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Abstract

Background: The aims of this study were to 1. define the responses of glucagon-like peptide-1 (GLP-1),
glucose-dependent insulinotropic polypeptide (GIP), glucagon, and peptide YY (PYY) to an oral meal and to
intravenous L-arginine; and 2. examine correlation of enteroendocrine hormones with insulin secretion. We
hypothesized a relationship between circulating incretin concentrations and insulin secretion.
Methods: Subjects with normal glucose tolerance (NGT, n = 23), prediabetes (PDM, n = 17), or with type 2
diabetes (T2DM, n = 22) were studied twice, following a mixed test meal (470 kCal) (mixed meal tolerance test
[MMTT]) or intravenous L-arginine (arginine maximal stimulation test [AST], 5 g). GLP-1 (total and active),
PYY, GIP, glucagon, and b cell function were measured before and following each stimulus.
Results: Baseline enteroendocrine hormones differed across the glucose tolerance (GT) spectrum, T2DM
generally >NGT and PDM. In response to MMTT, total and active GLP-1, GIP, glucagon, and PYY increased
in all populations. The incremental area-under-the-curve (0–120 min) of analytes like total GLP-1 were often
higher in T2DM compared with NGT and PDM (35–51%; P < 0.05). At baseline glucose, L-arginine increased
total and active GLP-1 and glucagon concentrations in all GT populations (all P < 0.05). As expected, the
MMTT and AST provoked differential glucose, insulin, and C-peptide responses across GT populations.
Baseline or stimulated enteroendocrine hormone concentrations did not consistently correlate with either
measure of b cell function.
Conclusions/interpretation: Both MMTT and AST resulted in insulin and enteroendocrine hormone responses
across GT populations without consistent correlation between release of incretins and insulin, which is in line
with other published research. If a defect is in the enteroendocrine/b cell axis, it is probably reduced response to
rather than diminished secretion of enteroendocrine hormones.
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Introduction

The incretin effect is a term used to describe the ob-
servation that ingested glucose elicits a greater insulin

secretory response when compared with an ‘‘isoglycemic’’
intravenous glucose challenge. This has been attributed to
multiple gastrointestinal hormones secreted by enteroen-
docrine cells upon meal ingestion. Of these hormones,
glucagon-like peptide-1 (GLP-1) has been developed as a
therapy for type 2 diabetes (T2DM) based upon its abilities
to stimulate insulin secretion and suppress glucagon secretion
in a glucose-dependent manner. Another hormone, glucose-
dependent insulinotropic polypeptide (GIP), also contributes
to the stimulation of postprandial insulin secretion. In addi-
tion to GLP-1 and GIP, meal or oral glucose ingestion also
promotes the release of peptide YY (PYY).1 PYY is an an-
orectic hormone that is synthesized and released by en-
teroendocrine L cells (as is GLP-1 and GLP-2)2 and is
activated by dipeptidyl peptidase-4.3

In T2DM, incretin effect is impaired but it remains con-
troversial whether it is caused by a reduced secretion of
incretin hormones or a reduced response to incretins with
multiple conflicting reports in the literature. This inconsis-
tency may be explained by different study populations as
diabetes duration, severity of diabetes, age, obesity, and study
medication, all of which alter GLP-1 response. On the other
hand, there is good evidence that the action of GLP-1 and GIP
is impaired in T2DM. The insulinotropic effect of GLP-1 is
retained in patients with T2DM but its potency is reduced.4,5

In contrast to GLP-1, GIP almost completely loses its ability
to amplify the second phase insulin response in T2DM.5–7

At present, there is limited information on incretin secretion
in response to intravenous secretagogues. L-arginine is a potent
insulin secretagogue and has been used to evaluate b cell
dysfunction in both type 28 and type 1 diabetes.9 Intravenous L-
arginine has been shown to increase total GLP-1 in normo-
glycemic subjects and noninsulin-dependent T2DM patients.10

In a previously published study, we quantified the repro-
ducibility of beta cell function across the glucose tolerance
(GT) spectrum in response to a standardized mixed meal
tolerance test (MMTT) and to intravenous L-arginine.11 The
present analysis seeks to define the GLP-1, GIP, PYY, and
glucagon responses to a standardized oral meal and to intra-
venous L-arginine in those participants.

