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Scope of the Series

Modern physiology requires a comprehensive understanding of the integration

of tissues and organs throughout the mammalian body, including the expression,
structure, and function of molecular and cellular components. While a daunting
task, learning is facilitated by our identification of common, effective signaling
pathways employed by nature to sustain life. As a main example, the cellular inter-
play between intracellular Ca2 increases and changes in plasma membrane potential
is integral to coordinating blood flow, governing the exocytosis of neurotransmit-
ters and modulating genetic expression. Further, in this manner, understanding
the systemic interplay between the cardiovascular and nervous systems has now
become more important than ever as human populations age and mechanisms of
cellular oxidative signaling are utilized for sustaining life. Altogether, physiological
research enables our identification of clear and precise points of transition from
health to development of multi-morbidity during the inevitable aging process (e.g.,



diabetes, hypertension, chronic kidney disease, heart failure, age-related macular
degeneration; cancer). With consideration of all organ systems (e.g., brain, heart,
lung, liver; gut, kidney, eye) and the interactions thereof, this Physiology Series
will address aims of resolve (1) Aging physiology and progress of chronic diseases
(2) Examination of key cellular pathways as they relate to calcium, oxidative stress,
and electrical signaling & (3) how changes in plasma membrane produced by lipid
peroxidation products affects aging physiology
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Preface

Adipose Tissue—An Update is an update to the first volume, which was published by
IntechOpen in 2018, and a part of the book series “Physiology.” The chapters include
information on adipose tissue such as the characterization of this tissue, the role of
sirtuins in its metabolism, and its role in diseases. The book also includes a descrip-
tion of adipose tissue as an endocrine organ, as well as a signaling system in this
tissue. This book is an important source of information because it describes several
aspects of adipose tissue. Based on the interest of readers, IntechOpen decided to
continue the publication of books on adipose tissue. Therefore, Adipose Tissue—

An Update is the result of this continuation.

Adipose tissue is a kind of specialized connective tissue. Depending on its type,
adipose tissue plays different and significant roles in humans and animals. For
example, brown adipose tissue, which is found in fetuses and newborn, in adult
humans is practically absent; in mammals it is involved in the process of thermo-
genesis, metabolizing fatty acids. White adipose tissue has different functions. It
protects against environmental factors that can cause mechanical injury and cold.
Other functions include the storage of lipids and triacylglycerol and the synthesis of
fatty acids. During fasting, fatty acids are released and in the process of p-oxidation
are a source of adenosine triphosphate. White adipose tissue is also a major secre-
tory organ. White adipose tissue secretes bioactive molecules such as cholesterol,
retinol, steroid hormones, prostaglandins, and proteins known as “adipokines” that
influence human physiology and pathology. These molecules have a beneficial role.
Unfortunately, they may also be associated with pathologies and diseases such as
obesity and insulin resistance. They may increase the risk of metabolic syndrome,
cardiovascular diseases, and others. Obesity, due to visceral accumulation of
adipose tissue, is especially dangerous. It is suggested that release of fatty acids from
the visceral depot into the portal vein increases gluconeogenesis and hepatic glucose
output, causing insulin resistance. Insulin resistance, on the other hand, may cause
type 2 diabetes mellitus. The World Health Organization defined type 2 diabetes
mellitus as “a progressive worldwide epidemic.” Visceral abdominal obesity reduces
life expectancy by about 8 years. Beige adipose tissue histologically is similar to
brown adipose tissue. Stimuli, such as cold, exercise, or thyroid hormones, cause
differentiation of white adipose tissue into brown adipose tissue. This process is an
adaptive and reversible response of white adipose tissue to stimuli.

In the past several decades, knowledge of adipose tissue has been rapidly growing.
This book aims to provide an overview of the topics of adipose tissue and its role

in human physiology and pathology. The book is written by authors from different
laboratories, yet the editor has tried to arrange the chapters in an issue order to
make it easier for readers to find what they need. The authors discuss adipose tissue
from different aspects and hope to enhance a clear understanding of this histologi-
cal, physiological, and pathological problem.

This book contains three sections focusing on the topic of adipose tissue. Section 1
contains only one chapter and presents the general characteristics of adipose
tissue. Section 2, which includes Chapters 2-4, mainly describes the role of sirtuins,



follistatin, and alcohol in the metabolism of adipose tissue. Finally, Section 3, which
includes Chapters 5-7, focuses on the disorders in adipose tissue and their influence
on human health and diseases.

I hope that this book will be of help to scientists, doctors, pharmacists, and other
experts in various disciplines. It should also be suitable for teaching.

I would like to thank Ms. Marina Dusevic for her great effort in book planning and
editing during the process of book publication.

dr. hab. Leszek Szablewski
Professor,

Medical University of Warsaw,
Warsaw, Poland
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Chapter1

Introductory Chapter: Adipose
Tissue

Leszek Szablewski

1. Introduction

Adipose tissue is a kind of connective tissue. It is a highly specialized tissue that
plays a significant role in humans and animals. Adipocytes, cells of adipose tissue,
store lipids and triacylglycerol as well as synthesize fatty acids. It also protects
against mechanical injury as well as against cold. Adipose tissue is also involved in
process of thermogenesis. Adipose tissue is also a metabolic active organ. Adipose
tissue, beside adipocytes, contains also the stromal vascular fraction (SVF) of cells
including fibroblasts, vascular endothelial cells, and immune cells, for example,
macrophages.

2. Types of adipose tissue

Based on colors, adipose tissue is classified as white adipose tissue (WAT) and
brown adipose tissue (BAT). These two types of adipocytes arise from separate
progenitor cell lines. They show distinct morphology, structure, localization in the
body, and function [1, 2].

White adipocytes are globular cells. Their size varies between 25 and 200 pm and
depends on the size of the single lipid droplet accumulated within them [3, 4]. They
contain large, single lipid droplet, more than 90% of the cell volume. Therefore, the
amount of cytoplasm is small, and the nucleus is decentralized [5] and has a low
density of mitochondria [3, 4]. Their main function is to store lipids, as energetic
molecules to provide energy to the cells between the meals. White adipose tissue
secretes also several molecules, such as retinol, steroid, hormones, prostaglandins,
and adipokines that are pro- and anti-inflammatory cytokines. These molecules
influence human and animal physiology and pathology.

White adipose tissue may be differentiated based on the anatomical locations
or depots: subcutaneous (under the skin in the hypodermis region) and visceral.
Increased visceral fat increases the risk of metabolic and cardiovascular diseases
[6, 7]. Subcutaneous fat may protect against metabolic derangements [8]. Two
subcutaneous fat regions in humans are recognized: upper and lower body fat.
Accumulation of fat in lower regions (around the gluteal and femoral, the so-called
gluteofemoral regions) improves glucose tolerance [9], negatively correlates with
insulin resistance [8], and is associated with reduced aortic calcification [10].
Visceral adipose tissue is generally regarded as intra-abdominal adipose tissue.
Visceral fat surrounds the internal organs. The major visceral depots are the
omental, retroperitoneal, perineal, mesenteric, and pericardial depots [11, 12]. The
mesenteric and omental adipose tissues drain directly into the portal circulation.
These adipocytes release free fatty acids and pro-inflammatory cytokines to the
liver. This process causes the development of hepatic steatosis and insulin resistance
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[13, 14]. Pericardial fat increases the risk of metabolic disorders and low-grade
inflammation, involved in type 2 diabetes and cardiac complication. It may cause
also increased diastolic pressure and fasting insulin levels [15, 16] and arterial
calcium accumulation [17] and severity of coronary disease [18]. Increased perire-
nal and pararenal depots are associated with glomerulopathy [19], chronic kidney
diseases in patients with type 2 diabetes [20], and hypertension [21, 22]. Increased
thickness of mesenteric fat is correlated with increased risk of cardiovascular
diseases [23], Crohn’s disease [24], hepatic insulin resistance, and hepatosteatosis
[25]. These observations suggest that increased visceral fat deposition is associated
with diseases and metabolic derangements, whereas subcutaneous fat deposition is
not so dangerous.

Brown adipose tissues have polygonal shape, and their diameter is variable.
They are smaller in comparison to WAT (15-60 pm) [26]. They also contain lipid
droplets, but as multiple, small vacuoles of varied size. These cells contain a large
amount of cytoplasm and centralized nucleus [5]. The most characteristic organ-
elles presented in brown adipocytes are the mitochondria [27, 28]. BAT is found in
fetuses and newborn, whereas in adult humans is practically absent. It is present at
discrete sites such as in the upper trunk [29].

Recently, the third type of adipose tissue has been described. It is termed
“brown-in-white,” “brite,” or “beige” [26, 30]. Beige adipose tissue histologically is
very similar to BAT. The development of beige AT is due to the browning of WAT. It
is an adaptive response to stimulation, for example, cold exposure, exercise, natri-
uretic peptides, thyroid hormones, bile acids, and so on [31-33]. Beige AT exhibits
several intermediate features between BAT and WAT. For example, its adipocytes
have a predominant lipid vacuole in the cytoplasm and numerous mitochondria
[27, 34]. They express genes involved in the process of thermogenesis [30, 32, 33].
On the other hand, adipocytes of beige AT express characteristic and distinct gene
markers. These gene markers are specific for beige adipocytes and distinguish them
from adipocytes of BAT and WAT [26, 30, 35, 36].

3. Adipose tissue as an endocrine organ

As mentioned earlier, adipose tissue is also an endocrine organ. It secretes
several hormones that regulate the homeostasis. The first molecule with hormonal
activity secreted by adipocytes was leptin. It is a satiety hormone that suppresses
food intake and increases energy expenditure. The levels of leptin are positively
correlated with the amount of body fat [37]. Subcutaneous white adipose tissue
secretes greater amounts of leptin than visceral WAT [38, 39]. Adiponectin, another
hormone secreted by adipose tissue, is secreted primarily by subcutaneous rather
than visceral fat. It shows anti-inflammatory and insulin-sensitizing roles [40]. In
obese humans and patients with insulin resistance, the level of adiponectin is low
[41, 42]. Resistin, a peptide hormone, impairs glucose and insulin metabolism and
is implicated in insulin resistance [43, 44]. Visfatin is a hormone implicated in the
utilization of glucose, predominantly synthesized and secreted in visceral fat [45];
however, it is predominantly secreted from macrophages rather than adipocytes. It
has endocrine, paracrine, and autocrine functions and can bind to insulin receptor.
There are also other hormones synthesized and secreted by adipose tissue such as
acylation-stimulating protein (ASP) which is concerned with fat storage.

Adipose tissue secretes also growth factors, such as fibroblast growth fac-
tors (FGFs), insulin-like growth factor-1 (IGF-1), hepatocyte growth factor
(HGF), nerve growth factor (NGF), vascular endothelial growth factor (VEGF),
and transforming growth factor (TGF). These growth factors stimulate several
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processes such as adipogenesis [46], glucose metabolism [47], angiogenesis [48,
49], and thermogenesis [50]. On the other hand, some of these growth factors may
be a pro-inflammatory adipokines. Adipose tissue secretes also other inflammatory
cytokines such as interleukin-6, interleukin-8, interferon-y, plasminogen activa-
tion inhibitor-1 as well as anti-inflammatory adipokines, such as adiponectin [51].
There are also many other molecules secreted by adipose tissue, such as retinol-
binding protein 4 (RBP4), vaspin, omentin, chemerin, serum amyloid A (SAA),
angiotensinogen, macrophage migration inhibitory factor (MIF), lipoprotein lipase,
cholesterol ester transfer protein (CETP), prostaglandins, estrogens, glucocorti-
coids, and so on. All of these molecules influence human and animal processes.
They have positive, as well as negative, effects on human health. Adipose tissue may
be involved in the development of many diseases, such as type 2 diabetes mellitus
[52, 53], metabolic syndrome [54], and several cancers (breast [55], cervical [56],
endometrial [57], kidney [58], and gastrointestinal [59, 60]). Disturbances in func-
tions of adipose tissue may cause also psychiatric diseases and disorders, such as
depression [61], dementia [62], insomnia [63], and many others.
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Role of Sirtuins in Adipose Tissue
Development and Metabolism

Alina Kurylowicz

Abstract

Sirtuins (silent information regulators, sirts) via modification of histones, as well
as transcription factors and co-regulators, control expression of other
genes, particularly those involved in the organism response to stress. Detection
of sirtuin expression in adipocytes initiated interest in their role in adipose tissue
development and metabolism. This chapter presents how sirtuins control the
critical steps of preadipocytes’ differentiation and proliferation, as well as the
process of adipose tissue browning. Moreover, it shows in vitro and in vivo
data proving that sirtuins are involved in the regulation of lipogenesis,
lipolysis, and secretory activity of adipose tissue. Due to all these reasons,
sirtuins may constitute potential targets in the treatment of obesity and
related complications.

Keywords: sirtuins, adipocytes, adipogenesis, lipid metabolism, adipokines

1. Introduction

Recent research widened our understanding of the role of adipose tissue
from the simple energy storage to the metabolically and hormonally active organ
that in response to environmental stimuli is able not only to activate lipolysis/
lipogenesis but also to secrete several factors to communicate with and regulate
the function of other organs. These findings allowed to understand the link
between excess adiposity and the development of obesity-related complications
and renewed interest in adipose tissue as a possible target for obesity-orientated
therapies [1].

However, despite the constant progress in understanding its pathogenesis, the
therapeutic potential to prevent and combat obesity is limited. Behavioral inter-
ventions, calorie restriction (CR) combined with the increased physical activity, do
not assure persistent, long-term effects, while available pharmacological treatments
allow for loss of 5-10% of initial weight. Therefore, there is a need for novel
methods of treatment of obesity and its complications.

Studies on the influence of CR on the whole body function allow to identify
sirtuins (silent information regulators, sirts)—essential players in different cellular
metabolic pathways that seem to be crucial for the proper function of adipose tissue
and in this way may constitute attractive therapeutic targets in the treatment of
obesity and related complications.
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2. A short review of the sirt system

The sirts are highly conserved regulatory proteins present almost in all species.
Initially, they have been identified as class III histone deacetylases, nicotinamide
adenine dinucleotide (NAD)-dependent enzymes responsible for the removal of
acetyl groups from lysine residues in proteins, while some members of this family
act also as mono-ADP-ribosyltransferases. Since acetylation and deacetylation are
essential mechanisms of posttranslational modifications of proteins determining
their activity, sirts were found to be involved in the regulation of distinct cellular
pathways including, among others, those related to cell survival, apoptosis, inflam-
matory and stress responses, as well as lipid and glucose homeostases [2].

In human, seven sirt genes (sirts) have been identified that encode seven
sirt enzymes of different structure, cellular localization, and tissue expression. All of
them share a common conserved catalytic core region consisting of approximately 275
amino acids, forming a Rossmann fold domain (characteristic of NAD*/NADH-binding
proteins) and a zinc-binding domain connected by several loops [2]. Outside the
catalytic core, sirt enzymes possess variable N- and C-terminal regions that decide
about their enzymatic activities, binding partners and substrates, as well as subcellular
localization [3]. sirtl, sirt6, and sirt7 localize predominantly in the nucleus where via
modifications of transcription factors, cofactors, and histones they participate in the
regulation of energy metabolism, stress and inflammatory responses, DNA repair (sirtl
and sirt6), and rDNA transcription (sirt7) [4]. sirt2 is a cytoplasmic sirtuin and plays a
role in cell cycle control [5]. sirt3 can be found in mitochondria where it takes part in
the regulation of enzymes involved, e.g., in glycolysis, fatty acid (FA) oxidation, ketone
body synthesis, and the catabolism of amino acids as well as of apoptosis and oxidative
stress pathways. This sirtuin also has as a nuclear full-length form (FL-sirt3) that is
processed to the short mitochondrial form. Therefore, sirt3 may regulate cellular
metabolism both at the transcriptional and posttranscriptional levels. sirt4 is also local-
ized in mitochondria and acts as ADP-ribosylase. Another mitochondrial sirtuin—sirt5
—has a potent demalonylation and desuccinylation enzymatic activity and is involved
in the regulation of amino acid catabolism [6]. Importantly, the subcellular localization
of sirts may vary in different cell types and may depend on their molecular interactions
as it was shown in the case of sirtl, sirt2, and sirt3 that can be found both in the nucleus
and in the cytoplasm [4].

Expression of sirts was detected in various human tissues, including those crucial for
the regulation of metabolism, e.g., hypothalamus, liver, pancreatic islets, skeletal mus-
cles, and adipocytes [7-10]. In these tissues, sirts control the expression of other genes,
particularly those involved in the organism response to stress. It was shown that sirt
expression and activity of sirt enzymes are highly sensitive to several environmental
factors, CR, exercise, and cold exposure that represents an adaptive mechanism in
response to environmental stress [3]. Fluctuations in intracellular NAD+ levels in
response to nutrient availability are believed to mediate in this phenomenon. When
nutrients are plentiful, cellular metabolism relies on glycolysis to produce energy,
leading to the generation of ATP and conversion of NAD* to NADH. Low levels of
NAD" and high levels of NADH result in inactivation of the enzymatic activity of sirts.
In turn CR leads to the elevation of NAD+ levels in most metabolically active tissues
resulting in the increased sirt activity [11]. In humans, obesity leads to downregulation
of sirt] level in adipose tissue that can be restored by the weight loss [12].

3. sirts and adipogenesis

sirts are considered as potential targets for the treatment of obesity that results
from their involvement in the regulation of adipogenesis and adipocyte browning.
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3.1 Types of adipocytes

In mammals, there are two main types of adipose tissue that differ in their
structure, physiology, and function. White adipose tissue (WAT) acts mainly as
energy storage that releases FA for the production of adenosine triphosphate (ATP)
during the process of p-oxidation.

Small mammals and human newborns, apart from white adipocytes, possess
large deposits of brown adipose tissue (BAT) responsible for the non-shivering
(adaptive) thermogenesis which is for them the most important regulatory mecha-
nism for maintaining body temperature. The energy produced due to the oxidation
of lipolysis-derived FA in the BAT mitochondria is released as heat, mostly thanks
to uncoupling proteins (UCP). Age progression in humans was believed to be
associated with complete atrophy of BAT; however, novel methods of imaging led
to the identification of BAT stores in several areas of the adult human body, as
well as of cells reminding brown adipocytes dispersed within WAT also known as
beige/brite adipocytes (BeAT). These cells share common morphological features of
white and brown adipocytes, and their number may increase upon different stimuli
(e.g., cold, exercise, thyroid hormones, resveratrol). There are two theories regard-
ing BeAT origin: they (i) differentiate from the progenitor cells resident in WAT or
(ii) arise due to the transdifferentiation of white adipocytes. Given the role of
adaptive thermogenesis in the whole body energy expenditure, stimulation of white
adipocytes browning seems to be an attractive therapeutic pathway in the treatment
of obesity and related metabolic disorders [13].

3.2 sirts and preadipocyte differentiation

Peroxisome proliferator-activated receptor y (PPARY) is considered to be the
main transcription factor responsible for promoting adipogenesis. sirt1, by
interacting with two PPARy corepressors, nuclear receptor corepressor (N-CoR)
and silencing mediator of retinoid and thyroid hormone receptors (SMRT), can
attenuate adipogenesis [14]. Consistently, overexpression of ectopic sirt1 blocks
adipogenesis in 3T3-L1 cells, a culture of mouse adipocytes used as a model of
adipocyte differentiation [15, 16]. Additionally, via activation of the Wnt signaling
pathway, sirtl determinates mesenchymal stem cells (MSC) differentiation toward
myogenic cells, while its inhibition in MSC promotes adipogenesis [17]. MicroRNA
146b (miR-146b) acts as a negative regulator of sirtl during adipocyte differentia-
tion, giving a hope that interference with this miRNA may constitute a therapeutic
perspective in the treatment of excess adiposity [18].

Another sirtuin family member—sirt2—has also shown an inhibitory effect on
adipocyte differentiation [14]. In this process, sirt2 deacetylates forkhead box O1
(FOXO1) transcription factor and subsequently represses PPARy transcriptional
activity [19]. Therefore, sirt2 overexpression inhibits adipogenesis, while its silenc-
ing has an opposite effect in 3 T3-L1 preadipocytes. Moreover, this inhibitory
influence of sirt2 on adipocyte differentiation discloses under CR that indicates the
role of this sirtuin in the maintenance of energy homeostasis and suggests that sirt2
activators could provide novel therapeutics of obesity and its complications; how-
ever, such compounds have not been developed yet.

sirt3 is essential for the activation of bioenergetic function of mitochondria at
the early stage of adipocyte differentiation. Silencing of sirt3 decreases the protein
level of forkhead box O3a (FoxO3a) transcription factor and subsequently
downregulates the expression of several antioxidant enzymes and increases oxida-
tive stress in MSCs after adipogenic induction. In this way, sirt3 depletion dimin-
ishes the ability of MSCs to undergo adipogenic differentiation and leads to
adipocyte dysfunction [20].
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Knockout of sirt4 (encoding sirt4) leads to the decreased expression of
adipogenic differentiation marker genes during differentiation of bovine adipo-
cytes, suggesting that this sirtuin is crucial for the proper adipogenesis too [21].

sirt6 and sirt7 were also found to be necessary for adipocyte differentiation, and
their deficiency inhibits the development of preadipocytes toward white
adipocytes. sirt6 inhibits the expression of kinesin family member 5C (KIF5C)
and enhances casein kinase 2 (CK2) and in this way promotes mitotic clonal
expansion of adipocytes [22]. Deletion of sirt7 or inhibition of sirt7 diminishes the
ability of mouse embryo fibroblasts and 3T3L1 cells to undergo adipogenesis.
However, its overexpression did not rescue the preadipocyte differentiation,
suggesting that sirt7 is required but not sufficient to perform a full program of
adipogenesis. Interestingly, sirt7 is a metabolic target for miR-93, a negative
regulator of adipogenesis, which expression is decreased in genetically obese
ob/ob mice [23].

Experimental data suggest a direct interaction between sirt1 and sirt7 proteins at
the molecular level as it was shown in immunoprecipitation assays and in vivo,
where sirt7 knockout (KO) mice have increased sirtl protein levels and enzymatic
activity in WAT. Loss of sirt7 leads to increased sirt1 activity and recruitment to the
PPARy promoter, causing downregulation of its expression, that can explain the
lipodystrophic phenotype in sirt7 KO mice [24].

The role of sirts in preadipocyte differentiation is schematically shown in
Figure 1.

3.3 sirts and adipocyte browning

One of the approaches to the treatment of obesity is based on the activation in
preadipocyte genes specific to BAT, which is characterized by high metabolic
activity. Browning (brightening or beiging) of white adipocytes is an adaptive and
reversible process that occurs in response to various stimuli.

