In Vivo B-Cell Function at the Transition to Early Non-Insulin-Dependent
Diabetes Mellitus
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Impaired insulin secretion occurs at some stage in the development of non-insulin-dependent diabetes mellitus (NIDDM),
possibly during impaired glucose tolerance (IGT) or early NIDDM. To assess insulin secretion at these critical stages, we
measured the first-phase insulin response (to glucose and arginine), maximal secretory capacity, and glucose potentiation
slope for insulin secretion in Pima Indians with normal glucose tolerance {n = 20}, IGT (n = 9), and mild (fasting glucose < 7.8
mmol/L) NIDDM (n = 7). We also measured oral glucose tolerance and insulin action. Subjects with IGT were more
insulin-resistant (P < .05) than normais. A wide range of insulin secretion was noted, although as a group, no significant
impairment was detected. Subjects with mild NIDDM were similarly insulin-resistant, but they also had impaired insulin
secretion. The first-phase response to glucose was markedly reduced in absolute terms (P < .001), but all secretion indices
were impaired relative to the degree of insulin resistance (P = .05 to P < .0001). These results suggest that in Pima Indians,
impairment of insulin secretion, especially the first-phase response to glucose, is associated with mild NIDDM. insulin secretion
in IGT is variable and, overall, seems intact, although a subtle defect in the first-phase insulin response to glucose could not be
ruled out in this study. Glucose sensing for first-phase secretion may be one of the early secretory defects in the progression of

glucose intolerance and seems to be critical at the transition from IGT to early NIDDM.
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HE PIMA INDIANS of Arizona have the highest

reported prevalence of non-insulin-dependent diabe-

tes mellitus (NIDDM) in the world and, as a relatively

genetically homogencous group, provide an opportunity to

study obesity-related NIDDM, the most common form of
diabetes worldwide.!

NIDDM with fasting hyperglycemia greater than 7.8
mmol/L is characterized by skeletal muscle insulin resis-
tance, impaired first- and second-phase insulin secretion,
and unsuppressed hepatic glucose production.? The sequen-
tial appearance of these defects in the development of
NIDDM may be determined by examining subjects with
more intermediate degrees of glucose intolerance, and such
studies may help determine the pathogenesis of the disease.
Current evidence suggests that insulin resistance occurs
relatively early in the evolution to NIDDM.>> Elevated
basal hepatic glucose production appears to be a late
phenomenon, explaining to a large degree the increases in
fasting glucose above 7.8 mmol/1..2%

An abrupt change in plasma insulin concentrations
relative to glucose concentrations is apparent from cross-
sectional and longitudinal studies, appearing to coincide
with the earliest sign of NIDDM.** This downturn in
insulin concentration is widely thought to reflect B-cell
failure, the decompensation limb of Starling’s curve of the
pancreas,? but is there evidence of secretory impairment
before the onset of overt diabetes? Some studies in white™
and Japanese!® subjects with impaired glucose tolerance
(IGT) have shown an impaired first-phase insulin secretion.
However, populations with high rates of obesity-related
NIDDM, such as the Pima Indians, tend to be more
hyperinsulinemic!’? and have greater first-phase insulin
responses compared with whites.’

Previous cross-sectional studies in Pima Indians have
shown that the first-phase insulin response to glucose is
reduced in IGT as compared with normal glucose toler-
ance, although longitudinally the transition from normal
glucose tolerance to IGT showed only equivocal decreases.>
Also, the relationship between plasma glucose and insulin
concentrations during the oral glucose tolerance test
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(OGTT) remains normal in Pima Indians with IGT.?
Therefore, the specific nature and timing of the onset of
secretory impairment remains uncertain. In particular, to
what degree is the first-phase insulin response to glucose
impaired in IGT, and are any other aspects of insulin
secretion reduced in relation to insulin action in IGT or
mild NIDDM? To pursue these questions further, we
examined in vivo B-cell function in more depth at the
critical stages of IGT and early NIDDM.

