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OBJECTIVE

To determine whether b-cell hyperresponsiveness and insulin resistance in youth
versus adults in the Restoring Insulin Secretion (RISE) Study are related to
increased glucagon release.

RESEARCH DESIGN AND METHODS

In 66 youth and 350 adults with impaired glucose tolerance (IGT) or recently diag-
nosed type 2 diabetes (drug naive), we performed hyperglycemic clamps and oral
glucose tolerance tests (OGTTs). From clamps we quantified insulin sensitivity
(M/I), plasma fasting glucagon and C-peptide, steady-state glucagon and C-pep-
tide at glucose of 11.1 mmol/L, and arginine-stimulated glucagon (acute glucagon
response [AGR]) and C-peptide (ACPRmax) responses at glucose >25 mmol/L.

RESULTS

Mean ± SD fasting glucagon (7.63 ± 3.47 vs. 8.55 ± 4.47 pmol/L; P 5 0.063) and
steady-state glucagon (2.24 ± 1.46 vs. 2.49 ± 1.96 pmol/L, P5 0.234) were not dif-
ferent in youth and adults, respectively, while AGR was lower in youth (14.1 ± 5.2
vs. 16.8 ± 8.8 pmol/L, P5 0.001). Significant age-group differences in insulin sen-
sitivity, fasting C-peptide, steady-state C-peptide, and ACPRmax were not related
to glucagon. Fasting glucose and glucagon were positively correlated in adults (r
5 0.133, P 5 0.012) and negatively correlated in youth (r 5 20.143, P 5 0.251).
In both age-groups, higher fasting glucagon was associated with higher fasting C-
peptide (youth r5 0.209, P5 0.091; adults r5 0.335, P < 0.001) and lower insu-
lin sensitivity (youth r 5 20.228, P 5 0.066; adults r 5 20.324, P < 0.001). With
comparable fasting glucagon, youth had greater C-peptide and lower insulin sen-
sitivity. OGTT suppression of glucagon was greater in youth.

CONCLUSIONS

Youth with IGT or recently diagnosed type 2 diabetes (drug naive) have hyperres-
ponsive b-cells and lower insulin sensitivity, but their glucagon concentrations
are not increased compared with those in adults. Thus, a-cell dysfunction does
not appear to explain the difference in b-cell function and insulin sensitivity in
youth versus adults.
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The incidence of type 2 diabetes in
youth is increasing in the U.S. and other
parts of the world (1,2). Based on a
comparison of the rates of glycemic fail-
ure observed with similar interventions
in pediatric (Treatment Options for Type
2 Diabetes in Adolescents and Youth
[TODAY]) and adult (A Diabetes Out-
come Progression Trial [ADOPT]) studies
(3,4), it has been suggested that the
course of the disease in youth is more
aggressive than that typically observed
in adults due to a greater rate of loss of
b-cell function (5,6).

The Restoring Insulin Secretion (RISE)
Study has made important contributions
to our understanding of the differences in
rates of b-cell failure and responses to
interventions in youth and adults with dys-
glycemia. In RISE, approaches were exam-
ined to preserve or improve b-cell
function in youth and adults with impaired
glucose tolerance (IGT) or recently diag-
nosed type 2 diabetes through its three
studies: Pediatric Medication, Adult Medi-
cation, and Adult Surgery. The RISE studies
used the same assessment methods and a
central laboratory, allowing for a direct
comparison of determinants of glucose
metabolism in youth and adults (7). Base-
line assessments in the two age-groups
revealed that youth were more insulin
resistant and for their degree of insulin
sensitivity had hyperresponsive b-cells,
such that at any matched degree of insulin
sensitivity, youth were releasing greater
amounts of C-peptide and insulin than
adults. This increase in b-cell secretory
work was evident when examined with
use of both intravenous and oral glucose
testing (8,9). RISE also demonstrated that
in youth, b-cell dysfunction progressed
despite glucose-lowering interventions
aimed at reducing b-cell secretory
demand but remained relatively stable in
similarly treated adults (10). The basis for
these important differences remains elu-
sive and could include, in youth, epigenetic
changes, impaired insulin-independent glu-
cose uptake resulting in increased b-cell
secretion to compensate and thus increase
insulin-dependent glucose uptake, and
a-cell dysfunction resulting in disordered
regulation of glucagon. In this article we
address the potential role of glucagon.

