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Abstract

Aims: To evaluate the effects of 8 weeks’ administration of exenatide (EXE) once
weekly on gastric emptying of solids and liquids (using the “gold standard” technique,
scintigraphy), glucose absorption and postprandial glycaemia in healthy people.
Material and methods: A total of 32 healthy participants were randomized to receive
either EXE once weekly (2 mg/wk subcutaneously; six men, 10 women, mean age
59.9 + 0.9 years, mean body mass index [BMI] 29.6 + 0.6 kg/m?) or matching placebo
(PBO; six men, 10 women, mean age 60.6 + 1.2 years, mean BMI 29.5 + 1.0 kg/m?)
for 8 weeks. Gastric emptying, nausea (visual analogue scale), and plasma glucose,
insulin, C-peptide and glucagon were measured for 120 min after a solid/liquid meal,
comprising 100 g ground beef (radiolabelled with 20 MBq *°™Tc-sulphur colloid) and
150 mL 10% glucose (radiolabelled with 7 MBq %7Ga-EDTA), and containing 5 g 3-O-
methyl-glucose (3-OMG) as a marker of glucose absorption, at baseline and after
8 weeks' treatment.

Results: The study treatments were well tolerated. Scores for nausea were consis-
tently low, with no difference between the EXE once weekly and PBO groups. EXE
once weekly slowed gastric emptying of solids (area under the curve [AUC]o_120min:
P < 0.05) and liquids (AUCp_120min: P = 0.01) substantially, and attenuated glucose
absorption (3-OMG incremental AUC [iAUClo-30min: P = 0.001) and the postprandial
rise in plasma glucose (IAUCy_3omin: P = 0.008). Plasma glucagon at 2 h was reduced
by EXE once weekly (P = 0.001). The magnitude of the reduction in plasma glucose at
t = 30 min from baseline to 8 weeks with EXE once weekly was related inversely to
the 50% emptying time of the glucose drink (r = —0.55, P = 0.03).

Conclusions: In healthy participants, 8 weeks' administration of the “long-acting”
glucagon-like peptide-1 receptor agonist EXE, slowed gastric emptying of solids and
liquids substantially, with consequent reductions in glucose absorption and postpran-

dial glycaemia.
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1 | INTRODUCTION

Glucagon-like peptide-1 (GLP-1) receptor agonists (RAs) are used widely,
and increasingly, in the management of type 2 diabetes'? and, on the
basis of their plasma half-life, may be classified as “short-" (eg, exenatide
[EXE] twice daily, lixisenatide) or “long-" (eg, EXE once weekly, liraglutide,
dulaglutide, semaglutide) acting.* Their current use is essentially empirical,
rather than “personalized” as is increasingly recommended.>? A number
of long-acting GLP-1RAs have been shown to reduce cardiovascular
risk.>* The reductions in pre- and postprandial glycaemia in healthy peo-
ple and those with type 2 diabetes by GLP-1 and its agonists were initially
attributed to glucose-dependent insulinotropic and glucagonostatic
effects.>® This concept was modified by the recognition that gastric emp-
tying, which exhibits a substantial inter-individual variation in healthy
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people and is frequently disordered in those with type 2 diabetes,
major determinant of the glycaemic response to oral glucose, and
carbohydrate-containing meals, in healthy people and those with type
2 diabetes,***® and that GLP-1 slows gastric emptying.***> The rela-
tionship of the rise in glycaemia with the entry of carbohydrate into the
small intestine is non-linear, so that minor changes in gastric emptying

may have a major effect on the glycaemic response®®”

and, most impor-
tantly, that the reduction in postprandial glycaemia induced by acute,
intravenous administration of GLP-1 is associated with a decrease, rather

than an increase, in postprandial insulin concentrations,®”*&1?

SO post-
prandial glucose-lowering by exogenous GLP-1 is attributable primarily
to slowing of gastric emptying, rather than its insulinotropic or
glucagonostatic properties. However, we and others?®?! have demon-
strated that the slowing of gastric emptying by exogenous administration
of GLP-1 is subject to “tachyphylaxis” with sustained exposure;?>?* for
example in healthy people, the slowing of gastric emptying by GLP-1 after
8.5 h?! and 24 h'®° administration, is diminished over time. These obser-
vations stimulated the concept that short-acting GLP-1RAs lower post-

