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OBJECTIVE

To compare effects of medications and laparoscopic gastric band surgery (LB) on
a-cell function in dysglycemic youth and adults in the Restoring Insulin Secretion
(RISE) Study protocols.

RESEARCH DESIGN AND METHODS

Glucagon was measured in three randomized, parallel, clinical studies: 1) 91
youth studied at baseline, after 12 months on metformin alone (MET) or glargine
followed by metformin (G/M), and 3 months after treatment withdrawal; 2) 267
adults studied at the same time points and treated with MET, G/M, or liraglutide
plus metformin (L+M) or given placebo (PLAC); and 3) 88 adults studied at base-
line and after 12 and 24 months of LB or MET. Fasting glucagon, glucagon suppres-
sion by glucose, and acute glucagon response (AGR) to arginine were assessed
during hyperglycemic clamps. Glucagon suppression was also measured during
oral glucose tolerance tests (OGTTs).

RESULTS

No change in fasting glucagon, steady-state glucagon, or AGR was seen at 12
months following treatment with MET or G/M (in youth and adults) or PLAC (in
adults). In contrast, L+M reduced these measures at 12 months (all P # 0.005),
which was maintained 3 months after treatment withdrawal (all P < 0.01). LB in
adults also reduced fasting glucagon, steady-state glucagon, and AGR at 12 and
24 months (P < 0.05 for all, except AGR at 12 months [P5 0.098]). Similarly, glu-
cagon suppression during OGTTs was greater with L+M and LB. Linear models
demonstrated that treatment effects on glucagon with L+M and LB were largely
associated with weight loss.

CONCLUSIONS

Glucagon concentrations were reduced by L+M and LB in adults with dysglycemia,
an effect principally attributable to weight loss in both interventions.

Glycemic control is critically dependent on both β- and a-cells, given the importance of
insulin and glucagon in regulating metabolism (1,2). These cells interact in a paracrine
manner, with their respective products modulating each other’s function (3–6). There is
currently expanded interest in the potential beneficial effects of interventions on a-cell
function, as modulating glucagon release could contribute to better glycemic control.

1VA Puget Sound Health Care System, Seattle,
WA
2University of Washington, Seattle,WA
3Biostatistics Center, The George Washington
University, Rockville, MD
4UPMC Children’s Hospital of Pittsburgh,
Pittsburgh, PA
5Jesse Brown VA Medical Center, Chicago, IL
6Yale University, New Haven, CT
7University of Chicago, Chicago, IL
8Indiana University School of Medicine, Indianapolis,
IN
9University of Colorado Denver, Aurora, CO
10Kaiser Permanente Southern California, Pasadena,
CA
11Keck School of Medicine of University of Southern
California, Los Angeles, CA

Corresponding author: Sharon L. Edelstein,
rise@bsc.gwu.edu

Received 25 February 2021 and accepted 21
April 2021

Clinical trial reg. nos. NCT01779362, NCT01779375,
NCT01763346, clinicaltrials.gov

This article contains supplementary material online
at https://doi.org/10.2337/figshare.14460195.

S.M. is currently employed by Medpace Reference
Laboratories.

K.J.M. is currently employed by Eli Lilly and Co.

*A complete list of the RISE Consortium Investigators
appears in the supplementary material online.

This article is part of a special article collection
available at https://care.diabetesjournals.org/
collection/the-RISE-study-more-insights-into-T2D-
in-youth-and-adults.

© 2021 by the American Diabetes Association.
Readers may use this article as long as the
work is properly cited, the use is educational
and not for profit, and the work is not altered.
More information is available at https://www.
diabetesjournals.org/content/license.

See accompanying articles, pp. 1934, 1938, and
1961.

TH
E
R
IS
E
ST
U
D
Y

1948 Diabetes Care Volume 44, September 2021

mailto:rise@bsc.gwu.edu
https://www.clinicaltrials.gov/
https://doi.org/10.2337/figshare.14460195
https://care.diabetesjournals.org/collection/the-RISE-study-more-insights-into-T2D-in-youth-and-adults
https://care.diabetesjournals.org/collection/the-RISE-study-more-insights-into-T2D-in-youth-and-adults
https://care.diabetesjournals.org/collection/the-RISE-study-more-insights-into-T2D-in-youth-and-adults
https://www.diabetesjournals.org/content/license
https://www.diabetesjournals.org/content/license
http://crossmark.crossref.org/dialog/?doi=10.2337/dc21-0461&domain=pdf&date_stamp=2021-08-23


