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Glucagon-like peptide-1 (7-37) (GLP-1) is the most potent insulinotropic hormone characterized thus far. Because its activity is 
preserved in non-insulin-dependent diabetes mellitus (NIDDM) patients, it is considered a potential new drug for the 
treatment of this disease. One limitation in its therapeutic use is a short half-life in vivo (5 minutes), due in part to a fast 
degradation by the endoprotease dipeptidylpeptidase IV (DPPIV), Recently, it was reported that GLP-1 became resistant to 
DPPIV when the aianine residue at position 8 was replaced by a glycine (GLP-1-Gly8). We report here that this change slightly 
decreased the affinity of the peptide for its receptor (IC50, 0.41 -+ 0.14 and 1.39 _+ 0.61 nmol/L for GLP-1 and GLP-1-Gly8, 
respectively) but did not change the efficiency to stimulate accumulation of intracellular cyclic adenosine monophosphate 
(cAMP) (ECs0, 0.25 -+ 0.05 and 0.36 -+ 0.06 nmol/L for GLP-1 and GLP-1-Gly8, respectively). Second, we demonstrate for the first 
time that this mutant has an improved insulinotropic activity compared with the wild-type peptide when tested in vivo in an 
animal model of diabetes. A single injection of 0.1 nmol GLP-1-Gly8 in diabetic mice fed a high-fat diet can correct fasting 
hyperglycemia and glucose intolerance for several hours, whereas the activity of I nmol GLP-1 vanishes a few minutes after 
injection. These actions were correlated with increased insulin and decreased glucagon levels. Interestingly, normoglycemia 
was maintained over a period that was longer than the predicted peptide half-life, suggesting a yet undescribed long-term 
effect of GLP-1-Gly8. GLP-1-Gly8 thus has a markedly improved therapeutic potential compared with GLP-1, since it can be 
used at much lower doses and with a more flexible schedule of administration. 
Copyright© 1999by W.B. Saunders Company 

T HE LOSS OF GLUCOSE-INDUCED insulin secretion by 
the pancreatic [3 cell is a characteristic of non-insulin- 

dependent diabetes mellitus (NIDDM). 1 In the treatment of 
NIDDM when diet and exercise are no longer sufficient to 
correct the diabetic syndrome, postprandial insulin secretion is 
stimulated by administration of insulin secretagogues such as 
sulfonylureas. 2 These substances stimulate insulin secretion by 
directly inhibiting the activity of K+-adenosine triphosphate 
channels, thereby depolarizing the [3-cell plasma membrane and 
stimulating insulin secretion. However, the initial efficacy of 
sulfonyhireas vanishes after a few years of treatment. This is 
thought to be due to [3-cell exhaustion resulting, at least in part, 
from the action of sulfonylureas solely on the stimulation of 
insulin secretion without a concomitant positive effect on 
insulin biosynthesis. New clinically useful insulin secreta- 
gggues are therefore required. 

The insulinotropic hormone glucagon-like peptide-l(7-37) 
(GLP-1) is the most potent stimulator of glucose-induced 
insulin secretion characterized thus far.3-5 It is produced in the 
intestinal L cells as a proteolytic processing product of the 
preproglucagon molecule, 6 and is secreted in the blood follow- 
ing nutrient ingestion, particularly glucose and fatty acids. 
GLP-1 binds to a specific [3-cell plasma membrane receptor of 
the G protein-coupled receptor family that is linked to the 
activation of adenylyl cyclase. 79 GLP-1 insulinotropic activity 

From the Institute of Pharmacology and Toxicology, Lausanne, 
Switzerland. 

Submitted May 11, 1998; accepted July 18, 1998. 
Supported by Grant No. 31-46958.96 from the Swiss National 

Science Foundation and a grant from Modex Thdrapeutiques, and in 
part by a Career Development Award from the Swiss National Science 
Foundatton (B. T. ). 

Address reprint requests to Bernard Thorens, PhD, Institute of 
Pharmacology and Toxicology, University of Lausanne, 27, Bugnon, 
CH-I O05 Lausanne, Switzerland. 

