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ABSTRACT

Introduction: Fasting and postprandial plasma
glucose (FPG, PPG) control are both necessary
to achieve glycosylated hemoglobin (HbA,.)
regulation goals. Liraglutide, based on its
glucagon-like peptide 1 (GLP-1)-mediated
pharmacology and pharmacokinetics may
reduce HbA,. through both FPG and PPG
levels. The objective of the present study was
to investigate the effect of once-daily liraglutide
(0.6, 1.2, and 1.8 mg) at steady state on FPG,
PPG, postprandial insulin, and gastric emptying.
Methods: Eighteen subjects with type 2 diabetes,
aged 18-70 years, with a body mass index of
18.5-40 kg/m? and HbA,. of 7.0%-9.5% were
included in this single-centre, randomized,
placebo-controlled, double-blind, two-period,
cross over trial. Patients were randomized into
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two groups (A or B). Group A received once-
daily liraglutide for 3 weeks, followed by a
3-4-week washout period and 3 weeks of once-
daily placebo. Group B was treated as for Group
A, but treatment periods were reversed (ie,
placebo followed by liraglutide). A meal test was
performed at steady-state liraglutide/placebo
doses of 0.6, 1.2, and 1.8 mg/day. Plasma glucose,
insulin, and paracetamol (acetaminophen)
concentrations (to assess gastric emptying) were
measured pre- and postmeal. Results: PPG levels
significantly decreased (P<0.001) after all three
liraglutide doses when compared with placebo.
This decrease was also apparent when corrected
for baseline (incremental excursions), with
the exception of average incremental increase
calculated as area under the concentration curve
(AUC) over the fasting value from time zero
to 5 hours (IAUC, /5 hours) after liraglutide
0.6 mg, where there was a trend to decrease
(P=0.082). In addition, FPG levels significantly
decreased at all three liraglutide dose levels
when compared to placebo (P<0.001). Fasting
and postprandial insulin levels significantly
increased with liraglutide versus placebo at all
doses studied (P<0.001). A significant delay in
gastric emptying during the first hour post-
meal was observed at the two highest liraglutide
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doses versus placebo. Conclusion: In addition to
lowering FPG levels, liraglutide improves PPG
levels (absolute and incremental) possibly by
both stimulating postprandial insulin secretion
and delaying gastric emptying.

Keywords: exenatide; gastric emptying; incretin;
insulin; type 2 diabetes mellitus

INTRODUCTION

Type 2 diabetes is a progressive disease
characterized by decreased insulin sensitivity
and deteriorating beta-cell insulin secretion.!
It has also been found that impaired incretin
function due to a decrease in the levels and the
insulinotropic effects of the incretin hormones
could be an important factor.?3

Intensive treatment to achieve good glycemic
control, as assessed by glycosylated hemoglobin
(HbA, ) levels, can significantly reduce the risk
of type 2 diabetes complications.*® As HbA,_ is
a measure of average fasting and postprandial
plasma glucose (FPG, PPG) levels,® therapies that
target both contributors are necessary to achieve
optimal glycemic control.’

The incretin hormones glucagon-like
peptide 1 (GLP-1) and glucagon-dependent
insulinotropic polypeptide (GIP) are released in
the intestine shortly after nutrient ingestion, and
are responsible for mediating the incretin effect
(ie, the enhanced insulin secretion observed
after oral glucose administration, compared with
an isoglycemic intravenous challenge).®* GLP-1
has been shown to be a physiological modulator
of gastric motility,'® and the inhibitory effect
of exogenous GLP-1 on gastric emptying has
been demonstrated in healthy subjects,!.!?
as well as in patients with type 2 diabetes.!3!*
GLP-1 has been shown to have diverse effects
on gastrointestinal functions in humans, such as
relaxation of the proximal stomach, inhibition

of antroduodenal contractility, and stimulation
of pyloric motility.!9121315-18 Precisely how GLP-1
mediates these effects on gastric emptying
however (ie, centrally or peripherally mediated)
is not known, and further studies are required to
elucidate such mechanisms.'®

Exenatide! and liraglutide? share the ability
to slow gastric emptying. However, this effect
has yet to be shown with clinically relevant
doses of liraglutide, and this was part of the aim
of our study.

