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Obesity is considered a major health problem. However, mechanisms involved and its comorbidities are not elucidated. Recent
theories concerning the causes of obesity have focused on a limit to the functional capacity of adipose tissue, comparing it with
other vital organs. This assumption has been the central point of interest in our laboratory. We proposed that the failure of adipose
tissue is initiated by the difficulty of this tissue to increase its cellularity due to excess in fat contribution, owing to genetic or
environmental factors. Nevertheless, why the adipose tissue reduces its capacity to make new adipocytes via mesenchymal cells of
the stroma has not yet been elucidated. Thus, we suggest that this tissue ceases fulfilling its main function, the storage of excess fat,
thereby affecting some of the key factors involved in lipogenesis, some of which are reviewed in this paper (PPAR𝛾, ROR1, FASN,
SCD1, Rab18, BrCa1, ZAG, and FABP4). On the other hand, mechanisms involved in adipose tissue expandability are also impaired,
predominating hypertrophy via an increase in apoptosis and a decrease in adipogenesis and angiogenesis. However, adipose tissue
failure is only part of this great orchestra, only a chapter of this nightmare.

1. Introduction

Obesity is considered a major health problem and its preva-
lence has increased dramatically in the last decades, corre-
sponding to the 36.9% of the men and the 38.0% of women
worldwide [1]. Obesity is usually accompanied by other dis-
eases, themost common being type 2 diabetes mellitus (T2D)
[2], insulin resistance (IR) [3], and cardiovascular complica-
tions [4]. Moreover, other metabolic consequences have been
related, such as nonalcoholic fatty liver disease (NAFLD) [5]
or evenmany cancers [6].Thus, obesity must be studied from
a global perspective.

Although obesity is not the unique problem in metabolic
syndrome, this is becoming more common due to a rise
in obesity rates among adults [7]. Over the last few years,
the number of people with diabetes mellitus has increased
massively, raising prevalence worldwide, and does not focus
on the western societies. In the economically advanced

countries, the increase will be about 50% in 2030 [8], so it has
become one of the most important public health challenges
globally. Obesity is a major cause of T2D [9]. Although great
advances have been made in understanding the mechanisms
involved in the pathogenesis of T2D, these have still not been
fully elucidated. Currently, the only effective therapy is weight
loss, including the lately accepted bariatric surgery [10], and
last knowledge about the effectiveness of the physical activity,
which is able to decrease specific visceral fat increasing the
fat-free mass [11].

Adipose tissue is a key regulator of energy balance,
playing an active role in lipid storage and buffering, synthe-
sizing, and secreting a wide range of endocrine products into
circulating blood that influence systemic metabolism [12]. A
classical paradigm has been the fact that the more adipose
tissue, the higher the prevalence of metabolic diseases [13],
and it is this relationship that has interested researchers.How-
ever, certain inconsistencies have been found; for example,
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some extremely obese people are not diabetic, while other
overweight people develop severe IR and diabetes [14]. This
suggests that the absolute amount of fat stored may not
be the most important factor determining the relationship
between obesity and diabetes. Obesity-related adverse health
consequences therefore appear to be related to fat distribution
rather than the total amount of fat [15].

There are many theories linked to obesity: from the
simplest excess of energy/lipids intake to the most recent gut
microbiota [15, 16]. But a very interesting theory is focused
on a limit to the functional capacity of adipose tissue. When
this capacity is exceeded, metabolic disorders occur [17].This
suggests that the factor linking obesity, diabetes, and asso-
ciated comorbidities may not be the absolute amount of fat
accumulated but the mismatch between energy surplus and
storage capacity [18].This new vision places the adipose tissue
at the same level as other vital organs. Just as one can speak
of heart, liver, or kidney failure, we propose the idea of
adipose tissue failure.

The aim of this review is to better understand the adipose
tissue organ, reviewing the influence of variables that govern
its ability to expand and its influence on development of IR
and diabetes associated with obesity, mainly based on the
studies undertaken by our research team over the last few
years.

2. Lipogenic Capacity of Adipose Tissue

Fat accumulation is determined by the balance between fat
synthesis (lipogenesis) and fat breakdown (lipolysis/fatty acid
oxidation). Lipogenesis encompasses the processes of fatty
acid synthesis and triglyceride synthesis, and takes place in
both the liver and in adipose tissue. It has long been accepted
that the primary function of adipocytes is to store fuel for dis-
tribution to nonadipose tissues in times of need [19], but Adi-
pose tissue is also an important site of endogenous fatty acid
synthesis, although lipogenesis in this tissue is considered
low and less than that in the liver [20].

Excessive hepatic lipogenesis is a hallmark feature of
many models of obesity and diabetes, although the causal
relationship between tissue lipid accumulation and insulin
resistance is unclear [21]. Some of the most feasible reasons
are its relationship with NAFLD [5], endoplasmic reticulum
(ER) stress [22], the role of the free fatty acids (FFA) [23] or/
and ceramides [24].

