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Exercise involving lengthening muscle actions, such as downhill running, results in delayed onset muscle soreness (DOMS), which may be attribu-

table to reactive oxygen species (ROS). Although exercise causes oxidative stress, any link between ROS and DOMS remains speculative. There is

emerging evidence to suggest that ROS play an important physiological role, assisting in the recovery process and protecting the cell from future

damage; however, this has not been fully established. Despite this uncertainty as to the precise role of ROS, attempts to prevent post-exercise ROS

production through antioxidant intervention are still common. The study investigated the effects of ascorbic acid supplementation on ROS pro-

duction and DOMS following downhill running. Subjects were assigned to two groups. The ascorbic acid group (group AA) received 1 g ascorbic

acid 2 h pre-, and for 14 d post-downhill running, whilst the placebo group (Pl group) received a placebo. Blood samples were drawn pre-sup-

plement, pre- and post-exercise, and then 1, 2, 3, 4, 7 and 14 d post-exercise for analysis of ascorbate, malonaldehyde and total glutathione.

DOMS was assessed using a visual analogue scale and pressure algometry. Muscle function was assessed using isokinetic dynamometry.

Plasma ascorbate was elevated throughout in group AA compared with the Pl group. Downhill running resulted in DOMS in both groups.

Muscle function was impaired post-exercise in both groups, although a delayed recovery was noted in group AA. Malonaldehyde increased 4 d

post-exercise in the Pl group only. Ascorbic acid supplementation attenuates ROS production following downhill running, without affecting

DOMS. Furthermore, ascorbic acid supplementation may inhibit the recovery of muscle function.

Reactive oxygen species: Exercise: Eccentric muscle torque: Antioxidants: Muscle damage

Unaccustomed or excessive exercise often results in the sen-
sation of muscular discomfort and pain that is characterised
by its delay in onset and has been termed ‘delayed onset
muscle soreness’ (DOMS) (Newham et al. 1983). DOMS is
often first noticed 24 h post-exercise and presents as a dull
ache similar to that of a bruise. Despite extensive research
into DOMS, the underlying causes and methods of prevention
remain unresolved (Close et al. 2005).

We have previously demonstrated that 30 min of downhill
running at a sub-maximal intensity results in muscle damage
and a significant increase in reactive oxygen species (ROS)
production and subsequent lipid peroxidation in the days fol-
lowing the exercise (Close et al. 2004). This increase in
lipid peroxidation was speculated to be due to phagocyte-
derived superoxide (O2

z2) production resulting in the sub-
sequent formation of the more potent hydroxyl radical
(zOH). However, it is still unclear if this production of ROS
in the days following lengthening muscle contractions is a
pathological process that amplifies the sensations of DOMS,

or is an essential physiological process assisting in the recov-
ery from the initial trauma. The reason for this is that merely
the presence of ROS cannot determine if their production is
involved in the observed pathology. The only way that ROS
can be confirmed to be involved in the pathology is through
specific intervention (Jackson, 1999). Despite this uncertainty
as to the exact role of ROS following contraction-induced
damage, it is common practice for athletes to use antioxidant
therapy to prevent post-exercise ROS production and, further-
more, there is still extensive research investigating ways to
prevent DOMS and muscle damage using antioxidant sup-
plementation (Jakeman & Maxwell, 1993; Goldfarb, 1999;
Thompson et al. 2001a).

Ascorbic acid is a water-soluble, dietary antioxidant present
in the cytosolic compartment of the cell and the extracellular
fluid, and is known to be a powerful inhibitor of lipid peroxi-
dation (Powers et al. 2004), in conjunction with a-tocopherol
(Evans, 2000). The spatial arrangement of ascorbic acid
allows it to scavenge aqueous-phase a-tocopherol radicals
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generated in the cell membrane during oxidative stress,
through its ability to rapidly donate electrons to a-tocopherol
radicals. In response to physical trauma, ascorbic acid is able
to provide protection against phagocyte-mediated cell injury
by scavenging the specific phagocyte-derived ROS (Nieman
et al. 2002). Ascorbic acid is able to scavenge phagocyte-
derived ROS by rapid aqueous-phase electron transfer and
thereby reducing the adhesion of phagocytes to the endo-
thelium, attenuating their respiratory burst and preventing sub-
sequent lipid peroxidation (Kearns et al. 2001).

