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Abstract A single bout of acute exercise increases
oxidative stress and stimulates a transient increase in
antioxidant enzymes. We asked whether this response
would induce protection from a subsequent oxidative
challenge, different from that of exercise, and whether
the effects were affected by aging. We compared young
(20+1 years, n=8) and older (58+6 years, n=9) healthy
men and women. Resistance to oxidative stress was
measured by the F,-isoprostane response to forearm
ischemia/reperfusion (I/R) trial. Each participant
underwent the I/R trial twice, in random order; once
after performing 45 min of cycling on the preceding
day (IRX) and a control trial without any physical
activity (IRC). Baseline F,-isoprostane levels were
significantly lower at IRX compared to IRC (P<0.05)
and not different between groups. F,-isoprostane re-
sponse to IRX was significantly lower compared to
IRC in young (P<0.05) but not different in the older
group. Superoxide dismutase activity in response to
acute exercise was significantly higher in young
compared to older adults (P<0.05). These data sug-
gest that signal transduction of acute exercise may
be impaired with aging. Repeated bouts of transient
reactive oxygen species production as seen with
regular exercise may be needed to increase resistance
to oxidative stress in older individuals.

T. C. Nordin - A. J. Done - T. Traustadottir (><))
Department of Biological Sciences, Northern Arizona
University, PO Box 5640, Flagstaff, AZ 86011-5640, USA
e-mail: tinna.traustadottir@nau.edu

Keywords Acute exercise - Aging - Oxidative stress -
F,-isoprostanes - Superoxide dismutase

Introduction

Oxidative stress is strongly implicated in aging and in
the etiology of age-related disease such as cardiovascu-
lar disease, type 2 diabetes, cancer, and Alzheimer’s
disease (Gradinaru et al. 2013; Mecocci et al. 1994;
Totter 1980). Resistance to oxidative stress and oxida-
tive damage may play an important role in the preven-
tion of age-related disease and promotion of increased
health span. While regular exercise has been shown to
reduce risks and complications of chronic diseases as-
sociated with oxidative stress, the mechanisms of resis-
tance to oxidative stress demonstrated in animal studies
have not been well translated to humans (Goto et al.
2004; Koltai et al. 2012).

Previous studies have shown that a single bout of
exercise induces oxidative stress while also increasing
antioxidant enzyme activity in both trained and seden-
tary subjects (El Abed et al. 2011). In addition, animal
studies have shown that gene expression and protein
content can be upregulated by a single bout of exercise
(Hollander et al. 2001; Muthusamy et al. 2012). These
responses to the stimulus of exercise can be attributed to
cell signaling effects of reactive oxygen species (ROS)
leading to activation of pathways involved in transcrip-
tion of phase II enzymes increasing resistance to cellular
stress (Syu et al. 2011). The length of time that these
effects last from a single bout of exercise is not well
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characterized, but it is likely limited unless the stimulus
is applied repeatedly as would occur with regular exer-
cise training. Even then, an acute stimulus may be
required to see the adaptations. This was shown in a
study of older men that exhibited lower oxidative stress
and greater antioxidant capacity after a 16-week exer-
cise intervention (Fatouros et al. 2004); however, many
of the effects of the exercise intervention were only
shown when measured in response to a maximal exer-
cise test and were not evident at rest.

The existing literature on oxidative stress and acute
exercise has mainly focused on measurements immedi-
ately before and after the exercise bout. What is not
known is whether these acute responses to exercise
provide a sustained protection to subsequent oxidative
stressors, especially those that are not produced by
exercise. In addition, data from animal studies show that
aging is associated with reduced ability to translate
stress signals such as acute exercise or ischemic precon-
ditioning (induced brief periods of ischemia prior to
ischemic event) into improved protection (Fenton et al.
2000; McArdle et al. 2002; van den Munckhof et al.
2013). The goal of this study was to investigate whether
resistance to oxidative stress was increased by preceding
acute exercise and to examine the effect of aging on this
response. Resistance to oxidative stress was measured
by the plasma F,-isoprostane response to forearm
ischemia/reperfusion (/R trial), a challenge known to
induce oxidative stress (Davies et al. 2009; Traustadottir
et al. 2009; Traustadottir et al. 2012). In addition, we
explored potential mechanisms contributing to resis-
tance to oxidative stress by measuring changes in activ-
ity of the antioxidant enzyme superoxide dismutase
(SOD) in response to acute exercise and the first hour
of the I/R trial. We hypothesized that acute exercise
would increase protection against a subsequent oxida-
tive challenge and that this protective effect would be
attenuated with age.

