
Adolescent Obesity and Insulin Resistance: Roles of Ectopic Fat 
Accumulation and Adipose Inflammation

Sonia Caprio1, Rachel Perry2, Romy Kursawe3

1Department of Pediatric Endocrinology, Yale University School of Medicine, New Haven, 
Connecticut

2Department of Internal Medicine, Endocrinology, Yale University School of Medicine, New Haven, 
Connecticut

3The Jackson Laboratory, Farmington, Connecticut

Abstract

As a consequence of the global rise in the prevalence of adolescent obesity, an unprecedented 

phenomenon of type 2 diabetes has emerged in pediatrics. At the heart of the development 

of type 2 diabetes lies a key metabolic derangement: insulin resistance (IR). Despite the wide-

spread occurrence of IR affecting an unmeasurable number of youths worldwide, its pathogenesis 

remains elusive. IR in obese youth is a complex phenomenon that defies explanation by a single 

pathway. In this review we first describe recent data on the prevalence, severity, and racial/ethnic 

differences in pediatric obesity. We follow by elucidating the initiating events associated with 

the onset of IR, and describe a distinct “endophenotype” in obese adolescents characterized by 

a thin superficial layer of abdominal subcutaneous adipose tissue, increased visceral adipose 

tissue, marked IR, dyslipidemia, and fatty liver. Further, we provide evidence for the cellular and 

molecular mechanisms associated with this peculiar endophenotype and its relations to IR in the 

obese adolescent.
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Childhood obesity with its associated metabolic complications is emerging as a major 

global health challenge of the 21st century. Despite efforts by government and public 

health officials, researchers, health care providers, and the media to bring attention to this 

growing health problem, the number of overweight and obese youth continues to increase 

unrelentingly. There have been dramatic changes in the nutrition and physical activity habits 

of children in the US, along with changes in demographics and societal norms, concurrent 

with the increase in childhood obesity prevalence. Many researchers have placed the origin 
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of the childhood obesity epidemic at the beginning of the 1980s. In fact, between 1976 

and 1980 is when the prevalence of obesity started its escalation.1 Recent data from the 

2013–2014 National Health and Nutrition Examination Survey, using measured heights and 

weights, indicate that the prevalence of obesity is 17.0% and extreme obesity 5.8%.2 Obesity 

rates have decreased in children aged 2 to 5 years since 2003–2004, stabilized in 6- to 

11-year-olds since 2007–2008, but steadily increased among adolescents since 1988.3

There are significant racial and ethnic disparities in obesity prevalence among US children 

and adolescents. The prevalence of childhood obesity among African Americans, Mexican 

Americans, and Native Americans exceeds that of other ethnic groups. The Centers for 

Disease Control and Prevention reported that in 2000 the prevalence of obesity was 19% 

of non-Hispanic black children and 20% of Mexican American children, compared with 

11% of non-Hispanic white children. The increase since 1980 is particularly evident among 

non-Hispanic black and Mexican American adolescents.3 Although the overall prevalence of 

childhood obesity continued to increase during the first half of this decade (17% in 2004 vs 

14% in 2000), the differences by race and ethnicity appear to be diminishing, in part because 

of rapid increases in obesity in white children: in 2004 the prevalence of childhood obesity 

was 20% in non-Hispanic blacks, 19% in Mexican Americans, and 16% in non-Hispanic 

whites, and prevalence was highest in Mexican American boys (22%) and African American 

girls (24%). Disparities were found in children of other race and ethnicities.2,3

Pubertal maturation is known to impact on obesity development. Girls who mature early 

have higher body mass index (BMI) and sum skinfolds during their teenage years than 

girls who mature later,4 and this interaction is strongest in black girls.5 Because black girls 

undergo pubertal maturation earlier on average than white girls, differences in pubertal 

maturation stage can account for some racial differences in adolescent obesity.

