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ABSTRACT

The production of reactive oxygen species in skeletal muscle has been linked with muscle fatigue.
Infusion of the antioxidant compound N-acetylcysteine (NAC) reduced fatigability in electrically-
evoked human muscle contractions, but numerous adverse reactions were reported. No studies have
investigated NAC infusion effects during voluntary exercise in humans. This thesis investigated
whether an NAC infusion protocol that was modified to minimise these adverse reactions, would
augment time to fatigue, enhance glutathione availability and enhance potassium (K') regulation
during voluntary fatiguing exercise.

Three separate studies were conducted in healthy human volunteers, ranging from untrained to
endurance trained. In all studies, subjects participated in a double-blind, randomised, crossover
design, receiving either a NAC or saline (CON) infusion into a superficial forearm vein. NAC or
saline was intravenously infused at a rate of 125 mg.kg".hr! for 15 min, then 25 mg.kg ™" .hr”' for 20
min prior to and throughout exercise, which was continued until fatigue. Exercise comprised either
intermittent or prolonged exercise.

Study 1: This study investigated whether NAC augmented time to fatigue, affected blood thiols and
plasma K" regulation during intermittent, high intensity cycling exercise. Eight untrained males

completed three 45 s cycling bouts and a fourth bout continued to fatigue, at a workrate of 130%

\'/Ozpeak. Arterialised venous blood was analyzed for thiol status, hematology and plasma
electrolytes. The modified NAC infusion protocol induced no serious adverse reactions. Exercise
decreased the reduced glutathione (GSH; P<0.005) and increased oxidized glutathione
concentrations (GSSG; P<0.005); NAC attenuated both effects (£<0.05). NAC increased the rise in
plasma A[K']-to-work ratio (P<0.05), indicating impaired K" regulation. Time to fatigue was
reproducible in preliminary trials (CV 2.4+0.6%) but was not increased with NAC (NAC 102+45s,
CON 107+53s). Thus, NAC infusion altered blood thiols during intense intermittent exercise and

impaired plasma K" regulation, but did not attenuate fatigue.
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Study 2: This study investigated whether NAC augmented time to fatigue and affected blood thiols

and plasma K" regulation during prolonged, submaximal cycling exercise. Seven males completed

cycling exercise comprising 45 min at 70%\.702peak, then to fatigue at 90%\.702peak. Arterialized
venous blood was analyzed for thiol status, hematology and plasma electrolytes. The modified NAC
infusion protocol induced no serious adverse reactions. Time to fatigue was reproducible in

preliminary trials (CV 7.441.2%) and was not augmented by NAC (NAC 14.6+4.5 min; CON

12.8+5.4 min). However, the percentage change in time to fatigue during NAC trials was correlated

with {/Ozpeak (r=0.78; P<0.05), suggesting that NAC effects on performance may be dependent on
training status. The rise in plasma [K'] at fatigue was attenuated by NAC (P<0.05). The plasma

A[K"]-to-work ratio and percentage change in time to fatigue tended to be inversely related (r=-

0.71; P<0.07). Thus, NAC effects on performance were dependent upon \.lOzpeak and NAC

attenuated the rise in plasma [K] during exercise.
Study 3 — Part I: This study investigated the effects of NAC on skeletal muscle cysteine, cystine

and glutathione, and on time to fatigue during prolonged, submaximal exercise in endurance
athletes. Eight males completed cycling exercise comprising 45 min at 70% VOapea, then to fatigue

at 90% VOypear. Arterialized venous blood was analysed for NAC, glutathione status and cysteine
concentration. A vastus lateralis biopsy was taken pre-infusion, at 45 min exercise and fatigue and

analysed for NAC, total glutathione (TGSH), GSH, cysteine and cystine contents. Time to fatigue at

90% \.702pcak was reproducible in preliminary trials (CV 5.630.6%) and with NAC was enhanced by
26.319.1% (NAC 6.410.6 vs CON 5.3+0.7 min, P<0.05). NAC increased muscle total and reduced
NAC at both 45 min and fatigue (P<0.005). Muscle cysteine and cystine were unchanged during
CON, but were elevated above pre-infusion levels with NAC (P<0.001). Muscle TGSH (P<0.05)
declined, whereas muscle GSH tended to decline (P=0.06) during exercise. Both were greater with

NAC (P<0.05). Neither exercise nor NAC affected whole blood TGSH. Whilst blood GSH was



decreased and GSSG increased with exercise (P<0.05), both were unaffected by NAC. In
conclusion, NAC improved performance in well-trained individuals, with enhanced muscle cysteine
and GSH availability a likély mechanism.

Study 3 — Part II: This study was also designed to investigate the effects of NAC infusion on
skeletal muscle Na” K*-ATPase activity and plasma electrolytes during prolonged submaximal
endurance exercise, in well trained individuals. Muscle and blood samples were also analysed for
maximal in vitro Na' K'-ATPase activity (maximal K'-stimulated 3-O-methyfluorescein
phosphatase, 3-O-MFPase) and plasma K" and electrolytes, respectively. Maximal 3-O-MFPase
activity decreased by 21.61£2.8% at 45 min and by 23.942.3% at fatigue when compared to rest
(P<0.05). This percentage change in maximal 3-O-MFPase activity was attenuated by NAC at 45
min (P<0.05) but not at fatigue. Furthermore, the A3-O-MFPase activity to work ratio was
attenuated by NAC at 45 min and at fatigue (P<0.005). The rise in plasma [K'] and plasma A[K]-
to-work ratio during exercise were both attenuated by NAC (P<0.05). NAC had no effect on any
other electrolytes measured. There was no significant correlation between time to fatigue and any of
maximal 3-O-MFPase, rise in plasma [K'] and plasma A[K']-to-work ratio. Hence, NAC attenuated
the depression in skeletal muscle Na",K'-ATPase activity and enhanced K* regulation during
prolonged submaximal exercise in well-trained individuals.

In summary, this thesis demonstrated that a modified NAC infusion protocol did not induce any
serious adverse reactions in healthy young volunteers. There was no effect on time to fatigue

during high intensity, intermittent exercise. In contrast, NAC effects on time to fatigue were

dependent upon {/O2peak during prolonged, submaximal exercise such that trained subjects had a
longer time to fatigue. NAC increased muscle NAC and cysteine contents, which also increased
glutathione availability during prolonged, submaximal exercise. NAC had no effect on whole blood
glutathione during prolonged, submaximal exercise, but supported whole blood glutathione status

during high intensity, intermittent exercise. Contrasting effects of exercise on plasma K* regulation
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were seen with NAC, which was impaired during high intensity, intermittent exercise in untrained,
but enhanced during prolonged, submaximal exercise in well-trained individuals. Enhanced K"
regulation during prolonged exercise may in part due to NAC attenuating the decrease in Na",K-
ATPase activity. Therefore, improved muscle glutathione and Na',K'-ATPase status may both

contribute to improved prolonged exercise performance with NAC.
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CHAPTER 1: INTRODUCTION

Reactive oxygen spe'cies.(ROS) are the products of univalent reduction of oxygen.
Under normal conditions, ROS accumulation is minimised by endogenous antioxidants
including superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX)
and glutathione. Although fundamental to the metabolic activity of the cells, ROS may
also contribute to the pathogenesis of a wide variety of diseases including Alzheimer’s
disease, heart disease, tissue ischaemia and asthma (Kerr et al. 1996).

Over the last two decades there has been a growing interest in the role of ROS during
muscle fatigue. Numerous studies have demonstrated that ROS accelerates, whereas
antioxidants attenuate, muscle fatigue (Barclay and Hansel 1991; Novelli et al. 1991;
Reid et al. 1992; Nashawati et al. 1993; Supinski et al. 1993; Diaz et al. 1994; Reid et
al. 1994; Travaline et al. 1997; Lands et al. 1999). However, only a few studies have
reported positive effects of antioxidant supplementation in humans (Reid et al. 1994;
Travaline et al. 1997; Lands et al. 1999). N-acetylcysteine (NAC), a non-specific
antioxidant, has successfully attenuated muscle fatigue in humans (Reid et al. 1994;
Travaline et al. 1997), although the adverse reactions and premedication with
antihistamines in these studies make their application to human voluntary exercise
difficult. Furthermore, no studies have investigated the effects of prolonged exercise
and NAC infusion on muscle total glutathione (TGSH), reduced glutathione (GSH),
cysteine (CYS) and cystine, which has further compounded the interpretation of the
effects of NAC on voluntary exercise performance.

Recent work using human skeletal muscle obtained by needle biopsies have shown that
fatigue induced by prolonged (Leppik et al., 2004; Sandiford et al. 2004) and intense
exercise (Fraser et al., 2002; Aughey et al. 2004) and isometric contractions (Fowles et

al. 2002) was associated with decreased maximal rate of sodium-potassium adenosine



triphosphatase (Na*,K'-ATPase) enzyme activity. These studies implicate depressed
Na® K*-ATPase activity as an important site for fatigue during exercise. The mechanism
for depressed Na*,K*-ATPase activity during exercise remains to ‘be elucidated, but
there is growing evidence that Na",K*-ATPase activity within contracting muscle is
adversely affected by an accumulation of ROS (Kim and Akera 1987; Kukreja et al.
1990; Sen et al. 1995; Kourie 1998). None of these studies have investigated human
skeletal muscle and voluntary exercise.

This thesis will investigate the effects of NAC on voluntary, whole body exercise in
healthy human volunteers. The effects of NAC on blood and muscle glutathione status
during exercise will be investigated. Finally, the thesis will also investigate whether

NAC attenuates the exercise-induced depression in muscle Na",K*-ATPase activity.



CHAPTER 2: LITERATURE REVIEW, AIMS AND HYPOTHESES
This Iiterature review is divided into five sections. Section I will outline the important
aspects of muscle contraction and fatigue. Section II will identify the importance of
ROS and antioxidants during exercise and their potential roles during fatigue. Since a
major part of this thesis is to investigate the effects of NAC on glutathione, the effects
of exercise on glutathione will also be reviewed in Section II. Section III reviews the
importance of muscle Na’'K'-ATPase during exercise, with the effects of ROS
highlighted. Finally, Section IV will review the pharmacological manipulation of redox

status and their effects on exercise, with special reference to NAC.

SECTION I: MUSCLE CONTRACTION AND FATIGUE

2.1 Brief Overview of Muscle Contraction

After release from the motor nerve terminal, acetylcholine binds to receptors on the
motor end plate resulting in depolarisation of the muscle membrane and formation of an
action potential (AP). The AP propagates along the sarcolemma and into the t-tubules,
where the depolarisation is detected by the dihyropyrodine (DHPR) receptor
(Stephenson et al. 1998). The ryanodine receptor (RyR) is located in the terminal
cisternae of the SR and is the physiological calcium (Ca™) release channel (Lamb
2000). A mechanical link is induced between the DHPR and RyR, which results in Ca**
release from the SR into the cytoplasm. Although normal intracellular ATP in resting
muscle is ~6 mM, which would open the RyR, this effect is overwhelmed by the
inhibitory effects of magnesium (Mg*"; Lamb et al., 1991). Ca’" released from the RyR
then binds to the troponin-tropomyosin complex on the actin filaments. Actin then
combines with myosin ATPase to split ATP. ATP hydrolysis produces the energy
necessary for the myosin filament to slide across the actin filament and muscle

shortening. The contraction cycle continues, as long as there is sufficient Ca’" to bind to



troponin and enough ATP to be hydrolysed for energy production (Fitts and Balog,
1996). The ATP-dependent Ca*'-ATPase enzyme removes Ca>* from the cytoplasm to
the SR, thus decreasing the cytosolic [Ca**]. Removal of Ca*" restores the inhibitory
action of troponin-tropomyosin and the cross bridge cycle ceases, thus allowing the
muscle to relax.

2.2 Fatigue

Exercise-induced muscle fatigue is a multifactorial process and is characterised by an
inability to maintain power output or force, is reversible with rest and can occur due to
failure at both central and peripheral sites. Fatigue is a gradual and an integral process
of physical activity (Bigland-Ritchie 1981), with the mechanisms of fatigue specific to
exercise intensity and duration. A brief overview of the various components of the
fatigue process is provided below.

2.2.1 Central versus Peripheral fatigue

Factors involved in central fatigue include decreased a-motor neuron excitability,
activation of the central nervous system and/or motor unit recruitment (Gandevia 2001;
Enoka et al., 1992). Although central fatigue is evident during exercise, it only accounts
for a small portion of fatigue (Gandevia, 2001). Bigland-Ritchie and colleagues (1979)
demonstrated central fatigue during maximal voluntary isometric contractions of
quadriceps muscle. During repeated fatiguing contractions, subjects were unable to
achieve maximal voluntary force equal to the maximal electrically stimulated force.
Thus, all motor units were not fully recruited and central fatigue was evident.

The twitch interpolation technique, where brief electrical stimulation is superimposed to
induce a muscle twitch contraction has also been used to demonstrate central fatigue
during high intensity, isometric exercise of human quadriceps and hamstring muscle

groups (James et al. 1995). Central fatigne was also evident during isometric



contractions (Fowles et al. 2002), after prolonged cycling for 5 h at 55% \./Ozpeak (Lepers
et al. 2002) and a 65 km ultra marathon (Millet et al. 2002). Interestingly, there appears
to be no literature that has investigated a possible role of ROS in the central fatigue
process. However, most research points to fatigue principally occurring beyond the
neuromuscular junction (Fitts 1994; Green 1997).

Peripheral fatigue is defined as any fatigue arising from the failure of mechanisms at or
beyond the neuromuscular junction (Fitts 1994; Green 1997). Mechanisms underlying
peripheral fatigue may include metabolic factors, SR dysfunction, Na" and K" fluxes, as
well as ROS accumulation, as reviewed in the following sections.

2.2.2 Metabolic factors in fatigue

Metabolic contributions to muscle fatigue are dependent upon the exercise intensity and
duration. Therefore, the following section separately discusses metabolic aspects of
fatigue during intense exercise and prolonged exercise.

2.2.2.1 Metabolic factors in fatigue during intense exercise

With intense, short-term exercise, ATP production rates are unable to match ATP
utilization rates, resulting in reduced ATP, accompanied by accumulation of a range of
metabolic by-products such as hydrogen ions (H"), lactate, inorganic phosphate (P;),
adenosine monophosphate (AMP), adenosine 5’ diphosphate (ADP) and inosine 5’
monophosphate (IMP; Green 1997). The accumulation of several of these metabolites
has been shown to have adverse effects on exercise performance and lead to fatigue.
During maximal 30s cycling exercise, muscle ATP, CP and glycogen contents
decreased by 40%, 70% and 40%, respectively (Gaitanos et al. 1993). Others have also
reported similar declines in these substrates during intense exercise (Bogdanis et al.
1995; Hargreaves et al. 1998). Although these studies indicate that ATP was not totally

depleted during intense exercise, they obtained average measurements over the muscle



biopsy sample and it is highly likely that reduction in substrates were even more
dramatic within some regions of the muscle (McKenna 2003). A recent report
demonstrated that human muscle ATP was reduced by 25% in type I fibres but by up to
80% 1n type II fibres following 25 s of maximal dynamic cycling exercise (Karatzaferi
et al. 2001). Several processes involved in excitation and contraction, including
reactions catalyzed by the Na*,K'-ATPase, Ca’"-ATPase and myosin ATPase enzymes,
are critically dependent on the provision of energy provided by the hydrolysis of ATP
(Green 1998). Therefore, severe localised ATP depletion may adversely impact on these
key regulatory enzymes and impair membrane excitation, Ca®" regulation and force
production.

Accumulation of muscle P;, ADP and H may also be involved in fatigue. With the
decline in CP, there is also an accumulation of Pi, which has been shown to be an
important component in the fatigue process (Cooke et al. 1988; Wilson et al. 1988) by
acting directly on the cross bridges (Pate 1995). However, Pi may also precipitate Ca*
within the SR lumen and thereby reduce Ca®* release (Allen and Westerblad 2001). An
increased ADP also decreased Ca®>* pump activity in mechanically skinned rat fibers
(Macdonald and Stephenson 2001).

During intense exerci.se, increased H™ occurs primarily due to the increased rate of
glycolysis. Increased muscle acidosis also depressed muscle force at room temperature
(Westerblad et al. 1997), but this was not evident or greatly reduced at physiological
temperatures (Westerblad et al. 1997). Therefore, acidosis has little direct effect on
isometric force production, maximum shortening velocity or the rate of glycogen

breakdown in mammalian muscles studied at physiological temperatures (Westerblad et

al. 2002).



Although lactate increased by 28-fold during maximal 30s cycling exercise (Gaitanos et
al. 1993), its importance in fatigue has been questioned (Sahlin et al. 2002).
Furthermore, several studies report that lactate may actually protect against skeletal
muscle fatigue (Nielsen et al. 2001, Karelis et al. 2004). Interestingly, in rat hepatocytes
lactate prevents lipid peroxidation (LIPOX) by scavenging ROS including the
superoxide (O,") and hydroxyl radicals ("OH). Thus, lactate might be considered as a
potential antioxidant agent (Groussard et al. 2000). Whether lactate also demonstrates
antioxidant properties in skeletal muscle is unknown.

2.2.2.2 Metabolic factors in fatigue during prolonged exercise

It is well established that fatigue during prolonged exercise may coincide with
decreased muscle glycogen and that glycogen supplementation increases exercise time
to fatigue (Hermansen et al. 1967; Bjorkman et al. 1984). A decreased muscle
glycogen is also likely to affect SR Ca®" release and uptake. Studies in both humans
(Booth et al., 1997) and horses (Byrd et al. 1989) have shown decreased SR Ca”" uptake
during prolonged exercise, which may be related to decreased glycogen levels.
Furthermore, Stephenson et al., (1999) showed that the capacity of skeletal muscle to
respond to t-system depolarization was related to glycogen levels in mechanically
skinned fibers of the cane toad.

ATP content remains relatively constant during prolonged exercise (McConell et al.
1999) and depressed ATP is therefore unlikely to contribute to fatigue. However, small
changes in ATP can result in marked increases in ADP, which has been shown to reduce
free energy release during ATP hydrolysis (Sahlin et al. 1998) and limit power output
during exercise (Yamashita et al. 1994). Furthermore, any localised ATP depletion may

be critical, especially for SR function.



An accumulation of H' is unlikely to be an important factor in fatigue during prolonged
exercise. Consistent with this, sodium bicarbonate supplementation decreased plasma
and muscle H', but did not effect performance during intense endurance exercise of ~60
min in endurance trained males (Stephens et al. 2002).

2.2.3 Sarcoplasmic reticulum and fatigue

The importance of SR Ca®" regulation in muscle fatigue is highlighted in a number of
recent reviews (Allen et al. 1992; Fitts 1994; Favero 1999; Lamb 2000; Lamb 2002). In
addition to the metabolic factors outlined above, several reports also indicate that SR
Ca*" release is impaired with fatigue (Hill et al. 2001; Li et al. 2002; Leppik et al.,
2004) and Ca®* uptake rates are also decreased in human muscle (Booth et al., 1997; Li
et al. 2002; Tupling et al. 2003). One potential mechanism for the decline in SR Ca**
release and uptake is the accumulation of ROS. Although SR Ca®* regulation will not be
investigated in this thesis, it is important to recognise that ROS effects on SR are well
known in animal models, as briefly reviewed in the next section.

2.2.3.1 Sarcoplasmic reticulum Ca’* release and reactive oxygen species

ROS are defined and their actions detailed in Section II. Davies et al. (1982) were the
first to demonstrate decreased SR ‘integrity’ consequent to ROS following an
exhaustive exercise bout in rats. Brotto and Nosek (1996) demonstrated that 5 min
exposure to 1 mM hydrogen peroxide (H,O,) decreased Ca®* release. However, when
Ca®" release was measured in the presence of the Ca®" channel inhibitor ruthenium red,
no release of Ca** was observed with up to 80 mM of H,O,, suggesting that H,O, was
directly affecting the Ca*' release mechanism (Favero et al., 1995).

H,0, also decreased myofibrillar Ca** sensitivity and force, which was reversed by the
reducing agent dithiothreitol (Andrade et al., 1998). This effect was more prominent in

slow twitch fibers and may be glutathione-dependent (Posterino et al., 2003). The



addition of sulthydryl protecting agents, glutathione or dithiotherritol (DTT) reduced
the Ca®* release from the SR (Posterino et al., 2003; Oba et al., 1996; Andrade et al.,
1998). The opposing effects of DTT and H,O, on channei gating, are consistent with the
suggestion that the redox state of thiol groups in the Ca®" release channel protein can
influence channel gating (Boraso and Williams, 1994).

2.2.3.2 Sarcoplasmic reticulum Ca** uptake and reactive oxygen species

SR Ca** uptake is decreased with increased ROS concentration (Posterino and Lamb,
1996; Xu, et al., 1997) although the precise molecular mechanism and the site involved
in SR Ca** ATPase inhibition by ROS are unknown (Xu et al., 1997). Numerous studies
have reported impaired SR Ca®* ATPase function with oxidative stress (Scherer and
Deamer, 1986), H,O, (Grover et al., 2003), and *OH (Xu et al., 1997). The reducing
agents, 5 mM DTT or 10 mM glutathione, prevented the decline in Ca**-ATPase
activity (Posterino and Lamb, 1996).

In summary, sulfhydryl oxidation promotes calcium release from the SR by opening
release Ca®" channels and inhibiting Ca®" uptake (Khawli and Reid, 1994). During
fatiguing exercise, ROS increase, which may impair SR Ca®" release channel opening
and Ca®* ATPase activity. By inhibiting oxidant effects in the active muscle, anti-
oxidant treatment could enable the SR to maintain calcium homeostasis more
effectively, thereby potentially alleviating this component of the fatigue process
(Khawli and Reid, 1994). However, the effects of ROS on SR function in human
skeletal muscle remain to be elucidated.

2.2.4 Membrane potential, sodium and potassium fluxes and fatigue

Skeletal muscle contraction results in increased intracellular Na' and decreased

intracellular K* concentrations, which are known to effect membrane excitability. The
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following section discusses the K™ and Na* fluxes during exercise and their possible
role in muscle fatigue.

2.2.4.1 Membrane potential and fatigue

The resting membrane potential (RMP) is approximately -80 mV and is primarily
influenced by the K* and Na* concentration gradients and by K* permeability (Sejersted
and Sjegaard 2000). At rest, there is a tendency for K to leak outside and Na" to leak
into the cell down their concentration gradients, which are counterbalanced by the
Na+,KJ_'—ATPase enzyme. A single AP was calculated to raise intracellular [Na+] by
0.0077 mmol/L. and decrease intracellular [K'] by 0.0047 mmol/L (Hodgkin and
Horowicz, 1959), but these changes would be magnified during intense muscle
contraction (McKenna 1992).

Several studies demonstrate that decreased membrane excitability is linked with fatigue.
In isolated rat soleus muscle there was a close correlation between the M-wave area and
force during fatiguing stimulation (Overgaard et al. 1997). Furthermore, in humans
impairment of AP propagation has been implicated in the fatigue process during

intensive cycling exercise (Strojnik and Komi 1998), isometric, single-leg extension

exercise at ~60% \./OZpeak (Fowles et al. 2002), maximal voluntary contractions of the
adductor pollicis (Bellemare and Garzaniti 1988), isometric contraction of the dorsal
interosseous muscle (Fujimoto and Nishizono 1993) and isometric contractions of the
knee extensors (Hamada et al. 2003). However, some studies show no relationship
between intramuscularly recorded M wave amplitude and fatigue in humans (Bigland-
Ritchie et al. 1982) and cellular membrane potential and force development in animal

models (Hicks and McComas 1989; Balog et al. 1994).
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2.2.4.2 Sodium fluxes and fatigue

It was first noted in 1902, that decreased extracellular [Na'] eventually led to decreased
contractility (Overton 1902). Subsequent studies have confirmed these early findings.
A decreased extracellular [Na'] from 120 to 60 mM decreased force in frog sartorius
muscle (Bouclin et al. 1995). Reduced extracellular [Na'] also depressed force in
isolated bundles of rat skeletal muscle fibres (Cairns et al. 1995), rat soleus muscle
(Overgaard et al. 1997), mouse skeletal muscle (Caimns et al. 2003; Duty and Allen,
1994) and amphibian muscle (Bezanilla et al. 1972; Nakajima et al. 1975). When
extracellular [Na'] was lowered to 25 mM tetanic force was decreased to 30% of the
control level after 60 min in isolated rat soleus muscles (Overgaard et al. 1997).
Although numerous studies have sampled isolated skeletal muscle preparations, these
results cannot be directly applied to intact muscles however, where extracellular [Na']
is high (Sejersted and Sjegaard 2000).

Repetitive electrical stimulation of mouse skeletal muscle resulted in an ~85% increase
in intracellular [Na'], as measured by ion-selective electrodes (Juel, 1986). Intense
swimming exercise for ~3 min also increased intracellular [Na'] in rat plantaris, red
gastrocnemius, white gastrocnemius, but not soleus muscle (Lindinger and
Heigenhauser, 1987). An increased [Na'] following electrical stimulation of rat
hindlimb was also reported by the same group (Lindinger and Heigenhauser 1988).
Exercise also resulted in an increased Na' content in human muscles. Exercise to
exhaustion comprising 3 cycling bouts for 3 min at 325-395 W, increased muscle Na*
content from 9.8 to 16.5 mmol/100 g dry wt (Sjegaard, 1983). Similarly, one legged,
dynamic exercise resulted in a 3-fold increase in calculated Na" content in human vastus

lateralis muscle (Sjogaard et al., 1985). Moreover, the rise in intracellular [Na'] can
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result in the T-system being unable to support trains of action potential in mechanically
skinned rat fibres, thereby reducing tetanic force responses (Nielsen et al., 2004).

Some studies demonstrate that decreased extracellular [Na'] alone may not affect force,
but when combined with increased extracellular [K], muscle contractility was affected
(Balog et al. 1994). The combination of 9 mM K and 85 mM Na" induced a reduction
in tetanic force to 30 £ 9% of the control level in isolated rat soleus muscle (Overgaard
et al. 1997). The same study also decreased [Na'] to 71 mM or increased [K'] to 8 mM
and found each had a negligible effect on force in isolated rat soleus muscle, but when
these ionic changes were combined force was decreased to 29 + 7% of control
(Overgaard et al. 1997). Therefore, the effects of a decreased [Na'] are considerably
potentiated by increasing extracellular [K'] (Overgaard et al. 1997) and the combined
effects of Na™ and K+I on thé twitch and tetanic contractions are greater than the sum of
their individual effects (Bouclin et al. 1995).

2.2.4.3 Potassium fluxes and fatigue

It was known as early as 1936 that K™ is lost from contracting muscle (Fenn and Cobb
1936), resulting in decreased muscle K™ content (Costill and Saltin 1975; Sejersted et al.
1982; Sjogaard 1983; Hallén et al. 1994; Gullestad et al. 1995; Katz et al. 1985) and
increased venous plasma [K'] (McKenna, 1992; Medbg and Sejersted, 1990; Sejersted,
1985).

The effects of increased extracellular K™ on muscle force development and fatigue have
also been studied. In isolated bundles of fibres and whole soleus muscles from the rat
there was a large reduction of force at a [K'] of 14 mM (Cairns et al. 1995). Similarly,
isolated rat soleus muscles exposed to 10 mM K, also decreased isometric twitch and

tetanic force by 40-69% (Clausen et al. 1993). Numerous other studies also reported
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decreased force development with increased K* in frog sartorius (Bouclin et al., 1995),
mouse soleus (Juel, 1988) and Xenopus toe muscle (Lannergren and Westerblad, 1986).
Human studies also suggest that decreased intracellular [K'] can impair force
development. Verburg et al., (1999) studied the effects of two-legged intermittent static
knee-extensions at 30% MVC on K" and fatigue. They reported a large net K* loss
during the first minutes of exercise, which disappeared after 20 min but reappeared after
30 min; the decrease in intracellular K* was linearly related to the fall of maximal force.
One-legged dynamic knee-extension decreased muscle intracellular [K'] from 165 mM
at rest to 129 mM at exhaustion (Sjegaard et al. 1985). This decrease together with an
increased extracellular [K'] from 4.5 mM at rest to greater than 6.0 mM at exhaustion
could also be a cause of muscle fatigue (Sjogaard et al. 1985).

In summary, excitation-induced changes in the ionic gradients contribute to the
development of skeletal muscle fatigue (Figure 2.1). The Na',K'-ATPase enzyme plays
a dynamic role in the maintenance of excitability during contractile activity (Nielsen
and Clausen 1996) and helps maintain K and Na® concentration gradients (Clausen,
2003). However, the transport capacity of the Na’', K'-ATPase enzyme in exercising
muscle may become rate limiting in the maintenance of electrochemical gradients,
membrane excitability and force (Clausen 1996; Nielsen and Overgaard 1996; Figure
2.1). Na',K'-ATPase activity is depressed at the point of fatigue (section 2.19) with
one proposed mechanism being an accumulation in ROS (section 2.22). This thesis will
investigate the effects of ROS on Na’,K'-ATPase activity and hence their importance

during exercise are discussed in Sections IT and III.
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Figure 2.1 The role of Na', K" and Na",K*-ATPase in the maintenance of excitability

and force ion skeletal muscle.
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From Nielsen and Overgaard, 1996.

SECTION II: REACTIVE OXYGEN SPECIES, ANTIOXIDANTS AND
EXERCISE

2.3 Introduction to reactive oxygen species

During exercise there is an increased formation of ROS, which contribute to muscle
fatigue. Several studies indicate that antioxidants not only decrease ROS concentration
but also attenuate muscular fatigue. The exact mechanisms for this phenomenon are
unknown and remain to be elucidated.

ROS formation during muscle contraction will be reviewed. Although it is difficult to
directly measure ROS concentrations, several indirect methods can be used. The
importance of endogenous and exogenous antioxidants in decreasing muscle and blood
ROS during exercise Will be highlighted. Studies indicate that the manipulation of
glutathione, a major non-thiol antioxidant, can influence exercise performance, and the

effects of acute and chronic exercise on glutathione status are therefore reviewed.
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2.4 Overview of reactive oxygen species

An oxygen free radical is defined as “any atom or molecule with an unpaired electron in
its outer orbit that can exist independently for a period of time (Jenkins, 1988; Sen,
1995; Figure 2.2). Free radicals are highly reactive compounds, have short-half lives
and exist in low steady state concentrations (Table 2.1; Sjedin et al., 1990; Sen, 1995).
Oxidation is defined as a loss in electrons by an element or compound, whereas
reduction refers to the gain of electrons from an element or compound (Halliwell and
Gutteridge, 1989). Reactions occur when there is a transfer of electrons from a suitable
donor (i.e. the reductant) to a suitable electron acceptor (i.e. the oxidant). These are
termed oxidation-reduction (redox) reactions. Univalent reduction of molecular oxygen
refers to the reduction of molecular oxygen by one electron at a time, thus producing
oxygen centred free radicals such as O, and "OH (Sen, 1995). Sen (1995) further
suggests that these reactive intermediates may escape from the process of complete
tetravalent reduction and produce ROS. ROS represents a broader term than free
radicals and includes the non-radical derivatives of oxygen which include H,0», singlet
oxygen ('0,) and hydroperoxides (Sen, 1995).

A pro-oxidant (eg. ROS) is any substance that when present in low concentrations
compared to those of reducible substrates, significantly increases or promotes oxidation
of that substrate (Sjedin et al., 1990; Sen, 1995). To combat the deleterious nature of
these pro-oxidants, the body possesses endogenous defences in the form of anti-
oxidants. An anti-oxidant is defined as any substance that, when present in low
concentration compared with those of an oxidisable substrate, significantly delays or

prevents oxidation of that substrate (Sjedin et al., 1990; Sen, 1995).
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Figure 2.2 Model of electron position of reactive oxygen species.

00 o
Superoxide (O,") Hydroxyl radical (*OH)

From Kerr et al., (1996)

Table 2.1 Lifetimes of selected free radicals

Radical Symbol Lifespan (s)
Superoxide 0, 1x10°
Hydroxyl *OH 1x10°
Alkoxyl RO® 1x10°
Peroxyl ROO* 1x102
Singlet oxygen '0, 1x10°
From Yu (1994).

The presence of unpaired electrons in free radicals tends to produce highly reactive
species that can interact with numerous biological molecules and initiate a series of
damaging free radical reactions (Kanter, 1995). There are three phases in a free radical
chain reaction (Halliwell and Gutteridge, 1986; Kanter, 1995). Firstly, there is the
initiation process where the free radical is generated. The propagation phase follows,
where other free radicals are formed. New free radicals can be formed when a radical
gives one electron to, takes one electron from and/or adds on to a non-radical, thus
forming a new radical (Halliwell and Chirico, 1993). The final stage of a free radical
attack is when the free radical is terminated, and is achieved when two free radicals

bond together to form a stable non-radical (Kanter, 1995).
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There are a number of possible mechanisms by which anti-oxidants may protect the

cells against the harmful effects of ROS (Sen, 1995). These include:

) prevention of ROS formation;

(11) interception of ROS attack by scavenging the reactive metabolites and
converting to less reactive molecules;

(i)  enhancing the resistance of sensitive biological targets to ROS attack;

(iv)  preventing the transformation of less reactive ROS (eg. O, to more deleterious
forms (eg. *OH);

(v) facilitating the repair and damage caused by ROS;

(vi)  triggering the expression of genes that encode anti-oxidant properties;

(vi)  providing a favourable environment for the effective functioning of other anti-
oxidants (eg. as a co-factor or by acting to maintain a suitable redox status).

2.5 Formation of reactive oxygen species

2.5.1 Reactive oxygen formation from molecular oxygen

One principal pathway for the production of ROS involves the enzymatically-controlled

reduction of molecular oxygen via the cytochrome cﬁain (Kanter, 1995). The rate of

whole body oxygen uptake may increase by 20 fold during exercise, whilst oxygen flux

through the active peripheral skeletal muscle may increase by ~100 fold (Sen, 1995). In

biological systems, the reduction of molecular oxygen to water requires four electrons

and can be achieved in two ways (Sjedin et al., 1990). The main pathway is tetravalent

reduction of oxygen to water. This proceeds in the mitochondria with no reactive

oxygen species generated and accounts for 95-98% of total oxygen consumption (Sjedin

et al., 1990). The remaining 2-5% is utilised in an alternative univalent pathway (Figure

2.4), in which ROS are produced (Sjodin et al., 1990). These electrons ‘leak’ onto
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oxygen rather than being transported to the next component in the electron transport

train (Boveris and Chance, 1973).

Figure 2.3 The univalent oxygen reduction pathway

e e +2H" e +H e +H"
O, —» 0" —» H,0, —p» OH —p H,0

H,0

O,, molecular oxygen; *OH, hydroxyl radical; O,”, superoxide anion; H,O, water;

H,0,, hydrogen peroxide; €, electron; H', hydrogen. From Sjedin et al. (1990)

With the acceptance of the first electron, O, is formed (Hess and Manson, 1984),
which although it is not highly toxic, can cause free radical chain reactions (Halliwell
and Gutteridge, 1989). Furthermore, O, is able to inactivate glutathione peroxidase in
vitro (Blum and Fridovich, 1985), as well as partially inhibiting catalase in vitro (Kono
and Fridovich, 1982). If this also occurred in vivo, H,O, may increase, as these enzymes
are responsible for the dismutation of H,0, (Hess and Manson, 1984; Sen, 1995).

The H,0, molecule readily diffuses through hydrophobic membranes, and can generate
highly reactive ROS when interacting with redox active transitional metals (Brotto and
Nosek, 1996). For example, H,O, accumulation produces ‘OH via the Haber-Weiss
reaction with a metal chelate (R1) or the Fenton reaction (R2) as shown below (Hess

and Manson, 1984; Halliwell and Gutteridge 1989).
R1 0, +H,0, > 0O, +O0H +"OH
R2  Fe*"+H,0, - Fe’" + OH +"OH

The hydroxy radical is a very reactive and unstable oxidising species, which reacts with

a wide variety of organic compounds and biomembranes (Hess and Manson, 1984). In
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fact, "OH is so reactive that it very likely never diffuses more than 1 or 2 molecular
diameters without entering a reaction (Pyke et al., 1986). Hess and Manson (1984)
suggest that large concentrations of “OH do not exist under physiological conditions.
Nevertheless, "“OH will react with and alter the structure of enzymes, membranes or
nucleic acids (Sjedin et al., 1990). A semiquinone (SQ°) radical in the presence of H,O,
and a high H" concentration may also propagate to form the potent *OH (Jenkins 19838;
R3).
R3  H,0,+SQ"+H" — Quinone + "OH + OH’

2.5.2 Xanthine oxidase system

ROS production may also result from the conversion of xanthine dehydrogenase (XDH)
to xanthine oxidase (X0O). XO catalyses the oxidation of hypoxanthine to xanthine as
well as the oxidation of xanthine to uric acid, using NAD as an electron acceptor
(Sjedin et al., 1990). Under normal conditions 80-90% of XO exists as XDH. However,
XDH is converted to an oxidase under metabolic stress, with molecular oxygen
replacing NAD" as the electron acceptor (Parks et al., 1988; Sjedin et al., 1990). The
conversion of XDH to a reversible form of XO occurs through the oxidation of XDH-
thiols during periods of ischaemia, oxidative or metabolic stress, or other conditions
where NAD" is used as an electron acceptor (Parks et al., 1988). With molecular
oxygen replacing NAD" as an electron acceptor, the superoxide anion is formed
(Kuppusamy and Zweier, 1989).

2.5.3 Other reactive oxygen producing mechanisms

The production of ROS is not limited to mitochondrial metabolism and the xanthine
oxidase system. The auto-oxidation of haemoglobin to methaemoglobin involves the
formation of a ferrous iron-oxygen complex, which slowly decomposes with the release

of O, (Misra and Fridovich, 1972; Halliwell and Gutteridge, 1989). The reactions of
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adrenaline and noradrenaline and their derivatives can produce O, and H,0, (Halliwell
and Gutteridge, 1989). In addition, environmental free radicals can also be taken up into
the body from air pollution, UV-radiation and cigarette smoke (Simon-Schnass, 1994).
Kukreja and Hess (1992) detail further possible sources of free radicals.

2.6 Measurement techniques for detecting reactive oxygen species

2.6.1 Introduction

Given that ROS are extremely reactive and have short half-lives, their detection is
difficult. Oxidative stress is measured either direcily or indirectly. Direct measurements
include electron paramagnetic resonance (EPR), with the most common indirect
markers being LIPOX and changes in glutathione redox status. The following section
outlines these methods, with more detailed reviews available elsewhere (Han et al.,
2000; Urso and Clarkson, 2003). There are also a number of in vitro measurements that
can detect specific ROS, including cytochrome ¢ reduction, intracellular fluorochrome
and salicylate hydroxylation, as detailed by Han et al., (2000). There are numerous ways
to measure oxidative stress, each with their advantages and disadvantages. Overcoming
the difficulties in measuring ROS in biological systems remains a significant challenge
in this field (Han et al., 2000).

2.6.2 Direct measurement of reactive oxygen species

EPR is the most powerful device to directly detect and characterise oxygen free radicals
(Sen, 1995), although the use of spin traps is required. EPR measures the energy
changes that occur as unpaired electrons align in response to an external magnetic field
(Borzone et al., 1994). Several studies have utilised the EPR technique to directly detect
free radicals in skeletal muscle and blood, as described below (Davies et al., 1982;

Jackson et al., 1985; Borzone et al., 1994; Bailey et al., 2003).
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2.6.2.1 Electron paramagnetic resonance

Davies et al., (1982) detected increased ROS concentration in liver and skeletal muscle
via EPR in rats following a submaximal treadmill run to exhaustion. Similarly, Jackson
et al., (1985) reported an average 70% increase in the amplitude of the major EPR
signal in rat hind muscles and an ~30% increase in EPR signal in diaphragm muscle
after resistive loading (Borzone et al., 1994).

2.6.2.2 Spin traps

Ashton et al., (1999) used EPR and a spin trap to measure ROS in blood drawn from
healthy humans during incremental exercise to exhaustion. They found an increase in
the intensity of the alpha-phenyl-tert-butylnitrone adducts, as well as malondialdehyde
(MDA) and lipid hydroperoxides during exercise (Figure 2.4). Bailey et al., (2003)
applied the EPR spin trapping technique in humans completing single leg knee extensor
exercise and provided the first direct evidence of ROS outflow from active skeletal
muscle. Together with their use of femoral arterial and venous blood free radical
concentrations, these authors demonstrated that muscle contraction was associated with
net adduct outflow that increased proportionally with muscle oxygen consumption and
cardiac output (Bailey et al., 2003).

2.6.3 Indirect Measurement

Due to the complexity in directly measuring oxidative stress and/or ROS, most
investigators have used indirect measurements. These include markers of lipid
peroxidation, changes in glutathione status and acute activation of endogenous
antioxidants.

2.6.3.1 Lipid peroxidation

The most frequently used method is the measurement of LIPOX. The process of LIPOX

is initiated when a ROS having sufficient energy to abstract a H' atom of a methylene
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group reacts with polyunsaturated fatty acids (Gutteridge and Halliwell, 1990). Absolute
values of LIPOX by-products may vary considerably depending on the assay method
used (Sen et al., 1994) and the assessment of oxidative stress by LIPOX data may be
considered valid only if other defined oxidative stress indexes are studied (Sen, 1995).
Examples of LIPOX by-products that have been measured include pentane, MDA,

isoprostanes, conjugated dienes and lipid hydroperoxides.

Figure 2.4 Pre (A) and post-exercise (B) EPR spectra of a-phenyl-tert-butylnitrone

adduct in human blood.

A

(/*““'””

From Ashton et al., (1999).

2.6.3.1.1 Pentane

During LIPOX, pentane and ethane are formed during the breakdown of fatty acids
(Urso and Clarkson, 2003), allowing its use as an indirect marker of LIPOX. Both
Dillard et al. (1978) and Kanter et al.,, (1993) report increased expired pentane
concentrations following human cycling and running exercise, respectively. Transient
increases in expired pentane also occur after graded aerobic exercise (Leaf et al., 1997).
Although this technique is considered highly sensitive and is non-invasive, this is a

difficult technique, which explains its infrequent use (Urso and Clarkson, 2003).
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2.6.3.1.2 Malondialdehyde

The most common method used to assess changes in the LIPOX by-product MDA with
exercise is measurement of thiobarbituric acid (TBARS; Urso and Clarkson, 2003). Rat
treadmill exercise increased TBARS in whjté, red and mixed vastus (Alessio and
Goldfarb, 1988; Goldfarb, 1993; Sen et al., 1994; Kayatekin et al., 2002) and red
gastrocnemius muscle (Sen et al., 1994). In humans, cycling for 30 min (Alessio et al.,
1997) and 40 min (Laaksonen et al., 1999) also induced a 46-50% increase in plasma
TBARS, with similar changes reported after 30 min cycling at the aerobic and anaerobic

threshold (Sen et al., 1994). Conversely, there was no increase in plasma TBARS after a

\./OZmax test (Sen et al., 1994), a 2.5 hr run (Dufaux et al., 1997), isometric exercise
(Alessio et al:, 2000) and half marathon (Duthie et al., 1990), whilst supramaximal
exercise decreased TBARS by 23% (Groussard et al., 2003).

