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The nature of the progressive p-cell failure occurring as nor-
mal glucose tolerant (NGT) individuals progress to type 2 di-
abetes (T2DM) is incompletely understood. We measured in-
sulin sensitivity (by a euglycemic insulin clamp) and insulin
secretion rate (by deconvolution of plasma C-peptide levels
during an oral glucose tolerance test) in 188 subjects [19 lean
NGT (body mass index [BMI] = 25 kg/m?), 42 obese NGT, 22
BMI-matched impaired glucose tolerance [IGT], and 105 BMI-
matched T2DM]. Main determinants of 3-cell function on the
oral glucose tolerance test were derived from a mathematical
model featuring the following: 1) glucose concentration-
insulin secretion dose response (glucose sensitivity), 2) a
secretion component proportional to the derivative of
plasma glucose concentration (rate sensitivity); and 3) a
potentiation factor. When NGT and T2DM were subgrouped
by 2-h plasma glucose concentrations, insulin secretion rate
revealed an inverted U-shaped pattern, rising through NGT
up to IGT and falling off thereafter. In contrast, B-cell glu-
cose sensitivity dropped in a monophasic, curvilinear fash-

ion throughout the range of 2-h plasma glucose. Within the
NGT range (2-h glucose of 4.1-7.7 mmol/liter), B-cell glucose
sensitivity declined by 50-70% (P < 0.02). Insulin sensitivity
decreased sharply in the transition from lean to obese NGT
and then declined further in IGT and mild T2DM to level off
in the higher three quartiles of diabetic hyperglycemia. In
T2DM, defective B-cell potentiation and rate sensitivity also
emerged (P = 0.05). In the whole data set, insulin sensitivity
and the dynamic parameters of B-cell function explained
89% of the variability of 2-h plasma glucose levels. The fol-
lowing conclusions were reached: 1) pB-cell glucose sensitiv-
ity falls already within the NGT range in association with
rising 2-h plasma glucose concentrations, although absolute
insulin secretion rates increase; and 2) throughout the glu-
cose tolerance range, dynamic parameters of -cell function
(glucose sensitivity, rate sensitivity, and potentiation) and
insulin sensitivity are independent determinants of 2-h plasma
glucose levels. (J Clin Endocrinol Metab 90: 493-500, 2005)

AINTENANCE OF NORMAL glucose tolerance is de-
pendent on the finely tuned balance between insulin
secretion and insulin action (1, 2). Among subjects with nor-
mal glucose tolerance (NGT), insulin sensitivity varies over
a 6- to 7-fold range (3). Nonetheless, glucose tolerance re-
mains normal because the 3-cell is able to adjust its secretion
of insulin to compensate for the existing level of tissue in-
sensitivity to the hormone. Numerous studies, using a va-
riety of techniques, have demonstrated that individuals with
impaired glucose tolerance (IGT) and overt type 2 diabetes
(T2DM) are characterized by moderate to severe insulin re-
sistance (1, 4-7). However, a thorough evaluation of B-cell
function during the transition from NGT to IGT to T2DM has
yet to be undertaken. In an early study by Brunzell et al. (8),
the acute (3-5 min) incremental plasma insulin response to
iv glucose tended to be reduced in subjects (n = 7) with
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fasting glucose levels between 5.6 and 6.3 mmol/liter in
comparison with subjects whose fasting glycemia was less
than 5.56 mmol/liter. In that study, the small sample size
precluded appropriate statistical analysis, and insulin sen-
sitivity was not measured. On the other hand, Tripathy et al.
(9) found insulin resistance (by the homeostasis model as-
sessment index) but no evidence of B-cell dysfunction in
subjects with impaired fasting glycemia (or a fasting glucose
between 6.1 and 6.9 mmol/liter). In contrast, another study
using homeostasis model assessment reported normal insu-
lin sensitivity but defective insulin secretion in impaired
fasting glycemia (10). Polonsky et al. (11) used graded glucose
infusions with C-peptide deconvolution to study insulin se-
cretion in IGT and T2DM subjects. Compared with controls,
both IGT and diabetic subjects manifested a slower rise in
insulin secretion as a function of rising plasma glucose con-
centration, with a greater defect in the diabetic compared
with IGT subjects. Because insulin sensitivity was not mea-
sured in these studies, the insulin secretory rate could not be
related to the severity of underlying insulin resistance. In
prospective studies, insulin resistance has been shown to be
a strong predictor of incident diabetes in both monkeys (12)
and humans (13, 14). Later analyses of prospective data from
Pima Indians indicated that both insulin resistance and in-
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sulin secretory dysfunction are independent predictors of
worsening glucose tolerance (15-17).

