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We examined the metabolic characteristics that attend the
development of type 2 diabetes (T2DM) in 441 impaired glucose
tolerance (IGT) subjects who participated in the ACT NOW Study
and had complete end-of-study metabolic measurements. Sub-
jects were randomized to receive pioglitazone (PGZ; 45 mg/day)
or placebo and were observed for a median of 2.4 years. Indices
of insulin sensitivity (Matsuda index [MI]), insulin secretion (IS)/
insulin resistance (IR; DI0–120 /DG0–120, DIS rate [ISR]0–120 /DG0–120),
and b-cell function (DI /DG 3 MI and DISR /DG 3 MI) were calcu-
lated from plasma glucose, insulin, and C-peptide concentrations
during oral glucose tolerance tests at baseline and study end. Di-
abetes developed in 45 placebo-treated vs. 15 PGZ-treated subjects
(odds ratio [OR] 0.28 [95% CI 0.15–0.49]; P , 0.0001); 48% of PGZ-
treated subjects reverted to normal glucose tolerance (NGT)
versus 28% of placebo-treated subjects (P , 0.005). Higher final
glucose tolerance status (NGT . IGT . T2DM) was associated
with improvements in insulin sensitivity (OR 0.61 [95% CI 0.54–
0.80]), IS (OR 0.61 [95% CI 0.50–0.75]), and b-cell function (ln IS/IR
index and ln ISR/IR index) (OR 0.26 [95% CI 0.19–0.37]; all P ,
0.0001). Of the factors measured, improved b-cell function was
most closely associated with final glucose tolerance status.
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T
he prevalence of type 2 diabetes mellitus (T2DM)
has risen to epidemic proportions in the United
States and worldwide (1), and is being driven by
the epidemic of obesity (2). In high-risk individ-

uals, it is reasonable to consider interventions that reduce
the incidence of T2DM. Impaired glucose tolerance (IGT)
and impaired fasting glucose (IFG) are “high-risk” states

with annual diabetes conversion rates ranging from 3 to
11% per year (3). Individuals with IGT have moderate-to-
severe insulin resistance (IR) in muscle and impaired
second-phase insulin secretion (IS), while those with IFG
are characterized by hepatic IR and impaired first-phase IS
with intact second-phase IS and normal/near-normal muscle
insulin sensitivity (4–7). IGT conversion to T2DM is asso-
ciated with a further and progressive decline in b-cell
function with little worsening of IR, which is near maxi-
mally established in IGT (4,5,8–10). Treatment with thiazo-
lidinediones improves IS (11) and IR (12–15), ameliorates
lipotoxicity (12,14), and redistributes fat from muscle/liver/
b-cells to subcutaneous fat depots (12,16). Therefore, they
represent a logical choice for the treatment of IGT and IFG.

In the ACT NOW Study (17,18), over a 2.4-year period,
the annual conversion rate of IGT to T2DM was 7.6% in
placebo-treated vs. 2.1% in pioglitazone (PGZ)-treated sub-
jects (hazard ratio 0.28, P , 0.0001) (18). PGZ is a potent
insulin-sensitizing agent in muscle, liver, and adipocytes
(reviewed in 12–14); augments IS; and preserves b-cell
function (11,19). These effects are mediated, in part, via
peroxisome proliferator–activated receptor-g (PPAR-g)
receptor (13,20) and via reversal of lipotoxicity (12,14)
and changes in adipocytokines (20). PGZ reduces plasma
free fatty acid (FFA) levels, mobilizes fat out of muscle
(21) and liver (22), and redistributes fat from visceral to
subcutaneous depots (12,16).

In the current study, we examined which physiologic/
metabolic/anthropometric changes (end-of-study versus
baseline) in the ACT NOW Study (18) were associated with
IGT progression to diabetes and reversion to normal glu-
cose tolerance (NGT) in PGZ- and placebo-treated subjects.

