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Abstract

Objective—To determine if high intensity exercise (HIE) would improve endothelial function
more than an isocaloric bout of moderate intensity exercise (MIE) following glucose ingestion in
adults with prediabetes.

METHODS—Twelve subjects with prediabetes completed all 3 conditions: time-course
matched control (CON), and isocaloric exercise (~200kcal) at moderate [MIE; at lactate threshold
(LT)], and high-intensity (HIE; 75% of difference between LT and VO,peak). Brachial artery
flow-mediated dilation (FMD) was measured before exercise (baseline), within 30 min post-
exercise and 1 and 2 hr following a 759 OGTT. Plasma F2-isoprostanes were also assessed during
the protocol (i.e. baseline to 2 hr OGTT) as a biomarker of oxidative stress.

RESULTS—MIE reduced post-exercise F2-isoprostanesayc compared with CON and HIE.
Although exercise had no statistical effect on FMD post-exercise or during the OGTT, elevations
in FMDpyc after MIE and HIE was associated with reduced post-exercise F2-isoprostanesayc.

CONCLUSION—EXxercise at either intensity had no effect on FMD immediately post-exercise
following glucose administration. However, individuals with reduced oxidative stress responses to
exercise had greater exercise-induced improvement in FMD. Further work is required to identify
the mechanism by which exercise alters oxidative stress to enhance endothelial function.
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INTRODUCTION

Individuals with prediabetes have approximately 50% higher risk of cardiovascular disease
(CVD) compared with healthy counterparts (1). Although obesity related skeletal muscle
insulin resistance is a primary feature that contributes to hyperglycemia in people with
prediabetes (2), associated impaired endothelial function is a leading candidate for macro-
and micro-vascular disturbances (1). Indeed, attenuated endothelial function occurs as a
result of postprandial hyperglycemia induced oxidative stress that promotes an imbalance of
nitric oxide and endothelin-1 production in individuals who are lean healthy and in
individuals with type 2 diabetic (3,4). Therefore, identifying interventions that can restore
vascular function during periods of hyperglycemia is paramount to improving glucose
regulation.

Habitual exercise lowers CVD and diabetes risk in part by increasing skeletal muscle
glucose uptake (5,6) and limb blood flow (7,8). Despite reports indicating that a single bout
or short-term exercise training at moderate intensity can restore/improve vasodilation
following glucose ingestion in people with and without type 2 diabetes (9-12), the effect of
exercise intensity on endothelial function during diet-induced hyperglycemia is unknown in
adults with prediabetes. This is clinically relevant because post-prandial hyperglycemia is
known to increase risk for CVD, and high intensity exercise (HIE) is thought to improve
endothelial function more than low to moderate intensity exercise (MIE). We recently
reported that acute HIE was more beneficial at lowering post-prandial blood glucose than an
isocaloric bout of MIE in people with prediabetes and this result was attributed to
improvement in insulin sensitivity (13). However, it is possible that enhanced endothelial
function was in part responsible for the exercise-induced glycemic benefit (11). Therefore,
in the present study we tested the hypothesis that HIE would increase endothelial function
more than MIE following glucose ingestion in adults with prediabetes, and this change in
vascular function would relate to glycemic benefit and lower post-exercise oxidative stress
(i.e. F2-isoprostanes).

METHODS

Subjects

Participants were the same people who were included in our prior work on glucose tolerance
(13), but only 12 subjects underwent vascular function assessment (Table 1). Prediabetes
was defined as having either: impaired fasting plasma glucose (100-126 mg/dl) or impaired
glucose tolerance (2 hr plasma glucose 140-200 mg/dl) after a 75g oral glucose tolerance
test (OGTT), and/or elevated HbA 1 (5.7-6.4%). Subjects were non-smoking and sedentary
(exercise < 30 min/d, < 3 d/wk) and underwent physical examination that included a resting
and exercise stress test with 12-lead electrocardiogram and blood and urine chemistry
analysis to exclude people with type 2 diabetes, cardiac dysfunction, and renal/liver
complications. All subjects provided signed and verbal informed consent and the study was
approved by the University of Virginia Institutional Review Board.
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Body Composition and Aerobic Fitness

Weight was assessed on a digital platform with minimal clothing, and height was recorded
on a stadiometer. Body fat was measured using air displacement plethysmography (BodPod,
Cosmed, Concord, CA) corrected for thoracic gas volume. Subjects completed a VO peak/
lactate threshold (LT) bicycle ergometer test using open-circuit spirometry (Viasys Vmax
Encore, Yorba Linda, CA) as performed by our group (13).