Since sirtl, by direct deacetylation of PPARY, recruits the BAT program
coactivator Prdm16 (PR domain containing 16) to PPARYy, it also plays a crucial role
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Figure 1.

Role of sirtuins in adipocyte differentiation. CK2, casein kinase 2; FOXO1, forkhead box O1; FOXO3a,
forkhead box O3a; KISFC, kinesin family member 5C; PPARy, peroxisome proliferator-activated receptor y;
ROS, reactive oxygen species; sivt, sivtuin; Wnt, signaling pathway; 1, upregulation and stimulation; |,
downregulation and inhibition.
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Figure 2.

Role of sirtuins in adipocyte browning. PGC-1a, PPARy coactivator 1a; PPARY, peroxisome proliferator-
activated receptor y; Prdm16, PR domain containing 16; sirt, sivtuin; UCP, uncoupling protein 1; 1,
upregulation and stimulation.

in the induction of genes typical for BAT and repression of WAT genes associated
with insulin resistance [25]. Therefore, silencing of sirz1 in 3T3-L1 preadipocytes
leads to their hyperplasia and increased expression of WAT and inflammatory
markers with a parallel decrease in BAT markers, whereas its activation results in
increased adipocyte browning [26].

Cooperation among different sirtuins is crucial for the proper differentiation of
brown adipocytes. For example, nutritional and thermal stress induces sirt1, which,
by its deacetylation, activates PPARy coactivator 1o (PGC-1a) which upregulates
transcription of sirt3. In cultures of brown adipocyte precursors (HIB1B cells),
overexpression of sirt3 resulted in the increased phosphorylation of the cAMP
response element-binding protein (CREB) which then directly activates PGC-1u pro-
moter, resulting in the increased expression of UCP1 and in promotion of mito-
chondrial respiration [27]. However, subsequent experiments showed that the
protein produced based on the cDNA used in this experiment lacked proper
deacetylase activity, so this finding should be treated with caution [28]. Moreover,
sirt3 KO mice, despite mitochondrial protein hyperacetylation, showed no
significant disturbances of the adaptive thermogenesis [29].

sirt5 was found to be essential for activation of brown adipogenic genes,
and adipocyte differentiation in vitro and its knockout leads to the decrease in
intracellular a-ketoglutarate concentration, which results in elevated histone
methylation and transcriptional repression of ppary and Prdm16. Therefore sirt5 KO
mice present diminished browning capacity of WAT with subsequent cold intoler-
ance [30].

Finally, depletion of sirt6 in primary brown adipocytes reduces binding of the
activating transcription factor 2 (ATF2) to the PGC-1a promoter and in this way
decreases basal mitochondrial respiration and maximal mitochondrial capacity [31].

The role of sirts in adipocyte browning is schematically shown in Figure 2.

4. sirts in control of adipose tissue function

Both in vitro and in vivo studies have implicated sirts in the regulation of
adipose tissue metabolism. These studies let us understand the complexity of sirt
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actions and gave hope that the modulation of their activity may constitute a new
therapeutic strategy for the treatment of obesity and its metabolic complications
including hyperlipidemia and chronic inflammation.

4.1 sirts in lipid metabolism

sirts are expressed in tissues and organs involved in lipid metabolism including
the liver, skeletal muscle, and white and brown adipose tissues, where they control
lipid synthesis, storage, and utilization both directly and indirectly (via control of
insulin secretion).

During fasting sirtl, by deacetylation of PPARy corepressors (FOXO1 and PGC-
la), stimulates in the adipose tissue transcription of the gene encoding adipose
triglyceride lipase (ATGL) and subsequent lipolysis. This process is impaired in sirt1
KO mice [15]. However, the results of animal studies regarding sirt1 overexpression
on body weight and composition are inconsistent [32, 33]. It is suggested that these
discrepancies may be attributed to the different levels of sirt1 expression between
the transgenic animals as well as to the differences between strains and species used
in the experiments.

Apart from the regulation of PPARa-related pathways, sirtl may influence FA
metabolism via downregulation of sterol regulatory element-binding proteins 1 and
2 (SREBP-1 and SREBP-2) transcription factors. sirtl overexpression or its activa-
tion by, e.g., resveratrol (RSV), prevents cleavage-induced activation of SERBs and
their translocation to the nucleus where they promote transcription of genes crucial
for sterol biosynthesis [34]. sirtl1 KO mice have lower SREBP-1 mRNA levels in the
liver that correlates with decreased serum triglyceride concentrations [35]. Activa-
tion of sirtl also induces phosphorylation of AMP-activated protein kinase (AMPK)
that protects against FA synthase induction and lipid accumulation caused by high
glucose [36].

sirt1 also promotes deacetylation of liver X receptor (LXR) proteins and tran-
scription factors that act as cholesterol sensors and regulate whole body cholesterol
and lipid homeostasis [37]. LXR deacetylation is necessary both for their activation
and induction of LXR target genes and for their subsequent ubiquitination. sirt1 KO
animals have reduced mRNA levels of LXR target genes that result in impaired
reverse cholesterol transport—a process by which excess cholesterol is removed
from the peripheral cells and transported to the liver where it can be converted to
bile and excreted [38].

Fasting and cold exposure were found to increase the expression of sirt2 in
WAT. That results in the deacetylation of FOXO1 and subsequent repression of
PPARYy activity, lipolysis, and release of FA. Similar effect can be obtained by
administration of isoproterenol that confirms the role of adrenergic signaling in the
regulation of sirt2 expression in WAT [19]. sirt2 may also inhibit lipogenesis by
deacetylation of ATP-citrate lyase (ACLY), an enzyme crucial for FA synthesis. A
deacetylated form of ACLY is then ubiquitinated and degraded, while lipogenesis is
reduced [39].

Livers from sirt3 KO mice showed higher levels of FA oxidation intermediate
products and triglycerides during fasting that was associated with decreased levels
of FA oxidation when compared to wild-type animals. These findings are consistent
with the fact that deacetylation of the long-chain acyl-coenzyme A dehydrogenase
by sirt3 was found to determine proper mitochondrial FA oxidation [40].

There are experimental data that other sirts are also involved in lipid metabo-
lism: in adipose tissue, e.g., deacetylation of malonyl-CoA-decarboxylase by sirt4
and desuccinylation of the hydroxyl-coenzyme A dehydrogenase by sirt5 determine
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proper mitochondrial FA oxidation [41, 42], while downregulation of sirt4 level
results in the increased expression of genes involved in FA oxidation [43]. In
experimental animals, sirt6 deficiency leads to impaired lipolytic activity and sub-
sequent adipocyte hypertrophy [44]. On the molecular level, sirt6 deficiency
increases the acetylation and phosphorylation of FOXO1, leading to its nuclear
exclusion and decrease in its transcriptional activity that downregulates the expres-
sion of the gene encoding ATGL [44]. In turn, sirt6 overexpression in adipose tissue
counteracts lipotoxicity caused by the high-fat diet by decreasing PPARy signaling
and diacylglycerol acyltransferase 1 (DGAT1) activity [45]. The role of sirt7 in lipid
metabolism is yet to be determined. In some studies sirt7 KO mice, due to the
impaired management of the endoplasmic reticulum stress, have increased lipo-
genesis in the liver that results in liver steatosis and dyslipidemia [23], while sirt7
upregulation restores hepatic homeostasis in diet-induced obesity [46]. On the
contrary, other researchers showed that sirt7 via inhibition of testicular receptor 4
(TR4) degradation promotes FA uptake, triglyceride biosynthesis, and storage [47].
These results constituted the basis for studies on the use of sirtuin-activating
compounds in order to increase lipolysis and to prevent excess adiposity.

4.2 sirts in control of adipose tissue inflammation and secretory activity

Recent years widened our understanding of the role of WAT which is now
considered not only an energy storage but also an important endocrine organ that
via secreted mediators (e.g., cytokines and adipokines) may influence the function
of the whole organism and be responsible for the development of obesity-related
complications.

sirtl, by interference with the nuclear factor kB (NF-kB) signaling pathway,
represses inflammatory gene expression in adipocytes and in macrophages infil-
trating adipose tissue, which results in the improvement of insulin signaling and in
the reduction of hyperinsulinemia accompanied by an increase in insulin sensitivity
in vivo [48, 49]. sirtl can inhibit NF-kB signaling both directly and indirectly.
Acting directly sirtl deacetylates the RelA/p65 subunit of the NF-kB, leading to its
subsequent ubiquitination and degradation. Indirect inhibition of NF-kB by sirtl
takes place by increasing activity of repressive transcriptional complexes, e.g.,
PPARa, which can bind and inactivate RelA/p65 or increase expression of the gene
encoding inhibitor a of kB (IkBa) [50].

Similarly, overexpression of sirt6 suppresses activation of the NF-xB signaling in
cell lines, firstly, by the direct interaction with NF-kB subunit and, secondly, by
deacetylation of histone H3 lysine 9 at target gene promoters leading to inhibition of
the transcription of the proinflammatory genes [51]. Moreover, sirt6 by binding to
the c-Jun downregulates expression of its target genes including interleukin 6
(IL-6), tumor necrosis factor a (TNF-a), and monocyte chemoattractant protein 1
(MCP-1) [52]. Subsequently, in model animals, sirtl and sirt6 deficiency increases
macrophage infiltration in adipose tissue and subsequent inflammation [44].
Moreover, sirtl deficiency in adipocytes (probably due to the decreased expression
of IL-4) led to the shift between the profiles of macrophages from the anti-
inflammatory (M2) to the proinflammatory (M1) [53]. Therefore, sirtl- and sirt6-
deficient adipocytes are more potent in promoting macrophages migration than
wild-type cells that can be reversed by addition of MCP1 or adiponectin.

This last adipokine is a protein hormone with many desirable metabolic proper-
ties (including anti-inflammatory and anti-oxidative effects) almost exclusively
produced in adipocytes. sirt1 tightly regulates the expression and secretion of
adiponectin by adipocytes: enhancing formation of the complex between FOXO1
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and C/EBPoa (CCAAT/enhancer binding protein o) increases expression of the
ADIPOQ gene, while inhibition of endoplasmic reticulum oxidoreductase Ero-La
decreases secretion of the high-molecular-weight (HMW) adiponectin [54].
Omentin-1 (intelectin-1) is another adipokine secreted, but not only by adipose
tissue with anti-inflammatory properties that via activation of sirtl exert its molec-
ular effects on target genes [55].

In contrary, resistin is a hormone with biological characteristics opposite to
adiponectin and omentin. It is secreted, apart from other sites, by adipose tissue;
however, resistin expression in isolated human adipocytes is low, and its content in
adipose tissue is proportional to the intensity of macrophages infiltration, which are
the primary source of this adipokine [56]. Stimulation of sirt1 by RSV reduces
resistin mRNA level and protein expression in macrophages, whereas sirtl KO
results in the opposite effect. On the molecular level, sirt1 interacts directly with the
resistin promoter region at an activator protein 1 (AP-1) transcription factor
response element as well as inhibits transactivation of the resistin gene by c-Jun
pathway [57]. In animal model RSV, via activation of sirtl was also found to
decrease expression of visfatin—another adipokine secreted by macrophages
infiltrating adipose tissue [58].

5. Sirtuins as targets for obesity treatment

Given their role in the regulation of lipid metabolism, adipogenesis and secre-
tory activity of adipose tissue sirts constitute promising targets for novel therapies,
targeting excess adiposity and associated metabolic disorders. However, the dis-
covery of a compound that would be able to activate some sirt isoforms and to
inhibit others is still a challenge. Another obstacle is to obtain tissue specificity of
action for these compounds, since sirt activity may depend on the cell type and
environmental factors.

Several sirt isoforms bear the potential for being used as therapeutic targets,
but to date, only modulators of sirtl have entered into the clinic. The most
effective sirtuin-activating compound able to increase sirt1 activity in vitro by >10
fold is RSV [59]. RSV, naturally present in grapes and red wine, successfully
inhibited maturation of preadipocytes and induced adipocyte apoptosis in cell
cultures [60]. When administered to mice on the high-calorie diet, RSV was able
to improve their metabolic and inflammatory profiles [61]. A reformulated ver-
sion of RSV (resVida) with improved bioavailability was effective in decreasing
glucose and triglyceride levels, reducing the intensity of inflammation and liver
steatosis in obese men [62]. Another micronized formulation of RSV, SRT501, via
activation of the similar set of genes as in the case of CR, was able to counteract
negative consequences of a high-calorie diet in mice [63]. A composition
containing RSV, leucine, p-hydroxymethyl butyrate (HMB), and ketoisocaproic
acid synergistically activating sirtl and sirt3 can induce FA oxidation and mito-
chondrial biogenesis. This combination, when tested on 3LT3-L1 preadipocytes,
was more effective in activation of sirtl than RSV alone but also able to activate
sirt3. In ¢57/BL6 mice, treatment with a combination of low doses of RSV with
either HMB or leucine resulted in a reduction of body weight and improvement of
body composition accompanied by increased insulin sensitivity [64].

A variety of synthetic RSV derivatives with lower toxicity and higher potency to
activate sirtl have been invented. The example of them is SRT1720, able to increase
deacetylation of sirt1 substrates in vitro and successfully applied in vivo to treat
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insulin resistance in animal models of type 2 diabetes [63, 65, 66]. Apart from the
favorable influence on glucose metabolism, SRT1720, by decreasing expression of
lipogenic genes, occurred to be effective in the treatment of animal models of liver
steatosis [67]. However, some studies question the beneficial effect of SRT1720 on
metabolic parameters in animals fed a high-fat diet [68]. Moreover, RSV and other
sirtl activators (SRT1720, SRT2183, SRT1460) were found not to activate sirtl
directly but by the activation of AMPK that increases intracellular NAD* levels and
in this way induces deacetylation of sirt1 targets [69]. However, studies on sirtl
mutations that influence the protein structure suggest that there is also a direct
interaction of RSV derivates with the sirtl enzyme molecule [64]. In humans,
administration of SRT2104 (another RSV analogue) caused a decrease in serum
total cholesterol and triglycerides levels as well as a significant reduction of the
inflammatory response to lipopolysaccharide stimulation [70].

Despite their beneficial effects on adipose tissue metabolism, the critical issue
that may arise during the use of sirt1 activators in everyday practice is their limited
target specificity that might result in unexpected adverse effects [71]. That is why
sirt modulators are still under consideration before they can be approved for the
routine treatment of obesity and metabolic disorders.

Till now, the only aspects in which sirt inhibitors can be used to treat
obesity-associated metabolic disorders are to induce favorable changes in body
composition. sirtl-inhibiting compounds such as splitomycin, suramin,
salermide, EX-527, or sirtinol can be used to increase the amount of skeletal
muscle. This concept is based on animal studies where sirtl KO mice display higher
muscle growth than wild-type animals and mice with muscle-specific sirt1
overexpression [64]. However, sirt] inhibitors were not tested for that purpose
in humans.

Recently there has been a rapidly growing interest in the role of miRNAs in
fat cell development and obesity, and there is also evidence that miRNA plays a
role in the regulation of sirt activity [18, 23, 46, 72]. Therefore, one can assume that
strategies based on modifying the action of sirts by specific miRNAs may also be
useful in treating obesity. However, these studies are still at a preliminary stage.

6. Final remarks and conclusions

If the remarkable effects of sirts on adipose tissue development and metabolism
coming from animal studies hold up in humans, their activators and inhibitors may
revolutionize the treatment of obesity and associated complications. However, one
should remember that sirt activities are not limited to the regulation of metabolism
and include, also, e.g., control of longevity, oncogenesis as well as the function of
neural and cardiovascular systems. Therefore, compounds targeting sirts’ system in
order to combat excess adiposity have to be adipose tissue-specific to avoid poten-
tially harmful and counterproductive side effects of global sirt activation/inactiva-
tion. Till now such compounds have not been accepted for the clinical practice;
however, many of them are under evaluation, and it is very likely that shortly new
therapeutic strategies aimed at selective and tissue-specific modulation of sirt
activity will be registered for the treatment of obesity and its complications.
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Chapter 3

Novel Aspects of Follistatin/
Transforming Growth Factor-f3
(TGF-B) Signaling in Adipose
Tissue Metabolism: Implications in
Metabolic Health

Shehla Pervin, Wilson Nyah, Srinivasa T. Reddy
and Rajan Singh

Abstract

Obesity is a major risk factor for several metabolic disorders including insulin
resistance, diabetes, and cardiovascular diseases. Chronic imbalance of calorie
intake and expenditure results in storage of excess unused energy resulting in
obesity and related metabolic dysfunctions. While most obesity therapies are
focused on reducing the calorie intake and exercise, recent studies suggest that
targeting cellular energy expenditure could be a fascinating alternative approach.
Brown adipose tissue (BAT) not only has a remarkable calorie burning capacity,
but it could also promote triglyceride clearance and glucose disposal. Induction of
brown adipose mass and activity in relevant tissues are linked to relieve symptoms
of various metabolic disorders such as diabetes, insulin resistance, and cardiovas-
cular diseases. Follistatin (Fst), an extracellular protein that binds and antagonizes
several members of the transforming growth factor beta (TGF-p)/myostatin (Mst)
superfamily, promotes brown adipose characteristics in both white and brown
adipose tissues by targeting distinct molecular pathways. Inhibition of Mst, on the
other hand, leads to significant upregulation of adipose browning in white adipose
tissues. This chapter will summarize most recent developments in targeting adipose
tissue and their functional characteristics to explore therapeutic potential of Fst
and TGF-p/Mst signaling to modulate adipose tissue metabolic functions to combat
obesity and related metabolic syndromes.

Keywords: adipocyte, follistatin, myostatin, transforming growth factor beta,
adipose browning, uncoupling protein 1, thermogenesis, insulin sensitivity

1. Introduction

Obesity is a global health problem that results from chronic imbalance between
energy intake and its expenditure. Obesity is a major risk factor for several meta-
bolic diseases including diabetes, dyslipidemia, insulin resistance, cardiovascular
diseases, nonalcoholic fatty liver, and even some form of cancer. According to most
recent global estimates, by year 2030 roughly 2.16 billion individuals will be obese
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as defined by body mass index (BMI) of 30 or higher [1]. The economic impact of
obesity and related metabolic complications has been estimated between 4 and 8%
of gross domestic product which is comparable to 2018 defense budget ($643 billion)
and Medicare ($588 billion) in the United States [2]. Thus the toll of obesity imposes
massive and rapidly growing economic cost beyond human suffering. This economic
burden of obesity, therefore, significantly impacts low-income and otherwise
disadvantaged population. Staying physically active and maintaining a healthy diet
are well accepted and proven strategies to prevent weight gain; however, an alarming
increase of global obesity urgently requires the development of novel and highly
effective anti-obesity therapies. According to the laws of thermodynamics, any
treatment for obesity must require reduced energy intake, increased energy expen-
diture, or both. Recent data suggest that targeting cellular bioenergetics may provide
attractive therapeutic avenues for the treatment and prevention of obesity. White
adipose tissue (WAT) and brown adipose tissue (BAT) are two distinct adipose tissue
types present in mammals. While WAT with larger unilocular lipid droplets store
excess energy in the form of triglycerides, BAT consisting of multilocular smaller
lipid droplets enriched with mitochondria that express uncoupling protein 1 (UCP1)
has specialized capacity to dissipate excess energy via activating non-shivering ther-
mogenesis. Pockets of UCP1-positive adipocytes have also been found within WAT
depots which are called beige or brite (brown within white) adipocytes. These beige
adipocytes show some morphological and functional similarities to classical brown
adipocytes present with the BAT. Several molecular signaling pathways are reported
to play significant roles in the development and differentiation of these white, beige,
and brown adipose cells. Transforming growth factor beta (TGF-p) controls the
development, growth, and cellular functions of diverse cell types by transmitting
signals via dual serine/threonine kinase receptors and transcription factors called
Smads, especially Smad3. TGF-p expression levels are significantly elevated in
adipose tissues from obese mice [3], and blocking of TGF-p/Smad3 signaling results
in protection from obesity and diabetes. These metabolic benefits are associated with
increased appearance of brown-like adipocytes within the WAT [4]. Inactivation

of myostatin (Mst) also called growth and differentiation factor 8 (GDF8), a key
member of the TGF-p superfamily in both differentiating mouse embryonic fibro-
blast (MEF) primary cultures from wild type (WT) and Mst knockout (Mst KO)
embryos, as well as in white adipose tissues of Mst KO mouse models, displays beige
adipocyte phenotype and upregulation of key beige markers compared to the wild
type [5]. Blockade of activin receptor IIB (ActRIIB) that integrates the actions of
Mst and TGF-p-related ligands has been demonstrated to activate functional brown
adipogenesis and thermogenesis [6]. Inhibition of Smad3 signaling, which has been
identified as canonical pathway for Mst, induced WAT browning [7]. It therefore
suggests that antagonizing TGF-f/Smad3/Mst signaling pathway would lead to
significant favorable metabolic alterations by promoting adipose browning. Since
follistatin (Fst) is a well-known inhibitor of TGF-p signaling pathway in a variety of
cell lines [8-10], and a key antagonist of Mst, Braga et al. [11] hypothesized that Fst
may promote browning of white adipocytes, and using differentiating MEF primary
cultures from WT and Fst KO embryos provided the first evidence that Fst is a novel
inducer of brown adipose characteristics. Subsequent studies using Fst-transgenic
(Fst-Tg) mice overexpressing Fst under the control of skeletal muscle-specific myo-
sin light chain promoter, the authors demonstrated that Fst targets distinct pathways
to promote brown adipose characteristics in both BAT and WAT [11]. Combined
together, these findings support the idea that targeting TGF-p/Smad3/Mst signal-
ing either via direct genetic or pharmacological inhibition of this pathways or via
directly upregulating Fst could be attractive therapeutic options for the treatment of
obesity and related metabolic diseases.
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2. Developmental origin, transcriptional regulators, and molecular
signature of beige and brown adipocytes

Although white and brown adipocytes share many common features such as
PPAR-y-driven transcriptional control of adipogenesis, their gene expression
profiles are distinct, and they do not share a direct common progenitor. Recent
genetic studies using fat-mapping experiments have shown that while brown
fat in the interscapular region and skeletal muscle share some common features
and are derived from Myf5 expressing (Myf5+) cells (previously assumed to
be exclusively present in committed skeletal muscle precursors), these Myf5+
precursor cells were absent in white and beige cells [12, 13]. Studies from sev-
eral other laboratories using global gene expression as well as mitochondrial
proteomics signature confirmed that BAT is highly related to the skeletal muscle
and not WAT [14, 15]. The divergence of brown adipocyte precursor and skeletal
muscle was investigated using Pax7, another myogenic marker in pulse-chase
experiments, and it was reported that this divergence occurred between embry-
onic day 9.5 and 11.5 in mice [16]. UCP1-expressing beige adipocytes present in
epididymal WAT (Epi WAT) are thought to be derived through the proliferation
and differentiation of platelet-derived growth factor receptor a (PDGRF a),
CD44, and SC1 precursor cells [17]. Beige or brown-like cells in the inguinal
WAT, on the other hand, are suggested to be derived from Myf5-negative
(Myf5-) precursor cells [12]. However, this view has recently been challenged
by various groups on the basis of linage analysis studies that suggest that subsets
of white adipocytes are derived from both Myf5+ and Myf5- precursors and
respond to beta-3 adrenergic receptor (f3-AR) signaling suggesting that these
beige adipocytes may have multiple origins [18-20]. A subset of UCP1-positive
beige adipocytes is also recently reported to arise from Myh11, selectively
expressed in smooth muscle cells [21]. It is also possible that beige cells can
either originate from mesodermal stem cells or trans-differentiation of mature
white adipocytes [22]. Beige cells may also originate from Ebf2+ precursors
located in the subcutaneous adipose tissue (SAT) population characterized by
specific markers Cd137 and Tmeme26 [23]. Furthermore, it is also possible that
thermogenic adipocytes may arise from endothelial cells and capillaries where
retinoic acid (RA) could induce adipose browning by activating VEGF signal-
ing pathways [24]. RA is known to trigger angiogenesis and facilitate de novo
generation of Pdgrfa expressing adipocyte precursors mediated via VEGFA/
VEGFR?2 signaling [25]. These findings, therefore, collectively suggest that beige
adipocytes which are composed of heterogeneous cell populations may have
distinct cellular origins.

