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Abstract

Obesity is a metabolic disorder of multifactorial origin correlated with an elevated
morbidity and mortality rates. It predisposes to the metabolic syndrome and is
characterized by excess adipose tissue, altered levels of circulating proinflammatory
adipokines, imbalances of the adaptive immune system and local and systemic chronic
inflammation. In particular, obesity is associated with a state of “chronic low-grade
inflammation”, which plays an important pathophysiological role in the development
and progression of many chronic pathologies, such as insulin resistance, endothelial
dysfunction and dyslipidemia. Furthermore lipotoxicity, common in the adipose tissue,
contributes to exacerbate the problems associated with these pathological conditions.
FFA, including palmitic acid (PA), are in fact considered among the main causes of the
onset of inflammation and insulin resistance in the adipose tissue.

In recent years, epidemiological evidences have shown that anthocyanins, natural
phenols commonly present in food and vegetables from Mediterranean Diet possesses
not only a high antioxidant and anti-inflammatory activity, but also a marked anti-
obesity and insulin sensitizing effect. Therefore, the aim of this work was to evaluate
the potential beneficial effects of cyanidin-3-O-glucoside (C3G) in counteracting the
inflammatory condition and the insulin resistance induced by high concentrations of PA
at the adipose tissue level, through the use of an in vitro experimental models on murine
(3T3-L1) and human (SGBS) adipocytes.

In all experiments fully differentiated 3T3-L1 and SGBS adipocytes were pretreated
with different concentrations of C3G for 24 h and then exposed to high concentrations
of PA for further 24 h in order to induce cellular hypertrophy. To evaluate the insulin
resistance condition, cells were subsequently treated with insulin.

In particular, to characterize the effect of PA on the inflammatory process and the
insulin resistance at molecular level and to demonstrate the protective effect of C3G in
such conditions, for 3T3-L1 cells, we evaluated cellular signal pathways involved in
adipogenesis (PPAR-y pathway), inflammatory process (NF-kB pathway) and insulin
resistance (IRS-1/P13K/Akt pathway).

Instead, in order to confirm the effects on human SGBS cells we assessed the mMRNA
levels of the main cytokines modulated by NF-kB (TNF-a, IL-6, IL-8, and MCP-1), and
GLUT-1, GLUT-4, hexokinase and adiponectin as markers of insulin sensitivity.

Data reported in this thesis demonstrate that C3G ameliorates inflammation and insulin
resistance conditions induced by PA, thus suggesting new potential roles for this natural
compound in the prevention and treatment of pathological conditions linked to obesity.

Keywords: Lipotoxicity, Free fatty acids, Anthocyanin, Cyanidin-3-O-glucoside,
Inflammation, Insulin resistance.
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Obesity, Inflammation and
Insulin resistance




1.1 Introduction

Obesity is a chronic multifactorial disease, characterized by an excessive
accumulation of body fat, which can lead to adverse health effects, resulting in a
reduction of life expectancy. It is determined in most cases by improper life
styles: among the predisposing conditions there are hypercaloric feeding and
reduced energy expenditure, due to inadequate physical activity (Makki et al.,
2013).

In the last decades, obesity has become one of the major public health problems
worldwide, mainly because its prevalence is in constant and worrying increase
both in western countries and in low-middle income classes. It is turned to be a
major risk factor for many chronic diseases, such as type 2 diabetes mellitus
(T2DM), cardiovascular and tumoral diseases, resulting in a reduced quality of
life, high morbidity and mortality rates. It has been estimated that 44% of cases of
T2DM, 23% of ischemic heart disease and up to 41% of some cancers, are due to
obesity and overweight conditions (Muenning et al., 2006).

In recent years the increase of this condition,with all its correlated effects, has
been more and more increased especially among young people (Knight et al.,
2011). It is therefore essential to apply important strategies to cope with the

increase in weight in the population at risk.

1.2 The adipose tissue

1.2.1 Morphogenesis

In human organism there are two types of adipose tissue: white adipose tissue
(WAT) and brown adipose tissue (BAT). However, despite the common origin,
the function of the two types of tissue is totally different.

WAT is the main tissue associated with energy storage at the body level; to WAT
it is also attributed the function of isolation and mechanical protection of some
vital organs. It consists of very large cells, with a diameter of about 50-100 pum,
able to accumulate inside large amounts of triglycerides, which gather to form a
large oily drop. Due to the considerable size of this drop, the cytoplasm and the

nucleus are relegated to the periphery. White adipocytes are not simple fat



reservoirs, but metabolically active cells, able to synthesize and store
triglycerides. The WAT mature adipocytes show the expression profile required
for the synthesis of triacylglycerols, for glucose uptake and lipogenesis, as well as
for lipolysis (Fantuzzi et al., 2005). This phenotype makes it possible that, when
the body's energy supply is excessive, or when the expenditure is decreased, the
excess energy is efficiently deposited at the WAT level as triacylglycerols. On the
other hand, in cases of caloric need (when the energy intake is inadequate and/or
the energy consumption is increased) WAT mobilizes lipid deposits resulting in
the release of fatty acids and glycerol which are carried through the blood into the
tissue, where they are oxidized to obtain energy (Large et al., 2004). Adipocytes
have also the ability to convert excess glucose into reserve triglycerides.

BAT, on the other hand, has significant differences. It consists of smaller cells,
whose brownish-red colour (hence the name of ‘“‘Brown’’ fat) is due to rich
vascularization and to the presence of cytochromes contained in the numerous
mitochondria present at the cellular level (Cannon et al., 2004; Cinti et al., 2005).
Unlike white adipocyte, the brown adipocytes do not contain a single large
adipose mass but many small drops of triglycerides, known as lipid vacuoles.
Therefore the nucleus and the cytoplasm are not located in periphery but well
distinguishable within the cell. Besides a morphological there is also a diverse
functional nature. Whereas in white adipocytes the triglyceride hydrolysis occurs
according to the body's energy requirements, in the brown adipocytes fat
degradation occurs in response to a lowering of body temperature. The role of
BAT is to metabolize fatty acids to produce heat (Harms et al., 2013). BAT is
mainly specialized in “nonshivering thermogenesis” (NST). This thermogenesis,
also called chemical thermogenesis, is physiologically stimulated by
noradrenaline, released by the nerve fibers of the sympathetic system that
innervates it, and provides for the production of heat through exothermic
biochemical reactions. The transduction of thermogenesis signal occurs mainly
through the Bs-adrenergic receptors on the brown adipocytes membrane and it is
coupled to the activation of adenylyl cyclase leading to an increase in cytosolic
levels of cyclic adenosine monophosphate (cCAMP) (Schulz et al., 2011).



The cAMP increase also induces hydrolysis of triglyceride reserves through
activation of protein kinase A (PKA). The small lipid droplets, typical of brown
adipocytes, make this process faster: they are more easily accessible for
hydrolysis and rapid fatty acids oxidation. This BAT-specific role is supported by
the high presence in mitocondria of uncoupling protein-1 (UCP1), which
determines the coupling of the respiratory chain to adenosine triphosphate (ATP)
synthetase, thus allowing the use of energy derived from oxidation of fatty acids
for heat production (Dulloo et al., 2010). Significant BAT deposits are found in
rodents and other animals throughout their life. In humans, however, they are
mainly present in newborn, although recent studies have shown that brown
adipocytes may persist even in adults (Nedeergaard et al., 2007).

Recently, along with these two types of adipose tissue, the "brite™ (“Brown-in-
white") or beige adipose tissue has emerged. This tissue is mainly located at the
supraclavicular level with intermediate characteristics between the WAT and BAT
(Fig. 1). This type of adipose tissue is dispersed among the white adipocytes, to
which it is similar for the low mitochondrial protein UCP1 concentration;
however, like BAT, it responds to cCAMP stimulation, thus increasing the activity
of UCP1 and mitochondrial respiration. Similarly to brown adipocytes, the
activity of beige adipocytes is stimulated by cold, sympathetic stimulation, and
natriuretic peptides. The main differences between the two types of adipose tissue
(brown and beige), is that the first is rich in UCPL1 in basal conditions, while the
latter is enriched with this protein only in response to certain stimuli. It is
therefore an adipose tissue easily adaptable to energy dissipation (Wu et al., 2012;
Cui etal., 2017; Harms et al., 2013).
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Fig. 1: Different types of adipose tissue and their characteristics (Rui et al.,
2017).

Most adipose tissue in the adult is composed of WAT subcutaneous and visceral
deposits. Subcutaneous adipose tissue affects the entire body surface; in women it
is particularly developed in the gluteal-femoral and mammary region, but in men
it is mainly present in the abdominal area. A significant portion, about 10% of the
total, is deposited around the muscular bundles of the limbs and at the visceral
level, while smaller deposits are found in the epicardial region and in the

mediastinum (Fig. 2).
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Fig. 2: Body distribution of WAT and BAT in humans (adapted from Gesta et
al., 2007).

WAT has also a very heterogeneous composition according to body localization
(Sanchez et al., 2005). If the cell that distinguishes the adipose tissue is the
adipocyte, this is not the only type of cell present in the adipose tissue, and not
even the most abundant one. Pre-adipocytes, macrophages, neutrophils,
lymphocytes, and endothelial cells, are among the different cell types of adipose
tissue. The balance between these different cellular forms, as well as their
expression profile, is closely related to the maintenance of energy homeostasis.
The increase in the form of adipocytes, in the number, and in the type of
lymphocytes and infiltrated macrophages, is in fact strictly related to the problems
of the metabolic syndrome (Esposito et al., 2006; Lumeng et al., 2011).

Therefore, the study of preadipocytes regulation of proliferation and
differentiation, as well as the understanding of the interaction between the
different cells types present in the adipose tissue, gives us new targets which

allow coping with these pathologies.



1.2.2 Adipogenesis

Adipogenesis is a multi-step process whose cellular and molecular events have
been extensively studied in recent years, mainly due to some cell lines generation,
such as the murine preadipocyte 3T3-L1 line (Green et al., 1975). They have
allowed the understanding of both the differentiation of preadipocytes in mature
adipocytes and the mechanisms underlying the main metabolic functions of the
cell, such as lipolysis, incorporation of insulin-mediated glucose, and lipogenesis.
During this process, an undifferentiated mesenchymal cell becomes a pre-
adipocyte, which in turn differentiates into a mature adipocyte, a cell used for fat
storage. Until few years ago, adipogenesis was considered a function which ended
in the first years of life with the presence of a fixed number of adipocytes
predestined at birth. On the contrary, today it is widely accepted that the body fat
is the place of a continuous cell turn-over through which the mesenchymal stem
cells are engaged in the processes of proliferation in preadipocytes, stopping their
growth and differentiating into mature adipocytes. The number of adipocytes thus
depends on a balance between adipogenesis and apoptosis (Lefterova et al., 2009).
Adipogenesis occurs therefore in response both to normal cell renewal and to the
need of increasing the fat reserves that happens when the nutritional needs exceed
(Hausman et al.,, 2001). Two phases of adipose tissue growth can be
distinguished: a first one is characterized by a marked hyperplasia, which
increases the number of cells, and a second phase in which the number of
adipocytes is apparently stable and instead shows a hypertrophic growth.
Hyperplasia is caused by the differentiation of precursors to mature adipocytes
and it is an irreversible process, in contrast to hypertrophy (Avram et al., 2007).
Some authors have developed a theory according to which adipose tissue initially
grows thanks to the combination of hyperplasia and hypertrophy; then, as the
number of cells rapidly reaches a plateau, cell hypertrophy continues until
reaching a "maximum™ of cell size (Otto and Lane, 2005).

When the "maximum" is reached, according to the "critical fat cell size
hypothesis”, adipocytes produce and release a series of paracrine factors that
control the proliferation of pre-adipocytes and they are therefore involved in the
development of obesity (Hausman et al., 2001). This activation is mainly induced

by insulin-like growth factor (IGF) released by hypertrophic adipocytes and free
8



insulin, unable to bind to the specific receptor on adipocyte. There is therefore an
initial differentiation of stem cells towards adipoblasts and pre-adipocytes and a
subsequent activation of stem cell mitosis to restore the basal number of them in
the stroma (Arner et al., 2009).

Once the differentiative stimulus has been induced, the cells are subjected to
profound changes at transcriptional and morphological levels (Avram et al.,
2007). One of the first events of adipogenesis is growth arrest, which normally
occurs through contact inhibition. Following this, preadipocytes must receive an
appropriate combination of mitogenic and adipogenic signals to continue through
the next stages of differentiation, which will lead to the progressive acquisition of
morphological and biochemical characteristics typical of mature adipocytes (Tang
etal., 2012; Ali et al., 2013) (Fig. 3).

In particular, the adipogenic process is initialized by the drastic transition from the
elongated fibroblast to the spherical one, typical of adipocytes. The morphological
modifications are then accompanied by changes in extracellular matrix (ECM)
and cytoskeleton components. The terminal stage of differentiation is instead
characterized by the activation of a transcriptional cascade that leads to an
increase in the expression of key proteins involved in the synthesis of
triglycerides, an increase in the number of glucose transporters and increased
sensitivity of insulin receptors. In this last phase, the newly formed adipocyte
becomes in fact a highly specialised endocrine cell, able to secrete important
hormones related to the regulation of energy homeostasis (Arner et al., 2009).
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Fig. 3: Differentiation of preadipocytes into adipocytes (Rafols et al., 2014).
(A) Scheme of the transition process from preadipocyte to mature adipocyte
including the different stages. (B) Sequential model of transcriptional control
during adipogenesis.

During adipogenesis the increase in insulin sensitivity is observed through the
increased synthesis of its receptor and of the insulin-dependent glucose transporter
type 4 (GLUT-4); it is also observed a high transcription of the genes coding for
fatty acid-binding protein 4 (FABP4), fatty acid transport protein 1 (FATP1),
encoding for a fatty acid transporter, and for lipoprotein lipase (LPL), involved in
lipid "storage™ and metabolism control (Furuhashi et al., 2014; Wu et al., 2006;
Mead et al., 2002). However, the different steps involved in the transition from
pre-adipocytes to adipocytes are mainly regulated by the activation of a
transcriptional cascade involving the nuclear receptor PPAR-y (peroxisome
proliferator-activated receptor y) and some members of the C/EBPs family
(CAAT/Enhancer binding proteins) (Nerlov 2007; Wang et al., 2017).

1.2.2.1 PPAR-y
Transcription factors PPARs are members of the nuclear receptor superfamily. Up
to now three different subtypes of PPARs (a, /6, and y) have been identified;
their actions result in a wide and diverse range of biological effects based on
tissue localization and on the chemical profile of the ligand involved in the
activation (D’amore et al., 2013; Wang et al., 2010).
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In particular, PPAR-a is found in a variety of tissues including liver, heart and
skeletal muscles, in which it has the function of fatty acids oxidation (Semple et
al., 2006; Kiec-Wilk et al., 2005; Ferré et al., 2004), and anti-inflammatory
activity (Kiec-Wilk et al., 2005).

PPAR /8 is ubiquitous, but mostly expressed in skeletal muscles (Semple et al.,
2006; Gurnell, 2005). During prenatal development, it promotes the formation of
organs through the regulation of cytotrophoblast migration, and influences stem
cell differentiation (Kiec-Wilk et al., 2005). PPAR-y instead has been identified as
one of the most important regulators of adipogenesis (Fig. 4).

«Adipogenesis +Fatty acid oxidation
*Energy uncoupling
PPARS
PPARy id oxida
) BAT Fatty acid oxidation
*Adipogenesis *Oxidative muscle fibers
*Regulates adipokine *Obesity resistance
production *Improves insulin sensitivity
+Lipid repartitioning to fat PPARa *Exercise physiology

*Ketogenesis
*Lowers plasma triglycerides

+Increases insulin sensitivity *Fatty acid oxidation
l *Increases plasma HDL

= Muscle

Liver

Fig. 4: Physiological and/or pharmacological PPARs roles in energy
metabolism (Wang et al., 2010).

There are two isoforms of PPAR-y (PPAR-y1l e PPAR-y2), originating from an
alternative splicing, and they are both expressed in the adipose tissue, but only the
isoform 2 is a specific marker of adipose tissue (Imai et al., 2004). The gene
coding for the protein PPAR-y not only plays a key role in the development of fat
cells, but also for the maintenance of differentiation. Its silencing in the already
differentiated 3T3-L1 adipocytes, in fact, causes de-differentiation with lipid loss
and decreased expression of adipocytes typical markers (Feve et al., 2005; Semple
et al., 2006; Kiec-Wilk et al., 2005). Up to now in fact, no factor capable of
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promoting adipogenesis in absence of PPAR-y has been identified (Agostini et al.,
2006).

Some studies have recently shown that the downregulation of PPAR-y by
stressors agents such as tumor necrosis factor-o (TNF-a) leads to triglyceride

storage alteration in the fat cells (Fig. 5).
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Fig. 5: Adipocyte dysfunction linking obesity to Insulin resistance (Guilherme
et al., 2008).

PPAR-y expression can be regulated at the transcriptional level by TNF-a through
the activation of Nuclear Factor-«B (NF-xB) and Activator protein 1 (AP1)
protein, that negatively regulates PPAR expression (Ye et al., 2008; Li et al.,
2018). In the adipocytes there is a rapid turnover of PPAR gene expression (Tang
et al.,, 2006) and the treatment of cultivated adipocytes with TNF-a could
determine gene degradation. Translational control of PPAR is mediated by
mitogen activated protein kinase-4 (MAPK4), a kinase upregulated by TNF-a
(arrow 3). In addition, caspase activation through TNF-a could trigger the PPAR
protein degradation in adipocytes (dashed arrow 4). The regulation of PPAR
activity is also negatively regulated by Kkinase-mediated phosphorylation
(Diradourian et al., 2005) and ubiquitylation (Hauser et al., 2000), which
promotes PPAR degradation through a proteasome-dependent pathway (arrow 5).
The multiple-level action of TNF-a could therefore lead to a decrease in PPAR
activity. A precise regulation of PPAR expression and function can contribute to
the control of triglycerides biosynthesis and lipid droplets hydrolysis and
deposition. This can take place thanks to the regulation of triglyceride metabolism
enzyme expression as phosphoenolpyruvate carboxykinase (PEPCK), fatty acid
synthase (FAS), acyl-CoA synthetase (ACS), LPL, and lipid-droplet proteins,
including cell death activator (CIDE-A), fat-specific protein 27 (FSP27), and
perilipin (Langhi et al., 2015) (arrow 6).
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1.2.2.2 C/IEBP

The C/EBPs transcription factor family includes 3 members: C/EBP-a, c/EBP-B,
c/EBP-6. These are the first transcription factors involved in adipocyte
differentiation (Otto et al., 2005) and they are expressed at specific times during
adipogenesis. The earliest are  and 3, which, in turn, promote the expression of
c/EBP-o and PPAR-y, essential for adipocytes total differentiation. The
expression of C/EBP-[ appears to be essential in the early stages of differentiation
and this shows how animals deficient in C/EBP-f display a reduction of adipose
tissue (Lefterova et al., 2014).

Murine models with suppression of c/EBP-f and c/EBP-5, maintain the ability to
generate adipose tissue, although the efficiency with which this phenomenon
occurs is reduced. Surprisingly, they express normal levels of PPAR-y, c/EBP-a,
and FABP4, in spite of a reduced total fat mass, indicating, therefore, that there
may be compensatory mechanisms involved in the activation of adipocyte genes
(Lee et al., 2004). Differently, the expression of C/EBP-a is required for
adipogenesis with PPAR-y, although the latter appears to be the dominant process
(Zuo et al., 2006) (Fig. 6).
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Fig. 6: Diagram of the transcriptional activity of PPAR-y and C/EBPs during
adipogenesis (adapted from Lefterova et al., 2014).
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1.2.3 Physiology of adipose tissue

For a long time, adipose tissue has been considered an organ with a poorly active
role in global energy homeostasis. It was believed that its function, in addition to
providing a thermal and mechanical isolation, was only to store excess energy in
the form of triglycerides with high caloric density, and to return it, according to
needs, as free fatty acids. In recent years the concept of adipose tissue has
radically changed, and nowadays it is considered as an endocrine organ that
secretes many factors with autocrine, paracrine, and endocrine function (Sikaris et
al., 2004; Waki et al., 2007).

The adipose tissue is involved in the regulation of the fat mass and nutrient
homeostasis, as well as in the immune response, in blood pressure control, in
haemostasis, and in thyroid and reproductive system functions control (Trayhurn
et al., 2005; Grant et al., 2015).

Among the various substances secretes by WAT, fatty acids represent the most
important molecules. These are esterified and stored in dynamic organelles called
lipid droplets (LD) that during periods of excessive food availability act as a
deposit for fatty acids and excess cholesterol which would otherwise be harmful
to cells (Farese et al., 2009). In addition to the adipogenesis process, two other
important metabolic activities occur in the adipose tissue: the synthesis of fatty
acids and their storage (lipogenesis), and mobilization or triglyceride hydrolysis
(lipolysis). The first one occurs during periods in which there is a situation of
excess energy, the second one during periods of caloric deficit and energy demand
by other organs or tissues. Both lipogenesis and lipolysis are regulated by the
integration of endocrine and neural mechanisms that cooperate in order to
maintain the level of balanced and constant body fat under normal conditions
(Ameer et al., 2014; Duncan et al., 2007).

Lipogenesis is a process regulated by LPL action. Synthesized and secreted by
adipocytes, this enzyme is transported to the endothelium where it acts by
hydrolyzing triglycerides from lipoproteins, thus releasing fatty acids and
monoacylglycerol. LPL glycosylation is an important adjustment step both for its
secretion and its enzymatic activity. LPL activity increases after meals, probably

due to the stimulation by insulin itself, allowing the clearance of lipids from the
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bloodstream and their storage in adipose tissue. LPL action is also affected by
other factors, such as adenosine, which stimulates it, and cortisol, which acts by
promoting insulin action; LPL activity is therefore reduced in the absence of
insulin. Among the hormones that also inhibit LPL action catecholamines are
included.

Glucose metabolism is essential within the adipocyte: it provides energy and
allows to maintain a normal degree of free fatty acids esterification; in fact, during
glycolysis, a-glycerophosphate is formed, and with it free fatty acids are esterified
to form triglycerides (Herman et al., 2006). Adipocytes are also able, through the
lipolysis, to release in the circulation fatty acids that are used by most tissues as an
energy source when glucose is not present in sufficient concentration, feeding
mitochondrial systems of fatty acid oxidation and creating metabolic
intermediates that act as substrates or signalling molecules (Zechner et al., 2012).

Lipolysis is largely determined by the action of hormone-sensitive lipase (HSL),
an enzyme that hydrolyzes triglycerides by releasing fatty acids and glycerol
(Jaworski et al., 2007). The enzyme activity depends on its phosphorylation, and
the hormones that affect lipolysis regulate this state. The main regulatory
mechanism occurs through the action of PKA, an enzyme whose function is
activated by the increase in CAMP resulting from stimulation of adenylate cyclase.
There are also other protein kinases that mediate HSL phosphorylation, such as
the mitogen-activated protein kinase (MAPK) and the AMP-activated protein
kinase (AMPK). The lipolytic stimuli also include catecholamines, glucagon,
growth hormone (GH), cortisol, and thyrostatic hormone (TSH).

The most important anti-lipolytic hormone is insulin, whose action negatively
regulates HSL phosphorylation. The action of the HSL is also increased by the
perilipin protein, which is present on the membrane of the lipid-intracellular
droplets and acts as a protective layer to prevent the action of the enzyme
(Brasaemle et al., 2007). A local antilipolitic action is also carried out by
molecules directly produced by adipocytes, including adenosine and
prostaglandins. The correct functioning of the lipogenesis/lipolysis balance is
necessary to monitor all other metabolic processes in the organism. In presence of
nutrients and energy excess or obesity, the adipose tissue ability can be
overwhelmed, causing stress, injury and malfunctioning. For example, insulin

15



resistance under these conditions leads to higher levels of basal lipolysis and a
decreased ability to synthesize and esterify fatty acids for storage or neutralization
by downregulation of synthetics mechanisms (Morigny et al., 2016; Ranganathan
et al., 2006).

This dysfunctional state contributes to systemic lipotoxicity, because the excess of
fatty acids released or absorbed from diet, are moved into circulation and
deposited in organs that are not predisposed to store lipids. The esterification
purpose is to prevent the harmful effects of fatty acids (Listenberger et al., 2003)
by increasing the storage capacity of LD in adipocytes and by determining
protection against the development of diabetes and insulin resistance (Schaffer et
al., 2016; Sezer et al., 2017).

The increase of lipolysis is also linked to the secretion of FABP4 (Cao et al.,
2013; Ertunc et al., 2015), which is an important mediator of immunometabolic
local responses in adipose tissue and links the lipolytic state to glucose
metabolism into the liver and other sites (Cao et al., 2006). Although adipocytes
represent a specialized site for neutralizing fatty acids, this ability is not infinite
and these cells are not entirely insensitive to the accumulation of excess lipids that
can lead to various inflammatory responses (Sezer et al., 2017). Among the other
lipid molecules secretes by WAT are prostanoids, cholesterol, and retinol, which
are stored to be subsequently released (Trayhurn et al., 2005), and steroid
hormones (sexual steroids and glucocorticoids), which at the level of the WAT
can move from inactive to active forms and vice versa, with significant autocrine
and paracrine roles (Li et al., 2017). In addition to these lipid substances,
adipocytes and associated cells also produce and release, in systemic circulation, a
series of hormones, factors and signals protein, called adipokines or
adipocytokines, important for the maintenance of energy homeostasis, and their
alterations contribute to the onset of complications associated with obesity
(Fernandez-Sanchez et al., 2011).
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1.2.4 Adipose tissue as an endocrine organ

All molecules produced and secreted by adipose tissue with autocrine, paracrine,
or endocrine functions are called adipokines. The term ‘“adipokine” should be
used to designate proteins synthesized and secreted directly from adipocytes
(Trayhurn et al., 2004). However, this term is used generically for all proteins
secreted by WAT, although they are mainly synthesized by other cell types, such
as infiltrated macrophages, present in the adipose tissue (Weisberg et al., 2003).
Adipokines have highly diversified chemical structures and important
physiological roles. They include proteins involved in the regulation of energy
intake and energy balance (leptin), in the regulation of arterial blood pressure
(angiotensinogen), in vascular hemostasis (PAI-1), in lipid metabolism (RBP-4,
CETP), in carbohydrate homeostasis (adiponectin, resistin, visfatine), and in
angiogenesis (VEGF), as well as growth factors (TGF) and acute phase and
oxidative stress proteins (hepatoglobulin, and Al-acid glycoprotein) (Antuna-
Puente et al., 2008). It is also interesting to note how, many of them, are linked to
the immune system, such as the classical cytokines TNF-a, IL-1, IL-6, IL-8, IL-
10, IL-4, 1L-13, and MCP-1. This can therefore underline the close relationship
between inflammation and obesity (Ouchi et al., 2011; Gregor et al., 2011).

