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N-acetylcysteine attenuates the decline in muscle
Na+,K+-pump activity and delays fatigue during
prolonged exercise in humans
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Reactive oxygen species (ROS) have been linked with both depressed Na+,K+-pump activity

and skeletal muscle fatigue. This study investigated N -acetylcysteine (NAC) effects on

muscle Na+,K+-pump activity and potassium (K+) regulation during prolonged, submaximal

endurance exercise. Eight well-trained subjects participated in a double-blind, randomised,

crossover design, receiving either NAC or saline (CON) intravenous infusion at 125 mg kg−1 h−1

for 15 min, then 25 mg kg−1 h−1 for 20 min prior to and throughout exercise. Subjects cycled for

45 min at 71% V̇O2peak, then continued at 92% V̇O2peak until fatigue. Vastus lateralis muscle biopsies

were taken before exercise, at 45 min and fatigue and analysed for maximal in vitro Na+,K+-pump

activity (K+-stimulated 3-O-methyfluorescein phosphatase; 3-O-MFPase). Arterialized venous

blood was sampled throughout exercise and analysed for plasma K+ and other electrolytes.

Time to fatigue at 92% V̇O2peak was reproducible in preliminary trials (C.V. 5.6 ± 0.6%) and

was prolonged with NAC by 23.8 ± 8.3% (NAC 6.3 ± 0.5 versus CON 5.2 ± 0.6 min, P < 0.05).

Maximal 3-O-MFPase activity decreased from rest by 21.6 ± 2.8% at 45 min and by 23.9 ± 2.3%

at fatigue (P < 0.05). NAC attenuated the percentage decline in maximal 3-O-MFPase activity

(%Δactivity) at 45 min (P < 0.05) but not at fatigue. When expressed relative to work done,

the %Δactivity-to-work ratio was attenuated by NAC at 45 min and fatigue (P < 0.005). The

rise in plasma [K+] during exercise and the Δ[K+]-to-work ratio at fatigue were attenuated by

NAC (P < 0.05). These results confirm that the antioxidant NAC attenuates muscle fatigue, in

part via improved K+ regulation, and point to a role for ROS in muscle fatigue.
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Skeletal muscle contractions invoke a pronounced
cellular loss of potassium (K+) and gain of sodium
(Na+) (see review by Sejersted & Sjøgaard, 2000),
despite a marked increase in the Na+,K+-pump
(Na+,K+-ATPase) activity by as much as 18- to
22-fold above rest (Everts & Clausen, 1994; Clausen,
2003; McKenna et al. 2003). Muscle contractions
can elevate interstitial [K+] to around 12 mmol l−1,
which together with a reduced trans-sarcolemmal Na+

gradient, can markedly impair muscle force development
(Juel, 1988; Clausen et al. 1993; Bouclin et al. 1995;
Cairns et al. 1995). This effect is partially countered by
intracellular acidosis and the ensuing reduced chloride
conductance (Nielsen et al. 2001; Pedersen et al.

2004), and by the electrogenic contribution of the
Na+,K+-pump. Therefore the Na+,K+-pump is critical
in minimizing muscle Na+ and K+ disturbances, and in
preserving membrane excitability and force production
(Overgaard et al. 1997; Sejersted & Sjøgaard, 2000;
Clausen, 2003). This importance has been demonstrated
in isolated rat muscles, where ouabain inhibition of
the Na+,K+-pump accelerated muscle fatiguability and
slowed recovery, whereas hormonal or excitation-induced
stimulation of Na+,K+-pump activity delayed fatiguability
and enhanced recovery (see references in Clausen,
2003).

Numerous studies in exercising humans indicate
significant perturbations in muscle K+ homeostasis and
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have linked these muscle K+ disturbances with fatigue.
These studies have reported reductions in intracellular
[K+] of up to 36 mmol l−1 (Sjøgaard et al. 1985), 2- to
3-fold elevations in muscle interstitial [K+] (Green et al.
2000; Juel et al. 2000; Nielsen et al. 2003, 2004; Nordsborg
et al. 2003; Street et al. 2005) and a near-doubling
of plasma [K+] in venous blood draining contracting
muscles (Medbo & Sejersted, 1990; Lindinger et al. 1992;
McKenna et al. 1997; Verburg et al. 1999). Thus the muscle
Na+,K+-pump activity during exercise is insufficient to
counter the magnitude of contraction-induced cellular
K+ efflux.

