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Abstract

The world-wide obesity epidemic, predisposing towards several
chronic diseases, not only poses a major public health issue, but
also has a negative impact on individual’ life expectancy and
quality. These two dimensions may need distinct diagnostic and
preventive approaches. Indeed, whether BMI and total adiposity
are positively correlated with cardiometabolic disease risk at the
population level, adipose tissue regional distribution and lipid
storage in ectopic tissues define the obesity phenotype and, thus,
better predict the risk of developing obesity complications at the
individual level.

Indeed, together with the more extensively studied intraabdominal
adipose tissue, smaller ectopic visceral depots have, in the
recent years, gained increasing attention for their putative role in
mediating the local detrimental effects of obesity. It has also been
increasingly appreciated that intracellular lipid accumulation in
non-adipose tissues leads to pathological responses and impaired
insulin signaling. This narrative review focuses on the phenotypic
differences between different adipose depots that link their depot-
specific biology to obesity specific complications.

Introduction

Owing to the modern sedentary lifestyle in both developed and
developing countries, the prevalence of obesity has reached an
alarming level and has become a worldwide epidemic. This has
stimulated immense research interest on the pathophysiological
role of adipose tissue in obesity-related complications and, thereby,
gradually transformed adipose tissue from being considered a
merely inert store for excess lipids into a metabolically active
endocrine organ that secretes a wide range of potently bioactive
signaling molecules with autocrine, paracrine and endocrine
functions, and that is actively involved in metabolic homeostasis,
insulin sensitivity and inflammation [1-3]. Moreover, White
Adipose Tissue (WAT) has emerged as highly heterogeneous, each

anatomical depot differing in intrinsic properties and phenotypic
profiles. As such, the differential accumulation of fat in specific
depots translates into different clinical outcomes.

Is it time to move beyond BMI: Body fat mass
and distribution

Obesity is defined as an excess accumulation of body fat,
and Body Mass Index (BMI) is the cornerstone of the current
classification system for obesity and its advantages are widely
exploited in both international surveillance and individual
patient assessment. However, BMI like all anthropometric
measurements, although inexpensive and simple to perform,
are surrogate measures of body fatness and, especially in some
clinical conditions [4], provide misleading information about body
fat content. Besides, the use of universal BMI cut-off points to
classify subjects as normal weight, overweight and obese, do not
consistently reflect adiposity in different ethnic populations [5].

The adipose organ includes numerous anatomical depots. Major
depots reside in Subcutancous (SC) abdominal and gluteo-
femoral region which represent >80% of total body fat, whereas
intraperitoneal depots (also known as visceral adipose tissues),
including the omental, the mesenteric and epiploic depots,
represent the remaining 10~20% of total body fat in men and
5~10% in women. There are also numerous smaller visceral
adipose depots that may serve specialized functions related to
their neighboring tissues.

If total adiposity is positively correlated with cardiometabolic
disease risk at the population level, on the other hand, regional
fat distribution better predicts insulin resistance and related
complications at the individual level [4].

Indeed, it is well established that accumulation of adipose tissue
in the upper body (abdominal region) is associated with the
development of obesity-related metabolic and cardiovascular
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complications and even all-cause mortality, whereas preferential
fat accumulation in the lower body (gluteo-femoral region) is
associated with a lower risk after adjustment for total body fat
mass [6,7] and may be even protective [8].

This is evident in the case of partial lipodystrophies, disorders
characterized by severe metabolic abnormalities associated
with loss of SC fat [9,10], and thiazolidinediones, whose effects
include expansion of SC adipose tissue resulting in improved
cardiometabolic health [11]. Moreover, while omentectomy (in
addition to bariatric surgery procedures) did not further improve
the metabolic and inflammatory markers [11] in most of the studies
and the effects of removal of abdominal SC fat via liposuction are
inconsistent [12], instead femoral lipectomy worsened the lipid
profile in a recent randomized trial [13], corroborating the clinical
evidence that gluteo-femoral fat distribution should be regarded
as beneficial [14].