SUBJECTS AND METHODS
Subjects

The subjects (Table 1) were Pima Indians living in the Gila River
Indian Community in Arizona. They were participating in a
longitudinal study of the development of NIDDM and obesity.
Subjects were in good health as assessed by medical history,
physical examination, and routine tests. All subjects gave informed
consent, and the studies were approved by the ethics committees of
the National Institutes of Health, the Indian Health Service, and
the Tribal Council of the Gila River Indian Community. During the
study (approximately 2 weeks in duration), subjects lived on a
metabolic ward and were fed a weight-maintenance diet (50% of
calories as carbohydrate, 30% as fat, and 20% as protein). Body
composition was estimated by underwater weighing.'>* A mini-
mum of 2 days after admission, all subjects underwent a 75-g
OGTT, and glucose tolerance was assessed according to World
Health Organization criteria.’ Diabetic subjects were selected if
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Table 1. Physical Characteristics of Subjects
Glucose Tolerance Status
Normal Impaired Diabetic

No. of subjects (M/F) 13/7 6/3 0/7
Age (yr)

Mean = SEM 283+13 324x17 298x19

Range 20.3-40.0 25.0-40.0 22.3-38.3
Weight (kg)

Mean = SEM 100.8 = 6.1 1040+6.3 93.2%73

Range 55.6-144.7 87.8-144.3 66.2-114.6
Body fat (%)

Mean + SEM 332 372 41 + 2

Range 11-44 29-47 34-47
Body mass index (kg/m?)

Mean = SEM 36+ 2 38 +2 38+3

Range 21-49 31-48 28-48
Waist to thigh circumference

Mean = SEM 1.68 £ 0.03 1.69 + 0.05 1.66 + 0.08

Range 1.42-2.12 1.47-1.93  1.35-2.0

their fasting glucose was less than 7.8 mmol/L and they were on no
medications.

Hyperinsulinemic, Euglycemic Clamp

After 8 to 15 days, a two-step hyperinsulinemic, euglycemic
clamp was performed using a modification of the method reported
by DeFronzo et al'é as previously described.!” Briefly, plasma
insulin concentration is increased by means of a primed-continuous
infusion of insulin, and glucose is infused to maintain plasma
glucose at the basal level. The rate of glucose uptake is therefore a
measure of insulin action. Two infusions of insulin (purified pork
insulin, Velosulin; Novo Nordisk, Bethesda, MD) were adminis-
tered consecutively, each for 100 minutes, at doses of 40 and 400
mU/m? body surface area. These resulted in mean * SEM
steady-state insulin concentrations of 1,070 = 42 (coefficient of
variation [CV], 4.1% * 0.7%) and 18,500 = 704 pmol/L (CV,
5.7% =+ 0.7%), with the latter infusion inducing close to maximal
insulin stimulation. The mean * SEM glucose concentrations
during the low- and high-dose infusions were 5.23 + 0.04 mmol/L
(CV, 2.1% + 0.1%) and 5.27 % 0.04 (CV, 2.6% = 0.1%), respec-
tively. There were no significant differences between the groups in
these insulin and glucose concentrations.

Before and during the low-dose infusion, tracer amounts of
3-*H-glucose were infused for 220 minutes to permit the calcula-
tion of the rate of glucose disappearance (equivalent to hepatic
glucose output).’® The quantification of hepatic glucose output
using such single-compartment models has limitations, as previ-
ously described,'® and negative values for hepatic glucose output
during the low-dose insulin infusion in three normal subjects were
assigned a value of zero. Nonparametric analysis (see later) was
used to minimize these potential confounding effects.

Insulin-mediated glucose disposal at submaximally and maxi-
mally stimulating insulin concentrations were calculated as previ-
ously described.>7 The effects of variations in plasma glucose
concentrations were adjusted to a plasma glucose level of 5.5
mmol/L as suggested by Best et al.?® Differences in insulin
concentrations between individual subjects during the low-dose
insulin infusion were taken into account in the calculation of
glucose uptake, as previously described.?! Glucose uptake rates
were norinalized to estimated body size ((EMBS] = fat-free body
mass + 20 kg), since metabolic rate is not directly proportional to
fat-free mass.?”? The correct adjustment of glucose disposal rates
for body size, glucose concentrations, and insulin concentrations
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during the clamp is debated, and therefore, statistical analyses
were also performed on the glucose disposal values uncorrected for
glucose and insulin concentrations and expressed by surface area
rather than EMBS. The overall relationships between the groups
remained the same in these analyses.

