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Antioxidant Supplementation during Exercise Training: Beneficial or Detrimental ?
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Abstract: High levels of reactive species produced in skeletal muscle during exercise have been as-
sociated with muscle damage and impaired muscle function, whereas antioxidants are seen as the
defense against these threats. Antioxidants are among the most common sports supplements used by
amateur and professional athletes. Supporting endogenous defense systems with additional oral dos-
es of antioxidants has received much attention as a strategy to prevent or reduce oxidative stress, de-
crease muscle damage, and improve exercise performance. There have been numerous studies pub-
lished on this topic. A majority of the studies demonstrated that antioxidant supplementation would
attenuate exercise-induced oxidative stress, yet most of them reported no effects on muscle damage
and performance. Moreover, a growing body of evidence indicates detrimental effects of antioxi-
dant supplementation on health and training adaptations. This review provides an in-depth review
of literature concerning the role reactive species play in the body and the efficacy of taking antioxi-
dant supplementation for maintaining health and enhancing performance.
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to muscle damage, immune dysfunction, and fatigue ..
During the past four decades, our knowledge about the
biological implications of exercise-induced oxidative
stress has expanded rapidly. It is now appreciated that
while high levels of free radicals can damage cellular
components, low-to-moderate levels of oxidants play
multiple regulatory roles in cells such as the control of
gene expression, regulation of cell signaling pathways,
and modulation of skeletal muscle force production ™.
They can also be involved in stimulating glycogen
re-synthesis!®, reducing susceptibility to the risk of in-
fection™®, and they may even enhance athletic perfor-
mance by initiating and promoting adaptive responses to
training ™!, The extent to which reactive species are
damaging or helpful depends on the exercise duration,
intensity, fitness attributes and nutritional status of the
individual™,

Antioxidant supplementation is a common practice
amongst both professional athletes and physically active
individuals, and the market offering various nutrient
supplements is immense despite the unclear evidence of
their benefits™. Indeed, antioxidants are among the most
common sports supplements used by amateur and pro
fessional athletest™, Although these products have been
touted as a means of preventing exercise-induced oxida-
tive damage and enhancing performance, consistent evi-
dence of their efficacy is lacking. Moreover, some
studies suggest adverse effects of antioxidant supple-
mentation on the health and performance of trained in-
dividuals™®*!, There is a growing body of evidence that
the appearance of free radicals fulfils important physio-
logical functions in cells, and that a balance between
antioxidants and free radicals is necessary for desired
physiological adaptations™™2!, Thus, it becomes necessary
to evaluate the prudence of antioxidant supplementa-
tion, particularly among athletes.

This review is to provide research evidence with
regard to the efficacy of using antioxidant supplementa-
tion in improving health and sports performance. The
article begins with an overview of reactive species, an-
tioxidant defense systems, and the exercise-induced ox-
idative stress. This is then followed by a review of liter-
ature concerning the role reactive species play in medi-
ating training-induced adaptations and the effect of an-
tioxidant supplementation on exercise performance.



%A 2019 F40E E 11

Ja— R R A A R R H RS RR £k (ONOOY) , 4 O
5 NO S b7 B 7 i Jo i I o i, IR e AT 1
VR BB (Y, 12 B I F L i 4 R NOS (147 £k
FEGX 5 Rl E B A A R,

JEE W HE 2 T SO I H IR R 0 R R =
TR 23 N B LR A A I . 3 9 35 0 W] RE A iz Bl i
b [ R AR AL 23 B o I T 4R Bl
R I T AR, PT RE S N A N R N B B
iz B LA A8 B, anghas pts | LR X B 85 ) 42
L, LA A B0 WSO UL PR 22 ] £ B 482 45 b ] LA A
HE B LI

2 TEEY A TR

240 if R 4 i A1 25 T % 58 A R 1 ANIRRT N TR Y R
UG HEY T, AN IR TR MY POk R AR AR R
B AR SRR Y R EE R A
WiEE HOG YRS s 55 A I, N IR TS R
Jok IR E B, oA TE R B AR
oS R el o

PR T A B — 5643, IrA T Sl AR 4
A TE MY TR R AR BN B R R R R
AR, A6 ERE YR R T A N RE
fif HAth A 92 20w S o R AEAR TR, TR
P2 M a4, B A4 ML T e SE 3, O5 L H,0, Fil OH
RE A% R AT AT AR W R b 55 BUEEAR SR 10 57, an
PRSP 9 5T e X R i M R TV A5 19 3 9 e g I
i, TERUE L E ARy . XA R B i A
07, 2 SN D REAR B2 g 581 2 1 i
RS T A0 A A 37 sh v R B v, O T g R SR
S5O TR PERRAR I NO A DLAE AL 2 (1 5 0 ks
S, DT 5 HL T BE I 5 i 3 PR SR 521 [l BE
OH NO #11 ONOO" 1] DL fb % 17 1R, 51477 DNA, Ak
TS 25098 1 L B NO LA g 6 ILET 4 Fi i 4
PEA BRI EHIE R, &5, At 3 B e
AN M P8 T8, I Al RE B 2 T AN M T RE T B

