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Aims/hypothesis: Prediabetes and type 2 diabetes are highly prevalent in Asia. Understanding the pathophysiol-
ogy of abnormal glucose homeostasis in Asians will have important implications for reducing disease burden,
but there have been conflicting reports on the relative contributions of insulin secretion and action in disease
progression. In this study, we aimed to assess the contribution of β-cell dysfunction and insulin resistance in
the Asian prediabetes phenotype.
Methods: We recruited 1679 Asians with prediabetes (n = 659) or normoglycemia (n = 1020) from a multi-
ethnic population in Singapore. Participants underwent an oral glucose tolerance test, an intravenous glucose
challenge, and a hyperinsulinemic-euglycemic clamp procedure to determine glucose tolerance, β-cell
responsivity, insulin secretion, insulin clearance and insulin sensitivity.
Results: Participants with prediabetes had significantly higher glucose concentrations in the fasting state and after
glucose ingestion than did normoglycemic participants. Insulin sensitivity (M/I ratio) was ~15% lower, acute insulin
response (AIR) to intravenous glucose and β-cell responsivity to oral glucose were ~35% lower, but total insulin se-
cretion rate in the fasting state and after glucose ingestion was ~10% greater in prediabetic than in normoglycemic
participants. The decrease inβ-cell functionwithworsening glucose homeostasis in Asianswith prediabeteswas as-
sociatedwith progressively greater defects inAIR rather thanM/I. However, analysis using static surrogatemeasures
(HOMA indices) of insulin resistance and β-cell function revealed a different pattern.
Conclusions: Lower AIR to intravenous glucose and β-cell responsivity to oral glucose, on a background ofmild insu-
lin resistance, are the major contributors to the dysregulation of glucose homeostasis in Asians with prediabetes.

© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Type 2 diabetes is an increasing epidemic in Asia, where 60% of per-
sons with diabetes in the world currently reside [1]. Type 2 diabetes
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population of ~5.5 million people comprising residents of Chinese
(74.1%), Malay (13.4%), Indian (9.2%) and other (3.3%) descents [3]. It
is projected that the prevalence of type 2 diabetes in Singaporewill dou-
ble from 7.3% in 1990 to ~15% in 2050 [4], and the total economic cost of
the disease alone (direct medical expenditures plus indirect
productivity-related losses) will increase by 2.4–fold from US$787 mil-
lion in 2010 to US$1867 million in 2050 [5].

Insulin resistance and defects in insulin secretion (β-cell dysfunc-
tion) are key factors in the progression from normoglycemia to predia-
betes and to type 2 diabetes. Prediabetes is a state in which glycemic
variables have exceeded normal ranges and reached a level shown to
pose an increased risk for future incidence of type 2 diabetes, cardiovas-
cular and all-cause mortality [6]. It has been estimated that almost 160
million Asians will have prediabetes by 2045 [7], and many of these in-
dividuals will quickly progress to type 2 diabetes. Diabetes in Asians is
characterized by rapid rates of increase in incidence over short periods,
with onset at a relatively young age and low body mass index (BMI)
[8,9]. While some studies have indicated that β-cell dysfunction has a
greater role in the development of type 2 diabetes than insulin resis-
tance in Asians compared to Caucasians and Africans [10–13], others
did not [14,15]. These conclusions have so far been based on studies
that examined relatively small cohorts [11,14], or studies that used sur-
rogate measures of insulin secretion and insulin resistance, such as the
insulinogenic index (IGI), the Homeostasis Model Assessment of β-cell
function (HOMA-B) and insulin resistance (HOMA-IR), and theMatsuda
insulin sensitivity index (ISI) [10,12,13,15]. These indices are either
static measures taken in the fasting state (HOMA-B and HOMA-IR) or
dynamic measures taken during an oral glucose challenge (IGI and
ISI). However, the physiology of insulin secretion and insulin resis-
tance is multidimensional and is therefore unlikely to be captured
adequately in a single index. For instance, surrogate measures of
insulin resistance exhibit only moderate correlation with gold-
standard assessments [16]. Large-scale studies performing in-
depth, dynamic assessments of insulin secretion and insulin sensitiv-
ity with direct physiological relevance, which will help delineate the
mechanisms involved in the pathogenesis of abnormal glucose ho-
meostasis in Asian populations, are lacking.

Accordingly, we conducted a study to comprehensively evaluate in-
sulin secretion and action by using state-of-the-art techniques in a large
number of Asians with normoglycemia and prediabetes, recruited from
a multi-ethnic population in Singapore. We assessed glucose tolerance
by using an oral glucose challenge, insulin-mediated glucose uptake
by using a hyperinsulinemic-euglycemic clamp, the acute insulin
response by using an intravenous glucose challenge, and β-cell
responsivity and insulin secretion rates in the fasting state and in re-
sponse to glucose ingestion by using mathematical modelling.

