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PEDIATRIC ORIGINAL ARTICLE
Metabolomics allows the discrimination of the

pathophysiological relevance of hyperinsulinism in obese
prepubertal children

GA Martos-Moreno'*>, A Mastrangelo®>, V Barrios'?, A Garcia®, JA Chowen'?, FJ Rupérez®, C Barbas>® and J Argente'**®

BACKGROUND/OBJECTIVES: Insulin resistance (IR) is the cornerstone of the obesity-associated metabolic derangements observed
in obese children. Targeted metabolomics was employed to explore the pathophysiological relevance of hyperinsulinemia in
childhood obesity in order to identify biomarkers of IR with potential clinical application.

SUBJECTS/METHODS: One hundred prepubertal obese children (50 girls/50 boys, 50% IR and 50% non-IR in each group),
underwent an oral glucose tolerance test for usual carbohydrate and lipid metabolism determinations. Fasting serum leptin, total
and high molecular weight-adiponectin and high-sensitivity C-reactive protein (CRP) levels were measured and the metabolites
showing significant differences between IR and non-IR groups in a previous metabolomics study were quantified. Enrichment of
metabolic pathways (quantitative enrichment analysis) and the correlations between lipid and carbohydrate metabolism
parameters, adipokines and serum metabolites were investigated, with their discriminatory capacity being evaluated by receiver
operating characteristic (ROC) analysis.

RESULTS: Twenty-three metabolite sets were enriched in the serum metabolome of IR obese children (P < 0.05, false discovery rate
(FDR) < 5%). The urea cycle, alanine metabolism and glucose-alanine cycle were the most significantly enriched pathways

(Prpr < 0.00005). The high correlation between metabolites related to fatty acid oxidation and amino acids (mainly branched chain
and aromatic amino acids) pointed to the possible contribution of mitochondrial dysfunction in IR. The degree of body mass index-
standard deviation score (BMI-SDS) excess did not correlate with any of the metabolomic components studied. In the ROC analysis,
the combination of leptin and alanine showed a high IR discrimination value in the whole cohort (area under curve, AUCy, = 0.87),
as well as in boys (AUCy -0.84) and girls (AUCF=0.91) when considered separately. However, the specific metabolite/adipokine
combinations with highest sensitivity were different between the sexes.

CONCLUSIONS: Combined sets of metabolic, adipokine and metabolomic parameters can identify pathophysiological relevant IR in
a single fasting sample, suggesting a potential application of metabolomic analysis in clinical practice to better identify children at
risk without using invasive protocols.
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INTRODUCTION assessment (HOMA) index) or after oral glucose ingestion in the
Insulin resistance (IR) is the initial step in metabolic impairment in oral glucose tolerance test (OGTT).2
obesity and represents the cornerstone in the pathophysiological The importance of determining if the hyperinsulinism in an

obese child is pathophysiologically relevant, as well as the role of
IR in childhood obesity-associated metabolic derangement is
undisputable. In growing and developing children, tissue plasticity
must be considered as tissues respond differently to the

ind ddi tic criteria for IR develoned in adults and development of obesity and, consequently, in the metabolic
INCEXES and diagnostic criteria Tor fn were developed in adutts an adaptation to this disease.®> These differences are in part because

their application to children is not unanimously accepted.? The developing individuals have a higher rate of preadipocyte
euglycemic-hyperinsulinemic clamp is considered the ‘gold-  recryitment,? leading to more adipocytes with a lower degree of
standard’ for diagnosis of IR, but its use is mainly restricted to  hypertrophy. This results in functional changes in the secretion of
experimental settings. In the clinic, IR is usually estimated by using adipokines related to body fat content (for example, leptin) and
diverse indexes taking into consideration glycemia and/or more importantly, to insulin sensitivity (for example, total and high
insulinemia in the fasting state (that is, homoeostasis model molecular weight (HMW) adiponectin), resulting in a circulating

development of metabolic syndrome. Despite this, how to assess
IR is still a matter of debate, particularly in obese children. This is in
part because insulin secretion and sensitivity are affected by
processes such as growth and puberty. Moreover, the proposed
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adipokine profile different from that seen in obese adults.*” In
contrast to obese adults, fasting glucose impairment is a late
(usually absent) finding, with a rise in insulinemia being the initial
identifiable step of carbohydrate metabolism impairment in obese
children.* Thus, the study of metabolic pathways influenced by
insulin signaling could help to identify biomarkers that indicate
the pathophysiological relevance of the hyperinsulinism in young
prepubertal obese children and the potential clinical application
of these biomarkers.

