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Abstract

Metabolic consequences of obesity including insulin resistance, type 2 diabetes mellitus,
hyperlipidemia, hypertension, polycystic ovarian syndrome, and nonalcoholic fatty liver
infiltration are rapidly emerging in the pediatric population. Identifying effective strategies for
identifying and treating these obesity related co-morbidities in children are crucial to the
prevention of future cardiovascular disease and poor health outcomes. This review discusses the
pathophysiologic connections between obesity, metabolic disease and cardiovascular risk. Current
evidence and recommendations for screening and treatment for the metabolic consequences of
pediatric obesity are reviewed.
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1 Introduction

Rates of pediatric obesity (BMI = 95th percentile) have almost tripled over the past 25 years,
with current estimates showing a prevalence rate of 16% for girls and 18% for boys. When
one includes children who are at risk of overweight, the prevalence increases to 32% for
girls and 35% for boys [1]. As rates of obesity have increased, more children have been
identified with obesity-associated metabolic problems that were previously only encountered
in the adult population. It has become increasingly evident that these metabolic
complications stem from obesity-associated inflammation and insulin resistance (IR).
Although IR may persist for years without clinical symptoms, progression to type 2 diabetes
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mellitus in the pediatric population is now more frequently recognized and is becoming the
most common form of diabetes in certain ethnic backgrounds [2]. Equally concerning are
the associated long term health risks of IR and its associated metabolic derangements
including dyslipidemia and hypertension. The clustering of these abnormalities comprises
the metabolic syndrome, and is strongly associated with premature cardiovascular disease.
Additional disorders associated with IR such as polycystic ovarian disease and fatty
infiltration of the liver, each carry their own additional health risks in addition to links to
future cardiovascular disease. ldentifying and treating the metabolic consequences of
pediatric obesity are not only crucial for the immediate health of the child, but for future
prevention of early heart disease. In this review, the premise for development of metabolic
complications in pediatric obesity is discussed. Current data regarding prevalence patterns,
appropriate screening, and best available evidence on how to effectively treat these
complications is presented.

2 Obesity, inflammation and metabolic disease

2.1 Introduction

In recent years, there has been increasing appreciation of obesity as a state of chronic, low-
level inflammation in adipose tissue. In adults as well as children, obesity-related
inflammation has been implicated in the pathogenesis of insulin-resistance and
atherosclerosis (Fig. 1). Furthermore, the level of inflammation correlates with multiple
other obesity-related conditions including non-alcoholic fatty liver disease [3], polycystic
ovarian syndrome [4]hypertension [5], dyslipidemia [6] and obstructive sleep apnea [7].

The exact mechanism of the interactions between obesity-related inflammation and various
disease states is a focus of active investigation. An increasing number of adipose tissue-
derived mediators (adipokines) and obesity-associated inflammatory markers (cytokines and
chemokines) have been associated with these disease states. Functions of several adipokines
implicated in obesity related metabolic disease are found in Table 1. Adipose tissue is made
up of both adipocytes as well as macrophages, and both cell types contribute to the
generation of these inflammatory markers which have both paracrine as well as systemic
effects. These markers may serve a critical role not only as indicators of disease progression
but as potential therapeutic targets.

2.2 Cytokines, chemokines, and other inflammatory markers

The classical inflammatory pathway is triggered in macro-phages by both infectious stimuli
as well as disordered metabolic states. This generates a cascade of pro-inflammatory
cytokines, including IL-6, TNF-a, IL-1 and I1L-10, as well as reactive oxygen species and
cell adhesion molecules. Of these cytokines, TNF-a appears to have the most prominent and
ubiquitous role in metabolic disease, acting through multiple pathways, including the NF-
kB pathway. Not only is expression of TNF-a increased in insulin resistant states, but it
directly results in insulin resistance in both human and mouse models [8]. IL-6 is a primary
mediator of the acute phase response, similar to TNF-a.. IL-6 is present at higher levels in
obese children [9]. It is released in response to increased levels of IL-1 § and TNF-a..
Monocyte chemoattractant protein-1 (MCP-1) is secreted by adipocytes and functions to
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increase monocyte infiltration into adipose tissue, which is an important step in increased
inflammation in adipose tissue [8]. While C-reactive protein (CRP) is not produced in
adipose tissue, it is generated in the liver in response to obesity-associated rise in IL-6 levels
[10]. It plays a role in amplifying the inflammatory response and activates NF- kB [11]. As a
marker of obesity-related inflammation, CRP is a robust predictor of cardiovascular events,
hypertension and diabetes in adults [12].

2.3 Adipokines

Factors synthesized and secreted by adipocytes, called adipokines, have been increasingly
studied as potential mediators of the association between obesity and the development of
metabolic disease.

Leptin was the first such adipocyte-derived factor to be identified and its circulating levels
are strongly associated with BMI and total fat mass in both lean and obese children and
adolescents [13]. While leptin’s primary roles are in controlling energy balance at the level
of the hypothalamus and as a permissive factor in regulating the onset of puberty, other more
acute effects on metabolism in the liver, skeletal muscle, gastrointestinal tract, vascular
smooth muscle cells and sympathetic nerves have been identified [14]. There has also been
evidence that leptin potentiates the production of TNF-a and IL-6 by macrophages;
however, the mechanisms underlying this relationship are not clearly understood [15].

Adiponectin is a highly-expressed adipokine which has robust and pervasive relationships to
both obesity and multiple components of metabolic disease. Unlike the other adipokines, its
circulating levels are inversely related to obesity and abdominal obesity in particular [16].
Adiponectin has multiple beneficial effects, including a strong correlation with insulin
sensitivity and a protective role in the development of atherosclerosis and hypertension [8].
The potentially beneficial metabolic role of adiponectin may be explained in part by its anti-
inflammatory effects. Adiponectin reduces the production of TNF-a by macrophages and its
inhibition of NF- kB signaling. Conversely, TNF-a. and IL-6 act to reduce the production of
adiponectin by adipocytes [16]. Interestingly, adiponectin levels are not only affected by
adiposity, but also by gender and by pubertal stage. Women have significantly higher
adiponectin levels than men [17]. While boys have decreasing adiponectin levels with
advancing pubertal stage, girls do not have a significant correlation with pubertal stage. This
pubertal decline in boys was strongly associated with androgen levels, implying that this
may be an important factor in the differences seen in adults as well [18].

Resistin was first identified in animal models as an adipocyte-derived factor whose
expression was reduced after treatment with thiazolidinediones. In rodent models, resistin
induced insulin resistance and contributed to fasting hyperglycemia. In humans, however, it
appears that the majority of resistin is produced by circulating macrophages and monocytes,
rather than adipocytes [16]. Further, there has been no clear correlation in most human
studies between resistin levels and insulin resistance when adjusting for BMI [8].

Retinol binding protein 4 (RBP4) was identified as a highly expressed adipokine which
caused insulin resistance when overexpressed in mice [19]. As in the case of resistin, the
relationship between insulin resistance and RBP4 levels in humans is less clear. While some

Rev Endocr Metab Disord. Author manuscript; available in PMC 2017 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ode et al.

Page 4

studies have not found a relationship, others have found strong positive correlations [8].
There is a suggestion that this relationship may be age-related, as it was present only in
younger subjects [20]. Similarly, there is discordance in response of RBP4 levels to
thiazolidinedione treatment, with some studies suggesting a decrease and others showing no
effect [8].

Visfatin is expressed in many tissues; however, it is predominantly expressed in visceral
adipocytes [21]. It was initially reported to have insulin-like function, but further research
demonstrated that it has an important role in B -cell function [22]. Human studies have
shown that with increasing BMI, visfatin expression increases in visceral adipose tissue, but
decreases in subcutaneous tissue. This may, therefore, be an important link between
cardiovascular disease and metabolic syndrome as visfatin levels are associated with
coronary artery disease and acute coronary syndromes in adults, independent of other known
risk factors [23]. The relationship between visfatin and insulin resistance is more variable.
There is some evidence that visfatin has proinflammatory properties [24], further signifying
this hormone’s potential role in the inflammation associated with increased visceral
adiposity.

2.4 Connection of inflammation to organ dysfunction and disease

It is believed that the various inflammatory mediators released by the adipose tissue of obese
individuals contribute to dysfunction and disease in a variety of other tissues [25]. Adipose
specific and non-specific inflammatory markers have been shown to predict the presence and
severity of atherosclerosis, type 2 diabetes mellitus, steatohepatitis, PCOS, and sleep apnea
in adults [3-7]. Studies in young adults have shown that severity of metabolic syndrome is
associated with a number of mediators within the inflammatory cascade including CRP,
IL-18, IL-6 and decreased adiponectin. Importantly, this association is independent of
insulin sensitivity, as determined by euglycemic hyperinsulinemic clamp, highlighting the
direct role of inflammation in these disorders [26].

