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Abstract

Aims/hypothesis. The insulinotropic hormone, gluca-
gon-like peptide-1 has been proposed for the treat-
ment of patients with Type II (non-insulin-depen-
dent) diabetes mellitus. As glucagon-like peptide-1
is rapidly cleaved at L-ala® by dipeptidylpeptidase 1V,
p-ala’-glucagon-like peptide-1 was synthesized and
shown to have dipeptidylpeptidase IV resistance in
vitro and enhanced bioactivity in mice during an oral
glucose challenge. The actions of p-ala*-glucagon-
like peptide-1 were, however, lost within 4 h of injec-
tion, thus necessitating frequent and invasive treat-
ment if it is to be used therapeutically. To circumvent
this problem, a microsphere of p-ala’-glucagon-like
peptide-1 that could be given orally was developed.
Methods. We encapsulated p-ala?-glucagon-like pep-
tide-1 in poly(lactide-co-glycolide)-COOH with olive
oil as a filler, using phase inversion. The microspheres
were tested in vivo by oral gavage in mice at t=0h
followed by repeated oral glucose tolerance tests at
t=0,4 and 8 h.

Results. The p-ala’-glucagon-like peptide-1-micro-
spheres lowered the glycaemic response to the 4 h
oral glucose challenge in both normal CD1 and dia-
betic db/db mice, by 41 +12% (p<0.001) and
27+5% (p <0.001), respectively and by 19 + 11 %
(p <0.05) and 28 + 4% (p < 0.001), respectively dur-
ing the 8-h test. At 4 h after the oral gavage, basal gly-
caemia in the diabetic mice was reduced from
13 + 1 mmol/l to 10 + 1 mmol/l and was reduced fur-
ther 8h after treatment from 12+ 1 mmol/l to
8 + 1 mmol/l (p <0.05). Giving p-ala®-glucagon-like
peptide-1 alone orally had no effect on glycaemia.
Conclusion/interpretation. The data presented here
suggest that a similar microsphere preparation could
be useful in the delivery of glucagon-like peptide-1
to patients with Type II diabetes. [Diabetologia
(2000) 43: 1319-1328]
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Glucagon-like peptide-1 (GLP-1) has been proposed
as a therapeutic agent for the treatment of Type 11
(non-insulin-dependent) diabetes mellitus because
of its ability to stimulate glucose-dependent insulin
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release and stimulate beta-cell insulin gene expres-
sion [1-6]. Glucagon-like peptide-1 has also been re-
ported to act on glucose-resistant beta cells to en-
hance their responsiveness to this nutrient secreta-
gogue [7]. Additional glycaemic-lowering biological
activities of GLP-1 that complement its effects on
the beta cell include inhibition of both glucagon se-
cretion and gastric emptying [6]. A key factor limiting
the therapeutic potential of GLP-1 is, however, its
very short half-life in vivo (0.9 min, [8]). The major
enzyme contributing to this inactivation of GLP-1 is
dipeptidylpeptidase IV (DP 1V), which cleaves
GLP-1 at the N-terminal penultimate alanine resi-
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due, thereby removing a His!-Ala? dipeptide [8-10].
The clinical importance of the short half-life of
GLP-1 was highlighted in a recent in vivo study in
which GLP-1 was infused overnight in patients with
Type II diabetes, thereby restoring fasting blood glu-
cose concentrations to normal. When the infusion
was stopped in the morning, the effects of GLP-1 on
insulin, glucagon and blood glucose were lost, sug-
gesting that GLP-1 is required to be provided contin-
uously for the treatment of Type II diabetes [11].

A number of different approaches have been de-
veloped that bypass the digestive system, thereby per-
mitting non-invasive, systemic delivery of peptides
and other therapeutic agents [12-14], including nasal
sprays for vasopressin and insulin, and mucosal/buc-
cal dosage forms of both insulin and GLP-1 [15-19].
Although these are relatively successful techniques
for peptide delivery, these approaches have limita-
tions that can lead to poor patient compliance, in-
cluding the potential for causing tissue damage at
the site of delivery [12-14, 20]. Alternative, less inva-
sive routes of peptide delivery therefore continue to
be a focus of investigation.

Recently, effective methods for encapsulating pep-
tides and other drugs into orally available, biocom-
patible microspheres have been developed [12, 13,
21, 22]. In our study, a new approach to the prepara-
tion of orally available peptides is described, using
GLP-1 as the prototypic peptide. To reduce the inac-
tivation of GLP-1, an analogue of GLP-1 (p-ala’
GLP-1) that was designed to be resistant to DP I'V-
mediated degradation was developed. The results of
this study indicate that encapsulation of p-ala>-GLP-
1 into microspheres composed of a commercially
available, biocompatible, biodegradable polymer,
poly(lactide-co-glycolide)-COOH (PLGA-COOH)
and olive oil as a filler, permits delivery of therapeutic
concentrations of p-ala>-GLP-1 to normal CD1 and
diabetic db/db mice.

