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An important cause of elevated glucose levels in elderly patients with diabetes is an alteration in
non-insulin-mediated glucose uptake (NIMGU). Glucagon-like peptide 1 (GLP-1) is an intes-
tinal insulinotropic hormone. It has been proposed that this hormone also lowers glucose levels
by enhancing NIMGU. This study was conducted to determine whether GLP-1 augments
NIMGU in elderly patients with diabetes, a group in which NIMGU is known to be impaired.
Studies were conducted on 10 elderly patients with type 2 diabetes (aged 75 * 2 years, BMI 27 &
1 kg/m?) who underwent paired 240-min glucose clamp studies. In each study, octreotide was
infused to suppress endogenous insulin release, and tritiated glucose methodology was used to
measure glucose production and disposal rates. For the first 180 min, no glucose was infused.
From 180 to 240 min, glucose was increased to 11 mmol/l using the glucose clamp protocol. In
the GLP-1 study, GLP-1 was infused from 30 to 240 min. In a subsequent control study, insulin
was infused using the glucose clamp protocol from 30 to 240 min to match the insulin levels that
occurred during the GLP-1 infusion study. During hyperglycemia, GLP-1 enhanced glucose
disposal (control study: 2.52 = 0.19 mg * kg™' * min~"; GLP-1 study: 2.90 = 0.17 mg - kg™" -
min~"; P < 0.0001). Hepatic glucose output was not different between studies. We conclude that
GLP-1 may partially reverse the defect in NIMGU that occurs in elderly patients with diabetes.
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lucose disposal in humans occurs as
a result of both insulin-mediated

such as the splanchnic bed, blood cells,
the peripheral nerves, and skeletal muscle

glucose uptake (IMGU) and non-
insulin-mediated glucose uptake
(NIMGU). In normal subjects, ~75% of
glucose disposal (R;) under euglycemic
conditions occurs as a result of NIMGU,
primarily in the central nervous system
and, to a lesser extent, in other tissues

(1-6). Under hyperglycemic conditions,
the proportion of NIMGU occurring in
skeletal muscle increases substantially
(1,7), and the quantitative importance of
NIMGU to overall glucose disposal is
similar to the quantitative importance
of IMGU (8). In insulin-resistant condi-
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tions such as diabetes, ~80% of glucose
uptake after a meal occurs as a result of
NIMGU (8).

NIMGU is impaired in healthy older
individuals at fasting levels but functions
normally during hyperglycemia (2,9,10).
In elderly patients with type 2 diabetes
(11), there is a marked impairment in
NIMGU during both euglycemia and hy-
perglycemia. Because NIMGU constitutes
such a large proportion of glucose uptake
in patients with diabetes, enhancement of
NIMGU could have a profound effect on
glycemic control in these patients.

Glucagon-like peptide 1 (GLP-1) is a
gastrointestinal hormone secreted from
the intestine in response to food (12,13).
It has been suggested that GLP-1 may en-
hance NIMGU, but studies in normal sub-
jects and middle-aged patients with type
2 diabetes have produced conflicting re-
sults (14-18).

We conducted the following studies
with the hypothesis that GLP-1 would re-
verse the defect in NIMGU in elderly pa-
tients with diabetes.

RESEARCH DESIGN AND
METHODS — Elderly patients with
type 2 diabetes were recruited for the
study from the Diabetes Center at the
Vancouver Hospital (n = 10, age 75 £ 2
years, BMI 27 *+ 1 kg/m?). Patients were
excluded if they showed evidence of clin-
ically significant complications from their
diabetes. Five patients were being treated
for hypertension with ACE inhibitors.
Seven patients were being treated with
metformin, and three with sulfonylureas.
All medications were discontinued 72 h
before each study. No patient was being
treated with insulin. The mean HbA, . was
7.1 £ 0.2%. The study was approved by
the University of British Columbia Com-
mittee on Human Investigation. All sub-
jects gave written informed consent
before participating.