Three-Step Glycemic Clamp With Arginine

The three-step glycemic clamp as developed by Ward et al® was
performed a minimum of 2 days after the euglycemic clamp. The
acute insulin response (AIR,,g) to a maximally stimulating dose of
5 g arginine (Kabi Vitrum, Alameda, CA) was calculated (mean
incremental insulin concentration from 3 to 5 minutes after the
arginine bolus) at three levels of glycemia: fasting, midpoint
following an infusion of glucose, and highest point following a
glucose bolus and 30-minute infusion. There was a 2-hour washout
period between the last two stages to avoid the priming effects of
glucose.?*?5 Prestimulus glucose and insulin concentrations are
listed in Table 2.

The magnitude of AIR,, increases with increasing glycemia to a
maximuin at a glycemia of approximately 25 mmol/L.2 Therefore,
a dose-response curve for insulin secretion in response to glucose
can be constructed using AIR,, values at the three corresponding
levels of glycemia. AR, at the highest glycemia (AIRrpvax) is @
measure of PB-cell capacity. In one subject with IGT and two
subjects with NIDDM, AIR,, at the highest glycemia was lower
than that at the midpoint glycemia, so for the purposes of group
comparisons, AIR,, at the midpoint glycemia has been called
AlR,pmax in these subjects. The relationship between glucose
concentration and AIR,; has been shown to be linear over a
glucose range of approximately 5 to 14 mmol/L,%¢ and this allows a
glucose potentiation slope for insulin secretion to be calculated as
the change in AIR,, divided by the change in plasma glucose
between the fasting and midpoint levels of glycemia. The plasma
glucose concentration at 50% AIR,max (PGsg) can be used as an
index of B-cell sensitivity, but in this study we have not used this
measure because of the subjects whose measured maximum re-
sponse was at the midpoint glycemia.

To compare AIR,, between groups, AIR,,, at fasting glycemia
was adjusted to a common basal glycemia of 5.5 mmol/L (AIR 4,
Bas) using the potentiation slope. These adjustments are therefore
based on each individual’s dose-response relationship and have
been performed to ensure that any differences in AIR,,, are not
due to differences in glycemia, which is an important potentiator of
AJR .

Intravenous Glucose Tolerance Test

The AIR to glucose (AIRy,) was measured as the mean
incremental insulin concentration from 3 to 5 minutes after an
intravenous bolus of 25 g 50% dextrose. One NIDDM subject with

Table 2. Prestimulus Insulin Concentrations {(pmol/L) During the
Three-Step Glycemic Clamp With Arginine

Glucose Tolerance

Glucose
{mmol/L) Normal Impaired Diabetic
Fasting
glycemia 5.6 =05 239+ 108 317 = 107 377 = 90*
Midpoint
glycemia 104 =05 699 =514 740 + 366 530 + 195
Highest

glycemia 29.2 + 1.1 2,078 + 1,024 2,186 + 1,627 1,671 + 998

NOTE. Mean + SD.
*P < .01 v normal.
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a negative response was assigned a value of 50 pmol/L so that
log-transformation could be performed.

OGTIT

A standard 75-g OGTT was performed with samples for glucose
and insulin drawn at 0, 30, 60, 120, and 180 minutes. Mean OGTT
glucose and insulin concentrations were calculated as the area
under the curve divided by 180 minutes.

Glucose and Insulin Measurements

Plasma glucose concentrations were measured by the glucose
oxidase method using the Beckman analyzer (Beckman Instru-
ments, Fullerton, CA). Plasma insulin concentrations were deter-
mined by a modification?” of the radioimmunoassay reported by
Yalow and Berson?® for all tests except for the glycemic clamp test
with arginine, where a Concept 4 analyzer (Micromedic, Horsham,
PA) was used. Each statistical comparison between groups was
made using one assay method only, so that systematic differences
between methodologies would not affect the analyses. However,
for visual comparisons of insulin concentrations between the
arginine test and the other tests, a correction factor derived from
multiple duplicate testing by these two methods was applied to the
Concept 4 insulin values ([C4-ins]) to make them comparable to
the other insulin results: (insulin = 0.8546 + 0.4681 - log[C4-
ins] + 0.0989 - log[C4-ins]?).

