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Résumé

L’obésité est aujourd’hui considérée comme une pandémie majeure et 2,8 millions d’adultes
meurent chaque année de maladies associées a cette pathologie. Plus que I’augmentation de la
masse adipeuse, c’est I’'inflammation du tissu adipeux qui représente la premiere complication.
Cette inflammation résulte de la sécrétion de cytokines pro-inflammatoires, comme le TNFa ou
I’IL-6, qui vont jouer un role majeur dans la survenue de I’insulino-résistance, du diabete, des
maladies cardio-vasculaires, des désordres articulaires et du cancer. Le fait que les adipocytes
répondent a des stimuli pro-inflammatoire par la sécrétion active de ces cytokines renforce d’autant
plus I’idée qu’il faut désormais considérer le tissu adipeux comme un organe endocrine. De plus, les
adipocytes expriment les TLR2 et TLR4, de fagon similaire aux macrophages, et il est donc
probable que I’inflammation du tissu adipeux soit, de ce fait, majoritairement véhiculée par

I’activation de ces récepteurs, et plus particulierement du TLR4.

Les stimuli physiologiques qui activent I’inflammation véhiculée par TLR4 dans I’adipocyte
ne sont pas encore tous mis a jour, cependant le LPS bactérien, les HSP60 et les acides gras libres
sont connus pour induire I’inflammation adipocytaire via TLR4. Dans ce contexte, une précédente
¢tude de notre laboratoire a détaillé la voie de signalisation du LPS dans 1’adipocyte. Par ailleurs,
d’autres études mettent en doute la capacité des acides gras libres a activer TLR4 et de ce fait a
provoquer une inflammation. Ainsi nous avons confirmé qu’en 1’absence d’endotoxine, les acides
gras saturés ainsi que les polyinsaturés ne peuvent pas activer TLR4, ou TLR2, ni méme se lier a
ces récepteurs, et n’induisent donc pas la sécrétion de TNFa, d’IL6 ou de MCP1 dans les adipocytes

et le tissu adipeux humains (Article 1).

Récemment, HMGBI a été redécouverte en tant que cytokine, en plus de son rdle dans le
maintien et la transmission du génome, et son implication a ét¢ démontré dans de nombreuses
maladies métaboliques associées a I’obésité. Identifiée comme un médiateur tardif de
I’inflammation dans les cellules immunitaires, HMGBI1 se lierait 8 TLR4 afin de provoquer
I’inflammation. Ces données nous ont conduits a étudier st HMGB1 pouvait étre libérée pendant
I’inflammation du tissu adipeux et si oui, de quelle fagon cette molécule pouvait réguler cette
inflammation. Nous avons ainsi montré pour la premiere fois qu HMGBI est exprimée a des taux
supérieurs chez le sujet obeése comparé au sujet normo-pondéral. De plus, nos expériences in vitro
montrent que pendant I’inflammation adipocytaire, HMGBI est effectivement sécrétée comme un

médiateur tardif. Les cellules dérivées de la fraction stromale-vasculaire du tissu adipeux (ASC)



sont responsables de cette sécrétion, alors que les adipocytes matures et les ASC différenciées in

vitro en adipocytes ne sécretent pas HMGB1 (Article 2).

Par ailleurs, nous avons également démontré 1I’implication d’HMGBI1 lors de I’inflammation
induite par le LPS, par son action autocrine sur les ASC. De plus, nous avons mis en évidence le
role pro-inflammatoire ’HMGBI sur les adipocytes matures humains, par la sécrétion d’IL-6 et de
MCP-1, alors que le TNFa n’est pas détectable. Nous poursuivons ces travaux dans le but de

déterminer les récepteurs impliqués ainsi que la voie de signalisation (Article 3 en préparation).

En conclusion de ce travail, nous avons donc confirmé que les acides gras n’étaient pas des
ligands pour TLR2 et TLR4 qui pourraient déclencher I’inflammation du tissu adipeux humain. Par
contre, nous démontrons que les ASCs soumises a une inflammation sécrétent HMGB1, qui agit en
retour de fagon autocrine et paracrine sur les adipocytes, exacerbant I’inflammation du tissu
adipeux. De fait, bien qu HMGBI ne soit pas sécrétée par les adipocytes différentiés, il faut

probablement la considérer tout de méme comme une nouvelle adipokine.



Abstract

Obesity is now considered as a major pandemic and leading risk of global death with an
average of 2.8 million adults each year as a result of being overweight or obese. More than increase
in fat deposition, the real complication rises due to inflammation in adipose tissue. This
inflammation which results in the secretion of proinflammatory cytokines such as TNFa and IL-6
plays major role in the development of insulin resistance, diabetes, cardiovascular diseases, joint
disorders and cancer. The fact that adipocytes respond to pro-inflammatory stimuli by active
secretion of these cytokines reinforces the idea to consider adipose tissue as an endocrine organ. In
addition, adipocytes expression of TLR2 and TLR4 in a similar manner to macrophages, suggests
that inflammation in adipose tissue is therefore mainly mediated by the activation of these receptors,

particularly TLR4.

The physiological stimuli that activate inflammation mediated by TLR4 in adipocytes are
not yet known completely, however few possible stimuli such as bacterial LPS, Hsp60 and FFA are
suggested to activate TLR4 and induce inflammation in adipocytes. In this context, earlier work
from our laboratory has shown detailed LPS mediated inflammatory signaling pathway in
adipocytes. Moreover, other studies have questioned the ability of free fatty acids to activate TLR4
and thereby cause inflammation. However we have confirmed that in an endotoxin free condition
none of the SFA and PUFA are able to bind or activate neither TLR4 nor TLR2 and induce

inflammation in human mature adipocytes and adipose tissue (Paper I).

Recently HMGBI1 has been rediscovered as a cytokine in addition to the nuclear role and its
involvement has been demonstrated in many metabolic diseases associated with obesity. Identified
as a late mediator of inflammation in immune cells, HMGBI is found to act through TLR4 to
induce inflammation. This led us to investigate whether HMGB1 could be secreted during adipose
tissue inflammation and if so how it can regulates inflammation. We have reported for the first time
that HMGBI is expressed more in adipose tissue of obese compared to lean persons. By in vitro
studies, we have shown that during adipose tissue inflammation, HMGBI1 is effectively secreted as
a late mediator. The cells derived from the stromal vascular fraction of adipose tissue (ASC) are
responsible for this secretion, whereas mature adipocytes and in vitro differentiated adipocytes from

ASCs do not secrete HMGBI1 (Paper 2).

Further, we have also demonstrated the involvement of HMGBI in inflammation induced by

LPS, through its autocrine action on ASCs. In addition we have shown the pro-inflammatory action



of HMGB1 on human mature adipocytes which induced the IL-6 and MCP-1 secretion while TNFa
was not detectable. We are continuing our investigation in order to determine through which
receptor and signaling pathways, HMGBI1 could induce inflammation in human adipocytes (Paper 3

— in preparation).

To conclude this work, we therefore confirmed that fatty acids were not ligands for TLR2
and TLR4 that could trigger inflammation in human adipose tissue. Instead we demonstrated that
ASCs subjected to inflammation secrete HMGB1, which acts back in an autocrine and paracrine
manner on adipocytes, exacerbate inflammation in adipose tissue. In fact, although HMGBI is not

secreted by differentiated adipocytes, we should probably still consider it as a novel adipokine.
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1. General introduction




Increase in globalization across countries developed substantial improvements in quality
of life and food security. Unfortunately it also led to the development of unintended
consequences by increasing the energy rich food consumption combining with less physical
activity driving global obesity, an epidemic. The availability and consumption of cheap foods
and sugar rich beverages without real nutritional values has increased rapidly in developed and
developing countries, driving the increase in obesity and associated chronic diseases [1]. This
linear increase in obesity staggers the quality of life and health care expenditure rapidly
worldwide. WHO defines overweight and obesity as abnormal or excessive adipose tissue
accumulation that creates risk to health. The global effect of obesity as epidemic was formally
recognized by WHO during a special obesity consultation in 1997 [2]. According to WHO across
the globe, it has been estimated that 10 — 14 % of total world population, about 500 million
adults were obese in 2008. In addition to that, childhood obesity becomes one of the most serious
public health issues of the 21% century with the increased risk of associated complications and
disabilities. About 40 million children under the age of five were found to be overweight in 2011

and this is increasing in an alarming rate.

Global prevalance of obesity

® g0

Prevalence of obesity (%)
<10

] 10-19.9

| 20-209
Data Source: World Health Organization g’@ World Health ! 230
Map Production: Public Health Information ‘g Ay Organlzatlon Data not avallable

and Geographic Information Systems (GIS)
World Health Organization ©WHO 2011. All rights reserved. || Not applicable * BMI 230kg/m2

Figure 1: Global prevalence of obesity, 2008. Source: http://www.who.int
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In addition to causing various physical disabilities and psychological problems, excess
weight drastically increases the person’s risk of developing non communicable diseases (NCDs),
including cardiovascular disease (CVD), cancer and diabetes. Obesity has become a major
contributor to the global burden of disease and function as an important risk factor for morbidity
and mortality. About 347 million people worldwide are affected by diabetes with the increasing
mortality rate in low and middle income countries. At present the CVDs are the number one
cause of death globally and an estimated 17.3 million people died globally in 2008 representing
almost 30% of total death. It has been predicted with this increasing rate of CVD, the number of
death due to heart disease and stroke will reach 23.3 million by 2030. The mortality and the

health risk due to obesity induced chronic diseases are more compared to the obesity itself.

Body mass index (BMI) is a measure of body fat based on height and weight that
classifies individuals into underweight, normal, overweight and obese. BMI is a mathematical
calculation as the individual's body mass (kg) divided by the square of their height (m?). The
increase in BMI of a person is found to be directly proportional to the increase in risk of
diabetes, cardiovascular and other chronic metabolic syndrome and diseases. A person with BMI
of 30 or more is generally considered obese and a person with BMI equal to or more than 25 is
considered overweight. The abdominal obesity is also defined by waist-hip ratio (WHR), where

ratio above 0.9 for male and 0.85 for female are considered as obese.



1. Adipose tissue




1.1 Introduction

Adipose tissue is a loose connective tissue composed mostly of fat storage cells called
adipocytes arranged in the net framework of collagen fibers. It is a specialized energy storage
tissue that functions as the major site for lipid storage in the form of triglycerides. These
stored lipids are utilized by the body during energy shortage, acts as a backup during hunger
and fuel to brain and muscles. It protects the body from excess glucose and FFA by storing
them as triglycerides. Apart from energy storage, it insulates and also acts as a mechanical
cushion for the body. In mammals two types of adipose tissue exist, white adipose tissue
(WAT) and brown adipose tissue (BAT). The distribution, amount and location vary across

the species and age, however in humans most of them are WAT.
1.2 Brown adipose tissue:

Brown fat or BAT is more abundantly found in newborns and hibernating animals to
protect from cold and acts as thermal insulator. BAT is rich of vascularisation and its adipocytes
cytoplasm is occupied with multiple small lipid droplets and abundant of iron rich densely
packed mitochondria that help in BAT releases energy directly as heat and protects the body by
non-shivering thermogenesis. Mitochondria in brown adipocytes have a special carrier protein
called Uncoupling protein 1 (UCP1) that transfers protons inside the mitochondrial matrix
without the subsequent utilization or production of ATP. To produce heat, brown adipocytes are
activated by sympathetic nerves acting on beta3-adrenoreceptors (beta3AR), activating lipolysis
and burns fatty acids. UCP-1 activated by fatty acids uncouples oxidative phosphorylation,
resulting in the energy dissipation in the form of heat [3, 4]. It is believed for many years that
mitochondria in brown adipocytes disappear upon ages in infants and later functions as white
adipose tissue. However, it has been recently identified that brown adipose tissue remains in

upper chest and neck of adults [5].

It has been discovered that BAT are more related to skeletal muscles rather than white
adipose tissue upon time. They are found to carry a same cell surface marker called myogenic
factor 5 (Myf5) as skeletal muscle and derived from the same stem cells in the embryo [6].
Recently a new type of brown adipocytes is identified in WAT of adults called beige or brite

cells when exposed to cold or to PPAR ligands. These ‘‘inducible’’ brown adipocytes possess



the morphological and biochemical characteristics of classical brown adipocytes, including the
expression of UCP1 and multilocular lipid droplet [7] but they arise from non-Myf-5 lineage [8].
Importantly, increase in number of beige cells in WAT are associated well with a protection
against diet induced obesity and metabolic disease [9-11]. As brite cells is found to utilize more
calories from normal fat and burns it, research is going on to activate brite cells in WAT to

stimulate this process for weight loss.

1 - neck

2 - supraclavicular

3 - mediastinum
(para aortic)

4 - suprarenal

5 - paravertebral

Modified from internet (www.markyoungtrainingsystems.com)

Figure 2: Brown adipose tissue (BAT), location and distribution.
1.3 White adipose tissue:

WAT is composed primarily of tightly packed large unilocular mature adipocytes
supported by well vascularized mesh framework of loose connective tissue. A strong external
connective tissue is necessary to protect the delegate adipocytes and to maintain the tissue
structure. Adipocytes exoskeleton is composed of meshwork of collagen 1 and reticular fibers
building the “collagenic peri-adipocyte basket”, which functions to protect the adipocytes from

mechanical disruption. Each cell in adipose tissue presents a basal lamina of a typical



composition. Adipocytes and other cell populations present in WAT synthesize collagens type 1,
3 and 4 as well as substantial amounts of collagen type 6al, which interact with collagen type 4
in mediating the attachment of the basal lamina to fat cells [12]. The scaffold provided by
adipocytes basal laminas and a multitude of extracellular matrix (ECM) proteins and
proteoglycans (e.g. fibronectin, decorin, tenascin C, osteonectin, osteopontin, matrix
metalloproteinases) reduces external forces and ensures structural and functional integrity of the
adipose tissue [13, 14]. Adipose tissues are facilitated with dense network of capillaries, which
delivers substrates, oxygen and also it helps in the transport of hormones, cytokines and other
biological agents. It also contains lymphatic vessels which help in the transport of secreted
cytokines. Apart from the ECM and vascular network, the other non adipocyte component of
WAT are the stromal fraction, comprises of multipotent stem cells, preadipocytes, fibroblasts,
pericytes, endothelial cells of blood and lymphatic vessels, macrophages and other infiltrating

immune cells [15].

1.3.1 WAT cellular components

F:"c_::jaﬂh.. E@\ Pa Extracellular matrix

Pre—adipocytel - — >
CG' G‘ f \\ _\\ Adipocyte
Teell 3 =
cell | E
! 0 / " \\. Capillary

Blood
Fibroblast vessel

Figure 3: Structure of white adipose tissue (WAT), [15]



1.3.1.1 Mature adipocyte

In WAT, the adipocytes constitute more than 90% of tissue volume and more than 50%
of the total cell number. In an average there are around 20 to 40 billion mature adipocytes in a
normal person, however this number can be doubled or tripled in obese patients depending upon
their adipose tissue mass [16, 17]. Adipocytes size varies from 30 — 130 um based on its cellular
lipid droplet and its functions depend based upon size, the larger adipocytes secrete more
inflammatory cytokines, chemo attractants and exhibits higher metabolic activity [18]. The
human adipocyte can grow up to ~ 20 fold in diameter and several thousand fold in volume [19].
In mature adipocytes, the cytoplasmic space is occupied entirely by a big lipid droplet squeezing
out rest of the cellular components along the sides, with a range of structural proteins. It is
surrounded by phospholipid monolayer protected by a cage like structure of vimentin network,
perilipin and CIDE proteins [20]. The nucleus is along the periphery of the cell and the nuclear
lamina is coupled to vimentin network [21]. Near the nucleus, lies the densely packed other cell
components such as Golgi apparatus, smooth and rough endoplasmic reticulum, free ribosomes,
and large elongated mitochondria [22]. Adipocytes cell membranes are occupied with different
receptors to recognize hormones, neurotransmitters, DAMPs and PAMPs [15]. Adipocytes are
equipped with various TLRs to recognize PAMPs contributing to the innate and adaptive

immunity [23].
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Figure 4: Structure of mature adipocyte and their cellular components, [24]



1.3.1.2 Stromal vascular fraction:

Apart from lipid filled mature adipocytes, WAT comprise of preadipocytes,
mesenchymal stem cells (MSC), endothelial cells, fibroblasts and immune cells (macrophages,
neutrophils, eosinophils, lymphocytes, natural killer cells, and mast cells), collectively termed as
stromal vascular fraction (SVF). Preadipocytes and MSC proliferate and differentiate in to
adipocytes to replace the dead adipocytes during adipose tissue remodeling and extension.
Adipose derived stem cells (ASCs) from SVF has the capability to differentiate into different
type of cells such as vascular-endothelial cells, adipocytes and several other cell lineages
depending up on the adipose tissue expansion requirements. The preadipocytes which compose
10-15% of adipose tissue also display various proliferation capabilities based on its various

depots.
1.3.2 WAT distribution:

The WAT is distributed in different parts of the body with varied functions and they are

classified into two major WAT depots, visceral and subcutaneous fat.
1.3.2.1 Visceral adipose tissue (VAT):

The visceral adipose tissue surrounds inner organs in the abdominal cavity and
mediastinum. The visceral fat in the abdominal region are further classified into four major
depots, omental fat, surrounding the intestines superficially; mesenteric fat, which is more deeply
buried around the intestines; retroperitoneal fat, near the kidneys - at the dorsal side of the
abdominal cavity and gonadal fat, around testis and ovary. In mediastinum, the visceral white
adipose tissues are located around specific organs, such as in the heart, epicardial; in stomach,
epigastric and in blood vessels, perivascular adipose tissue. The visceral fat increases with age in
both genders and accounts for up to 10-20% of total fat in men and 5-8% in women [25]. VAT
contains greater number of large adipocytes and undergoes rapid lipolysis and secretes large
amount of FFA [26]. In visceral adipose tissue, venous blood is drained directly in to the liver
through the portal vein and it gains direct hepatic access to FFAs and adipokines secreted by

visceral adipocytes.
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Figure 5: White adipose tissue - visceral and subcutaneous adipose tissue distribution in lean
and obese human (MRI scan from unknown resource).

