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Abstract

Background—Exercise is recommended as a cornerstone of treatment for type 2 diabetes
mellitus (T2DM), however, it is often poorly adopted by patients. Even in the absence of apparent
cardiovascular disease, persons with T2DM have an impaired ability to carry out maximal and
submaximal exercise and these impairments are correlated with cardiac and endothelial
dysfunction. Glucagon-like pepetide-1 (GLP-1) augments endothelial and cardiac function in
T2DM. We hypothesized that administration of a GLP-1 agonist (exenatide) would improve
exercise capacity in T2DM.

Methods and Results—Twenty-three participants (6444 years; meanSE) with uncomplicated
T2DM were randomized in a double-blinded manner to receive either 10mcg BID of exenatide or
matching placebo after baseline measurements. Treatment with exenatide did not improve VOpeak
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(P=0.1464) or VO, kinetics (P=0.2775). Diastolic function, assessed via resting lateral E:E’, was
improved with administration of exenatide compared with placebo (Placebo Pre: 7.6+1.0 vs. Post:
8.4+1.2 vs. Exenatide Pre: 8.1+0.7 vs. Post: 6.7+0.6; P=0.0127). Additionally, arterial stiffness
measured by pulse wave velocity, was reduced with exenatide treatment compared with placebo
(Placebo Pre: 10.5+0.8 vs. Post: 11.5+1.1 seconds vs. Exenatide Pre: 11.4+1.8 vs. Post: 10.2+1.4
seconds; £=0.0373). Exenatide treatment did not improve endothelial function (£P=0.1793).

Conclusions—Administration of exenatide improved cardiac function and reduced arterial
stiffness, however, these changes were not accompanied by improved functional exercise capacity.
In order to realize the benefits of this drug on exercise capacity, combining exenatide with aerobic
exercise training in participants with T2DM may be warranted.

Clinical Trials Registration—www.clinicaltrials.gov NCT01364584
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cardiovascular diseases; exercise; diabetes mellitus

1. Introduction

Despite overwhelming evidence to support aerobic exercise training as part of the treatment
for type 2 diabetes mellitus (T2DM), patients with T2DM are commonly sedentary. Even in
the absence of cardiovascular disease (CVD), persons with T2DM have reduced functional
exercise capacity assessed via peak oxygen consumption (VO2peak) compared with healthy
controls matched for age and physical activity level (Schneider et al.,, 1984; Kjaer et al.,
1990; Regensteiner et al., 1995; Bauer et al., 2007; Regensteiner ef a/., 2015). This
impairment in functional exercise capacity increases risk for both all cause and CVD
mortality (Wei ef al., 1999). Patients with T2DM also have reduced submaximal exercise
capacity during constant workloads accompanied by slowed oxygen uptake kinetics (VO,
kinetics). Impairments in either maximal or submaximal responses to exercise may partly
explain our previous findings that submaximal ambulatory activities require a greater
relative effort for persons with T2DM compared with controls (Regensteiner et al., 1995;
1998; Huebschmann et a/., 2009; 2015). The decreased submaximal VO, and slowed VO,
kinetics in T2DM are similar to impairments observed in disease states with diminished
oxygen delivery (Hansen et al., 1987) suggesting the impairment in aerobic exercise
tolerance in T2DM is associated with a decrease in oxygen delivery to skeletal muscle. This
concept is supported by an increase in skeletal muscle deoxygenation at the onset of exercise
in patients with T2DM (Bauer et al., 2007). Further, our group has previously reported
strong correlations between endothelial and diastolic function and exercise capacity in
patients with T2DM (Regensteiner et al., 1998; Brandenburg et al., 1999; Bauer et al., 2007)
supporting the notion that oxygen delivery is impaired in patients with T2DM with low
exercise capacity. Development of a pharmacological strategy that would improve oxygen
delivery to skeletal muscle during aerobic exercise may increase functional exercise capacity
in patients with T2DM.