AR A F B — i FU R 1 SR 0 A M s (R
IXRR AR R TT LR A2 B PR AR ROk R 22 1 TE B
T A SRR LA A R R v o AR A R
TR 755300 I e LA YO, Ol JLI s Y ik oY
DA By — 69 K s 5y B R 4 T A SCAE SR ¥
{45 Oy \H,0, Al NO 7 P 14 i P4 49 Jot /6 Ay 2 2 400 i
S DI REAE A A G, 2 2R AL R
PR o 3 I 1 5 T B R R A A B RN B 4
ISPl LA A ) JIL PR 18 5 0 ) 26 A B 35 g g 1o
MNITE 2 KB, 3% 26X Y kB35 B T GEARHE T H

Sport Science Research

The article also offers evidence-based recommendations
that help athletes or those who are physically active in
making a wise decision on antioxidant supplementation.

1  Production of Major Reactive Species in

Cells

The term free radical refers to reactive oxygen and
nitrogen species, which are highly reactive because of
an unpaired valence electron. In animal muscle fibers,
five main radicals have a biological impact. The first,
superoxide (Oy), is formed in mitochondria and in the
cytosol. A small amount of molecular oxygen passing
through the electron transport chain in mitochondria is
prematurely released as O, ! Superoxide can also be
formed in the extracellular space by nicotinamide ade-
nine dinucleotide phosphate hydrogen oxidase or by the
enzyme xanthine oxidase (XO) during the conversion of
xanthine to uric acid. XO is found mostly in microvas-
cular endothelial cells, but is also present in leucocytes,
which may infiltrate muscle fibers following strenuous
exercise®. The second, hydrogen peroxide (H,0,), can
be released during the hypoxanthine — xanthine — uric
acid conversion by XO, or it can be formed from O, by
superoxide dismutase (SOD) isoforms in mitochondria,
cytosol, and the extracellular space ®?1. Third, the hy
droxyl radical (- OH) is formed when O, or H,0, reacts
with metal ions such as iron or copper. The fourth rad-
ical, nitric oxide (NO-), is formed from L-arginine by
nitric oxide synthase (NOS), mainly the neuronal iso-
form (nNOS) in skeletal muscle, but also endothelial
NOS (eNOS)®#l, Lastly, the peroxyl radical, perox-
ynitrite (ONOQO), is formed in the cytosol when O, re-
acts with NO-#". Because their origins are closely linked,
increased activation of the electron transport chain and
NOS during exercise leads to elevated production of
each of these five radicals.

Substrate depletion, leading to a fall in glutathione
reductase activity, and hyperthermia, which promotes
mitochondrial uncoupling, may also contribute to free
radical production during exercise. Furthermore, tran-
sient hypoxia during anaerobic exercise leading to aci-
dosis may increase oxidative stress!®!. Finally, mechan-
ical stress of exercise, such as grinding, shearing, bend-
ing, and cutting, can itself increase free radical forma-
tion!!,
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2 Negative and Beneficial Roles of Reactive
Species

Cell s and extracellular spaces are exposed to a
large variety of reactive species from both exogenous
and endogenous sources. The exogenous sources in-
clude exposure to oxygen, radiation, air pollutants,
xenobiotics, drugs, heavy metals,
viruses, sunlight, food, and exercise. Nonetheless, ex-

alcohol, bacteria,
posure to endogenous sources is much more important
and extensive because it is a continuous process during
the life span.

Reactive species are generated by all aerobic cells
as part of normal metabolism. The effect of reactive
species plays an important role in the development of
Because of their high reactivity, reactive
oxygen species and reactive nitrogen species are able to

diseases ™1,

deform other biologically important molecules, thus
causing damage to cell structure and obstructing cell
function. Superoxide, H,O,, and -OH are able to ac-
quire the protons adjacent to double bonds in unsaturat-
ed fatty acids, such as those in cell membranes. This
begins a chain reaction of deformation to these fatty
This process, called
“lipid peroxidation”, results in poorly functioning cell

acids forming lipid peroxides.

membranes®®. The disruption of the lipid bilayer changes
fluidity and permeability of the cell membrane and may
lead to inactivity of membrane bound proteins®. NO -
can oxidize proteins and alter their structure, thereby
impairing their function and affecting genetic transcrip-
+OH, NO-, and ONOO" can oxi-
dize nucleotides causing damage to DNA, which can
lead to tumors®™!. NO- has also been suggested to have
a direct inhibitory effect on contractility in muscle
fibers®. Finally, oxidative damage also promotes inflam-
mation® and apoptosis™ and may eventually lead to de-

tion®%=31 - Similarly,

creased cellular functioning.

