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Objective: To test the clinical utility of Quantose M® to monitor changes in insulin sensitivity
following pioglitazone therapy in prediabetic subjects. M2 is derived from fasting measurements
of insulin, a-hydroxybutyrate, linoleoyl-glycerophosphocholine, and oleate, three non-glucose
metabolites shown to correlate with insulin-stimulated glucose disposal.,

Research design and methods: Participants were 428 of the total of 602 ACT NOW IGT subjects
randomized to pioglitazone (45 mg/day) or placebo and followed for, 2.4 years. At baseline and
study end fasting plasma metabolites required for determination of Quantose, HbA,, and OGTT
with frequent plasma insulin and glucose measurements to calculate, Matsuda Index of insulin
sensitivity were obtained.

Results: Pioglitazone treatment lowered IGT conversion to diabetes (HR=0.25, 95%Cl = 0.13-0.50,
p<0.0001). While HbA, . did not track with insulin sensitivity, M? increased in pioglitazone-treated
subjects (by 1.45[3.45] mg'min~"kg,,m ' (median[interquartile range]), (p<0.001 vs placebo) as
did, Matsuda Index (by 3.05[4.77] units, p<<0.0001). M correlated with Matsuda Index at baseline
and change in Matsuda Index from baseline (rho's of 0.85 and 0.79, respectively, p<<0.0001) and was
progressively higher across close-out glucose tolerance status (diabetes, IGT, NGT). In logistic mod-
els including only anthropometric and fasting measurements, M? outperformed both Matsuda
and fasting insulin in predicting incident diabetes.

Conclusions: In IGT subjects, Quantose M? parallels changes in insulin sensitivity and glucose
tolerance with pioglitazone therapy. Due to its strong correlation with improved insulin sensitivity
and its ease of use, Quantose M? may serve as a useful clinical test to identify and monitor therapy
in insulin resistant patients.
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Using fasting plasma samples
from the healthy, nondiabetic popu-
*§ lation of the RISC Study, we identi-

fied novel biomarkers that corre-

lated strongly with the rate of whole

body insulin-mediated glucose dis-

posal (M value) derived from the eu-

glycemic insulin clamp technique

(13). Individually, a-hydroxybu-

IGT NGT

tyrate (a-HB), oleate, and insulin
were negatively correlated with in-
sulin-stimulated glucose metabolism
(M), while L-linoleoyl-glycerophos-
phocholine (L-GPC) was positively
correlated with M.

T2D IGT

NGT T2D

Figure 1. Baseline (left panels) and change at close-out (right panels) values for Matsuda Index
(top panels) and Quantose M® (bottom panels) according to glucose tolerance status at close-out
(NGT=normal glucose tolerance, IGT=impaired glucose tolerance, T2D=type 2 diabetes) in
subjects randomized to pioglitazone or placebo. Plots are mean + 95% confidence intervals. #

P = .008 for the difference between NGT and IGT/T2D; * P < .01 for the difference between
NGT and IGT/T2D and § P < .01 for the difference between pioglitazone and placebo by 2-way

ANOVA.

nsulin resistance is a characteristic feature of type 2 di-
I abetes mellitus (T2DM) (1). Individuals in the upper
tertile of impaired glucose tolerance (IGT) also manifest
marked insulin resistance and have lost ~70%-80% of
their $8-cell function (1-3). Subjects with IGT progress to
T2DM with rates varying from 5%-15% per year (4).
Multiple studies have shown that lifestyle intervention or
pharmacotherapy with metformin, thiazolidinediones
(TZDs), or acarbose can prevent or delay the progression
of IGT to T2DM (5-9). Of the available antidiabetic
agents, TZDs appear to be the most effective (1). Thus, in
the ACT NOW study, pioglitazone reduced IGT conver-
sion to T2DM by 72% (7).

By measuring a large number of metabolites from a
single fasting plasma sample (10), metabolomics has the
potential to identify biomarkers that can provide insights
into the pathophysiology of complex metabolic diseases,
and to monitor and predict responses to therapeutic in-
terventions. In T2DM patients, a number of novel bio-
markers have been shown to be elevated and correlate with
insulin resistance (11-17). These include branched-chain
amino-acids, which are elevated in animal models of obe-
sity and T2DM and in nondiabetic obese and T2DM hu-
mans (18). Raised plasma branched-chain amino-acid lev-
els also predict incident T2DM and improvement in
insulin resistance with weight loss (18, 19).

IGT NGT

(13).

The aims of the present study
were to examine, for the first time: (i)
the relationship between Quantose
M and insulin resistance in a North
American population and (ii) the ef-
fect of a pharmacologic intervention
with the insulin sensitizer pioglitazone in a prediabetic
population (ACT NOW Study) (21) on these novel insulin
sensitivity biomarkers.

Materials and Methods

Subjects. In ACT NOW (21), 602 high-risk individuals with IGT
were recruited over 2 years and followed for a mean of 2.4 years.
The inclusion/exclusion criteria and subject characteristics have
been published (7, 21). The study population consisted of 57%
Caucasians, 24 % Mexican Americans, 16 % African Americans,
and 3% Asians. Eight centers participated in the study, which
was approved by each site’s IRB.

Four hundred and forty-one IGT patients completed the study
and baseline metabolite measurements were available for 428
subjects (210 treated with pioglitazone and 218 with placebo);
follow-up metabolite measurements were available for 404 pa-
tients (199 pioglitazone and 205 placebo).

