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Abstract

The ever growing prevalence of childhood obesity is being accompanied by an 
increase in the pediatric population of diseases once believed to be exclusive of the 
adulthood such as the metabolic syndrome (MS). The MS has been defined as the 
link between insulin resistance, hypertension, dyslipidemia, impaired glucose tolerance 
and other metabolic abnormalities associated with an increased risk of atherosclerotic 
cardiovascular diseases in adults. In the past years it however became clear that a 
subgroup of obese patients is metabolically healthy with insulin sensitivity similar to 
healthy lean individuals, and lower liver fat content than the majority of metabolically 
‘unhealthy’ obese patients. Recent studies investigating lipid partitioning among specific 
fat depots revealed that protection against ectopic fat deposition in liver, muscle and 
heart, as well as protection against adipose tissue dysfunction and inflammation, seem 
to be contributing to the healthy obese phenotype.

IntroductIon
The prevalence of childhood obesity has been increasing in 

the last four decades with an estimated sixty millions of children 
being overweight worldwide by 2020 [1]. The worldwide 
epidemic of childhood obesity is responsible for the occurrence 
in pediatrics of disorders once mainly found in adults, such as 
the Metabolic Syndrome (MS). Described by Gerald Reaven, 
the MS has been defined as “a link between insulin resistance, 
hypertension, dyslipidemia, impaired glucose tolerance and 
other metabolic abnormalities associated with an increased 
risk of atherosclerotic cardiovascular diseases in adults” [2]. MS 
in children is commonly defined as the co-occurrence of three 
or more of the following features: severe obesity (usually with 
a waist circumference higher than the 90th sex and age specific 
percentile), dyslipidemia (increase of triglycerides and decrease 
of HDL), hypertension and alterations of glucose metabolism 
such as impaired glucose tolerance (IGT) and type 2 diabetes 
(T2D) [3]. The key factor in the pathogenesis of MS is insulin 
resistance, with its major cause being obesity, in addition to a 
genetic background, low physical activity, specific dietary habits 
and the ethnic background. Weiss et al. have well demonstrated 
how the increase of insulin resistance parallels the increase of 
the risk of MS in obese children and adolescents [4]. The main 
pathogenic feature of insulin resistance is the lipid accumulation 
in organs and tissues that usually do not store lipids (ectopic fat 
accumulation) such as the liver, pancreas and, the skeletal muscle 
[4]. The lipid accumulation interferes with the normal insulin 
signalling cascade and makes the tissues resistant to the insulin 

action. Interestingly the resistance to insulin seems to be limited 
to the glucose metabolism. Therefore, under these conditions 
while hyperinsulinemia is not able to suppress hepatic glucose 
production, it turns the liver into a “fat-producing-factory” with 
all of its negative downstream effects, including the genesis of 
hypertriglyceridemia [4]. Also, the fat cells resistance to insulin 
action causes an increase in lipolysis with a consequent increase 
in dismissing lipids in the plasma [4]. This causes a massive 
accumulation of lipids into the liver, which results in hepatic 
steatosis and higher triglycerides production. From a molecular 
point of view the link between lipid accumulation and insulin 
resistance seems to be represented mostly by diacylglycerol 
(DAG) [5,6]. Increased lipids in the hepatocytes (but also in the 
skeletal muscle) has been shown to increase in the cells the 
amount of DAG, a signaling intermediate that activate members of 
the protein kinase C (PKC) family, thus altering insulin signaling 
[6]. As consequence of insulin resistance the pancreas needs 
to increase its insulin production to maintain normal value of 
glycemia, promoting, in this way, the lipid accumulation, further 
worsening insulin resistance and generating a vicious cycle. 

Is obesity sufficient for identifying children at risk for 
MS?