1.3.2.2 Subcutaneous adipose tissue (SAT):
The SAT is distributed in the hypodermal layer of the skin over the body’s surface. In
most regions of the human body, there are two anatomically and histologically distinct layers

within the subcutaneous fat, 1) superficial 2) deep SAT (dSAT). Compared to visceral adipose

tissue, subcutaneous fat is more cellularized, that is, it has a higher proportion of smaller cells
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because of the higher differentiation potential of subcutaneous adipocytes [27]. Subcutaneous fat
is more densely vascularized than visceral fat and it retains higher angiogenic potential [28].
SAT adipocytes are smaller in size and they are less metabolically active, secretes less pro-
inflammatory cytokines and has less macrophage infiltration compared to VAT [29]. SAT serves
as the long term lipid storage tissue and delivers backup for energy production during fasting,
starvation and exercise. In women, the adipose tissue forming mammary fat pad plays an
important role in the development of mammary gland and involves in the regulation of epithelial

cell proliferation and functions.
1.3.3 Functions
1.3.3.1 Lipid storage

The primary function of WAT is to regulate energy metabolism in the body and also acts
as site of lipid storage and synthesis. During surplus nutrient diet or reduced physical activity,
WAT stores or accumulates excessive lipid in adipocytes in the form of triglycerides (TG).
Insulin regulates the uptake of glucose by adipocytes via GLUT4 transporters and utilizes it to
synthesize TG for storage. Adipocytes also uptake free fatty acids by the action of lipo protein
lipase (LPL) which hydrolyses TG of chylomicrons and very low-density lipoproteins (VLDL) in
endothelial lining of blood vessels. WAT also recruits FFA from blood plasma lipoproteins and
re-esterifies to form TG and this process has higher significance than de nova lipogenesis. WAT
supplies energy during starvation or increased energy demands by undergoing lipolysis process
by converting TG in to FFA with the help of adipose triglyceride lipase (ATGL) and hormone-
sensitive lipase (HSL). These fatty acids are then transported to the desired location via blood or

lymph vessels, where they serve as energy substrates for beta oxidation in mitochondria.
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Figure 6: Primary role of adipose tissue — TAGs (Triacylglycerols) synthesis, storage and energy

supply during starvation and shortage [30].

Insulin not only promotes the uptake and utilization of glucose in fat cells but also
activates lipogenic enzymes such as acyl-CoA carboxylase and fatty acid synthase and
simultaneously diminishes lipolysis by inhibiting the activity of hormone sensitive lipase (HSL).
Glucocorticoids counteracts insulin effects on glucose utilization and stimulate lipolysis by
increasing the activity of adipocyte’s intracellular lipases (HSL, ATGL) and WAT’s intra-
vascular lipase (LPL), thus modulating both the release and uptake of fatty acids.
Catecholamines belong to the key lipolytic agents and binding of noradrenaline to f1-, B2- and
B3-adrenergic receptors on adipocytes activates HSL, which results in increased fuel delivery to

tissues.
1.3.3.2 Endocrine organ

The idea of WAT only as a lipid storage organ has changed after the discovery of leptin,
a hormone secreted by white adipocytes which regulates the energy intake and expenditure
including diet, metabolism and behavior [31]. The discovery of leptin opened up a whole field of

studies into the biology of adipocytes, their metabolic and endocrine functions, and the
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functional relationships between secretions of adipocytes and peripheral metabolic functions.
TNFa is a pro-inflammatory cytokine, and it was the first adipocyte-derived factor that suggested
a link between obesity, inflammation and T2DM [32]. The WAT represents the largest endocrine
organ in humans, due to its majority adipocytes ability to secrete numerous hormones, cytokines,
growth factors, complement factors [30]. Adipose tissue was identified as a major site for sex
steroid metabolism [33] and production of adipsin, an endocrine factor that is negatively
correlated with obesity in rodents [34]. Adipose tissue is dynamically involved in different
functional regulation through a complex network of endocrine, paracrine and autocrine signals
that influence the response of many tissues, including hypothalamus, pancreas, liver, skeletal

muscle, kidneys, endothelium and the immune system.
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Figure 7: Endocrine role of adipose tissue.
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Adipokines Functions/effects
Signals to the brain about the body fat stores, regulates appetite and energy
Leptin expenditure, proinflammatory
Anti-inflammatory, Improves energy homeostasis, insulin sensitivity and glucose
Adiponectin uptake.
Proinflammatory, affects insulin receptor signalling and sensitivity, reduces
TNF insulin secretion and stimulates lipolysis
IL-6 Proinflammatory, affects glucose and lipid metabolism. Regulates body weight
MCP-1 Increases insulin resistance, activates macrophages infiltration
Resistin Proinflammatory cytokine affects glucose metabolism and cause insulin resistance.
ILS Proatherogenic, neutrophil chemotaxis and degranulation
RANTES Proinflammatory
Vistafin Proinflammatory and mimicks insulin activity
PAL-1 Inhibitor of the fibrinolytic system by inhibition of activation of plasminogen
Adipsin Potential relation between the complement pathway and adipose tissue metabolism
TGFb Varied role in proliferation, differentiation, apoptosis and development
Vaspin Improves insulin sensitivity
VEGF Stimulation of angiogenesis
Stimulates proliferation of a wide variety of cells and mediates many cells and
IGF-1 many of the effects of growth hormone
Apelin Improves insulin sensitivity
IL8 Proatherogenic, neutrophil chemotaxis and degranulation
Nesfatin Acts centrally to reduce apetite
Omentin Increases insulin sensivity
RBP4 Proinflammatory, inhibits insulin-induced phosphorylation of IRS1
ANGPTL2 Increase inflammatory responses through integrin mediated signaling.
Mediate inflammatory responses, chemoattractant, regulate adipogenesis and
Chemrin adipocytes metabolism
SFRP5 Anti-inflammatory

Table 1: Adipokines and its functions.
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As adipose tissue contains various cell types such as adipocytes, immune cells,
endothelial cells and fibroblasts, it produces and releases diverse secretary proteins called
adipokines or adipo-cytokines into the systemic circulation. Adipocytes and other cell members
in WAT also express various receptors to recognize and respond to many of these factors and
play an important role in the regulation of appetite and satiety control, fat distribution, insulin
sensitivity and insulin secretion, energy expenditure, inflammation, blood pressure, blood

clotting, angiogenesis, vascular hemostasis, and endothelial function [15].
1.4 Adipose tissue dysfunctions:

Adipose tissue dysfunctions develop under conditions of continuous positive energy
balance with an impaired expandability of subcutaneous AT [35, 36]. This imbalance results in
the excess storage of energy in the form of lipids in adipocytes, resulting in intra-cellular
abnormalities like increased adipocyte size (hypertrophy) and increased number of adipocytes
(hyperplasia). Although subcutaneous AT has better capability to expand its capillary network
than visceral AT, this function was impaired with increasing adipose tissue accumulation [36].
After reaching its maximum storage capacity, impaired vascularization and angiogenesis,
subcutaneous adipose tissue lipid accumulation comes to an end. The excess lipids are shifted to
visceral fat deposition and other tissues (liver and skeletal muscle [35, 37] developing adverse
metabolic effects, leading to a state of hyper secretion of adipokines that mediate auto/paracrine
and endocrine communication, mediating inflammation and infiltration of macrophage cells.
Hypertrophied adipocytes undergo necrosis and release free fatty acids which are suggested to
activate macrophage infiltration and inflammation in adipose tissue. In the end, AT dysfunction
is characterized by predominant visceral (ectopic) fat accumulation, changes in the cellular and
intracellular matrix composition of adipose tissue [38, 39], enlarged adipocytes [18], increased
autophagy [40], apoptosis [41] and increased number of AT infiltrating immune cells [42, 43]

which possibly leads to chronic inflammation.
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1.4.1 Hypoxia:

Expansion or increase in adipose tissue is not compensated with the required blood flow
and proper vascularization [44, 45]. Obese persons are often observed with poor cardiac output
and blood flow to the adipose tissue compared to the lean persons [46-48]. Increase in adipose
tissue growth results in clustering of mature adipocytes lacking proper vascularisation and with
this initiate the potential inflammation process. Capillary density is also found to be significantly
lower in visceral and subcutaneous adipose tissue from obese person, accompanied by larger
vessels [49]. Hypoxia in obese adipose tissue leading to initiation and progression of
inflammation is directly linked with low PO, (Interstitial partial pressure) [50]. This was verified
directly by measuring oxygen tension and hypoxy probe marker system. Hypoxy probing using
pimonidazole by immunostaining or western blot has shown increased hypoxia in epididymal
and parametrial adipose tissue depots [51-53]. In one study, the level of PO, is found to be low in
obese persons compared with lean: 47 mmHG vs 55 mmHG [47]. In vitro studies on adipocytes
show that experimental hypoxia stimulates secretion of number of inflammation-related
adipokines, including angiopoietin-like protein 4, IL-6, leptin, macrophage migration inhibitory
factor (MIF-1) and vascular endothelial growth factor (VEGF) [54]. Hypoxia induces
inflammation through activation of two major transcription factors, HIF-1a and NFkB, each of

which activates transcription of a variety of angiogenic and/or pro-inflammatory cytokines.

Hypoxia inducible factor 1 (HIF-1) is a key transcription factor expressed and
upregulated during O, homeostasis in the cell. It regulates different cellular response during low
PO, and often described as “master regulator for hypoxia”[55]. As a transcription factor, HIF-1
is found to regulate more than 70 genes during hypoxia by binding to cis-acting response
elements. HIF-1 regulate genes corresponding to some of the major functions such as
inflammation, apoptosis, differentiation, glucose utilization, angiogenesis, adipogenesis and
matrix remodeling [55]. In adipose tissue, HIF-1 expression is directly proportional to adiposity,
with increased HIF-1 level observed in obese mice [56]. The increase in HIF-1 transcription
factor during hypoxia upregulates the expression of leptin, VEGF, macrophage migration
inhibitory factor (MIF), IL-6 and downregulates haptoglobin, adiponectin in human adipocytes
[54]. High fat diet with over expression of HIF-1 modulates increase in obesity, accompanying

with larger adipocytes [57]. The adipose tissue hypoxia not only explains the origin of
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inflammation in adipose tissue but it also provide the mechanism for pathological responses in
the adipose tissue, such as ER stress [51, 58], oxidative stress [59], adipocyte death [60],

adiponectin reduction [53, 61] and leptin induction [62].
1.4.2 AT stresses:

Due to uncontrolled AT expansion, ectopic fat accumulation and hypertrophied
adipocytes, the AT experiences several forms of stresses. Adipocytes and other AT cells respond
to these stresses by the activation of stress sensing pathways, which leads to cellular malfunction
and contribute to the metabolic co-morbidities associated with obesity. These stress-responsive
signaling pathways include kinases dedicated to transmitting stress response, like the “stress-
activated protein kinases” p38MAPK and Jun N-terminal kinase (JNK). Except ERK and
inhibitory-kB, p38MAPK and JNK are highly expressed and further more highly phosphorylated
in omental compared to subcutaneous AT in obesity and omental fat from lean controls [63].
Increase in immune cell infiltration is also associated with increase in adipose tissue expansion
and stresses. Other than adipocytes, infiltrated macrophages mediating stress link between
adipose tissue and the risk of obesity induced complications [43]. In addition, systemic oxidative
stress causes the imbalance between oxidant generation and antioxidant defense mechanisms,

characterize the expanding adipose tissues in obese condition [64].
1.4.2.1 Endoplasmic reticulum (ER) stress:

Endoplasmic reticulum is a critical organelle which plays a crucial role in production and
post translational modification of secretary and membranous proteins. With the assistance from
molecular chaperones it folds the protein in proper conformation by making disulphide bonds,
glycosylation and ships it to the final cellular destination. The ER maintains the cellular
homeostasis and serves as the checkpoint for protein quality control. Any mistakes due to
misfolding or unfolded proteins are screened out and end up in specialized ER associated
degradation (ERAD) machinery and rapidly degraded by ubiquitin pathways. ER also hosts the
production of neutral lipids and phospho-lipids. It also actively regulates lipid storage, including
modulation of fatty acid uptake, storage of fatty acids as triglycerides and bundling of

triglycerides into lipid droplets to serve as energy stores or for phospholipid synthesis.
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ER experiences stress due to increase in load to its protein machinery during adipocytes
hypertrophy and lipolysis. To deal with ER stress, cells activate the specialized stress sensors,
PKR like ER kinase (PERK), activating transcription factor — 6 (ATF-6) and Inositol requiring
ER-to-nucleus signal kinase-1a (IRE-1a) and their signaling pathways, collectively referred to as
the unfolded protein response (UPR), which slows protein synthesis and promotes unfolded or
misfolded protein degradation [65, 66]. In addition, the UPR also upregulates the transcription of
genes encoding ER chaperones and folding catalysts to increase protein folding activity and
promotes antioxidant responses to maintain tissue homeostasis. A short UPR activity reduces the
ER stress and results in cell survival while prolonged UPR activities provoke complex responses
by tumor necrosis factor receptor-associated factor 2 (TRAF-2) [67, 68]. TRAF-2 increases ER
stress (promoting a reversal of translational attenuation) and activates inflammation (c-Jun N-
terminal kinase, activator protein 1 (JNK-AP-1) [69], inhibitor kB kinase beta-nuclear factor kB
(IKKB-NFkB) and apoptotic signaling pathways [65].

ER stress is evidenced in obese adipose tissue and also it has been characterized by the
increased presence of hypertrophic ER stressed adipocytes [70]. Adipocytes in response to ER
stress activates inflammatory and apoptotic pathways resulting in insulin resistance (IR) in
adipose tissue. In vitro, induction of the UPR in various cell types has been reported to
cause increased expression of inflammatory genes, including IL-8, IL-6, MCP-1, and
TNF-a [71]. Interestingly, several studies have demonstrated that free fatty acids have the
potential to induce ER stress in various cells, including adipocytes in AT depots [72].
Adipocytes, probably through ER stress induced MCP-1 secretion which initiates the progression
of macrophage infiltration into the adipose depots and thus initiating a cascade of chronic low

grade inflammatory events.
1.4.2.2 Mitochondrial and oxidative stress

In state of obesity, cellular accumulation by excess triglycerides impairs cellular function
and develops oxidative stress through increased ceramide formation which induces
mitochondrial dysfunction and excess ROS formation and release [73]. Oxidative stress is
defined as imbalance in levels of reactive oxygen species (ROS) vs the reducing substances that
protect against damaging free radicals and peroxides. Mitochondria are double membrane cell

organelles specialized in energy yielding macronutrients into ATP via oxidative phosphorylation.
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Dysfunctional mitochondria leads to glucose and lipid handling disorders, pathological
triglycerides accumulation (steatosis) ending up with lipotoxicity [74]. During excess caloric
uptake, increased lipid uptake into the adipocyte produces increase in mitochondrial substrate

load, subsequent increase in electron transport chain (ETC) activity and adverse ROS production.

ROS are generated during glucose or free fatty acids oxidation by mitochondria and from
other metabolic process in the cell. This oxidative stress damages cellular structures and triggers
an inflammatory response [75, 76]. Under hyperglycemic conditions, FFA or TNFa treatment
has been reported to stimulate mitochondrial dysfunction, ROS accumulations [77] and enhanced
proinflammatory cytokine secretion [78] and decreased insulin sensitivity in 3T3-L1 adipocytes
[79, 80]. The inflammatory cytokines in turn induce and worsen the oxidative stress and more
ROS release. The increase in ROS directly inhibits oxygen consumption in adipocytes and this
result in enhanced lipid accumulation [81]. This develops a state of oxidative stress which further
leads to down regulation of PPARy which impairs adipocyte differentiation and adiponectin
secretion [82]. The oxidative stress is associated with adiposity, insulin resistance and metabolic
syndrome [82, 83] and further suggested that it could be an early event in the pathology of these

chronic diseases.
1.4.3 Autophagy

As autophagy is the cellular protective mechanism against various stresses and metabolic
dysfunctions, it has been implicated in the pathophysiology of obesity and its related metabolic
co-morbidities [40]. Knockdown studies of autophagy related gene ATG7 revealed that
autophagy contributes to the regulation of fat mass and the balance between white and brown
adipocytes [84]. Autophagy is a part of adipogenesis process, where excessive mitochondria and
other cytoplasmic organelles are engulfed in to auto-phagosomes for adipocytes remodeling [85,
86]. Further to that, ATG7 knockout mice are found to be lean and insulin-sensitive, have
enhanced metabolic rate and they are found to be resistant to the development of obesity [87].
Moreover increased expression of autophagy genes directly correlates with the degree of obesity,
visceral fat distribution and adipocyte hypertrophy [40]. Taken together autophagy activation
plays major part in AT expansion by both involving in adipogenesis and also protects the tissue

from stress and inflammation as the last attempt from cell death.
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1.4.4 Chronic inflammation

Excess fat accumulation than the physical need, impairs adipose tissue expansion and
develops hypertrophy and hypoxia due to decrease in vascularization. The impairment of
adipogenesis and angiogenesis along with adipocyte hypertrophy triggers vicious cycle of
inflammation in subcutaneous adipose tissue and subsequent ectopic fat deposition. Hypertrophy
reduces adipocytes life time due to excessive storage of lipids, leading to necrosis releasing all its
cellular contents including huge amount of free fatty acids. This abnormal rupture of adipocytes
is found to be more rapid in case of obesity, suggests to initiates the low grade inflammation
process in adipose tissue. This metabolic dysfunction mediated inflammation in adipose tissues
is perfectly orchestrated by mature adipocytes and stromal vascular cells including infiltrated

macrophages.

The hypoxia along with ER stress upregulates both the expression and secretion of
proinflammatory adipokines such as TNF, IL-6, MCP-1, VEGF, PAI-1, Angpt14 and decreases
adiponectin [53, 88, 89]. Decrease in adiponectin develops pro-inflammation and pro-angiogenic
response leading to destruction of insulin sensitivity. Additionally, macrophages are recruited to
adipose tissue stress to investigate the dying adipocytes which results in the increase in

inflammation.
1.4.4.1 Macrophage infiltration and polarization:

Improper adipocyte cell death with all its cellular components outside especially FFA
drives macrophages to infiltrate the adipose tissue. These macrophages believed to scavenge all
the free lipids and cellular components from dead adipocytes resulting in the formation of
multinucleated “crown like structures”. This macrophage structural formation leading to chronic
inflammation remains as the hallmark for obese adipose tissue. Macrophages infiltrate the
adipose tissue by two possible mechanisms 1) macrophages can differentiate from bone-marrow-
derived monocytes that reach the adipose tissue by diapedesis from the systemic circulation, 2)
Macrophages can trans-differentiate from local adipose tissue preadipocytes and mesenchymal
stem cells. The wide variety of chemoattractants such as CCL2, CCLS5, macrophage inhibitory

factor (MIF), macrophage inflammatory protein (MIP)-1a and macrophage colony-stimulating
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factor (M-CSF) secreted from adipose tissue drives monocytes from the circulation into fat stores

and contributes for macrophage differentiation [90-95].
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Figure 9: Adipose tissue under inflammation, dying adipocytes and infiltrating

macrophages forming “crown like structures” [15].