Glucagon-like peptide-1 (GLP-1), an insulin secretagogue, improves glycemic control by
lowering circulating glucose concentrations (both fasting and postprandial) and glycated
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hemoglobin (HbA1C) (Mafong & Henry, 2009; Monami et a/., 2009). Independent of the
impact on glucose control, GLP-1 may enhance oxygen delivery to skeletal muscle via
augmentation of endothelial and cardiac function in T2DM (Ceriello et a/., 2006; Mafong &
Henry, 2009; Koska et al., 2015). Previous investigations of GLP-1 have demonstrated
improvement of left ventricular systolic and diastolic function in humans, rodents, and
canines (Luque, 2002; Nikolaidis et al., 2004b; 2004a; Nikolaidis, 2005; Zhao et al., 2006;
Sokos et al., 2007; Mafong & Henry, 2009). Further, studies in rodents, both /n vivoand ex
vivo, suggest a direct effect of GLP-1 on endothelial function via endothelial nitric oxide
synthase activation (Nystrém, 2008; Keller et al., 2014). In humans, GLP-1 recruits muscle
microvasculature and lowers blood pressure in clinical trials (Mafong & Henry, 2009; Chai
et al., 2014). The impact of GLP-1 on cardiac and endothelial function thus addresses two
key contributors of oxygen delivery to skeletal muscle and potentially the exercise
impairment observed in patients with T2DM. Accordingly, we hypothesized that exenatide,
a GLP-1 receptor agonist, would improve functional exercise capacity in people with
T2DM.

2. MATERIALS AND METHODS

2.1 Participants

Twenty-three adults with uncomplicated T2DM between the ages of 45 and 70 years were
recruited through general advertising and local clinics to participate in the current
investigation. The Institutional Review Board of the University of Colorado School of
Medicine (UCSOM) approved the experimental protocol, and the nature, purpose and risks
of the study were explained before written informed consent was obtained from each
participant. This investigation is registered at clinicaltrials.gov (NCT01364584).

Presence of T2DM was documented by chart review and presence of treatment for T2DM.
To make this investigation as clinically relevant as possible, persons with T2DM were
included if their diabetes was treated by diet alone and/or oral antidiabetic medications and
demonstrated glycemic control with total HbA1C of less than 9% on therapy. All
participants were sedentary (defined as exercising one hour per week or less) and inclusion
in the study was only permitted if participants did not plan to alter their exercise or diet
efforts during the study.

History, physical examination and laboratory testing confirmed absence of comorbid
conditions. Exclusion criteria included: use of GLP-1 receptor agonists or dipeptidyl
peptidase 4 inhibitors, cigarette use within one year prior to study, evidence of acute liver
disease, evidence of distal symmetrical neuropathy (by evaluation of symptoms [numbness,
paresthesia] and signs [elicited by vibration, pinprick, light touch, ankle jerks]), autonomic
dysfunction (>20 mmHg fall in upright blood pressure without a change in heart rate),
proteinuria (urine protein >200 mg/dl) or creatinine (= 2 mg/dl), evidence of heart disease by
history, echocardiography, or abnormal resting or exercise electrocardiogram (=1 mm ST
segment depression), angina, or other cardiac or pulmonary symptoms potentially limiting
exercise performance. Systolic blood pressure >190 mmHg at rest or >250 mmHg with
exercise or diastolic pressure >95 mmHg at rest or >105 mmHg with exercise were also
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grounds for exclusion. All exclusions were made for reasons of participant safety or
potential effects on exercise performance.

2.2 Study Protocol

Participants came to the Vascular Research Laboratory at the UCSOM for seven visits over a
four-month period. During visit one, a history and physical examination was completed as
well as venous blood drawn for measuring several circulating metabolic factors. Sedentary
lifestyle was confirmed with the Low-Level Physical Activity Recall survey (LoPAR) (Sallis
et al., 1985). In addition, a resting electrocardiogram and urinalysis were performed. During
the next visit, participants completed a graded cycle exercise test for habituation purposes
and body composition was assessed via dual-energy x-ray absorptiometry (DEXA). The
following visit included a second graded cycle exercise test using a metabolic cart to
determine VOppeak, €chocardiography to determine cardiac function at rest, and brachial
artery ultrasound measurements (flow-mediated dilation [FMD]) for assessment of
endothelial function. During the final visit prior to participant randomization, arterial
stiffness was measured at rest by determining pulse wave velocity. Additionally, participants
completed three bouts of constant workload exercise for assessment of VO, kinetics.
Following the conclusion of these visits, participants were randomized in a double blind
design to receive either 10 mcg twice-daily exenatide, subcutaneously, 30-60 minutes prior
to meals (n = 11) or a matched placebo (n = 12) for three months. Prior to the beginning of
placebo/exenatide administration, participants received training from study staff regarding
injection techniques. The entry procedures were repeated three months after treatment
initiation.