Recent reports have demonstrated that acute exercise
depressed the maximal Na+,K+-pump activity in
human skeletal muscle, as measured by the in vitro
3-O-methylfluorescein phosphatase (3-O-MFPase)
activity assay. This depression occurred with brief, intense
contractions (Fowles et al. 2002; Fraser et al. 2002;
Aughey et al. 2005; Petersen et al. 2005) as well as with
prolonged exercise (Leppik et al. 2004; Sandiford et al.
2004) and occurred in both untrained and well-trained
individuals (Fraser et al. 2002; Aughey et al. 2005). These
findings suggest a role for acutely inhibited maximal
Na+,K+-pump activity with exercise in impaired muscle
K+ and Na+ homeostasis in fatigue. The mechanism(s)
underlying depressed maximal Na+,K+-pump activity in
skeletal muscle during exercise remain to be elucidated.
However, a role for exercise-induced increase in ROS
production seems plausible.

Glynn (1963) first demonstrated that the Na+,K+-pump
is redox sensitive, with Na+,K+-pump activity in electric
eels being markedly depressed by H2O2. Reduced
Na+,K+-pump activity with H2O2 has since been shown
in numerous other species, in the brain, kidney (Boldyrev
& Kurella, 1996; Boldyrev & Bulygina, 1997; Dobrota
et al. 1999; Kurella et al. 1999) and myocardium
(Kukreja et al. 1990). This decline was matched by
a decline in reduced sulfhydyl groups (Boldyrev &
Kurella, 1996). Na+,K+-pump activity was also inhibited
in various tissues by the hypochlorous anion and
hydroxyl radicals (Kim & Akera, 1987; Kukreja et al.
1990; Boldyrev & Bulygina, 1997), superoxide and
hyperchlorite anions (Dobrota et al. 1999; Kurella
et al. 1999) and by singlet oxygen (Vinnikova et al.
1992). Furthermore depressed myocardial Na+,K+-pump
activity with ischaemia–reperfusion was attenuated by
superoxide dismutase and catalase (Kim & Akera, 1987).
Antioxidants can attenuate the ROS-induced inhibition of
Na+,K+-pump activity, including agents such as cysteine,
dithiotreitol (Boldyrev & Bulygina, 1997), carnosine and
α-tocopherol (Kurella et al. 1999). In skeletal muscle
derived L6 cells, Na+,K+-pump activity was activated
by tert-butyl hydroperoxide at low concentrations but
inhibited at high concentrations (Sen et al. 1995). Similarly,

the Na+,K+-pump activity in rat cerebellar granule cells
was recently shown to have an optimal redox range
(Petrushanko et al. 2005). Thus Na+,K+-pump activity is
clearly sensitive to redox modulation in many cell types,
may be adversely affected by numerous radical species
and can be protected by antioxidant pretreatment. It
therefore seems likely that ROS produced during muscle
contractions (Jackson et al. 1985; Reid, 2001; Bailey
et al. 2003) might also depress maximal Na+,K+-pump
activity in skeletal muscle. If so, this would be an
important link between ROS, disturbed Na+ and K+

homeostasis and skeletal muscle fatigue during exercise.
To our knowledge no studies have investigated the possible
interaction between ROS and Na+,K+-pump activity in
skeletal muscle, nor looked at a possible role in fatigue
during exercise.

Our laboratory has developed an intravenous infusion
protocol of the antioxidant compound NAC (Medved
et al. 2004a; Brown et al. 2004) to investigate ROS effects
in muscle fatigue, glutathione status and plasma ion
homeostasis during exercise (Medved et al. 2003, 2004a,b).
NAC infusion in well trained individuals increased each
of muscle NAC, total and reduced glutathione, cysteine
and cystine, and substantially enhanced performance
during prolonged exercise (Medved et al. 2004b). Others
have recently also demonstrated that oral NAC enhanced
handgrip performance (Matuszczak et al. 2005). Here
we explore the effects of NAC on muscle Na+,K+-pump
activity during exercise. We tested the hypothesis that
NAC would attenuate the expected decline in skeletal
muscle maximal Na+,K+-pump activity during prolonged,
submaximal exercise. An attenuated decline in muscle
maximal Na+,K+-pump activity with NAC might be
anticipated to improve K+ regulation during exercise.
However, the effects of NAC on plasma [K+] differ
between intense, intermittent exercise and prolonged
exercise (Medved et al. 2003, 2004a). During intense,
intermittent exercise, NAC actually increased the rise in
plasma [K+] above rest (�[K+]) and also when expressed
relative to work performed, the �[K+]-to-work ratio
(Medved et al. 2003). In contrast, during prolonged
submaximal exercise, both variables were lowered and the
�[K+]-to-work ratio tended to be inversely related to time
to fatigue (Medved et al. 2004a,b). These differing effects
of NAC are difficult to reconcile. However, as beneficial
effects of NAC on performance and plasma �[K+] were
only demonstrated in well trained individuals (Medved
et al. 2004a,b), we also investigated here the effects of
NAC infusion on plasma K+ regulation during prolonged
submaximal exercise in well trained individuals. The
second aim of the study was therefore to clarify whether
NAC enhances plasma K+ regulation during prolonged
exercise, as evidenced by a decreased rise in plasma [K+]
(�[K+]) and �[K+]-to-work ratio.
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Methods