522,23 an d,

prandial blood glucose primarily by slowing gastric emptying
hence, have a dominant postprandial effect, while long-acting GLP-1RAs
may have minimal or no effect on gastric emptying with sustained admin-
istration as a result of tachyphylaxis, so that their glucose-lowering is pref-
erentially preprandial, reflecting stimulation of insulin and suppression of
glucagon.?+?* This concept is important because, in the large number of
people with type 2 diabetes, those whose glycated haemoglobin (HbA1c)
is 253 mmol/mol (7%) but <64 mmol/mol (8%), postprandial rather than
preprandial/fasting, glucose is the dominant determinant of HbA1c; this
is the case in both untreated type 2 diabetes and when treatment is insti-
tuted, including with insulin.2> What has apparently received less atten-
tion in the two studies with regard to the tachyphylaxis relating to the
slowing of gastric emptying by exogenous GLP-1, is that, after continuous
administration, GLP-1 still slowed gastric emptying substantially; that is,

its effects were not abolished.?%?!

It is clear that short-acting GLP-1RAs slow gastric emptying mark-
edly after sustained administration and that this response is dependent
on the baseline rate of gastric emptying and is predictive of the post-
prandial reduction in glucose.?® For example, a study using the “gold
standard” technique of scintigraphy demonstrated that EXE twice daily
slows gastric emptying markedly in type 2 diabetes,® and similar obser-
vations have been reported for lixisenatide using a stable isotope breath
test, an acceptable method for quantifying gastric emptying,2? as well as
scintigraphy.Z® In contrast, the majority of studies relating to the effect
of long-acting GLP-1RAs on gastric emptying have hitherto employed
suboptimal methods to quantify gastric emptying, for example, plasma
kinetics of oral paracetamol absorption,??* a method which is both
imprecise and cannot discriminate between effect on gastric emptying
of solids and liquids. Even with such techniques, however, it is apparent,
albeit not widely appreciated, that liraglutide (1.2-1.8 mg/d) has a
sustained effect of slowing gastric emptying in type 2 diabetes, and this
correlates with postprandial glucose-lowering.24?” Because of the tech-
nigue used, the magnitude of the slowing of gastric emptying is uncer-
tain. More recently, Halawi et al?® reported that a higher dose of
liraglutide (3.0 mg/d), used in the management of obesity, slowed gastric
emptying of a solid meal (measured by scintigraphy) at 16 weeks.

Exenatide once weekly was the first once weekly GLP-1RA to be
developed with the inherent convenience of a diminished frequency
of injections and independence of the timing of the injection from
meals. EXE once weekly reduces postprandial glucose,?’ but, unlike
EXE twice daily,” the effect of EXE once weekly on gastric emptying
has not been characterized adequately. In the comparative study by
Drucker et al,?’ the slowing of paracetamol absorption at 14 weeks
by EXE once weekly was less than that induced by EXE twice daily.
While this suggests that the slowing of gastric emptying by EXE once
weekly is less than that of EXE twice daily, this observation does not
exclude a significant effect of EXE once weekly.

Evaluation of the effects of a drug on gastric emptying in type
2 diabetes is complicated by the potentially confounding effects of
both acute hyperglycaemia, which slows gastric emptying,° autonomic
neuropathy® and the greater variability of gastric emptying.3* These
factors may have contributed to an underestimate of the magnitude of
slowing of gastric emptying by long-acting GLP-1RAs. For these rea-
sons, “proof-of-principle” is best established in healthy people.

Upper and lower gastrointestinal symptoms, particularly nausea, are
the most commonly reported adverse effects of GLP-1RAs and account
for a substantial number of withdrawals from studies.' It has been
suggested that nausea and vomiting relate to slowing of gastric emptying.t

In the present study, we evaluated the effects of 8 weeks’ treat-
ment with EXE once weekly on gastric emptying measured by scintig-
raphy, glucose absorption, postprandial blood glucose concentrations

and nausea in healthy people.
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2 | PARTICIPANTS AND METHODS

