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Abstract

Liver and adipose tissue are closely related, and their mutual connection
directly affects the whole-body energy homeostasis, being the key
regulators of metabolic function. Not surprisingly, non-alcoholic fatty liver
disease (NAFLD) and obesity usually arise in the same individual together
with other metabolic abnormalities such as hypertension, atherosclerosis
and hyperlipidemia and lead to the onset of a serious clinical condition
known as metabolic syndrome.

Palmitoylethanolamide (PEA) is an endogenous Autacoid Local Injury
Antagonist amides (ALIAmide), biosynthesized on demand to maintain
homeostasis in cell when it is insulted by stress-conditions. Pharmacological
properties of PEA include analgesic, anti-inflammatory and neuroprotective
effect. Over the years, PEA has been recognized as a potent agonist of
peroxisome proliferator-activated receptor (PPAR)-a, whose activation
mediates the anti-inflammatory and analgesic effects evoked by this lipid
mediator.

PPAR-q, as nuclear transcription factor, controls the complex network and
pathways underlying cellular energy requirements and lipid and glucose
metabolism.

The aim of the study was focused on immunometabolic and
pharmacological effects of PEA in a mouse model of obesity and correlated
disease (i.e. non-alcoholic fatty liver disease, NAFLD) due to overnutrition
induced by the assumption of a high fat diet (HFD).

Long-term administration of PEA (30mg/kg/die) limited hepatic metabolic

inflexibility in obese mice through the activation of 5' adenosine



monophosphate-activated protein kinase (AMPK) pathway, the signaling
cascade that provides metabolic regulation of the cells according with
nutrient status. PEA enhanced mitochondrial oxidative capacity and energy
efficiency in hepatic isolated mitochondria. /n vitro evidence addressed the
direct involvement of AMPK in PEA-induced adaptative setting. PEA
treatment ameliorated hepatocytes metabolism, improving mitochondrial
bioenergetics and recovering mitochondrial dysfunction in insulin-resistant
cells. In the latter part of the study, is described the effect of PEA on brown
and white adipose tissue (BAT and WAT, respectively) activation and
function. PEA promoted the recovery of BAT morphological features
activation and allowed the adaptative thermogenesis in response to
overfeeding. Furthermore, in subcutaneous WAT, this lipid mediator
reverted adipose leptin resistance and induced tissue plasticity stimulating
fat metabolism in obese mice.

In light of the obtained data, PEA can be considered a therapeutic tool to
improve metabolic flexibility impaired by obesity. PEA limits metabolic
impairment, counteracting lipid accumulation in liver and adipose tissue, the
main tissues involved in energy homeostasis and metabolism. The beneficial
effects of PEA may be the result of multiple direct and indirect converging
mechanisms: the improvement of mitochondrial efficiency, its well- known
anti-inflammatory effects, and its new determined capability to modulate

adipose tissue plasticity.



Introduction

Metabolic flexibility is defined as the ability of several tissues (i.e, liver,
adipose tissue, skeletal muscle, and heart) to adapt metabolism and manage
nutrient availability, switching from fatty acid oxidation (FAO) during
fasting to glucose metabolism during the fed state. The impairment of these
mechanisms has been associated with obesity and type 2 diabetes, but it is
still unknown whether this detrimental condition is cause or a consequence
of these pathologies (Smith et al. 2018). High fat feeding promotes an
increased level of FAO rate in lean individual, that is a result of an adequate
metabolic flexibility, and leads to the transcriptional regulation of gene
involved in fatty acid transport and oxidation (Battaglia et al. 2012).
Inversely, the onset of inflexibility is due to an imbalance between energy
consumption and expenditure and results in ectopic accumulation of lipid
and in the development of insulin resistance (IR) (Morino et al. 2006).

In the liver, the impairment of FAO provokes the release of toxic lipid
intermediates, altering insulin signaling pathway and triggering oxidative
stress and subsequent mitochondrial dysfunction, a crucial feature of
metabolic disorders (Begriche et al. 2013, Khan et al. 2019). Indeed,
mitochondria represent the powerhouse of the cells, provide bioenergetic
reaction and adapt cellular metabolism to nutrient supply and energy
demand, changing their morphology and architecture (Obre and Rossignol
2015, Theurey and Rieusset 2017).

In non-alcoholic fatty liver disease (NAFLD), chronic toxic lipid
overload causes the activation of inflammatory pathways, also resulting in

an altered hormonal tone (Meli et al. 2014). Indeed, besides collecting



nutrients, portal blood drains different mediators released from gut and
visceral adipose tissue (Konrad and Wueest 2014). Therefore, hepatic
metabolism is directly affected not only by nutrients assumed from the diet
but also by the secretory profile of visceral fat, highlighting the endocrine
and immune interactions in NAFLD-related diseases (Meli et al. 2014).
Peroxisome proliferator-activated receptors (PPARs) are ligand-
inducible transcription factors, and despite their common structural
homology and activity, are characterized by distinct and tissue-specific
pattern of activity (Bougarne et al. 2018). Among these, PPAR-a was the
first identified subtype and is the main nuclear transcription factor able to
exert positive and/or negative control over the expression of a wide range of
metabolic and inflammatory genes (Bensinger and Tontonoz 2008). PPAR-
o activation also mediates the interplay between liver and adipose tissue in
regulating whole-body energy metabolism. Although PPAR-y is a master
adipogenic transcription factor of adipocytes differentiation program
(Poulos et al. 2016), PPAR-a. activation is a crucial step in adipose tissue
plasticity, as demonstrated by its obligatory role in leptin-mediated lipolytic
effect (Lee et al. 2002, Tsuchida et al. 2005). Indeed, acting on the
transcriptional regulation of gene encoding mitochondrial enzymes for fatty
acid catabolism, PPAR-a modulates the release of fatty acids, the main fuel
for the thermogenic activity (Barbera et al. 2001, Lee et al. 2018) and
promptly stimulates gene pathway involved in brown adipose tissue (BAT)
development (Barbera et al. 2001, Hondares et al. 2011). After the
identification of BAT in adult human (Cypess et al. 2009), several
approaches have been proposed to dissipate excess of energy.

Palmitoylethanolamide (PEA) is an endogenous bioactive compound and a PPAR-



a ligand with a well-known anti-inflammatory and analgesic properties (Mattace
Raso et al. 2014).

Recently, a cohort study investigated the effect of dysmetabolism on PEA and
other congener circulating levels, whose concentration and ratio were profoundly
altered in obese patients (Fanelli et al. 2018). Moreover, experimental findings
demonstrate that PEA was able to manage energy balance in a rat model of mild
obesity and in diabetic rats (Izzo et al. 2010, Mattace Raso et al. 2014), highlighting
the metabolic features of PEA and its pharmacological potential in metabolic

diseases.



1. Pharmacology of PEA

1.1 An ancient discover and a novel therapeutic opportunity

In 1993, the Nobel Prize Rita Levi-Montalcini identified a protective
anti-inflammatory role of the endogenous autacoid compounds N-
acylethanolamines (NAEs) (Aloe et al. 1993). Her studies provided new
insight into the mechanism by which the autacoid molecules control the
mast cells behavior during inflammation. These findings gave rise to
numerous other studies aiming at investigating the role of these molecules
in health and disease. N-acylethanolamines are a family of endogenous
bioactive  lipids  synthesized “on demand” from membrane
glycerophospholipids (Tsuboi et al. 2018), involved in inflammation, pain,
food intake, and neuronal control (Mattace Raso et al. 2014). Despite
belonging to the same family of molecules and sharing biosynthetic and
metabolic pathways, each NAE owns its molecular target and exerts diverse
effects (Alhouayek and Muccioli 2014). The endocannabinoid N-
arachidonoylethanolamine (or anandamide, AEA) and 2-arachidonoyl-
glicerol (2-AG) classically bind CB1 and CB2 receptors (Devane et al. 1992,
Mechoulam et al. 1995), but also the transient receptor potential vanilloid
(TRPV)1 receptor (Zygmunt et al. 1999) (Fig.1.1.1). N-oleoylethanolamine
(OEA) is a ligand of G protein-coupled receptors (GPCR)119 (Lauffer et al.
2009), TRPV1 (Ahern 2003) and PPAR-a (Guzman et al. 2004) (for review
see Bottemanne et al. (2018)). Even if PEA was isolated more than 50 years

ago (Long and Martin 1956, Bachur et al. 1965), it was later identified as

PPAR-a agonist (Lo Verme et al. 2005) and a ligand of the orphan G protein-
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coupled receptor (GPR)55 (Ryberg et al. 2007). Over the years, PEA has
been shown to exert a plethora of pharmacological effects, mainly related to
its anti-inflammatory and neuroprotective properties (Mattace Raso et al.
2014). Nowadays the clinical significance of PEA in pain control is well
recognized, but several new directions need to be explored to fully

understand its effect in other pathological conditions.

RS GPR17,
&

TRPV1

GPR110

Figure 1.1.1 Simplified overview of NAEs molecular target (from Bottemanne et al, Drug Discov

Today 2018).

1.2 Metabolism and biological activities of PEA

NAEs have a common chemical scaffold, an ethanolamine of acyl chain, but
they can be distinguished by the length of carboxylic chain and the number

of unsaturation.
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In response of various stimuli, NAEs are produced from N-acylated
ethanolamine phospholipids (Tsuboi et al. 2018). As shown in Fig. 1.2.1 the
first reaction of the canonical biosynthetic route (1) produces a N-acyl-
phosphatidylethanolamine (NAPE), transferring an acyl-group (palmitic
acid) from phosphatidylcholine (PC) to phosphatidylethanolamine (PE);
subsequently NAPE (2) is hydrolyzed in NAEs by a specific phospholipase
D (PLD)-type enzyme (NAPE-PLD) (Ueda et al. 2013). Beyond the
classical one step pathway, a multi-step NAPE-PLD independent reaction
was identified in mammals (Tsuboi et al. 2011).

NAES are degraded in free fatty acids and ethanolamine by fatty acid amide
hydrolase (FAAH) (3), located in the endoplasmic reticulum and
characterized by a high affinity for AEA (Cravatt et al. 1996). On the other
hand, N-Acylethanolamine-hydrolyzing acid amidase (NAAA) is a
lysosomal enzyme mostly abundant in macrophages, which preferentially
hydrolyzes PEA (Ueda et al. 2013). Because of the enzyme localization and
affinity, NAAA inhibitors could be a useful and specific anti-inflammatory
tool. Many findings showed that PEA metabolism was altered during
inflammation, worsening some pathological processes. Indeed, in in vivo
and in vitro models of inflammation (i.e. carrageenan- or
lipopolysaccharide-induced inflammation), the decreased PEA levels
exacerbated the inflammatory response (Endocannabinoid Research et al.
2010, Zhu et al. 2011, 1zzo et al. 2012) and were re-established by the anti-
inflammatory treatments (Jhaveri et al. 2008). All these findings prompted
the scientific community in developing several NAAA inhibitors and
validating their pharmacological activities in pain, inflammation and cancer
(Bottemanne et al. 2018). In the early of the century, the structural similarity

among NAE:s placed PEA as a cannabinoid receptor (CB)2 agonist (Facci et
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al. 1995). Moreover, the pharmacological blockade of CB2 receptor
attenuated some of PEA anti-inflammatory effects (Calignano et al. 1998,
Calignano et al. 2001). Conversely, the anti-peristaltic effect of PEA was not
blunted in presence of SR144528, the antagonist of CB2 receptor (Capasso
et al. 2001).

OH
vaV\N\O(
PALMITIC ACID @
+
OH

Figure 1.2.1 Canonical biosynthetic route and degradation of PEA

Latter studies clarified that PEA has poor affinity for CB2 receptor (Sugiura
et al. 2000); on the contrary, PEA more specifically bind the nuclear PPAR-
o receptor, even at low concentrations (Fig 1.3, C). PEA activates PPAR-a
with a half-maximal effective concentration (ECsy) of 3 uM and its anti-
inflammatory effects were absent in PPAR-a null mice (Lo Verme et al.

2005). Binding PPAR-a, PEA induce not only a fast reduction but also a
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reinforcing delayed effect on neuronal firing. A first PPAR-a dependent
non-genomic mechanism leads to an increase gating of calcium-activated
intermediate (IKCa) and big-conductance potassium (BKCa) potassium
channels, responsible of a fast reduction of neuronal firing (Fig 1.3, C)
(Mattace Raso et al. 2014).

In acute or persistent pain mice model, Sasso et al. (2012) demonstrated

that PEA induced PPARa activation increased Cl fluxes via a positive
allosteric activation of aminobutyric acid (GABA)-A receptors. Indeed,
PEA promoted the increased expression of steroidogenic acute regulatory
protein (StAR) and cytochrome P450 side-chain cleavage (CYP450scc),
enhancing cholesterol flux into the mitochondria, the metabolic conversion
into pregnanolone and the subsequent increase of allopregnanolone levels
(Fig 1.3.1, C) (Locci and Pinna 2019).

Moreover, the anti-inflammatory effects of PEA seem to be correlated with
PPAR-a capability in preventing the nuclear translocation of NF-kB and
repressing the expression of pro-inflammatory proteins (i.e. TNF-a, IL-1b),
dampening the transcription of pro-inflammatory gene (Fig 1.3.1, C)
(Mattace Raso et al. 2014). Interestingly, it has also been reported a direct
interaction of PEA with G protein-coupled receptor (GPR)S5 and 119
(Godlewski et al. 2009).