2.3 Blood Collection and Preparation

Blood was drawn from participants after a 12-hour fast via standard venipuncture technique
for the measurement of glucose, insulin, HbA1C, total cholesterol, low density lipoprotein
(LDL) cholesterol, high density lipoprotein (HDL) cholesterol, triglyceride, glycerol and
free fatty acid concentrations. Parameters were assayed according to previously reported
methods (Regensteiner et al., 1995; 1998). The homeostasis model assessment for insulin
resistance (HOMA-IR) and beta cell function (HOMA-B) were calculated using previously
described methods (Matthews et a/., 1985).

2.4 Graded Exercise Test

VO2peak Was determined via graded exercise to exhaustion as previously described
(Regensteiner et al., 1995; 1998; Brandenburg et al., 1999) using a stationary cycle
ergometer (Lode Bike, Groningen, The Netherlands) and a metabolic cart (Medgraphics
Ultima CPX, Medical Graphics Corp., St. Paul, MN, USA). After the start of exercise, the
work rate was increased in 10-20 watt/minute increments (depending on age and sex) in
order to allow each participant to reach maximum within 7-12 minutes. Peak VO, was
confirmed by a respiratory exchange ratio (RER) greater than 1.1. During incremental
exercise testing, the highest VO, and heart rate averaged over 20 seconds were defined as
the maximum values.
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2.5 Constant Work Rate (CWR) Exercise Testing

Participants performed three identical exercise transitions from rest to CWR exercise (85%
of anaerobic threshold) on a cycle ergometer as previously described (Regensteiner et al.,
1998; Brandenburg et al., 1999; Bauer et al., 2007). During each transition, data were
collected during two minutes of rest, then four minutes of pedaling with no resistance, and
six minutes at 85% of anaerobic threshold. Transitions were separated by a minimum of 10
minutes of rest. RER measurements and heart rate data were recorded throughout each CWR
bout.

2.6 VO, Kinetic Methods

Gas exchange and heart rate data for kinetic analysis were processed using a software
program developed in our laboratory as previously described (Regensteiner ef a/., 1998;
Brandenburg et al., 1999). The data for each exercise transition were time interpolated to 1-
second intervals. The three CWR exercise transitions were time-aligned and averaged to
provide a single, averaged exercise response for each subject.

Oxygen uptake kinetic responses were evaluated using a 2-component exponential model
allowing individual components of the VO, kinetic response to be evaluated as previously
reported (Bauer et al., 1999; 2007).

2.7 Endothelial Function

Endothelial function was assessed via measurement of brachial artery flow-mediated dilation
(FMD) as previously described (Sorensen et al., 1995). Measurements were made after a
four-hour fast and prior to any other exercise testing performed in the same study visit. B-
mode ultrasound images of brachial artery diameter were acquired at baseline with the use
of a 10.0-mHz linear-array transducer as previously reported in our laboratory (Regensteiner
et al., 2003; 2005; 2015) (GE vivid 7 Dimension, Milwaukee, WI, USA). Reactive
hyperemia was produced by inflating the cuff to 250 mmHg of pressure for five minutes
followed by rapid deflation. After the release of the arterial occlusion, B-mode ultrasound
brachial artery diameter images were measured continuously for two minutes. Brachial
artery diameter were acquired and analyzed using a commercially available software
package (Vascular Analysis Tools MIA, Coralville, 1A) by the same individual. All images
were coded by number and blinded to group assignment.