Subjects

Eight healthy males (age, 27.1 ± 5.6 years; body mass,
76.7 ± 10.9 kg; height, 180.3 ± 5.4 cm; means ± s.d.)
volunteered for the study after being informed of all risks
and giving written informed consent. Ethical approval was
obtained from the Victoria University Human Research
Ethics Committee and the study conformed to the
Declaration of Helsinki. The subjects were endurance
trained, completing either running or cycling activity,
4–5 times per week for 1–2 h, for a minimum of 2 years.
Subjects refrained from vigorous activity and avoided
ingesting caffeine, alcohol, or other drugs and also
consumed standard food packages for 24 h prior to their
two experimental trials. We have recently reported the
effects of NAC infusion on exercise performance and
muscle glutathione status before and after exercise in
seven of these subjects (Medved et al. 2004b). Here we
report new data on the effects of NAC infusion on
maximal Na+,K+-pump activity in muscle and plasma
[K+] regulation during exercise.

Exercise trials

Overview. Subjects attended the laboratory on six
separate occasions, each separated by a 7 day period.
All exercise trials were completed on an electronically
braked cycle ergometer (Lode Excalibur, Groningen,
Netherlands).

Peak oxygen consumption. Subjects first completed an
incremental exercise test to determine their peak oxygen
consumption (V̇O2peak), with all equipment, calibration
and procedures as previously detailed (Li et al. 2002;
Medved et al. 2003).

Prolonged, submaximal exercise. Subjects cycled at 71%
V̇O2peak for 45 min and then to volitional fatigue at 92%

V̇O2peak (Medved et al. 2004b).

Experimental trials. The two experimental prolonged,
submaximal exercise trials were conducted in a
double-blind, randomized, cross-over design, to compare
the effects of NAC (ParvolexTM, Faulding Pharmaceuticals,
Melbourne, Australia) or saline (CON) infusion during
exercise (Medved et al. 2003, 2004a). For ethical reasons,
the attending medical practitioner was non-blinded. To
prevent possible un-blinding of experimenters due to the
NAC odour, all ampoules and syringes containing NAC
and saline were handled and sealed in a room separate from
the laboratory. The medical practitioner also removed the
cannulae post-experiment.

N-Acetylcysteine Infusion

The NAC intravenous infusion protocol comprised an
initial loading dose of 125 mg kg−1 h−1 for 15 min to
increase plasma [NAC], followed by a constant infusion
of 25 mg kg−1 h−1 to achieve a plateau in [NAC], with
exercise commencing after 20 min of constant infusion
(Medved et al. 2003, 2004a). NAC infusion was continued
throughout exercise until fatigue. Pharmacokinetics of
NAC using this infusion protocol are reported elsewhere
(Brown et al. 2004).

Blood processing and analyses

A 20G catheter was inserted into a dorsal hand vein for
arterialized venous blood sampling and a 22G catheter
inserted into a superficial median forearm vein for infusion
of either NAC or saline. Arterialized venous blood was
sampled from a dorsal hand vein (McKenna et al. 1993)
preinfusion, immediately prior to exercise, during exercise
at 15, 30, 45 min and at fatigue, and during recovery at 1, 2,
5, 10 and 30 min. Two blood samples were drawn in rapid
succession at each sample point. The first 1 ml sample
was taken using a syringe containing lithium heparin
(RapidLyte, Chiron Diagnostics, MA, USA), for immediate
plasma pH, gas and electrolyte analyses, including sodium
([Na+]), chloride ([Cl−]) and calcium concentrations
([Ca2+]), using an automated analyser (Ciba Corning 865,
Bayer, MA, USA). A second 5 ml sample was used for
measurement of blood haemoglobin concentration ([Hb])
and haematocrit (Hct) using an automated analyser
(Sysmex, K-800, Kobe, Japan), plasma K+ concentration
([K+]) and reduced and total thiols in blood and plasma.
The blood NAC and thiol data are reported elsewhere
(Medved et al. 2004b).

