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Abstract: This investigation sought to determine if supplementation with polyphenol
antioxidant (PA) improves exercise performance in the heat (31.5 °C, 55% RH) by altering
the cardiovascular and thermoregulatory responses to exercise. Twelve endurance trained
athletes ingested PA or placebo (PLAC) for 7 days. Consecutive days of exercise testing
were performed at the end of the supplementation periods. Cardiovascular and
thermoregulatory measures were made during exercise. Performance, as measured by a
10 min time trial (TT) following 50 min of moderate intensity cycling, was not different
between treatments (PLAC: 292 ± 33 W and PA: 279 ± 38 W, p = 0.12). Gross efficiency,
blood lactate, maximal neuromuscular power, and ratings of perceived exertion were also
not different between treatments. Similarly, performance on the second day of testing, as
assessed by time to fatigue at maximal oxygen consumption, was not different between
treatments (PLAC; 377 ± 117 s vs. PA; 364 ± 128 s, p = 0.61). Cardiovascular and
thermoregulatory responses to exercise were not different between treatments on either day
of exercise testing. Polyphenol antioxidant supplementation had no impact on exercise
performance and did not alter the cardiovascular or thermoregulatory responses to exercise
in the heat.
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1. Introduction
High intensity exhaustive exercise is associated with an excessive elevation in free radical
production and subsequent increase in oxidative stress [1–3]. Heat stress during exercise has also been
shown to exacerbate the increase in oxidative stress [4,5]. Therefore, the combination of exhaustive
exercise and heat stress yields an ideal condition to test if antioxidant supplementation can attenuate
the deleterious impact of oxidative stress thus improving exercise performance. To date, the results
from studies using antioxidants are equivocal as increases [6–12], no change [13–15], and decreases in
performance [16] have been reported.
Rather compelling evidence for the beneficial role of antioxidant supplementation and exercise
performance has been shown with intravenous infusion of the free radical scavenger n-acetylcysteine
(NAC) [8–12,17–19]. The mechanism by which NAC improves exercise performance is believed to
occur through a direct effect of the antioxidant on muscle fiber contractility and fatigability [20].
However, these studies used supra-physiological dosages of NAC that were administered via
intravenous infusion. Contrary to these findings, most studies using oral administration of the polyphenol
antioxidant, quercetin, have failed to find a beneficial effect on exercise performance [13–15]. Only
one study, to our knowledge, has shown improved exercise performance with oral quercetin ingestion
in humans [7]. Further investigation is required to determine if physiological dosages of antioxidants
increase performance in healthy individuals.
The antioxidant supplement used for this study contained a mixture of high potency polyphenol
antioxidants (PA), primarily in the form of ellagitannins (punicalagin and ellagic acid), found in
pomegranate juice [21]. Polyphenols represent the most abundant dietary source of antioxidants [22]
and are part of an emerging field of nutraceuticals based on their biological activity and potent
treatment effects in clinical conditions associated with oxidative stress and inflammation including
cardiovascular disease [23], type 2 diabetes [24], atherosclerosis [25], cancer [26], and rheumatoid
arthritis [27]. However, the ergogenic potential of PA is largely unknown. Previous work has shown
PA in pomegranates to possess higher antioxidant potency when compared to other polyphenol rich
fruits and pharmacokinetic analysis revealed that plasma levels of the active antioxidants peaked 1 to
2 h after consumption and were present in the urine for 48 h [28–30]. PA has been shown to increase
nitric oxide (NO) bioavailability by protecting the molecule from oxidative destruction [31]. Given the
important roles of NO in cutaneous blood flow [32], thermoregulatory control of sweating [33],
skeletal muscle blood flow [34,35], and skeletal muscle contractile efficiency [36–39] PA derived from
pomegranates is an ideal supplement to test for ergogenic properties during exercise in a hot environment.
The purpose of this study was to determine if PA supplementation can improve exercise
performance during prolonged exhaustive exercise in the heat and during short duration high intensity
fatiguing exercise. Furthermore, we sought to assess potential mechanisms by which improvements in
exercise performance may be improved including; cardiovascular strain as measured by central
hemodynamics (heart rate [HR], stroke volume [SV], and cardiac output [CO]), thermoregulation, and
muscle efficiency. We hypothesized that PA would increase performance during exercise in the heat
by improving thermoregulation and muscle efficiency and subsequently reducing cardiovascular strain.
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2. Experimental Section
2.1. Subjects
Twelve healthy and well-trained male cyclists (26.8 ± 5.0 years of age) provided written informed
consent to participate in this study. The protocol, experimental design, and informed consent were
approved by the Institutional Review Board at The University of Texas at Austin. The subjects’
stature, body mass, and maximal oxygen consumption (VO2max) (means ± SD) were as follows:
1.80 ±0.08 m, 74.4 ±8.8 kg, 4.47 ±0.31 L/min, respectively.
2.2. Experimental Design
A double blind placebo controlled randomized cross over design was utilized to test the impact of
PLAC or PA supplementation on exercise performance during prolonged exhaustive exercise and
during high intensity fatiguing exercise. Moreover, indices related to performance (gross cycling
efficiency, blood lactate, maximal neuromuscular power, ratings of perceived exertion), cardiovascular
strain (HR, SV, CO) and thermoregulatory function (core temperature [Tcore], skin temperature
[Tskin], and skin blood flow [SkBF]) were assessed. Experimental trials were performed back-to-back
on the final days of each supplementation period. For the remainder of the manuscript these two testing
days will be referred to as day 1 and day 2 of the experimental protocol. In order to match diet from
one treatment to the next, subjects kept dietary logs for final 3 days of the supplementation period and
repeated this intake during the second supplementation period. An overnight fast of at least 10 h was
performed prior to the experimental trails to avoid the impact of acute and variable nutrient intake on
exercise performance. All testing was performed at the same time of day and subjects maintained their
normal training regimen during study enrollment.
Prior to the start of the experimental trials and supplementation intervention subjects reported to the
laboratory on three separate occasions to perform preliminary testing. Preliminary testing was completed
7 days prior to commencement of the experimental trials. The purpose of these trials was two-fold:
(1) familiarize subjects with the testing procedures and the demands of the exercise tests; and
(2) determine the appropriate power outputs for each of the exercise tests. The first preliminary visit
included a submaximal and maximal exercise test on a cycle ergometer (Excalibur Sport, Lode,
Groningen, The Netherlands). The submaximal test included 5, 5-min stages during which power output
was progressively increased by 20 to 40 watts per stage. Lactate samples were collected during the final
min of each stage by a finger stick and analyzed with a portable lactate meter (Lactate Pro, Arkray Inc.,
Kyoto, Japan). Lactate threshold (LT) was determined at the exercise intensity and workrate
corresponding to 1 mmol increase above baseline values. Oxygen consumption (VO2) was collected
continuously during this test and averaged over the final min of each stage to determine the oxygen of
cost of cycling at each power output. Following the submaximal test subjects rested for 10 min before
performing an incremental VO2max test, which lasted 8 to 12 min. Initial power output for the VO2max
test was set at a power output that elicited approximately 80% of subject’s reported maximal heart rate
(HRmax). This first preliminary visit was performed in temperate environmental conditions (24 °C and
50% relative humidity (RH)). The 2nd and 3rd preliminary visits were performed on back-to-back days
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and mimicked the experimental trials (i.e., day 1 and day 2, experimental timeline presented in
Figure 1A,B) and are described in detail in the following section.
Figure 1. Experimental protocols for prolonged exhaustive exercise in the heat—day 1 (A)
and exercise to fatigue at VO2max—day 2 (B). The experimental protocols were performed
on consecutive days coinciding with the final two days of the supplementation periods.
Prior to the exercise tests subjects performed a standard warm-up and maximal power was
assessed. Please refer to the text for a detailed description of each protocol.
A