More than 30% of adipose tissue genes encode similar to macrophages, giving an
impression that preadipocytes and adipocytes could mimic as macrophages to induce the innate
immune response [92, 96-98]. Interestingly, adipocytes and macrophages share macrophage -
specific antigens and peroxisome proliferator - activated receptor (PPAR vy) which controls the
differentiation and function of both adipocytes and macrophages [99]. Therefore, it has been
suggested that adipocytes and macrophages might be closely related and possibly inter
convertible [96, 100]. Evidences demonstrated the trans-differentiation of preadipocytes into
macrophages and acquired phagocytic activity [101]. The increase in HIF-1 during obesity
inhibits PPAR y and PPAR & which is an important differentiation factor for M2 polarization and
for adipocyte differentiation. Interestingly in obese AT, expression of CD14, the cell marker for
monocytes and macrophages observed in stromal vascular fraction evidence the presence of
these kinds of cells in adipose tissue. Surprisingly the CD14 expression is also found in murine

and human adipocytes, further enhance the role of adipocytes in innate immune response [98].
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1.4.4.2 Paracrine crosstalk between macrophages and adipocytes

WAT is also composed of immune cells such as macrophages, lymphocytes (natural
killer, T helper, T regulatory and B lymphocytes) and mast cells [15]. Alternatively activated
(M2) macrophages predominate in WAT of lean subjects, whereas in obesity, the adipose tissue
becomes markedly infiltrated by macrophages polarized towards the classically activated, pro-
inflammatory M1 phenotype [23, 102]. These immune cells participate in paracrine cross talks

with adipocytes and regulated the innate and adaptive immunity in adipose tissue [23].
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Figure 10: The paracrine crosstalk between adipose tissue macrophages and adipocytes [103].

The scavenging M1 macrophages undergo inflammation due to dying adipocytes,
secreting inflammatory cytokines which induce more lipolysis. Paracrine crosstalk between
adipocytes and infiltrated macrophages plays an important role in chronic inflammation process.
Inflammatory cytokines released from macrophages acts in a paracrine manner by inducing
inflammation in preadipocytes and adipocytes resulting in more proinflammatory cytokines
secretion. Macrophages derived TNF alpha acts via TNF receptor in hypertrophied adipocyte
inducing inflammation and lipolysis, resulting in cytokines and fatty acids release via NFkB
dependent and independent mechanisms. It also further inhibits the preadipocyte differentiation
by selectively activating TNF receptor 1 [104]. Among free fatty acids, especially saturated fatty

acids are found to induce inflammation alone or in partner with other molecules in macrophages
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[105, 106]. This paracrine mediated inflammation between adipocytes and macrophages are
suspected to be mediated via, Toll like receptors (TLR) due to its active participation in
inflammation and abundant expression in both adipocytes and macrophages [107]. This crosstalk
between adipocytes and macrophages emphasize the role of adipocyte-derived saturated fatty
acids as naturally avialable endogenous TLR4 ligands. In a clinical context, both the local release
of fatty acids by adipocytes and the systemic increase in free fatty acids after a meal could
activate TLR4 and subsequent signaling cascade. This mechanism provides a good explanation

of why obesity has been defined as a chronic and low grade state of inflammation [108, 109].
1.5 Metabolic diseases
1.5.1 Insulin resistance and Type I diabetes

The low grade inflammation with varied adipokines secretion and fatty acids release
disrupts insulin signaling, ending up with development of insulin resistance. As insulin is the
main regulator for hormone sensitive lipase (HSL), the rate controlling enzyme for triglycerides
hydrolysis, the inhibitory effect of FFA on insulin leads to enhanced lipolysis in adipocytes
[110]. FFA and proinflammatory cytokines especially TNF during adipocyte lipolysis induce
serine phosphorylation of insulin receptor substrate — 1 (IRS1) and insulin receptor substrate — 2
(IRS2), which reduce the capacity of insulin receptor substrate protein to be tyrosine
phosphorylated and attenuates the insulin signaling cascade [111-113]. In parallel TNF also
contributes to the insulin resistance by inhibiting the expression of genes such as CEBP, PPAR,
glucose transporter type 4, insulin receptor substrate 1 and adiponectin, which are essential for

insulin signaling and glucose uptake [32, 113, 114].

Higher concentrations of circulating free fatty acids and triglycerides are associated with
lipid accumulation in multiple tissues, including liver, skeletal muscle, heart, and pancreatic 3-
cells. In skeletal muscle, accumulation of intracellular free fatty acids reduces insulin receptor
substrates, with resulting skeletal muscle insulin resistance [112]. These processes lead to a cycle
of increasing dysfunction: higher circulating free fatty acids induce intracellular lipid
accumulation and lead to peripheral insulin resistance, resulting in increased insulin secretion
[115], whereas peripheral insulin resistance results in attenuated lipolysis of circulating

chylomicrons and triglycerides [116]. FFA and long chain fatty acyl CoA open potassium

24



channels in the B-cells of pancreas disrupts the insulin secretion and this dysfunction is the most
important risk factor for type II diabetes [117, 118]. It also reduces the ATP production
necessary for insulin secretion by enhancing the expression of uncoupling protein 2 (UCP-2)
[119]. In addition, FFA induce beta cell apoptosis via ER stress [118, 120] and by inhibiting the

expression of Bcl-2, an anti-apoptotic factor [120].
1.5.2 Vascular diseases:

Release of FFA and proinflammatory cytokines from expanded adipose tissue mediates
systemic inflammation and plays an important role in the development of vascular associated
diseases such as hypertension, atherosclerosis, endothelial and myocardial dysfunction [121].
The circulatory FFA and adipokines such as IL-6, TNF-a, VEGF, angiotensinogen and PAI-

I increases endothelial inflammation and release of adhesion molecules, facilitating platelets
aggregation, stimulating pro-thrombic state and endothelial dysfunction [122] The low plasma
level of adiponectin marked the adipocyte dysfunctions leading to the development of vascular
diseases [123]. The increase in adipokine secretion during AT expansion elevates CRP levels in
endothelial cells and causes dysfunction in the form of inappropriate vascular constriction /
relaxation. CRP has been shown to cause induction of endothelial adhesion proteins [CAM-1,
VCAM-1, E-selectin, P-selectin and angiotensin type 1 receptor [124]. In addition CRP amplifies
vascular inflammation by the activation of endothelial NF-xB and induction of IL-1p, PAI-1, IL-
6, TNF-a and MCP-1 [125].

1.5.3 Cancer:

Being overweight or obese increases the risk of developing different types of cancer such
as colon [126], kidney, prostate, breast [127-129], endometrial [130] and in addition, obesity is
associated with increased risk of death [126, 131]. The increase in proinflammatory cytokines
and leptin produced by obese adipose tissue activates multiple cancer-related signaling pathways,
including phosphoinositide 3-kinase/protein kinase B (PI3K/AKT), mitogen-activated protein
kinase (MAPK), signal transducer and activator of transcription 3 (STAT3), and mammalian
target of rapamycin (mTOR) [132-134]. The paracrine activation of cytokines pathways
promotes tumor cell proliferation [135, 136]. In breast cancer, the crown-like structures of

necrotic adipocytes surrounded by macrophages were increased in the mammary gland with high
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levels of proinflammatory mediators and NFkB activation [137]. Cytokines upregulated during
obesity also promotes self-renewal, survival and proliferation and differentiation of cancer stem

cells (CSC) [138].
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2. TLR regulates inflammation

27



Toll like receptor (TLR) named after “Toll”, a homologous protein found from
Drosophila melanogaster which regulates anti-fungal immunity in the fly [139]. It was later
realized that toll activates a transcription factor called dorsal, which is a homologue of NFkB
known for its inflammatory signal activation. The first TLR was reported by Normura et al in
1994 [140] and four more in 1998 [141]. Among that TLR4 is found to recognize bacterial
component answers the innate immune response to protect against bacteria leading to sepsis.
Later TLR1, 2, 4, 5 and 6 was identified to recognize various bacterial, fungal and mycobacterial

products while viral nucleic acids are found to be recognized by TLR 3, 7, 8 and 9.

TLRs are type I integral membrane glycoproteins belonging to the same superfamily as
IL-1 receptor. TLR and IL-1 receptor have a conserved region of ~200 amino acids in their
cytoplasmic tails, which is known as the Toll/IL-1R (TIR) domain. They differs from each other
through its distinct leucine rich repeats motifs (LRR) in the extracellular region. The subcellular
localization of different TLRs correlates to some extent with the molecular patterns of their
ligands. TLRs belong to pattern recognition receptors (PPR’s), able to recognize multiple
pathogens associated molecular patterns (PAMP’s) such as bacterial cell wall fragments. TLR
activation allows the host cell to distinguish self-molecules from pathogen-associated non-self
structures or endogenous danger signals before initiating a defensive immune response. TLRs
detect various PAMP’s, including LPS (TLR-4), bacterial lipoproteins and lipoteichoic acid
(TLR-2), flagellin (TLR-5), unmethylated CpG DNA of bacteria and viruses (TLR-9), double-
stranded RNA (TLR-3), and single-stranded viral RNA (TLR-7). TLR1, TLR2 and TLR4 are
located on the cell surface and are recruited to phagosomes after activation by their respective
ligands. By contrast, TLR3, TLR7-9, all of which are involved in the recognition of nucleic-acid-
like structures is not expressed on the cell surface. Instead like TLRY, they are expressed in
endoplasmic reticulum and when get activated, gets recruited to endosomal/lysosomal

compartments.

After ligand binding, the TLR/IL-1R dimerize and undergo conformational change to
facilitate the recruitment of downstream signaling adaptor molecules. The adaptor molecules are
myeloid differentiation primary-response protein 88 (MyD88), IL-1R-associated kinases
(IRAKSs), transforming growth factor-f§ (TGF-p)-activated kinase (TAK1), TAK1-binding
protein 1 (TAB1), TAB2 and tumour-necrosis factor (TNF) - receptor-associated factor 6

28



(TRAF6). The TLR activation leads to sequence of intracellular signals with the help of above
mentioned adaptor molecules and ends up with NFkB activation and nuclear translocation [142]
Finally NFkB activation induces the gene upregulation and secretion of pro-inflammatory
cytokine such as IL-6, TNF and MCP-1. TLR signalling also ends up with MAPK pathway
through TAK1activation, including JUN N-terminal kinase, JNK.
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Figure 11: Toll like receptors, ligands and their signaling pathways. (www.qiagen.com)
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2.1 Adipocytes TLR expression and inflammation

TLR4 and TLR2 knockout mice models under HFD results in less fat pad and showed no
inflammation in the adipose tissue [143, 144]. Furthermore, both TLR2 and TLR4 expression are
increased in adipose tissue in association with obesity and noninsulin dependent diabetes
mellitus. Recent studies indicate that C3H/HelJ mice, which have a loss-of-function mutation in
TLR4, are protected against the development of diet-induced obesity (DIO), insulin resistance
and there is also an attenuation of obesity induced inflammation [145]. TLR-4 deficient
C57BL/10ScN mice fed with diet based on saturated fats were protected against DIO [143]. All
these experimental evidences strongly indicate that TLR-2 and TLR-4 play an important role in

inducing inflammation, leading to insulin resistance and cardiovascular disease.

The image of adipose tissue as a fat storage organ has changed long back after its ability
to secrete cytokines which induce inflammatory innate immune response, classifying as an
endocrine organ. TNFa is the first proinflammatory cytokine found to be released from mouse
adipocytes [32]. Its varied expression between fat and lean mice adipose tissue marked the
importance of its role in adipose tissue inflammation and insulin resistance. Adipocytes are the
descendants of pluripotent mesenchymal stem cells which are found to express TLR1 to 6 and
TLR9 similar to monocytes and macrophages [146]. Preadipocytes and mature adipocytes from
mice are found to express wide variety of TLRs (TLR 1 to 9), when activated results in the
production of IL-6 [147, 148]. Moreover ob/ob mice (leptin deficient obese mice) and db/db
mice (mice lacking the long and functional isoform of the leptin receptor) show the broadest
mRNA expression profile of TLRs in preadipocytes and mature adipocytes [147]. The
proinflammatory response is more rapid in preadipocytes compared to adipocytes when induced
with LPS [149]. Inflammation is also found to impair the adipocytes differentiation resulting in
more preadipocyte accumulation [ 149, 150]. The TLR expression varies during adipocyte
differentiation, more expression of TLR2 at early stages and TLR9 at later stages of the
differentiation process [151]. Increase in TLR2 expression is observed in murine adipocytes
when stimulated with LPS, yeast cell wall zymosan or TNF [152]. TLR2 production is also
found to be induced in murine adipose tissue by a high-fat diet and directly by fatty acids in

murine 3T3-L1 adipocytes [153].
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TLR4 and TLR2 expression in human mature adipocytes was first reported by our team
in 2006 and its expression levels are comparatively higher than monocytes [154]. In that study,
TLR4 and TLR2 functionality was tested by inducing with its respective ligands LPS and
Pam3Cys, which results in the up regulation of TNF at both gene and protein level. Also the
significance of these receptors during inflammation is tested by blocking them specifically by
neutralizing antibodies that result in low inflammation. Further we identified that soluble CD14
and LBP were provided from the fetal bovine serum which is necessary for the ligand binding to
TLR4 and TLR2. LPS and Pam3Cys also induced the expression of both TLR4 and TLR2
through NFkB activation in human adipocytes which further supports our study [155]. Also
important clinical studies performed on humans for the first time reveals that, the injection of

LPS induced both systemic and adipose tissue levels of TNF and IL-6 [156].

Later broad TLR expression profile from human subcutaneous abdominal adipocytes
reveals TLR expression analysis, SVCs and mature adipocytes of human subcutaneous and
visceral adipose tissue express only TLR1 to TLR4 and TLR6, whereas the total human adipose
tissue expresses all TLR family members (TLR1 to TLR10) [157]. It has been suggested that the
expression of TLRS and TLR7 to TLR10 in total adipose tissue is caused by nonadipocyte cells
(stromal cells, endothelial cells, immigrated monocytes). TLR4 is highly expressed in adipose
tissue in comparison with other available receptors and its increase in expression correlates with
inflammation and the onset of obesity. Later my team has identified that LPS induced TNF alpha
production in human adipocytes is dependent upon NFkB and p38 MAPK pathways [158].
Stimulation of TLRs initiates intracellular signaling cascades resulting in downstream NF-kB
and mitogen-activated protein kinase activation and production of proinflammatory cytokines
and chemokines associated with metabolic dysfunctions. All these data shows the functional
existence of TLR pathway in adipocytes which is involved in the innate immune response and

adipocytes functions.

31



2.2 Adipose tissue inflammation, what pays the toll??? As most of the metabolic
dysfunctions in adipose tissue and its cells are passing through toll, mainly TLR4, the hunt for
physiological trigger or stimuli that activate TLR4 is not deciphered completely. However few
possible mediators like PAMPs and DAMPs are suggested from the recent studies are discussed

below.

."ll

Figure 12: Possible TLR4 ligands for adipose tissue inflammation.
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2.2.1 Bacterial LPS — a possible trigger

Lipopolysaccharide (LPS), from the outer cell membrane of gram negative bacteria is a
well known characterized PAMPs and TLR4 ligand stimulating the innate immune response.
LPS is been used to stimulate an inflammatory response, as a positive control, in many in vitro
experiments. It is also well documented that endotoxin stimulates the innate immunity pathway
through the activation of TLRs via several proteins, including the LPS binding protein (LBP),
CD14 and myeloid differential protein 2 (MD?2). This TLR mediated signaling further leads to
intracellular activation of NFkB, proinflammatory genes expression and secretion. The
mammalian intestine is crawling with trillion of microorganisms collectively called gut flora.
Among that, the bacteria’s are the most abundant one evolved within the host in a symbiotic
relationship. Recently many studies considered how the gut-derived endotoxin affects metabolic
function leading to systemic inflammation. Also bacterial LPS activation of TLR4 in human and
mouse adipocytes results in the upregulation of TLR2, which corresponds with high fat diet
induced TLR2 expression in adipocytes [159].

Gut microbiota — the source of LPS

The gastrointestinal tract is the potential source of inflammation associated with altered
gut microbiota during obesity. There is an increase in plasma concentration of LPS during a fat-
enriched diet defined as metabolic endotoxemia [160, 161]. The enteric bacteria’s are found to
participate in diet induced obesity as the germ free mouse remains lean even though when fed
with high fat diet and do not become insulin resistant compared to the normal mice [162]. Gut
bacteria metabolize indigestible polysaccharides to generate short-chain fatty acids and
monosaccharides and promote their absorption and storage as fat. In addition, gut bacteria
increase vascularization and blood flow within the mucosa, facilitating nutrient absorption. Gut
bacteria also suppress the expression and release of fasting induced adipose factor (Fiaf) from
small intestine, resulting in increased activity of lipoprotein lipase (LPL) in adipocytes and
enhanced storage of liver-derived triglycerides [163]. Endotoxin is known to have a strong
affinity for chylomicrons (lipoproteins that transport dietary lipids including long chain SFAs
through the gut wall) and, as such, can cross the gastrointestinal mucosa coupled to damaging
lipoproteins [164, 165]. Once in the circulation, endotoxin has been shown to mediate metabolic

dysfunction in several tissues including adipose tissue, liver and muscle [166, 167].
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Diet modulates the population of bacterial colonies in the intestine from gram negative
(Bacteroidetes) to gram positive (Firmicutes) ratio increases during HFD [168]. HFD in
association with commensal gut microbiota promotes intestinal inflammation in multiple cell
types. HF diet increases the proportion of lipopolysaccharide (LPS) containing gut bacteria and
increases intestinal permeability leading to elevated circulating LPS concentrations [169]. In
normal circumstances, only small amounts of endotoxin cross from the intestinal lumen into the
systemic circulation. Usually, the absorbed endotoxin will be rapidly removed by monocytes,
particularly resident Kupffer cells within the liver. However during obese condition due to
ectopic fat deposition, resulting in fatty liver has diminished its capacity to remove the
endotoxin, which can directly aggravate liver disease exacerbated by weight gain. Intestinal
inflammation results in proinflammatory molecules released by these cells are ideally placed to
enter the hepatic circulation and develop impact on development of systemic inflammation.
Onset of intestinal inflammation precedes diet-induced increases in body weight, fat mass,

insulin resistance and increased TNF-a expression and secretion [170].
2.2.2 Hsp60 - the mediator of adipose tissue inflammation

Heat shock protein (Hsp60) is a mitochondrial chaperonin protein responsible for
transportation and refolding of proteins from cytoplasm into the mitochondrial matrix. Recently
it has been evidenced that Hsp60 acts as a danger signal and also plays a role in innate immune
response [171, 172]. Hsp60 is confirmed to be released during stress and inflammation in
different cells [173]. It also has the capability to activate inflammatory response in monocytes,
macrophages, T cells, B cells and dendritic cells, resulting in the secretion of various
proinflammatory cytokines [174-177]. Hsp60 activation of TLRs varies from cell to cell and
induces specific immune responses. It activates macrophages and B- cells inflammation and

immune response via TLR4-MyD88 [177, 178], T-cells via TLR2 [174].