Copyright © 1999 by W.B. Saunders Company 
0026-0495/99/4802-002051 O. 00/0 

is measurable with peptide concentrations as low as 1 to 10 
pmol/L and is detected only in the presence of normal or 
elevated glucose levels? °-12 Besides its effect on insulin secre- 
tion, GLP-1 also stimulates transcription of the insulin gone and 
translation of the insulin mRNA.13.14 Importantly, the insulino- 
tropic effect of this peptide is preserved in patients with 
NIDDM, even those with secondary failure to sulfonyl- 
ureas. 15-18 This combined with the glucose dependence of its 
action and its positive effects on insulin biosynthesis make 
GLP-1 an attractive potential new agent for the treatment of 
type 2 diabetes. However, a significant drawback in the 
therapeutic use of this peptide, is its short half-life in vivo, about 
5 minutes. 19 This is due in part to a rapid inactivation by the 
circulating endopeptidase dipeptidylpeptidase IV (DPPIV), 2°22 
which hydrolyzes peptides or protein after the second amino- 
terminal residue, provided that the sequence is X-Pro/Ala. 
DPPIV action on GLP-1 produces GLP-1(9-27), a relatively 
weak antagonist of the GLP-1 receptor. 23 Recent data show that 
GLP-1-Gly8 has a longer N-terminal half-life of 3.3 minutes 
versus 0.9 minutes for GLP-1, as determined by the use of 
specific antibodies. 24 

Here, we demonstrate that when tested in vivo in glucose- 
intolerant mice fed a high-fat diet, GLP-1-Gly8 shows a 
strongly improved efficacy to correct glucose intolerance com- 
pared with the wild-type peptide, as well as a marked improve- 
ment of basal glycemia. In addition, normoglycemia was 
maintained over a period that was longer than the predicted 
peptide half-life, suggesting a yet undescribed long-term effect 
of GLP-1-Gly8. Due to its improved stability and the probable 
absence of antagonist formation, the efficacy of the mutant 
peptide required smaller dosages and was longer-lasting. 

MATERIALS AND METHODS 

Peptides, Cells, and Cell Culture 

GLP-I, GLP-1-Gly8, and diprotin A were purchased from Bachem 
(Bubendorf, Switzerland) and purified to 97% by high-performance 
liquid chromatography (HPLC). Clone 5 cells are Chinese hamster lung 
fibroblasts stably expressing the rat GLP-1 receptor. 9 These cells were 
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cultured and used for pepnde binding experiments and cyclic adenosine 
monophosphate (cAMP) production as prewously described. 9,25 

Stability of  GLP-1 Analogs 

Peptides were incubated in the presence of 20 pmol/L purified DPPIV 
in a total volume of 50 pL 25-mmol/L triethanolamine, pH 7.8, for 15 
minutes at 37°C. The incubation reaction was then acidified, and the 
peptides were analyzed by HPLC using a Nucleosil phenyl reverse- 
phase column (125 × 3.0 ram; Macherey-Nagel, Oensingen, Switzer- 
land) w~th isocratic elution conditions as prewously described. 26 The 
sensitivity of the method allowed detection of 0.1% of the degradation 
product (GLP-l(9-37)). Alternatively, pepfides were incubated at an 
m~tial concentration of 10 nmol/L in Dulbecco's modified Eagle's 
medium (DMEM) containing 10% fetal bovine serum (FBS) at 37°C for 
different periods and in the presence or absence of 0.2 mmol/L diprotin 
A. The remaining biological activity of the peptides was then assessed 
by measuring the production of intracellular cAMP in clone 5 cells 
induced by an aliquot of the incubation medium diluted 1:10. The 
activity of the sample was compared with a standard dose-response 
curve for cAMP production generated using the corresponding peptide 
diluted in the same incubation medium. 

Animal Studies 

Six-week-old male C57B1/6JIco mace (18 to 20 g, IFFA Credo, 
L'Arbresle, France) were fed ad libitum with either normal chow pellets 
([NC] energy content 12% fat, 28% protein, and 60% carbohydrate) or 
a high-fat (HF) diet (energy content, 72% fat [corn oil and lard], 28% 
protein [cow mdk casein], and < 1% carbohydrate) containing added 

rmnerals, vitamins, and cellulose (ICN, Costa Mesa, CA). The animals 
were kept on a 9 PM to 9AM dark cycle. Blood was collected at 2 pM in 
the fed state. For fasnng experiments, food was removed at 9AM 

hltraperitoneal Glucose Tolerance Test 

Food was removed 5 hours before initiation of an intraperitoneal 
glucose tolerance test ([IPGTT] 1 g glucose/kg body weight). Blood 
glucose Ievels were monitored using a glucometer (Bayer. Zurich, 
Switzerland) with 2.5 gL tail blood. The area under the curve (AUC) 
was calculated m millimolars per minute for the indicated periods. 
Insulin and glucagon were analyzed by radioimmnnoassay (Linco, St 
Louis, MO) with blood collected from the orbital sinus of separate sets 
of animals. 

Statistical Analysis 

Results are expressed as the mean _+ SE. Staustacal analyses were 
performed by Student's t test for unpaired data and considered 
sigmficanfly different at a P level less than .05. 