The relevance of acute insulin response to iv glucose to the
B-cell response to an oral glucose load is, however, unclear.
Recent studies documented the importance of decreased cir-
culating levels and/or resistance to the stimulatory effect of
incretins, glucagon-like peptide-1-(7-36)-amide (GLP-1) and
glucose-dependent insulinotropic peptide, in the impair-
ment in insulin secretion in diabetic individuals (18-25).
Thus, the phenomenon of B-cell potentiation, which primar-
ily is dependent on incretins, cannot be evaluated during iv
glucose administration. Moreover, the precise level of glu-
cose intolerance at which g-cell function begins to decline has
not been established. The diagnostic criteria (26) for IGT are
not defined on the basis of any pathophysiologic abnormal-
ities, i.e. decreased insulin sensitivity and impaired insulin
secretion. Thus, it is possible that the decline in B-cell func-
tion occurs at an earlier stage than IGT, i.e. in individuals who
are considered to have NGT according to current diagnostic
criteria.

In vitro studies have contributed greatly to our current
understanding of the factors that regulate the S-cell’s secre-
tory response to a glucose stimulus (27). Four factors have
been shown to play a major role: 1) glucose sensitivity, which
reflects the ability of the B-cell to respond to changes in the
plasma glucose concentration (in absolute terms); 2) rate
sensitivity, which reflects the ability to respond to the rate of
change in plasma glucose concentration; 3) potentiation,
which explains the well-documented observation that the
insulin secretory response to a glucose challenge is greater in
the presence of potentiating factors; and 4) in an in vivo
context, insulin resistance and aspects of the insulin secretory
response are influenced by the severity of the underlying
insulin resistance (28). No previous study has simulta-
neously quantitated, in individuals spanning the entire range
of glucose tolerance, tissue sensitivity to insulin and the
principal determinants of B-cell function. In the present
study, we employed the euglycemic clamp technique (29)
and the oral glucose tolerance analyzed with a validated
B-cell model of insulin secretion (30, 31) to provide a detailed
quantitative analysis of B-cell function in subjects with a
wide range of glucose tolerance.

Subjects and Methods
Subjects

The study group included 188 subjects recruited at the Clinical Re-
search Center of the University of Texas Health Science Center (San
Antonio, TX) through advertising within the medical center and in local
newspapers. Subjects responding to the advertisement were screened by
a 75-g oral glucose tolerance test (OGTT) and were invited to participate
in the insulin clamp study. The studies were conducted over a period
of 6 yr, during which nondiabetic and diabetic subjects, Mexican-Amer-
ican or Caucasian, were studied in no particular order. Based on the
OGTT, subjects were classified as having NGT (i.e. fasting glucose < 6.1
mmol/liter and 2-h glucose < 7.8 mmol/liter, n = 61), IGT (i.e. fasting
glucose < 7 mmol/liter and 2-h glucose between 7.8 and 11.1 mmol/
liter, n = 22), or T2DM (i.e. fasting glucose > 7 mmol/liter or 2-h
glucose = 11.1 mmol/liter, n = 105) according to the American Diabetes
Association criteria (26). Seven of the IGT subjects also had impaired
fasting glucose (i.e. fasting glucose between 6.1 and 7.0 mmol/liter). The
NGT group was further subdivided into lean [i.e. a body mass index
(BMI) = 25 kg/m? n = 19] and overweight/obese controls (BMI > 25
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kg/ m?, n = 42). Of the study population, 76% were Mexican-American,
and the remainder were of Caucasian descent. This ethnic distribution
reflects the population in the San Antonio area. Model-derived data from
43 NGT and 22 IGT subjects have been included in a previous paper (7).

