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This book is the second in a series of two, featuring the Adiposity - Omics and 
Molecular Understanding, serving as an introduction to modern views on how the 
adipocytes are reciprocally interacting with organ systems in order to explain the 

biology of the body’s fat cells and how they are integrated with other organ systems, 
like muscle cells and the liver, in order to control the lipid metabolism in our bodies, 

to finally preserve a positive balance between white and brown/beige adipocyte 
tissues (WAT and BAT). The understanding of the “omics” of obesity will therefore 

enable clinicians and researchers to better pursue the untoward incidents of metabolic 
deviations from a defined and health-bringing homeostasis, with fully responding 

WAT and BAT, being able to preserve a healthy balance between fat-producing and 
fat-metabolizing tissues for the benefit of the host, and thus longevity (optimal health 

with healthy, well-functioning organ systems) throughout a lifetime.
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Preface

Adiposity - Omics and Molecular Understanding is a very interesting concept featuring adipose
tissues (white, beige, as well as brown fat tissues) as endocrine organs interacting with a
plethora of other organs (cell subtypes/phenotypes) in our bodies, with the intention to pre‐
serve specialized organ functions and metabolic roles to integrate metabolic processes for
the benefit of organ health and longevity.

The book is composed of the following chapters (denoted with keywords) featuring the in‐
troductory chapter, phenomena like: The Omics of Obesity; The use of animals models in
anti-obesity research; The influence of inflammation on obesity; Adiponectin and impact on
cardiometabolic risk; The obesity peptide prokineticin; Adipocyte hypertrophy and hypoxia
in obesity; Vitamin D status, Immune metabolism in obesity; Coronary artery disease; Pedia‐
tric obesity; and Human gut microbiota in the development of obesity."

In general, the chapters encompass phenomena like “The Omics of Obesity – Model Sys‐
tems", Obesity and inflammation", Obesity – Impact of Hormones/Peptides and Adipocytes,
as well as “Miscellaneous – Important Aspects and Angles".

This book furnishes the reader with a multipurpose, biological angle, featuring the endocri‐
nology as well as the metabolomic/regulatory principles ruling the development of a new
turnover “stage," or steady state, of energy-rich compounds in the body. The “omics" of obe‐
sity may therefore help in the understanding of how obesity develops, via altering the phe‐
notype of cells/tissues in the body, especially adipocytes, as well as hepatocytes, skeletal
muscle cells, and hypothalamic/hypophyseal regulatory loops, connected to peripheral or‐
gan systems.

Prof. Jan Oxholm Gordeladze, PhD
Institute of Basic Medical Science

Department of Molecular Medicine
Section for Biochemistry

University of Oslo, Norway
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Introductory Chapter: Obesity—“OMICS” and 
Endocrinology

Jan Oxholm Gordeladze

Additional information is available at the end of the chapter

1. Introduction

The comprehension of the genetics or “OMICS” (referring to a field of study in biology 
ending in -omics, such as genomics, proteomics or metabolomics), serving as a determinant 
in the development of obesity, has led to the identifications of genes closely associated 
with obesity-related diseases or ailments. Understanding of the etiology of adipogenesis 
has been of interest to the global community, i.e., obesity genetics, as well as its regulatory 
mechanisms, with transcription factors (TFs) being instrumental in the worldwide epidem-
ics of overweight, with an increased risk for adiposity.

The identification of specific genes, sensitive to modulation by nutrients, as well as oxidative 
stress, inflammation mediators, endocrine factors/diseases, the turnover of lipids and carbo-
hydrates (i.e., glucose and fructose, in particular), and insulin resistance has become a major 
focal point of the current obesity epidemic in various developed countries. “Epigenetics” is 
now construed as an important mechanism for the development of obesity, which may ema-
nate from alterations in cellular chromatin structure without “touching” the DNA sequence 
itself, reaching from DNA methylation, histone modifications, and chromatin remodeling. 
The epigenetic modifications brought about by unhealthy “eating” affect nuclear and/or mito-
chondrial interplay, involving nuclear receptors like sirtuins, e.g., Sirt 1, serving as a single 
gene interacting with microRNAs, as well as transcription factors (TFs), e.g., p53, modulating 
cellular metabolism. These epigenetic players determine lipid turnover and energy expendi-
ture, thereby inducing senescence followed by incomplete DNA repair. Epigenetic modifica-
tions in various socials communities are at present believed to induce “nonalcoholic fatty 
liver disease” (NAFLD), associated with excess fat transfer to white adipose tissues (WATs), 
thus leading to obesity in developed countries. The overt failure of a series of antiobese drugs 
advocates the use of so-called nutrigenomic diets, enabling a reverse of the senescence, which 
ensures an early and successful nutritional intervention combatting NAFLD, preceding a 
reduction in the number of severe adiposity, worldwide.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



The enhancement in chronic diseases, such as obesity and diabetes (including early neurode-
generative diseases), is speculated to multiply by a factor of 5 by the year 2050, and will be 
linked to various organ diseases in the global population [1]. In overweight individuals, the 
increased adiposity is thought to be associated with epigenetic modifications, encompassing 
chromatin alterations induced by the environment and/or unhealthy diets. Genetic modifica-
tions inducing abnormal metabolic turnover in white adipose tissue (WAT) consolidate the 
defective nuclear mitochondrial interplay, leading to decrements in their energy expenditure.

Several hypotheses predicting the induction of obesity encompass the telomere-induction of 
cellular senescence associate a decline in telomeres with mitochondrial functioning [2, 3]. This 
phenomenon haunts humans in particular (in comparison to other mammals) and indicates 
that the human genes exhibit malfunctions in early childhood, like mitochondrial apopto-
sis associated with an enhanced probability of incurring nonalcoholic fatty hepatic disease 
(NAFLD), as well as degenerative, detrimental diseases [4, 5].

Furthermore, the theoretical aspects of age-related mutations and senescence [6, 7] have 
proven essential to describe the enhanced insulin resistance and the severity of weight gain 
and diabetes, which may be linked to xenobiotic ingestion in general [7, 8]. Adaptation model 
systems allude to theories of aging, postulating genetic alterations, like mutational patterns, 
which could be induced through excessive ingestion of dietary fats and sugars, which may 
lead to patterns of age-related mortality in general. Hereditary and/or evolutionary senes-
cence mechanisms encompass known genetic approaches, which may yield information 
related to age-specific patterns of segregating genetic traits in various populations. Modern 
genetic analyses, such as DNA or RNA microarray analyses, are now available to aid in pin-
pointing age-related changes in the genetic “interplay.” This has unraveled a solid identifi-
cation of novel, age-dependent genetic pathways of metabolism, which are associated with 
disturbances in the steady state of the appearance of new mutations within single genes 
involved in diseases like NAFLD, as well as obesity worldwide [8].

Various lifestyles in a global population could decrease, or event prevent, senescence as well 
as mutations, associated with the telomere shortening theory, thus improving in adaptation 
of man to his environment. A single gene, like Sirt1 (Sirtuin-1), being involved in longevity, 
may govern the expression of a plethora of genes being of relevance to the triggering of organ 
diseases in obesity and diabetes. Sirt1 may be of relevance to both (a) the telomere hypothesis 
[2] and (b) the mitochondrial theories of aging [3, 4].

In different, closed habitats, the phenotypical transformation of a “versatile,” i.e., beige adipo-
cyte phenotype, to the traditional white, triglyceride-storing, adipocytes, has been linked to a 
poor glucose homeostasis. This is now associated to diabetes and hepatic malfunctioning and a 
defective Sirt1, leading to insulin resistance. Sirt1-mediated malfunctioning with concomitant 
loss of appetite control and NAFLD development in experimental animals seems to involve 
other genes, such as the obese (ob), leptin, fat, and agouti genes [8]. Sirt1 dysregulation and 
insulin resistance are linked to diabetes and encompass genes like the “mature-onset diabetes 
of the young genes,” as well as others [9]. In obesity and diabetes, changes in Sirt1 expression 
is linked to the transcription factor p53, which enables the transformation the “normal” white 
adipose into an adipokine secreting tissue type, linked to NAFLD [6].

Adiposity - Omics and Molecular Understanding4
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2. Food restriction organ crosstalk in obese/diabetic “mice and men”

NAFLD may involve up to some 40% of individuals in the world population [7, 8]. Lipoprotein 
and glucose metabolism is disturbed in obese individuals [10] with increased lipid accumula-
tion and excess lipids stored in adipose tissue. In obese individuals, obesity manifests when 
the body mass index (BMI) reaches 30.0 kg/m2 [8]. However, nutrigenomic diets have shown 
good results in the treatment of NAFLD in both lean and obese individuals with BMI-values 
around 25 kg/m2) [11], resulting in a back-transformation of adipose tissue transformation (to 
a more white (WAT) phenotype), which is consequently linked to improved glucose turnover 
and less conspicuous NAFLD.

Abnormal lipid turnover in the liver may increase adiposity in obese individuals. Food restric-
tion studies have shown to normalize hepatic lipid metabolism, as well as adipose tissue type 
transformation associated with an altered immune response in obese individuals [12–16]. The 
observed gene-environment interactions pinpoints Sirt1 as the major defective gene involved 
in global obesity and NAFLD epidemics. Sirt1 dysregulation is therefore considered as the 
more prominent facilitators in the development of obesity, affecting the cell epigenetics (i.e., 
DNA sequence, methylation, and histone modifications). Like for the hepatic nucleoceptors 
[7], the adipose tissue counterparts are subjected to histone deacetylation by Sirt1, targeting 
transcription factors (TFs) like PGC-1α, p53, the pregnane X receptor (PXR), where the lat-
ter is known to bind vitamin K2 (i.e., MK-4 or MK-7) in order to modulate gene expression, 
adapting metabolic activity, insulin resistance, as well as the level of cellular and body inflam-
mation [7, 8, 10]. It is well known that Sirt1 is linked to appetite regulation through obesity-
related and diabetic genes [8], as well as the DNA repair system.

Transcriptional regulation of metabolic processes depends upon isoforms of PPARγ, interact-
ing with nuclear and mitochondrial genes via influence AMPK (5′-AMP activated protein 
kinase, AMPK) activation regulated by nutrient availability. Furthermore, Sirt1 deacetylation 
of Forkhead box protein O1 (FOXO1) controls apoptosis with regulation of xenobiotic metab-
olism and inflammation, as well as vitamin K2 (MK-4/MK-7). The specific effect of vitamin K2 
is described in detail in a separate book on vitamin K2, edited by Gordeladze, to be published 
in early 2017 by InTech Publishing Company. Suffice to mention here is that the involvement 
of Sirt1 in adipose tissue transformation is mediated by p53 transcriptional dysregulation, 
which causes repression of PPARγ and FOXO1, both being instrumental in the lipid metabo-
lism of adipocytes [17–20]. Finally, Sirt1/p53 interactions may modulate the adipocytes’ levels 
of adipocytokines, as well as immune responses, being important to maintain an abnormal 
adipose tissue-liver cross-talk leading to NAFLD in obesity [21–29].

In animal models of both obesity and diabetes, the disturbed adipogenesis being coupled 
to NAFLD [6, 30] is probably a result of the enhanced release of adipocytokines (i.e., apelin, 
leptin, adiponectin, and A-II =angiotensin-II), which is seen with the appearance of hepatic 
fibrogenesis, NAFLD, as well as neurodegenerative diseases [31, 32]. It is well known that 
food restriction, activating both Sirt1 and PGC-1α in tissues of transgenic (fat/NZO) mice, nor-
malized adipose tissue-liver cross-talk being associated with improved body weights, as well 
as hepatic lipid metabolism, reflecting the usefulness of this model system to adapt successful 
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treatments of NAFLD in obese patients. As expected, food restriction enhanced hepatic fatty 
acid oxidation in obese and/or diabetic mice; however, adipose tissue mass (body weights) 
was not altered in transgenic (i.e., ob, db, and Ay mice) expressing leptin resistance [30], 
which normally is linked to low activation levels of PGC1α by leptin.

The enhanced hepatic lipid turnover was not associated with improved adipocyte metabo-
lism in obese, diabetic, and/or agouti mice after prolonged food restriction. However, we 
have shown that treatment by vitamin K2 of both human stem cells and mouse preadipocytes, 
with gene-manipulated Gs- and Gi2-alpha type G-proteins altered their phenotype from white 
(WAT) to “beige” (BAT-like), reducing the expression of white adipose tissue genes, while 
those of brown adipose tissue counterparts were enhanced [33].

The brain-liver-based metabolic pathway for the Alzheimer's disease-related peptide β-amyloid 
also involves Sirt1 [9]. In these patients, the adipose tissue loses its capability to process the 
β-amyloid in a normal fashion, now bringing about adipose tissue transformation [12, 31, 32], 
which leads to leptin resistance and NAFLD. Interestingly, food restriction fully restores the 
Sirt1/PGC-1α regulation of adipose tissue and liver lipid/β-amyloid turnover [32], thus involving 
the immune response with support for a mandatory role of the immune system in the progres-
sion of Alzheimer's disease in both the developing and developed world [32, 33]. Furthermore, 
aberrant posttranscriptional modulation of p53 determines liver affection and adipose tissue 
type transition in obesity.

Hence, abnormal gene regulation of the adipocytes’ metabolism seems to be closely linked to 
the hepatic lipid turnover, which in turn leads to failure to adapt to the environment, causing 
senescence and obesity. In obesity, the response to stress signals, which involve both Sirt1 
and the tumor suppressor protein p53, which are closely linked to insulin resistance [34] and 
metabolic processes, but also to cancer and DNA damage. Deficiency of p53 is linked to can-
cer and is interpreted as if a poor regulation of Sirt1 is involved, predisposing for cancer. 
An interest in the nutritional modulation of obesity, with or without concomitant diabetes, 
has increased due to the effects of feeding patterns on Sirt1 and p53, being involved in the 
reciprocal nuclear-mitochondrial interactions, emerging mutations, as well as apoptosis (cell 
death) and/or responses encompassing permanent cellular senescence [35–41]. Sirt1 and its 
posttranscriptional impact on p53 [42, 43] is heavily involved in the differentiation of adi-
pocytes, as well as lipid metabolism in general [44–48], with their implications for abnormal 
Sirt1 deacetylation of p53, linked to lipid metabolism with its characteristic transformation of 
adipocytes and ensuing liver disease. Interestingly, both Sirt1 and p53 knockout mice develop 
NAFLD [49–52], which alludes to a close connections between adipocyte phenotype “switch” 
involving Sirt 1 and/or p53 impact on mitochondrial functioning [53–56].

The leptin gene is but one of a plethora of genes determining food intake and body weight 
preservation where the transformation of adipose tissue is closely linked to p53-induced 
events, overriding the intrinsic control function of leptin or Sirt1 [57] in adipose tissue-
based metabolism of both glucose and lipids β-amyloid. Additionally, leptin from adipo-
cytes, with its augmented egress in obese subjects, is linked to inflammatory [58] or immune 
responses characterized by augmented circulatory levels of inflammatory derived cyto-
kines [12, 16, 20]. The condition known as “hyperleptinemia” is paralleled with enhanced 
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Sirt1 deacetylation of p53, linked to lipid metabolism with its characteristic transformation of 
adipocytes and ensuing liver disease. Interestingly, both Sirt1 and p53 knockout mice develop 
NAFLD [49–52], which alludes to a close connections between adipocyte phenotype “switch” 
involving Sirt 1 and/or p53 impact on mitochondrial functioning [53–56].

The leptin gene is but one of a plethora of genes determining food intake and body weight 
preservation where the transformation of adipose tissue is closely linked to p53-induced 
events, overriding the intrinsic control function of leptin or Sirt1 [57] in adipose tissue-
based metabolism of both glucose and lipids β-amyloid. Additionally, leptin from adipo-
cytes, with its augmented egress in obese subjects, is linked to inflammatory [58] or immune 
responses characterized by augmented circulatory levels of inflammatory derived cyto-
kines [12, 16, 20]. The condition known as “hyperleptinemia” is paralleled with enhanced 
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levels p53 and NAFLD, where there is a significant link between peripheral leptin levels, 
inflammation markers, and Kupffer cell activation [59]. Studies on food restriction in obese/
diabetic animals clearly demonstrated a lack of change in body weight, construed as abnor-
mally enhanced adipogenesis with concomitant and leptin disorders, which be relevant 
to obesity in humans in general [60]. Both in obese animals, as well as in human, a paral-
lel occurrence of NAFLD with hyperleptinemia are construed as being linked to a lack of 
hepatoprotective ability of the fat cells to secrete adiponectin [61–63], as well as diminished 
ability to prevent or dampen hepatic inflammation.

A plethora of p53-mediated interactions with the innate immune defense system [64–67] points 
to a function of p53 leading to immune homeostasis and/or inflammatory disease, which both 
are associated with hepatocyte senescence, lipid turnover, as well as a recruitment/attraction of 
natural killer (NK) cells [68, 69]. This persistence of “senescence” characterizing the cross-talk 
between white adipose tissue (WAT) and the liver does not facilitate the elimination/removal 
of the senescent cells; however, the p53-related promotion of adipose tissue adipogenesis with 
the development of NAFLD is allowed to take place. p53 is known to activate and suppress 
target genes like Sirt1, being associated with the innate immune response [70, 71], as well as 
and SREBP-1 (sterol regulatory element-binding protein-1) [45, 52], which serves as a key 
transcriptional regulator of the synthesis of lipids (triglycerides) in adipocytes. Sirt1, with its 
major role in lipid turnover in adipose tissue, is also metabolically “associated” to adiponectin 
release via the Sirt1/FOXO1 transcriptional complex [72, 73], known to maintain basic hepatic 
functions. The regulation of the liver and adipose tissue metabolism becomes evident as the 
p53 is released from the nucleus, implicating p53 itself and microRNA (miRNA) species in the 
aberrant regulation of fatty acid turnover in the mitochondria.

The impact of p53 on gene regulators encompasses miRNAs [74], where their function in the 
induction of obesity [75] hints to altered expression of multiple miRNA species in metabolic 
tissues [76, 77]. This also lends an important role to be played by an “abnormal” immune 
system [78–80]. Hitherto, the following findings pertaining to miRNAs involved are: MiR-103 
and -143 have been shown to be important in the “kick-off” and maintenance of adipogenesis 
[81], where miRNAs, e.g., miR-27 and miR-519d [82] serve as regulators of PPARγ [83], which 
accounts for the differentiation, as well as the overall number of fat cells. PPARγ is heavily 
expressed in adipocytes, i.e., especially in WAT, and plays a mandatory role in the Sirt1-medi-
ated transcriptional stimulation of adiponectin and leptin. The PPARα-mediated activation 
of Sirt1 yields an increase in lipid turnover through a general enhancement of β-oxidation. 
Furthermore, p53-associated miRNA dysregulation seems to be of importance, characterizing 
the aberrant metabolism of adipocyte-derived lipids, linked to the inactivation of nuclear-
mitochondrial crosstalk. Angiotensin II (AII, from the adipocytokine Apelin) [31] effectuates 
PPARγ-Sirt1 expression in the adipose tissue [32, 84, 85], playing a pivotal role in the produc-
tion and release of adiponectin [31, 32]. Furthermore, miRNA species such as miR-34a [86], 
miR-122, and miR-132 [87, 88], which directly obliterate the Sirt1-mediated biochemical pro-
cesses, bring about adiponectin release, to be construed as a poor activation of hepatic genes 
governing both glucose and lipid turnover [62]. Furthermore, the CCAAT/enhancer-binding 
protein alpha (C/EBPα) stimulates Sirt1 expression, which is coupled to adipogenesis through 
modulation of PPARγ [63], involving miR-34a.
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Underneath, a high-stringency emulation (using the Mir@nt@n algorithm), and based on the 
most recent scientific articles [86–90], the links between microRNA species and genes shown 
to be implicated in the development of the “fat liver syndrome” are shown in Figures 1 and 2, 
respectively.

Suffice to say, SIRT1, seems to be modulated by hsa-mir-30c, while, ABCA1-levels are deter-
mined by the integrated input of signals emanating from micro-RNA species like hsa-MiRs 144, 
148a, 145, and 33b. Future studies of these MiRs will show whether they might be targets or 
markers for gene manipulations normalizing liver metabolism, and thus combatting adiposity, 
in patients with aberrant lipid metabolism and/or adiposity.

Figure 1. High stringency emulation of gene-microRNA interactions, showing the impact of microRNA species on some 
“master” genes involved in the development of supersized adipocytes with the WAT (white adipocyte tissue-phenotype) 
alongside a fatty liver in patients developing nonalcoholic fatty liver disease (NAFLD).

Figure 2. High stringency emulation of gene-microRNA interactions, showing the impact of microRNA species on 
some “master” genes involved in the development of a fatty liver in patients developing nonalcoholic fatty liver disease 
(NAFLD).
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3. LPS modulation of Sirt1/p53 interactions is coupled to fat ingestion, 
dysfunction of the immune system, and metabolic liver disease

The immune-based hypotheses involve the aberrant regulation of Sirt1/p53 and a lack of 
adaptation to the environment, which implicates an abnormally functioning immune system 
in both the pathogenesis of insulin resistance and aging [85, 86]. Diets, which are high in fat 
and low in fibrous compounds, are linked to an enhancement of gut microbiota in the circula-
tion, with impact on immune functions, lowered insulin sensitivity, as well as energy homeo-
stasis in both animals and humans [77–83]. Noteworthy, animals fed a high fat/cholesterol 
diet demonstrated enhanced levels of bacterial endotoxins (known as lipopolysaccharides, 
LPS) with a parallel enhancement of inflammatory processes [64–66]. In this respect, both 
LPS and cytokines have been associated with enhanced hepatic sphingolipid synthesis with 
altered ceramide contents, which has been associated with peripheral insulin resistance. In 
obese mice, a change in inflammatory responsiveness was demonstrated subsequent to LPS 
administration [9, 10], followed by an alteration in intestinal microbiota and NAFLD, known 
to be closely correlated with systemic inflammation and the metabolic syndrome [11–16]. 
Hence, it was shown (verified) that the immune system is involved in the crosstalk between 
adipose tissue and liver, which inevitably implicates bacterial toxins in the pathogenesis and 
further development of NAFLD and obesity.

The LPSs are dimeric polysaccharide moieties linked to a lipid core, anchored within the cell 
membrane [18, 19], and have been shown to effect hepatic genomic stability [20] affecting 
reverse cholesterol transport (RCT) in macrophages by downregulation PPARγ [21–30]. LPSs 
have demonstrated to directly affect mitochondrial DNA synthesis linked to mitochondrial 
dysfunction [31]. LPSs are also involved in adipocyte-macrophage intercommunication, 
enhancing systemic inflammatory responses [32], being linked to DNA damage [33]. LPS 
and fat absorption have received increased interest, related to their effects on the Sirt1-medi-
ated modulation of hepatic cholesterol homeostasis, as well as their impact on β-amyloid 
metabolism [34].

LPS-binding proteins (LBPs) associate with LPS and alter inflammatory responses [35]. The 
LBPs, as well as leptin, are both upregulated in the obese, impinging on biological phenom-
ena, like the expression of leptin, appetite, and obesity-provoked inflammatory reactions 
[36–40]. LPS has, since long, been demonstrated to affect the efflux of cholesterol via the liver 
X Receptors (LXR) and the ATP-binding cassette transporter 1 (ABCA1) [41, 42] pathways, 
of which the latter is overriding the Sirt1-mediated impact on LXR-ABCA1 interactions. A 
lowering of the ingestion of fat [35] suppresses plasma LPS levels, and has therefore become 
a strong tool in the reduction of both the development and impact of metabolic diseases on 
health in general. LPS has been shown to modulate SREBP expression in macrophages, while 
also subduing liver PGC1α expression [29, 42, 43], and thus being associated with an abnor-
mal Sirt1-regulation of basal adipocyte cell functioning [27, 44]. The LPS-facilitated “block-
age” of the elimination of cholesterol from macrophages has been demonstrated to serve as 
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an important factor in the cholesterol-rich lipoprotein intercommunication network [45–47], 
thus impacting on LPS neutralization in metabolic diseases, with focus on diabetes [48–50].

LPS-induced production of interferon-gamma (IFγ) has been shown in both NK-cells and 
T- lymphocytes impacting genes encoding inflammatory cytokines, glucose metabolism, and 
macrophage-related modulation of genes in adipocytes [51, 52]. IFγ has also been shown to 
affect genes, like Sirt1 and p53 apoptosis coupled genes, whose role are being “dissociated” in 
dysfunctional stages of metabolism [45–53]. The impact of IFγ on chromatin modeling stim-
ulates macrophages, controlling gene transcription, thus regulating inflammatory cytokine 
production in activated macrophages [46, 47]. In this context, MiR-34a and other MiRs are 
involved in the modulation of the IFγ-mediated innate immune responses [48, 49]. However, 
one has discovered an inverse correlation between adiponectin and inflammatory cytokines, 
with adiponectin levels being associated with NK-cell activation [50–52].

The LPS-stimulated biological effect on p53-induced apoptosis in the liver [53, 54] sur-
passes the effect of Sirt1 as to the deacetylation of p53, reducing the hepatic lipid turn-
over. Hence, the p53-mediated downregulation of PXR activity [55, 56] is not dependent of 
the Sirt1/PXR-mediated reactions [57–60]. Therefore, the untoward p53/PXR interactions, 
which lead to NAFLD, are coupled to an altered expression of miRNA species related to 
the turnover of xenobiotics [61–63]. In this context, xenobiotic metabolism has been shown 
to be disturbed in obese individuals, which is associated with enhanced lipid synthesis 
[63], disturbed immune reactions [62], and marked apoptosis [64, 65]. The high levels of 
phthalates contained within alimentary like milk, butter, and meats are linked to the Sirt1/
p53 interactions [66–68], which couples the phthalates to NAFLD and adiposity in com-
munities worldwide [68].

Furthermore, the focus on α-synuclein and its impact on the immune system in the periph-
ery [69, 70] and CNS [71, 72] have emerged as knowledge about its regulatory impact on 
p53 transcriptional regulation of apoptosis has increased. Sirt1-mediated effects on hepatic 
α-synuclein and amyloid-β turnover are closely linked to LPS [72], metabolic diseases, as well 
as obesity, with observed impact on p53 transcriptional regulation by both α-synuclein and 
amyloid-β metabolism in the liver and brain [73–77].

4. Nutrigenomic diets block both hepatic and adipose tissue damage in 
obese individuals

A lack of effect of some anti-obese medications [78] in the treatment of obese patients has 
paved the way for nutrigenomic dieting, hopefully preventing the development of senes-
cence of various tissues being implicated in chronic disease states [1]. In obese patients, the 
success to be gained in early interventional treatments of NAFLD may depend upon individ-
uals [7, 8] having a BMI value of between 25 and 30 kg/m2, with a genuine reversal of adipose 
tissue transformation being coupled to solid improvements in glucose turnover immunoreg-
ulatory capacity, as well as NAFLD. In patients showing BMI values greater than 30 kg/m2, 
unhealthy diets inducing abnormal Sirt1/p53 interactions are often associated with changes 
in the levels of various microRNAs, inducing a chronic failure in the DNA repair system, 
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which accelerates hepatic senescence with ensuing adipose tissue inflammatory responses, as 
well as a dysfunctional lipid metabolism and aberrant energy expenditure.

Diets containing sufficient and appropriate protein “species,” carbohydrates, and low in 
fat upregulate both Sirt1 expression and activity in cells, leading to a positive effect on 
nuclear and mitochondria events, thus sustaining both lipid turnover and energy expendi-
ture. And, not to surprise anyone, food-restricted diets in young and genetically obese and 
diabetic mice, induce a reversal of hepatic lipid metabolism, involving Sirt1/p53 interac-
tions, which yields improved adipogenesis in man. Nutritional regulation may maintain 
p53 deacetylation by Sirt1, and thus sustain the “healthy” glucose homeostasis, which is 
paralleled with a swift energy disposal within adipose tissues. Additionally, ingested foods 
[32], able to block programmed cell death pathways, may be associated with expression of 
the Sirt1-gene, thus activating adipose tissues to synthesize and release factors (e.g., adipo-
nectin) [32], which will suppress the impact of inflammatory cytokines, in order to sustain 
“normal” liver function, thus blocking the induction of NAFLD in humans. Nutrigenomic 
diets, as for instance high fiber diets [79], will kick-start an “engineered” metabolism, allow-
ing for a joint physiological nuclear and mitochondrial interaction, which will stimulate the 
PPARγ-Sirt1 and Sirt1-PXR interactions coupled to both therapeutic nutrient and xenobiotic 
metabolism, that are associated with positive effects on p53 half-life and cell apoptosis [80].

Dieting and the immune system serve as synonymous with dietary fat and its composition 
being associated with NK cell activity and immune responses in the adipose tissue [81–83]. 
The suppression of Sirt1 expression by dietary fat is now associated with an abnormal p53 
mediated posttranscriptional regulation of NK cells [69, 83]. Furthermore, dietary fat may 
facilitate the absorption of LPS in rodents, but also man, by modulating the suppression of 
Sirt1 effects, while also promoting p53-mediated cell death. Hence, food restriction slows 
down LPS absorption, followed by an obliteration of LPS inhibition of cholesterol turnover in 
macrophages by the promotion of a reverse cholesterol transport.

A plethora of theories describing the process(es) of aging have been launched, however, 
the “immune theory” involves fat tissue transformation alongside an activation of its inher-
ent immune responses, encompassing macrophages and other immune cells. However, this 
adaptation model system is furthermore thought to include adipose tissues as the organs 
showing the highest susceptibility to apoptosis, with pathways of transformation largely 
linked to various mutations in a plethora of genes in different cells and tissues [6]. Hence, 
diets and our immune system are efficiently “cooperating” with our endogenous intesti-
nal microbial flora (i.e., Gram-negative bacteria) and environmental factors, impinging on 
dietary fatty acid compositions, which play a pivotal role in the immune homeostasis and 
reactivity of the liver. The Sirt1's involvement in the mitochondria theory of aging brings 
about a close link to mitochondrial dysfunction (i.e., Sirt1 downregulation), as well as an 
abnormal immune response [68, 84–86]. An essential requirement of some amino acids (e.g., 
leucine) [93] may sustain a nuclear and mitochondria p53-associated transport, along with 
an enhancement in the half-life of p53, as well as a blockage of immune dysfunction and 
development of NAFLD.

Nutrigenomic diets, like the low calorie diets, activating Sirt1, may lower plasma cholesterol 
concentrations [30], thus preventing hepatic p53-mediated apoptosis by xenobiotics and LPS. 
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A series of drugs, which inhibit Sirt1 [92] have been developed, which prevent leucine-medi-
ated activation of Sirt1 and xenobiotics (e.g., phthalates), modifying Sirt1 chromatin associa-
tion, with an ensuing induction of p53-mediated apoptotic responses [91–93] in both the liver 
and adipose tissue.

5. Summary

An increase in NAFLD/obesity in communities around the world, show that epigenetic modi-
fications are linked to malfunctioning of the gene Sirt1 along with p53 dysregulation of a 
defective adipose tissue-liver crosstalk. Healthy low calorie diets and/or an active lifestyle, 
maintaining adequate Sirt1/p53 interactions in obese individuals may decrease organ senes-
cence, as well as age-related mutations to occur. The ingestions healthy foods devoid of com-
ponents like sugars, fats, xenobiotics, and LPS may obliterate the induction of p53 cell-based 
apoptosis and Sirt1 suppression, but also enhance hepatocyte life span, thus preserving hepa-
tocyte nuclear and mitochondrial interactions. Metabolic stimulators of Sirt1 (i.e., leucine, 
polyphenols (e.g., resveratrol) and cathekins) may enhance hepatic xenobioitic turnover, as 
well as preventing mitochondrial death, linked to the dysregulation of NAFLD.

Nutritional diets, which promote the binding of Sirt1 to chromatin, thus preventing it from 
association, induced by various drug regimens, as well as unhealthy diets, will inevitably also 
prevent adipose tissue transformation, as well as activation of immune responses involving 
macrophages, NK cells, and lymphocytes that are associated with NAFLD, as well as other 
diseases seen in various habitats and communities.
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Abstract

Obesity is a complex multi‐faceted disease affecting billions of people worldwide. 
Traditionally, obesity was thought to be a consequence of having access to energy dense 
food and busy lifestyles that do not factor in sufficient physical activity. Although diet 
and exercise play a major role in obesity development, these are not the only contribu-
tors. It is widely accepted that genetic and epigenetic factors also play a major role in 
obesity development and these in turn affect the lipidome, metabolome and proteome. 
With new technological advances, it is now possible to delve into these specific areas to 
further understand the mechanisms involved in obesity development. These technolo-
gies are collectively termed “omics” technologies, and this chapter will summarise the 
recent advances in obesity and metabolism research and describe new technologies that 
have been used to identify mechanisms that play a major role in the development of 
obesity. In particular, we will examine the different omics platforms that are available 
and have been used to study obesity. Collectively, these studies will be fundamental in 
identifying new and effective treatment strategies.

Keywords: obesity, genomics, epigenomics, lipidomics, proteomics, metabolomics

1. Introduction

Obesity is a global epidemic and is on the rise at an alarming rate. It is estimated that 2.1 bil-
lion people worldwide are either obese or overweight, which is almost 30% of the world's 
population [1]. This increase in obesity also predisposes individuals to other comorbidities 
such as cardiovascular disease, type 2 diabetes and metabolic syndrome [2] and therefore is 
a major public health concern. Obesity has traditionally been thought of as a consequence 
of a “bad diet” (high energy intake) and/or a sedentary lifestyle (low energy expenditure) 
resulting in a positive energy balance that manifests itself in the form of energy storage within 
adipose tissue. While this is true, it is now apparent that this is a simplistic view, and there are 
many contributing factors that impact energy storage and utilisation. In recent years, signifi-

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



cant advances in the understanding of obesity and metabolism have been made using “omic” 
technologies. “Omic” techniques involve the detection and identification of molecules within 
a given biological sample, whether it is derived from cells, a tissue sample or indeed an entire 
organ or organism. Primarily, omics studies have aimed to identify the genes (genomics), mes-
senger RNA (mRNA) (transcriptomics), proteins (proteomics) and metabolites (metabolomics 
that encompasses lipids (lipidomics)) of a sample or a group of samples and how they differ 
from another sample or group. Other omics platforms are also important in the regulation of 
these pathways including the effect of epigenetics (the epigenome/epigenomics) on the func-
tion of genes and the role of the gut microbiota within a host (the microbiome/microbiomics) 
on metabolite production and energy harvest from food. “Omic” platforms are being utilised 
by researchers around the world to identify mechanisms that contribute to the development 
and maintenance of obesity, the evolution of obesity to metabolic diseases such as type 2 
diabetes and to try and identify possible therapeutic avenues to treat obesity (Figure 1). This 
chapter focuses on discussing obesity from the level of the genes associated with obesity and 
their regulation by the epigenome right through to the proteomic, lipidomic and metabolomic 
level in studies from both human cohorts as well as studies conducted in pre‐clinical models.

2. Genomics

While the global incidence of obesity is on the rise and is thought to be predominantly due to 
poor diet and sedentary lifestyles, it is also widely accepted that genetic and epigenetic fac-
tors also play an important role in obesity development. Twin studies have demonstrated that 
the heritability of obesity ranges from 40 to 70% [3], which clearly shows an important role of 

Figure 1. Flow chart representation of the various “omic” platforms used to study obesity. Further understanding of 
each of these stages will not only lead to a greater understanding of the pathogenesis of obesity and identification of 
therapeutic targets, but could potentially be used for prescription of personalized medicine (prevention and treatment). 
Data such as what is able to be obtained from lipidomic analysis may be utilized in the clinic to evaluate risk and monitor 
disease severity and provide prognostic information.
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genetics in obesity and could depict which individuals are at higher risk of developing the dis-
ease. Therefore, it is empirical that we identify and understand the genetic regulation of obe-
sity which will potentially lead to more targeted therapies to help stem this obesity epidemic.

2.1. Genome‐wide association studies in obesity

With the completion of the Human Genome Project, it has been established that there are 
20,000–25,000 genes within the human genome [4]. High‐throughput genotyping technology 
coupled with The HapMap project [5] and 1000 Genomes Project [6] has made it possible 
to conduct genome‐wide association studies (GWASs) to identify common variations in the 
genome that may be linked to diseases. The basis of GWAS is the detection of association 
of linkage disequilibrium (LD) between the causal variants and single‐nucleotide polymor-
phisms (SNPs), which reduces the number of SNPs required to cover the whole genome. 
However, this is also a limitation as in the analyses a minor allele frequency of >5% is required, 
which means that only common SNPs will be identified. The very first large‐scale SNP chip 
GWAS was performed by the Wellcome Trust Case Control Consortium in 1,924 type 2 dia-
betic (T2D) cases and 2,938 population controls from European samples and identified several 
variants associated with T2D phenotypes [7]. They also identified a novel gene, which was 
associated with obesity, fat mass associated with obesity (FTO). FTO has been shown to exert 
its primary effect on T2D risk through its impact on adiposity [8]. Following on from the dis-
covery of FTO, a meta‐analysis was performed in 16,876 European subjects and replicated the 
associations between variants in FTO and obesity, and also identified variants within the mel-
anocortin‐4 receptor (MC4R) to be associated with fat mass, weight and obesity risk, which 
have been previously shown to be the leading cause of monogenic severe childhood‐onset 
obesity [9]. This underscores the merit of GWAS meta‐analyses to validate previous associa-
tions as well as identify new regions that may be associated with obesity‐related phenotypes. 
Since these two studies, there has been a boom in GWAS studies and subsequent obesity 
susceptibility loci identified. To date, ~200 variants associated with obesity‐related pheno-
types have been identified; however, it is postulated that these loci only account for <10% of 
the variance [10–15]. Although this is quite low, and means that 90% of variance remains to 

Study population Number of samples Loci identified Reference

European and African 
Americans

100,716 12 BMI loci identified; 4 were novel [15]

European 52,140 6 loci associated with leptin, 5 
independent of BMI

[14]

European 339,224 97 BMI loci identified [11]

European, East Asian, South 
Asian, and African American

224,459 49 BMI loci identified; 33 were novel [12]

European 47,541 3 new BMI loci [13]

European 226,911 2 known and 6 novel BMI associated 
loci

[10]

Table 1. Summary of recent genome‐wide meta‐analyses of obesity.
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be explained, they have provided us with an emerging wealth of knowledge of the genomic 
localisation, frequency and effect sizes, and potential functional implications that these loci 
may have. More recently, a number of meta‐analyses of GWAS data have been performed 
and have identified new loci associated with body mass index (BMI) (Table 1). Surprisingly, 
these meta‐analyses also replicated previously identified loci, which validate that these loci 
may be contributing to obesity and underscore the importance of performing GWASs in the 
first place.

3. Epigenomics

Epigenomics is the study of alterations to the transcriptional activity of genes in response to 
environmental stimuli without altering the DNA sequence. These alterations include methyla-
tion, histone modification as well as other changes in the chromatin structure that may affect 
the transcriptional regulation of a given gene. Importantly, these epigenetic modifications are 
thought to be an important link in the “missing heritability” hypothesis [16-18]. The concept of 
epigenetic regulation of obesity has become of great interest over the last decade and several 
studies have demonstrated that epigenetic modifications can occur very early in life which may 
predispose individuals to obesity later in life.

3.1. Early life epigenetic programming

In the late 1980s, Barker and Osmond were the first to describe that early life exposure to 
certain adverse conditions including over or under nutrition and stress may increase sus-
ceptibility to disease later in life [19]. Since then, there have been many studies, particular 
animal studies that have verified this hypothesis and have demonstrated that malnutrition 
(both excess and deprivation) during pregnancy is associated with increased fat deposition in 
the offspring and may also directly impact the oocytes in females and primordial germ cells of 
male foetuses [20, 21]. Furthermore, there is evidence that in utero over or under nutrition can 
affect DNA methylation, histone post‐translational modification as well as gene expression 
of target genes involved in insulin signalling and fatty acid metabolism [22, 23]. Hence, this 
predisposes the offspring and the grand‐offspring to obesity and related disorders. Therefore, 
epigenetic modifications are hypothesised to be trans‐generational and have been shown to 
be reversible whereby specific epigenetic marks can be turned on or off depending on the 
stimuli (Bishop et al). Most of these studies have been performed in animal models includ-
ing mice [24, 25], rats  [26, 27], Macaque [28], drosophila [29] and sheep [23, 30, 31]. The 
effects of the in utero environment on foetal programming in humans have not been well 
explored. Two recent studies have investigated the effects of maternal nutrition before and 
during pregnancy on DNA methylation on the offspring. The first study, the Dutch Hunger 
Winter Study [22], examined the effects of prenatal exposure to famine on DNA methylation 
and was able to show an increased methylation in LEP and IL10 and decreased methylation 
in IGF2 and INSIGF; however, these subjects were obese, and therefore, it is not clear whether 
these changes occurred due to the maternal famine exposure or a response to increased BMI. 
The second study, the Gambian mother‐child cohort, was a large randomised control trial 
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which examined the effects of DNA methylation in response to maternal nutrition at con-
ception and have demonstrated altered methylation in the offspring of these mothers and 
that these epigenetic changes were sex specific [32, 33]. A more recent randomised controlled 
study examined the effects of double blind peri‐conceptional micronutrient supplementa-
tion in cord blood and observed sex‐specific methylation changes which further supports 
the importance of in utero nutrition and the potential effects it may have on adiposity later 
in life (Dominguez‐Salas, Moore et al. 2014). Another study, the AVON Longitudinal Study 
of parents and children, performed an epigenome‐wide association analysis in 1,108 patients 
and found that the maternal underweight condition may be more influential on the DNA 
methylation of the offspring compared to the offspring from the maternal overweight moth-
ers, while weight gain during pregnancy did not have much effect on DNA methylation in the 
offspring [34]. Although there is growing evidence of the effects of maternal nutrition on fatty 
acid metabolism and insulin signalling in humans later in life, there still remains some uncer-
tainty and replication in large‐scale population cohorts are warranted. The early detection of 
changes in the expression and epigenetic changes of candidate genes may provide biomarkers 
that will prevent or delay the onset of disease.

3.2. Human epigenome‐wide association studies

Stemming from the animal epigenetic studies, there has been a recent incline in epigenome‐
wide association studies (EWAS) across different human populations. Most studies have 
focused more on site‐specific differences in DNA methylation and its association with meta-
bolic phenotypes, as it has been proposed to be a potential biomarker for clinical diagnosis 
and prognosis of disease [35]. A number of epigenetic marks related to obesity have been 
identified and replicated in other populations.

A study by Aslibeykan et al. (2015) performed an EWAS in CD4+ cells from frozen buffy 
coats from 991 healthy participants from the used Genetics of Lipid Lowering Drugs and 
Diet Network (GOLDN) study which identified eight differentially methylated sites asso-
ciated with BMI, including cg00574958 (CPT1A), cg04332373 (CD38), cg17287155 (AHRR), 
cg26164488 (NA), cg07504977 (NA), cg14476101 (PHGDH), cg26680760 (NA) and cg26140475 
(NA). They also identified four differentially methylated sites associated with waist circum-
ference Cg00574958 (CPT1A), Cg04332373 (CD38), Cg14476101 (PHGDH) and cg25349939 
(GTDC1) [36]. They replicated these methylation sites in whole blood from two independent 
cohorts—the Framingham Heart Study (FHS) (n = 1,935 case: control study, and n = 442 ran-
dom samples) and the Atherosclerosis Risk in Communities (ARIC) study (n = 2,015 samples). 
A follow‐up study in the ARIC study identified 76 BMI‐related and 164 WC‐related epigen-
etic marks mainly in HIF3A, CPT1A and ABCG1 [37]. Thirty‐seven of the BMI and one waist 
circumference mark were replicated in the GOLDN (n = 991 samples) and FHS (n = 2,377 
samples) cohort. Another study identified 982 individual differentially methylated CpG sites 
between the insulin sensitive (IS) and insulin resistant (IR) groups. Of these sites, 538 were 
associated with unique genes with functions in cell adhesion, signal transduction and regu-
lation of transcription and include ADAM2, IGF2BP1, TBX5, HDACM, CD44 and ZNF711. 
These data are supportive of the close link between obesity and T2D and suggest the existence 
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of a methylome map within Visceral adipose tissue (VAT) that may predispose individuals to 
IR and T2D [38].

Family studies are beneficial as they have the potential to identify causative candidate regions 
of differential DNA methylation. A study by Ali et al. (2016) used a discovery approach in 192 
subjects from seven families from the Take off Pounds Sensibly Family Study of Epigenetics 
(TFSE), and then validated the initial differential methylation marks in an extended cohort 
of 1,052 subjects [39]. They identified and replicated three loci where methylation status was 
associated with BMI%, and these were located in the body of suppressor of cytokine signal-
ling (SOCS3), 3′ untranslated region of the zinc finger protein 771 (ZNF771) and at the tran-
scription start site of LIM domain containing 2 (LIMD2) gene. Functional analyses were then 
performed in 330 subjects from the methylation analyses [39].

Examining promoter methylation patterns is thought to be a promising strategy for the use of 
early detection of disease (Laird 2003). Given that TNFa is pro‐inflammatory cytokine elevated 
in obese subjects, Campion et al. (2009) investigated methylation patterns in the promoter 
region of TNFa. Methylation was measured in baseline peripheral blood mononuclear cells 
(PBMCs) from 24 patients who were put on an 8‐week calorie restricted diet. Two differen-
tially methylated promoter regions were assessed according to previous literature. The group 
of men who lost weight with the low calorie diet showed a significantly lower TNFa promoter 
methylation and that their baseline circulating TNFa levels were positively associated with 
total promoter methylation (Campion, Milagro et al. 2009). This demonstrates that examining 
promoter methylation may well be an important aspect in early detection and prognosis of 
disease.

3.3. Can PBMCs be used as a surrogate for epigenetic studies?

Despite progress in the epigenetic marks of obesity, there still remain some controversy in the 
use of peripheral blood mononuclear cells (PBMCs) as a surrogate for identification of epi-
genetic marks that may contribute to obesity development as there may be site‐specific marks 
that may be missed. However, it is important to consider that with human studies, we are 
limited to tissues that we can readily access and the most commonly and easily accessible tis-
sue to examine epigenetic modifications in humans is whole blood or PBMCs. This has been 
thought to have limitations in itself as it may not explain tissue‐specific modifications that 
may be present. In light of this, many recent studies have examined epigenetic profiles in both 
PBMCs as well as subcutaneous adipose tissue (SAT). Once such study was from Arner et al. 
2016, where they performed and EWAS using PBMCs, SAT and VAT in 80 obese women of 
which 40 insulin resistant and 40 insulin sensitive (Arner, Sahlqvist et al. 2016). They wanted 
to determine similarities of methylation status between the tissues and to determine whether 
PBMCs could be used as a marker of systemic IR. They were not able to show similar methyla-
tion sites between the PBMCs and adipose tissue and therefore concluded that CpG methyla-
tion in PBMCs does not reflect differential methylation sites in white adipose tissue (WAT). 
These data suggest that PBMCs may not be a suitable tissue for metabolic phenotyping of 
obese individuals. However, another study by Demarath et al. (2015) (described above) also 
measured methylation markers in SAT from their ARIC cohort and replicated 16 of these BMI 
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markers (Demerath, Guan et al. 2015). Given that these associations remained in different 
ethnic cohorts as well as different tissue samples (whole blood vs. CD4 cells from buffy coat 
vs. adipose tissue) demonstrate that adiposity traits are associated with different methylation 
sites independent of tissue type or ethnicity. It is clear that more thorough investigations into 
tissue differences are required; however, this may not always be possible in some settings 
such as brain‐ or heart‐related disorders.

3.4. Epigenetics and intervention studies

The variation in epigenetic patterns with obesity has raised some interest in the field. There 
have been several intervention studies that have investigated the role of obesity and weight‐
loss interventions on global and promoter specific DNA methylation patterns. A 6‐month 
exercise intervention study using adipose tissue from 23 healthy men with a family history (or 
not) of T2D demonstrated a global increase of adipose tissue DNA methylation in response 
to the exercise intervention (Ronn, Volkov et al. 2013). Interestingly, the subjects with a fam-
ily history of T2D had less CpG sites with a significant difference in methylation patterns 
in obesity‐related genes in response to the 6‐month exercise intervention (Ronn, Volkov et 
al. 2013). Another study examined methylation changes in subjects that underwent gastric 
band surgery and were able to demonstrate significant effects on promoter methylation. More 
interestingly, before the patients underwent surgery, they observed significant methylation 
changes in genes involved in metabolic pathways and mitochondrial function, however after 
surgery and subsequent weight loss, the expression of these same genes normalised to simi-
lar levels to non‐obese subjects (Barres, Kirchner et al. 2013). An additional study examined 
epigenetic changes in a normal weight, obese and successful weight loss maintainers (main-
tained weight for 9 years) that consisted of 48 males and females and demonstrated that the 
successful weight‐loss maintainer group had methylation patterns that resembled the normal 
weight group rather than the obese group, which shows that methylation changes can be 
reversed (Huang, Maccani et al. 2015).

In summary, these studies collectively validate an important role for epigenetic regulation 
in metabolic processes. Furthermore, epigenetic marks coupled with gene expression in can-
didate genes may offer new pharmacological targets to counteract these modifications and 
potentially help avert obesity and associated diseases.

4. Proteomics

While genetic regulation in a biological system is unequivocally vital to health and dis-
ease, mRNA transcript levels generally only partially correlate with protein expression [16]. 
Typically, transcript abundance explains approximately one‐ to two‐thirds of the variance in 
protein levels, depending on the organism [16]. This is due to the fact that it is not only the 
transcription that determines protein abundance but also post‐transcriptional factors such as 
RNA processing and stability, translation, protein stability/turnover and protein modification. 
So while transcription data can provide a starting point as to whether or not a protein will be 
found and its likely level of abundance in a given sample, changes in expression levels may 
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not correlate to changes in protein levels. Consequently, proteomics is an important area of 
research to enable the characterisation of the proteome. Traditionally, the expression of indi-
vidual proteins has been quantified using antibodies and techniques such as western blotting 
but today many proteins and the whole proteome of a sample can be assessed at once by using 
various mass spectrometry approaches. Proteins are regulated by a wide variety of chemical 
alterations after they have been translated. These post‐translational modifications can include 
but is not limited to phosphorylation, ubiquitination, acetylation, glycosylation, nitrosylation, 
acetylation and methylation, and consequently, these are all sub‐branches of proteomics.

4.1. Proteomic analysis in adipocyte cell culture models

Insulin plays a major role in the regulation of metabolic homeostasis. In adipose tissue, insu-
lin‐stimulated glucose uptake and the inhibition of lipolysis are two major functions of insu-
lin. Quantitative phosphoproteomics using stable isotope labelling with amino acids in cell 
culture (SILAC) was used to interrogate the insulin signalling network in response to insulin 
stimulation in the 3T3‐L1 adipocytes cell culture model [17]. The phosphoproteomics iden-
tified 37,248 phosphorylation sites that spanned 5705 proteins. Of these, around 15% were 
regulated by insulin demonstrating the complexity of the insulin signalling network in adi-
pose cells [17]. A time course analysis also revealed a large variation in when phosphory-
lation events occur following insulin treatment, demonstrating the dynamic nature of the 
pathways. Novel mechanisms of the AKT‐mTORC2 were also identified leading to the iden-
tification of SIN1 as an Akt substrate that contributes to the regulation of mTORC2 activity 
[17]. Proteomic analysis has also been useful in determining that large‐scale changes to pro-
teins that occur in 3T3‐L1 cells during adipogenesis [18]. Wilson‐Fritch et al. used mass spec-
trometry and database correlation analysis to describe a 20–30‐fold increase in mitochondrial 
proteins during adipogenesis including proteins involved in fatty acid metabolism and those 
that are mitochondrial chaperones [18]. Further analysis revealed that the insulin‐sensitis-
ing drug rosiglitazone (belonging to the thiazolidinedione (TZD) class of drug) also changes 
expression of mitochondria‐related proteins which makes sense considering it is a known 
adipogenesis‐inducing agent.

4.2. Proteomic changes in human obesity

The characterisation of protein expression in organs during obesity can help scientist unveil 
the biological impact of obesity and lead to a greater understanding of the condition. An 
interesting area of adipocyte biology is how the subcutaneous adipose tissue (fat found under 
the skin and largely around the hips, thighs and buttocks) is thought to be the more meta-
bolically active and metabolically healthy type of fat and the visceral adipose tissue (central 
obesity) which is associated with metabolic dysfunction and disease differs. Via 2D‐DIGE 
and mass spectrometry analysis, Perez‐Perez and team investigated the protein differences in 
omental and subcutaneous adipose tissue of healthy obese individuals. These results identi-
fied 43 differentially expressed proteins including those that have been linked to lipid and 
glucose metabolism, lipid transport, protein synthesis and folding inflammation and the 
cellular stress response [19]. One way of getting proteomic information without the inva-
siveness of using adipose biopsies is to use peripheral blood mononuclear cells (PBMCs) as 
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glucose metabolism, lipid transport, protein synthesis and folding inflammation and the 
cellular stress response [19]. One way of getting proteomic information without the inva-
siveness of using adipose biopsies is to use peripheral blood mononuclear cells (PBMCs) as 
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a surrogate tissue. Abu‐Farha and colleagues utilised shotgun proteomics to examine the 
PBMC proteome in lean versus obese individuals [20]. About 1063 proteins were identified 
as common proteins between both groups (lean and obese participants), and of these, 47 
were differentially expressed (by at least 1.5‐fold). Of these 47, 18 were increased and 29 
decreased in the obese group compared to lean. As adipose tissue is an endocrine organ that 
secretes substances (adipokines) that impact metabolism in other tissues, proteomic analysis 
of these factors is of interest. Human primary subcutaneous adipose tissue cells were cul-
tured and tandem mass spectrometry used to analyse the secretome of the cells [21]. As well 
as the detection of a number of well‐characterised adipokines‐like adiponectin (validating 
the technique), this method leads to the identification of multiple serine protease inhibitors 
(called serpins) [21]. Using this proteomics approach and exposing the adipose cells to dif-
ferent metabolic states and treatments, may be a way to further elucidate the factors that are 
released by adipocytes, the quantities by which they are released and under which conditions 
they are released. This could pave the way for a greater understanding as to the endocrine 
effects of the adipocyte.

4.3. Animal models of obesity and alterations to the proteome

One way to look at the way obesity impacts biology and metabolism is to look at and 
study the white adipose tissue (WAT) itself. A global label‐free phosphoproteomic screen 
of WAT in mice discordant for obesity due to high‐fat feeding detected and quantified a 
total of 7696 peptides. Differential phosphorylation levels between groups were found at 
282 phosphosites from 191 different proteins [22]. This data set identified phosphorylation 
changes in enzymes involved in metabolic pathways such as glucose and lipid homeostasis 
pathways, linking these proteins to disturbed metabolism [22]. Importantly, the authors 
were able to further dissect out the likely impact of adiposity by using the data set to pro-
vide predictions on upstream kinases that are likely affected. These predictions revealed 
well‐known kinase families such as AMPK and AKT that have been heavily studied in 
metabolic dysregulation verifying their approach. It also identified others such as MRCKα 
and PAK 1 and 2 whose role is unknown in relation to obesity [22]. Thus, this sort of analy-
sis has the potential to uncover novel pathways altered with obesity and how this alters 
adipocyte function.

We all know that some individuals seem to put on weight even though they consume a 
healthy, low‐fat diet, whereas others eat all of the energy‐dense junk food that they want 
and do not have any impact on their waistlines. As this would rule out calorie content as the 
driving force for this type of accumulation of adiposity, it is likely that there is an underlying 
susceptibility in these individuals. Xie and colleagues tried to replicate this in an animal study 
where they performed proteomic analysis on mice that were either obesity resistant or obesity 
prone [23]. Results indicated that ubiquinol‐cytochrome c reductase core protein 1 (Uqcrc1) 
and Enolase 3 were decreased and monoglyceride lipase (MGLL) and glucose‐6‐phosphate 
dehydrogenase (G6PDH) were increased in the visceral adipose tissue of obesity‐prone mice 
compared to obesity‐resistant mice [23]. These proteins involved in energy metabolism, gly-
colysis and fat synthesis may provide a clue as to why visceral adipose tissue is more or less 
likely to store energy and expand.
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Though adipose tissue is obviously important to study, other metabolic organs are also too 
important to study. Baiges et al. [24] investigated the effects of a high‐fat diet (HFD) on the 
rat liver proteome. Analysis identified 1,131 liver proteins and demonstrated that a high‐fat 
diet changed the expression of 90 of these proteins. As one would have hypothesised, many 
of these proteins are involved in glucose and lipid metabolism [24]. Proteomics can also 
be further enhanced by analysing sub‐cellular compartments such as mitochondria. In a 
study comparing lean versus obese mice, Nesteruk et al. [25] purified isolated mitochon-
dria from both liver and skeletal muscle and analysed mitochondrial‐associated proteins 
via mass spectrometry. Analysis identified 1,675 liver and 704 muscle mitochondria‐associ-
ated proteins and of these, 221 liver and 44 muscle proteins were differentially expressed 
between the lean and obese groups [25]. Analysis of”sub‐proteomes” such as the ones at the 
mitochondrial proteome may be used more in the future to identify cellular compartment‐
specific changes associated with obesity. This type of analysis is also beneficial in the sense 
that it can increase the sensitivity of the process and allow the detection of lowly expressed 
proteins.

Looking into the future, the combination and integration of proteomics analysis with 
other”omic” platform analysis such as genomics, transcriptomics and metabolomics may pro-
vide a useful systems biology approach to further understand the regulation of whole‐body 
fat mass.

5. Metabolomics

Metabolites are small molecules that can be measured in bodily fluids including blood 
and urine as well as in tissue samples. Of particular interest are low‐molecular‐weight 
metabolites that are involved in metabolic pathways where they act as substrates, interme-
diates or products. Such metabolites include hormones, fatty acids and amino acids [26]. 
Metabolomics therefore is the analysis of the metabolite profile in a given sample, cell or 
organ. There are a number of different subtypes of metabolomics including lipidomics, 
glycomics, fluxomics and peptidomics. While the genome and in turn the proteome set 
the scene as to what biological processes take place or are dominant in a cell, the actual 
activity and function encoded by the genes and proteins is carried out via metabolites [26]. 
Consequently, the metabolome is impacted by the accumulation of all the genetic variation, 
epigenetic status, gene and protein expression, enzymatic activity and environmental fac-
tors that are expressed in or exerted on an organism. Given that the large array of metabo-
lites are formed in biological systems, this is a complex task. Most often, the techniques 
used to profile metabolomics are nuclear magnetic resonance spectroscopy (NMR) and gas 
chromatography mass spectrometry (GC‐MS). In general, metabolomics is a high‐through-
put technology and while initial start‐up costs of purchasing equipment and providing the 
infrastructure is expensive, once established, on a per‐sample basis, it is relatively inexpen-
sive. Short of this, there are many centres that specialise in metabolomic measures set up 
throughout the world. These centres often will provide metabolomics data on samples for a 
fee‐for‐service arrangement.
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5.1. Metabolomic analysis in obese humans

For an in‐depth description of the amino acid metabolism, lipid metabolism, carbohydrate 
metabolism and nucleotide metabolism‐related metabolites that have been shown to be altered 
in the setting of obesity or diabetes or obesity with diabetes, we refer the readers to the review 
by Park et al. [27]. Herein, we will discuss some of these changes and provide a separate 
section on a popular sub‐branch of metabolomics that concentrates on studying lipids (lipi-
domics). In the 1970s, it was demonstrated that obese individuals have higher circulating lev-
els of numerous amino acids including branched‐chain amino acids (BCAAs) [28]. Recently, 
utilising new analytical techniques, a number of studies have confirmed and expanded on 
these findings. In a study, utilising metabolomics and lipidomics of blood plasma and urine 
to investigate association of metabolites with adiposity, it was demonstrated that there were 
seven metabolites that were important in predicting visceral fat levels, which included the 
amino acids tyrosine and glutamine and the lipid species PC‐O 44:6, PC‐O 44:4, PC‐O 42:4, 
PC‐O 40:4 and PC‐O 40:3 [29]. In an alternative study conducted in obese Japanese individu-
als, plasma levels of amino acids are found to be associated with visceral fat accumulation. 
These amino acids included levels of alanine, glycine, glutamate, tryptophan and tyrosine 
[30]. In a metabolomic profiling study of 74 obese and 67 lean individuals, a number of differ-
ences in fatty and amino acids were reported [31]. Levels of free fatty acids C14:0, C16:0, C16:1, 
C18:1, C20:4 remained elevated in obese as compared to lean subjects. Levels of eight amino 
acids increased in obese as compared to lean individuals including alanine, arginine, aspara-
gine, glutamine, leucine, phenylalanine, tyrosine and valine while conversely one decreased 
(glycine). Four acylcarnitine species (C3, C5, C6 and C8:1) were higher in the samples from 
obese individuals [31]. The data suggested the existence of a (BCAA)‐related metabolic sig-
nature in obesity and linking this to metabolic dysregulation, these changes were associated 
with insulin resistance [31].