The aim of the present study was to examine the effects of
prolonged ascorbic acid supplementation on ROS production
and investigate the effects of this on DOMS and muscle func-
tion following downhill running. It was hypothesised that sup-
plementation with ascorbic acid would attenuate post-exercise
increases in ROS production, reduce the magnitude of DOMS
and affect the recovery of muscle function.

Subjects and methods

Subjects

Twenty physically active male subjects, naive to downhill run-
ning, volunteered for the study. All were non-smokers and free
from any known illnesses as ascertained by questionnaire.
Subjects taking any form of vitamin supplementation were
excluded. All subjects were informed verbally and in writing
about the nature of the study, including all potential risks.
Written informed consent was obtained before participation
and the ethics committee of Liverpool John Moores University
(Liverpool, UK) granted ethical approval. The chosen subjects
were instructed to avoid any form of therapeutic intervention
throughout the trial including antioxidants, anti-inflammatory
drugs, ice and massage therapy.

Experimental protocol

Each subject was initially assessed for aerobic fitness by deter-
mining their VO2max, as described previously (Close et al.
2004). Assessment of VO2max was carried out 1 week before
the downhill run. The downhill run lasted for 30 min at a run-
ning speed corresponding to 60 % VO2max. All subjects were
randomly allocated into two groups; placebo group (Pl
group; n 10), and ascorbic acid group (group AA; n 10).

For each trial, subjects were required to visit the labora-
tories on seven occasions. Day 1 was to receive the sup-
plement, have muscle function and pain measurements
taken, provide pre- and post-supplement venous blood
samples, and perform the downhill run and to give a post-exer-
cise venous blood sample. The following 4 d were to have
muscle function and pain assessed, and to give a resting
venous blood sample. Subjects were required to visit the lab-
oratory again on day 7 and day 14 to have muscle function and
pain assessed, and to give a resting venous blood sample. Sub-
jects were instructed to avoid any strenuous exercise for 3 d
before the downhill run, and to continue to abstain from any
strenuous exercise throughout the 14 d duration of the test.
Subjects were also requested to avoid any form of therapeutic
intervention to alleviate the muscle soreness including, drug,
ice or massage therapy.

Day 1

On the day of the experimental run, subjects reported at the
laboratory 2 h before their allocated run time. On arrival sub-
jects were seated for 30 min and then a pre-supplement blood
sample was taken. Subjects were then given either ascorbic
acid (1 g) (Roche, Lewes, East Sussex, UK) or a visually iden-
tical lactose placebo (1 g) (Roche). Subjects were randomly
assigned into the two groups and supplementation was admi-
nistered double blind. Following the supplementation, subjects
were given a 2 h break to allow time for the supplement to be
absorbed (Thompson et al. 2001a).

Subjects returned to the laboratory 2 h post-supplemen-
tation to give a second venous blood sample and were
then asked to rate their pre-exercise muscle soreness of the
gastrocnemius, anterior tibialis, hamstrings, quadriceps, glu-
teals (both left and right sides) and lower back muscles
using a visual analogue scale and pressure algometry. Sub-
jects had been previously familiarised with both of the
methods of pain assessment to eliminate any learning effects.
Subjects then proceeded to warm up on a cycle ergometer
for 5 min before completing a series of stretches of their
own choice. The stretches were to prepare them for the
assessment of muscle function on an isokinetic dynam-
ometer, as described previously (Close et al. 2004). Briefly,
the test involved concentric quadriceps muscle torque assess-
ment at 1·06 and 5·20 rad/s as well as eccentric quadriceps
assessment at 2·6 rad/s and all subjects had been fully famil-
iarised with the strength assessments before the start of the
experiments.

All blood samples were collected in pre-treated vacutainers
following an overnight fast from a superficial vein in the ante-
cubital fossa whilst the subjects were supine and had been
resting for a minimum of 30 min (except for the post-exercise
sample, which was taken immediately upon cessation of exer-
cise). Samples were taken without stasis to prevent any poten-
tial increase in oxidative stress due to ischaemic–reperfusion
injury. A total of four vacutainers were used at each sample
point.