All subjects had normal liver, cardiopulmonary, and kidney function
as determined by medical history, physical examination, screening
blood tests, electrocardiogram, and urinalysis. No NGT or IGT subject
was taking any medication known to affect glucose tolerance. T2DM
subjects taking sulfonylureas or metformin (35%) had their oral hypo-
glycemic agent discontinued 3 d before the study. No diabetic subject
had received treatment with a thiazolidinedione or insulin. None of the
subjects participated in any regular physical activity program. Body
weight was stable (*2 kg) for at least 3 months before study in all
subjects. The study protocol was approved by the Institutional Review
Board of the University of Texas Health Science Center, San Antonio,
and informed written consent was obtained from all subjects before their
participation.

Anthropometric measurements

The waist circumference was determined by measuring the circum-
ference at the narrowest part of the torso.

Metabolic measurements

All metabolic tests were performed at the clinical research center in
the morning (0700-0800 h) after a 10- to 12-h, overnight fast. For the
OGTT, blood samples were collected at —30, —15, 0, 30, 60, 90, and 120
min for the measurement of plasma glucose, C-peptide, insulin, and free
fatty acid (FFA) concentrations. At time 0, subjects also received 100 uCi
of °H,0, and plasma samples for SH,0 radioactivity were obtained at
100, 110, and 120 min for determination of fat-free mass (FFM) (33).
Before the start of the insulin clamp, all subjects received a primed
(20-25 uCi) continuous (0.20-0.25 pCi/min) infusion of 3-[’H]glucose
(DuPont NEN Life Science Products, Boston, MA), which was continued
for 2 h (3 h in diabetics). In diabetic subjects the tracer prime was
increased in proportion to the increase in fasting plasma glucose as
previously described (7). After the basal tracer equilibration period,
subjects received a primed-continuous insulin infusion at the rate of 240
pmol'min~"*m ™2 for 120 min. During the last 30 min of the basal equil-
ibration period, plasma samples were taken at 5- to 10-min intervals for
the determination of plasma glucose and insulin concentrations and
tritiated glucose radioactivity. During insulin infusion, plasma glucose
concentration was measured every 5 min, and a variable infusion of 20%
glucose was adjusted, based on the negative feedback principle, to
maintain the plasma glucose concentration at each subject’s fasting
plasma glucose level with a coefficient of variation less than 5%. In the
diabetic group, the plasma glucose concentration was allowed to decline
to 5.6 mmol/liter, at which level it was clamped. Plasma samples were
collected every 15 min from 0 to 90 min and every 5-10 min from 90 to 120
min for the determination of plasma glucose and insulin concentrations.

Analytical techniques

Plasma glucose was measured by the glucose oxidase reaction (glu-
cose analyzer, Beckman, Fullerton, CA). Plasma insulin and C-peptide
concentrations were measured by RIA using specific kits (Linco Re-
search, St. Louis, MO). Plasma 3—[3H]glucose radioactivity was mea-
sured in Somogyi precipitates as previously described (7).

Data analysis

The rate of glucose disappearance (M value) during the insulin clamp
was determined by adding the rate of residual endogenous glucose
production (as calculated from the tracer glucose data) (34) to the ex-
ogenous glucose infusion rate during the last 30 min of the insulin clamp
and was expressed per kilogram of FFM (35).

