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Abstract

We examined the acute dose-dependent effects of intracoronary glucagon-like peptide (GLP)-1 (7-
36) on coronary vascular tone, cardiac contractile function and metabolism in normal and ischemic
myocardium. Experiments were conducted in open chest, anesthetized dogs at coronary perfusion
pressures (CPP) of 100 and 40 mmHg before and during intracoronary GLP-1 (7-36) infusion (10
pmol/L to 1 nmol/L). Isometric tension studies were also conducted in isolated coronary arteries.
Cardiac and coronary expression of GLP-1 receptors (GLP-1R) was assessed by Western blot and
immunohistochemical analysis. GLP-1R was present in the myocardium and the coronary
vasculature. The tension of intact and endothelium-denuded coronary artery rings was unaffected
by GLP-1. At normal perfusion pressure (100 mmHg), intracoronary GLP-1 (7-36) (targeting
plasma concentration 10 pmol/L to 1 nmol/L) did not affect blood pressure, coronary blood flow
or myocardial oxygen consumption (MVO,); however, there were modest reductions in cardiac
output and stroke volume. In untreated control hearts, reducing CPP to 40 mmHg produced
marked reductions in coronary blood flow (0.50 +0.10 to 0.17 £0.03 mL/min/g; P< 0.001) and
MVO, (27 £2.3t0 15 £2.7 /L Oo/min/g; £< 0.001). At CPP =40 mmHg, GLP-1 had no effect on
coronary blood flow, MVVO, or regional shortening, but dose-dependently increased myocardial
glucose uptake from 0.11+0.02 ymol/min/g at baseline to 0.17+0.04 ymol/min/g at 1 nmol/L
GLP-1 (P< 0.001). These data indicate that acute, intracoronary administration of GLP-1 (7-36)
preferentially augments glucose metabolism in ischemic myocardium, independent of effects on
cardiac contractile function or coronary blood flow.
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Introduction

Glucagon-like peptide-1 (GLP-1) is an insulinotropic hormone released from intestinal L-
cells in response to feeding. The full-length peptide GLP-1 (7-36) is a ligand for the G-
protein-coupled GLP-1 receptor (GLP-1R). GLP-1 (7-36) is quickly degraded by circulating
dipeptidyl peptidase 4 (DPP-4) to yield GLP-1 (9-36), which does not activate the GLP-1R,
and is inactive as an insulinotropic agent.! Endogenous plasma concentrations of GLP-1 (7
36) observed in humans range from ~5 to 30 pmol/L in a fasting state to ~30 to 40 pmol/L
following a mixed meal.2=> Current GLP-1-based therapeutics for the treatment of type 2
diabetes mellitus include GLP-1R agonists with long circulating half-lives (e.g. exenatide),
and DPP-4 inhibitors (e.g. sitagliptin).8 Although these therapies have been linked with
cardioprotective mechanisms, they are not currently prescribed for this purpose.>7-18

Recent research on the cardiac effects of GLP-1 indicates that systemic infusion of the full-
length (7-36) peptide influences cardiac contractile function and glucose utilization. Studies
in humans and in canines demonstrate that intravenous administration of GLP-1 (7-36)
(1.5-2.5 pmol/L/kg/min) for 24—72 h improves cardiac contractile performance following
coronary artery occlusion,19 and pacing-induced heart failure.”811 This improvement in
cardiac function is associated with an increase in myocardial glucose utilization and occurs
both independently and synergistically with insulin.® Other studies have documented that
GLP-1 (7-36) induces vasodilation of isolated aortic, femoral and pulmonary arteries in
rats,19-22 and increases coronary blood flow in normal and postischemic isolated murine
hearts.12:13 Systemic administration of recombinant GLP-1 (7-36) has also been shown to
increase coronary blood flow /77 vivo in canines with pacing-induced dilated
cardiomyopathy.” However, cardiac contractile performance and myocardial oxygen
consumption (MVO,) were also increased by GLP-1 in this study. Thus, it is unclear if the
changes in coronary flow were the result of direct actions of GLP-1 on the coronary
circulation or if they were the result of increased metabolic demand, i.e. metabolic
vasodilation. While it has been demonstrated by Western blot that GLP-1R is present within
canine myocardium,8 the distribution of GLP-1R within canine heart, including the possible
presence within coronary microvessels, has not previously been determined. Taken together,
these findings suggest that GLP-1 (7-36) could protect the heart from ischemic injury by
shifting cardiac substrate metabolism toward glucose and/or by augmenting myocardial
perfusion.14.23 Whether these effects of GLP-1 /n vivo occur acutely (min versus h) and/or
are dependent on whole-body responses to systemic exposure to GLP-1 has not been
assessed.

