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Abstract
Aims/hypothesis People with isolated impaired fasting glucose (IFG) have normal beta cell function. We hypothesised that an
increased glucose threshold for beta cell secretion explains IFG.
Methods We used graded glucose infusion to examine the relationship of insulin secretion rate (ISR) and glucagon secretion rate
(GSR) with rising glucose. We studied 39 non-diabetic individuals (53 ± 2 years, BMI 30 ± 1 kg/m2), categorised by fasting
glucose and glucose tolerance status. After an overnight fast, a variable insulin infusion was used to maintain glucose at ~4.44
mmol/l (07:00 to 08:30 hours). At 09:00 hours, graded glucose infusion commenced at 1 mg kg−1 min−1 and doubled every
60min until 13:00 hours. GSR and ISRwere calculated by nonparametric deconvolution from concentrations of glucagon and C-
peptide, respectively.
Results The relationship of ISR with glucose was linear and the threshold for insulin secretion in isolated IFG did not differ from
that in people with normal fasting glucose and normal glucose tolerance. GSR exhibited a single-exponential relationship with
glucose that could be characterised by G50, the change in glucose necessary to suppress GSR by 50%. G50 was increased in IFG
compared with normal fasting glucose regardless of the presence of impaired or normal glucose tolerance.
Conclusions/interpretation These data show that, in non-diabetic humans, alpha cell dysfunction contributes to the pathogenesis
of IFG independently of defects in insulin secretion. We also describe a new index that quantifies the suppression of glucagon
secretion by glucose.

Keywords Alpha cell function . Beta cell function . Deconvolution . Glucagon suppression . Impaired fasting glucose . Impaired
insulin action . Insulin secretion . Prediabetes

Abbreviations
Φ Beta cell responsivity
Φd Dynamic beta cell responsivity
Φs Static beta cell responsivity
CRTU Clinical Research and Trials Unit

DI Disposition index
G50 Increment in glucose concentration necessary

to suppress GSR by 50%
GGI Graded glucose infusion
GSR Glucagon secretion rate
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IFG Impaired fasting glucose
IFG/IGT Impaired fasting glucose with impaired

glucose tolerance
IGT Impaired glucose tolerance
IFG/NGT Impaired fasting glucose with normal glucose

tolerance
ISR Insulin secretion rate
NFG Normal fasting glucose
NFG/IGT Normal fasting glucose with impaired glucose

tolerance
Si Insulin sensitivity

Introduction

The states of impaired fasting glucose (IFG) and impaired
glucose tolerance (IGT) are associated with a high, but hetero-
geneous, rate of progression to type 2 diabetes [1]. In Olmsted
County, MN, USA, ‘only’ 40% of people with a fasting
glucose ≥6.1 mmol/l progress to overt diabetes within 10
years [2]. This can be partially, but not completely, explained
by lifestyle and heredity [3, 4]. In addition, a subset of people

with isolated IFG with normal glucose tolerance (i.e.
IFG/NGT) have normal beta cell function [5, 6], as
quantified by the disposition index (DI) [7], in response
to an oral challenge.

DI expresses insulin secretion as a function of insulin
action [8] and is the standard measure of beta cell function.
These data suggest that (at least in IFG/NGT) defects in the
regulation of fasting glucose occur independently of defects in
postprandial beta cell function [5]. This is in keeping with the
results of genetic association studies that have identified loci
that alter fasting glucose but not glucose tolerance and vice
versa [9–11]. However, a recent longitudinal study in an
Asian population [12] showed that the rate of conversion to
type 2 diabetes is similar in IFG/NGT and in normal fasting
glucose (NFG) with IGT (NFG/IGT), while it is highest in
IFG with IGT (IFG/IGT). This suggests that progression to
type 2 diabetes can occur in the absence of an abnormal beta
cell response to an oral challenge.

