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Abstract

Obijectives: Insulin resistance (IR) in adolescents with obesity is associated with a sex-
dependent metabolic ‘signature’ comprising the branched-chain amino acids (BCAAs),
glutamate/glutamine, C3/C5 acylcarnitines and uric acid. Here, we compared the lev-
els of branched-chain a-keto acids (BCKAs) and glutamate/glutamine, which are the
byproducts of BCAA catabolism and uric acid among adolescents with obesity prior
to and following a 6-month lifestyle-intervention program.

Methods: Fasting plasma samples from 33 adolescents with obesity (16 males, 17
females, aged 12-18year) were analysed by flow-injection tandem MS and LC-MS/
MS. Multiple linear regression models were used to correlate changes in BCKAs,
glutamate/glutamine and uric acid with changes in weight and insulin sensitivity as
assessed by HOMA-IR, adiponectin and the ratio of triglyceride (TG) to HDL. In pre-
dictive models, BCKAs, glutamate/glutamine and uric acid at baseline were used as
explanatory variables.

Results: Baseline BCKAs, glutamate/glutamine and uric acid were higher in males than
females despite comparable BMI-metrics. Following lifestyle-intervention, a-keto-p-
methylvalerate (a-KMV, a metabolic by product of isoleucine) decreased in males but
not in females. The ratio of BCKA/BCAA trended lower in males. In the cohort as
a whole, BCKAs correlated positively with the ratio of TG to HDL at baseline and
HOMA-IR at 6-month-follow-up. Glutamate/glutamine was positively associated with
HOMA-IR at baseline and 6-month-follow-up. A reduction in BCKAs was associated
with an increase in adiponectin, and those with higher BCKAs at baseline had higher
adiponectin levels at 6-month-follow-up. Interestingly those adolescents with higher
uric acid levels at baseline had greater reduction in weight.

Conclusions: BCKAs and glutamate/glutamine may serve as biomarkers of IR in
adolescents with obesity, and uric acid might serve as a predictor of weight loss in
response to lifestyle-intervention. Differential regulation of BCAA catabolism in
adolescent males and females implicates critical roles for sex steroids in metabolic

homeostasis.
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1 | INTRODUCTION

In previous investigations,1 we demonstrated that insulin resistance
(IR) in adolescents with obesity associates with a sex-dependent
metabolic ‘signature’ comprising the branched-chain amino acids
(BCAAs), glutamate/glutamine, C3/C5 acylcarnitines and uric acid.
The ‘glutamate/glutamine’ analyte represents glutamate, plus an in-
determinate contribution from hydrolysis of glutamine during acidic
preparation of extracted metabolites for our flow injection-tandem
mass spectrometric assay.l’3 Weight reduction and increases in in-
sulin sensitivity in response to lifestyle intervention are accompa-
nied by reductions in BCAA, C3/C5 acylcarnitines and glutamate/
glutamine and increases in urea cycle intermediates, providing indi-
rect evidence for an increase in BCAA catabolism.* It is currently un-
clear if an increase in BCAA catabolism is a cause or a consequence
(or both) of the heightened insulin sensitivity associated with weight
loss in adolescents.

BCAA catabolism is initiated by branched-chain aminotransfer-
ase (BCAT), which facilitates a reversible transamination reaction
generating branched-chain a-keto acids (BCKAs) including a-keto-
isocaproate (a-KIC, from leucine), a-keto-B-methylvalerate (a-KMV,
from isoleucine) and a-keto-isovalerate (a-KIV, from valine).® Recent
work in rat and mouse models of obesity and IR demonstrate that
pharmacologic activation of BCKA oxidation by the branched chain
a-keto acid dehydrogenase (BCKDH) complex improves insulin sen-
sitivity while lowering circulating BCAAs and BCKAs.>® Studies in
human adults and rats suggest that elevated plasma BCKAs are asso-
ciated with IR and are potentially better biomarkers for type 2 diabe-
tes (T2D) than BCAAs.®™® Furthermore, in a large population-based
cohort from the TwinsUK study, the isoleucine catabolite a-keto-f-
methylvalerate (a-KMV) was found to be the strongest predictive
biomarker for impaired fasting glucose.” To the best of our knowl-
edge, no studies have examined the relationship between BCKAs and
insulin sensitivity in adolescents with obesity. Thus, it is not known if
increases in insulin sensitivity during lifestyle intervention are accom-
panied by reductions in BCKAs as well as BCAAs, or if baseline levels
of BCKAs predict the metabolic response to lifestyle change.

Glutamate is a byproduct of the first step of BCAA catabo-
lism. Studies in adults show that increased fasting plasma levels
of glutamate are associated with higher fasting and 2-h plasma
glucose levels during a 75g-oral glucose tolerance test’ and an
increase in the prevalence of T2D.}%!! Elevated fasting glutamate
levels were also associated with obesity, IR, hypertension and
dyslipidaemia.'? Furthermore, elevated plasma glutamate levels
were associated with increased risks of cardiovascular disease®®
and subclinical atherosclerosis in adults, even after adjustment for
age, sex, body fat mass and visceral fat mass.**

branched-chain amino acid, branched-chain a-keto acid, childhood obesity, insulin resistance,

Like glutamate, uric acid is a potential risk factor for hyper-
tension and diabetes in adolescents as well as adults,®>"Y but its
relationship to BCAA and glutamate metabolism is poorly under-
stood. Hyperuricemia in obesity and insulin resistance is thought
to result from decreased insulin-dependent renal tubular uric
acid excretion and/or increased fructose-dependent uric acid
production.’®'? However, studies in subjects with gout suggest
that increases in glutamate resulting from decreased activity of
glutamate dehydrogenase may play a role in the pathogenesis of
hyperuricemia.20 Thus, elevations in uric acid in adolescents with
obesity and insulin resistance might be biologically related to ele-
vations in glutamate.

In this study, we measured BCKAs, glutamate/glutamine and
uric acid and explored their relationships individually with changes
in weight and insulin sensitivity before and after a lifestyle in-
tervention in adolescents with obesity. We hypothesized that (1)
BCKAs, glutamate/glutamine and uric acid are associated with
insulin resistance at baseline and 6-month-follow-up; (2) weight
reduction and improved insulin sensitivity during lifestyle inter-
vention are associated with decreases in BCKAs, glutamate/glu-
tamine and uric acid; (3) baseline BCKAs, glutamate/glutamine and
uric acid predict subsequent changes in weight and insulin sensi-
tivity and (4) BCKAs, glutamate/glutamine and uric acid levels are
regulated in a sex-dependent manner. To test these hypotheses,
we measured the relevant analytes and applied multiple linear re-
gression models to assess the correlations among BCKAs, gluta-
mate/glutamine and uric acid and weight and surrogate measures
of insulin sensitivity as assessed by homeostasis model assessment
index of insulin resistance (HOMA-IR), adiponectin and the ratio of
triglyceride (TG) to HDL. In predictive models, the BCKAs, gluta-
mate/glutamine and uric acid at baseline were used as explanatory

variables.

2 | RESEARCH DESIGN AND METHODS

2.1 | Patient cohort

Participants were identified prior to enrolment in Duke Children's
Healthy Lifestyles Program (HLP) and followed prospectively for
6 months. The Duke Children's HLP provides comprehensive clinical
care for children and adolescents with overweight and obesity and
represents the current standard of clinical care for paediatric obesity
treatment (please see Ref.1,4,21 for detailed description). Inclusion
criteria stipulated that the participant was new to the HLP, 212 to
18years of age and overweight or obese (defined as BMI>85th
percentile for sex and age according to CDC growth charts), and
that the participant and at least one parent/guardian were able to
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speak/read English fluently enough to understand and complete
questionnaires and intake forms. Participants were excluded if they
had a diagnosis of type 2 diabetes and/or had taken weight-reducing
agents, systemic corticosteroids, atypical antipsychotics, oral con-
traceptives or medroxyprogesterone within the past 6 months.
Participation was terminated if the subject did not provide fasting
blood samples within 2weeks of his/her first clinic visit. Informed
consent was obtained from at least one parent/guardian for each
participant <18-year-old and from participants 218-year-old. The
Duke University Institutional Review Board (IRB) approved the re-
search protocol. Thirty three participants (16 males and 17 females)
completed the study and provided fasting plasma samples at base-
line and 6 months.*

2.2 | Blood samples
Blood samples were obtained after an 8- to 12-h overnight fast at
baseline and 6-month follow-up. Plasma was stored at -80°C until

analysed.

