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ABSTRACT

Aims/Introduction: Differences in the glucose-lowering mechanisms of glucagon-like
peptide-1 receptor agonists (GLP-1RAs) have been noted. Clarifying these differences could
facilitate the choice of optimal drugs for individuals with type 2 diabetes and requires
investigation in a clinical setting.

Materials and Methods: A single-arm, prospective, observational study was con-
ducted to evaluate the effects of various GLP-1RAs on postprandial glucose excursion,
secretions of insulin and glucagon as well as on the gastric emptying rate. Participants
were subjected to meal tolerance tests before and 2 weeks and 12 weeks after GLP-1RA
initiation. Effects on postprandial secretions of glucose-dependent insulinotropic polypep-
tide (GIP) and apolipoprotein B48 were also investigated.

Results: Fighteen subjects with type 2 diabetes received one of three GLP-1RAs, ie,
lixisenatide, n = 7, liraglutide, n = 6; or dulaglutide, n = 5. While 12-week administration
of all of the GLP-1RAs significantly reduced HbA1c, only lixisenatide and liraglutide, but
not dulaglutide, significantly reduced body weight. Postprandial glucose elevation was
improved by all of the GLP-1RAs. Postprandial insulin levels were suppressed by lixisen-
atide, while insulin levels were enhanced by liraglutide. Postprandial glucagon levels were
suppressed by lixisenatide. The gastric emptying rate was significantly delayed by lixisen-
atide, while liraglutide and dulaglutide had limited effects on gastric emptying. GIP secre-
tion was suppressed by lixisenatide and liraglutide. Apolipoprotein B48 secretion was
suppressed by all of the GLP-1RAs.

Conclusions: All of the GLP-1RAs were found to improve HbATc in a 12-week
prospective observational study in Japanese individuals with type 2 diabetes. However, dif-
ferences in the mechanisms of the glucose-lowering effects and body weight reduction
were observed.

INTRODUCTION
The glucagon-like peptide-1 (GLP-1) receptor agonist (GLP-
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1RA) has been gaining attention as an anti-diabetes drug with
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cardiovascular and renal benefits'*. Preclinical and clinical
studies have demonstrated that GLP-1 ameliorates secretions of
insulin and glucagon and delays gastric emptying, thereby
improving postprandial glucose excursion®”. Since GLP-1 is
highly susceptible to degradation by the dipeptidyl-peptide-4
(DPP-4) exenatide, a 39-amino acid peptide isolated from the
venom of Gila monster that potently activates the GLP-1 recep-
tor and is resistant to DPP-4 degradation, and its derivative
lixisenatide, were developed as GLP-1RAs having a relatively
short half-life (exenatide, 14h and lixisenatide 2.5 h)®’.
Liraglutide was also developed as a GLP-1RA derived from
human GLP-1 and is similarly resistant to DPP-4 degradation
but has a relatively long half-life in circulation (i.e., 13.5 h) due
to its binding to albumin via its fatty acid moiety'>"". Accord-
ing to their half-lives in circulation, exenatide and lixisenatide
are categorized as short-acting GLP-1RAs, while liraglutide is
categorized as a long-acting GLP-1RA. More recently, exenatide
LAR, dulaglutide, and semaglutide have been developed as
once-weekly injectable GLP-1RAs having much longer half-lives
in circulation (exenatide LAR, >24 h; dulaglutide, approxi-
mately 90 h; and semaglutide approximately 1 week) to lessen
the burden of injections'*'%; exenatide, lixisenatide, and liraglu-
tide require once or twice daily injection. On the other hand,
exenatide LAR, dulaglutide, and semaglutide are categorized as
ultralong-acting GLP-1RAs. The Meier study has demonstrated
differing glucose-lowering mechanisms of the short-acting GLP-
IRA lixisenatide and the long-acting GLP-1RA liraglutide in
individuals with type 2 diabetes on optimized insulin glargine
with and without metformin'>. As >50% of the patients in that
study were Caucasians with type 2 diabetes and obesity, the
findings remain to be established in east Asians, who typically
have a lean diabetes phenotype'®'”. Several studies have evalu-
ated the effects of GLP-1RAs on the secretion of insulin and
glucagon and on the gastric emptying rate in Japanese individu-
als with type 2 diabetes'®"®. In addition, similarities and differ-
ences between the glucose-lowering mechanisms of ultralong-
acting GLP-1RAs and short- and long-acting GLP-1RAs need
to be addressed. As clarification of these differences might facil-
itate the clinical choice of optimal drugs for diabetes patients,
we investigated these differences in a clinical setting.

