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Objective: Youth type 2 diabetes mellitus (T2DM) occurs decades earlier than adult T2DM and
is characterized by high therapeutic failure rates and decreased response to insulin sensitizers
suggesting a more severe disease process than in adults. To explain these observations, we
hypothesized that insulin resistance is worse in obese youth than adults with impaired glucose
tolerance (IGT), a state of high-risk for T2DM. As proof-of-concept, we compared insulin sensi-
tivity between BMI-, sex-, and race-matched obese youth vs adults with IGT.

Methods: This retrospective analysis of IGT youth and adults included 34 obese adolescents
matched (2:1) for BMI, sex, and race to 17 adults. Hepatic and peripheral insulin sensitivity
were measured by [6,6-?H,]glucose and hyperinsulinemic-euglycemic clamp. Body composition
(DEXA) and serum lipid profile were examined.

Results: Despite similar percent body fat, obese adolescents had 2-fold higher fasting insulin
concentration, lower hepatic (~53%) and peripheral (~42%) insulin sensitivity and lower HDL
compared with adults (all P < .01). Surrogate estimate of insulin sensitivity, 1/fasting insulin
was lower and HOMA-IR was higher in adolescents vs adults. Adults had a more atherogenic
lipid profile with higher total-, LDL-, and non-HDL cholesterol.

Conclusions: Obese youth and adults with IGT differ in that youth are more insulin resistant
than adults in spite of similar adiposity. This could potentially explain the earlier onset of
T2DM in youth through an early and amplified burden on a p-cell destined to decompensate,

and explicate their lower therapeutic response to insulin sensitizers.
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1 | INTRODUCTION

The alarming increase in the prevalence of obesity across all age
groups has contributed to the increased burden of obesity-related

Co-first authors.

comorbidities such as T2DM.Y? In the context of the widespread
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pediatric obesity epidemic, youth T2DM is escalating,®* with a 30.5%
increase in its prevalence between 2001 and 2009.° There are some
indications that the severity of youth-onset T2DM is worse than
adults. Large clinical trials such as TODAY (Treatment Options for
Type 2 Diabetes in Adolescents and Youth) demonstrated that
youth-onset T2DM is characterized by rapid clinical deterioration and
increased lifetime prevalence of complications compared to what has
been reported in adult-onset T2DM.®"° Additionally, morbidity and
mortality are significantly higher in youth T2DM compared with
youth with type 1 diabetes of similar diabetes duration.***?

The high therapeutic failure rates in response to insulin sensiti-
zers (metformin, metformin plus rosiglitazone) in TODAY™® are in
stark contrast to lower failure rates in adults.'>'* Moreover, the
change in insulin sensitivity with metformin monotherapy in
TODAY?® was remarkably lower than that of adults with T2DM in
ADOPT (A Diabetes Outcome Progression Trial).'® These observa-
tions suggest that insulin sensitivity could possibly be more severely
impaired in youth-onset T2DM than in adults, but this hypothesis has
not been studied in detail. There is a trickle of information in the lit-
erature showing higher HOMA-IR, a surrogate marker of insulin
resistance, in overweight/obese youth compared with adults.*”*
However, there is no information regarding hepatic and/or peripheral
insulin sensitivity, or a quantitative measure of the difference in insu-
lin sensitivity between youth and older adults. Nor are there data in
individuals with IGT, a state of high-risk for T2DM.

Therefore, the purpose of this proof-of-concept retrospective
investigation was to compare insulin sensitivity in obese adolescents
with IGT vs adults with IGT matched for obesity, sex, and race. We
chose to study subjects with IGT instead of T2DM to avoid con-
founding factors on insulin sensitivity such as various treatment mod-
alities, glycemic exposure/glucotoxicity/lipotoxicity, and duration of

diabetes.