Muscle biopsy sampling

A muscle needle biopsy was taken from the middle third
of the vastus lateralis muscle at preinfusion, 45 min of
exercise and at fatigue, in both CON and NAC trials. After
injection of a local anaesthetic into the skin and fascia
(1% lidocaine (Xylocaine)), a small incision was made and
a muscle sample taken (∼120 mg) using a Stille biopsy
needle. Muscle samples (∼16 mg) were rapidly blotted
on filter paper, weighed then homogenized (5% wt/vol)
on ice for 2 × 20 s at 20 000 r.p.m. (Omni 1000, Omni
International, Warrenton, VA, USA) in a homogenate
buffer containing 250 mm sucrose, 2 mm EDTA and 10 mm

Tris at pH 7.40 (Fraser & McKenna, 1998). Muscle homo-
genates were immediately frozen and stored in liquid N2

for later analyses of maximal Na+,K+-pump activity and
protein content.

Maximal 3-O-MFPase activity analyses

Maximal muscle Na+,K+-pump activity was determined
using the K+-stimulated 3-O-methylfluorescein
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phosphatase (3-O-MFPase) activity assay, as previously
used in human skeletal muscle in our laboratory (Fraser
& McKenna, 1998; Fraser et al. 2002). Before analysis,
muscle homogenates were freeze–thawed 4 times and then
diluted 1/5 in cold homogenate buffer. The 3-O-MFPase
activity was measured in an assay medium containing
5 mm MgCl2, 1.25 mm EDTA, 100 mm Tris and an 80 nm

3-O-methyl fluorescein standard at pH 7.40. A 30 μl
homogenate was incubated in 2.5 ml of assay medium
at 37◦C for 5 min before addition of 40 μl of 10 mm

3-O-MFP to initiate the reaction. After 60 s, 10 μl
of 2.58 m KCl was added to stimulate K+-dependent
phosphatase activity and the reaction was measured
for a further 60 s. All assays were performed at 37◦C,
using continuous stirring, with data sampled at 1 Hz
on a spectrofluorimeter (Aminco Bowman AB2 SLM,
Thermospectronic, Madison, WI, USA). Excitation
wavelength was 475 nm and emission wavelength 515 nm,
with 4 nm slit widths. The 3-O-MFPase activity was
calculated from the slope after addition of 10 μm KCl
minus the slope prior to KCl addition. The 3-O-MFPase
activity was expressed relative to the muscle wet weight.
Measurements of muscle homogenate protein content
were also conducted but were found to be unreliable;
insufficient remaining homogenate precluded reanalysing
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Figure 1. Skeletal muscle maximal in vitro K+ stimulated
3-O-methylfluorescein phosphatase activity (3-O-MFPase,
Na+,K+-pump activity), measured preinfusion at rest, after
45 min cycling at 71% V̇O2peak, and then after cycling at 92%
V̇O2peak continued to fatigue
Subjects were well trained individuals and were infused intravenously
with either saline (CON, filled bar), or N-acetylcysteine (NAC, open
bar). The muscle maximal 3-O-MFPase activity is expressed as
nmol min−1 (g wt weight)−1 ∗less than preinfusion (time main effect;
P < 0.001). Values are means ± S.E.M.; n = 8.

protein content; hence 3-O-MFPase activity data are
expressed only per gram wet weight.

Calculations

Fluid shifts and K+. The decline in plasma volume (�PV)
from rest with exercise was calculated from changes in
[Hb] and Hct (Harrison, 1985). The rise in plasma [K+]
above rest (�[K+]) was calculated for each exercise value,
to compare [K+] changes between NAC and placebo trials.
This accounted for slight variations in resting plasma
[K+] between trials and also allowed comparison between
trials where exercise time and thus work production
was identical. However, at fatigue, conditions of differing
exercise time and thus also cumulative work necessitated
normalization of �[K+]. Hence, the ratio of �[K+]
divided by cumulative work output during exercise
(�[K+]/work ratio, nmol l−1 J−1) was also calculated
as an index of plasma K+ regulation (McKenna et al.
1993). Changes in muscle 3-O-MFPase activity from
rest were also calculated, expressed as a percentage
(%�3-O-MFPase activity) and also normalized against
work (%�3-O-MFPase activity-to-work ratio) for similar
reasons to the above and also to minimize the effects of
intersubject and of assay variation.

Statistical analyses

All data are presented as means ± s.e.m. All blood and
muscle measures were analysed using a two-way ANOVA
with repeated measures on both factors (treatment,
time). Post-hoc analyses used the Newman-Kuels test. The
percentage change in the in vitro maximal 3-O-MFPase
activity from rest and the �[K+]/work ratio at fatigue were
contrasted between conditions using a paired Student’s
t test. Significance was accepted at P < 0.05.

Results

Exercise performance

Time to fatigue at 92% V̇O2peak was reproducible in
preliminary trials (c.v. 5.6 ± 0.6%) and was increased
by NAC by 23.8 ± 8.3% (NAC 6.3 ± 0.5 versus CON
5.2 ± 0.6 min, P < 0.05).