B

Upon arrival at the laboratory on day 1 (Figure 1A) subjects were asked to void their bladder and
obtain a nude body mass. Subjects then inserted a rectal temperature probe (model 401, Measurement
Specialties, Hampton, VA, USA) 12 cm past the anal sphincter and were escorted to the environmental
chamber and asked to sit quietly on the ergometer while baseline measures of blood pressure were
made (STBP-680, Colins, San Antonio, TX, USA). Subjects then performed a 5 min warm-up at 60%
of their VO2max. Immediately following the warm-up, subjects exited the environmental chamber and
performed 4 maximal power sprint tests on an inertial load ergometer [40]. After the maximal power
tests subjects re-entered the environmental chamber and began the 1 h bout of exercise. During the first
20 min of the 1 h test subjects cycled at 40%, 50%, 60%, and 70% of VO2max for 5 min for the
determination of gross cycling efficiency [41]. At min 20 power output was adjusted to 5% above LT
and at min 50 a 10 min TT began. The TT began at a power output that would elicit approximately
90% of VO2max. After the first 2 min of the TT the subject was able to change the power output every
30 s. The power output was changed by a member of the research team as instructed by the subject;
however, subjects were unaware of the actual power output and time remaining during the TT. Verbal
encouragement was given to the subject by a designated member of the research team. The goal of the
TT was to perform as much work as possible during the 10 min period. Following the TT subjects
obtained a nude body mass. To offset dehydration subjects consumed 1 L of water during the course of
the trial. A similar protocol has been successfully used by our lab to assess performance in response to
nutritional interventions and reported that the work rate eliciting a VO2max of 5% above LT was the
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highest possible that could be sustained for 1 h in a warm environment when subjects did not consume
fluid [42].
On day 2 of the experimental testing (Figure 1B) subjects performed the same warm-up and series
of maximal power tests as day 1. After completion of the warm-up and the maximal power tests
subjects entered the environmental chamber and began a 10 min exercise bout consisting of 5 min of
cycling at 60% and 70% of VO2max. At min 10 an open-ended ride to fatigue began. Power output for
this performance test was set at the minimal power output needed to elicit 100% of VO2max [43].
Previous work from our lab has shown that well trained endurance athletes were able to cycle for 5 to
9 min at this power output [44]. Subjects were verbally encouraged to give a maximal effort during
all trials. No fluid was given during this trial due to the short duration. All trials, except Session 1
(preliminary submaximal and VO2max tests), were performed in the environmental chamber in warm
conditions with fan cooling (dry bulb temperature: 31.5 °C, RH: 55.1%; fan speed: 4 m/s).
2.3. Supplementation
Supplements of PA or PLA (500 mL) were taken twice daily at 12 h intervals over the seven-day
testing period. On day 6 (day 1 of testing) and day 7 (day 2 of testing), subjects consumed the
supplement approximately 30 min before the start of the exercise test. The timing of PA
supplementation was based on previous pharmacokinetic analysis revealing peak PA levels in the
blood at 1 to 2 h post consumption [29,30], thus the majority of the exercise testing described above
corresponded to this timeframe. PA and PLA drinks were provided by POM Wonderful, LLC (Los
Angeles, CA, USA). Products were shipped frozen and were stored at 4 °C upon arrival. Each bottle of
PA contained 1800-ppm polyphenols, comprised of 95.5% ellagitannins (22.5% as punicalins and
punicaligans), 3.5% ellagic acid, and 1% anthocyanins. Both PA and PLA contained a very low
amount of carbohydrate (4 g maltodextrin and sucralose) with additional coloring and flavoring to
blind the treatments. Subjects were reminded verbally and through e-mail communication to consume
the experimental supplements at the required times.
2.4. Respiratory Measurements
VO2 was determined using a commercially available metabolic cart (Max II Modular Metabolic
System, AEI Technologies, Pittsburg, PA, USA) while subjects cycled on an electromagnetically
braked ergometer (Excalibur Sport, Lode, Groningen, The Netherlands). Gas analysis was performed
using oxygen and carbon dioxide analyzers (Models S-3A/I and CD-3A, respectively, AEI
Technologies, Pittsburgh, PA, USA) while the subjects breathed through a one-way valve (Hans
Rudolph, Kansas City, MO, USA). Ventilation was measured with an inspiratory pneumotachometer
(Hans Rudolph, Kansas City, MO, USA).
2.5. Cardiovascular Measurements
An impedance cardiography device (Physioflow Type PF05L1, Manatec Biomedical, Macheren,
France) was used to measure HR, SV, and CO. The Physioflow unit uses changes in transthoracic
impedance (dZ) in response to an administered electrical current during cardiac ejection to calculate SV.
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The Physioflow emits a high frequency (75 kHz) and very low-amperage (3.8 mA peak-to-peak)
alternating electrical current via skin electrodes (Series 810 electrodes, S & W Healthcare, Brooksville,
FL, USA). Two pairs of electrodes, one transmitting and the other receiving, were applied above one
another so as to not overlap at the supra-clavicular fossa at the left base of the neck and at the midpoint
of the thoracic region of the spine. An additional pair of electrodes was used to monitor a single ECG
lead (V1/V6 position). The Physioflow impedance cardiograph has been validated against the direct Fick
method [45] and mean differences between CO as measured by the direct Fick and the Physioflow
were not found to be significantly different at rest, during submaximal exercise, or during incremental
maximal exercise [46]. Prior to placement of electrodes, the skin was cleaned with isopropyl alcohol
and a gauze sponge. Subjects wore a Spandage® shirt (Medi-Tech, Brooklyn, NY, USA) around their
torso and Coban® tape (3M, Saint Paul, MN, USA) around their neck to reduce movement of electrode
wires and to insure that electrodes were kept in place throughout the duration of the exercise tests.
Blood pressure (systolic blood pressure (SBP) and diastolic blood pressure (DBP)) was collected
using an automated blood pressure device (Colin STBP-680, Mediana, Redwood, WA, USA). Resting
measurements were made while the subject sat quietly on the cycle ergometer. During the 1 h exercise
bout on day 1 blood pressure was measured with the subject’s arm relaxed on the handlebars during
the final min of each submaximal stage, at min 30 and 45, and again at two min intervals during the
10 min TT. Mean arterial pressure (MAP) was calculated as DBP + 1/3(SBP-DBP).
2.6. Body Temperatures and Rating of Perceived Exertion
Core temperature (Tcore) was measured using a rectal temperature probe. Skin temperature (Tskin)
was measured using skin thermistors (model 409A, Measurement Specialties, Hampton, VA, USA) at
six sites; back, chest, bicep, forearm, thigh and calf and mean Tskin was calculated based on the
equation of Hardy and Dubios [47]. All temperature data was collected continuously on a personal
computer using Tracer-Daq software (Measurement Computing, Norton, MA, USA) interfaced with an
A/D board (USB Temp, Measurement Computing, Norton, MA, USA). Ratings of perceived exertion
(RPE) were collected using the Borg 6 to 20 point scale [48] at min 30 and 45 of the one hour exercise
bout on day 1.
Skin blood flow (SkBF) requirements were calculated according to the following equation:
SkBF = ((HP/(Trec − Tskin)) − Ko)/SH

