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Abstract

Interest in the relationship between inflammation and oxidative stress has increased dramatically in recent years, not only within the

clinical setting but also in the fields of exercise biochemistry and immunology. Inflammation and oxidative stress share a common role in the

etiology of a variety of chronic diseases. During exercise, inflammation and oxidative stress are linked via muscle metabolism and muscle

damage. Because oxidative stress and inflammation have traditionally been associated with fatigue and impaired recovery from exercise,

research has focused on nutritional strategies aimed at reducing these effects. In this review, we have evaluated the findings of studies

involving antioxidant supplementation on alterations in markers of inflammation (e.g., cytokines, C-reactive protein and cortisol). This

review focuses predominantly on the role of reactive oxygen and nitrogen species generated from muscle metabolism and muscle damage

during exercise and on the modulatory effects of antioxidant supplements. Furthermore, we have analyzed the influence of factors such as the

dose, timing, supplementation period and bioavailability of antioxidant nutrients.

D 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Exercise is known to have many benefits, including

preventative and therapeutic effects on a variety of chronic

disorders such as diabetes mellitus; dyslipidemia; hyperten-

sion; obesity; cardiovascular and pulmonary diseases;

muscle, bone and joint diseases; cancer; and depression

[1]. Many of these chronic disorders share a common link

with chronic low-grade inflammation and overproduction of

reactive oxygen and nitrogen species (RONS) [2]. Increas-

ing evidence suggests that the health benefits of exercise are

partly linked to reduced levels of inflammation and

oxidative stress [3,4].

It is well accepted that the health benefits of exercise are

enhanced by positive dietary modification. The relationship

between inflammation and oxidative stress has generated

interest in the benefits of antioxidant supplements in health

and disease, as well as athletic performance and adaptation
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to training. Over the years, exercise scientists have

examined the potential effect of antioxidant nutrients to

counter the influence of RONS on muscle damage, muscle

fatigue, lipid peroxidation and damage to cellular proteins

and DNA during exercise. However, attention has more

recently shifted toward the specific interaction between

antioxidant nutrients, redox-sensitive signaling pathways

and inflammatory responses to exercise. Evidence suggests

that antioxidant supplementation may in fact attenuate some

of the exercise-induced cellular signals that stimulate

adaptations in vascular tissue and skeletal muscle also

exists [5,6]. The number of studies that have investigated

this issue has risen in recent years, and this has stimulated

interesting debate [7–11].

The aim of this review article is to collate and review the

findings of studies that have examined the effects of

antioxidant supplements on inflammatory responses to

exercise. In the first part of this review, we have briefly

discussed the mechanisms that contribute to cytokine

changes during exercise. This is followed by a short

discussion of the mechanisms of production of RONS
chemistry 18 (2007) 357–371
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during exercise, the signaling pathways that may regulate

cytokine production during exercise and, more specifically,

how such pathways are influenced by RONS and antioxi-

dant nutrients. In the second half of this review, we have

provided a detailed description of the findings from studies

that have investigated the interaction between antioxidants,

RONS and inflammation after exercise. This is followed by

a discussion of the nutritional and biochemical factors that

may account for the disparate findings of studies in this area,

including the dose, timing and period of supplementation, in

addition to the bioavailability and activity of antioxidants

used in these studies. The main focus of this review is on the

relatively new issue of the relationship between antioxidants

and inflammatory responses to exercise. Related issues such

as the influence of antioxidant supplementation on markers

of muscle damage and oxidative stress have been reviewed

elsewhere. Consequently, we have not addressed these

issues in detail in the present review.
2. Exercise and cytokine production

A basic representation of the interactions between exer-

cise, RONS, antioxidants and cytokines is shown in Fig. 1.

Cytokine production during exercise is influenced by a

number of factors [12]. Muscle glycogen breakdown and

Ca2+ are two important factors that regulate cytokine

production within skeletal muscle during exercise [13]. Im-

mune cells are mobilized and activated during exercise in

response to muscle damage and also via the actions of stress

hormones (catecholamines, growth hormone, cortisol) that

are released in response to increasing metabolic demands and
Fig. 1. A schematic that indicates the interactions between exercise, RO
core temperature during exercise [14,15]. Interactions

between immune cells and stress hormones contribute to

alterations in cytokine production [16]. Elevated core tempe-

rature during exercise can promote the leakage of endotoxins

(lipopolysaccharide) across the intestinal wall into the

circulation, and this may alter cytokine production [17].

Exercise-induced oxidative stress is another factor that

affects cytokine production. Oxidative stress may result

from oxidative reactions within skeletal muscle as well as

from muscle damage [18]. RONS generated through

oxidative metabolism and muscle damage can activate

redox-sensitive signal transduction pathways that control

cytokine production, such as those involving nuclear

transcription factor nB (NF-nB), calcinuerin-nuclear factor
activated T cells (NFAT) and heat shock proteins (HSPs)

[19–23]. During exercise, endogenous antioxidant enzymes

and dietary antioxidant supplements can potentially atten-

uate cytokine production by directly neutralizing RONS

[24] and/or inhibiting the activity of redox-sensitive signal

transduction pathways [20,21]. Some cytokines themselves

may cause production of RONS and/or the activation of NF-

nB [25]. Finally, instead of acting as antioxidants in some

situations, a-tocopherol and ascorbic acid may actually act

as dpro-oxidants,T thereby enhancing rather than reducing

the formation of RONS [26].
3. Production of ROS and RNS during exercise

In response to electrical stimulation, cultured myotubes

produce reactive oxygen species (ROS) such as superoxide

anions, hydroxyl radicals and hydrogen peroxide (H2O2), as
S and RNS, antioxidants and cytokines. LPS, lipopolysaccharide.
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well as reactive nitrogen species (RNS) such as nitric oxide

[27–29]. Voluntary muscle contractions also stimulate the

release of free radicals from muscle into the bloodstream

[24,30,31]. During muscle contractions, RONS may be

produced as a result of aerobic metabolism and/or activation

of phagocytic cells in response to muscle damage. Within

skeletal muscle, potential sources of RONS include (a)

mitochondria, (b) an unidentified oxidoreductase enzyme

located in the plasma membrane of fibroblasts and immune

cells present within muscle, (c) xanthine oxidase produced

by endothelial cells and (d) iron-catalyzed reactions

[28,32,33]. Although the majority of early studies investi-

gated the potential for damaging contractile activity

(eccentric exercise) to generate RONS, these reactive

species are also produced in response to nondamaging

contractions (concentric exercise) [27,28].