There is less data about the role of inflammation in the development of metabolic disease in
children; however, studies in adolescents show a positive correlation between CRP, IL-6 and
leptin with overweight status [27, 28]. Further, elements of the metabolic syndrome such as
dyslipidemia, hypertension, and insulin resistance in children and adolescents are associated
with IL-6, TNF-a, and IL-18 [29, 30]. Adiponectin has been shown to be negatively
correlated with metabolic syndrome in obese or overweight adolescent girls, but not boys
[31]. Other studies in prepubertal children have shown that obesity, elevated TG levels, and
insulin resistance are positively correlated with CRP and leptin and negatively correlated
with adiponectin [28].

Since it is well established that the pathologic lesions associated with atherosclerotic disease
begins in childhood [32, 33], these initial data correlating inflammation with various
components of metabolic disease and cardiovascular health in obese adolescents provide
further evidence for the need to address inflammation as a target of obesity therapy.
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3 Insulin resistance and the metabolic syndrome

3.1 Introduction and prevalence

Obesity, specifically visceral adiposity, is directly linked to insulin resistance in both adults
and children [34, 35]. IR results from a number of pathophysiologic mechanisms including
impaired insulin signaling, abnormal glucose transport and abnormal adipocyte cytokine
production [34—-36]. The resistance to insulin action at the cellular level requires increasing
insulin secretion to maintain normal rates of glucose disposal. When pancreatic -cells can
no longer secrete the levels of insulin required to overcome inherent insulin resistance,
abnormal glucose metabolism, and eventually T2DM results [34]. Not surprisingly, obese
children are more insulin resistant than children with normal BMI [37, 38]. However, body
size does not explain the entire risk for IR. Insulin resistance is negatively associated with
physical activity when adjusted for BMI, age and fat mass [38], highlighting the importance
of fitness.

The euglycemic-hyperinsulinemic clamp is the gold standard for measuring insulin
resistance. However, this study is invasive and time-consuming [39]. The difficulty of
applying this study to large groups of children and adults has lead to the development of
surrogate markers of insulin resistance/sensitivity. These include the homeostasis model
assessment (HOMA), the quantitative insulin sensitivity check index (QUICKI), the fasting
glucose-to-insulin-ratio, the Matsuda method, the whole-body insulin resistance index, and
fasting insulin levels alone [39, 40]. These measures are frequently used in the literature,
although their correlation with results from euglycemic-hyperinsulinemic clamp has varied
from borderline to highly significant in the few studies that address this in children [39, 41].

Metabolic syndrome (MS) refers to a clustering of clinical findings and metabolic
disturbances including abdominal obesity, hypertension, dyslipidemia, and insulin resistance
(IR). Obesity and insulin resistance predispose to the other metabolic abnormalities
observed in MS. IR, independent of obesity (BMI), is associated with a greater risk for
development of dyslipidemia and hypertension [42—44]. Presence of MS in childhood
correlates to markers of early cardiovascular disease such as increased carotid intima-media
thickness and elevated inflammatory markers observed in heart disease [45-47]. Perhaps
most importantly, presence of MS in childhood predicts metabolic syndrome and the
development of type 2 diabetes mellitus (T2DM) in adulthood as well as an increased rate of
premature cardiovascular events [48], making it imperative that effective strategies are
developed to prevent or reverse this clustering of metabolic abnormalities.

In adults, metabolic syndrome is defined by the National Cholesterol Education Program
(NCEP) Adult Treatment Panel 111 as the presence of 3 or more of: waist circumference
>102 cm for men and >88 cm for women, triglycerides greater than 150 mg/dl, high density
lipoprotein cholesterol <40 mg/dl for men and <50 mg/dl for women, hypertension (SBP >
120 or DBP >85) and elevated fasting glucose (>110 mg/dl) [49]. However, there is no
agreed-upon definition for this syndrome in children (reviewed in [46]). It has also been
proposed that nonalcoholic fatty liver disease (NAFLD) should be added to the diagnostic
classification of the metabolic syndrome, given the high prevalence of NAFLD in MS [50].
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The International Diabetes Federation and American Heart Association have both recently
proposed criteria (Table 2), but no criteria have yet been universally accepted [46].

The lack of universally accepted criteria has hampered the interpretation of the literature as
different studies have used many different definitions. This has also made establishing
prevalence data challenging, and recent estimates have ranged greatly depending on the
definition used and the population under study. A brief review of the literature finds general
population rates of MS ranging from 0.2% in 10 year olds in Europe to 9.5% among the U.S.
pediatric population as a whole from the NHANES [51-55]. Not surprisingly, the prevalence
rates are significantly higher in samples evaluating only obese children, ranging from 12.4—
44.2% [53, 54]. The rates of metabolic syndrome in children referred for obesity treatment
are even higher, approaching 50% in some studies [56]. Children with T2DM have among
the highest prevalence rates, with 76.9% of children with T2DM also meeting criteria for
metabolic syndrome [49].

factors and metabolic syndrome

Multiple studies have explored the relationship between cardiovascular fitness, physical
activity and the metabolic syndrome. This was reviewed in depth by Steele et al. [57], who
concluded that physical activity and cardiorespiratory fitness are both independently and
negatively associated with the metabolic syndrome. This association remained, even when
adjusted for age and BMI, suggesting that the beneficial effects of fitness and exercise
cannot be fully explained by their effect on adiposity [51-53, 58]. Increased amounts of
screen time have also been associated with increased rates of the metabolic syndrome in
adolescents, and interestingly, this effect was independent of physical activity [59].

As might be expected, diet also plays a critical role in risk for developing MS. Pan and Pratt
analyzed a sample of 4,450 12- to 19-year-olds from the NHANES 1999-2002 data, scoring
them for adherence to the USDA dietary recommendations (the “Healthy Eating Index”
score). In this large population study, children and adolescents with healthier diets had a
lower prevalence of metabolic syndrome [53]. In a small cross-sectional study of healthy
children, Casazza et al. found that diet was more strongly correlated with presence of the
metabolic syndrome or its individual components than physical activity [60]. They also
found that the percent of calories ingested in the form of carbohydrates had a stronger
association with increased rates of the components of the metabolic syndrome, whereas diets
with higher percentages of calories from protein and fat were associated with decreases in
the components of the metabolic syndrome [60].

3.3 Treatment of insulin resistance and metabolic syndrome in children

Each component of the MS has its own pharmacologic treatment options (outlined in their
respective sections below). However, when considering the greater constellation of insulin
resistance and metabolic syndrome, the optimal approach should encompass the adoption of
lifestyle changes, similar to the general principles followed for treating obesity in general.

3.3.1 Dietary interventions to improve IR—Given the association of obesity and IR as
inherent components of MS, weight loss efforts through dietary modification and/or

Rev Endocr Metab Disord. Author manuscript; available in PMC 2017 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ode et al.

Page 7

improved physical activity are the first line treatment in adults [61, 62]. However, there are
few clinical trials evaluating treatment of metabolic syndrome in children. One small study
by Chen et. al. of a 2 week residential lifestyle modification in 16 children found significant
improvement in BMI, waist circumference, percent body fat, blood pressure, serum lipids,
and fasting insulin levels. Of the children who met criteria for metabolic syndrome at the
beginning of the study, none met criteria at the end of the study [63]. This study, while
somewhat limited in its design, is striking in the benefit shown despite relatively short
treatment time. Monzavi et al. studied the effects of a twelve week family-centered intensive
lifestyle intervention on a group of obese children who were referred for weight
management. Unfortunately, 46% of their population dropped out of the program. However,
of the children who were able to participate, they found a statistically significant decrease in
BMI, leptin, systolic BP, total and LDL cholesterol, triglyceride and 2 h postprandial glucose
levels [56]. Even though these studies are relatively small and few in number, they do
indicate the likely effectiveness of dietary intervention.

3.3.2 Exercise interventions to improve IR—Exercise is beneficial to cardiovascular
health [64]. The beneficial effects of exercise on metabolic disease are propagated through
increased cardiovascular fitness, decreased body fat, and improved skeletal muscle function
[65]. Studies in adults have identified an anti-inflammatory property of physical activity,
with lower IL-6, IL-, and CRP levels in physically active adults [66, 67]. Several studies
have shown an inverse relationship between exercise in children and the inflammatory
markers IL-6, TNF- a and CRP levels [30]. Additionally, leptin levels consistently decrease
in response to exercise interventions in children [13]. There is some debate about whether
this is a direct effect or a result of lower levels of adiposity; however, multiple studies in
children support the conclusion that fitness and fatness exert independent effects on both
inflammatory markers and insulin sensitivity [65].