The oral minimal model measures two components of beta
cell responsivity (Φ) to an oral glucose challenge: dynamic
(Φd), representing a response to rising glucose concentrations;
and static (Φs), representing a response to constant glucose
concentrations [6]. Neither component is abnormal in people
with IFG/NGT. However, abnormalities of Φ are present in
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people with IGT [5]. This implies that changes in beta cell
responses to glucose as quantified by Φ, and its components,
cannot explain fasting hyperglycaemia.

If beta cell function is intact in people with isolated IFG,
fasting insulin secretion would be expected to rise to restrain
endogenous glucose production (EGP) and lower fasting
glucose. Since this does not occur, one potential explanation
is an increased threshold for glucose-stimulated insulin secre-
tion as observed in people with mutations in glucokinase
(GCK) [13]. Type 2 diabetes is characterised by an acquired
defect in hepatic glucokinase activity [14, 15] but it is
unknown if similar abnormalities occur in the beta cells of
individuals with IFG/NGT. Our primary hypothesis is that
IFG with or without abnormal glucose tolerance is associated
with impaired beta cell sensing of glucose, i.e. an increased
glucose threshold for insulin secretion.

Given that prediabetes predisposes to a disease (type 2
diabetes) characterised by defects in both beta cell and alpha
cell function, there has been interest in the role of alpha cell
dysfunction in the progression of prediabetes. This interest has
been given added impetus by the observation that diabetes-
associated genetic variation in TCF7L2 is associated with
impaired postprandial glucagon suppression in non-diabetic
individuals [16]. Elevated fasting glucagon has been associat-
ed with impaired insulin action [7, 17] and with progression of
glucose intolerance [18]. Some [19, 20], but not all [6], prior
experiments have failed to consistently document elevated
fasting glucagon concentrations in people with IFG, compared
with those with NFG. Nevertheless, in the presence of fasting
hyperglycaemia, fasting glucagon concentrations indistin-
guishable from normal values imply a defect in the ability of
glucose to suppress glucagon secretion by the alpha cell [21].
This formed the basis of our secondary hypothesis, namely
that alpha cell dysfunction contributes to the pathogenesis of
fasting hyperglycaemia.

To address these questions, we used a graded glucose infu-
sion (GGI) [22] to measure insulin [23] and glucagon [24]
secretion in response to rising glucose concentrations.

Methods

Screening After approval from the Mayo Clinic Institutional
Review Board, we recruited individuals through a combina-
tion of intramural and extramural advertising as well as from a
database of prior participants whose fasting glucose and
glucose tolerance status was known. To be eligible, individ-
uals had no history of chronic illness or upper gastrointestinal
surgery. Additionally, they were not taking medications that
could affect glucose metabolism. Potentially eligible individ-
uals who showed interest in participating were invited to the
Clinical Research and Trials Unit (CRTU) for a screening
visit. After written, informed consent was obtained,

participants underwent a 2 h 75 g OGTT to characterise their
glucose tolerance status, as previously described [5]. All
participants were instructed to follow a weight-maintenance
diet containing 55% carbohydrate, 30% fat and 15% protein
for at least 3 days prior to the study. Body composition was
measured at the time of screening using dual-energy x-ray
absorptiometry (Lunar, Madison, WI, USA).

Experimental design Participants were admitted to the CRTU
at 17:00 hours on the day before the study. After consuming a
standard 10 kcal/kg caffeine-free meal, they fasted overnight.
The following morning at 06:00 hours a dorsal hand vein was
cannulated and placed in a heated Plexiglas box maintained at
55°C to allow sampling of arterialised venous blood. The
contralateral forearm vein was cannulated for glucose and
hormone infusions. At 07:00 hours (−120 min) insulin (0.1
U/ml Humulin R; Eli Lilly, Indianapolis, IN, USA) was
infused at a variable rate to lower and maintain glucose
concentrations at 4.44 mmol/l (80 mg/dl) [25]. The insulin
infusion was discontinued at 08:30 hours (−30 min). At
09:00 hours (0 min) a GGI using 50% dextrose commenced
at 1 mg kg−1 min−1 and then increased to 2 (10:00 hours), 4
(11:00 hours) and 8 mg kg−1 min−1 (12:00 hours) every
60 min [22]. The experiment ended at 13:00 hours when all
infusions were stopped. Participants consumed a meal and left
the CRTU when it was safe to do so.