In the Restoring Insulin Secretion
(RISE) study, medical and surgical inter-
ventions were used in adults and youth
with impaired glucose tolerance (IGT) or
recently diagnosed type 2 diabetes to
determine whether it was possible to
durably improve β-cell function. Aside
from impacting the β-cell, the choice of
interventions was also built around the
potential for effects on weight and
a-cell function, which could also con-
tribute to alleviating the workload on
the β-cell. We previously reported that
in adults, 12 months of the medication
interventions metformin alone (MET),
glargine followed by metformin (G/M),
and liraglutide plus metformin (L1M)
produced weight loss and improvements in
glucose-stimulated β-cell responses, which
reverted to baseline following treatment
withdrawal (7). In contrast, in youth neither
MET nor G/M slowed the progressive loss
of β-cell function, which proceeded at a
rate that well exceeded that observed in
adults using the same two regimens (8).
Finally, laparoscopic gastric band surgery
(LB) in adults reduced body weight and
had beneficial effects on β-cell function (9).
These observations in the three RISE

protocols prompted us to address three
hypotheses related to a-cell effects.
First, as β-cell products regulate the
a-cell, and in youth β-cell function
deteriorated despite intervention, we
hypothesized that the progressive β-cell
dysfunction that we observed would be
accompanied by a parallel worsening of
a-cell function. Second, since GLP-1
suppresses glucagon release in vitro
(10) and GLP-1 receptor agonists reduce
body weight (10), we hypothesized that
L1M in adults would improve a-cell
function beyond any potential effect
of weight loss. Third, as weight loss
improves glucose metabolism (11,12),
we hypothesized that weight reduction
with LB would improve a-cell function.

RESEARCH DESIGN AND METHODS

Study Protocols
The three RISE study protocols (Pediatric
Medication, Adult Medication, and Adult
Surgery [BetaFat]) were randomized, par-
tially blinded clinical trials. The rationale,
methods, and primary outcomes have pre-
viously been described in detail (13–15),
and study protocols are available from
https://rise.bsc.gwu.edu/web/rise/collaborators.
The institutional review board at each

center approved the protocol. Written
informed assent and/or consent was
obtained from each participant, consistent
with the Declaration of Helsinki and each
center’s institutional review board guidelines.

Details of participants, interventions,
procedures, and assays along with por-
tions of the β-cell response data have
previously been published (7–9,13–15).
The following description provides a
brief summary of these.

Participants

Pediatric Medication Study

Eligible youth were 10–19 years of age,
at Tanner stage $II in pubertal develop-
ment, had a BMI $85th percentile for
age and sex but <50 kg/m2, and had
IGT or type 2 diabetes on an oral glu-
cose tolerance test (OGTT). Those with
diabetes who were drug naive were eli-
gible if HbA1c was #64 mmol/mol
(#8%). If known to have diabetes and
taking metformin, they were eligible if
HbA1c was #58 mmol/mol (#7.5%) if
on metformin for <3 months and #53
mmol/mol (#7.0%) if on metformin for
3–6 months.

Adult Medication Study and Adult Surgery

Study

Adults were eligible if they were 20–65
years of age and had IGT or physician-
diagnosed type 2 diabetes (drug naive)
for <12 months with HbA1c #53 mmol/
mol (7.0%). For the Adult Medication
Study, participants had a BMI $25 and
<50 kg/m2 ($23 kg/m2 for Asian Amer-
icans), while for the Adult Surgery Study
BMI was 30–40 kg/m2 despite at least 2
months on a diet, exercise, and lifestyle
modification program.

Interventions and Timing of
Measurements
The interventions used in the three proto-
cols and timing of hyperglycemic clamp
and OGTT measurements are summarized
below, have previously been described in
detail (7–9,13), and are illustrated in
Supplementary Fig. 1.

Pediatric Medication Study

Youth were randomized to receive
either MET for 12 months or glargine
for 3 months followed by metformin for
9 months (G/M). After 12 months of
active intervention, treatment was with-
drawn. Measurements were made at
baseline, at the end of 12 months of

intervention and 3 months after treat-
ment withdrawal.

Adult Medication Study

Adults were randomized to one of four
interventions. The MET and G/M arms
were identical to those in youth. The third
intervention was L1M for 12 months
(L1M). The fourth group received placebo
tablets for 12 months (PLAC). As in youth,
treatment was withdrawn for 3 months
after 12 months of intervention, with
measurements made at the same time
points.