MATERIALS AND METHODS

Method

The protocol (UMIN registration number: UMIN000042797)
was approved by the ethics committee of Kansai Electric Power
Hospital (IRB approval no. 25-34) and written informed con-
sent was obtained from all participants. The study was con-

ducted according to the principles expressed in the Declaration
of Helsinki.

Participants

Japanese individuals with type 2 diabetes, untreated or receiving
biguanides or sulfonylureas, were recruited at a private hospital
in Osaka. Inclusion criteria were as follows: Age 40-75 years,

ORIGINAL ARTICLE
GLP-1RAs & glucose-lowering mechanisms

HbAlc 12.0% or less, and BMI 40 kg/m” or less. Exclusion cri-
teria were as follows: Subjects with type 1 diabetes, severe dia-
betic autonomic neuropathy, gastrointestinal tract disease
including gastroparesis, history of gastrointestinal operation,
cardiac disease, pulmonary disease, pancreatic disease, thyroid
disease, liver disease, renal disease, alcohol or drug abuse, anti-
diabetes drugs other than biguanides or sulfonylureas, diabeto-
genic medication, malignancy, or pregnancy. Diagnosis of type
2 diabetes accorded to the criteria of the Japanese Diabetes
Society”®. The patients were subjected to meal tolerance tests
before and 2 weeks and 12 weeks after GLP-1RA initiation.
GLP-1RAs were chosen by investigators based on patient pref-
erence and clinical characteristics. Doses of co-administered
drugs (ie., sulfonylureas or metformin) were not changed dur-
ing the observation period. Once daily lixisenatide was given at
10 pg during week 1 after the MTT at week 0, 15 pg during
week 2 and 20 pg on the day of the MTT at week 2 and there-
after. Similarly, once daily liraglutide was given at 0.3 mg dur-
ing week 1, 0.6 mg during week 2 and 0.9 mg on the day of
the MTT at week 2 and thereafter. Once weekly dulaglutide
was given at 0.75 mg throughout the study.

Meal tolerance test (MTT)

Participants were subjected to meal tolerance tests in the morn-
ing after an overnight fast. Briefly, a Japanese standard meal
(480 keal, carbohydrate: protein: fat = 2.8:1:1) was ingested
within 10 min. To measure the levels of glucose and selected
hormones, blood samples were withdrawn at 0, 10, 20, 30, 60,
90, 120, and 240 min and stored as described previously*'. To
analyze the gastric emptying rate, end-tidal breath samples were
collected into small exhalation bags (PYLORI-BAG20, Otsuka
Electronics Co., Ltd, Osaka, Japan) at —15 min, 0 min, and
every 5 min until 120 min and every 30 min until 240 min, as
recommended by the Japan Society of Smooth Muscle
Research®®. End-tidal breath samples were also collected into
three large exhalation bags (PYLORI-BAG1.3L, Otsuka Elec-
tronics Co., Ltd, Osaka, Japan) at —15 min to use as a reference
for exhalation gas analysis. The rice was prepared by steaming
with C"*-labeled sodium acetate (Catalog number CLM-156-0,
Cambridge Isotope Inc., MA, USA) at a ratio of 150 g steamed
rice and 200 mg of C'*-labeled sodium acetate and was stored
at —20°C until use. The steamed rice and side dishes were
microwaved before being served.

Laboratory determinations

Hormones were measured using the following assays as
described previously*>**. Total GIP, Human GIP (total) ELISA
(Catalog number EZHGIP-54K; Merck Millipore, Darmstadt,
Germany); Glucagon, Glucagon enzyme-linked immunosorbent
assay (Catalog number 10-1271-01; Mercodia, Uppsala, Sweden);
and Insulin, lumipulse presto insulin (Fujirebio Inc., Tokyo,
Japan). The gastric emptying rate was determined by mathemat-
ical modeling based on changes of the *CO,/'*CO, ratio in
breath samples measured by an infrared spectral analyzer
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(POCone, Otsuka Electronics Co., Ltd, Osaka, ]atpan)25 . Stable
BC-labeled sodium acetate is emptied from the stomach follow-
ing the trituration and liquefaction of the steamed rice and is
transported to the liver via the portal vein, where it is oxidized
to '>CO, and exhaled into breath. The Wagner-Nelson method
was applied to adjust the time for >CO, distribution’**’. Other
laboratory measurements including HbAlc, plasma glucose
(PG), triglycerides, apolipoprotein (ApoB48), and non-esterified
fatty acids (NEFA) were by standard assays.