Analytic techniques All blood was immediately placed on ice
after collection, centrifuged at 4°C, separated and stored at
−80°C until assay. Plasma glucose concentrations were
measured using a Yellow Springs Glucose Analyzer
(Yellow Springs Instruments, Yellow Springs, OH, USA).
Plasma insulin concentrations were measured using a
chemiluminescence assay (Access Assay; Beckman,
Chaska, MN, USA). Plasma C-peptide was measured using
a two-site immunoenzymatic sandwich assay (Roche
Diagnostics, Indianapolis, IN, USA). Glucagon was
measured using a two-site ELISA (Mercodia, Winston
Salem, NC, USA) in accordance with the manufacturer’s
instructions.

Calculations The insulin secretion rate (ISR) was calculated
from C-peptide concentrations using nonparametric
deconvolution and population-based measures of C-peptide
kinetics [26]. Linear regression was used to describe the
increase of ISR in response to the observed glucose concen-
trations for each individual. We characterised individual
responses using the ΔISR/ΔGlucose gradient and the intercept
of this slope at a glucose of 4.44 mmol/l. We then utilised the
individualised linear relationships, together with a non-
negativity constraint, to predict the response of ISR over a
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wider range of 3.3–15 mmol/l. The lower limit was chosen to
avoid the presumed glucose concentration at which insulin
secretion is suppressed [27].

Likewise, glucagon secretion rate (GSR) was calculated
from the measured glucagon concentrations observed during
the experiments using nonparametric deconvolution and the
population model of glucagon kinetics we described recently
[24]. The exponential relationship of GSR to glucose concen-
trations in each individual was then used to derive the
increment in glucose concentration necessary to suppress
GSR by 50% (G50) in each participant. Please refer to the
electronic supplementary material (ESM) Methods for
more details.

The oral minimal model [8] was used to calculate insulin
secretion and action at the time of screening as previously
described [28, 29]

Statistical analysis All continuous data are summarised as
means ± SEM. AUC and area above basal (AAB) were calcu-
lated using the trapezoidal rule. One-way ANOVA and a
Tukey’s post hoc test were used to determine between-group
differences (parametric data). For nonparametric data, a
Kruskal–Wallis test followed by a Dunn’s post hoc test was
used. When necessary, multivariate analysis adjusting for the
effects of age, sex and weight was performed. BlueSky
Statistics software v.7.10 (BlueSky Statistics, Chicago, IL,
USA) and Prism 5 v.5.0f (GraphPad Software, San Diego,
CA, USA) were utilised for the statistical analysis. Residuals
for the conditional logistic regression of a particular variable
with the covariates were used to confirm or refute the contri-
bution of that variable to variation in the tested index. A p
value <0.05 was considered statistically significant. Our
power calculation for the glucose threshold of insulin secre-
tion was based on observed (mean ± SD) glucose concentra-
tions of 4.8 ± 0.5 mmol/l [16]. Assuming similar variability,
15 participants with IFG would give us the ability to detect a
0.36 mmol/l (7%) difference in glucose threshold compared
with people with NFG.

Results

Participant characteristics by fasting glucose and by glucose
tolerance statusA total of 39 participants were studied. At the
time of screening, 14 participants were classified as NFG/
NGT. Participants with IFG and/or IGT were heavier. This
trend was not explained by differences in lean body mass
(Table 1). As previously observed, participants with NFG/
IGT and those with IFG/IGT exhibited defects in insulin
secretion and action as quantified by the oral minimal model
[6]. See also ESM Fig. 1.