Several studies targeting obesity as a primary outcome measure have shed light on the
effectiveness of specific types of lifestyle intervention programs on markers of insulin
resistance. One school-based lifestyle intervention study randomized 55 obese children to a
school fitness curriculum vs. standard physical education classes. The intervention group
had significant improvements in markers of cardiovascular fitness, body fat, and insulin
sensitivity [68]. Savoye, et.al. randomized 209 obese children 2:1 to either a standard
weight-management clinic or a more intensive weight-management program, consisting of
50 min of high-intensity exercise two times per week coupled with nutrition and behavioral
interventions for 40 min once a week [69]. Although a high drop out rate in the intensive
group limited the results of the study, the intensive group displayed a significant decrease in
BMI, percent body fat and total body fat as well as significant decrease in insulin resistance
as measured by HOMA-IR [69]. A Korean study which randomized a small number of
obese high school males to a jump rope class vs. regular education, found that six weeks of
jump rope training resulted in decreased waist circumference, hip circumference, body
weight, BMI, fat mass and percent fat mass and also decreased insulin levels and HOMA-IR
[70]. Several non-randomized studies of lifestyle interventions in obese children have also
shown that decreases in BMI or BMI-SDS are associated with improvements in insulin
resistance [71]. These studies indicate that lifestyle interventions that improve BMI can
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improve markers of insulin resistance as well. Still, the success of weight reduction via
lifestyle intervention in obese IR pediatric patients is limited compared to those children
without IR [72].

Some studies have indicated that lifestyle modification, especially improvements in physical
fitness, may improve insulin resistance even in the absence of a change in BMI. In a study
by Rohrer et al., 22 children (10 of which had IR by HOMA at baseline) were enrolled in a
one-year physical exercise program [73]. 5 of the IR children experienced a decrease in BMI
SDS while 5 did not. However, at the end of the 1-year study period, all of the children
demonstrated significantly improved physical fitness levels and none had abnormal HOMA
values [73]. Although limited by small sample size and a basic measure of IR, it hints to the
critical importance of fitness on IR. Another study of 21 obese adolescent girls was designed
to specifically address the question of effects of BMI reduction on IR. The girls were
purposely put on a weight-maintenance diet and participated in aerobic exercise training.
They found that after 12 weeks of exercise training, insulin AUC decreased significantly in
the 11/15 girls who completed the study, even though there was no decrease in BMI [74].
These studies indicate that increased physical fitness in children secondary to exercise
intervention can improve insulin resistance even in children who do not have significant
weight change.

3.3.3 Dietary interventions to reduce inflammation—Omega-3 fatty acids from
dietary sources including fish oil and flaxseed oil have been identified as natural antagonists
of inflammatory pathways. Various studies have explored the benefit of supplementing the
diet with these fatty acids to reduce inflammation, improve dyslipidemia, and possibly
improve metabolic profile. One prospective, randomized double-blind cross-over study in
obese adults supplemented the diet with flaxseed flour, which contains omega-3 fatty acids.
Flaxseed flour consumption was associated with a significant reduction in CRP. Another
study showed significant reduction in LDL levels and HOMA-IR index, but no change in
IL-6 or CRP levels [75, 76]. There is evidence that obese children and adolescents have
lower levels of circulating antioxidants, such as the omega-3 fatty acids, and that this is
associated with higher levels of the inflammatory markers, IL-6 and CRP. Obese children
with metabolic syndrome also had lower omega-3 fatty acid levels, independent of body fat
[77].

3.3.4 Metformin treatment to improve IR—When considering the treatment of insulin
resistance and metabolic syndrome, lifestyle interventions must be balanced with
consideration of pharmaceutical therapies focusing on the prevention of progression to
T2DM. With the ensuing rise in the pediatric obesity epidemic there has been increasing
interest in the use of insulin sensitizers in the treatment of obesity and associated IR in
children.

Metformin is a biguanide that affects hepatic glucose output and peripheral insulin
sensitivity. It has been the most commonly studied agent for treating IR and obesity in
children, dating back to the 1970s [78]. Thus far, the results of metformin as a primary agent
for treating IR in children have been mixed. Love-Oshorne et al. studied 85 adolescents with
insulin resistance (fasting insulin levels >25 mU/ml or HOMA >3.5 and 2 of 3 risk factors
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for T2DM). These children were randomized in a 2:1 ratio to receive metformin or placebo
in addition to lifestyle intervention. Overall, there was no difference between the groups at
the end of the study. However, girls who were adherent to therapy experienced a significant
decrease in BMI in comparison to boys, highlighting the potential for gender specific or
other intrinsic factors to influence treatment effectiveness [79]. Another trial which used a
crossover design randomized 28 obese adolescent patients with insulin resistance to either 6
months of metformin followed by placebo or 6 months of placebo followed by 6 months of
metformin with 2 weeks of washout. In this study, metformin improved weight, BMI, waist
circumference, fasting insulin, fasting glucose, but did not significantly improve IR as
measured by intravenous glucose tolerance test. Reductions in subcutaneous fat but not
visceral fat were seen in the treatment group compared to placebo [80]. In yet another study,
28 hyperinsulinemic (fasting insulin > 30 mg/dL), normoglycemic obese children were
randomized to metformin versus placebo. The metformin group had improved BMI, fasting
insulin levels, and improved heart rate variability, a marker which has been correlated with
poor cardiovascular outcomes in adults. However, when insulin resistance was adjusted for
baseline levels, the improvement in insulin sensitivity was no longer significant. The authors
also found that metformin reduced subcutaneous but not visceral fat mass [81].

Other studies have found a more positive benefit from metformin on insulin resistance in
obese children. A group from Turkey randomized 120 adolescents with IR by HOMA-IR in
a double-blind fashion to metformin or placebo coupled with lifestyle modification. The
metformin group experienced a significant decrease in BMI, insulin levels and in insulin
resistance (by HOMA-IR and QUICKI) [82]. Freemark and Bursey performed a
doubleblind, randomized, placebo controlled trial in 32 obese adolescents with a first or
second degree relative with T2DM and fasting insulin >15 mU/L [83]. The metformin group
experienced significant decrease in BMI, insulin levels and insulin resistance (HOMA-IR)
and an increase in insulin sensitivity (QUICKI). Another study in 24 obese children without
impaired glucose tolerance at baseline randomly assigned them in a double-blind fashion to
metformin versus placebo. The metformin group lost more weight, more body fat and had
improved insulin sensitivity [84].

It is clear from the data above, with the exception of the crossover study by Srinivasan et al.
that improvement in insulin resistance in children treated with metformin seems to occur in
the setting of improvements in BMI. This begs the question of whether metformin addresses
the insulin resistance, which improves weight loss, or whether metformin improves weight
loss, which improves insulin resistance. Though it may also be difficult to tease out the
potential effect of concomitant lifestyle changes, there is preliminary data to suggest that
metformin may be a helpful adjunct for treating accompanying IR in pediatric obesity.

The relative efficacy of lifestyle-based approaches vs. metformin therapy for prevention of
progression to T2DM is still an active area of research in children. In adults, lifestyle
intervention was shown to be more effective than metformin for T2DM prevention in a high-
risk population [85]. In children, the studies have been small and limited by high dropout
rates; however, it is noteworthy that the youngest participants in the Diabetes Prevention
Program (DPP) showed a similar response to both metformin and lifestyle intervention [86].
While the DPP was not powered to specifically look at this group, it raises the question of
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whether metformin could be at least as effective as lifestyle changes in this population for
T2DM prevention. At this point, there is a need for further long-term studies to address the
issue of metformin as a primary prevention for development of T2DM.

3.4 Summary

There is little data on the treatment of the metabolic syndrome in children. However, it
seems clear that lifestyle modification including improvements in physical activity and
dietary changes are the mainstay of treatment. Adjunctive therapies using omega-3 fatty
acids may be beneficial in reducing inflammation and lowering long-term risk, but no long
term evidence is available. Metformin is a relatively low-risk intervention that is associated
with a trend towards improvement in IR and weight reduction in certain groups. There is
ample opportunity for continued research to evaluate adjunctive treatments that confer long
term improvement on progression to both type 2 diabetes and early heart disease, and to
come to a consensus on a definition of the metabolic syndrome in children.

4 Co-morbid conditions associated with insulin resistance and the

metabolic syndrome

4.1 Prediabetes and development of type 2 diabetes mellitus

4.1.1 Introduction—The development of type 2 diabetes likely encompasses a spectrum
beginning with IR and progressing to prediabetes and finally frank type 2 diabetes.
Worsening insulin resistance results in increased stress on p-cell secretory capacity to
maintain normoglycemia. Disordered glucose metabolism, or prediabetes, will eventually
occur in individuals who experience some degree of B-cell failure [34, 87]. Prediabetes
includes both impaired fasting glucose (IFG) and impaired glucose tolerance (IGT). IFG is
defined as a fasting glucose level between 100 and 125 while impaired glucose tolerance is
defined as a blood glucose level 141-200 mg/dl 120 min after a standardized oral glucose
load during an oral glucose tolerance test. IGT is considered a precursor to T2DM and
indicates some degree of impairment in B-cell response to a glycemic load.

