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Importance of Early Insulin Secretion
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OBJECTIVE — This study compared the effects of nateglinide, glyburide, and placebo on
postmeal glucose excursions and insulin secretion in previously diet-treated patients with type 2
diabetes.

RESEARCH DESIGN AND METHODS — This randomized, double-blind, placebo-
controlled multicenter study was conducted in 152 patients who received either nateglinide (120
mg before three meals daily, n = 51), glyburide (5 mg q.d. titrated to 10 mg q.d. after 2 weeks,
n = 50), or placebo (n = 51) for 8 weeks. Glucose, insulin, and C-peptide profiles during liquid
meal challenges were measured at weeks 0 and 8. At weeks —1 and 7, 19-point daytime glucose
and insulin profiles, comprising three solid meals, were measured.

RESULTS — During the liquid-meal challenge, nateglinide reduced the incremental glucose
area under the curve (AUC) more effectively than glyburide (A = —4.94 vs. —2.71 mmol - h/,
P < 0.05), whereas glyburide reduced fasting plasma glucose more effectively than nateglinide
(A = —2.9 vs. —1.0 mmol/l, respectively, P < 0.001). In contrast, C-peptide induced by
glyburide was greater than that induced by nateglinide (A = +1.83 vs. +0.95 nmol - h/l, P <
0.01), and only glyburide increased fasting insulin levels. During the solid meal challenges,
nateglinide and glyburide elicited similar overall glucose control (A 12-h incremental AUC =
—13.2 vs. —=15.3 mmol - b/l), but the insulin AUC induced by nateglinide was significantly less
than that induced by glyburide (A 12-h AUC = 4866 vs. +1,702 pmol - h/l, P = 0.01).

CONCLUSIONS — This study demonstrated that nateglinide selectively enhanced early
insulin release and provided better mealtime glucose control with less total insulin exposure than
glyburide.
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nsulin secretagogues, as exemplified
by the sulfonylureas, continue to play
an important role in the treatment of
type 2 diabetes. The major effect of the
sulfonylureas has been to lower basal glu-
cose as characterized by the fasting
plasma glucose level (1-4). The results of
the Diabetes Control and Complications

Trial (5) and the U.K. Prospective Diabe-
tes Study (6,7) have led to a more aggres-
sive approach to glucose lowering in
patients with type 2 diabetes. Optimal
treatment would lead to normalization of
blood glucose exposure balanced against
the risk of hypoglycemia. Normalization
of HbA;. will require control not only of
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fasting plasma glucose but also of exces-
sive mealtime glucose excursions (8).

Excessive mealtime glucose excur-
sions that occur in type 2 diabetes are one
of the earliest manifestations of disease
and are often believed to reflect insulin
resistance (2,9). However, disruption of
the normal kinetics of insulin secretion in
the form of impaired early insulin release
is seen just as early in the progression of
disease (9,10) and may play at least as
important a role in allowing excessive
mealtime glucose excursions as does the
insulin-resistant state (11). Therefore, an
insulin secretagogue, which selectively
enhances early meal-induced insulin se-
cretion, and thus improves mealtime glu-
cose excursions while decreasing overall
insulin exposure, could be a valuable ad-
dition to the current options for the treat-
ment of type 2 diabetes.

The p-phenylalanine derivative, na-
teglinide, is a rapid-onset/short-duration
insulinotropic agent that has been shown
to selectively increase early insulin release
in a glucose-sensitive manner. These
unique properties have been demon-
strated in vitro (12) and in vivo in animals
(13) and in patients with type 2 diabetes
(14) and suggest that nateglinide may of-
fer a new mechanism by which to treat
excessive mealtime glucose excursions.
The present study assesses this possibility
by comparing and contrasting the effects
of nateglinide with those of the sulfonyl-
urea and glyburide on mealtime glucose
excursions and insulin secretion in previ-
ously diet-treated patients with type 2
diabetes.

