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Abstract

Overall excess of fat, usually defined by the body mass index, is associated with metabolic (e.g.
glucose intolerance, type 2 diabetes mellitus (T2DM), dyslipidemia) and non-metabolic disorders
(e.g. neoplasias, polycystic ovary syndrome, non-alcoholic fat liver disease, glomerulopathy, bone
fragility etc.). However, more than its total amount, the distribution of adipose tissue throughout
the body is a better predictor of the risk to the development of those disorders. Fat accumulation in
the abdominal area and in non-adipose tissue (ectopic fat), for example, is associated with
increased risk to develop metabolic and non-metabolic derangements. On the other hand,
observations suggest that individuals who present peripheral adiposity, characterized by large hip
and thigh circumferences, have better glucose tolerance, reduced incidence of T2DM and of
metabolic syndrome. Insulin resistance (IR) is one of the main culprits in the association between
obesity, particularly visceral, and metabolic as well as non-metabolic diseases. In this review we
will highlight the current pathophysiological and molecular mechanisms possibly involved in the
link between increased VAT, ectopic fat, IR and comorbidities. We will also provide some
insights in the identification of these abnormalities.
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INTRODUCTION

Overall excess of fat, usually defined by the body mass index (BMI), has long been
recognized as a risk factor for metabolic related diseases, such as cardiovascular diseases
(CVD), type 2 diabetes mellitus (T2DM), bone fragility as well as non-metabolic
derangements such as non-alcoholic fat liver disease, neoplasias, polycystic ovary
syndrome, glomerulopathy, among others (1-6). However, several observations underscored
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that, more than the excess of fat itself, the distribution of fat, especially in the central regions
of the body (also referred to as visceral, omental or intraabdominal fat) plays an important
role in these associations (2,7-9). Conversely, peripheral adiposity, characterized by large
hips and thighs circumferences, has been associated with a better metabolic profile (10,11).

The advance in imaging methods allowed not solely to confirm those previous
anthropometric-based observations but to attempt discriminating which component of the
abdominal fat were more predictive of the aforementioned comorbidities (12-15). Those
studies showed that although subcutaneous adipose tissue (SAT) is an important determinant
of metabolic risk, visceral adipose tissue (VAT) could be a stronger player (14,16).

The link between obesity and the development of IR has been well documented. In African-
Americans, for example, it has been observed that both increased abdominal SAT and VAT
are strongly correlated with insulin resistance (16). Other studies, however, have shown that
individuals with central obesity have higher incidence of insulin resistance than those with
subcutaneous obesity (14,15). In fact, some authors believe that insulin resistance (IR) is the
main culprit in the association between visceral obesity and metabolic as well as non-
metabolic diseases (17).

Moreover, it has also been shown that the presence of fat in ectopic sites such as liver,
muscle, pancreas, kidney etc. either alone or in association with increased visceral fat, was
also an independent determinant of the development of IR and associated comorbidities
(3.6).

Factors that contribute to the preferential accumulation of fat in certain body regions as well
to the development of insulin resistance involve modifiable (physical activity levels,
nutritional surplus, hormonal status) and non-modifiable factors (age, gender, genetic
predisposition and ethnic background) (1,12).

The exact role that adipose tissue, and particularities in its distribution, may play in the
pathogenesis of IR has not yet been fully elucidated. In this review, we will highlight the
current mechanisms believed to be involved in the link between increased VAT, ectopic fat,
IR and associated comorbidities. We will also provide some insights in the identification of
these abnormalities.

ADIPOSE TISSUE DISTRIBUTION ABNORMALITIES — CLINICAL
RELEVANCE

Clinical observations show that disregarding the BMI, either normal-weight or obese
individuals may present a healthy or an unhealthy metabolic profile. Accordingly to both
BMI and metabolic profile, individuals may be classified in the following phenotypes: 1)
lean and healthy, 2) lean and unhealthy (also known as thin outside, fat inside or
metabolically obese but normal weight), 3) obese and unhealthy and 4) obese and healthy
(also coined as metabolically healthy obese or insulin-sensitive obese) (9,18-20). Some of
the main features that distinguish metabolically healthy or unhealthy phenotypes include
increased VAT, ectopic fat deposition and insulin resistance in the latter phenotype, which

Arq Bras Endocrinol Metabol. Author manuscript; available in PMC 2015 May 07.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Castro et al.