These findings have led to interest in researching the

effects of antioxidant supplementation — and therefore the

involvement of RONS — on changes in cytokines and other

markers of inflammation (e.g., cortisol, C-reactive protein)

following both eccentric and concentric exercises. Due to

the greater amount of muscle damage that is typically

associated with eccentric exercise, there may be differences

in terms of the amount and source of RONS that are

generated following eccentric versus concentric exercise.

This might partially explain why antioxidant supplementa-

tion attenuates cytokine responses after some forms of

exercise but not others.
4. Redox regulation of cytokine production

Redox regulation of cytokine production occurs at several

levels including direct effects of oxidants, modulation by

antioxidants, alterations in the redox equilibrium (e.g., ratio

of reduced:oxidized glutathione and thioredoxin) and acti-

vation of oxidant- and redox-sensitive transcription cofactors

such as NF-nB [19]. Among these regulatory pathways, two

studies have directly implicated ROS and NF-nB with

cytokine production by muscle cells in vitro [20,21], while

the majority of exercise studies have focused on modulation

of cytokine production by antioxidants. The following

sections describe the involvement of redox-sensitive tran-

scription cofactors in the regulation of cytokine production.

4.1. NF-nB as a redox-sensitive pathway for

cytokine production

The NF-nB signaling pathway is one particular redox-

sensitive signaling pathway that is proposed to regulate

cytokine production during exercise [20,21]. Exercise

activates the NF-nB signaling pathway in skeletal muscle

[20,34,35] and lymphocytes [36]. This effect may be

mediated in part by RONS [20,21]. Evidence in support of

this concept comes from the data of two studies involving

antioxidants. One study reported that in rats a 3-week diet

high in a-tocopherol (500 mg/kg) attenuated the activation

of NF-nB, the protein content of cytokine-induced neutro-
phil chemoattractant-1 (CINC-1), monocyte chemotactic

protein-1 (MCP-1) and the activity of neutrophil-derived

myeloperoxidase in skeletal muscle after exercise [20]. The

same group also incubated myoblast cells with 100 AM d-a-

tocopherol for 24 h and then exposed the cells to H2O2. d-a-

tocopherol inhibited the translocation of NF-nB into the cell

nucleus and the mRNA expression of CINC-1 and MCP-1

[20]. These data indicate, firstly, that RONS are involved in

the activation of NF-nB and, secondly, that inhibition of NF-

nB attenuates the production of cytokines in muscle cells.

In another study, myotubes exposed in vitro to H2O2

produced the cytokine interleukin (IL)-6 in a concentration-

dependent manner [21]. This effect was blocked by the

pretreatment of the myotubes with the antioxidant enzymes

superoxide dismutase (SOD) and catalase (CAT). Blocking of

p38 mitogen-activated protein kinase (MAPK) and NF-nB
also reduced the amount of IL-6 producedwhen themyotubes

were stimulated with H2O2. When undifferentiated myoblast

cells were stimulated with tumor necrosis factor (TNF)-a,

IL-6 was produced. This effect was also blocked by the

glutathione precursor N-acetylcysteine (NAC) [21]. These

data indicate that IL-6 is produced in muscle cells via redox-

sensitive pathways that involve p38 MAPK and NF-nB.
Despite this evidence for a role of RONS and NF-nB in

the production of cytokines within skeletal muscle cells,

there is also evidence suggesting that RONS may not be

universal messengers in the activation of NF-nB. Instead,
RONS may work as second messengers to activate NF-nB
[37]. The ability of RONS to activate NF-nB depends on the

cell type and may be linked to the levels of antioxidants

within the cells. Even within one cell type, the effects of

RONS can be variable [38]. Cytokines such as TNF-a can

activate NF-nB independently of RONS, and in some cases,

RONS actually inhibit these effects [38]. Lastly, anti-

oxidants (e.g., ascorbic acid, NAC and pyrrolidine diothio-

carbamate) can inhibit activation of NF-nB independently of

any true antioxidant mechanisms [39,40].

4.2. Calcineurin-NFAT as a redox-sensitive pathway for

cytokine production

Another redox-sensitive signaling pathway that has

been proposed to regulate cytokine production during

exercise is the calcineurin-NFAT pathway [13]. Calcineurin

is highly concentrated in skeletal muscle [41]. When

activated by calcium, calcineurin subsequently dephos-

phorylates and induces the nuclear localization of the

cytosolic components of NFAT. Once in the nucleus,

NFAT transcription complexes bind to DNA to regulate the

expression of genes involved in immune responses [42].

Indeed, the calcineurin-NFAT signaling pathway plays a

key role in the synthesis of TNF-a, IL-1h, IL-6 [43–45]

and NF-nB [46]. Interaction between NFAT and the

transcription factor activating protein-1 also promotes

cytokine production [47].

Several studies have investigated the interaction be-

tween antioxidants, RONS and calcineurin-NFAT signaling.
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Pretreatment of human MRC5 fibroblast cells with 10 AM
dl-a-tocopherol reduced lipid peroxidation [48] and partial-

ly prevented an increase in free intracellular Ca2+ and NFAT

binding activity following exposure to ultraviolet A radiation

[22]. In another study by the same group, pretreatment of

human Jurkat (T lymphocyte) cell lines with 10 AM dl-a-

tocopherol also attenuated the production of RONS, the rise

in free intracellular Ca2+ and NFAT binding activity

following exposure to copper-oxidized and monocyte-oxi-

dized low-density lipoproteins [49]. These data indicate that

the calcineurin-NFATsignaling pathway is redox sensitive. In

contrast to these findings, exposure of splenic T cells from

rats to xanthine/xanthine oxidase and H2O2 actually reduced

the binding activity of NFAT and NF-nB [50]. This result

suggests that the effect of RONS on these transcription

factors may be specific to certain cell types.

To date, no studies have investigated the involvement

of the calcineurin-NFAT signaling pathway in cytokine

synthesis during exercise. However, Holmes et al. [51] have

demonstrated that incubation of muscle with the calcium

ionophore, ionomycin, at a concentration of 10 AM increased

IL-6 mRNA expression and protein release. Therefore,

calcium release during exercise may stimulate IL-6 produc-

tion via activation of the calcineurin-NFAT signaling

pathway [13]. Further research is needed to determine

whether exercise-induced alterations in this pathway are

modified by antioxidants and whether this influences

inflammatory responses to exercise.

4.3. HSPs as redox-sensitive mediators of cytokine

production

Evidence showing that HSPs play an important role in

exercise-induced immune changes is increasing [12,52]. Heat

is a stimulus for the induction of HSPs, but RONS have been

directly implicated as mediators of this response [23,53,54].