Methods. At baseline all subjects received a 2-hour OGTT fol-
lowing an overnight fast, and plasma samples were obtained at
-30,-15,0and every 15 minutes for two hours for determination
of plasma glucose and insulin concentrations. On a separate day,
following an overnight fast, a subgroup of 260 subjects also
received a frequently-sampled intravenous (IV) glucose tolerance
test (FSIVGTT) (22). Samples for plasma insulin and glucose
concentrations were obtained every 2 minutes for the first 10
minutes and every 10 minutes for the subsequent 80 minutes.
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Participants were randomized to pioglitazone (30 mg/d) or pla-
cebo; one month after randomization, pioglitazone was in-
creased to 45 mg/d. Fasting plasma glucose (FPG) was measured
at each 3-month follow-up visit, HbA ;. was measured every 6
months, and OGTT was repeated annually and at study end or
at time of conversion to diabetes. FSIVGTT was repeated at
study end or time of conversion to diabetes.

Measurements. Plasma glucose was measured by the glucose ox-
idase reaction, plasma insulin by radioimmunoassay (RIA) (Di-
agnostic Products, Los Angeles, CA) (interassay and intra-assay
CV = 7.1% and 5.1%, respectively), plasma C-peptide by RIA
(Diagnostic Systems, Webster, TX) (interassay and intra-assay
CV =4.3% and 2.4% respectively), and HbA, . with DCA 2000
Analyzer (Bayer, Leverkusen, Germany).

Quantose metabolite analysis. For absolute quantitation, me-
tabolites were analyzed by an analytically and clinically vali-
dated isotope dilution ultra high performance liquid chro-
matograpy tandem mass spectrometry (UHPLC-MS-MS) assay
developed and carried outin a CLIA/CAP-accredited laboratory,
as reported previously (12, 13). In brief, 50 ul of EDTA plasma
samples were spiked with internal standards and subsequently
subjected to protein precipitation by mixing with 250 ul of meth-
anol. Following centrifugation, aliquots of clear supernatant
were injected onto an UHPLC-MS-MS system, consisting of a
Thermo TSQ Quantum Ultra Mass Spectrometer and a Waters
Acquity UHPLC system equipped with a column manager mod-
ulein 2.5 minutes assay. a-HB, L-GPC, and oleic acid were eluted
with a gradient on a Waters Acquity single RP C-18 column (2.1
mm x 50 mm, 1.7 mm particle size) at a mobile phase flow rate
of 0.4 ml/min at 40°C. Tonization was achieved by heated elec-
trospray ionization (HESI) source. Quantitation was performed
based on the area ratios of analyte and internal standard peaks
using a weighted linear least squares regression analysis gener-
ated from fortified calibration standards in an artificial matrix,
prepared immediately prior to each run. Stable isotope labeled
compounds (a-HB-D;, L-GPC-D,, and oleic acid-'*>C, ) were
used as internal standards. The interrun CVs for a-HB, LGPC,
and oleic acid were 4.0%, 6.3 %, and 4.6 %, respectively (based
on 146 replicates over 9 months).

Calculations. Area-underconcentration curves (AUC) were cal-
culated using the trapezoidal rule. Insulin sensitivity was esti-
mated as the Matsuda index from the OGTT (23) and the S;
parameter from the FSIVGTT (22). 8-cell function was indexed
as the insulin-to-glucose AUC ratio during the OGTT (AUC//
AUC() (24) and the acute insulin response (AIR) during the
FSIVGTT (22). The Quantose M index (M) is derived from a
multiple linear regression based on fasting measurements (log-
arithmically transformed) of plasma a-HB, L-GPC, oleic acid,
and insulin, as previously described (20). We chose the metab-
olites which had the highest correlation with insulin sensitivity
obtained from hyperinsulinemic euglcyemic clamp studies
(a-HB-0.36, LGPC 0.33, and oleate —0.22 (20). MR is designed
to estimate the clamp-derived M value.

Statistical analysis. Two-group differences were analyzed by
Mann-Whitney test, multiple-group differences by Kruskal Wal-
lis test, and proportions by Fisher’s exact test. Differences be-
tween values before and after treatment were analyzed using an
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ANCOVA model with the difference as the dependent variable
and baseline value and group as the independent variables. Sim-
ple associations were tested by Spearman’s correlation coeffi-
cient (rho). The independent influence of treatment and close-out
glucose tolerance status was tested by 2-way ANOVA. Predic-
tion of incident diabetes was analyzed by logistic regression; ¢
statistic was indexed as the area under the receiver operating
characteristics (ROC). A p value of = 0.05 was considered sta-
tistically significant; all analyses were carried out using
JMP®7.0.

Results

Baseline. Pioglitazone and placebo groups were well
matched with regard to age, gender, and BMI (Table 1).
Fasting and 2-hour plasma glucose levels, estimates of in-
sulin sensitivity (Matsuda index and S;), £8-cell function
(AUC/AUC and AIR), and the Quantose index (M?) and
its components were very similar between the two groups.
In the group as a whole, Matsuda index and S; were cor-
related with one another (rh0=0.52,n = 260, P < .0001),
and MR was positively correlated with both S; (rho=0.42,
n =260, P <.0001) and Matsuda index (rh0=0.85,n =
428, P < .0001). Likewise, AUC/AUC and AIR were
correlated with one another (rh0=0.49, n = 260, P <
.0001). Across quartiles of baseline 2-hour plasma glucose
concentrations (mean = SEM, 146 = 4,161 £ 5,176 *
4, and 193 + § mg/dL), baseline M declined gradedly
from5.25 +2.58t05.08 +2.63t04.71 = 2.49t04.49 =
1.98 mg/dL (P < .03).