Statistical analyses

The results are reported as mean + standard error. The AUC
of each measurement was calculated according to the trape-
zoidal rule. All statistical calculations were performed using
IBM SPSS for Windows ver. 25 (Armonk, NY). Repeated mea-
sures were analyzed by repeated measured two-way ANOVA
for all, lixisenatide, liraglutide, and dulaglutide. Other parame-
ters including AUCs and half time for GEs were compared by
a paired t-test. Multiplicity was not accounted for because all
analyses were performed in an exploratory manner. No data
imputation was performed as there were no missing data. A P
value <0.05 indicates a significant difference.

RESULTS

Eighteen subjects with type 2 diabetes received one of three
GLP-1RAs, ie., lixisenatide n =7 (monotherapy n =5,
biguanide-combination n = 1, and sulfonylurea-combination
n=1), liraglutidle n=6 (monotherapy »n =5 and
sulfonylurea-combination # =1), and dulaglutide n=>5
(monotherapy n =4 and biguanide-combination n = 1)
(Table 1). The subjects had a relatively short duration of type 2
diabetes and did not have diabetic neuropathy based on the
simplified diagnostic criteria of diabetic polyneuropathy pro-
posed by the Conference on Diabetic Polyneuropathy (revised
January 18, 2002)*®. Subjects receiving dulaglutide tended to be
older than those receiving lixisenatide or liraglutide (Table 1).
Subjects receiving lixisenatide tended to have a higher body
weight and BMI as well as HOMA- and HOMA-IR than
those receiving liraglutide or dulaglutide (Table 1). However,
age, duration, height, body weight, BMI, HbAlc, FPG, insulin,
HOMA-B, HOMA-IR, C-peptide, and CPI at baseline did not
show statistically significant differences among subjects receiv-
ing lixisenatide, liraglutide, and dulaglutide (Table 1).

HbA1c, body weight and BMI

The 12-week GLP-1RA administration significantly reduced
HbAlc, body weight, and BMI (Table 1, All). While all three
GLP-1RAs significantly reduced HbAlc, only lixisenatide and
liraglutide significantly reduced body weight and BMI; dulaglu-
tide had limited effects on body weight and BMI (Table 1).

Glucose during MTT
The GLP-1RA administration significantly reduced glucose
levels during MTT (Figure la, All). Interestingly, postprandial
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glucose elevation was barely observed after initiation of lixisen-
atide (Figure la, Lixi), while some peaks were observed after
initiation of liraglutide and dulaglutide (Figure la, Lira and
Dula). The AUCy ,49-Glucose was significantly reduced by all
three GLP-1RAs (Figure 1a, All, Lixi, Lira, and Dula).

Insulin during MTT

The GLP-1RA administration significantly reduced insulin
levels during MTT (Figure 1b, All). Postprandial insulin levels
were significantly suppressed by lixisenatide (Figure 1b, Lixi),
while insulin levels were significantly enhanced by liraglutide
(Figure 1b, Lira). Insulin levels were slightly increased by
dulaglutide but the difference did not reach statistical signifi-
cance (Figure 1b, Dula). AUCq y40-Insulin at 2 weeks and
12 weeks were similar to that at 0 week (Figure 1b, All).
AUC 240-Insulin at 2 weeks and 12 weeks were significantly
reduced by lixisenatide compared with that at 0 week (Fig-
ure 1b, Lixi). AUCj,40-Insulin at 2 weeks and 12 weeks after
initiation of liraglutide or dulaglutide were increased compared
to that at 0 week, but the differences did not reach statistical
significance (Figure 1b, Lira and Dula). Since insulin levels are
generally affected by glucose, AUC, 40-Insulin/AUC ,40-
Glucose was also evaluated. AUC_y40-Insulin/AUC,_,49-Glucose
was statistically increased by liraglutide and dulaglutide at
2 weeks (All, 0 week 0.20 + 0.03/2 weeks 2 0.27 + 0.03*/
12 weeks 0.25 + 0.03; Lixisenatide, 0 week 0.27 £ 0.05/2 weeks
0.26 £ 0.05/12 weeks 0.24 + 0.05; Liraglutide, 0 week
0.14 + 0.02/2 weeks 0.25 + 0.04*/12 weeks 0.24 £ 0.05;
Dulaglutide, 0 week 0.19 + 0.06/2 weeks 0.30 £ 0.07*/12 weeks
0.29 + 0.06; *, P < 0.05 vs. 0 week).

