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Abstract

Background: The state of prediabetes comprises atherosclerotic changes leading to decreased vascular function
in humans. This study examined the effects on incretin mimetics on vascular physiology in the prediabetic
postprandial state.
Methods: Fifteen obese adults with prediabetes participated in a randomized, crossover, double-blinded trial
comparing the postprandial effects of exenatide, saxagliptin, and placebo on peripheral vasodilation. All studies
utilized a standardized high-fat meal. Resting and peak forearm blood flow (FBF) were measured via strain
gauge venous occlusion plethysmography, and makers of vascular dysfunction were measured in plasma.
Results: Exenatide attenuated resting FBF at 3 hr (P = 0.003) and 6 hr (P = 0.056) postmeal, compared to
placebo. Nonsignificant reductions in resting FBF were observed between saxagliptin and placebo at the
same time points. No group differences were observed for peak FBF, plasma nitrotyrosine, and plasma
8-iso-prostaglandin F2alpha. A transient increase in plasma triglyceride was abated in the exenatide group,
when compared to saxagliptin and placebo groups. Only exenatide group showed no significant upsurge in plasma
insulin. Plasma-free fatty acids significantly declined in all three groups, although less markedly for exenatide.
Postmeal glucose increased at 2 hr with placebo and saxagliptin, but simultaneously decreased with exenatide.
Conclusions: Acute treatment with exenatide blunted the postprandial vasodilatory effect of a high-fat meal in
prediabetes. Exenatide’s acute effects derived primarily from multiple endothelium-independent processes.
Trial Registration Number: NCT02104739.
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Introduction

Prediabetes—a condition associated with increased
cardiovascular mortality1—is characterized by increased

insulin resistance, dynamic insulin secretion changes, and
reduced incretin hormone secretion.2 Compared to healthy
subjects, prediabetes exacerbates endothelial dysfunction3 via
the loss of vasodilatory function, dysregulation of vascular
permeability, and impairment of fibrinolysis.4 These meta-
bolic derangements largely occur in the postprandial state.5,6

Glucagon-like peptide-1 (GLP-1) receptor agonists
(GLP-1RAs) lead to reductions in major adverse cardio-
vascular events when added as treatment for type 2 dia-
betes mellitus (T2DM).7–9 Furthermore, GLP-1RAs and
the related dipeptidyl peptidase-IV (DPP-IV) inhibitors
exert relevant beneficial effects on levels of plasma tri-
glycerides, free fatty acids (FFAs), and glucose.10 The
exact mechanisms by which these incretin mimetic thera-
pies improve cardiovascular and metabolic parameters are
not fully established.
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The postprandial state—which reflects the majority of the
day for humans—accounts for many GLP-1RA effects on
coronary and peripheral vascular function. Measures of
peripheral vascular function – including venous occlusion
plethysmography, flow mediated dilation (FMD), and pe-
ripheral arterial tonometry (PAT)—function as surrogate
measures for coronary artery vascular function.10 Studies
show conflicting results on the effects of fatty meals on
peripheral vasculature function.11–15

Most prior studies have examined the effects of incretin
therapies on vascular endothelial function in the fasting
state, with some studies showing improvement16,17 and
other studies showing no improvement.18–22 A few studies
suggest that exenatide improves postprandial endothelial
function in T2DM.23–25

The aim of this study was to examine the effects of two
incretin mimetics – exenatide (GLP-1RA) and saxagliptin
(DPP-IV inhibitor) – on postprandial vascular physiology and
relevant metabolic responses in humans with prediabetes.

Methods and Research Design

The protocol was approved by the Committee for the
Protection of Human Subjects at The University of Texas
Health Science Center at Houston. All subjects provided
written informed consent before participation.