Although free radicals have traditionally been con-
sidered purely a threat to cells, such one-sided thinking
is beginning to be challenged. There is increasing evi-
dence to suggest that free radicals play an important
role in modulating redox-sensitive signaling pathways
on the way to muscular adaptations!. Results from sev-
eral recent studies on animals as well as some involving
athletes present the framework for a functional role of
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reactive species, including O,™, H;0,, and NO -, as im-
portant cell signals. Activation of the mitogen-activated
protein kinase signaling pathway after aerobic en-
durance training enhances mitochondrial biogenesis and
capillarization (angiogenesis), muscle hypertrophy, and
glucose transport ability™, It has been found that these
adaptations to training may be dependent on changes to
cellular redox potentials caused by free radicals™® or the
transient appearance of O, 1", as these appear to stim-
ulate the upregulation of certain important transcription
factors within this pathway.

In addition, H,O, formed from O, in the extra-
cellular space acts as a vasodilator, which can optimize
blood flow. NO- produced in endothelial cells by nitric
oxide synthase also induces vasodilation in arteries that
support the contracting muscle!, leading to an increase
in blood-flow velocity™. The resulting increase in shear
stress in the microvasculature of muscle fibers is an im-
portant stimulus for angiogenesis in muscle 1. Endoge
nous oxidant-defense is also upregulated by negative
feedback from reactive oxygen species, especially O, 14,

Free radicals may also have acute positive effects.
In low concentrations, they help maintain muscle force
productiont!. Furthermore, during the oxidative burst of
phagocytosis, macrophages release O,™, H,0,, and NO -
as part of the clearing out of damaged or dead cell ma-
terial, which helps speed the repair process!®.

3 Antioxidant Defense Systems

To counter reactive species, the body is equipped
with highly effective antioxidant defense systems.
These include non-enzymatic, enzymatic, and dietary
antioxidants. Glutathione, uric acid, lipoic acid, biliru-
bin, and coenzyme Q10 are examples of non-enzymatic
antioxidants that originate from endogenous sources and
are often by-products of cellular metabolism. Principal
enzymatic antioxidants are superoxide dismutase (SOD),
catalase, glutathione peroxidase (GPX) and glutathione
reductase, while most known examples of dietary an-
tioxidants are tocopherols(vitamin E), ascorbic acid (vi-
tamin C) and carotenoids(b-carotene). In addition, vari-
ous polyphenolic com pounds have recently been pro-
moted as nutrient antioxidants. «-Lipoic acid and phar-
maceuticals such as N-acetylcysteine and allopurinol
have also been evaluated in studies that involve antioxi-
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dant supplementation.

In human skeletal muscle fibers, several endoge-
nous enzymes and substrates work together to scavenge
free radicals. SOD reduces O, to H,O,. In the cytosol,
H,O, can thereafter be converted to water by glu-
tathione peroxidase (GPX), which oxidizes glutathione
(GSH), or one of several peroxiredoxins with the help
of thioredoxin, or to water and molecular oxygen by
catalase®. The dipeptides carnosine and anserine also
act as antioxidants by scavenging O,” and - OH,

Non-enzymatic antioxidants, which are not synthe-
sized in humans, must be obtained exogenously, and in-
clude the vitamins A(b-carotene), C(ascorbic acid), and
E (a-tocopherol), and these vitamins are also referred to
as dietary antioxidants. These substances are able to
scavenge various free radicals by proton donation. Vi-
tamin A belongs to a group of red, orange and yellow
pigments called carotenoids®. Others include a-carotene,
B-cryptoxanthin, lycopene, lutein, and zeaxanthin.
B-Carotene is the most active carotenoid; after con-
sumption it converts to retinol, a readily usable form of
vitamin A. In addition to its provitamin A function,
B-carotene is believed to have antioxidant properties®!
and may positively impact the immune system[®! and
exhibit anticancerogenic effects®™. Vitamin C is an an-
tioxidant and a co-factor in a range of essential
metabolic reactions in humans including collagen syn-
thesis®™. This water-soluble vitamin is produced endoge-
nously by almost all organisms except humans. L-
ascorbate, an ion form of ascorbic acid, is a strong re-
ducing agent and its oxidized form is reduced back by
enzymes and glutathione. Vitamin E refers to a group
of fat-soluble compounds that include tocopherols and
tocotrienols. «-Tocopherol is the most biologically ac-
tive form, and has been shown to protect the cells from
lipid peroxidation!®*! and to prevent chronic diseases
associated with oxidative stress*>®1. Its oxidized form
can be recycled back to the active form by other antiox-
idants, such as vitamin C, retinol, ubiquinol, glu-
tathione, cysteine and a-lipoic acid®.