Hsp60 is secreted in the adipose tissue and more specifically by adipocytes, further
categorized Hsp60 as an adipokine [179]. Hsp60 has been shown to induce inflammation for the
first time in obese mouse adipocytes and 3T3-L1 resulting in the release of IL-6, CXCL-1 and
MCP-1 [180]. Later human preadipocytes and adipocytes are identified to release Hsp60 in
response to LPS, TNF and IL-1 beta mediated inflammation but not IFNy [179]. This gives a

clue, how macrophages exhibit paracrine effect with adipocytes leading to chronic low grade
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inflammation. Hsp60 is found to be higher in obese human with or without diabetes compared
with lean persons suggesting adipose tissue participation in the circulating level of Hsp60 [179].
It is also defined that the activation of TLR4 but not TLR2 induces the release of Hsp60 from
adipocytes. However the TLR responsible for Hsp60 mediated autocrine effects on adipocytes

inflammation is not yet characterized.
2.2.3 Free fatty acids

Free fatty acids (FFA) are released during lipolysis from adipocytes, where intracellular
triglycerides are broken down to FFA and glycerol. These FFA enters the blood circulation and
transported to liver (triglyceride synthesis) and skeletal muscle (energy production) in normal
condition. During fasting, exercise and aggression, increased lipolysis supplies FFA as a source
of energy for brain, liver, heart and skeletal tissues. This organized regular mechanism of
lipolysis exceeds the limit during obesity, resulting in chronic release of FFA in the blood
circulation. This increase in FFA flux induces and aggravates liver and skeletal muscle insulin
resistance. Visceral adipose tissues are considered as the major source of FFA due to higher
lipolysis as the consequence of increased fat accumulation. Among FFA, saturated fatty acids
(SFA) secreted by hypertrophied adipocytes are identified to induce inflammation in
macrophages with TNF secretion. These TNF acts in a paracrine manner on adipocytes through
TNF receptor and undergoes inflammation which induces further lipolysis. Among FFA, the
poly unsaturated fatty acid (PUFA) is found to protect against inflammation process and inhibits

the insulin resistance.

TLR mediated inflammation leading to insulin resistance has been confirmed in various
cells through different studies. As both adipocytes and macrophages are found to express active
TLR4 and TLR2, FFA are doubted to act via these receptors. In macrophages and adipocytes cell
lines, SFA such as palmitic acid (PA) and lauric acid (LA) are shown to induce NFkB mediated
secretion of proinflammatory cytokines [105, 181]. Especially these SFA induced inflammation
has been suggested to act via TLR4 in adipose tissue and adipocytes. In contrary, Erridge and
Samani has described that SFA mediated TLR4 activation and inflammation is due to the
endotoxin contaminants present in the BSA which is used to conjugate the FFA [182]. In their

studies through different cell models including adipocytes, endotoxin free BSA alone or
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conjugated with SFA are not able to induce inflammation. Moreover they have detected the

presence of LPS contaminants in various BSA which was used in previous studies.

Their results challenged the whole idea and belief of SFA mediating inflammation
through TLR4. This interests us to directly investigate the effects of SFA and PUFA on
inflammation process in primary culture of human adipose tissue and adipose cells. In the
following study we have described whether FFA is able to bind and activate TLR4 or TLR2 by

in vitro studies in human adipose tissue and mature adipocytes.
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Abstract

human adipose tisswe and adipocytes cultunes,

inflammation linked 1o obesity.
Keywords: FF& Human adipose tissee, Inflammation, TLR

Background: On the basis that high fat diet induces inflammation in adipose tissue, we wanted to test the effect
of dietary saturated and polysunsaturated fatty acids on human adipose tissue and adipocytes inflammation.
Mareover we wanted 1o determine if TLRZ and TLRS are invebved in this patbway.

Methods: Human adipase tissue and adipocytes primany cultures were treated with endotoxin-free BSA conjugated
with SFA (lauric acid and palmitic acid - LA and PA) and PUFA (eicosapentaeneic acid, docosahexaenoic acid and
oleic acid - EPA, DHA and OA) with or withaut LPS. Cytokines were then assayed by ELISA (THF=alpha, IL-6 and
BMCP-1). In order to deterrmine il TLR2Z and TLR4 are activated by fatty acid (FA), we used HEK-Blue cells transfected
by geres from TLRZ or TLRS pathways associated with secreted alkaline phosphatase reporter gene.

Results: Mone of the FA tested in HEE=Blue calls were able 1o activate TLRZ or TLR4, which is concordant with the

fact that after FA treatment, adipose tissue and adipocytes cytokines levels remain the sarme as controls. However,
all thie PLIFA tested: DHA, EPA and to a lesser extent OA down-regulated ThF-alpha, IL-6 and MCP=1 secretion in

Conclusions: This study first confirms that FA do nat activate TLRZ and TLA4. Moreaver by using endotaxin-free
BSA, both SFA and PUFA tested were not proinflammatory in human adipose tissee and adipacytes model More
interestingly we showed that sorme PUFA exert an anti-inflammatory action in human adipose tissue and
adipocytes model. These results are important since they dlarify the relationship between dietary fatty acids and

Background
Recent decades, overnutrition-related diseases are in-

creasing in developed countries due to inappropriate
diets. Indeed high fat diet regulates some metabolic dys-
functions which lead to low grade inflammation, long
before the onset of overweight and obesity [1]. Specific-
ally it has been shown that high fat diet leads to hyper-
trophy and inflammation in adipocytes [2.3], which
release proinflammatory cytokines and free farty acids
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vig lipolysis [4]. These circulating free fatty acids
released into plasma through lipoproteins, specifically
saturated fatty acids trigger inflammation within adipose
tissue [5] and set the platform for the emergence of car-
diovascular diseases such as atherosclerosis [6,7]. This
led researchers to study the inflammatory properties of
various fatty acids. It is thus well proved in numerous
cell types and animal models that polyunsaturated farty
arids (PUFA) exhibit protective effect on health by
diminishing the secretion of proinflammatory cytokines
[B-11] while on the other hand saturated fatty acids
(SFA) promote inflammation by increasing secretion of
proinflammatory cytokines [12-14].
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As adipose tissue is a major reservoir for fatty acids, it
is particularly interesting to know the exact effect of
fatty acids specifically on this particular tissue. Moreover
adipose tissue is highly involved in chronic low grade in-
flammation [15-17] by the recruitment of macrophages
and also by secreting proinflammatory cytokines such as
TNF-alpha, IL-6 and chemokines such as MCP-1 col-
lectively referred as adipokines [17]. For many years the
principal cells of this tissue, mature adipocytes, were
underestimated in their role in inflammation and the
work of our team has reinforced the idea that these cells
are largely responsible for low grade inflammation [18].
Indeed adipocytes are able to secrete various kinds of
cytokines long before the infiltration of macrophages
and some of these cytokines are secreted at higher levels
compared to macrophages. In addition it has been
proved that this inflammation is mediated in part by the
presence of TLR2 and TLR4 on adipocytes [18].

Confrontation of several studies leads to think that
SFA could induce inflammation through TLR2/4 by
leading to secretion of proinflammatory cytokines in a
dose-dependent manner in different cells such as
RAVW264.7 [5,19], THP-1 [6,20], dendritic cells [21] and
3T3-L1 adipocytes [12]. Although these studies do not
show a direct link between SFA and TLR2/4, it is quite
possible since the extracellular domain of TLRs includes
a leucine rich repeat (LRR) region which allows the asso-
ciation with hydrophobic ligands such as fatty acids, for
example [22]. However, these data are controversial
since Erridge and Sammani [23] have proved that this
fatty acids mediated inflammation is due to endotoxin
contaminants present in the BSA used to complex fatty
acids. This raises a question on all data concerning the
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signalling pathway of dietary fatty acids. Thus the pur-
pose of this study is to determine the inflammatory role
of dietary and endotoxin free PUFA and SFA on human
adipose tissue in primary culture. We determined
whether this effect is specifically mediated by mature
adipocytes isolated from this tissue and through this
study we aim to confirm the involvement of TLR2 and
TLR4 in this process.

Results

TLR2 and TLR4 activation by fatty acids

In order to determine if fatty acids can activate TLR and
also to test the possible presence of endotoxin in the
BSA or media used for the experiments, we tested
medium 199 with BSA on transfected HEK-293 cells
(Figure 1). We could not detect activation of TLR2 and
TLR4 on the HEK-2 (Figure 1A) and HEK-4 (Figure 1B)
cells which cleared any doubt about possible presence of
any endotoxin in the experimental set up. Based on this,
we checked if SFA such as palmitic acid (PA) and lauric
acid (LA) have the ability to activate TLR2 and TLR4.
Our results show that both PA and LA did not lead to
sAP activation which means that they do not activate
TLR4 nor TLR2. Next we tested PUFA such as DHA,
EPA and OA on both HEK-2 and HEK-4 to determine
whether they could activate TLR2 and TLR4. Interest-
ingly none of the fatty acids that we have used in our
experiments was able to activate neither TLR2 nor
TLR4. Treatment of HEK-2 and HEK-4 cells by
Pam3Cys and LPS, natural ligands for TLR2 and TLR4
respectively, led to sAP activation which further vali-
dates the model.
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Figure 1 TLR2 and TLR4 activation by fatty acids. HEK-Blue-2 (panel A) and HEK-Blue-4 cells (panel B) were treated with medium (control),
BSA (1.25 and 25 pM), PUFA : EPA, DHA and OA (5 and 10 pM), SFA : PA and LA (40 and 100 pM), for 16 and 20 hours respectively. LPS (10 ng/ml) and
Pam3Cys (10 ng/ml) were used as positive control for HEK-4 and HEK-2 cells respectively. Results have been normalized to control (1 unit). The graphs
show the mean + SD of the results of 2 experiments (n=12 for each condition).
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Proinflammatory effects of SFA and PUFA on human
adipose tissue and adipocytes

In order to check whether dietary free fatty acids (SFA
and PUFA) can promote inflammation on human adi-
pose tissue and mature adipocytes, cytokines such as IL-
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6, TNF-alpha and MCP-1 were measured from the
media after incubation with BSA conjugated fatty acids.
In Figure 2, we can see that levels of IL-6, TNF-alpha
and MCP-1 in media after incubation with PUFA and
SFA remained same as the negative controls (incubation
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Figure 2 (See legend on next page.)
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(See figure on previous page)

3 patients (n=6 for each condition, for each patient).

Figure 2 Proinflammatory effects of SFA and PUFA on human adipose tissue and adipocytes. A and B: IL-6 secretion in the medium of
adipose tissue (A) and adipocytes (B) culture after treatment with PUFA and SFA for 12 hours with LPS (1 pg/ml) as positive control. Results
were expressed in arbitrary units normalised to control (1 represents from 15 to 20 ng/ml IL6, depending on the patient). The graph shows the
mean # SD of the results from 4 patients (n=6 for each condition, for each patient). C and D: TNF-alpha secretion in the medium of adipose
tissue (C) and adipocytes (D) after treatment with PUFA and SFA for 6 hours, with LPS (1 pg/ml) as positive control. Results were expressed in
arbitrary units, normalised to control (1 represents from 0.02 to 0.05 ng/ml TNF-alpha, depending on the patient). The graph shows the mean +
SD of the results from 4 patients (n=6 for each condition, for each patient). E and F: MCP-1 secretion in the medium of adipose tissue (E) and
adipocytes (F) after treatment with PUFA and SFA for 12 hours, with LPS (1 pg/ml) as positive control. Results were expressed in arbitrary units,
normalised to control (1 represents from 10 to 15 ng/ml MCP-1, depending on the patient). The graph shows the mean + 5D of the results from

only with media or BSA). This shows that both PUFA
and SFA were not able to induce inflammation in adi-
pose tissue nor specifically in adipocytes. These results
are in accordance with the previous results from HEK-
Blue cells which further confirms no activation of TLR2
and TLR4.

Anti-inflammatory effects of PUFA on human adipose
tissue and adipocytes

It has been reported that PUFA such as DHA and EPA
showed anti-inflammatory effects on LPS induced 3T3-L1
adipocytes [24] and macrophages [8,11]. Then in order to
check the anti-inflammatory effect of PUFA, adipose tis-
sue and adipocytes were co-incubated with LPS and either
DHA, EPA or OA (Figure 3). Interestingly the co-
incubation with DHA or EPA led to down regulation of
LPS induced cytokine secretion in both adipose tissue and
mature adipocytes models. This down regulation was not
due to cell death (data not shown). EPA showed signifi-
cant anti-inflammatory effects by reducing 30% IL-6
(Figure 3A), 50% TNF-alpha (Figure 3C) and 45% MCP-1
(Figure 3E) secretion compared to LPS treatment in
adipose tissue while, in mature adipocytes, it reduced 40%
IL-6 (Figure 3B), 45% TNF-alpha (Figure 3D) and 55%
MCP-1 (Figure 3F) secretion. DHA treatment reduced
40% IL-6 (Figure 3A), 20% TNF-alpha (Figure 3C) and
30% MCP-1 (Figure 3E) secretion in adipose tissue and
45% IL-6 (Figure 3B), 15% TNE-alpha (Figure 3D)
and 45% MCP-1 (Figure 3F) secretion in mature adipo-
cytes. OA reduced IL-6 and MCP-1 secretion in a non-
significant way, in both adipose tissue and adipocytes
(Figure 3A/B/E/F) and no significant change was noticed
in case of TNF-alpha (Figure 3C/D).

Discussion

Controversial data are available regarding the proinflam-
matory and anti-inflammatory role of dietary free fatty
acids. It has been shown that mice fed with SFA rich diet
are prone to inflammation and promotes insulin resist-
ance and atherosclerosis. Also this SFA mediated inflam-
mation was attenuated in TLR4 and TLR2 knock out
studies [25-29] and this leads to the suggestion that SFA

promote inflammation via direct activation of TLR2 and
TLR4. Many research groups have claimed that PA and
LA directly stimulate TLR2/4 [30,31] and induce secre-
tion of proinflammatory cytokines in different cell
models such as macrophages, endothelial cells and adi-
pocytes. Recently Erridge and Samani [23] have shown
that SFA mediated TLR2/4 activation is mainly due to
the LPS and other lipopeptide contamination present in
the BSA used for experimental setup. This creates doubt
in the whole understanding of fatty acid mediated in-
flammation in different cell lines and animal models. In
our previous work, we have shown the presence of func-
tional TLR2/4 in adipocytes which were able to respond
to TLR2 and TLR4 ligands (LTA and LPS respectively)
by secreting TNF-alpha in a dose dependent manner
[18]. Therefore in this present study we aimed to analyze
the effect of fatty acids directly on the primary culture of
human adipose tissue and mature adipocytes.

From our work, we showed that none of the fatty acids
including saturated FA: PA and LA at the concentration
of 40 and 100 uM were able to induce inflammation on
primary culture of human adipose tissue and mature
adipocytes. This has been confirmed by analyzing the
three most important cytokines such as TNF-alpha, IL-6
and MCP-1 which are secreted by adipose tissue during
inflammation. Our results are in contradiction with
those from many studies regarding the inflammation
induced by PA and LA. The first reason could be the
concentrations of FFA used for the experiment. Indeed
in those previous studies, PA and LA concentrations
used were higher: in the range of 0.25-0.5 mM for
3T3-L1 adipocytes [12,32,33], myotubes [34], or CAEC's
[35] treatment. We used PA and LA at 100 puM, which is
in accordance with many recent studies [36]. However
in our study, even at high concentrations (more than
100 uM, data not shown) no inflaimmatory effect could
be observed on primary culture of mature adipocytes
and adipose tissue. The second reason and probably the
main reason for the inflammation induced by PA and
LA in the earlier studies is the LPS and other lipopeptide
contaminants present in the BSA used for fatty acid con-
jugation. Indeed Erridge and Samani [23] have previ-
ously shown that lipopeptide contaminants are present
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Figure 3 Anti-inflammatory effects of PUFA on human adipose tissue and adipocytes. Adipose tissue (A, C, E) and adipocytes (B, D, F)
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were treated with 1 pg/ml LPS with or without PUFA (EPA, DHA and OA) at the concentration of 5 and 10 uM. A and B: IL-6 secretion was measured
in media by ELISA after 12 hours treatment. Results were expressed in arbitrary units, normalised to LPS (1 represents from 03 to 0.5 pg/ml IL6 -
adipose tissue, and 0.05 to 0.1 pg/ml - adipocytes, depending on the patient). C and D: TNF-alpha secretion was measured in media by ELISA after

& hours treatment. Results were expressed in arbitrary units, normalised to LPS (1 represents from 3 to 5 ng/ml TNF-alpha - adipose tissue, and 05 to
1 ng/ml - adipocytes, depending on the patient). E and F: MCP-1 secretion was measured in media by ELISA after 12 hours treatment. Results were

expressed in arbitrary units, normalised to LPS (1 represents from 0.1 to 0.25 pg/ml MCP-1 - adipose tissue, and 0.08 to 0.14 pg/ml - adipocytes,
depending on the patient). The graphs show the mean +5D of the results from 8 patients (n=6 for each condition, for each patient).

in different BSA used for fatty acid conjugation. Also
they have demonstrated that SFA conjugated with BSA
(LPS and lipopeptide free) do not induce inflammation.
For this reason, we used fatty acid poor and endotoxin
free BSA all along the work. We confirmed the absence
of endotoxin in our media or BSA used by testing with

HEK-Blue cells on which TLR4 and TLR2 are activated
even with a low amount of LPS and Pam3Cys respect-
ively. Also we tested the BSA conjugated SFA and PUFA
on HEK-2 and HEK-4 and we found that none of the
fatty acids are able to activate HEK-4 or HEK-2 cells.
This proves that even if SFA are able to induce
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proinflammatory effects in some cell models, this is not
through TLR2 nor TLR4 activation. Qur results are simi-
lar to Erridge [23], who demonstrates that PA and LA
alone are not able to induce inflammation. Recently
Chang [13] has shown in RAW264.7 cells that pre-
treatment with PA but not LA increased the LPS
induced proinflammatory mediators such as TNF-alpha
and IL-6, while he could not detect any inflammatory ef-
fect of PA alone. This means that PA could act as an ad-
juvant to potentiate TLR4 activation by LPS. Personnal
data from Schwartz on the same model contradict this
idea, whereas they confirm Changs conclusion on
human monocytes (THP-1), which proves that species
and cell types have to be consider when we compare
data [36]. Recently a new circulating hepatic glycopro-
tein: fetuin-A, was correlated with obesity and associated
pathologies [37-39]. This protein was found to be a
required endogeneous TLR4 ligand and also crucial for
the interaction of FFA with TLR4, permiting FFA pro-
inflammatory effect through TLR4-pathway [40] which
further supports our results. Thus on the basis of our
results, we confirmed that no proinflammatory effect
was induced by free fatty acids alone especially SFA on
adipose tissue and mature adipocytes.