Page 3

impose on them a higher risk for metabolic and non-metabolic comorbidities than their
metabolically healthy counterparts (21).

Lipodystrophic patients who present partial or total loss of SAT (acquired or inherited) and
more VAT and ectopic fat accumulation are also more insulin-resistant and more prone to
metabolic and non-metabolic comorbidities (22,23). On the other hand, other group
comprising patients with predominant subcutaneous fat accumulation, frequently extensive
and deforming (multiple symmetric lipomatosis, lipedema and Dercum’s disease) usually
present a metabolically healthier profile (21,24,25). These clinical situations corroborate the
possibility of a protective role of accumulation of fat in SAT for a healthier metabolic
profile, in oppose to the accumulation of fat in VAT or in ectopic sites.

ADIPOSE TISSUE — AN OVERVIEW

There are two main types of adipose tissue in our body, white adipose tissue (WAT) and
brown adipose tissue (BAT) that may coexist throughout the adipose tissue sites (1,26—-29)
(Figure 1). Besides its fat storage role, WAT is considered the largest endocrine in the body
(30) and exerts autocrine, paracrine and endocrine functions (e.g. brain, muscle, liver,
vessels, kidney, bone etc.) (4,30). BAT is essential to dissipate energy through the regulation
of thermogenesis in response to food intake and cold, sympathetic activation, hormones such
as irisin, released by the muscle etc. (31,32).

Adipose tissue has two important features: capacity to expand and plasticity. Expandability
reflects the ability of adipose tissue to store lipid, either by the increase of adipocyte size
(hypertrophy) and/or by the differentiation or adipogenesis (hyperplasia) of pre-existing
adipocytes. As obesity progresses, hypertrophy occurs and reaches a plateau (as observed in
massively obese patients). Then, the presence of large adipocytes may recruit new cells
triggering adipocytes hyperplasia. One of the characteristic of VAT is its lower proliferation
rate and differentiation capacity which leads to growth mainly by hypertrophy, which
renders impaired adipocyte functions. On the other hand, SAT (mainly lower body) grows
mainly by hyperplasia; however when adipogenesis is limited, hypertrophic dysfunctional
adipocytes will take place. Whenever the capacity to expand of both compartments is
surpassed, lipid spills over to ectopic sites (non-adipose tissues) (1,33).

In relation to its plasticity, it has been suggested that human WAT is also able to
transdifferentiate into brown adipose tissue and vice-versa accordingly to the condition to
which the fat is exposed (28,31). For instance, during cold exposure, some WAT may be
transformed into brown adipose tissue in order to increase heat production; on the other
hand, exposure to an obesogenic diet, BAT is transdifferentiated into WAT enabling greater
energy storage (31).

INSULIN RESISTANCE — AN OVERVIEW

Detailed description of insulin action is out of the scope of this review and has been
reviewed elsewhere (34,35).
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Insulin resistance is characterized by the impairment of insulin action. Classically, the
insulin-resistant state is defined by the impairment of glucose uptake in muscle and the
increment of endogenous glucose production by the liver resulting in hyperglycemia, both in
fasting and postprandial states. However, in a broader sense, the insulin resistant state is also
characterized by the impairment of insulin action on lipid metabolism (e.g. increment of
lipolysis in adipocytes) or on protein metabolism (e.g. impairment of protein synthesis in
muscle, predisposing to sarcopenia). Also, IR affects the function of other organs such as
vessels (leading to vasoconstriction/hypertension); brain (resulting in increased caloric
intake); pancreas (decreased in beta-cell mass and in glucose sensing); bone (possibly
decreasing bone mass and strength) among others effects (4,33).

Notably, the cellular mitogenic effect of insulin is preserved in insulin resistant states
leading to cell growth (e.g. acantosis nigricans, predisposition to cancer). Moreover, the
insulin may bind to other receptors such as the IGF-1 receptor in the cartilage (promoting
acromegaloid features), or in the theca cell in the ovary (leading to excessive androgen
production and secretion, hirsutism and polycystic ovary syndrome) (1,4,36,37).

The mechanisms involved in the etiopathogenesis of insulin resistance related to obesity
encompass pre-receptor, receptor and postreceptor defects characterized, for example, by
decreased access of insulin to muscle secondary to FFA excess (pre-receptor), insulin
receptor downregulation secondary to hyperinsulinemia (receptor) and inhibition of the
intracellular cascades by several adiposity-related factors (e.g. increased FFA, impaired
adipokines and/or cytokines secretion) (post receptor) (36). All these aspects are discussed
further and are depicted in figure 2.