Non-enzymatic antioxidants also include coenzyme
Q10, polyphenoals, a-Lipoic acid, and N-acetylcysteine.
Coenzyme Q10, also known as ubiquinone, is a fat-sol-
uble, vitamin-like substance, present in most eukaryotic
cells, primarily in mitochondria®™*. It is a component of
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the electron transport chain and plays a part in the ener-
gy production of a cell. Its reduced form, ubiquinol,
acts as an important antioxidant in the body. Polyphe-
nols are a group of water-soluble, plant-derived sub-
stances, characterized by the presence of more than one
phenolic group[58]. Several thousand polyphenols have
been identified and they are divided into different
groups according to their structure and complexity, i.e.,
flavonoids, lignans, stilbenes, coumarins and tannins.
Flavonoids are the largest group of phenolic com-
pounds. Fruits and vegetables are a particularly rich
source of polyphenols. For instance, red wine contains
various polyphenolic compounds, which have been
shown to possess pharmacological properties in the
treatment of chronic diseases!®™®!, «-Lipoic acid is an
organosulfur compound derived from octanoic acid. It
is an essential co-factor of the four mitochondrial en-
zyme complexes, therefore, is crucially involved in aer-
obic metabolism. «-Lipoic acid may have potent an-
tioxidant potential and can recycle vitamin E®; howev-
er, its accumulation in tissues is limited. N-acetylcys-
teine is a by-product of an endogenously synthesized
antioxidant glutathione. It is a cysteine derivative and
plays a role in glutathione maintenance and metabolism.
Given its antioxidant property, N-acetylcysteine has
been used as a nutritional supplement!®,

The body is protected against oxidative stress by
both endogenous and exogenous antioxidants. More
specifically, a coordinated network of enzymatic and
non-enzymatic antioxidants exists in both the intracellu-
lar and extracellular locations to remove radicals before
they damage proteins, lipids, or DNA. Enzymatic an-
tioxidants are cellular proteins that catalytically remove
reactive species to protect against oxidative stress.
Non-enzymatic antioxidants, such as glutathione or an-
tioxidants contained in food, can eliminate radicals by
means other than a catalytic reaction. To provide opti-
mal protection against radical-mediated damage, both
enzymatic and non-enzymatic antioxidants are strategi-
cally compartmentalized (e.g., organelles vs. membrane
vs. cytosol) throughout the cell™. The balance between
antioxidants and oxidants (i.e., radicals) is commonly
referred to as “redox balance” and is illustrated in Fig-
ure 1. Oxidative stress results from an imbalance be-
tween antioxidants and oxidants; this occurs when radi-
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cal pro duction exceeds the antioxidant capacity. In
contrast, reductive stress occurs when the antioxidant
capacity greatly exceeds the rate of radical production.

4  Exercise—Induced Oxidative Stress

During contraction, skeletal muscle is a major
source of reactive species, as well as one of the main
targets [, Exercise increases VO, by up to 20 times
above resting values®. In the mitochondria of exercis-
ing muscle cells, this translates to a 200-fold greater
oxygen usage!®. Exercise induced oxidative stress was
first described in the late 1970s when increased levels
of lipid peroxidation products were found in the expired
air of exercising humans™! and the tissues of exercised
rats’®!, In 1982, Davies et al.'® provided the first direct
evidence that high-intensity exercise significantly in-
creased radical production in the muscles and liver of
rats and caused damage to mitochondrial membranes.
It was suggested that this could, at the same time, de-
liver a stimulus to mitochondrial biogenesis. However,
the majority of early studies focused on the damaging
effects of oxidants in muscle and looked for the poten-
tial benefits of antioxidants.

Over the last 30 years, an understanding of the
sources and consequences of exercise-related reactive
species has advanced markedly. Emerging evidence in-
dicates that contraction-induced radical production oc-
curs primarily in the cytosol of the muscle and the mag-
nitude of this production is influenced by factors, such
as environmental conditions and the intensity and dura-
tion of exercise *%1. Specifically, skeletal muscle radi
cal production increases as a function of both the exer-
Moreover, contracting
skeletal muscles produce more radicals during exercise

cise intensity and duration.