Targeted metabolomics allows for the accurate quantification of
specific metabolites of known identity and can provide a
functional readout of the upstream variations underlying a disease
or disease-related condition, such as obesity,® and its link to type 2
diabetes (T2DM) and pre-diabetic states.” While for adults several
markers of obesity, IR and T2DM have been reported (that is,
carbohydrate derivatives, ketone bodies, amino acid derivatives
and saturated fatty acids, among others),®° few metabolomic
studies have investigated the pediatric population. Albeit limited,
studies aimed at investigating the progression to childhood
diabetes have provided insightful information, demonstrating
changes in amino acid and lipid metabolism (mainly branched
chain amino acids and acylcarnitines for T2DM and methionine,
kynurenine and choline-containing lipids for TIDM), as well as
suggesting a role for the gut microbiota in disease
progression.'®'" Metabolomics-based studies have also investi-
gated childhood obesity and IR, highlighting early changes in the
metabolome underlying the disease pathogenesis.'>™"*

While some authors indicate that none of the potential
metabolomic biomarkers discovered to date have made the
transition to routine use in clinical practice,’” others foresee this as
being a near and feasible reality.'® Thus, our objective was to
determine the possible translation of our previous results'* into a
novel clinical tool. The specific aims were: (1) To evaluate the
suitability of metabolomic biomarkers in the diagnosis of IR in
obese children as an expression of the metabolic alterations and
how this associates with the traditional clinical estimation based
on serum glucose and insulin levels; (2) To investigate the
relationship of these biomarkers with circulating adipokine levels
that act as either surrogate markers of adiposity (leptin) or as
insulin sensitivity modulators (adiponectin); and (3) To explore the
possible usefulness of a combination of these parameters in the
discrimination of metabolically significant IR in obese hyperinsu-
linemic children.

PATIENTS AND METHODS
Patients

One hundred prepubertal (Tanner stage 1) obese (OB) children (BMI> +2
SDS according to Spanish standards and IOTF references for children'”),
were selected from a large cohort of 1300 obese children and adolescents
at the Department of Endocrinology of the Hospital Infantil Universitario
Nifio Jesus (a monographic pediatric hospital for national referral). This
study population included 50 girls and 50 boys, 50% IR and 50% non-IR in
each group, showing previously validated metabolomic differences
between IR and non-IR.'* The overall age was 7.83+2.70 years and
9.09+2.06 years for IR and 525+ 1.99 years for non-IR children. To be
included in the study, the IR group had to demonstrate hyperinsulinism
both in fasting and during the OGTT, while the non-IR group did not
demonstrate hyperinsulinism at any time. The anthropometric and
metabolic characteristics have been previously reported.'

All studies were approved by the scientific committee and ethics
committee of the Hospital Infantil Universitario Nifio Jesus. Written
informed consent was obtained from all patients or their legal guardian.

Methods

Underlying pathological conditions were ruled-out prior to enroliment in
the study. Body mass index (BMI) was recorded, standardized and used as
an indirect estimator of body fat content (rather than waist circumference)
due to its lower inter-observer variability and the possibility of more
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accurate standardization. An OGTT (1.75 g of glucose per kg; maximum
75 g) was performed, with blood samples drawn at 0, 30, 60 and 120 min
after overnight fasting for glucose and insulin measurements. HbA1c, ALT,
AST, GGT, uric acid and lipid profile were measured in the fasting sample.
Samples were centrifuged and the serum stored at — 80 °C.

Patients were considered IR if their fasting insulin was above 15 pU ml ™"
and they met one or more of the following criteria during the OGTT: peak
insulin at 30 or 60 min>150 pU ml~" or insulin>75 uU ml~" at 120 min.
The area under the curve (AUQ) for glucose and insulin, HOMA-IR index
and WBISI (whole body insulin sensitivity index) were calculated as
previously reported.>'*

Commercial kits (Linco, St Louis, MO, USA) were used to measure serum
leptin and total and HMW adiponectin in fasting samples as previously
reported.* High-sensitivity C-reactive protein (HS-CRP) was measured by
using a human high-sensitive CRP ELISA kit (Aviscera Bioscience, Inc., Santa
Clara, CA, USA) according to the manufacturer’s instructions. The intra- and
inter- assay variation coefficients were 5.2 and 9.8%, respectively.