Glucagon, the primary a-cell peptide
product, is a critical determinant of glu-
cose metabolism. It can contribute to
hyperinsulinemia via direct and indirect
effects on the b-cell. Within the islet,

glucagon has a direct paracrine stimula-
tory effect on the b-cell, resulting in
immediate insulin release, the magni-
tude of which depends in part on the
prevailing glucose level (11–14). Indi-
rectly, glucagon increases hepatic glu-
cose production resulting in an increase
in the circulating glucose concentration,
which in turn enhances insulin release;
together they return glucose levels
towards normal (15–17). These latter fea-
tures appear to contribute to a hyperinsuli-
nemic, insulin-resistant phenotype.

Given these known physiological effects
of glucagon and prior data that obese and
insulin-resistant youth have increased glu-
cagon concentrations (18,19), we hypothe-
sized that increased a-cell glucagon release
in youth may underlie the b-cell hyperres-
ponsiveness and insulin resistance that we
observed in youth with IGT or recently
diagnosed type 2 diabetes. Thus, we ana-
lyzed the glucagon response to intravenous
and oral glucose to determine whether
a-cell function was different in youth com-
pared with adults in RISE and whether rela-
tionships among glucagon, b-cell function,
and insulin sensitivity were similar or differ-
ent in the two age-groups.

RESEARCH DESIGN AND METHODS

Participants
Youth 10–19 years of age with pubertal
development beyond Tanner stage I
were eligible for the RISE Pediatric Med-
ication Study if they had IGT or type 2
diabetes for <6 months, with the latter
group being either drug naive or on
metformin and meeting predefined
HbA1c criteria. Adults were eligible for
the RISE Adult Medication Study and
RISE Adult Surgery (BetaFat) Study if
they had IGT or type 2 diabetes, the lat-
ter group with known diabetes for <1
year and never having received glucose-
lowering medications. Individuals were
classified as having IGT or diabetes
based on the 2-h glucose concentration
during a screening oral glucose toler-
ance test (OGTT) (20).

Ninety-one participants were random-
ized into the Pediatric Medication Study,
267 into the Adult Medication Study, and
88 into the Adult Surgery Study. Of the 91
pediatric participants, 25 were either tak-
ing metformin at the time of randomiza-
tion or had previously been exposed to it.
These participants were excluded from
the current analyses for avoidance of

potential confounding by this exposure.
Additional details on participant inclusion/
exclusion criteria, procedures, and meas-
urements have previously been published
(7–9) and are provided in the three study
protocols available from https://rise.bsc.
gwu.edu/web/rise/collaborators.

All participants gave written informed
consent/assent, consistent with the Declara-
tion of Helsinki and the guidelines of each
center’s institutional review board.

Anthropometric Measurements
Waist circumference, height, and weight
were measured with participants wear-
ing light clothing without shoes (8). BMI
was calculated as weight in kilograms
divided by square of height in meters.

Procedures for Phenotyping Glucose
Metabolism
Following a 10-h overnight fast, the fol-
lowing procedures were performed on
separate days.

Hyperglycemic Clamp

A two-step hyperglycemic clamp was
performed as previously described in
detail (8). Briefly, with variable rate 20%
dextrose infusions, glucose was clamped
with use of a computerized algorithm
combined with bedside blood glucose
monitoring every 5–10 min. For the first
step, a targeted, steady-state plasma
glucose concentration of 11.1 mmol/L
was achieved and maintained through
120 min. Blood samples were drawn
through an indwelling intravenous cath-
eter in a warmed hand prior to starting
of the clamp and at 100, 110, and 120
min (steady state) after the dextrose
infusion was commenced. Thereafter,
the infusion rate was increased to
achieve the second step target, a
plasma glucose >25 mmol/L. After this
target glucose had been attained for a
minimum of 30 min after commence-
ment of the second step, a bolus of L-
arginine (5 g) was administered over 1
min. Blood samples for subsequent
assays were drawn at �5, �1, 2, 3, 4,
and 5 min relative to the arginine
injection.