Metabolomic profiling may assist in distinguishing different types of obesity. As metabolic 
abnormalities are associated with central obesity more so than they are with peripheral 
obesity, Gao et al. set out to identify via metabolomics whether serum metabolic markers 
differ in those with central versus peripheral obesity [32]. Five types of metabolites were 
verified to be higher in the central obesity group after multiple testing adjustments. These 
included the BCAAs leucine, isoleucine and valine as well as alpha‐aminoadipic acid and 
propionylcarnitine (C3 acylcarnitine) [32]. These metabolites may provide a useful mech-
anistic insight into determining the difference between metabolically healthy peripheral 
obesity and metabolically unhealthy central obesity. Another way to discriminate against 
metabolically healthy obesity and metabolically abnormal obesity is to divide patients on 
the basis of whether they have any form of hyperglycemia, hypertension or dyslipidemia. 
Chen et al. conducted such study in obese individuals from a weight‐loss clinic and could 
indeed identify differential metabolic profiles and metabolic pathways [33]. These groups 
differed in L‐kynurenine, glycerophosphocholine (GPC), glycerol 1‐phosphate, glycolic 
acid, tagatose, methyl palmitate and uric acid. The pathways that could distinguish between 
the obese metabolically healthy and unhealthy groups were pathways involved in fatty acid 
biosynthesis, phenylalanine metabolism, and valine, leucine and isoleucine degradation 
pathway [33].
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Variants in the fat mass and obesity‐associated gene FTO has been identified as a risk fac-
tor for the accumulation of fat mass and the development of obesity [8, 34]. By correlating 
metabolites after stratification for whether or not an individual is a carrier of the FTO risk 
allele, genetic FTO‐induced changes in the metabolome can be assessed. Via utilising samples 
obtained as part of a Korean community‐based cohort (KARE cohort), Kim et al. [35] used 
serum metabolite quantification by targeted metabolomics to correlate FTO‐genotype with 
alterations to metabolites. This resulted in the analysis of 134 different metabolites (78 glyc-
erophospholipids, 21 amino acids, 12 sphingolipids, 12 acylcarnitines, 10 biogenic amines 
and 1 hexose). Of these metabolites, the authors found that seven metabolites were associ-
ated with increased risk of obesity due to the presence of the rs9939609 FTO risk allele [35]. 
Most notably, of these seven metabolites, five were phosphatidylcholines (PCs) (C36:5, C36:6, 
C38:5, C38:5, C38:6 and C40:6) and these showed the strongest effect, while the monosaccha-
ride (hexose) and amino acid (valine) were also associated. Similar future studies investigat-
ing the impact of genetic risk factors on the metabolome can provide insight into how genes 
impact metabolism and contribute to the development of obesity.

5.2. Metabolomic and obesity in animal models

Using mouse models that have had a genetic manipulation (knock‐out, knock‐down overex-
pression), metabolomics can be used to gain an idea as to the impact a genetic modification 
has on obesity or metabolic pathways. Neuroblast differentiation‐associated protein AHNAK 
knock‐out mice (AHNAK(‐/‐)) have been reported as having a phenotype whereby they have 
a strong resistance to high‐fat diet‐induced obesity. Consequently, Kim et al. [36] applied 
(1) H NMR‐based metabolomics to compare the altered metabolites in the urine from high‐
fat diet (HFD) fed wild‐type and AHNAK(‐/‐) mice. The profiling identified that the urinary 
metabolites of HFD‐fed AHNAK(‐/‐) mice gave higher levels of methionine, putrescine, tar-
trate, urocanate, sucrose, glucose, threonine and 3‐hydroxyisovalerate compared to wild‐type 
mice suggesting that the resistance to the HFD‐induced obesity may arise from alterations in 
amino acids [36]. Likewise, human ataxin‐2 (ATXN2) knock‐out mice display obesity, insulin 
resistance and dyslipidemia [37]. To understand the effects of the loss of ATXN2, Meierhofer 
and team used unbiased profiling approaches to quantify the global metabolome of ATXN2 
knock‐out mice with label‐free mass spectrometry [38]. Significant down‐regulated pathways 
for branched chain and other amino acid metabolism, fatty acids and citric acid cycle pro-
vided evidence for the biological function of ATXN2 and the potential mechanism via which 
the lean phenotype is maintained [38]. Thus, metabolomics used in combination with genetic 
models offers a viable way to determine biological significance of genes and improve under-
standing of cellular pathways.

6. Lipidomics

Lipidomic measurement is a sub‐branch of metabolomics where the identification of lipid 
classes and species is made. Given obesity is a disease whereby lipids accumulate in adipose 
tissue to make large adipose tissue depots, lipidomics is an extremely relevant platform for 
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the field. Typically, analysis can identify not only the different classes of lipid that are in a 
given sample, but also the molecular species that make up those different classes. Multiple 
approaches to performing lipidomics are available. Shotgun lipidomics refers to the process 
of identifying the lipidome of biological lipid extracts directly without the need for chromato-
graphic purification. Targeted lipidomics involves the combination of liquid chromatogra-
phy and stable isotope or non‐physiological internal standards to provide quantification to 
hundreds of lipids. While untargeted lipidomics refers to the combination of liquid chroma-
tography with high mass analysis to detect lipid species [39]. Numerous studies have investi-
gated the lipidomic signature that is associated with increased fat mass in animal and human 
models.

6.1. Insights into human obesity from plasma lipidomics

Plasma lipidomic screening has been used to characterise the circulating lipids in obese 
compared to lean individuals to gain an insight into how obesity alters this parameter. In 
a study of monozygotic twins who differed in body weight by 10–25 kg, characterisation 
of lipid species in serum samples identified that obesity, independent of genetic influences, 
was associated with increases in lysophosphatidylcholine (LPC) lipids and decreases in ether 
phospholipids [40]. In an alternative study looking for plasma lipidomic associations with 
waist circumference used as a marker of central obesity, it was noted that dihydrocerami-
des were associated with waist circumference, particularly the species 18:0, 20:0, 22:0 and 
24:1, while two sphingomyelin species 31:1 and 41:1 were inversely associated with waist 
circumference [41]. In a study of 1,176 young individuals (20 years of age) in which 175 differ-
ent plasma lipid metabolites were analysed, a positive association was found between waist 
circumference and seven sphingomyelins and five diacylphosphatidylcholines and negative 
association with two LPCs [42] while another study also demonstrated a reduction in numer-
ous LPC species in the plasma of obese individuals [43]. Differences observed between studies 
could be due to the type of obesity in the different cohorts sampled. For example, obesity due 
to a high caloric intake could potentially result in a different lipidomic profile than what is 
observed in individuals who are obese due to a sedentary lifestyle. Other factors such as diet, 
sample preparation and age could also have an effect.

One potential use of plasma lipidomics is to use it as a diagnostic tool or monitoring tool in 
obese patients. By measuring the plasma lipidomic signature and correlating levels of vari-
ous lipid species to risk factors of further disease such as region‐specific adiposity or liver 
dysfunction, a panel of lipids may be identified to stratify at‐risk patients [44]. A serum bio-
marker that predicts ectopic fat levels could be utilised in the clinic to track ectopic fat levels 
or conversely to track the effectiveness of interventions to decrease it. Currently, it is neces-
sary to use expensive large‐scale imaging technology to investigate ectopic lipid deposition. 
Even so, this only detects levels of triacylglycerols (TAGs) rather than other lipid metabolites 
that are found in lower abundance that have been implicated in causing metabolic dysfunc-
tion such as ceramides and diacylglycerols (DAGs). Alternatively, invasive biopsy procedures 
with analytical analysis can be used to identify the relative expression of these lipids. Given 
the relative ease of blood collection, plasma lipid profiling may provide an alternative avenue 
to provide a picture of tissue lipid levels if a predictor(s) can be identified.
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In one study using shotgun lipidomics that captured 252 individual lipid species over 14 
different classes, the authors aimed to link the circulating levels of blood plasma lipids to fat 
accumulated in various parts of the body including visceral adiposity and epicardial adipose 
tissue (EAT) (which are both cardiac disease risk factors) [44]. Via modelling analysis, a strong 
association was identified between visceral adiposity and plasma diacylglycerol (DAG) and 
EAT and triacylglycerol (TAG) (both DAG and TAG are composed of saturated fatty acids) 
[44]. In this study, EAT is also correlated with increased levels of phosphatidylglycerol (PG) 
species including PG 20:3/20:3 and PG 22:5/18:1 and with decreased levels of ether phos-
phatidylethanolamine (PE‐O) lipid species that are mainly composed of plasmalogens [44]. 
Additionally, Perreault and colleagues set out to determine the ability of lipidomics per-
formed in the serum to predict ectopic lipid accumulation in skeletal muscle, in particular, 
the ability to predict TAG, DAG and ceramide. After analysis of 215 serum lipids, they found 
that in obese individuals, ganglioside C22:0 and lactosylceramide C14:0 levels in the serum 
predicted muscle TAG levels while serum DAG C36:1 and free fatty acid (FFA) C18:4 could 
predict muscle TAG levels. Furthermore, serum TAG C58:5, cholesterol ester C24:1, phos-
phatidylcholine C38:1 and FFA C14:2 were good predictors of the ceramide levels in muscle. 
Moving forward, confirmation of such findings could allow for a panel of plasma lipids to 
accurately depict the state of ectopic lipid deposition in peripheral tissues such as skeletal 
muscle and prove useful in the clinical setting [45].

6.2. Tissue lipidomics in human obesity

While plasma is an obvious location to identify a prognostic marker, studying the lipidomic 
profile in adipose tissue itself or in other metabolic organs is of great interest to understand 
the biology of the condition. In a study of 20 obese, but otherwise healthy women, lipidomics 
was carried out on subcutaneous adipose tissue samples. Participants were divided into those 
with high content of liver fat or those with a low content of liver fat to determine if adipose 
tissue is altered in those discordant for intrahepatic lipid content. Analysis of 154 lipid species 
revealed increased concentrations of TAGs particularly long chain, and ceramides, specifically 
Cer (d18:1/24:1) in the group with more liver fat [46]. In another study carried out in obese 
insulin‐resistant women compared to obese women with normal insulin levels, lipid profil-
ing revealed an increase in GM3 ganglioside and phosphatidylethanolamine (PE) lipid species 
in omental adipose tissue [47]. These findings corresponded to an increase in ST3GAL5, the 
synthesis enzyme for GM3 ganglioside, and a decrease in phosphatidylethanolamine methyl 
transferase (PEMT), the degradation enzyme of PEs [47]. Thus, these changes may contribute 
to the obesity‐induced insulin‐resistant state.

In a human lipidomics screening of plasma and skeletal muscle samples comparing lean indi-
viduals with those who were obese or overweight but insulin sensitive (as defined by glucose 
infusion rate during a hyperinsulinemic‐euglycemic clamp) and those who were obese and 
overweight but insulin resistant, demonstrated that there was no defining difference in the 
skeletal muscle of those who were lean as compared to those that were overweight or obese 
[48]. The plasma samples did demonstrate a higher quantity of TAG and lower plasmalogen 
species in those who were overweight or obese compared to lean. However, in individuals 
who were overweight or had obesity but were discordant for insulin resistance those who 
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were insulin‐resistant had higher levels of C18:0 sphingolipids in skeletal muscle and higher 
levels of DAG and cholesterol ester (CE) and a decrease in LPC and lysoalklphosphatidycho-
line in the plasma [48]. This suggested that insulin resistance has a greater impact within the 
obese setting on the lipidomic profile than what obesity has on the profile in comparison to 
those that are lean.

6.3. Plasma lipidomics in obese rodent models

Plasma lipidomics has been assessed in various rodent models of obesity and to investigate 
the effect on the lipidome of various intervention studies. Barber and colleagues performed 
lipidomics in plasma samples from mice fed a high‐fat diet for 12 weeks. Compared to low‐fat 
diet control mice, these mice had increased levels of TAG, DAG and sphingolipid species, 
while there was a reduction in LPC levels [43]. To describe these LPC effects further, a high‐
fat feeding time course study was completed which noted an increase in LPC 18:0 and 20:0 
after just 1 week of high‐fat feeding. However, LPC 15:0, 16:1, 18:1, 18:2, 20:1 and 20:5 were 
all significantly decreased from baseline at 1 week and continued to be decreased out to 6 
weeks of high‐fat feeding [43]. While most of the LPC species were decreased some species 
such as 18:0 were elevated. Also utilising a high‐fat diet to induce obesity, Li and colleagues 
identified LPC 18:0 as a potential biomarker of obesity [49] confirming the findings of Barber 
and authors.

6.4. Lipidomic analysis in tissues from rodents

Gaining access to rodent organ samples is far more convenient than human tissues and 
thus can be used more readily to access intra‐tissue lipid content. Sixteen‐week old wild 
type (WT) and the leptin‐deficient ob/ob mice, a genetic model of obesity that becomes over-
weight due to hyperphagia, were studied for their hepatic lipidomic profiles using non‐tar-
geted analysis via ultra‐performance liquid chromatography (UPLC) coupled to quadrupole 
mass spectrometry (MS). The obese mice had an increased level of TAG and DAG lipid spe-
cies in the liver as well as diacylphosphoglycerols and ceramide species, while there was 
a decrease in the sphingomyelins [50]. Using high‐fat feeding to induce obesity, Turner 
et al. performed a tissue lipid profiling study over a course of time of the high‐fat dietary 
intervention [51]. Liver TAG was increased after 1 week of high‐fat feeding and peaked at 
16 weeks of high‐fat feeding whilst numerous DAG species were elevated in the liver at 1, 3 
and 16 weeks of feeding. Hepatic ceramide content was unchanged after 1 week of high‐fat 
feeding, the 20:0 and 22:0 species elevated at 3 weeks of feeding and the 18:0 and 20:0 species 
increased at 16 weeks of high‐fat feeding. Whilst these species were increased with high‐fat 
feeding, the 24:1 and 24:0 species were significantly decreased at both 3 and 16 weeks of 
high‐fat feeding [51]. In the epididymal adipose tissue, TAG levels and numerous DAG 
species were elevated at 16 weeks of high‐fat feeding. Ceramide and sphingomyelin species 
were increased at both 1 and 16 weeks of high‐fat feeding. Analysis of the skeletal muscle 
revealed an increase in TAG and DAG levels at 3 and 16 weeks post‐high‐fat feeding, whilst 
in terms of ceramide levels, only the 18:0 ceramide species was increased at 3 and 16 weeks 
[51]. These studies have highlighted the lipid changes that occur in tissues during obesity 
induced by different means.
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The use of metabolomics and lipidomics is set to continue as they may prove useful in pro-
viding indications of metabolic health in the obese setting. Identification of metabolites 
as”biomarkers” may make it possible to identify individuals at risk of developing obesity, 
which could be useful as a way of tracking disease progression and provide a predictive 
tool for diseases associated with obesity. These measures could also theoretically be used 
to give an indication of the effectiveness of new weight‐loss therapies and their impact on 
metabolism. Studies have already taken place investigating bariatric surgery, in particular, 
Roux‐en‐Y gastric bypass surgery. How this type of surgery impacts the metabolome was not 
very well described so Arora et al. analysed the plasma metabolome and lipidome of mor-
bidly obese individuals prior to and after surgery to describe the effects of surgery [52]. From 
96 metabolites and 192 molecular lipid species compared, the factors that were most different 
at 42 days post‐surgery were decanoic acid and octanoic acid whose levels increased and the 
sphingomyelins 18:1, 21:0 and 18:1, 22:3 whose levels decreased [52]. Moving forward, it is 
likely that a greater understanding of fluxomics will be utilised. Fluxomics is an analytical 
method that describes the rates of metabolic reactions within a sample. This is important as 
metabolism is a dynamic process, and metabolomics and lipidomics analysis will only pro-
vide a snapshot or static picture of the metabolic reactions in the cell. It could be stated well 
that it is not the quantity of metabolites that is important in the obese setting but the rates at 
which they undergo metabolic reactions.

7. Microbiomics

Metagenomics is a broad term used for the study of genetic material collected from environ-
mental samples including but not limited to soil, sediment and water and in particular rel-
evance to obesity, the gut. The gut microbiota contains all the organisms within the gut and 
the gut microbiome contains the genome that is within these organisms. Measuring the micro-
biomic status of the gut environment allows for the study of the composition of all microbes 
in that ecosystem. Whilst the microbiota consists of all bacteria, fungi, archea, viruses and 
other microbes, most of the research effort in relation to gut microbiota has been focused on 
the bacteria portion. This is no surprise given the widespread dominance of bacteria in and 
on the human body and indeed throughout all ecosystems on Earth. Also no surprise given 
the location of this ecosystem is the findings over the last decade that the composition of the 
gut microbiota is altered with obesity and is impacted by the diet of the host. The relation-
ship between the composition and activity of the resident gut microbiota and the effect that 
this has on the metabolism of the host is currently being delicately teased out and it is an area 
that has really benefitted from the modern sequencing methods and analytical techniques. By 
identifying the microbiome and comparing results to electronic databases, an understand-
ing can be formed on the species of bacteria that compose a microbiota community. Like 
other”omes” mentioned throughout this discussion, modern advances in technology regard-
ing sequencing has allowed further insight into the precise make‐up of the gut microbiota and 
how it is altered under different pathological conditions. At the forefront of these, analysis 
has been the use of highly conserved 16S sRNA genes as a molecular marker for microbial 
diversity (proxies for different species). With the development of sequencing technologies it 
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has become possible to analyse all 16S rRNA genes in a sample and compare it with relevant 
databases that have been complied [53].

7.1. Gut microbiota and obesity in humans

Human gut microbiota composition is formed in early life with colonisation occurring over 
the first 3–5 years until it reaches a more stable, adult‐like microbiota configuration [54]. 
However, in adulthood, alterations in this composition of bacteria can be observed in individ-
uals with varying degrees of adiposity or metabolic health. Differences in the distal gut micro-
biota of obese versus lean humans has been demonstrated with the relative proportion of the 
phylum of bacteria named bacteroidetes found to be decreased in obese individuals com-
pared to lean individuals, along with the finding that the bacteroidetes abundance increase 
as obese individuals lose weight [55]. These findings must be noted as somewhat controver-
sial given other studies have shown no difference between obese and non‐obese groups in 
relation to the proportion of bacteroidetes nor any change in the proportion of bacteroidetes 
measured in faeces once obese individuals lose weight [56]. These observed differences could 
come down to the way in which the samples were obtained, the methods involved in measur-
ing the bacteria or the differing diets that the obese individuals recruited to the study were 
consuming. In this latter study, it was observed that the phylum of bacteria called Firmicutes 
was reduced in faecal samples from obese subjects on weight‐loss diets, correlating changes in 
gut bacteria species to changes in adiposity [56]. It is difficult to distinguish whether changes 
in gut microbiota are just a response to obesity or weight loss are actually a causative factor.

One way to test whether human gut microbiota composition is causative in inducing an obe-
sity‐associated phenotype is to take gut microbiota from humans and populate the gut of 
germ‐free mice (mice raised in an isolator so as to never be exposed to microorganisms) who 
have no gut microbiota. Although there are of course some species differences, on a whole, 
mice and humans share most of the same genes (~99%) and similar microbiota profiles mak-
ing this type of experimental setup relevant for the evaluation of microbiota‐induced physi-
ological effects on the host [57]. Utilising faecal samples obtained from adult human female 
twins that were discordant for obesity, Ridaura et al. were able to demonstrate that an obesity 
phenotype is transmissible from human to rodent [58]. In these studies, germ‐free mice were 
transplanted with the faecal matter of either the lean or obese human twin resulting in an 
increase in total body weight and fat mass in the mice receiving the microbiota from the obese 
twin. Intriguingly, if mice with the lean twin's microbiota and mice with the obese twin's 
microbiota were housed together (mice are coprophagic so will eat their cage mates’ fae-
ces), a recolonisation process occurred where bacteroidetes species from the lean microbiota 
invaded into the obese microbiota and this correlated with a protective metabolic phenotype 
where obesity‐related traits were no longer observed. This raises the possibility of a potential 
protective effect on obesity of these bacteroidetes species [58].

7.2. Gut microbiota and obesity in animal models

Other studies utilising germ‐free mice have demonstrated that microorganisms may have a 
role to play in dictating body weight. Germ‐free mice have less body fat than regularly raised 
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mice despite the fact they actually eat more and take in more calories which should oppose 
this affect [59]. Further studies in germ‐free mice have demonstrated that an obese pheno-
type is transmissible from mouse to mouse via the gut microbiota. Germ‐free mice receiving 
microbiota transplants by oral gavage with microbiota either sourced from genetically obese 
ob/ob mice or lean mice have demonstrated that recipients of the ob/ob microbiota put on more 
body fat in the weeks after being inoculated as compared to those who received the “lean” 
microbiota transplant [60]. 16S‐rRNA‐gene‐sequence‐based analysis of samples obtained in 
this study demonstrated that the ob/ob donor microbiota samples had a greater abundance of 
firmicutes bacteria compared with that of the lean donor microbiota samples [60] indicating 
the possibility that enriching the gut with firmicutes may drive the body weight phenotype. 
Indeed a number of rodent studies have raised the possibility that the ratio of the phyla bac-
teroidetes to that of the phyla firmicutes is associated with obesity. In comparison with lean 
mice, ob/ob mice have a ~50% reduction in the abundance of bacteroidetes and an increase in 
firmicutes [61]. High‐fat feeding studies utilised to induce obesity via a dietary means also 
have found an increase in the firmicutes species [62] indicating that both obesity induced by 
hyperphagia (ob/ob mice) and obesity induced by energy dense food (high‐fat diet) is associ-
ated with an increase in firmicutes. As differences in gut microbiota communities may impact 
obesity and the metabolism of the host mouse, this should be considered a confounding factor 
when comparing different mouse strains, or the same mouse strain but from different mouse 
vendors or animal facilities as each facility is likely to harbour its own unique microbiota 
signature.

7.3. How would the gut microbiota cause obesity or contribute to obesity progression?

There are many possible reasons as to why the gut microbiota composition may impact the 
host and result in the development of obesity. First, certain types of gut microbiota may be 
more efficient in extracting energy out of food that passes through the gut and therefore make 
available more energy for the host in which they reside. Bomb calorimetry analysis measuring 
the energy content of faeces revealed that ob/ob mice have significantly less energy remain-
ing in their faeces relative to their lean littermates suggestive that the microbiota within ob/ob 
mice are better at harvesting and extracting energy from the food within their digestive tract 
[60]. Other possibilities include the role of inflammation. Obesity has been associated with 
a type of chronic low‐grade inflammation and modification of the gut microbiota has been 
suggested to increase the leakiness of the gut barrier resulting in the increased appearance of 
microbial products such as lipopolysaccharide (LPS) (endotoxin) in the circulation [63, 64]. 
These products could potential cause peripheral tissue inflammation and impede normal 
metabolism. Yet another possibility is the fact that the gut microbiota is responsible for the 
production of metabolites such as short‐chain fatty acids (SCFAs) that are produced by the 
fermentation of dietary fibres by the bacteria in the gut [65]. SCFAs are organic acids with 
an aliphatic tail of less than six carbons and comprise of acetate, propionate, butyrate and 
valerate and are used by the host as an energy source. It is hypothesised that alterations in 
the production of these SCFAs with obesity could adversely affect satiety, hepatic glucose 
and lipid production as well as inflammatory processes and contribute to the progression of 
obesity and related conditions [66]. Thus, the microbiome composition can have an impact 
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on another one of the”omes” the metabolome of the host and alter physiological processes 
via this mechanism. An interaction between the microbiome and the lipidome may also be 
at play. This is evident in a study of 893 individuals which identified 34 bacterial taxa associ-
ated with body mass index and blood lipids [67]. Cross‐validation analysis revealed that the 
microbiota present explains 4.5% of the variance in body mass index observed and 6% of the 
plasma triglycerides variance and this was independent of factors such as age and sex that 
were taken into consideration in the analysis [67].

The gut microbiota may play an important role in the balance between metabolic health and 
disease. If a characteristic microbiota signature can be described and confirmed in obesity (or 
in specific types of obesity) then the potential exists to modify this composition and improve 
health. Whilst the simplest solution to restore the composition of the microbiota would be a 
change in diet, other avenues such as prebiotic, probiotics and microbiota transplants are also 
being explored.

8. Conclusion

Herein, we have provided a review of the information that has been sourced from the study 
of the various”omes” in relation to obesity—from the genome and epigenome that pro-
vided the initial coding information regarding body weight regulation right through to the 
functional”omes” the proteome and metabolome that carry out the physiological cellular 
functions of these codes. As further investment is made in technologies to increase the capa-
bility and detection of these”omic” molecules, a multi‐disciplinary team approach will be 
required to extract the most information and perhaps more importantly, the most relevant 
physiological information in relation to obesity. A systems biology approach is needed to 
understand the complexity of the physiology of all the reactions that take place due to the 
interaction between all of the genetic, proteomic and metabolomic information. Engineers are 
vitally important in furthering the technological capacities of machinery and bioinformati-
cians in developing ways to explore these complicated data sets to ensure that the data are col-
lected and analysed in a meaningful way. Graphical representation of the data in a digestible 
fashion is essential to foster understanding of these findings of scientists of different fields. 
Cell biologists, biochemists and physiologists will play an important role in characterising 
these findings in proof‐of‐concept experiments in laboratory, and health and medical practi-
tioners armed with these findings will ultimately deliver knowledge and hopefully person-
alised treatment strategies to the obese patients in the clinic.
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Abstract

Obese animal models have played key roles to elucidate the etiology of obesity and
develop antiobesity drugs. In the first half of the chapter, we introduce the characteristics
of obese animal models.  In the second half of the chapter,  we show the results of
pharmacological studies using obese animal models for new antiobesity drugs.

Keywords: animal model, diabetes, obesity

1. Introduction

The number of obese patients is rapidly increasing, due to the change of lifestyle, such as eating
habits of high calorie-diet and sedentary life. Obesity and the obesity-related diseases, such as
diabetes mellitus, dyslipidemia, and hypertension, are risk factors for several severe diseases,
including cardiovascular disease and cancer, and deteriorate the quality of life (QOL) of patients
and result in high medical expenses [1, 2]. Moreover, nonalcoholic fatty liver disease (NAFLD)
is recently well recognized as the most common chronic liver disease, and the NAFLD is strongly
associated with obesity and the related diseases [3, 4]. In Western countries, 4–22% of NAFLD
patients lead to hepatocellular cartinoma [5]. Metabolic abnormalities based on obesity, such as
hyperinsulinemia, dyslipidemia, and ectopic lipid accumulation, induce the various complica-
tions including microangiopathy and nonalcoholic steatohepatitis (NASH).

Obesity is considered to be caused by an imbalance in individual energy, and energy homeo-
stasis in body is maintained by a balance between energy intake and energy expenditure. When
the former exceeds the latter, overt energy is accumulated in adipose tissue and resulting in

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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obesity [6]. The basic therapies for obesity are appropriate dietary restriction for the purpose
of decreasing energy intake and effective exercise for the purpose of promoting energy
expenditure. The life style modifications, such as diet therapy and exercise, mainly occupy the
treatments for obesity; however, medical therapy is performed on patients who do not show
weight loss effect by the life style modifications.

Medical therapy is a fundamental step in reducing the accumulation of excess fat. To reduce
excess fat accumulation and excess body weight, antiobesity drugs that reduce lipid absorption
in the intestine or appetite have been developed. In past years, centrally acting drugs, such as
phentermine, mazindol, and fenfluramine, had been approved as antiobesity drugs, but the
drugs have since been withdrawn in the USA and Europe [7, 8]. Mazindol is now available
only in Japan [9]. In the 1990s, another type of antiobesity drug, orlistat, which inhibits lipid
absorption in the intestine, was approved in the USA and Europe and is now also available
[10]. Thereafter, sibutramine and rimonabant were developed; however, both drugs were
withdrawn because of adverse effects [11]. Development of drug combinations, such as qsymia
and contrave, has been recently promoted [12], and serotonin (5HT2c)-R agonist lorcaserin was
accepted by the FDA in 2012 [13]. In addition, a variety of drugs with various mechanisms,
such as protein tyrosine phosphatase (PTP) 1B inhibitors, microsomal triglyceride transfer
protein (MTP) inhibitors, diacylglycerol acyltransferase (DGAT) 1 inhibitors, and monoacyl-
glycerol acyltransferase (MGAT) inhibitors, have been investigated in clinical and basic stages
[14–19].

Animal models have played important roles in the development of these antiobesity drugs.
Obese animal models are essential to elucidate the etiology for the drug development. In the
first half of this chapter, we introduce the characteristics of obese animal models. Obese animal
models are divided into two types: genetic and nongenetic models. An overview of the
pathophysiological features, such as body weight, blood chemical parameters, and histopa-
thology of microangiopathy, is presented for both types. Moreover, an obese model is expected
to be used as a NASH model. An overview of the development of NASH-like hepatic lesions
in each model is also presented. In the second half of this chapter, results of pharmacological
studies using the obese animal models for new antiobesity drugs are shown. The pharmaco-
logical effects were investigated using both genetic and nongenetic animal models.

2. Obese animal model

2.1. Genetic mouse model

2.1.1. ob/ob mouse

Lepob mutation on chromosome 6 was discovered at the Jackson laboratory in a multiple
recessive stock in 1949 [20], and the Lepob mutation was subsequently transferred to B6 inbred
strain background. Lepob mutation on the B6 background (ob/ob) mice shows obesity, hyper-
insulinemia, and relatively mild hyperglycemia.
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Body weights in ob/ob mice significantly increased as compared with those in lean mice at 7
weeks of age (mean values; ob/ob mice, 44.0 g vs. lean mice, 23.1 g). The body weights
periodically increased, reaching a maximum level of approximately 55 g at 11 weeks of age.
With overt obesity, blood insulin levels in ob/ob mice also significantly increased as compared
with those in lean mice. The blood insulin levels in ob/ob mice showed a remarkable increase
at 7 weeks of age (mean values; ob/ob mice, 23.7 ng/ml vs. lean mice, 4.2 ng/ml). Blood glucose
levels in ob/ob mice increased as compared with those in lean mice from 7 to 11 weeks of age,
but the levels decreased with aging and normalized after 12 weeks of age. Since the pancreatic
islets in ob/ob mice have a proliferative activity with an increase of blood insulin levels, the
hyperglycemia is improved with aging. Moreover, ob/ob mice show the overt fat accumulation
with hyperphagia. In ob/ob mice, the de novo lipogenesis and the hepatic fatty acid synthesis
are significantly elevated [21].

The ob/ob mice fed a standard diet show fatty liver, but do not represent NASH-like lesion.
NASH-like lesion is induced in ob/ob mice by methionine-choline deficient (MCD) and high-
fat (HF) diets [22, 23].

2.1.2. db/db mouse

In 1966, a recessive Leprdb mutation (db/db) was found on chromosome 4 in C57BL KS/J inbred
strain [24]. The db/db mouse was produced by backcrossing among the C57BL KS/J inbred
strains.

db/db mice show a development of obesity after weaning, but the metabolic abnormalities,
including hypeglycemia, are more severe as compared with those in ob/ob mice. Body weights
in db/db mice significantly increased as compared with those in lean mice at 7 weeks of age
(mean values; db/db mice, 42.4 g vs. lean mice, 28.4 g). The body weights periodically increased,
reaching a maximum level of approximately 50 g at 11 weeks of age. The degree of weight gain
in db/db mice was mild as compared with that in ob/ob mice. With obesity, the blood insulin
levels in db/db mice increased as compared with those in lean mice at 7 weeks of age (mean
values; db/db mice, 10.8 ng/ml vs. lean mice, 3.2 ng/ml). However, the insulin levels decreased
gradually with aging, and the level in db/db mice at 11 weeks of age was comparable with that
in lean mice. Blood glucose level at 7 weeks of age in db/db mice was about 700 mg/dl, and the
hyperglycemia is sustained over the life span. The fluctuation in blood insulin and glucose
levels is associated with the pancreatic β cell mass in db/db mice.

In examination of renal lesions in db/db mice, the creatinine clearance decreases after 20 weeks
of age, and the substantial glomerular changes, such as albuminuria, mesangial area enlarge-
ment, and basement membrane thickening, are observed [25]. There are some reports of
neuropathy and retinopathy in db/db mice [26, 27]. Impaired motor nerve conduction
velocities (MNCV) are observed during the early phase of the diabetic syndrome. In morpho-
logical studies, db/db mice show loss or shrinkage of myelinated fibers in sural nerve and
ventral root, and axonal atrophy after 25 weeks of age [28]. In the retina, pathological changes,
such as loss of pericytes, acellular capillaries, and blood-retinal barrier breakdown, are
observed.
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The db/db mice fed a standard diet show fatty liver, but do not represent NASH-like lesion.
Like ob/ob mice, NASH-like lesion is induced in ob/ob mice by methionine-choline deficient
(MCD) and high-fat (HF) diets [29, 30].

2.1.3. KKAy mouse

KK mouse, which is a spontaneously diabetic model, was established by Kondo et al. [31].
Furthermore, Nakamura et al. established KKAy mouse, which is an obese diabetic model, by
introducing the yellow obese gene (Ay) into the KK mice [32, 33].

In KKAy mice, metabolic abnormalities, such as obesity, hyperinsulinemia, and hyperglycemia,
are observed from 6 weeks of age, but the abnormalities are improved with aging [34].

Glomerular lesions, such as glomerulosclerosis, glomerular basement membrane (GBM)
thickening, and nodular-like changes, are observed after 16 weeks of age [35]. Moreover, in
retina of KKAy mice, the apoptosis cell number for retinal neural cells in the ganglion cell layer
increased with aging [36].

It is reported that NASH-like lesions are observed in KKAy mice fed a MCD diet [37].

2.1.4. Tsumura Suzuki obese diabetics (TSOD) mouse

In 1992, two inbred strains: Tsumura Suzuki obese diabetics and Tsumura Suzuki nonobese
(TSNO) mice were established by selective breeding of obese mice in ddy strain [38, 39].

In the male TSOD mice, metabolic abnormalities, such as hyperinsulinemia, hyperglycemia,
and dyslipidemia, are developed with the increase of body weight. In the examination of
pancreatic islets, the hypertrophy is observed with the increase in number of β cells and the
degranulation of β cells [38].

In histopathological analyses in kidney, glomerular lesions, such as GBM thickening and
mesangial area enlargement, are observed after 18 weeks of age [40]. The sensory neuropathy
is observed after 12 months of age, and the motor neuropathy is also shown after 14 months
of age. In histological analyses in sciatic nerves, a decrease in the density of nerve fibers is
observed after 18 months of age. Moreover, the degenerative changes of myelinated fibers and
the separation of myelin sheaths are observed with intralamellar edema and remyelination.
Retinal lesions in TSOD mice are not reported.

2.2. Genetic rat model

2.2.1. Zucker fatty (ZF) rat

Zucker rats were originally bred to be a genetic model for research on obesity and hyperten-
sion. Two types of Zucker rat: a lean Zucker rat, denoted as the dominant trait (Fa/Fa) or (Fa/
fa); and the characteristically obese Zucker rat (ZF) rat, which is actually a recessive trait
(fa/fa) of the leptin receptor [41, 42]. ZF rats show overt obesity with hyperphagia (mean ±
standard deviation in body weights at 12 weeks of age: ZF rats, 476.4 ± 39.4 g vs. lean rats, 306.9
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± 21.9 g; mean ± standard deviation in body weights at 18 weeks of age; ZF rats, 634.8 ± 50.3 g
vs. lean rats, 409.9 ± 33.5 g), and hyperinsulinemia (mean ± standard deviation in body weights
at 6 weeks of age: ZF rats, 8.9 ± 1.9 ng/ml vs. lean rats, 1.1 ± 0.3 ng/ml; mean ± standard deviation
in body weights at 18 weeks of age: ZF rats, 29.8 ± 12.4 ng/ml vs. lean rats, 2.7 ± 1.2 ng/ml).
Blood glucose levels in ZF rats were comparable to those in lean mice from 8 to 12 weeks of
age, but the glucose levels in ZF rats slightly increased as compared with those in lean rats
after 12 weeks of age.

There are some reports of microangiopathy in ZF rats. Renal lesions, such as glomerular area
expansion and tubular cast accumulation are observed at 24 weeks of age in ZF rats [43].
Decreased hind limb pressure pain threshold is an early indicator of insulinopenia and
neuropathy, and the decreased pressure pain threshold is observed at 10 weeks of age in ZF
rats [44]. Histological changes in retina of ZF rats are not reported, but some markers of
inflammation, including nuclear factor (NF)-κβ, increased in the retina [45].

There are few reports of NASH-like lesions in ZF rats. Obese and hypertensive SHRSP-ZF rats
treated with a high fat diet and carbon tetrachloride show the pathophysiological and
histopathological characteristics of NASH [46].

2.2.2. Zucker diabetic fatty (ZDF) rat

Zucker diabetic fatty rats derived from the ZF strain exhibit obesity with diabetes. It is reported
that characteristics of the male ZDF rat maintained on Purina 5008 diet include obesity,
hyperinsulinemia, and hyperglycemia beginning at 6–7 weeks of age [47]. Also, in our study,
obesity and hyperinsulinemia were observed at 6 weeks of age (mean ± standard deviation in
body weights: ZDF rats, 221.8 ± 9.3 g vs. lean rats, 157.6 ± 5.0 g; mean ± standard deviation in
insulin levels; ZDF rats, 23.1 ± 4.3 ng/ml vs. lean rats, 1.1 ± 0.3 ng/ml). By 14 weeks of age, blood
glucose levels steadily increase, reaching an average of approximately 800 mg/dl. Since the
ZDF rats develop diabetes, the degree of obesity in ZDF rats is mild as compared with that in
ZF rats (body weights at 9 weeks of age: ZDF rats, 314.3 ± 10.7 g vs. ZF rats, 414.6 ± 19.2 g vs.
lean rats, 277.6 ± 11.9 g; body weights at 13 weeks of age: ZDF rats, 388.3 ± 17.7 g vs. ZF rats,
572.5 ± 33.2 g vs. lean rats, 352.0 ± 15.8 g).

In examination of renal lesion, pathological changes, such as glomerulosclerosis and tubu-
lointerstitial scarring/inflammation are observed. ZDF rats at 8 weeks of age show neither
glomerulosclerosis nor evidence of tubulointerstitial lesions. Renal hypertrophy is slightly
observed at 12 weeks of age, and the renal hypertrophy is more prominent by 16 weeks of age
[48]. Glomerulosclerosis commences after 20 weeks of age, and is associated with glomerular
hypertrophy and mild mesangial expansion with podocyte injury [49]. Furthermore, tubu-
lointerstitial scarring and inflammation are observed in ZDF rats at 22 weeks of age [50]. In
ZDF rats, the retinal capillaries demonstrated hypercellularity, and the retinal capillary
basement membrane thickness revealed thicker membrane as compared with lean rats [51,
52]. The blood-retinal barrier is broken at 26 weeks of age in ZDF rats, and the inflammatory
state and cell death by apoptosis in retina are observed [53]. In examination of sciatic nerve
functions in ZDF rats, motor nerve conduction velocity (MNCV) decreases after 12 weeks of
age, and vascular relaxation of sciatic nerve is impaired after 8 weeks of age [54, 55]. In the
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histological analyses from 24 to 28 weeks of age after the onset of diabetes, ZDF rats do not
represent sympathetic neuroaxonal dystrophy [56].

ZDF rats show fatty liver with insulin resistance, but the NASH-like lesions are not reported.

2.2.3. Otsuka Long-Evans Tokusima fatty (OLETF) rat

Otsuka Long-Evans Tokushima fatty rats show an impaired glucose tolerance from 8 weeks of
age, and the plasma glucose level becomes higher from 18 weeks of age [57]. In kidney of
OLETF rats, pathological changes such as diffuse glomerulosclerosis and nodular lesion are
observed [58]. The proliferation in mesangial cells is observed at 25 weeks of age, and the
mesangial area enlargement is observed with extracellular matrix accumulation and GBM
thickening after 40 weeks of age. Nodular-like lesions are observed after 65 weeks of age, and
the lesions expand to the proliferated mesangial area. Tubular interstitial lesions, such as
mononuclear cell filtration and fibrosis, are also observed. In the retinal capillaries after 56
weeks of age, the basement membranes are thicker, and the ratio of pericyte area decreases [59].
Regarding cataract, slight lens fiber swelling is observed in the anterior and/or posterior
subcapsular regions at 40 weeks of age in OLETF rats [60]. In examination of peripheral nerve
functions in OLETF rats, MNCV tends to decrease after about 40 weeks of age as compared
with lean rats [61].

In NASH-like lesions of OLETF rats, there are some reports of MCD diet-induced steatohe-
patitis [62, 63]. The steatohepatitis is accelerated in OLETF rats after 8 weeks fed MCD diet.
Furthermore, the MCD + HF diet leads to rapid development of precirrhosis in OLETF rats.

2.2.4. Wistar fatty rat

In Wistar fatty rats, glucose intolerance accompanied by exaggerated insulin secretion and an
increase of basal plasma glucose level are observed at 8 weeks of age, and an increase of basal
plasma insulin level also increased at 14 weeks of age [64].

Kidney enlargement and glomerular hypertrophy are observed at 20 and 42 weeks of age in
Wistar fatty rats [65]. In histopathological analyses, glomerular lesions, including mesangial
area enlargement and tubular lesions, are observed. Intercellular adhesion molecular
(ICAM)-1 expression on the glomeruli is significantly observed at 15 weeks of age, and
progresses further at 29 weeks of age [66]. The other complications, such as retinopathy,
neuropathy, and NASH, are not reported in Wistar fatty rats.

2.2.5. Spontaneously Diabetic Torii (SDT) fatty rat

Spontaneously Diabetic Torii fatty rats of both sexes show a significant hyperphagia and
obesity after weaning, and especially, the increase of body weight in female rats is remarkable.
In the male SDT fatty rats, the blood insulin levels increase after weaning, but the insulin levels
decrease after 16 weeks of age. The female SDT fatty rats show hyperinsulinemia from 4 to 8
weeks of age, and the insulin levels decrease with aging. Serum glucose levels in SDT fatty rats
of both sexes are elevated from 6 weeks, and the hyperglycemia is sustained for a long time
afterwards.
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With early incidence of diabetes mellitus, diabetic complications, such as nephropathy,
retinopathy, and neuropathy, are observed at younger ages than the SDT rats [67, 68]. In
histopathological analyses of the male rats, tubular lesions are observed after 8 weeks of age,
and glomerular lesions are also observed after 16 weeks of age [67]. The glomerulosclerosis
are observed from 16 weeks of age, and the nodular-like lesions are observed at 40 weeks of
age. The renal tubular lesions, such as Armanni-Ebstein lesions and tubular dilation, are
observed from 8 weeks of age. In histopathological analyses of the female rats, tubular lesions
are observed from 16 weeks of age, and glomerular lesions are also observed from 32 weeks
of age [68]. In lens of the male rats, histopathological changes, such as hyperplasia of epithe-
lium and vacuolation of fiber, are observed after 8 weeks of age. Similar changes are observed
after 16 weeks of age in the female SDT fatty rats. The male and female SDT fatty rats show
the retinal lesions, such as folding and thickening, after 40 weeks of age [67, 68]. The decrease
in caudal MNCV is observed at 24 weeks of age in the male SDT fatty rats [67]. In histopatho-
logical analyses, the male rats show the decrease in fiber number and the atrophy in myelinated
nerve at 40 weeks of age.

It is reported that female SDT fatty rats fed a standard diet develop HASH-like hepatic lesions
[4]. Hepatic lipid content significantly increases in female SDT fatty rats from 8 to 32 weeks of
age. Histopathologically, severe hepatosteatosis accompanied by inflammation was observed
from 8 weeks of age, and fibrosis started to occur at 32 weeks of age (Figure 1). Female SDT
fatty rats have the potential to become an important animal model of NASH with diabetes and
obesity.

Figure 1. Histological analysis of liver in female Spontaneously Diabetic Torii fatty and Sprague-Dawley (SD) rats[4].
Liver sections are from SDT fatty at 32 weeks of age (A, B) and SD at 40 weeks of age (C, D). Hematoxylin and eosin
(HE) stain (A, C) and Sirius Red stain (B, D). Bar = 200 µm.

2.2.6. cp/cp rat

The LA/N-corpulent (LA/N-cp) rat is a normotensive strain derived from Koltesky’s original
mutant strain of the spontaneously hypertensive rat (SHR). When homozygous for the cp gene
(cp/cp), the rats are hyperphagous, obesity, hyperinsulinemia, hyperglycemia, and dyslipide-
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mia [69]. The levels of body weight, systolic blood pressure, serum TG and blood glucose in
cp/cp rats being 1.43, 1.65, 25.4, and 1.25 times, respectively, compared with those in control
rats, Wistar Kyoto rats at 19 or 20 weeks of age [70].

Renal lesions, including glomerular and tubular changes, are observed in cp/cp rats, from 24
to 36 weeks of age [71]. In light microscopy, cp/cp rats develop glomerular lesions, character-
ized by glomerular hypertrophy, mesangial expansion, and focal and segmental glomerular
sclerosis. Also, interstitial lesions, such as tubular hypertrophy and atrophy, inflammation cell
infiltration, and thickening of tubular basal membrane, are prominent. In electron microscopy,
thickening of glomerular basal membrane (GBM) and glomerular epithelial injuries, such as
pseudocyst formation, vacuolization, detachment from the GBM, podocyte depletion, and foot
process effacement are observed. Retinal lesions in cp/cp rats are also reported [72]. In cp/cp
rats at 24 weeks of age, partial capillary obstruction and acellular, tortuous, irregular capillaries
are observed by light microscope. In electron microscopy, thickening and irregularity of the
basement membrane along with remnants of pericytes or so-called ghost pericytes are
observed. Neuropathy in cp/cp rats is not reported.

It is reported that cp/cp rats fed a diet of AIN-93G show NASH-like lesions after 23 weeks [73].

2.2.7. WBN/Kob fatty rat

WBN/Kob fatty rat is a new congenic strain for the fa allele of the leptin receptor gene, and the
homozygous rat provides a model of type 2 diabetes with obesity [74]. Male and female WBN/
Kob fatty rats show inflammatory cell infiltration of the pancreas and impaired glucose
tolerance at 7 weeks of age. Furthermore, the rats developed diabetes with pancreatitis at 3
months of age. From 7 to 12 weeks of age, the body weight and body mass index (BMI) of male
WBN/Kob fatty rats are significantly greater than those of lean rats. Female WBN/Kob fatty
rats have a significantly greater body weight and BMI than lean rats from 5 to 32 weeks of age.
Male WBN/Kob fatty rats show hyperinsulinemia until 8 weeks of age, but after 8 weeks their
insulin levels decrease with the increase of blood glucose levels. There has been no report
regarding microangiopathy and NASH.

2.3. Nongenetic rodent model

2.3.1. Diet-induced obese models

Diet-induced obesity (DIO) animal model is a created model to study obesity and its comor-
bidities, such as insulin resistance, type 2 diabetes, dyslipidemia, hypertension, and athero-
sclerosis. In this model, an animal is fed a HF diet or HF/high sucrose or fructose diet for long
term. As a result, it becomes obese with several glucose and lipid metabolic abnormalities,
such as impaired glucose tolerance, increased fasting glucose level, hyperlipidemia, and
hyperinsulinemia. The DIO models have become one of the most important tools for under-
standing the relationship of high-calorie Western diets and the development of obesity [75].
In recent years, Western diet-loaded genetic animal models have investigated to elucidate the
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pathophysiology of obese related diseases including NAFLD/NASH and pancreatic lesion
with diabetes and develop the new therapies of the diseases [76].

HF diet-induced obesity models are commonly used to gain a greater understanding of
pathophysiology in obesity and develop antiobesity drugs. When choosing the HF diet, the
fat level in diet should be taken into consideration. The low-fat diet has about 10% of the
calories coming from fats, while the HF diet has about 30–50% of the calories coming from fats,
and the very HF diet contains greater than 50 kcal% fats. When those diets are used to induce
obesity, there is a dose response for body weight [77]. The source of dietary fat is also important.
The rodents fed diets with fish oil do not gain so much weight and are more insulin sensitive
as compared with those fed saturated fats [78]. Moreover, there are variable responses in
physiological parameters, such as glucose tolerance, insulin resistance, and blood lipid levels,
on strain and gender [79]. HF diet promotes the incidence of diabetes, and induces NASH-like
lesions in genetic obese models. It is reported that HF diet-fed db/db mouse shows NASH-like
lesions [29].

In rodent models, high-fructose or/and sucrose diets elevates triglyceride and glucose
production in liver, and this increased availability of nutrients leads to insulin resistance and
hypertriglyceridemia [80]. Unless fed for a prolonged period of time, these high-fructose
or/and sucrose diets do not appear to lead to excessive weight gain [81]. Since high-fructose
or/and sucrose diets induce the elevation of lipid production in liver, these diets may be more
effective to produce NASH-like hepatic lesions.

3. Antiobesity drugs

3.1. Protein tyrosine phosphatase 1B inhibitor

PTP1B is a 50-KD cytosolic tyrosine dephosphorylase consisting of 435 amino acids that are
ubiquitously expressed in organs throughout the body. Originally, PTP1B was known to
dephosphorylate phosphorylated insulin receptor (IR) β subunit and IR substrate in order to
negatively regulate insulin signal transmission [82]. PTP1B is also reportedly related to the
negative regulation of leptin signal transmission and to dephosphorylate phosphorylated
signal transducer and activator of transcription 3 (STAT3) [83]. Therefore, PTP1B inhibitors are
expected to be developed as antiobesity drugs as well as antidiabetes drugs. PTP1B KO mice
are protected from diet-induced obesity, and neuronal PTP1B KO mice also show increased
leptin signaling in the hypothalamus, reductions in feeding, body weight and adiposity, and
increases in energy expenditure [84].

Ito et al. reported the antiobesity effects of JTT-551, which was developed as a novel PTP1B
inhibitor [85, 19]. The single administration of JTT-551 and leptin enhanced STAT3 phosphor-
ylation in the hypothalamus of DIO mice, and the food intake resulted in a significant reduction
as compared with that in the control group. The food intake in JTT-551 administration without
leptin treatment did not result in the reduction. DIO mice at 8 weeks of age were given 10 or
100 mg/kg of JTT-551 contained in food for 6 weeks and the chronic effects were investigated.
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In the JTT-551 100 m/kg group, the cumulative calorie intake tended to decrease from 2 weeks
after treatment and significantly decreased from 6 weeks after treatment. Body weight in
JTT-551 treatment tended to decrease dose-dependently and the decreases in the JTT-551 100
mg/kg group were significant from 5 to 6 weeks after treatment. PTP1B inhibitor is a unique
target that shows not only an improvement of glucose metabolism but also an antiobesity effect
possibly by enhancement of leptin signaling.

3.2. Microsome triglyceride transfer protein inhibitor

MTP is localized in the endoplasmic reticulum in hepatocytes and enterocytes, and MTP leads
the transfer of triglyceride (TG) and cholesteryl ester between membranes [86]. The protein
participates in the assembly of TG-rich lipoproteins, such as chylomicron particles in the small
intestine and very low-density lipoprotein (VLDL) particles in the liver, thereby also partici-
pating in the mobilization and secretion of TG-rich lipoproteins from enterocytes and hepa-
tocytes [87]. Since enteric MTP has been shown to play a critical role in the absorption of fat
or cholesterol, the inhibition of MTP in small intestine is expected to induce the potential of
weight loss as an antiobesity drug.

Since the in vivo effects of MTP inhibitors were reported, it has been pointed out that inhibition
of hepatic MTP could lead to the potent blockade of VLDL release, resulting in reduced plasma
lipids but inducing fatty liver and hepatic dysfunction [88]. In fact, while the potential benefits
of MTP inhibition, such as lowering chylomicron-TG and VLDL-TG levels, are demonstrated
in animal experiments and in clinical studies, several major toxicity issues affect the clinical
development of MTP inhibitors [89]. In clinical studies of BAY 13-9952 and BMS-201038, for
example, hepatotoxicity indicated by the elevation of transaminase level halted their devel-
opments. Therefore, the compounds designed to show a high selectively inhibition for
intestine-MTP have been developed and lipid-absorption inhibitors are expected to show
pharmacological effects, including weight loss, without any hepatotoxicity.

Mera et al. designed the compound, JTT-130, that would be rapidly metabolized during the
absorption process to avoid inhibition of hepatic MTP after oral administration [90, 91]. JTT-130
was designed to be rapidly hydrolyzed to its inactive metabolite (M1) by cleavage of ester
group in the structures. The IC50 values of JTT-130 on MTP inhibitory activities were 0.83 nM
for TG transfer and 0.74 nM for cholesteryl ester (CE) transfer, respectively. No inhibitory effect
of M1 on MTP was observed at concentrations of M1 increasing up to 30,000 nM. Antiobesity
effects were investigated in a DIO model, Sprague-Dawley rat fed a 35% fat diet [15]. JTT-130
treatment decreased body weights with suppression of food intake (Figure 2A and B).
Interestingly, the pharmacological effects were not observed in rats fed with the 3.1% fat diet
(Figure 2C and D), and JTT-130 showed antiobesity effects in a dietary fat-dependent manner.
The elevation of plasma levels of gut hormones, such as glucagon-like peptide-1 (GLP-1) and
peptide YY (PYY), was observed in DIO rats, and the elevation of gut peptides may be related
with body weight loss with JTT-130 treatment. The antiobesity effect of JTT-130 was also
investigated using a genetic model, ZDF rat [92]. Male ZDF rats at 7 weeks of age were fed a
regular diet with JTT-130 as a food admixture for 6 weeks. JTT-130 treatment decreased the
food intake in the ZDF rats throughout the treatment period, resulting in reduction in the body
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investigated using a genetic model, ZDF rat [92]. Male ZDF rats at 7 weeks of age were fed a
regular diet with JTT-130 as a food admixture for 6 weeks. JTT-130 treatment decreased the
food intake in the ZDF rats throughout the treatment period, resulting in reduction in the body

Adiposity - Omics and Molecular Understanding58

weight in the first 4 weeks of the treatment period. However, the body weights of the JTT-130-
treated ZDF rats were comparable to those of the control ZDF rats after 5 weeks of treatment.
The body weight change is considered to be induced by the improvement of metabolic
abnormalities in whole body with JTT-551 treatment.

Figure 2. Effects of microsomal triglyceride transfer protein inhibitor, JTT-130 on body weights and food intake in
Sprague-Dawley rats on a 35% fat diet (A, B) and a 3.1% fat diet (C, D). Rats in the JTT-130 treatment groups were fed
with the drug as a 0.029% food admixture (approximately 10 mg/kg/day), beginning at 10 weeks of age [15]. Data rep-
resent mean ± standard deviation (n = 6). *p < 0.05, **p < 0.01: significantly different from control group.

Furthermore, JTT-130 treatment has been reported as ameliorating impaired glucose and lipid
metabolism in ZDF rats [92], and attenuates dyslipidemia in hyprlipidemic hamsters and
rabbits [93]. It is expected that intestine-specific MTP inhibitors will be useful in treatment of
diabetes and atherosclerosis as well as obesity.

3.3. Acyl-CoA: diacylglycerol acyltransferase 1 inhibitor

DGAT1 is an enzyme that catalyzes the final step of TG synthesis, i.e., synthesis of TG from
diacylglycerol and fatty acyl-CoA. DGAT1 is expressed in various organs, and is especially
highly expressed in the small intestine, fat tissue, and testes [94]. The enzyme is involved in
TG absorption from the small intestine and fat accumulation in adipose tissues [95]. Indeed,
DGAT1-knockout (−/−) mice show resistance to the antiobesity effects of a HF diet; wherein
body weight gain is suppressed, fat weight and TG contents decrease, and energy consumption
in the liver and skeletal muscles accelerates, as well as observing improvements in insulin and
leptin resistance, in comparison with wild-type mice [96]. Since the inhibition of DGAT1 is
expected to result in two kinds of pharmacological effects: (1) inhibition of fat absorption in
the small intestine and (2) inhibition of fat synthesis in adipose tissues, DGAT1 inhibitors are
likely to become a good therapeutic option for obesity.
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Tomimoto et al. reported antiobesity effects with JTT-553, which was discovered as a novel
DGAT1 inhibitor [97]. A single administration of JTT-553 inhibited the increase of plasma TG
levels after olive oil loading in Sprague-Dawley (SD) rats, suggesting that JTT-553 inhibited fat
absorption in the small intestine. Furthermore, JTT-553 suppressed TG synthesis in adipose
tissues [98]. The antiobesity effects of JTT-553 were investigated in DIO rats, SD rats fed a 35%
fat diet, and a genetic model, the KKAy mouse. In DIO rats, body weight and visceral fat in
the JTT-553 administration group decreased dose-dependently; however, the suppressive
effects of JTT-553 on body weight were not observed with the 3.1% fat diet. Interestingly, the
antifeeding effects of JTT-553 were observed in DIO rats, which was not observed in DGAT1-
knockout (−/−) mice. A single administration of JTT-553 decreased food consumption depend-
ing on dietary fat content. The difference in appetite between DGAT1 inhibitor-treated and
knockout mice remains unknown. In KKAy mice, JTT-553 decreased the food intake and body
weight (Figure 3). Repeated administration of JTT-553 showed decreases of the liver and fat
weights, and the liver TG content. The DGAT1 inhibitor was considered to suppress food
consumption via the elevation of levels of gut hormones, such as GLP-1, in plasma [99].
Furthermore, JTT-553 was administrated to DIO mice and antiobesity effects and antidiabetic
effects were investigated at the same time [98]. JTT-553 decreased body weight and food
consumption, and treatment resulted in improvements in hyperinsulinemia and hyperlipide-
mia. In the glucose tolerance test, JTT-553 treatment resulted in ameliorations of insulin
resistance. In addition, JTT-553 treatment resulted in significant reductions in fat mass, and
increased glucose utilization of epididymal adipose tissues in the presence of insulin.

Figure 3. Effects of Acyl CoA: diacylglycerol acyltransferase1 inhibitor, JTT-553 on body weights gain in KKAy mice on
a 35% fat diet [98]. JTT-553 was dosed as food admixture to KKAy mice for 5 weeks. Data represent mean ± standard
deviation (n = 7–8). *p < 0.05, **p < 0.01: significantly different from 35% control group, #p < 0.05, ##p < 0.01: significantly
different from 3.1% control group.

3.4. Acyl-CoA: monoacylglycerol acyltransferase 2 inhibitor

MGAT2 is an enzyme that catalyzes the esterification of monoacylglycerol (MG), i.e., synthe-
sis of diglycerides from MG and fatty acyl-CoA [100, 101]. The genes encoding three MGATs,
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MGAT1, MGAT2, and MGAT3 have been identified [102–104]. MGAT1 is mainly expressed in
the heart, lung, skeletal muscle, and pancreas, but not in the small intestine. Both MGAT2 and
MGAT3 are mainly expressed in human small intestine, whereas only MGAT2 is expressed in
mouse small intestine [102].