Glucose, insulin, C-peptide and glucagon concentrations in
groups classified by fasting glucose and by glucose tolerance
status By design, at the time when the insulin infusion was
discontinued (−30 min), glucose concentrations did not
differ between groups. However, in people with IFG/
NGT, glucose concentrations over the subsequent
30 min (−30 to 0 min) were significantly increased
compared with those with NFG/NGT. In response to
GGI, glucose concentrations were higher in those with
IFG/NGT and IFG/IGT (Fig. 1b and c, respectively), but
by the end of the study did not differ between groups. See
also ESM Table 1.

Higher insulin concentrations at the time when insulin infu-
sion was discontinued (−30 min) were observed in the IFG/
NGT and the IFG/IGT groups. Insulin concentrations in
response to GGI did not differ between these two groups
(Fig. 1e and f, respectively). See also ESM Table 1.

Fasting C-peptide concentrations were significantly
increased in people with NFG/IGT, compared with those with
NFG/NGT. In response to GGI, C-peptide concentrations
were increased in all three groups with prediabetes compared
with NFG/NGT (Fig. 1g–l). See also ESM Table 1.

Fasting glucagon concentrations as well as the concentra-
tions observed during the GGI did not differ between groups
(Fig. 1j–l). See also ESM Table 1.

ISR over time and its relationship with glucose concentrations
in groups classified by fasting glucose and by glucose toler-
ance status The ISR over time did not differ between groups
whether considered as absolute values (Fig. 2a–c) or as inte-
grated AUC (data not shown). See also ESM Fig. 2 for data
from representative individuals.

The model for the relationship of ISR with glucose predicts
that ISR is completely suppressed at 3.0 ± 0.3 vs 2.5 ± 0.4 vs
3.3 ± 0.3 vs 2.7 ± 0.2 mmol/l (NFG/NGT vs NFG/IGT vs IFG/
NGT vs IFG/IGT, respectively, p=0.50; Fig. 2d–f). AUC was
compared for glucose values ≤5.55 mmol/l, values >5.55 and
≤7.77 mmol/l, and values >7.77 mmol/l. These thresholds
were chosen using the criteria for diagnosis of IFG and of
IGT.

This analysis showed that for glucose concentrations >5.55
mmol/l, people with IFG and/or IGT exhibited a similar rela-
tionship to that observed in NFG/NGT. On the other hand, for
glucose concentrations ≤5.55 mmol/l, people with NFG/
IGT secreted more insulin (0.35 ± 0.03 vs 0.55 ± 0.06 vs
0.43 ± 0.12 vs 0.44 ± 0.05 nmol/min per mmol/l, NFG/
NGT vs NFG/IGT vs IFG/NGT vs IFG/IGT, respectively,
p=0.04; Fig. 2d–f).

At the time of the screening OGTT, the relationship of
fasting ISR with fasting glucose exhibited a similar relation-
ship to that observed during the GGI study day (as shown in
Fig. 2d–f).
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Indices of insulin secretion derived from the GGI in groups
classified by fasting glucose status and by glucose tolerance
status and the relationship of these indices with fasting and
post-challenge glucose concentrations The ΔISR/ΔGlucose

gradient observed during GGI did not differ across the groups
defined by fasting glucose status and by glucose tolerance
status (Fig. 3a).

To avoid categorical errors in the classification of partici-
pants with/without IFG and/or IGT, we examined the relation-
ship of individual fasting glucose concentrations (and post-
challenge values) observed at the time of screening with these
indices. After adjusting for the effects of age, sex and weight,
the ΔISR/ΔGlucose gradient did not correlate with fasting
glucose concentrations observed at the time of screening
(Fig. 3b) or with peak post-OGTT glucose (Fig. 3c) or with
120 min glucose concentrations (data not shown).

Since the relationship of ISR to glucose for every individ-
ual is described both by its gradient and by its intercept, we
also examined the latter variable across the groups defined by
fasting glucose status (Fig. 3d) and by glucose tolerance
status. In addition, we examined the relationship of individual

fasting glucose concentrations (Fig. 3e) and post-challenge
values (Fig. 3f) observed at the time of screening after
adjusting for the effects of age, sex and weight. A similar lack
of correlation was observed.

