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OBJECTIVE — The purpose of this study was to assess the effect of glimepiride on insulin
sensitivity and secretion in subjects with type 2 diabetes.

RESEARCH DESIGN AND METHODS — After a 2-week washout from prior sulfo-
nylurea therapy, 11 obese subjects with type 2 diabetes underwent euglycemic and hypergly-
cemic clamp studies before and during glimepiride therapy.

RESULTS — Glimepiride resulted in a 2.4-mmol/l decrease in fasting plasma glucose (P �
0.04) that was correlated with reductions in postabsorptive endogenous glucose production
(EGP) (16.4 � 0.6 vs. 13.5 � 0.5 �mol � kg�1 � min�1, P � 0.01) (r � 0.21, P � 0.01).
Postabsorptive EGP on glimepiride was similar to that of control subjects (12.8 � 0.9 �mol �
kg�1 � min�1, NS). Fasting plasma insulin (66 � 18 vs. 84 � 48 pmol/l, P � 0.05), and
first-phase (19 � 8 vs. 32 � 11 pmol/l, P � 0.04) and second-phase incremental insulin
responses to glucose (48 � 23 vs. 72 � 32 pmol/l, P � 0.02) improved with glimepiride therapy.
Insulin sensitivity did not change with treatment (4.6 � 0.7 vs. 4.3 � 0.7 �mol � kg�1 � min�1

� pmol�1) and remained below that of control subjects (8.1 � 1.8 �mol � kg�1 � min�1 � pmol�1,
P � 0.04).

CONCLUSIONS — The current study demonstrates that glimepiride improves both first
and second phases of insulin secretion, but not insulin sensitivity, in individuals with type 2
diabetes.
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Sulfonylureas have been used in the
treatment of type 2 diabetes for over
40 years (1). It is generally accepted

that these agents exert their hypoglycemic
effect in part through direct action on the
pancreatic �-cell to augment insulin se-

cretion (1). Improvements in insulin sen-
sitivity have also been reported in some
(2,3), but not all (4), studies. Whether
increased insulin sensitivity, when ob-
served, is secondary to an amelioration of
glucose toxicity with improvement in gly-

cemic control or to a direct effect of the
sulfonylureas on insulin-sensitive tissues
remains unclear. Although in vitro studies
have demonstrated extrapancreatic sulfo-
nylurea effects (5,6), experiments in pa-
tients with type 1 diabetes who are
incapable of increasing their insulin re-
lease have not found beneficial effects of
sulfonylureas on glycemic control (7,8).

Glimepiride is the most recently ap-
proved second-generation sulfonylurea
for the treatment of type 2 diabetes (9).
Glimepiride differs from other sulfonyl-
ureas in that it reportedly binds to a dif-
ferent receptor at the �-cell membrane
than other agents in this class (10). Ani-
mal studies demonstrate greater reduc-
tions in plasma glucose per increment in
plasma insulin with glimepiride than with
glyburide or glipizide, suggesting that
glimepiride may have direct extra pancre-
atic effects that stimulate an improvement
in insulin sensitivity (5).

The purpose of this study was to as-
sess the effect of glimepiride on insulin
sensitivity and secretion using euglycemic
and hyperglycemic clamp studies in sub-
jects with type 2 diabetes. Subjects were
selected for study by having fair to good
glycemic control at entry to minimize the
effect of amelioration of glucose toxicity
on any observed improvement in insulin
sensitivity or secretion.

RESEARCH DESIGN AND
METHODS — The protocol was re-
viewed and approved by the Institutional
Review Board for Biomedical Research at
the University of Pittsburgh and the Gen-
eral Clinical Research Center (GCRC) Re-
view Committees. Informed, written
consent was obtained from each subject
before participation in the study. All stud-
ies took place in the GCRC at the Univer-
sity of Pittsburgh Medical Center.