This study tested the hypothesis that acute administration of GLP-1 (7-36) directly into the
coronary circulation augments coronary blood flow, myocardial glucose metabolism and
cardiac contractile function in normal and ischemic myocardium in a dose-dependent
manner. Experiments were conducted in open chest anesthetized dogs at coronary perfusion
pressures (CPP) of 100 and 40 mmHg before and during intracoronary GLP-1 (7-36)
infusion (intracoronary concentrations of 10 pmol/L to 1 nmol/L). Coronary vascular effects
of GLP-1 (7-36) (10 pmol/L to 1 nmol/L) were also assessed by isometric tension studies in
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isolated coronary arteries. In addition, cardiac and coronary expression of GLP-1R was
determined by Western blot analysis and immunohistochemistry with confocal microscopy.

Surgical preparation

Animal procedures used for this investigation were approved by the Institutional Animal
Care and Use Committee and conducted in accordance with guidelines in the Guide for the
Care and Use of Laboratory Animals. Adult male mongrel dogs weighing ~20 kg were
sedated with morphine (3 mg/kg, subcutaneous) and anesthetized with a-chloralose (100
mg/Kkg, intravenous). Following intubation, animals were ventilated with room air
supplemented with oxygen, and positive end-expiratory pressure was held at ~2 cm H,0 to
prevent atelectasis. Aortic pressure was measured through a catheter introduced into the
thoracic aorta through the left femoral artery. Another catheter, inserted into the right
femoral vein, was used to maintain anesthesia, and to administer sodium bicarbonate as
needed to maintain pH within normal physiological limits. The right femoral artery was also
catheterized to supply blood to a pump perfusing the left anterior descending coronary artery
(LAD). A left lateral thoracotomy was then performed to expose the heart. The LAD was
isolated distal to its first major diagonal branch, cannulated and connected to the
extracorporeal perfusion system. CPP was maintained constant at 100 or 40 mmHg during
the experimental protocol by a servo-controlled roller pump. Coronary blood flow was
measured within the extracorporeal perfusion circuit with an in-line flow transducer
(Transonic Systems, Inc, Ithaca, NY, USA). Intravenous heparin was administered (500
U/kg) to prevent coagulation. The great cardiac vein was also cannulated to collect blood for
metabolic analysis of the LAD perfusion territory. Left ventricular (LV) pressure and cardiac
output (CO) were measured with a Millar® Mikro-Tip SPR-524 catheter in the LV (Millar
Instruments, Inc, Houston, TX, USA), and a flow probe around the root of the aorta
(Transonic Systems, Inc), respectively. Regional contractile function was determined using
ultrasonic crystals (Sonometrics, Inc, London, ON, Canada) placed in myocardium of the
LAD perfusion territory at a depth of ~7 mm. These data were analysed by custom-made
software developed in Matlab® (Mathworks®, Natick, MA, USA). Percent segment
shortening was calculated as [(end diastolic length—end systolic length)/end diastolic length].
End diastolic length was taken at the beginning of the positive deflection of LV dA/d (rate of
pressure development), and end systolic length was taken 20 ms before the peak negative
deflection of dA/d¢ corresponding with the dicrotic notch of the aortic pressure recording, as
previously reported.23:24 All materials that were implanted into the animals or in contact
with the circulation (i.e. cannulas, catheters and flow probes) were cleaned with the multi-
enzyme detergent Enzyte™ (Decon Labs, Inc, King of Prussia, PA, USA) for the removal of
blood, protein and other biological material, then rinsed thoroughly with deionized water
and allowed to dry prior to use.