CENTRAL OBESITY, INSULIN RESISTANCE AND COMORSBIDITIES —
MECHANISMS OF ASSOCIATION

Pathophysiological mechanisms (Figure 2)

It is uncertain how obesity results in insulin resistance; however, several factors have been
implicated as playing a pivotal role, as described in the following sections and depicted in
figure 2.

Dysfunctional adipose tissue

Adipocytes and adipose tissue are key players in the pathogenesis of insulin resistance
associated with obesity. Hypertrophic dysfunctional adipocytes, mainly encountered in VAT
and upper body SAT, are highly lipolytic resulting in enhanced free fatty acids (FFA)
release as well as in impaired secretion of adipokines (increased leptin and resistin,
decreased adiponectin etc.) into the circulation.

Two main hypotheses, not mutually exclusive, explain how elevated FFA may be associated
with central obesity and IR: the portal hypothesis and the spillover (or ectopic fat)
hypothesis. Accordingly to the portal theory an increase in central abdominal fat tissue leads
to an elevation of the delivery of FFA to the liver through its portal vein drainage;
consequently, hepatic insulin resistance issues, thereby driving glucose production upward
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(38). Recently, some authors suggest that, at least as much as the elevation of portal FFA,
inflammatory cytokines, released by visceral fat into the portal vein also cause hepatic (as
well as systemic) IR (39).

Accordingly to the “spillover hypothesis”, in face of positive energy balance, a reduced or
limited ability of adipose tissue to expand (especially the peripheral subcutaneous
compartment) would lead to a spillover of FFA to the visceral fat compartment and to non-
adipose tissues (e.g. liver, muscle, pancreas, kidney, bone) (4,6,40). Consequent to the
limited ability of non-adipose tissue to oxidize and/or to store FFA, ectopic accumulation of
FFA and/or its metabolic active derivatives would lead to IR as well as cell lipotoxicity and
apoptosis compromising the function of the involved organs (40).

Moreover, hypertrophic adipocytes may lead to local hypoxia driving endoplasmic reticulum
(ER) stress, adipocyte death and macrophage infiltration. The latter event increases the
secretion of inflammatory cytokines, such TNF-a and interleukin (IL)-6 and monocytes
chemoattractant protein (MCP)-1 which lead to local and systemic low grade inflammation
(1,12) and the consequent impairment of insulin signaling.

Decreased insulin clearance/hyperinsulinemia

Insulin blood levels result from a balance between insulin production by the pancreas and its
clearance mainly by the liver as well other sites (kidney, muscle and adipose tissue) (41,42).
Insulin clearance occurs by the uptake and the degradation of insulin in many tissues. In the
liver, insulin uptake is mainly receptor-mediated. Both uptake and degradation are regulated
by many factors, including increased FFA that inhibits those processes (36).

In the obesity state, hyperinsulinemia ensues both due to increased production of insulin
induced by the excess of fatty-acid and glucose as well as by the decrease of insulin
clearance by the liver (and possibly kidney and other sites) (36). Hyperinsulinemic states,
promote downregulation of insulin receptors leading to a decrease of insulin removal from
circulation. Hyperinsulinemia also promotes insulin resistance due to a negative feedback
loop that inhibits IRS-1/2 (36).

Decreased insulin clearance is also mediated by impairments of CEACAM1 expression, a
key regulator of hepatic insulin clearance that is ubiquitously present in the body. In diet-
induced obese dogs, it has been demonstrated that prospective changes in CEACAML tracks
alterations in insulin clearance (43).

Recently, the results from a large cohort study in dogs, emphasized the importance of insulin
clearance as the primary determinant of insulin sensitivity under baseline, overnight-fasted
conditions (41). The authors proposed that insulin clearance impairment could be the
primary defect leading to insulin resistance.