21 | Participants

A total of 70 people were screened for eligibility via telephone or
email. Of these, 47 attended the laboratory for a blood test screen for
eligibility. Forty participants passed screening and were enrolled in the
study but five withdrew prior to study drug allocation, therefore, a
total of 35 participants were randomized to receive either placebo
(PBO; n = 17) or EXE once weekly (n = 18). One participant from the
EXE once weekly group withdrew from the study because of adverse
effects, and another due to interstate relocation during the trial. A
third participant was randomized to receive PBO, but withdrew just
prior to visit 1 (Figure S1). Hence, 32 participants (12 men and
20 women, mean age 60.3 + 0.7 years, mean body mass index [BMI]
29.6 + 0.6 kg/m?) completed the study, 16 of whom received PBO
and 16 of whom received EXE once weekly. There were no differences
in age (EXE vs PBO: 59.9 + 0.9 vs 60.6 + 1.2 years; P = 0.68), sex (both
groups included six men and 10 women), weight (EXE vs PBO: 85.4
+ 3.0 vs 84.7 + 3.9 kg; P = 0.89) or BMI (PBO vs EXE: 29.5+ 1.0 vs
29.6 + 0.6 kg/m?%; P = 0.96) between the two groups. No participant
had a history of gastrointestinal disease or surgery, none had signifi-
cant respiratory, cardiac, hepatic and/or renal disease, alcohol con-
sumption >20 g/day or epilepsy, and none was a smoker or unable to
withhold any medication likely to influence gastrointestinal function.

2.2 | Protocol

The study (Clinical Trials registration number: ACTRN 1261600055415)
followed a prospective, randomized double-blind, PBO-controlled, parallel
design. Participants attended the laboratory, after an overnight fast from
solids and liquids, for a screening visit, to review their medical history and
medications, and record their height and weight. A standardized question-
naire, to quantify gastrointestinal symptoms, comprising six gastric and
three oesophageal symptoms, scored as O = no symptomes, 1 = mild, 2 = mod-
erate and 3 = severe symptomes, for a total maximum score of 27, was com-
pleted.’© Blood was sampled for complete blood picture, biochemistry, iron
studies, follicle-stimulating hormone levels (in women) and HbA1c. Partici-
pants who fulfilled the inclusion and exclusion criteria (Supporting Informa-

tion File S1) and provided informed consent were then randomized.

2.3 | Baseline visit (day 0)

Participants attended our clinical research facility at 8:00 am, having fasted
overnight (14 h for solids and 12 h for liquids), for a baseline gastric empty-
ing measurement. An intravenous cannula was placed into a forearm vein
for blood sampling, and the forearm kept warm with a heat pack for sam-
pling of “arterialized” blood. Participants were seated in front of a gamma
camera and ate a mixed solid/liquid meal comprising a 100 g ground beef
patty (270 kcal, 25 g protein, 21 g fat) followed by 150 mL 10% glucose
drink within 5 min. The solid component of the meal was labelled with

20 MBq ?"™Tc-sulphur colloid, and the liquid with 7 MBq ’Ga-EDTA,*
and included 5 g 3-O-methylglucose (3-OMG; Sigma Aldrich, St Louis, Mis-
souri) as a marker of intestinal glucose absorption. Time zero (t = 0) was
taken as the time when the participant finished the meal.

At the conclusion of the baseline study, participants received the
first dose of EXE once weekly or matched PBO (AstraZeneca Pty Ltd,

Sydney, Australia) by subcutaneous injection.

24 | Intervention period

Commencing on day O, each participant attended the laboratory once
each week for administration of 2 mg EXE or PBO by subcutaneous
injection (days O, 7, 14, 21, 28, 35, 42, 49 and 56); steady-state for

EXE once weekly is known to be achieved at 6-7 weeks.3®

2.5 | Finalvisit
The final visit was scheduled 2 to 5 days after last injection (ie, after
day 56) of either EXE or PBO. Participants again attended our facility
at 8:00 am, having fasted overnight, for an identical study as on day 1.
The protocol was approved by the Human Research Ethics Com-
mittee of the Royal Adelaide Hospital, and each participant provided
written, informed consent. All studies were carried out in accordance
with the Declaration of Helsinki.

2.6 | Measurements

2.6.1 | Gastric emptying

Gastric emptying data were acquired in 30-s frames for the first 30 min,
followed by 3-min frames until t = 120 min. On one of the two study days,
at t = 120 min, the participant drank 100 mL of water labelled with 5 MBq
of 7™ Tc-sulphur colloid, and a lateral image of the stomach was acquired
to derive correction factors for gamma ray attenuation.>* Gastric emptying
curves (expressed as % of the maximum content of the total stomach) were
derived and the content of the total stomach at t = O, 15, 30, 45, 60,
75, 90, 105 and 120 min calculated. The percentage of solid remaining in
the stomach at 100 min (T100 min), and the 50% emptying time (T50) for
the liquid, were also derived.