Insulin secretion rates were calculated from plasma C-peptide con-
centrations by deconvolution, as previously described (36). Parameters
of B-cell function were derived from mathematical analysis of plasma
glucose and C-peptide concentrations during the OGTT, according to a
previously developed model (30, 31). According to this approach, glu-
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cose-stimulated insulin secretion is the sum of two components, ac-
cording to the equation:

S(b) = Sgl(t) + Sd(t)

The first component, S,(t), represents the dependence of insulin se-
cretion on the absolute glucose concentration (G) at any time point and
is characterized by a dose-response function, f(G), relating these vari-
ables. A characteristic parameter of the dose response is its mean slope
in the observed glucose concentration range, denoted as $-cell glucose
sensitivity. The dose response is modulated by a potentiation factor, P(t),
which incorporates glucose-mediated and non-glucose-mediated po-
tentiation (i.e. by nonglucose substrates, gastrointestinal hormones, and
neurotransmitters):

Sg(t) = P(HAG)

Potentiation is a time-dependent phenomenon (20, 21). The potenti-
ation factor is therefore modeled as a positive function of time and
averages 1 during the experiment. The potentiation parameter used for
the present analysis is the ratio of the potentiation factor at the end of
the OGTT (100-120 min) to the one at the beginning of the OGTT (020
min).

The second insulin secretion component (denoted as rate sensitivity
and represented as a function of the glucose concentration derivative,
S4(t) = kd-dG(t)/dt) is proportional to the rate of change of plasma
glucose concentration during the OGTT and accounts for the observa-
tion that rapid changes in glucose concentration enhance insulin release.

Areas under glucose and insulin concentration curves were calcu-
lated by the trapezoidal rule. The insulinogenic index was calculated as
the ratio of the insulin concentration increment to the glucose concen-
tration increment at 30 min into the OGTT. The ability of the B-cell to
compensate for the extant degree of insulin resistance was estimated by
calculating the product of the M value by the insulinogenic index,
analogous to the disposition index proposed by Kahn et al. (37).

Statistical analysis

Anthropometric data are given as the mean + sem. Plasma glucose
concentrations and all insulin parameters were nonnormally distributed
in this group of subjects; they are therefore given as the median [inter-
quartile range] in tables and text and plotted as the median and sEm in
the figures. Categorical variables were compared by the x* test. Uni-
variate associations were tested with the use of Spearman rank corre-
lation. Group values were compared by ANOVA, with between-group
values then compared by Bonferroni-Dunn post hoc analysis. The con-
tribution of multiple factors to fasting or 2-h plasma glucose levels was
assessed by multiple regression using general linear models with both
continuous and categorical variables as independent variables. For both
ANOVA and multiple regression, variables with nonnormal distribu-
tion were log transformed.

TABLE 1. Clinical characteristics
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Results
Clinical characteristics

Genders were equally represented across diagnostic
groups (Table 1). Age was progressively higher from NGT
through IGT to diabetes (P < 0.0001), whereas BMI was not
significantly different among obese NGT, IGT, and T2DM, in
all of whom it was significantly higher than in lean controls.
Waist circumference tended to be higher in IGT and T2DM
than in obese NGT and lowest in lean NGT subjects. Fasting
plasma glucose concentrations were higher in T2DM than in
all other groups, in whom they did not differ significantly
from one another. At 2 h after glucose ingestion, plasma
glucose levels were higher in T2DM, IGT, and obese NGT
subjects, compared with the lean NGT group.

Insulin secretion, insulin sensitivity, and B-cell function

Fasting plasma insulin concentrations and insulin secre-
tion rates (ISRs) rose through lean NGT, obese NGT, and IGT
to plateau in T2DM (Table 2). In contrast, insulin area under
the curve, the insulinogenic index, and total insulin output
increased from lean NGT to obese NGT, plateaued in IGT,
and decreased in T2DM. Insulin sensitivity declined across
the four groups, whereas the product insulin sensitivity X
insulinogenic index [an equivalent of the disposition index
according to Kahn et al. (37)] was lower in T2DM than in any
other group. B-Cell glucose sensitivity did not differ signif-
icantly between lean and obese NGT but was significantly
lower in both IGT and T2DM. Rate sensitivity was signifi-
cantly depressed in only T2DM, whereas the potentiation
factor decreased across the four groups.