The use of TBARS as indices of oxidative stress has been widely criticised in the
literature. Although this technique is commonly used, it is not very specific because this
assay measures aldehyde breakdown products of some, but not all lipid hydroperoxides
and may also react with other non-lipid compounds (Haramaki and Packer, 1994).
Furthermore, the assay is greatly influenced by the reaction conditions (Han et al.,
2000).

2.6.3.1.3 Other markers of lipid peroxidation

Other markers of LIPOX include conjugated dienes, isoprostanes and lipid
hydroperoxides. The increase in human blood lipid hydroperoxides is consistent despite

varying exercise protocols. Isometric exercise (Alessio et al, 2000), maximum aerobic

exercise test to exhaustion (Alessio et al., 2000) and {/OZmax test (Ashton et al., 1999) all
increased blood lipid hydroperoxides by between 23-36%. Blood conjugated dienes

increased after a marathon run in one study (Liu et al., 1999), but not another (Duthie et
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al., 1990). No change in blood conjugated dienes was also reported immediately at the
end of a half marathon (Marzatico et al., 1997). Very few studies have used isoprostanes
as an indicator of oxidative stress during exercise (Urso and Clarkson, 2003). However,
the levels of isoprostanes almost doubled after a 50km ultra-marathon race (Mastaloudis
et al., 2001).

2.6.3.2 Other forms of oxidative stress

Apart from LIPOX measurements, oxidative stress can be also used as an indicator of
increased ROS generation. Measurements of oxidative stress include changes in
glutathione redox status, protein carbonyls, total antioxidant capacity and DNA
oxidation.

2.6.3.2.1 Redox status

Change in glutathione status is one of the major biochemical indices of oxidative stress
(Ji and Fu, 1992; Sastre et al., 1992). The concentrations and ratios of GSH and GSSG
undergo dynamic changes during exercise and are often used as a sensitive measure of
tissue oxidative stress (Ji and Fu, 1992). The effects of exercise on muscle and blood
glutathione are detailed in sections 2.9 and 2.10.

Since SOD, CAT and GPX specifically quench free radicals, increased activity of each
of these enzymes during acute (section 2.11) and chronic (section 2.12) exercise may
indicate oxidative stress. Similarly, the use of exogenous antioxidant supplements
(section 2.23.1) and ROS-specific antioxidants (section 2.7) during in vivo and in vitro
experiments have been used to provide indices of oxidative stress.

2.6.3.2.2 Other measurements

Apart from redox status, oxidative stress can be also measured by blood protein
carbonyls (Alessio et al., 2000), total antioxidant capacity (Cao et al., 1993) and DNA

oxidation (Okamura et al., 1997).
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2.7 Reactive oxygen spe‘cies production in skeletal muscle

2.7.1 Resting Muscle

Skeletal muscle produces ROS at low rates under resting conditions and these appear to
modulate contractile function. Commoner et al., (1954) provided the first evidence of
increased ROS generation in rabbit skeletal muscle, with similar findings in human, rat
and mouse skeletal muscle (Jackson et al., 1985). Reid et al., (1992) isolated rat
diaphragm fibre bundles and incubated them in a bath medium containing cytochrome
¢, with absorbance of cytochrome ¢ used as measurement of O,”. They found the
absorbance of cytochrome ¢ was greater in the bath medium exposed to resting muscle,
than medium only, indicating O, release by passive muscle.

2.7.2 Contracting muscle

Davies and colleagues (1982) reported a 2- to 3-fold increase in free radical content in
rat skeletal muscle and liver following prolonged exercise lasting ~46 min. Thirty min
of electrical stimulation at 50 Hz produced an average 70% increase in the amplitude of
the EPR spectra in rat hindlimb skeletal muscle (Jackson et al., 1985). Superoxide
radical production increased four-fold during repetitive, fatiguing contractions in rat
diaphragm (Reid et al., 1992), whilst an increased rate of *OH production was found in
contracting rat diaphragm (Diaz et al., 1993) and feline triceps suraec (O'Neill et al.,
1996). These studies provide strong evidence for increased ROS production in
contracting skeletal muscle.

High intensity, exhaustive cycling exercise lasting ~5 min resulted in urate being
oxidised to allantoin in muscle and plasma (Hellsten et al., 1997). This is indirectly
indicative of increased ROS concentration. The first study to directly demonstrate
contracting skeletal muscle and/or associated vasculature generates ROS was conducted

by Bailey et al., (2003), who measured femoral arterial and venous blood free radical
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concentrations via EPR spectroscopy. Incremental exercise at 75% of maximal work
rate increased the venoarterial difference compared to 25% of maximal work rate
(3874214 arbitrary units and 85458 arbitrary units, respectively), with the net adduct
outflow significantly correlated with leg oxygen uptake (*=0.47) and cardiac output
(r*= 0.47; Bailey et al., 2003).

2.8 Anti-oxidants

2.8.1 Introduction

Evolution of organisms in an oxygen rich atmosphere has led to the development of
endogenous physiological defence systems that co-operate to scavenge and de-toxify
ROS (Halliwell and Gutteridge, 1989). The three most important endogenous anti-
oxidants are superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase
(GPX). A second line of defence may be provided by ingestion of exogenous anti-
oxidants, primarily obtained as nutrients or nutritional supplements (Sen, 1995). These
exogenous anti-oxidants include vitamin E, vitamin C and B-carotene. There are also
pharmacological anti-oxidants that may be taken as supplements including NAC and
allopurinol.

2.8.2 Superoxide Dismutase

SOD plays a vital role in protecting against the damaging effects of the superoxide

radical (McCord and Fridovich, 1969) as identified in R4;

SOD
R4 20, + 2HY —® H,0, + O,

Up to 92% of total SOD activity is present in the cytosol, with the remainder existing in
the mitochondria (Tyler, 1975). However, it has been estimated that 80% of the O, in
the mitochondria is reduced by mitochondrial SOD, whilst the remaining 20% escapes

to the cytosol (Nohl and Hegner, 1978).
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There are three isoenzymes of the enzyme, which differ principally by the nature of the
metals in their active centres and by their physical location relative to the cell (Jenkins,
1988). Copper and zinc containing SOD (Cu-Zn SOD) is found predominantly in the
cytoplasm (McCord and Fridovich, 1969) and manganese-superoxide dismutase (Mn-
SOD) is accommodated by the mitochondria (Weisiger and Fridovich, 1973). The third
isoenzyme is located in the extracellular space (EC-SOD; Marklund, 1984). Cu-Zn SOD
has a high concentration in erythrocytes and liver, Mn-SOD in heart, liver and kidney
and EC-SOD in kidney and lung (Sen et al., 1994). All SOD isoenzymes in skeletal
muscle are known to be relatively lower activity compared to these tissues (Nakao et al.,
2000; Marklund, 1984). The three isozymes also have different activity, depending on
the tissue investigated. Nakao et al., (2000) found that the highest activity of CuZn SOD
was found in the liver, whereas the lowest was in the gastrocnemius muscle. Similarly,
EC-SOD was the lowest in gastrocnemius muscle and the highest in lung tissue, with
Mn-SOD the highest in the heart.

2.8.3 Catalase

Catalase primary function is the dismutation of H,O, (R5).

CAT
RS 2H202 —} 2H20 + 02

CAT activity is mainly in the cytoplasm, with moderate activity in the mitochondrial
matrix and is present in most tissues, particularly the liver and erythrocytes (Chance et
al., 1979). CAT has a low activity in skeletal muscle, although type I oxidative fibres
possess a higher activity than type II glycolytic fibres (Jenkins, 1984). Although it
shares a similar function to GPX (see section 2.8.5), CAT has a greater affinity for H,O,
at higher concentrations (Chances et al., 1979; Halliwell and Gutteridge, 1989) and Fe**

is a required co-factor (Ji, 1995).
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2.8.4 Glutathione

Glutathione (y-glutamylcysteinylglycine) is a major non-enzymatic anti-oxidant, the
most abundant non-protein thiol source in the cell and needs to be continually
replenished via metabolic pathways (Ji, 1995). For most tissues, glutathione
concentration is in the millimolar range, although there is large variability amongst
tissues depending upon their function and oxidative capacity (Halliwell and Gutteridge,
1989). The eye lens has the highest (~10 mM) glutathione content, whilst skeletal
muscle glutathione content is relatively low (1-2 mM; Ji, 1995). Furthermore,
glutathione content is dependent upon muscle fibre type, with soleus content 2-fold
higher than in deep vastus lateralis, and 5-fold higher than superficial vastus lateralis (Ji
et al.,, 1992). When oxidised glutathione (GSSG) undergoes reduction to reduced
glutathione (GSH) it ensures the cell is kept in a reduced environment, which is
essential for the function of many enzymes and co-factors (Ji, 1995). Under normal
conditions, 99% of cellular glutathione is in the reduced state (Deneke and Fanburg,
- 1989). However, when rapid production of GSSG is occurring, or where glutathione
reductase (GR) activity is impaired, there is an accumulation of GSSG and a decline in
intracellular GSH (Deneke and Fanburg, 1989).

Although most exercise studies related to thiols have investigated glutathione
metabolism, Sen and colleagues used monobromobimane to determine that glutathione
only accounts for half of all cell thiols (Sen et al., 1997). The remaining proportion of
cell thiols is made up of protein thiols including thioredoxin. The thioredoxin system is
comprised of thioredoxin and thioredoxin reductase and helps maintain glutathione and
cysteine homeostasis, thus playing an important role in maintaining the redox state of

the cell (Sen, 2000).
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There is limited data investigating the effects of exercise on protein thiols. Although
plasma protein thiol concentrations decreased after a marathon race and 30 min of
treadmill exercise, the role of protein thiols during exercise remain poorly understood
(Inaymama et al., 1996). As protein thiols are oxidised during sample processing (Sen
and Packer, 2000), this may help explain the relatively few studies

2.8.5 Glutathione Peroxidase

The role of reduced glutathione is to act as a substrate for GPX, which then removes
H,0, at low concentrations (R6; Deneke and Fanburg, 1989). GPX is a versatile
hydroperoxide remover in the cell and thus plays an important role in the prevention of
lipid peroxidation (LIPOX; Li, 1995). GPX activity is highest in the liver, moderate in
erythrocytes, heart, kidney, brain and lung and a low activity in skeletal muscle and
plasma (Chance et al., 1979).

GPX
R6 2GSH + H,0, I GSSG + 2H,0O

SOD plays an important role in relation to the glutathione cycle, preventing the
inactivation of GPX by removing O, ", which can inactivate GPX in vitro (Blum and
Fridovich, 1985). The NADPH dependant enzyme, GR (R7) also helps regenerate

glutathione.

GR
R7 GSSG + NADPH + H' — 2GSH + NADP"

Although not classified as an anti-oxidant enzyme, GR has a subcellular distribution
similar to that of GPX and is essential to normal anti-oxidant function (Ji and
Leeuwenburgh, 1995).

2.8.6 Other antioxidants

There are also a number of other antioxidants that provide protection against oxidative

stress, including a-tocopherol, ascorbic acid and B-carotene.
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2.8.6.1 a-tocopherol

Vitamin E (o-tocopherol) is a major lipid soluble antioxidant in cell membranes and
protects against LIPOX by acting directly with a variety of ROS, including '0, and 0.,
to form the relatively innocuous tocopherol radical (Clarkson and Thompson, 2000).
Vitamin E content is ~60-70 nmol.g" in liver, heart, lung and adipose tissue, with
approximately half this content found in skeletal muscle (Ji, 1995). It is difficult to -
deplete Vitamin E as it quenches a radical from ROS and is converted to a Vitamin E
radical, which is then reduced back to Vitamin E by ascorbate and/or GSH (Ji, 1995).
2.8.6.2 Ascorbic acid

Vitamin C (ascorbic acid) is a water-soluble antioxidant (Clarkson and Thompson,
2000) and its actions are two fold. Firstly, Vitamin C can scavenge 'O,, ‘OH and O,”.
Secondly, it helps recycle Vitamin E (Powers and Sen, 2000). However, high
concenfrations of Vitamin C may act as a pro-oxidant when interacting with transition
metal ions (Yu, 1994). Consequently, megadoses of Vitamin C are unwarranted.

2.8.6.3 B-carotene

Carotenoids (eg. B-carotene) are lipid-soluble antioxidants located primarily in the
tissue membranes and similar to Vitamin C, can also act as a prooxidant (Powers and
Sen, 2000). B-Carotene is an effective quencher of 'O, (Burton and Ingold, 1984) and
also reduces indices of LIPOX (Kellog and Fridovich, 1975) and breath pentane (Allard
et al., 1994). B-Carotene can also decrease O, " and peroxyl radicals (Yu, 1994).

In addition to Vitamin C, Vitamin E and B-carotene, other compounds also exhibit
antioxidant properties including a-lipoic acid, uric acid, bilirubin and ubiquinone, as
detailed elsewhere (Kanter, 1995; Kanter and Williams, 1995; Packer, 1997; Sen and

Packer, 2000; Sen, 2001; Sen, 2001).
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2.9 Effect of exercise on muscle glutathione

There is no consensus in the literature on the effects of acute exercise on muscle
glutathione in animal and human models. Furthermore, there are limited data in human
muscle, which necessitates further investigation.

2.9.1 Animal muscle

A large number of studies have been investigated the effects of exercise on glutathione
in animals. Although consistent findings are found on GSSG, there is no agreement
regarding the effects of exercise on TGSH and GSH (Table 2.2).

2.9.1.1 Total glutathione

There are conflicting reports on the effects of exercise on muscle total glutathione
(TGSH) as summarized in Table 2.2. Treadmill running increased rat deep vastus
lateralis (DVL) TGSH (Ji and Fu, 1992), with this increase also proportional to exercise
intensity (J1 et al., 1992). In these studies there was no change in soleus or superficial
vastus lateralis (SVL) indicating a fiber specific effect. In contrast, exercise lasting up to
120 min resulted in decreased TGSH in rat red gastrocnemius, mixed vastus and
quadriceps (Lew et al., 1985; Pyke et al., 1986; Sen et al., 1994; Khanna et al., 1999).
To further highlight the conflicting literature several studies report no change in muscle
TGSH after various exercise protocols (Ji et al., 1992; Leeuwenburgh and Ji, 1996;
McArdle et al., 1999; Gul et al., 2002) as highlighted in Table 2.2.

2.9.1.2 Reduced glutathione

Numerous studies have investigated exercise effects on muscle GSH, again with
conflicting findings (Table 2.2). In rats, running decreased GSH by up to 39% in mixed
vastus (Lew et al., 1985) and fast vastus muscles (Liu et al., 2000). In contrast, Sen et

al., (1994) reported no change in red gastrocnemius muscle, but an ~160% increase in
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mixed vastus muscle. Similarly, swimming exercise in mice decreased adductor muscle
GSH (Di Simplicio et al., 1997).

Muscle GSH increased proportionally with exercise intensity in deep vastus lateralis,
but not in soleus muscle (Ji et al., 1992), which may indicate that the muscle takes up
GSH with the exercise induced stress. Since the soleus muscle has a higher GSH
concentration and antioxidant enzyme activity (Sen et al., 1992; Leeuwenburgh et al.,
1994; Leeuwenburgh et al, 1997), it may also be more protected from ROS-mediated
damage when compared to DVL muscle (Ji et al., 1992).

2.9.1.3 Oxidised glutathione

The consensus in the literature is that exercise results in an increased muscle GSSG
(Table 2.2). High intensity exercise increased GSSG in rat mixed vastus (Lew et al,.
1985) and gastrocnemius muscle (Lang et al., 1987), with these effects dependent upon
exercise intensity (Ji et al., 1992). Although no effect of exercise was observed in GSSG
in SVL, soleus and DVL muscles at low intensities, at increased intensities, exercise
increased GSSG in DVL and soleus muscles (Ji et al., 1992). A similar fibre dependent
effect was observed as running increased GSSG in rat DVL (Bejma et al., 2000), red
gastrocnemius and mixed vastus (Sen et al., 1994), but not in fast vastus muscle (Liu et
al., 2000). These studies indicate that the increased GSSG is dependent on both exercise
intensity and muscle fibre type.

2.9.2 Human Muscle

There are limited reports investigating the effects of exercise on glutathione in human
muscle and it is therefore difficult to draw conclusions. This necessitates further
research to elucidate the role of glutathione during exercise in human muscle.

2.9.2.1 Total glutathione

The limited number of studies that have investigated the effects of exercise on TGSH all

demonstrated no change during either cycling and running exercise (Table 2.3). From
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these limited studies, however, it is difficult to draw any definitive conclusions on the
small number of studies completed and very little is known about skeletal muscle

glutathione metabolism in humans (Svensson et al., 2002).
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Table 2.2 The effects of treadmill exercise on skeletal muscle total (TGSH), reduced

(GSH) and oxidised (GSSG) glutathione contents in rat.

Source Muscle Speed Grade Duration TGSH GSH GSSG
(m/min) (%) (min) (% change) (% change) (% change)
1 mixed vastus 24 8.5  90-120 120 21 T62
2 quadriceps 24 8.5 d 60
3 gastroc 26 15 ~35 nc \ T 50
4 DVL 20 0 76 T21 T18 T 60
5 soleus 15-25 0 56-60 nc nc nc
25 5 55 nc nc nc
25 10 51 nc nc T~36
SVL 15-25 0 56-60 nc nc nc
25 5 55 nc nc nc
25 10 51 nc nc nc
DVL 15-25 0 56-60 nc nc nc
25 5 55 T-18 T~20 T~50
25 10 51 T~16 T~20 T~45
6 red gastroc 30 0 ~110 4~22 nc T~54
mixed vastus 30 0 ~110 I~15 T~160 T 160
7 soleus 20 5 ne T~20
DVL 20 5 nc T~70
8 soleus 20 0 15 T~45 -5
soleus 20 0 15 1~100 nc
white gastroc 20 0 15 T~100 T~200
white gastroc 20 0 15 1~257 ne
9 DVL 25 5 ~55 nc ne T31

Reference: 1, Lew et al., (1985); 2, Pyke et al., (1986); 3, Lang et al., (1987); 4, Ji and Fu
(1992); 5, Jiet al., (1992); 6, Sen et al., (1994); 7, Leeuwenburgh and Ji (1996); 8, Ohkuwa
et al., (1997); 9, Bejma and Ji (1999). Muscles: gastroc, gastrocnemius; SVL, superficial

vastus lateralis; DVL, deep vastus lateralis; T, increase; 1, decrease; nc, no change; blank,

not reported.
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2.9.2.3 Oxidised glutathione

Two studies demonstrated no change in GSSG during exercise (Sahlin et al., 1992;
Rabinovich et al., 2001; Table 2.3). In contrast, Cooper et al. (1986) found a 189%
increase in quadriceps GSSG following a marathon run. This may indicate that the
effects of exercise on GSSG are intensity dependent as both studies were conducted at
relatively low exercise intensities (Sahlin et al., 1992; Rabinovich et al., 2001). This is
especially true for the study conducted by Rabinovich et al. (2001) who matched the
work rate of healthy controls to COPD patients, who had very low exercise capacity, as
demonstrated by a peak exercise work rate of 48 W.

Due to the limited amount of data in humans further studies are warranted. The varying
exercise intensity, mode, duration and subjects utilised in these studies, makes direct
comparisons difficult and further work is required to elucidate the effects of acute

exercise on human muscle GSH.

Table 2.3 The effects of exercise on vastus lateralis total glutathione (TGSH), reduced
glutathione (GSH) and oxidised glutathione (GSSG) contents in humans.

Source n Mode Intensity Duration TGSH GSH GSSG
% {]OZpeak) (min) (% change) (% change) (% change)
1 10 running nc 1189%
2 7 cycling 90% ~20 nc
3 5 cycling 40% ~11 nc nc nc
4 7  cycling 60% ~80 nc nc
5 15 cycling  55-85% 50 nc L 12%

Reference: 1, Cooper et al., (1986); 2, Hellsten et al., (2001); 3, Rabinovich et al,,
(2001); 4, Sahlin et al., (1992); 5, Svensson et al. (2002). T, increase; \L, decrease; nc,

no change; blank, not reported.



36

2.10 Effect of exercise on blood glutathione

Although there are a vast number of studies investigating blood glutathione homeostasis
in both animal and humans, there are many conflicting findings and interpretations,
making it difficult to fully understand the possible mechanisms by which exercise is
able to alter blood glutathione homeostasis. The different models used to induce
oxidative stress and varying species further compound this interpretation. Thus the
ability to compare results across a broad range of studies is difficult. Importantly, there
are two separate pools of glutathione in blood, with the majority found in the
erythrocyte with a concentration of ~2 mM, whereas the plasma has a much lower
concentration of only ~0.05 mM (Ji and Leeuwenburgh, 1995). Consequently, some
studies have been unable to detect plasma glutathione during exercise in both humans
(Gohil et al., 1988; Dufaux et al., 1997) and animals (Mills et al., 1996).

2.10.1 Animal studies

There are conflicting reports on the effects of exercise on blood glutathione during
exercise in animals, as summarised in Table 2.4.

2.10.1.1 Total glutathione

No change in blood TGSH was reported when rats ran at 1.8km/hr for ~110 min (Sen et
al., 1994) and to fatigue for an unknown duration (Khanna et al., 1999). Conversely,
swimming exercise increased blood TGSH in mice (DiSimplico et al., 1997), but
decreased hemolysate TGSH in horses (Marlin et al., 2002).

2.10.1.2 Reduced glutathione

Some studies report an increased GSH (Lew et al., 1985; Sen et al., 1994; DiSimplicio
et al., 1997). Together with a decreased liver GSH (Lew et al., 1985), this is consistent
with a mechanism in which the liver may be releasing reduced glutathione into the

plasma, thereby enhancing GSH delivery to skeletal muscle (Lew et al.,, 1985).
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However, some studies have found that exercise decreased blood GSH (Vina et al.,
2000; Hargreaves et al., 2002; Marlin et al., 2002). These effects may be intensity
dependent as there was no change in plasma GSH during either walking or slow
running, But ai66% decrease during fast running (Gambelunghe et al., 2001).

2.10.1.3 Oxidised glutathione

In contrast to TGSH and GSH, most studies report that blood GSSG increases during
exercise in various animal models (Table 2.4). Several studies have reported increased
GSSG ranging from 18-200% during exercise (Sastre et al., 1992; Sen et al., 1994,
Mills et al., 1996; DiSimplicio et al., 1997; Vina et al., 2000). A rise in GSSG would
indicate increased glutathione oxidation and is also indicative of increased oxidative
stress (Sastre et al., 1992). However, some studies report no change in GSSG during
exercise (Ohkuwa et al., 1997; Leeuwenburgh and Ji, 1996).

2.10.2 Human studies

Numerous studies have investigated the effects of exercise on blood glutathione in
humans but their results are conflicting and interpretation is therefore difficult (Table
2.5).

2.10.2.1 Total glutathione

The effects of exercise on human blood TGSH are summarised in Table 2.5. TGSH
increased in some studies (Duthie et al., 1990; Sahlin et al., 1991; Sahlin et al., 1992; Ji
et al., 1993; Sen et al., 1994), but not in others (Sen et al., 1994; Tessier et al., 1995;
Margaritis et al., 1997). Since the exercise protocols and subjects utilised in these
studies were similar, it is difficult to elucidate the reasons for these discrepancies.
2.10.2.2 Reduced glutathione

Although tﬁe reported effects of exercise on blood GSH are extensive, there is little

agreement (Table 2.5). Some studies report no change (Camus et al., 1994; Sen et al.,



38

1994; Margaritis et al., 1997) or a decreased blood GSH during exercise (Inayama et al.,
2002; Weiss et al., 2002; Groussard et al., 2003). In contrast, others have reported
increased blood GSH during exercise (Ji et al., 1993; Subudhi et al., 2003), although
when subjects were supplemented with a CHO drink, the blood GSH increase was
prevented (Ji et al., 1993).

The reasons for these discrepancies may also be related to increasing exercise intensity.

Although Gohil et al. (1988) reported no change in blood GSH during incremental

cycling exercise to fatigue, cycling at 65% \.7021,63]( in moderately trained subjects
resulted in a 60% decrease in whole blood GSH. These differences may be related to the
differing lactate concentrations that were encountered in the two protocols. During high
intensity exercise, lactate rose by 625% compared to the 100% increase in submaximal
exercise. ROS scavenging properties of lactate have been demonstrated in vitro
(Groussard et al., 2000) and this may have prevented the decrease in GSH. Conversely,
some studies have demonstrated no change in blood GSH in trained subjects, which
may be caused by increased GR activity (Evelo et al., 1992).

2.10.2.3 Oxidised glutathione

The majority of studies report either an increased or unchanged blood GSSG during
exercise (Table 2.5). An increased GSSG during exercise may be due to increased
oxygen flux through the blood and provides an opportunity for methaemoglobin
formation, which is accompanied by O™ production (Gohil et al., 1988). In contrast,
several studies demonstrate no change in GSSG (Ji et al., 1993; Margaritis et al., 1997,
Weiss et al., 2002). Although no change in blood GSSG following graded cycling
exercise to fatigue was found in moderately trained individuals (Gohil et al., 1988),
there was a 72% increase in trained subjects using a similar exercise protocol (Sastre et

al., 1992). This may indicate a training dependent effect, as highlighted by a recent
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study (Subudhi et al., 2003). In this study, trained and untrained subjects completing
exercise to exhaustion which lasted ~20 min, with blood GSSG at exhaustion, increased
in untrained, but not trained individuals. An increased GR activity as a result of training
(section 2.12.4) could explain the mechanism underlying the rise in GSSG in untrained
individuals. Therefore, it is important to consider the training status of the individual
when interpreting the results of exhaustive exercise.

As demonstrated, there are conflicting reports regarding the effects of exercise on blood
glutathione, most likely attributed to a difference in the subjects’ characteristics and/or
exercise intensity. However, other factors may contribute to the conflicting reports
including methodological concerns, sample timing and tissue sampled. Biologically, it
is most likely that blood GSH decreases during exhaustive exercise to combat the rapid
increase in ROS production, as GSH is used as a substrate for GPX, which is known to
increase during exercise. Blood GSH is likely to decrease during prolonged exercise due
to a diminished hepatic GSH reserve and when GSH use exceeds GSH uptake (Sen et

al., 1992). Consequent to decreased GSH, blood GSSG would increase during exercise.
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Table 2.5 The effects of exercise on blood total glutathione (TGSH), reduced glutathione

(GSH) and oxidised glutathione (GSSG) concentration in humans.

Source Mode Intensity Duration TGSH GSH GSSG
(min) (% change) (% change) (% change)

Submaximal Intensity

Whole Blood

1 cycle  65% VOapea 90 1 60% T100%

2 cycle 40%, 70%, 100% VOnpex ~ ~20 115%

3 eycle  60% VOapea ~80 124%

4 cycle  65% VOppea 90 155% 128%

5 cycle 70% \./Ozpeak ~120 T~33% T~40% nc

6 cycle aerobic threshold 30 ne ne P45%
cycle anaerobic threshold 30 T~22% nc T~100%

7 eycle  65% VOapear 20 12% 133%

8 run 30 nc nc nc

9 run  60% \'/Ozpeak 35 nc nc ne

35 nc ne nc

10 run 150 l~64%  T~68%
run T~50%  ~50% nc

11 run  anaerobic threshold 60 nc 120% nc

12 triathlon nc nc nc

Plasma

13 cycle 65% \./Ozpeak 90 nd nd

14 run 150 nd nd

5 cycle  40%, 70% 100% VOypese ~ ~20  T90%

16 cycle  60% VOspea 40 b~13%  T~50%
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Table 2.5 (continued)

Source Mode Intensity Duration TGSH GSH GSSG
(min) (% change) (% change) (% change)

High intensity

Whole blood

17 cycle graded exercise to max nc nc
18 cycle graded exercise nc T72%
19 cycle graded exercise nc nc T100%
20 cycle graded exercise to max ~10 1~5% ~62%
21 cycle Wingate test 0.5 114%

Plasma

22 cycle graded exercise to max nd nd

1, Gohill et al., (1988); 2, Sahlin et al., (1991); 3, Sahlin et al., (1992); 4, Vigue et al,,
(1993); 5, Ji et al. (1993); 6, Sen et al., (1994); 7, Tessier et al., (1995); 8, Marin et al,,
(1990); 9, Camus et al (1994); 10, DuFaux et al. (1997); 11, Weiss et al., (2002); 12,
Margaritis et al., (1997); 13, Gohill et al., (1988); 14, DuFaux et al. (1997); 15, Sahlin et al.,
(1991); 16, Laaksonen et al., (1999); 17, Gohill et al., (1988); 18, Sastre et al., (1992); 19,
Sen et al., (1994); 20, Heunks et al., (1999); 21, Groussard et al., (2003); 22, Gohill et al.,

(1988). T, increase; \L, decrease; nc, no change; nd, not detected; blank, not reported.
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2.11 Endogenous antioxidants and acute exercise

SOD, CAT and GPX provide the first line of defence against ROS generated during
exer'cisle and it is therefore expected that exercise may have a direct impact on these
enzymes (Ji and Leeuwenburgh, 1995). Numerous studies demonstrate an increased
SOD, CAT and GPX activity in blood and skeletal muscle during exercise, although
there is some evidence to the contrary. Moreover, it is likely that the effects are
dependent upon exercise intensity, duration and muscle fibre type.

2.11.1 Superoxide Dismutase

Acute exercise increased muscle SOD activity in rats during both short (Ji and Fu, 1992;
Radak et al., 1999; McArdle et al., 2001) and prolonged exercise (Scherer and Deamer,
1986; Lawler et al., 1993; Somani et al., 1995), which may be related to increased
mRNA levels of Mn-SOD and CuZn-SOD (Hollander et al., 2001). The increased SOD
activity is indicative of O, production, but the mechanism for SOD activation remains
unclear due to the short half-life of O,™ (Ji and Leeuwenburgh, 1995).

Conflicting findings have been reported in humans. Decreased blood SOD activity was
reported after sprint (Groussard et al., 2003) and endurance exercise (Tauler et al.,
2002), with others reporting no change (Tauler et al., 1999; Miyazaki et al., 2001).
Conversely, increased blood SOD activity has also been reported (Koska et al., 2000).
Only one study has reported increased SOD activity in vastus lateralis muscle, which
peaked 3 d following acute exercise (Khassaf et al., 2001). The reasons for these
discrepancies are unclear and it is difficult to compare results from various studies due
to the different exercise intensities and durations. Furthermore, intra-assay
inconsistencies could also explain the different findings as there is a 10-fold difference

in sensitivity between the seven assay methods used to determine SOD activity

(Oyanagui, 1984).
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2.11.2 Catalase

The effects of acute exercise on CAT activity are conflicting, with some authors
reporting no change (Ono et al., 1990; Ohishi et al., 1998), decreased (Schauer et al.,
1990; Vani et al., 1990; Smolka et al., 2000) or increased activity (Ji et al., 1992; Ii,
1993; Somani et al., 1995). It is expected that CAT activity would increase during
exercise, due to increased H,O, production (Reid et al., 1992). However, CAT activity
is in the cytoplasm, whereas the main source of H,O, is from the mitochondria (Chance
et al., 1979). Therefore, mitochondrial GPX may be more effective in detoxifying H,O,.
The effects of exercise and CAT activity are tissue specific (Ji, 1993). In rats run to
exhaustion, CAT activity was not changed in heart and liver, but elevated in skeletal
muscle. Moreover, exercise at moderate intensities increased CAT activity in rat DVL,
but not SVL (Ji et al., 1992), which may be more pronounced in untrained and selenium
deficient rats (Ji et al., 1988).

There are limited data regarding the effects of acute exercise on CAT activity in human
tissue. Repeated bouts of continuous jumping had no effect on skeletal muscle or
erythrocyte CAT in either jump trained or untrained subjects (@rtenblad et al. 1997).
Similarly, incremental exercise to exhaustion did not change erythrocyte CAT activity
(Miyazaki et al., 2001). However, an increase in erythrocyte CAT activity was reported
during a duathlon race (Tauler et al., 1999). The data regarding acute exercise effects on
human CAT activity are extremely limited. Given the important role of CAT in
detoxifying H,O,, further research is required.

2.11.3 Glutathione Peroxidase

Early work conducted by Ji et al. (1988) demonstrated that GPX activity was
significantly correlated to endurance time in trained and untrained rats. Subsequent

work by this group demonstrated that GPX activity is elevated in rat DVL, but not SVL
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(J1 and Fu, 1992) and these effects were intensity dependent (Ji et al., 1992). Fibre type
specific effects have also been reported by others (Lawler et al., 1993). Interestingly, a
fibre specific effect was only present in young rats and not old rats, suggesting either a
diminished response of mechanisms that would increase antioxidant protection and/or
less ROS formation with acute exercise in old rats (Lawler et al., 1993).

In humans, several studies demonstrated an increased blood GPX activity during an
acute bout of submaximal exercise (Kanaley and Ji, 1991; Atalay et al., 1997,
Laaksonen et al., 1999; Tauler et al., 1999; Koska et al., 2000; Tauler et al., 2003)
although two studies reported no change (Rokitzki et al., 1994; Miyazaki et al., 2001).
Short-term “supramaximal” anaerobic exercise also resulted-in no change in blood GPX
activity (Groussard et al., 2003). There is no clear explanation for these discrepancies (Ji
and Leeuwenburgh, 1995) and further research is required to determine the effects of
exercise on GPX activity in humans.

2.11.4 Glutathione Reductase

Although GR is not directly involved in removing ROS, it is responsible for supplying
GSH to maintain GPX catalytic function and to maintain a reduced intracellular milieu
during exercise (Ji and Leeuwenburgh, 1995). The majority of research demonstrates
increased GR activity following an acute exercise bout in both animals (Spodaryk et al.,
1985; Ji and Fu, 1992; Ji et al., 1992) and humans (Ohno et al., 1988). Spodaryk et al.
(1985) reported a 38% increase in GR activity in rats run to exhaustion. The extensive
work conducted by Ji and colleagues confirm these earlier findings and reported
increased GR activity after acute exercise in rat DVL (Ji and Fu, 1992) and unspecified
skeletal muscle (Ji, 1993), which was intensity dependent (Ji et al., 1992).

The majority of antioxidant studies have been limited to measurements of enzyme

activities, with very few studies examining antioxidant gene expression. To gain more
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definitive information about the regulatory mechanisms involved in increased antioxidant
enzyme activity, measurements of mRNA level and enzyme protein content are required.

Whilst endogeﬁous antioxidant enzyme activity is increased during exercise in response
to increased ROS accumulation, the mechanism for this increase remains unresolved
although rapid up-regulation of gene expression of antioxidant enzymes in response to
acute oxidative stress is unlikely. Oh-Ishi et al., (1997) observed that rat soleus SOD
activity was significantly increased with chronic training, but enzyme protein content and
mRNA levels were unchanged. Similarly, significant increases in skeletal muscle SOD
enzyme content were not accompanied by concomitant changes in mRNA expression
(Nakao et al., 2000).

Therefore, the levels of antioxidant enzymes appear to be regulated by posttranslational
mechanism(s) during physical exercise, as increases in protein expression have not been
reported. A potential regulatory site may be related to nuclear protein binding as SOD
gene expression involves activation of nuclear factor kB and activator protein binding
sites which are activated by ROS (Hollander et al., 1999).

However, the factors that regulate acute changes of antioxidant enzyme activities in

erythrocytes are attributable to direct interactions on the enzymatic proteins or

associated regulatory factors because erythrocytes do not have the machinery to

synthesize proteins (Tauler et al., 1999). The molecular and genetic links between

exercise, antioxidant enzyme mRNA and protein expression is in its embryonic stage

and resolution of the mechanisms for increased antioxidant enzyme activity provides an

exciting challenge for future research.

In summary, the majority of studies report increased endogenous antioxidant enzyme

activity during exercise in both skeletal muscle and blood. Although there are

conflicting reports, this is most likely due to the different training status, exercise
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protocols and fibre type investigated. The activation of endogenous antioxidants may
reflect an increased ROS production during exercise, although the precise mechanisms
has not been identified. However, since mammalian tissue do not demonstrate a rapid
up-regulation of gene expression of antioxidant enzymes in response to acute exercise
(Harris, 1992), increased production of ROS remains a likely mechanism for increased
antioxidant enzyme activity (Ji and Leeuwenburgh, 1995). Further research is required
to identify the precise mechanism involved in the upregulation of endogenous
antioxidant enzyme activity, particularly in human skeletal muscle.

2.12 Effects of chronic training on endogenous skeletal muscle antioxidants

A major problem when reporting the effects of training on antioxidant enzymes is that
investigators have employed different training protocols, thus making it difficult to
compare results, as adaptations are intensity- and duration-dependent (Powers et al.,
1994). The initial training status of the subject also needs to be considered, as there was

a linear relationship between endogenous antioxidant activity in human vastus lateralis

and \./OZmax (Jenkins et al., 1984). A difference in fibre composition also has a profound
effect, as several studies have demonstrated a fibre-specific effect (Ji et al., 1992,
Powers et al., 1994; Powers et al., 1999). Finally, aged skeletal muscle has limited
capacity to further increase its antioxidant potential (Leeuwenburgh et al., 1994).
Therefore, numerous factors may influence the effects of training on endogenous
antioxidant adaptations.

2.12.1 Superoxide dismutase

Run training increased SOD activity in soleus (Criswell et al., 1993; Powers et al,
1994; Oh-ishi et al., 1997), DVL (Lecuwenburgh et al., 1997; Gore et al., 1998;
Hollander et al., 2000), red gastrocnemius (Powers et al., 1994) and diaphragm (Oh-ishi

et al., 1997; Vrabas et al., 1999) muscle. Conversely, several investigators report no
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change (Alessio and Goldfarb, 1988; Laughlin et al., 1990; Criswell et al., 1993;
Leeuwenburgh et al., 1994; Atalay et al., 1996), with similar discrepancies also found in
humans (Hellsten et al., 1996; Tiidus et al., 1996).

Several animal studies have reported the effects of training on the different isoenzymes
of SOD. It is generally accepted that CuZn-SOD does not increase after training
(Higuchi et al., 1985; Ji et al., 1988; Hollander et al., 2000), although Oh-ishi et al.
(1997) showed increased rat diaphragm Cu-Zn-SOD after 9 weeks of treadmill training.
Increased SOD activity following training is primarily due to increased Mn-SOD, in
both soleus and gastrocnemius muscles (Higuchi et al., 1985; Ji et al., 1988; Hollander
et al., 2000; Nakao et al., 2000) and this would support mitochondrial respiration as a
major source of ROS (Longo et al., 1996). Interestingly, increased SOD activity after
training occurred despite no change in protein content or mRNA (Oh-ishi et al., 1997),
suggesting that training induced adaptations are caused by post-translational
mechanisms (Ji, 1999).

In humans, blood SOD activity is positively correlated to training (@rtenblad et al.,

1997) and \./'Ozpeak (Jenkins et al., 1984). Similarly, muscle SOD activity is correlated
to age, which may reflect an adaptation to increased generation of ROS in senescent
muscle (Tonkonogi et al., 2000). An increased muscle SOD activity would allow the
muscle to eliminate O, more effectively (Halliwell and Gutteridge, 1989) and thus
potentially reduce the amount of oxidative stress in the exercising muscle. However, no
change in SOD activity has been reported after high intensity (Hellsten et al., 1996) and
submaximal training (Tiidus et al., 1996; Tonkonogi et al., 2000). The reason for this
discrepancy is unclear, but may be related to the different isoenzymes of SOD as none

of these studies have investigated the effects of training on the different isoenzymes of

SOD.
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2.12.2 Catalase

There is no consensus in the literature regarding the effects of training on skeletal
muscle CAT activity. Several reports demonstrate no change in rat skeletal muscle (Ji,
1993; Leeuwenburgh et al., 1994; Powers et al., 1994; Tiidus et al., 1996; Plant et al.,
2003), whereas others have reported a decreased muscle CAT activity after exercise
training (Alessio and Goldfarb, 1988; Laughlin et al., 1990). Conversely, increased
skeletal muscle CAT activity has also been demonstrated by others (Tiidus and
Houston, 1994; Smolka et al., 2000). The only human study reported no change after 8
weeks of cycling exercise (Tiidus et al., 1996). The reasons for these discrepancies are
not known and further research is required to evaluate the effects of chronic training on
CAT activity, particularly in humans.

2.12.3 Glutathione peroxidase

There is a general consensus in the literature that training increases GPX activity as
reviewed by (Powers et al., 1999) although these changes are directly related to exercise
duration (Powers et al., 1994). An increased GPX activity facilitates the removal of
hydrogen and organic peroxide during exercise and alleviates potential oxidative stress
in skeletal muscle (Ji and Leeuwenburgh, 1995). Muscles showing a greater training
adaptation typically have relatively low endogenous GPX activity (Ji and
Leeuwenburgh, 1995). Although training increased cytosolic GPX, a greater increase
was seen in the mitochondrial GPX fraction (Ji et al., 1988), thus allowing the removal
of hydroperoxides from both the mitochondria and cytosol (Powers et al., 1999).

In humans, the effects of training on muscle GPX are intensity dependent as there is no
change in GPX activity after submaximal training (Tiidus et al., 1996; Tonkonogi et al.,
2000), but an increase following high intensity training (Hellsten et al., 1996; @Ortenblad

et al., 1997). This suggests that short-term aerobic training increased the capacity for
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flux through the citric acid'cycle without necessarily increasing the capacity to handle
potential ROS generated by the enhanced electron flux (Tiidus et al., 1996), although
there is reduced antioxidant protection per individual mitochondrion (Tonkonogi et al.,
2000). Similarly, high intensity exercise promotes a greater increase in GPX activity
compared to moderate intensity exercise (Criswell et al., 1993; Powers et al., 1994) in
rats.

2.12.4 Glutathione reductase

Although animal studies demonstrate no consistency on the effects of GR activity
following training (Leeuwenburgh et al., 1994; Sen et al., 1992; Smolka et al., 2000;
Atalay et al., 1996), consistency is shown in human studies. GR activity increased by
35% after 7 wk of high intensity intermittent cycle training (Hellsten et al., 1996) and
was higher in jump trained than untrained subjects (Jrtenblad et al., 1997). Given that
GR is primarily involved in the regeneration of GSH from GSSG, this would help
minimise the rise in GSSG and assist in the maintenance of glutathione redox status.