The physiological actions of GLP-1 are
preserved in individuals with type 2 diabetes,?!?2
giving this molecule great potential as a
therapeutic agent. Unfortunately, native GLP-1
is rapidly degraded by the enzymes dipeptidyl
peptidase 4 (DPP-4) and neutral endopeptidase
(NEP). As a result, the plasma half-life (¢,) of
intravenously administered GLP-1 is less than
2 minutes,?® which greatly limits its potential
as a therapeutic agent.2* Hence, to fulfill the
potential of GLP-1 as a therapeutic option in
type 2 diabetes, GLP-1 analogs or mimetics
with longer lifetimes have been developed.
Liraglutide is a GLP-1 analog that shares 97%
of its amino-acid sequence with native GLP-1.
Additionally, a 16-carbon acyl chain has been
attached to lysine 26 through a linker residue,
which allows reversible binding to albumin.?? As
a result, liraglutide is slowly released from the
injection site, self-associates, and has decreased
susceptibility to DPP-4 degradation in the
bloodstream, prolonging the t, of the analog
to around 13 hours, which makes it suitable for
once-daily administration.?®

Clinical trials have shown that liraglutide
significantly reduces FPG and HbA, with
concomitant weight loss and a low risk of
hypoglycemia in type 2 diabetes.2%33 However,
the effect of liraglutide on postprandial
incremental glucose concentrations has
not been investigated during standardized
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conditions. The primary aim of this study was
therefore to investigate the potential effect of
once-daily liraglutide at steady state on PPG
during standardized conditions. Furthermore,
the effect of liraglutide on FPG, insulin levels,
and gastric emptying was investigated. One
hypothesis of this study was that liraglutide
would lead to decreased PPG and FPG levels,
increased insulin levels, and delayed gastric
emptying.

METHODS

Design of Study

This was a single-center, randomized, placebo-
controlled, double-blind, two-period, cross-
over trial, comparing the effect of steady-state
liraglutide at three dose levels (0.6, 1.2, and
1.8 mg/day) versus placebo on the responses of
FPG and PPG, insulin, and gastric emptying in
individuals with type 2 diabetes.

After an appropriate washout period of at
least 3 weeks for patients previously treated with
oral antidiabetic drugs (OAD), patients were
randomly assigned to treatment group A (3 weeks
of once-daily liraglutide, 3-4 weeks of washout,
and 3 weeks of once-daily placebo) or B (3 weeks
of once-daily placebo, 3-4 weeks of washout,
and 3 weeks of once-daily liraglutide). During
the 3-week treatment periods, the liraglutide/
placebo dose was escalated weekly in 0.6 mg
increments from 0.6 mg until a dose of 1.8 mg
daily was reached. Assessments were performed
after 1, 2, and 3 weeks during the treatment
periods, thus providing pharmacodynamic (PD)
measures for steady-state 0.6, 1.2, and 1.8 mg
liraglutide doses. As the subjects had not been
treated for equivalent periods of time with either
liraglutide (each dose) or placebo at the time of
assessment, any comparisons made between the
doses were considered as purely explorative.

Safety Considerations

Any adverse events (AEs) that occurred during
the trial were treated by established standards of
care. All AEs were followed up until the subject
recovered or stabilized or until the last visit
(whichever came first).

FPG was measured every other day during the
trial. If FPG levels rose above 14 mmol/L in two
consecutive measurements, an additional check
was performed 1-3 days later. If FPG remained
above 14 mmol/L the subject was withdrawn
from the trial.

Subjects

Individuals included in the trial were men or
women with type 2 diabetes, aged 18-70 years,
with a body mass index (BMI) of 18.5-40 kg/m?,
and HbA, of 7.5%-9.5% (if treated with diet only),
or 7.0%-9.5% (if treated with OADs). Treatment
with metformin or alpha-glucosidase inhibitors in
monotherapy was allowed as OAD treatments.

