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Exercise-Induced Oxidative Stress in Older Adults as a Function 
of Habitual Activity Level

 

Erwin P. Meijer, PhD,* Annelies H. C. Goris, PhD,* Joost L. J. van Dongen,

 

‡

 

 Aalt Bast, PhD,

 

†

 

 
and Klaas R. Westerterp, PhD*

 

OBJECTIVES:

 

It has been suggested that regular physical
activity might maintain and promote the antioxidant de-
fense capacity against oxidative stress. Therefore, we as-
sessed exercise-induced oxidative stress in relation to ha-
bitual physical activity level (PAL) in older adults.

 

DESIGN:

 

The study included a 2-week observation pe-
riod for the measurement of average daily metabolic rate
(ADMR) and PAL. Exercise-induced oxidative stress was
measured during a 45-minute cycling test at submaximal
intensity.

 

SETTING:

 

A university medical research center.

 

PARTICIPANTS:

 

Twenty-six subjects volunteered for the
study (n 

 

�

 

 26; mean age 

 

�

 

 standard deviation 60 

 

�

 

 1;
body mass index 27 

 

�

 

 1 kg/m

 

2

 

).

 

MEASUREMENTS:

 

PAL was determined as ADMR
combined with a measurement of basal metabolic rate
(BMR): PAL 

 

�

 

 ADMR/BMR. ADMR was measured over
2 weeks with the doubly labeled water method, preceded
by a BMR measurement with a ventilated hood. Antipy-
rine oxidation was used as marker for oxidative stress in
vivo. Reaction of antipyrine with hydroxyl radicals results
in the formation of para-hydroxyantipyrine (p-APOH) and
ortho-hydroxyantipyrine (o-APOH), where o-APOH is not
formed through alternative oxygenetic pathways.

 

RESULTS:

 

PAL was inversely related to the exercise-induced
increase in the ratio of o-APOH to native antipyrine (

 

r

 

 

 

�
�

 

0.49, 

 

P

 

 

 

�

 

 .010). The relationship between PAL and ex-
ercise-induced increase in the ratio of p-APOH (

 

r

 

 

 

�

 

 

 

�

 

0.30,

 

P

 

 

 

�

 

 .140) or thiobarbituric acid reactive species (

 

r

 

 

 

�
�

 

0.31, 

 

P

 

 

 

�

 

 .130) did not reach the level of significance.

 

CONCLUSION:

 

Physically active older adults have a re-
duced exercise-induced oxidative stress than older adults
with a lower level of physical activity. It seems that regular

physical activity improves the antioxidant defense capac-
ity. 

 

J Am Geriatr Soc 50:349–353, 2002.
Key words: physical activity; antipyrine; doubly labeled

 

water; free radicals

 

A

 

ging is associated with a decline in physical activity.
Regular physical activity and exercise are recom-

mended for maintenance of optimal health and prevention
or management of chronic diseases.

 

1

 

 It has been shown
that low levels of physical fitness are associated with an in-
creased risk of cardiovascular disease mortality.

 

2,3

 

 Alterna-
tively, there is increasing evidence indicating that exercise,
especially when performed strenuously, is associated with
increased production of reactive oxygen species (ROS).

 

4,5

 

ROS may increase during exercise as a result of a higher
mitochondrial oxygen (O

 

2

 

) consumption and electron
transport flux.

 

6

 

 A state of increased levels of intracellular
ROS production is referred to as oxidative stress. It has
been shown that aging is associated with an increased sus-
ceptibility to oxidative stress.

 

7

 

 However, the relationship
between oxidative stress and physical activity is still poorly
understood, particularly in advanced age, because there is a
substantial lack of data regarding the effects of exercise
and training on oxidative stress in older people.

