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The purpose of the preSent study was to compare the glucose dependency Of the insulin secretagogue activity of the 
sulfonylurea, glyburide, versus that of glucag0n-like peptide-l(7-37) [GLP-1(7-37)] in vitro and in vivo. In freshly isolated rat 
islets, maximally effective concentrations of glyburide (10 iLmol/L) and GLP-1(7-37) (10 nmol/L) were equally effective in 
stimulating insulin secretion in the presence of 15 mmol/L glucose (2.4-fold increase re!ative to 15 mmo!/L glucose alone). At 5 
mmol / L glucose, both agents increased irisulin secretion, but the effect for glyburide was threefold greater than for GLP-1(7-37) 
(122% and 41% increase in insulin secretion; respectively). In conscious Catheterized rats infused with glucose at a variable rate 
to clamp plasma glucose concentration at i l  mmol/L, glyburide (1 mg/kg orally) and GLP-1(7-37) (infused intravenously [IV] at 
5 pmol/min/kg) produced similar increases in insulin levels (1.8-fold relative to the respect!ve vehicle controls) that were 
sustained through 60 minutes of measurement. These doses of GLP-1(7-37) and glyburide were then administered to fasted and 
fed rats (basal plasma glucose concentration, 5.8 and 7.3 mmol/L, respectively). Relative to the vehicle control group, 
GLP-1(7-37) infusion produced a transitory increase (30%) in plasma insulin concentration and a modest sustained decrease 
110% to 20%) in glucose in both fasted and fed rats, whereas glyburide induced a sustained 2.4- and 1.7-fold increase in plasma 
insulin concentration in fasted and fed ratS, respectively, and a 50% decrease in plasma glucose in both fasted and fed rats: 
Results of these studies demonstrate the higher glucose threshold for the insulin secretagogue activity of GLP-1(7-37) relative 
to glyburide in vitro and in vivo. 
Copyright © 1996by W,B. Saunders Company 

~ E C O N D - G E N E R A T I O N  sulfonylureas such as  gly, 
buride and glipizide and first-generation sulfonylureas 

such as tolbutamide and chlorpropamide are insulin secre- 
tagogues that have been used extensively fo r treatment of 
non-insulin-dependent diabetes mellitus (NIDDM). Sulfo- 
ny!ureas stimulate insulin secretion through interaction 
with pancreatic adenosine triphosphate-sensitiv e potas- 
sium channels. Although they are effective in many pa- 
tients, there is a high rate of primary and secondary failure, 
and because they stimulate insulin secretion at low glucose 
concentrations, there is a risk of hypogiycemia in those 
patients who respond well to sulfonylureas. Therefore, 
there is a need for new agents that stimulate insulin 
secretion by a mechanism distinct from thaic of sulfonyl- 
ureas. 

Truncated glucagon-like peptides-i (GLP-l(7-37) and 
GLP-l(7-36)-amide ) are naturally occurring peptides that 
are Synthesized primarily in the intestine and secreted 
following a meal or glucose challenge. 1-3 Several lines of 
evidence suggest that endogenous GLP-l(7-37)/(7-36)- 
amide act physiologically as insulin secretagogue s and may 
function as incretins. 4-6 GLP-1(7:37) and GLP-l(7-36)- 
aniide have potent insulin secretagogue activity in isolated 
islets; perfused pancreas,  and cultured 13-cell lines. 7-12 
Specific receptors for the GLPs have been demonstrated on 
rat insulinoma cell lines 13,14 and rat islets of Langerhans,15 
where their activity is linked to the stimulation of adenyl 
cyclase, 16 Exogenous administration of GLP-1(7-37) or 
GLP-l(7-36)-amide has been shown to increase circulating 
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insulin levels and decrease blood glucose in animal models 
and humans.3 ,17-26 

Because of their potent insulin secretagogue activity and 
different mechanism of action versus sulfonylureas, trun- 
Cated GLPs represent potential therapeutic agents for 
treatment of NIDDM. There are no reports that directly 
compare GLPs and sulfonylureas for effects on insulin 
secretion. 