2.3 | Anthropometric measurements

Body weight and height were measured by standard methods.
Blood pressure was measured twice; the average was used in sta-
tistical analyses. Age, sex and height-specific normal values for
children are available at https://www.nhlbi.nih.gov/files/docs/
bp_child_pocket.pdf. Body fat percentage was estimated using a
Tanita BC-148 segmental body composition analyser. BMI, BMI
percentile (BMI1%), BMI z-score and the percent BMI exceeding the
95th %ile were calculated using the SAS program (https://www.
cdc.gov/nccdphp/dnpao/growthcharts/resources/sas.htm).  Our
cohort consisted of subjects with very high BMI values, making
BMI percentile and BMI z score unreliable estimates of the de-
gree of overweight and the response to intervention.?223 Thus, we
used ‘BMI percent exceeding the 95 percentile’ for age and sex to
track the weight changes over time. The CDC recommends a new
classification system recognizing BMI 295th percentile as class |
obesity, BMI 2120% of the 95th percentile as class Il obesity and
BMI 2140% of the 95th percentile as class Il obesity. Class Il and
Il obesity are strongly associated with greater cardiovascular and
metabolic risk.2223

2.4 | Hormone analysis

Hormones were measured using a Meso Scale Discovery Quick Plex
electro chemiluminescent imager with assay kits from Meso Scale
Discovery (Rockville, MD) including insulin (range 69-50,000pg/
ml) and total adiponectin (range 0.064-1000ng/ml and samples di-
luted 1:961). Duplicate measurements had coefficients of variations
<10%.
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2.5 | Surrogate measures of insulin sensitivity
Asinour previous studies,l’4 we used HOMA-IR, adiponectin and the
TG/HDL ratio as surrogate measures of IR. These surrogate meas-
ures reflect distinct, but overlapping, components of insulin sensi-
tivity regulated at the level of the liver, adipose tissue and skeletal
muscle. Therefore, using all three measures permits, a broader as-
sessment of metabolic status than any of the three alone. HOMA-IR
was calculated as fasting insulin (uU/ml) multiplied by fasting glu-
cose (mg/dl) divided by 405.%*The product of fasting plasma glucose
x fasting plasma insulin is an index of hepatic IR. Adiponectin acts
as an insulin sensitizer by suppressing hepatic glucose production
and increasing glucose uptake and fatty acid oxidation in muscles.?®
Adiponectin is more closely associated with visceral fat than with
subcutaneous fat?> and is lower in conditions that are associated
with IR such as T2D, cardiovascular disease, hypertension and meta-
bolic syndrome.?® The ratio of TG to HDL has been associated with
IR in white adolescent males and females with obesity?” and it re-
flects the balance between TG intake, TG clearance by peripheral
tissues and TG synthesis and export from the liver.?” Transfer of tri-
glyceride from VLDL to HDL increases HDL clearance and reduces
plasma HDL.*

2.6 | Conventional metabolite analysis

Conventional metabolites, including plasma glucose, HDL, TGs and
uric acid were measured with a Beckman Coulter D x C 600 Clinical
Analyser using reagents from Beckman (Brea, CA), Coefficients of
variation were <5%.

2.7 | Plasma BCAAs, BCKAs and glutamate/
glutamine

BCAAs including valine and leucine/isoleucine; and glutamate/
glutamine (5-1000pumol/l, <15%) were analysed by flow injection
electrospray ionization tandem mass spectrometry (MS/MS) using
a Waters TQD instrument (Waters, Milford, MA) and quantified by
isotope dilution technique as described previously.>*%2° Alpha-
keto acids of leucine (a-keto-isocaproate, a-KIC), isoleucine (a-keto-
B-methylvalerate, a-KMV) and valine (a-keto-valerate, KIV) were
measured by LC-MS/MS. 20ul of plasma containing isotopically
labelled internal standards KIC-d3, KIV-5C13 (Cambridge Isotope
Laboratories) and KMV-d8 (Toronto Research Chemicals) were pre-
cipitated with 150 ul of 3 M PCA. 200 pl of 25M o-phenylenediamine
(OPD) in 3 M HCI were added to the supernatants and the samples
were incubated at 80°C for 20 min. Keto acids were extracted with
ethyl acetate as previously described.>*° The extracts were dried
under nitrogen, reconstituted in 200mM ammonium acetate and an-
alysed on a Waters Xevo TQ-S triple quadrupole mass spectrometer
coupled to a Waters Acquity UPLC system. The analytical column
(Waters Acquity UPLC BEH C18 Column, 1.7 pm, 2.1 x50mm) was
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used at 30°C, 10 pl of the sample were injected onto the column
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and eluted at a flow rate of 0.4 ml/min. The gradient consisted of
45% eluent A (5mM ammonium acetate in water) and 55% eluent B
(methanol) for 2 min, followed by a linear gradient to 95% B from 2
to 2.5 min, held at 95% B for 0.7 min, returned to 45% A and then
the column was re-equilibrated at initial conditions for 1 minute.
The total run time was 4.7 min. Mass transitions of m/z 203 — 161
(KIC), 206 — 161 (KIC-d3), 189 — 174 (KIV), 194 — 178 (KIV-5C13),
203 - 174 (KMV) and 211 — 177 (KMV-d8) were monitored in a pos-
itive ion electrospray ionization mode.3! Sums of components meas-
ured from these panels included the branched-chain amino acids
(BCAASs), comprising the molar sum of Valine + Leucine/Isoleucine;
and their cognate branched-chain keto acids (BCKAs), evaluated as
a-KIC+a-KMV +a-KIV. The ratio of BCKA to BCAA was calculated
to reflect overall balance between BCAAs and BCKAs.

2.8 | Statistical analysis

The primary outcome of this study was the correlation between
the total BCKA levels and insulin sensitivity. Minimum sample size
was calculated to detect correlations of 0.5 or greater between the
BCKAs and insulin sensitivity. In linear regression models using 4
explanatory variables with one testing variable, a sample size of 32
provides a correlation of 0.5 with power of 0.828 and p <.05. Thus,
our sample size of 33 provided adequate statistical power for our
primary outcome. In a secondary analysis, we investigated correla-
tions between individual BCKAs including K1V, KIC and KMV and the
surrogate measures of insulin sensitivity. We adjusted p-values for
multiple testing to control the familywise error rate using Hochberg
Method.3? Lastly, given our previous findings showing that BCAAs,
glutamate and uric acid constitute a sex-dependent metabolic ‘sig-
nature’ that is positively associated with IR in youth with obesity,
we completed a confirmatory analysis to investigate the relationship
between BCAAs, glutamate and uric acid and surrogate measures of
insulin sensitivity. For primary, secondary and confirmatory analy-
ses, p<.05 was considered statistically significant; analyses were
performed using SAS version 9.4 (SAS Institute Inc.).

Changes in anthropometric values and changes in BCAAs,
BCKAs, glutamate/glutamine, BCKA/BCAA ratio and uric acid
during lifestyle intervention were assessed using paired t-tests. Data
were stratified by sex to analyse the effects separately for females
and males. Unpaired t tests were used to compare anthropometric
values and BCAA-related catabolic byproducts among 17 females
and 16 males at baseline and at 6-month follow-up.

Multiple linear regression models were used to analyse the as-
sociations among changes in BCKAs, glutamate/glutamine and uric
acid and changes in surrogate measures of IR and changes in weight.
HOMA-IR, adiponectin and TG/HDL ratio were natural log trans-
formed to approximate normality. In linear regression models, we
used one testing variable and 3 confounding variables; these were
sex, age and BMI% exceeding the 95th percentile. Thus, all models
were adjusted for age, sex and BMI% exceeding the 95th percentile.