2.8 Cardiac Echocardiography

Standard two dimensional and Doppler echocardiography (Henry et a/., 1980) (GE Vivid 7
Dimension, Milwaukee, W1, USA) were performed using standard methods at rest. A
cardiologist blinded to the treatment allocation of the participants supervised the acquisition
of these echocardiographic data, as well as performed all of the measurements and
interpretation. Participants were examined in the left lateral decubitus position using
standard parasternal, short-axis, and apical views. All recordings and measurements were
obtained by the same observer according to the recommendations of the American Society
of Echocardiography and were be performed at the same time of day for each subject to
avoid the possible influence of circadian rhythm on left ventricular diastolic function.

J Diabetes Complications. Author manuscript; available in PMC 2018 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Scalzo et al. Page 6

Circumferential and longitudinal strain were recorded as measures of systolic function while
mitral valve E and A waves, and lateral and septal E” were assessments of diastolic function.

2.9 Pulse Wave Velocity

Avrterial stiffness was assessed via measurement of pulse-wave velocity (SphygmaCor CP
system, AtCor Medical, Itasca, IL, USA) according to methods previously described
(Cecelja & Chowienczyk, 2009). Measurements were made after a four-hour fast and prior
to any other exercise testing performed in the same study visit.

2.10 Statistical Analysis

Statistical power was estimated from VOpeqk data obtained in a previous study
(Regensteiner et al., 2005) where patients were screened and evaluated identically to the
current study. With 12 evaluable subjects per group a 2-group 2-sided t test would have 89%
power to detect a between group difference of 2.95 at the alpha=0.05 level, assuming
conservatively that the standard deviation is 2.16.

Repeated measures analysis of variance was used to determine the influence of treatment
(placebo vs. exenatide) using Graphpad Prism version 6. Pairwise comparisons were
performed using the Tukey test. The level of statistical significance was set at £< 0.05. Data
are expressed as mean + standard error.

3. RESULTS

3.1 Participants

T2DM was confirmed in all participants during the enroliment screening procedures. The
length of time from T2DM diagnosis to the beginning of the study did not differ between the
groups (Placebo: 7 + 1 vs. Exenatide: 6 + 2 years; = 0.593). Pharmacological management
of the participants in this study aligned with usual care for T2DM and was similar between
groups; all participants were prescribed metformin and five participants in each group were
prescribed a sulfonylurea. Participants randomized to the exenatide group tolerated the
treatment well. Baseline physical characteristics and circulating metabolic factors from
research participants are presented in Table 1. There were no baseline (i.e. pre-treatment)
differences between the groups with the exception of body mass index (BMI), which was
greater in the exenatide group (P=0.021).

3.2 Body Composition

Select body composition parameters from baseline measurements and following three
months of placebo/exenatide are presented in Table 1. There was a significant reduction of
body mass (P=0.021) and BMI (P = 0.025) with exenatide administration compared with
placebo. Lean mass (£ = 0.445) and body fat percentage (P = 0.673) were unaltered by
administration of exenatide or placebo.

3.3 Circulating Metabolic Factors

Circulating metabolic factors at baseline and following three months of placebo/exenatide
are presented in Table 1. Fasting blood glucose concentration was significantly decreased
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following three months of exenatide treatment compared with placebo (= 0.001). The
decrease in blood glucose was accompanied by a significant reduction in HbA1C in the
exenatide group compared with placebo (£= 0.005) and an improvement in HOMA-B (P=
0.011). Additionally, glycerol (P=0.001) and free fatty acids (= 0.006) were lowered with
exenatide treatment compared with placebo. There was no impact of exenatide
administration on fasting insulin, HOMA-IR, total cholesterol, LDL cholesterol, HDL
cholesterol, and triglycerides (all £> 0.075).

3.4 Resting Heart Rate and Blood Pressure

Resting heart rate (Placebo Pre: 78 + 4 vs. Post: 79 + 4 vs. Exenatide Pre: 76 + 4 vs. Post: 73
+0 4 beats per minute) and blood pressure (Systolic blood pressure: Placebo Pre: 122 £5 vs.
Post: 122 + 3 vs. Exenatide Pre: 119 £ 4 vs. Post: 114 + 5 mmHg; Diastolic blood pressure:
Placebo Pre: 77 + 3 vs. Post: 77 £ 2 vs. Exenatide Pre: 71 + 2 vs. Post: 70 £ 2 mmHg) were
not affected by exenatide administration (all 7> 0.2). Diastolic blood pressure was lower in
the exenatide group at baseline compared with the placebo group (P = 0.025).

