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Mitochondria-targeted antioxidant ")
supplementation improves 8 km time trial ™
performance in middle-aged trained male
cyclists

S. C. BroonlgA. J. Braakhbi€. J. Mitchéland T. L. Merty

Abstract

Background: Exercise increases skeletal muscle reactive oxygen species (ROS) production, which may contribute to
the onset of muscular fatigue and impair athletic performance. Mitochondria-targeted antioxidants such as MitoQ,
which contains a ubiquinone moiety and is targeted to mitochondria through the addition of a lipophilic
triphenylphosphonium cation, are becoming popular amongst active individuals as they are designed to

accumulate within mitochondria and may provide targeted protection against exercise-induced oxidative stress.
However, the effect of MitoQ supplementation on cycling performance is currently unknown. Here, we investigate
whether MitoQ supplementation can improve cycling performance measured as time to complete an 8 km time

trial

Method: In a randomized, double-blind, placebo-controlled crossover study, 19 middle-aged (age: 44 + 4 years)
recreationally trained (Y£ak 58.5+ 6.2 ml-kd-min *, distance cycled per week during 6 months prior to study
enroliment: 158.3 + 58.4 km) male cyclists completed 45 min cycling at Z3%%dDowed by an 8 km time trial

after 28 days of supplementation with MitoQ (20 mg-dagnd a placebo. Freg-Boprostanes were measured in
plasma samples collected at rest, after 45 min cycling at 7Q%.\¥4hd after completion of the time trial.
Respiratory gases and measures of rating of perceived exertion (RPE) were also collected.

Results:Mean completion time for the time trial was 1.3% faster with MitoQ (12.91 + 0.94 min) compared to
placebo (13.09 + 0.95 mim= 0.04, 95% CI [0.05, 2.64},0.2). There was no difference in RPE during the time trial
between conditionsg = 0.82) despite there being a 4.4% increase in average power output during the time trial
following MitoQ supplementation compared to placebo (placebo; 270 £ 51 W, MitoQ; 280 2 53W4, 95% CI
[0.49, 8.224 = 0.2). Plasma-isoprostanes were lower on completion of the time trial following MitoQ
supplementation (35.89 + 13.6 pg-Micompared to placebo (44.7 + 16.9 pg-hp = 0.03).

Conclusion: These data suggest that MitoQ supplementation may be an effective nutritional strategy to attenuate
exercise-induced increases in oxidative damage to lipids and improve cycling performance.

Keywords: ROS, Mitochondria, Antioxidant, Performance, Oxidative stress

* Correspondenceé:merry@auckland.ac.nz

lDiscipline of Nutrition, School of Medical Sciences, University of Auckland,
Private Bag 92019, Auckland, New Zealand

*Maurice Wilkins Centre for Molecular Biodiscovery, University of Auckland,
Auckland, New Zealand

Full list of author information is available at the end of the article

© The Author(s). 20Z0pen AccessThis article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licencéttpsitcreativecommons.org/licenses/by/4.0/

The Creative Commons Public Domain Dedication wdittpr/(creativecommons.org/publicdomain/zero/}.@pplies to the

data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12970-021-00454-0&domain=pdf
http://orcid.org/0000-0001-8699-500X
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Broomeet al. Journal of the International Society of Sports Nutrition (2021) 18:58

Introduction

Oxygen-derived radical and non-radical species, collect-
ively referred to as reactive oxygen species (ROS), are
continuously produced by skeletal muscle [1]. High
levels of ROS production in cells may overwhelm the en-
dogenous antioxidant defense network resulting in dam-
age to cellular proteins, lipids and DNA and impaired
cellular function. Chronic oxidative stress is deleterious
to muscle function [2] and has been associated with the
pathogenesis of several diseases, including cardiovascular
disease [3] and type 2 diabetes [4]. Interestingly, while
regular exercise is known to promote a wide range of
health benefits, it also results in an acute increase in
ROS levels systemically and in skeletal muscle [1].

