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Vigorous exercise generates large amounts of reactive oxygen species (ROS) as a result of the con-
sumption of large volumes of O2 in athletes, causing some athletes to consume antioxidants in the
erroneous belief that this will counteract the damaging effects of ROS. There is currently no convincing
evidence to support the benefits of antioxidant supplementation in acute physical exercise and exercise
training. On the contrary, exogenous antioxidants prevent some physiological functions of free radicals
that are needed for cell signaling, causing higher dosages of antioxidants to hamper or prevent
performance-enhancing and health-promoting training adaptation such as mitochondrial biogenesis,
skeletal and cardiac muscle hypertrophy, and improved insulin sensitivity. However, there remains the
perception that antioxidants can counterbalance oxidative stress and benefit exercise adaptation and
performance in athletes. It is likely that the negative effects of high doses of antioxidant supplementation
exceed their potential benefits. We discuss some proposed pathways of potential side effects of exoge-
nous antioxidant supplementation in athletes.

© 2022 The Society of Chinese Scholars on Exercise Physiology and Fitness. Published by Elsevier
(Singapore) Pte Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Antioxidants are commonly consumed by athletes as a nutritional
strategy with purported benefits, as indicated by reports from the
American College of Sports Medicine (ACSM) that over 50% of elite
endurance and male collegiate athletes consumed doses of antioxi-
dant supplements daily that were higher than the recommended
daily allowance (RDA).1 Consumption of antioxidants is largely based
on their presumed benefits against exercise-induced oxidative stress
and so prevent or minimize free radical mediated harms on skeletal
muscle damage and muscle fatigue.2 Frequent beliefs are that anti-
oxidants are unlikely to be toxic since they are often “natural prod-
ucts”, and that they mitigate the harmful effects of reactive oxygen
species (ROS) on cell structure and function. This misconception is
based on the erroneous assumption that an accumulation of reactive
oxygen and nitrogen species (RONS) levels represents a “biochemical
accident” that can be prevented by antioxidants, and that RONS fulfill
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no beneficial physiological functions. Instead, there ismuch evidence
that RONS have important roles in physiological signaling pathways
that regulate response to acute and repeated bouts of exercise.3 For
example, oxidative stress induced by physical exercise is essential to
training adaptation, which can be negated by the use of antioxi-
dants.4 Physical exercise augments ROS levels, which in turn in-
creases gene expression of signaling pathways involved in cell
proliferation and adaptation.5

Antioxidants are often used based on intuition and without a
complete understanding of the multiple functions of ROS to coun-
teract the damaging effects of free radicals, with most studies on
the benefits of antioxidants in athletes undertaken in the 1970's
and 1980's.6 However, the late 1990's heralded an increased un-
derstanding of ROS biology, where free radicals (e.g., nitric oxide,
superoxide, hydrogen peroxide) were shown to be important
components of the complex signaling network of cells.7 The
appropriate balance between antioxidants and free radicals is
necessary prerequisite for obtaining physiological adaptation.8e10

This raises a concern about the use of antioxidants in attenuating
or even negating the beneficial roles of ROS in normal cell signaling,
particularly in athletes.
ublished by Elsevier (Singapore) Pte Ltd. This is an open access article under the CC
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2. Rethinking the role of RONS in exercise

The “free radicals” concept was first introduced by Gomberg in
190011 followed by Kharach who suggested that free radicals could
participate in chemical reactions.12 The free radical theory was first
proposed by Harman in 1956.13 Later advances in molecular biology
and free radical research techniques led to great progress in our
understanding of free radical biology. Dillard first introduced free
radical theory to the field of sports science in 1978,14 and the
important role of free radicals in exercise-induced fatigue subse-
quently attracted great attention.15

