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ABSTRACT

Aims|/Introduction: Dipeptidyl peptidase-4 inhibitors and glinides are effective in
reducing postprandial hyperglycemia. However, little information is available on the com-
parative effects of the two drugs on the levels of postprandial glucose. The aim of the
present study was to compare the effects of sitagliptin and nateglinide on meal tolerance
tests in drug-naive patients with type 2 diabetes mellitus.

Materials and Methods: The study participants were 19 patients with type 2 diabetes
mellitus, which was inadequately controlled by diet and exercise. An open-label, prospec-
tive, cross-over trial was carried out to compare the effects of single-dose sitagliptin and
nateglinide on the postprandial glucose level and its related hormones during meal tests.
Results: The change in area under the curve (AUC) of glucose from 0 to 180 min
(AUCo_180 min) during the meal test by nateglinide was similar to that by sitagliptin. As
expected, the change in active glucagon like peptide-1 was significantly higher after a sin-
gle-dose of sitagliptin than nateglinide. Then, insulin secretion relative to glucose elevation
(ISG) (AISGg_1g0 min: AAUCq_180 min insulin/AUCy_1g9 min glucose) was significantly
enhanced by nateglinide compared with sitagliptin. Conversely, glucagon level (AAUC,_
180 min glucagon) was increased by administration of nateglinide, whereas the glucagon
level was reduced by administration of sitagliptin.

Conclusions: The effects of sitagliptin on postprandial glucose levels were similar to
those of nateglinide in drug-naive type 2 diabetes patients. However, the induced
changes in insulin, active glucagon-like peptide-1 and glucagon during meal loading sug-
gest that reduction of postprandial hyperglycemia was achieved by the unique effect of
each drug.
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INTRODUCTION

Postprandial hyperglycemia is widely recognized as a feature of
the early stage of type 2 diabetes and impaired glucose toler-
ance'. It is caused at least in part by impairment of early insu-
lin secretion in response to glucose, and correction of this
defect is important for long-term glycemic control*”.
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Glinides, short-acting insulinotropic agents, improve post-
prandial hyperglycemia by rapidly increasing insulin secretion
with less frequency of hypoglycemia than sulfonylurea, thus
they are often used in the early stage of type 2 diabetes®.
Among the glinides, nateglinide is reported to have some unex-
pected pharmacological actions. Indeed, experimental data
reported that nateglinide inhibited dipeptidyl peptidase-4 (DPP-
4) activity™®, and enhanced the release of glucagon-like peptide-
1 (GLP-1) from L-cells in an adenosine triphosphate-sensitive
potassium channel-independent manner”. In another study,
nateglinide, but not repaglinide, stimulated glucagon secretion
from isolated rat islets®. These data show that nateglinide might
have unique pharmacological actions on other hormones
involved in the regulation of glucose metabolism, compared
with insulin. However, its importance in the clinical setting has
not been elucidated yet.

DPP-4 inhibitors are currently used widely in patients with
type 2 diabetes mellitus. Recent studies have reported that these
compounds effectively improve postprandial hyperglycemia
with the suppression of postprandial glucagon levels™'’. In
addition, at least in an animal model, DPP-4 inhibitors were
reported to have multiple pleiotropic effects that are dependent
on'"? and independent of incretin action'®*, Thus, both
DPP-4 inhibitors and nateglinide might be useful for the cor-
rection of postprandial hyperglycemia in the early stages of
type 2 diabetes, although they could have their own effects on
hormones involved in glucose metabolism.

To our knowledge, there are no studies that have compared
the effects of glinides and DPP-4 inhibitors on postprandial
hyperglycemia in drug-naive patients with type 2 diabetes mell-
itus. The present study was a randomized cross-over trial that
examined the effects of sitagliptin vs nateglinide on the levels of
postprandial glucose, active GLP-1, insulin and glucagon, using
a meal test in Japanese type 2 diabetes patients inadequately
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controlled with exercise and diet. The aim of the study was to
elucidate the difference between sitagliptin and nateglinide on
postprandial hyperglycemia and related hormones.