The relationship of GSR and glucose concentrations in groups
classified by fasting glucose status and by glucose tolerance
status Fasting GSR did not differ across the four groups.
Similarly, rates of glucagon secretion did not differ over time
in the NFG/IGT, IFG/NGT and IFG/IGT groups compared
with the NFG/NGT group (Fig. 4a–c). In all groups, GSR
exhibited an inverse exponential relationship with increasing
glucose concentrations. Although nadir glucagon secretion
did not differ among the groups (Fig. 4d, e), participants with
IFG/NGT (Fig. 4e) and IFG/IGT (Fig. 4f) required higher
glucose concentrations to suppress GSR to the values
observed in NFG/NGT. See also ESM Fig. 2 for data from
representative individuals.

At the time of the screening OGTT, the relationship of
GSR with fasting glucose exhibited a similar relationship

Table 1 Participant characteris-
tics at the time of screening
characterised by their fasting
glucose and glucose tolerance
status

Characteristic NFG/NGT IFG/NGT NFG/IGT IFG/IGT p value

n 14 7 9 9

Age (years) 52 ± 2 48 ± 5 57 ± 2 54 ± 3 0.29

Sex (M/F) 4/10 3/4 3/6 2/7

Total body mass (kg) 75 ± 4 105 ± 7** 83 ± 6 94 ± 6 <0.01

BMI (kg/m2) 27 ± 1 33 ± 2* 30 ± 2 32 ± 1* <0.01

LBM (kg) 46 ± 3 57 ± 4 47 ± 4 52 ± 3 0.10

Fasting glucose (mmol/l) 4.9 ± 0.1 5.8 ± 0.1*** 5.1 ± 0.1 6.0 ± 0.2*** <0.01

Peak glucose (mmol/l) 9.5 ± 0.5 9.6 ± 0.3 10.4 ± 0.4 12.1 ± 0.6 0.14

120 min glucose (mmol/l) 6.6 ± 0.3 7.1 ± 0.2 9.2 ± 0.4*** 10.7 ± 0.6*** 0.01

Fasting insulin (pmol/l) 24 ± 3 44 ± 10 42 ± 7 60 ± 10** 0.02

Peak insulin (pmol/l) 304 ± 42 412 ± 103 587 ± 76* 591 ± 98* 0.02

Fasting C-peptide (nmol/l) 0.6 ± 0.1 1.0 ± 0.2* 1.0 ± 0.1* 1.0 ± 0.1* <0.01

Peak C-peptide (nmol/l) 3.1 ± 0.2 3.7 ± 0.5 4.9 ± 0.3** 4.2 ± 0.4 <0.01

Fasting glucagon (pmol/l) 6.6 ± 1.3 6.6 ± 0.9 8.1 ± 1.6 7.0 ± 0.8 0.82

Nadir glucagon (pmol/l) 2.1 ± 0.4 2.2 ± 0.2 2.1 ± 0.3 2.2 ± 0.2 0.99

AUC glucagon (pmol/l × 2 h) 384 ± 71 467 ± 47 522 ± 109 527 ± 48** <0.01

Si (10
−5 dl kg−1 min−1/pmol l-1) 37 ± 9 19 ± 4 9 ± 2** 4 ± 1*** <0.01

Φbasal (10
−9 min−1) 7 ± 1 10 ± 2 11 ± 1* 10 ± 1 0.03

Φd (10
−9) 614 ± 103 753 ± 110 985 ± 124 701 ± 148 0.11

Φs (10
−9 min−1) 43 ± 6 55 ± 5 56 ± 4 42 ± 3 0.09

Φ (10−9 min−1) 49 ± 6 63 ± 6 65 ± 5 48 ± 4 0.07

DI (10−14 dl kg−1 min−1/pmol l−1) 1303 ± 166 1068 ± 208 617 ± 187* 222 ± 83*** <0.01

Data represent mean ± SEM

p values represent results of a one-way ANOVA test

*p<0.05, **p<0.01, ***p<0.001 post hoc Tukey’s test suggests a significant difference for a given group of
prediabetes vs the NFG/NGT group

F, female; LBM, lean body mass; M, male
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to that observed during the GGI study day (as shown in
Fig. 4d–f).