Materials and Methods

Subjects

Three groups of subjects were studied, classified by their
fasting and postchallenge GT status 2 hr post 75 g oral
glucose tolerance test (OGTT) as previously described.11

Those with normal glucose tolerance (NGT) had a fasting
glucose <100 mg/dL and postchallenge <140 mg/dL; those
with prediabetes (PDM) had impaired fasting glucose (‡100
and <126 mg/dL) and impaired GT (‡140 and <200 mg/dL);
and those with type 2 diabetes mellitus (T2DM) had fasting
glucose 126–270 mg/dL and HbA1c 6.5%–10.0% on a sta-
ble dose of metformin (500–2000 mg/day).

Study design

After obtaining Institutional Review Board approval, this
cross-sectional study was conducted at two study sites

(ICON Development Solutions in San Antonio, Texas, and
Omaha, Nebraska). After written informed consent, and
following screening, all subjects in the original study un-
derwent an MMTT and arginine maximal stimulation test
(AST) on two consecutive days with MMTT on day 1 and
AST on day 2. Although part of a larger study,11 none of the
data have been previously reported.

Procedures

Subjects were admitted to the research unit the evening
before the procedures. In T2DM subjects, metformin was
withheld on the morning of the procedure. After a 10 hr
overnight fast, a single indwelling intravenous catheter was
placed in the forearm for the MMTT, while for the AST
indwelling catheters were placed in both upper extremities
for infusion and sample acquisition respectively. The pro-
cedures are described below.

Mixed meal tolerance test

Following baseline sampling (-30, -15 and 0 min), a test
meal (470 Kcal,—66% CHO, 18% fat, and 16% protein)
composed of one 8 fl oz Boost nutrition supplement drink
(Nestlè Health Science) and one PowerBar (Nestlè Nutri-
tion) was administered. The meal was consumed within
10 min, with the bar consumed first, and serial sampling for
glucose and insulin was performed at 10, 15, 20, 30, 60, 90,
120, 180, and 240 min postmeal. After pilot analyses to de-
termine time course of response, total and active GLP-1, GIP,
PYY, and glucagon were measured in the entire cohort before
and at 30, 60, and 120 min after MMTT. Blood samples for
incretin analyses were collected into vacutainers containing
protease inhibitors (P800 tubes; Becton-Dickinson).

Arginine maximal stimulation test

Following baseline sampling (-10, -5 and 0 min), an in-
travenous injection of 5 g of L-arginine (10% L-arginine
HCl (as R-Gene [Pfizer]) was administered followed by
serial sampling for glucose and insulin at 2, 3, 4, 5, 7, and
10 min at basal glucose. Subsequently, glucose levels were
raised by a continuous infusion of glucose (900 mg/min)
over 60 min with baseline sampling at 50, 55, and 60 min
followed by a second dose of 5 g of arginine at 60 min with
sampling at 62, 64, 65, 67, and 70 min.11

After pilot analyses to determine time course of incretin
response, total and active GLP-1, PYY, and glucagon were
measured immediately before (time 0) and at 3, 5, and
10 min after arginine. Repeat measures were also done be-
fore (time 60) and at 3, 5, and 10 min after arginine during
hyperglycemic phase (63, 65, and 70 min from beginning
of experiment, see Fig. 1). GIP was not assessed in the full
cohort due to no evidence of response to arginine. Blood
samples for incretin analyses were collected into vacutai-
ners containing protease inhibitors (P800 tubes, Becton-
Dickinson).

Analyte assays

Total GLP-1 (RIA): Human total GLP-1 was quantified in
duplicate using glucagon-like peptide-1 (total) RIA (#GLP-
1T-36HK) from Merck Millipore (St. Charles). Assay range
was 3–500 pM for total GLP-1.
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Active GLP-1 and PYY. Active GLP-1 (7–36 amide) and
total human PYY (3–36) levels were measured in duplicate
using the Mesoscale Discovery (MSD) active GLP-1 (ver-
sion 2, #K150JVC-1) and human total PYY assay kit
(#K151MPD-1) (Gaithersburg). Assay range was 2–800 pg/mL
for active GLP-1 and 25–1000 pg/mL for total PYY. The re-
activity of the active GLP-1 assay with GLP-1 (1–36) or with
glucagon is <0.3%.