Two exclusion criteria were established to
remove subjects who exhibited: (1) clinically
significant active cardiovascular disease,
and (2) significant gastrointestinal disease,
including, but not limited to, apparent diabetic
gastroparesis, diabetic diarrhea, and surgery of
the gastrointestinal tract (except appendectomy).
Further conditions warranting exclusion from
the trial were impaired liver or renal function,
hypertension, recurrent severe hypoglycemia,
human immunodeficiency virus (HIV)-positive
antibody status, active hepatitis B or C, and the
use of any substances that could interfere with
the results of the trial.

All subjects gave their written consent prior
to any study-related activities. The study was
conducted in accordance with the Declaration
of Helsinki.?* The study protocol and informed
consent forms were approved by the Federal
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Institute for Drugs and Medical Devices in Bonn,
Germany, and by the Ethics Commission of the
Arztekammer Nordrhein in Diisseldorf, Germany.

Liraglutide Administration

Liraglutide or a corresponding volume of
placebo was administered subcutaneously in
the abdomen once-daily in the evening, using
a prefilled disposable pen device (3 ml FlexPen®;
Novo Nordisk A/S, Copenhagen, Denmark).

Test Day, Meal Description, and Sample
Collection

On test days, subjects were asked to report to
the clinic at 07:00 hours, having fasted since
20:00 hours the previous evening. Before the test
meal, blood samples for baseline measurements
of plasma glucose, insulin, and paracetamol (for
the assessment of gastric emptying) were drawn.
Subjects were served a standardized breakfast
consisting of usual and local food items with
a fixed energy and macronutrient content (2
megajoules (M]), 50 energy percentage (E%)
from carbohydrates, 35 E% from fat, and 15
E% from protein). Breakfast was served at 08:30
hours (time=0) and ingested within 15 minutes.
Along with the meal, patients also received
paracetamol 1.5 g. Paracetamol is not absorbed
in the stomach, but is rapidly and almost
completely absorbed in the intestine/duodenum,
so the rate of paracetamol absorption can be used
as an index for gastric emptying.>>3¢ During the
5-hour postprandial period, blood was sampled
frequently for measurements of PPG, insulin,
and paracetamol concentrations.

Assessments

To assess adherence to liraglutide injections,
morning blood samples were collected at baseline

(before dosing), and weekly during the test days
6, 8, 10, and 12 hours after the liraglutide/
placebo dosing, which is around the time of the

maximum concentration (7,,,) of liraglutide.

Vital signs, standard 12-lead electrocardiogram
(ECG), physical examination, and blood
and urine sampling for standard laboratory
assessments were performed at screening and
follow-up. The analyses of glucose, insulin, and
liraglutide in plasma were performed by Capio
Diagnostik A/S (now Unilabs A/S, Copenhagen,
Denmark). A colorimetric assay, Glucose
Hexokinase II (GLUH), from Bayer Healthcare
(Bayer A/S, Lyngby, Denmark), was used for
glucose, whereas enzyme-linked immunosorbent
assay (ELISA) were used for insulin and
liraglutide, described by Andersen et al.,?” and
Agersg et al.,> respectively. The bioanalysis
of paracetamol in plasma was conducted by
AAIPharma Deutschland GmbH & Co. KG
(Neu-Ulm, Germany) by liquid chromatography
tandem mass spectrometry (LS-MS/MS).

The primary endpoint derived from the
plasma glucose profiles was the area under the
concentration curve (AUC) from time zero (start
of breakfast) to 5 hours (AUC, ;).