Moreover, we confirmed here that PUFA, like EPA,
DHA and OA have anti-inflammatory properties. Fur-
thermore EPA was found to have greater anti-
inflammatory effect compared to DHA in both adipose
tissue and mature adipocytes. OA was also found to
have some anti-inflammatory effect to some extent but
not comparable to EPA and DHA. These anti-
inflammatory effects are in accordance with the previous
studies on different cells such as RAW264.7 [13,41],
THP-1 [11], HIMEC [10] and animal models [42,43]. In
murine 3T3-L1 adipocytes it has been also shown that
EPA and DHA are able to reduce MCP-1 expression and
NFkB translocation [33]. Recently Oliver et al., [24] have
shown in 3T3-L1 adipocytes and in macrophages that
DHA has greater anti-inflammatory effect compared to
EPA by attenuating the LPS induced NFkB activation
and TNF-alpha secretion. This anti-inflammatory effect
could be due to the activation of an alternate pathway
through TLR4 [44] which is not NFkappaB-dependant
or by a modulation of the LPS/TLR4 binding [45],
through changes in lipid rafts for instance [46]. In our
study, we showed that down regulation of LPS-induced
cytokines secretion with DHA and EPA occurs in both
models: adipose tissue and mature adipocytes. From this,
we can hypothesize that mature adipocytes are more re-
sponsive to PUFA compared to other cells in the adipose
tissue. This can be explained by the fact that in adipose
tissue from normal BMI individuals, mature adipocytes
are highly involved in inflammation process, in terms of
high cytokine levels they are able to secrete and in terms
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of the number of these cells within the tissue [47]. How-
ever under inflammation (LPS-treatment) we can’t omit
that stromal vascular cells can also be involved in this
secretion by acting in a synergestic way with adipocytes.
Indeed stromal vascular cells from obese patients show
an up-regulation in inflammation-related genes [48].

Evidences suggest that these anti-inflammatory effects
by PUFA are due to the conversion of these fatty acids
into N-acyl ethanolamines (NAE), resolvins [22] and
eicosanoids [49]. Balvers et.al., [9] have shown in 3T3-L1
adipocytes that N-Acyl ethanolamine (NAE) such as
DHEA and EPEA can be synthesized directly from their
fatty acids precursors DHA and EPA respectively,
through the transfer of fatty acid from membrane bound
phospholipids to phosphatidylethnaolamine (PE) to form
N-acyl phosphatidylethanolamine (NAPE). Then NAPE
specific phospholipase D cleaves NAPE to their respect-
ive NAE [50]. Balvers et al., [9] have further shown that
these DHEA and EPEA act via PPAR-y and CB2 recep-
tors for their anti-inflammatory properties. However, our
team has previously shown that the anti-inflammatory
effect of palmitoylethanolamide, the NAE synthesized
from palmitic acid, is independent of CB1 and CB2
receptors on human mature adipocytes [49]. It is there-
fore difficult with current data, to accurately determine
the mechanisms involved in the anti-inflammatory
effects of these molecules.

Conclusions

The inflammatory role and pathway of fatty acids are
controversal for many years. Here we show that neither
SFA nor PUFA have a pro-inflammatory effect on
human adipose tissue and adipocytes as there are not
able to activate TLR2 and TLR4. Moreover we show that
PUFA have an anti-inflammatory effect, probably inde-
pendent of TLRs on adipose tissue and especially on ma-
ture adipocytes. Finally, these results confirm the
marked involvement of adipocytes in the relationship be-
tween dietary fatty acids and inflammation linked to
obesity.

Methods

Reagents

Lipopolysaccharides (LPS from E. coli 0111:B4 strain,
batch #LPE-32-02) was purchased from Sigma (Saint
Quentin Fallavier, France), Pam3Cys (Catalog # tlrl-pmc)
from InvivoGen, BSA (Fraction V, fatty acid poor and
endotoxin free) from Calbiochem, Cat # 126579. Doco-
sahexaenoic acid (DHA), eicosapentaeneic acid (EPA),
palmitic acid (PA), oleic acid (OA) and lauric acid (LA)
were purchased from Cayman chemicals and resus-
pended in DMSO and stored at -20°C for experiments.

42



Murumalla et al. Lipids in Health and Disease 2012, 11:175
http://www.lipidworld.com/content/11/1/175

TLR2 and TLR4 activation experiments

HEK-Blue™ LPS Detection Kit and PlasmoTest" were
purchased from Invivogen, France. HEK-Blue-2 and
HEK-Blue-4 cells are stably transfected with multiple
genes from the TLR2 and TLR4 pathways respectively,
and with a reporter gene (secreted alkaline phosphatase,
sAP) which monitors the TLR binding through NFkap-
paB activation. Cells were maintained and plated accord-
ing to manufacturers instructions. HEK-Blue-4 cells and
HEK-Blue-2 cells were then treated with various fatty
acids at different concentrations with or without 1X
Positive Control (stock 1000X, provided along with the
kit). HEK-Blue-2 and HEK-Blue-4 cells were incubated
for 16 and 20 hours respectively, followed by collection
of OD values at 640 nm.

Origin of human adipose tissue samples

Subcutaneous (abdominal, buttocks, hips and thighs) tis-
sue samples of human white fat were obtained from nor-
mal weight or slightly overweight human subjects
(exclusively females, mean body mass index = 23.3)
undergoing liposuction, performed under general anaes-
thesia, for cosmetic reasons (aged between 25 and
60 years, mean 39 years). Apart from oral contraception,
the subjects were not receiving treatment with pre-
scribed medication at the time of liposuction. A total of
8 samples were obtained and the study was approved by
the Ile de la Réunion ethics committee for the protection
of persons undergoing biomedical research.

Primary culture of human adipose tissue

The adipose tissue was rinsed thrice with Ringer-Lactate
buffer. 200 pl of tissue was distributed in 24-well tissue
culture plates with medium 199 supplemented with 1%
fatty acid free fetal bovine serum (FBS) (PAN Biotech,
France), amphotericin B, (5 mg/ml), streptomycin
(0.2 mg/ml) & penicillin (200 U/ml) (PAN Biotech,
France), 66 nM insulin (Umuline Rapide, Lilly, France),
2 g/L glucose, 8 pg/ml biotin and 4 pg/ml pantothenate.
Tissue was then maintained at 37°C in 5% CO, for a
period of 24 hours prior to the experiments.

Primary culture of human adipocytes

Cultures were carried out as previously described [50].
Briefly after washing, tissue samples obtained by liposuc-
tion were digested for 30 min at 37°C in Ringer-Lactate
buffer containing 1.5 mg/ml collagenase (NB5, SERVA,
Germany, PZ activity 0.175 U/mg). The floating cells
(mature adipocytes) were rinsed thrice in Ringer-Lactate.
Cells were plated in 24-well (30 000 cells) or 6-well (120
000 cells) tissue culture plates with 300 pl or 1 ml
medium 199 respectively. Cells were then maintained at
37°C in 5% CO, for a period of 24 hours prior to the
experiments.
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FA/BSA complex preparation and treatment

Cells and tissues were treated with complex of fatty acid
and BSA. To do this, PUFA were reconstituted in
DMSO directly and SFA were reconstituted in 0.1 N
NaOH/DMSO, heated to 70°C until it gets dissolved.
Reconstituted PUFA and SFA were then freshly conju-
gated to fatty acid free and endotoxin free BSA by incu-
bating 2 mM of each FA with 0.5 mM of BSA (4:1 molar
ratio) at 37 °C before experiments. Then they were dis-
solved directly into warmed culture medium with or
without LPS (1 pg/ml). SFA were used at 40 and
100 pM with 10 and 25 pM BSA respectively and PUFA
were used at 5 and 10 pM with 1.25 and 2.5 pM BSA re-
spectively. After 6 and 12 hours of treatment the
medium was collected and stored at -20 C for cytokine
analysis. Further to verify the above prepared SFA are
functional, adiponectin secretion and cholesterol assay
were performed (data not shown). PA was able to de-
crease adiponectin secretion while LA up-regulated this
secretion. Moreover both PA and LA induced choles-
terol uptake from media (data not shown), as it is known
for LPS treatment [51,52].

IL-6, TNF-alpha and MCP-1 analysis by ELISA

Following fatty acid treatment with and without LPS
stimulation for 6 and 12 hours, media were assayed for
IL-6, TNF-alpha and MCP-1 with Ready-SET-Go human
ELISA kits (eBioscience, Cliniscience, Montrouge,
France), according to manufacturer’s instructions. ELISA
sensitivity: 4 pg/ml for TNF-alpha, 2 pg/ml for IL-6 and
7 pg/ml for MCP-1.

Statistics

All values were measured as mean + S.D. Statistical ana-
lysis was performed using Graph pad PRISM 5 software.
Differences were tested for significance, treatments ver-
sus control cells, by the one-way ANOVA and Dunnett
post-test. P < 0.05 (*) or P < 0.01 (**) or P < 0.001 (***).
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From this work, we have experimentally described and concluded that FFA especially
SFA such as PA and LA are not able to induce inflammation in human mature adipocyte and
adipose tissue in an endotoxin free conditions. Physiological stimuli alternative of LPS and
Hsp60 that could induce inflammation in adipose tissue through TLR4 remains largely unknown.
Recently HMGBI, a nuclear protein is identified to be secreted as a cytokine and activates TLR4
mediated inflammation. HMGBI is found to be involved in various inflammatory diseases such
as theumatoid arthritis, cardiovascular disease, diabetes and atherosclerosis. Since adipose tissue
plays a major role in this onset of these diseases, we hypothesized whether adipose tissue and
derived cells under inflammation are able to express and secrete HMGBI as a cytokine.
Moreover we doubted whether HMGBI plays a possible active role in adipose tissue

inflammation and could function as a possible adipokine.
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3. HMGB1
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3.1 Introduction

High Mobility Group Box Protein 1 (HMGBI1) is initially identified as non-histone
chromosomal protein and then categorized as high mobility group protein (HMG-1) by Johns
et.al, in 1975 [183]. Later in 1991, HMGB1 was rediscovered as amphoterin, a membrane
bound protein from the advancing plasma membrane of neurites during embryonic brain
development [184]. For decades, researchers characterized HMGBI1 functionally as
chromatin binding protein involved in DNA replication and repair, transcriptional regulation,
protecting DNA integrity by DNA bending. In 1999, Tracey and his colleagues discovered
that HMGBI is secreted as a cytokine from macrophages when stimulated with LPS [185].
This discovery made researchers to study more on HMGBI in the field of immunology and
lead to an identification of many family members, later HMG-1characterized as HMGB1
[186]. HMGBI1 involvement in transcriptional regulation is reflected by the fact that HMGB1
knock-out mice are not able to survive for a couple of hours after birth due to hypoglycaemia

[187].

Proinflammatory cytokine
domam (89-108)
2 23 45 79 89 106 163 186 215
TLR4 —
binding site

Figure 13: Protein structure of HMGB1. HMGBI1 contains two DNA binding domains, A-box
and B-box and an acidic C-terminal tail. Nuclear localization signals (NLS1 and NLS2), cysteine

residues 23, 45 and 106 (yellow circles), other functionally important regions are noted in the

figure. Modified from [188].
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3.2 Structure of HMGB1

HMGBI is a highly conserved 25-kD protein with 99% homology in mammals. It is
comprised of two positively charged DNA binding homologous regions termed A and B box,
approximately 80 amino acids in length. It also has negatively charged C-terminal acidic tail
composed of 30 aspartic and glutamic acids. The A-box (1-88 amino acids) is anti-inflammatory
and acts as self-antagonist, while the B- box (89-185) is pro-inflammatory, containing TLR-4
and RAGE binding domain. There are also two nuclear-localization signals (NLS1 and NLS2)
present in both the A and B-box respectively, which signals the nuclear and cytoplasmic
translocations. There are also two nuclear emigration signals in the proximal part of A and B
boxes respectively, which can bind to the nuclear exportin, CRM1 and mediates cytoplasmic

translocation [189, 190].
3.3 Post translational modifications:

Based on the inducing stimulus, the physical and chemical form of HMGBI1 varies and
undergoes extensive post-translational modifications such as glycosylation, acetylation,
phosphorylation, methylation, redox changes of cysteine residues, which influence the receptor
binding and downstream signaling events. Acetylation or phosphorylation of NLS regions
signals HMGBI to shift from nucleus and accumulate in the cytoplasm before subsequent
extracellular secretion. Recently more evidences are accumulating on redox modifications of
HMGBI, which determines the extracellular functionality. HMGB1 contains three cysteine
residues, A box (C23 and C45) and B box (C106). A disulfide bridge is also been identified
between C23 and C45 which plays a tremendous role in the cytokine function of the protein
[191, 192]. In addition, reduced cysteine residue at C106 position is necessary for HMGB1
binding to TLR4 receptor which leads to subsequent inflammatory cytokine induction [193].
Studies on oxidation status of HMGBI between viable and dead cells identifies that oxidized
form is found only in apoptotic cells but not in live cells [194]. Further studies evidenced that
oxidized form of HMGBI1 from apoptotic cells lose their immune-stimulatory functions [195].
This process involves the caspase dependent production of reactive oxygen species (ROS) which
in turn oxidize the HMGBI1. A mutation experiment reveals that cysteine at C106 position is the
critical residue when oxidized, lose its immune-stimulatory cytokine and chemokine properties

of the protein. Induction of apoptosis in mice leads to major release of C106 oxidized form of
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HMGBI. Further inhibition of caspase dependent oxidation of HMGBI1 leads to release of

reduced form of HMGBI1 and immune cells recruitment in mouse model of liver injury [196].
3.4 HMGBI location and functions:

HMGBI plays varied functions based on its location, context and different post-

translational modifications in individual cell types and during cell activation.
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Figure 14: HMGBI nuclear, intracellular and extracellular functions.
3.4.1 Nuclear HMGB1

HMGBI is an abundant non-histone chromosomal protein found in all nucleated cells
binding to minor groove of DNA without sequence specificity. Both Box A and Box B domains
contain three alpha-helices, named helix I, helix II and helix III and two loops, loop I and loop II
[197, 198]. Both the domains adopt a unique “L” shape structure binding to the minor groove of
the DNA. It also bends DNA duplex towards the major groove, which further confirms that
HMGBI can induce a significant change in DNA structures. This DNA bending capacity of
HMGBI allows it to participate in many biological processes [186, 199, 200] such as regulation
of chromatin structure [201], transcription [187], DNA damage, repair and recombination [199].
Recent studies identified that HMGBI1 is actively involved in modulating the efficiency of all
four major DNA repair pathways, i.e., nucleotide excision repair (NER) [202, 203], base
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excision repair (BER) [204], mismatch repair [205] and double strand break repair and
nonhomologous end-joining [206, 207]. Additionally, it also facilitates proteins such as p53,
homeobox proteins, NFkB and proteins involved in DNA recombination, repair and transcription
to interact with DNA. HMGBI is extremely mobile nuclear protein, which shuttles between
nucleus and cytoplasm in most cells. The import to the nucleus is an active process while the
cytoplasmic shift is via passive diffusion or by CRM-1 mediated transport. Moreover evidences
illustrate that HMGB1 proteins “roam” the nucleus, do not show marked residential status by
visiting each individual nucleosome every 2s on an average and they are described as “chromatin

chaperone” or lubricant of chromatin [208, 209].
3.4.2 Intra cellular HMGBI1

Intra-cellular HMGBI participates in autophagy, a lysosome-mediated catabolic process
contributing to the maintenance of intracellular homeostasis and cell survival. It is evident that
cytosolic reduced HMGBI activates autophagy by disrupting the Beclin-1 and Beclin-2 complex
formation, which is the crucial regulator between apoptosis and autophagy. The oxidation
sensitive C106 of HMGBI regulates nuclear-cytoplasmic translocation and intra-molecular
disulfide between C23 and C45 assists HMGB1 binding to Beclin-1 and leads to induction of
autophagy [210]. Under inflammation or autophagy, HMGB1 accumulates in the cytoplasmic
exosome vesicles before secretion from the cells [189]. In the cytoplasm, HMGBI1 plays a major
role in nucleic acid sensing which is crucial for anti-viral immunity of the cell. HMGB1 binding
to the immunogenic RNA is necessary for the recognition and binding to the specific PRR’s and

induction of immune response [211].
3.4.3 Extra cellular HMGB1

Extracellular HMGBI performs different functions based up on the nature of inducer and
time of secretion. It acts as a danger signal and inflammatory mediator by binding to different
cell surface receptors alone or by complex formation. At extracellular level, HMGB1-receptor
interactions promotes inflammation and angiogenesis via activation of NFkB [212, 213] and
tumor proliferation via activation of p44/p42, p38 and SAPK/JNK MAPKs [214, 215]. Three
different redox states of HMGBI1 such as all-thiol, disulfide and oxidized forms are found in

extracellular space [216]. HMGBI initially secreted in the reduced state as “all-thiol” form and
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transforms in to other forms based up on the oxidized environment [217-219]. The “all- thiol”

form acts as a chemoattractant, disulfide form acts pro-inflammatory and the oxidized form

involves in the resolution of inflammation [216]. Accumulation evidences indicates that all-thiol

HMGBI is capable of stimulating migration of smooth muscle cells [220], neutrite cells [221],

tumor cells [222], mesoangioblast stem cells [213], monocytes [223], dendritic cells [224] and

neutrophils [212, 225]. Interestingly, HMGBI1 is also capable of attracting stem cells [213] and

may be important for skeletal muscle, heart tissue repair, and regeneration [226-228].