Subjects
The study was comprised of eight men and
three women with type 2 diabetes. The control
subjects were five men and two women with
normal glucose tolerance, according to Na-
tional Diabetes Data Group (NDDG) stan-
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dards (11) who were without a family history
of type 2 diabetes. Subjects were matched for
age (60 � 8 vs. 59 � 7 years) and BMI (30.5 �
4.7 vs. 30.9 � 5.6 kg/m2).

All subjects with diabetes had been re-
ceiving a stable dose of a sulfonylurea for at
least 1 month before study entry. Fasting
plasma glucose levels were required to be
�8.9 mmol/l (160 mg/dl) on current therapy
to be eligible. No subject was taking any med-
ication known to interfere with glucose toler-
ance (i.e., thiazide diuretics, �-blockers, or
steroids). Once eligibility was established, the
current sulfonylurea was discontinued for a
2-week washout period. Subjects who main-
tained a fasting glucose level �8.3 mmol/l
(150 mg/dl) and �16.6 mmol/l (300 mg/dl)
were scheduled for admission to the GCRC for
study.

All subjects were encouraged to maintain
their usual diet and activities for the duration
of the study. Subjects were asked to refrain
from smoking or vigorous exercise for 2 days
before each clamp procedure.

Study procedures
Subjects were admitted to the GCRC between
1800 and 1900 h the evening before the first
glucose clamp studies, at which time they were
fed a standard diet (60% carbohydrate, 25%
fat, and 15% protein). After this meal, no food
or drink other than water was permitted until
completion of studies the next day.

At 0300 h of the study day, a deep ante-
cubital vein was cannulated and a primed (30
mCi) continuous (0.3 mCi/min) infusion of
[2-3H]glucose was initiated via Harvard infu-
sion pump. At 0630 h, a dorsal hand vein was
cannulated in a retrograde manner and main-
tained at 65°C in a Plexiglass thermoregulated
hot box for sampling of arterialized venous
blood throughout the procedure.

At 0700, 0730, and 0800 h basal blood
samples were drawn for glucose, insulin, C-
peptide, glucagon, and glucose specific activ-
ity (SA). At 0800 h, a primed continuous (1
mU � kg�1 � min�1) insulin infusion was initi-
ated. A variable rate glucose infusion (40%
dextrose) was initiated and adjusted at 5-min
intervals using the glucose clamp technique to
achieve target glucose concentrations of 5.5
mmol/l (100 mg/dl) for 2 h. Sampling for glu-
cose, insulin, C-peptide, glucagon, and glu-
cose SA was repeated at 20-min intervals. At
1000 h, the insulin and [2-3H]glucose infu-
sions were discontinued to allow for dissipa-
tion of exogenous insulin. The glucose
infusion rate (GIR) was adjusted to prevent
hypoglycemia and then discontinued.

At 1100 h, an intravenous bolus infusion
of 50% dextrose was administered over 1–2
min in a dose calculated to increase the plasma
glucose level to 13.3 mmol/l (240 mg/dl).
Plasma glucose levels were measured every 5
min and maintained at 13.3 mmol/l (240 mg/

dl) via a variable rate glucose infusion as 40%
dextrose. Sampling for insulin, glucagon, and
C-peptide was performed at baseline, 2.5, 5,
10, 15, and 20 min following the initial glu-
cose bolus, and then every 20 min for the du-
ration of the study (120 min).

At the conclusion of the study, the glucose
infusion was discontinued, intravenous lines
were removed, and subjects were fed lunch
and discharged. Diabetic subjects were in-
structed to start glimepiride at a dose of 2 mg
per day with breakfast on the following day.
Dose adjustments were made at weekly inter-
vals based on the results of home glucose mon-
itoring in an attempt to achieve a fasting
glucose of 5–8.9 mmol/l (90–160 mg/dl).

After 4 months of therapy with the study
drug, diabetic subjects were readmitted to the
GCRC for repeat euglycemic and hyperglyce-
mic clamp studies. Glimepiride was adminis-
tered at 0730 h of the second study day. At the
conclusion of the second study, subjects were
advised to resume their previous sulfonylurea.