Lipogenesis is thought to be a relativelyminor contributor
towhole body lipid stores in a present-day human consuming
a typical high fat diet [25]. Nevertheless, under special
situations such as a high carbohydrate diet, the total body fat
synthesis significantly exceeds de novo lipogenesis [26]. It is
well recognized that adipose tissue storage capacity for fatty
acids prevents lipotoxicity in other tissues [27]. However,
adipose tissue buffering is impaired in obesity throughdefects
in the ability of adipose tissue to respond rapidly. Thus, the
lipogenic pathway has been suggested to be downregulated in
obesity, at least at the gene expression level [28]. Although in
early obesity there is an increase in lipogenic gene expression
to store fat rapidly, in long-termobese subjects this expression
decreases, perhaps due to a late adaptive process, aimed at

limiting further development of fat mass [29]. A possible
explanation for this reversal is that once the storage capacity
of the adipocytes is reached, the cells reduce their ability
to synthesize additional fatty acids, following a natural
inhibitory feed-back process [28].

2.1. Key Factors Implicated in Adipose Tissue Lipogenesis.
Thus, changes in lipid-storing capacity and lipidmobilization
processes in adipocytes represent important elements of
adipose tissue dysfunction. Many factors are involved in this
action, although we will focus on those our research team has
been working on (Figure 1) in the last years, some of them are
widely known, others are shown as a novel approach. Gene
expression patterns play a key role in determining patho-
genesis and candidate genes of T2DM and obesity [30, 31],
because of their first step in the transcription and function
cascade. Thus, many of the presented results are base on this
technique.

2.1.1. Peroxisome Proliferator-Activated Receptor-𝛾 (PPAR𝛾).
Peroxisome proliferator-activated receptor-𝛾 (PPAR𝛾) is a
regulator of adipogenesis and lipogenesis, being considered
themost important regulator of these processes.The behavior
of PPAR𝛾 has long been recognized from clinical, pathologi-
cal, observational and case studies. The activation of PPAR𝛾
leads to adipocyte differentiation and fatty acid storage, whilst
it represses genes that induce lipolysis and the release of free
fatty acids (FFA) in adipocytes [32]. Failure in themetabolism
of this molecule leads to dysregulation in the optimal
lipid storage and mobilization, the main problem of obesity.
Under normal conditions, PPAR𝛾mRNA expression is high-
est postprandially and its activation leads to upregulation of
genes that mediate fatty acid uptake and trapping, ensuring
the storage and relocalization of the excess triacylglycerol
[33]. Moreover, PPAR𝛾 has a direct role in the transcriptional
control of specific functional nodes of the lipolytic axis
through the protein kinase A (PKA) complex [34]. On the
other hand subjects with IR and obesity have a reduced
PPAR𝛾 expression, both fasting and postpandrially [35, 36].
Morbidly obese patients and patients with diabetes have a
lower expression of PPAR𝛾2 mRNA in comparison with
morbidly obese insulin sensitive patients, both in VAT and
muscle [36]. This is closely associated with the storage
capacity in adipose and muscle tissues, with the mismatch
between energy surplus and storage capacity in adipose tissue
andmuscle tissues possibly being an important factor linking
obesity and IR [37]. This lower expression was also found
in both PPAR𝛾 and PPAR𝛾2 mRNA in peripheral blood
mononuclear cells after a high-fat meal in morbidly obese
humans and it was more patent in those who were insulin
resistant, indicating an altered response in these individuals
[35].

2.1.2. Fatty Acid Synthase (FASN). On the other hand,
another important molecule in this process is the fatty acid
synthase (FASN), which is the central enzyme for de novo
synthesis of long-chain saturated fatty acids, and is a key
enzyme in lipogenesis. FASN expression and activity are
regulated by insulin [38]. So from this point, concerning
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Figure 1: Lipogenic pathway in obese patients. The loss of the lipogenic capacity of the adipose tissue is compensated by other tissues and
organs, mainly the liver. Thus, many molecules come into play in this loss of lipogenic capacity of the adipose tissue, acting in a wrong
way. HFD: high fat diet; IR: insulin resistance; TAG: triacylglycerol; PPAR𝛾: peroxisome proliferator-activated receptor-𝛾; FASN: fatty acid
synthase; ZAG: zinc-𝛼2 glycoprotein; FABP4: fatty acid-binding protein 4; ROR𝛾1: retinoic acid receptor-related orphan nuclear receptor 𝛾1;
SCD1: stearoyl-CoA desaturase-1; Rab18: Ras-related protein 18; BrCa1: breast cancer 1.

carbohydrate metabolism disorders and obesity, we have
demonstrated that adipose FASN gene expression is closely
related with the hyperglycemic state (higher in normo-
glycemic individuals compared with those with hyperglyc-
emia) [39]. In addition, we have also demonstrated a signif-
icant decrease in FASN expression in hypertensive individu-
als, being more pronounced in obese patients [40].