Active secretion

.

o
All-thiol-
HMGB1

_czs i cl:aa - cwe_

1 1
SH SH SH

y

Chemoattractant
activity

'

Leukocyte
recruitment

- _?23 -C

Cytokine-
inducing activity activity

Inflammation

Passive release

- x
! 4 (i
)k
)

r N
9@

y v

O
Oxidized-
HMGB1

4 s (E'wa_

-C.-C,- SO,HSOHSOH

' '

Nonimmune

y :

Resolution
of inflammation

Figure 15: Extracellular HMGBI1 - types and functions, [216]

52



Under certain cellular signals, cells secrete or release out HMGB1 by active or passive
way in to the extracellular environment. These two different pathways differ in many aspects

such as kinetics and post-translational modifications of the released protein.
3.4.3.1 Active secretion:

Many inflammatory cells such as monocytes, macrophages [185, 229], natural killer cells
[230] and dendritic cells [231] actively secrete HMGB1. Also non-immune cells like pitiucytes
[232], hepatocytes, platelets [233], astrocytes [234], neurons [235], endothelial cells [236] and
tumor cells [237, 238] also has been reported to secrete HMGB1. Stimulated cells lead to both
acetylation and phosphorylation of HMGBI leading to translocation and accumulation in the
cytoplasm [189]. HMGBI secretion occurs via non-classical pathway, vesicle mediated [189]
rather than classical Endoplasmic reticulum (ER) — Golgi signal peptide pathway. The exocytosis
of HMGB-1 stored exosome vesicles is induced by lysophophatidyl choline, which is produced
after long hours in activated monocytes. This delay reflects in the extracellular secretion of
HMGBI unlike other pro-inflammatory cytokines such as TNF-alpha and hence HMGBI1 is
characterized as late mediator of inflammation [185, 189]. Most HMGBI released during the
first 12 hours is found to be preformed and only thereafter newly synthesized HMGBI1 is
released [185]. This active HMGBI release can be induced in response to PAMPS or
endogenous pro-inflammatory cytokines such as LPS, lipoteichoic acid, TNF, IL-18, IL-2, IFNa
and IFNy [229-232, 239, 240].

In other events like in cytotoxic stress, HMGB1 mobilized to the cytoplasm participates
in Beclin dependent autophagy and in turn lead the cells secrete out HMGBI [210, 241, 242].
These extracellular HMGBI1 acts in an autocrine manner to protect the cells by autophagy-
mediated inhibition of apoptosis and helps prolonged cell survival [243-246]. HMGBI1 with all
reduced cysteines is able to induce Beclin-1 dependent autophagy by interacting through RAGE
but not through TLR4 or TLR2 receptor [244]. HMGBI is also found to release actively during
hypoxia, which requires TLR4 dependent production of ROS and calcium mediated signaling
[247, 248].
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3.4.3.2 Passive release

In necrotic cells, the loosely bound HMGB1 to DNA empties from the nucleus when the
membrane integrity is lost and ends up released outside the cell passively as a cell death marker
[220, 249]. HMGBI released due to necrosis induces pro-inflammatory and also chemokine
response [249]. During apoptosis, cells that undergo programmed cell death also release
HMGBI. However, HMGBI1 released via apoptosis is not pro-inflammatory due to irreversible
oxidation of cysteine at position 106 [195]. Unlike apoptosis, inflammasomes activation induces
pyroptosis, a pro-inflammatory form of programmed cell death results in robust release of
HMGBI1 [250]. Passive release of HMGBI is rapid in comparison with active secretion of
HMGBI, which requires more time [250]. Another difference in passive release is that HMGB1

is not acetylated, unlike in pyroptois and active secretion.
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Figure 16: Passive release of HMGBI1 and its redox status
3.5 HMGBI1 - recognizing receptors and pathways

HMGBI is identified to interact with wide range of molecules such as proteoglycans,
lipids, carbohydrates, transcriptional factors and viral proteins. It binds with more than 12
different peptide sequences due to A-box, B-box or both. HMGBI interacts with mediators like
CXCL-12, IL-1, endotoxin (LPS and Pam3CSK,), DNA and other partner molecules forming
immune-stimulatory complexes to promote inflammation [251-254]. RAGE was the first

receptor described to recognize HMGBI1. Later several other receptors such as TLR4, TLR2,

54



TLR9, CD24/Siglec, MAC-1 and TREM1 were identified to recognize HMGB1 alone or as

complex.
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Figure 17: HMGBI recognizing receptors, [255]
3.5.1 RAGE:

RAGE was the first receptor identified for HMGBI1 and the binding site was mapped
down to amino acids 150-183 in the B-box for cytokine stimulation [222, 256]. HMGBI1
regulates cell migration through RAGE receptor in immune cells [212, 223, 224], stem cells
[257, 258] and smooth muscle cells [220]. In rat smooth muscle cells HMGBI has been to
regulate cell migration independent of either A or B box of HMGB1 binding to RAGE.

e Interaction with RAGE signaling is involved in tumor growth and development

[215].

¢ Binding to RAGE also promotes autophagy and limits apoptosis [215, 259].



e Activate inflammatory pathways [260, 261] and induces production of CXCLI12,
a chemokine that synergistically promotes chemotaxis in complex with HMGB1

[254, 262].

¢ Induction of RAGE activates MAP kinases p38 and JNK leading to NF-kB

activation and translocation [215, 263].

e Signaling through RAGE mediates the up regulation of cell surface receptors

including TLR4 and RAGE [264].
3.5.2 TLR4:

HMGBI recognition by TLR4 is demonstrated by FRET, immunoprecipitation and
functionally by NF-kB activation [265]. HMGBI1 binding to TLR4-MD?2 complex activates
cytokine production and reduced C106 with disulfide bond between C23 and C45 is
demonstrated to be the crucial factor for the TLR4 activation [193]. HMGB1-TLR4 signaling
mediates liver damage following hepatic ischemia-reperfusion injury [266]. HMGB1 and LPS
initiate similar intra-cellular events such as activation of ERK1/2, JNK and p38 pathways leading
to NFkB translocation [265, 267]. HMGBI stimulation results in activation of both IKK-a and
IKK-B, while LPS activates only IKK-B and gene array studies reveals the gene expression

profile varies from LPS induced activation [265, 268].
3.5.3 TLR2:

Apart from binding to bacterial derived ligands such as lipoteichoic acid [269], HMGBI1
is also been reported to bind TLR2 and initiate NFkB activation and translocation [265, 268].
The cytokine effect of HMGB1 mediating through TLR2 is cell dependent, inducing HEK-293
cells while not in primary macrophage cells [270]. However nucleosome — HMGB1 complexes
stimulate cytokine production in primary macrophages in a TLR-2 and MyD88-dependent
manner [252]. The HMGBI1/TLR2 axis performs a non-inflammatory role by mediating self

renewal, tumorigenesis and metastatic stability in cancer stem cells (CSC) [271].
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3.5.4 TLRY:

TLRO recognizes synthetic CpG oligonuleotides and unmethylated CpG motifs in
bacterial and viral DNA [272] but also host DNA and RNA [273]. Normally TLR9 is localized
in the endoplasmic reticulum but up on stimulation with CpG-DNA redistributes to early
endosomes [274]. TLRY is identified as a receptor for HMGB1 in complex with DNA while no
direct interaction could be identified alone by immunoprecipitation. HMGB1 interacts with
TLR9 in the endoplasmic reticulum Golgi intermediate compartment (ERGIC) in quiescent
macrophages and accelerates the TLRO redistribution to early endosomes in response to CpG-
ODN stimulation. HMGBI1-CpG-ODN complexes enhance cytokine production via TLR9 and
MyD88 dependent manner but independent of TLR4 and TLR2 [275, 276].

3.6 HMGBI1 role in sterile inflammation and autoimmune diseases:

HMGBI functions as a pro-inflammatory cytokine alone or as complex with other
inflammatory agents in many infectious and inflammatory diseases. Elevated levels of HMGB1
has been reported in many sterile inflammatory diseases and successful targeting of HMGBI1
through neutralizing antibodies or inhibitors shows promising therapeutic target in preclinical

models. Some of the obesity-associated diseases where HMGBI is involved are discussed below.
3.6.1 Atherosclerosis

Smooth muscle cells isolated from atherosclerotic plaques are found to secrete HMGB1
while not cells from normal arteries. Several cell types present in atherosclerotic plaques
contribute to the increase in HMGBI1 release including endothelial cells, foam cells,
macrophages and platelets [233, 277-280]. They proliferate, migrate and actively secrete more
HMGBI1 when they are exposed to HMGB1. Endothelial cells treated with rtHMGB1 induced
inflammatory response including enhanced expression of ICAM-1, RAGE, TNF, CXCL8 and
CCL2, plasminogen activator inhibitor (PAI-1) and tissue plasminogen activator (tPA) [267].

3.6.2 Diabetes

Higher levels of serum HMGBI is observed in type II diabetes mellitus patients with all-
cause mortality in association with coronary artery disease [280-282]. HMGBI is passively

released from damaged pancreatic B cells or secreted by islet infiltrated with immune cells such
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as dendritic cells [283, 284]. Cardiac fibroblasts, cardiomyocytes and macrophages exposed to
hyperglycemic condition led to time dependent upregulation of HMGB1 in RNA and protein
level [285]. In the same way, NFkB activation due to hyperglycemia is found to be completely
inhibited by knockdown of HMGBI in fibroblasts and macrophages cells. Treatment with
HMGBI box A, a functional antagonist of extracellular HMGBI1 cytokine activity and an
inhibitor of HMGBI interaction with RAGE, significantly prevents myocardial injury in diabetes
mellitus and post-myocardial infarction tissue injury [285]. In-vivo studies by blocking HMGB1

in NOD mice reduce inflammation and delay the onset of diabetes [283].
3.6.3 Rheumatoid arthritis

HMGBI levels are higher in serum, synovial tissue and fluid from rheumatoid arthritis
patients [286-289] and joints from RA rodent models [290, 291] in comparison with normal.
HMGBI expression is particularly higher in areas where synovial tissue invades intra-articular
cartilage and bone, which causes joint destruction. Traditional therapy such as gold salt
administration reduces the HMGBI release from macrophages [292]. Also neutralizing the
expression or activation of HMGBI by either antibodies [293] or other inhibitors [294-296]
totally confers significant protection against the bone and cartilage destruction, and protection

from inflammation.
3.7 HMGBI1 expression in AT

Absolute absence of fat mass in HMGB1 knockout mice suggests the importance of HMGB1
expression and need for adipose tissue functions [187]. A strong positive correlation found
between expression level of HMGBI1 and FTO — fat mass and obesity associated gene, further
enhances the link between HMGB1 and obese adipose tissue metabolism [297]. Proteomic
profiling of adipose tissue from Zmpste 24(-/-) mice, a lipid dystrophy model surprisingly
reveals altered expression of HMGB1 with cytoskeletal vimentin protein [298], which suggests
the possible involvement of HMGBI in adipocytes differentiation and plasticity. In HFD fed
mice [299] and in peritumoral mice [300] adipose tissue, the nuclear HMGBI level is
significantly lower in comparison with the control mice due to necrosis. The in vitro

differentiated 3T3-L1 adipocytes when exposed to necrotic inducers display increased level of
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HMGBI in the medium and decreased the nuclear HMGB1 while not by apoptosis inducers
[299].

Adipocytes treatment with tHMGB1 or microvesicles carrying HMGBI (isolated from
tobacco smoke exposed macrophages, TSE-MV) induce the secretion of MCP-1 and impairs
insulin signaling [301]. Inhibition of HMGB1 by glycyrrhizin or MCP-1 blocking, totally
attenuates the monocyte transmigration and adherence to TSE-MV-exposed adipocytes [302].
NLRP3-ASC activated inflammasomes induced the release of HMGB1 by pyroptosis process in
BMDM cells, which could also be induced by endotoxin [303] or PA [304]. Since both
endotoxin and PA are known for adipose tissue inflammation and insulin resistance, we suspect
whether HMGBJ1 could be secreted during adipose tissue inflammation. Very recently, increased
serum level of HMGB1in correspondence with other proinflammatory cytokines are reported
from obese children and proposing HMGBI1 as a biomarker for metabolic syndrome in obese
children [305]. All these studies give possible insights of how HMGB1could mediate sterile

inflammation in adipocytes and infiltrated cells in adipose tissue.

HMGBI in relation with adipose tissue inflammation remained unanswered and this
interests us to investigate whether there is differential expression of HMGB1 between obese and
lean person adipose tissue. Moreover we want to determine whether HMGBI is secreted during
adipose tissue inflammation and further we want to identify which cells are responsible for the

increased secretion.
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ABSTRACT

Background: Low grade inflammation is one of the major metabolic disorders in case of obesity due to
variable secretion of adipose derived cytokines called adipokines. Recently the nuclear protein HMGB1
was identified as an inflammatory alarmin in obesity associated diseases. However HMGE1 role in adi-
pose tissue inflammation is not yet studied.
Objectives: The aim of this study was to prove the expression of HMGE1 in human adipose tissue and to
assess the levels of expression between normo-weight and obese individuals. Furthermore we deter-
mined which type of cells within adipose tissue is involved in HMGB1 production under inflammatory
signal.
Methods: Western-blot was performed on protein lysates from human normo-weight and obese adipose
tissue to study the differential HMGB1 expression. Human normo-weight adipose tissue, adipose-derived
stromal cells (ASCs) and adipocytes were cultured and stimulated with LPS to induce inflammation.
HMGB1, IL-6 and MCP-1 secretion and gene expression were quantified by ELISA and Q-PCR respectively,
as well as cell death by LDH assay. HMGB1 translocation during inflammation was tracked down by
immunofluorescence in ASCs.
Results: HMGB1 was expressed 2-fold more in adipose tissue from obese compared to normo-weight
individuals. LPS led to an up-regulation in HMGB1 secretion and gene expression in ASCs, while no
change was noticed in adipocytes. Moreover, this HMGB1 release was not attributable to any cell death.
In LPS-stimulated ASCs, HMGB1 translocation from nucleus to cytoplasm was detectable at 12 h and the
nuclear HMGE1 was completely drained out after 24 h of treatment.
Conclusion: The expression level studies between adipose tissue from normo-weight and obese individ-
uals together with in vitro results strongly suggest that adipose tissue secretes HMGB1 in response to
inflammatory signals which characterized obesity.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

adipose tissue is largely involved in this phenomenon by secreting
huge amount of IL-6 [5,6]. This cytokines dysregulation is one of

Obesity has been well studied and everyone agrees on the fact
that excess fat mass is critical for health. All the metabolic disor-
ders encountered during obesity lead to deleterious metabolic
and inflammatory diseases such as cardio-vascular diseases, arthri-
tis, diabetes and even cancer [1]. Numerous studies have shown
that excess fat mass leads first to low grade inflammation which
is evidenced by high level of circulating pro-inflammatory
cytokines and chemokines such as IL-6, TNFa, MCP-1, IL-1p and
by a lower level of circulating anti-inflammatory cytokines like
adiponectin [2-4]. More particularly, it has been proved that
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the starting point for obesity-related diseases [7].

Recently, a new protein is found to be involved in many infec-
tious and non-infectious diseases: the high mobility group box 1
(HMGB1) protein [8-10]. In all cell types, the main and first role
of this non-histone DNA-binding protein is to stabilize the nucleo-
somes, to help DNA bending and then to take part in DNA replica-
tion, transcription and repair [11]. Nevertheless under signals like
stress, cell death, infection or inflammation, HMGB1 is found to
be released from cell to act as a damage associated molecular pat-
tern (DAMP) [12,13]. This phenomenon occurs in many tissues
and cell types from different species such as hepatocytes [14,15],
smooth muscle cells [16], testis [17] or periodontal ligament [18].
Once released, this protein triggers the secretion of many
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pro-inflammatory cytokines and is characterized as an ‘alarmin’.
Further, HMGB1 promotes the recruitment of inflammatory cells
to damaged tissues [19,20], as in the case for atherosclerotic pla-
ques [21,22].

In mouse model, ngb.‘"‘ pups die within 24 h due to hypo-
glycemia and have no fat [23). Moreover atherosclerotic ham-
sters fed with high fat diet exhibit higher level of circulating
HMGB1 [24]. Mouse 3T3 fibroblasts and macrophages have been
shown to express and release HMGB1 under signals such as oxi-
dative stress (UVB) and inflammation (LPS) [25-27], and they are
activated by HMGB1 [15,27]. As 3T3 fibroblasts are capable of
differentiating into adipocytes and as macrophages infiltrate adi-
pose tissue in case of obesity, these studies suggest a potential
link between HMGB1 and obesity, although this link is not yet
well understood. Moreover, a positive correlation has also been
done between HMGB1 gene expression in human adipose tissue
and one of the common polymorphism of the fat mass and obes-
ity-associated (FTO) gene strongly linked to obesity [28]. Based
on these data, we aimed to determine if HMGB1 is secreted by
adipose tissue under low grade inflammation and which cell
types within adipose tissue could be implicated in HMGB1
production.

The first aim of this work was to prove the expression of
HMGB1 protein in human adipose tissue and to compare the
expression level between normo-weight and obese individuals.
Then from primary culture of human adipose tissue, adipocytes
and adipose-derived stromal cells (ASCs) from normo-weight
individuals, we compared the expression and secretion level
of HMGB1 in normal and inflammatory conditions. Finally,
immunostaining experiments were conducted on ASCs to
study the cytoplasmic translocation of HMGB1 under
inflammation.

2. Materials and methods
2.1. Reagents

Lipopolysaccharides (LPS from E. coli 0111:B4 strain, batch
#LPE-32-02) and TRIreagent were purchased from Sigma, France.
Collagenase (NB4, 0.12 PZU/mg) was from SERVA, Germany. Steri-
flip 100 pm was purchased from Millipore, France. All reagents for
cell culture were purchased from PAN Biotech (France) except
insulin (Umuline Rapide, Lilly, France) and reagents for adipocyte
differentiation (Sigma, France). Ringer Lactate was obtained from
B. Braun, France.