In addition, the following secondary
endpoints were evaluated. For plasma glucose,
average incremental increase calculated as AUC
over the fasting value from time zero to 5 hours
(1AUC, /5 hours); glucose concentration 2
hours after starting the test meal (C,); fasting
glucose concentration (C,); and AUC from time
zero to 1 hour (AUC,, ). For plasma insulin,
(Cy); (AUC,, ) and (AUC,; 1), (1AUC, 5 )/S
max)- FOT
gastric emptying based on plasma paracetamol
(AUC,, 1); (AUC,5); and (C,,,)-

Safety was assessed by AEs, hypoglycemic
episodes, physical examination, vital signs,
ECG, and laboratory parameters (hematology,
biochemistry, and urinalysis).

hours; and maximum concentration (C
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Statistics

Based on a paper by Le Floch et al.,3® within-
subject standard deviation for AUC under the
postprandial glucose curve among subjects with
type 2 diabetes was found to be 280 mmol min/L,
this value being an index of the duration and
extent of elevated glucose concentration. With
a clinically relevant difference corresponding to
20% of the observed AUC, it was calculated that
the necessary number of subjects required to reject
the hypothesis of no difference between liraglutide
and placebo with a power of 0.9 was 14.

The statistical analysis of PD endpoints
was carried out using a linear normal model
(analysis of variance [ANOVA]) that included an
interaction effect between treatment period and
test day, as well as liraglutide dose. Additionally,
the model accounted for the correlation between
within-subject observations. From this model,
the contrast between liraglutide and placebo
was estimated for each dose group. No formal
comparison between doses was performed, as
subjects had not been treated for equivalent
periods of time with either liraglutide (all three
doses) or placebo at the time of assessment.
All AUC values were calculated by the linear
trapezoidal method and were log transformed
prior to statistical analysis, except incremental
AUC data, where the untransformed values were
used for the analysis. C,, C, hours, and C,,, were
obtained as the observed value at baseline, after
2 hours, and as the maximum value over 5 hours,
respectively. In addition, an explorative statistical
analysis of the association between glucose
iAUC,, ,, and gastric emptying measured by log
(paracetamol AUC,, ) was performed. All PD
endpoints among subjects receiving liraglutide
and subjects receiving placebo were compared
by use of a two-sided test at a 5% significance
level (ie, P<0.0S). All safety data were evaluated
by the use of summary statistics.

RESULTS

Subjects

Eighteen subjects were included in the study. All
subjects were white and 78% (rn=14) were male. Age
(meantstandard deviation [SD]) was 58.616.9 years,
BMI was 29.7+4.2 kg/m? and HbA,_was 7.8+0.6%.
Most of the subjects (n=16; 89%) were on OAD
monotherapy before commencing the trial.

One subject had measurable concentrations
of liraglutide during treatment with placebo.
Therefore, data from the placebo treatment period
of this subject were excluded.

Glucose

The absolute and baseline-corrected glucose time-
concentration profiles illustrate a decrease in FPG
(Figure 1) and PPG concentrations (Figures 1 and 2)
after treatment with liraglutide compared with
placebo at all doses studied.

Figure 1. Mean postprandial plasma glucose (PPG)
profiles during a meal test performed at steady-state
liraglutide doses of 0.6, 1.2, and 1.8 mg or placebo.
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Figure 2. Mean baseline corrected postprandial plasma
glucose (PPG) increment from baseline (0-5 hours) during
a meal test performed at steady-state liraglutide doses of
0.6, 1.2, and 1.8 mg or placebo.
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PPG

The statistical analysis confirmed a decrease in
FPG as well as PPG levels after all three liraglutide
doses when compared with placebo, except
for iAUC, /5 hours after liraglutide 0.6 mg,
where the decrease did not reach statistical
significance (P=0.082) (Table 1). The estimates
of glucose AUC,, were 39%, 35%, and 27%
lower after treatment with liraglutide 1.8, 1.2,
and 0.6 mg, respectively, than after placebo,
suggesting a slightly dose-dependent, glucose-
lowering effect. Estimates of glucose AUC,
were also significantly reduced by a similar
order after treatment with liraglutide 1.8, 1.2,
and 0.6 mg, respectively, compared with placebo
(Table 1). The mean PPG excursions, as assessed
by estimates of iAUC, 5,/5 h, were 1.09 mmol/L,
1.10 mmol/L, and 0.45 mmol/L lower after
liraglutide 1.8, 1.2, and 0.6 mg treatment,
respectively, than after placebo. Additionally,
mean concentrations of plasma glucose 2 hours
after breakfast (C,,) were also significantly
reduced at all liraglutide doses, compared with
placebo (Table 1).