(1)

at min 5, 10, 15, 20, and 50 of exercise on day 1; where HP is heat production in W, Ko is the thermal
conductance of the tissue (14 W·C−1), and SH is the specific heat of blood (3.85 kJ·L−1·°C−1) [49].
2.7. Maximal Neuromuscular Power
Maximal neuromuscular power (Pmax) was determined by inertial load ergometry. Rationale for
the inclusion and assessment of Pmax is based on previous work reporting improvements in
performance and Pmax during a taper (a period of reduced training load designed to improve recovery
and exercise performance) [50,51]. Therefore, Pmax was assessed during the PLAC and PA
supplementation periods to assess possible improvements in recovery and training status. Validation
and reliability of the inertial-load method has been previously described in detail [40]. Briefly, the
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inertial-load ergometer uses the resistance created by the moment of inertia of a flywheel to represent
the force that the subject accelerates during the test. Power is calculated as the product of inertia,
angular velocity and angular acceleration. Flywheel angular velocity and acceleration are determined
by an optical sensor and micro-controller based computer interface which measures time (±0.5 ms) and
allows power to be calculated instantaneously and averaged over one complete revolution of the pedal
cranks (Pmax). The coefficient of variation with this technique is ±2.5% and this high degree of
reliability has allowed mean treatment differences in maximal power of 2%–3% within a population to
become statistically significant [50,51]. The measurement of Pmax requires maximal effort over 3 to 4 s
with 60 s of passive recovery between efforts. Subjects performed familiarization with the inertial load
ergometer during preliminary visit. Four measures of Pmax were collected during day 1 and day 2 of
the experimental trials. All Pmax values were obtained after a 5 min warm-up and prior to the
prolonged exercise tests.
2.8. Statistics
All statistical analyses were performed using SPSS version 14.0 (IBM, Armonk, NY, USA). Data
are presented as mean ± standard deviation of the mean. For the purpose of clarity, data in the figures
are presented as mean ± standard error. A two-way (trial x time) repeated measures ANOVA was used
to test for significant differences. A priori analyses of sequential time points were employed following
a significant main effect of time. The number of a priori comparisons was limited to k − 1 for each
variable measured, where k is equal to the number of means compared. If the interaction (treatment x
time) was found to be significant, pairwise comparisons were made using Fisher’s least significant
difference test. If Mauchly’s test of sphericity was violated, the Greenhouse-Geisser correction was
used to correct for this violation. Average power during the TT (day 1) and time to fatigue (day 2)
were analyzed using a paired samples T-test. For statistical analysis, data from day 1 were separated
into two groups; data from rest to 50 min of exercise and data during the 10 min TT. Significance was
accepted at the P < 0.05 level.
3. Results
3.1. Subject Characteristics and Environmental Factors
Body mass prior to (PLAC; 74.2 ± 9.1 and PA; 74.4 ± 9.1 kg, p = 0.32) and after (PLAC; 73.7 ± 8.8
and PA; 73.9 ±9.1 kg, p = 0.16) the 1 h exercise bout on day 1 was not different between treatments
3.2. Exercise Intensity and Respiratory Responses
During the first 20 min of exercise on day 1 subjects cycled at power outputs of 99 ± 11, 144 ± 12,
189 ± 15, and 234 ± 19 W which elicited 42% ± 4% , 53% ± 4%, 63% ± 4% , and 74% ± 5% of
VO2max. Respiratory exchange ratio (RER) and gross efficiency (GE) during cycling was not
influenced by the PA supplementation (Table 1). Average power output during the 10 min TT (day 1)
was not different between treatments (PLAC; 292 ± 33 and PA; 279 ± 38 W; p = 0.12) (Figure 2).
Lactate levels at min 5 (PLAC; 1.3 ± 0.3 and PA 1.4 ± 0.4), min 30 (PLAC; 2.6 ± 0.9 and PA;
2.7 ± 0.9), and post TT (PLAC; 8.2 ± 2.4 and PA 8.1 ± 3.3) were not different between trials (all
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p > 0.05). Similarly, RPE was not different between trials at min 30 (PLAC; 13.3 ± 1.2 and PA;
13.3 ±0.9) and 45 (PLAC; 13.5 ±1.3 and PA; 14.1 ±1.3) (both p > 0.05).
Figure 2. Average power output (watts) during the 10 min time trial performed on day 1,
placebo (PLAC) and polyphenol antioxidant (PA) trials. The 10 min time trial was
performed following 50 min of moderate intensity (5% above the lactate threshold) cycling
exercise in the heat (31.5 ± 0.7 °C, 55% ± 4% relative humidity). Individual data of the
12 subjects and the mean response, represented by solid black line. There was no difference
in average power output between trials, p = 0.12.