Data from multiracial cohorts of obese children showed 
that the severity of obesity and the prevalence of metabolic 
syndrome are strongly associated [4]. Interestingly, obesity is 
not synonymous of insulin resistance as some obese adolescents 
may be very insulin sensitive and show a healthy metabolic 
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phenotype [7]. This so called “metabolically healthy obesity” 
most likely represents the extremes of continuous relationship 
between increased BMI and deteriorations of components of the 
metabolic syndrome such as blood pressure, fasting insulin levels, 
HDL cholesterol and TG levels, which has been recently described 
in children [8]. In adults it has been shown that about 50% of 
obese individuals can be classified as metabolically healthy using 
% body fat to determine obesity, and 34% when using BMI [9]. 
In children (4-18 years of age), a recent study by Weghuber et 
al. [10] showed that only 16% can be regarded as metabolically 
healthy, while about 36% fulfilled the criteria for metabolic 
syndrome. The metabolically healthy phenotype is characterized 
by lower waist circumference, visceral fat content, and 
significantly decreased nuchal SAT at a given proportion of body 
fat, and showed increased peripheral insulin sensitivity, a less 
pronounced pro-inflammatory status, lower malondialdehyde 
concentration (as surrogate parameter of oxidative stress), 
higher liver function parameters and higher total adiponectin. 
Interestingly, uric acid best predicted the distinction between 
obese subjects with or without metabolic syndrome [10].

The fat distribution plays an important role in influencing the 
occurrence of metabolic complications consequent to obesity. 
Visceral fat accumulation, in fact, is strongly associated with MS 
in childhood [11] and coronary artery disease (CAD) later in life 
[12] and is the best clinical predictor of visceral fat accumulation 
[13]. Although reference values for waist circumference in 
children do exist for Canada [14], Italy [15], UK [16], and US 
[11] and cut-off points beyond which there is an increase of the 
prevalence of CAD risk factors have been provided [11], this 
measure is not commonly used in children, probably because 
no organization has endorsed waist circumference cut-off for 
children. The importance of measuring waist circumference is 
corroborated by studies in children and adolescents showing 
that subjects with high waist circumference values are more 
likely to have elevated CAD risk factors, compared with those 
with low waist circumference, within a given BMI category [12]; 
this means that waist circumference may be, for such an extent, 
considered a more reliable measure for predicting MS than 
BMI alone. In fact, as in adults [17-20], in children an increased 
waist circumference has been correlated with abnormal systolic 
and diastolic blood pressure and elevated levels of serum 
cholesterol, LDL, triglycerides, insulin as well as with lower HDL 
concentrations [21-23]. The association between the clustering 
of cardiovascular risk factors and waist circumference is not only 
a reflection of the obesity degree, but it has a pathophysiological 
background, given that visceral adiposity is one of the main 
risk factors for the development of insulin resistance, diabetes 
mellitus, hypertension, and cardiovascular disease [24]. The 
mechanisms involved in these common clinical associations are 
not completely known, but include the impaired suppression 

of hepatic glucose production [25], the increased portal release 
of free fatty acids, the increased visceral production of glycerol 
[26], and the abnormal production of adipose tissue-derived 
hormones and cytokines, such as tumor necrosis factor (TNF)-
alpha, leptin and adiponectin [27,28].

Association between Lipid partitioning and Metabolic 
Syndrome

The term ‘lipid partitioning’ refers to the distribution of body 

fat in organs (some of which are insulin-responsive tissues) 
and compartments. The majority of excess fat is stored in its 
conventional subcutaneous depot, yet other potential storage 
sites exist as well, such as the intra-abdominal (visceral) fat 
compartment and insulin-responsive tissues such as muscle, 
liver, the pancreas and large blood vessels. Lipid partitioning has 
been proven to be a better determinant for insulin resistance then 
obesity alone. The distribution of body fat varies between men 
and women, men start to accumulate fat in the visceral depot far 
earlier than women, as well as between different ethnicities, with 
African Americans having increased subcutaneous fat storage 
capacity [29]. Therefore, a more healthy phenotype of obesity is 
an increased subcutaneous versus visceral abdominal fat ratio 
and a higher gluteal-femoral than abdominal fat distribution 
- the so called pear-shape. The pattern of lipid storage not 
only has local, direct autocrine effects on signal transduction 
pathways, but also determines the secretion profile of specific 
adipocytokines and inflammatory cytokines, thus affecting 
metabolism in distant organs via an endocrine effect [30,31]. 
The combined effect of these factors determines the sensitivity 
of insulin-mediated pathways within insulin-responsive organs 
(such as muscle and liver) and impacts the vascular system by 
affecting endothelial function. 