Glucagon during MTT

The GLP-1RA administration significantly reduced glucagon
levels during MTT (Figure 1c, All). Postprandial glucagon levels
were significantly suppressed by lixisenatide (Figure lc, Lixi).
Postprandial glucagon levels also tended to be reduced by
liraglutide and dulaglutide, but the differences did not reach
statistical significance (Figure 1b, Lira and Dula). The AUC,.
240-Glucagon was reduced significantly by all GLP-1RAs and
lixisenatide at 2 weeks (Figure 1c, All and Lixi). AUC) -
Glucagon tended to be reduced by liraglutide and dulaglutide,
but the differences did not reach statistical significance (Fig-
ure 1c, Lira and Dula).

Gastric emptying during MTT

The GLP-1RA administration significantly delayed gastric emp-
tying during MTT (Figure 2, All). The gastric emptying rate
was delayed significantly by lixisenatide (Figure 2, Lixi) and by
liraglutide at a much lesser degree but with statistical signifi-
cance (Figure 2, Lira), while dulaglutide administration had lit-
tle effect on gastric emptying during MTT (Figure 2, Dula).
Half times for gastric emptying (Timesqyy,) were extended by
GLP-1RA administration with statistical significance at week 2
and week 12 (Figure 2, All). Timessy, were extended by
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Table 1 | Clinical characteristics before and 12 weeks after initiation of glucagon-like polypeptide-1 receptor agonists

All Lixisenatide Liraglutide Dulaglutide
n 18 7 6 5
% female 278 143 16.7 60.0
% Biguanides 1.1 143 0 200
% Sulfonylureas 1. 143 16.7 0
Age (years) 484 £18 456 + 09 490 £ 4.7 518+ 34
Duration (years) 58+ 15 46+ 19 82+ 38 46 £ 2.1
Height (cm) 1686 £ 2.3 1730 £ 34 1682 £ 32 1630 + 54
Bodyweight (kg) Baseline 86.1 £ 5.1 989 + 90 819+ 50 732 £ 91
Week 12 819 £ 4.7* 944 + 88* 759+ 37 718 £ 84
BMI (kg/mz) Baseline 209+ 12 328+ 23 289+ 12 270+ 18
Week 12 285+ 1.0% 312 +£22% 268 £ 1* 266+ 17
HbATc (%) Baseline 858 + 0.28 821 = 061 902 + 031 858 + 039
Week 12 645 £ 0.16* 627 £ 0.14* 657 £ 045* 656 = 0.15
FPG (mg/dL) Baseline 1394 + 54 1226 £ 57 1493 + 85 1512 £ 107
Week 12 1213 + 64* 1179 + 88 1243 + 168 1224 £ 59
Insulin (MU/L) Baseline 120+ 16 150+ 32 100+ 18 101+ 25
Week 12 14117 188 £ 34%* 121 £ 20* 100+ 19
HOMA-B (%) Baseline 616+ 89 89.7 £ 153 417 £56 462 + 148
Week 12 1020 £ 15.7%* 1324 + 252 978 + 327 644 = 132
HOMA-IR Baseline 412 £ 055 472 +1.17 381 +£0.79 367 £ 080
Week 12 432 £ 063 567 + 1.26* 385+ 095 299 £ 055
C-peptide (ng/mL) Baseline 255+ 018 283+ 029 257 £ 025 212+ 037
Week 12 271 £0.18 303 £ 026 241 £ 021 263 = 049
CPI Baseline 188 + 0.15 232+ 023 172+ 012 146 = 030
Week 12 231+ 0.18* 267 £ 031 201+ 016 219 £ 042