In summary, there is a general consensus in the literature that chronic exercise training
increases skeletal muscle endogenous antioxidant activity. The increased detoxifying
capacity of the antioxidant enzymes is an important adaptive response to regular
exercise and provides support for the argument that exercise increases ROS generation
(Ji, 1993).

2.13 Reactive oxygen species, antioxidants and fatigue

The specific involvement of ROS in muscle fatigue has been established using ROS
selective antioxidants as mechanistic probes (Reid, 1999). Antioxidants have only been
proven to be effective in volitional exercise or simulation protocols that utilise low

frequency stimulus patterns (Reid 2001). No effect of ROS has been identified in high
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frequency fatigue (Reid, et al., 1992; Reid et al., 1994) or acute recovery (Shindoh et al.,
1990; Reid et al., 1992; Reid et al., 1994).

Barclay and Hansel (1991) examined the effect of free radicals on fatigue in mouse
soleus muscle stimulated in vitro at 70 Hz for 60 min. Addition of purine (0.29 mg/ml)
and xanthine oxidase (0.01 U/ml) to produce free radicals increased the rate of fatigue
two-fold. In the same study, canine gastrocnemius muscle was isometrically contracted
at 4 Hz, with 10 pM dimethyl sulfoxide (DMSO), 1 mM allopurinol and 200 uM
desferoxamine all resulting in a significantly slower rate of fatigue over 30 min
compared to saline, presumably by inhibiting increased ROS.

In an in vitro study conducted by Reid et al., (1992), rat diaphragm bundles were
stimulated to contract isometrically with the force production being measured at low
and high frequencies. Selective anti-oxidants SOD (5 x 10* U/ml), CAT (1.8 x 10*
U/ml), and DMSO (6.4 mM) were used to evaluate the role of the reactive oxygen
intermediates O,™, H,O, and "OH in acute fatigue, respectively. They found that ROS
contributed to low frequency, but not high frequency fatigue of diaphragm fibre bundles
since, ROS removal by selective anti-oxidants slowed the decline in force development.
Furthermore, antioxidant protection became more evident as fatigue progressed,
culminating in a 20% elevation of sustainable force when the protocol was terminated
(Reid et al., 1992). In a companion study, Reid et al., (1992) used a similar preparation
where the active fibre bundles were fatigued, reflected by a progressive decline in
tetanic stress over a 1 hr period. The absorbance of reduced cytochrome ¢ was greater in
active than in passive muscle, an increase that was alleviated by the addition of SOD
(10> U/ml). This suggests that the magnitude of fatigue was inversely related to the

amount O, released.
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The effect of two ROS scavengers (SOD and DMSO) on fatigue during prolonged
electrically stimulated contraction of an in vivo canine diaphragm preparation were also
studied (Supinski et al., 1997). In the control group, force declined to 24% of its initial
value, whereas, in SOD and DMSO treated groups, force decreased to only 50 and 47%
of baseline force, respectively. These data suggest that diaphragm faﬁgue resulting
from repetitive low-frequency stimulation is associated with LIPOX within this muscle
and that pre-treatment with ROS scavengers prevents LIPOX and reduces the rate of
development of fatigue (Supinski et al., 1997). Ischaemia for 3 h, followed by 1 h of
reperfusion, also produced a downward shift of the force-frequency relationship in
canine diaphragm and markedly increased diaphragm fatigability, with fatigue
prevented by DMSO (Supinski et al., 1993; Supinski et al., 1997). Furthermore, in
saline treated animals, TBARS concentration was significantly higher when compared
to diaphragm strips that were treated with SOD and DMSO (Supinski et al., 1997).
These results indicate that the administration of selective free radical scavengers SOD
and DMSO attenuates the rate of fatigue and can decrease the concentration of ROS as
measured by TBAR concentration.

H,0; can lead to the formation of *OH, which contributes to low frequency fatigue in
rat diaphragm (Diaz et al., 1993). The effects of O,, "OH and H,O, were studied on
maximum calcium-activated force (Fpax) in chemically skinned rat diaphragm fibers
(Callahan et al., 2001). The xanthine/xanthine oxidase system was used to produce O,
radicals, whilst 1 mM FeCl,, 1 mM ascorbate and 1 mM H,0, was used for "OH
production. Both O, and *OH significantly decreased Fua by 14.5% and 43.9%,
respectively, whilst there was no effect of 10 or 1,000 pmol H,O; on Fpay. Furthermore,
peroxynitrate, which can be formed in the presence of ‘OH, also reduced Fpay in rat

single skinned diaphragm muscle fibres (Supinski et al., 1999). In contrast,
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administration of oxypurinol, a xanthine oxidase inhibitor, did not reduce rat diaphragm
fatigue following loaded breathing (Supinski et al., 1999), nor was xanthine oxidase
generated-ROS responsible for fatigue in rat diaphragm during hypoxia or hyperoxia
(Heunks et al., 2001).

Infusion of ferric chloride and iron ADP, a ROS-generating solution, in an in situ canine
diaphragm preparation, significantly decreased diaphragm tension compared to saline
(Nashawati et al., 1993). This decrease was prevented by concomitant administration of
SOD (Nashawati et al., 1993). In rat costal diaphragm bundles, twitch and low-
frequency tension at 10 min post fatigue was depressed with oxidative stress induced by
xanthine oxidase and hypoxanthine (Lawler et al., 1997). This was mediated directly or
indirectly through H,O, and exacerbated by acidosis (Lawler et al., 1997).

The existing data clearly establishes a role for ROS-mediated oxidative stress in muscle
fatigue (Reid, 1999). Furthermore, positive effects of anti-oxidants in vivo also indicate
that oxidative stress may limit endurance during whole body exercise (Cazzulani et al.,

1991; Novelli et al., 1991) as reviewed in section 2.23.1.

SECTION III:

MUSCLE NA',K-ATPASE, FATIGUE AND REACTIVE OXYGEN SPECIES
The Na'K'-ATPase enzyme has been implicated as an important potential site
contributing to muscle fatigue and is also susceptible to ROS. These are reviewed in the
following section.

2.14 Structure and function of the Na",K'-ATPase enzyme
The Na",K'-ATPase enzyme actively transports 3 Na* out of the cell and 2 K" into the

cell thereby opposing the K* and Na" fluxes across the cell membrane and is therefore
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crucial in the maintenance of these concentration gradients and the muscle membrane
potential (Clausen 1986).

The Na*, K ™-ATPase is a transmembraneous protein expressed in all excitable cells and
comprises an o and 3 subunit (Clausen 1986; McKenna 1999). The formation of the o3
complex is the minimal functioning unit. The o subunit is referred to as the catalytic
subunit and contains binding sites for ligands and the inhibitors ouabain and digoxin
(Jorgensen et al. 2003). The 3 subunit function is less clear but is required to facilitate
assembly and membrane insertion (Geering 1990; Geering 1991; Hundal et al. 1994).
Seven isoforms of human Na',K"-ATPase have been identified. The o subunit has four
isoforms (o, o, o3, ay4), whilst three B subunits are expressed (B, B2, B3). Our
laboratory has recently reported expression of the Na' K*-ATPase o, o, o3, B, B2 and
B; isoforms at both gene transcript and protein levels in human vastus lateralis muscle
(Murphy et al. 2004).

2.15 Quantification of Na',K'-ATPase

The best available method to quantify Na'K'-ATPase content is via 3[H]-ouabain
binding, first performed by Hansen (1979). As reviewed by Clausen (2003), *[H]-
ouabain binds stoichiometrically to specific receptors on the a-subunit of the Na",K'-
ATPase, allowing accurate quantification of the Na',K'-ATPase content in intact
skeletal muscle, biopsies and membranes. Furthermore, *[H]-ouabain bindings measures
all functional Na",K'-ATPase, as incubation in a buffer containing a saturating
concentration of ouabain allows each Na", K -ATPase to tightly and specifically bind to
one molecule of *[H]-ouabain (Clausen 1990). The *[H]-ouabain binding method is a
robust measurement with values mainly ranging from 240 to 340 pmol/g wet wt in
resting human skeletal muscle (Table 2.6). In rats, muscle fibre type may influence

Na' K'-ATPase content, being 20-30% higher in rat EDL muscle than in soleus muscle
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(Clausen et al., 1982). Chin and Green (1993) reported lower Na",K'-ATPase content in
white vastus (238 pmol/g wet wt) compared to soleus (359 pmol/g wet wt), EDL (365
pmol/g wet wt) and red vastus lateralis (403 pmol/g wet wt). However, a fibre
dependent effect has not been identified in human skeletal muscle (Benders et al., 1992;

Madsen et al., 1994; Fraser et al., 2002).

Table 2.6 Resting human skeletal muscle Na",K"-ATPase content, as determined by the
3[H] ouabain binding site method.

Source n Age Gender (m/f)

*[H] ouabain

VO3pear
(yr) (mlkg".min™) (pmol”.g” .wet wt)

Green et al., (1993) 9 NR m 339
McKenna et al., (1993) 6 19 m 51.1 333
Madsen et al., (1994) 39 30 m 54.9 307
Evertsen et al.., (1997) 20 NR 11m/9f 343
Green et al., (1999) 9 19-27 m 326
Green et al., (1999) 7 21 44 .4 278
Green et al., (1999) 9 20 45.3 289
Medbg et al., (2001) 8 19 m 58 425
Fowles et al., (2002) 14 23 Tm/7f ~240
Fraser et al., (2002) 8 26 m 44.4 311
Fraser et al., (2002) 8 27 Tm/1 f 43.8 302
Fraser et al., (2002) 8 26 m 67.6 357
McKenna et al., (2003) 8 38 5{3m * 18.8 279
McKenna et al., (2003) 8 37 5f/3m 35.6 250
Aughey et al. (2004) 6 25 m 69.5 324
Leppik et al.(2004) 8 28 T/1 £ 53.0 332

min 240

max 425

meant+SEM 320+11

* subjects were recipients of lung transplants; blank, not reported.
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2.16 Measurement of Na*,K'-ATPase activity

To fully quantitate muscle Na'/K" exchange capacity it is necessary to measure Na',K*-
ATPase content and ‘maximal activity. Na",K’-ATPase activity can be measured via
radiolabelled ion fluxes (Clausen et al., 1987), but this method cannot be used in human
muscle obtained by needle biopsy. Other in vitro measurements may be employed to
measure Na' K'-ATPase activity including the accumulation of inorganic phosphate
(Bonting, 1971). However, it is not possible to detect Na',K'-ATPase activity by Pi
liberation due to the low sample obtained by needle biopsies and the high total ATPase
activity relative to Na',K'-ATPase activity in either human or rat skeletal muscle
(Benders et al., 1992; Fraser and McKenna, 1998; Fowles et al., 2004). Consequently,
the activity of related K™ dependent phosphatases, including p-nitrophenylphosphatase
activity (pNppase; Hundal et al., 1994) or 3-O-methylfluorescein phosphatase activity
(3-O-MFPase; Kjeldsen 1988; Fraser and McKenna 1998) may be used. The K'-
stimulated 3-O-MFPase in vitro assay has a 2-3 times higher sensitivity, thus requiring
50-100 times less tissue, than the K' stimulated pNpp assay (Nergaard, 1986).
Furthermore, our laboratory has demonstrated that this assay is specific for Na',K'-
ATPase through abolition of 3-O-MFPase activity by ouabain (Fraser and McKenna
1998). The 3-O-MFPase activity has also been optimised to measure Na",K'-ATPase
activity in human muscle obtained by needle biopsies (Fraser and McKenna 1998).
There is still limited data utilizing the 3-O-MFPase assay to determine Na',K'-ATPase
activity in human skeletal muscle (Table 2.7). However, results from our laboratory
(Fraser and McKenna, 1998; Fraser et al., 2002; McKenna et al., 2003; Aughey et al,,
2004; Leppik et al., 2004) are in agreement with others (Fowles et al., 2002). Human

skeletal muscle resting Na",K'-ATPase activity ranges from 168 to 292 nmol.min.” g’

wet wt.
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Table 2.7 Maximal Na' K'-ATPase activity in resting human skeletal muscle as
determined by the in vitro 3-O-methylfluorescein phosphatase (3-O-MFPase) activity

assay.

Source n Age Gender {/OZpeak 3-O-MFPase  3-O-MFPase
(yr) (m/f) (mLkg".min™) activity * activity **
1 7 30 m 292 1745
2 14 23 Tm/7f 1350
3 8 26 m 44 .4 207 1199
8 27 Tm/1f 43.8 229 1295
8 26 m 67.6 249 1359
4 8 37  5{3m 35.6 168 1219
5 6 25 m 69.5 265 1600
6 8 28 Tm/1f 53.0 288 1713
7 10 20 7m/3f 42.1 ~234 ~1200

Reference: 1, Fraser and McKenna (1988); 2, Fowles et al., (2002); 3, Fraser et al.,
(2002); 4, McKenna et al., (2003); 5, Aughey et al. (2004); 6, Leppik et al. (2004); 7,
Sandiford et al., (2004). * (nmol.min.".g ™" wet wt); **(pmol.min™".mg” protein). Blank,

not reported.

2.17 Activation of Na',K'-ATPase enzyme

The Na',K'-ATPase enzyme activity is low at rest (Clausen, 2003). However, during
periods of contractile activity there is a rapid activation of the Na',K'-ATPase enzyme,
induced by electrical, ionic and hormonal factors (Clausen, 1986; Clausen, 2003). The
following section provides a brief overview of Na* K*-ATPase enzyme activation.
2.17.1 Electrical Activation

Electrical stimulation may increase Na' K'-ATPase enzyme activity by 10-to-20 fold
above resting activity (Nielsen, 1998). Stimulation of isolated rat soleus muscle at 2 Hz

increased the rate of ’[H]ouabain binding by approximately 120% within 1 min,
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indicating an early specific activation of the Na" K'-ATPase enzyme (Everts and
Clausen, 1994). The activation of Na'-K*-ATPase was proportional to the stimulation
frequency, with maximal theoretical activatidn nearly achieved at 120 Hz. Other studies
also report very large increases in Na' K*-ATPase activity as a result of electrical
stimulation in mouse (Juel, 1986) and rat skeletal muscle (Nielsen and Clausen, 1996;
McKenna et al., 2003).

2.17.2 Sodium and potassium activation

Sejersted and Hallén (1985) demonstrated that Na',K'-ATPase activity increased
linearly with increased intracellular [Na']. However, Na* K'-ATPase activity can be
increased in the absence of increased [Na'], indicating the presence of other factors
(Everts and Clausen, 1994). Although increased extracellular [K'] also activated the
Na'-K*-ATPase enzyme, the contribution during exercise is almost non-existent, as the
extracellular site is already saturated (Sejersted and Hallén, 1985).

2.17.3 Hormonal Activation

Numerous hormones, including catecholamines, insulin, aldosterone, thyroid hormones,
calcitonin gene related peptide and insulin like growth factor also activate the Na*, K*-
ATPase enzyme, although these effects are small relative to those of membrane
excitation (see Clausen (2003) for extensive review).

An increase in catecholamines increased resting pump activity in isolated rat soleus and
extensor digitorium muscle but these effects were not additive to stimulation (Everts et
al., 1988). Although insulin also increased Na*,K'-ATPase activity in rat soleus muscle
(Clausen and Everts 1989), these effects were not as pronounced as catecholamine

activation and also had a slower time course (Everts and Clausen, 1994).
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2.18 Na",K'-ATPase and muscle contractility

Clausen et al., (1993) demonstrated in isolated rat soleus muscle that exposure to 12.5
mM K decreased force by 96%. The inhibitory effect of high [K] on contractility in
skeletal muscle could be counterbalanced by stimulation of active electrogenic Na™-K*
transport, the ensuing increase in the clearance of extracellular K© and in the
transmembrane electrochemical gradient for Na* (Clausen et al., 1993). The addition of
salbutamol, adrenaline and insulin produced 57-71%, 61-71% and 38-47% recovery of
force within 10-20 min, respectively (Clausen et al., 1993). Furthermore, the effects of
salbutamol and insulin on force recovery were additive. Finally, the force recovery
induced by salbutamol, adrenaline and insulin was suppressed by pre-exposure of the
muscle to the Na*,K"-ATPase inhibitor ouabain.

2.19 Depressed human Na*,K'-ATPase pump activity with fatigue

Skeletal muscle Na' K'-ATPase activity increased markedly above rest as a
consequence of contractile activity (Everts and Clausen, 1994; McKenna et al., 2003).
This is also evident in human muscle with the rapid post-exercise decline in plasma [K']
(Sejersted and Sjegaard, 2000). However, the maximal Na',K'-ATPase activity is
depressed at the point of fatigue during dynamic exercise. Fraser et al. (2002) found
maximal 3-O-MFPase activity was depressed at fatigue by ~14% following 50 maximal
i1sokinetic contractions in untrained, endurance trained and resistance trained individuals
(Figure 2.5). There were no differences between groups, suggesting that depressed

maximal Na' K'-ATPase activity may be an obligatory response and an important

determinant of fatigue.
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Figure 2.5 Depressed skeletal muscle maximal in vitro 3-O-MFPase activity with
fatigue induced by 50 maximal knee extensions in untrained (UT), resistance trained
(RT) and endurance trained (ET) subjects. 4: activity expressed per gram weight wet. B:

activity expressed per milligram protein. * Main effect of exercise, fatigue < rest.
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Decrements in maximal Na' K'-ATPase activity have been found during various
exercise intensities and duration. Isometric, single-leg extension contractions at ~60%
of maximal voluntary contraction for 30 min resulted in a 38% decrease in maximal
Na' K*-ATPase activity (Fowles et al., 2002). Incremental cycling exercise decreased
3-O-MFPase activity by ~12% in well-trained individuals, both before and after 20

nights sleeping in simulated altitude conditions (Aughey et al., 2004). Cycling exercise
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at ~75% {/O2peak until fatigue decreased muscle maximal 3-O-MFPase activity by ~7%
at 10 min, ~11% at 45 min and ~13% at fatigue (Leppik et al., 2004). The reduction in
Na"K'-ATPase activity was associated with loss of excitability as indicated by
decreased M-wave amplitude by some authors (Fowles et al., 2002) but not others
(Sandiford et al., 2004).

It is important to note that these studies do not argue against an increased Na',K'-
ATPase activity as a result of exercise. Rather, they indicate a reduction in the maximal
attainable Na" K'-ATPase activity with fatigue (Fraser et al., 2002). This may be an
important factor in muscle fatigue. The precise mechanism for the depressed Na'-K*-
ATPase activity at fatigue is unknown but the accumulation of ROS is an attractive
possibility, as discussed in section 2.22.

2.20 Na",K'-ATPase and performance.

Relatively few studies have investigated the relationship between Na",K"™-ATPase

function and muscle performance. The Na',K'-ATPase content correlated with the

VOsmax, 20-min treadmill run time and the rank of the subjects' performance as cross-

country skiers (Evertsen et al., 1997). However, no relationship was found between

Na' K*-ATPase content and exercise time to exhaustion at 86% of {/OZmax (Madsen et
al., 1994), repeated sprint performance (McKenna et al., 1993), maximal squat lifting
(Medbg et al., 2001) or 10 km running time (Overgaard et al., 2002).

2.21 Na', K'-ATPase and training

2.21.1 Na*-K"-ATPase activity

There are limited data regarding the effects of exercise training on skeletal muscle
Na“ K -ATPase activity, in both animal models and humans. A 165% increase in
Na* K*-ATPase enzyme activity was found after 6 weeks of treadmill training (Knochel

et al., 1985). This was measured in isolated membranes from canine gracilis muscle
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(Knochel et al., 1985) and the method to determine Na™-K™-ATPase activity utilised in
this study has been criticized due to poor membrane recovery (Hansen and Clausen,
1988). Little is known about exercise training on human skeletal muscle Na'K'-
ATPase enzyme activity. The maximal in vitro 3-O-MFPase activity in resting muscle
tended to be 20% higher in the endurance trained compared to untrained individuals

(Fraser et al., 2002). Furthermore, maximal Na", K ™-ATPase activity increased by 41%

after 6 days cycle training for 2 h per day at 60-65% {/Ozpeak (Green et al., 2004).

2.21.2 Na" K" -ATPase content

The first study to investigate the effects of exercise training on Na",K'-ATPase content
demonstrated a 46% increase in rat hindlimb muscle after 6 weeks of swim training
(Kjeldsen et al., 1986). A similar change was seen in Na',K'-ATPase content with
training in soleus and plantaris muscles in chronic heart failure rats (Helwig et al.,
2003). Leivseth et al., (1992) demonstrated a 25% increase in Na",K'-ATPase guinea
pig skeletal muscle after 3 weeks running training. An almost identical increase was

observed in thoroughbred middle gluteal muscle after 10 days running training at 55%

{/OZmax (McCutcheon et al., 1999). Other equine studies also demonstrated an increased
Na"K'-ATPase content after 5 months sprint training (Suwannachot et al., 1999).
Veeneklaas and colleagues (2002) also demonstrated a gender effect. After a 15 days of
training, bovine semitendinous Na'-K"-ATPase content increased by ~30% in females,
compared to only ~16% in males.

Chronic electrical stimulation of animal muscle also resulted in increased skeletal
muscle Na",K'™-ATPase content. Green et al., (1992) demonstrated a 40% increase in
rabbit EDL Na' K -ATPase content after 4 d of stimulation at 10 Hz. Similarly, 10 Hz
stimulation of rabbit tibialis anterior muscle increased Na',K'-ATPase content by 60%

after 6 d and by 113% after 20 days (Hicks and McComas, 1989).
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The first study in humans found no change in Na",K'-ATPase content after 10 weeks of
moderate physical activity in army conscripts (Kjeldsen et al., 1990). However, several
investigators have subsequently réported an increased Na',K'-ATPase content after
physical training. Untrained individuals completing 7 weeks of sprint cycling exercise
demonstrated a 16% increase in vastus lateralis Na",K'-ATPase content (McKenna et
al.,, 1993), which is identical to the change reported after 5 months of training in elite

junior cross-country skiers (Evertsen et al., 1997). Furthermore, 6 day cycling training

at 60% \./Oz,mx (Green et al., 1993), 6 weeks training at 78% maximum heart rate in
moderately endurance trained individuals (Madsen et al., 1994) and 3 months resistance
training in elite alpine skiers (Medbe et al., 2001) all increased Na",K*'-ATPase content
by 13 to 15%. Green et al., (1999) showed that 11 weeks of prolonged or resistance
training each increased vastus lateralis Na',K'-ATPase content by 29 and 17%
respectively in healthy untrained individuals. Therefore, despite the vastly different
training protocols and initial training status, the increases in Na",K*-ATPase content are
all within the range of 13 to 29%, indicating that increases in this enzyme are tightly
regulated.

Other investigators have also compared the Na',K'-ATPase content in trained versus
untrained individuals. Endurance trained individuals had a 17% higher vastus lateralis
Na',K"-ATPase content than untrained individuals (Fraser et al., 2002). Similarly,
long-term swim, run and strength trained individuals had a 30, 32 and 40% higher
Na',K"-ATPase content than untrained individuals (Klitgaard and Clausen, 1989).
Interestingly, following a 100 km ultra marathon lasting 10.7 hours, there was a 13%
increase in Na' K'-ATPase content, suggesting that long-lasting exercise promoted
Na' K'-ATPase synthesis (Overgaard et al., 2002). Furthermore, all six of the Na',K'-

ATPase gene transcripts expressed in human skeletal muscle were elevated after ~6
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minutes of fatiguing, isokinetic, one-legged knee extensor exercise (Murphy et al.,
2004).

Chronic exercise training and electrical stimulation of animal and human muscle results
in increased skeletal muscle Na',K'-ATPase content. Furthermore, the increased
content seems to be independent of the mode, intensity and duration of the training
protocol. Na",K'-ATPase upregulation after training would most likely reduce muscle
K" loss and Na" gain, thereby minimising fatigue and enhancing muscle performance
(McKenna, 1999). Increased ROS adversely affect Na',K'-ATPase activity, which may
therefore have important implications in fatigue, as discussed in the next section.

2.22 Na",K'-ATPase and reactive oxygen species

Studies investigating the effects of ROS on Na',K'-ATPase have largely examined
cardiac muscle. Na",K*-ATPase activity was inhibited by H,O, and dependent on both
concentration and time of incubation, with 10 mM H,O, inhibiting 80% of Na' K-
ATPase activity at 90 min in canine myocardium sarcolemmal vesicles (Kukreja et al.,
1990). With the addition of 5 mM H,0, and ferrous iron (Fe’), thus producing *OH,
there was an approximate 40% inhibition of the maximum binding of ouabain, which
was attenuated by the “OH scavenger mannitol (Kukreja et al., 1990). Singlet oxygen
also inhibited canine cardiac sarcolemmal Na',K'-ATPase activity in a dose-dependent
manner, which was attenuated by histidine (Vinnikova et al., 1992). Kim and Akera
(1987) also found that SOD (100 U/mol), CAT (150 U/ml), DMSO (50 mM), histidine
(10 mM) and allopurinol (1 mM) each attenuated the decrease in ischaemia-reperfusion
induced reduction in Na*,K*-ATPase activity in guinea pig sarcolemma.

In rat skeletal muscle, in vitro Na' K'-ATPase activity was depressed by ~70%
following incubation in a ROS generating system which was not specified (Clough,

1994). Tert-butyl hydroperoxide (TBOOH) activated the Na',K'-ATPase enzyme in
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skeletal muscle derived L6 cells (Sen et al., 1995), but when the concentration of
TBOOH was increased to 75 and 200 mM there was a significant inhibition of the
Na' K -ATPase enzyme, suggesting that this enzyme is under redox modulation. Thus,
~ the Na+_,K+-ATPase enzyme and SR function are adversely affected by RCS and have a
likely role in muscle fatigue (Figure 2.6). However the data is limited in skeletal muscle

and the effects in human skeletal muscle remain to be elucidated.

Figure 2.6 Potential sites of ROS on skeletal muscle fatigue. Diagram illustrates aspects
of muscle contraction that ROS may inhibit (solid arrows) or exaggerate (shaded

arrows)
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From Reid, 2000.
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SECTION IV: MANIPULATION OF REDOX STATUS AND EXERCISE

2.23 Pharmacological manipulation of redox status and exercise performance
Positive results have been found using pharmacological antioxidants as experimental
probes (Reid, 1999). Although nutritional antioxidants including vitamins A, C and/or E
result in decreased markers of ROS formation (Dillard et al., 1978; Di Mascio et al.,
1991; Kanter et al., 1993; Viguie et al., 1993; Ashton et al., 1999), the consensus in the
literature is that vitamin supplementation has no ergogenic effect, as reviewed
elsewhere (Evans, 2000; Sen, 2001).

2.23.1 Exogenous glutathione supplementation

Mice that were supplemented with glutathione showed increased endurance during
exhaustive swimming (Cazzulani et al., 1991; Novelli et al., 1991). Glutathione
administered as a single dose at 500, 750, or 1000 mg/kg i.p, increased swimming
endurance by 102, 120 and 140%, respectively (Novelli et al., 1991). Although 250
mg/kg as a single dose did not improve performance, when the same dose was
administered over 7 successive days, swimming time increased by 104% (Novelli et al.,
1991). Three months supplementation (20g/d) with a whey-based cysteine donor
(Immunocal) increased lymphocyte GSH by 35% and volitional exercise performance in
humans (Lands et al., 1999). Both peak power and 30 s work capacity were increased by
13% with Immunocal, with no changes observed in the placebo group (Lands et al.,
1999).

These studies demonstrating that exogenous glutathione supplementation may increase
performance, failed to investigate direct mechanism(s). Hence, it cannot be concluded

that exogenous glutathione attenuated oxidative stress (Sen and Packer, 2000).
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Therefore, further research is required to establish whether glutathione alters redox
status during exercise and improves volitional performance, particularly in humans.
2.23.2 Induced glutathione deficiency and exercise performance

The physiological role of glutathione is clearly evident when tissues deprived of
glutathione, hence with a reduced antioxidant capacity, are subjected to an oxidative
challenge (Ji and Leeuwenburgh, 1995). Methods employed to deplete tissue
glutathione levels include diethylmaleate (DEM), buthioninie SR-sulfoximine (BSO)
and food deprivation.

DEM depleted intracellular glutathione (Deneke and Fanburg, 1989) and decreased
swimming exercise performance in rats (Kramer et al., 1993), although no mechanisms
were studied. However, Morales and colleagues (1993) injected rats with DEM (1
mg/kg) and then applied resistive breathing until they were unable to maintain 70% of
their maximal airway opening pressure. Maximum tetanic tension (P,) and twitch
tension (P;) were significantly depressed, suggesting that glutathione may play an
important role in protecting the diaphragm against oxidative stress (Morales et al.,
1993).

BSO also decreased glutathione in various tissues (Griffith and Meister, 1979). Rats
intraperitoneally injected with BSO had an ~80% decrease in TGSH in various tissues
including red gastrocnemius muscle, which resulted in an ~50% reduced endurance time
(Sen et al., 1994). This suggests a critical role of endogenous GSH in the circumvention
of exercise-induced oxidative stress and as a determinant of exercise performance (Sen
et al., 1994). Chronic BSO treatment also exacerbated the exercise-induced declines in
liver and kidney GSH, as well as decreased muscle GSH by 25% (Leeuwenburgh and Ji,
1995). Therefore, glutathione homeostasis is essential for the prooxidant-antioxidant

balance during prolonged physical exercise (Leeuwenburgh and Ji, 1995).
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Food deprivation also decreased skeletal muscle GSH (Tateishi et al.; 1977; Cho et al.,
1981; Lauterburg et al., 1984). Consistent with these studies, food deprivation decreased
liver glutathione content and GSH:GSSG ratio in skeletal muscle (Leeuwenburgh and
Ji, 1996).  Interestingly, MDA levels were also higher in starved rats suggesting
increased ROS formation. However, there was no exacerbation of the exercise-induced
effects on redox status with food deprivation (Leeuwenburgh and Ji, 1996).

2.23.3 Selenium deficiency

Selenium deficient tissues are more vulnerable to oxidative stress (Ji et al., 1988).
Therefore, it is surprising that few studies have investigated selenium deficiency,
glutathione metabolism and exercise performance. Although GPX activity is dependent
upon selenium, there is no evidence that selenium deficiency impairs exercise
performance. Furthermore, skeletal muscle antioxidant enzymes are capable of adapting
to selenium deficiency and exercise to minimise oxidative damage caused by ROS (Ji et
al., 1988).

Brady et al. (1979) reported increased oxidative stress with selenium deficiency in rats
swum to exhaustion. Selenium deficiency in rats had no effect on performance, despite
an 80% decrease in liver and skeletal muscle GPX (Lang et al., 1987). Hence, residual
GPX activity may be sufficient to prevent the possible impairment of exercise
endurance capacity (Lang et al., 1987). In contrast, selenium supplementation increased
plasma GPX activity in healthy humans but did not increase maximal aerobic power and
capacity (Tessier et al., 1995).

2.24 N-acetylcysteine as an antioxidant

N-acetylcysteine has been used extensively in clinical toxicology and its major use is in
the treatment of acetaminophen (paracetamol) overdose (Flanagan and Meredith, 1991).

NAC has been shown to reduce a number of different oxidants that are produced during
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metabolism at varying rates (Aruoma et al., 1989). NAC is a powerful scavenger of
*OH and at low concentrations, NAC can be a powerful scavenger of hypochlorus acid.
NAC is a poor scavenger of O,™*, with a rate constant of < 10> M's™! at pH 7.4 (Aruoma
et al., 1989).

2.25 N-acetylcysteine pharmacokinetics

The pharmacokinetics of NAC were determined in healthy humans, who received either
intravenous (600 mg) or oral NAC (600 mg) in four different tablets (Borgstrom et al.,
1986; Table 2.8). Intravenous (i.v.) NAC infusion resulted in a 20-fold greater peak
plasma concentration (Cpax) of NAC compared to oral NAC (~300 pmol.L'l vs ~16
pmol.L"). Of the orally administered NAC, the fast dissolving effervescent tablet had
the highest Cgax (16.9 pmol.L‘l) and the slow dissolving tablet the lowest Cyax (4.7
pmol.L'™"). The bioavailability for the oral NAC varied between only 6 and 10%, with
the fast dissolving tablet having the highest bioavailability (Borgstrom et al., 1986).
Olsson et al. (1988) administered i.v. and oral NAC at a lower dose than Borgstrom et
al. (1986), resulting in much lower Cyax, with the highest [NAC] reported at 162
pmol.L” (Table 2.8). Following a 7 day washout period, the same subjects were
administered with 400 mg oral NAC as effervescent tablets, with results indicating a
Crnax 0f ~10 pmol.L™". From these studies and others listed in Table 2.8 it is evident that
i.v. administration results in a 17-60 fold higher plasma [NAC] and has increased
bioavailability compared to oral doses.

2.25.1 Reduced vs Total

Olsson and colleagues (1988) also compared the pharmacokinetics of reduced and total
NAC following i.v. and oral administration. After the oral dose, the bioavailability of
reduced NAC was 4.0% compared to 9.1% for total NAC. The lower bioavailability of

reduced NAC compared with total NAC indicate that NAC is rapidly oxidised before it
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reaches the general circulation, probably in the gastrointestinal tract (Olsson et al.,
1988; Holdiness, 1991). The low bioavailability of NAC is probably not due to
incomplete absorption, but rather extensive first pass metabolism in the gut wall and
liver (Olsson et al., 1988; Flanagan and Meredith, 1991; Holdiness, 1991).

2.26 Adverse reactions with N-acetylcysteine

The most common side effects associated with NAC are vomiting and diarrhoea
(Holdiness, 1991). Following NAC overdose, adverse reactions observed are similar but
much more severe, and fatalities have occurred. The treatment of NAC toxicity is
directed at the reversal of anaphylactic reactions and/or controlling nausea and vomiting
(Flanagan and Meredith, 1991). Other side effects have also been reported with NAC
including dyspepsia, pruritus and dysphoria (Table 2.8). These have been treated with
anti-histamines, corticosteroids, salbutamol and infusion cessation.

For NAC treatment of paracetamol overdose, adverse reactions were said to occur in 9%
of patients (Flanagan and Meredith, 1991). However, the side effects experienced by
patients may be confused with the effects of paracetamol intoxication (Holdiness,
1991). NAC administered during varying treatment programs of 10 days to 6 months
and in varying daily doses of 300 to 600 mg have been well tolerated (Boman et al.,
1983) and without major side effects (Bonanomi and Gazzaniga, 1980; Ferrari, 1980;
Saraiva et al., 1980; Cotgreave et al., 1987; De Vries and De Flora, 1993).

When NAC is given to healthy volunteers in small doses (eg. 600 mg) no side effects
have been reported (Table 2.8). However, when subjects were infused with an NAC
bolus dose of 150 mg/kg (Reid et al. 1994), numerous adverse reactions were reported
(Table 2.8). However, at a similar dose and when subjects were orally pre-medicated
with 25 mg of diphenhydramine and 150 mg rantidine to decrease the incidence of

anaphylactoid side effects of NAC, no significant adverse reactions were reported
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(Travaline et al., 1997). A reduction in the loading dose of NAC may reduce the risk of
adverse reactions while still maintaining efficacy (Flanagan and Meredith, 1991).
Similarly, Reid et al., (1994) demonstrated that side effects were time, and thus
presumably dose, dependent dﬁring i.v. bolus infusion in healthy volunteers (Figure
2.7). Therefore, although a low oral NAC dose may be effective in reducing the
incidence of adverse reactions, the low bioavailability would allow limited effects

during exercise. Conversely, increasing the dose would also increase the incidence of

adverse reactions, thus possibly precluding voluntary exercise.

Figure 2.7 Time course of reactions to intravenous NAC infusion (150 mg/kg) in
healthy humans.
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2.27 N-acetylcysteine effects on cysteine and glutathione

Cysteine supplementation is undesirable as moderate doses are toxic (Meister, 1991),
which would potentially preélude voluntary exercise. To overcome the toxic effects of
cysteine, analogous forms of cysteine have been used (Ji and Leeuwenburgh, 1995).
Oral NAC supplementation increased plasma cysteine and glutathione, with no further
accumulation of cysteine or glutathione after multiple doses (Bridgeman et al., 1994).
The increase in plasma cysteine and glutathione is an important factor when considering
NAC’s anti-oxidant capacity. The major mode of action for NAC to act as an anti-
oxidant is by increasing circulating cysteine and glutathione levels (Issels et al., 1988)
and the availability of cysteine is rate limiting in the biosynthesis of glutathione
(Cotgreave, 1997). Glutathione is a major anti-oxidant that de-toxifies H,O, and is also
rapidly oxidised during exercise. The administration of NAC could potentially aid the
biosynthesis of glutathione and increase the antioxidant potential of muscle. Since
NAC is also able to increase circulating glutathione levels (Olsson et al., 1988; De Caro
et al., 1989; Holdiness, 1991; Bridgeman et al., 1994), NAC may act as a direct
precursor to glutathione biosynthesis (Figure 2.8).

Few studies have investigated the effects of NAC supplementation on glutathione
during an acute exercise bout. Rats supplemented with NAC, glutathione and vitamin C
for 20 d prior to an acute exercise bout had an attenuated increase in blood GSSG
(Sastre et al., 1992). Similarly, in rats exercised to exhaustion, intraperitoneal-injected
NAC attenuated the exercise-induced increases in blood and lung GSSG/TGSH,
although this was not observed in liver, red gastrocnemius muscle, heart or plasma (Sen
et al., 1994).

Sen et al. (1994) tested the effect of orally administered NAC (200 mg/d, 2 d) on

exercise associated blood glutathione oxidation in subjects performing two identical
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maximal cycle ergometer exercise tests. Nine men took four NAC tablets (200 mg) per
day (two 50 mg tablets, twice per day) for two days. NAC increased the ROS
scavenging capacity of the plasma, as measured by TBARS, indicating that the
antioxidant properties of the drug may augment the net antioxidative capacity of the
plasma. Blood glutathione oxidation with exercise, reflected by an increase in blood
GSSG and GSSG/TGSH ratio, was significantly attenuated by NAC (Sen et al., 1994).
These results indicate that NAC supplementation may spare exercise-induced blood

glutathione oxidation and the thiol redox status perturbation.

Figure 2.8 Improvement of cysteine availability is an effective strategy for enhancing

amounts of intracellular glutathione.
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2.28 N-acetylcysteine effects on skeletal muscle fatigue

2.28.1 Animal studies

NAC effects on muscle fatigue have been investigated in various animal models. The
rate of fatigue development induced in rabbit diaphragm strips by rhythmically
stimulating strips in situ at 20 Hz for 20 min was reduced by NAC (1.5 mlkg, 100
mg/ml followed by 0.1ml/kg), compared to saline treated animals (Shindoh et al., 1990).
Similarly, Diaz et al. (1994) demonstrated that NAC (4 mg/ml) attenuated fatigue in in
vitro rat diaphragm preparations. Intravenous NAC (150 mg/kg) together with mannitol
(0.5 g/kg) and SOD (2000 IU/kg) also attenuated fatigue in rabbit diaphragm (Jiang et
al., 2001). Environmental conditions may also be important as the effects of NAC were
magnified at 37°C compared to 26°C (Diaz et al.,, 1994) and NAC attenuated rat
diaphragm fatigue in hypoxic, but not hyperoxic, conditions (Heunks et al., 2001).

NAC reduced peak twitch stress, shortened time to peak twitch stress and shifted the
stress-frequency curve down and to the right in unfatigued muscle of rat diaphragm
fiber bundles (Khawli and Reid, 1994). During 30 Hz stimulated contractions fiber
bundles incubated in 0.1-10 mM NAC exhibited a dose-dependent decrease in relative
stresses developed, with no change in maximal tetanic stress and also inhibited acute
fatigue.

Supinski and colleagues (1997) compared the inspiratory volume and pressure
generation over time in animals pre-treated with either saline or NAC (150 mg/kg) and
then loaded until respiratory arrest. NAC-treated rats tolerated loading better than the
saline-treated group, maintained higher inspiratory pressures, sustained higher inspired
volumes and demonstrated increased time that animals could tolerate loading before the
development of respiratory arrest. These studies demonstrate that NAC attenuates

fatigue in animal models.
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2.28.2 Human studies

The pioneering work of Reid et al. (1994) demonstrated that NAC infusion attenuated
fatigue in human skeletal muscle. Healthy voluﬁteers received 150 mg/kg for 1 h
immediately before low-and high-frequency electrical stimulation of tibialis anterior
muscle, to determine the effects of NAC on isometric force development. To blunt the
adverse reactions of NAC, subjects were intravenously administered diphenhydramine
as required. Low frequency stimulation comprised 10 Hz stimuli for 30 min, whilst high
frequency comprised 40 Hz for 180 s. During repetitive low-frequency stimulation the
force fell progressively, with 15% higher forces maintained during NAC trials
compared to control (Figure 2.9). There was no effect of NAC on muscle force during
high frequency stimulation (Reid et al., 1994). However, because stimulation
frequencies greater than 50 Hz are rarely seen with voluntary contractions, low
frequency protocols are more physiologically relevant (Jones, 1996). There was also no
effect on post-fatigue recovery (Reid et al., 1994), consistent with animal studies (Diaz
et al., 1994).

Pre-administration of intravenous NAC also attenuated the development of diaphragm
fatigue in normal subjects breathing against high inspiratory loads, with time to fatigue
increased by ~50% with NAC pre-treatment (Travaline et al., 1997). These studies
demonstrating the efficacy of NAC in enhancing muscle performance suggest an
important role of ROS in human skeletal muscle fatigue. However, no studies have
investigated the effects of NAC on voluntary, whole body exercise performance in

healthy humans and such studies are clearly required.
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Figure 2.9 Intravenous N-acetylcysteine infusion inhibits low frequency fatigue during

electrical stimulation of human tibialis anterior muscle.
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SECTION V: AIMS AND HYPOTHESES

The general aim of this thesis was to investigate the effects of intravenous N-
acetylcysteine (NAC) infusion on time to fatigue, glutathione and potassium (K)
regulation during voluntary fatiguing exercise in healthy humans. Specific aims and
hypotheses for each study are outlined below.

Study 1

The aim was to investigate the effects of a modified intravenous NAC infusion protocol
on blood and plasma NAC, glutathione, cysteine, electrolytes and performance during

voluntary high intensity, intermittent exercise comprising three 45s bouts and a fourth

bout continued to fatigue, each at 135% {/O2peak, in healthy humans.
Specific hypotheses tested were that intravenous infusion of NAC will:

1. Be free of serious adverse reactions.
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2. Attenuate the decrease in whole blood reduced glutathione and alleviate the increase
in whole blood oxidised glutathione during exercise.