Abnormalities in the hypothalamus-pituitary-adrenal-fat axis

Similarities between metabolic derangements and insulin resistance associated with
glucocorticoid excess states and obesity are well known. However, the mechanisms involved
in these similarities are still a matter of debate (1,44).
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Excess of cortisol, as seen in Cushing syndrome and chronic stress, is associated with the
development of abdominal obesity, insulin resistance and metabolic disorders. Conversely,
abdominally obese subjects may also present abnormalities of hypothalamus-pituitary-
adrenal axis such as abnormal diurnal variation of cortisol, lack of meal response to cortisol
etc. In addition, it has been also shown that visceral fat is more sensitive to the action of
cortisol (44).

On the other hand, besides the effect of the systemic cortisol on the adipocytes, it has been
shown that visceral fat also produces cortisol. The paracrine action of cortisol in the
adipocyte may interfere with several aspect of adipose tissue by increasing adipogenesis,
altering adipocyte metabolism (e.g. increasing or decreasing lipolysis), impairing adipokines
secretion besides promoting IR (1,44).

Sympathetic nervous system (SNS) overdrive

High levels of circulating catecholamines lead to insulin resistance (45). One of the
outcomes of increased adrenergic outflow is increased lipolysis which promotes excessive
influx of FFA to the cells. Obesity, especially visceral, is associated with increased SNS
activity.

Activation of SNS has also been implicated in the transdifferentiation of WAT into BAT.
Absence of catecholaminergic receptors has been associated with decreased BAT activity
and development of obesity (31).

Moreover, the SNS controls the intensity of the immune response. Reciprocally, the immune
system controls the thermogenic effect of SNS via cytokines (46).

Decreased brown or beige adipocytes

Activity of BAT is negatively correlated with age and BMI. In human, it has been shown
that cold-induced activity of BAT is reduced with age, and that ucpl expression is decreased
in the subcutaneous WAT in obese and diabetic patients (27,29). It has been shown that the
decrease of BAT is associated with insulin resistance and hyperglycemia in older mice.
However, the role of BAT in the pathogenesis of IR in humans is still speculative.

Molecular mechanisms (Figure 3)

The following molecular mechanisms, summarized in figure 3, have been implicated in the
development of IR associated with obesity:

Lipotoxicity/lipoapoptosis

Lipotoxicity is a morphological and functional impairment of non-adipose tissue caused by
toxic reactions secondary to intracellular accumulation of lipids and their derivatives that
may lead to cell death (lipoapoptosis) (47). Physiologically, when supplied to the cells, FFA
is utilized to produce structural lipids and is disposed by mitochondrial oxidation (resulting
in the production of ATP and heat), and/or by storage as triglyceride-filled (lipid) droplets
and it (47,48). During FFA surplus states, the limited ability of non-adipose tissue to oxidize
fat, promotes excessive -oxidation of lipids leading to mitochondrial dysfunction as well as
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excessive accumulation of lipid droplets. Moreover, the limited capacity of non-adipose
tissue to store fat activates non-oxidative pathways of FFA metabolism resulting in the
accumulation of FFA-derivatives such as dyacylglycerol (DAG) and ceramides (47,49).
Besides its local production, circulating DAG may also contribute to lipotoxicity (26).

FFA per seand the intracellular accumulation of some species of DAG leads to the
impairment of insulin action directly by inhibition of downstream pathways of insulin
signaling (47,49). Accumulation of ceramide, a pro-apoptotic lipid, leads to cell death.
Accordingly to the respective tissue, ceramide may ultimately contribute to sarcopenia, heart
failure, B-cell mass decline, cirrhosis, glomerulopathy etc. (6,47).

Although the ectopic deposition of FFA within the tissue or the cell (lipid droplets) is of
major importance when considering the links between obesity, dyslipidemia, insulin
resistance and comorbidities, some authors suggest that the ectopic lipid droplet
accumulation itself is not harmful to the cell, but it is rather a marker of excessive fuel
availability (47). They argue that the toxic FFA-derivative accumulation, originated from
non-oxidative metabolism of excessive intracellular lipids, may actually be the actual culprit
linking fat distribution abnormalities, insulin resistance and associated disorders.

Endoplasmic reticulum stress (ERS)

In the presence of several stimuli, such as excess of lipids and glucose (as well as nutrient
deprivation) and hypoxia, the ability of endoplasmic reticulum (ER) to fold proteins
becomes impaired. This results in the accumulation of misfolded or unfolded proteins that
elicits ERS. The aim of ERS is to stop translation of the misfolded protein and activate
molecular processes to fold them, preventing any further ER stress. When this aim is not
achieved ERS elicits reactive oxygen species (ROS) accumulation, inflammatory response,
cellular metabolic dysfunction and apoptosis. In target tissues for example, ERS may
culminate with insulin and leptin resistance and decreased insulin secretion (49).