2. Material and methods

2.1. Study participants

This study is the initial report on the cross-sectional baseline data
from a nationwide study in Singapore, Assessing the Progression to
Type 2Diabetes (APT-2D),which aims to understand the factors leading
to type 2 diabetes in Asians in a real-world setting. APT-2D is an open
cohort observational study thatmonitors glucose homeostasis of partic-
ipants with normal glucose tolerance or prediabetes longitudinally for
up to 3 years or until they convert to diabetes. Healthy participants be-
tween the ages 30 and 70 years old, who were not on any long-term
medication and had no prior history of diabetes, were recruited from
April 2016 to December 2018. Recruitment was done through random
sampling via various outreach efforts to the grassroots communities
and organisations, and through media releases in order to recruit at
least 2300 participants, so as to ensure adequate sample size for
the cohort study outcomes. The APT-2D study was approved by the
Domain Specific Review Board of the National Health Group (ref:
2

2016/00096) in Singapore and is registered with ClinicalTrials.gov
(NCT02838693). All participants provided written informed consent
prior to joining the study.

2.2. Experimental procedures

Participants came to the study site for two baseline visits, separated
by at least 1 week. For both visits, participants came in after having
fasted overnight for 10–12 h. They were instructed to abstain from per-
forming any strenuous exercise on the previous day, and from consum-
ing fat-rich foods on the preceding 3 days, to avoid potential delayed
effects of exercise and high-fat diet on metabolism. On both visits, par-
ticipants arrived in themorning (08:00 h) and vital signs (heart rate and
blood pressure) were obtained after 5 min of rest, before any testing
began. Bodyweight and height weremeasured, and BMI was calculated
(kg/m2). Body fat percent and fat-free mass (FFM) were assessed by
using bioelectrical impedance analysis (Tanita Corporation, Japan)
[17]. Waist and hip circumferences were measured with a non-elastic
tape and the waist-to-hip ratio was calculated.

2.2.1. Oral glucose tolerance test (OGTT)
During the first baseline visit, participants underwent a 2-hour

OGTT. They ingested a solution containing 75 g of glucose, and
blood samples were obtained at t = 0 min (fasting), 10, 20, 30, 60,
90 and 120 min for measurement of glucose, insulin and C-peptide
concentrations. Glycated hemoglobin (HbA1c) was also measured
at t = 0. The three American Diabetes Association parameters were
used to classify participants as having normoglycemia, prediabetes
or diabetes [18]. Participants were classified as prediabetic if any of
the following 3 criteria were met: 5.7% ≤ HbA1c < 6.5%, or 5.6
mmol/L ≤ fasting plasma glucose < 7 mmol/L, or 7.8 mmol/L ≤ 2-h
plasma glucose < 11.1 mmol/L. For the classification of diabetes, at
least 2 of the 3 parameters needed to be in the diabetic range:
HbA1c ≥ 6.5%, fasting plasma glucose ≥ 7 mmol/L, or 2-h plasma glu-
cose ≥ 11.1 mmol/L. If only 1 of the 3 parameters was in the diabetic
range, the participant would return within 1 month for a confirma-
tory test before the second visit. If the same parameter were still el-
evated, or if 2 of the 3 parameters were within the diabetic range
during the confirmatory test, the participant would be classified as
having newly diagnosed diabetes and excluded from the study.

2.2.2. Intravenous glucose challenge and hyperinsulinemic-euglycemic
clamp

During the second baseline visit, indwelling catheters were inserted
into an antecubital vein of one arm to infuse insulin and dextrose, and a
forearm vein in the contralateral arm for blood sampling. A bolus of 50%
dextrose (0.3 g glucose per kg body weight) was administered intrave-
nously and blood samples were obtained at t= 0min (fasting) and at 2,
3, 4, 5, 6, 8 and 10 min from the opposite arm, for measurement of glu-
cose and insulin concentrations, to determine the acute insulin response
to glucose [19]. Twenty minutes later, a 3-hour hyperinsulinemic-
euglycemic clamp procedure was initiated [20]. Short-acting insulin
(Actrapid; NovoNordisk, Denmark) was infused at a constant rate of
60 mU/m2 of body surface area per minute for the duration of the
clamp procedure. Plasma glucose concentration was measured every 5
min at bedside and 20% dextrose solution was infused at variable rate
to maintain euglycemia (100 mg/dL or 5.6 mmol/L). Four additional
blood samples were obtained (every 10 min) to determine glucose
and insulin concentrations during the steady-state of the clamp (last
30 min of the procedure).