Materials and methods

Materials. Human placental DP IV was obtained from Calbio-
chem-Novobiochem (La Jolla, Calif., USA), poly(pL-lactide-
co-glycolide-COOH; 50/50) from Birmingham Polymers
(PLGA-COOH, M,, ~ 11,500 M,; Birmingham, Ala., USA), di-
protin A from Calbiochem (San Diego, Calif., USA) and GLP-
10-3ONH2 from Bachem California (Torrance, Calif., USA). p-
ala?>-GLP-1 was synthesized by the solid-phase method [23] us-
ing the Fmoc chemistry, and purified by high-performance liq-
uid chromatography (HPLC), as described previously [24].

In vitro analysis of p-ala’>-GLP-1 degradation by DP IV. Incu-
bation of 0.125 mU of DP IV (specific activity = 5000 mU/mg
protein) with 33 ug GLP-1 (control) or p-ala’>-GLP-1 for 3, 8
or 24 h was done at 37°C in phosphate-buffered saline (PBS).
The reaction was quenched by addition of 200 ug of diprotin
A. The elution position of peptide after incubation with DP
IV was compared with that of untreated peptide by reversed-
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phase HPLC on a C;; uBondapak column (Waters Associates,
Milford, Mass., USA) with a linear gradient of 45-85 % solvent
B (solvent A: 0.1 % o-phosphoric acid and 0.3 % triethylamine;
and solvent B: 40% solvent A and 60% acetonitrile) over
55 min [25]. We used UV absorption at 214 nm to detect pep-
tides.

Microsphere preparation. Microspheres were prepared using a
modification of the phase inversion method described previ-
ously [21]. In brief, PLGA-COOH (6.25 mg/0.5 ml methylene
chloride) was mixed with 7 ul of olive oil (density 0.91 g/ml)
and then rapidly added to 25 ul ddH,O in a borosilicate glass
tube, without (empty microspheres) or with 250 ug peptide (fi-
nal amounts =48 % PLGA-COOH, 50% olive oil and 2%
peptide). The mixture was vortexed for 5 s and then rapidly
poured into 50 ml of unstirred petroleum ether, resulting in
the spontaneous formation of microspheres. This was allowed
to air-dry in a fume hood for 3.5 h and then the microspheres
were harvested by scraping with a razor blade. Microspheres
were stored under desiccant at —20°C and were resuspended
in an aqueous solution by probe sonication before use. The av-
erage size of the microspheres was 1.0 = 0.1 um after sonica-
tion, as measured using both a Nicomp 370/Autodilute Submi-
cron Particle Sizer (Pacific Scientific Instruments Div., Silver
Springs, Md., USA; courtesy of Dr. X.'Y. Wu, University of To-
ronto, Toronto, Ont, Canada) and transmission electron mi-
Croscopy.

Oral glucose tolerance test (OGTT). Female CDI1 mice
(6-8 weeks old; Charles River Canada, Montreal, Quebec,
Canada) and female db/db mice (9-10 weeks old; Jackson Lab-
oratories, Bar Harbor, Me., USA) were housed under a light/
dark cycle of 12 h and were fasted for 16-17 h before the day
of experimentation. All experiments were initiated between
0900 and 1000 hours. Mice were given 1.5 mg of glucose per
gram of body weight orally in water (vehicle) through a gastric
gavage tube at t =0 min and blood was collected from a tail
vein at t =0, 10, 20, 30, 60, 90 and 120 min for measurement
of glycaemia using a One Touch Basic glucose meter (Lifescan
Canada, Burnaby, British Columbia, Canada). In some experi-
ments, OGTTs were repeated at t = 4 and 8 h. Empty or p-ala-
GLP-1-containing microspheres were given orally with the
glucose gavage at t = 0 min or p-ala>-GLP-1 (5-10 ug) was in-
jected s.c. or i.p. at t =0, 4 or 8 h. All animal protocols were
approved by the University of Toronto Animal Care Commit-
tee.

Gastric emptying. Gastric emptying was measured in
CD1 mice by addition of 190 MBq of 3-O-Methyl-p-[1-*H] glu-
cose to the glucose gavage during repeated OGTTs in
CD1 mice [26]. Blood samples were collected into a micro-
hematocrit capillary tube and centrifuged to collect plasma
for measuring cpm in a scintillation counter.