Materials and methods

Participants

Nine young (18-25 years) and nine older (=50 years)
men and women were recruited from the community.
Study participants were non-smokers, were not taking

antioxidant supplementation in excess of a multivitamin
or equivalent, were generally healthy, were not overly
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obese (BMI<33.0 kg/mz), and had no known cardio-
vascular, pulmonary, or metabolic disease. Individuals
were excluded if they had experienced a myocardial
infarction within the last 6 months or any history of
angina, if there was any clinically significant arrhythmia
during resting electrocardiogram (EKG), or if there were
significant EKG changes during the maximal oxygen
consumption (VOyax) test. Any condition that would
contraindicate maximal exercise testing, including ele-
vated blood pressure at rest (systolic BP>140 and/or
diastolic BP>90 mmHg) or musculoskeletal problems,
excluded subjects from participating in the study.
Subjects were not included in the study if their maximal
oxygen consumption was above the 70th percentile for
age and gender, based on American College of Sports
Medicine (ACSM) guidelines because physical fitness
has previously been shown to alter the response to the
forearm I/R trial (Traustadéttir et al. 2012). Older
women were post-menopausal and were not taking
any hormone replacement therapy. Younger women
were not taking any form of oral contraceptives and
were tested during the early-follicular phase of the
menstrual cycle to avoid any confounding effects of
estrogen (Razmara et al. 2007; Strehlow et al. 2003).
All participants signed an informed consent approved
by the Northern Arizona University Institutional Review
Board.

Study design

The study employed a randomized crossover
counterbalanced design (see Fig. 1), where half of the
participants completed the trial with acute exercise
followed by the forearm ischemia reperfusion trial
(IRX) first and then the control trial (IRC). The other
half completed the IRC first and then the IRX. Prior
to these trials, the participants went through a screen-
ing visit and a test of maximal oxygen consumption.
A predetermined time of at least 7 days separated
VO, max from the first study trial (regardless of
condition) to control for any confounding effects of
the maximal exercise.

Screening visit

Prior to any exercise testing, the participants completed
a health history questionnaire. Additionally, height,
weight, and resting blood pressure were measured and
a 12-lead supine resting EKG was obtained.
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Fig. 1 Study design

Maximal oxygen consumption test

Maximal oxygen consumption (VO;,.x) Was measured
with a graded exercise test performed on a cycle ergom-
eter as previously described (Traustadottir et al. 2012;
Traustadottir et al. 2008). The starting workload was
selected based on the predicted maximal workload for
each individual, and the workload was increased every
minute by 15 or 20 W until volitional exhaustion.
Participants were instructed to maintain a pedaling rate
of 60—70 rpm throughout the test. Oxygen consumption
was measured using indirect calorimetry using a meta-
bolic measurement cart (Vmax29, CareFusion, Yorba
Linda, CA). Heart function was monitored with contin-
uous 12-lead EKG. VO, ,,.x Was considered achieved if
two of the following three criteria were met: (1) a
plateau in VO, with an increase in workload, (2) a
respiratory exchange ratio (RER) >1.10, and (3) heart
rate within 10 beats of age-predicted maximal heart rate
(220-age) (Kohrt et al. 1991). Standard contraindica-
tions to exercise testing and termination criteria outlined
by ACSM were followed at all times.

Acute exercise trial

The participants completed 45 min of cycling at a work-
load predicted to elicit approximately 60 % of VO, .
The duration and intensity of the acute exercise trial
were determined from a pilot study performed in our
lab that compared different exercise intensities and du-
rations. The trial selected elicited the highest oxidative
stress response as measured by F,-isoprostanes. Prior to
exercise, a blood draw was obtained and two additional
blood samples were drawn 10 and 30 min post-exercise.
The participants returned the following day (16 h later)
to complete the I/R trial (IRX).