Adult Surgery Study

Adults were randomized to MET or LB
for 24 months. For ethical reasons, the
lap band could not be removed; thus,
the interventions in this protocol contin-
ued for the full 24 months with meas-
urements made at baseline, 12, and 24
months. This approach allowed for an
evaluation of the sustained effect of
LB—in contrast to stopping the inter-
ventions at 12 months in the medica-
tion protocols.

Procedures and Calculations

Anthropometric Measurements

Height and weight, measured with par-
ticipants wearing light clothing without
shoes, were used to calculate BMI.

Hyperglycemic Clamps and OGTTs

A two-step hyperglycemic clamp (�11.1
mmol/L [200 mg/dL] and >25 mmol/L
[450 mg/dL]) was performed to quantify
a- and β-cell responses (14). The second
step included a bolus injection of argi-
nine to acutely stimulate both glucagon
and C-peptide release.

Following a 10-h overnight fast, a 75-
g, 3-h OGTT was performed as previ-
ously described (15). Blood samples
were obtained �10, �5, 10, 20, 30, 60,
90, 120, 150, and 180 min relative to
glucose ingestion.

If the participant was on liraglutide,
the last dose of the medication was
taken on the morning of the month 12
visit. If they were taking metformin or
placebo, the last dose was taken the
night before the month 12 or 24 visit.

Calculations

Insulin sensitivity (M/I) was calculated
as the mean of the glucose infusion
rate (M) at 100, 110, and 120 min of
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the hyperglycemic clamp, corrected for
urinary glucose loss, divided by the
mean steady-state plasma insulin con-
centration at these same time points (I).
This measure was expressed per kilo-
gram body weight (14).

The two fasting samples drawn prior
to glucose administration were used to
calculate the average of the fasting pep-
tide concentrations. Steady-state gluca-
gon and C-peptide concentrations (at
glucose �11.1 mmol/L) were calculated
as the mean of their respective meas-
urements at 100, 110, and 120 min. The
acute glucagon response (AGR) and C-
peptide response (ACPRmax) to arginine
at maximal glycemic potentiation (>25
mmol/L) were calculated as the mean
increment in peptide concentrations
from samples drawn 2, 3, 4, and 5 min
after arginine injection minus the aver-
age concentration of the samples drawn
1 and 5 min prior to arginine (16).

The trapezoidal method was used to
calculate responses during the OGTT as
areas under the curve (AUC) above/below
the fasting concentration. For glucose and
C-peptide these were increments (iAUC)
and for glucagon a decrement (dAUC).

Assays
Blood samples were immediately placed
on ice, separated by centrifugation, and
frozen at �80�C prior to shipment to
the central laboratory at the University
of Washington. Samples for glucagon
were drawn into tubes containing EDTA
to which was added nine parts of a pro-
tease inhibitor (P2714; Sigma-Aldrich)
to one part (v/v) of a DPP-4 inhibitor
(DPP4-010; Millipore). Samples for all
other analytes were drawn in tubes
containing EDTA.

Plasma glucose, C-peptide, and insulin
were measured as previously described
(14). Plasma glucagon was measured
with the Mercodia Glucagon ELISA (cat.
no. 10-1271-01, lot no. 28689; Winston-
Salem, NC) using a sequential protocol
that includes an extra washing step prior
to incubation with the detection anti-
body. This approach reduces cross-reac-
tivity by glicentin and oxyntomodulin
(17,18). Performance characteristics of
these assays in our hands have previ-
ously been published in detail (14,19).
Glucagon values #1.0 pmol/L (lower
limit of quantification) were assigned a
value of 0.5 pmol/L for data analysis.

Data Management and Statistical
Analyses
The SAS analysis system (SAS Institute,
Cary, NC) and R (The R Foundation) were
used for all statistical analyses. All analyses
were completed within each of the three
studies except where described. Descrip-
tive statistics at baseline are presented as
percentages, mean ± SD, and geometric
means and 95% CIs for non–normally dis-
tributed data; for the latter, P values from
the log-transformed data are presented.
Comparisons between treatment groups
were computed with ANOVA, x2 tests, or
Student t tests. Paired t tests were used to
assess within-treatment changes from
baseline to follow-up visits. Linear regres-
sion models adjusted for baseline were
used to evaluate change from baseline in
glucagon measures across treatment arms
within each study. As three of the inter-
ventions (metformin, liraglutide, and LB)
are known to reduce body weight, we
adjusted for baseline weight and change
in weight during the 12 months of the
intervention to determine whether any dif-
ferential effect on glucagon across the inter-
vention arms was due to weight change. In
youth we also adjusted for BMI, as some of
their weight change may have been due to
their development. In addition, we adjusted
for insulin sensitivity in separate models
using M/I or fasting insulin—the latter as an
alternate measure of insulin sensitivity (20).