The acquisition of morphological and molecular features of brown and beige
fat is under the control of PPARy-coactivator 1a (PGC-1a) [26]. PGC-1a is induced
early in brown fat differentiation and is preferentially expressed in mature brown
adipocytes. PGC1-1a ectopic expression is sufficient to promote various aspects
of differentiation toward the brown fat lineage. PGC-1a is also rapidly and highly
induced by cold exposure and turns on several key components of the adaptive
thermogenic program including fatty acid oxidation, mitochondrial biogenesis,
and increased oxygen consumption [27]. The expression levels of 140kD zinc
figure containing transcription factor called PR domain containing 16 (PRDM16)
are very high in BAT compared to the visceral WAT and appear to play a major role
in brown adipose/skeletal muscle fate determination [28]. Ectopic expression of
PRDM16 in cultured mesenchymal cells including white preadipocytes induced
a complete brown fat differentiation program and activation of key thermogenic
(Ucp1, Pgc-1a, cidea, and elov3) genes and coactivates the transcriptional activity
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of PGC-1a/PGC-1p, as well as PPARa and PPARy [12, 28]. Coincident with these
changes, PRDM16 expression also led to suppression of several white fat and
muscle-selective markers [29]. On the other hand, genetic ablation of PRDM16 in
brown fat leads to significant increase in white adipose and muscle-specific genes
[28]. These findings, therefore, suggest that PRDM16 acts as a critical cell fate
regulator of brown fat, and careful analysis of its embryonic expression pattern
will be extremely valuable to dissect out the putative brown fat-skeletal muscle
precursors. Signaling molecules that control the timing and specificity of PRDM16
expression during development are unknown. Certain growth factors like bone
morphogenetic proteins (BMPs), members of the TGF-f superfamily of secreted
factors, are reported to influence both brown and white adipocyte differentiation
[30-32]. While BMP2 and BMP4 are reported to promote white adipose cell differ-
entiation, BMP?7 is reported to selectively induce brown adipogenesis in committed
precursor cells [32, 33]. BMP7 exposure to fibroblast cultures results in induction of
full brown fat differentiation program, including induction of PRDM16 and UCP1
expression [30]. Importantly, significantly reduced amounts of BAT mass were
observed in BMP7-deficient mice. However, it is not clear whether BMP7 plays any
role in the regulation of PRDM16.

Under basal conditions both beige and brown adipocytes share some of the
same key markers including UCP1 and PRDM16; however, data from clonal cell
lines suggest that beige and brown adipose cells express related but distinctly
different gene expression profiles [23]. Beige cells are highly enriched in
Tmem?26, Tbx1, and CD137 expression [23]. Comprehensive gene expression
analysis of adipose tissues isolated from interscapular BAT and inguinal fat
revealed several other beige-selective genes including Ear2, Sp100, Klh113,
and Slc27a [23]. Molecular profiling and histological analysis of human BAT
identified additional beige-selective markers HoxC8, HoxC9, Cited1, and Shox2
[34, 35]. On the other hand, classical brown adipocytes selectively express
epithelial V-like antigen (Eva 1), Zicl, Lhx1, and Epsti [23, 36-38]. Using adipose
tissues isolated from white and interscapular BAT from 129SVE mice, Wu et al.
identified additional genes including Hspb7, Ebf3, Pdk4, Fbxo31, and Oplah that
were enriched in BAT [23]. Using a combination of in silico, in vitro, as well
as in vivo approaches, Ussar et al. reported the identification of three new cell
surface markers of adipose tissues [39]. In this study, amino acid transporter
Ascl was identified as a white adipocyte-specific cell surface protein with very
low to undetectable levels in brown adipocytes, whereas amino acid transporter
PAT?2 and the purinergic receptor P2RXS5 are cell surface markers expressed in
classical brown and beige adipocytes.

Studies from microRNA (miRNA) signature analysis between beige and brown
adipogenesis have provided significant differences in their molecular signature.
MiRNA-193b-365 cluster is expressed in brown fat tissues and initially thought to
be involved in the regulation of brown fat differentiation by inhibiting Runx1t1,
which inhibits BAT differentiation [40]. However, subsequent in vivo studies
show a normal BAT function in the absence of miRNA-193b-365 [41]. Inhibition of
miRNA-182 and miRNA-203 in brown adipocytes led to downregulation of several
genes involved in oxidative phosphorylation and electron transport [42]. Inhibition
of miRNA-106b-93 led to induced expression of several adipogenic markers [43].
Similarly, positive (miRNA-196b) and negative (miRNA-26) regulation of beige
adipogenesis have been identified [44, 45]. miRNAs that positively (miRNA-30
family) and negatively (miRNA-27 and miRNA-34a) regulate both brown and
beige adipocytes are also identified [46-48]. Thus, there appear to be clear differ-
ences between BAT and beige miRNA gene signature in mouse and human tissues
and cells.
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3. Role of transforming growth factor-f (TGF-f) superfamily in adipose
browning and metabolic health

The TGF-p superfamily consists of more than 33 members including TGFf1,
TGFp2, and TGFp3, bone morphogenetic proteins (BMPs), growth differentiation
factors (GDFs), and activins that play important roles in growth, development, and
function of diverse cell types including adipocytes [49, 50]. These evolutionary highly
conserved superfamily members transmit their signals via dual serine/threonine
kinase receptors and transcription factors called Smads. TGF-f superfamily members
control various aspects of adipocyte biology. Adipose tissues from obese mice were
reported to express elevated levels of TGF-p [3]. The binding of TGF-f family to their
membrane receptors could be somewhat promiscuous and may allow 7 type I and
5 type II receptors to transduce signaling from these TGF-f superfamily members.
Multiple cell types including adipose progenitors, preadipocytes, and adipocytes
along with various immune cells are known to express protein belonging to TGF-§
superfamily and their antagonists [51]. The role of TGF-$/Smad3 signaling in regulat-
ing beige adipocyte phenotype and metabolic characteristics were elegantly demon-
strated by Yadav et al. [4]. They observed significant positive correlation between
TGF-p1 levels and adiposity in both rodents and human subjects. Using Smad3™'~
mice, they provided interesting link between Smad3 loss and protection against
diet-induced obesity and related metabolic syndromes. These changes in metabolic
parameters were associated with induction of white to brown phenotype and signifi-
cantly increased mitochondrial biogenesis. In the same study, examination of a total
of 184 nondiabetic human subjects from diverse ethnic groups, the authors identified
direct relationship between circulating TGF-p1 levels and BMI, fat mass, and VO,
consumption. Furthermore, anti- TGF-f antibody in Lep®”°" and diet-induced obesity
mouse models resulted in significantly reduced body weight, improved glucose and
insulin tolerance, as well as significantly reduced fasting glucose and insulin levels.
These metabolic improvements were associated with elevated expression of BAT/
mitochondria-specific proteins in white adipose tissues. Such links between TGF-f
signaling and mitochondrial energy metabolism pathway have also been reported by
several other laboratories [52, 53]. Extracellular matrix protein microfibril-associated
glycoprotein (MAGP) was found to be significantly altered in obese humans, and
inactivation of MAGP1 gene (Mfap2™'") resulted in adipocyte hypertrophy and
predisposition to metabolic diseases. Mfap2™~ mice had significantly lower expres-
sion of UCP1 expression in BAT and display reduced subcutaneous adipose browning
and defective adaptation to cold exposure [53]. Treatment of these Mfap2™~ mice
with neutralizing concentrations of anti-TGF-f antibody led to decreased adiposity
and improved body temperature. Administration of a novel activin receptor type II
B (ActRIIB) decoy receptor containing the extracellular domain of ActRIIB fused to
human Fc (ActRIIB-Fc) resulted in suppression of diet-induced obesity and associ-
ated metabolic functions in mice [54]. In the same study, significantly increased
adipose browning in epididymal white fat displaying robustly increased expression
of UCP1 and PGC 1-a was observed following ActRIIB-Fc treatment. Furthermore,
protection from diet-induced obesity in ActRIIB-Fc-treated mice was demonstrated
to result from increased energy expenditure and not decreased caloric intake.
Combined together, these interesting findings suggest novel insights into the role of
TGF-p signaling in suppressing adipose browning program within white fat tissues in
both mouse models and human subjects suggesting that efficient blockade of TGF-
activity could serve as an effective treatment strategy for obesity and diabetes.

Myostatin (Mst) is a key member of the TGF-p superfamily which is known to
play a major role in the regulation of skeletal muscle growth. However, recent stud-
ies have clearly indicated that the effect of Mst extends beyond its role in skeletal
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muscle. Genetic deletion of Mst displays favorable changes in several metabolic
parameters including decreased fat deposition, enhanced fatty acid oxidation,
improved insulin sensitivity, and increased resistance to diet-induced obesity
besides increased skeletal muscle mass [55, 56]. Since Mst is expressed at very low
levels in adipose tissues [57], it remains unclear how depletion of Mst can sup-
press fat accumulation. Earlier studies by Kim et al. show that treatment of mouse
primary brown preadipocytes with recombinant Mst led to significant inhibition

of brown adipogenic differentiation and reduced expression of markers Ucpl,
Prdm16, and Pgc-1a [58]. A comparison of key thermogenic markers obtained from
epididymal (Epi) and subcutaneous (SC) white adipose tissues shows significantly
increased expression of UCP1 and PRDM16 in Mst KO mice compared to the WT
littermates [54]. Using differentiating primary cultures isolated from WT and Mst
KO mouse embryonic fibroblasts (MEFs) in the same study, Braga et al. further
confirmed upregulation of key thermogenic markers in Mst KO mice compared to
the WT mice [5]. Furthermore, recombinant Mst protein treatment of the dif-
ferentiating MEFs significantly downregulated several key thermogenic markers
including UCP1, PRDM16, PGC-1a/PGC-1p, and BMP?7. Also, protein expression of
adiponectin and phosphorylated AMP-activated protein kinase (pAMPK), which
control the expression of genes involved in energy metabolism in coordination with
NAD+-dependent sirtuin 1 (SirT1), were upregulated in Mst KO MEFs compared to
the WT group [59, 60]. In another study, Chio et al. reported significantly increased
energy expenditure and leptin sensitivity in Mst-deficient mice that could explain
low fat mass in these mice compared to the WT group [61]. Shan et al. demonstrated
that inhibition of Mst signaling in WAT SVF cells failed to induce browning of
white adipocytes in vitro, suggesting that loss or inhibition of Mst signaling in pre-
adipocytes does not account for adipose browning in white adipocyte tissues in Mst
KO mice [62]. In order to test the possible non-cell autonomous effects of Mst, the
authors thoroughly analyzed various muscle-derived circulating factors that could
account for the browning phenotype. They reported that skeletal muscle-derived
Fndc5 (irisin) plays a central role in mediating white adipose browning in Mst KO
mice via activation of AMPK-PGCla-Fndc5 pathway, suggesting the involvement
of muscle-adipose cross talk during the process [63, 64]. Fndc5/irisin was initially
identified as a PGC-1la-dependent myokine that is responsible for adipose browning
both in vitro and in vivo and protects diet-induced obesity in obesity [65]. Possible
involvement of Fndc5 in mediating adipose browning in Mst loss-of-function
models has emerged from other laboratories. Dong et al. also confirmed possible
intermediate role for Fndc5/irisin-mediated adipose browning in Mst KO mice. In
another study, Mst signaling was shown to regulate Fndc5 expression and adipose
browning via upregulation of miRNA-34a. Several laboratories have demonstrated
that the absence of Mst in both in vitro and in vivo models improves insulin sensi-
tivity [58, 66]. Several other laboratories provided additional evidence to support
the view that Mst loss-of-function results in significant metabolic improvements
resulting from adipose browning. Increased insulin sensitivity and WAT browning
were reported in Meishan pigs with Mst functional deletion [67]. Several browning-
related genes including UCP1, PGC-1a, PRDM16, Cidea, CD137, and Tmem?26 were
significantly upregulated in these Mst-deficient pigs. Protein expression levels

of insulin receptor (IR) and insulin receptor substrate (IRS) were significantly
induced in the skeletal muscle of these Mst-deficient pigs. Interestingly, serum irisin
levels and skeletal muscle protein expression of irisin precursor protein FNDC5
were significantly higher in Mst-null pigs than wild-type pigs. These authors also
demonstrated that inhibition of irisin expression was unable to block the activa-
tion of insulin signaling pathway, thus, implying that irisin may not be required

for activation of insulin signaling in Mst-deficient skeletal muscle [67]. Genetic
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disruption of Mst (Mst™'") in LDLR™~ (Mst™"/LDLR™'") mice was shown to
reduce the development of proatherogenic dyslipidemia, improve insulin-mediated
glucose disposal, and protect against hepatic steatosis [68]. Furthermore, Guo et al.
demonstrated that administration of adeno-associated virus 9 (AAV9)-mediated
Mst-pro-peptide in adult LDLR ™~ mice reduced diet-induced hepatosteatosis and
progression of atherosclerosis [69]. In both these reports, the beneficial metabolic
effects were claimed to result from enlarged muscle mass following inactivation

of functional Mst in LDLR ™'~ mice. Several recent reports have provided strong
evidence suggesting that brown fat activation could reduce hypercholesterolemia
and protect from atherosclerosis development [70-72]. Therefore, it is possible that
observed beneficial effects of Mst inactivation in LDLR ™'~ background could be
mediated at least in part via adipose browning.

More recently, Mst expression has been linked to mediate BAT-muscle cross talk
[73]. Induction of Mst following loss of interferon regulatory factor 4 (IRF4) in
BAT leads to significantly reduced exercise capacity, ribosomal protein synthesis,
and mitochondrial function [73]. On the other hand, reduced serum levels of Mst
resulting from IRF4 overexpression significantly increased exercise capacity in
muscle. IRF4 expression was found to be induced in brown adipocytes following
cold exposure and p3-adrenergic receptor (AR) agonist [74]. IRF4 expression was
reported to be sufficient to induce thermogenic program in BAT, and loss of IRF4 in
brown fat leads to significantly reduced energy expenditure. Also, IRF4 was shown
to physically and functionally interact with PGC-1a to upregulate transcription of
Ucpl gene and drive mitochondrial biogenesis and thermogenic program in BAT. In
light of these exciting reports establishing IRF4 as a novel inhibitor of Mst, it is not
surprising that IRF4 could antagonize the bioactivity of secreted Mst present in the
blood to promote overall thermogenic program.

4. Follistatin regulation of white and brown adipose characteristics

Follistatin (Fst) is a soluble secreted glycoprotein that is known to bind and
neutralize the activity of several members of the TGF-p superfamily including
activins and Mst in a variety of cell lines [9-10, 77]. Several genetic studies have
convincingly demonstrated an essential role of Fst in the regulation of muscle
mass. Elegant initial studies led by Lee and McPherron demonstrated that inhibi-
tion of Mst either by genetic manipulation or overexpressing Fst resulted in signifi-
cantly increased muscle mass in mice [75]. The direct role for Fst in the regulation
of muscle mass was also verified by several laboratories [8, 9, 76]. Fst was identi-
fied as a downstream target of testosterone during its pro-myogenic action in both
in vitro and in vivo studies [8, 9]. Testosterone treatment of mouse mesenchymal
multipotent C3H 10T1/C3H 10T2 cells led to upregulation of Fst and altered the
expression of several key members of TGF-p superfamily [8]. Testosterone-
induced upregulation of key myogenic markers MyoD and myosin heavy chain II
proteins in C3H 10T1/C3H 10 T2 cells was abolished in cells simultaneously treated
with anti-Fst antibody, suggesting an essential role of Fst during testosterone regu-
lation of myogenic differentiation. The essential role of Fst was also established in
in vivo studies using castrated male mice, where Fst gene expression level signifi-
cantly reduced in the levator ani (LA) muscle compared to the sham-operated male
mice, but testosterone supplementation in castrated mice upregulated Fst mRNA
expression in LA muscle to the baseline levels [8]. Subsequent studies by Braga
et al. reported that primary culture of muscle satellite cells express Fst and respond
to testosterone treatment. Fst blocked TGF-p-induced inhibition of MHC II expres-
sion and induction of Smad2/Smad3 phosphorylation in satellite cells [9]. These
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reports provide conclusive evidence that Fst plays an important role in promoting
myogenic differentiation and increasing muscle mass. In spite of several reports
demonstrating as essential role of Fst in regulating muscle mass and its function,
its role in lipid metabolism and energy balance was largely unknown. Fst-deficient
mice die within hours after birth and have several defects including reduced size
of diaphragm muscle [76]. These severe musculoskeletal defects were suggested

to account for the neonatal death of these Fst-deficient pups. Since maintenance
of body temperature through thermogenesis during early hours of neonatal life is
extremely important, and both skeletal muscle and thermogenic brown fat share
Myf5+ precursor cells, it is logical to test whether Fst could play a role in regulating
the thermogenic program along with its established role in muscle development.
Based on this logic and several published reports that Fst can bind and antagonize
the biological actions of TGF-f/Mst signaling [8, 9], which are known inhibitors
of thermogenic program, Braga et al. hypothesized that Fst may promote adipose
browning and favorably alter energy metabolism [11]. Initial quantitative analysis
of Fst gene expression in a mouse tissue panel consisting of several metabolic
tissues demonstrated that Fst expression was highest in BAT along with skeletal
muscle and was also expressed at a substantial level in inguinal WAT and the liver
[11]. The expression levels in other tissues including the heart, intestine, and testis
were significantly lower. This finding for the first time suggested a possible novel
role of Fst in BAT and WAT and led to a series of subsequent in vitro and in vivo
experimental approaches to delineate the precise role of Fst in adipose tissues of
both origins. Using immortalized mouse brown preadipocytes, the authors clearly
demonstrated that Fst protein expression was significantly induced in differenti-
ated BAT cells displaying characteristic multilocular lipid droplets compared to
the undifferentiated cells [11]. As expected, levels of key brown adipose markers
such as UCP1 and PRDM16 were also significantly induced after differentiation

of BAT cells. Furthermore, Fst gene expression in BAT was dramatically induced
following cold exposure of the mice, suggesting that Fst is a novel cold-inducible
gene and could play important role in regulating key metabolic functions. Since
Fst KO mice are not viable, Braga et al. utilized primary cultures of differentiat-
ing mouse embryonic fibroblast (MEF) cultures isolated from Fst KO and WT
embryos to test whether Fst loss-of-function results in defective thermogenic
program [11]. Significant impairment in adipogenic differentiation and upregula-
tion of BAT-specific markers were noted in Fst-deficient MEF cultures compared
to the WT. Exogenous recombinant Fst protein treatment was able to rescue the
thermogenic genes and proteins in Fst-deficient MEF cultures and further induced
the expression of several BAT-specific genes in differentiated mouse BAT cells.
Affymetrix global gene expression profiling clearly demonstrated lipid metabolism
as the most significantly altered pathway and identified several genes involved

in lipid metabolism and energy production such as Adn, Thrsp, Hp, Acsl1, Fabp4,
Pparg, and Cd36 were significantly downregulated in Fst KO MEFs compared

to the WT. Significantly lower basal mitochondrial respiration in Fst KO MEFs
compared to the WT cultures was rescued by exogenous recombinant Fst, suggest-
ing that Fst increases cellular respiration [11].

In subsequent experiments, Singh et al. explored the in vivo actions of Fst over-
expression on both white and brown adipose tissues using Fst-transgenic (Fst-Tg)
mice to determine whether Fst promotes adipose browning and brown adipose mass
and function in these mice and identify possible molecular targets of Fst in these
adipose tissues. Fst-Tg mice express Fst under a muscle-specific promoter [75] in
which the circulating Fst levels are 1.5-fold higher along with ~70% increased inter-
scapular BAT mass compared to the WT mice [77]. BAT signature genes and several
key proteins involved in mitochondrial biogenesis, fatty acid oxidation (FAO),
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were significantly upregulated in iBAT as well as in Epi and SC adipose tissues of
Fst-Tg mice compared to the WT mice [77]. The BAT marker UCP1 and beige-
specific markers CD137 were significantly higher in both WAT depots of Fst-Tg mice
compared to WT, with relatively larger differences observed in SC adipose depots.
Several other markers involved in mitochondrial biogenesis and FAO were also
found to be induced in both adipose depots from Fst-Tg mice compared to the WT
mice. These observed differences in adipose browning capacity between the two
WAT depots were found to be consistent with previous reports [78].