RESEARCH DESIGN AND
METHODS

This study included 152 patients, 32-75
years of age, who were diagnosed with
type 2 diabetes at least 3 months before
entry into the study. Patients were re-
quired to have been treated by diet mod-
ification alone for at least 4 weeks before
the initial visit and to have a mean (weeks
—4 and —2) HbA, between 6.8 and 11%
and a BMI between 20 and 35 kg/m?. Pa-
tients were excluded if they had a history
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Figure 1—Disposition of patients screened and baseline characteristics of patients in the intent-
to-treat population.*P < 0.001 relative to either nateglinide or placebo.

of acute metabolic or other significant
diabetic complications, chronic insulin
treatment, known sensitivity to nategli-
nide or glyburide, or a history of active
substance abuse. Patients were also ex-
cluded if they had a history of significant
cardiovascular or liver disease, elevated
fasting triglyceride levels, or other clini-
cally significant laboratory abnormalities.
Oral corticosteroids, dicoumarin deriva-
tives, and antidiabetic agents other than
those used in the study were not permit-
ted. Patient characteristics for each treat-
ment group are reported in Fig. 1.

All patients gave written informed
consent to participate in the study, and a
complete physical examination, electro-
cardiography, and laboratory evaluation
was performed on each patient during
screening and at the completion of the
study. The study protocol received Insti-
tutional Review Board approval at each
participating site and was conducted in
accordance with the U.S. Code of Federal
Regulations, the rules governing medical
procedures in the European Community,
and the Declaration of Helsinki.

During a 4-week, single-blind, pla-
cebo run-in period, all patients received a
nateglinide-matched placebo tablet be-
fore each meal and a glyburide-matched
placebo capsule with or immediately after

breakfast. For the 8 weeks of double-
blind treatment, patients were random-
ized to one of three treatment groups:
nateglinide 120 mg before each of three
main meals; glyburide, 5 mg (weeks 0-2)
titrated to 10 mg q.d. (weeks 3-8); or
placebo. Placebo tablets and nateglinide
and glyburide capsules were used to
maintain the double-blind and double-
dummy designs, respectively. Liquid-
meal challenges (240 ml of Sustacal
consumed in lieu of normal breakfast)
were performed immediately before
(week 0) and after 8 weeks of treatment.
Solid-meal challenges were performed
before (week —1) and after 7 weeks of
treatment. During the solid-meal chal-
lenge, patients were required to consume
each meal within 15 min.

Study measurements

The Diabetes Diagnostic Laboratory at the
University of Missouri performed plasma
glucose (Roche Cobas Analyzer; Roche,
Montclair, NJ), serum insulin (Pharmacia
RIA; Pharmacia, Piscataway, NJ), C-
peptide (Diagnostic Product Corporation
RIA; Diagnostic Product Corporation),
and proinsulin (Linco RIA; Linco) analy-
ses. Standard laboratory values obtained
for screening purposes were performed at
Clinical Research Laboratories (Lenexa,

KY). The overall percent coefficient of
variation for the assays in this study were
<2% for HbA,., <2% for glucose, and
<5% for insulin.

Statistical analysis and data
presentation

Demographic and background data were
summarized by treatment group with
contingency tables for qualitative vari-
ables. Baseline comparability between the
three treatment groups was examined by
the Cochran-Mantal-Haenszel test for
qualitative variables and an F test from a
one-way analysis of variance for quantita-
tive variables. Efficacy data from the in-
tent-to-treat population, using last
observation carried forward, were ana-
lyzed by analysis of covariance with treat-
ment center and baseline values as factors.
Pairwise comparisons using the analysis
of covariance model were performed at
the two-sided significance level of 0.05.
Absolute and incremental areas under
the curve (AUCs) for glucose and insu-
lin were calculated by the trapezoidal
method.

RESULTS

Liquid-meal challenge

To directly compare the mealtime glucose
control produced by the amino acid de-
rivative, nateglinide, and the sulfonylurea
(glyburide), a liquid-meal (Sustacal; Mead
Johnson Nutritionals, Evansville, IN) chal-
lenge was performed at week 0 (immedi-
ately before initiation of treatment) and
after 8 weeks of treatment. Nateglinide was
more effective than glyburide to reduce
mealtime glucose excursions, whereas
glyburide had a larger effect to reduce
fasting plasma glucose. Nateglinide re-
duced the glucose spike (fasting to peak
glucose levels) from 4.45 to 3.71 mmol/l
(A=-0.80=*=0.21,P<0.001 vs. place-
bo), whereas the reduction induced by
glyburide (from 5.15 to 4.63 mmol/l, A =
—0.19 = 0.20) failed to achieve statistical
significance. Accordingly, ~30% of pa-
tients treated with nateglinide achieved
good glucose control (2-h postprandial
glucose <7.8 mmol/l), whereas only 13%
of glyburide-treated patients achieved
this level of control (P < 0.05 vs. nategli-
nide). Approximately 60% of patients
treated with glyburide or nateglinide
achieved 2-h postprandial glucose levels
<11.1 mmol/l. Fasting plasma glucose
(FPG) levels in patients randomized to
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Table 1—Fasting glucose and insulin values