Free radicals are atoms or molecules containing one or more
unpaired electrons in their outer rings or valency shells, and are
produced inmitochondria, endoplasmic reticulum, nucleus, plasma
membrane and vacuoles. The oxygen and nitrogen are converted
into reactive oxygen and nitrogen species after obtaining unpaired
electrons, including superoxide anion, hydroxyl radical, hydrogen
peroxide, nitric oxide and nitrogen dioxide. RONS are very reactive
and unstable, usually attack body tissues, glands, cell membranes
and biological macromolecules, etc., and cause oxidative damage.
In particular, there is a clear correlation between oxidative stress
and physical activity.16

Sedentary lifestyles are characterized by increased oxidative
stress resulting from RONS derived from a lower mitochondrial
density due to a lack of movement. Lower levels of physical activity
reduce ATP demand and leads to an accumulation of electrons in
the mitochondrial respiratory chain. Increased ROS levels damage
mitochondria, causing the nucleus to release transcription factors
for the generation of new healthy mitochondria; this process cre-
ates an inflammatory condition, leading to programmed cell
death.17

The association between exercise and free radical generation
was discovered in the late 1970s.18 Strenuous exercise generates
RONS as a consequence of metabolism within the mitochondria
during muscle contraction.19 Early studies reported that ROS pro-
duction led to oxidative damage in the muscle during and after
exercise,20 with later studies confirming that ROS production plays
a key role in regulating signals required for muscle adaptation in
response to exercise.21 For example, the degree of physiological
adaptation (i.e., maximal oxygen uptake (VO2 max), time trials, and
Wingate tests) was greater in the “moderate” and “high” groups
than in the “low” exercise-induced oxidative stress group.22 Redox
balance is maintained within physiological limits in most exercise
conditions to minimize potential oxidative damage and limits the
need for supplementation with exogenous antioxidants; however,
intense and prolonged exercise (usually over-train or overreach)
increases production of RONS and elicits a deleterious redox envi-
ronment leading to impaired exercise capacity and health.23

Optimized regular exercise upregulates endogenous antioxidant
systems and reverses the deleterious effect of RONS.24 Chronic
exercise augments oxidative stress inmuscles and other cells due to
a 10- to 15-fold increase in oxygen consumption associated with
exercise.25 The constant oxidative stress produced by chronic ex-
ercise causes well-trained athletes to have amore highly developed
endogenous antioxidant system capacity, such as increases in su-
peroxide dismutase and glutathione peroxidase to cellular accu-
mulation of free radicals.26

RONS generated during exercise stimulate two important redox-
sensitive signaling pathways: nuclear factor k B (NF-kB) and
mitogen activated protein kinase (MAPK). Activation of these
pathways leads to induction of antioxidant enzymes including
mitochondrial superoxide dismutase (Mn SOD) and glutathione
peroxidase (GPX) as well as inducible nitric oxide synthase.27 There
will be minimal damage to skeletal muscle structure and sports
performance if RONS levels do not exceed the capacity of
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endogenous antioxidant to maintain redox homeostasis.28 How-
ever, excess free radical levels produced during and after strenuous
exercise (e.g. over-train or overreach) causes muscle damage, fa-
tigue and decreased performance29 (Fig. 1). Several studies re-
ported detrimental effects of antioxidant supplementation on
exercise capacity (Fig. 1 and Table 1).

3. Antioxidants supplementation in exercise

Athletes often take antioxidants supplementation to prevent the
harmful effects of exercise-induced oxidative stress and enhance
exercise performance. Proper antioxidants supplementation may
be beneficial under some circumstances, such as overtraining,
overreach, muscle damage, and high-altitude or hypoxic training.
Earlier studies suggested that supplementation with vitamin E
improved exercise performance in climbers at high altitudes30 and
also the athletic performance of sled dogs,31 while supplementa-
tion with vitamin C improved exercise performance in untrained
college students32 and athletes.33 Moreover, a combination of vi-
tamins E and C increased aerobic capacity after long-term exercise
training.34

However, more recent studies do not support the idea that
antioxidant supplementation is beneficial to human health35e37

and exercise adaptation.38e42 Furthermore, high doses of exoge-
nous antioxidants disturb the balance between free radicals and
endogenous antioxidant mechanisms and alters physiological
adaptive responses.43 Supplementation with antioxidants nega-
tively impacts exercise capacity, adaptive gene expression and
protein synthesis to alter skeletal muscle and cardiovascular
health44 (Table 1).