Models for change in insulin sensitivity were also adjusted for change
in BMI% exceeding the 95th percentile. Likewise, the model for
change in BMI% exceeding the 95th percentile was also adjusted for
change in HOMA-IR. To investigate if baseline BCKAs, glutamate/glu-
tamine and uric acid predict subsequent changes in insulin sensitiv-
ity in response to lifestyle intervention, we used BCKAs, glutamate/
glutamine and uric acid at baseline as explanatory variables in linear
regression models. In addition, the correlations between the three
surrogate measures of IR at baseline and 6-month-follow-up and their

changes in response to lifestyle intervention were assessed.

3 | RESULTS

3.1 | Response to lifestyle intervention:
comparisons of anthropometric values and metabolic
characteristics at baseline and follow-up

As we previously reported, there was large inter-individual variability
in the effect of the lifestyle intervention on physiologic and meta-
bolic parameters measured in this cohort.* The absence of statisti-
cal significance for the effect of the intervention on these measures
reflects the presence of both responders and non-responders. In the
cohort as a whole, there were no significant changes in BMI-related
metrics, insulin sensitivity measures (as previously noted, Ref. 2), or
the levels of BCAAs, BCKAs, BCKA/BCAA ratio, KIV, KIC, KMV, glu-

tamate/glutamine or uric acid (Table 1).

3.2 | Comparisons of anthropometric values and
metabolites by sex

At baseline, males and females were comparable in age, weight and
BMl-related metrics. At baseline and follow-up, males had higher
levels of BCAAs than females (216.10+8.25pM vs 189.8 +5.61uM
at baseline, p = .0121 and 215.90+8.95 vs 187.3+7.76 uM at fol-
low-up; p = .0215) and Glutamate/Glutamine (40.24+3.48uM
vs 30.40+1.68uM at baseline, p = .0186 and 38.16 +2.50uM vs
30.24+1.30pM at follow-up, p = .0101), consistent with our previ-
ous findings* and with studies in adults with overweight and obe-
sity.®® Baseline BCKAs (the total of KIV, KIC and KMV) were also
higher among males than females (79.09 +3.52 vs 64.13+2.38 at
baseline, p = .0012). In response to lifestyle intervention, the levels
of KMV, the BCKA derived from isoleucine, decreased in males but
not in females and the ratio of BCKA/BCAA trended lower in males
(Table 2). There was no effect of the intervention on BCAA levels
in the cohort as a whole or in males or females analysed separately.

3.3 | Correlations among surrogate measures of IR

At baseline, there was a significant correlation between HOMA-IR
and TG/HDL (r = 0.52, p = .0019) in the cohort as a whole. At
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TABLE 1 Comparisons of
anthropometric values and metabolites,
baseline and follow-up

Anthropometric values

Age, years
BMI

BMI %

BMI Z-score

BMI% exceeding the 95th percentile

Endocrinology, Diabetes 50f15
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Baseline Mean Follow-up Mean

Insulin sensitivity measures

Adiponectin, pg/ml

HOMA-IR

TG to HDL ratio
Metabolites

BCAA, pM

BCKA, pM

BCKA/BCAA

KIV

KIC

KMV

Uric Acid, mg/dl

Glutamate/glutamine pM

(SE)n =33 (SE)n =33 p Value
14.20 (0.25) 14.71 (0.25) <.0001
34.67 (1.17) 34.85(1.21) .5108
98.31(0.29) 98.27 (0.24) .8025

2.27(0.07) 2.25(0.07) .3586

129.75 (4.14) 128.30 (4.24) 1674

15.90(1.28) 16.31 (1.20) .6026
4.04 (0.62) 5.20(1.29) 1310
1.85(0.22) 1.89 (0.26) .7800

202.58 (5.38) 201.15(6.33) .8219

71.39 (2.45) 68.53(2.92) .3763
0.35(0.01) 0.34(0.01) .2156
15.50(0.45) 14.75 (0.57) .2743
33.26(1.29) 32.50(1.45) 6297
22.63(0.83) 21.29(0.98) .2039
5.50(0.22) 5.54(0.24) .8096
35.17 (2.06) 34.08 (1.53) 4529

Bold pvalue of <0.0001is statisticaly significant. p<0.05 is considered statsitically significant.

6-month-follow-up, there were no significant correlations among
the three surrogate measures of IR. Likewise, there were no correla-
tions in the changes in these metrics in response to lifestyle inter-
vention (Table 3).

3.4 | Correlations among BCAAs, BCKAs and
glutamate/glutamine

Glutamate/glutamine levels were positively associated with
BCAA levels both at baseline and 6-month-follow-up (r = 0.55,
p =.001;r =0.53, p =.0015, respectively). There was no corre-
lation between glutamate/glutamine and BCKA levels. Likewise,
there was no correlation between change in glutamate levels
and change in BCAA or BCKA levels in response to lifestyle
intervention.

3.5 | Correlations among BCAAs, BCKAs,
glutamate/glutamine and BMI% exceeding the
95th percentile

There were relatively strong positive associations between gluta-
mate/glutamine and BMI% exceeding the 95th percentile both at
baseline and 6-month follow-up (r = 0.54, p =.0013 and r = 0.45,
p =.0084, respectively). BMI% exceeding the 95th percentile did
not correlate significantly with either BCAAs or BCKAs.

3.6 | Associations between surrogate

measures of insulin sensitivity and BCKAs, glutamate/
glutamine and uric acid at baseline and 6-month-
follow-up

To assess the associations between insulin sensitivity and the various
metabolites in the cohort as a whole, we adjusted all models for age,
sex and BMI% exceeding the 95th percentile. Baseline total BCKA
levels associated positively with baseline TG/HDL ratio (parameter
estimate: 0.0194, p = .0242) but were not associated with HOMA-IR
or adiponectin (Table 4, Figure 1A). At 6-month follow-up, total
BCKAs associated positively with HOMA-IR (parameter estimate:
0.0188, p = .0137) and approached significance with the TG/HDL
ratio (parameter estimate: 0.0063, p = .0609) (Table 4, Figure 1C).
KIC and KMV were each positively associated with TG/HDL ratio
at baseline (p = .0345 and p = .0141) and KIV, KIC and KMV corre-
lated positively with HOMA-IR (p = .0287, p = .0255 and p = .0056,
respectively), at 6 months. When models were adjusted for multiple
comparisons, KMV had the strongest association with TG/HDL ratio
at baseline and HOMA-IR at 6 months follow-up (Table 5).
Glutamate/glutamine was positively associated with HOMA-IR
both at baseline and 6-months follow-up (parameter estimate:
0.0365, p<.0001 and parameter estimate 0.0474, p = .0058)
(Table 6, Figure 1B, D) but not with TG/HDL ratio or adiponectin
levels. Since BCAA levels were positively correlated with glutamate/
glutamine levels, we also adjusted the models for BCAA levels in

addition to age, sex and BMI% exceeding the 95th percentile. Even
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TABLE 4 Primary analysis of (A) associations between BCKA
and surrogate measures of insulin sensitivity at baseline and

6 months follow-up; (B) association between change in BCKA and
change in adiponectin and (C) baseline BCKA predicting change in
adiponectin.