METHODS
Participants
We screened type 2 diabetes patients who regularly attended
Juntendo University Hospital and Juntendo University Urayasu
Hospital between November 2010 and October 2011. Among
them, we selected those who met the following criteria: (i) 6.5%
<glycated hemoglobin (HbAlc) <8.0% even after diet and
excise therapy for more than 3 months; (i) fasting glucose
<140 mg/dL; (iii) age >20 years; (iv) absence of concomitant
chronic diseases, including anemia (hemoglobin <11.0 g/dL),
renal dysfunction (plasma creatinine > 1.50 mg/dL) and liver
dysfunction (aspartate aminotransferase >80 IU/L or alanine
transaminase >80 IU/L), or serious cardiovascular diseases, pro-
liferative diabetic retinopathy and serious diabetic neuropathy.
A total of 19 Japanese subjects matched the aforementioned
criteria and were recruited for this study. In the present study,
HbAlc levels were expressed as National Glycohemoglobin
Standardization Program values (%), calculated by the formula
Alc (%) = 1.02 x Japan Diabetes Society (%) + 0.25%, accord-
ing to the recommendations of the Japanese Diabetes Society'.
The study protocol was carried out in accordance with the
ethical principles stated in the Declaration of Helsinki and
approved by the ethics review committee of Juntendo Univer-
sity Hospital. All patients provided written informed consent
and confirmed their willingness to attend the study.

Study Design

An open label cross-over design was used. Figure 1 shows the
schedule followed in the present study. After inclusion in the
study, the 19 participants were randomized into the sitagliptin-

Meal test Meal test
Meal test ’ Meal test )
_ — > with - with
S-N group (D1 test) sitagliptin (D2 test) nateglinide
(n=9) (S test) (N test)
. Randomization
19 Patients
Meal test Meal test
NS arou Meal test with .| Mealtest with
group (D2 test) “| nateglinide (D1 test) sitagliptin
(n=10) (N test) (S test)
< : : : —
Within 7 days More than 7 days Within 7 days

Total study period within 4 weeks

Figure 1 | After screening, patients were randomized into the sitagliptin-nateglinide (S-N) group, who initially received sitagliptin (100 mg), or the
nateglinide- sitagliptin (N-S group), who initially received nateglinide (120 mg). The drugs were then switched so that the S-N group received
nateglinide and the N-S group received sitagliptin. D1 and D2 test were controls for a single-dose of 100 mg sitagliptin (S test) and a single-dose

of 120 mg nateglinide (N test), respectively.
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nateglinide group (S-N group, n = 9) and the nateglinide-sitag-
liptin group (N-S group, n = 10) based on a computer-gener-
ated assignment.

In patients of the S-N group, a meal test was carried out at
baseline (without administration of drugs [D1 test]), followed
by a meal test with a single dose of 100 mg sitagliptin (S test)
within at least 7 days after DI1. After an interval of at least
1 week, another meal test was carried out without administra-
tion of drugs (D2 test), followed by a meal test with a single
dose of 120 mg nateglinide (N test) within at least 7 days after
the D2 test.

In patients of the N-S group, a meal test was carried out at
baseline (without administration of drugs [D2 test]), followed
by a meal test with a single dose of 120 mg nateglinide (N test)
within at least 7 days after the D2 test. After an interval of at
least 1 week, another meal test was carried out without admin-
istration of drugs (D1 test), followed by a meal test with a sin-
gle dose of 100 mg sitagliptin (S test) within at least 7 days
after the D1 test. All tests were carried out within a total of
4 weeks. The effect of the drug was evaluated mainly by the
difference in each parameter between the meal test with the
drug, and the meal test carried out just before the meal test
with the drug. In order to compare the glucose-lowering effect
by two drugs more precisely, comparison of the maximum dose
of each drug was carried out.