Except where noted, P values <0.05
were considered nominally statistically signifi-
cant, with no adjustments made for multiple
tests.

RESULTS

Demographic, Physical, and Glucose
Tolerance Characteristics at Baseline
by Study and Intervention Group
Baseline characteristics of participants
in the three study protocols are listed in
Table 1. Aside from age in the youth, the
randomized allocation of participants to
the different intervention arms resulted in
no important differences in sex, race/eth-
nicity, weight, BMI, and glycemic character-
istics among intervention groups within
each study protocol. The proportion of
participants with IGT was greater among
adults in the medication protocol than
in the youth medication and adult sur-
gery protocols. Despite these differences,
glycemic and obesity measures were similar
in the two age-groups.

Effect of Medication Treatment and
Withdrawal on Glucagon
Concentrations During the
Hyperglycemic Clamp and OGTT in
the RISE Pediatric Medication Study
Figure 1A and B depict glucagon concentra-
tions in youth during the hyperglycemic
clamps performed at baseline, after 12
months on the intervention, and at 15
months, which was 3 months after with-
drawal of the intervention. Glucose and C-
peptide profiles at the same time points
are illustrated in Supplementary Fig. 2. Glu-
cagon concentrations decreased as glucose
was increased to a steady state of �11.1
mmol/L between 100 and 120 min. There
were no significant differences in fasting or
glucose-suppressed glucagon concentra-
tions across the two intervention arms at
the three time points, with the exception
of the MET arm, where the fasting (P 5
0.047) and steady-state glucagon (P 5
0.006) concentrations were higher and
AGR (P5 0.039) was greater off treatment
at 15 months than at 12 months on treat-
ment (Table 2). The effects of the interven-
tions on these glucagon measures are
illustrated as box-and-whisker plots in
Supplementary Fig. 3.

Glucagon concentrations during the
OGTT in youth before, during, and after
withdrawal of the medications are illus-
trated in Fig. 2A and B. At all three study
time points, glucose ingestion resulted in
reductions in glucagon concentrations,
with no difference in the effect of MET or
G/M. Thus, dAUC glucagon did not differ
at the three time points during the study
for either intervention (Table 2). While C-
peptide increased with glucose ingestion
(Supplementary Fig. 4), the iAUC C-peptide
was lower at 12 and 15 months compared
with baseline in the G/M group, as was
that at 15 months compared with 12
months in the MET arm (Table 2).

Effect of Medication Treatment and
Withdrawal on Glucagon
Concentrations During the
Hyperglycemic Clamp and OGTT in
the RISE Adult Medication Study
Glucagon concentrations in adults dur-
ing the hyperglycemic clamp at each
study time point for each medication
intervention are illustrated in Fig. 1C–F,
with data listed in Table 3. Profiles of
glucose and C-peptide at the same time
points are shown in Supplementary Fig.
5. In all four interventions, glucose sup-
pressed glucagon concentrations. However,
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there were significant differences across
the four medication interventions, due to
larger effects with the combination of
L1M (Fig. 1E). After 12 months of L1M,
fasting glucagon had decreased by nearly
20% compared with baseline (P 5 0.003),
and this decrease persisted at 15 months
(P 5 0.001). This effect of L1M was also
apparent in the nearly 60% lower (P <