Parameter t p
Full Sample (n = 33) estimate Value  Value
TG to HDL ratio at baseline  (R®=0.420,
p=.038)
Intercept -3.3450 -2.83 .0085
Age 0.0285 0.42 6791
Sex (Female = 1) 0.1669 0.71 .2338
BMI% exceeding the 95th  0.0144 3.44 .0019
percentile
BCKA at Baseline 0.0194 2.38 .0242
TG to HDL Ratio at (R?=0.371,
6 months follow up p =.009)
Intercept -2.4136 -2.07 .0477
Age 0.0288 0.40 .6932
Sex (Female = 1) -0.1086 -0.51 .6150
BMI% exceeding the 95th  0.0125 2.89 .0074
percentile
BCKA at 6 months 0.0063 1.95 .0609
follow-up
HOMA-IR at 6 months (R?=0.408,
follow-up p =.004)
Intercept 1.3095 -0.92 .3648
Age 0.0812 -0.88 .3843
Sex (Female = 1) 0.2399 1.72 .0957
BMI% exceeding the 95th ~ 0.0049 3.19 .0035
percentile
BCKA at 6 months 0.0188 2.63 .0137
follow-up
A Adiponectin (R?=0.291,
p =.041)
Intercept -0.5373 -1.27 2137
Age 0.0503 1.84 .0770
Sex (Female = 1) -0.1123 -1.39 1758
BMI% exceeding the 95th  -0.0008 -0.44 .6605
percentile
A BCKA -0.0048 -2.21 .0351
A Adiponectin Prediction (R2 =0.343,
p=.016)
Intercept -1.0831 -2.35 .0258
Age 0.0445 1.68 .1048
Sex (Female = 1) -0.0132 -0.15 .8856
BMI% exceeding the 95th  -0.0010 -0.61 .5440
percentile
A BCKA 0.0087 2.74 .0106

Note: All models were adjusted for sex, age and BMI% exceeding the
95th percentile. Change in metric (A) means value at 6 months follow-up
minus value at baseline. The table presents only statistically significant
findings. Total BCKA at baseline did not associate with HOMA-IR or
adiponectin at baseline and total BCKA at 6 months follow-up did not
associate with adiponectin at 6 months follow-up. Change in total BCKA
did not associate with change in HOMA-IR or change in TG/HDL. Total
BCKA at baseline did not predict change in HOMA-IR or TG/HDL.

after adjustment for BCAA levels, the levels of glutamate/glutamine
associated positively with HOMA-IR at baseline (r> = 0.68, p <.0001)
and approached significance at 6-month follow-up (r* = 0.56,
p = .0773). Uric acid did not correlate with surrogate measures of
insulin sensitivity.

3.7 | Associations between changes in weight and
insulin sensitivity and changes in BCKAs, glutamate/
glutamine and uric acid

In a previous investigation,* we found that reductions in weight in
response to lifestyle counselling were associated with reductions
in circulating BCAA and catabolic byproducts and increases in adi-
ponectin. Here, a reduction in total BCKAs during lifestyle inter-
vention was associated with an increase in adiponectin (p = .035)
(Table 4, Figure 2). Likewise, reductions in KIV and KIC were associ-
ated with increases in adiponectin (p = .022 and .029, respectively)
(Table 5). When models were adjusted for multiple comparisons, p
values approached significance (Table 5).

To determine if associations between BCKAs and insulin sensi-
tivity were mediated by changes in weight, we adjusted models of
change in insulin sensitivity for change in BMI% exceeding the 95th
percentile. When the model for change in adiponectin was adjusted
for change in BMI% exceeding the 95th percentile, the change in total
BCKAs and changes in KIV and KIC remained significant (p = .0449,
p = .0264 and p = .0369, respectively). These findings suggest that
change in adiponectin is mediated by, or associated with changes in
BCKAs that are independent, at least in part, of change in BMI% ex-
ceeding the 95th percentile. There were no significant correlations
between changes in total or individual BCKAs and changes in other
surrogate measures of insulin sensitivity (HOMA-IR and TG/HDL
ratio) or weight.

Changes in uric acid or glutamate/glutamine were not associated
with changes in surrogate measures of insulin sensitivity or weight.

3.8 | Prediction models

3.8.1 | Did baseline BCKAs, glutamate/

glutamine and uric acid predict subsequent changes in
weight or markers of insulin sensitivity?

Tables 4-6 provides the selected prediction models for subsequent
changesinweightandinsulin sensitivity. Participants with higher total
BCKAs at baseline had larger increases in adiponectin levels at fol-
low-up (parameter estimate: 0.0087, p = .0106, Figure 3A). Likewise,
higher KIV, KIC and KMV levels at baseline predicted a greater in-
crease in adiponectin at 6-month follow-up (p = .0097, p = .0096
and p =.0490, respectively), even after adjustment for multiple com-
parisons (p =.0194, p = .0194 and p = .0490, respectively). Baseline
glutamate/glutamine levels did not predict subsequent changes in
weight or insulin sensitivity. Interestingly, those with higher base-
line uric acid levels had greater weight reduction (Table 6, parameter
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FIGURE 1 Associations between BCKA and Glutamate, and TG/HDL ratio and HOMA-IR at baseline and follow-up, r is the partial
Pearson correlation coefficient adjusted for sex, age, BMI% exceeding the 95th percentile. (A) Associations between BCKA and TG/HDL
ratio at Baseline, (B) Associations between Glutamate and HOMA-IR at Baseline, (C) Associations between BCKA and TG/HDL ratio at
follow-up, (D) Associations between Glutamate and HOMA-IR at Follow-up

estimate: -3.4446, p =.0011, Figure 3B). However, baseline uric acid
levels did not predict changes in insulin sensitivity.

4 | DISCUSSION

Studies in children and adolescents suggest that BCAAs are as-
sociated with IR and T2D and predict future risk of IR, metabolic
syndrome and hypertriglyceridemia.»**=%? Studies in adults suggest
that elevated plasma BCKAs are also associated with IR and predict
more reliably than BCAAs the development of T2D.%” BCKAs are
also associated with other obesity co-morbidities such as steatosis
and NASH.% In this study, we measured levels of BCAA, BCKA,
glutamate/glutamine and uric acid prior to and following a 6-month
course of lifestyle intervention and assessed their relationships to
changes in weight and metrics of insulin sensitivity. We then de-
termined if levels of BCKAs, glutamate/glutamine and uric acid at
baseline predicted changes in weight or insulin sensitivity. Finally,
we investigated if BCKAs are regulated in a sex-dependent manner
such as the BCAAs, glutamate/glutamine and uric acid.

Our findings include four novel observations. First, the BCKAs,
particularly KMV, correlated positively with TG/HDL (at baseline) and
HOMA-IR (at 6-month-follow-up), while glutamate/glutamine associ-
ated strongly with HOMA-IR both at baseline and following lifestyle
intervention. Thus, byproducts of BCAA catabolism, particularly
Glutamate/glutamine, were associated with insulin sensitivity both at
baseline and follow-up (Table 6). Second, a reduction in BCKAs during
lifestyle intervention was associated with an increase in adiponectin, a
metric of improved insulin sensitivity (Table 4). Third, high BCKA levels
at baseline predicted higher adiponectin levels at follow-up (Table 4),
and, those with higher uric acid levels at baseline had greater weight
reduction (reduction in BMI% exceeding the 95th percentile) in re-
sponse to lifestyle intervention (Table 6). Fourth, sex differences in the
metabolites at baseline persisted during intervention: baseline BCKAs
(KIV, KIC and KMYV), glutamate/glutamine and uric acid were higher
among males than females. In response to lifestyle intervention, the
levels of KMV, a metabolic by product of isoleucine, decreased in
males but not in females and the molar ratio of BCKA/BCAA trended
lower in males (Table 2). Notably, in males the impact of the interven-
tion on BCKAs occurred absent any effect on BCAA levels.
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TABLE 5 Secondary analysis of (A) associations between KIV,
KIC and KMV and TG/HDL at Baseline and HOMA-IR at 6 months
follow-up; (B) associations between changes in KIV, KIC and KMV
and changes in adiponectin and (C) baseline KIV, KIC and KMV
predicting change in adiponectin.