Severity of Obesity: A Rightward Shift in BMI

Consensus committees have recommended that children and adolescents be considered 

overweight or obese if the BMI exceeds the 85th or 95th percentiles, on curves generated 

from the 1963–1965 and 1966–1970 National Health and Nutrition Examination Survey, or 

exceeds 30 kg/m2 at any age.6–8 The BMI is the accepted screening measure of overweight 

and obesity for children 2 years of age and older.6 Adults with a BMI between 25 and 

30 kg/m2 are considered overweight; those with a BMI ≥30 kg/m2 are considered to be 

obese. Obesity in adults is subcategorized as class I (BMI ≥30 to 35), class II (BMI ≥35 

to 40), and class III (BMI ≥40). Because children grow in height as well as weight, the 

norms for BMI in children vary with age and sex. More recently, Skinner et al1 used a 

definition of severe obesity recommended by the American Heart Association as a BMI 

>120% of the 95th percentile for age and sex or a BMI of ≥35, which represents what is 

considered class 2 obesity in adults, and class 3 obesity, which is defined as a BMI >140% 

of the 95th percentile for age and sex or a BMI ≥40, whichever is lower. Notably, this study 

suggests that determination of the severity of obesity can help identify children and young 

adults who are at the greatest risk for the negative health effects associated with obesity. 

Current guidelines for screening do not differentiate among levels of obesity. However, 

several studies indicate greater risks of insulin resistance (IR), low high-density lipoprotein 
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(HDL) cholesterol level, systolic blood pressure, and glucose metabolism, thus supporting 

the stratification of risk on the basis of the obesity severity in children and adolescents.1,9,10

The prevalence of severe obesity in female adolescents was approximately 10% in non-

Hispanic whites, 20% in non-Hispanic blacks, and 16% in Mexican Americans.1 The 

rightward shift in the BMI as classified into class 2 and class 3 obesity is particularly 

notable in adolescents and non-Hispanic black individuals.1 Additionally, overweight and 

obesity at all levels of severity are increasing significantly among Hispanic girls and non-

Hispanic black boys. Future research should determine whether there are specific factors 

that can be addressed in these high-risk groups. These findings suggest that the causes 

for the increase in obesity should be sought in part at the population level rather than 

focusing on individuals. The reasons for the differences in the prevalence of childhood 

obesity among different ethnic groups are complex, likely involving genetics, physiology, 

culture, socioeconomic status, environment, and interactions among these variables, as 

well as others not fully recognized. Although the questions of how might socioeconomic, 

biological, and cultural factors influence racial or ethnic differences in childhood obesity 

are of great importance, they are not the focus of this review. Nevertheless, we would 

recommend reading the following consensus statement written by a 7-member panel of 

experts in pediatric endocrinology, cardiology, gastroenterology, nutrition, epidemiology, 

and anthropology, organized by Shaping America’s Health and the Obesity Society to 

address the evidence base and gaps in knowledge in this area.11

Impact of the Degree of Overall Obesity on Cardiometabolic Risks in Youth

As the prevalence of childhood obesity increases, its health implications are becoming more 

evident.9–13 Obesity is an important early risk factor for much of adult morbidity and 

mortality.9,14–16 Childhood obesity frequently persists into adulthood, with up to 80% of 

obese children reported to become obese adults.14 Many of the metabolic and cardiovascular 

complications of obesity are already present during childhood and are closely related to the 

presence of IR and hyperinsulinemia, the most common abnormality of obesity.10,13

To begin assessing the impact of varying degrees of obesity on the prevalence of the 

cardiometabolic risk factors in children and adolescents, we completed a cross-sectional 

analysis of the initial metabolic syndrome assessments in our cohort of obese youth.10 

