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Abstract

OBJECTIVE—To examine for the first time the associations between pro-inflammatory
cytokines and obesity-related metabolic biomarkers in, exclusively prepubertal, otherwise healthy
obese and non-obese Black and White children, 7-9 years of age.

DESIGN AND METHODS—Body mass index (BMI), homeostasis model assessment-estimated
insulin resistance, visceral adipose tissue and subcutaneous adipose tissue (SAT (magnetic

resonance imaging)); total body fat (dual-energy X-ray absorptiometry), ectopic, intrahepatic lipid
(IHL) and intramyocellular lipid (IMCL) fat (proton magnetic resonance spectroscopy) and serum
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levels of interleukin (IL)-1, IL-6, IL-8, tumor necrosis factor alpha (TNF-a) and monocyte
chemoattractant protein-1 were measured in 40 obese and non-obese children. Relationships
between inflammatory cytokines and obesity were assessed by analysis of variance and
Spearman’s rank correlation.

RESUL TS—Significant inverse correlations were found between BMI z-score, SAT, total BF,
and IHL and levels of TNF-a (Spearman’s p= — 0.36, — 0.39, — 0.43 and — 0.39, respectively;
P<0.05). Levels of IL-8 were significantly and inversely correlated with IMCL (- 0.39; P =0. 03)
and remained significant after adjusting for race. IMCL was inversely associated with TNF-a only
after adjusting for race (- 0.37; P =0.04).

CONCLUSIONS—REelationships between pro-inflammatory and metabolic markers commonly
observed in adults are reversed in healthy, Black and White children before puberty. Prospective
studies are warranted to determine how these inverse relationships modify chronic disease risk
later in life.
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INTRODUCTION

Obesity has reached epidemic proportions. The World Health Organization projects there
will be more than 2 billion overweight and more than 700 million obese adults by 2015
(reviewed in Rojas et al.1). This observation is apparent in all ethnicities; however, in the
United States, minority populations and those from disadvantaged backgrounds are most
affected.2 Of more concern is that similar trends are found in young prepubertal children
whose obesity perpetuates into adolescence.3-6 Remarkably, more than half of overweight
adolescents will carry this condition into adulthood.® Researchers have identified numerous
factors to explain the increased rate of obesity in children, but higher intake of calories and
lack of physical activity are among the most influential. For instance, it is well known that
increased caloric consumption without an equivalent increase in energy expenditure leads to
the accumulation and expansion of adipose tissue. The presence of abdominal adiposity
(visceral adipose tissue (VAT)), specifically, in conjunction with altered lipid profiles, blood
pressure and abnormal blood glucose, referred to as the metabolic syndrome, is a well-
established precursor of type 2 diabetes and cardiovascular disease.! In adults, increased
VAT is followed by macrophage infiltration leading to a state of chronic low-grade
inflammation.”—?

This sequence of events has lead researchers to identify obesity as an inflammatory
condition,% which is associated with increased production of cytokines such as interleukin
(IL)-1, IL-6, IL-8, tumor necrosis factor a (TNF-a) and monocyte chemoattractant protein-1
(MCP-1), among others. These pro-inflammatory cytokines are linked to various diseases
and share obesity as a common feature, for example, cardiovascular disease, asthma and
type 2 diabetes.11-17 Obese adults demonstrate increased levels of circulating pro-
inflammatory cytokines when compared with lean counterparts;1® one previously identified
source of these inflammatory markers is VAT. Although previously classified as
metabolically inactive, VAT is now known to produce adipokines (cytokines secreted by
adipose tissue), which are either negatively or positively associated with obesity-related
metabolic disorders leading to insulin resistance (IR) and type 2 diabetes.19-20 Research in
adults also identifies ectopic fat (intrahepatic (IHL) and intramyocellular (IMCL) lipids) as
markers of adipose tissue pathology contributing to IR and an adverse metabolic
phenotype.21 More specifically, IHL is directly involved in the induction of IR, independent
of other fat compartments.22 However, because IHL is highly associated with VAT, the
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secretion of pro-inflammatory cytokines may lead to oxidative damage and impaired insulin
receptor signaling.23-25