 

8

 

One of the reasons for the lack of data is the method-
ological aspect concerning the assessment of oxidative stress
and the habitual activity level. In this study, we used antipy-
rine oxidation (2,3-Dimethyl-1-phenyl-3-pyrazolin-5-one) as
a marker for measuring oxidative stress. The properties of
antipyrine make it a suitable marker for assessing oxidative
stress in vivo. After oral ingestion, antipyrine is completely
absorbed and uniformly distributed in the total body water
after approximately 1 hour.

 

9

 

 Additionally, antipyrine is in-
dependent of blood flow to the liver, which is an advantage
in clinical studies where blood flow is altered (e.g. during
exercise experiments).

 

10

 

 Moreover, the reaction rate con-
stant of antipyrine with hydroxyl radicals is approximately
10

 

10

 

 L

 

�

 

mol

 

�

 

1

 

 s

 

�

 

1

 

.

 

11

 

 Exposure of an antipyrine solution in
water to 

 

60

 

cobalt (

 

60

 

Co) 

 

�

 

-radiation leads to the formation
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of three phenolic antipyrine derivatives: para-hydroxyan-
tipyrine (p-APOH), ortho-hydroxyantipyrine (o-APOH), and
meta-hydroxyantipyrine. The latter two metabolites are not
formed in man through the mono-oxygenase pathway of
cytochrome P450 but through reaction with hydroxyl radi-
cals.

 

12

 

 When an antioxidant is added to antipyrine solution
in water, the conversion of antipyrine after 

 

60

 

Co 

 

�

 

-radiation
can be used as indicator for free radical scavenging capacity
of potential antioxidants.

 

13

 

 A recently performed study in
patients with intermittent claudication, which is character-
ized by repetitive ischemia-reperfusion during physical exer-
cise, showed that 5-minutes walking exercise significantly
increased the plasma concentration of hydroxylated antipy-
rine.

 

14

 

 Additionally, we showed that, in older adults, exer-
cise resulted in a significant increase in the plasma levels of
p-APOH and o-APOH, to the same extent as in patients
with intermittent claudication.

 

15

 

 Interestingly, no significant
increase was observed in these levels in a group of young
adults (aged 23 

 

�

 

 1) who exercised at the same relative in-
tensity.

 

13

 

 Consequently, the ratio of hydroxylated to unhy-
droxylated antipyrine is proposed as a measure of oxidative
stress in vivo.

To assess physical activity level in an older population
we used the doubly labeled water method. This method is
generally held to be the criterion standard for assessing
physical activity.

 

16

 

 The doubly labeled water method allows
accurate measurement of average daily metabolic rate
(ADMR) under unrestricted conditions over 1- to 3-week
intervals, the optimal observation interval for the biologi-
cal half-lives of the isotopes 

 

2

 

hydrogen (

 

2

 

H) and 

 

18

 

O. In
combination with a measurement of basal metabolic rate
(BMR), the physical activity level (PAL) can be obtained
(PAL 

 

�

 

 ADMR/BMR). Thus, PAL is defined as the factor
by which ADMR exceeds BMR.

So far, the potential role of oxidative stress during phys-
ical activity in old age remains unknown. Therefore, the
purpose of this study was to examine the possible relation-
ship between physical activity level and exercise-induced
increase in oxidative stress in older adults. However, be-
cause of the high costs of using the doubly labeled water
method, only older adults were included in the study.

 

MATERIALS AND METHODS

Study Design

 

The study included a 2-week observation period for the
measurement of ADMR and PAL. Exercise-induced oxida-
tive stress was measured during a 45-minute cycling test at
submaximal intensity by using free radical reaction prod-
ucts of antipyrine.

 

Subjects

 

Twenty-six healthy people aged 55 and older, with no
known medical illness, receiving no prescription medica-
tion, and not using antioxidant vitamin supplements, par-
ticipated in the study. To ensure that the measured PAL
would reflect the actual PAL of a general older population,
subjects were recruited from advertisements in the local me-
dia. Subject characteristics are shown in Table 1. Detailed
information concerning the purpose and methods used in
the study was provided before informed consent was ob-
tained. The local Ethical Committee approved the study.

