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OBJECTIVE —Glucose effectiveness (Si), the capacity of glucose to enhance its own disposi-
tion, is an independent predictor of future diabetes. However, there are data on cross-sectional
and longitudinal changes of Si and its components, basal insulin effect on S (BIE) and S at zero
insulin (GEZI), but the natural course of Sg has not been described in a large population.

RESEARCH DESIGN AND METHODS S was measured at baseline in 1,265 partic-
ipants (aged 40-69 years) and at the 5-year examination in 827 participants in the Insulin
Resistance Atherosclerosis Study (IRAS) using the frequently sampled intravenous glucose tol-
erance test. None of these participants were treated with glucose-lowering agents.

RESULTS —In cross-sectional analyses, Sg, BIE, and GEZI deteriorated with worsening of
glucose tolerance (P < 0.001 for all three associations). In longitudinal analyses among subjects
with normal glucose tolerance (NGT) at baseline, S, BIE, and GEZI declined in those who
progressed to impaired glucose tolerance (IGT) or diabetes (P < 0.001 for all three measures).
More modest longitudinal changes were demonstrated in individuals with IGT. The transition
back to NGT (as opposed to no change) compared with the transition to diabetes was statistically
significant for S (P = 0.049) and BIE (P = 0.042) and was not a statistically significant trend for
GEZI (P = 0.332). In individuals with diabetes, only BIE had a significant decline (P = 0.003).

CONCLUSIONS S, BIE, and GEZI decline in subjects whose glycemic status worsens. Sg
and GEZI deteriorate more in the initial stages of the disease process.
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nsulin sensitivity tends to decrease with

time (1), but the directional change in

insulin secretion is a major factor for
future glucose tolerance status in the Insu-
lin Resistance Atherosclerosis Study (IRAS)
(2). Along with insulin sensitivity and in-
sulin secretion, the insulin-independent
component of glucose tolerance (i.e., glu-
cose effectiveness [Sg]) is an independent
determinant of future diabetes in different

ethnic groups and varying states of glu-
cose tolerance, family history of diabetes,
and obesity (3). S represents the capacity
of glucose, per se, to enhance glucose cel-
lular uptake and to suppress endogenous
glucose production (4). These properties of
glucose are influenced by basal insulin con-
centration, the basal insulin effect (BIE), in
insulin-dependent tissues. Consequently,
the ability of glucose to promote glucose
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disappearance by insulin-dependent tissues
(independently of the BIE) and insulin-
independent tissues is known as Sg at
zero insulin (GEZI) (4).

Sg is an important determinant of
glucose tolerance status even in condi-
tions of significant insulin resistance (5).
It is reduced in those with impaired glu-
cose tolerance (IGT) and diabetes (6,7), in
healthy individuals after an infusion of
cortisol (8) or glucagon (9), in states of very
low caloric intake (10), in women with
polycystic ovary syndrome (11), and in the
elderly (12). S may be little influenced by
weight-loss interventions (13) but may
improve with physical training (14) and
treatment with thiazolidinediones (15).
There are data on cross-sectional and lon-
gitudinal changes of S, but the natural
course of Si has not been described in a
large population.

We aimed to analyze changes in Sg
and its components relative to the change
in glucose tolerance status in the IRAS, a
multicenter observational epidemiologic
study in different ethnic groups and vary-
ing states of glucose tolerance (16). Insu-
lin sensitivity index (Sp), first-phase acute
insulin response (AIR), and Si were
directly measured by the frequently
sampled intravenous glucose tolerance
test.

RESEARCH DESIGN AND

METHODS —The design and methods
of the IRAS have been described elsewhere
(16). In brief, enrollment was conducted
at four clinical centers: non-Hispanic
whites and African Americans were re-
cruited in Oakland and Los Angeles, CA,
and non-Hispanic whites and Hispanics
were recruited in San Antonio, TX, and
San Luis Valley, CO. A total of 1,624 in-
dividuals were enrolled (56% women) be-
tween October 1992 and April 1994.
A follow-up examination was performed
5 years after the baseline examination
(mean 5.2 years [range 4.6-6.6]). The re-
sponse rate was 81%. Identical for both
examinations, protocols were approved
by local institutional review committees.
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All participants gave written informed
consent.