HSPs are induced by oxidative damage to the upstream

signaling protein heat shock factor (HSF)-1 [55]. Antiox-

idants attenuate HSP induction in immune cells exposed to

hot conditions [53] and also when immune cells are exposed

directly to RONS [23]. It is unclear whether antioxidants

work directly to modify HSF-1 activity or inhibit HSF-1

activation by preventing oxidative damage to HSF-1 [55].

Exercise studies are yet to confirm a link between oxidative

modification of HSPs and subsequent inflammatory

responses. However, antioxidants attenuate the release of

HSPs into the circulation, in addition to HSP mRNA expres-

sion and protein content in skeletal muscle following exercise

[23,56,57]. Therefore, future research could be aimed at

investigating the relationships between exercise-induced

oxidative stress, induction of HSPs and cytokine production.
5. Antioxidant supplements and cytokine responses to

concentric exercise

Several studies have examined the efficacy of antioxi-

dant supplements on cytokine responses to nondamaging
exercise such as cycling and knee-extension exercise

(Table 1). During these types of exercise, antioxidants

might be expected to alter cytokine production via their

effect on RONS produced from sources such as mitochon-

dria and xanthine oxidase. Muscle damage is relatively

minor following these types of exercise, and therefore,

RONS produced by phagocytic cells probably have less

influence on cytokine production after cycling and knee-

extension exercise.

5.1. Supplementation with vitamin C

Davison and Gleeson [58,59] have carried out two studies

to investigate the effect of vitamin C on changes in IL-6

following 2.5 h of cycling at 60% VO2max. Acute supple-

mentation with vitamin C during exercise did not influence

changes in plasma IL-6 concentration after exercise in

moderately trained males (Table 1) [58]. It should be noted

in Table 1 that plasma IL-6 concentration was lower

following exercise versus the placebo only when carbohy-

drate was combined with vitamin C. Vitamin C had no

significant effect on plasma cortisol concentration after

exercise. In their second study, supplementation with

1000 mg vitamin C per day for 2 weeks also had no

significant effect on plasma IL-6 concentration following

exercise in well-trained cyclists (Table 1) [59]. Vitamin C

tended to reduce plasma cortisol concentration after exercise

(P=.08). As a marker of oxidative stress, plasma malon-

dialdehyde concentration remained unchanged after exer-

cise. In vitro production of ROS by stimulated neutrophils

decreased after exercise and was not affected by vitamin C.

5.2. Supplementation with antioxidant combinations

Vassilakopoulos et al. [60] investigated the effect of a

complex antioxidant supplementation regimen on changes

in the plasma concentrations and monocyte production of

IL-1h, TNF-a and IL-6 after 45 min of cycling at 70%

VO2max (Table 1). The study involved a crossover design.

Supplementation significantly attenuated plasma cytokine

concentrations, while there was no effect of exercise or

supplementation on monocyte cytokine production.

Fischer et al. [61] gave physically active males a

combination of 500 mg vitamin C and 400 IU RRR-a-

tocopherol per day for 4 weeks before and 1 day after 3 h of

two-legged knee extension exercise at 50% maximum

power output. The antioxidant supplement attenuated the

release of IL-6 from contracting muscle. Furthermore, the

plasma concentrations of IL-6, IL-1 receptor antagonist

(IL-1ra), C-reactive protein and cortisol were lower follow-

ing exercise in the supplement versus the placebo group

(Table 1). As evidence of a reduction in oxidative stress, the

plasma concentration of F2-isoprostanes did not change

significantly after exercise in the supplement group, whereas

it increased significantly in the placebo group.

Hagobian et al. [62] examined the effect of antioxidant

supplementation on cytokine responses to exercise at a high

altitude (4800 m). Moderately trained males were given a



Table 1

Effects of antioxidant supplementation on changes in antioxidant status, cytokines, cortisol and oxidative stress markers after concentric exercise

Reference Subjects Exercise Design Supplement Resting

vitamin

statusa

Parameters Maximum

change from

preexercise

Davison

and Gleeson [58]

Moderately

trained

2.5 h cycling

60% VO2max

Crossover

(n =6)

Placebo No data

available

IL-6 +8�
Cortisol +1.9�4

Carbohydrate IL-6 +3�4,y
Cortisol +1.1�y

Vitamin C

(0.15% w/v)

IL-6 +6�4
Cortisol +1.5�

Carbohydrate + vitamin

C (0.15% w/v)

IL-6 +3�4,y
Cortisol +1.1�y

Davison and

Gleeson [59]

Well trained 2.5 h cycling

60% VO2max

Crossover

(n =9)

Placebo Plasma

(vitamin C)

47 Amol/L

Vitamin C +1.1�
IL-6 +12�4
MDA No change

Cortisol +2�4
1000 mg vitamin C

per day for 2 weeks

before exercise

Plasma

(vitamin C) 92

Amol/Ly

Vitamin C No change

IL-6 +12�4
MDA No change

Cortisol +1.5�
Fischer et al. [61] Physically

active

3 h two-legged

dynamic knee

extensor exer-

cise at 50%

maximum

power output

Placebo

controlled

(n =14)

Placebo Plasma

(vitamin E)

17 Amol/L

Vitamin E No change

Vitamin C �6%

Plasma

(vitamin C)

51 Amol/L

IL-1ra +6�4
IL-6 +20�4
F2-IsoP +2.3�4
Cortisol +2�4

400 IU RRR-

a-tocopherol and 500 mg

vitamin C per day for

4 weeks before and 1 day

after exercise

Plasma

(vitamin E)

24 Amol/L

Vitamin E +7%y
Vitamin C �1.2�4,y

Plasma

(vitamin C)

105 Amol/Ly

IL-1ra +4.4�
IL-6 +12�4,y
F2-IsoP +1.2�
Cortisol �1.1�

Vassilakopoulos

et al. [60]

Untrained

individuals

45 min cycling

70% VO2max

Crossover

(n =6)

200 mg vitamin E,

50,000 IU vitamin A

and 1000 mg vitamin C

for 60 days prior to

exercise; 600 mg

allopurinol per day for

15 days before exercise

and 2 g NAC for 3 days

and 800 mg in the

morning before exercise

No data

available

Before

supplement:

TNF-a +1.6�4
IL-1h +3.1�
IL-6 +6�4

After

supplement:

TNF-a +1.2�
IL-1h No change

IL-6 +2.8�4
Abbreviations: F2-IsoP, F2-isoprostanes. MDA, malondialdehyde.

a Data are means.

