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Plasma glucose and insulin concentrations have been used in genetic studies as quantitative phenotypic traits and also as

surrogates for insulin sensitivity and b-cell function. However, the significance of these traits in relation to insulin sensitivity

and b-cell function was unknown. We examined how insulin sensitivity and b-cell function affected plasma glucose and

insulin concentrations during the oral glucose tolerance test (OGTT). This is a cross-sectional study enrolling 105 glucose-

tolerant subjects (64 females; age, 18 to 40 years; body mass index, 17.58 to 37.57 kg/m2; waist-to-hip ratio, 0.649 to 1.033

cm/cm). They participated in both OGTTs and hyperglycemic clamps. The relationship between plasma glucose and insulin

concentrations and indices of insulin sensitivity and b-cell function was examined. Univariate analyses showed that insulin

sensitivity index (ISI) had some influence on plasma insulin concentrations (r2 5 .2623 to .3814) during the OGTT; however,

it had only modest impacts on plasma glucose levels at 60, 90, and 120 minutes (r2 5 .0537 to .1300). Neither first phase (1stIR)

nor second phase insulin response (2ndIR) affected plasma glucose concentrations. Multivariate analyses showed an inde-

pendent impact (all P < .0001) of ISI on plasma glucose concentrations at 60, 90, and 120 minutes and on plasma insulin

concentrations at every time point except at 30 minutes. Except for plasma insulin concentration at 30 minutes, of which 24%

of the variation can be explained by 1stIR, b-cell function (either 1stIR or 2ndIR) only had a very modest impact on 30-, 60-,

90- and 120-minute plasma glucose concentrations and on plasma insulin concentration at 60 minutes. In glucose-tolerant

subjects, ISI plays an important role in determining postchallenged plasma glucose concentrations at 60, 90, and 120 minutes,

as well as plasma insulin concentrations at fasting, 60, 90, and 120 minutes. However, b-cell function is only reflected in

plasma insulin concentration at 30 minutes through 1stIR. Therefore, we conclude that it is essential to measure b-cell

function in vivo if one plans to study the genetic influence of b-cell dysfunction.
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SEVERAL LINES OF evidence demonstrate the essential
importance of genetic factors in the etiologies of type 2

diabetes mellitus (also known as non–insulin-dependent diabe-
tes mellitus [NIDDM]). These data include the high prevalence
of a positive family history,1 marked differences in prevalence
among various racial groups,2 and differential concordance
rates between monozygotic and dizygotic twins.3-6 Further-
more, studies on Pima Indians and Caucasians show familial
clustering of insulin resistance,7,8 which is 1 of the key features
of NIDDM. Also, segregation studies showed that 30% to 45%
of insulin sensitivity was inherited.9-11 Thus, genetic suscepti-
bility is almost an invariable requirement for the development
of the disease, and insulin sensitivity appears to be an inherited
trait. Similarly, defectiveb-cell function is also apparent in
nondiabetic offspring from diabetic parents,12 andb-cell func-
tion is also demonstrated to be an inherited trait.9,11 Identifying
the causative genes will likely lead to novel methods of therapy
and prevention and will hopefully help to alleviate the financial
burden of NIDDM and its complications.

It is generally acknowledged that NIDDM is not a single
gene disease, but rather a genetically heterogeneous group of
metabolic disorders that share glucose intolerance as a result of
the imbalance between insulin sensitivity andb-cell function.13

However, measurements of insulin sensitivity andb-cell func-
tion are not only labor intensive, but also time consuming.
Therefore, plasma glucose and insulin concentrations at fasting
and after a glucose challenge have been used as phenotypic
traits in genetic studies. Despite the wide-spread use of these
traits in both rodents and human, there is very little information
available regarding how insulin sensitivity andb-cell function
affect plasma glucose and insulin concentrations at each time
point during a standard oral glucose tolerance test (OGTT).

This study is designed to investigate the relative contribution
of insulin sensitivity andb-cell function to plasma glucose and
insulin concentrations during an OGTT. Arterial blood pressure

levels are higher in insulin-resistant subjects than in insulin-
sensitive normotensive subjects14; conversely, insulin sensitiv-
ity is impaired in nondiabetic subjects with essential hyperten-
sion.15 In addition, hyperglycemia per se has a detrimental
effect on both insulin sensitivity andb-cell function.16 There-
fore, we examined the relationship between plasma glucose and
insulin concentrations during the OGTT and the indices of
insulin sensitivity andb-cell function in normotensive and
glucose-tolerant subjects.