Subjects

Eligible subjects were obese men and women, aged 30 to
70 years, with prediabetes. Prediabetes was defined as either
impaired fasting glucose (fasting glucose of 100–125 mg/dL),
impaired glucose tolerance (IGT) (2-hr postprandial blood
glucose of 140–199 mg/dL after 75-gram oral glucose chal-
lenge), and/or a hemoglobin A1C (HbA1c) ranging from
5.7% to 6.4%. Fasting glucose and HbA1c were tested.
Subjects were asked to bring any oral glucose tolerance test
(OGTT) data completed during the last 3 months. All subjects
had a BMI of 30–35 mg/kg2 (–1 mg/kg2). Women of child-
bearing age agreed to a nonhormonal pregnancy prevention
method. Pregnant and breastfeeding women were excluded.
Required laboratory values were hematocrit ‡34%, serum
creatinine <1.5 mg/dL in men or <1.4 mg/dL in women, as-
partate aminotransferase <2.5 times upper limit of normal
(ULN), alanine aminotransferase <2.5 times ULN, and al-
kaline phosphatase <2.5 times ULN. Subjects on statins,
angiotensin-converting enzyme inhibitors, and angiotensin-
receptor blockers were on stable doses for at least 3 months
before study enrollment, and remained on these doses. No
subjects were on metformin, DPP-IV inhibitors, GLP-1RAs,
sodium-glucose cotransporter-2 (SGLT-2) inhibitors, thia-
zolidinediones, insulin, sulfonylureas, corticosteroids, lipid-
lowering medications other than statins, hormone replacement
therapy, nor immunosuppressive therapy for at least 3 months
before study initiation. Nonsteroidal anti-inflammatory drugs
(NSAIDS) and antioxidant vitamins were stopped 1 week
before study initiation. Subjects with significant cardiac, he-
patic, or renal disease, current tobacco use, active malignancy,
acute infectious conditions, diabetes mellitus, history of pan-
creatitis, history of medullary thyroid cancer, and multiple
endocrine neoplasia 2 (MEN2) were excluded.

Fifteen subjects completed the study (Fig. 1).

Study design

The study was a single center, randomized, crossover,
double-blinded, placebo-controlled trial. Simple randomiza-
tion (for study drug order in each participant) was achieved
via a computer-generated randomization, and allocation
concealment was maintained by independent study pharma-
cists. Blinding of intervention sequence (to investigators and
subjects) was achieved through the use of identical-appearing
placebos. Normal saline served as the exenatide placebo.
Saxagliptin and saxagliptin placebo were placed in identical-
appearing opaque capsules. Primary study outcomes for this
pilot study were postprandial changes in resting and peak
postprandial forearm blood flow (FBF). Secondary outcomes
were changes in postprandial plasma markers of endothelial
dysfunction and metabolic changes. All analyses were con-
ducted as intention-to-treat.

Potential subjects participated in a screening visit, where
a complete history and physical examination was performed,
followed by laboratory testing

Qualified subjects completed three separate, daylong out-
patient studies at the Clinical Research Unit (CRU). On each
study day, subjects were given a single dose of exenatide 10
mcg by subcutaneous (sc) injection, saxagliptin 5 mg orally,
or placebo (sc and orally). Each study was performed ‡10
days apart to ensure washout of study medication before next
study day.

The study day began at 8:00 AM after an overnight fast
and avoidance of alcohol and excessive exercise for 24 hr.
An intravenous catheter was placed in a stable vein in an
upper extremity. Baseline blood draws were collected at
10:45 AM. Then study medication was given. At 11:00 AM,
a timed standardized test meal which consisted of a ham-
burger, French fries, small apple pies, and diet soda (1550
kcal; 700 kcal from fat; 60% carbohydrate, 30% fat, and
10% protein) was initiated. Venous blood samples were
collected every 2 hr for total of 6 hr postmeal. Forearm ve-
nous occlusion plethysmography was measured every 3 hr
during the same postmeal period. These procedures were
repeated for the remaining study arms.

Venous occlusion plethysmography

Resting and peak FBF were measured by strain gauge
venous occlusion plethysmography with calibrated mer-
cury strain gauges, per the method described by Skilton
et al.15 In brief, the nondominant forearm was positioned at
the level slightly above the right atrium. A blood pressure
cuff was placed on the upper arm and another cuff around
the wrist. The wrist cuff was inflated to a supra-systolic
pressure (250 mmHg) and clamped to prevent circulation to
the hand. The strain gauge was positioned around the widest
portion of the forearm and connected to a Hokanson EC6
plethysmograph (Hokanson, Bellevue, WA). The plethys-
mograph was connected to a PowerLab 4/35 data acqui-
sition system, which was connected to a computer operating
LabChart7 data analysis software (AD Instruments, Col-
orado Springs, CO).