3.5 VOzpeak and VO, kinetics

There were no baseline differences in VOppeak Or VO, Kinetics between the exenatide or
placebo groups (Table 2). VO;peai did not change with administration of exenatide or
placebo (P = 0.146) nor did VO, kinetics (P=0.278).

3.6 Cardiac Function

Table 3 contains echocardiography variables measured at baseline and following three
months of placebo/exenatide administration. There were no baseline differences between the
groups except for mitral valve E velocity, which was slower in the exenatide group
compared with the placebo group. This difference between the groups remained at the three-
month follow up but was not affected by exenatide administration (P = 0.0846). Measures of
diastolic function (lateral and septal E:E’) decreased (improved) with exenatide
administration while these measures worsened in the placebo group during the three-month
study (Lateral E:E’: P=0.013; Septal E:E’: P=0.038). Exenatide administration did not
alter, (P=0.461), mitral valve E:A ratio (P= 0.086), mitral valve deceleration time (P=
0.086), septal E’ (P=10.373), or lateral E’ (P=0.398). Measures of systolic function:
circumferential strain (P= 0.453), longitudinal strain (P= 0.126), and stroke volume (P=
0.371) did not change in either group.

3.7 Flow Mediated Dilation

Baseline brachial artery diameters were not different between the groups at the beginning of
the study (Placebo: 4.4 + 0.4 vs. Exenatide 4.1 £ 0.2 mm; £=0.581) and they were not
changed during the treatment period (Placebo: 4.3 + 0.4 vs. Exenatide 4.1 £ 0.3 mm; P=
0.610). Absolute change in brachial artery diameter following cuff deflation was also not
different at the beginning of the study (Placebo: 0.192 + 0.046 vs. Exenatide 0.193 + 0.045
mm; P = 0.428) or following the treatment period (Placebo: 0.151 + 0.026 vs. Exenatide
0.226 £ 0.057 mm; P=0.393). Finally, there were no differences between groups in relative
brachial artery FMD at the beginning of the study (P= 0.391). Three months of placebo
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administration decreased FMD by 22.6% from the baseline response (Figure 1), whereas it
increased by 38.8% with exenatide treatment, however, these findings did not attain
statistical significance (P=0.179).

3.8 Arterial Stiffness

Pulse wave velocity was not different at baseline between the two groups. Treatment with
exenatide resulted in a decreased (improved) pulse wave velocity compared with placebo
(Figure 1; £=0.037) indicating a reduction in arterial stiffness.

4. DISCUSSION

We found that exenatide, a GLP-1 receptor agonist, treatment significantly improved the
individual cardiovascular parameters of arterial stiffness and diastolic cardiac function in
treated patients over a 3 month period. These statistically significant cardiac and vascular
findings may have relevance to recent clinical investigations that report decreased all-cause
and cardiovascular mortality and decreased incidence of myocardial infarction with other
GLP-1 receptor agonists in patients with T2DM (liraglutide (Marso & Daniels, 2016) and
semaglutide (Steg & Roussel, 2016)). However, in spite of improved cardiovascular
parameters, we saw no significant improvement in peak VO, or VO, kinetics with
administration exenatide. In the context of the cardiovascular improvements, the absence of
change in VOypeak is unexpected in light of our current understanding of the determinants of
aerobic exercise capacity.

With regards to the management of T2DM, exenatide treatment reduced body mass, BMI,
and lowered both blood fasting glucose and HbA1C. Fasting insulin was not impacted by
administration of exenatide; however, HOMA-B did improve consistent with an
improvement in pancreatic p-cell function. GLP-1 receptor agonists do not directly target
insulin signaling but improving glucose homeostasis often results in better insulin action
(Kim & Egan, 2008).

