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OBJECTIVE — To examine the insulinomimetic insulin-independent effects of glucagon-like
peptide (GLP)-1 on glucose uptake in type 1 diabetic patients.

RESEARCH DESIGN AND METHODS — We used the hyperinsulinemic-euglycemic
clamp (480 pmol * m ™2 - min~ ") in paired randomized studies of six women and five men with
type 1 diabetes. In the course of one of the paired studies, the subjects also received GLP-1 at a
dose of 1.5 pmol * kg~ ' *min~"'. The patients were 41 = 3 years old with a BMI of 25 * 1 kg/m?.
The mean duration of diabetes was 23 % 3 years.

RESULTS — Plasma glucose was allowed to fall from a fasting level of ~11 mmol/l to 5.3
mmol/l in each study and thereafter was held stable at that level. Plasma insulin levels during
both studies were ~900 pmol/l. Plasma C-peptide levels did not change during the studies. In
the GLP-1 study, plasma total GLP-1 levels were elevated from the fasting level of 31 = 3 to
150 * 17 pmol/l. Plasma glucagon levels fell from the fasting levels of ~14 pmol/l to 9 pmol/l
during both paired studies. Hepatic glucose production was suppressed during the glucose
clamps in all studies. Glucose uptake was not different between the two studies (~40 wmol -
kg™ ' -min~").

CONCLUSIONS — GLP-1 does not augment insulin-mediated glucose uptake in lean type
1 diabetic patients.

Diabetes Care 26:837-842, 2003

lucagon-like peptide (GLP)-1 is a
hormone released from the entero-

vivo studies are conflicting (8-15). The
exogenous administration of GLP-1 low-

endocrine cells of the gut. Plasma
levels of GLP-1 increase after eating, and
it has already been shown that GLP-1 aug-
ments insulin secretion in response to
meals. In vitro studies have found that
GLP-1 augments insulin-mediated glu-
cose uptake (1-7), but the results of in

ers blood glucose levels in both type 1 and
type 2 diabetic subjects (9,11-14,16). It
has been proposed that a component of
the glucose-lowering effects of GLP-1 oc-
curs via insulin-independent mecha-
nisms—so-called insulinomimetic
actions (8,17). When taking this possible
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component of the action of GLP-1 into
account, experimental designs are always
confounded by the fact that GLP-1 in-
duces endogenous insulin release. Re-
cently, we have shown in elderly type 2
diabetic subjects that GLP-1 increases
both insulin-mediated and non—insulin-
mediated glucose uptake when soma-
tostatin is used to suppress endogenous
insulin release in response to GLP-1
(14,18). This led us to postulate that in
insulin-resistant states (e.g., aging), we
see insulinomimetic properties of GLP-1
that we did not appreciate in an earlier
study of young lean subjects where glu-
cose uptake was normal (11). In another
model of insulin resistance, obese sub-
jects with a BMI of >30 kg/m?, we found
that GLP-1 infusions increased glucose
uptake by 25% above that due to insulin
alone (19).

In this study, we again looked for in-
sulinomimetic effects of GLP-1 during a
hyperinsulinemic-euglycemic clamp. Be-
cause the subjects had type 1 diabetes,
endogenous insulin release by GLP-1 was
not an issue. Euglycemia was maintained
by using varying infusions of glucose by
clamp methodology. All subjects were
studied twice: once under hyperinsulin-
emic-euglycemic conditions alone and
once under hyperinsulinemic-euglycemic
conditions in the presence of infusion
of GLP-1. The order of the studies was
randomized.

RESEARCH DESIGN AND
METHODS

Experimental subjects

Six women and five men with type 1 dia-
betes participated in the study. They were
all Caucasian and nonsmokers. Patients
were recruited from the Vancouver Hos-
pital Diabetes Center. The mean age of the
patients was 41 = 3 years, and their mean
BMI was 25 + 1 kg/m*. The mean dura-
tion of diabetes was 23 = 3 years and their
mean HbA, was 7.9 = 0.4%. Three pa-
tients were being treated with ACE inhib-
itors for microalbuminuria. There were
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no other significant illnesses. The Univer-
sity of British Columbia and Massachu-
setts General Hospital Committees on
Human Investigation approved this
study. All patients provided written in-
formed consent before participating in
the study.