 

Energy Expenditure

 

ADMR was measured with the doubly labeled water
method according to the Maastricht protocol.

 

17

 

 Briefly, on
the evening of Day 0 (10:00–11:00 p.m.), after a back-
ground urine sample was collected, subjects were given a
weighed dose of a mixture of 99.9 atom% 

 

2

 

H

 

2

 

O in 10.0
atom% H

 

2
18

 

O, such that baseline levels were increased to
300 ppm or more for 

 

2

 

H and 2300 ppm or more for 

 

18

 

O.
Additionally, urine samples were collected on the evening of
Day 1 (from second void), the evening of Day 7, the morn-
ing of Day 8 (from second void), the evening of Day 14, and
the morning of Day 15 (from second void). Isotope abun-
dance was measured in urine by using an isotope-ratio mass
spectrometer (Optima, Micromass, Manchester, UK). Car-
bon dioxide (CO

 

2

 

) production was calculated from the iso-
tope disappearance rate from the samples collected on Day
1, 8, and 15. CO

 

2

 

 production was converted to ADMR
with a respiratory exchange ratio equal to the food quotient
that was derived from a 1-week food diary. Mean PAL was
calculated as ADMR/BMR.

 

Basal Metabolic Rate

 

BMR was measured at 6:45 a.m. after an overnight fast.
After a period of 15 minutes under thermoneutral temper-
ature conditions, BMR was measured for at least 15 min-
utes. O

 

2

 

 consumption and CO

 

2

 

 production were measured
by means of a computerized, open-circuit, ventilated hood
system. Gas analyses were performed using a paramag-
netic O

 

2

 

 analyzer (Servomex Type 500A, Crowborough
Sussex, UK) and an infrared CO

 

2

 

 analyzer (Servomex
Type 12-X1). The system was similar to the analysis sys-
tem for the respiration chambers described before.

 

18

 

 Cal-
culation of BMR was based upon the Weir formula.

 

19

 

Exercise-Induced Oxidative Stress

 

Maximal workload capacity (Wmax) and maximal O

 

2

 

 up-
take (VO

 

2

 

max) were measured after the BMR measure-
ment. Subjects exercised incrementally on an electronically
braked cycle ergometer (Lode Excalibur, Groningen, The
Netherlands) until volitional fatigue, as described before.

 

20

 

One hour thereafter, a Teflon catheter (Quick Cath®II,
Baxter Healthcare S.A., Swinford, Ireland) was placed into
an antecubital vein, and a resting blood sample (10 ml)
was drawn. Immediately thereafter, subjects orally in-
gested 10 mg antipyrine (Janssen Chimica, Geel, Belgium)
per kilogram of body mass. One hour after ingestion, sub-

 

Table 1. Subject Characteristics (n 

 

�

 

 26)

 

Characteristic
Mean 

 

�

 

Standard Error Range

Women/men 13/13 —
Age, years 60 

 

�

 

 1 55–65
Body mass, kg 75.5 

 

�

 

 2.2 56–95
Body mass index, kg/m

 

2

 

27 

 

�

 

 1 21–43
Body fat, % 34 

 

�

 

 1 17–44
Maximal oxygen uptake, L/minute 1.84 

 

�

 

 0.12 1.02–2.34
Maximal workload capacity, watts 145 

 

�

 

 49 85–220

 

Note:

 

 Percentage of body fat was determined by underwater weighing combined
with deuterium dilution.
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jects cycled for 45 minutes at 50% Wmax (determined
during the first cycling trial). Blood samples were drawn
before and immediately after exercise. Blood was collected
into ethylenediaminetetraacetic acid– (1.34 mM) and
glutathione (0.65 mM)-containing tubes and was centri-
fuged immediately (3,000 rpm, 10 minutes at 4

 

�

 

C). Ali-
quots of plasma were frozen in liquid nitrogen and stored
at 

 

�

 

20

 

�

 

C until further analysis.