To obtain resting FBF, an automatic rapid cuff inflator
intermittently inflated the upper arm cuff at 60 mmHg (7 sec
on, 7 sec off for 3 min) to periodically occlude the venous
outflow from the distal portion of the arm without ob-
structing the arterial inflow. Flow curves were recorded on
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LabChart. We used an average of six acceptable flow curves
for our measurements. The slopes of the flow curves were
used to calculate FBF (mL/min/100 mL of tissue).

Then to obtain peak FBF, we initiated automatic rapid
inflation of the upper arm cuff to a suprasystolic pressure
(250 mmHg) for 5 min continuously, to induce forearm is-
chemia. This was followed by intermittent inflations of the
upper arm cuff at 60 mmHg (7 sec on, 7 sec off for 3 min).
Flow curves were again recorded on LabChart, and we used
the same methods to calculate FBF.

Plasma measurements

Commercial ELISA kits were used to measure plasma
nitrotyrosine (Cell Biolabs, Inc., San Diego, CA) and plas-
ma 8-iso-prostaglandin F2alpha (8-iso-PGF2a) (Cayman
Chemical, Ann Arbor, MI). Plasma triglycerides and cho-
lesterol were determined using an enzymatic method.
Plasma insulin was measured by chemiluminescent immu-

noassay. A hexokinase assay was used to measure plasma
glucose (Beckman Coulter, Indianapolis, IN). Plasma FFA
concentration was determined by an enzymatic colorimetric
quantification method (Fujifilm Wako Diagnostics, Moun-
tain View, CA).

Statistical analyses

Considering that this was a crossover design with re-
peated measures at multiple times, linear mixed-effects
model was used to account for the within-subject correla-
tion. The outcomes included resting FBF, peak FBF, and
plasma measurements. We analyzed each one indepen-
dently. The factors used in the model included the drug type,
time of measurement, the interaction of drug and time, and
order of drug assignment. The order factor had a significant
effect on the outcomes of resting FBF, FFA, and total
cholesterol; hence it was included in the mixed effect model.
The P values for the main effect of drug and interaction of

FIG. 1. Flowchart of participant enrollment, randomization, allocation, follow up, and analysis.
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drug and time from the linear mixed-effect model are shown
in the study figures. Pairwise group comparison was per-
formed at each measurement time, adjusted for multiple
testing by Tukey’s method. Outcomes for each drug at each
subsequent measurement times were compared with their
corresponding values at baseline, adjusted for multiple
testing. Area under the curve (AUC) was calculated using
the trapezoidal rule and adjusted for multiple testing. We
calculated the correlation between resting FBF and insu-
lin and triglycerides for exenatide arm by Spearman method.
Insulin and triglycerides were imputed at 3 hr by averag-
ing the values from hours 2 and 4. Results with significant
P values (P < 0.05) were marked in study figures. All ana-
lyses were performed in SAS 9.4 software (Cary, NC).

Results

Table 1 shows baseline clinical characteristics. Eight male
and seven female participants were studied. Ethnicities were
Black (8/15), Hispanic (4/15), and Caucasian (3/15). The
median age was 53 years (interquartile range 45–55 years),
with median body mass index of 33.4 kg/m2 (interquartile
range 30.5–34.2 kg/m2) and mean HbA1c of 5.96% – 0.06%.
The median fasting glucose level was 93 mg/dL. No subjects
presented with OGTT data. The majority of subjects met
prediabetes criteria by HbA1c alone.

Similar baseline (premeal) measurements between groups
were observed for all study measures.

FBF measurements

Postmeal resting FBF increased significantly from base-
line in the placebo group only, at 3 and 6 hr (P < 0.01 for
both). Resting FBF was significantly lower at 3 hr in ex-
enatide compared to placebo (P = 0.003), with trend toward

lower values in saxagliptin versus placebo (P = 0.095).
There were no significant differences between groups at
6 hr, although there was trend toward lower values in ex-
enatide versus placebo (P = 0.056). In contrast, there were
neither significant increases from baseline nor any postmeal
FBF differences between the three groups (Fig. 2).