MGAT2 is involved in the resynthesis of TG in the intestine, and plays an important role in the
assembly and secretion of chylomicrons. In fact, MGAT2 KO mice demonstrate reduced fat
uptake in the small intestine and delay in the absorption of fat into circulation [105]. In addi-
tion, the elevation of postprandial GLP-1 and not PYY levels are observed in MGAT2 KO mice
fed a HF diet [106]. The chronic function of MGAT2 on metabolic disorders is investigated us-
ing MGAT2 KO mice. MGAT2 deficient mice are protected from HF diet-induced obesity and
glucose intolerance [106]. Moreover, MGAT2 deficiency results in increased metabolic rates,
decreased food consumption, and protection from obesity in genetically obese Agouti mice,
suggesting that MGAT2 regulates energy balance [106, 107]. The intestinal function of MGAT2
and the effect of this function on obesity are also investigated using intestine-specific MGAT2
KO mice [108]. Intestinal-specific deletion of MGAT2 alters TG metabolism in the small intes-
tine and delays fat absorption. These mice are protected from obesity and impair glucose me-
tabolism when feed a HF diet. Thus, there is considerable interest that inhibition of MGAT2 is
a feasible target for obesity and other metabolic disorders caused by excess dietary calories.
Although, the physiological role of MGAT2 has been mainly investigated using genetically
modified mice, the detailed pharmacological characteristics of MGAT2 inhibitors have not
been reported.

Okuma et al. reported the pharmacological profile of JTP-103237, which was discovered as a
novel MGAT2 inhibitor. A single administration of JTT-103237 reduced plasma TG after lipid
loading. In addition, JTT-103237 increased MG and fatty acid content, which are MGAT2 sub-
strates, in the small intestine. A single administration of JTT-103237 tended to elevate plasma
levels of GLP-1 and PYY after olive oil loading, and the antifeeding effect of JTT-103237 was
observed independent of dietary fat content. After repeated dosing, JTT-103237 reduced food
consumption and body weight, and increased energy expenditure in DIO mice. Furthermore,
JTT-103237 reduced hepatic steatosis in high sucrose and very low fat (HSVLF)-fed mice,
through the suppression of TG synthesis related genes, such as sterol regulatory element-
binding protein (SREBP)-1c, fatty acid synthesis, and stearoyl-CoA desaturase (SCD)-1. The
inhibition of hepatic MGAT2 activity is considered to directly reduce hepatic TG synthesis. 2-
MG content in the small intestine is considered to increase by administration of MGAT2 inhib-
itor. The effects of 2-MG on food intake and diarrhea were evaluated and compared with the
long-chain fatty acid (LCFA) in rats by intrajejunal infusion [109]. 2-MG did not induce diar-
rhea under the condition in which it comparably reduced food intake as compared with
LCFA, suggesting that 2-MG stimulates satiety without inducing diarrhea, different from
LCFA. From these findings, MGAT2 inhibition may prove to be a useful strategy target for
treating obesity and related metabolic disorders.
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4. Conclusion

Obesity is the consequence of an imbalance between energy intake and energy expenditure,
and basic therapies for obesity are appropriate dietary restriction to decrease energy intake
and effective exercise to increase energy consumption. However, maintaining these lifestyle
modifications, such as diet therapy and exercise, are difficult and therapeutic effects are
limited. Medical therapy then becomes a pivotal step.

It is important to elucidate the complex mechanisms of obesity in developing new antiobesity
therapies, including the discovery of novel drugs. In particular, investigations using obese
animal models are essential to clarify the pathophysiology and develop new antiobesity
drugs. Several drug types that target various mechanisms, such as increased satiety with ano-
rexia, inhibition of nutritional absorption, and acceleration of energy consumption, have been
developed using various obese animal models including genetic models and nongenetic mod-
els. To help develop new antiobesity therapies, including the understanding of pathophysiol-
ogy of obesity, the importance of the obese animal models will be a constant in the future.

Author details

Takeshi Ohta1,2*, Yasutaka Murai1 and Takahisa Yamada2

*Address all correspondence to: takeshi.ota@jt.com

1 Japan Tobacco Inc., Central Pharmaceutical Research Institute, Murasaki-cho, Takatsuki,
Osaka, Japan

2 Laboratory of Animal Genetics, Graduate School of Science and Technology, Niigata Uni-
versity, Nishi-ku, Niigata, Japan

References

[1] Boulghassoul-Pietrzykowska N, Franceschelli J, Still C. New medications for obesity
management: changing the landscape of obesity treatment. Curr Opin Endocrinol
Diabetes Obes 2013;20(5):407–11.

[2] Henry RR, Chilton R, Garvey WT. New options for the treatment of obesity and type 2
diabetes mellitus (narrative review). J Diabetes Complications 2013;27(5):508–18.

[3] de Alwis NM, Day CP. Non-alcoholic fatty liver disease: the mist gradually clears. J
Hepatol 2008;48 (Suppl 1):S104–12.

Adiposity - Omics and Molecular Understanding62



4. Conclusion

Obesity is the consequence of an imbalance between energy intake and energy expenditure,
and basic therapies for obesity are appropriate dietary restriction to decrease energy intake
and effective exercise to increase energy consumption. However, maintaining these lifestyle
modifications, such as diet therapy and exercise, are difficult and therapeutic effects are
limited. Medical therapy then becomes a pivotal step.

It is important to elucidate the complex mechanisms of obesity in developing new antiobesity
therapies, including the discovery of novel drugs. In particular, investigations using obese
animal models are essential to clarify the pathophysiology and develop new antiobesity
drugs. Several drug types that target various mechanisms, such as increased satiety with ano-
rexia, inhibition of nutritional absorption, and acceleration of energy consumption, have been
developed using various obese animal models including genetic models and nongenetic mod-
els. To help develop new antiobesity therapies, including the understanding of pathophysiol-
ogy of obesity, the importance of the obese animal models will be a constant in the future.

Author details

Takeshi Ohta1,2*, Yasutaka Murai1 and Takahisa Yamada2

*Address all correspondence to: takeshi.ota@jt.com

1 Japan Tobacco Inc., Central Pharmaceutical Research Institute, Murasaki-cho, Takatsuki,
Osaka, Japan

2 Laboratory of Animal Genetics, Graduate School of Science and Technology, Niigata Uni-
versity, Nishi-ku, Niigata, Japan

References

[1] Boulghassoul-Pietrzykowska N, Franceschelli J, Still C. New medications for obesity
management: changing the landscape of obesity treatment. Curr Opin Endocrinol
Diabetes Obes 2013;20(5):407–11.

[2] Henry RR, Chilton R, Garvey WT. New options for the treatment of obesity and type 2
diabetes mellitus (narrative review). J Diabetes Complications 2013;27(5):508–18.

[3] de Alwis NM, Day CP. Non-alcoholic fatty liver disease: the mist gradually clears. J
Hepatol 2008;48 (Suppl 1):S104–12.

Adiposity - Omics and Molecular Understanding62

[4] Ishii Y, Motohashi Y, Muramatsu M, Katsuda Y, Miyajima K, Sasase T, et al. Female
spontaneously diabetic Torii fatty rats develop nonalcoholic steatohepatitis-like hepatic
lesions. World J Gastroenterol 2015;21(30):9067–78.

[5] Ertle J, Dechêne A, Sowa JP, Penndorf V, Herzer K, Kaiser G, et al. Non-alcoholic fatty
liver disease progresses to hepatocellular carcinoma in the absence of apparent
cirrhosis. Int J Cancer 2011;128(10):2436–43.

[6] Fock KM, Khoo J. Diet and exercise in management of obesity and overweight. J
Gastroenterol Hepatol 2013;28 (Suppl 4):59–63.

[7] Halpern A, Mancini MC. Treatment of obesity: an update on anti-obesity medications.
Obes Rev 2003;4(1):25–42.

[8] Ioannides-Demos LL, Proietto J, McNeil JJ. Pharmacotherapy for obesity. Drugs
2005;65(10):1391–418.

[9] Mori Y. Mazindol. Nihon Rinsho 2011;69 (Suppl 1):683–6.

[10] McClendon KS1, Riche DM, Uwaifo GI. Orlistat: current status in clinical therapeutics.
Expert Opin Drug Saf 2009;8(6):727–44.

[11] Simonyi G1, Pados G, Medvegy M, Bedros JR. The pharmacological treatment of
obesity: past, present and future. Orv Hetil 2012;153(10):363–73.

[12] Shyh G, Cheng-Lai A. New antiobesity agents: lorcaserin (Belviq) and phentermine/
topiramate ER (Qsymia). Cardiol Rev 2014;22(1):43–50.

[13] Nigro SC, Luon D, Baker WL. Lorcaserin: a novel serotonin 2C agonist for the treatment
of obesity. Curr Med Res Opin 2013;29(7):839–48.

[14] Li J, Bronk BS, Dirlam JP, Blize AE, Bertinato P, Jaynes BH, et al. In vitro and in vivo
profile of 5-[(4'-trifluoromethyl-biphenyl-2-carbonyl)-amino]-1H-indole-2-carboxylic
acid benzylmethyl carbamoylamide (dirlotapide), a novel potent MTP inhibitor for
obesity. Bioorg Med Chem Lett 2007;17(7):1996–9.

[15] Hata T, Mera Y, Tadaki H, Kuroki Y, Kawai T, Ohta T, et al. JTT-130, a novel intestine-
specific inhibitor of microsomal triglyceride transfer protein, suppresses high fat diet-
induced obesity and glucose intolerance in Sprague-Dawley rats. Diabetes Obes Metab
2011;13(5):446–54.

[16] Yamamoto T, Yamaguchi H, Miki H, Shimada M, Nakada Y, Ogino M, et al. Coenzyme
A: diacylglycerol acyltransferase 1 inhibitor ameliorates obesity, liver steatosis and lipid
metabolism abnormality in KKAy mice fed high-fat or high-carbohydrate diets. Eur J
Pharmacol 2010;640(1–3):243–9.

[17] Birch AM, Buckett LK, Turnbull AV. DGAT1 inhibitors as anti-obesity and anti-diabetic
agents. Curr Opin Drug Discov Devel 2010;13(4):489–96.

[18] Cho H. Protein tyrosine phosphatase 1B (PTP1B) and obesity. Vitam Horm 2013;91:405–24.

Usefulness of Obese Animal Models in Antiobesity Drug Development
http://dx.doi.org/10.5772/64907

63



[19] Ito M, Fukuda S, Sakata S, Morinaga H, Ohta T. Pharmacological effects of JTT-551, a
novel protein tyrosine phosphatase 1B inhibitor, in diet-induced obesity mice. J
Diabetes Res 2014;2014:680348.

[20] Ingalls AM, Dickie MM, Snell GD. Obese, a new mutation in the house mouse. J Hered
1950;41(12):317–8.

[21] Memon RA, Grunfeld C, Moser AH, Feingold KR. Fatty acid synthesis in obese insulin
resistant diabetic mice. Horm Metab Res 1994;26(2):85–7.

[22] de Oliveira CP, de Lima VM, Simplicio FI, Soriano FG, de Mello ES, de Souza HP, et al.
Prevention and reversion of nonalcoholic steatohepatitis in OB/OB mice by S-nitroso-
N-acetylcysteine treatment. J Am Coll Nutr 2008;27(2):299–305.

[23] de Lima VM, de Oliveira CP, Sawada LY, Barbeiro HV, de Mello ES, Soriano FG, et al.
Yo jyo hen shi ko, a novel Chinese herbal, prevents nonalcoholic steatohepatitis in
ob/ob mice fed a high fat or methionine-choline-deficient diet. Liver Int 2007;27(2):
227–34.

[24] Hummel KP, Dickie MM, Coleman DL. Diabetes, a new mutation in the mouse. Science
1966;153(3740):1127–8.

[25] Sharma K, McCue P, Dunn SR. Diabetic kidney disease in the db/db mouse. Am J
Physiol Renal Physiol 2003;284(6):F1138–44.

[26] Midena E, Segato T, Radin S, di Giorgio G, Meneghini F, Piermarocchi S. Studies on the
retina of the diabetic db/db mouse. I. Endothelial cell-pericyte ratio. Ophthalmic Res
1989;21(2):106–11.

[27] Robertson DM, Sima AA. Diabetic neuropathy in the mutant mouse [C57BL/ks(db/db)]:
a morphometric study. Diabetes 1980;29(1):60–7.

[28] Kim J1, Kim CS, Lee IS, Lee YM, Sohn E, Jo K, et al. Extract of Litsea japonica ameliorates
blood-retinal barrier breakdown in db/db mice. Endocrine 2014;46(3):462–9.

[29] Yoo NY, Jeon S, Nam Y, Park YJ, Won SB, Kwon YH. Dietary supplementation of
genistein alleviates liver inflammation and fibrosis mediated by a methionine-choline-
deficient diet in db/db Mice. J Agric Food Chem 2015;63(17):4305–11.

[30] Takahashi Y, Soejima Y, Kumagai A, Watanabe M, Uozaki H, Fukusato T. Japanese
herbal medicines shosaikoto, inchinkoto and juzentaihoto inhibit high-fat diet-induced
nonalcoholic steatohepatitis in db/db mice. Pathol Int 2014;64(10):490–8.

[31] Nakamura M, Yamada K. Studies on a diabetic (KK) strain of the mouse. Diabetologia
1967;3(2):212–21.

[32] Nishimura, M. Breeding of mice strains for diabetes mellitus. Exp Anim 1969;18:147–57.

[33] Bultman SJ, Michaud EJ, Woychik RP. Molecular characterization of the mouse agouti
locus. Cell 1992;71(7):1195–204.

Adiposity - Omics and Molecular Understanding64



[19] Ito M, Fukuda S, Sakata S, Morinaga H, Ohta T. Pharmacological effects of JTT-551, a
novel protein tyrosine phosphatase 1B inhibitor, in diet-induced obesity mice. J
Diabetes Res 2014;2014:680348.

[20] Ingalls AM, Dickie MM, Snell GD. Obese, a new mutation in the house mouse. J Hered
1950;41(12):317–8.

[21] Memon RA, Grunfeld C, Moser AH, Feingold KR. Fatty acid synthesis in obese insulin
resistant diabetic mice. Horm Metab Res 1994;26(2):85–7.

[22] de Oliveira CP, de Lima VM, Simplicio FI, Soriano FG, de Mello ES, de Souza HP, et al.
Prevention and reversion of nonalcoholic steatohepatitis in OB/OB mice by S-nitroso-
N-acetylcysteine treatment. J Am Coll Nutr 2008;27(2):299–305.

[23] de Lima VM, de Oliveira CP, Sawada LY, Barbeiro HV, de Mello ES, Soriano FG, et al.
Yo jyo hen shi ko, a novel Chinese herbal, prevents nonalcoholic steatohepatitis in
ob/ob mice fed a high fat or methionine-choline-deficient diet. Liver Int 2007;27(2):
227–34.

[24] Hummel KP, Dickie MM, Coleman DL. Diabetes, a new mutation in the mouse. Science
1966;153(3740):1127–8.

[25] Sharma K, McCue P, Dunn SR. Diabetic kidney disease in the db/db mouse. Am J
Physiol Renal Physiol 2003;284(6):F1138–44.

[26] Midena E, Segato T, Radin S, di Giorgio G, Meneghini F, Piermarocchi S. Studies on the
retina of the diabetic db/db mouse. I. Endothelial cell-pericyte ratio. Ophthalmic Res
1989;21(2):106–11.

[27] Robertson DM, Sima AA. Diabetic neuropathy in the mutant mouse [C57BL/ks(db/db)]:
a morphometric study. Diabetes 1980;29(1):60–7.

[28] Kim J1, Kim CS, Lee IS, Lee YM, Sohn E, Jo K, et al. Extract of Litsea japonica ameliorates
blood-retinal barrier breakdown in db/db mice. Endocrine 2014;46(3):462–9.

[29] Yoo NY, Jeon S, Nam Y, Park YJ, Won SB, Kwon YH. Dietary supplementation of
genistein alleviates liver inflammation and fibrosis mediated by a methionine-choline-
deficient diet in db/db Mice. J Agric Food Chem 2015;63(17):4305–11.

[30] Takahashi Y, Soejima Y, Kumagai A, Watanabe M, Uozaki H, Fukusato T. Japanese
herbal medicines shosaikoto, inchinkoto and juzentaihoto inhibit high-fat diet-induced
nonalcoholic steatohepatitis in db/db mice. Pathol Int 2014;64(10):490–8.

[31] Nakamura M, Yamada K. Studies on a diabetic (KK) strain of the mouse. Diabetologia
1967;3(2):212–21.

[32] Nishimura, M. Breeding of mice strains for diabetes mellitus. Exp Anim 1969;18:147–57.

[33] Bultman SJ, Michaud EJ, Woychik RP. Molecular characterization of the mouse agouti
locus. Cell 1992;71(7):1195–204.

Adiposity - Omics and Molecular Understanding64

[34] Iwatsuka H, Taketomi S, Matsuo T, Suzuoki Z. Congenitally impaired hormone
sensitivity of the adipose tissue of spontaneously diabetic mice, KK. Validity of thrifty
genotype in KK mice. Diabetologia 1974;10 (Suppl):611–6.

[35] Chen LM, Li XW, Huang LW, Li Y, Duan L, Zhang XJ. The early pathological changes
of KKAy mice with type 2 diabetes. Zhongguo Yi Xue Ke Xue Yuan Xue Bao 2002;24(1):
71–5.

[36] Ning X, Baoyu Q, Yuzhen L, Shuli S, Reed E, Li QQ. Neuro-optic cell apoptosis and
microangiopathy in KKAY mouse retina. Int J Mol Med 2004;13(1):87–92.

[37] Okumura K, Ikejima K, Kon K, Abe W, Yamashina S, Enomoto N, et al. Exacerbation of
dietary steatohepatitis and fibrosis in obese, diabetic KK-A(y) mice. Hepatol Res
2006;36(3):217–28.

[38] Suzuki  W,  Iizuka S,  Tabuchi  M,  Funo S,  Yanagisawa T,  Kimura M,  et  al.  A new
mouse model of spontaneous diabetes derived from ddY strain. Exp Anim 1999;48(3):
181–9.

[39] Hirayama I, Yi Z, Izumi S, Arai I, Suzuki W, Nagamachi Y, et al. Genetic analysis of
obese diabetes in the TSOD mouse. Diabetes 1999;48(5):1183–91.

[40] Iizuka S, Suzuki W, Tabuchi M, Nagata M, Imamura S, Kobayashi Y, et al. Diabetic
complications in a new animal model (TSOD mouse) of spontaneous NIDDM with
obesity. Exp Anim 2005;54(1):71–83.

[41] Kurtz TW, Morris RC, Pershadsingh HA. The Zucker fatty rat as a genetic model of
obesity and hypertension. Hypertension 1989;13(6 Pt 2):896–901.

[42] Takaya K, Ogawa Y, Isse N, Okazaki T, Satoh N, Masuzaki H, et al. Molecular cloning
of rat leptin receptor isoform complementary DNAs-identification of a missense
mutation in Zucker fatty (fa/fa) rats. Biochem Biophys Res Commun 1996;225(1):75–83.

[43] Nakano R, Kurosaki E, Shimaya A, Kajikawa S, Shibasaki M. YM440, a novel hypogly-
cemic agent, protects against nephropathy in Zucker fatty rats via plasma triglyceride
reduction. Eur J Pharmacol 2006;549(1–3):185–91.

[44] Romanovsky D, Walker JC, Dobretsov M. Pressure pain precedes development of type
2 disease in Zucker rat model of diabetes. Neurosci Lett 2008;445(3):220–3.

[45] Mima A, Qi W, Hiraoka-Yamomoto J, Park K, Matsumoto M, Kitada M, et al. Retinal
not systemic oxidative and inflammatory stress correlated with VEGF expression in
rodent models of insulin resistance and diabetes. Invest Ophthalmol Vis Sci 2012;53(13):
8424–32.

[46] Kochi T, Shimizu M, Terakura D, Baba A, Ohno T, Kubota M, et al. Non-alcoholic
steatohepatitis and preneoplastic lesions develop in the liver of obese and hypertensive
rats: suppressing effects of EGCG on the development of liver lesions. Cancer Lett
2014;342(1):60–9.

Usefulness of Obese Animal Models in Antiobesity Drug Development
http://dx.doi.org/10.5772/64907

65



[47] Katsuda Y, Ohta T, Miyajima K, Kemmochi Y, Sasase T, Tong B, et al. Diabetic compli-
cations in obese type 2 diabetic rat models. Exp Anim 2014;63(2):121–32.

[48] Vora JP, Zimsen SM, Houghton DC, Anderson S. Evolution of metabolic and renal
changes in the ZDF/Drt-fa rat model of type II diabetes. J Am Soc Nephrol 1996;7(1):
113–7.

[49] Hoshi S, Shu Y, Yoshida F, Inagaki T, Sonoda J, Watanabe T, et al. Podocyte injury
promotes progressive nephropathy in zucker diabetic fatty rats. Lab Invest 2002;82(1):
25–35.

[50] Chander PN, Gealekman O, Brodsky SV, Elitok S, Tojo A, Crabtree M, et al. Nephrop-
athy in Zucker diabetic fat rat is associated with oxidative and nitrosative stress:
prevention by chronic therapy with a peroxynitrite scavenger ebselen. J Am Soc
Nephrol 2004;15(9):2391–403.

[51] Danis RP, Yang Y. Microvascular retinopathy in the Zucker diabetic fatty rat. Invest
Ophthalmol Vis Sci 1993;34(7):2367–71.

[52] Yang YS, Danis RP, Peterson RG, Dolan PL, Wu YQ. Acarbose partially inhibits
microvascular retinopathy in the Zucker Diabetic Fatty rat (ZDF/Gmi-fa). J Ocul
Pharmacol Ther. 2000;16(5):471–9.

[53] Gonçalves A, Leal E, Paiva A, Teixeira Lemos E, Teixeira F, Ribeiro CF, et al. Protective
effects of the dipeptidyl peptidase IV inhibitor sitagliptin in the blood-retinal barrier
in a type 2 diabetes animal model. Diabetes Obes Metab 2012;14(5):454–63.

[54] Oltman CL, Coppey LJ, Gellett JS, Davidson EP, Lund DD, Yorek MA. Progression of
vascular and neural dysfunction in sciatic nerves of Zucker diabetic fatty and Zucker
rats. Am J Physiol Endocrinol Metab 2005;289(1):E113–22.

[55] Shimoshige Y, Ikuma K, Yamamoto T, Takakura S, Kawamura I, Seki J, et al. The effects
of zenarestat, an aldose reductase inhibitor, on peripheral neuropathy in Zucker
diabetic fatty rats. Metabolism 2000;49(11):1395–9.

[56] Schmidt RE, Dorsey DA, Beaudet LN, Peterson RG. Analysis of the Zucker Diabetic
Fatty (ZDF) type 2 diabetic rat model suggests a neurotrophic role for insulin/IGF-I in
diabetic autonomic neuropathy. Am J Pathol 2003;163(1):21–8.

[57] Kawano K, Hirashima T, Mori S, Saitoh Y, Kurosumi M, Natori T. Spontaneous long-
term hyperglycemic rat with diabetic complications. Otsuka Long-Evans Tokushima
Fatty (OLETF) strain. Diabetes 1992;41(11):1422–8.

[58] Kawano K, Mori S, Hirashima T, Man ZW, Natori T. Examination of the pathogenesis
of diabetic nephropathy in OLETF rats. J Vet Med Sci 1999;61(11):1219–28.

[59] Miyamura N, Bhutto IA, Amemiya T. Retinal capillary changes in Otsuka Long-Evans
Tokushima fatty rats (spontaneously diabetic strain). Electron-microscopic study.
Ophthalmic Res 1999;31(5):358–66.

Adiposity - Omics and Molecular Understanding66



[47] Katsuda Y, Ohta T, Miyajima K, Kemmochi Y, Sasase T, Tong B, et al. Diabetic compli-
cations in obese type 2 diabetic rat models. Exp Anim 2014;63(2):121–32.

[48] Vora JP, Zimsen SM, Houghton DC, Anderson S. Evolution of metabolic and renal
changes in the ZDF/Drt-fa rat model of type II diabetes. J Am Soc Nephrol 1996;7(1):
113–7.

[49] Hoshi S, Shu Y, Yoshida F, Inagaki T, Sonoda J, Watanabe T, et al. Podocyte injury
promotes progressive nephropathy in zucker diabetic fatty rats. Lab Invest 2002;82(1):
25–35.

[50] Chander PN, Gealekman O, Brodsky SV, Elitok S, Tojo A, Crabtree M, et al. Nephrop-
athy in Zucker diabetic fat rat is associated with oxidative and nitrosative stress:
prevention by chronic therapy with a peroxynitrite scavenger ebselen. J Am Soc
Nephrol 2004;15(9):2391–403.

[51] Danis RP, Yang Y. Microvascular retinopathy in the Zucker diabetic fatty rat. Invest
Ophthalmol Vis Sci 1993;34(7):2367–71.

[52] Yang YS, Danis RP, Peterson RG, Dolan PL, Wu YQ. Acarbose partially inhibits
microvascular retinopathy in the Zucker Diabetic Fatty rat (ZDF/Gmi-fa). J Ocul
Pharmacol Ther. 2000;16(5):471–9.

[53] Gonçalves A, Leal E, Paiva A, Teixeira Lemos E, Teixeira F, Ribeiro CF, et al. Protective
effects of the dipeptidyl peptidase IV inhibitor sitagliptin in the blood-retinal barrier
in a type 2 diabetes animal model. Diabetes Obes Metab 2012;14(5):454–63.

[54] Oltman CL, Coppey LJ, Gellett JS, Davidson EP, Lund DD, Yorek MA. Progression of
vascular and neural dysfunction in sciatic nerves of Zucker diabetic fatty and Zucker
rats. Am J Physiol Endocrinol Metab 2005;289(1):E113–22.

[55] Shimoshige Y, Ikuma K, Yamamoto T, Takakura S, Kawamura I, Seki J, et al. The effects
of zenarestat, an aldose reductase inhibitor, on peripheral neuropathy in Zucker
diabetic fatty rats. Metabolism 2000;49(11):1395–9.

[56] Schmidt RE, Dorsey DA, Beaudet LN, Peterson RG. Analysis of the Zucker Diabetic
Fatty (ZDF) type 2 diabetic rat model suggests a neurotrophic role for insulin/IGF-I in
diabetic autonomic neuropathy. Am J Pathol 2003;163(1):21–8.

[57] Kawano K, Hirashima T, Mori S, Saitoh Y, Kurosumi M, Natori T. Spontaneous long-
term hyperglycemic rat with diabetic complications. Otsuka Long-Evans Tokushima
Fatty (OLETF) strain. Diabetes 1992;41(11):1422–8.

[58] Kawano K, Mori S, Hirashima T, Man ZW, Natori T. Examination of the pathogenesis
of diabetic nephropathy in OLETF rats. J Vet Med Sci 1999;61(11):1219–28.

[59] Miyamura N, Bhutto IA, Amemiya T. Retinal capillary changes in Otsuka Long-Evans
Tokushima fatty rats (spontaneously diabetic strain). Electron-microscopic study.
Ophthalmic Res 1999;31(5):358–66.

Adiposity - Omics and Molecular Understanding66

[60] Kubo E, Maekawa K, Tanimoto T, Fujisawa S, Akagi Y. Biochemical and morphological
changes during development of sugar cataract in Otsuka Long-Evans Tokushima fatty
(OLETF) rat. Exp Eye Res 2001;73(3):375–81.

[61] Nakamura J, Koh N, Sakakibara F, Hamada Y, Wakao T, Sasaki H, et al. Diabetic
neuropathy in sucrose-fed Otsuka Long-Evans Tokushima fatty rats: effect of an aldose
reductase inhibitor, TAT. Life Sci 1997;60(21):1847–57.

[62] Ota T, Takamura T, Kurita S, Matsuzawa N, Kita Y, Uno M, et al. Insulin resistance
accelerates a dietary rat model of nonalcoholic steatohepatitis. Gastroenterology
2007;132(1):282–93.

[63] Uno M, Kurita S, Misu H, Ando H, Ota T, Matsuzawa-Nagata N, et al. Tranilast, an
antifibrogenic agent, ameliorates a dietary rat model of nonalcoholic steatohepatitis.
Hepatology 2008;48(1):109–18.

[64] Ikeda H, Shino A, Matsuo T, Iwatsuka H, Suzuoki Z. A new genetically obese-hyper-
glycemic rat (Wistar fatty). Diabetes 1981;30(12):1045–50.

[65] Velasquez MT, Kimmel PL, Michaelis OE 4th. Animal models of spontaneous diabetic
kidney disease. FASEB J 1990;4(11):2850–9.

[66] Matsui H, Suzuki M, Tsukuda R, Iida K, Miyasaka M, Ikeda H. Expression of ICAM-1
on glomeruli is associated with progression of diabetic nephropathy in a genetically
obese diabetic rat, Wistar fatty. Diabetes Res Clin Pract 1996;32(1–2):1–9.

[67] Matsui K, Ohta T, Oda T, Sasase T, Ueda N, Miyajima K, et al. Diabetes-associated
complications in Spontaneously Diabetic Torii fatty rats. Exp Anim 2008;57(2):111–21.

[68] Ishii Y, Ohta T, Sasase T, Morinaga H, Ueda N, Hata T, et al. Pathophysiological analysis
of female Spontaneously Diabetic Torii fatty rats. Exp Anim 2010;59(1):73–84.

[69] Russell JC, Amy RM. Myocardial and vascular lesions in the LA/N-corpulent rat. Can
J Physiol Pharmacol 1986;64(10):1272–80.

[70] Kawai K, Sakairi T, Harada S, Shinozuka J, Ide M, Sato H, et al. Diet modification and
its influence on metabolic and related pathological alterations in the SHR/NDmcr-cp
rat, an animal model of the metabolic syndrome. Exp Toxicol Pathol 2012;64(4):333–8.

[71] Nangaku M, Izuhara Y, Usuda N, Inagi R, Shibata T, Sugiyama S, et al. In a type 2
diabetic nephropathy rat model, the improvement of obesity by a low calorie diet
reduces oxidative/carbonyl stress and prevents diabetic nephropathy. Nephrol Dial
Transplant 2005;20(12):2661–9.

[72] Kim SH, Chu YK, Kwon OW, McCune SA, Davidorf FH. Morphologic studies of the
retina in a new diabetic model; SHR/N:Mcc-cp rat. Yonsei Med J 1998;39(5):453–62.

[73] Omagari K, Kato S, Tsuneyama K, Hatta H, Sato M, Hamasaki M, et al. Olive leaf extract
prevents spontaneous occurrence of non-alcoholic steatohepatitis in SHR/NDmcr-cp
rats. Pathology. 2010;42(1):66–72.

Usefulness of Obese Animal Models in Antiobesity Drug Development
http://dx.doi.org/10.5772/64907

67



[74] Akimoto T, Nakama K, Katsuta Y, Zhang XJ, Ohsuga M, Ishizaki M, et al. Characteri-
zation of a novel congenic strain of diabetic fatty (WBN/Kob-Lepr(fa)) rat. Biochem
Biophys Res Commun 2008;366(2):556–62.

[75] Wang CY, Liao JK. A mouse model of diet-induced obesity and insulin resistance.
Methods Mol Biol 2012;821:421–33.

[76] Kubo K, Shimada T, Onishi R, Tsubata M, Kamiya T, Nagamine R, et al. Puerariae flos
alleviates metabolic diseases in Western diet-loaded, spontaneously obese type 2
diabetic model mice. J Nat Med 2012;66(4):622–30.

[77] Ghibaudi L, Cook J, Farley C, van Heek M, Hwa JJ. Fat intake affects adiposity,
comorbidity factors and energy metabolism of sprague-dawley rats. Obes Res
2002;10(9):956–63.

[78] Buettner R, Parhofer KG, Woenckhaus M, Wrede CE, Kunz-Schughart LA, Schölmerich
J, Bollheimer LC. Defining high-fat-diet rat models: metabolic and molecular effects of
different fat types. J Mol Endocrinol 2006;36(3):485–501.

[79] Levin BE, Dunn-Meynell AA, Balkan B, Keesey RE. Selective breeding for diet-induced
obesity and resistance in Sprague-Dawley rats. Am J Physiol 1997;273(2 Pt 2):R725–30.

[80] Daly ME, Vale C, Walker M, Alberti KG, Mathers JC. Dietary carbohydrates and insulin
sensitivity: a review of the evidence and clinical implications. Am J Clin Nutr 1997;66(5):
1072–85.

[81] Chicco A, D'Alessandro ME, Karabatas L, Pastorale C, Basabe JC, Lombardo YB. Muscle
lipid metabolism and insulin secretion are altered in insulin-resistant rats fed a high
sucrose diet. J Nutr 2003;133(1):127–33.

[82] Wu X, Hardy VE, Joseph JI, Jabbour S, Mahadev K, Zhu L, et al. Protein-tyrosine
phosphatase activity in human adipocytes is strongly correlated with insulin-stimu-
lated glucose uptake and is a target of insulin-induced oxidative inhibition. Metabolism
2003;52(6):705–12.

[83] Zabolotny JM, Bence-Hanulec KK, Stricker-Krongrad A, Haj F, Wang Y, Minokoshi Y,
et al. PTP1B regulates leptin signal transduction in vivo. Dev Cell 2002;2(4):489–95.

[84] Elchebly M, Payette P, Michaliszyn E, Cromlish W, Collins S, Loy AL, et al. Increased
insulin sensitivity and obesity resistance in mice lacking the protein tyrosine phospha-
tase-1B gene. Science 1999;283(5407):1544–8.

[85] Fukuda S, Ohta T, Sakata S, Morinaga H, Ito M, Nakagawa Y, et al. Pharmacological
profiles of a novel protein tyrosine phosphatase 1B inhibitor, JTT-551. Diabetes Obes
Metab 2010;12(4):299–306.

[86] Lin MC, Gordon D, Wetterau JR. Microsomal triglyceride transfer protein (MTP)
regulation in HepG2 cells: insulin negatively regulates MTP gene expression. J Lipid
Res 1995;36(5):1073–81.

Adiposity - Omics and Molecular Understanding68



[74] Akimoto T, Nakama K, Katsuta Y, Zhang XJ, Ohsuga M, Ishizaki M, et al. Characteri-
zation of a novel congenic strain of diabetic fatty (WBN/Kob-Lepr(fa)) rat. Biochem
Biophys Res Commun 2008;366(2):556–62.

[75] Wang CY, Liao JK. A mouse model of diet-induced obesity and insulin resistance.
Methods Mol Biol 2012;821:421–33.

[76] Kubo K, Shimada T, Onishi R, Tsubata M, Kamiya T, Nagamine R, et al. Puerariae flos
alleviates metabolic diseases in Western diet-loaded, spontaneously obese type 2
diabetic model mice. J Nat Med 2012;66(4):622–30.

[77] Ghibaudi L, Cook J, Farley C, van Heek M, Hwa JJ. Fat intake affects adiposity,
comorbidity factors and energy metabolism of sprague-dawley rats. Obes Res
2002;10(9):956–63.

[78] Buettner R, Parhofer KG, Woenckhaus M, Wrede CE, Kunz-Schughart LA, Schölmerich
J, Bollheimer LC. Defining high-fat-diet rat models: metabolic and molecular effects of
different fat types. J Mol Endocrinol 2006;36(3):485–501.

[79] Levin BE, Dunn-Meynell AA, Balkan B, Keesey RE. Selective breeding for diet-induced
obesity and resistance in Sprague-Dawley rats. Am J Physiol 1997;273(2 Pt 2):R725–30.

[80] Daly ME, Vale C, Walker M, Alberti KG, Mathers JC. Dietary carbohydrates and insulin
sensitivity: a review of the evidence and clinical implications. Am J Clin Nutr 1997;66(5):
1072–85.

[81] Chicco A, D'Alessandro ME, Karabatas L, Pastorale C, Basabe JC, Lombardo YB. Muscle
lipid metabolism and insulin secretion are altered in insulin-resistant rats fed a high
sucrose diet. J Nutr 2003;133(1):127–33.

[82] Wu X, Hardy VE, Joseph JI, Jabbour S, Mahadev K, Zhu L, et al. Protein-tyrosine
phosphatase activity in human adipocytes is strongly correlated with insulin-stimu-
lated glucose uptake and is a target of insulin-induced oxidative inhibition. Metabolism
2003;52(6):705–12.

[83] Zabolotny JM, Bence-Hanulec KK, Stricker-Krongrad A, Haj F, Wang Y, Minokoshi Y,
et al. PTP1B regulates leptin signal transduction in vivo. Dev Cell 2002;2(4):489–95.

[84] Elchebly M, Payette P, Michaliszyn E, Cromlish W, Collins S, Loy AL, et al. Increased
insulin sensitivity and obesity resistance in mice lacking the protein tyrosine phospha-
tase-1B gene. Science 1999;283(5407):1544–8.

[85] Fukuda S, Ohta T, Sakata S, Morinaga H, Ito M, Nakagawa Y, et al. Pharmacological
profiles of a novel protein tyrosine phosphatase 1B inhibitor, JTT-551. Diabetes Obes
Metab 2010;12(4):299–306.

[86] Lin MC, Gordon D, Wetterau JR. Microsomal triglyceride transfer protein (MTP)
regulation in HepG2 cells: insulin negatively regulates MTP gene expression. J Lipid
Res 1995;36(5):1073–81.

Adiposity - Omics and Molecular Understanding68

[87] Wetterau JR, Gregg RE, Harrity TW, Arbeeny C, Cap M, Connolly F, et al. An MTP
inhibitor that normalizes atherogenic lipoprotein levels in WHHL rabbits. Science
1998;282(5389):751–4.

[88] Xie Y, Newberry EP, Young SG, Robine S, Hamilton RL, Wong JS, et al. Compensatory
increase in hepatic lipogenesis in mice with conditional intestine-specific Mttp
deficiency. J Biol Chem 2006;281(7):4075–86.

[89] Shiomi M, Ito T. MTP inhibitor decreases plasma cholesterol levels in LDL receptor-
deficient WHHL rabbits by lowering the VLDL secretion. Eur J Pharmacol 2001;431(1):
127–31.

[90] Mera Y, Odani N, Kawai T, Hata T, Suzuki M, Hagiwara A, et al. Pharmacological
characterization of diethyl-2-({3-dimethylcarbamoyl-4-[(4'-trifluoromethylbiphenyl-2-
carbonyl)amino]phenyl}acetyloxymethyl)-2-phenylmalonate (JTT-130), an intestine-
specific inhibitor of microsomal triglyceride transfer protein. J Pharmacol Exp Ther
2011;336(2):321–7.

[91] Hata T, Mera Y, Ishii Y, Tadaki H, Tomimoto D, Kuroki Y, et al. JTT-130, a novel intestine-
specific inhibitor of microsomal triglyceride transfer protein, suppresses food intake
and gastric emptying with the elevation of plasma peptide YY and glucagon-like
peptide-1 in a dietary fat-dependent manner. J Pharmacol Exp Ther 2011;336(3):850–6.

[92] Hata T, Mera Y, Kawai T, Ishii Y, Kuroki Y, Kakimoto K, et al. JTT-130, a novel intestine-
specific inhibitor of microsomal triglyceride transfer protein, ameliorates impaired
glucose and lipid metabolism in Zucker diabetic fatty rats. Diabetes Obes Metab
2011;13(7):629–38.

[93] Mera Y, Kawai T, Ogawa N, Odani N, Sasase T, Miyajima K, et al. JTT-130, a novel
intestine-specific inhibitor of microsomal triglyceride transfer protein, ameliorates
lipid metabolism and attenuates atherosclerosis in hyperlipidemic animal models. J
Pharmacol Sci 2015;129(3):169–76.

[94] Cases S, Smith SJ, Zheng YW, Myers HM, Lear SR, Sande E, et al. Identification of a
gene encoding an acyl CoA:diacylglycerol acyltransferase, a key enzyme in triacylgly-
cerol synthesis. Proc Natl Acad Sci U S A 1998;95(22):13018–23.

[95] Buhman KK, Smith SJ, Stone SJ, Repa JJ, Wong JS, Knapp FF Jr, et al. DGAT1 is not
essential for intestinal triacylglycerol absorption or chylomicron synthesis. J Biol Chem
2002;277(28):25474–9.

[96] Smith SJ, Cases S, Jensen DR, Chen HC, Sande E, Tow B, et al. Obesity resistance and
multiple mechanisms of triglyceride synthesis in mice lacking Dgat. Nat Genet
2000;25(1):87–90.

[97] Tomimoto D, Okuma C, Ishii Y, Akiyama Y, Ohta T, Kakutani M, et al. Pharmacological
characterization of [trans-5'-(4-amino-7,7-dimethyl-2-trifluoromethyl-7H-pyrimido[4,
5-b][1,4]oxazin-6-yl)-2',3'-dihydrospiro(cyclohexane-1,1'-inden)-4-yl]acetic acid mono-

Usefulness of Obese Animal Models in Antiobesity Drug Development
http://dx.doi.org/10.5772/64907

69



benzenesulfonate (JTT-553),  a  novel  acyl  CoA:diacylglycerol  transferase (DGAT) 1
inhibitor. Biol Pharm Bull 2015;38(2):263–9.

[98] Tomimoto D, Okuma C, Ishii Y, Kobayashi A, Ohta T, Kakutani M, et al. JTT-553, a novel
Acyl CoA:diacylglycerol acyltransferase (DGAT) 1 inhibitor, improves glucose metab-
olism in diet-induced obesity and genetic T2DM mice. J Pharmacol Sci 2015;129(1):51–
8.

[99] Ables GP1, Yang KJ, Vogel S, Hernandez-Ono A, Yu S, Yuen JJ, et al. Intestinal DGAT1
deficiency reduces postprandial triglyceride and retinyl ester excursions by inhibiting
chylomicron secretion and delaying gastric emptying. J Lipid Res 2012;53(11):2364–79.

[100] Senior JR, Isselbacher KJ. Direct esterification of monoglycerides with palmityl
coenzyme a by intestinal epithelial subcellular fractions. J Biol Chem 1962;237:1454–9.

[101] Yen CL, Farese RV Jr. MGAT2, a monoacylglycerol acyltransferase expressed in the
small intestine. J Biol Chem 2003;278(20):18532–7.

[102] Yen CL, Stone SJ, Cases S, Zhou P, Farese RV Jr. Identification of a gene encoding
MGAT1, a monoacylglycerol acyltransferase. Proc Natl Acad Sci U S A 2002;99(13):
8512–7.

[103] Cao J, Cheng L, Shi Y. Catalytic properties of MGAT3, a putative triacylgycerol
synthase. J Lipid Res 2007;48(3):583–91.

[104] Tsuchida T, Fukuda S, Aoyama H, Taniuchi N, Ishihara T, Ohashi N, et al. MGAT2
deficiency ameliorates high-fat diet-induced obesity and insulin resistance by inhibit-
ing intestinal fat absorption in mice. Lipids Health Dis 2012;11:75.

[105] Okawa M, Fujii K, Ohbuchi K, Okumoto M, Aragane K, Sato H, et al. Role of MGAT2
and DGAT1 in the release of gut peptides after triglyceride ingestion. Biochem Biophys
Res Commun 2009;390(3):377–81.

[106] Yen CL, Cheong ML, Grueter C, Zhou P, Moriwaki J, Wong JS, et al. Deficiency of the
intestinal enzyme acyl CoA:monoacylglycerol acyltransferase-2 protects mice from
metabolic disorders induced by high-fat feeding. Nat Med 2009;15(4):442–6.

[107] Gao Y, Nelson DW, Banh T, Yen MI, Yen CL. Intestine-specific expression of MOGAT2
partially restores metabolic efficiency in Mogat2-deficient mice. J Lipid Res 2013;54(6):
1644–52.

[108] Nelson DW, Gao Y, Yen MI, Yen CL. Intestine-specific deletion of acyl-CoA:monoacyl-
glycerol acyltransferase (MGAT) 2 protects mice from diet-induced obesity and glucose
intolerance. J Biol Chem 2014;289(25):17338–49.

[109] Okuma C, Ohta T, Ito M, Tadaki H, Oda T, Kume S, et al. Intrajejunal infusion of 2-
monoacylglycerol reduced food intake without inducing diarrhea in rats. J Pharmacol
Sci 2016;130(2):136–8.

Adiposity - Omics and Molecular Understanding70



benzenesulfonate (JTT-553),  a  novel  acyl  CoA:diacylglycerol  transferase (DGAT) 1
inhibitor. Biol Pharm Bull 2015;38(2):263–9.

[98] Tomimoto D, Okuma C, Ishii Y, Kobayashi A, Ohta T, Kakutani M, et al. JTT-553, a novel
Acyl CoA:diacylglycerol acyltransferase (DGAT) 1 inhibitor, improves glucose metab-
olism in diet-induced obesity and genetic T2DM mice. J Pharmacol Sci 2015;129(1):51–
8.

[99] Ables GP1, Yang KJ, Vogel S, Hernandez-Ono A, Yu S, Yuen JJ, et al. Intestinal DGAT1
deficiency reduces postprandial triglyceride and retinyl ester excursions by inhibiting
chylomicron secretion and delaying gastric emptying. J Lipid Res 2012;53(11):2364–79.

[100] Senior JR, Isselbacher KJ. Direct esterification of monoglycerides with palmityl
coenzyme a by intestinal epithelial subcellular fractions. J Biol Chem 1962;237:1454–9.

[101] Yen CL, Farese RV Jr. MGAT2, a monoacylglycerol acyltransferase expressed in the
small intestine. J Biol Chem 2003;278(20):18532–7.

[102] Yen CL, Stone SJ, Cases S, Zhou P, Farese RV Jr. Identification of a gene encoding
MGAT1, a monoacylglycerol acyltransferase. Proc Natl Acad Sci U S A 2002;99(13):
8512–7.

[103] Cao J, Cheng L, Shi Y. Catalytic properties of MGAT3, a putative triacylgycerol
synthase. J Lipid Res 2007;48(3):583–91.

[104] Tsuchida T, Fukuda S, Aoyama H, Taniuchi N, Ishihara T, Ohashi N, et al. MGAT2
deficiency ameliorates high-fat diet-induced obesity and insulin resistance by inhibit-
ing intestinal fat absorption in mice. Lipids Health Dis 2012;11:75.

[105] Okawa M, Fujii K, Ohbuchi K, Okumoto M, Aragane K, Sato H, et al. Role of MGAT2
and DGAT1 in the release of gut peptides after triglyceride ingestion. Biochem Biophys
Res Commun 2009;390(3):377–81.

[106] Yen CL, Cheong ML, Grueter C, Zhou P, Moriwaki J, Wong JS, et al. Deficiency of the
intestinal enzyme acyl CoA:monoacylglycerol acyltransferase-2 protects mice from
metabolic disorders induced by high-fat feeding. Nat Med 2009;15(4):442–6.

[107] Gao Y, Nelson DW, Banh T, Yen MI, Yen CL. Intestine-specific expression of MOGAT2
partially restores metabolic efficiency in Mogat2-deficient mice. J Lipid Res 2013;54(6):
1644–52.

[108] Nelson DW, Gao Y, Yen MI, Yen CL. Intestine-specific deletion of acyl-CoA:monoacyl-
glycerol acyltransferase (MGAT) 2 protects mice from diet-induced obesity and glucose
intolerance. J Biol Chem 2014;289(25):17338–49.

[109] Okuma C, Ohta T, Ito M, Tadaki H, Oda T, Kume S, et al. Intrajejunal infusion of 2-
monoacylglycerol reduced food intake without inducing diarrhea in rats. J Pharmacol
Sci 2016;130(2):136–8.

Adiposity - Omics and Molecular Understanding70

Section 3

Obesity and Inflammation





Chapter 4

Obesity and Its Influence on Mediators of

Inflammation: Clinical Relevance of C-Reactive Protein

in Obese Subjects

Emilio González-Jiménez

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64881

Provisional chapter

Obesity and Its Influence on Mediators of Inflammation:
Clinical Relevance of C-Reactive Protein in Obese
Subjects

Emilio González-Jiménez

Additional information is available at the end of the chapter

Abstract

The rising prevalence of overweight and obesity in the world has been described as a
global pandemic, with marked variations across countries in the levels and trends in
overweight and obesity with distinct regional patterns. Concern about the health risks
associated with rising obesity has become nearly universal. In this chapter, a systematic
review that was conducted in four databases (Web of Science,  MEDLINE, Scopus,
CINAHL), using the MeSH terms [obesity, inflammation, disease management, C-reactive
protein (CRP)] is presented. Based on the above, the aims of this work are to provide
information on the relationship between obesity and circulating levels of CRP, to describe
the basic chemical structure and functions, and to analyze its clinical usefulness in obese
patients. The available scientific evidence justifies the need to include determining the
values of high-sensitivity C-reactive protein (hs-CRP) among clinical screening tests on
obese subjects to evaluate the cardiovascular risk, among other risks.

Keywords: obesity, inflammation, C-reactive protein, clinical relevance, cardiovascu-
lar risk

1. Introduction

The rising prevalence of overweight and obesity in the world has been described as a global
pandemic at all stages of life worldwide [1]. Overweight and obesity are defined as abnormal
or excessive fat accumulation that may impair health with serious health complications and
increases the risks of morbidity and the prevalence of several health complications, such as
type-2  diabetes,  hypertension,  atherosclerosis,  dyslipidemia,  prothrombotic  state,  insulin
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resistance, cardiovascular disease, metabolic syndrome, and various types of cancers [2]. A
complex interaction between the environmental factors, genetic predisposition, and human
behavior is the cause of the current obesity pandemic [3]. Obesity has been linked strongly with
metabolic abnormalities including increased blood pressure [4], increased blood sugar [5], and
lipid  profile  abnormalities  [6].  Furthermore,  obesity  has  been  predisposed  to  metabolic
abnormalities via inflammatory process [7].  In the state of obesity,  the pro-inflammatory
adipokines, derived from adipose tissue, are overexpressed, increased production, and secretion
of inflammatory mediators: interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-α) [8, 9].
The  increased  circulatory  levels  of  inflammatory  mediators  particularly  IL-6  have  been
associated with  hepatocyte  stimulation to  synthesize  and produce a  low-grade systemic
inflammation marker C-reactive protein (CRP) [8]. This protein was discovered in 1930 by Tillet
and Francis, being insulated in the serum of patients with acute inflammatory processes. Upon
its discovery, it was thought that C-reactive protein levels could be a pathogenic secretion for
its high levels in patients with multiple pathologies. Finally, the discovery of its synthesis and
secretion in the liver closed this discussion [10]. Currently, PCR serum represents an effective
clinical indicator of infectious and inflammatory processes in the body, and therefore, it can be
used to determine the risk of heart disease and to predict metabolic syndrome and diabetes
mellitus [11]. In this sense, the systemic inflammation represented by increased level of high-
sensitivity CRP (hs-CRP) has been classified as a characteristic feature and an essential cause of
many illness conditions including metabolic syndrome [12], atherosclerosis [13], coronary heart
disease [14], and cancers [15]. Based on the above, the aims of this work were to provide
information on the relationship between obesity and circulating levels of CRP, to describe the
basic chemical structure and functions, and to analyze its clinical usefulness in obese patients.

2. Overall structure

CRP is a protein of the pentraxins group, which is distinguished by its conformation in the
space, presenting pentameric form of annular disc (see Figure 1). Structurally, it is composed
of five identical subunits unglycosylated and linked by noncovalent bonds that depend of
calcium binding to exert their action [16]. From a functional perspective, the active forms of
PCR are the pentameric or native structure (p-n-PCR or PCR) and the monomeric isoform (m-
PCR). This latter is formed by a dissociation process of the p-PCR. The monomeric isoform
may appear linked to membranes or free in plasma, changing their functions in each case [17].
The pentameric isoform has two faces, one with ability to adhere to the phosphatidylcholine
in the presence of calcium ions [18], while the other presents adhesion sites for complement
component C1q and Fc receptors. The existence of five subunits with capacity to bind together
phosphatidylcholine determines its high avidity for phosphatidylcholine [18]. This interaction
occurs during the identification of microorganisms such as bacteria, fungi, and parasites
showing phosphatidylcholine in their membrane [19]. Once identified pathogens, adherence
to C1q occurs on the other side of the pentamer, activating partially the complement pathway
and adhering to factor H [17]. This mechanism is a first defensive barrier in our organism
against certain pathogens.
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Figure 1. Crystal structure of C-reactive protein complexed with phosphocholine from Thompson et al. [50].

3. Functions and clinical significance in obese subjects

CRP is synthesized in hepatocytes in response to stimulation of interleukin 6 (IL-6) [20], be-
ing their serum concentrations higher among obese subjects [21]. It is an acute phase reac-
tant protein whose plasma levels are elevated rapidly during a tissue damage or aggression
and according to the intensity, reaching its peak in 24–48 h. This increase is due to an in-
crease in the plasma concentration of IL-6, which is produced by macrophages [22], endo-
thelial cells, T cells, and adipocytes [23]. When the inflammatory process ceases, within a
period of 3–7 days, the CRP returns to normal values.

PCR is deposited in anatomical locations in which inflammatory processes occur, as in the
intima of arteries [24]. In this location, PCR could participate in LDL capture by macrophages
in atherosclerotic plaque and thus be related to the development of atherosclerosis [25, 26].
Also, it is known that CRP directly induces the production of other inflammatory cells and
decreases the expression of nitric oxide synthase [27], participating actively in the atherogenic
process. The first evidence of the relationship between circulating CRP levels and the devel-
opment of coronary artery disease were published in 1954, showing an elevated CRP levels in
patients with acute myocardial infarction [28]. However, it will be during the decade of the
nineties when studies show the independent prognostic value of CRP in primary and secon-
dary prevention of coronary artery disease [29, 30]. Currently, by the ultrasensitive method
[31], it can be detected levels of hs-CRP required to the prediction of cardiovascular risk [32].
Based on this method, the American Heart Association (AHA) [33] recommends the following
ranges for predicting cardiovascular risk: <1.0 mg/L low risk, 1.1–3.0 mg/L moderate risk, and
3.1–10.0 mg/L high risk. hs-CRP values in the above ranges have shown sensitivity and
specificity for early detection of vascular events, not just in coronary arteries, also in the
peripheral circulation and brain in obese subjects [34]. Thus, in the study by Jager et al. [35] on
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a population of 2484 individuals, researchers concluded that CRP was an important predictive
value for cardiovascular mortality, especially in association with other risk factors such as
obesity. Other recent studies have shown a direct association between elevated plasma levels
of hs-CRP and the occurrence of cardiovascular accidents, both in individuals without
cardiovascular disease [36, 37], and in individuals with previous cardiovascular disease [38].
In this sense, hs-CRP has demonstrated to be a sensitive and specific marker for early
identification of individuals with cardiovascular risk, especially among obese subjects [39]. On
the other hand, prospective studies show that CRP levels in the general population and
especially in obese subjects is a strong predictor of future coronary events, stroke, peripheral
artery disease, congestive heart failure, and cardiovascular mortality in general [40], with a
continuous gradient of cardiovascular risk over the whole of their serum levels. In addition,
serum levels of CRP may be an indicator of subclinical atherosclerosis, correlating its concen-
tration with intima-media thickness [41] and with the calcification degree of the coronary
arteries [42]. Pande et al. [43], in their study with a population of 3000 patients, described higher
levels of CRP in patients with peripheral arterial disease. Ridker et al. [44], from a population
greater than 13,000 subjects and assessing different inflammatory markers, including CRP, also
found a statistically significant correlation between CRP levels and the risk of peripheral
arterial disease. In addition, in a five-year follow-up in a small cohort of 150 patients, the
authors conclude that those subjects who developed peripheral artery disease had higher
average CRP values during the monitoring period. In this sense, Vainas et al. [45], in a sample
greater than 300 patients with peripheral arterial disease, they conclude that the severity of
peripheral arterial disease was correlated with serum CRP levels.

In the recent study, Gaillard et al. [46] were studied 1116 pregnant women with obesity. The
study was developed during the second trimester of pregnancy and evaluated the serum levels
of CRP in the mothers and fetus’s fat mass. The authors concluded that higher second-trimester
maternal CRP level was associated with higher mid-childhood overall and central adiposity.

Other studies have shown that the obesity is a negative prognostic factor after diagnosis of
breast cancer [47]. There are evidences that propose a greater amount of adipose tissue will
increase the susceptibility of the patients to metastasis development [48]. Several mechanisms
have been proposed to explain the adverse effect of obesity on survival among women with
breast cancer, including alteration in cytokines profiles such as CRP [49]. In this sense,
alteration in acute phase proteins such us CRP in obese patients may exaggerate the inflam-
mation status [47]. Owing to the fact that the inflammation has the potential to prone the
patients toward later distant metastasis, it is necessary to regulate and control the levels of CRP
among other cytokines. Nevertheless, the exact mechanisms in which obesity and CRP levels
may influence breast cancer are not well known and need more research for its clarifying [47].

4. Conclusions

In conclusion, the available scientific evidence justifies the need to include determining the
values of hs-CRP among clinical screening tests on obese subjects to evaluate the cardiovas-
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cular risk, among other risks. CRP is an important clinical parameter in the early detection of
atherosclerotic disease and thus for the prevention of cardiovascular disease in people with
obesity. Its possible influence as an inflammation marker in the prognosis of cancer patients is
another important aspect that needs further study. However, even considering the scientific
evidence, new prospective studies are necessary with larger populations to acquire solid and
extrapolable results to citizenship.
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Abstract

Paediatric obesity has significant physic, social and psychological implications. Childhood 
obesity is usually associated in adulthood with increased risk of type 2 diabetes, meta-
bolic syndrome and cardiovascular diseases. Aggregation of cardiometabolic risk factors 
is already observed at young ages, with a nonlinear association with enhancement of 
adiposity. Adiponectin is an adipokine that inhibits inflammation, oxidative stress and 
metabolic syndrome components, namely dyslipidaemia, high blood pressure and insu-
lin resistance. Obesity has been associated with hypoadiponectinaemia in both adult and 
paediatric patients, which may contribute to co‐morbidities observed in these patients. 
Interventional studies that aim to tackle obesity reported controversial results. Although 
the general positive effect on weight loss, inflammatory and cardiometabolic markers has 
been studied, the impact of these interventional studies on adiponectin remains unclear. 
Some studies reported that the improvement in adiponectin might only occur in paediat-
ric obese patients with great weight loss or intensive physical exercise; the magnitude of 
the changes in body composition appears to be of particular importance. A revision about 
the knowledge on the relation between adiponectin, inflammation and cardiometabolic 
risk factors in paediatric patients is performed; the impact of interventional studies on 
adiponectin levels and markers of cardiometabolic risk is also addressed.
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1. Introduction

The worldwide increase in obesity at paediatric ages has been accompanied by the appear-
ance of diseases that were considered exclusive of adults, namely type 2 diabetes (T2D), 
dyslipidaemia and hypertension. These pathologies are commonly associated with central 
obesity, and this association is related with increased cardiometabolic risk [1, 2].

Obesity is closely associated with hypoadiponectinaemia, and low levels of circulating adi-
ponectin are a potential predictor of some obesity‐related co‐morbidities. Therefore, adipo-
nectin has been studied as a possible link between these conditions. Furthermore, growing 
evidence supports a relationship between obesity in childhood and low levels of adiponectin, 
and increased cardiometabolic risk factors in adulthood [3, 4].

2. Adiponectin and its isoforms

Adiponectin is important as a mediator of inflammatory factors and as an anti‐athero-
genic, anti‐dyslipidaemic and insulin sensitiser factor. Adiponectin has particular char-
acteristics,  different from most of the other mediators: each one of its three circulating 
isoforms (high‐ (HMW), medium‐ (MMW) and low‐molecular weight (LMW)) appears 
to be linked with different,  sometimes opposite, actions in the organism. High‐molecular 
weight (HMW) isoform has been considered a better metabolic marker than total adipo-
nectin [5, 6].