Parameter t p Adjp

Full Sample (n = 33) estimate Value value value

TG to HDL ratio at
baseline

KIV at baseline
(R? = 0.400,
p=.013)

KIC at baseline
(R? = 0.400,
p =.005)

KMV at baseline
(R?=0.434,
p=.003)

HOMA-IR at 6 months
follow-up

KIV at 6 months
follow-up
(R?=0.379,
p =.008)

KIC at 6 months
follow-up
(R?=0.384,
p =.007)

KMV at 6 months
follow-up
(R?=0.441,
p=.002)

A Adiponectin

AKIV (R? =0.313,
p=.028)
A KIC (R? = 0.300,
p=.035)
A KMV (R? = 0.246,
p =.086)
A Adiponectin
prediction

KIV at baseline
(R?=0.347,
p=.015)

KIC at baseline
(R*=0.347,
p=.015)

KMV at baseline
(R?=0.276,
p =.053)

0.0714 1.59 1229 1229

0.0341 2.22 .0345 .0690

0.0634 2.62 .0141 .0423

0.0864 2.31 .0287 .0287

0.0348 2.36 .0255 .0287

0.0623 3.00 .0056 .0168

-0.0246 -2.44 .0215 .0574

-0.0101 -2.31 .0287 .0574

-0.0120 -1.71 .0986 .0986

0.0461 2.78 .0097 .0194

0.0164 2.78 .0096 .0194

0.0207 2.06 .0490 .0490

Note: All models were adjusted for sex, age and BMI% exceeding

the 95th percentile. Parameter estimates are presented only for the
hypothesis testing variable. p-Values were adjusted for multiple testing
to control the familywise error rate using Hochberg Method. Change in
metric (A) means values at 6 months follow-up minus values at baseline.

We do not yet know why those with highest baseline BCKAs
had the greatest increases in adiponectin in response to lifestyle
intervention. However, our observation is consistent with previous

studies in adults and children with obesity showing that baseline
levels of a BCAA-related PCA-factor predicts improvements in in-
sulin sensitivity in response to behavioural weight loss interven-
tions.**142 We speculate that lifestyle counselling may have had
its greatest impact in the most insulin resistant participants with
the lowest BCKDH activity and highest levels of BCKAs. It is pos-
sible that high BCKA levels at baseline may reflect low adiponec-
tin levels, given that adiponectin is proposed to activate hepatic
BCKDH.*®

Interestingly, while both BCKAs and BCAAs are elevated in

7414244 3 recent analysis found that BCKAs were

adults with obesity,
lower in adolescents with obesity than healthy weight controls.*
The participants in that cohort were younger (12.6 year vs 14.2 year)
and sexually less mature than our participants. This observation sug-
gests that there may be developmental changes in the regulation of
BCAT (which generates BCKA from BCAA) and BCKDH (which ca-
talyses the oxidative decarboxylation of BCKA) during the transition
from early adolescent to mature adolescent/adult adiposity. The
role of sex steroids in those developmental changes requires further
evaluation.

That changes in metabolites derived from BCAA catabolism
correlated with changes in insulin sensitivity in our study is not
surprising given genetic evidence of a causal effect of IR on BCAA
levels.*®*” Genetic and acquired variations in BCAA catabolism
in adults are also associated with higher risk for T2D but not IR
which suggests that impaired BCAA catabolism may exacerbate
metabolic dysfunction in the setting of IR.*8 In the TwinsUK study,
SNP rs1440581 had the strongest associations with all BCAAs, all
BCKAs and the C3-acylcarnitine propionylcarnitine and was asso-
ciated with higher T2D risk.” This SNP is upstream of PPM1K mi-
tochondrial phosphatase, which dephosphorylates and activates
BCKDH.” Accordingly, studies in genetically obese rats (fa/fa) and
(ob/ob) mice demonstrate that activation of BCKDH through phar-
macological inhibition of the BCKDH kinase or overexpression of
the PPM1K phosphatase reduced the abundance of BCAAs and
BCKAs and markedly attenuated IR.> Moreover, exposure of the
isolated perfused heart to levels of BCKA found in obese rodents
is sufficient to cause phosphoproteome remodelling and activate
protein synthesis.49 Also, exposure to high levels of BCKAs has
also been shown to suppress insulin signalling via activation of
mammalian target of rapamycin complex 1,%°? although unlike the
perfused heart study, these latter two studies used supraphysio-
logic doses of BCKAs that may not reflect in vivo concentrations.
Thus, elevated circulating BCKAs may be both biomarkers and
causal agents of insulin resistance and other cardiometabolic dis-
ease phenotypes.>!

Of the three BCKAs measured in our study, KMV was more
strongly associated with TG/HDL ratio at baseline and HOMA-IR at
6 months follow-up than either KIV or KIC (Table 5). It is unclear why
the BCKA derived from isoleucine is most strongly associated with
IR. However, these data are consistent with a large population-based
cohortin adults in which the KMV was also found to be the strongest
predictive biomarker for impaired fasting glucose.7 The association
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TABLE 6 Confirmatory Analysis of

(A) associations between GLX, uric Acid,
BCAA and insulin sensitivity at baseline
and 6 months follow-up; (B) associations
between changes in GLX, Uric Acid,
BCAA and changes in surrogate measures
of insulin sensitivity and (C) baseline
GLX, Uric Acid, BCAA predicting change
in adiponectin and change in BMI%
exceeding the 95th percentile.

Full sample (n = 33)

HOMA-IR at baseline

GLX at baseline (R? = 0.678,
p =.001)

TG to HDL Ratio at 6 months follow-up

BCAA at 6 months follow-up
(R?=0.379, p = .008)

HOMA-IR at 6 months follow up

BCAA at 6 months follow-up
(R?=0.503, p =.001)

GLX at 6 months follow-up
(R?=0.440, p =.002)

A Adiponectin prediction

Parameter
estimate

0.0365

0.0063

0.0118

0.0474

0.0031

& Metabolism

BCAA at baseline (R? = 0.290,
p =.042)

A BMI% exceeding the 95th percentile prediction
Uric acid at baseline (R? = 0.341, -3.4446

t Value

5.43

2.06

3.69

2.99

2.20

-3.64

WlLEY 11 0f 15

Open Access

p Value

<.0001

.0493

.0009

.0058

.0364

.0011

p=.017)

Note: All models were adjusted for sex, age and BMI1% exceeding the 95th percentile. Change in
metric (A) means values at 6 months follow-up minus values at baseline.
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was replicated in an independent population. These results suggest
a unique role for impaired catabolism of isoleucine in IFG and T2D.
In response to lifestyle intervention, the levels of KMV de-
creased in males but not females and the ratio of BCKA/BCAA
trended lower in males (Table 2). Thus, in males, there was a greater
impact of the intervention on BCKAs than on BCAAs. This suggests
sex-dependent differences in regulation of BCAT and BCKDH. Sex
differences in circulating BCKAs, glutamate/glutamine and uric acid
levels in teens with obesity are currently unexplained but could in
theory reflect sex differences in BCAA production by the micro-
biome, and/or differences in rates of protein synthesis or proteol-
ysis or BCAA catabolism.>>?7>* The roles of sex steroids in BCAA

Change in BCKA

production or catabolism are poorly understood but could in theory
be mediated by effects on fat distribution and liver fat deposition:
testosterone promotes visceral fat deposition and hepatic fat accu-
mulation while oestrogen increases subcutaneous fat storage and
limits hepatic steatosis.>> ™7 It is unclear whether the sex differences
in BCAA-related metabolites that we observed contribute to differ-
ences in the risks of T2D in adolescent males and females and/or
differences in their responses to pharmacological agents.
Glutamate is produced via multiple transamination reactions
including the BCAT-dependent step of BCAA catabolism.*? An in-
crease in plasma glutamate may enhance insulin secretion since

glutamate can serve as an insulin secretagogue via its conversion
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FIGURE 3 Prediction of Adiponectin and BMI% exceeding the
95th percentile with BCKA and Uric Acid, r is the partial Pearson
correlation coefficient adjusted for Sex, Age, BMI% exceeding
the 95th percentile at baseline. (A) Prediction of Adiponectin with
BCKA, (B) Prediction of BMI% exceeding the 95th percentile with
uric acid.

to a-ketoglutarate by glutamate dehydrogenase®®’; it is also a sub-

strate for hepatic gluconeog.;enesis."’0 Stefan et al. recently found that
elevated plasma glutamate levels are associated with higher liver fat
content, lower insulin sensitivity and increased carotid intima media
thickness independent of total body fat mass and visceral fat mass.*
In their study, glutamate and glutamine levels were measured sep-
arately; metabolic dysfunction associated most strongly with gluta-
mate. Nevertheless, plasma levels of glutamine also correlated with
liver fat content and negatively with insulin sensitivity metrices de-
rived from clamp studies, and both glutamate and glutamine levels
correlated with BCAAs. Likewise, we found that glutamate/gluta-
mine levels correlated positively with BCAA levels and with BMI%
exceeding the 95th percentile. Glutamate/glutamine associated with
HOMA-IR even after adjustment for BCAAs as well as age, sex and
BMI% exceeding the 95th percentile. These findings suggest that
glutamate/glutamine may have effects on insulin sensitivity that are
independent, at least in part, from changes in the BCAA.