The present studies were conducted to compare the 
glucose dependency of the insulin secretagogue activity of 
GLP-l(7-37) and glyburide both in vitro and in vivo to 
examine whether GLP-l(7-37) is likely to have advantages 
over the sulfonylureas. 

MATERIALS AND METHODS 

In Vitro Studies 
Rat islets. Rat islets were isolated by a modification of the 

27 method of Lacy and Kostianovsky, in which the collagenase digest 
of pancreatic tissue was separated On a Ficoll gradient (27%, 23%, 
20.5%, and 11% in Hanks balanced salt solution, pH 7.4). Islets 
were collected from the 20.5%/11% interface, washed, and hand- 
picked free of exocrine and other tissue under a stereomicroscope. 
Groups of eight isolated islets were Preincubated in glucose-free 
buffer (Krebs-Ringer bicarbonate buffer, pH 7.4 at ambient CO2, 
containing 0.25% bovine serum albumin) for 1 hour at 37°C. They 
were then transferred to 500 txL buffer containing 5 or 15 mmol/L 
glucose with or without drug and incubated for 30 minutes at 37°C. 
An aliquot of islet-free medium was collected for determination of 
insulin concentration: 

In Vivo Studies 

The effects of glyburide and GLP-l(7-37) on insulin concentra- 
tions were studied i n conscious catheterized male Sprague-Dawley 
rats at three levels of glycemia: 11 (clamped), 5.8 (fasted), and 7.3 
mmol/L (fed). 

Animals and surgical preparation. Rats (body weight, 300 to 
350 g; Charles River, Wilmington, MA) were housed in an 
environmentally controlled room (21°C with a 12-hoUr light/dark 
cycle) with food (standard rodent chow) and water available ad 
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libitum. For surgical implantation of catheters, rats were anesthe- 
tized (70 mg/kg ketamine and 8.5 mg/kg xylazine by intramuscular 
injection), and PE50 tubing was implanted in the left carotid artery 
and right jugular vein. The catheters were exteriorized at the back 
of the neck, filled with a polyvinylpyrrolidone solution in heparin- 
ized saline, flame-sealed, and secured with tape. Rats were housed 
individually and given 7 days' recovery from the surgery. On the day 
of the experiment, the catheters were untaped and flushed with 
saline and the animals were allowed to settle for at least 30 minutes 
before initiation of the experiment. During the experiment, rats 
were allowed to move about freely. 

Hyperglycemic clamp. A 2-hour hyperglycemic clamp was per- 
formed in fed rats. Glucose (50% solution) was infused at a 
variable rate to maintain plasma glucose concentration at 11 
mmol/L Blood samples (30 eL) for glucose determination were 
taken every 5 minutes and immediately centrifuged. Plasma was 
analyzed for glucose concentration, and the exogenous rate of 
glucose infusion was adjusted accordingly. Samples (250 ~L) for 
insulin determination were taken every 15 to 30 minutes from the 
carotid artery catheter. Replacement blood (6 mL whole rat blood 
obtained by decapitation and collected through gauze into tubes 
containing 4 mL saline and 1 mL heparin) was administered (500 
p~L) via the carotid artery catheter every 15 minutes. GLP-l(7-37) 
(5 pmol/kg/min) or vehicle (2% heat-inactivated serum + 1% 
sodium acetate in normal saline) were infused IV from 60 to 120 
minutes. Glyburide (1 mg/kg by gavage) or vehicle (0.05N NaOH) 
were administered at 60 minutes of the 2-hour clamp. At the end of 
the clamp, a blood sample was taken from rats infused with 
GLP-1(7-37), into tubes containing EDTA and aprotinin for 
analysis of GLP-l(7-37) concentration. 