This intriguing pharmacological scenario leads to the “entourage effect”
theory, whereby PEA exerts other indirect-receptor mediated effects
(Mattace Raso et al. 2014). Indeed, PEA could increase AEA and thus
indirectly activates CB receptors through a competitive inhibition of FAAH
(Petrosino and Di Marzo 2017) and/or via the allosteric activity on transient
receptor potential channel type V1 (TRPV1), also known as the vanilloid
receptor type 1 (De Petrocellis et al. 2004, Ho et al. 2008). Moreover, it has

14



been shown that PEA was able to increase AEA- and 2-AG-mediated
activation or desensitization of TRPV1 (De Petrocellis et al. 2001, Petrosino
et al. 2016).

These diverse results and multiple PEA mechanism of actions suggest that
it can carry out its pharmacological effects via several and/or convergent
mechanisms, depending on the different etiopathogenetic aspects involved
in the several diseases in which PEA exerts its pharmacological efficacy.

In the figure (Fig.1.3.1, A-B) the direct and indirect mechanisms of action
of PEA are shown.

""' “

FAAH—.-\*-._*!'EF' ?

desensmzutwn

' - |Reductnon of neuronal firing |
\ cr
n( e
u—» —
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%
%

c

- Reductionof NF-kB-induced transcription
of inflammatory genes

Figure 1.3.1 Direct and Indirect mechanism of action of PEA. (A) the “entourage”effect mediated
by FAAH inhibition or (B) allosteric activity on TRPV1. (C) genomic and non-genomic PPAR-[-

dependent mechanisms.
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1.3. Pharmacological effect: from CNS to periphery, crossing PPAR-a route.

PEA was identified as a naturally occurring lipid, isolated from soybeans,
egg yolk, peanut meal and other food sources (Venables et al. 2005,
Gouveia-Figueira and Nording 2014) but also in mammalian cells (mast
cells, macrophages, neurons, astrocytes and microglia) and thereby it is
recognized as an endogenous lipid mediator (Mattace Raso et al. 2014).
Several studies demonstrated the pharmacological ‘Autacoid Local Injury
Antagonism (ALIA) effect’ exerted by PEA (Aloe et al. 1993, Mazzari et al.
1996), increasing the scientific interest in exploring the potential and
numerous pharmacological effects of this molecule.

Later, D’Agostino et al (2009) demonstrated the central mechanism
responsible for its anti-inflammatory properties. The authors showed that
icv PEA administration prevented the nuclear translocation of Nuclear
Factor (NF)-xB and the degradation of the inhibitory IkB-a., also inhibiting
mitogen-activated protein kinase (MAPK) and c-Jun N-terminal Kinase
(JNK) cascades, reducing inflammation in dorsal root ganglia and peripheral
hyperalgesia. All these effects were lacked in mutant PPAR-o KO mice,
confirming the obligatory role of the nuclear receptor in PEA-mediated
analgesic and anti-inflammatory effects.

Furthermore, the central protective effects of PEA were also demonstrated
in other experimental model of neuroinflammation and neurodegenerative
disorders. In an animal model of Parkinson’s Disease (PD) induced by 6-
hydroxydopamine (6-OHDA), PEA prevented striatal inflammation,
inhibiting apoptosis and ER stress markers, triggered during PD
pathogenesis (Avagliano et al. 2016).

16



Consistently, in primary rat neuron, PEA reduced glial response in a -
amyloid (Ap)-induced astrogliosis, in PPAR-a dependent manner (Scuderi
etal. 2011, 2014).

Peripherally, PEA exhibits its protective effects in mice model of
inflammatory bowel disease. In DSS-insulted mice, PEA administration
ameliorated pathological features of colon inflammation, reducing
neutrophil infiltration and the activation of Toll-like receptor 4 (TLR4)
signaling pathway in isolated enteric glial cells (Esposito et al. 2014). All
these effects were confirmed in human biopsies of patient with ulcerative
colitis and explored in PPAR-a null mice, where the anti-inflammatory
activities of this ALIAmide were abolished (Esposito et al. 2014).
Likewise, in a model of DNBS-induced colitis, the anti-inflammatory
effects of PEA were amplified by coadministration of capsazepine, a
TRPV1 antagonist, but they were abolished by CB2, GPR55 and PPAR-a
antagonist (Borrelli et al. 2015).

Moreover, the inhibitory effect on histamine, prostaglandin 2 and tumor
necrosis factor (TNF) o was also reported in canine mast cell freshly
isolated from skin biopsies (Cerrato et al. 2010) and in hypersensitive
Beagle dogs (Cerrato et al. 2012). All these findings support the idea that,
holding its anti-inflammatory properties, PEA-protective effects occur via
several and correlate mechanisms, mainly mediated by PPAR-a activation

and dependent by cell type and its localization.

1.4 Pharmacokinetic profile and clinical reports on PEA- based formulation.

PEA has been proposed as a valid tool in a wide range of therapeutic areas.

Current clinical trials aim to investigate the role of PEA in controlling

17



several types of pain (i.e. lumbosciatic pain, fibromyalgia, chronic pelvic
pain, neuropathic pain) (Gabrielsson et al. 2016). The authors reported a
well-tolerated profile and a good efficacy of PEA-based formulations.
Despite the numerous availabilities of preclinical and clinical findings, very
little data are provided concerning the pharmacokinetic features of PEA.
Petrosino et al (2016) reported the graphical distribution of oral micronized-
PEA (2-10 wm range) administered in healthy volunteers, with a maximum
plasma level at the 2h time point (from ~10 to ~23 pmol ml-1 plasma). In a
more recently work, the same authors showed a comparative animal study
between the non-micronized and the ultramicronized (um) PEA. The
authors showed a plasma peak concentration of um-PEA after 5 min and 30
min post administration in healthy and inflamed animals, respectively
(Petrosino et al. 2018).

Several reports showed the effectiveness of um-PEA in patients. In a
retrospective study, Cruccu et al (2019) assessed the clinical importance of
um-PEA treatment in low back pain-sciatica, also improving the disability
related to neuropathy. The efficacy of um-PEA was also evaluated in patient
with fibromyalgia syndrome (Schweiger et al. 2019), neuropathic pain
(Andresen et al. 2016) and chronic pain in geriatric patients (Marcucci et al.
2016). All the aforementioned studies reported a significant reduction in
pain perception and a quality of life improvement, with a low percentage of
adverse outcome (i.e. gastrointestinal side effects, very common with other
analgesic drugs).

Other new PEA-based formulation has been evaluated. A randomized
clinical trial reported the efficacy of an association of PEA (300 mg) and

Alpha-lipoic acid (300 mg) in the control of chronic prostatitis. After 12-

18



week treatment, the authors showed an improvement of pain, urinary

discomfort and quality of life (Giammusso et al. 2017).
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2. Obesity and related disorders

2.1. Obesity and NAFLD

One of the main risk factors associated with obesity is the development of
NAFLD. It is well described that obese individuals own a rising prevalence
of NAFLD, with a positive correlation between weight gain and chronic
liver disease progression (Li et al. 2016, Kim et al. 2019).

NAFLD is defined as a cluster of liver abnormalities, in which steatosis
could progress in nonalcoholic steatohepatitis (NASH) until more severe
injuries as liver fibrosis and cancer. Despite NAFLD progression varies
among individuals, depending on genetic risk factors and comorbidities, the
bidirectional and detrimental association between NAFLD and obesity
increases the risk of developing NASH Friedman et al. (2018). Differently
from simple steatosis, NASH is a more serious process characterized by
inflammation and fibrosis and related to adverse hepatic outcome (i.e
cirrhosis and liver failure).

Although there is a growing impact on global health, the management of
NAFLD is still an urgent therapeutic requirement. To date, lifestyle changes
and weight loss represent the most effective intervention, even in preventing
liver fibrosis (Vilar-Gomez et al. 2015). Ongoing clinical trials on liver-
specific agents are rapidly investigating on new agents (i.e. FXF agonist,
PPAR o/d agonist or CCR2/CCRS antagonist), although their long-term
efficacy and safety are under consideration (Friedman et al. 2018).
However, a multi-target and combined therapy are likely the most effective
option, to strongly prevent NAFLD progression and control other

comorbidities.
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Figure 2.1.1 Pathogenic mechanism of NALFD. Circulating FFAs derived from adipose tissue

lipolysis were drain to the liver. Together with hepatic de novo lipogenesis, FFAs were collected into
the liver as triglycerides. When the hepatic capacity in managing lipid metabolism is overwhelmed,
all these mechanisms accelerate the hepatocellular injury and inflammation, that can degenerate in

stellate cell activation and progression of fibrosis (from Friedman et al, Nat Med 2018).

The pathophysiological hub linking obesity to NAFLD is the ectopic
accumulation of lipids (Fig 2.1.1). Adipose tissue lipolysis is the primary
source of free fatty acid (FFAs), a mechanism ruled by insulin signaling
pathway. Overnutrition and IR leads to excessive delivery of FFAs from
adipose tissue, overwhelming liver capacity in collecting nutrients. The
subsequent ectopic fat accumulation results in lipo-toxicity, inducing

hepatocellular injury (Friedman et al. 2018). Indeed, the toxic metabolites
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trigger the activation of inflammatory pathways, driving the progression of
NAFLD to NASH (Meli et al. 2014).

Noteworthy, the endocrine profile of visceral fat also affects liver
homeostasis. The adipose-secreted leptin and adiponectin exert multiple
regulatory functions via direct interaction with their hepatic receptor
(Polyzos et al. 2015). The key role of leptin on liver function is classically
represented by the development of NALFD, a paradigm occurring both in
ob/ob mice, characterized by leptin deficiency, and fa/fa Zucker rats,
characterized by the loss of leptin receptor (LepR) function (Pelleymounter
et al. 1995, Cipriani et al. 2010). In this regard, it has been demonstrated
that leptin has a bi-faceted effect. In healthy conditions, leptin prevents
hepatic steatosis, but persistent hyperleptinemia worsens liver inflammation
and fibrosis during NAFLD progression (Polyzos et al. 2019).

Adiponectin is the most abundant adipokine secreted by WAT. In liver, both
isoform of adiponectin receptor (adipoR1 and adipoR?2) are expressed (Stern
et al. 2016). It has been shown that the adiponectin signaling via adipoR1
induces the activation of AMPK pathway, decreasing gene expression
involved in hepatic lipogenesis and cholesterol synthesis (Awazawa et al.
2009). Moreover, the AdipoR1 activation modulates hepatic stellate cell
proliferation and function (Saxena and Anania 2015). Interestingly, the
adiponectin-mediated protective effect could be also related to the inhibitory
interplay between leptin and adiponectin signaling (Handy et al. 2011).
Beyond the metabolic and endocrine alterations, the activation of the
immune system plays a key role in the pathophysiology of NAFLD, since
the liver is the main organ able to orchestrate the immune-metabolic
functions (Meli et al. 2014). The detrimental activation of innate immune

system induced by toxic metabolites triggers a phenomenon known as
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“metaflammation” or meta-inflammation (Caputo et al. 2017). During
obesity, the recruited and the resident macrophages (Kupfer cells)
orchestrate the inflammatory response, which mediated the progression of
simple steatosis to NASH (Meli et al. 2014). Moreover, the low-grade
inflammation characterizing obesity establishes a vicious cycle between
adipose tissue and liver through the releasing of pro-inflammatory cytokines
(i.e. IL-6 and TNF-a) mainly involved in IR (Sabio et al. 2008, Caputo et
al. 2017).

2.2. Mitochondrial dysfunction and NAFLD

Obesity and IR are both characterized by an excessive energy intake and an
insufficient fat processing that lead to lipid accumulation (Mollica et al.
2017). The inability in consuming fatty acids results in inflammation,
oxidative stress and mitochondrial dysfunction (Mansouri et al. 2018).
Indeed, mitochondria manage the bioenergetic function of the cells,
regulating i) ATP production by oxidative phosphorylation (OXPHOS), i)
the generation and detoxification of reactive oxygen species (ROS)
modulating redox state and iii) ensuring cell survival (Mansouri et al. 2018).
Cellular bioenergetics is partially a futile process, that dissipate free energy
and reduce the amount of ATP generated for each molecule of oxygen that
splits by the electron transport chain. The uncoupling between energy
releasing and ATP production results in the proton leak, by which
mitochondria generate an inefficient metabolism, loosing energy as heat

(Bouillaud et al. 2016).
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Proton leak also regulates redox state, preventing an excessive ROS
production and subsequent oxidative stress, two central features of
metabolic disorders (Diano and Horvath 2012) .

Moreover, AMPK is a sensor of ATP and manages energy metabolism
stimulating glucose, fatty acid oxidation and peroxisome proliferator-
activated receptor gamma coactivator 1-o (PGCI1-a) activity (Herzig and
Shaw 2018). PGCla and PPAR-a activates the expression of crucial
enzymes involved in fatty acid oxidation and mitochondrial biogenesis,
ensuring metabolic homeostasis (Mansouri et al. 2018).