Standard Meal Loading Test

A standard meal was provided, as described by the Japan Dia-
betes Society'®. The total energy content of the standard meal
was 1,925 KkJ (460 kcal), with 56.5 g of carbohydrates, 18.0 g of
fat and 18.0 g of protein; with 51.4 energy % (E%) from carbo-
hydrates, 333 E% from fat and 153 E% from protein. The
patients attended the hospital at 09.00 h after a 12-h fast (from
21.00 h on the day before each test). They were instructed to
consume the entire meal within 15 min, and to stay at rest and
sitting throughout testing. An intravenous line was inserted into
one forearm vein before eating the meal, and kept patent using
0.9% NaCl for repeated blood sampling. Blood samples for the
meal test were collected at 0 min (immediately before the
meal), and 15, 30, 60, 120 and 180 min after the start of the
meal. In tests using the specified drugs, sitagliptin was given
2 h before each meal test to achieve enough plasma sitagliptin
concentration, whereas nateglinide was given just before each
meal test. Plasma glucose, plasma insulin and glucagon were
measured at each of the aforementioned time-points, and their
areas under the curve (AUC), from the start of the meal toler-
ance test to 180 min (AUCq 159 min), Were calculated using the
trapezoidal method'”. The levels of active GLP-1 were mea-
sured at 0, 30 and 120 min after the start of meal, and the
AUC) 120 min from the start of the meal test to 120 min was
calculated. HbAlc, plasma glucose and plasma insulin levels
were measured using standard methods. The plasma levels of
active GLP-1 and glucagon during the meals test were mea-
sured by enzyme-linked immunosorbent assay and the Gluca-
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gon RIA kit (Cat. no. GL-32K; Millipore Corporation, Billerica,
MA, USA), respectively, by a private laboratory (SRL Labora-
tory, Tokyo, Japan). Regarding the validity of the glucagon
assay, the Glucagon RIA kit showed a small cross-reactivity
with oxyntomodulin and glicentin, which arose from different
processing of the glucagon precursor, proglucagon'®,

The primary outcome of the present study was changes in
the AUCy 180 min during the meal test with either of the two
drugs to those during the meal test just before either of the
drugs. The secondary outcomes were changes in the AUC of
postprandial active GLP-1, insulin and glucagon levels. Further-
more, all adverse events, including a hypoglycemic episode dur-
ing the meal test, were monitored.

Statistical Analysis

Data are expressed as mean + standard deviation or median
(25-75th percentiles) values. The data in Tables 2 and 3 were
presented as medians because they were not normally distrib-
uted. The Wilcoxon matched-pair signed-rank test was used for
comparisons of variables with skewed distribution. The paired
t-test was used for comparison of clinical data of the S-N and
N-S groups. A P-value <0.05 was considered statistically signifi-
cant. The StatFlex version 6 (Artech Co., Osaka, Japan) soft-
ware was used for analysis.

RESULTS

A total of 19 patients were enrolled in the study (Table 1).
There were no significant differences in age, diabetes duration,
body mass index, HbAlc, blood pressure and lipid data
between the two drug groups. No adverse events, such as hypo-
glycemia, were encountered during the study period.

Effects of Sitagliptin and Nateglinide on Plasma Glucose and
Insulin

Figure 2a shows the serial changes in plasma glucose levels and
a significant difference in plasma glucose at 0 min between the
Dl test group and the S test group (80 L 12 s
7.1 £ 1.2 mmol/L, P < 0.01) was found. Table 2 shows the
AUC) 180 min glucose during the meal test before and after sin-
gle-dose sitagliptin. The AUCj 159 min glucose diminished sig-
nificantly after a single-dose of sitagliptin (1,788 [1,621 — 2,076]
vs 1,535 mmol-min/L [1,318 — 1,796], P < 0.01). Figure 2b
shows the serial changes in plasma insulin, and Table 2 shows
the AUC) 180 min insulin during the meal test before and after
single-dose sitagliptin. Although there was no significant change
in the AUC) 180 min insulin after sitagliptin (4,855 [3,253—
7,005] vs 3,952 pIU-min/mL [3,283-5,723]), the AUC; 180 min
insulin during the meal test with sitagliptin tended to be lower
than that during the meal test without any drugs. Figure 2¢
shows the serial changes in plasma glucose, and Table 2 shows
the AUCq 150 min glucose before and after a single-dose of nate-
glinide. Similar to the meal test with sitagliptin, the AUC,
180 min glucose diminished significantly after single-dose nategli-
nide (1,834 [1,558-2,098] vs 1,541 mmol-min/L [1,328-1,725],
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Table 1 | Clinical characteristics of the study participants
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S-N group N-S group Total P