Total and HMW adiponectin concentration were reported to be lower in obese (OB) chil-
dren and adolescents, when compared to lean controls (CT) [6, 7]. Besides, the relative 
percentages of the isoforms are, usually, altered: HMW% adiponectin decreases, while 
low‐molecular weight (LMW)% adiponectin increases. In children, HMW adiponectin 
multimer is usually linked to an improvement in insulin resistance (IR) and lipid pro-
file [6], and it has been negatively associated with cardiometabolic complications [8]. The 
negative associations of HMW adiponectin with IR and adiposity appear to be present 
even in pre‐pubertal (PP) individuals [9, 10]. Zimmet et al. reported that in PP children, 
HMW adiponectin was negatively associated with body mass index (BMI) z‐score, IR, tri-
glycerides (TG), leptin and soluble intracellular adhesion molecule (sICAM); however, 
after adjustment for age and sex, only BMI z‐score and TG maintained their negative asso-
ciation with HMW adiponectin [11]. These authors did not detect correlations between 
HMW adiponectin and proinflammatory mediators, such as resistin, interleukin (IL)‐8 and 
IL‐18 [11]. This lack of correlation with inflammatory mediators suggests that the levels of 
adiponectin multimers might be more linked to changes in glucose and lipid metabolisms 
at young ages.

Figure 1 resumes the reported associations between total, HMW and LMW adiponectin with 
inflammatory mediators, hormones and other factors [12–31].
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3. Adiponectin and the risk of developing co‐morbidities

Some contradiction exists in literature regarding adiponectin levels in young OB patients. 
Total adiponectin levels are generally accepted to be lower in OB children and adolescents 

Figure 1. Studies reporting associations between inflammatory markers and total, high‐molecular weight (HMW) 
and low‐molecular weight (LMW) adiponectin. Underlined are the inflammatory factors that appear in both columns 
(ambiguous results). °, pre‐pubertal; *, post‐pubertal; Ac, acid; CRP, C‐reactive protein; FABP, fat acid‐binding protein; 
FGF, fibroblast growth factor; IL, interleukin; IFN, interferon; MCP, monocyte chemoattractant protein; NEFA, non‐
esterified fatty acid; RBP, retinol‐binding protein; T4, thyroxine; TNF, tumour necrosis factor.
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when compared with CT and overweight (OW) subjects [25, 32]. However, contradictory data 
have also been reported [12, 33].

Cardiometabolic risk factors, such as dyslipidaemia, hyperglycaemia, hypertension, central 
obesity and IR, tend to cluster and are associated with increased risk for cardiovascular 
 diseases (CVDs) [1, 2]. These risk factors are already altered in early ages in OB individu-
als, and changes in adiponectin levels may underlie such risk. Indeed, an association of 
adiponectin with metabolic risk factors [1, 34] has been reported, leading to the proposal of 
adiponectin as a marker of cardiometabolic risk [24, 35], and as a potential predictor of obe-
sity‐related co‐morbidities [36, 37]. An association between adiponectin levels in childhood 
and the probability of developing co‐morbidities in the future has been also raised [21]. In 
agreement, a study by Morrison et al. showed that lower levels of adiponectin in 16‐year‐
old females were related with the development of cardiometabolic risk features at the age 
of 23 years [38]. Another study also showed adiponectin as a predictor of cardiometabolic 
risk, in OW children, even when adjusted for age, gender, Tanner stage, BMI, visceral fat 
and IR [34].

In T2D OB adolescents, adiponectin levels were found to be lower than in normal individu-
als, and even lower than in OB individuals without T2D. In this population, IR appeared as 
a main determinant of adiponectin concentrations, more than BMI itself [2]. There are, how-
ever, controversial data about the changes in adiponectin, in OB adolescents with and without 
T2D [23].

In obesity, it is important to consider body fat distribution, besides weight excess. Indeed, 
increased abdominal obesity has been associated with lower levels of adiponectin [1, 25, 
39, 40] and adiponectin was negatively associated with visceral‐to‐subcutaneous fat ratio [41]. 
The association between hypoadiponectinaemia and increased visceral adipose tissue (VAT) 
seems to appear early in life [33].

Younger age of adiposity rebound (AAR) associates with increased adiposity later in life 
[42, 43]. Nevertheless, no association was found between AAR and adiponectin in 10‐year‐old 
children, whereas an association was found between AAR and leptin [44]. A preferential rela-
tionship of AAR with increased subcutaneous adipose tissue, rather than with VAT, might 
partially explain why no association was found with hypoadiponectinaemia [43].

In adolescents, the increased abdominal obesity and reduced adiponectin levels are accompa-
nied by enhanced TG and decreased levels of high‐density lipoprotein cholesterol (HDLc) [1], 
suggesting that central body fat distribution is also associated with a worse control on lipid 
metabolism.

The inverse relation of adiponectin with cardiometabolic risk appears to be accepted, espe-
cially in pubertal subjects. It is important to highlight that the diagnosis of metabolic syn-
drome (MS) in young children (under 10 years) should be avoided, as recommended by the 
International Diabetes Federation, considering the lack of age‐ and gender‐adjusted cut‐offs 
for MS components and the ambiguous causality evidence in such young ages relating MS 
and increased risk of CVD later in life [45].
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4. Adiponectin and cardiometabolic risk factors

4.1. Lipid profile

The effect of adiponectin on lipid metabolism has been widely studied. Adiponectin is known 
to lower the synthesis of free fatty acids and to stimulate β‐oxidation [46]. Furthermore, HMW 
adiponectin seems to lower the release of apolipoprotein (apo) B and apo E from the liver, 
decreasing the release of lipoproteins rich in TG (e.g. very‐low‐density lipoprotein (VLDL)) 
and increasing HDLc levels [47].

The positive association between adiponectin and an improved lipid profile has been con-
firmed by several data. The most consensual effects for adiponectin are a positive association 
with HDLc and a negative correlation with TG [1, 13, 27, 29, 48, 49]. These associations are 
present even in PP ages [26, 50] (Table 1). Through its effect on lipid metabolism, adiponec-
tin might even modulate the influence of genetics. Lower levels of apo B/apo A1 ratios and 
total cholesterol/HDLc were found for individuals with higher adiponectin levels despite pre-
senting an apo E genotype associated with a worse lipid profile [51]. In adolescent OB girls, 
adiponectin levels were positively associated with HDLc measured 7 years later, highlight-
ing that adiponectin might modulate lipid metabolism even for a long term. However, no 
correlation was found between adiponectin and TG or low‐density lipoprotein cholesterol 
(LDLc) [38]. Oppositely, no relation between lipid profile and adiponectin was reported in 
other  paediatric studies [14, 21].

Reference Country n (f %) Age (years) Cohort Adiposity IR Dyslip

Martos‐Moreno et al. [9] Spain 70 (31.4) 8.92 ± 1.80 OB (61 lean CT) NS (‐)

Bansal et al. [50] UK 138 (35.5) 
European; 
77 South 
Asian (35.1)

3 Global population (‐) (‐)#

Gajewska et al. [7] Poland 30 (40.0) 7.8 ± 1.3 OB (35 lean CT) NS

Gil‐Campos et al. [26] Spain 34 (32.4) 9.4 ± 0.4 OB (20 lean CT) (‐)* (‐) (‐)

Medina‐Bravo et al. [33] Mexico 33 (45.4) 9.0 ± 1.6 OB (13 lean CT) (‐)

Murdolo et al. [11] Italy 305 (52.8) 5–13 Global population NS

Gajewska et al. [71] Poland 100 (54.0) 8.3 (7.0–9.3) OB (70 lean CT) (‐)

Nascimento et al. [72] Portugal 13 (46.2) 7.9 ± 1.4 OB (10 lean CT) NS

Murdolo et al. [28] Italy 200 (55.5) 5–13 Global population (‐) NS (‐)#

*, Correlation with total and central adiposity; #, positive correlation with HDL. CT, control; Dyslip, Dyslipidaemia; f, 
female; IR, insulin resistance; (‐), negative association; NS, not significant; OB, obese; OW, overweight.

Table 1. Studies assessing the relation between total adiponectin levels and cardiometabolic risk factors in pre‐pubertal 
children.
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Concerning adiponectin multimers, while LMW adiponectin seems to be linked with a worse 
lipid profile, through a positive association with TG [5], HMW adiponectin has shown oppo-
site effects [6], even in PP individuals [11].

4.2. Blood vessels and blood pressure (BP)

Adiponectin‐positive effects on blood vessels are, apparently, independent of its effect on 
IR [52]. Adiponectin improves vessel status and reduces atherogenesis by inducing nitrous 
oxide production by endothelial cells that promotes vasodilatation and reduces platelet 
adhesion/aggregation. It also reduces vascular smooth muscle cells proliferation [53, 54] and 
avoids macrophage activation, preventing, therefore, vascular wall remodelling and foam 
cells formation [55]. Through these effects, adiponectin prevents the development of athero-
sclerosis while still in early stages. Adiponectin association with vascular changes appears 
since paediatric ages, as its levels are positively correlated with brachial artery distensibility 
[52], and inversely correlated with the internal media thickness (IMT) of carotid arteries (cIMT) 
[56–59]. However, some intervention programmes did not find any correlation between adi-
ponectin improvement and cIMT [13], cIMT variation [60], or retinal vessel diameter [61].

Adiponectin presents anti‐oxidant activity reducing the production of reactive oxygen spe-
cies (ROS) that are deleterious to endothelial cells. Actually, the enhanced production of 
ROS favours the development of oxidative stress, which is a predictive factor for cardio-
vascular events (e.g. coronary artery disease) [62, 63]. In OB children, increased markers 
of oxidative stress have been found together with lower adiponectin levels [64]. The lower 
anti‐oxidant status [65] leads to increased HDL and LDL oxidation in OB children [66]. 
Increased oxidised LDL (oxLDL) is linked to the formation of foam cells, a key step in ath-
erosclerosis initiation. The anti‐oxidant enzyme paraoxonase (PON)1 presents a reduced 
activity in OB subjects, being adiponectin positively correlated with PON1 arylesterase 
activity in OB children [66].

Decreased adiponectin levels are negatively associated with other oxidative stress markers, 
as adipocyte fatty acid‐binding protein (A‐FABP) and lipocalin‐2 [21, 67]. In a 3‐year longitu-
dinal study, higher concentrations of A‐FABP and lower levels of adiponectin were reported 
as predictors for the development of CVD risk factors [21]. The improvement of adiponectin 
levels after an exercise‐based intervention programme has been associated with improve-
ments in the oxidant status in paediatric populations [68].

Similar to their opposite biological effects in lipid metabolism, LMW and HMW adiponectin 
multimers present contrasting activity regarding oxidative stress and vascular changes. An 
increase in systolic BP (SBP), cIMT and oxidative stress (higher‐circulating oxLDL) was posi-
tively associated with LMW% adiponectin [6], while HMW adiponectin correlated inversely 
with a marker of oxidative stress that is increased in OB children—isoprostane [69].

Conflicting results exist in literature regarding the association of adiponectin with BP. Some 
data reported a negative association between adiponectin and both SBP and diastolic BP 
(DBP) [13, 16, 36], or with SBP alone [25, 29, 34, 37, 70]. Fewer studies describe the absence of 
association between adiponectin and BP [14, 27, 49].

Adiposity - Omics and Molecular Understanding88



Concerning adiponectin multimers, while LMW adiponectin seems to be linked with a worse 
lipid profile, through a positive association with TG [5], HMW adiponectin has shown oppo-
site effects [6], even in PP individuals [11].

4.2. Blood vessels and blood pressure (BP)

Adiponectin‐positive effects on blood vessels are, apparently, independent of its effect on 
IR [52]. Adiponectin improves vessel status and reduces atherogenesis by inducing nitrous 
oxide production by endothelial cells that promotes vasodilatation and reduces platelet 
adhesion/aggregation. It also reduces vascular smooth muscle cells proliferation [53, 54] and 
avoids macrophage activation, preventing, therefore, vascular wall remodelling and foam 
cells formation [55]. Through these effects, adiponectin prevents the development of athero-
sclerosis while still in early stages. Adiponectin association with vascular changes appears 
since paediatric ages, as its levels are positively correlated with brachial artery distensibility 
[52], and inversely correlated with the internal media thickness (IMT) of carotid arteries (cIMT) 
[56–59]. However, some intervention programmes did not find any correlation between adi-
ponectin improvement and cIMT [13], cIMT variation [60], or retinal vessel diameter [61].

Adiponectin presents anti‐oxidant activity reducing the production of reactive oxygen spe-
cies (ROS) that are deleterious to endothelial cells. Actually, the enhanced production of 
ROS favours the development of oxidative stress, which is a predictive factor for cardio-
vascular events (e.g. coronary artery disease) [62, 63]. In OB children, increased markers 
of oxidative stress have been found together with lower adiponectin levels [64]. The lower 
anti‐oxidant status [65] leads to increased HDL and LDL oxidation in OB children [66]. 
Increased oxidised LDL (oxLDL) is linked to the formation of foam cells, a key step in ath-
erosclerosis initiation. The anti‐oxidant enzyme paraoxonase (PON)1 presents a reduced 
activity in OB subjects, being adiponectin positively correlated with PON1 arylesterase 
activity in OB children [66].

Decreased adiponectin levels are negatively associated with other oxidative stress markers, 
as adipocyte fatty acid‐binding protein (A‐FABP) and lipocalin‐2 [21, 67]. In a 3‐year longitu-
dinal study, higher concentrations of A‐FABP and lower levels of adiponectin were reported 
as predictors for the development of CVD risk factors [21]. The improvement of adiponectin 
levels after an exercise‐based intervention programme has been associated with improve-
ments in the oxidant status in paediatric populations [68].

Similar to their opposite biological effects in lipid metabolism, LMW and HMW adiponectin 
multimers present contrasting activity regarding oxidative stress and vascular changes. An 
increase in systolic BP (SBP), cIMT and oxidative stress (higher‐circulating oxLDL) was posi-
tively associated with LMW% adiponectin [6], while HMW adiponectin correlated inversely 
with a marker of oxidative stress that is increased in OB children—isoprostane [69].

Conflicting results exist in literature regarding the association of adiponectin with BP. Some 
data reported a negative association between adiponectin and both SBP and diastolic BP 
(DBP) [13, 16, 36], or with SBP alone [25, 29, 34, 37, 70]. Fewer studies describe the absence of 
association between adiponectin and BP [14, 27, 49].

Adiposity - Omics and Molecular Understanding88

Longitudinal studies usually show no association between fluctuations of adiponectin and 
changes in BP. Choi et al. found in 9‐year‐old children a positive correlation between base-
line adiponectin and BP changes, during a 3‐year follow‐up study; however, the significances 
were lost when adjusted for Tanner stage [21]. Another study [38] reported no association 
between adiponectin concentration in OB 16‐year‐old girls and the values of BP 7 years later.

4.3. Insulin resistance

IR plays a central role in the pathophysiology of obesity‐related co‐morbidities such as dys-
lipidaemia, nonalcoholic fatty liver disease (NAFLD), hypertension and inflammation.

Apart from PP individuals (Table 1), the relation between adiponectin, obesity and IR appears 
to be clear. Total adiponectin levels are negatively correlated with IR, and the increase in adi-
ponectin, following a lifestyle intervention, leadvvvs to a decrease in IR [29, 73]. However, 
there is still some controversy concerning this association [10].

Hepatic IR is particularly important for the metabolic changes observed in obesity, as 
it modifies the profile of lipoproteins released by the liver, towards a more atherogenic 
 profile [47, 74]. IR also leads to TG accumulation in hepatocytes, leading to the develop-
ment of NAFLD. The structural and metabolic changes in hepatocytes induce macrophage 
activation, increasing the hepatic production of inflammatory mediators and transami-
nases [74]. Adiponectin is reduced in OB children and adolescents with NAFLD [75–77], 
and, when adiponectin increases, IR and NAFLD are also improved [75]. Adipose tissue‐
specific IR also accounts for important metabolic and inflammatory changes in OB indi-
viduals, as insulin‐resistant adipocytes release more free fatty acids and proinflammatory 
adipokines [78].

In OB children [6], including PP subjects [12], total adiponectin, and HMW in particular, has 
a more close relation with IR markers, namely with homeostatic model assessment (HOMA), 
than with BMI or body fat. On the contrary, a positive association between LMW% adiponec-
tin and HOMA has been reported [6].

The negative association of adiponectin with IR might not be present from birth. Insulin 
levels increase until 1 year of age, which is accompanied by a reduction in adiponectin; how-
ever, those changes are not associated with HOMA [79]. The inverse association between 
total and HMW adiponectin with IR seems to appear only after 2–6 years of age [11, 14, 
26, 80, 81].

The insulin‐sensitiser effect of adiponectin is likely to explain, in part, why individuals with 
two clinical conditions associated with hyperadiponectinaemia, such as Prader‐Willi syn-
drome (PWS) (associated with cognitive impairment) [82] and Laron syndrome (associated 
with dwarfism) [83], present decreased markers of IR despite severe obesity when compared 
to BMI‐matched CT. HMW% adiponectin is found to be particularly increased in PWS. These 
two syndromes also have in common a diminished level or activity of the growth hormone 
(GH). Changes in this hormone might partially explain their paradoxical hyperadiponec-
tinaemia, increased insulin sensitivity and lower percentage of visceral fat.
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Adiponectin and leptin are closely related, presenting, however, an inverse association with 
adiposity and IR. A study by Schiper et al. showed that an increased inflammatory profile 
increased leptin and leukocyte activation, and IR, in childhood obesity, while lean children 
presented increased adiponectin, insulin sensitivity and lower leukocyte activation [84]. 
Adiponectin‐to‐leptin ratio appears as a relevant marker of IR, with a strong negative associa-
tion with HOMA and insulin. In fact, it might be a better marker than HOMA to predict IR, 
as was shown in OB adolescent cohorts [18, 85]. A cross‐sectional study in Chinese children 
proposed leptin as the best predictor of IR, once adiponectin predicted IR only in OB and OW 
boys and girls, and had no predictive value for lean individuals [32].

The association of adiponectin with IR, adiposity and other CVD markers might be different 
in paediatric populations, with different/special characteristics. The mechanisms underlying 
IR in subjects with type 1 diabetes (T1D) are different from those leading to T2D [86, 87]. In 
adult cohorts of T1D patients, adiponectin is increased, when compared to the general popu-
lation, and is associated with cardiovascular and all‐cause mortality [87]. The exact mecha-
nisms underlying this paradoxal association are still uncertain.

The relation between adiponectin and other metabolic parameters is influenced by the pop-
ulation background. Some ethnic groups, as South Asians (sub‐continental India), showed 
reduced adiponectin levels in infants, despite the normal values of insulin or lipid profile 
[50]. Lower adiponectin is also present in both adult [88] and adolescent black individu-
als [38, 89]. Even though presenting lower adiponectin levels, increased prevalence of IR in 
black adolescents is less clear [38, 89]. It must be highlighted, once again, that the association 
between adiponectin and other metabolic parameters should always be considered regarding 
the ethnicity.

4.4. Adiponectin and markers of inflammation

In paediatric ages, as in adults, obesity is a low‐grade inflammatory state, usually accom-
panied by a rise in proinflammatory mediators, and by a decrease in anti‐inflammatory 
molecules, especially adiponectin. In accordance, adiponectin, in paediatrics, is negatively 
associated with proinflammatory mediators, such as IL‐1β, IL‐6, IL‐8 and tumour necrosis 
factor (TNF)‐α [12]. Different mediators are known to influence adiponectin levels, includ-
ing other adipokines, hormones (e.g. insulin, insulin‐like growth factor 1 (IGF‐1), GH), 
and different types of molecules, produced within the adipose tissue or in other organs 
and tissues.

Inflammatory status appears to vary according to the degree of obesity, as severely OB chil-
dren and adolescents, when compared with individuals presenting a moderate type of obe-
sity, present reduced adiponectin and increased C‐reactive protein (CRP), leptin, IL‐6 and 
resistin [90]. However, this relation between adiponectin, inflammation and the severity of 
obesity is still controversial [51].

Adiponectin reduces TNF‐α secretion by macrophages [88], and both TNF‐α and IL‐6 reduce 
adiponectin mRNA expression, explaining, at least in part, the relations of these cytokines 
with IR [88, 91]. Actually, TNF‐α is known to inhibit insulin signalling [92]. In agreement, 
Lopez‐Alarcon et al. reported that OB and OW adolescents with IR who participated in a 
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1‐month n3 fatty acids supplementation protocol presented an improvement in the inflam-
matory status (higher‐circulating levels of adiponectin and lower TNF‐α and leptin), and of 
IR [93].

In PP individuals, the association between TNF‐α and adiponectin might be less obvious, as 
the studies in this population failed to find any correlation between those adipokines [16, 26]. 
Another study in OB and OW adolescents, presenting a decrease in TNF‐α, IL‐10 and IL‐8 
after weight and body fat loss, following a physical exercise (PE) programme, did not present 
changes in adiponectin [94].

Leptin is one of the adipokines more closely associated to adiposity, presenting a negative 
correlation with adiponectin and a positive correlation with BMI. A 3‐year longitudinal study 
showed that children with the highest increase in BMI presented lower adiponectin and 
increased leptin [3]. Likewise, adiponectin levels were negatively associated with leptin in 
female adolescents [17]. In OB Romanian children, a worse adipokine profile was observed, 
when compared to lean CT, with increased IL‐6, leptin and resistin, and decreased adiponec-
tin, which correlated, negatively, with leptin; this correlation with leptin disappeared when 
corrected for waist circumference (WC) and BMI z‐score. Actually, WC has been proposed as 
a good predictor of adiponectin levels, highlighting the influence of adiposity distribution in 
adipokines [16].

As referred, adiponectin‐to‐leptin ratio might be a better marker of IR than adiponectin and 
leptin separated, or even HOMA [18, 85]. Due to the opposite association of adiponectin and 
leptin with adiposity, this ratio could be also used as an indicator of the anti‐ or proinflamma-
tory adipokine balance in obesity [95].

The adiponectin multimers are also associated with leptin; the HMW adiponectin is nega-
tively correlated, while LMW and LMW% adiponectin present positive associations [5, 6]. 
By contrast, other authors did not find any correlation between adiponectin and leptin [10, 
14, 96] in OW and OB children, despite the association of both adipokines with IR and 
adiposity.

CRP is a well‐recognised marker of CVD risk in adults. Although it has been associated with 
the increased inflammation in paediatric obesity patients [48], its association with adiponectin 
is not so clear in these ages [5, 6, 10, 13, 14, 37, 48, 51]. Nevertheless, there are strong evidence 
that both are related to obesity and IR [48, 51].

IL‐6 is a proinflammatory mediator, usually increased in obesity. In lean individuals, 
IL‐6 controls energy intake but, in OB individuals, a state of resistance to IL‐6 appears to 
develop.

In animal models, resistin was found to associate positively with IR. In human studies, espe-
cially in children, the results are not conclusive. No associations between resistin and total 
adiponectin in children [6, 10, 16, 29], or in PP OB patients [11], as well as with HMW and 
LMW adiponectin [6], were found.

The anti‐inflammatory effect of adiponectin is partially related with IL‐10, an anti‐ 
inflammatory and anti‐atherogenic interleukin, once adiponectin induces the synthesis of 
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IL‐10 by macrophages. Considering that in obesity adiponectin is reduced and an increased 
infiltration of macrophages occurs in the adipose tissue, hypoadiponectinaemia would lead 
to diminished IL‐10 levels. Despite that, increased circulating IL‐10 was reported in OB 
adults. This increase is probably linked to a state of IL‐10 resistance in OB individuals, as 
observed for IL‐6, leptin and insulin. It could be also a response to the obese‐related increase 
in inflammation, as IL‐10 is an anti‐inflammatory mediator [24, 97]. Conversely, Calcaterra 
et al. did not find in OB children, the correlation between adiponectin and IL‐10 reported in 
adults [24].

4.5. Interventional studies and adiponectin levels

Longitudinal studies are crucial to obtain causal associations between adiponectin and other 
factors. Table 2 presents a summary of interventional studies involving PE and/or nutritional 
counselling/supplementation programmes and their impact on adiponectinaemia.

Improvements in adiponectin levels may be obtained by energy restriction and PE, and the 
combination of both approaches appears to have a greater impact, as was observed in OB 
adolescent boys [18]. According to this study, the magnitude of the weight loss does not seem 
to be a confounding factor, as the group practicing only exercise had no significant weight 
loss, but, even so, the adiponectin levels increased. These data raise the hypothesis that varia-
tions in adiponectin levels are closely associated with changes in body composition [18]. 
In fact, even when the weight loss is not significant, changes in plasmatic adiponectin are 
negatively correlated with the variations in body fat percentage, in children [73]. Similarly, 
another interventional study for OB adolescents found that increases in adiponectin levels 
were associated with weight loss, and improvements were kept if the adiposity reduction 
was sustained [98].

Other factors, such as genetics, PE, inflammation and nutritional habits could influence adi-
ponectin levels. For instance, when considering an intervention programme, involving diet 
and PE, performed on OB females with eating disorders (nervous bulimia or binge eating) 
and on BMI‐matched controls, both groups benefited from the intervention, as both presented 
improvements in adiponectin. Nevertheless, changes in adiponectin correlated negatively 
with changes in HOMA and body fat percentage, only in the CT, and baseline and post‐
intervention adiponectin levels did not differ between them [99]. The independent role of 
PE, besides anthropometric improvements, in raising adiponectin levels has also been high-
lighted [100].

Despite the recognised influence of other factors, studies in children and adolescents have 
proposed that significant changes in adiponectin require a marked improvement in adiposity 
[25, 29]. A cut‐off value of BMI z‐score of 0.5 has been proposed as a target for achieving such 
changes [12, 101, 102].

The need for a considerable adiposity reduction in paediatric ages, even when compared to 
adults, in order to obtain significant results regarding adiponectin, is partially linked to the 
age‐related decrease in this adipokine levels that occur during this period of life; this decrease 
is more enhanced during puberty and in boys. In fact, a BMI z‐score reduction of 0.3 in OB 
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children, although already associated with improvements in HOMA and lipid profile, only 
prevents the age/puberty‐associated reduction in adiponectin, observed in the group that did 
not reach that cut‐off [48].

Different strategies have been used in interventional studies; those that appear to achieve 
changes in body composition, necessary to obtain improvements in adiponectin, are usually 
short‐term/high‐intensity programmes that are able to produce in a smaller period of time a 
greater adiposity reduction [48]. In agreement, adiponectin increased, while BMI reduced, 
in high‐intensity short‐term intervention protocols lasting 7 days [30] and 4–6 weeks, in OB 
children [96].

Strengthening the importance of weight‐loss magnitude, Lira et al. found that only the OB 
adolescents that reduced more than 5% of their fat mass, following PE and dietary interven-
tion, had an increase in adiponectin levels [22]. Nevertheless, the participants in this study 
were all post‐pubertal (Tanner stage 5) and, thus, the improvement in adiponectin might have 
been facilitated by the absence of the counteracting physiologic reduction. Following a similar 
intervention, by the same group, decreased IR and increased adiponectin levels were associ-
ated with improvements in NAFLD in an OB paediatric population [75].

Regarding the influence of lifestyle interventions on multimeric distribution of adiponectin, 
a study in PP children found that total and HMW adiponectin were lower in OB children 
when compared to lean CT. Variation in multimers, in OB children, is probably associated 
with changes in the multimerisation process that occurs inside the adipocyte, before secretion. 
In OB individuals, there is a reduction in the percentage of MMW and HMW adiponectin, 
while LMW% adiponectin increases [7]. Following a lifestyle intervention in OB PP children, 
a decrease in BMI of 10% was associated with an increase in total adiponectin, along with 
a decrease in LMW% adiponectin and an increase in the percentage of the other multimers 
(HMW% and MMW%), despite no association was observed at baseline, between BMI and the 
multimers or total adiponectin [7]. In a similar way to total adiponectin, changes in multim-
ers concentrations might only be evident if there is a change in body composition, namely a 
reduction in adiposity, as studies that did not achieve significant reductions also did not have 
impact on adiponectin multimer levels [103].

Concerning interventional programmes, not only in adolescents but also (and particularly) in 
children, controversial results are found (Table 2). Indeed, some authors report no association 
with anthropometric changes in PP individuals, as well as no correlation with changes in lipid 
profile and in IR [104].

Adiponectin did not improve after a lifestyle intervention only with nutritional counsel-
ling (without PE programme), despite BMI z‐score reduction and lipid profile improve-
ment being achieved [14]. Likewise, in another study involving PE and diet, even though 
improvements in body fat and BMI were obtained, adiponectin did not increase [94]. 
Changes in adiponectin levels might be harder to obtain even when compared to other 
inflammation markers. For example, a decrease in CRP was present following a nutri-
tional intervention programme, despite no significant changes in adiponectin levels and 
adiposity [105].
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The type of PE chosen, namely the training routines and intensity used, will influence the 
results obtained regarding the body composition and cardiorespiratory fitness and, conse-
quently, adiponectin levels [94, 106, 107]. For instance, although improvements in visceral fat, 
BMI and dyslipidaemia were obtained by both aerobic training (AT) and aerobic combined 
with endurance training (AET), these changes were greater with AET, which also presented 
a significant increase in adiponectin and reduction of IR. It was hypothesised that the greater 
improvement in dyslipidaemia and IR observed in the AET group was partially caused by the 
increase found for adiponectin in these individuals, but absent in the AT group [106].

Differences in baseline body composition and physical fitness might also influence the 
impact of intervention protocols on inflammation mediators, namely on adiponectin. Studies 
 involving non‐OB subjects or a mixed population can present different results from those 
found when only OB individuals are included. Ballet, for instance, is characterised by intense 
physical activity (PA), associating with an increase in lean mass. Girls practicing ballet have 
increased adiponectinaemia, when compared to lean CT. Moreover, their adiponectin levels 
increased during pubertal years (contrarily to CT), despite the trend towards central fat dis-
tribution following an increase in BMI z‐score in this group [108].

A school‐based study in Denmark did not find changes in adiponectin after a 6‐week‐day 
camp intervention (involving PA and health classes), although reduction in CRP and leptin 
and beneficial changes in body composition were achieved [109]. Contrarily, a 12‐week 
exercise intervention study with lean adolescents males found an increase in adiponectin, 
IL‐6 and CRP, although none of these changes were associated with variations in body fat 
composition [110]. Similar results were found in other studies [111]. It is known that PE, par-
ticular high‐intensity PE, increases oxidative stress and inflammation markers [112]. As the 
metabolic profile, the inflammatory balance also differs between lean and OB individuals, 
with the last presenting a turn towards a more proinflammatory profile. Thus, it is likely 
that their response to interventional studies also vary, suggesting that comparisons should 
be done carefully.

A longitudinal study involving only PP lean individuals reported a negative association 
between adiponectin and the level of PA. Also, the traditional negative association between 
adiponectin and IR was influenced by the PA levels in this cohort, being stronger for the 
less‐active groups. A mechanism of negative feedback might be present, as children with 
increased levels of PA would present greater insulin sensitivity (consequence of the PE), mak-
ing the insulin‐sensitiser agent adiponectin less ‘necessary'. The opposite effect would occur 
in the less‐active individuals [113]. This postulated negative feedback could also occur in OB 
individuals participating in interventional programmes, and cause a reduction in adiponec-
tin, following the initial increase, as the intervention continued, due to the increased insulin 
sensitivity [30]. Actually, in T1D children the increase in IR is accompanied by higher levels 
of circulating adiponectin [128, 129].

Pharmacological strategies to tackle obesity and obesity‐related co‐morbidities have been 
explored. Metformin associates with a small, but consistent, BMI reduction, and increases 
adiponectin and adiponectin‐to‐leptin ratio in OB children and adolescents, without notice-
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able side effects. Still, the effect of long‐term maintenance of metformin on adiponectin levels 
in children and adolescents is still unknown, particularly in children; thus, its use should be 
carefully considered [126, 127].

In conclusion, adiponectin association with obesity‐related cardiometabolic risk factors, 
such as IR, dyslipidaemia, atherosclerosis and NAFLD, have been well demonstrated. 
Interventional studies are good options to tackle obesity and the referred co‐morbidities, 
pharmacological adjuvants being an option to be considered. The variety of interventional 
approaches, with different study designs, populations and PE protocol makes the impact of 
these interventions on inflammatory mediators, and particularly on adiponectin, less clear; 
however, a positive effect is almost consistently found.

5. Conclusions and final remarks

The relation between adiponectin and cardiometabolic risk in children and adolescents is still 
under research.

Considering the different adiponectin multimers, HMW adiponectin has been associated 
with a better metabolic control, improving IR, while the LMW multimer presents an opposite 
effect. The concentrations and the relative percentage of the multimers should be considered 
as potential markers of CVD risk.

Obesity, and particularly abdominal obesity, is closely associated with lower adiponectin values in 
paediatric ages. Adiponectin acts as an insulin sensitiser, decreasing as the IR rises. Nevertheless, 
there might be a negative feedback mechanism, causing a relative decrease in adiponectin as 
insulin sensitivity improves. Higher adiponectin levels are associated with an improvement in 
lipid profile, with decreased TG and increased HDLc, being the influence on LDLc more lim-
ited. Besides the contribution to a less atherogenic lipid profile, adiponectin further prevents 
atherosclerosis by a direct positive effect on blood vessels. It reduces the formation of foam 
cells, macrophage infiltration and activation, and the vascular wall remodelling. Adiponectin is 
also associated with smaller arterial IMT and increased vessel elasticity, in children. Likewise, 
increased adiponectin is linked to reduced, healthier, BP.

Combining the specific effects of adiponectin in lipid profile, BP and IR, a decrease in this 
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also associated with smaller arterial IMT and increased vessel elasticity, in children. Likewise, 
increased adiponectin is linked to reduced, healthier, BP.

Combining the specific effects of adiponectin in lipid profile, BP and IR, a decrease in this 
adipokine will induce clustering of several cardiovascular risk factors in OB children and 
adolescents that predicts cardiometabolic diseases in the future.

HMW adiponectin seems to be a better predictor of cardiometabolic risk factors than total 
adiponectin. An increase in total and HMW adiponectin is achieved following interventional 
programmes, particularly those involving exercise and diet interventions. Changes in body 
composition, with reduction of total and central body fat, more than changes in body weight, 
appear to be the key for therapeutic success.

The positive effects of adiponectin on general metabolism are not so clear in PP individuals, 
particularly the improvement in IR. No significant differences are usually observed between 
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genders in PP individuals. After puberty, and possibly through a mechanism involving sexual 
hormones, adiponectin decreases with age in both genders, more markedly in boys [72, 130]. 
Several studies have reported similar adiponectin levels for both genders, even in OB paedi-
atric populations involving post‐pubertal subjects [10, 29, 61, 111, 131].

The controversial data on adiponectin following interventional programmes are, probably, 
related to different study designs and strategies used, including age, nutritional/body compo-
sition characterisation and pubertal stage of the studied subjects, PE or PA practice and type 
(e.g. aerobic, endurance, strength), group or individual therapy, among others; the popula-
tion background should also be considered, as genetics plays an important part on adipo-
nectin‐circulating levels and, thus, might affect the results. Different populations also have 
different diets, and nutritional influence on adiponectin levels deserves further studies. Thus, 
although it is hard to control all variables, a good characterisation of the interventional studies 
is crucial for future comparisons.

Adiponectin, obesity and IR are so closely associated that it is hard to establish which are 
causes and which are consequences. The clarification of adiponectin physiological role, 
the evolution of its normal values throughout life and its relation with other metabolic 
markers and diseases need well‐designed and objective longitudinal studies. These stud-
ies should focus on increased follow‐up periods, including PP and CT individuals, and 
evaluate adiponectin isoforms, considering the lack of information on individual multi-
mer levels and function. Further studies would help to better understand the metabolic 
changes in obesity, and to find new therapeutic targets to obesity itself and obesity‐related 
complications.
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Abstract

Obesity confers an increased risk for cardiovascular renal diseases, diabetes mellitus,
nonalcoholic steatohepatitis, musculoskeletal disorders, and cancers. Prokineticin‐2 is
a peptide hormone, which exists as both a circulating hormone system and a local
paracrine‐signaling mechanism within various tissues including the brain, kidney, and
adipose. It acts on the G‐protein‐coupled receptors (GPCRs) PKR1 and PKR2. The role
of  prokineticin‐2  in  the  central  nervous  system  is  the  control  of  food  intake.  Its
anorexigenic effect is at least partly through the hypothalamic melanocortin system.
Prokineticin‐2  also  prevents  adipose  tissue  expansion  by  limiting  preadipocyte
proliferation  and  differentiation  capacity.  Prokineticin‐2  signaling  is  important  for
insulin capillary passages. It also regulates heart and kidney development and function.
Here, we discuss a new obesity peptide prokineticin signaling in central regulation of
food intake, adipocyte tissue development, and cardiovascular function. Prokineticin
may play a key role in the association between obesity and cardiovascular diseases. We
also outline the potential of prokineticin receptor‐1 as target for the treatment of obesity
and cardiovascular diseases.

Keywords: prokineticin, GPCRs, obesity, diabetes, anorexigenic, angiogenic

1. Introduction

Obesity is a major health problem and an increased risk factor that worsens cardiovascular
events leading to higher morbidity and mortality. [1] Several cardiovascular diseases can also
occur due to structural and functional changes of the myocardium through excess fat deposition
and other mechanisms related to obesity [2]. However, the mechanisms of relation between
obesity and cardiovascular events are unclear. Nevertheless, pharmacological therapy for
obesity has great potential to improve cardiovascular problems. Several anorexcigenic peptides
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have been studied as potential drugs in the treatment of obesity [3]. Recent evidence showed
that some brain regions may not only be involved in food intake regulation but also play an
important role in the regulation of cardiovascular blood homeostasis [4]. The rising prevalence
of both obesity and heart failure make this association an important target for prevention.
Therefore, it is important to determine the common mechanisms regulating both obesity and
cardiovascular events. Identification of signaling pathways linking obesity and cardiovascular
disease is important for the development of novel therapeutics. Here, we summarize the current
information on the role of anorexigenic peptide prokineticin in obesity and cardiovascular renal
diseases, emphasizing prokineticin receptor‐1 signaling in these events.

2. Prokineticins and their receptors

Prokineticins are anorexigenic and angiogenic hormones. Because of the structural, signaling
and functional similarities, prokineticins are considered as cytokines/chemokines [5]. They are
released principally by macrophages and reproductive organs [6]. Recently, prokineticin is
considered as an adipokine because a high level of prokineticins has been found in obese
human WAT [7]. These small peptides (80–120 amino acids) are called prokineticins, because
these molecules were first identified as potent contractile factors in the gastrointestinal tract
[8]. Two isoforms of prokineticins have been identified: prokineticin‐1 and prokineticin‐2.
Prokineticin‐1 has been originally called as endocrine gland‐derived vascular endothelial
growth factor (EG‐VEGF), [9] because of its functional similarity to VEGF. Prokineticin‐2 is
also called as Bv8. Both of these peptides are 45% identical with highly conserved N‐terminal
AVITGA motif essential for their biological activity [6, 10]. Prokineticin activity is mediated
by two G‐protein‐coupled receptors, PKR1 and PKR2 [11].

2.1. Prokineticin‐2 is an anorexigenic peptide

Circulating hormones and nutrients are integrated to mediate the regulation of short‐term and
long‐term dietary intakes in the hypothalamus. A feeding and energy homeostasis control
center in the hypothalamus is called as arcuate nucleus (ARC) [12, 13]. The ARC integrates
most of the peripheral hormonal signals including leptin, insulin and ghrelin. The ARC has
two major subpopulations of primary neurons that express neurohormones with opposing
effects on food intake. ARC neurons that release the proopiomelanocortin (POMC)‐derived
peptide alpha‐melanocyte‐stimulating hormone (α‐MSH) and cocaine‐ and amphetamine‐
regulated transcript (CART) peptide potently reduce food intake [13, 14]. However, neuro‐
peptide Y (NPY)‐producing neurons in the ARC stimulate food intake.

Prokineticin‐2 is involved in the control of food intake and of fat mass through actions in the
ARC in the hypothalamus [15]. PKR1 receptor is expressed on both NPY/AgRP and POMC/
CART neurons. Intracranial injection of prokineticin‐2 in rats strongly decreases food intake.
Controversy, anti‐prokineticin‐2 antibody increases food intake. Anorexigenic effect of pro‐
kineticin‐2 is mediated at least partly via the hypothalamic ARC melanocortin system. Proki‐
neticin‐2 increases the release of alpha‐MSH from ex vivo hypothalamic explants. Recently,
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PKR1 has been shown as the first non‐melanocortin GPCR to be regulated by the melanocor‐
tin receptor accessory protein 2 (MRAP2). Indeed, MRAP2 significantly and specifically in‐
hibits PKR1 signaling [16].

Peripheral administration of prokineticin‐2 reduces food intake and body weight in both
lean mice and diet‐induced obesity models [17]. This effect of prokineticin‐2 is not evident
when appetite is increased or feeding behavior is promoted. Hypothalamic prokineticin‐2
levels were found extremely high in the early neonatal period. However, a decreased level of
prokineticin‐2 was evident under fasting conditions [18]. Prokineticin‐2‐knockout mice be‐
came obese at the late age. Humans with the inactivating mutations of prokineticin‐2 gene
are also obese [17, 19]. The anorectic effects of prokineticin‐2 are abolished by PKR1 antago‐
nists and not observed in mice lacking PKR1 [17]. Thus, the anorectic effects of prokineticin‐
2 in the hypothalamus are mediated by PKR1.

2.2. Prokineticin in the development of obesity

The mechanisms underlying the development of obesity include the hypertrophy and/or
hyperplasia of adipocytes, adipose tissue (AT) inflammation, impaired extracellular matrix
remodeling and fibrosis together with an altered secretion of adipokines [20]. AT expansion
involves two distinct mechanisms: an enlargement in adipose cells and an increase of adipo‐
cytes number [21]. Differentiated adipocytes are post‐mitotic and therefore hyperplasia is the
result of increased de novo adipocyte formation (adipogenesis). Impaired adipogenesis is
associated with insulin resistance [22]. The balance between proliferation and differentiation
of preadipocytes and adipocyte apoptosis or necrosis determines adipocyte number.

Prokineticin‐2 levels were found to be high in obese human WAT [7]. Prokineticin‐2 suppresses
AT expansion by two distinct mechanisms: the central regulation of food intake and limiting
preadipocyte proliferation and differentiation. The central regulation of body weight is
counteracted by loss of PKR1 in adipose tissue in mice. Indeed, an abnormally excessive
abdominal fat mass accumulation was observed in these mice where the PKR1 specifically
deleted in the adipocytes (PKR1ad‐/‐) [7]. The formation of new adipocytes in both PKR1 null
and PKR1ad‐/‐ mice was resulted from an acceleration of preadipocyte proliferation and
differentiation. AT proliferative phenotype has switch to AT hypertrophic phenotype when
these mice were treated with a high‐fat diet, implicating high calorie intake is involved in the
conversion of hyperplasia to hypertrophy. In isolated preadipocytes, PKR1 activation sup‐
presses proliferation and adipogenic differentiation [38].

Both PKR1null and PKR1ad‐/‐ mice display abdominal obesity [7] However, only PKR1null mice
have peripheral obesity with a diabetes‐like syndrome. Thus, non‐adipocyte PKR1‐mediated
events contribute to the development of a diabetes‐like syndrome. Indeed, endothelial‐specific
PKR1‐knockout mice (PKR1ec‐/‐) [23] had insulin resistance in adipocytes. In PKR1ec‐/‐ adipo‐
cytes, insulin cannot promote normal fat storage, resulting in excess circulating free fatty acids
that, in turn, further contribute into insulin resistance in muscle, leading to diabetes‐like
syndrome. However, it seems that PKR1 has no direct effect on fat deposition in adipocytes.
PKR1ad‐/‐ mice did not have severe accumulation of fat tissue in their adipocytes. Since
adipocytes are not created from other adipocytes, but they arise from precursor cells (preadi‐
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pocytes), PKR1 suppress the ability of these precursor cells to become adipocytes (Figure 1)
[7]. The expansion and metabolism of the adipose tissue are the major problem in obesity.

Figure 1. Prokineticin‐2/PKR1 signaling may act as a new connector between development of obesity, diabetes and car‐
diovascular diseases. Prokineticin‐2/PKR1 signaling in central nervous system (CNS) regulates food intake. Prokineti‐
cin‐2 released from adipocytes controls preadipocyte conversion to adipocyte via PKR1 signaling. Prokineticin‐2/PKR1
signaling promotes survival of cardiomyocytes and angiogenesis and involved in neovascularization by activating car‐
diac progenitor cells. Prokineticin‐2/PKR1 signaling contributes to heart and kidney development as well as kidney
function. Whether this signaling involves heart and kidney regulation through CNS remains to be studied.

2.3. Prokineticin in insulin resistance

The endothelium is essential for insulin transcapillary delivery to the skeletal muscle interstiti‐
um. This process is the rate‐limiting step in insulin‐stimulated glucose uptake. [24] The impair‐
ment of insulin delivery process contributes to insulin resistance [25]. On the other hand, insulin
resistance leads to endothelial dysfunction [26]. Thus, the vascular endothelium is a potential
therapeutic target for the prevention of insulin resistance and related complications [27].

Endothelium‐specific PKR1‐knockout mice (PKR1ec‐/‐) display impaired capillary formation
and low transcapillary insulin uptake [23]. Impaired insulin delivery and signaling in endo‐
thelial cells (ECs) has been observed in cases of insulin resistance with type 2 diabetes and
obesity. Endothelial cells overexpressing PKR1 promotes insulin transendothelial uptake [9]
and angiogenesis [28]. PKR1ec‐/‐ mice display lipodystrophy due to poor capillary formation in
the AT. Lipodystrophies, involving a loss of WAT, cause hyperphagia and peripheral insulin
resistance [29].

As a summary, prokineticin regulates appetite (effects in central nervous system (CNS)) and
suppresses adipocyte expansion (direct effect on adipocyte tissue), promotes normal fat stor‐
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and angiogenesis [28]. PKR1ec‐/‐ mice display lipodystrophy due to poor capillary formation in
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As a summary, prokineticin regulates appetite (effects in central nervous system (CNS)) and
suppresses adipocyte expansion (direct effect on adipocyte tissue), promotes normal fat stor‐
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age (endothelial‐dependent effect) and increases insulin sensitivity. Therapeutic strategies
targeting PKR1 could be important to treat obesity and obesity‐associated insulin resistance.

2.4. Prokineticin in cardiovascular regulation

Obesity is both an independent risk factor and a risk marker for the development of asymp‐
tomatic and symptomatic coronary artery disease, heart failure and atrial fibrillation [2]. The
relationship between obesity and cardiovascular diseases may be associated with hemody‐
namic and anatomic cardiovascular changes related to excess body mass [30]. However, the
relationship can also be mediated by obesity‐related metabolic, inflammatory and neurohor‐
monal changes.

Altered expression of prokineticins and their receptors has been implicated in the development
of a number of pathological cardiac conditions, including heart failure [31]. Prokineticins and
their receptors have been identified as an important cardiovascular‐signaling system especially
cardiac cell commitment and cell‐to‐cell communications [32].

PKR1‐mediated signaling contributes to cardiomyocyte survival and adult heart repair. PKR1
activates Akt in cardiomyocyte to protect these cells against hypoxia‐mediated apoptosis [33].
Transgenic (TG) mice‐overexpressing PKR1 in the cardiomyocytes (TG‐PKR1) had an in‐
creased number of epicardial‐derived progenitor cells (EPDCs), with an increase of capillary
density and coronary arterioles. [32] The cardiac‐PKR1 signaling up‐regulates its own ligand
prokineticin‐2 to stimulate the EPDC differentiation into endothelial and smooth muscle cells
to promote neovasculogenesis [32]. However, cardiomyocyte‐PKR1 is essential for cardio‐
myocyte survival and contractility. PKR1null mice displayed cardiomyocyte‐contractile defects
and apoptosis partially due to lack of PKR1 signaling in cardiomyocytes. [34]

In endothelial cells (ECs), PKR1 activates Akt and MAPK to promote proliferation, migration
and angiogenesis. In agreement with the in vitro findings, the specific loss of PKR1 from mouse
ECs resulted in defective angiogenesis, leading to necrosis/apoptosis in the surrounding
tissues in several organs, including the heart and kidneys [23].

There was significantly less capillary formation in adult PKR1ec‐/‐ hearts. The posterior walls
of PKR1ec‐/‐ hearts were thinner, which was due to the loss of capillary formation and a high
level of apoptosis [23]. The remaining viable heart muscle is subject to greater biomechanical
stress, triggering hypertrophy [23]. Shortening fractions (indicators of left ventricular contrac‐
tility) were progressively reduced in mutant mice. PKR1ec‐/‐ hearts displayed EC deregulation,
capillary refraction, apoptosis, fibrosis and ectopic lipid deposition, abnormal insulin signaling
in hearts resulting in impaired diastolic function.

The ECs of hearts exhibited severely decreased FICT‐insulin uptake, indicating defective
transcapillary transport of insulin in the vascular wall of these mice. Isolated ECs from the
mutant cardiac and renal tissues exhibited very little insulin uptake, confirming that the loss
of PKR1 from EC decreased insulin transport [23]. Overexpressing PKR1 in these ECs pro‐
moted fluorescein isothiocyanate (FITC)‐insulin passage. Indeed, the primary defect linking
insulin resistance and endothelial dysfunction is believed to be nitric oxide deficiency of
endothelial origin [35]. In agreement, insulin uptake and insulin‐mediated eNOS activation
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were impaired in all mutant ECs. Similarly, altered eNOS activation and low insulin action
have recently been demonstrated in the endothelium of patients with diabetes mellitus [36].
Thus, impaired insulin delivery to ECs may lead to defective NOS and eNOS activation in
PKR1ec‐/‐ aortas, consequently impairing endothelium‐dependent relaxation. These data
highlight the role of PKR1 as a positive regulator of insulin uptake [37].

PKR1 signaling also contributes to heart development. In developing heart, PKR1 regulates
epicardial‐mesenchymal transition (EMT) to form epicardial‐derived progenitor cell (EPDC)
[38]. Genetic ablation of PKR1 in epicardium leads to ventricular hypoplasia and septal defects
during embryogenesis. Impaired vasculogenesis in these mice is due to impaired EPDC
proliferation as well as a defective EPDC differentiation into endothelial and smooth muscle
cell type. PKR1 in EPDCS activates Akt signaling, changes cell morphology, actin cytoskeleton
remodeling and EMT gene expression profile. Epicardial‐PKR1 contributes to cardiomyocyte,
proliferation and rhythmicity in a paracrine pathway.

2.5. Prokineticin in renal development and function

Global PKR1‐knockout mice have peripheral obesity accompanied by a diabetes‐like syn‐
drome at the late ages (36 weeks old) [7], mainly due to endothelial dysfunction and impaired
adipose tissue functions [37]. These mice also exhibited cardiomegaly, severe interstitial
fibrosis and cardiac dysfunction under the stress conditions. These mice also displayed
impaired renal tubular dilation, reduced glomerular capillaries, urinary phosphate excretion
and proteinuria [34].

Similarly, endothelial‐specific PKR1‐knockout mice (PKR1ec‐/‐) also displayed dilatation of
Bowman's spaces in most glomeruli, a compact glomerulus, fibrosis and enlarged tubular
structures with a swollen necrotic nucleus, abnormal mitochondria and aberrant organization
of podocytes. Abnormal tubular function with higher levels of absolute renal phosphate (Pi)
excretion in the PKR1ec‐/‐ mice is due to lower levels of sodium‐calcium and sodium phosphate
exchanger. The morphological changes in the PKR1ec‐/‐ kidneys were associated with higher
levels of apoptosis and impaired insulin signaling and lipid accumulation. Mutant mice
displayed high levels of creatinine clearance and proteinuria. [34] Endothelial dysfunction
resulted from loss of PKR1 signaling partially underlies the pathological features of heart and
kidney.

PKR1 signaling in kidney is essential for nephron development during embryogenesis [38].
Recently, it has been shown that mutant mice with targeted PKR1 gene disruptions in nephron
progenitors exhibited partial embryonic and postnatal lethality due to hypoplastic kidneys
with premature glomeruli and necrotic nephrons. Kidney developmental defects in these mice
are manifested in the adult stage as renal atrophy with glomerular defects, nephropathy and
uremia. Thus, PKR1 is necessary for renal mesenchymal‐epithelial transition (MET) that is
involved in the formation of renal progenitors, regulating glomerulogenesis toward forming
nephrons during kidney development. Indeed, PKR1 through NFATc3 modifies MET proc‐
essing to the development of nephron.
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exchanger. The morphological changes in the PKR1ec‐/‐ kidneys were associated with higher
levels of apoptosis and impaired insulin signaling and lipid accumulation. Mutant mice
displayed high levels of creatinine clearance and proteinuria. [34] Endothelial dysfunction
resulted from loss of PKR1 signaling partially underlies the pathological features of heart and
kidney.

PKR1 signaling in kidney is essential for nephron development during embryogenesis [38].
Recently, it has been shown that mutant mice with targeted PKR1 gene disruptions in nephron
progenitors exhibited partial embryonic and postnatal lethality due to hypoplastic kidneys
with premature glomeruli and necrotic nephrons. Kidney developmental defects in these mice
are manifested in the adult stage as renal atrophy with glomerular defects, nephropathy and
uremia. Thus, PKR1 is necessary for renal mesenchymal‐epithelial transition (MET) that is
involved in the formation of renal progenitors, regulating glomerulogenesis toward forming
nephrons during kidney development. Indeed, PKR1 through NFATc3 modifies MET proc‐
essing to the development of nephron.

Adiposity - Omics and Molecular Understanding120

3. Conclusion

PKR1 signaling has various beneficial effects, e.g., central regulation of appetite, the sup‐
pression of adipocyte mass and insulin‐sensitizing effects on skeletal muscle and other
tissues, cardiac regenerative effects and regulation of kidney function. This has attracted
considerable interest in the possible use of this receptor as a target for treatments combating
obesity, diabetes and cardiovascular diseases. Intracardiac PKR1 gene transfer improved
survival rate and heart functions after myocardial infarction [33]. Since PKR2 has been found
to contribute to vascular leakage and hypertrophic cardiomyopathy [39], several laboratories
are focused on the discovery of PKR1 agonist. Recently, PKR1 non‐peptide agonist has been
identified [40]. PKR1 agonist prevents cardiac lesion formation and improved cardiac
function after myocardial infarction in mice, promoting proliferation of cardiac progenitor
cells and neovasculogenesis. PKR1 agonist in treatment strategies of metabolic disease
remains to be studied.

How prokineticin‐2 contributes to the AT remodeling [41], how it modulates the interaction
between the adipocytes, macrophages and endothelial cells to regulate AT expansion [42]
remains also to be determined. Circulating prokineticin levels in obese, diabetic and heart
failure patients remain to be explored.
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Abstract

Adipose tissue inflammation has been suggested to play a central role in the pathogenesis
of many obesity-associated complications including insulin resistance and type 2 diabetes.
Adipocyte hypertrophy and hypoxia especially in morbid obesity are the important
sources for the development of adipose tissue inflammation. This inflammation is medi-
ated by producing a large number of cytokines and chemokines, including tumor necrosis
factor-α (TNF-α), interleukin-6 (IL-6), monocyte chemotactic protein-1 (MCP-1), and regu-
lated upon activation, normal T-cell expressed and secreted (RANTES). Of note, these
cytokines and chemokines produced by adipocytes during hypertrophy and hypoxia are
crucially involved in the initiation and development of obesity-associated inflammatory
response in adipose tissue. The capacity of constitutive and regulated release of immune
mediators from adipocytes demonstrates a causal link between the biology of adipocytes
and immune cells, such as macrophages and T cells. Moreover, the synergistic effect of
hypertrophic, hypoxia adipocytes, and adipose tissue immune cells has also been impli-
cated in the development of obesity-induced insulin resistance. This chapter provides the
overall review and update evidence to highlight the important role and possible underly-
ing mechanism of adipocyte hypertrophy and hypoxia in the development of obesity-
associated adipose tissue (AT) inflammation and insulin resistance.

Keywords: adipocyte, hypertrophy, hypoxia, adipose tissue inflammation, insulin
resistance

1. Introduction

Adipose tissue inflammation has been suggested to be crucially involved in the pathological
mechanisms of obesity-associated cardiometabolic complications, including insulin resistance,
type 2 diabetes, atherosclerosis, and non-alcoholic fatty liver disease (NAFLD). However, the
underlying mechanisms of this process are still under investigation.
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Adipocytes in an obesity setting, especially in morbid obesity, are characterized by hypertro-
phy and hypoxia, and they are the important sources to initialize adipose tissue inflammation.
This inflammation is mediated by producing a large number of cytokines and chemokines,
including tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), monocyte chemotactic protein-
1 (MCP-1), and regulated upon activation, normal T-cell expressed and secreted (RANTES).
These cytokines and chemokines produced by adipocytes during hypertrophy and hypoxia
significantly contribute to the development of obesity-associated adipose tissue inflammation.
The capacity of constitutive and regulated release of immune mediators from adipocytes
demonstrates a causal link between the biology of adipocytes and immune cells, such as
macrophages and T cells. Moreover, the interplay of hypertrophic, hypoxia adipocytes and
adipose tissue immune cells has been speculated to play the key regulatory role in the devel-
opment of obesity-induced insulin resistance.

This review provides update evidence to emphasize the important role of adipocyte hypertro-
phy and hypoxia in the development of obesity-associated adipose tissue (AT) inflammation
and insulin resistance and also discusses possible underlying mechanism.

2. Main subjects

2.1. Adipose tissue inflammation crucially contributes to the pathogenesis of
obesity-associated insulin resistance and type 2 diabetes mellitus (DM)

According to the World Health Organization, the worldwide prevalence of obesity and its
metabolic complications have increased substantially in recent decades. More than 1.9 billion
adults were overweight and over 600 million of these were obese in 2014 [1]. Excess adiposity
and adipocyte dysfunction in the state of obesity result in dysregulation of a wide range of
adipose tissue-derived secretory factors, which may contribute to the development of various
metabolic diseases via altered glucose and lipid homeostasis as well as inflammatory
responses. Two important publications in 2003 [2,3] have demonstrated the crucial role of
adipose tissue macrophage infiltration in obesity-associated adipose tissue inflammation and
associated insulin resistance [4]. Progression of morbid obesity is closely linked to a phenotype
switch of the macrophage activation state in adipose tissue. In the obese insulin-resistant state,
anti-inflammatory M2 macrophages initially resided in adipose tissue would be progressively
replaced by pro-inflammatory M1macrophages [5]. On the other hand, in the previous issue of
Nature Medicine, three different groups published the related aspects of an important link
between adaptive immunity (T-cell mediated) in obesity-induced adipose tissue inflammation
and insulin resistance in mice. Their results implicate that the alteration in the infiltrated
adipose tissue T cells occurs early in obesity and shows the causal relationship between
immunity and metabolism. For instance, Nishimura et al. [6] analyzed the dynamics of the
inflammatory infiltrate in the visceral fat of C57Bl/6 mice with diet-induced obesity. They used
mice with immunological and genetic depletion of CD8+ T cells (lose and gain of function)
to and demonstrated that these T cells are critical mediators of systemic metabolic dysfunction.
In addition, obesity alters the balance between Th1 and Th2 stimulation in fat, perhaps
through the depletion of Th2 and Treg T cells, and subsequently inducing the increase in
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CD8+ and Th1 T cells [6–8]. Thereby, these findings suggest that phenotype switch and
immune cell infiltration in adipose tissue are crucial for the development of obesity-related
adipose tissue inflammation and metabolic dysfunction [3,9,10].

On the other hand, the excess fat accumulation promotes the release of free fatty acids from
adipose tissue into the circulation and affects many other tissues, including the liver, skeletal
muscle, and heart. [11]. The detrimental effects of fatty acids and their metabolites, such as acyl-
coenzyme A, ceramides, and diacyglycerol, on insulin signaling through activating protein
kinases such as protein kinase C, mitogen-activated protein kinases (MAPK), c-Jun N-terminal
kinase (JNK), and the inhibitor of nuclear factor-κβ kinase B have been reported [12]. Moreover,
free fatty acids serve as ligands for the Toll-like receptor 4 (TLR4) complex [13] and stimulate
cytokine production of macrophages [14], thereby modulating inflammation of adipose tissue
which also significantly contributes to obesity-associated metabolic complications.