Baseline HbA, . was weakly related to Matsuda Index
and Quantose MQ in the whole dataset, as well as in each
group separately (with 7ho values ranging between 0.14 -
0.25). However, it should be noted that mean HbA,_ var-
ied only slightly (from 5.40 to 5.61%, P = .0131) across
quartiles of 2-hour plasma glucose concentrations. Fur-
thermore, the change in HbA, . at close-out was unrelated
to the changes in Matsuda Index in either the pioglitazone
(rho=-0.14, P = .06) or placebo group (rho=-0.14, P =
.06).

Indices of insulin sensitivity were inversely associated
with indices of 8-cell function; in particular, baseline MR
was reciprocally related to both AIR (rho=-0.15,n = 260,
P = .015) and AUC/AUC (rho=-0.60, n = 428, P <
.0001).

Close-out. During a median follow-up of 2.4 years, 42
individuals in the placebo group and 12 in the pioglitazone
group developed diabetes (HR = 0.25, 95%CI = 0.13-
0.50, P <.0001). Of the other 374 subjects, 181 regressed
to NGT (110 with pioglitazone vs 71 with placebo, P <
.02).

Subjects randomized to pioglitazone had significantly
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Table 1. Clinical, anthropometric, and laboratory data at baseline.*
Pioglitazone Placebo
(n=210) (n=218) p value

Gender, F/M (%) 56/44 59/42 0.66
Age (years) 54 + 10 53+ 12 0.29
BMI (kg/m?) 33.5+54 343 +6.4 0.52
Waist (cm)

Male 109 = 12 112 =14 0.29

Female 102 =12 103 = 14 0.60
HbA,. (%) 5.52 = 0.42 5.47 = 0.39 0.16
FPG (mg/dL) 105 =7 105 £ 8 0.45
2-hour PG (mg/dl) 170 = 17 169 = 18 0.53
FPI (mU/liter) 8.3[8.1] 8.419.2] 0.77
Matsuda Index (M) 3.13[3.29] 3.23[3.31] 0.94
AUC/AUC; (mU/g) 38 [26] 40 [28] 0.64
S, (min™"pUmL™)° 2.29[1.81] 2.35[1.73] 0.51
AIR (mU/liter)°® 307 [330] 291 [310] 0.33
a—HB (ug/liter) 4.17[1.95] 4.42 [1.94] 0.43
L-GPC (ugl/liter) 10.81 [4.87] 10.44 [5.16] 0.16
Oleic acid (ug/liter) 79 [40] 77 (38] 0.67
M® (mgmin~""kg,pm ") 4.92[1.21] 4.77 [2.50] 0.50

* entries are mean=sp or median [interquartile range]; © 123 subjects in the pioglitazone group and 137 in the placebo group; BMI = body mass
index; FPG = fasting plasma glucose; PG = plasma glucose; FFA = free fatty acids; FPI = fasting plasma insulin; AUC/AUC = ratio of insulin to
glucose area-under-curve during the OGTT; S, = insulin sensitivity from the FSIVGTT; AIR = acute insulin response from the FSIVGTT; M? =

Quantose index of insulin sensitivity; wbm = whole body mass.

greater declines in fasting and 2-hour plasma glucose con-
centrations, HbA,, and fasting plasma insulin concentra-
tion compared to subjects in the placebo group (Table 2).
Insulin sensitivity (both Matsuda Index and S;) increased
significantly more in the pioglitazone vs placebo group,
while 3-cell function declined more in the placebo group.
Quantose MQ increased significantly more with pioglita-
zone than placebo (Table 2). Each individual component
of Quantose M (ie, fasting insulin, a-HB and oleic acid
decreased and L-GPC increased) changed significantly
more with pioglitazone compared to placebo (Table 2).
Moreover, the change in MQat study end was significantly
correlated with the change in AUC/AUC (rho=-0.39,
P <.0001).

When examining insulin sensitivity according to glu-
cose tolerance status at study end, baseline Matsuda val-
ues tended to be higher in subjects who were NGT at
follow up than in those who remained IGT or progressed
to T2D. By contrast, Quantose MR was significantly
higher in subjects who were NGT at follow up than in
those who remained IGT or progressed to T2D for both
pioglitazone- and placebo-treated subjects. On the other
hand, the change at close-out in both the Matsuda Index
and MQwere significantly larger in NGT than IGT or T2D
subjects, and significantly more positive with pioglitazone
than placebo (Figure 1). Underlying the changes in MR,
levels of fasting insulin, a-HB, and oleic acid increased,
and levels of L-GPC decreased across close-out NGT,IGT,