Since the pivotal role of mitochondria in energy metabolism, the impairment
of hepatic mitochondria is a crucial driver of metabolic diseases (de Mello
et al. 2017). Indeed, NAFLD patients displayed a compromised
mitochondrial respiration due to IR, which leads to oxidative stress, lipid
peroxidation and mitochondrial damage during the progression of liver
injury (Koliaki et al. 2015). Beyond the functional perturbations, electron
microscopy reveals also a morphological change in mitochondria both in
preclinical model of chronic liver disease and in patient with NAFLD
(Paradies et al. 2014, Mollica et al. 2017). Mitochondrial morphology is
dynamic and sensitive to metabolic alterations. Depending on metabolic
state, the high plasticity of these organelles results in several morphological
changes, controlled by fission and fusion events (Wai and Langer 2016).
Optic atrophy 1 (Opal) protein and mitofusin (Mfn) 1 and 2 participate to
mitochondrial fusion, whereas dynamin-related protein (Drp) 1 and fission
protein (Fis) 1 are involved in fission (Westermann 2010).

Consistently, the balance of fission and fusion can be modulated in either
direction by changes in nutrient availability and metabolic demands, leading

to fragmented or hypertubular mitochondria (Wai and Langer 2016). During
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a healthy status, cells maintain their mitochondria in a fragmented state,
while under stress condition, such as fasting or starvation, mitochondria
persist in a fused or elongated state. Interestingly, this specific stress
response or hyperfusion allows mitochondria to escape the autophagic
mechanism and maintain ATP levels, ensuring cell viability (Gomes and
Scorrano 2011). On the other hand, a persistent fusion or an unbalanced
fission induces the accumulation of giant or small and damaged

mitochondria leading to an increased ROS production (Lopez-Lluch 2017).

2.3. Targeting liver in NAFLD: focus on PPAR-a

Among the well characterized drugs, several trials reported the efficacy of
PPARY ligands including thiazolidinediones (TZDs) in ameliorating
steatosis, inflammation and hepatic fibrosis (Sanyal et al. 2010). However,
typical side effects of TZDS (i.e. weight gain, fluid retention and
osteopenia) limit their clinical use.

Recently, the farnesoid X receptor (FXR) has been candidate as a useful
pharmacological target, since its activation attenuated steatosis both in
rodents and humans (Tanaka et al. 2017). The hepatoprotective effect of
obeticholic acid (OCA), an FXR agonist, has been investigated in several
animal studies (Pellicciari et al. 2002, Mudaliar et al. 2013) and ongoing
clinical trial are determining its efficacy and tolerability in human
(NCT02548351). Furthermore, in an animal model of NASH, the beneficial
effect of the fibroblast growth factor (FGF)19 has been addressed to its
binding with FXR (Nies et al. 2015). Current clinical trials are now

investigating the efficacy of some analogues of FGF19, which promote a
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significant reduction of hepatic fat, without the proliferative and
tumorigenic properties characterizing FGF19 activity (Harrison et al. 2018).
Notably, the dual chance in targeting PPAR-a and 6 or PPAR-a and y was
considered a useful therapeutic tool. Elafibrinor is the prototype of the
PPAR-0/0 agonist class. Harnessing the anti-inflammatory activity of
PPAR-0 and the metabolic effects of PPAR-a activation, elafibrinor has
been demonstrated as a valid compound in improving metabolic features of
NASH and a phase 3 clinical study is now evaluating its safety (Ratziu et al.
2016) (NCT02704403)

PPAR-a is a nuclear receptor mainly expressed in liver, heart and brown
adipose tissue, involved in inflammation and metabolic control, especially
during fasting (Bougarne et al. 2018). The key role of PPAR-a in lipid
metabolism is clearly described in liver specific PPAR-a null mice, which
displayed an impairment of hepatic lipid homeostasis in aging (Montagner
et al. 2016). The activation of hepatic PPAR-a is mediated by extra- and
intra-cellular signals and depend on nutrient status, establishing a mutual
and perpetuated communication among metabolic organs (i.e adipose tissue,
pancreas, liver and blood stream) (Fig. 2.3.1) (Pawlak et al. 2015).

During fasted state, PPAR-a triggers FAO and ketogenesis, directly
inducing B-oxidation and enhancing FGF21 plasma levels (Inagaki et al.
2007). Moreover, the sensor AMPK stimulates the energy production,
activating PPAR-a-target genes. Based on central role of this receptor in
metabolism, PPAR-a is considered a harmful target in controlling lipid
homeostasis. Actually, fibrates are PPAR-o agonist approved for
dyslipidemia, also preventing cardiovascular and coronary events, but with

low safety profile (Tanaka et al. 2017).
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Figure 2.3.1 Molecular regulation of PPAR-a activity during fasted or fed state. After feeding,
insulin enhances PPARa phosphorylation and its transcriptional activity. Moreover, also lipogenesis
yields fatty acid -derivatives which act as PPARa ligands. In the fasted state, glucagon triggers PKA-
dependent PPARa activity. Adipose tissue lipolysis raises plasma levels of FFAs, subsequently
collected in the liver as triglycerides. The hydrolysis of hepatic intracellular triglycerides produces
lipid ligands for PPARa. Furthermore, prolonged fasting increases the amount of AMP, inducing
AMPK to stimulate energy production driving fatty acid oxidation via PPARa. Its activation
increased FFAs oxidation, gluconeogenesis, ketone body synthesis and thus maintain energy source

for peripheral tissues (from Pawlak et al, J Hepatol 2015)
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2.4. Obesity and adipose tissue dysfunction

The worldwide prevalence of obesity increased the scientific interest in the
study of adipose tissue. Until 1940s, adipose tissue was commonly
recognized as an inert tissue able to store lipids. Only 50 years later, the
discovery of leptin changed the common perception, and promoted the onset
of several pioneering investigation on this tissue as adipose organ and, its
role in health and disease (Rosen and Spiegelman 2014).

Adipose tissue can be defined as a multi-depot organ with a peculiar
anatomy, vascularization, innervation and cytology (Cinti 2012). The key
function of fat is the regulation of energy balance and nutrient homeostasis,
that are critically compromised during obesity.

The main feature of adipose organ consists in the ability to change its
dimensions, not only by expanding the size of a single cell (hypertrophy),
but also increasing the number of resident cell (hyperplasia) (Rosen and
Spiegelman 2014). More recently, it has been demonstrated that in human
total cell number was established during childhood and maintained in the
life span (Spalding et al. 2008). Indeed, weight loss is mainly due to a
significant reduction in adipocyte volume and only few differences are
detectable in the overall number of cells, indicating that the adiposity should
be finely tuned during childhood (Spalding et al. 2008).

Upon overnutrition, the dramatic changes occurring in the adipocytes reach
a threshold, beyond which their ability in size expansion becomes limited;
this phenomenon triggers stress-related events, including hypoxia,
inflammation, fibrosis that contribute to cell death (Sun et al. 2013). All
these phenomena modify the immune-endocrine profile of fat, sustaining

the pathogenesis of obesity-related disease such as IR. Indeed, the adipose
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organ secrets various bioactive factors, including adipokines involved in
glucose and lipid metabolism, feeding behavior and inflammation
(Kusminski et al. 2016). Among these, leptin mediates a complex multi-
organ crosstalk between periphery and central nervous system. In lean,
leptin reduces body weight and food intake, enhances energy expenditure
via hypothalamic regulation. Leptin carries out its effect not only through
the autocrine regulation but also via peripheral nervous system, as recently
demonstrated by Zeng et al. (2015). Indeed, these authors elegantly showed
that leptin-mediated lipolysis depends on the intact sympathetic neuro-
adipose connections. On the other side, the adipokine adiponectin provides
the “healthy” expansion of adipose tissue, preventing the dangerous ectopic
accumulation of lipids (Stern et al. 2016). Adiponectin is also centrally
involved in the control of energy homeostasis; in fact, the peripheral insulin-
sensitizer effect of adiponectin promotes central leptin and insulin-mediated
effects (Qi et al. 2004).

The regulation of metabolism is retained by a complex balance among
energy status, adipokine secretion and neuronal control, which is deeply
compromised during obesity. Recently, it has been proposed a triangular
relationship among adipocytes, immune cell and sympathetic nervous
system, highlighting the complex features of obesity (Fig 2.4.1.) (Larabee
et al. 2020). Under chronic inflammation the adipose tissue resident
macrophages (ATM’s) could regulate sympathetic innervation by degrading
noradrenaline, and thus reducing its bioavailability (Camell et al. 2017).

In light of these considerations, a pleiotropic molecule operating at multiple
level of metabolic control may offer a practicable therapeutic approach to

limit obesity and the related decline of metabolic function.
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Figure 2.4.1 The neuroimmunoendocrine triangle. In obesity, macrophages- derived cytokines
provoke insulin resistance in adipose tissue and drive chronic systemic inflammation. Sympathetic
nervous cues promote lipolysis, browning and thermogenesis, sustaining energy metabolism. Under
chronic inflammatory status, not only endocrine factor, but also macrophages could dampen SNS-
adipose tissue relationship, contributing to the onset of obesity (from Larabee et al 2020, Nat Rev

Endrocinol)

2.5. The “shadow” of fat

Adipose organ composition varies in its cytology, depending on distinct role
and anatomic localization (Cinti 2002). Two types of adipocyte can be
distinguished: unilocular white adipocytes, whose cytoplasmic volume is
due to a large lipid droplet, and brown adipocytes, polygonal cells
composed by several lipid droplets and numerous mitochondria packed with
cristae (Cinti 2002). Unilocular adipocytes appeared white and therefore are
the main cellular phenotype composing white adipose tissue (WAT) (Fig.

2.5.1). On the contrary, the numerous mitochondria give a brown appearing
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to the multilocular adipocytes and justifying the name of brown adipose
tissue (BAT) (Fig. 2.5.1). The morphological differences between white and
brown adipocytes mirror their distinct role in physiology. Indeed, white
adipocytes store lipid as nutrient source, whereas brown adipocytes are
highly specialized cells that burn energy to produce heat (thermogenesis)
(Giordano et al. 2016).

BAT provides non-shivering thermogenesis via uncoupling protein (UCP)1.
UCP1 is a BAT-specific protein and catalyzes the proton leak across the
inner mitochondrial membrane, by which fuel oxidation results in an
“uncoupled” process from ATP synthesis (Nedergaard et al. 1977,
Chouchani et al. 2019). BAT activation requires environmental stimuli: cold
exposure, diet and noradrenergic signals trigger heat production (Giordano
et al. 2016). Indeed, BAT is highly innervated, and the balanced and intact
noradrenergic nerve tone is obligatory to maintain tissue physiology
(Fischer et al. 2019).

Nowadays, adipose tissue is recognized as convertible and plastic organ,
able to transdifferentiate (Fig. 2.5.2) (Giordano et al. 2016). The adipocyte
reprogramming depends on body’s energy status; cold exposure, exercise
and adrenergic stimuli lead to thermogenic requirement and thus white-to-
brown transdifferentiation, whereas overnutrition enhance brown-to-white
phenotype and allow energy storage (Giordano et al. 2016). Indeed, in obese
animal WAT increases at the expense of BAT, a phenomenon known as
“whitening”. On the contrary, “browning” consists in an increase of BAT
and in the appearance of UCP1-positive cell in white fat depots (Fig. 2.5.1)
(i.e in subcutaneous or inguinal fat pad) (Loncar 1991). These brown-like
cells are known as beige/brite (brown and white) adipocyte (Harms and

Seale 2013). The mechanisms underpinning the browning has been deeply
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investigated: lineage tracing approach demonstrated that inducible beige
cells could be derived either from white adipocyte transdifferentiation or
resident brown precursor proliferation and differentiation (Wang et al.

2013).
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Figure 2.5.1. Brown, white and beige adipocytes features (from Handbook of experimental

pharmacology, Pfeifer et al 2019).

Cell lineage-tracing studies allowed to define the developmental origin of
brown and white adipocytes. Adipocytes develop from pre-adipocytes,
which origin from stromal vascular fraction (endothelial cell or pericytes)
(Cinti 2018). At the transcriptional level, the master regulator of
adipogenesis is PPAR-y, that is necessary to drive adipocyte formation
(Rosen and Spiegelman 2014).

The scientific community had previously assumed that brown and white

adipocytes shared the same developmental genetic pattern. Later findings
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clarified that, differently from unilocular congener, brown adipocytes

develop from a common cell precursor of skeletal muscle.

JCP1

L

¢

Figure 2.5.2. Light microscopy and Transission Electron Microscopy of white and brown
adipose tissue of interscapular area of CS7BL/6J cold exposed mouse. The panel a shows WAT,
on the right, mainly composed by unilocular adipocytes, and on the left BAT. Bar: 10 um. In b
mitochondria of WAT with randomly oriented cristae, and in ¢ mitochondria of BAT, highly
organized in laminar cristac. Bar: 0.5 pm. d, mixed area composed by adipocytes with different
morphology, immunostained for UCP1. Multilocular cells are more immunoreactive compared to
paucilocular (weakly immunostained-beige) and unilocular cells (not immunostained). e,
representative scheme clustering the three type of cell (brown, white and beige; red: capillaries) (from

Cinti S, Curr Opinion Endocrine and Metabolic Research 2019).
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The transcriptional regulation is orchestrated by homologous domain-
containing protein-16 (PRDM16), which drives the switch from myoblasts
to brown fat (Seale et al. 2007).

Interestingly, PGCla provides further transcriptional regulation of
mitochondrial biogenesis, oxidative metabolism and thermogenesis of
brown fat and PGCla genetic ablation impaired the expression of some
thermogenic markers (Puigserver and Spiegelman 2003).

The pharmacological research aims to discover target and molecules to
switch on beige phenotype and to harness adipose organ plasticity which

may provide a novel approach to limit obesity and related disorders.