The actions of Fst in regulating WAT and BAT adipose characteristics were
shown to be mediated via two distinct mechanisms. Fst increased phosphorylation
of p38 mitogen-activated protein kinase (p38 MAPK) and extracellular signal-
regulated kinase (ERK1/ERK2) in both WAT depots, while it increased Myf5
expression in iBAT of Fst-Tg mice [77]. The authors utilized in vitro studies to fur-
ther confirm the obligatory and mechanistic basis for these distinctly different Fst
targets. In differentiating 3T3-L1 cells, recombinant Fst treatment led to significant
induction of UCP1 and beige-specific marker CD137. Pharmacological inhibition of
p38 MAPK and ERK1/ERK?2 phosphorylation by SB023580 (10 pM) and PD98059
(10 pM), respectively, either alone or in combination, led to significant blockade of
Fst-induced (i) phosphorylation of both these proteins as expected and (ii) upregu-
lation of UCP1 protein [77]. On the other hand, in BAT and differentiated mouse
BAT cells, Fst increased Myf5 protein expression. Knockdown of Myf5 expression
led to significant inhibition of recombinant Fst-mediated increase in UCP1 protein
expression in differentiated mouse BAT cells. Additionally, Fst treatment was able
to rescue Myf5 gene and protein expression in Fst KO MEFs, reinforcing that Myf5
is a critical mediator of Fst action in BAT [77]. Since BAT and skeletal muscle share
Myf5-expressing progenitor cells [78, 79], the authors proposed that Fst promotes
BAT activation and skeletal muscle growth by upregulating Myf5. Based on these
novel findings, the authors proposed that Fst induces Myf5 expression in BAT
and Myf5-positive progenitor cells to increase classical BAT activation, whereas
it promotes phosphorylation of p38MAPK and ERK1/ERK2 in WAT to promote
adipose browning. It is also possible that Fst could efficiently enhance the produc-
tion of one or more of several myokines which are shown to induce white adipose
browning including irisin (encoded by Fndc5 gene), IL6, or FGF21 [80-82]. Both
Fst and FGF21 were shown to be induced and secreted following exercise [81]. Also,
secretion of irisin by skeletal muscle in response to exercise was reported to induce
phosphorylation of p38 MAPK and ERK1/ERK?2 leading to white adipose browning
[80]. Upregulation of Fndc5 gene expression was reported in skeletal muscle after
treatment with both recombinant Fst protein and anti-Mst antibody [62], suggest-
ing that Fst could target irisin/Mst-mediated pathway in muscle tissue to promote
adipose browning mediated via muscle-adipose cross talk. Using similar MEF-based
primary cultures obtained from WT and Fst KO and Mst KO, Braga et al. showed
reciprocal regulation of BMP7 [5, 11], a key driver of brown adipogenesis and
energy metabolism by Fst and Mst. These findings were confirmed by other labora-
tories in support of Fst-induced upregulation of BMP7 [83] and its downregulation
by Mst [84]. Gene expression analysis of MEF primary cultures from WT and Fst
KO versus WT and Mst KO shows several genes that were reciprocally regulated by
Fst and Mst as identified by Affymetrix gene expression analysis and further vali-
dated by quantitative real-time PCR analysis (Figure 1). Analysis of basal oxygen
consumption rate (OCR) in differentiated MEF cultures from these WT and Fst/
Mst KO groups further suggests reciprocal effects of Fst and Mst on mitochondrial
respiration (Figure 2). Combined together, these findings support the view that
Fst may exert its pro-browning effects at least in part by inhibiting Mst signaling.
Follistatin-like-3 (FSTL3) has been reported as another Mst binding protein that
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Figure 1.

Re%iproml effects of Fst and Mst on several genes involved in lipid and energy metabolism. Primary cultures
obtained from differentiating WT and Fst/Mst KO cells were analyzed by Affymetrix global gene profiling. (A)
Van diagram showing 27 common genes that were veciprocally regulated by Fst and Mst. (B) Heat map showing
differential expression of those 27 genes. (C) List of reciprocally regulated common genes. (D, E) Validation of
Affymetrix data real-time PCR analysis. n = 3; *p < 0.05; *p < 0.01.

could play an important role in regulating fat mass and glucose homeostasis [85].
FSTL3 knockout mice display distinct phenotype including decreased fat mass and
improved insulin sensitivity. However, it is not known whether FSTL3 regulates
BAT mass and thermogenic activity, suggesting that the role of Fst may be more
complicated [86].

Activation of p38MAPK pathway that promotes adipose browning by
p3-adrenergic receptor (p3-AR) has been well documented [87, 88]. Since
intraperitoneal injection of p3-AR agonist CL316,243 in Fst-Tg mice resulted in
additive response to UCP1 levels in WAT and BAT compared to the WT mice,
it is possible that f3-AR signaling could play an important role upstream of
p38 MAPK pathway during Fst-induced adipose browning. More recently,
elegant studies by Liu et al. demonstrated that inhibition of follicle-stimulating
hormone (FSH) through a polyclonal antibody induced adipose browning and
activated BAT and thermogenesis [89]. Since Fst was initially isolated from
follicular fluid and found to inhibit secretion of FSH from anterior pituitary,
this recent report further validates the identification of Fst as a novel inducer of
adipose browning.
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Figure 2.
Reciprocal effects of Fst (A, B) and Mst (C, D) on basal oxygen consumption rate (OCR) as analyzed by the
seahorse bioscience XF24 extracellular flux analyzer. Data are expressed as mean +/— SEM. *p < 0.05; **p < 0.01.

5. Metabolic profiling of Fst overexpression and relevance to metabolic
diseases

In order to get better understanding of observed adipose browning and its
metabolic consequences in Fst overexpressing in mice (Fst-Tg) as well as in
differentiated 3T3-L1 (3T3-L1 Fst) preadipocyte, Singh et al. initially performed
quantitative analysis of abdominal fat volume by CT scan, glucose clearance, and
serum lipid profiles [90]. Fst-Tg mice displayed significant decrease in abdominal
fat mass, increased glucose clearance, and significantly lower triglyceride (TG)
and free fatty acid (FFA) levels compared to the WT control mice. A comparison
of the overall lipidomic profiles using gas chromatography time-of-flight tech-
nology (GC TOF) shows a general reduction in diglycerides (DG), triglycerides
(TG), ceramide (D42:0), fatty acids (FA), phosphatidylcholine (PC), phospha-
tidylethanolamine (PE), and lysophosphatidylethanolamines (LPE: 16.0) in Fst
overexpressing 3T3-L1 (3T3-L1 Fst) cells compared to the basal 3T3-L1 cells after
adipogenic differentiation (ref). On the other hand, a significant increase in
several lysophosphatidylcholines (LPC) including LPC 16:0, LPC 18:0, and LPC
18:1 was observed in 3T3-L1 Fst cells in comparison to 3T3-L1 cells. The decreased
levels of several of these lipid metabolites observed in 3T3-L1 Fst cells are known
contributors toward the development of obesity and related metabolic diseases
[91, 92]. Increased levels of several of these LPCs following Fst overexpression
also suggest a beneficial role for Fst as these LPCs are reported to be significantly
reduced in obesity and type 2 diabetes [93, 94]. Comprehensive analysis of
metabolites obtained from epi and SC adipose tissue between WT and Fst-Tg
mice provided significant differences between metabolites involved in energy and
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lipid metabolism of the groups. Several components of the Krebs cycle includ-
ing citrate, succinylcarnitine, and fumarate were significantly downregulated

in Fst-Tg Epi tissues compared to the WT tissues, whereas only reduced levels

of succinate were found in SC adipose tissues form Fst-Tg mice compared to the
WT mice. Also, several long-chain FAs, components of the carnitine metabolism,
glycerolipids, ketone bodies, and lysolipids were selectively found to be lower in
Fst-Tg Epi tissues than the WT group. Interestingly, levels of Epi cholesterol levels
were also selectively reduced in Epi tissues only. Several key amino acids including
tyrosine, components of tryptophan, branched-chain amino acid (BCAA), and
urea cycle metabolism were also found to be dramatically reduced in Epi adipose
tissues in Fst-Tg mice compared to the WT mice. A comparison of omega-3
polyunsaturated fatty acid (w-3 PUFAs) levels between the groups shows highly
significant increase selectively in SC adipose tissues of Fst-Tg mice. Interestingly,
-3 PUFAs are reported to improve not only obesity-associated metabolic dis-
orders including insulin resistance and dyslipidemia but also several aspects of
energy and lipid metabolism and inflammation [95-97]. Significantly decreased
levels of beta-hydroxybutyric acid (BHBA), the end product of FA beta-oxidation
and key contributor to metabolic syndrome, were also observed in the Epi adipose
tissues of Fst-Tg mice compared to the WT. Combined together, these compre-
hensive metabolomic profilings of Fst in vitro and in vivo overexpression show a
clear pattern of favorable changes in several metabolites implicated in metabolic
complications and provide future impetus to thoroughly investigate the novel
therapeutic role of Fst.

6. Conclusions

Several lines of evidence support the view that brown and beige adipocytes play
important roles in regulating various aspects of lipid and glucose metabolism. The
browning process in WAT that entails a shift in WAT primary function from storing
excess energy to the dissipation of energy has been linked to the prevention of pro-
gression and development of obesity and related metabolic abnormalities including
insulin resistance, hyperlipidemia, and type 2 diabetes. Data generated from several
laboratories collectively suggest that blocking of TGF-f/Smad3/Mst signaling
efficiently increases brown adipose phenotypic and metabolic characteristics and
possible downstream mediators during the process as summarized in Figure 3.

Accordingly, new strategies to identify and develop novel TGF-p/Mst inhibitors
to increase BAT and beige adipose mass and activities are currently being explored
with the hope that blockade of this signaling pathway could lead to the development
of therapeutic avenues. Since Fst has been demonstrated to efficiently antagonize
Mst and inhibit overall TGF-f signaling in several in vitro and in vivo models, the
novel therapeutic potential of Fst for the treatment of obesity and related metabolic
diseases needs to be thoroughly explored in preclinical studies. It is, therefore,
necessary to identify the key molecular and cellular targets of Fst responsible for
its regulation of overall thermogenic program. Although phosphorylation and
activation of the pP38MAPK/ERK1/ERK2 signaling by Fst in WAT have recently
been linked to Fst-induced browning, the possible intermediate role of irisin during
the process could not be ruled out. Similar to Fst, secretion of irisin by skeletal
muscle is induced following exercise which could induce p38MAPK/ERK1/ERK2
phosphorylation and lead to browning of WAT [80]. Fibroblast growth factor 21
(FGF21), another exercise-induced secretory protein linked to adipose brown-
ing and which promotes brown adipose characteristics, has also been shown to
be influenced by recombinant Fst (rFst) treatment in 3T3-L1 as well as in WAT of
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Figure 3.
Proposed hypothetical model for Fst and Mst/TGF-p regulation of adipose browning characteristics of white
and brown adipose tissue and their metabolic implications.

Fst-transgenic (Fst-Tg) mice. Robust upregulation of FGF21/adiponectin/AMPK
signaling pathway observed under both conditions suggests a possible mechanistic
link between Fst and FGF21. Preclinical studies using an alternatively spliced cDNA
of follistatin (FS344) delivered by adeno-associated virus (AAV) to muscle in both
human patients with certain degenerative muscle disorders [98, 99] and nonhuman
primates [100] show no apparent structural or functional aberrations in a variety of
organs, suggesting the potential of Fst use in clinical trials, although these studies
did not assess adipose tissue metabolic parameters. Therefore, novel antagonists

of TGF-p/Mst signaling pathways, including Fst [101], hold a great promise for the
treatment of not only muscle loss and dysfunction but also for obesity and related
metabolic diseases.
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Chapter 4

Effect of Alcohol on Gut-Liver
Axis and Adipose Tissue

Dhara Patel and Palash Mandal

Abstract

Adipose tissue comprises of large volumes of biologically functioning fat glob-
ule, which employs substantial systemic effect. Adipocytes and adipokines play an
active role in autocrine, paracrine, or endocrine metabolic functions. Recent studies
demonstrated that the hormonal role of adipocyte and adipose tissue dysfunction
contributes to the pathogenesis of alcoholic liver disease (ALD) by the activation of
CYP2E1. The gut microbiome and adipose tissue response play a pivotal role in the
pathogenesis of ALD. Enteric dysbiosis increases plasma levels of metabolites that
activate Kupffer cells. Recent literature suggested that chronic alcohol consumption
is also correlated with oxidative stress in adipose tissue, inflammation, and adipo-
cyte cell death, decrease in adiponectin, increase level of leptin and resistin, adipose
tissue mass, and insulin resistance that acts on the muscle and liver. Dysbiosis
combined with non-nutritional diet has an effect on the luminal metabolism caus-
ing immunological changes in the gut that might also contribute to pathogenesis of
nonalcoholic fatty liver disease (NAFLD). Understanding the interaction between
the altered gut microbiota, diet, environmental factors, and their effects on the gut-
liver axis can provide an insight toward the pathogenesis of liver-associated disease.

Keywords: alcoholic liver disease, adipose tissue, adipokines, gut microbiota,
nonalcoholic fatty liver disease

1. Introduction

Alcohol is considered the fifth leading risk factor for premature death and
various disorders universally. It is psychoactive substance that leads to overuse
of alcohol or alcoholism abuse. Alcohol related liver diseases are the primary
cause of every third person undergoing liver transplants worldwide. Worldwide,
alcohol liver disease (ALD) causes 14.5 million disability-reduced life years and
approximately 500,000 deaths in 2010 [1]. Depending on behavior, genetics, and
comorbidities, individuals who consume alcohol develop hepatic steatosis, an early
stage of alcoholic hepatitis [2]. Although ALD is a disease that requires an intention
for consumption of alcohol, there are various other factors, including genetic host
system characteristics involved in the development and progression. The amount of
pure alcohol consumption and duration is directly linked to cirrhosis.

Adipose tissue comprises of large volumes of biologically functioning fat globule,
which employs considered to be submissive [3]. Researchers have established a remark-
able understanding of adipocytes being an acute component of metabolic pathways and
functioning of endocrine organs. Recent studies have given an insight on the hormonal
role of adipocytes. Adipose tissue is identified to secrete proteins that are termed as
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adipokines, which play an active role in autocrine, paracrine, or endocrine metabolic
functions. Adiponectin, leptin, and resistin are the most affected functional adipokines.

The body as a whole is affected on the consumption of alcohol. It has been dem-
onstrated that mainly enteric dysbiosis plays a significant role in the development of
ALD. Due to an increased intestinal gut permeability of microbes like Clostridiales,
Ruminococcaceae, and Bifidobacterium spp., this leads to an elevated plasma levels of
metabolites like lipopolysaccharide (LPS), Toll like receptors (TLR-4, TLR-2), cell
surface receptor and differentiation marker 14 (CD-14), NADPH oxidase homolog 4
(Nox-4), glucose transporter-4 (GLUT4), and short-chain fatty acid (SCFA) which
activates Kupffer cells along with the consequent effects of inflammation, necrosis,
and oxidative stress. The activation of cytochrome P450 2E1 (CYP2E1) mediated
by ethanol breakdown leads to adipokine dysfunction. Adiponectin acts as an anti-
inflammatory cytokine while leptin and resistin act as pro-inflammatory cytokines
that trigger adenosine monophosphate-activated protein kinase (AMPK) pathway
which activates fatty acid oxidation and decreased hepatic lipid influx and de novo
lipogenesis. Studies have reported that chronic alcohol consumption leads to reduce
levels of adiponectin and an increase in leptin secretion and macrophage migration
inhibitory factor (MIF) leading to reduction in adipose tissue mass and increase in
fatty acid uptake by hepatocytes [3, 4]. Compounds like rosiglitazone, a PPAR-Y ago-
nist that targets the adipocytes exogenously, have shown to attenuate alcohol-induced
fatty liver [5, 6]. Inflammation due to bacterial translocation is the main contributor
to the development of alcoholic liver disease. Cytokines like tumor necrosis factor
alpha (TNF-a), interleukins (IL-18, IL6, IL8), induced nitric oxide synthase (iNOS),
reactive oxygen species (ROS), nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-xB), and heme oxygenase (HO-1) increase adipocyte lipolysis and
systemic insulin resistance by stimulating the release of free fatty acids from adipose
tissue into the blood stream, which acts on the muscle and liver [4].

The gut microbiome and adipose tissue responses play an essential role in the
pathogenesis of alcohol liver disease. The mechanism between adipose tissue and
alcohol consumption is yet to be answered.

2. Adipose tissue

An obese person can have up to 80 L volume of adipose tissue, which contains
about 24 L volume of biologically active adipose tissue [7, 8]. The factors that affect
the distribution and volume of adipose tissue mainly vary by gender and location.
For example, body fat is found more in women than in men. Similarly people from
southeast Asia have less body fat compared to white people of identical body mass
index (BMI) [9].

Depending upon the anatomy, adipose tissue is classified as follows:

* Visceral adipose tissue (VAT)
* Subcutaneous adipose tissue (SAT)

Visceral adipose tissue corresponds with insulin resistance and diabetes mel-
litus [10].

2.1 What does adipose tissue composed of?

Adipocytes are considered to be the building blocks of adipose tissue. Adipocyte
stores energy from non-esterified fatty acids (NEFA) and esterification of triglyceride
[11]. Lipotoxicity refers to as uptake of circulating lipids, which prevents accumulation
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of NEFA in the organs [12]. There are various processes that take place in adipose tissue
which are controlled by hormonal pathways and are useful for metabolic demand [13]:

* Hydrolysis of triglycerides (lipolysis) takes place during fasting or exercise.
* Synthesis of triglyceride (lipogenesis) takes place during fed state.
2.2 Which cytokines are released by adipocytes?

Adipose tissue secretes adipokines that play a central role in metabolism of
energy. The secretion of adipokines can be altered due to obesity and insulin resis-
tance. Out of several adipokines, leptin, adiponectin, and resistin are the primary
ones that are responsible for insulin resistance as well as in ALD [14].

2.3 Different kind of adipokines:

2.3.1 Leptin

Leptin receptor is located in numerous tissues, which controls expenditure of
energy, food consumption, lipolysis, fatty acid oxidation, lipogenesis, and insulin
sensitivity signifying as a paracrine and autocrine hormonal function [15]. It also
helps in enhancing the release of a TNF-a by Kupffer cells [16].

2.3.2 Adiponectin

Adiponectin has a significant role in insulin sensitizing by altering the signal-
ing pathway of AMPK and metabolism of glucose and fatty acid oxidation in
tissues. It is also responsible for adiopogenesis, prevention of ectopic fat storage
and decline in Kupffer cell activation [14, 16]. The onset of chronic exposure to
ethanol can lead to the disruption of adiponectin which is proven to contribute
toward the imbalance of pro-inflammatory pathways [3]. A preventive study
was performed on the mice along with the treatment of adiponectin and chronic
ethanol exposure and signifies the prevention of the liver injury indicating the
decrease in both steatosis and TNF-«a expression in the liver [17]. Though the
mechanism of the therapeutic adiponectin is not well understood, the hypothesis
suggests the vital role of a adiponectin in decreasing steatosis which is related to
glucose and lipid homeostasis [3].

2.3.3 Resistin

Resistin can acquire insulin resistance and regulates food intake, thus acting
as an antagonist to adiponectin [18]. Resistin, a 12.5-kDa polypeptide, is secreted
by white adipose tissue in female [19]. In human, resistin gene is mainly found in
the bone marrow and lung with untraceable levels in adipose tissue [20]. Resistin
gene expression was provoked during adipocyte differentiation [21]. Thus, serum
resistin can act as a powerful diagnostic marker to access the severity of liver disease
and patient with clinical complications [22].

2.3.4 Omentin

Omentin secretion increases insulin sensitivity in adipocytes [16]. It is mainly
secreted from the stromal vascular fraction of adipose tissue which enhances
glucose uptake mainly activated by insulin [23]. The concentration of omentin was
increased in portal vein which is a consistent marker for ALD [24].
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2.3.5 Chemerin

Chemerin helps pre-adipocyte differentiation and contributes to immune cell
trafficking. It is also proven to increase the sensitivity of insulin as well as provides
anti-inflammatory effects on endothelium immune cell [25].

2.4 The role of non-adipocytes

Non-adipocyte cells are present in a considerable amount of overall cellularity of
the adipose tissue. They include cells from perivascular, endothelium, immune, and
stem cells. These clusters of cells are known as stromal vascular fraction (SVF) [14].

2.4.1 Macrophages as inflammatory mediators

Macrophages make up the majority of the resident immune cells in the adipose
tissue [26]. The systemic insulin resistance and inflammation are linked with
increased macrophage infiltration into the adipose tissue indicating M1 pro-inflam-
matory state [27]. “Crown-like structure” is formed where macrophages present in
adipose tissue encircle dying adipocytes [28]. Adiponectin suppresses macrophage
activity using several ways; one of them is to prevent proliferation of myelo-
monocytic progenitor cells. This reduces the upregulation of endothelial adhesion
molecules in response to cytokine production by macrophages [3].

There are other immune cells like B cells, T cells, and dendpritic cells which con-
tribute to the obesity-related inflammation. Dendritic cell in particular promotes
CD4" T helper cells to activate macrophage recruitment [29]. Neutrophils are seen
in lean and obese individuals, which are primary defense cells in a high-fructose diet
mice model [30]. Thus, cytokine expression in adipose tissue is predominately from
SVF, while in case of obese individuals, there is an increased expression of cyto-
kines [31, 32]. Studies suggested the important link between the adiponectin and
IL-10, the two main critical anti-inflammatory mediators. For instance, adiponectin
stimulates IL-10 mRNA and protein expression in RAW264.7 macrophages. In the
same cells, gAcrp-mediated desensitization to LPS is prevented due to the immuno-
neutralization of IL-10 [3]. HO-1 shows antiproliferative, anti-inflammatory, and
anti-apoptotic properties. HO-1 is considered as a vital downstream mediator of the
anti-inflammatory effects of IL-10 in macrophages [33].

3. What is gut microbiota comprised of ?

The human gut contains more than 400 different species, comprising of four
major bacterial families that play important roles like defining the physiology of the
host [34]. The majority of mammalian gut microbiota belongs to the two bacterial
phyla, the gram-negative Bacteroidetes and the gram-positive Firmicutes, which play a
major role in the maintenance of normal health condition, metabolism, and disease.
Mainly four major families play an important role, an dthey are comprised of:

* Bacteroidetes

*» Firmicutes

e Actinobacteria

* Proteobacteria
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Proximal two thirds of the small intestine and stomach contain less number of
microbes in the range of 10°~10* cfu/ml due to acidic pH. The ileum contains more
diverse microflora and higher bacterial strains from 10’ to 10° cfu/ml. Most amounts
of species of obligate anaerobe reside in the colon due to a low oxidation-reduction
potential of the colon. Thus, a subsequent increase in microbes from the stomach
to colon has been observed, as the human gastrointestinal tract pH has shown
an increase from the stomach (pH 2.0) to duodenum, jejunum, ileum, and colon
(pH 5.0-7.0) [35].