We showed in multiple studies that an unhealthy abdominal 
lipid partitioning with low subcutaneous and high visceral fat 
storage is associated with ectopic fat in muscle and liver, resulting 
in insulin resistance in youth (Figure 1) [7,32,33]. Taksali et al. 
described a potential non-favorable pattern of lipid partitioning 
with excess intra-abdominal fat in relation to abdominal 
subcutaneous fat [32]. Obese children with a high visceral-to-
subcutaneous fat ratio are not more obese (by BMI or by percent 
body fat) in comparison to those with a lower ratio, but have a 
greater degree of insulin resistance and an adverse metabolic 
phenotype manifesting as more severe dyslipidemia, systolic 
blood pressure and dysglycemia [32,33]. A potential explanation 
for this phenomenon is that the intra-abdominal fat deposits drain 
directly into the liver where a postulated increase free fatty acid 
flux accumulates. While intra-abdominal fat does have a greater 
sensitivity to adrenergic stimulation and a lower sensitivity to 

Figure 1 Major differences between the 2 phenotypes of obese adolescents.
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insulin in vitro, the contribution of this deposit to circulating 
free fatty acid concentration seems to be in proportion to its 
absolute quantity, therefore, its adverse effects may be related to 
other factors [34]. Differences in the abundance of lipid droplet 
proteins that regulate the storage and breakdown of triglycerides 
in the fat cell could play a key role. It has been suggested that 
when energy accumulates in adipocytes, the perilipin border of 
the fat vacuole breaks down, causing the adipocyte to demise [35]. 
Cell death then causes a recruitment of macrophages via tissue-
derived chemokines, especially in the visceral compartment. 
The accumulation of these macrophages results in increased 
secretion of inflammatory cytokines, initiating a proinflammatory 
milieu, which possibly drives the development of systemic 
insulin resistance, altered glucose metabolism and endothelial 
dysfunction [35]. Obesity has been shown to be associated with 
subclinical inflammation in adolescents and more so in those 
who met the criteria of the metabolic syndrome. Analyses of 
subcutaneous and visceral adipose tissue depots from insulin 
sensitive and resistant patients indicate that the insulin sensitive 
and resistant patients differ with respect to AMP-activated 
protein kinase (AMPK) activity and oxidative stress in all of 
their fat depots [36]  and in the expression of genes related to 
inflammation, mitochondrial function, SIRT1/Nampt, and many 
others [36-39] in selected depots. Key abnormalities appear to 
be impaired triglyceride storage and increased lipolysis by lipid 
droplets, mitochondrial dysfunction, inflammation, and increases 
in oxidative and endoplasmic reticulum stress [39,40]. Many 
of these abnormalities could be related to increased synthesis 
and release of chemokines from the adipocytes or more likely 
adjacent vascular cells that attract monocytes (CD68), T (CD4) 
and B lymphocytes, and neutrophils (MPO) from circulating 
blood [41]. The resultant increases in the release of free fatty acid 
(FFA), reactive oxygen species (ROS), and inflammatory cytokines 
and the decreased release of adiponectin from the adipocyte are 
thought to act on peripheral tissues to cause such disorders as 
type 2 diabetes, atherosclerosis, and NAFLD. In subcutaneous 
abdominal fat, the indicated changes may also be associated with 
decreased capillarity [37] and impaired O2 consumption and 
increased synthesis of type VI collagen [37, 42], all of which could 
limit adipose tissue expansion.

The Adipose tissue in the MS

Several pathophysiological explanations for the metabolic 
syndrome have been proposed involving insulin resistance, 
chronic inflammation and ectopic fat accumulation following 
adipose tissue saturation [37]. However, current concepts 
create several paradoxes, including limited cardiovascular 
risk reduction with intensive glucose control in diabetics [43], 
therapies  resulting in weight gain (PPAR agonists) [44]. A newer 
prospective is the functional failure of the adipose tissue as an 
organ unable to buffer postprandial lipids [45]. 