FPG

The difference in the starting point of the profiles
in Figure 1 represents the effect of steady-state
liraglutide doses of 0.6, 1.2, and 1.8 mg on FPG.
On average, this difference was 3-4 mmol/L lower
with liraglutide than compared with placebo.
The statistical analysis confirmed a significant
decrease in FPG levels at all three liraglutide dose
levels when compared with placebo (P<0.001)
(Table 1).

Insulin

C, was significantly higher with liraglutide
than with placebo at all three doses, and
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Table 1. Comparison of glucose endpoints.

Liraglutide versus placebo

Liraglutide Placebo

(mean [SD]) (mean [SD]) Estimate* (95% CI) P value
Fasting C, e o1, (mmol/L)t
0.6 mg 8.13 (1.61) 11.12 (1.82) 0.74 (0.69, 0.80) <0.001
1.2 mg 7.55 (1.38) 10.97 (1.82) 0.69 (0.64, 0.75) <0.001
1.8 mg 7.33(0.85) 11.32 (1.92) 0.66 (0.61,0.71) <0.001
Ctucose, 21 (mmol/L)t
0.6 mg 10.44 (2.60) 14.22 (2.85) 0.73 (0.64, 0.82) <0.001
12 mg 9.24 (2.66) 14.95 (2.10) 0.60 (0.53, 0.68) <0.001
1.8 mg 8.98 (1.54) 15.04 (2.76) 0.60 (0.53, 0.68) <0.001
AUC .01 (mmol min/L)t
0.6 mg $74.11 (94.54) 78176 (120.73) 0.74 (0.68, 0.80) <0.001
1.2 mg 52220 (89.79)  781.59 (106.47) 0.67 (0.62,0.73) <0.001
1.8 mg 510.63 (77.05)  797.34(128.55) 0.64 (0.60,0.70) <0.001
AUC e 051 (mmol min/L)t
0.6 mg 2772 (608) 3818 (712) 0.73 (0.66, 0.80) <0.001
1.2 mg 2554 (570) 3927 (573) 0.65(0.59,0.71) <0.001
1.8 mg 2414 (392) 3974 (760) 0.62 (0.56, 0.68) <0.001
LAUC o055 (mmol/L)t
0.6 mg 1.44 (0.80) 192 (1.18) 045 (~0.97,0.06)  0.082
1.2 mg 118 (0.65) 2.27 (1.00) ~1.10(~1.62,-058)  <0.001
1.8 mg 1.02 (0.58) 2.15 (0.95) ~1.09 (-1.61,-0.58)  <0.001

*Estimates are ratios except AUC o 0.1 A0 ixucgucoseo s/ S Dy which are differences.

tConversion factor to mg/dL: x18.
AUC=area under the curve; C

glucose

mean C was significantly higher with

liraglutide 0.6 mg and 1.8 mg than with
placebo (Figure 3). The estimates of insulin
AUC, ,,, were 32% (P<0.001), 23% (P=0.005),
and 19% (P=0.018) higher after 1.8, 1.2, and
0.6 mg liraglutide treatment, respectively, than
after placebo. The estimates of C, were 49%
(P<0.001), 41% (P>0.001), and 28% (P=0.008)
higher after 1.8, 1.2, and 0.6 mg liraglutide
treatment, respectively (Table 2), suggesting a
potential dose-dependent increase in insulin
response. Estimates of insulin AUC,, , and
iAUC, , were not significantly different
from placebo at any of the liraglutide doses
investigated (Table 2).

=glucose concentration; CI=confidence intervals; SD=standard deviation.