2.6.2 | Plasma glucose, insulin, C-peptide, glucagon
and serum 3-OMG

“Arterialized” venous blood (14 mL) was sampled immediately before
(t=—-5min)and at t = 15, 30, 45, 60, 75, 90, 105 and 120 min after the
meal. Blood glucose concentrations were measured using a glucometer
on the study day. Plasma and serum were separated from the remainder
of each sample and stored at —80°C for subsequent measurements of

plasma glucose, insulin, C-peptide and glucagon, and serum 3-OMG
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concentrations. Plasma glucose was measured using a glucose oxidase
analyser (YSI, Yellow Springs, Ohio). Plasma insulin was measured by
ELISA (Diagnostics 10-1113; Mercodia, Uppsala, Sweden). The sensitiv-
ity of the assay was 1.0 mU/L and intra- and inter-assay coefficients of
variation were 2.9% and 6.7%, respectively.3

Plasma C-peptide was measured by ELISA immunoassay
(10-1136-01; Mercodia). The sensitivity of the assay was 15 pmol/L
and intra- and inter-assay coefficients of variation were 3.7% and
7.7%, respectively.®®

Plasma glucagon was measured by radioimmunoassay (GL-32 K;
Millipore, Billerica, Massachusetts). The minimum detectable limit was
20 pg/mL, and intra- and inter-assay coefficients of variation were
6.4% and 3.2%, respectively.®®

Serum 3-OMG was analysed by liquid chromatography and mass

spectrometry with a sensitivity of 0.0103 mmol/L.3¢

2.6.3 | Nausea

Nausea was evaluated using 100-mm validated visual analogue scale
questionnaires immediately prior to study drug administration
(t = =33 min) and consumption of the test meal (t = —3 min), and then

every 15 min between t = 0 and 120 min.®”

264 | Body weight
Body weight was assessed at the baseline visit (visit 1) and at the

post-treatment gastric emptying study (visit 2) using the same scales.

2.7 | Statistical analysis

Power calculations were performed by a professional biostatistician (K.L.)
who also oversaw the data analysis. A minimum sample of 30 participants
was required to provide 80% power, with significance set at P <0.05 to
detect a 50% increase in gastric retention of the solid at 200 min on EXE
once weekly compared to PBO, based on our previous studies.>? Areas
under the curve (AUCs) were calculated for gastric emptying, plasma glu-
cose, insulin, C-peptide, glucagon and 3-OMG using the trapezoidal rule.
Data were analysed using analysis of covariance for differences at week
8, with adjustment for baseline values as a covariate. Relationships

between variables were assessed by Pearson's linear correlation.

3 | RESULTS

The studies were generally well tolerated. Adverse effects were reported
in three participants on EXE once weekly. One participant reported sen-
sations of dizziness/lightheadedness, bloating, nausea, vomiting, head-
ache, and lack of sleep, and withdrew from the study. Another
participant experienced a transient hive-like rash that resolved after

completing the study. The third participant experienced mild “menstrual

pain and bleeding”, despite apparently being postmenopausal, that was
probably unrelated to the study medication. None of the adverse effects
were serious and all affected participants made a full recovery.

There was no difference in body weight between the EXE once
weekly and PBO groups at baseline (EXE vs PBO: 85.4 + 3.0 vs 84.7
+ 3.9 kg; P = 0.89). After 8 weeks’ treatment there was a reduction in
body weight with EXE once weekly compared to PBO (EXE vs PBO:
-2.1+0.5vs0.2+0.5kg; P=0.001).

3.1 | Nausea
Scores for nausea were low, with no difference in the low scores
for nausea between the EXE and PBO groups at the baseline
(pre-treatment) study (AUCp_100: P = 0.62) or after treatment
(AUCO_120: P= 046)

3.2 | Gastric emptying

At baseline, there was no difference in the AUCq_150min for gastric emp-
tying of solids (P = 0.73; Figure 1A) or liquids (P = 0.84; Figure 1C)
between the EXE and PBO groups, nor any difference in the solid reten-
tion at 100 min (EXE vs PBO: 41.3+4.2% vs PBO: 43.9 + 4.0%;
P = 0.63) or the liquid T50 (EXE vs PBO: 304 +30 vs 29.2
+ 2.0 min; P =0.74).

At the post-treatment visit, EXE once weekly slowed gastric emp-
tying (AUCop_120min) Of solids (P = 0.046; Figure 1B) and liquids
(P = 0.01; Figure 1D) compared to PBO. EXE once weekly also
increased the solid retention at 100 min (EXE vs PBO: 52.0 + 4.5% vs
36.6 + 4.5%; P = 0.02) with a nonsignificant increase in the liquid T50
(EXE vs PBO: 40.8 + 4.2 vs 30.3 = 4.2 min; P = 0.09).