Analytic determinations
HbA1c concentrations were determined by
high-performance liquid chromatography
(Biorad, Hercules, CA). Plasma glucose con-
centrations were determined by the glucose
oxidase method with a YSI glucose analyzer
(Yellow Springs Instruments, Yellow Springs,
OH). Plasma insulin, glucagon, and C-peptide
were determined by radioimmunoassay (12).
Plasma glucose radioactivity was determined
as previously described (13).

Calculations
Rates of glucose appearance (Ra) and glucose
utilization (Rd) were calculated using steady-
state and non–steady-state equations defined
and modified by Steele et al. (14). Endogenous
glucose production (EGP) was defined as the
total glucose Ra minus the GIR. First-phase
insulin secretion was taken as both the maxi-
mal insulin response and the mean incremen-
tal insulin response during the first 10 min
following the glucose bolus. Second-phase in-
sulin was taken as the mean incremental insu-
lin response during the last hour of the
hyperglycemic clamp. Insulin sensitivity (Si)
was calculated from the last 30 min of the eu-
glycemic clamp as glucose Rd divided by the
mean plasma insulin (90–120 min). Insulin
resistance and secretion were also evaluated
using the homeostasis model assessment
(HOMA) (15).

Statistics
Data are mean � SEM. In the diabetic subjects,
results before and during treatment were com-
pared with those of nondiabetic subjects.
Treatment effect was estimated by calculating
the difference between pre- and poststudy val-
ues for each end point. The treatment effects
were summarized by means and SDs and

tested for significant changes with the signed
rank test and ANOVA. Comparisons between
diabetic subjects at either baseline or post-
glimepiride to nondiabetic subjects were
tested with the Wilcoxon test. Association of
EGP with fasting glucose and insulin levels
was examined by plotting and calculating
Spearman rank correlation coefficients.

RESULTS

Dose titration
The dose of glimepiride was titrated at
weekly intervals in an attempt to achieve a
fasting plasma glucose of �7.8 mmol/l
(140 mg/dl). The average dose of the
study medication taken by the diabetic
subjects at the conclusion of the study
was 7.6 � 1.7 mg/day (range 2–16 mg/
day).

Fasting plasma glucose, insulin, C-
peptide, and HbA1c
Fasting plasma glucose levels decreased
with glimepiride therapy in the diabetic
subjects (P � 0.04), but remained higher
than in control subjects (P � 0.01) (Table
1). HbA1c did not change during the
study period (8.0 � 1.2 vs. 8.4 � 1.7%).
Fasting plasma insulin increased, while
C-peptide (Table 1) and glucagon (85 � 8
vs. 77 � 8 pg/ml, NS) concentrations did
not change during glimepiride treatment.
Fasting insulin, C-peptide, and glucagon
(nondiabetic subjects 77 � 8 pg/ml) lev-
els did not differ significantly from levels
observed in control subjects (Table 1).
Euglycemic clamp Valid tracer data
were available for 10 of 11 diabetic sub-
jects (Fig. 1 and Table 1). Plasma glucose
and insulin concentrations at steady state
(90 –120 min) during the euglycemic
clamp were similar in the diabetic sub-
jects during each study period. Coeffi-
cients of variation for plasma glucose
during the steady-state periods were sim-
ilar among the diabetic groups pre- and
post-treatment and the control subjects
(2.9 � 0.7, 2.2 � 0.8, and 2.3 � 0.4%,
respectively). The GIR required to main-
tain euglycemia at steady state increased
with treatment in the diabetic subjects
and remained significantly lower than in
nondiabetic subjects (Table 1).