Acute dose-dependent effects of GLP-1 (7—36) on cardiovascular hemodynamics

Acute /n vivo experiments were conducted in open chest, anesthetized dogs (/7= 9) at CPP
of 100 and then 40 mmHg before and during intracoronary GLP-1 (7-36) infusion (10
pmol/L to 1 nmol/L). Following cannulation of the LAD, hemodynamic and contractile
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function parameters were allowed to stabilize for ~10-15 min before acquiring baseline
data. After baseline parameters were measured and blood samples obtained, an infusion of
GLP-1 (7-36) (G8147; Sigma-Aldrich, St Louis, MO, USA) was initiated into the LAD
perfusion line at a constant infusion rate in order to obtain coronary plasma concentrations
of 10 pmol/L to 1 nmol/L. Plasma flow was calculated as [(1-hematocrit) x coronary blood
flow]. After completion of the GLP-1 (7-36) infusion at CPP = 100 mmHg, a 10-min
washout period was allowed before CPP was lowered to 40 mmHg. Following stabilization
of hemodynamic parameters at CPP = 40 mmHg (~5-10 min), baseline data were acquired
and the intracoronary infusion of GLP-1 (7-36) repeated. Data were averaged from 10
consecutive beats following ~5 min of GLP-1 (7-36) administration at each dose.

Metabolic analysis

Avrterial and coronary venous blood were collected simultaneously, immediately sealed and
placed on ice. The samples were analyzed for pH, PCO5, PO,, O, content, hematocrit,
glucose concentration and lactate concentration with an Instrumentation Laboratories
automatic blood gas analyzer (GEM Premier 3000; Instrumentation Laboratory Company,
Bedford, MA, USA) and CO-oximeter (682) system (Instrumentation Laboratory
Company). LAD perfusion territory was estimated to be 30% of total heart weight, as
previously described by Feigl er a/2* MVO, (1 O,/min/g) was calculated as [coronary
blood flow x (arterial O, content—coronary venous O, content)]. Fick principle was also
used to calculate glucose and lactate uptake.

Functional assessment of isolated coronary artery rings

Isometric tension studies were conducted in both endothelium intact and denuded isolated
coronary artery rings treated with the same concentrations of GLP-1 used in the /n vivo
studies (10 pmol/L to 1 nmol/L). For these experiments, canine hearts were excised,
immediately rinsed and bathed with ice-cold saline. Epicardial LV coronary arteries were
dissected from the heart, cleaned of perivascular fat and cut into ~3 mm rings. These fresh
arterial rings were mounted in organ baths with warm oxygenated Krebs solution and
brought to an optimal preload of ~4 g, as previously described.2> Rings were then
preconstricted with the thromboxane A, mimetic U46619 (1 gmol/L). Graded doses of
GLP-1 (7-36) were then added to the baths in a cumulative manner. Presence or absence of
functional endothelium was assessed by reactivity to acetylcholine (10 gmol/L). Viability of
arterial smooth muscle was determined by reactivity to sodium nitroprusside (20 gmol/L).

Western blot analysis

Following excision of the hearts, transmural LV samples were quickly isolated, snap frozen
in liquid N5 and stored at —80°C. These samples were later homogenized in lysis buffer, and
protein was quantitated using a DC protein assay. Thirty-five micrograms of protein were
loaded onto a 7.5% acrylamide gel and transferred overnight. Membranes were blocked
prior to a one-hour incubation with rabbit polyclonal GLP-1R antibody (ab39072; Abcam,
Cambridge, MA, USA) in blocking buffer with 0.1% Tween 20 at ambient temperature.
Membranes were washed and incubated for one hour with IRDye 800 donkey anti-rabbit
secondary antibody. Immunoreactivity to GLP-1R was determined by a Li-Cor Odyssey
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system (Li-Cor Biosciences, Lincoln, NE, USA). Band size was determined using
comparison with a standard protein ladder (161-0375; Bio-Rad, Hercules, CA, USA).

Immunohistochemistry and confocal microscopy

Fresh LV cardiac samples were snap frozen in liquid N, and stored at —80°C. Frozen LV
samples were then embedded in Tissue-Tek® OCT™ (Sakura Finetek USA, Inc, Torrance,
CA, USA) and sliced into 10 gmol/L sections. Slices were incubated in mouse monoclonal
antibodies against cardiac troponin | (ab10231; 1:1,000), 4’,6-diamidino-2-phenylindole
(DAPI; 100 ng/mL) and rabbit polyclonal antibodies raised against GLP-1R (ab39072; 1:25)
for one hour. Slices were subsequently washed, and treated with anti-rabbit 1gG and anti-
mouse IgG secondary antibodies for 30 min, conjugated with alexa-488 and alexa-594,
respectively. Slides were imaged using an Olympus2 single photon confocal microscope
(Olympus America Inc, Center Valley, PA, USA).