Muscle 3-O-MFPase activity (Na+,K+-pump activity)

Maximal in vitro 3-O-MFPase activity declined by
21.6 ± 2.8% at 45 min of exercise and by 23.9 ± 2.2% at
fatigue, when compared to preinfusion (P < 0.001; time
main effect, Fig. 1). No significant difference was found
in 3-O-MFPase activity between NAC and CON trials
(Fig. 1).
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The 3-O-MFPase activity was expressed as the
percentage change from preinfusion (%�3-O-MFPase
activity, Fig. 2A). At 45 min, the percentage �3-O-MFPase
activity was markedly attenuated by NAC compared to
CON (P < 0.05). In contrast, at fatigue, there was no
difference between trials in the percentage �3-O-MFPase
activity (Fig. 2A). To account for the 26% longer time
to fatigue with NAC, the percentage �3-O-MFPase
activity was then normalized relative to work done.
The percentage �3-O-MFPase activity-to-work ratio was
lower during NAC trials at both 45 min and at fatigue
(P < 0.005; Fig. 2B). Therefore the percentage decline in
muscle maximal Na+,K+pump activity during exercise was
attenuated by NAC.

Plasma potassium

Plasma [K+] was increased above preinfusion levels
throughout exercise at 71% V̇O2peak, increased further

during exercise at 92% V̇O2peak at fatigue and then declined
during recovery (P < 0.05), returning to preinfusion levels
at 30 min (Fig. 3). No significant differences in plasma
[K+] were found between NAC and CON (Fig. 3). The rise
in [K+] above rest (�[K+]) did not differ from 15 to 45 min
during exercise at 71% V̇O2peak, but was increased at fatigue

at 92% V̇O2peak (P < 0.01; Fig. 4). NAC attenuated plasma
�[K+] during exercise (P < 0.05; treatment main effect;
Fig. 4). NAC also reduced the plasma�[K+]-to-work ratio
at fatigue (NAC 2.31 ± 0.19 versus CON 2.37 ± 0.20 min,
P < 0.05). These data therefore suggest that plasma
K+ regulation was enhanced during the NAC trial.

Fluid shifts, plasma electrolyte concentrations
and acid–base status

Both [Hb] and Hct were higher than preinfusion levels,
and thus plasma volume declined, during exercise and
until 30 min recovery (P < 0.05, Table 1). However, no
differences between NAC and CON were found for [Hb],
Hct or �PV (Table 1), indicating that differences in �[K+]
during exercise could not be attributed to altered fluid
shifts with NAC.

Plasma [Na+] increased above preinfusion levels
throughout exercise until fatigue (P < 0.05, Table 1);
plasma [Cl−] did not differ during exercise or recovery,
whilst plasma [Ca2+] was increased above preinfusion
levels only at fatigue (P < 0.05, Table 1). Compared to
preinfusion levels, plasma [H+] was increased, whereas
plasma PCO2

and [HCO3
−] fell, throughout exercise and

recovery (P < 0.05, Table 1). No differences between NAC
and CON were found for any of these plasma electrolyte
or acid–base variables (Table 1).

Discussion

The major findings in this study are that NAC infusion
modulated changes in both maximal Na+,K+-pump
activity in skeletal muscle and in plasma [K+]
regulation during exhaustive, submaximal exercise, in
these well-trained individuals. This provides further
evidence that ROS may contribute to muscle fatigue
in part via depressing maximal Na+,K+-pump activity.
This complements our previous report that NAC delayed
submaximal exercise time to fatigue, accompanied by
higher muscle contents of reduced glutathione, cysteine
and NAC (Medved et al. 2004b). Together these studies

C
h
a
n
g
e
 i
n
 3

-O
-M

F
P

a
s
e
-t

o
-w

o
rk

 r
a
ti
o

-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

C
h
a
n
g
e
 i
n
 3

-O
-M

F
P

a
s
e
 a

c
ti
v
it
y
 (

%
)

-30

-25

-20

-15

-10

-5

0

CON
NAC

†

†

†

45 min Fatigue

Time

A

B

Figure 2. Percentage (%) change from resting preinfusion in
muscle maximal in vitro 3-O-MFPase activity during prolonged
submaximal exercise in well trained individuals
A, percentage change in maximal in vitro 3-O-MFPase activity;
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ratio, at 45 min and at fatigue. Filled bars, CON; open bars, NAC.
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suggest that improved maintenance of muscle redox state
protects muscle Na+,K+-pump activity and contributes to
enhanced exercise performance.