As in adults, subjects were classified as having the metabolic syndrome if they met 3 or 

more of the following criteria for age and gender: (1) BMI > the 97th percentile (BMI 

z-score above); (2) triglycerides above the 95th percentile; (3) HDL-cholesterol under 

the fifth percentile; (4) systolic and/or diastolic blood pressure above the 95th percentile; 

and (5) impaired glucose tolerance (IGT). Fasting glucose levels changed minimally with 

increasing weight in this cohort. In contrast, the prevalence of IGT greatly increased in 

the children and adolescents with moderate and severe obesity.10 A similar pattern was 

also observed for plasma insulin, triglycerides levels, and systolic blood pressure, whereas 

a significant decrease in HDL-cholesterol was seen with varying degrees of obesity. The 

degree of obesity and prevalence of the metabolic syndrome were strongly associated, 

after adjustment for race (P = .009) and race and gender (P = .027). Overall, prevalence 

of the metabolic syndrome was 38.7% in moderately obese and 49.7% in severely obese 
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subjects. The main findings of the study were that the prevalence of metabolic syndrome 

appears far more common than previously reported and increases directly with the degree of 

obesity. Moreover, each element of the syndrome worsens across a spectrum of degrees 

of obesity, independent of age, gender, and pubertal status. Our results demonstrate a 

significant adverse effect of worsening obesity on each component of metabolic syndrome, 

further emphasizing the deleterious impact of increasing weight in this age group. Landmark 

studies from the Bogalusa Heart Study demonstrated that cardiovascular risk factors present 

in childhood are predictive of coronary artery disease in adulthood.14,15 Among these risk 

factors, low-density lipoprotein-cholesterol and BMI measured in childhood were found 

to predict carotid intima-media thickness in young adults.13–15 There is now substantial 

evidence that obesity in childhood creates the metabolic platform for adult cardiovascular 

disease.16 Hyperinsulinemia is commonly associated with obesity; however, it has been 

difficult to clearly determine which defects comes first. Notably, fasting hyperinsulinemia 

in prepubertal children in the Pima Indian population has been found to be a risk factor for 

weight gain.17

Impact of Tissue Lipid Partitioning on Insulin Sensitivity in the Obese 

Adolescent

Accumulating evidence indicates that the determinant of IR is not the degree of obesity 

per se but the distribution of fat and, importantly, its accumulation in key insulin-sensitive 

organs or tissues.18 Interestingly, this phenomenon is not only confined to obese adults, but 

is also described in obese adolescents with IGT who were found to be more insulin resistant 

than those with normal glucose tolerance despite similar degree of adiposity.19 Thus, obese 

adolescents with IGT are characterized by increased intramyocellular lipid content and by 

increased visceral and decreased subcutaneous fat deposition. Indeed, intramyocellular lipid 

content and visceral lipid were positively related to the 2-h plasma glucose and inversely 

related to the glucose disposal and nonoxidative glucose metabolism.19

There is ample evidence indicating that visceral fat accumulation is associated with an 

impaired insulin action in the obese population.20 Although controversy remains regarding 

the contribution of visceral and subcutaneous fat to the development of IR,21,22 a previous 

study by Cruz et al23 showed a direct impact of visceral fat accumulation on insulin 

sensitivity and secretion, independent of total body adiposity, in obese children with a family 

history of type 2 diabetes (T2D). Our group subsequently described a new endophenotype 

that is more relevant to the development of IR in obese adolescents.24 By stratifying a 

multiethnic cohort of obese adolescents into tertiles based on the proportion of visceral 

fat in the abdomen (visceral/subcutaneous fat ratio), we observed a significant increase 

in 2-h glucose and IR (homeostasis model assessment) and decrease in insulin sensitivity 