The mechanisms that underlie inter-individual differences in body
fat distribution are complex and remain to be elucidated although
evidence indicates that sex hormones [15], use of glucocorticoids
[16], genetic substrate [17] as well as epigenetic mechanisms
[18,19] determine where the surplus energy is stored as fat. Also,
ageing causes a redistribution of adiposity from SC to visceral
compartments irrespective of gender and race [20]. Finally,
genetics as well as environmental factors may contribute to ethnic
differences in fat distribution [21,22].

Differences in the phenotype of upper
and lower body obesity: Unraveling the
underlying mechanisms

WAT has been gradually emerged to be a highly heterogeneous
organ. Depot-specific differences are present in many
species, suggesting an evolutionary advantage. This apparent
compartmentalization of WAT and its inter- and intradepot
heterogeneity seems to root from the diversity in developmental
origin of adipocyte precursors and is gradually amplified during
WAT expansion by intrinsic differences in adipocyte turnover,
lipid metabolism and adipokine secretion profile [23].

Importantly, the inability to expand adipose tissue mass through
adipocyte hyperplasia will evoke adipocyte hypertrophy during
a prolonged positive energy balance. It is well established that
enlargement of adipocytes is a key feature of dysfunctional
adipose tissue [24]. Indeed, hypertrophic adipocytes have an
impaired capacity of further storing dietary lipids, which results in
a redirection of lipids towards other metabolic organs.

Compared to visceral depots, SC fat contains a larger pool
of preadipocytes [25], which even display higher levels of
adipogenic genes expression and respond better than those from
visceral depots to differentiation cues [25], possibly according
to an evolutionary conserved adipogenic program [26], also
involving gene regulation by miRNAs, whose expression pattern
is also dependent on fat depot [27]. As such, fat accumulation in
visceral depots predominantly results from adipocyte hypertrophy
while SC expands through hyperplasia [28]. This can be also

partly explained by the fact that adipocytes and their precursors
from visceral depots are respectively proner to death and more
resistant to differentiation compared to those from SC. In only
apparent contrast, it has been shown that, in mice, during diet-
induced obesity development, adipogenesis increases in both
SC and visceral depots of young animals but only in visceral
depot of adults. Taken together, this data might suggest that, at the
worsening of obesity, the obesity-related metabolic derangements
are primarily due to failure of SC fat adipogenesis and plasticity
[29]. In this view, SC fat not appropriately expanding to store the
energy surplus, and in turn leading to ectopic fat deposition in other
tissues involved in metabolic homeostasis (i.e., skeletal muscle,
the liver, and visceral adipose tissue) and insulin resistance [30]
would be a critical factor in the development of insulin resistance
(Figure 1).
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Figure 1: Excess visceral and ectopic fat accumulation is
causally related to the development of insulin resistance, but
is also a marker of a dysfunctional subcutaneous adipose
tissue being unable to appropriately store the energy excess.

Another factor controlling the WAT expansion is the regulation
of lipid flux in adipocytes. Lipoprotein Lipase (LPL), which is
responsible of circulating triglycerides breakdown and Free Fatty
Acids (FFAs) delivery, has been shown to be abnormally regulated
in obesity independent of insulin [31], and to have a depot-specific
expression and activity. Whereas the abdominal SC fat depot is
characterized by a ready FFAs uptake and storage after a meal
and high lipid turnover (i.e., lipolysis) acting as short-term energy
store, the lower-body fat exhibits a reduced lipid turnover rate and
sequesters lipids that would otherwise be directed towards non-
adipose tissues, thereby acting as a protective ‘metabolic sink’ [32].
However, differences in energy storage between SC and visceral
adipose tissue following meal ingestion have not been directly
assessed since measurements of arteriovenous concentrations
gradients across human visceral adipose tissue is not feasible.

Although the contribution of FFAs released by visceral depots
appears to be insufficient in causing systemic insulin resistance
[33] and the SC was shown to be the major source of circulating
FFAs, omental fat is more sensitive to the lipolytic effects of
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catecholamines [34] and less responsive to the anti-lipolytic
effects of insulin than SC depots [31].