2.3. Sample analysis

The concentration of plasma glucose during the intravenous glucose
challenge and clamp procedures was measured by the glucose oxidase
method on an automated glucose analyser (YSI 2300; Yellow Spring

http://ClinicalTrials.gov
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Instruments, Yellow Springs, OH, USA). Plasma insulin and C-peptide
concentrationswere determined by chemiluminescence immunoassays
(ADVIA Centaur XP; Siemens, Germany). HbA1c was measured by
cation-exchange high performance liquid chromatography (Bio-Rad
Variant II Turbo; Bio-Rad, CA, USA). Concentrations of total plasma tri-
glyceride, total cholesterol, cholesterol in low- and high-density lipo-
proteins (LDL and HDL, respectively), plasma glucose during the
OGTT, and alanine aminotransferase were determined by the AU5822
general chemistry analyser (Beckman Coulter, CA, USA) at the National
University Hospital Referral Laboratory (accredited by the College of
American Pathologists).
Table 1
Body composition and cardiometabolic risk factors in Asian participants with
normoglycemia and prediabetes.

Normoglycemia Prediabetes P-value

N 1020 659
Sex
Male (n [%]) 441 (43%) 286 (43%) 0.95⁎

Female (n [%]) 579 (57%) 373 (57%)
Ethnic group
Chinese (n [%]) 717 (70.3%) 430 (65.3%) 0.090⁎

Malay (n [%]) 101 (9.9%) 89 (13.5%)
Indian (n [%]) 158 (15.5%) 110 (16.7%)
Others (n [%]) 44 (4.3%) 30 (4.6%)

Age (years) 45.2 ± 9.6 50.3 ± 9.9 <0.0001
BMI (kg m−2) 24.3 ± 4.1 26.1 ± 4.8 <0.0001
Body fat (%) 28.7 ± 9.3 31.5 ± 10.4 <0.0001
Waist circumference (cm) 85.5 ± 10.8 90.2 ± 11.8 <0.0001
Hip circumference (cm) 98.9 ± 9.2 102.2 ± 9.8 <0.0001
Waist-to-hip ratio 0.86 ± 0.06 0.88 ± 0.06 <0.0001
Fat-free mass (kg) 46.1 ± 8.8 46.7 ± 9.5 0.22
Systolic BP (mm Hg) 121.3 ± 14.4 126.6 ± 14.6 <0.0001
Diastolic BP (mm Hg) 75.7 ± 9.5 78.8 ± 9.9 <0.0001
Heart rate (bpm) 69.7 ± 10.0 70.5 ± 10.2 0.11
Fasting glucose (mmol L−1) 4.74 ± 0.34 5.18 ± 0.50 <0.0001
2-hour glucose (mmol L−1) 5.40 ± 1.23 7.44 ± 1.79 <0.0001
HbA1c (%)a 5.28 ± 0.27 5.72 ± 0.33 <0.0001
HbA1c (mmol mol−1)a 34.3 ± 3.2 39.0 ± 3.5 <0.0001
Fasting insulin (mU L−1) 8.65 ± 5.64 11.44 ± 7.42 <0.0001
HOMA-IR 1.84 ± 1.25 2.69 ± 1.85 <0.0001
HOMA-B 145 ± 97 141 ± 89 0.33
IGIC-peptideb 533 ± 519 357 ± 217 <0.0001
Triglycerides (mg dL−1) 1.10 ± 0.57 1.32 ± 0.67 <0.0001
Total cholesterol (mg dL−1) 5.08 ± 0.81 5.25 ± 0.78 <0.0001
HDL-cholesterol (mg dL−1) 1.41 ± 0.33 1.35 ± 0.31 <0.0001
LDL-cholesterol (mg dL−1) 3.37 ± 0.63 3.54 ± 0.61 <0.0001
ALT (U L−1)c 21.2 ± 14.8 25.0 ± 16.2 <0.0001
eGFR (ml min−1) 104 ± 12 101 ± 12 <0.0001

Values are displayed asN (%) ormean± SD. Analysiswas performedusing Student's t-test
unless otherwise stated.
⁎ P-value determined by Pearson's chi-square test.
a N = 1015 for the normoglycemia group and N = 657 for the prediabetes group.
b N = 1019 for the normoglycemia group.
c N = 657 for the prediabetes group.
2.4. Calculations

2.4.1. Homeostasis Model Assessment (HOMA) indices
The HOMA-Insulin Resistance (HOMA-IR) was calculated as fasting

plasma glucose (mmol/L) × fasting plasma insulin (mU/L) / 22.5; the
HOMA-β-cell function (HOMA-B) was calculated as (20 × fasting
plasma insulin (mU/L)) / (fasting plasma glucose (mmol/L)− 3.5) [21].