Table 2. Changes in laboratory data at study close-out.*
Pioglitazone Placebo

p value
FPG (mg/dL) —12 £ 1 -8+ 11 <0.001
HbA, . (%) 0.06 = 0.41 0.27 = 0.39 <0.0001
2-hour PG (mg/dL) —31 %35 —15 =+ 33 <0.0001
FPI (mU/liter) -2.81[6.1] —0.7 [6.6] <0.0001
Matsuda Index (M) 3.05[4.77] 0.44 [2.68] <0.0001
AUC/AUC (mU/g) -8 [20] —3[20] <0.0001
S, (min"" pUmL™") 1.15[2.81] 0.54 [2.48] 0.0202
AIR (mU/liter) —-19[179] —29[163] ns
a—HB (ug/ml) —0.47 [2.12] —0.02[1.97] 0.0034
-GPC (ug/mL) 1.60 [4.89] 0.30[3.73] <0.0001
Oleic acid (mwg/mL) —5 [46] 5[39] 0.0009
M® (mgmin™kgupm ) 1.45 [3.45] 0.08[1.84] <0.0001

* entries are mean=sp or median [interquartile range]; p values are for the difference between pioglitazone and placebo by 2-way ANOVA, with
change in the index variable as the dependent variable and baseline values and treatment group as the independent variables.
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and T2D status (data not shown, P < .01 for each me-
tabolite). In the whole dataset, changes in Matsuda and
MR were tightly correlated with one another in both treat-
ment groups (Figure 2).

The ability of baseline parameters to predict incident
diabetes was generally low, most likely reflecting the fact
that the cohort was quite homogeneous. Thus, neither
gender, nor age, nor fasting insulin, nor Matsuda Index at
baseline were significant predictors of incident diabetes in
univariate analysis or when including baseline BMI and
waist circumference as covariates. Both models achieved
statistical significance only when also including the base-
line fasting glucose concentration (Table 3). In contrast,
baseline Quantose MR was a significant predictor, even in
univariate analysis, and model predictivity increased step-
wise when including BMI, waist circumference, and fast-
ing glucose. In the latter model, the ROC AUC was 0.024
U better than the same model using the Matsuda Index and
0.017 U better than the same model using fasting insulin
(both P <.05). Treatment assignment raised ROC AUC in
each multivariate model, the one using MR remaining su-
perior to those using the Matsuda Index or fasting insulin
(Table 3).

Discussion

Mass spectrometry-based biochemical profiling is an
emerging technological approach to identify biomarkers
that may serve as metabolic signatures for complex met-
abolic diseases and as the basis of novel diagnostic tests
(11,12,15,16). For example, recent studies have used this
technique to identify biomarkers predictive of the future
development of T2DM (13, 14, 18) and response to life-
style intervention (19, 25).

To our knowledge the present study is the first to em-

= Pioglitazone
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ploy robust physiological measurements of insulin sensi-
tivity and insulin secretion, combined with a double-blind
placebo-controlled pharmacologic intervention with pi-
oglitazone, to validate metabolites that correlate with key
pathophysiological abnormalities including insulin resis-
tance and glucose tolerance. A strength of this study is that
placebo and pioglitazone groups were very well matched
at baseline with respect to anthropometric measurements,
measures of insulin secretion and insulin sensitivity, and
plasma Quantose insulin  sensitivity —biomarker
concentrations.

We previously developed a novel insulin sensitivity in-
dex, Quantose MR, based upon a single fasting measure-
ment of plasma insulin, a-HB, L-GPC, and oleate concen-
trations (20). Quantose M correlated well with insulin
sensitivity measured from the euglycemic insulin clamp in
nondiabetic healthy Europeans (r=0.66, P < .0001) (20).
In the present study, we examined application of this novel
insulin sensitivity index in a prediabetic, IGT population
and how this index changed following pioglitazone vs pla-
cebo treatment in relation to changes in insulin sensitivity
and glucose tolerance.

Quantose MR correlated strongly with the Matsuda
Index of insulin sensitivity at baseline (rh0=0.85), as well
as study end (rh0=0.89), and with the change in Matsuda
Index from baseline to study end (Figure 2). In the sub-
group of subjects in whom the FSIVGTT was performed,
MR correlated with S; at baseline (rh0=0.42) and fol-
low-up (rh0=0.47), confirming the consistency of this in-
dex in marking for insulin sensitivity regardless of how the
latter is measured. Importantly, M® also differentiated
between glucose tolerance status, ie, NGT vs IGT vs T2D,
in pioglitazone- and in placebo-treated subjects at study

end (Figure 1). Finally, M® did significantly better than

o Placebo
o 12 -
S 10
U 8-
] E 64
€ =
52 %
i 24
-
EE 0
U &0 -2+
g E 4]
£
(@) 7 [ ] °
-8 v T
-15 10 -5

5 10 15 20 25

Change in Matsuda Index

(units)