Forearm ischemia/reperfusion trial

Study participants reported to the laboratory 16 h post-
exercise or on the control day to perform the forearm

'L____chr_lt_rgl_____: I/R trial [>7-dH Acute Exercise H I/R trial |

'
+16-hrs

ischemia/reperfusion trial as previously described
(Davies et al. 2009; Traustadoéttir et al. 2009;
Traustadottir et al. 2012). Briefly, an intravenous cathe-
ter was inserted into the arm and a baseline blood
sample was collected (pre). The catheter was kept in
situ with a slow saline drip throughout the trial. A blood
pressure cuff was placed on the same arm, inflated to
200 mmHg and kept inflated for 10 min then released
for 2 min. This inflation procedure was repeated twice
more (total time 34 min). During each inflation, approx-
imately 1-2 mL of heparin flush was injected into the
blood sample tubing to prevent clotting of the catheter.
After the three ischemia/reperfusion periods, additional
blood samples were obtained at 15, 30, 60, 120, and
180 min after the final cuft deflation.

F,-isoprostanes analyses

Samples for F,-isoprostane analyses were collected into
SST Vacutainer tubes and kept at room temperature for
30 min to clot, then placed in a refrigerator (4 °C) until
being centrifuged at 3000 rpm for 15 min. Plasma was
aliquoted and stored at —80 °C. Time of storage did not
exceed 6 months prior to shipment to Vanderbilt
University CORE center for analysis. Free F,-
isoprostanes in plasma were quantified, after purifica-
tion and derivatization, using gas chromatography/
negative ion chemical ionization—mass spectrometry
with [*H,4]15-F,-isoprostane as an internal standard
(Morrow and Roberts 1999). Compounds were ana-
lyzed as pentafluorobenzyl ester, trimethylsilyl ether
derivatives by monitoring mass-to-charge ratios of 569
and 573 for endogenous F,-isoprostanes and the
[*H4]15-F,-isoprostane internal standard, respectively.

Superoxide dismutase activity
Blood samples were collected into EDTA Vacutainer
tubes and placed on ice for 5 min prior to being centri-

fuged at 2200 rpm for 10 min. Following removal of
plasma and leukocytes, 250 uL of erythrocytes were
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lysed with 1000 pL of HPLC-grade water and placed on
ice for 2 min before centrifugation for 15 min at
10,000g. Samples were stored at —80 °C until analysis.
Superoxide dismutase (SOD) activity was measured
using commercially available kits (Cayman Chemical,
Ann Arbor, MI, USA). SOD activity is measured using
a tetrazolium salt for detection of superoxide radicals
generated by xanthine oxidase and hypoxanthine. The
definition of one unit of SOD is the amount of enzyme
needed to exhibit 50 % dismutation of the superoxide
radical. The SOD activity was quantified by measuring
the decrease in absorbance at 450 nm.

Statistical analyses

Subject demographics were compared between the two
groups (young and older) using independent samples ¢
test. The plasma F,-isoprostane response across time
comparing IRX and IRC was analyzed by 2x6
repeated-measures ANOVA (trial xtime point), both
for the whole cohort and each age group separately.
SOD activity was analyzed by 2%3 repeated measures
ANOVA (trial x time point for the I/R trial and group x
time point for the acute exercise). The integrated F,-
isoprostane responses were calculated for each individ-
ual as area under the curve (AUC) and area under the
response curve (AURC) by the method of the trapezoi-
dal rule. AUC is calculated with reference to ground
(zero), and AURC is calculated in reference to the
individual baseline value. Mean AURC and AUC re-
sponses were analyzed by paired ¢ test. Assumption of
normality was tested using the Shapiro—Wilk test, and
Mauchly’s test of sphericity was used to test equality of
distribution. All comparisons were considered signifi-
cant at P<0.05. All data shown are means+SE. The
statistical analyses were conducted using IBM SPSS
Statistics 22 software.

Results

Thirty-six subjects were screened to participate in the
study; of those, 18 had to be excluded due to having
maximal oxygen consumption above the 70th percen-
tile, the use of oral contraceptives, or other exclusion
criteria. There were missing data for one young indi-
vidual due to difficulty with blood draws, precluding
any meaningful analyses. The final cohort therefore
included 17 participants, 8 young and 9 older men and
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women. Subject characteristics are shown in Table 1. As
designed, the groups differed in age, but there were no
significant differences in anthropometric measures such
as height, weight, and body mass index. The older group
had a significantly higher resting diastolic blood pres-
sure and, as expected, a significantly lower maximal
heart rate, despite no group differences in maximal
oxygen consumption or maximal work load attained
during the graded exercise test.