Table 1. Respiratory responses and gross cycling efficiency. Values are mean ± SD of
12 subjects.
Time, min
VO2, mL/min
PLAC
PA
RER
PLAC
PA
GE, %
PLAC
PA

5

10

15

20

1807 ±147
1882 ±171

2347 ±240 *
2354 ±192 *

2760 ±218 *
2839 ±235 *

3271 ±224 *
3324 ±284 *

0.84 ±0.03
0.84 ±0.03

0.87 ±0.03 *
0.86 ±0.03 *

0.87 ±0.03
0.87 ±0.03 *

0.88 ±0.04 *
0.89 ±0.04 *

16.2 ±1.5
15.6 ±1.5

18.1 ±1.4 *
18.1 ±1.3 *

20.1 ±1.0 *
19.6 ±1.1 *

20.9 ±1.2 *
20.6 ±0.9 *

Placebo (PLAC), polyphenol antioxidant (PA), Oxygen consumption (VO2), respiratory exchange ratio
(RER), gross efficiency (GE). The power output elicited 40% of VO2max from min 0–5, 50% of VO2max
from min 5–10, 60% of VO2max from min 10–15, and 70% of VO2max from min 15–10. * Indicates
significant difference from previous value, p < 0.05.

During the fatigue test (day 2) subjects cycled at a constant power output of 338 ± 27 W. There
were no significant differences in time to fatigue between the two treatments (PLAC; 377 ± 117 s vs.
PA; 364 ±128 s, p = 0.61) (Figure 3).
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Figure 3. Time to fatigue (s) during the constant load performance test on day 2, placebo
(PLAC) and polyphenol antioxidant (PA). Subjects cycled until volitional exhaustion in the
heat (31.5 ± 0.7 °C, 55% ± 4% relative humidity) at the power output (338 ± 27 watts)
required to elicit maximal oxygen consumption. Individual data of the 12 subjects and the
mean response, are represented by solid black line. There was no significant difference in
time to fatigue between PLA and PA, p = 0.61.

Measures of maximal power (Pmax), instantaneous power (IP), and velocity at maximal power
(RPM) were not different between day 1 and day 2 or between treatments (Table 2).
Table 2. Maximal neuromuscular power. Values are mean ±SD of 12 subjects.
Parameters
Pmax, watts
IP, watts
RPM
Pmax, W/kg

Placebo (Day 1)
1250 ±231
2027 ±384
121 ±9
16.8 ±1.8

PA (Day 1)
1240 ±229
2029 ±362
121 ±9
16.6 ±1.9

Placebo (Day 2)
1240 ±214
2027 ±336
120 ±9
16.7 ±1.6

PA (Day 2)
1243 ±258
2046 ±415
117 ±8
16.6 ±2.0

Polyphenol antioxidant (PA), maximal neuromuscular power (Pmax), instantaneous maximal power (IP),
revolutions per minute at maximal power (RPM), and maximal power per kilogram body mass (Pmax,
W/kg). No significant differences between treatments or over time were observed.

3.3. Cardiovascular Responses
On day 1 the HR, SV, and CO responses during the first 50 min of exercise and 10 min TT were
similar for PLAC and PA (Figure 4). MAP increased during exercise with no differences between
treatments (Table 3). On day 2 there were no significant differences in HR, SV, or CO during for the
two treatments (Table 4).
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Figure 4. Central hemodynamic responses to exercise, day 1, placebo (PLAC, •) and
polyphenol antioxidant (PA, ◊). Time 0 corresponds to pre-exercise baseline measurements.
Measures at 5, 10, 15, and 20 min correspond to 40, 50, 60 and 70% of maximal oxygen
consumption, respectively. From min 20 to 50 subjects cycled at 5% above their lactate
threshold. A 10 min time trial started at min 50 and measurements were made every 2 min
during this time trial. There were no significant differences between trials. * Indicates
significant difference from previous value for PLAC and # indicates significant difference
from previous value for PA, p < 0.05.
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Table 3. Thermoregulatory and blood pressure responses; Day 1. Values are mean ±SD of 12 subjects.