Hollander and Associates

Placebo

Nateglinide

Glyburide

Before Rx  After Rx

LMS PWC* Before Rx  After Rx

LMS PWC*

Before Rx  After Rx  LMS PWC*

FPG (mmol/1)
Fasting insulin (pmol/l)
Fasting C-peptide (nmol/l)

111 £9

114 £04 11.6 04 0.5 % 0.0
110 £9
1.0*+0.1 09=*0.10.05=*0.05%

121 £9
1.2 £0.1

—2 *8f 136 £ 12

10.6 =04 98*x04 —1.0x0.3%
9 * 87
1.2 0.1 0.00 = 0.05%

11905 84*03 —29*0.38
1077 138 £ 11 33 *£ 88
1.0+00 12=*=0.1 021 £0.058

Fasting proinsulin (pmol/l) 37.7 = 3.3 40.5 = 4.1 1.69 =29t 40.4 *33 39.8*39 2.83 £3.077 345 *£25446*45 128 *£3.1§

Data are means = SEM. LMS, least means square; PWC, pairwise statistical comparison; Rx, treatment. *A, from baseline; TP = NS; #P < 0.03; §P < 0.001.

glyburide were 1.3 mmol/l (P < 0.001)
higher at baseline than in patients ran-
domized to nateglinide (Table 1). At 8
weeks of treatment, FPG was reduced by
1.9 mmol/l (P < 0.001) more with gly-
buride than with nateglinide treatment.
FPG tended to increase over 8 weeks in
the placebo-treated group.

Treatment with nateglinide did not
affect fasting levels of C-peptide, insulin,
or proinsulin (Table 1). In contrast, gly-
buride treatment increased fasting C-
peptide versus placebo or nateglinide
(P < 0.001), insulin versus placebo (P <
0.001) and nateglinide (P < 0.05), and
proinsulin versus placebo (P < 0.001)
and nateglinide (P < 0.025). To adjust for
the baseline imbalance in FPG between
treatment groups, we determined the
change from baseline (pretreatment) in
the 4-h incremental glucose AUC during
the Sustacal challenges. The reduction of
mealtime glucose excursions induced by
nateglinide was approximately twice that
induced by glyburide (—=4.94 £ 0.74 vs.
—2.71 = 0.71 mmol - h/l, P < 0.03),
whereas insulin secretion as reflected by
the C-peptide AUCs was approximately
twice that in glyburide-treated patients
than in nateglinide-treated patients
(1.83 = 0.24 vs. 0.95 = 0.23 nmol * h/l,
P < 0.001). Nateglinide and glyburide
also increased the insulin AUCs (A =
+266 = 50 and +401 = 52 pmol - h/l,
respectively) but the ~50% greater stim-
ulation by glyburide did not achieve sta-
tistical significance (P = 0.063 vs.
nateglinide).

Solid-meal challenge

Solid-meal challenges were performed at
weeks —1 and 7 of treatment, and a 12-h
(19-point) profile was obtained to allow
comparison throughout the day, encom-
passing three standard meals. As illus-
trated in Fig. 2, nateglinide and glyburide
both augmented the insulin response to
solid meals, but with markedly differing