Decreased fat oxidation capacity

Adipose tissue is a key player in controlling oxidative capacity of other organs, such as
muscle, through the production and secretion of adipokines, such as leptin, adiponectin and
TNFa (47,49). It has been suggested that subjects that have an increased muscle capacity to
oxidize FFA are less susceptible to obesity. On the other hand, it has been shown that
reduction of the capacity of skeletal muscle to oxidize FFA is associated with insulin
resistance (50).

Sarcopenia associated with aging and lack of exercise is one factor leading to decreased
FFA oxidative capacity and fat accumulation (18,50). On the other hand, the increment of
oxidative capacity by physical activity or pharmacological intervention (metformin,
glitazones, leptin) also improves insulin sensitivity (42,51).

Mitochondrial dysfunction

Human and experimental studies have suggested that mitochondrial dysfunction is involved
in the pathogenesis of insulin resistance and ectopic accumulation of fat (26). However, the
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direction of the relationship is still unclear; it may be cause or consequence of insulin
resistance (6,36).

Excessive supply of substrate to the cell may overwhelm the capacity of the mitochondria to
oxidize nutrients, diverting the substrate to de novo lipogenesis and predisposing to the
production of ROS (26). The surplus of lipids to liver, muscle, and brown fat over activates
mitochondrial function to enhance energy disposal, promoting the production of high levels
of ATP. As a protective mechanism against excessive ATP levels, intracellular energy
accumulation ultimately leads to the inhibition of insulin-induced glucose uptake response in
those tissues (49). A reduction of mitochondrial capacity of fat oxidation may also
accelerate deposition of ectopic fat and their deleterious metabolites ultimately resulting in
inhibition of insulin signaling (26,36,52).

Oxidative stress

Reactive oxygen species are required for normal cell function. Normally, the production of
ROS is quenched by endogenous antioxidant mechanisms, present in the peroxisomes,
preventing its deleterious consequences (49,52).

However, mitochondrial dysfunction, inflammation and glycation, among other
mechanisms, lead to the accumulation of ROS that overcomes the endogenous antioxidant
capacity. As a result of ROS accumulation, increased lipid peroxidation and protein
misfolding (leading to endoplasmic reticulum stress) occur, ultimately leading to DNA and
cellular damage and/or metabolic dysfunction (1).

FAT DISTRIBUTION ASSESSMENT

It has become evident that assessments of total, regional and ectopic adiposity are important
for predicting cardiometabolic risk, for identifying the fat distribution phenotype as well as
for obesity treatment follow up. Several publications have discussed in details the methods
used to assess body composition (13,53,54). Here we briefly cite current and most
commonly used methodology to assess fat distribution.

Clinical methods such as BMI and body adiposity index (BAI) make possible to estimate
total body fat but not regional adiposity (55); waist circumference (WC), waist to hip ratio
(WHR) and sagittal abdominal diameter and bioimpedance may predict or estimate
abdominal fat, but do not distinguish between SAT and VAT (1,12). Some authors propose
that the “hypertriglyceridemic waist” that combines WC and trygliceridemia values could
also predict visceral obesity. They showed that, in large studies, patients presenting values
of both parameters above the cut-off references were more prone to metabolic risk and
coronary disease (1).

Computadorized tomography and MRI are currently the recommended methods to directly
assess SAT, VAT and ectopic fat deposition. Magnetic resonance spectroscopy is the gold
standard to evaluate ectopic fat deposition and positron emission computerized tomography
(PET/CT) is currently the gold standard to evaluate BAT. The validation to assess BAT by
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MRI is also under way (13). However, there is still no consensus of optimal cut-offs of fat
measurements in those sites for predicting cardiometabolic risk.

Dual energy X-ray absorptiometry (DXA) and plethysmography precisely assess both total
and regional adiposity, and indirectly estimate visceral fat. Ultrasound is suitable to estimate
SAT and VAT, however due to the variability and subjectivity of the measurements of
intraabdominal adiposity it is not currently recommended for VAT estimation (13,54).

INSULIN SENSITIVITY ASSESSMENT

Taking into account that insulin resistance is an important link between adiposity and
comorbidities, its assessment becomes useful.