Metabolic Control

Subjects were instructed to consume approximately 200 g/d of carbohydrate and refrain
from alcohol, caffeine, and vigorous physical activity for at least 72 hr prior to their OGTT.
In addition, subjects were also instructed to avoid medications known to act on the
vasculature (antihistamines, vitamin C, anti-hypertensive medications, etc.) for 5 days prior
to each study visit. Women were studied during the early follicular phase (days 2-8) of the
menstrual cycle to minimize the impact hormonal fluctuations may have on endothelial
function. As a result, menstruating women (n=2) were studied approximately 1 month
between conditions, and all other women were studied approximately 2—3 weeks between
conditions.

Exercise/Control Conditions

Subjects reported to the Exercise Physiology Core Laboratory after a 10-12 hr overnight fast
on 3 separate days and completed randomly assigned control (rest for 1h) and 200-kcal
bouts of MIE (at LT, i.e. ~65% VO,peak) and HIE (75% of the difference between LT and
VO, peak, i.e. ~90 VO,peak) as previously described (13).

Experimental Design

A study schematic is shown in Figure 1. Upon arrival to the laboratory, an intravenous
catheter was placed in the dominant arm or hand, and baseline flow-mediated dilation
(FMD) was performed to assess endothelial function (14). Subjects commenced exercise or
continued rest for approximately 1 hr. FMD was measured within 30 min post-exercise or at
the time-matched rest period to determine the acute effects of exercise intensity on fasting
endothelial function prior to the OGTT. Thereafter, subjects received a 759 OGTT 1 hr post-
exercise and FMD was repeated at 1 and 2 hr of the OGTT to provide assessment of post-
prandial vascular function. Blood samples of F2-isoprostantes were collected at baseline,
immediately post-exercise, pre-OGTT and at 1 and 2 hr during the OGTT to assess lipid
peroxidation/oxidative stress. Plasma F2-isoprostane was measured using gas
chromatographic/negative ion chemical ionization mass spectrometry (15).

FMD Assessment and Analysis

Images of the brachial artery were obtained by a single investigator (CAR) on the subject’s
non-dominant arm in an extended position using high-resolution 2D and Doppler ultrasound
(HDI1 5000, ATL, Philips Ultrasound, Andover, MA) with a 12 MHz linear-array transducer.
All images of the brachial artery were taken in the longitudinal plane, 2-10 cm proximal to
the antecubital fold. The location of the probe was marked during the first measurement of
each test day, and repeat measurements were performed in the same region. A manual blood
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pressure cuff was placed 2 cm distal to the antecubital fold. Before cuff inflation 1 minute of
baseline images were captured every 5 seconds for determination of average brachial artery
diameter. The cuff was inflated to 200 mmHg for 5 minutes in order to occlude the brachial
artery. Upon cuff release digital images of the artery were captured every 5-10 seconds for 2
minutes post-occlusion to determine peak vessel dilation. Images were EKG-gated and
captured at the onset of the R-wave. All brachial artery images were analyzed using custom
edge-detection software (Brachial Analyzer, lowa City, 1A) by a single investigator (JYW)
blinded to both time and condition. Arterial diameters (mm) were calculated as the mean
distance between the anterior and posterior wall at the intima-lumen interface. Percent FMD
was defined as the change in vessel diameter from pre-occlusion to peak dilation at each
time point. We also expressed endothelial function as a single area under the curve
(FMDpyc) value calculated with the percent FMD values from baseline to 2 hr post-OGTT.

Statistical Analysis

Data were analyzed using the statistical program R (Vienna, Austria 2013). Data were
compared across conditions using repeated measures analysis of variance (ANOVA) and
two-way repeated measures ANOVA (condition x time). In the event of a significant main
effect or interaction, pairwise comparisons were used to identify the source of significance.
Because blood glucose control was a primary outcome in our prior work (13), we examined
herein the relationship of endothelial function, glucose tolerance, and insulin sensitivity to
gain insight to the regulation of post-exercise glucose homeostasis. Pearson’s product
moment correlation analysis was used to determine associations. Statistical significance was
accepted as ~£<0.05, and trends were interpreted as £<0.05x<0.10. Data are reported as mean
+ standard error of mean (SEM).