in a hot environment and during work at high altitude
(i.e., ~4 000 meters)® 1, Therefore, the magnitude of
exercise-induced muscle radical production can range
widely depending upon the exercise conditions.
Although contracting skeletal muscles produce rad-
icals, exercise bouts do not always result in oxida tive
damage to skeletal muscles. For example, low-intensity
and short-duration exercise does not generally promote
oxidative stress in skeletal muscles®. Nonetheless, pro-
longed endurance exercise performed at moderate-
to-high intensities often results in oxidative damage to
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skeletal muscles of untrained individuals. In addition,
repetitive eccentric con tractions, if unaccustomed in
particular, place skeletal muscle under considerable
stress that may cause muscle damage!*™!. Damaging
exercise also induces an inflammatory response, which
further increases formation of reactive speciest™. How-
ever, these studies often lack the information about the
subjects’ redox status and therefore fail to provide evi-
dence for the causal role of reactive species in muscle
damage. Highly-trained endurance athletes have well-
adapted endogenous antioxidant buffer systems in their
skeletal muscles that can resist exercise-induced oxida
tive stress!“l. Therefore, whether an exercise bout re-
sults in oxidative stress is dependent upon several fac-
tors, including the intensity and duration of exercise as
well as the exercise training status of the individual.

5 Reactive Species and Exercise Training

Adaptations

Cells adapt to increased free radicals production to
become more resistant to the adverse effects of oxida-
tive stress. It has to be emphasized, however, that the
effects of a single bout of exercise and regular exercise
are quite different. Regular physical activity brings
about numerous beneficial effects and the body adapts
to elevated oxidant levels, whilst with acute exercise,
the adaptation is only marginal. Acute adjustment in-
volves increased vasodilation to enhance blood flow and
fuel transport and a kinetic shift via the allosteric activi-
ty of enzymes, which may not be sufficient to restore
oxidant-antioxidant homeostasis ®!. Long-term stimula
tion of endogenous defense mechanisms requires the
continuous presence of physiological stimuli that main-
tain a certain degree of pro-oxidative milieu, and effec-
tively overload the antioxidant systems [™!. With exer
cise training, the body adapts to exercise-induced oxida-
tive stress and becomes more resistant to subsequent
oxidative challenges. This is achieved through a num-
ber of different mechanisms, such as upregulation of re-
dox-sensitive gene expression and antioxidant enzymes
levels™ an increase in enzyme activity™ ™ stimula-
tion of protein turnover™, improvement in DNA-repair
systems 7 increased mitochondrial biogenesis®, and
increased muscle content of heat shock proteins 7!,
These adaptation can positively affects remodeling of
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skeletal muscle after injury and attenuate inflammation
and apoptosis!-&-1,

Moderate levels of reactive species appear neces-
sary for various physiological processes, whereas an ex-
cessive radical production can cause oxidative damage.
This may be described by the concept of hormesis, a
dose-response relationship in which a low dose of a
substance is stimulatory or beneficial and a high dose is
inhibitory or toxic!®!. The adaptive response of mito
chondria to increased formation of reactive species is
termed mitochondrial hormesis or mitohormesis®™!. The
hormetic action of reactive species could represent a
mechanism underlying the health and performance ben-
efits of regular physical activity®™. This can be seen in
the role of reactive species as endogenous regulators of
skeletal muscle function. Reactive species appear obli-
gatory for optimal contractile activity. Muscle myofila-
ments, such as myosin and troponin, and proteins in the
sarcoplasmic reticulum are redox-sensitive, which gives
reactive species the ability to alter muscle contractiont®,

Based on Reid’s model for the role of redox state
on muscle force production,
species can be described by a bell-shaped curve as

responses to reactive

shown in Figure 2!%%1 At baseline, low levels of free
radicals appear to be suboptimal for the contraction of
unfatigued muscle. The data from Reid’s studies sug-
gest modest augmentation in reactive species causes
muscle force to increase, while antioxidants deplete oxi-
dant levels and depress force. At higher radical concen-
trations, this is reversed and force production decreases
in a time- and dose-dependent manner®®1,

6 Is Antioxidant Supplementation Beneficial?

It is common practice for athletes to use antioxi-
dant supplements with the notion that they prevent the
deleterious effects of exercise-induced oxidative stress,
hasten recovery of muscle function, and improve perfor-
mance 3-8 At the present, nutritional supplements
containing antioxidants are widely available for pur-
chase both in retail stores and from Internet vendors.
Common antioxidants offered by supplement companies
include vitamin E, vitamin C and [-carotene. Many
other antioxidant products exist including grape ex-
tracts, resveratrol, lutein, ly copene, alpha lipoic acid,
green tea complexes and numerous others. Studies re-
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veal that the incidence of antioxidant supplementation
varies from country-to-country and across different seg-
ments of the population. Nonetheless, the use of antiox-
idant supplements is high around the world, as one
study reported that ~62% of junior track and field ath-
letes use nutritional supplements, with multivitamins
and minerals being the most popular®.