GIP and glucagon. Human total GIP (3–42) was quan-
tified in duplicate using the human GIP (Total) ELISA
(Merck Millipore) and human glucagon using the Gluca-
gon ELISA (Mercodia, Uppsala, Sweden). Assay range was
30–1800 pg/mL for total GIP and 10–400 pg/mL for glucagon.
The cross-reactivity of the glucagon assay for GLP-1 is <0.30%.

Insulin, C-peptide, and glucose. Glucose was measured on
the Roche Cobas c311 (Roche Diagnostics, Indianapolis,
IN) utilizing a hexokinase reagent. C-peptide was measured
by a two-site immunometric assay on the Roche Cobas e411
(Roche Diagnostics). Insulin (plasma) was measured by a
two-site immunometric (sandwich) assay using electro-
chemiluminescence detection on the Roche Cobas e411
(Roche Diagnostics). All intra-assay CVs were <3% and
inter-assay CVs <6%.

Data and statistical analyses

MMTT: b cell function. Glucose, insulin, and C-peptide
responses were first plotted for each GT group as means
(standard error of mean [SEM]). Insulin sensitivity (SI), was
estimated using the oral glucose minimal model.12 b cell
responsivity index (Ftot), a measure of insulin secretion, was
estimated from the individual subject plasma glucose and C-
peptide concentrations using the oral C-peptide minimal
model.13 Disposition index (DI) was calculated as DI = SI ·
Ftot. For this study, a standardized approach to modeling
across GT populations was used and no data were excluded.
MMTT analyses were performed using Matlab US R2010B
(MathWorks, MA) with code provided by Dr Cobelli. The
three groups of subjects were analyzed separately.

AST: b cell function. Glucose, insulin, and C-peptide re-
sponses were first plotted for each GT group as means (SEM).
The three groups of subjects were analyzed separately. The
determination of insulin secretory response at basal glucose
(AIRarg) and at elevated glucose (AIRargMAX) was per-
formed as described previously.11 Insulin secretory reserve
(ISR), represents the difference between insulin secretion at
elevated and at basal glucose (AIRargMAX).

FIG. 1. Mean (SEM) for
MMTT analyte time pro-
files by GT population. After
baseline samples, the meal
was administered at time 0.
Glucose, insulin and c-peptide
measurements were made out
until 240 min postmeal con-
sumption. GLP-1, glucagon,
PYY, and GIP were assayed
for all subjects until 120 min
postmeal after it was deter-
mined in a subset of subjects
that values stabilized or re-
turned to baseline by 120 min
postmeal. GIP, glucose-
dependent insulinotropic poly-
peptide; GLP-1, glucagon-like
peptide-1; GT, glucose tol-
erance; MMTT, mixed meal
tolerance test; PYY; pep-
tide YY; SEM, standard er-
ror of mean.
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Incretin responses. For MMTT and AST incretin excur-
sions were plotted as means (SEM). Incretin values were
reported for the MMTT (0, 30, 60, and 120 min postmeal)
and AST (0 3, 5, and 10 min postarginine injection at both
the basal and elevated glucose state). Baseline subtracted
incremental areas-under-the-curve from 0 to 120 min were
derived for MMTT responses. Absolute changes from
baseline to 5 min postarginine injection were derived for
incretin values from the AST at both the basal and elevated
glucose state. Incremental AUCs for MMTT and absolute
changes for AST along with respective baseline values are
summarized as arithmetic means (SD).

Missing data. Values less than the lower limit of quan-
tification (LLQ) were assigned a value of 0.5 LLQ. Missing
analyte values were interpolated and built into the stan-
dardized algorithms. No user intervention or imputation
techniques were employed. All subjects with both b cell
parameters and incretin values were included in the analysis.