2.4.2. Insulinogenic index (IGIC-peptide)
The IGIC-peptide was calculated as the ratio of incremental C-peptide

concentration to the incremental glucose concentration during the
first 30 min of the OGTT (C-peptide30min − C-peptide0min) /
(glucose30min − glucose0min) [22].

2.4.3. Whole-body glucose uptake and insulin sensitivity
The average rate of dextrose infusion during the steady-state period

of the clamp procedure (final 30 min) corresponds to the insulin-
mediated whole-body glucose disposal (M-value, normalized to FFM).
Insulin sensitivitywas calculated as theM/I ratio, i.e. glucose disposal di-
vided by the steady-state plasma insulin concentration (i.e. average in-
sulin concentration during the final 30 min of the clamp). The M/I ratio
adjusts glucose disposal rate for potential differences in insulin concen-
trations attained during the clamp [20].

2.4.4. Acute insulin response to intravenous glucose
The acute insulin response to glucose (AIR), which is a measure of

first phase insulin secretion, was calculated as the incremental area-
under-the-curve (iAUC) for insulin concentration during the first 10
min after the intravenous glucose bolus [19].

2.4.5. Insulin secretion response to oral glucose
The β-cell responsivity (Φ) to plasma glucose and insulin secretion

rate (ISR, in pmol/L/min) were assessed by oral minimal modelling of
plasma C-peptide and glucose concentrations (Simulation, Analysis
and Modelling Software, SAAM II version 2.3, The Epsilon Group,
Charlottesville, VA). We computed Φstatic (β-cell responsivity to a
given plasma glucose concentration), Φdynamic (β-cell responsivity to a
given rate of increase in plasma glucose concentration), fasting ISR
and total postprandial ISR (absolute insulin secretion rates) after inges-
tion of oral glucose as previously described [23]. Cumulative postpran-
dial ISR (in pmol/L) was computed as the corresponding AUC for 120
min after glucose ingestion. The Φstatic and Φdynamic correspond to the
inherent ability of the β-cell to secrete insulin in response to a standard-
ized stimulus (i.e. glucose concentration or rate of increase in glucose
concentration, respectively), whereas ISR represents the absolute insu-
lin output that depends on β-cell responsivity (Φ indices) as well as the
actual blood glucose concentrations at different time points.

2.4.6. Insulin clearance
The insulin clearance rate (in L/min) during the clamp procedure

was determined as the insulin infusion rate divided by the plasma insu-
lin concentration at steady state [24].
3

2.5. Statistical analysis

Data analysis was carried out with SPSS version 25 (IBM SPSS,
Chicago, IL) and R [25]. Differences between mean values of the two
groups were assessed by using Student's t-test. Adjustment for impor-
tant subject characteristics that were significantly different between
groups such as age and BMI was performed by using general linear
models with adjustment for these factors. Postprandial time courses
were compared between groups at each time point using general lin-
ear models with adjustment for age and BMI. The overall β-cell com-
pensatory ability towards various degrees of insulin resistance
(disposition index) was assessed bymodelling the hyperbolic relation-
ship between insulin secretion and insulin sensitivity [26,27], using the
equationAIR=a× [M / I]b; the variableswerefirst log-transformed and
linear regression was carried out to assess the model fit and obtain the
coefficients (a and b) of the linearized power functions [28]. Bootstrap
was used to obtain confidence intervals for these functions.

3. Results

From April 2016 to December 2018, out of 2668 participants who
signed the informed consent, 2126 proceeded to complete the first
baseline visit; 210withdrew from the study although theywere eligible
for the second baseline visit, while 206were terminated from the study
for meeting the exclusion criteria (101 of them because they met the
criteria for type 2 diabetes). The remaining 1709 participants completed
the second baseline visit; 30 participants were further excluded from
analyses (3 due to inability to confirm diabetes status, 16 due to failure