n 9 10 19

Sex (male/female) 6/3 8/2 14/5

Age (years) 578+ 116 526+ 143 551 £ 130 NS
Body mass index (kg/m?) 235+ 28 237 + 47 235+ 38 NS
Diabetes duration (years) 50+ 65 52+76 51+69 NS
Systolic blood pressure (mmHg) 1336 £ 209 1315 %+ 331 1324 +£ 276 NS
Diastolic blood pressure (mmHg) 825+ 133 79.7 £ 186 809 £ 16.1 NS
HbATc (%) 68 = 05 64+ 08 66+ 06 NS
T-CHO (mg/dL) 1915 + 362 2016+ 177 1968 + 277 NS
HDL-C (mg/dL) 565 = 144 570+ 142 567 £ 139 NS
TG (mg/dL) 1173 £ 433 130.1 £ 97.1 1240 + 748 NS

Data are mean % standard deviation. HDL-C, high-density lipoprotein cholesterol; N-S group, patients who initially received nateglinide then sitaglip-
tin; NS, not significant; S-N group, patients who initially received sitagliptin then nateglinide; T-CHO, total cholesterol; TG, triglyceride.
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Figure 2 | (a) Plasma glucose and (c) plasma insulin levels before and after sitagliptin administration. (c) Plasma glucose and (d) plasma insulin
levels before and after nateglinide administration. *P < 0.01, plasma glucose at 0 min D1 vs S test group.

P < 0.01). Figure 2d shows the serial changes in plasma insulin,
and Table 2 shows AUC, 150 min insulin before and after a sin-
gle dose of nateglinide. Different from the meal test with sitag-
liptin, the AUC 180 min insulin increased significantly after
single-dose nateglinide (3,728 [3,032-7,914] vs 4,934 pIU-min/
mL [3,887-9,421], P < 0.05). To assess glucose-induced insulin
secretion, we calculated insulin secretion relative to the rise in
plasma glucose (ISGgy 30 min and ISGg 180 min)- As shown in
Table 2, unlike sitagliptin, nateglinide significantly altered
ISGo_30 min and ISGo 150 min-

Effects of Sitagliptin and Nateglinide on Plasma Glucagon and
GLP-1 Levels

The serial changes in GLP-1 and glucagon hormones after a
meal loading are presented as Figure S1. We compared the
effects of single-dose nateglinide and sitagliptin on GLP-1 and
glucagon hormone levels at the postprandial state. Sitagliptin,
but not nateglinide, significantly increased AUCy 120 min GLP-1
(S-test). In contrast, nateglinide, but not sitagliptin, significantly
increased the AUCy 130 min glucagon. Table 3 shows changes in
the AUC of glucose, insulin, GLP-1, glucagon and ISG induced
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Table 2 | Insulin secretion relative to glucose elevation and the area under the curve of insulin, glucagon-like peptide-1 and glucagon during the

meal test
D1 test S-test P D2 test N-test P

AUCq_1g0 min glucose 1,788 (1,621-2,076) 1,535 (1,318-1,796) <001 1,834 (1,558-2,098) 1,541 (1,328-1,725) <001
(mmol-min/L)

AUCy 180 min insulin 4,855 (3,253-7,005) 3952 (3,283-5,723) NS 3,728 (3,032-7914) 4934 (3,887-9421) <005
(WU-min/mL)

1SGo-30 min 160 (1.30-2.59) 1.78 (1.33-2.50) NS 187 (1.15-245) 3.76 (256-5.72) <001
(mIU/mmol)

1SGo-180 min 268 (1.84-349) 277 (202-3.73) NS 263 (1.84-472) 448 (2.75-5.74) <001
(mIU/mmol)

AUCo 120 min GLP-1 332 (228-448) 1,071 (754-1,222) <001 353 (251-501) 3724 (228-506) NS
(pmol-min/L)

AUCy 180 min glucagon 11,880 (9,864-13,779) 11,152 (9422-13,764) NS 11,779 (10958-12,975) 14,201 (12,375-15,892) <001
(pg-min/mL)