2.2. The development of adipocyte hypertrophy and hypoxia in adipose tissue
inflammation

Adipose tissue can respond rapidly and dynamically to alterations in nutrient deprivation and
excess through adipocyte hypertrophy and hyperplasia [15]. Especially in morbid obesity, in
contrast to adipose tissue expansion in health obesity consisting of an enlargement of adipose
tissue through effective recruitment of adipogenic precursor cells to the adipogenic programs,
the pathogenic adipose tissue expansion consists of massive enlargement of existing adipo-
cytes and limited angiogenesis and ensuring hypoxia [16]. For instance, adipocytes become
hypertrophic during the development of obesity, and their size increases up to 140–180 μm in
diameter, but the diffusion limit of oxygen is at most 100 μm [17]. On the other hand, it is
possible that the blood supply to adipocytes may be reduced during the progressive adipocyte
enlargement with consequent hypoxia [18].

2.3. The hypothesis and evidence about the effect of adipocyte hypertrophy and hypoxia
on the development of adipose tissue inflammation and insulin resistance

Recent studies have demonstrated that adipose tissue during the development of morbid
obesity is characterized by adipocyte hypertrophy followed by hypoxia, immune cell infil-
tration, and pro-inflammatory adipocytokines during progress of chronic inflammation. In
addition, the concomitant development of reduced blood flow perfusion, lipotoxicity, and
adipocyte cell death would also further deteriorate the progress of adipose tissue inflamma-
tion (Figure 1).

2.3.1. Effect of adipocyte hypertrophy on adipose tissue hypoxia

Obesity as excess of adipose tissue is attributed to hypertrophy and hyperplasia of adipocytes.
Adipocytes have a limited capacity for hypertrophy. One explanation is considered the diffu-
sion limit of oxygen, which is at most 100 μm [17]. Therefore, it is possible that hypertrophic
adipocytes might endure less than adequate oxygen supply. On the other hand, it has been
demonstrated that hypoxia of obese mice may occur in the areas within adipose tissue as a
result of adipocyte hypertrophy compromising effective O2 supply from the vascular and then
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initialize an inflammatory responses indicated by pimonidazole hydrochloride adduction
(physical evidence) as well as lactate concentration (physiological evidence) [19]. Moreover, it
has also been reported that hypoxia results in inflammation in adipose tissue and insulin
resistance in vitro and in animal studies [19–21].

The hypoxia is able to induce inflammation in adipose tissue by the induction of hypoxia-related
gene expression in adipocytes and macrophages. An important and well-characterized key
regulator of the adaptive response to alterations in oxygen tension is hypoxia-inducible factor-
1a (HIF-1α), a transcription factor that accumulates during hypoxia and activates the nuclear
factor-κβ pathways, leading to increased inflammation and stimulation of angiogenesis [19].

Of note, hypoxia-inducible factor-1a (HIF-1α), which plays a pivotal role in the response to
hypoxia [20], is regarded as the master regulator of O2 homeostasis. HIF-1α has been identified
in human adipose tissue and is reported to be increased in obesity [21]. In addition, several
rodent studies have shown that the increased gene expression of HIF-1α, more hypoxic areas,
and lower PO2 were detected in white adipose tissue of ob/ob, KKAy, and dietary-induced
obese mice [22–24]. Reduced oxygen tension has been directly measured in obese fat depots
in mouse models and human subjects [23]. Overexpression of HIF-1α in the adipocyte has also
been proved to be more pro-fibrotic and pro-inflammatory than pro-angiogenic [25]. Adipo-
cyte-specific deletion of HIF-1α limited high-fat diet-induced adipose tissue inflammation and
insulin resistance, and the tissue was equally vascularized as wild-type controls [26]. Thereby,
the augmentation of HIF-1α expression could contribute to a localized inflammation in adi-
pose tissue that propagates an overall systemic inflammation associated with the development
of obesity-related comorbidities [27].

2.3.2. Effect of adipocyte hypertrophy on production of free fatty acids (lipotoxicity)

Hypertrophic adipocytes are subjected to multiple cytotoxic stressors including lipotoxicity
[27]. Impaired insulin action in adipocytes during the development of hypertrophy and

Figure 1. The development of unhealthy obesity and insulin resistance.
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hypoxia is associated with elevated lipolysis and increased release of free fatty acids leading to
ectopic fat deposition in liver and skeletal muscle. Subsequently, it will cause the progress of
systemic insulin resistance [27]. Chronic hypoxia has been suggested to be part of the patho-
logical mechanisms causing dysfunction of adipocytes [20,25]. For instance, chronic hypoxia
leads to derangements in lipid metabolism and reduced lipoprotein clearance by decreasing
lipoprotein lipase activity in mice [28] and diminished subcutaneous adipose tissue lipolysis
by decreased efficiency of lipolytic signaling driving by the lipolytic signaling of beta-adrener-
gic nervous system, growth hormone, and parathyroid hormone in humans [29]. Moreover,
the increment of circulating free fatty acids (FFA) could be triggered by acute hypoxia in an
ischemia model of adult rats [24]. Acute hypoxia was also shown to increase lipolysis by
activation of adipocyte protein kinase A via increased epinephrine and norepinephrine release
following sympathetic nervous system stimulation [30]. In addition, the study conducted with
ob/ob mice showed that adipose tissue hypoxia caused free fatty acid release and inhibited
glucose uptake in adipocytes by inhibition of the insulin-signaling pathway [24].

Nevertheless, the increase in fatty acid flux into the fat cells also results in greater synthesis of
the FFA into triglycerides, which would lead to endoplasmic reticulum (ER) stress activating
the JNK pathway and thus further increasing insulin resistance in the fat cells [31].

2.3.3. Effect of adipocyte hypertrophy on adipose tissue blood flow reduction

The growing fat mass, in particular, the abdominal adipose tissue, is associated with unfavor-
able changes in adipose tissue blood flow and the development of metabolic disorders in state
of obesity. The diminished blood flow shown in enlarged fat mass might mainly attribute to
the development of adipocyte hypertrophy.

A decrease in adipose tissue perfusion is a common feature in obesity. West et al. [32]
demonstrated that blood flow to adipose tissue, measured with radiolabeled microsphere,
was reduced in Zucker obese rats. In humans, the levels of adipose tissue blood flow were
measured with positron emission tomography using [15O]-labeled water [33] and the 133Xe
washout method [34] and were lower in obese compared with non-obese subjects. In addition,
the disturbances in the regulation of adipose tissue blood flow have been linked to obesity
and insulin resistance [35]. This study demonstrated a close relationship between insulin
sensitivity and the regulation of postprandial adipose tissue blood flow, independent of
adiposity. Therefore, impaired regulation of adipose tissue blood flow by adipocyte hypertro-
phy could also be a significant and independent contributor for the development of insulin
resistance in the state of obesity [35].

2.3.4. Effect of adipocyte hypertrophy on adipocyte death

As mentioned above, adipocyte hypertrophy could directly and indirectly cause adipocyte
hypoxia. Hypoxia may be a potential risk factor for adipocyte death in adipose tissue of obese
subjects. An increase in adipocyte death was reported in adipose tissue of obese subjects and
was proposed to induce macrophage infiltration [36]. The cell death may also promote lipoly-
sis and release of FFA into blood stream under insulin resistance. This will significantly
contribute to the increase in plasma FFA in obesity. Moreover, it has been demonstrated that
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the frequency of adipocyte death was significantly associated with the adipose gene expres-
sions of TNF-α, IL-6, and MCP-1 in adipose tissue and the development of whole-body insulin
resistance [37].

Macrophages are extremely proficient in the removal of numerous molecules, ranging from
small lipids to colonies of pathogens to dead cells. Necrosis of adipocytes, driven by hypertro-
phy and accelerated by obesity, is a prominent phagocytic stimulus that attracts macrophage
infiltration into adipose tissue [18]. Using a transgenic animal model of inducible lipoatrophy,
Pajvani et al. demonstrated that massive adipocyte death can indeed drive rapid accumulation
of adipose tissue macrophages (ATMs) as an integral element in the remodeling of fat pads
[38]. These observations implicate an important role of adipocyte hypertrophy in the develop-
ment of adipocyte death and associated inflammatory changes in ATand obesity complication.

2.3.5. Effect of adipocyte hypertrophy on adipokine production

Elevation of pro-inflammatory cytokines in fat and circulation such as TNF-α, IL-1, IL-6, MCP-
1, and PAI-1 has been documented in obesity [23,25,39]. The increase in adipokine production
in adipocyte hypertrophy and hypoxia has been suggested to underlie the development of the
inflammatory response in adipose tissue, which occurs in the obese state [11,40]. It has been
clearly indicated that adipocyte size is an important determinant for the secretion of several
inflammatory adipokines, such as leptin, IL-6, and MCP-1, thereby providing another link
between adipocyte size and inflammation in obesity [41]. In the same study, there was a
tendency to reduce the release of anti-inflammatory adipokines such as IL-10 and adiponectin
with increasing adipocyte size [41].

On the other hand, hypoxia has been proposed to be an inciting etiology of necrosis and
macrophage infiltration into adipose tissue, which subsequently results in the dysregulation
of the production of inflammation-related adipokines such as leptin, adiponectin, TNF-α, IL-6,
and vascular endothelial growth factor (VEGF) [40,42]. Recently, hypoxia has also been
reported to induce the production of PAI-1 and to inhibit the synthesis of adiponectin by 3T3-
L1 adipocytes [39]. It is also reported to induce the expression of visfatin in these cells [43]. The
expressions of other major adipokine production from murine or human adipocytes including
angiopoietin-like protein 4 (Angptl4), interleukin-6 (IL-6), macrophage migration inhibitory
factor (MIF), and VEGF [23,40,44] are also stimulated by hypoxia. Accordingly, Wang et al.
mimicked hypoxia in human adipocytes for 24 h using cobalt chloride (CoCl2). It is shown that
HIF-1α along with oxidative stress markers, inflammatory markers, and leptin was increased,
but conversely adiponectin was decreased during hypoxia [42].

2.4. The interaction of adipocytes under hypertrophy and hypoxia and infiltrated immune
cells in development of adipose tissue inflammation and obesity complications

Adipocyte hypertrophy and hypoxia are crucially involved in adipose tissue inflammation via
induction of pro-inflammatory cytokines, as well as of chemokines that attract immune cells in
the early development of obesity. It has long been known that adipose tissue in obesity is in a
heightened state of inflammation. Recently, it has been transformed by the knowledge that
immune cells such as macrophages and T cells can infiltrate adipose tissue and are responsible
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for the majority of inflammatory cytokine production and adipose tissue inflammation. It has
also been suggested that adipocytes could act as antigen-presenting cells to immune cells in
adipose tissue inflammation [45].

2.4.1. Macrophages

Some of the consequences of adipocyte hypertrophy include fatty acid flux, vascularization,
increased adipokine secretion, hypoxia, and adipocyte cell death. These adipocyte-related conse-
quences of adipose tissue expansion are important contributors to the initiation of macrophage
recruitment in morbid obesity. Macrophage infiltration in the inflamed adipose tissue results
from bloodmonocyte influx, mainly attracted by the chemokineMCP-1, which ismainly secreted
by hypertrophic adipocytes [46]. Adipose tissue macrophages (ATMs) accumulate in both the
subcutaneous and visceral expanding fat depots [46]. Apart from increasing in numbers, adipose
tissue macrophages are also phenotypically changed during obesity from the anti-inflammatory
M2 macrophages to pro-inflammatory M1 macrophages dominantly in that of obese mice [5].
ActivatedM1 ATMs are the prominent source of pro-inflammatory cytokines such as TNF-α and
IL-6, which can block insulin action in adipocytes via autocrine/paracrine signaling and also
cause systemic insulin resistance via endocrine signaling. Of note, adipokine production during
adipocyte hypertrophy and hypoxia such as free fatty acids and TNF-α has been reported to
facilitate M1 phenotype switch in the state of obesity [47].

2.4.2. T cells

In addition to macrophages, recent studies have revealed a growing list of other immune cells
that are involved in the regulation of adipose tissue remodeling in state of obesity. It has been
demonstrated that RANTES release is dependent on adipocyte size and is higher than those of
obese donors. Hypoxia could also cause an increase in RANTES release [48,49]. Human adipo-
cytes express the chemokine RANTES and are thus identified as one of the novel cellular sources
of the immunemediator.Wu et al. [50] found higher RANTESmRNA levels in visceral compared
with subcutaneous adipose tissue in obese humans. Elevated RANTES expression in the adipose
tissue of diet-induced obese male mice is associated with increased T-cell infiltration, suggesting
paracrine chemotactic effects [50]. Recently, it has been suggested that adipocytes could act as
antigen presenting cells to T cells during adipose tissue inflammation [45]. major histocompati-
bility complex (MHC) class II molecules on adipocytes can functionally activate CD4+ Tcells in an
antigen-specific and contact-dependent manner [45]. Therefore, adipocytes seem to act as key
regulatory cells in the control of adipose tissue inflammation through cytokine secretion and
antigen presentation. The interaction involves several T lymphocyte lineages including CD4+ and
CD8+ T cells, regulatory T cells, and mast cells [6,51]. In particular, the levels of CD8+ T cells are
enriched in the early stages of obesity before the accumulation of ATMs [6]. It implicates a
potential role for CD8+ T cells in the initiation of the subsequent inflammatory cascade. It is also
suggested that adipose tissue inflammation is the coordinated inflammatory responses involving
hypertrophic, hypoxic adipocytes, recruitment of ATMs, the accumulation of pro-inflammatory
T cells (CD8+ and Th1 CD4+ T cells), and the loss of anti-inflammatory regulatory T cells, Th2
CD4+ Tcells as well as the appearance of B cells, natural killer (NK) cells, eosinophils, neutrophils,
and mast cells [6,51–53].
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Furthermore, the recently discovered T helper 17 (Th17) cells represent a novel subset of CD4+ T
cells, defined by their production of interleukin 17 (IL-17) [54]. Interestingly, serum IL-17 is
upregulated in obese human patients [55], and obesity is positively correlated with enhanced
IL-17 expression in T cells isolated from spleen [56]. Zúñiga et al. revealed that that IL-17
secreted by T cells in adipose tissue is an important negative regulator of adipogenesis via
suppressing the expression of several pro-adipogenic transcription factors, including PPAR-γ
and C/EBP-α [57] and also glucose metabolism to aggravate insulin resistance [58]. Thereby,
increased IL-17 secretion by Th17 cells inhibits the differentiation of adipocyte-derived stem
cells (ASCs) to adipocytes and also suppresses the insulin responsiveness of the adipocytes.
Eljaafari et al. [59] provide intriguing evidence by using the co-culture of human ASCs with
human mononuclear cells (MNCs), ASCs from obese donors augment the differentiation of
naïve CD4+ T cells toward Th17 cells and change the phenotype of MNCs via increased the
secretion of IFN-γ by Th17 cells. Taken together, these observations suggest an important role of
IL-17 and Th17 cells in obesity-related adipose tissue dysfunction and systemic complications.

2.4.3. Others

The development of adipocyte hypertrophy and hypoxia plays an important trigger to initialize
immune cells infiltration, either directly or indirectly. As mentioned above, adipocytes act as
key regulatory cells in the control of adipose tissue inflammation through cytokine secretion
and antigen presentation. Immune cells such as macrophages, T cells, mast cells, and eosino-
phils have all been implicated to substantially participate into the process of adipose tissue
inflammation [60]. Besides ATMs and T cells, increased infiltration of neutrophils into adipose
tissue has also been documented in high-fat diet (HFD)-induced obese mice [61]. Neutrophils
secrete various proteases, such as neutrophil elastase. The depletion of neutrophil elastase in
HFD-fed mice improves adipose tissue inflammation, implicating that secreted elastase from
neutrophil is the key mediator of adipose tissue inflammation [61]. In addition, it has been
demonstrated that eosinophil regulated macrophage activation in adipose tissue and also plays
a crucial role in metabolic homeostasis. Alternatively activated (M2) macrophages induced by
Th2 cytokines IL-14, which is major secreted from eosinophils. Alternatively activation of ATMs
in adipose tissue is impaired in the absence of IL-4 or eosinophils [60]. Mast cells have been
shown to accumulate in the visceral adipose tissue of obese mice. Mast cell KitW-sh/W-sh-deficient
mice without mature mast cells are resistant to high fat diet-induced obesity and exhibit
significant reduction in pro-inflammatory cytokines and chemokines and also in macrophage
number in visceral adipose tissue [62]. Therefore, it appears that mast cell arrival in adipose
tissue precedes the release of pro-inflammatory mediators that attract macrophages [62].

In addition, our recent study [63] has further demonstrated that COX-2 mediated PGE2 EP3
signaling during the development of adipocyte hypertrophy and hypoxia is important to
recruit and interact with adipose immune cells to amplify the inflammatory responses in
adipose tissue, which is also causally linked to the development of systemic insulin resistance.

2.5. The regulatory mechanisms of adipocyte hypertrophy in the development of obesity

The pathogenic change of adipocyte hypertrophy during obesity is determined by two distinct
processes of adiposity: adipocyte differentiation (adipogenesis) and lipogenesis. They are
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dependent on both of genetic predisposition and environmental surroundings. During persis-
tent positive caloric intake, adipocyte hypertrophy might result in adipocyte dysfunction
while adipogenesis is impaired [64,65].

On the other hand, the mechanisms of adipocyte differentiation have been extensively studied
in recent decades. A number of key transcription factors and adipokines in adipocyte differen-
tiation have been identified [66]. For instance, they are included peroxisome proliferator-
activated receptor (PPAR) family proteins [67], CCAAT/enhancer-binding protein (C/EBP)
[68], adipocyte differentiation determination-dependent factor 1 (ADD1) [69], and sterol
response element-binding protein 1 (SREBP 1) family proteins [70]. In addition, the tyrosine
phosphorylated Dok1 has also been demonstrated to promote adipocyte hypertrophy by
counteracting the inhibitory effect of extracellular signal–regulated kinase (ERK) on PPAR-γ
[71].

In addition, sustained energy excess could facilitate the storage of energy through lipogenesis
and hypertrophy of existed adipocytes than through adipogenesis with recruitment and dif-
ferentiation of new adipocytes from pre-adipocytes. Eventually, it would lead to pathologic
adipocyte hypertrophy that contributes to the development of adipose tissue inflammation
and obesity-associated metabolic disorders [72,73].

2.6. The therapeutic implications

In this chapter, we discuss the recent advance about the role of adipocytes in the control of
development, growth, and remodeling of obesity-associated adipose tissue. This review article
further highlights the important role of adipocytes during hypertrophy and hypoxia in the
development of adipose tissue inflammation and following insulin resistance. Furthermore,
the understanding of regulatory mechanism of adipocyte hypertrophy during the develop-
ment of obesity could provide better strategy for the prevention and treatment of obesity-
associated type 2 diabetes and metabolic syndrome.
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Abstract

Currently and worldwide, a high prevalence of obesity, obesity-associated metabolic
dysfunction,  and vitamin  D (VD)  deficiency  occurs.  Besides  participating  in  bone
mineralization and calcium homeostasis,  VD has other major functional roles.  The
vitamin D receptor (VDR) signaling pathway is crucial for the proper functioning of
adipose  tissue  (AT).  AT  is  a  reservoir  for  VD  and  can  activate/inactivate  VD  by
hydroxylation. Subcutaneous and visceral AT (SAT, VAT) have different and prime roles
in metabolic regulation/dysfunction. A search was done on PubMed/Medline, Web of
Science, and Scopus databases using the following keywords: vitamin D, vitamin D
receptor, hydroxylases, subcutaneous adipose tissue, visceral adipose tissue, obesity,
and metabolic dysfunction. Our chapter focuses on human studies on VD status and
expression of VDR and VD activation/inactivation enzymes in SAT and VAT in an obese
environment.

Keywords: obesity, adiposity measures, visceral adipose tissue, subcutaneous adipose
tissue, vitamin D, vitamin D receptor, vitamin D hydroxylation

1. Introduction

Obesity is defined as an excess amount of body fat that may impair health [1] and has been
strongly associated with chronic low-grade or metabolic inflammation characterized by the
activation of inflammatory signaling pathways and abnormal secretion of a large set of immune
response mediators and several bioactive proteins [2, 3] known as adipokines [4] and a deficit
of mediators responsible for the resolution of this process [5]. Within the adipose tissue (AT),
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other cells are also present including preadipocytes, mast cells, and macrophages, which also
contribute to this inflammatory environment. Currently and worldwide, obesity is the fifth
greatest risk factor for mortality [6], and it is associated with vitamin D deficiency (VDD) [7].

Vitamin D (VD) is essential for the development and maintenance of bone tissue, as well as for
normal homeostasis of calcium and phosphorus [8]. Moreover, VD has other major functional
roles; it is related to differentiation, cell proliferation, and hormone secretion. It is an important
nutrient with crucial role in obesity onset (AT) and in the comorbidities associated with the
chronic inflammation [9].

An estimated 80–90% of VD from the human body originates from skin synthesis, with sunlight
activation, while the rest is supplied through supplements or food [10]. VD status is measured
by means of the plasma levels of 25-hydroxyvitamin D [25(OH)D] or calcidiol, the dominant
circulating form and the best indicator of VD status [11]. The action of 1,25(OH)2D, active form
of VD [12], is mediated through the vitamin D receptor (VDR), a member of the nuclear receptor
superfamily, which regulates the transcription of many target genes [13].

The VDR signaling pathway is crucial for the proper functioning of AT that is called an active
endocrine organ, which plays an important role in fat storage and in the production and
secretion of adipokines [14, 15]; is a reservoir for VD; and, besides, can activate/inactivate it by
hydroxylation. VD and VDR are implicated in preadipocyte differentiation into adipocytes
[16].

Major differences between subcutaneous adipose tissue (SAT) and visceral adipose tissue
(VAT) were shown in the expression of VD-metabolizing enzymes. The expression of the VDR,
25-hydroxyvitamin D 1α-hydroxylase (CYP27B1) genes, and 24-hydroxylase enzymes has
been shown in human adipocytes [17].

In line, our chapter will focus on VD status and expression of VDR and VD hydroxylase
enzymes in SAT and VAT in an obese environment.

2. Vitamin D, VDR, and hydroxylase enzymes on adipose tissue

2.1. Vitamin D

VD is a hormone mainly described for its role as a regulator of phosphate and calcium
homeostasis [18, 19], therefore playing an important part in bone metabolism, and seems to
have some anti-inflammatory and immune-modulating properties. This micronutrient can be
obtained through animal (VD3, cholecalciferol) or plant (VD2, ergocalciferol) food sources.
However, vitamin D3 is the only form that is found naturally in human subjects and other
animals. Although the main source of vitamin D3 is through endogenous synthesis in the skin,
the vitamin can also be obtained from the diet, and this is important for those who have limited
exposure to the sun [20].

VD3 is produced endogenously in the skin after UVB irradiation, between 290 and 315 nm,
present for limited number of hours also varying with respect to latitude and reason. VD3 is
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formed from the precursor 7-dehydrocholesterol to give pre-VD3 and further is released into
the circulation [21]. Vitamin D3, whether derived from sunlight or the diet, enters the circula-
tion bound to vitamin D–binding protein (DBP) and is transported to the liver. VD3 is hy-
droxylated in the liver to 25(OH)D, the major circulating vitamin D metabolite; it has a
relatively long half-life (15 days) but, however, is an inactive form. The Institute of Medicine
proposed that serum 25(OH)D concentrations below 50 nmol/l or 20 ng/ml should be consid-
ered to represent the deficiency of this nutrient [22]. 25(OH)D is then further hydroxylated by
1α-hydroxylase enzyme (gene: CYP27B1), and this occurs primarily in the kidney to produce
1,25(OH)2D, the biologically active form of VD [23, 24].

In relation of signaling of VD in AT, 25(OH)D can promote the differentiation of human adi-
pocytes, most likely via its activation to 1,25(OH)2D [25]. The local metabolism of VD in AT
may regulate the conversion of preadipocytes to adipocytes and later support the healthy
remodeling of human AT. Also, 1,25(OH)2D may promote the differentiation of human prea-
dipocytes by maintaining a high expression level of key adipogenic transcription factors, like
C/EBPα and PPARγ gene expression, the two master regulators of adipogenesis that were
increased during the late phase of differentiation [26]. Besides, 1,25-dihydroxyvitamin D
modulates adipogenesis through VDR-dependent inhibition of critical molecular compo-
nents of it such as PPARγ [27].

The emerging role of VD in immune regulation suggests that this endocrine factor can
modulate the inflammatory responses in AT. 1,25(OH)2D displayed an anti-inflammatory effect
and its ability to improve the insulin-stimulated uptake of glucose, as well as enhance and
improve the function of pancreatic β-cell [28]. To strongly support the anti-inflammatory effect
of 1,25(OH)2D in adipocytes, the improvement of pro-inflammatory status and glucose uptake
in adipocytes under 1,25(OH)2D effect suggest that low-grade inflammation could be linked
to VDD [29].

The 1,25(OH)2D significantly reduced the basal release of MCP-1, IL-8, and IL-6 from preadi-
pocytes (MCP-1 is produced by macrophages which increase further macrophage infiltration
into AT [30], and circulating levels of IL-8 are increased in obesity). It should also be pointed
out that since adipocytes store VD, adipocytes and monocytes/macrophages are able to locally
convert 25(OH)D to 1,25(OH)2D [31, 32], and the concentrations of VD within AT could be
higher than implied by the plasma levels. Vitamin D3 may protect against AT inflammation in
obesity by disrupting the deleterious cycle of macrophage recruitment [33].

Lower 25(OH)D is associated with greater regional adiposity; this is stronger in VAT than SAT
and significant across the spectrum of body size [34]. VD has been reported to act as an acute
phase reactant as a consequence of such an inflammatory response occurs in obesity, which
can suppress the concentration of 25(OH)D [35].

2.2. Vitamin D receptor

The human VDR is a 50- to 60-kDa molecule, a member of the nuclear receptor superfamily
that is the only nuclear receptor that binds to 1,25(OH)2D with high affinity and specificity.
VDR forms a heterodimer with the retinoid X receptor acting as a transcription factor that binds
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to VD response elements in the promoter region of target genes [36]. VDR expression has been
identified in most human tissues, including in osteoblasts, skin keratinocytes, macrophages,
smooth muscle, pancreatic β-cells and epithelial cells [37, 38], and it is also highly expressed
in adipocytes.

The action of 1,25(OH)2D is mediated through the VDR, which regulates the transcription of
many target genes [13]. There are more than 1000 genes that are directly or indirectly regulated
by 1,25(OH)2D and involved in various physiological processes such as cell proliferation,
differentiation, apoptosis, and angiogenesis [38].

VDR expression is increased in obese, which has more VAT than lean subjects, but the
physiological relevance of this upregulation has not yet been elucidated. VAT VDR gene
expression correlated positively with body mass index (BMI) [39]. The ubiquitous expression
of VDR may underlie the diverse effects of VD and provide a mechanistic basis for the link
between VDD and a number of disorders that are linked with obesity like certain types of
cancer, inflammatory bowel disease, cardiovascular diseases (CVD), diabetes (type 1 and type
2), and the metabolic syndrome [40–42].

Expanding to another approach, there are associations of VDR variants with the more met-
abolically active fat, VAT, which is more closely tied to the metabolic consequences of
adiposity. Association of VDR SNP rs4,328,262 with VAT supports the notion that the VDR
gene is likely to be related to the development of obesity and obesity-related outcomes [43].
Polymorphisms in the VDR gene might play a role in regulating AT activity body fatness
and susceptibility to adiposity among African Americans, albeit genetic factors that con-
tribute to adiposity are certainly more complex than to be explained totally by variations in
a single gene.

2.3. Hydroxylase enzymes

The formation, activation, and catabolism of 25(OH)D are complex processes, which involve
mitochondrial and microsomal cytochrome P450 enzymes. In humans, four cytochrome P450
enzymes, CYP2R1, CYP3A4, CYP27A1, and CYP2J2, [44–47] possess 25-hydroxylase activity,
with CYP2R1 being the most specific. Hydroxylation in the 1α-position is effected by the
mitochondrial CYP27B1. This process was classically located to the kidney, but recently,
extrarenal 1α-hydroxylase activity has been described in several other tissues [48]. 1,25(OH)2D
stimulates its own degradation by induction of the 24-hydroxylase (CYP24A1), which
catabolizes 25(OH)D and 1,25(OH)2D to calcitroic acid and other inactive metabolites [49].

2.3.1. 25-Hydroxylation

Various enzymes may be associated with the first hydroxylation of 25(OH)D, but CYP2R1
seems to be the key to this hydroxylation [50]. In humans, other cytochromes P450 such as
CYP3A4, CYP27A1, and CYP2J2 show activity of 25-hydroxylase to vitamin D molecules but
less efficient. CYP2J3, CYP2D25, and CYP2C11 also show activity of 25-hydroxylase but are
only expressed in male pigs and rats, respectively [51]. 25-Hydroxylation appears to be
functional in AT. Interestingly, in human AT, biopsies have confirmed the expression of
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CYP27A1, CYP2R1, and CYP2J2, suggesting that human AT and adipocytes are able to convert
vitamin D3 into 25(OH)D.

2.3.2. 1α-Hydroxylation

25(OH)D is then secreted into the circulation or directed to 1α-hydroxylase CYP27B1 mito-
chondria to be metabolized to 1,25(OH)2D. CYP27B1 is the key enzyme 1α-hydroxylation, and
its activity is regulated by the parathyroid hormone (PTH), fibroblast growth factor 23 (FGF23),
calcium, and phosphorus and self-regulated by 1,25(OH)2D via negative feedback mechanism
[18]. CYP27B1 mRNA, which encodes the 1α-hydroxylase that converts 25(OH)D to the
biologically active 1,25(OH)2D, was present at significant levels in SAT and VAT. This gene was
mainly expressed in the stromal vascular fraction of human AT that contains preadipocytes,
macrophages, and endothelial cells. The expression of CYP27B1 has also been detected in
adipocytes of murine [17] and human AT biopsies [52].

2.3.3. 24-Hydroxylation

Vitamin D 24-hydroxylase (CYP24A1) is responsible for the inactivation of 1,25(OH)2D. This
inactivation is self-regulated, from 1,25(OH)2D induces the expression of CYP24A1 which
converts 25(OH)D in 1,25(OH)2D within the less active metabolites (24,25(OH)2D and
1,24,25(OH)3D), which are later catabolized into inactive calcitroic acid [53]. In AT, the
expression of CYP24A1 has been detected in murine and human adipocytes. Additionally,
levels of CYP24A1 mRNA are strongly induced by incubation of 1,25(OH)2D.

The expression of 25-hydroxyvitamin D 1α-hydroxylase (CYP27B1) genes and 24-hydroxylase
enzyme has been shown in human adipocytes [17]. The CYP24 gene, which encodes the
enzyme catalyzing 1,25(OH)2D, was also found to be expressed by human adipocytes and
preadipocytes [31, 54]. Recently, a low expression of CYP27B1 gene in SAT of obese individuals
has been shown [52]; this finding corroborates the ability of AT to metabolize VD locally. One
of the main mechanisms by which this vitamin may act in human AT is via the expression of
VD-metabolizing enzymes such as 25-hydroxylase CYP2J2, CYP27B1, and CYP24 [55]. This
capacity to metabolize VD locally was demonstrated when, after weight loss in obese subjects,
plasma 25(OH)D increased and expression levels of 25-hydroxylase CYP2J2 and 1α-hydrox-
ylase CYP27B1 declined in the SAT of these subjects. So, a dynamic alteration may occur in AT
during weight loss and obesity.

In the SAT of the obese individuals have a lower expression of one of the enzymes responsible
for 25-hydroxylation of VD (CYP2J2), as well as a tendency toward a decreased expression of
the 1α-hydroxylase, 25-hydroxylation and the 1α-hydroxylation in SAT are impaired in obesity
AT expresses the enzymes for both the formation of 25(OH)D and of 1,25(OH)2D, and for
degradation of VD. To explain an altered VD metabolism in obesity, major differences between
SAT and VAT in the expression of VD-metabolizing enzymes occur with difference in spread-
ing between lean and obese subjects [52]. The expression of CYP27A1 is more pronounced in
VAT than in SAT, without differences between lean and obese women, while the expression of
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CYP2J2 is more prominent in SAT than in VAT in lean women. So, these findings lead to a
compromised of 25-hydroxylation in SAT in obese, taken by a lower expression of the CYP2J2.

3. Mechanisms suggested for VDD in obesity

Several studies have shown the relationship between obesity and inadequacy of VD [56–58].
Evidence suggests that one of the VDDs in subjects with obesity may be connected to storage
of VD in the adipocytes, reducing its bioavailability and activating the hypothalamus to
develop a cascade of reactions that result in increased feelings of hunger and decreased energy
expenditure [59]. Low serum of 25(OH)D concentrations is found to be inversely correlated
with measures of obesity, including body mass index (BMI) (≥30kg/m2), fat mass, and WC [60,
61]. A bidirectional genetic study has suggested that higher BMI chiefs to lower 25(OH)D;
each unit increase in BMI is being associated with 1.15% lower concentration of 25(OH)D,
after adjusting for age, sex, laboratory collection, and month of measurement [62]. The
relationship between obesity and 1,25(OH)2D is less clear, and this is probably due to the
dynamic nature of the production and regulation of the active hormone. However, the study
in vitro showed that 1,25(OH)2D acts as a potent inhibitor of leptin secretion in a culture of
human adipocytes [63].

Extensive evidence has demonstrated that adipocytes become enlarged and dysregulated the
following weight gain, which subsequently produces an imbalance in the inflammatory profile
of AT. So, obesity is commonly linked to an upregulation of pro-inflammatory molecules and
downregulation of anti-inflammatory molecules [64]. Individuals with both high SAT and high
VAT have an approximately threefold prevalence of VDD compared with those with both low
SAT and low VAT [34]. A predominant effect of VD on macrophages could explain the
differences observed in relations of VD response in VAT versus SAT. Is observed a greater
macrophage infiltration of VAT when compared with SAT in individuals with obesity. In
contrast, inflammatory markers in AT strongly correlate with macrophage infiltration [65], and
many metabolic differences could potentially explain the different VD-induced anti-inflam-
matory response observed between these two types of AT, including the number of cells
expressing the VDR [52]. Because ATs of obese are infiltrated with macrophages, it seems likely
that macrophages also contribute to the local activation of VD. Because SAT and BMI are closely
correlated, it is possible that most of the association between SAT and 25(OH)D is attributable
to the difference in body size that is seized by BMI. It is observed that lower 25(OH)D was
associated with greater regional adiposity.

In fact, the basis of low concentration in subjects with obesity is not totally known but could
be the result of various mechanisms. There are five suggested mechanisms that are most
commonly cited within the literature which may explain a low VD status in obesity:

• Obese individuals have reduced sun exposure compared with lean subjects.

• Low 1.25(OH)2D inhibits adipogenesis.
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• Negative feedback control.

• Vitamin D is sequestered within adipose tissue.

• Lower 25(OH)D concentration is just due to volumetric dilution.

3.1. Reduced sun exposure

Obese individuals reduce their exposure to sunlight, reportedly have a limited mobility, avoid
performing outdoor activities, and/or use clothes that cover more of the body [56], which limit
exposure to the sun and, consequently, cutaneous VD synthesis. However, in a study based on
the Framingham cohort, which evaluated the association between obesity and VD, it was
reported that after adjustments for practicing outdoor physical activities, this theory was
insufficient to explain the relationship between obesity and VDD [34]. In addition, the study
indicates that daily exposure to 0.5 standard erythemal dose (SED) between 11:00 and 13:00h,
using typical summer clothing, was not enough to achieve the state suitable of VD in the late
summer [66]. Until now, it is still unclear which VD supplementation dose corresponds to the
amount of UVB radiation exposed, in regard to efficiency to increase serum concentrations of
25(OH)D and as little establishing a standard exposure solar time daily necessary to achieve
an adequate state of VD [67].

3.2. Low 1.25(OH)2D inhibits adipogenesis

Some experimental data have suggested that VDD can favor greater adiposity by promoting
increased PTH hormone levels and greater inflow of calcium into adipocytes, so increasing
lipogenesis [68]. Evidence suggests that low 1.25(OH)2D inhibits adipogenesis through actions
modulated by vitamin D-dependent receptors [69]. Thus, depletion of vitamin D can lead to
excessive differentiation of preadipocytes to adipocytes.

3.3. Negative feedback control

Excess AT impairs the VD status from activating energy expenditure. In this mechanism, the
leptin stimulates osteocytic FGF23, inhibits renal synthesis of 1α-hydroxylase, and conse-
quently impairs the production of 1,25 (OH)2D, creating a negative feedback mechanism [70].

3.4. Sequestration in adipose tissue

Wortsman et al. [71] published the first study to provide strong convincing evidence that VD
(as a fat-soluble vitamin) may become sequestered within AT. In their study, the concentration
of circulating cholecalciferol was similar between obese and lean groups at baseline, but the
obese group had a significantly reduced response to the UVB intervention, resulting in a 57%
lower serum cholecalciferol concentration postintervention, compared with the control group
(lean). This suggested that the limitation in the obese group was the bioavailability of the
synthesized cholecalciferol in circulation [71]. This sequestration theory is probably the most
supported in the literature.

Vitamin D Status in Obesity: Relation with Expression of Vitamin D Receptor...
http://dx.doi.org/10.5772/65929

149



3.5. Volumetric dilution

Most recently, Drincic et al. [72] showed that body weight and body fat are inversely correlated
with 25(OH)D levels across the spectrum of body weight ranging from normal to obese. This
inverse association is related to the greater volume of distribution for both VD3 and 25(OH)D
in tissue mass. They suggested that simple volumetric dilution is the most thrifty explanation
for the low VD status in obesity. A hyperbolic model best explains the lower 25(OH)D values
in obesity, and when serum 25(OH)D values was adjusted for body weight, difference between
obese and normal subjects disappeared. These authors went on to recommend that the VD
dosing for treatment of VDD in obesity should be based on body weight, for example, “one
size does not fit all” [72].

Overall, although these are the five most commonly suggested mechanisms, the latter two
theories have more robust evidences available. The strong evidence presented for the seques-
tration and volumetric dilution hypotheses, and more importantly, a lack of contradictory
evidence for either, suggest that they are the most probable, independently or in combination,
to explain the low VD status widely reported in obesity.

4. Conclusions

The prevalence of obesity and VDD is growing exponentially in recent decades, and several
studies have been conducted worldwide, particularly, the signs of VDR and hydroxylase
enzymes in AT (SAT and VAT). VD is a nutrient with important role in the genesis of obesity
and also in diseases associated with chronic inflammation. It features an anti-inflammatory
effect in AT, anti-adipogenic activity, exerts immunoregulatory effect, and has the capacity to
limit the expression of inflammatory markers in AT. Scientific evidences suggest that AT is a
target for VD action, as CYP27B1 and VDR genes that are expressed by adipocytes. All evidence
suggests that 25(OH)D, 1,25(OH)2D, and VDR are involved in the AT, through the endocrine
system as well as autocrine/paracrine actions of VD.

Based on news researches, there is a hypothesis that AT is not only a stock of VD but also has
a dynamic ability to activation and deactivation of this vitamin in obesity. Low VD status in
obesity may have implications for AT biology based on recent data from different research
groups which are converging to highlight the impacts of VD on AT/adipocyte biology.
Therefore, some key points have yet to be elucidated in relation to VD metabolism and its
regulation on AT, especially in obese environment.
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Abstract

Immunometabolism is a current issue that has shown relevance in recent years, because
the way we understand the adipose tissue has shifted from simply being a site of energy
storage to a very active endocrine organ, which dysregulation has a major impact on
other systems, especially on the immune one. Understanding the molecular basis of the
regulation of adipose tissue is essential to look for alternatives in the treatment and
prognosis of obesity in future generations. In this regard, it is described that the immune
system has great importance in physiological processes of adipose tissue and vice versa.
The main objective of this chapter is to describe the relationship between the immune
system and metabolism, emphasizing dysregulation when obesity is present. Upon
completion of  this  chapter,  the  reader  will  be  able  to  understand the  relationship
between the immune system and metabolism, in normal and obesity states; also, will
identify the chronic state of low-grade inflammation as the main etiological factor of
obesity co-morbidities, such as insulin resistance, diabetes mellitus, osteoarthritis and
susceptibility to some kinds of cancer, among others.

Keywords: immunometabolism, cytokines, adipokines, chemokines, low-grade inflam-
mation, miRNAs
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1. Introduction

Inmmunometabolism has been defined as the interphase between metabolism and immune
response [1, 2], in which, adipose tissue plays a key role. Leptin was the first molecule described
linking the immune system with metabolism. The first leptin function described was appetite
control; however, nowadays it has been described with multiple permissive functions, like
immune homeostasis, among others (Figure 1) [3]. On innate and adaptive immune response
cells, leptin can mainly increase cytokine expression, cell surface adhesion molecules and
chemokine receptors [3, 4]. Additional to leptin, free fatty acid receptors family (FFARs) has
been reported to be expressed on key cell types regulating both: energy homoeostasis and
inflammatory responses [2]. Obesity induces changes in gut microbiota, it has been reported
that Bacteroidetes and Firmicutes phyla produce high levels of the short chain free fatty acids
(SCFAs) C2–C4 which are the main agonists for FFAR2 [5]; at the same time, microbiota can
influence innate and adaptive immune responses [6, 7]. These examples make clear the inter-
relation between metabolism and the immune system. We will focus along this chapter in
alterations of this interphase due to the presence of obesity.

Figure 1. Neuroendocrine immune system.

2. Immunometabolism characteristics on normal weight range
and obese individuals

Immune cell status in normal weight range (lean) individuals is mostly anti-inflammatory; this
environment needs a continual production of type 2 cytokines (i.e. interleukin (IL)-5 and IL-13).
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On the other hand, the presence of obesity is associated with a low-grade inflammation state
characterized by increased pro-inflammatory cytokine production (i.e. tumour necrosis factor
(TNF)-α, IL-1β and IL-6) (Table 1) [10, 24].

Component Changes respect to normal weight range
Cells

White adipocytes [8] ↑↑↑

Brown adipocytes [8] ↓

M1 [9] ↑↑

M2 [9] ↓↓

Mast cells [10] ↑

Eosinophils [10] ↓

Non-cytotoxic ILCs (NK) [11] ↑↑

ILC1s [11] ↑

ILC2s [12] ↓

Molecules

Th-1 cytokines [13] ↑

Th-2 cytokines [13] ↑

Leptin [14, 15] ↑↑

Adiponectin [16] ↓↓

Resistin [17] ↑

Chemerin [18] ↑

CCL2 [19] ↑

FFA [20] ↑

Glucose [21] ↑↑

Insulin [20] ↑/↓↓↓

Cholesterol [21] ↑

Microbiote

Bacteroidetes sp. [22] ↓

Actinobacteria sp. [22] ↑

Faecalibacterium prausnitzii [23] ↓

M1: macrophages associated with Th-1 cytokines; M2: macrophages associated with Th-2 cytokines; ILC1s: innate
lymphoid cells type 1; CCL2: C-C motif ligand 2 and FFA: free fatty acids.

*During obesity onset, an insulin increase occurs (insulin resistance), after a time it frequently progress to exhaustion of
β-cells.

Table 1. Changes on immunometabolic components due to obesity.

2.1. Adipose tissue-resident cells

Adipose tissue is a specialized connective one, white adipose tissue (WAT) is the most
abundant in adult human (∼85%) by its distribution, it can be classified in subcutaneous or
visceral (omental, mesenteric and retroperitoneal accumulation). Besides WAT, there exist two
more types: brown adipose tissue (BAT) and bone marrow adipose tissue (BMAT), each one
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have singular cellular composition, anatomical location and pathophysiological properties
[25].

In lean individuals, macrophages count for around 5% of WAT’s cells depots, in obesity
conditions, macrophages increase as much as 50% [1]; nevertheless, besides quantitative
changes, there also occurs qualitative ones. The main function of macrophages (or initially
described) have been phagocytosis, however, nowadays, they are recognized as a heteroge-
neous population with multiple functions [1, 2].

2.1.1. Adipocytes

Three types of adipocytes have been described: white, beige (brite, brownish) and brown
adipocytes; these are different in structure and metabolism [26]. The terms white and brown
came from the appearance of tissues when stained with immunohistochemistry against
UCP-1 [27, 28].

White adipocytes are specialized cells, arising from a Myf5− preadipocyte lineage, which have
a unilocular large lipid droplet and comprise predominantly the WAT [8, 26]. Many functions
are attributed for these cells such as insulation and physical protection of the viscera, thermal
insulation, reservoir of stored energy in form of triglycerides and regulation of fat release and
storage. Beyond these functions, white adipocytes produce and secrete several molecules
(adipokines), including leptin, resistin, retinol binding protein 4 (RBP4), fibroblast grown
factor 21 (FGF21) and adiponectin mainly. Endocrine communication of adipose tissue is
bidirectional, white adipocytes also respond to hormonal signals to induce lipolysis and release
free fatty acids (FFAs) into the circulation, for oxidation or storage by other tissues [8, 26].

Brown adipocytes are multilocular with small lipid droplets and express uncoupling protein-1
(UCP-1) [26], emerge from Myf5+ precursor lineage and are developmentally more related to
skeletal muscle cells than to white adipocytes. The amount and location of brown adipocytes
changes throughout life, in the early years, the number of reservoirs is higher and is mainly
located in breastbone, interscapular space and retroperitoneal level; whereas in adults, it
decreases and can only find deposits in carotid bodies, aortic bodies and adrenal gland. The
main function of these adipocytes is thermogenesis, keeping temperature homeostasis in cold.
This is because brown adipocytes possess a large number of mitochondria, and these in turn,
express UCP-1 in the inner membrane. This protein decouples the electron transport chain,
making it more inefficient, thus the number of ATPs produced decreases and energy is
dissipated as heat [29, 30].

The name brite is the result of combining brown (br) and white (ite), since this kind of
adipocytes was described to be morphologically similar to white adipocytes but at the same
time, they expressed minimum levels of UCP-1 [26]. The discovery of this kind of cells
challenged the initial idea of WAT and BAT as two different tissues [31, 32], and opened the
possibility of considering them as a single adipose organ [33]. Beige adipocytes arise in
subcutaneous white adipose tissue from precursors expressing CD137 and transmembrane
protein 26, under the condition of low temperatures or β-adrenergic-receptor stimulation.
When the stimulus stops, the cells appear to return to white cells, however, upon re-stimulation
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respond as beige adipocytes [10]. This phenomenon has encouraged the ability to control the
differentiation of adipose tissue by increasing energy expenditure to reduce the accumulation
of energy in the form of triglycerides, including WAT change to BAT (browning of WAT) under
pathological conditions in humans was reported [34, 35]. We should learn more about
browning control (on and off) to avoid presentation of undesired effects (i.e. cachexia,
atherosclerosis and hepatic steatosis) [27, 36].

2.1.2. Macrophages

Macrophages were reported by Elie Metchnikoff in 1884. For many decades, they were
considered to be a homogeneous lineage with a main function, phagocytosis. Now they are
recognized as very plastic immune cells with multiple functions, because of this, their
population is highly heterogeneous and difficult to classify, but two main phenotypes (sub-
types) are generally accepted: classically (M1) or alternatively (M2) activated [37, 38].

The M1 phenotype is promoted by T-helper 1 (Th1) cytokines (i.e. interferon (IFN)-γ) or by
pathogen-associated molecular patterns (PAMPs) (i.e. LPS) and is characterized by the
production of pro-inflammatory cytokines (IL-6, TNF-α, IFN-γ, IL-1β, IL-12 and IL-23),
chemokines promoting inflammatory infiltrate (CXCL9,10,11,13, CCL8, 15, 19, 20), and
expressed on surface high levels of MHCII, CD80, CD86 and CD11c, among other markers (i.e.
Ly6C, CD11b, CD62L, CCR2, CX3CR1 and CCR5). In nucleus, STAT1 and IRF5 are the
consensus transcription factors [37, 38].

In contrast, T-helper 2 (Th2) cytokines (i.e. IL-4, IL-10 and IL-13) drive the M2 phenotype, with
high phagocytic capacity, and secrete extracellular matrix components, angiogenic and
chemotactic factors (CCL17, 18, 22, 24), anti-inflammatory cytokines (IL-10) and the trans-
forming growth factor β (TGF-β), then M2 activates expression of immunosuppressive factors
and the peroxisome proliferator-activated receptor gamma (PPARγ) that promotes tissue
remodelling and helps to resolve inflammation [37, 38].

Generally, in lean individuals, M2 exists in the WAT; however, the accumulation of adipose
tissue leads to increased number of macrophages, besides, the macrophages display M1
phenotype. There are two possible explanations for this phenomenon: (1) environmental
factors present in adipose tissue of obese individuals causes a switch in phenotype from M2
to M1; (2) on the other hand, the increase in chemokines (such as CCL2) promotes the recruit-
ment of circulating monocytes and due to the low-grade inflammation state they differentiate
to M1 [10, 37].

2.1.3. Eosinophils and mast cells

To maintain the M2 polarization of WAT- residents macrophages, a constant production of IL-4
is necessary. It is speculated that the eosinophils present in the WAT are the main source [8,
10, 12]. Studies in normal weight mice showed that there are a lot of infiltrated eosinophils,
which are a major source of IL-4. Moreover, their amount decreased in obese mice no matter
what the origin is (genetic as ob/ob or high fat diet) [8, 10, 12], however, there are no reports
in humans. Mast cells unlike eosinophils, increases their number in WAT of humans with
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diabetes mellitus type 2 or obesity, there are reports in fed mice with high fat diet, linking these
cells with an increasing adiposity and insulin resistance [8, 10].

2.1.4. Innate lymphoid cells

In recent years, studies have been published to identify innate lymphoid cells (ILCs), all
members of this new family are characterized by a similar lymphocyte morphology, however,
lack markers on its surface that identifies them as another immune cell type, because this is
defined as lacking cells lineage markers (Lin−) [39]. The ILCs come from two development
pathways: (1) the first called cytotoxic ILCs, integrated by classic NK; (2) on the other hand,
we have non-cytotoxical ILCs. The last group is subdivided into three types: ILC1s, ILC2s and
ILC3s; they express T-bet, GATA-3 and ROR-γT, respectively, which is the main difference
between them. ILCs can directly communicate with several varieties of cells and regulate
immunity, inflammation and homeostasis in different tissues [8, 39].

ILC2s plays an important role in the regulation of glucose metabolism, lipid storage and redox
balance in lean individuals. It accomplishes these by communicating with other immune cells
associated with the type 2 immune axis (i.e. M2, eosinophils and invariant natural killer T) and
participates in cross-talk with adipocytes [8, 39]. These cells produce cytokines associated with
lymphocyte T-helper 2, cytokines that are required for immunity against helminths, allergic
inflammation and tissue repair [8].

In contrast, it was found that cytotoxic ILCs (individuals and mice) and non-cytotoxic ILC1s
(mice) are increased in visceral adipose tissue when obesity is present, accompanied by an
increase in the production of interferon gamma, the latter contributes to change of the
phenotype of macrophages to M1, thus, favours an inflammatory environment and increased
recruitment of immune cells type 1 axis [8, 10, 12].

2.2. Adipokines

Adipose tissue was considered just an energy (triglycerides) storage site until obesity arises as
a health problem worldwide. Adipose tissue came to the fore as an active secretory organ
involved in various physiological and pathophysiological processes. Adipokines is a term used
to identify molecules released from adipose tissue; some of them are secreted by others tissues
(i.e. TNF-α, IL-1A, -1β, -5, -6, -8, 10, -15, -18) and certain are mainly or exclusively synthetized
by adipocytes (i.e. leptin, adiponectin, resistin), these adipokines deserve that proposed term
adipokinome [40, 41].

2.2.1. Leptin

Leptin is an adipokine secreted principally by white adipose tissue that regulates food intake
and energy expenditure; furthermore, it also plays an important role in glucose homeostasis,
immunity and fertility among others [42, 43]. Leptin exerts its action through leptin receptors,
which are transmembrane proteins, members of the class I cytokine receptor superfamily, their
pathway involves JAK/STAT, PI3K, MAPK/ERK systems, and PKC [42, 43]. There are six (a–f)
isoforms of the leptin receptor generated by alternative splicing, b-isoform is the longest one,
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and have all the signalling motifs; moreover, it is the most expressed in diverse cell lineages
(i.e. adipocytes, myocytes, immune cells, neurons) permitting to leptin act in autocrine,
paracrine and endocrine ways [44, 45].

Leptin production is proportional to the amount of adipose tissue; so, in subjects within a
normal range weight, increasing leptin levels suppresses the need to eat by inhibiting the
release of orexigenic neuropeptides (e.g. neuropeptide Y and Agouti-related protein) in the
arcuate nucleus of hypothalamus, while obese individuals do not have this physiological
response, a state called ‘leptin resistance’ [46].

It has been proposed that the establishment of this condition is a consequence of the combi-
nation of three main mechanisms: diminished intracellular leptin-receptor signalling, abnor-
mal transport of leptin across the blood-brain barrier and development programming
disorders; however, the molecular mechanisms by which lesser sensitivity to leptin is present
in obesity have not yet been defined [46, 47].

2.2.2. Adiponectin

Adiponectin is a multifunctional and multi-named adipokine (adipocyte complement-related
protein of 30 kDa, Acrp30; gelatin binding protein of 28 kDa, GBP-28; adipose most abundant
gene transcript 1, apM1), coded by ADIPOQ gene, is a major adipocyte-secreted protein and
is down-regulated in obesity and its co-morbidities. Adiponectin regulates metabolic homeo-
stasis by acting on organs such as the brain, kidney, liver, pancreas and skeletal muscle by
exerting potent insulin-sensitizing, anti-atherogenic and anti-inflammatory activities [8, 48].

Adiponectin is synthesized as a monomer, however, suffers extensive post-translational
modifications to form trimers, hexamers and high molecular weight species (HMW, 12–18
monomers) before being secreted by adipocytes. Recent evidence suggests that depending on
the degree of multimerization, different biological effects have been obtained [49, 50].

Biological activity of adiponectin is mainly mediated by binding to one of its two adiponectin
receptors: AdipoR1 and AdipoR2. These receptors are differentially expressed, and adiponec-
tin shows distinct affinity to them according to its multimerization degree [51]. AdipoR1 is
most commonly found in skeletal muscle and binds preferably to low molecular weight species
(trimers and hexamers), whereas AdipoR2 is abundant in liver and binds easily to HMW
adiponectin [49, 51]. Liver and skeletal muscle have a crucial role in the IR process, therapeutic
effect of thiazolidinediones is in part due to the enhanced expression of adiponectin and its
receptors through PPAR-γ activation [52].

2.2.3. Resistin

Resistin was described in mice as the responsible molecule of IR; however in humans, results
were not conclusive, in part because its specific receptor has not been identified yet. It is an
adipokine that stimulates the synthesis of pro-inflammatory cytokines among which are: TNF-
α, IL-1, IL-6 and IL-12; in various types of cells through pathway-dependent signalling nuclear
factor (NF)-κB [17, 53]. It also induces increased expression of adhesion molecules (i.e.
VCAM-1, ICAM-1) and chemokines (i.e. CX3CL1, CX3CR1) in human endothelial cells [17, 53].
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Various studies report positive correlations of serum resistin levels with the amount of body
fat, however, other studies have found no correlation [53–55]. The most important association
of circulating resistin levels reported is with C-reactive protein, which could be a marker of
systemic inflammation [53].

2.2.4. Chemerin

It is secreted by adipocytes; it is closely associated with amount and distribution of adipose
tissue. As a chemoattractant protein, chemerin acts as a ligand for the coupled G-receptor
protein (ChemR23) and participates in both adaptive and innate immunity [56]. In humans,
chemerin gene (RRARES2) is highly expressed in WAT and to a lesser extent in liver and lungs.
On immune cells, chemerin is known to stimulate chemotaxis of dendritic cells, macrophages
and natural killer (NK) cells. Meanwhile, its receptor, ChemR23 gene (CMKLR1), is expressed
in dendritic cells, monocyte/macrophages and endothelial cells [18, 56, 57]. ChemR23 is
involved in the differentiation of adipocytes and increased intracellular glucose or lipids
promote its expression [18].

The interaction of chemerin/ChemR23 has been shown to reduce cytokines, chemokines and
phagocytosis, proving to be important in the inflammatory process associated with obesity
[18, 57]. In this context, chemerin/ChemR23 axis has been shown to impact IR development,
which influences the clinical course and severity of obesity-related diseases.

As has been exposed, dysregulation of adipokinome due to accumulation of adipose tissue in
obesity establishes and perpetuates a vicious circle from which emerges the chronic low-grade
inflammation state.

2.3. Low-grade inflammation state in obesity

Inflammation is a physiological response to a stimulus (i.e. injury or infection) described by
Celsus and Galen and is characterized by five classical signs: pain, heat, redness, swelling and
loss of function [58, 59]. The inflammation resolution is an active process influenced, in part,
by the time and especially regulated by the formation of a group of lipid mediators, which are
identified as LXs, protectins and resolvins [60].

The low-grade inflammation state is a term used to define the activation of the vascular
endothelium and presence of inflammatory cells in the absence of the five classical signs
(subclinical) [61]. This state is due, at least initially, to adipose tissue hypertrophy present in
obese individuals because different pathological processes occurs (i.e. fatty acids in excess,
hypoxia, cell infiltration and activation of the inflammasome), this pro-inflammatory state is
chronic in obesity and now is considered the etiologic agent of its co-morbidities [58, 62]. Effects
of this ‘unresolved’ inflammation state can be appreciated in other context not explored here,
but in which we cannot ignore the nervous system [63, 64]; these three: metabolism, immunity
and nervous system are so interdependent that now they are considered as branches of a higher
hierarchical level, the neuroendocrine-immune system.
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identified as LXs, protectins and resolvins [60].

The low-grade inflammation state is a term used to define the activation of the vascular
endothelium and presence of inflammatory cells in the absence of the five classical signs
(subclinical) [61]. This state is due, at least initially, to adipose tissue hypertrophy present in
obese individuals because different pathological processes occurs (i.e. fatty acids in excess,
hypoxia, cell infiltration and activation of the inflammasome), this pro-inflammatory state is
chronic in obesity and now is considered the etiologic agent of its co-morbidities [58, 62]. Effects
of this ‘unresolved’ inflammation state can be appreciated in other context not explored here,
but in which we cannot ignore the nervous system [63, 64]; these three: metabolism, immunity
and nervous system are so interdependent that now they are considered as branches of a higher
hierarchical level, the neuroendocrine-immune system.
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2.3.1. Recruitment of immune cells to adipose tissue

The corresponding number of immune cells in adipose tissue is increased in obesity, mainly
due to circulating cells’ recruitment, when compared to lean individuals. [10, 65]. The main
infiltrating cells are monocytes, however, other cell types such as NK, LB and LT may also
migrate principally [10, 65, 66]. The infiltrated cells promote a positive feedback loop for a
chronic low-grade inflammation state.

A key molecule for this recruitment of macrophages is CCL2 chemokine (formerly MCP-1), its
expression displays positive correlation with the amount of adipose tissue [10, 19, 67], which
is produced by macrophages and other cell types after stimulation. In vitro studies have shown
that free fatty acids and TNF-α can stimulate production in chemotactic molecules of adipo-
cytes [68].

CCL2 is the most important chemoattractant in the recruitment of monocytes, but possibly not
the only one, mice fed with high-fat diets also showed an increase in expression of leukotriene
B4 (LTB4) in muscle, liver and adipose tissue [10].

3. Insulin resistance: a direct consequence of immunometabolic imbalance

Insulin resistance (IR) is a condition characterized by the inability of cells to appropriately
respond to insulin, which results in prolonged systemic hyperglycemia. It was considered a
pathology since the 1930s, however, it was the development of insulin quantification assays
and methodologies to estimate its biological action, as well as large epidemiology studies,
which allowed to define the magnitude of the problem and the clinical implications.