Targeted metabolomics analysis

Metabolite quantification was performed by a targeted metabolomics
approach by using liquid chromatography-mass spectrometry and gas
chromatography-mass spectrometry (Agilent Technologies, Madrid, Spain)
as described.'®'® The metabolites included in the target analysis were the
most representative metabolites that showed statistically significant
differences between groups (obese children with and without IR, IR=30
and non-lR=30) in our preliminary fingerprinting study." See
Supplementary Materials and Methods and Supplementary Table S1 for
further details.

Statistical analysis

Statistical data analysis was carried out in four steps. First, the comparison
of the quantitative variables between the studied groups (IR vs non-IR) was
performed in SPSS version 20.0 (SPSS Inc, Armonk, NY, USA) using
Student’s t-test for variables fitting a normal distribution (Kolmogorov—
Smirnoff test) or by Mann-Whitney's U-test for non-normal variables.
Second, the metabolite set was evaluated to highlight the metabolic
pathways significantly enriched in the metabolic signature.?® For this
purpose, the metabolite-set enrichment analysis was employed using the
quantitative enrichment analysis feature in Metaboanalyst (http://www.
metaboanalyst.ca/).21 Third, the bivariate relationship between HOMA-IR,
leptin, adiponectin, triglycerides and serum metabolites was analyzed. The
Spearman’s rank correlation (r) was used for comparative metabolomic
correlations in SPSS, whereas the heatmap was employed to visualize all
pairwise comparisons between metabolites. Fourth, the discriminatory
capability of metabolites and clinical parameters, either individually or in
clusters, was evaluated by the receiver operating characteristic (ROC)
analysis in Metaboanalyst.”’ In addition, because of the sex differences
found in our previous study,'® the above statistical analyses were also
performed for the male and female subgroups separately. Finally, a
Benjamini-Hochberg False Discovery Rate post hoc correction (g=0.05)
was applied to all data analyses performing multiple comparisons. See
Supplementary Materials and Methods and Supplementary Table S2 for
further details.

RESULTS

Metabolic parameters and adipokine levels

Obese IR patients had higher indexes of IR and glycaemia, both
fasting and after glucose ingestion, also higher uric acid and
triglyceride levels."* In addition, IR patients showed higher ALT
(32.67+2451 vs 21.93+7201U1""; P<001) and GGT levels
(17.00£5.89 vs 12.12+4.15 U1~ "; P < 0.001). Despite the fact that
both groups were prepubertal, IR were older than non-IR patients
(9.09+2.06 vs 525+ 1.99 y; P < 0.001).

Despite similar mean body mass index-standard deviation score
(BMI-SDS), IR patients exhibited higher leptin and lower total and
HMW-adiponectin levels, resulting in a lower leptin/adiponectin
ratio. There were no differences between groups in HS-CRP or
HMW/total adiponectin ratio (Table 1). No difference between
sexes was observed for adipokine levels.
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Metabolite-set enrichment analysis

Twenty-three metabolite sets were enriched in the serum
metabolome of IR compared to non-IR obese children
(Prpr < 0.05), with 13 matching more than one metabolite
(Table 2). The urea cycle, alanine metabolism and glucose-
alanine cycle were the most significantly enriched pathways
(Pepr < 0.00005), with pyruvate, alanine and ornithine being the
most represented metabolites in the pathways.

Correlation study

Clinical parameters and adipokines. BMI-SDS did not correlate
with adipokine levels nor with any of the metabolomic
components studied, or with any of the indexes of IR. In contrast,
leptin levels correlated negatively with WBISI (r=-0.59, P < 0.001)
and positively with HOMA index (r=+0.57, P < 0.001). Adiponectin
levels (both total and HMW) correlated negatively with HOMA
(both r=-0.28, P < 0.01) and positively with WBISI (total: r=+0.25,
P < 0.05, HMW: r=+0.31, P < 0.01). HOMA index also correlated
positively with triglyceride (r=+0.39, P < 0.001), GGT (r=+0.45,
P <0.001) and ALT levels (r=+0.26, P < 0.05). WBISI negatively
correlated with the same parameters: triglyceride (r=-0.32,
P <0.01), GGT (r=-0.45, P<0.001) and ALT levels (r=-0.30,
P < 0.01). Neither HOMA nor WBISI correlated with AST or with HS-
CRP levels.