All patients were asked to consume a
weight-maintaining diet without carbo-
hydrate restriction and to maintain their
usual level of physical activity. Each pa-
tient was admitted to the General Clinical
Research Center for two separate hyper-
insulinemic-euglycemic clamp studies,
which were conducted at least 4 weeks
apart. The tests were performed in ran-
dom order. All testing was performed af-
ter a 12-h overnight fast and began at
0700. In each study, glucose production
and utilization rates were determined by
means of the primed constant infusion
technique with tritiated glucose (20). A
priming dose of 8.5 kilobecquerels per ki-
logram sterile and pyrogen-free CH) glu-
cose (NEN Life Science Products, Boston,
MA) was administered at —120 min, fol-
lowed by a constant intravenous infusion
of 85 becquerels « kg~ ' - min~" for the
duration of the experiment (240 min). To
assess basal metabolic parameters, four
arterialized blood samples (21) were
taken from a dorsal hand vein, which was
enclosed in a box heated to 68-70°C, at
10-min intervals starting at —30 min. At 0
min, using the euglycemic clamp tech-
nique (22), a 10-min falling priming of
insulin (Humulin R; Eli Lilly, Indianapo-
lis, IN), followed by a continuous infusion
of insulin (10-240 min, 480 pmol - m 2.
min~ '), was started as previously de-
scribed (23). Plasma glucose was allowed
to fall from fasting levels to 5.3 mmol/l
and then maintained stable at that level
with an infusion of 20% dextrose in water
for the duration of the study. The coeffi-
cient of variation of plasma glucose did
not exceed 5% in any patient after the
plasma glucose level had fallen to 5.3
mmol/l. The 20% glucose infusion
(Travenol, Deerfield, IL) was spiked with
tritiated glucose (“hot G,,{”) to maintain a
constant glucose-specific activity as pre-
viously described (24). The actual con-
centration of the 20% glucose solution
measured was 10.2 mmol/l, which was
92% of its stated concentration. In one
clamp study, insulin and glucose were in-
fused; in the other study, in addition to
insulin and glucose, GLP-1 was also in-
fused in a 10-min falling prime, followed

by a continuous infusion (10-240 min,
1.5 pmol - kg~ ' * min~ ") as previous de-
scribed (11).

Recombinant GLP-1(7-36) (rGLP-1)
amide was produced by prokaryotic fer-
mentation, and COOH-terminal amide
was added to the peptide by trans-
amidation. This preparation is >99%
pure and displays a single peak on high-
performance liquid chromatography.
rGLP-1 was formulated and inserted into
vials at a concentration of 1 mg peptide/
ml, purity >99%, and was stored frozen
at —20°C until use (Restoragen, Lincoln,
NE). Net peptide content was used for
dose calculations. Samples were analyzed
and shown to be sterile, pyrogen free, and
biologically active.

Analytical techniques

Blood samples were collected in heparin-
ized syringes. Blood tests for complete
blood count, HbA,, and hepatic and re-
nal functions were performed using stan-
dard laboratory techniques. During the
glucose clamp studies, plasma glucose
was measured immediately at the bedside
using a YSI Glucose Analyzer (Yellow
Springs Instruments, Yellow Springs,
OH). The remaining blood was placed in
prechilled test tubes containing diprotin
A, 0.1 pmol/ml blood (a protease inhibi-
tor that prevents the action of dipeptidyl
peptidase IV; manufactured by Bachem,
Torrence, CA, for measurement of active
GLP-1), aprotonin (400 kallikrein inhib-
itor units per milliliter), and EDTA (1.5
mg/ml) (for measurement of C-peptide,
glucagon, and insulin) and centrifuged at
4°C. Samples were stored in a —70°C
freezer until analysis. Insulin, C-peptide,
glucagon, and GLP-1 (total and active)
were measured as previously described
(11). The active GLP-1 assay is 100% spe-
cific for the intact molecule [both GLP-
1(7-37) and GLP-1(7-36) amide] and
does not detect GLP-1(9-36 amide) at all.
The lower level of detection is 3 pmol/l.
HbA,. was measured with a Bio-Rad
DiaSTAT (Bio-Rad, Hercules, CA), which
has an upper limit of 12.6%.