T2DM is a leading cause of CVD and mortality (Beckman et a/., 2002); one factor
potentially associated with the excess CVD in T2DM is the well-established impairment in
functional exercise capacity in patients compared with healthy controls (Schneider et al.,
1984; Kjaer et al., 1990; Regensteiner ef al., 1995). Exercise capacity is a potent predictor of
cardiovascular and all-cause mortality (Wei et al., 1999; 2000). The causes of the exercise
abnormalities in T2DM are not fully elucidated, although recent work from our group
demonstrates associations between insulin resistance, endothelial dysfunction, and cardiac
dysfunction (including circumferential strain) with decreased exercise capacity in this
population (Regensteiner ef a/., 1995; 1998; Brandenburg et al., 1999; Bauer et al., 2007,
Bjornstad ef al., 2016). Further, impairments in submaximal VO, and VO, kinetics observed
in patients with T2DM are similar to impairments identified in disease states with impaired
oxygen delivery (Hansen et al., 1987), suggesting the association of reduced oxygen delivery
to skeletal muscle in T2DM and the impairment in aerobic exercise tolerance. The insulin
secretogogue GLP-1 augments blood flow to skeletal muscle via increases in endothelial and
cardiac function in T2DM (Ceriello et al., 2006; Mafong & Henry, 2009; Chai et al., 2014;
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Koska et al., 2015); this mechanism could theoretically lead to improved exercise capacity
and reduced CVD risk.

Oxygen consumption and, therefore exercise capacity, can be described in the context of the
Fick Principle, in which skeletal muscle VO, is the product of blood flow and oxygen
extraction. Considering our previous data suggesting the strong correlation between
endothelial and diastolic function and exercise capacity in patients with T2DM
(Regensteiner et al., 1998; Brandenburg et al., 1999; Bauer et al., 2007), we hypothesized
that exenatide administration would augment exercise capacity in participants with T2DM
by increasing blood flow to skeletal and cardiac muscle. It is well established that GLP-1
improves blood flow to skeletal muscle via increases in endothelial and cardiac function in
T2DM (Ceriello et al., 2006; Mafong & Henry, 2009; Chai et al., 2014). Improvements in
endothelial function, examined in rodents /in vivo and ex vivo, suggest a direct effect of
GLP-1 on endothelial function via eNOS activity (Nystrém, 2008). This improvement in
endothelial function observed in experimental models translates to an observed reduction in
blood pressure in human clinical trials (Mafong & Henry, 2009). Our findings in the present
study are in agreement with these previously reported data (Ceriello et a/., 2006; Mafong &
Henry, 2009; Chai ef al., 2014). First, following three months of exenatide treatment, pulse
wave velocity was slowed; indicating that treatment with exenatide decreases arterial
stiffness. Second, brachial artery FMD, a measure of endothelial function, tended to increase
with exenatide administration, although this finding did not reach statistical significance.
Despite these changes, exenatide did not increase VOapeak in the current study.

Specific cardiac improvements associated with GLP-1 include the /n vitro finding of
increasing the cCAMP concentration in cardiac myocytes (Vila Petroff et a/,, 2001), and
improved left ventricular function in humans, rodents and dogs (Luque, 2002; Nikolaidis et
al., 2004b; 2004a; Nikolaidis, 2005; Zhao et al., 2006; Sokos et al., 2007; Mafong & Henry,
2009). One study of particular interest reported that exenatide used in a porcine model of
ischemia and reperfusion not only reduced infarct size but also prevented deterioration of
systolic and diastolic cardiac function (Timmers et a/., 2009). Data from the current study
support a positive role of GLP-1 on cardiac function; resting lateral and septal E:E’
decreased with exenatide administration, indicating an improvement in left ventricular
diastolic function, while these ratios worsened in the placebo group. These significant
changes were small, but over an increased duration of time, they could have major clinical
implications.

