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Mechanisms of Glucose Lowering of
Dipeptidyl Peptidase-4 Inhibitor
Sitagliptin When Used Alone or With
Metformin in Type 2 Diabetes

A double-tracer study
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OBJECTIVE—To assess glucose-lowering mechanisms of sitagliptin (S), metformin (M), and
the two combined (M+S).

RESEARCH DESIGN AND METHODS — e randomized 16 patients with type 2 di-
abetes mellitus (T2DM) to four 6-week treatments with placebo (P), M, S, and M+S. After each
period, subjects received a 6-h meal tolerance test (MTT) with [HC]glucose to calculate glucose
kinetics. Fasting plasma glucose (FPG), fasting plasma insulin, C-peptide (insulin secretory rate
[ISR]), fasting plasma glucagon, and bioactive glucagon-like peptide (GLP-1) and gastrointestinal
insulinotropic peptide (GIP) was measured.

RESULTS —FPG decreased from P, 160 = 4to M, 150 % 4; S, 154 * 4; and M+S, 125 * 3 mg/dL.
Mean post-MTT PG decreased from P, 207 = 5to M, 191 £ 4;S, 195 * 4;and M+S, 161 £ 3 mg/dL
(P < 0.01]. The increase in mean post-MTT plasma insulin and in ISR was similar in P, M, and S and
slightly greater in M+S. Fasting plasma glucagon was equal (~65-75 pg/mL) with all treatments,
but there was a significant drop during the initial 120 min with S 24% and M+S 34% (both P <
0.05) vs. P 17% and M 16%. Fasting and mean post-MTT plasma bioactive GLP-1 were higher
(P < 0.01) after S and M+S vs. M and P. Basal endogenous glucose production (EGP) fell from
P2.0*£0.1t0S1.8 £ 0.1 mg/kg* min, M 1.8 £ 0.2 mg/kg - min [both P < 0.05 vs. P), and M+S
1.5 £ 0.1 mg/kg - min (P < 0.01 vs. P). Although the EGP slope of decline was faster in M and
M+S vs. S, all had comparable greater post-MTT EGP inhibition vs. P (P < 0.05).

CONCLUSIONS — M-S combined produce additive effects to 1) reduce FPG and postmeal
PG, 2) augment GLP-1 secretion and B-cell function, 3) decrease plasma glucagon, and 4) inhibit
fasting and postmeal EGP compared with M or S monotherapy.

diabetes mellitus (T2DM) and HbA,.

of ~8.0%, sitagliptin (S) reduces
HbA;. by 0.6-0.7% over a 6-month pe-
riod (1). A slightly greater HbA . decline
(~0.8-0.9%) is observed when metfor-
min (M) therapy is added to S (2). Dipep-
tidyl peptidase (DPP)-4 inhibitors
predominantly affect the postprandial
plasma glucose excursion, but a significant,
albeit modest, reduction in fasting plasma
glucose (FPG) also is observed (1-3). The

In diet-treated patients with type 2

mechanism of action of the DPP-4 inhib-
itors has been well studied and includes
increased plasma glucagon-like peptide
(GLP)-1 and gastrointestinal insulino-
tropic peptide (GIP) levels, resulting in
increased insulin and reduced glucagon
secretion (4-6). The increase in plasma
insulin and the decline in glucagon in-
hibit basal endogenous glucose produc-
tion (EGP) and enhance the suppression
of EGP without affecting splanchnic (he-
patic) glucose uptake or gastric emptying
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(6,7). Therapy with S and M combined
(M+S) exerts an additive effect to reduce
HgA; the mechanism of action of this
combination has yet to be examined. Sev-
eral studies have demonstrated that M in-
hibits DPP-4 activity, thus increasing
plasma active GLP-1 levels (8-10). There
are also reports indicating that the decline
in plasma glucose with M therapy can re-
store the B-cells’ sensitivity to the stimu-
latory effect of incretins on insulin
secretion (11,12). Despite these reports,
we still do not fully understand the rea-
sons why the use of M in diabetic patients
is not accompanied by changes in insulin
release. In the current study, we used the
double-tracer technique (7) to examine
the mechanism(s) via which M+S and
each agent alone reduce the fasting and
postmeal plasma glucose concentration
in T2DM.