2 | METHODS

2.1 | Human subjects

Subjects were selected from previously conducted studies in youth!?2°

and adults.?® A total of 34 obese IGT adolescents (age range 12-18

)1%29 were matched (2:1) to 17 obese IGT adults (age range 31-

years
55 years).2! Matching was for BMI (£2 kg/m?), sex (male or female),
and race (African American [AA] or American White [AW; non-Hispanic
whites only]). Obesity in youth was defined as BMI > 95th percentile
for age and sex. Obese adolescents and adults with preexisting sys-
temic or psychiatric disease and use of medications that affect carbo-
hydrate or lipid metabolism were excluded. The studies in youth and
adults were approved by the institutional review board of the Univer-
sity of Pittsburgh, and written informed consent from adults and
parental consent and child assent from youth participants were

obtained before any research procedures were conducted.

2.2 | Procedures

All procedures in adolescents were performed at the Pediatric Clinical
and Translational Research Center (PCTRC) of Children's Hospital of

Pittsburgh. Procedures in adults were conducted at the University of
Pittsburgh General Clinical Research Center. Medical histories and
physical exams were obtained from all participants. Height
and weight were obtained to the nearest 0.1 cm and 0.1 kg, respec-
tively, and used to calculate BMI. For adolescents, BMI percentile for
age and sex was examined and pubertal development was assessed
using Tanner criteria.?2 Hematologic and biochemical tests were per-
formed on all participants. Body composition was measured by DEXA
with measurement of total body fat mass, fat-free mass (FFM), and

percent body fat.1?2*

2.3 | Metabolic studies

Prior to the metabolic study visits, participants were asked to refrain
from exercise for 24 hours and adults to avoid alcohol consumption
for 48 hours. After an overnight fast (10-12 hours), participants
underwent a 2-hour oral glucose tolerance test (OGTT) (1.75 g/kg,

19-21 3ccording

maximum 75 g) to determine glucose tolerance status
to the American Diabetes Association criteria.?® Fasting blood sam-
ples were obtained for lipid profile (triglyceride, total-, HDL-, LDL-,
and VLDL-cholesterol), free fatty acid (FFA) concentrations, and
HbAlc.

Hyperinsulinemic-euglycemic clamps were performed after an
overnight fast to assess in vivo insulin sensitivity.2?-212* Before the
start of the hyperinsulinemic-euglycemic clamp, fasting endogenous
glucose production (EGP) was measured by the [6,6->H,] glucose dilu-
tion method. Adolescents and adults received a constant infusion of
[6,6-2H,] glucose (0.22 pmol/kg/min for 120 minutes in adolescents
and 0.23 pumol/kg/min for 150 minutes in adults) after a bolus injection
as reported before.222425 After the baseline isotope infusion was com-
pleted, the hyperinsulinemic-euglycemic clamp was started with a con-
stant infusion of insulin. In adolescents, insulin sensitivity was
evaluated by a 180 minutes hyperinsulinemic (80 mU/m?2/min)-

19.2423 and in adults, by a 220 minute hyperinsuline-

euglycemic clamp,
mic (40 mU/mz/min)-euglycemic clamp.?! Plasma glucose was meas-
ured every 5 to 10 minutes and clamped between 90 to 100 mg/dL in
youth and adults.**2* Steady-state glucose concentration was calcu-
lated by averaging glucose measurements obtained every 5 minutes
during the last 30 minutes of the clamp. Steady-state insulin was calcu-
lated as the mean of 4 insulin concentrations every 10 minutes in ado-
lescents and as the mean of 2 concentrations obtained at the

beginning and end of the steady-state period in adults.

2.4 | Biochemical measurements

Consistent laboratory assays were used for biochemical measure-
ments in youth and adults. Plasma glucose was determined by the
glucose oxidase method using a glucose analyzer (Yellow Springs
Instrument Co., Yellow Springs, Ohio), and insulin by a commercially
available human specific insulin radioimmunoassay kit (catalog no. -
HI-14K; Linco/Millipore, St. Charles, Missouri).® FFA concentration
was determined using enzymatic colorimetric methods with a Wako
(non-esterified fatty acids) NEFA-HR test kit (Wako, Osaka, Japan).
Plasma lipid concentrations were determined using the standards of

the Centers for Disease Control and Prevention.?* HbAlc was
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measured by high-performance liquid
(Tosoh Medics, Inc., San Francisco, CA, USA).