RESEARCH DESIGN AND METHODS

Subjects. A total of 602 high-risk IGT subjects comprised the study population
(17,18). Demographic, anthropometric, and metabolic characteristics at
baseline were similar in PGZ and placebo groups (Supplementary Table 1) and
have been published (18). Here, we report on 441 subjects who completed the
study (Supplementary Table 2). Subjects lost to follow-up or who dropped out
and did not undergo end-of-study oral glucose tolerance tests (OGTTs) were
not included. During screening, 120 subjects had undergone OGTTs but were
not included in the ACT NOW Study because OGTT results were normal.
These NGT subjects are included as the “control” group.
Study design. Descriptions of the study design (17) and results have been
published (18). Eight centers participated in the study, which was approved by the
institutional review board for each site. A total of 602 IGT subjects were randomized
to receive PGZ or placebo and were observed for a median time of 2.4 years.

At baseline, subjects underwent 2-h 75-g OGTTs with plasma glucose (PG),
insulin, C-peptide, and FFA concentrations measured at 230, 215, 0, and every
15 min in Central Laboratory (Texas Diabetes Institute) (17,18). Additional
baseline assessments included the following: medical history, physical exami-
nation, body mass index (BMI), waist circumference, HbA1c level, lipid profile,
screening blood tests, urinalysis, and electrocardiogram. Body fat was mea-
sured by dual-energy X-ray absorptiometry (model 4500; Hologic, Bedford, MA).
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Participants were randomized to receive PGZ, 30 mg, or placebo. After
1 month, the PGZ dose was increased to 45 mg. Participants returned at 2, 4,
6, 8, 10, and 12 months during year 1, and every 3 months thereafter. Subjects
were observed until they reached the primary end point of diabetes, dropped
out, were lost to follow-up, or reached study end (2 years after the last subject
was enrolled). The fasting PG (FPG) level was determined on each visit. HbA1c

was measured every 6 months. An OGTT was performed annually. Baseline
measurements were repeated at study end or the time of conversion to
diabetes.
IGT conversion to diabetes. The primary outcome was the development of
diabetes (FPG $126 mg/dL or 2-h glucose $ 200 mg/dL). Diagnosis was con-
firmed by OGTT (2-h glucose $200 mg/dL or FPG $126 mg/dL).
Data analysis. The Matsuda index (MI) of insulin sensitivity was calculated
from PG and insulin levels obtained during the OGTT (23). The incremental
areas under the curves (AUCs) of PG, insulin, C-peptide, and FFA during
OGTTs were determined using the trapezoidal rule. The IS rate (ISR) was
calculated from deconvolution of plasma C-peptide using standard C-peptide
clearances (24). b-Cell function was calculated as the IS/IR (disposition) index
(DI0–120/DG0–120 3 MI; DISR0–120/DG0–120 3 MI) (4–7). Adipocyte IR index was
calculated as fasting plasma insulin 3 fasting FFA concentration (25).

Statistical analyses addressed the following question: what metabolic/
physiologic/anthropometric changes were associated with protection from
diabetes in IGT subjects treated with PGZ. Intention-to-treat analyses were
conducted using all follow-up data. Continuous variables were compared be-
tween treatment groups or subgroups by t tests if normally distributed. Oth-
erwise, nonparametric tests were used. Baseline insulin concentration, insulin
AUC, MI of insulin sensitivity, adipose tissue IR index, and IS/IR index were ln
transformed before comparisons. Changes from baseline to follow-up were
compared between groups by t test when variables were normally distributed
and by Wilcoxon test for variables non-normally distributed. Categorical var-
iables were compared by Fisher exact test. Odds ratios (ORs) were estimated
using logistic regression analyses adjusted for age, sex, and center.