RESEARCH DESIGN AND
METHODS —Sixteen patients with
T2DM (9 male and 7 female; mean age
47 = 3 years; body weight, 92.1 = 4.2
kg, BMI, 33.5 = 2.0 kg/m?; A1C, 8.8 +
1.2%; FPG, 165 % 12 mg/dL; and diabe-
tes duration, 1.5 * 0.5 years) were stud-
ied. All subjects were in good health as
determined by medical history, physical
exam, routine laboratory analysis, and
electrocardiogram. T2DM was controlled
by diet (n = 7) or with a stable dose (=6
months) of sulfonylurea (n = 6) or M (n =
3). Three patients were on a “statin” stable
dose. All studies were carried out at the
Clinical Research Center at Texas Diabe-
tes Institute. The study was approved by
the institutional review board of Univer-
sity of Texas Health Science Center at San
Antonio (UTHSCSA), and informed writ-
ten consent was obtained from each pa-
tient before participation.

The study used a double-blind pla-
cebo (P)-controlled crossover design in
which each subject randomly underwent
four 6-week treatment periods with S
alone, M alone, M+S, and P with a 2-week
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washout period between each treatment
period. At screening, all subjects met
with a dietitian and were instructed to
consume a weight-maintaining diet (55%
carbohydrate, 20% protein, and 25% fat).
Patients who were taking antidiabetes
drugs were asked to discontinue the med-
ication for 6 weeks (washout prestudy
period) and were monitored weekly to
document that the FPG changed by
<10% from week 4 to 6 prior to study
initiation. Eligible subjects then received
P medication for 2 weeks to document
compliance, after which they were ran-
domized for “treatment sequence”
using a computer-generated schedule to
receive P, M (1,000 mg b.i.d.) plus P, S
(100 mg) plus P, or M+S (Fig. 1).

Meal tolerance test with double tracer
Meal tolerance test (MTT) was performed
after the completion of each 6-week
treatment period for each allocation treat-
ment. After a 10-h overnight fast, subjects
were admitted to the Clinical Research
Center at 0700 h and catheters were
placed in each antecubital vein for blood
withdrawal and infusion of test substan-
ces. At 0730 h, a prime (25 nCi X FPG/
100) continuous (0.25 pn.Ci/min) infusion
of 322 Hlglucose was started and contin-
ued until study end at 1630 h. At 1030 h,
patients ingested a standardized meal
(one hard-boiled egg, 2 ounces of Munster
cheese, and 75 g glucose containing
100 pCi of 1-'*C-glucose in 300 mL
orange-flavored water). At 1000 h, blood
samples were obtained every 10-15 min
for determination of plasma ['*Clglucose
and [H]glucose radioactivity and plasma
glucose, insulin, C-peptide, and bioactive
GLP-1/GIP concentrations. Urine was col-
lected prior to the meal ingestion and from
1030 to 1630 h for determination of glu-
cose concentration. After completion of
each MTT, subjects took no medication
for 2 weeks (washout period).

Analytical determinations

Plasma glucose concentration was de-
termined by glucose oxidase method
(Analox Glucose Analyzer, Boston, MA).
Plasma insulin, C-peptide, and glucagon
concentrations were determined by ra-
dioimmunoassay (Diagnostic Products,
Los Angeles, CA). Plasma [’H]glucose
and ["*Clglucose radioactivities were de-
termined on barium hydroxide/zinc sulfate—
precipitated plasma extracts as previously
described (6,7). Plasma bioactive GLP-1
concentration was measured by ELISA us-
ing NH,-terminal-specific antibody (BD

Diagnostics, St Charles, MO) and plasma in-
tact GIP by radioimmunoassay with an an-
tibody specific for the NH,-terminus (BD
Diagnostics).