Statistical analysis

The rates of total appearance and disap-
pearance of glucose were calculated ac-
cording to the non—steady-state equations
of Steele, as modified for the use of hot
Ginr (20,24). This eliminates the implau-
sible negative rate of appearance that re-
sults when only unlabeled glucose is used

during a hyperinsulinemic-euglycemic
clamp procedure (24). The volume of dis-
tribution of glucose was assumed to be
210 ml/kg (25). Endogenous glucose pro-
duction was estimated as the difference
between the calculated total appearance
rate and the exogenous glucose infusion
for the appropriate time interval during
the clamp. The trapezoidal rule was used
to calculate the integrated responses over
30-min intervals. The integrated re-
sponses were divided by the time interval,
which resulted in mean concentrations or
values. All data were analyzed using Sta-
tistical Analysis System (SAS) version
6.12 (SAS Institute, Cary, NC). Standard
methods were used to compute means,
SEs, and Pearson correlation coefficients.
A mixed-model analysis for repeated-
measures design was used to analyze
hormone and metabolite responses. Dif-
ferences between clamps were evaluated
using the paired ¢ test. All statistical tests
were two-tailed. Except where otherwise
stated, data are means * SE, and P values
<<0.05 were regarded as statistically sig-
nificant.

RESULTS — Plasma glucose levels and
the glucose infusion rates necessary to
maintain euglycemia during both the
GLP-1/insulin and insulin studies are il-
lustrated in Fig. 1. Fasting glucose levels
during the GLP-1/insulin and insulin
studies were 10.1 £ 1.5and 12.6 = 1.2
mmol/l (range 4.3-21.9 and 8.3-17.6
mmol/l, respectively). The euglycemic
clamp creates a square wave of hyperin-
sulinemia. In patients whose fasting
plasma glucose level was >5.3 mmol/l,
glucose infusion was not started at 4 min,
as required in volunteers with normal
plasma glucose levels. Rather, plasma glu-
cose was allowed to fall and glucose infu-
sion was started when plasma glucose
levels approached 5.3 mmol/l. In both
studies, plasma glucose levels were iden-
tical from ~90 min to the end of the study
(Fig. 1A). Glucose infusion rates during
the GLP-1 and insulin studies were
37.9 £ 4.0and 32.4 = 3.0 pmol - kg~ ' -
min~ " during the 90- to 240-min period
(P = 0.28). The difference in glucose in-
fusion rates between the two studies dur-
ing the first 90 min occurred because two
patients had normal fasting glucose levels
during the GLP-1 study and it was neces-
sary to start the glucose infusion at 4 min
to maintain euglycemia (Fig. 1B).

Plasma insulin and C-peptide levels
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Figure 1—Plasma glucose (A) and glucose infusion (B) rates during euglycemic clamp studies in
the 11 patients with type 1 diabetes. All patients participated in both studies (means = SE).

are shown in Fig. 2. Fasting insulin levels
were 63 * 15 and 40 = 6 pmol/l in the
GLP-1/insulin and insulin studies (P =
0.17). The corresponding plasma insulin
levels during the 0- to 240-min period
were 973 £ 61 and 879 % 65 pmol/l (P =
0.30). All patients had fasting C-peptide
levels below 0.14 and many were as low
as 0.03 pmol/l (the lower limit of the as-
say) on both occasions. The fasting levels
for the GLP-1/insulin and insulin infusion
studies were 0.05 % 0.01 pmol/l in each
study. C-peptide levels remained at the
fasting basal level throughout the insulin
infusion period in both studies.