This wide range of factors and protein signals suggests that adipose tissue is a
complex organ, highly integrated in the physiology and metabolism of mammals,
capable of establishing communication links with other tissues and organs,
including the central nervous system (CNS), the liver, the skeletal muscles, and
the surrenal cortex, through effects on the neuroendocrine pathways (Mathieu et
al., 2009). It is important to emphasize, however, that endocrine function is not
only typical of the WAT, because many of these factors are also synthesized by
BAT (Cannon et al., 2004; Villarroya et al., 2013). According to their effect in the
adipose tissue, these adipokines can be classified as pro- or anti-inflammatory
agents (Fig. 7).
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Fig.7: Physiological and metabolic processes regulated by WAT through
adipokine secretion (Rafols et al., 2014). CETP: cholesterol ester transfer
protein; IL1: interleukin 1; IL1Ra: interleukin receptor antagonist-1; IL4:
interleukin 4; IL6: interleukin 6: IL8: interleukin 8; IL10: interleucin-10; IL18:
interleukin-18; MCP-1: monocyte chemoattractant protein-1; NGF: nerve growth
factor; NPY: neuropeptide Y; RBP-4: retinolbinding protein-4; TGF:
transforming growth factor §; TNFa: tumor necrosis factor alpha: VEGF: vascular
endothelial growth factor.

1.2.5 Pro-inflammatory Adipokines

1.2.5.1 Leptin

The identification in 1994 of the Leptin gene (OB) and its receptor has started the
endocrine era of adipocyte. It is a 16 kDa hormone formed by 167 amino acids,
located on chromosome 6 in mice and chromosome 7 in humans. It is mainly
secreted by adipocytes proportionally to the mass of adipose tissue and to
nutritional conditions. Leptin is mainly produced in WAT and it is strongly
involved in the regulation of lipid metabolism and energy consumption (Lastra et
al., 2006; Kelesidis et al., 2011; Moon et al., 2013).

In obesity conditions it has shown an influence on dietary behaviour through
hypothalamic regulation in CNS. Once secreted by adipose tissue, it circulates in
the blood linked to the plasma proteins, and diffuses in the CNS through the

binding to the capillaries in the median eminence and, through saturable transport,
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through the choroid plexus receptor. In the ventromedial nucleus of the
hypothalamus, leptin stimulates the cytokine receptor kinase 2 (CK2), the
synthesis of the melanocyte stimulating hormone and cocaine- and amphetamine-
regulated transcript (CART) which, via paracrine mechanisms, stimulates
receptors 3 and 4 of the melanocortin lateral nucleus, causing satiety (Sikaris et
al., 2004; Fonseca-Alaniz et al., 2007).

The functions of leptin are not limited in the hypothalamus and are not
exclusively concerned with the maintenance of energy homeostasis (Baratta et al.,
2002), but involve the entire CNS and peripheral nervous system (PNS)
(Bjerbaeck et al., 2004). Leptin, in fact, is involved in several physiological
processes such as: regulation of metabolism, growth, development, and regulation
of certain endocrinological and immunologic processes, reproduction,
cardiovascular physiopathology and maintenance of respiratory function (La Cava
et al.,, 2004). The discovery of leptin has thus confirmed the existence of a
channel of communication between adipose tissue and brain, which aims to

regulate the accumulation of fat in the adipocytes (Fig. 8).
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Fig. 8: Effects of leptin (Kahn et al., 2000).
Leptin exerts multiple actions to regulate glucose homeostasis through autocrine,
paracrine, endocrine, and neural pathways.
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Leptin inhibits lipogenesis and stimulates lipolysis, reducing intracellular lipid
levels in skeletal muscles, liver and pancreatic § cells, thus improving insulin
sensitivity. The limbic system stimulates dopamine reuptake, decrease appetite,
and, through the nucleus locus coeruleus, activates the sympathetic nervous
system (SNS) that increases resting energy expenditure (Fonseca-Alaniz et al.,
2007; Minokoshi et al., 2012). Catecholamines influence the leptin secretion
while other regulators of its synthesis are glucocorticoids (Sikaris et al., 2004);
however, it has been shown that the main determinant in leptin secretion is
glucose metabolism, because leptin concentration in bloodstream decreases in
fasting conditions or caloric restriction and increases in response to food intake
(Dulloo et al., 2010). Obesity is associated with increased leptin levels and it has
been shown that the apparent decrease in anorectic effects and weight loss are the
result of a mechanism of resistance to it (Fonseca-Alaniz et al., 2007). The obese
subjects therefore present leptin resistance (Zhou et al., 2013). This condition also
causes altered leptin transport through the brain barrier, hyperleptinemia (Kievit et
al., 2006), autophagy (Quan et al., 2012), and ER stress (Ozcan et al., 2009).
Besides intervening in the body weight regulation, leptin regulates puberty and
reproduction, placental and fetal functions, immune response, muscular and
hepatic insulin sensitivity (Kelesidis et al., 2010). In patients with lipoatrophy the
lack of adipose tissue causes severe hypolepinemia, which is associated with
severe insulin resistance, hepatic steatosis and dyslipidemia. In these patients, in
addition, leptin treatment results in a marked improvement of glucose metabolism,
dyslipidemia and hepatosteosis. Furthermore, hyperleptinemia, which belongs to
the majority of the obese subjects, seems to have a proatherogenic role
contributing to insulin resistance, altering endothelial function, and promoting
platelet aggregation and arterial thrombosis (Martens et al., 2006). In
inflammation, leptin acts directly on macrophages by increasing the phagocytic
activity and the production of proinflammatory cytokines; when leptin is
administered, higher levels of C-reactive protein are produced, thus proving its
inflammatory effect (Steffes et al., 2006). In fact, leptin activates monocytes and
macrophages, leading to the production of MCP-1 and VEGF in the hepatic
stellate cells (Aleffi et al., 2005). Other inflammatory signals such as TNF-o and
lipopolysaccharide (LPS) also stimulate the expression of leptin and its receptor
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(Gan et al., 2012). Leptin also increases the production of pro-inflammatory Thl
cytokines and suppresses the production of anti-inflammatory Th2 cytokines, such
as IL-4 (likuni et al., 2008). When there is weight loss the circulating hormone
levels decrease and, in turn, also those of the inflammatory markers associated
with obesity (Hukshorn et al., 2004). Leptin, besides promoting oxidative stress
and vascular inflammation, stimulates the proliferation and migration of
endothelial cells and smooth muscle ones, favouring the development of
atherosclerosis (Cachofeiro et al., 2006). It is also important to emphasize that
leptin can also be produced in the placenta, in the spinal cord, in the muscle, and
perhaps in the brain (Sikaris et al., 2004).

1.2.5.2 Interleukin-6

Interleukin-6 (IL-6) is a cytokine with pro- and anti-inflammatory action
(Fonseca-Alaniz et al.,, 2007). It is produced by macrophages, adipocytes
(Cachofeiro et al., 2006), immune system cells, fibroblasts, endothelial cells, and
skeletal muscles (Sanchez et al., 2005). IL-6 is highly expressed in adipose tissue
and it is positively related to obesity in humans. Circulating cytokine levels are
related to body mass index (BMI), insulin resistance, and carbohydrate intolerance
(Lastra et al., 2006). Elevated plasma levels of IL-6 are considered as a
predisposing factor for type 2 diabetes and myocardial infarction (Qu et al.,
2014). IL-6 also influences glucose tolerance through the negative regulation of
visfatin; it also inhibits the secretion of adiponectin (Fonseca-Alaniz et al., 2007)
and in animal models increases triglycerides levels by increasing gluconeogenesis
and glycogenolysis and inhibiting glycogenesis. IL-6 also induces hepatic C-
reactive protein (CRP) production, which is known to be a risk factor for
cardiovascular complications (Sacheck et al., 2008). High levels of IL-6 have
been detected in atherosclerotic plaques in humans. In addition, IL-6 alters
endothelium-dependent dilatation in veins, for this reason it appears to be an
important aggravating factor of coronary heart disease (Neal et al., 2008). IL-6
activity is however controversial. The peripheral administration of 1L-6 leads to
an interruption of insulin signal due to the increase of suppressor of cytokine
signaling-3 (SOCS3) expression in hepatocytes, suggesting that the expression of
IL-6 in obesity determines insulin resistance (Kim et al., 2009). In contrast, in
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vivo studies, have found that IL-6 deficient mice show obesity and hepatic
inflammation, and IL-6 intake reverses insulin resistance (Matthews et al., 2010).
IL-6 intake therefore would improve energy expenditure by reducing obesity.
Thus the role of IL-6 in obesity and insulin resistance depends on specific

expression sites integrated with other adipokines and cytokines.

1.2.5.3 Tumor necrosis factor-a

Tumor necrosis factor-o. (TNF-a) is a pro-inflammatory cytokine produced mainly
by monocytes, lymphocytes, adipose tissue, and muscles (Ouchi et al., 2011). It
appears involved in several systemic inflammatory responses and its irregular
production contributes to the pathogenesis of the metabolic syndrome resulting in
a higher incidence of obesity, diabetes, and cardiovascular diseases (Sanchez et
al., 2005). The high levels of TNF-o are related to an increase in adipose tissue
metabolism. In fact, it is also secreted by preadipocytes and adipocytes and its
production is increased in obese subjects. TNF-a is also capable of suppressing
the differentiation of preadipocytes and inducing delipidation and
dedifferentiation of adipocytes (Kurebayashi et al., 2001). Therefore it appears to
be closely related to insulin resistance and obesity (Tzanavari et al., 2010).

In several in vitro and in vivo studies, TNF-a has been shown to induce insulin
resistance (Borst et al., 2004; Swaroop et al., 2012). In this condition, in
particular, there is an increase in the release of free fatty acids in adipocytes,
blocking of adiponectin synthesis, and reduction of tyrosine phosphorylation in
insulin receptor, which is essential for progression of intracellular hormone
signalling (Lastra et al., 2006). Thus, TNF-a appears positively related to insulin
resistance and its neutralization should improve insulin sensitivity. However, all
these aspects are still controversial. Recent studies have shown that a short-term
intake of TNF-a significantly suppresses inflammation in obese subjects with type
2 diabetes, but does not show improvement in insulin sensitivity (Swaroop et al.,
2012).

In contrast, long-term treatment with TNF-a causes remission of inflammatory
diseases such as rheumatoid arthritis, greatly improving insulin sensitivity
(Gonzales-Gay et al., 2006; Stanley et al., 2011). TNF-a also plays an important
role in inflammation by determining activation of NF-kB, resulting in an increase
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in adhesion molecules expression on the surface of muscle cells, inflammatory
state of adipose tissue, endothelial dysfunction, and atherogenesis (Lastra et al.,
2006).

1.2.5.4 Monocyte chemoattractant protein-1 and CC-Chemokine receptor
type 5

Chemokines and their receptors play an essential role in mediating immune cell
infiltration in adipose tissue. Monocyte chemoattractant protein-1 (MCP-1) (also
called CCL2) and CC-Chemokine receptor type 5 (CCR5) are respectively a
typical chemokine and a chemokine receptor that mediate inflammatory responses
and are significantly increased in obese subjects. In vivo studies have shown how
deficient mice in MCP-1 receptor exhibit reduced macrophagic infiltration,
inflammation and insulin resistance (Weisberg et al., 2006). In addition, the
deletion of the CCRS5 receptor in obese rats show improved inflammation, insulin
sensitivity and hepatic steatosis resulting in reduced macrophagic infiltration and
differentiation of macrophages into the anti-inflammatory M2 isoform (Kitade et
al., 2012; Kanda et al., 2006). However, MCP-1 role in inflammation and insulin
resistance is still unclear. In another study, obese mice deficient in MCP-1 do not
show differences in the accumulation of macrophages and inflammation in the
adipose tissue (Kirk et al., 2008). However, the reason for this difference is still
unclear: it is possible that a deficiency of MCP-1 could be compensated by other
chemokines to it related.

1.2.5.5 Other Pro-inflammatory Adipokines

In addition to Leptin, IL-6, TNF-a and MCP-1, WAT expresses and releases a
variety of other pro-inflammatory cytokines and chemokines including Retinol-
binding protein 4, Resistin, Angiotensinogen and Plasminogen Activator
Inhibitor-1.

The Retinol-binding protein 4 (RBP4) is a specific protein for circulating
transport of retinol (vitamin A). It is expressed in the liver, in adipocytes, and in
macrophages, and shows elevated plasma levels in different animal models of
obesity and insulin resistance. Recently, it has been shown that retinol-binding
protein constitutes an adipocitary signal that can contribute to the pathogenesis of
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T2DM in obesity. The increase of its plasma concentration seems to induce the
hepatic expression of neoglucogenetic enzymes and contributes to the insulin
resistance in skeletal muscles (Yang et al., 2005). Recent in vivo studies have
shown that the intake of recombinant RBP4 in healthy rats determines insulin
resistance (Yang et al., 2005). The expression of RBP4 seems, in fact, to be
inversely related to GLUT-4 in adipocytes, thus determining induction of insulin
resistance condition by inhibiting insulin-induced insulin receptor substrate-1
(IRS-1) tyrosine phosphorylation. Clinical studies have also shown that increased
levels of RBP4 are closely associated with high blood pressure, high levels of
triacylglycerol, high BMI (Graham et al., 2006), subclinical inflammation, and
renal diseases (Akbay et al., 2010). RBP4 stimulates primary human endothelial
cells to produce pro-inflammatory molecules such as vascular cell adhesion
molecule-1 (VCAM-1), MCP-1, and IL-6, determining endothelial inflammation
progression in cardiovascular disorders and microvascular complications in
diabetes (Farjo et al., 2012).

The Resistin (ADSF/FIZZ3/XCP1), a 10 kDa polypeptide with 114 amino acids,
has been identified as a pulmonary inflammation and insulin resistance inducer
(Mojiminiyi et al., 2007). It belongs to the rich cysteine family and circulates as
hexamer or trimer. The hexameric form is the most abundant but the less active,
while the trimeric instead determines insulin resistance. Resistin is involved in the
activation of the SOCS3 protein which triggers suppression of the insulin
mediated signal in adipocytes (Steppan et al., 2005). Studies in mice have shown
that, as a result of the deficiency of this protein, there is also a better glucose
tolerance and insulin sensitivity (Qi et al., 2006). Instead the resistin function in
humans is still controversial. Monocytes and macrophages are the main source of
resistin in humans; its expression in adipocytes is however restricted only to
rodents. Inflammatory cytokines such as IL-1, IL-6, TNF-a, and LPS induce
resistin expression in human macrophages. Resistin also stimulates human
peripheral mononuclear cells to produce IL-6 and TNF-a through the NF-xB
pathway. Rosiglitazone and PPAR-y agonists instead suppress its expression in
adipose tissue, determining attenuation of inflammatory responses (Bokarewa et
al., 2005). Resistin also activates INK and p38 MAPK determining induction of
insulin resistance through the bond in hypothalamus with the Toll-like receptor-4
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(TLR4) (Benomar et al., 2013). Induction of resistin synthesis can be attenuated
by PPAR-y agonists (Kusminski et al., 2005; Lehrke et al., 2004). It has been
shown that the treatment of patients with T2DM with pioglitazone, a PPAR-y
agonist, results in a decrease in serum resistin levels (Bajaj et al., 2004). In
addition, several factors, such as pituitary, steroid and thyroid hormones,
adrenalin, Bs-adrenergic receptor activation, endothelin-1 and insulin, modulate
resistin expression (Kusminski et al., 2005; Lehrke et al., 2004).

Adipose tissue is, in addition, an important site for the production of
angiotensinogen and angiotensin 1l. Higher levels of Angiotensinogen can be
found in adipose tissue of obese individuals compared to normal weight subjects,
and a positive relation between plasma levels of angiotensinogen and adiposity
can be detected (Goossens et al., 2003). It is clear, therefore, that the increased
synthesis of angiotensinogen and angiotensin Il can contribute to hypertension
that is frequently associated with obesity. In addition, angiotensin Il appears to
exert disparate proinflammatory effects in adipocyte and stimulates oxidative
stress, effects that can be inhibited by blocking angiotensin receptor 1.
Angiotensinogen can play an important role in regulating blood and fatty acids
flow into adipose tissue (Dulloo et al., 2010). It is expressed in multiple cell types
within the adipose tissue; its expression and secretion are higher in visceral tissue
compared to the subcutaneous one and its high levels are related to the metabolic
syndrome (Fonseca-Alaniz et al., 2007). The plasminogen activator inhibitor-1
(PAI-1) is the first physiological inhibitor of plasminogen activators in blood and
contributes to thrombosis and to the development of chronic cardiovascular
diseases. PAI-1 can play an important role in regulating blood and fatty acids flow
of adipose tissue. Plasma levels of PAI-1 are regulated by the accumulation of
visceral fat and its high concentration is associated with insulin resistance and
proinflammatory cytokines (Sikaris et al., 2004).
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1.2.6 Anti-inflammatory Adipokines

1.2.6.1 Adiponectin

Adiponectin, also called Acrp30, ApM1, AdipoQ and GBP28 (Ruan et al., 2016),
is a protein of 247 amino acids isolated for the first time in 1995 into adipose
tissue (Scherer et al., 1995). It is highly expressed in adipocytes with potent anti-
inflammatory activities. It presents a collagen-like N-terminal and a globular C-
terminal domain, and circulates as a trimer, hexamer and other high molecular
weight structures. Under physiological conditions, it is present in blood at
elevated concentrations (5-10 pug/ml); in obese subjects, in those with T2DM and
in those suffering from cardiovascular disease, the circulating levels of
adiponectin are reduced. Proinflammatory factors such as TNF-a, IL-6, reactive
oxygen species (ROS) and hypoxia suppress the expression in adipocytes (Li et
al., 2009). Recently, it has been shown that not only inflammatory signals, but
also iron overload in adipocytes, suppress the expression of adiponectin in obese
subjects through Forkhead Box O1 gene (FOXO1) (Gabrielsen et al., 2012).
Conversely, PPAR-y antagonists stimulate adiponectin expression in adipocytes
(Maeda et al., 2001). Adiponectin activates AMPK through its receptors AdipoR1
and AdipoR2, resulting in increased fatty acid oxidation and glucose uptake in
muscles and suppressing hepatic gluconeogenesis (Yamauchi et al., 2002).
Exogenous adiponectin intake also leads to improvement in insulin sensitivity
(Maeda et al., 2002; Kim et al., 2007). Moreover, Adiponectin has a direct effect
on glucose uptake in skeletal muscles and adipose tissue through an increased
translocation of GLUT-4 on the plasma membrane (Ceddia et al., 2005; Fu et al.,
2005).

Adiponectin inhibits, in macrophages, the production LPS-induced of TNF-o by
inhibiting the activation of NF-xB pathway and stimulating the production of IL-
10 which presents an anti-inflammatory activity (Kumada et al., 2004). It also
promotes the differentiation of anti-inflammatory macrophages M2 and modulates
T-cells activation and inflammatory NK-cells function. Adiponectin receptors are
upregulated at the surface of T-cells after antigenic stimulation and mediate
apoptosis of specific T-cells by suppressing the antigen-specific expansion (Wilk
et al., 2011). Moreover, adiponectin suppresses the production of interferon
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gamma (IFN-y) mediated by Toll-Like Receptor (TLR) in NK-cells without
determining cytotoxicity (Wilk et al., 2013). Thus adiponectin shows to possess
important antiatherogenic, anti-diabetic and anti-inflammatory properties.
Subjects with elevated plasma levels of adiponectin therefore have a significantly
reduced risk of major cardiovascular events with consequent reduction of

atherosclerosis and hepatic diseases (Hui et al., 2012).

1.2.6.2 SFRPs (Secreted frizzled-related proteins)

The secreted frizzled-related proteins (SFRPs) are a family of soluble proteins that
consists of five secreted glycoproteins (SFRP1, SFRP2, SFRP3, SFRP4, SFRP5)
that act as extracellular signalling ligands. Each SFRP is composed of around 300
amino acids and contains a cysteine-rich domain (CRD) that presents a 30-50%
sequence homology with the CRD of Frizzled (Fz) receptors. SFRPs are the main
proteins responsible for binding to 'Wingless/Integrated' (WNT) proteins on the
plasma membrane (You et al., 2013; Garcia Tobilla et al., 2016).

SFRPs are responsible for the control of several biological phenomena and human
abnormalities development. Aberrant gene expression and abnormal secreted
protein levels are releated to a wide range of pathologies in humans (Liu et al.,
2018). In particular, the isoform SFRP5 has been identified as an anti-
inflammatory adipokine which may be implicated in obesity adipocyte disfunction
(Anunciado-Koza et al., 2016). Lower SFRP5 levels have been observed in obese
rather than in lean subjects. This confirms therefore the relation between this
protein and BMI (Hu et al., 2013). The expression of SFRP5 is low during the
white and brown adipocytes differentiation while it is elevated in mature
adipocytes (Wang et al.,, 2014). SFRP5 acts by WNT signalling pathway
inhibition in white adipose tissues and recent studies have shown that this protein
can play a key role in lipid metabolism, inflammation, and T2DM (Chen et al.,
2017).

SFRP5-deficient mouse models exhibit marked glucose intolerance, insulin
resistance, as well as adipose tissue inflammation (Carstensen-Kirberg et al.,
2016; Ehrlund et al., 2013). Recent studies have shown that SFRP5 modulates
adipogenesis by increasing adypocite differentiation and lipid accumulation and
storage (Van Camp et al., 2014). This protein represses the WNT protein action
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that reduces the expression levels of pre-adipogenic transcription factors, such as
the members of the C/EBP family and PPAR-y (Ehrlund et al., 2013). Therefore,
the anti-inflammatory and insulin-sensitizing properties of SFRP5 have been
determined by studies that have shown increased insulin sensitivity and decreased
macrophage infiltration and pro-inflammatory protein production (Carstensen-
Kirberg et al., 2017). SFRP5 acts by inhibition of c-Jun N-terminal kinase (JNK)
activation and antagonism of serine phosphorylation on IRS-1.

All this confirms that SFRP5 could represent a promising therapeutic target in the
treatment of obesity, T2DM, and other metabolic diseases (Ouchi et al., 2010; Lu
etal., 2013).

1.2.6.3 Other Anti-inflammatory Adipokines

In addition to Adiponectin and Secreted frizzled-related proteins, adipose tissue
expresses and releases a variety of other anti-inflammatory cytokines including
Omentin—1 and Apelin.

The omental adipose tissue secretes omentin-1, which is mainly expressed by the
cells of the omental stromal vascular fraction, but not by adipocytes (Schaffler et
al., 2005). Omentin-1 increases insulin-induced glucose uptake at the level of
visceral and subcutaneous human adipocytes through the increase of AKT/PKB
phosphorylation (Yang et al., 2006). Interestingly, Omentin-1 attenuates CRP-
and TNF-o-induced NF-«xB activation in human endothelial cells. Some studies
have also demonstrated how Omentin-1 promotes macrophage differentiation in
the anti-inflammatory M2 phenotype, thus suppressing inflammatory response
and formation of LDL-induced foamy cells. This therefore suggests that Omentin-
1 could be an anti-inflammatory adipokin in humans (Tan et al., 2010).

Apelin is a protein expressed in many tissues such as lung, mammary gland, and
testicles, that has been identified as an endogenous ligand of the G protein
coupled to the apelin receptor (APJ) (Lv et al., 2017). It has several physiological
functions to regulate multiple metabolic functions (Carpene et al., 2007).
Adipocytes produce apelin, and its plasma levels are increased in obese subjects.
Apelin improves glucose uptake in an AMPK dependent way and suppresses

lipolysis. Apelin deficient mice show insulin resistance suggesting that this
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protein can improve glucose homeostasis and insulin sensitivity (Yue et al., 2010-
2011). Apelin is also involved in the inflammatory responses of obese individuals.
Its expression is positively associated with TNF-a, some studies have shown, in
fact, that the treatment with TNF-a induces its expression in adipose tissue.
Furthermore, apelin activates JNK and NF-xB thus inducing the adhesion of
molecules such as Intercellular Adhesion Molecule-1 (ICAM-1) in HUVEC cells
(Lu et al., 2012). However, apelin intake reduces renal inflammation to improve
diabetic nephropathy by suppressing the expression of MCP-1, monocytes
infiltration, and NF-kB activation (Day et al., 2013). Thus the precise role of

apelin in the regulation of inflammatory responses remains undefined.