4. Potential negative effects of exogenous antioxidants on
exercise adaptation

In general, antioxidants can be divided into either RONS
sequestrants (such as vitamin C, vitamin E, and vitamins C plus E) or
Nrf-2 activators (such as resveratrol and flavonoids). Consuming
excessive amounts of antioxidants during exercise training para-
doxically increases muscle fatigue and delays recovery.46 A general
mechanism by which chronic ingestion of high doses of these an-
tioxidants can scavenge free radicals and prevent the activation of
Nrf2 is illustrated in Fig. 2.

4.1. RONS scavengers

Exogenous RONS scavengers can reduce the negative ROS/RNS
effects, but can also impede physiological signaling acticated by
ROS/RNS related to cellular adaptation to exercise, such as signal
transduction cascades (e.g., Nrf2) and calcium signaling activated
by lipid peroxidation.58,59 Vitamin C and other RONS scavengers
prevent the transient elevation of RONS and therefore prevent the
activation of Nrf2 and inositol triphosphate system triggered by
lipid oeroxidation induced by increases in ROS.

4.1.1. Vitamin C
Vitamin C (ascorbic acid or ascorbate) is a water-soluble anti-

oxidant that is able to react with numerous ROS derivatives.
Ascorbic acid scavenges free radicals such as O2-, H2O2, OH�, and
aqueous peroxyl radicals, and undergoes two-electron oxidation to
dehydroascorbic acid, with intermediate formation of the relatively
unreactive ascorbyl radical. The RDA for vitamin C is 75 mg/day for
adult females and 90 mg/day for adult males, and the Tolerable
Upper Intake Level (UL)is set at 2000 mg/day for adults. Excessive
levels of vitamin C are excreted by the kidneys.60

The earliest study of the effects of vitamin C on athletic



Fig. 1. Sedentary, appropriate exercise, over-train and redox hemostasis.

Table 1
Potential harms of high doses of antioxidants supplementation on exercise adaptation in athletes.

Antioxidants Protocol Exercise Design Potential harms References

Vitamin C 1 g/d, 8 wk Static bicycle,65e80% VO2max, 40 min/d, 3d/w, 8 wk Randomized,
double-blind

Reduced mitochondrial biogenesis;
Decreased exercise-induced adaptation

Gomez-C, 200845

1 g/d, 2 wk Motorised treadmill, �15% decline,60% VO2max,
30min

Randomized,
double-blind

Delayed post-exercise recovery. Close,200646

1 g/d,3 wk High-intensity hilly training, 2e3 times/w, 3 wk Randomized,
double-blind

Increased oxidative stress Braakhuis, 201447

1 g/d,3 wk steady state ride (60min), performance ride (30min);
70%VO2max

Cross-over Increased plasma monoaldehyde levels Bryant,200348

Vitamin E 400IU/d, 6wk Swimming, 4 sessions/w, 6 wk Randomized,
double-blind

Decreased exercise-induced adaptation Sharman, 197149

1200IU/d, 2wk a one-repetition maximum (RM); a 10RM resistance
exercise

Randomized Increased lipid peroxidation. McBride, 199850

800IU/, 8wk triathlon Randomized,
double-blind

Increased oxidative stress Nieman, 200451

>or ¼ 400IU/d N/A Meta-analysis Increased all-cause mortality Miller,200552

Vitamin
C þ E

(Vit C 1g þ Vit E
400IU)/d, 4wk

biking or running (20 min), circuit training (45 min);
5d/w, 4 wk

Randomized,
double-blind,
controlled

Decreased exercise-induced adaptation Ristow,200953

Vit C 1g þ Vit E
235 mg/d, 11wk

high-intensity interval sessions; steady state
continuous sessions (30e60 min); 3e4 sessions/w,
11 wk