Statistical analyses

B cell function parameters from both the MMTT and AST
were summarized as geometric means (geometric CV).
Analysis of variance (ANOVA) was used to estimate model
predicted geometric means and respective 95% confidence
intervals and to test for GT population differences at the
two-sided, 0.05 level of significance. Geometric means
(95% CI) were plotted along with results from the statistical
significance tests. Additionally, baseline glucose, insulin,
and C-peptide values were summarized by means (SD) and
ANOVA was used to test for differences in GT population at
the two-sided, 0.05 level of significance. Sample size of
*20 subjects per group was derived to allow for detection
of differences across GT groups for MMTT minimal mod-
eling. Bias was addressed by performing identical proce-
dures across the GT groups and standardizing all derivation
algorithms without exclusion of any individual data points.

ANOVA was used to estimate model predicted means and
respective 95% confidence intervals for the MMTT incre-
mental AUCs and AST absolute changes in analyte con-
centrations, and to test for GT population differences at the
two-sided, P < 0.05 level. Additionally, baseline incretin, and
glucose, insulin, and C-peptide were summarized as means
(SD). ANOVA was used to test for differences in GT popu-
lation at the two-sided, P < 0.05 level.

Association Between b Cell Function and Incretin Re-
sponses: As assessment of association of the b cell param-
eters and incretin values was performed with Spearman’s
rank correlations because of the log-normal nature of the b
cell parameters. Correlations were performed on MMTT
baseline and incremental AUCs (total and active GLP-1, and
total GIP) and on AST baseline and 5 min postarginine in-
jection incretin values (total and active GLP-1). Correlations
are presented across populations, and within populations.

Results

A total of 62 subjects were included in the studies of
whom 23 (12 men/11 women) were NGT, 17 (6 men/11
women) PDM, and 22 (11 men/11 women) T2DM. All
groups including NGT were obese. Complete demographic
characteristics are summarized in Table 1.

MMTT-analyte time curves

As expected, significant differences were seen in fasting
(baseline) glucose, insulin, and C-peptide across NGT, PDM,
and T2DM (Fig. 1 and Supplementary Table S1; Supplemen-
tary Data are available online at www.liebertpub.com/met).
Following the meal challenge, glucose rose progressively
across populations (Fig. 1). The incremental AUCs of insulin
and C-peptide differed significantly between groups (Fig. 2).

Fasting values for, total and active GLP-1, total GIP, and
total PYY were significantly higher in T2DM compared
with NGT and PDM, whereas fasting plasma glucagon
concentrations did not differ groups (Fig. 1 and Supple-
mentary Table S1). The MMTT induced significant in-
creases in all incretin hormones in all the GT populations
(Figs. 1 and 3). Comparisons across GT populations showed
several differences in total GLP-1, PYY, and GIP (Fig. 2).
For example, the increase in AUC for total GLP-1 and PYY
was significantly greater in those subjects with T2DM
compared with PDM or NGT, respectively. In contrast, GIP
increased the most in the PDM cohort. Meal ingestion in-
creased glucagon concentrations across GT populations in a
stepwise manner with NGT < PDM < T2DM (Fig. 2).

AST–analyte time curves

As observed for the MMTT, significant differences were
seen in fasting (baseline) glucose, insulin, and C-peptide
across NGT, PDM, and T2DM. Arginine caused significant
increases in insulin and C-peptide under both basal and hy-
perglycemic conditions (Fig. 3). In contrast to NGT, the in-
sulin secretory responses in PDM and T2DM were blunted.

In the basal glucose state before the bolus of L-arginine,
individuals with T2DM had fasting total and active GLP-1 in
addition to total PYY concentrations that were significantly
higher (P < 0.001) than NGT and PDM. In response to L-
arginine during the basal glucose state, consistent increases in
total and active GLP-1 in all GT populations were observed
(Fig. 4). However, only the T2DM population showed sig-
nificantly higher absolute changes for active GLP-1 compared
with PDM (P < 0.05) and NGT (P < 0.001). Total PYY showed
no significant differences in absolute changes across the GT
population at the basal glucose state (Fig. 4).