 

Markers of Oxidative Stress

 

Antipyrine and thiobarbituric acid–reactive substances
(TBARS) were used as indicators of oxidative stress. Anti-
pyrine and its hydroxylated products were measured by
reversed-phase high-performance liquid chromatography
(HPLC) combined with mass spectrometry (HPLC-MS), as
described before.

 

21

 

 Briefly, a reversed-phase Supersphere
RP18 Endcapped column (LC-Packings, Amsterdam, The
Netherlands), 150 

 

�

 

 1 mm I.D., 

 

d

 

P

 

 

 

�

 

 4 

 

�

 

m was attached
to a liquid chromatography (LC) system consisting of a
LC-10AT pump (Shimadzu Ltd., Kyoto, Japan), and a Tri-
athlon autosampler (Spark Holland, Emmen, The Nether-
lands). The HPLC was connected to an API-300 LC/MS/
MS (Perkin Elmer Sciex Instruments, Thornhill, Canada),
which operated in the multiple reaction mode with Turbo
ionspray as interface. Sample pretreatment consisted of C18
solid-phase extraction (Sep-Pak® C18 Cartridges, Waters,
Milford, MA) to wash out salts and proteins. Cartridges were
conditioned with methanol and water. After that 450 

 

�

 

l
plasma was inserted in the cartridge, followed by 2 ml am-
monium-acetate buffer (10 mM; pH 

 

�

 

 5). The cartridge
was flushed with 1.5 ml methanol to elute the target com-
ponents. Samples were evaporated to dryness under nitro-
gen pressure and dissolved with 450 

 

�

 

l water, after which
they stayed 30 minutes in an ultrasonic waterbath (30

 

�

 

C).
Afterwards, samples were filtered by using Spartan 13/20
filters (Schleicher & Schuell, Dassel, Germany).

Because a competitive effect exists between antipyrine
and other biomolecules for reaction with hydroxyl radi-
cals, the formation of antipyrine hydroxylates is depen-
dent on the available concentration of antipyrine. There-
fore, ratios of phenolic derivatives to native antipyrine are
used, similar to the salicylic acid method.

 

22

 

TBARS were measured in plasma using a fluorescent
thiobarbituric acid (TBA) assay. TBA (Sigma-Aldrich Che-
mie BV, Zwijndrecht, The Netherlands) 0.375 g was dis-
solved in 250 ml demineralized water and 2.5 ml 1 mol/L
hydrochloric acid; 111 

 

�

 

l plasma and 1,000 

 

�

 

l TBA solu-
tion were mixed and vortexed in an Eppendorf cup, which
was placed in a waterbath (95

 

�

 

C) for 1 hour. Samples were
cooled to room temperature, and the absorption was mea-
sured spectrophotometrically at 532 nm (Spectronic 1001,
Meyvis, Bergen op Zoom, The Netherlands). Results were
expressed as micromoles of malondialdehyde (MDA).

Additionally, plasma was analyzed for the concentra-
tions of 

 

	

 

-tocopherol and triglycerides. Plasma 

 

	-tocoph-
erol content was analyzed by HPLC on an Inertsil ODS-2,
C18 reversed-phase column (GL Sciences Inc., Tokyo, Ja-
pan). The plasma triglyceride concentration was deter-
mined enzymatically (glycerol phosphate oxidase Trinder
method; Sigma Diagnostics, St. Louis, MO) with a COBAS
FARA semiautomatic analyzer (Hoffman-La Roche, Basel,
Switzerland).

Statistical Analysis
Data are presented as means � standard error. Paired t
tests (two-tailed) were used to evaluate differences be-
tween pre- and postexercise conditions. Simple regression
was used to examine the relationship between PAL and the
indicators of oxidative stress. Correlations are Pearson
product-moment correlations. Statistical significance was
accepted as P 
 .05. The StatView5.0 program (SAS Insti-
tute Inc., Cary, NC) was used as the statistical package.