Bacteroidetes contain variety of enzymes like hydrolase, dehydrogenase,
and dehydroxylase that play a major role in the biotransformation of bile acids.
Firmicutes play an important role in the energy extraction from undigested carbo-
hydrates in the form of production of short-chain fatty acids [36]. Far from being a
static ecosystem, the content of this phylum radially shifts in the response to change
in host adiposity and nutrient uptake [37].

Changes in the intake of diet clearly affect composition of an individual’s gut
microbiota and its body physiology [38]. Complex carbohydrates are metabolized
by the colonic microorganism. Bifidobacteria convert complex carbohydrates into
oligosaccharides and monosaccharide, further fermenting into the short-chain
fatty acid end products like acetate, propionate, and butyrate. Colon absorbs SCFA,
where butyrate provides energy for colonic epithelial cells; acetate and propionate
migrate to the liver and other peripheral organs, where they act as substrates for
gluconeogenesis and lipogenesis [39].

3.1 Gut microflora in well-being, metabolism, and disease
3.1.1 How does gut microflora gets affected in nonalcoholic fatty liver disease?

Nonalcoholic fatty liver disease is the liver disorder whose pathogenesis is not
well understood due to the portal system interaction with the intestinal lumen and
liver. Therefore, it is considered that gut microbiome plays an important role in the
pathogenesis of NAFLD. Also, diet has a potential to modify the gut microbiome
and several metabolic pathways. Thus, the combination of diet, gut, and liver asso-
ciates directly with the progression of NAFLD or T2D. Most of the diabetic patients
are diagnosed with high blood glucose levels in context with insulin resistance and
insulin deficiency.

Westernized diet and pattern of eating are the main driving forces for the
increased prevalence of insulin resistance and increased obesity. Studies have sug-
gested that the diet rich in saturated fats are directly proportional to weight gain,
insulin resistance, and hyperlipidemia in humans and animal models [40]. In addi-
tion, diet specifically high in sugars like fructose and sucrose has contributed to the
metabolic alterations in animal models resulting in weight gain hyperlipidemia and
hypertension [41]. An overconsumption of fructose hampers glycolysis and glucose
uptake pathways in the liver. This leads to an enhanced rate of de novo lipogenesis and
triacylglycerol synthesis leading to insulin resistance through fructose catabolism.

Increased activity of the inflammatory pathways is a very important mechanism
for insulin resistance. An increase in the activity of the nuclear factor kB (NF-kB)
pathway and the maintenance of a subacute inflammatory state are associated with
obesity. These cytokines and chemokine activate intracellular pathways which pro-
mote the development of T2D [42]. Pattern recognition receptors (PRRs) play an
important role for identification of commensals versus pathogenic microbes, which
reside in the gastrointestinal tract. TLR recognize extracellular patterns, whereas
NOD-like receptors (NLRs) recognize intracellular (cytosolic) pathogen Associated
molecular patterns (PAMPs) [43].
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TLRs, extracellular (innate) pattern recognition receptors, are expressed nearly
on all the cell types. In total, 13 different TLRs are present in human genome, which
remain specific for unique class of PAMPs. Among the TLRs, TLR2 and TLR4 are
considered to be vital for the pathogenesis of insulin resistance and diabetes in both
clinical and experimental conditions. TLR2 specifically binds to peptidoglycan
(gram-positive bacteria), and TLR4 binds to lipopolysaccharide (gram-negative
bacteria) [43]. High-fat or high carbohydrate food intake increases the concentra-
tion of plasma LPS levels and LPS binding protein, which increases the expression
of TLR2 and TLR4 at mRNA and protein level [44]. The study has also shown that
the absence of TLR4 protects against the detrimental effects of obesity and lipids
on the insulin resistance [44]. A study on TLR4 null mice demonstrated a reduced
adiposity and hepatic steatosis compared with the wild-type control when fed on
high fat diet (HFD) [45].

NLRs are intracellular or cytoplasmic pattern recognition receptors, which exhibit
specificity toward one or more PAMPs. In gastrointestinal epithelial cells, nucleotide-
binding oligomerization domain (NOD) is mainly characterized by NLRs. Caspase
activation and recruitment domain (CARD) is unique for each NOD protein.

* NOD1 (CARD 4): senses peptidoglycan contents in gram-negative bacteria
specifically meso-diaminopimelic acid (meso-DAP)

* NOD2 (CARD 15): senses muramyl dipeptide, the common molecular motif
both in gram-positive and gram-negative bacteria.

NOD1 and NOD2 are essential since they were the first NLRs reported as poten-
tial sensors of bacterial components. It has been reported that NOD1 and NOD2 are
also involved in high fat diet induced-inflammation and insulin intolerance [46].
NOD1 agonist causes inflammation and insulin resistance in a primary hepatocytes
of the wild-type mice, but this effect was absent in NOD1 knockout mice [47].

The downstream pathway that follows after the engagement of NLRs and TLRs
with their respective ligands leads to the activation of NF-kB-mediated inflammatory
pathways through adaptor protein MyD88 and secretes the major pro-inflammatory
cytokines like TNF-a and IL-6. Pro-inflammatory cytokines phosphorylate the serine/
threonine residue of insulin and downregulate the insulin signaling pathway, which
finally leads to the insulin resistance and occurrence of T2D [48]. In vivo studies in mice
have shown that the gut tight junction between the cells loosens up when the population
of Bifidobacteria is decreased. These loose junctions increase the gut permeability and
allow lipopolysaccharide present in microbes to pass through the gut epithelial resulting
into metabolic endotoxemia causing a low-grade inflammation which is responsible to
induce a metabolic disorder including the insulin resistance [49].

Increased body weight with other metabolic phenotypes was observed in the
germ-free mice who were fed with either low-fat mouse chow or with different
levels of saturated fat and fruits along with vegetables in different groups [50]. In
another study, group of mice developed hyperglycemia and high plasma concen-
tration of pro-inflammatory cytokines when HFD was induced. Hyperglycemia
resulted in hepatic macro-vesicular steatosis, elevated hepatic triglycerides, and de
novo lipogenesis [51].

When an adult germ-free C57BL/6 mouse was orally fed with normal microbiota
harvested from the distal intestine of any normal animals, they developed 60%
increase in body fat content with insulin resistance. Fasting-induced adipocyte
factor (FIAF), a circulating protein of angiopoietin, is essential for the microbiota-
induced deposition of triglycerides in adipocytes [52]. Deficiency of choline is
usually liked with NAFLD and nonalcoholic steatohepatitis (NASH) [53].
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The above-mentioned examples show the significance of the environment and
genetic factors in correlation with the liver diseases.

3.1.2 How does a whole body responds to alcoholic liver disease?

The liver is a vital organ of the body, as it metabolizes alcohol in three different
ways as follows:

* By the use of an enzyme alcohol dehydrogenase (ADH)
* By the use of CYP2E1
* By the use of mitochondrial catalase

ADH and CYP2E1 are two significant ways through which alcohol gets con-
verted into acetaldehyde; ADH is used when the consumption of alcohol is limited,
while on the consumption of an excess alcohol, CYP2E1 metabolism plays a role
[54]. ADH is not only present in the liver but, it also is expressed in the gastric
mucosa. It is an assumption that people with lower gastric ADH are more prone to
the alcoholic liver disease [55].

Alcoholic liver disease includes various stages like alcoholic hepatitis, steatosis,
steatohepatitis, fibrosis, cirrhosis, and hepatocellular carcinoma. Alcohol con-
sumption, diet, nutrition, and genetics determine the severity and prognosis of
ALD. Morbidity and mortality remain higher in the liver cirrhosis than in benign
liver disease (i.e., liver steatosis) [54]. Twenty percent of the patients with simple
steatosis with continuous abuse can develop fibrosis within a period of 10 years
[56]. In an absence of alcohol for a few weeks, simple steatosis is reversible, while a
fibrogenic process of steatohepatitis can induce cirrhosis. Human trials on revers-
ing the steatohepatitis for the treatment of chronic hepatitis C and NASH are well
documented [57].

Oxidative stress mainly occurs due to CYP2E1 accompanied along with the
shortage of antioxidants in the hepatocytes and an altered inflammatory cytokines
[58]. It has been known that changes in the lipid metabolism and adipose tissue
will also enhance the process of liver injury [59]. Genetics of an individual is also
another factor that is taken into account for the susceptibility of alcoholism. Lately
correlations between the genetic polymorphism of alcoholic metabolizing enzymes
and ALD have shown a significant association [60]. Family studies in Asian
population have shown association of the following two genes in particular with
ALD [61, 62].

* Alcohol dehydrogenase ADH1B*1 allele: responsible for increase in alcohol
dependence

* Alcohol dehydrogenase ADH2B*2 allele: responsible for decrease in alcohol
dependence

Diet is also one of the significant factors affecting the structure and functional-
ity of gut microbiota. Alcohol and its degradation products can contribute toward
the gut dysbiosis [63]. Patients with ALD have shown decrease in commensal
groups like Roseburia, Faecalibacterium, Blautia, and Bacteroides, while increase in
Proteobacteria and Bacilli resulting in an increased gut permeability, tight junc-
tion barrier dysfunctioning, and inflammation [64, 65]. One of the proposed
mechanisms is the direct interaction of gut and endotoxins from the liver via
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hepatic artery, as well as mechanism of bile acids that contributes toward ALD [66],
although the mechanism of the latter interaction is yet to be elucidated.

Due to an exposure of alcohol, intestinal microbiome is getting affected by
causing bacterial (gram negative) overgrowth in animal models and humans.
Particularly the genus Lactobacillus is on a lower side due to the onset of chronic
alcohol consumption [67]. It has been recently demonstrated that supplementing
saturated long-chain fatty acid with commensal Lactobacilli stabilizes the intestinal
gut barrier and tight junction barrier in ethanol-induced liver disease in mice [68].
NOD2 is mainly responsible for increasing bacterial peritonitis and bacterascites in
cirrhosis, which primarily affects the survival [69]. PAMPs or damage-associated
molecular patterns (DAMPs) are recognized by inflammasomes and activate the
pro-inflammatory cytokines such as pro-interleukin (IL-1, IL-18) [70]. Chemokine
(C-C motif) ligand causes inflammation in colon due to intestinal dysbiosis [71].
TNF-receptor-1 (TNFR-1) present on the intestinal epithelial cells are crucial
mediator for ALD and also cause an intestinal barrier dysbiosis [72]. Thus, inflam-
mation can lead to intestinal permeability, which is associated with the transloca-
tion of microbial products to TLRs in the liver, which is related to aggravated
hepatic steatosis.

4. Role of immune system in intestinal membrane

Maintaining the balance and symbiotic relation between the immune system and
host intestinal microbiome is a very important aspect. This is because they main-
tain a balance of an immune system by restricting the overgrowth of pathogenic
microbiota, as well as the bacteria that reaches the intestinal barriers, chemical
barriers, and physical barriers [73]. Innate signaling by MyD88 in T cells directs
IgA-mediated microbiota to promote the healthy gut. In IgA-deficient mice, it has
been observed that TLR-5 and host protein programmed cell death 1 (PD1) regulate
the modulation of IgA homeostasis by differentiating B cells into IgA producing
antibodies [74, 75]. The importance of IgA in the microbiota composition in chronic
liver disease is yet to be studied.

In liver cirrhosis patient, buccal origin microbes were found in intestine,
taxonomically signifying the translocation or invasion from mouth to intestine.
Simultaneously these patients also observed to have compromised innate immune
system, reduced bile flow and impaired AMP production [76, 77]. The produc-
tion of AMP is mainly regulated by the gut microbiota that includes defensins,
C-type lectins (Reg3b and Reg3g), ribonucleases, and S100 proteins, which rapidly
inactivate microbes [78]. In MYD88-deficient mice, NOD2 altered AMP produc-
tion, which was closely marked [79, 80]. Chronic alcohol administration results in
decreased expression of the intestinal C-type lectins in mice, and similar results
were observed in the duodenum [81, 82].

Mucin is secreted by the goblet cells which are glycosylated and accountable
for the construction of the inner and outer layer of mucus. In mice and humans,
mainly mucin-2 is responsible for the mucus layer formation. Upon interaction
with the lectin, they are responsible for bacterial composition of the host that
promotes formation of glycosidase and metabolic enzymes which are used as a
source of energy [83]. Innate immune system is activated to maintain the intestinal
homeostasis in the absence of mucin-2. An experiment in the mucin-2-deficient
mice demonstrated higher expression of antimicrobial proteins and protected the
intestinal barrier from bacterial overgrowth and dysbiosis. This interconnection
between the different intestinal defense layers and microbiota helps in decreasing
ALD [81].
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Figure 1.
Effect of microbiome dysbiosis on liver disease.

Interestingly, there is no single assigned bacterial species that marks the begin-
ning or development of the liver disease. It is always marked by an increased
percentage of gram-negative bacteria especially Proteobacteria which is known for
accelerating cholestatic liver fibrosis [84]. To study the importance of the intestinal
microbiota for chronic liver disease, liver fibrosis was induced into the germ-free
mice model via the administration of thioacetamide in the drinking water. Asa
result in comparison to conventional mice, germ-free mice showed elevated liver
fibrosis [85].

Ethanol consumptions lead to the elevation of lipopolysaccharide and endotoxin
in the portal blood circulation that sensitizes Kupffer cells to activate the inflam-
matory mediators like TNF-a, IL6, and ROS. Another factor that facilitates the
liver disease is the loss of anti-inflammatory mediators. A study has shown IL-10
deficient mice to be more sensitive to ethanol liver injury [3]. The alterations in the
intestinal microbiota composition are significant for the pathogenesis of chronic
liver disease which is demonstrated and briefed in Figure 1.

5. Effect of alcohol on liver and adipose tissue

The energy value of alcohol is equal to those of other nutrients, so when the
alcohol consumption is increased, the overall calorie intake excessed the expendi-
ture of energy, which leads to adiposity [86]. It has been established that chronic
cirrhosis patient shifts toward the lipid oxidation instead of carbohydrate as fuel to
meet the energy requirements which in turn reduces the overall fat mass in an indi-
vidual [87]. Thus, malnutrition with low adipose skeletal muscle mass is a symptom
for an advancement of the liver disease [88]. Alterations in the body mass may
also depend on the type of drinking pattern; for instance, a person drinking beer
or spirits gains more body mass than wine consumption [89]. Thus, excess alcohol
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Association of adipose tissue in alcoholism due to metabolic, endocrine, and immune dysbiosis.

intake increases the amount of visceral adipose tissue as compared to the changes
observed in case of obesity [90].

In vivo mice experimental alcoholic model has shown the significant increase in
the number of adipocyte death in white adipose tissue. The mechanism for death of
adipocytes involves interaction between CYP2E1, BH3-an interaction domain ago-
nist for death (BID) and C1Q complement pathway. As sequence, these interaction
lead to adipose tissue inflammation, insulin resistance, lipolysis, NEFA and release
of proinflammatory cytokines [91]. Hence, increase in uptake of fatty acids in the
adipose tissue will lead to an increase in hypertrophy, hypoxia, and inflammation
ultimately leading to the cell death [92]. However, alcohol uptake in the moderation
has been associated with insulin sensitivity [93]. Thus, acute or chronic alcohol
consumption is associated with metabolic, endocrine, and immune dysbiosis as
shown in Figure 2.

5.1 Influence of alcohol on metabolic dysbiosis

Metabolically, an increase of NEFA is seen in ALD patients [94]. Increase in
NEFA depends on the increase in expression of adipose triglyceride lipase (ATGL)
but is independent of lipase [95]. Lipolysis is particularly marked by acute alcoholic
hepatitis (AAH), but it may decrease during the advanced cirrhosis. The molecular
mechanism that leads to lipolysis with excess ethanol consumption is not clearly
understood; the possible primary factor may be the ethanol-mediated insulin
resistance. Contradicting effect is seen with the use of catecholamine, which may
reduce lipolysis or remain unchanged [96]. Consequently, higher level of circulat-
ing NEFA shows reduced capacity of the adipose tissue to esterify alcohol and store
up free fatty acid [97]. Further these unsaturated fatty acids are delivered to the
liver which contributes to hepatic steatosis as they get converted to triglyceride
[98]. c-Jun N-terminal kinase (JNK) pathway triggers the hepatocyte apoptosis by
increase in number of saturated fatty acids with enhanced hepatotoxic effect [99].
Hepatic de novo lipogenesis increases due to the transcription of sterol regulatory
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Adipokine In vivo model Acute Chronic alcoholic Reference
(mouse and alcoholic model
human) model
Leptin In both models ! ! [102]
Adiponectin* (high fat diet In human model T T [103]
and alcohol) In mouse model T T [104]
Visfatin In both models 1 1 [105]
Omentin In human model T T [24]
Chemerin In human model T T Chronic alcoholic [106]

patient

l Cirrhosis patient [107]

‘Adiponectin data are in contrast with the observation in individual with obesity and metabolic syndrome due to
changes in liver function while affecting the bile obstruction.

Table 1.
The changes in adipokines in mouse and human models with severity of alcohol abuse.

element-binding protein 1 (Srebf1) [100]. The mechanism that follows in hepa-
tocytes on increase in NEFA activates the hepatic stellate cells (HSCs) which lead
to the deposition of collagen and fibrosis, which in turn exerts the inflammatory
pathway through stimulation of NF-xB and the activation of Kupffer cells and
myeloid cells stimulating cytokine release [101].

5.2 Endocrine imbalance due to consumption of alcohol

Acute or chronic alcohol intake has an important difference in both animal and
human models with respect to the endocrine aspect as shown in Table 1.

Due to the change in an endocrine function, the liver fibrosis takes place by
promoting HSC activation [108]. Leptin contributes to the activation of TNF-alpha
and the Kupffer cells, thereby causing hepatic inflammation by stimulating CCL2
release from HSCs [109]. The administration of adiponectin and recombinant
adiponectin in ethanol-fed mice reduced the circulating NEFA level as well as
decreased weight loss, steatosis, and hepatic inflammation due to the inhibition of
Kupffer cell sensitivity toward LPS [67].

5.3 Immune dysbiosis due to alcohol intake

Oxidative stress due to the consumption of alcohol leads to adipose tissue hypoxia
which in turn increases the expression of TNF-a, CCL2, IL-6, infiltration of macro-
phages, and expression of CD4" T cells and dendritic cells in the adipose tissue [110].
The secretion of pro-inflammatory cytokines alters the hepatic immunology via
hepatic inflammation affecting the role of parenchymal and non-parenchymal liver
cells. TNF-a activation triggers ALD pathogenesis, which induces apoptosis through
the activation of JNK and NF«B pathways [111]. A protective mechanism of the hepa-
tocytes is exerted by IL-6 through promoting the hepatic survival, proliferation, and
improved hepatic steatosis [112]. Nevertheless, an excessive exposure of IL-6 can lead
to the liver carcinogenesis [113]. In CCL2 knockout mice, there is a reduced level of
hepatic inflammation, proving CCL2 to not play any protective role in hepatic inflam-
mation [114]. The role of CCL2 is much more clear as an inflammatory factor through
an insulin signaling in NASH, but its role in ALD is yet to be determined [115].
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5.4 Role of microRNA

Exosomes that contain small biologically active but noncoding RNA, i.e.,
microRNA (miRNA), are released by adipocytes which regulate various intracel-
lular processes. These miRNAs are able to temper the distant tissues and organs rep-
resenting the alteration between adipose tissue and liver function as well as immune
responses [116]. In an animal model, miRNA-122 and miRNA-192 expressions are
elevated in the ALD, while miRNA-155 expression is increased in the adipose tissues
in particular, which contributes to the hepatic steatosis and fibrosis [117].

6. Conclusion

Chronic alcohol consumption not only disturbs the metabolism of whole body
but also has a prominent effect on the function of gut microbiota and adipose
tissue. These alterations have direct as well as indirect effects on the liver func-
tions, which contribute to the advancement of ALD. Cessation of alcohol intake
can quickly reverse inflammatory reaction in the adipose tissue and halt the
progression of ALD. In addition to that, pharmacological treatment can also help
to improve ALD. There is a significant overlapping in an alteration of the adipose
tissue between obesity, NAFLD, and ALD mechanism. The physicians who are
dealing with patients of ALD should keep an eye on the adipose tissue dysfunc-
tion and its effect on the liver and consider the therapeutic treatment accordingly.
Understanding the fundamental mechanism of the alcohol and metabolic syndrome
in the pathogenesis of liver disease will help in pursuing an effective treatment for
liver diseases.
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Abstract

Adipose tissue not only possesses an important role in the storage of excess
nutrients but also acts as a critical immune and endocrine organ. Researchers and
clinicians now consider adipose tissue to be an active endocrine organ that secretes
various humoral factors called “adipokines,” which imparts important systemic
metabolic effects, from food intake to glucose tolerance. Along with its production
of specialized adipokines, adipose tissue also secretes proinflammatory cytokines
that likely contributes to the low-level systemic inflammation that has become a
hallmark of various metabolic syndrome-associated chronic pathologies, such as
obesity and cancer cachexia. These systemic effects may be mediated by commu-
nication networks arising from the multitude of resident adipose cells, including
adipocytes, endothelial cells, neuronal cells, stem cells and other precursors, and a
wide variety of immune cell populations that recent studies have demonstrated play
a crucial role in the development of adipose inflammation and systemic metabolic
abnormalities. In this chapter, we detail various molecular pathways linking excess
adipose lipid storage to chronic inflammation and review the current knowledge as
to what triggers obesity- and cachexia-associated inflammation in adipose tissue.
Finally, we describe how the cross talk between adipose tissue inflammation and
the non-adipocyte resident cells present in tissue is involved in this metabolic
disruption.

Keywords: adipokines, remodeling, cross talk, cachexia, obesity

1. Introduction

In recent years, adipose tissue has rapidly emerged as a critical player in main-
taining an organism’s metabolic homeostasis through its canonical role in storing
excess energy, as well as its emerging role in facilitating communication modalities
critical to maintaining systemic metabolism. These diverse abilities possessed by
adipose tissue directly results from its heterogeneous composition which allows for
the integration and propagation of signals that influence whole-body homeostasis.
To be effective in reacting to alterations within the organism, the adipose tissue
must be dynamic and remodel itself in order to preserve the health of the organism.
While remodeling allows for the maintenance of homeostasis, this mechanism may
become compromised in certain metabolic diseases, such as cancer cachexia and
obesity. Here, the influence of adipose heterogeneity on tissue remodeling in the
context of cancer cachexia and obesity will be further discussed.
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2. The adipose tissue
2.1 Adipose heterogeneity

Adipose tissue, or fat tissue, is classified in morphofunctional term into two dis-
tinct groups; (1) white adipose tissue (WAT), composed predominantly of unilocu-
lar adipocytes, with low mitochondrial density and low oxidative capacity, and (2)
brown adipose tissue (BAT), predominantly composed of multilocular adipocytes,
high mitochondrial density and oxidative capacity for the uptake and oxidation of
fatty acids and glucose related to the maintenance and regulation of body tempera-
ture [1]. Other differences between the two types of adipose tissues are the depot
localization, profile of secreted molecules, cell population, vascularization and also
innervation [2-4]. While both of these adipose tissue groups contribute a signifi-
cant role in maintaining systemic homeostasis, WAT is the primary site of metabolic
dysregulation in many metabolic diseases [5, 6].