Gastric Emptying

Estimates of paracetamol AUC,, were only
significantly lower (17%) with liraglutide 1.2 mg,
with no significant differences observed with
liraglutide 0.6 mg (6%; P=0.287) or liraglutide
1.8 mg (6%; P=0.301). Compared with placebo,
estimates of paracetamol AUC,, , and C,, were
significantly lower (by 43% and 30% for AUC,, ,,
and 31% and 23% for C,,,) at the two higher
liraglutide doses (1.2 and 1.8 mg, respectively),
indicating a delay in gastric emptying with
liraglutide during the early phase after the
breakfast meal (Table 3). There was no significant
delay with liraglutide 0.6 mg.
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Figure 3. Mean postprandial plasma insulin concentration
profiles during a meal test performed at steady-state
liraglutide doses of 0.6, 1.2, and 1.8 mg or placebo.
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Exploratory Analysis Between Glucose and
Gastric Emptying

A positive association between glucose iAUC,, , ,,
and paracetamol log (AUC,,,) was seen
regardless of treatment (placebo/liraglutide);
that is, the more the paracetamol response
was reduced, the more glucose response was
also reduced. Furthermore, for any given
paracetamol response, there was a lower
glucose iAUC, , ,, for liraglutide treatment than
for placebo. When compared with placebo,
liraglutide significantly lowered iAUC, ,,, at all
doses, even when the effect of gastric emptying
was removed by statistical adjustment; that
is, glucose iAUC,, ; ,, was adjusted for the effect
of paracetamol log (AUC,,,) as a covariate.
After adjustment, the mean PPG excursions,
as assessed by estimates of iAUC /5 hours,
were 0.64 mmol/L (P=0.001), 0.65 mmol/L
(P=0.002), and 0.38 mmol/L (P=0.002) lower

after liraglutide 1.8, 1.2, and 0.6 mg treatment,
respectively, than after placebo.

Safety

Liraglutide was well tolerated. There were no
withdrawals due to AEs and no hypoglycemic
episodes or serious adverse events (SAEs) were
reported during the trial period. A total of 18
AEs were reported by nine subjects, the majority
of which were mild. The same number of AEs
(seven mild and two moderate) emerged during
liraglutide and placebo treatments. The most
frequent AEs were: headache (one reported
with liraglutide treatment and three with
placebo); gastrointestinal (GI) disorders (two
mild dyspepsia events and one other GI disorder
reported with liraglutide, and one diarrhea and
one nausea event reported with placebo); and
infections (three reported with liraglutide and
two with placebo). There were no changes
reported in physical examinations, vital signs,
or ECGs, and no trends for changes in any of the
laboratory parameters were identified.

DISCUSSION

This study has supported our hypothesis that
treatment with liraglutide results in reductions in
absolute and incremental PPG levels compared
with placebo. Following 3 weeks of liraglutide
treatment, the PPG response (AUC,,) was
reduced by 38%, glucose excursions above
baseline levels were reduced by 1.1 mmol/L
on average, and the mean 2-hour PPG was
lower than the 2-hour PPG goal (<10 mmol/L),
as recommended by the American Diabetes
Association (ADA).?° More than 70% of the
liraglutide-treated patients achieved the ADA
target.

The decrease in PPG was likely to be driven
by two mechanisms. Firstly, the glucose-
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Table 2. Comparison of insulin endpoints.

Liraglutide versus placebo

Liraglutide Placebo

(mean [SD]) (mean [SD]) Estimate* (95% CI) P value
Fasting C, i, o1, (pmol/L)t
0.6 mg 75.3 (72.1) 63.2(78.9) 128 (1.07, 1.53) 0.008
1.2 mg 84.7 (98.3) 614 (67.9) 141 (1.18, 1.69) <0.001
1.8 mg 91.1 (100.6) 57.6 (54.2) 1.49 (1.25, 1.78) <0.001
Cngulin,max (pmOl/L)T
0.6 mg 257.9 (129.0) 210.6 (140.3) 1.19 (1.01, 1.40) 0.034
1.2 mg 255.0 (151.7) 213.5(115.3) 1.15(0.98, 1.35) 0.085
1.8 mg 3014 (227.2) 217.8 (140.8) 1.26 (1.07, 1.48) 0.006
AUC, . 011 (pmol min/L)t
0.6 mg 7981 (5039) 7709 (6245) 1.03 (0.84, 1.26) 0.760
1.2 mg 8190 (6678) 7534 (5030) 1.01 (0.83, 1.23) 0.930
1.8 mg 8421 (6266) 7469 (4328) 1.12 (0.92,1.37) 0.247
AUC, 5,05, (pmol min/L)t
0.6 mg 45431 (29696) 37384 (28068) 1.19 (1.03, 1.37) 0.018
1.2 mg 47153 (34386) 36055 (24126) 1.23 (1.07, 1.42) 0.005
1.8 mg 50162 (37537) 36296 (23799) 1.32(1.14,1.52) <0.001
LAUC, in o.s1/5 h (pmol/L)t
0.6 mg 77.4 (47.6) 62.7(26.2) 10.4 (~6.30, 27.0) 0216
1.2 mg 73.5 (34.7) 60.6 (25.5) 11.2 (-5.45,27.9) 0.181
1.8 mg 78.5 (44.8) 64.7 (30.5) 12.0 (~4.51, 28.6) 0.149