Figure 2. Relationship between close-out changes in Quantose M® and Matsuda Index in subjects randomized to pioglitazone or placebo. The
best fit is linear in both groups (r=0.69, P < .0001 for pioglitazone, and r=0.77, P < .0001 for placebo); the fitted line for the pioglitazone group

is significantly (P = .01) different from that of the placebo group.
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Table 3. Prediction of incident diabetes.*
OR (95%Cl) ROC p value
Insulin 1.20 (0.92-1.52) 0.582 0.1769
+BMI 1.18 (0.88-1.56) 0.587 0.2186
+waist 0.66 (0.43-1.00) 0.619 0.1052
+glucose 1.93 (1.45-2.58) 0.693 <0.0001
+Tx 0.22 (0.16-0.49) 0.759 <0.0001
Matsuda 0.83(0.58-1.12) 0.568 0.2326
+BMI 1.20 (0.89-1.57) 0.580 0.2293
+waist 0.69 (0.45-1.05) 0.609 0.1369
+glucose 1.94 (1.45-2.63) 0.686 <0.0001
+Tx 0.23 (0.16-0.49) 0.754 <0.0001
M 0.66 (0.46-0.91) 0.592 0.0107
+BMI 1.10(0.82-1.46) 0.607 0.0301
+waist 0.62 (0.40-0.94) 0.646 0.0105
+glucose 1.85(1.39-2.49) 0.710 <0.0001
+Tx 0.22 (0.16-0.49) 0.766 <0.0001

* entries are odds ratios (OR) and their 95% confidence intervals (95%Cl) — calculated for 1 sp difference — and area under the receiver-operating
curve (ROC) and its statistical significance (p). Predictor variables are the values measured at baseline. Insulin and glucose are fasting, Tx is

treatment (pioglitazone vs. placebo).

either fasting insulin alone or Matsuda Index in predictive
models of incident diabetes (Table 3).

In contrast to MR, HbA ,_ did not identify IGT subjects
as insulin resistant or prediabetic. Although the change in
HDbA,, correlated with the change in insulin sensitivity
(rho=-0.23, P < .0001) in the whole group, the relation-
ship was markedly weaker than that between change in
MR and change in Matsuda Index (Figure 2). In the pi-
oglitazone-treated group the change in HbA, . did not cor-
relate with change in Matsuda Index or M. This is not
surprising, since multiple factors, ie, beta cell function etc.,
(1), contribute to the mean day-long plasma glucose level
as determined by HbAlc. The current observations are
consistent with other studies showing that the majority
(approximately two thirds) of prediabetic individuals are
not diagnosed by established HbA . cut-offs (26). There-
fore, Quantose M may serve as an adjunct to HbA,_ in
identifying at-risk, insulin resistant patients (both NGT
and IGT) and in monitoring their improvement with life-
style and/or pharmacologic interventions aimed at pre-
venting progression to T2DM.

It is of interest that, not only Quantose M? but, each of
its component metabolites (a-HB, L-GPC, oleate, and
fasting insulin) changed significantly following pioglita-
zone therapy (Table 2), and their close-out values differed
significantly with respect to close-out glycemic status
(Supplemental Figure 1). For example, at close-out a-HB
was 4.60 [2.03], 4.07 [2.13], and 3.48 [1.58] pg/mL
(mean = SEM) in T2D, IGT, and NGT subjects, respec-
tively (P < .0001).

Of further interest is that Quantose MR was related to
indices of -cell function (AUC/AUC; and AIR) and
changed consensually with AUC/AUC; at follow up. This
is of clinical importance since progression from IGT to

T2D is characterized by progressive {3-cell failure (27-29).
This in vivo observation in man is consistent with in vitro
data which demonstrate that «-HB and L-GPC have dose-
dependent effects on insulin secretion (13). Thus, «-HB
inhibits, while L-GPC stimulates glucose-induced insulin
release in INS-le §3-cells. Further, increased a-HB and re-
duced L-GPC levels are independent risk factors for insu-
lin resistance and progression to IGT and T2D (13). This
finding is coherent with the superiority of MR over fasting
insulin or Matsuda Index to predict incident T2D (Table
3) even in a relatively small, homogeneous cohort of IGT
subjects as the ACT NOW trial.

T2D patients are characterized by elevated plasma FFA
levels, increased FFA oxidation, and increased tissue lipid
deposition. In T2D individuals, thiazolidinediones con-
sistently reduce plasma FFA by ~30% (30, 31) and mo-
bilize fat out of muscle and liver (32, 33). The reduction in
plasma FFA concentration is associated with improved
insulin sensitivity and 3-cell function (34-36). Consistent
with these observations, the plasma oleic acid level in the
present study declined significantly more after pioglita-
zone therapy than placebo (Table 2). Elevated plasma FFA
and increased FFA oxidation are associated with an in-
crease in the NADH/NAD ratio and this favors the for-
mation of a-HB from a-ketobutyrate. Thus, the declines in
plasma o-HB, as well as plasma oleate, are consistent with
the action of pioglitazone to reduce the plasma FFA con-
centration and augment FFA oxidation. Whether the
changes in a-HB, oleate, and L-GPC simply reflect, or
follow, the improvement in insulin sensitivity, £8-cell func-
tion, and glucose homeostasis, or whether they actually
play a mechanistic role in the enhanced insulin sensitivity/
-cell function/glycemic control remains to be determined.

Association of Quantose M? and its metabolites with
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insulin resistance has been replicated in three different
populations (13) and now in the current study, which is the
first to examine the effect of pharmacologic intervention
with an insulin sensitizing agent on Quantose M insulin
sensitivity index and its individual metabolites. Of note,
Matsuda index did not predict incident diabetes while
Quantose MR was a weak predictor. This is not surprising,
given a relatively homogeneous population at baseline.
Slightly better predictive ability of Quantose MR could be
because of the fasting metabolites (a-HB, L-GPC, oleate).