SUBJECTS AND METHODS

Study Subjects

The recruitment of subjects was performed as described previ-
ously.17 This study included 105 glucose-tolerant and normotensive
subjects. Briefly, to minimize confounding factors, only healthy sub-
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jects who received no regular medical treatments were invited to
undergo a screening test as outpatients after an overnight fast. A
standard OGTT with 75 g glucose was given with a brief physical
examination. To exclude the secondary influence of insulin sensitivity
andb-cell function from abnormal glucose tolerance,16 only those who
were noted to be glucose tolerant (fasting plasma glucose, 6.1
mmol/L, interval plasma glucose, 11.1 mmol/L, and 2-hour plasma
glucose, 7.7 mmol/L) were invited back for the assessment ofb-cell
function and insulin sensitivity using a hyperglycemic clamp tech-
nique. Because hypertension has been shown to be associated with
insulin resistance,15 only normotensive (, 140/90 mm Hg) subjects
were enrolled into the study. For safety reasons, anemic (hemoglobin#

11.0 g/dL) subjects were also excluded from the hyperglycemic clamp
of the study. To minimize the effect of smoking, they were asked to
refrain from smoking for at least 12 hours before the study. After
fasting and resting overnight in the General Clinical Research Center
(GCRC) of this institution, participants received a bolus of 50% dex-
trose solution based on their body surface area (11.4 gm/m2) at T50
minute. Continuous infusion of 30% dextrose solution was commenced
at T515 minutes at variable rates, which were adjusted every 5 minutes
based on the prevailing plasma glucose levels to maintain a plasma
glucose level around 10 mmol/L towards T5180 minutes using the
negative feedback principle.18 Insulin sensitivity index (ISI), first phase
insulin response (1stIR), and second phase insulin response (2ndIR)
were calculated as before.17 To correct the mass effect of plasma
glucose on glucose uptake, we also calculated glucose clearance (GCl)
as ISI divided by the plasma glucose concentration. The study was
approved by the Human Subject Protection Committee of this institu-
tion. Written informed consent was obtained from all participants
before entering the study. We confirm that the study has complied with
the recommendations of the Declaration of Helsinki.

Statistical Analysis

The continuous variables with skewed distribution (age, body mass
index, waist-to-hip ratio, plasma insulin levels, ISI, 1stIR, 2ndIR, and
GCl), were logarithmically transformed before analysis. The relation-
ship between variables were analyzed by simple regression (univariate
analysis). A nominalP value less than .05 was considered significant.
To examine the influence of multiple covariates on plasma glucose and

insulin concentrations, multivariate analysis using general linear mod-
els was performed by considering age, gender, ethnicity, body mass
index, waist-to-hip ratio, systolic blood pressure, diastolic blood pres-
sure, 1stIR, 2ndIR, and ISI. A backward stepwise option with alpha-
to-enter of 0.10 and alpha-to-remove of 0.10 was used to exclude
covariates that had much less or no influence on the parameter under
analysis. The covariates were removed 1 at a time, starting from the 1
that had the least impact, based on theP value (the highestP value).
Stepwise regression analysis was stopped when allP values of all the
remaining covariates were less than .10. SYSTAT 8.0 for Windows
from SPSS, (Chicago, IL) was used for the statistical analyses.

RESULTS

This study included 105 subjects (64 females; age, 266 1
years; body mass index, 24.796 0.44 kg/m2; waist-to-hip ratio,
0.793 6 0.007 cm/cm; arithmetic mean6 standard error).
Although all the participants were normotensive and glucose
tolerant, there was a wide range of the variations in ISI (1.363
to 17.994 mmol/L/m2/min/pmol/L), 1stIR (465 to 7,415 pmol/
L), and 2ndIR (104 to 1,567 pmol/L). Because they were
glucose tolerant, 1stIR and 2ndIR were correlated with ISI
(r2 5 .3289, P , .000001 andr2 5 .5548, P , .000001,
respectively) to maintain plasma glucose concentration within
the normal range.