1.3 Lipotoxicity and inflammation in adipose tissue
1.3.1 Lipotoxicity

The condition of lipotoxicity, typical of obese subjects, causes alteration of the
body homeostasis following prolonged exposure to high concentrations of free
fatty acids (FFA), sterols and phospholipids. These molecules are important
cellular constituents and provide energy for the body metabolic activities,
regulating different homeostatic processes inside and outside the cell, including
organelles homeostasis, organs communication, immune function, energy
metabolism, and cell survival. Although they perform important physiological
roles, when in excess or altered they can be highly harmful, causing cell death,
chronic inflammation and alterations of the energetic metabolism with consequent
diffuse homeostatic alterations. The condition of lipotoxicity plays an essential
role in different metabolic diseases such as inflammation and insulin resistance
(Hotamisligil et al., 2006).

Chronic low-grade metabolic inflammation, termed "metainflammation”, is

considered one of the main features of metabolic diseases such as obesity and

diabetes, and it is diffused in several metabolic tissues including adipose tissue,

liver, muscles, brain, and intestine (Hotamisligil et al., 2006). Just as lipotoxicity

gives rise to metainflammation, alterations in lipid metabolism and typical cellular

signalling pathways can lead to an increase in the onset of many diseases (Fu et
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al., 2012). Plasma free fatty acids can derive from two different sources: lipolysis
of triglyceride-rich lipoproteins within the bloodstream and, secondarily,
intracellular lipolysis in adipose tissue. A recent article by Karpe and coll. has
described the relationship between plasma FFA concentrations and insulin
resistance in obesity (Karpe et al., 2011). It is widely known that the increase in
plasma FFA in obese people is a consequence of increased release of fatty acids
from adipose tissue and a reduction in plasma FFA clearance (Mook et al., 2004).

Increase in FFA and inflammation induced by obesity play a key role in insulin
resistance development (Capurso and Capurso 2012). Lipotoxicity can also affect
the inflammatory condition through direct effects on different intracellular
signalling pathways. For example, exposure to palmitic acid (PA), one of the most
common fatty acids present in nature, is implicated in the synthesis of
diacylglycerols (DAGs), which can activate new isoforms of protein kinase C
(PKC), such as PKC-® and PKC-¢, which are linked to the activation of T-cells
and to LPS responses (Aksoy et al., 2002), as well as to insulin action and
metabolic responses (Perry et al., 2014).

While the exact mechanisms underlying these signalling pathways and the lipid
species modulating PKC isoforms remain the subject of discussion (Zechner et
al., 2012), there is strong evidence supporting PKC involvement in important
metabolic and inflammatory responses for obesity and type 2 diabetes. The
accumulation of PA also leads to the synthesis of ceramide which can activate
inflammatory pathways and can inhibit insulin action. Ceramides inhibit the Akt-
mediated insulin signalling pathway and the oxidation of mitochondrial fatty acids
by interrupting electron transport (Stratford et al., 2004; Summers, 2006).
However, the inhibition of ceramide synthesis through treatment with miriocin, a
serine palmitoyltransferase inhibitor, increases glucose levels and energy
metabolism by restoring the insulin signalling pathway in the liver and in muscles
(Yang et al., 2009). It is also interesting to point out that the signalling pathway of
TLR4 can also lead to increased expression of ceramide biosynthesis enzymes
(Holland et al., 2011), suggesting the importance of this pathway in
metainflammation and insulin resistance.

Lipids can also affect cells fate and function by involving receptors on the cellular
surface or kinases in the cytoplasm. Fatty acids such as PA, can directly activate
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inflammatory pathway by increasing TLR4 signalling pathway (Huang et al.,
2012) and stimulating molecules such as Protein kinase RNA-activated (PKR)
(Nakamura et al., 2010). In response to potentially harmful lipids, such as PA and
oxidized cholesterol, PKR can activate JNK leading to recruitment of the
transcription factor AP-1, and therefore to the expression of genes that promote
inflammatory process and the activity of inflammasome (Takada et al., 2007;
Peng et al., 2015).

1.3.2 ""Chronic low-grade inflammation™ in adipose tissue

When a positive energy balance condition is created in the organism
morphological and metabolic changes occur in the adipose tissue; they are
accompanied by a greater expression of pro-inflammatory cytokines, such as IL-6
and TNF-a, and less production of anti-inflammatory molecules, such as
adiponectin (Gregor et al., 2011). These modifications, in obesity, do not only
have local effects, but they are accompanied by an increase in serum
concentrations of acute phase proteins, contributing to “chronic low-grade
inflammation™ (Wellen et al., 2003; Ouchi et al., 2011). This process seems to
have an important physiopathological role in the development and progression of

complications releated to obesity (Hotamisligil, 2006).

1.3.3 Inflammatory cells infiltration in adipose tissue

Another important mechanism contributing to chronic inflammation state in
obesity, seems to be linked to the infiltration of inflammatory cells (mainly
macrophages and lymphocytes) into adipose tissue. Many studies have shown that
the adipose tissue of obese subjects is markedly infiltrated by macrophages, which
actively participate in the adipose tissue inflammatory process (Weisberg et al.,
2003; Clement et al., 2004). These cells would be recalled by the peripheral
circulation, through the production and release in the circulation of chemokines by
hypertrophic adipocytes, such as TNF-o, MCP-1, and VCAM. In this process
preadipocytes and endothelial cells also contribute, that in turn, by secreting

MCP-1, actively attract macrophages into adipose tissue (Fig. 9).
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Fig. 9: Inflammatory cells infiltration in adipose tissue (Adapted from Capurso
and Capurso 2012).

The adipose tissue of obese subjects is characterized by a latent inflammatory
state (low-grade inflammation) and by infiltration of macrophages (a phenomena
that progressively increase with the development of obesity). The adipose tissue
of obese subjects is infiltrated by macrophages that actively participate in the
establishment of an inflammatory condition in adipose tissue.

MCP-1

Macrophage

Once penetrated into the adipose tissue and locally activated, the macrophages, in
synergy with adipocytes and other trigger cells, perpetuate a vicious circle of
other macrophages recruitment and inflammatory cytokines production
compromising adipocytes function. The inflammatory cytokines IL-6, IL-1B and
TNF-a activate the serin-kinases JNK and IKK, which promote serine
phosphorylation of IRS-1 (serine 307-312), resulting in insulin receptor and signal
functional arrest. This mechanism, which begins in the peri-visceral adipose
tissue, promotes insulin resistance in adipocytes. With the increase of adipose
mass, many other factors contribute to the stimulation of the new macrophages
recruitment, adhesion and infiltration into adipose tissue. Among these increased
leptin and reduced adiponectin secretion, endothelial damage (caused by increase
in "shear stress™) or oxidative damage (induced by increase in FFA) and increased
expression by adipose tissue of C-C chemokine receptor type 2 (CCR-2), are

32



involved in the recruitment of monocyte-macrophages by adipose tissue
(Suganami et al., 2010).

Whatever the initial causal factor, recent studies have shown an increase in this
inflammatory infiltrate along with obesity development. Furthermore, the non-
adipocyte component of adipose tissue has high secretory capacities of
proinflammatory cytokines, greatly amplifying tissue inflammatory response
(Weisberg et al., 2003; Duffault et al., 2009).

In vivo studies have also observed that the genes that preside the synthesis and
secretion of those factors that attract macrophages in adipose tissue and that give
rise to inflammation are expressed in the adipose tissue of the obese subject
before insulin resistance onset. This confirms that macrophages are an important
source of inflammation of adipose tissue, related to insulin resistance (Weisberg et
al., 2003; Clement et al., 2004). Following the observation that pro-inflammatory
macrophages are recruited into adipose tissue, growing interest has been devoted
to the relationship between adipocytes and inflammatory cells (Wellen et al.,
2003). The achievement of adipocyte growth “critical size" and the subsequent
state of cell hypoxia have been proposed as the first phases of an event sequence
that triggers activation of a phlogistic response characterized by leukocyte
recruitment and inflammatory mediators increased secretion (Frain et al., 2003;
Rausch et al., 2008).

Several in vivo studies, in different murine and human cellular models, have
shown that obesity development is associated with an increased release of
chemotactic factors by adipocytes, such as MCP-1 (CCL2), MCP-2 (CCLS8),
MCP-3 (CCL7), CCR2, and CCR5 chemokines receptors, and the colony
stimulating factor-1 (CSF-1), necessary for macrophage proliferation and survival
(Huber et al., 2008; Curat et al., 2004). Studies carried out on MCP-1 knockout
mice and mice with an over-expression of the gene, also support the important
role of this chemokine in attracting macrophages into adipose tissues and in
reducing insulin sensitivity in a high fat diet-induced obesity condition (Kanda et
al., 2006). In this state, deficient MCP-1 mice, in fact, in comparison with the
controls, show a reduced macrophagic content and an insulin sensitivity
improvement. Following overweight and obesity conditions, dynamic phenotypic
modifications in the macrophagic population occur (Anderson et al., 2010). The
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macrophages are divided into two classes. The "classically activated" M1
macrophages are stimulated by inflammatory cytokines such as IFN-y and LPS
antigen and, by secreting proinflammatory factors such as TNF-a and IL-6 in
response to bacterial stimuli, cause inflammatory conditions (Zeida et al., 2007).
M2 macrophages are instead induced by anti-inflammatory cytokines such as IL-
4, IL-10 and IL-13 and, therefore, are "alternately activated” (Anderson et al.,
2010; Sell et al., 2010).

The initial inflammatory response activates M1 macrophages, which become able
to eliminate invading microorganisms and promote the inflammatory response. In
particular, Cinti and coll. have highlighted a characteristic organization of the M1
macrophages, which seem to form a "crown-like structure” in relation to sites of
adipocyte suffering and death (Murano et al., 2008). These structures also seem to
have the role of phagocyte cellular debris, especially LD. It is possible to observe
in them the formation of multinucleated giant cells, a sign of a chronic
inflammation development (Cinti et al., 2005). On the other hand, during the
inflammation resolution phase the macrophages are re-polarized in M2 direction,
losing reactivity to the inflammatory stimuli and assuming the ability to eliminate
damaged cells and tissues, and to promote lipid metabolism, angiogenesis and
tissue remodeling (Anderson et al., 2010; Sell et al., 2010). M2 macrophages are
dominant in adipose tissue of lean subjects. The anti-inflammatory cytokines
secreted by these cells are able to suppress inflammation and maintain insulin
sensitivity in adipose tissue. The factors that determine the differentiation of
macrophages on adipose tissue are still unknown. The scavenger and mannose
receptors pronounced expression, together with high endocytic activity, implies a
role of adipose tissue macrophages in the intake of lipids and lipoproteins (Zeyda
et al., 2007). This condition supports the idea that the macrophages recruitment in
adipose tissue, induced by a condition of obesity, is due to an increase in the
necrotic adipocytes number that must be removed (Cinti et al., 2005). However,
the factors that lead macrophages into adipose tissue to change their pro- and anti-
inflammatory phenotype, is one of the most tipical problems of obesity (Bai et al.,
2015). In any case, the analysis of macrophages gene expression in adipose tissue
shows how they are the primary source of TNF-o and other proinflammatory
molecules such as IL-6 in adipose tissue. This demonstrates that macrophages
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contribute, in an important way, to the amplification of inflammation and to the
development of dysfunctions and metabolic complications induced by obesity
(Fain et al., 2004). Other cell types such as neutrophils, eosinophils (Wu et al.,
2011) and dendritic cells (Bertola et al., 2012), through the production of pro- and
anti-inflammatory cytokines in adipose tissue, also play an important role in the
onset of inflammation and insulin resistance following the condition of obesity.
Neutrophils, in particular, are the first immune cells involved in inflammatory
responses. By rapidly infiltrating in adipose tissue, they accelerate the
inflammatory responses going to call other cells in inflammatory sites. Thus,
blocking the neutrophils and macrophages action results in inflammatory
responses and insulin sensitivity improvement in adipose tissue (Talukdar et al.,
2012).

PA, ceramide and DAGs are widely studied lipid mediators that lead to the
immune cells activation, suggesting also a lipotoxic inflammatory connection in
adipose tissue. In addition to the direct sensors and stress kinases activation, lipids
can also act as antigens that are presented to the immune cells by Cluster of
differentiation-1 protein (CD-1). Recently, the role of NK-cells, in the
inflammation and insulin resistance conditions induced by obesity, has also been
considered. In fact, the NK-cells generates TH1 and Th2 cytokines such as IFN-y
and IL-4 to rapidly regulate the immune responses (Bendelac et al., 2007).
Therefore a reduction in these cell types determines in lean and obese subjects,
anti-inflammatory cytokine production (Schipper et al., 2012). However, the NK-
cells role remains controversial. Some studies suggest a beneficial effect of the
NK-cells (Lynch et al., 2012), other, in contrast, attribute a key role in
inflammatory and dysfunctional state (Mantell et al., 2011; Wu et al., 2012). Thus
the immune cells are all involved in the development of inflammation and insulin

resistance in the adipose tissue and their inhibition could cause their remission.
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1.3.4 Molecular mechanisms underlying the inflammatory process in adipose

tissue

1.3.4.1 Reticulum Stress as the origin of inflammation

The main cause of obesity-induced inflammation has not yet been fully
understood, but certainly stress conditions in endoplasmic reticulum (ER)
contribute to the onset of inflammatory condition. Obesity causes ER stress in the
liver and adipose tissue due to the excess lipids accumulation and disturbed
energy metabolism (Ozcan et al., 2004). The ER stress determines the initiation of
a signal cascade that involves the production of the unfolded protein response
(UPR) with protective but also apoptotic and inflammatory effects. During ER
stress, trans-membrane proteins are activated, including the protein
kinase/endoribonuclease inositol-requiring enzyme 1 (IRE1l), an ER-
transmembrane protein which initiates the non-spliceosomal mRNA splicing for
the transcription factor X-box binding protein 1 (XBP-1) with consequent
protective responses to ER stress.

IRE1 modulates ROS production and also determines the initiation of an
inflammatory cascade by activating several inflammatory kinases such as JNK
(JNK-MAPKA4-AP1), PKR, IKK, and the main inflammatory transcription factor
NF-kB (Nakamura et al., 2010). Obesity also induces ER stress causing IRS
phosphorylation in the serinic site with consequent insulin signal alteration. The
link between ER stress and inflammatory condition with consequent insulin
resistance is also supported by experiments carried out in heterozygous mice
XBP-1 +/- in which the protective responses to the ER stress were partially blunt
with consequent increased insulin resistance development (Ozcan et al., 2004).
On the contrary, the chemical chaperones administration that reduces ER stress
conditions restores insulin sensitivity in obese mice (Ozcan et al., 2006).
Moreover, ER stress determines downregulation of GLUT-4 expression in
adipocytes (Miller et al., 2007). Therefore, ER stress directly influences cellular
insulin targets through the inflammatory signals activation, thus contributing to
insulin resistance. Adipose tissue is the subject of continuous research to
understand stress-sensitive pathways and to discover new potential therapeutic

targets able to diminish obesity-induced metabolic diseases (Fig. 10).
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Fig. 10: Reticulum Stress as the origin of inflammation (adapted from Ozcan et
al., 2004). Elevated levels of glucose and free fatty acids induce oxidative and
endoplasmic reticulum stress, resulting in cellular damage.

1.3.4.2 Cell signaling pathway modulated by the transcription factor NF-kB
The adipose tissue low-grade chronic inflammation is correlated with chronic
activation of proinflammatory cell signalling pathways. Fatty acids, especially the
saturated ones (FFA), are the major responsible for this condition. In obesity,
adipocytes exposure to high concentrations of fatty acids activates TLRs, such as
TLR-2 and TLR-4, which lead to the inflammatory responses initiation by
modulating a series of kinases leading to NF-«B translocation in the nucleus,
increasing also the inflammatory cytokines production.

NF-kB is a redox-sensitive transcription factor with a key role in the induction of
genes involved in various processes, such as inflammation, immune and stress
response, apoptosis, cell development and growth. The main NF-xB targets
consist in genes coding for chemokines, cytokines, immunoreceptors, and cellular
adhesion molecules (Speciale et al., 2011). In mammals, the NF-xB family is
composed of several proteins, including NF-xB1 (P50/p105), NF-xB2
(P52/P100), p65 (RelA), RelB and c-Rel that share the Rel homology domain.
The most widespread form in human is a heterodimer composed of a subunit p50

37



or p52 and p65, which contains the domains required for gene induction (Fig. 11)
(Liu et al., 2017). The biologically active NF-«B form can be found as a
homodimer or heterodimer, who is able to move into the nucleus and to regulate
several genes transcription that present a common recognition sequence in their
promoter. NF-xB is maintained in the cytoplasm of the cells in a latent form,
complexed with the inhibiting protein 1kB. The identified members of the kB
family proteins are seven [IxB-a (MAD-3, PP40), IkB-B, 1kB-y/p105, BCL-3,
IxB-6/100, IkB-{ and IxB-¢], that are characterized by multiple repeated
sequences of 33 amino acids, defined as repeaters and considered responsible of
interaction with the Rel NF-xB domain (Lawrence et al., 2009). NF-«xB activation
through the canonical or non-canonical signalling pathway is an important
mechanism regulating the immune and inflammatory responses of the organism
(Baker et al., 2011). Several pathogenic agents, oxidants, cytokines, chemokines
and growth factors induce, through specific receptors or oxidative stress,
molecular signals that eventually lead to NF-xB activation. Cell stimulation by
several inductor agents triggers a series of cascade reactions, resulting in
activation of NF-«xB that enters into the nucleus where it binds to the DNA «B
binding sequence transcribes various genes for cytokines, chemokines, and other
inflammatory markers (Liu et al., 2017). IkB-a is phosphorylated by IxB kinase
(IKK) which induces proteasome-dependent degradation, this allows a rapid NF-
kB translocation in the nucleus where it binds, with high DNA affinity, in
correspondence with the consensus sequences 5'- GGGPuNNPyPyCC-3'
(p65/p50) or 5-GGGPuNPyPyCC -3' (p65/c-Rel) determining transcription
activation. F-xB nuclear translocation causes the transcription of several
proinflammatory genes, such as cytokines (TNF-a, IL-1B, IL-6) and inducible
enzymes (iNOS and COX-2) (Janssen-Heininger et al.,, 2000; Liu et al.,
2017)(Fig.11).

Recent studies have shown that TLR4 represents the main responsible for most
inflammatory processes into adipose tissue. TLR4 deficient mice are substantially
protected from the insulin resistance condition induced by elevated free fatty acids
in obesity (Shi et al., 2006). These studies therefore suggest that TLR4 is a sensor
of high concentrations of FFA, leading to the onset of inflammatory and insulin
resistance processes.
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Fig. 11: NF-kB pathway (adapted from Perkins et al., 2007).

NF-kB, in the inactive state, is located in the cytosol complexed with the
inhibitory protein IkB. Following the interaction with integral membrane
receptors, a variety of stressful extracellular agents (bacteria, toxins, cytokines,
ionizing radiations) can activate the enzyme IkB kinase (IKK). IKK, in turn,
phosphorylates the IxBa protein, which following the dissociation from NF-«B, is
degraded by the proteasome. Activated NF-xB is then translocated into the
nucleus where it binds to specific DNA sequences called response elements (RE).
The DNA/NF-xB complex then recruits other proteins such as coactivators and
RNA polymerase, which transcribe downstream DNA into mRNA. In turn,
MRNA is translated into protein, resulting in a change of cell function.

1.3.5 Obesity, inflammation and reduced insulin sensitivity

In recent years there are increasingly evidences that obesity is associated with
inflammation that is in turn involved in insulin resistance development. In obesity,
hyperlipidemia and hyperglycemia (due to nutrients excess), lipolysis and
gluconeogenesis determine mitochondrial dysfunction, ER and oxidative stress,
stimulating the activation of inflammatory kinases JNK and IKK-B. They increase
inflammatory genes expression, amplifying systemic inflammation and
determining insulin resistance (Samuel and Shulman, 2012).

In obese patients, a chronic low-grade inflammation results in increased plasma
levels of CRP, inflammatory cytokines (such as TNF-a, 1L-6, MCP-1 and IL-8),
leptin (Likuni et al., 2008) and osteopontin (Kiefer et al., 2008). Aging is also a

factor associated with chronic low-grade increases in inflammatory markers
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circulating levels. Particularly, TNF-a and IL-6 increased levels have been
described as indicators of morbidity and mortality cause in elderly people. In
agreement with the close relationship between inflammation and insulin
resistance, the inflammatory condition is particularly prominent in elderly diabetic
patients (Bruunsgaard et al., 2003). These conditions are particularly evident in
some murine obesity models widely used to study their pathogenesis. TNF-a
neutralization in rats provided the first convincing evidence that inflammatory
mediators can cause insulin resistance (Dominguez et al., 2005). In fact, deficient
TNF-o (TNF-/-) or TNF-receptor 1 gene (TNFR1) knockout mice are protected
from insulin resistance caused by diet and genetic obesity (ob/ob mouse) (Uysal et
al., 1997). In vitro experiments with murine adipocytes have also demonstrated
that TNF-a activates several pathways related to insulin resistance, modifying
insulin receptor IRS-1, GLUT-4, adiponectin, and PPAR gene expression, and
determining IKK JNK kinases and SOCS3 proteins activation (Shi et al., 2004).
In the same way, other inflammatory cytokines also interfere with the insulin
signalling pathway. IL-1, mainly produced in monocytes and macrophages,
through a precursor present in the cytosol causes the serine phosphorylation of
IRS-1 by ERK activation (Jager et al., 2007; Spranger et al., 2003); IL-6, instead,
blocks insulinic signal mediated by IRS in liver and muscle through SOCS
proteins activation (Weigert et al., 2006). In addition, high circulating IL-6 levels
result in a compromised glucose absorption in skeletal muscles (Franckhauser et
al., 2008). However, IL-6 role in obesity, following the insulin resistance
condition, remains controversial. Some studies have shown that the over-
expression of IL-6 also reduces body weight, and in presence of high
concentrations, it can also improve insulin sensitivity (Pedersen et al., 2007). In
contrast to this, anti-inflammatory mediators such as IL-10 and adiponectin exert
insulin-stimulating effects. Particularly the probable mechanism by which
chemokines such as MCP-1 and IL-8 affect insulin sensitivity is through
macrophages recruitment to adipose tissue. Different cytokines and proteins,
elevated in obesity, such as TNF-o and leptin, determine activation of
macrophages that, after tissues infiltration, become the main source of
inflammatory mediators, determining activation of numerous inflammatory
pathways (Fig.12).
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Fig. 12: Schematic diagram of the link between obesity and diabetes as well
as their effects in skeletal muscles, liver, and pancreas to stimulate different
inflammatory cytokines, metabolic enzymes and signalling pathways (adapted
from Kawser et al., 2006).

Nutrition, physical inactivity, environmental factors and genetic susceptibility
cause obesity, and this condition leads to chronic low-grade inflammation
resulting in increased secretion of MCP-1, leptin, resistin, TNF-a, Adiponectin,
IL-6, and IL-1 B. Chronic inflammation results in increased secretion of FFA from
the liver, skeletal muscles, and pancreas. Increase in FFA levels also leads to a
reduction in IRS-1 and PI3K-Akt expression in the liver and skeletal muscles, and
increased JNK expression in the pancreas, leading to hepatic and muscular insulin
resistance and pancreatic apoptosis. Insulin resistance also causes an increase of
glucose production and a decrease of its absorption resulting in reduced insulin
secretion due to increased apoptosis in pancreatic  cells. MCP-1: monocytes-
chemo-attractive protein-1; TNF-a: tumour necrosis factor a; IL-6: Interleukin-6;
IL-1 B: interleukin 1 B; FFA: free fatty acid; IRS-1: insulin receptor substrate 1;
PI3K: Phosphatidyinositol 3-kinase; Akt: serine/threonine kinase; JNK: C-Jun N-
terminal kinase; FA: fatty acid; IGT: Reduced glucose tolerance. (|) decrease, (1)
increase.
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Since macrophages are not only the main source but also inflammatory mediators
target, they are supposed to be central players in a vicious circle that causes

inflammation and insulin resistance.

1.4 Insulin resistance in adipose tissue

Insulin resistance is a condition which determines a reduction of cells sensitivity
to insulin activity, resulting in lower biological effect of this hormone and drastic
alterations in homeostasis. Insulin resistance is manifested by an initial impaired
glucose tolerance that may eventually turn into type 2 diabetes, due to insulin
inability to compensate hyperglycemia values (Reaven et al., 2000). Insulin
resistance genesis is multifactorial: it involves both genetic and environmental
factors. The genetic component has been demonstrated by the fact that insulin
resistant subjects have positive familiarity for T2DM (Wilcox, 2005). A single
specific responsible gene has not been identified yet, but mutations on different
genes, in particular those of glucose carriers, receptor and insulin gene,
mitochondrial DNA and TNF-a have been studied. For this reason, insulin
resistance is considered a polygenic pathology (Olefsky et al., 2010). The
association of metabolic syndrome with obesity, insulin resistance and chronic
low-grade inflammation has been evident for several years. However, although
many of the molecular and cellular mechanisms that diminish insulin sensitivity in
obese patients and related to the inflammatory condition, have recently been
clarified, the pathogenesis of obesity-induced insulin resistance is still obscure in

many respects.

1.4.1 Metabolic effects of insulin

Insulin is a peptide hormone synthesized by the B cells of the pancreas, inside
which it is stored and released following glucose increase in the bloodstream. It
has an important effect in regulating carbohydrates, proteins, and fats metabolism.
Insulin reduces glucose, fatty acids and amino acids plasma levels and promotes
their storage. When these nutrients come in the bloodstream, insulin promotes
their cellular uptake and conversion, respectively, into glycogen, triglycerides,

and proteins. It exerts its main effects both by acting on the transport of specific
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plasmatic nutrients in the cells, as well as by acting on the enzymatic activities
involved in specific metabolic pathways (Sherwood, 2012). Insulin plays a key
role in maintaining energetic metabolism homeostasis and coordinates storage and

use of molecules in adipose tissue, liver, and skeletal muscles (Fig. 13).
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Fig. 13: Metabolic effects of insulin (from Dimitriadis et al., 2011).