Statistical analyses

Data are presented as mean £SE. Statistical comparisons were made with one-way repeated-
measures analysis of variance (ANOVA). For all comparisons, £< 0.05 was considered
statistically significant. When significance was found with ANOVA, a Student-Newman-
Keuls multiple comparison test was performed to identify differences between treatment
levels and/or CPP.

Results

Cardiac and coronary expression of GLP-1R

Western blot analysis demonstrated staining of the GLP-1R in canine cardiac tissue with the
predicted band at ~53 kilodaltons (kDa) (Figure 1a). Immunohistochemistry with
fluorescence confocal microscopy confirmed GLP-1R expression (green) in the canine
coronary vasculature and myocardium (Figures 1b and c). Cardiac sections were
counterstained with the nuclear stain DAPI (blue) and myocardial troponin | (red) to
demonstrate cellular architecture in context to localization of GLP-1R.

Coronary vascular effects of GLP-1 (7-36)

GLP-1 (10 pmol/L to 1 nmol/L) had no effect on isometric tension of isolated, endothelium
intact and denuded epicardial coronary rings (17 = 5) preconstricted with 1 gmol/L U46619
(Figure 2a). Endothelial denudation was confirmed by a lack of relaxation to acetylcholine
(10 zmol/L) and smooth muscle viability confirmed by relaxation to sodium nitroprusside
(20 zmol/L). GLP-1 also had no effect on basal tension of non-preconstricted coronary
arteries (data not shown). Likewise, acute intracoronary administration of GLP-1 (7-36) (10
pmol/L to 1 nmol/L) had no effect on coronary blood flow (Figure 2b) or coronary venous
PO, (Figure 2c) at either CPP = 100 or 40 mmHg (n=9).

Effects of GLP-1 (7-36) on global and regional indices of cardiac function

Hemodynamic data on the effects of GLP-1 in normal and ischemic hearts are provided in
Table 1. A representative tracing of key hemodynamic data before and during GLP-1 (1
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nmol/L) administration at CPP = 100 and 40 mmHg is shown in Figure 3. In these
experiments, we used a servo-controlled roller pump system to maintain perfusion pressure
constant at 100 and 40 mmHg. This servo-controlled system maintains pressure at these set
values by alternating the frequency of a roller pump. Therefore, the phasic nature observed
in coronary flow is not reflective of the cardiac cycle but due to the disruption of flow by the
pump rollers (Figure 3). Acute intracoronary administration of GLP-1 dose-dependently
decreased stroke volume and CO at CPP = 100 mmHg. Although heart rate tended to be
higher (P= 0.07), mean arterial pressure and the maximal rate of LV pressure development
and relaxation (+dA/d#max and —dA/d#min) were unaffected by GLP-1. Reduction of CPP
to 40 mmHg decreased stroke volume and CO (P < 0.05) but did not alter blood pressure or
heart rate relative to untreated control conditions at CPP = 100 mmHg. GLP-1 had no effect
on blood pressure, heart rate or indices of global cardiac function at CPP = 40 mmHg.
Indices of regional cardiac contractile function in the LAD perfusion territory were also
unaffected by intracoronary administration of GLP-1 (7-36) at either CPP = 100 or 40
mmHg (Figure 4).

Effects of GLP-1 (7-36) on myocardial substrate metabolism

At CPP =100 mmHg, intracoronary administration of GLP-1 (7-36) (10 pmol/L to 1
nmol/L) had no effect on MVVO,, myocardial lactate uptake, glucose uptake or glucose
extraction (Figure 5). In untreated hearts, reducing CPP to 40 mmHg resulted in the
expected decrease in MVVO, (Figure 5a) and myocardial lactate uptake (Figure 5b).
Administration of GLP-1 (7-36) dose-dependently augmented glucose uptake at CPP = 40
mmHg (Figure 5c¢), increasing consumption by ~55% from baseline (0.11 £0.02
4mol/min/g) to the highest 1 nmol/L dose of GLP-1 (0.17 +£0.04 gmol/min/g). Myocardial
glucose extraction was also increased ~85% at the highest dose of GLP-1 at CPP = 40
mmHg (Figure 5d). These changes in myocardial substrate metabolism induced by GLP-1 at
CPP =40 mmHg did not significantly alter MVO5 relative to untreated baseline conditions
(Figure 5a).