2126 participants completed
OGTT visit

1710 participants completed
FSIVGTT and EHC visit

4 excluded as diabetes
status was not

confirmed/T2DM
N = 1706

NG
N = 1039

PD
N = 667

Excluded due to errors in EHC / FSIVGTT measurements

Excluded due to ethnic group being non-Asian

Excluded due to preference of not wanting their data analysed

N = 11 N = 5

N = 7 N = 3

N = 1 N = 0

416 withdrew or were 
terminated from study

Final number for analysis
NG: N = 1020
PD: N = 659

2668 participants signed
the informed consent

542 withdrew or were 
terminated from study

Fig. 1. Participant flowchart.
Abbreviations: OGTT = oral glucose tolerance test, FSIVGTT = frequently-sampled intravenous glucose tolerance test, EHC = euglycemic-hyperinsulinemic clamp, T2DM = type 2
diabetes mellitus, NG = normoglycemia, PD = prediabetes.
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to obtain accurate data during the metabolic tests, 10 due to being of
non-Asian descent, and 1 due to withdrawing permission to have
their data analysed after completing the baseline visits). Therefore,
data from 1679 participants were used in the analysis, of whom 1020
were normoglycemic and 659 had prediabetes (Table 1, Fig. 1 and
Table A.1). Sex and ethnic distributions were similar between groups.
Participants with prediabetes were significantly older and had greater
BMI (as well as percent body fat, waist and hip circumferences, and
waist-to-hip ratio) than normoglycemic participants; hence age and
BMI were used as covariates in subsequent analyses. As expected, the
group with prediabetes had significantly greater fasting and 2-h plasma
glucose and HbA1c concentrations than the normoglycemic group
(Table 1). Compared to normoglycemic participants, those with predia-
betes had significantly higher fasting insulin, HOMA-IR, triglyceride,
total cholesterol, LDL cholesterol and alanine aminotransferase concen-
trations; lower HDL cholesterol concentration and estimated glomeru-
lar filtration rate (eGFR); and higher resting systolic and diastolic
blood pressures (Table 1). Differences between groups in these cardio-
metabolic risk factors– apart frompercent body fat,waist andhip circum-
ferences, waist-to-hip ratio, total cholesterol and eGFR – persisted after
adjusting for age and BMI (Table A.2). The 210 individuals whowithdrew
from the study after completing the first baseline visit had similar demo-
graphic and cardiometabolic characteristics to those of the main study
group, but dropouts had an over-representation of Indians, lower BMI
and hip circumference, and slightly higher mean eGFR than completers
(Table A.3). In subgroup analyses comparing normoglycemia vs prediabe-
tes among Chinese, Malays and Indians (Table A.4), we found no signifi-
cant interactions between glycemic status and ethnicity for most
variables, indicating that ethnicity did notmodify the differences between
participants with normoglycemia and prediabetes. Significant ethnicity-
by-glycemic status interactions were detected for BMI, fasting insulin
4

and HOMA-IR; further post-hoc testing revealed that these variables
were significantly greater in participants with prediabetes than those
with normoglycemia in all three ethnic groups, but the magnitude of
this differencewas greater inMalays for BMI and in Indians for fasting in-
sulin and HOMA-IR (Table A.4).

Participants with prediabetes had significantly higher fasting and
postprandial glucose concentrations than normoglycemic participants,
leading to ~25% and ~60% greater total and incremental glucose AUCs,
respectively (Fig. 2a–c). Compared to the normoglycemic group, partic-
ipants with prediabetes also had higher C-peptide concentrations after
an overnight fast and during the late phase (90–120 min) of the OGTT,
but C-peptide was lower during the early phase (20–30 min). As a re-
sult, IGIC-peptide was lower (Table 1) but the incremental C-peptide
AUC was not significantly different between groups and, although
total C-peptide AUC was significantly greater in those with prediabetes,
the increase was modest (5% greater than in those with
normoglycemia) (Fig. 2d–f). Insulin concentrations during the OGTT in
a subset of participants (658 with normoglycemia; 386 with prediabe-
tes)manifested the samepatternwith somewhatmore pronounced dif-
ferences between groups (insulin AUC and iAUCwere both ~15% greater
in the prediabetic than the normoglycemic group) (Fig. 2g–i). Partici-
pants with prediabetes had lower total ISR values during the early
phase (5–25min) but higher ISR values during the mid and late phases
(54–120 min) of the OGTT (Fig. 3a), when their hyperglycemia was
most pronounced (Fig. 2a). Total ISR peaked significantly later in partic-
ipants with prediabetes than in normoglycemic participants (67
[65–70] min vs 49 [47–50] min, P < 0.0001) (Fig. 3a). Overall, partici-
pants with prediabetes had ~15% higher fasting ISR (Fig. 3b) and ~10%
greater total ISR AUC (Fig. 3c). On the other hand, the Φstatic and
Φdynamic indices, which reflect the inherent ability of the pancreas to
secrete insulin in response to standardized glucose stimuli, were ~35%



Fig. 2. Plasma glucose, C-peptide and insulin concentrations during an OGTT in Asian participants with normoglycemia (NG) and prediabetes (PD).
Plasma glucose, C-peptide and insulin (insulin was measured in a subset of N = 1044) concentrations and their corresponding total and incremental areas-under-the-curve (tAUC and
iAUC, respectively) after oral glucose ingestion in Asian participants with normal glucose tolerance and prediabetes. Lines (a, d and g) and bars (b–c, e–f and h–i) aremeans and 95% con-
fidence intervals. Analysis was performed using general linear models adjusted for age and BMI.
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and ~30% lower, respectively, in participants with prediabetes than in
those with normoglycemia (Fig. 3d–e).