The improvements in arterial stiffness and diastolic function in the context of the current
investigation would be expected to lead to an increase in improved blood flow to skeletal
muscle augmenting the delivery of oxygen to exercising skeletal muscle. However, VO;peax
was unchanged by exenatide treatment. We have generated two hypotheses that could
explain the lack of improvement in VOypeax. It is possible that the primary limiting factor for
peak VO, in T2DM may be oxygen extraction; therefore, a potential augmentation of
skeletal muscle blood flow alone would not improve VOypeak. Another possibility is that
homeostatic adaptation to exenatide treatment occurred: i.e. improved cardiovascular
function presumably increased skeletal muscle blood flow in this current investigation and
oxygen extraction may have decreased because there was no demand (e.g. exercise training).
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Together, these possibilities suggest that changes to skeletal muscle oxygen utilization, the
second component of the Fick Principle, may be needed concomitantly with the exenatide-
associated augmentation of blood flow to improve exercise capacity in patients with T2DM.
These possibilities will need further investigation to determine their merit.

Previous data support the rationale that pharmacological targeting of impaired exercise
capacity could augment exercise capacity in T2DM patients (Regensteiner et al., 2005;
Kadoglou et al., 2008). In the current investigation, exenatide administration improved
cardiovascular function, a limiting factor of exercise capacity in T2DM, without increasing
exercise capacity. Our data suggest the possibility that exenatide treatment would be more
likely to improve exercise capacity if a concomitant stimulus, such as aerobic exercise
training. Several previous investigations have determined that independently mimicking
exercise adaptation without an actual training stimulus (i.e. pharmacological manipulation of
blood flow or skeletal muscle protein upregulation) does not augment functional exercise
capacity. For example, administration of a peroxisome proliferator-activated receptor delta
(PPARS) agonist increased several indicators of skeletal muscle adaptation to endurance
training in mice, however, time to fatigue and distance at fatigue were no different than for
controls (Narkar et al., 2008). Similarly, acute treatment with a beta-2 adrenergic receptor
agonist did not improve maximal exercise capacity in humans despite increasing heart rate
and stroke volume (Beloka et al., 2011). Finally, muscle-specific overexpression of
peroxisome proliferator-activated receptor gamma coactivator 1 alpha (PGC-1a), an
important regulator of mitochondrial biogenesis and adaptation to endurance exercise
training, did not augment functional exercise capacity in response to endurance training
(Wong et al., 2015). Our own data in rodents using saxagliptin, a pharmaceutical that
potentiates circulating GLP-1 by preventing its degradation, demonstrated no change in
running distance with saxagliptin alone but a >50% augmentation of the exercise training
response (Keller et al.,, 2014), highlighting the potential for GLP-1 to target cardiovascular
function and augment the response to an exercise stimulus. These previous reports, and the
data from the current investigation, suggest that in order to improve exercise capacity, the
additional stimulus of exercise training could be needed to potentiate the impact of
pharmacologic effects of this type of agent on exercise capacity. Future investigations of
exenatide and functional exercise capacity should include an aerobic exercise intervention.

Additional components of the study design warrant further discussion. As mentioned
previously, administration of exenatide reduced arterial stiffness and improved diastolic
function although exercise capacity did not change. This investigation would have been
complemented by a measure of /n vivoand/or ex vivo mitochondrial function to better
determine the root of the unaffected exercise capacity in light of improved cardiovascular
function. Further, measures of leg blood flow and/or skeletal muscle blood flow might have
better linked the cardiovascular improvements with skeletal muscle function. Finally, the
current investigation was not powered to determine sex-specific responses to exenatide.
Consideration of sex-specific responses in future experimental designs could provide
valuable insight regarding exenatide treatment.

In conclusion, administration of exenatide improved glycemic control and two assessments
of diastolic cardiac function and reduced arterial stiffness, however, these beneficial changes
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were not accompanied by improvements in VOppeai in participants with T2ZDM. Lowered
exercise capacity and increased mortality are closely related in the diabetic population,
indicating a need to develop strategies to improve exercise tolerance. It is intriguing to
hypothesize, based on the improvements in cardiac and vascular function observed, that the
combination of exenatide with aerobic exercise training in participants with T2DM is
warranted.
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Figure 1.

