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OBJECTIVE— To assess whether treatment with glyburide alters fJ-cell sensitivity
to G1P in NIDDM patients.

RESEARCH DESIGN AND METHODS— We studied 5 untreated NIDDM pa-
tients in a meal study (Ensure, 240 ml/M2) and a 2-h hyperglycemic glucose clamp
study (glucose 5.4 mM above fasting). From 60 to 120 min of the clamp, GIP was
infused in a primed continuous manner at a rate of 2 pmol • kg"1 • min"1. Subjects
then were treated with glyburide. After they had been on a stable dose of medication
for 1 mo, the meal study and glucose clamp studies were repeated.

RESULTS — In response to treatment, a decrease in fasting glucose and an increase
in weight was observed (12.8 ± 1.8 vs. 8.5 ± 0.8mM and 74.3 ± 6.3 vs. 76.1 ± 6.3
kg, respectively, P < 0.05). In response to the meal study, the AUC for glucose was
less, for insulin was increased, and for GIP was unchanged after treatment
(16.9 ± 2.1 vs. 12.6 ± 6.9 mM, P <0.05; 161 ± 47 vs. 242 ± 60 pM, P <0.05;
and 199 ± 22 vs. 219 ± 18 pM, respectively). During the hyperglycemic clamp,
steady-state glucose and 90- to 120-min GIP values were equivalent before and after
treatment (18.0 ±1 .3 vs. 18.3 ± 1.3 mM and 302 ± 59 vs. 298 ± 37 pM, respec-
tively). The 90—120 min insulin responses to the hyperglycemic clamp were greater
after therapy (123 ± 37 vs. 283 ± 80 pM, P < 0.05) reflecting increased (3-cell
responses to GIP.

CONCLUSIONS— We conclude that glyburide enhances fJ-cell sensitivity to GIP.
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G IP, formerly known as gastric in-
hibitory polypeptide, is secreted
from the gut in response to oral

glucose, fat, or protein (1) and potenti-
ates insulin release from the pancreas in
the presence of hyperglycemia (2-4). It
has been known for many years that the
insulin response to oral glucose is greater
than the response to intravenous glucose
(5), and GIP is thought to play an im-
portant role in this incretin effect. Sulfo-
nylureas stimulate insulin secretion and
increase the sensitivity of the (3-cell to
glucose and other secretogogues in
NIDDM patients (6-9). Several years
ago, it was postulated that these drugs
might increase (3-cell sensitivity to glu-
cose in diabetes by increasing the release
of GIP, thereby stimulating insulin re-
lease. However, numerous studies have
shown that treatment with sulfonylureas
does not alter basal or meal-stimulated
GIP concentrations (10-13).

We conducted these studies with
the hypothesis that glyburide does not
increase GIP release in diabetic patients
but rather enhances fJ-cell sensitivity to
GIP. Increased |3-cell sensitivity to GIP
could explain, in part, why glucose-
induced insulin release is enhanced after
treatment with this drug.

RESEARCH DESIGN AND
METHODS — These experiments were
performed in 5 patients (4 men, 1
woman, ages 42-70, and BMI 23.2-
32.2 kg/m2). All had NIDDM according
to National Diabetes Data Group Criteria
(14) and had failed at least 8 wk of di-
etary therapy. These experiments were
approved by the University of British Co-
lumbia Human Experimentation Com-
mittee, and all patients gave written in-
formed consent before participation.

Each patient underwent a meal
study and an Andres hyperglycemic glu-
cose clamp study before and after treat-
ment with glyburide (Upjohn, Kalama-
zoo, MI). All studies were started at 0700
after a 12-h overnight fast and were sep-
arated by at least 2 wk. The meal study
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was always performed before the glucose
clamp study.

Subjects remained recumbant
during the meal studies. Blood samples
were taken at —10 and 0 min to measure
basal plasma glucose and hormone con-
centrations. At time 0, subjects ingested
240 ml/m2 of Ensure (Ross, Montreal,
PQ) within 5 min. Blood samples then
were taken at 30-min intervals for 180
min to measure plasma glucose and hor-
mone concentrations.