Time, min

rest

5

10

15

20

50

52

54

56

58

60

PLAC

96 ±5

108 ±11

110 ±10

110 ±11

112 ±10

114 ±8

120 ±7

124 ±9

117 ±10

122 ±11

117 ±10

PA

98 ±6

106 ±11

110 ±11

110 ±10

113 ±9

116 ±12

114 ±10

118 ±11

119 ±10

116 ±12

120 ±11

PLAC

37.3 ±0.3

37.4 ±0.3 *

37.5 ±0.3 *

37.7 ±0.3 *

37.8 ±0.3 *

38.5 ±0.3 *

38.5 ±0.3 *

38.6 ±0.3 *

38.7 ±0.3 *

38.8 ±0.3 *

38.9 ±0.3 *

PA

37.3 ±0.2

37.3 ±0.2

37.4 ±0.2 *

37.6 ±0.2 *

37.8 ±0.2 *

38.5 ±0.3 *

38.6 ±0.3 *

38.7 ±0.3 *

38.7 ±0.3 *

38.8 ±0.3 *

38.9 ±0.3 *

32.0 ±0.9

32.2 ±0.5

32.2 ±0.5

32.3 ±0.5

32.1 ±0.7

31.0 ±0.8 *

31.1 ±0.8

31.1 ±0.7

30.9 ±0.7

31.0 ±0.7

31.1 ±1.0

32.4 ±0.6

32.2 ±0.5

32.0 ±0.4

32.1 ±0.4

31.2 ±1.0 *

31.1 ±1.1

31.0 ±1.1

30.9 ±0.9

30.8 ±1.0

30.6 ±1.2

PLAC

1.3 ±0.2

1.7 ±0.3 *

2.0 ±0.4 *

2.2 ±0.4 *

1.7 ±0.3 *

PA

1.5 ±0.2

1.7 ±0.2 *

2.0 ±0.2 *

2.2 ±0.3 *

1.8 ±0.3 *

MAP, mmHg

Tcore, °C

Tskin, °C
PLAC
PA

32.6 ±0.7

†

SkBF, L/min

Placebo (PLAC), polyphenol antioxidant (PA), core temperature (Tcore), mean skin temperature (Tskin), mean arterial pressure (MAP), and skin blood flow (SkBF). * Indicates significant difference from previous
value and † indicates significant difference from PLAC, p < 0.05.
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Table 4. Cardiovascular and thermoregulatory responses during exercise at the lowest power output needed to elicit VO2max; Day 2. Values
are mean ±SD of 12.
Time (% of completion)