2.2. Origin of human adipose tissue samples and harvesting protocol

Subcutaneous (abdominal, buttocks, hips and thighs) adipose
tissue samples were obtained from normal weight (BMI < 25,
mean body mass index = 22.65 + 1.42 kg/m?) and obese women
(BMI = 30, mean body mass index = 35.6 + 3.2 kg/m?) undergoing
liposuction, performed under general anaesthesia for aesthetic rea-
sons (aged from 25 to 60 years, mean 39 years). Apart from oral
contraception, the subjects were not receiving any treatment with
prescribed medication at the time of liposuction. Fat tissue was
harvested mechanically with a vacuum pump after infiltration of
a tumescence solution (40 mL lidocaine 2% + adrenalin 1 mg/L for
1 LRinger Lactate) for local anaesthesia. A total of 22 samples were
obtained and the study was approved by the Reunion Island ethics
committee for the protection of persons undergoing biomedical re-
search. Samples were handled within an hour after the end of the

surgery.

2.3. Supplemented media

For all experiments, medium 199 was supplemented with 2 g/L
glucose, 5 mg/mL amphotericin B, 0.2 mg/mL streptomycin and
200 U/mL penicillin. For adipose tissue and adipocytes, 1% fetal bo-
vine serum (FBS) was added with 8 pg/mL biotin, 4 pg/mL panto-
thenate and 66 nM insulin. For ASCs, 20% FBS was added on the
day of culture, then 10% the day after and for the rest of the culture
period (media was changed each 2 days).

2.4. Adipose tissue preparation and primary culture

After liposuction, adipose tissue was rinsed thrice with Ringer
Lactate. For primary culture, 200 pL of tissue was distributed in
24-well tissue culture plates with 300 pL of supplemented med-
ium. Tissue was then maintained at 37 °C in 5% CO; for a period
of 24 h prior to the experiments.

2.5. Adipocytes isolation and primary culture

After washing as described above, tissue was digested for
30 min at 37 °C in Ringer Lactate containing 0.5 mg/mL collage-
nase. The floating cells (adipocytes) were rinsed in Ringer-Lactate
and plated (200 pL, ~30,000 cells) in 24-well tissue culture plates
with 300 pL of supplemented medium. Cells were then maintained
at 37 °C in 5% CO; for a period of 24 h prior to the experiments.

2.6. Stromal cells extraction and ASCs primary culture

Tissue samples obtained by liposuction were digested for 1 h at
37 °C in Ringer Lactate containing 1 mg/mL collagenase. Digested
tissue was centrifuged and the pellet was resuspended in Ringer
Lactate, washed and filtered through Steriflip 100 pm. The isolated
cells have already been analyzed by flow cytometry to assess the
phenotypic characteristics of adipose stromal cells [29]. Cell count-
ing and viability were assessed by Trypan blue dye exclusion.
Around 200,000 cells/well were plated in 24-well culture plates
with 500 pL of supplemented media. Cells were then maintained
at 37 °C in 5% CO; for a period of 24 h prior to the experiments.
By convention, the adherent and proliferated stromal vascular cells
are called adipose-derived stromal cells (ASCs).

2.7. ASCs differentiation into adipocytes

The day after 80-90% confluence, a differentiation cocktail was
added to the supplemented media [30]: 3% SVF, 200 nM insulin,
1 pM dexamethasone, 0.1 mM IBMX, 5 puM rosiglitazone, 16 pg/
mL biotin and 7.4 png/mL pantothenate. After 4 days, the differenti-
ated adipocytes were maintained with 3% SVF, 200 nM insulin,
16 pgfmL biotin, 7.4 pg/mL pantothenate and medium was chan-
ged for every 3 days.

2.8. Adipose tissue protein extraction and western blot

Adipose tissue was lysed with protein lysis buffer (50 mM
Tris-HCl, pH 7.6, 500 mM NaCl, 0.2 mM EDTA) using Dounce
homogenizer (10 strokes) under ice-cold condition. The lysates
were centrifuged at 15,000g for 30 min at 4 °C, the fat cake was re-
moved and the aqueous protein phase was transferred to a new
tube. Protein concentration was determined by Bradford method.

20 pg of proteins were separated by 12.5% SDS-PAGE and trans-
ferred to nitrocellulose membrane (Hybond C-EXTRA, Amersham
bioscience, France). Membranes were blocked with 5% non-fat
dried milk for 1 h at room temperature in Tris-buffered saline with
0.1% Tween-20 and then sequentially probed with mouse anti-hu-
man HMGB1 antibody (1:1000 dilution, clone 2F6, Sigma, France)
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or control mouse anti-human B-actin antibody (1:1000 dilution,
clone AC15, Sigma, France) and then with peroxidase labeled
anti-mouse IgG (1:2000 dilution, Vector Laboratories Inc., USA).

Band detection using homemade chemiluminescent substrate
(Luminol AB511 and p-Coumaric acid C9008, Sigma, France) was
developed on a high performance autoradiography film (Amer-
sham Hyperfilm™, France) and digitized using EPSON perfection
2480 photo. Band intensities were analyzed using image ] software
(NIH, USA). HMGB1 signal intensity from samples was averaged,
normalized to signal from p-actin and used to calculate the relative
signal intensity and the statistical analysis.

2.9. HMGB1, IL-6 and MCP-1 ELISA

Following treatment, media samples were collected and as-
sayed for HMGB1 (IBL International, Germany), IL-6 and MCP-1
(eBioscience, France), according to the manufacturer’s instructions.
ELISA sensitivity: 0.2 ng/mL for HMGB1, 2 pg/mL for IL-6, 6 pg/mL
for MCP-1.

2.10. Cytotoxicity assay

The release of lactate dehydrogenase (LDH) induced by plasma
membrane disruption in culture medium was measured using LDH
cytotoxictiy assay kit from Science cell (Cliniscience, France)
according to manufacturer’s instructions. LDH release was mea-
sured through an enzymatic reaction and read at 490 nm. As a po-
sitive control for cell death, tissue and cells were treated with 1%
Triton X-100 (Sigma, France).

2.11. RNA extraction, reverse transcription and real-time quantitative
PCR

Following treatment, total RNA was isolated using TRIreagent
according to the manufacturer’s instructions. 2 pg of total RNA
was reverse-transcribed using random hexamers and Reverse
Transcriptase™ (Invitrogen, France). Quantitative PCR was per-
formed on 1 pL of cDNA using ABI PRISM 7500 thermal cycler (Ap-
plied Biosystems, France) with gPCR supermix for ABI PRISM
(Invitrogen, France). The 18S ribosomal RNA gene was used as a
reference. Quantification of target mRNA was calculated using
the comparative Ct method (AACt) and was normalized to the ref-
erence gene expression. Analysis was performed on 6 samples per
condition. Primers sequences are listed below:

IL-6 Forward: TCA CCT CTT CAG AAC GAA TTG ACA
Reverse: AGT GCC TCT TTG CTG CTT TCA C

MCP-1 Forward: ATC ACC AGC AGC AAG TGT C
Reverse: AGG TGG TCC ATG GAA TCC TG
HMGB1 Forward: ACC CAG ATC CTT CAG TCA AC

Reverse: GGC GAT ACT CAG AGC AGA AG
185 Forward: CGC CGC TAG AGG TGA AAT TCT
Reverse: CAT TCT TGG CAA ATG CTT TC

2.12. Immunofluorescence

ASCs were cultured in monolayer on glass coverslips. Following
treatment, the culture medium was removed completely and
washed thrice with ice-cold PBS to be fixed with ice-cold absolute
ethanol for 5 min. Cells were immediately stained for immunoflu-
orescence or air dried and stored at —20 °C until staining was per-
formed. Immunofluorescence staining was carried out according to
a standard protocol.

The fixed cells were incubated primarily with mouse anti-hu-
man HMGB1 antibody (1:1000 dilution, clone 2F6, Sigma, France)
overnight at 4°C. After PBS-Tween (0.05%) washing, cells were
incubated with secondary antibody (1:2000 dilution, goat anti-
mouse Alexa flour 488 IgG, Molecular Probes, Invitrogen, France)
for 2h in dark. Nuclei were stained with DAPI (D9542, Sigma,
France) at a final concentration of 0.1 ng/mL Coverslips were
mounted in glass slides using Vectashield (Vector Labs, Clini-
science) and fluorescence was observed using a Nikon Eclips 80i
microscope (Nikon, France). Images were obtained using the Nikon
Digital camera system (Nikon, DXM1200C) and the imaging soft-
ware NIS-Element BR version 3.1 (Nikon).

2.13. Statistics

All values were measured as mean + S.D. Statistical analysis was
performed using Graph pad PRISM 5 software (Windows). Differ-
ences between normal and obese adipose tissue were tested using
non-parametric T-test (Mann-Whitney test). Differences between
control and treated samples were tested for significance by one-
way ANOVA and Dunnett post-test. P<0.05 (*); P<0.01 (*™);
P <0.001 (***); P<0.0001 (**).

3. Results

3.1. High HMGB1 expression in adipose tissue from obese individuals

To determine the basal expression of HMGB1 protein in adipose
tissue from normo-weight and obese individuals, western blot was
performed. Regardless of the BMI, a specific band corresponding to
HMGEB1 protein was revealed from adipose tissue protein lysates of
all the samples tested with the expected molecular weight
(Fig. 1A). No oligomer or complex was revealed from the blot (data
not shown). This ensures that HMGB1 protein was expressed in
adipose tissue from both normal weight and obese persons. How-
ever, the HMGB1 bands from obese samples showed higher inten-
sity in comparison with normal samples. This was confirmed after
B-actin normalization of 20 samples analyzed: the average inten-
sity for obese samples was significantly 2-fold higher than the
average intensity for lean samples (Fig. 1B). Thus, HMGB1 protein
was expressed more in adipose tissue from obese in comparison
with normal weight individuals.

HMGB1 [ i S ' = @D 4B 0 G @ =~
Practin qu WD GHO GED G w GN W S @ o

Ohbese

Normo-weight

e

0.6

0.4

0.2

Relative signal intensity

0.0 . "
Normo-weight

Obese

Fig. 1. HMGB1 protein expression in adipose tissue from lean and obese individuals
A.HMGB1 protein detected by western blot on adipose tissue lysates obtained from
5 lean individuals (BMI=229+ 1.6 kg/m?) and 5 obese individuals (BMI =34.9
+ 2.8 kg/m?). f-actin was used as control. Results are representative of 10 lean and
10 obese tissue samples. B. HMGB1 densitometry calculated on 10 lean individuals
(BMI =23.1 £ 1.4 kg/m?) and 10 obese individuals (BMI =356 3.2 kg/m?). Data
were normalized to p-actin and presented as mean + 5.D (arbitrary units). P <0.01

.
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3.2. HMCB1 secretion is up-regulated without gene up-regulation in
adipose tissue under inflammation

After LPS treatment, inflammation was confirmed by the huge
increase in IL-6 and MCP-1 secretion from adipose tissue: around
200 fold for IL-6 and 100 fold for MCP-1 since 12 h, until 400 and
200 fold respectively for 48 h (Fig. 2). LDH measurement from
media remained the same between control and LPS-treated tissue,
regardless of the time point (Fig. 2).

Regarding HMGB1 secretion, we observe that human adipose
tissue was able to release HMGB1 at a low basal level (less than
5 ng/mlL, Fig. 2) and that there was no accumulation in culture
media. More interestingly, we show that under LPS treatment this
secretion was up-regulated from 24 h of incubation (3-fold in-
crease) and kept increasing until 48 h (5-fold more) reaching
17 ng/mL.

At gene expression level, although IL-6 and MCP-1 mRNA were
up-regulated, we cannot detect any significant change in HMGB1
mRNA level between control and LPS-treated adipose tissue (Fig. 3).

3.3. Adipocytes inflammation doesn’t regulate HMGB1 secretion and
gene expression

Despite the up-regulation of IL-6 and MCP-1 at both secretion
(Fig. 4) and mRNA (Fig. 5) level, there was no change in HMGB1
secretion and mRNA expression in adipocytes after LPS treatment,
regardless of the incubation time. Nevertheless, a basal level of re-
leased HMGB1 was detected (less than 5 ng/mL), without any accu-
mulation in the culture media. Moreover, adipocytes viability was
not affected by LPS treatment since there is no increase in LDH re-
lease (Fig. 4).

3.4. HMGB1 secretion and gene expression up-regulation in ASCs
under inflammation

LPS-treated ASCs showed inflammation, as there was a signifi-
cant up-regulation in IL-6 and MCP-1 secretion since 12-48 h

26
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(Fig. 6). HMGB1 was also released in higher levels after LPS treat-
ment (Fig. 6). This increase was significant since 12 h although
the level was low (less than 5 ng/mL) and at 48 h the increase
was about 10-fold to reach more than 10 ng/mL. Moreover, LPS
treatment did not induce any cell death in ASCs, as confirmed by
the LDH assay (Fig. 6).

At gene expression level, inflammation was characterized by
IL-6 and MCP-1 up-regulation (Fig. 7). Regarding HMGB1 mRNA,
a 20% increase was found at 12 h treatment and at 24 h expression
levels were doubled compared to control (Fig. 7). After 48 h treat-
ment, HMGB1 gene expression was no more up-regulated and
returned to normal.

3.5. HMGBI1 secretion is not modulated by LPS in in vitro-differentiated
adipocytes

At day 16, adipose differentiation was confirmed by multilocu-
lar droplets accumulation inside cells, and identified as triglycer-
ides with Oil Red O staining (Fig. 8). These fully differentiated
and hypertrophied cells secreted more than 3-fold IL-6 after 24 h
LPS treatment, whereas no significant change was noticed in
HMGB1 secretion. No cell death was detected insofar as LDH dos-
age was not significantly higher after LPS treatment (and compared
to the first day of culture, data not shown).

3.6. HMGBI1 translocation in ASCs under inflammation

In control cells, nuclei were stained in blue with DAPI, sur-
rounded and punctuated by green points corresponding to HMGB1
(Fig. 9). The nuclear DAPI staining completely matched with
HMGB1 staining, in accordance with the function of HMGB1 as a
nuclear protein. In control cells, there was no change in HMGB1
localization until 24 h of culture.

Under LPS treatment at 6 h, the HMGB1 intra-nuclear localiza-
tion was slightly modified to be higher in the nuclear crown. At
12 h treatment, HMGB1 translocation was effective and clearly vis-
ible, resulting in a cytoplasmic localization, although a slight signal
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Fig. 2. HMGRB1 secretion from adipose tissue in culture, normal versus inflammatory conditions. HMGB1, IL-6 and MCP-1 concentration measured by ELISA in media from
adipose tissue after 12 h, 24 h and 48 h incubation with or without 1 pg/mL LPS. Results are expressed in ng/mL LDH release from adipose tissue after 12 h, 24h and 48 h
incubation with or without 1 pg/mL LPS. Results are expressed in arbitrary units normalized to 12 h control. The graphs show the mean £ 5.D of the results from 6 different

tissue samples (n =6 for each condition, for each tissue sample). P<0.001 (*).
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Fig. 4. HMGB1 secretion from adipocytes in culture. normal versus inflammatory conditions. HMGB1., IL-6 and MCP-1 concentration measured by ELISA in media from
adipocytes after 12 h, 24 h and 48 h incubation with or without 1 pg/mL LPS. Results are expressed in ng/mL. LDH release from adipose tissue after 12h, 24h and 48 h
incubation with or without 1 pg/mL LPS. Results are expressed in arbitrary units normalized to 12 h control. The graphs show the mean + 5.D of the results from 6 different
tissue samples (n = 6 for each condition. for each tissue sample). P <0.01 (**); P<0.001 (™).

was detected in the nucleus. After 24 h treatment, HMGB1 was
completely drained out from nucleus to the cytoplasm, resulting
in green signal only in the cytoplasmic compartment.

4. Discussion

The role of HMGB1 in the initiation of certain diseases has been
reported as well as its expression [31]. For instance, this is the case
for the non-alcoholic fatty liver disease [32] or for atherosclerosis
[16,24,33]. The common feature is low-grade inflammation, which
participates from the onset to the maintenance and aggravation of
these diseases. In the context of obesity, a recent work from Arrigo
et al., has identified blood HMGB1 as a new biomarker for meta-
bolic syndrome [34] in obese children, but nothing is known about
HMGB1 expression and its role in human adipose tissue. Here we

have investigated if HMGB1 could be possibly linked to adipose tis-
sue inflammation and obesity.

On all patients analyzed in this study, we observed that there
was a strong positive correlation between BMI and HMGB1 protein
expression within adipose tissue: the expression was higher in adi-
pose tissue from obese persons than normal weight individuals.
Our results further supports the study of Lappalainen et al., in
which they showed a positive correlation between HMGB1 gene
expression in adipose tissue and one of the common polymor-
phism of the FTO gene strongly linked to obesity [28]. Our study
further confirms that adipose tissue HMGB1 is dysregulated and
strongly expressed in case of obesity. This increase in HMGB1 pro-
tein level could probably partly due to leukocytes infiltration,
which happens in case of obesity [35,36], as these cells are known
to be a source of HMGB1 [25,37]. We wanted next to determine if
adipose cells themselves (stromal cells or adipocytes) have a role in
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Fig. 6. HMGB1 secretion in ASCs, normal versus inflammatory conditions. HMGBI1, IL-6 and MCP-1 concentration measured by ELISA in media from ASCs after 12 h, 24 h and
48 h incubation with or without 1 pg/mL LPS. Results are expressed in ng/mL. LDH release from adipose tissue after 12 h, 24 h and 48 h incubation with or without 1 pg/mL
LPS. Results are expressed in arbitrary units normalized to 12 h control. The graphs show the mean £5.D of the results from 6 different tissue samples (n=6 for each

condition, for each tissue sample). P < 0.05 (*); P<0.001 (***).

this expression. Then, for all in vitro experiments we have con-
ducted, we used samples from normo-weight individuals, which
contain no or really few infiltrated leukocytes (unpublished data).

It's now well established that overweight and obesity exhibit a
chronic and low-grade inflammation [38,39]. Thus, in order to
know if the high level of HMGB1 expression in case of obesity is
linked to low grade inflammation, adipose tissue from normal
weight patients was cultured and treated with LPS to induce
inflammation. We proved for the first time that human adipose tis-
sue was able to release HMGB1 at a low basal level. More interest-
ingly, we showed that under inflammation, HMGB1 secretion was
upregulated. This increase in HMGB1 secretion following LPS treat-
ment has never been published concerning adipose tissue, and this
new result is totally in accordance with in vive and in vitro studies
in other models [25,40].

