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Abstract

Introduction: Ageing skeletal muscles become both insulin resistant and atrophic. The hormone glucagon-like peptide 1 (GLP-1) facilitates
postprandial glucose uptake as well as augmenting muscle perfusion, independent of insulin action. We thus hypothesized exogenous GLP-1
infusions would enhance muscle perfusion and positively affect glucose metabolism during fed-state clamps in older people.
Methods: Eight men (71±1 years) were studied in a randomized crossover trial. Basal blood samples were taken before postprandial (fed-state)
insulin and glucose clamps, accompanied by amino acid infusions, for 3 hours. Reflecting this, following insertions of peripheral and femoral
vessels cannulae and baseline measurements, peripheral IV infusions of octreotide, insulin (Actrapid), 20% glucose, and mixed amino acids;
Vamin 14-EF with or without a femoral arterial GLP-1 infusion were started. GLP-1, insulin, and C-peptide were measured by ELISA. Muscle
microvascular blood flow was assessed via contrast enhanced ultrasound. Whole-body glucose handling was assayed by assessing glucose
infusion rate parameters.
Results: Skeletal muscle microvascular blood flow significantly increased in response to GLP-1 vs feeding alone (5.0±2.1 vs 1.9±0.7 fold-
change from basal, respectively; P=0.008), while also increasing whole-body glucose uptake (area under the curve 16.9±1.7 vs 11.4±
1.8 mg/kg−1/180 minutes−1, P=0.02±GLP, respectively).
Conclusions: The beneficial effects of GLP-1 on whole-body glycemic control are evident with insulin clamped at fed-state levels. GLP-1 further
enhances the effects of insulin on whole-body glucose uptake in older men, underlining its role as a therapeutic target. The effects of GLP-1 in
enhancing microvascular flow likely also affects other glucose-regulatory organs, reflected by greater whole-body glucose uptake.
Key Words: glucagon like peptide 1, extrapancreatic effects, muscle glucose uptake, muscle glucose metabolism, microvascular blood flow, microvascular
recruitment, microcirculation
Abbreviations: AA, amino acid; AI, acoustic intensity; AUC, area under the curve; CEUS, contrast-enhanced ultrasound; CV, coefficient of variation; GIR,
glucose infusion rate; GLP-1, glucagon like peptide 1; LBF, leg blood flow; M, glucose metabolized; MBF, microvascular blood flow; MBV, microvascular
blood volume; MFV, microvascular flow velocity; MVR, microvascular recruitment; NO, nitric oxide; ROI, region of interest; SEM, standard error of the mean.

The metabolic effects of glucagon-like peptide 1 (GLP-1), an
incretin hormone released from the gut, are largely under-
stood within the context of its ability to stimulate pancreatic
β cells to secrete insulin in response to oral carbohydrate inges-
tions in healthy individuals and in diabetes (1-6). The extrap-
ancreatic properties of GLP-1 in relation to insulin sensitivity
and skeletal muscle glucose uptake and disposal remain un-
clear, however. Although some reports question the relevance
of GLP-1’s extrapancreatic properties in healthy adults (7, 8)

and in diabetes (9); others describe improved glucose toler-
ance in healthy individuals (10-12), whole body glucose up-
take in type 1 diabetes (13), and hind-limb glucose uptake in
rats (14). The latter effects are thought to be facilitated by
insulin-induced postprandial hyperemia mediated by nitric
oxide (NO)-dependent vasodilatation of terminal arterioles
(in addition to nutrients) and delivery to terminal capillaries
within muscle beds (15). Thereafter, glucose uptake into
muscle tissue follows insulin receptor/IRS/PI3-K-stimulated
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GLUT-4 translocation to the cell membrane (15, 16).
Interestingly, GLP-1 receptors have been shown to be ex-
pressed in rats myocytes (17) and in vitro data support its abil-
ity to activate glycogen synthase and increase glucose
metabolism in human myocytes (18, 19).
In addition to potential extrapancreatic effects of GLP-1 in