Acute insulin response (AIR) to intravenous glucose, a measure of
the first phase insulin secretory response, was ~30% lower in partici-
pants with prediabetes than in normoglycemic participants, whereas
5

insulin clearance rates were not different between groups (Fig. 4b–c).
Whole-body glucose disposal (M-value) and peripheral insulin sensitiv-
ity (M/I ratio) were both ~15% lower in participants with prediabetes
than in normoglycemic participants (Fig. 4d–e). Although we did not
use the classical definition of the disposition index [26], as the 95%



Fig. 3. Insulin secretion parameters fromoralminimalmodelling of glucose and C-peptide responses during anOGTT inAsian participantswith normoglycemia (NG) and prediabetes (PD).
Total insulin secretion rate (ISR) time course (a), fasting ISR (b), total ISR area-under-the-curve (tAUC, c), and static and dynamic β-cell responsivity to oral glucose (Φ static and Φ dy-
namic, respectively; d–e) in Asian participants with normal glucose tolerance and prediabetes. Bars (b–e) and lines (a) are means and 95% confidence intervals. Analysis was performed
using general linear models adjusted for age and BMI.
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confidence interval of the b estimate of the equation AIR = a × [M / I]b

did not include 1 (Table A.5), power curve analysis of AIR and M/I
showed that the hyperbolic relationship between insulin secretion
and insulin sensitivity in the prediabetes group was shifted to the left
(Fig. 4a), indicating diminished ability of the β-cell to compensate for
insulin resistance. We further stratified the prediabetes population ac-
cording to the number of criteriamet as an approximation of disease se-
verity (Table A.1). The hyperbolic curves of AIR and M/I were shifted to
the left and down with increasing prediabetes severity, indicating that
the β-cell compensatory mechanism was progressively lost as the pre-
diabetes condition worsened (Fig. 5a, Table A.5). With increasing num-
ber of prediabetes criteriamet, AIRdecreased progressively,whereasM/
I showed amodest ~10% decrease across the board (Fig. 5b–c). These re-
sults were materially different when surrogate measures of insulin se-
cretion (HOMA-B) and insulin resistance (HOMA-IR) were used
instead: there was a modest and non-progressive decrease in HOMA-B
and a substantial stepwise increase in HOMA-IR (Fig. 5d–e). Likewise,
participants with prediabetes had 30–50% higher HOMA-IR than partic-
ipants with normoglycemia, whereas differences in HOMA-B weremild
(~8% lower in prediabetics) and emerged only after covariate adjust-
ment (Tables 1 and A.2).

4. Discussion

We conducted a comprehensive assessment of the metabolic status
of a large, community-based, multi-ethnic cohort of Asian individuals
with either normoglycemia or prediabetes, to better understand the
role of peripheral insulin sensitivity and insulin secretion in the regula-
tion of glucose homeostasis. Our results indicate that defects in both
6

insulin sensitivity and insulin secretion are present in Asianswith predi-
abetes. However, compared to individuals with normoglycemia, partic-
ipants with prediabetes had a 30%–35% lower first phase insulin
response to intravenous glucose (AIR) as well as dynamic and static β-
cell responsivity to oral glucose (Φ indices), whereas their insulin sensi-
tivity (M-value and M/I ratio) was only modestly lower, by ~15%. Al-
though the importance of insulin secretion and insulin action in the
dysregulation of glucose homeostasis in Asians with prediabetes cannot
be readily extrapolated from cross-sectional differences between
groups, previous studies in populations from Europe and the Americas
found 25%–60% lower insulin-mediated glucose uptake (hyperinsulin-
emic-euglycemic clamp) in participants with prediabetes compared to
those with normoglycemia [29–32], and ~20% lower AIR (intravenous
glucose challenge) [33]. Collectively, although the underlying patho-
physiology is undeniably similar, it seems that the contribution of de-
fects in AIR and insulin sensitivity may be different between the
Caucasian and the Asian prediabetes phenotypes. At the very least,
these findings suggest that prediabetes in Asians, compared to non-
Asians, is associated with attenuated defects in peripheral insulin sensi-
tivity and augmented defects in pancreatic insulin secretion. Along
these lines, our results on the relationship between insulin secretion
and sensitivity demonstrated that β-cell compensation was progres-
sively lost with increasing prediabetes severity (to the extent this was
reflected in the number of criteria met), and this was associated with
a progressively greater decrease in AIR with no further reduction in
M/I. These findings are in agreement with those from most [10–13]
but not all [14,15] previous studies utilizing relatively simple indices
of insulin secretion and insulin sensitivity calculated from glucose and
insulin concentrations in the fasting state or after an oral glucose