To enhance discrimination among degrees of glucose tol-
erance, the obese NGT group was subdivided into tertiles,
and the T2DM group into quartiles, of fasting or 2-h plasma
glucose concentrations. As displayed in Fig. 1, both fasting
ISRs and total insulin output changed in an irregular fashion
as a function of the corresponding plasma glucose concen-
trations, the former rising to a plateau at approximately 8
mmol/liter, the latter changing in an approximately inverted
U manner (with a maximum at ~10 mmol/liter). In contrast,
B-cell glucose sensitivity dropped in a monotonic curvilinear
fashion throughout the range of 2-h plasma glucose levels
(P < 0.02 for changes within the obese NGT group alone)

NGT

IGT T2DM
Lean Obese

n 19 42 22 105
Gender (F/M) 9/10 26/16 13/9 52/53
Age (yr) 35 =2 372 42 = 3 53 £ 1¢
Diabetes duration (yr) 31+04
BMI (kg'm™2) 234*+04 30.6 = 0.9° 31.7 + 0.9° 31.8 = 0.6°
Fat-free mass (kg) 48+ 1 51 * 2 51 =2 53 +1°
Fat mass (%) 28 £ 2 38 +1° 39 +1° 38 +1°
Waist (cm) 76 £ 2 94 + 2° 104 + 3° 104 + 1°
Fasting plasma G (mmol/liter) 5.00 [0.34] 5.25 [0.50] 5.58 [0.65] 9.81 [4.04]¢
2-h plasma G (mmol/liter) 5.08 [1.90] 6.52 [1.44]* 8.52 [1.44] 18.26 [5.29]*

Data in brackets represent interquartile range.
“ P < 0.05 or less vs. every other group.
® P < 0.0001 vs. lean NGT.
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TABLE 2. Insulin parameters
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NGT
IGT T2DM
Lean Obese
Fasting plasma insulin (pmol/liter) 20 [16]¢ 48 [32]° 74 [471° 94 [58]°¢
Insulin AUC (nmol/liter-h) 22 [15] 45 [38]° 65 [33]° 24 [23]¢
AI/AG (pmol/mmol) 73 [84] 163 [172]° 122 [140] 19 [33]*
Fasting ISR (pmol/min'm~2) 53 [34]* 85 [53] 116 [39] 112 [71]°
Total IS (nmol'm 2) 30 [18] 43 [19] 47 [171° 24 [19]4
Insulin sensitivity (M) (umol/min-kgppy 1) 54 [23]* 32 [15]* 23 [10]* 14 [8]*
M-AI/AG (mmol/min-kgppy~ **[pmol/mmol]) 3.8 [3.0] 4.6 [3.7] 3.7 [2.5] 0.2 [0.5]*
B-cell glucose sensitivity 147 [97] 92 [98] 55 [34]° 14 [15]
(pmol'min~tm~Zmm 1)

Rate sensitivity (nmol-m~2mm 1) 0.89 [1.69] 1.37 [1.39] 1.10 [1.23] 0.17 [0.45]¢
Potentiation (fold) 1.9 [2.3]* 1.6 [1.1] 1.2 [0.8] 1.0 [0.3]

Data in brackets represent interquartile range. AUC, Area under curve; AI/AG, ratio of insulin increment to glucose increment at 30 min

(insulinogenic index); IS, insulin output.
¢ P < 0.05 or less vs. every other group.
® P < 0.05 or less vs. lean NGT.
¢ P < 0.05 or less vs. obese NGT.
4 P < 0.05 or less vs. obese NGT and IGT.

(Fig. 2). Whole-body insulin sensitivity decreased sharply in
the transition from lean to obese NGT, showed a trend
(which fell short of statistical significance) to decrease across
obese NGT tertiles, and then declined further through IGT
and mild T2DM to level off in the higher three quartiles of
diabetic hyperglycemia.