The functions described for white adipose tissue from 
classical physiology are: heat insulation, mechanical cushioning, 
and storage site for fat in the form of triglycerides. However, 
this view has been dramatically changed with the recognition 
of the adipose tissue as a key endocrine organ. Adipose tissue 
secretes active endocrine, paracrine and autocrine substances in 
response to different stimulus. Some of them are mainly released 

by the adipose tissue (i.e., leptin) while others are shared 
with other systems (i.e., tumor necrosis factor-alpha; TNF-α) 
thus interweaving its function in systemic whole-organism 
regulations. The current hypotheses consider that adipose tissue 
switches between two states: i) avidly draining free fatty acids 
that come mainly from triglyceride rich lipoproteins during the 
postprandial period and ii) gently releasing them during the 
fasting period [45]. Switching between one state and the other 
is most probably regulated by a multifactorial system including 
substrate and hormone levels, but also the functional state of the 
adipose tissue itself. A failure of the adipose tissue function in 
taking up dietary fat (being permanently switched to releasing 
free fatty acids) might lead to an excess of lipid flux towards 
other tissues, during the postprandial period and even during 
the fasting period, and to a decreased clearance of triglyceride 
rich lipoprotein particles [46]. The functional capacity of the 
adipose tissue varies among subjects explaining the incomplete 
overlapping among the metabolic syndrome and obesity and 
these differences may be explained by the different genetic 
background. In fact, Variations at multiple gene loci seem to be 
partially responsible for these inter-individual differences. Two 
candidate genes regulating lipid partitioning are the adiponectin 
(APM1) and the perilipin (PLIN) gene [47]. 

Numerous investigators have shown increased circulating 
biomarkers of inflammation in metabolic syndrome, thus 
providing support for the syndrome’s proinflammatory state. 
However, there is a paucity of data on subcutaneous adipose 
tissue (SAT) biology in the pathogenesis of metabolic syndrome 
[48]. The subcutaneous fat - which comprises ~80% of adipose 
tissue - is readily accessible to study and has been shown to be 
metabolically correlated to indices of insulin resistance as well 
as to visceral adipose tissue (VAT) [49-52]. In addition to intra-
abdominal fat, investigators have shown that the amount of SAT 
positively correlates with increasing metabolic syndrome factor 
scores and negatively correlates with circulating adiponectin 
levels [53]. Other investigators have also reported that SAT 
is significantly associated with MS and increases with the 
increasing number of MS features, independent of age and sex 
[54]. Furthermore, inflammatory cells and processes, such as 
macrophage infiltration, appear to be important in adipose 
tissue inflammation. Specifically, investigators have examined 
abdominal SAT from obese subjects and reported that an 
inflamed adipose phenotype characterized by tissue macrophage 
accumulation in crown-like structures  is associated with 
systemic hyperinsulinemia and insulin resistance and impaired 
endothelium-dependent flow-mediated vasodilation [55]. 
Macrophage retention in fat has been also linked to up-regulated 
tissue CD68 and tumor necrosis factor-alpha (TNF-α) mRNA 
expressions in addition to increased plasma high-sensitivity 
C-reactive protein (CRP) concentrations.  

The Liver in the MS

Recent studies in obese adolescents demonstrated that 
increased ALT levels are associated with deterioration in insulin 
sensitivity and glucose tolerance, as well as with increasing 
FFA and triglyceride levels [56]. Also, the relationship between 
fatty liver and glucose dysregulation has been demonstrated 
in a multiethnic group of 118 obese adolescents, where 
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independently of obesity the severity of fatty liver was associated 
with the presence of pre-diabetes (IGT and IFG/IGT) [57]. In 
fact, paralleling the severity of hepatic steatosis, there was a 
significant decrease in insulin sensitivity and impairment in beta-
cell function as indicated by the fall in the disposition index [57]. 
Further studies showed that the pronounced dyslipidemic profile 
associated with fatty liver in pediatrics is characterized by large 
VLDL, small dense LDL, and decreased large HDL concentrations 
[58]. A study from D’Adamo et al. has highlighted the role of 
hepatic fat content in modulating insulin sensitivity [59]. The 
authors studied two groups of subjects with similar visceral fat 
and IMCL: one group without and the other one with hepatic 
steatosis and showed that obese individuals with steatosis had 
increased muscular and hepatic insulin resistance [59]. More 
recently in a longitudinal study we observed that baseline hepatic 
fat content correlates with 2 hours glucose and insulin sensitivity 
and secretion at follow-up [60]. These data clearly indicate that 
the deleterious effect of intra-hepatic fat accumulation influences 
the insulin sensitivity at a multi-organ level playing a bigger role 
than the other ectopic compartments [60]. In general, obese 
children and adolescents with hepatic steatosis tend to show an 
adverse metabolic pattern as characterized by dyslipidemia and 
adverse changes in glucose metabolism. 