The G50 in groups classified by fasting glucose status and by
glucose tolerance status and its relationship with fasting and
post-challenge glucose concentrations The inverse exponen-
tial relationship of glucagon secretion with glucose

concentrations enables calculation of the increase in glucose
concentration necessary to suppress GSR by 50%. This index
(G50) allows comparison of alpha cell responsivity to glucose
(Fig. 5a).

In this cohort, G50 differed significantly (p<0.01) across the
four groups characterised by fasting glucose, glucose toler-
ance or peak post-OGTT glucose concentrations. People with
IFG/NGT (2.4 ± 0.2 mmol/l) and IFG/IGT (2.7 ± 0.6 mmol/l),

Fig. 1 Glucose (a–c), insulin (d–f), C-peptide (g–i) and glucagon (j–l) concentrations during the GGI, for participants with NFG/IGT (black circles),
those with IFG/NGT (black squares) and those with IFG/IGT (black triangles), when compared with those with NFG/NGT (white circles)
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Fig. 2 The mean (± SEM) ISR over time observed during the GGI for
participants with NFG/IGT (a), those with IFG/NGT (b) and those with
IFG/IGT (c), compared with those with NFG/NGT. The corresponding
panels (d–f) show the relationship of ISR (mean ± SEM) and glucose

concentrations. In addition, the symbols (black circle [NFG/IGT], black
square [IFG/NGT], black triangle [IFG/IGT] and white circle [NFG/
NGT]) in (d–f) show the relationship between mean fasting ISR and
glucose on the day of the screening visit

Fig. 3 (a, d) The mean (± SEM) gradient of the relationship between ISR
and glucose (ΔISR/ΔGlucose) and its intercept (a and d, respectively) for
participants with NFG/NGT (white circles), NFG/IGT (black circles),
IFG/NGT (black squares) and IFG/IGT (black triangles) during the
GGI. There was no correlation of either variable with fasting (b and e,

respectively) and peak (c and f, respectively) glucose concentrations at
the time of the screening OGTT. R2 and p values represent results from a
multivariate analysis adjusting for the effects of age, sex and weight. The
inset panels represent residuals after adjusting for these covariates
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but not those with NFG/IGT (1.6 ± 0.3 mmol/l), exhibited
higher values than those observed in people with NFG/NGT
(1.4 ± 0.2 mmol/l; Fig. 5a).

To avoid categorical errors in the classification of partici-
pants with/without IFG and/or IGT, we examined the relation-
ship of individual fasting glucose concentrations (and post-
challenge values) observed at the time of screening with
G50. After adjusting for the effects of age, sex and weight,
G50 correlated (R

2=0.15, p=0.02) with fasting glucose concen-
trations observed at the time of screening (Fig. 5b). G50 also
correlated with peak post-OGTT glucose (Fig. 5c) and with

120 min glucose concentrations (data not shown) observed at
the time of screening.

Discussion

Prediabetes is a heterogenous condition with variable progres-
sion to type 2 diabetes. Conventionally, a 2 h 75 g OGTT has
been used to classify prediabetes based on fasting and
120 min glucose concentrations (ESM Fig. 1, Table 1)
[30]. Of the resulting three subgroups of prediabetes, the

Fig. 4 The mean (± SEM) GSR over time observed during the GGI for
participants with NFG/IGT (a), those with IFG/NGT (b) and those with
IFG/IGT (c), respectively, compared with those with NFG/NGT. The
corresponding panels (d–f) show the relationship of GSR (mean ±

SEM) and glucose concentrations. In addition, the symbols (black circle
[NFG/IGT], black square [IFG/NGT], black triangle [IFG/IGT] and white
circle [NFG/NGT]) in panels (d–f) show the relationship between mean
fasting GSR and glucose on the day of the screening visit