2.1.3. Zinc-𝛼2 Glycoprotein (ZAG). Another protein recently
studied is Zinc-𝛼2 glycoprotein (ZAG), a protein expressed in
mature adipocytes and inVAT and SAT andwhich is involved
in body weight control through its lipid-mobilizing activity
via interaction with 𝛽3-adrenoreceptors, suggesting a role in
lipid catabolism [41]. ZAG may therefore be considered an
adipokine. Previous in vivo studies showed that ZAG induces
a loss of body weight in overweight and obese animals
through specific depletion of carcass fat [42]. Studying the
most extreme form of obesity, we found an inverse rela-
tionship between ZAG expression and body mass index. We
suggested that ZAGmay be involved in the regulation of lipid
metabolism due to a different expression inVAT and SAT and
its different relation with the genetic expression of lipolytic
enzymes [43].

2.1.4. Fatty Acid-Binding Protein 4 (FABP4). Another way
to address the issue of the loss of lipogenic capacity in
individuals with IR is the compensation of that loss by tissues
and organs other than the adipose tissue. For instance, fatty
acid-binding protein 4 (FABP4), a protein linked to insulin
sensitivity, lipidmetabolism and inflammation [44], has been
described as an important mediator in the crosstalk between
adipocytes and macrophages in adipose tissue. We have
suggested that the adipose tissue and the liver may act in a
balanced manner depending on the IR status, as a decrease
in FABP4 expression was observed in adipose tissue from
metabolically obese patients versus metabolically healthy
humans, while the opposite takes place in the liver, with an
increase in FABP4 expression inmetabolically obese patients,
with the IR status being an important determinant in tissue
expression [45].

2.1.5. Retinoic Acid Receptor-Related Orphan Nuclear Receptor
𝛾1 (ROR𝛾1). Another orphan nuclear receptor associated
with IR, and which has been studied in our laboratory, is
the retinoic acid receptor-related orphan nuclear receptor 𝛾1
(ROR𝛾1), also expressed in human adipose tissue. ROR𝛾1 has
an important role in adipogenesis and glucose homeostasis,



4 Journal of Diabetes Research

modulating glucose uptake and promoting adipogenesis [46].
Ror𝛾(−/−) mice are protected from hyperglycemia and IR
in the state of obesity [47]. Subjects with obesity and a high
degree of IR have a clear rise in gene and protein expression of
theROR𝛾1 receptor in adipose tissue, especially in the visceral
depot. This suggests that ROR𝛾1 may be added to the list
of nuclear receptors in adipose tissue that could be used to
modulate the IR associated with obesity [48].

2.1.6. Stearoyl-CoA Desaturase-1 (SCD1). Stearoyl-CoA
desaturase-1 (SCD1), which is an endoplasmic reticulum-
bound enzyme that converts different saturated fatty acids
into mono-unsaturated fatty acids [49]. Studying the
regulation of SCD1 is of particular interest since alterations
in the composition of phospholipids have been implicated
in a variety of diseases, including cancers, diabetes and
cardiovascular disorders [50]. Mice with a targeted
disruption in the scd1 gene are resistant to diet-induced
weight gain [51]. In accord with these results, we have
reported that SCD1 in morbidly obese patients is related
to obesity and IR, with a raised SCD1 protein level in
VAT and SAT from morbidly obese patients [52]. A recent
collaboration has found an adaptive response to compensate
the antilipogenic effect associated with IR, maintaining
lipid desaturation through preferential SCD1 regulation and
facilitating fat storage in adipose tissue [53].

2.1.7. Rab18 (Ras-Related Protein 18). Another example of up-
regulated molecules in obesity is Rab18, which is a GTPase
that has been found to regulate intracellular membrane
bidirectional trafficking of lipids in lipid droplets [54]; it
is involved in the mechanism to release lipids from lipid
droplets in adipocytes. Rab18 overexpression increased basal
lipogenesis and Rab18 silencing impaired the lipogenic
response to insulin, suggesting that this protein promotes fat
accumulation in adipocytes, performing its activity through
the endoplasmic reticulum [55]. On the other hand, there is
evidence for the participation of Rab18 in the regulation of
lipolysis via 𝛽-adrenergic pathway [56]. Moreover, obesity is
associated with an increase in Rab18 expression, which sug-
gests that upregulation of this GTPase may be an appropriate
response to managing energy excess, an adaptive response
to overcome the alterations in lipid metabolism occurring
in obesity [55]. This participation in the regulation of lipid
processing in adipose tissue takes place under both normal
and pathological conditions [57].

2.1.8. Breast Cancer 1 (BrCa1). And finally, we finished with
Breast Cancer 1 (BrCa1), a good example of a protein with
an important role in the lipogenic and lipolysis pathways
involved in the relationship between obesity and its asso-
ciated metabolic pathologies BrCa1 is a protein involved in
multiple cellular functions, including DNA repair, cell cycle
checkpoint control, and transcription associated with the
DNA damage as it has been reported in breast and ovarian
cancers [58], and ubiquitination, activity developed thanks to
the heterodimer with BARD1 [59], among others. It has been
suggested that BrCa1 helps tomaintain fatty acid biosynthesis
and lipogenesis under control [60]. This is supported by

findings from our laboratory showing an increased BrCa1
expression in adipose tissue and during adipogenesis that
mirror the effects of lipogenic enzymes such as acetyl-CoA
carboxylase (ACC) and FASN [61]. On the other hand, BrCa1
was found to be up-regulated in adipose tissue from obese
subjects independently of whether they had T2D, so we
suggest a crosstalk between BrCa1, lipogenesis, adipogenesis,
obesity, and obesity-associated IR. Thus, taking together the
increased expression of the BrCa1 gene and the reduced
expression of many lipogenic factors, could be interpreted
as the process through which cells reduce their ability to
synthesize additional fatty acids once the limit in the storage
capacity of the adipocytes is attained.