Calculations

The basal rate of EGP was calculated
as the [3-°H] glucose infusion (dpm/min)
divided by the steady-state plasma
[3->H]glucose specific activity (dpm/
mg). After glucose ingestion, non—steady
state conditions prevail and total R, (R,T)
and Ry from the systemic circulation were
computed from the [3-3H]glucose data
using the Steele equation as previously
reported (7). Total tissue glucose disposal
was calculated by Ry (integrated over the
time period 0-360 min) minus the mea-
sured urinary glucose loss over the same
time period. The [1-14C]glucose data
were used to calculate the R, of oral glu-
cose (R,O), and after the meal EGP was
calculated as the difference between R,T
and R,O (7). Splanchnic (hepatic) glucose
uptake was calculated as follows: 75 g —
R,O from 0 to 360 min. Insulin secretory
rate (ISR) was calculated from deconvo-
lution of plasma C-peptide curve (13) us-
ing ISEC (14). Indices of insulin secretion
were calculated as AI/AG and AISR/AG
and of B-cell function as AI/AG X MI
and AISR/AG X MI, where MI is Matsuda
index of insulin sensitivity: a composite
index of hepatic insulin sensitivity cal-
culated using baseline and changes in
plasma insulin and glucose concentra-
tions as previously described (15).

Statistical methods

All 16 patients completed all four treat-
ment periods and were included in the
analysis. ANOVA with fixed terms for
period and treatment and a random term
for subject was used to compare treat-
ment groups. A general unstructured
variance-covariance matrix was applied
for measurements at different periods.
Between-group comparisons after 6
weeks of treatment were assessed using
the ANOVA model at o = 0.05 (two sided)
and an appropriate contrast statement.
Power calculations indicated that with
16 patients, the study would provide
~90% power to detect a difference in
EGP of 0.28 mg - kg™ ' - min~' between
treatment groups with a half-width of the
95% Cl of 0.17 mg * kg™ '+ min~'. This
calculation used a within-subject SD esti-
mate of 0.24 mg - kg~ '+ min~ ' with a =
0.05 and a two-sided test. The treatment
effect of 0.28 mg kg™ min~" was the dif-
ference observed between single-dose

vildagliptin and P in a two-period cross-
over study (6). Correlation coefficients and
multiple regression analyses were derived
and used as a measure of association.

RESULTS—All subjects tolerated the
antidiabetes medications well, and there
were no adverse events. Body weight
(92.1 = 4.2 vs. 91.8 * 3.8 kg) did not
change, and mean HbA;. decreased to
7.8 £ 1.0% at study end. FPG (Fig. 24)
decreased from 160 = 4 mg/dL (P) to
150 = 4 mg/dL (M), to 154 = 4 (S)
(both P < 0.05 vs. P), and to 125 = 3
mg/dL (M+S) (P < 0.01 vs. M and S).
Mean post-MTT plasma glucose de-
creased from 207 * 5 mg/dL (P) to
191 * 4 mg/dL (M), to 195 * 4 mg/dL
(S) (bothP < 0.0l vs.P),and to 161 = 3
mg/dL (M+S) (P < 0.01 vs. M and S).

Fasting plasma insulin did not change
significantly with any treatment (Fig. 2B).
Mean post-MTT insulin concentration
after M (55 = 2 wU/mL) and S (53 *+
2 pU/mL) were similar to P (50 £ 3 L)
but increased to 64 * 4 wWU/mL after M+S
(P<0.05vs.P,M, and S). Fasting ISR was
equivalent with all treatments (Fig. 2C).
Mean post-MTT ISRs was similar after M
(7.3 £ 0.2 pmol/kg * min), S (7.1 *
0.3 pmol/kg * min), and P (6.8 =*
0.4 pmol/kg + min) but increased signifi-
cantly to 7.8 = 0.4 pmol/kg *+ min after
M+S (P < 0.05 vs. P, M, and S). Fasting
plasma glucagon was comparable with all
treatments (Fig. 2D). During the initial
120 min of the MTT, mean plasma gluca-
gon concentration after S (71 = 5 pg/mL)
and M+S (72 £ 6 pg/mL) was reduced
compared with both P (84 = 5 pg/mL)
and M (88 = 7 pg/mL).The baseline
plasma bioactive GLP-1 concentration
(Fig. 2E) was higher after S (10.1 = 1.2
pg/mL) and M+S (16.9 £ 2.2 pg/mL)
compared with M (5.5 = 0.5 pg/mL) or
P (6.9 = 1.0 pg/mL). Mean post-MTT
plasma bioactive GLP-1 concentration
was higher after S (26.1 * 2.2 pg/mL)
and M+S (34.9 = 2.0 pg/mL) compared
withM (14.2 = 1.3 pg/mL) and P (13.1 =
1.0 pg/mL) (both P < 0.01). Baseline
plasma GIP concentrations were similar
(~44 pg/mLl) in all four treatment
groups and increased similarly in
P (186 = 8 pg/mL), M (171 % 7 pg/mL),
S (173 = 6 pg/mL), and M+S (183 = 9
pg/mL).