regulating glucose metabolism, insulin-independent proper-
ties for GLP-1 in the vasculature have also been described in
relation to skeletal muscle microvascular recruitment
(MVR) under hyperinsulinemic euglycemic clamp conditions
in younger individuals (20, 21). Its physiological effects on
older individuals, on the other hand, who would normally
show reduced microvascular response to feeding (22, 23),
has not been explored. Because GLP-1 has been shown to in-
crease vascular blood flow independent of insulin (20, 21), it is
likely that GLP-1 may also enhance muscle MVR, insulin de-
livery, and glucose disposal. However, the link between hu-
man aging and impaired glucose disposal remains
controversial, with some data supporting this (24) and others
reporting little difference in comparison to younger people
(25, 26).
Although data showing a potently positive effect of GLP-1

on peripheral tissue MVR is encouraging, to date, no study
has explored the extrapancreatic potentials of GLP-1 on
muscle glucose disposal and MVR under postprandial condi-
tions in the context of older age. To address this, we hypothe-
sized that GLP-1 upregulates postprandial skeletal muscle
microcirculation that may reflect positively on glucose use in
older individuals. Therefore, the aims of the present study
were to test whether exogenousGLP-1would have added ben-
efits on skeletal muscle glucose uptake and MVR in older in-
dividuals, beyond the impact of postprandial insulin and
glucose.

Materials and Methods

Subjects and Design
Subjects

This study was approved by The University of Nottingham
Faculty of Medicine and Health Sciences Research Ethics
Committee (reference: G12122013 MSGEM) and conducted
in line with the Declaration of Helsinki and prospectively reg-
istered at www.clinicaltrials.gov (NCT02370745). Eight
healthy male volunteers (65-75 years of age; see Table 1 for
subject characteristics) were recruited to the study via targeted

(for age) postal invites to those residing close to the study site.
Before enrollment, all participants underwent a comprehen-
sive clinical examination and metabolic screening at the
University of Nottingham Royal Derby Hospital Centre to
confirm eligibility. Subjects with metabolic disease, lower
limb musculoskeletal abnormalities, acute cerebrovascular
or cardiovascular disease, active malignancy, uncontrolled
hypertension, body mass index <18 or >28 kg/m−2, on medi-
cations that impact glucose metabolism or modulate vascular
tone, or those with known allergy to any of the study infusions
were excluded. All volunteers were studied following over-
night fast (water ad libitum) of 10 to 12 hours. Each volunteer
was studied on 2 occasions, approximately 3 weeks apart.
Volunteers were randomly assigned to receive either GLP-1
infusion or placebo into the femoral artery of one leg on
each visit. Volunteers were blinded to which visit they would
receive the GLP-1 infusion.

Conduct of the Study

Reporting and preparation
On the morning of study days, volunteers reported to the la-
boratories at 0800 hours. Following a dual-energy x-ray ab-
sorptiometry scan (first study only), volunteers lay supine on
a bed for the duration of the study day. Three polyethylene
cannulae (two 20G and one 18G sizes) for IV infusions were
inserted in the 2 forearms. This was followed by the insertion
of femoral arterial cannula in the femoral artery of the leg des-
ignated for study. The area below the inguinal ligament was
anesthetized before the introduction of wire-guided femoral
catheters under ultrasound scan guidance (Philips iU22
Ultrasound, Bothell, WA, USA).

Postprandial clamp
Following insertion of peripheral and femoral vessel cannulae
and baseline blood acquisition, peripheral IV infusions of oc-
treotide (Novartis, Surry, UK), insulin Actrapid (Novo
Nordisk, Gatwick, UK), 20% glucose (Baxter, UK), and
mixed amino acids (AA); Vamin 14-EF (Fresenius Kabi Ltd,
Runcorn, UK) with or without a femoral arterial GLP-1 infu-
sion (Bachem AG, Bubendorf, Switzerland) were started.
Glucose and insulin were infused as previously described
(27) aiming to clamp glucose at 7 to 7.5 mM and insulin at
a postprandial level of approximately 30 μIU/mL−1.
Octreotide was infused at a rate of 30 ng/kg−1/min−1 (28),
with Vamin 14-EF started at a prime rate of 34 mg/kg−1 AA
followed by a constant infusion rate of 102 mg/kg−1/h−1,
with all infusions being 3 hours. GLP-1 was obtained as a
powder and stored at −20°C. On the day of the study,
GLP-1 was dissolved in 2 mL of 0.9% saline, diluted, and in-
fused into the femoral artery at a constant rate of 1.2 pmol/
kg−1/min−1 (21). The placebo infusion contained 0.9% saline
only.