Effect of exenatide on vascular outcomes. (A) Flow mediated dilation and (B) pulse wave
velocity before and following three months of placebo or exenatide administration. Data are
Mean + Standard Error. *P < 0.05 Different compared with placebo at same time point.
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Table 1

Participant characteristics at baseline and three months

Placebo (n = 12) Exenatide (n = 11)
Baseline 3Month Baseline 3Month
Age 641 - 64 +7 -
Sex (m/f) 5/7 - 7/4 -
Body Mass (kg) 87.9+33 87.5+3.1 101.7+537 | 987+55%
Body Mass Index (kg/m?) | 31.3%1.2 31.2£1.0 339+10 | 309+11*
Body Fat (%) 35722 35525 37.7+£23 37.1+26
Lean Mass (kg) 55.8+2.8 56.0+3.1 61.9+39 61.3+4.2
Fasting Glucose (mg/dl) 1279+80 | 1535176 | 1705+24.2 | 1178+93"
Fasting Insulin (uU/ml) 34664 28249 29.0+3.7 26344
HbALC (%) 72£04 7.0£04 73£11 65+02%
HbALC (mmol/mol) 55+4 53+4 56+ 12 842
HOMA-IR 11.3+23 105+19 115+19 73x11
HOMA-B 208.7+386 | 1484317 | 1171164 | 2358+519%
Total Cholesterol (mg/dl) 1753 +11.7 177.1+20.0 156.3+9.8 139.4+£8.2
LDL Cholesterol (mg/dl) 97.6+7.4 91779 93.8+6.2 81.9+79
Triglycerides (mg/dl) 217.8+58.0 | 255.1+108.0 | 156.8+18.3 | 170.0+16.7
Glycerol (mg/dL) 11323 10519 115+19 734117
Free Fatty Acids (mmol/L) | 500.5+67.8 | 596.0+53.0 | 580.8+763 | 5476+ 593%

Data are Mean * Standard Error.

F

P < 0.05 Different compared with placebo at same time point;

*
P < 0.05 Different compared with baseline within group.
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Table 2

Measures of maximal and submaximal exercise capacity at baseline and three months

Placebo Exenatide
(n=12) (n=11)

Baseline 3 Months Baseline 3 Months

VOgpea (Mtkg/min) | 15.4+09 | 161+11 | 175+10 | 166+1.1

VOypea (Ml/min) 1363+ 95 | 1419+119 | 1783+129 | 1647 +120

RERpeak 1.22+03 | 1.25+04 1.19+0.3 1.25+0.2

Peak heart rate (bpm) 134 +5 137+5 140+ 4 138+5

Peak workload (watts) 108+9 110+ 11 135+ 12 132+ 12

VO, kinetics t (sec) 63.3+£59 | 67.2+27 78.2+6.8 71.4+£85

Data are Mean + Standard Error. Peak oxygen consumption: VO2peak. Respiratory exchange ratio: RER. Beats per minute: bpm.
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Table 3

Echocardiography measurements at rest at baseline and three months

Placebo (n = 12)

Exenatide (n = 11)

Baseline 3Month Baseline 3Month
Circumferential Strain -235+0.7 -226+1.4 -23.7+17 | -25.6+1.78
Longitudinal Strain -19.3+£0.7 -18.3+0.8 -176+12 -185+12
Stroke Volume (mL/beat) | 81.0+12.8 80.7+1.9 88.2+3.3 93.3+2.8
MV E Wave Velocity 0.74+£0.06 | 0.78+0.06 | 9g9+0047 | 0.61+006"
MV E:A Wave Velocity | 0.83+0.06 | 0.82+0.06 | 1.04+0.13 | 0.85+0.09
MV Deceleration Time 283.3+128 | 239.8+14.6 | 236.0+6.6 | 234.6+17.0
Septal E’ 0.07 £0.01 0.07+£0.1 0.08 £0.01 0.08 £0.01
Septal E:E’ 104208 | 12.6%14 9.6+0.7 83+09%
Lateral E’ 0.09 +0.01 0.09 +0.01 0.09 +0.01 0.09 £ 0.01
Lateral E:E’ 76+10 8.4+12 8.1+07 67+06"

Data are Mean * Standard Error. Mitral Valve: MV.

"

P<0.05 Different compared with placebo at same time point.

*
P < 0.05 Different compared with baseline within group.

fP< 0.05 Main effect of drug.
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