Hypertrophic WAT is characterized by chronic inflammation due
to increased inflammatory adipokines secretion and infiltrating
adaptive and innate immune cells. This inflammatory profile is
mostly typical of visceral rather than SC depot [35], which rather
maintains its dominance in secreting adiponectin, an adipokine
exerting anti-inflammatory and multiple beneficial effects
on metabolism [36], although at a much lower level in obese
states. With regard to SC depot differences, it has been recently
demonstrated in vivo that IL-6 release from gluteo-femoral fat is
markedly lower than from the abdominal fat in both genders [19].
However, human abdominal SC adipose tissue is divided by the
Scarpa’s fascia into deep and superficial layers that have different
structural and functional properties. It has been demonstrated that
deep abdominal SC fat exhibits a more inflammatory profile and
an increased proportion of small adipocytes [37].

In obese WAT, the immune cells infiltrates are mainly represented
by macrophages [38], which also exhibit a phenotypic switch
toward the classically activated, proinflammatory phenotype
(M1), with a parallel reduction in alternatively activated, anti-
inflammatory macrophage phenotype (M2) [39]. Even this process
occurs in different extents and through different mechanisms in
various fat depots [23].

Despite the belief that inflammatory signals play a fundamentally
deleterious role in obesity complications, there is evidence in
rodents that WAT inflammation should be also regarded as an
adaptive response required for proper adipose tissue remodeling
and expansion and contributing to a visceral fat barrier against
gut-derived endotoxin, again with interdepot differences [40].

WAT expansion require extracellular matrix remodelling
orchestrated by growth angiogenic factors and proteolytic
enzymes. WAT fibrosis, which occurs as part of an adaptive
process and in response to inflammation and local hypoxia,
has been increasingly appreciated as a novel player in WAT
dysfunction [39]. Indeed, over the course of obesity development,
WAT fibrosis may limit further WAT expansion and lipid storage
flexibility favoring ectopic over local storage of lipids [41].
Indeed, peri cellular, rather than total fibrosis, especially in
the visceral compartment, was found related to both total and
regional adiposity as well as to cardiometabolic alterations [42].
We showed also that omental WAT fibrosis is consistent with a
higher degree of insulin resistance assessed by euglycemic clamp
in severe obesity and confirmed in vivo the link between collagen
deposition and issue hypoxia and inflammation [39].

The expansion of WAT requires also angiogenesis which could be
driven by metabolic, developmental or hypoxic cues secondary
to adipocyte growth. However, adipocyte hypertrophy entails an
increased intercapillary distance and a lower capillary density
per adipocyte, resulting in relatively decrease in blood perfusion
to each adipocyte [43]. Therefore, it has been proposed that the
expansion of adipose tissue mass during obesity development
may lead to a relative oxygen deficit in adipose tissue, due to

uncoordinated or insufficient angiogenesis. In relation to adipose
depots differences, SC fat has a higher capillary density and higher
angiogenic capacity compared to visceral depots, although both
decrease when obesity develops [44]. Moreover, SC but not
visceral adipose tissue angiogenic capacity negatively correlates
with insulin sensitivity [44]. However, it should be taken into
account that enlargement of adipocyte sizes may also result
in decreased metabolic demands so that adipocytes may not
necessarily suffer from hypoxia [45].

Ectopic fat depots and their local effects

Ectopic fat is defined by excess adipose tissue in locations not
classically associated with adipose tissue storage [46].

Whereas intraperitoneal fat (including omental, mesenteric
and epiploic depots) is considered an ectopic fat depot with
predominantly systemic effects, epicardial, perivascular,
renal sinus and intermuscular fat are ectopic fat depots with
primarily local effects. Although the accretion of these smaller
visceral depots have apparently scarce systemic impact, their
pathophysiological significance is rapidly emerging supported by
multiple lines of evidence from basic and translational science as
well as from epidemiology.