In summary, in ACT NOW we demonstrate that in
both placebo-treated and pioglitazone-treated IGT sub-
jects, Quantose MR was associated with improved insulin
sensitivity and glucose tolerance. Importantly, Quantose
MR discriminated between different stages of glucose tol-
erance, ie, NGT vs IGT vs T2D, at study end.

Identification of biomarkers that predict the response
to therapy or conversion of IGT to T2D is of importance
in clinical practice. Quantose M® and its nonglucose me-
tabolites mark the severity of insulin resistance in IGT
individuals and their changes correlate well with changes
in both insulin sensitivity and glucose tolerance status at
study end. This novel fasting plasma measurement may
have utility in predicting and monitoring response to ther-
apeutic interventions.

Acknowledgments

Address all correspondence and requests for reprints to: Ralph A
DeFronzo, M.D., Division of Diabetes — University of Texas
Health Science Center, 7703 Floyd Curl Dr MSC 7886, San
Antonio, TX 78229, Phone: 210-5 676 691, Fax: 210-
5676 554, Email: albarado@uthscsa.edu.

D.T. reports receiving consultant fees from HDL Diagnostics
Inc.;J. C., W.G.,K-P.A. and T.G. report working at Metabolon;
D.C.S. reports receiving funding of the Phoenix Data Coordi-
nating Center by a Takeda Grant; MA.B. reports receiving con-
sulting fees from Sanofi Aventis, Merck, Roche, and Boehringer
Ingelheim, and grants from Takeda and Merck, and fees for
participation in review activities from Novartis and BMS; G.A.B.
reports no conflict of interest; T.A.B. reports receiving grant
support from Allergan and Takeda, and advisory panel from
Takeda, and speakers bureau from Takeda, and stock options
from Tethys Bioscience; S.C.C. reports that he is a full-time em-
ployee of Merck and Co.; R.R.H. reports receiving grant support
from AstraZeneca, BMS, Eli Lilly, Sanofi-Aventis, and Medtron-
ics, and is a consultant to Boehringer Ingelheim, Gilead, Intarcia,
Isis, Eli Lilly, Novo Nordisk, Roche, and Medtronics, and is on
the advisory board to Amgen, AstraZeneca, BMS, Gilead, Int-
arcia, Johnson & Johnson/Janssen, Eli Lilly, Merck, Novo Nor-
disk, Roche, Sanofi-Aventis, Daiichi Sankyo, and Elcelyx;
A.E.K. reports no conflict of interest; S.M. reports being a
speaker to Takeda; R.E.R. reports receiving research support
from Takeda; F.B.S. reports no conflict of interest; P.D.R. re-
ports receiving research grants from BMS and Novo Nordisk,
speaker support through Amylin, and is a consultant of BMS;

jcem.endojournals.org 7

N.M. reports no conflict of interest; E.F. reports receiving grants
from Boehringer-Ingelheim and Lilly&Co, and serves on the ad-
visory board of Boehringer-Ingelheim, GSK, Lilly&Co., Sanofi,
Astra Zeneca, and Johnson&Johnson/Janssen; R.A.D. reports
receiving grants from Amylin, Bristol Myers Squibb, Boehringer-
Ingelheim and Takeda, and serves on the advisory board for
Amylin, Takeda, Bristol Myers Squibb, Astra Zeneca, Novo
Nordisk, Janssen, Lexicon, and Boehringer Ingelheim, and is on
the Speakers Bureau for Novo Nordisk, Bristol Myers Squibb,
Astra Zeneca and Janssen;. No other potential conflict of interest
relevant to this article was reported.
This work was supported by .

References

1. DeFronzo RA. Banting Lecture. From the triumvirate to the ominous
octet: a new paradigm for the treatment of type 2 diabetes mellitus.
Diabetes. 2009;58:773-795.

2. DeFronzo RA, Banerji MA, Bray GA, Buchanan TA, Clement S,
Henry RR, Kitabchi AE, Mudaliar S, Musi N, Ratner R, Reaven P,
Schwenke DC, Stentz FD, Tripathy D. Determinants of glucose tol-
erance in impaired glucose tolerance at baseline in the Actolow for
Prevention of Diabetes (ACT NOW) study. Diabetologia. 2010;53:
435-445.

3. Tripathy D, Carlsson M, Almgren P, Isomaa B, Taskinen MR,
Tuomi T, Groop LC. Insulin secretion and insulin sensitivity in re-
lation to glucose tolerance: lessons from the Botnia Study. Diabetes.
2000;49:975-980.

4. Gillies CL, Abrams KR, Lambert PC, Cooper NJ, Sutton AJ, Hsu
RT, Khunti K. Pharmacological and lifestyle interventions to pre-
vent or delay type 2 diabetes in people with impaired glucose toler-
ance: systematic review and meta-analysis. BM]J. 2007;334:299—
302.

5. Knowler WC, Barrett-Connor E, Fowler SE, Hamman RF, Lachin
JM, Walker EA, Nathan DM. Reduction in the incidence of type 2
diabetes with lifestyle intervention or metformin. N Engl | Med.
2002;346:393-403.

6. Tuomilehto J, Lindstrom J, Eriksson JG, Valle TT, Hamalainen H,
Ilanne-Parikka P, Keinanen-Kiukaanniemi S, Laakso M, Louher-
anta A, Rastas M, Salminen V, Uusitupa M. Prevention of type 2
diabetes mellitus by changes in lifestyle among subjects with im-
paired glucose tolerance. N Engl ] Med. 2001;344:1343-1350.