Postabsorptive EGP and glucose Rd,
which were higher in diabetic subjects be-
fore glimepiride therapy, decreased to
levels that were not significantly different
from nondiabetic subjects with therapy
(Table 1). A significant positive correla-
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tion was observed between basal rates of
EGP and fasting plasma glucose (r �
0.21, P � 0.01). EGP during steady state
was suppressed to a similar extent in all
three study groups (1.7 � 2.9 vs. 2.2 �
1.4 vs. �1.0 � 2.0 �mol � kg�1 � min�1,

P � 0.25). Rd at steady state did not im-
prove in diabetic subjects and remained
lower than that observed in nondiabetic
subjects. No improvement was observed
for any measure of insulin sensitivity (SI)
with glimepiride therapy [Rd/IRI (90–120
min) 4.6 � 0.7 vs. 4.3 � 0.7; M/I 3.1 �
1.1 vs. 3.2 � 0.9, P � 0.73]. SI remained
significantly below that observed in non-
diabetic subjects (M/I 7.4 � 1.8, P �
0.04).

Hyperglycemic clamp
Complete insulin data were available for
10 of 11 subjects with type 2 diabetes.
Steady-state plasma glucose levels during
the hyperglycemic clamp study were
equivalent at both study points in diabetic
subjects and control subjects (Table 1),
with coefficients of variation of 2.2 � 0.3,
2.0 � 0.3, and 1.6 � 0.4%, respectively.
Maximum (FPmax 106 � 64 vs. 164 � 48
pmol/l, P � 0.03) and incremental first-
phase insulin secretion increased in the
diabetic subjects with glimepiride (Fig.2
and Table 1). Incremental steady-state in-
sulin also improved with glimepiride, but
not to values observed in nondiabetic
subjects. Mean first-phase and steady-
state C-peptide responses improved with

Table—Results from euglycemic and hyperglycemic clamp studies

Type 2 diabetes Nondiabetic

Before After P P† P‡

Euglycemic clamp
Basal plasma glucose (mmol/l) 10.4 � 2.2 8.0 � 1.7 0.04 5.4 � 0.7 0.01 0.01
Clamp glucose (90–120 min) 6.4 � 0.3 5.8 � 0.2 0.07 5.4 � 0.3 0.01 0.33
Basal plasma insulin (pmol/l) 66 � 18 84 � 25 0.03 54 � 7 0.47 1.0
Clamp insulin (90–120 min) 456 � 30 534 � 48 0.16 474 � 30 0.82 0.28
Basal C-peptide (ng/ml) 2.3 � 0.4 2.3 � 0.5 1.4 � 0.2 0.06 0.08
Clamp glucose Ra (90–120 min) 15.9 � 2.1 17.5 � 2.4 0.95 31.2 � 5.8 0.02 0.04
GIR (�mol � kg�1 � min�1)
Clamp (90–120 min) 13.9 � 5.0 16.6 � 3.8 0.05 32.2 � 6.6 0.01 0.05
Basal glucose Rd (�mol � kg�1 � min�1) 16.4 � 0.6 13.5 � 0.5 0.01 12.8 � 0.9 0.01 0.81
Clamp glucose Rd (90–120 min) 15.8 � 2.1 17.6 � 2.4 0.97 30.8 � 5.9 0.03 0.03
EGP (�mol � kg�1 � min�1)

Basal 16.4 � 0.6 13.5 � 0.5 0.01 12.8 � 0.9 0.01 0.81
Clamp (90–120 min) 1.7 � 2.9 2.2 � 1.4 0.97 �1.0 � 2.1 0.39 0.48

Hyperglycemic clamp
Steady-state plasma glucose (mmol/l) 13.4 � 0.1 13.4 � 0.1 NS 13.1 � 0.2 NS NS
First phase insulin (pmol/l) 19 � 8 32 � 11 0.04 217 � 53 0.004 0.004
Steady-state insulin (pmol/l) 48 � 23 72 � 32 0.02 217 � 53 0.01 0.02
First phase C-peptide 1.7 � 0.3 2.7 � 0.6 0.04 3.2 � 0.5 0.02 NS
Steady-state C-peptide 3.1 � 0.7 4.1 � 0.9 0.06 5.9 � 0.2 0.004 0.054
GIR (�mol � kg�1 � min�1) 12.4 � 1.8 16.1 � 2.1 0.03 39.8 � 5.3 0.001 0.004

Data are means � SEM. *Differences between subjects with type 2 diabetes before and after glimepiride treatment; †differences between subjects with type 2 diabetes
before glimepiride treatment and control subjects; ‡differences between subjects with type 2 diabetes after glimepiride treatment and control subjects.