4 Significantly different from preexercise values, P b.05.

y Significantly different from placebo group, P b.05.
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placebo or an antioxidant supplement containing 250 mg

vitamin C, 10,000 IU h-carotene, 200 IU a-tocopherol,

50 Ag selenium and 15 mg zinc for 3 weeks before cycling

at 55% VO2max for approximately 3 h. Supplementation did

not influence changes in the plasma concentrations of IL-6

and C-reactive protein, while plasma TNF-a concentration

remained unchanged following exercise.

5.3. Discussion

The results of studies by Vassilakopoulos et al. [60] and

Fischer et al. [61] indicated that antioxidant supplements

attenuate inflammatory responses to concentric exercise

during which muscle damage and inflammation are min-
imal. Both of these studies used a combination of

antioxidants, and it is possible that this is a more effective

supplementation regimen than using single antioxidants on

their own [60,63]. However, this concept cannot account for

the findings in the study by Hagobian et al. [62].

The lack of any effect of vitamin C in the first study by

Davison and Gleeson [58] could be due to the fact that

participants were only given vitamin C during and not

before exercise. Consequently, there was probably minimal

uptake of ascorbic acid into leukocytes and muscle tissue

where it might be expected to modify cytokine production.

Furthermore, addition of vitamin C to the sports drink

containing carbohydrate did not have any additional effect



Table 2

Effects of antioxidant supplementation on changes in antioxidant status, cytokines, cortisol, oxidative stress markers and C-reactive protein after 1.5 to

2.5 h of running

Reference Subjects Exercise Design Supplement Resting

vitamin

statusa

Parameters Maximum

change from

preexercise

Thompson

et al. [69]

Physically active 1.5 h high-intensity

intermittent

shuttle running

Placebo

controlled

(n =16)

Placebo Plasma

(vitamin C)

50 Amol/L

Vitamin C +1.4�4
IL-6 +11�4
Cortisol +1.8�4
CRP +2.2�4
MDA +1.6�4

400 mg vitamin C

per day for

14 days before

exercise

Plasma

(vitamin C)

61 Amol/Ly

Vitamin C +1.2�4
IL-6 +8�4
Cortisol +2�4
CRP +3�4
MDA +1.3�4

Thompson

et al. [71]

Physically active 1.5 h high-intensity

intermittent shuttle

running

Placebo

controlled

(n =16)

Placebo Plasma

(vitamin C)

52 Amol/L

Vitamin C +1.4�4
IL-6 +4.5�4
MDA +1.3�4

400 mg vitamin C

per day for 3 days

after exercise

Plasma

(vitamin C)

50 Amol/L

Vitamin C +1.9�4,y
IL-6 +6.2�4
MDA +1.3�4

Nieman

et al. [70]

Trained runners 2.5 h running

at 70% VO2max

Placebo

controlled

(n =12)

Placebo No data

available

IL-6 +5.2�4
Cortisol +1.1�

1000mgvitaminC

per day for 7 days

before exercise

and on the day

of exercise

IL-6 +7�4
Cortisol +1.2�

Singh

et al. [72]

Trained runners Run to exhaustion

at 65–70% VO2max

Crossover

(n =10)

Placebo Plasma

(vitamin E)

27 Amol/L

IL-6 +11�4
Cortisol +1.8�4

400 IU vitamin E

per day for 3 days

before exercise

and on the day

of exercise

Plasma

(vitamin E)

44 Amol/Ly

IL-6 +11�4
Cortisol +1.8�4

Abbreviations: CRP, C-reactive protein; MDA, malondialdehyde.
a Data are means.

4 Significantly different from preexercise values, P b.05.

y Significantly different from placebo group, P b.05.
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on the alterations in plasma IL-6 and cortisol concentrations

after exercise [58]. One explanation for this finding is that

blood glucose levels regulate changes in IL-6 and cortisol

during exercise [64], while vitamin C has less effect.

Hagobian et al. [62] suggested that the negative

findings in their study could have been related to the

fitness level or training status of their participants. It is

possible that untrained individuals may be more responsive

to antioxidant supplementation than endurance-trained

athletes. Some [65,66] but not all studies [67,68] indicate

that endurance training improves endogenous antioxidant

defenses. With the exception of the participants in the

study by Vassilakopoulos et al. [60], the participants in the

other studies described above were all physically active or

well trained. Therefore, training status may not account

for all of the variation in responsiveness to antioxidant

supplementation. The magnitude of exercise-induced

changes in cytokines also did not seem to influence the

efficacy of antioxidant supplements.
6. Antioxidant supplements and cytokine responses

following moderate- to high-intensity running of

1.5 to 2.5 h in duration

Several studies have investigated whether supplementa-

tion with vitamins C and E modifies cytokine responses to

running. The effectiveness of antioxidants may be different

during running because in addition to mitochondria and

xanthine oxidase, the greater level of muscle damage

associated with running is also likely to promote the release

of RONS from phagocytic cells and iron-catalyzed reactions

in muscle.

Three groups have examined the influence of supple-

mentation with vitamin C both before and after prolonged

running on changes in IL-6, C-reactive protein, cortisol and

malondialdehyde (Table 2). Data from these studies are

equivocal. Thompson et al. [69] reported that supplemen-

tation with vitamin C (400 mg/day) for 2 weeks before

exercise significantly attenuated serum IL-6 concentration
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2 h after exercise, whereas it did not influence changes

in the serum concentrations of C-reactive protein and

cortisol or plasma malondialdehyde concentration. In

contrast, vitamin C supplementation for 1 week before

(1000 mg/day) [70] or 3 days after exercise (400 mg/day)

[71] did not affect alterations in the plasma concentrations

of IL-6, cortisol or malondialdehyde. These studies also

reported no significant effect of vitamin C on muscle

damage as indicated by changes in muscular strength,

plasma creatine kinase activity and myoglobin concentration

after exercise [69,71]. Another group examined the effect of

supplementation with vitamin E (400 IU/day) for 3 days

before prolonged running (Table 2). Although the plasma

concentrations of IL-6 and cortisol increased significantly

during exercise, there were no significant differences

between the supplement and placebo groups [72].
Table 3

Effects of antioxidant supplementation on changes in antioxidant status, cytokines

local eccentric muscle contractions

Reference Subjects Exercise Design Suppl

Thompson

et al. [81]

Physically

active

30 min downhill

running at 60%

VO2max

Placebo

controlled

(n =14)

Placeb

400 m

for 2

3 days

Petersen

et al. [82]

Trained

runners

1.5 h downhill

running at 75%

VO2max

Placebo

controlled

(n =20)

Placeb

500 m

400 m

for 2

1 wee

Childs

et al. [32]

Untrained 3 sets of 10

eccentric

contractions of

the elbow flexors

at 80% one

repetition

maximum

Placebo

controlled

(n =14)

Placeb

12.5 m

10 mg

weigh

after e

Phillips

et al. [90]

Untrained 3 sets of 10

eccentric

contractions of t

he elbow flexors

at 80% one

repetition

maximum

Placebo

controlled

(n =35)

Placeb

300 m

tocoph

flavon

docos

7 days

after e

Abbreviations: STAS, serum total antioxidant status; F2-isoP, F2-isoprostanes; LO
a Data are means.