*Estimates are ratios except idUC, ;. o.s1/5 h, which are differences.

tConversion factor to uIU/mL: x0.144.
AUC=area under the curve; C

insulin

dependent insulinotropic effect of liraglutide,
as postprandial insulin levels were increased
after treatment with liraglutide. Additionally,
the delay in gastric emptying observed with
liraglutide treatment is likely to play a role, as
transition of nutrients from the stomach to the
small intestine is the rate-limiting step for glucose
absorption and, therefore, is an important factor
in determining PPG excursions.*° In this study, it
was observed that for any given gastric emptying
rate, incremental PPG levels were reduced with
liraglutide treatment compared with placebo.
Together with the fact that the glucose-lowering
effect of liraglutide was still significant after
adjusting for the effect of gastric emptying, this

=concentration of insulin; CI=confidence intervals; SD=standard deviation.

suggests that gastric emptying accounts for part,
but not all, of the glucose-lowering effect of
liraglutide.

In this study, the paracetamol absorption
method was chosen to determine the rate of gastric
emptying. The limitations of this technique
have been described previously;*4*> however,
a relatively recent report,®® has concluded
that the paracetamol absorption method does
produce results that are comparable to the “gold-
standard” gastric emptying scintigraphy (GES)
methodology.*3- It is therefore considered that
while alternative methodologies are available,
such as GES, and '3C acetate breath tests,'? the
paracetamol absorption test is a suitable and
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Table 3. Comparison of gastric emptying as assessed by plasma paracetamol endpoints.

Liraglutide versus placebo

Liraglutide Placebo

(mean [SD]) (mean [SD]) Estimate* (95% CI) P value
A UCp;\race[amol, o1n (g min/mL)
0.6 mg 605 (270) 747 (302) 0.78 (0.57,1.07) 0.125
1.2 mg 547 (310) 771 (237) 0.57 (0.42, 0.78) <0.001
1.8 mg 558 (265) 729 (225) 0.70 (0.51, 0.96) 0.028
A UCparacctamol, o.sh (ug min/mL)
0.6 mg 2480 (612) 2644 (668) 0.94 (0.83, 1.06) 0.287
12 mg 2276 (721) 2645 (604) 0.83 (0.74, 0.94) 0.003
1.8 mg 2476 (657) 2573 (480) 0.94 (0.84, 1.06) 0.301
Cox (ug/mL)
0.6 mg 17.0 (6.1) 19.0 (7.9) 0.90 (0.75, 1.07) 0.226
1.2 mg 153 (62) 21.0 (5.3) 0.69 (0.58, 0.82) <0.001
1.8 mg 152 (5.3) 19.3 (6.7) 0.77 (0.64,0.92) 0.004

*Estimates are ratios.

AUC=area under the curve; C,  =maximum concentration; CI=confidence intervals; SD=standard deviation.

accurate method for determining the rate of
gastric emptying, with respect to currently used
methodologies.