Randomized,
double-blind,
controlled

Reduced mitochondrial biogenesis Paulsen, 201454

Vit C 0.5g þ Vit E
400IU/d, 16wk

Cycling; 5 times/w, 12wk Randomized,
double-blind,
controlled

Increased oxidative stress Yfanti,201255

Vit C 1 g/d þ Vit E
235 mg/d, 3 wk

30s all-out cycling sprints, 4e6 repetitions, 3 sessions/
wk,3wk

Randomized,
double-blind,
controlled

Blunted sprint interval training-
induced exercise adaptation

Wyckelsma,202056

Resveratrol 250 mg/d, 8 wk cycle ergometer (twice a week), Crossfit (once a
week); 8wk

Randomized,
double-blind,
controlled

Blunt exercise-induced improvements
in cardiovascular health parameters

Gliemann, 201357
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performance appeared promising.61 However, high concentrations
of vitamin C can act as a pro-oxidant agent and stimulate lipid
peroxidation, suggesting that vitamin C is not ergogenic.47,48 Po-
tential negative effects of vitamin C supplementation in athletes
include:

(1) Decreased exercise-induced adaptation. Supplementation
with vitamin C hampers training induced adaptations in
endurance performance. A double-blind randomized
controlled trial by Gomez-Cabrera et al. compared the
effectiveness of eight weeks of endurance training in a group
that was supplemented with an oral dose of 1 g of vitamin C
271
as compared to a placebo treated group. Athletes not sup-
plemented with vitamin C had an eleven percent greater
improvement in VO2max, suggesting that vitamin C supple-
mentation prevents crucial cellular adaptations to exercise.45

(2) Delayed post-exercise recovery. The effects of vitamin C
supplementation on ROS production and delayed-onset
muscle soreness (DOMS) following downhill running were
investigated by Close et al.30. Participants were assigned to
one of two groups: an ascorbic acid group receiving 1 g of
ascorbic acid 2 h before and for 14 days after downhill
running, and a placebo treated group. While both groups
experienced DOMS and impaired muscle function post-



Fig. 2. Antioxidants negating the benefits of oxidative stress in exercise-induced
adaptation.
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exercise, those receiving ascorbic acid also experienced
delayed recovery, suggesting that vitamin C could hinder
post-exercise recovery of muscle function.46

(3) Increased lipid peroxidation. Supplementation with 1 g/d of
vitamin C for 3 weeks increased plasma monoaldehyde
levels (marker of oxidative stress resulting from lipid per-
oxidation) after cycling for 90 min.48

(4) Diminished mitochondrial biogenesis. Long-term adminis-
tration of high doses of vitamin C inhibits skeletal muscle
adaptation to endurance training and attenuates improve-
ments of endurance performance. The adverse effects of
vitamin C on exercise adaptation were cause by reduced
expression of transcription factors involved in mitochondrial
biogenesis, such as peroxisome proliferator-activated re-
ceptor gamma coactivator-1 alpha (PGC-1), nuclear respira-
tory factor 1 (NRF-1), and mitochondrial transcription factor
A (TFAM)45 which are all activated by exercise induced in-
creases in RONS.

Intake of vitamin C fromdietary sources are unlikely to share the
deleterious effects that occur with the use of supplements because
antioxidants in foods are biochemically balanced in that they are
part of a combination of redox agents in oxidized and reduced
forms; this balance may be lacking in exogenous supplements.62

Vitamin C levels in food products usually ranges from 24.12 mg/
100g to 217.52 mg/100g and are unlikely to reach the concentra-
tions found in exogenous supplements.
4.1.2. Vitamin E
Vitamin E (tocopherol and tocotrienol) is a lipid-soluble chain-

breaking antioxidant present in cell membranes. Vitamin E is
capable of scavenging lipid-derived peroxyl radicals, and like
vitamin C, appears to react relatively poorly with H2O2. The RDA for
vitamin E is 15 mg/day (~22 international units (IU) from natural
sources or 33 IU from synthetic sources), and the UL is set at
1000 mg/day (1500IU), with the amount of vitamin E related to
levels of dietary polyunsaturated fats. Tocopherol (vitamin E) is the
main chain-breaking antioxidant in lipids, plasma, and red cells.63