Statistical Methods

Statistical analyses were performed with the procedures of the
SAS Institute (Cary, NC). Data shown are arithmetic. Statistical
analysis was made with nonparametric methods (Kruskal-Wallis
test for comparing all three groups, and the Wilcoxon two-sample
test for comparing two groups) because many of the insulin-derived
variables were not normally distributed and the potential errors of
the tracer methodology used!® may have meant that hepatic
glucose output calculations were quantitatively in error, although
the ranking of subjects was less likely to be affected. Insulin-
derived variables and glucose disposal at submaximal insulinemia
were log-transformed for the correlation calculations (Pearson
correlations) and for the calculation of linear regression models for
Fig 2. The effects of glucose tolerance status were tested in the log
models, and the data were then back-transformed for presentation
in Fig 2. Glucose adjustment of the mean insulin concentration
during the OGTT was made using two methods: a simple ratio
between insulin and glucose concentrations was calculated (insulin
to glucose ratio), and the residual insulin values from a linear
model (log insulin concentration = glucose concentration) were
added to the group mean for the logged insulin values and then
retransformed to arithmetic data (glucose-adjusted). Data are the
mean = SEM unless otherwise indicated.

RESULTS
Subjects

There were differences in body fat between the groups,
although these did not reach statistical significance (P = .07,
ANOVA). The higher percent body fat in the NIDDM
group was at least in part due to the absence of males,
whose body composition is generally lower in fat than
females. The normal group, on average, was considerably
overweight (body fat of 33% and body mass index of 36),
but a wide range of obesity was represented (11% to 44%
body fat).
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OGTT

The NIDDM group had only mild diabetes, with mean
fasting and 2-hour glucose concentrations of 6.3 = 0.3 and
13.7 + 9.7 mmol/L. The mean OGTT insulin concentration
(comparable to the area under the curve) increased signifi-
cantly with glucose tolerance status, and this reflected
differences in the 120- and 180-minute values. The 30- and
60-minute insulin values, which tend to be less glucose-
dependent, were not different between groups. There were
no differences between groups once the insulin concentra-
tions were adjusted for glucose (Table 3).

Basal Hepatic Glucose Output and Insulin Action

Basal hepatic glucose output was similar in all three
groups. Since the majority of glucose uptake under basal
conditions is directed mainly to insulin-independent tis-
sues, normalization to metabolic size may not be appropri-
ate. However, basal hepatic glucose output in absolute
terms before normalization to body size was still similar
between groups (mean + SD: normal 185 + 32, IGT
175 = 24, and NIDDM 153 = 24 mg/min). Glucose dis-
posal rates at submaximally and maximally stimulating
insulin concentrations were lower than normal in the IGT
(P < .05and P < .02, respectively) and NIDDM (P < .005
for both) groups, but they were not significantly different
between IGT and NIDDM (Table 4).

Insulin Secretion

The NIDDM group had lower AIRy, as compared with
the normal (P < .0001) and IGT (P < .001) groups, AIR -
BAs was not significantly different in those with NIDDM
(Table 5). The insulin secretory capacity (AIR,mmax) Was
not significantly different (P = .09) across all three groups,
but the standard error of the IGT group was approximately
twice that of the other groups, reflecting the wide variation
of responses in this group (Fig 1). The NIDDM group had a
lower AIR,vax as compared with the normal group
(P < .05). The glucose potentiation slope showed a border-
line significant effect across the groups (P = .05), with the
diabetic group being lower than both normal and IGT
groups (P < .05). Individual data points from the three-

Table 3. OGTT Glucose and Insulin Concentrations

Glucose Tolerance Status

Normal Impaired Diabetic

Glucose (mmol/L)

Fasting 4.9 = 0.1 5.4+ 0.2 6.3 0.3

2-hour 6.5+ 0.2 9.7x04 13.7 £ 0.7

Mean concentration 6.6 = 0.1 8.8+ 0.3 11.7 £ 04
Insulin {(pmol/L)

Fasting* 246 = 26 358 = 56 521 + 85

Mean concentrationt 1,238 + 146 1,849 + 348 1,953 + 280

Mean concentration

(glucose-adj) 1,636 + 139 1,718 + 318 1,269 = 255

NOTE. Mean = SEM.