We previously showed that glutamate/glutamine and uric acid
are part of the sex-dependent BCAA-related metabolic ‘signature’

associated with IR in adolescents with obesity.* This is interesting
given that uric acid is a potential risk factor for developing diabetes,
hypertension, stroke and cardiovascular diseases not only in adults
but also in adolescents.’>™*” An observational study from the treat-
ment options for type 2 diabetes in adolescents and youth study
found elevated serum uric acid levels to be associated with greater
risk for hypertension and diabetic kidney diseases in adolescents with
type 2 diabetes.!® Hyperuricemia is thought to result from decreased
insulin-dependent renal tubular uric acid excretion and/or increased
fructose-dependent uric acid production.lg*19 However, studies in
subjects with gout suggest that increases in glutamate resulting from
decreased activity of glutamate dehydrogenase may play a role in
the pathogenesis of hyperuricemia.2’ Thus, the elevated glutamate/
glutamine and uric acid we observe in IR in adolescents with obe-
sity might be biologically related. Nevertheless, we found no associ-
ation between uric acid and measures of insulin sensitivity. However,
higher baseline uric acid levels predicted a greater weight reduction
in the subjects in our cohort. In this regard, one prospective observa-
tional study found a correlation between weight loss and reduction in
uric acid.®* Thus, baseline uric acid levels might serve as a predictor of
weight loss and response to lifestyle intervention.

As in our previous studies,** we used HOMA-IR, adiponectin
and the TG/HDL ratio as surrogate measures of IR. These surrogate
measures of IR reflect distinct, but overlapping, components of in-
sulin sensitivity regulated at the level of the liver, adipose tissue and
skeletal muscle. Given the differential regulation of BCAA catab-
olism across various tissues in states associated with obesity,52’54
it may not be surprising that correlations between BCKAs and glu-
tamate/glutamine and HOMA-IR, adiponectin and TG/HDL varied
in response to lifestyle intervention. Consistent with our findings,
the circulating metabolic profiles of adults with hepatic and skeletal
muscle IR are distinct.?

Our study has limitations. The sample size was small but provided
adequate statistical power for our primary outcome. Female partic-
ipants were not studied at standard phases of the menstrual cycle.
We used surrogate measures of insulin sensitivity; additional methods,
including insulin and glucose clamps and iv and oral glucose tolerance
tests, might have provided useful information regarding insulin secre-
tion and tissue-specific IR.92%3 As discussed in detail above, glutamate/
glutamine levels were measured together in our mass spectrometry
assays.™® Finally, multiple statistical comparisons and associations
may lead to spurious conclusions. To address this, we used Hochberg
method to adjust for multiple comparisons for our secondary out-
comes. Moreover, most of the significant findings in our confirmatory
analyses had p values <0.01. Nevertheless, the exploratory nature of
our study requires that our findings be interpreted with caution.

In summary, our findings provide insights into the effects of
lifestyle intervention on branched-chain amino acid-related metab-
olites and their associations with insulin sensitivity in adolescents
with obesity. Our results suggest that BCKAs (particularly KMV) and
glutamate/glutamine might serve as the biomarkers of IR in adoles-
cents with obesity, while uric acid might serve to predict weight loss
in response to lifestyle intervention. It remains unclear if increases
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in BCAA and/or BCKAs are a consequence or cause (or both) of IR
in adolescents; indeed, high levels of BCAA might serve an adap-
tive function, increasing insulin secretion as a response to obesity-
associated IR.®* Finally, as discussed here and in our previous
manuscripts,>* BCAAs and their metabolites are regulated differen-
tially among adolescent males and females. Differential regulation of
BCAA catabolism in adolescent males and females implicates critical

roles for sex steroids in metabolic homeostasis.

AUTHOR CONTRIBUTIONS

Pinar Gumus Balikcioglu: Conceptualization (lead); data curation
(lead); formal analysis (lead); funding acquisition (lead); investigation
(lead); methodology (lead); project administration (lead); resources
(lead); supervision (lead); writing - original draft (lead); writing - re-
view and editing (lead). Catherine Jachthuber Trub: Data curation
(supporting); investigation (supporting); methodology (supporting);
writing - review and editing (supporting). Metin Balikcioglu: Data
curation (supporting); formal analysis (supporting); project adminis-
tration (supporting); writing - review and editing (supporting). Olga
llkayeva: Data curation (supporting); formal analysis (supporting);
methodology (supporting); writing - review and editing (supporting).
Phillip White: Data curation (supporting); methodology (supporting);
writing - review and editing (supporting). Michael Muehlbauer: Data
curation (supporting); formal analysis (supporting); methodology (sup-
porting); project administration (supporting); software (lead); valida-
tion (lead); writing - review and editing (supporting). James Bain: Data
curation (supporting); methodology (supporting); resources (support-
ing); writing - review and editing (supporting). Sarah Armstrong: Data
curation (supporting); methodology (supporting); project administra-
tion (supporting); resources (supporting); writing - review and editing
(supporting). Michael Freemark: Conceptualization (supporting); data
curation (supporting); investigation (supporting); methodology (sup-
porting); project administration (supporting); writing - original draft

(supporting); writing - review and editing (supporting).

ACKNOWLEDGEMENTS

We would like to thank our patients and their families, Duke Office
of Clinical Research, Children's Clinical Research Unit, Duke Clinical
Research Training Program, The Metabolomics Core Laboratory at
the Stedman Center/Duke Molecular Physiology Institute, Division
of Paediatric Endocrinology, Duke Healthy Lifestyles Program,
Primary Care Clinics and Center for Childhood Obesity Research.
We would like to thank Huaxia Cui for her technical assistance with
immunoassays and conventional metabolites measurements. We
also would like to thank Dr. Christopher Newgard, Dr. Svati Shah, Dr.
Jessica R. McCann, Dr. Nathan A. Bihimeyer and Dr. John F. Rawls
for their help with interpretation of the data.

FUNDING INFORMATION

P.G.B. was supported by National Institute of Diabetes and
Digestive and Kidney Diseases of the National Institutes of Health
under the award number DK117067, Children's Miracle Network
Hospitals partnerships and programs benefiting Duke Children's,

Endocrinology, Diabetes 130f 15
& Metabolism_____-WI LEYJ—

Derfner Foundation Research Grant, and Duke University Pediatric
Departmental Support, Duke Strong Start Award Program. PJW
was supported by A Pathways to Stop Diabetes Award #1-16-INI-17
from the American Diabetes Association. Ol and JB and metabo-
lomics assays that they performed were supported by National
Institute of Diabetes and Digestive and Kidney Diseases of the
National Institutes of Health under award number P30DK124723.
JB also received salary support from J from NIH 5R01DK117491,
1U24DK129557 and 2P30AG027816. The content is solely the re-
sponsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

CONFLICT OF INTEREST

CJT, MB, JB, MM, OI, SA and PGB have no conflicts of interest to
declare. MF is a co-investigator on a grant from the American Heart
Association that deals with the pathogenesis and treatment of child-
hood obesity. MF is also the local Pl on a rhythm-sponsored study of
identification and treatment of children and adults with monogenic
obesity and was previously a member of a Data Safety Monitoring
Board for a separate Rhythm-sponsored study of treatment of pa-
tients with syndromic obesity. PJW reports a pending patent for
metabolic biomarkers of NAFLD/NASH and related disease pheno-
types and a pending patent for compositions and methods for treat-
ing NAFLD/NASH and related disease phenotypes.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from
the corresponding author upon reasonable request.

ETHICAL APPROVAL
The Institutional Review Board at Duke University approved the re-

search protocol.