3. Expandability of the Adipose Tissue

Adipose tissue, as suggested above, can be considered
another vital organ, mainly due to its endocrine properties.
Adipocytes are the main units in adipose tissue, and this
tissue is considered to control the whole body metabolism,
so dysregulation can have huge consequences for health. Adi-
pose tissue dysfunction is thought to be themajor factor lead-
ing to whole body IR [62]. Beyond expandability of adipose
tissue, the essential pathological changes of adipose tissue
affect whole body energy homeostasis and integrity.

3.1. Neogenic Capacity of the Adipose Tissue. Adipose tissue
is very dynamic; as much as 10% of the fat cells die and
are renewed every year [63]. Lipid excess in AT results
in increased adipocyte size (hypertrophy) or/and increased
numbers of adipocytes (hyperplasia), seen as enlarged SAT or
VAT [64] (Figure 2).

As it has been noticed, there are metabolic and functional
differences between adipose tissue depots; SAT is recognized
as the safest TAG depot, and it is the first to receive excess
lipids, whereas visceral deposition occurs only after SAT
capacity has been exceeded [65]. Thus, VAT has a greater
capacity to generate free fatty acids and to uptake glucose,
while SAT is more avid in the absorption of circulating free
fatty acids and triacylglycerols [66].

On the other hand, a different impact of subcutaneous
and visceral fat cell sizes on lipid and glucose/insulin profiles
has been observed [67]. So that, mean fat cell size is asso-
ciated with metabolic complications but not with systemic
or adipose inflammation in morbid obesity, with a region-
specific influence: large visceral fat cells are more strongly
linked to dyslipidaemia, whereas large subcutaneous fat cells
correlate with impaired glucose metabolism, hyperinsuli-
naemia and insulin resistance [67]. Thus, Veilleux et al. [68]
suggested that VAT, but not SAT, adipocyte hypertrophy is
associated with an altered lipid profile independent of body
composition and fat distribution in women.These differences
may be determinant in the development of obesity and
related disorders, with IR being the most important factor
linking VAT to cardiovascular risk [66]; whereas in states
of low IR the expression of most of the enzymes in the
lipogenic and lipolytic pathways is greater in SAT facilitating
triglyceride/fatty acid cycling [69].
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Figure 2: The adipose tissue expansion is produced via hypertrophy in a first point. If the surplus of energy continues, adipose tissue
expansion will happen via hyperplasia and/or hypertrophy. In these mechanisms, different mechanisms intervene: adipogenesis, apoptosis,
and/or angiogenesis, which will determine the metabolic status of the patient. Moreover, within each mechanism, this adipose tissue can be
modulated. HFD: high fat diet; SFRP1: secreted frizzled-related protein 1; S14: thyroid hormone responsive Spot 14; VEGF-A/B/C/D: vascular
endothelial growth factor A/B/C/D; TWEAK: TNF-like weak inducer of apoptosis; CASP3/7: Caspasas3/7; BCL2: B-cell lymphoma 2; TRAIL:
TNF (tumor necrosis factor)-related apoptosis-inducing ligand.

However, the large interindividual variability observed
in adipocyte size at a given adiposity level suggests that the
tendency to fat cell hypertrophy in each fat compartmentmay
differ among individuals [68].

3.1.1. Molecular Approximation. Although it may seem
incongruent, strategies that increase the capacity of adipose
tissue to store lipid and, therefore, make individuals more
obese may in fact confer metabolic benefits [70]. Allowing
adipose tissue to store more lipids may prevent secondary
metabolic complications caused by lipids being deposited in
nonadipose organs [71]. Thus, the ability of adipose tissue
to expand and match the storage needs of energy surplus
may be a key determinant in protection against the metabolic
syndrome associated with obesity [72]. It is therefore very
important to understand the signaling factors that control
adipose tissue expansion. The Wnt family is known to
control adipocyte differentiation, and several members of
the Wnt family have been shown to inhibit the early steps
of adipogenesis. Conversely, endogenous inhibitors of Wnt
signaling were found to promote the generation of adipocytes
[73]. One group of these extracellular Wnt antagonists is
secreted frizzled-related proteins (SFRPs, also known as
secreted apoptosis-related proteins or SARPs) [74]; at least
five structurally similar SFRPs have been identified. In obesity
it has been observed that mRNA levels of SFRP1-4, but

not SFRP5, were altered; finding that SFRP1, SFRP2 and
SFRP4 are adipokines and their expressions correlated with
insulin sensitivity [75]. However, it has been demonstrated
that, in the setting of obesity, SFRP5 secretion by adipocytes
exerts salutary effects on metabolic dysfunction by control-
ling inflammatory cells within adipose tissue [76]. On the
other hand, there is limited evidence to support a role for
endogenous SFRP1 in the physiological and/or pathological
development of human obesity and the metabolic syndrome.
Accordingly, in collaboration with our team Lagathu et al.
[77] suggested amodel of adipose tissue expansion character-
ized by upregulation of SFRP1 in the early stages of obesity.
This elevation of SFRP1 could inhibit Wnt signaling and,
therefore, facilitate adipose tissue expansion, allowing nutri-
ent storage demands to be met. Further weight gain results in
SFRP1 levels falling back to the same values as lean subjects,
and limiting adipogenesis through increased Wnt/𝛽-catenin
signaling, compromising further adipose tissue expansion
(Figure 3).