2.6. Targeting adipose tissue: a novel potential therapeutic tool.

In the last few decades, the mechanism involved in energy homeostasis and
browning phenomenon have been explored.

In table 1, are reported the current drugs approved for the pharmacotherapy
of obesity. Among these, liraglutide has the most important clinical
significance. Liraglutide is an analog of glucagon-like peptide (GLP) 1,
approved in 2010 by US Food and Drug Administration. Clinical evidence
suggests that liraglutide not only ameliorates insulin-sensitivity but also
induce a significant weight loss (Astrup et al. 2009). Interestingly, the
weight-reducing effect of liraglutide in humans was associated to the BAT
activation and to the increased energy expenditure induced by the
hypothalamic AMPK signaling pathway (Beiroa et al. 2014). Indeed, energy
homeostasis is regulated by several and integrated mechanisms that
represent many pharmacological targets able to counteract overweight.

Beyond the regulation of central feeding behavior, the possibility to
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peripherally induce WAT browning and BAT activation have been

considered as a potential anti-obesity therapeutic tool.

Drug Mechanism of Action

Phentermine NE transporter inhibitor; Appetite suppression mediated by

(Adipex-P®) activation of POMC neurons in the arcuate nucleus

Orlistat Gastric- and pancreatic-lipase inhibitor; Reduces absorption of

(Xenical®) dietary fat

Lorcaserin Selective 5-HT,¢ agonist; Promotes satiety

(Belvig® )

Phentermine Phentermine: NE transporter inhibitor; Appetite suppression

and Topiramate | mediated by activation of POMC neurons in the arcuate nucleus

(Qsymia® ) Topiramate: GABA agonist; Appetite suppression may be due to
modulation of voltage-gated ion channels, increased activity at
GABA-A receptors and/or inhibition of AMPA/kainite glutamate
receptors

Naltrexone and | Naltrexone: Opioid receptor antagonist; Prevents p-endorphin-mediated

Bupropion negative feedback on a-MSH release

(Contrave ® ) Bupropion: DA and NE transporter inhibitor; Stimulates
hypothalamic POMC neurons that release a-MSH resulting in
decreased food intake and increased energy expenditure

Liraglutide GLP-1 agonist; Decreases appetite

(Saxenda® )
Table 1. FDA-approved drug to treat obesity.

In this regard, [; receptor agonist induced white-to-brown

transdifferentiation in both subcutaneous and visceral WAT depots
(Ghorbani et al. 1997). Mirabegron is a latest generation 3; -adrenoreceptor
agonist, with a more specific pharmacodynamic profile (Takasu et al. 2007)
and able to increase energy expenditure via BAT activation (Cypess et al.
2009). To date, mirabegron is widely prescribed in urological disease, and
recently several findings are emerging on its safety and therapeutic potential

in obesity (Hao et al. 2019, Loh et al. 2019). Unfortunately, B -
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adrenoreceptors are not a specific target of browning, and the adverse
cardiovascular outcomes could occur (Arch 2011).

Sirtuin 1 (SIRT1) is a histone deacetylase type III, belonging to the family
of Sirtuin. SIRT1 is an NAD*-dependent deacetylase involved in metabolic
regulation and adaptation to caloric restriction (Chang and Guarente 2014).
Among its effect, SIRT1 induces brown remodeling in scWAT via PGCla
(Qiang et al. 2012). The natural polyphenol resveratrol has been identified
as a SIRT1 allosteric activator, able to activate oxidative metabolism in
BAT and ameliorate IR (de Ligt et al. 2015).

Moreover, the altered balance of adipose tissue homeostasis depends on a
pro-inflammatory status, that makes the inflammatory pathways an
attractive therapeutic target for the treatment of obesity. Indeed, adipocyte
hypoxia, mechanical stress, and cell death contribute to peripheric IR and
ineffective hormone responsiveness, sustaining the etiopathogenesis of
obesity and metabolic disorders (Reilly and Saltiel 2017). Indeed, some
clinical trial have demonstrated that antibodies neutralizing TNF or IL-1[3
antagonists were effective in improving glucose metabolism in T2D patients
but failed to be harmful in dampening adipose tissue inflammation (Moller
2000, Sloan-Lancaster et al. 2013). A putative problem related to the
ineffectiveness of anti-inflammatory drugs in obesity is that to target a
specific cytokine may not be sufficient to handle the complex inflammatory
pathways involved in several processes of metabolic diseases which include
different inflammatory cytokines, mediators and enzymes (Reilly and

Saltiel 2017).
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3.Materials and Methods

3.1. In vivo procedures

3.1.1. Mouse model of HFD-induced obesity

Male C57Bl/6J mice (Harlan, Italy) at 6 weeks of ages, were housed in
stainless steel cages in a room kept at 22+1°C with a 12:12 hours light-dark
cycle. Standard chow diet (Mucedola srl, Milan, Italy) had 17% fat, without
sucrose while HFD (Research Diets Inc, NJ, USA) had 45% of energy
derived from fat, 7% of sucrose. Standard and HFD contained 15,8 and 21,9
kJ/g, respectively, determined by bomb calorimeter. Moreover, the diet
composition formula, the detailed fatty acid profile and the relative
percentage of monounsaturated and saturated fatty acid of STD diet and

HFD are reported in Table 2 and 3.

STD HFD
Diet composition % %
Protein 29 21,2
Carbohydrate 60,4 24
Fat 10,6 54,8
Energy, kJ/g 15,88 21,9

Table 2. Diets composition formula
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Fatty acid profile STD HFD
%/total fat %/total fat
C10, Capric - 0,056
C12, Lauric 0,232 0,085
C14, Myristic 1,16 1,101
C15 - 0,073
C16, Palmitic 14,83 19,29
C16:1, Palmitoleic 0,929 1,311
C17 - 0,353
C18, Stearic 3,252 10,38
C18:1, Oleic 19,783 33,61
C18:2, Linoleic 50,25 29,47
C18:3, Linolenic 9,562 2,202
C20, Arachidic - 0,209
C20:1 - 0,608
C20:2 - 0,734
C20:3, n6 - 0,105
C20:4, Arachidonic - 0,262
C22, Behenic - 0,052
C22:5, Docosapentaenoic - 0,080

Table 3. Relative percentage of monounsaturated and saturated fatty acid of STD diet

and HFD

After weaning, young mice were randomly divided into three groups as
follows: control group (STD) receiving chow diet and vehicle per os by
gavage; 2) HFD group receiving vehicle; 3) HFD group treated with PEA
(HFD+PEA, 30 mg/kg/die per os, by gavage). The treatments started after
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12 weeks of HFD feeding and lasted 8 weeks (Fig.3.1.1.). Ultra-micronized
PEA was provided by Epitech Group Research Labs (Padova, Italy). It was
suspended in carboxymethyl cellulose (1,5%) for oral gavage.

The animals were anaesthetized by enflurane followed by cervical
dislocation and serum and tissues (liver, BAT and iWAT) were collected.
Liver from all mice was removed and the samples not immediately used for
mitochondria preparation were frozen and stored at -80°C for subsequent

biochemical determinations.

3.1.2. Validation of in vivo experimental model.

During the experimental period, body weight was weekly assessed. At the
end of - experimental protocol (Fig. 3.1.2.1.), before sacrifice,
bioelectrical impedance analysis was performed to determine fat body
composition assessment using BIA 101 analyzer, modified for the mouse
(Akern, Florence, Italy).

-12 0 8 weeks
STD

HFD

"X

HFD

PEA (30/mg/Kg/die)

\4 \4

Figure 3.1.1. In vivo experimental design

3.1.3. Energy intake measurement

The total energy intake was calculated considering the weekly food intake

and the energy content of the diets.
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Energy intake (EI) was obtained using the following equation:
EI = food intake x energy food intake (Moir et al. 2016).

Food intake of group housed mice was weekly measured. Energy intake was
calculated considering the gross energy content of the diets, 15,8 and 21,9
kJ/g for chow diet and HFD respectively, both values determined by bomb

calorimeter.

3.1.4. Measurement of oxygen consumption (VO2), carbon dioxide

production (VCO2) and respiratory quotient (RQ)

Upon an adaption period to the experimental environment (at least 1 day) in
the metabolic-monitoring apparatus, VO2 and VCO2, were recorded by a
monitoring system (Panlabs.r.l., Cornella, Barcelona, Spain) composed of a
four-chambered indirect open-circuit calorimeter, designed for continuous
and simultaneous monitoring. VO2 and VCO2 were measured every 15 min
(for 3 min) in each chamber for a total of 6 hours (from 8:00 am to 14:00
pm). The mean VO2, VCO2 and RQ values were calculated by the
“Metabolism H” software (Dominguez et al 2009). (Dominguez et al. 2009)

3.2. Morphological studies

3.2.1. Animal procedures

A subset of animals was euthanized with an overdose of anesthetic (Avertin;
Fluka Chemie, Buchs, Switzerland) and immediately perfused with 4%
paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. Liver, BAT and
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subcutaneous WAT (sWAT) depots were dissected and further fixed by
immersion in 4% paraformaldehyde in PB overnight at 4 °C. Thus, the
tissues were dehydrated in ethanol, cleared in xylene, and embedded in

paraffin.

3.2.2. Hepatic histological analysis

Paraffin-embedded 4 pm liver sections were stained with hematoxylin and

eosin (H&E) for morphology. Unfixed cryostat 10 um liver sections were
stained with Oil Red O (# 04-220923, Bio Optica, Milan, Italy) according
to manufacturer’s instruction to measure intracellular lipid droplet
accumulation. A double-blinded examination of the sections was made at a
magnification x200 with a concordance rate of 95%.
For histological score analysis, three main broad categories of histological
features were analyzed: steatosis, inflammation and necrosis. The grading
system was adapted from Kleiner et al. as previously described (Kleiner et
al. 2005, Oriente et al. 2013). Kleiner’s grading system considers the
following histological variables:
1) severity of steatosis (quantified by low- to medium-power
evaluation of parenchymal involvement by steatosis): score 0,
<5%; score 1, 5-33%; score 2,>33-66%, score 3, >66%; ii)
ii) location (predominant distribution pattern): zone 3, score 0; zone
1, score 1; azonal, score 2;
i) inflammation: lobular inflammation (overall assessment of all
inflammatory foci): score 0, no foci; score 1, <2 foci per x200

magnification field; score 2, 2—4 foci per x200 magnification
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field; score 3, >4 foci per x200 magnification field; necrosis:
score 0, present; score 1, absent.
Statistical analysis was performed using SPSS software (P<0,05). The
comparison among groups was performed using ANOVA univariate

analysis.

3.2.3. Light microscopy and morphometry on adipose tissue depots

Serial paraffin sections (3um thick) were obtained from each adipose depot,
placed on glass slides, and dried. Alternate sections were stained with H&E
to assess morphology, and for immunohistochemical procedures to evaluate
tissue protein expression. Tissue sections were examined with a Nikon
Eclipse E800 light microscope, and digital images were captured at 10X and
20X with a Nikon DXM 1200 camera (Nikon Instruments S.p.A, Calenzano,
Italy). Adipocyte areas was measured with the open-source image analysis
software ImageJ v1.46r (Rasband, WS, ImagelJ; National Institutes of
Health). For each group, 5 fields from each of 5 different H&E-stained
section per animal were analyzed.

For immunohistochemistry, 3-um-thick paraffin-embedded sections of the
fat depots were dewaxed, treated with 10% H202 for 5 min to block
endogenous peroxidase, rinsed with PBS, and incubated in 3% normal
serum blocking solution (in PBS; 30 min). BAT sections were then
incubated overnight at 4 °C with sheep polyclonal anti Tyrosine
Hydroxylase (TH) antibody (Merk-Millipore, Massachusetts, United
States), rabbit polyclonal UCP1, (diluition 1:1000, Abcam, Cambridge, UK)
a tissue specific mitochondrial protein and SC section were stained with rat

monoclonal  anti-MAC-2  antibody (dilution 1:3000; Cedarlane
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Laboratories, Burlington, Ontario, Canada), a marker of activated
macrophages. After a thorough rinse in PBS, sections were incubated in
1:200 v/v, rabbit anti-sheep (TH schedule) or goat anti-rabbit (UCP1
schedule), horse anti-mouse (MAC-2 schedule) IgG biotinylated HRP-
conjugated secondary antibody solution (Vector Laboratories, Burlingame,
CA, USA) in PBS for 30 min. Histochemical reactions were performed
using Vectastain ABC Kit (Vector Laboratories) and Sigma Fast 3,3'-
diaminobenzidine (Sigma-Aldrich, Vienna, Austria) as substrate. Sections
were counterstained with hematoxylin, dehydrated in ethanol, and mounted
in Eukitt® Mounting Medium (Sigma-Aldrich). Staining was never
observed when the primary antibody was omitted.

TH density was determined randomly dividing the sections (n=7) in 6 field
and counting the total number of positive fibers in each section compared to
the total number of adipocytes and was expressed as TH fibers number/100

adipocytes.
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3.3. Biochemical analysis

3.3.1. Serum and hepatic parameters and tissue isolation

At the end of the experimental period (8" week), the sera and livers were
collected. In serum, alanine aminotransferase (ALT), aspartate
aminotransferase (AST), triglycerides and total cholesterol were measured
by colorimetric enzymatic method using commercial kits (SGM Italia, Italy
and Randox Laboratories Itd., United Kingdom). Serum interleukin (IL)-1,
IL-10, (Thermo Scientific, Rockford, IL, USA), tumor necrosis factor- o
(TNF-a), and monocyte chemoattractant protein-1 (MCP-1) (Biovendor
R&D, Brno, Czech Republic), adiponectin and leptin (B-Bridge
International Mountain View, CA) concentrations were measured using
commercially available ELISA kits. Liver samples were homogenized in
saline solution and then centrifuged at 5000 rpm for 5 minutes. Supernatants
were collected and centrifugated at 14.000 rpm at 4 °C for 15 minutes and
triglycerides quantified (TGL Flex reagent cartridge, Siemens Healthcare

GmbH, Erlangen, Germany).