Under fasting conditions, EGP (Fig. 3A)
in P (1.95 £ 0.06 mg/kg - min) decreased
modestly after M (1.84 * 0.08 mg/kg - min)
and S (1.82 % 0.09 mg/kg - min) (both P <
0.05 vs. P) and decreased further after M+S
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Figure 1—Schematic representation of the study design. A random sequence was assigned for each subject to receive 6 weeks of treatment with P, M,
S, and M+S combination. A 2-week washout period was observed between treatment periods.

(1.49 = 0.05 mg/kg * min) (P < 0.01 vs. P).
During the MTT, the mean R,T was 2.78 =
0.18 mg/kg - min after P, decreased to
2.59 * 0.17 mg/kg * min after M and to
2.56 £ 0.11 mg/kg * min after S (both
P < 0.05 vs. P), and decreased further to
2.23 % 0.12 mg/kg * min after M+S (P <
0.01 vs. S and M). During the MTT, EGP
(R,T — R,0) was suppressed to 0.73 = 0.14
mg/kg - min after P (Fig. 3B). Treatments
with M (0.33 = 0.12 mg/kg * min), S
(0.51 % 0.09 mg/kg * min), and M+S com-
bined (0.25 % 0.10 mg/kg * min) further
enhanced the suppression of EGP during
the MMT (all P < 0.05 vs. P). The mean
rate of oral glucose appearance (Fig. 3C)
was similar after all four treatment regimens.
The total amount of glucose that appeared
in the peripheral circulation over the post-
meal period of 360 min ranged between 62
and 68 g, i.e., 82-91% of the ingested glu-
cose load of 75 g. Thus, the splanchnic glu-
cose uptake was similar (7-13 g) after
all four treatments. The mean tissue Ry
(Fig. 3D) during the MTT were comparable
after treatment with P (2.56 * 0.12 mg/kg*
min), M (2.51 £ 0.13 mg/kg - min), and S
(2.41 £ 0.10 mg/kg - min) and after M+S
(2.38 = 0.11 mg/kg - min).

Insulin sensitivity and insulinogenic
indices were calculated from 0 to 180 min
for each treatment period, adapted from a
previous publication (15). These indices
were calculated between O and 180 min

because most hormonal changes occur
during this postmeal period. The MI of
insulin sensitivity was similar after each
therapy, while hepatic insulin sensitivity
improved significantly with M and M+S
(132 *2.1and 12.6 = 1.5 pU/mL * mg/
kg - min) but not with S alone (18.0 £ 2.7
pwU/mL - mg/kg + min) compared with P
(20.8 £ 4.2 pU/mL - mg/kg * min). Insu-
lin secretion measured both as (AI/AG
and AISR/AG) increased mildly with
S alone and M alone (both P = NS and
further after M+S treatment, P < 0.05).
The calculated B-cell function index
(AI/AG X MI) paralleled insulin secretion.
There was close concordance between the
changes in insulinogenic indices calculated
over the entire 360-min period of the MTT
and the initial 180 min of the MTT for all
four treatment periods.