Contrast-enhanced ultrasound
A baseline measurement of microvascular blood flow param-
eters was conducted using contrast-enhanced ultrasound
(CEUS; Philips iU22 Ultrasound, Bothell, USA). Using our
previously published protocol (23), in brief, Sonovue
(Bracco, Courcouronnes, France) was infused via a peripheral
vein at an initial rate of 2 mL/min−1for 1 minute and 1 mL/
min−1for a further 2 minutes. During the last 90 seconds of

Table 1. Characteristics of study participants (n=8)

Parameter

Age (y) 71± 1.04

Height (m) 1.77± 0.03

Weight (kg) 83± 4.25

BMI (kg/m2) 26.2± 0.63

Leg mass (g) 9201.5± 28

Sarcopenic index (ASM kg/m2) 8.13± 0.18

Fasting plasma glucose (mM) 5.65± 0.18

Data are presented as mean± SEM. BMI defined as weight in kg/height in
meters2. Sarcopenic index corresponds to the ASM mass index, which was
calculated as ASM in kg/height in meters2.
ASM, appendicular skeletal muscle; BMI, body mass index.
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this 3-minute infusion, three 30-second cycles of flash/replen-
ishment videos were recorded and analyzed using Q-Lab
software (Philips, Andover, MA, USA). A further CEUS as-
sessment of muscle microvascular parameters was made
120 minutes after the start of the postprandial clamp.

Blood sampling and leg blood flow
Blood samples were taken at baseline and at regular intervals
throughout the study. Following the start of the postprandial
clamp, venous samples were taken every 5 to 10 minutes to al-
low adjustment of the glucose infusion rate to maintain blood
glucose between 7 and 7.5 mM, measured using a Yellow
Springs Instrument (UK Ltd, Hampshire, UK). At baseline, 3
measures of whole-leg (femoral artery) blood flow (LBF)
were also taken using our published protocol (29), with fur-
ther LBF assessments between 40 and 80 minutes and 130
and 170 minutes after the start of the clamp. At the end of
the study day, participants were provided a meal and moni-
tored for 60 minutes before leaving.
Figure 1 shows schematic representation of preparatory

phase (−60 to 0 minutes) and clamp phase (0-180 minutes)
during the acute study day.

Laboratory Analysis and Measurements

Plasma insulin, C-peptide, and GLP-1 concentrations
ELISA kits (Milliplex Map Kit, EMS Millipore, Germany)
were used to determine insulin, C-peptide, and GLP-1. For
GLP-1 analysis, samples were collected in P800 tubes, which
stabilize GLP-1 on collection. The kit used was the Milliplex
Map Kit—human metabolic hormone magnetic bead panel
(catalog #HMHEMAG-34K, PRID:AB_2910198), measured
on a Luminex-Magpix (Thermo Fisher Scientific, UK).

Micro- and macrovascular blood flow parameters
Two sets of 3 video recordings were obtained (baseline and
after intervention) for each study day for the assessment of
microvascular blood flow. Videos were exported to quantifi-
cation software (QLab, Philips, Andover, MA, USA) for ana-
lysis. Regions of interest (ROIs) were manually selected