Supporters of antioxidant supplementation for en-
durance athletes reason that because rigorous exercise
training results in increased damaging radical produc-
tion in skeletal muscles, antioxidant supplementation is
essential to protect skeletal muscle fibers against oxida-
tive damage. This notion is supported by experimental
evidence demonstrating that vitamin C supplementation
sufficiently blunts exercise-induced free radical produc-
tion®1,  Another argument used to support antioxidant
supplementation is that many endurance athletes have
diets that are deficient in antioxidants®l. Athletes who
regularly restrict energy intake, have severe weight-loss
practices, eliminate certain food groups or consume un-
balanced diets are at the greatest risk for vitamin defi-
ciency. Only a handful of dietary antioxidants have a
designated Recommended Dietary Allowance (RDA).
The RDAs for these include: vitamin C - 90 mg for
men and 75 mg for women, vitamin E - 15 mg, and se-
lenium - 55 pg. Therefore, supplementation with an
antioxidant could be beneficial for individuals who con-
sume a diet low in one or more of these antioxidants;
however, consultation with a dietitian before beginning
a supplementation regimen is advised.

There are several arguments against antioxidant
supplementation for endurance athletes. First, there is
no evidence that exercise-induced radical production in
skeletal muscle is harmful to human health. It is well
established that regular exercise reduces all-cause mor
tality and therefore, it seems unlikely that exercise-in-
duced radical production is unhealthy™. Further, regu-
lar endurance exercise training promotes increased en-
zymatic antioxidants in muscle fibers resulting in im-
proved endogenous protection against exercise-mediated
oxidative damage!*!. Hence, this training-induced in
crease in endogenous antioxidants may be adequate to
protect against oxidative damage from other sources.
Finally, if an endurance athlete maintains an isocaloric
diet that is nutritionally well-balanced, it is likely that
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the individual does not need supplementary antioxidants
above those consumed in the diet. These considerations
have been acknowledged by experts in this field and
American College of Sports Medicine®*",

Perhaps the strongest arguments against antioxidant
supplementation for endurance athletes are the follow-
ing. First, new studies reveal that antioxidant supple-
mentation can prevent exercise-induced adaptations in
Compelling evidence indicates that
exercise-induced production of reactive species serves

skeletal muscle!®1,

as a required signal to promote the expression of nu-
merous skeletal muscle proteins including antioxidant
enzymes, mitochondrial proteins, and heat shock pro-
teinst*®1, Another argument against antioxidant supple-
mentation in athletes is that much of the current re-
search does not support the notion that antioxidant sup-
plementation is beneficial to human health. For exam-
ple, a meta-analysis of 68 randomized antioxidant sup-
plement trials(total of 232 606 human participants) con-
cluded that dietary supplementation with beta-carotene,
vitamin A, and vitamin E does not improve health out
comes and may increase mortality!®!. This detailed re-
port concluded that the roles of vitamin C and selenium
on human mortality are unclear and require further
study before a recommendation can be rendered.

7 Research Evidence — Antioxidant Supple-

ments as Ergogenic Aids

There has been a general inconsistency of out-
comes when investigating the role of antioxidant supple-
mentation in exercise performance with the majority of
the studies reporting no benefits. In the early 1970s,
Sharman et al.!™! showed that supplementation with vi-
tamin E had no beneficial effect on endurance perfor
mance of adolescent male swimmers. Moreover, the
placebo group demonstrated greater improvements of
cardiorespiratory function with exercise training com
pared with the antioxidant group, which may be the
first report of the unfavorable effect of supplementation.
In the studies that followed, vitamin E proved ineffec-
tive in improving performance in swimmers*™, profes
sional cyclists 2 nonresistance-trained men ™!, col-
lege athletes™™!, and marathon runners*®l, Furthermore,
vitamin E supplements had no additive effect beyond
that of aerobic training on indices of physical perfor
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mance in a group of older sedentary adults™*”. Supple-
mentation with coenzyme Q10 did not exhibit any sig-
nificant effects on exercise performance of men %)
regardless of their age and training status. Despite the
presumption that antioxidants work synergistically and
may therefore be more efficient in combating oxidative
stress, combinations of vitamins E, C, coenzyme Q10
and other vitamins and minerals failed to improve the
exercise performance of competitive male runners ™,
cyclists 12151 triathletes ™+, soccer players™&*, resis
tance-trained men!™®! ultra-endurance runners!*®!, and
moderately trained men!,

On the other hand, there have been a number of
studies showing positive but modest effects of antioxi-
dant supplementation on physical performance. Coen-
zyme Q10 was associated with improved VO, and
threshold of professional
cross-country skiers that resulted in an increased exer

aerobic and anaerobic
cise capacity and a faster recovery rate™!, Similarly,
supplementation with coenzyme Q10 indicated benefi-
cial effects on performance, fatigue sensation, and re-
covery during fatigue-inducing exercise trials in both
untrained volunteerst™*>! and trained individuals "*%!,
Vitamin E supplementation was also shown to have a
beneficial effect on the performance of climbers at high
altitude™! and endurance performance of sled dogs™".
In two early studies, supplementation with vitamin C
was associated with an improved exercise capacity of
untrained male students™®! and athletes™. In a study
by Aguilo et al.™! male athletes supplemented with a
combination of vitamin E, C and B-carotene exhibited
lower blood lactate levels after a maximal exercise test
and a greater increase in VO, after 3 months of exer-
cise training than the placebo group.