The maintenance of glycemic homeostasis is one of insulin main functions which,
thanks to the recruitment of specific transporters, decreases blood glucose
concentration by promoting cells uptake. The glucose transport between blood
and cells is carried out by transporters, known as "GLUT", placed in the plasma
membrane, which allows the passive facilitated diffusion of glucose through it.
There are several isoforms of "GLUT" but certainly the most important are the
"glucose-constitutive transporter-GLUT1" and the "insulin sensitive transporter-
GLUT4" (Thorens et al., 2009).

Insulin exerts multiple effects in order to lower fatty acids blood levels and to
promote their storage as triglycerides. It promotes the entry of fatty acids from
blood to adipocytes, and increases glucose transport in the adipose tissue by
recruiting GLUT-4. Glucose is a precursor of fatty acids and glycerol formation,

fundamental elements for triglycerides synthesis. Insulin also inhibits lipolysis by
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reducing fatty acids release from adipose tissue into the bloodstream. These
functions favour fatty acids removal from the blood and promote their storage in
the triglycerides form (Levy et al., 2007). Insulin, therefore, regulates systemic
energy homeostasis by coordinating FFA and glucose storage, mobilization, and
use in adipose tissue, liver, and skeletal muscles. Insulin resistance development
determines important metabolic consequences in these insulin target tissues and it
is widely recognized as a fundamental defect that precedes the insulin resistance
syndrome development (Franckhauser et al., 2008; Lechleitner et al., 2008). Thus,
understanding of insulin mechanism of action in the main target tissues and if the
molecular mechanisms that determine insulin resistance development, are
particularly important to try to improve insulin sensitivity in the treatment of type
2 diabetes and to its associated complications.

Type 2 diabetes is characterised by high levels of FFA and glucose, and results in
a series of abnormalities, such as central obesity, dyslipidemia, increased
inflammatory markers, adiponectin reduced plasma levels, damaged fibrinolysis,
vascular abnormality and hypertension, associated with an increased risk of cardio
and cerebrovascular diseases (Ahmad et al., 2010). The investigation of insulin
signal transduction defects in the main insulin-reactive tissues and the consequent
systemic insulin resistance development has been facilitated by genetic studies
carried out on a model of knock-out mice for the insulin receptor and other insulin
signalling pathway components. Recent studies have also identified a variety of
factors involved in insulin resistance and type 2 diabetes related to obesity
condition (Taylor et al., 2012; Jianping et al., 2013). Many of these factors such
as FFA, TNF-a, leptin, IL-6, adiponectin and resistin are secreted by adipose
tissue. Recent evidences, concerning the biological and physiological pathways
that control insulin resistance, have also shown that adipose tissue is the
cornerstone of endocrine, autocrine, paracrine, metabolic and inflammatory
signals. Adipose tissue modulates several processes that regulate body
homeostasis, inflammatory and immune response, blood coagulation and

reproduction (Ruan et al., 2003).
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1.4.2 Insulin resistance and signalling pathways
It is necessary to consider the insulin receptor structure and its metabolic activity
in order to understand the FFA and other factors role in insulin resistance

development (Fig. 14).

Insujin

----------

mw\\\\m\w% m i

RO oy A B 4 é
R 6 sl I mm i
SR e R f }
A\ Sl R L —
N 5 PI3-Kinase \JP L. IRS-1./P /;é/
v ) IRS=20 P [/;'
P lRS:30 P -
PRSP
Glucose @ Muscle Liver
t t
neRor Glycogenolysis

Adlpose tissue
A Glucose transport

AGlucose transporl W Gluconeogenesis

AGlycogenesis W v

AProtein synthesls A Glycogenesis
Pancreas

A Insulin secretion A Protein synthesis
A p-cell growth {_7 ppass . A Lipogenesis
> v Lipolysis

Fig. 14: Insulin signalling pathways (adapted from Capurso and Capurso 2012).

When insulin binds to insulin receptor, a cascade self-phosphorylation process is
initiated. The IRS-1 and -2 phosphorylation determines phosphatidyl-inositol 3-
kinase (PI3K) anchorage and activation which in turn phosphorilate phosphatidyl-
inositol 3.4 biphosphate ([PI (3, 4) P2] converting it to phosphatidyl-inositol 3,4,5
triphosphate [Pl (3,4,5) P3].These nucleotides act as anchorage sites for some
protein kinases, anchoring them to the cellular membrane. The [PI (3,4,5) P3]
anchored to the plasmatic membrane binds the PDK-1 kinase (phosphoinositol-
dependent kinase-1), which in turn determines the protein-kinase B
phosphorylation, also called AKT, and its consequent activation. Activated AKT
is responsible for insulin numerous metabolic effects in adipose tissue, muscle
tissue, liver, and pancreas.

The insulin receptor (IR) is part of the large "tyrosine kinase" receptor family, and
it is an insulin-activated trans-membrane receptor (Ward et al., 2009). IR is a
tetrameric protein formed by a pair of two sub-units in an extracellular position,
the "a-subunits”, and a pair of two sub-units in transmembrane position, the "f-
subunits” (Greene et al., 2003) connected by sulfhydryl bridges.

When insulin binds to the insulin receptor, the first substrate to be phosphorylated

is the transmembrane "B-subunits”, with an autophosphorylation mechanism
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(Greene et al.,, 2003). This preliminary autophosphorylation activates certain
anchor sites on the "p-subunits” that bind other substrates, among which the main
one is the IRS 1-4 complex. Therefore the insulin extracellular binding to the
insulin receptor induces the intracellular binding of the IRS 1-4 complex to the
insulin receptor B-subunits in the "src homology 2" (SH2) domains.

By anchoring the IRS complex to the insulin receptor, numerous tyrosine residues
of the IRS complex are in turn phosphorylated through a cascade of
phosphorylation reaction. Once phosphorylated, IRS-1 and -2 protein complexes
is an anchor for other intracellular protein substrates containing the SH2 domain.
In this way, the IRS-1 complex becomes an activator of many protein-kinases that
have "system signal” functions. Among these protein kinases, the most important
is  phosphatidylinositol-3-phosphate  (PI3K) (Fig. 14), which converts
phosphatidyl-inositol 3.4 biphosphate [PI (3,4) P2] to phosphatidyl-inositol 3,4,5
triphosphate [PI (3,4,5) P3]. These nucleotides are used to anchor other protein-
kinases located downstream of the metabolic cascade on the surface of the plasma
membrane. Among them the most important is undoubtedly the AKT kinase; also
known as "protein kinase B", that plays a key role in the insulin metabolic effects,
such as the translocation of GLUT-1 and GLUT-4 glucose transporters from the
cytoplasm to the cellular membrane, glycogen and protein synthesis, and anti-
lipolytic effect exerted by insulin on adipose tissue (Shepherd et al., 2005) (Fig.
14). GLUT-4 translocation on the cellular membrane in insulin-sensitive tissues,
and in particular in the striated muscles and adipose tissue, causes a marked
increase in glucose uptake by these tissues (Saltiel et al., 2001). The insulin
receptor, after being activated by insulin and initiating cascade phosphorylation
processes, must be rapidly deactivated. The insulin signal activation takes place
basically through a tyrosine phosphorylation mechanism of downstream
substrates, while the signal deactivation happens through a mechanism that
involves the serine site phosphorylation. It is still insulin responsible for
deactivating the IRS-1 complex through serine phosphorylation (Greene et al.,
2003). After activating the IR and the tyrosine-phosphorylative events cascade,
insulin determines the translocation on the cellular membrane, and the consequent
activation, of a serin-kinase, the theta isoform of the Protein-kinase-C (PKC- @),
which is known to be negatively associated with cellular insulin sensitivity
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(Standaert et al.,, 1999; Leitges et al., 2002). The so activated PKC-©®
(phosphorylated) with an autophosphorylation mechanism, binds to the IRS-1
complex which in turn is phosphorylated in the serine site (serine 307 in rodents
and serine 312 in humans) (Sun et al., 1999). The serin-phosphorylated IRS
complex is thus distinguished from the insulin receptor and it is degraded by the
proteasome system (Greene et al., 2003). In this way, the IR is "switched off" and
subsequently degraded. Therefore, when the insulin signal starts, the IRS-1
complex is tyrosine-phosphorylated by the insulin receptor. IRS-1 activates the
P13-kinase (PI13K) metabolic cascade; PI3K also provides for the IRS-1 serine 307
phosphorylation, thereby blocking the IRS-1 tyrosine-phosphorylation process
operated by IR and the insulin signal propagation (Rui et al., 2001). Despite the
insulin signal complexity, there is agreement that the IRS-1 phosphorylation on
serine/threonine residues blocks the IRS-1 tyrosine-phosphorylation, thus
blocking the cascade signal propagation activated by insulin binding to IR and
"extinguishing", in this way, the receptor activity (Greene et al., 2003). With the
obesity onset, the mechanisms that regulate IR activity are seriously altered by
factors that initiate the "shutdown™ reactions of receptor activity resulting in IRS-1
serine phosphorylation. Among the various factors involved in this process,
circulating FFA excess, TNF-a hypersecretion and alterations in circulating

adipokines, appear to play a dominant role (Fig. 15).
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Fig. 15: FFA effect in insulin signal (adapted from Capurso and Capurso 2012).
FFA, in their activated form (fatty acyl-CoA) are metabolized through two
pathways, oxidation or deposition in adipose tissue. When the FFA flow exceeds
the metabolic capacities of these two pathways, as generally happens in obesity,
FFA and their intermediate metabolites [linoleic acid, diacylglycerol (DAG),
phosphatidic acid (PA), lysophosphatidic acid (LPA), ceramide] accumulate in the
cell and activate phosphokinase-C-Theta (PKC-®). The phosphorylated PKC-@ in
turn activates two serin-kinase, the c-JUN NH2-terminal kinase (JNK) and the
inhibitor kappaB kinase (IKK). These kinases bind to IRS-1 substrate and
promote serine phosphorylation that represents a stop signal. This condition
causes interruption of insulin signal and thus insulin resistance onset.

1.4.3 FFA and insulin receptor inactivation

It has long been known that FFA excess promotes insulin resistance (Sears et al.,
2015). According to numerous studies, FFA would determine insulin resistance
with a mechanism of insulin signal inhibition that would be provoked by
phosphorylation cascade activation induced by some serin kinases (Fratantonio et
al., 2017).

In obesity, there is a FFA hyperinflux in the bloodstream, with an increase in the
FFA uptake by muscle tissue, liver and adipose tissue. Activated FFA are
normally metabolised through two pathways: oxidation or deposition (Fig. 15).
However, when the FFA hyperflux exceeds the metabolic capacities of these two
pathways, FFA and their metabolites (linoleic acid, diacyl glycerol, phosphatidic
acid, lysophosphatidic acid, ceramide) accumulate in the tissues where they
determine the activation of some serine-kinases, which in turn, as it has already
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been said, blocks the insulin signal. Recent studies have also clarified the FFA
role in insulin receptor inactivation and degradation process (Gao et al., 2004).
The FFA, or some of their intermediate metabolites, activate the PKC-® serine
kinase, which is phosphorylated on threonine 538 residue. Activated PKC-0®
serine kinase triggers a cascade reaction that activates two other serine-kinase, c-
Jun NH2-terminal kinase (JNK), main kinase that plays an essential role in
regulating glucose metabolism, and the IkB-kinase inhibitor (IKK) (Pal et al.,
2016). These serine kinases, being typical mediators of inflammatory signalling
pathways, provide an inhibitory crosstalk between inflammation and insulin
signalling at the molecular level. They bind to the IRS-1 complex, determining its
serine phosphorylation (Fig. 15) with consequent functional blockade and insulin
resistance onset by blocking the interaction between insulin receptor and IRS-1
complex (Aguirre et al., 2002) and its subsequent degradation (Greene et al.,
2003). The inactive insulin receptor is then internalized in the cell and catabolized
in the lysosomal compartment. This metabolic pathway occurs in many tissues,
particularly in myocytes, hepatocytes, and adipocytes (Gao et al., 2004).

Other important molecular mediators that cause insulin signalling pathway
inhibition are the SOCS 1-3 proteins, negative regulators of cytokine signals, and
nitric oxide (NO). SOCS proteins are activated during inflammation by different
inflammatory cytokines (e.g. IL-6 and TNF-a) and are involved in the IRS-1 and -
2 tyrosine phosphorylation inhibition or in their ubiquinitylation and degradation
by proteosomes.

SOCS-1 and -3 can promote insulin resistance through the sterol regulatory
element binding protein-1c (SREBP-1c) activation (Ueki et al., 2004).
Interestingly, it has been recently reported, in a murine model, that SOCS-1
expression protects against systemic inflammation and hepatic insulin resistance
in hematopoietic cells (Sachithanandan et al., 2011).

NO is an endogenous molecule produced by inducible nitric oxide synthase
(iINOS) that can be activated by different inflammatory cytokines. NO leads to
IRS-1 degradation, because iINOS determines the reduction of AKT activity which
is the main mediator of the IRS cascade.

There have been identified further alterations able to establish insulin resistance in
the effector system. There is a defective action of the glucose transporter system
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mediated by GLUT-4 which can be traced back to different mechanisms, such as
GLUT-4 intracellular content reduction, its defective translocation on the cellular

membrane, or its functional activity reduction (Xu et al., 2015).

1.4.4 Metabolic consequences of insulin resistance

One of the main insulin resistance metabolic consequences is hyperglycemia,
resulting from insulin inability to suppress hepatic glucose production and to
promote glucose absorption and metabolism by peripheral tissues. B-pancreatic
cells respond to plasmatic glucose excess by secreting more insulin in order to
overcome the insulin resistance effects and to maintain the normal plasma glucose
concentration. When insulin resistance progresses and the B cells are no longer
able to maintain adequate insulin secretion, plasma glucose levels increase and
type 2 diabetes develops (Cerf et al., 2013). Skeletal muscles, which determine
80-90% of insulin-stimulated glucose clearance (Kanda et al., 2006), have been
implicated as the main insulin resistance site in the context of type 2 diabetes
(Inouye et al., 2007; Weisberg et al., 2006). Among the most serious insulin
resistance metabolic consequences, there is the increase in FFA plasma
concentrations, resulting in adipose tissue lipolysis and FFA release. The increase
in FFA levels alters the insulin signalling pathway and promotes the FFA
oxidation in muscle cells (Todoric et al.,, 2006; Lumeng et al., 2007). This
efficiently decreases glucose oxidation and glycogen synthesis and leads to
reduced glucose uptake and progressive insulin responsiveness loss in the
muscles. Moreover, the plasma FFA excess presence provides an abundant
substrate for triglycerides synthesis in the liver and stimulates gluconeogenesis,
which results in VLDL increased secretion and hepatic glucose production
(Lumeng et al., 2007; Clement et al., 2004).

Increased plasma FFA concentrations, which are toxic to pancreatic cells,
accelerate dysfunction and lead to B-cells death (Cani et al., 2007). Therefore, the
FFA excess in plasma interferes with insulin actions in the main target insulin
tissues and contributes to T2DM and to complications cluster including
hyperglycemia and dyslipidemia. Despite the remarkable evidences linking the
FFA excess with the insulin systemic resistance induction and progression, the
mechanisms by which the plasma FFA levels increase in individuals with T2DM
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are less clear. The FFA plasmatic concentrations are in fact determined by the
relationship between FFA production and use; in addition, lipolysis in adipocytes
and triglyceride-rich lipoproteins are the main sources of plasma FFA. Several
studies have also suggested that plasma FFA concentrations are linearly related to
FFA release rate by adipose tissue, and this inhibition by insulin effectively
suppresses FFA plasma levels (Ebbert et al., 2013) (Fig. 16).
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Fig. 16: Consequences of insulin resistance (Galgani et al., 2008).

Altered lipid storage capacity into subcutaneous and visceral adipose tissue leads
to ectopic lipid deposition into visceral fat and insulin-sensitive tissues such as
liver and skeletal muscles. These tissues progressively develop a state of
lipotoxicity, altering insulin signalling and action and contributing to insulin
resistance and impaired glucose tolerance.

On the other hand, the increase in the FFA use also results into a decrease in FFA
plasma levels. The FFA plasma clearance increases with insulin and fructose
administration, presumably due to the increased glycerol-3-phosphate availability,
the main substrate for the triglycerides synthesis in the main insulin target tissues.
Moreover, the glycerol-3-phosphate acyltransferase or 1-acyl-glycerol-3-
phosphate acyltransferase (AGAT) overexpression, which catalyze the first and
second steps of glycerol synthesis, increase FFA absorption and their
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incorporation into triglycerides (Ruan et al., 2001; Igal et al., 2001). The forced
expression of AGAT in 3T3-L1 adipocytes thus suppresses FFA basal release
stimulated by isoproterenol and promotes the insulin-stimulated glucose
conversion to triglycerides (Ruan et al., 2001). Therefore, elevated FFA plasma
concentrations may result both from lipolysis increase and adipogenesis reduction.
Thus, adipose tissue is emerging as a primary mediator of systemic insulin
resistance because it is an important FFA plasma source. Lipolysis induction in
adipocytes by TNF-a and other hormones, such as AdipoQ, may be a significant

contributor to the systemic insulin resistance development.

1.4.5 Role of macrophages in the genesis of insulin resistance

The main source of TNF-a in adipose tissue is represented by infiltrating
macrophages. In high adiposity condition, factors derived from adipocytes induce
macrophage activation and infiltration. These active macrophages initiate a
vicious circle, secreting cytokines that can compromise insulin sensitivity in
adipocytes and stimulating further activation and infiltration of peripheral
monocytes and macrophages in adipose tissue. The communication between
adipocytes and macrophages thus appears to be one of the key factors in the
systemic insulin resistance onset (Sarvari et al., 2015).

The identification of the factors released by macrophages is therefore necessary to
clarify the mechanisms by which there is an alteration of insulin resistance in
adipocytes (Fig. 17).
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Fig. 17: Hypothetical model of chronic inflammation and insulin resistance in
adipocytes (Xu et al., 2003).

In obesity, factors derived from adipocytes induce macrophage activation and
infiltration. Activated macrophages secrete cytokines that stimulate further
activation and infiltration of monocytes and macrophages into fat which can
impair adipocyte insulin sensitivity and eventually cause systemic insulin
resistance.

Macrophages infiltration into adipose tissue determines NO formation, lipolysis
and TLR4 complex activation (Suganami et al., 2010; Sun et al., 2011).
Macrophages, in particular, play a key role in the onset of obesity-related insulin
resistance, compromising insulin-stimulated PI3K/AKkt activation (Lauterbach et
al., 2017). They express the iNOS, which catalyzes the NO synthesis responsible
for the insulin signal alteration. Murine models with INOS deficiency are
protected from diet-induced insulin resistance (Charbonneau et al., 2010).

NO role in the crosstalk between macrophages and adipocytes in the insulin
signalling regulation is complex. High NO concentrations can inhibit glucose
intake, interferring with the GLUT membrane receptors. Recent studies, supported
by in vitro coculture systems, have shown that, as a result of the interaction
between adipocytes and macrophages, alterations of the normal insulin signalling
and downregulation of AdipoQ and GLUT-4 gene expression occurs (Olefsky et
al., 2010; leronymaki et al., 2015). Moreover, the high levels of NO synthesized
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by INOS into macrophages reacts very quickly with superoxide free radicals
causing DNA damage and strong protein modifications with consequent

significant homeostatic alterations.
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CHAPTER 2
Anthocyanins
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2.1 Introduction

Anthocyanins (AC) are water-soluble pigments, belonging to the flavonoid family
(Khoo et al., 2017). They are widely present in various parts of higher-order
plants and are mainly found in fruits and inflorescences, but they can also be
found on leaves and roots. These substances are widely used as natural dyes
giving a typical color, ranging from red-orange to blue, to different foods of
vegetable origin. Moreover, interest in these molecules has also increased due to
their well-known ability to protect human health when introduced through the
diet. The main AC feature is represented by their ability to act as "radical
scavenger” and their antioxidant activity (Prior and Wu, 2006; Speciale et al.,
2014). These compounds are believed to play an important role in many diseases
such as heart disease, obesity and diabetes, and may contribute to brain and visual
functions improvement. These substances also posses antibacterial activity and
protection against capillary fragility. AC are widely used in therapy because they
protect against various cellular aging processes triggered by oxygen, including
inflammatory processes (Hou DX. et al., 2003).

However, the AC beneficial role in different human pathological conditions
cannot be explained exclusively on the basis of their antioxidant power. Recently,
many studies reported the involvement of other important mechanisms beyond
this activity (Domitrovic, 2011; Huang et al., 2013; Speciale et al., 2014). AC
seem to be able to modulate different signaling and gene regulation pathways
(Nothlings et al., 2008; De Pascual Teresa et al., 2010; Cimino et al., 2013),
thanks to the inhibition of the NF-kB pathway and, in particular, to the activation
of NF-E2-related factor-2 (Nrf2), which mediates an adaptive cellular response
inducing the expression of various cellular factors, responsible for an ormetic
effect (Forman et al., 2014).

2.2 Chemical structure of anthocyanins

AC, usually present in nature as glycosides, consist of a sugar and a non-sugar
part called aglycone (anthocyanidin), linked by a glycosidic bond. They posses a

chemical structure common to all, represented by the 2-phenylbenzopirilium or
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flavylium nucleus. It consists of two benzenic rings (A and B) interconnected by a
heterocyclic ring (C) containing an oxygen atom (Tanaka et al., 2008).

The structural variations of AC involve the number and position of hydroxyl
groups, the methylation of the OH-groups, the nature and number of sugars
attached to the aglycone, as well as the nature and number of aliphatic or aromatic
acids linked to sugars (Castafieda-Ovando et al., 2009). To date, have been
described more than 500 different anthocyanins compounds. However only six of
these pigments are commonly found in fruits and vegetables: pelargonidine (Pg),
Cyanidin (Cy), Delfinidine (Dp), Petunidine (Pt), Peonidine (Pn) and Malvidine
(MV) (Table 1). Their distribution in plants, commonly consumed in the western
diet, is roughly: Cy 50%, Dp 12%, Pg 12%, Pn 12%, Pt 7% and Mv 7% (Laleh et
al., 2006; Harborne and Williams, 2000; De Pascual-Teresa et al., 2000).

Flavylium nucleus

Antocyanins R, R,
Pelargonidine H H
Cyanidine OH H
Delfinidine OH OH
Peonidine OCH; H
Petunidine OCH; OH
Malvidine OCH; OCH;

Table 1: Chemical structure of anthocyanins (from: Speciale A, Virgili F., Saija A.
Cimino F “Anthochyanins in cardiovascular disease” In: pholyphenolos in human health
and dideases first edition, ed. Watson, Preedy, Zibaldi cap.72)
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AC are water-soluble molecules. They are not usually found in their aglycone
form but, in the cell vacuole, they are linked to sugars (such as glucose, ramnose,
xylose and galactose) more frequently as 3-monoglycosides, 3-diglycosides, 3,5-
diglycosides, and 3-diglycosides-5-monoglycosides. These structures provide
water stability and solubility (Pati et al., 2009). The non-methylated anthocyanins
glycoside derivatives (Cy, Dp, and Pg) are, however, the most common in nature.
It has also been found that the frequency of the 3-glucoside derivatives is about
2.5 times higher than 3,5-diglucoside derivatives and, among them, the most
common is the cyanidin-3-O-glucoside (C3G) (Kong et al., 2003).

The AC stability is influenced by several factors such as: pH, storage temperature,
chemical structure, concentration, light, oxygen, solvents, presence of enzymes,
proteins and metal ions (Khoo et al., 2017). AC show colour variation as a
function of pH (Fig. 18), since they possess hydroxyl phenolic acid groups and
basic oxygen sites. The chromatic tonality of these substances may change
according to the different substituents present on the B ring and, in particular, the
colour saturation increases with the hydroxyl groups increase and it decreases
with the methoxyl groups introduction. In 1939, the Nobel prize Linus Pauling
was the first to suggest that the colour intensity exhibited by these pigments is
caused by the flavilic ion resonance structure (Wrolstad et al., 2005). In acidic
conditions (pH 1-3) the stable flavylium cation is the predominant species
responsible for the red colouring of these compounds; at pH 4-5 the colourless
carbinol is formed; at pH 6-7 the blue-violet quinoidal species are prevalent and at
pH 7-8 there is the calcon, which is also practically colourless. In the aqueous
phase these four chemical forms are in balance with each other; the prevailing
form depends on the pH of the solution (Fig. 18) (Faria et al., 2013;
Torskangerpoll et al., 2005).
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Fig. 18: AC colour variation as a function of pH (Faria et al., 2013).
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The strong colouring power and the lack of toxicity make these heterosides
natural dyes for alimentary use, able to replace the synthetic dyes used in drinks,
jams and sweets, even if a certain instability limits sometimes their use. These
compounds are found in food of vegetal origin such as cereals, tubers, roots,
legumes, fruits and their relative abundance varies with the harvest period.
Extensive research has been carried out regarding the AC distribution in nature
and the cyanidins, AC presenting two hydroxyl groups on the B ring, were the
most abundant, followed by delphinidins (Wu et al., 2006; Ogawa et al., 2008; De
Pascural Teresa et al., 2010).