avoiding areas of connective tissue and rapid filling vessels
and copied into each file to ensure that regions were identical
for each recording within a study day. The period immediately
following each flash (0.57 seconds) was used to calculate
background acoustic intensity (AI), an arbitrary unit, attribut-
able to rapidly filing larger nonexchange vessels and tissue
echogenicity. The mean AI during this period was calculated
and subtracted from all subsequent values during the associ-
ated replenishment period. The mean AI across all 3 flash/re-
plenishment recording cycles at each timepoint was calculated
after background correction and curtailed at 24 seconds.
Then, AI vs time curves were generated and fitted to the expo-
nential function: y=A [1− e − β(t − Bt)], where t is time in sec-
onds, Bt the time used for background subtraction, y is the AI
at any given t,A is the plateau AI defined asmicrovascular vol-
ume (MBV) in milliliters in the ROI, and β is the flow rate con-
stant (liters/s−1) that determines the rate of rise of AI and
corresponds to the mean microvascular flow velocity (MFV)
or perfusion rate in milliliters per second of all vessels in the
ROI. Using data derived from this equation, microvascular
blood flow (MBF) in milliliters per second is defined as
MBV×MFV (30). Fold change from baseline was calculated
as the difference between intervention value and baseline val-
ue relative to baseline value. Net incremental area under re-
sponse curve (AUC) for AI was calculated for each
individual separately and presented as grouped analysis.

Plasma AA (Phenylalanine)
For measurement of phenylalanine concentrations, internal
standards were added to plasma samples before addition of
urease solution and incubation at room temperature for
20 minutes. Samples were then deproteinized with ice-cold
ethanol for 20 minutes at 4°C, before centrifugation at
13 000g. Dried AA were vortex mixed in 0.5 M HCl, and lip-
ids extracted in ethyl acetate before evaporation to dryness of
the aqueous fraction at 90°C under N2. Then, AA were deriv-
atized through the addition of equal volumes of acetonitrile
and N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide
and heated to 90°C for 60 minutes. Samples were allowed

Figure 1. Schematic representation of study protocol. Eight oldermenwere studied on 2 occasions under fed-state insulin clamp conditions for 3 hours
with and without GLP-1 infusion. AA, amino acids; CEUS, contrast-enhanced ultrasound; LBF, leg blood flow.
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to cool before being transferred to autosampler vials.
Phenylalanine concentrations were finally quantified against
a standard curve of known concentrations, using gas chroma-
tography mass spectrometry (31).

Calculation of Glucose Uptake
Glucose metabolized (M) was calculated in accordance with
DeFronzo et al (27), where M is equal to glucose infusion
rate (GIR) minus urinary losses of glucose (which averages
0.2 mg/kg−1/min−1) and a space correction. In this study, M
was determined over 15-minute intervals using glucose con-
centration values. The M for each study visit was calculated
as the mean of twelve 15-minute intervals. The net incremen-
tal AUCwas calculated for each individual separately and pre-
sented as a 2-group comparison.

Statistical Analysis
The sample size was prospectively determined based on previ-
ous studies to detect differences inMVR, glucose, and AAme-
tabolism in response to feeding (23, 32). For repeated
measures of AA and glucose concentrations of the same blood
sample, the coefficient of variation (CV) is ∼3.8%. The popu-
lation CVs are∼10% to 12% for young and oldermen.With a
population CV of 15% (based on previous laboratory data)
and CV of laboratory techniques also of 15% (propagated er-
ror ∼21%), a difference of ±21% (ie, 1 SD) could be detected
(with 80% confidence, 5% significance level) in the fed state.
Given these facts, the smallest number of subjects needed to
detect (with 80% confidence, 5% significance level) a cross-
sectional difference between groups, or a 1-way difference
on a paired basis, of 20%, is 8. Analysis was conducted using

Prism 7 (GraphPad, San Diego, CA, USA). Data are presented
as means± standard error of the mean (SEM). Normality of
distribution was tested using D’Agostino and Pearson
Omnibus normality tests. Comparison between values was
made via Student t test or repeated measures ANOVA with
Bonferroni post hoc, as appropriate.

Results

Subject Characteristics
The physical and demographic characteristics of participants
are shown in Table 1.