Despite the traditional view that ROS are primarily
harmful molecules, more recent evidence has shown that
transient and physiological exercise-induced increases in
skeletal muscle ROS production are required for optimal
contractile function [5, 6]. Furthermore, some studies
have shown that antioxidant supplementation can at-
tenuate exercise-induced redox signalling and training
adaptations [7-9], which may translate to impaired
training-induced improvements in performance [10-12].
However, while exercise-induced ROS play an important
role in adaptation, acute exposure to O~ and H,O, can
impair sarcoplasmic reticulum calcium release and myo-
fibrillar calcium sensitivity resulting in the development
of muscular fatigue [13-16]. Thus, increasing the cap-
acity of skeletal muscle to neutralise ROS by using ex-
ogenous antioxidant supplements has received much
attention as a potential strategy to delay the onset of
muscular fatigue and improve athletic performance. Sev-
eral general antioxidants such as N-acetylcysteine and
vitamin C and E have been studied for their effectiveness
as ergogenic aids. While the results have been mixed, if
not mostly disappointing [17, 18], there is some evidence
to support the use of antioxidant supplements to im-
prove performance. Vitamin C and N-acetylcysteine
have been shown to improve performance when they are
used to reverse a particular antioxidant deficiency [19].
Furthermore, N-acetylcysteine appears to inhibit muscu-
lar fatigue when infused intravenously during [15, 16] or
immediately before exercise [20], and acute oral supple-
mentation with N-acetylcysteine has been shown to im-
prove performance during repetitive handgrip exercise
[21] and repeated bouts of running [22].

Multiple enzymes and organelles within skeletal
muscle generate ROS during exercise. NADPH oxidase
enzymes are thought to be the primary source of
exercise-induced O, /H,O, since the increase in ATP
demand during exercise decreases O,-~ production by
mitochondria [18, 23]. While total mitochondrial O,-~
production decreases during exercise, mitochondria con-
tinue to produce O, at complex I under conditions
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mimicking aerobic exercise [23] and this may contribute
to the development of fatigue. Coenzyme Q10 supple-
mentation has gained considerable attention as a dietary
strategy with the potential to improve athletic perform-
ance as coenzyme Q10 plays an essential role in mito-
chondrial bioenergetics and acts as an antioxidant within
plasma membranes [24]. However, accumulation of co-
enzyme Q10 within mitochondria is limited due to its
high molecular weight and low aqueous solubility, which
may explain why studies investigating the ergogenic ef-
fects of coenzyme Q10 supplementation have produced
mixed results [18].

Mitochondria-targeted coenzyme Q10, known as
Mitoquinone (MitoQ), consists of a ubiquinone moiety
conjugated to a lipophilic triphenylphosphonium cation.
The triphenylphosphonium cation facilitates the accu-
mulation of MitoQ within mitochondria 100-1000-fold
compared to that found in the cytoplasm, a process that
is driven by the plasma and mitochondrial membrane
potentials [25, 26]. Within mitochondria, MitoQ is re-
duced by complex II to ubiquinol, which prevents lipid
peroxidation directly by acting as a chain-breaking anti-
oxidant and indirectly by recycling the a-tocopheroxyl
radical to its active form [27, 28]. Williamson et al. [29]
recently showed that MitoQ protects against exercise-
induced increases in mitochondrial DNA damage; how-
ever, the effects of MitoQ on athletic performance are
unknown. The aim of this study was to investigate
whether MitoQ supplementation could improve the time
taken to complete an 8 km cycling time trial, which was
selected because antioxidant treatment has previously
been shown to improve performance during very high
intensity, short duration cycling [15]. Therefore, it was
hypothesized that MitoQ would improve 8 km cycling
time trial performance compared to placebo.