Subjects consumed a diet containing
at least 200 g carbohydrates for 3 days
before each test. Testing began at 0700
after a 12-h overnight fast. Each subject
underwent two glucose clamp studies ac-
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Figure 1—Glucose and insulin values during the glucose clamp studies. O, Control study; @,

GLP-1 study.

cording to the method of Andres et al.
(19). In all studies, intravenous lines
were inserted into an antecubital vein for
an infusion of glucose and into a con-
tralateral hand vein for sampling of “arte-
rialized” venous blood (20). Glucose
production (R,) and R, rates were deter-
mined by a primed-constant infusion of
tritiated glucose (DuPont-NEN, Boston,
MA). All subjects received a priming dose
at —120 min, followed by a constant in-
fusion to 240 min. The priming dose in
the patients with diabetes was adjusted
based on the fasting glucose level as pre-
viously described (21). At —20 min, three
blood samples were taken to measure
basal glucose, insulin, glucagon, GLP-1,

and glucose specific activity. At time 0, an
infusion of octreotide (Sandostatin; San-
doz, Basel) was commenced at a rate of 30
ng + kg™ + min~" and continued for 240
min. This octreotide infusion protocol has
been previously shown to adequately
suppress endogenous insulin release dur-
ing glucose infusion (22). No glucose was
infused for the first 180 min. At 180 min,
glucose was raised to 11 mmol/l using the
glucose clamp protocol. Glucose was kept
at that level until 240 min. In the first
study, GLP-1 was infused in a primed
continuous manner from 30 to 240 min at
arate of 1.5 pmol/l - kg™ * min™". In the
second study, human insulin (Humulin
R; Eli Lilly, Indianapolis, IN) was infused

from 30 to 240 min using the glucose
clamp protocol in order to achieve insulin
levels that were comparable to the GLP-1
infusion study. Blood samples were taken
every 5 min throughout the study to mea-
sure glucose and at regular intervals to
measure insulin, glucagon, GLP-1, and
glucose specific activity. The coefficient of
variation of plasma glucose during the hy-
perglycemic part of the study did not ex-
ceed 5% in any subject.

GLP-1(7-37) was synthesized in the
MGH Biopolymer Core Facility (23). This
preparation is >99% pure and displays a
single peak on high-performance liquid
chromatography (HPLC). The peptide
was filtered through 0.2 wmol/l vitrocel-
lulose filters (Millipore, Bedford, MA) be-
fore it was lyophilized in vials under
sterile conditions for single use. Samples
were analyzed and shown to be both ster-
ile and pyrogen free; net peptide content
was used for dose calculations.

Blood samples were collected in hep-
arinized syringes. Plasma glucose was
measured immediately at the bedside us-
ing a YSI Glucose Analyzer (Yellow
Springs Instruments, Yellow Springs,
OH). The remaining blood was placed in
prechilled test tubes containing diprotin
A (for measurement of GLP-1), aprotonin
(400 KIU/ml), and EDTA (1.5 mg/ml) (for
measurement of glucagon and insulin)
and centrifuged at 4°C. Samples were
stored in a —70°C freezer until analysis.
Insulin, glucagon, and total GLP-1 were
measured by radioimmunoassays as pre-
viously described (23). Total GLP-1 anti-
body is directed at the COOH-terminal
end of the molecule and thus recognizes
both the intact and truncated forms of
GLP-1. Active GLP-1 was measured in the
assay services department at Linco Re-
search using an enzyme-linked immu-
nosorbent assay technique. This assay
measures both the 7-36 and the 7-37
GLP-1 moieties and completely excludes
the 9-36 and 9-37 truncated forms.

R, and Ry were calculated using
Steele’s equations for nonsteady-state
conditions (11). The volume of distribu-
tion of glucose was 210 ml/kg. Peripheral
glucose effectiveness (Sg uptake) was cal-
culated for each individual by the follow-
ing formula (11):

S, uptake =

Ry (210-240 min) — Ry (150180 min)
Glucose (210-240 min) — Glucose (150-180 min)
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Figure 2—Glucagon and total and active GLP-1 values during the glucose clamp studies. O,

Control study; @, GLP-1 study.

Results were compared using Student’s t
test for paired samples and analysis of
variance (ANOVA) as appropriate. P <
0.05 was considered significant in all
analyses.

RESULTS — Glucose, insulin, gluca-
gon, and GLP-1 values during the study
are shown in Figs. 1 and 2 and in Table 1.
Basal, 150—180 min, and 210-240 min
glucose, insulin, and glucagon values
were not different between the control

and GLP-1 studies. In both the control
and the GLP-1 studies, 150-180 min glu-
cose values were significantly higher than
basal, and there was a further significant
increase between the 150-180 and the
210-240 min time periods (P < 0.05 by
ANOVA). However, insulin values were
not significantly different at any time
point in either study. As expected, both
active and total GLP-1 values were higher
during the GLP-1 study at both time
points (P < 0.0001).

Meneilly and Associates

R, and R, values are shown in Table 1.
Basal, 150—180 min, and 210-240 min
R, values were not different between stud-
ies. Ry values from 150 to 180 min were
similar in both studies. However, 210—
240 min R, values were significantly
higher in the GLP-1 study (P < 0.0001)
(Table 2 and Fig. 3). Peripheral glucose
effectiveness was also greater in the GLP-1
study (control study: 0.95 = 0.34 ml -
kg™! + min~'; GLP-1 study: 1.76 = 0.40
ml - kg‘l -min~!: P < 0.05).