RESULTS

Demographics

Subject characteristics and glucose as well as insulin concentrations were previously
reported (13), but are highlighted here in this subgroup analysis for ease of interpretation
(Table 1 and Figure 2). Subjects were middle-aged (52.1+3.3yr), obese (32.5+2.0kg/m?2) and
sedentary (VOypeak: 22.3+1.5 ml/kg/min). Exercise was performed for 40+£2.6 min at
48.4+1.6% and 24+1.1 min at 82.6+2.7% of VO,peak for MIE and HIE respectively. Plasma
glucose was improved during the late phase of the OGTT following HIE compared with
MIE (13).

Endothelial Function

There was no statistical difference in pre-occlusion or post-occlusion (i.e. peak value)
brachial artery diameters across conditions at any time-point during the OGTT (Table 2).
FMD expressed as a percentage or AUC was not statistically different between MIE and
HIE, compared with control (Figure 3a and 3b). Although the change in FMD pyc did not
correlate with changes in early or late phase glucose tolerance following MIE (early: r=
-0.09, P=0.76 and late: r=—38, £=0.21) or HIE (early: r=—0.21, P=0.51 or late: r=—0.38,
P=0.21), individuals with low FMDayc at control did have greater improvements in late
phase glucose tolerance following HIE (r=0.61, £=0.02). There was no correlation between
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FMDayc and late phase glucose tolerance after MIE (r=—0.02, £=0.94). In addition, the
change in insulin sensitivity following MIE (r=0.37, £=0.23) or HIE (r=0.32, P=0.29) did
not correlate with changes in FMDayc.

Oxidative stress

There was no statistical difference in baseline F2-isoprostane levels or AUC across
conditions (Figure 4a and 4b). However, post-exercise plasma F2-isoprostane AUC (i.e.
immediate post-exercise and pre-OGTT time points) was significantly lower following MIE
(1765.1 + 319.3 pg/ml) compared with HIE (2044.0 £ 334.7 pg/ml, /£<0.05) and control
(2136.0 = 350.8 pg/ml, ~£<0.05). In addition, F2-isoprostanes levels during the OGTT were
significantly lower following MIE compared with HIE and control (/A<0.05, Figure 4a).
Post-prandial F2-isoprostanes 2-hours following the OGTT were significantly lower
compared with immediate post-exercise levels (time effect; £A<0.05). Reduced post-exercise
F2-isoprostaneayc was associated with increased FMD ayc after MIE (r=—0.52, trend
P=0.10; Figure 4c) and HIE (r=—0.56, P=0.05; Figure 4d).

DISCUSSION

The major finding from this study is that a single bout of MIE or HIE had no statistical
effect on endothelial function following glucose ingestion in obese people with prediabetes.
Prior studies in people at risk for type 2 diabetes report that exercise improves FMD (16—
18), although the lack of effect of exercise intensity on FMD is not completely unexpected
since HIE has been reported to impair (19) or have no effect (20) on fasting endothelial
function. The reason we observed no change in FMD during the OGTT is somewhat
surprising though giving that dietary or intravenous hyperglycemia impairs endothelial
function (10,11,21). In fact, single bouts or short-term training at MIE can improve vascular
function during periods of hyperglycemia (9-12). However, consistent with prior work (9—
12) we report that FMD increased by ~1% (absolute difference from pre-OGTT; Figure 3a)
during glucose ingestion of the control condition. This observation suggests that dietary-
induced hyperglycemia per se from the OGTT did not impair FMD in these prediabetic
individuals. Indeed, we did not detect statistical relationships between the change in
endothelial function and glucose tolerance following MIE or HIE. The reason glucose
ingestion did not exacerbate FMD as previously reported is unclear (10,11,21), but it may
relate to the impact of pre-existing endothelial function on responsiveness to exercise. While
the current study includes a modest sample size of people with prediabetes, it was not
designed to test the effects of pre-existing endothelial dysfunction on responsiveness to
exercise. However, prior work by our group suggests that people with obesity have blunted
gains in fasting vascular function benefit following a single bout of MIE and HIE (24), and
individuals with hemodynamic impairment are likely to improve FMD following training in
post-menopausal women compared with those with normal FMD (22). Interestingly,
individuals herein with low endothelial function had greater improvements in glucose
tolerance following HIE but not MIE. This later finding is consistent with our prior report
(13), and suggests that exercise intensity may contribute to improvements in glucose
regulation via changes in blood flow. Therefore, further work is required understand the
interaction of exercise intensity with pre-existing endothelial dysfunction on glucose
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regulation since inter-subject variability in response to exercise likely impacted our ability to
statistically demonstrate an effect of exercise at either intensity on FMD (22,23).