Discussion

The purpose of this investigation was to evaluate the direct coronary and cardiac effects of
GLP-1 (7-36) administration /in vivo. We tested the hypothesis that acute, intracoronary
administration of GLP-1 (7-36) augments coronary blood flow, myocardial glucose
metabolism and cardiac contractile function in normal and/or ischemic hearts in a dose-
dependent manner. The rationale was based on earlier studies indicating that systemic
infusions of GLP-1 result in increased LV contractile function and myocardial glucose
metabolism at baseline,12 and in conditions of cardiac stress (i.e. coronary artery
occlusion,®19 pacing-induced heart failure).811 In addition, GLP-1 has also been shown to
induce endothelium-dependent vasodilation of isolated systemic arteries,?! and to increase
coronary blood flow /n vitrot?13 and in vivo.” However, whether these effects of GLP-1 are
mediated by direct actions on the heart and coronary circulation independent of changes in
MVO,, and/or by other indirect peripheral/central effects has not been established. Novel
findings of the current study were that acute, intracoronary administration of GLP-1 (7-36):
(1) did not directly affect coronary blood flow /n vivo or vascular tone /n vitro;, (2) modestly
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reduced stroke volume and CO at CPP = 100 mmHg without affecting arterial pressure; (3)
did not influence MVO,, global or regional contractile function, or cardiac lactate uptake at
CPP =100 or 40 mmHg; and (4) significantly increased myocardial glucose uptake and
extraction, but only at CPP = 40 mmHg. We also confirmed GLP-1R expression in the
coronary vasculature and myocardium of canines. Taken together, these findings indicate
that acute (~5-10 min), intracoronary administration of GLP-1 (7-36) preferentially
augments glucose metabolism in ischemic myocardium, independent of effects on cardiac
contractile function or coronary blood flow.

Coronary and cardiac expression of GLP-1R

Data from the present investigation confirm expression of GLP-1R in both the coronary
vasculature and myocardium. While previous studies have demonstrated expression of
GLP-1R in canine myocardium,® mouse heart and coronary vasculature,12 and isolated
human coronary artery endothelial cells, 26 we are the first group to demonstrate relative
GLP-1R expression in canine coronary vasculature and myocardium. We observed GLP-1R
expression in all layers of coronary arterial wall, including the endothelium and adventitia.
Our results indicate that GLP-1R has more uniform and ubiquitous expression in canine
myocardium and coronary circulation (Figure 1b) than was previously shown in mice.
Importantly, selective binding of the GLP-1R antibody used in this investigation at the
specified protein band (53 kDa) was confirmed using Western blot (Figure 1a).

Coronary vascular effects of GLP-1 (7—36)

Our findings demonstrate that although GLP-1R is expressed in the coronary vasculature
(Figure 1b), acute administration of GLP-1 does not directly modulate coronary vascular
tone /n vitro (Figure 2a) or in vivo (Figure 2b). These data are in contrast with earlier studies
which documented that GLP-1 induces endothelium-dependent vasodilation in isolated
arteries, increases coronary blood flow in isolated hearts under normal conditions and during
reperfusion, and following pacing-induced cardiomyopathy in canines. However, such
previous studies were conducted in aorta,19-20 femoral?! and pulmonary vessels,?? isolated
rodent hearts,12:13 and with systemic administration of recombinant GLP-1 (7-36) in
canines. It is also important to recognize that the increased coronary blood flow previously
documented /n vivo in canines was accompanied by increases in cardiac contractile function
and MVO,,” the primary determinants of coronary flow.2” Thus, the effects of GLP-1 on
coronary blood flow in those experimental conditions could have been mediated by direct
effects on the vasculature and/or by indirect effects via metabolic vasodilation secondary to
increased MVO,. The reasons for the discrepant findings regarding the vascular effects of
GLP-1 are unclear but are likely related to differences in specific vessels studied, species
investigated and/or dose and route of GLP-1 administration. Regardless, our findings
provide strong evidence that acute administration of physiological/pharmacological
concentrations of GLP-1 directly into the coronary circulation does not influence coronary
vasomotor tone.