Figure 1—Plasma glucose and insulin levels
during euglycemic clamp studies in subjects
with type 2 diabetes before (�) and during
glimepiride therapy (f) and in control subjects
(Œ).

Figure 2—Plasma glucose and insulin levels
during hyperglycemic clamp studies in subjects
with type 2 diabetes before (�) and during
glimepiride therapy (f) and in control subjects
(Œ).
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glimepiride therapy (Table 1). Plasma
glucagon levels (66 � 3 vs. 59 � 3 pg/ml)
did not change with therapy and did not
differ from control subjects (59 � 7 pg/
ml).

HOMA
Results from HOMA-derived measures of
insulin sensitivity in diabetic subjects be-
fore and after therapy (4.9 � 1.3 vs. 5.5 �
2.0) and insulin secretion (37.2 � 12.6
vs. 63.2 � 15.1, P � 0.01) and in control
subjects (1.7 � 0.3 and 76.9 � 19.6, re-
spectively) were consistent with results
obtained using euglycemic and hypergly-
cemic clamp studies.

CONCLUSIONS — This study was
initiated to assess the effect of glimepiride
on insulin sensitivity and secretion in
subjects with relatively well-controlled
type 2 diabetes. This was done to avoid
the confounding effect of amelioration of
glucose toxicity as a contributor to any
potential improvements in insulin action
or secretion. Despite the fact that subjects
were under reasonably good control on
prior sulfonylurea therapy at study entry,
a further improvement in fasting glucose
levels was observed as measured by a re-
duction in fasting plasma glucose concen-
tration with glimepiride (Table 1). This
effect of glimepiride was associated with
an improvement in �-cell function as as-
sessed by an increase in fasting and incre-
mental first- and second-phase insulin
responses during hyperglycemic clamp
experiments (Table 1). However, no im-
provement in insulin sensitivity was ob-
se rved us ing eug lycemic c l amp
experiments and HOMA.

The observed improvement in first-
phase insulin release with glimepiride
during a hyperglycemic clamp in individ-
uals with type 2 diabetes was unexpected
since sulfonylureas are generally thought
to only affect second-phase insulin release
(1). An augmentation in first-phase insu-
lin release has been reported with two first
generation sulfonylureas. In one study, an
increase in first-phase insulin secretion
was observed following an acute intrave-
nous bolus of tolbutamide, a short-acting
sulfonylurea, in untreated hyperglycemic
(blood glucose 12 � 0.5 mmol/l) subjects
with type 2 diabetes (16). When glucose
levels were decreased to 8 � 1 mmol/l in
these subjects, no effect on first-phase in-
sulin secretion was observed. Augmenta-
tion of first-phase insulin secretion was

also observed with gliclazide, which is not
available in the U.S. (17). In one prior
report using the second-generation sulfo-
nylurea glipizide, early insulin release was
reported as being normalized after a
mixed meal in a group of individuals with
type 2 diabetes independent of dietary
control (18). However, only summed and
area under the curve insulin concentra-
tions following the mixed meal were re-
ported as significant, and results were not
further fractionated into time points to
quantify first- or second-phase insulin se-
cretion.