Severe insulin resistance, as seen in lipodystrophic syndromes, may be recognized in clinical
grounds by phenotypical features at birth such as hypertrichosis, severe acanthosis nigricans,
pseudoacromegalia or elf-like facies. However, the clinical recognition of milder insulin
resistance may be more challenging and may require quantitative assessment (36).

Currently, the majority of the quantitative methods to assess insulin sensitivity are restricted
to research settings. The ones considered reference techniques (euglycemic
hyperinsulinemic clamp-EGC and frequent-sampling intravenous glucose tolerance test)
pose important limitations to their use in clinical practice for they are costly, time
consuming and/or technically demanding. Moreover, the gold standard method to assess IR,
the EGC, is not fully “physiological” (56).

More feasible, cost-effective and convenient alternatives to the reference methods have been
proposed and, potentially could be used in routine clinical research (56). They are fasting or
OGTT-derived indices from insulin alone or along with glucose measurements (e.g. HOMA-
IR, QUICKI etc.), fasting levels of SHBG, IGFBP-1, ratio leptin:adiponectin among others
(57,58). However, some limitations of the aforementioned indices are biological and
analytical variability, interference of medications and dependency on glucose tolerance
degree levels. Moreover, they lack validated cut-offs values for different populations and
conditions. Therefore, their application is not currently recommended in clinical practice.

Some authors proposed decision rules, validated by EGC, to define individuals with insulin
resistance. They showed that BMI, WC, HOMA-IR, fasting plasma insulin and LDL
cholesterol are strong predictors of IR. Using three different combinations of those clinical
and laboratory measurements they were able to identify insulin- resistant individuals (mainly
Caucasians and normal- weight subjects) (59). However, the use of these decision rules in
other clinical settings is still unknown.

Detailed description of methods to assess insulin sensitivity has been extensively described
elsewhere (56,60).
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CONCLUSION

Body fat distribution, more than the total amount of fat, is relevant to assess the risk of
developing metabolic and non-metabolic morbidities associated with insulin resistant
individuals.

Considerable advancements in understanding the links binding the obesity, fat distribution
abnormalities, insulin resistance and comorbidities have been achieved. Nonetheless,
determination of validated, feasible and cost-effective tools to assess fat distribution and
insulin sensitivity as well as safe and efficient targeted pharmacological interventions
tackling the putative mechanisms involve in this link are still warranted.
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Figure 1. Classification of fat and distribution of white adipose tissue (WAT) and brown adipose
tissue (BAT)

(A) WAT is classified in subcutaneous adipose tissue (SAT) and internal adipose tissue.
SAT is further subdivided in superficial and deep adipose tissue. Internal adipose tissue is
comprised by intrathoracic (e.g. pericardial) and visceral adipose tissue (VAT). The latter is
further compartmentalized in intraperitoneal fat (greater omentum and mesenteric) and
extraperitoneal fat (pre and retroperitoneal). (B) BAT is found along vessels (aorta, carotid,
coronary arteries etc.), neck, interscapular and supraclavicular regions, axilla, abdominal
wall, inguinal fossa and muscle (not shown). (A — adapted from Cook A. and Cowan C.,
Adipose (2009)- doi/10.3824/stembook.1.40.1, B — adapted from Awada R, Parimisetty A,
Lefebvre d’Hellencourt C (2013)- doi/10.5772/5367).
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Figure 2. Summary of the pathophysiological mechanisms associated with the development of

insulin resistance associated with obesity and comor bidities
Hormonal status (e.g. menopause), aging, gender, genetic susceptibility and ethnic

background interact with lifestyle factors to predispose to the increase of VAT/ectopic fat
and the development of IR. Energy surplus secondary to nutritional factors (e.g. high energy
food intake) associated with low physical activity levels lead to an increase in SAT/VAT.