The Andres hyperglycemic clamp
protocol was used for assessment of glu-
cose homeostasis (15). The Rj and Rj
were determined by using primed con-
stant infusions of 33H glucose (DuPont-
NEN, Boston, MA). After an overnight
fast, a priming dose of 9583 ± 1 2 0
Bq/kg 33H glucose was given at —180
min, followed by a constant infusion of
95 ± 2 Bq • kg"1 • min"1. After 150 min
of tracer infusion (at —30 min), four
blood samples were taken at 10-min in-
tervals to assess basal glucose uptake and
production rates and plasma glucose and
hormone concentrations. At time 0,
plasma glucose was acutely raised to 5.4
mM above basal by using the hypergly-
cemic glucose clamp technique and was
maintained at that level for 120 min. At
60 min, a falling priming dose (40 pmol/
kg) of purified porcine GIP (Bachem,
Torrance, CA) was administered over 10
min; from 70 to 120 min, GIP was in-
fused at a constant rate of 2 pmol • kg"1

• min"1. Arterialized blood samples (16)
were collected in heparinized syringes
from a vein in the dorsum of the hand.
The CV of plasma glucose did not exceed
5% in any study. Samples were obtained
as follows: every 2 min from 0 to 10 min
for measurement of plasma glucose and
insulin, every 5 min thereafter for plasma
glucose measurement, and every 10 min
for measurement of hormones and glu-
cose-specific activity.

After these baseline studies were
performed, subjects were treated with
glyburide. The dose of glyburide was ad-
justed by one of us (G.S.M.) to achieve
acceptable glycemic control. After sub-

jects had been on a stable dose of gly-
buride for 1 mo (dDsage range 2.5-20
mg/day), the meal study and hyperglyce-
mic glucose clamp study were repeated.
The average time beiween pre- and post-
glyburide studies w;is 8 wk. After treat-
ment, the meal study was always per-
formed before the clamp study, and the
interval between the meal and the clamp
was at least 2 wk. The same amount of
Ensure was administered after glyburide
treatment. The hyperglycemic clamp
studies after treatment were performed at
the same pretreatment glucose levels.

The plasma glucose concentra-
tion was measured immediately in all
studies with the glucose oxidase method
by using a glucose analyzer (YSI, Yellow
Springs, OH). The remaining blood was
placed in test tubes containing aprotonin
(400 KlU/ml) and EDTA (1.5 mg/ml)
and centrifuged at 4°C. Specific activity
of glucose was determined from plasma
samples that were deproteinized by bar-
ium hydroxide and zinc sulphate precip-
itation as described previously (17).
Plasma samples were frozen rapidly for
subsequent analysis of insulin and GIP.
All RIA measurements were performed in
duplicate as described previously (18).
All samples from an individual were an-
alyzed in the same assay.

Ra and Rj were calculated by us-
ing Steele's equations for non-steady-
state conditions (19). The volume of dis-
tribution of glucose was assumed to be
210 ml/kg (20).

The trapezoidal rule was used to
calculate the integrated response or AUC
for insulin, glucose, 2nd GIP values dur-
ing the meal study. The integrated re-
sponse was divided by its time interval,
resulting in a mean concentration. Dur-
ing the hyperglycemic clamp, the trape-
zoidal rule also was used to calculate the
integrated responses for 30-min intervals
for each subject. The M/I ratio was cal-
culated as described previously (15). The
u n i t s for the M/I r a t i o a re
ixmol • kg"1 • min"1 per pM x 100. All
data are presented as mean ± SE. Differ-
ences between groups were determined
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Figure 1—Glucose (A), GIP (B), and insulin
(C) values during the meal study before
(O O) and after ( • • ) glyburide.

using Student's t test for paired samples.
P < 0.05 was considered significant.