3.3.2. Western blotting

Tissues (liver and sWAT) were homogenized and cells lysed, and total
protein lysates were undergone to SDS-PAGE. The filter was probed with a
rabbit polyclonal antibody against anti-phospho AMPK or anti-AMPK, (dil
1:1000, Cell Signaling Technology, Danvers, MA, USA), anti-PPAR-a. (dil.
1:500 Sigma-Aldrich, Milan, Italy), anti-PPARGC1a (dil. 1:1000, PGCla.,

Elabscience, Houston, Texas), and anti-CPT1, anti-mitofusin (MFN)2, -
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dynamin-related protein (DRP)1 and -fission protein (Fis)1 (dil. 1:1000,
Santa Cruz Biotechnology, Inc., Santa Cruz, CA), or anti-suppressor of
cytokine signaling 3 (SOCS3) (dil. 1:1000, Santa Cruz Bio- technology,
Inc), or phosphorylated signal transducer and activator of transcription 3
(pSTAT3) or STAT3 (dil 1:1000, Cell Signaling Technology).

Western blot for Tubulin and B-Actin (dil. 1:5000, Sigma-Aldrich,
Milan, Italy) were performed to ensure equal sample loading. Bands were

detected by ChemiDoc imaging instrument (Bio-Rad, Segrate, Italy).

3.3.3. Real-Time semi-quantitative PCR

After treatment, total RNA of liver and HepG2 cells was extracted using
TRIzol Reagent (Bio-Rad Laboratories) and following a specific RNA
extraction kit (NucleoSpin®, MACHEREY-NAGEL GmbH & Co, Diiren,
Germany), according to the manufacturer’s instructions. Total RNA of
adipose tissue (BAT and iWAT) was obtained using RNeasy Lipid Tissue
(Qiagen, Hilden, Germany). cDna was synthesized using High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems). PCRs were
performed with a Bio-Rad CFX96 Connect Real-time PCR System
instrument and software (Bio-Rad Laboratories). Each cDNA sample (500
ng) was mixed with 2X QuantiTech SYBRGreen PCR Master Mix and
validated primers Ppara, Fasn, Tnfa, 116, Ucpl, Ucp2, Prdml6, Ppargcla,
Fabp4, 1110, Pparg, AdipoQ (Qiagen, Hilden, Germany). The relative
amount of each studied mRNA was normalized to Actb for liver and iBAT
and Rnl8s for scWAT as a housekeeping gene, and the data were analyzed
according to the 2-22¢ method. Real-Time PCR was performed by CFX96
instrument (Bio-Rad, Segrate, Italy).
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3.3.4. Mitochondrial oxidative capacity and degree of coupling

In another set of animals, the mitochondrial isolation, oxygen consumption,
and the degree of coupling measurements were performed as previously
reported (Lama et al. 2017).

Briefly, the livers were freshly collected and washed in a medium containing
220 Mm mannitol, 70 mM sucrose, 20 mM N2-(hydroxyethyl) piperazine-
N-2-ethanesulfonic acid (HEPES) (pH 7.4), 1 mM-EDTA, and 0.1 % w/v
fatty acid free BSA. Tissue fragments were homogenized with the above
medium (1:4, w/v) in a Potter Elvehjem homogenizer (Heidolph,
Kelheim,Germany) set at 500 rpm (4 strokes/min). The homogenate was
centrifuged at 1000 gav for 10 min and the resulting supernatant fraction
was again centrifuged at 3000x g for 10 min. The mitochondrial pellet was
washed twice and finally resuspended in a medium containing 80mMKCl,
50 mM HEPES (pH 7.0), 5 mM KH,PO,, and 0.1% w/v fatty acid free BSA.
The protein content of the mitochondrial suspension was determined by the
method of Hartree using BSA as the protein standard (Hartree 1972).
Isolated mitochondria were then used for the determination of respiratory
parameters.

Oxygen consumption was measured in the presence of substrates and ADP
(state 3), in the presence of substrates alone (state 4) and their ratio
(respiratory control ratio, RCR) were calculated. The substrates used for
liver respiration were 10 mM succinate + 3.75 puM rotenone or 40 uM
palmitoylcarnitine + 2.5mM malate for the determination of FAO rate.

The degree of coupling was determined in the liver by applying equation by

Cairns et al. (1998) of coupling = 1,,"f1 - (]D)sh!'r (]D)“"E where (Jo)g,
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represents the oxygen consumption rate in the presence of oligomycin that
inhibits ATP synthase, and (Jo).,. is the uncoupled rate of oxygen
consumption induced by carbonyl cyanide
trifluoromethoxyphenylhydrazone  (FCCP), which dissipates the
transmitochondrial proton gradient. (Jo)s, and (Jo).,. were measured as
above using succinate (10 mmol/L) rotenone (3.75 pmol/L) in the presence
of oligomycin (2 ug/mL) or FCCP (1 umol/L), respectively. Aconitase
activity was measured spectrophotometrically (at 412 nm). Determination
of aconitase specific activity was carried out in a medium containing
30mMsodium citrate, 0.6mMMnCl2, 0.2 mM NADP, 50 mM TRIS-HCI pH
7.4, and two units of isocitrate dehydrogenase. The formation of NADPH
was followed spectrophotometrically (340 nm) at 25°C (Alexson and
Nedergaard 1988). The level of aconitase activity measured equals active
aconitase (basal level). Aconitase inhibited by ROS in vivo was reactivated
so that total activity could be measured by incubating mitochondrial extracts
in a medium containing 50 mM dithiothreitol, 0.2mM Na,S, and 0.2mM
ferrous ammonium sulphate (Hausladen and Fridovich 1996).

Carnitine-palmitoyl-transferase =~ (CPT)  activity = was  determined
spectrophotometrically as CoA-sH production by the use of 5,5'-dithiobis
(nitrobenzoic acid) (DTNB) and palmitoyl-CoA 10 uM, as substrate. The
medium consisted of 50 mM KCl, 10 mM Hepes (pH 7.4), 0.025% Triton
X-100, 0.3 mM DTNB, and 10-100 pg of mitochondrial protein in a final
volume of 1.0 ml. The reaction was followed at 412 nm with
spectrophotometer, and enzyme activity was calculated from an E412 =
13,600/ (M X cm). The temperature was maintained at 25°C. Aconitase
activity was measured spectrophotometrically (412 nm). Determination of

aconitase specific activity was carried out in a medium containing 30mM

47



sodium citrate, 0.6mM MnCl,,0.2 mM NADP, 50 mM TRIS-HCI pH 74,
and two units of isocitrate dehydrogenase. The formation of NADPH was
determined spectrophotometrically (340 nm) at 25°C. The level of aconitase
activity measured equals active aconitase (basal level). Superoxide

dismutase (SOD)-specific activity was carried out according to Flohe and

Otting (1984).

3.4.5. Oxidative stress

The levels of reactive oxygen species (ROS) were also determined in liver
homogenate as previously reported (Lama et al. 2017). An appropriate
volume of freshly prepared liver homogenate was diluted in 100 mM
potassium phosphate buffer (pH 7.4) and incubated with a final
concentration of 5 uM dichlorofluorescein diacetate (Sigma—Aldrich) in
dimethyl sulfoxide for 15 min at 37 °C. The dye-loaded samples were
centrifuged at 12,500 x g per 10 min at 4 °C. The pellet was vortex mixed
at ice-cold temperatures in 5 ml of 100 mM potassium phosphate buffer (pH
7.4) and again incubated for 60 min at 37 °C. The fluorescence
measurements were performed with a HTS-7000 Plus-plate-reader
spectrofluorometer (Perkin Elmer, Wellesley, Massachusetts, USA) at 488
nm for excitation and 525 nm for emission wavelengths. ROS were
quantified from the dichlorofluorescein standard curve in dimethyl
sulfoxide (0—1 mM).

The specific activity of aconitase and superoxide dismutase (SOD) was
spectrophotometrically measured (Flohe and Otting 1984, Cavaliere et al.
2016). Catalase activity was determined based on the decomposition of

H,O, at 25 °C (Aebi 1984). Reduced glutathione (GSH) and oxidized
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glutathione (GSSG) concentrations in the liver were measured with the
dithionitrobenzoic acid-GSSG reductase recycling assay (Bergamo et al.

2007)

3.4.6. Analysis of fatty acid profiles in liver.

Extraction, purification and quantification of palmitic, palmitoleic, oleic
acid and PEA from liver require several biochemical reactions. First, tissues
(n=5) were homogenized and extracted with chloroform/methanol/Tris-HCI
50 mM pH 7.5 (2:1:1, v/v) containing internal deuterated standards for the
analyte quantification by isotope dilution (Cayman Chemicals, MI, USA).
The lipid-containing organic phase was dried down, weighed and pre-
purified by open bed chromatography on silica gel. Fractions were obtained
by eluting the column with 99:1, 90:10 and 50:50 (v/v)
chloroform/methanol. The 90:10 fraction was used for the quantification by
liquid chromatography-atmospheric pressure chemical ionization-mass
spectrometry (LC-APCI-MS), as previously described and using selected
ion monitoring at M+1 values for the four compounds and their deuterated
homologues, as previously described (Di Marzo et al. 2001, Piscitelli et al.

2011).

3.5. In vitro studies

3.5.1. In vitro model of Insulin-Resistance (IR)

Human HepG2 cells (American Type Culture Collection, Manassas, VA)
were cultured in complete RPMI 1640 medium at 37 °C with 5% CO». After

16 h starvation in 5% FBS medium, HepG2 cells were incubated with
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sodium palmitate (Pal, 100 uM, Sigma-Aldrich, Milan, Italy) or its vehicle,
for 24 h to obtain Pal-induced insulin resistant and control cells, respectively
(Cao et al. 2012, Wu et al. 2014). 2 h before Pal challenge, cells were pre-
treated with PEA (1 uM). Compound C (2 uM) was used as inhibitor of
AMPK (Sigma-Aldrich, Milan, Italy), was added 1h before PEA
stimulation. After 24 h Pal challenge, cell lipid content was evaluated or

Western blot analysis on cell lysate was performed.

3.5.2. Lipid content measurement

HepG2 cells were plated into 6-well plates (5 x 10%cells/well). After
induction of insulin resistance with Pal 0.5mM and INS 100 nm, relative
lipid content was measured. Briefly, cell monolayers were rinsed twice with
1 x PBS and fixed in 10% (vol/vol) formaldehyde in 1 x PBS for 60 min at
room temperature. After washing with distilled water 2 times, fixed cells
were stained with 1 mL/well of Oil Red O (ORO) working solution for 2 h.
This solution was prepared as follows: 0.5 g of ORO was dissolved in 100
mL of absolute isopropanol and kept overnight, then filtered through
Whatman no. 1 filter paper. The filtrate was diluted with distilled water (6:4
vol/vol), left overnight at 4 °C, and filtered twice. After, cells were washed
three times with distilled water. To assess the lipid accumulation, the ORO
dye, which was retained in the cells, was eluted with I mL/well isopropanol,
and quantified by measuring the OD at 510 nm using a spectrophotometer.

The results are expressed relative to control cells (Ferrante et al. 2014).

3.5.3. Cellular oxygen consumption measurement
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HepG?2 cells were seeded in Seahorse XFp Analyzer (Agilent Technologies,
Santa Clara, CA, USA) in mini plates at 30.000 cells/well in RPMI growth
medium overnight. Cells were treated with the tested compounds as
previously described; then, the medium was replaced with 750 pl unbuffered
Seahorse XF Base medium supplemented with glucose (10 mM), L-
glutamine (2 mM), sodium pyruvate (1 mM), equilibrated at 37°C in a CO2-
free incubator for 1 h, following manufacturer’s instructions. Respiration
was expressed as oxygen consumption rate (OCR, pmol/min). The proton
leak was determined after inhibition of mitochondrial ATP production by 1
uM oligomycin (as an inhibitor of the FO/F1 ATPase). Afterward, the
mitochondrial electron transport chain was maximally stimulated by the
addition of the uncoupler FCCP (2 uM). The extra-mitochondrial respiration
was estimated after the injection of rotenone (1 M) and antimycin A (0,5
uM), inhibitors of the complexes I and II1, respectively. Coupling efficiency
is the proportion of the consumed oxygen to drive ATP synthesis compared
with that driving proton leak (% of ATP-linked OCR/basal OCR). OCR was
normalized to the protein content of each well for all measurements by

Bradford assay (Divakaruni et al. 2014).