7. DeFronzo RA, Tripathy D, Schwenke DC, Banerji M, Bray GA,
Buchanan TA, Clement SC, Henry RR, Hodis HN, Kitabchi AE,
Mack W], Mudaliar S, Ratner RE, Williams K, Stentz FB, Musi N,
Reaven PD. Pioglitazone for diabetes prevention in impaired glucose
tolerance. N Engl ] Med. 2011;364:1104-1115.

8. Investigators DT, Gerstein HC, Yusuf S, Bosch J, Pogue J, Sheridan
P, Dinccag N, Hanefeld M, Hoogwerf B, Laakso M, Mohan V, Shaw
J, Zinman B, Holman RR. Effect of rosiglitazone on the frequency
of diabetes in patients with impaired glucose tolerance or impaired
fasting glucose: a randomised controlled trial. Lancet. 2006;368:
1096-1108S.

9. Chiasson JL, Josse RG, Gomis R, Hanefeld M, Karasik A, Laakso M.
Group S-NTR Acarbose for prevention of type 2 diabetes mellitus:
the STOP-NIDDM randomised trial. Lancet 2002;359:2072-2077.

10. Nicholson JK, Wilson ID. Opinion: understanding ‘global’ systems
biology: metabonomics and the continuum of metabolism. Nat Rev
Drug Discov. 2003;2:668-676.

11. Altmaier E, Ramsay SL, Graber A, Mewes HW, Weinberger KM,
Suhre K. Bioinformatics analysis of targeted metabolomics—uncov-
ering old and new tales of diabetic mice under medication. Endo-
crinology. 2008;149:3478-3489.

12. Gall WE, Beebe K, Lawton KA, Adam KP, Mitchell MW, Nakhle PJ,
Ryals JA, Milburn MV, Nannipieri M, Camastra S, Natali A, Fer-

The Endocrine Society. Downloaded from press.endocrine.org by [${individual User.displayName}] on 23 January 2015. at 12:52 For personal use only. No other uses without permission. . All rights reserved.


mailto:albarado@uthscsa.edu

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Novel insulin sensitivity index tracks glucose tolerance

rannini E. alpha-hydroxybutyrate is an early biomarker of insulin
resistance and glucose intolerance in a nondiabetic population.
PLoS One. 2010;5:¢10883.

Ferrannini E, Natali A, Camastra S, Nannipieri M, Mari A, Adam
KP, Milburn M, Kastenmuller G, Adamski J, Tuomi T, Lyssenko V,
Groop L, Gall WE. Early metabolic markers of the development of
dysglycemia and type 2 diabetes and their physiologic significance.
Diabetes. 2013;65:1730-1737.

Holmes E, Loo RL, Stamler J, Bictash M, Yap IK, Chan Q, Ebbels
T, De Iorio M, Brown IJ, Veselkov KA, Daviglus ML, Kesteloot H,
Ueshima H, Zhao L, Nicholson JK, Elliott P. Human metabolic
phenotype diversity and its association with diet and blood pressure.
Nature. 2008;453:396-400.

Nicholson JK, Connelly J, Lindon JC, Holmes E. Metabonomics: a
platform for studying drug toxicity and gene function. Nat Rev Drug
Discov. 2002;1:153-161.

Suhre K, Meisinger C, Doring A, Altmaier E, Belcredi P, Gieger C,
Chang D, Milburn MV, Gall WE, Weinberger KM, Mewes HW,
Hrabe de Angelis M, Wichmann HE, Kronenberg F, Adamski J, Illig
T. Metabolic footprint of diabetes: a multiplatform metabolomics
study in an epidemiological setting. PLoS One. 2010;5:e13953.
Newgard CB, An J, Bain JR, Muehlbauer M], Stevens RD, Lien LF,
Haqq AM, Shah SH, Arlotto M, Slentz CA, Rochon J, Gallup D,
Ilkayeva O, Wenner BR, Yancy WS, Jr., Eisenson H, Musante G,
Surwit RS, Millington DS, Butler MD, Svetkey LP. A branched-
chain amino acid-related metabolic signature that differentiates
obese and lean humans and contributes to insulin resistance. Cell
Metab. 2009;9:311-326.

Wang TJ, Larson MG, Vasan RS, Cheng S, Rhee EP, McCabe E,
Lewis GD, Fox CS, Jacques PF, Fernandez C, O’Donnell CJ, Carr
SA, Mootha VK, Florez JC, Souza A, Melander O, Clish CB, Gersz-
ten RE. Metabolite profiles and the risk of developing diabetes. Naz
Med. 2011;17:448-453.

Shah SH, Crosslin DR, Haynes CS, Nelson S, Turer CB, Stevens RD,
Muehlbauer MJ, Wenner BR, Bain JR, Laferrere B, Gorroochurn P,
Teixeira ], Brantley PJ, Stevens VJ, Hollis JF, Appel L], Lien LF,
Batch B, Newgard CB, Svetkey LP. Branched-chain amino acid lev-
elsareassociated with improvementin insulin resistance with weight
loss. Diabetologia. 2012;55:321-30.