chromatography

2.5 | Calculations

Fasting EGP was calculated during the last 30 minutes of the baseline
isotope infusion according to steady-state tracer dilution equations.?®
Fasting hepatic insulin sensitivity was calculated as the inverse of the
product of EGP and fasting insulin concentrations.?® Insulin stimulated
glucose disposal (Rd) during the clamp was calculated as the mean
exogenous glucose infusion rate per kg FFM during steady-state over
the last 30 minutes of the clamp. Given the difference in insulin infu-
sion rate between adolescents and adults, peripheral insulin sensitivity
was calculated by dividing Rd by the steady-state clamp insulin con-
centration multiplied by 100 (mg/kgFFM/min per upU/mL) as
before.*”2> Our ability to do so is supported by published observations
that the increase in glucose disposal rate linearly relates to increasing
insulin infusion rates (20-100 mU/m?/min) and corresponding insulin
concentrations in non-diabetic (22 4+ 6 to 208 & 45 [mean + SD] pU/
mL) and diabetic (24 & 12 to 236 + 24 pU/mL) individuals.?” In our
study, both the insulin infusion rates and the steady-state clamp insulin
concentrations fall within those ranges. A recent mathematical descrip-
tion of glucose uptake at different insulin infusion rates?® supports
these previous observations. Additionally, a previously validated insulin
sensitivity index (Slcamp) that normalizes Rd for the delta increase in
insulin concentration from fasting to clamp steady-state, and for
steady-state glucose concentration was calculated (Rd x 10 000)/
(steady-state glucose x [steady-state - fasting insulin]).?° Metabolic
clearance rate of insulin was calculated by dividing insulin infusion rate
by the delta increase in circulating insulin concentrations during the
clamp steady-state.>® Surrogate estimates of insulin sensitivity, 1/fast-
ing insulin (1/1) and homeostasis model assessment for insulin resist-
ance (HOMA-IR), were calculated as ancillary data to support or negate
clamp related differences between youth and adults. We previously
demonstrated that fasting-derived surrogate indices of insulin sensitiv-
ity in obese adolescents with IGT correlate strongly (r = 0.89, P < .001)
with clamp-measured insulin sensitivity.*”

2.6 | Statistical analysis

Two-tailed paired t test was employed to test differences between
youth and matched adult pair groups. Data that did not meet the
assumptions for normality were log,o transformed; untransformed
data are presented for ease of interpretation. Data were analyzed
using PASW 24.0 statistical software package and presented as mean
4+ SEM with significance set at P < .05.

3 | RESULTS

3.1 | Physical and metabolic characteristics of BMI-,
sex-, and race-2:1- matched IGT adolescents (n = 34)
vs adults (n = 17)

Table 1 depicts the physical and metabolic characteristics of obese

adolescents and adults. Seventy-one percent of obese adolescents

with IGT were Tanner stage V. Youth and adults were not different
in total body fat mass, FFM, and percent body fat. HbAlc and OGTT
2-hr glucose concentrations were not different between youth and
adults. Obese adolescents with IGT had significantly higher fasting
insulin concentrations (Figure 1A) and lower fasting glucose com-
pared with obese adults with IGT (Table 1). While HDL was signifi-
cantly lower in youth, total cholesterol, LDL, and non-HDL
cholesterol were higher in adults. There were no differences in tri-
glyceride and VLDL concentrations.

3.2 | Hepatic and peripheral insulin sensitivity in
obese IGT adolescents vs adults

Despite a 2-fold higher fasting insulin concentration in obese adoles-
cents with IGT (Figure 1A), fasting EGP was significantly higher
(Figure 1B), and hepatic insulin sensitivity was lower (Figure 1C) com-
pared with adults. Insulin stimulated glucose disposal was higher in ado-
lescents vs adults (10.0 & 0.7 vs 6.6 + 0.5 mg/kgFFM/min, P = .001).
However, after correcting for clamp steady-state insulin concentrations
(286.9 + 15.4 vs 98.2 + 5.2 pU/mL, P < .0001), peripheral insulin sen-
sitivity was significantly lower (~42%) in youth vs adults (Figure 2A).
The Sliamp, Which corrects for steady-state glucose (100.5 + 0.4 vs
91.8 + 1.2 mg/dL, P < .0001) and insulin concentration, was also lower
(~55%) in youth vs adults (Figure 2B). Similarly, the metabolic clearance
rate of insulin was lower in youth vs adults (Figure 2C). Surrogate esti-
mates of insulin sensitivity showed consistent findings to clamp data;
1/l was lower (0.032 + 0.004 vs 0.054 4+ 0.004, P < .0001) and
HOMA-IR was higher in youth compared with adults (11.0 & 1.3 vs
5.0 &+ 04, P < .0001).