0%

20%

40%

60%

80%

100%

PLA

154 ±15

166 ±13 *

173 ±13 *

176 ±13 *

179 ±12 *

181 ±12 *

POM

156 ±14

166 ±14 *

173 ±13 *

176 ±13 *

179 ±12 *

181 ±13

PLA

127 ±13

129 ±13

130 ±16

130 ±15

130 ±15

130 ±16

POM

130 ±13

132 ±17

133 ±17

133 ±15

133 ±15

133 ±17

PLA

19.6 ±1.9

21.4 ±2.0 *

22.4 ±2.4 *

22.9 ±2.2

23.2 ±2.6

23.5 ±2.9

POM

20.1 ±1.9

21.8 ±2.7 *

22.9 ±2.7 *

23.4 ±2.6 *

23.7 ±2.6

24.0 ±3.1

PLA

37.7 ±0.2

37.7 ±0.2 *

37.8 ±0.2 *

38.0 ±0.2 *

38.1 ±0.3 *

38.2 ±0.3 *

POM

37.7 ±0.2

37.8 ±0.2

37.9 ±0.2 *

38.0 ±0.3 *

38.2 ±0.3 *

38.3 ±0.4 *

PLA

32.3 ±0.4

32.3 ±0.4

32.1 ±0.41 *

31.9 ±0.42 *

31.9 ±0.5

32.0 ±0.4

POM

32.1 ±0.7

32.2 ±0.7

31.9 ±0.7

31.9 ±0.7

31.9 ±0.7

31.7 ±0.7

HR, bpm

SV, mL/beat

CO, L/min

Tcore, °C

Tskin, °C

Placebo (PLAC), polyphenol antioxidant (PA), oxygen consumption (VO 2), heart rate (HR), stroke volume (SV), cardiac output (CO), core temperature (Tcore), and skin temperature (Tskin). * Indicates significant
difference from previous value, p < 0.05.
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3.4. Thermoregulatory Responses
There were no pair-wise differences between treatments for Tcore, Tskin, or estimated SkBF during
the one hour bout of exercise (Table 3). Tcore increased with each increase in power output during the
first 20 min of exercise and continued to increase from min 20 to 50. During the 10 min TT, Tcore
reached a peak value at the end of the TT (PLAC; 38.9 ± 0.3 °C and PA; 38.9 ± 0.3 °C) (Table 3).
Tskin was slightly higher prior to exercise during the PA trials; however, by min 5 of exercise this
difference was no longer present. Tskin was maintained between 32.0 °C and 32.3 °C from min 5 to
min 20 and reduced by 1.1 °C (PLAC) and 0.8 °C (PA) from min 20 to min 50 (p < 0.05). Estimated
SkBF increased with each increase in exercise intensity from min 5 to 20. At min 50, just prior to the
initiation of the TT, SkBF was reduced compared to min 20. Overall, there were no pair-wise differences
between trials at any time point during exercise for Tcore, Tskin, and SkBF.
Tcore and Tskin were not different between trials on day 2. Tcore at the start of the fatigue trial was
37.7 °C for both trials and increased to 38.3 °C. Tcore increased at a rate of approximately 0.1 °C/min.
Tskin was maintained between 32.1 °C and 32.3 °C during the first 20% of the fatigue trial and then
decreased by 0.4 °C until the final portion of the trial (Table 4).
4. Discussion
The primary finding of this study is that polyphenol antioxidant supplementation did not improve
performance during prolonged exhaustive exercise (one hour of exercise including a 10 min time trial)
or during shorter duration high intensity exercise (time to fatigue at VO2max) in the heat. Variables
associated with performance including gross cycling efficiency, blood lactate accumulation, and
maximal neuromuscular power in conjunction with cardiovascular and thermoregulatory responses to
exercise were not altered by PA supplementation.
The importance of this study is highlighted by the recent rise in use and popularity of dietary
antioxidant supplements for health and ergogenic purposes. Despite a rapid growth in popularity,
scientific validation of the ergogenic benefits of antioxidants remains scarce. Antioxidants have been
shown to improve [6–12], have no effect [13–15], or decrease [16] exercise performance. Similarly,
adaptations associated with exercise have been shown to be improved [6], not changed [16], or decreased
with antioxidant use [16,52–54]. In the current study, supplementation with a polyphenol antioxidant for
1 week failed to improve exercise performance, cardiovascular function, and thermoregulatory control in
well-trained cyclists. The lack of improvement in exercise performance may be related to the training
status of the subjects, training modality, and/or experimental conditions in which performance was
assessed. Previous work from our laboratory, using nearly identical environmental and exercise
conditions, reported significant improvements in performance due to carbohydrate and fluid ingestion in
well trained cyclists [42] suggesting that the paradigm used in the current investigation was appropriate
to identify improvements in performance due to nutritional interventions.
The rationale behind our choice of PA as our antioxidant supplement is based on finding that the