Fasting total GLP-1 levels were simi-
lar in the two studies and were 31 = 3 and
28 = 2 pmol/l in the GLP-1/insulin and
insulin studies (Fig. 3A). In the GLP-1/
insulin study, a square wave of GLP-1 was

created and the 0- to 240-min levels were
150 = 17 pmol/l. In the insulin infusion
study, GLP-1 levels did not change during
the insulin infusion period and the 0- to
240-min levels were 29 = 2 pmol/l. Fast-
ing plasma glucagon levels in the two
studies were 13.6 = 1.02 and 14.8 *
0.92 pmol/l (Fig. 3B). In response to the
hyperinsulinemia, plasma glucagon levels
began to fall and reached a plateau from
90 to 240 min. The levels during this pe-
riod were 9.2 = 0.82 and 9.5 = 0.68
pmol/l in the two studies.

Basal hepatic glucose production
(HGP) (~20 £ 1 pmol - kg_l -min~ 1)
was suppressed to 0 by 60 min in both the
control and GLP-1 studies, and the glu-
cose infusion rate was taken to represent
insulin-mediated glucose disposal rates
(Fig. 1). Glucose infusion rates were used

Meneilly and Associates

to calculate glucose utilization (M), and
the 180- to 240-min rates were not differ-
ent between the two studies (control:
40.8 = 3.0 wmol - kg™~ ' - min~"; GLP-1:
444 += 42 umol - kg™'  min" P =
0.49).

CONCLUSIONS — We examined
the insulinomimetic effects of GLP-1 in
type 1 diabetic patients and could not
demonstrate an effect. Only one previous
study has assessed the effect of GLP-1 on
insulin-mediated glucose disposal in pa-
tients with type 1 diabetes. Gutniak et al.
(9) studied eight patients with type 1 di-
abetes. They examined the effect of GLP-1
infusion compared with that of saline af-
ter a standard lunch. All patients were
connected to a closed-loop insulin infu-
sion system and were infused with insulin
intravenously to keep the postprandial
blood glucose level at ~6-7 mmol/l.
They reported that during the GLP-1 in-
fusion, the requirement of insulin
dropped to 2.0 % 0.5 units. The require-
ment during saline infusion was 17.4 =
2.8 units. They attributed this decrease to
increased glucose utilization during
GLP-1 infusion. This decrease may have
been due, in large part, to the well-
documented delayed gastric emptying of
the meal during the GLP-1 infusion (26).
Gutniak et al. also performed hyperinsu-
linemic-euglycemic clamps in type 1 dia-
betic patients using a closed-loop insulin
system (Biostater Miles, Elkhart, IN). All
patients were well controlled (HbA, .
6.2%) and had their blood glucose levels
normalized (~5.0 mmol/l) before the
start of the clamp. In one study, GLP-1
was administered and in the other saline
was given. They used half of the dose of
GLP-1 and one-fourth of the dose of in-
sulin used in our study and reported that
the rate of glucose infusion necessary to
maintain euglycemia was increased by
20% during the GLP-1 study. There are
several plausible explanations for the dif-
ferences between the two studies. In our
study, the level of plasma insulin was
higher and the GLP-1 effect, if any, could
not be displayed, despite a higher dose of
GLP-1. Their estimate of glucose utiliza-
tion is incorrect if there was a difference in
HGP between the two studies. They do
not provide any C-peptide data for their
patients, and GLP-1 may have stimulated
endogenous insulin release sufficiently to
have an effect on HGP. There is also the
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Figure 2—Plasma insulin (A) and C-peptide (B) levels in the two euglycemic studies (means *

SE).

possibility of a type Il error in our study or
their study.