The dose-response curves for glucose-stimulated insulin
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Fic. 1. Plots of fasting insulin secretion rate against fasting plasma

glucose concentration (top) and total insulin secretion against 2-h

plasma glucose concentration (bottom) in nine subgroups of subjects:

from left to right, lean NGT, obese NGT by tertile of 2-h plasma

glucose, IGT, and T2DM by quartile of 2-h plasma glucose. Points are
median * SEM for both variables.

secretion (whose mean slope is B-cell glucose sensitivity)
show a progressive shift to the right and downward across
groups of progressively worse glucose tolerance (Fig. 3). Of
note is that the dose-response curve for the lean NGT group
falls between those of the first two glucose tertiles of obese
NGT (from which it does not differ significantly) and is
significantly better (P = 0.0005) than the worst glucose tertile
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Fic. 2. Plots of whole-body insulin sensitivity (on the euglycemic
clamp) (top) and B-cell glucose sensitivity (bottom) against 2-h plasma
glucose concentration in the same nine subgroups as in Fig. 1. Points
are median * SEM for both variables.
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Fic. 3. Dose-response curves for glucose-stimulated insulin secre-
tion in the same nine subgroups as in Fig. 1. Points are mean * SEM.

of obese NGT, which in turn is very close to the IGT curve
(P = 0.39).

Relationships

When regressing p-cell glucose sensitivity on 2-h plasma
glucose concentration within each category of glucose tol-
erance, B-cell glucose sensitivity was inversely related to 2-h
plasma glucose in NGT (p = —0.38, P < 0.004), IGT (p =
—0.42, P < 0.05), and T2DM (p = —0.65, P < 0.001). More
importantly, in a log-log plot, the slope of the regression of
B-cell glucose sensitivity on 2-h glucose levels was similar
across diagnostic groups [—1.5 = 0.49 (mean * sE) in NGT,
—2.2 * 0.83 in IGT, and —2.8 *= 0.31 in T2DM, P = 0.054],
giving rise to a powerful overall relationship (p = —0.83, P <
0.0001) (Fig. 4). Of note, this relationship was essentially
unchanged after adjusting for gender, age, BMI, or waist
circumference. In contrast, insulin sensitivity was related to
2-h plasma glucose levels among NGT subjects (p = —0.60,
P < 0.0001), weakly related in T2DM (p = —0.23, P = 0.02),
and unrelated among IGT subjects (p = 0.01, P = ns) (Fig. 4).
Insulin sensitivity was also reciprocally related to BMI (P <
0.0001) independently of 2-h plasma glucose concentrations.

Fasting insulin secretion was inversely related to insulin
sensitivity (p = 0.54, P < 0.0001), with all subjects falling on
the same regression line. In contrast, insulin sensitivity and
B-cell glucose sensitivity were essentially independent of one
another when tested within each diagnostic group. In the
whole data set, the relationship was a direct one (p = 0.53,
P < 0.0017) (Fig. 5). The dual dependence of 2-h plasma
glucose concentration on tissue sensitivity to insulin and
B-cell glucose sensitivity for the entire study group divided
into quartiles of each factor is displayed in Fig. 6. Individuals
with the worst glucose tolerance were characterized by the
lowest tissue sensitivity to insulin and the greatest reduction
in B-cell glucose sensitivity. The impact on glucose tolerance
of these two factors is less than additive (P = 0.01 for the
negative interaction term), in that in the most insulin-resis-
tant group, there was little additional effect of severe B-cell
deficiency and, conversely, in the group with the worst B-cell
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Fic. 4. Log-log plot of individual values of whole-body insulin sen-
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light blue, IGT in green, and T2DM in red.

glucose sensitivity, there was little additional effect of insulin
resistance.

In multivariate analysis (Table 3), both fasting and 2-h
plasma glucose levels were simultaneously and indepen-
dently associated with B-cell glucose sensitivity and insulin
sensitivity after accounting for gender, age, and BMI. Fur-
thermore, rate sensitivity and potentiation made an inde-
pendent contribution to glucose levels, especially at 2 h post
glucose. Also of note is that fasting ISR was positively related
to glucose levels.

Discussion

Over the last decade, the biochemical and molecular de-
fects responsible for the insulin resistance in muscle and fat
cells have been studied intensively (38). Much less is known
about the time sequence and specific abnormalities respon-
sible for the impairment in B-cell function. In the present
cross-sectional study, our aims were to: 1) determine which
of these B-cell functions was altered in states of progressively
worse glucose tolerance; 2) define the earliest stage of glucose
intolerance at which abnormalities in parameters of B-cell
function could be detected; and 3) examine the relative con-
tributions of impaired B-cell function and reduced insulin
sensitivity to glucose tolerance.