kinetics. Nateglinide primarily increased
early insulin release, and levels returned
to placebo-treated control or baseline lev-
els between meals (Fig. 2A). The insulin
response to meals in glyburide-treated pa-
tients was delayed and prolonged relative
to nateglinide (Fig. 2B). This was partic-
ularly apparent after the morning meal,
when the maximum insulin levels were
not seen until 2 h postmeal and insulin
levels did not return to placebo-treated
control or baseline levels between meals.
Figure 2C depicts the change of 12-h
insulin profiles from week —1 to week 7
of treatment with nateglinide, glyburide,
or placebo (illustrating the treatment-
mediated effects). In placebo-treated pa-
tients, the profiles on weeks —1 and 7
were nearly superimposable (data not
shown), resulting in a nearly flat line for
the incremental profile. In nateglinide-
treated patients, marked increases of in-
sulin were observed at the first postmeal
time point (30 min), maximal augmenta-
tion occurred at 60 min after each meal,
and insulin levels normalized within 3 h
of breakfast and lunch. In glyburide-
treated patients, maximum insulin levels
occurred at 2 h after breakfast; 2 h after
dinner, there was minimal augmentation
of insulin levels after lunch, and insulin
levels failed to return to baseline at any
time during the 12-h sampling period.
Using the data depicted in Fig. 3, the
treatment-induced changes of 12-h insu-
lin AUCs were calculated. Glyburide treat-
ment increased overall daytime insulin
exposure nearly twofold relative to nateg-
linide (A = +1,702 = 228 vs. +866 *
217 pmol * h/l, respectively, P = 0.01).
As depicted in Fig. 3, nateglinide was
also more effective than glyburide in re-
ducing glucose excursions after a solid
meal, particularly after an overnight fast.
The peak incremental postbreakfast glu-
cose was significantly reduced by nategli-
nide (A = —1.7 £ 0.4 mmol/l, P <
0.001; Fig. 3A), whereas the modest re-

duction that occurred in glyburide-
treated patients (A = —0.6 = 0.4 mmol/;
Fig. 3B) failed to achieve statistical signif-
icance compared with placebo (P < 0.005
vs. nateglinide).

Figure 3C depicts the change from
week —1 to week 7 in the 12-h incremen-
tal glucose profiles in the three groups
of patients. The antihyperglycemic ef-
fect of nateglinide seemed to be most
pronounced after the morning meal,
with more moderate effects at lunch and
dinner, whereas the most pronounced an-
tihyperglycemic effect of glyburide oc-
curred after lunch, with only modest
effects at breakfast and dinner. Accord-
ingly, the change in the 12-h incremental
AUC of glucose was reduced by nategli-
nide and glyburide with a similar efficacy
(A=-132%34vs. —15.3 £3.9mmol
+ h/l, respectively; P < 0.001 for either
treatment versus placebo, P = 0.684 for
nateglinide versus glyburide). However,
nateglinide had a more clearly meal-
related effect, which resulted in a reduc-
tion in the glucose fluctuations
throughout the day. This is highlighted by
the finding that nateglinide significantly
reduced the standard deviation of the
plasma glucose levels obtained during the
19-point profile (A = —0.17 £ 0.08,P <
0.05), whereas glyburide increased the
standard deviation (A = +0.24 = 0.08,
P < 0.002).

To assess potential effects on B-cell
function, the effects of nateglinide and
glyburide on the insulinogenic index was
calculated for time 15 min after ingestion
of the standard breakfast. This index rep-
resents the ratio of the change of insulin to
the change of glucose and assesses the ef-
fectiveness of the glucose contained in the
meal to stimulate insulin release. Whereas
glyburide did not influence the insulino-
genic index at 15 min postbreakfast (A =
+18 = 71 pmol/mmol), nateglinide mark-
edly increased the insulinogenic index
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Figure 2—A: Plasma levels of immunoreactive insulin (IRI) during the 12-h 19-point profiles
obtained during the solid-meal challenges performed before (week —1) and after (week 7) treat-
ment with nateglinide (120 mg, before meals). B: Plasma levels of IRI during the 12-h 19-point
profiles obtained during the solid-meal challenges performed before (week —1) and after (week 7)
treatment with glyburide (10 mg, q.d.). C: Change from baseline (pretreatment) in the 12-h IRI
profiles during the solid-meal challenges performed before and after 7 weeks of treatment with
nateglinide (120 mg, before meals), glyburide (10 mg, q.d.), or placebo. All data are represented

as the mean * SEM.

(A = +244 = 72 pmol/mmol, P < 0.025
vs. glyburide or placebo).

Safety and tolerability

The only treatment-emergent side effect
reported by patients in this study was an
increase in symptoms suggestive of hypo-
glycemia for both active treatment arms.
Patients were instructed to obtain and re-

cord a blood glucose measurement when
symptoms arose, and most reported
events were accompanied by self-
monitored blood glucose measurements.
Nateglinide-treated patients had signifi-
cantly fewer events suggestive of hypogly-
cemia than glyburide-treated patients but
more events than placebo-treated patients
(12vs.53vs. 2, respectively). The compar-

ison was of the percentage of patients re-
porting at least one event of symptoms sug-
gestive of hypoglycemia. This comparison
was statistically significantly different
(P < 0.05) in favor of nateglinide, based
on Mantel-Haenszel statistics. The fre-
quency of hypoglycemia confirmed by self-
monitored blood glucose followed the
same order (3 vs. 14 vs. 1 for nateglinide,
glyburide, and placebo, respectively).