OGTT

A 3-h, 75-g OGTT was performed as pre-
viously described in detail (9). Blood
samples were obtained at �10, �5, 10,
20, 30, 60, 90, 120, 150, and 180 min
relative to glucose ingestion.
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Assays
All blood samples were drawn in EDTA
tubes, with those for glucagon measure-
ment including nine parts of a protease
inhibitor (P2714; Sigma-Aldrich) to one
part (v/v) of a DPP-4 inhibitor (DPP4-
010; Millipore). All tubes were immedi-
ately placed on ice, separated by centri-
fugation, and frozen at �80�C prior to
shipment to the central biochemistry
laboratory at the University of Washing-
ton for subsequent assay.
Plasma glucose concentrations were

measured by the glucose hexokinase
method with Roche reagent on a Roche
cobas c 501 analyzer (Indianapolis, IN).
C-peptide and insulin were measured
by a two-site immunoenzymometric
assay performed on the AIA-2000 Auto-
mated Immunoassay Analyzer (Tosoh
Biosciences, Inc., South San Francisco,
CA). Greater detail on the performance
characteristics of these assays in the
study’s central biochemistry laboratory
has previously been published (8).
Plasma glucagon was measured with

the Mercodia Glucagon ELISA (cat. no.
10-1271-01, lot no. 28689; Winston-
Salem, NC). The assay was performed
with a sequential protocol, which
includes an extra washing step prior to
the incubation with detection antibody,
rather than the standard simultaneous
protocol. This approach had been
reported to reduce cross-reactivity to
glicentin and oxyntomodulin, two alter-
native posttranslational products of the
glucagon gene (21,22). Further details
on the assay and comparison of results
with the standard versus extended wash
approach are provided in Supplementary
Material.
The performance characteristics of

the sequential protocol were estab-
lished by the central biochemistry labo-
ratory. The standard curve for glucagon
had a range of 1.3–126 pmol/L, with an
assay sensitivity of 1.1 pmol/L. Linearity
of the assay was determined by serial
dilution and was demonstrated to be
between 89 and 129% up to a dilution
of 1:64. Analyte recovery, determined
with use of spiked human plasma sam-
ples, ranged from between 92 and
107%. Intra-assay coefficient of varia-
tion was 6.9%, 4.0%, and 1.9% on sam-
ples with average values of 1.9, 3.1, and
30.9 pmol/L, respectively. Interassay
coefficient of variation was 8.3%, 7.5%,
and 5.7% on samples with average

values of 4.4, 13.9, and 41.6 pmol/L.
Glucagon values #1.0 pmol/L (below
lower limit of quantification) were
assigned a value of 0.5 pmol/L for data
analysis.

Calculations for Clamp-Derived
Measurements

Insulin Sensitivity

Insulin sensitivity (M/I) was quantified
as the mean of the glucose infusion
rate (M) at 100, 110, and 120 min of
the clamp corrected for urinary glucose
loss, divided by the mean steady-state
plasma insulin concentration at these
same time points (I). This measure was
expressed per kilogram of body weight (8).

Glucagon and C-peptide Responses

From the hyperglycemic clamp, the fol-
lowing measures were calculated. Fast-
ing concentrations were calculated as
the average of the two samples drawn
prior to glucose administration. Steady-
state glucagon and C-peptide concentra-
tions were calculated as the mean of
the respective measurements at 100,
110, and 120 min. The increment in C-
peptide and decrement in glucagon
concentrations during the first 120 min
of the clamp were calculated as the dif-
ference between the steady-state and
fasting measurements. The incremental
acute glucagon response (AGR) and C-
peptide response (ACPRmax) to arginine
at maximal glycemic potentiation (>25
mmol/L) were calculated as the mean
concentrations in samples drawn 2, 3,
4, and 5 min after arginine injection
minus the average concentration of the
samples drawn 1 and 5 min prior to
arginine (23).

Calculations for OGTT-Derived
Measurements: Glucose and Peptide
Responses
The trapezoidal method was used to cal-
culate the decremental area under the
curve (dAUC) for the glucagon response
relative to the fasting concentration over
the entire 3-h sampling period. The glu-
cose and C-peptide responses were calcu-
lated similarly as the incremental area
under the curve (iAUC). The ratio of the
dAUC response for glucagon was expressed
relative to the iAUC of glucose as a mea-
sure of the a-cell response to the prevailing
glucose. The ratio of iAUC of C-peptide
expressed relative to the iAUC of glucagon

was used as a measure of the b-cell
response to glucagon.

Data Management and Statistical
Analyses
The SAS analysis system (SAS Institute,
Cary, NC) and R (The R Foundation) were
used for all statistical analyses. Descriptive
statistics are presented as percentages,
mean ± SD, and geometric means and
95% CIs for non–normally distributed data;
for the latter, P values from the log-trans-
formed data are presented. Comparisons
between groups were computed with x2

tests or Student t tests. Nominal P values
are presented. Except where noted, P val-
ues <0.05 were considered nominally sta-
tistically significant, with no adjustments
made for multiple tests.