WAT is divided into two large depots, subcutaneous adipose tissue (scWAT)
and visceral adipose tissue (vWAT). scWAT is present in the innermost layers of
the skin (hypodermis), while vWAT is located in the internal organs [7]. In addi-
tion, it is well described, both in experimental and clinical research, that adipose
tissue is a heterogeneous tissue, that presents different gene and protein expres-
sion profiles, as well as cellular composition depending on the location of the
tissue [8, 9]. scWAT represents approximately 80% of the total fat mass in healthy
individuals, while vWAT accounts for between 10 and 20% of the total body fat
of lean men, and between 5 and 10% of total fat in women [10]. vWAT has been
shown to be more metabolically responsive, and its accumulation has a higher
correlation with obesity-related mortality [11].

The morphological composition of adipose tissue plays an important role in the
homeostatic maintenance and tissue development. Adipose tissue is a special type
of connective tissue composed of different cell types composed of approximately
50-70% adipocytes and 30-50% of stromal vascular fraction (SVF) cells, where the
mesenchymal precursor cells, pre-adipocytes, fibroblasts, leukocytes, blood vessels,
lymph nodes and nerves are present (Figure 1) [12-14]. Numerous studies have
shown the cellular heterogeneity of adipose tissue is a critical component in the
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Figure 1.

Adipose tissue cellularity. The vast majority of the adipose tissue mass is composed of adipocytes
(approximately 60%). There are many other cell types present in the adipose tissue. This specific portion of
non-adipocytes is called the stromal vascular fraction (SVF) that is approximately 30% of the total cells in the
tissue. In this portion are present mesenchymal precursor cells, pre-adipocytes, macrophages, others immune
cells and endothelial cells.
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tissue’s ability to act as a hub of metabolic equilibrium [8, 15, 16]. Discovering and
understanding the role of each cell present in adipose tissue leads to a greater chance
in the development of possible therapeutics targeting metabolic disorders, which
places a greater emphasis on studies of adipose cellularity.

2.2 Adipose tissue as an endocrine organ

This endocrine role of adipose tissue is best characterized by leptin [17, 18]. In
1994, with the discovery of leptin, the perception of WAT evolved from simply an
energy storage compartment, mechanical protector and thermal insulation, but
also an endocrine organ due the identification of a multitude of adipocyte-secreted
factors that can act on distal tissues to regulate systemic functions, such as immu-
nological and inflammatory responses, regulation of appetite, vascular events,
control of reproductive functions, and insulin sensitivity [17, 19]. Total deficiency
or insensitivity to leptin causes hyperphagia, morbid obesity, diabetes, a variety of
neuroendocrine abnormalities, and autonomic and immunologic dysfunction [20].

Studies show that adipose tissue-derived hormones, fatty acids, lipids and
signaling molecules, act by exerting endocrine, autocrine and paracrine effects.
These factors are part of the large family of proteins and small molecules released
by adipose tissue, which collectively are called adipokines [17, 21]. This tremendous
diversity of signaling molecules enables the adipose tissue to engage in a wide
array of signaling modalities that allows for systemic regulation of an organism’s
physiology (Figure 2). In instances of whole-body metabolic dysregulation, such
as cancer cachexia and obesity, alterations to adipose tissue composition may have
drastic effects on adipokine production. These effects are of critical importance in
understanding the manifestation of metabolic syndromes. One example of such
a dysregulation in adipokine profile is the release of pro- and anti- inflammatory
adipokines during pathophysiological processes. This adipokine dysregulation
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Figure 2.

Aﬁg'pose tissue as endocrine ovgan. Endocrine factors released by white fat may signal to distant issues, including
the brain, muscle, liver, heart and pancreas that vegulate glucose and fatty acid metabolism in peripheral
tissues, energy homeostasis, inflammatory response, and blood pressure, among others. Imbalanced secretion of
some of these adipokines is associated with metabolic disovders. These factors released by white adipose tissue
may target itself in an autocrine and paracrine manner, and also activate distant tissues in an endocrine
manner (e.g., brown adipose tissue). Abbreviations see appendices and nomenclature section.
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contributes significantly to the disruption of adipose tissue homeostasis in these
diseases. Excessive secretion of potentially harmful adipokines (e.g., PAI-1, TNF-a
and IL6) and hyposecretion of potentially beneficial adipokines, (e.g., adipo-
nectin), may play an important role in the major mechanisms involved in during
metabolic diseases. Thus, understanding the mechanism of various metabolic
diseases calls for a deep understanding of the relationship between adipose tissue
cellular composition and function.

2.3 Adipose tissue remodeling

Adipose tissue can respond rapidly and dynamically depending on the situation
involved, thus fulfilling its major role in preserving whole-body energy homeostasis
[22, 23]. Adipose tissue remodeling is a continuous process that is involved in some
metabolic syndromes, such as reduction of vascular remodeling [24], overproduc-
tion of extracellular matrix [25], altered immune cell populations, and inflam-
matory responses are classic tissue response to such metabolic imbalances [26].
However, not all remodeling of adipose tissue is necessarily associated with patho-
logical changes. A classic example is a concept of “metabolically healthy obesity”
[27, 28], suggesting that some individuals may preserve systemic insulin sensitivity
based on the “healthy” expansion of adipose tissue, avoiding the pathological con-
sequences associated with obesity. Among the various consequences that can arise
from adipose tissue remodeling is a state of local inflammation. This inflammatory
state has been implicated in the progression of systemic dysregulation of metabo-
lism in instances of “metabolically unhealthy obesity” [29]. Thus, comprehending
the role of inflammation in the remodeling process of the adipose tissue is essential
in understanding the main pathological alterations of this tissue.

2.3.1 An overview of adipose tissue inflammation

The adipose tissue plays host to a variety of immune cell populations that are
intimately involved in the remodeling state of the tissue. Adipose tissue resident
cells can secrete several proinflammatory cytokines that can orchestrate the inflam-
matory state of the tissue by influencing these immune cell populations within the
tissue itself [21]. These inflammatory mediators have several metabolic and endo-
crine functions (immunity, metabolism, energy balance, among others), which is
intimal related to the inflammatory process and immune system response [30, 31].

Inflammation in adipose tissue rose to prominence in the mid-1990s, shortly
after obesity was recognized as an inflammatory disease in a study conducted
with rats, which demonstrated greater expression of the gene encoding the pro-
inflammatory cytokine TNF-a in adipose tissue, as well as a reduction in insulin
sensitivity after exposure to a weight-gain diet [32]. In recent decades, data from
human studies and transgenic animal models have strongly suggested correlative
but also causative associations between the activation of proinflammatory pathways
and insulin resistance [33, 34]. Particularly, chronic inflammation in adipose tissue
appears to play an important role in the development of insulin resistance related to
obesity and others metabolic diseases [33, 35]. The following potential mechanisms
of adipose tissue inflammation and how this state is involved during the pathologi-
cal process of cancer-associated cachexia and obesity are discussed.

2.3.2 Adipose tissue inflammation during cancer cachexia

Cancer cachexia syndrome is characterized by systemic inflammation, body
weight loss, adipose tissue remodeling, and skeletal muscle wasting that cannot be
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fully reversed by conventional nutritional support and leads to progressive func-
tional impairment [36]. Interesting, that adipose tissue of cachectic cancer patients
is a possible relevant systemic source of inflammatory molecules during the devel-
opment of the disease [37]. Moreover, it is now well described in both experimental
and clinical research that these changes are dependent on the location of adipose
tissue (e.g., visceral versus subcutaneous), which is involved in differential depot
response to the disease [8, 38]. WAT also secretes and responds to pro-inflammatory
mediators, as it also expresses several receptors for these secreted cytokines,
chemokines, complement and growth factors [39]. These mediators act locally in an
autocrine and/or paracrine manner, as well as distally in an endocrine fashion that
can regulate appetite, modulate energy expenditure and affect a range of physi-
ological processes, including insulin sensitivity and inflammatory responses [40].

Some interesting studies proposed that an imbalance between catabolic and
anabolic processes in WAT is associated with the progression of cachexia. The
proinflammatory cytokines interleukin 1-beta (IL-1f), interferon gamma (IFN-y),
interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-a) appear respon-
sible for the activation of WAT catabolism in experimental models [37, 41-44].
Additionally, studies have demonstrated a predominance of an inflammatory
profile in the terminal phase of the cachexia syndrome, notably within vWAT [45].
The presence of an important macrophage infiltration in this depot in rats with
cancer cachexia was verified, which has been shown to contribute to the secretion
of inflammatory factors [45]. More recently, in the same model of cancer cachexia,
Batista et al. [41] showed an increase of macrophages around the adipocytes that
were are polarized to a proinflammatory state in the vWAT simultaneously with the
activation of the inflammasome pathway in this specific depot [43]. This event was
immediately preceded by an increase in neutrophil density within the depot, which
usually occurs in the intermediate phases of the syndrome. Therefore, depending
on the inflammatory phase, distinct cell types can be observed. In fact, in several
inflammatory processes, chronic inflammation is characterized by the presence
of mononuclear cells that is usually preceded by tissue infiltration of neutrophils,
which are cells that characterize acute inflammation [46].

In addition to animal models of cachexia, a study has recently demonstrated
the presence of an exacerbated inflammatory profile in the WAT of humans with
cancer cachexia [38]. In particular, an increase in CD68 positive cells, indicative of
macrophages, and the clustering of the classic “crown-like structure” around the
adipocyte were described. This morphological characteristic, although well-detailed
in an obesity model, was described for the first time in cachexia. In the same study,
an increase in CD3, a lymphocyte marker, and total collagen-positive cells in the
WAT of these patients with cachexia was also detected. Taken together, the data
indicate the presence of morphological alterations that suggest WAT remodeling in
the presence of cachexia in humans [38].

However, despite the relevance of local inflammation, notably in WAT, the
mechanisms that result in this process still require further detailing. Another
important aspect is the characterization and understanding of the inflammatory
process in this condition and its possible relation with the metabolic disorders, in
order to answer if this process is secondary or the “trigger” for the development
of the syndrome. Understanding the basic mechanisms of cancer cachexia that
orchestrate WAT remodeling is relevant for the development of new pharmacologi-
cal and nutritional therapies for anti-cachectic purposes. In this context, further
demonstrating an intimate correlation between inflammation and the prognosis of
cancer-associated cachexia, it was demonstrated that a genetic and pharmacological
(atorvastatin) model of Toll-like receptor 4 (TLR4) inhibition, one of the primary
inflammatory mediators, was able to attenuate classic symptoms of cachexia in an

79



Adipose Tissue - An Update

animal model [47]. This suggests that an important inflammatory pathway may be
considered a promising target for therapeutic actions. It also further elucidates the
mechanism by which cancer cachexia is manifested [47].

2.3.3 Adipose tissue inflammation during obesity

The incidence of overweight and obesity has increased substantially in the last
decades worldwide is considered a worldwide epidemic, reducing the quality of life
due to an increase in the physical and metabolic disability of individuals [48]. This
occurs, at least partially, because of the obesity-induced insulin resistance and the
fact that adipose tissue is not only an energy reservoir but also a secretory endocrine
organ of cytokines, hormones, and proteins that affect the functionality of cells and
tissues all over the body [49].

Recent studies have established association between obesity and systemic
chronic low-grade inflammation [30, 50]. This association is characterized by,
among other things, higher levels of circulating proinflammatory cytokines and
fatty acids that can contribute to the development of the metabolic dysfunctions
involved in the pathogenesis of its comorbidities [51].

It is well known that during this inflammation state in the adipose tissue, the tissue
starts an intense remodeling in the adipose cell types present in the tissue. A major type
of cell that plays an important role in the adipose tissue is the macrophages. Adipose
tissue macrophage can be characterized in two different classes based on the expres-
sion of particular markers [52]. M1 macrophages or classically activated macrophages
are characterized by nitric oxide synthase (iINOS) and CD11c surface expression, and
expression of pro-inflammatory cytokines [53]. On the other hand, M2 macrophages or
alternatively activated macrophages, are characterized by Arginase 1 (Argl) and CD206
surface expression, and secrete anti-inflammatory cytokines predominates [53].
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Figure 3.

Fegtures in adipose tissue inflammation. Healthy adipose tissue displays high insulin sensitivity and is
characterized by an anti-inflammatory state marked by elevated levels of adipocyte progenitor cells and

M2 macrophages, sufficient vasculature to support tissue expansion and adipocyte hyperplasia. In an obese
state, the adipose tissue contains hypertrophic adipocytes and a state of chronic inflammation exists within

the tissue. A large increase in the populations of M1 proinflammatory macrophages, along with several

other inflammatory leukocytes, begins to infiltrate the inflamed tissue. In addition, it is possible to observe a
reduction in the vascularization of this unhealthy fat, vesulting in a hypoxic state. Chronic inflammation results
in the development of fibrotic structures in the form of increased extracellular components, such as collagen.
Such events contribute to the development of insulin resistance.
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A proposed model was defined as “phenotypic switching” that means an
enhanced adipose tissue macrophage infiltration aggravates the environment of
obesity-related inflammation [54]. This model emphasized that obesity starts to
induced a polarization in these macrophage cells present in the tissue, that now the
ratio M1/M2 macrophage are dysregulated and the M1 macrophage population are
predominate in the adipose tissue [54]. Interesting that some studies showed that
M1 macrophage population demonstrates a positive correlation with insulin resis-
tance and an increase in proinflammatory responses [55]. Therefore, these studies
suggest a sophisticated balance in relation to the diversity of macrophages popula-
tion is necessary to sustain the adipose tissue homeostasis.

In addition to this deregulation in macrophages infiltration, other major changes
also appear in the inflamed adipose tissue during obesity. Modifications in the
composition of the extracellular matrix, decreased in the vascularization and altera-
tions in the composition of immune cells in tissue are classic features of this adipose
tissue remodeling [24, 26, 56] (Figure 3).

3. Concluding remarks

In summary, certain metabolic disease states, such as cancer cachexia and
obesity, may alter the heterogeneous composition of adipose tissue, resulting in
aremodeled tissue that is unable to properly respond to the systemic needs of the
organism. We know that the adipose heterogeneity cells present in the tissue are the
extremely importance in to regulate the homeostasis, and in the time that adipose
tissue is affected to some metabolic syndrome this cross talk is deregulated and the
homeostasis is compromised. After the adipose tissue is committed by a metabolic
syndrome, the tissue starts to react in several ways. Several studies using cachexia
and obesity experimental models have consistently indicated that a classic response
to this imbalance, showed an intense adipose tissue remodeling in which the
tissue begins to present numerous alterations in the morphology and also genetic
alterations where its function ends up being extremely compromised. Finally, a
deeper understanding of the initial stimulus and also who are the main types of
cells involved in adipose tissue remodeling is essential for understanding the basic
mechanisms in which adipose tissue performs. Once we have managed to obtain the
answers to these important issues, we will be able to advance and have the chance to
achieve some possible therapeutic target to these severe metabolic diseases.
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Appendices and nomenclature

BAT brown adipose tissue
BDNF brain-derived neurotrophic factor
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ECM extracellular matrix

GDF15 growth differentiation factor 15
IGF-1 insulin-like growth factor 1

IL6 interleukin 6

IL1p interleukin 1f

IL10 interleukin 10

IL33 interleukin 33

NEGR1 neuronal growth regulator 1
NGF nerve growth factor

NRG4 neuregulin 4

PAI-1 plasminogen activator inhibitor-1
scWAT subcutaneous adipose tissue
SVF stromal vascular fraction
TGF-p transforming growth factor 8
TLR4 Toll-like receptor 4

TNFa tumor necrosis factor «

UCP1 uncoupling protein 1

vWAT visceral adipose tissue

VEGF vascular endothelial growth factor
WAT white adipose tissue
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Chapter 6

Lipedema: A Painful Adipose
Tissue Disorder

Sara Al-Ghadban, Karen L. Herbst and Bruce A. Bunnell

Abstract

Lipedema is a painful fat disease of loose connective tissue usually misdiagnosed
as lifestyle-induced obesity that affects ~10% of women of European descent as
well as other populations. Lipedema is characterized by symmetric enlargement
of the buttocks, hips, and legs due to increased loose connective tissue; arms are
also affected in 80% of patients. Lipedema loose connective tissue is character-
ized by hypertrophic adipocytes, inflammatory cells, and dilated leaky blood and
lymphatic vessels. Altered fluid flux through the tissue causes accumulation of
fluid, protein, and other constituents in the interstitium resulting in recruitment
of inflammatory cells, which in turn stimulates fibrosis and results in difficulty
in weight loss. Inflammation and excess interstitial substance may also activate
nerve fibers instigating the painful lipedema fat tissue. More research is needed to
characterize lipedema loose connective tissue structure in depth, as well as the form
and function of blood and lymphatic vessels. Understanding the pathophysiology
of the disease will allow healthcare providers to diagnose the disease and develop
treatments.

Keywords: lipedema, symptoms, diagnosis, treatment, blood vessels, lymphatics

1. Introduction

Loose connective tissue disorders include lipedema, Dercums’ disease (DD),
familial multiple lipomatosis (FML) and multiple symmetric lipomatosis (MSL).
All these disorders share many similarities with lipedema including painful lipo-
mas, obesity, fibrosis, a risk of developing lymphedema and difficulty in losing the
abnormal fat through diet and exercise. There are clinical characteristics specific
for lipedema, including the onset of the disease, fat location and associated health
issues (Table1) [1, 2].

Lipedema is often misdiagnosed as lifestyle-induced obesity that affects ~10% of
women of European descent as well as other populations [3, 4]. Although both dis-
orders are considered inflammatory diseases due to the presence of increased mac-
rophages and hypertrophic adipocytes, there are significant differences between
the two disorders. Among these is the location of the fat, primarily abdominal or
spread widely over the body in obesity compared to the symmetric distribution in
the lower extremities in lipedema, the texture of the skin (thin and soft in lipedema
and thicker in obesity), easy bruising and pain upon the introduction of pressure in
lipedema [5, 6].
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Characteristic Lipedema DD MSL FML MSL

Abnormal fat Legs, arms, Global Upper; can Arms, thighs, Upper; can

location abdomen be global trunk, be global

abdomen

Diet-resistant Yes Yes Yes Yes Yes

fat

Lipomas Yes Common Common in Common Common in

men men

Time fat Puberty; 3rd Child-adult Adult; child Child-adult Adult; child

change decade rare rare

Painful fat Yes Yes Not usually Lipoma Not usually

Sex Female Female Male Male = female Male

predominance

Lympbhatic Yes Yes Yes Yes Yes

dysfunction

Prevalence Possibly Possibly Rare Rare Rare
common common

Associated Lymphedema Autoimmune; Neuropathy Moles; Neuropathy

conditions diabetes neuropathy

Inheritance Autosomal Autosomal Autosomal Autosomal Autosomal

pattern dominant; dominant; dominant or dominant dominant or
incomplete sex-specific recessive recessive
penetrance influence

Modified from Ref. [1].
Table 1.

Characteristics of loose connective tissue disorders.

The focus of this review will be on the disease of lipedema, different stages and
types, diagnosis and treatment, pathogenesis and current research in the field.

2.Lipedema

Lipedema also referred to as lipedema, is a painful loose connective tissue dis-
order first described in 1940 by Allen and Hines [7]. Lipedema is characterized
by symmetric enlargement of the buttocks, hips and legs due to deposition of
loose connective tissue that includes fascia, adipocytes, immune cells and other
structures; arms are also affected in 80% of patients [3, 4]. Feet are typically
spared, but ankle cuffs are often noted in advanced stages of lipedema where
the risk of lymphedema is also high [8, 9]. Patients with lipedema experience
mobility issues, psychosocial distress, anxiety, eating disorders, sleep apnea and
depression [1, 10].

Lipedema is considered a hormone-related disorder affecting almost exclu-
sively women during puberty, childbirth or menopause. Case reports of men
with lipedema have been described in literature. Men with lipedema have ele-
vated estrogen level and low to absent testosterone levels resulting in cirrhosis,
gynecomastia and hypogonadism [11-13]. While the exact etiopathogenesis of
this disease is unknown [10, 14], many studies have demonstrated that inflam-
matory cells, hypertrophic adipocytes, abnormal blood vessels and lymphatic
dysfunction are associated with tissue damage and development of a fibrotic
disease [14-17].

88



Lipedema: A Painful Adipose Tissue Disorder
DOI: http://dx.doi.org/10.5772/intechopen.88632

2.1 Stages of lipedema

Lipedema consists of three stages characterized by the texture of skin and tissue
formation. Stage 1 involves smooth skin over pearl-sized nodules in a hypertrophic
fat layer; Stage 2 has skin indentations over a hypertrophic fat structure of pearl-
to-apple-size masses; and Stage 3 includes pearl-sized nodules and much larger fat
masses causing lobules of skin and fat to form mainly on the hips, thighs, and around
the knees. Lymphedema, causing fluid accumulation in the limbs, may develop dur-
ing any stage of lipedema and is referred to as lipo-lymphedema [1, 3, 10, 18, 19].

Healthcare providers often misdiagnose women with lipedema as they do not
take into account the disproportionate size of the legs compared to trunk especially
in Stage 1 and 2 along with the inability to lose fat from areas affected by lipedema.
It is possible to confuse women with Stage 3 lipedema as having lifestyle-induced
obesity due to fat involving more areas of the body.

2.2 Types of lipedema

In addition to stages of lipedema, lipedema is also characterized by types deter-
mined by the area of the body that is affected. There are five types of lipedema;
types 1, II, and III are the most common. In Type I, fat is deposited in the areas of
the buttocks and hips resembling saddle bags. In Type II, fat extends to the knees
from the buttocks area with the formation of folds of fat around the inside of the
knee. In Type I, fat spreads all over the lower body from the hips to the ankles.

In Type IV, upper arms are affected causing difficulty in lifting the arm and stress
on the shoulder. In Type V, fat is restricted to the lower legs. It is worth noting that
patients with lipedema can clinically present with a mixture of types [3, 10].