GLP-1 and Phenylalanine Concentrations
Total GLP-1 levels at baseline were comparable between the 2
experiments (21± 4 and 29± 6 pM, with or without GLP-1
infusion, respectively). GLP-1 infusions caused a gradual
rise in concentrations over the postprandial clamp period to
a peak at 180 minutes (85.7± 10 compared with 17.1± 4.3
pM, at the same time point in the experiment where it was
not infused). Mean GLP-1 concentration over the 180-minute
feeding period was 58± 8 and 17.1± 1 pM, with and without
GLP-1 infusions, respectively (Fig. 2A). Phenylalanine con-
centrations, as a proxy for feeding efficacy were comparable
between the 2 experiments (basal: 57± 0.7 vs 58± 0.2 μM,
with and without GLP-1, respectively), rising to a mean of
140± 5.1 vs 141± 5.3 μM with and without GLP-1, respect-
ively (Fig. 2B).

Leg Blood Flow
LBF was not significantly different between the groups at
baseline (0.341± 0.025 vs 0.328± 0.022 L/min−1, P> 0.05),
nor in response to a fed-state insulin clamp (0.385± 0.03 vs
0.372± 0.031 L/min−1, P> 0.05, both with and without
GLP-1, respectively).

Microvascular Recruitment
AI rose as expected following feeding in both experiments
(Fig. 3A and B). Although GLP-1 infusions caused a 1.8-fold
increase in replenishment curve AUC (corresponds to MBV)
compared with a 0.8-fold increase without GLP-1 (P= 0.03)
(Fig. 3C), calculated increments inMBVwere not significantly
different between the 2 experiments, however (0.7± 0.2 vs 0.4
± 0.2-fold, P> 0.05, with and without GLP-1, respectively)
(Fig. 3D). Increase in MFV was numerically but not signifi-
cantly higher with GLP-1 (1.1± 0.4 vs 2.6± 1.3-fold incre-
ment from fasted, P= 0.09) (Fig. 3E). Increase in MBF,
calculated as the product of MBV and MFV, however, was
significantly greater with GLP-1 (5.0± 2.1 vs 1.9± 0.73-fold
increment from fasted respectively, P= 0.008) (Fig. 3F).

Plasma Insulin, C Peptide, Glucose, GIR, and
Glucose Uptake
Mean insulin concentrations were similar at baseline (fasted
state) in both groups (5.1± 0.5 and 5.6± 0.9 μIU/mL−1,
with and without GLP-1, respectively). Infusion of insulin in
the postprandial state led to levels rising to 25± 0.4 μIU/
mL−1 and to 31± 1.3 μIU/mL−1 when GLP-1 was co-infused
(P< 0.001 vs baseline in both experiments), with no between
groups differences at any time points (Fig. 4A). C-peptide con-
centrationswere not significantly different at baseline between
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Figure 2. Plasma GLP-1 (A) and phenylalanine (B) concentrations.
Analysis via 2-way ANOVA. **P< 0.01, ****P = 0.0001 vs fasted
value in the same condition. #P< 0.01, §P<0.0001 between
conditions. Data presented as means±SEM.
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the 2 groups (1.7± 0.2 vs 1.6± 0.3 ng/mL−1, with and with-
out GLP-1, respectively). C-peptide levels dropped numerical-
ly but not significantly following octreotide infusion at the
start of the postprandial clamp (0.93± 0.23 vs 0.91±
0.18 ng/mL−1, with and without GLP-1, respectively).
C-peptide remained similar between groups throughout the
clamp, not significantly different to baseline (Fig. 4B).
The time course of leg blood glucose levels during the fasted

and postprandial periods in both experiments is shown in
Fig. 4C. Mean blood glucose in the fasted state was 5.8±
0.2 vs 5.7± 0 mM in the experiments with and without
GLP-1, respectively. Following the start of feeding, mean fem-
oral glucose over the entire of feeding period was 7.5± 0.14 vs
7.9± 0.17 mM with and without GLP-1, respectively. GIR is
shown in Fig. 5A. Rates of glucose infusion started high,
guided by individual’s surface area per the Defronzo protocol
and followed a reducing pattern in the first 15 minutes, when
glucose levels are expected to rise to the desired postprandial
range of 7.0 to 7.5 mM.GIRwas significantly higher at 150 to