high concentration of polyphenols, specifically ellagitannins (punicalagin and ellagic acid), found in
pomegranates have been shown to possess higher antioxidant potency than other polyphenol rich fruits
and beverages [28–30]. Pharmacokinetic analysis revealed that plasma levels of ellagic acid,
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a metabolite of the PA supplement, peaked 1 and 2 h post consumption and was present in some urine
samples 48 h after initial ingestion [30]. Recent work from our lab [55,56] demonstrated that PA
supplementation (identical composition as that used in the current study) was successful at attenuating
the muscle weakness and soreness experienced following eccentric exercise that produced delayed
onset muscle soreness. Given that subjects consumed the supplement twice daily for 7 days and
consumed the supplement approximately 30 min before exercise we are confident that the active
antioxidants from the supplement were in the system during exercise. Furthermore, the PA that we
used has been shown to have high biological activity and potent treatment effects in clinical conditions
associated with oxidative stress and inflammation such as type 2 diabetes [24], atherosclerosis [25],
cancer [26], and rheumatoid arthritis [27]. Thus, it is unlikely that bioavailability of PA was a limiting
factor leading to the absence of an ergogenic effect in the present study; however we cannot rule out
the impact that a higher PA dose or longer supplementation period may have on endurance exercise
performance. A limitation of the current study is the lack of blood markers of oxidative stress and
antioxidant capacity following PA supplementation. However, the main focus of the investigation was
to comprehensively assess exercise performance. Had performance been altered further mechanistic
examination of antioxidant status would be warranted.
We chose to focus on cardiovascular and thermoregulatory function during exercise as PA has been
shown to increase NO bioavailability by protecting NO from oxidative destruction [31]. Given that NO
has important roles in cutaneous blood flow [32], thermoregulatory control of sweating during
exercise [33], and skeletal muscle blood flow [34,35], we hypothesized that PA might reduce
cardiovascular strain (i.e., HR, SV, CO) and improve thermoregulation during exercise in the heat.
This was apparently not the case for our well-trained subjects as there were no differences in
cardiovascular, thermoregulatory function, or requirements for skin blood flow between PLAC and PA.
Antioxidant administration has been shown to result in dramatic improvements in exercise
performance and compelling evidence has been gathered showing the potential ergogenic properties of
the antioxidant NAC [8–12,19]. Pertinent to the present study, a series of studies [8,10–12,57]
documented significant improvements in time to fatigue during high intensity cycling. The
mechanisms responsible for the improved performance may be associated with increased antioxidant
availability [10] and improved K+ regulation as a result of maintained Na+/K+ pump [8,11].
Discrepancies between the aforementioned studies [8,10–12,57] and the present study may be due to a
multitude of factors including: (1) method of administration (intravenous infusion vs. oral
consumption); (2) the amount of antioxidant administered (physiological vs. supraphysiological);
(3) the type of antioxidant provided (NAC vs. polyphenol); and (4) the environmental conditions under
which exercise was performed (hot vs. temperate). While all of these differences may contribute to the
disparate findings, the most likely explanations are the manner in which and the amount of the
antioxidant that was administered. While the NAC intravenous infusion studies [8,10–12,57] provide
valuable information regarding mechanisms related to muscle fatigue and the role of reactive oxygen
species (ROS) and free radicals in muscle fatigue, they do not, from a practical and application oriented
perspective, provide information regarding the ergogenic benefit of oral antioxidant supplementation.
There are a limited number of investigations using physiological amounts of oral antioxidant
supplements and the results regarding exercise performance are equivocal. The only human study [7],
to our knowledge, to report a significant improvement in exercise performance found a small but