In each of the four treatment proto-
cols, the decrement in EGP correlated
with the decrement in FPG concentration
(r = 0.54, P < 0.03). The increment in
plasma insulin concentration and the dec-
rement in plasma glucagon concentration
were correlated with the decrement in
EGP (r = 0.45, P < 0.01, and r = 0.35,
P < 0.05, respectively) after the M+S
combination. The decrement in plasma
glucagon concentration also correlated
with the decrement in EGP (r = 0.35,
P < 0.05) after the S monotherapy. The
increment in bioactive GLP-1 plasma

concentration correlated with both the in-
crement in plasma insulin concentration
and the decrement in plasma glucagon
concentration (r = 0.38, P < 0.05, and
r=0.22, P < 0.05, respectively) after
combined M+S therapy. Multiple regres-
sion analyses performed for all of these pa-
rameters further indicate that FPG
concentration is correlated with changes
in post-MTT glucose, EGP, insulin, gluca-
gon, and bioactive GLP-1 (* = 0.16, P =
00.05).

There was no correlation between the
increment in plasma GIP concentration
and either the increment in plasma in-
sulin concentration or the decrement in
plasma glucagon concentration after any
of the four treatments.

CONCLUSIONS —Combination ther-
apy with M+S is an effective treatment
option for patients with T2DM (2). How-
ever, the mechanism(s) underlying the
“additive” effect of M+S have yet to be
established. Our findings confirm that,
when used as monotherapy, both S and
M reduce postprandial glycemic excur-
sion to a comparable degree, while com-
bination of the two promotes greater
attenuation of the postprandial hypergly-
cemia. The postprandial effect of M mon-
otherapy appears to be secondary to a
direct suppression of endogenous (he-
patic) glucose production, since neither
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Figure 2—A: Changes in plasma glucose concentration during MTT. B: Changes in plasma insulin concentration during MTT. C: Changes in ISR,
calculated form the plasma C-peptide deconvolution curve, during MTT. D. Changes in plasma glucagon concentration during MTT. E: Plasma

bioactive GLP-1 concentration during MTT.

plasma insulin nor glucagon levels
changed significantly, while that of S is
mediated primarily by the suppression
of glucagon secretion. The direct effect
of M on the liver presumably is hormone
independent, whereas the reduction in
EGP after S therapy most likely is second-
ary to alterations in the portal insulin-to-
glucagon ratio resulting from the increase
in plasma GLP-1. The steep slope of de-
cline in EGP after M compared with

the slower decrease in EGP after S mono-
therapy also suggests that different mech-
anisms are involved in the enhancement
of EGP suppression. The marked decrease
in basal EGP and the steep slope with
greater suppression of EGP after combi-
nation M+S also are consistent with in-
dependent and additive effects of the two
antidiabetes agents. Comparable EGP
suppression has been reported in normal
subjects after a glucose challenge, which

also indicated that most of the glucose
was disposed peripherally (16).

Neither plasma insulin nor ISRs were
significantly enhanced after the meal with
either M or S monotherapy. In contrast,
M+S combination was accompanied by a
clear augmentation of insulin secretion
and potentiating of plasma glucagon
suppression, resulting in the greatest sup-
pression of EGP. Of note, plasma gluca-
gon suppression after M+S therapy
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Figure 3—A: Changes in R,T during MTT. B:

correlated with the quick surge (initial
120 min) in plasma bioactive GLP-1. We
did not observe a significant change in
postprandial insulin secretion after 6
weeks of S monotherapy despite the
modest increase in plasma bioactive
GLP-1 concentration. However, equiva-
lent plasma insulin and C-peptide levels
(i.e., increased AI/AG and AISR/AG) in
the face of alower plasma glucose concen-
tration after S (compared with P) indicates
that B-cell function improved. These
findings are consistent with a previous re-
port (6) showing that the immediate (mi-
nutes to hours) absolute increase in
plasma insulin response induced by vilda-
gliptin dissipates overtime. Unlike insu-
lin, suppression of plasma glucagon was
detected during the initial 120 min of the
MTT after treatment with S alone and the
combined M+S. These observations
suggest a differential sensitivity of pancre-
atic a- and B-cells to GLP-1 (17,18).
The present results demonstrate that
M, S, and the combination M+S therapy
did not have any effects on the R, of in-
gested glucose in the peripheral circula-
tion, on splanchnic glucose utilization, or

Time (min)

Changes in EGP during MTT. C: R,O during MTT. D: Ry during MTT.