Cobb J, Gall WE, Adam KP, Nakhle P, Button E, Hathorn J, Lawton
K, Milburn M, Perichon R, Mitchell M, Natali A, Ferrannini E. A
novel fasting blood test for insulin resistance and prediabetes. | Diab
Sci Tech. 2013;7:100-110.

DeFronzo RA, Banerji M, Bray GA, Buchanan TA, Clement S,
Henry RR, Kitabchi AE, Mudaliar S, Musi N, Ratner R, Reaven PD,
Schwenke D, Stentz FB, Tripathy D. Actos Now for the prevention
of diabetes (ACT NOW) study. BMC Endocr Disord. 2009;9:17—
28.

Bergman RN, Phillips LS, Cobelli C. Physiologic evaluation of fac-
tors controlling glucose tolerance in man: measurement of insulin
sensitivity and beta-cell glucose sensitivity from the response to in-
travenous glucose. | Clin Invest. 1981;68:1456-1467.

Matsuda M, DeFronzo RA. Insulin sensitivity indices obtained from
oral glucose tolerance testing: comparison with the euglycemic in-
sulin clamp. Diabetes Care. 1999;22:1462-1470.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

J Clin Endocrinol Metab

Gastaldelli A, Ferrannini E, Miyazaki Y, Matsuda M, DeFronzo RA.
Beta-cell dysfunction and glucose intolerance: results from the San
Antonio Metabolism (SAM) Study. Diabetologia. 2004;47:31-9.
Huffman KM, Slentz CA, Bateman LA, Thompson D, Muehlbauer
M], Bain JR, Stevens RD, Wenner BR, Kraus VB, Newgard CB,
Kraus WE. Exercise-induced changes in metabolic intermediates,
hormones, and inflammatory markers associated with improve-
ments in insulin sensitivity. Diabetes Care. 2011;34:174-176.
Cosson E, Hamo-Tchatchouang E, Banu I, Nguyen MT, Chiheb S,
BaH, Valensi P. A large proportion of prediabetes and diabetes goes
undiagnosed when only fasting plasma glucose and/or HbAlc are
measured in overweight or obese patients. Diabetes Metab. 2010;
36:312-8.

Ferrannini E, Gastaldelli A, Miyazaki Y, Matsuda M, Mari A, De-
Fronzo RA. beta-Cell function in subjects spanning the range from
normal glucose tolerance to overt diabetes: a new analysis. JCEM.
2005;90:493-500.

Abdul-Ghani MA, Jenkinson CP, Richardson DK, Tripathy D, De-
Fronzo RA. Insulin secretion and action in subjects with impaired
fasting glucose and impaired glucose tolerance: results from the Vet-
erans Administration Genetic Epidemiology Study. Diabetes. 2006;
55:1430-5.

DeFronzo RA. Insulin resistance, lipotoxicity, type 2 diabetes and
atherosclerosis: the missing links. The Claude Bernard Lecture
2009. Diabetologia. 2010;53:1270-87.

Miyazaki Y, Glass L, Triplitt C, Matsuda M, Cusi K, Mahankali A,
Manhankali S, Mandarino L], DeFronzo RA. Effect of rosiglitazone
on glucose and non-esterified fatty acid metabolism in type II dia-
betic patients. Diabetologia. 2001;44:2210-9.

Miyazaki Y, Manhankali A, Matsuda M, Mahankali S, Hardies ],
Cusi K, Mandarino L], DeFronzo RA. Effect of pioglitazone on
abdominal fat distribution and insulin sensitivity in type 2 diabetic
patients. JCEM. 2002;87:2784-91.

Bajaj M, Suraamornkul S, Piper P, Hardies L], Glass L, Cersosimo
E, Pratipanawatr T, Miyazaki Y, DeFronzo RA. Decreased plasma
adiponectin concentrations are closely related to hepatic fat content
and hepatic insulin resistance in pioglitazone-treated type 2 diabetic
patients. JCEM. 2004;89:200-6.

Gastaldelli A, Casolaro A, Ciociaro D, Frascerra S, Nannipieri M,
Buzzigoli E, Ferrannini E. Decreased whole body lipolysis as a mech-
anism of the lipid-lowering effect of pioglitazone in type 2 diabetic
patients. Am | Physiol Endocrinol Metab. 2009;297:E225-30.
Bajaj M, Baig R, Suraamornkul S, Hardies L], Coletta DK, Cline
GW, Monroy A, Koul S, Sriwljitkamol A, Musi N, Shulman GI,
DeFronzo RA. Effects of pioglitazone on intramyocellular fat me-
tabolism in patients with type 2 diabetes mellitus. JCEM. 2010;95:
1916-23.

Bajaj M, Suraamornkul S, Pratipanawatr T, Hardies L], Prati-
panawatr W, Glass L, Cersosimo E, Miyazaki Y, DeFronzo RA.
Pioglitazone reduces hepatic fat content and augments splanchnic
glucose uptake in patients with type 2 diabetes. Diabetes. 2003;52:
1364-70.

Gastaldelli A, Ferrannini E, Miyazaki Y, Matsuda M, Mari A, De-
Fronzo RA. Thiazolidinediones improve beta-cell function in type 2
diabetic patients. Am | Physiol Endocrinol Metab.2007;292:E871-
83.

The Endocrine Society. Downloaded from press.endocrine.org by [${individual User.displayName}] on 23 January 2015. at 12:52 For personal use only. No other uses without permission. . All rights reserved.