Data are median (interquartile range). S and N-tests are meal tests with sitagliptin and nateglinide, respectively. The meal test carried out at baseline
(D1) and again at least 7 days after D1 (D2) are controls for the S and N-tests, respectively. AUCy_120 min GLP-1, area under the curve of glucagon-
like peptide-1 (GLP-1) from 0 to 120 min during the meal test; AUCq 180 min glucagon, area under the curve of glucagon from 0 to 180 min during
the meal test; 1SGg 30 min, INSUlin secretion relative to glucose elevation (AUCq 30 min insulin / AUCq 30 min glucose); 1SGg 180 min, insulin secretion
relative to glucose elevation (AUCq_18 min INSUliN/AUCq_180 min glucose); NS, not significant.

Table 3 | Area under the curve of glucose, insulin, glucagon-like peptide-1, glucagon, and insulin secretion relative to glucose elevation before and
after sitagliptin and nateglinide administration

S-D1 test N-D2 test P
AAUCq 180 min glucose (mmol-min/L) —253 (=310 to 166) —352 (—445 to 246) NS
AAUCy_ 180 min insulin (lU-min/mL) —584 (—1,354 to 534) 9 (216 to 1,887) <001
AISGy 180 min (MIU/mMmMol) 0054 (—0.59 to 061) 1 53 (070 to 2.29) <001
A 1SGg 30 min (MIU/mmol) 8 (0216 10 0.162) 6 (1.01 to 387) <001
AAUCq 150 min GLP-1 (pmol-min/L) 480 (249 1o 558) 225 (=95 to 195) <001
AAUCq 150 min glucagon (pmol-min/L) —1478 (=2,066 to 351) 1,605 (945 to 4,215) <001

Data are median (interquartile range) values. S-D1 (meal test carried out at baseline — a single-dose of 100 mg sitagliptin) and N-D2 (meal test car-
ried out again at least 7 days after meal test carried out at baseline — a single-dose of 120 mg nateglinide) tests show changes (A) in glucose,
insulin, glucagon-like peptide-1 (GLP-1), and glucagon before and after sitagliptin (S) and nateglinide (N) administration, respectively. Data of each
variable were calculated in each patient using the formula: (S test-D1 test) and (N test-D2 test). AUCo_120 min GLP-1, area under the curve of gluca-
gon-like peptide-1 (GLP-1) from 0 to 120 min during the meal test; AUCy 159 min glucagon, area under the curve of glucagon from 0 to 180 min
during the meal test; 1SGg_39 min, INSUlin secretion relative to glucose elevation (AUCq 30 min insulin / AUCo 30 min glucose); 1ISGg_1g9 min iNSUlin secre-

tion relative to glucose elevation (AUCy_1g0 min iNsSUlin/AUCy g0 min glucose); NS, not significant.

by single-dose sitagliptin and nateglinide. Sitagliptin and nate-
glinide induced comparable changes in AUCq 159 min glucose
(AAUC 180 min glucose). However, nateglinide induced signifi-
cantly higher changes in AUCq 150 min insulin (AAUCq 180 min
insulin), ISG  (AISGy30 min and  AISGy g0 min) and
AUC 180 min glucagon (AAUCy j30 min glucagon) compared
with sitagliptin. In contrast, sitagliptin induced significantly
higher changes in AUCy 150 min GLP-1(A GLP-1g 129 min) than
nateglinide.

DISCUSSION

This is the first study to compare the effects of single-dose
sitagliptin and nateglinide on glucose, insulin, active GLP-1 and
glucagon levels after the meal test in drug-naive Japanese

patients with type 2 diabetes. The results of this cross-over
study showed that the effects of the maximum dose of sitaglip-
tin on postprandial glucose levels were similar to those of
nateglinide. However, the responses of the hormones involved
in the regulation of glucose metabolism, such as active GLP-1
and glucagon, suggest the unique effects of each drug.