Fig. 5 (a) The mean G50 (± SEM) for participants with NFG/NGT (white
circles), NFG/IGT (black circles), IFG/NGT (black squares) and IFG/IGT
(black triangles) during the GGI. *p<0.05 for a post hoc Tukey’s test vs
the NFG/NGT group after a one-way ANOVA test. G50 correlated with

fasting (b) and peak (c) glucose concentrations at the time of the screening
OGTT. R2 and p values represent results from a multivariate analysis
adjusting for the effects of age, sex and weight. The inset panels represent
residuals after adjusting for these covariates
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group with isolated IFG (i.e. IFG/NGT) has courted the
most controversy [31]. Prior work suggested that these
individuals exhibit normal beta cell function in response
to an oral challenge although they still are at increased
risk of progression to type 2 diabetes [12]. In addition,
we previously demonstrated that beta cell function quan-
tified by DI did not correlate with fasting glucose concen-
trations in this population [5].

A possible explanation for these observations is that people
with IFG/NGT have an altered set-point for insulin secretion
but a normal response to a subsequent glucose challenge.
Indeed, there is considerable genetic evidence to suggest that
fasting glucose concentrations are regulated independently of
postprandial glucose concentrations [9, 32, 33]. To test our
primary hypothesis, we used an experimental design where
glucose concentrations were lowered to similar values in all
participants. We then compared the relationship of ISR with
changing glucose concentrations, during a GGI (Fig. 2).

We did not observe a significant difference of the ΔISR/
ΔGlucose gradient across the spectrum of prediabetes when
compared with NFG/NGT (Fig. 3), at least in the range of
glucose concentrations observed during the study. These
observations are congruent with the data obtained in response
to OGTT (Table 1), where, as before, beta cell responsivity to
glucose (Φ) is unchanged across categories of prediabetes [6].
However, when expressed as a function of prevailing insulin
sensitivity (Si ) as a DI, beta cell function decreases with wors-
ening glucose tolerance (Table 1). Future development of a
novel model enabling expression of insulin secretion as a
function of insulin action during GGI may allow discrimina-
tion of differences in islet function across subtypes of predia-
betes, as is the case for OGTT.

During the GGI, we did not observe glucose concentrations
below values where insulin secretion would be completely
suppressed. In addition, we and others [22] did not observe
an inflection point at which the ΔISR/ΔGlucose relationship
changed over the range of observed glucose concentrations.
More germane to our hypothesis, ISRs at glucose concentra-
tions within the normal fasting range did not differ from those
observed in NFG/NGT in people with IFG/NGT and IFG/
IGT. This leads us to reject our primary hypothesis. Indeed
beta cell responsivity to (fasting) glucose at the time of screen-
ing (Φbasal; Table 1) also did not differ between these two
groups. It is also notable that the relationship of fasting ISR
to fasting glucose concentrations observed at the time of
screening was congruent with that observed during the GGI
(Fig. 2).

Intriguingly, both Φbasal from the OGTT and the ISR
observed during the GGI in this range of glucose concentra-
tions were increased in people with NFG/IGT. Impaired insu-
lin action is the primary defect observed in such individuals
[34] and several authors have proposed that the consequent
chronic beta cell stimulation may impair insulin secretion [35,

36]. NEFA are elevated after an overnight fast in individuals
with impaired insulin action [37] and the rise in NEFA stim-
ulates beta cell function [38, 39]. However, differences in
NEFA concentrations are unlikely to explain our observation
in NFG/IGT given the exposure to insulin (which would
suppress NEFA) prior to the GGI. Both the gradient and inter-
cept (Fig. 3) for the relationship of ISR with glucose concen-
trations did not correlate with fasting and post-challenge
glucose concentrations observed at the time of screening.

Since defects in beta cell glucose sensing alone do not
explain IFG, we examined whether alpha cell dysfunction
contributes to the dysregulation of fasting glucose. Prior work
using an OGTT or a mixed meal challenge has failed to show
significant differences in absolute fasting glucagon concentra-
tions across the subgroups of prediabetes [6]. This also
appeared to be the case in our experiments (ESM Fig. 1,
Table 1). However, there is genetic and observational
evidence to suggest that alpha cell dysfunction contributes to
progression to type 2 diabetes [16, 18].