CONCLUSIONS — The purpose of
this study was to compare the effects of
nateglinide and glyburide on control of
postmeal glucose excursions and insulin
secretion patterns in patients with type 2
diabetes. It was found that nateglinide
and glyburide produced similar degrees
of overall mealtime glucose control, but
nateglinide had a greater effect on meal-
time glucose excursions and glyburide on
reducing FPG. Nateglinide selectively in-
creased early insulin release, whereas gly-
buride increased fasting insulin levels and
increased insulin levels persistently
throughout the day. Thus, overall insulin
exposure was reduced by the rapid-onset/
short-duration insulinotropic agent, na-
teglinide, relative to the sulfonylurea,
glyburide, as was the incidence of events
suggestive of hypoglycemia.

The mechanism by which the normal
rapid burst of insulin that occurs at the
onset of a meal minimizes prandial glu-
cose excursions has been reviewed re-
cently (15). In brief, rapid direct (16) and
indirect (17) effects of insulin to suppress
hepatic glucose production allow glucose
flux from the gut to replace endogenous
production of glucose to nearly exactly
balance glucose use by the central ner-
vous system, with only minimal extra glu-
cose remaining to be taken up and stored
by peripheral tissues. Nateglinide, by re-
storing or mimicking the normal early
burst of insulin that is lost in type 2 dia-
betes, effectively reduces the generation
of the glucose excursion and thereby re-
duces reactive hyperinsulinemia. Thus, in
contrast to a slower, longer-acting agent
(e.g., glyburide) premeal administration
of nateglinide effectively controlled post-
meal hyperglycemia with only half the to-
tal insulin exposure produced by even
once-daily administration of glyburide.

In the present study, nateglinide was
found to reduce mealtime glucose excur-
sions, particularly with the morning meal.
This breakfast effect may be related to the
greater ability of early insulin secretion to
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Figure 3—A: Incremental (FPG-adjusted) plasma glucose levels during the 12-h 19-point profiles
obtained during the solid-meal challenges performed before (week —1) and after (week 7) treat-
ment with nateglinide (120 mg, before meals). B: Incremental (FPG-adjusted) plasma glucose
levels during the 12-h 19-point profiles obtained during the solid-meal challenges performed
before (week —1) and after 7 weeks of treatment with glyburide (10 mg, q.d.). C: Change from
baseline (pretreatment) in the FPG-adjusted 12-h glucose profiles during the solid-meal chal-
lenges performed before and after 7 weeks of treatment with nateglinide (120 mg, before meals),
glyburide (10 mg, q.d.), or placebo. All data are represented as the mean = SEM.

reduce the size of the glucose excursion
under conditions in which the meal is in-
gested at a time when the gluconeogenic
rate and the levels of free fatty acids are
higher and liver glycogen is lower than at
any other time during the day. Glucose
variability was also reduced, as was reac-
tive (late) insulin secretion. Therefore, na-
teglinide provided postmeal glucose
control similar to or better than that pro-
vided by glyburide, but with markedly re-

duced daytime glucose variability and
with approximately one-half the total in-
sulin. In summary, premeal administra-
tion of nateglinide selectively augmented
the early insulin response to meals. Na-
teglinide clearly enhanced the insulino-
genic index of the morning meal, indicat-
ing improved efficiency of glucose to
stimulate insulin release. This effect leads
to reduced mealtime glucose exposure
and reduced overall glucose variability

Hollander and Associates

while minimizing total insulin exposure
(compared with commonly used insuli-
notropic agents).

The results of this study suggest that
the mealtime insulin secretion profile
with nateglinide may be an appropriate
option for treatment of early-stage diabe-
tes, especially when the persistent insulin
secretion profile with a sulfonylurea such
as glyburide is not an appropriate option.
Moreover, the results also indicate that na-
teglinide would be an attractive partner
for combination therapy with antidiabetic
drugs, which target insulin action, espe-
cially when treating to near-normal tar-
gets. In fact, a recent report of a trial of
metformin plus nateglinide showed sig-
nificant improvement in glucose control
when the combination was compared with
either drug used as monotherapy (18).
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