*P < .01 Kruskal-Wallis test for effect of glucose tolerance status:
normalv NIDDM, P < .01.

tP < .05 Kruskal-Wallis test for effect of glucose tolerance status:
normal v NIDDM, P < .05.
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Table 4. Basal Hepatic Glucose Qutput and Insulin Action During a
Euglycemic Clamp

Glucose Tolerance

Normal Impaired Diabetic

Basal hepatic glucose
output {mg/kg
EMBS - min)*

Glucose disposal at sub-
maximum insulinemia
(mg/kg EMBS - min)t

Glucose disposal at
maximum insulinemia
{mg/kg EMBS - min)$

NOTE. Mean + SEM.

*EMBS = estimated metabolic body size (fat-free mass + 20 kg).

tEffect of glucose tolerance status (Kruskal-Wallis) P < .05. IGT
{P < .05) and NIDDM (P < .005) v nhormal.

$Effect of glucose tolerance status (Kruskal-Wallis) P < .002. IGT
{P < .02) and NIDDM {P < .005) v normal.

216 £ 0.05 205+ 0.05 2.05=0.05

274+ 021 211=x0.12 1.85+0.05

872 £ 037 6.84+0.63 6.15+ 0.69

step glycemic clamp for IGT and NIDDM subjects as
compared with the mean and 95% confidence intervals for
the normal group are shown in Fig 1.

Relationship Between Insulin Secretion and Insulin Action

To determine whether IGT or NIDDM groups had a
secretory deficit relative to the degree of insulin resistance,
we examined the relationship between the insulin secretion
parameters (AIRgy, AIRupas, AIRupvax, and potentia-
tion slope) and glucose disposal rates at submaximally
stimulating insulin concentrations (Fig 2A to D). All three
groups were represented at the insulin-resistant end of the
range, but the insulin-sensitive end of the range-(>3 mg/kg
EMBS - min) was totally dominated by normal subjects.

Compared with the relationship in normals between
glucose disposal and insulin secretion, the IGT group were

Table 5. Insulin Secretion in Pima Indians With Normal, Impaired, or
Diabetic Glucose Tolerance

Glucose Tolerance Status

Normal Impaired Diabetic
Parameter (n = 20) {n =9} in=7}
First-phase secretion
{pmol/L,3t0 5
min)
AlRg,* 1,878 £ 220 1,748 + 273 280 + 133
AlR,q 1,261 + 132 1,717 £ 279 1,157 £ 135
AlR,gzasT 1,282 = 124 1,608 + 287 1,060 = 182
AlR gmaxt (pmol/L, 3
to 5 min) 5589 + 484 6,531 + 1,206 3,619 = 651
Potentiation sloped
(pmol/L insulin/
mmol/L glucose) 456 = 48 582 £ 149 279 = 52

NOTE. Mean = SEM.

*Effect of glucose tolerance status {Kruskal-Wallis) P < .001. Normai
(P < .001)and IGT (P < .01) v NIDDM.

TAdjusted to basal glucose of 5.5 mmol/L.