Plasma measurements

Postmeal nitrotyrosine, 8-iso-PGF2a, and total cholesterol
levels did not differ between groups (Fig. 3).

Postmeal triglyceride levels increased significantly from
baseline for saxagliptin and placebo at 2 hr (P = 0.031 and
P = 0.013) and 4 hr (P < 0.0001 for both). These levels in-
creased at 6 hr for exenatide, saxagliptin, and placebo
(P = 0.043, P < 0.0001, and P < 0.0001, respectively). Trigly-
cerides increased significantly at 4 hr in saxagliptin and pla-
cebo compared to exenatide (P = 0.005 and P = 0.009,
respectively). There were no significant differences between
groups at 2 and 6 hr (Fig. 3). AUC measurements showed
significant differences between exenatide and placebo
(P = 0.032) and between exenatide and saxagliptin (P = 0.024)
(Supplementary Table S1).

Postmeal insulin levels significantly increased from
baseline for saxagliptin and placebo at 2 hr (P < 0.0001 for
both) and 4 hr (P = 0.004 and P < 0.0001, respectively), and
at 6 hr for the placebo group only (P = 0.032). Insulin levels
increased significantly at 2 hr in saxagliptin and placebo
compared to exenatide (P = 0.006 and P < 0.001, respec-
tively). There were no significant differences between
groups at 4 and 6 hr (Fig. 3). AUC measurements showed
significant differences in percent change between exenatide
and placebo (P = 0.0006) (Supplementary Table S1).

Postmeal FFA levels decreased significantly from base-
line at 2 hr in the saxagliptin and placebo groups (P < 0.0001
for both), at 4 hr in the saxagliptin and placebo groups
(P < 0.0001 for both), and at 6 hr for all groups (P = 0.012 for
exenatide, P = 0.007 for saxagliptin, and P = 0.004 for pla-
cebo). FFA decreased significantly in saxagliptin and pla-
cebo when compared to exenatide at 2 hr (P = 0.023 and
P = 0.0004, respectively) and 4 hr (P = 0.008 and P = 0.001,
respectively). There were no significant differences between
groups at 6 hr (Fig. 3).

Postmeal glucose levels increased significantly from
baseline for saxagliptin and placebo at 2 hr (P = 0.007 and
P < 0.0001), and simultaneously decreased from baseline in
exenatide (P = 0.029). No differences from baseline were
seen at 4 and 6 hr. Glucose levels decreased significantly at
2 hr in the exenatide group when compared to saxagliptin and
placebo (P < 0.0001 for both comparisons). No significant
differences were seen between groups at 4 and 6 hr (Fig. 3).

With exenatide therapy, the 0 to 3 hr postprandial increase
in resting FBF was closely correlated with increases in plasma
insulin (r = 0.7, P = 0.01) (Fig. 4). There were no significant
correlations between resting FBF and triglycerides (Fig. 5).

Discussion

We show that acute exenatide therapy blunts the vaso-
dilatory effect of a high-fat meal in obese humans with
prediabetes. A high-fat meal alone (represented by placebo)
is known to increase resting FBF, but not peak FBF, in
healthy subjects.14 In prediabetes, our placebo findings show

Table 1. Baseline Clinical Characteristics

of Study Participants

Variable n = 15 Range

Ethnicity (Caucasian/Black/Hispanic) 3/8/4 —
Gender (male/female) 8/7 —
Age (years) 51 45–55
Body mass index (kg/m2) 32.7 30.5–34.2
Systolic BP (mm Hg) 138 121–148
Diastolic BP (mm Hg) 79 – 3 —
Fasting glucose (mg/dL) 93 85–99
Hemoglobin A1C (%) 5.99 – 0.6 —
Triglycerides (mg/dL) 122 86–137
Total cholesterol (mg/dL) 194 167–226
HDL cholesterol (mg/dL) 55 – 2 —
LDL cholesterol (mg/dL) 115 87–151
AST (U/L) 21 16–27
ALT (U/L) 22 14–25
Creatinine (mg/dL) 0.99 – 0.7 —
Hemoglobin (g/dL) 13.9 12.9–14.9
Platelets ( · 109/L) 228 183–254

Data for ethnicity and gender are presented as absolute numbers.
All other data are presented as mean – standard error of mean
(SEM) if normally distributed, or median and interquartile range if
not normally distributed.