NAC attenuated the decline with exercise in skeletal
muscle maximal Na+,K+-pump activity

Prolonged submaximal exercise decreased Na+,K+-pump
activity, measured by the 3-O-MFPase activity assay, by
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Figure 4. Effect of NAC and CON infusion on the rise in plasma
K+ above preinfusion (Δ[K+]) during prolonged submaximal
exercise
Filled bars, CON; open bars, NAC. ∗different from 15 min (time main
effect; P < 0.05); †NAC < CON (treatment main effect; P < 0.05).
Values are means ± S.E.M.; n = 8.

∼22% at 45 min and ∼24% at fatigue in well-trained
individuals. This exercise-induced decline is consistent
with our previous findings (Fraser et al. 2002; Leppik et al.
2004; Aughey et al. 2005; Petersen et al. 2005) and of
others (Fowles et al. 2002; Sandiford et al. 2004). This
decline is unlikely to reflect a loss of Na+,K+-pumps,
since the muscle [3H]ouabain binding site content was not
lowered by brief or prolonged exercise in humans (Fowles
et al. 2002; Leppik et al. 2004; Aughey et al. 2005), or
following electrical stimulation in rat muscle (McKenna
et al. 2003). We had previously speculated that one possible
factor mediating decreased Na+,K+-pump activity during
exercise was increased ROS (Fraser et al. 2002; Leppik et al.
2004; Aughey et al. 2005).

The major finding was that the percentage decline
in maximal Na+,K+-pump activity from preinfusion at
45 min was almost halved with NAC, from ∼22% during
CON trials to ∼12% during NAC trials. At this time point,
power output and thus work performed were matched
between the two trials, making this an appropriate
comparison (Harmer et al. 2000). Interestingly,
the percentage change in Na+,K+-pump activity
was almost identical during both NAC and CON trials at
fatigue, which could be interpreted as being consistent
with a possible role in fatigue. Whilst NAC did not
attenuate this decline at fatigue, this comparison is greatly
limited, since ∼26% more work was performed during
NAC trials. When changes in Na+,K+-pump activity
were normalized for work done, a striking effect of
NAC was indeed observed, with a 32% lower ratio of
percentage decline in maximal Na+,K+-pump activity
from preinfusion to work ratio observed with NAC
infusion. Thus, when compared appropriately under
conditions of matched work (Harmer et al. 2000), or
normalized for work output, NAC clearly attenuated the
decline in maximal Na+,K+-pump activity in skeletal
muscle at both 45 min and fatigue. Whilst this effect was
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Table 1. Haematology, calculated fluid shifts, plasma acid-base variables and electrolyte concentrations during prolonged, submaximal
exercise prior to, during and following saline (CON) and N-acetylcysteine (NAC) infusion

Exercise time (min) Recovery
Variable Treatment Pre-infusion Pre-exercise 15 30 45 Fatigue 30 min

[Hb] (g dl−1) CON 15.4 ± 0.3 ∗ 15.7 ± 0.3 16.4 ± 0.3 ∗ 16.4 ± 0.2 ∗ 16.3 ± 0.2 ∗ 16.7 ± 0.2 ∗ 15.2 ± 0.2
NAC 15.5 ± 0.3 ∗ 15.7 ± 0.3 16.5 ± 0.3 ∗ 16.4 ± 0.2 ∗ 16.3 ± 0.2 ∗ 16.9 ± 0.2 ∗ 15.3 ± 0.2

Hct (%) CON 44.1 ± 1.1 44.4 ± 1.1 46.6 ± 1.0 ∗ 46.8 ± 1.0 ∗ 46.7 ± 0.9 ∗ 47.6 ± 1.0 ∗ 43.1 ± 1.0
NAC 43.9 ± 1.0 44.3 ± 0.8 47.0 ± 0.9 ∗ 47.4 ± 0.8 ∗ 47.0 ± 0.7 ∗ 48.8 ± 1.0 ∗ 43.8 ± 0.8

�PV (%) CON — −2.2 ± 0.8 ∗ −9.7 ± 0.7 ∗ −10.1 ± 1.3 ∗ −9.5 ± 1.1 ∗ −11.8 ± 2.4 ∗ 2.5 ± 2.2 ∗

NAC — −2.0 ± 0.9 ∗ −11.2 ± 1.1 ∗ −11.4 ± 1.2 ∗ −10.0 ± 1.2 ∗ −14.9 ± 1.6 ∗ 0.8 ± 2.1 ∗

[H+] (nmol l−1) CON 39.1 ± 0.6 39.0 ± 0.6 43.5 ± 0.9 ∗ 42.6 ± 1.0 ∗ 42.0 ± 1.0 ∗ 51.0 ± 2.4 ∗ 41.0 ± 1.1 ∗