RESULTS 

In Vitro Studies 

GLP-1-Gly8  b ind ing  to the GLP-1 receptor  was  evaluated  in 

d i sp lacement  exper iments .  Clone 5 ceils were incubated  in the 

presence  o f  tracer amoun t s  of  radioiodinated GLP-1 and  

mcrea s ing  concent ra t ions  o f  wi ld- type or mu tan t  GLP- I  pep- 

tides. F igure  1A shows  that  the  ICs0 va lues  for d i sp lacement  o f  
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Fig 1. Binding and activation of adenylyl cyclase by GLP-1 and GLP-1-Gly8 occur with the same affinity and efficacy. (A) Displacement of 
~zSI-GLP-1 binding to its receptor by increasing concentrations of GLP-I or GLP-1-Gly8. Chinese hamster lung fibroblast cells expressing GLP-1 
receptor (clone 5 cells) were incubated at 4°C in the presence of radioiodinated GLP-1 (20 pmot/L) and in the presence of increasing 
concentrations of cold GLP-1 or GLP-1-Gly8. Curves are the mean ± SE of 4 different experiments. ICs0, (nmol/L, mean ± SE, n = 4) for 
displacement of radioiodinated GLP-1 by GLP-1 or GLP-1-Gly8 are indicated. Difference between the 2 ICs0s is not significant. (B) Dose-dependent 
accumulation of cAMP in clone 5 cells in response to increasing concentrations of GLP-1 or GLP-1-Gly8. cAMP production was measured after 
exposure of clone 5 cells to indicated concentrations of peptides. Curves are mean -+ SE of 4 different experiments. ECs0 (nmol/L mean ± SE) for 
both peptides is indicated. 
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Fig 2. Increased stability of GLP-1-Gly8 to degradation by DPPIV. (A) GLP-1 or (B) GLP-1-Gly8 were incubated in the presence of purified DPPIV, 
and peptides separated by HPLC. Intact peptides are eluted at 7.5 minutes and GLP-1(9-37) at 10 minutes. 10% of GLP-1 is converted to the 
cleaved product and <0,1% of GLP-1-Gly8 is degraded. (C) GLP-1 or GLP-1-Gly8 was incubated for indicated periods in DMEM containing 10% 
FBS. Biological activity of peptides was then measured on stimulation of cAMP formation by clone 5 cells, Loss of GLP-1 activity can be prevented 
in part by diprotin A (Dip A). GLP-1-Gly8 was completely resistant to inactivation. 

bound radioiodinated GLP-1 by GLP-1 or GLP-1-Gly8 were 
not statistically different (0.41 - 0.14 v 1.39 -+ 0.61 nmo]/L, 
respectively). The dose-dependent induction of cAMP accumu- 
lation in clone 5 cells by both peptides also displayed the same 
ECs0 (Fig 1B). 

The resistance of GLP-1-Gly8 to degradation by DPPIV was 
first evaluated by incubating the peptide in the presence of the 
purified enzyme and analyzing the reaction products by HPLC. 
The intact peptides (GLP-1 and GLP-1-Gly8) eluted with a 
retention time of 7.5 minutes, whereas the cleaved products 
(GLP-l(9-37)) had a retention time of 10.5 minutes (Fig 2A). In 
conditions where 10% of GLP-1 was converted to GLP-l(9-39), 
less than 0.1% of GLP-1-Gly8 was recovered as cleaved 
peptide, indicating a marked resistance of the peptide to 
degradation by DPPIV (Fig 2B). The stability of GLP-1-Gly8 
was further analyzed by incubation of the peptide in the 
presence of FBS that naturally contains DPPIV activity. 27,28 
Importantly, this assay was designed to measure bioactivity of 
the remaining peptide by assessing the ability of the incubation 
medium to activate cAMP production by clone 5 cells. The 
half-life of GLP-1 was about 35 hours when incubated in the 
presence of FBS, and this half-life was extended to 65 hours 
when diprotin A, a specific DPPIV inhibitor, 29 was added at the 
beginning of the experiment (Fig 2C). In contrast, in the same 
conditions, GLP-1-Gly8 remained stable for more than 72 
hours, even in the absence of diprotin A. Similar observations 

were made when the peptides were incubated in the presence of 
baby hamster kidney (BHK) cells cultured in the same medium 
(not shown). 