BMI, body mass index; FPG, fasting plasma glucose; HOMA, homeostatic minimal model of assessment; IR, insulin resistance; CPI, C-peptide index.
Note that age, duration, height, body weight, BMI, HbA1c, FPG, insulin, HOMA-B, HOMA-IR, C-peptide, and CPI at baseline did not show a statisti-
cally significant difference among subjects receiving lixisenatide, liraglutide, and dulaglutide (Kruskal-Wallis test). The subjects had a relatively short
duration of type 2 diabetes and did not have diabetic neuropathy based on the simplified diagnostic criteria of diabetic polyneuropathy proposed
by the Conference on Diabetic Polyneuropathy (revised January 18, 2002)%%, *Indicates P < 005 vs baseline (paired t-test).

lixisenatide, with statistical significance at week 12. Timessgo,
were largely unaffected by liraglutide and dulaglutide.

GIP during MTT

The GLP-1RA administration significantly reduced GIP levels
during MTT (Figure 3, All). Postprandial GIP levels were sig-
nificantly suppressed by lixisenatide and liraglutide (Figure 3,
Lixi and Lira). Postprandial GIP levels also tended to be sup-
pressed by dulaglutide without statistical significance (Figure 3,
Dula). The AUC(.,4-GIP was also reduced at 2 weeks and
12 weeks by GLP-1RA administration compared with that at
0 week (Figure 3, All). AUC, 540-GIP was reduced at 2 weeks
and 12 weeks by all three GLP-1RAs (Figure 3, Lixi, Lira and
Dura), but with statistical significance only by lixisenatide at 2
and 12 weeks and liraglutide at 12 weeks.

Triglycerides, ApoB48, and NEFA during MTT

The GLP-1RA administration had little effect on the levels of
triglycerides  during MTT (Figure 4a). The AUC) ,40-
triglycerides was largely unaffected by GLP-1RA administration
(Figure 4a). Postprandial ApoB48 levels were significantly

suppressed by all three GLP-1RAs (Figure 4b). The AUC ,40-
ApoB48 was significantly reduced by GLP-1RA administration
at 2 weeks and 12 weeks compared with that at 0 week (Fig-
ure 3, All). The AUC ,4-ApoB48 was reduced by lixisenatide
at 2 weeks and 12 weeks and by liraglutide at 2 weeks (Fig-
ure 3, Lxi and Lira). The GLP-1RA administration had little
effect on the levels of NEFA during MTT (Figure 4c). The
AUC 5490-NEFA was largely unaffected by GLP-1RA adminis-
tration (Figure 4c).

DISCUSSION
In this prospective observational study, we demonstrate that
12-week GLP-1IRA  administration significantly —improves
HbAlc and postprandial glucose excursion during MTT in
Japanese individuals with type 2 diabetes in a clinical setting.
We also find that the effects on insulin and gastric emptying
rate differ among the GLP-1RAs examined, indicating different
mechanisms of improvement of glucose excursion by various
GLP-1RAs.

There were significant differences in the effects of the three
GLP-1RAs on insulin secretion and gastric emptying.

© 2021 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd
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Figure 1 | Time course curves are indicated for glucose, insulin, and glucagon during meal tolerance test before and after initiation of glucagon-

like peptide-1 receptor agonists (0 week, red circles; 2 weeks, green circles; and 12 weeks, blue circles). P values for differences due to week (X),
time (Y), and the interaction of week and time () were calculated by mixed effects models. Glucose, All X0.000, Y0.000, and Z0.000; lixisenatide,
X0.000, Y0.000, and Z0.000; liraglutide, X0.000, Y0.000, and Z0.000; dulaglutide, X0.001, Y0.000, and Z0.001. Insulin, All X0.718, Y0.000, and Z0.021;

lixisenatide, X0.018, Y0.000, and Z0.008; liraglutide, X0.002, Y0.000, and Z0
and Z0.003; lixisenatide, X0.061, Y0.000, and Z0.008; liraglutide, X0.556, YO