Multivariate logistic regression analysis was performed in the entire cohort
to examine factors associated with end-of-study glucose tolerance status (NGT/
IGT vs. T2DM). We evaluated the separate impact of changes in plasma insulin
response (DI0–120/G0–120), MI, ln IS/IR, ln ISR/IR, and all other metabolic/
anthropometric data after accounting for age, sex, clinical center, BMI, and
treatment used as independent variables for the calculation of OR.

Statistical significance was accepted for two-sided a , 0.05. Data are
presented as the mean 6 SE or median. Statistical analysis was performed
using Statview and JMP from SAS.

RESULTS

Study cohort. The study population (n = 441; 57% female)
had a mean age of 53.2 6 0.6 years and a mean BMI of
33.96 0.3 kg/m2. Three hundred and four subjects had IGT/
IFG, and 137 subjects had isolated IGT. Baseline HbA1c,
FPG, and 2-h PG levels were 5.53 6 0.03% (37 6 0.08
mmol/mol), 105 6 0.5 mg/dL, and 169 6 1 mg/dL, respec-
tively. There were no significant differences in any clinical,
anthropometric, or laboratory parameters between the pla-
cebo and PGZ groups (Supplementary Table 2). The 441
subjects who underwent OGTTs at baseline and at study
end/time of conversion to diabetes had (P . 0.40) clinical,
anthropometric, and laboratory values similar to those of
the entire cohort (Supplementary Table 1).
Follow-up results. Diabetes developed in 45 of 228 indi-
viduals (19.7%) in the placebo group and 15 of 213 indi-
viduals (7.0%) in the PGZ group during a median follow-up
period of 2.4 years. The annual diabetes incidence rates,
adjusting for age, sex, and center and calculated using
person-years, were 8.2 and 3.1%, respectively (P , 0.001).
These conversion rates for the 441 subjects in the current
analysis were similar to those for the entire cohort of 602
subjects.

Values at baseline and time of diabetes development or
study end are shown in Supplementary Table 3.
Effect of PGZ on HbA1c, PG, insulin, lipids, and BMI.
HbA1c levels differed between groups (P , 0.003)
throughout the study, increasing by 0.28% (1.9 mmol/mol)
in the placebo group and 0.07% (0.5 mmol/mol) in the

PGZ group (P , 0.0001). At study end, decrements in FPG
(210.7 6 0.9 vs. 24.0 6 0.09 mg/dL) and 2-h PG (228.7 6
2.6 vs. 25.9 6 2.6 mg/dL) levels were greater in the PGZ
group versus placebo group (P , 0.0001). Fasting plasma
insulin decreased by 23.3 6 0.6 mU/mL in PGZ (P , 0.0001
vs. baseline) and did not change in placebo (D = 0.5 6 0.5)
(P , 0.0001, PGZ vs. placebo). Fasting plasma FFA levels
did not change in the PGZ group and increased in the pla-
cebo group (P = 0.007). The adipocyte IR index decreased
in the PGZ group (D = 21.8 6 0.4 mmol/L 3 mU/L, P ,
0.0001 vs. baseline) and increased in the placebo group (D =
0.7 6 0.3, P = 0.03 vs. baseline, and P , 0.0001 vs. PGZ).