In Vivo Studies 

C57B1/6J mice obtained at 6 weeks of age were fed NC or a 
HF, carbohydrate-free diet. Body weight was significantly 
higher in the HF group (n = 12) after 8 weeks of diet versus the 
control group (n = 12; 30.2 - 0.6 v 28.1 --- 0.3 g, respectively) 
and remained about 30% higher up to 26 weeks (38.5 + 0.8 v 
30.3-+ 0.3 g, respectively). Fed blood glucose levels were 
lower in the HF versus NC group, since no carbohydrates were 
present in the HF diet (Table 1). Fasting induced a rapid 
decrease in blood glucose in NC mice, whereas glycemia 
remained stable in the HF group (5.7---0.2 and 7.2 _-. 0.1 
mmol/L after 6-hour fast in NC and HF mice, respectively). 

Table 1. Glucose, Insulin, and Glucagon Levels in Fed and 24-Hour 
Fasted C57BI/6J Mice After 16 to 18 Weeks of NC or HF Diet 

Fed Pasted 

Parameter NC HF NC HF 

Glucose(mmol/L) 8.2 ± 0.2* 7.1 ± 0.2 4.9 ± 0.2" 6.9_+ 0.4 

Insulin (IJU/mL) 76.3 ± 7.8* 43.8 ± 8.4 19.8 ± 4.9* 9.7 ± 1,4 

Glucagon (pg/mL) 59.2 ± 2.0* 117.7 ± 7.4 35.5 ± 3.2 28.8 ± 5.5 

*Significantly different vcorresponding HF group, P<  .05, n -> 5. 



THERAPEUTIC ACTION OF GLP-1-Gly8 255 

Fig 3. Glucose intolerance in 
C57BI/6J mice fed a HF diet. IP- 
GTT (1 g/kg) was performed af- 
ter a 5-hour fast in NC or HF 
mice. (Inset)AUC(0-120). *Signifi- 
cantly different v corresponding 
HF4ed, saline-injected mice, P < 
.05; n -> 6 for each group. 
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Insulin levels in the fed state were lower in HF compared with 
NC mice. Twenty-four hours of fasting decreased insulin 
concentrations in both groups, and insulin levels were signifi- 
cantly lower in the HF group compared with the NC group. 
Glucagon levels in the fed state were higher in HF versus NC 
mice, but were not different after fasting (Table 1). These data 
therefore indicate the presence of a diabetic phenotype induced 
by HF feeding. 

GLP-1 and GLP-1-Gly8 were first evaluated for the ability to 
correct the glycemic excursions in HF mice during the IPGTT 
performed after a 5-hour period of fasting. Figure 3 shows the 
IPGTT curves obtained with NC and HF mice. HF mice show 
higher glycemia at the time of glucose injection and a much 
higher and prolonged increase in blood glucose. This is 
reflected by the 1.7-fold higher AUC for the first 2 hours 
(AUC(0-120)) for HF compared with NC mice. Table 2 presents 
blood glucose and plasma insulin and glucagon levels 30 
minutes after initiation of the IPGTT. Glycemia was twofold 
higher and plasma insulin was 50% lower in HF versus control 
mice, and glucagon levels were unchanged (Table 2). There 

were thus the impaired insulin to glucose and insulin to 
glucagon ratios characteristic of type 2 diabetes. When injected 
at 30 minutes, 1 nmol GLP-1 led to a correction of the AUC 
calculated between 60 and 120 minutes. However, this correc- 
tion was not as good as that obtained with 1 nmol GLP-1-GIy8, 
but was similar to the value obtained with 0.1 nmol GLP-1- 
Gly8 (Fig 4). Furthermore, with the mutant but not with the 
wild-type peptide, the correction of glycemia was associated 
with an increase in circulating insulin and a decrease in plasma 
glucagon measured at 60 minutes after initiation of the IPGTT 
(Table 2). 

GLP-1 or GLP-1-Gly8 were then injected into the peritoneal 
cavity of HF mice at several time points before initiation of an 
IPGTT. When preinjected at - 3 0  minutes, 1 nmol GLP-1 did 
not normalize the glucose tolerance (Fig 5A), whereas 1 nmol 
GLP-1-Gly8 almost completely normalized it. This was quanti- 
fied by calculating the AUC(0-120) of the IPGTT (Fig 5A and 
B). Figure 5B also shows that the glucose AUC(0-120) was 
corrected when 1 nmol GLP-1-Gly8 was injected intraperitone- 
ally up to 4 hours, but not 24 hours, before the start of the 

Table 2. Plasma Hormones and Glucose Levels in NC- and HF-Fed Mice During an IPGTT 