Fasted and fed rats. Fasted rats had food removed at 4 to 5 eM 
the evening before the experiment. On the day of the experiment, 
the catheters were exteriorized and the animals were allowed to 
settle. Basal samples for glucose and insulin determination were 
taken, and treatment with GLP-l(7-37) (5 pmol/kg/min infused IV 
for 60 minutes), glyburide (1 mg/kg orally), or vehicle (2% 
heat-inactivated serum and i% sodium acetate in normal saline 
infused IV at l mL/h plus 0.5 mL 0.05N NaOH orally) was 
initiated. To control for the effects of handling and vehicle, 
GLP-l(7-37)-infused rats were administered the glyburide vehicle 
by garage (0.05N NaOH 1 mL), glyburide-treated rats were infused 
IV with GLP-l(7-37) vehicle (2% heat-inactivated serum + 1% 
sodium acetate in normal saline IV), and vehicle control rats were 
given both vehicles. Blood samples were taken from the carotid 
artery catheter at - 1, 15, 30, and 60 minutes for plasma insulin and 
every 5 minutes for plasma glucose determinations. Replacement 
blood (0.5 mL prepared as described above) was given every 15 
minutes. After the 60-minute insulin sample was collected, a blood 
sample was taken from rats infused with GLP-I(7-37), into tubes 
containing EDTA and aprotinin for analysis of GLP-l(7-37) 
concentration. 

Analytical Methods 

Plasma glucose was determined either with the glucose oxidase 
method using a Beckman Glucose Analyzer 2 (Beckman Instru- 
ments, Brea, CA) or spectrophotometrically (hexokinase and 
glucose-6-phosphate dehydrogenase) on an Abbott VP Supersys- 
tern (Abbott Laboratories, North Chicago, IL). Plasma and islet- 
free media insulin concentrations were determined by a radioimmu- 
noassay kit (Binax, Portland, ME). Plasma GLP-l(7-37) 
concentration was determined on unextracted plasma by radioim- 
munoassay (kit from Peninsula Laboratories, Belmont, CA). GLP- 
1(7-37) was obtained from Bachem (Torrance, CA). 

Statistical Analysis 

Statistical evaluation of the data was performed with one-way 
ANOVA using StatView 512+ computer software (Brain Power, 
Agoura Hills, CA). When ANOVA indicated significant differ- 
ences (P < .05), a Fisher's protected least-significant difference 
test was performed to determine which means were statistically 
different. 

RESULTS 

In Vitro Studies 

In pilot studies with freshly isolated islets, 10 n m o l / L  
GLP-l(7-37)  and 10 txmol/L glyburide were maximally 
effective concentrations for stimulation of insulin secretion, 
and these concentrations were used for the comparison of 
glucose dependency. At  15 m m o l / L  glucose, GLP-l(7-37)  
and glyburide induced a similar stimulation of insulin 
secretion (2.4-fold relative to 15 m m o l / L  glucose without 
drug). At  5 m m o l / L  glucose, both agents increased insulin 
secretion; however, the effect of glyburide was threefold 
greater  (P < .05) than the effect of GLP-l(7-37)  (Fig 1). 

In Vivo Studies 

Effects of glyburide and GLP- 1 (7-37) during hyperglycemia. 
In previous studies in rats, 2° we have shown that GLP- l (7-  
37) at 5 pmol /kg /min  (IV) is a submaxirnal dose for 
increasing insulin concentrat ion during an 11 m m o l / L  
hyperglycemic clamp. In pilot hyperglycemic clamp studies 
in which glyburide doses of 0.05, 1, and 20 mg/kg  were 
tested, a dose of 1 mg/kg produced insulin secretagogue 
activity comparable to GLP-1(7-37) at 5 pmol /min /kg  (data 
not shown). Thus, a side-by-side comparison was per- 
formed using 5 pmol /kg /min  GLP-l(7-37) and 1 mg/kg  
(orally) glyburide. During the first 60 minutes of the clamp 
(glucose infusion only), insulin increased from 252 to 858 
pmol /L,  with a glucose infusion rate of  183 Ixmol/min/kg 
(mean of all the t reatment  groups). There  were no differ- 
ences between the groups at the basal or 60-minute time 
points (Table 1). Glyburide (given orally at 60 minutes of 
the clamp) and GLP-l(7-37)  (infused IV from 60 to 120 
minutes of the clamp) each enhanced the glucose-induced 
increase in plasma insulin concent ra t ion  by 1.8-fold 
(P < .05) relative to values in the respective vehicle-treated 
groups during the last 30 minutes of  the clamp. There  was 
no difference between glyburide and GLP-l(7-37) in the 
increase in insulin concentrat ion (Table 1), and the effect of 
the two agents was sustained through 60 minutes (Fig 2). 
Relative to the respective vehicle groups, the glucose 
infusion rate required to maintain glucose at 11 m m o l / L  
was increased 54% in both the GLP-l(7-37)  and the 
glyburide groups (P < .05 for drug v respective vehicle; 
Table 1). 