Nevertheless, new factors have been discovered that
induce adipogenesis, such as thyroid hormone responsive
Spot 14 (THRSP or S14), another specific factor whose gene
expression and protein levels in lipogenic tissues are strongly
linked to glucose thyroid hormone, insulin, and glucose
and that is directly associated with adipogenesis in human
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Figure 3: Secreted frizzled-related protein 1 (SFRP1) upregulation in early stages of obesity facilitates adipose tissue expansion, falling in
morbidly obese patients [77].

adipocytes but inversely related to obesity and omental fat
accumulation [78].

The great revolution in the study of the adipose tissue,
though, has been the isolation and characterization of an
adipose tissue-derivedmultipotent stem cell population (hO-
MSC). This has opened up new possibilities, especially
concerning the study of how this multipotent stem cell
population resident in the adipose tissue is affected by, or
contributes to, tissue dysfunction [79]. It is therefore impor-
tant to evaluate the influence of the adipogenic environment.
Several studies have focused on the impaired preadipocyte
differentiation in obesity. Isakson et al. [80] observed that
preadipocytes from obese individuals present a reduced
adipogenic potential correlating with an increasing BMI,
while Cleveland-Donovan et al. [81] observed alterations in
the proliferative ability by impaired cell cycle activation. In
accordance with these observations, we demonstrated an
association between obesity and a loss of stemness in the hO-
MSC population, featured by impaired multilineage differ-
entiation potential in the stem cell regulatory network. hO-
MSCs from obese subjects have greater senescence and this
senescence is increased as the degree of obesity rises. Thus,
obese subjects have a lower differentiation capacity of their
hO-MSC to adipose and bone tissue [82]. Several molecular
pathways may explain the refractory response of hO-MSCs
of morbidly obese patients to differentiation. In summary,
despite a potential genetic disposition to force the adipogenic
cell fate by the upregulation of PPAR𝛾, the combination of
dysregulated genes (mainly members of Notch and SHH,
FOXA2 and FOXC2; inhibitors of adipogenic differentiation)
and miRNAs (miRNA23b and miR27b, which are PPAR𝛾
and CEBP𝛼 repressors and Wnt activators, and miR103,
miRNA542-5p, and miRNA320, involved in Wnt dependent
inhibition of adipogenesis, among others) may cause a block,
inducing a failure to enter and/or progress to the adipogenic
fate [82]. Thus, hO-MSCs frommorbidly obese subjects have
an impaired capacity to expand and differentiate to other
features. This is reflected in the so-called “adipose tissue
expandability hypothesis,” where the pathological expansion
of abdominal adipose tissue in morbid obesity reaches a
threshold characterized by an inability of adipose tissue to

expand because its capacity to recruit new adipocytes is
exhausted. This is associated with metabolic complications
and IR due to ectopic deposition of excess lipid in nonadipose
tissue [83].

3.1.2. Apoptotic Capacity of the Adipose Tissue. Apoptosis is a
fundamental mechanism for the homeostasis of mammalian
tissues and it has been linked to a variety of disorders.
Apoptosis is a form of programmed cell death that occurs
under certain physiological and pathological conditions as a
common mechanism of cell replacement, tissue remodeling,
and elimination of damaged cells. The dysregulation of
this process has been suggested to contribute to obesity,
differences in regional fat distribution, or lipodystrophy [84].
Recently, a relationship between adipose tissue inflammation
and apoptosis has been proposed [85, 86], although apoptosis
of adipose tissue is still a relatively poorly studied phe-
nomenon.

Many proapoptotic and antiapoptotic molecules are
mediated in apoptosis, achieving homeostasis of the mam-
malian tissues. Modulation of apoptosis is emerging as a
promising antiobesity strategy because removal of adipocytes
through this process will result in reducing body fat [87]. Two
of the main families involved in apoptosis are the caspases
and B-cell lymphoma 2 (BCL2) proteins. Recently, we found
an increase in proapoptotic CASP3/7 gene expression and a
decrease in antiapoptotic BCL2 gene expression in adipose
tissue (both VAT and SAT) with the increase in body fat mass
[88]. Moreover, in vitro studies demonstrated that culture
with proinflammatory factors from adipocytes increases the
apoptotic pathway. These phenomena could be as a con-
sequence of obesity-induced inflammation; thus we linked
these results with a state of IR as these changeswere paralleled
by an increase in gene expression of inflammatory cytokines
(TNF-𝛼 and IL-6) and macrophage infiltration markers [88].