In young children before pubertal development, especially minority youth who are at the
highest risk for obesity and metabolic disease, the relationship of adiposity and
inflammation is unclear. Interestingly, in younger children and adolescents, these
associations are contradictory.12:26 Specifically, the relationship between TNF-a and IR is
not as clear, or even opposite in children, which is dissimilar to results observed in adults.13
It is widely known that IR appears during puberty and that insulin secretion is modulated by
age;2’ thus, associations commonly observed in adults may not be evident in young,
prepubertal children. Therefore, understanding the relationship between obesity-related
inflammation and metabolic and cardiovascular disease in developing youth remains
challenging. In an effort to better understand the role of inflammation in the development of
obesity and IR over the life span, we determined the associations of circulating pro-
inflammatory cytokines, IL-18, IL-6, IL-8, TNF-a and MCP-1, with body mass index (BMI),
BMI z-score (z_ BMI) and obesity-related metabolic biomarkers: IR, visceral adiposity
(VAT); total body, ectopic fat (IHL and IMCL), using state-of-the-art objective
measurement techniques in otherwise healthy, obese and non-obese Black and White
prepubertal children, 7-9 years of age.

MATERIALS AND METHODS
Study population

The characteristics of the children in the MET (Mechanisms for the Metabolic Syndrome in
Prepubertal Youth) study have been described previously.2829 Briefly, exclusively
prepubertal obese and non-obese children, 7-9 years of age, were recruited in the study from
May 2006 to March 2010. The original study included Black, White, Asian, Pacific Islander
and Hispanic prepubertal youth; however, only Black and White prepubertal youth were
considered for the present study as there was only one Pacific Islander and one Hispanic
child enrolled. A pre-enrollment process was carried out by phone interview with parents/
guardians of the candidates. Final eligibility was determined after a complete medical
examination and screening blood test that included a comprehensive metabolic panel, a
complete blood count and a Tanner staging pediatrician examination to confirm prepubertal
status.30 Exclusion criteria included Tanner = 2, cardiovascular disease or liver disease,
being born from a mother with gestational diabetes and/or family history of type 1 or type 2
diabetes. Parents/guardians read, understood and provided a signed written consent of the
children’s participation, and children gave a written approval before any procedure.
Institutional review boards from the Louisiana State University Health Sciences Center,
Children’s Hospital in New Orleans, LA, Women’s Hospital and the Pennington Biomedical
Research Center in Baton Rouge, LA approved the study.

Anthropometrics and metabolic parameters

Anthropometric measurements were determined as previously described.28:29 Briefly, BMI
was determined by the ratio weight (kg)/height (m2), and this was used to obtain the z BMI,
based on age, gender and race along with other criteria.3! IR was estimated by the
homeostasis model assessment-estimated insulin resistance (HOMA-IR) based on
previously published methods;32 VAT and subcutaneous adipose tissue (SAT) were
determined by magnetic resonance imaging (MRI) in the fourth through fifth lumbar
vertebrae area. A trained technician acquired spin-echo T1 weighted (TR=500; TE=20)
images. The manual trackball technique was used to define adipose tissue. The MRI fat
signal between the skin and abdominal muscle walls and intra-abdominal adipose tissue
area, along with signals from intraperitoneal, mesenteric and omental depots were used to
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calculate SAT as suggested previously.32-34 Total body fat (BF) was measured by dual-
energy X-ray absorptiometry. Ectopic fat (IHL and intramyocellular lipids (IMCL)) were
assessed by proton magnetic resonance spectroscopy as detailed previously.2%:35

Circulating levels of pro and anti-inflammatory molecules

Fasting serum levels (pg mI™1) of IL-1, IL-6, IL-8, TNF-a, and MCP-1, and adiponectin
were measured using Milliplex Map Kit (Millipore Corporation, Billerica, MA, USA), as
recommended by the manufacturer. Briefly, 25 pl of a 1:100 dilution of serum was mixed
with immunobeads (supplied in the kit) and incubated overnight at 4 °C, washed twice with
a buffer to remove unbound products and incubated with a detection antibody for 1 h at
room temperature (20-25 °C) with agitation. Finally, streptavidin-phycoerythrin was added
and the samples were incubated 30 min at room temperature, washed twice and the
fluorescence was detected on a Bio-Plex system (Bio-Rad, Hercules, CA, USA). The
unknown samples (sera) were analyzed in duplicate using a standard curve of known
concentrations of each one of the tested molecules. The run included negative and control
samples. To visualize the correlations, scatterplots of pairs of markers with significant
Spearman’s correlation were constructed using the logarithmic values of the TNF-a, IHL
and IL-8 measurements. Owing to limits in the availability of these pediatric participant
samples obtained from an ancillary study,3® we were unable to confirm the results by
enzyme-linked immunosorbent assay, but our experience shows a strong correlation between
the two techniques (Milliplex and enzyme-linked immunosorbent assay).3’