Circulating bioactive GLP-1 concentrations. To permit ade-
quate sampling size for assay of GLP-1 concentrations, long-
term cannula with PE-50 tubing (Itramedic, Parsippany, N.J.,
USA) were inserted into the carotid artery (for blood sam-
pling) and jugular vein (for re-infusion of erythrocytes in hepa-
rinized saline) of male Wistar rats (Charles River, Canada).
After 2 to 5 days’ recovery from surgery, rats were fasted over-
night and vehicle, empty microspheres or p-ala>-GLP-1-micro-
spheres were given by oral gavage at t =0 h. Blood samples
were collected into a 10 % volume of Trasylol: EDTA : Dipro-
tin A (5000 Kkallikrein-inactivating units : 12 mg - ml™ :
0.1 mmol - I"") at t = 0 h and at 1 h intervals thereafter for 8 h.
Plasma was stored at —20°C before analysis for bioactive
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GLP-1 concentrations using a Linco Elisa kit (Linco Research,
St. Charles, Mo., USA). Analysis of p-ala>-GLP-1 in this two-
site sandwich assay (e.g. N-terminal and C-terminal) showed
only 8.8 % cross-reactivity compared with the native peptide.

Perfused pancreas. Mice were fasted overnight and anaesthe-
tized with 80 mg/kg sodium pentobarbital. PE-10 tubing (Intra-
medic) was used to cannulate the aorta and portal vein, and the
duodenum with all associated blood vessels was tied off 5 cm
below the pyloric sphincter. The pancreas was perfused at
750 ul/min through the aorta with Krebs-Ringer-2 % BSA-3 %
dextran which had been gassed with 95% O,/5% CO, to
achieve a constant pH of 7.4 [27]. The pancreas was perfused se-
quentially with 1.4 mmol/l glucose (5 min), 20 mmol/l glucose
(10 min), 20 mmol/l glucose + 1 nmol/l p-ala>-GLP-1 (20 min)
and 20 mmol/I glucose (10 min), for a total perfusion period of
45 min. We collected 1-min fractions from the portal vein for di-
rect insulin radioimmunoassay (RIA). At the end of the experi-
ment, the pancreas was homogenized in 5 ml of 1 N HCI con-
taining 5% HCOOH, 1% trifluoroacetic acid and 1% NaCl
and the peptides were collected by reversed-phase extraction
on a C18 SepPak cartridge (Waters Associates, Milford, Mass.,
USA). Extracts were dried in a vacuum before RIA for insulin.
Insulin RIA was done as previously described [28]. To account
for individual variations in pancreatic insulin content, insulin
secretion in the perfused pancreas experiments was normalized
for total pancreatic insulin content.

Statistics. Basal glycaemia was defined as the blood glucose
concentration at t = 0, 4 and 8 h, measured immediately upon
oral treatment with glucose in the OGTT. Glycaemic area un-
der the curve (AUC) for each OGTT was calculated by the
trapezoid rule using either absolute blood glucose concentra-
tions or the delta from basal concentrations. Statistical signifi-
cance was assessed by ANOVA with n—1 custom hypotheses
tests or by Tukey’s studentized range test, as appropriate, using
a Statistical Analysis System program (SAS Institute, Cary,
N.C., USA). All data are expressed as the means + SEM.

Results

In vitro and in vivo analyses of p-ala>-GLP-1. To es-
tablish whether the GLP-1 analogue, p-ala>-GLP-1,
is resistant to the actions of DP IV, native GLP-1
and p-ala>-GLP-1 were incubated with DP IV for 3,
8 or 24 h in vitro and the peptides were separated by
HPLC. After 3 h of incubation with DP IV, GLP-1
showed a 1-minute shift in elution position and this
was consistent for the incubation periods of 8 and
24 h (Fig.1). In contrast, p-ala>-GLP-1 showed no
change in elution position over 24 h of incubation
with DP IV (p < 0.05), consistent with the hypothesis
that substitution of r-ala? with p-ala? in GLP-1 con-
fers resistance to DP I'V-mediated cleavage.