4.1.2 Prevalence and screening—The prevalence of IR and prediabetes in children has
been rising alongside the obesity epidemic. Data from the National Health and Nutrition
Examination Survey (NHANES) 1999-2002, found that 52% of obese US adolescents were
insulin resistant, based on HOMA-IR [41]. In an Israeli referral population, 80% of obese
children had insulin resistance as defined by HOMA-IR > 2. Of this group, 13.7% had IGT
[88]. In 1998-1994, NHANES data revealed 0.39% of 12-19 year olds had impaired fasting
glucose, with a combined prevalence of 0.41% of both type 1 and type 2 diabetes mellitus
[89]. More recently, a German study from 2004 found a prevalence of IFG and IGT in obese
8-20 year olds of 3.7% and 2.1%, respectively, with a prevalence of T2DM of 1.5% [90].
IGT has been found at rates as high as 25% in obese children [91, 92]. It must be
remembered that OGTT testing has poor reproducibility in children [93], so borderline cases
may retest in a normal range.

Although the absolute numbers of patients remains relatively low in many centers [94], a
greater proportion of new pediatric DM cases are being identified as type 2. Prior to the
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1990s, T2DM was rare in most Pediatric Endocrinology practices but by 2000, 8-45% of
new cases of diabetes in children were type 2 [95]. The SEARCH for Diabetes in Youth
study is tracking incidence and prevalence patterns within select locations in the United
States, and has found that proportions of DM classified as type 2 vary greatly by ethnicity,
from 6% in non-Hispanic whites to 76% in Native Americans [2]. The American Diabetes
Association (ADA) guidelines for screening for type 2 diabetes mellitus in asymptomatic
children are listed in Table 3. In addition to a fasting plasma glucose, strong consideration
should be given to obtaining an HbAlc [96] as an additional screening tool for T2DM.

4.1.3 Treatment of prediabetes—There is a paucity of information in the literature to
address the treatment of prediabetes in children. Szamosi et al. studied a 2 year lifestyle
intervention in 53 boys and 61 girls divided into 3 groups based on their glucose tolerance: a
normal glycemic group; a group with abnormal glucose levels at 180 min during oral
glucose tolerance testing (OGTT) but normal glucose levels at 120 min; and those who met
criteria for IGT [92]. BMI, systolic blood pressure, triglycerides and HOMA index all
decreased significantly in the patients who participated in the intervention. Fasting plasma
insulin levels decreased in those in the normal group, but not the others. Glucose parameters
on OGTT also significantly decreased in all groups.

To this point, pharmaceutical intervention to prevent T2DM (metformin) has not been
formally studied in the pediatric population. In adults, metformin does appear to be an
effective adjunctive or primary therapy to prevent or delay the onset of type 2 diabetes in a
prediabetic population [85]. Given the growing evidence of the potential benefit of
metformin in the IR pediatric population, it should strongly be considered as an adjunct to
lifestyle alteration.

4.1.4 Treatment of type 2 diabetes mellitus in children—Since pediatric T2DM is a
fairly new entity, there is a paucity of data on the effectiveness and safety of pharmaceutical
strategies that are commonly employed in adults. The only currently approved therapies
forT2DM in childrenare limited to metformin and subcutaneous insulin. The most effective
treatment for children with a formal diagnosis of T2DM is unknown, but a large-scale trial
comparing lifestyle, metformin, and the thiazolidenedione, rosiglitazone, for T2DM in youth
is well underway [86]. Other classes of agents used in adults, including sulfonylureas,
thiazolidenediones, alpha glucosidase inhibitors, GLP-1 agonists, and DPP-4 inhibitors have
not been well studied in children. Despite this, many of these oral medications are being
used in pediatric patients with T2DM [97]. In a survey of practitioners in the UK, the most
prevalent treatment used in children with T2DM was metformin, but insulin, sulfonylureas,
and thiazolidinediones were also commonly used [98]. At the current time metformin is still
the only oral agent FDA approved for the treatment of T2DM in the pediatric age group
[99].

Initial treatment in children with T2DM is based on metabolic control at presentation. If the
child is in poor metabolic control or diabetic ketoacidosis, the first line therapy is insulin
[100]. Once metabolic stability has been achieved, lifestyle modifications, in conjunction
with metformin, become the primary treatments [100-102].
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Metformin: A single randomized, double blinded placebo controlled trial established the
effectiveness of metformin for pediatric T2DM and led to its approval as a first line drug
[103]. In this study, a total of 42 children aged 8-16 year old were enrolled to one of two
arms. The trial was stopped early due to 70% of placebo patients requiring rescue
medications. Metformin treated patients had significant reduction in fasting plasma glucose
levels and hemoglobin A1C levels compared to placebo [103].

Sulfonylureas: Sulfonylureas bind to the sulfonylurea receptor on pancreatic beta cells
resulting in cell depolarization and eventual secretion of insulin. One study has compared
the effectiveness of the sulfonylurea glimepiride to metformin in a single-blind randomized
trial among pediatric patients [99]. Two hundred, eighty-five children were randomized to
glimepiride or metformin, with mean final dose for glimepiride of 3.8 mg/day and
metformin of 1408 mg/day. There was a significant and equal reduction in A1C values at 24
weeks in both groups. However, there was a significant difference in BMI at the end of the
study with the glimepiride group gaining weight (+0.26 kg/m?2) while the metformin group
lost weight (=0.33 kg/m?2). There was a comparable rate of adverse events between groups,
although this rate was high (nearly 60%) in both groups. Although somewhat hampered by
loss to follow up and the single-blinding design, it did demonstrate the efficacy of this class
of agent in ages 8-17 years.

Thiazolidinediones: Thiazolidinediones bind to a member of the nuclear hormone receptor
family known as peroxisome proliferator-activated receptor y (PPAR ). The exact
mechanism of action of these drugs is unknown, but they enhance insulin action in
peripheral tissues and the liver and improve lipids, blood pressure, and endothelial function
in adults (reviewed in [102]). There is no published data about the safety or efficacy of this
class of agents in the pediatric population at this time. The TODAY study should help
elucidate their potential role [86]. As always, enthusiasm for new therapies must be weighed
against the potential for long-term harm in the pediatric population. This is especially
important in light of the recent data showing a potential link for earlier cardiovascular events
in adults who received rosiglitazone as part of an intensive therapy regimen [104].

Glitinides: Glitinides stimulate endogenous insulin secretion by activating the voltage-
dependent calcium channel. They have a more rapid onset and shorter duration of action
than sulfonylurea and are given with meals. They have not been as well studied in adults as
the sulfonylureas and there is no data in children or adolescents (reviewed in [102]).

Incretin hormones: Glucagon-like peptide 1 agonists (exenatide and liraglutide) are the
newest class of agents used in type 2 diabetes therapy. This class of drug mimics the effects
of incretin hormones which are normally released in response to a meal and enhance insulin
secretion, reduce hepatic glucose output via suppression of glucagon, and slow gastric
emptying. Dipeptidyl peptidase 4 (DPP-4) is an enzyme that breaks down GLP-1 and other
incretin hormones. The class of drugs known as DPP-4 inhibitors (sitagliptin and vitagliptin)
prolongs the activity of endogenous incretins. Both GLP-1 agonists and DPP-4 inhibitors are
effective in lowering HbA1c values in adults and GLP-1 agonists have a weight negative
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effect [105]. There have been no studies performed in the pediatric population on
effectiveness or safety of GLP-1 agonists or DPP—4 inhibitors.

Future directions: non-steroidal anti-inflammatory drugs: Salicylates were first noted to
improve hyperglycemia in the late 19th century, well before the introduction of insulin
(reviewed in [106]). Recent studies in mice have built on this historical observation to show
that salicylates reverse both TNF-a-induced insulin resistance in adipocytes as well as lipid-
induced defects in insulin signaling in hepatocytes [107, 108]. Three more recent studies of
salsalate therapy humans demonstrated reductions in fasting glucose, CRP, total cholesterol
and triglycerides in diabetic adults [109] as well as decreased markers of inflammation,
improved insulin-stimulated glucose uptake, and decreased hepatic glucose production in
obese, nondiabetic adults [106, 110]. These preliminary studies indicate a possible role for
NSAID therapy in IR and T2DM, and larger randomized placebo-controlled studies are
underway.

4.2 Dyslipidemia

4.2.1 Introduction—A clear association between an atherogenic lipid profile (elevated
LDL cholesterol and triglycerides with low HDL cholesterol) and obesity in children has
been well established [111]. An atherogenic lipid profile is a known risk factor for
development of fatty streaks in the aorta. Postmortem studies have demonstrated evidence of
coronary artery disease in obese young men who had unfavorable lipid profiles and met
criteria for metabolic syndrome [32, 112]. Lipid profiles (and other components of metabolic
syndrome) track from childhood into adulthood [113-115]. Therefore, dyslipidemia, when
present in youth, represents an opportunity to modify a risk factor that may have a dramatic
effect in future cardiovascular disease.