BMI increased in the placebo group (0.5 6 0.2 kg/m2,
P , 0.006) and PGZ group (1.6 6 0.2 kg/m2, P , 0.0001),
but the increment was greater with PGZ treatment (P ,
0.0001). Compared with the placebo group, HDL choles-
terol levels increased more (7.2 6 0.8 vs. 4.36 0.7 mmol/L,
P , 0.007), whereas plasma triglyceride levels decreased
more (214.1 6 3.9 vs. 21.7 6 4.1 mmol/L, P , 0.01) in the
PGZ group.
Effect of PGZ on insulin sensitivity, IS, and b-cell
function. The MI of insulin sensitivity increased by 92%
in the PGZ group (3.9 6 0.2 to 7.5 6 0.3, P , 0.0001), but
only by 17% in the placebo group (4.0 6 0.2 to 4.7 6 0.3,
P = 0.002) (P , 0.0001, PGZ vs. placebo). The fasting ISR
(from plasma C-peptide deconvolution) increased in the
placebo group (420 6 14 to 558 6 21 pmol/min, P, 0.0001
vs. baseline) and did not change in the PGZ group (411 6
14 to 446 6 19) (P , 0.0001, PGZ vs. placebo). The total
insulin secreted during the OGTT (0–120 min) increased in
both groups (PGZ, 165 6 3 to 189 6 5 nmol; placebo, 167 6
3 to 2026 6) (P, 0.0001 vs. baseline in both groups; P = NS,
PGZ vs. placebo). The IS/IR (disposition) index (DI0–120 /
DG0–120 3MI) increased by 65% with PGZ treatment (3.26
0.1 to 5.36 0.3, P, 0.0001) and did not change significantly
with placebo treatment (3.2 6 0.1 to 3.7 6 0.2, P = 0.13)
(P , 0.0001, PGZ vs. placebo). When the IS/IR index was
calculated as DISR0–120/DG0–120 3 MI, the increase in b-cell
function with PGZ (646 3 to 1986 17, P, 0.0001) also was
significantly greater than with placebo (66 6 4 to 107 6 8,
P , 0.0001) (P , 0.0001, PGZ vs. placebo).
Relationship between final glucose tolerance status
and measures of insulin sensitivity and IS. In PGZ-
treated IGT subjects, the change in MI of insulin sensitivity
was strongly related to final glucose tolerance status
(Fig. 1). Subjects who reverted to NGT had the largest
improvement in MI (4.6 6 0.4, P , 0.0001), whereas
subjects who converted to T2DM had no significant im-
provement in MI. The adipocyte IR index improved in
IGT subjects who reverted to NGT and deteriorated in IGT
subjects who progressed to T2DM (Fig. 1). Plasma insulin
response to hyperglycemia (DI0–120 /DG0–120) remained con-
stant in subjects who reverted to NGT; consequently, the IS/
IR index increased markedly (Fig. 1). In contrast, the plasma
insulin response to hyperglycemia (DI0–120 /DG0–120) declined
significantly in IGT subjects who converted to T2DM,
resulting in a modest but significant decrease in IS/IR index.

In placebo-treated IGT subjects, relationships between
the change in MI of insulin sensitivity and the change in IS/
IR index versus final glucose tolerance status were anal-
ogous to PGZ-treated subjects, although with different
distributions of subjects in each final glucose tolerance
category (Fig. 2). In IGT subjects who reverted to NGT and
had received placebo, insulin sensitivity (MI) and IS/IR
index improved, while the opposite was observed in sub-
jects who progressed to T2DM.
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Relationship between IS/IR index and diabetes risk.
The risk of developing diabetes was strongly related to the
ln of the IS/IR index. When all subjects (PGZ and placebo)
were divided into eight equal groups (octiles), a strong
curvilinear relationship between ln change in IS/IR index
and diabetes incidence (r = 0.990, P, 0.0001) was observed
(Fig. 3). In the placebo group, the relationship was shifted
to the right (data not shown). IGT subjects with $80% im-
provement in IS/IR index had an ;2% incidence of diabetes

compared with a 14% incidence in subjects in whom the IS/
IR index declined by 60–80%.

When IGT subjects treated with PGZ (r = 0.988, P ,
0.0001) or placebo (r = 0.987, P , 0.001) were analyzed
separately, the change in ln IS/IR index also was strongly
related to the diabetes incidence.
Relationship between plasma insulin response to
hyperglycemia and insulin sensitivity. At baseline,
the plot of insulin sensitivity (MI) versus plasma insulin

FIG. 1. Change from baseline to study end in MI (top left), IS (DI0–120/DG0–120 AUC) (bottom left), IS/IR index (bottom right), and adipose tissue
IR index (top right) in PGZ-treated subjects. Data are given as means 6 SE. Change represents the difference between the absolute value at the
study end minus baseline value. *P < 0.05 for NGT vs. IGT or T2DM; #P < 0.05 for IGT vs. T2DM using nonparametric tests.