0.001) steady-state glucagon concentra-
tions at 12 months compared with base-
line. While steady-state glucagon increased
back toward pretreatment levels after
withdrawal of L1M, it was still 22% lower
at 15 months than baseline (P 5 0.003).
The pattern of change in AGR in the L1M
arm mirrored that of steady-state gluca-
gon: it was 28% lower at 12 months than
baseline (P < 0.001), increasing at 15
months to be greater than at 12 months
(P5 0.028), but still 19% lower than base-
line (P 5 0.004). The changes in these glu-
cagon measures are illustrated as box
plots in Supplementary Fig. 6 and were
associated with concurrent lowering of
fasting glucose at 12 months and fasting
C-peptide at 12 and 15 months as well as
an increase in steady-state C-peptide at 12
months (Supplementary Fig. 5).
Clamp glucagon concentrations in the

other three treatment arms are illus-
trated in Fig. 1C, D, and F and listed in
Table 3. In the MET arm, the steady-
state glucagon concentration at 12
months was lower than at baseline
(P 5 0.014) but not at 15 months (P 5
0.421). In the G/M arm, fasting and

steady-state glucagon and AGR did not
differ between the three time points.
Likewise, in the PLAC arm, all glucagon
concentrations and responses were sim-
ilar at baseline and 12 and 15 months.

The glucagon responses during the
OGTT in the four intervention groups are
illustrated in Fig. 2C–F and provided in
Table 3. As was seen with hyperglycemic
clamps, the decrease in glucagon was
greatest in the L1M group. However, in
the L1M group dAUC glucagon was not
significantly different at the three study
time points. The iAUC C-peptide for the
L1M group was higher at 12 months than
at baseline (P < 0.001) but not at 15
months (P 5 0.816). The net effect of
these changes in the L1M group was a
reduction in plasma glucose excursions
from baseline at 12 months (P < 0.001)
but not at 15 months (P 5 0.570). In the
other three intervention arms, glucagon
suppression during the OGTT did not differ
before, during, or after withdrawal of the
intervention, while iAUC C-peptide was
lower at 15 months compared with base-
line (Supplementary Fig. 7).

Effect of LB Compared With That of
MET on Glucagon Concentrations
During the Hyperglycemic Clamp
and OGTT in the RISE Adult Surgery
Study
The glucagon profile during the hyper-
glycemic clamp in participants in the LB
or MET arm at baseline and after 12
and 24 months of the interventions is
illustrated in Fig. 1G and H, with

measured and calculated values in Table
4. Concurrent glucose and C-peptide
concentrations are illustrated in Supple-
mentary Fig. 8. In the LB group, fasting
and steady-state glucagon concentra-
tions were, respectively, 32% and 60%
lower than baseline at 12 months and
31% and 60% lower than baseline at 24
months (P < 0.001 for all). AGR was
12% lower than baseline at 12 months
(P 5 0.098) and 15% lower than base-
line at 24 months (P 5 0.028). Box
plots of these changes over time
appear in Supplementary Fig. 9. In the
MET group in the Adult Surgery Study,
only the steady-state glucagon value at
12 months was significantly lower than
baseline (P 5 0.022).

Figure 2G and H illustrate the gluca-
gon profiles during OGTTs, with corre-
sponding summary data in Table 4.
OGTT glucose and C-peptide profiles are
illustrated in Supplementary Fig. 10.
With the LB, fasting glucagon was below
baseline at both 12 (P < 0.001) and 24
(P 5 0.001) months and the dAUC for
glucagon was significantly below base-
line at 12 months (P 5 0.025) but not
at 24 months (P 5 0.141). LB also
reduced the fasting glucose (P 5 0.002
and P 5 0.005) and C-peptide (P <

0.001 and P < 0.001) at both 12 and 24
months, respectively, but iAUC glucose
was significantly below baseline only at
12 months (P 5 0.010). In the metfor-
min arm, neither fasting glucagon nor
dAUC glucagon changed with the

Table 1—Select baseline physical and demographic characteristics for youth and adults by treatment group in the three
protocols

Youth Adult medication Adult surgery

G/M
(n 5 44)

MET
(n 5 47)

G/M
(n 5 67)

L1M
(n 5 68)

MET
(n 5 65)

PLAC
(n 5 62)

LB
(n 5 44)

MET
(n 5 44)

Demographic characteristics
Age (years) 14.9 ± 2.0 13.9 ± 2.1* 53.5 ± 9.3 54.0 ± 8.1 55.2 ± 8.2 52.9 ± 9.9 47.5 ± 10.2 50.6 ± 9.2
Female, n (%) 27 (61.4) 38 (80.9) 23 (34.3) 29 (42.6) 37 (56.9) 24 (38.7) 34 (77.3) 35 (79.5)
Race/ethnicity, n (%)
White 13 (29.5) 12 (25.5) 37 (55.2) 40 (58.8) 34 (52.3) 27 (43.5) 15 (34.1) 10 (22.7)
Black 14 (31.8) 9 (19.1) 21 (31.3) 20 (29.4) 19 (29.2) 20 (32.3) 7 (15.9) 9 (20.5)
Hispanic 14 (31.8) 20 (42.6) 5 (7.5) 6 (8.8) 6 (9.2) 10 (16.1) 19 (43.2) 21 (47.7)
Other 3 (6.8) 6 (12.8) 4 (6.0) 2 (2.9) 6 (9.2) 5 (8.1) 3 (6.8) 4 (9.1)