Table 1. Summary Demographics

and Anthropometrics for Evaluable Subjects

by Glucose Tolerance Population

Parameter/
population NGT PDM T2DM

Number
of evaluable
(paired)
observations
N (men/women)

23 (12/11) 17 (6/11) 22 (11/11)

Age (years – SD) 41.9 – 8.4 44.8 – 9.8 54.7 – 8.1
Weight (kg – SD) 85.8 – 14.3 97.4 – 12.9 91.1 – 14.1
BMI (kg/m2 – SD) 31.5 – 2.8 35.0 – 3.8 32.8 – 3.9
HbA1c (%) 5.7% – 0.4%

(39 mmol/
mol)

8.3% – 0.8%
(67 mmol/
mol)

NGT, normal glucose tolerance; PDM, prediabetes; T2DM, type
2 diabetes.
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In the hyperglycemic state, prearginine baseline total,
active GLP-1, and total PYY were significantly higher in
subjects with T2DM compared with NGT and PDM (Fig. 3
and Supplementary Table S2). In response to IV L-arginine,
all GT groups showed increases in total and active GLP-1
during hyperglycemia. Absolute changes for total GLP-1
were significantly higher for T2DM versus NGT and PDM
(Fig. 4, P < 0.05). In contrast, for active GLP-1 the response
to L-arginine was not statistically significant and different
across GT groups. Arginine did not induce a release of PYY
under the elevated glucose state (Fig. 4).

Under basal glucose conditions, baseline glucagon concen-
trations were found to be significantly higher in the PDM
population compared to NGT (Supplementary Table S2,
P < 0.001) and T2DM (P < 0.05). Arginine elicited large in-
creases in glucagon during basal and hyperglycemic conditions
(Fig. 4). These increases did not differ across GT populations.

Tests of GT population differences
for b cell function parameters

Figure 5 summarizes b cell parameters following MMTT. b
cell responsivity (Ftot) in NGT and PDM were comparable
and both were significantly higher compared with the T2DM
group (P < 0.001). SI decreased progressively across GT pop-
ulations with T2DM <PDM (P < 0.05) <NGT (P < 0.01). SI
comparison of NGT versus T2DM was significant at P < 0.001.

Correspondingly, DI showed progressive decreases across the
GT glucose populations with NGT and PDM significantly
higher (P < 0.001) compared with T2DM, and NGT signifi-
cantly higher (P < 0.05) compared with PDM.

Figure 5 also summarizes b cell function from the AST
(AIRarg, AIRargMAX, and ISR). For all three parameters
NGT and PDM were significantly higher than T2DM
(P < 0.001). NGT and PDM were not found to be signifi-
cantly different from one another for any of the parameters.

Correlations between baseline incretin and incretin
responses compared to b cell function parameter

Given the responses of insulin and C-peptide, and the
changes in circulating incretin concentrations, the relationship
between these two groups of responses were explored for both
the MMTT and AST. Table 2 summarizes the observed cor-
relations between b cell function parameters and baseline in-
cretin values and incremental AUCs in the MMTT. In general,
although there are correlations that demonstrate statistical
significance, there was no consistent relationship between ei-
ther the baseline incretin measures or respective incremental
AUCs and the measures of b-cell function.

Table 3 summarizes the correlational analyses of baseline
total and active GLP-1 and measures of b cell function after
arginine. As observed for the MMTT, under basal and ele-
vated glucose conditions, AIRarg, AIRargMAX, and ISR

FIG. 2. MMTT model pre-
dicted means (95% CI) for
incretin incremental iAUC
(0–120 min) Values across GT
populations. *P < 0.05, **P <
0.01, ***P < 0.001.
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negatively correlated with active and total GLP-1 at baseline
and 5 min after IV arginine overall across GT populations.
However, within each GT group, there were no consistent
correlations of GLP-1 and b cell function.