Statistical analyses

Statistical analyses were carried out in SAS 9.3 (SAS Institute, Cary, NC, USA). Tests were
conducted at 0.05 significance level; no adjustments for multiple testing were performed.
For each analysis, effective sample sizes are reported as data are not available for all patients
on all measured variables, as previously explained.28:2% Race and obesity status differences
in obesity parameters were evaluated by analysis of variance with Satterthwaite correction
for unequal variances. The strength of associations between inflammatory cytokines and
obesity parameters were assessed by Spearman’s rank correlations. As this was a multiracial
cohort of males and females, the potential confounding effect of sex and race were
accounted for by corresponding partial correlations.

RESULTS

Demographic, anthropometric and metabolic data were available for 118 Black and White
children in the original MET study; inflammatory markers are available in a subgroup of 40
of these children. Analyses were carried out on most complete data (Tables 1 and 2). As
expected and as we previously reported,2® we observed very striking differences in
metabolic parameters when comparisons were made between obese (z_BMI = 2) and non-
obese (z_BMI <2) children (Table 1), as all parameters except HOMA-IR and EMCL were
significantly higher in the obese children. No differences in metabolic parameters were
observed between racial groups (Table 3).

We next examined the correlation between several inflammatory markers, that is, IL-1p,
IL-6, IL-8, TNF-a and MCP-1, with obesity (z_BMI) and obesity-related metabolic
biomarkers, that is, HOMA-IR, VAT, SAT, BF, IHL and IMCL. As can be observed in
Table 2, significant inverse correlations were found between z BMI, SAT, BF and IHL with
the levels of TNF-a (—0.36, —0.39, —0.42 and 0.39, respectively; P < 0.05) and remained
significant after adjusting for race. However, no significant relationships were observed
between HOMA-IR and VAT and TNF- a. Initially, the relationship between IMCL and
TNF-a was not significant. However, after adjusting for race, we observed an inverse
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association between IMCL and TNF-a (- 0.37; P = 0.04). Conversely, the levels of IL-8
were significantly and inversely correlated with IMCL and remained significant after
adjusting for race (- 0.39; P = 0.03). Figure 1 shows data for pairs of markers with
significant correlations between z BMI, BF and IHL with TNF-a. Adjustment for gender
had no effect on the results. No other significant correlations were detected.