30 Minutes After IPG'Iq- HF Mice 60 Minutes After IPGTT 

Parameter NC HF Saline GLP-1 GLP-1-GIy8 

Glucose (mmol/L) 10.4 -+ 0.7* 20.2 -+ 1.5 13.5 -- 0.2 11.1 -+ 0.7* 7.2 -+ 1.7f 

Insulin (pU/mL) 55.2 -+ 6.1" 24.6 -- 4.9 8.0 _+ 0.9 6.8 -+ 1.0 25.7 -- 1.2t 

Glucagon (pg/mL) 59.1 :~ 2.0 53.2 -+ 4.0 53.0 -+ 3.7 51.1 + 11.1 38.2 -~ 2.9t 

Insulin/glucose ratio 5.5 1.2 0.51 0.75 2,44t 

Insulin/glucagon ratio 0,93 0.49 0.15 0.12 0.671" 

NOTE. An IPGTT (1 g/kg body weight) was performed with 5-hour fasted NC or HF m~ce. Thirty minutes after initiation of the test, HF mice 

received an intraperitoneal injection of saline or saline containing 1 nmol GLP-1 or GLP-1-Gly8. Glucose, insulin, and glucagon levels were 

measured at 60 minutes. 
*Significantly different vcorresponding HI: group, P<  .05, n -> 5. 

tSignificantly different vcorresponding HF saline group, P <  .05, n -> 5. 
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Fig 4. Improvement of glucose tolerance by GLP-1 or 
G/P-1-Gly8 injection. IPGTT was performed after a 5-hour 
fast in NC or HF mice. Saline, 1 nmol GLP-1, or 1 or 0.1 
nmol  GLP-1-Gly8 were injected intraperitoneally 30 min- 
utes after the glucose challenge. Both GLP-1 and GLP-1- 
Gly8 corrected the glycemic levels as measured by the 
AUC (60-120 minutes). However, 0.1 nmol GLP-1-Gly8 
was as efficient as 1 nmol GLP-1 (n -> 5 for each group). 
For HF and NC saline groups, mean of all experiments is 
presented (n ~ 10}. 

Fig 5. Effect of GLP-1 and GLP-1-Gly8 injection before 
intraperitoneal glucose challenge. (A) IPGTT was per- 
formed as in Fig 3 on NC or HF mice; 1 nmol GLP-1 or 
GLP-1-Gly8 was injected intraperitoneally 30 minutes 
before the glucose challenge. Whereas GLP-1-Gly8 al- 
most completely corrected glucose tolerance, GLP-1 did B 

not improve glycemic excursion. (Inset) AUC(0-120). 15 
*Significantly different v corresponding HF-fed, saline- 
injected mice, P < .05; n >-- 5 for each group. (B) 
AUC(O-120) calculated from IPGTT performed as de- 
scribed in (A) for mice that received saline or 1 nmol of 
peptides intraperitoneally 24, 4, 1 hour, or 30 minutes 
before the glucose challenge. Injection of 1 nmol GLP-1- ~ 75 u 
Gly8 up to 4 hours before initiation of IPGTT led to ~< 
complete correction of glucose intolerance, whereas 
GLP-1 injection 30 minutes before was wi thout  effect 
(n ~- 5 for each group). (C) AUC(0 -120 )  calculated from 
the IPGTT performed as described in (A) for mice that 

0 
received 2 hours before initiation of the IPGTT either 
saline solution or the indicated amount (nmol) of GLP-1- 
Gly8. *Significantly different v corresponding HF-fed, 
saline-injected mice, P < .05; n >- 5 for each group. 
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Table 3. Effect of GLP-1 on Fasting Blood Glucose Levels 

]]me of Fasting Blood 
Group Treatment Inlectlon Glucose (mmol/L) 

NC None 

HF None 

GLP-1 1 nmol 

NC 

HF 

GLP-1-Gly8 1 nmol 

Saline 

Saline 

GLP-1-Gly8 

1.0 nmol  

0.3 nmol  

.01 nmol  

.003 nmol  

- -  5 . 7  -+ 0 .2 *  

- -  7.2 _+ 0.1 

- 1 0  mm 6.0 -+ 0.1" 

- 3 0  mln 7.8 + 0.5 

- 1 0  rain 5.3 _+ 0.1" 

- 3 0  mm 5.9 -+ 0.4* 

- 4  h 6.1 -+ 0.3* 

- 2 4  h 7.4 -+ 0.3 

- 2  h 5.4 -+ 0.2t  

- 2  h 6.9 _+ 0.8 

- 2 h  

5.5 _+ 0.3t  

5.7 _+ 0.21- 

5.5 _+ 0.3t  

6.6 _+ 0.3 

NOTE. C57BI/6J mice fed a NC or HF diet were fasted for 5 hours 

before blood glucose measurement. The mice previously received 1 

nmol GLP-1 or GLP-1-Gly8 as an mtraperitoneal inlection at the 

indicated times before blood sampling, or the indmated amount of 

GLP-1-Gly8 2 hours before measurement of glycemia. 