There have been a number of investigations show-
ing the performance enhancing effects of polyphenols,
including quercetin®®*1, resveratrol™!, and polyphenolic
compounds from grape extract™ and beetroot juice™ 4,
Emerging evidence suggests that the antioxidant poten-
tial of phenolic compounds is unlikely to be the sole
mechanism responsible for their protective action,
which could also be mediated by their interaction with
various key proteins in the cell-signaling cascades [,
These findings, however, are far from reaching a con-
sensus as there are studies showing conflicting results.



B P AN EAA) A BB

o

?

For example, quercetin supplementation has been
shown to have no ergogenic effects in sedentary indi-
viduals®2*® or cyclists™4, 1t was also found that resver-
atrol did not improve muscle force output and muscle
fatigability in mice subjected to electrically stimulated i-
sometric contractionst*®!. Interestingly, in a study by
Marshall et al.™], vitamin C was shown to slow racing
greyhounds.

More recently, it has been suggested that acute ad-
ministration of N-acetylcysteine may delay human mus-
cle fatigue during prolonged submaximal exercise.
Medved et al.™! have studied the effect of N-acetylcys-
teine on muscle fatigue and performance in untrained
men. Although N-acetylcysteine was shown to modu-
late blood redox status during high-intensity intermittent
exercise, it did not affect time to fatigue. This same re-
search group also observed no effect of NAC infusion
on time to fatigue during prolonged exercise in a group
of mixed trained and untrained but physically active in
dividuals!™®, In this same study, however, the antioxi-
dant improved regulation of plasma K* concentration
and it was suggested the ergogenic effect of N-acetyl-
cysteine depends on an individual’s training status ™!,
Finally, N-acetylcysteine infusion during prolonged sub-
maximal exercise was reported to augment time to fa-
tigue in a group of well-trained individuals, possibly by
increasing muscle cysteine and glutathione availability™.
A potential side effect is that the consumption of NAC
can produce nausea in some individuals. Therefore,
N-acetylcysteine supplementation may not improve en-
durance performance in those athletes who experience
nausea when using this supplement. Importantly, the
long-term health effects of supplementation with
N-acetylcysteine remain unknown.

The popularity of antioxidant supplements with
athletes has led to a plethora of small research studies
in this area. However, these studies varied considerably
in terms of research design, exercise protocol, popula-
tion groups, supplementation regimen and analysis
methods, which made this issue still remained inconclu-
sive. Many of the studies evaluating the effects of an-
tioxidants on exercise performance were of low quality
with small subject numbers, and some of them did not
adhere to all the accepted features of a high-quality trial
(e.g. placebo-controlled, double-blind, and randomiza-
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tion). As such, caution is needed when evaluating the
efficacy of using an antioxidant sup plement as an er-
gogenic aid.

8 Research Evidence — Interferences of An-

tioxidant Supplementation with Training

Recently, questions have been raised about the ef-
ficacy of high doses of exogenous antioxidants such as
vitamins C and E during endurance training, with sever-
al studies suggesting that these may actually be counter-
productive (82411111 - As mentioned earlier, it has been
considered that reactive oxygen species play an impor-
tant signaling role for adaptation of endogenous antioxi-
dant systems and for mitochondrial genesis and angio-
genesis. When radical appearance is overly suppressed,
these signals may therefore be weakened or abolished.

One response to the elevated oxidative stress asso-
ciated with exercise is increased oxidant defense via up-
regulation of powerful antioxidant enzymes like SOD
and GPX. However, antioxidant supplementation may
discourage such adaptations by interfering with the radi-
cal-mediated signal™*!. This is especially the case when
athletes are involved in high-intensity training during
which radical production is particularly high. Knez et
al. ™ reported significantly greater oxidative damage
following half or full ironman triathlons in athletes who
took antioxidant supplements than in those who did not.
Similarly, the challenges faced by energy production
systems during training stimulate enhance exercise ca-
pacity through increased mitochondrial mass and capil-
lary density of muscle fibers and improved provision
and utilization of substrate. Here, too, place bo-con-
trolled studies with animals and humans have provided
strong evidence that oral antioxidants including vitamin
C can interfere with exercise-induced signaling and sub-
sequent expression of the mitochondrial enzyme cy-
tochrome c, which is representative of mito chondrial
volume!® and improvements to insulin sensitivity ['*!,
Additionally, in humans involved in an endurance train-
ing program, acute supplementation of vitamins C (1 g)
and E (600 IU) seemed to prevent exercise-induced va
sodilation™!, which can blunt the blood flow-induced
stimulus for angiogenesis. Angiogenesis can also be
prevented if NO - release from eNOS is blocked [,
In the study by Gomez-Cabrera et al.®, mean improve-
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ment in VO2max was about twice as great in humans
who received a placebo than in those who received vi-
tamin C at 1 g-day™