CONCLUSIONS — Numerous stud-
ies have evaluated NIMGU or glucose ef-
fectiveness in patients with diabetes, and
the results have been conflicting (8).
However, it is generally agreed that
NIMGU represents an important compo-
nent of overall glucose disposal in these
patients, and interventions that enhance
NIMGU are likely to result in reduction of
blood glucose levels. As a result, several
studies have evaluated strategies that
could potentially augment NIMGU. Low-
ering free fatty acid levels, exercise condi-
tioning, anabolic steroids, and certain oral
hypoglycemic agents have all been re-
ported to enhance glucose effectiveness in
younger patients (8,17,24-26).

GLP-1 augments insulin release, in-
hibits glucagon secretion, and delays gas-
tric emptying in type 2 diabetic subjects
(12,13,27,28). Therefore, GLP-1 is con-
sidered a potentially promising agent for
the treatment of type 2 diabetes (29). It
has been suggested that GLP-1 might also
enhance non-insulin-mediated glucose
disposal, but results in normal subjects
and diabetic patients have not provided
definitive answers (8). D’Alessio et al.
(14,15) reported that the peptide en-
hanced glucose effectiveness in young
nondiabetic subjects, whereas Toft-
Nielsen et al. (16) did not. Vella et al. (18)
found that GLP-1 did not enhance insu-
lin-independent glucose disposal in mid-
dle-aged patients with type 2 diabetes.

In the last few years, we have system-
atically evaluated the metabolic profile of
middle-aged and elderly patients with di-
abetes, and we have demonstrated that
diabetes in the elderly appears to be met-
abolically distinct from younger patients
(30). Thus, findings in younger patient
populations cannot automatically be ex-
trapolated to the aged. Normal physio-
logic aging is characterized by a defect in
NIMGU under basal conditions but a
normal response during hyperglycemia
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Table 1—Glucose, hormone, R, and R, values in the control and GLP-1 studies

Basal 150-180 min 210-240 min
Control GLP-1 Control GLP-1 Control GLP-1
Glucose (mmol/1) 7.1 03 73 *04 8.8*+03 85+ 04 112 = 0.1 11.1 £ 0.1
Insulin (pmol/1) 113 £ 17 113 £ 12 114 £ 16 107 £ 14 126 £ 17 131 £ 16
Glucagon (pmol/l) 20+ 2.0 17 2.0 13£1.0 10 £ 1.0 12 £1.0 9+1.0
Total GLP (pmol/l) 14 +30 70=*x20 12+20 164 + 46* 13+20 162 £ 48*
Active GLP (pmol/l) 3.0+ 1.0 40=x20 30x1.0 28 = 5.0% 30x1.0 26 = 5.0%
R, (mg- kg’l ~min!) 190 £0.11 196 £0.11 0.65 £ 0.20 0.53 £0.17 0.61 £0.18 039 0.1
R, (mg- kg™ - min™") 1.90 = 0.11 1.96 = 0.11 2.08 =0.13 2.06 = 0.15 2.52 = 0.19 290 0.1

Data are means = SEM. *P < 0.0001 for control vs. GLP-1 study.

(2,9,10). This defect in NIMGU at basal
glucose levels is accentuated in elderly pa-
tients with diabetes, implying a combined
effect of aging and diabetes on NIMGU in
the central nervous system, where ~70%
of basal NIMGU occurs (1,5,6). In con-
trast to healthy elderly subjects, elderly
patients with type 2 diabetes also have
defects in NIMGU during hyperglycemia,
suggesting there is also an abnormal re-
sponse of muscle to glucose in this patient
population (11). Therefore, interventions
that enhance NIMGU may be of great
therapeutic relevance to the elderly.

The purpose of this study was to spe-
cifically evaluate the effect of GLP-1 on
NIMGU in elderly patients with diabetes.
We found that GLP-1 resulted in an
~15% increase in glucose disposal. In
obese elderly diabetic patients, we have
previously demonstrated that high phys-
iologic insulin levels increase glucose dis-
posal by ~90% above basal (30). Viewed
in the context of overall glucose disposal
rates, the increase in glucose disposal in
response to GLP-1 would be expected to
have a modest clinical benefit. Further
studies are needed to test the long-term
utility of this peptide in elderly patients in
the clinical setting.