RESULTS
Exercise significantly increased the ratio of p-APOH to na-
tive antipyrine from 9.1 � 10�3 � 0.9 � 10�3 preexercise
to 11.8 � 10�3 � 0.9 � 10�3 postexercise (P 
 .001). Ad-
ditionally, the ratio of o-APOH to native antipyrine in-
creased from 7.7 � 10�3 � 0.9 � 10�3 preexercise to 11.9 �
10�3 � 0.9 � 10�3 postexercise (P 
 .001), whereas the
plasma level of TBARS increased from 0.36 � 0.02 �M
preexercise to 0.43 � 0.02 �M postexercise (P 
 .001),
respectively. The mean PAL was 1.64 � 0.13 (range 1.44–
2.00). PAL was inversely related to the exercise-induced
increase in the ratio of o-APOH to native antipyrine (r �
�0.49, P � .010) (Figure 1A). The relationship between
PAL and the exercise-induced increase in the ratio of
p-APOH to native antipyrine (Figure 1B) and between
PAL and the exercise-induced increase in the plasma level
of TBARS (Figure 1C) did not reach the level of signifi-
cance (r � �0.30, P � .140 and r � �0.31, P � .130, re-
spectively). Additionally, adjusting the increase of TBARS
for the plasma concentration of triglycerides did not im-
proved the observed correlation (r � �0.31, P � .128),
whereas the increase in o-APOH after exercise remained
significantly related to PAL after adjusting for the plasma
	-tocopherol concentration, (r � �0.42, P 
 .05).

DISCUSSION
To our knowledge, this is the first study that examined the
association of the daily PAL, as measured by the doubly
labeled water method, on exercise-induced oxidative stress
in older adults. The results of the study suggest that the ex-
ercise-induced oxidative stress, as measured by free radical
reaction products of antipyrine, is reduced in physically
active older adults compared with inactive older adults,
when exercising at the same relative intensity.

It has been suggested that regular physical activity
might maintain and promote the antioxidant defense ca-
pacity against oxidative stress.5 However, physical activity
in free-living conditions is difficult to measure. Until now
only one study had attempted to examine the relationship
between PAL and the antioxidant defense mechanism in
older people. Kostka et al.23 showed in older men (aged
65–84) that there was no association between PAL and
resting TBARS values, plasma total antioxidant status,
and levels of red blood cell antioxidants. PAL was mea-
sured using an activity questionnaire. Most activity ques-
tionnaires have not been validated against the criterion
standard for the assessment of physical activity, the dou-
bly labeled water method.24 In the present study, we used
the doubly labeled water technique combined with a mea-
surement of BMR to assess PAL in an older population.
The measured PAL (1.64 � 0.13) of the older subjects in
the present study ranged from 1.44 to 2.0. In the general
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population, PAL ranges from 1.2 to 2.2. PAL is about 1.5
and 2.1 for sedentary and very active people, respec-
tively.25 Therefore, one might assume that the measured
PAL reflects the actual PAL of an older population.

The current study showed that the exercise-induced
increase in the ratio of o-APOH to antipyrine was signifi-
cantly lower in physically active older adults than in inac-
tive older adults (r � �0.49, P � .010). In addition, after
adjusting for the plasma 	-tocopherol concentration, the
increase in o-APOH after exercise remained significantly
related to PAL (r � �0.42, P 
 .05). O-APOH is not
known to be formed in man through the mono-oxygenase
pathway of cytochrome P450; it is only known as a free
radical reaction product of antipyrine.12 The relationship
between PAL and the exercise-induced increase in the ratio
of p-APOH to antipyrine failed to reach significance (r �
�0.30, P � .140), which might be explained by the fact
that p-APOH can also be formed by natural breakdown of
antipyrine by hepatic cytochrome P450 enzymes.10,26 In
addition, the relationship between PAL and the plasma
level of TBARS did not reach the level of significance (r �
�0.31, P � .130; Figure 1C). The nonsignificant results
might be due to the low statistical power of this study, be-
cause only a small number of subjects (n � 26) were stud-
ied. Furthermore, the thiobarbituric acid assay used to
measure MDA lacks specificity when applied to human
plasma.27 The results suggest that physically active older
adults might have an improved intracellular antioxidant
defense mechanism.