2.3 Anthocyanins consumption through diet

In recent years, the growing interest in AC has been concentrated in their potential
beneficial effects on human health, and in the food sector, not only as natural
alternatives to synthetic dyes but also as new functional or nutraceutical foods
formulations. While it is known that fruits (e.g. berries and grapes), cereals and
vegetables, are good AC sources, on the other hand there is considerable
individual variability in the daily consumption of these substances (Patras et al.,
2010; Chun et al., 2007). The AC daily intake is estimated to be between 3 and
215 mg/day (Wang, Stoner, 2008). These numbers are significantly higher than
those reported for other food flavonoids such as genistein and quercetin
(estimated range: 20-25 mg/day) (Hertog et al., 1993). However, the
geographical, seasonal, social and cultural diversity of the populations examined
can also explain the wide range of AC consumption (De Pascual-Teresa and
Sanchez-Ballesta, 2008; Clifford, 2000; Manach et al., 2005). Recent studies of
the European Prospective Investigation into Cancer and Nutrition (EPIC)
involving 36,037 subjects between 35 and 74 years old distributed on ten
European countries, have estimated the intake influence of food containing AC
and their derivatives, with the aim to find a potential correlation between AC
consumption and different lifestyles and social factors, such as sex, age, BMI,
smoking, level of education and physical activity (Zamora-Ros et al., 2011).
Interestingly, a real intake “gradient" from the south to the north has been
observed. Cyanidins and Malvidins are the most used anthocyanins, especially

among non-smokers, elder non-obese women, subjects with higher education
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levels and those with active or moderate physical activity (Zamora-Ros et al.,
2011).

It has also been shown that the plant food consumption rich in AC is more
“biologically effective” than an AC extract taken individually, probably due to
synergistic effect that is achieved with the other bioactive components contained
in them (Titta et al., 2010).

2.4 Anthocyanin bioavailability

Bioactive compounds derived from plant sources must be pharmacologically
bioavailable in order to exert their effects. Therefore, the knowledge of their
pharmacokinetics is fundamental to understand the real impact of daily AC intake
on human health protection (Speciale et al., 2014). High blood AC levels are
necessary in order to exert relevant biological effects on target organs and tissues.
However, the studies reported in literature showed considerable discrepancies. All
this can be explained by the chemical structure differences and by the
interindividual differences affecting xenobiotics metabolism. For example,
different polymorphisms at phase Il biotransformation reactions, differences in the
microflora intestinal composition and pH can occur (Miller et al, 2011; Lampe,
2007; lwuchukwu et al., 2009; Del Rio et al., 2010). AC are phenolic compounds
which, due to their structure, are hydrolysed and subsequently reabsorbed in
intestine. They therefore enter in epithelial cells by passive diffusion or thanks to
specific carriers (Crozier et al., 2009). Following intestinal uptake, these
substances are further metabolized and eliminated in bile and urine with a
different concentration according to the agliconic portion structure and the
different sugar residue (Ichiyanagi et al., 2006). However, these substances are
not transported in the bloodstream because the intestinal microflora is able to
degrade them in intestine (McGhie and Walton, 2007). AC can be hydrolysed by
specific glycosidases present in the gastrointestinal tract producing the aglycons
which posses a better bioavailability, but also a lower stability. Nevertheless,
studies have reported that, in rats and humans, the glycosidic portion can be
uptaken in intact form (Khoo et al., 2017). It was also found that in humans the
AC maximum concentration in the blood, after gastric absorption, is reached

within 3 h, but the bioavailability is < 2% because a rapid hepatic removal occurs
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(Passamonti et al., 2003; Ichiyanagi et al., 2006; Stoner et al., 2005). Thus, the
AC percentage absorption and excretion in the urine is very low compared to the
dose taken (McGhie and Walton, 2007). It was hypothesized that they could
undergo to a strong first-pass metabolism (Manach et al., 2005; Kroon et al.,
2004; Nemeth et al., 2003). Therefore, the apparently low bioavailability of some
AC could be due to the extensive presystemic metabolism and not to their reduced
absorption from the gastrointestinal lumen. In intestine, the neutral pH and the
intestinal microflora can induce AC degradation (Mc Ghie and Walton, 2007).
However, there are several factors that can be responsible for the low
bioavailability of these compounds. Recent studies have shown that AC have a
greater bioavailability than previously supposed, and that their metabolites are
still circulating up to 48h after ingestion. The differences in the AC chemical
structure, both in terms of aglyonic and sugar portion, clearly influence
absorption, metabolism, bioavailability and elimination of these substances
(Ichiyanagi et al., 2006; Milbury et al., 2002; Milbury et al., 2010).

In humans, a single oral intake of a Cy-3-glycosides mixture (721 mg) leads to a
cumulative serum concentrations of 377 nmol/L per hour for AC and their
metabolites, with a maximum concentration of 96 nmol/l at 2.8 hours (Kay et al.,
2005). Recent studies (Jeon et al., 2012) have analyzed the C3G pharmacokinetics
after 2 weeks of black beans (Phaseolus vulgaris) intake. The results obtained
have confirmed that a significant amount of C3G is absorbed after ingestion of
this extract. In the same way, the intake of 20 g of a BlackBerry extract to healthy
volunteers led to a significant increase of AC and their metabolites levels in serum
(197-986 nmol/L within 2 hours) and urine (11-13 nmol/L 24 h after
administration) (Kay et al., 2004). In another study, AC plasma concentrations in
patients with coronary heart disease, reached a maximum of 1.5 hours after
administration of cranberry juice (480 ml corresponding to 95 mg of AC) with
bioavailability range of 0,61-1,82%. (Milbury et al., 2010). The amount detected
in urine was around 5% of the total dose initially assumed (Felgines et al., 2003,
Carkeet et al., 2008).

Regarding the AC metabolism, Kay and colleagues demonstrated that the Cy-3-
glycosides, when rapidly absorbed, are extensively metabolized in the body to
glucuronate and methylated derivatives. While glucuronate derivatives are present
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in the circulation up to 5 hours after administration, the methylated derivatives are
able to persist from 6 to 24 h (Mazza and Kay, 2008; Kay et al., 2005).

2.5 Biological anthocyanins activities

Despite the reduced bioavailability, plasma AC levels appear to be sufficient to
exert their biological activity; it seems that intracellular signalling pathways and
gene regulation activities are significantly modulated by AC and their derivatives
(Domitrovic, 2011). Recently dr. Kay (Kay et al., 2012) and dr. Cassidy (Cassidy
et al., 2013) groups have evaluated the AC impact, as well as other flavonoids, on
diet, cardiovascular function and health, highlighting a key role in comparison
with other classes of flavonoids, in the protection against cardiovascular diseases,
including hypertension and myocardial infarction. AC play an important role in
prevention of these diseases through different mechanisms related to their main
biological activities. In addition to cardiovascular protection, many studies have
demonstrated an AC active role in anti-inflammatory, antioxidant, detoxifying,
anti-proliferative, anti-ageing and anti-tumour activities (Domitrovic, 2011).
Flavonoids and AC stimulate the immune system response against pathogens and
reduce inflammation modulating cellular mechanisms that cause it: they reduce,
for example, cytokines and proinflammatory molecules release, such as NO, by
immune system cells (Rossi et al., 2003). The antioxidant power of AC also helps
to counteract oxidative stress, which is among the main causes of cellular aging,
and to reduce the carcinogenic phenomena developing risk, thanks to their
antinflammatory activity. In fact, it is known the relationship between chronic
inflammation and increased probability of developing cancer (Chen et al., 2013;
Prasad et al., 2010). In particular the orthodihydroxyphenyl structure present on
the B ring seems to be responsible for their important biological properties.

These compounds thus could represent promising drugs that can be used in the
treatment of various diseases. They could, in fact, represent a new class of
chemotherapeutic or anti-inflammatory drugs, given the recent evidence that show
a higher efficacy than some conventional drugs (Domitrovic, 2011). However,
most data currently demonstrate the beneficial effect of AC in in vitro and/or in
vivo studies, but not on humans; it appears therefore necessary to carry out several

clinical studies to validate the applicability of these bio-active compounds in
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humans, given their low stability and bioavailability (Domitrovic, 2011). Figure
19 shows AC targets, the mechanisms of action through modulation of different
signalling pathways and their final effects on health. Briefly they act on skeletal
muscles, liver, pancreas and adipose tissue which produce various inflammatory
cytokines, metabolic enzymes and signalling pathways that exert anti-
inflammatory, antioxidant and metabolic-stabilizing action. These mechanisms
are associated with obesity stabilization and diabetes, positive effects on blood
pressure and lipid profiles, decrease in atherosclerotic development and

improvement of vascular function.
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Fig. 19: Biological activities of anthocyanins and their molecular targets
(Azzini et al., 2017)

Molecular targets of AC, their mechanisms of action through different pathways, and
their final effects on human health. CPT1A: Carnitine palmitoyltransferase-1la; RBP4:
Protein binding retinol 4; SREBP1: Sterol regulatory element-binding transcription factor
1; Cl/ebpa: CCAAT enhancer binding protein-a; PPAR-y: peroxisomal proliferation
receptor-y; AMPK: Adenosine monophosphate-activated protein kinase; GLUTA4:
Glucose transporter-4; GLUT2: Glucose transporter-2; ACC1: acetyl-CoA carboxylase;
FAS: fatty acid synthase; LPL: Lipoprotein lipase; PEPCK: phosphoenolpyruvate
carboxykinase; G6pase: Glucose-6-phosphatase; G6PDH:  glucose-6-phosphate
dehydrogenase; VEGF: Vascular endothelial growth factor; ICAM-1: intercellular
adhesion molecule-1; JNK: C-Jun N-terminal kinase; TgfB1: Transforming growth factor
B; IL-6: Interleukin-6; TNF-o: tumor necrosis factor alpha; MCP-1: monocyte
chemoattractant protein-1.
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2.6 Role of anthocyanins in obesity

In recent years, because of the increase in global obesity incidence and the
consequent increased prevalence of T2DM, new strategies are under development
in order to fight the growing expansion in these metabolic diseases. Among the
factors involved in the origin of these pathological conditions, diet seems to cover
a central role. In particular, recent studies on the obesity treatment and its
complications and co-morbidities have focused on different plant products
potential role, such as AC, which can have a positive effect on mechanisms
involved in this disease, going to reverse and to prevent pathogenic processes
associated with these metabolic conditions. Indeed, several epidemiological
studies show that an increase in food rich in anthocyanins consumption, in
particular strawberries, blueberries and grapes, greatly reduces hypertension and
T2DM risk associated with obesity (Muraki et al., 2013; Cassidy et al., 2011,
Khoo et al., 2017).

2.6.1. Modulation of oxidative stress

As suggested by many in vitro and in vivo studies, AC increase intracellular
antioxidant power and, therefore, they are able to protect cells and tissues against
oxidative damage (Speciale et al., 2011). In fact, in obesity, chronically elevated
insulin levels determine a shift in the cellular redox state resulting in increased
ROS generation (Matsuda et al., 2013). Prolonged oxidative stress conditions
cause intense homeostatic alterations following glucose uptake impairment in
muscle and adipose tissue with a consequent decrease in insulin secretion from
pancreatic 3 cells and an increase in the T2DM incidence (Evans et al., 2005).

For many years, AC have been considered as the most potent antioxidants in vitro,
defined as "scavengers" compounds able to delay, inhibit or prevent substrates
oxidation from free radicals and to decrease oxidative stress (Hu, 2011). Their
powerful antioxidant activities have been attributed to their molecular structure.
The hydroxyl phenol or acyl groups presence in AC structure determines, in fact,
a strong ability to chelate metal ions and to form stable anthocyanin-metal

complexes (Sarma et al., 1997).
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Recently in vitro and in vivo studies have shown that human HepG2 cells
treatment with C3G, the most abundant anthocyanin in nature, leads to an increase
in glutamate-cysteine ligase expression, which in turn mediates a reduction in
ROS levels (Zhu et al., 2012). The same authors then reported that the C3G
uptake (200 mg/kg diet), results in increased glutathione (GSH) synthesis in db/db
diabetic mice liver (Zhu et al., 2012). These observations therefore suggest that
AC can modulate antioxidant defenses by activating anti-oxidative enzymes and
promoting GSH synthesis. In particular has been demonstrated that AC are able to
induce Nrf2 transcription factor in many cell types. Nrf2 is a redox-sensitive
transcription factor able to binds specific DNA sequences, called Antioxidant
Responsive Element (ARE), located in the promoter area of genes encoding many
phase Il detoxifying or antioxidant enzymes such as glutathione S-transferase
(GST), NQO1, HO-1, glutathione peroxidase (GPx), glutamate cysteine ligase
(GCL), and peroxiredoxin I (Prx I). These enzymes play key roles in cellular
defence by enhancing the removal of cytotoxic electrophiles or ROS (Speciale et
al., 2011). Induction of these enzymes through the Nrf2/ARE signaling provide an
effective mechanism of cellular protection against ROS and inflammatory
disorders.

2.6.2 Inflammatory response regulation

The inflammatory condition is a key component of metabolic disorders related to
obesity. Altered ROS intracellular levels causes alterations in metabolic
responses, with consequent oxidative stress and cellular redox imbalance.
Therefore, this condition determines the sensitive redox signal molecules
activation, including NF-xB and MAPKSs, resulting in higher expression of
inflammatory mediators, such as TNF-a, IL -6, 1L-8 and MCP-1, which further
aggravate the pro-inflammatory state. Chronic inflammation is, in fact, the
consequence of a prolonged imbalance between pro- and anti-inflammatory
mediators (He et al., 2010; Van de Voorde et al., 2013). Several studies have
shown that AC can influence pro- and anti-inflammatory molecules in vitro.

IL-6 production was suppressed following the bovine arterial endothelial cells
stimulated with peroxynitrite and treated with malvidin-3-glucoside (25 puM)
(Paixao et al., 2012). Furthermore, it has been shown that, 3T3-L1 differentiated
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adipocytes treatment with a purple sweet potato extract (1, 2 and 3 mg/ml) for 24
hours, IL-6 expression decreased in a dose-dependent manner (Ju et al., 2011). IL-
8 concentrations were significantly decreased in human gastric epithelial cells,
infected with Helicobacter pylori, after pretreatment with black soybean
anthocyanin extract (cyanidin-3-glucoside [C3G] 72%, delphinidin-3-glucoside
20% and petunidine-3 glucoside 6%) for 24 hours (concentration of anthocyanins
> 25 pug/ml) (Kim et al., 2012).

NF-xb is a redox-sensitive transcription factor, with a key role in the induction of
genes involved in various processes, such as inflammation, immune response,
apoptosis, cell development and growth. The main stimuli that activate NF-kB are
the redox state alteration (oxidative stress), proinflammatory cytokines (such as
TNF-a, IL-6, IL-1 and IFN-y), hyperglycemia, toxic metals, ultraviolet radiation,
alcohol and benzopyrene (Hoesel et al., 2013). In turn, NF-kB pathway activation
increases the proinflammatory cytokines (such as TNF-a, IL-1a, IL-1p and IL-6),
chemokines (IL-8, monocytic chemoattractiveness 3 protein, macrophages la
inflammatory protein), adhesion molecules (ICAM and VCAM-1), iNOS,
cyclooxygenase 2 (COX-2) and cytosolic phospholipase 2 expression (Li et al.,
2013). Thus, the NF-«xB inhibition is a potentially effective way to reduce the
inflammatory condition. Numerous studies, carried out in vitro on human cell
lines, reported that AC, and especially C3G, are able to modulate the NF-xB
signalling pathway in several steps (Zhang et al., 2010; Speciale et al., 2010).
The black soybean anthocyanin extract inhibited the IkB-a phosphorylation and
degradation, as well as the NF-xB/p65 nuclear translocation and activation in
human gastric epithelial cells infected with H. pylori (Kim et al., 2013), and in
human keratinocytes (HaCaT) exposed to ultraviolet B (UV-B) (Tsoyi et al.,
2008).

The C3G, in human endothelial cells exposed to TNF-a, significantly inhibited
NF-kB activation but not its nuclear translocation. NF-kB/p65 nuclear
translocation was attenuated by blueberry, blackberry or blackcurrant anthocyanin
fractions in LPS-activated macrophages and this effect was found to be
independent of Nrf2 pathway.

In an in vitro model of murine monocytes, AC isolated from cranberries and
blackcurrants effectively led to suppression of NF-kB-induced LPS secretion
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(Karlsen et al., 2007). The same authors have also observed a down-regulation of
inflammatory mediators induced NF-kB, including IL-8, IL-6 and interferon-o.
The pomegranate extract rich in AC inhibited IkB-a phosphorylation, IKK-o
activation and nuclear NF-xB translocation in human epidermal keratinocytes
exposed to UV-B (Afaq et al., 2005 ). Examining more closely the cellular
mechanisms, Jeong and colleagues have shown that AC act by preventing nuclear
NF-kB translocation and by inhibiting the JNK and p38 mitogen-activated protein
kinase phosphorylation (Jeong et al., 2013). AC anti-inflammatory properties
have also been demonstrated in several in vivo studies that support most of the
effects described, including the AC ability to reduce inflammatory cytokines
expression and concentrations in different tissues, the expression and stress-
induced iINOS and COX-2 activity and the ability to influence NF-xB and MAPK
pathways. In mice with high fat diet (HFD)-induced obesity, the blueberry powder
supplementation (2.7% of total energy) was associated with a reduction of ~ 50%
in the dead adipocytes frequency and with inflammatory genes downregulation
(TNF-a, IL-6, MCP-1, iINOS, etc.) in adipose tissue (Vendrame et al., 2016).
Further studies on rats fed with a high fructose diet, 10 and 20 mg/kg of AC daily
intake, significantly reduced gene expression of inflammatory cytokines such as
IL-1B, IL-6 and TNFoa, and increased zinc finger protein 36 (ZFP36) gene
expression in epididymal adipose tissue (Qin et al., 2012). To clarify however
whether this effect was due exclusively to AC or to other polyphenols contained
in the extracts, HFD obese and db/db diabetic mice were fed with a pure C3G
extract (200 mg/kg diet) for 5 weeks. Data revealed that C3G determined a
significant GLUT-4 upregulation and RBP4, MCP-1, IL-6 and TNF-a
downregulation in adipose tissue (Sasaki et al., 2007).

In an experiment performed on C57BL/6J male mice, fed with a purple corn-
enriched diet containing C3G (2g of C3G for kilogram of diet) for 12 weeks, an
upregulation of AdipoQ gene expression in WAT was detected (Tsuda et al.,
2004). The administration of an anthocyanin-rich chokeberry extract (100 mg/kg
and 200 mg/kg body weight) for 6 weeks in Wistar rats, fed with a high-fructose
diet in order to induce insulin resistance, was able to increase plasma adiponectin
in a dose-dependent manner and to decrease TNF-a and IL-6 concentrations (Qin
et al., 2012). Moreover, from the WAT examination, it was noted that in mice fed
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with C3G, cytokine mRNA levels and macrophage infiltration were reduced (Guo
etal., 2012).

Some studies have also shown that AC possess anti-inflammatory activity through
the COX-2 inhibition and INOS modulation respectlively in LPS-activated
RAW264.7 and J774 murine macrophages (Hou et al., 2005; Hamal&inen et al.,
2007). Some authors have reported the COX-2 inhibition by cyanidin and
glucosides present in cherries and berries (Seeram et al., 2001), although other
authors suggested that the anthocyanidin delphinidine is more potent in COX-2
inhibition, both at mMRNA and protein levels, being able to suppress the activation
of LPS-stimulated transcription factors, including C/EBP, AP-1 and NF-«B (Hou
et al., 2005). Another study reported that an AC mixture from wild mulberry and
C3G reduced mRNA COX-2 levels. All these observations suggest that AC are
able to modulate, both in vitro and in vivo, the inflammatory responses induced by
a variety of stress factors, especially by inhibiting NF-xB pathway and COX-2
activation and attenuating proinflammatory cytokines gene and protein

expression.

2.6.3 Insulin signal regulation

As previously mentioned, obesity is strongly associated with insulin resistance
and the improvement of this condition is important to prevent T2DM
development. The AC efficacy, in the prevention of this pathological condition,
has been demonstrated in different animal models. Treatment of HFD mice with
1g/kg of AC from cherries, resulted in decreased weight gain and improved
glucose tolerance compared to untreated HFD-fed controls (Jayaprakasam et al.,
2006). A recent study in rats, fed with a fructose-rich diet, has compared the
effects of treatment with AC from a black rice extract (5 g/kg diet), with the
pioglitazone (270 mg/kg diet), an insulin-sensitizing drug and has found that both
treatments were able to improve glucose intolerance and hyperlipidemia.
However, only pioglitazone was able to reverse fructose-induced
hyperinsulinemia (Guo et al., 2007). In another study, in which murine models of
obesity induced by HFD and genetically diabetic mice db/db had been subjected
to C3G intake (2 g/kg diet) for 5 weeks, it was found that the C3G was able to
lower fasting glucose levels resulting in insulin sensitivity improvement compared
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to non-integrated controls (Guo et al., 2012). In a study performed on KK-Ay
diabetic mice, C3G treatment (2g/kg) showed up-regulate significantly GLUT-4
and down-regulate RBP4 in WAT, thereby improving hyperglycemia and insulin
resistance (Sasaki et al., 2007). A severe metabolic defect associated with insulin
resistance is failure of the peripheral tissues to properly use glucose, resulting in
chronic hyperglycemia. GLUT-4 is the primary insulin-dependent glucose
transporter and is present predominantly in skeletal muscles, myocardium and
adipose tissue. Some studies have shown that AC exert their hypoglycemic effects
by promoting GLUT-4-dependent glucose absorption in peripheral cells and
tissues.
Nizamutdinova and colleagues reported that the black soy anthocyanins intake in
diabetic rats increases GLUT-4 translocation to cardiac and skeletal muscles
tissues, resulting in reduced fasting glucose levels and improved cardiac
hemodynamic function (Nizamutdinova et al., 2009). Similarly, in an in vitro
experimental model of L6 myotubes, C3G treatment significantly increased
GLUT-4 expression protein in the cell membrane without affecting protein
expression, thus demonstrating a increased GLUT-4 localization in the
cytoplasmic membrane (Kurimoto et al., 2013).
In an experimental model of insulin resistance on 3T3-L1 adipocytes exposed to
H,O, or TNF-a, C3G showed a reduction in intracellular ROS levels and
increased insulin-stimulated glucose uptake in a dose-dependent manner. This
therefore confirms that the AC use could be a crucial target for preventing insulin
resistance (Guo et al., 2008). Tsuda and colleagues also showed that, following
the C3G treatment of primary human and murine adipocytes, there was an
increase in adiponectin and leptin levels (Tsuda et al., 2004 and 2006). Recently,
some studies have focused on the PPAR-y which plays an essential role in lipid
and glucose metabolism and in the transcription of proteins involved in glucose
and fatty acids absorption (Floyd et al., 2012). To examine the mechanism
underlying the C3G insulin-sensitizing effect, Scazzocchio and colleagues
evaluated the PPAR gene expression in murine adipocytes. The C3G has thus
shown to mediate the glucose absorption by a greater GLUT-4 translocation in the
cell membrane and a higher adiponectin secretion, also following an increase in
PPAR activity (Scazzocchio et al., 2011).
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AMPK plays a key role in lipid metabolism, glucose homeostasis and insulin
sensitivity regulation. High glucose levels can inhibit the AMPK phosphorylation
and activity, compromising its downstream signalling pathway resulting in
glycolysis and lipolisis that worse diabetic disease (Ruderman et al., 2013).
Several studies have suggested that AC affect metabolic homeostasis by acting on
AMPK. The AMPK activation has resulted in glucose use increase and
gluconeogenesis suppression in response to insulin (Kurimoto et al., 2013). In
vitro data showed that incubation with C3G increased the AMPK activity and
provided significant protection against glucose-induced lipolysis in totally
differentiated 3T3-L1 adipocytes (Guo et al., 2012).

In addition, AC treatment of HepG2 hepatocytes resulted in increased AMPK and
acetyl-coenzyme A carboxylase (ACC) phosphorylation levels, leading to an
increase in carnitine palmitoyl transferase 1 (CPT-1) expression and in fatty acids
oxidation (Guo et al., 2012; Hwang et al., 2013). These observations therefore
suggest that AC can improve diabetes-associated diseases by activating AMPK/
with AMPK activation.

2.7 Results obtained with anthocyanins according to my research

experience

During my laboratory experience at UniMe, | had the opportunity to study in deep
the biological activities of AC using of different cellular models in vitro and | was
able to confirm how these compunds play an essential role in different

pathological conditions prevention.

2.7.1 Effects of AC on insulin resistance in endothelial cells

During my period at UniMe, | tried to demonstrate the molecular mechanisms
involved in the protective effects of C3G on palmitate-induced endothelial
dysfunction and insulin resistance in human umbilical vein endothelial cells
(HUVECS). It has been demonstrated that elevated free fatty acids (FFAS) plasma
levels, including PA, promote lipotoxicity and cause oxidative stress,

inflammation, and insulin resistance in endothelium (Fratantonio et al., 2017).
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Endothelial dysfunction is an alteration of the normal organ function that involves
the loss of some structural and functional endothelium characteristics such as the
regulation of the vessel tone and the acquisition of proinflammatory (through
increased chemotactic factors and cytokines such as TNF-a, IL-8 and IL-6) or
proaterogenic properties (through expression of cellular adhesion molecules and
vasoconstrictive peptides such as endothelin-1 (ET-1) (Itani et al., 2002; Libby et
al., 2007). Insulin, a part from playing a key role in the glucose and lipid
homeostasis in adipose tissue, skeletal muscles and liver, exerts important
beneficial effects on the endothelial function maintenance. It acts through the
binding to its receptor present on endothelial cells and through intracellular
protein IRS-1 activation, which triggers the initiation of cascade reactions
culminating in the NO release. Under insulin resistant conditions, endothelial
dysfunction is characterized thus by insulin-mediated vasodilator NO loss
production, increased ET-1 and PAI-1, with consequently development of
prothrombotic state (Potenza et al., 2005).

Lipotoxicity conditions and inflammation, which contribute to the insulin-
resistance onset, also affect multiple independent and interdependent mechanisms
in endothelium, interfering on the physiological insulin signal pathways.