Comparison of GLP-l(7-37) and glyburide in fed and 
fasted Sprague-Dawley rats. Glyburide and GLP-l(7-37) 
were tested in fed and fasted Sprague-Dawley rats for 
effects on glucose and insulin concentrations at the doses 
that caused similar increases in insulin levels during the 
hyperglycemic clamp. 

A 1-hour infusion of GLP-l(7-37) produced transitory 
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Fig 1. Insulin secretion from freshly isolated rat islets in static 
incubation at 5 mmol /L  glucose (A) or 15 mmol /L  glucose (B) in the 
absence of drug (control) or in the presence of'GLP-I(7-37) (10 
nmol/L) or glyburide (10 i~mol/L) as indicated, Data are expressed as 
% stimulation relative to the mean control value at 5 mmol /L  glucose 
(which was 221 -+ 36 pmol/L, n = 14). Values are the mean -+ SEM 
(n = 12 to 16). *Significant difference between drug and control 
(P< .05). #Significant difference between glyburide and GLP-1(7-37). 

increases (~  30%) in insulin relative to the vehicle-treated 
control groups; however, under these conditions, the in- 
crease was not statistically significant (P > .05; Fig 3). 
GLP-l(7-37) infusion induced sustained significant de- 
creases in glucose concentrations (10% and 14% to 20% in 
fasted and fed groups, respectively, relative to the time- 
matched values in vehicle-treated control groups, P < .05) 
beginning at 45 minutes in fasted rats and at 15 minutes in 
fed rats (Fig 3). It is noteworthy that there were small 
increases in glucose and insulin from baseline in the 
vehicle-treated group, probably as a result of handling. 

GLP-1(7-37) attenuated vehicle-induced increases in glu- 
cose, but glucose values did not decrease to less than 
baseline. GLP-l(7-37) concentrations in fasted and fed rats 
infused with GLP-l(7-37) were 227 _-. 14 and 187 +_ 21 
pmol/L, respectively. 

In both fasted and fed rats, glyburide induced an increase 
in insulin and a decrease in glucose (P < .05) at 15 minutes 
postdose, and the effects were sustained through 60 min- 
utes of measurement (Fig 3). In comparison to vehicle- 
treated controls, glyburide induced a 2.3- and 1.8-fold 
increase in insulin in fasted and fed rats, respectively, and 
an approximately 50% decrease in glucose in both groups. 
At most time points tested, glyburide had a greater (P < .05) 
effect on glucose and insulin concentrations than GLP-l(7- 
37) in both fasted and fed rats (Fig 3). 

DISCUSSION 

These results demonstrate the lower glucose threshold 
for insulin secretagogue activity of the second-generation 
sulfonylurea, glyburide, relative to GLP-l(7-37) in vitro and 
in vivo. 

In rat pancreatic islets, glyburide stimulated insulin 
secretion in the presence of 5 mmol/L glucose (Fig 1), a 
concentration corresponding to fasting glycemia in rats and 
humans. GLP-l(7-37) had a significantly smaller effect on 
insulin secretion from islets at 5 mmol/L glucose, although 
at 15 mmol/L glucose, its maximal effect was comparable to 
that of a maximally effective concentration of glyburide (Fig 
1). Thus, GLP-1(7-37) stimulated insulin secretion most 
effectively at concentrations that simulated hyperglycemia. 
These data are consistent with the observations reported by 
Holz et al, 28 who found that in rat pancreatic 13 cells the 
inhibition by GLP-l(7-37) of adenosine triphosphate- 
sensitive K ÷ channels exhibited an absolute requirement 
for the presence of glucose, whereas the inhibition of these 
channels by glyburide was more direct and glucose- 
independent. 