3.1. Insulin resistance classification

The gold standard for IR assessment is the ‘Hyperinsulinaemic-euglycaemic clamp’ described
by DeFronzo et al. [69]. However, this technique is hard to perform, time consuming, invasive
and expensive; therefore, it is prohibitive for large studies. Because of this, numerous indexes
have been developed and validated as surrogates, one of the most used is the ‘Homeostasis
Model Assessment of Insulin Resistance’ (HOMA-IR) described by Matthews et al. that kept
a correlation of 69 and 88% with euglycaemic and hyperglycaemic clamp, respectively [70].

Cut-offs and conditions has been tested to improve IR individuals classification; Stern et al.
compiled demographics, clinical, laboratory and anthropometrics data of 2321 subjects studied
with the euglycaemic insulin clamp technique and determined that with a combination of two
simple rules: (1) HOMA-IR > 3.60 and (2) BMI > 27.5 kg/m2; individuals can be classified as
insulin-resistant with a sensitivity and specificity of 84.9 and 78.7%, respectively [71].

3.2. Insulin resistance aetiology

Establishment of IR arises from the interaction between environmental factors (principally
obesity), and predisposition genes that confer susceptibility.

Immunometabolism in Obesity
http://dx.doi.org/10.5772/65444

165



At the cellular level, there are two main mechanisms responsible of IR development: (1) cellular
stress in the endoplasmic reticulum, and in the mitochondria of adipocytes, hepatocytes and
myocytes; and (2) release of pro‐inflammatory cytokines, principally, TNF‐α and IL‐6 by
activation of the Toll‐like receptor 4 (TLR‐4) on the surface of infiltrated macrophages of white
adipose tissue and liver [72, 73]. Obtained data point towards multiple triggering paths for
this processes to be started, however, it is the obesity‐associated chronic low‐grade inflamma‐
tion the most linked one [72, 73].

Moreover, in obesity, the amount and the size of adipocytes increase (hyperplasia and
hypertrophy); furthermore, macrophage infiltration in white adipose tissue is higher and these
processes together deregulate the secretion of adipokines. One of them, adiponectin, is
negatively correlated with WAT accumulation (as mentioned before), this diminishes insulin
signalling, already affected by the pro‐inflammatory milieu. To add complexity to the IR
phenomenon, they have been recently described novel mechanisms of immunometabolic
regulation, the miRNAs.

4. Novel mechanisms involved on immunometabolic regulation: miRNAs

The microRNAs (miRNAs) were discovered in 1993 by Lee, Feinbaum and Ambros, when it
was shown that their expression involves negative regulation at the post‐transcriptional level
and their biogenesis was a result of two unrelated molecular routes.

About miRNAs biogenesis, the non‐coding region into the genes is transcribed, hence a small
non‐coding RNA is obtained, these molecules synchronized the downregulation of protein
expression both at the transcriptional and translational levels. However, upregulation of
translation has also been reported. In the negative regulation processes, the miRNAs bind to
their complementary sites within the 3’‐untranslated regions (UTRs) of target mRNA through‐
out sequence recognition, resulting in mRNA translational repression or degradation of the
mRNA transcripts [74, 75].

The miRNAs are a kind of non‐coding RNA of specific genes, whose products are single‐
stranded RNA molecules between 19 and 25 nucleotides, their sequences were identified by
Northern blot analysis, microarrays or the real‐time PCR method. Nucleotide sequences of
miRNAs are reported in miRBase registry (http://mirbase.org/), and the correct nomenclature
is discussed by several authors [76, 77].

4.1. microRNAs biogenesis

The molecular biosynthesis process of microRNAs involving multiple pathways however is
possible to characterize a general mechanism, in which sequential routes of a particular method
are identified (Figure 2):

1. miRNAs are transcribed in the cell nucleus by the RNA polymerase II, based on three
main gene sequences: intronic regions, polycistronic clusters or from intergenic areas; the
molecules obtained are called pri‐miRNAs.
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2. pri-miRNAs are improved by RNasa type III (Drosha) to become pre-miRNA, which is
recognized by the XPO5 and RanGTP complex and transported to the cytoplasm through
a nuclear pores [78].

3. The pre-miRNA, once it reaches in the cell cytoplasm, Dicer cleaves the double-stranded
fragment and releases the loop, the miRNA duplex is unrolled and loaded into the
complex miRISC [78].

4. Once it is loaded into the RISC complex, the mature miRNA is capable of associating with
the mRNA target.

Subsequently when the mature miRNA is formed, their function will be to recognize by 3'UTR
complementary sequences in the target mRNA. The level of coincidence in these sequences
determines the degree of regulation of transcription, with one of two options, when the
sequence of the complex is 100% complementary to the sequence in the region of the target
(perfect complementarity), leading to denaturation and degradation of mRNA, while incom-
plete complementarity triggers silencing of mRNA through different molecular mechanisms,
as repression of translation, degradation and/or sequestration of target [78, 79].

Since its deregulation has been related to different illnesses and it is estimated that more than
60% of the human genes expression are regulated by microRNAs [80].

Figure 2. miRNA biogenesis. MicroRNA is transcribed by the polymerase II from (a) genes, (b) polycistronic clusters
and (c) intronic regions. These pri-miRNAs are processed by the RNase Drosha which shortens them. The pre-miRNA
formed is transported to cytoplasm by the XPO5 and then Dicer cleaves the loop leaving a double chain fragment that
is recognized for the miRISC complex and targets the mRNA. POL II: polymerase II; XPO5: exportin 5; AGO2: argo-
naute protein 2; UTR: untranslated region; CAP: caperuse and AAAA: poly A chain.
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4.2. microRNAs structural forms

For the reason that miRNAs are produced from the differential gene expression, heterogeneous
structures are obtained with different length and nucleotide sequences. Sequences of two
biochemically stable forms with asymmetrical structural motifs, the immature form (pre-
miRNA) and the mature form (miRNA) have been reported.

The pre-miRNAs have a length of more 60 nucleotides, obtained from pri-miRNAs by the
division in the union on the opposite side of the double chain loop. The recurrent structure is
a double-helix that ends in a loop that joins both chains, the chain that goes from 5’ to 3’ and
the chain of the direction from 3’ to 5’, which are 100% non-complementary and the length
varies according to the mature stage due to the cuts made by the enzymes [81]. This double
chain contains a monophosphate group in the end 5’, and a free OH group in end 3’.

The mature microRNAs are approximately of 18–25 nucleotides in length, and differ from one
another in their nucleotide sequence and length. Finally, two chains are generated in sense (5')
and antisense (3') directions, emerging from the 5' arm of the hairpin microRNA or 3' arm of
the microRNA hairpin, these sequences are called -5p or -3p, respectively. Generally, only one
of them is dominant while the other is considered as a minor product, due to the intracellular
concentration. However, both sequences are functional, as this depends on the tissue and
species in which they are located [76, 82].

4.3. The functional diversity of miRNAs

The study of miRNAs is relevant because it has been involved in diverse functions and their
expression levels have been associated with different diseases, such as insulin resistance,
diabetes, atherosclerosis or cancer. While the new miRNAs sequence is identified, their par-
ticipation in biological processes at the molecular level is to be defined. The mechanisms
described include adipocyte differentiation, metabolic integration and appetite regulation
[80, 83].

Among the metabolic diseases associated with the expression of miRNAs, their role in diabetes
mellitus type 2 has been described, where it was shown that the miR-375 is directly involved
in the regulation of insulin secretion. These data suggest their participation in the metabolic
pathways and the possible association with inflammatory markers and their expression in
individuals with phenotypic characteristics associated with obesity inflammation [84].

On the other hand, the miRNAs can also be found in the soluble form and it is important to
remark that they are stable in serum for long periods of time due to two mechanisms, formation
of a complex of ribonucleoprotein with argonaut proteins and the addition of exosomes and
micro-particles. Besides, it has been discovered that HDLc can transport miRNAs in the plasma
and take them to the target cells where they will be captured [85].

Related to their location in the serum of the miRNAs mature form, Slack has proposed two
hypotheses: first, the miRNAs of tissues can be present in the circulation as a result of cell death
and lysis, and second, the tissue cells actively secrete miRNAs in their microenvironment,
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where they get into the blood vessels so that they get their way up the circulation, so that it
has been also suggested their potential usage as markers for different diseases [86].

Due to the strong correlation between the expression patterns of miRNAs and the state of the
diseases, that has been showed not only in animal models but also in human patients, the
miRNAs have been considered as promising candidates for the next generation of biomarkers.

4.4. miRNAs and immunometabolism

It is important to recognize that metabolic diseases have a strong immune component derived
from inflammation and oxidative stress in which microRNAs regulate different ways
(Figure 3).

Figure 3. miRNA and immunometabolism. In immunometabolism, the microRNAs have an important role in regula-
tion of different levels of metabolism. Further, the oxidative stress is the link between inflammation and obesity, since
the accumulation of adipose tissue stimulates the expression of inflammation markers allowing the establishment of
pathologies like DM2 and insulin resistance. Otherwise, there are microRNAs that improve glucose tolerance and lipid
metabolism. M1: macrophages phenotype 1; HDLc: high-density lipoprotein cholesterol and miR: microRNA.

In diabetes mellitus type 2 patients, associations of miR-146 and miR-126 with markers of
endoplasmic reticulum stress and inflammation as well as decreased miR-20b, miR-21, miR-24,
miR-15a, miR-126, miR-191, miR-197, miR-223, miR-320 and miR-486 have been reported.
Evenly, in obesity, the miR-152 increases, whereas miR-17 and miR-138 decreases [75, 87, 88].

With regard to metabolic functions in the skeletal muscle and the deregulation of the miRNA
species, it is known that it can lead to deep alterations of glucose and the lipid metabolism in
the adipose tissue, which is an important metabolic regulator. Regarding this, it has been
shown that the expression of miR-14 decreases the levels of triacylglycerol and diacylclycerol,
so that miR-14 could be an important lipid regulator in this level, besides other involved
miRNAs such as miR-143 [89], miR-181a [90], miR-103 and miR-107 [91] have all been shown
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to affect hepatic insulin sensitivity, and more recently, miR-802 has been shown to be increased
with obesity and that its reduction improves glucose tolerance and insulin action [92].

According to the association between obesity and the fatty acids different microRNAs have
been associated, among them miR33a and miR33b, which are found in the intronic regions of
the genes SREBF2 and SREBF1 that code for the transcription factors SREBP2 and SREBP1 and
control the expression of the genes involved on the synthesis of cholesterol and fatty acids [93].

miR33a/b act as suppressing genes that oppose the functions of SREBP, for instance, the
cholesterol efflux and the oxidation of fatty acids; so that under low-cholesterol conditions the
transcription of SREBP2 and the regulation of the genes involved in the synthesis of cholesterol
and absorption is activated, therefore, co-transcription of miR-33a acts in exporting cell
cholesterol inhibiting the transcription of ABCA1 [93].

On the other hand, it is known that high levels of free fatty acids (FFA) and different adipokines,
such as leptin and resistin, have a strong regulator role in other microRNAs; while expression
of miR-143 can modulate the differentiation of the preadipocytes by increasing the storing of
lipids, likewise, inhibition of miR-143 blocks differentiation of adipocytes through the kinase
5 regulator of extracellular signals (ERK5) [94].

5. Perspectives

At present, it seeks to make the value of clinical information available further effective,
favouring a comprehensive approach to identify novel early biomarkers in the development
of obesity and its co-morbidities.

In obesity, the biologic representative hallmark is the establishment of a subclinical chronic
low-grade inflammatory process, promoted by the dysregulation of the immune system cells
resident of white adipose tissue. Antagonistically, an underlying molecular mechanism
induced by BAT control (hypermetabolism) can be developed. The understanding of both
processes may allow the identification of early biomarkers with therapeutic aim of mitigate or
eliminate the associated immunometabolic effects.

Researchers have focused their efforts on finding new biomarkers in obesity, based on the
concept that a biomarker is identified as a qualitatively and/or quantitatively measurable
biological parameter, which can be characterized as an indicator of health status versus disease,
and also it serves as a marker for susceptibility or to stratify the relative risk in the general
population.

The importance of a novel early biomarker is that it can have a high diagnostic or prognostic
value in the context of development, establishment and progression of obesity and its co-
morbidities. Because cut-off values are established in the biomarker validation process, it can
be identified as a ‘distorted indicator and differentiated predecessor’ of clinical manifestations,
with the possibility of aid at establishment, a classification in the progression of co-morbidities
and severity of obesity.
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As a consequence, from discovery to clinical application, an ideal early biomarker need
run into the following characteristic: be easily accessible by using a sampling procedure
minimally invasive, therefore, samples of blood, urine and saliva are excellent sources of
choice.

In this contextual group of ideas, miRNAs that are transported to target cells through the
bloodstream, are relatively stable and easily removed from blood serum have been identified.
They are associated with metabolic risk and dysregulation of the immune system when white
adipose tissue increases, and they are postulated as candidates of ‘novel early biomarkers’,
due to their ability to become acquainted with the progression of the pathogenic process of
obesity.
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Abstract

The impact of obesity can be better understood by studying the growing medical and 
socioeconomic burden of this often neglected public health epidemic. Traditionally asso-
ciated with cardiovascular risk factors like hypertension, hyperlipidemia, and diabetes 
mellitus, morbid obesity has increasingly contributed to mortality among Western as 
well as Third World populations. Contemporary evidence has also consistently linked 
this patient cohort with a greater risk to develop coronary artery disease. Recent popula-
tion‐based registries indicate that 43 and 24% of all cases of coronary revascularization 
were performed in overweight and obese patients, respectively. In this context, although 
popular thought has reaffirmed the positive correlation between obesity and increased 
cardiovascular morbidity, some authors have opined a better clinical outcome in over-
weight and obese patients, a phenomenon they termed “obesity paradoxon.” Conflicting 
data and the possibility of confounding bias have festered an ongoing debate challenging 
this “obesity paradox.” In this review article, we present updated evidence and discuss 
the validity of the “obesity paradoxon” in a variety of clinical settings.

Keywords: coronary stent, obesity paradox, mortality, BMI

1. Introduction

Obesity has traditionally been defined as a body mass index (BMI) value >30 kg/m2, and 
its prevalence in the Western world, according to recent epidemiological data, could be as 
high as 36.5% [1]. Evidence of the growing prevalence of obesity can be inferred from the 
USA, where almost 70% of the population has been classified as obese; a significant increase 
from the 25% reported forty years ago [2]. The clinical relevance of obesity and its cluster of 
associated disorders, like arterial hypertension, dyslipidemia, diabetes mellitus, and sleep 
apnea syndrome, are demonstrated by its persistent link to an increased morbidity as well as 
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 mortality [3, 4]. It is for this reason that initiatives detailing the primary and secondary pre-
vention of cardiovascular disease in overweight and obese patients have laid specific empha-
sis on the significance of weight loss so as to modify cardiovascular risk [5–7]. Obese patients 
have an increased preponderance to develop atherosclerotic disease, especially coronary 
artery disease, which is characterized by a reduced sensitivity to insulin, enhanced free fatty 
acid turnover, increased basal sympathetic tone, a hyper‐coagulable state, and finally with 
promotion of systemic inflammation [8, 9]. Population‐based data suggest that 43 and 24% 
of all coronary revascularization in recent years were carried out in overweight and obese 
patients, respectively [10]. It has been speculated that the obese patient cohort is somehow 
associated with a clinical outcome far worse than that of a normal weight patient, and this 
theory is further substantiated by the existence of evidence describing the causative associa-
tion of morbid obesity in cardiovascular disease. Interestingly, contemporary studies have 
recently elucidated the role of an “obesity paradoxon,” describing the protective effect of 
obesity (when considering postoperative morbidity and mortality) in patients receiving either 
surgical or minimally invasive coronary revascularization [11]. This observation suggesting a 
better clinical outcome for obese patients is not only restricted to the clinical setting of coro-
nary revascularization, as similar data have also been reported in cases of an acute myocardial 
infarction and heart failure [12, 13].

In this review article, we attempt to present an overview and summarize the evidence docu-
mented on “obesity paradoxon” in coronary artery disease.

2. Stable coronary artery disease

The correlation of BMI with clinical endpoints in the setting of interventional coronary 
revascularization from a single‐center experience in patients (n = 3571) receiving balloon 
angioplasty was first reported in 1996 [14]. A detailed study of the in‐hospital outcomes 
suggested higher rates of mortality (2.8% vs. 0.9% vs. 3.7%; p < 0.001) in normal weight 
and obese patients as compared to overweight patients. This bias could also noted in the 
patients’ need for blood transfusions (11.9% vs. 7.4% vs. 8.4%; p = 0.003) and their corre-
sponding rise in creatinine value >1 mg/dl (3.6% vs. 1.8% vs. 1.8%; p = 0.018). Interestingly, 
the rates of myocardial infarction did not reflect any such patient group preference 
(3.5% vs. 3.4% vs. 4.7%; p = n.s.). The multicenter BARI registry evaluated the BMI of 3634 
patients undergoing elective revascularization [2108 by interventional procedure (PCI) and 
1526 by surgery (CABG)] at study entry between 1988 and 1991 [15]. Initial analyses of 
the results elicited a correlation between the body mass index and an increased risk of a 
major in‐hospital event in the PCI arm. At the five‐year follow‐up interval, this correlation 
between BMI and mortality existed only in the CABG arm. The final results from the BARI 
registry suggested an inverse relationship between BMI and in‐hospital outcome post‐PCI 
without any major difference in long‐term follow‐up. Interestingly, although the study 
by Gruberg et al. [11] did indicate an inverse relationship in the 9633 patients evaluated 
between 1994 and 1999 at the 12‐month follow‐up for mortality (10.6% vs. 5.7% vs 4.9%: 
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p < 0.0001), rates of myocardial infarction (7.4% vs. 7.0% vs. 6.7%: p = 0.66) and target vessel 
 revascularization (20.2% vs. 22.0% vs. 22.4%: p = 0.16) did not vary significantly. Certain 
post‐procedural clinical events like arterial hypertension, pulmonary congestion, impair-
ment of renal function, bleeding events, access site complications, as well as those leading 
to mortality were seen more often in underweight patients as compared to the overweight 
and obese patient cohort.

The Scottish Coronary Revascularization Register offers another perspective to this 
debate. In contrast to previous all‐comers trials, this study included only those patients 
(n = 4880) undergoing elective PCI between 1997 and 2006, and without any known his-
tory of coronary artery disease. Patients evaluated to have a BMI in the range between 27 
and 30 kg/m2 were linked with lower all‐cause mortality after 5 years of follow‐up as com-
pared to other weight groups. The introduction of a blanking time (<30 days) to exclude 
periprocedural events as well as an adjustment to different baseline data did not impact 
the outcome of their study [16]. These conclusions were reaffirmed in the APPROACH 
registry, where a collective of 310,121 patients were treated conservatively (n = 7801), 
by PCI (n = 7017), or by CABG (n = 15,601) [17]. Lower mortality rates were recorded 
among overweight and obese patients as compared to normal weight patients in the 
cohort treated conservatively. These findings were also consistent for the CABG as well as 
the PCI group. An interesting corollary to these results centered around the use of bare‐
metal stents (BMS) as well as a discussion on the meta‐analysis of these single trials, sug-
gesting an inverse relationship between BMI and the clinical outcome after  stenting [18]. 
The results from studies of the balloon angioplasty and the BMS era are in stark contrast 
to other studies conducted in this timeframe, wherein patients receiving any of the two 
stents, DES or BMS, did not observe the “obesity paradoxon.” An additional note in this 
context is summarized by the study of Poston et al. conducted in 1631 patients, suggest-
ing that normal weight patients were older than obese or overweight patients at the time 
of hospital admission [18]. The 1‐year follow‐up mortality and risk for procedure revision 
were comparable in both groups.

In the TAXUS trials, of the 1307 patients stratified according to BMI and type of stent used 
(BMS versus DES) [20], higher rates of BMS in‐stent restenoses were observed in obese and 
overweight patients than in normal‐weight patients (29.2% vs. 30.5% vs. 9.3%; p = 0.01). 
The patients receiving DES had major cardiac event (MACE) rates skewing in favor of nor-
mal weight patients, and however, the clinical event rates in these different patient groups 
did not vary significantly. Subsequent results obtained from the German DES.DE registry 
would also validate these findings [21]. A total of 5806 patients assimilated from 98 sites in 
Germany were included in this registry for DES patients and followed up over a period of 
12 months. The results would summarize suggestions made in previous trials, stating that 
the baseline comorbidity index was higher in obese patients as compared to overweight 
and normal weight patients, while the rates of in‐hospital events were similar in all three 
groups. The follow‐up after 1 year indicated no significant variability in mortality rates 
(3.3% vs. 2.4% vs. 2.4%; p = 0.17), myocardial infarction (2.8% vs. 2.3% vs. 2.3%; p = 0.45), 
target vessel revascularization (10.9% vs. 11.7% vs. 11.6%; p = 0.56), and major bleeding 
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(2.5% vs. 2.1% vs. 2.8%; p = 0.53) between normal weight, overweight, and obese patients, 
respectively (Table 1).

3. Acute coronary syndrome

The essential difference between stable coronary artery disease and an acute myocardial 
infarction is the existence of a pro‐inflammatory state with different forms of hemodynamic, 
rhythmogenic, and hemostatic disturbance in the latter. Although the “obesity paradoxon” 
phenomenon has been evaluated in the patient population, there is lack of homogenous data 
establishing a potential link between BMI and clinical events in patients with acute myocardial 
infarction. Data analyses of the 6359 acute coronary syndrome (ACS) patients included in the 
PREMIER and TRIUMPH registries drawn to establish a relationship between BMI and survival 
rate yielded novel results [22]. BMI and mortality rates shared an inverse relationship (9.2% vs. 
6.1% vs. 4.7%; p < 0.001) irrespective of demographic age and sex distribution. The KAMIR reg-
istry yielded similar results in its 3824 ST‐elevation myocardial infarction patient collective [23]. 
The baseline characteristics defined an older group of normal weight patients, with impairment 
of left ventricular ejection fraction and having a higher comorbidity index. The study eventu-
ally summarized that normal weight patients were associated with higher mortality rates.

An attempt to reaffirm this inverse relationship between BMI and clinical outcome in this 
scenario, however, was not possible in many other similarly conducted trials [24, 25]. Our 
research working group analyzed data from 890 patients diagnosed with ST‐elevated 
 myocardial infarction and followed them up for a duration of 12 months. This group also 
constituted patients diagnosed with cardiogenic shock. Interestingly, results indicated that 
clinical events did not vary significantly between all three weight groups, thus challenging 
the premise of the “obesity paradox” [26] (Table 2).

Author Year n Follow‐up 
(months)

Mortality Myocardial 
infarction

Target vessel 
revascularization

Renal 
insufficiency

Vascular 
complications

Ellis et al. [14] 1996 3571 12 + – – + +

Gurm et al. [15] 2002 3634 60 + n.a. n.a. n.a. –

Gruberg et al. [11] 2002 9633 12 + – – + –

Poston et al. [19] 2004 1631 12 – n.a. – n.a. n.a.

Nikolsky et al. [20] 2005 1301 12 – – – n.a. n.a.

Romero‐Corral 
et al. [18]

2006 250,  
152

45 + n.a. n.a. n.a. n.a.

Oreopoulos et al. [17] 2009 31,  
021

46 + n.a. n.a. n.a. n.a.

Hastie et al. [16] 2010 4880 60 + n.a. n.a. n.a. n.a.

Akin et al. [21] 2012 5806 12 – – – – –

Table 1. Overview of literature addressing the “obesity paradox” in patients suffering from stable coronary artery 
disease undergoing coronary angiography and/or revascularization.

Adiposity - Omics and Molecular Understanding184



(2.5% vs. 2.1% vs. 2.8%; p = 0.53) between normal weight, overweight, and obese patients, 
respectively (Table 1).

3. Acute coronary syndrome

The essential difference between stable coronary artery disease and an acute myocardial 
infarction is the existence of a pro‐inflammatory state with different forms of hemodynamic, 
rhythmogenic, and hemostatic disturbance in the latter. Although the “obesity paradoxon” 
phenomenon has been evaluated in the patient population, there is lack of homogenous data 
establishing a potential link between BMI and clinical events in patients with acute myocardial 
infarction. Data analyses of the 6359 acute coronary syndrome (ACS) patients included in the 
PREMIER and TRIUMPH registries drawn to establish a relationship between BMI and survival 
rate yielded novel results [22]. BMI and mortality rates shared an inverse relationship (9.2% vs. 
6.1% vs. 4.7%; p < 0.001) irrespective of demographic age and sex distribution. The KAMIR reg-
istry yielded similar results in its 3824 ST‐elevation myocardial infarction patient collective [23]. 
The baseline characteristics defined an older group of normal weight patients, with impairment 
of left ventricular ejection fraction and having a higher comorbidity index. The study eventu-
ally summarized that normal weight patients were associated with higher mortality rates.

An attempt to reaffirm this inverse relationship between BMI and clinical outcome in this 
scenario, however, was not possible in many other similarly conducted trials [24, 25]. Our 
research working group analyzed data from 890 patients diagnosed with ST‐elevated 
 myocardial infarction and followed them up for a duration of 12 months. This group also 
constituted patients diagnosed with cardiogenic shock. Interestingly, results indicated that 
clinical events did not vary significantly between all three weight groups, thus challenging 
the premise of the “obesity paradox” [26] (Table 2).

Author Year n Follow‐up 
(months)

Mortality Myocardial 
infarction

Target vessel 
revascularization

Renal 
insufficiency

Vascular 
complications

Ellis et al. [14] 1996 3571 12 + – – + +

Gurm et al. [15] 2002 3634 60 + n.a. n.a. n.a. –

Gruberg et al. [11] 2002 9633 12 + – – + –

Poston et al. [19] 2004 1631 12 – n.a. – n.a. n.a.

Nikolsky et al. [20] 2005 1301 12 – – – n.a. n.a.

Romero‐Corral 
et al. [18]

2006 250,  
152

45 + n.a. n.a. n.a. n.a.

Oreopoulos et al. [17] 2009 31,  
021

46 + n.a. n.a. n.a. n.a.

Hastie et al. [16] 2010 4880 60 + n.a. n.a. n.a. n.a.

Akin et al. [21] 2012 5806 12 – – – – –

Table 1. Overview of literature addressing the “obesity paradox” in patients suffering from stable coronary artery 
disease undergoing coronary angiography and/or revascularization.

Adiposity - Omics and Molecular Understanding184

4. Rationale for the “obesity paradox”

The growing incidence of obesity can be construed from data suggesting an increase of 37% 
from 13.6 to 18.6%, in the cases of self‐reported obesity, among men aged 35–49 since 1970. 
Epidemiological factors attributed to the development of obesity and cardiovascular disease 
like arterial hypertension and diabetes mellitus are also on the rise [29, 30]. Recent efforts 
directed to reducing cholesterol levels and prevention of damaging smoking habits have 
helped sustain a decline in mortality from an acute coronary event. Frequent vessel revascu-
larization has also possibly played a role in this positive development [31–33]. This, however, 
does not discount the influence of the metabolic syndrome and its link to various cardiovas-
cular risk factors. Overweight and obese patients are derivatives of this syndrome, and the 
continual process of endothelial dysfunction and inflammation is often associated with the 
risk of developing atherosclerosis.

Evidence of this correlation constitutes an interesting paradox where better survival rates 
in an acute coronary event are real despite an increased incidence of obesity. This perti-
nent question has festered an ongoing debate as to the existence of the “obesity paradoxon” 
 phenomenon in the spectrum of coronary artery disease [10–26].

An examination of current literature indicates that certain published data, essentially that 
comprising retrospective information, have claimed a U‐shaped nonsignificant trend to sug-
gest lower survival among underweight patients as compared to normal or mildly overweight 
patients. This, however, could be the result of a technical bias, which unfortunately cannot be 
fully corrected by statistical means.

A detailed analysis of these patient groups has suggested that up to 2% of patients who are 
underweight are likely to suffer from comorbid conditions, including malignancies, heart 
failure, malnutrition, and multi‐organ dysfunction (MODS). This patient group also hap-
pens to constitute a significantly older age group demographic as compared to normal and 
obese patients [10, 11, 15], and clear evidence has linked elderly and frail patients to signifi-
cantly poorer clinical outcomes regardless of management or reperfusion strategy [34, 35]. 

Author Year N Follow‐up 
(months)

Mortality Myocardial 
infarction

Target vessel 
revascularization

Renal 
insufficiency

Vascular 
complications

Kosuge et al. [25] 2008 3076 hospital – n.a. n.a. n.a. n.a.

Kang et al. [23] 2010 3824 12 + – – n.a. n.a.

Camprubi et al. [24] 2012 824 hospital – n.a. n.a. n.a. n.a.

Bucholz et al. [22] 2012 6359 12 + n.a. n.a. n.a. n.a.

Li et al. [27] 2013 1429 12 – – – n.a. n.a.

Shehab et al. [28] 2014 4379 1 – – – n.a. n.a.

Akin et al. [26] 2015 890 12 – – – – –

Table 2. Overview of literature addressing the “obesity paradox” in patients suffering from acute coronary syndrome, 
including cardiogenic shock, undergoing coronary revascularization.
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An  interesting highlight in this respect is the influence of increasing age with its concomitant 
comorbidities on weight change [36–38]. The possibility of chronic disease leading to grad-
ual weight loss had not been factored into presented trials. Another important confounding 
observation was the increased tendency of obese patients receiving diagnosis and treatment 
at an earlier stage in comparison with lean patients.

A recent survey of >130,000 patients suggested that patients with higher BMI adhere more 
sincerely to guidelines with regard to the use of standard drugs such as aspirin, beta‐ blockers, 
acetylcholinesterase inhibitors, angiotensin II receptor blockers, as well as lipid‐lowering 
drugs and are increasingly likely to undergo invasive diagnostic and therapeutic interventions 
[15, 18, 21]. Additionally, overweight and obese subjects tended to be more stable at presenta-
tion, with the general constellation describing a patient lacking hemodynamic compromise, 
having a lower Killip class and also a preserved or less impaired ventricular function, which 
in turn proffers a better prognosis to the existing clinical scenario. These preliminary results 
present a clear challenge to the “obesity parodoxon” phenomenon.

Novel theories explaining the post‐PCI “obesity paradoxon” hypothesize that obese 
patients have “larger vessels” somehow instituting a beneficial effect. A further consolida-
tion of this hypothesis naturally suggests that post‐PCI outcome is significantly worse in 
patients with smaller vessels [39, 40]. The pharmacology of antithrombotic drugs is another 
interesting topic of discussion in this regard. The use of a standard dose rather than weight‐
adjusted dosages precludes accurate measurement of the pharmacokinetic and pharma-
codynamic effects of these medications in each patient. For example, the standard dose 
could very well be too high for an underweight patient (as calculated by BMI) resulting in 
significant bleeding events and is associated with a higher mortality rate [41]. Similarly, 
the sheath‐to‐artery size ratio varies in different BMI groups, and this could influence the 
rates of vascular complications [15]. These superficial differences observed in the context 
of a periprocedural event can reflect on the perceived improved survival noted among 
overweight patients [11, 42].

An absolute limiting factor in most studies centers around the use of BMI as a measure of 
obesity. The inadequate documentation of obesity distribution questions the plausibility 
of several results as this vital information has a significant impact in the clinical scenario. 
For example, central obesity has been associated with a poorer clinical outcome [43]. Other 
parameters such as waist circumference, waist‐to‐hip ratio, and weight change have not 
found mention in several of these trials [44–47]. Additionally, the inherent limitation of all 
these trials hypothesizing the “obesity paradoxon” is that they are an observational retrospec-
tive registry.

The failure to analyze potentially confounding variables such as physical inactivity, unin-
tended weight loss, the influence of socioeconomic factors, as well as the short follow‐up of 
these registries may have contributed to additional bias. Any existing relationship between 
obesity and in‐hospital and short‐term survival may have been lost, and the longer patients 
were followed. The possible buildup of the detrimental effects of obesity overtime could also 
have been studied in an extended follow‐up period, perhaps establishing a link to increased 
late mortality [48, 49].
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The “obesity paradoxon” hypothesis hinges on certain questionable data. The proponents of 
this theory claim that replete adipose tissue plays the role of an endocrine organ [50] produc-
ing soluble tissue necrosis factor receptor and hence ensues the protective effect [51].

Conversely, higher levels of thrombotic factors as well as elevated plasminogen activator 
inhibitor‐I in patients who are morbidly obese (BMI > 40 Kg/m2) probably contribute to the 
higher adjusted rates of post‐PCI mortality seen in this patient group [52].

The suggestion, in early studies, that there exists an inverse relationship between underweight 
patients and outcomes in heart failure is what heralded the concept of “obesity paradoxon.” 
However, an in‐depth analysis of recently published data questions any such claim in the set-
ting of coronary artery disease and modern coronary intervention. In fact, there is insufficient 
evidence or even proof of concept to veer away from the classic relationship between risk fac-
tors, confounding variables and prognostic outcomes. These association studies are limited 
not only by the lack of pathophysiological underpinnings, but also hindered by the use of 
descriptive notions and confounding variables with unknown impact to substantiate their 
results. While analyzing the neutralizing results of the German DES.DE Registry [21], the per-
ception of obesity demonstrating a protective effect on outcomes post‐PCI is seriously held in 
doubt and the provocative construct of an “obesity paradoxon” debased, as this hypothesis 
was never really substantiated in the clinical setting of coronary artery disease and PCI.

Finally, the support expressed by associative studies (in light of little or no statistical and biological 
evidence) leading to the hypothesis of an “obesity paradox” has been effectively debunked by the 
interpretation of recent clinical data. A contrarian concept would only hold traction if supported 
by plausible pathophysiology. In the context of coronary artery disease and PCI, there are hardly 
any convincing explanation and certainly no clinical data to justify an “obesity paradoxon.”
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Abstract

The global pediatric obesity epidemic is a “grand challenge” that will reduce quality of
life  and  strain  healthcare  delivery  systems  for  many  years.  The  root  causes  and
treatments  of  pediatric  obesity are  medical  and social,  requiring cross‐disciplinary
collaboration. Research on pediatric obesity spans medicine, molecular biology, public
health, and sociology and involves hospitals, clinics, community partners, and schools.
However, little attention has been given to how corporations play a role in this nexus
of institutions. We make the case for understanding the role of the corporation, beyond
that  of  producer and distributor of  unhealthy foods.  Specifically,  we consider two
factors. First, we examine the work conditions that corporations create for parents and
how these affect family lifestyle, differentially by socioeconomic status (SES). Second,
we expose how the American tendency to “individualize” social problems is reinforced
in the corporation. Faith in meritocracy directs attention to individual effort rather than
structural  constraints.  Treating  pediatric  obesity  as  remediable  by  meritorious
individual behaviors might obscure root causes and promising approaches based on
new medical research.

Keywords: pediatric obesity, obesity epidemic, disparities, energy balance, inequality,
socioeconomic factors, meritocracy, transdisciplinary research

1. Introduction

This chapter explores the deepening global epidemic of pediatric obesity, which predisposes
individuals to significant early‐onset diabetes and cardiovascular disease. These complica‐
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tions limit quality of life and ability to work, and exacerbate healthcare costs. The Centers for
Disease  Control  and Prevention (CDC)  in  the  United States  have  identified an  “obesity
epidemic” and specifically, reported in 2010 that 14.6% of children from 2 to 4 years old in low
income households are obese. Extending current trends, the scale of the problem by the year
2030 will overwhelm healthcare systems globally. Obesity experts readily acknowledge that
the etiology of pediatric obesity is multifactorial and will not be solved with single‐paradigm,
single‐cause approaches. This “grand challenge” has thus already garnered the attention of
experts across many disciplines, including medicine, molecular biology, public health, social
policy, urban planning, early childhood schooling, and nutrition.

We add the field of organization studies to this list of disciplines, because it has a long history
of examining problems that at once involve “agency and structure”—that is, the actions of
individuals and the constraints of societal systems. We posit that the management of pediatric
obesity is confronted by exactly this tension between agency and structure. On the one hand,
recommendations about lifestyle choices abound. On the other hand, two distinct kinds of
constraints are at play. Societal conditions shape diet and exercise options, such as the
availability of fresh produce or the safety of nearby playgrounds, with the result that childhood
obesity in the United States is strongly linked to lower socioeconomic class. In addition, the
underlying biological nature of obesity is being increasingly explored, yielding insights into
when and to what extent lifestyle adaptations can make a difference. Many biological pathways
are set in childhood, and moreover, obesity may manifest with varied metabolic patterns,
suggesting that the focus on lifestyle, or behavioral variables alone, is incomplete. Certainly,
medical researchers and clinicians also appreciate the duality of individual behaviors and
biological determinants. “Boundary spanners” across disciplines and sectors can advance
work on obesity [1]. Adding the insights about agency and structure from an organization
studies approach to the role of the corporation will, we propose, expand the analytical options
and rigor in approaching pediatric obesity.

2. The pediatric obesity epidemic, global inequality and current
recommendations

The rise in obesity among adults is well documented. An alarming and relatively new problem
is the rise of pediatric obesity. Childhood obesity in the United States more than doubled in
children and quadrupled in adolescents from 1985 to 2015 [2, 3]. The CDC defines “over‐
weight” as excess body fat such that body mass index (BMI) is 25.0–29.9 kg/m2 and distin‐
guishes it from “obesity,” which has BMI ≥30.0 kg/m2 (CDC, 2015) [3]. In recent years, it has
become necessary to create another category, “morbid obesity” (BMI ≥40), sometimes referred
to as Class 3 obesity, super obesity, or severe obesity, a phenotype that had previously been
exceedingly rare among adults. From 1980 to 2012, obesity in children aged 6–11 years
increased from 7% to nearly 18%, whereas obesity in adolescents aged 12–19 years increased
from 5% to nearly 21%. Tragically, pediatric morbid obesity and its dangerous complications
have lately become increasingly common.
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Obesity is an alarming epidemic because of its comorbidities, which include diabetes, cardio‐
vascular disease [4], and based on new evidence, increased risk of some forms of cancer [5, 6].
Obesity‐driven diabetes, or Type 2 diabetes, was previously only a problem for adults and was
termed “adult‐onset” diabetes, to distinguish it from “childhood” diabetes, or Type 1 diabetes,
which is primarily immunological in origin. Unfortunately, Type 2 diabetes is now prevalent
among children, which is a new development in human history and is driven by obesity. In
fact, 90% of all Type 2 diabetes, with its life‐threatening complications, is obesity‐driven.

Pediatric obesity is increasing globally, as an externality of economic growth. There is an
asymmetry in the link between obesity and socioeconomic class, such that in wealthy nations,
obesity is prevalent among the poor, whereas in emerging economies, obesity is prevalent
among the rising middle class. Anthropologists explain this asymmetry as a case of rising
status being associated with what is scarce. In nations with abundant food and scarce time,
being lean is scarce and may, ironically, require greater investments, such as prepared foods
and gym memberships. In contrast, in emerging economies, food may be scarce and foods with
popular global branding are regarded as luxuries or status symbols. Thus, in emerging
economies, pediatric obesity is associated with an expanding middle class, as a history of
scarcity gives way to more plentiful foods that are caloric but nutritionally inefficient, which
are often globally sourced [7]. Consider some examples: Childhood obesity in Kuwait is
increasing rapidly as wealthy children are frequently offered fast food as a fashionable treat,
which has prompted the government to explore new diagnostic tools [8]. New wealth in
Bangalore, combined with call center jobs that involve long periods of sedentary work, is
raising the incidence of obesity‐related health problems [9]. World cacao reserves are depleting
as Chinese middle class consumers develop a taste for chocolate, urged by American market‐
ers, for example, pushing Oreos in China as a food and a cultural “experience.”

In contrast, in developed countries, pediatric obesity is related to poverty. Juxtaposition of
two maps of the United States from the CDC [10], one showing the prevalence of obesity at
US county‐level resolution and other showing the prevalence of poverty, represents this
strong correlation. Time becomes the scarce resource in developed nations. There are strong
pressures to work long hours, whether as a demonstration of commitment for professionals
or to secure a livelihood for workers in low‐wage jobs. Time is required to prepare healthy
meals in nuclear families and to exercise. The child development supplement (CDS) of the
panel study of income dynamics (PSID) has been used to show that both maternal and pa‐
ternal long hours of work affect childhood obesity [11]. Parents who can allocate more time
to their children can play a role in reducing pediatric obesity. “Shared parent‐child activities
found to have an impact on childhood obesity included yard work, laundry, shopping,
building or repair work, food preparation, talking, and reading” [11]. Also using the CDS of
the PSID, maternal supervision of children and provision of nutrition were found to be
small but significant mechanisms that mediated the relationship between maternal employ‐
ment and childhood obesity [12]. The prevalence of pediatric obesity, but not the mecha‐
nisms, varied by maternal education. It becomes too easy to designate “good” versus “bad”
parenting strategies for managing childhood obesity and moreover, to infuse these conclu‐
sions with class‐based biases. Article titles such as “Do working mothers raise couch potato
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kids?” [13] show the impulse toward locating the problem in individual lifestyles and be‐
haviors. However, the problem of obesity and poverty in developed countries is more com‐
plex and involves structural factors, including economic policies [14].

3. Work conditions in the corporation

We hypothesize that corporations promote obesity in families through three aspects of the
employment relationship: low wages, long hours, and unpredictable hours. Low wages strain
a family's ability to buy healthy foods, live in neighborhoods where fresh produce is more
likely to be available, and enroll family members in exercise programs. In 2009, 5.2 million
families were living below the US poverty level, despite having at least one member in the
labor force for half the year or more. The 2009 figure increased from 4.5 million in 2008 and
continues to trend upward [15]; inequality across households is widening in the United States
[16]. The plight of the working poor [17], whose employment does not yield sufficient income,
widens the gap in well‐being. Even the conditions of the unemployed poor may be determined
in part by corporate labor policies, particularly where unemployment or part‐time work status
is involuntary. Corporate investors in the United States have long pressed for employment
practices that maximize shareholder wealth but negatively impact work conditions and
workers; layoffs increase stock prices [18] but strain households, wages are depressed in the
lowest positions [19], and US jobs are outsourced [20].

Long hours of work tax the ability of family members to engage in physical activity and the
ability of parents to prepare healthy foods from fresh ingredients each evening. Work hours
in the United States increased steadily from the 1970s [21], especially for families where
parents’ low wages require their taking a second job. Increased working hours for men are
found primarily among high socioeconomic score (SES) brackets [22], and thus, a key mecha‐
nism behind pediatric obesity likely depends on the intersection of low SES with female hours
worked. Specifically, working mothers in the United States spend significantly less time with
their children than nonworking mothers, in each of several dimensions (eating together,
unstructured playing together, playing sports together, custodial care or supervision) [23].

Long hours worked by mothers are associated with childhood obesity in the United States [12,
24, 25], the United Kingdom [26], Australia [27], and Japan [28]. Working mothers frequently
express preferences for sustainable jobs at 20–30 h of work per week [29] and limit on the
pressure to do involuntary overtime [30], but corporations typically do not provide such
employment options. At the same time, father's as well as mother's work conditions are
increasingly having a negative impact on pediatric obesity. A study of 434 9‐year olds in an
Australian birth cohort, 22.8% of whom were overweight or obese, found that father's non‐
standard work hours, but not mother's, were significantly associated with the child's being
overweight or obese [31].

Families composed of middle class and white collar professional parents might compensate
for longer hours by hiring child care providers who facilitate children's after school physical
activities or by purchasing time‐saving and healthy already prepared foods. Women in lower
SES strata do not have these options. Parents in low‐wage jobs cannot afford many of the child
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care options available. If they must rely upon food stamps, the US government's food subsidy
to offset poverty, as many families do when corporations pay low wages [32], they cannot use
these food stamps to buy prepared meals. Thus, the intersection of low wages and long hours
for parents likely increases the hazard of obesity for children.

Unpredictable and nonstandard hours may make it difficult to create healthy conditions for
children. For example, parents in retail jobs with varying schedules that include weekends
may find it difficult to create exercise routines or help their children participate in organized
sports. Service sector jobs are increasingly affected by this type of instability, which is some‐
times attributed to the intrinsic nature of the work and the corporate necessity of coping with
steep competition. Researchers are asking “Are bad jobs inevitable?” [33] in the competitive
global economy and concluding that the answer is No. Alternative employment strategies can
support stability and better wages, more evidenced in European than US employment [34].
Consider an example: In Massachusetts, in the United States, in 2009, the Hyatt Corporation
dismissed its domestic staff who were earning living wages of $17 per hour. They replaced
them with an outsourced housekeeping staff earning $8 per hour. The negative economic and
health repercussions for these families linger, but of special note, the other hotels in this
particularly competitive sector did not follow suit [35]. The downward spiraling “race to the
bottom” in working conditions is not inevitable [36].

Whether hours are variable or standard, parents in low‐wage jobs often find that they lack
flexibility in when and where they are able to accomplish their work. They are less able to take
time midday to bring their children for preventive and nonemergency health care [37, 38],
which may diminish the possibility of early detection of increasing BMI and the provision of
essential education. Flexibility for working parents is an intervention that could improve the
health of children [39]. Early intervention can reshape the course of widespread diabetes onset
in increasingly young people.

4. Children and the onset of obesity

Pediatric obesity is shaped by factors that are largely not within the control of children, which
makes childhood obesity a good place to look beyond the tendency toward “blaming the
victim” for social problems. The levels of exercise and content of diet for children, especially
the alarmingly high number of obese children under the age of 11, are affected by parents,
schools, built environments, and biological propensities.

Built environments include “safe streets” where children can walk to playgrounds and
available options for purchasing healthy and affordable foods. They also include recent
economic and technological developments like superstores that source and sell food in bulk.
These stores make it easier to obtain processed food and less necessary to exert while doing
so. A recent study finds that “an additional Supercenter per 100,000 residents increases average
BMI by 0.24 units and the obesity rate by 2.3% points” [40].

The act of eating itself includes an environment, with factors such as portion size, plate size,
food variety, lighting, and socializing; variation in these factors prompt individuals to eat
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different amounts [41]. This body of research offers an expanded notion of marketing and
context for understanding overeating, but the burden falls back to the consumer. The over‐
arching conclusion is that individuals must monitor their “mindless eating” [42].

We suggest that, instead of treating diet and exercise as lifestyle choices that parents make,
energy balance should be understood as shaped within structural constraints created by
organizations and environments. In addition, the ability of parents to seek appropriate clinical
screening for their children, which can yield early detection of inflammation profiles and
medical complications, is often shaped by work hours and wages. Lower SES and working in
jobs where compliance is valued over speaking up can affect whether and how much parents
lobby in the doctor's office for early medical interventions [43].

Considerations for how overall environments shape individual options around food and
exercise behaviors are just gaining salience. Ideas from organization studies about meritocracy
show how hard it is for structural factors to appear above the din of individualistic attributions
and recommendations. Despite extensive research on numerous structural factors, the focus
remains on individualistic health goals, even for very young children. The Institute of Medi‐
cine [44] issued a comprehensive set of recommendations, which focus on having early child
care providers create ample time for exercise and movement, even for infants, and serve
healthy foods, with state regulators urged to oversee these practices. Such practices are
necessary and useful, but are designed around a fragmentary, incomplete portrait of how
parental work conditions relate to childhood obesity. More fundamental questions, such as
why long parental work hours necessitate so much child care or how quality and affordability
of child care varies across SES, were not probed. Parents who work nonstandard hours may
have to resort to more sedentary child care options, such as children staying with older, retired
relatives, or alone.

5. Path dependencies and future “life chances”

Childhood obesity typically determines important biological pathways early in life, such that
adults who experienced obesity as children commonly show early onset of the comorbidities
of obesity, such as diabetes and cardiovascular disease. Our problem of interest becomes
relevant here, because while “willpower” has some impact on the margin for adults seeking
to control obesity onset later in life, obese children find themselves coping with deeply set
biological patterns that will make future control of their obesity difficult. Individualistic
prescriptions for diet and exercise will be of limited value; even more extreme surgical
remedies, such as bariatric surgery, show mixed evidence of long‐term success [45]. There is
mounting evidence that extended exposure to chronic obesity may promote irreversible,
“epigenetic reprogramming” events that permanently alter molecular pathways in humans,
including nutrient‐sensing pathways in the brain, for which there is currently no practical hope
to correct [46]. Sociologists have long examined early path dependencies shaped by children's
race and class [43], demonstrating how early determinants of life chances have significant
impacts over a long duration. In juxtaposing these cross‐disciplinary literatures, we see that
recent medical research is finding remarkable, specific molecular evidence to support this well‐
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established sociological literature on paths set in childhood. With this broad picture of pediatric
obesity, it is easier to see the importance of engaging less individualistic analyses and more
structural solutions.

6. Faith in meritocracy

Meritocracy is an ideal that states that a person's merits determine their outcomes [47]; for
example, working hard yields higher income. Meritocracy poses a “logical syllogism” [48] in
that it also implies the reverse: People with low incomes must simply not be working hard.
The corporation is a setting where faith in meritocracy is emphasized; employees receive
performance evaluations and are rewarded with promotions and income accordingly. Em‐
ployees are less likely to contest inequality if they accept that it is meritocratic, so corporations
continue to reinforce the idea of meritocracy [47]. There are of course biases and breakdowns
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—and moral judgments of people who appear not to engage in them—is significant but often
underestimated.

Among obesity researchers, people who engage frequent, high‐intensity exercise but find it
difficult to lose weight, and people who eat excessively yet gain weight relatively slowly,
provoke a similar questioning of a simple link between effort and outcome. Deeper questions
of the mechanisms that govern energy balance have been addressed in recent path‐breaking
work demonstrating that both humans and animal models that are obese but “metabolically
healthy” and lean but “metabolically unhealthy” should be studied [52–54]. The underlying
differentiator of metabolic health or abnormal metabolism is, in part, the person's inflammation
profile, which is linked to absolute levels as well as ratios of specific cytokines identified in
straightforward laboratory analyses.

7. Medical research and moving beyond individual behaviors

Structural constrains on individuals can be medical as well as societal. Not only socioeconomic
class but personal medical profiles may reveal the limits to individualistic prescriptions.
Biological propensities include a mix of factors that make some children more vulnerable to
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obesity and its correlates. Specifically, a child's “inflammatory profile” may indicate varying
levels of severity of obesity and likelihood of developing Type 2 diabetes [8].

Whereas certain individuals become obese on limited food intake, their experiences are rarely
creditable, because ideas of individual accountability suggest that they must be consuming
more energy than they report. Research articles with revealing titles such as “Do unsuccessful
dieters intentionally underreport food intake?” [55] conclude that shame in a culture that
blames obesity on the obese prompts underreporting.

Well‐studied human populations provide illustrative examples of genetic and molecular
mechanisms that couple energy intake and expenditure to obesity in ways that are not strongly
associated with individual‐level behaviors. The Pima aboriginal population of the states of
southern Arizona in the United States and northern Sonora in Mexico are highly genetically
similar and share evolutionary origins. The Sonora cohort subsists on a more traditional
Mexican diet, whereas the Arizona cohort consumes a calorie‐dense US diet. The Arizona
cohort experiences some of the highest rates of obesity and diabetes in the world, whereas the
Sonora cohort is less obese and much healthier. Consensus medical opinion holds that these
differences are related to genetics and metabolic pathways, not primarily to differences in
individual willpower on either side of the border.

New studies are being proposed, to learn more from these populations about the mechanisms
linking obesity and health outcomes. With chronic inflammation as a central explanatory
mechanism, new types of data become relevant. For example, the nationally representative US
National Social Life, Health, and Aging Project, 2005–2006, was used to investigate why older
black men have worse metabolic outcomes than older white men, ages 57–85 years. Research
at the intersection of social science and medicine finds that health behaviors do not explain the
difference [56]:

“Instead, these outcomes seem to derive more consistently from a factor almost
unexamined in the literature—chronic inflammation, arguably a biological
“weathering” mechanism induced by these men's cumulative and multi‐dimen‐
sional stress. These findings highlight the necessity of focusing attention not
simply on proximal behavioral interventions, but on broader stress‐inducing
social inequalities, to reduce men's race disparities in health.”

The insight that obese individuals who are relatively metabolically healthy (e.g., no Type 2
diabetes despite obesity) lack many local (in adipose tissue) and systemic (in blood) biomarkers
of chronic inflammation was important [57]. The impact of such insight into medical screening
and treatment protocols is surprisingly low inasmuch as many clinicians, whose training is a
journey through avowedly meritocratic institutions, do not readily see beyond individual
accountability for health outcomes. There is still strong medical opinion that avers that obese
individuals must be both in charge of their own obesity and at risk of their somewhat deserved
if unfortunate outcomes. Indeed, obesity was only recognized as a disease by the American
Medical Association in 2013, over considerable opposition among professionals.

What is interesting from a translational medicine approach is that these findings meet
resistance in promulgation into care management and public policy. One reason appears to be
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that there is a robust faith that obese people must be, to some significant degree, “responsible”
for their own obesity and unhealthy as a consequence (or even, more subtly, as a punishment
or cautionary tale). The possibility that some obese people might not experience high risk of
comorbidities like diabetes and cardiovascular disease, whereas some lean people may in fact
experience elevated risk is a provocation and a challenge to long‐held understandings. This
provocation might be greeted as a bold new way to direct healthcare dollars into more carefully
evidence‐based treatments of obese and lean people [53]. However, these insights run against
the grain of cultural beliefs. Dominant ideas like meritocracy traverse societal domains. It is
as likely that deeply held views of merit‐based outcomes prevail in the workplace as in the
clinical setting.

Overall, the role of unresolved, chronic inflammation [57] in understanding childhood health
risks [8] and racial disparities [56, 58] is gaining attention. The quest to characterize structural
factors in addition to individual behaviors requires a shift in mindset. Individualism is
defended by the corporate actors who benefit most from the current economy. Fresh perspec‐
tive is needed precisely at a time when the idea of individual accountability is gaining global
traction. Individual accountability is a fundamental tenet of neoliberal capitalism and its
financial institutions, which are only getting stronger [59].

8. An expanded role for corporations

Many players across sectors have been called to action to address the pediatric obesity
epidemic. The CDC [3] lists these:

“The dietary and physical activity behaviors of children and adolescents are
influenced by many sectors of society, including families, communities, schools,
child care settings, medical care providers, faith‐based institutions, government
agencies, the media, and the food and beverage industries and entertainment
industries.”

Notably absent from this list is the for‐profit sector and corporations beyond the industries proximally
related to food and exercise.

Corporations have been drawn into obesity debates in their roles as producers and distributors
of sugary, fatty, and salty foods. Some corporations have voluntarily withdrawn their foods
from vending machines located in schools. Companies that rely on foods regarded as too
sugary are seeking new strategies, as described for the Kellogg corporation in the business
press [60]. Business schools have been teaching for a decade about the food industry and its
response to public pressures to address the obesity problem [61].

Corporations play another role in health care in the United States, as the provider of health
benefits to employees. In addition, they increasingly offer wellness programs, which some‐
times focus on obesity; one review found some fun work‐based contests like “the biggest loser,”
which is modeled in a popular television program [62]. These wellness programs are more
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likely to support adults and do not typically extend to the children of working parents. Such
programs are also rare in low‐wage workplaces.

We propose that the most important role of corporations for stemming pediatric obesity is their
structural role as employers. As employers, corporations create working conditions for the
parents of young children, which in turn affect parental time and financial resources for
supporting their children's diet and exercise [63, 64]. Work practices can be a good place to
look for sources of inequalities [65]. Long and nonstandard hours of work affect parenting,
such that pediatric obesity might be regarded as an externality of current work arrangements.
An externality is a factor that causes harm, that a corporation exports, that no corporation is
rationally motivated to curb on its own, but that later impinges negatively on all corporations
and societies collectively; pollution is an example. Considering pediatric obesity as a negative
externality of corporations might reframe policy debates, particularly toward supporting more
remunerative and stable work conditions.

We emphasize the importance of looking at the corporate role in creating obesogenic employ‐
ment conditions. Indeed, employment and consumption patterns may be linked, when taking
a broader view of food systems [66]:

“[I]nstead of paying workers well enough to allow them to buy things like cars,
as Henry Ford proposed to do, companies like Wal‐Mart and McDonald's pay their
workers so poorly that they can afford only the cheap, low‐quality food these
companies sell, creating a kind of nonvirtuous circle driving down both wages
and the quality of food. The advent of fast food (and cheap food in general) has in
effect, subsidized the decline of family incomes in America.”

The pediatric obesity epidemic will, in turn, affect corporations. The future workforce will be
less healthy and robust, and the children of workers in low‐wage jobs, who are statistically
most likely to end up themselves in low‐wage jobs, may not be fit to undertake the heavy lifting
or long hours expected. In addition, public opinion is shifting, such that there is greater
awareness of food issues and their sources. Corporations should be welcomed into the varied
alliances of stakeholders working on the pediatric obesity crisis.

Why might corporations be reluctant partners in this project? The answer requires looking at
power. Status quo employment arrangements favor top executives and shareholders. Merito‐
cratic ideals and the ethos of individualism can be invoked to legitimate inequalities from
which corporate leaders benefit. Shifting toward structural explanations for outcomes,
whether income or obesity, is a radical move. It will require some radical redistribution of
employment opportunities, incomes, and resources, and thereby, it is likely to be met with
resistance.

9. Conclusion

Our aim in this paper has been to take a fresh look at the pediatric obesity crisis across
disciplines, with special attention to what insights from organization studies might bring to
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bear. There is debate about whether the food industry can be a socially responsible partner in
addressing the obesity epidemic [67, 68]. More broadly, we urge attention to whether organi‐
zation studies scholars can broker a move away from persistently individualistic explanations
and urge corporations to play a positive role in re‐imagining lives, livelihoods, and health.
Advances in molecular biology and medicine are pointing toward factors beyond individual
behaviors. We argue that new prevention and treatment measures will only be seriously
implemented in obesogenic and diabetogenic institutional contexts where individual choice
models are not supreme.

We close by considering how the overarching analytical approach to “agency and structure”
that we have urged in this chapter can assist in tackling three persistent myths in the realm of
obesity.

1. Weight loss programs work. Many bariatric surgical patients regain weight, often reverting
to their original BMI by three years after surgery. These individuals have been forced by
their disease to elect the most dramatic medical intervention available and thus are
strongly motivated to keep weight down; thus, mechanisms other than weak willpower
likely account for their failure. New research suggests that metabolism is reprogrammed
in obesity in ways that make high BMI the new “set‐point.” Until we address this
mechanism with new drugs and more creative clinical interventions, many weight loss
programs must cope with a frequent failure rate.

2. All obesity is the same with respect to disease risks. Clinical studies have identified subpopu‐
lations of “metabolically obese but normal weight” and “metabolically healthy but obese”
individuals. The former have a lean body phenotype, but a blood profile with elevation
of insulin, of fasting glucose, of cholesterol, and of lipids, with corresponding increased
risk of death from diabetes and cardiovascular disease. The latter have an obese, some‐
times severely obese, body phenotype, but relatively normal blood measures and
relatively attenuated disease risk. Thus, obesity is not disease destiny; the genes and
molecular pathways that couple BMI to disease pathogenesis in these two subpopulations
must be different from the general population. Chronic inflammation is thought to
provide one such pathway. In recent analysis of Framingham Study adults, Denis has
shown that “metabolically healthy obese” adults, who have attenuated inflammatory
profiles, also appear to be protected from certain obesity‐associated cancers [5, 10].