Methods

Participants

Twenty-two healthy middle-aged, recreationally trained
male cyclists were recruited via advertisements. Three
participants withdrew from the study due to injury
(Fig. 1), and results are presented for the 19 participants
who completed all study visits. Participant characteristics
are given in Table 1, and training records indicated that
participants cycled 158.3 + 58.4 km per week on average
during the 6 months prior to their enrollment in the
study. Participants were non-smokers, free of injury and
chronic illnesses including cardiovascular and metabolic
disease, not taking medication that may influence cycling
performance and had not taken antioxidant supplements
within 8 weeks of study enrollment. All participants pro-
vided written informed consent before the commence-
ment of the study. The study was approved by the
Northern Health and Disability Ethics Committee (New
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CONSORT Guidelines

Fig. 1 CONSORT flow chart. This figure shows the flow of patients through the trial according to the criteria recommended in the

Zealand) (18/CEN/136) on 3rd September 2018, regis-
tered with the Australia New Zealand Clinical Trial
Registry (ACTRN12619000451101) on 19th March 2019
and conducted in accordance with the ethical standards
laid down in the Declaration of Helsinki.

Experimental design

The study was a double-blind, placebo-controlled cross-
over design (Fig. 2). Participants attended the laboratory
at The University of Auckland, New Zealand on five

Table 1 Participant characteristics

Characteristics Mean f = 19)
Age (years) 44 + 4
Height (cm) 178.2+ 4.8
Weight (kg) 78.5+10.2
BMI (kg/rf) 247+ 2.4
VQpear(ml-kg -min %) 58.5 + 6.2
Power output at V@ eak(W) 398 + 40
Power output eliciting 70% YQaw(W) 224 + 28

Values are mean + SD

occasions over 15 weeks between March and December
2019 to complete an incremental test to exhaustion
(VOgpeak), two familiarisation rides and two performance
trials on a stationary cycle ergometer (Velotron, Racer-
Mate, Seattle, WA). The performance trial consisted of
45 min cycling at a fixed workload eliciting 70% VOypeak
followed by an 8 km time trial. All tests were performed
under normal laboratory conditions (temperature:
22.18+1.24°C, relative humidity: 39.82 +6.18%) and
were supervised by the same researcher who was blinded
to the experimental condition. Consistent encourage-
ment was provided across time trials in the form of pre-
determined verbal phrases every 0.5 km.

Incremental test to exhaustion (VQpear)

On the first laboratory visit, participants completed an
incremental ramped exercise test on a cycle ergometer
to determine VOycar. The handlebars and seat were po-
sitioned to match that of the participant’s own bike, and
this setup was the same for all subsequent trials. The
test protocol started at 125 W and increased at a rate of
25 W-min~ ' until voluntary exhaustion. Participants
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Fig. 2 Study timeline4) and performance trial procedurd® (

pedalled at a self-selected cadence between 70 and 90
rpm, and the test ended when cadence dropped below
70 rpm for more than 10s. VOy,e Was determined as
the highest 30-s average value attained using a metabolic
system (Parvo Medics True One 2400, Sandy, UT) and
workload corresponding to VOypeaic Was recorded.

Supplementation

In a double blind, placebo-controlled design, partici-
pants were randomized by an independent researcher
to two groups, which would determine the order in
which they received MitoQ (mitoquinone mesylate 20
mg-day” ', Alaron; Nelson, New Zealand) and an iden-
tical placebo (Alaron [tapioca powder, precipitated sil-
ica and microcrystalline cellulose 101]). Order and
sequence effects were controlled for through counter-
balancing. Tablets were dispensed into unmarked bottles
by the independent researcher who performed the ran-
domisation, and these bottles were given to the researcher
conducting the trial for distribution to participants. The
researcher conducting the trial remained blinded through-
out data collection. Participants were instructed to con-
sume one tablet per day orally 30 min before breakfast for
28 days before completing the first performance trial. The
selection of a 28-day supplementation period was in-
formed by previous human research [30]. After a 6-week
washout period, participants crossed over into the other
treatment group before completing the second perform-
ance trial. Supplementation adherence was monitored by
oversupplying the participants with tablets and counting
the number of tablets returned at each performance trial.