165 minutes (2.3± 0.08 vs 0.5± 0.10 mg/kg−1/min−1, P=
0.02 with and without GLP-1, respectively) and 165 to
180 minutes (2.4± 0.09 vs 0.6± 0.08 mg/kg−1/min−1, P=
0.009 with and without GLP-1, respectively) with GLP-1.
Whole body glucose uptake (M) calculated from the glucose
infusion rate is presented as a comparison of AUC between
the 2 groups in Fig. 5B. Whole body glucose uptake was sig-
nificantly higher with GLP-1 (M, AUC 16.9± 1.7 vs 11.4±
1.8 mg/kg−1/180 minutes−1, P= 0.02, with and without
GLP, respectively).

Discussion

It is important when testing the metabolic impact of GLP-1 on
glucose metabolism to control insulin and nutrients (glucose
and AA).We chose to mimic a physiological postprandial, hy-
peraminoacidemic fed state because insulin and glucose stimu-
late skeletal muscle glucose uptake via different mechanisms.
In our study, 8 individuals studied twice with and without
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Figure 3. Microvascular responses to feeding with and without GLP-1 as assessed by contrast-enhanced ultrasound (CEUS). A and B show the
acoustic index generated from microvascular microbubble contrast refilling (corresponds to MBV) plotted against time following application of a high
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GLP-1, in a model that minimized variability between sub-
jects. In this study, the clamp protocol successfully achieved
target levels of glucose and insulin. In addition, phenylalanine
concentration (Fig. 2B) showed the expected 2- to 3-fold in-
crease in phenylalanine to a steady state, demonstrating suc-
cessful intravenous infusion of AA to achieve postprandial
AA concentrations, as in previous feeding studies giving AA
orally (33) or IV (28). Both groups received identical infusions
of glucose and mixed AA to generate a postprandial insuline-
mic, hyperaminoacidemic clamp,mimicking feeding. AA infu-
sions have been reported to increase insulin resistance (34);
however, because we have studied the same individuals on 2
occasions, wherein the only difference is the GLP-1 infusion,
we therefore believe the impact on glucose metabolism is
from the presence of GLP-1. To our knowledge, this study is
the first to report the effects of GLP-1 infusion on skeletal
muscle MVR and glucose uptake in older individuals under
fed conditions. In sum, we demonstrated that: (1) infusion
of GLP-1 improves skeletal muscle MVR beyond increases
seen with insulin alone and (2) postprandial GLP-1 infusion
significantly enhances whole body glucose uptake.
We have shown that GLP-1 significantly improves MVR

through enhancement of both MFV and MBV responses to
a fed-state insulin clamp. Moreover, this positive effect on
MVR is shown for the first time in the context of aging, and
complements previous observations in young individuals

(20, 21). This novel observation is crucial because aging has
been associated with blunted insulin-mediated vasodilatory
stimulation (33). For instance, Skilton et al demonstrated
that postprandial microvascular dilatation is impaired with
advancing age even after adjusting for potentially confound-
ing baseline parameters (35). Although the response to NO
is thought to be intact in older age, the underexpression of
endothelial nitric oxide synthase in response to insulin is
thought to play an important role in the blunted microvascu-
lar vasodilatory responses to insulin observed with aging
(36-37). Beyond this, several other mechanisms have also
been proposed as potential reasons for this blunted response,
including a decline in total limb blood flow (38), insulin resist-
ance, increased degradation of NO by oxygen-derived free
radicals, increased release of vasoconstrictors (35), a reduc-
tion in vascular responsiveness (39), reduced capillary density
(40), and endothelial dysfunction (41). All of these factors
may jeopardize the ability of skeletal muscles to respond to
vasodilatory stimuli such as insulin (exogenously infused or
in response to feeding) and contractile activity (ie, exercise).
Our MVR results are of importance in the context of resist-

ance to insulin action at the microcirculatory level, as seen in
aging and diabetes, with this resistance thought to be due to
reduced rate of transcapillary insulin movement to the inter-
stitial space across vascular endothelial cells (42). Further, in-
sulin uptake by endothelial cells is also impaired in these
conditions, possibly because of raised levels of cytokines
(43). These facts are supported by the observation that insulin