3.3 | Plasma glucose

At baseline there were no significant differences in fasting plasma glu-
cose, peak glucose, the early rise plasma glucose (incremental AUC
[IAUC]o-30min), IAUCo_120min OF 2-h plasma glucose level between the
EXE and the PBO groups (Table 1; Figure 2A).

At the post-treatment visit fasting plasma glucose was lower after
EXE once weekly (P = 0.03) compared to PBO (Table 1; Figure 2B). Peak
plasma glucose (P = 0.006) and the early rise (IAUCq_3omin) Were also
lower after EXE once weekly (P = 0.008), but there were no differences
between EXE once weekly and PBO with regard to iAUCy_150 (P = 0.25)
or plasma glucose at 2 h (P = 0.84; Table 1; Figure 2B).

3.4 | Plasma insulin, C-peptide and glucagon

At baseline, and post-treatment, there were no statistically significant
differences in fasting or postprandial insulin between the EXE and
PBO groups (Table 1; Figures 2C,D).
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FIGURE 1
once weekly (EXE) and placebo (PBO)
on gastric emptying of solid (100 g
ground beef) and liquid (150 mL 10%
dextrose) meal components at
baseline (A) and (C) and post-
treatment (B) and (D) in healthy
participants; n = 16 in both the EXE
once weekly and PBO groups. Data
are mean values + SEM. V1, visit 1;

Effects of exenatide

Baseline (V1) . Post-treatment (V2)
Solid
(A) B
100 100
-0- PBO
e 801 e 801 & EXE
c - c -
S 60 S 60
T 40 T 404
3 2
& 204 AUCHqp: P=0.73 & 204  AUCy P<0.05
c T T T 1 c T T T
0 30 60 90 120 0 30 60 90
Time (min) Time (min)
Liquid
(©) (D)
100 100
S 804 3 804 e
g AUC, 10t P=0.84 g AUC 1 P=0.01
S 60+ S 60
T 401 T 401
3 3
X 204 ¥ 20
c T L] T 1 c T T L)
0 30 60 90 120 0 30 60 90
Time (min) Time (min)
TABLE 1 Baseline variables prior to “treatment” (exenatide once weekly subcutaneously 2 mg or matching placebo), before and after

V2, visit 2

consumption of a test meal comprising 100 g minced beef and 150 mL 10% dextrose in healthy participants

Variable

Fasting glucose, mmol/L
Peak glucose, mmol/L
2-h glucose, mmol/L
iAUCo-30min
iAUCo-120min

Fasting insulin, mU/L
Peak insulin, mU/L

2-h insulin, mU/L
iAUCo-30min
iAUCo-120min

Fasting C-peptide, pmol/L
Peak C-peptide, pmol/L
2-h C-peptide, pmol/L
IAUCo-30min
iIAUCo-120min

Fasting glucagon, pg/mL
2-h glucagon, pg/mL
IAUCo-30min
iIAUCo-120min

Peak 3-OMG, mmol/L
2-h 3-OMG, mmol/L
iAUCo-30min
iAUCo-120min

Baseline (Visit 1)

Post-treatment (Visit 2)

PBO

4.9 +0.1
72+02
4.6+0.1
30.9+28
117.0+ 114
39+27
30.3+3.9
79+15
321+35
1622 + 173
453 £ 38
1474 + 107
853 £ 53

10 185 + 902
75 957 + 4503
60.7 £4.1
93.1+84
110 + 39
1252 + 310
1.0 £ 0.06
0.84 + 0.04
6.7 £0.87
88.0+5.0

EXE once weekly
50+0.1
7.3+02
45+0.1
33.8+37
98.7+9.9
46+17
33.1+37
8.6+14

397 £ 67
1584 + 678
471 + 36

1563 + 90

811 + 286

12 736 + 1663
77 754 £ 4610
57.6 + 34
842+ 6.2
57.6 + 22
1011 £ 799
1.1 +0.04
0.78 £ 0.04
7.5+0.88
855+ 127

3-OMG, 3-O-methyl-glucose. *Baseline-corrected post-treatment effects.

Data are mean + SEM.