Race/ethnicity, dietary intake, mac-
ronutrient composition, and energy ex-
penditure from moderate and vigorous
activities were assessed by self-report.
Family history of diabetes was defined as
diabetes in parents or siblings. Anthro-
pometric variables and blood pressure
were gathered by trained personnel.
Plasma glucose and insulin concentrations
were determined by the glucose oxidase
and dextran-charcoal radioimmunoassay
methods, respectively. The insulin assay
displayed a high degree of cross-reactivity
with proinsulin.

Baseline and follow-up examinations
required two visits 1 week apart. During
the first visit, a 75-g oral glucose tolerance
test was administered to assess glucose
tolerance status. During the second visit,
insulin sensitivity and first-phase insulin
secretion were measured by the fre-
quently sampled intravenous glucose tol-
erance test with two modifications to the
original protocol. First, an injection of
regular insulin was used to ensure ade-
quate plasma insulin levels for the accu-
rate computation of insulin sensitivity
across a broad range of glucose tolerance.
Second, the reduced sampling protocol
(12 samples) was used because of the large
number of subjects. Estimates of insulin
sensitivity derived from this technique
correlated significantly with those derived
from the glucose clamp technique (16). S;
and Sg at basal insulin were calculated us-
ing mathematical modeling methods
(MINMOD version 3.0, 1994; courtesy
of Richard Bergman, PhD, Los Angeles,
CA). BIE was computed as the product
of S; and basal insulin concentration and
GEZI as the difference between total S
and BIE (4). AIR was calculated as the
mean of 2- and 4-min insulin concentra-
tions after glucose administration.

In cross-sectional analyses, we de-
fined normal glucose tolerance (NGT)
as a fasting glucose concentration <5.6
mmol/L and a 2-h glucose concentration
<7.8 mmol/L, impaired fasting glucose
(IFG) as a fasting glucose concentration
=5.6 and <7.0 mmol/L, IGT as a 2-h
plasma glucose concentration =7.8 and
<11.1 mmol/L, and diabetes as a fasting
glucose concentration =7.0 mmol/L or
a 2-h plasma glucose concentration
=11.1 mmol/L. Because of the many pos-
sibilities of future change in glucose toler-
ance status, we carried out longitudinal
analyses with three glucose tolerance cat-
egories: NGT, defined as a 2-h glucose

concentration <7.8 mmol/L; IGT; and di-
abetes. Individuals treated with glucose-
lowering medications were excluded
from all analyses.

The present report includes cross-
sectional and longitudinal data on 1,265
and 827 participants, respectively. We ex-
cluded 359 individuals from cross-sectional
analyses (244 for taking glucose-lowering
medications, 114 for having missing data,
and 1 for having an extreme outlier value
of Si). We excluded 438 additional indi-
viduals from longitudinal analyses (24
died, 74 for taking glucose-lowering med-
ications, 337 for not attending the follow-
up examination, and 3 for having extreme
outlier values of Sg).

Statistical analyses

Analyses were carried out using the
SAS statistical software (version 9.1;
SAS Institute, Cary, NC). In cross-sectional
analyses, we used one-way ANCOVA (or
logistic regression analysis) to compare
differences for continuous (or dichoto-
mous) variables between glucose toler-
ance categories to adjust for the effect of
age, sex, race/ethnicity, and research cen-
ter. Linear regression analyses were used
to examine the relationship between de-
mographic, lifestyle, and metabolic vari-
ables to Sg, BIE, and GEZI. Independent
associations with S, BIE, and GEZI also
were assessed by mutivariate linear regres-
sion models. The MIXED procedure, a
generalization of the standard linear
model used in the GLM procedure, was
used to examine independent relation-
ships of longitudinal changes in BMI,
S1, and AIR with changes in Sg, BIE,
and GEZI. Log-transformed values of
fasting insulin, S;, AIR, and BIE were
used to improve discrimination and cal-
ibration of the models and to minimize
the influence of extreme observations.
Given that some individuals had an S;
equal to 0, we used the natural logarithms
of S; + 1 as the transformation for Sy.
We considered significant a two-sided
P value < 0.050.