The hyperglycemic clamp is accepted
as a rigorous method for determining
both first and second phases of insulin
secretion (19). Disturbances in �-cell
function, characterized by reduced or ab-
sent acute insulin responses to intrave-
nous glucose, are observed early in the
course of type 2 diabetes (20), as well as in
first-degree relatives at risk for type 2 di-
abetes (21). These changes in early insulin
secretion are considered to be important
in the pathogenesis of type 2 diabetes
(22). Positive correlations have been ob-
served between first-phase insulin secre-
tion and insulin responses during oral
glucose tolerance testing (23), suggesting
that early abnormalities in �-cell function
are predictive of deterioration to abnor-
mal glucose tolerance.

In a previous hyperglycemic clamp
study of the second-generation sulfonyl-
ureas glipizide and glyburide, an increase
in both first- and late-phase insulin secre-
tion was observed in nondiabetic individ-
uals and only in second-phase insulin
secretion in those with type 2 diabetes
(24,25). Clark and Matthews (26) re-
ported improvements in second-phase
insulin release after 1 week of treatment
with glimepiride or glibenclamide during
a hyperglycemic clamp study in subjects
with type 2 diabetes when compared with
placebo. Changes in first-phase insulin
secretion were not addressed.

The study of Clark and Matthews dif-
fered from the current study in that im-
provements in insulin sensitivity during
euglycemic clamp studies were also ob-
served with each of the sulfonylurea
agents when compared with placebo (26).
There are important differences in study
design that may have contributed to this
difference for measures of insulin sensi-
tivity. Subjects in this previous study were
withdrawn from a prior sulfonylurea for
only 1 week before each 7-day study pe-

riod with glimepiride, glibenclamide, or
placebo. In addition, treatments were
given in random order with no washout
phase between study periods. Those
treated with placebo were significantly
more hyperglycemic, suggesting that the
improvement in insulin sensitivity may
have been due to an amelioration of glu-
cose toxicity (27). In addition, euglyce-
mic clamps in the study by Clark and
Matthews targeted a whole blood glucose
level of 3.5 mmol/l for 3 h, which is dif-
ferent from the target of 5.5 mmol/l for 2 h
in the current study.

Improvements in insulin sensitivity
are reported in prior studies investigating
extrapancreatic mechanisms of action of
the sulfonylureas. However, in these
studies, subjects were under poor glyce-
mic control at baseline with fasting glu-
cose levels in excess of 11.1 mmol (�200
mg/dl) (2,3,28), thus making it difficult to
attribute the cause of an increased insulin
sensitivity to the sulfonylurea or to the
amelioration of glucose toxicity.

The observed improvement in fasting
glucose in diabetic subjects was due, at
least in part, to observed reductions in
EGP since postabsorptive rates of glucose
disposal were not improved. However,
the most likely explanation for this was
the increase in insulin. Reductions in glu-
cagon concentrations have been pro-
posed as another mechanism by which
sulfonylureas reduce fasting hyperglyce-
mia; however, no significant decrease in
plasma glucagon was observed in this
study (1). It is also possible that a reduc-
tion in glucose toxicity contributed, but
subjects were in relatively good glycemic
control at baseline and no improvement
in insulin sensitivity was observed (27).

A limitation to the current study was
the lack of a control group using an alter-
native form of therapy to improve glucose
concentrations. As glucose toxicity can
impair insulin secretion as well as sensi-
tivity, it is possible that the observed im-
provements in insulin secretion in this
study may have been due to the 2.4-
mmol/l reduction in fasting glucose. An-
other limitation to this study is the fact
that direct comparisons were not made
with other sulfonylurea agents that may
have similar effects on insulin secretion if
studied using similar conditions and sub-
jects.

In conclusion, the hypoglycemic ef-
fect of glimepiride can be attributed to an
increase in fasting and first and second
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phases of insulin secretion in individuals
with type 2 diabetes. As reductions in
first-phase insulin secretion are described
in individuals at risk for type 2 diabetes,
clinical trials of therapy targeting im-
provements in early insulin release as a
means of preventing deterioration to type
2 diabetes may be warranted.
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