3. Enhance plasma K" regulation, as evidenced by a reduced rise in the plasma A[K']-
to-work ratio during exercise.

4. Increase exercise performance, as measured by a longer time to fatigue.

Study 2

The aim was to investigate the effects of intravenous NAC infusion on the same

variables as in Study 1, during prolonged, submaximal exercise comprising 45 min at

70% VOapear, followed by 90% VOypeq to fatigue, in healthy humans.

Specific hypotheses tested were that intravenous infusion of NAC will:

1. Be free of serious adverse reactions, despite the increased infusion duration.

2. Attenuate the decrease in whole blood reduced glutathione and alleviates the increase
in whole blood oxidised glutathione during exercise.

3. Enhance plasma K' regulation, as evidenced by a decreased rise in plasma [K']
during exercise.

4. Increase exercise performance, as measured by a longer time to fatigue.

Study 3- Part 1

The aim was to investigate the effects of intravenous NAC infusion on muscle, blood

and plasma NAC, glutathione, cysteine and on performance during prolonged,

submaximal exercise, comprising 45 min at 70% \./Ozpeak, followed by 90% {/Ozpeak to
fatigue, in well-trained humans.

Specific hypotheses tested were that intravenous infusion of NAC will:

1. Increase NAC in both muscle and red blood cells.

2. Attenuate the decline in muscle and whole blood total glutathione during exercise.

3. Attenuate the decline in muscle and whole blood reduced glutathione during exercise.
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4. Alleviate the rise in muscle and whole blood oxidised glutathione during exercise.

5. Increase exercise performance, as measured by a longer time to fatigue.

Study 3 — Part 11

The aim was to investigate the effects of intravenous NAC ihfusibn on skeletal muscle
maximal Na',K'-ATPase activity and plasma K' regulation during prolonged
submaximal exercise in well-trained individuals.

Specific hypotheses tested were that intravenous infusion of NAC will:

1. Attenuate the decline in skeletal muscle maximal Na",K'-ATPase activity during
exercise.

2. Enhance plasma K* regulation, as evidenced by a decreased rise in plasma [K'] and

A[K"]-to-work ratio during exercise.
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CHAPTER 3: STUDY 1
N-ACETYLCYSTEINE INFUSION ALTERS BLOOD REDOX STATUS BUT
NOT TIME TO FATIGUE DURING INTENSE EXERCISE IN HUMANS.
3.1. Introduction
Reactive oxygen species (ROS) including the superoxide, hydrogen peroxide and
hydroxyl radicals are produced in contracting skeletal muscle (Davies et al. 1982;
Jackson et al. 1985; Reid et al. 1992) and their presence is obligatory for optimal muscle
confractile function (Reid et al. 1993). However, despite being scavenged by
endogenous antioxidant enzymes (Barclay and Hansel 1991), ROS concentrations in
skeletal mulscle increase during contraction, which may compromise contractile
function.
Numerous studies utilizing isolated animal muscle preparations have demonstrated that
ROS accelerates, whereas antioxidants attenuate, muscle fatigue. Studies inducing
increased ROS demonstrated accelerated fatigue in diaphragm and limb muscles (Diaz
et al. 1993; Nashawati et al. 1993), which was inversely related to the amount of ROS
produced (Reid et al. 1992). Antioxidant compounds have reduced fatigue in diverse
experimental preparations, including canine diaphragm (Supinski et al. 1997) and
gastrocnemius muscle (Barclay and Hansel 1991), rat diaphragm bundles (Reid et al.
1992), human diaphragm (Travaline et al. 1997), voluntary exercise in mice (Novelli et
al. 1991) and humans (Lands et al. 1999), as well as electrical stimulation of limb
muscles in humans (Reid et al. 1994). Whilst most studies in humans utilized oral
vitamins A, C and/or E as antioxidants and typically found no exercise performance
enhancement (Oostenbrug et al. 1997; Ashton et al. 1999; Akova et al. 2001), positive
effects have been found using pharmacological antioxidants (Reid 1999). In a landmark

study, Reid and colleagues (1994) found the decline in force during fatiguing electrical



82

sﬁmulation of tibialis anterior muscle in humans was attenuated by intravenous infusion
of the antioxidant compound, N-acetylcysteine (NAC). However, numerous serious
adverse reactions were reported, including conjunctival irritation, dysphoria, vomiting,
diarrhoea, nausea and loss of co-ordination, thus precluding NAC infusion during
voluntary exercise (Reid et al. 1994). These adverse reactions may have been related to
a high peak NAC concentration ([NAC]) resulting from the large bolus NAC dose, but
this cannot be determined since [NAC] was not reported. Based on pharmacokinetic
data (Prescott et al. 1989), estimates of their peak [NAC] are approximately 500 mg.1”,
which would have declined rapidly during the experimental period (Reid et al. 1994).
Therefore, their muscle stimulation experiments (Reid et al. 1994) were performed both
at unknown and uncontrolled NAC concentrations. Interpretation of their data is further
confounded since subjects were pre-treated with the anti-histamine drug
diphenhydramine, to blunt the adverse reactions to NAC. The effects of
diphenhydramine on muscle function were not reported. Others (Sen et al. 1994) have
given oral NAC, but this approach is limited due to the low bioavailability of oral NAC
(Holdiness 1991) and blood [NAC] was again not reported (Sen et al. 1994). Thus, the
effects of NAC infusion on human muscle function are worthy of further exploration.

The first aim of this study was to develop a modified NAC infusion protocol designed
to obviate serious adverse reactions, thus allowing whole body exercise. Specifically,
this study aimed to: (i) avoid an excessive peak [NAC], (ii) attain a stable [NAC] during
the exercise period and (iii) include measurements of blood and plasma [NAC] for the
first time during exercise. On the basis of this modified NAC infusion protocol, the
second aim was to investigate the effects of intravenous NAC on fatigue during

voluntary whole body exercise in healthy individuals.
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Changes in glutathione redox state are often used as a sensitive measure of tissue
oxidative stress (Ji and Fu 1992). Exercise results in an increase in oxidized (GSSG)
and decline in reduced glutathione (GSH) concentrations in blood (Gohil et al. 1988).
Thus, the third aim was to investigate the effects of NAC infusion on blood GSH and
GSSG during exercise. Finally, this study investigated the effects of NAC infusion on
potassium (K') regulation during intense exercise, since impaired K' regulation has
been linked with muscle fatigue (Nielsen and Clausen 2000; Sejersted and Sjegaard
2000; Fraser et al. 2002). Results from our laboratory have recently found that intense
fatiguing muscle contractions impaired skeletal muscle Na',K'-ATPase activity (Fraser
et al. 2002). Although the mechanisms for this effect are unknown, an increase in ROS
was suggested as a possibility (Fowles et al. 2002; Fraser et al. 2002). The muscle
Na’ K*-ATPase activity was inversely correlated to an index of plasma K' regulation
during exercise, the ratio of rise in plasma K" per work done (Fraser et al. 2002).
Consequently, the final aim was to investigate NAC effects on plasma K" regulation
during exercise.

The three hypotheses tested were that NAC infusion would: (1) attenuate the decrease in
GSH and rise in GSSG during exercise; (2) reduce the plasma A[K']-to-work ratio
during exercise; and (3) enhance time to fatigue during voluntary, high intensity
intermittent exercise.

3.2. Methods

3.2.1. Subjects

Eight male subjects (age, 22.5+2.4 years; body mass, 77.81%10.30 kg; height, 177.6£1.6
cm meantSD) volunteered for the study after being informed of all risks and giving
written informed consent (Appendix 2). Subjects refrained from vigorous activity and

avoided ingesting caffeine, alcohol, or other drugs in the 24 h before their visits to the
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laboratory. Ethical approval was obtained from the Victoria University of Technology
Human Research Ethics Committee (Appendix 3).

3.2.2. Overview of trials

Subjects attended the laboratory on six separate occasions, separated by a 5-7 d period.
All exercise trials were completed on an electronically braked cycle ergometer (Lode

Excalibur, Groningen, Netherlands). Subjects first completed an incremental exercise

test to determine their peak oxygen consumption ( {]O2peak)- Subjects then completed a
total of five high intensity, intermittent exercise trials. The first trial was for
familiarization purposes, the second and third trials were to determine the within-subject
variability of the time to fatigue, whilst the final two trials were the N-acetylcysteine
(NAC; Parvolex™, Faulding Pharmaceuticals) or saline (CON) trials. The last two trials
were conducted in a double blind, randomized, counterbalanced design to determine the
effects of NAC or CON infusion on exercise performance and blood redox status. For
ethical reasons, the attending medical practitioner was non-blinded.

3.2.3. Peak Oxygen Consumption

Subjects were seated at a comfortable seat height, which was kept constant for all trials.
Subjects performed four 4 min submaximal workloads at 60, 90, 120 and 150W, cycling
at a pedal cadence of 80rpm. Following a 10 min rest period, with water consumed ad
libitum, subjects re-commenced cycling at 150W, with increments of 25W each min

unti]l fatigue, defined as the inability to maintain pedal cadence above 60rpm. The
highest \.102peak over a 30s period was defined as \./Ozpeak. A regression equation of
{702 versus power output was derived from the four sub maximal workloads and used

to determine the power output corresponding to 130% VOqpeak. All equipment and
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calibration procedures for \./Oz measurements were as previously described (Li et al.
2002).
3.2.4. Intermittent, High Intensity Exercise Protocol

The intermittent sprint test comprised four exercise bouts (EB) at a power output

corresponding to 130% {/Ochak- The first three EB lasted 45s, separated by a 135s
passive recovery period on the ergometer (work:rest ratio 1:3), whereas the last EB was
continued to volitional fatigue, defined as an inability to maintain pedal cadence above
60 rpm. High intensity exercise was chosen since this results in a markedly enhanced
rate of production of ROS (Sjedin et al. 1990).

3.2.5. Experimental trials

The two experimental trials investigated the effects of intravenous NAC during
voluntary, high-intensify, intermittent exercise. On arrival to the laboratory, subjects
were weighed and then whilst supine on a couch, a 20G catheter was inserted into a
dorsal hand vein for subsequent arterialised venous blood sampling. A 22G catheter was
then inserted into a superficial median forearm vein for infusion of either NAC or
saline. Subjects sat on a chair of comparable height immediately adjacent to the cycle
ergometer for 10 min with their hand sheathed in a waterproof glove, placed in a 45°C
water bath. After an initial control blood sample, the infusion of NAC or saline was
commenced and continued until the cessation of the exercise trial. After 25 min subjects
were transferred from the chair to the cycle ergometer, where they remained for a
further 10 min before the onset of the exercise period to normalize any postural changes
in plasma volume. After a total of 35 min of pre-infusion, subjects began to exercise,
with blood sampled at the beginning and final seconds of each EB. Blood samples were
also taken at 1, 2, 5, 10 and 30 min into the recovery period. Expired gases were

measured 2 min prior to exercise and continued until the cessation of the exercise trial.
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3.2.6. N-acetylcysteine Infusion

The NAC infusion protocol was modified from previous rapid, non-steady state bolus
infusion protocols (Prescott et al. 1989; Reid et al. 1994). An initial loading dose of 125
mgkg'.hr! for 15 min was used to achieve the peak plasma [NAC], followed by a
constant infusion of 25 mgkg ' hr' continued until the end of exercise (Appendix 4).
These modifications aimed to avoid the initial high dose and thus minimize the many
adverse reactions previously reported (Reid et al. 1994). This study also aimed to induce
a constant plasma [NAC] prior to commencement of exercise and finally, to maintain
this concentration throughout the exercise trial. An anaesthesia infusion pump was used
for all infusions (Graseby 3400, Graseby Medical Ltd., Watford, UK).

3.2.7. Blood processing

Two blood samples were drawn in rapid succession at each sample point. The first 1 ml
sample was taken using a blood gas syringe containing lithium heparin (RapidLyte,
Chiron Diagnostics, MA, USA), air bubbles immediately expelled and the syringe
placed on ice for immediate plasma gas, pH and electrolyte analyses (Ciba Corning
865pH/Blood Gas Analyzer, Bayer, MA, USA). A second 5 ml sample was used for
measurement of reduced and total thiols in blood and plasma, haemoglobin
concentration ([Hb]), haematocrit (Hct) and plasma concentrations of K* ([K']), sodium
([Na']), chloride ([CI]) and calcium ([Ca*]). Samples were also processed and
analyzed for metabolite concentrations and fluid shifts. Due to insufficient blood sample
volume, not all variables were measured in some samples, as noted in results.

3.2.7.1. Blood and Plasma Thiols

A 3 ml aliquot of blood was initially separated into two equal portions, for reduced and
total thiol analysis. For analyses of reduced thiols in each of blood and plasma, 1.5 ml

of blood was pipetted into a heparinised tube containing 150 ul of 30 mM
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monobromobimane (mBrB) in phosphate buffered saline. The remaining blood was
pipetted into a second heparinised tube for subsequent analyses of total thiols in each of
blood and plasma. Samples were then prepared for later analysis of reduced and total
thiols in each of blood and plasma. First, 300 pl was pipetted into a 2 ml eppendorf tube
and placed on ice for subsequent analysis of blood thiols. Then the remaining blood was
immediately centrifuged for 2 min at 1,000 g (3K 15 refrigerated centrifuge, Sigma
Laborzencentrifugen, Germany) with the plasma extracted for subsequent analyses of
plasma thiols.

3.2.8. Blood Analyses

Concentrations of the thiol compounds N-acetylcysteine, glutathione, and cysteine were
determined concurrently by high pressure liquid chromatography analysis (HPLC;
Waters Associates, MA, USA), with fluorescence detection (Hitachi, Tokyo, Japan).
Whole blood was measured for total NAC ([NAC]y), reduced NAC ([NAC]y), total
glutathione ([TGSH]y), reduced glutathione ([GSH]w), total cysteine ([CYS]w) and
reduced cysteine ([CYS]w). Plasma was analysed for all of these variables and are
denoted by tp and p for total and reduced concentrations, respectively.

3.2.8.1. Reduced Thiols

After thawing at room temperature, 100 ul of the sample was added into 100 pl of
distilled water. Plasma and blood proteins were then precipitated with addition of 25 pl
50% (w,v) sulphosalicylic acid and immediately vortexed. Samples were then
centrifuged at 1,000 g for 5 min and the supernatant injected for HPLC analysis.

3.2.8.2. Total thiols

After thawing at room temperature, 100 ul of the sample was pipetted into an eppendorf
tube. To reduce oxidized thiols, 200 pl of 4 mM dithiothreitol (DTT) was added,

immediately vortexed and left at room temperature for 10 min. Free thiols were then



88

derivatised by adding 50 pl of 20mM mBrB, vortexed and placed in the dark for a
further 10 min. Plasma and blood proteins were then precipitated with 25 pl 50% (w,v)
sulphosalicylic acid and immediately vortexed. Samples were centrifuged at 1,000 g for
5 min and the supernatant injected for HPLC analysis. Total and reduced thiols were
analyzed in the same manner via HPLC.

The HPLC mobile phase was 18:82 methanol:20 mM KH,PO;4 at pH 2.9 and 5 mM
octanesulphonic acid running through a 150 by 3.9 mm NovapakC,g column (Waters
Associates, MA, USA) at 1 ml.min”', with fluorescence detection at 400 nm excitation
and 475 nm emission. This gives baseline separation of thiol compounds from each
other and the reagent peaks, with a quantitation limit of approximately 100 nM and
coefficient of determination of <5% for each. Total concentrations of the thiols (ie
oxidized + reduced) were determined in a similar manner except that the oxidized thiols
were reduced with DTT before a second derivitisation with mBrB was performed. After
precipitation of plasma protein the supernatant was injected into the HPLC as for
analysis of reduced concentrations.

3.2.8.3. Oxidized thiols

Oxidized thiol concentrations were calculated by subtraction of the reduced
concentration from the total concentration. Due to insufficient blood sample volume
being obtained, the calculated oxidized glutathione ([cGSSG]) could not be measured at
EBI1, fatigue and early recovery. Cystine concentrations were calculated by subtraction
of the reduced [CYS] from total [CYS].

3.2.9. Calculations

Fluid shifts and K'. The decline in plasma volume (APV) from rest with exercise was
calculated from changes in [Hb] and Hct (Harrison 1985), with [Hb] and Hct measured

in triplicate using an automated analyzer (Sysmex, K-800, Kobe, Japan). The ratio of
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the rise in plasma [K*] (A[K"]) per work output was calculated for each EB (A[K]"-to-
work ratio; nmol.1".J"), and used to represent the net plasma K* accumulation per EB
(McKenna et al. 1993).
Red blood cell NAC, cysteine and cystine: Red blood cell NAC ([NAC]) and cysteine
([CYS]we) and cystine concentrations were calculated using an equation (Buono and
Yeager 1986) modified to exclude the correction of Hct for trapped plasma:

[NAClie = ([NAClwp - ((NAC], x (1-Het))) x Het”
where rbc, wb and p represent erythrocytes, whole blood and plasma, respectively.
3.2.10. Statistical analyses
Anthropometric data are presented as mean + SD, with all other data reported as mean *
SEM. Single comparisons were analyzed using a paired Student t-test. For NAC, a one-
way analysis of variance (ANOVA) with repeated measures was used. All other blood
analyses were analyzed using a two-way (treatment, time) ANOVA with repeated
measures on both factors. Significance was accepted at P<0.05. Post-hoc analyses used
the Newman-Kuels test. Individual coefficients of variation (CV) were calculated for all
subjects within the exercise protocol and averaged to obtain an overall CV (Jeukendrup
et al. 1996).
3.3. Results
3.3.1. Exercise performance variability and effects of NAC

3.3.1.1. Incremental exercise

The \./OZpeak was 43.0 £ 6.0 ml.kg‘l.min'l and the work rate corresponding to

130 VOppeak Was 327 £ 41W.

3.3.1.2. Intermittent exercise

Excellent reproducibility was seen in the time to fatigue in the fourth EB during the two

variability trials, with a CV of 2.4£0.6% (range 0.6 to 5.5%, Table 3.1). No differences
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were seen in time to fatigue (NAC 103+15 s, CON 106+19 s) or total work (NAC 33.2

1+ 4.6 kJ, CON 34.1 + 5.7 kJ) during the final EB.

Table 3.1. Individual time to fatigue during pre-experimental high intensity,

intermittent exercise trials. Each trial comprised three 45s bouts, followed by a final

bout to fatigue, each at 130% \./Ozpeak. Coefficient of variance (CV) was calculated from

variability trial #1 and #2.

Fatigue time (s) CV (%)

Subject Familiarization  Variability Variability

trial trial#1 trial#2
1 89 91 92 0.8
2 206 208 215 2.3
3 119 126 125 0.6
4 51 56 59 3.7
5 71 79 77 1.8
6 75 89 87 1.6
7 55 53 49 5.5
8 110 120 125 2.9
Mean+SEM 97+18 103+18 104+£19 2.4£0.6

3.3.2. N-acetylcysteine and adverse reactions
Total NAC content infused was 3.45 £0.16 g. In contrast to previous studies, no severe
or even moderate adverse reactions requiring treatment or causing discomfort were

observed in any of the subjects using our modified infusion protocol (Table 3.2).
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Table 3.2. Adverse reactions during experimental trials. Lack of severe or moderate
adverse reactions with N-acetylcysteine (NAC) or saline (CON) infusion, before and

during high intensity, intermittent exercise. n=8.

Reaction Frequency and Severity

None Mild Moderate Severe

Reaction NAC CON NAC CON NAC CON NAC CON

Vomiting 7 7 1 1 0 0 0 0
Erythema 6 5 2 3 0 0 0 0
Swelling 1 8 7 0 0 0 0 0
Flushing 7 8 1 0 0 0 0 0
Rash 6 7 2 1 0 0 0 0
Coughing 8 7 0 1 0 0 0 0
Altered moods 6 8 2 0 0 0 0 0

3.3.3. Plasma NAC:

During the 15 min loading infusion phase [NAC]y, increased progressively until a peak
at 15 min (P<0.05; Figure 3.1). During the maintenance infusion phase, [NAC]y, then
decreased immediately prior to exercise (P<0.05), with no further changes during
exercise. In recovery, [NAC], had decreased from fatigue at 30 min (P<0.05), but
remained elevated above pre-infusion (P<0.05).

A similar pattern was found for [NAC]y,, which peaked at the end of the loading phase
(P<0.05), then declined slightly during the maintenance phase (P<0.05), with no
subsequent differences during exercise. No differences were observed in [NAC]y, at 30

min recovery compared to fatigue levels, but [NAC],, remained elevated above pre-

infusion levels (P<0.05).
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Figure 3.1. Plasma total () and reduced (v) N-acetylcysteine concentration ((NAC])

concentration prior to, during and after high-intensity, intermittent exercise. Shaded bars

represent exercise bout (EB) at 130% \'/'Ozpeak; EB 1-3 were 45s in duration, whilst EB4
was continued to fatigue (F). Mean + SEM: n=8 except EB1 where n=7. Significant
time main effect (P<0.005); all times greater than pre-infusion (P<0.05; asteriks not

shown for clarity).
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3.3.4. Whole Blood NAC:

During the loading infusion phase, [NAC]y, increased progressively until a peak at 15
min (P<0.05) and then decreased during the maintenance infusion phase (P<0.05;
Figure 3.2). No significant changes were seen in [NACl]y, during exercise, but [NACly

decreased from fatigue at 30 min after infusion cessation (P<0.05), but remained
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elevated above pre-infusion levels (P<0.05). Similarly, [NAC], peaked at the end of
the loading phase (P<0.05), declined slightly during the maintenance phase (P<0.05),
with no differences during exercise and until 30 min recovery, where [NAC]y, remained

elevated above pre-infusion levels (P<0.05).

Figure 3.2. Blood total (e) and reduced (¥ ) N-acetylcysteine concentration prior to,

during and after high-intensity, intermittent exercise. Shaded bars represent exercise

bout (EB) at 130% \.lozpeak. EB 1-3 were 45s in duration, whilst EB4 was continued to
fatigue (F). Mean = SEM: n=8 except EB where n=7. Significant time main effect

(P<0.005); all times greater than pre-infusion (P<0.05).
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3.3.5. Red Blood Cell NAC

Total [NACl, increased from pre-infusion levels at pre-EB1 (P<0.001, Table 3.3) was
then unchanged during exercise, decreased from fatigue at 30 min recovery (P<0.005),
but remained elevated above pre-infusion levels (P<0.05). Similarly, reduced [NAC]rbe
increased at pre-EB1 (P<0.001), with no further changes during exercise, decreased from
fatigue at 30 min recovery (P<0.005), but remained elevated above pre-infusion levels

(P<0.005, Table 3.3).

Table 3.3 Calculated red blood cell N-acetylcysteine during high intensity, intermittent

exercise prior to, during and following N-acetylcysteine (NAC) infusion. Units are mg.1™.

30min

Pre-EB1  EBI1 EB2 EB3 Fatigue Recovery

Total  29.77 £4.87 44.95+4.9233.44 £14.6139.60 £ 8.20 47.12+7.1913.17 £ 2.80

Reduced 16.21 £4.78 13.26 £ 6.3423.59 +8.68 18.37+5.64 1694 £6.193.84 £0.93

EB, Exercise Bout; All times significantly different to rest (P<0.001). Mean + SEM, n=6
for Pre-Infusion, EB3 and 30min recovery. n=5 for EB1, EB2, and Fatigue.

3.3.6. Whole Blood Glutathione

3.3.6.1. Total

Whole blood [TGSH] was elevated above pre-infusion levels at pre-EB2, remained
elevated thereafter during exercise and until 1 min recovery (P<0.05, Figure 3.3). No

differences were found in [TGSH] between treatments at any time.
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3.3.6.2. Reduced

Whole blood [GSH] was not significantly changed during the pre-exercise infusion, but
at EB1 had declined from pre-infusion levels (P<0.05) and remained lower during the
exercise and recovery periods (P<0.05, Figure 3.4). Whilst no differences were found in
[GSH] between NAC and CON during the pre-infusion period, [GSH] was higher in
NAC than in CON at EBI, subsequent exercise (P<0.005) and throughout recovery
(P<0.05).

3.3.6.3. Oxidized

The [cGSSG] was unchanged during pre-infusion, increased during exercise and
remained elevated above pre-infusion levels at 30 min recovery (P<0.05, Figure 3.5).
No differences between NAC and CON were found in [¢cGSSG] from rest through to
pre-EB1. However, from pre-EB2 through to 30 min recovery, [cGSSG] was lower in
NAC compared to CON (P<0.05, Figure 3.5).

3.3.6.4. GSH to TGSH ratio

No differences in the GSH:TGSH ratio were found before or during the 35 min pre-
infusion period in either trial. Exercise decreased the GSH:TGSH ratio (P<0.005),
which was also attenuated by NAC (P<0.005, data not shown). At 30 min recovery,
GSH:TGSH ratio remained lower than pre-infusion levels in both trials (P<0.05), but
was still higher in NAC compared to CON.

3.3.7. Plasma Glutathione

Plasma glutathione levels were too low to be reliably detected.
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Figure 3.3. Effect of NAC (o) and CON (R ) infusion on blood total glutathione during
high intensity, intermittent exercise prior to, during and after high-intensity, intermittent
exercise.. Shaded bars represent exercise bout at 130% \./Ozpeak. EB 1-3 were 45s in

duration, whilst EB4 was continued to fatigue (F). Mean + SEM: n=8 except EB1 where

n=7 and 1-10 min recovery where n=6. * Significant time main effect (P<0.005).
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Figure 3.4. Effect of NAC (®) and CON () infusion on blood reduced glutathione
during high intensity, intermittent exercise prior to, during and after high-intensity,
intermittent exercise. Shaded bars represent exercise bout at 130% {lozpéak. EB 1-3

were 45s in duration, whilst EB4 was continued to fatigue (F). Mean + SEM: n=8

except EB1 where n=7 and 1-10 min recovery where n=6. * Significant time main effect

(P<0.005); + Significant NAC > CON (P<0.05).
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Figure 3.5. Effect of NAC () and CON () infusion on calculated blood oxidized

glutathione during high intensity, intermittent exercise prior to, during and after high-

intensity, intermittent exercise. [cGSSG] is defined as [TGSH] — [GSH]. Shaded bars

represent exercise bout at 130% {’Ozpeak. EB 1-3 were 45s in duration, whilst EB4 was
continued to fatigue (F). Mean + SEM: n=8 except EB1, EB2 where n=7. * Significant

time main effect (P<0.005); 1 Significant NAC < CON (P<0.05).
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3.3.8. Cysteine and Cystine

Prior to infusion, no d.iffere;nces in cysteine ([CYS], Table 3.4) or cystine (Table 3.5)
were found between NAC and CON, in whole blood, plasma or red blood cells, either in
total or reduced forms. No change in [CYS] or cystine from pre-infusion levels occurred
in CON at any time (Tables 3.4 and 3.5). However, NAC increased [CYS] and cystine
in whole blood, plasma and red blood cells, in both total and reduced forms, compared
to pre-infusion levels (P<0.05). Hence, [CYS] and cystine were higher in NAC than
CON at all times during exercise and recovery (P<0.05, Tables 3.4 and 3.5).

3.3.9. Fluid shifts

Both [Hb] and Hct were higher than pre-infusion levels at EB2, during exercise and
until 30 min recovery, where each returned to pre-infusion levels (P<0.05; Table 3.6).
Plasma volume (APV) declined at EBI1, during exercise and until 30 min recovery
(P<0.05, Table 3.6), where it had returned to pre-infusion levels. No differences

between NAC and CON were found for [Hb], Hct or APV.



-ondne] pue ‘zdd ‘194
10} G=U puB KI9A0031 UTW(OE PUB ¢ ‘UOISTYUI-21d 10} 9=U *¥[SXD] pue *¥[gxD] 104 “¥[SAD] pue Y[SAD] *[SAD] “P[SAD] 10] L=U d19ym
199 1deoxs g=u ‘WNHSF U "(S00"0>d) 1S9 WIOY JUSIQHIP :DWN 0] J093J0 Urew JueoYIusIS 4 :500°0>d § ‘S0°0>d + NOD < DVN jusuwieds
10J 10919 urewr juedljIugIS "SUISISAD Padnpal [[90 POO[q Pal PIe[No[ed “H[g A H] ‘OUIdISAD [[90 POO[q Pal paje[nofed B[S A D)] DuIa)sAd paonpal

ewsed ‘& ‘QuI9)sA0 1810} Bwiseld ‘Y[ ] ¢ou19)s£o paonpal pooiq ajoym ¥[ ] ‘ou191sA9 [B)10) POOIq 3]0 ‘W[g xD] ‘nog aswoIoxy ‘gH
I SAD] ‘our ! | SAD . paonpal poo[q 310y SAD . I POOIq STOYM

«C1F1°S V1789 «['IFI09 «1'1F9°S «1'TFL9 +60FSY 8'0FC’S NOD

Ll 0FE8  $x01F6T1  +x0TFIEL  +46°0FI1CI 4401798 ++1'179°6 TIFILS OVN *#[SXD]
«OTTFRIEL  +9TFSLL  +9TFLLL  +6TF8TL  x0°€F061  «9°TFSEI O TFIYI NOD
I«107F17C  IsvFLLe 140€70' 1y 1x0TF0 1Y felzese  IxleFTse ['TFS ST OVN °¥[SAD]

6 SFLIT  +6°SFYST  «1'ST691  «S'SFPOl  x9PFPS1  «8¥FCSI ['7F8'8 NOD
148 7F1SE  Ix1PFES9  L4TPF609  I40°6FS99  I4€6FH89 148 LFRIL S EFL6 OVN  *[SAD]

«80IF6'LY  +TOIFS96  +1TITOLS  +9VITTO8 b CIFELS 8 VIFEYS €9F0°6L NOD
T« 1'STFL'80T 146 L1FY ¥8T 145 L1FL 88T 15T S1F9°69C 14T 01F489T f4v'S1F6°0LT 68T 18 OVN  “[SAD]
0TFS8 46 TFUIL «EFFOIT  xI'€FCIT V' TFETIL &P €700l LTFIL NOD
[0 €FS17C  I+0°€F88E 140TFI'LE TabTF66E  Ixp' €700y  IabvF6TH 6'1F9°L OVN  ¥[SAD]
«I'6FOEY  £96F99S  «8VIFOTS  #0TIFIIS  «I'€IFISS 9 TIFIIS 9'LF1 6% NOD
149 €1FETTT 146 L1FP P87 T4t 81FCSOT 1x0°61F0°8ST 140 L1F6°LST T46'61F€ 191 b'8F01S OVN  ®[SA0]

AI9A0097 UIW()¢ ongney ¢qd [43E! §SE! [dd-9Id UOISyU[-ald JUSUNEal], S[qelieA

‘uorsnyur (NOD) 0gadeld pue (DYN) aUI)sAo1A1908-A SuImo[[0] pue SuLnp

‘03 1oud oswiexa JuSRIULILIUL ‘AYIsusiur YB1y Surmp s[[90 poo[q pal pue ewse[d ‘poo[q djoym Ul (| [Jowr) SUOHRNUIIUOD SUIISA) b€ Iqe]L



ongneq pue 7gq ‘[gH 10y g=u
pue AIsA0001 UIW(E PUB ¢gH ‘UOISIYUJ-31J 10} 9=U ‘NFSF U (SO0 0>d) 1$91 woiy JUSISJJIP QW) I0J J09J32 urew JuedIudIs 4 (S00°0>d)

1 '60°0>d + NOD < DVN :1usuean 10J 1093J9 UTRWI JUBOYTUSIS "UIRISAD PIONPal — JUIISAD [BJ0} WO} PAJR[No[Bd SUNSAD ‘nog as0Iaxy ‘gdq

«I'TF08  x9TFIII xS EFL T *9'TFCL x€TFET x6'CF8'8 9°T¥8'8 NOD
L6 TFLET  bxOEF8HT  LOTFSLT  4OTFEST  Lk0TFLOT  bx6'€F9°ST €TFEOI OVN ogd

x9 ST PE x9'9FS Y ¥9'SF6'0F ¥9'SF8'6¢ «6'9F T bP «6' LFC 1 6'8F6' I NOD
F+6'€1FT001 1496179021 I46°GIFI'8TT I4991F0°STT 140 LIFSLIT I4x9°91Fp 811 6 vFY €Y OVN  Pooig a[oym

«9'LF8 V€ ¥9'0FSSH +8'8F€'89 x6'8FL 69 x6'6T6'IL  xT0IF6'89 6'8FC 0L NOD
19 CIFOELT  1x6'81F0°61C Ix6'SIFLLTT Ix6'SIFI'COT Ix6°GIFI00C I+691F1°661 6'6FL 1L OVN eUISE[]
KI10A099Y UTW()E an3ney ¢gqd zgd 194 [g9-21d  UOISyul-o1] judumeal], S[qeueA

ruorsiyut (NOD) 0geoeld pue (DY N) auIsAo[A1e0e-p7 Suimor(oy pue Suumnp oy toud

9SI0IoX3 U IULIdIUT ‘Ajisuajul Y31y Suump s[[9d poolq pa1 pue vwseld ‘poo[q ajoym ur D-ZoEiv SUOIJBIIUOUOD JUNSAD PIJR[Nd[B)) "S'E dqeL



'NOD §=U ‘DVN 9=U ‘INHSF UBSA 'G0'0>d 1591 WOH JUSISJIP :9WI} 10] 103]J3 UTRW JURDYIUSIG 4 “nog as101oxy ‘gd

6 ¢+1'C  x6C+L8I- * OTFLCI- * 'CHST1- * 907 9- - - NOD
Pe+rS 0 £ SEFI9I- * 'l+vv1- * V' C+S01- x ['1+9°L- - - OVN (%) AdV

EIFr vy « STIF8°0S * 0 1+E°8Y * ['I+8°LY 'I+V°9% 60+ 9% 0" 1+1°9% NOD
6'0+¢9r  x C1+L°0S * 60861 x* 0'[+8°8Y v I+vLY ['1+5°9% ['T+1°9% DOVN (%) YH

€0+0°GI * EO0F1°LT * S0F€91 * COFCII1 v 0+8°61 v 0+9°G1 v O+P Sl NOD
IAGREY! * V'0+8°91 * $°0+9°91 * SO0+C91 SO+LC1 v 0+9°61 SO0+EST OVN  (,.1p3) [qH]
AI9A009Y UruI(g an3ne ¢dd ¢dd 194 [gd-91d UoISmju[-o1d  juouIryealy, S[qBHLEA

norsyuI (NOD) 0999e[d pue (DWN)

ou19)sho1A190e-p Suimol(ol pue Suump ‘o) 10ud 9S1019%Xa JUAPIULIAUL ‘AJIsuajul Y3y Suunp syys pmjyj pajenoyes pue A3o[0jeWal *9°¢ J[qe L



103

3.3.10. Plasma potassium and electrolyte concentrations

3.3.10.1. Potassium

Plasma [K'] increased above pre-infusion levels in each EB, declined from fatigue at 1
and 2 min recovery and fell below pre-infusion levels at 5 and 10 min recovery (P<0.05,
Figure 3.6A). No significant difference between NAC and CON was found for plasma
(K.

The rise in plasma [K'] (A[K]) did not differ between EB1- EB3 but was increased in the
final bout to fatigue (P<0.001). Plasma A[K'] was higher in NAC than CON during EB2
and EB3 (P<0.05), with no differences found between treatments during EB1 and EB4.
Similarly, the A[K"]-to-work ratio did not differ between EB1-3, but was greater in EB4
(P<0.005; Figure 3.6B). The A[K']-to-work ratio was higher in NAC during EB2 and EB3
(P<0.05; Figure 3.6B).

3.3.10.2. Sodium, Chloride and Calcium

Plasma [Na'] increased above pre-infusion levels at EB2, EB3 and at fatigue (P<0.05,
Table 3.7), remained elevated above pre-infusion levels at 1 and 2 min recovery, but did
not differ thereafter. Plasma [Cl] did not differ with time (Table 3.7). Plasma [Ca®] was
increased above pre-infusion levels at fatigue, at 1 and 2 min recovery (P<0.05, Table 3.7),
but did not differ thereafter. No differences between NAC and CON were found for any of
plasma [Na*], [CI'] or [Ca™"].

3.3.10.3. Acid-base status

Plasma [H'] was increased, whereas plasma PCO, and [HCOs] fell during EB2, and
remained lower during exercise and recovery, compared to pre-infusion levels (P<0.05,
Table 3.7). A slightly lower [H'] was found in NAC compared to CON (P<0.05), whereas

no differences were found for plasma [HCOj3'] or PCOs.
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Figure 3.6. Effect of NAC (a) and CON (a) infusion on plasma [K'], prior to, during and

after high intensity, intermittent exercise (A); and the A[K']-to-work ratio (B). Shaded bars

represent exercise bout at 130% \./Ozpeak. EB 1-3 were 45s in duration, whilst EB4 was
continued to fatigue (F). *Significant time main effect (P<0.005); ¥ Significant treatment

main effect (P<0.05). Mean = SEM: n=8 except EB1 where n=7.
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3.4. Discussion

This study investigated the effects of an antioxidant (N-acetylcysteine, NAC) drug infusion on
blood redox state and intense intermittent exercise performance in healthy humans. The first
important observation was that the modified NAC infusion protocol was free of serious
adverse reactions and well tolerated under resting and vigorous exercise conditions. Whilst
NAC altered blood redox status, plasma K' regulation was also impaired. Finally, NAC
infusion did not enhance performance during voluntary, high intensity intermittent cycling
exercise in humans.

3.4.1. No severe adverse reactions with NAC infusion

This study utilized a modified NAC infusion protocol, with major improvements on previous
studies (Prescott et al. 1989; Reid et al. 1994; Travaline et al. 1997). Specifically, the modified
infusion protocol attained relatively stable concentrations during exercise and the experiments
were completed without anti-histamine pre-treatment. The peak plasma [NAC] was ~240 mg/l
(~1.5 mmol.l") at the end of the NAC loading phase and ~191 mg/l prior to exercise, in
contrast to the estimated peak [NAC] of ~500 mg." (=3 mmol.I"") in Reid and colleagues
(1994). The unchanged [NAC] during the exercise period allowed the effects of a relatively
stable [NAC] during exercise, in contrast to the expected rapidly declining NAC during the
experimental period in a previous study (Reid et al. 1994).

An important finding is that the NAC infusion protocol was free of any major adverse
reactions in these eight healthy volunteers. The most common side effect resulting from the
NAC infusion was erythema at the site of infusion, but this was also evident during some
CON trials. Of the side effects unique to the NAC infusion trial (flushing, localized swelling
and altered moods), none were serious enough to result in termination of the protocol or

require treatment. Furthermore, the protocol avoided other reported adverse reactions to NAC
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infusion including loss of co-ordination, nausea, bronchospasm, conjunctival irritation,
diarrhoea, angiodema, tachycardia and dyspepsia (Mant et al. 1984; Reid et al. 1994,
Travaline et al. 1997). Therefore, this modified NAC infusion protocol may be utilized in
future studies investigating NAC effects in healthy humans.

3.4.2. N-acetylcysteine modulates exercise effects on blood redox state

The results of this study demonstrate two important findings with respect to intense exercise
and NAC effects on blood redox state. Firstly, intense intermittent exercise decreased whole
blood [GSH], with a concomitant increase in whole blood [cGSSG]. Together with unchanged
whole blood [TGSH], this demonstrates a shift in whole blood redox status during exercise.
The assay used was unable to detect glutathione in plasma, consistent with others (Gohil et al.
1988).

The reported effects of high intensity exercise on [GSSG] and [GSH] in humans are
inconsistent. Blood [GSSG] following graded exercise to exhaustion was increased in two
studies (Sastre et al. 1992; Sen et al. 1994), but unchanged in another (Gohil et al. 1988);
whilst blood [GSH] was decreased (Sastre et al. 1992) or unchanged (Gohil et al. 1988; Sen et
al. 1994). These discrepancies may in part reflect the subjects’ differing training status, which
influences the response of the glutathione system (Michelet et al. 1995). However, it would be
expected that both a decline in the GSH, together with a rise in GSSG would occur, yet only
one of the three above studies reported this (Sastre et al. 1992). The results of this study
demonstrate a clear effect of intense exercise on blood [GSH] and [¢GSSG], indicating that
exercise directly modulates blood redox state. Whole blood glutathione oxidation reflects
defence against ROS formation (Sastre et al. 1992) and is often used as a sensitive marker of
oxidative stress (Ji and Fu 1992). Therefore, the rise in [cGSSG] indicates increased

extramuscular accumulation of ROS during intermittent, high intensity exercise, consistent
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with ROS efflux from contracting leg muscles during exercise (Bailey et al. 2003). Since
plasma glutathione was undetec’éable, these results indicate increased oxidative stress within
red blood cells.

The second major finding was that NAC attenuated both the decline in blood [GSH] and rise
in blood [cGSSG] during intense, intermittent exercise. A previous study found that oral NAC
attenuated the rise in [GSSG] during high intensity exercise, although surprisingly, they
reported no effect of exercise or NAC on GSH, and blood [NAC] was also not reported (Sen
etal. 1994).

Cysteine is a precursor to glutathione synthesis (Prescott et al. 1989; Holdiness 1991;
Cotgreave 1997) and meets the intracellular needs for synthesis of GSH (Cotgreave 1997).
NAC infusion increased reduced [CYS] and increased the ratio of reduced [CYS] to oxidized
[CYS] and may therefore have spared glutathione oxidation. This likely explains the
attenuated decline in [GSH] and increased [cGSSG]. However, NAC is rapidly deacetylated to
cysteine, which is itself a ROS scavenger (Cotgreave 1997) and this could also be a factor for
the attenuated decrease and increase in [GSH] and [cGSSG], respectively.

3.4.3. Lack of ergogenic effect

This is the first study to investigate possible ergogenic effects of NAC infusion in healthy
humans undertaking voluntary whole body exercise. The intra-subject variability during the
intermittent exercise protocol was 2.4%, well within the typical variation for high intensity
exercise (~5%; McKemna et al. 1997). NAC did not increase time to fatigue during high
intensity, intermittent exercise, in contrast to the attenuation of fatigue in stimulated muscle
contractions with NAC (Reid et al. 1994), or in diaphragm fatigue induced by inspiratory

loading (Travaline et al. 1997).
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The lesser rise in [cGSSG] during exercise with NAC indicates enhanced glutathione synthesis
and greater protection against ROS formation. Thus, it is unlikely that the lower [NAC] in this
study compared to Reid and colleagues (1994) can account for our lack of performance
enhancement. This finding is consistent with the lack of effect of NAC on muscle fatigability
during high frequency electrical stimulation in human tibialis anterior muscle (Reid et al.
1994). Together these suggest that NAC does not affect contractile performance during heavy
muscular contractions. The attenuated fatigue with NAC in human tibialis anterior muscle
during low frequency muscle stimulation (Reid et al. 1994) and in the diaphragm during
inspiratory loading (Travaline et al. 1997) suggests that NAC may be more effective in
modulating performance during low frequency fatigue protocols (Reid 1999). Therefore,
research into NAC effects on prolonged exercise performance appears warranted.