There are only a few studies on the effects of consuming high
doses (or chronic consumption) of vitamin E on exercise
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performance. Potential negative effects of high doses of vitamin E
supplementation in athletes include:

(1) Decreased exercise-induced adaptation. Supplementation
with vitamin E (400 IU/day for 6 wk) did not improve
endurance performance in a study reported by Sharman et al.
Moreover, the placebo-treated group demonstrated greater
improvements of cardiorespiratory function with exercise
training compared with the antioxidant group, which could
be the first report of the unfavorable effects of supplemen-
tation with antioxidants.49

(2) Increased lipid peroxidation. Supplementation with natural
vitamin E for two weeks (992 mg/d) increased levels of thi-
obarbituric acid-reactive substances (by products of lipid
peroxidation) following high intensity resistance training.50

(3) Increased oxidative stress. A randomized, double blind
involving thirty-eight ironman triathletes who received
vitamin E (800 IU/day alpha-tocopherol) or placebo for 2
months reported that vitamin E increased oxidative stress by
promoting lipid peroxidation and inflammation.51

(4) Increased all-cause mortality. There is a positive association
between increased high-sensitivity C-reactive protein (hs-
CRP levels, marker of inflammation) and high-doses of
ingested vitamin E (400 IU/day or more), which is probably
responsible for an increase in all-cause mortality in
women.52
4.1.3. Combination of vitamins C and E
Vitamin C assists in recycling of cellular vitamin E and acts

synergistically to affect H2O2-based redox signaling through its
competition with SODs, suggesting that consuming a combination
of vitamin C and E can help protect against lipid peroxidation
damage such as increasing the leakiness of cell membranes.64,65

Potential negative effects of high doses of vitamin C plus vitamin
E supplementation in athletes include:

(1) Decreased exercise-induced adaptation. A study of the ef-
fects of a combination of vitamins C and E on insulin sensi-
tivity in previously untrained and trained healthy young
men, consumed before and after a four-week exercise
intervention period, reported that exercise-induced ROS
production improved insulin resistance and augmented
adaptive responses that promoted natural antioxidant de-
fense capacity. Supplementation with a combination of vi-
tamins C and E to reduce exercise-dependent ROS formation
abolished the health-promoting effects of exercise.66 Other
studies also suggest that 12 weeks of supplementation with
high-doses of a combination of vitamin C and E (vitamin C
1000 mg/day and vitamin E 600 mg/day) blunted the in-
creases in total lean andmuscle thickness normally observed
after resistance training.67

(2) Reduced mitochondrial biogenesis. Treatment with a com-
bination of vitamin C (1000 mg/day) and vitamin E (235 mg/
day) for 11 weeks blunts increases in cytochrome c oxidase
subunit IV (COX4, a mitochondrial marker) and cytosolic
peroxisome proliferator-activated receptor-g co-activator 1a
(PGC-1a), which are important for improving muscular
endurance and exercise performance.54

(3) Increased oxidative stress. Supplementation with a combi-
nation of vitamin C and E increased levels of lipid peroxi-
dation (marker of oxidative stress) in ironman triathletes,
suggesting a pro-oxidative effect of the supplementation.68

Other studies also reported that supplementation with a
combination of vitamin C and E increased plasma protein
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oxidation and lipid peroxidation in well-trained subjects,55

leading to greater oxidative damage in half- and full-
ironman triathlons athletes. Athletes in the latter study
consumed high doses of the antioxidants for prolonged pe-
riods (vitamin C: 1095 ± 447 mg/day for 4.9 ± 4.7 yr; vitamin
E: 314 ± 128 mg/day for 5.6 ± 5.2 yr).68 Thus, These studies
suggest that supplementation with high-doses of a combi-
nation of vitamin C and E can lead to a loss of adaptation of
physiological and/or biological changes due to exercise.