4 Significantly different from preexercise values, P b.05.

y Significantly different from placebo group, P b.05.
6.1. Discussion

As highlighted above, there are variable effects of

antioxidant supplements on cytokine and cortisol responses

to moderate- to high-intensity running lasting up to 2.5 h.

Several factors may account for this variation, including the

period of supplementation before exercise, the bioavailabil-

ity of vitamins during exercise and endogenous antioxidant

defenses related to the training status of participants.

The one study described above demonstrating that

antioxidants attenuate the IL-6 and cortisol responses to

exercise involved 2 weeks of supplementation with vitamin

C [69]. In contrast, supplementation with either vitamin C or

vitamin E for 1 week or less was not effective [70,72].

Clinical studies have reported that 2 weeks of supplemen-

tation with 200 mg vitamin C is the minimum period
, oxidative stress markers and C-reactive protein after downhill running and

ement Resting

vitamin

statusa

Parameters Maximum

change

from preexercise

o Plasma

(vitamin C)

51 Amol/L

IL-6 +3.3�4

g vitamin C per day

weeks before and

after exercise

Plasma

(vitamin C)

68 Amol/L

IL-6 +2.4�4

o Plasma

(vitamin E)

33 Amol/L

IL-1ra +4.2�4

Plasma

(vitamin C)

51 Amol/L

IL-6 +20�4

g vitamin C and

g vitamin E per day

weeks before and

k after exercise

Plasma

(vitamin E)

68 Amol/L

IL-1ra +2.7�4

Plasma

(vitamin C)

95 Amol/L

IL-6 +19�4

o No data

available

STAS �1.4�
IL-6 +4�4
F2-IsoP +2.3�4
LOOH +1.6�4

g vitamin C and

NAC per kg body

t per day for 7 days

xercise

STAS +1.9�y
IL-6 +2.9�
F2-IsoP +2.8�4
LOOH +1.9�4,y

o No data

available

IL-6 +2�
CRP +1.3�

g mixed

erols, 300 mg

oids and 800 mg

ahexaenoate for

before and

xercise

IL-6 +1.2�y
CRP +1.7�

OH, lipid hydroperoxides; CRP, C-reactive protein.



Table 4

Effects of antioxidant supplementation on changes in antioxidant status, cytokines, cortisol and oxidative stress markers after ultraendurance exercise

Reference Subjects Exercise Design Supplement Resting

vitamin

statusa

Parameters Maximum

change from

preexercise

Nieman

et al. [84]

Trained

runners

(90 km)

Ultramarathon Placebo

controlled

(n =29)

Placebo Serum

(vitamin C)

83 Amol/L

Vitamin C +1.6�
TNF-a +1.1�4
IL-1h +100%4

IL-1ra +16�4
IL-6 +31�4
IL-8 +6�4
IL-10 +181�4
Cortisol +3.4�4

500 mg vitamin C per day

for 7 days before the race,

on race day and 2 days

after the race

Serum

(vitamin C)

128 Amol/Ly

Vitamin C +1.2�
TNF-a +1.4�4
IL-1h +4.2�4
IL-1ra +23�4
IL-6 +35�4
IL-8 +7.5�4
IL-10 +121�4
Cortisol +4.6�4

1500 mg vitamin C per

day for 7 days before the

race, on race day and 2

days after the race

Serum

(vitamin C)

153 Amol/Ly

Vitamin C +1.1�
TNF-a +1.5�4
IL-1h +7.3�4
IL-1ra +8�4,y
IL-6 +31�4
IL-8 +5.2�4
IL-10 +90�4,y
Cortisol +3.1�4

Peters

et al. [86]

Trained

runners

Ultramarathon

(90 km)

Placebo

controlled

(n =16)

Placebo Serum

(vitamin C)

86 Amol/L

Vitamin C +1.3�
IL-6 +6.3�4
Cortisol +4.4�4
CRP +11�4

1000 mg vitamin C per

day for 7 days before the

race, on race day and 2

days after the race

Serum

(vitamin C)

118 Amol/Ly

Vitamin C No change4

IL-6 +6�4
Cortisol +3.4�4,y
CRP +19�4,y

Nieman

et al. [85]

Trained

runners

Ultramarathon

(67 km)

Placebo

controlled

(n =28)

Placebo Plasma

(vitamin C)

40 Amol/L

Vitamin C +1.9�
IL-6 +28�4
IL-1ra +5.8�4
IL-8 +3.2�4
Cortisol +1.5�4
LOOH +1.1�4
F2-IsoP +1.4�4

1000 mg vitamin C per

day for 7 days before the

race and on race day

Plasma

(vitamin C)

70 Amol/Ly

Vitamin C +2.6�4,y
IL-6 +36�4
IL-1ra +5.6�4
IL-8 +3.6�4
Cortisol +2.2�4
LOOH +1.3�4
F2-IsoP +1.3�4

Mastaloudis

et al. [88]

Trained

runners

Ultramarathon

(50 km)

Placebo

controlled

(n =28)

Placebo Plasma

(vitamin E)

26 Amol/L

Vitamin E �1.2�4
Vitamin C +1.2�4

Plasma

(vitamin C)

73 Amol/L

IL-6 +8�4
F2-IsoP +1.5�4

300 mg RRR-a-tocopher-

ol and 1000 mg vitamin C

for 6 weeks before the

race

Plasma

(vitamin E)

46 Amol/Ly

Vitamin E +1.3�4
Vitamin C +1.2�4

Plasma

(vitamin C)

127 Amol/Ly

IL-6 +7�4
F2-IsoP +1.2�y
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Reference Subjects Exercise Design Supplement Resting

vitamin

statusa

Parameters Maximum

change from

preexercise

Nieman

et al. [87]

Triathletes Ironman triath-

lon

(3.8-km swim,

180-km cycle,

42-km mara-

thon run)

Placebo

controlled

(n =36)

Placebo (a-Tocopher-

ol) 14 Amol/L

a-Tocopherol +1.1�
g-Tocopherol �1.3�

(g-Tocopherol)

1.3 Amol/L

F2-IsoP +1.9�4
IL-1ra +16�4
IL-6 +46�4
IL-8 +11�4
IL-10 +9�4
Cortisol +8�4

800 IU d-a-tocopherol

per day for 2 months

before the race and on

race day

(a-Tocopher-

ol) 24 Amol/Ly
a-Tocopherol +1.2�y
g-Tocopherol �1.4�y

(g-Tocopherol)

0.6 Amol/Ly
F2-IsoP +2.8�4
IL-1ra +37�4
IL-6 +83�4,y
IL-8 +8�4
IL-10 +15�4
Cortisol +2.3�4

Abbreviations: CRP, C-reactive protein; LOOH, lipid hydroperoxides; F2-isoP, F2-isoprostanes.
a Data are means.