Discussion

In this study, fasting total and active GLP-1, GIP, and
PYY were found to be higher in T2DM compared with NGT
and PDM. The mixed meal induced an increase in all in-
cretin hormones across the GT populations. These responses
tended to be higher in T2DM for total and active GLP-1 and
PYY but not GIP compared with NGT and PDM. There is no
evidence from this study that the circulating concentrations
were deficient as GT worsens and are in good agreement with
multiple other studies.14–21 Concurrent observation of stimu-
lated insulin and incretin release demonstrated no clear as-
sociation between these two systems. Of note, we cannot
exclude that portal concentrations of GLP-1 may differ
from those observed in the portal circulation and would
therefore have a different relationship with beta cell re-
sponse. L-arginine as an additional, provocative test of b cell
function also increased total and active GLP-1 and again,
there was no clear association between these systems.

Although metformin treatment was held from the day
before the procedures, it may have contributed to the higher
fasting GLP-1 concentrations in T2DM patient.22 In addi-
tion, an effect of metformin on fasting GIP in T2DM has not
been reported but cannot be excluded. Nevertheless, the
relationships between b cell function and plasma incretin
concentrations are consistent.

The results of this study suggest that there is likely no
deficiency of these incretins that can account for the altered
insulin secretory responses. These data suggest that im-
pairment in the incretin axis may be found in the responses
to circulating incretins rather than the concentrations. Im-
pairment in incretin action may be secondary to the devel-
opment of impaired islet function as glucose intolerance
develops (14). Importantly, the insulinotropic effect of GLP-
1 is retained in patients with T2DM but its potency is re-
duced.4,5 In contrast, GIP almost completely loses its ability
to amplify the second phase insulin response.4,6,7 As ob-
served by Vilsboll et al. supra-physiological doses of GIP
had no effect on insulin secretion in T2DM.7

There is very limited information on incretin secretion after
intravenous secretagogues, and more specifically, few obser-
vations regarding L-arginine and incretin release in the liter-
ature. Recently, it has been shown that oral administration of

FIG. 3. Mean (SEM) for
AST analyte time profiles by
GT population. After base-
line samples, L-arginine was
injected at time 0 and repeat
samples for insulin, glucose,
c-peptide, GLP-1, glucagon,
PYY, and GIP were drawn.
Glucose was then infused
after the 10 min sample to
raise circulating glucose
concentrations. Repeat pre-
arginine samples were drawn
followed by an additional in-
jection of L-arginine (5 gm).
AST, arginine maximal stim-
ulation test.
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L-arginine to mice significantly increased GLP-1 and insulin
secretion and improved glucose clearance in wild type mice.23

In a clinical study from Orskov et al.,10 intravenous admin-
istration of L-arginine to normoglycemic subjects and
noninsulin-dependent T2DM patients increased pancreas
proglucagon, PG 33–61 amide and PG 78–107 amide, which
is thought to be GLP-1.10 No direct comparisons to insulin
secretory responses were made in these studies. Similarly, in
this study we found that intravenous L-arginine caused an
increase in total GLP-1 in all GT populations. These obser-
vations are extended in this study with the inclusion of active
GLP-1, GIP, and PYY.

Unlike its effect on GLP-1, intravenous arginine did not
elicit a consistent increase in PYY (only in PDM). A
speculative question that these observations raise is dis-
cerning the cell type(s) from which GLP-1 is released. GLP-
1 is predominantly secreted by enteroendocrine L cells in
the small intestine and colon.21 L cells also secrete PYY.
With no increase in PYY due to L-arginine, either the
mechanism by which GLP-1 and PYY are released from L
cells is different or GLP-1 is released by a different cell
type. Although we cannot exclude that GLP-1 was also re-
leased at least in part by L cells, other cells have to be
considered, such as pancreatic a cells, which have been
shown to make GLP-1 under some circumstances.24