When the capacity of these tissues to expand becomes saturated (obesity) or limited

(lipodystrophy), lipids spill over to non-adipose tissue sites (ectopic fat deposition). Fat

growth by hypertrophy generates dysfunctional adipocytes that are more resistant to

insulin’s antilipolytic effect and present impaired secretion of cytokines/adipokines (e.g.
decreased adiponectin, increased TNFalpha and IL-6). Consequently, FFA and cytokines are

released into the circulation. The surplus of FFA to the cells is oxidized, stored (lipids
droplets) or metabolized into toxic derivatives (DAG and ceramides). These toxic

derivatives lead to insulin resistance, impair cell function (lipotoxicity) or lead to apoptosis
(lipoapoptosis). In the pancreas these toxic effects lead to decreased number and impaired
capacity of p-cells to secrete insulin, predisposing to the development of type 2 diabetes
mellitus; in the liver it leads to non-alcoholic steatohepatitis and subsequently to cirrhosis; in

Arq Bras Endocrinol Metabol. Author manuscript; available in PMC 2015 May 07.




1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Castro et al.

Page 16

the muscle, to sarcopenia; in the kidney to glomerulopathy etc. Cell dysfunction and death
elicit macrophage infiltration, and local and systemic inflammation. In addition, the
secretion of inflammatory molecules into the circulation also impairs intracellular insulin
signaling. The consequent insulin resistance increases endogenous glucose production by the
liver and decreases glucose utilization by peripheral tissues (e.g. muscle). Consequently,
glycemia rises and promotes increase in insulin secretion by the pancreas. In addition,
hepatic insulin clearance is impaired contributing to hyperinsulinemia, which promotes
down regulation of insulin receptor. Among several effects, hyperinsulinemia promotes cell
growth (e.g. acanthosis nigricans, neoplasias) and leads to endothelial dysfunction
(increased vasoconstriction).

SAT: subcutaneous adipose tissue; VAT: visceral adipose tissue; BAT: brown adipose
tissue; FFA: free fatty acids; m¢-macrophage; TG: triglycerides; SNS: sympathetic nervous
system; DM: type 2 diabetes mellitus; DAG: diacylglycerol; NAFLD: non-alcoholic fatty
liver disease; PCOS: polycystic ovary syndrome; HBP: high blood pressure
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Figure 3. Summary of the main putative molecular mechanismsinvolved in the development of
insulin resistance associated with obesity in a hypothetical cell (e.g. hepatocyte, myocyte,
adipocyte)

Insulin resistance associated with obesity, especially central, occurs due to pre-receptor,
receptor and/or post-receptor impairments, mainly secondary to elevated FFA,
hyperinsulinemia and increased cytokines. Insulin access to the interstitial space (pre-
receptor impairment) may be induced by the excess of FFA and their metabolites as well by
endothelial dysfunction secondary to increased circulating insulin. Hyperinsulinemia,
secondary to the decrease of FFA-induced insulin clearance and the increase of insulin
secretion, causes downregulation of insulin receptors (receptor impairment). In addition,
insulin receptor downstream signaling (post-receptor impairment) is inhibited by FFA and
cytokines. Increased intracellular FFA also contribute to excessive production of ATP,
oxidative stress and mitochondrial dysfunction, production of reactive oxidative species,
endoplasmic reticulum stress and lipid storage and accumulation of non-oxidative toxic
derivatives (dyacylgycerol and ceramide). The aforementioned factors also activate
inflammation pathways. Independently of the upstream or downstream level of the insulin
receptor impairment, insulin resistance occurs by the inhibition of the phosphorylation of the
insulin receptor substrates (IRS-1 or 2) and the subsequent inhibition of PI3K pathway,
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responsible for metabolic effects. Consequently to this inhibition occurs 1) decrease in the
activation of GLUT-4 which impairs glucose uptake; 2) increase of glucose production by
the liver (either by inhibiting glucogenesis and/or promoting glycogenolysis) and 3) increase
of de novo lipogenesis, storage of lipid (lipid droplets) and toxic derivatives. On the other
hand, the insulin receptor substrate, Shc, is spared from inhibition by FFA or cytokines and
is stimulated by hyperinsulinemia. Consequently, MAPK pathway (mitogenic) is activated
leading to anti-apoptotic and proliferation effects, culminating with tissue growth. Metabolic
and non-metabolic consequences of IR and ectopic accumulation of fat are: hyperglycemia,
hypertriglyceridemia, acanthosis nigricans, neoplasias, steatosis, cell growth or apoptosis or
cell dysfunction.

FFA: free fatty acids; IRS: insulin receptor substrates; MAPK: mitogen-activated protein
kinase; PI3K: phosphoinositide 3-kinase; DAG: dyacylgycerol; ROS: reactive oxidative
species; ERS: endoplasmic reticulum stress, AN: acanthosis nigricans.
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