In my project | have evaluated, in the presence of a lipotoxicity condition induced
in endothelial cells with PA, the C3G effect on the main signalling pathway (IRS-
1/PI3K/Akt/eNOS) activated by insulin and on the levels of NO and ET-1 in
HUVECs. Pathway-specific damage in PI3K-dependent insulin signalling
contributes to the relationships between insulin resistance and endothelial
dysfunction that in turn promote the clustering of metabolic and cardiovascular
diseases in insulin-resistant state.

For this aim data obtained with HUVECs treated for 24h with C3G 20 uM,
exposed for 3 h to PA 100 uM and then with insulin 200nM or not for 15 min,
confirmed that, in PA-exposed cells, insulin resistance was induced by the
specific impairment of insulin IRS-1/PI3K/Akt signalling pathway and the
downstream reduction of endothelial nitric oxide synthase (eNOS) and then of NO
release. We observed that these effects were exerted by changes on the
phosphorylation of IRS-1 on specific serine and tyrosine residues. HUVECs
exposure to PA is associated in fact to an increased IRS-1 serine phosphorylation
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with consequent negative feedback control of insulin signalling. Insulin-induced
IRS-1 tyrosine phosphorylation was instead negatively affected by PA exposure.
Furthermore, PA increased vasocostrictor ET-1 mRNA expression in HUVECs
contributing to insulin resistance by impairing insulin hemodynamic effects.
Interestingly, C3G pretreatment effectively reversed the effects of PA on IRS-
1/PI3K/Akt axis. This effect is associated to the inhibition of IRS-1 serine
phosphorylation exerted by IKKp and JNK after PA exposure. In particular, we
observed that C3G restored IRS-1 tyrosine phosphorylation, eNOS expression,
NO release and ET-1 mRNA levels altered by PA.

Therefore these researches have helped to demonstrate that C3G improve
endothelial dysfunction implicated in insulin resistance induced by PA so
suggesting new strategies for C3G in the prevention and treatment of vascular

pathologies linked to lipotoxicity conditions.

2.7.2 Anti-inflammatory effects of C3G on intestinal epithelial cells

During my period at UniMe laboratory, | followed a project on an in vitro model
of inflammation on intestinal epithelial cells Caco-2. In particular the aim of the
project was to demonstrate the C3G efficacy in the Inflammatory Bowel disease
(IBDs) prevention and treatment (Ferrari et al., 2016). IBDs include several
pathologies such as ulcerative colitis and Crohn's disease and they are widespread
in western countries. The main characteristic of these pathological conditions is
the presence of chronic inflammation in the intestinal mucosa, which has an
intermittent course and can cause severe complications. The IBD pathogenesis is
multifactorial and certainly contributes not only to environmental elements but
also to family history and dietary factors (Bernstein et al., 2006).

Currently, the elective IBDs treatment is based on the use of anti-inflammatory
drugs, which often involve considerable side effects with a variable therapeutic
efficacy from patient to patient. For this reason, the search for new therapies and
nutritional strategies, useful in the treatment of these pathologies, is a current and
necessary need. For this purpose, the project was oriente to evaluate the C3G anti-
inflammatory efficacy in the prevention of these pathological conditions
(Domitrovic, 2011).
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Our research activity was therefore focused on identifying the potential beneficial
effects induced by C3G, with regard to alterations induced by TNF-a in totally
differentiated Caco-2, in order to clarify the molecular mechanisms. We choose
Caco-2 cells because this is a well established cell line able to differentiate in
mature enterocytes. Caco-2 presents the structural, morphological and functional
characteristics of the small intestine cells (Pinto et al., 1983; Peters and Roelofs,
1989; Youakin et al., 1989; Ferrec et al., 2001), and are widely used as an in vitro
model for intestinal absorption, metabolism, differentiation and toxicity studies
(Artursson, 1990; Artursson and Magnusson, 1990; Baker et al., 1995; Meunier et
al., 1995; Artursson et al., 2001).

In our experimental model the Caco-2 have been exposed to TNF-a in order to
generate structural and functional alterations of the intestinal barrier. Several
studies have shown, in fact, that TNF-a plays a central role in intestinal
inflammation, as evidenced by the presence of markedly elevated levels of this
cytokine in the intestinal tissue and in the serum of patients with Crohn's disease
(Ye et al. , 2006). In particular, Caco-2 were treated with two different
concentrations of C3G (20 and 40 uM) for 24h and subsequently exposed to TNF-
a for 3 and 6 hours, in order to reproduce the mechanisms involved in the
inflammatory processes pathogenesis. Following interaction with its membrane
receptors, TNF-a initiated the inflammatory process by NF-kB pathway activation
(Pasparakis, 2009; Vermeulen et al., 2003), and stimulation of the ROS
production. The focus was therefore on the study of NF-kB activation status and
the evaluation of the protein expression of the main components involved in this
inflammatory pathway (p65, p-1xB a and p-IKK o/B). Exposure to TNF-a is able
to activate the IKKa/p kinase and the subsequent phosphorylation/ubiquitination
of IkBa in our experimental model, while pre-treatment with C3G inhibits the
phosphorylation (activation) of IKKa/B, induced by TNF-a, thus preventing the
IkBa degradation and the NF-kB/p65 nuclear translocation. In addition, the results
showed that NF-kB pathway activation, induced by TNF-a, has the effect of
increasing both the 1L-6 and COX-2 expression and the release of PGE, and
TXB,, main mediators involved in the inflammatory cascade. These values are
kept at lower levels in the cells pretreated with C3G, demonstrating the protective
effect of this anthocyanin.
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The Caco-2 exposure to TNF-a also reduces the intracellular levels of GSH and
TAA (markers of intracellular redox status) compared to control cells, thus
indicating that this cytokine is able to induce an imbalance in the cellular redox
state. Pretreatment with C3G (20 and 40 uM), instead, increased intracellular
antioxidant capacity in cells exposed to TNF-a, thus showing a protective effect
against oxidative damage exerted by TNF-a.

Many phytochemicals, including anthocyanins, are able to exert indirect
antioxidant activity modulating the expression of antioxidant enzymes and/or
cytoprotective proteins, such as NAD(P)H-quinone reductase-oxide-1 (NQO-1),
superoxide dismutase, glutathione S-transferase, glutathione peroxidase,
hemeoxygenase (HO-1), catalase, and thioredoxin, which are essential for cell
protection (Pan and Ho, 2008; Dinkova-Kostova and Talalay, 2008). Increased
expression of such molecules induced by anthocyanins is controlled by Nrf2, a
member of NF-E2 family (transcription factors with basic leucine zipper
domains).

The function of Nrf2 and its target genes is important for protection against
oxidative stress- or chemicalinduced cellular damage. This protein is sequestered
in the cytoplasm by Keapl; phase Il enzyme inducers and prooxidants can cause
its modification and disrupt the Nrf2-Keapl complex, leading to Nrf2
translocation into the nucleus where it binds to a cis-acting enhancer element
known as Antioxidant Responsive Element (ARE) and stimulates gene expression
(Lee and Johnson, 2004).

Our results demonstrated that TNF-o does not affect the activation of Nrf2
pathway. Conversely, treatment with 20 and 40 uM C3G alone for 24 h was able
to increase Nrf2 translocation, in a dose-dependent manner, and this effect was
maintained also in cells treated with TNF-a.

In conclusion our findings show that C3G exhibited protective effects through the
inhibition of NF-«B signalling in Caco-2 cells and these beneficial effects appear
to be due to its ability to activate cellular protective responses modulated by Nrf2.
In fact, previous data supported the hypothesis of a crosstalk between Nrf2 and
NF-kB. Moreover, the activation of the antioxidant adaptive response should
represent a fundamental molecular target for anthocyanins, as already shown also
in previous studies carried out in different in vitro experimental models.
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With the IBD progression, cytokine-mediated inflammation and epithelial cell
apoptosis lead to intestinal barrier alteration, causing an intense inflammatory
response (Jiang et al., 2004), and simultaneously causing increased microvascular
endothelial permeability (Oshima et al., 2001). Therefore, we have also developed
an in vitro experimental model with the aim of studying the crosstalk between
activated intestinal epithelium and endothelium through the use of Caco-2 cells
and HUVEC endothelial cells coculture (Ferrari et al., 2017).

For this purpose, we evaluated the activation of adhesion molecules as markers of
endothelial dysfunction. The results showed that C3G is able to inhibit the NF-xB
activation (epithelium-endothelium cross-talk regulator) in Caco-2 exposed to
TNF-0 and to reduce the adhesion molecules gene expression in HUVEC

endothelial cells cocultured with Caco-2.

2.8 Conclusion and Prospects

Increasing evidence thus demonstrates that AC can positively influence obesity
and T2DM markers with consequent lower risk of incidence of all those problems
known as metabolic syndrome.

Despite the promising results published up to now, their effect is still uncertain.
Nowadays, there are still few clinical studies carried out on humans demonstrating
a real reduction in the consequences associated with the metabolic syndrome.
Therefore, further large-scale and long-term studies are needed to verify the real
obesity and diabetes management and prevention.

In the clinical practice it is necessary to highlight some problems. There are, in
fact, discrepancies in the dosages applied in clinical trials compared to those on
animals.

Epidemiological studies indicate that the 22-35 mg/day AC intake can be easily
associated with less risk of T2DM. However, the subjects examined were exposed
to a much higher AC dose (50 — 320 mg/d). Therefore, further tests are necessary
to verify the optimal dose necessary to reduce DMT2 risk. Another key issue
concerns safety which is particularly important when AC high doses are given for

long time. The data obtained in many studies showed that there was no adverse
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effect during the entire intervention period. Therefore, these results provide strong
support for conventional anthocyanin extracts safety.

However, another issue could help to generate confusion in the field, is the
difference between prevention and therapy: prevention implies low doses, but
long duration of treatments (years), while the therapy is associated with higher
doses (and potentially side effects) but at a shorter time of administration. It is
also risky to hypothesize that AC can prevent obesity, based on studies of already
obese mice that have received pharmacological doses of these substances. It is
therefore necessary to establish new and appropriate cellular and animal models
which, in turn, can allow the design of more efficient and prevention-oriented
clinical trials.

Results obtained from my previous in vitro experiments confirm the potential role
of C3G in the prevention of inflammation and insulin resistance providing
clarifications about the possible molecular mechanisms underlying the protective
effects of anthocyanins against pathological conditions associated with

inflammation and oxidative stress.
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PART 2: EXPERIMENTAL
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3.1 Introduction

In recent decades, obesity has been considered one of the main health problems,
especially in industrialized countries, and its prevalence is constantly and
worryingly increasing. It is a metabolic disease of multifactorial origin that
develops from the interaction of environmental, metabolic, cellular, and molecular
factors, as well as social factors, with a consequent reduced quality of life and
high morbidity and mortality rates (Bluer, 2013).

Obesity predisposes to the metabolic syndrome and is characterized by excess
adipose tissue, altered levels of circulating proinflammatory adipokines,
imbalances of the adaptive immune system, and local and systemic chronic
inflammation (McLaughlin et al., 2014). Lipotoxicity, due to an increase in
circulating lipids typically present in obesity, determines alteration of tissue
metabolism and the establishment of an inflammatory condition, both local and
peripheral, which contribute to the development of important diseases, such as
cardiovascular diseases (Hotamisligil et al., 2006). In fact, alterations of serum
concentrations of the proinflammatory cytokines released from adipose tissue
determine a condition that is defined as "chronic low-grade inflammation”, which
seems to have an important pathophysiological role in the development and
progression of complications related to obesity.

The pathological condition frequently associated with obesity is insulin resistance,
a reduced ability of insulin to promote the use of glucose, with consequent
inadequate response of organs and tissues to the physiological effects of insulin.
The relationship between obesity, inflammation, and insulin resistance is based on
some endocrine and metabolic functions typical of adipocytes. In fact, it has been
observed that the increase in free fatty acids (FFA) levels, typical of obese
individuals, induces a state of cellular stress with consequent activation of
inflammatory signalling pathways, such as those modulated by the toll like
receptors (TLRs), which, through the involvement of specific kinases, lead to the
activation of the pro-inflammatory NF-«B pathway. NF-xB is a transcription
factor that, once activated, translocates into the nucleus and modulates the
expression of genes encoding for pro-inflammatory cytokines, such as IL-6, IL-8,
TNF-0, and MCP-1. At the same time, the establishment of an inflammatory

condition in the adipose tissue determines a lower production of anti-
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inflammatory molecules, such as adiponectin, which plays important insulin-
sensitizing effects and vascular protective activities (Martins et al., 2014; Lihn et
al., 2005).

Although many of the inflammatory and insulin resistance molecular mechanisms
in obese patients have recently been clarified, the pathogenesis of obesity-induced
insulin resistance still remains to be elucidated. However, elevated FFA levels in
obesity cause an alteration of the insulin signalling pathway (Poynten et al., 2005)
and represent one of the main markers of insulin resistance in obese subjects
(Engin, 2017). In fact, it has been observed that increased FFA levels are
associated with alterations in glucose uptake even in obese patients without
diabetes, whereas in obese patients with type 2 diabetes, normal plasma FFA
levels are correlated to a better sensitivity to the action and effects of insulin
(Engin, 2017).

At a molecular level, insulin receptor substrate-1 (IRS-1) protein phosphorylation
represents an important step for the insulin signal transduction. In physiological
conditions, the binding of insulin to its membrane receptor (IR) triggers the
autophosphorylation of tyrosine residues in the activation loop. This in turn
activates IRS-1 (via tyrosine phosphorylation) leading to a phosphorylation
cascade involving the activation of the PI3K/Akt pathway. Activation of Akt also
plays a fundamental role in the metabolic effects of insulin, resulting in an
increase in the expression of glucose transporters GLUT-4 and GLUT-1, and in an
inhibition of the lipolysis process (Gutiérrez-Rodelo et al., 2017). The presence of
external stimuli, such as plasma FFA increase, may instead lead to an alteration of
specific proteins of the insulin signal pathway, such as the inhibition of IRS-1
phosphorylation, with consequent drastic changes at the homeostatic level.

In recent years there has been a growing interest in many phytochemical
compounds, found in common dietary items, with protective activities against
various diseases. In the present study, in particular, the anthocyanin cyanidin-3-O-
glucoside (C3G) was examined. Anthocyanins, a class of flavonoids widely
present in coloured fruits and vegetables, are known for their antioxidant and
radical scavengers properties, an activity in general shared by all molecules
having a phenolic structure characterized by hydroxyl groups and a system of
conjugated double bonds (Prior and Wu., 2006). However, recently, several
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studies have shown the involvement of other mechanisms of action beyond the
antioxidant activity, demonstrating that anthocyanins are able to modulate
important cellular signalling pathways exerting protective effects (Nothlings et
al., 2008; De Pascual- Teresa et al., 2010; Cimino et al., 2013). Several
epidemiological studies reported that an increase in the consumption of foods rich
in anthocyanins, in particular strawberries, blueberries, and grapes, can reduce the
risk of hypertension and type 2 diabetes mellitus associated with obesity (Muraki
et al., 2013; Cassidy et al., 2011).

In vitro and in vivo studies demonstrated that C3G possesses not only a high
antioxidant and anti-inflammatory activity, but also a marked anti-obesity and
insulin sensitizing effect (Cassidy et al., 2011). Therefore, the aim of this work
was to evaluate the potential beneficial effects of C3G in counteracting
inflammaton and insulin resistance induced by high concentrations of palmitic
acid (PA) at the adipose tissue level.

At this aim we used several in vitro experimental models of murine or human
adipocytes. At first we employed a murine preadipocyte cell line (3T3-L1) in a
well-established experimental model for studying adipocyte biology, focussing on
main molecular pathways involved in adipogenesis (PPAR-y pathway),
inflammatory process (NF-xB pathway), and insulin resistance (IRS-1/PI3K/Akt
pathway) in order to study PA lipotoxicity and C3G protective effects.

However, most of the information on the molecular mechanisms altered in obesity
is mainly based on in vitro studies performed on mouse models. There are strong
limitations on these in vitro models due to the mouse and human species
differences in adipokines protein expression and in adipogenesis process. To
confirm the protective effect of C3G in experimental conditions closer to human
condition, the same experimental model used for 3T3-L1 was replicated in human
SGBS preadipocytes focussing on transcriptional pattern of genes coding for
proinflammatory and insulin-regulated proteins.

SGBS cells, derived from the vascular stromal fraction of the subcutaneous
adipose tissue of babies with Simpson-Golabi-Behmel syndrome (SGBS), are able
to differentiate into mature adipocytes and represent a more physiological model
for studies concerning the adipogenesis process (Rosenow et al., 2010). In
particular, in order to characterize the effect of PA on inflammatory process and
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insulin resistance at a molecular level, and to demonstrate the protective effect of
C3G in such conditions, we evaluated the mRNA levels of: 1) the main cytokines
modulated by NF-xB (TNF-o, IL-6, IL-8, and MCP-1); 2) GLUT-1, GLUT-4,
hexokinase, and adiponectin, as markers of insulin sensitivity.

The data reported in this thesis show that C3G can represent an interesting natural
compound able to exert significant protective effects on adipose tissue cells in
experimental conditions mimicking a low-grade inflammatory process, similar to

that typically present in obese patients.
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3.2 Materials and Methods

3.2.1 Reagents

Cyanidin-3-O-glucoside (C3G) was supplied from Polyphenols AS, Sandnes,
Norway, and was of HPLC grade. Methanol and ethanol were obtained from
Carlo Erba Reagent (Milan, Italy) in their highest commercially available purity
grade.

The dimethylsulfoxide sterile hybri-max (DMSQ), Dulbecco’s Modified Eagles
Medium (DMEM), Dulbecco's Modified Eagle medium/nutrient mixture F-12
(DMEM/F12), Dulbecco’s phosphate-buffered saline solution (DPBS), tripsin-
EDTA, HEPES buffer, fetal bovine serum (FBS), bovine calf serum (FCS), L-
glutamine, penicillin/streptomycin solution, insulin, dexamethasone, 3-isobutyl-1-
methylxanthine (IBMX), rosiglitazone, biotin, pantothenic acid, cortisol,
triiodothyronine (T3), palmitic acid (PA), sodium salicylate, sodium chloride,
Bradford reagent, bovine serum albumin (BSA fraction V), Oil-Red-O, ponceau
S, tween 20, dithiothreitol (DTT), hydrochloric acid, sodium hydroxide, SYBR
green JumpStart Taq Ready Mix and all other reagents, if not differently
specified, were purchased from Sigma Aldrich (Milan, Italy).
Acrylamide/Bis-Acrylamide was bought from Fisher BioReagents.

The nitrocellulose membrane Hybond-P PVDF, the blocking agent (non-fat milk
powder) and the ECL plus detection kit system were bought from Amersham
Biosciences (Milan, Italy).

The primary antibodies anti-NF-«B p65, anti-PPAR-y, anti-pIRS ser307 were all
bought from Santa Cruz Biotechnology. The antibodies anti- pIKK o/, anti-pIRS
tyr895, anti-pAkt serd73, anti-PI3K, anti-GLUT-1, anti-p-Actin, anti-Lamin B
and secondary antibodies HRP-labeled goat anti-rabbit Ig and anti-Mouse IgM
were all purchased from Cell Signaling Technology.

The E.Z.N.A. Total RNA Kit was bought from OMEGA bio-tek (VWR). The
Quanti-IT RNA assay was purchased from Invitrogen GIBCO (Milan, Italy).
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3.2.2 Preparation of albumin-bound palmitic acid

Lipid-containing media was prepared by conjugation of PA to BSA according to
the method described by Tripathy and coll. (Tripathy et al., 2003) with slight
modifications. Briefly, PA was dissolved in ethanol at 200 mM as stock solution
and further diluted, before use, to 4 mM in medium with 10% FFA-free bovine
serum albumin (BSA) at 60°C. The mixture was gently agitated to dissolve the
fatty acid and pH was finally adjusted to 7.4 with 1N NaOH.

The fatty acid-albumin molar ratio was kept at < 3 to ensure that the fatty acid was

bound to albumin.

3.2.3 Cell culture and treatment

3.2.3.1 3T3-L1 cells

The preadipocyte cell line 3T3-L1 was originally developed by clonal expansion
from murine Swiss 3T3 cells. Because of its potential to differentiate from
fibroblasts to adipocytes, the cell line has widely been used in more than 5.000
published articles to establish the underlying molecular mechanisms of
adipogenesis and to evaluate the biochemistry of adipocytes and the potential
application of various compounds in obesity treatment (Poulos et al., 2010).

One of the main advantages of this cell line is that it is easier to culture and less
costly to use than freshly isolated cells, such as mature adipocytes. However, the
3T3-L1 in vitro model has the limitation that the adipogenic differentiation takes
at least two weeks.

3T3-L1 pre-adipocytes, obtained from the American Tissue Culture Collection
(ATCC), were grown in DMEM supplemented, for the first week of culture, with
10% FCS, 4 mM L-glutamine, 100 U/ml penicillin/streptomycin solution and,
subsequently, with 10% FBS, 4 mM L-glutamine and 100 U/ml
penicillin/streptomycin solution. Cells were maintained at 37 °C in a humidified
atmosphere with 95% air and 5% CO,. To prepare 3T3-L1 monolayers, cells were
plated at 13 x 10” cells per cm? and cultured for 14 days post-confluence to obtain
fully differentiated cells.

To convert 3T3-L1 cells from their fibroblastic phenotype to adipocytes, they
have been treated after growth arrest for 7 days with the following
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prodifferentiative agents: 5 uM insulin, 1 uM DEX, 0.5 mM IBMX, and 2 uM
rosiglitazone. Roughly 4 days after adding the agents, cells start to accumulate
lipids in the form of lipid droplets that grow in number and size over cultivation
time. After this week the medium is further changed and cells are cultured until
complete differentiation in medium supplemented with only 5 pM insulin
following the scheme in figure 1 (Fig.1).

In all experiments cells were used within the 20th passage since we have found

that the differentiation efficiency declines rapidly with higher passage number.

INSULIN =«
INDUCTORS MIX =

10 % FBS -

10 % FCS -+

321012345678 910111213141516
. i i A ‘Days A A A —*
Change of medium Assay start

Confluence

Fig. 1: Differentiation pattern for optimal differentiation of 3T3-L1 cells.
Until three days post-confluence cells are maintained in DMEM supplemented
with FCS, L-Glut and penicillin/streptomycin solution. Differentiation is started
by incubating cells in DMEM supplemented with FBS and the inductor mix (5
uM insulin, 1 uM DEX, 0.5 mM IBMX, and 2 uM rosiglitazone). Subsequently
the cells are cultured until complete differentiation in medium with FBS and 5 pM
insulin.

For all experiments fully differentiated 3T3-L1 adipocytes were pretreated with
different concentrations of C3G (5-10 uM) for 24 h. C3G was always freshly
dissolved in DMSO and immediately used. The final concentration of DMSO in
the culture medium during the different treatments was < 0.025% (v/v). The
control cells were treated only with 0.025% DMSO.

The C3G concentrations used in the present study are consistent and lower with
those employed in many other studies concerning the protective effect of
anthocyanins in cultured cells and also successfully used in our previous studies
(Speciale et al., 2010; Lazze et al., 2003 and 2004; Russo et al., 2005). These
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concentrations are within a range physiologically reachable with a
pharmacological intervention (Speciale et al., 2014).

After this incubation time, cells were washed with DPBS under sterile conditions
and then starved for 24 h in serum-free medium containing 10% BSA in the
presence of albumin-bound PA (1 mM), prepared as described above, in order to
activate pro-inflammatory pathways. To evaluate insulin resistance condition,
cells were subsequently treated with 100 nM insulin for 15 min for protein
expression evaluation, or 3 h for estimating gene expression (Fig. 2).

Cells treated with C3G vehicle (DMSO 0.025%) and then exposed only to 10 %
FFA-free BSA medium (containing ethanol 0.05% v/v), followed by insulin
exposure (100 nM insulin) or not (Control) were used as controls. At the end of
the exposure time, cells were immediately processed and/or preserved at -80°C

until analysis as expected for each test.

Wash with

3T3-L1 DPBS

in 10%
FFA-free BSA
Medium

HO O
. HO OH
(o) OH

OH CH 2OH

C3G (5 -10 M)

100 nM Insulin
(15 min or 3 hours)

Fig: 2. Pattern of treatments and exposure times of 3T3-L1 cells.
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3.2.3.2 SGBS cells

The human Simpson-Golabi-Behmel syndrome (SGBS) cell strain originates from
an adipose tissue specimen of a patient with Simpson-Golabi-Behmel syndrome
and has been named accordingly. This cell line was kindly donated by Professor
Martin Wabitsch (Wabitsch et al., 1996, 1997, 2001; Fischer-Posovszky et al.,
2008). The SGBS syndrome is an X-linked congenital overgrowth syndrome with
features that include macroglossia, macrosomia, and renal and skeletal
abnormalities, as well as an increased risk of embryonal cancers (Wabitsch et al.,
2001; Fischer-Posovszky et al., 2008). The cell strain is characterized by a high
capacity for adipogenic differentiation, and the cells retain their ability for
adipogenic differentiation up to generation 50 (Wabitsch et al., 2001). Until now,
the cells have been used for a number of studies on adipose differentiation,
adipocyte glucose uptake, lipolysis, apoptosis, regulation of expression of
adipokines, and protein translocation. The cells were plated at 18 x 10* per cm?
and cultured for 14 days postconfluence to obtain fully differentiated cells.