We compared our findings with a re-
cent study (18) that found no effect of
GLP-1 on NIMGU in middle-aged sub-
jects with diabetes. Vella et al. (18) ad-
ministered glucose and insulin in a
manner that replicated that which occurs
during a meal. GLP-1 was infused along
with glucose and insulin. The investiga-
tors found no effect of GLP-1 on glucose
disposal or hepatic glucose production.
The discrepancy between the studies may
be a result of the age of the subjects and
the experimental design. In the study of
Vellaetal. (18), insulin levels were higher
and glucose levels were lower than in our

studies, and it is possible that GLP-1 may
have differing effects on glucose disposal
at different levels of glucose and insulin.
In addition, Vella et al. (18) used a lower
infusion rate of GLP-1.

Several methodologic concerns need
to be addressed. There was a significant
increase in glucose values between basal
and 150-180 min. Although glucose val-
ues were well matched between studies, it
is possible that this modest increase in
glucose may have played a role in the
change in Ry seen at 210-240 min. Al-
though there were no statistically signifi-
cant differences, insulin values tended to
be higher in the control study from 60 to
180 min and higher in the GLP-1 study
from 180 to 240 min. Insulin values also
had a tendency to increase in each study
over time. These subtle changes in insulin
values may in part explain the differences,
or lack thereof, in R, that we were able to
demonstrate. Because of the gradual in-
crease in insulin levels, it is possible that
part of the effect of GLP-1 in this study
may have been to enhance insulin-
mediated rather than glucose-mediated
glucose disposal. However, because insu-
lin-mediated glucose uptake has an EDs,
(median effective dose) of ~500 pmol/lin
normal young subjects and because dia-
betes in elderly subjects is characterized
by insulin resistance (9), we believe that
these insulin levels are too low to have any
significant effect on glucose disposal.
Supporting the concept that residual in-
sulin does not contribute to glucose dis-
posal at these levels, Del Prato et al. (31)
found no difference in glucose uptake at
basal insulin levels or during insulinope-
nia. In addition, our findings were con-
firmed when we calculated glucose
effectiveness, which is the change in glu-
cose uptake for the change in glucose
level while the insulin level is held con-

stant. Thus, we believe our data are reflec-
tive of alterations in NIMGU and not
alterations in insulin action. Previous
studies have shown that tritiated glucose
infusions can result in underestimation of
glucose disposal rates and negative he-
patic glucose values when insulin values
and glucose disposal rates are high. This
problem can be corrected by using the
“Hot Ginf” technique (32). We elected not
to use this technique in our study because
insulin levels were suppressed, glucose
disposal rates were low, and the “Hot
Ginf” technique has not been validated for
the hyperglycemic clamp in humans. We
also chose not to replace glucagon in these
studies. Glucagon infusion could have in-
creased glucose or insulin levels to vary-
ing degrees in each study. This would
have made it difficult to compare rates of
NIMGU at similar glucose and insulin val-
ues. In addition, even though GLP-1 has
been reported to suppress glucagon se-
cretion, there was no significant differ-
ence in glucagon levels between the two
experiments.

Table 2—Individual 210-240 min R, values
(mg - kg™ - min™") in the control and GLP-1
studies

Subject no. Control GLP-1
1 2.38 2.78
2 3.44 3.48
3 1.82 2.17
4 3.24 3.55
5 3.29 3.74
6 2.14 3.01
7 2.08 2.64
8 2.02 2.39
9 2.28 23

10 2.50 2.95

Mean = SEM  2.52 £ 0.19 290 *0.17*

*P < 0.0001 for control vs. GLP-1 study.
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Glucose disposal from 210 to 240 min

R, (mg- kg'1 . min'1)
N

Control

The levels of active GLP-1 were sub-
stantially lower than total GLP-1. The bi-
ologic effect GLP-1 is partly regulated
through metabolism by dipeptidyl pepti-
dase IV (DPIV) (33), an enzyme that cleaves
the first two amino acids from both gastric
inhibitory polypeptide (GIP) and GLP-1
(34-36). There is increasing interest in
the use of inhibitors of DPIV as a treat-
ment for glucose intolerance and diabetes
because these agents are thought to increase
the activity of incretin hormones (29).
Our data suggest that these inhibitors
have the potential to greatly enhance the
therapeutic effect of GLP-1 in the elderly.

We conclude that GLP-1 may partially
reverse the defect in NIMGU that occurs
in elderly patients with diabetes. These
data should form the basis for further
clinical trials that are designed to assess
the effectiveness of this peptide in the
elderly.

GLP-1

Figure 3—R ; values during the glucose clamp studies. P < 0.0001 for control vs. GLP-1 study.
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