The higher glucose threshold for insulin secretagogue 
activity of GLP-1(7-37) relative to glyburide was also 
demonstrated in vivo. At appropriate doses, the two drugs 
induced identical changes in circulating insulin under the 
conditions of a hyperglycemic clamp (Table 1 and Fig 2). 
However, when these same doses were administered to fed 
and fasted rats, differences in glycemic responses to the two 
drugs became apparent. In fasted animals, GLP-1(7-37) 
was essentially without effect on plasma glucose and insulin 
levels (Fig 3). In contrast, glyburide administration to 
fasted animals stimulated plasma insulin to levels compa- 
rable to those observed in the fed animals, causing a 
corresponding decrease in plasma glucose to less than 3.4 
mmol/L. In fed animals, effects of the two drugs were less 
strikingly different (Fig 3). Both caused an increase in 
circulating insulin, although the effect of GLP-l(7-37) did 
not achieve statistical significance relative to the correspond- 
ing vehicle control. Both drugs caused a decrease in 
circulating glucose. The glucose level achieved in glyburide- 
treated animals was significantly less than that in GLP-l(7- 
37)-treated animals. Higher doses of GLP-l(7-37) pro- 
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Table 1. Plasma Glucose and Insulin Concentrations and Glucose Infusion Rate During the 11-mmol/L Hyperglycemic Clamp Before (0-60 min) 

and After (90-120 min) Administration of Glyburide (1 mg/kg,  orally) or GLP-1(7-37) (5 pmo l /m in / kg  IV) Starting at 60 Minutes 

Glucose Concentration (retool/L) Insulin Concentration (prnol/L) Glucose Infusion Rate (ixmol/min/kg) 

Treatment 0 min 60 min 90-120 min 0 min 60 rnin 90-120 rain 60 min 90-120 min 

Vehicle (orally) 6,7 _+ 0.3 11 _+ 0.3 11.5 ± 0.2 258 ± 18 900 ± 72 936 _+ 156 178 _+ 11 167 _+ 17 

Glyburide (1 rng/kg orally) 6.9-+0.3 11.1-+0.5 11,1-+0.2 264_+30 948_+48 1,660-+174" 189-+17 2 5 5 + 2 2 *  
Vehicle (IV) 6,8 _+ 0.3 10.7 _+ 0.2 11.1 -+ 0.2 228 ± 30 900 ± 102 980 _+ 120 194 + 17 205 _+ 17 

GLP-1(7-37) (5 pmol/ 
min/kg IV) 6,9-+0.3 10.6-+0.3 11.2+0.1 264-+24 804-+138 1,760-+240 * 1 7 8 + 1 7  316±6"1"  

NOTE. Values are the mean ± SE (n = 5 to 7). For 90- to 120-minute values, measurements of glucose infusion rate, and glucose and insulin 

concentrations obtained every 5 to 30 minutes during the last 30 minutes of the clamp were averaged for each rat and mean group values are 
presented. 

*Significantly different from corresponding vehicle-treated group (P < .05). 

tSignificant difference between GLP-1(7-37)-and glyburide-treated groups (P < .05). 

duced no additional effect on insulin secretion or glucose 
levels in fed or fasted rats (data not shown). The transitory 
insulin response to GLP-l(7-37) under fasted conditions 
was probably a consequence of the glucose concentration 
decreasing to less than the threshold for stimulation of 
insulin secretion by GLP-l(7-37), since GLP-l(7-37) in- 
duced a sustained stimulation of insulin secretion when 
glucose was maintained at a hyperglycemic level (Fig 2). 
Consistent with this interpretation, in a previous report, 
GLP-l(7-37) infusion induced a transitory increase in 
insulin and a sustained decrease in glucose (to 5.8 mmol/L) 
in fed Zucker diabetic fatty rats (an animal model with 
hyperglycemia and hyperinsulinemia) and their lean litter- 
mates. However, in fed and fasted Sprague-Dawley rats, 
GLP-l(7-37) induced a transitory effect on both glucose 
and insulin, with a threshold for insulin secretagogue 
activity of 5.3 mmol/L in fasted rats and 5.8 mmol/L in fed 
rats. 2° The apparently higher glucose threshold and the 

-~ 2000 
O 
E 

c 
.2 1500 

o 
c 
0 1 0 0 0 '  
o 
c 

500 '  

E 

Fig 2. 