Tube 1 (5 ml) contained the anticoagulant EDTA and was
analysed for total blood glutathione, packed cell volume and
Hb. Of this 5 ml whole blood, 100ml was immediately depro-
teinised with 500ml hydrochloric acid (10 mM), before being
vortex mixed for 30 s and 300ml cold 10 % 5-sulfosalicylic
acid added. The sample was vortex mixed for a further 30 s
before being spun at 10 000 rpm for 5 min and the supernatant
fraction removed and stored at 2708C. This was later ana-
lysed for total glutathione content (Anderson, 1985). The
remaining EDTA-treated blood was analysed within 24 h for
packed cell volume and Hb using an automated Coulter coun-
ter (Coulter MaxM; Beckman Coulter, Fullerton, CA, USA).

Tube 2 (6 ml) contained serum separation gel and was used
for the determination of malonaldehyde (MDA) using HPLC
(Gina 50; Gynkotek, Macclesfield, Cheshire, UK) as described
by Richard et al. (1992).

Tube 3 (6 ml) contained lithium heparin and was used for
the analysis of plasma ascorbate. The tube was immediately
centrifuged and a sample of plasma (0·6 ml) was immediately
added to 0·6 ml 10 % metaphosphoric acid (Sigma
Chemicals Co. Ltd, Poole, Dorset, UK), vortex mixed and
then immediately stored at 2808C for later analysis of
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ascorbic acid using HPLC (Gina 50; Gynotek) according to
the method of Mohr & Stocker (2002).

The downhill run took place on the same motorised tread-
mill used in the VO2max test. The run lasted for 30 min at a
decline of 215 % and at an O2 consumption corresponding
to about 60 % VO2max. Throughout the trial, expired gas
volumes and concentrations were recorded every 10 s (Meta-
max; Cortex Biophysic GmbH, Leipzig, Germany). The tread-
mill speed was continually altered to ensure that the O2

consumption corresponding to about 60 % VO2max was main-
tained. Every 10 min, ratings of perceived exertion were
recorded (6–20 Borg Scale), as well as heart rate using a
short-range radio telemeter (Sportstester PE3000; Polar Elec-
tro, Kempele, Finland). Thermal comfort was maintained
throughout the run by means of two electronic fans (MS16;
Amcon Controls Inc., San Antonio, TX, USA).

Immediately following the run, subjects assumed a supine
position whilst a third blood sample was taken using the
same technique as described previously. Subjects were then
re-assessed regarding their perceptions of muscle soreness
before completing the force assessment again. This completed
day 1 of the trial. All subjects were then instructed to continue
to take their allocated supplement for 14 d (1 g/d).

Days 2, 3, 4, 5, 7 and 14

Subjects visited the laboratory exactly 1, 2, 3 and 4 d after
their initial visit and again at day 7 and day 14 post-exercise
following an overnight fast. Subjects were instructed to
assume a supine position for 30 min before a resting blood
sample was taken from a prominent vein. Following the
blood tests, subjects were then assessed for DOMS. This
was followed by a 5 min warm-up on a cycle ergometer
before muscle function was re-assessed.

Statistical analyses

Statistical analyses were carried out using the Statistical Pack-
age for Social Sciences (version 11.01; SPSS, Woking, Surrey,
UK). All data are presented as means with their standard
errors. Data were analysed using Student’s t test. Where mul-
tiple comparisons where made, data were analysed using a
mixed design ANOVA to prevent family-wise errors. When
Mauchley’s test of sphericity indicated a minimum level of
violation (Greenhouse Geisser e . 0·75) data were corrected
using the Huynh–Feldt e; however, when sphericity was
violated (Greenhouse Geisser e , 0·75) data were corrected
using the Greenhouse Geisser e (Field, 1999). Where signifi-
cant F values were observed, Tukey’s honestly significant

difference post hoc analysis was performed to identify
where the significant differences occurred. Statistical signifi-
cance was set at the a level of 0·05 for all tests.

Results

Subject information

Before the experimental runs, subjects were initially assessed
for VO2max as well as having their height, weight, and percen-
tage body fat calculated. There was no significant difference
between the two groups for any of the characteristics (two
sample t test; P.0·05). A summary of the subject character-
istics can be seen in Table 1. All subjects successfully com-
pleted the 30 min run at the desired work intensity. There
were no significant differences (P.0·05) in heart rates,
VO2max, ratings of perceived exertion, RER, minute venti-
lation and run speed between the two groups.