Nonalcoholic Fatty Liver Disease (NAFLD) has become 
the most common cause of liver disease in pediatrics [61] and 
encompasses a range of disease severity spanning from the 
simple steatosis to non-alcoholic steatohepatitis (NASH) [62], 
which has been shown to progress to cirrhosis in children [63]. 
We have recently shown that liver damage correlates with insulin 
resistance in obese children [64]. In particular, the levels of the 
caspase-cleaved CK18 fragment (CK-18), a robust biomarker of 
liver damage, are inversely correlated with insulin sensitivity, 
meaning that not only the amount of intra-hepatic fat, but also 
the degree of steatohepatitis may affect insulin sensitivity [64]. 
Interestingly this association is present in Caucasian and Hispanic 
obese children and adolescents, but not in African Americans. In 
the latter population there seems to be dissociation between 
the degree of liver injury and insulin sensitivity [64]. This data 
is consistent with the data shown by Guerrero et al showing a 
clear dissociation between the amount of liver fat and the degree 
of insulin sensitivity in African Americans [65]. The cause of 
this difference among ethnic groups is not known, but it is likely 
that the genetic background and the interaction between gene 
variants and nutrients may be a major determinant of such 
differences.     

The most credited model for the pathogenesis of NAFLD, is the 
‘‘two-hit’’ theory, where the first hit is represented by the insulin 
resistance, responsible for the abnormalities in lipid storage and 
lipolysis therefore leading to an increased fatty acids flux from 
adipose tissue to the liver  and to subsequent accumulation of 
triglycerides into the hepatocytes [66]. While, the “second hit” 
might be represented by the oxidative stress, which activates 
inflammatory the inflammatory cascade and generates reactive 
oxygen species such as hydroxyl radicals and superoxide anions, 
which react with the excess lipid to form peroxides [67]. The 
synthesis of triglycerides in the liver is nutritionally regulated 
and has two main routes: adipose tissue lipolysis and hepatic de 
novo lipogenesis (DNL), which account respectively for about 