The biological activity of p-ala’>-GLP-1 in vivo was
established by s.c. injection into CD1 mice followed
by measurement of changes in the glycaemic re-
sponse to an OGTT (Fig.2). In comparison with vehi-
cle-treated mice, native GLP-1 (10 pg) reduced the
glycaemic AUC by 38+9% (p <0.05). Treatment
wtih p-ala®>-GLP-1 (10 ug) also reduced the AUC
compared with controls, by 115+ 14%; p < 0.001)
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Fig.1A, B. High-performance liquid chromatography analysis
of native GLP-1 and p-ala?>-GLP-1 after incubation with DP IV
in vitro. A Representative UV, profiles of undigested and
DP IV-treated native GLP-1 and p-ala>-GLP-1 (after a 3 h di-
gest). I-125 indicates the elution position of the internal stan-
dard, '»I-GLP-1. B Combined HPLC data for the change in
elution position with time of native GLP-1 (closed bars) and
p-ala?>-GLP-1 (open bars). * p < 0.05 vs native GLP-1 incubat-
ed with DP IV in vitro

and this glycaemic response was significantly lower
than that found after treatment with the same
amount of native GLP-1 (p < 0.001).

Treating normal CDI mice with p-ala’>-GLP-1 micro-
spheres. To measure the biological effectiveness of
GLP-1 over a period of time that mimics a normal
feeding schedule for patients with Type II diabetes,
CD1 mice were given repeated oral glucose tolerance
tests at t = 0, 4 and 8 h. Basal blood glucose concen-
trations for normal CD1 mice given vehicle alone at
the time of the 0 h OGTT did not change significantly
over the course of the experiment (Fig.3), but the gly-
caemic AUC for vehicle-treated animals rose slightly
over the 10-h experiment, from 346 + 53 for the gly-
caemic responses to oral glucose given at t=0h to
424 + 24 and 461 + 29 mmol/l - 120 min for the tests
at t=4h and 8 h, respectively (Fig.4). When mice
were injected i.p. at t=0h with Sug of p-ala’
GLP-1, the glycaemic AUC was reduced by
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Fig.2 A, B. Effects of GLP-1 and p-ala?>-GLP-1 on the glycae-
mic response to an oral glucose tolerance test (1.5 mg glucose/
g body weight) in normal CD1 mice. A Changes in glycaemia
in response to s.c. injection (at t = 0 min) of PBS (), 10 ug
native GLP-1 (), or 10 pug p-ala>~GLP-1 (A). B Area under
the curve (AUC) for the glycaemic responses shown in A. *
p <0.05, ¥ p <0.01, *** p <0.001 for p-ala>-GLP-1 vs PBS;
#p <0.05 for GLP-1 vs PBS; and + + + p < 0.001 for p-ala’-
GLP-1 vs GLP-1

53 + 18 % compared with that of vehicle-treated con-
trols during the 0-h OGTT (p < 0.05). The biological
effectiveness of the p-ala’>-GLP-1 was, however, lost
by the 4-h OGTT and the glycaemic AUC at both 4
and 8 h was no different between mice treated with
vehicle alone and those injected with p-ala’>-GLP-1
att = 0 h. To confirm that the response to oral glucose
could be lowered by GLP-1 in both of these time pe-
riods, mice were also injected with 5 ug of p-ala’-
GLP-1 immediately before the 4 or 8 h OGTT and
the glycaemic AUC was calculated. Consistent with
the findings for the OGTT at t =0 h, injection of D-
ala’>-GLP-1 at the time of the OGTT at 4 and 8 h re-
duced the subsequent glycaemic AUC by 69 + 7%
(p<0.001) and 63+5% (p<0.001), respectively
compared with vehicle-treated controls.

To establish whether encapsulation of GLP-1 into
modified PLGA microspheres permits oral treatment
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Fig.3. Basal blood glucose values at the beginning of each
OGTT (at t =0, 4 and 8 h) in non-diabetic and diabetic db/db
mice. All treatments were given at t=0h. A\: normal
CD1 mice given water (vehicle) or empty microspheres orally
(n=13); A: normal CD1mice given p-ala>-GLP-1 micro-
spheres orally (n=9); [J: db/db mice given vehicle orally
(n=9) and W: db/db mice given p-ala’>-GLP-1 microspheres
orally (n=9). * p<0.05 for db/db mice given b-ala’-
GLP-1 microspheres vs db/db mice given vehicle alone

with this peptide hormone, CD1 mice were given
12.5 mg of microspheres [containing either no pep-
tide (empty microspheres) or 250 ug of p-ala’>-GLP-
1; 2% loading] orally at t = 0 h, followed by repeated
OGTT at 0, 4 and 8 h. The empty microspheres had
no effect on glycaemia at any time point. The oral
GLP-1 microspheres also had no effect on basal gly-
caemia at t =0, 4 or 8 h (Fig.3) or on the glycaemic
response to oral glucose at t = 0 h (Fig.4). The glycae-
mic AUC was, however, reduced by the oral p-ala’-
GLP-1-microspheres compared with controls at both
4 and 8h (by 41+12% at 4h, p<0.05 and by
19 £ 11% at t =8 h, p < 0.05). In contrast, oral treat-
ment with 250 ug of p-ala’>-GLP-1 alone, without en-
capsulation into microspheres, did not alter any of
the glycaemic AUC during repeated OGTT in
CD1 mice.