3.4.4. NAC, intracellular actions and muscle performance

The capacity of NAC to act as an effective antioxidant during exercise may depend upon
whether it influences intracellular processes in skeletal muscle. An important clinical
application of NAC is the treatment of paracetamol overdose, which relies on NAC’s reducing
capacity within liver cells (Cotgreave 1997). Tissues such as bladder, bone marrow,
erythrocytes and liver all take up NAC and/or its reduced cysteine derivatives (McLellan et al.
1995; Cuzzocrea et al. 2001), with the exact mechanism unknown. NAC infusion increased
[NAC]w. in healthy humans, indicating that NAC penetrates healthy cell membranes and
suggesting that NAC may also permeate the sarcolemma. However, to knowledge, no studies
have investigated this possibility. Nonetheless, several studies demonstrate that NAC directly
affects skeletal muscle contractile function (Khawli and Reid 1994; Heunks, Machiels et al.

2001). Together these studies suggest that NAC exerts an important intracellular role in tissues
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including skeletal muscle. However, further work investigating NAC and consequent effects
on redox state in skeletal muscle is required.

An important question is whether altered blood redox state may alter muscle intracellular
redox state and function. Extracellular administration of hydrogeh peroxide increased
dichlorofluorescin oxidation within muscle (Murrant et al. 1999), suggesting that extracellular
redox perturbations can influence the intracellular milieu. Since NAC attenuated the increase
in red blood cell [cGSSG], this suggests that it is likely that the intracellular concentrations of
ROS and of glutathione may also be affected, however this remains to be determined.

NAC counteracts oxidative stress (Benrahmoune et al. 2000), and acts as an antioxidant by
supporting glutathione synthesis (Cotgreave 1997). Supplementation with the cysteine donor
Immunocol, which increased lymphocyte [GSH] by 36%, induced a 13% increase in work and
peak power during 30 s cycle sprint exercise (Lands et al. 1999). Intraperitoneal injection of
L-buthioninie SR-sulfoximine, which decreased total glutathione in the liver, lung, blood,
plasma, skeletal muscle and heart by 50-90%, induced a 50% decrease in running endurance
time in rats (Sen et al. 1994). Other studies demonstrated that exogenous GSH
supplementation increased endurance swimming by up to 141% in rats (Cazzulani et al. 1991;
Novelli et al. 1991). Therefore, enhancing glutathione synthesis can augment performance.
However, our results indicate that attenuating the rise in [cGSSG] and fall in [GSH], reflecting
enhanced glutathione synthesis, did not improve performance during high intensity
intermittent exercise. A further fatigue sparing effect may be due to ROS scavenging, since
NAC is a potent ROS scavenger (Aruoma et al. 1989; Travaline et al. 1997). The amount of
NAC infused was likely to decrease both intracellular and extracellular ROS concentration, as

indicated by lesser perturbations in blood redox status. Whilst an increased NAC dose would
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increase ROS scavenging, this is probably not viable during exercise, due to the severe
adverse reactions (Mant et ai. 1984; Reid et al. 1994).

34.5. NAC impdirs plasma K" regulation, but had minimal effects on other electrolytes

Whilst NAC had minimal effects on most plasma electrolytes during exercise, NAC impaired
plasma K" regulation and lowered plasma [H']. Our laboratory has recently demonstrated that
fatiguing muscle contractions inhibited the maximal Na',K'-ATPase activity in human
skeletal muscle (Fraser et al. 2002), with increased ROS production postulated as one possible
candidate, since ROS can inhibit Na" K'-ATPase activity (Kourie 1998). Hence, it was
hypothesized that NAC would reduce the A[K']-to-work ratio, but this was increased during
the second and third exercise bouts with NAC. The A[K']-to-work ratio has been used
previously as a marker of plasma K' regulation during exercise (McKenna et al. 1993;
McKenna et al. 1997; Harmer et al. 2000; Fraser et al. 2002). Therefore the higher A[K"]-to-
work ratio indicates that NAC impaired K' regulation during intense, intermittent exercise.
The mechanism is unknown, but might include increased K’ release from contracting muscle
and/or reduced K' clearance by contracting and inactive muscle, or other tissues. These
changes might also be mediated by alterations in muscle blood flow, as NAC is a potent
vasodilator (Andrews et al. 2001). Since muscle K’ regulation is linked with muscle
performance (Nielsen and Clausen 2000), the impaired K regulation with NAC might also
help explain why performance was unaltered, despite a marked effect of NAC on blood redox
state.

Finally, NAC attenuated plasma [H'] during exercise. This effect in plasma was small and
likely to be of minor physiological significance. However, if NAC also lowers [H'] in skeletal

muscle, this may have important implications, since a semi-quinone radical in the presence of
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hydrogen peroxide and a high [H'] may form the potent hydroxyl radical (Jenkins 1988),
which denatures the Ca®* ATPase enzyme (Xu et al. 1997).

3.4.6. Conclusions

N-acetylcysteine did not induce any serious adverse reactions in healthy volunteers, at rest,
during or after vigorous exercise. NAC blunted the decline in [GSH] as well as the
concomitant rise in [¢cGSSG] in whole blood during exercise, indicating its efficacy as a
modulator of blood redox status during exercise. NAC failed to enhance. performance during
high intensity, intermittent exércise, suggesting that ROS may not exert an important role in
muscle fatigue under these exercise conditions. However, it is possible that the adverse effects
of impaired K* regulation with NAC counterbalanced any positive effects due to redox
modulation. Further research is required to investigate the cellular actions of NAC and in

particular the effects on prolonged exercise performance in humans.
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CHAPTER 4: STUDY 2
EFFECTS OF INTRAVENOUS N-ACETYLCYSTEINE INFUSION ON TIME TO
FATIGUE AND POTASSIUM REGULATION DURING PROLONGED CYCLING
EXERCISE.
4.1. Introduction
Skeletal muscle produces reactive oxygen species (ROS) at low rates under resting conditions
(Jackson et al. 1985; Reid et al. 1993; McArdle et al. 2001), but this rate is greatly enhanced
during muscular contraction (Reid et al. 1992; Diaz et al. 1993; Bailey et al. 2003).
Endogenous antioxidants, including the enzymes superoxide dismutase, catalase and
glutathione peroxidase, and thiol compounds such as glutathione and cysteine, are present in
skeletal muscle and protect against the harmful effects of ROS (Reid 1999). However, during
exercise the endogenous antioxidant system is overwhelmed and an increased ROS
concentration occurs (Davies et al. 1982; Bailey et al. 2003).
In animal models, ROS are known to accelerate muscular fatigue (Barclay and Hansel 1991;
Reid, et al. 1992; Diaz et al. 1993; Nashawati et al. 1993), which is attenuated by antioxidants
(Shindoh et al. 1990; Barclay and Hansel 1991; Reid et al. 1992; Supinski et al. 1997).
Importantly, studies implicating ROS in muscular fatigue have generally involved low
frequency muscle stimulation protocols. In rat diaphragm bundles stimulated at 30 Hz, force
was 20% greater after treatment with superoxide dismutase, catalase and dimethyl sulfoxide
(Reid et al. 1992). Similarly, superoxide dismutase increased tension by ~20% in canine
diaphragm stimulated at 15 Hz (Nashawati et al. 1993). N-acetylcysteine (NAC), a thiol
containing compound, also attenuated skeletal and diaphragm muscle fatigue (Shindoh et al.
1990; Diaz et al. 1994; Khawli and Reid 1994). In rat diaphragm, NAC attenuated fatigue

when stimulated at 20 Hz for 4 min (Diaz et al. 1994) and in rabbit diaphragm stimulated at 20
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Hz for 20 min (Shindoh et al. 1990). In humans, NAC attenuated diaphragm muscle fatigue
induced by loaded breathing (Travaline et al. 1997) and reduced by 15% the force loss with
fatigue induced by electrical stimulation of tibialis anterior muscle at 10 Hz (Reid et al. 1994).
However, the adverse reactions reported in the latter study, including loss of co-ordination,
vomiting, diarrhoea and nausea, would preclude voluntary exercise in humans (Reid et al.
1994).

Study 1 demonstrated that a modified NAC infusion protocol, without antihistamine
pretreatment, was free of severe adverse reactions and was well tolerated by healthy humans
during voluntary high intensity, intermittent exercise. Although no fatigue sparing effects of
NAC during intense voluntary cycling exercise in humans (Study 1), this was consistent with a
lack of an effect of NAC during high frequency (40 Hz) stimulation in human muscle (Reid et
al. 1994). Given the apparent involvement of ROS in fatigue induced by low frequency muscle
stimulation in animal and human models, it is likely that a similar involvement may be evident
in prolonged submaximal exercise, with scavenging of ROS (Aruoma et al. 1989) and
supporting glutathione synthesis a possible mechanism (Cotgreave 1997). No studies have
investigated the effects of intravenous NAC infusion on performance in healthy humans
during prolonged exercise. The hypothesis tested in this study was that intravenous NAC
infusion would prolong the time to fatigue during exhaustive, submaximal exercise.

A further possible mechanism may include effects on skeletal muscle Na",K'-ATPase.
Maximal Na*,K*-ATPase activity in human skeletal muscle is depressed with exhaustive
dynamic (Fraser et al. 2002) and isometric contractions (Fowles et al. 2002), and in rat muscle
after prolonged running and recovery (Fowles et al. 2002), with one proposed causal
mechanism being ROS accumulation (Sen et al. 1995; Kourie 1998). Furthermore, several

studies have demonstrated a decline in muscle intracellular K™ with prolonged exercise and
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suggested a link with fatigue (see refs in McKenna 1992). Hence, the ROS scavenging effects
of NAC might alleviate Na',K'-ATPase inactivation, enhance muscle K* regulation and,
thereby improve prolonged exercise performanée. However, Study 1 demonstrated converse
effects, that NAC infusion in untrained humans impaired plasma K* regulation during intense
exercise. The mechanism is unknown, but this possible conflict is of potential importance and
requires resolution. During prolonged submaximal exercise, K* fluxes are expected to be
markedly less compared to the intense exercise protocol completed in Study 1. Therefore, this
study investigated whether NAC would improve plasma K™ regulation during prolonged
submaximal exercise. The hypothesis tested was that NAC would enhance K' regulation, as
evidenced by a decreased rise in plasma [K'] and a lesser A[K']-to-work ™! ratio. Finally, since
NAC infusion attenuated plasma [H'] during intense intermittent exercise (Study 1), this study
also explored the effects of NAC on plasma [H'] and other electrolytes during prolonged,
submaximal exercise.

4.2. Methods

4.2.1. Subjects

Eight male subjects (age, 21.3+2.3 yr; body mass, 77.81£10.50 kg; height, 179.41t4.4 cm;
meantSD) volunteered for the study after being informed of all risks and giving written
informed consent (Appendix 5). The subjects comprised four recreationally active team sports
participants who trained or competed 1-2 times per week and four endurance trained cyclists
who trained 4-5 times per week. Subjects refrained from vigorous activity and avoided
ingesting caffeine, alcohol, or other drugs in the 24 h prior to exercise trials. Ethical approval
was obtained from the Victoria University of Technology Human Research Ethics Committee

(Appendix 3).
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4.2.2. Exercise trials

4.2.2.1. Overview

Subjects attended the laboratory on six séparate occasions, separated by a 7 d 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 (\./OZpeak), with all equipment,
calibration and procedures as previously detailed (Li et al. 2002; Study 1).

4.2.2.2. Prolonged, Submaximal Exercise Protocol

Subjects completed a total of five prolonged, submaximal exercise trials. The first trial was for
familiarization purposes, the second and third trials were to determine the within-subject
variability of their time to fatigue, whilst the final two trials were the N-acetylcysteine
(Parvolex™, Faulding Pharmaceuticals) or saline (CON) infusion trials. The prolonged,

submaximal cycling exercise test comprised an initial 45 min at a workrate corresponding to

70% \./OZpeak, followed by exercise at 90% \./OZpeaky with subjects cycling at 100rpm until

fatigue. Fatigue was defined as an inability to maintain pedal cadence above 60 rpm. The time

to fatigue at 90% {/OZpeak was used as an index of performance. Prolonged exercise was
chosen since NAC attenuates fatigue during repetitive, low frequency electrical stimulation of
limb muscle and diaphragm in humans (Reid et al. 1994; Travaline et al. 1997).

4.2.2.3. Experimental trials

The two experimental trials investigated the effects of intravenous NAC during voluntary,
prolonged, submaximal exercise. These trials were conducted in a double-blind, randomized,
counterbalanced design to determine the effects of NAC or saline (CON) infusion on exercise

performance and K regulation. For ethical reasons, the attending medical practitioner was
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non-blinded. Arterialised venous blood was sampled from a dorsal hand vein (Fraser et al.
2002) at rest, during exercise at 15, 30, 45 min and fatigue and at 1, 2, 5, 10 and 30 min
recovery. Expired gases were measured over 5 min periods at 10 min intervals during exercise.
Subjects also consumed standard food packages for 24h prior to their two experimental trials
(Appendix 6).

4.2.3. N-acetylcysteine Infusion

The NAC intravenous infusion protocol was as previously described in healthy subjects (Study
1). Briefly, an initial loading dose of 125 mg.kg ' hr! was used for 15 min to increase plasma
[NAC], followed by a constant infusion of 25 mg.kg ' hr! to achieve a plateau in [NAC]. This
was continued for 20 min prior to exercise and continued throughout exercise until fatigue.
Study 1 demonstrated that this protocol considerably reduced the initial high NAC
concentrations and avoided the associated adverse reactions compared to previously reported
bolus NAC infusion protocols. Furthermore, this protocol preserved blood redox status during
exercise, by attenuating the decline of reduced glutathione and the rise in oxidized glutathione
in blood during exercise (Study 1).

4.2.4. Assessing reaction severity

Adverse reactions to NAC were continually assessed throughout the experimental trals.
Reactions were graded as either none - no adverse effects were observed; mild - adverse
events observed but not causing discomfort to subject and/or interruption of exercise protocol;
moderate - adverse effects causing discomfort to subject and interruption of exercise protocol,
but no active treatment after stopping infusion; or severe -adverse effects causing discomfort
to subject, interruption of the exercise protocol and active treatment after stopping infusion.

Subjects were also monitored for more serious adverse reactions including angiodema,
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tachycardia, bronchospasm, dyspepsia and conjunctival irritation, as reported in previous
studies (see references in Study 1).

4.2.5. Blood processing and analyses

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 ([C]) and calcium concentrations ([Ca®*]), using an automated analyzer (Ciba
Coming 865, Bayer, MA, USA). A second 5 ml sample was used for measurement of blood
haemoglobin concentration ([Hb]) and haematocrit (Hct) using an automated analyzer
(Sysmex, K-800, Kobe, Japan), plasma K" concentration ([K']) and reduced and total thiols in
blood and plasma. All blood and plasma were processed as previously reported (Study 1).
NAC concentration was determined by high pressure liquid chromatography analysis (HPLC;
Waters Associates, MA, USA), with fluorescence detection (Hitachi, Tokyo, Japan; Study 1).
Glutathione and cysteine unfortunately could not be analyzed due to a laboratory freezer
failure.

4.2.6. Calculations

The decline in plasma volume (APV) from rest with exercise was calculated from changes in
[Hb] and Hct (Harrison, 1985). The rise in plasma [K '] above rest (A[K']) was calculated for
each exercise value. The ratio of A[K'] divided by cumulative work output during exercise
(A[K']-to-work ratio, nmol.l'l.]'l) was calculated as an index of plasma K" regulation
(Harrison 1985; McKenna et al. 1993). Red blood cell NAC concentration ([NACle) was

calculated as described earlier (Study 1).



119

4.2.7. Statistical analyses

All data are presented as mean = SEM, except anthropometric data. Single comparisons (eg.
time to fatigue) were analyzed using a paired Student t-test. A one-way ANOVA with
repeated measures was used for [NAC]. All other blood analyses were analyzed using a two-
way (treatment, time) ANOVA with repeated measures on both factors. Post-hoc analyses
used the Newman-Kuels test. Correlation analyses used least square linear regression.
Significance was accepted at P<0.05. Individual coefficients of variation (CV) for time to
fatigue were calculated for all subjects within the exercise protocol and averaged to obtain an
overall CV (Jeukendrup et al. 1996).

4.3. Results

4.3.1. N-acetylcysteine and adverse reactions

Total NAC content infused was 5.09+£0.23 g. One subject suffered nausea during NAC
infusion and did not complete the exercise trial. With cessation of the NAC infusion, no
treatment was required. Importantly, no severe adverse reactions were observed (Table 4.1).

4.3.2. Exercise performance variability and effects of NAC
The subjects’ {/ngeak was 52.3£2.8 ml.kg'l.min'1 and their work rates corresponding to 70%
and 90%{/Ozpeak were 156+12 W and 230£18 W, respectively. Good reproducibility was seen

in the time to fatigue at 90% {/Ozpeak during the two variability trials, with a CV of 7.4+1.2%

(Table 4.2). No significant differences were found between trials for time to fatigue at

90%\./Ozpeak (NAC 14.68+1.72 vs CON 12.5+2.06 min), or total work (NAC 627.7+69.8 kJ vs
CON 588.2+30.9 kJ). However, individual time to fatigue data showed tremendous variability

in responsiveness to NAC, with a CV of 31.8+16.1% (Figure 4.1A). This was clearly at odds
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with their performance stability in the trials used to determine variability (Table 4.2). To
attempt to explain this result, time to fatigue with NAC for each individual was expressed as a
percentage change relative to CON trials and then plotted against aerobic power (Figure 4.1B).

A strong positive correlation was found between percentage change in time to fatigue during
NAC trials and \./Ozpeak (1=0.78; P<0.05; Figure 4.1B), indicating a different responsiveness to

NAC in subjects with divergent \./OZpeak'

Table 4.1. Lack of severe adverse reactions with N-acetylcysteine (NAC) or saline (CON)

infusion, before and during prolonged, submaximal exercise in eight healthy subjects.

Reaction Frequency and Severity

None Mild Moderate Severe
Reaction CON NAC CON NAC CON NAC CON NAC
Vomiting 8 8 0 0 0 0 0 0
Erythema 4 2 4 6 0 0 0 0
Swelling 8 2 0 6 0 0 0 0
Flushing 8 7 0 1 0 0 0 0
Rash 7 8 1 0 0 0 0 0
Coughing 8 8 0 0 0 0 0 0

Nausea 8 7 0 0 0 1 0 0
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Table 4.2. Individual time to fatigue during pre-experimental familiarization and variability

prolonged, submaximal cycling exercise trials. Each exercise trial comprised 45 min at 70%

{/Ozpeak, then 90% VOypcak continued to fatigue. Time to fatigue at 90% \'lozpeak was used as

an index of performance. Coefficient of variation (CV) was calculated from variability trial #1

and #2.
Fatigue time (min) CV (%)
Familiarization Variability Variability
Subject Trial Trial #1 Trial #2

1 9.6 11.6 12.6 5.8
2 11.2 15.2 14.1 4.9
3 19.3 24.6 25.6 2.8
4 9.8 13.7 12.4 6.8
5 23.2 21.9 18.5 11.8
6 8.6 13.0 14.2 6.2
7 12.3 17.4 15.1 9.9
8 3.6 5.30 6.2 11.1

MeantSEM 12.242.1 15.3x2.1 14.8+1.9 7.4%1.1
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Figure 4.1. Effect of N-acetylcysteine (NAC) and saline (CON) infusion on time to fatigue
during prolbnged exercise comprising 45 min at 70% \‘/OZpeak, then to fatigue at 90% {lozpeak
in healthy humans. (A) Individual time to fatigue at' 90% '\./Ozpeak. (B) Scatter plot showing
percentage change in time to fatigue at 90% \.lozpeak with NAC relative to CON. A positive

correlation was found between percentage change with NAC and \./Ozpeak (y=63x+307.3;r

=(.78; P<0.05). n=7. meantSEM.
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4.3. Plasma potassium

Plasma [K'] was increased above pre-infusion levels throughout exercise, increased further at
fatigue and then declined during recovery (P<0.05), returning to pre-infusion levels at 10 min
(Figure 4.2). No significant differences were found between NAC and CON. The rise in

plasma [K*] during exercise (A[K™]) did not differ between 15-45 min, but was increased at

fatigue (P<0.005). The A[K"] during exercise at 70% \./Ozpeak tended to be lower with NAC
(P<0.07) compared to CON, and at fatigue was lower in NAC compared to CON (P<0.05,
Figure 4.3). |

The A[K']-to-work ratio decreased during exercise, being higher at 15 min than subsequent
exercise times (P<0.05), with no differences between NAC and CON (Figure 4.4A). The
A[K']-to-work ratio and percentage change in time to fatigue tended to be inversely related

(r=-0.71; P<0.07; Figure 4.4B).
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Figure 4.2. Effect of NAC (A) and CON (4) infusion on plasma [K'] during prolonged
exercise. Shaded bar denotes exercise comprising 45 min at 70% \"Ozpeak, then to fatigue (F) at

90% \.,OZpeak- *Significant time main effect; greater than pre-infusion (-35 min, P<0.005). **

Significantly different to 45 min (P<0.05). n=7, mean+SEM.
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Figure 4.3. Effect of NAC and CON infusion on the rise in plasma potassium (A[K']) during
prolonged submaximal exercise. Open bars, CON; shaded bars, NAC. * Significant time main

effect; greater than 15 min (P<0.05); T NAC < CON (P<0.05), n= 7, mean+SEM.
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Figure 4.4. (A) Effect of NAC and CON infusion on A[K']-to-work ratio during prolonged
exercise. Open bars, CON; shaded bars, NAC. (B) Scatter plot showing percentage change in

time to fatigue at 90% {fozpeak with NAC versus A[K']-to-work ratio (y =-61.3x + 146.1; r = -

0.71; P=0.07). * Significant time main effect; less than 15 min (P<0.005); n = 7, mean+SEM.
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4.3.4. N-acetylcysteine

4.3.4.1. Plasma, blood and RBC NAC

During the 15 min loading infusion phase [NAC]g, increased progressively until a peak of
253.51+34.94 mg.l‘l at 15 min (P<0.05, Figure 4.5A). During the maintenance infusion phase,
[NAC]y, decreased to 182.02+29.70 mg.I" immediately prior to exercise and then plateaued
with no further changes during exercise. In recovery, [NAC]y, decreased rapidly from fatigue
levels, but remained higher than pre-infusion at 30 min after stopping the infusion (P<0.05).
A similar pattern of change was found for [NAC]y, (Figure 5B), except that the decline in
[NAC],, at 30 min recovery was not significant when compared to fatigue levels. An identical
pattern of change was found for both total and reduced forms of NAC in whole blood and red
blood cells during the loading, maintenance, exercise and recovery periods (Figure 4.5).

4.3.5. Fluid shifts, plasma electrolyte concentrations and acid-base status

Both [Hb] and Hct were higher than pre-infusion levels, and thus plasma volume declined,
during exercise and until 30 min recovery (P<0.05, Table 4.3). No differences between NAC
and CON were found for [Hb], Hct or APV. Plasma [Na'] increased above pre-infusion levels
throughout the exercise period until 2 min recovery (P<0.05, Table 4.3). Plasma [Cl] did not
differ during exercise or recovery, whilst plasma [Ca2+] was increased above pre-infusion
levels at fatigue until 2 min recovery (P<0.05, Table 3). Compared to pre-infusion levels,
plasma [H'] was increased, whereas plasma PCO, and [HCO;7] fell, throughout exercise and
recovery (P<0.05, Table 4.3). No differences between NAC and CON were found for these

plasma electrolyte or acid-base variables.
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Figure 4.5. Total (A) and reduced (B) N-acetylcysteine concentration ((NAC]) in plasma,

blood and red blood cell prior to, during and after prolonged, submaximal exercise. Shaded

bar denotes exercise comprising 45 min at 70% \.lozpeak, then to fatigue (F) at 90% \./Ozpeak.
n=7; meantSEM. Pre-exercise infusion lasted 35 minutes. Significant time main effect with

all times greater than pre-infusion (P<0.05, asterisks not shown for clarity).

—8— Plasma

—O— Blood

—o— Red Blood Cell
Exercise

15 30 45 F 510 30
5F 70% 90%
0 2 A T T 7/ 1 T T T T=—1wT T
0 10 20 0 15 30 45 F 510 30
Pre-exercise infusion Exercise Recovery

Time (min)



'NOD 8= ‘OVN L=U ‘WHSF U "§0"0>d UOISHyur-21d Woiy JUSIaJJIp :2u) 0 193]33 UTBW JUBOYIUSILS 4

10070 T % 100FIE€T  T10°0FSTT  10°0FSTI 10°0FC 1 10071 100FETT OVN
T0°0F0TT % TO0F0ET  10°0FLTT  T10°0F8TI 10°0F€T' 1 100F€CT  10°0FITT NOD  (jfourw) [ eD]
90F6'8ET  x LOFFEPT  «SOFOIPI « 80F8 TP« 8OFIVI  90F6'6ET 8 OFI6E] OVN
LOTS8ET % S'0FOEP]  « SOFV OVl % LOFSIPL % I'IFSOPI  OTF88El € IFT6E] NOD  (_17ourw) [ eN]
« STFIOE  «VIFOPE  +VIF88E  « CIFV8E v 0FE0b 8'0FS 6¢€ L'0FTEY OVN
« O TFSYE  « VIFLPE  x L'OF6'SE  * SOFI'6E 7" 0FS 0 §'0FL'6€ 90FE ¥ NOD (BHurw) 10Dd
« SOFIPT % 607081  +90FCEC +90FVTT V' OFPTL TO0F0ST  t'0F0°9C OVN
«VIFI'ET 607081  «€0F6€C % €0F0CET  +VOFI'ET 9'0FF'ST S'0FY 9T NOD (,_I'fourwr) [ £ODH]
«90F0TY % €1FO9Y %« SOFLOV  *SOFS 1Y « SOFVTY I'1F8°LE  OIFI'6€ OVN
«+ COFOTY  +VIFTUSY % 6°0F86E  «80F0F % LOFOTY €OFr'8¢  OFI'6€ NOD (110w H]
« TTFLY  «VIFEEl- 91706  + T1FV6- % 60F601- L'0F0'1- - OVN
« TTFCE +60FLEl"  «LO0FL6™ %S 0FO0I- 8 0FF 01~ b 0F6 1" - NOD (%) AdV
TOTTEY %« 90FT8Y  +SOFLOY % LOFOLY  « L'OFV'LY 80F8 Yy 8 OFSHY OVN
POTSEY  # LOF6'LY %+ 90F0LY  xSOFI'LY % LOFTLY 9°0F0°SY  9OFS Y NOD (%) ¥H
TOFP Pl « TOF®ST % TOFSST  xTOFSST % €0F9°61 €OFL Y1 COFL Y1 OVN
TOFP Pl % 1OF8ST %« TOFSST  «TOFIST % I'0FS'SI TOF8PI 8'0F9¥1 NOD (,1p'8) [qH]
U ()¢ angneq St 0¢ Sl
\Co>ooo;m QUWITT 9SI0IXA  ISTOIXH-9Id aorsmyur-ald jusunea], ozmﬁw\/

-wotsnyut (NOD) aurfes pue (DVN) UI)sAo[A1908-A Su1mo]]o] pue Sump ‘03 10ud 3S10I9%3 [RUIIXRWIQNS

‘paguojoird SuLmMp SUOTIENUIOUOD NK[ONOS[S PUB S3[QELIEA 9seq-proe ewseld ‘SYrys pmyy pajenoed ‘ASo[ojewseH ‘g'f AqEL



130

4.4. Discussion

4.4.1. Ergogenic effects of NAC are dependent upon \./Ozpeak

This study hypothesized a performance enhancement with NAC, based on the findings that
NAC infusion attenuated fatigue during low frequency electrical stimulation of human tibialis
anterior muscle (Reid et al. 1994). Although there was no effect on time to fatigue in the
whole group, the markedly different responsiveness of individuals to NAC necessitated more

careful evaluation. For the first time, this study demonstrates that the effects of NAC on

prolonged exercise are dependent upon VOjpeak, with a tendency for time to fatigue to be

increased in the fitter subjects. Further research in a larger group of subjects with homogenous

\'/Ozpeak is required to validate these intriguing preliminary findings.

4.4.2. NAC improves K" regulation during exercise

An interesting finding was the reduced A[K'] at fatigue, which is consistent with the
hypothesis that NAC would enhance K' regulation during exercise. A possible underlying
mechanism for such an effect might reflect ROS inhibition of Na' K'-ATPase activity, as
shown in cardiac (Vinnikova et al. 1992), sarcolemmal vesicles (Kukreja et al. 1990) and
skeletal muscle-derived L6 cells (Sen et al. 1995). Importantly, acute exercise also depresses
maximal Na',K'-ATPase activity in skeletal muscle (Fowles et al. 2002; Fowles et al. 2002;
Fraser et al. 2002), which may also be consequent to increased ROS. Thus, one possible
explanation for the lesser A[K"] during exercise with NAC is an attenuation of the ROS effect
on skeletal muscle Na’ K'-ATPase activity. However, no studies have investigated the effects
of ROS and/or antioxidants on human skeletal muscle Na’ K'-ATPase activity. The non-
significant negative correlation between time to fatigue and A[K']-to-work ratio (r = -0.71,

n=7) does suggest a possible link between exercise performance and K* regulation with NAC.
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The lack of significance may reflect a Type II error due to the small sample size. This possible
relationship should be explored in further studies.
4.4.3. Other potential mechanisms

It is possible that several factors may underlie the observed relationship between percentage

change in time to fatigue with NAC and \'/ozpeak. Study 1 showed that this intravenous NAC
infusion protocol had marked effects on blood redox status during intense, intermittent
exercise, such that NAC attenuated the decline in reduced glutathione (GSH) and rise in
oxidized glutathione (GSSG) with exercise. This study demonstrates almost identical [NAC]
changes in plasma, whole blood and red blood cell occurred during prolonged, as in intense,
exercise. Therefore, it is likely that NAC could have exerted similar effects on blood redox
status in prolonged exercise. Exogenous glutathione supplementation enhanced glutathione
biosynthesis and increased swimming endurance by up to 141% in rats (Cazzulani et al. 1991;
Novelli et al. 1991). Thus, enhanced glutathione synthesis (Study 1) is consistent with an
apparent increased time to fatigue in fitter individuals with NAC infusion.

Fiber type specific effects may also underlie the observed positive relationship between

percentage change in time to fatigue with NAC and \'/ozpeak. Individuals with high VOpeax
possess a higher proportion of slow twitch fibers (Li et al. 2002), which show a greater
increase in isometric force with the reducing agent dithiothreitol, than fast muscle (Plant et al.
2001). Slow twitch fibers also have increased mitochondrial content (Gollnick et al., 1986),

which is considered a major source of ROS (Cadenas and Davies 2000). It is likely that
individuals with a high \'/ozpeak produce a greater amount of ROS than subjects with a lower

VOqpeax, Which would be exacerbated when cycling at a higher absolute exercise intensity

(Lovlin et al. 1987; Alessio and Goldfarb 1988). This may be counterbalanced by increased
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skeletal muscle endogenous antioxidant enzyme activities with training (Alessio and Goldfarb
1988). However, there is reduced protection of the mitochondria against ROS after endurance
training (Tonkonogi et al. 2000). Thus, NAC protection of susceptible oxidative fibers from

ROS could underlie the relationship between percentage change in time to fatigue with NAC

and \'/ozpeak. Further studies should address possible different fiber type effects.

Sarcoplasmic reticulum Ca** regulation is sensitive to redox modulation, with ROS enhancing
ryanodine receptor opening, which may also diminish with prolonged exposure (Reid 2001).
Hydrogen peroxide also decreases myofibrillar Ca** sensitivity and force, which is reversed by
the reducing agent dithiothreitol (Andrade et al. 1998). This effect is more prominent in slow
twitch fibers and may be glutathione-dependent (Posterino et al. 2003). In addition, Ca**
uptake is decreased with increased ROS concentration (Posterino and Lamb 1996; Xu et al.
1997). Whether these effects occur in human muscle remain to be elucidated and are worthy of
further investigation. Finally, NAC had no effects on fluid shifts, acid base status or plasma
electrolyte concentrations during exercise.

4.4.4. Conclusions

NAC infusion effects on fatigue during prolonged cycling exercise may be dependent upon
VOypeak- Furthermore, NAC improved K' regulation as evidenced by a decreased rise in
plasma [K']. These intriguing findings demand further studies for verification and to

determine possible mechanisms.
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CHAPTER 5: STUDY 3 - PART 1
N-ACETYLCYSTEINE ENHANCES MUSCLE CYSTEINE AND GLUTATHIONE
AVAILABILITY AND ATTENUATES FATIGUE DURING PROLONGED
EXERCISE IN ENDURANCE-TRAINED INDIVIDUALS.
5.1. Introduction
In skeletal muscle, an integrated system of endogenous antioxidants and protein and non-
protein thiol compounds, including superoxide dismutase, glutathione peroxidase, catalase and
glutathione minimizes the accumulation of reactive oxygen species (ROS; Sen 1995).
However, this antioxidant capacity is small and is overwhelmed during exercise, resulting in
increased ROS (Davies et al. 1982; Jackson et al. 1985; Bailey et al. 2003). Increased ROS
production accelerates muscle fatigue in rat (Reid et al. 1992) and canine diaphragm
(Nashawati et al. 1993; Supinski et al. 1997) and mouse limb skeletal muscle (Barclay and
Hansel 1991). Therefore, enhancing the skeletal muscle antioxidant capacity may be beneficial
for muscle performance.
N-acetylcysteine (NAC), a thiol-containing compound, attenuated fatigue in rabbit and rat
diaphragm (Shindoh et al. 1990; Diaz et al. 1994; Supinski et al. 1995). Furthermore, NAC
infusion attenuated fatigue of human muscle, during both low frequency electrical stimulation
of the tibialis anterior muscle (Reid et al. 1994) and inspiratory resistive loading of the
diaphragm (Travaline et al. 1997). This thesis has developed an NAC infusion model for use
during voluntary whole body exercise in humans, finding no effect on intense, intermittent
exercise performance (Study 1). However, during prolonged, submaximal exercise, time to

fatigue was greater in three well-trained individuals during NAC infusion, with performance

change induced by NAC correlated to \'/ozpeak (Study 2). This suggested a performance
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enhancing effect of NAC, but the limited sample size precluded definitive conclusions.
Therefore, the first hypothesis tested in this study was that NAC infusion would increase time
to fatigue during prolonged submaximal exercise performance in a homogenous group of well-
trained individuals.

The mechanism(s) underlying this potential ergogenic effect during prolonged exercise were
not investigated (Study 2), but also deserve investigation. The first problem is that it is not
known whether NAC crosses the sarcolemma and thereby directly affects muscle ROS or
redox status during exercise. Study 1 and Study 2 found that NAC infusion increased
erythrocyte NAC concentration ([NAC]) during exercise, suggesting that NAC might also
enter myocytes, but there are no reports of muscle NAC. Thus, the second hypothesis tested
was that NAC infusion would increase NAC content in both skeletal muscle and erythrocytes
during prolonged exercise.

NAC potentially reduces the deleterious effects of ROS by direct scavenging of ROS (Aruoma
et al. 1989) and/or supplying cysteine (CYS) for enhanced glutathione synthesis (Cotgreave
1997). Study 1 demonstrated that NAC maintained blood redox status during high intensity,
intermittent exercise, indicated by an attenuated decline in reduced glutathione (GSH) and rise
in oxidized glutathione (GSSG). It is therefore possible that muscle ROS and glutathione
status might also be protected by NAC during prolonged exercise, but these effects of NAC in
human muscle are unknown.

A complicating factor is that the reported effects of exercise on human skeletal muscle
glutathione are scarce and their findings conflicting, with reports of GSH being unchanged
(Cooper et al. 1986) or decreased (Svensson et al. 2002), and of GSSG being increased
(Cooper et al. 1986) or unchanged (Sahlin et al. 1992). A critical role is suggested for

endogenous GSH in alleviating exercise-induced oxidative stress and affecting exercise
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performance (Sen et al. 1994). In rats, exogenous glutathione administration enhanced
glutathione synthesis and increased swim performance by up to 141% (Cazzulani et al. 1991,
Novelli et al. 1991), whilst glutathione deficiency reduced endurance time by ~50% (Sen et al.
1994).

Cysteine is a precursor to glutathione synthesis and increased intracellular CY'S availability
enhanced intracellular glutathione (Holdiness 1991; Cotgreave 1997; Sen and Packer 2000).
Supplementation with a CY'S donor increased performance during sprint cycling (Lands et al.
1999), suggesting that enhanced glutathione synthesis can augment performance in humans.
No studies have comprehensively investigated the effects of prolonged exercise or NAC
infusion on muscle total glutathione (TGSH), GSH, CYS and cystine. Therefore, this study
also tested the hypotheses that fatiguing exercise wmlld decrease muscle GSH and increase
GSSG, and that each of TGSH, GSH and CYS would be augmented by NAC infusion.

5.2. Methods

5.2.1. Subjects

Eight healthy males (age, 27.1%£5.6 yr; body mass, 76.7£10.9 kg; height, 180.3£5.4 cm;
meant+SD) volunteered for the study after being informed of all risks and giving written
informed consent (Appendix 7). The subjects were endurance trained, completing either
running or cycling activity, 4-5 times per week for 1-2 hours, 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 (Appendix 6) for 24 h prior to their two
experimental trials. Ethical approval was obtained from the Victoria University of Technology

Human Research Ethics Committee (Appendix 3).
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5.2.2. Exercise trials

5.2.2.1. Overview

Subjects attended the laboratory on six separate occasions, separated by a 7 d 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 ({/Ozpeak), with all equipment,
calibration and procedures as previously detailed (Li et al. 2002; Study 1).
5.2.2.2. Prolonged, Submaximal Exercise

An identical exercise protocol was used as previously described (Study 2), with subjects

cycling at 70% \./Ozpeak for 45 min and then to volitional fatigue at 90% \./Ozpeak (Study 2).
5.2.2.3. Experimental trials

The two experimental prolonged, submaximal exercise trials were conducted in a double-
blind, randomized, cross-over design, to determine the effects of NAC (Parvolex™, Faulding
Pharmaceuticals) or saline (CON) infusion on exercise performance and on muscle and blood
thiols (Study 1 and 2). 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
to the laboratory. The medical practitioner also removed the cannulae post experiment.

5.2.2.4. N-acetylcysteine Infusion

The NAC intravenous infusion protocol comprised an initial loading dose of 125 mg kg .hr'
for 15 min to increase plasma [NAC], followed by a constant infusion of 25 mg.kg!hr'! to

achieve a plateau in [NAC], with exercise commencing after 20 min of constant infusion
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(Study 1 and 2). NAC infusion was continued throughout exercise until fatigue and any
adverse reactions were assessed according to the scale previously detailed (Study 2).

5.2.3. Blood processing and analyses

A 20G catheter was inserted into a dorsal hand vein for arterialised 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 (Fraser et al. 2002)
at0, 1, 2, 5, 10, 15, 25 and 35 min during the pre-exercise infusion period. Further samples
were taken at 15, 30, 45 min and at fatigue during exercise and during recovery at 1, 2, 5, 10
and 30 min. ‘A 5 ml sample was used for measurement of reduced and total thiols in blood and
plasma with all processing and analyses as previously detailed (Study 1). Blood and plasma
thiol concentrations, including NAC, total and reduced glutathione and cysteine, were
analyzed by high-pressure liquid chromatography (HPLC; Waters Associates, MA, USA,;
Study 1), with fluorescence detection (Hitachi, Tokyo, Japan). Due to laboratory freezer
failure, for 3 subjects whole blood total and reduced cysteine could not be measured, and
consequently cystine and RBC concentrations could not be calculated.

5.2.4. Muscle biopsy sampling and analyses

5.2.4.1. Muscle biopsy sampling

After injection of a local anaesthetic (1% Xylocaine) into the skin and fascia, three small
incisions were made in the mid-portion of the vastus lateralis muscle. Muscle samples were
taken pre-infusion, after 45 min of exercise and at fatigue and analyzed for muscle thiols,
including NAC, glutathione and cysteine. The subject’s contralateral leg was biopsied on their

second experimental trial. The time taken for the subject to stop pedalling at 45 min, undergo a
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muscle biopsy and recommence cycling did not differ between trials (CON 55%7s vs. NAC

5317 s).

5.2.4.2. Muscle thiol analyses

The muscle sample was immediately blotted on filter paper, frozen in liquid nitrogen and
stored at -80°C for later analysis of muscle thiols. Approximately 20 mg frozen muscle was
homogenized for 20 s in 200 ml 20mM monobromobimane (mBrB) using a hand-held
homogeniser (Omni 1000; Omni International, Gainesville, VA). For analysis of total thiols
100 ml of homogenate was added to 200 ml 4mM DTT in an eppendorf tube. The sample was
immediately vortexed and left at room temperature for 10 min to reduce oxidized thiols. Free
thiols were derivatized with 50 ml of 20 mM mBrB, vortexed and incubated at room
temperature in darkness for 10 min. Proteins were precipitated with 25 ml sulphosalicylic acid
(50% wt, vol) and immediately vortexed and centrifuged at 1000 g for 5 min. The supernatant
(50 ml) was injected into the HPLC for analysis. For reduced thiols 100 ml of muscle
homogenate was mixed with 250 ml H,O and 25 ml sulphosalicylic acid (50% wt, vol) in an
eppendorf tube, immediately vortexed and centrifuged at 1000 g for 5 min, before injection of
50 ml of the supernatant into the HPLC for analysis. The HPLC method and‘conditions were
identical to those used for plasma and blood thiol analyses (Study 1).

The HPLC mobile phase was methanol (18:82 vol/vol) and 20 mM KH,PO4 at pH 2.9 and 5
mM octanesulphonic acid running through a 150 by 3.9 mm NovapakC;s column (Waters
Associates, MA, USA) at 1 ml.min™, with fluorescence detection at 400 nm excitation and 475
nm emission. This gives baseline separation of thiol compounds from each other and the
reagent peaks, with a quantitation limit of approximately 100 nM and coefficient of

determination of <5% for each. Total concentrations of the thiols were determined in a similar
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manner except that the oxidized thiols were reduced with DTT before a second derivitisation
with mBrB was performed. The supernatant was then extracted and injected for HPLC
analysis.