RESULTS —In cross-sectional analyses,
glucose tolerance categories differed little
in terms of dietary intake and macronu-
trient composition, but diabetes was as-
sociated with lower energy expenditure
(Table 1). All metabolic traits deteriorated
with worsening of glucose tolerance. S,
AIR, S, and GEZI already were decreased
in individuals with isolated IFG. S;, Sg,
BIE, and GEZI were lower in participants
with isolated IGT. Participants with

isolated IFG and isolated IGT did not dif-
fer in terms of Sg and GEZI; however,
those with isolated IGT tended to have
lower S; and BIE and higher AIR. The de-
cline in S, AIR, Sg, BIE, and GEZI with
worsening of glucose tolerance by sex and
race/ethnicity is shown in Supplementary
Figs. 1 and 2.

S; decreased rapidly within the nor-
mal range of fasting and 2-h plasma glu-
cose levels and to a lesser degree through
the IFG, IGT, and the diabetic range of
glucose levels (Fig. 1). AIR did not decline
within the normal range of fasting glucose
concentration and remained elevated
within the normal range of 2-h glucose
concentration. AIR had a steep decline
through the IFG and IGT range of glucose
levels. Sg and GEZI were very similar in
their steady deterioration, which seemed
to be more prominent within the normal
range of fasting and 2-h glucose concen-
trations. BIE decreased throughout the
entire range of fasting and 2-h glucose
levels, although less pronounced within
the normal range of fasting glucose con-
centration.

S, BIE, and GEZI were negatively re-
lated to age, adiposity, and plasma glucose
levels and positively related to energy ex-
penditure and S; (Supplementary Table 1).
Sc and GEZI also were negatively related
to fasting insulin concentration and pos-
itively related to AIR. BIE had a positive
association with fasting insulin concen-
tration. In multiple linear regression
models, we observed the following inde-
pendent relationships: age and BMI were
negatively and S; and AIR positively re-
lated to Sg; age and BMI were negatively
and AIR positively associated with GEZI,
and age, BMI, 2-h glucose, and AIR were
negatively related to BIE (Supplementary
Table 2).

In longitudinal analyses, S; decreased
and adiposity, fasting and 2-h glucose lev-
els, and AIR increased during the follow-
up period (Table 2). BIE decreased, but Sg
and GEZI did not significantly change.

Older age, higher baseline BMI and
S, and lower baseline S; and AIR were
independently associated with a greater
decline in S during the follow-up period
(Supplementary Tables 3 and 4). Weight
gain and higher decreases in S; or AIR also
were independently related to a greater
decline in Ss. Similar results were ob-
tained for the correlates of the longitudi-
nal change in GEZI except for the absence
of a relationship between change in S; and
change in GEZI. Baseline BMI, 2-h glu-
cose, and BIE and longitudinal changes
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in BMI, 2-h glucose, and AIR all were neg-
atively associated with change in BIE.

In individuals with NGT at baseline,
the transition to IGT or to diabetes was
directly related to the declines in Sg (P <
0.001), BIE (P = 0.009), and GEZI (P <
0.001) (Fig. 2). Sg and GEZI declines also
were statistically significant after adjusting
for S; and AIR (P < 0.001 and 0.011, re-
spectively). In individuals with IGT at
baseline, longitudinal changes in glucose
tolerance status were accompanied by
changes of borderline statistical significance
for S (P = 0.049) and BIE (P = 0.042).
Changes in GEZI were not significant
(P =0.332). Sg (P = 0.327) and GEZI
(P=0.148) did not significantly change in
individuals with diabetes, but BIE further
declined (P =0.003). We obtained similar
results using glucose tolerance categories
defined by fasting glucose levels (Supple-
mentary Fig. 3). Sg, in relation to AIR, or
S1, by glucose tolerance status at baseline
and follow-up, is presented in Supple-
mentary Fig. 4.