)
0.67
0.89
0.32
0.55
0.23
0.45
0.60
0.71
0.33
0.88
0.73
0.53
0.19
0.19
0.78
0.57
0.40
0.25
0.52
0.85
0.19
0.57
0.68

PBO
50+0.1
75+0.2
4.6+0.1
329+33
114.7 £ 10.5
54+07
322+3.0
10.0+0.8
322 +37
1670 + 158
478 £ 32
1530 + 93
894 + 48

10 363 + 1296
78 293 + 4847
60.6 +2.3
924 +3.8
55.2+18.7
1331 +£195
1.1+ 0.03
0.81 +0.02
7.0 £0.62
87.0+21

EXE once weekly P*
47 +0.1 0.03
6.8+0.2 0.006
4.36+0.1 0.84
194 +33 0.008
97.0 £10.5 0.25
6.5+0.7 0.24
37.9+30 0.18
85+0.8 0.18
262 + 37 0.27
1693 + 158 0.92
593 + 32 0.02
1849 + 93 0.02
965 + 48 0.30
8388 + 1296 0.30
78 579 + 4847 0.97
57.3+23 0.32
72.6+38 0.001
65.3 +18.7 0.71
897 + 195 0.13
1.0 +0.96 0.08
0.83+0.02 0.29
3.7 £ 0.65 0.001
752+22 0.001
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FIGURE 2 Effects of exenatide once Baseline (V1) Post-treatment (V2)
weekly (EXE) and placebo (PBO) on plasma Plasma glucose
glucose (A) and (B), insulin (C) and (D), (A) (B)
i 109, e 109auC, ,: P=0.008
C-peptide (E) and (F), glucagon (G) and [IAUC 5: P=0.55 AUC. - P23 oo AUC. . po2s O~ PBO
(H) and serum 3-O-methyl-glucose (3-OMG) ! T T : . ol . & EXE
(I) and (J) in healthy participants; n = 16 in 50‘ 81 50' T
both the EXE once weekly and PBO groups. £ £
Data are mean values + SEM. iAUC, E 6 E e
incremental area under the curve; V1, visit 1;
. . a 4
V2, visit 2 o 3 6 9 120 0 0 60 9 120
Time (min) Time (min)
Plasma insulin
© 509iAUC, 4 P=0.33 (D) 507iAUCy 5 P=0.27 )
P \ IAUCq, 150! P=0.88 i AUCy.10° P=0.92
'
= 301
=
£ 20
10
To 30 60 9% 120 "o 30 60 90 120
Time (min) Time (min)
Plasma C-peptide
(E) (F)
2500 ; . p= 2500 iAUC,, 5,: P=0.30
AUCos P01 e Peo78 F-==23 AUC.q0: P=0.97
2000 ! 0120 2000 :
'
= 1500+ = 15004
£ g
& 1000+ £ 1000+
500 500
o 30 6 9 120 o 30 60 90 120
Time (min) Time (min)
Plasma glucagon
(@) (H) IAUC 50: P=0.71
14091AUC, 4 P=0.25 140912 2030 011 .
120 """ 1 IAUC_155: P=0.52 120 1 iAUCq120:P=013
. :
- 100- - 1004
g 100 E 100
2 80 2 804
60 60
o 30 60 90 120 o 30 60 90 120
Time (min) Time (min)
Serum 3-OMG
(I) iAUC, 35: P=0.57 {AUC, ,,n: P=0.68 (J)
1.4-....‘&32I 0-120- =0 1.49AUC 5o: P=0.001
2 12477 AUC_45: P=0.001
. . .
1.0 1.0 !
T 0.8 Z 05
B 0.6 2 0.6-
0.4 0.4
0.2 0.2
0.0(F T T T 1 0.00X T T T 1
0 30 60 20 120 0 30 60 90 120
Time (min) Time (min)

At baseline there were no other differences in fasting or postpran-
dial C-peptide between the two groups (Table 1; Figure 2E). At the post-
treatment visit, both fasting (P = 0.02) and peak (P = 0.02) C-peptide con-
centrations were greater after EXE once weekly compared to PBO, with
no other differences between the two groups (Table 1; Figure 2F).

At baseline there were no differences in fasting or postprandial
glucagon concentrations between the EXE and PBO groups
(Table 1; Figure 2G). At the post-treatment visit there were no sig-
nificant differences in fasting glucagon levels or the iIAUCy_30min OF

iAUCo.120min between the two groups; however, the 2-h glucagon
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level was lower (P = 0.001) with EXE once weekly than with PBO
(Table 1; Figure 2H).

3.5 | Glucose absorption

At baseline there were no differences in glucose absorption (serum
3-OMG levels) between the two groups (Table 1; Figure 2I). At the
post-treatment visit, the peak 3-OMG concentration was nonsignifi-
cantly lower (P = 0.08) with EXE once weekly (Table 1; Figure 2J). The
early rise (IAUCo_30min) in 3-OMG (P = 0.001), and the iAUCo-120min
(P = 0.001) were both lower after EXE once weekly compared to PBO,
with no difference in the 3-OMG concentration at 2 h between the
two groups (Table 1; Figure 2J).