4 Significantly different from preexercise values, P b.05.

y Significantly different from placebo group, P b.05.

Table 4 (continued)
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required to saturate plasma concentrations of ascorbic acid

[73]. With respect to supplementation with vitamin E, in one

study, plasma levels of a-tocopherol reached steady state

after 4 to 5 days of supplementation with up to 1200 IU of

dl-a-tocopherol [74]. Another study indicated that plasma

a-tocopherol concentration plateaued after 2 weeks of

supplementation with 800 IU dl-a-tocopherol-acetate

[75]. The plasma concentrations of ascorbic acid alone

and a-tocopherol and ascorbic acid may not be the most

valid measure of tissue stores of these vitamins. However,

the plasma concentrations of these vitamins correlate with

tissue stores, as indicated by the correlation with leukocyte

ascorbic acid content [76] and muscle a-tocopherol content

[75]. Therefore, antioxidants may only alter inflammatory

responses to exercise after a minimum period of 2 weeks.

Future studies are warranted to investigate this issue.

The bioavailability of vitamins is likely affected by the

dose, timing and dietary cofactors enhancing or inhibiting

absorption. The bioavailability of vitamin C is significantly

reduced at doses in excess of 200 mg vitamin C per day

[73], and this may partially explain why supplementation

with 1000 mg vitamin C did not alter the IL-6 and cortisol

responses to exercise in the study by Nieman et al. [70].

Regular dietary intake of vitamin C most likely did not

influence the results of the vitamin C studies above [69–71]

because in each study, dietary vitamin C intake during the

supplementation period was similar between the supplement

and placebo groups.

The bioavailability of vitamin E following supplemen-

tation depends on a variety of factors, including the dose,

type of supplement (i.e., natural versus synthetic), half-

life and dietary fat intake, all of which, in turn, influence

pathways related to absorption and transport into the tissues
[77,78]. Singh et al. [72] did not state the type of vitamin E

that was given to the runners in their study. This factor

could have influenced the effectiveness of the supplement

because data from clinical trials indicate that the natural

form of vitamin E, RRR-a-tocopherol, is more effective in

reducing markers of inflammation than the synthetic form,

all-rac-a-tocopherol [79]. Furthermore, the dose of 400 IU

vitamin E used by Singh et al. [72] may have been

insufficient. Clinical findings suggest that a threshold dose

of z600–800 IU RRR-a-tocopherol appears to be most

effective in reducing inflammation [79]. Lastly, the

absorption of vitamin E is enhanced with higher intakes

of dietary fat [74,78,80]. It is therefore possible that the

traditionally low-fat intake of endurance athletes may re-

strict the absorption of vitamin E, which means that less

vitamin E is available to counteract the production of

RONS during exercise.

As mentioned previously, it is possible that training

adaptation in endogenous antioxidant defenses may explain

some of the differences between these studies. Thompson

et al. [69] used physically active but not endurance-trained

participants, whereas the other studies used endurance-

trained athletes [70,72]. Finally, the greater muscle damage

imposed by running compared to cycling may increase the

production of RONS by phagocytic cells, thereby reducing

the effectiveness of antioxidant supplements.
7. Antioxidant supplements and cytokine responses to

downhill running

Two studies have investigated the influence of antiox-

idants on cytokine responses to downhill running. As

explained in the introduction to the previous section, during
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running, more muscle damage means that there is probably

a greater contribution of RONS from sources such as

phagocytic cells and iron-catalyzed reactions.

Thompson et al. [81] gave physically active males

vitamin C (400 mg/day) for 2 weeks before and 3 days

after 30 min downhill running at 60% VO2max. Plasma IL-6

concentration increased significantly during exercise in both

groups, but there were no significant differences between

the groups (Table 3). Vitamin C supplementation also did

not influence muscle damage. Petersen et al. [82] provided

recreational runners with a combination of vitamins C

(500 mg) and E (400 mg) for 2 weeks before and 1 week

after downhill running for 1.5 h at 75% VO2max. Although

there was a greater IL-6 response in their study than that by

Thompson et al. [81], the pattern of changes was similar

between the supplement and placebo groups (Table 3).

There were also no significant differences in plasma IL-1ra

concentration and creatine kinase activity between the

groups after exercise.

7.1. Discussion

These two studies involved 2 weeks of supplementation

with vitamin C or a combination of vitamins C and E,

which, as stated previously, appears to be the minimum

period necessary to saturate plasma levels of ascorbic acid

and a-tocopherol [73,75]. However, neither of these

exercise studies reported any significant effects of antiox-

idant supplementation on cytokine responses and muscle

damage after exercise [81,82]. Interestingly, the dose of

vitamins C and E was similar in the studies by Petersen

et al. [82] and Fischer et al. [61], but the period of

supplementation was different between the two studies

(2 weeks versus 4 weeks, respectively). It is possible that

the longer period of supplementation can account for the

greater attenuation of cytokines following exercise in the

latter of these two studies. Petersen et al. [82] did not state

what type of vitamin E was used in their supplement, while

in their later study, the same group used RRR-a-tocopherol

[61]. If different forms of vitamin E were used, as ex-

plained previously, this might account for the variable

effects on cytokine responses after exercise. The natural

form of vitamin E (RRR- or d-a-tocopherol) has twice

the bioavailability of synthetic vitamin E (all-rac or dl-a-

tocopherol) [83].

In explanation of their findings, Thompson et al. [81]

suggested that vitamin C is less effective during exercise at

lower intensity, which elicits smaller IL-6 responses.

However, this concept seems unlikely because plasma

IL-6 concentration increased to a greater extent after

downhill running in the study by Petersen et al., yet

supplementation with vitamins C and E did not alter the

IL-6 or IL-1ra responses to exercise in that particular study

[82]. Alternatively, as suggested previously, muscle damage

may reduce the effectiveness of antioxidants. Further work

is warranted to examine this concept.
8. Antioxidant supplements and cytokine responses to

ultraendurance exercise

A number of studies have assessed the effects of

antioxidants following ultramarathon and Ironman triathlon

races. The cytokine response to ultraendurance exercise is

considerably greater than any other form of exercise. This

likely reflects not only the large metabolic demands of

endurance exercise but also the substantial levels of oxidative

stress and muscle damage resulting from such exercise.