RESULTS — After glyburide treatment,
a statistically significant increase in
weight and a decrease in fasting glucose
were observed (74.3 ± 6.3 vs. 76.1 ± 6.3
kg and 12.8 ± 1.8 vs. 8.5 ± 0.8 mM, re-
spectively, P < 0.05). The responses to the
meal study are shown in Fig. 1. The AUC
for glucose was lower after glyburide treat-
ment (16.9 ± 2.1 vs. 12.6 ± 0.9 mM,
P < 0.05). Despite the lower glucose area,
the AUC for insulin was higher after treat-
ment (161 ± 47 vs. 242 ± 60 pM,
P < 0.05). The AUC for GIP was similar
before and after treatment (199 ± 22 and
219 ± 18 pM).

Glucose, GIP, and insulin re-
sponses during the hyperglycemic clamp
studies are shown in Fig. 2. Steady-state
(10-120 min) glucose levels were similar
before and after glyburide (18.0 ± 1.3
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Figure 2—Glucose (A), GIP (B), and insulin
(C) values during the hypergiycemic clamp be-

fore (O O) and after (•• • • ••) glyburide.

The R, values shown in Table 1
represent endogenous glucose produc-
tion rates. The Rj values represent glu-
cose disposal rates. Basal R, and Rj were
slightly, but not significantly, lower after
glyburide. The 30- to 60-min and 90- to
120-min Rg values were similar before
and after glyburide. The 30- to 60-min
and 90- to 120-min Rj values were
higher after glyburide, but the difference
did not reach statistical significance. Af-
ter treatment, no significant increases
were observed in the MA ratio, a measure
of insulin sensitivity 12.8 ± 5.0 vs.
25.1 ± 14.5 min, NS).

CONCLUSIONS— Sulfonylureas have
been postulated to improve glucose me-
tabolism in N1DDM by pancreatic and ex-
trapancreatic mechanisms. At the level of
the P-cell, these drugs have been shown in
vitro to stimulate insulin secretion (21,22).
In vivo, their chief effect is to potentiate the
effects of glucose and other secretogogues
on insulin release (6-9). Whether sulfo-
nylureas enhance peripheral glucose dis-
posal or not is controversial. By using the
glucose clamp technique, authors have re-
ported both enhanced (23-26) and un-

changed insulin sensitivity after sulfony-
lurea treatment of NIDDM patients
(12,13,27).

GIP is secreted from the gut in
response to oral glucose, fat, or protein
(1), and stimulates insulin secretion in
the presence of hyperglycemia (2-4). It
has been known for many years that the
insulin response to oral glucose exceeds
the response to intravenous glucose (5).
GIP has played an important role in this
incretin effect. Numerous studies have
reported that basal and stimulated GIP
levels are elevated in diabetic patients
(10,12,18,28-31), although this has not
been reported by all researchers (32).
Elevated GIP levels in these subjects may
be a compensatory mechanism for the
deterioration of (3-cell function.

Because of the known incretin ef-
fect of GIP, it was postulated that one of
the mechanisms of action of sulfo-
nylureas is to increase GIP secretion.
However, studies that have measured
basal and meal-stimulated GIP levels be-
fore and after sulfonylurea treatment in
NIDDM patients have found them to be
unchanged (10-13) or reduced (28).
Our data also showed that basal and

vs. 18.3 ±1 .3 mM. GIP, insulin, P ,̂ and
Rd values are summarized in Table 1.
Basal, 30- to 60-min, and 90- to 120-
min GIP values were virtually identical
before and after treatment. Basal insulin
values were slightly, but not signifi-
cantly, higher after treatment. Although
glucose and GIP levels were equivalent
before and after treatment, (S-cell sensi-
tivity to both glucose and GIP was sig-
nificantly increased after treatment, as
evidenced by the increment in 30- to
60-min and 90- to 120-min insulin re-
sponses during the hypergiycemic
clamp. The difference between the 30- to
60-min and 90- to 120-min insulin val-
ues, reflecting the magnitude of the re-
sponse to GIP, was greater after gly-
buride (24 ± 17 vs. 126 ± 42 pM,
P < 0.05).