60% and 25% of hepatic fat accumulation, only a little fraction 
of the liver fat comes directly from the chylomicron remnants 
[66]. In fact, insulin resistant individuals have a reduced ability to 
suppress free fatty acids flux from the adipose tissue. Therefore 
the increased amount of FFA from adipose tissue lipolysis causes 
an increased formation of triglycerides in the liver but also an 
increase of De Novo Lipogenesis (DNL), due to the abundant 
availability of substrate and the up-regulation of key lipogenic 
genes. The formation of triglycerides from simple carbohydrates 
requires multiple metabolic pathways, including glycolysis 
and pyruvate oxidation to generate acetyl-CoA for fatty acid 
synthesis, NADPH generation to supply the reductive power, 
packaging of fatty acids into a glycerophosphate backbone, and 
finally, lipoprotein packaging to export triglycerides. Under 
fasting conditions, the contribution of DNL to triglycerides is 
small in humans [66]. When liver is saturated with glycogen 
(roughly 5% of liver mass), any additional glucose taken up by 
hepatocytes is shunted into pathways leading to the synthesis 
of fatty acids, which will be esterified in triglycerides and 
exported to adipose tissue as VLDL [66]. It has been shown in 
obese adults that hepatic DNL contributes to hepatic triglycerides 
accumulation, which represents the hallmark of hepatic steatosis, 
and to an elevation of fasting VLDL [66].  Once the ability of the 
liver to form TGs from FFA is saturated, the accumulation in 
the hepatocytes of FFA probably triggers the inflammation and 
oxidative pathways responsible for the progression of the disease 
from simple NAFLD to NASH. In fact, the products of peroxidation 
may injure cells directly by interfering with membrane function 
or stimulate fibrosis by hepatic stellate cells. In particular, 
oxidative stress is associated with an increased production of 
reactive oxygen species (ROS) and pro-inflammatory cytokines 
[68,69]. One of the effects of ROS is to cause lipid peroxidation 
of some lipids, such as the polyunsaturated fatty acids (PUFA) 
generating metabolites that are deleterious for the hepatocyte 
[68]. The lipid peroxidation leads to the activation of Kupffer 
cells with the production of inflammatory cytokines such as the 
TNF-alpha and to the activation of stellate cells, which in turn 
will favor neutrophils chemotaxis as well as liver fibrosis [67].  
A large body of evidence suggests that the quality of dietary fat 
can influence the development of NAFLD [70,71]. In particular, 
recent literature provides clues that the dietary imbalance 
between omega-6 (n-6) and omega-3 (n-3) polyunsaturated fatty 
acids (PUFA) leads to development of NAFLD [72]. Individuals 
with NAFLD, in fact, have been shown to have a lower dietary 
intake of n-3 PUFA than healthy controls and an increase in the 
n-6/n-3 ratio consume in the diet [72,73]. Consistent with these 
data, lipidomic studies have shown that the intra-hepatic fat in 
subjects with steatohepatitis is composed by an excess n-6 PUFA 
[74]. Also, we have recently shown that the excess of oxidized 
lipids derived from the Linoleic Acid (the precursor of the omega 
6 PUFA) is associated with both liver injury and insulin secretion 
[75]. The pathogenetic mechanism linking these compounds to 
liver damage may be related to their effect on the PPAR-alpha a 
potent modulator of lipid transport and oxidation. Also the PUFA 
metabolites such as eicosanoids or oxidized fatty acids have one 
to two orders of magnitude greater affinity for PPAR-alpha and 
are consequently far more potent transcriptional activators of 
PPAR-alpha-dependent genes than their ancestry compounds 
[76]. Therefore, in a liver rich of n-6 PUFA the continuous 
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production of oxidized fatty acids perpetuates and enhances the 
intracellular oxidative stress leading to a sterile inflammation. 
Also, some data suggest that oxidized species deriving from the 
omega-6 PUFA may play a role in the impaired insulin secretion 
observed in subjects with fatty liver [75]. This phenomenon may 
be mainly due to the fact that the increase omega-6 PUFA in the 
beta cell affects the glucose, amino acids and GLP-1 stimulated 
insulin secretion and renders the beta cell strongly susceptible to 
cytokine induced cell death.

ConCLuSIon
Taken together, obesity in children is not a consistent clinical 

entity. Up to 30% of obese patients are metabolically healthy, 
while the majority of obese individuals develop metabolic diseases 
including type 2 diabetes, dyslipidemia and CVDs. Healthy obese 
individuals will therefore not significantly improve their obesity-
related metabolic risk by weight-loss interventions. Since the 
prevalence for the metabolic syndrome is rising in children we 
need to better define the individuals at risk and in need for early 
lifestyle and pharmacological interventions. Waist circumference 
may be considered a more reliable clinical measure for predicting 
MS in children than BMI alone. The information that can be 
provided by waist circumference measurement in children, 
together with the recent changes in body fat distribution should 
provide the impetus for its measurement to be standardised 
and routinely taken in clinical and epidemiological settings. 
In addition to established threshold-based definitions of the 
metabolic syndrome and its single components, new biomarker 
(uric acid) and fat measurements (nuchal SAT thickness) that 
emerge as clinically relevant determinants of the respective 
obesity phenotype should be further studied. Treatment 
strategies targeting the lipid partitioning between visceral 
and subcutaneous abdominal adipose tissue, as well as fat 
accumulation in liver, should be focused on to reverse the 
unhealthy into healthy obese phenotype.
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