8.1. Supplementation with vitamin C

Several studies have investigated the influence of vitamin

C supplementation on alterations in IL-1h, TNF-a, IL-1ra,
IL-6, IL-8, IL-10 and cortisol after ultramarathon running

events [84–86]. All three studies involved supplementation

with 500 to 1500 mg vitamin C for 7 days before exercise

(Table 4). The data from these studies are equivocal. One

study reported that supplementation with 1500 mg vitamin C

significantly attenuated the plasma concentrations of IL-1ra,

IL-10 and cortisol after ultramarathon running. In contrast,

supplementation did not significantly influence changes in

the plasma concentrations of IL-1h, TNF-a, IL-6 or IL-8

concentration [84]. In another study, supplementation with

1000 mg vitamin C did not influence plasma IL-6 concen-

tration after ultramarathon running, whereas it significantly

enhanced serum C-reactive protein concentration 24 h after

exercise [86]. This effect may have occurred as a result of the

reduced circulating levels of cortisol in response to supple-

mentation [86]. Lastly, in another study, athletes were given

1500 mg vitamin C for 7 days before and 1500 mg vitamin C

during an ultramarathon race [85]. After the race, plasma

cytokine concentrations were elevated, but there were no

significant differences between the groups. Plasma cortisol

concentration after exercise was also similar between the

supplement and placebo groups. Furthermore, vitamin Cmay

have promoted rather than reduced oxidative stress after

exercise, as indicated by a trend (P=.051) toward higher

plasma levels of F2-isoprostanes following exercise in the

supplement group.

8.2. Supplementation with vitamin E

The findings from other studies involving supplementa-

tion with vitamin E on its own or in combination with vitamin

C are also equivocal. In one study, athletes were given 800 IU

RRR-a-tocopherol for 2 months before an Ironman triathlon

[87]. Vitamin E supplementation tended to enhance exercise-

induced increases in the plasma concentrations of IL-6,

IL-1ra and F2-isoprostanes as a marker of oxidative stress

(Table 4). In contrast, vitamin E did not influence changes in

plasma IL-8, IL-10 or cortisol concentrations. Another study

provided athletes with a combination of 1000 mg vitamin C

and 300 mg RRR-a-tocopherol for 6 weeks before an

ultramarathon [88]. The plasma concentrations of TNF-a,

IL-6 and C-reactive protein all increased significantly after

the race, but there were no significant differences between the
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supplement and placebo groups. Antioxidant supplementa-

tion significantly reduced the plasma concentration of F2-

isoprostanes after exercise.

8.3. Discussion

The findings reviewed above indicate that the effects of

antioxidant supplements on inflammatory responses to

ultraendurance exercise are highly variable. Some of these

variations may be attributed to differences in the dose of

supplementation, the timing of supplementation, the bio-

logical activity of vitamin C versus vitamin E and/or the

exercise stimulus.

With respect to vitamin C, data from the three studies

described previously suggest that over a short period of

supplementation such as 7 days, only doses of vitamin C as

high as 1500 mg/day alter the inflammatory response to

exercise [84]. In contrast, doses of 500–1000 mg vitamin C

per day over the same period seemed to be less effective

[85,86]. However, it should be noted that in the study by

Nieman et al. [84], the 1500-mg vitamin C supplement was

consumed on the morning of exercise. Therefore, it is

difficult to establish whether the attenuation of plasma

cytokine concentrations after exercise reported in that study

reflects (a) the influence of the supplementation period in

the week before exercise or (b) the effects of a transient

increase in circulating levels of ascorbic acid as a result of

consuming the supplement on the morning of exercise.

Evidence in favor of the latter of these two concepts is that

the elimination half-life of vitamin C is 10 h [89] and that

the bioavailability of vitamin C is significantly reduced at

doses in excess of 200 mg vitamin C per day [73].

Vitamin E was also consumed on the morning of the

Ironman triathlon in the study by Nieman et al. [87].

Furthermore, although the participants in this study were

instructed to avoid race supplements high in vitamin E,

vitamin E intake during the race was significantly higher in

the supplement group compared with the placebo group

[87]. a-Tocopherol is absorbed slowly into the bloodstream

and has a long elimination half-life [78,89]. It is therefore

possible that the vitamin E consumed before and during the

race affected the results of this particular study.

In this vitamin E study [87], the greater cytokine

response after exercise in the supplement versus the placebo

group could be attributed to a possible pro-oxidant effect

of a-tocopherol. Rietjens et al. [26] have proposed that

under conditions of oxidative stress, increased levels of

a-tocopherol can, in turn, generate elevated levels of

a-tocopherol radicals and lipid peroxidation. When antiox-

idant systems are balanced, co-antioxidants inhibit the pro-

oxidant action of a-tocopherol radicals, reducing them back

to a-tocopherol. However, when a-tocopherol levels are

elevated on their own during oxidative stress, the resultant

levels of a-tocopherol radicals may overwhelm the capacity

of co-antioxidants to reduce the a-tocopherol radicals [26].

If a-tocopherol radicals are formed during exercise in

response to supplementation with large doses of vitamin E
and oxidative stress, these radicals may act on NF-nB and/or

calcineurin-NFAT pathways to enhance cytokine produc-

tion. This concept would support the findings of Nieman

et al. [87] that plasma cytokine (IL-6, IL-1ra) and oxidative

stress (F2-isoprostanes) concentrations were higher after

exercise in the supplement versus the placebo group. The

vitamin E pro-oxidant theory may explain why supplements

containing small amounts of vitamin E with co-antioxidants

can provide greater benefits than vitamin E supplements

alone [63]. Evidence in support of this concept is that in two

of the studies described in this review [61,88], moderate

amounts of RRR-a-tocopherol (300–400 mg) combined

with ascorbic acid (500�100 mg) effectively reduced

plasma F2-isoprostanes as a marker of oxidative stress after

exercise. However, data from these two studies also

indicated that reduced oxidative stress after exercise is not

always associated with lower cytokine levels.

When comparing some of the studies above, changes in

the anti-inflammatory cytokines IL-1ra and IL-10 and

cortisol appeared to be greater after ultramarathon races

with a distance of 90 km [84] than after 70-km races [85].