FIG. 2. Change in MI (top left), IS (DI0–120/DG0–120) (bottom left), IS/IR index (bottom right), and adipose tissue IR index (top right) in placebo-
treated subjects. Data are given as means 6 SE. Change represents the difference between the absolute value at the study end minus baseline
value. *P < 0.05 for NGT vs. IGT or T2DM; #P < 0.05 for IGT vs. T2DM using nonparametric tests.
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response to hyperglycemia (DI0–120/DG0–120) during OGTT
was curvilinear in all subjects, with little separation be-
tween the PGZ and placebo groups (data for separate
groups not shown) (Fig. 4A). At study end or the time of
diabetes diagnosis, the curve was shifted leftward in IGT
subjects who converted to diabetes, was unchanged in
subjects who remained with IGT, and was shifted right-
ward in subjects who reverted to NGT (Fig. 4B). For any
level of IR, the plasma insulin response in T2DM subjects
was less than that in subjects who remained with IGT, which,
in turn, was less than in subjects who reverted to NGT.
However, PGZ-treated IGT subjects who reverted to NGT
still fell below the “control NGT” group, i.e., their plasma
insulin response was not completely normalized (Fig. 4B).

When the ln of DI0–120/DG0–120 was plotted against the ln
of the MI in subjects who reverted to NGT, a strong linear
relationship with a similar slope was observed in control
NGT subjects, placebo-treated IGT subjects, and PGZ-treated
IGT subjects at study end (Supplementary Fig. 1).
Relationship between glucose tolerance status versus
plasma insulin response and insulin secretory response
in PGZ-treated subjects. In PGZ-treated subjects who
reverted to NGT, there was significant increase (P, 0.0001)
in ISR (plasma C-peptide deconvolution) (Fig. 5). Nonethe-
less, plasma insulin response decreased markedly. Although

not directly measured, this novel finding most likely is
explained by a pronounced increase in the metabolic
clearance rate (MCR) of insulin in response to PGZ. The
change in insulin MCR cannot be explained by the change
in glucose tolerance status, because PGZ-treated subjects
who remained with IGT also manifested a significant in-
crease in ISR, while the plasma insulin response still de-
clined. These results clearly demonstrate that PGZ exerts
independent effects on IS and insulin MCR, and that the
balance between these two effects determines plasma
insulin response.

In subjects who converted to T2DM, PGZ had no effect
on IS and the plasma insulin response to hyperglycemia
did not change (declined slightly) significantly (Fig. 5).
Factors associated with improved b-cell function
after PGZ treatment. The IS/IR index (DISR0–120/DG0–120 3
MI) is determined by the following: 1) plasma insulin re-
sponse (DISR0–120), 2) increment in PG (DG0–120) (i.e., the
stimulus for IS), and 3) IR (1/MI). In PGZ-treated subjects
who reverted to NGT or remained with IGT, the ISR in-
creased by ;21% and the ISR related to increment in PG
rose by 70%, whereas the MI of insulin sensitivity improved
by 109% (IGT → NGT group) and 73% (IGT → IGT group),
respectively. Thus, all three factors contributed to the im-
provement in b-cell function ([DISR0–120/DG0–120] 3 [MI])
(Fig. 5, bottom panels).

The plasma insulin concentration is the result of a bal-
ance between ISR and insulin MCR. In PGZ-treated sub-
jects who reverted to NGT or remained with IGT, plasma
insulin response declined (Fig. 5, middle panels), yet the
ISR increased. This implies that the insulin MCR must have
increased markedly. This is consistent with previous
observations that IR is associated with a reduced insulin
MCR (26), whereas improved insulin sensitivity is asso-
ciated with an increased insulin MCR (27).