2.3 Signs and symptoms

Pain, tenderness, bruising easily, symmetrical swelling of the legs, heaviness
of affected limbs, burning sensations in the skin and fat, soft skin, negative stem-
mer’s sign and hypermobile joints are among the common symptoms observed in
lipedema patients [2, 3, 6, 13]. Hypermobility in women with has been reported
to contribute to joint damage and increase the risk of cardiovascular disease as
seen in Ehlers Danlos Syndrome-Hypermobility Type (EDS-HT) with Beighton
score higher than 5 [2, 3, 20, 21]. Thus, hypermobility causes structural changes
in lipedema tissue resulting in increased fibrosis, dysfunction of blood vessels and
accumulation of interstitial fluid.

Women with lipedema also experience emotional symptoms due to unexplained
weight gain including embarrassment, anxiety and depression that impact their
overall quality of life [22, 23]. Symptoms may progress in advanced stages of
lipedema that might be associated with increased cardiovascular and renal diseases.
A study conducted by Herbst el al. in 2015 provides a detailed list of symptoms
experienced by lipedema patients [3].

2.4 Diagnosis and treatment of lipedema

Diagnosis of lipedema involves a comprehensive physical exam based on the
criteria listed by Wold and colleagues in 1951, [4] medical and surgical history, list
of medications that might affect weight or fluid retention and family history. A
physical examination includes assessment of the enlarged lower extremities care-
fully noting the texture of the affected areas such as velvety soft skin that can be
found in hypermobility, nodular fat, pain when applying pressure, tenderness upon
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palpation and accumulation of fluid such as pitting or non-pitting edema which
may indicate lymphedema [18, 24]. Bruising caused by increased capillary fragility
[6], spider veins and telangiectasia showing on the surface of the skin due to venous
insufficiency are also observed in lipedema patients [4, 10].

Although, there is no cure for lipedema, treatments like liposuction (tumescent
and water jet) [25], complete decongestive therapy that includes manual lymphatic
drainage [26, 27], compression garments, a healthy diet, physical activity, medica-
tions and supplements (statins, selenium, diosmin, amphetamines and butcher’s
broom) have been shown to reduce pain, improve lymphatic function, decrease
leakage from blood vessels, lessen inflammation and fibrosis and maintain a
healthy gut [24, 28-34].

Liposuction is by far the most effective treatment to decrease the fibrotic
lipedema fat and thereby maintain mobility which is essential for the welfare of
women living with lipedema [35-37]. Water jet-assisted liposuction has been proven
to be as effective as tumescent liposuction. Damage to the lymph vessels has not
been show as evidenced in a histological study conducted by Stutz et al. on lipoaspi-
rates collected from lipedema patients [32]. Nevertheless, special care should be
taken with lipo-lymphedema patients, where accumulated lymph and or fibrotic
tissue should be removed first. Furthermore, follow-up and compression therapy
are advised for successful and effective treatment.

Deep tissue massage has also been demonstrated to improve the quality of
subcutaneous adipose tissue by decreasing pain, fibrosis and fat tissue in women
with lipedema [29, 38].

Additionally, a healthy non-inflammatory diet is highly recommended, even
though it will not reduce the lipedema tissue, but it might slow the progression of the
disease by reducing inflammation and pain, lessen the swelling and ultimately improve
quality of life. No one plan works for everyone but a ketogenic diet with low processed
carbohydrate and mild physical exercises like walking, swimming, Pilates, yoga and
other home excise programs are suggested by lipedema specialists. These activates will
help the function of lymphatic pump and maintain a normal metabolism.

Finally, it is very important to detect and treat lipedema at early stages thus pre-
venting the complications that might occur due to the progression of disease. These
complications comprise eating disorders, sleep apnea, diabetes mellitus, arthritis,
hypertension, cellulitis, cardiac and renal disease.

3. Lipedema versus lymphedema

There are distinctive criteria for lipedema which are absent in lymphedema
including a negative Stemmer’ sign, minimal pitting edema, thin skin, easy
bruising, tenderness and pain [14, 39, 40]. Although lymphatic microaneurysms
might develop in the later stages of lipedema leading to secondary lymphedema,
imaging techniques like high-resolution cutaneous ultrasonography and magnetic
resonance imaging showed no defects in the lymphatic system in early stages [24,
41-43]. Other methods have also been successfully used to differentiate lipedema
from lymphedema which includes tissue dielectric constant and dual-energy X-ray
absorptiometry techniques [44-48].

Dysfunction of lymphatic vessels results in accumulation of interstitial fluid
(edema) in adipose tissues triggering inflammation by the recruitment of mac-
rophages resulting in fibrosis and difficulty with weight loss. As a consequence,
adipose tissue loses its elasticity suggesting that lipedema might be a connective
tissue disorder [15, 49]. Studies have also indicated that edema might induce growth
of lipedema fat as well as hypoxia resulting in adipocyte cell death [50].
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Further, morphologic changes in lymphatic vessels and accumulation of inter-
stitial fluid are present in some women with lipedema, with no change in transport
of lymphatic fluid, which suggests these individuals might have a higher risk of
progressing to lipo-lymphedema especially in advanced stages of lipedema [15, 51].
Accurate diagnosis of lipedema in association with lymphedema is essential for
treating and following up of lipedema patients.

4. Pathophysiology of the disease

Hormones, genetic factors, leaky blood vessels, dysfunctional lymphatics sys-
tem, inflammation, hypertrophic adipocytes and interstitial thickening are among
the factors that contribute to the pathogenesis of lipedema [10, 12, 15].

4.1 Hormones

Hormones play an essential role in the etiology of the lipedema, but how they
affect the metabolism and function of adipocytes function is still unknown. Studies
have shown that hormones, like estrogen and progesterone, have a direct effect on
lipogenesis, insulin levels and adipose tissue distribution in the body. Dysregulation
of hormonal levels lead to fat dysregulation, impairment of the lipogenesis-lipolysis
mechanism, hypertension, insulin resistance and hyperinsulinemia [13, 52, 53].
Hormones might also have an impact on the nervous system which might explain
the pain experienced by lipedema patients. Szél et al. hypothesized that alteration in
estrogen (or estrogen receptors) maybe involved in the pathogenesis of lipedema by
suggesting a link between accumulation of adipose tissue, imbalanced estrogen levels
and inflammation of the peripheral and sympathetic nerves of the disease [13].

4.2 Adipocytes, immune cells and blood vessels

Lipedema fat tissue is characterized by hypertrophic adipocytes, inflammatory
immune cells, dilation of subdermal blood and lymphatic vessels. We and others
have shown a high number of infiltrating macrophages in lipedema adipose tissue
detected by the CD68 marker and observed as around blood vessels or as crown-like
structures surrounding necrotic adipocytes. In addition to macrophages, mast cells
and T-lymphocytes were detected in hyper-vascular areas mainly around blood
vessels in lipedema fat tissue which might contribute to capillary permeability and
accumulation of interstitial fluid [15, 16, 54].

An article published in 2004 by Taylor et al. showed that accumulation of mast
cells in lipedema tissue contributed to increased interstitial fluid, deterioration of adi-
pocytes and potentially elastic fiber fragmentation due to the release of elastase [55],
confirming that lipedema is a connective tissue disorder. Adding to that, direct cell-
cell interaction between hypertrophic adipocyte and macrophages as well as secreted
paracrine factors such as vascular endothelial growth factor (VEGF), a marker of
angiogenesis, previously reported in the blood of women with lipedema [56] might
be associated with increase in the number of blood vessels, dilation of capillaries,
hypoxia, inflammation and tissue fibrosis found in lipedema patients [15, 18, 57].

5.1Is there a role of adipose-derived stem cells (ASC) in lipedema?

Adipose tissue-derived stem cells are widely studied for their immunomodula-
tory, anti-inflammatory, anti-fibrotic, anti-apoptotic and pro-angiogenic effects
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[58-60], but how ASCs contribute to the development of lipedema has not been
investigated yet. Due to their high therapeutic potential, ASCs are now considered
an indispensable tool in regenerative medicine [61-64]. Studies have shown the
successful treatment with ASCs for many disease including graft-versus-host dis-
ease [65], wound healing [66], cardiovascular [67], inflammatory bowel disease
[68], diabetes mellitus [69] and several injuries including kidney and spinal cord
[70], bone and craniofacial reconstruction [71, 72], liver cirrhosis [73], multiple
sclerosis [74]. In addition to their self-renewal ability, ASCs have the ability to dif-
ferentiate into multiple lineages, including adipocytes, osteoblasts, chondrocytes,
and endothelial cells [75, 76]. Thus, ASCs might play a role in lipedema adiposity
by inducing the expansion and differentiation of progenitor adipose-derived
stem/progenitor cells (pre-adipocytes) into mature adipocytes (hyperplasia).
Suga el at. have shown an increase in proliferation of adipose-derived stem/pro-
genitor cell proliferation using Ki67 and CD34 markers suggesting an increase in
adipogenesis, hypoxia, and adipocyte necrosis, at least in one case [16].

Adding to that, inflammatory cytokines secreted by hypertrophic adipocytes
and factors in the interstitial fluid could stimulate ASC differentiation into mature
adipocytes. Alternatively, ASCs produce a plethora of pro- and anti-inflammatory
cytokines that might contribute to angiogenesis and inflammation resulting in leaky
and fragile blood vessels [77, 78]. Priglinger et al. have characterized lipedema ASCs
isolated from liposuction samples and showed an increasing number of endothe-
lial/pericytic cells using CD146 marker in lipedema patients compared to healthy
individuals proposing that this increase might be a marker of repair of leaky blood
and lymphatic vessels in lipedema tissues [54].

Although, ASCs might induce adipogenesis in lipedema an in-depth character-
ization of ASCs is required to confirm this theory. Otherwise, if ASCs prove to have
anti-inflammatory, anti-fibrotic or pro-angiogenic effects, then they might be used
to lessen tissue damage caused by leaky vessels; hence autologous treatment might
be a promising tool for lipedema patients.

6. Conclusion

Lipedema is a painful fat disease that should be differentiated from obesity
and lymphedema. It is the responsibility of the healthcare provider to determine
the accurate diagnosis of the disease for successful treatment and management.
Liposuction, hands-on therapy, exercise, and a healthy eating plan are recom-
mended for lipedema patients. Although the etiology of lipedema is complicated,
hypertrophic adipocytes, inflammatory cytokines, and macrophages, hypoxia,
leaky vessels and accumulation of interstitial fluid contribute to the pathogenesis of
the disease and may also help guide treatment.
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Mediators of Impaired
Adipogenesis in Obesity-
Associated Insulin Resistance and
T2DM
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Abstract

Obesity has become a global health issue due to its high prevalence and associ-
ated comorbidities including insulin resistance (IR) and type 2 diabetes mellitus
(T2DM). Obesity is associated with the expansion of adipose tissues through hyper-
trophy of mature adipocytes and differentiation of local preadipocytes in a process
known as adipogenesis to store excess triacylglycerols (TAGs). Impairment of
adipogenesis leads to ectopic fat deposition in skeletal muscles, liver, and kidneys,
triggering IR in these tissues and increased risk of T2DM. Many factors contribute
to impaired adipogenesis including obesity-associated mild chronic inflammation,
oxidative stress, and fatty acid signaling. This review summarizes recent literature
covering mediators of impaired adipogenesis and underlying molecular pathways.

Keywords: adipogenesis, mediators, inflammation, oxidative stress, fatty acids

1. Obesity-associated metabolic disease

Rapidly changing lifestyle, accompanied by consumption of excess energy in
the form of a calorie-rich high-fat diet, lower voluntary activity, and increased
exposure to environmental pollutants, have led to an exponential rise in noncom-
municable metabolic diseases [1]. A key component of chronic metabolic diseases is
obesity that has become a global health problem associated with a range of comor-
bidities including insulin resistance and type 2 T2DM [2], coronary artery disease
(CAD) [3], nonalcoholic fatty liver [4], cancers [S5], and elevated risk of premature
death [6, 7].

Adipose tissue is an endocrine organ that responds to obesity by secreting
elevated quantities of free fatty acids, adipokines, and proinflammatory cytokines,
triggering IR and risk of T2DM [8]. Obesity is also characterized by increased
adiposity mediated by enlarged size of mature adipocytes (hypertrophy) and
elevated number of newly recruited adipocytes (hyperplasia) [9-12]. Adipose tissue
dysfunction is characterized by adipocyte hypertrophy, mild chronic inflammation,
and oxidative stress, causing reduced ability to generate new adipocytes from the
undifferentiated precursors (preadipocytes). The impaired adipogenesis increases
risk of IR and T2DM by triggering ectopic fat deposition in nonadipose tissues
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and proinflammatory environment characterized by impaired secretion of various
adipose-derived adipokines [13].

Obesity also represents an imbalance between the primary site of storing energy
(the white fat) and the site that is specialized in energy expenditure (the brown fat)
[14]. White adipocytes store fat in the form of triacylglycerols as a single fat lipid
droplet that gets readily hydrolyzed by lipases when energy is needed. The resulting
fatty acids are mobilized to other tissues to undergo fatty acid oxidation as a source
of energy [15]. The imbalance between lipolysis and lipogenesis plays a crucial role
in progression of metabolic disease including T2DM and nonalcoholic fatty liver
disease [16]. The brown fat, on the other hand, uses the energy derived from fatty
acid oxidation for heat generation [17].

Adipocyte hypertrophy is associated with increased uptake of excess TAGs,
which triggers fat accumulation within the larger subcutaneous adipose tissue
(SAT) [18-20]. SAT therefore plays a buffering role as it prohibits progression of
obesity-associated pathologies [21]. However, the buffering capacity becomes
limited as impairment of SAT expansion causes IR [22-24] as the excess fat are
deposited in the visceral adipose tissue (VAT) as well as ectopically in the skeletal
muscle, liver, kidney, and heart tissues [25]. This is augmented by the infiltration of
macrophages and activation of the innate immune cells [26], which triggers hyper-
insulinemia that inhibits lipolysis and activates lipoprotein lipase (LPL). This causes
further hyperinsulinemia, hypertriglyceridemia, increased IR in these tissues [27],
and risk of T2DM [28].

Although obesity is generally associated with these comorbidities, some obese
individuals seem to be protected as they maintain insulin sensitivity (IS) and
show lower hypertension and proatherogenic and inflammatory profiles than
their equally obese pathogenic counterparts [29-32]. Investigating the underly-
ing causes for this protective phenotype could potentially help obesity-associated
pathogenicity. Although still unknown, various potential mechanisms were
proposed to contribute to metabolically healthy obese (MHO) phenotype. These
include lower visceral and ectopic fat deposition than subcutaneous fat accumula-
tion due to efficient SAT adipogenesis, reduced inflammatory component in the
adipose tissue, healthy levels of secreted adipokines, and more active lifestyle [33].
A genetic component was also suggested to interact with various environmental
factors, although not yet determined [34]. Interestingly, lean diabetics also exhibit
larger adipocytes than healthy individuals, perhaps due to impaired differentiation
of preadipocytes but not a result of different frequencies of stromal vascular cells,
lipolysis, or levels of inflammatory mediators [35]. Current therapeutic strategies
focus on treating obesity-associated diseases instead of preventing the underlying
mechanisms. Therefore, understanding the molecular mediators underlying the
protective phenotype in MHO individuals could provide critical information to help
individuals suffering from pathological obesity (PO). In this review, we aimed to
understand the role of adipogenesis in obesity-associated IR and T2DM by screen-
ing 2317 articles investigating adipogenesis and mediators of impaired adipogenesis
in PubMed with the aid of Rayyne, a systematic review web application [36].

2. The role of adipogenesis in obesity-associated IR and T2DM

The adipose tissue is a dynamic part of the endocrine system that plays a cru-
cial role in maintaining energy balance and nutritional homeostasis [37]. Mature
adipocytes constitute the most abundant distinctive cell type in the adipose tissue,
occupying 90% of its volume [38]. Other components include leukocytes, mac-
rophages, fibroblasts, endothelial cells, and preadipocytes, which constitute the
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stromal vascular cells (4-6 million cells per gram of adipose tissue, half of which are
immune cells) [39].

Obesity-induced adipocyte hypertrophy is associated with impaired recruit-
ment and differentiation of preadipocytes. Despite their abundance, preadi-
pocytes fail to undergo terminal differentiation into mature adipocytes via the
activation of the canonical Wnt signaling [40]. Preadipocytes are produced by
mesenchymal stem cells (MSCs) under the influence of different signaling mol-
ecules. The mature adipocytes secrete BMP4 that triggers preadipocyte differentia-
tion by inducing the separation of Wnt1 inducible-signaling pathway protein 2
(WISP2) and zinc finger protein 423 (ZNF423), allowing ZNF423 to translocate
into the nucleus and activate peroxisome proliferator-activated receptors (PPARy)
and downstream cascade including CCAAT/enhancer-binding proteins p (C/
EBPB), 6, and a [41, 42] (Figure1).

BMP4 also plays an anti-inflammatory role by reducing tumor necrosis factor-a
(TNF-a)-mediated proinflammatory cytokine induction in human adipocytes.
Therefore, BMP4 plays a protective role against IR and T2DM [43]. Subsequently,
PPARy and C/EBPa activate preadipocyte differentiation and the expression
of mature makers such as adiponectin, fatty acid-binding protein 4 (FABP4),
glucose transporter type 4 (GLUT4), and LPL. The activation of PPARy, therefore,
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Schematic vepresentation of the role of Wt signaling in adipogenesis.
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maintains IS and exhibits an anti-inflammatory function, whereas IR causes
impaired adipogenesis and increased risk of T2DM [44, 45].

Insulin and downstream Akt signaling also play important roles as modulators
of adipose tissue growth and adipogenesis as insulin activates glucose and free fatty
acid uptake, inhibits lipolysis, and de novo fatty acid synthesis in adipocytes, and
induces adipogenesis [46]. The transcription factor nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) has been shown to induce energy
expenditure and reduce adipose tissue growth, leading to prevention of dietary
obesity and lowering adipogenesis, inflammation, and IR [47]. The inhibition of
inhibitor of nuclear factor kappa-B kinase subunit p (IKKp) in mice lowers high-
fat diet-induced adipogenesis and inflammation and protects from diet-induced
obesity and IR [48]. MicroRNAs (miRNAs) have been also shown to play an
important role in adipogenesis, IR, and inflammation as previously reviewed [49].
Tonicity-responsive enhancer-binding protein (TonEBP), a key transcription factor
involved in cellular adaptation to hypertonic stress, has been suggested to influence
macrophage activity, adipogenesis, and IS by inhibiting the epigenetic transition of
PPARy2 [50]. Protectin DX (PDX), a -3 fatty acid-derived proresolution mediator,
was reported to reduce inflammation and IR via an AMPK-dependent pathway and
suppress adipogenesis and lipid accumulation during 3T3-L1 differentiation [51].

We have recently shown that higher adipogenic capacity of preadipocytes iso-
lated from SAT and VAT from MHO individuals than PO counterparts may be one
of the underlying mechanisms for MHO protection due to a greater ability to store
TAGs in the SAT depot. This process was shown to be influenced by inflammatory
mediators, oxidative stress, and fatty acid signaling [45, 52-55].

3. Mediators of impaired adipogenesis in IR and T2DM
3.1 Inflammatory mediators
3.1.1 Impaired adipogenesis in response to proinflammatory signals

Obesity-associated comorbidities are mediated by chronic mild inflammation
(Figure 2). Lipid-laden adipocytes produce increased levels of cytokines such as
Interleukin 6 (IL-6), IL-B, TNF-a, monocyte chemoattractant protein-1 (MCP-1),
and IL-8 [10, 56, 57] which can inhibit preadipocyte differentiation [21, 45]. The
impaired adipogenesis is associated with stress of the endoplasmic reticulum (ER)
and elevated expression of unfolded protein response (UPR), both can exacerbate
the proinflammatory phenotype of preadipocytes and adipocytes [58]. The effect of
proinflammatory phenotype varies among various fat depots. VAT is a more inflam-
matory tissue than SAT as it secretes higher levels of proinflammatory cytokines.
Macrophage infiltration into adipose tissue is regulated through serum resistin and
leptin in obese individuals with early metabolic dysfunction [59]. The presence
of macrophages in VAT contributes significantly to this phonotype. The presence
of macrophages in human SAT, on the other hand, is causally related to impaired
preadipocyte differentiation, which in turn is associated with systemic IR [60, 61].
Adipocyte differentiation, therefore, was shown to be significantly lower in VAT
than SAT. Macrophage depletion can reduce inflammatory cytokines and trigger
adiponectin secretion from both SAT and VAT adipocytes, leading to the induction
of preadipocyte differentiation in SAT, but not VAT. Additionally, a negative corre-
lation between SAT adipogenesis, but not VAT, and systemic IR was observed [62].
Chronic systemic inflammation is also associated with elevated lipolysis in white
adipose tissue and lipogenesis in nonadipose tissues, causing ectopic fat deposition
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Mediators of impaired adipogenesis in IR and T2DM. Most proinflammatory cytokines as well as some
anti-inflammatory mediators can impair adipogenesis (1). Similarly, various mediators of oxidative stress can
impact adipogenesis both positively and negatively depending on their structure (2). Fatty acid signaling plays
a key role in adipogenesis but at various degrees depending on the composition of the fatty acids (3). Finally,
various environmental factors can impact adipogenesis mostly negatively (4).

in nonadipose tissues and imbalance in free fatty acid homeostasis and increased
risk of IR [63].

Among the proinflammatory cytokines, IL-6 is produced by adipocytes,
activated leukocytes, and endothelial cells [64] in obesity [65-68]. IL-6 shows a
synergistic effect with other mediators of metabolic disease, collectively contrib-
uting to the progression of other obesity-associated comorbidities such as CAD
and T2DM [64, 69]. IL-6 impairs the LPL function leading to increased levels of
circulating fat [69, 70]. Moreover, obesity-associated increase in IL-6 is linked to
reduced insulin-triggered glucose uptake [60, 61]. Previous reports have indicated
that insulin treatment improves the glucose transport activity of adipocytes in
T2DM [21] and lowers IL-6 and TNF-a levels [53]. Although the precise mecha-
nisms of IL-6-associated IR is not well characterized, human adipocytes from IR
individuals were shown to exhibit significantly higher IL-6 expression levels [45].
IL-6 impairs insulin action by inhibiting expression of insulin receptor, insulin
receptor substrate-1 (IRS-1), and GLUT4 in human preadipocytes as well as 3T3-L1
adipocytes [45, 71]. Furthermore, IL-6 was shown to reduce IS through decrease in
adiponectin expression and secretion [72] and via impairment of insulin signaling
in hepatocytes [73].