Performance trial

Participants arrived at the laboratory at 8am having
abstained from alcohol consumption and exercise for
the preceding 48 and 24'h, respectively. Participants

rested in a supine position for 15 min before the collec-
tion of a resting blood sample. A standardized warm-up
was completed, which involved cycling for 5 min at 100
W, followed by 1min at 50, 60, 70, 80 and 90% peak
power output (determined during the VOype, test), then
5min at 100 W. Participants then cycled at a workload
that elicited 70% VOopear for 45 min. Rating of perceived
exertion (RPE) was measured using the Borg scale (6-20),
and respiratory gases were collected at 15- and 30-min for
3 min. Participants then immediately completed an 8 km
time trial, which they were instructed to finish in the
shortest time possible. The time trial mode of the cycle
ergometer allowed for the use of self-selected gearing.
Visual feedback, including distance and time elapsed,
speed, power and cadence was provided for the first
0.8 km of the time trial, after which the only feedback
visible was the distance completed. During the time trial,
RPE was measured at 2, 4 and 6 km. Blood samples were
collected immediately after completion of the 45 min
cycling at 70% VOgpeax and the time trial (Fig. 1b).

Blood sample collection and analysis

On arrival at the laboratory, a cannula was inserted into
an antecubital forearm vein. At each blood sampling
time point, 10 ml of blood was collected into a vacutai-
ner tube containing EDTA, whilest 5ml of blood was
collected into a tube containing EDTA, butylated hy-
droxytoluene and reduced glutathione for later analysis
of plasma F,-isoprostanes. Blood samples were centri-
fuged at 2000 g for 10 min at 4°C and plasma was recov-
ered and stored at —80°C for later analysis. Plasma
lactate, glucose, non-esterified fatty acid (NEFA) and tri-
glyceride concentration were measured using a Roche
C311 autoanalyser (Roche, Mannheim, Germany) by en-
zymatic colorimetric assay. Free F-isoprostanes were
measured in plasma using a commercial ELISA kit
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(Cayman Chemical, Ann Arbor, MI, USA) according to
the manufacturer’s instructions.

Dietary intake

Participants were instructed to consume their habitual
diet and record their diet in a food diary for 3 days be-
fore the performance trials. The participant’s food diary
for the first performance trial was copied and returned
to them so that they could replicate this diet for the sec-
ond, crossover performance trial. Standard evening and
breakfast meals were provided for consumption on the
night before and morning of each performance trial. The
evening meal consisted of a chicken and pesto pasta
(548 kcal, 75 g carbohydrate, 43 g protein, 9 g fat, Muscle
Chow; Auckland, New Zealand), while the breakfast
meal consisted of two 86 g One Square Meal bars (694
kecal, 90.4g carbohydrate, 16.7g protein, 23.3g fat,
Cookie Time Limited; Christchurch, New Zealand). Par-
ticipants were instructed to consume the breakfast meal
90 min before the start of the performance trial.

Habitual training load

Participants were asked to maintain a consistent and ha-
bitual training load throughout the study and to prepare
for each performance trial as if it was a competitive
event. The duration and mean power output of all train-
ing sessions were recorded using the exercise tracking
application Strava and the participant’s own devices.

Statistical analyses

Statistical analyses were performed using Prism 8
(GraphPad Software, Version 8), with statistical signifi-
cance determined as p <0.05. Data are presented as
means + SD unless otherwise specified. Prior to analysis,
data were assessed for normality using the D’Agostino &
Pearson test, and all followed a Gaussian distribution. A
paired-samples t-test was used to assess the difference in
time taken to complete the time trial following MitoQ
and placebo supplementation, which was the primary
outcome measure in this study. Paired-samples t-tests
were also used to analyse differences in power output
during the time trial, heart rate during cycling at 70%
VOgpears and average daily training duration, mean
power output during each training session and adher-
ence to the supplementation protocol during MitoQ and
placebo supplementation phases. Two-way (time x treat-
ment) repeated measures ANOVA with Holm-Sidak’s
post hoc analysis were used to analyse VO,, RER, RPE,
and carbohydrate and fat oxidation rates during cycling
at 70% VOopeak. Power output during each km of the
time trial, RPE during the time trial and plasma glucose,
NEFA, triglyceride, lactate and F,-isoprostane concentra-
tion were also analysed using two-way (time x treat-
ment) repeated measures ANOVA with Holm-Sidak’s
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post hoc analysis. The relationship between resting F,-
isoprostanes and exercise-induced changes in F,-isopros-
tanes and change in time to complete the time trial
following MitoQ supplementation compared to placebo
were analysed using linear regression. Linear regression
was also used to analyse the association between power
output during the time trial and plasma lactate concen-
tration on completion of the time trial following MitoQ
and placebo supplementation. Effect sizes were calcu-
lated using Cohen’s d and interpreted using the follow-
ing quantitative statements, >0.2 small, >0.5 medium
and > 0.8 large. Uncertainty in the estimate of the effect
on time trial performance and plasma F,-isoprostanes is
expressed as 95% confidence intervals (CI).