Dupre et al. (27) examined the effects
of GLP-1 on glycemic excursion after a
mixed meal in eight C-peptide—positive
type 1 diabetic volunteers. GLP-1 (1.2
pmol - kg~ ' - min~!) inhibited the incre-
ments of plasma glucose observed com-
pared with saline infusion and this was
also attributed to delayed gastric empty-
ing. Vella et al. (28) also examined the
effects of GLP-1 on splanchnic glucose
uptake in seven type 1 diabetic volun-
teers. GLP-1 (1.2 pmol - kg_1 -min~ ") or
saline was infused for 240 min during
constant infusion of glucose (20 wmol -
kg™! + min~') delivered via a naso-
duodenal tube. Glucose was maintained
at ~8.3 mmol/l with additional intrave-
nous administration of glucose (hypergly-

cemic clamp) along with a concomitant
constant infusion of somatostatin, gluca-
gon, growth hormone, and insulin—the
pancreatic clamp technique (40 pmol -
kg~ ' - min~"). Total glucose uptake was
not different between the two studies dur-
ing the first 3 h but was higher during the
fourth hour in the GLP-1 study. Splanch-
nic glucose uptake was lower during
GLP-1 infusion. Vella et al. conclude that
under their experimental design (hyper-
glycemia, hyperinsulinemia, intravenous,
and intraduodenal glucose infusions),
GLP-1 increases total body glucose up-
take in a time-dependent manner in
patients with type 1 diabetes through un-
known mechanisms. More recently, these
authors have again examined the effects of
both GLP-1 and exendin-4 using the pan-
creatic clamp technique in a three-step

hyperinsulinemic-euglycemic clamp in
eight healthy young nonobese volunteers
(15). One of the aims of the study was to
evaluate whether the rapid degradation of
GLP-1 could alter the GLP-1 response,
because exendin-4 has a much longer
half-life. Although glucose uptake was
higher at the highest insulin level in the
GLP-1 and exendin-4 studies, the differ-
ences were not significant. Thus, they
conclude that neither GLP-1 nor ex-
endin-4 has insulinomimetic effects and
that the degraded product of GLP-1 does
not alter the effects of insulin in healthy
volunteers.

Orskov et al. (29) also examined insu-
linomimetic effects of GLP-1(7-36) amide
during hyperinsulinemic-euglycemic
clamps in healthy young male volunteers
using the pancreatic clamp technique.
There was no difference between the two
studies with respect to glucose infusion re-
quirements for maintenance of euglycemia
or with respect to HGP, and the authors
concluded that GLP-1 does not have insu-
linomimetic effects in healthy males.

We previously examined the insuli-
nomimetic effects of GLP-1 in volunteers
with normal glucose tolerance (11). The
design in that study was such that we
matched the hyperinsulinemia produced
by infusion of GLP-1, during a euglyce-
mic clamp, with infusion of regular insu-
lin in a second study. Thus, all parameters
were equal, except that in one clamp
study, a square wave of GLP-1 was
present, whereas in a second study,
GLP-1 remained at fasting levels. The dif-
ference in glucose uptake between the
two studies was not statistically signifi-
cantly different. We then thought that to
show insulinomimetic effects of GLP-1,
an insulin-resistant state must be present.
We subsequently repeated the studies
with the same design as in the lean young
volunteers in obese individuals (BMI
>30%) and showed that GLP-1 augments
glucose disposal by 25%, independent of
insulin (19). The type 1 diabetic patients
used in the present study were not obese
and were not insulin resistant. The glu-
cose uptake in the type 1 diabetic patients
was comparable to the glucose uptake of
the young volunteers and did not increase
significantly with GLP-1. Thus, the
present study corroborates our initial hy-
pothesis in the beginning of the study that
to demonstrate an insulin-independent
insulinomimetic effect of GLP-1, a state of
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Figure 3—Plasma GLP-1 (A) and glucagon (B) levels in the two euglycemic studies (means =

SE).

insulin resistance must be present. Taking
into account all the data published since
the first description of the GLP-1 effect on
glucose disposal per se, we conclude that
there may be an as yet undescribed GLP-
1-like receptor that is functional in insu-
lin-resistant states, such as those in obese
and elderly individuals, and that is below
the level of detection by the current ex-
perimental designs in healthy or non-
insulin-resistant states. In conclusion, our
data suggest that GLP-1 does not enhance
insulin-mediated glucose disposal in nor-
mal-weight type 1 diabetic patients. How-
ever, to establish this unequivocally,
dose-response studies with at least three
doses each of GLP-1 and insulin, in at
least two levels of glycemia, are required.
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