When GSRs were deconvolved from glucagon concentra-
tions observed during the GGI, we demonstrated a single-
exponential relationship of glucagon secretion with glucose
concentrations (Fig. 4). This relationship can be quantified
by the change in glucose necessary to suppress the GSR by
50% (G50). In fact, people with IFG with or without IGT
exhibited higher values of G50 compared with people with
NFG, implying that alpha cell insensitivity to glucose contrib-
utes to IFG (Fig. 5). Indeed, when fasting GSRs are plotted
against fasting glucose concentrations observed at the time of
screening, these points lie on the regression line for glucagon
secretion and glucose concentrations observed during the GGI
(Fig. 4). This observation demonstrates that alpha cell
dysfunction, as characterised during the GGI, can explain
fasting hyperglycaemia in people with IFG. Impaired suppres-
sion of glucagon secretion by glucose, as quantified by
increased G50, also correlated with increased post-challenge
glucose concentrations at the time of screening (Fig. 5). This is
consistent with the previously observed effects of impaired
glucagon suppression on postprandial glucose concentrations
even when insulin secretion is relatively preserved [40]. There
was no correlation of G50 with surrogates of beta cell function
(data not shown).

This experiment has some limitations that need to be
addressed. The first is the relatively limited numbers of indi-
viduals in the subcategories of prediabetes. Similarly, given
the variability in fasting and post-OGTT glucose concentra-
tions, there is the possibility of categorical classification errors
[41, 42]. To overcome these limitations, we have analysed the
relationship of the study variables with fasting and post-
challenge glucose concentrations observed at the time of
screening, as continuous variables. To ensure comparable
glucose concentrations across all participants on the day of
the GGI, we infused insulin (−120 to −30 min). Although
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exogenous insulin can alter beta cell function, which might
affect insulin secretion [43], the short t1/2 of insulin would
ensure the absence of exogenous insulin by the start of glucose
infusion (0 min). C-peptide-based measures of insulin secre-
tion ensure that our results are not influenced by the presence
of exogenous insulin. It is notable that the relationships of ISR
and of GSR with glucose concentrations in the fasting
state were congruent between the screening and study
days (Figs 2, 4). This also suggests that exogenous insulin
infusion did not alter islet function during the GGI.

Strengths of the experiment include the ability to compare beta
cell and alpha cell function in response to an oral and intravenous
challenge, and the relatively large overall sample size. The ability
to deconvolve glucagon secretion from glucagon concentrations
allows description of the exponential relationship between gluca-
gon secretion and glucose concentrations. Furthermore, we
propose a novel index that can quantify the suppression of the
alpha cell by glucose in an individual. This index (G50) is
increased in individuals with IFG and indeed appears to be the
only identifiable abnormality of islet function in people with
isolated IFG (IFG/NGT). An important corollary of this work is
to emphasise the heterogeneity of prediabetes and the need to
adapt therapy to the underlying pathogenic mechanisms. In a
setting where alpha cell function is a significant contributor to
hyperglycaemia, it may be reasonable to avoid pharmacotherapy
that significantly increases fasting glucagon secretion [44].

In summary, we conclude that contrary to our hypothesis,
defects in insulin secretion at low to normal glucose concen-
trations do not play a role in the pathogenesis of isolated IFG.
Somewhat paradoxically, insulin secretion at lower glucose
concentrations was enhanced in people with NFG/IGT.
Whether this is a marker of early beta cell stress or of
progression to type 2 diabetes remains to be ascertained.
More importantly, we provide additional evidence for alpha
cell dysfunction contributing to the pathogenesis of prediabe-
tes, particularly in isolated IFG. In addition, we describe a
novel index, G50, which is a marker of alpha cell responsive-
ness to glucose and may be useful in better characterising the
heterogenous pathophysiology of prediabetes.
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