As GLP-1 can lower glycaemia through its inhibi-
tory effects on gastric emptying, CD1 mice were
given an i.p. injection of vehicle or p-ala>-GLP-1
(5 ug) or were given oral p-ala’>-GLP-1-microspheres
containing 250 ug of peptide or oral p-ala’>-GLP-1
alone (250 ug) at t =0 h, and 190 MBq 3-O-Methyl-
p-[1-°H] glucose was added to the glucose gavage
at either t = 0, 4 or 8 h. The results showed no signif-
icant effect of any of the treatments on plasma con-
centrations of *H at any time point (Fig.5), suggest-
ing that the effects of p-ala>-GLP-1 on glycaemia
were not due to alterations in the rate of gastric
emptying.
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Fig.4A, B. Area under the curve (AUC) of the change in
blood glucose (delta from basal) in normal CD1 mice after re-
peated OGTT at 0, 4 and 8 h. All treatments were given at
t =0h unless otherwise indicated. A Closed bars: mice given
water (vehicle) orally (n = 7); hatched bars: 5 ug p-ala>-GLP-1
given i.p. (n=6) and open bars: 5 ug of p-ala>-GLP-1 given
i.p.ateach of t =0,4 and 8 h (n = 4). B Closed bars: mice given
empty microspheres orally (n = 6); hatched bars: p-ala?-GLP-
1-PLGA-COOH microspheres given orally (equivalent to
250 pg of p-ala>-GLP-1; n = 9) and open bars: 250 ug of p-ala’
GLP-1 given orally without microspheres (n=9). * p <0.05,
*#% p <(0.001 vs control mice. ## p < 0.01, ### p < 0.001 vs the
response during the same time period in mice receiving D-
ala’-GLP-1 i.p. at t=0h. + + p <0.01 vs mice given p-ala’-
GLP-1 orally without microspheres. Basal blood glucose con-
centrations at 0, 4 and 8 h are shown in Figure 3A for mice giv-
en vehicle, empty microspheres or p-ala>-GLP-1-PLGA-
COOH microspheres, and did not differ between any groups
of mice

Circulating concentrations of p-ala>-GLP-1. We used
a rat model with long-term cannula to measure
the circulating concentrations of bioactive GLP-1
after oral treatment with bp-ala?>-GLP-1 micro-
spheres. Basal concentrations of bioactive GLP-1
were no different between animals treated with ve-

1323

A 0.407
Oh ¢
(o
© 0.301 T
o ~__—*
8] .z
e TRl
5 0.20° N
c N
o -
'..8 A\\\\\\\*\-
S 0.10 1 =2
—
L
0.00% — x e
40 60 80 100 120
B 0.407 Time (min)
4h g
[oX
© 0.301 W
s .
S 7 ==
%5 0.20- IENS
8 / / \?;\\\;?’:;““ -3
o) NS ST *
3 : =
S 0.10
—
w /
0.00 T T T T T T T T T 1
c 0 20 40 60 80 100 120
0.407 Time (min)
8h ¢
o
O 0.307
- o
£ o —
= bl N
o 0.20 JL) e N
c // // \\
o /e o
= /L =
& 010] 4 =
T /'
0.008—————— ‘

0 20 40 60 80 100 120
Time (min)

Fig.5A-C. Gastric emptying in normal CD1 mice after re-
peated OGTT at 0 (A), 4 (B) and 8 (C) h. Mice were treated
at t = 0 h with water (vehicle; #) orally, 5 ug p-ala>-GLP-1 giv-
en i.p. (@), p-ala>~GLP-1-PLGA-COOH microspheres given
orally (A) or p-ala>-GLP-1 given orally without microspheres
(M). Gastric emptying was assessed by addition of 3-O-meth-
yl-[°’H]-glucose to the glucose gavage at either t =0, 4 or 8 h,
followed by measurement of changes in plasma concentrations
of 3H as a fraction of the total cpm given (n = 4-6)

hicle, empty microspheres or bp-ala?>-GLP-1 micro-
spheres, averaging 103 +2.2 pmol/l for all rats
combined (range = 3.3-16.2 pmol/l; n=7). In the
rats treated with vehicle and empty microspheres
GLP-1 concentrations fell at t=3h to 68 + 9% of
basal values (results from the two groups of ani-
mals were no different and were therefore com-
bined) and remained below basal values until the
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Fig.6 A-C. Glycaemic response after repeated OGTT at 0
(A), 4 (B) and 8 (C) h in diabetic db/db mice. Mice were treat-
ed at t = 0 h with water (vehicle; ;n = 9) or with 12.5 mg of b-
ala?-GLP-1 microspheres given orally (ll; n = 9). Insets AUC
for the glycaemic responses and delta AUC for the change
in glycaemic response from basal (mmol - I"! - 120 min). Closed
bars: db/db mice receiving no microspheres (controls) and
open bars: db/db mice given b-ala’>-GLP-1-microspheres.
*#% p < 0.001 vs controls