Univariate analyses (Table 1) showed that ISI contributed to
variance of plasma insulin concentrations at every time point
during the OGTT (r2 5 .2623 to .3814, allP , .0001).
Although it had the least impact on plasma insulin concentra-
tion at 30 minutes, it remained explaining 26.23% of the
variation. 1stIR had a strong influence on plasma insulin con-
centrations at fasting, 30, and 60 minutes (r2 5 .1643 to .3409,
all P , .0001), while its influence on plasma insulin concen-
trations at 90 and 120 minutes was modest (r2 5 .0464,P 5
.0273 andr2 5 .0961,P 5 .0012, respectively). 2ndIR had a
strong influence on plasma insulin concentrations at every time

Table 1. Univariate Analysis of Plasma Glucose and Concentrations During the OGTT

Fasting 30 Minutes 60 Minutes 90 Minutes 120 Minutes

Plasma glucose
ISI .0007 .0004 .0537 .0547 .1300 r 2

2.0173 2.0370 2.5084 2.5062 2.6312 Coefficient
.7831 .8452 .0174 .0164 .0002 P

1st IR .0026 .0131 .0095 .0123 .0100 r 2

.0338 2.2285 2.2226 2.2497 .1815 Coefficient

.6054 .2446 .3215 .2593 .3108 P
2nd IR .0000 .0003 .0014 .0000 .0310 r 2

.0035 2.0310 2.0910 2.0160 .3373 Coefficient

.9594 .8815 .7018 .9456 .0725 P
Plasma insulin

ISI .3140 .2623 .3352 .3077 .3814 r 2

2.5603 2.5122 2.5790 2.5547 2.6175 Coefficient
,.0001 ,.0001 ,.0001 ,.0001 ,.0001 P

1st IR .1643 .3409 .2042 .0464 .0961 r 2

.4054 .5838 .4519 .2154 .3099 Coefficient
,.0001 ,.0001 ,.0001 .0273 .0012 P

2nd IR .2139 .2611 .1452 .1178 .1905 r 2

.4625 .5110 .3811 .3431 .4364 Coefficient
,.0001 ,.0001 ,.0001 .0003 ,.0001 P
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point (r2 5 .1452 to .2611, allP , .0001) except at 90 minutes
(r2 5 .1,178,P 5 .0003).

In glucose-tolerant subjects, a dynamic state between insulin
sensitivity andb-cell function has to be kept to maintain
glucose homeostasis. As a result, ISI, 1stIR, and 2ndIR were
tightly and mutually correlated. ISI accounts for 32.89% of the
variation in 1stIR (P , .000001) and 55.48% of the variation in
2ndIR (P , .000001); and 1stIR accounts for 47.66% of the
variation in 2ndIR (P , .000001). Furthermore, numerous
covariates (such as gender, age, body mass index, waist-to-hip
ratio, systolic, and diastolic blood pressure) could also affect
plasma insulin concentrations. Therefore, multivariate analysis
was used to examine the interaction between these covariates,
including ISI, 1stIR, and 2ndIR (Tables 2 and 3).

For plasma glucose concentrations, ISI had an independent
effect at 60, 90, and 120 minutes (P , .0001 for each of the 3
time points), but no influence on plasma glucose concentration
at fasting and 30 minutes (P 5 .7867 andP 5 .6662, respec-

tively), as shown in Table 2. Although it was not detected by
univariate analyses, 1stIR had an independent, but modest,
influence on plasma glucose concentrations at 30, 60, and 90
minutes (P 5 .0478,P 5 .0298, andP 5 .0015, respectively).
However, 1stIR had no independent influence on plasma glu-
cose concentration at fasting and at 120 minutes (P 5 .9260
andP 5 .7,189, respectively). 2ndIR had an independent, but
modest, influence on plasma glucose concentrations at 60 and
120 minutes (P 5 .0298 andP 5 .0271, respectively), while it
had no influence on plasma glucose concentrations at fasting,
30, and 90 minutes (P 5 .7587,P 5 .7055, andP 5 .1141,
respectively).

For fasting plasma insulin concentrations, 39.62% of the
variation could be explained by ISI (P , .0001), body mass
index (P 5 .0084), and systolic blood pressure (P 5 .0780), as
shown in Table 3. 1stIR (P , .0001) was the key covariate for
plasma insulin concentration at 30 minutes and along with
waist-to-hip ratio (P 5 .0022), age (P 5 .0034), gender (P 5
.0137), and systolic blood pressure (P 5 .0743) accounted for
44.07% of the variation. Although ISI (P , .0001), 1stIR (P 5
.0089), and 2ndIR (P 5 .0358) accounted for 38.42% of the
variation in plasma insulin concentration at 60 minutes, ISI
(r2 5 .1709) played the key role compared with 1stIR (r2 5