5.2.5. Calculations

Thiol concentrations in red blood cells were calculated as previously detailed (Study 1 and 2).
Hct could not be measured in one subject due to technical difficulties and consequently RBC
NAC data are reported for seven subjects. Individual coefficients of variation (CV) for time to
fatigue were calculated for all subjects within the exercise protocol and averaged to obtain an
overall CV (Jeukendrup et al. 1996). This allowed clearer delineation of NAC effects from
typical test variation.

5.2.6. Statistical analyses

All data are presented as mean + SEM, except anthropometric data. Single comparisons (eg.
time to fatigue) were analyzed using a paired Student t-test. A one-way ANOVA with
repeated measures was used for blood and plasma [NAC]. All other blood and muscle
analyses were analyzed using a two-way (treatment, time) ANOVA with repeated measures on
both factors. Post hoc analyses were conducted using Student Newman-Kuels test.
Significance was accepted at P<0.05.

5.3. Results

J.3.1. Exercise performance variability and effects of NAC
The subjects’ \./Ozpeak was 65.6+2.2 mlLkg'.min" and their submaximal workrates were
239420 W and 336425 W, corresponding to 7141.3% and 92i1.9%\.102peak, respectively.

Time to fatigue at 92%\./Ozpeak was reproducible during the two varnability trals (CV

5.6£0.6%, Table 5.1) and no trial order effect was observed (data not shown). NAC increased,
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by 26.3£9.1% (P<0.05), time to fatigue at 92%\./Ozpeak (CON 5.3£0.7 vs NAC 6.410.6 min)

and thus also work done (CON 104.9+15.3 vs. NAC 126.5+11.6 kJ).

Table 5.1. Individual time to fatigue during pre-experimental prolonged sub-maximal exercise
trials. Each exercise trial comprised 45 min at 71% of peak oxygen consumption ( \./Ozpeak) and

then 92% VOzpeak continued to fatigue. Time to fatigue at 92% \./Ozpeak was used as an index of

performance.

Fatigue time (min) CV (%)

Subject Variability trial#1 Variability trial#2

1 5.32 5.91 7.4
2 4.94 5.40 6.3
3 6.06 5.62 53
4 5.05 4.67 5.5
5 3.25 3.56 6.4
6 4.15 4.58 7.0
7 5.06 5.21 2.1
8 4.79 5.13 4.9
Mean+SEM 4.8+0.3 5.0£0.3 5.6£0.6

J.3.2. N-acetylcysteine and adverse reactions

No moderate or severe adverse reactions to NAC were observed during the pre-infusion,

exercise or recovery periods (Table 5.2).
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Table 5.2. Lack of severe or moderate adverse reactions with N-acetylcysteine (NAC) or

saline (CON) infusion, before and during prolonged submaximal exercise. n=8.

Reaction frequency and severity

Reaction None Mild Moderate Severe

NAC CON NAC CON NAC CON NAC CON

Erythema 6 8 2 0 0 0 0 0
Swelling 7 8 1 0 0 0 0 0
Flushing 6 7 2 1 0 0 0 0
Coughing 7 8 1 0 0 0 0 0
Sweating 5 4 3 4 0 0 0 0
Itchy skin 7 7 1 1 0 0 0 0

5.3.3. Plasma, blood and RBC NAC

The [NAC] measured in whole blood and plasma, and calculated for RBC is shown in Figure
5.1. During the 15 min loading infusion phase total plasma [NAC] increased progressively
until a peak of 305.2438. 6 mg.I" at 15 min (P<0.005), decreased during the maintenance
infusion phase (P<0.005), to 214.7¢17.5 mg.l" immediately prior to exercise and then
plateaued, with no further changes during exercise. In recovery, total plasma [NAC] decreased
rapidly from fatigue levels, but remained higher than pre-infusion at 30 min post-infusion
(P<0.05). A similar pattern of change was found for reduced plasma [NAC] (Figure 5.1). An
identical pattern of change was found for both total and reduced forms of NAC in whole blood
during the loading, maintenance, exercise and recovery periods. Red blood cell NAC also
followed a similar pattern during exercise and recovery periods being 38.9 mg.l" and 23.8

mg.l" during exercise for total and reduced forms, respectively (Figure 5.1).
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Figure S.1. Total (A) and reduced (B) N-acetylcysteine concentration ([NAC]) in plasma,

whole blood and red blood cells (RBC) prior to, during and after prolonged, submaximal
exercise. Shaded bar denotes exercise comprising 45 min at 71% \.,OZpeak, then to fatigue (F) at

92% \.,OZpeak- n=8 except for total and reduced RBC where n=7; meantSEM. Pre-exercise
infusion lasted 35 minutes. Significant time main effect, with all times greater than

pre-infusion (P<0.05, asterisks not shown for clarity).
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5.3.4. Muscle NAC
NAC was not detected in muscle at pre-infusion or during CON trials. During NAC infusion,
muscle total and reduced NAC were elevated at 45 min and at fatigue, with 72.847.3 % and

68.7+6.3 % present in the reduced form, respectively (Figure 5.2).

Figure 5.2. Increased muscle NAC content with NAC infusion. Open bars, Reduced NAC;
shaded bars, Total NAC. NAC was not detected in muscle samples during CON trials or pre-
infusion. * Significant time main effect; greater than pre-infusion (P<0.005); n = 8§,

meantSEM.
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5.3.5. Muscle thiols

5.3.5.1. Cysteine and Cystine

Muscle total and reduced CYS, as well as cystine were unchanged from pre-infusion levels
during CON and were not different between NAC and CON prior to infusion (Figure 5.3).
However, NAC markedly increased both total and reduced CYS and cystine in muscle
compared to pre-infusion levels (P<0.001). Muscle total and reduced CYS and cystine were
greater at 45 min and fatigue with NAC than in CON (P<0.005, Figure 5.3).

5.3.5.2. Glutathione

Muscle TGSH was decreased by 37.7£17.9% at 45 min of exercise and remained depressed at
fatigue (Figure 5.4; P<0.05). Exercise tended to decrease muscle GSH (P=0.06), whilst muscle
c¢GSSG was unaltered with exercise (Figure 5.4). Both muscle TGSH and GSH were higher
during NAC compared to CON (P<0.05; Figure 5.4). No change in muscle GSH:TGSH,

GSSG:TGSH or GSSG:GSH ratios were found with either exercise or NAC (data not shown).
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Figure 5.3. Increased muscle (A) total cysteine; (B) reduced cysteine and (C) calculated
cystine with NAC infusion during prolonged, submaximal exercise. Open bars, NAC; shaded
bars, CON * Significant time main effect; greater than pre-infusion (P<0.05); # Significant

interaction effect: no difference at pre-infusion but NAC > CON at 45 min and Fatigue

(P<0.05), n = 8, meantSEM.
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Figure 5.4. Effects of NAC infusion on muscle (A) total glutathione (TGSH); (B) reduced
glutathione (GSH) and (C) calculated oxidised glutathione (cGSSG) contents prior to, during
and after prolonged, submaximal exercise. Open bars, NAC; shaded bars, CON. * Significant
time main effect; less than pre-infusion (P<0.05); 1 Significant treatment main effect, NAC >

CON, (P<0.05),  Time main effect; less than pre-infusion (P=0.06), n = 8, mean+SEM.
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5.3.6. Blood Thiols

5.3.6.1. Cysteine and cystine

No change in total and reduced [CYS] or cystine from pre-infusion levels occurred in CON at
any time (Tables 5.3 and 5.4). Prior to infusion, no differences were found between NAC and
CON in whole blood, plasma or RBC total and reduced cysteine ([CYS], Table 5.3) or cystine
(Table 5.4). However, NAC increased total and reduced [CYS] and cystine in whole blood,
plasma and RBC by up to 3-fold above pre-infusion levels (P<0.005). Consequently, NAC
increased total and reduced [CYS] and cystine in whole blood, plasma and RBC immediately
prior to and throughout the exercise and recovery periods (P<0.005).

5.3.6.2. Glutathione -

In contrast to muscle, whole blood [TGSH] was unchanged from pre-exercise infusion, at any
time during exercise and recovery (Figure 5.5). Whole blood [GSH] was unchanged during
the pre-exercise infusion, but [GSH] had declined at 15 min during exercise (P<0.05) and
remained lower during the subsequent exercise and recovery periods (P<0.05). Whole blood
[cGSSG] was unchanged during pre-infusion, increased during exercise and remained elevated
above pre-infusion levels at 30 min recovery (P<0.05, Figure 5.5). No differences between
treatments were found for blood [TGSH], [GSH] or [cGSSG] (Figure 5.5).

The whole blood GSH:TGSH ratio (data not shown) did not change during the pre-infusion
period but decreased at 15 min exercise and remained lower throughout the remainder of
exercise and throughout the recovery period, compared to pre-infusion (P<0.05). No
differences in the GSH:TGSH ratio were observed at any time between CON or NAC.

5.3.7. Plasma Glutathione

Plasma glutathione levels were too low to be reliably detected, consistent with other studies

(Gohil et al. 1988).
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Figure 5.5. No effect of NAC infusion on whole blood [TGSH], [GSH] and [cGSSG]
prior to, during and after prolonged, submaximal exercise. NAC (e) and CON (Y

Shaded bar denotes exercise comprising 45 min at 71% \'/ozp&k, then to fatigue (F) at

92% {’Ozpeak. n = 8, meantSEM. * Significant time effect; less than pre-infusion

(P<0.05); ** Significant time effect; greater than pre-infusion (P<0.05).
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5.4. Discussion

This study provides several novel findings in regard to muscle glutathione and
performance in humans. First, these findings demonstrated a dramatic enhancement of
submaximal exercise performance with NAC infusion, with time to fatigue increased by
26%. Second, an increase in NAC was detected in human skeletal muscle with NAC
infusion. This study also reports for the first time the effects of NAC infusion on whole
blood TGSH, GSH and CYS during prolonged exercise in endurance trained
individuals. Finally, this study provides evidence for a potential mechanism for this
ergogenic effect, with an increased muscle CYS, TGSH and GSH availability observed
with NAC.

5.4.1. Increased muscle NAC and increased muscle performance

This data clearly demonstrate that NAC infusion substantially enhanced performance in
well-trained individuals, with a 26% increase in time to fatigue during prolonged
exercise. This finding confirms the earlier preliminary observation based on only a few
athletes (Study 2) and provides the first evidence of attenuated fatigue by NAC during
voluntary, whole body exercise in humans. These findings also show, for the first time,
that NAC infusion increased NAC content in skeletal muscle. It is probable that a small
portion of this NAC detected in muscle was due to contamination by blood. However,
given the magnitude of increase in muscle NAC, it is highly likely that muscle
intracellular [NAC] was elevated. Furthermore Study 1 and 2 also demonstrated that
NAC infusion increased RBC [NAC]. Together these indicate that an elevation in
muscle intracellular [NAC] is highly likely.

5.4.2. Muscle cysteine, glutathione and exercise.

As the proportion of oxidized to total muscle glutathione was ~15%, it is possible that

some ex-vivo oxidation may have occurred, perhaps due to the small delay in freezing
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muscle samples. However, this is an inevitable limitation when obtaining muscle
samples via needle biopsy and our proportion of oxidized to total muscle glutathione is
consistent with others (Svensson et al. 2002). These findings show that muscle TGSH
content decreased during submaximal cycling exercise, which differs to other studies
(Sahlin et al. 1992; Svensson et al. 2002). The reason for this discrepancy is unclear,
but may be related to the fact that the subjects utilised in this study were more highly
trained than subjects used in previous studies (Sahlin et al. 1992; Svensson et al. 2002).
However, the findings of a tendency for a decrease in muscle GSH (P=0.06) and no
change in muscle cGSSG during submaximal exercise are in agreement with others
(Sahlin et al. 1992; Svensson et al. 2002). More importantly, this study demonstrates for
the first time that NAC was able to increase both muscle TGSH and GSH during whole-
body exercise. The maintenance of GSH is dependent on regeneration from GSSG by
glutathione reductase (Sen et al. 1992). However, this seems unlikely as a mechanism
responsible for the elevation in GSH, as there was no change in GSSG with exercise or
NAC, therefore implicating another mechanism. This was probably due to increased
availability of the glutathione pre-cursor, CYS, as evidenced by increases in each of
muscle, RBC and plasma.

Cysteine can be actively transported into cells (Bannai and Tateishi 1986) and increased
intracellular CYS availability enhances intracellular GSH (Sen et al. 1992). Therefore,
the increased extracellular CYS consequent to NAC infusion increases the intracellular
availability of this amino acid to regenerate GSH (Sen et al. 1992; Sen and Packer
2000). In addition, this study also reports that NAC infusion increased muscle NAC.
NAC is rapidly deacylated to produce free CYS (Deneke 2000) and this may have also
contributed to the 3-fold increase in muscle cysteine. Although the increase in muscle

CYS and cystine with NAC could also be due to contamination with blood, this is
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unlikely as there was no increase in CON trials. Thus, these results strongly suggest
that the greater muscle GSH with NAC may be consequent to increased intra- and
extracellular CYS availability. Furthermore, NAC attenuated the decline in muscle
TGSH, which being predominantly in the reduced form (Deneke 2000), would have
also increased muscle GSH availability.

These results are consistent with conclusions from other studies that increasing
glutathione availability improved exercise performance in rats (Cazzulani et al. 1991;
Novelli et al. 1991; Sen et al. 1994) and in humans (Lands et al. 1999). This study
further demonstrates that the greater muscle GSH and TGSH during exercise with NAC
was associated with increased time to fatigue. However, this effect was already evident
by 45 minutes of exercise and suggests that factors additional to increased CYS and
GSH availability may have also contributed to muscle fatigue.

5.4.3. Muscle ROS scavenging

Numerous studies implicate ROS production as an important factor in muscle fatigue
(Barclay and Hansel 1991; Reid et al. 1992; Diaz et al. 1994; Lawler et al. 1997,
Supinski et al. 1997). Although this study did not measure ROS concentration, NAC is
known to scavenge a number of ROS including hypochlorus acid, hydroxyl radical and
hydrogen peroxide (Aruoma et al. 1989). Furthermore, NAC is rapidly deacetylated to
cysteine, which itself is a known free radical scavenger (Cotgreave 1997). Thus, in
addition to supporting glutathione synthesis, NAC can scavenge ROS within skeletal
muscle, which may be another possible mechanism explaining enhanced performance
with NAC. Further research is required to determine whether NAC scavenges ROS in
vivo and whether this is sufficient to improve exercise performance.

Increased GSH availability with NAC could have indirect effects on antioxidant enzyme

activity. GSH acts as a substrate for glutathione peroxidase activity (GPX), which
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decreases hydrogen peroxide (H,0,) and also leads to the formation of the deleterious
hydroxyl radical. It is possible that the increased GSH availability with NAC may also
have supported the function of GPX, thus facilitating the removal of H,O,. However,
this study did not measure GPX activity and the concentration of H,O, in human muscle
is unknown.

5.4.4. Other potential mechanisms of NAC on exercise performance

Although enhanced glutathione status and NAC scavenging of ROS may have
contributed té increased exercise performance, other potential mechanisms may also be
responsible. NAC blunts unpleasant sensations produced during exhaustive exercise
(Travaline et al. 1997). Whether this occurred in this study cannot be determined.
However, this seems unlikely due to the large effect of NAC on muscle TGSH, GSH
and cysteine, which were already evident at 45 min, where work was matched to CON
trials.

It is possible that elevated muscle antioxidant capacity may have exerted a protective
effect on key ion transporting or ion channel proteins in muscle, including the
Na',K*ATPase enzyme, the sarcoplasmic reticulum Ca®’ release channel (ryanodine
receptor) and Ca’"-ATPase enzyme, each of which are deleteriously affected by
increased ROS production (Kourie 1998). Recent reports have found that the activity of
Na',K*'ATPase, Ca**-ATPase and also the rate of Ca®" release are depressed at fatigue
in human muscles (Booth et al., 1997; Fraser et al. 2002; Li et al. 2002) with increased
ROS a proposed mechanism. Animal models demonstrate that ROS deleteriously affects
Na'K'ATPase activity (Kukreja et al. 1990; Sen et al. 1995), ryanodine receptor
function (Oba et al. 1996; Posterino and Lamb 1996) and Ca®** ATPase activity (Xu et
al. 1997; Andrade et al. 2001). Whether NAC blunts these effects in human skeletal

muscle remains to be elucidated.
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5.4.5. Blood and plasma thiols

The decreased whole blood [GSH] and increased [cGSSG] with prolonged exercise is
consistent with other human studies (Gohil et al. 1988; Sen et al. 1994; Groussard et al.
2003). However, the lack of modification with NAC contrasts the previous findings
during high intensity, intermittent exercise (Study 1), where a clear effect of NAC on
blood thiol status during exercise was found. This may reflect differences in the training
status of subjects and the exercise intensity and duration. Study 1 utilised untrained
individuals, whereas this study utilised endurance trained individuals. Endurance trained
individuals have increased blood antioxidant activity compared to sedentary subjects
(Marzatico et al. 1997) and training increases blood antioxidant enzyme capacity
(Miyazaki et al. 2001) which may reduce the overall oxidative stress in erythrocytes (Ji
et al. 1993). Increasing exercise intensity results in increased blood glutathione
oxidation (Sastre et al. 1992) and ROS production (Bailey et al. 2003), which might also
explain an effect of NAC on blood thiol status during intense (Study 1) but not in
submaximal exercise. However, more profound changes in blood glutathione may have
occurred in blood draining the exercising muscles and hence NAC effects on GSH and
cGSSG may be greater at these sites.

5.4.6. Conclusions

This study demonstrates for the first time that NAC infusion during prolonged
submaximal exercise increased muscle NAC, skeletal muscle cyst(e)ine and glutathione
availability during exercise and substantially enhanced performance in well trained

individuals.
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CHAPTER 6: STUDY 3 -PART II
N-ACETYLCYSTEINE INFUSION ENHANCES SKELETAL MUSCLE NA*, K-
ATPASE ACTIVITY AND PLASMA K' REGULATION DURING
PROLONGED SUBMAXIMAL EXERCISE IN WELL-TRAINED
INDIVIDUALS.

6.1 Introduction

The Na',K'-ATPase enzyme in skeletal muscle is primarily located in the sarcolemmal
and t-tubular membranes and is critical in maintaining trans-membrane sodium (Na®)
and potassium (K") concentration gradients and, consequently, preserving membrane
excitability (Overgaard et al., 1997, Clausen, 2003; Sejersted and Sjegaard, 2000). Both
exercise and electrical stimulation may increase Na',K'-ATPase activity in skeletal
muscle by up to 18-22-fold above rest (Everts and Clausen, 1994, McKenna, 2003,
Clausen, 2003). This increase is important since impaired muscle force development is
evident at high interstitial potassium concentrations ([K']; Bouclin et al., 1995; Juel,
1988; Clausen et al., 1993; Cairns et al., 1995; Lannergren and Westerblad, 1986).
Furthermore studies in humans have linked muscle K loss with fatigue (Verburg et al.,
1999; Sjogaard et al., 1985).

The importance of the Na*,K'-ATPase enzyme in muscle fatigue is demonstrated in
studies that have utilised the Na",K*-ATPase specific inhibitor, ouabain. In rat skeletal
muscle, ouabain-induced inhibition of muscle Na',K'-ATPase accelerated muscle
fatiguability and slowed recovery, whereas hormonal or excitation-induced stimulation
of Na",K'-ATPase activity delayed muscle fatiguability and enhanced recovery
(Clausen and Everts, 1991). Several recent reports have demonstrated that exercise
depressed maximal Na',K"-ATPase activity in human skeletal muscle, as measured by

the 3-O-methylfluorescein phosphatase (3-O-MFPase) activity assay, including intense
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(Fraser et al, 2002 Aughey et al., 2004; Fowles et al., 2002) and prolonged exercise
(Leppik et al, 2004; Sandiford et al., 2004). These persistent findings of depressed
maximal Na",K*-ATPase activity with exercise suggest a role in loss of muscle K* and
Na' homeostasis and thus an important link to muscle fatigue.

The precise mechanism(s) underlying this depressed maximal Na" K -ATPase activity
in skeletal muscle during exercise remain to be elucidated. However, a role for exercise-
induced increase in ROS production in depressed Na",K'-ATPase enzyme mediated
muscle function seems plausible. Several studies report that ROS depressed Na’ K'-
ATPase activity (Kukreja et al., 1990; Vinnikova et al., 1992; Sen et al., 1995; Kim and
Akera, 1987). In canine myocardium sarcolemmal vesicles, Na' K'-ATPase activity
was inhibited by hydrogen peroxide (H,O,), which was dependent on both the
concentration and time of incubation (Kukreja et al.,, 1990). In guinea pig cardiac
sarcolemma, ischaemia-reperfusion induced a reduction in Na" K'-ATPase activity,
which was attenuated by the endogenous antioxidants superoxide dismutase (SOD) and
catalase (CAT; Kim and Akera, 1987). In skeletal muscle derived L6 cells, the Na",K'-
ATPase enzyme was also suggested to be under redox modulation (Sen et al., 1995).
Whilst tert-butyl hydroperoxide activated Na',K'-ATPase activity at 75 mM, there was
a significant inhibition of Na* K'-ATPase activity at 200 mM (Sen et al., 1995). These
studies suggest that increased ROS production may be involved in the depression of
maximal Na',K'-ATPase activity in skeletal muscle during exercise and thereby
contribute to disturbed muscle ionic homeostasis and muscle fatigue.

No studies have investigated the possible interaction between ROS and Na’' K'-ATPase
activity in skeletal muscle during exercise. Study 1 demonstrated that NAC infusion

increased the rise in plasma [K'] (A[K']) and rise in plasma K™ concentration to work

ratio (A[K']-to-work™ ratio) during intense, intermittent exercise (Chapter 3). This
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indicates that NAC impaired K" regulation during high intensity, intermittent exercise in
untrained individuals. In contrast, Study 2 demonstrated that NAC enhanced plasma K
regulation during prolonged submaximal exercise, as evidenced by a decreased A[K'].
Furthermore, the A[K']-to-work™ ratio tended to be inversely related to time to fatigue
(Study 2, Chapter 4). Therefore, this study tested two hypotheses. First, that NAC
would attenuate the decline in skeletal muscle maximal Na’ K'-ATPase activity
observed during prolonged, submaximal exercise in well-trained individuals. Second,
that NAC would enhance plasma K regulation during prolonged exercise, as evidenced
bya decreased rise in plasma [K'] (A[K']) and A[K"]-to-work™ ratio.

6.2 Methods

6.2.1. Subjects and exercise trials

The subject characteristics, exercise undertaken and NAC infusion protocol are identical

to Study 3 — Part I and are detailed in sections 5.2.1 and 5.2.2. Briefly, 8 subjects

cycled for 45 min at 71% {/Ozpeak and then to volitional fatigue at 92% {lozpcak. NAC
or saline (CON) was intravenously infused at an initial loading dose of 125 mgkg ' hr'!
for 15 min, followed by a constant infusion of 25 mgkg" .hr'! until fatigue (Studies 1-
3). The two experimental trials were conducted in a double-blind, randomised,
crossover design to contrast the effects of NAC or CON infusion.

6.2.2. Blood processing and analyses

Blood was sampled at pre-infusion, 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. Blood was
analysed for plasma PCO,, pH and electrolyte concentrations including K™ ([K']), as
well as blood haemoglobin concentration ([Hb]) and haematocrit (Hct), as detailed in

sections 4.2.5 and 5.2.3.
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6.2.3. Muscle biopsy sampling and analyses

6.2.3.1 Muscle biopsy sampling

A vastus lateralis muscle biopsy was taken at pre-infusion, 45 min of exercise and at
fatigue in both CON and NAC trials, as detailed in section 5.2.4.1.

6.2.3.2 Maximal 3-O-MFPase activity analyses

Muscle samples (~20 mg) were rapidly blotted on filter paper, weighed then
homogenized (5% wt/vol) on ice for 2 x 20 s at 20,000 rpm (Omni 1000, Omni
International, Warrenton, USA) in a homogenate buffer containing 250 mM sucrose, 2
mM EDTA and 10 mM Tris at pH 7.40 (Fraser and McKenna, 1998). Muscle
homogenates were immediately frozen and stored in liquid N, for later analyses of
maximal Na",K'-ATPase activity.

Maximal muscle Na",K'-ATPase activity was determined using the K'-stimulated 3-O-
methylfluorescein phosphatase (3-O-MFPase) activity assay, as previously used in
human skeletal muscle in our laboratory (Fraser and McKenna, 1998; Fraser et al.,
2002; Leppik et al., 2004; Aughey et al., 2004). 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 SmM MgCl,, 1.25 mM
EDTA, 100 mM Tris and an 80 nM 3-O-methyl fluorescein standard at pH 7.40. A 30
ul homogenate was incubated in 2.5 ml of assay medium at 37°C for S5 min before
addition of 40 ul of 10 mM 3-O-MFP to initiate the reaction. After 60 s, 10 pl 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 (Aminico Bowman AB2
SLM, Thermospectronic, Madison, USA). Excitation wavelength was 475 nm and

emission wavelength 515 nm, with 4 nm slit widths. The 3-O-MFPase activity was
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calculated from the slope after addition of 10 puM KCI minus the slope prior to KCl

addition.

6.2.4 Calculations

The decline in plasma volume (APV), A[K'] and A[K']-to-work™ ratio (nmol.l'l.J'l)
were calculated as described in section 4.2.6.

6.2.5 Statistical analyses

All data are presented as mean + SEM, except anthropometric data. All blood and
muscle measures were analysed using a two-way (treatment, time) ANOVA with
repeated measures on both factors. Post-hoc analyses used the Newman-Kuels test. The
percentage change in the in vitro maximal 3-O-MFPase activity from rest was
contrasted between conditions using a paired Student’s t-test. Correlations between
maximal 3-O-MFPase activity and exercise performance variables were determined by
least squares regression. Significance was accepted at P<0.05.

6.3 Results

6.3.1 Exercise performance

NAC increased time to fatigue at 92% {/Ozpeak by 26.31£9.1% (Section 5.3.1).

6.3.2 Muscle 3-O-MFPase activity

No difference in pre-infusion maximal in vitro 3-O-MFPase activity was observed
between trials (Figure 6.1A). Maximal in vitro 3-O-MFPase activity declined at 45 min
of exercise by 21.642.8% and at fatigue by 23.942.2%, when compared to pre-infusion
(P<0.001; time main effect). These changes did not reflect fluid shifts into muscle as
similar reductions were observed in maximal in vitro 3-O-MFPase when expressed per
gram of protein (Figure 6.1B).

No significant difference was found in 3-O-MFPase activity between trials when

expressed per gram protein. To minimise inter-subject variation in results, the maximal
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in vitro 3-O-MFPase activity was expressed as the percentage change from pre-infusion
(Figure 6.2A). The percentage change in maximal 3-O-MFPase at 45 min was
significantly attenuated by NAC (P<0.05). In contrast, at fatigue there was no difference
between trials in the percentage change from pre-infusion in maximal in vitro 3-O-
MFPase activity (Figure 6.2A).

To account for the 26% longer time to fatigue with NAC the percentage change in
maximal 3-O-MFPase activity was expressed relative to work done. The percentage
change from pre-infusion to work ratio was lower at both 45 min and at fatigue during
NAC trials (P<0.05; Figure 6.2B).

6.3.3 Plasma Potassium

Plasma [K'] was increased above pre-infusion levels throughout exercise at 72%

\.lozpeak, increased further during exercise at 92% {lozpeak at fatigue and then declined
during recovery (P<0.05), returning to pre-infusion levels at 30 min (Figure 6.3). No

significant differences in plasma [K'] were found between NAC and CON.
The A[K"] did not differ from 15 to 45 min during exercise at 71%\./Ozpeak, but was

increased at fatigue at 92% {/Ozpeak (P<0.01; Figure 6.4A). NAC attenuated plasma

A[K"] during exercise (P<0.05; treatment main effect; Figure 6.4A).

The A[K']-to-work ratio decreased from 15 min throughout exercise at 72% {/Ozpeak
(P<0.05), but was higher at fatigue than at 45 min (P<0.05; Figure 6.4B). NAC

attenuated the plasma A[K]-to-work ratio (P<0.05; treatment main effect).
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Figure 6.1 Skeletal muscle maximal in vitro K* stimulated 3-O-methylfluorescein
phosphatase activity (3-O-MFPase, Na" K'-ATPase activity) pre-infusion and during
prolonged submaximal exercise to fatigue in well trained individuals. Activity is
expressed as (A) nmol.min’.(g wt weivght)'1 or (B) nmol.min'l.(g protein)'l. * time main

effect; less than pre-infusion (P<0.001). Values are meantSEM; n=8.
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Figure 6.2 Percentage (%) change from pre-infusion in maximal in vitro K* stimulated
3-O-methylfluorescein phosphatase (3-O-MFPase) activity (Na*K*-ATPase activity)
during prolonged submaxifflal exercise in well trained individuals. (A) Percentage
change in maximal in vitro 3-O-MFPase activity; (B) % change in maxhﬁal in fitro 3-
O-MFPase activity-to-work™ ratio, at 45 min and at fatigue. + NAC < CON (P<0.05).

Values are meantSEM; n=8.
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Figure 6.3 Effect of NAC (A) and CON (o) infusion on plasma potassium concentration

([K']) during and after prolonged exercise. Shaded bar denotes exercise comprising 45

min at 71% \./Ozpeak, then to fatigue (F) at 92% \./Ozpeak. * time main effect; different to

pre-infusion (-35 min, P<0.005), ** greater than 45 min (P<0.05). n=7, mean+SEM.
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Figure 6.4 Effect of NAC and CON infusion on (A) the rise in plasma K" above pre-
infusion (A[K']) and (B) the A[K']-to-work ratio, during prolonged submaximal
exercise. Shaded bars, CON; open bars, NAC. * time main effect; greater than 15 min
(P<0.05); # time main effect; less than 15 min (P<0.05); + NAC < CON (P<0.05;

treatment main effect); n=7, meantSEM.
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6.3.4 Relationships between Na*, K" -ATPase and plasma K= and exercise performancé
No significant correlations were observed between time to fatigue and each of maximal

3-O-MFPase activity, percentage change from pre-infusion in maximal 3-O-MFPase
activity, A[K'], plasma A[Kf]-to-work~1 ratio or {/O2peak- Pre-infusion maximal 3-O-

MFPase activity was also not significantly correlated to \.fozpeak.

6.3.5 Fluid shifts, plasma electrolyte concentrations and acid-base status

Both [Hb] and Hct were higher than pre-infusion levels, and thus plasma volume
declined, during exercise and until 30 min recovery (P<0.05, Table 6.1). However, no
differences between NAC and CON were found for [Hb], Het or APV (Table 6.1).
Plasma [Na'] increased above pre-infusion levels throughout the exercise period until
fatigue (P<0.05, Table 6.1). Plasma [CI] did not differ during exercise or recovery,
whilst plasma [Ca®*] was increased above pre-infusion levels only at fatigue (P<0.05,
Table 6.1). Compared to pre-infusion levels, plasma [H'] was increased, whereas
plasma PCO, and [HCO5] fell, throughout exercise and recovery (P<0.0S, Table 6.1).
No differences between NAC and CON were found for any of these plasma electrolyte

or acid-base variables (Table 6.1).
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6.4 Discussion

This study demonstrated for the first time that NAC infusion affects changes in maximal
Na'K'-ATPase activity in skeletal muscle and on plasma K" regulation, during
prolonged submaximal exercise to fatigue in well-trained individuals. The first important

finding was that NAC attenuated the decline in maximal Na',K*-ATPase activity that

occurred after 45 min exercise at 72% \'/ozpeak. Whilst NAC did not attenuate the
decrease in Na*, K'-ATPase activity at fatigue, exercise time was prolonged by 26% with
NAC. When this increased work was taken into account an effect of NAC was evident,
with a lower percentage change in 3-O-MFPase to work ratio during NAC compared to
CON trials. NAC also enhanced plasma K" regulation, as evidenced by a smaller rise in
plasma [K'] during exercise and a lower A[K*)-to-work™ ratio throughout exercise
including at fatigue. Thus, NAC modulated both maximal Na",K*-ATPase activity and
plasma K regulation during exercise. This data provides evidence in support of both
hypotheses and suggest that ROS play an important role in depressed maximal Na* K*-
ATPase activity during prolonged exercise in well-trained subjects. Although these
changes were not directly correlated with increased time to fatigue it seems plausible that
ROS-mediated decreased Na",K*-ATPase activity may contribute to fatigue.

6.4.1 Depression of Na', K -ATPase activity with exercise

A clear finding was that prolonged submaximal exercise decreased maximal Na",K'-
ATPase activity by ~22% at 45 min and ~ 24% at fatigue in well-trained individuals.
This finding of a decreased Na' K'-ATPase activity with exercise is consistent with
findings from our laboratory (Fraser et al., 2002; Leppik et al., 2004; Aughey et al.,
2004) and others (Fowles et al., 2002; Sandiford et al., 2004). The values for maximal in
vitro 3-O-MFPase activity in this study are slightly lower than those previously reported

for endurance trained individuals in our laboratory (Fraser et al., 2002; Aughey et al.,
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2004). The exact reason for this difference is unclear. Whilst the 22-24% decrease in
maximal Na*, K'-ATPase activity with exercise is slightly larger than previously reported
by our laboratory (Fraser et al., 2002; Aughey et al., 2004; Leppik et al., 2004), this is
consistent with findings by others (Fowles et al., 2002).

Although this study did not quantify Na',K'-ATPase content, decreased maximal
Na' K'-ATPase activity with prolonged exercise is unlikely to have occurred due to a
loss of Na*,K'-ATPase. Recent reports demonstrate no reduction in the [*H]-ouabain
binding site content in muscle after either prolonged or brief exercise in humans (Leppik
et al, 2004; Aughey et al., 2004; Fowles et al., 2002). Similarly, the [*H]-ouabain
binding site content was not decreased following brief, high frequency or prolonged low
frequency electrical stimulation of rat soleus and EDL muscle (McKenna et al., 2003).
Although a recent report demonstrated a 10% increase in vastus lateralis muscle
[*H]ouabain binding in humans with endurance running (Overgaard et al., 2002), this
occurred after 10-11 h of exercise, during which time Na',K'-ATPase synthesis is
probable (Wolitzky and Fambrough, 1986). Thus, it is unlikely that the decreased
Na* K*-ATPase activity observed in this study was due to a reduction in [’H]-ouabain
binding site content.

It is not possible to determine the exact underlying mechanism(s) that cause the
depression in maximal in vitro Na' ,K'-ATPase activity. However, given the identical
and controlled 3-O-MFPase assay conditions for the rest and exercising muscle samples,
depressed Na',K'-ATPase activity most likely reflects a structural alteration in the
Na' K*-ATPase enzyme and/or altered characteristics of the membrane in which it is
embedded (Fraser et al., 2002). In previous work conducted by our laboratory it was
speculated that one possible factor mediating decreased Na',K'-ATPase activity was

increased ROS (Fraser et al., 2002; Leppik et al., 2004; Aughey et al., 2004).
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6.4.2 NAC attenuated the decline in skeletal muscle Na',K -ATPase activity during
exercise

The maximal in vitro 3-O-MFPase activity after 45 min exercise and at fatigue was not
attenuated by NAC when activity was expressed in absolute units. This may reflect
considerable inter-subject variability, the small sample size and consequently a Type II
error. To account for this variability, the decline in maximal Na',K*-ATPase activity
from pre-infusion was then expressed as a percentage change from pre-infusion in each
individual. This allowed us to detect that the reduction in percentage change in maximal
Na',K'-ATPase activity from pre-infusion at 45 min was almost halved with NAC, from
~22% during CON trials, to ~12% during NAC trials. At this time, power output and thus
work performed was matched between the two trials. Interestingly, the percentage change
in Na',K'-ATPase activity was almost identical during both NAC and CON trials at
fatigue, but ~26% more work was performed during NAC trials (Study 3 — Part [). When
the normalized for work done, the ratio of percentage change in maximal Na*,K'-ATPase
activity from pre-infusion to work was 32% lower with NAC infusion. This lower ratio
with NAC suggests that ROS may play an important role in the change in maximal
Na" K'-ATPase activity in skeletal muscle evidenced during fatiguing exercise in well-
trained individuals. It is speculated that the depressed 3-O-MFPase activity during
exercise may be due to structural and conformational changes caused by the
accumulation of ROS as shown for mouse cerebral Na*,K'-ATPase activity (Jamme et
al., 1995). However, the effects in skeletal muscle are unknown.

NAC is a non-specific antioxidant that scavenges ROS (Arouma et al., 1989) and it
seems likely that the attenuated decrease in Na',K'-ATPase activity with NAC may, in
part, be due to ROS scavenging. Vinnikova et al (1992) demonstrated in canine cardiac

sarcolemmal muscle that the 'O,-induced inhibitory effect on Na',K'-ATPase activity
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was prevented by histidine, a '0, scavenger, whereas superoxide dismutase (SOD),
catalase (CAT) and mannito]l had no effect on Na',K*-ATPase activity. Since SOD,
CAT and mannitol remove O,”, H,0O, and "OH, respectively, this might suggest that O,”,
H,0, and “OH do not inhibit the Na’ K'-ATPase enzyme. In contrast, others have
demonstrated that H,O, inhibited Na*"K'-ATPase activity in canine myocardium
sarcolemmal vesicles (Kukreja et al., 1990) and in guinea pig cardiac sarcolemma (Kim
and Akera, 1987). Further work is required to determine whether specific ROS inhibit
Na’ K'-ATPase activity in skeletal muscle.

Whether glutathione exerts a stabilising on skeletal muscle Na* K*-ATPase activity is not
known. However, reduced glutathione (GSH) acts as a substrate for glutathione peroxide,
which scavenges H,0O,. In the previous chapter an increased GSH availability was
demonstrated with NAC infusion in these subjects (Study 3 — Part I). Increased GSH
availability may have facilitated the intramuscular removal of H,O, during exercise and,
thus, help explain the attenuated percentage decline in Na* K -ATPase activity during
fatiguing exercise. Furthermore, NAC infusion resulted in a threefold increase in muscle
cysteine (Study 3 — Part I), which is also a ROS scavenger (Cotgreave, 1997). Increased
muscle glutathione and cysteine contents, together with increased muscle NAC, would
facilitate the removal of intramuscular ROS and might therefore protect the Na' K-
ATPase enzyme from their deleterious effects.

6.4.3 Functional implications of enhanced Na* K -ATPase activity with NAC

Both the A[K'] and the A[K']-to-work ratio during exercise were attenuated by NAC,
thus indicating enhanced K* regulation with NAC during exercise. This is consistent with
the findings of Study 2 using an identical exercise protocol, but differs with the effects of

NAC on K" regulation during intense exercise in Study 1. The effects of NAC on K’
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channels in skeletal muscle need to be explored in future studies to explain the different
effects of NAC on K™ regulation with the different exercise intensities studied.

Although arterialized-venous plasma [K'] only peaked at ~6.3 mM in this study, a much
greater increase in muscle interstitial [K'] is likely to have occurred (Nielsen et al.,
2004). An increase in interstitial [K'] and decrease in muscle intracellular [K'] would
reduce the intracellular-to-extracellular [K'] ratio. Together with the observed depression
in maximal Na",K'-ATPase activity, this may reduce membrane potential and impair
excitability in skeletal muscle (Nielsen et al., 2004). Numerous studies have reported
impaired muscle force development with interstitial [K'] increased to 10-14 mM (Cairns
et al.,, 1995; Clausen et al., 1993; Juel, 1988; Lannergren and Westerblad, 1986; Bouclin
et al., 1995). During human isometric exercise, compromised Na',K'-ATPase activity
was linked with impaired sarcolemmal excitability and muscle fatigue (Fowles et al.,
2002). Consequently, the enhanced plasma K' regulation and muscle Na',K'-ATPase
activity with NAC may also reflect improved muscle K* regulation, delay fatigue and
thereby contributed to the increased time to fatigue that was observed in this study.
Against this possibility, no significant correlation was found between any 3-O-MFPase
vaniable and time to fatigue. However, the use of correlational analysis with such a small
sample size, coupled with the typical variability in the 3-O-MFPase assay, is problematic
(Leppik et al., 2004). Moreover, it is well accepted that fatigue is a multifactorial
process and the lack of a significant correlation between Na',K'-ATPase and time to
fatigue may not necessarily reflect the contribution of Na",K*-ATPase and K" regulation
to fatigue.

6.4.4. Conclusions

In conclusion, NAC significantly attenuated the percentage decline in maximal Na*,K'-

ATPase activity during submaximal fatiguing exercise, which suggests that ROS play an
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important role in Na',K'-ATPase inactivation. The enhanced plasma K" regulation
observed during exercise with NAC is consistent with enhanced Na",K'-ATPase function
with NAC. This study, and results from the previous chapter, suggest enhanced muscle
K" regulation and glutathione availability contribute to the 26% increase in time to

fatigue during prolonged submaximal exercise in well-trained individuals.
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CHAPTER 7: GENERAL DISCUSSION

This thesis provides several novel findings regarding NAC and the role of ROS in muscle
fatigue during intense, intermittent and prolonged, submaximal exercise. Firstly, NAC
can be infused during voluntary exercise without severe adverse reactions (Studies 1-3).
Although there was no performance enhancement during high intensity exercise (Study
1), NAC effects during prolonged submaximal exercise were dependent upon the training
status of individuals (Study 2), and a 26% increase in time to fatigue was observed in
well-trainéd individuals (Study 3). During prolonged submaximal exercise increased
muscle cysteine and glutathione availability, as well as enhanced a Na',K'-ATPase
activity and K* regulation, were likely mechanisms.

7.1 Implementation of a modified infusion protocol: lack of serious adverse
reactions

This thesis utilised an NAC infusion protocol modified from previous studies (Reid et al.,
1994; Prescott et al., 1989). Although Reid et al., (1994) and Travaline et al., (1997)
respectively demonstrated attenuated skeletal muscle and diaphragm fatigue, with NAC
infusion in healthy individuals, the nature and incidence of adverse reactions to NAC in
these studies would preclude voluntary exercise. Although no adverse reactions were
reported with oral NAC (Sen et al., 1994), this approach is limited due to the low
bioavailability of NAC (Holdiness, 1991).

The most common adverse reaction was local swelling at the infusion site and erythema,
although erythema also occurred during some CON trials (Figure 7.1). In all 24 subjects
tested in this thesis, no severe adverse reactions were observed that required active

treatment. Of these 24 subjects, only one suffered moderate nausea during the pre-
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exercise infusion period, which upon cessation of the NAC infusion required no further
treatment.