on the rate of tissue glucose disposal.
However, we cannot entirely rule out
small differences among treatments in ei-
ther splanchnic glucose uptake or tissue
glucose disposal, since these could have
escaped our detection. These results indi-
cate that the reduction in EGP was the
primary factor responsible for the attenu-
ation in the postmeal plasma glucose
concentration after each of the three ther-
apeutic interventions. Thus, unlike the
GLP-1 analogs (19-21) S has no effect
on either gastric emptying or splanchnic
glucose utilization. The failure to observe
any increase peripheral glucose disposal
is not surprising for two reasons: 1) nei-
ther M, in the absence of weight loss
(22,23), nor S (1-3) is known to enhance
muscle insulin sensitivity and 2) despite
the increase in plasma insulin response
with the M+S treatment, any increment
in insulin-stimulated glucose disposal
would have been offset by the large reduc-
tion in plasma glucose concentration.

In this study, we show a two- to
threefold increase in basal plasma bioactive
GLP-1 concentration in T2DM patients
after 6 weeks of S used in combination

with M. Within 120 min after meal in-
gestion, bioactive GLP-1 concentration in-
creased with S treatment, and this elevation
was much greater with the combined M+S
treatment, even though there was no sig-
nificant rise with M treatment. This obser-
vation is consistent with previous reports
(8-12) and underscores the clinical rele-
vance of the additive, even synergistic, ef-
fect of M when used together with S to
increase plasma GLP-1 levels. However,
this effect of M apparently relies on simul-
taneous improvement in plasma glucose
concentration, perhaps leading to aug-
mented insulin secretion and enhanced
suppression of glucagon secretion. A
novel finding was the fourfold increase
in plasma GIP levels observed with M
monotherapy. However, since basal and
postmeal plasma GIP levels were compa-
rable in all four treatment periods, the en-
hanced stimulation of insulin secretion
and suppression of glucagon secretion in
T2DM patients treated with S alone or in
combination with M must have resulted
from the increase in bioactive plasma
GLP-1 levels. Our results are consistent
with those of others (24,25) and indicate
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that GIP does not potentiate the antidiabetes
effect of GLP-1 in T2DM patients. Consis-
tent with this, there is no known role for GIP
on glucagon suppression and the effect of
GIP on insulin stimulation overlap with the
GLP-1 intracellular pathways (17).

Whether the magnified GLP-1 re-
sponse to a standard meal after DPP-4
treatment in combination with M is a
consequence of the effect of S plus better
glycemic control, superimposed on M
stimulation of endogenous GLP-1 secre-
tion, cannot be determined from our
study. M, as well as some other antidia-
betes agents (8-10,24), has been sugges-
ted to directly enhance GLP-1 release
from the intestinal L cells. However, the
possibility that this is a nonspecific effect
related to improved glycemic control has
yet to be excluded (26). Because M mono-
therapy was not accompanied by any sig-
nificant change in plasma GLP-1 in our
studies either at baseline or after
the meal, our data support the notion
that the magnified GLP-1 response is
primarily explained by better glycemic
control. These observations are of consi-
derable clinical significance, since the
combination of M with a DPP-4 inhibitor
provides a unique mechanism of glucose
lowering with additive effect to reduce
plasma glucose concentration in T2DM
patients.

In summary, the current study dem-
onstrates that S and M monotherapy
reduces glycemic excursions via indepen-
dent and additive mechanisms. The in-
hibition of endogenous (hepatic) glucose
production by M most likely resulted
from a direct effect on the liver, whereas
the effect of S on EGP was indirect and
associated with elevated plasma GLP-1
levels with subsequent glucagon suppres-
sion. Combination M+S therapy further
reduced postmeal plasma glucose con-
centrations subsequent to a greater in-
crease in fasting and postmeal GLP-1
levels, accompanied by a further en-
hancement in insulin secretion and glu-
cagon suppression. There were no
changes in splanchnic glucose uptake,
gastric emptying, or insulin-mediated
glucose disposal with any treatment regi-
mens, and the attenuation of the post-
prandial hyperglycemia with all therapies
was entirely attributed to the reduction
in EGP.
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