(Matsuda index) in obese adolescents with a high proportion of visceral fat and relatively 

low abdominal subcutaneous fat.24–26 These findings suggest that adolescents at risk for 

developing alterations in glucose metabolism are not necessarily the most severely obese, 

but are characterized by an unfavorable lipid partitioning profile.
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Despite the demonstrated relationship between intramyocellular lipid content, visceral fat, 

and metabolic dysfunction, the ectopic fat deposition in the liver is emerging as the most 

important marker of IR and glucose dysregulation in adults,27,28 as well as in obese pediatric 

population.26

Role of Fatty Liver in the Obese Youth

Although it remains unclear whether hepatic steatosis is a consequence or a cause of 

derangements in insulin sensitivity, the presence of steatosis is an important marker of 

multiorgan IR26–28; moreover, IR is directly related to percent of liver fat. Previously, we 

reported that rising alanine transaminase levels in obese children and adolescents were 

associated with deterioration in insulin sensitivity and glucose tolerance.29 Furthermore, 

abnormal alanine transaminase levels were found in children with T2D.30

To understand the potential role of fatty liver in the onset of T2D in obese youth, we recently 

assessed whether the severity of hepatic steatosis affects the presence of glucose metabolism 

dysregulation in a multiethnic cohort of obese adolescents.25 Independent of obesity, the 

severity of fatty liver was associated with the presence of prediabetes conditions (IGT and 

impaired fasting glucose/IGT) and predicted prediabetes in obese adolescents. In addition, 

paralleling the severity of hepatic steatosis, there was a significant decrease in insulin 

sensitivity and impairment of β-cell function. These findings suggest that intrahepatic fat 

accumulation is a strong risk factor for T2D, and its early identification is critical to prevent 

the development of metabolic complications in youth.31

The “Adipose Tissue Expandability” Hypothesis: A Potential Mechanism for 

IR in Obese Youth

Obesity poses a significant risk factor for the development of cardiovascular disease,32 

diabetes,33 and certain cancers,34 thereby shortening life expectancy.35 Nevertheless, many 

obese individuals do not develop any of these morbidities. One hypothesis explaining this 

dilemma is that total body fat is not the culprit of adverse health in obesity; rather the 
relative proportion of lipids in various fat depots is what determines the metabolic risk. 
Danforth first hypothesized that inadequate subcutaneous adipose tissue (SAT) results in 

lipid overflow into visceral adipose tissue (VAT), and non-adipose tissues.36 This hypothesis 

was then elegantly explored by Ravussin and Smith37 in adults. Subsequent studies using 

the power of mouse models clearly established that adipose tissue (AT) has a defined 

limit of expansion. Indeed, the “adipose expandability hypothesis”38,39 argues that once AT 

storage capacity is exceeded then net lipid flux to non-adipose organs will increase, causing 

lipotoxicity leading to IR and apoptosis.38

Studies from our group performed in obese adolescents indicated that, independent of 

overall body fat mass, IR is related to a particular abdominal fat distribution and ectopic 

fat accumulation.40–42 To gain insights in the mechanisms that might be responsible for 

the inefficient storage of fat in the abdominal SAT, we biopsied the SAT and combined 

measurements of fat cell size together with transcription of genes regulating lipogenesis/

adipogenesis in 2 groups of obese adolescents with similar degrees of obesity but with 
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profound differences in abdominal fat distribution (low VAT/SAT ratio vs high VAT/SAT 

ratio), As shown in Figure 1, the distribution of abdominal fat is clearly different between 

the 2 groups: a marked visceral depot and a thin layer of superficial SAT clearly typifies 

the group with high VAT/SAT ratio. Notably, 3 major differences emerged from the 

abdominal SAT biopsies: (1) coexistence of large and small adipocytes in the high VAT/SAT 

group as opposed to a more homogenous cellularity in the low VAT/SAT group; (2) down-

regulation of key lipogenic/adipogenic genes; (3) macrophage infiltration and decreased 

SIRT1 expression.

While these studies are instrumental in describing the putative differences characterizing the 

inadequate storage of fat in the abdominal SAT of obese adolescents, further studies are 

needed to unravel the underlying mechanisms responsible for the profound remodeling of 

this depot during this very critical period of development.