Results

Supplementation adherence was > 90% and there was no
difference in supplementation adherence during MitoQ
and placebo supplementation periods (placebo; 94 +
10%, MitoQ; 95 £ 6% p = 0.80). No side effects of supple-
mentation were reported. A similar average daily train-
ing duration (placebo; 41.56+ 20.12min, MitoQ;
46.33+ 21.15min, p =0.17) and mean power output
during each training session (placebo; 169 +56 W,
MitoQ; 172 £43 W, p =0.75) were recorded during the
placebo and MitoQ supplementation phases. Further-
more, there was no difference in nutritional intake
during the 3 days preceding MitoQ and placebo supple-
mented trials (total energy intake, placebo; 6449 + 2108
keal, MitoQ; 7176 + 2825 kcal, p = 0.17, carbohydrate in-
take, placebo; 550 + 270 g, MitoQ; 679+492¢g, p =0.24,
fat intake, placebo; 313 + 123 g, MitoQ; 316 + 158 g, p =
0.90, protein intake, placebo; 344 + 114 g, MitoQ; 353 +
112g, p =0.63).

Fixed-load cycling

During cycling at 70% VOgpeas @ similar VO,, RER,
carbohydrate and fat oxidation and RPE were observed
following MitoQ and placebo supplementation (Table 2).
Heart rate during cycling at 70% VOqpea Was not differ-
ent between supplementation conditions (placebo; 151 +
16 bpm, MitoQ; 153 + 13 bpm, p = 0.34).

8 km cycling time trial performance

Time to complete the 8 km time trial was 1.3% faster fol-
lowing MitoQ supplementation (12.91 + 0.94 min) com-
pared to placebo (13.09+ 0.95min, p =0.04, 95% CI
[0.05, 2.64], d =0.2, Fig. 3a-b), indicating improved per-
formance following MitoQ supplementation. Consistent
with this, 12 out the 19 participants completed the time
trial faster following MitoQ supplementation compared
to placebo (Fig. 3c). The mean increase in average power
output during the time trial following MitoQ supple-
mentation compared to placebo was 4.4% (placebo;
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Table 2 Physiological response to cycling at a fixed load, RER, carbohydrate and fat oxidation rates and RPE at 15 and 30 min
during 45 min cycling at 70% YQax

Placebo MitoQ

15min 30 min 15min 30min
VG (ml-kg “min %) 406 4.1 41.8+ 4.4 405+ 5.2 41.4+52
RER 0.89 = 0.04 0.90 = 0.04 0.89 = 0.03 0.89 £ 0.03
Carbohydrate oxidation (g-mif) 2.84+0.84 2.98 + 0.82 2.74 £ 0.59 2.87 £ 0.60
Fat oxidation (g-mint) 0.55+ 0.23 0.54 + 0.23 0.58 + 0.17 0.56 + 0.14
RPE 13113 138+1.7 128+ 1.6 13.7+18

Values are mean = SD; RER, respiratory exchange ratio; RPE, rating perceived exertion

270 + 51 W, MitoQ; 280 + 53 W, p =0.04, 95% CI [0.49,
8.22], d =0.2, Fig. 4a). Moreover, a significant main ef-
fect of treatment was observed when comparing average
power output during each km of the time trial (p <
0.001, Fig. 4b). Despite the difference in power output,
there was no difference in RPE between the supplemen-
tation conditions during the time trial (Fig. 4c).