NAC 39.2 ± 0.6 38.7 ± 0.7 43.7 ± 0.8 ∗ 42.3 ± 0.9 ∗ 41.9 ± 1.2 ∗ 53.1 ± 1.6 ∗ 41.1 ± 1.3 ∗

[HCO3
−] (mmol l−1) CON 27.3 ± 0.8 26.3 ± 0.9 20.8 ± 1.0 ∗ 20.0 ± 1.0 ∗ 20.6 ± 0.8 ∗ 14.0 ± 0.7 ∗ 22.7 ± 0.7 ∗

NAC 28.0 ± 0.9 26.2 ± 0.8 19.3 ± 0.5 ∗ 19.2 ± 0.6 ∗ 19.6 ± 0.6 ∗ 12.8 ± 0.6 ∗ 21.0 ± 0.8 ∗

PCO2 (Torr) CON 43.4 ± 1.3 42.2 ± 1.2 36.5 ± 1.3 36.0 ± 1.2∗ 36.1 ± 0.9 ∗ 30.7 ± 1.6 ∗ 38.3 ± 1.0 ∗

NAC 45.5 ± 0.7 42.4 ± 1.5 37.3 ± 1.4 34.4 ± 0.4 ∗ 34.9 ± 1.1 ∗ 28.7 ± 0.7 ∗ 36.7 ± 1.0∗

[Na+] (mmol l−1) CON 140.3 ± 0.8 139.4 ± 0.8 142.0 ± 0.7 ∗ 142.2 ± 0.6 ∗ 141.2 ± 0.6 ∗ 145.0 ± 0.6 ∗ 137.9 ± 0.5
NAC 139.3 ± 0.7 139.7 ± 0.7 141.3 ± 0.6 ∗ 141.2 ± 0.7 ∗ 141.8 ± 0.7 ∗ 146.2 ± 1.0 ∗ 139.0 ± 0.6

[Cl−] (mmol l−1) CON 104.8 ± 1.0 103.5 ± 0.9 105.3 ± 1.0 102.3 ± 1.1 104.1 ± 0.9 104.8 ± 1.6 104.9 ± 1.5
NAC 105.3 ± 0.6 105.6 ± 1.0 105.1 ± 0.7 104.1 ± 0.4 103.5 ± 0.8 104.4 ± 0.9 103.3 ± 0.6

[Ca2+] (mmol l−1) CON 1.24 ± 0.02 1.27 ± 0.02 1.24 ± 0.02 1.28 ± 0.02 1.27 ± 0.02 1.28 ± 0.01 ∗ 1.23 ± 0.02
NAC 1.24 ± 0.02 1.25 ± 0.02 1.25 ± 0.01 1.24 ± 0.02 1.25 ± 0.01 1.30 ± 0.02 ∗ 1.21 ± 0.01

Different from preinfusion, main effect for time, P < 0.05. Mean ± S.E.M., n = 8.

not evident when 3-O-MFPase activity was expressed
in absolute units, we argue that this most likely reflects
the considerable intersubject variability, assay variability,
small sample size and consequently, likelihood of a Type
II error. Under these conditions, expressing the decline
in maximal Na+,K+-pump activity from preinfusion as a
percentage change from preinfusion for each individual
was appropriate and our findings indicate a preserving
effect of NAC on Na+,K+-pump activity in skeletal muscle.
Further work is required to confirm these findings.

To our knowledge, this the first demonstration that
Na+,K+-pump activity is under redox control in skeletal
muscle. NAC is a non-specific antioxidant that scavenges
ROS (Aruoma et al. 1989) and it seems likely that
the attenuated decrease in Na+,K+-pump activity with
elevated muscle NAC (Medved et al. 2004b) may, in part,
be due to ROS scavenging. An increased muscle GSH
availability was also demonstrated with NAC infusion in
these subjects (Medved et al. 2004b). Whether glutathione
exerts a stabilizing effect on skeletal muscle Na+,K+-pump
activity through preserving SH groups is not known.
However, GSH is a substrate for glutathione peroxide,
which scavenges H2O2. Thus, increased GSH availability
with NAC may have facilitated the intramuscular removal
of H2O2 during fatiguing exercise. Furthermore, NAC
infusion resulted in a threefold increase in muscle cysteine
(Medved et al. 2004b), which is also a ROS scavenger
(Cotgreave, 1997). Increased muscle glutathione and
cysteine contents, together with increased muscle NAC,
would all facilitate the removal of intramuscular ROS
and might therefore protect the Na+,K+-pump enzyme
from deleterious effects. This possibility is consistent
with findings in other cell types that endogenous ROS
scavengers such as superoxide dismutase and catalase (Kim

& Akera, 1987), and antioxidant agents such as cysteine,
dithiotreitol (Boldyrev & Bulygina, 1997), carnosine,
α-tocopherol (Kurella et al. 1999) and histidine (Vinnikova
et al. 1992) can all protect against a ROS-induced
decline in Na+,K+-pump activity. However, there are some
differences in their effectiveness across different cell types
and species and this has not yet been demonstrated in
skeletal muscle. Further work is required to investigate
which specific ROS inhibit Na+,K+-pump activity in
skeletal muscle cells and their site of action.