.000; dulaglutide, X0407, Y0.000, and Z0.565. Glucagon, All X0.032, Y0.000,
000, and Z0.627; dulaglutide, X0.614, Y0000, and Z0.107. Area-under-the

curves (AUC)gmin240min are indicated (0 week, red bar; 2 weeks green bar; and 12 weeks, blue bar). AUCs were analyzed by paired t-test, and
* indicates P < 005 (vs 0 week). Lixi, lixisenatide; Lira, liraglutide; and Dula, dulaglutide

Postprandial insulin elevation was barely observable after initia-
tion of lixisenatide, while insulin levels were enhanced after
liraglutide after meal ingestion. Postprandial glucagon elevation
was suppressed by lixisenatide immediately after meal ingestion,
while glucagon levels also tended to be suppressed by liraglu-
tide. Gastric emptying was delayed after lixisenatide initiation,
while the magnitude of the effects of liraglutide on gastric emp-
tying was subtle. Once daily 0.9 mg was the maximum dose of
liraglutide approved in Japan when the current study was per-
formed; it is possible that once daily administration of 1.8 mg
liraglutide in Japanese individuals with type 2 diabetes might
slightly delay gastric emptying as it does in Caucasians with
type 2 diabetes". However, our current results indicate that the

short-acting GLP-1RA lixisenatide exerts its glucose-lowering
effects mainly by delaying the gastric emptying rate and by
suppressing glucagon secretion, while the long-acting GLP-1RA
liraglutide does so mainly by enhancing insulin secretion and
possibly by suppressing glucagon secretion. Postprandial insuli-
notropic and glucagonostatic effects of dulaglutide have been
suggested®, but its effects on gastric emptying were found to
be minimal in the current study. Thus, the ultralong-acting
GLP-1RA dulaglutide exerts its glucose-lowering effects likely
by enhancement of insulin secretion and by suppression of glu-
cagon secretion.

It was demonstrated in healthy volunteers that acute GLP-1
infusion delays gastric emptying robustly’’. Interestingly, the
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Figure 2 | Time course curves are indicated for gastric emptying during meal tolerance test before and after initiation of glucagon-like peptide-1
receptor agonists (0 week, red circles; 2 weeks, green circles; and 12 weeks blue circles). P values for differences due to week (X), time (Y), and the
interaction of week and time (2) were calculated by mixed effects models. All X0.022, Y0.000, and Z0.000; lixisenatide, X0.003, Y0.000, and Z0.000;
liraglutide, X0.374, Y0.000, and Z0.006; dulaglutide, X0.908, Y0.000, and Z1.000. Half times for emptying the ingested steamed rice (Timesq,) are
indicated. Timesg, was analyzed by paired t-test, and * indicates P < 0.05 (vs O week). Lixi, lixisenatide; Lira, liraglutide; and Dula, dulaglutide
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Figure 3 | Time course curves are indicated for glucose-dependent insulinotropic polypeptide (GIP) during meal tolerance test before and after
initiation of glucagon-like peptide-1 receptor agonists (0 week, red circles; 2 weeks, green circles; and 12 weeks, blue circles). P values for
differences due to week (X), time (Y), and the interaction of week and time () were calculated by mixed effects models. All X0.000, Y0.000, and
70.000; lixisenatide, X0.002, Y0.000, and Z0.000; liraglutide, X0.152, Y0.000, and Z0.000; dulaglutide, X0.449, YO.000, and Z0.978. Area-under-the curves
(AUQ)omin-240min are indicated (0 week, red bar; 2 weeks, green bar; and 12 weeks, blue bar). AUCs were analyzed by paired t-test, and * indicates
P < 005 (vs O week). Lixi, lixisenatide; Lira, liraglutide; and Dula, dulaglutide

effect was largely attenuated by prolonged GLP-1 infusion,
while intermittent GLP-1 infusion maintained the effect™.
These results suggest that delayed gastric emptying by GLP-1 is
subject to desensitization/tachyphylaxis, which may underlie the
differential effects of short-acting, long-acting, and ultralong-
acting GLP-1RAs on gastric emptying. Indeed, it was previously
demonstrated in rats that the effect of long-acting GLP-1RA
liraglutide on gastric emptying was largely attenuated after
2-week treatment of the drug while those of short-acting
GLP-1RA exenatide was maintained’’. Moreover, it was
demonstrated that the effects of long-acting or ultralong-acting
GLP-1RAs on gastric emptying were much weaker than those
of short-acting GLP-1RAs in individuals with type 2 dia-
betes'>*?. Consistently, we found that the effects of liraglutide
on gastric emptying were much less than those of lixisenatide,
while those of dulaglutide were negligible (Figure 2).