Blood measures

A complete set of blood samples were collected from 16
participants due to technical issues with cannulas for
three participants (Fig. 2). Plasma glucose, NEFA and
triglyceride concentration increased during exercise
(main effect for time p <0.01), and this was not affected
by MitoQ supplementation (p >0.05 for treatment and
interaction effect; Fig. 5a-c). Plasma lactate concentra-
tion increased (p <0.001) during exercise, and post-hoc
analysis indicated that the main effect for treatment (p =
0.01) was a result of increased plasma lactate concentra-
tion post-exercise following MitoQ supplementation
(12.09 + 413 mmol-L™ ') compared to placebo (10.27 +
4.45 mmol-L™ %, p = 0.04, Fig. 5d). Further analysis revealed
that there was no significant difference in the slope of the
linear regression lines for the association between power

concentration on completion of time trial following
MitoQ vs placebo supplementation, indicating that the in-
creased plasma lactate concentration during the MitoQ
trial was the result of the increased power output.

Lipid peroxidation

A main effect of time and a time x treatment interaction
were observed for plasma F,-isoprostanes (p <0.05,
Fig. 6a), with post hoc analysis revealing that plasma F,-
isoprostanes were 18.31% lower on average on comple-
tion of the time trial following MitoQ (35.89 + 14.02
pg-ml™ ') compared to placebo supplementation (44.68 +
17.50 pg-ml™ ', p = 0.03, 95% CI [7.29, 29.32], d = 0.6, Fig.
6a). There was no association between resting plasma
F,-isoprostanes or exercise-induced changes in plasma
F,-isoprostanes during the performance trial and change
in time to complete the time trial following MitoQ supple-
mentation compared to placebo (p > 0.05, Fig. 6b and c).

Discussion

The production of ROS by skeletal muscle during exer-
cise is associated with the onset of muscular fatigue and
a reduction in athletic performance [14]. Our study pro-
vides evidence to suggest that oral supplementation of

output during the time trial and plasma lactate the mitochondria-targeted antioxidant MitoQ can
A B c
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Fig. 3 Mean time to complete the time trial following 6 weeks of placebo and MitoQ supplementajiomefcent change in time to complete
time trial with MitoQ compared to placebo, data are presented as mean + 98)6 &lid individual percent change in time to complete the
time trial with MitoQ compared to placebo (each grey bar represents one individuélp € 0.05 vs placebo for paired-sampi¢est,n = 19
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Fig. 4 Mean power output during the time trial following 6 weeks of placebo and MitoQ supplementajioméan power output during each
km of the time trial B), mean RPE at 2, 4 and 6 km during the time Gjal{ata are presented as mean + SD. Two-way repeated-measures
ANOVA effects are given in figures armpl<0.05 vs placebo for paired-sampigest,n = 19

improve cycling time trial performance in middle-aged,
recreationally trained male cyclists. The improvement in
time trial performance observed in this study occurred
along with an attenuation of exercise-induced increases
in plasma F,-isoprostanes by MitoQ.

This is the first study to investigate the effect of MitoQ
supplementation on cycling performance. Several studies
have described improvements in cycling performance
following supplementation with non-mitochondria-

targeted coenzyme Q10 [31-34], which may improve
performance by acting as an antioxidant within skeletal
muscle mitochondria. However, accumulation of orally
ingested coenzyme Q10 within mitochondria is limited
by its poor bioavailability, which may explain why sev-
eral others have failed to show improved performance
following coenzyme Q10 supplementation [10, 35-38].
Indeed, supplementation with coenzyme Q10 is often in-
effective at increasing its concentration within skeletal

for post hoc vs placebo at the same time pomt 16

Fig. 5 Mean plasma glucos@), NEFAB), triglyceride@ and lactate[d) concentration at rest (pre), after 45 min cycling at 70%e4@45 min)
and after the time trial (post). Data are presented as mean + SD. Two-way repeated-measures ANOVA effects are given ingdig@.€% and
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