ORCID

Pinar Gumus Balikcioglu " https://orcid.org/0000-0002-5259-9196

REFERENCES

1. Newbern D, Gumus Balikcioglu P, Balikcioglu M, et al. Sex differ-
ences in biomarkers associated with insulin resistance in obese
adolescents: metabolomic profiling and principal components anal-
ysis. J Clin Endocrinol Metab. 2014;99(12):4730-4739.

2. Patel SG, Hsu JW, Jahoor F, et al. Pathogenesis of a p* ketosis-
prone diabetes. Diabetes. 2013 Mar;62(3):912-922.

3. Batch BC, Shah SH, Newgard CB, et al. Branched chain amino acids
are novel biomarkers for discrimination of metabolic wellness.
Metabolism. 2013;62(7):961-969.

4. Jachthuber Trub C, Balikcioglu M, Freemark M, et al. Impact of life-
style intervention on branched-chain amino acid catabolism and
insulin sensitivity in adolescents with obesity. Endocrinol Diabet
Metabol. 2021;4:e00250.

5. White PJ, McGarrah RW, Grimsrud PA, et al. The BCKDH kinase
and phosphatase integrate BCAA and lipid metabolism via regula-
tion of ATP-citrate lyase. Cell Metab. 2018;27(6):1281-1293.

6. Zhou M, Shao J, Wu CY, et al. Targeting BCAA catabolism to
treat obesity-associated insulin resistance. Diabetes. 2019;68(9):
1730-1746.


https://orcid.org/0000-0002-5259-9196
https://orcid.org/0000-0002-5259-9196

14 of 15 WI

7.

10.

11.
12.
13.

14.

15.
16.
17.
18.

19.
20.
21.

22.

23.

24.

25.

Endocrinology, Diabetes

BALIKCIOGLU ET AL.

LEY~8 Metabolism _

Menni C, Fauman E, Erte |, et al. Biomarkers for type 2 diabetes
and impaired fasting glucose using a nontargeted metabolomics
approach. Diabetes. 2013;62:4270-4276.

She P, Olson KC, Kadota Y, et al. Leucine and protein metabolism in
obese Zucker rats. PLoS One. 2013;8:€59443.

Takashina C, Tsujino |, Watanabe T, et al. Associations among
the plasma amino acid profile, obesity, and glucose metabolism
in Japanese adults with normal glucose tolerance. Nutr Metab.
2016;13:5.

Palmer ND, Stevens RD, Antinozzi PA, et al. Metabolomic profile
associated with insulin resistance and conversion to diabetes in
the insulin resistance atherosclerosis study. J Clin Endocrinol Metab.
2015;100(3):E463-E468.

Bao Y, Zhao T, Wang X, et al. Metabonomic variations in the drug-
treated type 2 diabetes mellitus patients and healthy volunteers. J
Proteome Res. 2009;8(4):1623-1630.

Cheng S, Rhee EP, Larson MG, et al. Metabolite profiling identi-
fies pathways associated with metabolic risk in humans. Circulation.
2012;125(18):2222-2231.

Zheng Y, Hu FB, Ruiz-Canela M, et al. Metabolites of glutamate me-
tabolism are associated with incident cardiovascular events in the
PREDIMED trial. J Am Heart Assoc. 2016;5(9):e003755.
Lehn-Stefan A, Peter A, Machann J, et al. Andreas L Birkenfeld,
Andreas Fritsche, Hans-Ulrich Héaring, Harald Staiger, Norbert
Stefan, elevated circulating glutamate is associated with subclin-
ical atherosclerosis independently of established risk markers:
a cross-sectional study. J Clin Endocrinol Metabol. 2021;106(2):
€982-e989.

Bjornstad P, Laffel L, Lynch J, et al. Elevated serum uric acid is associ-
ated with greater risk for hypertension and diabetic kidney diseases
in obese adolescents with type 2 diabetes: An observational anal-
ysis from the treatment options for type 2 diabetes in adolescents
and youth (TODAY) study. Diabetes Care. 2019;42(6):1120-1128.
Kodama S, Saito K, Yachi Y, et al. The association between serum
uric acid and development of type 2 diabetes mellitus. A Meta-
Analysis Diabetes Care. 2009;32(9):1737-1742.

Niskanen L, Laaksonen DE, Lindstréom J, et al. Serum uric acid as a
harbinger of metabolic outcome in subjects with impaired glucose
tolerance: the Finnish diabetes prevention study. Diabetes Care.
2006;29(3):709-711.

Perez-Ruiz F, Aniel-Quiroga MA, Herrero-Beites AM, Chinchilla SP,
Erauskin GG, Merriman T. Renal clearance of uric acid is linked to
insulin resistance and lower excretion of sodium in gout patients.
Rheumatol Int. 2015;35(9):1519-1524.

Mai BH, Yan LJ. The negative and detrimental effects of high fruc-
tose on the liver, with special reference to metabolic disorders.
Diabetes Metab Syndr Obes. 2019;12:821-826.

Pagliara AS, Goodman AD. Elevation of plasma glutamate in gout.
Its possible role in the pathogenesis of hyperuricemia. N Engl J Med.
1969;281(14):767-770.

Dolinsky DH, Armstrong SC, Walter EB, Kemper AR. The effective-
ness of a primary care based pediatric obesity program. Clin Pediatr.
2012;51(4):345-353.

Flegal KM, Wei R, Ogden CL, Freedman DS, Johnson CL, Curtin
LR. Characterizing extreme values of body mass index-for-age by
using the 2000 Centers for Disease Control and Prevention growth
charts. Am J Clin Nutr. 2009;90(5):1314-1320.

Skinner AC, Perrin EM, Skelton JA. Prevalence of obesity and
severe obesity in US children, 1999-2014. Obesity. 2016;24(5):
1116-1123.

Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF,
Turner RC. Homeostasis model assessment: insulin resistance and
B-cell function from fasting plasma glucose and insulin concentra-
tions in man. Diabetologia. 1985;28(7):412-419.

Trujillo ME, Scherer PE. Adipose tissue-derived factors: impact on
health and disease. Endocr Rev. 2006;27(7):762-778.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Trujillo ME, Scherer PE. Adiponectin—journey from an adipocyte
secretory protein to biomarker of the metabolic syndrome. J Intern
Med. 2005;257(2):167-175.

Giannini C, Santoro N, Caprio S, et al. The triglyceride-to-
HDL cholesterol ratio: association with insulin resistance in
obese youths of different ethnic backgrounds. Diabetes Care.
2011;34(8):1869-1874.

An J, Muoio DM, Shiota M, et al. Hepatic expression of malonylCoA
decarboxylase reverses muscle, liver and whole-animal insulin re-
sistance. Nat Med. 2004;10:268-274.

Ferrara CT, Wang P, Neto EC, et al. Genetic networks of liver me-
tabolism revealed by integration of metabolic and transcriptional
profiling. PLoS Genet. 2008;4(3):e1000034.

Olson KC, Chen G, Lynch CJ. Quantification of branched-chain keto
acids in tissue by ultra-fast liquid chromatography - mass spec-
trometry. Anal Biochem. 2013;439:116-122.

Kwee LC, llkayeva O, Muehlbauer MJ, et al. Metabolites and diabe-
tes remission after weight loss. Nutr Diabetes. 2021;11(1):10.
Hochberg Y. A sharper Bonferroni procedure for multiple signifi-
cance testing. Biometrika. 1988;75:800-803.

Patel MJ, Batch BC, Svetkey LP, et al. Race and sex differences in
small-molecule metabolites and metabolic hormones in overweight
and obese adults. Omics. 2013;17:627-635.

Gumus Balikcioglu P, Newgard C. Metabolomic signatures and
metabolic complications in childhood obesity. In: Michael F, ed.
Pediatric Obesity, Etiology, Pathogenesis, and Treatment. 2nd ed.
Springer Humana Press; 2018:343-361.

Perng W, Gillman MW, Fleisch AF, et al. Metabolomic profiles and
childhood obesity. Obesity. 2014;22:2570-2578.

Butte NF, Liu Y, Zakeri IF, et al. Global metabolomic profiling tar-
geting childhood obesity in the Hispanic population. Am J Clin Nutr.
2015;102(2):256-267.