Many markers have been associated with apoptosis,
mainly through inflammation, some with proapoptotic and
others with antiapoptotic properties. A multifunctional
proapoptotic cytokine belonging to the TNF superfamily,
named TNF-like weak inducer of apoptosis (TWEAK), con-
trols many cellular activities and has emerged as a new player



Journal of Diabetes Research 7

in the inflammatory process. TWEAK (and its receptor Fn14)
is upregulated in severe obesity, because of the modulation
of the microenvironment by the infiltrated macrophages [89]
and not by hypoxia [90]. In a recent collaboration, we found
that a decrease in the soluble form of TWEAK in severely
obese patients may favor the proinflammatory activity of
TNF𝛼 [91].

The latest studies have shown that TRAIL [TNF- (tumor
necrosis factor-) related apoptosis-inducing ligand] amelio-
rates the natural history of diabetes mellitus, associating the
changes induced by a significant reduction in proinflam-
matory cytokines with a modulation of adipose tissue gene
expression and apoptosis [92].Thus, circulating TRAIL levels
may indicate the severity of T2D; low circulating levels may
precede the onset of T2D whereas higher levels of soluble
TRAILmay indicate chronic T2D [93]. Moreover, by binding
to TRAIL-R2, TRAIL activates the cleavage of caspase-8 and
caspase-3, which in turn cleaves and inactivates PPAR𝛾. This
causes changes in gene expression of lipogenic genes, such as
GLUT4, FASN, andACC, and finally leads to the inhibition of
insulin-stimulated glucose uptake and lipogenesis [94]. This
reduction in PPAR𝛾 also reduces adipocyte differentiation
[94], consistent with the study of Bernardi et al. [92] who
attributed the improvement of metabolic abnormalities of
T2D following TRAIL treatment, with its effect on the adi-
posity, which might then have influenced proinflammatory
cytokines levels and glucose metabolism.

3.1.3. Angiogenesis of the Adipose Tissue. The development
and maintenance of fat depots require angiogenesis. Adipose
tissue is highly vascularized, and each adipocyte is nourished
by an extensive capillary network. Thus, adipose tissue
expansion is linked to the development of its vasculature [95].
However, in hypertrophy, the increase in vascularization does
not happen in parallel. Normal angiogenesis depends on the
intricate balance between angiogenic and angiostatic factors.
Molecular mechanisms of switching in angiogenic pheno-
types, in both healthy and pathological tissues, involve an
imbalanced production of overlapping angiogenic factors and
inhibitors [96]. It has been documented that abnormalities of
angiogenesis may contribute to the pathogenesis of diabetes
complications.

The vascular endothelial growth factor (VEGF) and its
receptors play a crucial role in both angiogenesis and vascu-
logenesis. VEGF has also been recognized as being a potent
stimulator of endothelial proliferation and migration [97];
moreover it has beennoticed that its signaling is needed for an
adequate adipose tissue function [98]. White adipose tissue
produces and secretes many different types of proangiogenic
factors, such asVEGF-A andVEGF-B: the two key angiogenic
factors produced by adipocytes [99]. Other adipose-tissue
derived factors with proangiogenic properties includeVEGF-
C and VEGF-D, which have been found to be important
for the proper formation and maintenance of the lymphatic
network. Overexpression of VEGF resulted in increased
blood vessels number and size in white and brown adipose
tissues [100]. In our laboratory, much interest has been
generated after finding that morbidly obese subjects with
low insulin resistance had higher adipose tissue VEGF-A

levels than obese subjects with high insulin resistance,
hypothesizing that upregulation of VEGF-A in adipose tissue
could have a relationship with IR, believing that its upregu-
lation is a compensatory mechanism that replaces the reduc-
tion in VEGF-B, VEGF-C, and VEGF-D [101]. Other com-
plications derived from diabetes include dyslipidemia and
atherosclerosis, and VEGF has also been related with these
disorders, with VEGF-C rather than VEGF-A being more
closely related [102].

4. Discussion

The data presented in this paper, however, is only a little por-
tion of the problem. Old trends tended to focus on one part,
but now we know that everything is much more complex.
In obesity, there is not a single cause, due to obesity is a
part of a major problem, metabolic syndrome and moreover,
other comorbidities as diabetes or cardiovascular diseases.
And, for that reason, we must try to understand the problem
as a complicated network in which all the pathways are
related.

In this work, we have focused on the pathologies associ-
atedwith an adipose tissue failure fromamolecular approach,
but this is only a tiny part of the story. Thus, summing up,
many are the genes that have been related to obesity and
its comorbidities such as T2D. PPARg continues being the
central actor of the scene, but the dysfunction of many others
has been recognized as part/cause of the development of these
diseases; some of them belong to the lipogenesis pathway
(FASN, FABP4, and SCD1) and others used to be associated
with other roles (ZAG, RORa1, Rab18, and BrCa1), but now
their roles in this dysfunction are emerging. But lipogenesis is
not the only process involved; other crucial processes for the
normal function of the adipose tissue are adipogenesis, apop-
tosis, and angiogenesis: necessary processes to help in the
adipose tissue expansion in order to avoid future metabolic
disturbances caused by the excess of fatty acids. SFRP1 and
Spot14 are two genes influenced by the weight gain, involved
in adipogenesis, and whose overexpression protects from
metabolic disturbances. However, it has been noticed that
morbidly obese patients have this process endangered in the
same way that occurs with caspases and BCL2 proteins, or
TWEAK and TRAIL, concerning to apoptosis, or with the
VEGF family in the case of angiogenesis, which are also
deregulated in morbidly obese patients and to the increase
of fat.