Weight (kg) 102.0 ± 25.7 97.7 ± 23.0 104.4 ± 20.0 104.2 ± 21.0 98.1 ± 18.6 101.3 ± 19.6 97.5 ± 12.1 96.1 ± 10.9
BMI (kg/m2) 36.5 ± 6.4 36.9 ± 6.4 35.0 ± 5.9 35.6 ± 5.8 35.0 ± 5.1 34.4 ± 6.1 35.7 ± 2.8 35.0 ± 2.9

Glycemic characteristics

IGT, n (%) 26 (59.1) 28 (59.6) 50 (74.6) 49 (72.1) 49 (75.4) 44 (71.0) 26 (59.1) 28 (63.6)
Fasting glucose (mmol/L) 5.96 ± 0.78 6.06 ± 1.09 6.22 ± 0.74 6.11 ± 0.50 6.21 ± 0.67 6.10 ± 0.57 6.19 ± 0.75 6.10 ± 0.70
HbA1c (mol/mmol) 39.2 ± 6.5 38.6 ± 6.3 39.9 ± 3.6 38.6 ± 4.3 39.5 ± 4.3 39.3 ± 4.8 41.2 ± 4.6 40.1 ± 4.5
HbA1c (%) 5.73 ± 0.60 5.68 ± 0.57 5.80 ± 0.33 5.69 ± 0.39 5.77 ± 0.40 5.75 ± 0.44 5.92 ± 0.42 5.82 ± 0.41

Data are mean ± SD unless otherwise indicated. Other for race/ethnicity includes mixed, Asian, American Indian, and other. *P < 0.05 MET vs. G/M.
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Figure 1—Plasma glucagon concentrations during the hyperglycemic clamps in youth and adults in the three RISE protocols. Pediatric Medication
Study: G/M (A) and MET (B) at baseline (red), after 12 months of intervention (blue), and after 3 months of intervention withdrawal (green). Adult
Medication Study: G/M (C), MET (D), L1M (E), and PLAC (F) at baseline (red), after 12 months of intervention (blue), and after 3 months of inter-
vention withdrawal (green). Adult Surgery Study: LB (G) and MET (H) at baseline (red) and after 12 months of intervention (blue) and 24 months of
intervention (green). Data are displayed as means ± SEM.
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intervention. Similarly, aside from the
fasting C-peptide, which was lower at
12 (P 5 0.002) and 24 (P 5 0.004)
months, glucose and C-peptide meas-
ures did not change with metformin.

Within-Protocol Comparisons of the
Intervention Effects on Glucagon
Responses and Impact of Changes in
Body Weight and Insulin Sensitivity
In youth, weight increased significantly in
the G/M arm (12 months, P 5 0.005,
and 15 months, P < 0.001, vs. baseline),
while in the MET arm it was significantly
increased at 15 months (P 5 0.010) but
not 12 months (P 5 0.772). The weight
difference between treatment arms was
not significant (P 5 0.17) (Table 2).
Adjustment for baseline weight or BMI,
the latter as youth were growing, and
for changes in these measures over time
did not impact the lack of difference in
glucagon concentrations between the
two interventions (data not shown). Fur-
ther, accounting for baseline and
changes in either measure of insulin sen-
sitivity did not change the findings.
In adults in the medication study,

weight was significantly lower than
baseline at 12 and 15 months in all
three active medication arms (P # 0.05
for all). The greatest weight reduction
was in the L1M arm (Table 3). Adjust-
ing for baseline weight and change in
weight at 12 months eliminated the sta-
tistical significance of differences in fast-
ing glucagon (P 5 0.526) and AGR (P 5
0.081) across the four treatment arms,
suggesting that changes in these
measures were influenced by weight
change. In contrast, steady-state gluca-
gon remained significantly different
across the four intervention arms after
adjustment for baseline and change in
body weight at 12 months (P 5 0.001),
suggesting a weight-independent effect
of treatment; this difference was no
longer present at 15 months (P 5
0.177), when treatment effects had dis-
sipated. In pairwise comparisons, at 12
months steady-state glucagon was sig-
nificantly lower in the L1M arm com-
pared with G/M (P < 0.001), MET (P 5
0.008), and PLAC (P 5 0.001) arms after
adjustment for differences in weight.
Adjustment for insulin sensitivity did
not modify the differential effect of
treatment on glucagon measures.
In the Adult Surgery Study, weight