A Role of the Inflammasome in the Low Storage Capacity of the Abdominal 

SAT in Obese Adolescents

Recognition of IR catastrophic health sequelae has engendered intense interest in 

its pathophysiology. Despite the daunting complexity of the field, chronic low-level 

inflammation in particular, innate immunity, has emerged as a primary determinant of 

obesity-related pathology including the full spectrum of diabetic disease.43–47 However, 

these studies have been performed in AT obtained mainly from rodents and adult 

individuals. Little is known about AT tissue inflammation and particularly whether it is 

affected by the type of fat depot in obese youth, possibly because of the difficulties in 

obtaining AT samples. To date, there has been only one study examining immune cells in 

the SAT of children48 and one study examining collagen deposition.49 Adolescence is a 

critical period for the development of adiposity and IR, perhaps because of the accelerated 

growth of this tissue.50 Indeed, the plasticity of the AT during this developmental stage 

is at its highest potential with maximum hypertrophy and hyperplasia occurring. This is 

in contrast to the fact that the number of adipocytes stays constant in adulthood in lean 

and obese individuals, even after marked weight loss.51 Indeed, many adipocyte biologists 

believe that the total number of fat cells present in most individuals is set during adolescence 

and that changes in fat mass generally reflect increased lipid storage in a fixed number of 

adipocytes.52,53

The innate immune cell sensor leucine-rich–containing family, pyrin domain containing 

3 (NLRP3) inflammasome controls the activation of caspase-1, and the release of 

proinflammatory cytokines interleukin (IL) 1β and IL18.54–59 The NLRP3 inflammasome 

is implicated in adipose tissue inflammation and the pathogenesis of IR.54,55 We recently 

tested the hypothesis that adipose tissue inflammation and NLRP3 inflammasome are 

linked to the down-regulation of SAT adipogenesis/lipogenesis in obese adolescents with 

altered abdominal fat partitioning.60 We performed abdominal SAT biopsies on 58 obese 

adolescents and grouped them by magnetic resonance imaging-derived visceral fat to VAT 

plus SAT (VAT/VAT+SAT) ratio (cutoff, 0.11). Adolescents with a high VAT/VAT+SAT 

ratio showed higher SAT macrophage infiltration and higher expression of the NLRP3 
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inflammasome-related genes (ie, TLR4, NLRP3, IL1B, and CASP1) (Figure 2). The 

increase in inflammation markers was paralleled by a decrease in genes related to insulin 

sensitivity (ADIPOQ, GLUT4, PPARG2, and SIRT1) and lipogenesis (SREBP1c, ACC, 

LPL, and FASN) (Figure 2). Furthermore, SAT ceramide concentrations correlated with 

the expression of CASP1 and IL1B. Infiltration of macrophages and up-regulation of the 

NLRP3 inflammasome, together with the associated high ceramide content in the plasma 

and SAT of obese adolescents with a high VAT/VAT+SAT, may contribute to the limited 

expansion of the subcutaneous abdominal adipose depot and the development of IR.60

The SAT has been proposed to act as a “sink,” being able to accommodate excess energy 

as triglycerides in the adipocyte and thus prevent the flow of lipid to other places.38,39 Of 

note, it represents the largest home for storage of energy in children and adolescents (90% or 

more of total fat mass), whereas the visceral fat is quite small, representing about 5% of total 

fat mass.61,62 At puberty, both the total fat mass and its subcutaneous distribution changes, 

particularly in girls. Driven by the rise in sex steroids, differences among the superficial 

fat depots emerge at puberty. For example, the gluteofemoral SAT region increases in 

girls, whereas the VAT depot increases more in boys with very little enlargement of the 

gluteofemoral depot.61,62 Given the growth of the AT and its remodeling in this development 

stage, adolescence is considered one of the critical periods for obesity and its associated IR. 