Therefore, although obesity has been mainly related to
perturbations of the balance between food intake and energy
expenditure, other factors must nevertheless be considered
(Figure 4). At present, many other hypotheses have been
developed trying to explain the causes of the adipose tissue
hypertrophy and hyperplasia. A hot topic, for example, is
the relationship with the gut microbiota; nowadays there is
a growing interest in elucidating how these microorganisms
can help or aggravate the problem. Various mechanisms have
been proposed to explain the influence of the microbiota
on metabolic disorders, such as metabolic endotoxemia,
modifications in the secretion of the incretins, and butyrate
production [16]. Metabolic endotoxemia is generated by
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Figure 4: Fat accumulation leads to a high number of commorbidities associated to the metabolic syndrome. Many factors intervene in this
situation. Many of them are known but not understood, many are even unknown, so research must be continue until we can elucidate how
this great orchestra sounds in the right way.

the lipopolysaccharides (LPS): endotoxins commonly found
in the outer membrane of Gram-negative bacteria [103].
These LPS are absorbed by enterocytes and they are conveyed
into plasma coupled to chylomicrons [104], aggravating
inflammation. In this way, dietary fats can be associated with
an increase in the absorption of LPS which is related to
changes in the gut microbiota [105].

Inflammation is usually perceived as the connector
among different comorbidities [106]. Another recent theory
is that hypoxia could be a new potential risk factor for
the chronic inflammation in obesity. The hypoxia is able to
induce inflammation in adipose tissue by induction of gene
expression in adipocytes andmacrophages [107]. It is believed
that local inflammation produced by hypoxia may serve
as a physiological signal for angiogenesis, and remodeling
of extracellular matrix in adipose tissue, although, when
inflammation is out of control, it will promote insulin
resistance locally and systemically [108]. During obesity, the
enlargement of the vascular network is not sufficient to supply
enough oxygen to all adipocytes and local hypoxia occurs
[107], and this hypoxia could be a key trigger of adipose
tissue dysfunction. In obesity, hypoxia appears in clusters
of adipocytes that become distant from the vasculature as
adipose tissue expands [109]. It has been established in mice
with the deletion (VEGF (AdΔ)) that adipose vascular density
is reduced and there is adipose hypoxia, while transgenic
mice (VEGF (AdTg)) have increased adipose vasculature and
reduced hypoxia [98], indicating the important role played by
VEGF in this phenomenon.

Obesity increases the risk for T2D through induction of
insulin resistance, and the link has been established with
many factors such as inflammation, mitochondrial dysfunc-
tion, hyperinsulinemia, and lipotoxicity, but there is not a
consensus about the mechanism of insulin resistance [110].
Inflammation could be seen as the best candidate; however,
inflammation is not a good target in the treatment of insulin

resistance as it has been corroborated in some clinical trials
[111].

But as it can be noticed, none of the exposed theories
can explain by themselves the complications in the metabolic
disorders, and for that reason none of them has led to devel-
opment of effective drugs and therapies. All the information
must be taken into account together, trying to understand
that each process interferes in the final status. A better
understanding of the role of each of the parts of this orchestra
will give us the capacity to understand the relationships and
therefore the way and the level to act to obtain the best
response.
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and the Consejeŕıa de Innovación of Junta de Andalućıa (P11-
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[17] M. Blüher, “Adipose tissue dysfunction contributes to obesity
related metabolic diseases,” Best Practice & Research: Clinical
Endocrinology & Metabolism, vol. 27, no. 2, pp. 163–177, 2013.

[18] L. Lionetti, M. P. Mollica, A. Lombardi, G. Cavaliere, G.
Gifuni, and A. Barletta, “From chronic overnutrition to insulin
resistance: the role of fat-storing capacity and inflammation,”
Nutrition, Metabolism and Cardiovascular Diseases, vol. 19, no.
2, pp. 146–152, 2009.

[19] J. V.Neel, “Diabetesmellitus: a ‘thrifty’ genotype rendered detri-
mental by ‘progress’?”American Journal of HumanGenetics, vol.
14, no. 4, pp. 353–362, 1962.

[20] F. Ameer, L. Scandiuzzi, S. Hasnain, H. Kalbacher, and N. Zaidi,
“Denovo lipogenesis in health anddisease,”Metabolism: Clinical
and Experimental, vol. 63, no. 7, pp. 895–902, 2014.

[21] R. V. Farese Jr., R. Zechner, C. B. Newgard, and T. C. Walther,
“The problem of establishing relationships between hepatic
steatosis and hepatic insulin resistance,” Cell Metabolism, vol.
15, no. 5, pp. 570–573, 2012.