The goal intensity for the acute exercise bout was
60 % relative to each individual’s maximal capacity.
Table 2 shows the mean data from the acute exercise
trial. The actual intensity during the trial was 67 %
in the study cohort as a whole, with no significant
difference between the young and older individuals.
Additionally, there were no group differences in
relative VO, ., absolute workload, or relative workload
(Table 2).

Response to forearm I/R trial

The I/R trial significantly increased F,-isoprostane
levels in the whole study cohort (main effect of time,
P=0.001). Comparing the two trials regardless of age,
the F,-isoprostane response was significantly lower in
the IRX trial (I/R trial preceded by acute exercise) as
compared to the IRC trial (control) (main effect of trial,
P=0.029). There was no significant interaction between
time and trial. The IRX baseline value was significantly

Table 1 Participant characteristics

Young (n=8) Older (n=9) P value
Age (year) 20=+1 58+2 <0.001
Gender ratio (M/W) 3/5 3/6 -
Height (cm) 173+4 174+3 NS
Weight (kg) 71.8+4.0 82.2+3.6 NS
BMI (kg/m?) 24.1+0.9 26.9+1.0 NS
SBP (mmHg) 113+4 125+6 NS
DBP (mmHg) 71£2 82+3 0.011
VO, max (mML/kg/min)  39.5£2.6 32,7433 NS
Workload,,,x (Watts) 231+20 203420 NS
HR12x (bpm) 191+4 163+3 <0.001
RER ax 1.19+0.02 1.17+0.03 NS

Data are means=SEM

BMI body mass index, SBP systolic blood pressure, DBP diastolic
blood pressure, RER respiratory exchange ratio
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Table 2 Acute exercise data

Young (n=8) Older (n=9) P value
VO, (mL/kg/min) 273423 21.6+2.3 NS
VO, (% of max) 69+3 66+2 NS
Workload (watts) 119+14 102+14 NS
Workload (% of max) 5142 49+3 NS

Data are means=SEM

lower than the IRC baseline value (36+2 vs. 3242 pg/mL,
respectively, P=0.032). The overall F,-isoprostane con-
centration, indicated by the AUC, was significantly
lower during IRX as compared to IRC (8149+587
vs. 8967+563pg/mL/min, respectively, P=0.04). The
integrated response taking into account baseline values,
calculated by area under the response curve (AURC),
was not different between the two trials (IRX 16254255,
IRC 16164320 pg/mL/min).

When the age groups were analyzed separately,
only the young group exhibited a significantly lower
F,-isoprostane response in IRX as compared to the
IRC (P=0.015, Fig. 2a), whereas there was no sig-
nificant difference between the trials in the older
group (Fig. 2b). Similarly, the overall integrated F,-
isoprostane concentration (AUC) was significantly
lower in IRX compared to IRC in the young
(8001£550 vs. 8857+616 pg/mL/min, respectively,
P=0.026) but not the older group (IRX 8280+
1031, IRC 9065+951 pg/mL/min). There were no
significant differences in baseline values between the
trials or AURC responses in either group (young: IRX
17174333, IRC 1484+450; older: IRX 15444398, IRC
1733+450, all pg/mL/min).

Antioxidant activity during I/R trials

There was a significant interaction between time and
trial for SOD activity (P=0.013) in the study cohort as a
whole, with no significant main effects. When the age
groups were analyzed separately, the young cohort only
displayed a trend in the interaction between time and
trial (P=0.079) with no significant main effects and the
older group had no significant interaction or main ef-
fects. In general, the interaction occurred with baseline
SOD activity being slightly higher during IRC than IRX
and the activity then decreasing over the 60 min in IRC
while being maintained during IRX (Fig. 3).

Young
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Fig. 2 Plasma F2-isoprostane responses to the I/R trial with preced-
ing exercise (IRX; black triangles, solid line) and the control I/R trial
(IRC; open squares, dotted line). Values are means+SEM. The black
line above the x-axis denotes the time of forearm ischemia/reperfu-
sion. The asterisk denotes a significant difference between trials. a
Young adults (n=8): there was a significantly lower response to IRX
compared to IRC (P=0.015). b Older adults (7=9): the responses
were not different between IRX and IRC (P=0.226)

Antioxidant activity response to acute exercise

SOD activity in response to the acute exercise was
analyzed in a subset of the total subject sample; six
young and five older, due to funding constrains. There
was a significant difference in the response between
young and older adults (P=0.048, Fig. 4).