It has been demonstrated that postprandial insulin secretion
is enhanced by the long-acting GLP-1RA liraglutide, while it is
suppressed by the short-acting GLP-1RA lixisenatide'>*. Tt has
been postulated that the delayed gastric emptying by short-
acting GLP-1RA lixisenatide delays the absorption of nutrients,
thereby not only reducing postprandial glucose excursions but
also lowering the postprandial secretion of insulin and gluca-
gon. While it needs to be validated, possibly in individuals with
gastrectomy and type 2 diabetes, this model could well explain
the reduced postprandial secretions of GIP and ApoB48 found
in the current study.

In the current study, we found that lixisenatide and liraglu-
tide significantly suppressed meal-induced GIP; dulaglutide
tended to suppress GIP but the differences did not reach statis-
tical significance. Suppression of GIP by lixisenatide began
immediately after meal ingestion, suggesting that delay in

© 2021 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

2167

J Diabetes Investig Vol. 12 No. 12 December 2021



ORIGINAL ARTICLE
Kuwata et al.

(a) Triglycerides

(mg/dL)
300

(mg/dL)
300

(mg/dL)
300

All Lixi

Mt

Ly

200 200 200

100 100 100

L

Lira

0
0 30 60 90120

0 30 60 90120 240 0 30 60 90120 240
(min) (min) (min)
(b) ApoB48
(mg/dL) All (mg/dL) Lixi (mg/dL) Lira
12 12 12
10 10 10
8 8 8
6 6 6
4 4 4
2 2 2
0 0 0
0 30 60 90120 240 0 30 60 90 120 240 0 30 60 90120
(min) (min) (min)
(c) NEFA
(WEa/L) All (WEa/L) Lixi (HEa/L) Lira
1,200 ¢ 1,200 1 1,200
1,000 F 1,000 | 1,000
800 800 800
600 600 600

400 400

200 200

http://wileyonlinelibrary.com/journal/jdi

0
0 30 60 90120
(min)

0
0 30 60 90120
(min)

240

0
0 30 60 90120
(min)

dLx mi
(mo/d) Dula (mo/dLxmmin) AUCq 240
300 [ 70000
60000 -
50000 F
200 P
———9° 40000 |
- 30000 F
100 20000
10000 |
L 0
240 0 30 60 90120 240 Al Lixi lira  Dula
(min)
(mg/dL) Dura (mg/dL x min) AUC
12 2500 1 0-240
10 2000 |
8
S 1500 P
%
6 I %
. 1000 | e
5 5000 |-
0
240 0 30 60 90120 240 Al Lixi lira  Dula
(min)
Eq/L x min)
(WEa/) u
1200 Dura 140000 - AUC; 40
Lo b 120000 *
100000 -
800 N
80000 *
600 60000 -
400 40000 |
200 F 20000 |
O Lttty O
240 0 30 60 90120 240 Lixi Llira  Dula

(min)
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blue bar). AUCs were analyzed by paired t-test, and * indicates P < 0.05 (vs O week). Lixi, lixisenatide; Lira, liraglutide; and Dula, dulaglutide

gastric emptying and subsequent nutrition absorption plays a
prominent role. On the other hand, suppression of GIP by
liraglutide and dulaglutide began at a relatively later time point
after meal ingestion. It was previously reported that fat-induced
GIP secretion is inhibited by insulin®*. Thus, enhanced insulin
secretion by liraglutide and dulaglutide may well contribute to
the suppression of meal-induced GIP.

In the current study, we found that lixisenatide and liraglu-
tide significantly suppressed meal-induced GIP; dulaglutide
tended to suppress GIP but the differences did not reach statis-
tical significance. Suppression of GIP by lixisenatide began
immediately after meal ingestion, suggesting that delay in

gastric emptying and subsequent nutrition absorption plays a
prominent role. On the other hand, suppression of GIP by
liraglutide and dulaglutide began at a relatively later time point
after meal ingestion. It was previously reported that fat-induced
GIP secretion is inhibited by insulin**, Thus, enhanced insulin
secretion by liraglutide and dulaglutide may well contribute to
the suppression of meal-induced GIP. Since insulin secretory
capacity may differ among the three groups, the mechanisms
underlying suppression of GIP secretion clearly requires further
investigation in randomized clinical trials.