The most striking finding was the divergent pattern of
association of different parameters of B-cell function with 2-h
plasma glucose levels. Thus, total insulin secretion showed
the familiar approximately inverted U-shaped profile, also
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known as Starling’s curve of the pancreas (Fig. 1). In contrast,
B-cell glucose sensitivity decreased monophasically as a non-
linear function of increasing 2-h glucose levels (Figs. 2-4).
Within the NGT range (with fasting glucose ranging from 4.7
to 6.0 mmol/liter and 2-h glucose ranging from 4.1 to 7.7
mmol/liter), B-cell glucose sensitivity declined by 50-70%,
whereas insulin sensitivity decreased by only 20% (Fig. 7).
Importantly, the association between B-cell glucose sensitiv-
ity and 2-h glucose levels was unaffected by age, gender,
BMI, or waist circumference, again in contrast with insulin
sensitivity, which was closely dependent on BMI as expected
[the largest drop occurring between lean and obese subjects
within the NGT range (Fig. 2)]. Moreover, B-cell glucose
sensitivity was only weakly related to insulin sensitivity,
although it tended to be decreased in parallel with insulin
sensitivity across glucose tolerance groups (Fig. 5). Of note
also is that the product of insulin sensitivity and insulino-
genic index (approximate disposition index) was only de-
tectably impaired in T2DM. To the extent that this index
reflects compensation of acute-phase insulin release for the
prevailing insulin resistance, failure of such compensation
was evident only in overt diabetes. Thus, basal insulin release
increases as glucose levels rise (cf. Table 3) and insulin sen-
sitivity declines (cf. Fig. 5). In contrast, B-cell glucose sensi-

Ferrannini et al. ® B-Cell Function in Normal, IGT, and Diabetic Subjects

2-h plasma glucose (mmol/l)

Fic. 6. Dual dependence of 2-h plasma glucose concentrations on
tissue insulin sensitivity and B-cell glucose sensitivity. For this anal-
ysis, the entire group of 188 subjects was divided into quartiles of
insulin sensitivity and B-cell glucose sensitivity. Quartile breaks are
less than 13, less than 20, less than 31, and 31-86 or more
wmol'min~ “kgppy ! for insulin sensitivity and less than 12, less than
30, less than 86, and 86561 or more pmol'min~*m ™~ %mm* for B-cell
glucose sensitivity.

tivity, i.e. insulin secretion changes viz. plasma glucose
changes, tracks only with plasma glucose levels.

What the cause-effect relationship is underlying the asso-
ciation between reduced glucose sensitivity of the B-cell and
diminished glucose tolerance within the NGT group cannot
be decided by these cross-sectional results. In the whole data
set, we found an inverse association between B-cell glucose
sensitivity and the mean FFA concentration during the
OGTT (p = —0.39, P < 0.0001, data not shown), which is
reminiscent of the concept of lipotoxicity as initially predi-
cated by Unger (39) and McGarry (40) in rodents and Golay
et al. (41) in humans. Circulating FFAs, however, typically
track with insulin resistance, and the relationship with B-cell
glucose sensitivity may be spurious. Another possibility is

TABLE 3. Determinants of plasma glucose levels

Fasting glucose 2-h glucose
Gender (F vs. M) —0.001 NS 0.15 0.03
Age 0.08 NS 0.31 <0.00001
Ethnicity -0.10 NS 0.13 NS
BMI —0.08 NS —0.14 NS
ISR 0.17 0.01 0.40 <0.00001
Insulin sensitivity —0.25 0.0001  —0.37 <0.00001
B-Cell glucose sensitivity —0.73  <0.00001 -0.81 <0.00001
Rate sensitivity -0.18 <0.04 -0.22 0.01
Potentiation -0.10 NS -0.33 <0.00001
Total explained variance 77% 89%