Mean levels between groups of clamp
and OGTT summary measures were calcu-
lated with ANCOVA models, before and
after adjustment for insulin sensitivity, sex,
and race/ethnicity. Linear regression mod-
els were used to evaluate the relationship
of islet cell responses with each other and
with BMI and insulin sensitivity. Models
used natural logarithmically transformed
measures for M/I, all C-peptide responses,
and steady-state glucagon due to the
skewed distribution of these data.

We were interested in whether the
relationship between glucagon responses
and insulin sensitivity (M/I) differed
between youth and adults; however, we
anticipated differences between those
with IGT and diabetes at baseline. There-
fore, a three-way interaction for M/I by
youth/adult and IGT/type 2 diabetes was
run first to assess whether the four sepa-
rate slopes of the glucagon response on
M/I differed, i.e., whether the slopes for
adults with IGT, adults with diabetes,
youth with IGT, and youth with diabetes
were significantly different. No difference
was observed, so subsequent models
were built including two-way interaction
terms for [diabetes status * insulin sensi-
tivity] and [adult/youth status * insulin
sensitivity]. If neither two-way interac-
tion test was significant (i.e., the slopes
in the two age-groups or diabetes status
groups were not significantly different), a
simple model was constructed, including
terms for diabetes status and adults/
youth without any interaction variables.
Slopes in these regression models that
do not differ indicate that b-cell responses
in youth and adults are proportionate
across the range of insulin sensitivity. The
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same approach was used to examine the
relationship between glucagon responses
and C-peptide responses.

RESULTS

Demographic, Physical, and Glucose
Tolerance Characteristics
Glucagon data were available for all 66
youth and 350 of 355 adult participants.
Their characteristics are presented in
Table 1. Adults from the two adult pro-
tocols (Adult Medication and Adult Sur-
gery) were combined for these analyses,
as there were no relevant baseline differ-
ences between participants in the two
protocols (8).

The youth cohort comprised a greater
proportion of females and a lesser pro-
portion of White participants than the
adult cohort. Most youth were in the
later stages of puberty; 78.8% were at
Tanner stage IV or V and 21.2% were at
Tanner stage II or III on physical exami-
nation. BMI tended to be higher in
youth, despite the two age-groups hav-
ing similar weights. The proportion of
participants with IGT or recently diag-
nosed type 2 diabetes and overall glyce-
mia control did not differ between the
two age-groups.

Hyperglycemic Clamp–Derived
Measurements in Youth Versus
Adults
Metabolic characteristics from the hyper-
glycemic clamp are listed in Table 2.
Fasting glucose concentrations were not
different in youth and adults. Fasting glu-
cagon concentrations were also not
different, whereas fasting C-peptide con-
centrations were significantly higher in
youth compared with adults.

During the clamp, the targeted glu-
cose levels were achieved and main-
tained (Fig. 1A). The increase in glucose
to �11.1 mmol/L was associated with
suppression of glucagon in both youth
and adults, with no difference in the
achieved steady-state glucagon concen-
trations between groups (Fig. 1B). The
decrement in glucagon from fasting to
this steady-state step of the clamp was
not different between youth and adults.
Raising the glucose concentration to
>25 mmol/L resulted in further sup-
pression of glucagon, again with no
difference in the resultant glucagon
concentrations between the groups.
Following arginine stimulation, glucagon

increased briskly in both groups. How-
ever, the mean values were lower in
youth at 2, 3, 4, and 5 min after argi-
nine; thus, the AGR was significantly
lower in youth than adults.

As reported previously (8) and listed
in Table 2, insulin sensitivity was lower
and the C-peptide responses were all
significantly higher in youth (Fig. 1C).
When C-peptide concentrations were
expressed relative to glucagon, they
were higher in youth in the fasting
state, at the steady-state glucose of
�11.1 mmol/L and in response to argi-
nine (AGR) (Table 2).

Adjusting the above analyses for insu-
lin sensitivity, sex, and race/ethnicity did
not appreciably alter the differences in
youth and adults for glucagon or C-pep-
tide (data not shown).

OGTT-Derived Measurements in
Youth Versus Adults
The profiles of glucose, glucagon, and C-pep-
tide responses during the 3-h test are illus-
trated in Fig. 2A–C, respectively, with select
metabolic measures provided in Table 2.