Epicardial fat, which is in direct contact with the surface of
the myocardium and coronary vessels with no separation by a
physical fascia, as well as perivascular adipose tissue, which is
contiguous to adventitia layer, have been described as having
a dichotomous role, both protective and negative according to
diverse clinical settings [47]. Indeed, epicardial adipose tissue
has been hypothesized to act as mechanical cushion protecting
the underlying cardiac structures, as an immediate source of FFAs
in case of high cardiac demand conditions and as depot capable
of buffering FFAs excess that could negatively affect the electric
impulse propagation. Similarly, previous translational work has
shown that perivascular adipose tissue possesses anticontractile
properties and secretes substances with beneficial vasoactive
properties, including adiponectin and the adipocyte-derived
relaxing factor. However, these positive properties are abolished
with the development of obesity. These derangements appear to
be related to infiltration of the adipose tissue by macrophages and
upregulation of bioactive molecules that could exert their effects
through paracrine and vasocrine mechanisms [48,49]. Consistent
with this finding, epicardial fat of subjects affected by coronary
artery disease was found to be more abundant and to exhibit
greater oxidative stress and inflammatory burden than SC fat
[50-52]. In addition, in obese patients EAT amount was associated
with increased left ventricular mass, right ventricular cavity size,
atrial enlargement and diastolic dysfunction [53-55]. It has also
been reported an association between EAT volume and atrial
fibrillation independent of common atrial fibrillation risk factors
and obesity [56]. In this regard, EAT might promote fibrosis in
the neighbouring myocardium through the secretion of profibrotic
factors including inflammatory cytokines, growth factors and
matrix metalloproteinases [49,57]. When atrial myocardium was
incubated with the secretome of EAT, but not of parasternal SC
fat, obtained from CAD patients in an ex vivo model, it developed
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massive fibrosis through the transformation of fibroblasts into
myofibroblasts [49].

Similarly, perivascular fat, under pathological conditions,
accumulates and becomes dysfunctional, showing a marked
proinflammatory, proliferative and angiogenic profile [58].

Other local fat depots that have gained increasing attention in
the last years are the intermuscular fat, whose accretion is not
only linked to impairment of muscle mobility and function
[20,59], but also possibly to muscular insulin resistance
development [60], and renal sinus adipose tissue, which has
been independently associated with hypertension, chronic kidney
disease [61] and microalbuminuria [62]. Recent findings also
suggest the involvement of periprostatic adipose tissue in prostate
cancer progression [63], and of bone marrow adipose tissue in
hematopoiesis regulation and in the pathophysiology of myeloma
and bone metastases [64].

Ectopic lipids storage and lipotoxicity

When obesity develops and the circulating lipids exceed storage
capacity of adipose tissue, an abnormal intracellular retention of
lipids within non-adipose tissues occurs. This process may involve
liver, skeletal and cardiac muscles and pancreas [65]. Excess lipid
storage during pathological conditions, such as obesity, may lead
to an imbalance in lipid homoeostasis that lead to cell dysfunction
or death, a phenomenon called lipotoxicity [66]. Bioactive lipid
metabolites (e.g., ceramides, diacylglycerol and long-chain fatty
acyl-CoAs) accumulation is now known to be a mechanism that
contributes to organ injury in the context of metabolic diseases
[66].

In human studies, intrahepatic and intramyocellular lipid content
emerged as much stronger predictors of insulin resistance than
circulating fatty acids, suggesting that intracellular lipids may
impair insulin signaling and cause insulin resistance [67].
Similarly, accumulation of fat in the heart has been associated
with cardiac dysfunction and heart failure, possibly contributing
to diabetic cardiomyopathy development [68]. Finally, evidence
that pancreatic steatosis has a pathogenetic role in type 2 diabetes
by impairing f-cell function is also emerging [47].

Concluding Remarks

BMI and total body fat mass are important predictors of
metabolic derangements at the population level. However, body
fat distribution and accumulation in ectopic sites have been
recognized as key factors in adipose tissue dysfunction, and thus
crucial determinants of obesity-related insulin resistance and
cardiometabolic complications at the individual level.

This apparent compartmentalization of WAT and ectopic
partitioning of excess dietary lipids which are influenced by
genetic predisposition, environment, gender and age, play a
critical role in determining the obesity phenotype and, thus, the
susceptibility to obesity complications. Inter- and intradepot

heterogeneity of adipose tissue which takes origin from the
developmental diversity adipocyte precursors in different depots,
is then amplified during chronic energy balance challenge by
cell-autonomous differences in adipogenetic properties, lipid
metabolism and adipokine secretion profile of adipocytes.
Understanding the pathogenesis of ectopic and lipid mediated
organ damage will provide new insight into the pathogenesis of
obesity complications and consequently will help identify new
targets for therapeutic intervention.
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