Recently, Brochu et al.25 observed that there was a strong
positive association between physical fitness (VO2max)
and physical activity–associated energy expenditure, as mea-
sured by the doubly labeled water method. Here, it was
suggested that physically active older subjects had a higher
physical fitness level than their physically less-active coun-
terparts. In relation to the antioxidant defense system, Jen-
kins et al.28 reported in 12 younger adults (aged 17–19)
that the superoxide dismutase activity in skeletal muscle
was significantly related to the physical fitness level (r �
0.70, P 
 .05). Furthermore, Shern-Brewer et al.29 showed
a lower in vitro oxidizability of isolated low-density lipo-
protein in physically active young adults than in sedentary
young adults. Although it is difficult to compare the re-
sults of these studies with our findings, because they used
only moderately to highly trained young adults, it seems
that physical activity improves the antioxidant defense ca-
pacity in physically active older adults. In addition, several
animal studies have observed that training can promote
gene expression of muscle antioxidant enzymes, such as
superoxide dismutase and glutathione peroxidase.30,31

However, in man, we recently observed that a 12-week ex-
ercise training program had no effect on the exercise-in-
duced increase in oxidative stress in older adults.15 In this
study, 20 older people (aged 60 � 1) participated in an ex-

Figure 1. Relationship between physical activity level (PAL �
average daily metabolic rate/basal metabolic rate) and indica-
tors for exercise-induced oxidative stress. (A) PAL and the ratio
of ortho-hydroxyantipyrine (o-APOH) to native antipyrine. Y �

0.001 � 0.001X; r � �0.49, P � .01. (B) PAL and the ratio of
para-hydroxyantipyrine (p-APOH) to native antipyrine (AP).
(C) PAL and the plasma level of thiobarbituric acid-reactive
substances (TBARS).
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ercise training group, with 13 people (aged 64 � 2) in a
control group, and they performed the same cycling test as
used in the present study. Although training significantly
improved physical fitness, no significant differences were
observed after 12 weeks of training in the exercise-induced
increase in TBARS and free radical reaction products of
antipyrine.15 In addition, PAL was not changed after 12
weeks training. However, in older adults, participation in
an exercise training program results in a compensatory de-
cline in the nontraining physical activity level, which
might explain the fact that no changes in exercise-induced
oxidative stress were observed.20 It could also be argued
that a longer training period is necessary before any signif-
icant changes in oxidative stress during exercise would oc-
cur. Therefore a clearer differentiation might be seen when
a group of sedentary and highly trained older adults are
compared. Thus, we cannot conclude with certainty that
regular exercise training is not an important determinant
of oxidative stress.

The results of the present study seem to indicate that
the recent level of physical activity could be an important
factor mediating exercise-induced oxidative stress. It could
be argued that regular physical activity results in an upreg-
ulation of the antioxidant defense system. However, no
muscle biopsies were taken in the present study to measure
gene expression of antioxidant enzymes such as superox-
ide dismutases or glutathione. In addition, it is known
from animal studies that exercise moves mitochondrial
respiration towards state 3 and may therefore protect
against ROS production that mainly occurs during state
4.32 It could be speculated that regular exercise has the
same effect in older humans, which raises the question of
whether remaining or becoming physically active contrib-
utes more to lowered oxidative stress during exercise.
Therefore, we can only speculate that, in older adults, an
active lifestyle is likely a more important factor in improv-
ing the antioxidant defense mechanism than following an
exercise training program. However, further studies are
needed on this topic.

In conclusion, the present study showed that the exer-
cise-induced increase in oxidative stress during exercise is
lower in physically active older human subjects than in in-
active older human subjects. Thus it seems that regular
physical activity improves the antioxidant defense capacity.
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