There are several other reasons that may explain the overall lack of improvement in
endothelial function immediately following exercise. First, the lack of increase in vascular
function after exercise in the present study may relate to the observation that obese adults
have larger arterial diameters than lean counterparts (24). This is consistent with recent work
reporting that obese people do not improve basal endothelial function following low,
moderate or high intensity exercise (24,25). However, each subject in our study served as
their own control, and we observed no differences in baseline diameter among conditions.
Thus, arterial diameter is unlikely to explain the overall lack of vascular function
improvement post-exercise. Alternatively, oxidative stress impairs vasodilation via blunted
nitric oxide bioavailability (26,27), and recent work has speculated that higher intensities of
exercise transiently impair endothelial function through an oxidative stress related
mechanism (20). Despite lower circulating F2-isoprostanes following MIE compared with
HIE or control (Figure 4a), improvements in endothelial function following both exercise
conditions were directly associated with lower post-exercise F2-isoprostanes (Figure 4c and
4d). This suggests that lower oxidative stress following exercise contributes to greater
improvements in endothelial function independent of exercise intensity. The exact reason
why some people generate more or less oxidative stress following exercise is beyond the
scope of this study, but excessive oxidative stress does favor expression of endothelin-1 that
in turn promotes vasoconstriction and impairs blood flow (3,4). Collectively, our findings
highlight the need for additional investigations across different obese phenotypes to
determine the exact mechanisms.

Another possible explanation for the lack of exercise-induced increases in FMD following
glucose ingestion may relate to insulin action. Indeed, insulin is an important stimulus that
contributes to increased blood flow in exercise-trained individuals (4,28-30). If insulin
levels were reduced following exercise, then it would be reasonable to expect little to no
improvement in FMD during the OGTT. We previously reported that plasma insulin levels
were reduced following MIE and HIE (13), suggesting that less insulin in the circulation
could have reduced a key stimulus for increasing endothelial function. When compared with
our control condition, the exercise results observed herein are consistent with prior work
reporting that hyperinsulinemia increases and protects endothelial function during periods of
hyperglycemia compared with hyperglycemic conditions alone (21). Because insulin levels
were lowered following both exercise conditions, it reasons that large conduit arteries may
have become more sensitive to insulin, resulting overall in no change in FMD. However, we
observed no correlation between increased insulin sensitivity and FMD following MIE or
HIE, suggesting that changes in insulin action may not have impacted large conduit arteries
post-exercise. While it would be more appropriate to test the effects of insulin on vascular
function following exercise with the euglycemic hyperinsulinemic clamp to avoid
confounding effects of pancreatic insulin secretion changes during an OGTT, it is worth
noting that the microcirculation more closely aligns with insulin-stimulated glucose
regulation than large conduit arteries (28). Thus, it remains possible that changes in skeletal
muscle microcirculation were altered following exercise in our study and contributed to
some extent to the decrease in plasma glucose following HIE (13). Further work is
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warranted to understand the effect of exercise intensity on insulin-mediated skeletal muscle
vasculature.

This study has limitations that may affect our interpretation. We recognize that FMD was not
corrected for shear stress in the current study as proposed by some, but not all (31,32), and
this may contribute to the lack of FMD change post-exercise and/or during the OGTT.
However, recent work observed no correlation between endothelial function and methods of
shear stress adjustment in older populations, suggesting that shear stress is not necessary for
identification of CVD risk (31). In addition, FMD uncorrected for shear stress is an
independent predictor of CVD risk and mortality (33). Thus, expressing FMD as a
percentage of pre-occlusion diameter is a valid approach for assessing vascular function
(14). We cannot rule out the possibility that fluctuations in blood glucose per se and/or
sympathetic activation of counter regulatory hormones could have blunted the endothelium
to dilate in the post-exercise period (14). However, use of the OGTT provides a more
physiologic assessment of FMD than use of a hyperglycemic and/or hyperinsulinemic clamp
technique. We also acknowledge that the mode of exercise (i.e. cycling vs. running vs.
weight lifting) might contribute to the different responses seen between studies (34). In fact,
is possible that lower body muscle contraction (i.e. cycling) in our study could have affected
local responses and minimized the stimulus to increase upper body blood flow. Lastly, while
less oxidative stress was associated with higher endothelial responses following acute MIE
and HIE in the current study, it remains possible that elevated oxidative stress responses
from exercise promotes “supra-normalization” of endothelial function over a longer time-
course. In fact, greater oxidative stress produced during repeated bouts of exercise may be an
important stimulus for vascular function adaptation and preservation of the training effect
(19,35,36). Therefore, additional work is needed to understand the time-course effects of
training at different exercise intensities on skeletal muscle vascular adaptations in relation to
cardiometabolic risk factors (e.g. glycemic control or blood pressure) in obese individuals
with prediabetes.