Recently, William et al. (2005) demonstrated
that the nitric oxide (NO) donor sodium
nitroprusside stimulated the Na+,K+-pump in isolated
myocardial cells. The effects of NO on Na+,K+-pump
activity appear to be tissue-specific, as the NO donor
S-nitroso-N-acetylpenicillamine (SNAP) inhibited
Na+,K+-pump activity in rat kidney (Beltowski et al.
2003), liver (Muriel & Sandoval, 2000) and erythrocytes
(Muriel et al. 2003). The peroxynitrite anion donor
3-morpholinosydnonimine (SIN-1) also inhibited
Na+,K+-pump activity in rat liver (Muriel & Sandoval,
2000). The possible effects of NO and peroxynitrrite on
Na+,K+-pump activity in skeletal muscle remain to be
determined.

Functional implications of enhanced Na+,K+-pump
activity with NAC

An attenuated decline in muscle maximal Na+,K+-pump
activity with NAC might be anticipated to improve K+

regulation during exercise. Therefore an important finding
was that NAC also enhanced K+ regulation during exercise,
attenuating both the �[K+] and the �[K+]-to-work ratio
during exercise. This is consistent with our findings from
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an earlier prolonged exercise study (Medved et al. 2004a)
and is consistent with the lesser percentage decline in
Na+,K+-pump activity with NAC. However, this finding
differs from the observations of a greater K+ rise during
intense exercise with NAC (Medved et al. 2003). The effects
of NAC on sarcolemmal K+ channels needs to be explored
in future studies, to explain these different effects of NAC
on K+ regulation with the different exercise intensities
studied.

Although arterialized-venous plasma [K+] peaked at
only ∼6.3 mm in this study, a much greater increase
in muscle interstitial [K+] is likely to have occurred
(Nielsen et al. 2003, 2004; Nordsborg et al. 2003;
Street et al. 2005), together with a decline in intra-
cellular [K+] (Sjøgaard et al. 1985). The consequent
reduced intracellular-to-extracellular [K+] ratio, may
reduce membrane potential and impair excitability in
skeletal muscle (Clausen, 2003). Muscle force development
is impaired with interstitial [K+] of 10–14 mm (Juel,
1988; Clausen et al. 1993; Bouclin et al. 1995; Cairns
et al. 1995). Although this effect is partially countered
by intracellular acidosis and the ensuing reduced chloride
conductance (Nielsen et al. 2001; Pedersen et al. 2004), it
is exacerbated by a reduced extracellular-to-intracellular
[Na+] gradient (Bouclin et al. 1995). Compromised
maximal Na+,K+-pump activity, if also occurring in
vivo, might therefore contribute to impaired sarcolemmal
excitability and muscle fatigue. It seems plausible that
the enhanced plasma K+ regulation with NAC may also
reflect improved muscle K+ regulation over the prolonged
period of exercise, with reduced muscle K+ loss and thereby
contribute to the delayed fatigue. However, the effects of
NAC on muscle interstitial [K+] and intracellular [K+],
as well as muscle K+ release during exercise remain to
be determined. Finally it is also likely that NAC affects
other cellular targets susceptible to redox modulation,
including the sarcoplasmic reticulum (Reid, 2001) and the
myofilaments (Moopanar & Allen, 2006) that may also
have an important impact on muscle fatiguability.

Conclusions

In conclusion, NAC significantly attenuated the percentage
decline in maximal Na+,K+-pump activity during
submaximal fatiguing exercise, which suggests that ROS
play an important role in Na+,K+-pump inactivation.
This also demonstrates that the Na+,K+-pump is under
redox control in skeletal muscle. The enhanced plasma K+

regulation observed during exercise with NAC is consistent
with enhanced Na+,K+-pump function with NAC. These
effects are consistent with preservation of muscle reduced
glutathione and cysteine contents, which may confer
protective effects on SH groups on the Na+,K+-pump.
Together these suggest that enhanced muscle K+ regulation

with NAC likely contributed to the substantial increase in
time to fatigue during prolonged submaximal exercise in
these well-trained individuals.
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