CONCLUSIONS —In cross-sectional
analyses, Sg and its components, BIE
and GEZI, are directly related to glucose
tolerance. S and GEZI are not as severely
compromised in subjects with significant
deterioration of glucose tolerance (in-
cluding those with type 2 diabetes) as
are BIE, insulin sensitivity, and insulin se-
cretion. Age, BMI, and AIR are indepen-
dent correlates of S and GEZI. S; also is
an independent correlate of S because of
the strong relationship between S; and
BIE. In longitudinal analysis, weight
gain and worsening AIR correlate with de-
clines in Sg and GEZI. Worsening S; also
is related to Sg decline. Sg and GEZI sig-
nificantly decline in individuals with
NGT whose glycemic status deteriorates.
Changes in Si and GEZI are more modest
in individuals who already have IGT or
diabetes, but BIE deterioration may occur
at all stages of glucose tolerance.
Sgisanimportant determinant of glu-
cose metabolism (5) and an independent
predictor of the development of diabetes
(3,6). Some studies have described that
Sg is reduced in people with IGT and di-
abetes (6,7). Sg may be similar in these two
groups of individuals (7). Sg seems to be
higher in the first-degree offspring of indi-
viduals with type 2 diabetes who are more
insulin resistant than matched subjects
without any family history of diabetes
(17). In addition, the ability of glucose to
enhance its own utilization may not be im-
paired in diabetic subjects who are insulin
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Figure 1—Cross-sectional analysis of the relationship between Sy, AIR, Sg, BIE, and GEZI and fasting and 2-h glucose levels. O, S;; @, AIR; [], Sg;
WM. BIE; /\, GEZL All results were adjusted for age, sex, race/ethnicity, and research center.

resistant (18). Our larger sample size has
allowed us to carry out a more comprehen-
sive assessment on the relation of S and its
components to glucose tolerance. BIE has a
significant deterioration with worsening of
glucose tolerance. It is not lower in individ-
uals with isolated IFG because the decrease
in insulin sensitivity is compensated with
an increase in fasting insulin concentration.
Scand GEZI have steady declines as glucose
tolerance worsens but remain preserved,
to a large extent, in states of significant in-
sulin resistance, including diabetes. Conse-
quently, the body seems to protect its last
resort for glucose utilization when there is a
severe impairment of glucose tolerance.
We have previously reported that
African Americans and Hispanics have
lower insulin sensitivity and higher in-
sulin secretion than non-Hispanic whites,

but S did not differ significantly by eth-
nic group (19). In a study among 32 in-
dividuals of African descent, Osei et al.
(20) have described that Sg is preserved
in those with IGT or diabetes despite hav-
ing more insulin resistance and [-cell
dysfunction. Our results indicate Sg and
both S components deteriorate as glu-
cose tolerance worsens in all three race/
ethnic groups. The absence of statistical
differences in Sg in African Americans
with isolated IFG or isolated IGT relative
to counterparts with NGT may be attrib-
uted to sample size. GEZI is significantly
lower in African Americans with isolated
IFG, and there is no interaction effect of
race/ethnicity on the relationship be-
tween S and GEZI to glucose tolerance.

Cnop et al. (21) already have de-
scribed longitudinal changes in Sg in 33

Table 2—Demographics and metabolic variables in 827 participants who had data

from both assessments

Baseline assessment ~ Follow-up assessment P
Age (years) 550+ 0.3 60.2 0.3 <0.001
BMI (kg/m®) 28.6 =02 201 0.2 0.042
Waist circumference (cm) 91.1 04 933 +04 <0.001
Fasting glucose (mmol/L) 5.67 = 0.05 5.96 * 0.095 <0.001
2-h Glucose (mmol/L) 7.70 £0.13 8.81 = 0.13 <0.001
Fasting insulin (WU/mL)* 13403 163+ 0.3 0.002
S (X10 " min™' - WU~ - mL ™ H)* 1.59 = 0.05 0.99 * 0.04 <0.001
AIR (pU/mL)* 475+ 14 56.8 £ 1.7 <0.001
S (X107? min™) 1.90 + 0.03 1.87 + 0.03 0.408
BIE (X102 min™})* 0.23 + 0.01 0.17 + 0.01 <0.001
GEZI (X102 min™}) 1.67 = 0.03 1.70 = 0.03 0.466

Data are means * SE. *Log-transformed variables and back-transformed to their units for presentation.

first-degree relatives of non-Hispanic
whites with type 2 diabetes. These indi-
viduals tended to be insulin resistant,
which is a common trait in offspring of
diabetic individuals. During the follow-
up period, there was a significant deteri-
oration in B-cell function but without a
significant decline in either S; or Sg.
Among the 16 individuals with NGT at
baseline, baseline S was lower in individ-
uals who progressed to IGT, but the
change in S during the period of obser-
vation was not statistically significant.
Cnopetal. (21) recommended additional
studies with larger sample sizes because a
drop in Sg occurred in some individuals
whose glucose tolerance status pro-
gressed to IGT. These results are not in-
consistent with our article. In our large
epidemiological study, Sg declines as glu-
cose tolerance worsens, particularly early
in the disease process.