FEffect of glucose tolerance status (Kruskal-Wallis) P = .09. Normal v
NIDDM P < .05.

sEffect of glucose tolerance status (Kruskal-Wallis) P = .05. Normal
(P < .05) and IGT (P < .05) v NIDDM.
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Fig1. AIR,, as a function of glucose concentration. The arithmetic
mean and 95% confidence intervals for the 20 subjects with normal
glucose tolerance (®) is shown in both graphs, along with the
individual plots of (A} 9 subjects with impaired glucose tolerance (A}
and (B) 7 subjects with mild NIDDM ().

not different. Subjects with IGT mostly remained in the
normal range, but seven of nine were below the regression
line in Fig 2A, suggesting that a relatively low AIRg, may be
present in some subjects with IGT. In each instance, the
NIDDM group demonstrated a relative insulin deficiency
(low insulin secretion for the degree of insulin action,
P < .01 to P < .0001). Similarly, in relation to glucose
disposal rates at maximally stimulating insulin concentra-
tions, the NIDDM group had decreased AIRy, (P < .0001),
AlRpas (P < .05), AlRgpmax (P < .01), and potentia-
tion slope (P = .05) as compared with normals, whereas the
IGT group was not different from normals.

While the wide range of insulin sensitivity in normal
subjects contributed to the derivation of the normal regres-
sion line, it meant that the groups were not well-matched
for degree of insulin sensitivity. Another approach to the
important question of whether insulin secretion is impaired
in the IGT group could be to exclude the five insulin-
sensitive normal subjects (glucose disposal at submaximal
insulinemia >3 mg/kg EMBS - min) and compare insulin
secretion variables between groups. Although this imposed
similar degrees of insulin sensitivity in a post hoc and
somewhat arbitrary fashion, it did improve the matching of
the groups. Under these conditions, this more insulin-
resistant but normal glucose-tolerant group (now n = 15
and mean body fat = 37%) had similar glucose disposal
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Fig 2. Relationship between insulin secretion parameters and insulin action. Glucose disposal rate at submaximally stimulating insulin
concentrations (on the X axis in each case) is plotted against AIR, (A), AIR,, (B), maximal secretory capacity (C), and potentiation slope of
glucose for insulin secretion (D). The regression line was calculated from subjects with normal glucose tolerance (®). Subjects with IGT (/) were

not significantly different from normais.

rates at submaximal insulinemia. However, this subgroup of
normal subjects still had a higher glucose disposal at
maximal insulinemia (P < .03) as compared with the IGT
group, and the new means for AIRy, (2,056 + 266 pmol/
L), AIR,ppas (1,499 £ 115 pmol/L), AIR.puax (6,441 £
412 pmol/L), and potentiation slope (502 + 56) were not
significantly different from those of the IGT group shown in
Table 5.

Correlation Analysis With OGTT

Simple correlation analysis showed that glucose toler-
ance, defined as the mean glucose concentration during the
OGTT, was inversely correlated with insulin action at
submaximally and maximally stimulating insulin concentra-
tions (r = —.66, P < .001 and r = —.63, P < .0001, respec-
tively). ATRy, was inversely correlated with glucose toler-
ance (r = —.66, P < .0001), but this was entirely due to the
presence of the low responses in the NIDDM group. The
other secretion parameters (AIR,gpas, AlRyguax, and
potentiation slope) did not correlate with glucose tolerance
when all subjects or only nondiabetic subjects were consid-
ered. In a multiple regression model using all subjects,
insulin action (P < .0002) and AIR,, (P < .0001) were the
only significant determinants of glucose tolerance. The
models using AIRy, and insulin action at submaximally or
maximally stimulating insulin concentrations explained 63%
and 72% of the variance in glucose tolerance, respectively.

Correlations with the insulin response to oral glucose

were calculated (Table 6) using the unadjusted insulin
values, the insulin to glucose ratio, and insulin values
adjusted for glucose by the residuals method. The correla-
tions shown are for the mean insulin concentration through-

Table 6. Pearson Correlation Coefficients {and p values) With the
Insulin Response to Oral Glucose

Mean Insulin Concentration during OGTT

Parameter Unadjusted Ins/Glu Ratio Glucose-adj*
Glucose tolerance
{mean OGTT
concentration) .63 {<.0002) — —
Insuiin Actiont
Glucose disposal
at submaximal
insulinemia —.72 (<.0001) —.43(<.01) -.50 (<.01)
Glucose disposal
at maximal
insulinemia —.61(<.0001) —.34(<.05) —.32 (=.086)
Insulin secretion
AlRg, .03 (NS) .38 (<.05) 44 {<.01)
AlR,gpasF .62 (<.0001}) .67 (<.0001) .75(<.0001)
AR, gmax 44 (<.01) .53 (<.001) .61 (<.0001)
Potentiation slope .32 (=.06) 46 (<.01) 49 (<.01)

*Glucose adjustment: calculated from the residuals of the insulin
glucose relationship.