We performed additional comparisons between adults and youth
after restricting the analysis to Tanner stage V adolescents to avoid
the potential confounding effect of pubertal insulin resistance.3%2
This subgroup analysis was consistent with the total cohort analysis.
Obese Tanner V adolescents with IGT had lower hepatic insulin sen-
sitivity (9.06 + 2.16 vs 16.62 + 2.56 [mg/kgFFM/minéuU/mL]™3),
lower peripheral insulin sensitivity (4.32 £ 0.7 vs 7.34 £ 1.0 mg/
kgFFM/min per pU/mL), lower Slcjamp (4.5 £ 0.7 vs 10.4 + 1.5 mg/
kgFFM/min per mg/dLépU/mL), lower 1/ (0.034 & 0.006 vs
0.052 + 0.005), and higher HOMA-IR (11.9 + 2.2 vs 53 + 0.7, all
P < .05) compared with adults.

4 | DISCUSSION

The main finding from this proof-of-concept study is that obese ado-
lescents with IGT, compared with their adult counterparts manifest
greater insulin resistance characterized by (1) more than 2-fold higher
fasting insulin concentrations, (2) lower hepatic and peripheral insulin
sensitivity, (3) lower metabolic clearance rate of insulin, (4) lower
1/lg, and a higher HOMA-IR, surrogate estimates of insulin sensitivity,
and (5) lower HDL concentrations despite having similar adiposity,
HbA1c, and OGTT 2-hour glucose concentrations.

Two previous studies using only fasting-based indicators of insu-
lin resistance made observations consistent with our findings. In one
study, overweight/obese adolescents had higher HOMA-IR compared

with sex- and BMlI-matched adults despite having lower visceral
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TABLE1 Physical and metabolic characteristics of obese IGT youth matched 2:1 to obese IGT adults for BMI, sex, and race

Variables Youth (n = 34) Adults (n = 17) P

Physical characteristics
Age (years) 14.5 £ 0.5 447 + 1.7 <.0001
Race (AA/AW), n (%) 6(18)/28 (82) 3(18)/14 (82) NS
Sex (male/female), n (%) 8 (24)/26 (76) 4 (24)/13 (76) NS
Tanner (II/1V/V), n (%) 3(9)/7 (20)/24 (71) - -
BMI (kg/m?) 34.5 +£ 0.8 34.5 + 0.7 NS
Total body fat mass (kg) 400 + 1.6 420 + 1.7 NS
Percent body fat (%) 43.9 + 0.9 448 + 1.8 NS
Fat-free mass (kg) 491 + 1.8 49.6 + 2.7 NS

Metabolic characteristics
HbA1c (%) 53+01 54 +01 NS
2-hr glucose (mg/dL) 1542 + 4.5 158.9 + 4.3 NS
Fasting glucose (mg/dL) 931+ 16 99.1 +£ 2.0 .030
Fasting FFA (mmol/L) 0.34 + 0.02 0.54 + 0.04 <.0001
Total cholesterol (mg/dL) 166.3 + 6.9 201.4 +£ 9.7 .009
LDL (mg/dL) 100.3 + 6.2 129.6 + 8.1 .007
HDL (mg/dL) 38,5+ 1.0 499 + 4.7 .035
Non-HDL cholesterol (mg/dL) 1278 £ 7.1 151.5 + 8.9 .048
Triglyceride (mg/dL) 1432 + 14.9 162.9 + 22.2 NS
VLDL (mg/dL) 26.5 + 2.6 240 + 2.8 NS

AA, African American; AW, American White (only non-Hispanic whites are included); BMI, body mass index; FFA, free fatty acid; NS, not-significant.