4.2.2 Prevalence and screening—Obesity is listed as a risk factor to screen for lipid
abnormalities in the most recent policy statement adopted by the American Academy of
Pediatrics [116]. Up to 46% of a referral population of overweight 7-12 year old children
had evidence for abnormalities in their lipid profile when compared to population based
norms. Moreover the children with high TG and low HDL had significantly higher BMI-
SDS and lower indices of fitness than the rest of the cohort [117]. Obese youth, when
matched for age, gender, and pubertal stage, have a 2.5-7.1 fold increased risk for an
atherogenic lipid profile and insulin resistance in comparison to their leaner counterparts
[118]. In most obese children, the dyslipidemia observed is mixed and includes elevated TG,
elevated LDL, and low HDL levels. Isolated hypertriglyceridemia has been reported in 10—
20% of obese children [119].

The dyslipdemia seen in pediatric obesity has both genetic and environmental origins.
However, a key risk factor for development of lipid abnormalities is concomitant insulin
resistance. For the same BMI, adolescents with evidence for IR are more likely to have an
abnormal lipid profile [120].

Treatment cut-offs have generally depended on LDL levels that are above a single acceptable
value for children established by the National Cholesterol Education Panel or above age
adjusted norms. An adaptation of current cut-offs for consideration of therapy is listed in
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Table 4. For obese children with LDL levels above this range, therapy is recommended. Due
to the inherent increased risk for future cardiovascular disease, children diagnosed with
T2DM have different thresholds to initiate more aggressive therapy once glycemic control is
maximized.

4.2.3 Treatment—Therapeutic guidelines for treatment of lipid abnormalities in children
are limited by the lack of long term evidence except in children with a genetic mutation
resulting in known disorder of lipid metabolism such as familial hypercholesterolemia (FH).
Most safety and efficacy data on use of HMG CoA reductase inhibitors or “statins” stems
from trials in children with FH. In the FH population, statins have been demonstrated to
have excellent short-term safety, and are effective at improving lipid profiles and non-
invasive surrogates of cardiovascular disease such as carotid IMT and brachial flow
dilatation [121].

Lifestyle: First line therapy for dyslipidemia among obese youth remains lifestyle
intervention including aggressive reductions in dietary fat intake and increasing aerobic
activity. Dietary recommendations are to limit total fat intake to 25% or less of daily
calories, saturated fat intake to <7% of total calories, trans fats to <1% of total calories, and
cholesterol to <200 mg daily. Implementation of such dietary changes can be expected to
induce modest reductions in LDL levels [122]. Additional low risk dietary intervention
strategies should include supplementation with omega-3 fatty acids (docosahexanoic acid
[DHA] and eicosapentaenoic acid [EPA]) as they are an effective and safe therapy for
treatment of hypertriglyceridemia [123]. Preliminary data in children shows a similar benefit
in promoting a less atherogenic profile [124]. Addition of soluble fiber and/or plant stanols
and sterols may also have a moderate impact on LDL levels [116]. An increase in exercise is
generally recommended based on adult data. Pediatric data is less abundant and shows
mixed results; however, previous studies have been limited by small sample sizes and lack of
control for pubertal staging, type of exercise, and diet. In general, it is believed that exercise
promotes modest increases in HDL cholesterol without significantly changing total
cholesterol [125].

Pharmacologic therapy: For obese children > 10 years who comply with dietary therapy
and have persistent elevation of LDL cholesterol > 130 or for children with T2DM and LDL
>100 mg/dl, pharmacologic therapy should be considered.

Bile Acid Resins: The bile-acid resin, cholestyramine, has long been the first line
pharmacologic agent for children with persistent hypercholesterolemia. Modest reductions
in total cholesterol of 10-20% have been observed in the pediatric population [126]. Despite
their favorable side effect profile due to a lack of systemic absorption, cholestyramine is
limited by its poor tolerability and lack of adherence.

Fibrates: Fibrates are recommended for adults with hypertriglyceridemia for further
cardiovascular risk reduction and prevention of pancreatitis. The general cut-off for adults is
a triglyceride level of 450 mg/dl or greater. No data is available to demonstrate improved
outcomes in treated pediatric patients, but guidelines for treatment of hypertriglyceridemia
in the obese pediatric patient have recently been proposed. This includes a step wise
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approach using lifestyle changes and omega-3 fatty acids with the addition of a fibrate
(gemfibrozil) if persistent elevation in TG or a statin if non-HDL levels are high [119].

Niacin: Niacin is rarely used in the pediatric population due to its side effect profile
(flushing, hepatitis). However, it can be effective in lowering LDL while increasing HDL
and should be considered in the older adolescent with evidence for metabolic syndrome. No
randomized controlled trials are available in the pediatric population.

HMG CoA-Reductase Inhibitors: HMG CoA-reductase inhibitors or “statins” interfere
with the normal synthesis of endogenous cholesterol, thereby upregulating LDL receptors
and increasing clearance of LDL particles in the blood. Most experience with statin drugs
stems from trials in children with familial hypercholesterolemia (FH) and this is the only
pediatric population for which statins are FDA approved. In the FH population, various
statin drugs have been demonstrated to have excellent short-term safety, and are effective at
improving lipid profiles and non-invasive surrogates of cardiovascular disease [121]. Trials
in the obese dyslipidemic population have not been performed to this point. However, given
their effectiveness in adults and FH population, they should be considered in adolescents
with more severe increases in LDL levels or certainly in children with T2DM. Monitoring is
essential in anyone started on a statin as complications of therapy include elevated
transaminase and creatine kinase levels. Guidelines for starting and monitoring statin drugs
in the pediatric population have been previously published [111]. To this point, similar calls
for initiation of statin therapy as first line treatment in the obese pediatric population with
dyslipidemia have not been made.

4.3 Hypertension

4.3.1 Introduction—Hypertension is a well established risk factor for cardiovascular
disease and management of hypertension is an essential component of preventative care in
adults. Children who develop hypertension are more likely to have hypertension as an adult
[127, 128], thereby leaving them at an increased risk for various forms of adult
cardiovascular disease. Moreover, the presence of hypertension in childhood is one of the
risk factors associated with early atherosclerotic change [33]. Obesity is a well established
risk factor for hypertension in children [118, 129-131], and increases in measures of
adiposity during childhood increase the risk for hypertension as a young adult [132, 133].
The origins of hypertension in obese youth remain to be clarified but are believed to be in
part secondary to a combination of autonomic dysfunction, insulin resistance, and abnormal
vascular structure and function (Reviewed in [134]). As an additional modifiable risk factor
for future heart disease, it is important to identify and initiate a therapeutic program to treat
hypertension either as an isolated finding or as a component of metabolic syndrome in obese
children.

4.3.2 Prevalence and screening—In general, secondary forms of hypertension are
more common among the pediatric population. However, the increased rates of pediatric
obesity have been a proposed factor in the increasing rates of primary hypertension among
children. Estimating true prevalence rates are difficult and fraught with potential for bias due
to differences in technique (manual vs. electronic), single vs. multiple readings for

Rev Endocr Metab Disord. Author manuscript; available in PMC 2017 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ode et al.

Page 16

diagnosis, and proper use of age, height, and gender based norms. In a large cohort of 10-19
year olds, the prevalence of hypertension on 3 separate occasions was 4.5% in the cohort but
10.7% among children with a BMI1>95%[129]. In fact, current estimates may be well below
actual prevalence in children [135].

Blood pressure measurements should be performed on three separate occasions using the
correct size cuff as excessively large or small cuffs will give falsely low or high readings,
respectively. BP measurements should be compared to age, gender, and height matched
norms. Hypertension is defined a systolic or diastolic blood pressure (typically systolic
elevation) that is greater than the 95th percentile for age, gender, and height in children on
three separate occasions [136]. In most situations, hypertension in the obese child is primary
in nature, though secondary causes of hypertension can be investigated if suggested by
clinical, family history or physical exam. Obese children with hypertension should have an
echocardiogram performed to evaluate for evidence of left ventricular hypertrophy (LVH)
which would signify the beginnings of end-organ damage and place the child in a higher risk
category.

4.3.3 Treatment—The long term consequences of untreated hypertension in childhood are
unknown, but given the available data linking childhood hypertension to future
cardiovascular disease, it is an important obesity related metabolic co-morbidity to address.
Similar to other components of MS, therapy for hypertension begins with strategies to
induce weight loss. Growing evidence points to the beneficial effect of weight loss on blood
pressure. In a well designed study, Rocchini, et.al. demonstrated a significant decrease in
both BMI and blood pressure in overweight adolescents who completed a diet plus exercise
program as compared to a similar group of children who completed a diet only program or
served as a control [137]. Similar results were demonstrated in a study of 207 obese
adolescents who underwent 1 of year diet, exercise, and behavioral therapy. Of the children
who completed the study (drop out rate of 14%) and decreased their BMI-SDS (72% of
remaining participants), a significant decrease of mean SBP and DBP was achieved [138]. In
a separate study, family directed therapy to induce dietary behavioral change in obese youth
significantly reduced BMI by 2.6 units and mean blood pressure as compared to a control
group [139].