The modified infusion protocol utilised in this thesis avoided the high concentrations of
plasma NAC and allowed healthy human volunteers to complete voluntary, whole body
exercise (Studies 1-3). Plasma [NAC] peaked at 305 mg.l” (Study 3), which is well
below the estimated values of 500 mg.l” predicted from Reid et al. (1994). Since adverse
reactions to NAC appear to follow a time course suggesting a dose dependent effect
(Reid et al., 1994; Figure 2.7), the likely reason for the absence of adverse reactions in
this thesis compared to other studies is the lower plasma [NAC]. Therefore, the modified
infusion protocol utilised in this study was free of severe adverse actions and did not

preclude voluntary, whole body exercise in these healthy human volunteers.

Figure 7.1 Incidence of mild adverse reactions during all experimental trials with NAC

and CON.
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7.2 N-acetylcysteine effects on performance

7.2.1 High intensity, intermittent exercise

NAC did not increase time to fatigue during high intensity, intermittent cycling exercise
in healthy untrained individuals. This is consistent with the lack of effect of intravenous
NAC on high frequency electrical stimulation of human tibialis anterior muscle (Reid et

al., 1994) and suggests that NAC does not confer an ergogenic effect during intense

exercise. There was no relationship between VOjypex and time to fatigue during
intermittent high intensity exercise.
7.2.2 Prolonged, submaximal exercise

The effects of NAC on prolonged, submaximal cycling exercise performance were
training status dependent. In Study 2, time to fatigue at 90% \'/ozpeak was significantly

correlated with \'/ozpcak, such that NAC increased time to fatigue by 95% in trained
individuals but decreased time to fatigue by 38% in untrained individuals. The
improvement in well-trained individuals was confirmed in Study 3 where it was

demonstrated that NAC increased time to fatigue by 26% in well-trained subjects. The

percentage change in time to fatigue relative to CON tended to be correlated to \.lozpeak
in all subjects that completed prolonged submaximal cycling exercise (n= 14; P=0.06;

Figure 7.2).
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Figure 7.2 Relationship demonstrating percentage change in time to fatigue at 90%

\'/Ozpeak during prolonged submaximal exercise with NAC relative to CON during

prolonged, submaximal exercise (y = 2.6098x — 126.51; r = 0.504; P = 0.06; n = 14).
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7.3 N-acetylcysteine effects on muscle and blood thiols.

This thesis demonstrated an increased NAC content in skeletal muscle and [NAC] in
RBC with NAC infusion during exercise in healthy individuals. This may allow NAC to
exert intracellular effects. An increase in intracellular NAC would also provide increased
antioxidant protection within the skeletal muscle, as NAC is a potent ROS scavenger
(Arouma et al., 1989). Furthermore, NAC is rapidly deacetylated to cysteine, which also
exhibits ROS scavenger properties (Cotgreave, 1997). Since NAC increased muscle CY'S
and cystine by up to 3 fold during NAC trials, with no change during CON trials (Study
3), also supports the rapid deaceteylation of NAC.

Cysteine can be actively transported into cells (Bannai, 1986) and increased intracellular

CYS availability increases intracellular GSH (Sen et al., 1992). NAC increased cysteine
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in each of muscle, plasma, blood and RBC and is therefore a likely mechanism
explaining increased muscle TGSH and GSH content during prolonged, submaximal
exercise. Several studies demonstrate a critical role for glutathione during exercise
performance (Novelli et al., 1991; Cazzulani et al., 1991; Lan.ds et al., 19999; Sen et al.,
19994). The results from Studies 2 and 3 support these earlier findings.

Findings from these experiments also suggest that the. effects of NAC on blood
glutathione are also training status- and intensity-dependent. NAC attenuated the decline
in blood GSH and increase in GSSG during high intensity, intermittent exercise (Study
1), but there was no effect during prolonged, submaximal exercise (Study 3). However,
it is difficult to directly compare these results due to the different training status of
subjects.  Furthermore, since an increased exercise intensity also increased blood
glutathione oxidation (Sastre et al., 1992) and ROS production (Bailey et al., 2003), this
is also a likely explanation why NAC affected blood thiol status during high intensity,
intermittent (Study 1) but not during prolonged, submaximal exercise (Study 3).

7.4 N-acetylcysteine effects on K regulation.

In all studies, plasma [K'] increased above pre-exercise values during exercise, but there
was no effect of NAC. Surprisingly, this thesis found that NAC impaired plasma K*
regulation during high, intensity exercise (Study 1), but improved it during prolonged,
submaximal exercise (Study 3), as evidenced by a reduced A[K'] and/or an increased
A[K"]-to-work ratio. Enhanced K* regulation during prolonged submaximal exercise in
part may be due to NAC attenuating the decrease in skeletal muscle Na',K'-ATPase
activity (Study 3 — Part II). Animal models demonstrate that ROS deleteriously affects
Na",K'ATPase activity (Kukreja et al. 1990; Sen et al. 1995). Hence, ROS scavenging by
NAC (Arouma et al., 1989) may attenuate any ROS-induced inhibition of Na' K'-

ATPase activity in well-trained subjects, resulting in improved muscle K" regulation.
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CHAPTER 8: CONCLUSIONS
A number of exciting conclusions can be drawn from the results of this thesis. Firstly,
NAC can be infused without antihistamine pre-treatment, did not induce any serious
adverse reactions and does not preclude voluntary whole body exercise in healthy
humans (Studies 1-3).
There was no effect of NAC on time to fatigue during high intensity intermittent

exercise in untrained subjects (Study 1). NAC effects on performance during prolonged,

submaximal exercise are \'lozpeak dependent (Study 2). The 26% increase in time to
fatigue during prolonged, submaximal exercise (Study 3) demonstrated a marked effect
on endurance performance in well-trained individuals.

The effects of exercise on blood glutathione were dependent upon exercise intensity.
Intermittent high intensity exercise decreased GSH and increased GSSG, whereas there
was no effect on blood glutathione status during prolonged submaximal exercise.
Interestingly, NAC enhanced blood glutathione status during high intensity, intermittent
(Study 1), but not prolonged submaximal (Study 3), exercise, with the exact mechanism
unclear. NAC infusion increased NAC, cysteine and cystine concentrations in each of
blood, plasma and RBC during both high intensity and prolonged cycling exercise.

NAC infusion significantly increased skeletal muscle NAC. NAC also increased muscle
TGSH and GSH availability during prolonged submaximal exercise (Study 3) and this
was most likely due to increased muscle cysteine availability. The increase in skeletal
muscle NAC, cysteine, TGSH and GSH was a likely mechanism for the increased time
to fatigue in well-trained individuals.

NAC impaired plasma K  regulation, as evidenced by an increased plasma A[K"]-to-
work ratio during high intensity, exercise (Study 1). Conversely, NAC enhanced plasma

K" regulation during prolonged submaximal exercise (Studies 2 and 3). Prolonged
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submaximal exercise decreased in skeletal muscle in well-trained individuals. The
percentage change in maximal Na',K'-ATPase activity was attenuated by NAC. This
suggests that ROS may play a role in decreased Na',K'-ATPase activity during

prolonged submaximal exercise in well trained individuals and may also contribute to

fatigue (Study 3).
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CHAPTER 9: DIRECTIONS FOR FUTURE RESEARCH
Although NAC increased time to fatigue in well-trained individuals during prolonged,
submaximal exercise, these results should not encourage the use of NAC as an ergogenic
aid exercise. Presumably, increasing the dose of NAC increases the antioxidant
protection of this drug but this may also result in an increased incidence of adverse
reactions and thus preclude its safe use in v_oluntary whole-body exercise. Rather, the
modified NAC infusion protocol further extends the potential use of NAC as an
experimental tool to investigate the effects of ROS and glutathione on muscle
performance, with no requirement for subjects to be pre-treated with antihistamines.
There was no effect of NAC on performance during high, intensity exercise in untrained
individuals (Study 1). As demonstrated in Study 2, the effects of NAC are training status
dependent. Whether NAC improves high, intensity exercise in well-trained individuals
should be investigated in future studies, as well as the effect of skeletal muscle fibre
type.
Although the results of this thesis demonstrate that NAC augments time to fatigue in
trained individuals during prolonged exercise, the precise mechanism(s) for this increase
remain to be elucidated. As the mitochondria is a primary source of ROS, investigating
the effects of NAC on mitochondrial function and isolated muscle fibres in vitro may
further our understanding the potential mechanisms by which NAC improves
performance.
NAC infusion also increased muscle NAC content, but the transport of NAC into the
muscle cell was not investigated and remains to be elucidated. NAC increased muscle
TGSH and GSH availability during prolonged submaximal exercise (Study 3), with

increased NAC and CYS a likely mechanism. A paucity of data on muscle glutathione
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during exercise remains and further studies are required to expand our knowledge on the
role of muscle glutathione on muscle function during human exercise.

NAC scavenges a number of ROS in vitro (Arouma et al., 1989), but there are no such
studies that have been completed in vivo. This needs to be elucidated in future studies as
it will further our understanding of the mechanisms responsible for the benefits of NAC
on increased time to fatigue during prolonged, submaximal exercise. Furthermore,
whether NAC has any effect on endogenous antioxidant enzymes, including SOD, CAT,
GPX and GR, should be investigated in future studies.

The effects of ROS on SR Ca**-ATPase and Ca*" release are well documented (section
2.2.3.1 and 2.2.3.2), but the effects on human skeletal muscle are relatively unknown.
Furthermore, SR Ca** regulation is sensitive to glutathione modulation (Lamb et al.,
2003). Since NAC increased glutathione availability during exercise (Study 3), it may be
possible that SR Ca®* regulation may be enhanced with NAC infusion.

Further research is also required to elucidate the mechanism as to why NAC attenuated
the decrease in percentage change from pre-infusion in skeletal muscle Na*,K'-ATPase
activity. This may include investigating specific isoform expressions and mRNA levels.
Since NAC enhanced K" regulation during exercise in well-trained individuals it would
also be worthy to investigate whether NAC affects muscle K" content, resting membrane

potential and K channels, as well as muscle blood flow during exercise.
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Abstract:

Objective: We aimed to determine the pharmacokinetics (PK) of N-acetylcysteine
(NAC) at rest and during exercise when given by continuous intravenous infusion
intended to maintain relatively constant plasma concentrations.

Methods. Plasma concentrations of NAC were measured in 24 healthy male subjects
during and after a two-stage intravenous infusion designed to provide constant NAC
concentrations during cycling exercise, including intense exercise to fatigue.

Results: A three compartment open PK model was the best fit using population PK
analysis with NONMEM. Whole body clearance (CL) was 0.58 Lkg'.h"' (95% c.i. 0.44-
0.72) for reduced NAC (NACR) and 0.16 (0.13-0.20) 1kg".h™ for total NAC (NACT).
The central volume of distribution (V1) was 0.064 (0.008-0.12) L.kg" for NACR and
0.037 (0.02-0.06) 1.kg" for NACT. Exercise was a significant covariate in the model
resulting in 25% and 23% reduction in CL of NACR and NACT respectively. V1 in our
subjects was smaller than expected, resulting in higher than anticipated initial
concentrations of NAC. Despite these findings, the incidence of adverse effects
attributable to NAC was minimal, without using prophylactic or concomitant drug
therapy.

Conclusions: NAC can be given to healthy exercising men by intravenous infusion and
to the plasma concentrations seen in this study with minimal adverse effects due to the
drug. The PK parameters of NAC at rest in volunteers are consistent with previously
reported values and are

significantly altered by vigorous cycling exercise.
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Introduction:

Antioxidant compounds have been used in many investigations of skeletal muscle
fatigue. The use of N-acetylcysteine (NAC) to attenuate muscle fatigue in humans was
first reported by Reid et al [1] who also observed a number of significant adverse effects
attributable to the drug. We have recently reported the effects of NAC on exercise and
blood redox status [2,3,4] during short term intense, and prolonged cycling exercise in
healthy men. In those studies we aimed to infuse NAC to achieve a relatively constant
plasma concentration assuming that if the effects of NAC were concentration-dependent
the effects should also be relatively constant during the exercise phases. The target
plasma concentration of NAC was chosen based on available data from published
studies. In particular we were assisted by the report of adverse effects [1] in a study
which showed that the reactions to NAC infusion showed a steady increase in incidence
during infusion at a constant rate over one hour.

A limited number of pharmacokinetic studies have been published in which the NAC
was given by intravenous infusion. Borgstrom et al. [5] infused 600 mg of NAC over 5
min, approximating a bolus dose, and observed rapidly changing plasma concentrations.
Olsson et al. [6] gave 200 mg intravenously, also as a bolus, and measured both total and
reduced NAC over 12 h in healthy subjects. This was the first report distinguishing the
differing pharmacokinetics of NAC in both the reduced form and as total NAC. Prescott
¢t al [7] determined the pharmacokinetics of intravenous NAC in patients with
paracetamol overdose. Although not all authors reported adverse effects during the use
of NAC, those that did generally related their occurrence to higher concentrations, or to
times when the higher concentration would be expected [1,8,9]. The most common
adverse effects, sometimes termed “anaphylactoid” include flushing, urticaria,

bronchospasm, pruritis, angioedema and nausea and vomiting. On the assumption that
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histamine release may underlie some of these effects, the use of antihistamines has been
recommended, though we planned to avoid concomitant drug administration, choosing
to treat adverse effects if and as they occurred. We had three main aims in this study.
Firstly to design an infusion protocol which would achieve relatively constant plasma
NAC concentrations during the exercise phase while avoiding adverse effects; secondly
to determine the pharmacokinetics of both reduced and total N-acetylcysteine in our
subjects at rest and during exercise; and thirdly to either confirm our original protocol or
revise it based on the pharmacokinetic analysis.

Methods:

The overall study design has been published previously [2,3,4]. Twenty four male
subjects (age: 23.5 (4.5) mean (S.D.) yr; body mass: 77.7 (9.9) kg; height: 179.1 (4.7)
cm volunteered for the study after being informed of all known risks and giving written
informed consent. Subjects refrained from vigorous activity and avoided ingesting
alcohol, caffeine or other drugs in the 24 h before the studies. They were required to
have no history of asthma, bronchospasm or atopy, no previous exposure to NAC and
not to be taking medication at the time of the study. Females were specifically excluded
from the studies with NAC. Eight subjects participated in a study of the effects of

intermittent high intensity exercise comprising three bouts of 45 s followed by a final

bout to fatigue, each bout at a power output corresponding to 130% of \'/'Ozpeak as

detailed previously [2]. Sixteen other subjects took part in studies of lower intensity but
more prolonged exercise comprising 45 min at 70% {/Ozpeak then to fatigue at 90%

VOopeak [3,4]. The protocol complies with the World Medical Association Declarations
of Helsinki and revisions (2002) regarding ethical principles for medical research
involving human subjects. Approval for the studies was obtained from the Victoria

University of Technology Human Research Ethics Committee.
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Design of the infusion protocol:

The aim was to achieve a target plasma concentration of NAC sufficient to achieve 2
pharmacological effect while avoiding concentration-dependent adverse effects. Based
on published data it was assumed that there is a plasma concentration of NAC below
which adverse effects are absent or minimal, and above which frequency is either dose-
or concentration-dependent. The time course of cumulative adverse effects during a one
hour constant rate infusion of NAC [1] are consistent with the time course of predicted
plasma concentrations. Using pharmacokinetic data derived from prolonged NAC
infusions in overdose patients [7] we simulated plasma NAC concentrations for the
previously reported studies [1,5,6,8,9]. On the basis of this model we estimated that
Reid’s [1] subjects could have been expected to have plasma NAC concentrations below
100 mgl™" for the first 15 min of the infusion used. Thereafter, we estimated that the
NAC concentration would eventually exceed 100 mg.]”, peaking at approximately 350
mg.l" by 60 min.

The avoidance of adverse effects has to be counterbalanced by the need to achieve drug
concentrations that would be expected to be effective in terms of the experimental
outcomes. Unfortunately, there are no data on the minimally effective concentrations of
NAC in experimental studies of muscle fatigue in intact humans. We therefore chose a
target of 100 mg.l' as being sufficient to avoid adverse effects and having the
expectation of pharmacological effectiveness.

The general theory and method of rapidly achieving and maintaining a desired plasma
concentration of a drug by the use of consecutive constant rate infusions has been
described [10,11]. An initial infusion is given to achieve the target concentration
quickly, with or without some overshoot depending on the rate and duration of the

infusion. One or more subsequent infusions are used to maintain a relatively constant
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plasma concentration. Estimates of pharmacokinetic parameters are required for this
method,and we used the same parameter set as for our simulations. With linear
pharmacokinetic models, plasma drug concentrations following any input are a function
of the input and disposition functions [12]. That is, a pharmacokinetic model derived
from plasma concentration-time data will be independent of the input apart from scaling.
Using simulations based on our PK model we designed an infusion protocol of two
consecutive constant rate infusions, the first of 125 mgkg ' .h™ for 15 min followed by
25 mg.kg'l.h'1 with the subjects at rest for 35 min, thereafter continuing the infusion
during exercise until this phase was terminated by subject fatigue [2,3,4]. N-
acetylcysteine (Parvolex®, Faulding Pharmaceuticals) was diluted with 0.9% Sodium
Chloride Injection to a concentration of either 80 or 120 mgml"'. The solution was
infused into a forearm vein via a 22-gauge canula (Terumo) using a syringe pump
(Graseby 3400, Graseby Medical, Watford, UK) programmed to deliver the two
infusions sequentially. The infusion site was chosen to allow the subject to have
relatively free use of both arms and to enable constant inspection of the infusion site for
local drug related effects. Each subject acted as his own control by receiving on a
separate occasion 0.9% Sodium Chloride Injection infusion at the same rate in the
placebo phase of the study. A different vein was used on each occasion.

Arterialised venous blood [2] was withdrawn from the contralateral arm for
determination of the concentrations of total and reduced thiols, plasma haemoglobin
concentration, haematocrit and plasma concentrations of K, Na', CI" and Ca'" ions. In
each subject samples were taken before commencing the NAC infusion and then at 1, 2,
3, 10, 15, 25 and 35 min. In the intense exercise group, samples were taken at the
beginning and end of each 45 s bout, and at fatigue. Post fatigue samples were taken at

1,2, 5,10, 30, 60, 120 and 240 min. In the prolonged exercise group, samples were
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taken each 15 min during exercise and at fatigue. Post fatigue sampling was as for the
previous study. Blood processing and analysis for total and reduced thiols have been
detailed previously [2].

Stability and form of the infused NAC solution.

There are no data available on the relative amounts of NAC in the reduced or oxidized
forms as infused, or on the stability of these over time. This was determined by diluting
the Parvolex® to 120 mg.ml™ and storing the solution at room temperature for up to 120
min. At times 0, 30, 60 and 120 min an aliquot was further diluted in phosphate buffered
saline and 10 samples of each were immediately assayed for both reduced and total NAC
using the method employed for the analysis of plasma. Difference between batches was
tested using analysis of variance.

Pharmacokinetic Analysis:

Concentration-time data for both reduced NAC (NACR) and total NAC (NACT) were
modelled using the nonlinear mixed effects program NONMEM [13]. The
pharmacokinetics of NACR and NACT were modelled separately, and since the drug
input was virtually entirely in the reduced form (Figure 1), the same input data were
used for each analysis. We estimated population PK parameters with NONMEM.
Although a pooled data approach could be used, particularly with subject groups with
similar physical characteristics, the population method allows estimation of both
between- and within-subject variability. This method assumes that there is a typical
population value for each parameter and that each individual subject has a parameter
value which differs from the population value by the between subject variability which
can be estimated. Structural PK models were fitted to the concentration-time data using
individual values and all data were weighted equally. Both two and three compartment

models were fitted to the data. The effect of addition or removal of a parameter was
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tested by the change in the reduction in the NONMEM objective function (-2 x log

likelihood). Covariates such as exercise, {/Oz, {/Ozpeak and age were added to the model
or removed according to the reduction in the objective function. A reduction of the
objective function by 4 or more with inclusion was accepted as an improved fit.
Between-subject variability was modelled as an exponential error model.

6; = TVB; eexp(1;) )
in which 6; is the value of the parameter 0 in the ith subject, TV is the typical or mean
population value of this parameter and #; is a random variable with mean zero and
variance w,,z :
The remaining variability, which includes within subject variability and measurement
errors, was modelled using a proportional error model

Cmeas;; = Cpred;e(1 + ;) (2)
where Cmeas;; is the jth measured concentration in the ith individual, Cpred; is the
mode] prediction for that value and ¢;; is a random variable with mean zero and variance
6. NONMEM can provide estimates for the typical population parameter values, the
between individual variances and the within individual variances. The NONMEM
subroutines ADVAN3 and and ADVAN 11 with TRANS4 were used for building two
and three compartment models respectively. This reparameterisation allowed the model
parameters to be included as volumes of distribution, whole body clearance and
intercompartmental clearances. The NONMEM first order conditional estimates method
(FOCE) was used.
Further information on the accuracy of a model can be obtained by calculating the
median weighted residuals (MWR) and the median absolute weighted residuals

(MAWR) as:

MWR = median [(Cmeas; - Cpred;j) / Cpred;] (3)
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MAWR= median {ABS[(Cmeas;; - Cpred;j) / Cpred;]} (4)

with MWR as a measure of bias and MAWR as a measure of precision.

Results are presented as the typical population values for the PK parameters with their
between subject variability. Body weight was not used as a covariate since all drug was
infused on a per kg body weight basis. Weight was included in the model as a scaling
factor. As a covariate, the effect of exercise on parameters was examined both as a two
point proportional effect between the two levels of high intensity and the lesser
prolonged intensity [2,3,4] and also as a single additive effect.

Results:

Stability and form of the infused NAC solution.

As infused, the NAC in solution was almost entirely in the reduced form with the mean
value in the 40 samples being 96.5 (6.8)%. The change of NAC in the reduced form
measured over time are shown in Figure 1. There was no significant change between

samples with time; p=0.57.
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Figure 1. Stability of reduced N-acetylcysteine after dilution of the Parvolex® to 120
mg.ml™ with saline and storage in a syringe at room temperature for the time shown.

Each bar shows the percent of the N-acetylcysteine in the reduced form and is the

mean(SD) of ten samples.
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Pharmacokinetic analysis.
Both total and reduced NAC‘ concentration-time data were best fitted to three
compartment open models with covariate effects. The final parameter estimates obtained
from the NONMEM analysis are shown in Table 1. The only significantly influential
covariate in either model was exercise. This was modelled as an additive effect since
including exercise in the model as a graded variable did not improve the fit as
determined by the objective function. For clearance, exercise was modelled as:

TVCL =0, + 05 * exer (5)
Where TVCL is the population estimate for clearance, 6, and s are parameters to be
estimated and exer is an indicator variable which is 1 during exercise and zero
otherwise.
Clearance (CL) of NACT was reduced by 23.2% (6.1 — 40.3) mean (95% confidence
limits) during exercise. The clearance of NACR was also reduced during exercise 24.7%
(11.1 = 38.2). The small influence of exercise on the central volume of distribution (V1)

for NACT was not significant, with the confidence limits including zero. The other

covariates {102, \./Ozpeak and age did not significantly influence the PK parameter
estimates.

Considerable improvements in both MWR and MAWR were seen with the three
compartment model as compared with the simpler model. For NACR, MWR was
reduced from 17.7% to -8.1% and MAWR was reduced from 47.6% to 27.5%.
Improvements of similar magnitude were

seen with NACT.



Pharmacokinetic and model parameters
Total N-acetylcysteine

Model parameter value °%CV
CL (whole body clearance) 0, _. (exer*0.038) 10.7
Q2 (intercompartmental clearance) 0, 23.9
Q3 (intercompartmental clearance) 0; 10.9
V1 (central distribution volume) 04 31.2
V2 (peripheral distribution volume) O 10.3
V3 (peripheral distribution volume) ¢ 21.8
Parameter estimates value SE
0, 0.164 1" kg' b’ 0.018
0, 0.123 I''kg'n* 0.014
0 043 1'kg'h' 0.013
04 0.037 1" kg 0.009
0 021 1'kg' 0.022
0 0.035 1" kg’ 0.008
0, -0.038 I'kg'h’ 0.014
Within individual variability  19.6%
MWR 4.18%
MAWR 24.5%

Reduced N-acetylcysteine
Model parameter value %CV
CL (whole body clearance) 0,.. (exer*0.14) 12.3
Q2 (intercompartmental clearance) 0, 46.2
Q3 (intercompartmental clearance) 0, 19.5
V1 (central distribution volume) 0,4 44.0
V2 (peripheral distribution volume) 05 23.8
V3 (peripheral distribution volume) O 16.8
Parameter estimates value SE
6 0.58 1" kg'h' 0.07
0 1.01 I"kg"h! 0.46
03 0.063 1'kg'h' 0.012
04 0.064 1" kg 0.028
0 0.125 1'kg" 0.03
B 0.14 1'kg' 0.023
6, 0.14  1'kg'n! 0.039
Within individual variability — 24.3%
MWR -8.1%
MAWR 27.5%
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Table 1. Population pharmacokinetic and model parameters for reduced and total N-

acetylcysteine from 24 subjects. Within and between individual variability are given as CV%.

Exer is an indicator variable; exer = 1 during exercise and exer = 0 otherwise.
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Drug concentrations and time course:

In all subjects, peak plasma concentrations were seen at the termination of the initial
Joading infusion (125 mg.kg'l.h'l for 15 min). The mean peak concentration of NACR
was 105.1 (31.1) mg.l™" (mean (S.D.)) and for NACT was 205.1 (68.3) mgl"'. The
highest concentrations seen in all subjects were 181.9 and 310.5 mgl" respectively.
Following the first infusion, plasma concentrations fell rapidly and reached a relatively
stable plateau within 15 — 20 min during the second infusion (25 mgkg”’ h™)
maintaining concentrations of more than 50 mg."! for NACR and more than 150mg.1"
for NACT (Figure 2). During the exercise phase, there was a transient rise in plasma
NAC concentration in all subjects. Following the termination of the longer drug

infusion, plasma concentrations declined approximately exponentially.
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Figure 2. Plasma concentrations of N-acetylcysteine: reduced (NACR) and total
(NACT). The upper plot shows the data from Study 1 (high intensity, N = 8) and the
lower from Studies 2 and 3 (prolonged, N = 16) exercise. Each point is the mean with
$.D. The NAC infusions are shown as hatched areas proportional to the infusion rate. F
is the time of fatigue. Duration of exercise (not shown) was 11.4(1.5) min for Study 1

and 62.5(8.1) min for Studies 2 and 3.



None mild moderate severe None mild moderate severe

Incidence of adverse reactions.

Type of Reaction and Severity

NAC

saline control

Type
Nausea/vomiting
Local erythema
Local edema
Flushing
Rash
Coughing

Bronchospasm

14

10

20

22

23

24

10

14

23

17

24

23

22

23

24

1 0
7 0
0 0
1 0
2 0
1 0
0 0

245

Table 2. Adverse effects to both NAC and saline in the 24 subjects. Effects have been

graded into mild, moderate or severe. Mild and moderate did not require interruption of

the protocol or treatment. There were no severe adverse effects seen which would have

required intervention or stopping the infusion. Each subject received NAC and saline on

different occasions.
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Discussion:

Our original intention to eyaluate an infusion protocol for NAC suitable for use in high
intensity and/or prolonged lower intensity exercise has been achieved with the additional
benefit of ‘deriving PK data for the intra-infusion and immediate post-infusion periods.
The data originally chosen for use as the basis for designing an infusion protocol was
taken from a study of the pharmacokinetics of NACT in the treatment of paracetamol
overdose [7]. Since the drug was infused in the reduced form and measured as both the
reduced and total NAC it was possible to derive PK data for both forms of the drug.
Total NAC is not a single species, but is a mixture of oxidized and reduced dimers and
monomers. For the PK analysis we considered the NACT as an entity since NACT was
determined after back reduction of the oxidized species [2].

For NACR we estimated CL to be 0.58 lkgl.h compared to 0.84 Lkg'.h™' [6]. The
three-compartment fit gave half-lives of 1.3 min, 15.9 min and 101.6 min, compared to
8.74 and 117 min [6]. The value we found for NACT clearance was 0.164 L.kg'.h"
compared to the previously reported values of 0.11[6] and 0.191[7]. The three half lives
for NACT were 1.5 min, 11.6 min and 132 min. The latter two half lives are consistent
with previous results [6]. We failed to find a longer terminal half life for either species,
and we consider that this is probably due to our short post-infusion observation period. It
is possible that the inclusion of more data from the elimination phase post-infusion could
have resulted in defining this parameter. However, our aim was to obtain data for use
during drug infusion, and as with any model, it is strictly applicable only to the subjects
and circumstances under which the data were obtained. The finding that both species
have very short initial half lives of 1 to 2 min may indicate rapid uptake or redistribution

into well perfused tissues, including lung.
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We infused a mean total amount of 4473 mg in our subjects and obtained mean peak
concentrations of 105.1 mgl" for NACR and 205.1 mg.l" for NACT, this compares
with a 200 mg intravenous bolus achieving corresponding concentrations of 12.2 and
19.7 mg.l'1 [6]. Despite these marked differences in mode of administration and dose, the
comparable values obtained for the PK parameters are consistent with the
pharmacokinetics of NAC being essentially linear over a wide range and that
comparable plasma concentrations within this range should be achievable by scaling
dosage and infusion rates between subjects.

Changes during exercise:

The clearances of both NACR and NACT were reduced during exercise. The
mechanism, although unclear, may be related at least in part to changes in hepatic blood
flow. Hepatosplanchnic blood flow measured using indocyanine green is reduced by

more than 50% from resting values during cycling exercise of greater intensity than 70%

\./OZmax and under conditions comparable to this study [14,15]. We found the clearance

of both NACR and NACT to be reduced about 20% by exercise at 70% and 90%

\./Ozpeak which is less than the expected reduction in hepatic blood flow. Approximately
70% of NAC clearance is non-renal [5], and if most of this is hepatic an estimate of
hepatic extraction ratio can be made. In our average 78 kg subject, assuming hepatic
plasma flow of 880 ml.min™ at rest, extraction ratios of 0.6 and 0.17 can be estimated for
NACR and NACT respectively. The latter value is consistent with the estimate of 0.26
[5] based on a smaller estimate of hepatic plasma flow. During vigorous exercise, the
reduction of hepatic blood flow would be expected to have a greater effect on the more
highly cleared NACR than on NACT [11]. The relatively small reduction is consistent
with an increase in extrahepatic clearance of NACR during exercise. We have recently

examined the effects of NAC infusion on skeletal muscle NAC and glutathione status
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during exercise [4]. Our observations support the intramuscular action of NAC as
evidenced by both an increase in muscle NAC content, and also elevated total and
reduced muscle glutathione during exercise. We are unable to evaluate the contribution
of these effects to the whole body clearance of NAC.

Infusion protocol:

The intention of using the original infusion protocol was to achieve a target
concentration by means of a constant rate loading infusion and to maintain this target by
means of a second constant rate infusion with NACT being the marker drug. The NAC
concentrations were considerably higher than expected during the initial loading
infusion. This is due almost certainly to our overestimating the value chosen for the
initial volume of distribution. The original estimate derived from published data [7] was
fora V1 of0.283 Lkg" and a CL of 0.191 1.kg™ .h™"; the final PK estimates of 0.037 L.kg
and 0.164 1kg'h' indicated that we were close with the clearance estimate but
markedly overestimated V1 giving NACT concentrations over our intended target of 100
mg.1". For future use of this infusion technique, reducing the rate of the loading infusion
should proportionately reduce the target overshoot. A useful outcome of these results is
that despite the higher than expected NAC concentrations, there were minimal adverse
effects of the drug seen (Table 2) as previously reported [2,3,4], although our data
demonstrate that adverse effects graded ‘mild’ were more than twice as common in the
NAC phase as compared with the control. It is probable that our small cohort of healthy
males do not represent an adequate sample from which to extrapolate, particularly given
our selection criteria which were intended to exclude subjects considered to be at
increased risk of adverse effects. However we consider that we have achieved a
reasonably safe and reproducible method of administering NAC for exercise and related

studies. In conclusion, we have estimated the PK of both reduced and total NAC at rest
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and during vigorous exercise. The plasma concentrations achieved were sufficient to
cause pharmacological effects [2,3,4] without causing severe adverse effects due to the

drug. We have also shown that exercise has major effects on the pharmacokinetics of

NAC.
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APPENDIX 2:

SUBJECT INFORMED CONSENT FORM STUDY 1
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Victoria University of Technology

PO Box 14428 Telephone: meIA 3
MELBOURNE CITY MC VIC 8001 (03) 9688 4432 JIVE _
Australia Facsimile: u"mm“
(03) 9688 4891 s “
- =
-4
¥ L~
School of Human Movement, Recreation and o
Performance S

Footscrav Park Campus

INFORMATION TO PARTICIPANTS:

We would like to invite you to be a part of a study into the causes of muscle fatigue
during exercise. The study aims to determine whether giving an “anti-oxidant”
improves your exercise performance. Full details are given on the subject information

sheet.

CERTIFICATION BY SUBJECT
L

of

certify that I am at least 17 years old* and that I am voluntarily giving my consent to
participate in the experiment entitled:

“The effects of antioxidants on skeletal muscle fatigue and ion regulation during
exercise”

being conducted at Victoria University of Technology by:

Dr Michael McKenna, Dr Malcolm Brown, Dr. Andrew Bjorksten and Ivan Medved
Departments of Human Movement, Recreation and Performance, Victoria University of
Technology; Anaesthesia, Austin and Repatriation Medical Centre; Anaesthesia, Royal
Melbourne Hospital.

I certify that the objectives of the experiment, together with any risks to me associated
with the procedures listed hereunder to be carried out in the experiment, have been fully
explained to me by:

and that I freely consent to participation involving the use on me of these procedures.

Procedures:

1. VO, peak test 4. Infusion of saline

2, Intermittent, high intensity exercise test 5. Catheterisation and blood sampling
3. Infusion of N-acetyl cysteine

I certify that 1 have had the opportunity to have any questions answered apd that 1
understand that I can withdraw from this experiment at any time and that this withdrawal

will not jeopardise me in any way.
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I have been informed that the information I provide will be kept confidential.

Signed: e, }

Witness other than the experimenter: } Date: oo

Any queries about your participation in this project may be directed to the researcher
(Dr. Michael McKenna ph. W: (03) 9688 4499; H (03) —) If you have any
queries or complaints about the way you have been treated, you may contact the
Secretary, University Human Research Ethics Committee, Victoria University of

Technology, PO Box 14428 MCMC, Melboume, 8001 (telephone no: 03-9688 4710).
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Victoria University of Technology VICTORIA °©
PO Box 14428 Telephone: : Y
MELBOURNE CITY MC VIC 8001 (03) 9688 4432 - UNIVERSITY
Australia Facsimiie: ] “
(03) 9688 4891 ' &
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School of Human Movement, Recreation and e
-

Performance
Footscrav Park Campus

SUBJECT INFORMATION SHEET

The effects of anti-oxidants on skeletal muscle fatigue and ion regulation during
exercise.

Investigators:
Dr Michael McKenna and Ivan Medved (Masters student)

Department of Human Movement, Recreation and Performance, Victoria University of
Technology;

Dr Malcolm Brown, Department of Anaesthesia, Austin and Repatriation Medical
Centre, Heidelberg.

Dr Andrew Bjorksten, Department of Anaesthesia, Royal Melbourne Hospital.

Aims of the study:
Your muscles normally get energy by breaking down oxygen. However, during this

process, some of this oxygen forms compounds that are highly reactive and believed to
impair normal muscular function. This study investigates whether these reactive oxygen
compounds contribute to muscle fatigue, by giving an “anti-oxidant” compound, N-
acetyl cysteine (NAC), which prevents the build up of these reactive oxygen compounds.
A secondary aim is to see whether these compounds affect changes in potassium in the
blood during exercise. Through this study we hope to provide a better understanding of
the causes of fatigue of your muscles during exercise.

Subject participation:

As a volunteer, you are free to withdraw from the study at any time, without any adverse
effects or reactions.

Overview

You will be required to attend the Exercise Physiology Laboratory (Room L305,
Building L, Victoria University of Technology-Footscray campus) on six occasions,
separated by a 1-week period. During first visit you will be asked to complete a test on a
cycle ergometer, to measure your fitness level (VO;peak). This lasts for approximately
12-15 minutes. During the next three tests you will be asked to complete the exercise
protocol that is outlined below. On your final two visits to the laboratory a qualified
medical practitioner will infuse a fluid containing either NAC or saline into your arm
and you will again perform the exercise test. Blood samples will also be taken during
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these two Vvisits by the method outlined below. Details of all procedures are given in the
sections below. :

Exercise testing procedures:

Test session #1. During your visit to the Laboratory, we will take several measurements
of your body dimensions, including weight and height. You will then perform an
incremental exercise test on a bicycle ergometer. This test involves continuous exercise
with the exercise intensity (effort) becoming progressively greater. The test is
completed when you have reached volitional exhaustion (wish to stop), or unless we stop
the test due to you having an abnormal response to exercise. We will closely monitor
you and your heart’s electrical activity (ECG) during exercise to ensure your safety.

Test session #2. This session will be to familiarise you with the experimental trial. You
will be required to complete four bouts of high intensity exercise on a cycle ergometer.
The first three exercise bouts will last for 45 seconds, with 135 seconds of recovery. The
fourth and final exercise bout will involve you cycling to volitional fatigue (until you
can go no further).

Test session #3 & #4. These tests will be repeats of the protocol in the previous visit and
used to determine how variable your exercise performance is.

Test sessions #5 & #6. The remaining two trials will be the experimental trials. During
these two visits you will be required to complete the same exercise described above.
During this time either N-acetyl cysteine (NAC), or a placebo (saline) solution will be
infused into your arm. The order in which these are given to you will not be revealed
until after completion of the experiment, to minimise any bias. Blood sampling (see
below) will also be completed during these trials. You will also be requested to return to
the laboratory at 4, 6 and 24 hours post-exercise. During each of these times a single
blood sample will be taken.

Catheterisation and Blood Sampling

At specific intervals throughout the experimental trials a small blood sample will be
taken via a catheter placed into a vein in the back of your hand. The catheter consists of
a needle and teflon tubing. The tubing is fed over the top of the needle (which has
punctured the vein) and into the vein. The needle is then withdrawn, leaving only the
teflon tubing in your vein for the remainder of the experiment. A tap (stopcock) is
placed into the tubing so that blood samples can be drawn from the catheter at specific
times. This procedure allows the taking of multiple blood samples without the need for
multiple venepunctures (puncturing of the vein).

Each time a blood sample is taken, a small volume (1-2ml) of sterile heparinised saline
will be injected to clear the catheter and keep it patent. Catheterisation of subjects can
cause slight discomfort and can lead to bruising and infection. However, the use of
sterile, disposable catheters, syringes, swabs etc. will markedly reduce the possibility of
infection caused by the catheterisation procedure. The use of qualified and experienced
staff will reduce the likelihood of bruising as this is primarily caused by poor
venepuncture techniques. Although the possibility of infection and significant bruising
1s quite small, if by chance it does eventuate, inform us immediately and then consult
your doctor, No more than 160ml. of blood will be withdrawn during each of the two
experimental trials. For comparison, the normal donation at the Blood Bank is 400 ml.
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What is N-acetyl cysteine and how will it be given?

ATacetyl cysteine (NAC) is a compound that neutralises reactive oxygen compounds. It
is used for a number of clinical situations, including treatment of paracetamol overdose.
N-acetyl cysteine will be infused into a vein in your arm. The infusion protocol that we
will employ will elevate NAC in your blood to a steady concentration much lower than
that used in other studies.

Are there any risks with NAC Infusion?

When NAC is infused at very high doses to healthy human volunteers, adverse reactions
have been reported and include nausea, diarrhoea, vomiting, rash, altered moods,
sleepiness, dizziness and coughing. When given in smaller doses to healthy volunteers
no side effects have been reported. NAC administered during varying treatment
programs (10 days - 6 months) and in varying daily doses (300 - 600mg) has been well
tolerated and is generally safe and without major adverse reactions.

Our modified infusion protocol avoids the very high levels of NAC in the blood known
to induce adverse reactions. The estimated levels of NAC will be less than % of that
used clinically. Thus, we anticipate the risks of adverse reactions to NAC will be greatly
reduced with our infusion protocol.

In patients being treated for paracetamol overdose, an accidental overdose of NAC, 10
times the recommended (clinical) dose, has resulted in some deaths. An accidental
overdose of NAC cannot occur in this study due to a number of important and clearly
defined procedures. First, the amount of NAC made up in the syringe to be infused will
be limited by the use of a defined number of NAC ampoules and a standard low dose
will be used for all subjects. Second, a standard infusion pump will be used to ensure
that the correct amount of NAC is administered. It should be noted that the dose given
in this study is approximately 40 times less than that reported in overdose situations.

A medical practitioner will be present to treat any adverse reactions should they
eventuate. The most likely treatment is to simply stop the NAC infusion. This should
eliminate the adverse reaction.

By signing the informed consent form you are indicating that the tests and procedures
have been explained to you and are understood by you. Also, it is accepted by the
investigators and by yourself that you are participating voluntarily in the study and that
you are free to withdraw from the investigation at any time. Thank you for your co-
operation.

Contact Numbers:
Ivan Medved W: 9688 4883 H: (STD 03) -
Dr Michael McKenna W: 9688 4499 H: (STD 03)

Dr Malcolm Brown W: 9496 5077
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APPENDIX 3:

APPROVAL OF ETHICS APPLICATION INVOLVING HUMAN SUBJECTS
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University of Technology
14428 Telephone
eCy  (03)9688 4456

 pustalio  Facsimile
(03) 9688 4803

y park Campus
Human Development
‘ood
Faculty Human Research Ethics Committee
MEMORANDUM
Michael McKenna
Principal Investigator
HMRP
Faculty of Human Development
M: Dr Dennis Hemphill
Chair
Human Research Ethics Committee
Faculty of Human Development
[E: July 24, 2001
WMECT: Application HRETH.FHD.053/01 involving human subjects

‘aculty Human Research Ethics Committee, at its meeting on -date, assessed your
sation for the project titled The Effects of Intravenous N-acetyl cysteine on Skeletal
le Regulation and Fatigue During Exercise. The Committee thanks you for this
sting research project application.

i lesolved to approve application HRETH.FHD.053/01 on the condition that the
Ving amendments are made to the research protocol:
Please attend to spelling errors (Venepunturist needs to be
venepuncturist.)

Section 8 Omits mention of heparinised saline flush following
each blood sampling. Total dose (i.e., units) of heparin
should be shown.