3.5.4. Adipogenic differentiation and cell treatment

3T3-L1 mouse fibroblast cells, purchased from European Collection of
Animal Cell Cultures (Salisbury, Wiltshire, U.K.), were maintained in
standard Dulbecco's modified Eagle's medium (DMEM) supplemented with
10% FBS and 100 U/mL penicillin and 100pg/mL streptomycin. Cultured
cells were grown at 37°C in a humidified 5% CO2 atmosphere with media

changes every 2-3 days. The standard procedure of adipogenic
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differentiation is shown in Fig. 4.5.4.1. At the confluence (ID 0), the cells
were incubated in DMEM containing 10uM of dexamethasone (DEX), 0.5
mM of 3-Isobutyl-1-methylxanthine (IBMX), 10pg/mL of insulin (INS) and
10% FBS for 2 days (ID 2), defined as the adipogenesis-inducing medium.
Then cells were cultured in adipogenesis maintaining medium (DMEM
containing 10pg/mL INS and 10% FBS) for 2 days (ID 4), followed by
DMEM with 10% FB for another 3 days (ID 7) (Ferrante et al. 2014). At
days 8-10, mature adipocytes were pre-treated with PEA (1uM). After 2-
hours of pre-incubation, cells were insulted with Pal 300 uM. At the end of
experimental period (24 hours), cells were harvested. Relative lipid content
was measured as previously described. In another set of experiment, mature
adipocytes were pretreated with PEA and GW6471(5 uM), a PPAR-
o antagonist, insulted with Pal as well and challenged with isoproterenol
(ISO, 100 uM) for 6 hours, in order to activate thermogenesis. Then, cells
were lysed, and total protein fraction was extracted for following analysis.
DEX. 10 4

MD 17 Ns 10 ugimL
10% FBS

MD I INS 10 pg/mL MD 1111 10% FBS
10% FBS

——
3 days i 2 days 1 2 days | 3 days |

ID-3 DO ID2 ID 4 ID7

1

Confluence

Figure 3.5.4.1. 3T3-L1 differentiation protocol. Cells were seeded to reach confluence at ID 0, after
48 hours, fibroblast were incubated with media supplemented of DEX; IBMX and INS. At days 8-
10, mature adipocytes were stimulated with PEA and GW6471, and challenged with Pal.
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3.5. Statistical Analysis

Data are presented as mean value + SEM. Statistical analysis was performed
by one- or two-way ANOVA followed by Bonferroni's post-hoc, for
multiple comparisons. Differences among groups were considered
significant at values of P<0.05; different superscripted letters indicate
significant statistical differences.

Analyses were performed using GraphPad Prism 7 (GraphPad Software,
San Diego, CA, USA).
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4. Results Section

4.0. PEA counteracts hepatic metabolic inflexibility modulating
mitochondrial function and efficiency in HFD-induced obese

mice

4.1. PEA reduced lipid accumulation, increased energy expenditure and

resting metabolic rate

The mean body weight of all groups was reported, starting 12-week after
HFD feeding throughout the 8-week treatment (Fig. 4.1.1. A). PEA
treatment gradually reduced body weight, reaching significance after 7
weeks. Consistently, 8-week treatment with PEA reduced fat mass (Fig.
4.1.1. B). Total energy intake of HFD+PEA group was lower than that of
HFD (Fig. 4.1.1. C). Interestingly, PEA treatment increased energy
metabolism, as shown by the higher VO, consumption and VCO;
production compared to HFD mice (Fig. 4.1.1. D). Notably, RQ ratio
decreased in PEA-treated HFD mice (RQ < 0.7) indicating an increase in
FAO (Fig. 4.1.1. E). Consistently, the energy expenditure of HFD+PEA

mice was increased compared to HFD ones (Fig. 4.1.1. F).

4.2 PEA modulated circulating levels of hormonal and inflammatory

parameters

In Table 4, biochemical and hormonal parameters are reported. Serum
triglycerides, cholesterol, ALT, and TNF-a increased by HFD, were
significantly reduced by PEA. Similarly, the hormonal profile altered by
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HFD was improved by PEA treatment, as shown by leptin and adiponectin

serum levels, whose ratio was consistently reduced.
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Figure 4.1.1. PEA reduced body weight and increased energy expenditure in diet-induced obese
mice. (A) Effect of PEA treatment on body weight measured throughout the treatment period (0-8
weeks after 12-week HFD feeding), (B), Fat mass measured by bioelectrical impedance analysis and
(C), Total energy intake was obtained considering weekly food intake and dietary gross density
energy (n = 10 each group). (D), VO2 consumption and VCO2 production, (E), RQ (VCO2/V0O2),
(F), Energy expenditure was determined at the end of experimental period by an open-circuit
calorimeter (n = 5 each group). Data are presented as means + SEM. Labeled means without a

common letter differ, P<0.05
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STD HFD HFD + PEA

Triglycerides (mg/dL) 116.1 + 5.124° 213.6 + 3.618° 151.2 + 4.505°
Total Cholesterol (mg/dL) ~ 163.7 + 4.479° 227.6 + 4.694° 190.9 + 2.489°
Serum ALT (U/L) 70.14 + 2.064° 124.1 + 3.894 98 + 4.416°
Serum TNF-o (ng/mL) 0.9514 + 0.0504° 3777 + 0.1205° 1.202 + 0.2694°
Leptinemia (ng/pL) 1.29 + 0.0626" 18.4 + 0.9042° 14.77 + 0.4992°
Adiponectinemia (pg/mL)  3.099  0.08055° 1.19 +0.09502°  2.688 + 0.1893"
Ratio (leptin/adiponectin) ~ 0.4185 + 0.02418°  16.09 + 1.516° 5.702 + 0.6046°
Insulin (ng/dL) 0.394 +0.01451°  1.545+0.5375°  0.4443 + 0.0321°
Glucose (mg/dL) 93.5 + 3.794° 135.4 + 6.871° 102.5 + 90.31°
HOMA index 1744 + 0.04303*  5.646 + 1.467° 2.783 + 0.3655°

Table 4. Biochemical and hormonal parameters. Data are expressed as mean + SEM (n = 6 for

each group). Labeled mean without a common letter differ, P< 0.05.

4.3. PEA reduced liver damage and improved hepatic lipid metabolic

impairment

The histological pattern of HFD mice was characterized by micro- and
macro-vesicular steatosis with prominent ballooning. Lobular inflammation
was characterized by inflammatory cells occasionally arranged in
microgranulomas (see arrow) and consisting mostly in lymphocytes, plasma
cells, and neutrophils (Fig. 4.3.1 A). Liver sections of HFD+PEA animals
showed a mild reduction of zone 1 micro-vesicular steatosis and ballooning,
accompanied by a reduction of inflammatory lesions and absence of
necrosis (Fig. 4.3.1 B). Moreover, PEA reduced hepatic lipid accumulation
caused by HFD feeding, as shown by the slight positivity to ORO staining
(Fig. 4.3.1 A). Accordingly, the increase in hepatic triglycerides of HFD
mice was reduced by PEA treatment (Fig. 4.3.1 C). Furthermore, PEA
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increased Ppara and reduced Fasn transcription (Fig. 4.3.1 D), associated
to increased phosphorylation of AMPK and its downstream target ACC
(Fig.4.3.1 E, F), the main pathway involved in FAO.

H&E

JsTD EEHFD WM HFD+PEA

Liver tryclicerides (mg/g)
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Figure 4.3.1. PEA effect on liver lipid accumulation in HFD-fed mice. (A), Paraffin-
embedded sections of the liver (n =4 each group) were stained with H&E and Oil Red O. Micrographs
are representative pictures with original magnification x20. (B), Effect of PEA treatment on severity
of steatosis, hepatic inflammation, and necrosis was also evaluated by Kleiner's grading system. (C),
Liver triglycerides content, (D), Ppara and Fasn mRNA levels, (E), Liver pAMPK-to-AMPK, (F),
pACC-to-ACC were evaluated by Western blot and densitometric analysis shown. (G), 116 and Tnfa
mRNA level are reported. Data are presented as means + SEM of animals from different groups (n =

4-6 each group). Labeled means without a common letter differ, P<0.05
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To further confirm the involvement of PPAR-o pathway in PEA-
mediated effect, Western blot analysis was performed to evaluate protein
expression of PPAR- a., its coactivator PGC1 a, and the downstream target
CPT1. As reportedin Fig 4.3.2 (A, B), PEA increased the expression of these
mediators, demonstrating that hepatic PEA effects were mainly mediated by
PPAR-a activation. Based on the extended hepatic inflammation grade of
HFD mice, we explored /I6 and Tnfa mRNA expression, two inflammatory
mediators implicated in the pathogenesis of steatosis and IR. PEA-treated
HFD mice showed a reduction in both cytokine transcription levels,

confirming PEA anti- inflammatory profile in HFD-induced steatosis (Fig.

4.3.1 G).
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Figure 4.3.2. PEA induced PPAR-0 and PGCla expression in HFD mice. (A4), In liver, protein
expression of PPAR-a, the co-activator PCGla, and its downstream target CPT1-L was evaluated
and (B), densitometric analysis was reported. Data are presented as means + SEM of animals from

different groups (n = 4-6 each group). Labeled means without a common letter differ, P<0.05.

4.4, Determination of PEA and long-chain fatty acids in mouse liver

In order to evaluate whether the excess of fat deposition in the liver of mice

feeding fat diet was influenced by PEA levels, PEA level and those of some
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long-chain fatty acids (i.e. palmitic, palmitoleic and oleic acids) were
measured in the liver. Notably, HFD decreased significantly hepatic PEA
levels, that were normalized by PEA oral treatment. Palmitic acid levels
were strongly altered by HFD, but unchanged in HFD+PEA animals;
however, palmitoleic acid and oleic acids were slightly reduced in PEA

treated animals (ZTable 5).

STD HFD HFD + PEA
PEA (pmoles/g tissue) 24.824 + 2.873° 11.432 + 0.562° 22.796 + 1.840°
Palmitic Acid (16:0) 35.228 + 1.911° 44.614 + 4.326" 44.654 + 4.448"
(umoles/g tissue)
Palmitoleic acid (16:1) 2.723 + 0.496° 6.042 +0.810° 4.219 +0.528"
(umoles/g tissue)
Oleic acid (18:1) 12.794 + 1.577* 39.350 + 6.395" 32.423 + 3.720°
(umoles/g tissue)

Table 5. Determination of PEA and long-chain fatty acids (palmitic, palmitoleic, and oleic
acids) in mouse liver. Data are presented as means + SEM of animals from different groups (n = 4-

6 each group). Labeled means without a common letter differ, P<0.05

4.5 Modulation of hepatic mitochondrial efficiency and oxidative stress by

PEA treatment

In our experimental condition, liver from HFD mice displayed an altered
expression of mitochondrial dynamic-related protein compared to STD
mice. Chronic high fat feeding resulted in an increased of MFN2 and a
reduction of DRP1 protein expression, suggesting the onset of stress-related
defensive mechanisms (Fig. 4.5.1 A-B) (Lopez-Lluch 2017). PEA-

treatment restore MFN2 and DRP1 protein expression, also increasing FIS1
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level (Fig. 4.5.1 A, B). These results lead us to assume a possible

involvement of PEA in re-establishing and managing mitochondrial health.
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Figure 4.5.1 PEA recovered the unbalanced mitochondrial dynamics in HFD mice. Western blot

analysis of MFN2 (4), DRP1 and FIS1 (B) in liver from STD, HFD and HFD+PEA is reported. Data

are presented as means = SEM of animals from different groups (n = 4-6 each group). Labeled means

without a common letter differ, P<0.05.

To confirm the involvement of PEA-effect on mitochondrial function,

hepatic mitochondrial respiration was evaluated in isolated organelles from

the mice of all experimental groups (Fig 4.5.2.).
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Mitochondrial state 3 respiration, evaluated using succinate as substrate,
was decreased in HFD-fed animals compared with the other groups and
restored by PEA (Fig 4.5.2 A). To study FAO, state 3 respiration was
measured using palmitoyl-carnitine as substrate; PEA increased oxygen
consumption compared with STD and HFD groups (Fig 4.5.2 B). No
variation was observed in mitochondrial state 4 respiration among all groups
using succinate or palmitoyl-carnitine substrate (Fig 4.5.2 A, B
respectively). High quality of mitochondrial preparations was indicated by
high respiratory control ratio values in all groups (data not shown). CPT
activity did not differ between STD and HFD fed mice, while it was
increased by PEA treatment (Fig 4.5.2 C). To test mitochondrial efficiency,
we measured oxygen consumption in the presence of oligomycin and FCCP
(Fig 4.5.2 D). Oligomycin state 4 respiration showed a significant reduction
in HFD animals compared to STD, whereas it was significantly increased in
PEA-treated mice (Fig 4.5.2 D). No variation was found in maximal FCCP-
stimulated respiration (Fig 4.5.2 D). Therefore, hepatic mitochondrial
energetic efficiency, assessed as the degree of coupling, was increased in
HFD and decreased by PEA treatment (Fig 4.5.2 E). This reduction in
energy efficiency is associated to PEA-induced increase in mRNA
expression of uncoupling protein (UCP)2 (Fig 4.5.2 F). UCP2 is an anion
transporter involved in mitochondrial calcium homeostasis and is related to
the increase in proton leak and the reduction of ROS production (Mailloux
and Harper 2011). Hepatic ROS production, increased in HFD mice, was
significantly decreased by PEA (Fig. 4.5.3. A). Accordingly, PEA increased
antioxidant defence, promoting SOD, aconitase, and catalase activity (Fig.