3. Obesity is caused by eating too much. This myth is perhaps the most pernicious of all. New
research shows that obesity is multifactorial in origin, with surprising contributions from
obesogenic chemicals that pollute the environment, such as tributyltin (a common
additive in marine paints), and very small changes in energy balance or even ambient
temperature. Thus, warmer winters in North America may provide a significant but
understudied contributor to obesity. Furthermore, many US media voices emphasize the
importance of portion control, the evils of high‐fructose corn syrup, and the dangers of
sugary sodas, without explaining why some Americans who consume large quantities of
high sugar foods remain relatively healthy and lean, while others who restrict themselves
to diet sodas and salads cannot seem to lose weight, beyond obvious explanations about
differences in physical activity.
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These insights, anchored in scientific research, should trigger new thinking about obesity. But
individualistic and behavior modification approaches still offer a dominant narrative, and
working conditions in corporations still hamper many people even from attempting alternative
individualistic or family behaviors. The tools of scholars working at the intersection of
disciplines—including the study of corporations—can help explain why these myths are so
deeply culturally embedded and so obdurate.
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Abstract

Historically,  some  genetic  syndromes  and  monogenic  forms  of  obesity  have  been
identified by clinical features and by sequencing candidate genes in patients with severe
obesity. The phenotypic expression of genetic factors involved in obesity is variable,
thereby allowing to distinguish several clinical pictures of obesity. Monogenic obesity
is described as rare and severe early‐onset obesity with abnormal feeding behavior and
endocrine  disorders.  Many  of  the  findings  emerged  from  studying  families  who
displayed a classical Mendelian pattern of inheritance. On the contrary, patients with
syndromic obesity show a various degree of intellectual disability, different dysmorphic
features, and organ‐specific abnormalities. But to date, not all involved genes have been
identified so far. New diagnostic tools, such as genome‐wide studies, array CGH, and
whole‐exome sequencing, have highlighted more complex models of inheritance, and
even more candidate genes were identified. This increase of knowledge may provide
insights into the mechanisms involved in the regulation of body weight and finally lead
to specific treatments. In these patients, hyperphagia is often a primary phenotypic
component.  Substantial  gaps  in  understanding  the  molecular  basis  of  inherited
hyperphagia syndromes are present today with a lack of mechanistic targets that can
serve as  a  basis  for  pharmacologic  and behavioral  treatments.  We have evaluated
retrospectively the literature data on weight, body mass index (BMI), clinical features,
treatments, and treatment response in pediatric patients with forms of genetic obesity.
However, this chapter provides an updated picture of emerging knowledge outlined
by the more comprehensive genetic approaches, trying to outline more candidate genes
for these forms of genetic obesity. Relevant papers will be identified through systematic
searches of the PubMed, EMBASE and Cochrane databases. All published studies in the
English  language  concerning  these  disorders  will  be  evaluated.  Keywords  in  the
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literature search will be entered in all combinations. Searches will be augmented by
manually reviewing the reference lists of all original articles and all systematic review
articles, with each study being evaluated for inclusion.

Keywords: obesity, children, adolescence, next‐generation sequencing, array CGH,
pediatrics, diabetes, hyperphagia

1. Introduction

The World Health Organization defines being overweight and obesity as a “clinical condition
characterized by an abnormal or excessive fat accumulation that may impair health” [1]. In
2014, an estimated 41 million children under the age of 5 were overweight or obese [1]. Once
considered a problem only in high‐income countries, being overweight and obesity are now
dramatically on the rise in low‐ and middle‐income countries, particularly in urban settings [1].

Therefore, obesity is considered a global epidemic and can cause serious health repercussions.
In fact, in addition to causing a significant morbidity and premature mortality and to have
psychological and social consequences, it is associated with medical conditions, such as type
II diabetes (non‐insulin‐dependent diabetes mellitus or NIDDM), hypertension, coronary
artery disease and many forms of cancer [2].

In order to create the best management programs and to determine novel therapeutic targets,
it has become essential to understand the factors causing today's rising epidemic of childhood
obesity [3].

Obesity is a complex condition, caused by multiple factors. It is characterized by an altered
energy system, determined by the interaction of biological, social, and behavioral factors that
cause an increase in food intake and a reduction in energy expenditure [4].

This global epidemic and the increase of its prevalence show that this condition is the result
not only of genetic causes, but also of environmental factors (high availability of palatable and
energy dense foods) [4]. However, some individuals manage to maintain a healthy body weight
in an “obesogenic” environment, but the weight gain may be determined by their genetic
susceptibility [4].

Recently, major advances in obesity research emerged concerning the molecular mechanisms
contributing to the obese condition. However, several studies and data concerning the genetics
and other important factors in the susceptibility risk of developing obesity are became
increasingly evident [5]; in fact, available data suggest that 40–77% of the observed variance
in human body weight can be accounted for, by inherited factors [6–8].

The strongest risk factor for childhood and adolescent obesity is parental obesity [9]. The risk
becomes especially elevated if both parents are obese [10]. On the contrary, the pattern of
inheritance of monogenic obesity is different (which may or may not be related to specific
syndromes). In fact, they are attributable to a Mendelian model which recognizes a rare
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causative mutation to load a single gene that can be expressed in the heterozygous and
homozygous state [11].

Patients can be affected by monogenic forms, in which obesity is the predominant feature but
it is not associated with malformations, or by syndromic obesity: in the latter case, they show
also a pattern of clinical features, including developmental delay, dysmorphic features,
and/or other developmental abnormalities [12].

Furthermore, historically, some genetic syndromes and monogenic forms of obesity have been
identified by clinical features and by sequencing candidate genes in patients with severe
obesity. Many of the initial findings emerged from studying families who displayed a classical
Mendelian pattern of inheritance; however, more comprehensive genetic approaches, such as
genome‐wide studies, array CGH, and next‐generation sequencing examinations, have
highlighted more complex models of inheritance, and ever more candidate genes were
identified [13]. In broad terms, most cases of patients with genetic forms of obesity are
oligogenic, determined by interaction between genetic and environmental factors. In these
cases, the genetic make‐up influences weight and the individual responses to nutrition and
physical activity. In addition to this form of obesity, there are others caused by a single gene
or it appears to be related to a specific syndrome. Monogenic obesity typically is caused by a
single gene mutation with severe obesity as the main symptom; syndromic obesity, on the other
hand, has many characteristics, of which obesity is one symptom [13].

The increase of knowledge about the functional and physiological features of these different
obesity forms may provide insights into the mechanisms involved in the regulation of body
weight and finally lead to specific treatments. In these patients, hyperphagia is frequently a
primary phenotypic component. Substantial gaps in understanding the molecular basis of
inherited hyperphagia syndromes are present today with a lack of mechanistic targets that can
serve as a basis for pharmacologic and behavioral treatments.

The comprehension of the molecular mechanisms of obesity progressed enormously in the last
years thanks to the development of faster and more precise genetic screening tools applied in
cohort studies or in examinations with focus on subjects and their families.

Several clinical presentations in obesity depend on the genes involved:

1. Monogenic obesity, described as rare and severe early‐onset obesity, associated with
endocrine disorders. The impact of genetics is high and only little dependent on environ‐
mental factors.

2. Syndromic obesity that corresponds to severe obesity associated with additional pheno‐
types (mental retardation, dysmorphic features, and organ‐specific developmental
abnormalities). Prader‐Willi (PWS) and Bardet‐Biedl (BBS) syndromes are the two most
frequently linked to obesity, but more than 100 syndromes are now associated with
obesity.

3. Oligogenic obesity, characterized by a variable severity, partly dependent on environ‐
mental factors and the absence of a specific phenotype. This type of obesity is responsible
for 2–3% in adults and children.
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Rare genetic forms of obesity are important to be detected clinically because it allows to
progress in understanding the physiopathology of obesity. On the other hand, there is a specific
management of these forms of obesity provided by specialized and multidisciplinary teams.

2. Monogenic obesity

A “monogene” is by textbook definition, a gene with a strong effect on the phenotype (Men‐
delian traits or Mendelian—single gene conditions), giving rise to a one‐on‐one relationship
between genotype and phenotype.

So, monogenic and not syndromic obesity is caused by a single mutation of a gene.

This form of obesity occurs in infancy and is often associated with additional behavior,
developmental or endocrinological disabilities, such as hyperphagia and hypogonadism;
however, significant developmental delays are not visible, and the obesity is often not
associated with other clinical manifestations [3, 6, 8, 13–17].

The types of monogenic obesity are summarized in Table 1 [10–12, 18].

Monogenic obesity  Gene name  Main distinguishing features in addition to obesity

LEP deficiency LEP Hypogonadism, absent or delayed puberty, frequent infections, undetectable serum

leptin

LEPR deficiency LEPR Hypogonadism, absent or delayed puberty

SH2B2 deficiency SH2B1 Severe insulin resistance and disproportionate to degree of obesity; in rare cases

presence of developmental delay

POMC deficiency POMC Hypogonadism, absent or delayed puberty, hair and cute hypopigmentation, isolated

ACTH deficiency

MC4‐R deficiency MC4‐R Accelerated growth, increased final height

PCSK1 deficiency PCSK1 Hypogonadism, absent or delayed puberty, postprandial hypoglycemia, elevated

plasma proinsulin, severe malabsorption in the neonatal period

SIM1 deficiency SIM 1 Spectrum of developmental delay

BDNF/trkB

deficiency

BDNF o

NTRK2

Developmental delay, hyperactivity, impaired memory, impaired pain sensation

CART deficiency CART Anxiety and depression

Adapted with permission from Ramachandrappa and Farooqi [19].

Table 1. Main features of monogenic not syndromic obesity.

These types of monogenic obesity are caused by mutations in leptin–melanocortin hypothala‐
mic pathway genes. These genes regulate the sense of appetite and hunger (Figure 1).
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Figure 1. Appetite regulation: inhibitory (‐) and favoring (+) mechanisms. Adapted with permission from Perrone et al.
[11].

2.1. Congenital leptin deficiency (OMIM #614962)

In 1997, two severely obese cousins (an 8‐year‐old female child with a weight of 86 kg and a
2‐year‐old male child with a weight of 29 kg) were reported from a highly consanguineous
family of Pakistani origin [20]. Despite their severe obesity, both children had undetectable
levels of serum leptin and a mutation in the gene encoding leptin mapped at 7q32.1. The disease
is caused by mutations in the LEP gene (OMIM *164160) typically leading to defects in protein
synthesis or secretion, and therefore to the absence or very low blood levels of this hormone
[21–23].
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However, recently the first cases of functional leptin deficiency have been described [23, 24].
This entity is characterized by detectable immunoreactive levels of circulating leptin, but
bioinactivity of the hormone due to defective receptor binding [23, 24].

So, serum leptin may be a useful marker in patients with severe early‐onset obesity as an
undetectable serum leptin is highly suggestive of a diagnosis of congenital leptin deficiency
due to homozygous loss of function mutations in the LEP gene [12]. Leptin‐deficient subjects
are born of normal birth weight but exhibit rapid weight gain in the first few months of life
resulting in severe obesity [25].

Leptin deficiency causes the loss of appetite control, so it is associated with hyperphagia,
increased energy intake and aggressive behavior when food is denied. Other phenotypic
features include hypothalamic hypothyroidism, hypogonadotropic hypogonadism (because
leptin stimulates hypothalamic gonadotropin‐releasing hormone [GnRH] production),
elevated plasma insulin, T‐cell abnormalities (because leptin also stimulates the inflammatory
response and proliferation of T cells and cytokines Th1 mediated), and advanced bone age [26].
Currently, the prevalence of mutations in leptin is about 1% [12].

Leptin deficiency is entirely treatable with daily subcutaneous injections of recombinant
human leptin with beneficial effects on the degree of hyperphagia, reversal of the immune
defects and infection risk and permissive effects on the development of puberty [25]. The
major effect of leptin administration is the normalization of hyperphagia and enhanced satiety
[25, 27].

2.2. Congenital leptin‐receptor deficiency (OMIM #614963)

In 1998 (1 year after the discovery of the congenital leptin deficiency), patients with similar
phenotypic characteristic of leptin deficiency, but with a high blood level of leptin, were
reported [28]. In these patients, a mutation in the leptin receptor (LEPR, OMIM *601007),
mapped at 1p31.3, has been described [28].

One subsequent study has demonstrated that 3% of a group of patients with severe, early‐
onset obesity had a pathogenic LEPR mutation, but blood levels of leptin were not very high,
suggesting that blood leptin levels cannot be used as a marker for leptin‐receptor deficiency
[29].

In literature, many mutations of the leptin receptor are described. Most recently, three novel
mutations have been reported in the LEPR in two unrelated affected obese girls when latest
genetic analysis techniques like whole‐exome sequencing and targeted sequencing have been
used for the mutational analysis in this gene [30, 31].

The clinical phenotypes associated with congenital leptin‐receptor deficiency are similar to
those of leptin deficiency, with severe obesity from the first few months of the life, hypothala‐
mic hypothyroidism and hypogonadotropic hypogonadism [12, 26].

On the contrary, in these patients, because of a non‐functional LEPR, leptin treatment is
ineffective. Other factors could possibly bypass normal leptin delivery systems, but these are
not yet currently available for the treatment of these patients [32].
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2.3. SH2B1 deficiency

The Src‐homology‐2 B adaptor protein 1 (SH2B1, OMIM *608937) is a key intermediary in leptin
signaling, promoting the activation of the leptin signaling pathway downstream of Janus
kinase 2 (JAK2, OMIM *147796) [15]. So, leptin‐stimulated activation of hypothalamic JAK2 is
dramatically attenuated in SH2B1 knockout mice [33].

In 2010, it was described that the 220‐kb 16p11.2 deletion (28.73–28.95 Mb) seen in three
patients co‐segregated with severe early‐onset obesity alone [14]. This deletion includes a
small number of genes, one of which was SH2B1, known to be involved in leptin and insulin
signaling [12]. However, several mutations in the SH2B1 gene have also been reported in
association with early‐onset obesity, severe insulin resistance and behavioral abnormalities
in some patients [34].

The phenotype of the children with SH2B1‐containing deletions is characterized by extreme
hyperphagia and fasting insulin levels disproportionately elevated compared to age and
obesity‐matched controls [15]. As expected, obese SH2B1 KO mice develop hyperglycemia,
hyperinsulinemia, glucose intolerance, and insulin resistance and NIDDM [35]. Interestingly,
central and peripheral SH2B1 seem to regulate insulin sensitivity and glucose metabolism
independently of its action on body weight in man and mice [36].

In these patients, there is no specific treatment, but care must be taken in starting a specific
follow‐up on the hyperphagia, obesity and alteration of gluco‐insulinemic metabolism.

2.4. POMC deficiency (OMIM #609734)

In 1997, a role of central melanocortin signaling in the control of energy homeostasis was
known [37]. Proopiomelanocortin (POMC) acts on anorectic targets of leptin in the brain [38].
The POMC, through to proconvertase 1 (PCSK1), is the precursor of a‐melanocyte‐stimulating‐
hormone anorectic peptide (a‐MSH); the latter acts on melanocortin 4 receptor (MC4‐R)
anorectic neurons and suppresses the appetite and food intake [39].

Monogenic obesity from POMC deficiency manifests itself when there are homozygous null
mutations. Heterozygous carriers of null POMC gene mutations have a significantly higher
risk of being obese or overweight but are not invariably associated with obesity [19].

Since POMC is the precursor of adrenocorticotropic hormone (ACTH) and melanocyte‐
stimulating‐hormone anorectic peptide (MSH), POMC‐deficient newborns have adrenal crisis
and pale skin and hair. Also, POMC deficiency causes hyperphagia and childhood obesity [3,
40]. The clinical features are comparable to those reported in patients with mutations in the
receptor for POMC‐derived ligands, MC4R (see below in the next chapter) [12].

Two important POMC mutations have been described in literature: the first is the rare mutation
R236G that disrupts a di‐basic cleavage site between β‐MSH and β‐endorphin, resulting in a
β‐MSH/β‐endorphin fusion protein that binds to MC4R but has reduced ability to activate the
receptor [38, 41]. The second is a rare missense mutation in the region encoding β‐MSH,
Tyr221Cys that cannot bind to and activate signaling from the MC4R, and obese children
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carrying the Tyr221Cys variant are hyperphagic and showed increased linear growth, features
of MC4R deficiency [42].

Specific treatment was not available until January 2016, when the US Food and Drug Admin‐
istration awarded orphan drug status to the first α‐MSH‐based therapy for obesity. The α‐MSH
analog RM‐493 [43, 44], also known as setmelanotide, was awarded orphan drug status for
POMC deficiency and Prader‐Willi syndrome [37].

2.5. Melanocortin‐4 receptor deficiency (MC4R)

Among all forms of monogenic obesity, the most common is caused by MC4‐R deficiency.
Heterozygous mutations have been reported in many ethnic groups of obese patients and
prevalence varies from 0.5 to 1.0% in obese adults, up to 6% in individuals with severe infantile
onset obesity [45]. In 2014, a case of childhood obesity associated with compound hetero‐
zygosity for two mutations of MC4R gene (OMIM *155541), mapped at 18q21.32, was descri‐
bed [46]. In the same year, another new inactivating homozygous mutation of the MC4R gene
in a girl with the severe obesity and hyperphagia was reported [47].

Mutations of this gene are codominant with variable penetrance and expressivity in hetero‐
zygous carriers [48]. Both heterozygous and homozygous mutations in MC4R have been
implicated in obesity, but extreme obesity is incompletely penetrant in heterozygous patients
[3]. Also, in these patients, genetic and environmental factors influence the severity of obesity
associated with mutations of MC4‐R.

The main clinical features include hyperphagia in early appearance (but not as severe as that
seen in leptin deficiency) and an increase in fat mass, lean mass and bone mineral density [45].
These patients also have an accelerated growth that seems to be a consequence of hyperinsu‐
linemia which such patients present from the earliest periods of life. It is apparently not related
to a dysfunction of the GH axis [3, 49]. Despite this early hyperinsulinemia, obese adult subjects
who are heterozygous for mutations in the MC4R gene are not at increased risk of developing
glucose intolerance and NIDDM compared to controls of similar age and adiposity [12, 45].

Currently, there are no specific therapies for the MC4‐R deficiency, but these individuals may
benefit from surgical therapies, which could be taken into consideration in adults [12].

2.6. PCSK1 deficiency (OMIM #600955)

Pro‐protein convertases (PCs) are a family of serine endoproteases that cleave inactive pro‐
peptides into biologically active peptides [50]. Two of these pro‐protein, proprotein convertase,
subtilisin/kexin‐type 1 (PCSK1) and PCSK2 are selectively expressed in neuroendocrine tissues
and cleave pro‐hormones such as POMC, thyrotropin‐releasing hormone (TRH), GnRH,
proinsulin, proglucagon [12].

Patients with heterozygous or homozygous mutations in the PCSK1 gene (OMIM *162150),
mapped at 5q15, present small bowel enteropathy, early‐onset obesity and complex neuroen‐
docrine effects due to a failure to process the pro‐hormones such as diabetes insipidus,
glucocorticoid deficiency, hypogonadism, and altered glucose homeostasis [51, 52].
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A typical characteristic of these patients is a history of severe intestinal malabsorption in the
neonatal period, probably due to altered cleavage of intestinal peptides in the enteroendocrine
cells [51].

Over the past few years, two meta‐analysis about PCSK1 mutations have been published: the
first in 2014 confirmed the association of PCSK1 SNPs with obesity and provides the first
evidence that the association between PCSK1 rs6232 and obesity is stronger for childhood
obesity than for adult obesity; the second meta‐analysis tried to study the association of PCSK1
variants rs6232 and rs6234/rs6235 with quantitative BMI variation and common obesity risk in
subjects from diverse ethnic groups. In this study, cohort age‐group significantly modulated
the association between rs6232, rs6234/rs6235 and obesity with the effect sizes for both SNPs
being stronger in children/adolescents than in adults.

It is thought also that the most common PCSK1 variants predispose to obesity especially in an
“obesogenic” environment with free access to high‐caloric food [53].

Currently, there are no specific therapies for the PCSK1 deficiency, but these individuals
frequently required a prolonged course of parenteral nutrition therapy, particularly in the first
year of life [54]. However, exogenous administration of several hormone may be necessary in
relation to the hormonal deficiencies diagnosed [54].

Figure 2. Girl with 6q16.3 deletion involving SIM1 gene. It is evident that the extreme increase of the BMI of the patient
and the reduction after the interdisciplinary approach.

2.7. SIM1 deficiency

Single‐minded 1 (SIM1) is a transcription factor involved in the development of the supraoptic
and paraventricular nuclei, acting downstream signal cascade of MC4‐R. Obesity and

New Thoughts on Pediatric Genetic Obesity: Pathogenesis, Clinical Characteristics and Treatment Approach
http://dx.doi.org/10.5772/66128

221



hyperphagia have been reported in a patient with a balanced translocation disrupting SIM1
[55] and multiple heterozygous missense mutations (6q16.3; OMIM *603128) [56]. However,
some mutations of SIM1 have incomplete penetrance and variable phenotype [57]. The similar
phenotype between patients with SMI1 and MC4‐R deficiency suggests that some effects of
SIM1 are mediated by altered melanocortin signaling. On the other hand, some children with
SIM1 mutations have neuro‐behavioral disorders including autism spectrum and “Prader‐
Willi‐like” phenotype (Figure 2) [3, 12].

In mice, hyperphagia associated with SIM1 deficit can be improved by the administration of
oxytocin, a neurotransmitter involved in the modulation of emotion (impaired oxytocinergic
signaling is also one possible mechanism implicated in the obesity) [58].

2.8. Other types of non‐syndromic genetic obesity

Mutations of the BDNF (brain‐derived neurotrophic factor, OMIM *113505, mapped at 11p14.1)
and its receptor TrKb (tyrosin kinase B receptor, OMIM *600456, mapped at 9q21.33) are rare
causes of monogenic obesity acting downstream signal cascade of MC4‐R and blocking
translation [59].

BDNF's role in energy homeostasis emerged in the 1990s with the observation that intracere‐
broventricular BDNF administration suppresses appetite and induces weight loss in ro‐
dents, and Bdnf heterozygous knockout mice exhibit hyperphagia and obesity [60]. Complete
lack of BDNF during embryologic development is perinatally lethal, but haploinsufficiency
for BDNF or inactivating mutations of the BDNF receptor was associated with increased ad
libitum food intake, severe early‐onset obesity, hyperactivity, and cognitive impairment [60,
61]. Multiple genome‐wide association studies of obesity in children and adults of different
racial and ethnic populations have found associations for single‐nucleotide polymorphisms
(SNPs) at the BDNF locus and BMI, in particular for G196A variant (rs6265), which leads to a
valine to methionine substitution at the 66th amino acid position (Val66Met) of the N‐terminal
prodomain of pro‐BDNF. Furthermore, modifying factors—particularly sex, lifestyle behav‐
iors, and psychotropic medication use—appear to be important confounders for the associa‐
tion between rs6265 and BMI [60–62]. In addition, the minor C allele of intronic rs12291063
SNP was associated with lower BDNF expression and higher BMI [63].

NTRK2 (TrkB) mutation (which interferes with receptor autophosphorylation) causes the same
symptoms of BDNF deficiency such as hyperphagia, obesity, impaired nociception, and
intellectual disability [64, 65]. Recently, a de novo mutations in TrkB was found in a boy with
severe obesity and impairment in learning, memory and nociception, and in a girl with
hyperphagia and severe obesity [66].

Another cause of non‐syndromic monogenic obesity is due to a gene mutation of CART
(cocaine‐ and amphetamine‐regulated transcript, OMIM *602606), mapped at 5q13.2. CART is an
anorexigenic peptide produced by specific hypotalamic neurons in response to the stimulus
of leptin. It would appear to mediate the termogenetic effects and energy expenditures
characteristic of leptin. It has been shown that mutations in the CART gene are associated with
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reduced levels of the peptide encoded by it. Adolescents carrying a missense mutation in the
CART gene exhibit severe obesity associated with anxiety and depression [11, 67, 68].

Other recent forms of monogenic obesity, still being defined, are associated with MRAP2
(melanocortin 2 receptor accessory protein 2, OMIM *615410, mapped at 6q14.2) mutation encod‐
ing a MC4‐R co‐receptor, and with KSR2 (Kinase suppressor of Ras 2. OMIM *610737, mapped
at 12q24.22‐q24.23) mutation, a protein involved in intracellular signal with a role in energy
homeostasis [69–72].

3. Syndromic obesity

To date have been identified syndromic forms (e.g., Prader‐Willi Syndrome) in which obesity
can be associated with other signs and symptoms, such as intellectual disability, dysmorfic
features and unusual behaviors.

In these syndromes, obesity can be caused by hyperphagia because are involved genes related
to central nervous system appetite control centers.

Recently, the genetic bases for some of these syndromes have been elucidated and are begin‐
ning to provide insights into the pathogenesis of the derangements of energy homeostasis.

Table 2 reports the main syndromic forms of obesity. High‐throughput technologies, and in
particular copy number variants (CNVs) detection, are likely to result in the identification and
recognition of multiple new syndromes where obesity and developmental delay are closely
associated [12].

Syndrome  Clinical features in addition to
obesity 

Prevalence  Genetic 

Bardet‐Biedl  Mental retardation, retinal
dystrophy or pigmentary retinopathy,
dysmorphic extremities,
hypogonadism, kidney anomalies 

1/125,000 to
1/175,000 births 

BBS1 (11q13); BBS2 (16q12.2);
BBS3 (ARL6, 3q11); BBS4
(15q24.1); BBS5 (2q31.1); BBS6
(MKKS, 20p12); BBS7 (4q27); BBS8
(TTC8, 14q31); BBS9 (PTHB1,
7p14); BBS10 (C12ORF58,
12q21.2); BBS 11 (TRIM32,
9q33.1); BBS12 (FLJ35630, 4q27);
BBS13 (MKS1, 17q23); BBS14
(CEP290, 12q21.3); BBS15
(WDPCP, 2p15); BBS16
(SDCCAG8, 1q43); BBS17
(LZTFL1, 3p21); BBS18 (BBIP1,
10q25); BBS19 (IFT27, 22q12) 

Prader‐Willi  Neonatal hypotonia, mental
retardation, hyperphagia,

1/25,000 births  Lack of the paternal segment
15q11‐q13 (microdeletion,
maternal disomy, imprinting
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Syndrome  Clinical features in addition to
obesity 

Prevalence  Genetic 

facial dysmorphy, hypogonadotrophic
hypogonadism, short stature 

defect or reciprocal
translocation) 

Cohen  Retinal dystrophy, prominent central
incisors, dysmorphic extremities,
microcephaly, cyclic neutropenia 

Diagnosed in fewer
than 1000 patients
worldwide 

Autosomal recessive COH1 gene
(chr 8q22‐q23) 

Alström  Retinal dystrophy, neurosensory
deafness, diabetes, dilated
cardiomyopathy 

Diagnosed in about
950 patients
worldwide 

Autosomal recessive ALMS1 gene
(chr 2p13‐p14) 

X fragile  Mental retardation, hyperkinetic
behavior, macroorchidism, large ears,
prominent jaw 

1/2500 births  X‐linked FMR1 gene (Xq27.3) 

Borjeson‐Forssman‐
Lehmann 

Mental retardation, hypotonia,
hypogonadism, facial dysmorphy with
large ears, epilepsy 

Approximately 50
reported patients 

X‐linked PHF6 gene (Xq26‐q27) 

Albright hereditary
osteodystrophy 

Short stature, skeletal defects, facial
dysmorphy, endocrine anomalies 

1/1,000,000 births  Autosomal dominant GNAS1
gene (20q13.2) 

Ulnar–mammary  Upper limb malformation (from
hypoplasia of the terminal phalanx of
the fifth digit to aplasia of hand and
upper limbs on the ulnar side), abnormal
development of mammary glands and
nipples, teeth, genitalia, and of apocrine
glands 

  Autosomal dominant TBX3 gene
(12q24.21) 

Simpson‐Golabi‐
Behmel 

Multiple congenital abnormalities, pre‐/
post‐natal overgrowth, distinctive
craniofacial features, macrocephaly, and
organomegaly. 

  X‐linked GPC4 gene (Xq26) 

MEHMO
syndrome 

Mental retardation, epileptic seizures,
hypogenitalism, microcephaly and
obesity 

Approximately
<1/1,000,000 births 

X‐linked locus MEHMO
(Xp22.13‐p21.1) 

1p36 deletion
syndrome 

Delayed growth, malformations,
moderate to severe intellectual
disability, seizures, hearing and
vision impairment, and certain
particular facial features. 

1/5000 to 1/10,000
live births 

Autosomal dominant
microdeletion of 1p36 

16p11.2 deletion
syndrome 

Developmental delay, intellectual
disability, autism spectrum disorders,
impaired communication, socialization
skills 

Approximately
3/10,000 births 

Autosomal dominant
microdeletion of 16p11.2 

ACP1, TMEM18,
MYT1L deletion 

Hyperphagia, intellectual deficiency,
severe behavioral difficulties 

Approximately 13
reported patients 

Paternal deletion encompassing
the ACP1, TMEM18, MYT1L
genes (2p25) 

Table 2. Main forms of syndromic obesity.
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3.1. Developmental obesity syndromes involving ciliary dysfunction

Some genes linked to obesity have been associated with the function or formation of primary
cilia, subcellular organelles, which serve a sensory function for most cell types. The ciliopathies
form a class of genetic disease whose etiology lies with primary ciliary dysfunction. Some
peculiar features can be found, such as retinal degeneration. This feature is of particular interest
for its clinical relevance, rarity, and diagnostic power. Between these groups of diseases, we
can include the Bardet‐Biedl syndrome (BBS) and Alström syndrome (ALMS).

BBS has become a model ciliopathy because it became the first disease whose etiology lay in
primary ciliary disorder [73]. It is a rare autosomal recessive genetic disorder with severe
multiorgan impairment [74]. Its frequency in Europe and North America falls below 1:100,000
[75]. The disease symptoms may significantly vary between the patients; therefore, the
diagnosis relies on the number of primary and secondary features of BBS [74]. Multiple articles
summarize the data on frequencies of various symptoms in BBS patients [75, 76]. However, it
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due to the invention of exome sequencing and analysis of previously unstudied populations
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[74]. Strikingly, all BBS genes participate in cilia functioning, being a part of BBSome (BBS1
[11q13.2; OMIM *209901], BBS2 [16q13; OMIM *606151], BBS4 [15q24.1; OMIM *600374], BBS5
[2q31.1; OMIM *603650], BBS7 [4q27; OMIM *607590], BBS8 [14q31.3; OMIM *608132], BBS9
[7p14.3; OMIM *607968], BBS17 [3p21.31; OMIM *606568], and BBS18 [10q25.2; OMIM
*613605]); chaperonin complex (BBS6 [20p12.2; OMIM *604896], BBS10 [12q21.2; OMIM
*610148], and BBS12 [4q27; OMIM *610683]); basal body (BBS13 [17q22; OMIM *609883], BBS14
[12q21.32; OMIM *610142], BBS15 [2p15; OMIM *613580], and BBS16 [1q43‐q44; OMIM
*613524]) or having some related biological function (BBS3 [3q11.2; OMIM *608845], BBS11
[9q33.1; OMIM *602290], BBS19 [22q12.3; OMIM *615870], BBS20, and NPHP1 [2q13; OMIM
*607100]) [74].

Many of these genes appear to affect proteins localized to the basal body, a key element of the
monocilium thought to be important for intercellular sensing in mammalian cells including
neurons [73]. The literature shows that ciliary function is associated with leptin signaling [93].
As evidenced by some studies in mice, hyperphagia and obesity are caused by conditional
post‐natal knockout of proteins involved in intraflagellar transport [94], but they occur also
when the loss of cilia affects the neurons, in particular POMC neurons [94].

Alström syndrome (ALMS; OMIM #203800) is a rare genetic disorder that has been included
in the ciliopathies group, in the last few years [95].

The estimated prevalence for ALMS is one to nine cases per 1,000,000 individuals with nearly
900 cases described worldwide to date. Symptoms first appear in infancy and progressive
development of multi‐organ pathology lead to a reduced life expectancy. Variability in age of

Figure 3. BMI growth chart in a girl with Alström syndrome.
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onset and severity of clinical symptoms, even within families, are likely due to genetic back‐
ground [95].

Children typically develop obesity by age 5 years, associated with hyperinsulinemia, chronic
hyperglycemia and neurosensory deficits (Figure 3) [6]. Children affected by ALMS, like
children with BBS, have visual impairment and deafness that occurs early in life but its
incidence is higher in these patients as well as NIDDM, found in up to 70% of individuals by
age 20 years [96, 97].

In addition, ALMS is also associated with cardiomyopathy, renal anomalies and endocrino‐
pathies such as hypertriglyceridemia, pubertal delay, and hyperandrogenism and growth
hormone deficiency [97].

Until now, disease‐causing mutations in the ALMS1 (2p13.1; OMIM *606844) gene have been
involved in this disorder.

The diagnosis is based on the phenotype of the patient, and it is confirmed when two muta‐
tions in ALMS1 gene are identifies through molecular analysis.

However, it is difficult to diagnose early ALMS first of all because symptoms arise gradually
and secondly because the phenotypes overlap, in particular with BBS in the case of ALMS [98].

In recent times, thanks to the discovery of new genetic tools, in particular next‐generation
sequencing (NGS) technology, a large number of patients have been diagnosed. The advent of
these new techniques allows early diagnosis also in those patients who do not have a charac‐
teristic phenotype, thus preventing long‐term complications that can be caused by a delay in
diagnosis [99].

Today, the most used genetic techniques are whole‐exome sequencing (WES) and whole‐
genome sequencing, thanks to their low cost. However, they are also important because they
allow to exclude the mutations in other genes [99, 100].

The WES is a rapid and easier technique because it analyzes all coding regions in the genome
[100]. Thanks to it, in fact, mutations in ALMS1 gene have been identified in individuals, whose
phenotype did not seem to be typical of ALMS; therefore, it is fundamental to identifying
pathogenic mutations in compound heterozygous state in ALMS1 gene, overcoming also
limitation of genetic panels in patient suffering from familial dilated cardiomyopathy and
severe heart failure [101].

In fact, as reported in literature, the association of WES and a previous linkage analysis has
allowed to identify the pathogenic mutations in ALMS1 gene in a consanguineous Turkish
family with severe dilated cardiomyopathy although it did not present the typical phenotype
of ALMS [102].

Moreover, these mutations have been shown also in consanguineous Leber congenital
amaurosis families through homozygosity mapping followed by WES [103].

As evidenced by these studies, the simultaneous use of different genetic techniques is funda‐
mental both in the case of consanguineous families that in patients without the typical ALMS
phenotype [95].
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For management of the disease and to identify an accurate treatment, it is important for both
the present of typical clinical features that an appropriate genetic diagnosis, which may be
carried out by NGS techniques, thanks to its low cost compared with traditional polymerase
chain reaction and direct Sanger sequencing [103].

4. Imprinted genetic syndromes

Prader‐Willi syndrome (PWS, OMIM #176270) is a disorder caused by errors in genomic
imprinting, which generally occur during both male and female gametogenesis. In particular,
there is the loss of expression of paternal genes normally active and located in the chromosome
15q11‐q13 region [104–108]. Conversely, a loss of expression of the preferentially maternally
expressed UBE3A (OMIM *601623) gene in this region leads to Angelman syndrome (AS;
OMIM #105830), an entirely different clinical disorder that causes developmental disabilities
and neurological problems, such as difficulty speaking, balancing and walking, and, in some
cases, seizures [109, 110].

According to several studies, most individuals with PWS (about two‐thirds) have a de novo
paternally inherited deletion of the chromosome 15q11‐q13 region; about 25% of cases have
maternal disomy 15 (chromosome 15 is inherited from the mother) [111]; less than 3% of
patients have defects in the genomic imprinting center due to microdeletions or epimutations
[104, 106, 112, 113], while rearrangements of the 15q11‐q13 region or chromosomal transloca‐
tions are rare [104, 114].

However, this syndrome, whose prevalence is around of 1/10,000–1/30,000, is considered the
most common cause of syndomic obesity [115].

The cardinal features of PWS include infantile hypotonia, feeding difficulties due to a poor
suck and failure to thrive (FTT), followed in later infancy or early childhood by excessive
appetite with gradual development of obesity, short stature and/or decreased growth velocity
due to growth hormone (GH) deficiency, intellectual disabilities (average IQ of 65), behavioral
problems (e.g., temper tantrums, outburst and skin picking) and particular facial appearance
(e.g., a small upturned nose, narrow bifrontal diameter with almond‐shaped eyes, down‐
turned corners of the mouth with sticky salivary secretions and generally lighter skin, hair
and eye color than other family members) [105, 106]. Hypothalamic dysfunction has been
implicated in many manifestations of this syndrome including hyperphagia, temperature
instability, high pain threshold, sleep‐disordered breathing and multiple endocrine abnor‐
malities [105, 107, 108].

Initially, two nutritional phases have been described in children with PWS:

• phase 1: the individual often presents FTT; he exhibits hypotonia with difficult feeding;

• phase 2: the individual is hyperphagic, and this condition will lead to obesity [105, 108].

To date, instead, seven different nutritional phases (five main phases and sub‐phases in phases
1 and 2) have been identified.
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As following, focusing on nutrition, although in the early phases, the child has poor appetite,
the latter increases in phase 2b and leads progressively to hyperphagia, evident in phase 3
(Table 3).

Phases Median ages  Clinical characteristics 

0  Prenatal to birth  Decreased fetal movements and lower birth weight than sibs 

1a  0–9 months  Hypotonia with difficulty feeding and decreased appetite. Needs assistance with

feeding either through feeding tubes [nasal/oral gastric tube or gastrostomy tube] or

orally with special, widened nipples 

1b  9–25 months  Improved feeding and appetite and normal growth 

2a  2.1–4.5 years  Weight increasing without appetite increase or excess calories. Will become obese if

given the recommended daily allowance [RDA] for calories. Typically needs to be

restricted to 60–80% of RDA to prevent obesity 

2b  4.5–8 years  Weight and appetite are increased but can feel full 

3  8 years to adulthood Hyperphagic, rarely feels full 

4  Adulthood  Appetite is no longer insatiable 

Adapted with permission from Cassidy et al. [107].

Table 3. Clinical characteristics of the nutritional phases seen in Prader‐Willi syndrome.

Analyzing the seven phases, we highlight the following:

• phase 0: the infant has growth restriction and decreased fetal movements;

• sub‐phase 1a: the infant is hypotonic with difficulty feeding and with or without FTT;

• sub‐phase 1b: the infant grows normally, and he improves appetite, also if weight gain is
normal;

• sub‐phase 2a: the child has a weight gain although there is not an increased appetite or
caloric intake;

• sub‐phase 2b: in addition to weight gain, there is an increased appetite;

• phase 3: the individual is hyperphagic; he seeks foods and presents the loss of sense of
satiety;

• phase 4: it is typical of adults, who have an insatiable appetite and are able to feel full [107].

As said previously, individuals with PWS present an appetite that gradually increases and
leads to obesity. In recent years, some studies have been conducted to understand the mech‐
anisms controlling appetitive behavior, energy expenditure and body composition.

The central nervous system, in particular the hypothalamus that determines changes in energy
balance, is involved in these processes.
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One of the determining factors for the development of obesity in these patients is ghrelin, a 28
amino acid peptide produced in the stomach, that transmit satiety signal and whose level in
obese PWS individuals is high [116, 117]. Circulating ghrelin levels are elevated in young
children with PWS long before the onset of hyperphagia, especially during the early phase of
poor appetite and feeding [118].

The literature reports that about 25% of the adults with PWS presents NIDDM (non‐insulin‐
dependent diabetes mellitus) [119]; however, some studies show that in PWS, children fasting
insulin concentrations and homeostasis model assessment insulin resistance index are lower
than in obese control [120].

This syndrome, as mentioned, represents an human disorder related to genomic imprinting.

Although the DNA sequence of the imprinted maternally and paternally inherited alleles is
the same, multiple epigenetic factors (such as DNA methylation, histone modifications and
chromatin conformation) ultimately will determine whether the imprinted allele is expressed
or repressed [121, 122].

DNA methylation analysis is the most efficient way to start the genetic workup if PWS is
suspected clinically, but it cannot distinguish the molecular class (i.e., deletion; uniparental
disomy, UPD; or imprinting defect, ID). Therefore, once the diagnosis of PWS is established
by DNA methylation analysis, determination of the molecular class is the next step.

There are different genetic testing used in PWS: CMA‐SNP array or FISH (fluorescence in situ
hybridization) for deletion of 15q11.2‐q13, DNA polymorphism analysis for UPD or ID or
testing with MS‐MLPA analysis for an IC deletion, important for the diagnosis of both of these
individuals who do not have sufficient features because they are too young than of those who
do not exhibit the typical phenotype [107].

4.1. Cohen syndrome

Cohen syndrome (CS) is an inherited disorder characterized by developmental delay, intel‐
lectual disability, microcephaly and hypotonia. Other features include progressive myopia,
retinal dystrophy, hypermobility and distinctive facial features [6, 12]. Characteristic facial
features include thick hair and eyebrows, long eyelashes, down‐slanting and wave‐shaped, a
bulbous nasal tip, a smooth or shortened philtrum, and prominent upper central teeth [6, 12].
Children with CS tend to manifest failure to thrive in infancy and early childhood but
subsequently become significantly overweight in the late childhood and adolescence. The
obesity tends to be truncal in nature [6, 12]. In contrast to PWS, appetite and food intake are
not increased during this time period, and activity is not noticeably decreased. Among
individuals with CS, the prevalence of short stature is approximately 65% and delayed puberty
74%; clinical endocrinologic evaluations did not identify explanations for these findings [6, 12].

4.2. 1p36 deletion syndrome

1p36 deletion syndrome is a disorder characterized by severe intellectual disability, hypotonia,
heart defects, hearing impairment and typical craniofacial features. In fact, patients with this
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syndrome show straight eyebrows, deeply set eyes, midface hypoplasia, broad and flat nasal
root/bridge, long philtrum, pointed chin, large, late‐closing anterior fontanel, microbrachyce‐
phaly, epicanthal folds and posteriorly rotated, low‐set, abnormal ears. Other typical findings
include brachy/camptodactyly and short feet. Developmental delay and intellectual disability
of variable degree are present in all, and hypotonia in 95%. Seizures occur in 44–58% of affected
individuals. Other findings include prenatal‐onset growth deficiency, structural brain abnor‐
malities, congenital heart defects, vision problems, deafness, skeletal anomalies, abnormalities
of the external genitalia and renal abnormalities. Obesity, which occurs as the consequence of
hyperphagia, is also frequently observed in patients with the 1p36 deletion syndrome [123].
In this recent report [124], 40% of patients had obesity and hypercholesterolemia, and 1 patient
developed NIDDM. Some authors suggested candidate regions for hyperphagia and obesity,
such as PRKCZ, that may be associated with obesity because this gene is involved in carbo‐
hydrate or lipid metabolism, or insulin signaling [123]. It is suggested that genetic or environ‐
mental factors more likely contribute to the development of obesity and DM. However, a subset
of patients may become overweight and obese with hyperphagia and NIDDM [125]. Previous
studies observed that obesity was found exclusively in female patients with 1p36 deletion who
showed growth restriction during the fetal period [126]. Because patients with 1p36 deletion
show hypotonia and hyperphagia with obesity and NIDDM, which are also characteristic
features of patients with PWS, some patients with 1p36 deletion may be misdiagnosed as
having PWS.

4.3. 16p11.2 deletion syndrome

16p11.2 microdeletion syndrome is a chromosomal anomaly characterized by developmental
and language delays, intellectual disability, social impairments represented by autism
spectrum disorders, variable dysmorphisms and predisposition to obesity. In fact, in a
screening cohort of patients with extreme obesity, enriched for patients with birth defects and/
or neurocognitive deficiencies using method to detect copy number variations, recurrent, de
novo deletions of 16p11.2 were identified in approximately 3% of cases. In these patients,
durable weight loss has not been reported. So durable weight control is recommended
although no data are available on the efficacy of early intervention in deletion carriers.
However, impaired cognition may also result in abnormal eating behavior contributing to the
obesity [127, 128]. Some data seem to hypothesize that this deletion may affect the neural
circuitry involved in the energy balance. The early increase in head circumference seems to
precede the onset of obesity [129]. The 16p11.2 deletion includes the SH2B1 gene, an adaptor
protein involved in leptin and insulin signaling which may be involved in the pathogenesis of
the obesity and insulin resistance observed in this deletion [130].

Additionally, deficiencies of SIM1 (single minded), BDNF (brain‐derived neurotrophic factor)
and NTRK2 (neurotrophic tyrosine receptor kinase encoding the TrK protein, the receptor for
BDNF) genes are associated with syndromic conditions involved in the functioning of the
hypothalamus downstream of MC4R‐expressing neurons and leading severe hyperphagic
obesity. For example, haplodeficiency of BDNF has also been implicated in the obesity occur‐
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ring in a subset of patients with WAGR (Wilms tumor, aniridia, genitourinary malformations
and retardation) syndrome [62].

4.4. Oligogenic obesity

Oligogenic obesity or common obesity is the result of the set of behavioral, environmental and
genetic factors that may influence individual responses to diet and physical activity [131]
(Figure 4).

Figure 4. Gene–environment interactions in common obesity. Adapted with permission from Mutch and Clément
[131].

The obesogenic changes of our environment in recent decades, especially the unlimited supply
of cheap food with high palatability and high energy density, associated with genetic suscept‐
ibility are the causes of the current obesity epidemic [132].

The recent rapid rise in prevalence of childhood obesity suggests that, probably, environmental
factors have a large impact on body weight in patients with common obesity although
individual responses to these environmental factors are influenced by genetic factors called
susceptibility genes [3].

Any of a group of alleles, at distinct gene loci that collectively control the inheritance of a
quantitative phenotype or modify the expression of a qualitative character, are termed
“polygenic” variants. A polygenic variant by itself has a small effect on the phenotype; only
in combination with other predisposing variants does a sizeable phenotypic effect arise.
Potentially, many such polygenic variants play a role in body weight regulation. It is estimated
that the total number of genes with a small effect most likely exceeds [133]. These genes are
involved in a variety of biological functions such as the regulation of food intake, energy
expenditure, carbohydrate and lipid metabolism and adipose tissue development [131].
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Therefore, unlike monogenic obesity, many genes and chromosome regions contribute to
common obesity phenotype.

Genome‐wide association studies have identified genetic risks for obesity. In less than 4 years,
52 genetic loci have been identified to be unequivocally associated with obesity‐related traits
[134]. However, these loci have only small effects on obesity susceptibility and explain just a
fraction of the total variance. As such, their accuracy to predict obesity is poor and not
competitive with the predictive ability of traditional risk factors such as parental and childhood
obesity. The first convincing GWAS discovery for any obesity‐related trait was made in 2007
for BMI when the FTO locus was found to be associated with obesity‐related traits and
specifically with extreme and early‐onset obesity in children and adolescents [134–136].
Following the discovery of the FTO locus, one new locus near the MC4R was identified, a gene
in which mutations are known to be the commonest cause of extreme childhood obesity. Also
in recent years, other new BMI‐associated loci were discovered such as near TMEM18
(transmembrane protein 18, OMIM *613220, 2p25.3), near KCTD15 (potassium channel tetrameri‐
zation domain‐containing protein 15, OMIM *615240, 19q13.11), near GNPDA2 (glucosamine‐6‐
phosphate deaminase 2, OMIM *613222, 4p12), in SH2B1 (SH2B adaptor protein 1, OMIM *608937,
16q11.2), in MTCH2 (mitochondrial carrier homolog 2, OMIM *613221, 11p11.2), near NEGR1
(neuronal growth regulator 1, OMIM *613173, 1p31.1), near FAIM2 (FAS apoptotic inhibitory
molecule 2, OMIM *604306, 12q13.12), near SEC16B (SEC16, homolog of S. cerevisiae B, OMIM
*612855, 1q25.2), near ETV5 (ETS variant gene 5, OMIM *601600, 3q27.2) and in BDNF (brain‐
derived neurotrophic factor, OMIM *113505, 11p14.1). Although for many of these loci, associa‐
tion with BMI has been observed in children and in adolescents [64, 137], and in populations
of non‐white origin, their replication has been less consistent than for the FTO and near‐MC4R
loci for relatively small sample size of the replication studies [134].

Furthermore, longitudinal studies have been published in recent years that have followed up
children over time; these studies indicated that GWAS‐discovered risk variants influence the
development of obesity in part by accelerating weight gain during infancy and childhood [138–
140], but the mechanisms by which this occurs are not yet fully elucidated. One of the mech‐
anisms involved may be the different sense of appetite, but the results of the studies are
controversial [141, 142].

5. Epigenetics and obesity

Heritability estimates of BMI from twin studies range from 50 to 90% [143], so it plays a
fundamental role in determining body weight. However, this latest figure appears in con‐
tradiction to the evidence of an epidemic increase in pediatric obesity over the last 20 years,
time totally inadequate to record permanent changes in the genome. Only the reprogram‐
ming of gene expression through epigenetic modifications resulting from relevant environ‐
mental changes that have taken place mostly in the early periods of life may partially
justify this phenomenon [11]. Epigenetic regulation of gene expression emerged in the last
few years as a potential factor that might explain individual differences in obesity risk
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[144]. Epigenetics can be defined as heritable changes that are mitotically stable (and poten‐
tially meiotically) and affect gene function but do not involve changes in the DNA se‐
quence [145].

Currently, there is a growing interest in the study of the relationship between genetic variation,
epigenetic variation and disease simultaneously. The two main mechanisms that lead to
epigenetic changes are DNA methylation, and the alterations to histone proteins that alter the
likelihood that specific genes are transcribed [146, 147].

Interindividual variations in epigenetic changes like CpG methylation can potentially alter
gene function and predispose to obesity. The variation in the degree of methylation, in fact, is
able to modulate the expression of genes involved in controlling hypothalamic appetite [148].
Using a genome‐wide approach, obesity has been related to changes in DNA methylation
status in peripheral blood leukocytes of lean and obese adolescents for two genes: in the
UBASH3A (ubiquitin‐associated and SH3 domain‐containing protein A, OMIM *605736, 21q22.3)
gene, a CpG site showed higher methylation levels in obese cases, and one CpG site in the
promoter region TRIM3 (tripartite motif‐containing protein 3, OMIM *605493, 11p15.4) gene,
showed lower methylation levels in the obese cases [149]. Also the obesity risk allele of FTO
has been associated with higher methylation of sites within the first intron of the FTO gene,
suggesting an interaction between genetic and epigenetic factors [150]. In addition, the obesity
risk allele of FTO affects the methylation status of sites related to other genes (KARS [16q23.1;
OMIM *601421], TERF2IP [16q23.1; OMIM *605061], MSI1 [12q24.31; OMIM *603328], STON1
[2p16.3; OMIM *605357] and BCAS3 [OMIM *607470]), showing that the FTO gene may
influence the methylation level of other genes [151]. Finally, a recent work has demonstrated
that hypermethylation of the POMC gene plays an important role in preparing to obesity by
reducing the expression of the gene itself [148].

Epigenetic changes usually occur during prenatal development or the early post‐natal
period. Already in utero, in fact, there may be a switch of energy balance resulting from
exposure to specific environmental factors, resulting in epigenetic changes that can affect the
potential of the fat mass of offspring. For example in a recent work, the methylation status of
CpG from five candidate genes in umbilical cord tissue DNA from healthy neonates was
measured, and it was found that higher methylation levels within promoter region of RXRA
(retinoid X receptor, alpha, OMIM *180245, 9q34.2) gene, measured at birth, were strongly
correlated with greater adiposity in later childhood [152]. Maternal nutrition is a major factor
leading to epigenetic changes. Thus, the levels of vitamins consumed in pregnancy such as
folate, methionine and vitamin B12, which affect methylation, become very important [147].
One study showed that prenatal exposure to malnutrition can determine abnormal DNA
methylation resulting in epigenetic modifications that remain for the whole existence and that
predispose to obesity and metabolic and cardiovascular risk in later life [153]. On the other
hand also glycemic status during pregnancy is an important factor; in fact, hyperglycemia, as
well as having a strong impact on the child's weight, can increase the risk of developing insulin
resistance and obesity [147].
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6. Steatosis and genetic of steatosis

Non‐alcoholic fatty liver disease (NAFLD) actually represents the most frequent cause of
chronic liver disease in industrialized countries in children and adolescents, as a direct
consequence of the rise in childhood obesity [154]. Italian epidemiological data indicate that
NAFLD affects approximately 3–10% of general pediatric population. This percentage
increases up to >70%, with a male‐to‐female ratio of 2:1, in obese children [155]. NAFLD is
defined by hepatic fat infiltration >5% hepatocytes, in the absence of other causes of liver
pathology (such as daily alcohol utilization and either viral, autoimmune or drug‐induced
liver disease). It includes a spectrum of disease ranging from intrahepatic fat accumulation
(steatosis) to various degrees of necrotic inflammation and fibrosis (non‐alcoholic steatohepa‐
tatis [NASH]); simple steatosis has generally a benign course, but, rarely in children, NASH
may progress to advanced and severe liver damage like cirrhosis and its complications
(hepatocellular carcinoma and portal hypertension) [154, 156].

The pathogenesis of NAFLD appears to be multifactorial. The principal risk factor for fatty
liver in childhood is obesity, but several other factors contribute to NAFLD development,
including race/ethnicity, genetic factors, environmental exposures and alterations in the gut
microbiome [157]. The dramatic rise in the prevalence of pediatric NAFLD is closely associated
with the epidemic of obesity and metabolic syndrome; as in adulthood, pediatric NAFLD is
associated with severe metabolic impairments such as insulin resistance, hypertension and
abdominal obesity, determining an increased risk of developing type 2 diabetes mellitus, the
metabolic syndrome and cardiovascular diseases [157, 158]. In addition, unhealthy food
choices and the excessive fructose consumption in particular the fructose contained in the most
common soda can promote the development of fatty liver [159].

The prevalence of hepatic steatosis varies among different ethnic groups. The ethnic group
with the highest prevalence is the American Hispanic one (45%) followed by the Caucasian
(33%) and the African‐American (24%). The fatty liver prevalence in Europe, Australia and
Middle East encompasses from 20 to 30%. In India, the fatty liver prevalence in urban popu‐
lations encompasses from 16 to 32%; but in rural India, where there are traditional diets and
lifestyles, the prevalence is lower (about 9%); this evidence suggests that a sedentary lifestyle
and globalization of Western diet could be associated with an increase in the fatty liver
prevalence in developing nations. In all the ethnicity, NAFLD is more prevalent in boys than
in girls with a male to female ratio of 2:1 [160, 161].

Regarding to genetic factors, one of the most important gene involved in determining hepatic
steatosis is the patatin‐like phospholipase‐containing domain 3 gene (PNPLA3). Genome‐wide
association studies and other pediatric studies have revealed that the rs738409 (I148M) variant
for PNPLA3 confers susceptibility to NAFLD‐promoting hepatic accumulation of triglycerides
and cholesterol by inhibition of triglyceride hydrolysis [162]. In addition, a recent case‐control
study has demonstrated that the rs9939609A allele of the fat mass and obesity‐associated gene
(FTO) increases the risk of NAFLD [157].

Another gene that acts together with PNPLA3 in determining hepatic steatosis is the glucoki‐
nase regulatory protein (GCKR) gene which encodes for the glucokinase regulatory protein
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(GCKRP) that inhibits the glucokinase (GCK) activity competing with the glucose, substrate
of GCK. It has been demonstrated that the GCKRP L466 variant encodes for a protein that
indirectly increased GCK activity. This increase in GCK hepatic activity promotes hepatic
glucose metabolism, raises the concentrations of malonyl coenzyme A, a substrate for de novo
lipogenesis, and contributes in liver fat accumulation [160, 163]. In addition, a study conducted
in Chinese children has shown that that the polymorphism rs11235972 of the uncoupling protein
3 (UCP3) gene is associated with the occurrence of NAFLD. UCP3 is a mitochondrial protein
with a highly selective expression in skeletal muscle, a major site of thermogenesis in humans.
Genetic variants of UCP3 have been associated with NIDDM and obesity [164].

Apolipoprotein C3 gene (APOC3) rs2854117 and rs2854116 variants and farnesyl‐diphosphate
farnesyltransferase 1 (FDFT1) gene rs2645424 variant have been also associated with NAFLD in
adult [160]. Also in the recent years, genetic studies have demonstrated that single‐nucleotide
polymorphisms (SNPs) in genes involved in lipid metabolism (Lipin 1, LPIN1), oxidative
stress (superoxide dismutase 2, —SOD2), insulin signaling (insulin receptor substrate‐1, IRS‐1) and
fibrogenesis (Kruppel‐like factor 6, KLF6) have been associated with a high risk for NAFLD
development and progression [154]. Finally, a recent study evaluated the combined effect of
four‐polymorphisms genetic risk score in predicting NASH in NAFLD obese children with
increased liver enzymes to help NASH diagnosis with the other non‐invasive diagnostic tests
[165].

In conclusion, obesity and fatty liver disease often go hand in hand even in the pediatric
population, and both are pathologies related to genetic and environmental factors.

7. Genetic approach to obesity

Recognizing the monogenic syndromic and not syndromic obesity is really very important for
at least two reasons: firstly, because it is hoped that, in the near future, making use of the results
of other research in the field of obesity, obese patients can benefit from specific treatment (such
as leptin administration and MC4R receptor agonists); secondly, because it is hoped that they
will benefit from a multidisciplinary approach to the management of the symptoms, however,
the clinical features of patients with genetic obesity are often very blurred, so that diagnosis
can escape at first. Figure 5 shows a diagnostic classification algorithm which can be useful in
territorial pediatrics to suspect monogenic obesity and in the second and third levels in
hospitals to orientate themselves in the execution of all the diagnostic tests in order to confirm
the final diagnosis [12].

The genetic contribution to common obesity has been established initially through family, twin
and adoption studies. Twin studies have shown a relatively high heritability ranging from 40
to 77% [6]. Gene identification for the last 15 years has been based on two genetic epidemio‐
logical approaches (candidate gene and genome‐wide linkage methods). Recently, genome‐
wide association studies have brought great information on obesity‐related genes.

Candidate‐gene studies: The design of the candidate gene approach is simple; candidate genes
are genes that, according to their characteristics, can be considered causally related to the
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disease. This method is based on the following resources: animal models using gene knockout
and transgenic approaches and cellular model systems showing their role in metabolic
pathways involved in glucose metabolism. There are two main types of candidates that are
generally considered in such studies: functional and positional. Functional candidates are
genes with products that are in some way involved in the pathogenesis of the disease.
Positional candidates are genes that are identified because they lie within genomic regions that
have been shown to be genetically important in linkage or association studies, or by the
detection of chromosomal translocations that disrupt the gene [2, 3]. The latest update of the
Human Obesity GeneMap reported 127 candidate genes for obesity‐related traits. Results of
large‐scale studies suggest that obesity is strongly associated with genetic variants in the MC4R
gene, adrenergic β3 receptor (ADRB3) gene, PCSK1 gene, BDNF gene and endocannabinoid receptor
1 (CNR1) gene [16].

Genome‐wide linkage studies: Genome‐wide linkage studies (GWLS) identify new, unforeseen
genetic variants associated with a disease or a feature of interest. They rely on kinship of study
participants and seek to identify chromosomal regions that tend to be co‐inherited by indi‐
viduals. The limit of genome‐wide linkage studies is that they have a rather coarse resolution
and typically identify broad intervals that require follow‐up genotyping to pinpoint the genes
that underlie the linkage signal [17]. The latest Human Obesity Gene Map update reported 253
loci from 61 genome‐wide linkage scans, of which 15 loci have been replicated in at least three
studies [16].

Genome‐wide association studies: Genome‐wide association studies (GWAS) are used in genetic
research to look for associations between many (typically hundreds of thousands) specific
genetic variations (more commonly, single‐nucleotide polymorphisms, SNP) and particular
diseases or traits. Genome‐wide association studies have a higher resolution levels and are

Figure 5. Diagnostic approach to genetic obesity. Adapted with permission from Farooqi and O'Rahilly [12].
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able to narrow down the locus associated with greater accuracy, so this approach took place
in the genome‐wide linkage studies for common disease [3]. This new approach has found
about 30 loci associated with obesity and high BMI. The strongest association is with FTO gene
(the fat‐mass and obesity‐related gene) mutations. Also BDNF, SH2B1 e NEGR1 mutations are
associated with obesity and support that obesity is a disorder of hypothalamic function [17].