Data represent partial correlation coefficients and their p values in
multivariate models with fasting plasma glucose or 2-h plasma glu-
cose as the dependent variable. ISR, Fasting insulin secretion rate; F,
female; M, male; NS, not significant.
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Fic. 7. Plot of B-cell glucose sensitivity and insulin sensitivity
against 2-h plasma glucose concentration in obese NGT tertiles, IGT,
and T2DM quartiles. Data here are expressed as percent of the best
obese NGT group because all these groups have comparable BMI.

that it is the increase in postprandial plasma glucose con-
centration per se that is responsible for the loss of B-cell
sensitivity, i.e. glucotoxicity (42). In partially pancreatecto-
mized (60%) rats, a dietary-induced rise in the mean day-
long plasma glucose concentration of only 1 mmol/liter re-
sulted in a marked impairment in glucose-stimulated insulin
secretion when the islets were removed from the animals and
perfused in vitro (43). Our NGT subjects in the top tertile of
2-h glucose levels were presumably exposed to substantial
around-the-clock hyperglycemia in comparison with sub-
jects in the bottom tertile. Among other possibilities, the
progressive deterioration in glucose sensitivity in NGT sub-
jects may be explained by as-yet-unidentified metabolic ab-
normalities or represent a preprogrammed genetic 3-cell de-
fect (2).

In comparison with BMI-matched NGT, IGT was marked
by further deterioration of both insulin sensitivity (44) and
B-cell glucose sensitivity (Table 2); in addition, defects in
potentiation became evident. Decreased plasma GLP-1 levels
have been described in T2DM patients after meal ingestion
(21) as well as, more recently, in IGT (45). Thus, incretin
dysfunction may be one component of the observed impair-
ment of potentiation in IGT and T2DM. It should, however,
be pointed out that different phenomena (glucose potentia-
tion, incretin potentiation, neural modulation) contribute to
the potentiation factor as represented in the current glucose
model. For example, the effect of GLP-1 to potentiate glucose-
induced insulin secretion is in part lost to the fact that GLP-1
release is largely synchronous with glycemia itself and is
therefore absorbed into glucose sensitivity rather than being
read as potentiation.

Lastly, overt T2DM is associated with a further reduction
in tissue sensitivity to insulin as well as -cell glucose sen-
sitivity (Figs. 2, 3, and 7). By multivariate analysis (Table 3),
both insulin resistance and B-cell glucose insensitivity inde-
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pendently contribute to raise 2-h plasma glucose levels; B-cell
rate sensitivity and potentiation add significant contribu-
tions, thereby bringing total explained variance of 2-h plasma
glucose levels to close to 90%. Of note is that the same
model also explains the vast majority of the variance in
fasting glucose levels. From the multiple regression equa-
tions (using mean population data), it is of interest to
calculate that a halving of B-cell glucose sensitivity (from
120 to 60 pmol'min~*m~*mwm ') or a halving of insulin
sensitivity (from 50 to 25 umol/min ™~ "*kggpy, ') predicts a
similar rise in 2-h plasma glucose levels of (+1.53 vs. +1.35
mmol/liter) as well as fasting plasma glucose levels (+0.85
vs. +0.56 mmol/liter).

The existence of complex interactions between the two
main defects is depicted graphically in Fig. 6. In very insulin-
resistant individuals, a relatively small change in B-cell glu-
cose sensitivity (as occurs between quartile 1 and 2) is as-
sociated with severe hyperglycemia. Conversely, in subjects
with poor B-cell glucose sensitivity (bottom quartile), an
improvement in insulin sensitivity is associated with little
change in 2-h plasma glucose concentrations (46).

In summary, the present study has quantitated insulin
sensitivity and the major parameters of B-cell function (glu-
cose sensitivity, rate sensitivity, potentiation) in a large num-
ber of individuals spanning the range of glucose tolerance
from normal to overtly diabetic. Our results demonstrate that
impaired B-cell glucose sensitivity is a characteristic feature
of even minimally IGT. Prospective data are needed to es-
tablish the natural history of B-cell dysfunction (47), its in-
terrelationships with insulin resistance, and its reversibility.
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