4.5.3. B-D). Moreover, the hepatic GSH level was reduced by HFD and
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increased by PEA treatment, and no difference in GSSG content was shown

among groups (Fig. 4.5.3. E).
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Figure 4.5.2. Effect of PEA on liver mitochondrial function and energy efficiency. (A),
Mitochondrial respiration in presence of succinate or (B), palmitoyl-carnitine, as substrates, was
determined in presence of ADP (state 3) and in the presence of substrates alone (state 4). (C), CPT
activity was determined in isolated liver mitochondria. The oxygen consumption rate was evaluated
(D), In the presence of oligomycin, that inhibits ATP synthase, and FCCP, which dissipates trans-
mitochondrial proton gradient. (E), the degree of coupling is also shown. (F), mRNA levels of UCP2
were also reported. Data are presented as means + SEM of animals from different groups (n = 4-6

each group). Labeled means without a common letter differ, P<0.05.
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The beneficial effects on liver redox status induced by PEA were clearly

indicated by the significant increase of the GSH/GSSG ratio (Fig. 4.5.3. F).
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4.6. PEA counteracts mitochondrial dysfunction in palmitate challenged

HepG2 cells

PEA effect on mitochondrial bioenergetics in Pal-treated cells was assessed
using MitoStress assay by Seahorse analyzer (Fig. 4.6.1. A) resembling
steatosis and IR in vitro. PEA treatment recovered Pal-induced
mitochondrial dysfunction, increasing basal and maximal respiration (Fig.
4.6.1. B, C) promoting ATP-linked respiration and proton leak (Fig. 4.6.1.
D, E), and reducing mitochondrial coupling efficiency (Fig. 4.6.1. F). All
these data indicate the direct effect of PEA in counteracting Pal-induced

mitochondrial dysfunction.

4.7. Involvement of AMPK in PEA effect on lipid metabolism in HepG2 cells

The in vivo findings suggest the possible involvement of AMPK in PEA
mechanism of action. To demonstrate this hypothesis, we designed in vitro
experiment using compound C, a potent inhibitor of AMPK.

The direct lowering effect of PEA on hepatic lipid accumulation induced by
Pal was shown on HepG?2 cells (Fig. 4.7.1. A). Notably, the PEA effect was
blunted by compound C (Fig. 4.7.1. A). In fact, PEA restored AMPK
phosphorylation and increased PPAR-a and CPT1 expression in Pal-
challenged HepG2 (Fig. 4.7.1. B) and all these effects were reversed in the
presence of compound C (Fig. 4.7.1. C), clarifying the key role of AMPK

in PEA metabolic activity.
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Figure 4.6.1. PEA effect on mitochondrial function of Pal-challenged HepG2 cells. (4), Basal
oxygen consumption rate (OCR) was determined by Cell Mito Stress Test in Sea Horse analyzer,
following the addition of oligomycin, the uncoupler FCCP, rotenone and antimycin A, inhibitors of
complexes I and III, respectively. (B), Basal respiration, (C), maximal respiration, (D), ATP-linked
respiration, (E), proton leak, as well as F, coupling efficiency were calculated in HepG2 cells
stimulated with Pal (100 pM) in presence or not of PEA (1 pM). OCR was normalized to the protein
content of each well for all measurements by Bradford assay. Data are the mean + SEM of three

different experiments with three technical replicates. Labeled means without a common letter differ,

P<0.05
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Figure 4.7.1. Involvement of AMPK in PEA effect on lipid metabolism in HepG2 cells. A, Lipid
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5.0. Brown adipogenic reprogramming by PEA in HFD-induced

obese mice.

5.1. PEA promotes a rearrangement of BAT morphology and activity and

reduces adipocytes hypertrophy in scWAT

H&E staining of iBAT demonstrated that in obese mice brown adipocytes
were deeply converted from multilocular to paucilocular/unilocular
phenotype (Fig 5.1.1.). Interestingly, PEA-treated animals exhibited a mild
recovery of the brown-like phenotype, characterized by the appearance of
several adipocytes and a typical multilocular lipid droplet arrangement. The
increased multilocularity observed in PEA-treated animals matched with an
increased UCP1 immunohistochemical staining, suggesting that PEA
treatment was able to reconvert the inhibited and whitened brown
adipocytes of obese mice to a more functional state (Fig 5.1.1.).

It is well known that iBAT morphology and function is sustained by an
extended parenchymal sympathetic noradrenergic innervation (Murano I et
al). Therefore, to further assess the effects of PEA on BAT, TH
immunohistochemistry serial sections was performed. Morphometric data
showed an increased density of noradrenergic nerves in iBAT of PEA
treated mice (Fig. 5.1.2.).

In inguinal fat depots, HFD mice exhibited a significant hypertrophy of
adipocytes compared to control. Despite no significant differences was
found in de novo adipogenesis transcriptional level (Fig 5.2.2.), H&E
staining of HFD+PEA revealed a reduction in adipocytes size and area, as

shown in Fig 5.1.3. (A and B).
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Figure 5.1.1. Morphological staining of iBAT. In Panel A, paraffin-embedded alternate sections

were stained with H&E. Immunohistochemical staining for UCP1 reveals total protein tissue

expression. Original magnification 20X.
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Fig 5.1.2. Immunohistochemistry staining for TH in iBAT. Representative staining of TH antibody

is reported, and the total count of positive fibers were performed in a double- blinded manner (n=7

animals for each group). Original magnification 100X.
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Figure 5.1.3. PEA effect on adipocytes hypertrophy. A, H&E of scWAT from STD, HFD,
HFD+PEA mice. Magnification 10X and 20X and B, mean of adipocyte size.

5.2. PEA effects on thermogenic marker in BAT and scWAT

At molecular level, iBAT from HFD animals displayed an altered brown
phenotype, with reduced gene expression of Ucpl, Ppargcla, Prdml6,
Cox8b. PEA significantly induced expression of brown thermogenic genes
iniBAT (Fig.5.2.1). PEA also modulates browning phenomenon in sScWAT,
the main fat pad responsive to thermogenic stimuli. Indeed, PEA increased
gene expression of Ucpl, Prdm16 and Ppargcla, without affecting de novo
adipogenesis, as demonstrated by no modification in Fabp4 mRNA level in
HFD and HFD+PEA (Fig.5.2.2. A).

Furthermore, PEA recovered the phosphorylation of AMPK and the protein
expression of PGCla in scWAT, reduced by HFD (Fig.5.2.2. B),
suggesting the beige adipocyte transdifferentiation induced by PEA.
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Figure 5.2.1. PEA induces transcription of thermogenic marker in BAT of HFD mice. Result
are shown as mean = SEM (¥P<0.05, **P<0.01 vs STD; #P<0.05, vs HFD)
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Figure 5.2.2. PEA manage beige adipocyte metabolism in scWAT. A, In HFD+PEA mice, an
increase in Ucpl, Prdm16, Ppargcla gene expression were demonstrated. Moreover, PEA induced an
increased protein expression of phospho-AMPK and PGCla compared to HFD mice. Result are

shown as mean = SEM (¥P< 0.05, **P< 0.01 vs STD; #P< 0.05, ##P< 0.01 vs HFD);
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5.3. PEA restore leptin signaling pathway, providing endocrine and

immune regulation in sScWAT of HFD animals

The significant reduction of circulating leptin level (7able 4), prompt us
to explore the involvement of leptin signaling pathway in PEA endocrine
and anti-inflammatory effects. In obese animal the dramatic increased of
leptin serum level is accompanied by a reduction of STAT3 phosphorylation
and an increase of the inhibitory SOCS protein expression, demonstrating
an impairment of leptin signaling pathway that underlines the peripheral
leptin resistance in adipose tissue. As shown in Fig 5.3.1. PEA restored both

phospho-STAT3 and SOCS protein expression, improving leptin sensitivity

in sScWAT.
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Figure 5.3.1. PEA effect on leptin signaling pathway in scWAT. A, Leptin signaling pathway
was evaluated by Western blot analysis in inguinal fat depots. B Densitometric analysis of pSTAT3-

to STAT3 and SOCS3 was also reported. Result are shown as mean = SEM (#P<0.05, vs STD;

**P<0.01, **¥*P< 0.001 vs HFD).
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Since chronic inflammation of WAT occurs during obesity, we evaluated
the effect of PEA on subcutaneous adipose tissue inflammation. In HFD
mice, gene expression of 7nfa and //-6 was strongly up-regulated (Fig 5.3.2.
A), while [I-10, Adipoq and Pparg mRNA levels reduced (Fig 5.3.2 B).
Interestingly, PEA reduced obesity-related inflammation, decreasing pro-
inflammatory cytokine (i.e. TNF and IL-6) and increasing anti-
inflammatory cytokines (IL-10) and adipokines (adiponectin) and

increasing PPAR-y gene expression (Fig 5.3.2.).
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Figure 5.3.2. PEA reduce inflammation in scWAT of obese mice. A, Tnfa and /I-6 and B, 1110,
Adipoq, Pparg mRNA level are reported. Results are shown as mean + SEM (¥*P<0.05, **P< 0.01 vs
STD; #P<0.05 vs HFD).

5.4. PEA activates AMPK signaling pathway in 3T3-L1 mature adipocytes.

To clarify the mechanism of action by which PEA exerts its beneficial effect

in adipocyte, we used an in vitro experimental model.
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In mature adipocytes exposed to Pal, 24-hours treatment of PEA markedly

normalized lipid content, as showed in Fig 5.4.1.
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Figure 54.1. PEA increased thermogenic activation in mature adipocytes. Oil Red O staining
revealed an increased lipid accumulation in Pal group, reduced in PEA-treated cells (*P<0.05 vs Con;

#P<0.05 vs Pal).
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Figure 54.2. PEA increased UCP1 protein expression in ISO-challenged 3T3-L1. After
differentiation, 3T3-L1 were stimulated with PEA (1uM) and GW6471 (SuM) and insulted with Pal
(300 uM). 6 hours before the washout, cells were challenged with the 33-agonist isoproterenol (ISO,

100 uM) to activate lipolytic and thermogenic features of adipocytes (**p < 0.01; ****p<0.0001).
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Interestingly, in ISO-challenged adipocytes, PEA promoted UCP1 protein
expression, impaired by Pal. According to our hypothesis, GW6471 pre-
treatment, a potent PPAR-a antagonist, dampened PEA effect on UCP1
expression, suggesting a possible PPAR-a dependent mechanism in PEA-

stimulated thermogenic pathway, on hypertrophic adipocytes (Fig.5.4.2.)
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6. Discussion and Conclusion

The identification of PPARs and their ligand led to the discovery of the
direct role of lipids in modulation of the gene expression. Specifically,
PPAR-a act as a crucial regulator of whole-body homeostasis, ipid and
glucose metabolism, therefore it can be considered an intriguing target for
NAFLD therapy (Desvergne and Wahli 1999). Unfortunately, the weak
safety profile of the available PPAR-a agonist, the fibrates, claimed the
requirement of novel efficient and safe agents (Tanaka et al. 2017).
Rodriguez de Fonseca et al. (2001)demonstrated that OEA, an endogenous
NAEs, caused a profound decrease in food intake and body weight and
lately, it was demonstrated that OEA suppressive effect on appetite was
attributed to its interaction with PPAR-a receptor (Fu et al. 2003, Nielsen et
al. 2004, Laleh et al. 2018). Recently, its anorectic effect and
hepatoprotective properties have been reviewed (Tutunchi et al. 2019). In
many other studies, OEA treatment showed not only hepatoprotective and
lipolytic effect in adipose tissue, but also exhibited anti-inflammatory
properties via PPAR-qa activation (Guzman et al. 2004, Suarez et al. 2014,
Chen et al. 2015, Tutunchi et al. 2019).

In this study, we determined the modulatory effect of PEA, a congener of
OEA belonging to N-acylethanolamine family, on hepatic metabolic
inflexibility and adipose tissue remodeling in an animal model of diet-
induced obesity. As mentioned above, the main PEA effects are due to its
interaction with PPAR-a (Lo Verme et al. 2005, Mattace Raso et al.
2014).Therefore, during the first year of my PhD program, the research was

focused on the evaluation of PEA metabolic effect in an in vivo model of
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diet-induced obesity. PEA limited overweight and adiposity induced by
HFD, reducing energy intake, increasing energy expenditure, resting
metabolic rate, and lipid oxidation, as shown by the reduced RQ. Indeed,
the decreased RQ index reflects the preferential cellular use of fatty acids
rather than carbohydrate, dissipating most part of energy gained from HFD.
In obese mice, the increased lipid oxidation induced by PEA determines an
improvement of lipid and inflammatory profile, limiting the progression of
hepatic steatosis in NASH.

Recently, the activation of AMPK, a cellular energy sensor, has been
identified as a therapeutic target for treating metabolic diseases (Day et al.
2017). The activation of this sensor leads to the phosphorylation of key
metabolic mediators and transcriptional regulators, including PPARs, that
are linked to cellular metabolism (Herzig and Shaw 2018). Indeed, AMPK
activation reprograms cells and it redirects metabolism inhibiting
anabolism, increasing catabolism, limiting glucose and lipid synthesis and
promoting FAO as an energy source.

Obesity and related comorbidities result from the overproduction of lipids
derived by de novo lipogenesis and from the inability to oxidize lipids stored
in the liver (Day et al. 2017). These effects are counteracted by AMPK/ACC
pathway activation: in fact, the activation of AMPK reduces lipogenic gene
expression, liver triglycerides, and hepatic steatosis in hyperlipidemic
diabetic rats (Seo et al. 2009) and reduces lipid accumulation in hepatocytes
(Zhang et al. 2016).