Section 12 To comply with the current NHMRC requirements, the
FHREC must view the advertisernen’ts/posters to be
used for recruiting.

Section 15 (a) Venous catheterisation and blood sampling pose the
risk of exposure of the researchers to blood-borme
infection.

Risks associated with the use of heparin should also be
acknowledged.
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(ﬁ (l) The use of Standard precautions minimises the above and needs
to be shown here. Measures tg minimise risks

assoclated with the use of heparinized saline need to be
shown here.

As the supply and administation of drugs requiring a
prescription (1.e., S4 drugs) yre subject to the
requirements of the Drugs, Poisons and Controlled
Substances Regulations (avyilable at
http://www.dms.dpc.vic.goy au), the researchers would
need to show that they are complying with' the law in

this regard. The University HREC may be able to
provide advice about this.

It is noted that in the proposed study (and that
conducted previously by the researchers) the NAC is
mixed with 1sotonic NaCl and not 5% glucose (as
approved by the TGA for uge of NAC in Australia — see
manufacturer’s information and other sources of
information about NAC infusions), Please clarify this
variation with regard to the safety ofparticipa_nts_

Consent Form
Procedure 3 needs to be “venous cannulation and blood
sampling”’; and 5 needs to be “infusion of N-acetyl
cysteine and a placebo”

Information to
Participants

Blood Samples. Can show that “The researchers use of
standard precautions minimjises the risk of their
exposure to blood-bome infections”.

Muscle Biopsies ...(last par) The signs of infection are
presently shown as signs of altered sensation. These
can be moved to follow infection and ‘“numbness and
tingling” could be included as signs of altered sensation.

use be aware that amendments made in one Item of the application may need to be
lected at other Items also. It is your responsibility to ensure that this occurs.

esubmission of the revised application may occasion further comment from the
mmittee if the information provided in the revised applicatioy results in unanticipated
inges in the ethical merit of the research protocol.

ase note that Beth Bennett has been nominated by the Committee to assist you with these

*ndments. Please contact Beth Bennett on 9365 2177 to discyss the requirements of the
Tmittee. ‘


http://wvvw.dms.dpc.vic.gov.au

ria University of Technology
o 14428 Telephone
NGy (039688 4456

001 Australia Focsimile
(03) 9688 4803

scray Park Campus
y of Human Development
of Road
10y
Faculty Human Research Ethics Committee
MEMORANDUM
TO: Michael McKenna
Principal Investigator
HMRP
FROM: Dr Jim Kiatos
Chair
Human Research Ethics Committee
Faculty of Human Development
DATE: December 18, 2001
SUBJECT: Approval of application involving human subjects

Thank you for your submission detailing amendments to the research protocol for the
project titled, The Effects of Intravenous N-acetyl cysteine on Skeletal Muscle
Regulation and Fatigue During Exercise (HRETH.FHD.053/01).

The proposed amendments have been accepted by the Faculty Human Research Ethics
Committee and approval for application HRETH.FHD.053/01 has been granted from
01/12/01 to 01/12/03.

Please note that, the Faculty Human Research Ethics Committee must be informed of the
following: any changes to the approved research protocol, project timelines, any serious
or unexpected adverse effects on participants, and unforeseen events that may effect
90ntinued ethical acceptability of the project. In these unlikely events, researchers must
immediately cease all data collection until the Committee has approved the changes.

If you have any queries, please do not hesitate to contact me on ext 4486.

The Committee wishes 11 the best for the conduct of the project.

Human Research Bthics Commuttee
Faculty of Human Development

E:\ethics\correspondence\memol\finalapproval.doc


file://E:/ethics/corTespondence/memo/finalapproval.doc
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ynce the amendments are made to the satisfaction of Beth Bennett, you must:

a) Submit a revised application to the Faculty Ethics Officer and,

b) Attach a covering letter/memo detailing each amendment and its
corresponding item within the application.

LEASE NOTE: _

ubmission of draft revisions to the nominated Committee member is not

ffficient for gaining approval. You must submit a complete, signed copy of your
wised application to the Faculty Ethics Officer. Recruitment of participants

nd data collection activities may only commence when you have received official
pproval advice from the Faculty Ethics Officer.

‘'you have any queries, please do not hesitate to contact me on ext 4486.

1e Committee wishes you all the best for the conduct of the project.

r Dennis Hemphill

nair

uman Research Ethics Commuittee
wulty of Human Development
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APPENDIX 4:

CALCULATION OF NAC DOSE
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High, intensity intermittent exercise

Drug Dose.

Priming Phase
=125 (mgkg'h") x 15(h) x body mass (kg)
60
=125x15 x body mass (mg)
60

=31.25 x body mass (mg)

Maintenance Phase.
=25mgkg’h' x {20minutes (equilibrium) + 20minutes (exercise)}
=25x40 X body mass

60

16.66 x body mass (mg)

Total Dose =a+b
=(31.25+16.66) x body mass
=47.91 x body mass (mg)

|= 0.04791 x body mass (g) |

eg. 70kg= 0.04791 x70=3.353¢g
80kg=3.832¢g

kg=4311g

100kg=4.791 g

Thus, no more than 6g of NAC will be required per syringe for the study. This will
prevent an accidental overdose. Therefore, make up 3 ampoules (2g NAC) Parvolex™ to

give a standard dose of 6g NAC.

Volume Delivered.

Priming Phase.

= amount given
concentration

=125 % 151mme x 1
60 120 mg.ml™

=125 %15
60 x 120

0.26 x body mass (ml)

b) Maintenance Phase
= 5 ih
60 x 120

E0.138 x body mass (ml)
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Prolonged Exercise

Drug Dose.

Priming Phase
=125 (mg. kg'h'y x 15(h) x bodymass (kg)
60
=125x 15 X body mass (mg)
60

=31.25 x body mass (mg)

Maintenance Phase

=25 mg.kg’l.h'1 x {20minutes (equilibrium) + 60minutes (exercise)}
=25x 80 X body mass
60

=33.33 x body mass (mg)

Total Dose =a+b
=(31.25+33.33) x body mass
= 64.58 x body mass (mg)

=0.06458 x body mass (g)

eg. 60kg=3874¢

M0kg=4521g
80kg=5.166 g

%kg=5812g

Thus, no more than 6g of NAC will be required per syringe for the study. This will
prevent an accidental overdose. Therefore, make up 3 ampoules (2g NAC) Parvolex™ to
give a standard dose of 6g NAC.

Volume Delivered.

Priming Phase

=125x 15mg x 1
60 120 mg.ml™
= 125x15
60 x 120

0.26 x body mass (ml)

Maintenance Phase
=25x 80
60 x 120

E 0277 x body mass (ml)
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APPENDIX 5:

SUBJECT INFORMED CONSENT FORM STUDY 2
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Victoria University of Technology

PO Box 14428 Telephone: VIC'I'OR IA X
MELBOURNE CITY MC VIC 8001 (03) 9688 4432 - TY
Australia Facsimile: uumn‘s' 5

(03) 9688 4891 ;

School of Human Movement, Recreation and

Performance
Footscrav Park Campus

LS 70 MK

Consent Form for Subjects Involved in Research

INFORMATION TO PARTICIPANTS:

We would like to invite you to be a part of a study into the causes of muscle fatigue
during exercise. The study aims to determine whether giving an “anti-oxidant”
improves your exercise performance. Full details are given on the subject information
sheet.

CERTIFICATION BY SUBJECT
],
of

certify that I am at least 17 years old* and that I am voluntarily giving my consent to
participate in the experiment entitled:

“The effects of antioxidants on skeletal muscle fatigue and ion regulation during
exercise”

being conducted at Victoria University of Technology by:

Dr Michael McKenna, Dr Malcolm Brown, Dr Andrew Bjorksten and Ivan Medved
Departments of Human Movement, Recreation and Performance, Victoria University of
Technology; Anaesthesia, Austin and Repatriation Medical Centre; Anaesthesia, Royal
Melbourne Hospital.

I certify that the objectives of the experiment, together with any risks to me associated
with the procedures listed hereunder to be carried out in the experiment, have been fully
explained to me by:

and that I freely consent to participation involving the use on me of these procedures.

Procedures:

1. VO, peak test 4. Infusion of saline

2. Prolonged, sub-maximal exercise test 5. Catheterisation and blood
sampling

3. Infusion of N-acetyl cysteine
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I certify that I have had the opportunity to have any questions answered and that I
understand that I can withdraw from this experiment at any time and that this withdrawal
will not jeopardise me in any way.

[ have been informed that the information I provide will be kept confidential.

Signed:

Witness other than the experimenter: Date: .covvuveeen.

Any queries about your participation in this project may be directed to the researcher
(Dr. Michael McKenna ph. W: (03) 9688 4499; H (03) (|} Jlll). 1f you have any
queries or complaints about the way you have been treated, you may contact the
Secretary, University Human Research Ethics Committee, Victoria University of

Technology, PO Box 14428 MCMC, Melbourne, 8001 (telephone no: 03-9688 4710).
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Victoria University of Technology VICTORIA @
PO Box 14428 Telephone: - -
MELBOURNE CITY MC VIC 8001 (03) 9688 4432 UNIVERSIT !
Australia Facsimile: _ . -
' (03) 9688 4891 -
. . z
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School of Human Movement, Recreation and o
]

Performance
Footscrav Park Cambus

SUBJECT INFORMATION SHEET

THE EFFECTS OF ANTI-OXIDANTS ON SKELETAL MUSCLE FATIGUE
AND ION REGULATION DURING EXERCISE.

Investigators:
Dr Michael McKenna and Ivan Medved (Masters student)

Department of Human Movement, Recreation and Performance, Victoria University of
Technology;
Dr Malcolm Brown, Department of Anaesthesia, Austin and Repatriation Medical

Centre, Heidelberg
Dr Andrew Bjorksten, Department of Anaesthesia, Royal Melbourne Hospital.

Aims of the study:

Your muscles normally get energy by breaking down oxygen. However, during this
process, some of this oxygen forms compounds that are highly reactive and thought to
impair normal muscular function. This study investigates whether these reactive oxygen
compounds contribute to muscle fatigue, by giving an ‘“‘anti-oxidant” compound, N-
acetyl cysteine (NAC), which prevents the build up of these reactive oxygen compounds.
A secondary aim is to see whether these compounds affect changes in potassium in the
blood during exercise. Through this study we hope to provide a better understanding of
the causes of fatigue of your muscles during exercise.

Subject participation:

As a volunteer, you are free to withdraw from the study at any time, without any adverse
effects or reactions.

Overview

You will be required to attend the Exercise Physiology Laboratory (Room L305,
Building L, Victoria University of Technology-Footscray campus) on six occasions,
separated by a 1-week period. During first visit you will be asked to complete a test on a
cycle ergometer, to measure your fitness level (VO,peak). During the next three tests
you will be asked to complete the exercise protocol that is outlined below. On your final
two visits to the laboratory a qualified medical practitioner will infuse a fluid containing
either NAC or saline into your arm and you will again perform the exercise test. Blood
samples will also be taken during these two visits by the method outlined below. For the
final four visits to the laboratory you will be given food packages to consume on the day
before the tests. Details of all procedures are given in the sections below.
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Exercise testing procedures:

Test session #1. During your visit to the Laboratory, we will take several measurements
of your body dimensions, including weight and height. You will then perform an
incremental exercise test on a bicycle ergometer. This test involves continuous exercise
with the exercise intensity (effort) becoming progressively greater. The test is
completed when you have reached volitional exhaustion (wish to stop), or unless we stop
the test due to you having an abnormal response to exercise. We will closely monitor
you and your heart’s electrical activity (ECG) during exercise to ensure your safety.

Test session #2. This session will be to familiarise you with the experimental trial. You
will be required to cycle at a workload corresponding to 70% VO,peak for 45 minutes.
The intensity will then be increased to 90% VO;peak. The test will stop when you wish
to stop or can go no longer.

Test session #3 & #4. These tests will be repeats of the protocol in the previous visit and
used to determine how variable your exercise performance is.

Test sessions #5 & #6. The remaining two trials will be the experimental trials. During
these two visits you will be required to complete the same exercise described above.
During this time either N-acetyl cysteine (NAC), or a placebo (saline) solution will be
infused into your arm. Blood sampling (see below) will also be completed during these
trials. You will also be requested to return to the laboratory at 2 and 4 hours post-
exercise. During each of these times a single blood sample will be taken.

Catheterisation and Blood Sampling

At specific intervals throughout the experimental trials a small blood sample will be
taken via a catheter placed into a vein in the back of your hand. The catheter consists of
a needle and teflon tubing. The tubing is fed over the top of the needle (which has
punctured the vein) and into the vein. The needle is then withdrawn, leaving only the
teflon tubing in your vein for the remainder of the experiment. A tap (stopcock) is
placed into the tubing so that blood samples can be drawn from the catheter at specific
times. This procedure allows the taking of multiple blood samples without the need for
multiple venepunctures (puncturing of the vein).

Each time a blood sample is taken, a small volume (1-2ml) of sterile heparinised saline
will be injected to clear the catheter and keep it patent. Catheterisation of subjects can
cause slight discomfort and can lead to bruising and infection. However, the use of
sterile, disposable catheters, syringes, swabs etc. will markedly reduce the possibility of
infection caused by the catheterisation procedure. The use of qualified and experienced
staff will reduce the likelihood of bruising as this is primarily caused by poor
venepuncture techniques. Although the possibility of infection and significant bruising
is quite small, if by chance it does eventuate, inform us immediately and then consult
your doctor. No more than 160ml. of blood will be withdrawn during each of the two
experimental trials. For comparison, the normal donation at the Blood Bank is 400 ml.

What is N-acetyl cysteine and how will it be given?

N-acetyl cysteine (NAC) is a compound that neutralises reactive oxygen compounds. It
is used for a number of clinical situations, including treatment of paracetamol overdose.
N-acetyl cysteine will be infused into a vein in your arm. The infusion protocol that we
will employ will elevate NAC in your blood to a steady concentration much lower than
that used in other studies.



270

Are there any risks with NAC Infusion?

When NAC is infused at very high doses to healthy human volunteers, adverse reactions
have been reported and include nausea, diarrhoea, vomiting, rash, altered moods,
sleepiness, dizziness and coughing. When given in smaller doses to healthy volunteers
no side effects have been reported. NAC administered during varying treatment
programs (10 days - 6 months) and in varying daily doses (300 - 600mg) has been well
tolerated and is generally safe and without major adverse reactions.

Our modified infusion protocol avoids the very high levels of NAC in the blood known
to induce adverse reactions. The estimated levels of NAC will be less than % of that
used clinically. Thus, we anticipate the risks of adverse reactions to NAC will be greatly
reduced with our infusion protocol.

In patients being treated for paracetamol overdose, an accidental overdose of NAC - 10
times the recommended (clinical) dose, has resulted in some deaths. An accidental
overdose of NAC cannot occur in this study due to a number of important and clearly
defined procedures. First, the amount of NAC made up in the syringe to be infused will
be limited by the use of a defined number of NAC ampoules and a standard low dose
will be used for all subjects. Second, a standard infusion pump will be used to ensure
that the correct amount of NAC is administered. It should be noted that the dose given
in this study is approximately 40 times less than that reported in overdose situations.

A medical practitioner will be present to treat any adverse reactions should they
eventuate. The most likely treatment is to simply stop the NAC infusion. This should
eliminate the adverse reaction.

By signing the informed consent form you are indicating that the tests and procedures
have been explained to you and are understood by you. Also, it is accepted by the
investigators and by yourself that you are participating voluntarily in the study and that
you are free to withdraw from the investigation at any time. Thank you for your co-
operation.

Contact Numbers:
Ivan Medved W: 9688 4883 H: (STD 03)
Dr Michael McKenna W: 9688 4499 H: (STD 03)

Dr Malcolm Brown W: 9496 5077
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APPENDIX 6:

STANDARD FOOD PACKAGES CONSUMED BY SUBJECTS
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EFFECT OF ANTI-OXIDANTS

A OIONHINY

ON SKELETAL MUSCLE FATIGUE

NO EXERCISE, CAFFEINE, TOBACCO OR CAFFEINE IN THE 24 HOURS
BEFORE THE TRIAL!!!!

BREAKFEAST:

Cereal 90g
Low fat milk 333ml
4 slices of toast (with jam or honey) 1 tablespoon
1 tetra pack of orange juice 250ml
LUNCH:

1 can of lift 375ml
2 bread rolls 180g
Half a tomato 50g
Lettuce ' 30g
Cheese 40g
Ham (lean) 60g
Margarine / butter 15g

1 apple 140g
DINNER:

Half a pack of pasta 175g
Half a jar of pasta sauce 200ml
1 can of lift 375ml
2 fruity snacks 280g
SNACKS:

Please record any snacks eaten (type and amount) so that food intake is the same for
both trials. Water may be consumed at any time on the day before the trial, as you feel
necessary.

Possible snacks include:

1 banana 140g

2 muesli bars 70g

2 packets of sultanas 60g

4 slices of bread with jam or honey 1 tablespoon
MORNING OF THE TRIAL:

Upon waking on the morning of the trial consume 5ml of water per kilogram of body

weight,

eg. 70 kilogram person consumes 350ml of water

Ifyou any queries please do not hesitate to contact Ivan on (03) 9688 416Q or ((?3)-
- Thankyou for participating in this study and we trust that you will enjoy your
meals,
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APPENDIX 7:

SUBJECT INFORMED CONSENT FORM STUDY 3 — PART I AND II
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Victoria University of Technology YICTORIA °
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MELBOURNE CITY MC VIC 8001 (03) 9688 4432 UNIVERSIT !
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(03) 9688 4891 P
=
L+ ]
)
School of Human Movement, Recreation and @

Performance
Footscrav Park Cambus

Consent Form for Subjects Involved in Research

INFORMATION TO PARTICIPANTS:
We would like to invite you to be a part of a study into the effects of intravenous N-
acetyl cysteine on skeletal muscle ion regulation and fatigue during exercise.

CERTIFICATION BY SUBJECT
I,

of

certify that I am at least 18 years old and that I am voluntarily giving my consent to
participate in the experiment entitled:

The effects of intravenous N-acetyl cysteine on skeletal muscle ion regulation and
fatigue during exercise.

being conducted at Victoria University of Technology by:
Associate Professor Michael McKenna, Dr. Malcolm Brown, Mr. Ivan Medved

I certify that the objectives of the experiment, together with any risks and safeguards
associated with the procedures listed hereunder to be carried out in the experiment, have
been fully explained to me by:

Mr. Ivan Medved and Associate Professor Michael McKenna
and that I freely consent to participation involving the use on me of these procedures.

Maximal Oxygen Uptake test.

Prolonged sub-maximal exercise test
Venous cannulation and blood sampling
Muscle biopsies |

Infusion of N-acetyl cysteine and a placebo
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[ certify that I have had the opportunity to have any questions answered and that I
understand that I can withdraw from this experiment at any time and that this withdrawal
will not jeopardise me in any way.

[ have been informed of the risks involved and am freely participating in this study.
Signed: Date: ......ccooeun...

......................................................

Witness other than the experimenter: Date: ....cccooevvnnnnnn.

..........................................................

Any queries about your participation in this project may be directed to the researcher
(Assoc. Prof. McKenna; ph. 9688 4499). If you have any queries or complaints about
the way you have been treated, you may contact the Secretary, University Human
Research Ethics Committee, Victoria University of Technology, PO Box 14428 MC,
Melbourne, 8001 (telephone no: 03-9688 4710).
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SUBJECT INFORMATION SHEET

THE EFFECTS OF INTRAVENOUS N-ACETYL CYSTEINE ON
SKELETAL MUSCLE ION REGULATION AND FATIGUE
DURING EXERCISE.

Investigators:
Associate Professor Michael McKenna and Ivan Medved (PhD student)

School of Human Movement, Recreation and Performance, Victoria University of
Technology;

Dr Malcolm Brown, Department of Anaesthesia, Austin and Repatriation Medical
Centre, Heidelberg

Aims of the study:

Your muscles normally get energy by breaking down oxygen. However, during this
process, some of this oxygen forms compounds that are highly reactive and thought to
impair normal muscular function. This study investigates whether these reactive oxygen
compounds contribute to muscle fatigue, by giving an anti-oxidant compound, N-acetyl
cysteine (NAC). Anti-oxidants are important since they prevent the build up of these
reactive oxygen compounds. Through this study we hope to provide a better
understanding of the causes of fatigue of your muscles during exercise.

Subject participation:
Should you decide to participate in this study, you are free to withdraw from the study at

any time, without any adverse effects or reactions.

Exercise Testing Procedures:
Should you decide to participate in this study, you will be required to attend the Exercise

Physiology Laboratory (Room L305, Building L), at the Footscray Campus of Victoria
University on six separate occasions for an exercise test. Whilst each test is tiring, you
will recover from this very quickly. For the final two visits to the laboratory you will be
given food packages to consume on the day before the tests. Full details of all
procedures are given in the sections below. Each exercise test is completed when you
become too tired to continue (wish to stop), or unless we stop the test due to you having
an abnormal response to exercise, such as unusual heart rthythm, inappropriate heart rate
or sweating responses, chest pain or severe shortness of breath. We will closely monitor
you and your heart electrical activity (ECG) during exercise to ensure your safety. The
most common event associated with maximal exercise testing is fainting. This will be
prevented using our standard laboratory procedures. In the unlikely event of emergency
situations, a medical practitioner will be in attendance, two members of the research
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team have current CPR (cardio pulmonary resuscitation) qualifications and the Western
Hospital is minutes away by ambulance.

Test Session # 1 (VO, peak). This test is used to determine your aerobic fitness, by
measurement of the peak oxygen consumption (VO, peak). This test involves continuous
exercise on a cycle ergometer with the exercise intensity (effort) being progressively
increased.

Test session #2 (Familiarisation). This session will be to familiarise you with the
experimental trial. You will be required to cycle at a workload corresponding to 70% of
your VO;peak for 45 minutes. The intensity will then be increased to 90% of your
VO,peak.

Test session #3 & #4 (Variability Trials). These tests will be repeats of the protocol in
the previous visit and used to determine how variable your exercise performance is.

Test sessions #5 & #6. The remaining two trials will be the experimental trials. During
these two visits you will be required to complete the same prolonged submaximal
exercise trial described above. During this trial either N-acetyl cysteine (NAC), or a
placebo (saline) solution will be infused into your arm. Blood sampling and muscle
biopsies (see below) will also be completed during these trials. You will also be
requested to return to the laboratory at 2 and 4 hours post-exercise for a further blood
sample to be taken.

Blood Samples:

Should you decide to participate in this study, at specific intervals throughout the
exercise test a small blood sample (each 5 ml) will be taken via a catheter placed into a
vein in the back of your hand. The catheter consists of a needle and teflon tubing. The
tubing is fed over the top of the needle (which has punctured the vein) and into the vein.
The needle is then withdrawn, leaving only the teflon tubing in your vein for the
remainder of the experiment. A tap (stopcock) is placed into the tubing so that blood
samples can be drawn from the catheter at specific times. This procedure allows the
taking of multiple blood samples without the need for multiple venepunctures
(puncturing of the vein). A total of approximately one hundred and sixty (160) ml of
blood will be taken during each of the two final exercise trials. The total overall volume
of blood sampled will not exceed 320 ml. Normally 400 ml is taken when you donate at
the Blood Bank. Each time a blood sample is taken, a small volume of sterile
heparinised saline will be injected to clear the catheter. Catheterisation of subjects can
cause slight discomfort and can lead to bruising and infection. However, the use of
sterile, disposable catheters, syringes, swabs etc. will markedly reduce the possibility of
infection caused by the catheterisation procedure. The use of qualified and experienced
staff will reduce the likelihood of bruising as this is primarily caused by poor
venepuncture techniques. Although the possibility of infection and significant bruising
is quite small (for example puss, tenderness and/or redness), if by chance it does
eventuate, inform us immediately and then consult your doctor. Furthermore, the
researchers use of standard precautions minimises the risk of their exposure to blood-
bome infections. Blood samples will be analysed for metabolites, electrolytes and pH.

Muscle Biopsies and Muscle Fatigue Testing:

Should you decide to participate in this study, on your final two visits to the Exercise
Physiology Laboratory, a muscle biopsy will be taken from your thigh muscle, at rest, 45
minutes into the exercise period and immediately after you stop the fatigue test. Thus a
total of six biopsies will be taken during your final two visits. Three biopsies will be
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performed on each leg. Muscle biopsies are routinely carried out in our laboratory, with
no adverse effects.

The muscle biopsy procedure is used to obtain small samples of your muscle tissue for
analysis of enzymes and energy sources. An injection of a local anaesthetic is made in
the skin overlying the muscle in your thigh, and then a small incision (approx. 0.6 cm
long) is made in the skin. The biopsy needle is then inserted into your muscle and a
small piece of tissue removed from the muscle. During this part of the procedure you
will feel pressure and this will be quite uncomfortable, but will last for only about 1-2
seconds. When the small piece of muscle is removed you may also experience a mild
muscle cramp, but this only persists for a few seconds. Many people experience pain
during this part of the procedure but this lasts only for 1-2 seconds. The size of muscle
removed by the biopsy needle is similar to a grain of rice. This poses no long-term
effects for your muscle and will not be noticeable to others apart from a small scar on
the skin for a few months. Following the biopsy the incision will be closed using a steri-
strip and covered by a transparent waterproof dressing. Then a pressure bandage will be
applied which should be maintained for 24-48 hours. Steri-strip closure should be
maintained for a few days.

You should not exercise for 24 hours after biopsies and you should avoid heavy knocks.
It is common for subjects to experience some mild soreness in the muscle over the next
2-3 days, however this passes and does not restrict movement. The soreness is due to
slight bleeding within the muscle and is best treated by “ice, compression and
elevation”. An ice pack will be applied over the biopsy site after the biopsy procedure to
minimise any bleeding and therefore soreness. In some rare cases mild haematomas
have been reported, but these symptoms disappear within a week. A qualified medical
practitioner will perform the whole procedure under sterile conditions. On very rare
occasions, some people have reported altered sensation (numbness or tingling) in the
skin near the site of the biopsy. This is due to a very small nerve being cut, but this
sensation disappears over a period of a few weeks-to-months. Although the possibility
of infection, significant bruising and altered sensation (for example puss, tendemess,
numbness, tingling and/or redness) is quite small, if by chance it does eventuate, please
inform us immediately and we will immediately consult the doctor who performed the
biopsy.

What is V-acetyl cysteine and how will it be given?

N-acety] cysteine (NAC) is an anti-oxidant compound that neutralises reactive oxygen
compounds. It is used for a number of clinical situations, including treatment of
paracetamol overdose. Should you decide to participate in this study, NAC will be
infused into a vein in your arm. The infusion protocol that we will employ will elevate
NAC in your blood to a steady concentration much lower than that used in other studies.

Are there any risks with NAC Infusion? ‘
When NAC is infused at very high doses to healthy human volunteers, adverse reactions

have been reported and include nausea, diarrhoea, vomiting, rash, altered moods,
sleepiness, dizziness and coughing. When given in smaller doses to healthy volunteers
no side effects have been reported. NAC administered during varying treatment
programs (10 days - 6 months) and in varying daily doses (300 - 600mg) has been well
tolerated and is generally safe and without major adverse reactions. We have previously
found in two separate studies conducted with volunteers in our laboratory, that there
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were no serious adverse reactions to NAC infusion. Importantly, our modified infusion
protocol avoids the very high levels of NAC in the blood known to induce adverse
reactions. The estimated levels of NAC in your blood will be less than % of that used
clinically. Thus, we anticipate the risks of adverse reactions to NAC will be low with our
infusion protocol.

In patients being treated for paracetamol overdose, an accidental overdose of NAC (10
times the recommended clinical dose) has resulted in some deaths. An accidental
overdose of NAC cannot occur in this study due to a number of important and clearly
defined procedures. First, the amount of NAC made up in the syringe to be infused will
be limited by the use of a defined number of NAC ampoules and a standard low dose
will be used for all subjects. Second, a standard infusion pump will be used to ensure
that the correct amount of NAC is administered. It should be noted that the dose given
in this study is approximately 40 times less than that reported in overdose situations.
Should any adverse reactions eventuate a medical practitioner will be present at all
times. The most likely treatment is to simply stop the NAC infusion. This should
eliminate the adverse reaction.

By signing the informed consent form you are indicating that the tests and procedures
have been explained to you and are understood by you. Also, it is accepted by the
investigators and by yourself that you are participating voluntarily in the study and that
you are free to withdraw from the investigation at any time. Thank you for your co-
operation.

Contact Numbers:
Mr. Ivan Medved M: 0402-219-332 H: (03)
Assoc. Prof. Michael McKenna W: 9688 4499 H: (03)
Dr. Malcolm Brown W: 9496 5077 Mob.

Any queries about your participation in this project may be directed to the researcher
(Assoc. Prof. McKenna; ph. 9688 4499). If you have any queries or complaints about
the way you have been treated, you may contact the Secretary, University Human
Research Ethics Committee, Victoria University of Technology, PO Box 14428 MC,
Melbourne, 8001 (telephone no: 03-9688 4710).



280

Victoria University of Technology VICTORIA °
PO Box 14428 Telephone: UN ‘-
MELBOURNE CITY MC VIC 8001 (03) 9688 4432 IVERSITY
Australia Facsimile: i =
(03) 9688 4891 =

=

School of Human Movement, Recreation and g
Performance 2

Footscray Park Campus

CARDIOVASCULAR RISK FACTOR QUESTIONNAIRE

In order to be eligible to participate in the experiment investigating:

“The effects of intravenous N-acetyl cysteine on skeletal muscle ion regulation and
fatigue during exercise” you are required to complete the following questionnaire which
is designed to assess the risk of you having a cardiovascular event occurring during an
exhaustive exercise bout.

Name: Date:

Age: years Weight: kg  Height: cms

Give a brief description of your average activity pattern in the past 2 months:

Circle the appropriate response to the following questions.

1. Are you overweight? Yes No  Don't know
2. Do you smoke? Yes No Social
3. Does your family have a history of premature cardiovascular problems

(eg. heart attack, stroke)? Yes No Don't Know
4. Are you an asthmatic Yes No  Don't Know
5. Are you a diabetic? Yes No  Don't Know
6. Do you have a high blood cholesterol level? Yes No  Don't Know
7. Do you have high blood pressure? Yes No  Don't Know
8. Are you on any medication? Yes No

If so, what is the medication?
9. Do you think you have any medical complaint or any other reason that you know
of which you think may prevent you from participating in strenuous exercise?

Yes No

If Yes, please elaborate

L, , believe that the answers to these
questions are true and correct.

Signed: Date:




Victoria University of Technology
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MUSCLE BIOPSY QUESTIONNAIRE
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NAME:
ADDRESS:
DATE: _ AGE: years
i Have you or your family suffered from any tendency to bleed excessively ? (eg.
haemophilia) or bruise very easily ?
Yes No Don't Know
If yes, please elaborate...
2 Are you allergic to local anaesthetic?
Yes No Don't Know
If yes, please elaborate...
3. Do you have any skin allergies?
Yes No Don't Know
If yes, please elaborate...
4, Have you any allergies that should be made known?
Yes No Don't Know
If yes, please elaborate...
5. Are you currently on any medication?
Yes No Don't Know
If yes, what is the medication?
6. Do you have any other medical problem that should be made known?
Yes No

If yes, please elaborate...

To the best of my knowledge, the above questionnaire has been completely accurately

and truthfully.
Signature: Date:
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APPENDIX 8:

RAW DATA STUDY 1

Attached a raw data spreadsheets for the following:
o General Information

o Time to fatigue

¢ Blood total glutathione (TGSH)

o Blood reduced glutathione (GSH)

* Blood calculated oxidised glutathione (GSSG)
e PlasmaK”

o A[K'] to work ratio

¢ Change in Plasma volume

e Plasma Hydrogen (H)

¢ Plasma Sodium (Na")

¢ Plasma Calcium (Ca®")

* Partial pressure oxygen (PO,)

* Haemoglobin (Hb)

* Haematocrit (Hct)

* Bicarbonate (HCO3")

* Partial pressure carbon dioxide (PCO,)

* Plasma Chloride (CI")



General Information

Subjects Age Weight vVO2 vVO2 W/load 130%

r) | (kg) | (lmin”) | (kg.min”) W)
Subject 1 23 86.4 3.57 41.34 366
Subject 2 23 77.9 3.10 39.86 282
@jecﬂ 27 95.5 3.37 35.37 311
Subject 4 24 82.5 4.21 51.19 391
Subject 5 20 66.1 3.10 37.04 288
Subject 6 20 73.4 3.71 50.65 365
Subject 7 20 64.6 3.06 47.44 292
Subject 8 23 76.1 3.14 41.38 324

8 8 8 8 8
Mean 22.5 77.8 3.4 43.0 327
SD 2.4 10.3 0.4 6.0 42
SEM 0.9 3.6 0.1 2.1 14.7
Time to fatigue
Subjects Var 1 Var 2 NAC CON Trial 1 Trial 2 Famil,

(s) (s) (s) (s) (s) (s) (s)
Subject 1 91 92 100 102 100 102 89
Subject 2 208 215 192 224 192 224 206
Subject 3 126 125 134 126 126 134 119
Subject 4 56 59 64 68 68 64 51
@;jeet 5 79 77 81 74 81 74 71
Subject 6 89 87 9] 89 9] 89 75
Subject 7 53 49 51 51 51 51 55
Subject 8 120 125 115 117 117 115 115
n 8 8 8 8 8 8 8
mean 102.75 104.19 | 103.50 | 106.38 103.25 106.63 96.78
SD 49.95 51.56 | 44.54 53.77 43.44 54.65 50.04
SEM 17.66 19.23 | 15.75 19.01 15.36 19.32 17.69
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APPENDIX 9
RAW DATA STUDY 2

Attached a raw data spreadsheets for the following:
o General Information

e Time to fatigue

e Total plasma NAC

o Total blood NAC

¢ Reduced plasma NAC

e Reduced blood NAC

o Plasma K"

o A[K']to work ratio

¢ Change in Plasma volume

e Haemoglobin (Hb)

e Haematocrit (Hct)

e Bicarbonate (HCO3)

¢ Plasma Sodium (Na")

e Partial pressure oxygen (PO,)

¢ Plasma Hydrogen (H")
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APPENDIX 10
RAW DATA STUDY 3 - PART I

Attached a raw data spreadsheets for the following:

e General information

e Time to fatigue

o Coefficient of variance for variability trials
e 45 min biopsy sampling time

e Muscle NAC

e Muscle glutathione

e Muscle cysteine

e Muscle cystine

e Plasma reduced NAC

e Plasma total NAC

e Blood reduced NAC

e Blood total NAC

¢ Blood total glutathione (TGSH)

e Blood reduced glutathione (GSH)
e Blood calculated oxidised glutathione (GSSG)
e Plasma cysteine reduced

e Blood cysteine reduced

e Plasma cysteine total

e Plasma cysteine reduced

e Plasma total cystine

* Blood total cystine
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GENERAL INFORMATION:
Subjects Age Weight | Height | VO2 V02 NAC CON
(vears) | (kg) | (cm) |(Lmin™)|(kg.min™)|(min)|  (min)
Subject 1 29 80.1 182 5.6 68.1 7.5 8.1
Subject 2 21 66.0 177 | 3.9 502 | 68 4.9
Subject 3 34 85.6 184 5.1 59.1 7.5 5.8
Subject 4 31 96.1 190 6.7 70.7 4.4 3.3
Subject 5 20 64.9 175 3.9 60.8 5.5 5.9
Subject 6 32 77.8 180 5.7 73.5 4.7 3.1
Subject 7 29 77.0 181 4.7 61.1 8.3 5.7
n 7 7 7 7 7 7 7
mean 28.0 782 | 1813 | 5.1 64.6 6.4 5.3
SD 5.4 10.8 4.9 1.0 6.0 1.5 1.7
sem 2.0 4.1 1.8 0.4 2.3 0.6 0.7
TIME TO FATIGUE:
Subjects Famil Var 1 Var2 | Trial1l | Trial2 | NAC CON
(min) (min) | (min) | (min) (min) | (min) (min)
Subject 1 7.0 53 5.9 8.1 7.5 7.5 8.1
Subject 2 3.1 4.9 5.4 6.8 4.9 6.8 4.9
Subject 3 5.0 6.1 5.6 5.8 7% 7.5 5.8
Subject 4 3.9 5.1 4.7 4.4 3.3 4.4 3.3
Subject 5 4.6 3.3 3.6 5.5 59 5.5 5.9
Subject 6 3.5 42 4.6
Subject 7 535 5.1 5.2 4.7 3.1 4.7 3.1
Subject 8 3.] 4.8 5.1 57 8.3 8.3 5.7
n 8 8 8 i i 7 7
mean 4.4 4.8 5.0 5.9 5.8 6.4 5.3
SD 1.3 0.8 0.7 1.3 2.1 1.5 1.7
sem 0.5 0.3 0.3 0.5 0.8 0.6 0.7




COEFFECIENT OF VARIANCE:

316

Subjects Var 1 Var 2 SD | MEAN CV CV | VARIANCE
(min) (min) | (min) | (min) (%)

Subject 1 5.32 591 0.42 5.62 0.07 7.43 0.1741
Subject 2 4.94 5.40 0.33 5.17 0.06 6.29 0.1058
Subject 3 6.06 5.62 0.31 5.84 0.05 5.33 0.0968
Subject 4 5.05 4.67 0.27 4.86 0.06 5.53 0.0722
Subject 5 3.25 3.56 0.22 3.41 0.06 6.44 0.0480
Subject 6 4.15 4.58 0.30 437 0.07 6.97 0.0925
iSubject 7 5.06 5.21 0.11 5.14 0.02 2.07 0.0112
Subject 8 4.79 5.13 0.24 4.96 0.05 4.85 0.0578
n 8 8 8 8 8 8 8
mean 4.8 5.0 0.3 4.9 0.1 5.6 0.1
SD 0.8 0.7 0.1 0.8 0.0 1.7 0.0
sem 0.3 0.3 0.0 0.3 0.0 0.6 0.0
BIOPSY TIME
Subjects Trial 1 Trial2 | NAC | CON

s) s) ® | ©
Subject 1 39 33 33 39
Subject 2 38 42 38 42
Subject 3 56 47 56 47
Subject 4 71 80 71 80
Subject 5 96 89 89 96
Subject 6 47 54 47 52
Subject 7 43 41 43 41
Subject 8 48 47 47 48
n 8 8 8 8
mean 54.8 54.1 53.0 55.6
SD 19.8 19.8 18.6 20.9
sem 7.0 7.0 6.6 7.4




Muscle NAC (mg/kg wet wt)

NAC TOTAL REST 45 MIN FATIGUE
Subject 1 0 9.9 9.8
Subject 2 0 9.6 10.3
Subject 3 0 9.1 12.2
Subject 4 0 11.2 14.6
Subject 5 0 42.6 44.1
Subject 6 0 21.3 24.5
Subject 7 0 24.3 13.9
Subject 8 0 22.8 25.2
n 8 8 8
mean 0 18.9 19.3
SD 0 11.6 11.6
SEM 0 4.1 4.1
NAC REDUCED REST 45 MIN FATIGUE
Subject 1 0 5.8 7.2
Subject 2 0 8.5 8.1
Subject 3 0 7.2 10.6
Subject 4 0 11.2 8.5
Subject 5 0 20.0 16.0
Subject 6 0 9.8 12.9
Subject 7 0 22.6 10.6
Subject 8 0 16.1 22.1
n 8 8 8
mean 0 12.7 12.0
SD 0 6.2 5.0
SEM 0 2.2 1.8
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APPENDIX 11
RAW DATA STUDY 3 - PART II

Attached a raw data spreadsheets for the following:

o Maximal 3-O-MFPase activity (nmol.min™.(g wt weight)™)
e Percentage change from pre-infusion in maximal ixn vitro 3-O-MFPase activity
o Maximal 3-O-MFPase (nmol.min"".(g protein)™)

o PlasmaK’

o AK']

o A[K']to work ratio

e Change in Plasma volume

e Plasma Hydrogen (H)

e Bicarbonate (HCO5)

e Partial pressure oxygen (PO,)

e Partial pressure carbon dioxide (PCO»)

e Plasma Sodium (Na")

e Haemoglobin (Hb)

e Haematocrit (Hct)

e Plasma Calcium (Ca*")

e Plasma Chloride (Cl)

329



Maximal 3-0-MFPase (nmol.min".( g wt weight)'l)

330

CON NAC ]
Pre-Inf | 45 min | Fatigue Pre-Inf | 45 min | Fatigue
Subject 1 210.50 148.00 | 147.00 Subject 1 201.50]  189.90 169.00
Subject 2 240.00 | 209.75 | 192.00 Subject 2 204.50] 170.33] 156.67
Subject 3 225.00 157.33 | 154.25 Subject 3 202,75 202.75| 144.33
Subject 4 184.50 142.67 | 130.33 Subject 4 199.50, 179.67) 136.67
Subject 5 195.50 137.50 | 147.67 Subject 5 207.00] 157.33] 184.48
'Subject 6 177.50 146.75 | 151.67 Subject 6 186.67| 165.25 139.33
Subject 7 192.50 173.20 | 161.50 Subject 7 190.33| 170.67| 163.43
Subject 8 213.25 169.10 | 158.33 Subject 8 214,00 173.50] 156.25
n 8 8 8 n 8 8 8
mean 204.84 160.54 | 155.34 mean 200.78 | 176.18 | 156.27
SD 21.20 23.49 17.56 SD 8.80 1441 16.14
sem 7.50 8.31 6.21 sem 3.11 5.09 5.70

Percentage change from pre-infusion in maximal in vitro 3-O-MFPase activity (%)

|

CON NAC

45 min | Fatigue 45 min | Fatigue
Subject 1 -29.7 -30.17 Subject 1 -5.8 -16.13
Subject 2 -12.6 -20.00 Subject 2 -16.7 -23.39
Subject 3 -30.1 -31.44 Subject 3 0.0 -28.81
Subject 4 -22.7 -29.36 Subject 4 -9.9 -31.50
Subject 5 -29.7 -24.47 Subject 5 -24.0 -10.88
Subject 6 -17.3 -14.55 Subject 6 -11.5 -25.36
Subject 7 -10.0 -16.10 Subject 7 -10.3 -14.14
Subject 8 -20.7 -25.75 Subject 8 -18.9 -26.99
n 8 8 n 8 8
mean -21.60 -23.98 mean -12.14 -22.15
SD 7.91 6.47 SD 7.60 7.51
sem 2.80 2.29 sem 2.69 2.65
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APPENDIX 12
PHOTOS FROM EXPERIMENTAL DAYS
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Data collection
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Arterialised venous blood sampling and expired gases collection

Blood processing



All smiles at the end