Discussion

This study tested the hypotheses that acute exercise
would increase resistance to a subsequent non-exercise
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Fig. 3 Superoxide dismutase (SOD) activity responses during the
first hour of the I/R trial with preceding exercise (IRX; black
triangles, solid line) and the control I/R trial (IRC; open squares,
dotted line) in the young (a; n=8) and older (b; n=9) groups.
Values are means+=SEM. The black line above the x-axis denotes
the time of forearm ischemia/reperfusion. There were no signifi-
cant main effects or interaction effect between time and trial in
either group

oxidative challenge and that this protective effect would
be attenuated with age. These hypotheses were support-
ed as shown by significantly lower F,-isoprostane re-
sponse to the I/R trial with preceding exercise (IRX)
compared to the control (IRC) in the young but not the
older individuals. The differences in quantified re-
sponses were only seen when analyzed as AUC and
not when baseline was accounted for (AURC) indicat-
ing that the pattern of response was not different per se,
but rather at a lower concentration. This could be due to
either lower F,-isoprostane production or more efficient
removal. A lower response to the forearm I/R trial with
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Fig. 4 Superoxide dismutase (SOD) activity in response to acute
exercise in young (open diamonds, dotted line, n=6) and older
(black circles, solid line, n=5) adults. Values are means+=SEM.
There was a significant difference between the groups (P=0.048).
Note that these data are from a subset of the total study cohort
where samples were available

preceding exercise (IRX) compared to the control (IRC)
indicates greater overall resistance to oxidative stress.
The rationale for our hypothesis was based on previous
literature indicating that ROS, induced by exercise, ini-
tiate cell signaling necessary for adaptation, such as
antioxidant enzyme regulation that could therefore pro-
vide increased resistance to an oxidative insult (Berzosa
et al. 2011; McClung et al. 2004; Muthusamy et al.
2012; Sachdev and Davies 2008). However, the func-
tional translation of increased antioxidant enzyme activ-
ity has not been well established in humans.

Our findings of no differences between trials in the
older adults support the existing data in animals where
aging is associated with decreased ability to functionally
translate a single bout of exercise into added protection
against oxidative stress. Older mice have been shown to
have impaired binding of the transcription factor Nrf-2,
which is associated with gene regulation of antioxidant
enzymes and could further explain impaired functional
translation in older adults (Gounder et al. 2012). Our
data suggest that a single bout of exercise is either
insufficient in increasing antioxidants due to diminished
cellular signaling or additional stimuli are necessary to
promote added protection against oxidative stress
because of the already elevated levels associated
with normal aging. It is important to note that the
exercise stimulus between the groups was equivalent
as demonstrated by no significant group differences
in relative intensity or workload. Nevertheless, there
were significant age differences in the SOD response
to the acute exercise, demonstrating that aging is
associated with diminished ability to translate the
increase in ROS from acute exercise to increased
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SOD activity. Animal models have demonstrated that
chronic inhibition of SOD activity results in signifi-
cantly higher F,-isoprostane levels (Lynch et al.
1997). Therefore, these lower levels of SOD activity
following acute exercise in older adults, compared to
young, could help explain the lack of protection
from exercise against the oxidative challenge. These
data are supported in rat and human models where
aging attenuates the benefits of different forms of
ischemic preconditioning against an I/R injury
(Fenton et al. 2000; van den Munckhof et al. 2013).

The timing of the subsequent challenge was chosen
to be on the following day, 16 h after the acute exercise
bout. The rationale for this time interval was based on
the concept that most people do not exercise more than
once within a 24-h period and therefore any effects
would need to stretch into that time frame in order to
have clinical relevance. Additionally, previous findings
show a significant increase in Nrf-2 gene expression at
12 and 18 h after acute exercise bout (Baar et al. 2002).
Weiss et al. have previously shown that an acute 60-min
bout of exercise performed 17 h prior to ingestion of a
high sugar meal increased insulin sensitivity as assessed
by flow-mediated dilation (FMD) of the brachial artery
(Weiss et al. 2008). Collectively, these data suggest that
acute exercise-induced stimulus can have protective
effects lasting at least 17—18 h.