For the differentiation, SGBS cells were grown in DMEM/F12 medium
supplemented with 10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, 33
uM biotin and 17 pM pantothenic acid. After 4 days, medium was changed and
cell were cultured for other 7 days in medium DMEM/F12 supplemented with
10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, 33 pM biotin, 17 pM
pantothenic acid, 25 nM dexamethasone, 0.5 mM IBMX, 2 uM rosiglitazone, 20
nM insulin, 100 nM cortisol, and 200 pM triiodothyronine (T3). After this step,
cells were cultured until complete differentiation in medium supplemented with
10% FBS, 100 U/ml penicillin, 100 mg/ml streptomycin, 33 uM biotin, 17 uM
pantothenic acid, 20 nM insulin, 100 nM cortisol, and 200 pM T3 (Fig. 3).
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Fig. 3: Differentiation pattern for optimal differentiation of SGBS cells. Cells
are always maintained in DMEM supplemented with FBS, L-Glut,
penicillin/streptomycin solution, 17 uM pantothenic acid, and 33 uM biotin. At
confluence the differentiation is started by incubating cells in DMEM
supplemented with the inductor mix (25 nM dexamethasone, 0.5 mM IBMX, 2
uM rosiglitazone, 20 nM insulin, 100 nM cortisol, and 200 pM T3).
Subsequently,cells are cultured until complete differentiation in medium with
10% FBS, 33 uM biotin, 17 pM pantothenic acid, 20 nM insulin, 100 nM cortisol,
and 200 pM T3.

For all experiments, fully differentiated SGBS adipocytes were pretreated with
different concentrations of C3G (1-10-20 uM) for 24 h. C3G was always freshly
dissolved in DMSO and immediately used. The final concentration of DMSO in
the culture medium during treatments was <0.05% (v/v). The control cells were
treated only with 0.05% DMSO.

The C3G concentrations used in the present study are consistent and lower with
those employed in many other studies concerning the protective effect of
anthocyanins in cultured cells and also successfully used in our previous studies
(Speciale et al., 2010; Lazze et al., 2003 and 2004; Russo et al., 2005). These
concentrations are within a range physiologically reachable with a
pharmacological intervention (Speciale et al., 2014).

After this incubation time, cells were washed with PBS under sterile conditions
and then starved for 24 h in serum-free medium containing 10% BSA in the
presence of albumin-bound PA (500 uM), prepared as above described, in order to

activate pro-inflammatory pathways. Control cells were not exposed to PA. To
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evaluate the insulin resistance condition, cells were subsequently treated with 1
uM insulin for 6 h (Fig. 4).
Cells treated with C3G vehicle (DMSO 0.05%) and then exposed only in 10 %
FFA-free BSA medium (containing ethanol 0.05 % v/v), followed insulin
exposure (100 nM insulin) or not (Control) were used as controls.
At the end of the exposure time, cells were immediately processed and/or
preserved at -80°C until analysis as expected for each test.

retreatment ’ ) Treatment

24h

H 37c
i 5% CO,

AR DY

Differentiated

,A:*-./
500 pM PA

PH in 10%

m o
o+ OH FFA-free BSA

HO@ Medium
HO OH 37°C

2
0—2L 3= ~on 240l T,
OH CH ,0H

C3G
(1-10-20 pM)

SGBS

1 pM insulin

for 6 hours

Fig. 4: Pattern of treatments and exposure times of SGBS cells.

3.2.4 Oil Red Assay

Oil Red O staining was performed according to the method described by Ramirez-
Zacarias and coworkers (1992) with slight modifications. In brief, an Oil Red O
stock solution was prepared by stirring 0.3% Oil Red O (Sigma—Aldrich,
Taufkirchen, Germany) in isopropanol overnight. After warming at 37°C to
enhance dissolution, the solution was filtered through a 0.45 pum filter with a
syringe, and stored at 4°C. Fresh Oil Red O working solution was prepared by
mixing stock solution with distilled water (3:2) followed by another filtration.
Cells were washed twice with PBS and fixed with 4% formaldehyde (no. 28908,
Perbio Science, Bonn, Germany) in PBS for 1 h at room temperature.
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Subsequently, cells were washed 2 times with PBS, washed 1 time with 60%
isopropanol, and dried. Oil Red O working solution (2 ml/dish) was added for 1 h.
Dishes were then washed extensively with distilled water, dried, and

photographed.

3.2.5 Evaluation of gene expression

3.2.5.1 RNA extraction

RNA was extracted by using the E.Z.N.A. Total RNA Kit | (OMEGA bio-tek
VWR) following the manufacturer's instructions. At the end of the extraction
RNA was solubilized in an appropriate volume of nuclease free water. To
facilitate the dissolution, the solution was mixed with a micropipette and heated at
55°C for 15 min.

3.2.5.2 RNA integrity

After isolation, total RNA concentration was measured using the Quant-iT TM
RNA assay kit with the Qubit™ flourimeter (Invitrogen, Milano). The quality of
RNA was evaluated by verifying its integrity by electrophoresis on denaturant
agarose gel. The integrity of RNA was evaluated on ribosomal RNA (28S and 18S
rRNA), the only double strand RNA detectable with ethidium bromide. Total
RNA (3 pg) was taken and diluted with Loading Buffer 2X (consisting of
deionized formamide, MOPS, formaldehyde, glycerol, bromophenol blue, and
water) in a 1:1 ratio. The sample was heated to 65°C for 10 min and then allowed
to cool on ice for 5 min.

Then a 1% agarose gel containing 0.66 M formaldehyde was prepared to perform
the RNA electrophoretic run. The RNA samples were loaded and run at 100 V for
about 1 h. At the end of the run the RNA was verified through a transilluminator
to highlight the 28S and 18S rRNA bands.

3.2.5.3 Preparation of cDNA
After verifying the integrity of the RNA, to obtain the corresponding cDNA,

reverse transcription was carried out following the manufacturer’s instructions
(Sigma, Product Code M1302).
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At this aim, the following components were added in an RNase and DNase free
tube:

- 1 uL oligo(dT),s primer (final concentration 70 uM)
- mRNA template
- Nuclease-free water up to 12.5 pL of total volume

Then the tube was centrifuged to collect all the components on the bottom of the
tube. The sample was heated to 75°C for 5 min to denature the RNA and then
allowed to cool on ice for 5 min. At this point the remaining components were
added:

- 5 uL 10X M-MLYV reverse transcriptase buffer
- 0.5 pL M-MLYV reverse transcriptase

- 1.25 uL 10 mM dNTP mix

- 0,5 uLL RNase inhibitor (40 units/ml)

- 5.25 uL nuclease-free water

- 25 pL of final volume

The tube was incubated at 42°C for 30 min to activate the enzyme. Then the
reaction tube was heated at 95°C for 5 min to denature the M-MLV reverse

transcriptase.

3.2.6 Quantitative RT-PCR

3.2.6.1 3T3-L1 experiments

MRNA levels were determined by Real-Time gPCR (Applied Biosystems 7300
Real-Time PGR System, GA, USA) with SYBR green chemistry (SYBR green
JumpStart Taq Ready Mix - Sigma). Each cDNA sample (1 pL) was subjected to
amplification using primer pairs specific for individual genes (Table 1 and 2). To
check the possible contamination of the reagents, a sample containing all the
reagents except the cDNA was included (NTC - No Template Control). All real-
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time PCR reactions were performed in triplicate and normalized with ROX. The

ROX dye is used as a reference. Normal pipetting errors do not affect the

determination of the Ct values in real-time PCR instrument using a reference dye.

A constant concentration of the reference dye along the plate provides a signal

proportional to the real volume in the wells. The instrument software normalizes

the differences in volume of the wells by normalizing the signals of the SYBR

Green dye with the reference. Tools that do not use a reference dye cannot correct

the pipetting errors.

In the PCR tubes the following reagents were added:
- 12.5 uL SYBR Green JumpStart Taq ReadyMix

- IX ROX

- Forward Primer 0.2 uM

- Reverse Primer 0.2 uM

- H,O

- 1 uL of cDNA sample previously obtained by reverse transcription

Then the tubes were vortexed and finally centrifuged.

Primer

Amplicon

Leight

Amplicon

Tm

‘ Reference

Forward

*-AAG GTG AAG AGC ATC ATA ACC CT-3°

Zhang et al,, 2016

Reverse

5°

-CCA TCC AAT CGG TAG TAG CG-3”

133 b 61°C
P Chenet al, 2017
Reverse 5°-TCA CGC CTT TCA TAA CAC ATT CC-3”
Forward 5°-GAT GGA TGC TAC CAA ACT GGA T-3° o
o Tsujimura et al.,

85bp 57°C o1l
Reverse 5°-CCA GGT AGC TAT GGT ACT CCA GA-3°
Forward 5°-TGT TCC TCT TAA TCC TGC CCA-3"

104 bp S5eC Zhang et al., 2016
Reverse 5°-CCA ACC TGC ACA AGT TCC CTT-3*
Forward 5°-GTA ACC CGT TGA ACC CCATT-3’

151 bp 35°C Lood et al., 2016

Table 1. Sequences of the primers used for PCR analysis in 3T3-L1 cells.

The following parameters were used for amplification.40 cycles each consisting

of the following steps:

- Denaturation: 94 ° C for 15 seconds

- Annealing and extension: 60 ° C for 1 minute
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Before carrying out 40 cycles requires a step of 2 minutes at 94°C so as to activate
the TAQ polymerase.

Finally, at the end of the amplification cycles, a step of dissociation has been
carried out, to assess the presence of other amplified products and to determine
the melting temperature (Tm) of our amplified product. The Tm was compared
with that calculated using the DNA Star program (Madison, USA). The melting
temperature, is specific for each amplified product and corresponds to the
temperature at which 50% of the DNA is denatured, it depends on the percentage

of G and C bases present.

3.2.6.2 SGBS experiments

RNA and DNA were extracted using an affinity column-based method (Machery-
Nagel). Reverse transcription was performed using random hexamer primers
(Applied Biosystems) and 0.5ug RNA. Polymerase chain reaction (PCR) was
conducted in an ABI/Prism-7700 Sequence Detector System using 25ml of
reaction mixture containing 1ul of cDNA, 12.5ul of TagMan Universal PCR
Master Mix, 250 nM probes and 900 nM primers (TagMan; Applied Biosystems).

3.2.6.3 Post-analysis Elaboration

The data were processed using the SDS 1.3.1 software (Apphed Biosystems,
Foster City, CA, USA) and expressed as threshold cycle (Ct), which indicates the
cycle at which the detected fluorescence exceeds the threshold line. The Ct values
for each target gene and for the reference gene were obtained, and then the
difference (ACt) vas calculated. The efficiency of the primers for the genes tested
was corresponding to that of the primers for 18S (reference gene). The purpose of
the reference gene is to normalize the PCR for the amount of RNA added in the
reactions of reverse transcription. For a wvalid calculation of AACt, the
amplification efficiency of the target and the reference must be approximately
equal. The fold increase in mMRNA expression compared with the control cells not
treated and not exposed to PA was determined using the 22““* method (Livak et
al., 2008). The 222" method is a convenient method for analyzing the results of
gene expression obtained with gqPCR experiments. Data analyses of gene
expression that used the 2"*““* method have been reported in the literature.
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3.2.7 Western blot analysis

3.2.7.1 Extraction of cellular protein

3.2.7.1.1 Nuclear and cytoplasmic proteins

The preparation of nuclear and cytoplasmic fractions was carried out as follows.
After the appropriate treatments, the cells were washed with DPBS, harvested
with a scraper, resuspended in a hypotonic buffer (10mM Hepes, 10mM KCI, 1.5
mM MgCl,, 5% glycerol, pH 7.8), containing a cocktail of protease inhibitors (2
ug/mL aprotinin, 1 ug/mL leupeptin, and 1 mM benzamidine) and 1 mM DTT;
kept on ice for 10 min, and then 0.65% Igepal (Sigma) for 5 min was added.
Following centrifugation at 1300 rpm for 1 min at 4°C, the supernatant containing
the cytoplasmic proteins was isolated. The precipitate, containing the nuclei, was
lysed in a hypertonic buffer (20 mM Hepes, 400 mM NaCl, 1 mM MgCI2, 0.1
mM EDTA, 1ImM EGTA, 10% glycerol, pH 7.8) also containing a cocktail of
protease inhibitors (2 pg/mL aprotinine, 1 ug/mL leupeptine, and 1 mM
benzamidine), and 1 mM DTT to obtain nuclear proteins.

3.2.7.1.2 Total proteins

At the end of the treatments, the cells were washed with DPBS, harvested with a
scraper, and 50 pL of lysis buffer was added. Following sonication for 30 sec, the
extracted total proteins were crushed with a thin needle and stored at -20°C.
Before quantifying the protein content, samples were centrifuged at 4°C for 10
min at 14000 rpm. All the protein fractions were stored at -80°C until use. Protein
concentration in lysates was determined using Bradford reagent.

3.2.7.2 Determination of protein content

The protein content was quantified by the colorimetric assay of Bradford
(Bradford, 1976) using bovine serum albumin as a standard. The Bradford assay
exploits the change of the absorption peak of the dye Coomassie Brillant Blue
when it binds to arginine and to the hydrophobic amino acid residues present in
proteins. In anionic form, the linked dye is blue and has an absorbance maximum
at 595 nm. In its cationic form, the unbound dye is green and red. Briefly, 5 min
after adding the dye to the samples, absorbance was red at 595 nm. The increase
in absorbance is proportional to the amount of dye bound to protein. All analyses
were performed in triplicate.
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3.2.7.3 Immunoblotting

For immunoblot analyses, 40 ug of protein lysates per sample were denatured in
4X SDS-PAGE reducing sample buffer and subjected to SDS-PAGE on 10%
acrilamide/bisacrilamide gels. Separated proteins were transferred to
nitrocellulose membrane (Hybond-P PVDF, Amersham Bioscience). Residual
binding sites on the membrane were blocked with 5% (w/v in TBST- 10 mM Tris,
100 mM NacCl, 0.1% Tween 20) non-fat milk overnight at 4°C. Membranes were
then probed with specific primary antibodies: rabbit anti- NF-xB p65 monoclonal
antibody (Santa Cruz Biotechnology) (1:1000); rabbit anti-Phospho-IKK a/p (Cell
Signaling Technology) (1:1000); mouse anti-B-Actin monoclonal antibody (Cell
Signaling Technology) (1:6000), mouse anti-Lamin-B monoclonal antibody (Cell
Signaling Technology) (1:1500), rabbit anti pIRSser307 monoclonal antibody
(Santa Cruz Biotechnology) (1:1000), rabbit anti pIRStyr895 monoclonal
antibody (Cell Signaling Technology) (1:1000), rabbit anti PI3K monoclonal
antibody (Cell Signaling Technology) (1:1000), rabbit anti pAkt ser473
monoclonal antibody (Cell Signaling Technology) (1:1000), mouse anti-PPAR-y
monoclonal antibody (Santa Cruz Biotechnology) (1:1500), rabbit anti-GLUT-1
monoclonal antibody (Cell Signaling Technology) (1:1000), followed by
peroxidase-conjugated secondary antibody HRP labeled goat anti-rabbit Ig (Cell
Signaling Technology) (1:6000), Goat anti-Mouse IgM Secondary Antibody, HRP
conjugate (Cell Signaling Technology) (1:10000) and visualized with an ECL plus
detection system (Amersham Biosciences). Quantitative analysis was performed
by densitometry. The equivalent loading of proteins in each well was confirmed

by Ponceau staining and actin control.

Statistical analysis

All the experiments were performed in triplicate and repeated three times. Results
are expressed as mean + SD from three experiments and statistically analyzed by a
one-way ANOVA test, followed by Tukey’s HSD, using the statistical software
ezZANOVA (http://www.sph.sc.edu/comd/rorden/ezanova/home.html).
Differences in groups and treatments were considered significant for P < 0.05.

94



3.3 RESULTS AND DISCUSSION

3.3.1 STUDIES ON 3T3-L1 ADIPOCYTES EXPOSED TO PALMITIC
ACID

3.3.1.1 Protective effect of C3G against PA-induced hypertrophy

Obesity is a condition characterized by an increase of adipose tissue mass in order
to store excess fat. Adipocyte hypertrophy (increased cell size) is an adaptive
response to excessive nutrient supply, thus protecting other tissues from
lipotoxicity. In particular, the expression of key transcription factors in the
adipogenesis process, such as LXRa, C/EBPa, PPAR-y, and SREBP-1c, is
involved (Lee et al., 2011; Hwang et al., 2011). In fact, their activation increases
lipids accumulation through the upregulation of lipogenic genes resulting in
adipocyte hypertrophy.

In our experimental conditions, adipocyte hypertrophy was induced following
exposure of 3T3-L1 cells to high concentrations of PA, as the main circulating
saturated fatty acid. The accumulation of intracellular fat was evaluated by the
histological technique of Oil Red O staining (Fig. 5) (Zebisch et al., 2012). The
results obtained showed that, as a result of treatment with 1 mM PA for 24 h,
there is an increase in the number and size of lipid deposits compared to control
cells, while cells pretreatment with C3G at both the tested concentrations (5-10
uM) reduces hypertrophic condition induced by PA in a dose dependent way.
These data are confirmed by several studies on animals and humans that have
demonstrated the antiobesity effect of anthocyanins through the decrease of

lipogenesis (Xie et al., 2017).
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Fig. 5: Protective effect of C3G against PA-induced hypertrophy in 3T3-L1
adipocytes - Oil Red O staining - Totally differentiated 3T3-L1 adipocytes were
pretreated or not for 24 h with C3G (5-10 uM) and exposed for 24 h to 1 mM PA.
Cells treated with the vehicle alone (0.025% DMSO v/v) were used as controls
(CTR). The images are representative of three independent experiments with 40X
magnification.

3.3.1.2 Effect of C3G on PPAR-y expression

In order to explore the mechanisms underlying the effects of PA and C3G on
adipogenesis, we have studied, by means of western blot analysis, the expression
of the transcription factor PPAR-y, the main modulator of adipogenesis. PPAR-y,
a protein of the nuclear receptor superfamily, once activated, modulates the
expression of genes involved in adipogenesis and lipogenesis through the binding
of a specific DNA sequence (PPRE). In fact, some studies have shown how
PPAR-y silencing, in mature 3T3-L1 adipocytes, induces a de-differentiation with
a consequent decrease in the expression of typical adipocyte markers (Rosen et
al., 2006).
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The results obtained show an increase in PPAR-y levels following exposure for 24
h to 1 mM PA, confirming the activation of the adipogenesis process.
Pretreatment for 24 h with C3G (5-10 uM) reduced the expression of PPAR-y
with values below those of cells treated with PA, even if the statistical
significance is reached only with the highest concentration. These results
therefore indicate that C3G is able to reduce the adipogenic process, and therefore
the accumulation of lipids, induced by high PA concentrations through the

modulation of the PPAR-y transcription factor (Fig. 6).
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Fig. 6: Effect of C3G on PPAR-y expression induced by PA - 3T3-L1 cells
were pretreated or not with C3G 5-10 puM for 24 h and subsequently exposed to 1
mM PA for further 24 h. Cells treated with the vehicle alone (0.025% DMSO v/v)
were used as controls (CTR). The image is representative from three independent
experiments. The densitometry results are reported as fold change compared to the
controls, expressed as mean = SD of three independent experiments and
statistically analyzed by a one-way ANOVA test, followed by Tukey’s HSD. The
intensity values of the PPAR-y protein were normalized to the corresponding
value of B-actin. *p <0.05 vs CTR; $p <0.05 vs PA 1 mM:; *p <0.05 vs C3G 5pM.
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3.3.1.3 Effect of C3G on FABP4 gene expression

The fatty acid binding protein 4 (FABP4) is a cytosolic protein widely expressed
during the differentiation process from preadipocytes to adipocytes. This protein
has been identified as a key regulator of fatty acid uptake and lipid accumulation
during the adipogenic process. Furthermore, a correlation between the increase in
this protein and certain disorders of lipid metabolism, diabetes, and obesity has
been demonstrated (Poulos et al., 2010). The expression of this protein is induced
by the activation of PPAR-y, thus making FABP4 a good marker of adipogenesis.
To confirm the increase in the hypertrophic condition of murine 3T3-L1
adipocytes following PA exposure, FABP4 gene expression was then evaluated
by real-time PCR. The data obtained showed a strong increase in mRNA levels of
FABP4 following treatment with PA. In contrast, these levels were significantly
reduced in adipocytes pretreated with C3G. These results confirm the ability of
C3G to inhibit adipocytes hypertrophy induced by high PA concentrations,
modulating the signaling pathway of PPAR-y and thus protecting cells from an

excessive accumulation of fatty acids (Fig. 7).
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Fig. 7: Effect of C3G on PA-induced FABP4 gene expression. 3T3-L1 cells
were pretreated or not with C3G for 24 h and subsequently exposed to 1 mM PA
for 24 h. Cells treated with the vehicle alone (0.025% DMSO v/v) were used as
controls (CTR). The image is representative from three independent experiments
and statistically analyzed by a one-way ANOVA test, followed by Tukey’s HSD.
FAPB4 mRNA expression was analysed by real-time PCR and data are expressed
as 2" and normalized to CTR. 18S rRNA was used as housekeeping gene. *p
<0.05 vs CTR; $p <0.05 vs PA 1mM:; *p <0.05 vs C3G 5uM; °p <0.05 vs C3G
10pM.
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3.3.1.4 Protective effect of C3G on PA-induced NF-kB pathway

Obesity is a pathological condition characterized by chronic low-grade
inflammation in adipose tissue. It is related to the chronic activation of different
pro-inflammatory cell signaling pathways. The hypertrophic growth of
adipocytes, typical in obesity, causes alteration of cells functionality resulting in
the release of inflammatory adipokines, oxidative stress, infiltration, and
activation of macrophages, that strongly reinforce the inflammatory process.
Furthermore, it has been demonstrated that exposure of adipocytes to high
concentrations of fatty acids activates toll-like receptors (TLRs), such as TLR2
and TLR4, which induce a series of kinases leading to translocation of the kB
factor (NF-«xB) into the nucleus.

NF-xB is the most important transcription factor involved in the activation of the
inflammatory process (Hayden et al., 2014). It is a ubiquitous factor that resides in
the cytoplasm of unstimulated cells in the form of an inactive complex, associated
with inhibitory IxB protein. Following various proinflammatory stimuli, such as
TNF-0, LPS, IL-1, and other cytokines, NF-«xB is activated, dissociates from its
inhibitor and migrates into the nucleus where it promotes the transcription of
several genes encoding for important pro-inflammatory mediators such as TNF-a,
MCP-1, COX-2, and IL-6 (Sultana et al., 2016).
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Fig. 8: Pathway of NF-kB and its effects in adipose tissue.
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Therefore, in order to study the protective effect of C3G on PA-induced
inflammatory response, the attention was focused on the activation of the NF-«xB
inflammatory pathway. At this aim we evaluated both the nuclear NF-xB p65
levels and cytoplasmic IKK kinase levels in differentiated 3T3-L1 cells.

Results obtained show that PA activates the nuclear translocation of NF-xB
(demonstrated by higher p65 nuclear levels) compared to the untreated and
unexposed control. In contrast, activation of NF-«B is significantly inhibited by
pretreatment with C3G and subsequent exposure to PA. Treatment with C3G

alone do not show any effect on nuclear NF-kB levels (Fig. 9).
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Fig. 9: Effect of C3G on NF-kB p65 nuclear levels increase induced by PA -
3T3-L1 cells were pretreated or not with C3G 5-10 uM for 24 h and subsequently
exposed to 1 mM PA for further 24 h. Cells treated with the vehicle alone
(0.025% DMSO v/v) were used as controls (CTR). The image is representative
from three independent experiments. The densitometry results are reported as fold
change compared to the controls, expressed as mean + SD of three independent
experiments and statistically analyzed by a one-way ANOVA test, followed by
Tukey’s HSD. The intensity values of the NF-«xB /p65 protein were normalized to
the corresponding value of lamin-b. *p <0.05 vs CTR; ®p <0.05 vs PA 1mM; “p
<0.05 vs C3G 5uM; °p <0.05 vs C3G 10uM.
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The mechanisms involved in C3G protection against the activation of the NF-«xB
pathway, were further verified by IKK evaluation. In fact, in the absence of an
inflammatory stimulus, NF-«B is located into the cytoplasm, complexed with an
inhibitory protein called IxB (Inhibitor of NF-xB). When an extracellular stimulus
triggers the pathway of NF-«kB, IKKo/f is activated and phosphorylates kB at
two serine residues in the N-terminal domain. This induces the release and
translocation of NF-kB into the nucleus, thus activating transcription of target
genes (Hayden and Ghosh, 2014).

We then investigated if the modulatory effects of C3G on nuclear accumulation of
NF-kB p65 related to an inhibition of IKK. In our experimental model, PA
exposure is able to activate (phosphorylate) IKK. Instead, pretreatment with C3G
at both the tested concentrations, and in a dose dependent way, is able to inhibit
the phosphorylation of IKK o/f induced by the PA, thus leading to a consequent
decrease in the nuclear accumulation of NF-kB p65 shown above (Fig. 10).
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Fig. 10: Effect of C3G on IKK phosphorylation induced by PA - 3T3-L1 cells
were pretreated or not with C3G 5-10 uM for 24 h and subsequently exposed to 1
mM PA for further 24 h. Cells treated with the vehicle alone (0.025% DMSO v/v)
were used as controls (CTR). The image is representative from three independent
experiments. The densitometry results are reported as fold change compared to the
controls, expressed as mean = SD of three independent experiments and
statistically analyzed by a one-way ANOVA test, followed by Tukey’s HSD. The
intensity values of the phosphorylated IKK protein were normalized to the
corresponding value of B-actin. *p <0.05 vs CTR; $p <0.05 vs PA 1mM; *p <0.05
vs C3G 5 uM; °p <0.05 vs C3G 5 uM + PA 1 mM.
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As previously described, NF-«xB regulates the expression of a large variety of
genes encoding pro-inflammatory proteins. To confirm the transcriptional activity
of NF-xB, IL-6 gene expression was evaluated by real time PCR.