Nutrients 2014, 6

1287

significant 3% increase in 30 km time trial performance after 6 weeks of quercetin supplementation.
Similarly, Davis et al. [6] fed mice quercetin for 7 days and showed improved exercise tolerance (time
to fatigue on a treadmill) and mitochondrial biogenesis. In support of the findings of the present study,
Cheuvront et al. [13] reported that quercetin supplementation (2000 mg) did not affect total work
performed during a 15 min time trial in the heat or have any impact on the on physiological or
perceptual measures during exercise. Neiman et al. [14] found no difference between quercetin and
placebo in any performance related measurement during consecutive days of cycling. These previous
findings [13,14], coupled with the results of the present study, suggest that antioxidant supplementation,
in general, does not improve exercise performance in healthy endurance-trained cyclists.
The present study was designed in order to increase the oxidative stress that is associated with
exercise by performing high intensity exercise with the addition of a heat stress. Both high intensity
exercise and heat stress have been shown to induce an excessive elevation in free radical production and
subsequent increase in oxidative stress beyond normal conditions [5,58]. Free radical production appears
to play a necessary or regulatory role in many physiological processes and functions including
mitochondrial biogenesis, vascular function, and inflammation. Recent findings argue that antioxidant
supplementation in healthy individuals may disrupt and have a negative impact on physiological
function, thereby attenuating or even reducing the positive outcomes associated with exercise and
exercise training [16,53,54]. Despite the finding of no effect of antioxidant supplementation in our
healthy well-trained subjects during endurance exercise, a similar conclusion that antioxidant
supplementation is unnecessary, or not beneficial, cannot be generalized to all situations in which
oxidative stress is acutely or chronically elevated. Healthy individuals subjected to elevated levels
of oxidative stress due to eccentric exercise producing muscle damage, weakness [55,56] or
inflammation [59,60] exhibit significant improvements in recovery following antioxidant supplementation.
Similarly antioxidant supplementation may be warranted in situations in which oxidative stress is
chronically elevated (aging, disease, and dysfunction) [24–27,61–64]. Under these conditions exogenous
antioxidants appear to compensate for the inability of the endogenous antioxidant systems to combat the
chronic increase in oxidative stress.
5. Conclusions
Based on the findings of this study, polyphenol antioxidant supplementation had no beneficial
effect on performance during both prolonged and short duration exhaustive exercise in the heat in
endurance-trained cyclists. Accordingly, polyphenol antioxidant supplementation had no effect on
gross cycling efficiency, rating of perceived exertion, or the cardiovascular and thermoregulatory
responses to exercise. Overall, these findings question the use of polyphenol antioxidant
supplementation as an ergogenic aid aimed at improving endurance exercise performance.
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