TEuglycemic clamp at submaximally and maximally stimulating
insulin concentrations.

*Corrected to a glucose of 5.5 mmol/L.
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out the OGTT (equivalent to the area under the curve), but
the 2-hour insulin concentrations gave similar results.
Unadjusted insulin concentrations were positively corre-
lated with glucose concentration (P < .001), negatively
correlated with insulin action (P < .001), and positively
correlated with some of the insulin secretion indices.
Adjustment for glucose concentration either using the
insulin to glucose ratio or the residuals method tended to
diminish the strength of the relationships with insulin
action and enhance the correlations with insulin secretion.

DISCUSSION

In this study, we have measured insulin secretion in Pima
Indians with normal, impaired, or mildly diabetic glucose
tolerance using several discriminating in vivo tests. The aim
was to define more specifically the nature and timing of the
secretory impairment in glucose-intolerant subjects from
this diabetes-prone population. We found that subjects
with IGT were more insulin-resistant as compared with
normals, but a wide range of all insulin secretory responses
was measured (as reflected in the large standard errors).
Although there was a suggestion that some IGT subjects
with moderate insulin resistance aiso had impaired AIR,,
as a group, no significant secretory defects were demon-
strated. By contrast, those with early NIDDM displayed
both insulin resistance and secretory impairment: AIR,,, in
particular, was absolutely impaired, but all aspects of
insulin secretion were impaired relative to the degree of
insulin resistance.

The pattern of secretory decline in Pima Indians is
important because it may reflect the usual pattern seen in
ethnic groups with high rates of NIDDM. A reduction in
the AIRy, has been previously described in NIDDM and in
some instances IGT.3710 While the current study has not
duplicated these findings for IGT, this may simply reflect
the small numbers of IGT subjects compared with the wide
variation in responses in insulin secretion. However, the
study has shown, that the other measures of insulin secre-
tion are less affected than AIR, in mild NIDDM, and that
in IGT they appear normal. Other more subtle aspects of
insulin secretion, such as the loss of the normal oscillation
pattern,? may be present in Pima Indians with IGT, but
were not assessed in this study.

Although the groups were not ideally matched for sex or
body size, this should not alter the overall interpretation of
the results. The absence of males in the mild NIDDM
subjects meant that this group had a slightly higher percent
body fat than the IGT group for the same mean body mass
index. This represents normal sex differences in body
composition, and there is no reason to believe that there are
sex differences in the metabolic processes leading to
NIDDM. The wide range of body fat in the normal group
allowed better models of the normal relationship between
insulin action and insulin secretion; however, analyses
excluding insulin-sensitive (mainly leaner) normal subjects
did not alter the results.

Although this is a cross-sectional study, the implication of
these findings is that the loss of AIRg, may be the critical
event in the transition from IGT, where it is largely intact in
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absolute terms, to early NIDDM, where it is significantly
depressed. Furthermore, since other aspects of insulin
secretion were less affected at this early stage of NIDDM,
especially the first-phase response to the nonglucose secre-
tagogue, arginine, the initial secretory defect may be at the
level of glucose sensing for first-phase release. This has
been previously postulated from studies of acute-phase
insulin secretion. 3031

Both animal studies and clinical evidence support the
concept that glucose itself may be toxic to B cells, such that
B-cell overstimulation leads to desensitization and eventu-
ally insulin secretory failure.?>3 In light of this concept, the
current results suggest that reduced first-phase glucose
sensing might indicate the site of a specific biochemical
lesion, which could result in genetically susceptible Pimas
developing p-cell decompensation and diabetes mellitus.