Fig. 4. Acute insulin response to intravenous glucose, insulin clearance, and measures of insulin sensitivity from a hyperinsulinemic-euglycemic clamp in Asian participants with
normoglycemia (NG) and prediabetes (PD).
Acute insulin response assessedwith an intravenous glucose challenge (AIR; b), insulin clearance rate (c), whole-body glucose uptake (M-value; d) and peripheral insulin sensitivity (M/I
ratio; e) assessed with a hyperinsulinemic-euglycemic clamp in Asian participants with normal glucose tolerance and prediabetes. Bars are means and 95% confidence intervals. Analysis
was performed using general linear models adjusted for age and BMI. Power function analysis between AIR and M/I showing the compensatory β-cell response to increasing insulin re-
sistance (a) used non-linear regression with bootstrap-derived 95% piecewise confidence intervals.
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challenge. By contrast, a large cohort study in Chinese participants re-
ported that insulin resistance had a stronger association with incident
diabetes than did β-cell dysfunction, so that approximately twice as
much type 2 diabetes was attributed to insulin resistance than to β-
cell dysfunction [15]. However, this finding should be interpreted with
caution given the limitations of using HOMA-based indices as surrogate
measures of insulin sensitivity and insulin secretion [15]. In fact, hadwe
used HOMA-IR and HOMA-B in our analyses, we would have reached a
similar conclusion (Fig. 5d–e, Tables 1, A.2); but using more elaborate
and dynamic assessments of insulin sensitivity and insulin secretion re-
vealed vastly different physiological processes involved in the dysregu-
lation of glucose homeostasis in our Asian participants. Nevertheless, it
has been suggested that HOMA-IR predominantly reflects hepatic insu-
lin resistance [34], as opposed to the M/I ratio which predominantly re-
flects muscle insulin sensitivity. Therefore, we cannot exclude the
possibility that defects in tissue-specific insulin action contribute to a
different extent to the Asian prediabetes phenotype.

Our study reveals an additional nuance of metabolic origin. Results
from both the oral and the intravenous glucose challenges indicate
that while the ability of the pancreas to secrete insulin in response to
various standardized glucose stimuli (i.e. AIR, Φstatic, Φdynamic) is
clearly impaired in individuals with prediabetes, their total insulin
output (i.e. ISR, insulin AUC) is the same or greater than in those with
normoglycemia. This is likely related to the higher postprandial glucose
concentrations in subjects with prediabetes, which provided a greater
stimulus needed to compensate for their lower β-cell responsivity and
thus, maintain total insulin output, in a manner analogous to
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hyperinsulinemia compensating for insulin resistance and maintaining
whole-body glucose uptake. Although we cannot ascertain the role of
incretins in this compensatory insulin response after oral glucose inges-
tion, postprandial hyperinsulinemia in prediabetes has been associated
with higher glucose-dependent insulinotropic polypeptide but not dif-
ferent glucagon-like peptide-1 concentrations compared to the normo-
glycemic state [35]. Clearly, whatever the underlying factors
contributing to this compensatory insulin response, its magnitude was
still inadequate to prevent the increase in postprandial glucose concen-
trations in our participants with prediabetes. Differences in circulating
glucose are not likely due to differences in gastrointestinal absorption
and the appearance rate of exogenous (dietary) glucose in the circula-
tion [36], but are possibly the result of impaired suppression of endog-
enous glucose production (i.e. hepatic insulin resistance) in
conjunction with impaired stimulation of peripheral glucose uptake
(i.e. muscle insulin resistance) [29]. Therefore, our findings point to im-
paired insulin secretory capacity of the pancreas as a core feature of the
Asian prediabetes phenotype, but the presence of mild insulin resis-
tance likely contributes to greater circulating glucose concentrations,
which in turn helps partially mask the impaired ability of the endocrine
pancreas to cope with the increased demand for insulin.

The reasons why Asian individuals with prediabetes have lower β-
cell function relative to their insulin sensitivity than other populations
are not entirely clear, but could involve genetic, epigenetic, environ-
mental or lifestyle factors [37], which limit the capacity of β-cells to ex-
pand (and thus, β-cell mass to increase) in response to the increased
insulin demand during the initial stages of development of diabetes