ALT, alanine aminotransferase; AST, aspartate aminotransferase;
BP, blood pressure; HDL, high-density lipoprotein; LDL, low
density lipoprotein; SEM, standard error of mean.
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a similar increase in postprandial resting FBF. Exenatide
lowered resting FBF at 3 hr (P = 0.003) and 6 hr (P = 0.056).
A nonsignificant similar trend was seen with saxagliptin at
3 hr (P = 0.095). No effects were seen in peak FBF for any
study arm. Interestingly, neither postmeal changes in plasma
nitrotyrosine nor 8-iso-PGF2a were detected in any study
arm; this contrasts prior findings suggesting positive endo-
thelial effects for GLP-1 therapy.26

Relevant metabolic changes accompanied vasodilatory
changes. Exenatide attenuated plasma triglyceride levels as
seen previously in early insulin resistance.23,27, Plasma in-
sulin levels increased in all groups, but much less with ex-
enatide. Notably there was a correlation between rises in
resting FBF insulin between 0 and 3 hr. FFAs decreased in
all groups as anticipated after fatty meals (suggesting skel-
etal muscle uptake),28 although less with exenatide.

Prior studies frequent used PAT to examine effects of acute
exenatide therapy on postprandial endothelial function.
Findings range from attenuation of endothelial dysfunction in
DM223–25 and IGT24 to no acute effects in prediabetes.20 PAT
measures endothelial function via finger arterial pulse volume
amplitude after induction of reactive hyperemia, calculating a
reactive hyperemic index (RHI). While automated and rela-

tively easy to use, there are concerns about suboptimal
within-day variability, and it is unknown if the RHI is ex-
clusively a measure of endothelial function or simply a
generalized measure of microvascular function. Furthermore,
PAT cannot assess endothelium-independent vasodilation.29

Our results show a predominantly endothelium-independent
effect of exenatide on vasodilation, as shown by decreased
resting FBF and no change in peak FBF. Resting FBF measures
blood flow through the skeletal muscle and skin vasculature. It
is influenced by sympathetic nervous system responses and
vascular smooth muscle tone.30 Peak FBF is mostly affected by
endothelium-derived nitric oxide (NO), prostaglandins, lactic
acid, pH, adenosine, carbon dioxide, and potassium and not
influenced by sympathetic tone.31,32 Peak FBF measurement
captures endothelium-dependent and endothelium-independent
effects. The separation of endothelium-dependent and -in-
dependent effects is best delineated by the intra-arterial infu-
sions of acetylcholine and sodium nitroprusside; we did not
perform these studies due to their invasive nature.

Exenatide attenuated the rise in plasma triglycerides, al-
though no correlation was seen with change in resting FBF.
Prior PAT studies have generally shown links among GLP-1
therapy, decreased postprandial endothelial dysfunction, and

FIG. 2. Changes of resting
and peak FBF in prediabetes
subjects after high-fat meal.
Data are expressed as
mean – SEM; B, exenatide;
:, saxagliptin; C, placebo;
*P < 0.005 exenatide versus
placebo; {P < 0.01 versus
baseline. n = 15. FBF, fore-
arm blood flow.
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FIG. 3. Changes of plasma nitrotyrosine, 8-iso-PGF2a, triglycerides, total cholesterol, insulin, FFAs, and glucose in
prediabetes subjects after high-fat meal. Data are expressed as mean – SEM; B, exenatide; :, saxagliptin; C, placebo.
*P < 0.05 exenatide versus placebo, &P < 0.05 exenatide versus saxagliptin, {P < 0.05 versus baseline. n = 15. 8-iso-
PGF2a = 8-iso-prostaglandin F2alpha. FFA, free fatty acid.
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triglyceride reduction.23,24,27 Studies using strain-gauge
venous occlusion plethysmography and FMD suggest no
improvement of either measure after GLP-1 therapy,
through these were not done in the postprandial state.19,21

Apart from this study, we are not aware of any other study,
which utilizes strain gauge venous occlusion plethysmog-
raphy to examine these relationships in the postmeal state.
Further studies are needed to better understand the role of
triglycerides in endothelial function.