Interestingly, 1500 mg vitamin C attenuated the postexercise

increase in anti-inflammatory cytokines and cortisol after

the longer, but not the shorter, race. This trend suggests that

the effects of vitamin C may depend on the duration

of exercise and the resulting anti-inflammatory response.

Plasma IL-6 concentration increased to a similar extent

(~30�) after both races but was not influenced by vitamin C

supplementation [84,85]. Therefore, vitamin C may influ-

ence some inflammatory variables but not others after

ultraendurance exercise.

As suggested previously, the efficacy of antioxidant

supplementation may also depend on the mode of exercise

and the extent of muscle damage. Muscle damage may

contribute to RONS production such that the capacity of

antioxidant supplements to neutralize RONS is over-

whelmed. Mastaloudis et al. [88] used a supplementation

regimen (1000 mg vitamin C, 300 mg RRR-a-tocopherol for

6 weeks) similar to that of Fischer et al. [61] (500 mg

vitamin C, 400 IU RRR-a-tocopherol for 4 weeks).

However, Mastaloudis et al. found that the supplement did

not significantly alter plasma levels of cytokines and

C-reactive protein after exercise that involved muscle

damage. In contrast, Fischer et al. reported attenuated plas-

ma levels of cytokines, C-reactive protein and cortisol after

exercise that did not cause appreciable muscle damage. It is

possible that during ultraendurance exercise, the combined

influence of metabolic demands, high levels of oxygen

consumption and muscle damage exceeds the capacity of

antioxidant supplements to attenuate cytokine production.
9. Antioxidant supplements and cytokine responses to

local eccentric muscle contractions

Two studies have investigated the effects of antioxidant

supplements on cytokine responses to local eccentric muscle
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contractions involving the elbow flexors or biceps muscle

group. Unlike aerobic exercise such as that described in the

previous sections, local eccentric muscle contractions do not

involve a large increase in mitochondrial respiration but

result in muscle damage. Cytokine production following this

form of exercise is likely stimulated by RONS generated

from phagocytic cells and iron-catalyzed reactions in

skeletal muscle.

In a study by Childs et al. [32], untrained individuals

received a combination of vitamin C (12.5 mg/kg body

weight) and NAC (10 mg/kg body weight) for 7 days after

three sets of 10 eccentric contractions of the elbow flexors

at 80% of one repetition maximum. Plasma IL-6 increased

mildly after exercise but was not significantly different

between the supplement and placebo groups (Table 3). There

was evidence of greater oxidative stress in the supplement

group after exercise, as indicated by higher plasma concen-

trations of lipid hydroperoxides and F2-isoprostanes. These

data suggest that vitamin C and NACmight have pro-oxidant

effects under conditions of exercise-induced tissue damage.

This effect may have occurred via a reaction between

ascorbic acid and Fe3+ released from skeletal muscle, which

can result in the formation of RONS [32].

Using the same exercise protocol, this group conducted

another study to examine the efficacy of a combination of

antioxidants (300 mg mixed tocopherols, 300 mg flavonoids

and 800 mg docosahexaenoate) for 7 days before and 7 days

after exercise [90]. Plasma IL-6 concentration was relatively

low after exercise (Table 3); however, the antioxidant

supplement significantly attenuated plasma IL-6 concentra-

tion by around 80% 3 days after exercise compared with the

placebo group. The median increase in plasma C-reactive

protein concentration was also significantly smaller in the

supplement group 3 days after exercise [90].

Therefore, although similar exercise protocols were used

in each study, the effects of supplementation were different.

In the first study, the antioxidant supplement appeared to

promote oxidative stress, while it slightly reduced inflam-

mation. In the second study, the antioxidant supplement

reduced inflammation to a greater extent. These differences

may be due to the different composition of the two

supplements that were used. Alternatively, the differences

may be due to the fact that in the first study, the antioxidant

supplement was ingested after exercise, whereas in the

second study, the antioxidant supplement was ingested both

before and after exercise.
10. Influence of regular dietary intake

When interpreting the data from some of the studies de-

scribed in this review, the effect of regular dietary intake of

antioxidants is also worth mentioning briefly. Some of the

studies described recorded dietary intake of antioxidants

during the supplementation period [69,81,86,87], and some

studies instructed participants to avoid certain foodstuffs

containing large amounts of antioxidant vitamins [69,87,88].
The uptake of antioxidant vitamins from supplements is

likely to be influenced by regular dietary intake. Beyond a

certain level of dietary intake, concentrations of antioxidants

within the circulation and tissues are saturated [73,91].

Consequently, athletes with low dietary antioxidants aremore

likely to benefit from supplements [92]. The consumption of

other foodstuffs in the diet may also affect the bioavailability

of antioxidant vitamins. For example, the intestinal absorp-

tion of vitamin E is dependent on the lipid content of recently

eaten food as supplements taken with high-fat meals are

better absorbed than those consumed with low-fat meals

[74,78,80]. Therefore, because not all studies monitored or

attempted to regulate dietary intake of antioxidants during

the supplementation period, these factors could have con-

tributed to some of the variability between the studies.
11. Is antioxidant supplementation beneficial?

The equivocal nature of the research findings presented

in this review precludes us from drawing any definitive

conclusions regarding the effects of antioxidants on

inflammatory responses to exercise. Further work is needed

to improve our understanding of the relative contribution of

the various stimuli and sources of RONS during different

forms of exercise. Traditionally, sports science research has

sought methods of reducing muscle damage and enhancing

recovery, and this explains some of the interest in

antioxidant supplements. However, data from recent studies

indicate that the effects of antioxidant supplements on

exercise-induced muscle damage are variable [69,81,93–96],

which calls into question the role of RONS in the etiology

of muscle damage. RONS may instead be a by-product of

muscle damage. Importantly, RONS are now recognized as

key mediators of cellular signaling and training adaptations

[11]. Supplementation with large doses of antioxidants has

been shown to attenuate some of the cellular signals that

stimulate adaptation to exercise. For example, vitamin E

reduces the beneficial effects of exercise training on

cardiovascular risk factors such as progression of athero-

genic lesions, plasma cholesterol concentration, aortic CAT

activity and expression of endothelial nitric oxide synthase

(eNOS) [6]. Furthermore, allopurinol blocks the exercise-

induced oxidation of glutathione; the phosphorylation of

p38, ERK1 and ERK2 MAPKs; the mRNA expression

of Mn-SOD, inducible NOS and eNOS; and the activation

of NF-nB in skeletal muscle [5]. Finally, large doses of

antioxidants such as vitamins C and E may be ineffective

[97–101] or even harmful to health in some situations

[102,103]. Therefore, further work is warranted to investi-

gate if athletes should use antioxidant supplements during

training to enhance recovery and performance.
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