The fasting glucagon concentrations
did not differ between the two age-
groups on the day of the OGTT. With the
increase in glucose following ingestion,
glucagon concentrations decreased in
both youth and adults. The absolute glu-
cagon concentrations were lower in
youth at multiple time points during the
test. Notably, much of this difference
was due to a more rapid decline in gluca-
gon in the first 30 min following glucose
ingestion in youth than adults. However,

iAUC C-peptide relative to dAUC glucagon
across the 3-h OGTT was not significantly
different in youth and adults.

Again, adjustment for insulin sensitivity,
sex, and race/ethnicity did not appreciably
alter the differences in youth and adults for
glucagon or C-peptide (data not shown).

Relationship of BMI and Fasting
Glucose With a-Cell Responses in
Youth Versus Adults
Fasting glucagon was not significantly
associated with BMI in either age-group
(r 5 0.047, P 5 0.708, in youth; r 5
0.059, P 5 0.274, in adults), while AGR
and BMI were related in adults (r 5
0.109, P 5 0.042) but not youth (r 5
0.048, P 5 0.706). There were some-
what different relationships for fasting
glucose. In adults, fasting glucagon con-
centrations were higher with higher
fasting glucose concentrations (r 5
0.133, P 5 0.012), while in youth this
relationship was inverse, though not sig-
nificant (r 5 �0.143, P 5 0.251). In
both youth and adults, AGR was higher
with higher fasting glucose, although
this relationship was only significant in
adults (r 5 0.107, P 5 0.397, in youth;
r 5 0.129, P 5 0.016, in adults).

Relationship of Insulin Sensitivity
and b-Cell Responses With a-Cell
Responses in Youth Versus Adults
Higher fasting glucagon concentrations
were associated with lower insulin sen-
sitivity in both age-groups (youth r 5
�0.228, P 5 0.066; adults r 5 �0.324,
P < 0.001). Similarly, inverse relation-
ships of AGR and insulin sensitivity were

Table 1—Select baseline demographic and glycemic characteristics for youth and
adults

Youth (n = 66) Adults (n = 350) P

Demographic characteristics
Age (years) 14.2 ± 2.0 52.7 ± 9.3 <0.001
Female, n (%) 47 (71.2) 182 (52.0) 0.006
Race/ethnicity n (%) 0.001

White 19 (28.8) 163 (46.6)
Black 14 (21.2) 96 (27.4)
Hispanic 25 (37.9) 67 (19.1)
Other 8 (12.1) 24 (6.9)

Weight (kg) 98.9 ± 22.6 100.7 ± 18.3 0.538
BMI (kg/m2) 36.6 ± 6.0 35.1 ± 5.1 0.063

Glycemic characteristics

IGT, n (%) 53 (80.3) 246 (70.3) 0.131
HbA1c (mol/mmol) 38.5 ± 6.1 39.7 ± 4.4 0.151
HbA1c (%) 5.7 ± 0.6 5.8 ± 0.4

Data are means ± SD unless otherwise indicated. Other race/ethnicity includes mixed, Asian,
American Indian, and other.
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seen but achieved significance in adults
only (youth r 5 �0.069, P 5 0.588;
adults r 5 �0.222, P < 0.001). In
youth, across the range of fasting gluca-
gon and AGR, insulin sensitivity was

significantly lower than in adults (P <
0.001 for both) (Fig. 3A and B).

Fasting glucagon and fasting C-peptide
were positively related in both youth and
adults but did not reach significance in

youth (youth r 5 0.209, P 5 0.091; adults
r 5 0.335, P < 0.001), with the levels of
C-peptide being greater in youth for any
matched glucagon concentration (P <
0.001) (Fig. 3C). Regarding the arginine-

Table 2—Select metabolic characteristics from the hyperglycemic clamps and OGTTs in youth and adults