Table 2. Stepwise Multivariate Analyses of Plasma Glucose

Concentrations During the OGTT

Dependent Variable
Covariate
Entered* r2 P

Fasting plasma
glucose

Body mass
index

.0695 .0036

Gender .0597 .0069
Diastolic blood

pressure
.0232 .0884

Plasma glucose at
30 min

Waist-to-hip
ratio

.0920 .0009

Ethnicity .0971 .0087
Systolic blood

pressure
.0388 .0290

1st IR .0317 .0478
Plasma glucose at

60 min
ISI .1947 ,.0001
Gender .0444 .0166
1st IR .0364 .0298
Age .0333 .0375
2nd IR .0218 .0911

Plasma glucose at
90 min

ISI .1319 ,.0001
1st IR .0896 .0015

Plasma glucose at
120 min

ISI .1529 ,.0001
Systolic blood

pressure
.0850 .0012

Diastolic blood
pressure

.0426 .0203

2nd IR .0385 .0271

*The following covariates were considered: age, gender, ethnicity,
body mass index, waist-to-hip ratio, systolic blood pressure, diastolic
blood pressure, 1st phase insulin response, 2nd phase insulin re-
sponse, and insulin sensitivity index.

Table 3. Stepwise Multivariate Analyses of Plasma Insulin

Concentrations During the OGTT

Dependent Variable
Covariate
Entered* r2 P

Fasting plasma
insulin

ISI .2159 ,.0001
Body mass

index
.0432 .0084

Systolic blood
pressure

.0189 .0780

Plasma insulin at
30 min

1st IR .2409 ,.0001
Waist-to-hip

ratio
.0560 .0022

Age .0509 .0034
Gender .0356 .0137
Systolic blood

pressure
.0184 .0743

Plasma insulin at
60 min

ISI .1709 ,.0001
1st IR .0434 .0089
2nd IR .0276 .0358

Plasma insulin at
90 min

ISI .3077 ,.0001
Plasma insulin at

120 min
ISI .3191 ,.0001
Gender .0274 .0321

*The following covariates were considered: age, gender, ethnicity,
body mass index, waist-to-hip ratio, systolic blood pressure, diastolic
blood pressure, 1st phase insulin response, 2nd phase insulin re-
sponse, and insulin sensitivity index.
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.0434) and 2ndIR (r2 5 .0276). Plasma insulin concentration at
90 minutes solely depended on ISI (P , .0001), which affected
30.77% of the variation of plasma insulin concentration at 90
minutes. Univariate analysis showed that ISI accounted for
38.14% of the variation in plasma insulin concentration at 120
minutes. Multivariate analysis confirmed the univariate analy-
sis and found that 40.87% of its variation could be explained by
ISI and gender.

DISCUSSION

The goal of this study is to investigate the relative contribu-
tions of insulin sensitivity andb-cell function on plasma insulin
concentrations during the OGTT. Because hypertension is as-
sociated with insulin resistance and because hyperglycemia
affects both insulin sensitivity andb-cell function, we only
investigated normotensive and glucose-tolerant subjects. Our
results showed that insulin sensitivity plays a key role on
plasma insulin concentrations at fasting, 60, 90, and 120 min-
utes with very little influence fromb-cell function (1stIR and
2ndIR). In contrast, 1stIR plays a key role on the determination
of postchallenged plasma insulin concentration at 30 minutes,
while ISI and 2ndIR had no impact on it. The measures during
the OGTT provided substantial information about insulin sen-
sitivity, but very limited information aboutb-cell function.
Because the majority of the variation in plasma glucose and
insulin concentrations cannot be explained by the covariate
analyzed in this study (as shown in Tables 2 and 3), these
results suggest that other factors (such as free fatty acid, leptin,
glucagon-like peptide 1, etc) could also affect these measures.

It is well recognized that a 2-hour postchallenged plasma
glucose concentration has a higher sensitivity (up to 97%) for
the diagnosis of diabetes than the fasting plasma glucose con-
centration.19-21 Postchallenged hyperglycemia persists for sev-
eral years before fasting hyperglycemia occurs.22 In addition,
postchallenged plasma glucose concentrations have been
shown to be a better marker for glycemic control in diabetic
patients.23 The 2-hour postprandial plasma glucose concentra-
tion accounts for 25% of the variation in glycosylated hemo-
globin,24 the level of which is closely related to the prevalence
of diabetic retinopathy, nephropathy, and neuropathy.25 Fur-
thermore, postchallenged glucose concentration has been
shown to be an independent risk factor for atherosclerosis, not
only in patients with NIDDM, but also in nondiabetic sub-
jects.26,27 Therefore, it is important to understand how post-
challenged (or postprandial) hyperglycemia develops. NIDDM
is the result of an imbalance between insulin sensitivity and
b-cell function. Postchallenged hyperglycemia could be the
result of insulin resistance, beta cell dysfunction, or the com-
bination of both. The relative importance of insulin sensitivity
andb-cell function on postchallenged plasma glucose concen-
tration has not been examined systematically. Our results indi-
cate that postchallenged plasma glucose concentrations at 60,
90, and 120 minutes increase as insulin resistance worsens.
Although we did not study subjects with impaired glucose
tolerance, our observations suggest that increasing insulin re-
sistance plays an important role on the conversion from glucose
tolerance to impaired glucose tolerance. As insulin sensitivity