Since the beginning of the genome‐wide association study (GWAS) era in 2005, a number of
large GWASs have been conducted on obesity‐related traits in humans. A large meta‐analysis
from 46 studies conducted by the Genetic Investigation of Anthropometric Traits (GIANT)
[166] consortium identified 32 SNPs robustly associated with adult BMI. The majority of these
SNPs demonstrated directionally consistent effects in age‐ and sex‐adjusted BMI in children
and adolescents. However, even in combination, the 32 established SNPs explain <2% of the
variation in BMI in either adults or children. The mismatch between the high heritability
estimates from twin and other family studies (40–70%) and the small percentage of variation
explained through GWAS (<2%) is called the problem of “missing heritability” [167, 168]. A
portion of the missing heritability appears to be due to rare genetic variants and some non‐
additive genetic effects that are not found in analyses GWAS that showed only additional
effects of common SNPs with minor allele frequencies (MAF) of >5%. Another part of the
missing heritability can be explained by the fact that multiple additional common genetic
mutations contribute to obesity, but they have a small effect that cannot be found by GWAS
analyses [168].

New types of analyses, such as genome‐wide complex trait analysis (GCTA), analysis of
uncommon (MAF 0.5–1%) or rare (MAF 0.5%) variants and structural variants not detected by
GWAS arrays, epigenetic analysis and gene–gene interactions (epistasis), are helping to fill that
gap [167]. The purpose of the novel approach called genome‐wide complex trait analysis
(GCTA) is not to identify specific SNPs related to the target phenotype, but rather to estimate
the total additive genetic effect of the common SNPs used on currently available DNA arrays
[168].

The rare variant—common disease hypothesis—suggests that rare variants contribute signifi‐
cantly to complex traits. Probably, the obese phenotype is the consequence of additive effects
and interactions among multiple alleles with varying magnitude of effect. Actually, we know
that only 1% of the human genome is transcribed into mRNA and translated into proteins. An
additional 0.5% is regulatory regions that control gene expression. Functions of the remaining
98.5% of the genome remain unknown. Rare variants might be identified by massive genotyping
or deep sequencing in large families thanks to novel techniques that sequence millions of DNA
strands in parallel and at low cost such as next‐generation sequencing techniques [169].

Copy number variants (CNVs) represent another source of the heritability that is missed by
GWAS studies. Copy number variants (CNVs) are products of genomic rearrangements,
resulting in deletions, duplications, inversions and translocations [167, 170]. The most
established CNV in the obesity field is a large, rare chromosomal deletion at 16p11.2; this
deletion includes a small number of genes, one of which is SH2B1, known to be involved in
leptin and insulin signaling. The search for CNVs in the context of obesity has proved fruitful,
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and it has become quite clear they play a role in the missing heritability that still needs to be
explained for the disease [19, 170].

8. Treatment options in patients with genetic obesity

The use of pharmacologic treatment for obesity is recommended by the American Academy
of Pediatrics (AAP) as an adjunct to lifestyle changes when obesity‐related health risks exist
and lifestyle changes have not been effective for an individual. In addition, the AAP recom‐
mends pharmacotherapy only for children with BMI ≥99th percentile [171]. On the other hand,
the Endocrine Society has suggested limiting pharmacotherapy to patients with a BMI over
the 95th percentile who have failed diet and lifestyle intervention, or in limited cases with a
BMI over the 85th percentile and severe comorbidities [147]. Overweight children should not
be treated with pharmacotherapeutic agents unless significant, severe comorbidities persist
despite intensive lifestyle modification. In these children, a strong family history of NIDDM
or cardiovascular risk factors strengthens the case for pharmacotherapy [172].

There are currently only a few drugs approved for the treatment of obesity; such drugs belong
to different pharmacologic categories with different mechanisms of action. A major class of
medications used in weight treatment is appetite suppressants also called anorexigenic agents.
These drugs increase hypotalamic levels of norepinephrine, dopamine and serotonin‐promot‐
ing satiety and decreasing hunger [173]. Among the appetite suppressant drugs, sibutramine
was used to treat obesity in children until recently. In 2010, sibutramine was withdrawn by the
United States Federal Drug Administration (US FDA) and European Medicine Agency (EMA)
for increased cardiovascular risk for individuals taking the medication [174]. As well, other
drugs of the same class like ephedrine and fenfluramine were withdrawn from the market for
their adverse effects [147]. With the withdrawal of sibutramine, orlistat and metformin are now
the only available drugs for the treatment of pediatric obesity.

Orlistat, an inhibitor of pancreatic lipases, prevents the breakdown of triglycerides into
absorbable fatty acids and monoglycerols. Thus, about one‐third of the dietary intake,
triglycerides is not absorbed. It reduces body weight, total cholesterol and LDL cholesterol,
and the risk of NIDDM in adults with abnormal carbohydrate metabolism. In USA, orlistat is
approved by the FDA in adolescents older than 12 years [175]. It is associated with a significant
fall in BMI of 0.7 kg/m2, but treatment is associated with increased rates of side effects including
abdominal discomfort, pain, steatorrhoea and decreased absorption of the fat‐soluble vitamins
A, D, E and K. So, it is important to take those fat‐soluble vitamins supplementation 2‐h
distance from orlistat administration [147]. Side effects are usually mild to moderate and
generally decrease in frequency with continued treatment; this decrease may result from
patients learning to consume less dietary fat to avoid these side effects. Typically, doses of
120 mg by mouth three times daily are needed for effectiveness [176, 177].

Although metformin has not been approved by the US FDA for the treatment of obesity, it may
be effective as a weight loss agent in addition to its effects as a hypoglycemic agent. Its major
site of action is the liver: the drug increases glucose uptake, decreases hepatic gluconeogenesis
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and reduces hepatic glucose production; also, metformin inhibits lipogenesis and increases
insulin sensitivity and may have an effect as an appetite suppressant. The major benefits of the
medication are reduction of food intake, weight loss, visceral fat reduction, improvement of
the lipid profile and of the carbohydrate intolerance [172, 175, 178]. A systematic assessed five
randomized controlled trials all with follow‐up of at least 6 months; compared to placebo,
metformin reduced BMI by 1.42 kg/m2 in obese children [179]. Patients treated with metformin
report abdominal discomfort, which improves when the drug is taken with food. There is also
a risk of vitamin B12 deficiency; therefore, a multivitamin is recommended. The risk of lactic
acidosis has been observed in adults but not seen in pediatric patients [147].

Octreotide, a somatostatin analogue, has been investigated as a treatment for hypothalamic
obesity. It binds receptors on the beta cells of the pancreas and inhibits insulin release [147]. A
study comparing octreotide with placebo has demonstrated statistically significant weight loss
and statistically significant mean decreases in BMI among those treated with octreotide for 6 
months [180]. Octreotide works better in patients with insulin hypersecretion and insulin
resistance. A study has demonstrated that greater weight loss correlated with a greater degree
of insulin hypersecretion [181]. The high cost of the drug and the various side effects (gastro‐
intestinal problems, gallstones, GH and TSH suppression, cardiac dysfunction) limit currently
use [175].

In the case of monogenic obesity, subcutaneous injection of recombinant human leptin in
children and adults with LEP mutations resulted in weight loss, mainly of fat mass, with a
major effect on reducing food and hyperphagia, induction of puberty (even in adults) and
improvement in T‐cell responsiveness [24, 25, 27, 182]. Leptin treatment works in patients with
leptin deficiency or with bioinactive leptin, but on the other hand, leptin treatment is useless
in LEPR‐deficient subjects, because the receptor mutations make it inactive [24, 183].

In the case of children with PWS, GH therapy can improve growth, body composition, muscle
thickness, physical strength and agility, motor performance, fat utilization, and lipid metabo‐
lism [184–186]. The best response to GH in PWS patients is observed in the first 12 months of
treatment. Although early treatment is important for the improvement in body composition,
generally, in practice, it is possible to start treatment only after 2 years of age. Treatment can
be started in a dose of 0.034 mg/kg/day (0.24 mg/kg/week) in infants, and toddlers and IGF‐1
and IGFBP‐3 levels are used to specify the dose of GH therapy. Benefits of continuing GH
therapy in adulthood remain unclear although an improvement has been observed in body
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in the preclinical phase. These pharmacological MC4R agonists can restore normal activity in
mutated receptors, and in obese animal, models cause decreased food intake, increased total
energy expenditure, weight loss and weight‐independent improvement of insulin sensitivity
after 8 weeks of treatment [43, 187].

Finally, most recent studies on the treatment of obesity have focused on the potential role of
plants used for obesity and its metabolic disorders treatments, exerting a positive effect on
lipid and glucose metabolism, and anti‐inflammatory activity [188]. For example, green tea
disclosed anti‐obesity effects in both in vitro and in vivo, decreasing adipose tissue through the
reduction of adipocytes differentiation and proliferation, showing a positive effect in lipid
profile, and lipid and carbohydrates metabolisms, and anti‐inflammatory activity [188].

However, in literature, the anti‐obesity properties and the mechanisms of action of some plants
such as Camellia sinensis, Hibiscus sabdariffa, Hypericum perforatum, Persea americana, Phaseolus
vulgaris, Capsicum annuum, Rosmarinus officinalis, Ilex paraguariensis, Citrus paradisi, Citrus limon,
Punica granatum, Aloe vera, Taraxacum officinale and Arachis hypogea have been described [188].
However, polysaccharide macromolecules slowing the rate of carbohydrate and fat absorption
have been also described reduce insulinemic peaks, enhancing β‐cell function and potentially
restoring the insulin secretory reserve in patients with impaired glucose tolerance or NIDDM
and genetic obesity history [189].

Another possible therapy for childhood obesity is bariatric surgery. There are 3 types of
bariatric procedures: malabsorptive, restrictive and combination procedures. The first proce‐
dures are the jejunoileal bypass and the biliopancreatic diversion with duodenal switch that
manage to lose weight by reducing nutrient absorption through the gut anatomical rearrange‐
ments; however, these procedures are not approved in children for their high morbidity and
mortality. The Roux‐en‐Y gastric bypass (RYGB) is a combination procedure; it has become the
most commonly performed bariatric surgical procedure, and it involves a reduction of stomach
size and the reduction of intestinal absorptive capacity via the creation of a gastrojejeunal
anastomosis [171, 172, 190]. Laparoscopic adjustable gastric banding (LAGB) is a wholly
restrictive procedure, and it has been used more recently. This bariatric procedure is to place
a balloon around the esophagogastric junction and inflate it with saline until you get the
desired effect of the stomach size reduction. This procedure is recommended in children
because it is reversible and does not create permanent intestinal rearrangements [171, 172,
191]. Laparoscopic sleeve gastrectomy (LSG) is a new and attractive option for young patients.
It is a new restrictive procedure without the malabsorptive component present in other
bariatric procedures. This technique involves the removal of a large portion of the stomach
through a vertical resection, and the remaining stomach has a volume drastically reduced, with
a capacity of around 100/150 ml. Weight loss outcomes in some study were similar between
pediatric and adult patients at all time points, suggesting that LSG is similarly safe and effective
in young and adult patients through at least 1 year of follow‐up [192].

The criteria for access to bariatric surgery in childhood are very restrictive: BMI >35 kg/m2

with severe comorbidities or >40 kg/m2 with comorbidities, Tanner stage 4 or 5, to achieve at
least 95% of the growth estimate in the case of malabsorptive procedures, the ability to follow
the post‐operative diet and exercise, an adequate social support, ability to follow constantly
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medical indications and treatment and appropriate treatment of psychological problems
[190]. Also it is recommended that bariatric surgery be done only in centers that can provide a
multidisciplinary pre‐ and post‐operative evaluation and psychological support both before
and after the surgery [193].

Currently, data on bariatric surgery in children and adolescents with genetic obesity are limited
and still controversial [183]. To date, bariatric surgery experience in treating children and
adolescents with monogenic and syndromic forms of obesity is limited, and different bariatric
procedures have been used with varying success [194]. Some studies have demonstrated the
efficacy of bariatric surgery (in terms of weight loss and reduction of comorbidities such as
obstructive sleep apnea, dyslipidemia, hypertension, diabetes mellitus and poor mobility) in
patients with monogenic obesity (such as LEPR‐deficient patients and patients with hetero‐
zygous MC4R mutations, but not in patients with homozygous MC4R mutation [195]) and
syndromic obesity (such as PWS, BBS, Alström syndrome) but, due to the limited number of
cases, the long‐term efficacy and safety of bariatric surgery in genetic forms of obesity need
further evaluation [183].

Even more in the early days are studies that try to correlate specific polymorphisms with
response to bariatric surgery: For example, a study tried to find the presence of an association
between several polymorphisms (including the FTO and MC4R genes) with post‐operative
weight loss [196]; another study found that a 15q26.1 locus is significantly associated with
weight loss after Roux‐en‐Y gastric bypass surgery [197]. Thus, there is some evidence for the
use of genomics to identify response to surgical procedures; the identification of genetic
contributors could be useful to select those individuals who will obtain a greater benefit from
a bariatric surgery. However, these results have yet to be confirmed.

9. Hyperphagia: etiopathogenesis and treatment

In the modern environment of plenty, obesity is favored by biological features that generally
are advantageous in a restrictive environment, such as attraction to palatable and energy dense
foods, slow satiety mechanisms and high metabolic efficiency [198].

The control of food intake and energy expenditure consists of a complex network of neural
and hormonal systems that involving many genes [199]: in particular, the informations are
collected at the peripheral level (intestine, stomach, adipose tissue); then, they are processed
at the hypothalamic level and, finally, generate behavioral, endocrine and autonomic output
[198].

In particular, much larger portions of the nervous system of animals and humans, including
cortex, basal ganglia, and the limbic system, are concerned with the procurement of food as a
basic and evolutionarily conserved survival mechanism to defend body weight [200]. These
systems are directly and primarily involved in the interactions of the modern environment
and lifestyle with the human body [198]. By focusing on the neural reward systems and the
interaction between reward and homeostatic functions, it is possible to infer that the disturb‐
ance of this relationship determines obesity (Figure 6).
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This process can generate hedonic and metabolic consequences, which are independent from
each other: in particular, the hedonic consequences are regulated by reward functions while
the metabolic consequences of food (defined in terms of their input of energy and their effects
on body composition, particularly increased fat accretion as in obesity) are regulated by
homeostatic functions.

The alteration of reward functions may be a cause (i.e., excessive caloric intake modulated by
hedonic value of food (1)) and/or a consequence (induced by obese state (3)) of obesity [198].

As schematically depicted in Figure 6, several potential interactions exist between food reward
and obesity.

In particular, there are three fundamental mechanisms involved in the development of obesity,
which are not mutually exclusive, but a combination of all three is operative in most individ‐
uals: excessive intake of palatable and energy dense foods, differences (genetic and other pre‐
existent) in reward functions and increase of obese state consequently to alterations of reward
functions induced by obesity [198].

It is also important to realize that hyperphagia is not always necessary for obesity to develop,
as the macronutrient composition of food can independently favor fat deposition.

In this regard, there is the “gluttony hypothesis” emerged from several studies in animals: in
particular, although reward functions are not altered unlimited access to palatable food and

Figure 6. Relationship between metabolic and hedonic controls of food intake and energy balance. Adapted with per‐
mission from Berthoud et al. [198].
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food cues leads to excessive caloric intake (hedonic overeating) and, consequently, to obesity
(defined as diet‐induce obesity) [198].

However, it is important to underline that not all individuals exposed to environment of plenty
show an increased food intake and weight gain; this means that there are genetic and epigenetic
pre‐existing alterations that make some individuals more vulnerable to the increased availa‐
bility of palatable food and food cues [198].

One of the key questions is how the motivation to get a reward will translate into action. In
most cases, the motivation for something comes from the pleasure that this has generated in
the past, or in other words, to obtain what has been helpful. The dopamine signal seems to be
a critical component in this process [198].

The limited information available suggests that repeated sucrose access can upregulate
dopamine release [201] and dopamine transporter [202] and change dopamine D1 and D2
receptor availability [201] in the nucleus accumbens.

As demonstrated by some observations, such pleasing foods have a high potential for addiction
for which the withdrawal from it can cause symptoms such as anxiety, stress, depression
resulting behavior of relapse because of occurring neural and molecular changes. Therefore,
it is critical for switching the cycle of addiction and the prevention of a further spiral of
addiction [198].

An issue on which to focus is that excessive caloric intake, as part of a disease, can gradually
worsen: in fact at the beginning, there is overeating; then, the individual eats also in the absence
of physiological hunger. Subsequently, there will be loss of control over eating (binge eating),
and finally, hyperphagia defined as a hallmark of inherited disorders, in which obesity is
present [203].

The term “hyperphagia” includes a series of conditions, such as binge eating disorder,
hormonal imbalances such as glucocorticoid excess, leptin signaling abnormalities, syndromes
associated with obesity and cognitive impairment (e.g., PWS) [203] and can be used in different
situations: for example, to evaluate hunger and satiety through appropriate scales for patho‐
logical individuals compared to healthy individuals [203], to evaluate excessive caloric intake
and the impact on body size and body composition in pathological individuals [203] or to
evaluate preoccupation and psychological symptoms such as anxiety, stress due to hyperpha‐
gic behavior and the consequences that it determines (e.g., continuous search for food, night
eating, ingestion of inedible food, theft of food, etc.) [203].

A person with hyperphagia has an obsessive and compulsive behavior towards food and often
continues to eat for a long time, even if he/she feels full. This excessive nutriment can cause
abdominal pain, guilt or drowsiness.

In particular, obesity is associated with dysregulated signaling systems, such as leptin and
insulin resistance, as well as increased signaling through proinflammatory cytokines and
pathways activated by oxidative and endoplasmatic reticulum stress [204] (Figure 7).

As schematically depicted in Figure 7, obesity and, in turn, neurodegenerative diseases may
be caused by leptin resistance, central insulin and altered regulation of energy balance, con‐
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trolled by hypothalamus. About the latter, the literature shows that mitochondrial and oxida‐
tive stress increase due to high‐fat diets leading to neural/glial dysfunction and, consequently,
cytotoxic effects [198].

However, these toxic effects do not stop at the level of the hypothalamus but can also affect
brain areas involved in reward processing [198].

10. Nutritional and behavioral approach to genetic obesity

The approach to the child with genetic obesity is very complex considering that obesity is
associated with a number of complications that include the health of the child, and it must be
focused on the entire family. Awareness about the problem by all family members and, in
particular, changes in lifestyle and nutrition of the family are the most effective means both to
ensure the compliance to the treatment, the success of the therapy and the maintenance of the
long‐term results.

The family, especially the parents, should be actively involved in the therapeutic program and
become protagonists. The targeted intervention with “individual” programs only for the child,
on the contrary, is often unsuccessful and frustrating for the child himself [205].

According to NICE guidelines on weight management in children dating from 2014 [206], it is
important to:

• coordinate the care of children and young people around their individual and family needs
[206];

• assess and intervene to improve child's health, considering his age and maturity. It is
important to set goals based on needs and preferences both of the child that of the whole
family [206];

Figure 7. Secondary effects of obesity on reward circuitry and hypothalamic energy balance regulation. Adapted with‐
permission from Berthoud et al. [198].
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• create an environment that promotes lifestyle changes within the family and in social
settings. Parents (or carers) are responsible of these changes, especially if children are
younger than 12 years old [206].

The initial assessment is important to collect data necessary for diagnosis and subsequent
treatment. In particular, these informations regarding patient history (personal, familiar,
healthy and social history), food/nutrition‐related history (eating patterns, diet experience,
physical activity, beliefs and attitudes about eating, etc.), anthropometric measures (current
weight, weight history, etc.), biochemical data and medical tests (e.g., lipid profile, glucose
profile, etc.); what the person has already tried and how successful this has been will be
discussed, and what they learned from the experience; the person's readiness to adopt changes
and their confidence in making changes will be assessed [206].

Multicomponent interventions are the treatment of choice. Weight management programs
must include behavior change strategies to increase people's physical activity levels or decrease
inactivity, improve eating behavior and the quality of the person's diet and reduce energy
intake [206].

In particular, nutrition offered to obese children must also ensure the maintenance of adequate
rhythms of growth and promote the maintenance of lean body mass (in particular of muscle
mass), which represents the metabolically active compartment, and it is the large part of the
total energy expenditure. Therefore, it must necessarily guarantee the macro‐ and micro‐
nutrients intake in relation to their age [205].

In overweight and obese children and young people, it is important a multidisciplinary
intervention that includes dietary recommendations appropriate for age and complies with
the principles for a healthy nutrition (in these patients, total energy intake should be below
their energy expenditure) [206].

Dietary changes should be tailored to food preferences and allow for a flexible and individual
approach to reducing calorie intake; it is important not to use unduly restrictive and nutri‐
tionally unbalanced diets because they are ineffective in the long term and can be harmful [206].

In these patients, it is also necessary that an intervention about physical activity is important
not only for lose weight, but also for other health benefits, such as reduction risk of type 2
diabetes or heart diseases [206].

Therefore, obese and overweight children must be encouraged to become more active and to
reduce inactive behaviors, such as sitting and watching television, using a computer or playing
video games and to do at least 60 min of moderate or greater intensity physical activity each
day. The activity can be in 1 session or several sessions lasting 10 min or more [206].

It is important to make the choice of activity with the child and ensure that it is appropriate to
the child's ability and confidence, giving children the opportunity and support to do more
exercise in their daily lives (e.g., walking, cycling, using the stairs and active play) or to do
more regular, structured physical activity (e.g., football, swimming or dancing) [206].

Children affected by genetic obesity (e.g., PWS) often eat more than necessary for anxiety,
sadness, boredom: in this case, it is important not only to reduce the amount of foods but also
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to search for reasons of suffering causing the overeating. It is important, therefore, to recon‐
struct the individual's self‐esteem [206].

There are, however, barriers to parental involvement in the child's treatment: in some families,
for cultural or psychological reasons, parents do not perceive their child as obese. In other
families, parents may acknowledge that the child is obese but denies that this condition can
have consequences.

Therefore, it is crucial to raise awareness among parents of the need to intervene, especially
when behavioral changes are needed in the family [207].

Focusing on hyperphagic children, particularly those affected by Prader–Willi syndrome,
parents must learn to celebrate each small goal, large or small, and to appreciate the acquisition
of any new skill [208].

In these children, there are behavior changes that become more apparent and severe with age:
in fact, they are concerned about food, hypersensitive, agitated, aggressive, impulsive, anxious.
These behaviors are caused specially by their insatiable appetite that causes physical, emo‐
tional and social problems [209].

For these reasons, it is important to intervene to reduce stress not only for children, but also
for the whole family.

However, to control the anxious behavior in children with PWS, the following information
may be useful:

• having a regular daily routine, following appropriate food program;

• giving your child transitional warnings—that is, “after you finish that puzzle, it is time for
bath” [209];

• preparing your child ahead of time if there is going to be a change in routine;

• re‐directing your child to another activity;

• using positive reinforcement;

• speaking to your child in a calm, yet firm matter‐of‐fact tone [209].

In children with PWS, it is essential management food, based also on control food access, to
ensure adequate nutrition, weight regulation and appropriate eating behaviors.

Crucial in this regard is the role of parents, who must support their children in these changes
by adopting appropriate strategies.

However, each family will find the best way for them and for the specific need of their child.

First of all, it is important to follow an adequate food program that helps parents to monitor
their food intake and reassures the child that the food will always be available: therefore, it
represents the beginning for him to acquire the habit of eating healthy so that food can be
controlled and could become a part of his daily routine [209].
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This program is based on three main meals (breakfast, lunch, and dinner) and two or three
snacks (mid‐morning snack, afternoon snack, and perhaps evening snack) [209]. It is funda‐
mental to respect scheduled times (food must be given every 2–3 h), avoiding giving food
outside mealtimes. Whenever possible, all family members should eat at the same time and
others should not eat in front of the child when it is not their scheduled meal/snack time [209].

Portion control is another adequate strategy: it must not be excessive, but appropriate for the
child's age to ensure adequate growth [209].

However, food must be healthy considering that in children with PWS, calorie needs are lower
due to reduced metabolism. Food must be given only by parents/caregivers and served on the
plate prior to being eaten, avoiding other platters/bowls of food visible on the table and to
share or offer them other food [209].

At the end of the meal, it is important to remove the empty plate from the table and encourage
the child to play away from the table or from the kitchenette until all food has been taken away.
It is important to keep food out of sight and reach of children, keeping it under lock and key
if necessary [209] (Figure 8).

Figure 8. Girl with Bardet‐Biedl syndrome. You can see the amelioration of the BMI after the interdisciplinary ap‐
proach to hyperphagia.

11. Conclusions

This chapter may bring a significant contribution to the updating of knowledge of the genetic
susceptibility and provide a better clarification of which variants are truly associated with the
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mental to respect scheduled times (food must be given every 2–3 h), avoiding giving food
outside mealtimes. Whenever possible, all family members should eat at the same time and
others should not eat in front of the child when it is not their scheduled meal/snack time [209].

Portion control is another adequate strategy: it must not be excessive, but appropriate for the
child's age to ensure adequate growth [209].

However, food must be healthy considering that in children with PWS, calorie needs are lower
due to reduced metabolism. Food must be given only by parents/caregivers and served on the
plate prior to being eaten, avoiding other platters/bowls of food visible on the table and to
share or offer them other food [209].

At the end of the meal, it is important to remove the empty plate from the table and encourage
the child to play away from the table or from the kitchenette until all food has been taken away.
It is important to keep food out of sight and reach of children, keeping it under lock and key
if necessary [209] (Figure 8).

Figure 8. Girl with Bardet‐Biedl syndrome. You can see the amelioration of the BMI after the interdisciplinary ap‐
proach to hyperphagia.

11. Conclusions

This chapter may bring a significant contribution to the updating of knowledge of the genetic
susceptibility and provide a better clarification of which variants are truly associated with the

Adiposity - Omics and Molecular Understanding248

predisposition to develop an obese phenotype. This chapter may also help to understand better
the genetic diversity that could be associated in subjects with genetic forms of obesity.
However, this chapter may help to understand this complex problem and the different
approaches to treatment. In these forms of genetic obesity, the team approach to therapy (nurse
educators, nutritionists, exercise physiologists, and counsellors) is the basis for treatment.
Dramatic reductions in BMI are difficult to achieve and sustain, so counselling and therapy
should start with realistic goals that emphasize gradual reductions of body fat and BMI and
maintenance of weight loss. Finally, this chapter may provide news on the need for new
therapeutic approaches in the field of childhood obesity as the basis of the hyperphagia
treatment, a typical feature of these syndromes.
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Abstract

Obesity, particularly in children and adolescents, has become a significant public health 
problem that has reached “epidemic” status worldwide. The etiology of obesity is com-
plex and involves lifestyle factors that are challenging to modify. The intestinal micro-
biota contribute to protection against pathogens, maturation of the immune system, and 
metabolic welfare of the host but, under some circumstances, can contribute to the patho-
genesis of certain diseases. Over the last decade, novel evidence from animal and human 
studies has identified associations between human intestinal bacteria and host metabo-
lism and obesity. Infancy is a critical period in the development of the gut microbiota: 
initial colonization is influenced not only by a number of early-life exposures, including 
birth mode, infant nutrition, or antibiotic use, but also by maternal factors during preg-
nancy, including maternal BMI, nutrition, gut microbial composition, and drug expo-
sure, among others. Thus, an adequate nutritional and microbial environment during the 
perinatal period and early life may provide windows of opportunity to reduce the risk of 
obesity and overweight in our children by using targeted strategies aimed to modulate 
the gut microbiota during early life.

Keywords: obesity, gut microbiota, early life, pregnancy, prebiotics, probiotics, 
antibiotics

1. Introduction

Obesity has become a major global health challenge because of the established health risks 
and substantial increases in prevalence. Urgent global action and leadership is needed to help 
countries to more effectively intervene [1]. This increase runs in parallel to an increase in the 
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obesity during pregnancy; moreover, due to the adverse effects that this condition has on both 
the mother’s and offspring’s health, infant obesity has become a highlight topic of study [2].

It is well known that the physiology during pregnancy differs between obese and normal-
weight women. Obesity is associated with increased insulin resistance, adverse effects in 
implantation and placentation processes, growth, development and metabolism alterations 
of the fetus, and even impact on the offspring gut microbiota [3].

Until now, studies focused on the origins of obesity were oriented towards dietary excesses 
(processed sugars, fat, and proteins) [4] or host genes [5]. But recent studies have shown 
changes in gut microbiota associated to different diseases, like obesity, metabolic syndrome, or 
type I [6] and type II diabetes [7]. The community of microorganisms living in a specific envi-
ronment is known as microbiota. These microorganisms include bacteria, Archaea, viruses, 
and some unicellular eukaryotes [8]. The collective genomes of the microorganism that con-
stitute the microbiota are known as microbiome [9]. The normal gut microbiota imparts spe-
cific function in host nutrient metabolism, xenobiotics, and drug metabolism, maintenance of 
structural integrity of the gut mucosal barrier, immunomodulation, and protection against 
pathogens [10]. In fact, some of these microorganisms residing in the gut encode proteins 
involved in functions important for the host’s health, such as enzymes required for the hydro-
lysis of otherwise indigestible dietary compounds, and the synthesis of vitamins [9]. Since the 
1990s, our knowledge of the complexity of this ecosystem has increased due to the advances 
in culture-independent techniques. These new techniques are fast, facilitate high through-
put, and identify organisms that are uncultured to date and present in the gut microbiota; 
recently, by using these techniques, it has been shown that alterations in the gut microbiota 
composition and function are associated with certain disease states, such as obesity [11]. With 
the increase in knowledge about gut microbiome functions, it is becoming increasingly more 
possible to develop novel diagnostic, prognostic, and most important therapeutic strategies 
based on gut microbiota manipulation.

Focused on obesity, it has been shown that certain bacteria metabolize different nutrients 
more efficiently than others, increasing the absorption of calories from the diet and the 
amount of energy usable for the host, which contributes to fat deposition [12]. Many stud-
ies have been performed in order to link this disease with changes in the composition of the 
intestinal microbiota [13]. Several studies have shown increased ratio in the proportion of 
Firmicutes/Bacteroidetes in genetically obese mice (ob/ob) and obese humans [14, 15]. However, 
other studies have failed to confirm these findings and showed variable patterns in the compo-
sition of the microbiota in obese humans [13]. Within the studies cited above, it is clear that the 
gut microbiota plays a role in obesity and metabolic disease, but it is difficult to draw defini-
tive conclusions about the importance of certain bacterial groups. It is therefore very impor-
tant to identify the active bacteria that cause dysbiosis in the gut microbiota in order to design 
therapeutic strategies for long-term protection against obesity. Quantitative and qualitative 
alterations in the composition of the gut microbiome could lead to pathological dysbiosis.

The microbiota colonization of the maternal intestine influences offspring’s metabolic and 
immune system development [16]. Besides, although the microbiota-gut-brain axis is not a new 
concept [17], in the last years there are growing interest in studying the influence of the microbiota 
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in children neurodevelopment by analyzing the microbiome impact on eating behavior, infant 
cognitive function, and brain structure and function [18]. However, the mechanisms by which 
maternal microbiota may contribute to health programming in the offspring are still unknown. 
The type of delivery (vaginal or caesarean section), diet [breast milk or formula], and antibiotics 
exposure have an influence on the offspring’s immune system that may promote the develop-
ment of chronic inflammation, leading to allergies, autoimmune diseases, like diabetes mellitus 
or rheumatoid arthritis, or noncommunicable diseases such obesity and their comorbidities in 
children [19–21].

In the present chapter, we aimed to update the knowledge about the factors involved in gut 
microbiota establishment during perinatal life, infancy and early childhood, and the relation-
ship to obesity development.

2. Maternal environment

There is evidence for the importance of the prenatal period in the health and development of 
offspring throughout childhood and adult life [22].

In the periconceptional period, and during pregnancy and lactation is necessary to acquire 
the total nutrient requirements, which are associated with mother’s lifestyles and health [23]. 
These requirements include specific amounts of iron, vitamins (D, C, and B), calcium, folic 
acid, essential fatty-acids, and others, which will increase along pregnancy [24]. Furthermore, 
it has been demonstrated that bad habits like smoking, use of illegal drugs, consumption of 
caffeine and alcohol, or overweight/underweight are related to conceiving problems [25].

During the first trimester of pregnancy, the mother is under anabolism, increasing maternal fat 
and nutrients storage to meet the fetus-placental and maternal requirements during gestation 
and lactation [26]. When a deficit or overabundance of nutrients arrives to the fetus, it has to 
adapt itself to the new metabolic status, changing its physiology and metabolism constantly [27].

It is noteworthy that due to fetal programing, obesity may become a self-perpetuating prob-
lem, because children of obese mothers may themselves be vulnerable to becoming obese and 
more likely to have offspring who share this vulnerability, but the mechanisms behind this 
association are not fully elucidated [28].

One hypothesis to explain the influence of the mothers’ weight on their children is the trans-
mission of obesogenic microbes from mother to her offspring; in this situation is also very 
important the etiology of such maternal obesity and others factors like socioeconomic status 
or environmental factors [29].

On the other hand, a meta-analysis including nine studies has shown an increased risk of 
stillbirth in obese pregnant women compared to normal-weight pregnant women [30].

It has been demonstrated that a high body mass index (BMI) and an excessive weight gain 
during pregnancy are associated with disturbances in the maternal gut microbiota, which will 
influence the development of gut microbiota in the infant [31].
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Infant gut microbiota will not be only influenced by mother’s BMI, but also by the mode 
of delivery [32]. A study indicated that excess maternal prepregnancy weight is associated 
with differences in neonatal acquisition of microbiota during vaginal delivery, enriched 
in genus Bacteroides and depleted in genus Enterococcus, Acinetobacter, Pseudomonas, and 
Hydrogenophilus [33].

Subsequent to delivery, it has been shown that the type of feeding is one of the major factors 
modulating infants gut microbiota and it will be discussed in Section 4.

The establishment of the microbial community allows the maturation of the immune system 
as it has been demonstrated in germ-free (GF) animal models, where commensal microorgan-
isms are required for the development of a fully functional immune system, which affects 
many physiological processes within the host [34].

In conclusion, the mother environment influences the offspring phenotype of her offspring, 
independently of his genotype. So, not only genetics will influence offspring gut microbiota 
development, but also mother’s lifestyle before, during, and after pregnancy.

3. Gut colonization and microbiota establishment in infancy

The first few weeks of life are very important for the gut colonization in the infant. This pro-
cess will be influenced by maternal factors (weight gain during pregnancy, BMI, nutrition, 
microbiome composition), intrauterine state (microbiota of amniotic fluid), type of delivery 
(caesarean or vaginal), type of feeding later (breast milk or infant formula), and antibiotic 
exposure, among others (Figure 1).

Traditionally, the placenta had been considered a sterile organ but current studies have 
reported the existence of a placental microbiome [35–37]. Although the origin of the bacteria 
colonizing the placenta is unclear, it has been shown that the microbial community is rep-
resented by members of nonpathogenic bacteria from the phylum Proteobacteria, Firmicutes, 
Bacteriodetes, Fusobacteria, and Tenericutes [38].

Recently, placenta microbiota has been associated with preeclampsia development during 
pregnancy and with preterm birth, which highlights the importance of the close relation-
ship between the microbiota and pregnancy [39]. A placental dysbiosis during pregnancy as 
a consequence of excess weight gain could have a major influence on the colonization and 
establishment of gut microbiota community on the infant [40].

Because these findings are very recent, the effects of the bacterial profile modification by pro-
biotic supplementation during pregnancy and the effects on placental microbiome modula-
tion are still unknown and further studies are needed.

After birth, it is known that meconium is not sterile and harbors a particular microbial com-
munity, characterized by a higher abundance of Firmicutes compared to Proteobacteria in early 
fecal samples [41].

A study showed that the mode of delivery (caesarean or vaginal) did not affect the diversity of 
the microbiota from meconium, in contrast, these samples presented a lower species  diversity 
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and a higher variation among samples in comparison with adult feces [42]. These results 
indicate that the microbial contact during perinatal life may imprint the offspring microbiota 
and immune system in preparation for the much larger inoculum transferred during vaginal 
delivery and breast-feeding.

As mentioned in the previous section, the mode of delivery is going to favor the establishment 
of a specific microbiota. Previous studies have demonstrated that gut microbiota of infant 
born through vaginal delivery is similar to maternal gut and vaginal microbiota; conversely, 
the infants born by caesarean section have a gut community more similar to bacteria from 
maternal skin or the hospital environment [43].

Figure 1. Maternal and environmental elements affecting the onset and modulation of the gut microbiota in the newborn 
infant. A plethora of factors during pregnancy can negatively influence the neonate’s gut microbiota composition and 
function. Furthermore, environmental factors, such as mode of delivery and feeding modality can significantly drive the 
neonate’s gut microbiota.
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Regarding the mode of delivery, epidemiological studies suggest that caesarean delivery is 
associated with increased risk of overweight and obesity later in life [44]. A study has found 
that caesarean section delivery was associated with adiposity at 6 weeks of age, being this 
association stronger in children born from obese mothers and having higher risk of obesity 
and overweight at 11 years old [45]. Although the mode of delivery may affect the coloniza-
tion of the intestinal microbiota in the baby and will increase the risk for later obesity devel-
opment, it has been found that perinatal exposition of the infant born by caesarean section 
respect to the vaginal discharge, can partially restore its gut microbiota and resembles to 
babies born by vaginal delivery avoiding the problems that this entails [46].

The microbiota of the babies by the end of the first year of life presents a different microbial 
profile in comparison to adults. The initial gut composition of the infant is simple, dynamic, 
and very unstable and undergoes marked fluctuations influenced by external factors [47]. At 
the beginning, the gut environment is aerobic, but through colonization, the oxygen level is 
reduced generating a suitable environment for the growth of anaerobes [48]. The intestinal 
microbiota of neonates is characterized by low diversity and a relative dominance of fac-
ultative anaerobes of the phyla Proteobacteria and Actinobacteria [49]. After birth, the phyla 
Firmicutes and Bacteroidetes increase their diversity and dominance, reaching over 3 years old 
a total resemblance to the adult in terms of composition and diversity [50]. These results indi-
cate that dietary intake during the first 1500 days of life is a critical factor in the establishment 
of gut microbiota community and its role in the development of obesity is a matter of research 
and discussion.

4. Type of infant feeding

Another important factor modulating microbial colonization in infants is the type of feed-
ing. The diet during early life will influence on the establishment and composition of the gut 
microbiota during childhood and even adult life [51]. Breast milk meets the infant’s needs by 
providing nutrients appropriate to the infant’s developmental stage, as well as growth fac-
tors, antimicrobial peptides, and proteins to support their developing immune system. Even 
though breast milk provides all the necessary nutrients for a suitable development of the 
baby, many babies cannot take it for several reasons and they are fed with infant formulas. 
Infant formulas provide a greater weight gain and increase the risk of obesity, hypertension, 
and diabetes [52]. Therefore, it is necessary to continue studying the composition and the 
positive effects of breast milk versus milk infant formula in order to better understand the 
beneficial role of breast milk on offspring’s health to improve the outcomes in the formula-fed 
infants.

Breast-feeding brings clear short-term benefits for child health by reducing mortality and 
morbidity from infectious diseases. There is evidence on the effects on child health and 
growth of exclusive breast-feeding for 6 months. Kramer et al. showed that infants who 
were exclusively breast-fed for 6 months experienced lower morbidity from gastrointestinal 
and allergic diseases, while showing nondeficits in growth rates to non–breast-fed children 
[53]. Based on such evidence, WHO and UNICEF recommend that every infant should be 
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cate that dietary intake during the first 1500 days of life is a critical factor in the establishment 
of gut microbiota community and its role in the development of obesity is a matter of research 
and discussion.

4. Type of infant feeding

Another important factor modulating microbial colonization in infants is the type of feed-
ing. The diet during early life will influence on the establishment and composition of the gut 
microbiota during childhood and even adult life [51]. Breast milk meets the infant’s needs by 
providing nutrients appropriate to the infant’s developmental stage, as well as growth fac-
tors, antimicrobial peptides, and proteins to support their developing immune system. Even 
though breast milk provides all the necessary nutrients for a suitable development of the 
baby, many babies cannot take it for several reasons and they are fed with infant formulas. 
Infant formulas provide a greater weight gain and increase the risk of obesity, hypertension, 
and diabetes [52]. Therefore, it is necessary to continue studying the composition and the 
positive effects of breast milk versus milk infant formula in order to better understand the 
beneficial role of breast milk on offspring’s health to improve the outcomes in the formula-fed 
infants.

Breast-feeding brings clear short-term benefits for child health by reducing mortality and 
morbidity from infectious diseases. There is evidence on the effects on child health and 
growth of exclusive breast-feeding for 6 months. Kramer et al. showed that infants who 
were exclusively breast-fed for 6 months experienced lower morbidity from gastrointestinal 
and allergic diseases, while showing nondeficits in growth rates to non–breast-fed children 
[53]. Based on such evidence, WHO and UNICEF recommend that every infant should be 
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exclusively breast-fed for the first 6 months of their life; continued breast-feeding for up to 
2 years or longer is also recommended [54]. Also, there is evidence of long-term benefits of 
breast-feeding such as increased school achievement and performance in intelligence tests, 
reduced mean blood pressure, lower total cholesterol, and a lower prevalence of overweight 
and obesity leading to lower incidence of inflammatory bowel diseases, type 2 diabetes, and 
obesity later in life [54, 55].

Human milk is a dynamic fluid that contains many hundreds to thousands of distinct bioactive 
molecules that confers beneficial properties for infants. Human milk changes in composition 
from colostrum to late lactation, and varies within feeds, diurnally, and between mothers [56].

The composition of this complex mixture differs also during the lactation period, from colos-
trum through transitional to mature milk. Colostrum is produced during the first days of 
postpartum, it contains high amounts of secretory IgA, lactoferrin, leukocytes, and epidermal 
growth factor. Transitional milk typically occurs from 5 days to 2 weeks postpartum, it shares 
some of the characteristics of colostrum but there is an increase in milk production to support 
the nutritional and developmental needs of the rapidly growing infant. By 4–6 weeks post-
partum, human milk is considered fully mature and it remains stable in composition over the 
course of lactation [57–59]. Thus, infant formula should adapt to different physiological and 
nutritional needs of the growing baby.

Regarding the gut microbiota acquisition, the first colonizers of the infant gut are faculta-
tive anaerobes including Staphylococcus, Streptococcus, Escherichia coli, and Enterobacteria that 
will be later replaced by strict anaerobes that dominate the gastrointestinal tract, primarily 
Clostridium, Bifidobacterium spp., and Bacteroides [60]. This change in dominant taxa represen-
tation can be attributed to the introduction of breast milk or formula-feeding, signifying the 
first diet-related colonization event in the infant gut microbiome [61, 62]. Breast milk has 
been shown to be an excellent and continuous source of potentially beneficial and commensal 
bacteria, including Staphylococci, Streptococci, lactic acid bacteria, and Bifidobacteria, with bacte-
rial cell numbers reaching 103–105 ml–1 of breast milk. Although the commensals’ origin is 
unknown, it is inevitable that bacterial from mother’s skin are transferred to the baby during 
breast-feeding, but there is also other hypothesis wherein bacteria from the maternal gut may 
reach the mammary glands via maternal dendritic cells and macrophages [63]. More than 700 
species of bacteria have now been identified in human colostrum and breast milk, including 
multiple species of lactic acid bacteria as well as species typically colonizing the oral cavity 
of infants [64].

The presence of Bifidobacteria in breast milk is important for the colonization of the infant 
gut, since it mediates the activation of IgA-producing plasma cells in the human neonatal 
intestine. It is well established that a gut microbiota dominated by Bifidobacteria typifies that 
of the healthy breast-fed infant [65]. There are conflicting results regarding differences in the 
relative abundance of these bacteria between breast- and formula-fed infants. Many stud-
ies have reported that formula-fed infants display dominance of Bifidobacterium spp. similar 
to what has been observed in breast-fed infants [61, 66]. However, another study reported 
approximately double the count of Bifidobacterium in breast-fed infants compared to those 
formula-fed [67].
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Comparisons between breast-fed and formula-fed infants show that breast-fed infants tend 
to contain a more uniform population of gut microbes dominated by Bifidobacteria and 
Lactobacillus [67], whereas formula-fed infants exhibit higher proportions of Bacteroides, 
Clostridium, Streptococcus, Enterobacteria, and Veillonella spp. [66–69].

Although infant formulas have evolved greatly during last years, a formula providing exactly 
the same benefits than human milk has not yet been developed. Among others, human milk 
contains substantial quantities of complex nondigestible oligosaccharides (known as human 
milk oligosaccharides, HMOs). HMOs are considered a type of prebiotics as they promote the 
growth and proliferation of beneficial commensals and, consequently, prevent pathogen colo-
nization of the infant gut and exert positive health effects [70]. Thus, the chemical composition 
of breast milk does influence the gut microbiome through supplying oligosaccharides that are 
selectively utilized by specific bacteria in the gut [60].

Another way to modify the gut microbiome is by the administration of probiotics. Probiotics 
are defined as “live microorganisms which when administered in adequate amounts, confer a 
health benefit to the host” [71]. Lactobacillus and Bifidobacterium species isolated from human 
milk are the most commonly used probiotic strains. They exert beneficial properties in the 
gut by suppressing the proliferation of pathogenic microbes, has been extensively studied 
[72]. For this reason, another area of research regarding formula enrichment is in HMOs and 
probiotics and their effects on the infant gut microbiota.

Certain gut-associated bacterial populations such as Bifidobacterium spp. possess gene clusters 
dedicated to the metabolism of HMOs [73, 74]. Degradation of these compounds produces lactate 
and short-chain fatty acids (SCFA), which in turn generates an acidic environment that prevents 
pathogen invasion [75]. Besides Bifidobacteria, HMOs may be consumed by other species such as 
Bacteroides spp. (e.g., Bacteroides fragilis and Bacteroides vulgatus) that consumes a broad range of 
HMO glycans [76]. Thus, HMOs play an important role in the gut colonization of the infants.

Among the most common prebiotics are fructo-oligosaccharides (FOS),  galacto- oligosaccharides 
(GOS), inulin, and lactulose. The prebiotic mixture of 90% GOS plus 10% FOS has been 
assessed to be safe when added to infant formula [77]. Several randomized controlled trials 
have been made to evaluate the efficacy and safety of prebiotic supplementation in infant 
formulas [78, 79]. After compiling data of these trials into a meta-analysis, weight gain 
[weighted mean difference 1.07 g/day] was significantly higher among formula-fed infants 
supplemented with prebiotics compared to the placebo group [80]. In addition, a large num-
ber of clinical trials in term of infants have shown controversial results related to the increase 
in Bifidobacteria in feces due to supplementation of infant formula with GOS and FOS. A sys-
tematic review published by Rao et al. [78] reported that some of the randomized controlled 
trials (RCTs) showed a trend of increasing Bifidobacteria counts in formula supplemented fed 
infants, and another systematic review published by Mugambi et al. [81] failed to show the 
increase in Bifidobacteria or Lactobacillus or the decrease of pathogens in infants fed with pre-
biotic supplemented formula.

Nonetheless, there are promising results from studies which have assessed the effect of prebi-
otic supplemented formulas on the gut microbiota of infants. Prebiotics are able to change gut 

Adiposity - Omics and Molecular Understanding272



Comparisons between breast-fed and formula-fed infants show that breast-fed infants tend 
to contain a more uniform population of gut microbes dominated by Bifidobacteria and 
Lactobacillus [67], whereas formula-fed infants exhibit higher proportions of Bacteroides, 
Clostridium, Streptococcus, Enterobacteria, and Veillonella spp. [66–69].

Although infant formulas have evolved greatly during last years, a formula providing exactly 
the same benefits than human milk has not yet been developed. Among others, human milk 
contains substantial quantities of complex nondigestible oligosaccharides (known as human 
milk oligosaccharides, HMOs). HMOs are considered a type of prebiotics as they promote the 
growth and proliferation of beneficial commensals and, consequently, prevent pathogen colo-
nization of the infant gut and exert positive health effects [70]. Thus, the chemical composition 
of breast milk does influence the gut microbiome through supplying oligosaccharides that are 
selectively utilized by specific bacteria in the gut [60].

Another way to modify the gut microbiome is by the administration of probiotics. Probiotics 
are defined as “live microorganisms which when administered in adequate amounts, confer a 
health benefit to the host” [71]. Lactobacillus and Bifidobacterium species isolated from human 
milk are the most commonly used probiotic strains. They exert beneficial properties in the 
gut by suppressing the proliferation of pathogenic microbes, has been extensively studied 
[72]. For this reason, another area of research regarding formula enrichment is in HMOs and 
probiotics and their effects on the infant gut microbiota.

Certain gut-associated bacterial populations such as Bifidobacterium spp. possess gene clusters 
dedicated to the metabolism of HMOs [73, 74]. Degradation of these compounds produces lactate 
and short-chain fatty acids (SCFA), which in turn generates an acidic environment that prevents 
pathogen invasion [75]. Besides Bifidobacteria, HMOs may be consumed by other species such as 
Bacteroides spp. (e.g., Bacteroides fragilis and Bacteroides vulgatus) that consumes a broad range of 
HMO glycans [76]. Thus, HMOs play an important role in the gut colonization of the infants.

Among the most common prebiotics are fructo-oligosaccharides (FOS),  galacto- oligosaccharides 
(GOS), inulin, and lactulose. The prebiotic mixture of 90% GOS plus 10% FOS has been 
assessed to be safe when added to infant formula [77]. Several randomized controlled trials 
have been made to evaluate the efficacy and safety of prebiotic supplementation in infant 
formulas [78, 79]. After compiling data of these trials into a meta-analysis, weight gain 
[weighted mean difference 1.07 g/day] was significantly higher among formula-fed infants 
supplemented with prebiotics compared to the placebo group [80]. In addition, a large num-
ber of clinical trials in term of infants have shown controversial results related to the increase 
in Bifidobacteria in feces due to supplementation of infant formula with GOS and FOS. A sys-
tematic review published by Rao et al. [78] reported that some of the randomized controlled 
trials (RCTs) showed a trend of increasing Bifidobacteria counts in formula supplemented fed 
infants, and another systematic review published by Mugambi et al. [81] failed to show the 
increase in Bifidobacteria or Lactobacillus or the decrease of pathogens in infants fed with pre-
biotic supplemented formula.

Nonetheless, there are promising results from studies which have assessed the effect of prebi-
otic supplemented formulas on the gut microbiota of infants. Prebiotics are able to change gut 

Adiposity - Omics and Molecular Understanding272

metabolic activity, bring stool consistency, and defecation frequency closer to that of breast-
fed infants. Other outcomes included better weight gain and softer stools, and a significant 
reduction in stool pH for infants who received prebiotic supplementation [78, 81]. Moreover, 
prebiotics have been used to prevent or treat obesity. Compared to probiotics, human studies 
with prebiotics have shown more promising results in obesity management, with reductions 
in body weight and fat mass in adults [82–84] in contrast with results from meta-analysis 
mentioned above, where the supplementation with prebiotics was significantly associated to 
a higher weight gain [80].

In the last years there is a growing interest in the simultaneous administration of prebiotics and 
probiotics, what is termed “symbiotic.” There are a few recent studies which have assessed 
the effect of symbiotic supplementation on the infant health. The ESPGHAN Committee on 
Nutrition showed an increase in stool frequency for three types of symbiotic (B. longum BL999 
plus GOS/FOS, B. longum BL999 plus L. rhamnosus LPR plus GOS/FOS, and L. paracasei subsp. 
paracasei plus B. animalis subsp. lactis plus GOS) [79]. Also, Ringel-Kulka et al. showed that a 
yogurt with the probiotic bacteria Bifidobacterium animalis subspecies lactis (BB-12) and the 
prebiotic inulin significantly reduced days of fever, improved social and school functioning, 
and increased frequency of bowel movements in healthy children attending child care centers 
[85]. Regarding to obesity interventions with symbiotic, Safavi et al. [86] found that treatment 
of overweight children with a symbiotic mixture of the prebiotic, FOS, in combination with 
seven probiotic strains was associated with a decreased BMI z-score compared to placebo.

Studies suggest that pre-, probiotic, and symbiotic supplementation may be beneficial in the 
prevention and management of disease where the gut microbiota has a key role (e.g., necrotiz-
ing enterocolitis, gastroenteritis, or obesity). Although these studies show promising benefi-
cial effects, the long-term risks or health benefits of pre- and probiotic supplementation are not 
clear as results from single studies need to be replicated in well-defined RCTs. Nonetheless, 
there is active research on functional food that contains pre-, probiotics, and symbiotics sup-
plementation because they can influence not only the microbiota favoring the growth of ben-
eficial microorganisms, but also the mucosal immune system associated to the gut [87].

5. Childhood exposure to antibiotics

Exposure to antibiotics during infancy and childhood use to begin very early. Two different 
studies showed that >30% of women with a delivery had done systemic antibiotic treatments 
during pregnancy [88, 89]. Although the effects of antibiotic exposure during pregnancy on 
acquisition of infants’ microbiota have not been established, maternal antibiotic exposure is 
relevant since infants’ microbiota is taken at least in part from their mothers. In addition, pre-
natal antibiotic exposure has been shown to have effects on the birth weight of neonates and 
is associated with increased risk of obesity and related metabolic sequelae later in life [90, 91].

After birth, a number of neonates, particularly premature infants, receive antibiotics to pre-
vent or treat bacterial infections. Fjalstad et al. showed that 2.3% of all live-born term infants 
received intravenous antibiotics in the population, they analyzed from 2009 to 2011 [92]. 
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Higher prescription rates were shown in preterm or term infants with relevant clinical prob-
lems. In a study involving neonates admitted to the neonatal intensive care unit in U.S. from 
2005 to 2010, more than 88% of extremely low birth weight infants were administrated anti-
biotics [93].

Over the last decade, several national and international health institutions have made an 
enormous effort to decrease antibiotic use in the pediatric population by educating parents 
about the futility of treating viral infections with antibiotics and about concerns of antibiotic 
resistance [94, 95]. But, despite a recent reduction, widespread antibiotic use in infants and 
children remains a relevant health problem in the entire industrialized world, mainly because 
most prescriptions were frequently inappropriate [96].

However, even in countries in which the prescribing pattern usually adheres to national 
guidelines with respect to the choice of antibiotics, antibiotics are still largely prescribed to 
children, particularly to very young children [97–100].

In addition to antibiotic exposure for infection prevention and therapy, children could poten-
tially be substantially exposed to antibiotics through the food supply chain or, more rarely, 
drinking water [101].

5.1. Evidence from animals

In last 50 years, farmers have been using low doses of antibiotics to promote growth and 
feed efficiency of pigs, cows, sheep, and poultry [102]. Different antibiotics have been demon-
strated to have these effects independently of its class, chemical structure, and mode of action 
and spectrum of activity. Moreover, the effects on growth are greater when animals receive 
antibiotics early in life than if the exposure occurs later in life [103–105].

Also, studies in mice using multiple types of antibiotics have further confirmed this associa-
tion, as well as identifying early life as the key period for microbe-mediated programing of 
host metabolism [106, 107].

Experiments with germ-free animal models have provided direct evidence of the key role 
of the microbiota in the association between low doses of antibiotics exposure and growth 
promotion. In 1963, Coates et al. showed that in germ-free chicken antibiotics alone have no 
growth promoting effects [108]. Recently, Cox et al. showed that germ-free mice who received 
the microbiota from mice treated with low dose penicillin gained more weight and fat mass 
than mice colonized with microbiota from control animals [107].

Then, there are two main findings from these experiments. First, early life is a critical time for 
metabolic development of the host, and second, the microbiome has a key role in this process 
and its disturbance duty to antibiotic exposure at this time affects the course of growth and 
development [109].

5.2. Epidemiologic evidence

There is epidemiologic evidence that exposure to antibiotics in early life is associated with 
increased risk of excess adiposity. Recently, epidemiological studies have shown that 
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this phenomenon can also occur in humans starting in the fetal stage of life. In that sense, 
Mueller et al. observed in a U.S. cohort that the administration of antibiotics to women in 
the last two trimesters of pregnancy increased 84% the risk of obesity in children at 7 years 
old compared to children born to mothers without antibiotics administration at the same 
period [110]. Also, Mor et al. observed similar results in a study performed in Denmark 
where they showed that prenatal exposure to systemic antibacterials was associated with an 
increased risk of overweight and obesity at school age, and this association varies by birth 
weight [111].

After birth, the exposure to antibiotics has been associated to obesity due to the analysis of 
different human cohorts in various countries. In a Danish mother-child pairs cohort, Ajslev 
et al. showed antibiotic exposure in children during the first 6 months was associated with 
an increased risk of being overweight at 7 years of age; the effect was stronger in boys than 
in girls. In a U.K. cohort, Trasande et al. showed that antibiotic use in the first 6 months of 
life was associated with increased BMI at 10, 20, and 38 months of age [19]. Both studies 
also determined that maternal BMI was a contributing factor for the development of obesity 
following exposure to antibiotics in early life, with increased effects seen in children with 
mothers of normal weight compared with children from mothers who were overweight. Also, 
Azad et al. in a study of Canadian infants showed that antibiotics administered in the first 
year of life increased the likelihood of a child being overweight at 9 years and 12 years of age 
being almost seen in boys [112], which was consistent with the previous results from Ajslev 
et al. In a U.S. cohort, Bailey at al. observed that repeated exposure to broad-spectrum anti-
biotics at ages 0–23 months was associated with early childhood obesity. Importantly, this 
observation was associated with the use of broad-spectrum antibiotics, but not with the use 
of narrow-spectrum antibiotics.

Finally, in a multicenter, multicountry, cross-sectional study (The International Study of Asthma 
and Allergies in Childhood Phase III) Murphy et al. observed a significant interaction between 
sex and early-life antibiotic exposure. Exposure to antibiotics during the first 12 months of life 
was associated with a small increase in BMI in boys aged 5–8 years but not in girls in this large 
international cross-sectional survey.

Colonization of neonate’s gut microbiota relies on vertical transmission from the mother at 
the time of delivery; thus, during pregnancy or early-life exposure to antibiotics could have 
effects on weight later in life by disturbing the proper establishment of the gut microbiota.

5.3. Antibiotic exposure and dysbiosis in children

Prospective studies have showed that changes in gut microbiota in early life may precede the 
development of overweight and obesity [113, 114].

In particular, some bacterial taxa has been associated with the risk of obesity development, 
regarding to this, a high abundance of intestinal Bifidobacteria in early life appears to be asso-
ciated with lower risk of overweight [114, 115], whereas high amounts of Bacteroides fragilis 
increase the risk of obesity development [113]. Thus, likely factors that exert an impact on gut 
microbiota composition and functionality in early life may also modulate the risk of obesity 
development.
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Therefore, antibiotic exposure during childhood can reduce the phylogenetic diversity and 
microbial load of the gut microbiota [116].

Regarding preterm infants it has been shown that treatment with amoxicillin and gentamicin 
during the first week of life reduced the bacterial diversity and raised the relative abundance 
of Enterobacter in the second and third weeks of life compared to preterm infants not exposed 
to antibiotics [117].

Moreover, administration of penicillin, ampicillin, cephalexin, gentamicin, amikacin, eryth-
romycin, vancomycin, clindamycin, and teichomycin to preterm infants has been associ-
ated with a decrease in the relative abundance of Bifidobacteriaceae, bacilli, and Lactobacillales 
spp., commonly linked with a healthy status and an increase in the presence of potentially 
pathogenic Enterobacteriaceae [117–119]. Besides short-term-effects, the dysbiosis produced 
by antibiotics administration in infants may produce long-term effects like the persistence 
of the risk of obesity development. It has been observed that 3 months after of antibiotics 
persists the microbiota disruption [120]. However, antibiotic administration to neonates has 
been linked to several critical clinical conditions in which modification of the microbiota 
composition is thought to play a relevant role, in diseases such as necrotizing enterocolitis 
and sepsis [121, 122].

Antibiotic treatments in early life can lead to long-term alterations in microbiota composition 
that result in changes to host metabolic functions, particularly during development, increas-
ing the risk of obesity [109].
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