8-h time point (p < 0.05-0.01). In contrast, bioactive
GLP-1 concentrations were maintained at 107 +
32% of basal between 0 and 8 h in rats receiving
microspheres of p-ala>-GLP-1 at t=0h, such that
circulating GLP-1 concentrations were significantly
increased above those of animals treated with vehi-
cle and empty microspheres between t=3 and
t=5h (p <0.05).
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Treating diabetic db/db mice with p-ala’>-GLP-1 mi-
crospheres. As oral p-ala>~GLP-1 microspheres effec-
tively reduced the glycaemic response to repeated
OGTT in normal, CD1 mice, the ability of the micro-
spheres to lower glycaemia in diabetic animals was
also tested, using db/db mice. These mice have an in-
activating mutation in the leptin receptor causing hy-
perphagia, obesity and hyperglycaemic, hyperinsulin-
aemic diabetes at approximately 7-9 weeks of age
[29]. When 9-10 week old db/db mice were given re-
peated OGTT at 0, 4 and 8 h, basal blood glucose val-
ues were found to be in the diabetic range compared
with CD1 controls (Fig.3). Treating db/db mice with
p-ala?>-GLP-1 microspheres containing 250 ug of pep-
tide at t = 0 h followed by repeated OGTT at t =0, 4
and 8 h, had no effect at t = 0 h but reduced basal gly-
caemia by 23 + 11 % at the 4-h OGTT (from 13 + 1 to
10 £ 1 mmol/l, p =NS) and by 35+ 7% at the 8-h
OGTT (from 12 +1 to 8 = 1 mmol/l, p < 0.05) com-
pared with db/db mice given vehicle alone (Fig.3).
Consistent with the findings in CD1 mice, the glycae-
mic response to oral glucose at t = 0 h for db/db mice
treated with the p-ala®>-GLP-1 microspheres was not
distinguishable from that of db/db mice receiving ve-
hicle alone but shifted considerably downward at
both t=4 and 8 h (Fig.6). The glycaemic AUC for
mice treated with p-ala’>-GLP-1 microspheres was re-
duced at the 4 and 8 h OGTT (by 27 +5% and
28 + 4%, respectively, compared with vehicle-treated
dbldb mice, p <0.001, Fig.6). The delta glycaemic
AUC (AUC-independent of the initial basal blood
glucose value) was also reduced compared with con-
trols at the 4-h OGTT (by 29 + 5 % of vehicle-treated
dbl/db mice, p < 0.05).

Perfusion of the pancreas from normal CDI and dia-
betic db/db mice with p-ala’>-GLP-1. In absolute val-
ues, the decrease in the AUC for the db/db mice
treated with p-ala?>-GLP-1 microspheres was greater
than that seen in normal CD1 mice, for the glycaemic
response to an OGTT at t=4h (p <0.05; Fig.6 vs
Fig.4). To find whether this enhanced effectiveness
of GLP-1 was due to an increased sensitivity of the
beta cell to GLP-1 in db/db mice and/or to an en-
hanced insulinotropic effect of GLP-1 in these mice
due to the hyperglycaemia, a perfused pancreas mod-
el was established to normalize blood glucose con-
centrations between the two different animal models.
High glucose concentrations alone induced a 1.5-fold
increase in insulin secretion from the perfused pan-
creas of both normal CD1 and diabetic db/db mice
[from 12.2 + 0.1 to 18.4 + 0.2 (mg/ml)/ug total pancre-
atic insulin in CD1mice and from 23.9+0.1 to
30.7 £ 0.6 (mg/ml)/ug total pancreatic insulin in db/
db mice; Fig.7]. Addition of p-ala>-GLP-1 (1 nmol/l)
to the high glucose concentration perfusate further
increased insulin secretion (to 391 + 22 % of controls)
in CD1 mice for the first 10 min of the perfusion peri-
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od and secretion remained high for the remainder of
the study. In contrast, insulin secretion was increased
to only 213 + 13 % of controls in p-ala?>-GLP-1-treat-
ed db/db mice (p <0.001 vs the increase seen in
CD1 mice), and declined to basal concentrations
thereafter.