Another instance of antioxidant supplementation
interfering with training is when muscle injury occurs,
such as after intense, unaccustomed, and especially ec-
centric exercise. Vitamins C and E have been shown to
delay healing and recovery of strength, and increase ox-
idative stress after such muscle-damaging exercise®5*>4,

Collectively, it appears that over-dominant radical
scavenging can actually reduce training stimuli and ef-
fectiveness by suppressing the radical-dependent signal
for adaptation (Figure 3). Such findings are intriguing
from the standpoint of athletes and coaches who wish
to improve performance capacity through training.
Could it be that many are unknowingly counteracting
training effectiveness through ordinary practices such as
consuming an antioxidant-rich recovery drink after an
endurance training session or taking a daily multivitam
in?

9 Practical Implications

The outcomes of supplementation studies have im-
portant implications for nutritionists, physicians, practi-
tioners, athletic trainers, coaches, and athletes, as well
as for the general population. Evidence that high doses
of antioxidants preclude health-promoting effects of ex-
ercise training and interfere with radical-mediated physi-
ological adaptations suggest caution in the use of an-
tioxidant supplements. The following recommendations
are developed based on the current research evidence
and should help guide those who consider taking antiox-
idant supplements for maintaining health or enhancing
performance:

(1)Physically active individuals need to optimize
their nutrition rather than use supplements.

(2)Diets rich in antioxidants should be attained by
consuming a variety of fruits, vegetables, whole grains,
and nuts.

(3)Whole foods, rather than capsules, contain an-
tioxidants presented in beneficial ratios and numerous
phytochemicals that may act in synergy to optimize the
effect of antioxidants.

(4)Antioxidants exist in small quantities in foods
and therefore, there is limited risk of an antioxidant
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“overdose” by consuming a diet rich in fruits and veg-
etables. However, the ingestion of megadose of antioxi-
dant via dietary supplements can increase the risk of
toxicity and negative health consequences.

(5)Antioxidant supplementation may be warranted
when individuals are exposed to high levels of oxidative
stress, restrict their energy intake, use severe weight
loss practices, eliminate one or more food groups from
their diet, or consume unbalanced diets with low mi-
cronutrient density.

(6)There are certain circumstances in which an
tioxidant supplementation is probably advantageous,
such as overtraining, muscle injury, tournaments, com-
petitions, and high-altitude training camps, since radical
production is intensified and endogenous defense weak-
ened.

(7)1t has been demonstrated that supplementation
with common dietary antioxidants (i.e., vitamins E and
C) does not improve exercise performance or accelerate
recovery from exercise.

(8)Treatment with the antioxidant N-acetylcys
teine has been shown to improve human exercise per-
formance during submaximal exercise. However, N-
acetylcysteine is associated with nausea in some indi-
viduals and the long-term effects of supplementation
with N-acetylcysteine remains unknown.

(9)Careful product evaluation is required prior to
adopting an antioxidant regimen, which should be clini-
cally supervised and should only represent a short-term
solution.

10 Conclusions

Exercise promotes radical production in the work-
ing muscles and prolonged/intense exercise can produce
an imbalance between radical production and muscle
antioxidants resulting in oxidative stress. To protect a-
gainst the radical-mediated damage, muscle cells con-
tain endogenous antioxidants to scavenge radi cals.
Moreover, exogenous antioxidants obtained from the di-
et work with endogenous antioxidants to form a sup-
portive network of cellular pro tection against radi-
cal-mediated oxidative stress. The question of whether
or not athletes should use antioxidant supplements re-
mains an important and highly debated topic. At pre-
sent, there is limited scientific evidence to recommend
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antioxidant supplements to athletes or physically active
individuals who consume the recommended nutrients
through diet. In fact, high doses of antioxidants may
preclude health-promoting effects of exercise training
and interfere with radical-mediated physiological adap-
tations. Antioxidant supplements generally do not im-
prove sports performance and there is little proof to
support their role in prevention of exercise-induced
muscle damage and enhance ment of recovery. Those
who seek to augment their antioxidant intake should
consider whole foods rather than cap sules and should
be aware of the fact that an overdose of antioxidants
can be detrimental to health and performance.
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