Concomitant pharmacologic therapy should be considered at the time of diagnosis in higher
risk obese children, which would include evidence for LVH on echocardiogram or in those
with additional metabolic risk factors (dyslipdemia, type 2 diabetes). In addition,
antihypertensive therapy should be considered in those obese children who have participated
in a lifestyle intervention program and have persistent hypertension. A number of
antihypertensive classes are approved for use in children; however, no evidence basis for
selection of an initial class exists for the obese population. Current guidelines allow for use
of ACE inhibitors (ACEI), B-blockers, angiotensin receptor blockers (ARB), calcium
channel blockers, or diuretics [136]. ACEI or ARB should be considered as first line agents
especially in obese youth with type 2 diabetes given their additional protective effect against
nephropathy and retinopathy progression.
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5 Polycystic ovarian syndrome (PCOS)

5.1 Introduction

PCOS is one of the most common endocrine disorders encountered in females, occurring in
3-10% of women [140]. PCOS is characterized clinically by anovulatory menstrual cycles
and hirsutism or biochemical hyperandrogenism. Typical laboratory abnormalities in PCOS
include elevations in free testosterone or dehydroepiandosterone sulfate (DHEAS) and
decreases in sex hormone binding globulin [141]. Polycystic ovaries on ultrasound are also
found in many women with PCOS, but their inclusion in the diagnostic criteria has been
controversial [142]. In addition to the cosmetic problems that women can experience,
serious sequelae of PCOS include problems with infertility [143]. There also is growing
evidence that PCOS is strongly associated with features of the metabolic syndrome [144,
145], and markers for subclinical cardiovascular disease [146]. Although PCOS may occur
in both normal weight and obese females, an overweight phenotype is more common and is
associated with a more severe clinical picture, including a worse cardiovascular risk profile
[147, 148]. The diagnosis of PCOS is exclusive to reproductively mature females, but
childhood associations and risk factors have emerged. Pre-pubertal characteristics, including
being small for gestational age and having a history of precocious pubarche, are proposed
risk factors for later PCOS and metabolic syndrome [149-151].

5.2 Etiology of PCOS

The etiology of PCOS not completely understood, but it is likely multi-factorial with both
genetic and environmental influences playing key roles [140]. The hyperandrogenism in
PCOS appears to be of both adrenal and ovarian origin. 40-70% of women with PCOS have
what is termed functional adrenal hyperandrogenism characterized by an exaggerated
adrenal androgen response to ACTH [152]. Insulin resistance is believed to have a causative
role in promoting both ovarian and adrenal hyperandrogenemia (reviewed in [153]) as well
as a tendency toward glycemic intolerance.

Obese adolescents with PCOS are more likely to have severe insulin resistance, as
demonstrated by hyperinsulinemic-euglycemic clamp, hyperglycemic clamp, and HOMA-IR
[154, 155]. When compared to BMI matched girls without PCOS, obese girls with PCOS
have measures of peripheral insulin sensitivity that are close to 50% lower [154]. IR is not
completely dependent on measures of adiposity, however, as non-obese girls with PCOS
have also been found to be markedly insulin resistant by HOMA [156].

Given the presence of underlying insulin resistance, it is not surprising that abnormalities in
glucose tolerance have also emerged. Impaired fasting glucose and impaired glucose
tolerance have been identified in adolescents with PCOS, with rates approaching 25% [157].
Avrslanian et al. found that obese girls with PCOS and impaired glucose tolerance have a
lower first phase insulin secretion and abnormal nocturnal blood pressure regulation
suggesting high risk for progression to T2DM and a tendency towards metabolic syndrome
and increased cardiovascular risk [158]. Not all studies have identified the same risk towards
metabolic syndrome, however. Rossi et al. performed a cross-sectional study of overweight
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and obese girls 12-18 years old, 43 with PCOS and 31 BMI-matched controls and found no
significant difference in the rate of metabolic syndrome between the two groups [159].

5.3 PCOS therapy

Several therapeutic strategies have been employed in adults with PCOS including lifestyle
interventions, oral contraceptives, insulin sensitizers and antiandrogen therapies (reviewed in
[160]). Each of these therapies is directed at one of the multiple disturbances in physiology,
although several of these strategies are complementary. Ultimately, the goal of therapy for
PCOS is to improve disturbances in physiology that cause troublesome signs and symptoms
(hirsutism, oligomenorrhea, insulin resistance) and reduce future risks for metabolic
syndrome and cardiovascular disease. Data in adolescents is less robust but does offer
insight into effective therapies for this population as well.

5.3.1 Lifestyle interventions/weight loss—L.ifestyle modification is considered the
first line therapy for obese women and adolescents with PCOS, [161]. Lifestyle
interventions addressing both weight loss and cardiorespiratory fitness have been found to
be effective in reducing hyperandrogenemia, insulin resistance and cardiometabolic risk
factors in adults [162]. However, there are few studies of lifestyle intervention alone in girls
with PCOS. Hoeger et al. studied intensive lifestyle modification in a randomized fashion
comparing metformin vs. oral contraceptive pills vs. placebo coupled with usual lifestyle
advice. In this small study, although adolescents had difficulty complying with the intensive
lifestyle modification, it was demonstrated that even small amounts of weight loss were
associated with significant improvements in sex hormone binding globulin and markers of
inflammation. Successful weight loss was associated with reduced total testosterone,
reduced hirsutism and improved cholesterol markers [157].

5.3.2 Oral contraceptives—Oral contraceptives (OCPs) are effective in regulating
menstrual cycles and decreasing ovarian hyperandrogenism, and therefore have long been
one of the first line therapies for PCOS [163]. In more obese females, these effects may be
more difficult to achieve (reviewed in [164]). Although OCPs have been successful in
treating menstrual irregularities and hyperandrogenemia, it remains controversial whether
they have any beneficial effect on the underlying metabolic derangements observed in
PCOS. Hoeger et al. report a small randomized placebo-controlled trial comparing intensive
lifestyle management, oral contraceptives and metformin in adolescents. The group
randomized to oral contraceptives experienced a decrease in total testosterone, but an
increase in total, LDL and HDL cholesterol and high-sensitivity CRP, a common marker of
inflammation. In addition, OCPs had no apparent effect in insulin or glucose levels [157].
Allen et al. performed a randomized trial comparing use of oral contraceptives to metformin
therapy in 35 adolescent women with hyperinsulinemia and found that both groups
experienced significant improvement in BMI, menstrual regularity, insulin sensitivity and a
reduction in total testosterone. There were no significant differences found between the two
treatment groups and no placebo group was included [163]. Mastorakos et al. randomized 36
adolescent girls to OCPs containing either desogestrel or cyproterone acetate as the active
progestin. After 12 months of treatment, both groups experienced significantly increased
insulin resistance as measured by HOMA-IR, although there was no change in BMI or waist
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to hip ratio [165]. In a previous study by the same group, the two formulations of OCPs
were comparable and both improved menstrual cyclicity and decreased hirsutism and
androgen levels [166]. From these studies, it seems reasonable to state that OCPs are
effective in inducing menstrual cyclicity and hyperandrogenemia, although their effect on
insulin resistance may not be as positive.

5.3.3 Insulin sensitizers—Because insulin resistance is felt to be an essential part of the
pathophysiology of PCOS, insulin sensitizers have been used as treatment modality to
reduce potential progression towards T2DM and to induce ovulation and treat infertility. In
adults, metformin has been shown to improve ovulation, hyperandrogenism and insulin
sensitivity, but its effect on fertility and other cardiovascular risk factors is less clear[167,
168]. Metformin has also been used in adolescents with PCOS. Ibafiez et al. demonstrated
metformin therapy improved hirsutism, hyperinsulinism and hyperandrogenism in10 non-
obese girls with PCOS and insulin resistance. Of note, there was no comparison group in
this study [169]. Arslanian et al. performed an open label trial of 850 mg of metformin twice
a day in 15 adolescents for 3 months. BMI decreased significantly with significant
improvements in glucose and insulin levels during oral glucose tolerance testing. Total and
free testosterone decreased significantly and menstrual cycles improved [152]. In the study
by Hoeger et al, randomization to metformin was associated with decreased waist
circumference and significantly greater decrease in testosterone levels compared to placebo
[157]. Glueck et al. studied 11 obese females with PCOS at a dose of 500 mg tid-850 mg
three times daily and found that 91% of the girls resumed normal menses. There was
reduction in total cholesterol, increased estradiol levels and a downward trend in testosterone
levels even when adjusted for weight loss [170].