Glucose infusion 1 
0 

0 3'0 6'0 90 120 

Time (rain) 

Time course of insulin concentration during the 11-mmol/L 
hyperglycemic clamp. Catheterized Sprague-Dawley rats were in- 
fused with glucose at a variable rate to maintain plasma glucose at 11 
mmol /L  for 120 minutes. At  60 minutes of glucose infusion, rats 
received either GLP-1(7-37) infusion (5 pmol /min/kg IV, O), IV vehicle 
infusion {C)), glyburide (1 mg/kg orally, A), or vehicle (orally, /k). 
Values are the mean "4- SEM (n = 6 to 7}, *Significant difference 
between drug and corresponding vehicle (P < .05). 

more sustained glucose-lowering effect in the present 
report may be the result of differences in handling. In the 
previous report, rats received an IV infusion only; in the 
present report, they also received a vehicle gavage to 
compare the data with those obtained in glyburide-treated 
rats, and the gavage produced a modest increase in glucose. 

In nondiabetic human subjects, GLP-l(7-37)/GLP-l(7- 
36)-amide appears to have a lower glucose threshold of 
action than in the rat, as demonstrated by a small decrease 
in plasma glucose in subjects with fasting plasma glucose 
levels of 5 mmol/L 24 and approximately 4.7 mmol/L. 26 
However, this action was transitory, since plasma insulin 
levels started to decline when plasma glucose decreased to 
4.1 to 4.4 mmol/L, suggesting a similar glucose dependency 
of action in the rat, but with a slightly lower glucose 
threshold. In patients with NIDDM, GLP-l(7-37)/GLP-l(7- 
36)-amide increased insulin secretion for longer periods 24,25 
and in the latter study, plasma glucose was reduced to a 
nadir of 4.9 mmol/L after 4 hours' administration. It is 
noteworthy that this activity of the incretin, GLP-l(7-37), 
represents an amplification of the peptide's normal role to 
stimulate insulin secretion, that leads to a reduction in 
hyperglycemia in patients with NIDDM, but that another 
putative incretin, GIP, is ineffective in NIDDM, in contrast 
to its effects in nondiabetics. 17,25 

We conclude that although glyburide and GLP-l(7-37) 
are both effective insulin secretagogues and hence have 
glucose-lowering activity, they differ in the glucose thresh- 
old for stimulation of insulin secretion. Glyburide stimu- 
lates insulin secretion even at glucose concentrations that 
correspond to hypoglycemia. However, GLP-1(7-37) is 
relatively inert at low glucose concentrations and becomes 
an effective secretagogue only at glucose concentrations 
that correspond to hyperglycemia. As glucose decreases 
toward euglyeemic levels, the effectiveness of GLP-1(7-37) 
as an insulin secretagogue diminishes and once euglycemia 
is achieved, apparently ceases, despite continued infusion 
of the drug. Thus, the effects of GLP-l(7-37) are, in effect, 
self-limiting. It follows that GLP-1(7-37) is less likely than 
glyburide to cause hypoglycemia in vivo. This property has 
important implications for its therapeutic potential in the 
treatment of NIDDM. 
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Fig 3. Time course of insulin 
and glucose concentrations in 
fasted (left) and fed (right} cath- 
eterized Sprague-Dawley rats 
treated with vehicle (2% heat- 
inactivated serum + 1% sodium 
acetate in normal saline IV and 
0.05N NaOH orally, ©), GLP-1(7- 
37) (5 pmol /min/kg IV, O), or 
glyburide (1 mg/kg orally, &). 
Values are the mean -+ SEM 
(n = 7 to 10). *Significant differ- 
ence between drug and corre- 
sponding vehicle (P < .05). #Sig- 
nificant difference between 
glyburide and time-matched GLP- 
1(7-37}. For clarity, significance 
symbols for glucose concentra- 
tion time course graphs are 
shown at 15-minute intervals. 
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