Since HMGB1 has been considered for a long time only as a cell
death marker released passively by necrotic cells [41], we have also

performed cytotoxicity assay by measuring lactate dehydrogenase
(LDH) release. In our experiments, the level of LDH was low and the
same in all supernatants (control versus LPS), ruling out the possi-
bility that LPS-induced HMGB1 secretion was due to cell lysis. This
secretion is thus specifically attributable to inflammation and
could be associated to an active and regulated secretion, different
from the passive mechanism that occurs during cell death. Never-
theless, the HMGE1 basal detectable level noticed in control adi-
pose tissue could probably be attributable to basal cell death in
culture, at least partly.

Our data were totally new and led us to investigate which type
of cells within adipose tissue was responsible for this HMGB1 up-
regulation. Indeed, adipose tissue is composed by different kind of
cells: after collagenase digestion, we can separate the floating adi-
pocytes and the pelleted stromal vascular fraction. These two cell
populations were then plated separately and inflammation was in-
duced through LPS incubation.
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Fig. 8. HMGE1 secretion from in vitro differentiated adipocytes. ASCs were induced to differentiate into adipocytes with appropriate media. To confirm differentiation, Oil Red
0O staining was performed after 16 days (D16) and pictures were taken with a phase contrast light microscope and are representative of 2 different experiments (400x
magnification). At D16, the medium was changed and the fully differentiated cells were treated with or without LPS (1 pg/mL) for 24 h and HMGE1 secretion was quantified
by ELISA together with IL-6 and LDH release. Results are expressed in arbitrary units (normalized to control cells, 0.575 ng/mL for HMGB1 and 0641 ng/mL for IL-6). The
graphs show the mean + 5.D of the results from 2 different tissue samples (n = 6 for each condition, for each tissue sample). P <0.0001 (****).

From our results, we can conclude that the general HMGB1 pro- respond to inflammation by up-regulating HMGB1 gene expression
duction observed in adipose tissue comes exclusively from cells and secretion in a time-dependant manner. Neither freshly cul-
from the stromal vascular fraction, insofar as ASCs were able to tured adipocytes, nor in vitro-differentiated adipocytes showed a
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Fig. 9. HMGB1 localization in ASCs, normal versus inflammatory conditions.
HMGB1 localization detected by immunofluorescence. After 6h, 12h and 24 h
incubation with or without 1 pg/mL LPS, ASCs were stained with anti-HMGB1
antibody (green) and DAPI (blue). 400x magnification. Photographs were taken
with an inverted fluorescent microscope and are representative of 3 independent
experiments on 3 different tissue samples.

modification in their HMGB1 profile. This difference could explain
why in adipose tissue samples there was no increase in HMGB1
mRNA: the number of stromal cells within adipose tissue is less
compared to that of ASCs in primary culture and the resulting
mRNA expression reflected the adipocyte mRNA expression.

In case of obesity, the leukocytes infiltration could be partly in-
duced by the high level of MCP-1 released from adipose tissue dur-
ing inflammation but also due to HMGB1 release itself, which is
known to promote the recruitment of inflammatory cells [19,42].

In the present study, HMGB1 secretion was noticed until 48 h,
which further confirms its characterization as a late inflammatory
mediator, as it has been related in other models [25,43-45]. This
late secretion from adipose tissue could also occur secondarily
through TNFa effect, as it has been shown in epithelial cells [46]
or in hepatocyte cell line [47]. Indeed, after LPS treatment, TNFx
is secreted earlier from adipocytes (peak secretion at 6 h, in vitro
[48]) and could then stimulate stromal cells through a paracrine ef-
fect, to release HMGB1.

Furthermore, the immunofluorescence pictures on undifferenti-
ated ASCs showed a translocation of HMGB1 from nucleus to cyto-
plasm after LPS treatment. These results are in accordance with
literature (HepG2, mouse cardiac fibroblasts and RAW264.7
|25,47,49]). Other events as oxidative stress could lead to HMGB1
translocation (in human epithelial cells [50]). As inflammation and
oxidative stress are underlying phenomena in obesity, we can
hypothesize that HMGB1 translocation could occur in obesity-
linked status.

The translocation study further strengthens the hypothesis that
under inflammation signal HMGB1 secretion could mainly be
attributable to an active and regulated phenomenon, contrary to
the passive release happened during cell necrosis [51,52].

Moreover, no one has elucidated how this nuclear HMGB1 is se-
creted because HMGB1 does not have a leader sequence to follow
the classical pathway of endoplasmic reticulum and Golgi appara-
tus [52]. For instance, in LPS-activated monocytic cells, it has been
shown that once released from nucleus, HMGB1 is accumulated in
lysosomal vesicles [53,54|, whereas it is spread in all cytoplasm in
mouse fibroblasts [53]. This lysosomes exocytosis is triggered by
lysophosphatidyl choline, which is generated later under inflam-
mation [54). Nevertheless, it has been suggested that most of the
early release (until 12 h) is from preformed HMGB1 (probably in
nucleus) in activated mouse RAW264.7 cells [43]. From our results,
although no cytoplasmic vesicle was seen, we need additional
experiments to well understand this mechanism in this new
model.

5. Conclusions

In summary, we propose through our study that HMGB1 is
more expressed in adipose tissue from obese persons and that this
dysregulation is attributable to inflammation. We have also identi-
fied ASCs as the major source of HMGB1 in adipose tissue during
inflammation. In the context of using HMGB1 as a therapeutic tar-
get to prevent and treat obesity associated diseases [55], further
studies have to be investigated on human adipose cells to study
what are the signal transduction pathways and the paracrine or
autocrine effects due to this damage signal.
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We have shown from this work, higher level of HMGBI1 protein expression in adipose
tissue from obese persons. By in vitro studies we have proposed that TLR4 mediated
inflammation induces the active secretion of HMGBI1 from adipose derived stem cells (ASC’s)
from stromal vascular fractions (SVF) while not by differentiated adipocytes and mature
adipocytes [306]. As adipose tissue is able to secrete HMGB1 in response to inflammation,
however the role of HMGB1 on human adipose tissue inflammation has not been studied yet. In
the following study we have investigated the proinflammatory secretion profiles of rHMGB1
treated human mature adipocytes. Further we aimed to explore which receptor and intracellular

signaling pathways are responsible for the inflammation process.
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HMGBI1 — an inflammatory adipokine

HMGBI1 autocrine effects on LPS stimulated ASC’s

HMGBI is found to be secreted as a late mediator of inflammation by immune
cells such as monocytes, macrophages and involve in the progression of inflammation. Other
than immune cells, we have shown in our earlier studies that human ASC’s also actively secrete
HMGBI due to LPS mediated inflammation. As HMGBI secreted during inflammation
functions as a cytokine, we investigated whether LPS induced HMGBI1 could act in an autocrine
manner, by inhibiting the extracellular HMGB1 with glycyrrhyzin, a natural inhibitor compound
from licorice which is known to bind HMGBI directly and inhibits its cytokine activities. In this
study, we measured HMGBI1 secretion from the supernatants conditioned by human ASC’s

exposed to LPS for 24 h with and without glycyrrhizin pre-treatment for 2 hours.
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Fig — 1: Human ASC’s are treated for 24h with LPS (1 pug/ml) with or without glycyrrhizin (1
uM) and the conditioned medium are analyzed for HMGBI1 (A) and IL-6 (B) secretion in
comparison with their respective control. Results are shown as mean &+ SD of three independent

experiments (n=6, **** P <0.0001; *** P <0.001; using unpaired t-test).

We confirm that LPS stimulation increased HMGB1 secretion significantly from ASC'’s.

More interestingly, the glycyrrhizin pre-treatment reduced significantly almost half of the LPS
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induced HMGBI secretion (around 52%). In addition, the glycyrrhizin pre-treatment also
reduced (16 %) the IL-6 secretion from LPS treated ASC’s. This suggests that LPS stimulated
HMGBI secretion, in turn the extracellular HMGBI1 induce autocrine effects on ASC’s which
was inhibited by glycyrrhizin. This gives an insight on how HMGBI secreted from ASC’s might

acts in an autocrine manner to promote inflammation in adipose tissue.

HMGBI1 proinflammatory effects on PBMC cells

Extracellular HMGBI1 due to the redox modifications results in different forms of
HMGBI such as reduced disulfide (C23-C45) — cytHMGBI, all-thiol and oxidized HMGBI.
Only reduced disulfide HMGBI1 is found to activate TLR4 receptor and lead to the secretion of
pro-inflammatory cytokines. We tested all the three forms of rHMGBI1 primarily on human
PBMC cells to identify which form is able to induce TNFa secretion in comparison with LPS (50
ng/ml). Among all the three isoforms, only cyt-HMGBI triggers inflammation and lead to the
secretion of TNFa, even though less in comparison with LPS. From this we confirm that only
cyt-HMGBI is able to induce inflammation. Moreover from this result, we can conclude that
there is very minimal or no LPS contamination in all the three forms of rHMGBI since they are

produced and purified in the same manner.
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Fig — 2: Human PBMC are treated with either 50 ng/ml LPS or 2.5 pg/ml of different form of
rHMGBI for 4 h and the conditioned medium are analyzed for TNFa secretion in comparison
with respective control. Results are shown as mean + SD of three independent experiments (n=6,

4% P <0.001 using unpaired t-test).
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HMGBI1 proinflammatory effects on mature adipocytes

To address whether HMGB1 could induce inflammation in mature adipocytes, cytokine

and all-thiol HMGBI1 was treated with mature adipocytes. Only the cytokine form induces

inflammation and activates the cells to secrete IL-6 and MCP-1 but not TNFa (data not shown).
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Fig — 3: Human mature adipocytes treated with cytokine form of rHMGBI1 (2.5 pg/ml) for 12
and 24 h and the conditioned medium are analyzed for IL-6 (A) and MCP-1 at 24h (B) secretion
in comparison with respective control. Results are shown as mean + SD of three independent

experiments (n=6, **** P<0.0001; **, P<0.01 using unpaired t-test).

These results indicate that the proinflammatory effects of HMGBI1 varies according to the
cell types, since cyt-HMGBI1 induces TNF secretion from PBMC but not on mature adipocytes

regardless of the time and concentration (data not shown).
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From these results we suggest that chronic low grade inflammation in adipose tissue is
partially due to or regulated by HMGBI secretion after TLR4 activation. Extracellular HMGBI
acts in a paracrine manner to induce inflammation on mature adipocytes as an inflammatory
adipokine, resulting in the secretion of IL-6 and MCP-1. The increase in MCP-1 secretion gives

an idea of how inflammatory cells could be recruited in to the adipose tissue during adipose

tissue inflammation.
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Fig — 4: Schematics of autocrine and paracrine effects of HMGBI1 secreted from ASC’s during

adipose tissue inflammation with possible HMGB1 receptors.
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General summary

During my thesis work, I have studied how TLR4 activation regulates adipose tissue
inflammation and contributes to the onset of metabolic diseases. Through in vitro and ex vivo
samples from lean and obese adipose tissue, I have investigated the physiological trigger which
activates TLR4 mediated inflammation. The main findings of my thesis work are summarized as

follows:
1) FFA do not pay the toll and activates no inflammation

- FFA - SFA and PUFA alone in endotoxin free conditions neither activate
TLR4 and TLR2 nor induce inflammation in human mature adipocytes and

adipose tissue.

- PUFA in the contrary reduces LPS mediated inflammation and act as anti-

inflammatory agent.
2) HMGBI expression in human adipose tissue

- HMGBI is expressed 2- fold more at protein level in adipose tissue from

obese persons.

- TLR4 activation by LPS in human adipose tissue induced the secretion of

HMGBI as a late mediator of inflammation.

- ASCs from SVF fractions are responsible for the increase in secretion of

HMGBI during adipose tissue inflammation.

- Mature adipocytes and in vitro differentiated ASCs in to adipocytes do not
secrete HMGB1 under LPS induced inflammation.

3) HMGBI — a novel inflammatory adipokine

-  HMGBI is partly involved in regulating LPS induced inflammation in ASCs

1n an autocrine manner.
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- Cyt-rHMGBI triggered inflammation in human mature adipocytes by the
secretion of IL-6 and MCP-1 but not TNFa.

General discussion and conclusion

The accumulating evidence on novel bio molecules that are secreted from adipose tissue
which can regulate lipid and glucose metabolism, appetite and energy balance, insulin
sensitivity, inflammation and immunity, strengthens adipose tissue as an endocrine organ. The
fatal consequence of excess adipose deposition is mainly due to the increase in adipose tissue
inflammation by the increase in endogenous and exogenous ligands leading to metabolic
dysfunctions. Earlier work from our team has shown the presence of functional toll like receptors
(TLR2 and TLR4) [154] and endocannabinoid receptors (CB1 and CB2) [307] expression in
human mature adipocytes. These receptors when activated induced the secretion of
proinflammatory cytokines which gives an insight of how these receptors participates in overall
adipose tissue inflammation. As TLR receptors are abundantly expressed in adipocytes (similar
to macrophages), this suggests that the paracrine effect between macrophages and adipocytes are

due to TLR activation resulting in adipose tissue inflammation.

FFA released from dying adipocytes especially SFA is suggested to act as an endogenous
ligand to activate TLR4 and induce adipose tissue inflammation. This was supported by many in
vitro studies where BSA conjugated SFA induces inflammation in many cell models. Recently,
Erridge and Sammani disproved this concept and shown that, in an endotoxin free condition the
FFA’s alone were not able to induce inflammation in different cells including macrophages and
adipocytes [182]. Following their contrary statement, we have confirmed in primary culture of
human adipose tissue and mature adipocytes that SFA alone is not able to neither engage TLR2
and TLR4 receptors nor induce inflammation under endotoxin free condition. However the

PUFA reduces LPS induced inflammation and acts as an anti-inflammatory agent [308].

HMGBI is recently identified as an endogenous TLR4 ligand, acting as proinflammatory
cytokine secreted by immune cells and other cells during inflammation in many metabolic
diseases which are associated with obesity. In HFD fed mice and in peritumoral adipose tissue,
HMGBI is reported to be released due to necrosis and in adipocyte cell line when treated with

necrotic inducers [299, 300]. Recently, increase in circulatory levels of HMGB1 has been
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observed in obese children correlating with other increased proinflammatory cytokines
suggesting HMGBI as a novel biomarker for metabolic syndrome [305]. In this context,
increased HMGBI1 expression between obese adipose tissue compared to lean indicates possible
role of HMGBI1 during obesity [306]. Similar to immune cells, the increase in HMGB1 secretion
similar to other proinflammatory cytokines from ASC’s gives an insight of how HMGBI could
acts as a late mediator for adipose tissue inflammation during obesity [306]. In addition, the
increase in IL-6 and MCP-1 secretion from mature adipocytes after tHMGB1 treatment describes

its inflammatory and chemoattractant role during the adipose tissue inflammation.

Other than inflammation, ER stress [309] and Hypoxia [310] is also found to release
HMGBI due to necrosis. Recently PKR mediated inflammasome activation initiates the onset of
pyroptosis, a form of programmed inflammatory cell death is found to induce robust release of
hyper acetylated HMGBJ1, by a highly regulated process in mouse peritoneal macrophages and in
BMDM [311]. Surprisingly, the inflammasomes could also be activated by PA under endotoxin
free condition [304], which could possibly trigger pyroptosis and release HMGB1. HMGB1
released via pyroptosis also releases all-thiol HMGB1 isoform with strong chemotactic behavior
which can recruits CXCR4-expressing cell populations such as monocytes, lymphocytes and
neutrophils to the inflammatory sites [312]. Altogether, these studies suggest a possible
mechanism of how HMGBI1 may participate in the recruitment of macrophages to investigate the
dying adipocytes and triggers inflammation in adipose tissue. In contrary, PUFA reduced the
vascular HMGBI1 and RAGE expression in rat endothelial cells [313]. All these studies shows an
strong relation between fatty acid and HMGB1, however direct effects of fatty acids on HMGBI
expression have not been studied yet and could be interesting to be investigated directly on
adipose cells. Also as HMGBI is known to interact with many exogenous and endogenous
molecules to form complex, possible interaction with fatty acids which may facilitate the

HMGBI binding to receptors remain unanswered.

As HMGBI released via inflammation or necrosis can promotes inflammation, this gives
an idea of how HMGBI could possibly play a role in the onset of inflammation in adipose tissue.
Also as HMGBI1 activates stem cell migration and plays a role in angiogenesis, it may also
involve in the increase in adipose tissue plasticity. Altogether, the extracellular HMGB1 from

adipose tissue and its contribution to inflammation indicates its importance in the pathogenesis
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of obesity. Taken together, my results suggest HMGB1 as a novel adipokine taking part in

adipose tissue inflammation.

Based on the results from my studies and others, I propose the following hypothesis on adipose

tissue inflammation,

- SFA do not activate TLR, instead it may activate inflammasomes and pyroptosis

inducing inflammation in adipose tissue

- During adipose tissue inflammation, ASC’s and immune cells secrete various forms of
HMGB1 which may play a big part in inflammation, recruitment and resolution of

inflammation.

e Cytokine form of HMGBI1 and other forms could acts in an autocrine and
paracrine manner alone or as a complex with other endogenous ligands by
activating TLR4 and other receptors, inducing inflammation and releasing

proinflammatory cytokines.

e The all-thiol HMGB1which acts as a chemo attractant could contribute to the
infiltration of monocyte, macrophages and other immune cells in to the adipose

tissue during inflammation.
Future perspective

In many diseases such as arthritis, sepsis, endotoxemia, diabetes mellitus, post-
myocardial infarction tissue injury and in hemorrhagic shock, blocking HMGB1 using
neutralizing antibodies, A-box and natural compounds such as glycyrrhizin showed decrease in
inflammation. In this regard, considering HMGB1as an adipokine and to develop therapeutics to
reduce adipose tissue inflammation mediated chronic diseases, more studies on HMGBI1 role on

adipose tissue has to be investigated such as
e Receptors and signaling pathways activated by HMGBI1 on adipocytes

e FFA effects on HMGBI1 secretion from adipocytes and possible complex

formation.
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e Real time secretion profile of various forms of HMGBI1 during adipose tissue

inflammation.

e Development of antibodies that specifically targets acetylated, phosphorylated
and disulfide HMGBI1 to reduce the inflammation.

¢ Blocking specific receptors through which HMGB1 mediate chronic

inflammation.

Through my scientific data contribution to the research community, I hope that more
research on HMGBI1 role in adipose tissue will be carried out in future. By advanced
promising therapeutics discovery, blocking selective deleterious role of HMGB1 in

adipose tissue might reduce the risk of obesity associated diseases.
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