decreased at 12 and 24 months in both

arms, with a greater decline in the LB
group (Table 4). At 12 months, fasting
glucagon was lower in the LB compared
with MET group (P 5 0.029), but this
difference was no longer significant
after baseline and change in body
weight were accounted for (P 5 0.673).
Neither steady-state glucagon (P 5
0.342) nor AGR (P 5 0.575) differed
between LB and MET at 12 months. At
24 months, fasting glucagon was lower,
steady-state glucagon trended to be
lower, and AGR was not lower in the LB
compared with MET group (P 5 0.001,
P 5 0.059, and P 5 0.296, respectively).
However, the significance of LB versus
MET was eliminated by adjustment for
change in body weight (P 5 0.126, P 5
0.678, and P 5 0.959). Adjustment for
insulin sensitivity did not modify the dif-
ferential effect of LB versus MET on
glucagon.

CONCLUSIONS

RISE provided an opportunity, with use
of complementary intravenous and oral
testing, to provide new insights related
to the effects of medications and weight
loss surgery on a-cell function in youth
and adults. First, we observed that regu-
lation of glucagon release was not
impacted by either G/M or MET in youth
or adults. Thus, while β- and a-cell func-
tion are known to be intimately related
(3–6), the progressive and more rapid
loss of β-cell function that we observed
in youth (21) was not paralleled by a
hypothesized deterioration in a-cell func-
tion. This observation suggests that pro-
gressive β-cell dysfunction may be more
critical in the development of hypergly-
cemia in youth. Second, L1M improved
a-cell function during the active inter-
vention phase, with some of this benefi-
cial effect retained 3 months after
treatment withdrawal. This improved
regulation of glucagon release by liraglu-
tide appears to be principally attribut-
able to its effect on weight rather than a
possible direct effect on the a-cell (10).
Third, while the expected weight loss
with gastric band surgery improved insu-
lin sensitivity (12,22,23), it was the
weight change rather than insulin sensi-
tivity that was associated with the
improvement in a-cell function.

We previously reported that β-cell
function in youth deteriorated more
rapidly than in adults, evident in

evaluation of the effects of equivalent
interventions aimed at preserving or
improving β-cell function (21). The cur-
rent analyses with glucagon used as an
estimate of a-cell function show that
while β-cell function worsened, a paral-
lel deterioration of a-cell function,
namely, increased glucagon concentra-
tions or impaired suppression by glu-
cose, did not occur. These observations
exclude an a-cell defect as a causative
factor in the accelerated decline of β-
cell function in youth. They also high-
light an interesting lack of reciprocal
changes in C-peptide and glucagon con-
centrations that, based on peripheral
measurements of these peptides, sug-
gests the β-cell does not have a major
regulatory impact on the a-cell. Rather,
the increase in glucose per se may be
important in reducing glucagon release,
given its ability to directly inhibit the
a-cell (4). It is possible this effect of glu-
cose may be compensating for the
expected lack of a-cell suppression as
β-cell secretory function deteriorates
(3–6,24,25).