In conclusion, endothelial function was not improved following a single bout of MIE or HIE
in people with prediabetes after glucose ingestion. However, individuals with low
endothelial function had greater improvements in glucose tolerance following HIE.
Improvements in vascular function was also linked to reduced oxidative stress. Taken
together, our findings suggest that exercise is an effective therapy for people with endothelial
dysfunction to lower cardiometabolic disease risk, and improved blood flow may at least
partially contribute to improved glucose tolerance following high intensity exercise. Further
work is warranted to understand how exercise impacts vascular function across the pan-
arterial tree in order to maximize lifestyle prescriptions for the prevention and/or treatment
of type 2 diabetes and CVD.
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What is already known about this subject?

. Exercise improves fasting endothelial function.

. Oxidative stress is associated with attenuated flow-mediated dilation.

. Improved vascular function contributes to exercise-induced glycemic
benefit.

What this study adds

. Acute exercise does not improve endothelial function following glucose
ingestion regardless of intensity.

. Post-exercise oxidative stress is associated with reduced endothelial
function in people with prediabetes.
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Figure 2.
Effect of exercise intensity on post-prandial metabolism. Plasma glucose (a) and insulin (b)

concentrations. Data are expressed as mean + SEM. Data were previously reported (13), but
are highlighted here for ease of interpretation.
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Figure 3.
Effect of exercise intensity on endothelial function. FMD time-course responses (2). Area

under the curve (AUC) for FMD (b). FMD = flow-mediated dilation. FMD was calculated as
the percent change from pre- to post-occulsion diameter. Data are expressed as mean +
SEM.
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Figure 4.
Effect of exercise intensity on oxidative stress and associations with endothelial function.

F2-isoprostanes time-course responses (a). Area under the curve (AUC) for F2-isoprostanes
(b). Correlation between isoprostanes and vascular function following MIE (moderate
intensity exercise; (c) and HIE (high intensity exercise; (d)). Change (A) between exercise
and control conditions. FMD = flow-mediated dilation and reflects endothelial function.
*Compared to CON, A<0.05. *"Compared to MIE, £<0.05. #Condition effect compared with
CON, F<0.05. Data are expressed as mean + SEM.
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Table 1

Subject Characteristics.

Control
N, (M/F) 12 (TM/5F)
Age (years) 52.1+3.3
Body weight (kg) 98.4+5.9
Body mass index (kg/m?)  32.5%2.0
Fat mass (kg) 41.0+3.6
Fat-free mass (kg) 57.4+29
Body fat (%) 410+ 1.7
VO,peak (L/min) 21+0.1
VO,peak (ml/kg/min) 22315
OGTT Screening
Fasting PG (mg/dl) 106.8 +5.7
2 hour PG (mg/dl) 170.1+9.0
HbA . (%) 5.8+0.1

Data are expressed as mean + SEM. PG = plasma glucose
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Table 2
Brachial artery diameter across conditions.

CON MIE HIE
Baseline FMD
Pre-occlusion diameter (mm) 411+£024 4.02+0.24 3.98+0.24
Post-occlusion Peak diameter (mm) 4.35+0.23 4.31+0.23 4.28+0.23
Post-Exercise/Pre-OGTT
Pre-occlusion diameter (mm) 405+023 400+£025 4.15+0.25
Post-occlusion Peak diameter (mm) 4.37+£0.25 4.26+0.22 4.38+0.24
1hr OGTT
Pre-occlusion diameter (mm) 3.94+0.23 4.03+0.27 4.03+0.25
Post-occlusion Peak diameter (mm) 4.29+0.25 4.33+0.26 4.36+0.26
2hr OGTT
Pre-occlusion diameter (mm) 413+0.24 405+0.26 4.05+0.23
Post-occlusion Peak diameter (mm) 4.43+0.24 4381024 4.34+0.24

Page 16

Data are expressed as mean + SEM. Conditions were compared by repeated measures analysis of variance (ANOVA). CON = control. MIE =

moderate intensity exercise. HIE = high intensity exercise. OGTT = oral glucose tolerance test. No statistical differences within or between

conditions were observed.
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