Our group has been studying the puberty-induced changes in abdominal fat patterning in 

relation to the development of IR in adolescents for the past 15 years. Most of our studies 

have focused mainly on measuring the distribution of intra-abdominal and subcutaneous fat 

and we have seldom measured the gluteofemoral region. Currently undergoing studies in our 

group are measuring and determining if the storage capacity of gluteofemoral AT plays a 

role in determining the level of central adiposity in obese adolescents during puberty. We 

have shown that in some obese adolescents this protective mechanism of the abdominal SAT 

may not be functioning, which may be responsible for the ectopic fat storage and IR.40,41 

The limited storage capacity was shown by the down-regulation of a series of lipogenic/

adipogenic genes.40 Although these studies indicated some defects in the transcription of 

genes regulating lipogenesis and adipogenesis, direct proof of their functional defects is still 

lacking. Assessing the in vivo dynamic flux of lipid synthesis and adipocyte proliferation, 

coupled with robust measures of insulin sensitivity and imaging, are needed for a thorough 

understanding of this very complex endophenotype in obese adolescents.

Inflammation of the SAT: A Potential Mediator of Hepatic IR in the Obese 

Adolescent

Hepatic steatosis and IR are among the most prevalent metabolic disorders and are tightly 

associated with obesity and T2D, even early in adolescence.25,26,31 However, the underlying 

mechanisms linking obesity to hepatic lipid accumulation and IR are incompletely 

understood. Using a dog model, Rebrin et al first demonstrated the concept that insulin, 

by regulating adipocyte lipolysis, controls liver glucose production.63 Thus, the adipocyte 

emerged as a potential mediator between insulin and liver glucose output. Recent studies by 

Perry et al64 tested the hypothesis that insulin’s ability to suppress lipolysis in white adipose 

tissue (WAT) may be critical for the suppression of hepatic glucose production (HGP) by 
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reducing fatty acid flux to the liver, resulting in decreased hepatic acetyl coenzyme A 

(CoA) concentrations and decreased pyruvate carboxylase activity resulting in decreased 

conversion of pyruvate to glucose. To examine this hypothesis, Perry et al64 developed a 

comprehensive metabolomics flux approach to simultaneously measure whole-body rates of 

lipolysis, glucose turnover, and intrahepatic fluxes, as well as hepatic acetyl CoA content, 

in rapidly freeze-clamped livers. Using this approach, they demonstrated that hepatic acetyl 

CoA content is a key regulator of HGP and that an insulin-mediated reduction of hepatic 

acetyl CoA concentrations, through inhibition of WAT lipolysis, is the major mechanism 

by which insulin suppresses HGP in vivo. These are the first studies that demonstrated 

insulin regulation of pyruvate carboxylase activity through modulation of hepatic acetyl 

CoA concentrations, further demonstrating that this mechanism is responsible for insulin 

suppression of HGP in vivo. Additionally, in that same study, they next examined whether 

increased hepatic acetyl CoA concentrations might be responsible for increased rates of 

HGP in IR and might link inflammation and macrophage-induced lipolysis in WAT with 

fasting and postprandial hyperglycemia through a similar mechanism. Consistent with this 

hypothesis, they showed that high-fat–fed rats manifested a 2-fold increase in plasma and 

WAT IL6 concentrations, which caused hyperglycemia by increasing lipolysis, hepatic acetyl 

CoA, and HGP both before and during a hyperinsulinemic-euglycemic clamp.