*Significantly different vcorrespondmg noninjected HF group, P < 

.05, n > 5. 

1-Significantly different v corresponding HF sahne-mjected group, 

P < .05, n > 5. 

IPGTT. Figure 5C shows that when administered intraperitone- 
ally 2 hours before initiation of the IPGTT, complete correction 
of glucose intolerance could be achieved with 0.3 nmol of 
GLP-1-Gly8, and a significant effect was still observed with 0.1 
nmol. 

We then evaluated the abdity of GLP-1-Gly8 to control 
glycemia in 5-hour fasted mice. A single injection of 1 nmol 
GLP-1-Gly8 maintained normoglycemia for at least 4 hours, 
whereas the effect of 1 nmol GLP-1 had already vanished after 
30 minutes. Alternatively, when GLP-1-Gly8 was injected 2 
hours before blood was sampled, normoglycemia was main- 
tained with as little as 0.1 nmol (Table 3). 

DISCUSSION 

The present study shows that substitution of the alanine 
normally present at the second positron of GLP- 1 by a glycine 
improves the resistance of the peptide to the actmn of DPPIV. 
This was demonstrated by showing the resistance of the peptide 
to hydrolysis by the purified enzyme, and by the preserved 
biological activity of the mutant peptide incubated up to 72 
hours in the presence of FBS. Importantly, this Ala to Gly 
substitution did not change the binding affinity or the capacity 
of the peptide to activate the production of cAME 

The effectiveness of the DPPIV-resistant form of the peptide 
to control glycemic levels was demonstrated by several experi- 
ments. First, when injected at 30 minutes after initiation of an 
IPGTT, GLP-1-Gly8 showed an approximately 10-fold more 
potent therapeutic effect, since 0.1 nmol of the mutant peptide 
produced the same glycemic correction as 1 nmol GLP-1. This 
effect was mediated by the insulinotropic effect of the peptide, 

since insulin levels increased and glucagon levels decreased 30 
minutes after injection of the mutant peptide. Second, preinjec- 
tion of 1 nmol GLP-1-Gly8 up to 4 hours before initiation of the 
IPGTT completely corrected the glucose intolerance, whereas 
the same amount of GLP-1 had no effect even when injected 30 
minutes before the IPGTT. And third, when injected 2 hours 
before the IPGTT, 0.3 nmol completely corrected the glucose 
intolerance and 0.1 nmol still had a significant effect. 

This improved physiological action of GLP-1-Gly8 was 
unexpected from previously published data, which reported that 
the half-life in pig serum of the GLP-1-Gly8 mutant was 
increased about sixfold and the half-life in vivo was increased 
about threefold compared with GLP-1. 24 The basis for the 
improved biological efficiency of this peptide is not known. 
However, it may be due to the fact that cleavage of GLP-1 by 
DPPIV leads to the formation of GLP-I(9-37). This peptide is a 
low-affinity antagonist of the GLP-1 receptor and can be found 
m vivo at a 10-fold excess over GLP-1. 23 Because of its 
resistance to DPPIV, GLP-1-Gly8 is unlikely to produce 
significant concentrations of this antagonist. This may therefore 
explain, in part, the persistence of the in vivo efficacy of the 
mutated peptide. In addition, a single injection of GLP-1-Gly8 
decreased glucagon levels much more efficiently than GLP-1 
and for a prolonged period. The improved insulin to glucagon 
ratio may have significant effects on hepatic glucose produc- 
tion, thereby further reinforcing the antidiabetic effect of 
GLP-1-Gly8. 

Several studies have been performed to evaluate the therapeu- 
tic potential of GLP-1 in the control of diabetic hyperglycemia 
in human patients. 15,16J8 In initial clinical assays, GLP-1 was 

given intravenously either as a bolus at the beginning of a meal 
or as a continuous infusion over the time of observation, and a 
possible prolonged correction of glycemia after cessation of 
peptide administration was not evaluated. However, recently, 
Rachman et aP ° infused GLP-1 overnight to diabetic patients at 
a rate that led to correction of basal hyperglycemia. Following 
discontinuation of GLP-1 infusion, a breakfast was given to the 
patients and the glycemia immediately returned to the diabetic 
level, indicating no prolonged effect of GLP-1. In an effort to 
develop GLP-1 as a therapeutically useful molecule, this 
peptide was administered either as a subcutaneous injection 31-33 
or as a buccal tablet. 34 Although good correction of the 
glycemic excursion could be obtained, the therapeutic efficacy 
of the peptide was also short-lived. 