In our experimental conditions, PEA promotes hepatic lipid catabolism not
only reducing fatty acid synthase transcription, but also directly activating
AMPK signaling pathway, rescued liver capability of HFD mice in using

the available lipid disposal and in managing the nutrient source gained from
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diet. Furthermore, the activation of lipid catabolism leads to the reduction
of hepatic ectopic lipid storage, as shown by the determination of
triglyceride content and Oil Red O staining. All these effects were
accompanied by an increased level of PPAR-a expression and its
coactivator PGC1a, determined both in vivo and in vitro.

Previous data demonstrated that the activation of AMPK can inhibit the
synthesis of proinflammatory cytokines both in macrophages (Sag et al.
2008, Yang et al. 2010) and in adipocytes (Lihn et al. 2008). Our data
demonstrated that PEA treatment reduced the pro-inflammatory TNF-a and
IL-6 and increased the anti-inflammatory mediators (IL-10, PPAR-g and
adiponectin) in liver and adipose tissue, confirming the anti-inflammatory
activity of PEA in this experimental model.

Moreover, in HFD mice PEA also improves the alterations of serum leptin
and adiponectin, deeply reducing their ratio. Interestingly, it has been
demonstrated that both adipokines inversely modulate glucose and lipid
metabolism through AMPK signaling (Minokoshi et al. 2002, Long and
Zierath 20006).

As previously demonstrated, HFD induced the disruption of mitochondrial
homeostasis (Mollica et al. 2017). Here, PEA treatment modulates
expression of protein involved in mitochondrial dynamics, reducing the
MFN?2 protein level and promote the expression of DRP1 and FIS1. All
these effects reflect the PEA ability in re-balancing mitochondrial dynamics
in liver of HFD mice. Moreover, the reduced mitochondrial respiratory
capacity revealed a significant impairment of mitochondrial function,
associated with an increased oxidative stress in liver from HFD mice. PEA
improves mitochondrial respiratory capacity and FAO, decreasing

mitochondrial efficiency, as shown by the degree of coupling. The recovery
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of mitochondrial functionality matched with the increased transcription of
UCP2, whose uncoupled activity is necessary to maintain oxidative balance
in liver (Jin et al. 2013). Despite the role of UCP2 in the pathogenesis of
NAFLD remain controversial, growing evidences demonstrated the
protective role of UCP2 during the progression of liver and metabolic
disease (Toda and Diano 2014). Concerning the oxidative stress, PEA-
treated mice displayed the reduction of ROS production, the increase of
aconitase, SOD and catalase activity, well-known detoxifying enzymes, as
well as the reduced GSH/GSSG ratio. Moreover, it has been already
described that PEA levels decreased in rat fatty liver due to overfeeding
(Izzo et al. 2010) as well as in insulin-resistant obese women (Abdulnour et
al. 2014); it is likely that PEA levels are affected by dysmetabolism, and
that PEA biosynthesis/degradation routes may be involved in metabolic
impairment. It has been reported that PEA in ultramicronized formulation is
rapidly absorbed (Petrosino et al. 2018) and accordingly, the exogenous
administration of PEA promoted an increase of its hepatic levels in HFD
mice, whereas no change either in palmitic or palmitoleic or oleic acid
content were detected. In addition, it should be considered that the amount
of palmitic acid derived from PEA degradation is negligible respect to whole
tissue amount and it depends on exogenous source and endogenous
biosynthesis that are tightly maintained in a defined homeostatic
concentration (Carta et al. 2017).

The open question remains whether PEA mediates per se a metabolic
activity. Therefore, during the II year, the study was focused on the
development of an in vitro model that could resemble the in vivo
experimental condition of IR and the lipid cellular accumulation, using

HepG?2 cells-challenged with palmitate. In insulted HepG2 cells, the effect
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of PEA on mitochondrial function showed similar results to those obtained
in in vivo model, highlighting a direct effect of PEA on hepatocytes. PEA
stimulation increased basal, maximal and ATP-linked mitochondrial
respiration. Moreover, PEA exposure induced an increase in proton leak,
and subsequently a reduction of coupling efficiency. The in vitro
experiments also allowed to address the direct effect of PEA on hepatic lipid
metabolism via AMPK- dependent mechanism, using compound C, a potent
and selective inhibitor of the enzyme.

Pilot experiments were performed to choose PEA concentration, selecting 1
puM of PEA, the same previously used in other study on SH-SY5Y, a human
neuroblastoma cell line (Avagliano et al 2016).

As known, HepG2 cells exposed to palmitate have been commonly used to
study the impairment of hepatic lipid metabolism and steatosis related to
NAFLD (Gomez-Lechon et al. 2007, Kanuri and Bergheim 2013, Kim et al.
2019), representing an appropriate cellular model to determine the
involvement of AMPK activation in PEA effects. PEA treatment reduced
lipid accumulation induced by palmitate in HepG2 cells, activating the
phosphorylation of AMPK, and the expression of PPAR-a and CPTI1.
Notably, PEA effects were blunted by AMPK inhibition, evidencing the
involvement of this enzyme in PEA-induced improvement of hepatic lipid
metabolism in challenged hepatocytes These results demonstrated that,
acting via AMPK pathway, PEA control multiple side of cellular
metabolism, including lipid oxidation, mitochondrial function and
efficiency. As mentioned before, AMPK coordinates metabolism via
multiple functions (controlling ATP rates, orchestrating cellular metabolism
and ensuring mitochondrial health), and the possibility to activate this kinase

is considered a harmful tool to counteract NAFLD (Herzig and Shaw 2018).
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In the last part of the PhD course, the intriguing possibility to impact on
energy expenditure prompted the study towards the investigation of BAT,
the unique organ able to perform non-shivering thermogenesis. Light
microscopy of iBAT revealed a multilocular rearrangement of brown
adipocytes in obese mice treated with PEA, demonstrating its capability to
rescue BAT whitening induced by HFD. In the same organ, PEA treatment
induced an increased positivity for UCP1 immunohistochemical staining.
Moreover, PEA increased the number of sympathetic fibers, mirroring a
more functional status of iBAT (Morrison and Madden 2014, Fischer et al.
2019).

As previous implied, UCP1 is the obligatory thermogenic protein by which
BAT dissipates energy in form of heat and its activity decreases metabolic
efficiency (Cannon and Nedergaard 2004). Although UCP1-ablated mice do
not develop spontaneously obesity, they are more susceptible to high-fat
feeding and prone to gain fat adiposity (von Essen et al. 2017).

In rodents and human, to enroll the thermogenic potential of BAT via UCP1
is of considerable interest to counteract the development of obesity. Under
normal or obesogenic feeding conditions, we should consider the
contribution of UCP1 activity to diet-induced thermogenesis (DIT), the
obligatory or adaptative (facultative) process occurring in response to food
intake. Paradoxically, in short-term high-fat feeding mice, body adiposity
positively correlates with total UCP1 content, a physiological feature which
reflects the requirement of the body to the diet-adaptative thermogenic
mechanism. It means that the magnitude of the thermogenic response
depends on the amount of eaten food (higher food intake leads to higher
thermogenesis) (von Essen et al. 2017). However, DIT represent a

homeostatic mechanism that counteracts the further development of obesity,
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but the metabolic inflexibility, occurring during chronic overfeeding, failed
in body adaptation to the excessive energy intake.

The experimental data obtained demonstrated that PEA treatment promoted
the iBAT thermogenic adaptation to the energy gained from the diet,
increasing the number of UCP1-positive cluster of brown adipocytes that
perfectly matches with the recovery of the typical iBAT morphology. PEA-
induced activation of iBAT was also confirmed by the mRNA expression of
several thermogenic marker (UCP1, PGCla, PRDM16, COX8B).
Moreover, PEA-treated animals showed an increased gene expression of
thermogenic marker of beiging (UCP1, PGCloa and PRDM16) in scWAT,
also demonstrating the recruitment of beige adipocytes in the inguinal
depots. The thermogenic capacity of beige cells is mainly due to the
presence of mitochondria provided of UCP1. An emerging role for AMPK
in the modulation of mitochondrial health has been widely recognized both
in brown and in beige cells (Mottillo et al. 2016). Even in scWAT, PEA
enhanced the activation of AMPK pathway, and increased the protein
expression of PGClo a master driver of mitochondrial biogenesis.
Consistently our previous data evidenced PEA capability to increase AMPK
activation also in adipose tissue of ovariectomized rats with mild obesity,
inhibiting cytokine synthesis and M1/M2 shift depolarization reducing the
activated state of macrophages (Mattace Raso et al. 2014). The increased
AMPK-phosphorylation induced by PEA was determined both in
hypothalamus and WAT of ovariectomized rats.

Furthermore, PEA treatment restored leptin-signaling pathway in WAT,
promoting the phosphorylation of the downstream target of leptin receptor
STATS3, reducing the protein expression of the inhibitory SOCS3 and, also

dampening adipose leptin resistance. Beyond the well-known endocrine
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function, leptin orchestrates immunometabolism, participating to the
interplay between immune cell and systemic metabolism. In fact, besides
the endocrine side of adipocytes secreting leptin and adiponectin, resident
and circulating macrophages are responsible of adipose tissue inflammation,
producing the inflammatory cytokines (TNF-a, IL-6, monocyte
chemoattractant protein-1) and contributing to the development of systemic
low-grade inflammation (Larabee et al. 2020). The interplay between
adipocytes and macrophages is central to the development of inflammation
within the tissue. In obese mice, PEA exerts its anti-inflammatory
properties, significantly increasing mRNA transcription of anti-
inflammatory factors (II-10, adiponectin and PPAR-o) and decreasing
inflammatory cytokines (IL-6 and TNF- o).

Based on these results, PEA can be considered a therapeutic tool to recover
metabolic flexibility impaired by obesity. All these results demonstrate that
in liver PEA limit metabolic alteration, counteracting lipid accumulation in
liver and adipose organ, two of the main tissues involved in the control of
body energy homeostasis, restoring energy balance and impacting on
adipose tissue plasticity.

Overall, the study has some limitations. As above reported, in a
multifactorial disease as NALFD, the contribute of the per se anti-
inflammatory effect of PEA on metabolic improvement could not be ruled
out. Indeed, it is conceivable that this effect of PEA may sustain and amplify
its metabolic activity. Moreover, our experimental condition could not allow
to define whether PEA itself induced brown-to-white transdifferentiation in
HFD mice for several reasons. First, HFD and HFD+PEA animals were
exposed to a long-term overfeeding, undergoing a deep change of fat pad,

including the disappearance of beige adipocytes in inguinal adipose depot.
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Cold exposure is the most physiological cue leading browning process, since
mice need to increase their rate metabolism to counterbalance the increased
heat lost (Nedergaard and Cannon 2014). However, this phenomenon can
be also triggered by 33-adrenergic stimulation. According to a large part of
literature, the ideal condition to demonstrate PEA effect on browning would
be to expose the mice at cold. Low temperature exposure would allow to
evidence the browning of subcutaneous adipose tissue. To overcome the
limitations of in vivo experimental condition, the research moved toward the
in vitro approach. To resemble the cold adaptative response, we analyzed
PEA effect in mature adipocytes upon [3-adrenergic stimulation by
isoproterenol, confirming the effect evidenced in in vivo model of obesity.

In light of these consideration, the study provides novel insight into the
metabolic effects of PEA, that may be the result of multiple direct and/or
indirect converging mechanisms: the improvement of mitochondrial
respiratory capacity, the decrease in mitochondrial efficiency, the
improvement of redox status associated to cytoprotective defenses and its

well- known anti-inflammatory effect.
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General conclusion

PPAR-a constitutes a regulatory crossroad among several cellular functions
as metabolism, behavior, pain perception and inflammation (Bougarne et al
2018). Despite its biological importance, the pharmacological activation of
PPAR-a induced by fibrates is associated with the onset of severe adverse
effects in patients with dyslipidemia and reduced efficacy in clinical
management of NAFLD. This relatively weak potency may be ascribed to
the selective transcriptional events induced by fibrates, whose metabolic
effect are unable to counteract a complex disease such as NAFLD. Indeed,
NAFLD belongs to a cluster of metabolic abnormalities associated with
obesity, whose metabolic complication are mainly due to the chronic pro-
inflammatory status, to date known as “metaflammation”.

A safe therapy for obesity and related disorders is still a pharmacological
challenge, and future research is moving towards the pan or dual-PPAR (a/y
or a/0) modulators, with a broad-spectrum pharmacological activity and a
minimal risk of side effects (Friedman et al. 2018).

However, for its pleiotropic activities, the ALIAmide PEA could be
considered a valuable lipid compound for the multitarget approach in the
prevention and therapy of obesity-related diseases, including NAFLD.
Indeed, its numerous and converging direct and indirect effects depend on a
more “physiological” activation of PPAR-a and AMPK modulation by
which PEA exerts metabolic functions and modulate inflammation, the
pathophysiological and shared starting point for obesity, IR and related
disorders. Moreover, further preclinical and clinical studies on the possible

association between PEA and available metabolic drugs will be necessary.
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Highlights

e In healthy individuals, metabolic flexibility describes the ability to
to select metabolic fuel depending on environmental demand.

e Palmitoylethanolamide is an endogenous lipid mediator and a
PPAR-a agonist.

e The onset of inflexibility is a hallmark of obesity and -related
disorder.

e Liver and Adipose tissue are key organ involved in energy and
immune-metabolic regulation

e Palmitoylethanolamide enhances lipid metabolism reducing hepatic

mitochondrial dysfunction and promoting adipose tissue plasticity.
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