Table 1. Fasting serum adipokine levels in the studied subgroups (IR
and non-IR subjects)
IR Non-IR Significance
(n=50) (n=50)
Leptin (ng ml~ 1) 35.28+11.94 22.01+9.75 P <0.001
Total adiponectin 12.84+7.42 1624+7.29 P <0.001
(ng mi™")
HMW-adiponectin 416+ 2.68 6.47+3.77 P <0.001
(pgmli~
HS-CRP (ug ml~") 1.86+198  2.16+5.03 NS
Leptin/adiponectin ratio 3.40+1.80 1.62+1.08 P <0.001
HMW/total adiponectin 0.34+0.13 0.38+0.10 NS

ratio

Abbreviations: CRP, C-reactive protein; HMW, high molecular weight; HS,
high sensitivity; IR, insulin resistance; NS, not significant.
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Correlation between serum metabolites. Thirty serum metabolites
(13 amino acids and urea cycle intermediates, two bile acids, 12
acylcarnitines and three organic acids) were quantified
(Supplementary Table S3). Correlation analysis (Supplementary
Table S4) revealed several areas of highly correlated metabolites
gathered in four main clusters with similar behavior across the
studied population as shown in the heatmap (Figure 1). The
highest correlation was among metabolites involved in fatty acid
oxidation (for example, C08 and C10 acylcarnitines r=+0.93,
P <0.001; C18 and C16 acylcarnitines r=+0.68, P < 0.001) by
indicating hot spots in the correlation matrix corresponding to
metabolic pathways that might be altered in case of obesity
and IR.

Correlation between metabolites and HOMA. When the whole
cohort was studied, significant correlations were found between
the HOMA index and several studied metabolites (Table 3). Two
metabolites, C12 acylcarnitine (r=-0.35, P < 0.05) and methio-
nine (r=+0.36, P < 0.05), were found to correlate with HOMA
index exclusively in the male subgroup.

Correlation between metabolites and triglycerides. In the whole
cohort, significant correlations between triglyceride levels and
alanine, glycodeoxycholate, 3-hydroxybutyrate, tryptophan, iso-
leucine, C03, C04 and C10 acylcarnitines were found (Table 3). Sex
differences were observed, as methionine correlated with
triglyceride levels exclusively in males (r=+0.34, P <0.05) and
triglycerides correlated positively with pyruvic acid (r=+0.33,
P <0.05) and valine (r=+0.29, P<0.05) and negatively with
carnitines (free carnitine: r=—0.28, P<0.05 and Cgys: r=-0.29,
P < 0.05) only in females.

Leptin. In the whole cohort, leptin levels correlated with alanine,
3-hydroxybutyrate and tryptophan, as did triglycerides, but also
with tyrosine and isoleucine (Table 3). In males leptin levels
correlated negatively with methionine (r=+0.31, P < 0.05) and in
females leptin correlated positively with piperidine (r=+0.31,
P < 0.05).

Adiponectin. Adiponectin levels correlated with leucine, pheny-
lalanine, valine and C03-acylcarnitine levels (Table 3). No
metabolite correlated with adiponectin exclusively in males. In
females, adiponectin levels correlated with tryptophan (r=-0.30,
P <0.05) and several acylcarnitines (C,: r=-0.31, P<0.05;

Table 2. QEA of the metabolic pathways significantly enriched in case of IR and obesity in pre-pubertal children

Pathways Pror Total metabolites’ Hits Metabolites

pathway

Urea cycle 0.000022 20 3 Alanine, pyruvate, ornithine

Alanine metabolism 0.000022 6 2 Alanine, pyruvate

Glucose-alanine cycle 0.000022 12 2 Alanine, pyruvate

Protein biosynthesis 0.00040 19 9 Alanine, valine, isoleucine, tyrosine, phenylalanine,

proline, tryptophan, methionine, leucine

Valine, leucine and isoleucine degradation 0.0069 36 3 Valine, leucine, isoleucine