Cardiometabolic effects of GLP-1 (7-36)

Earlier studies indicate that GLP-1 augments myocardial glucose metabolism under normal
and postischemic conditions in isolated hearts,1213 and following cardiac ischemia and/or
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dilated cardiomyopathy 7 vivo.”:8:11 However, we found that intracoronary administration
of GLP-1 (7-36) preferentially and dose-dependently augments myocardial glucose
metabolism during ischemia (CPP = 40 mmHg), but not during normal perfusion (CPP =
100 mmHg) (Figure 5). This finding is consistent with previous data indicating that GLP-1
augments myocardial glucose uptake under conditions of cardiac stress (e.g. ischemia/
reperfusion injury, dilated cardiomyopathy).”8:11 Data from the current investigation extend
this finding and demonstrate that acutely increasing coronary plasma GLP-1 concentration
to ~1 nmol/L increases glucose uptake of ischemic myocardium by ~55%. Importantly, this
effect was concentration-dependent and differed from other studies, which found that direct
coronary administration of GLP-1 increases glucose uptake under normal conditions in
isolated hearts.1213 Qur results indicate that longer, systemic administration of GLP-1 is not
mandatory for the insulinomimetic effect to be manifest and argue against peripheral/central
actions of GLP-1 driving alterations in substrate metabolism. Whether the effect of GLP-1
(7-36) on ischemic myocardial glucose metabolism is dependent on GLP-1R activation
and/or actions of the (9—36) degradation product merits further investigation.

Effects of GLP-1 (7-36) on regional and global indices of cardiac function

Several previous investigations have reported that GLP-1 increases indices of LV function
(i.e. developed pressure, wall thickening, dP/d¢and ejection fraction) during reperfusion,
heart failure and dilated cardiomyopathy.”~13 However, we observed no direct effect of acute
intracoronary GLP-1 (7-36) infusion on indices of regional (Figure 4) or global cardiac
contractile function during ischemia (Table 1). This finding is in contrast to our hypothesis
that increases in glucose metabolism would improve contractile function in ischemic
myocardium, as glucose has a high P/O ratio (ATP produced per oxygen consumed) and
earlier data support that increased myocardial glucose metabolism improves cardiac
efficiency during ischemia.1423.28-31 |n particular, previous studies from our group
documented that insulin-mediated increases in myocardial glucose metabolism significantly
improve regional cardiac function in ischemic canine hearts (CPP = 40 mmHg).23:32
However, the increase in myocardial glucose uptake induced by insulin in these studies
(~0.50 ymol/min/g) was substantially higher than that reported in the present study (~0.20

umol/min/g).

Interestingly, we did observe a moderate dose-dependent decrease in stroke volume and CO
at normal perfusion pressure (CPP = 100 mmHg), without corresponding changes in dAP/dfor
aortic pressure (Table 1). This reduction in CO was associated with an ~10 beats/min
increase in heart rate. Although there were no changes in dA/d¢in our experiments, the
reductions in stroke volume and CO suggest that GLP-1 reduced contractile performance.
This observation is supported by a previous study in which recombinant GLP-1 (7-36)
decreased LV developed pressure and d”/dfwhen infused into the coronary circulation of
isolated rat hearts.13 Taken together, these findings indicate that direct (intracoronary)
cardiac effects of GLP-1 differ from indirect (peripheral/central) effects.