Table 1—GIP, insulin, Ra, and Rd values during the hypergiycemic clamp studies

GIP (PM)

BASAL

3 0 - 6 0 MIN
90-120 MIN

INSULIN (PM)

B/6AL

30-60 MIN
90-120 MIN

RA (\IMOL • KG~L • MIN"1)

BASAL

3 0 - 6 0 MIN
90-120 MIN

Rn (|XMOL ' KG"1 * MIN"1)

BASAL

3 0 - 6 0 MIN
90-120 MIN

PRE- GLYBURIDE

64 ± 6
58 ± 8

302 ± 59

71 ± 19
99 ±29

123 ± 37

24.9 ± 6.6
9.4 ± 6.8

13.2 ± 6.4

24.9 ± 6.6
29.4 ± 8.0
30.6 ± 6.8

POST-GLYBURIDE

65 ± 7
55 ± 7

298 ± 37

91 ±25
156 ± 41*
283 ± 80*

20.1 ± 4.4
6.8 ± 7.6

16.1 ± 7.2

20.1 ± 4.4
38.8 ± 8.5
45.3 ± 7.1

Values are means ± SE.
*P < 0.05 before vs. after treatment.
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meal-stimulated GIP values were not af-
fected by glyburide.

We conducted our study with the
hypothesis that sulfonylureas do not in-
crease levels of GIP in diabetic patients
but rather increase the sensitivity of the
fj-cell to GIP. The infusion of GIP during
the second hour of the glucose clamp
achieved levels that were within the
physiological range for diabetic subjects
(18). Our data are consistent with our
hypothesis and show that (3-cell re-
sponse to GIP was greater after glyburide
treatment. We have recently infused GIP,
with a similar experimental protocol, to
healthy young and old subjects (33).
During a hyperglycemic clamp at glucose
levels of —18 mM with equivalent GIP
levels, 90- to 120-min insulin values
were —2500 pM in these subjects. Thus,
the data from this study also suggest a
decreased (3-cell sensitivity to GIP in un-
treated NIDDM patients. Although gly-
buride improves (3-cell sensitivity to GIP
in these patients, it is still —10-fold less
than normal. We believe that glyburide
increased f$-cell sensitivity to GIP. How-
ever, it is possible that the increased sen-
sitivity to GIP that occurred with treat-
ment was not caused by any specific
effect of glyburide but rather was a result
of the effect of reduced plasma glucose
levels. It is conceivable that similar re-
sults would have been obtained if plasma
glucose had been lowered by diet or in-
sulin. Further studies will be needed to
address this issue.

Our data also are consistent with
previous studies that show that NIDDM
patients treated with glyburide have an
increase in body weight and meal-
stimulated insulin values, and a decrease
in fasting and meal-stimulated glucose
levels (30). Basal R, was slightly, but not
significantly, lower after glyburide treat-
ment. This may have been caused by
slightly higher fasting insulin levels after
treatment. The suppression of R, during
the hyperglycemic clamp study was sim-
ilar before and after glyburide. Basal Rj
was slightly lower after glyburide, pre-
sumably because of the lower fasting glu-

cose levels. Although our study was not
designed to assess the effect of sulfonyl-
ureas on insulin sensitivity, we found a
slight, but not significant, increase in Rj,
and the M/I ratio after treatment. It may
be that this difference would have
achieved statistical significance with a
larger number of subjects, but further
studies will be needed to address this
issue.

We conclude that unt rea ted
NIDDM patients have impaired (3-cell
sensitivity to GIP, and that glyburide im-
proves fi-cell sensic.vity to GIP. How-
ever, sensitivity is still lower than in nor-
mal control subjects. The increased
p-cell sensitivity to GIP may explain, in
part, the ability of glyburide to enhance
glucose-induced ir.sulin release. Al-
though we have examined P-cell sensi-
tivity to GIP, it may well be that (3-cell
sensitivity to other in cretins, such as glu-
cagon-like peptide, is enhanced by gly-
buride (34).
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