Values are reported as the mean & SEM or n (%) unless otherwise indicated.

Phenotypic data are available on 34 youth and 17 adults, with the exception of LDL (33 youth vs 17 adults) and VLDL (32 youth vs 17 adults), HbA1lc

(30 youth vs 17 adults) and FFA (27 youth vs 17 adults).

fat.l” However, the study groups included individuals with normal
glucose tolerance and impaired fasting glucose. In the second study,
HOMA-IR was higher in adolescents compared with adults despite
significantly higher BMI in adults.'® Because various parameters such
as sex, ethnicity/race, obesity, and glycemia have modulating effects
on insulin sensitivity, our study attempted to minimize such potential
confounders between adults and youth by pair-matching youth and
adults for sex, race, and BMI. Furthermore, we limited the study to
IGT adults and youth not only to control for glycemia but also to tar-
get a high-risk group for T2DM.

To our knowledge, this is the first endeavor to compare clamp-
measured in vivo insulin sensitivity between obese IGT adolescents
and adults. In the present investigation, fasting hepatic insulin sensi-
tivity and peripheral insulin sensitivity (corrected for steady-state
insulin, or steady-state glucose and the delta increase between fast-
ing and steady-state insulin) were approximately twice lower in obese
IGT adolescents compared with obese IGT adults. Consistent with
this lower insulin sensitivity, fasting insulin concentrations were twice
as high in youth compared with adults and this was reflected in the
surrogate estimates showing a more severe insulin resistance in
youth than adults (1/lf ~40% lower and HOMA-IR ~ 2-fold higher).
The slightly but significantly lower, ~6%, fasting glucose concentra-
tion in youth vs adults, could be explained by a 2-hold higher fasting
insulinemia in youth. In line with the lower insulin sensitivity in youth,
metabolic clearance rate of insulin was lower (~39%) in youth com-
pared with adults. If such data hold true in established T2DM show-

ing worse insulin resistance in adolescents than adults, with a greater

burden imposed on the p-cell in adolescents, it could potentially
explain the higher therapeutic failure rates in response to insulin sen-
sitizers with lesser degrees of improvement in insulin sensitivity with
metformin, and a more rapid deterioration of p-cell function than
what has been reported in adults with T2DM.10:15:16:31

The pathophysiological factors that could explain the observed
differences in insulin sensitivity between obese IGT youth and adults
are not known. Physiological insulin resistance occurs during the tran-
sition through puberty but recovers once puberty is completed.3%32
It could be speculated that puberty accentuates the difference in
insulin sensitivity between adolescents and adults. To probe this pos-
sibility, we performed additional comparisons between youth and
adults after restricting the analysis to Tanner stage V adolescents in
whom pubertal insulin resistance would have subsided.*233 This sub-
group analysis was consistent with the total cohort showing similar
magnitude of lower in vivo hepatic and peripheral insulin sensitivity
in Tanner stage V youth vs adults. At the moment it is not clear if the
impact of obesity on insulin sensitivity might be worse in youth than
phenotypically similar adults (ie, in terms of sex, race, BMI, and total
body adiposity) despite the reported deleterious changes in insulin
sensitivity consequent to the aging process.>*3> On the other hand,
it is possible that body fat distribution might be different between
youth and adults despite similar total body fat, with more visceral
abdominal fat deposition in youth conducive to lower insulin sensitiv-
ity. Also, is it possible that a state of IGT might induce a more gluco-
toxic effect in youth than adults, or could there be a more

heightened inflammation in youth than adults? Lastly, given the
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FIGURE1 A, Fasting plasma insulin concentration [FPI], (B) fasting
endogenous glucose production [EGP], and (C) fasting hepatic insulin
sensitivity [HIS] in obese IGT youth vs adults

suggested role of HDL in triggering glucose disposal through skeletal

muscle,®®

it could be hypothesized that the heightened severity of
insulin resistance in obese IGT youth vs adults may be linked in part
to the lower level of HDL, irrespective of age-related trajectory of
atherogenic lipid profile.