Discussion

The major physiological regulator of GLP-1 action is
the circulating enzyme DP IV, which cleaves His!-
ala’? from the N-terminus of GLP-1, thereby inacti-
vating the peptide [8-10]. To overcome the short
half-life of GLP-1, a DP IV-resistant analogue of
GLP-1 was developed by substitution of p-ala® for L-
ala?. The p-ala’>-GLP-1 analogue stimulated insulin
secretion in a mouse perfused pancreas model and
was more potent than the native peptide in lowering
the glycaemic response to an OGTT. This peptide
does not have enhanced GLP-1 receptor binding or
activation [30]. These findings therefore suggest that
the enhanced ability of p-ala’>-GLP-1 to lower glycae-
mia in mice in vivo is attributable to its ability to stim-
ulate insulin secretion for a prolonged period of time.
Even with resistance to DP IV cleavage, the biologi-
cal activity of p-ala®>-GLP-1 was, however, lost within
4 h after treating mice, probably due to renal clear-
ance of the peptide [31]. Thus, frequent injections or
continuous infusion of the peptide are required if D-
ala’>-GLP-1 is to be useful as a therapeutic agent in
the treatment of Type Il diabetes.

To avoid the need for repeated injections of GLP-
1, an oral delivery system was designed using a biode-
gradable and biocompatible polymer, PLGA-
COOH. Although a number of investigators have
used PLGA and related polymers for oral peptide de-
livery [21, 22, 32], several aspects of the present study
warrant discussion. Firstly, no previous study has re-
ported on the use of PLGA-COOH as the base poly-
mer for microsphere preparation. The addition of a
-COOH end group decreases the passage of micro-
spheres through the gastrointestinal tract, thus in-
creasing their chance of being absorbed [33-35]. Sec-
ondly, although PLGA has been shown to be taken
up into the systemic circulation [21, 32], this has not
previously been established for PLGA-COOH. The
use of PLGA-COOH alone probably does not, how-
ever, permit release of peptide within a time frame
that is reasonable for peptide therapeutics, as PLGA
has a half-life of approximately 3.3 years [36]. One
preferred time frame for the delivery of GLP-1 to pa-
tients with Type II diabetes would be over a period of
9-12 h, which would permit twice-daily dosing to
maintain therapeutic concentrations of GLP-1 whilst
preventing any potential long-term consequences of
a very long duration-of-action therapeutic. There-
fore, to enhance the rate of release of peptide, the
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Fig.7 A, B. Insulin secretion by the perfused pancreas, in re-
sponse to low (1.4 mmol/l) and high (20 mmol/l) glucose, in
the absence (@) or presence (M) of 1 nmol/l p-ala>-GLP-1.
A Pancreas from normal CD1 mice (n=6) and B pancreas
from diabetic db/db mice (n =8). Data are expressed as the
percent of basal, where basal was calculated as the mean insu-
lin secretion over the first 5 min of infusion with low glucose.
Inset Pancreatic insulin content (in ug/pancreas) at the end of
the perfusion period. Closed bar: CD1 mice and open bar: db/
db mice

biocompatible compound olive oil was added during
preparation of the PLGA-COOH microcapsules.

In vivo studies clearly indicated that bioactive D-
ala>-GLP-1 was released into the circulation of mice
after oral treatment with microspheres (consisting of

48 % PLGA-COOH, 50 % olive oil and 2% peptide)
as assessed by the ability of the p-ala?>-GLP-1 micro-
spheres to reduce the glycaemic response to oral glu-
cose. Analysis of bioactive GLP-1 concentrations
also indicated an increase in circulating peptide con-
centrations 3-5 h after oral treatment with p-ala’-
GLP-1 microspheres. Due to the low cross-reactivity
of p-ala?>-GLP-1 in this assay, the actual increase can-
not, however, reliably be quantified. Nonetheless,
the results indicate that the microspheres were neces-
sary for the oral delivery of bioactive p-ala>-GLP-1
because the peptide did not elicit a biological re-
sponse after oral treatment with the peptide without
prior encapsulation into microspheres. The time
course of action for p-ala’>-GLP-1 delivered orally in
microspheres differed considerably from that of in-
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jected peptide, such that a delayed but much more
prolonged duration of action (at least 10 h) was ob-
served for the p-ala’>-GLP-1 microspheres. The
amount of biologically active peptide available dur-
ing the OGTT at t =4 h in mice treated with micro-
spheres containing 250 ug of p-ala>-GLP-1 was ap-
proximately 5 ug of peptide, as determined by com-
paring the glycaemic response of oral microspheres
during the t =4 h OGTT to that of mice treated with
5ug of p-ala>-GLP-1 i.p. at t=4h. A similar but
slightly reduced response was seen during the
OGTT at t=8h. Therefore, in normal CD1 mice,
microspheres composed of 50% PLGA-COOH,
48% olive oil and 2% p-ala’>-GLP-1 permitted oral
delivery of therapeutic concentrations of the peptide
over a 10-h period equivalent to repeated injections
of 5 ug of p-ala>-GLP-1 (representing approximately
1-2% of the total peptide given in the microspheres
at each of t =4 and 8 h). Although both the total du-
ration of action and the dynamics of the peptide re-
lease from the microspheres in vivo still remain to be
completely established, the effectiveness of the bD-
ala?-GLP-1-microspheres over a 10-h period is ideal
for the delivery of a therapeutic peptide that is re-
quired continuously.