Physical inactivity has been associ-
ated with lower S;and Sg (14). Dietary fat
has been linked to worsening of glucose
tolerance in epidemiological studies (22).
However, there is no evidence that iso-
energetic replacement of saturated fat with
monounsaturated fat or carbohydrates
improves insulin sensitivity in studies
with randomized diets (23). In our pop-
ulation, which is characterized by high
rates of obesity, glucose tolerance abnor-
malities, and inactivity, diet and physical
activity are not related to Sg. Insulin secre-
tion, an important determinant of glucose
tolerance status, tends to increase with
weight gain and deterioration of insulin
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Figure 2—Yearly changes in Sg, BIE, and GEZI relative to the change in glucose tolerance status. A: Yearly changes in Si. Results were adjusted for age,
sex, race/ethnicity, research center, and baseline Sg. B: Yearly changes in BIE. Results were adjusted for age, sex, race/ethnicity, research center, and
baseline log BIE. C: Yearly changes in GEZI. Results were adjusted for age, sex, race/ethnicity, research center, and baseline GEZL. Results were stratified
by glucose tolerance status at the baseline and follow-up examinations: O, NGT at baseline and follow-up; @, NGT at baseline and IGT at follow-up;
[1, NGT at baseline and diabetes at follow-up; B, IGT at baseline and NGT at follow-up; /\, IGT at baseline and follow-up; A, IGT at baseline and
diabetes at follow-up; >, diabetes at baseline and follow-up.

sensitivity (2,3). Although not declined
in the whole IRAS cohort, longitudinal
changes in Sg occur in parallel with
those in adiposity, insulin sensitivity,
and B-cell function. BIE partially explains
the relationship between insulin sensitiv-
ity and Sg.

In most tissues, glucose uptake is reg-
ulated by the expression of specific glucose
transporter proteins at the plasma mem-
brane. Two of them, GLUT-1 and GLUT-4,
are of particular importance for whole-
body glucose homeostasis. Expressed in
insulin-responsive tissues, GLUT-4 is lo-
cated in intracellular membrane compart-
ments in the basal non—insulin-stimulated
state (24). GLUT-4 is translocated to the
cell’s surface by insulin and exercise and
accounts for the insulin-dependent glucose
uptake. Intracellular GLUT-4 depletion
and interference in its translocation in re-
sponse to insulin occurs in insulin-resistant
states (25). GLUT-1 is much more widely
distributed. GLUT-1 is located in the plasma
membrane in the basal state and may
account, at least partially, for the insulin-
independent glucose uptake (17,24). There
is experimental evidence that exercise
training, inflammation, and insulin resis-
tance are associated with an increase in
GLUT-1 content in skeletal muscle (24).
Thus, upregulation of GLUT-1 could me-
diate the preservation of Sg in states of se-
vere impairment of glucose tolerance.

In conclusion, S declines in subjects
whose glycemic status worsens, but our
study cannot determine whether glucose
uptake by tissues and suppression of en-
dogenous glucose production by the liver

are equally affected in each of the glucose
tolerance categories. Age, adiposity, insulin
resistance, and (3-cell dysfunction largely
explain the relationship of Sg to plasma
glucose levels. The deterioration of BIE,
the basal insulin effect component of Sg,
is a steady process throughout the entire
range of fasting and 2-h glucose levels
and is driven by insulin resistance. BIE par-
tially accounts for the relationship between
Sc and insulin sensitivity. The decline of
GEZI, the ability of glucose to promote its
own disappearance independently of the
BIE, is more prominent in the initial stages
of the disease process leading to diabetes. It
already is manifested in individuals with
isolated IFG and IGT in men and women
and across race/ethnic groups. Longitudi-
nal changes in GEZI concur with weight
and B-cell function changes.
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