Various other cytokines have been shown to impact adipogenesis [74]. The
proinflammatory cytokines IL-1 f, TNF-a, and MCP1 can also influence the hyper-
plastic expansion of adipose tissue and impair adipogenesis [59]. IL-1f triggers a
proinflammatory response in human adipose tissues, particularly in VAT depot.
IL-1 also inhibits insulin signal transduction, leading to impaired IS in adipose tis-
sue [75]. IL-1p and cyclooxygenase-2 (COX-2) play a detrimental role in adipose tis-
sue dysfunction in obesity [76]. With obesity, levels of MCP-1 and TNF-« increase
in VAT before macrophage infiltration, suggesting a highly proinflammatory
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phenotype of the visceral depot prior to infiltration of immune cells and macro-
phage phenotype switch [77]. Unlike IL-6, IL-1 $, and TNF-a, MCP-1 and MCP-
1-induced protein (MCPIP) were shown to induce adipogenesis. Treatment of
reactive oxygen species (ROS) inhibitor, apocynin, reduced the MCPIP-triggered
adipogenesis [78]. Other cytokines involved in adipogenesis include interferon-y
(IFN-y), a central mediator of macrophage function. Compared to obese wild-type
control animals, obese IFN-y knockouts exhibit better IS, smaller adipocyte size,
and lower cytokine expression [79].

3.1.2 Impaired adipogenesis in response to anti-inflammatory signals

Contrary to the notion that inflammation plays a negative role in metabolism,
some studies suggest that proinflammatory signals in the adipocytes are actually
needed for functional adipose tissue homeostasis (Figure 2). Indeed, adipose
tissue inflammation was shown in various animal models of adipose tissue-specific
reduction of proinflammatory potential to be required as an adaptive response,
allowing proper storage of excess fat and filtering of gut-derived endotoxins [80].
Additionally, various molecules with anti-inflammatory properties were shown to
influence adipogenesis and risk of IR. Myokines, for example, secreted by skeletal
muscle cells during exercise such as f-aminoisobutyric acid, can impair adipogene-
sis via activating AMPK signaling pathway and reducing levels of proinflammatory
cytokines such as TNF-a [81]. Another example is the ubiquitin-editing enzyme
A20 that impairs IL-6 secretion from adipocytes, leading to modulation of differen-
tiation of MSCs [82]. The overexpression of A20 was also shown to reduce lipo-
genesis and adipogenesis via lowering levels of sterol regulatory element binding
protein-1c (SREBP-1c) and aP2, causing lower fat accumulation in differentiated
3T3-L1 cells [83]. A third example is the nonerythropoietic EPO-derived peptide
that plays an anti-inflammatory and anti-adipogenic roles in high-fat die mice
with IR [84]. On the other hand, other anti-inflammatory molecules could rescue
impaired adipogenesis. Glucose-dependent insulinotropic polypeptide (GIP), for
example, is a potent activator of adipogenesis through modulation of inflamma-
tion in adipose tissue [85]. Additionally, the expression of neuronatin (Nnat), a
proteolipid involved in neuronal development, in response to inflammation and
dietary excess, has been suggested to play an important role in adipogenesis through
lowering oxidative stress and inflammation [86].

3.2 Oxidative stress

Obesity leads to the accumulation of ROS, the hallmark of oxidative stress,
in the adipose tissue causing impaired adipogenesis and increased risk of IR and
T2DM. The balance between ROS generation and activation of endogenous anti-
oxidants is crucial for cells undergoing adipogenesis [87] (Figure 2). The oxida-
tive damage and changes in the expression of antioxidant enzymes with age are
similar between SAT and VAT. However, preadipocytes from SAT are significantly
more resistant than VAT-derived cells to cell death caused by oxidative stress [88].
Interestingly, within SAT and VAT depots, preadipocytes from insulin-sensitive
obese subjects were more prone to oxidative damage than preadipocytes from equally
obese insulin-resistant individuals [52, 53]. The depletion of ROS from adipose
tissue in mice models of oxidative stress was associated with increased adipose tissue
mass, lower ectopic fat deposition, and enhanced IS. Similarly, ROS accumulation
limited the expansion of adipose tissue, leading to elevated ectopic fat accumulation
and increased risk of IR [89]. Elevated ROS within the adipose tissue triggers lipid
peroxidation [45] and accumulation of reactive aldehydes including the bioactive
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lipid peroxidation product 4-hydroxynonenal (4-HNE) [90]. Elevated 4-HNE causes
damage of cell structure and function through the formation of the stable adducts
4-hydroxyalkenals with proteins, phospholipids, and DNA [91, 92]. Increased
4-HNE levels have been associated with impaired adipogenesis and IR [53, 93-96].
Another marker of oxidative damage is 8-hydroxy-2-deoxyguanosine (8-OHdG)
which was recently shown to exert anti-inflammatory effects, by reducing TNF-a-
induced IR in vitro. It was also shown to reduce adipose tissue mass in vivo through
activation of adipose triglyceride lipase and lowering the expression of fatty acid
synthase [97]. Levels of cholesterol oxidation-derived oxysterols increase in adipose
tissues of T2DM patients and act as inhibitors of adipogenesis through activation of
Wnt pathway [98]. Heme oxygenase (HO), a major cytoprotective enzyme, func-
tions upstream of Wnt signaling and lowers lipogenesis and adipogenesis, decreasing
lipid accumulation and levels of proinflammatory cytokines [99].

Conversely, ROS was also shown to enhance adipogenesis by lowering sirtuin 1
(Sirtl1) expression [100, 101]. Heme-induced oxidative stress was shown to inhibit
Sirtl, leading to increased adipogenesis [102]. The expression of deleted in bladder
cancer protein 1 (DBC1), another inhibitor of the Sirtl, is reduced with obesity,
leading to lower adipogenesis and VAT dysfunction [103]. Sirt3 plays a crucial role
in mitochondrial function. Silencing of Sirt3 can cause adipocyte dysfunction
which impairs adipogenesis and causes IR [104]. Nonselenocysteine-containing
phospholipid hydroperoxide glutathione peroxidase (NPGPx) is a sensor of oxida-
tive stress. Lack of NPGPx causes elevation in ROS and promotion of adipogenesis
through ROS-dependent dimerization of protein kinase A regulatory subunits
and activation of C/EBPf [105]. Additional evidence suggesting ROS involvement
in promotion of adipogenesis comes from antioxidant supplementation experi-
ments where lower levels of ROS resulting from antioxidants contribute to adipose
tissue dysfunction and IR [106]. Indeed, antioxidant supplementation exhibited
a negative impact when used before induction of oxidative stress as a result of
lowering physiological ROS levels because ROS plays a role as second messengers
in adipogenesis, lipid metabolism, and insulin signaling [107]. For example, the
supplementation with N-acetylcysteine, a known antioxidant and precursor of
glutathione, was shown to reduce fat deposition during adipogenic differentia-
tion of mouse fibroblasts [108]. Activation of beta-3 adrenergic receptor (f3-AR)
enhances ROS accumulation in cultured adipocytes. Antioxidants enhance p3-AR-
triggered mitochondrial ROS production, suggesting that chronic supplementation
of antioxidants could indeed generate an elevation in oxidative stress associated
with mitochondrial dysfunction in adipocyte [109]. On the other hand, glutathione
depletion was shown to inhibit adipogenesis as the result of lowering cell prolifera-
tion during the initial mitotic clonal expansion of the adipocyte differentiation
process [110].

3.3 Fatty acid signaling

The main role of adipocytes is TAG storage. Although TAGs do not function as
signaling molecules per se, the lipid intermediates generated during lipogenesis and
lipolysis influence intracellular insulin signaling and participate in progression of
IR. These include free fatty acids, diacylglycerols (DAGs), and ceramides [111].

Lipolysis-driven efflux of fatty acids triggers TAG synthesis and causes stress
of the ER and activation of June kinase pathway in the adipose tissues [112, 113].
This leads to an elevation in the levels of both DAGs and ceramides and progression
of IR in adipocytes [114]. Ceramides were shown to influence lipid-mediated IR in
muscles. Delta 4-desaturase, sphingolipid 1 (DEGS1) is a desaturase that mediates
ceramide biosynthetic pathway. Ablation of DEGS1 in preadipocytes prevented
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adipogenesis and decreased lipid accumulation [115]. There are essential enzymes
responsible for TAG hydrolysis including hormone-sensitive lipase (HSL), adipose
triglyceride lipase (ATGL), and monoglyceride lipase (MGL) [116]. ATGL regu-
lates lipolysis by transcription factor specificity protein 1 (Spl). Insulin-mediated
transcription of Spl is critical for this regulation. In mature adipocytes, PPARy
reverses transcriptional repression by Spl at the ATGL promoter, leading to stimula-
tion of ATGL mRNA expression. During obesity and IR, the transcription of ATGL
becomes downregulated. The extent of the downregulation depends on interactions
between Spl and PPARy [117].

A number of factors influence the function of fatty acids in regulating adipo-
genesis. The number of carbons and the position and number of double bounds are
crucial determinants of properties of the fatty acids. Changes in fatty acids includ-
ing elongation, desaturation, f-oxidation, peroxidation, and incorporation into
phospo- and complex lipids can play an essential role in their metabolic function.
Fatty acids and their metabolites can control protein expression involved in lipid
and energy metabolism by influencing gene transcription, mRNA processing,
and posttranslational modifications [118-121]. Most fatty acids activate all three
members of the PPAR family [122-125]. Polyunsaturated fatty acids (PUFAs),
except for erucic acid, are more potent stimulators of PPARy than monounsaturated
fatty acids (MUFAs) and saturated fatty acids [122-126] (Figure 2). The optimal
binding affinity is reached with 16-20 carbon-containing compounds. DHA too was
shown to stimulate PPARs [124]. Various studies have reported the beneficial effects
of PUFAs on lipid-related human disorders [127-131], which largely depend on the
structure of the fatty acids and their metabolic properties. PUFAs can inhibit lipo-
genic gene transcription by downregulating the expression SREBPs [132-135] and
act as antagonists of liver X receptors (LXR) [136, 137] and as agonists for PPARs
[122-124, 138, 139]. PUFAs, but not saturated or MUFAs, inhibit lipogenic genes by
downregulating SREBP-1c. PPAR alpha plays an important role in metabolic adapta-
tion to fasting by enhancing mitochondrial and peroxisomal fatty acid oxidation
and ketogenesis [140]. Dietary PUFAs were also shown to stimulate expression of
PPARa target genes, induce p-oxidation, and lower plasma TAGs [141-149]. Fatty
acids can also play a role as modulators of kinase signaling pathways [150-155].

Arachidonic acid (AA), a polyunsaturated omega-6 fatty acid, is the major
PUFA that has been implicated in the regulation of adipogenesis. Short exposure of
3T3-L1 mouse preadipocytes to AA triggers adipocyte differentiation, associated
with increase in (FABP4/aP2). Calcium, protein kinase C, and ERK play critical
role in this pathway through which AA induces the expression of adipocyte protein
2 (aP2) [156]. AA binds to PPAR-y2 to stimulate GLUT4 expression in HepG2 cell
line, exhibiting an alternative insulin-independent activation of GLUT4 [157]. AA
cascade is then controlled by cyclooxygenases enzymes, lipoxygenases, and P450
epoxygenases. When AA is generated from plasma membrane via phospholipases
and then metabolized by prostaglandin G/H synthase, different prostaglandins are
produced, causing opposing effects on adipocyte differentiation. The proadipo-
genic effect of AA is mediated by prostaglandin product (prostacyclin) and is thus
cyclooxygenase dependent [158-160]. Among prostaglandin classes, 15-deoxy-
A12,14-prostaglandin J2 (15-d-PGJ2) was shown to be proadipogenic [161, 162]. On
the other hand, prostaglandin F2a (PGF2a) was shown to exert anti-adipogenic
effects in primary preadipocytes [163-165], 1246 cells [164], and 3T3-L1 cells
[166-168]. The anti-adipogenic effect of PGF2a is mediated through prostaglandin
F receptor-mediated elevation in intracellular calcium and DNA synthesis [168]
and activation of MAPK, causing reduction in PPARy phosphorylation [169]. The
role of prostaglandin E2 (PGE2), the third main prostaglandin, in adipogenesis is
controversial as PGE2 exhibits antilipolytic effect in mature adipocytes but shows
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no effect on preadipocytes [170]. However, it was recently demonstrated that PGE2
inhibited adipogenesis of 3T3-L1 cells [171, 172]. Epoxyeicosatrienoic acids (EETs),
AA metabolites, and AA-derived cytochrome P450 (CYP) epoxygenase metabolites
exert anti-inflammatory effects in the vasculature. The expression of CYP2J, a
member of P450 subfamily with a role in the bioactivation of AA in extrahepatic
tissues, inhibits NF-kB and MAPK signaling pathways and activates of PPARy, thus
reducing IR and diabetic phenotype [173]. n-3 PUFAs, on the other hand, reduce
adipose growth and play a role in adipogenesis in various rodent studies [174-183].
Medium-chain fatty acids (MCFAs) (C8-C10) bind the PPARy ligand binding
domain in vitro, causing full inhibition of phosphorylation of PPARY by cyclin-
dependent kinase 5 (cdk5) and reversal of IR in adipose tissue. MCFAs that bind
PPARy also inhibit thiazolidinedione-dependent adipogenesis in vitro [184]. On the
other hand, MUFAs were shown to induce adipogenesis and enhance TAG accumu-
lation in 3T3-L1 mouse preadipocytes. Levels of TAGs were greater in cells treated
with c-22:1 than c18:1 and ¢-20:1. Among the c-22:1 fatty acids, c9-22:1 treatment
showed higher fat accumulation, associated with increased expression of adipo-
genic and lipogenic transcription factors, such as PPARy and C/EBPa and SREBP-1.
However, c-20:1 FAs exhibited less effect than c-18:1 and ¢-22:1 [185]. Alpha-lipoic
acid (ALA) activates insulin signaling pathway and exerts insulin-like properties in
adipose and muscle cells. However, 3T3-L1 preadipocytes treated with LA exhibit
lower insulin-induced differentiation by modulating activity and/or expression of
various anti-adipogenic transcription factors mainly through activating the MAPK
pathways that negatively regulate PPARy and C/EBPa [141]. 10-0x0-12(Z)-octadec-
enoic acid, a linoleic acid metabolite, triggered adipocyte differentiation through
PPARy activation and elevated adiponectin secretion and insulin-triggered glucose
uptake [142]. Dietary n-3 fatty acids showed more effective activation of PPARa in
the liver of rodents [143-145] than n-6 fatty acids [146]. Figure 3 summarizes the
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Figure 3.

Adipogenic capacity of various fatty acids in 3T3L-1 cells in the absence or presence of 1 ug/ml insulin in
differentiation medium (MDI) containing 0.5 mM isobutyl-1-methylxanthine and 1 uM dexamethasone

in DMEM and 10% FBS. 100 uM palmitic acid (palm), oleic acid (ole), erucic acid, linoleic acid (LA),
arachidonic acid (AA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), or 1 uM vosiglitazone
(rosi) dissolved in DMSO were added when differentiation was induced at day o and were present throughout
the differentiation period (adapted from Madsen et al.) [147].
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effect of various fatty acid species on the proadipogenic capacity of 3T3L-1 cells in
the presence or absence of insulin (Madsen et al.) [147].

Lipidomics studies were performed to investigate differences between SAT and
VAT depots. These studies have shown evidence of depot-specific enrichment of
certain species of TAGs, glycerophospholipids, and sphingolipids and specific cor-
relations between certain lipid species and body mass index, inflammation, and IS
[148, 149]. We have recently shown in human SAT and omental (OM) adipose tissue
biopsies from 64 obese individuals a number of TAGs that changed with increased
risk IR and T2DM including C46:4, C48:5, C48:4, C38:1, C50:3, C40:2, C56:3, C56:4,
C56:7, and C58:7. Enrichment analysis showed C12:0 fatty acid to be associated with
TAGs that are least abundant in T2DM. Our data also indicated that C18:3 was pres-
ent in both depleted and enriched TAGs in T2DM [55]. Secretion of interleukin IL-6
was found to be significantly lower after treatment with C18:2, C22:6, and C16:0
through blocking NF-xB and activating PPARy [186]. Our data also showed positive
correlations between C56:4 and C57:4, both containing C18:2 and C16:0, with SC
adipogenic capacity. OM adipogenic capacity was associated with C49:1, C38:0,
and C56:2, containing C16:0, C18:1, and C14:0 [55]. Table 1 summarizes a list of

Metabolic R? Importance TAG MW Fatty acid Fatty acid identities
trait composition
SC 09 0.16 C58:10 926.8 C18:2, C18:2, Linoleic acid, linoleic
adipogenic C22:6 acid, docosahexaenoic
acid
0.16 C56:4 910.8 C18:1, C18:2, Oleic acid, linoleic acid,
C20:1 gadoleic acid
0.14 C57:4 924.7 C22:0, C19:4, Behenic acid, C19:4,
C16:0 palmitic acid
0.09 C40:1 692.7 C18:1, C16:0, Oleic acid, palmitic
C6:0 acid, caproicacid
0.08 C60:1 970.8 C24:0, Lignoceric acid, oleic
C24:0, C18:1 acid
0.22 C38:1 664.7 C18:1, C16:0, Oleic acid, palmitic
C4:0 acid, butyric acid
oM 1 0.18 C48:1 804.8 C18:0, C16:1, Stearic acid, palmitoleic
adipogenic C14:0 acid, myristic acid
0.14 C49:1 818.7 C18:1, C17:0, Oleic acid,
C14:0 heptadecanoic acid,
myristic acid
0.11 C56:1 916.8 C18:0, C18:0, Stearic acid, stearic
C20:1 acid, gadoleic
0.09 C54:0 890.8 C18:0, C18:0, Stearic acid, stearic acid
C18:0
0.06 C38:0 666.7 C10:0, Capric acid, myristic
C14:0, C14:0 acid
0.05 C56:2 914.8 C18:1, C18:1, Oleic acid, oleic acid,
C20:0 arachidic acid
0.04 C51:1 846.7 C18:1, C15:0, Oleic acid,
C18:0 pentadecanoic acid,

stearic acid

Table 1.
List of TAGs associated with IR, SC, and OM adipogenic capacity.
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TAGs associated with SAT and OM adipogenic capacity. These fatty acids were
reported to stimulate adipogenesis in rodents [187-191] and potentially in human
preadipocytes.

4, Environmental factors

Various types of environmental factors were shown to influence adipogenesis.
These include environmental pollutants. Among the environmental pollutants,
polybrominated diphenyl ethers (PBDEs) represent a widely used type of flame
retardants in commercial products and a main source of environmental contami-
nants. PBDEs accumulate in adipose tissue, potentially changing its endocrine
function causing elevation in the risk of IR. We have previously shown that specific
congeners of PBDEs (28, 47, 99, and 153) were predominant in VAT from obese
individuals and that PBDEs 99, 28, and 47 were elevated in obese IR compared to
obese IS. Treatment of human VAT-derived preadipocytes from obese IS individuals
with PBDE28 inhibited insulin signaling and reduced adipogenesis [54]. In addition
to PBDEs, evidence linking accumulation of other persistent organic pollutants
(POPs) and risk of IR and T2DM was previously described [54, 192]. Additionally,
the association between inorganic arsenic exposure and the risk of T2DM and
obesity was previously reported [193]. Arsenic-induced T2DM is suggested to be
mediated by inflammation, oxidative stress, and apoptosis, playing a significant
role in the pathogenesis of obesity. Arsenic inhibits adipogenesis and enhances
lipolysis, leading to obesity. Other reports have suggested that arsenic may induce
lipodystrophy [193]. Another evidence suggests that uremic toxin-treated 3T3-L1
cells and MSC-derived adipocytes exhibit impaired adipogenesis and apoptosis
through activation of the Na/K-ATPase/ROS amplification cycle [194]. Other types
of environmental pollutants include organotins, widely used antifouling biocides
for ships and fishing nets, play a role as endocrine disruptors as they bind to PPARy/
RXRa, induce adipogenesis, and repress inflammatory genes in different mamma-
lian cells [195].

5. Conclusion

The pathology of obesity-associated IR and T2DM involves ectopic fat deposi-
tion in response to elevated energy intake and poor fat storage. The latter is due
to impaired adipogenesis as newly recruited preadipocytes become unable to
differentiate into fully functional adipocytes. This review presents several factors
that influence adipogenesis in pathological obesity including inflammatory media-
tors, oxidative stress, fatty acid signaling, and other environmental factors. Most
proinflammatory cytokines such as IL-6, IL-1p, TNF-a, IL-8, and IFNy as well as
some anti-inflammatory mediators including f-aminoisobutyric acid, A20 enzyme,
and EPO have been shown to impair adipogenesis, leading to adipocyte hypertro-
phy, ectopic fat accumulation, and increased risk of IR and T2DM. However, basal
level of adipose tissue inflammation has been shown to be required for normal
adipogenesis and functional adipose tissue homeostasis. Similarly, various media-
tors of oxidative stress were shown to impact adipogenesis positively such as lipid
peroxidation product 4-HNE and negatively such as the marker of oxidative damage
8-OHdG. Targeting lipid peroxidation products was shown to reverse impairment
of adipogenesis and sustain IS. However, complete depletion of oxidative stress
could also lead to impairment of adipogenesis as basal oxidative stress was shown
to be required for normal adipogenesis. Fatty acid signaling also plays a very
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important role in adipogenesis as various fatty acid species such as PUFAs, MUFAs,
and MCFAs were shown to regulate preadipocyte differentiation at various degrees
depending on their composition. Finally, various environmental factors were
suggested to impact adipogenesis, mainly through triggering inflammation and
oxidative stress, leading to impairment of adipogenesis and increased risk of IR.
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Adipose tissue, a kind of connective tissue, plays different and significant roles in the
human body. Its function includes protection against environmental factors, storage
of lipids and triacylglycerol, and the process of thermogenesis. It is also involved in
the secretion of highly active biomolecules such as steroid hormones, prostaglandins,
as well as proteins called “adipokines.” On the other hand, disturbances in functions
of adipose tissue may cause several pathologies such as obesity and insulin resistance.
Obesity is a worldwide health problem, whereas diabetes mellitus due to insulin
resistance is defined by the World Health Organization as “a progressive worldwide
epidemic.” Especially dangerous is visceral accumulation of adipose tissue.This book
describes a series of up-to-date topics about physiological and pathological processes in

adipose tissue.
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