Chronic hyperglycemia, i.e., glucotoxicity, has been
shown to impair b-cell function and cause IR in muscle
and liver (8). Consistent with this, the reductions in FPG
(r = 20.39, P , 0.0001; r = 20.45, P , 0.0001) and glucose
AUC during OGTT (r = 20.63, P , 0.0001; r = 20.49, P ,
0.0001) correlated with improvements in DI0–120/DG0–120 3
MI and MI.
Metabolic and clinical parameters associated with
final glucose tolerance status. Using the entire cohort
of 441 IGT subjects, we performed multivariate logistic
regression analysis to examine which factors were asso-
ciated with end-of-study glucose tolerance status (NGT/
IGT vs. T2DM). In the first analysis (after accounting for
age, sex, clinical center, and BMI), PGZ treatment was as-
sociated with an OR of 0.28 (95% CI 0.15–0.49, P , 0.0001)
of developing T2DM. After accounting for the previous
variables, including PGZ/placebo, we found that a reduction
in plasma insulin response (DI0–120 /G0–120) (OR 0.44 [95% CI
0.40–0.80]), improvement in the MI of insulin sensitivity
(0.83 [0.75–0.93]), and increases in ln IS/IR (0.10 [0.05–0.20])
and ln ISR/IR (0.08 [0.03–0.19]) were protective against the
development of T2DM (all P , 0.001).

DISCUSSION

Troglitazone (28,29) and rosiglitazone (30) have been shown
to reduce IGT/IFG conversion to T2DM. However, troglita-
zone is no longer available, and the use of rosiglitazone has
been greatly restricted because of cardiovascular safety
concerns. In contrast, PGZ does not increase the number of
cardiovascular events (31,32). In the ACT NOW Study (18),

FIG. 3. Relationship between the annual diabetes incidence rate and
change in the IS/IR index in the combined PGZ-treated and placebo-
treated groups. Cohort members were ordered from smallest to largest
change and then divided into octiles. Means 6 SEM of each octile are
represented by solid circles. SEM values for diabetes incidence are not
shown if they fall within the height of the solid circle.

FIG. 4. Relationship between IS (DI0–120/DG0–120) and MI at baseline
(A) and at study end (B). NGT subjects, yellow circles; IGT subjects
who converted to NGT, blue triangles; IGT subjects who remained with
IGT, red squares; IGT subjects who converted to T2DM, green dia-
monds.

R.A. DEFRONZO AND ASSOCIATES

diabetes.diabetesjournals.org DIABETES, VOL. 62, NOVEMBER 2013 3923

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db13-0265/-/DC1


we reported that PGZ decreased IGT conversion to T2DM
by 72%, and that 42% of PGZ-treated subjects reverted to
NGT. Herein, we examine physiologic mechanisms associ-
ated with reduced IGT conversion to T2DM and reversion
to NGT in ACT NOW Study participants after PGZ therapy.
Our results demonstrate that an increase in ln IS/IR (dis-
position) index (OR 0.10, P , 0.0001) and ln ISR/IR index
(OR 0.08, P , 0.0001) were strongly associated with pro-
tection against the development of diabetes. Improved MI of
insulin sensitivity (OR 0.83, P , 0.001) also was associated
with protection against diabetes. However, from the quan-
titative standpoint increased IS/IR and ISR/IR were most
strongly related with protection against diabetes.