3.6 | Relationship between glycaemia and gastric
emptying

When the data for both the EXE once weekly and PBO groups were
pooled at the baseline visit, there was an inverse relationship between
the intragastric retention of the liquid at t = 30 min with the early rise in
plasma glucose from 0 to 30 min (IAUCq_3omin; r = —0.41, P = 0.02); when
gastric emptying was faster, the rise in plasma glucose was greater. Simi-
larly, at the post-treatment visit, there were inverse relationships
between the intragastric retention of the liquid at t = 30 min and the rise
in plasma glucose from 0 to 30 min (IAUCq_3omin) after both PBO
(r=-0.54, P =0.03) and EXE (r = —0.76, P = 0.001).

In the EXE once weekly group, the magnitude of glucose-lowering
at t = 30 min from the baseline visit (visit 1) to the post-treatment visit
(visit 2) was inversely related to the increase in T50 for liquid gastric
emptying (ie, magnitude of the slowing of gastric emptying) between
visits 1 and 2 (r = —0.55, P = 0.03; Figure 3).

There were no significant relationships between postprandial

glycaemia and solid emptying.
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FIGURE 3 Correlation between the change in plasma glucose

concentrations at t = 30 min post-treatment (Visit 2) and change in
liquid gastric 50% emptying time (T50) in the exenatide (EXE) once
weekly group

3.7 | Relationship between weight loss, glycaemia
and gastric emptying

There were no significant relationships between changes in either

postprandial glycaemia or gastric emptying and weight loss.

4 | DISCUSSION

The present study established that, after 8 weeks' administration, EXE
once weekly slows gastric emptying of a solid/liquid meal substantially
and that this is related to a delay in absorption of ingested glucose
and a reduction in postprandial glycaemia in healthy people. The dem-
onstration that EXE once weekly, a long-acting GLP-1RA, delays gas-
tric emptying is contrary to current thinking and has implications for
its use in the management of type 2 diabetes.

That treatment with EXE once weekly slows gastric emptying of
both solid and liquid meal components substantially is perhaps sur-
prising; in the DURATION 1 study, comparing EXE twice daily and
once weekly, without a PBO arm, EXE twice daily slowed paracetamol
absorption markedly at 14 weeks, whereas EXE once weekly had no
significant effect.?’ However, as alluded to, the paracetamol tech-
nique is associated with major deficiencies and, from our perspective,
should not be used clinically. The present study did not include a com-
parison with EXE twice daily, but it is probable that the slowing of
gastric emptying by EXE twice daily would be greater than with EXE
once weekly. It is now appreciated that the relationship between gas-
tric emptying and glycaemia is bi-directional, such that gastric empty-
ing is not only a major determinant of, but is also determined by, the
postprandial rise in blood glucose!®123038: that is, acute hyper-
glycaemia (~15 mmol/L), and even changes within the normal post-
prandial range (4-8 mmol/L), slow gastric emptying in healthy people
and those with diabetes.3>3® Furthermore, hyperglycaemia potenti-
ates the slowing of gastric emptying induced by acute administration
of exogenous GLP-1 in healthy participants.>> EXE once weekly also
slowed oral glucose absorption, consistent with the delay in gastric
emptying. Potentially, changes in small intestinal motility induced by
EXE once weekly may have contributed to this effect.*®

As expected, EXE once weekly reduced both fasting and postpran-
dial plasma glucose, as is the case with other long-acting GLP-1RAs.!
Comparative studies of EXE once weekly with EXE twice daily in type
2 diabetes indicate that EXE once weekly is associated with greater
reductions in fasting/preprandial glucose, while EXE twice daily leads
to greater reductions in postprandial glucose.2?? This is also the case
when liraglutide is compared to lixisenatide.** In the present study,
while plasma insulin levels did not differ, EXE once weekly increased
both fasting and postprandial C-peptide concentrations, and stimula-
tion of insulin secretion may have contributed to the glucose-lowering
effect of EXE once weekly. EXE once weekly had no effect on plasma
glucagon in the fasting state, but reduced the 2-h glucagon level, attes-
ting to a glucagonostatic effect; however, changes in glucagon by EXE
once weekly are unlikely to account for changes in glycaemia in the