Glutathione metabolism 0.0077 10 2 Glycine, pyroglutamate

Oxidation of branched chain fatty acids 0.0077 14 2 Valine, leucine, isoleucine

Arginine and proline metabolism 0.0077 26 2 Ornithine, proline

Phenylalanine and tyrosine metabolism 0.0077 13 2 Phenylalanine, tyrosine

Ammonia recycling 0.0088 18 2 Glycine, pyruvate

Glycine, serine and threonine metabolism 0.0088 26 2 Glycine, pyruvate

Bile acid biosynthesis 0.016 49 3 Glycine, taurodeoxycholate, glycodeoxycholate
Methionine metabolism 0.027 24 2 Methionine, glycine

Abbreviations: FDR, false discovery rate; QEA, quantitative enrichment analysis. The matched metabolite sets are ranked by their adjusted P-values (Pgpg,
FDR < 5%). QEA is based on the globaltest algorithm.?°
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Figure 1.

Heatmap of the correlations between serum metabolites. Each square represents the metabolite-metabolite Spearman’s correlation

coefficient, red for positive correlations and blue for negative correlations.

Cu: r=—044, P<0.05; Cs: r=—-0.37, P<0.05 and Cy6: r=+0.30,
P < 0.05).

Receiver operator curve (ROC) analysis

In the ROC analysis, the combination of a clinically used adipokine
determination (leptin) with one of the metabolites identified
(alanine) showed a high AUC value for the discrimination of IR
both when the cohort was studied as a whole (AUCx =0.87), as
when sexes were analyzed separately boys (AUCy-0.84), girls
(AUCF=0.91) (Figures 2a—c).

However, the specific metabolite/adipokine combination with
highest sensitivity was different in girls and boys. In girls, the
combination of isoleucine/pyroglutamate and leptin (AUC=0.94)
had the highest sensitivity, while in boys it was the combination of
adiponectin/leptin and alanine (AUC=0.86, Figures 2d—e).

DISCUSSION

Here we investigated the relationship between anthropometrical
and laboratory parameters of common clinical use to further
investigate the metabolomic consequences of IR and to explore
the role of metabolomic analysis in clinical practice. Our obese
children were classified as IR or non-IR by using a combination of
fasting and post-ingestion hyperinsulinism, with the pathophy-
siological relevance being reinforced by their differential meta-
bolomic signatures. Euglycemic-hyperinsulinemic clamp and
OGTT are time and resource consuming, cannot always be
performed (depending on available facilities and patient condi-
tions) and induce greater discomfort than a single fasting
puncture, which is particularly relevant in children. We found that
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the combination of the common laboratory data, adipokine levels
and metabolomic parameters from a single fasting sample could
be useful in evaluating the relevance of fasting hyperinsulinism.

The relationship between BMI, adipokine levels, IR and
metabolic derangement is not lineal and is only partially
understood,?* especially in young children.* Despite a similar
BMI-SDS in our groups of obese children, hyperinsulinism and
dyslipidaemia were only present in the IR group. The capacity for
adipose tissue to expand and its functionality appear to be
relevant in the development of metabolic comorbidities.*> Our
findings are in agreement, as the IR group had higher leptin levels,
possibly indicating a greater adipose mass despite similar BMI, and
lower adiponectin levels. Together this suggests an early
impairment in adipokine secretion that is not exclusively driven
by the degree of BMI excess.

We previously reported correlations between parameters of
carbohydrate/lipid metabolism and circulating adipokine levels in
young obese prepubertal children similar to those observed
here>* An important novel contribution of the present study is
the demonstration that no correlations exist between BMI-SDS
and any of the metabolomic markers studied. This, in addition to
the metabolomic signature that differentiates IR and non-IR pre-
pubertal obese children,'* indicates that something other than
excess weight underlies the associated metabolic derangement.

Enrichment analysis highlighted the wurea cycle, alanine
metabolism and the glucose-alanine cycle as the most altered
pathways in young IR obese children. Alanine, pyruvate and
ornithine were consistently increased when IR was present, with
alanine being the most significantly altered metabolite in IR obese
children. Alanine had the highest direct correlation with HOMA,
serum triglycerides and leptin, and in cluster with leptin this aa

© 2017 Macmillan Publishers Limited, part of Springer Nature.