When all subjects were examined collectively at study
end, changes from baseline in ISR (DISR0–120 /DG0–120),
plasma insulin response (DI0–120/DG0–120), whole-body in-
sulin sensitivity, b-cell compensation for IR, and adipose
tissue insulin sensitivity (Fig. 1) were individually associ-
ated with final glucose tolerance status. However, in a mul-
tivariate analysis, changes in ln IS/IR and ln ISR/IR were the
only independent correlates of final glucose tolerance sta-
tus. These results demonstrate that b-cell function is the
primary determinant of the development of diabetes or re-
gression to NGT, independent of treatment. The fact that
b-cell compensation was higher in PGZ- versus placebo-
treated patients points to the preservation or restoration
of b-cell function as a fundamental mechanism for diabetes
prevention with PGZ treatment, as previously reported for
troglitazone (28). This is clearly evident if one plots the
incidence of diabetes against the change in ln IS/IR index
(Fig. 3).

The critical role of b-cell function in determining final
glucose tolerance status is further substantiated by exam-
ining the relationship between IS (DI0–120 /DG0–120) and in-
sulin sensitivity (Fig. 4). People in whom diabetes developed

failed to increase insulin levels in response to glucose de-
spite large decreases in insulin sensitivity. In subjects who
remained with IGT, a decline in insulin sensitivity was offset
by an increase in IS compared with subjects who progressed
to diabetes. Subjects who reverted to NGT manifested a
similar improvement in insulin sensitivity, but mounted
a twofold to fourfold greater increase in insulin response
compared with subjects who progressed to T2DM. Of note,
IGT subjects who reverted to NGT did not reach the level of
b-cell compensation observed in the control NGT group
(Fig. 4). Thus, although PGZ improved b-cell function in
people who reverted from IGT to NGT, it did not return it
completely to normal status.

In the placebo-treated group, more IGT subjects con-
verted to T2DM and fewer reverted to NGT. However, like
the PGZ group, reversion to NGT was associated with im-
proved b-cell function (DI0–120 /DG0–120 3MI) and enhanced
insulin sensitivity, whereas progression to T2DM was as-
sociated with deterioration in both parameters (Supple-
mentary Fig. 2).

Not all PGZ-treated subjects remained with IGT or re-
verted to NGT. To gain insight into responders versus
nonresponders, we divided PGZ-treated subjects into the
following three groups: those who converted to diabetes,
those who remained at IGT, and those who reverted to
NGT (Fig. 5). In IGT subjects who converted to diabetes,
there was no change in MI (Fig. 1), no significant change in
plasma insulin response to hyperglycemia (Fig. 5), and no
improvement in b-cell function (Fig. 1). In contrast, subjects
who reverted to NGT had improved insulin sensitivity
(Fig. 1), a marked decline in plasma insulin response to
hyperglycemia (Fig. 5), and an increase in IS/IR index (Fig.
1). These findings are consistent with prior observations in
Hispanic women with gestational diabetes mellitus who
were treated with troglitazone (9,28) and PGZ (19), and in

FIG. 5. PG (top) and insulin (middle) concentrations and ISR (bottom) in PGZ-treated IGT subjects who reverted to NGT (left), remained with
IGT (middle), or converted to T2DM (right). Data at baseline and at the end of PGZ treatment are shown. For comparison, data for control NGT
individuals identified during the screening of participants for the ACT NOW Study are shown.
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multiethnic IGT subjects treated with troglitazone (33).
They also are consistent with prospective (10) and lon-
gitudinal (2,3,10,34–37) studies demonstrating poor b-cell
compensation for IR in IGT individuals who progress to
diabetes.

A novel finding was dissociation between ISR and plasma
insulin response in PGZ-treated subjects (Fig. 5). In IGT
individuals who reverted to NGT or remained with IGT, ISR
increased significantly yet plasma insulin response declined
by 40–50%. In insulin-resistant states, i.e., T2DM and obe-
sity, insulin MCR is reduced (26,27). Although not directly
measured, it is most likely that the MCR of insulin in-
creased markedly after PGZ treatment. Consistent with
this, rosiglitazone also has been shown to increase the
MCR of insulin (27). Elevated plasma FFA levels have
been shown to reduce the MCR of insulin (38). However, we
did not observe a decrease in the plasma FFA concentration
in the current study in PGZ-treated subjects (Supplementary
Table 3). This has important implications for interpreting
the exponential relationship between insulin sensitivity and
plasma insulin response (i.e., IS/IR or disposition index),
which becomes linear with ln transformation. The plasma
insulin response should be equated not with IS (which goes
in the opposite direction in PGZ-treated subjects) but, rather,
with the sum of IS plus insulin clearance.