To determine whether the findings described by Perry et al in rats would translate to 

humans,64 our group measured rates of HGP and lipolysis in obese insulin-resistant 

adolescents during the hyperinsulinemic-euglycemic clamp. As shown in Figure 3, 

compared with weight-matched obese insulin-sensitive control adolescents, insulin-resistant 

obese adolescents displayed fasting hyperglycemia and hyperinsulinemia that were 

associated with increased rates of HGP, impaired insulin-mediated suppression of lipolysis, 

and impaired insulin-mediated suppression of HGP. Impaired insulin suppression of lipolysis 

was associated with an increased diameter of large adipocytes and increased macrophage 

infiltration into the subcutaneous white adipose tissue (Figure 3A–I). Consistent with 

the findings in insulin-resistant high-fat–fed rodents, insulin-resistant obese adolescents 

displayed increased plasma IL6 concentrations, and an approximately 50% increase in 

IL6 concentrations in WAT, which were more than 20 times higher than plasma IL6 

concentrations (Figures 3J and K). Similar to the HFD rats, the increased rates of lipolysis 

and HGP in obese insulin-resistant adolescents were associated with increased CGI-58 

protein expression in WAT (Figure 3L). Altogether, these results translate to humans by 

demonstrating that WAT inflammation is associated with increased IL6 concentrations in 

WAT, increased rates of lipolysis, increased rates of HGP, and hepatic IR assessed by a 

hyperinsulinemic-euglycemic clamp in obese insulin-resistant adolescents (Figure 4). These 

results are consistent with previous studies that have observed that increased plasma IL6 

concentrations are strong predictors of IR in obese adolescents. These results have important 

clinical implications for the pathogenesis of T2D and identify macrophage-induced WAT 

lipolysis and hepatic acetyl CoA as novel potential therapeutic targets for T2D.

The Future of Pediatric Obesity Research

The key to successfully preventing and treating childhood and adolescent obesity ultimately 

lies in developing and funding a targeted research agenda. Research should focus on the 
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mechanisms that regulate body fat distribution during adolescence, as well as gender and 

ethnicity differences in body composition and fat distribution. Other key research areas 

include the differing susceptibility to weight gain during childhood and adolescence; the 

underlying changes in physical activity at puberty; more clinical studies on the efficacy of 

specific prevention and treatment programs; and the effort to move from efficacy to broad 

effectiveness.

Until recently, childhood obesity has been considered a clinical problem for specialist 

pediatricians. Now, however, the problem must be approached in a more global manner. The 

public health community must consider the urgent need to institute preventive programs. 

Given the reluctance of policymakers to institute changes, particularly those that are 

unpopular or expensive, it is important to establish objective evidence of the beneficial 

impact of any preventive or treatment programs. To stop the epidemic of childhood obesity, 

acting on all levels—medical, social, political, and educational—is fundamental. A broad 

range of action would include conducting nutrition education campaigns, regulating the 

marketing of junk food to children, eliminating energy-dense foods and sodas from schools, 

and promoting physical activity.
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Figure 1. 
Cellular and molecular differences in the SAT in the obese adolescent with a low VAT/SAT 

ratio and a high VAT/SAT ratio.
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Figure 2. 
(A) Increased inflammatory gene expression and macrophage infiltration in abdominal SAT 

of the high VAT/VAT+SAT group. (B) Decreased lipogenic gene expression in abdominal 

SAT of the high VAT/VAT+SAT group. Subcutaneous expression of specific genes was 

normalized to the expression of 18S ribosomal RNA and based on the expression of a human 

control adipose tissue (2ΔΔCt). Expression values of the low VAT/VAT+SAT group (white 
bars) were set to 1, and values for the high VAT/VAT+SAT group (black bars) are expressed 

as fold changes compared with 1 (mean ± SD, n = 58). Macrophage infiltration (inset in A) 

was assessed by immunohistochemistry. *Indicates that the t test between the two groups 

was significant at the <.05 level.
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Figure 3. 
(A–L) Insulin-resistant obese adolescents have increased lipolysis and impaired suppression 

of HGP associated with increased WAT IL6 concentrations.
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Figure 4. 
Insulin-resistant obese adolescents. A model to explain the role of SAT Inflammation, 

activating lipolysis in AT, thereby increasing acetyl-CoA and pyruvate carboxylase activity 

in the liver, which ultimately enhances HGP in the obese insulin-resistant adolescent.
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