Youth (n = 66) Adults (n = 350) P

Hyperglycemic clamp parameters
Fasting glucose (mmol/L) 5.99 ± 0.91 6.11 ± 0.63 0.303
Fasting glucagon (pmol/L) 7.63 ± 3.47 8.55 ± 4.47 0.063
Fasting C-peptide (nmol/L) 1.60 (0.88, 2.90) 1.15 (0.57, 2.29) <0.001
Steady-state glucose (mmol/L) 11.6 ± 0.7 11.7 ± 0.7 0.366
Steady-state glucagon (pmol/L) 2.24 ± 1.46 2.49 ± 1.96 0.234
Steady-state C-peptide (nmol/L) 5.19 (2.50, 10.74) 3.83 (1.85, 7.96) <0.001
Steady-state insulin (I) (pmol/L) 1,370.3 (298.6, 6,288.0) 606.2 (1,461.1, 2,514.7) <0.001
AGR (pmol/L) 14.1 ± 5.2 16.8 ± 8.8 0.001
ACPRmax (nmol/L) 7.85 (3.70, 16.66) 4.83 (1.90, 12.25) <0.001
M/I (�10�5 mmol/kg/min per pmol/L) 1.69 (0.37, 7.69) 3.14 (0.76, 12.94) <0.001
DSteady-state glucagon � fasting glucagon (pmol/L) �5.38 ± 3.12 �6.05 ± 3.36 0.117
Fasting C-peptide / fasting glucagon (nmol/pmol) 0.29 ± 0.30 0.18 ± 0.10 0.003
Steady-state C-peptide / steady-state glucagon (nmol/pmol) 4.23 ± 3.78 2.83 ± 2.39 0.005
ACPRmax / AGR (nmol/pmol) 0.688 ± 0.379 0.410 ± 0.590 <0.001

OGTT parameters

Fasting glucose (mmol/L) 5.93 ± 0.93 6.16 ± 0.65 0.064
Fasting glucagon (pmol/L) 8.73 ± 3.70 8.55 ± 4.73 0.739
Fasting C-peptide (nmol/L) 1.64 ± 0.59 1.24 ± 0.48 <0.001
2-h glucose (mmol/L) 9.89 ± 2.46 10.17 ± 2.36 0.396
DGlucose 30–0 min (mmol/L) 3.47 ± 1.31 3.47 ± 1.35 0.992
DGlucagon 30–0 min (pmol/L) �3.35 ± 2.94 �2.12 ± 2.92 0.003
DGlucagon 30–0 min / Dglucose 30–0 min (pmol/mmol) �1.079 ± 1.041 �0.759 ± 1.472 0.036
iAUC glucose (mmol/L) 591.5 ± 235.6 614.8 ± 250.4 0.468
dAUC glucagon (pmol/L) �950.1 ± 476.3 �803.4 ± 499.2 0.030
iAUC C-peptide (nmol/L) 856.7 ± 283.8 669.4 ± 202.6 <0.001
dAUC glucagon / iAUC glucose (pmol/mmol) �2.04 ± 2.11 �1.54 ± 1.62 0.080
iAUC C-peptide / dAUC glucagon (nmol/pmol) �1.23 ± 0.99 �1.19 ± 2.61 0.802

Data are means ± SD or geometric mean (95% CI) and P values for non–normally distributed data based on log-transformed values.

Figure 1—Plasma glucose (A), glucagon (B), and C-peptide (C) concentrations during the hyperglycemic clamps in 66 youth (red) and 350 adults
(blue). Data are mean ± SEM. Peak values were observed 3 min after the arginine bolus (163 min: youth, 17.7 ± 0.79 pmol/L, and adults, 20.4 ±
0.57 pmol/L), with this difference being similar at the subsequent time points.
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stimulated responses, AGR and ACPRmax
were positively related in adults but were
not in youth (youth r 5 �0.101, P 5
0.423; adults r 5 0.355, P < 0.001) (Fig.
3D).

CONCLUSIONS

Given that glucagon can stimulate insu-
lin release (11–14) and increase hepatic
glucose production (15–17), we hypoth-
esized that hyperglucagonemia may be
making an important contribution to
the enhanced b-cell responsiveness and
insulin resistance that we previously
reported in youth in RISE. The present
analyses demonstrate that glucagon
concentrations are not greater in youth
and thus increased a-cell glucagon
release is not the basis for the differ-
ences we observed in the two different
age-groups.

In RISE we used two approaches to
characterize glucose metabolism, namely,
the hyperglycemic clamp and OGTT.
Using these two methods we were able
to interrogate different aspects of glucose
metabolism, including a-cell function.
First, it is known that glucagon release is
suppressed with increasing glucose, by
glucose per se and by the release of
b-cell contents (24–30). We observed
that raising glucose to �11.1 mmol/L
during the hyperglycemic clamp resulted
in the expected decrements from fasting
glucagon concentrations, with this decrease
not differing between age-groups. Similarly,
in the OGTT we observed a suppression of
glucagon with the maximal decline in both
youth and adults occurring at �120 min

and a small increase thereafter as the glu-
cose concentration fell. Interestingly, the
decrement in glucagon during the whole
OGTT was greater in youth, with a different
pattern early in the test, namely, a greater
decline in glucagon over the first 30 min
after glucose ingestion.