Limited data is available regarding the effects of
aging on I/R protection in response to exercise.
However, data from cardiac preconditioning suggest
equivalent results to the present study regarding aging.
Patients that displayed pre-infarct angina (a form of
cardiac preconditioning) had smaller infarct size, lower
incidence of mortality, and better prognosis (Kloner
et al. 1995). These effects, however, were only seen in
adult, non-elderly patients and did not extend to older
adults, suggesting that the effects of preconditioning are
lost or reduced with aging (Abete et al. 1997; Abete
etal. 2011).

Similarly, preconditioning with blood pressure cuff at
200 mmHg did not alter the response of flow-mediated
dilation of the brachial artery in older adults, whereas in
young adults, there was a significant difference in en-
dothelial function with preconditioning (van den
Munckhof et al. 2013). Reasons for this increased rate
of mortality and lack of preconditioning in older adults
is not well understood; however, specific interest in
cardiac protection has been placed on heat shock pro-
teins, nitric oxide, and antioxidant enzymes (specifically

SOD) due to cardiac protective properties and to further
assess the mechanisms of age-associated decrease in the
ability to handle I/R injury (Hamilton et al. 2001;
Lennon et al. 2004; Starnes and Taylor 2007). We have
previously shown using the forearm I/R model that
older adults have decreased ability to withstand I/R
insult (Davies et al. 2009; Traustadottir et al. 2009).
Furthermore, older adults were shown to have
prolonged recovery to I/R injury compared to young
adults (Devan et al. 2011). Collectively, these data
suggest that aging affects the response to forearm
I/R, as well as preconditioning which in the present
study was implemented by acute exercise.

We found no differences in SOD activity between
age groups in response to the I/R trial. However, it is
evident as with data on ischemic preconditioning prior
to I/R injury that protection against an oxidative insult
would be provided through changes in the antioxidant
system prior to rather than during the event. We there-
fore turned our attention to the changes in SOD activity
in response to the acute exercise bout. F,-isoprostane
response to the acute exercise was not measured because
we had previously found that this protocol elicited a
significant increase in F,-isoprostanes (unpublished pi-
lot data). Additionally, it has been well established that
acute exercise of equivalent time and intensity increases
oxidative stress, via multiple markers in different tissues
(Alessio et al. 1988; Davies et al. 1982; El Abed et al.
2011; Nikolaidis et al. 2011). The lack of a significant
increase in SOD activity in response to the acute exer-
cise in our study is not in agreement with other studies
which have shown a significant increase in antioxidant
defenses in response to acute exercise (Berzosa et al.
2011; Fisher-Wellman et al. 2009; Fisher-Wellman and
Bloomer 2009; Terblanche 2000). One notable differ-
ence in methodology is that many of these studies found
the increased activity immediately post-exercise where,
in the present study, the sampling time points were
10- and 30-min post-exercise. The lower response in
the older group is however in agreement with animal
studies. Older adult mice have been shown to respond
less efficiently to exercise, with impaired nuclear
erythroid-2 like factor-2 (Nrf2) binding and subse-
quent lower antioxidant defenses, compared to young
mice (Gounder et al. 2012).

It seems likely that repeated exercise stimuli may be
necessary to increase resistance against oxidative stress
in older adults. It is clear from the literature that older
adults are still capable of responding to exercise. To this
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extent, mitochondrial biogenesis was shown to be
stimulated through exercise in older sedentary adults,
at levels similar to young (Cobley et al. 2012).
Nevertheless, as shown in this study, the functional
translation and/or upregulation of antioxidant enzymes
in response to acute exercise is impaired in older adults
compared to younger adults.

In summary, our findings demonstrate that a single
bout of exercise confers increased resistance to a subse-
quent non-exercise oxidative challenge and that this
protection is attenuated in older adults. In addition, our
data suggest that a diminished SOD response to acute
exercise in older adults preceding an oxidative challenge
may partially explain this age-related impairment. While
our small sample size and measurement of antioxidant
capacity limited to one marker are limitations to our
study, the careful control of confounding variables adds
to its strength. Future studies should include a larger
sample size and measurement of multiple markers of
antioxidant capacity.
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