In addition, it is important to note that minerals and trace ele-
ments, especially selenium, are widely consumed as micronutrient
supplements by approximately 50% of athletes.69 The RDA for se-
lenium is 55 mg/day and the UL is set as 400 mg/day for adults.
Indeed, selenium is an essential component of selenoproteins and
plays an important role in maintaining the normal function of the
important antioxidant enzyme glutathione peroxidase (GPx).70 Of
interest is that treating with sodium selenite (200 mg/day) for 3
weeks significantly increased GPx and further reduced plasma lipid
hydroperoxide levels immediately postexercise in overweight
healthy individuals.71 However, a clinical trial reported that sele-
nium supplementation had no beneficial effects on exercise
training-induced adaptation and athletic performance in youth.72

Of note are studies reporting that selenium supplementation
dampens the rate of exercise-induced mitochondrial density,73e75

which represents mitochondrial adaptations to chronic and acute
exercise and which is an important predictor of aerobic capacity of
athletes. To summarize, there is a lack of studies showing clear
beneficial effects of selenium supplementation on athletic perfor-
mance. However, given the potential of adverse effects of selenium
on exercise-induced mitochondrial adaptations and the possible
safety issues at high doses, selenium is not a recommended
candidate of antioxidant supplementation in athletes.

4.2. Nrf2 activators

Excessive antioxidant levels lead to reductive stress.76 Reductive
stress is the opposite of oxidative stress, and partly arises from
excessive activation of Nrf2 leading to disorders of the cardiovas-
cular, neurological, neoplastic and metabolic systems. Chronic
reductive stress can induce oxidative stress, which in turn stimu-
lates greater reductive stress formation by positive feedback
regulation.77

Persistent activation of Nrf2, as in the casewith high and chronic
doses of Nrf2 activators, can lead to reductive stress. A recent study
shed some light on Nrf2 signaling in defective autophagy. Auto-
phagy describes cell adaptation to stressful conditions caused by
degrading defective or redundant proteins, and aggregates cellular
organelles to be repurposed for energy supplies to promote cell
survival.78,79 Autophagy and oxidative stress are reciprocally
linked. In addition to regulation by Keap1, levels of active Nrf2 are
also regulated by autophagy and p62, a ubiquitin binding protein
acting as a scaffold for several protein aggregates and which trig-
gers their degradation through proteasomes or lysosomes via
autophagy.80

Autophagy degrades p62 under normal conditions. Oxidative
stress upregulates p62 levels, with resultant sequestration of Keap1
and activation of Nrf2 and Nrf2-dependent antioxidant gene
expression. In addition, oxidative conditions also activate NFkB
consequent to p62 upregulation and TNF receptor-associated factor
6 (TRAF6) complex formation, to activate antioxidant-defense gene
expression.81 There is an accumulation of p62 in autophagy-
defective cells and tissues, causing P62 to bind and sequester
Keap1 in aggregates, resulting in the constitutive activation of Nrf2
and antioxidant defenses. Elevated Nrf2 levels generates reductive
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stress leading to muscle atrophy and myopathy.27

4.2.1. Resveratrol
Resveratrol, an activator of Nrf2, is a naturally occurring anti-

oxidant present in red wine that can offer cardiovascular protection
by reducing oxidative stress and non-esterified fatty acid levels.82

At low concentrations (0.5 mM), resveratrol enhances endothelial
NO production through a caveolae-dependent mechanism
involving p42/44MAPK activation, while higher doses (25 mM) of
resveratrol exert dose-related pro-oxidant effects, causing mito-
chondrial damage and endothelial cell deathmediated by CYP2C983

and down-regulation of Akt phosphorylation.84 A randomized
double-blinded study reported that treating 14 healthy aged men
with resveratrol (250 mg/day) for 8 weeks blunted high-intensity
exercise training gains in maximal oxygen uptake, mean arterial
pressure, triglyceride concentrations, low-density lipoprotein, and
several other cardiovascular health parameters.57