[22] G. Boden, P. Cheung, K. Kresge, C. Homko, B. Powers, and L.
Ferrer, “Insulin resistance is associated with diminished endo-
plasmic reticulum stress responses in adipose tissue of healthy
and diabetic subjects,” Diabetes, vol. 63, no. 9, pp. 2977–2983,
2014.

[23] S. Pereira, D. M. Breen, A. E. Naassan et al., “In vivo effects of
polyunsaturated,monounsaturated, and saturated fatty acids on
hepatic and peripheral insulin sensitivity,”Metabolism: Clinical
and Experimental, vol. 64, no. 2, pp. 315–322, 2015.

[24] J. Boon, A. J. Hoy, R. Stark et al., “Ceramides contained in LDL
are elevated in type 2 diabetes and promote inflammation and
skeletal muscle insulin resistance,” Diabetes, vol. 62, no. 2, pp.
401–410, 2013.

[25] I. J. Lodhi, L. Yin, A. P. L. Jensen-Urstad et al., “Inhibiting adi-
pose tissue lipogenesis reprograms thermogenesis and PPAR𝛾
activation to decrease diet-induced obesity,” Cell Metabolism,
vol. 16, no. 2, pp. 189–201, 2012.

[26] K. Minehira, N. Vega, H. Vidal, K. Acheson, and L. Tappy,
“Effect of carbohydrate overfeeding onwhole bodymacronutri-
ent metabolism and expression of lipogenic enzymes in adipose
tissue of lean and overweight humans,” International Journal of
Obesity, vol. 28, no. 10, pp. 1291–1298, 2004.

[27] R.H.Unger, G.O. Clark, P. E. Scherer, and L.Orci, “Lipid home-
ostasis, lipotoxicity and the metabolic syndrome,” Biochimica et
Biophysica Acta, vol. 1801, no. 3, pp. 209–214, 2010.

[28] F. J. Ortega, D. Mayas, J. M. Moreno-Navarrete et al., “The gene
expression of the main lipogenic enzymes is downregulated in
visceral adipose tissue of obese subjects,” Obesity, vol. 18, no. 1,
pp. 13–20, 2010.



10 Journal of Diabetes Research

[29] O. Poulain-Godefroy, C. Lecoeur, F. Pattou, G. Frühbeck, and
P. Froguel, “Inflammation is associated with a decrease of
lipogenic factors in omental fat in women,”American Journal of
Physiology—Regulatory Integrative and Comparative Physiology,
vol. 295, no. 1, pp. R1–R7, 2008.

[30] J. Chen, Y. Meng, J. Zhou et al., “Identifying candidate genes
for type 2 diabetes mellitus and obesity through gene expres-
sion profiling in multiple tissues or cells,” Journal of Diabetes
Research, vol. 2013, Article ID 970435, 9 pages, 2013.

[31] M. P. Keller and A. D. Attie, “Physiological insights gained
from gene expression analysis in obesity and diabetes,” Annual
Review of Nutrition, vol. 30, pp. 341–364, 2010.

[32] T.-A. Cock, S. M. Houten, and J. Auwerx, “Peroxisome
proliferator-activated receptor-𝛾: too much of a good thing
causes harm,” EMBO Reports, vol. 5, no. 2, pp. 142–147, 2004.

[33] M. Macias-Gonzalez, F. Cardona, M. Queipo-Ortuño, R.
Bernal, M. Martin, and F. J. Tinahones, “PPAR𝛾mRNA expres-
sion is reduced in peripheral blood mononuclear cells after fat
overload in patientswithmetabolic syndrome,” Journal ofNutri-
tion, vol. 138, no. 5, pp. 903–907, 2008.

[34] S. Rodriguez-Cuenca, S. Carobbio, V. R. Velagapudi et al.,
“Peroxisome proliferator-activated receptor gamma-dependent
regulation of lipolytic nodes and metabolic flexibility,”Molecu-
lar and Cellular Biology, vol. 32, no. 8, pp. 1555–1565, 2012.

[35] E. Garcia-Fuentes, M.Murri, L. Garrido-Sanchez et al., “PPAR𝛾
expression after a high-fatmeal is associated with plasma super-
oxide dismutase activity in morbidly obese persons,” Obesity,
vol. 18, no. 5, pp. 952–958, 2010.

[36] M. MacIas-Gonzalez, I. Moreno-Santos, J. M. Garćıa-Almeida,
F. J. Tinahones, and E. Garcia-Fuentes, “PPAR𝛾2 protects
against obesity by means of a mechanism that mediates insulin
resistance,” European Journal of Clinical Investigation, vol. 39,
no. 11, pp. 972–979, 2009.

[37] B. M. Spiegelman, “PPAR-gamma: adipogenic regulator and
thiazolidinedione receptor,”Diabetes, vol. 47, no. 4, pp. 507–514,
1998.

[38] F. B. Hillgartner, L. M. Salati, and A. G. Goodridge, “Phys-
iological and molecular mechanisms involved in nutritional
regulation of fatty acid synthesis,” Physiological Reviews, vol. 75,
no. 1, pp. 47–76, 1995.

[39] M. D. Mayas, F. J. Ortega, M. MacÍas-Gonzlez et al., “Inverse
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