In addition to non-diabetic mice, p-ala’>-GLP-1-
PLGA-COOH microspheres were also given to db/
db mice, a model of Type II diabetes. In contrast to
the CD1 mice, a downward shift in basal glycaemia
towards normal was observed in db/db mice treated
p-ala>-GLP-1 microspheres compared with db/db
mice that received vehicle alone. This decrease in gly-
caemia accounts in part for the reduced glycaemic
AUC seen in the db/db mice at both t =4 and 8 h.
The total increment in glycaemia relative to basal
(e.g. delta AUC) was, however, also reduced in db/
db mice at t =4 h by treatment with p-ala’>-GLP-1-
PLGA-COOH microspheres, indicative of an addi-
tional effect on the glycaemic response to oral glu-
cose. As the pancreas from db/db mice had a reduced
relative response to p-ala>-GLP-1 treatment in vitro,
these findings further suggest that the prolonged ef-
fect of the p-ala’>-GLP-1-microspheres in db/db mice
was due to the glucose-dependent insulinotropic ef-
fects of GLP-1 on the beta cell.

The p-ala?>-GLP-1 given to mice in our study low-
ered glycaemia with no detectable effect on gastric
emptying. Previous studies in humans have similarly
found dissociation between the effects of GLP-1 on
gastric emptying and on insulin secretion in normal
humans [37]. Thus, it seems that treatment with
GLP-1 can be titrated so as to permit the effects on
glycaemia but preventing the occurrence of gastric
side-effects, which include stasis, nausea and vomit-
ing [6]. Additionally, the results of such studies
show that humans have a 150-fold to 300-fold in-
creased sensitivity to the biological effects of GLP-1
compared with mice. Thus, doses of GLP-1 as low
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as 0.5 nmol/kg s.c. (equivalent to 1.6 ng/g), have
been shown to lower glycaemic excursions in re-
sponse to an intravenous glucose tolerance test in
humans [6] whereas a minimum dose of 5-10 ug s.c.
(equivalent to 250-500 ng/g) is required for similar
effects in mice receiving an OGTT [30]. These find-
ings suggest that the amount of GLP-1 in micro-
sphere preparations required for therapeutic use in
humans is likely to be considerably lower than that
required for the normal and diabetic mice used in
our study.

There are four proposed sites of absorption of
microspheres of different sizes, including the villus
tips (< 150 um), intestinal macrophages (< 1 um), en-
terocytes (< 200 nm) and Peyer’s patches (< 10 um).
Although all of these sites probably play parts, the
major site of absorption of most microparticles, in-
cluding PLGA microspheres of 1-5 um in size, has
been suggested to be Peyer’s patches [32, 38-42]. Af-
ter absorption, PLGA microspheres have been found
in the lymph nodes, spleen, kidneys and liver [32].
The microspheres produced in our study were ap-
proximately 1 um in size, consistent with their being
suitable for absorption across the gastrointestinal
tract.

The results of our study have shown that p-ala’-
GLP-1 is more potent than native GLP-1 at lowering
the glycaemic response to oral glucose in normal
mice, probably due to its DP I'V-resistance. A deliv-
ery system for this peptide, using microspheres com-
posed of PLGA-COOH and olive oil, effects a re-
duced glycaemic response to repeated OGTT over a
10-h time period when given orally to normal and di-
abetic db/db mice and statistically significantly reduc-
es basal glycaemia in the diabetic mice. Oral delivery
of therapeutic peptides can therefore be accom-
plished through an approach to encapsulate peptides
within biocompatible PLGA-COOH-olive oil micro-
spheres.
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