Previous reports'® have indicated that
administration of GLP-1 results in a dose-
dependent reduction in the rate of gastric
emptying. Such a dose-dependent response
with liraglutide in this study was not observed;
although the rate of gastric emptying for
subjects treated with liraglutide was greater
than for those receiving placebo, despite
only showing significance for treatment with
1.2 mg liraglutide and above. However, a dose-
dependent effect upon glucose concentration
was observed, which was significant at all three
dose levels of liraglutide. It should be noted that
because liraglutide dosing was not randomized
in this study and the trial was designed primarily
to compare maximal liraglutide dosages
upon gastric emptying and glycemic control,
any comparisons relating to the effects of
liraglutide dosages should be considered purely
explorative. Nevertheless, these observations
support the theory that gastric emptying only

partly accounts for the glucose-lowering effect
of liraglutide. This is in accordance with other
results showing that gastric emptying accounts
for about 34% of the variance in glucose
response after an oral glucose load in healthy
subjects.*¢ It should be recognized that the
slowing of gastric emptying by liraglutide in the
present study occurs despite a lowering of blood
glucose, which has been shown to favor more
rapid gastric emptying.*’

The study by Meier et al.,'3 showing a dose-
dependent reduction in gastric emptying, was
performed acutely, whereas in the present study,
subjects had a preceding period with liraglutide
treatment. Studies with chronic administration
of GLP-1 suggest the possibility of tachyphylactic
effect upon gastric emptying;*® however, this
study was not of sufficient duration to assess
this appropriately. Nonclinical data suggest that,
after 2 weeks’ treatment, the effect of liraglutide
is reduced on gastric emptying, but its positive
effect on body weight persists.* Furthermore,
liraglutide’s effect on glycemic control is long
lasting.?6-33
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Exenatide has also been shown to significantly
reduce PPG levels and to slow gastric emptying
in subjects with type 2 diabetes.>® These results,
obtained using the method of paracetamol
absorption, have subsequently been confirmed
using the alternative method of scintigraphy to
determine gastric emptying.>!

Due to the short duration of exposure (¢,
~2.4 h), deceleration of gastric emptying and
improvements in postprandial glycemia with
twice-daily exenatide are most pronounced at the
meals before which exenatide has been given.5!?
In contrast, treatment with once-daily liraglutide
and once-weekly exenatide provides 24 hours’
exposure to therapeutic drug concentrations.
This difference in the pharmacokinetics may be
the reason why once-weekly exenatide provides
postprandial glycemic control with all meals,?
in contrast to twice-daily exenatide. A similar
effect may be expected for liraglutide.

Liraglutide treatment increased the fasting
insulin response compared with placebo,
indicating a potential increase in beta-cell
function, consistent with the findings of a
previous study with liraglutide.>* In addition,
maximum postprandial insulin concentrations
increased and incremental insulin AUC remained
unchanged in the postprandial period with
liraglutide treatment, compared with placebo,
despite lower PPG concentrations. Thus, relative
to the reduced glucose concentrations, fasting and
postprandial insulin responses may, in fact, be
enhanced. Glucose-dependent insulin secretion
therefore appears to be an important mechanism
for reduction of both FPG and PPG levels. This is
most likely explained by the ability of liraglutide
to restore the incretin response, which is partially
lost in patients with type 2 diabetes.>s

In contrast to the findings in the present
study with liraglutide, the postprandial
insulin response with exenatide was reduced
compared with placebo, suggesting that delayed

gastric emptying plays a substantial role in
the improvement of PPG after exenatide.>°
Exenatide should be dosed twice-daily within
60 minutes prior to two major meals of the day,
and improves postprandial glycemic control of
these meals.>>%¢ Due to a longer t,, liraglutide
exposure covers 24 hours and can be administered
once-daily, independent of meal times.5’

In this study, liraglutide was well tolerated.
No hypoglycemic events were reported,
which is in line with the glucose-dependent
insulinotropic effect of liraglutide. The AE
profiles were comparable to placebo. There were
no withdrawals from treatment and no safety
concerns were raised.

CONCLUSION

This study has shown that liraglutide treatment
is well tolerated and effective in lowering both
absolute and incremental PPG as well as FPG
levels after short-term treatment. The effects
of liraglutide on postprandial glycemic control
are likely to be mediated by a combination
of increased insulin secretion and an early
postprandial delay in gastric emptying.
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