early postprandial period. It is likely that the effects of EXE once
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weekly in increasing insulin secretion and suppressing glucagon will be
greater in type 2 diabetes, given that the insulinotropic and
glucagonostatic effects of GLP-1? GLP-1RAs! are glucose-dependent,
requiring a threshold blood glucose of =28 mmol/L. Moreover, type
2 diabetes is associated with elevated fasting and impaired postpran-
dial suppression of plasma glucagon.? We observed that the rise in
plasma glucose between 0 and 30 min at baseline and in both treat-
ment groups at the post-treatment visit, was inversely related to the
rate of gastric emptying of liquids (carbohydrate-containing meal com-
ponent), consistent with previous studies establishing gastric emptying
as a major determinant of early postprandial glycaemia.***? This is
despite the predictably modest glycaemic response in healthy partici-
pants. Importantly, the magnitude of postprandial glucose-lowering by
EXE once weekly was related to the magnitude of slowing of gastric
emptying, an effect shown in studies of short-acting GLP-1RAs. 2 It
has been recently appreciated that in contrast to poorly controlled type
2 diabetes (HbAlc >8.0%) associated with established microvascular
complications,*! gastric emptying is usually normal, or modestly accel-
erated*? in people with type 2 diabetes who have reasonable glycaemic
control, which provides an additional rationale for the use of interven-
tions that slow gastric emptying to improve glycaemic control in type
2 diabetes. We deliberately studied a cohort of healthy people to avoid
the potential confounding effects of marked hyperglycaemia and auto-
nomic neuropathy for a “proof-of-principle” study. The selection of par-
ticipants aged >50 years was based on ethical restrictions relating to
the use of scintigraphy in healthy participants; however, this also typi-
cally represents the age of people with type 2 diabetes usually studied
in clinical trials and, therefore, does not represent a limitation. Our
observations should, ideally, be confirmed in people with type 2 diabe-
tes. Given that blood glucose concentrations will inevitably be higher
and gastric emptying probably more variable in this group, the out-
comes are likely to be stronger. It should also be appreciated that, in
the present study, the lowering of glycaemia by EXE once weekly,
albeit modest, may have led to an underestimate in the magnitude of
the slowing of gastric emptying.

Type 2 diabetes is associated with an increased prevalence of
gastrointestinal symptoms which affect quality of life adversely.*®
Gastrointestinal adverse effects, particularly nausea, are associated
with EXE once weekly and other GLP-1RAs and may lead to discon-
tinuation of therapy.® A limitation of the majority of previous studies
in this area is that symptoms were assessed by “self-report”, which is
unreliable. In the present study, EXE once weekly was very well toler-
ated, with no differences in low scores for nausea (assessed using a
validated measure), between the two groups. Hence, the slowing of
gastric emptying cannot be attributed to nausea and, conversely,
induction of slower gastric emptying did not induce nausea. The
observed weight loss (~2 kg) with EXE once weekly is consistent with
studies of longer duration with EXE once weekly?? as well as other
long-acting GLP-1RAs 2728

Strengths of the present study include the use of scintigraphy to
measure gastric emptying of both solids and liquids, the assessment of
gastric emptying at stable, steady-state concentrations of the drug

(expected to be achieved at 6 weeks), and the randomized, double-

blind, PBO-controlled study design. We cannot exclude the possibility
that the slowing of gastric emptying by EXE once weekly diminishes
after 8 weeks, but this appears unlikely, nor can we conclude whether
measurements of gastric emptying before steady-state, for example,
at 2 weeks, would have shown a more potent slowing. Restrictions in
the use of dual isotope scintigraphy did not permit the latter assess-
ment in this study; however, future studies using a single isotope
would allow more frequent gastric emptying measurements to be per-
formed. Given the observed slowing of gastric emptying achieved by
EXE once weekly, the period of data acquisition should ideally be
extended, possibly to 4 h, to provide more precise information about
gastric emptying dynamics. It is also unclear whether our observations
would apply to other long-acting GLP-1RAs.

In conclusion, EXE once weekly slows gastric emptying after
steady-state administration in healthy people, and this is related to
the reduction in postprandial glucose. Hence, it is plausible that the
lowering of postprandial glucose in type 2 diabetes by EXE once
weekly is mediated, at least in part, by retardation of gastric emptying,
an effect which should be greater in individuals with faster gastric
emptying at baseline. Accordingly, routine measurement of gastric
emptying (scintigraphy, breath test or ultrasonography) may allow the
use of EXE once weekly and other GLP-1RAs to be more personalized
and effective.
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