Second, it is well recognized that cer-
tain amino acids, including arginine, can
stimulate the a-cell along with the
b-cell (23,31,32), and we observed argi-
nine-stimulated glucagon release in
both youth and adults. Intriguingly, we
found this glucagon response to be sig-
nificantly less in youth than adults,
despite the maximal glucose concentra-
tion being significantly lower in youth
(33.7 ± 4.6 vs. 31.8 ± 3.6 pmol/L; P <
0.001). As the response to arginine is
known to be modulated by the prevail-
ing glucose concentration (23,33), this
lower glucose concentration in youth
would have, if anything, been expected
to lead to a lesser suppression of the
glucagon response. Since glucagon is
extracted by the liver (34), we cannot
entirely exclude the possibility that glu-
cagon release is increased in youth but
that their livers are extracting more of
the peptide than those of adults and
thus peripheral concentrations and
responses are not different.

The a- and b-cells are known to
regulate each other’s function. Gluca-
gon release by the a-cell acts in a
paracrine manner to enhance insulin
secretion from the b-cell, acting via
the glucagon and glucagon-like pep-
tide 1 (GLP-1) receptors on the b-cell

(35–37). Our data, based on periph-
eral glucagon measurements, suggest
that the increase in b-cell peptide
release in youth is not simply occur-
ring as a result of increased glucagon
stimulating the b-cell. This inference
is based on our observation that
although the glucagon concentrations
were not higher overall in youth, with
evaluation as a continuous relation-
ship we observed that at matched
glucagon concentrations youth exhibit
greater C-peptide concentrations (Fig.
3C). To the extent that glucagon is
contributing to the regulation of C-
peptide secretion, this may suggest
greater b-cell sensitivity to glucagon
in youth. However, this relationship
differs principally in the intercept
rather than the slope relating gluca-
gon and C-peptide, suggesting that
factors other than glucagon may also
be important in determining C-peptide
concentrations.

The dynamics of the glucagon profile
during the OGTT also demonstrated dif-
ferences between youth and adults. In
youth the rate of suppression was
greater during the first 30 min following
glucose ingestion, with no significant dif-
ference in the subsequent time period.
This observation in youth would again
imply that increased glucagon was not
the basis for the increased C-peptide
and insulin responses that we observed
during the same time period (9). Inter-
estingly, it was recently reported that
glucagon suppression during this same
early phase of the OGTT was more rapid

Figure 2—Plasma glucose (A), glucagon (B), and C-peptide (C) concentrations during the OGTT in 66 youth (red) and 350 adults (blue). Data are
means ± SEM.
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in those who were more insulin sensitive
and in individuals with IGT compared
with those with type 2 diabetes (38). We
did not observe similar profile differ-
ences and, if anything, observed a more
rapid decline in youth who had lower
insulin sensitivity. It is possible that this
difference may be age related in part, as
fasting and stimulated glucagon concen-
trations increase with age (39,40). Lastly,
we measured glucagon responses to oral
glucose and not a mixed meal. The latter
is expected to increase glucagon concen-
trations more than an isolated glucose
load because of the protein content
(41). While we cannot be certain, we
believe it likely that our conclusions
regarding a-cell function in youth and
adults would have been the same.
While the primary goal of these anal-

yses was to examine the effect of gluca-
gon on the b-cell response and insulin

sensitivity, by inverting the independent
and dependent variables, we gathered
data that also provided an opportunity
to address additional concepts related
to the a-cell. We observed an inverse
relationship between insulin sensitivity,
quantified using the hyperglycemic clamp,
and fasting glucagon concentration. Thus,
in those participants who were more insu-
lin resistant, plasma glucagon was higher.
A similar observation has previously been
reported with insulin sensitivity quantified
as the Gutt index from the glucose and
insulin measures during an OGTT (38) and
in obese youth with an euglycemic-hyper-
insulinemic clamp (18). Our findings
extend these observations, as we have
also compared youth and adults. We find
that in both age-groups, decreasing insulin
sensitivity is associated with increasing fast-
ing glucagon, although, at similar degrees
of insulin sensitivity, fasting glucagon is

lower in youth. Further, examination of the
relationship between insulin sensitivity and
stimulated glucagon measured in response
to arginine shows a similar relationship in
adults but less so in youth.