Only a few studies have so far compared the effects of glinides
and DPP-4 inhibitors. In a previous study, type 2 diabetes
patients were randomly assigned to continuous treatment with
glinides and switched to sitagliptin. After 12 weeks, the long-
term effects of both drugs on postprandial hyperglycemia were
investigated using a test meal'”. Another randomized cross-over
trial was carried out in 20 drug-naive patients with type 2 diabe-
tes who were randomized to receive sitagliptin (50 mg/day) or
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mitiglinide + voglibose, and then the treatment was continued
for 8 weeks™. These comparative studies evaluated the long-
term effects of sitagliptin and glinides on glycemic control. How-
ever, to our knowledge, there are no studies on the acute effects
of a single dose. Therefore, this is the first study to investigate
the acute effects by both sitagliptin and nateglinide on postpran-
dial hyperglycemia and its related hormones in drug-naive
patients with type 2 diabetes. For a cross-over study, a washout
period of each drug is necessary. In the present study, the wash-
out period was approximately 2 weeks. Previous reports®"**
showed that the plasma concentration of each drug was below
the limit of detection at 60 and 25 h after single administration
of sitagliptin 100 mg and nateglinide 120 mg, respectively.
Therefore, the washout period of 2 weeks was enough to
eliminate a remaining effect of previous medication.

Nateglinide is an insulin secretagogue known to stimulate
early-phase insulin secretion from B-cells>. In the present study,
insulin secretion relative to an increase in blood glucose after
a meal load was significantly higher after a single dose of
nateglinide. The latter also caused an increase in ISGy 30 min
(AUCq 39 mininsulin / AUCq 39 min  glucose), which reflects
early-phase glucose-induced insulin secretion. This result is con-
sistent with our previous study that assessed the effect of 3-
month treatment with nateglinide”. That previous study
showed that the combination therapy of vildagliptin and nate-
glinide improved postprandial hyperglycemia effectively by aug-
mentation of nateglinide-induced early phase insulin secretion.
Therefore, the combination thearapy of sitagliptin and nategli-
nide might also improve postprandial hyperglycemia by the
same mechanism. In addition, at least in vitro, nateglinide is
reported to enhance glucagon secretion®. Indeed, nateglinide as
well as sulfonylurea closes adenosine triphosphate-sensitive
potassium channels by binding to their sulfonylurea receptor
subunits in o-cells, and directly stimulates glucagon release®. In
addition, sulfonylurea was reported to stimulate glucagon secre-
tion also by inhibition of somatostatin released from &-cells*,
thus nateglinide might have a similar effect. In the present
study, nateglinide significantly increased the AUC of glucagon
during the meal test compared with sitagliptin. In contrast,
regarding the effect on GLP-1 in vitro, nateglinide increases the
plasma GLP-1 level by inhibition of DPP-4 activity> and
direct stimulation of GLP-1 release from L-cells’. However, in
the present study, this difference could be related to the study
condition. In fact, the use of nateglinide at a dose higher than
the clinical dose was reported to have a direct effect on L-cells
to enhance GLP-1 release’. Taking these previous studies into
consideration, the inhibitory effect of DPP-4 activity and the
stimulatory effect of GLP-1 after the administration of a clinical
dose of nateglinide might be very modest. From these findings,
restoration of early insulin secretion by nateglinide seemed to
be the main reason for the improvement in postprandial hyper-
glycemia despite the increase in glucagon by nateglinide.

Finally, our the present had certain limitations. First, as the
number of participants was relatively small, this study was a
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pilot study. However, a cross-over design is statistically efficient
and thus requires fewer participants than non-crossover
designs. Second, it took 3—4 weeks to complete the present
study. Therefore, we cannot exclude the effects of lifestyle
changes, such as diet and exercise, on glycemic control. How-
ever, the cross-over design of this study mitigated such effects.
Third, the difficulty of glucagon assay should be noted.
Although the Glucagon RIA kit used in the present study was
reported to be the best-performing assay for glucagon among
several commercially available assay kits, its accuaracy in the
low concentration range was not adequate'®. Therefore, further
improvement for the assay is required.

In conclusion, the present study showed that the effect of
single-dose sitagliptin on postprandial glucose level was similar
to that of nateglinide in Japanese type 2 diabetes patients inade-
quately controlled with diet and exercise therapy. However, the
study showed that the two drugs have different effects on
insulin, glucagon and GLP-1.
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Figure S1 | Serial changes of plasma glucagon-like peptide-1 (GLP-1) and glucagon.
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