The assessment of secretory capacity (AIR,pmax) and
potentiation slope was made from the dose-response curve
for glucose potentiation of AIR,, during a three-level
glycemic clamp. In some subjects (two IGT and one
NIDDM), AIR,,, at the highest glycemia was less than at
the midpoint glycemia (Fig 1). This phenomenon was not
reported in the previous use of this test in subjects with
established NIDDM,? but in that study, AIR,, at five
levels of glycemia was assessed over 2 days. We interpret
this lack of a sequential increase in AIR,, as a sign of early
B-cell failure, which could be due to exhaustion or en-
hanced desensitization.??

The reason some subjects have IGT may not be self-
evident when they seem to have a relatively normal relation-
ship between insulin secretion and insulin action. An
undetected impairment of insulin secretion may be one
explanation, but the normal consequences of a feedback
system may be another. The assumptions for this are that
insulin resistance and insulin secretion are linked by a
negative-feedback control loop that involves glucose concen-
tration as the signal. The normal close matching of insulin
secretion to insulin action (Kahn et al*! and Fig 2A to D)
supports this relationship, and glucose would be an obvious
signal. Thus, in the face of increasing insulin resistance, the
increasing secretory rates are only maintained by the signal
of increasing glycemia, even to the point of glycemia in the
IGT range if the insulin resistance is severe enough.

From the current data and previous studies on the
natural history of NIDDM in this population,>536-38 the
following sequence of events in the evolution of NIDDM in
the Pimas seems likely: Insulin resistance develops because
of an underlying genetic predisposition,!”* obesity,?? or
other causes,” and a compensatory increase in insulin
secretion occurs.*! Mild hyperglycemia is required to main-
tain this increase in insulin secretion. IGT develops if the
insulin resistance is so great that the glycemia needed to
maintain appropriately high insulin secretion is in the IGT
range. Since seven of nine subjects with IGT showed a
relatively low AIRy,, it is possible that AIRy, has already
started to decline or has reached an inherently low limit of
adaptation in some of these subjects.”!% The onset of early
NIDDM occurs in the presence of severe insulin resistance
but coincides with an absolute decline in AIRy, and a
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relative decline in other aspects of insulin secretion. Late
NIDDM with a high fasting glucose occurs when, in
addition to the severe insulin resistance, all aspects of
insulin secretion are further decreased and basal hepatic
glucose production is increased.?

Extrapolation of the current findings in Pima Indians to
other racial groups should be made with caution, since it
has been shown that Pimas have greater insulin secretion
(AIR,y,, AlR,mmax, and potentiation slope) than whites at
all levels of insulin action.>*? Also, in other racial groups,
IGT may be more commonly associated with impaired
insulin secretion'® with only mild insulin resistance.

Longitudinal studies in subjects with normal glucose
tolerance have shown that insulin resistance predicts the
development of NIDDM.* In subjects who already have
IGT, a low insulin response relative to glucose concentra-
tion after a glucose load is predictive of conversion from
IGT to NIDDM.364+% These low OGTT insulin concentra-
tions seen in epidemiologic studies are assumed to reflect
impaired insulin secretion, although this has not been
validated in the IGT and early-NIDDM stages. In this
study, we have shown that, provided adjustment is made for
glucose concentration, insulin concentration during an
OGTT can be a fair reflection of insulin secretory function,
although the correlation between insulin action and ad-
justed insulin concentrations still remains. Glucose adjust-
ment by the residuals method (residual values from the
linear model log insulin secretion = glucose concentration)
is probably the more technically correct method, but it
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cannot be applied to groups that include diabetic subjects
with high fasting glycemia, since the relationship between
glucose and insulin concentrations then becomes nonlin-
ear.?

In summary, we have found that in Pima Indians subjects
with IGT were mainly differentiated from normals by
increased insulin resistance, and that no significant abnor-
mality of insulin secretion was found, although a relative
impairment of AIR,, in IGT could not be excluded in this
study. Subjects with mild NIDDM were no more insulin-
resistant than those with IGT, but they did have decreased
insulin secretion both absolutely (AIRy,) and relative to
the degree of insulin resistance (all secretion indices) as
compared with normals. The loss of glucose sensing for
first-phase insulin secretion may be the critical event in the
transition from IGT to early NIDDM.
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