In conclusion, when used as stimuli for insulin secretion,
a mixed meal and intravenous infusion of L-arginine re-
sulted in a differential pattern of incretin release across GT
populations. The release of GLP-1 was not impaired in
T2DM patients but rather, if at all, even higher compared
with NGT and PDM. Despite the robust response of GLP-1
of total and active GLP-1 to both challenges, there was no
consistent correlation between release of these and other
incretins by a mixed meal (or from L-arginine) and pa-
rameters of b cell function. Our data add to the building
consensus that the secretion of incretins is not impaired in
PDM and T2DM (compared to NGT) and suggest that if
there is a defect in the incretin axis in type 2 diabetes
mellitus, it probably lies in hormonal action rather than
secretion. These results suggest that focusing on the mech-
anisms (hormonal and nonhormonal) driving tissue sensi-
tivity to GLP-1 and other incretins might be a fruitful path to
better understand the pathophysiology of type 2 diabetes and
drive the development of new treatment approaches.
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*P < 0.05, **P < 0.01; ***P < 0.001.
AUC, area-under-the-curve; DI, disposition index; GIP, glucose-dependent insulinotropic polypeptide; GLP-1, glucagon-like peptide-1;

SI, insulin sensitivity.
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The methodological study described in this report was
designed and implemented under the auspices of the Foun-
dation for the National Institutes of Health (FNIH) Bio-
markers Consortium. The Biomarkers Consortium is a
public private partnership that develops and validates bio-
logical markers, which speed up the development of thera-
pies for the detection, prevention, diagnosis, and treatment
of disease, and are ultimately aimed at improving patient
care. For this study, the Consortium brought together dia-
betes experts from leading academic institutions, the Food
and Drug Administration, The National Institutes of Health,
the nonprofit sector, and the pharmaceutical industry to
develop the project. The results of the partnership, discussed
here, are important because they address a critical unmet
medical need, and involve key stakeholders in the diabetes
treatment field. FNIH has acted as a neutral convener for the
partners and provided the project management expertise
needed for the execution of the overall project. In the future,
this type of partnership can be used as a model for estab-
lishing common standards for testing in other therapeutic
areas as well. Under the auspices of the FNIH, this project

Table 3. Spearman’s Correlations Between Arginine Maximal Stimulation Test Beta Cell Parameters

and Baseline Incretin Values and 5 Min Postarginine Injection at the Basal and Elevated Glucose State

Incretin value Sample time and glucose state

Glucose
tolerance

population
AIRarg

(lU/mL)
AIRargMAX

(lU/mL)
ISR

(lU/mL)

Total GLP-1
(pg/mL)

Baseline prearginine injection at the basal glucose state Overall -0.41** -0.52*** -0.52***
NGT 0.09 0.06 0.08
PDM -0.35 -0.57* -0.61**
T2DM 0.03 0.12 0.15

5 Min postarginine injection at the basal glucose state Overall -0.22 -0.37** -0.38**
NGT 0.35 0.32 0.30
PDM 0.07 -0.28 -0.37
T2DM 0.16 0.25 0.26

Baseline prearginine injection at the elevated glucose state Overall -0.22 -0.44*** -0.49***
NGT 0.14 -0.17 -0.26
PDM -0.08 -0.50* -0.64**
T2DM 0.18 0.17 0.16

5 Min postarginine injection at the elevated glucose state Overall -0.27* -0.45*** -0.49***
NGT 0.50* 0.28 0.23
PDM 0.04 -0.35 -0.50*
T2DM 0.23 0.25 0.20

Active GLP-1
(pg/mL)

Baseline prearginine injection at the basal glucose state Overall -0.46*** -0.56*** -0.57***
NGT 0.05 -0.08 -0.08
PDM -0.44 -0.37 -0.32
T2DM 0.01 0.06 0.06

5 Min postarginine injection at the basal glucose state Overall -0.40** -0.53*** -0.56***
NGT 0.32 0.28 0.23
PDM -0.16 -0.17 0.20
T2DM -0.03 -0.12 -0.16

Baseline prearginine injection at the elevated glucose state Overall -0.45*** -0.50*** -0.50***
NGT -0.16 -0.09 -0.09
PDM -0.20 -0.45 -0.50*
T2DM -0.02 -0.04 -0.07

5 min postarginine injection at the elevated glucose state Overall -0.48*** -0.53*** -0.54***
NGT 0.12 0.067 0.01
PDM -0.59* -0.38 -0.23
T2DM 0.11 -0.03 -0.09

*P < 0.05, **P < 0.01, ***P < 0.001.
ISR, insulin secretory reserve.
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