Plasma ascorbate concentration

There was no significant difference in baseline plasma ascor-
bate concentration between the two groups (P.0·05). How-
ever, 2 h post-supplementation, plasma ascorbate had
significantly increased in group AA compared with the Pl
group (P,0·05). Furthermore, plasma ascorbate concen-
trations remained significantly elevated above basal values
for the 2-week period in group AA (P,0·05). There was a sig-
nificant increase in plasma ascorbate concentration in the Pl
group immediately post-exercise (P,0·05). Plasma ascorbate
concentrations for group AA and the Pl group throughout the
trial can be seen in Fig. 1.

Delayed onset muscle soreness

Ratings of DOMS are presented as mean soreness for the
eleven assessed sites. The downhill runs were successful in
eliciting significant muscle soreness in both group AA and
the Pl group. Peak soreness occurred 24–48 h post-exercise
in both groups and was still significantly elevated 96 h post-
exercise (P,0·05). This was evident in the visual analogue
scale (Fig. 2 (A)), and pressure algometry (Fig. 2 (B)). All per-
ceptions of DOMS had returned to baseline by 14 d post-exer-
cise and there were no significant differences at any of the
time points between the two groups (P.0·05).

Reactive oxygen species

There was no increase in MDA concentration in both
groups immediately post-exercise (P.0·05). There was a

Table 1. Characteristics of the two subject groups

(Mean values with their standard errors)

Age (years) Height (cm) Weight (kg) VO2max (litres/min) Body fat (%)

Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM

Placebo group 22·1 0·4 180 1·6 78·4 4·6 4·3 0·2 14·2 1·1
Ascorbic acid group 24·2 1·5 179 1·9 78·3 1·9 4·4 0·1 13·6 0·9

For details of subjects and procedures, see p. 977.
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significantly elevated serum MDA concentration in the Pl
group compared with group AA at 72 and 96 h post-exercise
(P,0·05), increasing from 0·80 (SEM 0·04) mM pre-exercise
to 1·09 (SEM 0·05) and 1·13 (SEM 0·07) mM at 72 and 96 h
post-exercise respectively. This increase was transient and
there was no significant difference from pre-exercise by day
7 post-exercise (0·92 (SEM 0·04) mM). There was no significant
change in total glutathione concentration across time or
between the two groups (P.0·05).

Muscle function

Muscle function is expressed as percentage change in torque
from pre-exercise scores and is summarised in Table 2.
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A significant loss of peak torque measured at 1·04 rad/s was
observed post-exercise in both groups (P,0·05). In the Pl
group muscle function returned to basal levels by day 7
(P.0·05), although in group AA muscle function was still sig-
nificantly impaired at both 7 and 14 d post-exercise (P,0·05)
and had not returned to basal levels by the end of the test
period.

Muscle function was also impaired in both groups post-
exercise when measured at 5·20 rad/s. There was, however,
no significant difference between the two groups (P.0·05),
with muscle function returning to basal levels by 4 d post-
exercise in both groups.

Eccentric muscle torque at 2·06 rad/s was also assessed.
There was a significant loss of muscle torque post-exercise
in both groups (P,0·05). This was still apparent up to 4 d
post-exercise in both groups. However, although muscle
torque had returned to basal levels by day 4 in the Pl group
(P.0·05), muscle torque was still impaired at day 7 and
day 14 post-exercise in group AA.

Discussion

The present study investigated the effects of ascorbic acid sup-
plementation on ROS production, DOMS and muscle function
following downhill running. The results clearly show that
ascorbic acid supplementation increased plasma ascorbate
concentrations, resulting in attenuated increases in serum
MDA concentration compared with a placebo. MDA is a
marker of ROS-mediated lipid peroxidation, therefore the pre-
sent data suggest that ascorbate is able to scavenge the excess
production of ROS before lipid peroxidation occurs. Although
attenuation of ROS following ascorbic acid supplementation
has been demonstrated immediately post-exercise following
shuttle running (Thompson et al. 2001a), this is the first
report of ascorbic acid attenuating ROS in the days following
muscle-damaging exercise.

It is known that MDA correlates with a lipid radical
(alkoxyl or alkyl radical) as detected by electron spin reson-
ance spectroscopy (Davison, 2002), and furthermore this
lipid radical is thought to represent zOH attack on lipid mem-
branes (Pattwell et al. 2003). The increase in MDA in the
present study is therefore likely to be related to phagocytic-
derived O2

z2 production leading to zOH generation through
Fenton chemistry. Ascorbate is able to specifically protect
against phagocytic-derived O2

z2 through its ability to rapidly
donate an electron to O2

z2 (Ji, 1995). It would therefore
appear that 1 g ascorbic acid given before and following
downhill running successfully saturates phagocytes with
ascorbate and attenuates the oxidative burst. Alternatively,
1 g supplements of ascorbic acid may cause an increase in
plasma ascorbate concentrations that is sufficient to effectively
deal with the increased ROS production. This ultimately pre-
vents the peroxidation of lipid membranes and accounts for
the decreased serum MDA production.