Lipotoxicity (12,14,39) has been implicated in b-cell
failure and IR in T2DM. Thiazolidinediones mobilize fat out
of muscle/liver and b-cells (12,14), leading to enhanced
insulin sensitivity (13,16,21,22) and improved b-cell func-
tion (11,19,28). The improved insulin sensitivity and IS
observed with thiazolidinedione treatment are correlated
with weight gain (11,21,40). In PGZ-treated subjects in the
current study, improved insulin sensitivity (r = 0.20, P ,
0.005) was correlated with the increase in body weight.
Increased insulin sensitivity and b-cell function were cor-
related with the declines in fasting plasma FFA levels (r =
20.135, P , 0.05; r = 20.27, P , 0.001, respectively) and
plasma FFA AUC during OGTT (r = 20.08, P , 0.10; r =
20.19, P , 0.02). Such correlations do not prove causality
but suggest that improved IR and b-cell function with PGZ
may, in part, be related to the reversal of lipotoxicity. Al-
ternatively, since PPAR-g is present in muscle/liver and
b-cells (10,13), simultaneous PPAR-g activation in these
tissues could explain the strong association between im-
proved insulin sensitivity and enhanced b-cell function.
According to this scenario, amelioration of IR would be not
the primary driver of improvement in b-cell function but,
rather, a beneficial effect that occurs in parallel with en-
hanced b-cell function. Last, enhanced insulin sensitivity
after PGZ treatment could be the primary effect, leading to
“unloading” of the b-cell and enhanced b-cell function (19).

Glucotoxicity has been implicated in progressive b-cell
failure as individuals move from NGT to IGT to T2DM (8).
The reduction in both FPG levels (r = 20.47, P , 0.0001)
and the glucose AUC during OGTTs (r =20.46, P, 0.0001)
correlated with improved insulin sensitivity at study end.
Reduced glucose AUC during OGTTs also correlated with
improved b-cell function (r = 20.35, P , 0.0001). These
correlations, although moderate, do not allow one to
determine whether improved glycemic control preceded
and accounted for the improvement in b-cell function or
resulted from improved b-cell function.

There are several limitations regarding the present
results. First, the NGT control group had some high-risk
characteristics that led to screening. Thus, they may not be
completely representative of NGT individuals. Second,

insulin MCR was not measured directly, but was inferred
from the marked difference in plasma insulin and plasma
C-peptide responses. Third, correlations between fasting/
post-OGTT PG and FFA concentrations versus insulin
sensitivity and IS are consistent with lipotoxicity and glu-
cotoxicity, but by no means establish causality. Fourth,
only 441 of the original 602 IGT subjects were available for
follow-up. However, the clinical/anthropometric/metabolic
characteristics of the groups were very similar (Supple-
mentary Tables 1 and 2). Fifth, the presence of IGT at
baseline was established by a single OGTT, which has some
inherent day-to-day variability. However, such variability
would be expected, if anything, to diminish the likelihood of
obtaining statistically significant results.

In conclusion, both improved insulin sensitivity and en-
hanced IS were strongly related to final glucose tolerance
status in IGT subjects treated with PGZ or placebo. However,
the strongest factor associated with final glucose tolerance
status was improvement in IS/IR index. Not surprisingly, the
addition of changes in insulin sensitivity and plasma insulin
response to hyperglycemia—which are contained in the IS/IR
measure of b-cell function—did not further increase the
predictive value. Preservation/improvement in b-cell function
is the main mechanism by which PGZ prevents diabetes and
improves glucose tolerance.
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