Metabolomics in hyperinsulinemic obese children
GA Martos-Moreno et al

Table 3. Correlation between serum metabolites and clinical parameters
Metabolites HOMA index Triglycerides Leptin Adiponectin
3-Hydroxybutyrate -0.35 -0.33 -0.28 —0.031
Free carnitine -0.18 -0.19 +0.0047 +0.15
C02-carnitine —0.090 —0.0063 -0.15 -0.19
CO03-carnitine +0.23 +0.24 +0.008 -0.22
C04-carnitine +0.22 +0.21 +0.10 -0.17
CO05-carnitine +0.074 -0.10 —0.039 -0.18
CO5DC-carnitine —0.0031 +0.038 -0.077 +0.025
CO6-carnitine +0.019 -0.15 —-0.0049 -0.14
CO08-carnitine —0.020 -0.16 +0.070 -0.13
C10-carnitine -0.019 -0.20 +0.050 -0.12
C12-carnitine —-0.059 -0.13 —0.042 -0.017
C16-carnitine -0.13 -0.010 —0.060 +0.17
C18-carnitine —0.045 -0.076 —-0.035 +0.087
Alanine +0.58 +0.40 +0.40 -0.087
Leucine +0.24 +0.17 +0.16 -0.26
Valine +0.28 +0.16 +0.082 -0.24
Phenylalanine +0.23 +0.12 +0.19 -0.22
Tyrosine +0.27 +0.18 +0.30 —-0.039
Isoleucine +0.31 +0.20 +0.21 -0.16
Tryptophan +0.30 +0.27 +0.25 -0.13
Glycine -0.11 -0.16 -0.12 —0.0076
Glycodeoxycholate +0.31 +0.20 +0.18 —-0.071
Lactate +0.094 +0.15 +0.026 +0.13
Methionine +0.12 +0.16 +0.15 —0.052
Ornithine +0.22 +0.15 +0.19 —-0.064
Piperidine +0.35 +0.089 +0.13 -0.12
Proline +0.34 +0.19 +0.18 -0.011
Pyroglutamate -0.072 +0.066 -0.18 +0.18
Pyruvate +0.26 +0.14 +0.061 +0.023
Taurodeoxycholate +0.22 +0.13 +0.049 —0.0035

All pairwise correlations were calculated and recorded as the Spearman's rank correlation coefficient; those highlighted in bold were statistically significant

(I1>0.196 = P < 0.05; Irl>0.257 =P < 0.01; Irl>0.326 =P < 0.001).

had the best discriminatory power for detecting IR in obese
children. Alanine is the most abundant aa in proteins and, along
with glutamine, the most abundant aa in the bloodstream. Thus,
when proteolysis increases, as occurs in IR, the use of aa for
gluconeogenesis is enhanced and circulating levels of alanine
increase, as well as the nitrogen load on the liver, closely relating
urea production to glucose synthesis and making alanine a
possible hallmark indicating that key metabolic pathways have
been modulated. Moreover, serum transaminases (that is, ALT and
GGT) were significantly increased in IR patients. Increased
transaminases have been associated to hepatic damage and fat
deposition (linked to IR), with the concentration of ALT being
highly correlated with the onset of cardiovascular disease and
metabolic syndrome.24 There was also a correlation between ALT,
alanine, pyruvate and ornithine.

The increase in serum ALT levels could contribute to the rise in
alanine concentrations in the IR group. Consistent with our
findings, studies in adults report an increase in alanine and
pyruvate in obesity, IR and T2DM>>*° as well as a correlation
between serum alanine levels and HOMA index.” In a longitudinal
study, alanine levels, in addition to tyrosine, isoleucine, leucine
and glutamine, were reported to predict the onset of diabetes up
to 4.5 years in advance.?® Thus, modifications in circulating aa
levels (alanine in our case) are one of the first detectable
alterations in the early stages of carbohydrate metabolism
impairment. An increase in circulating branched chain aa (BCAAs;
that is, leucine, isoleucine and valine) and aromatic aa (ArAAs; that
is, phenylalanine, tyrosine and tryptophan) was consistently found
in conjunction with the rise in alanine levels in the IR state.
Elevated levels of these metabolites have been associated with IR
both in adults and children’?”?° and BCAAs and ArAAs
(phenylalanine and tyrosine) have been proposed as markers of