In conclusion, we have demonstrated that GLP-1-GIy8, due 
to its resistance to inactivation by DPPIV and probable absence 
of antagonist production, increases insulin secretion and normal- 
izes glucagon and glucose levels for a longer time than the 
natural peptide, and hence can better improve glycemic control 
in I-IF diabetic mice. GLP-1-Gly8 therefore represents a signifi- 
candy improved form of this incretin hormone, since lower 
doses can be used for the correction of diabetic hyperglycemia 
and with a more flexible schedule of administration. 

A C K N O W L E D G M E N T  

We wash to thank Dr E. Grouzmann for HPLC analysis and Drs P. 
Dupraz, W. Pralong, and E. Roland for helpful discussions. 



258 BURCELIN, DOLCI, AND THORENS 

REFERENCES 

1. DeFronzo RA: The triumvirate: [3-Cell, muscle, liver. A collusion 
responsible for NIDDM. Diabetes 37:667-687, 1988 

2. Kahn CR, Shechter Y: Insulin, oral hypoglycemic agents, and the 
pharmacology of the endocrine pancreas, in Gilman AG, Rall TW, Nies 
AS, Taylor P (eds): The Pharmacological Basis of Therapeutics. New 
York, NY, Pergamon, 1990, pp 1463-1494 

3. Shimizu I, Hirota M, Ohboshi C, et al: Identification and 
localization of glucagon-like peptide-1 and its receptor in rat brain. 
Endocrinology 121:1076-1082, 1987 

4. Orskov C: Glucagon-like peptide-1, a new hormone of the 
entero-insular axis. Diabetologia 35:701-711, 1992 

5. Thorens B, Waeber G: Glucagon-like peptide-1 and the control of 
insulin secretion in the normal state and in NIDDM. Diabetes 42:1219- 
1225, 1993 

6. Mojsov S. Heinrich G, Wilson IB, et al: Preproglucagon gene 
expression in pancreas and intestine diversifies at the level of post- 
translational processing. J Biol Chem 261:11880-11889, 1986 

7. G6ke R, Conlon JM: Receptors for glucagon-like peptide-l(7- 
36)amide on rat insulinoma-derived cells. J Endocrinol 116:357-362, 
1988 

8. Thorens B: Expression cloning of the pancreatic beta cell receptor 
for the gluco-incretin hormone glucagon-like peptide I. Proc Natl Acad 
Sci USA 89:8641-8645, 1992 

9. Widmann C, Btirki E, Dolci W, et al: Signal transduction by the 
cloned glucagon-like peptide-1 receptor. Comparison with signalling by 
the endogenous receptors of [3 cell lines. Mol Pharmaco145:1029-1035, 
1994 

10. Holst JJ, Orskov C, Vagn Nielsen O, et al: Truncated glucagon- 
like peptide 1, an insulin-releasing hormone from the distal gut. FEBS 
Lett 211:169-174, 1987 

11. Mojsov S, Weir GC, Habener JF: Insulinotropin:glucagon-like 
peptide 1(7-37) co-encoded in the glucagon gene is a potent stimulator 
of insulin release in the perfused rat pancreas. J Clin Invest 79:616-619, 
1987 

12. Weir GC, Mojsov S, Hendrick GK, et al: Glucagon-like peptide 1 
(7-37) actions on endocrine pancreas. Diabetes 38:338-342, 1989 

13. Drucker DJ, Philippe J, Mojsov S, et al: Glucagon-like peptide I 
stimulates insulin gene expression and increases cyclic AMP levels in 
rat islet cell line. Proc Natl Acad Sci USA 84:3434-3438, 1987 

14. Fehmann H-C, Habener JF: Insulinotropic hormone glucagon- 
like peptide-I(7-37) stimulation of proinsulin gene expression and 
proinsulin biosynthesis in insulinoma bTC-1 cells. Endocrinology 
130:159-166, 1992 

15. Nathan DM, Schreiber E, Fogel H, et al: Insulinotropic action of 
glucagonlike peptide-l-(7-37) in diabetic and nondiabetic subjects. 
Diabetes Care 15:270-276, 1992 

16. Gumiak M, Orskov C, Holst JJ, et al: Antidiabetogenic effect of 
glucagon-like peptide-1 (7-36)amide in normal subjects and patients 
with diabetes mellitus. N Engl J Med 326:1316-1322, 1992 