DISCUSSION

In this study, we document that traditional relationships between inflammatory (IL-8 and
TNF-a) and obesity and metabolic (z BMI, HOMA-IR, VAT, SAT, BF, IHL and IMCL)
biomarkers usually observed in adults and adolescents3® are not evident in healthy, Black
and White obese and non-obese children before the onset of puberty. In addition, unlike
adults, we found that these pro-inflammatory and metabolic factors did not differ between
Blacks and Whites, with the exception of the relationship between TNF-a and IMCL, which
was confounded by race. In adults, ectopic fat is shown to increase the secretion of pro-
inflammatory adipokines (reviewed in Drouet et al.3% and Galic et al.4%). Animal models
have shown that obesity may result in damage of the myocardial cells and decreased
efficiency of contractions in heart muscle under hypoxic conditions.#! The same animal
models have shown that the transport of glucose to the skeletal muscle is significantly
reduced in rats fed with a high-fat diet.#? In addition, excess accumulation of fat on blood
vessels reduces their contractile activity.*3 In contrast, anti-inflammatory biomarkers such as
adiponectin prevent cell damage, promote insulin sensitivity and stimulate p-oxidation of
fatty acids.® Thus, the role of inflammatory adipokines in adults is deleterious and leads to
adverse cellular consequences. However, in young children, especially as they mature from
pre- to postpubertal stages of development, compensatory mechanisms as a result of normal
growth may temporarily increase inflammation. In this case, the presence of these
biomarkers may actually serve to preserve glucose homeostasis through paradoxical
mechanism(s) that are not well understood. In contrast, it is possible that at an early age, the
presence of an existing inflammatory environment is crucial for defending the body against
infection, allergies and other insults. The chronic nature of this inflammatory environment,
beneficial during developmental stages, however, may lead to undesirable immune
responses associated with disease later in life (that is, age-related antagonistic pleiotropy).*4
Previous research suggests that levels of inflammatory markers, that is IL-6, alter in
response to stress during periods of development in youth.® This individual IL-6 response
to stress is directly dependent on the presence of specific genotypes in the human IL-6 gene
promoter.#4 Interestingly, mouse models of stress show that early life responses to induced
stress in mice are reduced, perhaps due to an immature hypothalamic pituitary-adrenal
axis.*6 However, it remains to be determined whether the immature hypothalamic pituitary-
adrenal axis explains the decreased response to stress in humans early in life, although some
studies suggest that this may be the case (reviewed in Gunnar et al.4). Thus, it may be that
in this cross-sectional examination, we were only able to document an acute inflammatory
response, which may actually be beneficial to the conservation of metabolic homeostasis.®
In this instance, resident populations of leukocytes become activated to temporarily suppress
lipolytic signals, an event often observed during lipid flux between lean and obese states
even in adults. Furthermore, because of natural developmental activity, alterations in body
composition, including adipose tissue, during the transition from childhood to puberty, may
help explain differences in the type and level of inflammatory and/or anti-inflammatory
molecules secreted.*8:49 These fluctuations may partly explain our finding that SAT, but not
VAT, was inversely associated with TNF-a in our cohort of healthy, prepubertal obese and
non-obese youth. In a similar investigation in overweight and obese prepubertal youth (n =
30), Maffeis et al.?0 reported significant relationships between VAT and C-reactive protein
but no significant association between VAT or SAT and TNF-q, although they did find a
significant inverse relationship between insulin sensitivity and SAT but not VAT. It is
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important to note, however, that all of the participants in Maffeis’ study were overweight or
obese, whereas our cohort was predominantly non-obese. In a study of 16 prepubertal non-
obese, children, which examined adipogenic capacity of VAT and SAT samples via biopsy,
TNF-a blocked the differentiation of both VAT and AT precursor cell; however, this effect
was more pronounced in SAT cells.5! Thus, examining inflammatory markers and adipose
tissue before puberty when children are destined toward rapid growth may be
counterintuitive owing to fluctuations in lipid stores related to growth of organ and muscle
tissues, and this may be even more evident in non-obese versus obese youth.

Conversely, the developmental dilemma may actually be explained through further
examination of ectopic fat stores in liver and skeletal muscle. Perhaps, fluctuating lipid
levels within liver and muscle cells in developing youth may contribute to the maintenance
of a healthy metabolic function by augmenting the toxic inflammatory consequences of
excessive VAT, especially in healthy, physically active children. Elevated IMCL, in
particular, is often observed after exercise training in insulin-sensitive-trained athletes.>2
This increase is met with a corresponding increase in the pro-inflammatory cytokine, 1L-6
(but not TNF-a) even in the absence of muscle damage. Levels then decline during the post-
exercise period.>® However, it is important to note that alterations in IMCL following short-
term exercise training are specific to the metabolic status of the population studied.>
Bajpeyi et al.>* recently reported that individuals with type 2 diabetes experienced a 35%
reduction in IMCL after 10 consecutive days of exercise, whereas IMCL levels were
unchanged in both obese and lean adults. In the current cross-sectional analysis, we
observed both obese and non-obese developing children during varied seasons. Several of
these children, especially those who were non-obese, may have been actively engaged in
exercise training as part of sports and recreational pursuits at the time of our examination.
Thus, physical activity and training status may need to be considered when evaluating
relationships between inflammatory and metabolic markers in prepubertal, non-obese youth
who may engage in daily exercise. This may be especially relevant in Black children, who
are at increased risk for obesity and report low levels of physical activity in comparison with
White youth. Regardless, these unexpected findings provide compelling evidence to inform
clinical practice, especially in severely obese prepubertal children with related inflammatory
conditions such as asthma, hepatic steatosis and IR.