As noted above, at matched gluca-
gon concentrations the youth exhib-
ited higher C-peptide concentrations
(Fig. 3C), which may suggest a greater
sensitivity of b-cells to glucagon in
youth. Given that insulin and the
b-cell products GABA and zinc can
decrease glucagon release through a
paracrine mechanism and/or by vascu-
lar flow (24–30), by inverting the vari-
ables in this relationship we were also
able to evaluate the effects of b-cell
products on glucagon concentrations.
With this perspective we observed
lower glucagon levels in youth at a
given level of C-peptide (again, with a
major difference in the intercept and

Figure 3—Relationship of fasting glucagon and insulin sensitivity (M/I) (A), the AGR and M/I (B), fasting glucagon and fasting C-peptide (C), and
AGR and ACPRmax (D) in 66 youth (in red) and 350 adults (in blue). The correlation of fasting glucagon with M/I was similar in youth (r = �0.228,
P 5 0.066) and adults (r = �0.324, P < 0.001); the slopes did not differ between youth and adults (Pinteraction = 0.944), while the intercepts did
(P < 0.001). The correlation of AGR with M/I was significant in adults (r = �0.222, P < 0.001) but not in youth (r = �0.069, P = 0.588); again, the
slopes were not significantly different in youth and adults (Pinteraction = 0.680), but the intercepts differed (P < 0.001). The relation of fasting gluca-
gon to fasting C-peptide was similar in adults (r = 0.335, P < 0.001) and youth (r = 0.209, P = 0.091), with no significant difference in the slopes in
youth and adults (Pinteraction = 0.514) and a significant difference in the intercepts (P< 0.001). The correlation of AGR and ACPRmax was significant
in adults (r = 0.355, P< 0.001), but not in youth (r = �0.101, P = 0.423), with the interaction of the slopes being significant (P = 0.014).
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essentially parallel slopes). Analogous
to the evaluation above, this observa-
tion might suggest greater sensitivity
of the a-cell to b-cell products. If insu-
lin is the important regulator of a-cell
function, in youth the a-cell may be
more responsive to insulin than other
tissues, an aspect of insulin action
that has also been described for the
liver and peripheral tissues (42).

It is apparent that problems continue
with certain glucagon assays resulting in
different characteristics and performance
(43–45).We used a sequential protocol for
the glucagon assay rather than the stan-
dard simultaneous protocol. The sequential
protocol has been demonstrated to reduce
the likelihood of cross-reactivity with glicen-
tin and oxyntomodulin, alternative products
of the glucagon gene (21,22). Thus, we are
confident that our observations reflect
excursions of glucagon itself in response to
increased glucose and arginine stimulation
rather than a combination of glucagon and
related cross-reacting products.

Despite our study’s major strength of
being the first to directly compare youth
and adults with use of the same assays in
a central laboratory, there are some limi-
tations. First, the smaller sample size in
youth affects statistical power for evaluat-
ing relationships within the youth group
and for comparing youth and adults.
Overall this did not confound interpreta-
tion of the current results. Second, the
distribution of race/ethnicity and sex dif-
fered between youth and adults. How-
ever, adjustment for these did not change
our findings, indicating that the differ-
ences (insulin sensitivity and C-peptide)
or lack thereof (glucagon) between youth
and adults are age related and not due to
differences between the groups in the
race/ethnicity and sex distributions. Third,
the cross-sectional approach allowed us
to address some potential mechanisms
but not directly test them.

In conclusion, we made a number of
novel observations related to a-cell func-
tion in obese, dysglycemic youth com-
pared with adults. First, since glucagon
concentrations were essentially equal in
absolute terms and lower in youth with
adjustment for relevant physiologic fea-
tures, the b-cell hyperresponsiveness or
insulin resistance that we identified in
youth is not attributable to a-cell dys-
function resulting in increased glucagon
release. Second, based on peripheral glu-
cagon concentrations, a-cell function

may be differentially regulated by insulin
sensitivity in youth, with the cell being
more sensitive to insulin (or as a marker
of other b-cell products that may regu-
late the a-cell). And lastly, given that
a-cell hypersecretion was not observed,
further study is required to gain addi-
tional insights into what may be the
basis for the increased response of the
b-cell and insulin resistance in youth.
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