Limitations of the study

It is possible that the assessment of regional myocardial substrate uptake and contractile
function can be influenced by contamination of interventricular venous drainage by blood
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from non-LAD perfused myocardium and/or by collateral flow to the hypoperfused LAD
perfusion territory. Importantly, an earlier study by Vinten-Johansen et a/33 conducted using
systemically administered radioactively-labeled red blood cells demonstrated that blood
taken from the anterior interventricular vein is almost exclusively from LAD perfused
myocardium, even at CPP = 40 mmHg. Our laboratory also previously demonstrated that
collateral flow to the LAD at a CPP of 40 mmHg is negligible (~0.01 £0.01 mL/min/g).28:32
This finding is supported by marked reduction of cardiac performance observed when CPP
was lowered to 40 mmHg (Table 1). Thus, our measurements of myocardial substrate
metabolism computed from arteriovenous differences and LAD flow were likely not
significantly affected by collateral flow or venous contamination. Further, any contamination
of venous drainage would have resulted in dilution of the measures, and actually served to
diminish our overall treatment effect on cardiac metabolism. Therefore, if such effects were
present, the ~ 55% increase in glucose uptake would be an underestimate of the effect of
GLP-1 in ischemic myocardium (Figure 5c). While our studies examined the acute effects of
intracoronary GLP-1 (7-36) on myocardial glucose, lactate and oxygen uptake, additional
studies to also examine the effects of GLP-1 on the fates of other substrates such as fatty
acids, triglycerides and myocardial glycogen stores, are needed.

GLP-1 infusions in this investigation were conducted after hemodynamic variables had
stabilized at CPPs of 100 and 40 mmHg. Although it is possible that hemodynamic status
could have changed over time, the relatively constant measures of coronary blood flow,
cardiac function and MVO, at each of these pressures argues for stability of the
experimental preparation over time.

Our observed regional segment shortening data were lower than what is typically reported in
the literature.23:34 These low values are likely related to differences in depth of crystal
placement and/or local cardiac fiber orientation at the depth in which the crystals were
placed. These aspects of crystal implantation environment are not controlled under the
present experimental protocol. It is also possible that the low observed values for regional
segment shortening are due to myocardial stunning subsequent to cannulation of the LAD.
However, we carefully monitor all hemodynamic variables before and following cannulation
to ensure that these parameters return to baseline values prior to beginning of the
experimental protocol. These variables typically return to normal within ~2 min of
reperfusion and we allowed at least a 10-min recovery period to ensure adequate recovery
time. Regardless of the signal magnitude, we did observe expected reductions in regional
function during ischemia, and importantly GLP-1 did not affect segment shortening at
normal CPP (CPP =100 mmHg) or during ischemia (CPP = 40 mmHg).

Conclusion

Data from this investigation indicate that acute, intracoronary infusion of GLP-1 (7-36)
preferentially augments glucose metabolism in ischemic myocardium, independent of effects
on coronary blood flow. These findings demonstrate that the salutary effects of GLP-1 on
myocardial glucose metabolism occur dose-dependently within minutes of intracoronary
administration during ischemia. Thus, acute cardiac administration of GLP-1 may be useful
in modulating cardiac metabolism acutely in a setting where ischemia is anticipated, such as
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elective cardiac surgery. Our data also indicate that although GLP-1R is expressed in
myocardium and coronary circulation, GLP-1 (7-36) does not affect coronary vasomotor
tone or coronary flow when administered directly into canine coronary vasculature over an ~
20-min time period. Further investigations to uncover direct and systemic mechanisms by
which GLP-1-based treatments affect cardiac function and metabolism will be useful for
determining the best strategies to optimize therapeutic utilization of these compounds.
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Figure 1.
Cardiac and coronary expression of GLP-1R. High antibody selectivity for GLP-1R is

demonstrated by Western blot analysis (a). Fluorescence confocal microscopy demonstrated
GLP-1R expression (green) in both myocardium and coronary vessels (b). Counter-staining
of cardiac troponin | (red) and nuclei (blue) identifies myocardial tissue and cellular
architecture (c). GLP-1R, glucagon-like peptide-1 receptor
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Figure 2.
Direct coronary vascular effects of GLP-1 (7-36). GLP-1 (7-36) had no effect on isometric

tension of intact or endothelial-denuded canine coronary artery rings preconstricted with
U46619 (1 umol/L). Denudation was confirmed by a lack of responsive to acetylcholine
(Ach; 10 gmol/L), and viability confirmed by relaxation to sodium nitroprussside (SNP; 20
umol/L) (a). Intracoronary infusion of GLP-1 (7-36), 10 pmol/L to 1 nmol/L, had no effect
on coronary blood flow (b) or coronary venous PO, (c) at CPP = 100 or 40 mmHg. GLP-1,
glucagon-like peptide-1; CPP, coronary perfusion pressure
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Figure 3.
Example of original recordings of aortic pressure (AoP), left ventricular pressure (LVP),

cardiac output (CO), coronary blood flow (Cor flow) and segment length with and without
intracoronary glucagon-like peptide-1 (GLP-1) (7-36) (1 nmol/L) at coronary perfusion
pressures (CPP) of 100 and 40 mmHg from a single canine
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Figure 4.