Thiazolidinediones, a class of agents that bind to the peroxisome proliferator activated
receptor (PPAR) have been studied in adults with PCOS. Troglitazone, rosiglitazone and
pioglitazone all improve insulin sensitivity, glycemic control, anovulation and hormonal
abnormalities [171-173]. Troglitazone has now been taken off the market due to liver
toxicity [171, 172, 174]. Pioglitazone has been trialed in 22 obese adolescent and young
adult women with PCQOS, aged 15-25. All were treated with open-label pioglitazone 30 mg
once daily combined with advice on lifestyle changes. Although there was no significant
change in BMI from baseline, there was significant improvement in mean fasting plasma
glucose and decreased insulin resistance. Menstrual regularity improved, but androgen levels
did not change [173].

5.3.4 Antiandrogens—Antiandrogens have been used to directly address the
hyperandrogenism present in PCOS. Spirinolactone, an androgen receptor blocker, is
effective in reducing the effects of elevated testosterone levels in adults, and can be
employed as a second line or adjunct agent in severe hirsutism in adolescent females. There
are no randomized trials evaluating its effectiveness as a primary therapy in the obese
pediatric population, although flutamide in combination with metformin has been used in
non-obese adolescents with PCOS [156]. Spironolactone is a teratogenic agent and it is
therefore critical to discuss birth control or use an OCP when utilizing spironolactone.
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5.3.5 Summary—There are a number of effective short-term treatment options for PCOS
in obese adolescents. A current practical approach is to begin with lifestyle interventions to
induce weight loss followed by or concomitant with oral contraceptive therapy. Strong
consideration of primary metformin therapy may be made in girls with evidence for insulin
resistance, impaired fasting glucose, or impaired glucose tolerance. For troublesome hirsute
features that are recalcitrant to initial therapies outlined above, addition of spironolactone
should be considered. Given the concerning long-term cardiovascular and metabolic risks
that are associated with this syndrome, long-term effects of these therapies need to be
studied more intensely to better guide future treatment of this syndrome in the pediatric
population.

6 Non alcoholic fatty liver disease (NAFLD)

6.1 Background

Non alcoholic fatty liver disease (NAFLD) refers to the presence of hepatic steatosis in the
absence of significant ethanol consumption, underlying liver disease, or inborn errors of
metabolism. NAFLD is likely part of a continuum of disease beginning with asymptomatic
changes of steatosis on liver biopsy, to active liver inflammation termed Non Alcoholic
Steatohepatitis (NASH), which can eventually result in frank hepatic necrosis with cirrhosis
[175, 176].

NAFLD most commonly occurs in obese individuals. Although NAFLD can be present in
the absence of obesity, up to 90% of children with NAFLD are overweight or obese [177,
178]. Children with higher BMI are more likely to have more extensive inflammation and
fibrosis on pathology [177, 179-181]. Children with NAFLD also typically have evidence
for insulin resistance, even when controlling for BMI [177, 180]. In fact, insulin resistance is
hypothesized to play an active role in the pathogenesis of accretion of hepatic fat [182] and
is associated with more severe disease on liver pathology [181]. There is also a high
prevalence of the other features of the metabolic syndrome in children with NAFLD
including elevated triglycerides, an atherogenic lipid profile, and elevated blood pressure
[50, 183]. Direct correlations between number of components of the metabolic syndrome
and higher transaminase levels with more fibrosis on biopsy have been reported [177].

NAFLD causes few if any symptoms, even in the presence of markedly abnormal liver
pathology [182]. Making the definitive diagnosis of NAFLD requires liver biopsy and
evidence for pathologic changes. However, it has been argued that liver biopsy is not
appropriate for general screening, given the invasiveness and theoretical risks involved with
that procedure. An alternative proposed diagnostic criteria include elevated transaminase
levels (ALT > AST) coupled with characteristic findings on ultrasound in the absence of
other causes of liver disease [182]. Importantly, detection of elevated transaminase levels is
not 100% sensitive, as the disease has been found in the absence of elevated transaminases
[184].
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6.2 Prevalence

Nonalcoholic fatty liver disease (NAFLD) is now recognized as the most common cause of
liver disease in childhood [182, 185]. The prevalence of this disorder has been increasing
alongside that of the obesity epidemic [182]. In the NHANES data from 1999-2004, an
alarming 8.0% of all US children ages 12-19 had evidence for elevated liver enzymes in the
absence of other causes for liver disease [186]. A predilection towards Mexican-American
children and of the male gender was noted in this age range [186]. Rates from the NHANES
data are consistent with autopsy studies where histologically proven NAFLD has been found
in 9.6% of 2-19 year old children [187]. Rates are dramatically higher among obese
populations. Some groups have reported incidence rates as high as 60%[188] though
selection bias for the most severely affected children with other co-morbidities may inflate
the incidence within many obesity treatment centers. Others have reported prevalence among
obese youth of 14-24%. Autopsy data has demonstrated rates among obese youth of 38%
[187]. These rates are influenced by ethnic background, severity of obesity, degree of
visceral adiposity, concomitant insulin resistance, levels of triglycerides, gender, and
markers of inflammation [183, 187].

The natural history of NAFLD has not been well characterized, especially in children, but
the differentiation between NAFLD and NASH may have important prognostic implications
[181]. Unlike adults, where NAFLD is known to progress to cirrhosis [177] the long-term
outcome of NAFLD in pediatric populations has not been completely elucidated. There have
been cases of cirrhotic liver disease reported in children requiring transplant [180, 189].
Given even a small risk of cirrhosis, there has been interest in trials targeting treatment of
NAFLD in the pediatric population.

6.3 NAFLD treatment

There is no conclusively proven effective treatment for NAFLD [180, 182]. Lifestyle
interventions appear to be the most effective. Two other therapies, antioxidants (primarily
Vitamin E) and metformin, have been studied in children with mixed results.

6.3.1 Lifestyle interventions—Similar to the therapeutic approach in T2DM, weight loss
through lifestyle modification is a key component to management of NAFLD. Achievement
of significant weight loss by lifestyle intervention has consistently been associated with
improvement in NAFLD disease scores [180, 181, 190, 191]. In 2006, Nobili et al. reported
on 84 overweight children with biopsy-proven NAFLD, 57 of who completed 1 year of
lifestyle intervention. A successful decrease in BMI was associated with significant
improvement in liver enzymes, cholesterol, triglyceride levels, insulin sensitivity, and
improved liver appearance on ultrasound [180]. Importantly, the greater the weight loss, the
greater the reduction in ALT levels. A second study by the same group in 88 patients with
biopsy-proven NAFLD showed similar improvement with weight loss through lifestyle
intervention [179]. A randomized, controlled study in obese Chinese school children with
elevated ALT and steatosis by liver ultrasound, compared a very strict lifestyle intervention
in the form of a summer camp to both a group treated with Vitamin E and a control, non-
intervention group. Compared to controls, both the camp group and vitamin E group
experienced significant improvement in BMI, AST, ALT, and insulin resistance, but the
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intensive intervention group experienced significantly greater change in BMI and ALT
[192]. Reinehr et al. have recently published a longitudinal study of a large cohort of obese
children with NAFLD (defined by appearance on liver ultrasound) who were offered a
lifestyle intervention program focused on nutrition, fitness, and behavioral modification. In
the children who participated in the lifestyle intervention program, significant improvement
in BMI-SDS, AST, ALT and in the percentage of patients who met criteria for NAFLD on
ultrasound were found at 1 year compared to the group of children that did not participate.
These benefits persisted through 2 years of follow-up. Even those with the smallest degree
of weight loss were found to have significant decrease in ALT levels [193].

Dietary modifications, on their own, may not equate to weight loss in this population [190].
Rather, the combined effects of diet modification, increased fitness through activity change,
and behavioral therapy all play some role in weight loss, improved insulin sensitivity, and
improvement in NAFLD. Though these data are based on disease markers rather than
clinical outcomes, it appears that lifestyle modification resulting in reductions in BMI is an
effective treatment for NAFLD in children.

6.3.2 Anti-oxidants—One of the hypotheses behind the detrimental effects of fat
accretion in the liver is the production of reactive oxygen species leading to increased
inflammation, necrosis and fibrosis (reviewed in [191]). Therefore, it has been proposed that
treating patients with anti-oxidants, specifically Vitamin E in the form of a-tocopherol, may
reverse the liver disease and improve prognosis (reviewed in [182]). Thus far, the few trials
in children have resulted in contradictory results. A randomized, placebo controlled trial of
Vitamin E and C therapy in 53 children with biopsy-proven NAFLD showed no significant
differences between Vitamin E, Vitamin C, and placebo. This trial, however, was
confounded by the fact that the vitamin E group had higher glucose levels and worse insulin
resistance at baseline [194]. In another randomized, double-blind trial of Vitamin E therapy
plus diet in 28 patients with obesity, elevated transaminases, and hepatic steatosis on
ultrasound, no differences between the groups with respect to change in aminotransferase
levels were identified. When a post-hoc subgroup analysis stratified based on “compliance”
(defined as successful weight loss for the diet group and two-fold increase in serum vitamin
E levels for the group treated with vitamin E) was performed, a significant decrease in ALT
values were found for those who were “compliant” with the diet, and for those compliant
with vitamin E therapy despite the fact that no significant weight loss occurred in this
subgroup [178]. At this point, high dose therapy with antioxidants cannot be routinely
recommended, but a larger scale study that is adequately powered to identify a benefit is
needed.