Exenatide therapy led to higher plasma FFA levels, re-
presenting decreased uptake,28 likely due at least, in part, to
decreased insulin levels. This leads to less adipose tissue

lipolysis, resulting in higher FFA levels.33 Increased FFA
reduces vasodilation by increased phosphorylation of en-
dothelial NO synthase, decreased ATP-induced calcium
uptake in endothelial cells, and increased reactive oxygen
species production.4

The insulin response (along with vasodilation) was re-
duced with exenatide. Another trial observed identical results
in a similar population undergoing OGTT; overall physio-
logical findings suggested that exenatide either inhibited li-
polysis by a direct suppressive effect or augmented the
antilipolytic effect of insulin.34 Insulin, which vasodilates via
endothelial NO,35 can also vasoconstrict via an endothelin-1

FIG. 4. (Left) Relationships between postprandial changes (0 to 3 hr) in insulin level and resting FBF in prediabetes
subjects after high-fat meal in the exenatide group. (Right) Relationships between postprandial changes (3 to 6 hr) in insulin
level and resting FBF in prediabetes subjects after high-fat meal in the exenatide group.

FIG. 5. (Left) Relationships between postprandial changes (0 to 3 hr) in triglyceride level and resting FBF in prediabetes
subjects after high-fat meal in the exenatide group. (Right) Relationships between postprandial changes (3 to 6 hr) in
triglyceride level and resting FBF in prediabetes subjects after high-fat meal in the exenatide group.
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pathway.36 Further studies are needed to learn the roles of
these mechanisms in the context of GLP-1 therapy.

Exenatide also slows the rate of gastric emptying, which
leads to slower intestinal nutritional transport in T2DM.37

Other studies suggest this effect with exenatide at 2 hr after
high-fat meal and resolution after 4 hr; the effect is not seen
in DPP-IV inhibitors.23,38 Some changes in fat-induced va-
sodilation may be explained by gastric emptying. However,
this unlikely explains all effects, as glucose level decreased
at 2 hr with exenatide.

There are some limitations to this study. Although the
same meal was used for all study arms, we cannot rule out
an interaction between exenatide and high-fat meal. The
results only reflect acute exenatide action and cannot be
extrapolated to chronic therapy. There was a 32% attrition
rate. The small trial size and the use of a predominantly
minority population decreases generalizability in popula-
tions seen at several clinics. Exenatide can induce nausea.
The numbers of uncompleted meals were three for exena-
tide, three for saxagliptin, and two for placebo.

The study also has some unique strengths. Venous oc-
clusion plethysmography has excellent reproducibility when
testing the effects of drugs on vasculature.32 The crossover
randomized controlled trial (RCT) design eliminates multi-
ple confounders, including age, which affects vasodilation
in both nondiabetic and diabetic adults.15 A near-equal
number of females and males were studied. Furthermore,
our study population—primarily Black—is very different
from similar prior studies.20,23–25 This is the only RCT
which utilizes venous occlusion plethysmography to exam-
ine postprandial vascular physiology in prediabetes.

In conclusion, acute exenatide therapy reduced vasodila-
tion via resting FBF, but not peak FBF, when compared to
placebo in obese adults with prediabetes. Exenatide also re-
duced postprandial triglycerides and increased FFAs, with no
significant rise in insulin, and no changes in nitrotyrosine or
8-isoPGF2a when compared to placebo. Contrasting prior
studies, exenatide attenuates vasodilation primarily from
endothelium-independent effects, which may include chan-
ges in vascular smooth muscle tone, direct effects on intes-
tinal absorption, direct effects on lipolysis and/or insulin
action, delay in gastric emptying, and alterations in sympa-
thetic innervation. Future studies can address this testing in
chronic incretin mimetic therapy and may further delineate
the mechanisms differentiating endothelium-independent
and -dependent effects.
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