© 2017 Macmillan Publishers Limited, part of Springer Nature.

obesity and predictors of IR and T2DM."*3° This is consistent with
our finding that isoleucine/pyroglutamate and leptin is the best
marker combination to discriminate IR in prepubertal obese
females and this is supported by the positive correlation between
BCAAs, ArAAs and HOMA. Interestingly, the BCAA isoleucine and
the ArAAs tryptophan and tyrosine were positively correlated with
leptin levels (isoleucine and tryptophan, also with triglyceride
levels), possibly because leptin production by adipocytes is
determined by their triglyceride content in response to insulin.?'
This relationship could be bidirectional, as administration of 5-OH-
tryptophan induces hyperleptinemia.

Although leptin is reported to have insulin sensitizing effects
when used therapeutically to treat leptin deficient states,*® the
increased leptin levels observed in obesity are the hallmark of
leptin resistance.>* Obese children are also hyperleptinemic, being
even higher in our IR than in the non-IR group. Changes in the
levels of ArAAs and their intermediate metabolites, together with
increased leptin and decreased adiponectin levels, are reported to
occur before IR is established.?? This is consistent with our finding
that serum levels of the insulin sensitizing adipokine adiponectin
were negatively correlated with the BCAAs (valine and leucine)
and the ArAA phenylalanine. The relationship between adiponec-
tin and the aa profile also appears to be bidirectional, as
adiponectin administration corrects the altered BCAA metabolism
induced by high-fat diet in mice,> whereas leucine supplementa-
tion increases adiponectin production in cultured adipocytes.®
This effect is postulated to be mTOR mediated,> but the
underlying mechanisms remain unclear. A similar negative
correlation between the circulating aa profile and adiponectin
levels has been reported in adult T2DM patients, but no
association with leptin levels was seen.3® This reinforces the
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Multi-metabolite biomarker ROC curves showing the best discriminatory capacity between insulin-resistant and non-insulin-resistant

obese children. (a-c) ROC curves for the multi-metabolite biomarker 1 (alanine and leptin) in the overall cohort (a) and in the female (b) and
male (c) subgroups. (d) ROC curve for the multi-metabolite biomarker 2 (isoleucine/pyroglutamate and leptin) in the female subgroup. (e) ROC
curve for the multi-metabolite biomarker 3 (adiponectin/leptin and alanine) in the male subgroup. AUC value and its associated confidence
interval together with the cutoff point (red dot) and its corresponding specificity and sensitivity values are depicted in the figure.

novelty of the data reported here and stresses the postulated
pathophysiological differences between children and adults.
There was also a strong correlation between BCAAs, ArAAs and
short-chain acylcarnitines, as depicted in the heatmap. The
increase in BCAAs, which can occur via several routes, has been
previously attributed to alterations in their catabolism that causes
the accumulation of byproducts that can affect mitochondrial
function.?”? Interestingly, reduced mitochondrial number, size
and activity has been described in skeletal muscle and adipose
tissue of patients with obesity and T2DM.*>*2 Altered mitochon-
drial morphology has also been associated with IR** and
decreased mitochondrial oxidation occurs in peripheral tissues
even before IR is established,** supporting the hypothesis that
impaired mitochondrial capacity is linked to the development of
IR and diabetes. Mitochondrial dysfunction is also reported to be
an early indicator of IR in obese adolescents** and in children, but
not with obesity per se** Mitochondria produce energy from
different substrates; thus, the accumulation of energy substrates
(pyruvate, BCAA, fatty acids) and their byproducts (alanine, lactic
acid, and acylcarnitines and so on) observed when IR was present
might indicate mitochondrial dysfunction. Consistent with this,
ornithine and short- and medium-chain acylcarnitines were
increased, with a subtle decrease in long-chain acylcarnitines
and free carnitine in IR. Of note, medium- and long-chain
acylcarnitines were clustered to acetylcarnitine and 3-
hydroxybutyrate in the heatmap. Additionally, C03 and C04
acylcarnitines positively correlated with HOMA and triglyceride
levels and negatively with adiponectin levels, with the latter
known to be an indicator of fatty acid oxidation through AMPK
stimulation.”® Mitochondrial dysfunction decreases adiponectin
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secretion by adipocytes, resulting in lower glucose uptake and
decreased phosphorylation of Akt upon insulin stimulation in
myocytes*” and adipocytes.