6.3.3 Insulin sensitizers—Metformin and pioglitazone have been trialed as therapies in
the adult population. Perhaps due to the potential concerns for increased risk of
cardiovascular events associated with thiazolidinediones in adult populations [195, 196], and
a paucity of overall data in children with T2DM, only metformin has been considered
appropriate for use in children. Thus far, there have been two trials using metformin in
pediatric NAFLD. An open-label, single arm, phase two trial by Schwimmer et al. in ten
obese children with biopsy-proven NAFLD found that metformin therapy at a dose of 500
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mg bid was associated with a significant decrease in AST, ALT, liver fat, insulin sensitivity
and quality of life compared to baseline [190]. However, the conclusions of this trial were
limited by small sample size, lack of blinding, and most significantly, lack of a comparison
group. Nobili et al. studied 28 children with NAFLD in an open label trial of metformin 1.5
g/day plus lifestyle intervention compared to a placebo arm from a separate, parallel study
that also received lifestyle intervention. Both groups experienced significant decrease in
weight and had significant improvement in ALT, AST and liver histology on repeat biopsy
after 2 years of therapy [197]. There was no significant difference in the degree of
improvement between the two groups. A randomized, controlled, blinded study of Vitamin E
therapy and metformin therapy in children ages 8-17 (the TONIC trial) is currently ongoing
and will further elucidate the role of these therapies as an adjunct to the management of
NAFLD in children [198].

6.3.4 Other therapies—Ursodeoxycholic acid has been studied in one trial in children
and two in adults, where it was found to be ineffective as monotherapy and in combination
with diet [199-201]. Pentoxifylline, a methylxanthine that down regulates TNF-a
production, has shown preliminary promising results as a novel therapy for NASH in adults
[202], but has yet to be studied in children.

6.4 Conclusions

It seems clear at this point that the only evidence for effective treatment of NAFLD is via
weight reduction through lifestyle intervention. The only caveat to this is that extreme and
rapid weight loss via extreme caloric restriction in adults has been associated with
worsening fibrosis in NAFLD [203]. It remains to be seen whether complementary strategies
with metformin, antioxidants, or agents targeting inflammatory mediators will also be useful
as adjunctive agents to reverse disease and prevent progression of disease or other metabolic
complications.

7 Summary

The association between obesity related inflammation and the metabolic consequences of
excess adiposity in children is an important focus of ongoing study. There is solid evidence
that lifestyle changes, such as diet and exercise may be effective in mediating this
inflammatory state. Unfortunately, in practice, our skill in achieving widespread lifestyle
change in the population is lagging behind the rapid pace at which the pediatric population is
developing metabolic complications of obesity. This highlights the importance of accurate,
timely identification of such complications and consideration of pharmacologic treatment.
Such steps are necessary to prevent further progression of disease and as a preventative
measure against future cardiovascular disease. Further advances in our understanding of the
pathologic mechanisms underlying these pathways will play a major role in our ability to
impact the health and well-being of children in a society with increasing rates of obesity.
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Energy excess, systemic inflammation and metabolic consequences. Excess dietary
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carbohydrates cause glucotoxicity and impaired insulin secretion in the pancreatic beta cell
as well as steatohepatitis and insulin resistance in the hepatocyte. Excess dietary fats cause
adipocyte hypertrophy and adipose hyperplasia, which leads to oxidative stress and altered
production of adipokines and inflammatory mediators as well as increased circulating free

fatty acids. This leads to a generalized inflammatory state and lipid accumulation in
muscles, liver, vascular tissue, heart and beta cells. Adapted from reference [204]
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Table 1

Adipokines and their potential metabolic roles in influencing development of metabolic syndrome

Adipokine Site

Role

Adiponectin  Muscle
Pancreas
Immune
Liver
Vascular

Leptin Muscle
Adipose
Pancreas
Immune
Liver
Vascular
CNS

RBP4 Muscle
Adipose
Liver

Resistin Muscle
Immune
Vascular

Visfatin Muscle
Adipose
Pancreas

Liver

Stimulates glucose uptake

Stimulates insulin secretion

Anti inflammatory

Suppresses gluconeogenesis Stimulates fatty acid oxidation
Antiatherogenic

Stimulates fatty acid oxidation

Inhibits lipogenesis

Stimulates fatty acid oxidation

Pro-inflammatory

Stimulates fatty acid oxidation Indirect modulation of gluconeogenesis
Associated with atherosclerosis

Reduces appetite/promotes energy expenditure

Elevates sympathetic activity (hypertension)

Impairs insulin signaling (in mice)

May play a role in fuel sensing

Induces insulin resistance

(insulin resistance in mice)

Increases cytokine production in macrophages

Possible endothelial dysfunction

Possibly insulin sensitizing

Stimulates TNF-a and IL-6 production Promotes adipogenesis
Stimulates insulin secretion (mice)

Reduces hepatic gluconeogenesis

Adapted from references [8, 204-207]
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Table 2

Metabolic syndrome criteria for pediatric populations

Page 37

Ages (years)

AHA Criteria
12-19

IDF Criteria

6to9

10-15

16+ (adult criteria)

Waist circumference

Blood Pressure

Triglycerides

HDL-C

Fasting Glucose

>75th percentile for age and
gender

>90th percentile for age,
gender and height

21.1 mmol/L (=100 mg/dL)

boys 15-19: <1.17 mmol/L
(<45 mg/dL)

all others: <1.3 mmol/L
(<50 mg/dl)

>6.1 mmol/L (=110 mg/dL)

>90th percentile

Cannot diagnose
metabolic
syndrome, but
screen if suggestive
family history

>90th percentile Or
adult cut off if lower

Systolic = 130 or
Diastolic = 85

21.7 mmol/L (=150
mg/dL)

<1.03 mmol/L (<40
mg/dL)

>5.6 mmol/L (=100

mg/dL) If elevated FG,

recommend OGTT

Adult ethnic norms (or BMI > 30)

Systolic = 130 or Diastolic = 85 Or
treatment of diagnosed hypertension

21.7 mmol/L (2150 mg/dL)

Males: <1.03 mmol/L (<40 mg/dL)

Females: <1.29 mmol/L (<50
mg/dL) Or treatment for
dyslipidemia

>5.6 mmol/L (=100 mg/dL) Or
diagnosis of T2DM

Adapted from references [208, 209]
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Table 3

American Diabetes Association Recommendations for testing for type 2 diabetes in asymptomatic children
[210]

Primary Criteria — Overweight, defined as:

. BMI >85th percentile for age and sex
. Weight for height >85th percentile,
. Weight >120% of ideal for height

Plus any two of the following risk factors:

. Family history of type 2 diabetes in first- or second-degree relative
. Race/ethnicity (Native American, African American, Latino, Asian American, Pacific Islander)
. Signs of insulin resistance or conditions associated with insulin resistance (acanthosis nigricans, hypertension, dyslipidemia,

PCOS, or small-for-gestational-age birthweight)
. Maternal history of diabetes or GDM during the child’s gestation

Age of initiation: Age 10 years or at onset of puberty, if puberty occurs at a younger age
Frequency: Every 3 years

Screening Test: Fasting plasma glucose preferred
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Table 4

Lipid treatment thresholds and dietary therapies for dyslipidemia in obese children

Lipid Thresholds:

Total Cholesterol > 200 mg/dI
LDL Cholesterol > 130 mg/dI20
Triglycerides > 150 mg/dl

HDL < 35 HDL

Dietary Strategies

Reduce Total Fat Intake to <25% of Total Calories
Reduce Saturated Fat Intake to <7% of Total Calories
Eliminate Trans fats (<1% of Total Calories)

Increase Soluble Fiber: Dose of 5-20 grams per day
Initiate Omega-3 fatty acids (1-2 grams per day)

Use products containing plant stanols or sterols

a_.. . . . ) . L
Patients with type 2 diabetes mellitus should first have glycemic control maximized.

bThreshhoId for patients with type 2 diabetes mellitus is LDL > 100 mg/dI

Lipid Threshholds adopted from most recent NCEP guidelines for children and adolescents and American Heart Association guidelines for

Prevention of Atherosclerotic Disease in Childhood
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