IL-6 is the most representative of the pro-inflammatory cytokines released by
adipose tissue. It is a NF-kB-dependent cytokine involved in the activation of
various local and peripheral inflammatory responses. Elevated circulating levels
of IL-6 are present in obese patients, and are considered as predisposing factors to
the metabolic syndrome (Lastra et al., 2006).

Results demonstrated that PA exposure is able to activate IL-6 gene expression in
a statistically significant manner. On the other hand, C3G pretreatment, at both
the tested concentrations, statistically reduces cytokine mRNA levels. These
results demonstrate a protective effect of C3G and confirm the inhibitory activity
on NF-«xB pathway (Fig.11).
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Fig. 11: Effect of C3G on PA-induced IL-6 gene expression. 3T3-L1 cells were
pretreated or not with C3G for 24 h and subsequently exposed to 1 mM PA for 24
h. Cells treated with the vehicle alone (0.025% DMSO v/v) were used as controls
(CTR). The image is representative from three independent experiments and
statistically analyzed by a one-way ANOVA test, followed by Tukey’s HSD. I1L-6
mRNA expression was analysed by real time PCR and data are expressed as 24!
and normalized to CTR. 18S rRNA was used as housekeeping gene. *p <0.05 vs
CTR; *p <0.05 vs PA 1mM; *p <0.05 vs C3G 5 uM; °p <0.05 vs C3G 10uM:; £p
<0.05vs C3G 5pM + PA 1 mM .
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3.3.1.5 Effect of C3G on PA-induced insulin resistance

Several scientific evidences have shown that obesity-associated inflammation
contributes to the development of insulin resistance and precedes the onset of type
2 diabetes mellitus (Martins et al., 2014). At a molecular level, insulin resistance
is due to changes in insulin signal pathway so reducing the sensitivity of cells to
this hormone (Dei Cas et al., 2010).

IRS-1 protein phosphorylation is a determining factor for the insulin signal
transduction. In physiological conditions, the binding of insulin to its membrane
receptor (IR) triggers the autophosphorylation of tyrosine residues and leads to a
series of phosphorylation cascade involving the activation of the IRS/PI3K/Akt
pathway (Fig. 12). Finally, Akt activation plays a fundamental role in the
metabolic effects of insulin, leading to an increase in the expression of GLUT-4
and GLUT-1 glucose transporters in the cell membrane and inhibition of the
lipolysis process (Gutiérrez-Rodelo et al., 2017). High levels of circulating
cytokines or FFA cause drastic changes in insulin pathway and in particular
induce IRS-1 phosphorylation at the serine site and inhibit IRS-1 tyrosine
phosphorylation, thus blocking the PI3K/Akt pathway with subsequent insulin
resistance (Gual et al., 2005).
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Fig. 12: IRS/PI3K/Akt pathway role at the level of adipose tissue - In
homeostatic conditions, the phosphorylation of the tyrosine site of the IRS-1 leads
to the initiation of a phosphorylation cascade process culminating in a greater
glucose uptake. In an inflammatory condition, due to increase of serum FFAs and
proinflammatory cytokines, serine phosphorylation occurs with consequent
insulin-resistance (adapted from Kim et al., 2005).

Therefore, in our study we focused on the effects exerted by the PA on the IRS-
1/PI3K/Akt signaling pathway modulated by insulin and the potential protective
effect of C3G pretreatment. Results show an increase in phosphorylation at
Ser307 site of IRS following PA exposure for 24 h and a consequent reduction of
Tyr895 phosphorylation. Pretreatment with C3G, at both the tested concentrations
(5-10 uM), was able to reduce phosphorylation at the serine site, restore insulin

sensitivity, and increase activation at the tyrosine site (Fig. 13).
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Fig. 13: Effect of C3G on serine 307 and tyrosine 895 phosphorylation of
IRS-1 modulated by PA - 3T3-L1 cells were pretreated or not with C3G 5-10
puM for 24 h and subsequently exposed to 1 mM PA for further 24 h. Cells treated
with the vehicle alone (0.025% DMSO v/v) were used as controls (CTR). The
image is representative from three independent experiments. The densitometry
results are reported as fold change compared to the controls, expressed as mean +
SD of three independent experiments and statistically analyzed by a one-way
ANOVA test, followed by Tukey’s HSD. The intensity values of the
phosphorylated proteins were normalized to the corresponding value of B-actin.
*p <0.05 vs CTR; *p <0.05 vs PA 1 mM + ins 100 nM.

The study of the effects of PA on insulin resistance was further analysed by
evaluating phosphorylation levels of IRS-1 downstream kinases. PA reduces PI3K
(Fig. 14 A) and Akt (Fig. 14 B) phosphorylation at levels considerably lower than
those of cells exposed to insulin alone. Also in this case, C3G pretreatment of
3T3-L1 at both the tested concentrations (5-10 uM) restores the PI3K/Akt
signaling pathway. In fact, in cells exposed to insulin and palmitic acid, C3G
induces phosphorylation and activation of PI3K and Akt (even more than those
observed in cells exposed only to insulin); these effects were statistically

significant. C3G pretreatment alone did not affect phosphorylation levels.
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Fig. 14: Effect of C3G on PI3K and Akt phosphorylation modulated by PA -
3T3-L1 cells were pretreated or not with C3G 5-10 uM for 24 h and subsequently
exposed to 1 mM PA for further 24 h. Cells treated with the vehicle alone
(0.025% DMSO v/v) were used as controls (CTR). The image is representative
from three independent experiments. The densitometry results are reported as fold
change compared to the controls, expressed as mean + SD of three independent
experiments and statistically analyzed by a one-way ANOVA test, followed by
Tukey’s HSD. The intensity values of PI3K and pAkt proteins were normalized to
the corresponding value of beta-actin. *p <0.05 vs CTR; *p <0.05 vs Ins 100 nM;
$p <0.05 vs PA 1 mM + Ins 100 nM ; "p <0.05 vs C3G 5uM + Ins 100 nM; °p
<0.05 vs C3G 10uM + Ins 100 nM.
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The modulation of the insulin pathway was finally confirmed by evaluating
GLUT-1 glucose transporter protein levels. GLUT-1 belongs to a family of
integral membrane glucose transport proteins that promote glucose uptake from
the extracellular compartments. In our experimental model, PA exposure of 3T3-
L1 cells results in a reduction in GLUT-1 levels, thus demonstrating a decrease in
insulin sensitivity. Pretreatment with C3G restores GLUT-1 levels induced by
insulin (bringing them to values above those measured in control) and modulated
by PA. The effects of C3G pretratment is dose-dependent (Fig. 15).
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Fig. 15:Effect of C3G on GLUT-1 protein expression - 3T3-L1 cells were
pretreated or not with C3G 5-10 uM for 24 h and subsequently exposed to 1 mM
PA for further 24 h. Cells treated with the vehicle alone (0.025% DMSO v/v)
were used as controls (CTR). The image is representative from three independent
experiments. The densitometry results are reported as fold change compared to the
controls, expressed as mean = SD of three independent experiments and
statistically analyzed by a one-way ANOVA test, followed by Tukey’s HSD. The
intensity values of GLUT-1 protein were normalized to the corresponding value
of B-actin. *p <0.05 vs CTR; p <0.05 vs Ins 100 nM; ®p <0.05 vs PA 1mM + Ins
100 nM; *p <0.05 vs C3G 5uM + Ins 100 nM; °p <0.05 vs C3G 10uM + Ins 100
nM.
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3.3.1.6 Effect of C3G on Adiponectin gene expression

Adiponectin is the most important anti-inflammatory adipokine expressed in the
adipose tissue (Nigro et al., 2014). It is involved in energy metabolism, is able to
increase insulin sensitivity at the systemic level, and has shown important
antiatherogenic effects. In physiological conditions it is present in the blood
circulation at high concentrations (5-10 pg/ml); in obesity and type 2 diabetes
mellitus conditions, the circulating levels of this protein are however considerably
reduced. Proinflammatory factors such as FFAs, TNF-a, IL-6, reactive oxygen
species and hypoxia reduce its expression in adipocytes (Li et al., 2009) with
important consequences for human health (Nigro et al., 2014).

For this purpose, in order to further study the influence of PA on the insulin
pathway and the protective effects of C3G, adiponectin (AdipoQ) gene expression
was examined using real time PCR. Results show that insulin treatment induce
AdipoQ gene expression. Furthermore, PA exposure determines, in our
experimental conditions, a reduction of AdipoQ levels with values below the
control exposed to insulin, thus confirming a lower response to the hormone
induced by the PA. Data obtained with C3G pretreatment, at both the tested doses
(5-10 uM), confirm the protective effect of this anthocyanin, by increasing
AdipoQ levels reduced by PA (Fig. 16).
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Fig. 16: Effect of C3G on AdipoQ gene expression. 3T3-L1 cells were pretreated or not
with C3G for 24 h and subsequently exposed to PA (ImM) for 24 h. Cells treated with
the vehicle alone (0.025% DMSO v/v) were used as controls (CTR). The image is
representative from three independent experiments and statistically analyzed by a one-
way ANOVA test, followed by Tukey’s HSD. AdipoQ mRNA expression was analysed
by real time PCR and data are expressed as 2" and normalized to CTR. 18S rRNA was
used as housekeeping gene. *p <0.05 vs CTR; ®p <0.05 vs Ins 100 nM; ®p <0.05 vs PA +
Ins 100 nM; *p <0.05 vs C3G 5 pM + Ins 100 nM; °p <0.05 vs C3G 10uM + Ins 100 nM
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332 STUDIES ON HUMAN SGBS ADIPOCYTES EXPOSED TO
PALMITIC ACID

3.3.2.1 Effects of C3G on the overexpression of proinflammatory genes induced
by PA

The knowledge regarding obesity and related diseases, nowadays is mainly based
on studies carried out on mouse models. The 3T3-L1 murine adipocytes are, in
fact, the most popular in vitro model to study many biological and pathological
aspects of adipose tissue cells thanks to their easy handling, simple culture
conditions and high replicative capacity and differentiation in mature adipocytes.
However, there are strong limitations due to the numerous species differences
concerning the expression of proteins and adipokines that play key roles in the
adipogenesis process. Furthermore, 3T3-L1 are aneuploid and behave differently
than human cells in some respects (Gregoire et al., 1998). For example, 3T3-L1
cells and human-derived SGBS cells show a different sensitivity to apoptosis: the
first are sensitive to apoptosis induced by serum deprivation (Magun et al., 1998),
while the latter and primary adipocytes are characterized by increased resistance
in the absence of serum (Fischer-Posovszky et al., 2008).

In addition it has been demonstrated that SGBS cells show highest levels of
differentiation and of expression of a range of adipocyte markers so that nearly
100% of differentiated adipocytes accumulate lipids and are more functionally
active with respect to other adipocytes cell lines such as murine one (Felicity et
al., 2006)

To confirm the protective effects observed on murine cells, the same experimental
model used for 3T3-L1 was applied on a line of human SGBS preadipocytes.
SGBS cells are derived from the stromal vascular fraction of the subcutaneous
adipose tissue of infants affected by Simpson-Golabi-Behmel syndrome (SGBS),
a rare congenital syndrome linked to the X chromosome (Rosenow et al., 2010).
Like 3T3-L1, SGBS show a high differentiation capacity (up to 90%) following
exposure to specific differentiation inducers, 18-21 days after seeding. These cells
maintain this characteristic for at least 30 generations, being morphologically,
biochemically, and functionally similar to primary human preadipocytes. SGBS
represent therefore a valid model for the studies of the adipogenesis process
(Rosenow et al., 2010), the adipokine secretion profile of adipocytes (specific
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adipose biomarkers such as adiponectin and leptin), and glucose and fatty acids
metabolism in the adipose tissue (Lasa et al., 2011).

In particular, this study focused on the molecular mechanisms involved in the
inflammatory process induced by exposure to high concentrations of PA. After an
initial setup, performed in order to confirm the experimental conditions, the PA
concentration chosen for the SGBS experiments was 500 puM, the lowest
concentration able to induce the proinflammatory genes (data not shown). These
cells are therefore more sensitive than 3T3-L1 to PA-induced lipotoxicity
condition probably due to higher triglycerides accumulation and differentiation
level (Yeo et al., 2017; Felicity et al., 2006). To study the inflammatory process
induced by PA, the levels of TNF-a, IL-6, IL-8, and MCP-1, chemokines known
to be expressed and released by adipocytes, were evaluated at the transcriptional
level (Tilg et al., 2010).

The protective effect of C3G was assessed by pretreating SGBS cells with
increasing anthocyanin concentrations (1, 10, and 20 uM) for 24 h (Fig. 17).
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Fig. 17: Effect of C3G on PA-induced TNF, IL-6, IL-8, MCP-1 gene expression - SGBS cells were pretreated or not with C3G for 24 h and
subsequently exposed to PA (500uM) for 24 h. Cells treated with the vehicle alone (0.05% DMSO v/v) were used as controls (CTR). The image is
representative from three independent experiments and statistically analyzed by a one-way ANOVA test, followed by Tukey’s HSD. mRNA
expression levels were analyzed by real time PCR and data were expressed as 2*“* and normalized to CTR. 18S rRNA was used as housekeeping
gene. *p <0.05 vs CTR; p <0.05 vs PA 500 pM; *p <0.05 vs C3G 1uM + PA 500 pM:; °p <0.05 vs C3G 10uM + PA 500 pM.
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In our experimental model, SGBS cells exposed to PA have significantly higher
levels of cytokines mMRNA expression than control cells. The activation of gene
expression induced by PA is completely inhibited by the pretreatment with C3G at
all the tested concentrations and in a dose-dependent way. In particular, the results
show that C3G 1 puM, considered a physiological concentration, easily reachable
after appropriate supplementation, is already able to statistically reduce the
expression of all the cytokines compared to the cells exposed to the PA. This
different sensitivity between human and murine adipocytes seems to be common
for polyphenols compounds as reported elsewhere for resveratrol (Li et al., 2016).
Unfortunately, the mechanisms underlying this different behaviour remain
unknown to date. Treatment with C3G alone has no effect on the baseline

expression levels of all the cytokines tested.

3.3.2.2.Effect of C3G on insulin resistance induced by PA

In our study we also focused on the effects of C3G on the modulation of GLUT-1
and GLUT-4 glucose transporters and hexokinase, altered by PA in order to
confirm the data obtained on murine cells. In fact, glucose transporters and
hexokinase, which catalyzes glucose phosphorylation and participates to the first
reaction of glycolysis, are under the direct control of insulin (Roberts et al., 2015).
Results demonstrate how the lipotoxicity induced by PA determines the onset of
insulin resistance. PA, in fact, causes a reduction of the gene expression of
GLUT-1 and GLUT-4 which will result in a lower glucose uptake. Hexokinase
levels are also reduced by exposure to PA. However, C3G pretreatment restores
the normal activities of GLUT transporters and hexokinase at all the tested
concentrations in a statistically significant and dose-dependent manner. Also this
data show that the lower concentration of C3G (1 uM) is already able to exert a
protective and statistically significant effect; while at the intermediate
concentration of C3G (10 uM) mRNA levels are similar to those of the insulin
control with the achievement of a roof effect at higher concentrations.
Furthermore, treatment with C3G has no effect on the baseline gene expression
levels of GLUT-1, GLUT-4, and HK-11 (Fig. 18).
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Fig. 18: Effect of C3G on GLUT-1, GLUT-4 and HK-Il gene expression modulated
by PA - SGBS cells were pretreated or not with C3G for 24 h and subsequently exposed
to PA (500uM) for 24 h. Cells treated with the vehicle alone (0.05% DMSO v/v) were
used as controls (CTR). The image is representative from three independent experiments
and statistically analyzed by a one-way ANOVA test, followed by Tukey’s HSD. mRNA
expression levels were analyzed by RT-PCR and data were expressed as 2" and
normalized to CTR. 18S rRNA was used as housekeeping gene. *p <0.05 vs CTR; °p
<0.05 vs Ins 1 uM; *p <0.05 vs PA 500 pM + Ins 1 pM; “p <0.05 vs C3G 1uM + PA 500
UM + Ins 1 pM.
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3.3.2.3 Effect of C3G on the Adiponectin gene expression

Among adipokines expressed in adipose tissue, adiponectin plays a central role in
the regulation of glucose and lipid metabolism. It is secreted by differentiated
adipocytes and possesses regulatory effects on energy homeostasis, glucose
metabolism, and inflammation (Sikaris et al., 2004). Reduced circulating levels of
adiponectin, during obesity, negatively affect insulin sensitivity by inducing
insulin resistance (Kadowaki et al., 2006).

Data obtained show that, in our experimental conditions, insulin treatment induces
activation of the AdipoQ gene in SGBS cells. On the contrary, exposure to PA led
to a reduction of AdipoQ levels with values below the control cells without
insulin, thus confirming the reduction in insulin sensitivity induced by PA.
Furthermore, C3G pretreatment at all the tested doses confirms that the insulin
sensitivity is restored, with consequent reduction of insulin resistance.The
treatment with C3G only did not affect AdipoQ gene expression respect to control
cells (Fig. 19).
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Fig. 19: Effect of C3G on AdipoQ gene expression reduced by PA - SGBS
cells were pretreated or not with C3G for 24 h and subsequently exposed to PA
(500uM) for 24 h. Cells treated with the vehicle alone (0.05% DMSO v/v) were
used as controls (CTR). The image is representative from three independent
experiments and statistically analyzed by a one-way ANOVA test, followed by
Tukey’s HSD. mMRNA expression levels were analyzed by real time PCR and data
were expressed as 2" and normalized to CTR. 18S rRNA was used as
housekeeping gene. *p <0.05 vs CTR; 3p <0.05 vs Ins 1 pM; £p <0.05 vs C3G
1uM + Ins 1 uM; $p <0.05 vs PA 500 pM + Ins 1 uM; *p <0.05 vs C3G 1uM +
PA 500 uM + Ins 1 uM.
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3.4 Conclusions

Obesity is an important health problem and is associated to an increase in
morbidity and mortality for many chronic diseases. Among these, the most
important are type 2 diabetes mellitus and cardiovascular diseases (Vachharajani
et al., 2009). For this reason, increasing interest has been dedicated to the
knowledge related to adipose tissue cells and their possible pathophysiological
role in the development of associated diseases.

For many years, adipose tissue was merely considered a deposit of energy and a
protection from thermal and mechanical stresses (Kershaw et al., 2004). More
recently it has been recognized as a complex endocrine organ able to secrete
numerous molecules, called adipokines, with multiple actions at local and
systemic level (Zoico et al., 2011). Alterations in adipokines secretion results in
adipocyte hypertrophy and increased infiltration of immune cells, such as
macrophages and lymphocytes, thus triggering the inflammatory process
(Unamuno et al., 2018). In particular, obesity is associated with a state of “chronic
low-grade inflammation™, which plays an important pathophysiological role in the
development and progression of obesity-related complications, such as insulin
resistance, endothelial dysfunction, and dyslipidemia (Unamuno et al., 2018).
Furthermore, lipotoxicity, common in the adipose tissue, contributes to further
exacerbate the problems associated with these pathological conditions. FFAs,
mainly from lipolysis processes of adipose tissue, are considered among the main
causes of the onset of inflammation and insulin resistance in the adipose tissue
(Hotamisligil et al., 2006). Several in vitro and in vivo studies have shown that
high levels of intracellular FFAs determine, in fact, greater expression of
inflammatory adipokines with consequent activation of inflammatory signaling
pathways and alteration of the insulin receptor activity.

In recent years, epidemiological evidences have shown that different molecules of
nutritional interest are able to reduce the incidence of various diseases such as
cardiovascular, diabetes mellitus and cancer. In the present study, anthocyanins, a
class of flavonoids widely distributed in fruits and vegetables used in
Mediterranean diet, were examined. These substances have been extensively

studied for their potential beneficial effects on human health and for their ability
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to exercise positive modulatory activity on endothelial function, and lipid and
glucose metabolism (Wallace et al., 2011).

However, although evidences of the pleiotropic properties of anthocyanins, such
as the suppressive effect on body fat accumulation and anti-diabetic action,
continue to accumulate, only a limited number of studies have identified the
specific molecular structures of anthocyanins responsible for their health benefits.
Usually these effects seem to be due to their interaction with different cellular
molecular pathways, thus modulating oxidative damage and the expression of pro-
inflammatory genes (Speciale et al., 2011).

In our study we demonstrated, through the use of in vitro experimental models on
murine (3T3-L1) and human (SGBS) adipocytes, the anti-inflammatory and
insulin-sensitizing effects of C3G, and elucidated the potential molecular
mechanisms involved in these beneficial effects.

From the results obtained on 3T3-L1 it is possible to confirm that C3G (5 and 10
KUM) is able to reduce adipocyte hypertrophy induced by high concentrations of
PA. Reduced accumulation of intracellular lipids, demonstrated by histochemical
staining with Oil Red O, was associated with the ability of C3G to modulate, in a
dose-dependent manner, the expression of the transcription factor PPAR-y, the
main activator of the process of adipogenesis. The transcriptional activity of
PPAR-y was also confirmed by evaluating the gene expression of FABP4, a gene
that codes for a fatty acid carrier protein. Pretreatment with C3G, in fact,
significantly reduced the expression of FABP4 induced by PA in a statistically
significant manner. These data provide a mechanistic support for the effects
observed in in vivo experimental animal models. In fact, it has been shown that
anthocyanins are able to reduce the accumulation of fat in laboratory animals fed
with a high fat intake diet (Prior et al., 2008; Prior et al., 2009; Johnson et al.,
2016).

C3G has also been shown to inhibit the NF-xB -modulated inflammatory
pathway. NF-kB nuclear levels are, in fact, considerably lower following C3G
pretreatment compared with those of the cells exposed to PA. The same trend has
been observed for the activation of IKK, a kinase that activates upstream the NF-
kB factor. Furthermore, the results show that activation of PA-induced NF-xB
pathway leads to increased gene expression of IL-6, the main cytokine involved in
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the NF-«xB inflammatory pathway. All these values are maintained at lower levels
in cells pretreated with C3G in a dose-dependent way, thus demonstrating the
protective effect of this anthocyanin.

The protective effect of C3G has been confirmed by evaluating its ability to
decrease insulin resistance induced by PA. For this purpose, 3T3-L1 cells were
further treated with 100 nM insulin to activate the normal insulin signalling
pathway. The results obtained showed that C3G is able to restore insulin
sensitivity altered by PA. Exposure to high concentrations of PA, in fact,
increased the phosphorylation of IRS-1 on the serine site (Ser307) at the expense
of the tyrosine site (Tyr895) which mediates the physiological effects of insulin.
Pretreatment with C3G, on the other hand, restored phosphorylation on the
insulin-induced tyrosine site, thus reducing the effect of PA.

The study then continued examining IRS-ldownstream kinases. The results
obtained on PI3K and Akt confirm the inhibition of the insulin pathway exerted
by PA. In fact, the increase in serine phosphorylation of IRS-1 causes a reduction
in phosphorylation and activation of PI3K and Akt. Also in this case, C3G
pretreatment restores the levels of these proteins with values similar to the cells
treated with insulin only. The post-transcriptional changes modulated by the
insulin pathway allowed us to confirm that PA reduces the expression of the
GLUT-1 glucose transporter and the expression of the gene encoding adiponectin.
Also in this case the results confirm the protective effect of C3G with a dose-
dependent effect on the restoration of insulin sensitivity in murine adipocytes.
However, it should be pointed out that these results were obtained on an in vitro
model of murine adipocytes, and that extrapolating data from animal to humans is
not always possible. For this reason, the results obtained with 3T3-L1 murine cells
have been validated by using a human cell line of preadipocytes SGBS, able to
differentiate into mature adipocytes following the addition of particular inducers.
Results confirm, also in this case, that PA exposure induces the inflammatory
process, as shown by increased gene expression of TNF-a, IL-6, IL-8, and MCP-
1, cytokines known to be expressed and released by adipocytes. Cells
pretreatment with C3G results in a reduction in mRNA levels of these cytokines

in a statistically significant way and at very low concentrations (1 pM). This
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concentration is not effective in the 3T3-L1 cells (data not shown); in murine
adipocytes, in fact, the minimum effective concentration is 5 uM.

With regard to insulin resistance experiments, PA exposure results in a reduced
gene expression of the main insulin sensitivity markers, such as GLUT-1, GLUT-
4, hexokinase, and adiponectin. Data obtained with C3G pretreatment on SGBS,
at all the tested doses, allows us to confirm the effect of this anthocyanin on the
insulin sensitivity restoration. Also in this case, the lowest dose of C3G tested (1
uM) is already effective on all the parameters tested.

In conclusion, this study provides support for potential molecular mechanisms
involved in inflammation and insulin resistance induced by PA in adipose tissue,
as well as the protective effect of C3G even at low concentrations. These effects
are supported by the large number of papers reporting that anthocyanins possess a
wide range of health-promoting properties and may have important implications
in the prevention of chronic and metabolic diseases through their capability to
modulate cell redox-dependent signalling pathways (Speciale et al., 2014).
However, much remains to be clarified before a rational employment of these
compounds for human health benefits.

Actual criticism regarding anthocyanins is represented by their relatively low
bioavailability, although the dietary consumption of these pigments has been
proposed to be associated with a significant protection against several human
pathological conditions. Furthermore many papers focussing on in vitro properties
of C3G, use very high non physiologically achievable concentrations (> 20uM) of
this compound so that the direct transfer of these data to real life condition is very
difficult to be implemented. On the contrary, in the present study, we tried to
assess realistic and physiological concentrations supporting C3G bioactivity at
low concentrations (1 and 5uM).

Even if more in vivo studies (on animals and in humans) are needed to clarify the
efficacy of C3G and anthocyanins, the results discussed in this thesis allow us to
hypothesize a possible application of C3G in the prevention of pathological
conditions related to lipotoxicity, and more generally, to obesity and metabolic

syndrome.
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