Cellular acylcarnitines regulate fatty acid B-oxidation;*® thus the
decrease in 3-hydroxybutyrate and the correlation between serum
triglycerides and these metabolites (positive to short-chain
acylcarnitines and negative to 3-hydroxybutyrate), suggest
inefficient B-oxidation that could lead to increased triglyceride
synthesis and reduced ketone body levels. This is consistent with
the altered lipid metabolism reported in the presence of obesity
and IR. Decreased lipolysis in adipose tissue has been reported to
promote/maintain excess body fat mass leading to childhood
onset obesity.*® Increased fat cell size, in turn, has been shown to
enhance basal lipolysis>® and alter adipokine secretion,’’ resulting
in increased fluxes of free fatty acids to liver and skeletal muscle.
This, in turn, could then cause mitochondrial dysfunction52 and
contribute to dyslipidemia and ectopic lipid deposition, as
suggested by the higher ALT seen in obese children with IR,
while  promoting IR>** The decrease in circulating
3-hydroxybutyrate levels, previously described in children'?>**>
may indicate that ketone inhibition by insulin is sufficiently
preserved despite IR and that catabolism of fatty acids is reduced
in obese children with IR. Here, 3-hydroxybutyrate levels were
negatively correlated to HOMA and leptin levels, possibly
indicating leptin resistance and IR, and indicate the necessity to
explore the metabolism of lipids in IR obese children.

The metabolic derangement was different between IR boys and
girls despite that they were prepubertal. Although the changes in
methionine levels in the whole cohort were relatively small, being
increased in females and unchanged in males, methionine
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positively correlated with HOMA, triglycerides and leptin only in
males. A link between methionine metabolism and factors
associated to IR, metabolic syndrome and T2DM has been
previously reported.>® While dietary methionine restriction exerts
a beneficial effect on TD2M,*”*® increased homocysteine, a by-
product of methionine, is reported to be a risk factor for T2DM in a
sex-dependent fashion,®® which is consistent with our findings.
Although we did not measure homocysteine levels or the effect of
dietary methionine restriction, the correlations observed here
suggest that further investigation of the possible sex difference is
important.

Adiponectin negatively correlated with short-chain acylcarni-
tines and positively with long-chain acylcarnitines exclusively in
females. It is possible that there is a sex-dependent relationship
between mitochondrial dysfunction and adiponectin production,
as previously shown for other conditions.’® In the ROC curve
models with the highest sensitivity for IR, leptin was present for
males and females, probably because it indicates greater adiposity
and possible leptin resistance closely linked to IR, whereas
adiponectin was only present in the model for males. We have
previously shown that the evolution of serum adiponectin levels in
healthy humans from mid puberty is sexually dimorphic® The
findings here reinforce the idea that sex differences begin even
prepubertally and emphasize the pathophysiological relevance of
a prepubertal modification in adiponectin secretion in males.

One limitation of this study is the absence of a direct
measurement of fat mass and distribution, which was instead
indirectly estimated by BMI. This would have allowed a better
measure of excess fat, as well as the discrimination of the eventual
influence of patient age (higher in IR) and changes in fat mass/
distribution on the observed differences in leptin levels, which
cannot be ruled out. A second limitation of this study is that the
relationship between lysophospholipids, related to inflammation
and previously shown to differ between IR and non-IR prepubertal
obese subjects,'* and inflammatory markers (HS-CRP) could not be
explored. The lack of specificity of CRP and the high prevalence of
mild infections inducing CRP and other markers in children difficult
the establishment of a link between adiposity, IR and inflammation.
Another limitation is the use of serum instead of tissue samples;
indeed, although biofluids reflect physiological processes, it is
impossible to determine the source of the metabolic alteration.

In conclusion, the results reported here reinforce the idea that
the degree of BMI excess, which is routinely used in the clinical
setting, is not the main predictor of metabolic impairment and
that this impairment is already observed in young prepubertal
children. Even though further research regarding the translation of
the results obtained from metabolomics into clinical applications
is still necessary, this study points to the possibility of designing
sets of combined parameters (adipokines and metabolites) that
could identify pathophysiological relevant IR in a single fasting
sample, thus suggesting a potential application of metabolomics
analysis in clinical practice.
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