4.2.2. Herbal antioxidants
The use of herbal supplements by athletes has increased greatly

during the past decade.85 Herbal products extracted from seeds,
gums, roots, leaves, bark, berries, or flowers, contain phytochemi-
cals such as carotenoids and polyphenols, including phenolic acids,
alkaloids, flavonoids, glycosides, saponins, and lignans which are
thought to provide health benefits. Epidemiological studies suggest
that increased intake of dietary flavonoids is associated with a
reduced risk of chronic diseases, including some cancers and car-
diovascular diseases.86

Several studies highlight the role of herbal supplements in
reducing exercise induced oxidative stress in athletes.60 However,
herbal supplements also possess pro-oxidant activities when
consumed in high doses or when metal ions are present; their pro-
oxidant and/or antioxidant activity are dose dependent.87 Pro-
oxidative activities of several polyphenols, such as quercetin, cat-
echins, and gallic acid, occur in cell models.88 Cell survival and
viability, thiol content, total antioxidant capacity, and SOD, CAT, and
GST activities are reduced by quercetin at concentrations as low as
50 mM.89 Quercetin (50e250 mM) causes cytotoxicity, damage to
DNA, apoptosis, and production of respiratory bursts, resulting in
the generation of O2- and H2O2.90 High concentrations of phenolic
antioxidants have pro-oxidant activities when transition metal ions
such as iron and copper are present, forming chelators and
reducing the antioxidant capacity.91

Phenolic antioxidants are converted to phenoxyl radicals, which
in biological systems, can be the basis of a cascade of pro-oxidative
events that are characterized first by autoxidation of a diphenol or
polyphenol, concomitant with a univalent reduction of molecular
oxygen, followed by dismutation of the O2- formed, and subsequent
formation of hydroxyl radicals in a Fenton-type reaction.92 These
diphenolic compounds are more cytotoxic than monophenolic
substances because they produce larger quantities of reactive ox-
ygen metabolites in the extracellular space.93 Quercetin can also
interfere with mitochondrial biogenesis by decreasing mitochon-
drial copy number via decreased DNA polymerase subunit gamma
(POLG) expression and excessive mitochondrial transcription factor
A (TFAM) expression in irradiated murine bone marrow; these ef-
fects are not observed during total body irradiation without
quercetin.94

Remarkably, the use of herbal antioxidants as the exogenous
supplementation, do not have the recommended dietary allowance
and the tolerable upper intake level in human. Moreover, the
mechanisms of action of most herbal antioxidants are still not fully
understood, including their potential beneficial effects on athletic
performance, side effects, optimal dosage, and misuse. Clearly,
more detailed research is need to understand the role of herbal
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supplements in antioxidant defenses and performance in athletes.
Thus, herbal antioxidants are not currently recommended for
athletes.

5. Summary

The consumption of antioxidants produces dose-related effects,
with beneficial effects occurring at low doses and negative effects
occurring when high doses are consumed.95 The negative effects of
antioxidant supplementation occurwhen consuming doses that are
5e17 times greater than the RDA, while doses of antioxidants based
on the RDA may be sufficient to maintain the body's antioxidant
defenses, even for competitive endurance athletes.96

There are potential negative effects related to consuming high
doses of antioxidants by athletes and individuals participating in
regular exercise.97 Long-term administration of high doses of an-
tioxidants inhibits redox-sensitive signaling pathways, and reduces
exercise-induced physiological adaptations such as mitochondrial
biogenesis, improved antioxidant capacity, increased insulin
sensitivity, and muscle hypertrophy.98e100

In conclusion, ingestion of supposedly “healthy “compounds,
such as antioxidants, vitamins and some herbal compounds can not
only be ineffective but could also aggravate oxidative stress in
athletes. Thus, athletes should be advised to avoid consuming high-
doses of antioxidants for extended periods as this can potentially
inhibit exercise induced physiological adaptations of skeletal
muscle and cardiovascular health.
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