-20 0 20 40 60 80 100120140160180

0

10

20

30

40

50

In
su

lin
 (

IU
.m

L-1
)

***

- GLP-1

+ GLP-1

0 30 60 90 120 150 180

0.5

1.0

1.5

2.0

2.5

C
 p

ep
tid

e 
(n

g.
m

L-1
)

-20 0 20 40 60 80 100120140160180

4

5

6

7

8

9

Time (min)

G
lu

co
se

 (m
M

)
A

B

C

0

2000

4000

6000

8000

In
su

lin
AU

C
 (

U
.1

80
 m

in
-1

) -GLP-1
+GLP-1

p 0.2
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Figure 5. Glucose infusion rate (A) and whole body glucose uptake, M
(B). *P< 0.05, **P<0.01 between groups. Analysis via 2-way ANOVA.
Data presented as means±SEM.
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concentrations in the interstitium is significantly lower than in
plasma, with a consequent delayed insulin action at the myo-
cyte level (42). It is therefore speculated that increased MVR
would lead to increased endothelial surface area and thus to
improved insulin and glucose delivery to skeletal muscle cells
(14, 44). Indeed, improvements in glucose delivery to muscle
has been demonstrated using pharmacological preparations
that are known to reduce peripheral microvascular tone
such as losartan, an angiotensin ΙΙ type 1 receptor blocker
(45). Although the increments in whole body glucose disposal
shown in this study do not exclude the possibility that GLP-1
might also being acting on other tissues, skeletal muscle is like-
ly a major contributor as the predominant site for insulin-
mediated glucose disposal (46, 47). Finally, both insulin and
GLP-1 mediate their microvascular action through
NO-dependent mechanisms (14, 15). Our data suggest
GLP-1 appears to have additive effects beyond that of insulin
alone in recruiting skeletal muscle microvasculature in older
individuals and may have a role in the insulin resistance asso-
ciated with aging and chronic disease such as type 2 diabetes,
which is linked to endothelial dysfunction.
It is noteworthy that GLP-1 infusions resulted in numerically

higher concentrations of insulin during the clamp, but with the
C-peptide profiles indicating this marginal difference seems to
be related to endogenous insulin production rather than dispar-
ities in exogenous insulin concentrations. Thismay be related to
the dose of octreotide used in this study, which is lower than in
previous similar experimental studies (9, 13), and was designed
to reduce side effects given the age-related characteristics of our
cohort. This dose has been effective, however, in completely
blocking endogenous insulin production in other studies aimed
at achieving experimental postprandial insulin levels, albeit
without GLP-1 infusion (28). This disparity may be explained
by a presumed “β-cell escape phenomenon” in relation to
GLP-1 infusion, in which higher doses of octreotide are needed
to completely block endogenous insulin production if GLP-1 is
being co-infused. A potential limitation of our study includes
not including lipid co-infusion (tomimic meal feeding).We rea-
soned that because rises in lipid levels following oral ingestion
are delayed, the impact of lipid on blood flow and glucose util-
ization during the early feeding response when insulin and
GLP-1 rise transiently is likely negligible.
In conclusion, compared with hyperinsulinemia alone, this

study demonstrates that co-infusion ofGLP-1 improves skeletal
muscle MVR and whole body glucose uptake/use during a
hyperglycemic, hyperaminoacidemic clamp. These extrap-
ancreatic benefits of GLP-1 require further exploration in rela-
tion to the use of existing incretin therapeutics that may be able
to enhance microvascular and metabolic responses to food in-
take in older age. This thesis is further underlined by our recent
report of GLP-1 infusions enhancing muscle protein synthetic
responses to a fed-state insulin clamp in older men (48).
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