Digrect effects of GLP-1 (7-36) on indices of regional cardiac function. Intracoronary
infusion of GLP-1 (10 pmol/L to 1 nmol/L) had no effect on the rate (a) or degree (b) of
regional myocardial shortening at CPP = 100 or 40 mmHg GLP-1, glucagon-like peptide-1;
CPP, coronary perfusion pressure
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Direct dose-dependent effects of GLP-1 (7-36) on myocardial metabolism. GLP-1 did not
affect myocardial oxygen consumption (a), or lactate uptake (b) at CPP = 100 or 40 mmHg.
GLP-1 (7-36) dose-dependently increased myocardial glucose uptake (c) and extraction (d)
at CPP =40 mmHg, but had no effect at CPP = 100 mmHg. *P < 0.05 versus baseline at the
same CPP. GLP-1, glucagon-like peptide-1; CPP, coronary perfusion pressure

Exp Biol Med (Maywood). Author manuscript; available in PMC 2016 December 07.



Page 18

Moberly et al.

aWINJOA 8j011S ‘AS ‘Indino deipued ‘09 ‘Juswdolanap ainssaid Jo ayes ‘ypydp ‘ainssaid poojq uesw ‘g ‘T-epndad axij-uobean|b ‘T-479
BHWW 00T = ddD ‘aulfaseq SNSIaA §0'0 va,k

‘ddD awes ‘auljaseq SNSIaA G0°0 >
*

sBop 6 = WoIy ISF UBSW Je Bl

ZFTT TOFTT  LOZF SE0T- 82¢F 2€2T 87 96 TF v8 0007
1521 T0FZT 922¥ 080T- 66TF 08ZT JE Z7 8 00T

T¥ 2T TO¥FZT 8TZF186- €ETF Z8TT 8¥ €6 T+ 18 01
JTFEL T0RCT ozTvi6- vLTF 8221 87 68 z7 08 auljeseg
OHwWw op = ainssaid uoisngiad Aieuotod

#FEL JTOFET  9p17 p00T- 961F 0TET 87 66 ¥ 08 0001
#TFTT TOFYT  89TF I9TI- T8T¥ 0GET 6% 66 €¥eg 00T
ZF o1 Z0¥ST  ¥BTF /8TT- 9TZF 6LET 1¥26 €¥ 28 01

Z¥ 81 T0F9T  L6TF20TT- 9T Gyt 9¥ 88 ¥ 08 auljeseg
OHww 001 = 2.nssald uoisngiad Areuoion

w)As  (uw/1) 00 (sBHWW) ulwIp/dp-  (s/BHWW) xew 1p/dp+  (wdag) 4H  (BHWw) daw  (1/jowd) [1-d19]

uonouny deIpJed Jo sadipul [eqolb uo (98—/) T-d19 40 S19a4Ya Juspuadap-asod

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Exp Biol Med (Maywood). Author manuscript; available in PMC 2016 December 07.



	Abstract
	Introduction
	Methods
	Surgical preparation
	Acute dose-dependent effects of GLP-1 (7–36) on cardiovascular hemodynamics
	Metabolic analysis
	Functional assessment of isolated coronary artery rings
	Western blot analysis
	Immunohistochemistry and confocal microscopy
	Statistical analyses

	Results
	Cardiac and coronary expression of GLP-1R
	Coronary vascular effects of GLP-1 (7–36)
	Effects of GLP-1 (7–36) on global and regional indices of cardiac function
	Effects of GLP-1 (7–36) on myocardial substrate metabolism

	Discussion
	Coronary and cardiac expression of GLP-1R
	Coronary vascular effects of GLP-1 (7–36)
	Cardiometabolic effects of GLP-1 (7–36)
	Effects of GLP-1 (7–36) on regional and global indices of cardiac function
	Limitations of the study

	Conclusion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1