The levels of preprandial and postprandial serum levels of
triglycerides did not differ before and after GLP-1RA initiation

2168

J Diabetes Investig Vol. 12 No. 12 December 2021

© 2021 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



http://wileyonlinelibrary.com/journal/jdi

in the present study. It is known that postprandial triglyceride
levels are affected by various factors including the amount of
fat in meals”. The mixed meal used in the current study
contains a small amount of fat (ie, 11.3 g). It was found
recently that postprandial triglyceride elevation was not promi-
nent after the ingestion of a similar mixed meal, and that the
GLP-1RA dulaglutide had few effects in Japanese subjects with
type 2 diabetes®. Thus, postprandial triglyceride levels reflect
intestinally derived chylomicrons and hepatically derived very
low-density lipoprotein. To address the effects of GLP-1RAs
specifically on intestinal lipid absorption, we therefore mea-
sured apoB48, a unique protein found in chylomicrons, that
is suppressed by all three GLP-1RAs. It has been demon-
strated that GLP-1 suppresses postprandial production and
the release of chylomicron from enterocytes® . These find-
ings lend support to the possibility that GLP-1RAs suppress
fat absorption from the intestine. While the underlying mech-
anisms of ApoB48 secretion suppression by GLP-1RAs are
not fully understood, it was reported that GLP-1RA liraglutide
treatment reduced the ApoB48 pool in individuals with type
2 diabetes™. It was also demonstrated that GLP-1RA liraglu-
tide treatment reduced the expression of genes involved in
chylomicron synthesis (e.g, ApoB48, diglyceride acyltrans-
ferase, and microsomal transfer protein) in mouse jejunum
slices™. Notably, the suppression of ApoB48 by lixisenatide
began immediately after meal ingestion, suggesting that
delayed gastric emptying and nutrition absorption also plays a
prominent role.

We found significant weight reduction in individuals receiv-
ing lixisenatide and liraglutide, while a decrease by dulaglutide
did not reach statistical significance. Questions remain as to
why there are differences in body weight reduction among the
different GLP-RAs. Most relevant to this issue, dulaglutide is a
larger molecule, ie., an approximately 60 kDa fusion protein of
human GLP-1 with some amino-acid replacements and a
human immunoglobulin G Fc portion; the sizes of the other
GLP-1RAs available today are significantly smaller, in the range
4-5 kDa. It has been shown in rodents that some GLP-1RAs
(e.g. liraglutide and semaglutide) bind to GLP-1 receptors in
the hypothalamus and hindbrain, which are involved in appe-
tite control>*’. Tt has been speculated that the differences in
molecular weight might affect the uptake of GLP-1RAs into the
brain. Further studies are required to understand the differing
effects of the various GLP-1RAs on appetite suppression and
body weight reduction.

The present study had several limitations. The current study
is not a randomized clinical trial comparing each of the GLP-
1RAs. Differences in various baseline characteristics (e.g., BMI,
HOMA-B, and HOMA-IR) make it difficult to compare the
outcomes of each GLP-1RAs quantitatively; their effects on
the secretions of insulin and glucagon and on gastric empty-
ing are therefore described qualitatively. Differences in the
secretions of insulin, glucagon and GIP as well as on the gas-
tric emptying rate and body weight reduction need to be
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compared in randomized clinical trials with adequate sample
size. In addition, the maximum daily dose of liraglutide in
Japan was limited to 0.9 mg, half of the maximum daily dose
approved globally today, when the current study was con-
ducted. Nevertheless, the current study provides valuable
insight on the clinical use of the various GLP-1RAs in Japa-
nese individuals with type 2 diabetes.

In conclusion, GLP-1RAs were found to improve HbAlc in
a 12-week prospective observational study in Japanese individu-
als with type 2 diabetes. Differences in the glucose-lowering
mechanisms and body weight reduction among different GLP-
1RAs are noted.
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