GLP-1 receptor agonists have been
approved as glucose-lowering therapies
for type 2 diabetes in adults and, more
recently, in youth (10,26). These agents
not only increase insulin secretion but
also induce weight loss through their
effects on satiety. Further, they can
uniquely decrease glucagon release by
suppressing a-cell function independent
of an effect on the β-cell (10). Our
observation of reduced fasting, steady-
state, and arginine-stimulated glucagon
responses are in keeping with such a
direct mechanism of action of liraglu-
tide. However, we made an additional
important observation regarding the
effect of liraglutide on a-cell function.
Given the effects of GLP-1 receptor ago-
nists to decrease body weight and our
observation of weight loss with liraglu-
tide, when we accounted for the
change in body weight, the differences
in fasting glucagon and AGR were no
longer significant. The glucagon concen-
tration at steady state during the clamp
remained significant after adjustment
for the weight change, suggesting a
weight-independent effect of treatment
that could be due to liraglutide having a
direct suppressive effect on the a-cell
or enhancing the a-cell’s sensitivity to
glucose’s suppressive effect on glucagon
release. Lastly, whether in youth
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Figure 2—Plasma glucagon concentrations during the OGTTs in youth and adults in the three RISE protocols. Pediatric Medication Study: G/M (A) andMET (B) at
baseline (red), after 12 months of intervention (blue), and after 3 months of intervention withdrawal (green). Adult Medication Study: G/M (C), MET (D), L1M (E),
and PLAC (F) at baseline (red), after 12months of intervention (blue), and after 3months of intervention withdrawal (green). Adult Surgery Study: lap band surgery
(G) andMET (H) at baseline (red) and after 12months of intervention (blue) and 24months of intervention (green). Data are displayed asmean ± SEM.
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liraglutide has similar effects on the
a-cell will be of interest for future
studies.

Surgery-induced weight loss and
the associated improvement in insulin
sensitivity have been associated with
changes in a number of gastrointestinal
hormones (27,28). However, there is lit-
tle information regarding weight loss
surgery effects on glucagon, with stud-
ies frequently including only a small
number of participants and not includ-
ing sophisticated assessments of a-cell
function (29–32). The current studies
used careful physiologic measures:
hyperglycemic clamps, which do not
evoke gut hormone responses, and
OGTTs, which stimulate gut hormone
responses. With these methods we
demonstrate improved a-cell function
following LB, attributable to the change
in weight and not the attendant change
in insulin sensitivity. In designing our
study, we chose the LB approach so
that we could examine the effect of
weight loss per se without the con-
founding effects of changes in intestinal
anatomy and nutrient flow as well
as off-target effects of medications.
Of relevance to this choice, a recent
report highlighted differences in peptide
responses during a mixed meal when
the anatomy of the stomach (vertical
sleeve gastrectomy) or intestinal tract
(Roux-en-Y gastric bypass) are altered
but, interestingly, not with laparoscopic
gastric banding (32). In that study,
which had a small number of partici-
pants in each group, only when the
anatomy was altered were differences in
classical alternative products of the glucagon
gene, namely, GLP-1, glicentin, and oxynto-
modulin, observed. While we did not mea-
sure these alternative products, given that
we did not alter intestinal anatomy, we
would not expect them to have been
increased. Further, the sequential approach
that we used in the glucagon assay was
intended to minimize the risk of potential
cross-reactivity of glicentin and oxyntomo-
dulin (17,18). Thus, given our larger sample
size, we believe the reduction in glucagon
concentrations that we observed with sur-
gery in RISE reflects changes in a-cell func-
tion associated with weight loss.

The design of the RISE studies has
given us unique insights into the patho-
genesis of dysglycemia in youth and
adults and the impact of interventions.
However, there are some limitations.
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First, for ethical reasons we did not
include a placebo arm in the study of
youth. Without a placebo control we can-
not definitively exclude the possibility that
the interventions in youth had some salu-
tary effect on the a-cell that persisted 3
months after treatment withdrawal. How-
ever, given the fact that the effects we
observed were similar to the parallel treat-
ment interventions in the adult study,
which did not differ from PLAC, we doubt
this was the case. Second, in adults the
effects we have ascribed to liraglutide are
based on the effects of the combination of
L1M. Given we observed no effect of
MET, it seems reasonable to attribute the
outcome we observed to liraglutide per se.
Third, for ethical reasons we did not deflate
the laparoscopic band. Thus, we were
unable to examine the effect of any poten-
tial weight regain on a-cell function. Lastly,
while our analyses suggest that weight loss
was an important contributor to the
improvement in a-cell function, we are
unable to provide insight into how this may
be occurring at a cellular level.
In summary, these analyses reveal

that a-cell function in both youth and
adults is not improved by 12 months of
metformin or by 3 months of insulin
glargine followed by 9 months of met-
formin. Further, in youth, a-cell function
did not deteriorate, while β-cell function
did, suggesting that dysregulated gluca-
gon secretion may be less critical for
progression in adolescents. In contrast,
in adults both L1M and LB reduced glu-
cagon concentrations. This beneficial
effect was related to weight loss but
not insulin sensitivity, so it is possible that
sustained weight loss will allow persistence
of the beneficial effect on the a-cell.
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