Lee A, Jang HB, Ra M, et al. Prediction of future risk of insulin resis-
tance and metabolic syndrome based on Korean boy's metabolite
profiling. Obes Res Clin Pract. 2015;9(4):336-345.

Hellmuth C, Kirchberg FF, Lass N, et al. Tyrosine is associated with
insulin resistance in longitudinal metabolomic profiling of obese
children. J Diabetes Res. 2016;2016:2108909-2108910.

Wiklund P, Zhang X, Tan X, Keinanen-Kiukaanniemi S, Alen M,
Cheng S. Serum amino acid profiles in childhood predict triglycer-
ide level in adulthood: a 7-year longitudinal study in girls. J Clin
Endocrinol Metab. 2016;101(5):2047-2055.

Grenier-Larouche T, Coulter Kwee L, Deleye Y, et al. Altered
branched-chain a-keto acid metabolism is a feature of NAFLD in
individuals with severe obesity. JCI Insight. 2022;7:€159204.

Shah SH, Crosslin DR, Haynes CS, et al. Branched chain amino acid
levels are associated with improvement in insulin resistance with
weight loss. Diabetologia. 2012;55:321-330.

Newgard CB. Metabolomics and metabolic diseases: where do we
stand? Cell Metab. 2017;25(1):43-56.

Lian K, Du C, Liu Y, et al. Impaired adiponectin signaling contributes
to disturbed catabolism of branched-chain amino acids in diabetic
mice. Diabetes. 2015;64(1):49-59.

Newgard CB, An J, Bain JR, et al. A branched-chain amino acid-
related metabolic signature that differentiates obese and
lean humans and contributes to insulin resistance. Cell Metab.
2009;9:311-326.

McCann JR, Bihimeyer NA, Roche K, et al. The pediatric obesity mi-
crobiome and metabolism study (POMMS): methods, baseline data,
and early insights. Obesity. 2021;29(3):569-578.

Wang Q, Holmes MV, Davey Smith G, Ala-Korpela M. Genetic support
for a causal role of insulin resistance on circulating branched-chain
amino acids and inflammation. Diabetes Care. 2017;40:1779-1786.
Mahendran Y, Jonsson A, Have CT, et al. Genetic evidence of a
causal effect of insulin resistance on branched-chain amino acid
levels. Diabetologia. 2017;60(5):873-878.



BALIKCIOGLU et AL.

48.

49.

50.

51.

52.

583.

54.

55.

56.

57.

Lotta LA, Scott RA, Sharp SJ, et al. Genetic predisposition to an
impaired metabolism of the branched-chain amino acids and risk
of type 2 diabetes: a mendelian randomization analysis. PLoS Med.
2016;13(11):1002179.

Walejko JM, Christopher BA, Crown SB, et al. Branched-chain a-
ketoacids are preferentially reaminated and activate protein syn-
thesis in the heart. Nat Commun. 2021;12(1):1680.

Biswas D, Dao KT, Mercer A, et al. Branched-chain keto-
acid overload inhibits insulin action in the muscle. J Biol Chem.
2020;295:15597-15621.

White PJ, McGarrah RW, Herman MA, Bain JR, Shah SH, Newgard
CB. Insulin action, type 2 diabetes, and branched-chain amino
acids: a two-way street. Mol Metab. 2021;52:101261.

She P, Van Horn C, Reid T, Hutson SM, Cooney RN, Lynch CJ.
Obesity-related elevations in plasma leucine are associated with
alterations in enzymes involved in branched-chain amino acid me-
tabolism. Am J Physiol Endocrinol Metab. 2007;293:E1552-E1563.
Herman MA, She P, Peroni OD, Lynch CJ, Kahn BB. Adipose tissue
branched chain amino acid (BCAA) metabolism modulates circulat-
ing BCAA. J Biol Chem. 2010;285:11348-11341.

Hsiao G, Chapman J, Ofrecio JM, et al. Multi-tissue selective PPARy
modulation of insulin sensitivity and metabolic pathways in obese
rats. Am J Physiol Endocrinol Metab. 2011;300:E164-E174.

Heine PA, Taylor JA, Iwamoto GA, Lubahn DB, Cooke PS. Increased
adipose tissue in male and female estrogen receptor-a knockout
mice. Proc Natl Acad Sci U S A. 2000;97(23):12729-12734.
Bryzgalova G, Gao H, Ahren B, et al. Evidence that oestrogen
receptor- « plays an important role in the regulation of glucose
homeostasis in mice: insulin sensitivity in the liver. Diabetologia.
2006;49(3):588-597.

Hart-Unger S, Arao Y, Hamilton KJ, et al. Hormone signaling and
fatty liver in females: analysis of estrogen receptor « mutant mice.
Int J Obes. 2017;41(6):945-954.

58.

59.

60.

61.

62.

63.

64.

Endocrinology, Diabetes 150f 15
& Metabolism_____-WI LEYJ—

Han G, Takahashi H, Murao N, et al. Glutamate is an essential me-
diator in glutamine-amplified insulin secretion. J Diabetes Investig.
2021;12(6):920-930.

Zhang GF, Jensen MV, Gray SM, et al. Reductive TCA cycle metab-
olism fuels glutamine- and glucose-stimulated insulin secretion. Cell
Metab. 2021;33:804-817.

Brosnan JT. Glutamate, at the interface between amino acid and
carbohydrate metabolism. J Nutr. 2000;130:988S-90S.

Scott JT, Sturge RA. The effect of weight loss on plasma and urinary
uric acid and lipid levels. Adv Exp Med Biol. 1977;76B:274-277.
Vogelzangs N, van der Kallen CJH, van Greevenbroek MMJ, et al.
Metabolic profiling of tissue-specific insulin resistance in human
obesity: results from the Diogenes study and the Maastricht study.
Int J Obes (Lond). 2020;44(6):1376-1386.

Abdul-Ghani MA, Matsuda M, Balas B, DeFronzo RA. Muscle and
liver insulin resistance indexes derived from the oral glucose toler-
ance test. Diabetes Care. 2007;30:89-94.

Yang J, Chi Y, Burkhardt BR, Guan Y, Wolf BA. Leucine metabolism
in regulation of insulin secretion from pancreatic beta cells. Nutr
Rev. 2010;68(5):270-279.

How to cite this article: Gumus Balikcioglu P, Jachthuber
Trub C, Balikcioglu M, et al. Branched-chain a-keto acids and
glutamate/glutamine: Biomarkers of insulin resistance in
childhood obesity. Endocrinol Diab Metab. 2023;6:e388.

doi: 10.1002/edm2.388


https://doi.org/10.1002/edm2.388

	Branched-­chain α-­keto acids and glutamate/glutamine: Biomarkers of insulin resistance in childhood obesity
	Abstract
	1|INTRODUCTION
	2|RESEARCH DESIGN AND METHODS
	2.1|Patient cohort
	2.2|Blood samples
	2.3|Anthropometric measurements
	2.4|Hormone analysis
	2.5|Surrogate measures of insulin sensitivity
	2.6|Conventional metabolite analysis
	2.7|Plasma BCAAs, BCKAs and glutamate/glutamine
	2.8|Statistical analysis

	3|RESULTS
	3.1|Response to lifestyle intervention: comparisons of anthropometric values and metabolic characteristics at baseline and follow-­up
	3.2|Comparisons of anthropometric values and metabolites by sex
	3.3|Correlations among surrogate measures of IR
	3.4|Correlations among BCAAs, BCKAs and glutamate/glutamine
	3.5|Correlations among BCAAs, BCKAs, glutamate/glutamine and BMI% exceeding the 95th percentile
	3.6|Associations between surrogate measures of insulin sensitivity and BCKAs, glutamate/glutamine and uric acid at baseline and 6-­month-­follow-­up
	3.7|Associations between changes in weight and insulin sensitivity and changes in BCKAs, glutamate/glutamine and uric acid
	3.8|Prediction models
	3.8.1|Did baseline BCKAs, glutamate/glutamine and uric acid predict subsequent changes in weight or markers of insulin sensitivity?


	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	ETHICAL APPROVAL
	REFERENCES