In the present study, obese adults exhibited higher total choles-
terol, LDL, and non-HDL cholesterol compared with obese youth of
comparable adiposity and IGT status. This worse atherogenic lipid
profile in adults compared with youth is consistent with Gidding
et al,*® and is not surprising because of reported aging-related dyslipi-

demia in adults.3” However, in the present study, HDL concentrations
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FIGURE 2 (A) Peripheral insulin sensitivity [IS; Rd/steady-state
insulin] measured during the hyperinsulinemic-euglycemic clamp,

(B) Slciamp [peripheral IS corrected for steady-state glucose and delta
increase from fasting to steady-state insulin; Rd x 10 000/steady-
state glucose x (steady-state insulin - fasting insulin)], and

(C) metabolic clearance rate of insulin in obese IGT youth vs adults

were lower in obese youth than in adults consistent with the greater
insulin resistance in youth. Although an elevation in FFA concentra-
tion is expected in insulin resistant and dysglycemic conditions due to
defective regulation of lipolysis by insulin,2® the two-fold higher com-
pensatory hyperinsulinemia in adolescents vs adults, could explain
the lower fasting FFA concentrations in youth.

This proof-of-concept investigation was conceived out of the
need to explain the worse outcomes in youth-onset T2DM trials in
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contrast to what is observed/known in adults, and to jump start future
research. Despite the limitations of our investigation, discussed below,
it has several important strengths: (1) a first-time comparison of clamp-
measured in vivo insulin sensitivity between obese youth and adults,
(2) the inclusion of individuals with IGT, who constitute a high-risk
group for T2DM with pathophysiological characteristics similar to
T2DM but of lesser magnitude,?*3° while avoiding the confounding
effects of hyperglycemia, diabetes duration, and various treatments,
and (3) a rigorous matching between adolescents and adults with
respect to BMI, sex, and race. The limitations that deserve discussion
are consequent to the retrospective nature of the investigation. There
were some differences in clamp protocols. To overcome the issue of
different insulin infusion rates used in the 2 groups, glucose disposal
rate was corrected for insulin concentrations (ie, Rd/steady-state insu-
lin concentration).?”-? Even though the clamp steady-state glucose
concentrations were different between youth and adults, in the nor-
moglycemic range, it is unlikely that the difference was clinically mean-
ingful. As previously validated,?? when the Rd was normalized for
steady-state glucose concentration and the delta increase in insulin
concentration from fasting to steady-state, peripheral insulin sensitiv-
ity (ie, Slciamp) Was approximately 2-fold lower in youth compared with
adults. The slightly different clamp duration is also unlikely to have
altered the conclusions. Singal et al demonstrated that the glucose
disposal rates obtained from a 3-hour vs 4-hour hyperinsulinemic-
euglycemic clamps are similar and highly concordant.*® Finally, the 2-
fold higher fasting insulin concentrations in youth independently cor-
roborate the lower insulin sensitivity in them. Although matching
youth and adults using absolute BMI may be viewed as a methodologi-
cal limitation, it is reassuring that the more sensitive markers of adipos-
ity including total fat mass, percent body fat, and FFM were not
different between youth and adults. Physical activity was not objec-
tively measured but none of the participants were athletes or involved
in any activity programs. Lastly, our present observation may not apply
to all racial/ethnic groups or each gender. Future large scale studies
that examine race- and sex-specific metabolic contrast between youth
and adults should be performed.

In summary, our proof-of-concept study indicates that obese
adolescents with IGT have more severe insulin resistance in both the
liver and skeletal muscle despite similar degrees of adiposity and gly-
cemic status. This clamp-measured contrast of in vivo insulin sensitiv-
ity between adolescents and adults is accompanied by a 2-fold higher
fasting hyperinsulinemia in youth. Furthermore, the lower HDL con-
centrations in youth vs adults is concordant with the more severe
insulin resistance and the compensatory hyperinsulinemia in youth.
Additional prospective studies are needed to gain insight into the dis-
tinctive youth-adult contrast in the key pathophysiological compo-
nents of T2DM. Such investigations will help guide prevention and
treatment strategies that might have differential efficacy in youth
compared with adults, with the ultimate goal of halting this rapidly
progressing and aggressive disease in obese youth.
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