The present study sought to clarify the effect of ascorbic acid
supplementation on DOMS. There was no significant difference
in DOMS between the two groups despite ascorbic acid sup-
plementation significantly increasing plasma ascorbate concen-
trations. Peak pain occurred 2 d post-exercise and all
perceptions of DOMS had gone by day 7. It was also observed
that although antioxidant therapy reduced ROS production,

supplementation with ascorbic acid had no effect on DOMS,
further suggesting dissociation between ROS and DOMS.

Muscle function was assessed by measuring changes in
muscle torque on an isokinetic dynamometer. Concentric
quadriceps torque at 1·04 rad/s fell significantly in both
groups post-exercise. In the Pl group, muscle torque returned
to pre-exercise levels at 96 h post-exercise; however, in group
AA, muscle torque was still significantly less than pre-exercise
at day 7 and day 14 post-exercise. A similar pattern was also
seen when muscle torque was assessed eccentrically at 2·60
rad/s. These results suggest that ROS produced as a conse-
quence of muscle-damaging exercise may play a vital role
in muscle regeneration and that supplementation with ascorbic
acid is detrimental to the recovery. These findings are sup-
ported by Thompson et al. (2001b), who also reported attenu-
ated muscle torque in the leg flexors following ascorbic acid
supplementation when assessed at 1·04 rad/s.

One explanation for this prolonged loss of muscle function
is that attenuating the oxidative burst may hinder phagocytic
cells from killing and removing the damaged and necrotic
tissue. It is known that phagocytosis occurs following
muscle-damaging exercise, specifically involving the infiltra-
tion of neutrophils and macrophages into the damaged site.
Once microbes, particulate material or cytokines perturb the
membrane of the phagocyte, these cells then produce O2

z2,
a process referred to as the oxidative burst (Leeuwenburgh
& Heinecke, 2001). Further redox reactions can result in the
formation of HOCl2 and zOH. It is suspected that HOCl2

and zOH are the important end points of this oxidative burst
(Niess et al. 1999), although this is still not fully established.
The present study demonstrated that 1 g ascorbic acid sup-
plementation prevents post-exercise ROS production and this
in turn may delay the recovery of muscle function.

It has been suggested that in high concentrations (.500 mg)
and in the presence of transition metals such as Fe3þ or Cu2þ

ascorbic acid may act as a pro-oxidant as well as an antioxi-
dant (Podmore et al. 1998). The reason for the pro-oxidant
action of vitamin C is due to its ability to reduce ferric Fe
(Fe3þ) to the ferrous state (Fe2þ) (Powers et al. 2004) and
Fe2þ is known to be an important catalyst in the production
of ROS, for example in the Fenton reaction (Cheeseman &
Slater, 1993). It could therefore be suggested that the delayed
recovery observed in group AA could be due to the pro-oxi-
dant action of ascorbic acid. However, in a recent review on
the pro-oxidant potential of ascorbic acid, it was suggested
that, overall, the literature does not support the suggestion
that ascorbic acid is a pro-oxidant in vivo (Carr & Frei,
1999), blaming oxidation artifacts for the reports that have
shown a pro-oxidant affect of ascorbic acid. Furthermore, in
the present study there was no evidence of increased oxidative
stress in group AA compared with the Pl group and, conse-
quently, it appears unlikely that the delayed recovery is due
to a pro-oxidant action of ascorbic acid.

The findings of the present study have significant impli-
cations for both clinicians and athletes. Contrary to popular
belief, ROS produced in the days following muscle-damaging
exercise may not be responsible for the prolonged losses of
muscle function and DOMS and, conversely, they may play
a key role in mediating the recovery. Moreover, supplemen-
tation with ascorbic acid to prevent post-exercise ROS pro-
duction does not attenuate DOMS or preserve muscle
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function, but may hinder the recovery process. Therefore,
supplementation of ascorbic acid before and following
muscle-damaging exercise is not only unnecessary, but may
be detrimental to future performance.
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