17. Nanck MA, Heimesaat MM, eirskov C, et al: Preserved incretin 
activity of glucagon-like peptide 1 (7-36)amide but not of synthetic 
human gastric inhibitory polypeptide in patients with type-2 diabetes 
mellitus. J Clin Invest 91:301-307, 1993 

18. Nauck MA, Kleine N, Orskov C, et al: Normalization of fasting 
hyperglycaemia by exogenous glucagon-like peptide 1 (7-36 amide) in 
type 2 (non-insulin-dependent) diabetic patients. Diabetologia 36:741- 
744, 1993 

19. Orskov C, Wettergren A, Hoist JJ: Biological effects and 
metabolic rates of ghicagon-like peptide-1 7-36 amide and glucagonlike 
peptide-1 7-37 m healthy subjects are indistinguishable. Diabetes 
42:658-661, 1993 

20. Panly RP, Rosche F, Wermann M, et al: Investigation of 
glucose-dependent insulinotropic polypeptide-(1-42) and glucagon-like 
peptide-l(7-36) degradation in vitro by dipeptidyl peptidase IV using 
matrix-assisted laser desorption/ionization-time of light mass spectrom- 
etry. A novel kinetic approach. J Biol Chem 271:23222-23229, 1996 

21. Deacon CF, Nauck MA, Toft-Nielsen M, et al: Both subcutane- 
ously and intravenously administered glucagon-like pepfide 1 are 
rapidly degraded from the NH2-terminus in type II diabetic patients and 
in healthy subjects. Diabetes 44:1126-1131, 1995 

22. Mentlein R, Gallwitz B, Schmidt WE: Dipeptidyl peptidase 1V 
hydrolyses gastric inhibitory polypeptide, glucagon-like peptide-l-(7- 
36)amide, peptide histidine methionine and is responsible for their 
degradation in human serum. Eur J Biochem 214:829-835, 1993 

23. Knudsen LB, Pridal L: Glucagon-like peptide-l-(9-39)amideis a 
major metabolite of glucagon-like peptide-l-(7-36)amide after in vivo 
administration to dogs, and it acts as an antagonist of the pancreatic 
receptor. Eur J Pharmaco1318:429-435, 1996 

24. Deacon C, Knudsen LB, Madsen K, et al: Dipeptidyl peptidase 
IV resistant analogues of glucagon-like peptide-1 which have extended 
metabolic stability and improved biological activity. Diabetologia 
41:271-278, 1998 

25. Widmann C, Dolci W, Thorens B: Desensitization and phosphor- 
ylation of the glucagon-like peptide-1 (GLP-1) receptor by GLP-1 and 
4-phorbol 12-myristate 13-acetate. Mol Endocrinol 10:62-75, 1996 

26. Beanvais A, Monod M, Wyniger J, et al: Dipeptidyl peptidase IV 
secreted by Aspergillus fumigatus, a fungus pathogenic to humans. 
Infect Immun 65:3042-3047, 1997 

27. Gorne RC, Hiens J, Hilse H, et al: Dipeptidyl peptidase activities 
in various organs of the Wistar rat. Pharmazie 38:112, 1983 

28. Gossran R: Histochemical and biochemical distribution of 
dipeptidyl peptidase IV. Histochemistry 60:231, 1979 

29. Hanski C, Huhle T, Reutter W: Involvement of plasma mem- 
brane dipeptidyl peptidase IV in fibronectin-mediated adhesion of cells 
on collagen. J Biol Chem 266:1169-1176, 1985 

30. Rachman J, Barrows BA, Levy JC, et al: Near-normalization of 
diurnal glucose concentrations by continuous administration of glucagon- 
like peptide-1 (GLP-1) in subjects with NIDDM. Diabetologia 40:205- 
211, 1997 

31. Gutniak MK, Linde B, Hoist JJ, et al: Subcutaneous injection of 
the incretin hormone glucagon-like peptide 1 abolishes postprandial 
glycemia in NIDDM. Diabetes Care 9:1039-1044, 1994 

32. Juntti-Berggren L, Pigon J, Karpe F, et al: The antidiabetogenic 
effect of GLP-1 is maintained during a 7-day treatment period and 
improves diabetic dyslipoproteinemia in NIDDM patients. Diabetes 
Care 19:1200-1206, 1996 

33. Todd JF, Wilting JPH, Edwards CMB, et al: Glucagon-like 
peptide-1 (GLP-1): A trial of treatment in non-insulin-dependent 
diabetes mellitus. Eur J Clin Invest 27:533-536, 1997 

34. Gutniak MK, Larsson H, Heiber SJ, et al: Potential therapeutic 
levels of glucagon-like peptide-1 achieved in human by a buccal tablet. 
Diabetes Care 19:843-848, 1996 