In conclusion, we report here that the relationships between pro-inflammatory and metabolic
markers commonly observed in adults are reversed in healthy, Black and White obese and
non-obese children before puberty. One limitation of our study is the low number of
participants due to the challenges of implementing the study in such young children (for
example, prepubertal, 7-9 years old). Despite the benefits of including accurate, state-of-the-
art methodologies (for example, VAT and SAT by MRI and ectopic fat by proton magnetic
resonance spectroscopy, BF by dual-energy X-ray absorptiometry and so on) to assess
obesity and metabolic biomarkers, one unfortunate consequence was the amount of missing
data. Missing data occurred more frequently in tests that, as we expected, were more
difficult for young children in this age group to successfully complete as opposed to simpler,
more routine measurements (for example, waist circumference, BMI and so on).
Notwithstanding, we believe that our inclusion of such advanced measurements and
methods are warranted as currently there are no studies that have simultaneously examined
pro- and anti-inflammatory markers and, VAT, SAT and ectopic fat by MRI/proton
magnetic resonance spectroscopy in a sample of otherwise healthy, exclusively prepubertal
(<2 Tanner) obese and non-obese Black and White children, 7-9 years of age.

Regardless and despite this limitation, statistically significant inverse correlations were
observed between the parameters studied, which were not anticipated; thus, prospective
studies are warranted to unravel this complex sequence in developing children to determine
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mechanisms by which these observations modify the risk of cardiovascular disease and type
2 diabetes later in life.
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Differences in anthropometrics and metabolic parameters in children by obesity status and P-values after
adjusting for race (N = 37)

Non-obese (n = 27) Obese (n=9) P-value@
Mean £ s.e.m. Crude Race adjusted
z_ BMI 0.97+0.11 2.37+0.087 0.0001 0.0001
Body fat (%) 7.86 +0.53 18.17 +1.88 0.0004 0.0009
HOMA-IR (mmol ul=2) 0.61+0.1 1.36 £ 0.37 0.0832 0.2395
VAT (cm?) 13122 +1.218 19.64601 +2.203  0.0222 0.0331
SAT (cm?) 94.377 +10.850 281.7344 + 33.644  0.0004 0.0001
IHL (%) 0.005 + 0.0009 0.014 + 0.0024 0.0072 0.0060
IMCL (%) 0.004 + 0.0004 0.006 + 0.0004 0.0003 0.0001
EMCL (%) 0.009 + 0.001 0.012 +0.002 0.0895 0.1072

Abbreviations: ANOVA, analysis of variance; BMI, body mass index; EMCL, extramyocellular lipids; HOMA-IR, homeostasis model assessment-
estimated insulin resistance; IHL, intrahepatic lipid; IMCL, intramyocellular lipid; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.

aOne—waty/two-way ANOVA.
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Table 3
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Anthropometric and metabolic parameters by race for the subset of children in the MET study (N = 40) with
data on inflammatory markers

Blacks (n=13) Whites (N=27) p_ygjyed
Mean +s.e.m.

z BMI 1.311 +0.248 1.061+0.181 0.4235
Body fat (%) 10.9 +2.432 9.88+0.817 0.6971
HOMA-IR (mmol ul=2) 0.956 +0.322  0.701 £ 0.0105 0.4671
VAT (cm?) 16.152 +1.438  14.884+1.479 0.5470
SAT (cm?) 233.6+75248  131.4+15689 0.2367
IHL (%) 0.006 + 0.002 0.008 +0.001 0.546

IMCL (%) 0.005+0.001  0.004 +0.0003 0.2385
EMCL (%) 0.012 + 0.002 0.009 +0.001 0.1589

Abbreviations: ANOVA, analysis of variance; BMI, body mass index; EMCL, extramyocellular lipids; IHL, intrahepatic lipid; IMCL,

intramyocellular lipid; MET Study, Mechanisms for the Metabolic Syndrome in Prepubertal Youth Study; SAT, subcutaneous adipose tissue;
VAT, visceral adipose tissue.

@0ne-way ANOVA.
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