dependent translocation of

GLUT4 to the cell membrane is impaired.

Altogether, these data suggest that, in hypothalamic neuronal cells, autophagic flux
inhibition induced by PA reduces insulin sensitivity and glucose uptake due to a dysregulation

in endolysosomal trafficking.
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8. CONCLUSIONS

In this thesis we confirmed that exposure to the SatFA PA inhibits the autophagic flux in
hypothalamic neurons. Furthermore, we demonstrated in the hypothalamic neuronal cell line
N43/5 that the accumulation of enlarged autophagic and endolysosomal structures, generated
by autophagy impairment, is not the result of the reduction in lysosomal activity, but by an
alteration in endolysosomal dynamics that impairs autophagosome-lysosome fusion.
Additionally, we founded that PA regulates Rab7 GTPase activity, as well as the recruitment to
lysosomes of proteins related with autophagic and endolysosomal trafficking pathways
associated with Rab7 activation and, possibly, with BORC and/or PIKfyve dysregulation.
Finally, our data show that, in N43/5 cells, PA and the inhibition of the autophagic flux reduced
insulin sensitivity and glucose uptake, probably by a mechanism that involves endolysosomal

trafficking dysregulation.

Altogether, these results suggest that an increase in endolysosomal dynamics should be
considered as a strategy to recover the impairment in autophagy caused by PA overload in

hypothalamic neurons.
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