decreases, plasma glucose concentration would increase and
eventually exceed the normal range, resulting in impaired glu-
cose tolerance. This extrapolation of our observation to im-
paired glucose-tolerant subjects is consistent with the notion
from the Pima Indians study that insulin resistance is the main
determinant for the transition from normal to impaired glucose
tolerance.28

Plasma glucose and insulin concentrations have been shown
to be inherited quantitative traits.11,29,30In addition, numerous
loci have been found to be linked to plasma insulin concentra-
tions in humans31-33 and in rodents.34 However, it is not clear
what these linkages mean in relation to insulin resistance and
b-cell dysfunction, which are the key metabolic defects in
NIDDM. Our data showed that, at most, 19% of the variation
in plasma glucose concentration could be explained by ISI and,
at most, 17% to 32% of the variation in plasma insulin con-
centration can be explained by either ISI or 1stIR. Therefore,
the chance of detecting a genetic locus, which affects either
insulin sensitivity orb-cell function, is not great if plasma
glucose or insulin concentrations are used as phenotypic traits.
This was clearly demonstrated in the genetic studies of the
Otsuka Long-Evans Tokushima Fatty (OLEFT) rats, in which
the cholecystokinin type A receptor (CCKAR) gene was inter-
rupted,35 leading to poor regeneration of the pancreas after a
subtotal pancreatectomy as the cause ofb-cell dysfunction.
This locus was barely detected when one used plasma glucose
concentrations as the phenotypic traits.36-41

The drastic difference in the prevalence of NIDDM has been
thought to be caused by a genetic influence. We previously
showed that there was a difference in insulin sensitivity among
4 ethnic groups.17 To further compare the utility of insulin
sensitivity andb-cell function with the utility of plasma glu-
cose and insulin concentrations, we compared the influence of
ethnicity on plasma glucose and insulin concentrations com-
pared with insulin sensitivity andb-cell function. As shown in
Table 4, the present study included 28 Asian Americans, 11
African Americans, 46 Caucasian Americans, and 20 Mexican
Americans. During the hyperglycemic clamps, no difference
was noted in the steady-state plasma glucose concentrations.
The coefficient of variation for steady-state plasma glucose
levels was 5.2%6 0.5% for Asian Americans; 5.9%6 1.0%
for African Americans; 5.8%6 0.3% for Caucasian Ameri-
cans; and 5.1%6 0.5% for Mexican Americans. Significant
differences were noted in ISI, GCl, 1stIR, and 2ndIR among the
4 ethnic groups. No differences were noted in plasma glucose
or insulin concentrations during the OGTT, except for marginal
differences among the 4 ethnic groups in plasma insulin con-
centrations at 60 and 120 minutes, which were mainly affected
by ISI (33.52% and 38.14%, respectively). These observations
indicate that it is very unlikely to detect the factors that mainly
affect b-cell function if one only examines plasma glucose or
insulin concentrations, while the power to detect the factor
affecting insulin sensitivity is also compromised.

In summary, our results indicate that plasma insulin concen-
trations are mainly determined by insulin sensitivity, notb-cell
function, except for the plasma insulin concentration at 30
minutes, 24.09% of which depends on 1stIR. Therefore, if one
only uses plasma insulin concentrations as the phenotypic traits
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in the genetic study of NIDDM without the measurement of
b-cell function, only very limited information will be gained on
b-cell function from the study. Our observations imply that it is
essential to measureb-cell function in vivo if one plans to
study the genetic influence ofb-cell dysfunction in NIDDM. In
contrast, plasma insulin concentrations at various time points
are good surrogates for insulin sensitivity. Substantial informa-
tion on insulin sensitivity will be revealed from studies using
plasma insulin concentrations as the phenotypic traits for insu-
lin sensitivity. Proper phenotyping, especially the assessment

of b-cell function, is an important endeavor in the genetic study
of NIDDM.
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