Fig. 5. Estimates of insulin secretion and insulin sensitivity in Asian participants with normoglycemia (NG) and prediabetes (PD) stratified by severity.
Acute insulin response from an intravenous glucose challenge (AIR; b), peripheral insulin sensitivity from a hyperinsulinemic-euglycemic clamp (M/I ratio; c), and whole-body insulin
resistance and β-cell function fromHomeostasisModel Assessment (HOMA-B and HOMA-IR, respectively; d–e) in Asian participants with normal glucose tolerance and prediabetes strat-
ified by the number of prediabetes criteria met (1 criterion, N = 428, PD1; 2 criteria, N = 169, PD2; 3 criteria, N = 62, PD3). Bars are means and 95% confidence intervals. Analysis was
performed using general linear models adjusted for age and BMI. Bonferroni corrected levels are alpha= 0.0125 for panels (b) through (e). Power function analyses between AIR andM/I
showing the compensatory β-cell response to increasing insulin resistance (a) used non-linear regression with bootstrap-derived 95% piecewise confidence intervals.
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[38]. This limitation of β-cell function appears to predispose Asians to
faster progression to type 2 diabetes even in the setting of mild insulin
resistance [37]. For example, the typical Asian diet is rich in high-
glycemic-index carbohydrate that could “exhaust” β-cells relatively
early in life and thus exacerbate the impaired ability of Asians to upreg-
ulate insulin secretion in response to insulin resistance, thereby increas-
ing risk for type 2 diabetes [39]. Nevertheless, a brief period of β-cell
“rest” induced by somatostatin infusion can restore the diminished in-
sulin pulse mass (which is responsible for decreased insulin secretion)
in patients with type 2 diabetes [40]. This raises the possibility of in-
tervening by dietary, pharmacological, or other means, in a more
targeted manner to restore the impaired ability of Asians to upregu-
late insulin secretion and prevent or delay progression to type 2 dia-
betes. The Da Qing Diabetes prevention study demonstrated that
lifestyle (diet and exercise) interventions significantly delayed the
onset of type 2 diabetes and reduced the incidence of type 2 diabetes
related complications in 577 Asian subjects with impaired glucose
tolerance over 30 years of follow up [41]. This provides strong justi-
fication for intervention in the prediabetes Asian population as a
strategy to reduce the healthcare burden of type 2 diabetes. Based
on the new knowledge gained from our study, we hypothesize that
future intervention measures focusing on reducing stress on β-cells
may be effective in reducing progression to type 2 diabetes in
Asians. Examples of such interventions may include low carbohy-
drate or low glycemic index diet regimens, functional foods, and
pharmaceutical formulations. In light of the work by Ahlqvist et al.
on the heterogeneity of type 2 diabetes [42], as well as others on
the identification of prediabetes phenotypes with different risk pro-
files [43,44], a deeper understanding of such nuances can contribute
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to improved stratification and targeted interventions across the
spectrum of prediabetes and type 2 diabetes in Asia.

Our results complement the efforts of other large-scale cohort
studies. To our knowledge, our study is the first to comprehensively
phenotype insulin secretion and insulin sensitivity using state-of-
the-art dynamic physiological measures in a large multi-ethnic
Asian population. Taken together with findings from other cohort
studies such as the Insulin Resistance Atherosclerosis Study (IRAS)
and the Diabetes Research on Patient Stratification (DIRECT), which
focused on non-Asian populations from the US and Europe [45,46],
our study provides unprecedented insights into the mechanisms
regulating glucose homeostasis in Asians. However, our study is
not without limitations. Firstly, our cross-sectional comparison
does not allow determination of the causal role of insulin secretion
and insulin sensitivity in the development of type 2 diabetes. Sec-
ondly, the hyperinsulinemic-euglycemic clamp assesses peripheral
insulin sensitivity (mainly skeletal muscle) but does not account
for an incompletely suppressed hepatic glucose production. How-
ever, we selected a relatively high insulin infusion rate to minimize
this confounding effect [47]. Thirdly, we did not measure incretin
concentrations to the oral glucose challenge, hence we cannot delin-
eate their contribution to our observations. Lastly, insulin clearance
obtained from the hyperinsulinemic-euglycemic clamp as an esti-
mate of first-pass hepatic insulin extraction may not be entirely
accurate, as it can also reflect clearance from extra-hepatic tissues
[48]. Nevertheless, another study evaluating hepatic insulin extrac-
tion with a different method also found no differences between
Asians with normoglycemia and those with impaired glucose
tolerance [14].
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In conclusion, we have described the interplay between insulin se-
cretion and insulin resistance in regulating glucose homeostasis in
Asians with prediabetes. We found that lower AIR to intravenous glu-
cose and lower β-cell responsivity to oral glucose, in conjunction with
moderately decreased peripheral insulin sensitivity, aremajor contribu-
tors to the dysregulation of glucose homeostasis in Asians with predia-
betes. Greater circulating glucose and possibly other factors help
maintain total insulin output after carbohydrate ingestion but still fail
to fully compensate for insulin resistance. These observations provide
evidence that impaired insulin secretory capacity of the pancreas is a
landmark feature of the Asian prediabetes phenotype. Further work to
assess changes in metabolic function longitudinally, and how these
changes relate to different progression trajectories, will be important
to facilitate design and implementation of effective interventions to re-
duce the risk for, and the burden of, type 2 diabetes in Asians.
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